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PREFACE 

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

Volume 

Number Title 

S&ssions 

Included 

1 The World's Requirements for Energy; The Role of Nuclear Power .......... 2, 3.2, 4.1, 4.2, 5, 24.2. 

2 Physics; Research Reactors .... . .. . ....... .... ....... ....... ..... .. .... .. . .. .. ..... .. .............. 6A, 7 A, SA, 9 A, 1 OA. 1. 
3 Power Reactors ............................ ....................... ....... ................................ 1 OA.2, 3.1, 11 A, 12A, 

13A, 14A. 

4 Cross Sections Important to Reactor Design .......... ... .. ........................... 15A, 16A, 17A, 18A. 
5 Physics of Reactor Design ...................................... ......................... ......... 19A, 20A, 21A, 22A, 23A. 
6 Geology of Uranium and Thorium .................... ........................ .............. 6B, 78. 
7 Nuclear Chemistry and the Effects of Irradiation .. ..... .. ........ ................... 88, 98, 1 OB, 118, 12B, 

138. 
8 Production Technology of the Materials Used for Nuclear Energy........ 148, 158, 168, 17B. 

9 Reactor Technology and Chemica l Processing ............... ........ ............... 7.3, 18B, 198, 208, 218, 
228, 238. 

10 Radioactive Isotopes and Nuclear Radia tions in Medicine ... ................... 7.2 (Med.), SC, 9C, l OC. 
11 Biological Effects of Radiation .................................................................. 6.1 , 11 C, 12C, 13C.1. 

12 Radioactive Isotopes a nd Ionizing Radiations in Agriculture, 
Physiology end Biochemistry .................................................................... 7 .2 (Agric.), l 3C.2, l 4C, 

15C, 16C. 
13 legal, Administra tive, Health a nd Safety Aspects of Lorge-Scale 

Use of Nuclear Energy ............................................................................ 4.3, 6.2, 17C, 18C. 
14 General Aspects of the Use of Radioactive Isotopes; Dosimetry .............. 7.1, 19C, 20C. 
15 Applications of Radioactive Isotopes and F:ssion Products 

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

16 Record of the Conference ........................................................................ 1, 24. l , 24.3. 

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

The editors principally responsible for the 
preparation of these volumes were: Robert A. 
Charpie, Donald J. Dewar, Andre F inkelstein, 
John Gaunt, Jacob A. Goedkoop, E lwyn 0. 
Hughes, Leonard F. Lamcrton, Aleksandar 
~filojevic, Cliffor<l Mosbacher, Cesar A. Sastre, 
and Brian E. Urquhart. 

V 

The Yerbatim records of the Conference arc 
inclnded in the per tinent volumes. These verba
tim records contain the author's corrections ,,nd . 
where necessary for scientific accuracy, the edit
ing changes of the Scientific Secretaries, who 
have also been responsible for inserting slides, 
diagrams and sketches at appropriate points. In 
the record of each session, slides are 1H11nhered 
in numerical order through all presentations. 
\\There the slide duplicates an illustration in the 
submitted paper, appropriate reference is ma<Je 
and the illustration does not appear in the record 
of the session. 

Volume 16, "The Record of the Conference," 
includes the complete programme of the Con
ference, a numerical· index of papers and an 
author's index, the list of delegates, the records 
of the opening and closing sessions and the com
plete texts of the evening lectures. 
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Administrative and Legal Problems 
orf the Use of Radioisotopes in Japan 

By K. Suzue, * Japan 

1. TRAINING 

In order to train users of radioisotopes in the safe 
handling of radioactive materials and to prevent 
potential radiation hazards among the users, a train
ing course is held regularly once or twice a year. The 
course lasts a week and consists of a series of lectures 
and laboratory experiments. To date, the training 
course was held at Tokyo University in 1951 ; at 
Kyoto University in 1952; at both Kyushu University 
and the National Institute for Agriculture in 1953 ; 
and at both Hokkaido and Keio Universities in 1954. 
Each course was held under the sponsorship of the 
Japan Radioisotope Association and with the support 
of the Scientific and Technical Administration Com
mittee ( ST AC) of the Prime Minister's Office and 
of the Ministries concerned. The course given is 
generally in conformity with that of the Oak Ridge 
Institute of Nuclear Studies. Participants per course 
amounted to as many as 500 in number, and many of 
them were permitted to participate in laboratory 
e.xperiments. 

In connection with trnining and health safctv in 
the use of radioisotopes, the following students {vere 
ordered to advanced countries: ( 1) H. Yoshikawa 
(Prof. of Tokyo University) to the Oak Ridge 
Institute in 1951; (2) F. Yamazaki (Staff member 
of Scientific Research Institute Ltd.) to the Oak 
Ridge Institute in 1951: (3) T. Inoue (Technical 
Officer of the National Personnel Authority) to Uni
versity of London in 1953; (4) S. Nishigaki (Tech
nical Officer of the National Institute for Agriculture) 
to the Oak Ridge Institute in 1954; (5) M. Izawa 
(Technical Officer of the National Institute of 
Health) to the Oak Ridge Institute in 1955; (6) Y. 
Hirata (Member of Scientific Research Institute 
Ltd.) to the Oak Ridge Institute in 1955 ; and (7) 
N . Ikeda (Assist. Prof. of Tokyo Kyoiku University) 
to the Oak Ridge Institute in 1955. 

2. REGULATIONS 

The ST AC is taking a leading part in the prepara
tion of "Radioactive Substances Control Act" which 
has been under consideration since 1952. The object 
of the Act is to prevent the occurrence of radiation 
hazards as well as to ensure public safety by control-

• Chief, Office of the Scientific and T echnical Administra
tion Committee, Prime Minister's Office, 

3 

ling the production, delivery, possession, use, meas
urement and other aspects of the handling of radio
active substances and radiation-emitting apparatus, 
and by calling for the survey and disposal of radio
active contaminated materials. 

The points now under discussion are as foUows : 
( l) criteria for permitting the production, delivery, 
use, and so on; (2) disposal; (3) export and import; 
~ 4) transportation; ( 5) measurement and measuring 
instruments; (6) education of radiation workers; (7) 
qualifications of supervisors; (8) action in accidents; 
(9) safety inspection; ( 10) restrictions on the en
gagement of minors and inexperienced persons; 
( 11) health examination; and ( 12) handling of 
radiation-affected persons. 

The organization of the National Research Institute 
for Radiation, which the Science Council of Japan has 
recommended the Government to set up, is now under 
conside~ation in the ST AC in expectation of its 
establishment in 1956. University courses on radia
tion therapy have already been set up in various uni
versities, but the Institute is intended to be the sole 
consolidated basic radiation research organ in Japan. 

The organization of the Institute will be approxi
mately as shown in Table I. 

3. WORKERS' COMPENSATIONt 

General 

The problem of compensation for the workman 
injured by harmful radiation and radioactive mate
rials is of rather recent' origin in Japan. The problem 
of compensation for marine workers has been dis
cus~:d in the Diet but this subject has so many social, 
pohhcal, and even diplomatic implications that it 
would be out of place to discuss it here. \Ve shall 
describe here the present situation of compensation 
for common workmen relating to injury caused by 
r~diation, which has been in force for several years 
since the war. 

Compensation for Workmen by Labor Standard Law 

Historically, the workmen compensation system 
established by law in Japan goes back for many years. 
In 1916 we had already a system of compensation for 
the worker with a considerable wide coverage as 
provided by the Factory Law. The Labor Standard 

t By the Labor Standards Bureau, Ministry of Labor. 
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Table I. The Progra mme of the O rganiza tion of the National Research Institu te for Radiation 

Name of .s,cliou Namt of lal>or·atory Co11tr11ts of rc-sc-ard, 

Physical section 1'Ieasurcmcnt laboratory Research on measuring instruments and methods 

First instrument laboratory 
Second instrument laboratory 
Sensitive material s laboratory 

of radiat ion measurement 
Research on diagnostic instruments 
Research 011 therapeutic instruments 
Research on X-ray films. racl io::iutograph, and 

other sensitiYe materials 
Chemical section 

Biological section 

Ge11etics section 
First medical section 

Second mcclic:ll section 

T hird mcdkal ~cc1io11 

\Vork section 

Office 

First chemical laboratory 
Second chemical 1 aboratory 

Third chemical lalboratory 
First biological laboratory 

Second biological laboratory 
Genetics laboratory 
Radiation laboratory 

Radioisotope laboratory 

Radiation laboratory 

R:ulioii;otope laboratory 

First medical laboratory 

Second medical la.horatory 

L , w is its successor in a <leYeloped and impro,·ed 
form, under which compensation for workmen in
jured by harmful radiation js ensured. 

In Chapter V III of this Law we have several 
a rticles governing workmen's compensation. A r ticle 
75 stipulates the compensation for the worker who 
falls ill consequent upon the performance of duty, and 
Article 76 assures the worker of the income equivalent 
to 6070 of his aYerage wage as the nonduty com
pensation. vVhen a worker dies jn the perfom1ance of 
his duty, the employer must, under Article 79 of the 
Law, pay compensation equivalent to 1000 days aver
age wages to the bereaved family. 

In case the worker who receives compet11sation 
under Article 75 fails to recover from the inj ury or 
illness in three years from the date of his fi rst medical 
treatment, the employer may discontinue the com
pensation prescribed in this Law after paying an 
expiry compensation equivalent to 1200 days' aver
age wages of the worker. T his is stipulated by Article 
8 1 of the Law. 

Compensation for Injury or Illness Caused by 
Harmful Radiation 

These above-mentioned Articles relate to the com
pensation of workers. llnder the terms of the F..n-

Biochemical research on radiation 
Research on separating and processing oi radio

isotopes, and preparation of isotope-labeled 
compounds 

Research on chemical disposal of contamination 
Research on influence of radiation on human 

bodies 
Research on radiobiology 
Research on genetic effects of radiation 
Research on radiation to be used as a means 

of diagnosis 
Research 011 radioisotopes lo be used as a means 

of diagnosis 
Research on radiation to be used as a means of 

therapy 
Research on radioi-sotores to be used as a means 

of therapy 
Rc~carch on maximum permi,siblc <lose of 

radiation in human being!' 
Resc·arch on diagnosis and therapy oi radiation 

hazards 
~[ctallic, electric, and glass work~, photographing 

(including reproduction of literature) , breed
ing and culth·ation. and manaj?cment of ap
paratus nnd nondurable good~. for th.: pur
pose of promoting researches in ~ach ~ect ion 

General Affairs Division; Accounting Di,· ision; 
E,1uipmc1H Didsiuu; Library 

forcement O rdinance of the L-ihor Standards Law a 
wide range of occupational sidme~s i,; COYered by 
Article 75 of the Law. This consists of 38 items of 
sickness or poisoning. The fourth of these items 
co"ers diseases caused by radium rays, ultra"iolet 
rays, X-ray and other injurious radiations. Under 
Article 35 of the ordinance we compensate the worker 
who is suffering from diseases caused by harmful 
radiations. 
· Moreover, the scope of medical treatment is set out 
under the stipulations of Article 75 of the Law, includ
ing the following items-( 1) medical examination; 
(2) supply of medicines or materials for medical 
treatment ; ( 3) operations and other medical treat
ments; ( 4 ) hospitalization: ( 5) nursing: and ( 6) 
transference of the patient- which are included in 
Article 36 of the O rdinance. Article 37 also stipulates, 
in case the worker should be injured, fall ill or die 
while on duty . in the working place or in buildings 
connected with the enterprise for which he works, 
the employer must arrange for a medical examination 
by a physician without delay. 

However, these Articles do not indicate the serious
ness of the disease for \Yhich workers shall be com
pensated. Since the condition of disorder caused hy 
harmful radiations is continuous and 110rn1ally he-
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comes worse very gradually, it is very difficult to 
distinguish the disordered from the nonnal. T here
fore, we had to determine the degree of disorder 
caused by harmful radiations by the following regu
lation. 

In a case where a worker, who is usually engaged 
in jobs in which he is likely to be exposed to harmful 
radiat-ions emitted by radium, X-ray tubes, or other 
ionising radiations emitted suffers from radiation sick
ness, this shall be considered as the disease regulated 
in the fourth item of Article 35 of the Enforcement 
Ordinance in the following circumstances : 

1. \Vhen there is any cancer, ulcer, etc., of the skin. 
2. \Vhen the number of red corpuscles in 1 ems of 

capillary blood becomes regularly less than 4 million 
in case of male, or less than 3.5 million in case of 
female. 

3. When the number of white corpuscles in 1 cm9 

of capillary blood becomes regula rly less than 4000. 
The meaning of "regula rly" in these cases is as 

follows: it indicates that blood has been taken from 
the damaged workman twice in two consecutive days 
\\'ithout any difference being shown in the average 
blood corpu~cle count. 

In addition, Article 85 of the Law prescribes that 
persons \\'ho h:n·e any objections to the recognition 
of the occupational illness or death, the method of 
medical treatment, the amount of compensation 
awarded or other matters pertaining to the compen
sation, may demand an investigation or arbitration, 
and the employing office is also authorized to demand 
a medical examination or <1utopsy when the office 
deems it necessary. 

Workmen Compensation Insurance 

In order to fulfill his duty as prescribed by the Law, 
the employer sometimes has to shoulder very big 
hurciens. 

Therefore, ,Ye have a system of \Vorkmen Com
·pensation Insurance, which is one of the most im
portant social insurance systems in Japan. It lessens 
the burden on the employer and ensures compensation 
for the worker. 

The employer pays a premium to the government 
every year and the goyemment gives the benefit to 
the worker who has to be compensated .. 

For the enforcement of the system we have the 
\Vorkmen Compensation Insurance Law which has 
the same coverage for occupational diseases as the 
Labor Standard Law. 

EYery employer who employs a certain number of 
workers in hazardous conditions has to enter the 

system, and the worker who has been engaged in 
hazardous work, even if he is now retired from that 
work, never loses the right to be compensated, if the 
necessity arises. 

There is a small gap in this system. If the number 
of workers who are engaged in hazardous work is 
very small in proportion to the number of other 
workers in the same enterprise, the employer need not 
enter the insurance system. Thus X -ray technicians 
or doctors exposed to hazardous radiations in a big 
hospital may sometimes lose some of the advantages 
of insurance, bu~ this does not mean they lose the 
right to be compensated under the Labor Standard 
Law. 

The \Vorkmen Compensation Insurance has been 
in force since 1948 and costs more than 10,000 million 
yen every year. 

PRESENT SITUATION 

From 1950 to the present, we have statistics of 
occupational diseases which were compensated under 
the above described regulations every year. 

The following numbers are those which have been 
approved as compensated cases under the fourth item 
of Article 35 of the Ordinance: 1950, 8; 1951, 29 ; 
1952, 24; 1953, 11; 1954, 36. 

However, we cannot be so optimistic about the 
radiation hazards to which more than 20,000 workers, 
inch1ding medical doctors, X-ray technicians, nurses, 
X-ray operators of heavy industries and other work
ers are exposed, because there seem to he numerous 
unreported cases of radiation disease. 

In a limited survey carried out very recently, t he 
following surprising findings were made : 

Vic examined 65 doctors, 75 X-ray technicians, 42 
other \\'orkers at medical installations, 32 industrial 
workers operating X-ray machines or working \\'ith 
radiosotopes. Among them were found 9 doctors, 22 
X-ray technicians, 9 medical workers, and 4 industrial 
workers who required medical treatment or rest. The 
propor tion of affected persons was almost 20o/o of 
the total number examined, which was a surprisingly 
large proportion. However , as t he cr iteria used were 
very strict, it is hoped that the real level of radiation 
sickness is a little lower than these statistics indicate. 
But it must be presumed, at present, that there mar 
be a considerable number of unreported, or not yet 
discovered, cases of radiation disease. 

vVe are therefore now making great efforts to 
establish the real extent of the hazards, to learn how 
to prevent it and to protect workers from hazardous 
conditions. 

----------~~--- ---



Administrative and Legal Problems of Widespread Use of 
High-Level Radiation Sources-Industrial Health and Safety. 
Radiological Health-Safety Codes 

By W. Binks,* UK 

Radiation hygiene involves the study of the effects 
of ionizing radiation and the adoption of measures to 
prevent radiation injury. As regards the effects of 
radiation, the knowledge gained from earlier experi
ences with X-rays and radium has been supplemented 
in recent years through biological studies with a 
number of artificially produced radioactive isotopes. 
On the basis of such knowledge, recommendations 
have periodically been drawn up by various national 
and international bodies on the practical measures to 
be adopted to avoid injury to radiological workers. 
T he production and widespread use of vastly in
creased quantities of radioactive materials do not 
present any radically new problems regarding radia
tion effects. They do, however, create not only a more 
difficult problem in protecting those engaged occupa
tionally in the use of radioactive materials but also a 
growing public health problem. 

RESPONSIBILITY FOR PROTECTIVE MEASURES 

Those responsible for framing protective measures 
have, in the past, tended to rely on the method of 
"self-regulation", that is, one in which guidance in 
the form of recommendations has been placed at the 
disposal of radiological workers and their employers 
whom, it has been hoped, would be sufficiently knowl
edgeable and thoughtful to exercise reasonable meas
ures of control to prevent injury either to themselves 
or to others. W hile, in the main, this policy has 
worked, the actions of some defaulters have led to the 
view that stronger measures of control are required, 
particularly now that the consequences of such de
faulting may also seriously affect the health of the 
public. 

The primary responsibility for radiation hygiene 
now rests with the State. I t is, indeed, becoming in
creasingly difficult to find a Ministry which has no 
part to play in radiation protection. In shoulder ing 
this responsibility, the State has to decide what meas
ures it will adopt to control the position. It is no easy 
decision to make. 

Since it is impossible to prohibit all use of ionizing 
radiations, and since any significant radiation level 

• Radiological Protectioi, Service (Ministry of Health and 
Medical Research Council) Sutton, Surrey, England. 
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above the natural level of radiation from cosmic and 
terrestrial sources to which man has always been 
subjected is believed to have deleterious consequences, 
it is clear that, whatever control measures are sought, 
some degree of damage, however small, must be ac
cepted. A calculated risk has then to be faced, both as 
regards injury to radiological workers and injury to 
the community, in a genetic sense, which may result 
from the exposure of " large populations" to very low
level radiation from radioacth·e waste products. In 
this connection the International Commission on 
Radiological Protection1 (ICRP) has recommended 
that, for those occupationally exposed, the basic max 
imum permissible weekly dose to the critical body 
organs should be 0.3 rem in one week, while, for 
prolonged exposure of a large population, t his mcL'<i
mum permissible level should be reduced by a factor 
of 10. Each country will, however, have to decide 
how close it will work to these maxima. 

LEGISLATIVE CONTROL VERSUS OTHER 
FORMS OF CONTROL 

In devising control measures, seYeral aspects must 
be considered: 

An important difference between radiation hazards 
and many other occupational hazards is that the 
appearance of radiation effects is delayed, sometimes 
for 15 to 20 years. Accordingly, the problem must be 
viewed not in terms of injuries or absence of injuries 
at the present moment but in terms of what might be 
anticipated some years hence if inadequate measures 
are ach-ocated from the star t. 

There a re several disadvantages if complete legis
lative control is introduced. The doses permitted 
under all circumstances and the techniques to be 
followed must be defined very closely. This will 
greatly impede developments in the peaceful applica
tions of atomic energy. In any case, it seems impos
sible to ensure that all the statutory rules are obeyed, 
however large an inspectorial staff is engaged . 

Unfor tunately in no country has the state been 
reached when recommendations plus self-regulation 
are adequate. 

Pressure of economic forces is leading to deinands 
for as much relaxation as possible in the permissible 
levels of radiation. 
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It is clear that the legal and administrative meas
ures which are adopted will have a great bearing on 
the · rate of expansion of industrial and other applica
tions of radioisotopes and on the future health status 
of individual radiological workers and of the com
munity at large. Though some measure of legislative 
control appears to be necessary, the statutes should 
be as simple and restricted as possible. The State 
could lay down the max:imum permissible levels \\'hich 
must not be surpassed, but the method of achieving 
this statutory demand could be through codes of good 
practice, through guidance and supervision from 
health-physics groups and through the appropriate 
education and training of all concerned. The codes 
would not aim at being detailed inflexible specifica
tions of technical procedures but would be in the 
nature of performance codes, giving guidance to the 
users of radioisotopes on the design of laboratories, 
shielding, general working procedures, disposal of 
radioactive w:1ste, transportation of radioactive iso
topes and tests for monitoring the radiation received 
by personnel and for checking any clinical effects. 
The heads of radiological departmentst would thus 
be granted a reasonable measure of freedom in design
ing laborator ies and in devising the techniques and 
protective measures to be adopted. At the same time, 
some of the responsibilities would devolve upon them. 

This is basically the policy being pursued in the 
United Kingdom. Clearly there is a need for uniform
ity amongst the codes intended for the various special
ised groups. It is hoped to effect such uniformity 
through liaison between the various l\·finistries in
volved, acting through an administrative and scientific 
advisory committee. 

BASIC FEATURES OF CODES OF PRACTICE 

In preparing its recommendations on radiation 
safety standards, the ICRP has adopted the policy of 
dealing with the basic principles of radiation protec
·tion and of leaving to the various national protection 
committees the task o[ introducing such detailed tech
nical statutory regulations or codes of practice as are 
considered best suited to the needs of their individual 
countries. The latest report of the Commission deals 
,Yith the maximum per missible weekly doses for ex
ternal and internal radiation sources ( including the 
ma.ximum permissible body burdens and maximum 
permissible concentrations in air and water of a 
large number of radioisotopes now in use); also with 
the general principles regarding working conditions 
in radiological departments and with some useful 
t·xpcrimental data on the ahsorption of direct and 
scattered X-radiation. Unfortunately, the new report 
of the Commission does not deal ·with the handling 
and disposal of radioactive materials, although a sub
committee is actively engaged in preparing recom
mendations on these aspects. 

t The ICRP defines a "radiological department" as a de
partment or area in. a medical! ind~tr~al or research _organ
i1-ation where there 1s a potential rad1at1on hazard. This same 
meaning will be adopted in the present contribution. 

Pending the completion and publication of this 
additional ICRP document, it might be of interest to 
D elegates to the Conference to learn something about 
the general trend of thought in the United Kingdom 
as to the basic features of a code of practice to cover 
the use of radioactive isotopes. 

In the fi rst place, there is general acceptance of the 
Yalues for the maximum permissible weekly doses 
and for the isotope levels in the body, in air and in 
water recommended by the ICRP for radiation work
ers. As these· values are only a rough guide to tlu: 
relative ham1£ulness of the isotopes which might be 
deposited in the body during operation5 involving 
their manipulation in unsealed form, the next step 
has been to prepare a broad classification of the iso
topes according to their relative radiotoxicity, taking 
into account, where possible, other factors such as 
the types of compound in which the isotopes appear, 
the specific activity ( depending on the degree of 
dilution or, in the case of naturally-occurring radio
active isotopes, on the long life), the volatility and 
the relative radiation doses to critical organ~ and 
tissues (including the gastro-intestinal tract) when 
accidental ingestion or inhalation occurs. In turn 
these factors have to be considered in relation to the 
radiochemical laboratory facilities to be pro\'ided for 
the quantities of isotopes to be manipulated and to 
the complexity of the procedures involved. The iso
topes are regarded as falling into four main classes 
of relative toxicity, shown in Table I. 

It is felt that three grades of laboratory should 
suffice for the handling of the various quantit ic:- of 
isotopes given in Table II. The lowest grade of 
laboratory (Grade C) would be any modern con
Yentional chemical laboratory, fitted with at lea~t one 
good fume hood and having floors covered with 
linoleum and work benches provided with non-ab
sorbent tops or disposable covers. /\ Grade B labora
tory would be a high-grade chemical labor:itory which 
may ha\'e to be provided with glove boxes as well as 
fume hoods. As regards the top grade of laboratory, 

Rdalit1c 
radio

toxt'dty 
of isotope 

Very high 
High 
Moclerate 
Sl igl1 t 

Classi
/itntio11 

1 
2 
3 
4 

Tobie I 

Crod.- of loborat orJ• rtq11ircd for isotopo 
nt '""11'' lct•r/$ nf activit:, sJ,tnficd bcltr.t' 

C 

< JOµc 
<IOO µc 
< I me 
< IOmc 

D 

JOO µc- 1 me 
I me- !Omc 
JOmc-lOOmc 
100 mc- 1 c 

A 

> !Orne 
> IOOmc 
> le 
> toe 

:Modifyi11g factors to be applied to the above quantities, 
accor<ling to the complexity o[ the procedures to be followed. 

Proc~dHre 

Storage (stock solutions) 
Ver y simple wet operations 
Normal chemical operations 
Complex wet operations with } 

risk of spills 
Simple dry operations 
Dry and dusty operations 

----------

M odif;;ing factor 

X 100 
X 10 
Xl 

X 0.1 

XO.QI 

---------
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Tobie II. 
Classification of Isotopes according to Relative 

Rodiotoxicity per Unit Amount 

The isotopes in each class are listed in order of 

Class I 
(very high 
toxicity) 

Class 2 
(high 
toxicity) 

Class 3 
(moderate 
toxicity) 

Class 4 
(slight 
toxicity) 

increasing atomic number. 
Sr"° + Y00

, *Pb''0 + Bi"0 (Ra D + E), Po"'0, 

At"', Ra"" + 55% *<laughter products, Ac.,,', 
*U,.,, Pu"•, *t\m211, Cm .. • 

Ca•• *Fe' 0 Srs,, Y" Ru'°" + *Rh""' 1131 *Ba"• + La"° Ce": + ~Pr"' Sml$1 *E~,s. '•Tm"" 
*Th"' + *Pa=, *nat~ral th~rium, '•naturai 
uranium 

• Na", P32
, S$1, Cl34

, *K .. , *Sc••, Sc", *Sc'", 
*V'$ •r..tn.. Fe"" *Co.. Ni•• *Cu°' *Zn .. 
*Gai•, *As1;, *Rb .. , *Z;"" +' *Nb .. ,' *Nb90: 

*1'fo00 Tc.. *Rh"'" Pd103 + Rh103 *Ag"'" 
Aglll, Cd""', + *Ag', .. *Sn113 *Teiri *Te ... • ' ' ' , , 
Cs•~• + *Ba"', *La"0, Pr'", Pm'11, *Ho106, 

•Lu111 *Ta'02 *\V'"' *Re1 
.. 

1 *Ir'"" Ir"' *Pt'., 
*Pt11•1 ' *Au"'". *Au'.; *Au'..; *Tl,.;, Tl002 Tl'""' , , , , , ' , 
*Pb·"" 

I-I', *Be\ C", F", *Cr0
', Ge71

, *Tl'°'. 

* -Y-cmitters. 

it is most likely that the specified quant1t1es of un
sealed isotopes will be confined to work inside atomic 
energy research and production organizations, for 
which specially designed laboratories are required. 
F rom these two classifications, cot;pled with general 
information about laboratory facilities, techniques 
and protective clothing, it is possible to deal with one 
of the most frequent requests from potential users of 
radioisotopes, namely, as to the type of laboratory 
and facilities required to deal with certain levels of 
activity of specified unscaled isotopes. 

For those who work with sealed sources of radio
active isotopes, the main problem- barring accidental 
fracture of the source containers-is to protect, 
partly by distance and partly by shielding, against 
the effects of penetrating y-rays on the internal body 
tissues and of {3-rays on the more exposed parts of 
the body. A reasonable amount of technical data has 
already been accumulated about absorption of {3- and 
y-rays in various materials. 

It is appreciated that there is a need for radiation 
surveys of new or modified radiological departments, 
and for "personnel tests" of a clinical and physical 
nature. The physical tests have to deal with both 
external and internal radiation hazards. For external 
radiations, the amount received by personnel should 
be continuously or periodically checked by means of 
suitable ionization chambers or film badges carried 
on the body. ·where there is a potential internal radia
tion hazard associated with work with unsealed radio
active isotopes, it may be necessary to assess the 
body burdens of workers from time to time from 
measurements of the radioactivity of the excreta 
(particularly of the urine) and, in certain cases, from 
measurement of the y-r::iys or bremsstrahlung emitted 
by the body. 

Storage and transportation of isotopes are further 
matters calling for guidance. The problems here, in 
so far as personnel are concerned, are relatively 
simple to cope with, since in the main they are con
fined to external radiation hazards. But there is a 
difficult administrative problem, both at the national 
and international level, where transportation of iso
topes by public transport authorit ies necessitates a 
certain degree of segregation from other merchandise, 
such as sensitive unprocessed photographic film, 
which might be damaged by the radiation. It is the 
difficulty in securing the required degree of segrega
t ion, and not any difficulty in protecting transport 
personnel, which has delayed transport agreements. 

Of all the problems created by atomic energy de
,·elopments, none seems to have given rise to greater 
difficulties, or caused more public alarm, than that 
of the disposal of radioacti"c waste. Radioactive 
waste may leaYe an estahli~hment in the form of a 
gaseous effiuent ( from an atomic energy pile or from 
the flue of a hospital incinerator in which is burned 
any highly contaminated clothing or bedding of pa
tients undergoing treatment with internally adminis
tered radioisotopes) ; in the form of liquid effluents 
( including excreta from radioactive patients) which 
may enter drinking water supplies by direct or in
direct routes or may flow into river estuaries; or in 
the form of solid ' waste which, at low levels of ac
tivity, can be remo\'ecl as ordinary waste by the 
sanitary authorities or, at higher le,·els of activity, 
he placed in disposal pit~ or bu ried at sea. In the 
United Kingdom, most of the waste disposal prob
lems arising up to the present time have been dealt 
with satisfactorily, though a workable scheme has yet 
to be devised for centralised solid waste disposal. 

Guidance has also to be gi\'en on decontamination 
procedures and on the permissible le\'els of contam
ination for personnel, for personal and protective 
clothing, for "actfre laboratories" and "inactive 
areas", for equipment, and for patients' clothing and 
bedding before it is considered safe to release to pub
lic laundries. The recommended levels for parts of 
the body, for personal clothing, hospital bedding and 
inactiYe areas are 10-5 µc/cm2 of surface for a-emit
ters of Yery high toxicity (see Table I) and lo-4 
µc/cm'!. for {3-emitters of all classes. These levels are 
increased by a factor of 10 for protective clothing, 
active laboratories and equipment. 

ADMINISTRATIVE PROBLEMS ASSOCIATED W ITH THE 
IMPLEMENTATION OF CODES OF PRACTICE 

Many codes of practice refer to the duties of ap
propriate protection organizations or health physi
cists or other qualified experts in giving advice on 
the plans of new radiological departments, and in 
carrying out personnel tests and radiation surveys 
of departments. In the United Kingdom, the major 
radiotherapeutic departments which are using up to 
2000 curies of sealed y-ray emitters for teletherapy 
treatment or up to a few curies per year of isotopes 



\ 

REGULATIONS ON HIGH-LEVEL RADIATION SOURCES 9 

such as P 32 and !13 1 for in ternal administration to 
patients have health physicists on the staff who nre 
responsible for the necessary safety measures and 
monitoring procedures. Again, the departments 
within the Atomic Energy Authority for the United 
Kingdom have health-physics sections which perform 
the duty laid upon the Authority in the A tomic En
ergy A uthority Act, 1954, "to secure that no ionizing 
radiations from anything on any premises occupied 
by them, or from any waste discharged ( in \\'hnte\'t:r 
fom1) or from any premises occupied by them, cause 
any hur t to any person or damage to any property, 
whether he or it is on any such premises or else
where." But outside these specialist groups there are 
several thousands of workers in smaller hospitals and 
in industrial, U niversity and Government depar tments 
who look to others to provide these surveying and 
monitoring services. This work, at present under
taken by the National Physical Laboratory, is to be 
transferred to, and e.,pande<l under, the ne\\' Radio
logical Protection Service, which is a cent ralised unit 
set up by the i\[inistry of Health and I\Iedital Re
search Council. The aim of the Ser \'icc is to l,!in· as 
much help as possiule to radiation workers in dealing 
with protection problems and to further the ~cnernl 
policy of the country to maintain a satisfactory state 
of affairs as regards radiation hazards through guid
ance, supen ·ision and education rather than \\'holly 
through statutory regulations. 

In attempting to operate protection services, it 
appears that some departure from ICRP principles 
is necessary. T he Commission expresses permissible 
weekly dose in terms of the quantity of ionizing 
radiation receiYed i11 one week and not per wee!:. 
Limitations in a\'ailahle staff have however , in ~en
eral, resulted i11 radiation monitoring tests hcing 
conducted over a period of not less than 2 weeks. 
Furthermore, difficulties arise as to the procedure to 
be followed after a person has been over-exposed, 
either accidentally, or in a planned emergency which 
may nr ise, with high-level activities. If he has re-

ceived, say, a dose of 1.2 rems in one week ( that is, 
fot1r times the permissible dose ) , should he be re
moved completely from duties involving radiation 
exposure for the next three weeks or should he be 
allowed to continue working under conditions in
volving much less radiation exposure for a compen
satory period of, say, 12 weeks until the average fo r 
the total 13-week period is below t he permissible 
weekly dose? If the former course is adopted, work 
may be impeded ; if the latter-and it does not seem 
unreasonal>le-permissible weekly dose is, in effect, 
aYeraged over a per iod o f 13 weeks. 

INTERNATIO NAL COO PERATION 

There are, of course, several administrative fea
tures of an international character. There is need for 
the collection and dissemination of basic info rmation 
about radiation effects and protective measures. 
Again, t ranspor tation of radioactive materials, dis
posal of radioactive waste, and agreement on a 
symbol for radiation hazards are matters of interna
tional concern, whilst a serious accident to a nuclear 
power reactor in any country is likely to have world
wide repercussions. 

It would seem that there is likely to be a race 
between nations in developing nuclea r power reactors 
and in attempting to capture world atomic markets. 
It is not impossible that, in such a race, competit i\'C 
considerations will lead to drastic economies on radi
ation protection being urged. There is thus need for 
international agreement on the minimum standards 
to be allowed. In t hese respects, international bodies 
such as the International Commission on Radiolog-i
cal Protection, the International Labour Office nn<I 
the \Vorld H ealth Organization have a very impor
tant function to fulfil. 
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The General Problems of Protection Against Radiations 
from the Public Health Point of View 

World Health Organization 

The appearance of radiation hazards dates from 
the discovery of X-rays and radium at the turn of 
the century. The adverse biological effects of excess 
exposure to radiation* were soon recognized, but 
very little was done to protect against them until the 
first world war, when the diagnostic use of X-rays 
became widespread. After the war, the need for 
radiological protection was recognized in many coun
tries, first among enlightened groups in hospitals, 
an<l later on a national basis. In 1925, the first inter
national effort ,vas made to broaden the scope of 
radiological protection when the preliminary steps 
were taken for the formation of the International 
Commission on Radiological Protection.t 

The first recommendations of the Commission were 
aimed principally at the medical profession and to 
some extent at the luminous dial painters and the in
dustr ial radiographers. The recommendations were 
largely empirical and based on the experience of 
those groups whose operational methods were con
sidered desirable. The discovery of uranium fission 
brought radiological protection to the status of an 
important industrial health consideration. This was 
immediately recognized by the scientists who devel
oped the first nuclear energy plants in the USA, and 
eYery effort was expended to ensure the safety of 
their workers. Similar efforts have now spread to 
every known atomic energy centre. 

Fundamental research in radiobiology aimed at 
putting protection measures on a sound scientific 
basis is now well established in many countries, and 

* Throughout this paper the term "radiation" is used in 
the sense of ionizing radiation. 

t The establishme~t of the Internatio~I Commrssion . on 
Radiological Protection (ICRP) wa·s envisaged at the First 
Congress of Radiology in 1925 and it was formally estab
lished in 1928 under the auspices of the International Con
gress of Radiology with which it has since been affiliated. 
It is a non-governmental organization composed of individ
uals chosen on the ba'Sis of their recognized activity in the 
fields of radiology, radiation protection, physics, biology, 
genetics, biochemistry and biophysics without regard to na
tionality. In addition to the main Commission there are five 
International Sub-Committees which deal with various as
pects of radiation protection. The ICRP deals with the basic 
principles of radiation protection and leaves individuals the 
right and responsibility oJ introducing the det~iled techn_ical 
regulations, recommendations or codes of practice best smted 
to their needs. It meets usually every three years and issues 
recommendations on radiation protection which arc revised 
from time to time. The last recommendations were prepared 
at the 1953 meeting and are now being published. 
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at least three nations which have atomic energy es
tablishments have agreed to pool their knowledge of 
radiological protection. Since specialists of these na
tions are also active in the ICRP, the recommenda
tions of this body benefit from the findings of the 
conferences of the three nations, and also from 
valuable contributions from other countries which 
have long radiological experience but which are not 
yet working on atomic energy. The recommendations 
of the Commission have no legal standing, yet they 
are adopted by many nations because they represent 
the most comprehensiYe knowledge in the field at the 
present time. 

The world is now facing a change in the problem 
of radiological protection, and this has been recog
nized for some time. \Vith the widespread use of 
nuclear power, the hazards due to radiation are no 
longer confined to radiologists and atomic-energy 
workers. The problem has spread beyond the con
fines of industr ial medicine to become an aspect of 
public health. 

THE SCOPE OF PUBLIC HEAL TH PROBLEMS 

i\fan has always been exposed to radiation from 
cosmic and other natural sources. Present develop
ments in nuclear energy are such that, with the pas
sage of time, the radiation background, in other 
words, the ambient radiation level, will be raised 
significantly by radiation sources of man's own mak
ing, i f these are not controlled. From what is already 
known about the biological effects of radiation, an 
intensification of the radiation background is likely 
to lead to somatic and genetic effects in man. The 
former will occur in the population exposed while 
the latter will accumulate and affect future genera
tions. It is the responsibility of public health to do 
as much as possible to prevent the radiation back
ground from rising unnecessarily fast and to too 
high a value. This problem exists now, on a small 
scale, as a result of the operation of nuclear energy 
plants, and the protective aspect is now being dealt 
with at the industrial level. As the use of nuclear 
power for industrial purposes extends, this will no 
longer be possible. Although the broad aspects of the 
public health problem are well understood and are 
simply stated above; there is much to be learned 
about the operational procedures. 
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The experience of the past ten years has brought 
to light methods which might be used successfully 
to prevent the radiation background from rising, but 
the precise numerical data relating radiation back
ground to effects on the world population are lack
ing. Such numerical data are all-important if public 
health is to function efficiently in its relations with 
the development of nuclear power. The correct 
numerical answer to this problem is not at hand and 
will not be forthcoming for some time. Therefore, 
the way is open to the two extreme courses of over
caution or undue leniency. 

The public health problem at the moment is not 
an easy one. It is further complicated by the fact that 
public health depends on the degree of organization 
of a community, and since the types of communities 
affected by the development of nuclear energy will 
be diverse, it will be most essential that operating 
standards be clearly defined. 

T he present codes of practice for dealing with 
radioactive effluent from atomic energy plants are 
compiled on the supposition that an insignificant pro
portion of the world population is involved. When 
the exposed population becomes significant, these 
codes may have to he made more exacting. The lim
iting factor in compiling standards is, and is likely to 
remain for some time, knowledge of human genetics, 
a subject on which there arc few relevant quantita
tiYe data. The only hope for a quick answer o i a 
qualitative nature applicable to human genetics is the 
work now going on in the genetics laboratories of the 
world. The fate of an irradiated population of certain 
organisms could give information which could be 
applied qualitatively to the human race. But time is 
short, and public health must fulfill its obligation by 
intelligent control so that general exposure to radia
tion background will not soon reach levels from 

• which there is no return. 
· With this problem before it, public health must 

profit from the experience of the industry during 
the last ten years; it must not be accused of hinder
ing the development of nuclear power and thus de
priving the world of its benefits. It must cooperate 
now with those responsible for the technical develop
ment of nuclear power. The industrial experience of 
the past has shown that the public health problems 
which have been foreseen and attended to ahead of 
time have proved less costly than those discovered too 
late, after a period of operation. 

THE BROAD PUBLIC HEALTH ASPECTS 

Since public health activities must be integrated 
with the other disciplines involved i1'i'the development 
of nuclear energy, it must fi rst have representation 
of the highest order capable of appreciating the prob
lems as they arise in other scientific fielcls. Such per
sonnel does not e..xist in the required numbers at 
present, and the first task of public health is there
fore to embark on a comprehensive training pro
gramme. It is necessary, on the other hand, for the 

engineer and physicist to appreciate the public health 
problem. Since this is a rapidly expanding field, pub
lic health personnel will have to be kept informed of 
the latest developments. These developments will be 
taking place all over the globe and it will be a task 
in itself to sort out the important findings from the 
vast body of literature which will grow up. This is 
already a problem even at this early stage. 

The task of public health will be lightened consid
erably by the provision of adequate protection in new 
installations, and for this reason it must collaborate 
nt the early design stage. Present nuclear energy 
plants suffer much from the fact that not enough 
protection was provided for in their design, and they 
therefore need to be patrolled by large radiological
safety crews. Although safety crews will never be 
completely abolished from nuclear power installa
tions, it is desirable for economic reasons that they 
be kept as small as possible ,by providing for maximal 
protection in the design of plants. Much experience 
in providing protection has already been accumulated, 
and this has an additional appeal on the basis of 
lower operating costs. It is assumed that as e.xperi
ence is gained, accidents in nuclear plants will be
come as rare as in other types of industrial plants. 
The troubles still encountered in present nuclear 
l!nergy plants were generated when operations were 
started and knowledge was inadequate. This is a warn
ing to remind us that a correct start be made, for 
difficulties arising from a false start in this field will 
make their presence felt for a loug time. Since the 
cleYelopment of nuclear power is now a world con
cern, it is also necessary that the public health pro
gramme be co-ordinated at the highest national level 
so that there can be full international co-operation. 

Another important aspect of public health interest 
will be the siting of nuclear energy plants. -in general, 
these will be of two kinds: reactors producing power 
and plants to process the spent fuel. The reactors may 
have to -be close to large centres of population. In 
general these will not present much of a health prob
lem unless there is an accident or the effluent systems 
are not properly designed. Reactors must therefore 
be built, at least at this stage, on the assumption that 
there is always a possibility of an accident, and thus 
the proper safeguards must be incorporated. 

The more difficult installations wiJI be the fuel re
processing plants though these, with improved tech
nology, could be quite safe. At the present stage we 
must expect the usual amounts of low-activity wastes 
which arise from one reason or another and which· 
will have to be disposed of locally. The siting of such 
a plant will therefore be determined by transporta
tion facilities and proximity to a suitable site for 
disposal into the ground. 

\Jllorking practices in nuclear energy installations 
are now well established; the records for radiation 
safety in such plants are probably the best" in the 
world. However, it will be necessary in the interest 
of public health to institute broader precautions. At 

----------------
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the moment the problem of protection o( the com
munities is looked after by the staff of the nuclear 
energy plants themselves. When such plants become 
numerous these public health aspects will have to be 
the responsibility of public health workers. Codes of 
practice will have. to be worked out with the plant 
personnel and must be of an eminently practical 
nature if they are to be effective. 

THE PARTICULAR PROBLEMS 

Nuclear energy plants will impinge on public health 
by means of their waste products, and via the wide
spread distribution of radioactive isotopes. The prac
tical public health problem will then be to assess and 
control the radioactive wastes and to ensure that the 
radioactive isotopes distributed arc sa fely transported 
and disposed of. The wastes are of three kinds, gase
ous, liquid and solid. 

The air may be polluted from stacks which emit 
either radioactive particles or gases. Particulate waste 
can be filtered, and there is already much experience 
in this field. The filters now used are of the highest 
quality in order to trap the smallest particles. Their 
introduction into a ventilation system places additional 
requirements upon the air flow and pressure heads 
which are reflected in the cost of the installation. 
However, it is cheaper to design the air system prop
erly at the beginning than to attempt to modify it 
later when radioactive fallout in the vicinity of the 
plant becomes intolerable. Some of the fission prod
ucts are nohle gases and can pass through any filter, 
but on the whole these are short-lived and can be 
stored, trapped and allowed to decay. This cannot be 
done with krypton-85, which has a ten-year half-life 
and which might become hazardous under adYerse 
meteorological conditions in crowded industrial areas. 
The use of filters and gas traps changes the air pol
lution problem to one of the disposal of solid con
taminated waste. In this regard public health services 
must be equipped to carry out air monitoring to be 
assured that conditions are safe in populated areas. 
T he present safe standards for this form of disposal 
are contained in the recommendations of the ICRP 
(1953) . 

The use of waterways for the disposal of radio
active materials is obviously not an acceptable solu
tion. It is almost impossible, even with the best con
trol, to prevent small quantities of such waste from 
reaching water which may be used for drinking or 
which may contain edible organisms. The standards 
for such poll ution are again contained in ICRP 
(1953) and public health authorities must he in a 
position to verify them. This problem is now being 
dealt with by industry. It differs from the usual 
pollution problem in that the actual amount of harm
fu l waste is very small and its toxicity is measured 
in terms of its radioactivity. It must be remembered, 
however, that some biological systems have the power 
to concentrate certain · radioactive elements so that a 
water monitoring programme must include the meas-
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uring of radioactivity present in water, edible organ
isms, as well as some of the lower forms of life and 
sediments. 

At present much of these <lilntc wastes is <lcalt 
with by running them into the ground where the 
radioactive elements which are in small hulk arc tal,en 
up and retained, mostly by the day. The practice of 
getting rid of wastes in this manner is cconomirally 
desirable but care must he exercised in its execution, 
especially as it may become widespread. The presence 
of large quantities of chemicals in the waste solution 
may destroy the soil's property of retaining the 
radioactive elements. Also the moYements of these 
wastes are governed by the properties of the soil 
itself and the movements oi the ground water. These 
two factors must be carefully studied in the area 
before such disposals are undertaken. A mor(' con
scrvatiYe approach to ground disposal is the use of 
specially prepared beds, so that the active soil i., re
tained under control and the effiuent from the beds 
monitored and disposed of to the ground if suffi
ciently decontaminated. The disposal of wastes of 
low radioactive content in the gro1111cl is so important 
economically that it may well he a deciding factor in 
siting reactor fuel processing plants until inore ad
vanced chemical processes elimi11ate the problem 
entirely. 

The burial of contaminakd solid material raises 
much the same problems as the release into the 
ground of contaminated solutions. The site must be 
chosen, therefore, with much the same considerations 
in mind. 

A forther problem arises in this connection in that 
many of these solid wastes such as scrap steel have 
a commercial value and there is a tendency to return 
them for further industrial use. This will lead to a 
low level of raclioacth·e contamination in supposedly 
new material. It is evident from this that public 
health measures must include radiation monitoring 
at a low level. 

A much bigger public health problem is the dis
posal of highly radioactive wastes. To date there is 
110 good solution for this problem, and many methods 
are being studied. In the meantime the wastes are 
stored in tanks awaiting permanent disposal. From 
the standpoint of public health these. wastes will have 
to be confined so that they will not come in contact 
with humans in harmful concentrations. F or coun
tries which are crowded together an9- which lack 
space it may be desirable to have a common waste 
disposal site. The use of many scattered disposal sites 
for highly radioactive wastes whether on land or at 
sea might lead to the spread of radioacth·e material, 
for there is a high probability this material will es
cape if the sites and methods used are not properly 
chosen. A more satisfactory alternative would be to 
have a few recognized sites throughot1t the world 
which would be considered safe for the deposit of 
high-activity waste, and that such sites would be con
trolled on an international basis. 
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A SUGGESTED PUBLIC HEAL TH PROGRAMME 

For public health to play its part in the develop
ment of nuclear power it must be sure that ils 
demands are consistent with sound principles of 
radiological protection. Already in many quarters 
there is the suspicion that protection against radia
tion is _being overdone. To allay these suspicions a 
public ·health programme must be designed to seek 
the knowledge, which is now lacking, on the quan
titative effects of chronic low-level irradiation on 
humans. 

It seems now possible to suggest a programme of 
work which might be logically undertaken by public 
health along with the development of nuclear power. 
This programme is not intended to be all-inclusive 
and would cer tainly be subject to modification in the 
light of review by technically competent bodies such 
as the ICRP. The intention is to create a starting 
point for discussion in the hope of stimulating action 
in the right direction. The following items among 
others might be usefully inclmled in such a pro
gramme. 

The Training of Public Health Personnel 

This is one of the immediate important require
ments. The field of nuclear technology is expanding 
rapidly. It is necessary that public health authorities 
join in this expansion as soon as possible. The num
ber of public health personnel trained in this special
ized field is at present inadequate, especially in 
countries which as yet ha\'e no nuclear energy pro
grammes. Public health personnel must Le trained to 
such a level as to command the respect of their col
leagues in physics, chemistry and engineering if their 
advice is to be heeded. The detailed requirements 
of such a training programme and the method in 
which it will be effected are dealt with in another 

·paper prepared by WHO. 

The Dissemination of Pertinent Public Health Information 

There is at present a vast hody of knowledge con
cerning the radiological health problems associated 
with nuclear energy. Some consideration has also 
been given to the general problems of public health. 
For various reasons this knowledge is not available 
in a cordiuated and condensed form. This undesira
ble state of affairs is one which can be effectively 
corrected if the present information were co-ordinated 
and made available to those requiring it. The effort 
necessary to do this would be considerable and a way 
to attack the problem would be for an international 
organization such as WHO to select important public 
health subjects and to have them discussed amongst 
groups of experts working in the respective fields. 
At the same time clue attention should be p::i.id to the 
necessity of dealing with new information as it be
comes available. Such an information service will be 
invaluable to public health administrations, especially 
in countries which have had no previous connection 
with radiation problems. 

A World-Wide Scientific Study of the Somatic Effects of 
law-level Radiation on Humans in Relation to the 

Intensification of the Radiation Background 

Such a study must undoubtedly be supported by 
work on animals which would on the whole yield 
qualitative data. This subject will be dealt with in 
other papers presented at this Conference. Quantita
tive observations on the effect of radiation on humans 
have been sadly lacking . For this reason there is a 
great effort taking place to try to extrapolate the 
results of anima_l experiments to get quantitative 
information whicli would be of use to public health. 
A first step in this programme would be to reconsider 
the present system of collection of vital statistics and 
to add to it or modify it in the light of the health 
problems of the nuclear age. The standardization of 
statistical information to include radiation effects 
could well be aided by advice from the ICRP. 

The it1cidence of the r adiation-associated diseases 
would have to be studied in relation to the intensifica
tion of the radiation background. For this purpose 
specific radioactive isotopes which have been shown 
to be damaging to animals, such as strontium-90, 
might be selected for initial scrutiny. The assays at 
low radiation le\'els which enter into this work re
quire special technical skills and tJ1e use of advanced 
measuring equipment. This-technical knowledge must 
be acquired by health personnel. A difficu1t technical 
study of this kind would be much more effective on 
a world-wide hasis if those undertaking it have at 
their disposal uniform methods and common stand
ards so that all results could be ultimately compared. 
It must be appreciated that such a research would be 
a long-tem1 one, hut there seems to be no other way 
of obtaining the required information. 

A particular aspect of this \\'Ork would he the 
study of human beings irradiated as a consequence 
of occupational or other conditions. These are to be 
found among the following: ( l) patients submit ted 
to radiation therapy; (2) workers in medical radi
ology; (3) workers in the nuclear energy industry; 
and (4) workers in the uranium mining industry. 

International standarclization and inter-compari
son of experiences would again be of great value in 
this field. It must be realized that although radiation 
is easily measured it is very difficult to get reasonable 
agreement when these measurements are made in 
diverse ways and places. 

A STUDY OF THE RADIATION-1NDUCED GENETIC 
DEFECTS IN me HUMAN RACE 

This is an extremely difficult problem and a clear 
method of attack is not evident. The genetic condition 
of the human race is in a dynamic stage and it would 
be almost impossible to distinguish small shifts due 
to radiation, yet it is this factor that is presently 
influencing the limit which is considered acceptable 
as the world-wide radiation background. An experi
ment on mammals such as rats would perhaps give 

------------------
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qualitative information on the fate of the human popu
lation when exposed to additional low-level radiation. 
These experiments are of value in general because 
they will tell whether an irradiated population tends 
to get stronger, retain the status quo or deteriorate. 
This is the public health value of such work. 

Some information on humans conk! be obtained 
from a genetic study of selected groups such as the 
offspring of persons exposed to radiation by their 
work and of communities living at high altitudes. 

In any case genetic information on humans will 
take a long time to collect and a comprehensive pro-
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gramme on genetics should be undertaken as soon as 
possible. Here again uniformly recorded statistical 
information would be essential. 

Only if a comprehensive public health programme 
of the type outlined above is initiated will world-wide 
radiation protection be efficient. Although work on 
radiations has proceeded for fifty years, knowledge 
of biological effects is still deficient. And yet, this 
generation has an obligation to posterity to hand 
down the legacy of nuclear technology not only with 
all its useful potentialities but also with corresponding 
knowledge of how to deal with its inherent hazards. 



The Achievement of Radiation Protection by 
Legi'slative and Other Means 

By lauriston S. Taylor,* USA 

I. VOLUN TARY PROTECTIO N M EASURES 

The potentia l hazards of ionizing radiation were 
recognized within a few years of its discovery. Minor 
precautions in its use took place beginning at that 
time, but it was not until about 1920 that the seri
ousness of radiation haz::ircls was fi rst generally rec
ognized. The increased hazard was brought about in 
the main uy the advent of the hot-cathode Coolidge 
tube that produced quantities of radiation never be
fore known. In one sense the situation was compara
ble to that of the last 10 years when again we have 
been con fronted with radiation problems, that while 
not essentially new in nature, were of a. considerably 
greater magnitude because of the much wider variety 
and size of sources. This, of course, was brought 
about by the use of artificially-produced radioactive 
isotopes in medicine, industry and research. As in 
the 1920's, we are again facing an increase in the 
problem of protection and because the magnitudes of 
today are so much greater, we find 011rse1Yes cau
tiously looking at more stringent means of controlling 
radiation. 

From the outset, ,·arious mc.111s and methods have 
uecn employed by countries, states, cities and in-

. dividuals to control radiation. In this report, a m1111-

bcr of such examples will be given, but it should 
not be implied that these represent the only cases 
wherein radiation protection efforts have been carried 
out. In addition to those cases of which the author is 
aware, there are 1111doul,teclly many other cases of 
which he is unaware. 

For many years, the efforts toward radiation con
h·ol and radiation safety were mainly on a voluntary 
basis. In some cases these efforts were materially 
assisted by some central laboratory or other organi
zation. For e..~mple, in 1925 Sievert in Sweden of
fered the services of his Institute for the provision 
of radiation safety inspection and evaluation. The 
use of these services was up to the in<livid11al b11t 
they were available upon request. 'At the outset of 
this program, there were only a few dozen radiation 
installations in Sweden. Of course, as in the rest of 
the world, the number increased rapidly until in the 
30's it began to appear that some more formalized 
inspection procedures would be desirable. Accord-
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ingly, in 1941 a State act was passed which required 
the licensing and inspection of aH radiation installa
tions. The responsibility for this was delegated to the 
Radiophysics Institute in Stockholm. Doth plans of 
radiation control in Sweden ha\"e worked well and 
they have an emiable reputation for radiation safety 
in that country. 

Similarly in England, a voluntary radiation inspec
tion service was started in the early 20's. In this case, 
the services were performed, upon request, by the 
National Physical Laboratory in T eddington. At the 
present time no compulsory racliation legislation 
exists in England although it is understood that plans 
for legislation arc no\\" being worked upon and may 
go into effect in the near fu ture. 

In ~cw Zealand, radiation protection regulations 
were established in 1951 11nder their Radioactive Sub
stances Act of 1949. Their regulations call for li
censing and inspection of all radiation sources and 
the program apparently seems to he working out 
satisfactorily. The field and laboratory services are 
performed by the Dominion X-ray and Radium Lab
oratory of the Department of Health in Christ
church. It is not known whether or not they hacl 
similar services available on a voluntary basis prior 
to 1951. 

Germany has for many years provided voluntary 
radiation inspection.services through its Physikalisch
Technische Bunclesanstalt. Likewise, other countries, 
such as France, Denmark, Italy, and Canada, have 
had voluntary radiation-control programs for many 
years. 

The control of radiation in the United States has 
been on a less centralized basis. This is occasiont'cl 
in the main by the very large distances involved over 
the country as a whole, and the very large number 
of radiation sources which would be subject to con
trol. T he problem is further complicated by the fact 
that any control measures would normally fall to 
each of the 48 States. The National Bureau of Stand
ards, from which stems much of our radiation pro
tection information, does not regard the provision 
of radiation inspection and control functions as fall
ing within its purview. While the U . S. radiation 
safety record is possibly not as good as in those coun
tries where control services were available ( there is 
no good basis for comparison) , it has nevertheless 
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not been a serious prohlem in comparison with other 
industrial hazards and accidents. Within recent years, 
there appears to be a growing desire to set up radia
tion legislation and regulations in the individual 
Statei.. \V-hile at the moment there are only one or 
two states having laws dealing- with radiation pro
tection, at least a dozen states are actively working
on the problem, and it is anticipated that within a few 
years a substantial number of the more highly indus
trialized States, at least, will have some degree of 
radiation regulation. 

II. GUIDA NCE PROVIDED SY NATIONAL AND 
INTERNATIONAL ORGANIZATIONS 

Guidance in the matter of radiation control in di f
ferent countries hai. been provided, to a major extent, 
by the recommendations of the International Com
mission on Radiological Protection. This Commission 
was established in 1928 under the sponsorship of the 
I nternational Congresses of Radiology. I t has re
mained in active operation ever since and has pro
vided a substantial degree of world leadership in the 
field. Prior to 1928, several countries, notably 
Sweden, E ngland, and Germany, had some limited 
recommendations or codes of practice relating to 
radiation sa fety. These were developed by committees 
of their national radiological organizations and 
formed the basis for inspection under their volun
tary protection programs. 

The first international recommendations on radia
tion protection were hasecl, to a large extent, upon 
the British recommendations that were in existence 
in 1928. Their recommendations were relatively sim
ple and dealt with the basic aspects o f protection 
without going into a great deal of detail. They ha\'e 
served admirably as a basis for many of our later 
developments. 

In the United States, the Advisory Committee on 
X -ray and Radium P rotection was established in 
1929, under the sponsorship of the National Bureau 
of Standards. This was made up initially of repre
sentatives or the several medical and radiological 
organization!> and the National Equipment Manufac
turers Association. I n 1946, because o{ the tremend
ous growth in radiation usage during the preceding 
few years, this committee was substantially enlarged 
in membership and the scope of the activities were, 
at the same time, greatly broadened. Its name was 
also changed to the National Committee on Radia
tion Protection. Recommendations of this committee 
have been published as handbooks of the National 
Bureau of Standards. P rior to the war, the commit
tee produced handbooks containing codes of practice 
for protection against X-rays, gamma rays from 
radium, radioactive luminous compounds, etc. Since 
1946, the earlier handbooks have been revised and, 
in addition, various other fields of activity have been 
covered. T hese have included the disposal of radio
active waste, safe handling of radioactive isotopes, 
maximum permissihle exposures to internal and ex-

temal radiation, monitoring methods, protection 
against radiation from radium, hetatrons, and so on. 
In all , the N CRP has produced since 1946, 13 such 
handbooks and are presently working on 5 more. 

In addition to the work of the National Committee 
on Radiation Protection, whose main purpose is to 
establish the basic principles and phj)osophy of radia
tion protection, the American S tandards Association 
has developed an extensive code for industrial pro
tection in the use of X-rays and radium. At the 
present time, the ASA is engaged in a substantial 
extension of its industrial protection codes into many 
other areas. 

As in the United States, England, Germany ancl 
some of the other countries have also substantially 
extended the scope of their radiation protection rec
ommendations, so that at the present time a number 
of countries nre in the position of having fa irly com
prehensive radiation protection mies available for 
ll !-C. 

In the formulation of recommendations by the 
International Commission on Radiological Protec
tion, an essential guiding principle fo r the first twenty 
years was that its recommendations he kept as simple 
and concise as possihle. An endeavor was made to• 
set fo rth the fundamentals :mcl the factors upon 
which international agreement could readily be ob
tainecl. Some deviation from this principle took place 
at the 1953 meetings of the Commission. At that 
time, verr much more elahornte recommendations 
were prepared. fn fact, the three chapter s dealing 
with X-ray protection, the permissible amounts of 
radioactive isotopes in body, air, and water, and the 
permiss ible exposures to racliation from external 
sources were, to a considerable extent, based upon 
the corresponding handbooks prepared by the Na
tionnl c;:ommittee on Radiation Protection. 

1n the author's opinion this practice may present 
some serious difficulties. A fter all, the recommenda
tions on X-ray protection that served as a model for 
the 1953 ICRP recommendations were developed 
around the needs and practices as they exist in the 
Unikel States. \Vhile there arc not vast differences 
between di fferent countrie;::, there arc nevertheless 
sufficient differences to make international agreement 
on such detailed recommendations a somewhat diffi
cult procedure. The matter of obtaining acceptance 
of all of this detail turned out to be a very formida
ble task and it is believed that much of •this difficulty 
could be removed in the future by developing the 
whole chapter on a less detailed basis. 

Il l. SPECIFICITY VS OBJECTIVE REGULATIONS 

In the development of radiation protection recom
n1endations or regulations, there are two classes of 
regulations that may be developed. These would be 
tcm1ed "specificity" or "objective" regulations. In 
the specificity regulations, all details are spelled out 
specifically and in detail so that one is told not only 
what to do but virtually how to do it. This has cer-
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tain obvious advantages, particularly for groups or 
organizations that do not have the necessary back
ground or do not care to think through the detailed 
problems for themsel\'es. On the other hand, a speci
ficity regulation lacks flexibility and probably requires 
more frequent changes than the objective regulation. 
With an art that is developing as rapidly as radia
tion protection, our knowledge of protection needs 
is increasing steadily and we find ourselves constantly 
confronted with the task of revising a specificity 
regulation in order to keep abreast of modern tech
nology. 

Compared with this, the objective regulation spells 
out the main objectives to be accomplished by any of 
several available means. Such regulations would in
clude in formation on permissible exposure, degrees 
of responsibility, certain factors relating to the dis
posal of radioactiYe materials, and so on. However, 
such a regulation would not include any detail show
ing how these objectives may be obtained. For in
formation leading to the achievement of the ~oals, 
the user is referred to various sources of detailed 
information, such as the detailed recommendations in 
the handbooks of the National Committee on Radia
tion Protection or the American Standards Associa
tion. Since the basic principles of radiation protection 
are not expected to change very rapidly, the use of an 
ol>jecti\'e regulation allows greater flexibility and en
courages greater ingenuity in achievin~ the desired 
goals. Jt also necessitates less frequent changes as our 
knowledge and skill in the radiation field increases. 
Most of the handbooks of the NCRP are of the ob
jectiw type. Notable exceptions to this are Handbook 
41, 1Icclical X-ray P rotection up to Two :\lillion 
Volts t now being re\'ised). and Handbook 54, Pro
tection Against Radiations from Radium, Cobalt-60, 
and Cesium-137. This latter is an outgrowth of the 

· original hnndbook on radium protection. 

IV. THE TREND TOWARD LEGISLATIVE REGULATIONS 

Because of the greatly increased and more wide
spread use of all kinds and varieties of radiation 
sources within the pa~t few years, there is growing 
concern in all countries over the control of radiation 
hazards. At the same time, there appears to be a 
growing belief that the problem can no longer be met 
on a purely voluntary basis, and there is an expand
ing world pattern of thought leading to greater and 
greater control of radiation through legislative means. 
This trend has also been observable in the United 
States and much of the remainder of this report will 
relate to its e.xperience in this field over the Inst few 
years. 

,\Tith the increasing likelihood that radioactive 
wastes may no longer be readily confined to the point 
oi use and may even escape from one country to 
another, it is highly likely that there will be increased 
international concern over the control of this form of 
radiation hazard. The problem may well cut across 
many countries where practices and procedures differ 

substantially, and it will be increasingly important to 
be able to arrive at the fundamental aspects and 
fundamental requirements of radiation protection in 
a manner that will be acceptable to all countries. In 
this regard, some of the experience in the U ni ted 
States may possibly be helpful. 

Since there is individual state control in the US 
and this, then, involves 48 different states, it might 
be said that we have a localized proving ground 
which in some limited measure would compnre with 
the international relationships between many coun
tries. At the same time, the US has certain federal 
controls relating to radiation protection and these may 
be likened to international control exercised over a 
number of countries. Jt is not claimed that the prac
tices and experiences in the United States are neces
sarily the hest, but it is believed that they should he 
usefnl as a study model for international consideration. 

V. VOLUNTARY COMPLIANCE 

,\s already noted above, the US has had for some 
25 years, various codes relating to radiation protec
tion. The use of these has been strictly on a volun
tary compliance ba~is and as such they have sen·ed 
an extremely useful purpose. Accompanying the:-e a 
positive effort has been made in the direction of edu
cation in radiation protection. Improvements in our 
practices have been noticeable as a result of these 
educational efforts and it is my own belief that educa
tion alone would pro,·ide a satisfactory control of 
radiation except under rather unusual circumstances. 
It is, of course, the unusual circumstances that brings 
about the pressure for more direct legislative regula
tion of radiation hazards. 

\\'ith the exception of a few municipalities, there 
were no legal radiation regulations in this country 
until about 1950. On the other hand, any radiation 
damage case that has reached the courts has for 
many years been settled on the basis of the recom-
111endations contained in the NCRP handbooks. 
Thus, while in themselves having no legal status 
whatever. they ha\'c sen•ccl as a solid foundation for 
many legal decisions on radiation protection in the 
US. Jn some cases the recommendations of the 
NCRP have heen adopted officially hy some of our 
radiological organizations and, through these organi
zations, have been passed on to their members. 

Generally speaking, no compulsion has been in
volved in br inging about their use but there arc cases 
where hospitals, for examples, have been required to 
comply with the NCRP recommendations in order
that they be certified by organizational authorities. 
In the industrial field, pressure exerted through the 
welfare organizations of labor unions has been in
strumental in bringing about the adoption of the 
safety recommendations of either the American 
Standards Association or the NCRP. In these situa
tions the unions have demanded compliance with the 
recommendations as a part of the specified working 
conditions of the employees. 

----------------
---
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VI. FEDERAL REGULATIONS 

Action by the federal government in the field of 
radiation regulation has been very limited until quite 
recently. The main federal requirement o f any long 
standing has been one promulgated b!' the J:ood ai~d 
Drug Administration. T his organization w)ule not m 
a position to promulgate rule~ a~<l regulat~ons relat
ing to the achievement of radiation ~rotechon, c~l!ed 
attention to the necessity of protection by requmng 
certain labelling on all X-ray equipment. This label
ling points out that the equipment w~s da~ge~o:ts and 
that its use should be limited to qualified md1v1duals. 

The Atomic Energy Act of 1946 made some in
direct references to the needs for the establishment 
of radiation regulations for radioactive isotopes, but 
the interpretation of this act was never such that the 
Atomic Energy Commission could decide that the 
establishment of radiation regulations was clearly 
within its prerogatives. This situation seems to have 
heen rectified in the Atomic Energy Act of 1954, as 
a result of which, the Atomic Energy Commissio1~ is 
now preparing fai rly detailed regulations relat111g 
to matters of protection against r~diations fro~ Co11;
mission-produced isotopes. It ts not w1th111 their 
power to exert similar control over: X-~ays or the 
radiations produced by natural rad1oact1ve sources 
such as radium. It should be pointed out that the pro
posed AEC regulations will, in the main, be of the 
objective type ancl that reference will have to be made 
to other standard sources of information to accom
plish the desired objectives. 

VII. STATE REGULATIONS 

Brief mention w·ill be made of some current State 
actions in the field of radiation protection and men
tion will also be made of regulations that either exist 
or are being proposed for early adoption. As of this 
date ( 1 May 1955) there is only one state that has a 
fairly comprehensive set of radiation control regula
tions in force. These regulations have been promul
gated by the Department of Labor of_ tl~e S!ate of 
California and cover all sources of rad1at10n mclud
in.,. artificial and natural radioactivity, X-rays, etc. 
The re"ulations are of a mixed type, being in the 
main of an objective type but including some specific 
details. In this state, there is no established procedure 
for the registrntion or licensing of radiation sources. 
They have a limited inspection service available and 
are authorized to inspect according to their wishes 
and capacity to do so. 

In New York State, the Department of Health has 
promulgated a set of regulations which are expe~ted 
to go into effect this year. These are based fairly 
closely upon a pattern developed by the NCRP and 
are strictly of the objective type. They call for the 
registration of all sources of radiation exceeding 
certain specified levels .. It might be pointed out that 
for radioactive isotopes these levels vary from one 
isotop,; to another. In addition, the New York State 

Department of Labor is expecting to promt~lgate_ a 
second set of regulations. These will be qwte dif
ferent in format from those promulgated by the 
Health Department but thus far, they appear to ~e 
in substantially good agreement insofar as the basic 
principles are concerned. They also require registra
tion with the Department of Labor. In these regula
tions there has been established a rather elaborate 
pattern of classification of radiation sources accor~
ing to the potential hazard produced ?Y eacl_1. _Tl11S 
classification of sources provides certam administra
tive simplifications, in that the regulatory body can 
devise a given set of inspection procedures fo: ea~h 
source classification. On the other hand, this \\'Ill 
undoubtedly lead to increased complication in regis
tration and there will undoubtedly be various classifi
cat ions of sources within the bounds of a given 
institution. 

Superposed on both of these regulations will be 
the federal regulations relating to the licensing of tl~e 
uses of artificial radioactive isotopes. H ere agam 
there is fairly good agreement as to the basic prin
ciples between the federal and the state regulations. 
T he good agreement between these several sets of 
regulations has to a considerable extent been brought 
about through the efforts of the NCRP which has 
served in an advisory capacity to both the state and 
federal governments in the matter of basic prin~iples. 

It mirrht be mentioned, in passing, that the City of 
New Y~rk also has some limited regulations relating 
to certain types of X-ray apparatus. Thus in New 
York City a radiation user may find that he has to 
comply with four different sets of regulations, each 
differ ing in detail C\'en though the basic principles are 
somewhat closely related. 

Other states, while working actiYely on the prob
lem have not Yet reached the definite regulation 
stage. The State of Pennsyl\'ania, Department of 
Labor, has been working for some time on a general 
regulation to cover all sources of radiation. This will 
call for registration of sources. T he Pcnnsyh·ania 
code is also of the mixed type containing regulations 
of both a specific and obj ective type. Other states, 
such as \Vest Vi rginia, New J ersey, and Michigan, 
are also giving consideration to the problems. 

Probably the simplest radiation legislation is that 
proposed for the State of :Massachusetts. This Act, 
which consists of only one paragraph, authorizes the 
Department of Health to carry out such protective 
measures as it deems necessary and which are in 
accordance with the recommendations of the Na
tional Committee on Radiation P rotection. In many 
respects, this may appear to be the most ideal and 
most flexible solution to the problem. It is pointed 
out by some, however, that such legislation will prob
ably prove, on the basis of experience in other fields, 
to be inadequate for the problem. One reason for this 
is that such legislation. does not make it readily pos
sible to set up the necessary organization and control 
procedures. \Vith this left uncertain, it is feared that 
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proper regulatory systems will not be readily estab
lished. This is something yet to be proven, a t least 
insofar as the radiation protection field is concerned. 
On the other hand, it appears to many that this type 
of code would be preferable in its brevity, to one that 
was so replete with detail as to hamper its feasibility 
of adequate enforcement. 

It will be noted, in reference to some of the state 
codes above, that registration has be!'!n called for. In 
no cases have any of these states established a re
quirement for licensing. It is believed and hoped that 
registration alone will serve to provide the control 
agency with the necessary information as to existing 
and proposed sources and that licensing, together 
with all of the encumbrances that will accompany it, 
will not be necessary. Generally speaking, registra
tion will consist in simply notifying the control 
agency of the existence of a radiation source together 
with some relatively simple specified information de
scribing its general nature. Use of the source can 
proceed with or without inspection. This differs mate
rially from licensure where it is presumed that before 
a license would be granted, all of the details regard
ing the use would have to be studied and improved. 
Of course the Atomic Energy Commission will re
quire its own licensing, regardless of state actions. 

Admittedly, licensing and advance approval may 
stop, at the origin, some abuses of radiation usage. 
On the other hand, it is obvious that such strict con
trol will also materially hamper the development of 
some radiation usages and in many cases ser iously 
delay putting a radiation source into operation. This 
is to be weighed against the possibility of some radia
tion harm resulting from improper use. It is one of 
the risks which accompanies radiation use, but on 
the basis of experience in the past, it is believed that 
the risk is not large and should be acceptable in any 

· case. 

VIII. NCRP RECOMMENDATIONS ON 
RADIATION REGULATION 

To provide some degree of guidance for the states 
engaged in developing radiation protection regula
t ions, the National Committee on Radiation P rotec
tion established a subcommittee for the purpo!-es of 
considering the problem. In a sense, this work was 
undertaken in spite of the rather strong feeling that 
the Committee had held for many years that regula
tions were not desirable. However, it was also recog
nized that, regardless of how the Committee felt, 
states were obviously going ahead with developments 
on their own. As long as this appeared to be the 
situation, it was agreed that its many years of experi
ence should be applied to the problem and that the 
Committee should be of whatever assistance possible 
to those states. It is the attitude of the NCRP today 
that it does not care to recommend or oppose adop
tion of radiation control regulations by states. 

Regulations should be in a form as flex ible as 
possible. In other words, a simple enabling act au-

thorizing the establishment of radiation control meas
ures would on its face appear to be adequate. The 
control authorities could then refer to NCRP or 
ASA handbooks according to their needs. However, 
it has been found that most states tend to avoid any 
situation which appears to "adopt by reference" any 
codes or recommendations prepared by other bodies. 
In fact this is unconstitutional in many states. It is 
true that this procedure has been followed success
fully in such cases as the National Electrical Safety 
Code. However, the resistance against this procedure 
appears to be so strong that efforts to overcome it do 
not seem to be profitable. To the layman, it would 
appear that the states have become used to dealing 
with what appears to be cumbersome methods of 
control in other areas, and that they would rather 
extend these same methods than to try to work out 
something new which on its face appears simpler. 
Admittedly, the problems are not simple once one 
studies them closely. However, it is believed that 
adoption by reference in the radiation field could 
save the states a great deal of difficulty and at the 
same time provide a high degree of uniformity be
tween the control measures or regulations in the 
many states. 

There appear to be two main obstacles to the prin
ciple of adoption by reference. An understandable 
objection is that by simply indicating that the recom
mendations of a particular organization would be 
adopted by the state, commits the state to future ac
tions of this particular organization. While the state 
may be completely content with past actions, they 
have no assurance that future actions would be 
equally acceptable. It is understandable that they 
might balk at such a blanket adoption by reference, 
but it is done often. A second problem lies in the fact 
that outside groups have prepared very few codes 
that are general enough in nature to warrant adoption 
in toto by more than a few of the states. Generally 
speaking most recommendations or codes contain too 
much detail, since they are designed primarily to pro
vide broad principles of guidance. Furthermore, un
less a set of recommendations is adopted in toto, the 
state may be faced with the necessity of making 
exceptions, and this can be eYen more cumbersome 
than selecting from the recommendations portions 
which they wish to use. 

The National Committee on Radiation Protection 
has recently completed a pattern for a radiation con
trol Act and a sample set of regulations for use under 
that or other Acts. Accompanying this is a detailecl 
discussion of the problems that may be involved in 
the adoption of radiation protection legislation or 
regulations. While some several hundred copies of 
these recommendations have been circulated about 
the country, they have not yet been published. It is 
expected that they will be at an early date. 

In preparing the regulations, one of the basic 
guiding principles has been to kee,r them as simple 
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as possible, free 0£ details, and at the same time to 
set forth the main fundamental objectives that it is 
desired to accomplish. \ i\There, o[ necessity, some 
detail and numerical quantities have had to be in
cluded. these have been limited to the factors which 
it is believed should be kept uniform over all the 
states. If this degree of uni fo rmity is maintained 
over the states, they may add such detail as they 
wish and still not involve the country as a whole in 
conflicting basic requirements for radiation control. 

In dealing with the possible use of the regulations, 
the NCRP strongly recommends that the states adopt 
only those portions of the regulations that apply to 
the problems that may exist within the state. Further
more the state should not adopt any more of the 
regulations than can be adequately enforced at tl1e 
time of adoption. As experience in radiation regula
tion grows, the degree of coverage by the regulations 
can be broadened and extended. It is felt strongly 
that regulations that are unenforceable may do more 
harm than no regulations at a ll. 

IX. ESSENTIAL FEATURES OF RADIATION 
REGULATIONS 

Given below is a very brief outline of the general 
areas that are covered by the proposed uni form re~u
Iations. 

At the start, the scope and application of the regu
lations is set forth so that the public will know the 
nature of the problem with which the state is attempt
ing to deal. 

This is followed by a section giving certain defini
tions. Only those defi nitions arc included where an 
exact understanding of the terms is essential to an 
understanding of the regulations themselves. Tech
nical definitions of scientific terms in common use are 
not included since they encumber the regulations. 

Certain exemptions from the regulations are essen
tial. A regulation covering all forms of radiation 
from large sources down to a radioactive wristwatch 
would of course be impossible of enforcement. 
Therefore, it is necessary to set certain levels of 
radiation below which control is not required. Not 
subject to control would be quantities of radioacti,·e 
material so small that if the entire amount were taken 
internally, continuously or at one time by a person, 
no serious harm would be likely to result to that per
son. Appropriate levels in line with this principle 
have been assigned to all of the radioactive materials 
that are normally used in this country. 

The standards against which radiation control will 
be exercised are based on the permissible exposure 
levels that have been publ ished by the NCRP and 
the ICRP. For the sake of convenience, these ex
posure levels and quantities of radioactive materials 
are listed in the regulations. 

To provide the control agency with a knowledge 
of where radiation sour<..es exist, regist ration is called 
for. The process . of registration is simple and may 

consist either of writ ing a letter to the control agency 
or completing a form supplied by the agency. 

One section deals with the problem of personnel 
monitoring and area radiation sun·eys. This does not 
tell how to perform such operations but indicates the 
type of measurement that should be carried out to 
insure safety of workers. In this section, it is indi
cated that surveys may be omitted or discontinued 
where past experience or measurements have indi
cated that the operating conditions are likely always 
to remain safe. 
. Certain exposure records and reports are required. 

T hese will be generalJy maintained by the radiation 
user, but may be inspected by the control agency if 
it so wishes. T he only time that any personnel ex 
posures need to be reported directly to the control 
agency is when they have exceeded by a factor of 5 
the permissible amounts specified in the regulations. 

Another section deals with the delegation o f re
sponsibility for safety in a radiation installation. By 
the provisions in this section, it is hoped that the state 
can effectively shi ft the direct responsibility for 
safety to the user, by descrihing what the user must 
do and for what he must be responsible. Dy this 
means it is believed that much less rigorous e.,amina
tion of installations by state authori ties will be re
quired. O f course from time to t ime they will want 
to spot-check operations, but if the responsihility pro
visions are followed , there should he reasonable 
assurance of continued safe working conditions. 

A few essential details regarding the storage of 
radioactive materials are described. Generally speak
ing, these rules specify storage under such conditions 
that any escaping radiation will be below the speci
fied permissible levels. 

Similarly in the requirements with regard to radio
actiYe contamination control, the objecti ve is to keep 
individual exposures below the permissible amounts. 
For this particular problem, m:my di fferent practices 
and procedures are available to the individual labora
tories and it is felt unwise to try to describe these 
factors in detail. A section on labelling provides some 
degree of uni formity in the marking of radiation 
work areas, sources and containers of raclioacth·e 
materials. 

The problem of the disposal of radioactive wastes 
is a much more difficult one and there are many gaps 
in our knowledge of how this may he accomplished. 
Here again, the regulations require es!,entially that 
no radioactive materials be disposed of in such a way 
that they can concentrate at levels and in places that 
may be harmful to human beings. Any radioactive 
waste disposals must be done with the approval of 
the state authori ties, and adequate records of the 
nature and place of disposal must be maintained. 
Where there is any likelihood of radioactive wastes, 
either in the air or water, exposing large population 
groups to radiation, the exposure levels for such 

. groups are set at I/10th of those recommended for 
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occupational exposure. This is to provide some safety 
factor, since control of radiations under some cir
cumstances will be very difficult. It also tends to lower 
the average population exposure and hence minimize 
possible future genetic effects. Individual, non-occu
pational exposures may be averaged over ont year. 

The last section of the regulations gives the tech
nical standards, guides, and general information to 
be used in achieving the requirements of the regula
tions. At the outset, it is indicated that the numerical 
quantities included in this section should be subject 
to change as more current and up-to-date informa
tion becomes available on the subject. The agency 
should be empowered to make changes in the techni
cal standards whenever the situation so warrants. 

The technical dnta in this section includes the fol
lowing items: 

1. The minimum quantities of each individual 
isotope that is subject to regulation or control. 

2. Maximum permissible dose from external 
sources of radiation. This consists of the seven rules 
taken from Handbook 59, and are similar to the ex
ternal exposure limits used by the ICRP. 

3. Maximum permissible neutron fluxes. T hese 
are taken from Handbook 55 and the recommenda
tions of the ICRP. 

4. A table of the relative biological efficiency of 
different types of radiation including neutrons and 
alpha particles. This is taken from the recommenda
tions of the ICRP and NCRP. 

5. Maximum permissible amount of radioisotopes 
in the total body and maximum permissible concen
trations of radioactive isotopes in air and water. This 
material is taken from Handbook 52 of the NCRP 
and is in general agreement with the recommenda
tions of the ICRP. 

It will be noted that all of the technical contents of 
· this section are selected from existing and available 

handbooks or other sources of information. For guid
ance, and an indication of the ways and means by 
which protection can be achieved, the user is referred 
to these sources for detailed information. This mate
rial is not included as a part of the regulations since 
it can be expected that improvements in protection 
techniques will be made from time to time. 

For fu rther information regarding the work of 
the NCRP and for information regarding the devel
opment of regulations for the control of radiation, 

the reader is referred to the bibliography at the end. 
The following is a listing of the handbooks on 

radiation protection that have been prepared by the 
NCRP or are presently in the course of preparation. 

Handbook 27 Safe Handling of Radioactive Luminous Com-
pounds 

Handbook 41 (Under Revision) Medical X-ray P rotection 
Up to Two Million Volts 

Handbook 42 (Under Revision) Safe Handling of Radio
acti\·e Isotopes 

Handbook 48 Control and Removal of Radioactive Con
tamination in Laboratories 

Handbook 49 Recommendation'S for Waste Disposal of 
Phosphorus-32 and Iodinc-131 for Medical 
Users 

Handbook SI Radiological !v[onitoring :Methods and In
struments 

Handbook S2 1faximum Permissible Amounts of Radio
isotopes in the Human Body and Maximum 
Permissible Conccntration-s in Air and 
Water 

Handbook 5-t Recommendations for the Disposal of Car
. bon-14 Wastes 

Handbook 55 Protection Against Radiations from Radium, 
Cobalt-60, and Cesium-137 

Handbook 55 Protection Against Betatron-Synchrotron Ra
diations u() to 100 Million Electron Volts 

Handbook S6 Safe Handling of Cadavers Containing Ra
dioactive Isotopes 

Handbook S8 Radioactive-\Vaste Disposal in the Ocean 
Handbook S9 Permissible Dose from External Sources of 

Ionizing Radiation 
In Preparation: 

Protection Against X-rays up to 2 ).!illion Volts (Revision of 
Handbook 41) 

Disposal of Radioactive Waste by Burial in Soil 
Protection Against Neutrons 
Protection Against High Energy Electrons from Accelerators 
Regulation of Radiation Exposure by Legislative }.feans 
Disposal of Radioacth·c \\'astcs by Incineration. 
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An Account of Atomic Energy Developments in Australia 

The commencement of the production of uranium 
from Australian ores, and the construction of a large 
atomic energy research establishment, by the Aus
tralian Atomic Energy Commission, have been out
ward signs of the great interest which is growing in 
the Commonwealth in the peaceful application of 
nuclear energy. 

In fact the interest goes hack a long way, and it is 
the purpose of this paper to record the steps which 
have been taken, by the Commonwealth and State 
Governments, by Universities, by Industries and by 
Scientists and Engineer;;, to bring the deYelopment 
to its present state. 

Credit for the first Australian interest in this mat
ter must go to .i\Ir. Oliphant, who, during the war, 
instigated a search for uranium in South Australia, 
where minerals containing this metal were known to 
occur. No actual development took place at that time, 
but after the war the Government of South Aus
tralia, through its Department of l\Iines, continued 
the search which led ultimately to the development of 
the Radium Hill uranium mine. 

In 1949 the Commonwealth Government estab
lished the "Industrial Atomic Energy Policy Com
mittee" to advise the Government on possible indus
trial applications of this new source of energy. The 
Chairman of the Committee was l\fr. Oliphant, and 
the members were Mr. \Vhite as Deputy Chairman, 
Mr. Martin, Mr. Baxter, Mr. Raggatt, Mr. Goodes 
and Mr. Breen. 

This committee collected much valuable informa
tion and defined the problems which would have to be 
faced in any development of atomic energy in Aus
tralia. The committee ultimately came to the conclu
sion that its terms o f reference were too narrow to 
enable it to discharge its responsibilities in the way 
it felt it should, and it recommended its own dissolu
tion and the creation of an alternative form of organ
isation. 

In April, 1952, the Government established an 
Aton1ic Energy Policy Committee under the Minister 
for Supply. It consisted of Mr. Stevens, Chairman, 
representing the Department of Supply, l\fr. Martin 
representing the Department of Defence, Mr. 
Wheeler or Mr. Hibberd as alternates representing 
the Secretary to the Treasury, Mr. Cochrane repre
senting the Department of Defence Production, Mr. 
Raggatt representing the Department of National 
Development and Mr. White representing the Com
monwealth Scientific and Industrial Research Or
ganisation. 
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This Committee made impor tant recommendations 
regarding the development of uranium resources in 
Australia, and after seeking advice from Sir John 
Cockcroft, who visited Australia at that time, recom
mended to the Minister for Supply, Mr. Beale, the 
establishment of an Australian Atomic Energy Com
mission with statutory powers. 

The Commonwealth Government accepted this rec
ommendation and the Commission was duly estab
lished, its members being selected in November , 1952, 
and appointed by the Governor-General, on l 7th 
April, 1953. 

The composition of the Commission was: Mr. 
Stevens, Chairman and whole time member; Mr. 
Baxter, Deputy Chairman and part time member; 
and Mr. ?.Iurray, part time member. 

T he Commission is directly responsible to the 
Minister for Supply. The Atomic Energy Act, 1953, 
gives the Commission the statutory powers under 
which it operates. 

Broadly, the Commission has two main fields of 
activity, that related to the discovery and production 
of uranium, and that related to the development of 
the uses of atomic energy for industrial and other 
purposes. 

The powers of the Commission operate only within 
the limits of the constitutional authority of the Com-
monwealth Government. . 

Except as may be necessary to the defence of the 
Commonwealth, the States are f rec to develop their 
own uranium resources. The Commission's direct 
responsibilities here lie within the Territories of the 
Commonwealth. 

In relation to the use of atomic energy, the Com
mission is given authority in comprehensive terms to 
develop the practical uses of atomic energy, to con
struct and operate plant for this purpose anci" to 
undertake, organ ise and generally foste r scientific 
research with a view to the advancement of tech-
nology in this field. . 

In surveying what the Commission· has done since 
its appointment, it will be convenient to divide the 
activities relating to the procurement of uranium, 
from those· relating to its utilisation, and to consider 
them separately. 

By 1953, at the inception of · the Commission's 
work, considerable progress had been made in Aus
tralia towards the discovery and development of 
uranium supplies. In 1949, a local prospector had 
discovered indications of uranium ore at Rum Jungle 
in the Northern Territory, and the Bureau of Mineral 
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Resources had carried out extensive investigations in 
this difficult country and by 1952 bad proved the 
presence of an ore body of commercial importance. 
These investigations also revealed several other 
promising deposits in the same area. 

During 1952, prior to the appointment of the Com
mission, agreements had been made with Combined 
Development Agency of the United States and Great 
Britain, in relation to the production of uranium at 
Rwn Jungle. An agreement had also heen made with 
Consolidated Zinc Pty. Ltd. who subsequently formed 
a subsidiary company, Terri tory Enterprises Pty. 
Ltd., to construct and operate a mine and ore treat
ment plant at this site. 

These agreements provided a means for the devel
opment of these new resources in the far north, and 
for a large capital investment in the work. Special 
clauses protected Australian interests and ensured 
uranium supplies for internal use as required. 

The Commission became responsible for these ar
rangements and for their development and extension. 
The plant was fini shed in record time and was set in 
motion by the P rime Minister, Mr. Menzies, on 17th 
September, 1954. 

In parallel with this work, the Bureau of Mineral 
Resources, directed by 1Ir. Nye, had, as agents for 
the Commission, embarked upon a most extensive 
programme of airborne scintillometer surveys de
signed to locate radioactive deposits in other parts 
of the Northern T err itory. These surveys have since 
been extended into some of the States by arrange
ments with State l\fines Departments. The results of 
surveys have been published as a guide to private 
prospectors and mining companies, many of whom 
are now engaged in exploring and developing discov
eries made in this way. 

The policy followed by the Commission has been 
to encourage private enterprise to play a major part 
in • the production of uranium, and to place as few 
restrictions as possible in their path. T his policy has 
been backed by a declared ore buying programme 
with fixed prices to enable companies to plan ahead 
with security. 

·while not directly the concern of the Atomic E n
ergy Commission, the activities of the Government 
of South Australia must be mentioned here, or else 
a very incomplete picture o f uranium development 
in Australia would be presented. T he South Aus
tralian Department of Mines has pursued an ener
getic and success ful search for uranium minerals in 
that State, and has also done much work on methods 
of extraction and purification. T he Radium Hill mine 
and concentrator was opened in 1954 and a modern 
treatment plant at Port Pirie is expected to be com
plete in 1955. This will be the second uranium pro
ducer in Australia. 

It is difficult at the moment to form a considered 
judgment on the uranium position in Australia. Two 
producers, Rum Jungle and Radium Hill, a re estab
lished. A great many other prospects have been dis-

covered and some are being explored to establish the 
quantity and quality of ore they contain. Some will 
almost cer tainly prove to be workable on a commer
cial basis, but how many will do so, and what will be 
their capacity is not at present known. It seems likely 
that Australia will have adequate uranium for her in
ternal requirements, but whether she will have a sub
stantial exportable surplus cannot yet be determined. 

In order to assist the Commission in the discharge 
o f its responsibilities in the mining fields, an advisory 
committee on uranium mining was established in 
June, 1953. T he c<>mmittee consists of Mr. Murray, 
General Manager of the Mount Lyell Mining and 
Railway Co. Ltd., and a member of the Commission; 
Mr. Anderson, a director of Consolidated Zinc Pty. 
Ltd.; Mr. Kruttschnitt, a director of Mount Isa Mines 
L td.; and Mr. Raggatt, Secretary of the Department 
of National Development. 1\Ir. Murray is chairman 
of the committee. This committee, comprised of men 
with great experience in the problems of mining and 
geology in Australia, has given invaluable help to the 
Commission. 

In considering its responsibilities in relation to the 
de,·elopment of uses for atomic energy, the Commis
sion found it had inherited much le~s than had been 
the case with uranium production. 

The greater part of the knowledge in the world on 
the production and use of atomic energy had come 
from the grent wartime effort of Great Bri tain, the 
United States and Canada. This work had been car
ried out in secret. 

Australia, as a country, had played no part in the 
work, though a number of Australian scientists, nota
bly Mr. Oliphant, in their private capacities had 
played important roles. 

At the end of the war the security arrangements 
between the three participat ing countries were con
tinued, together with an arrangement for the ex
change of atomic energy information, and it appeared 
that Australia might be permanently excluded from 
access to the important data necessary for operating 
in the atomic energy field. 

There were a number of scientists in Australia 
with practical and inside knowledge of atomic energy 
work, but these men were in general not free to im
part this information as they were bound by security 
undertakings. 

There were also several university departments 
interested in atomic energy matters from whom the 
Commission could expect to obtain help and advice. 
Notable among these were the Schools of Physics at, 
Melbourne University and the National University, 
where Mr. Martin, Mr. Oliphant and Mr. Titterton 
and their staffs had established international reputa
tions by their research in nuclear physics. At Sydney 
University, Mr. Messel was commencing work on 
similar lines. In the N.S.W. University of Tech
nology M r. Baxter and Mr. Myers, who had recently 
returned from H arwell, were developing chemical 
engineering and metallurgical work related to atomic 

------------------
---
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energy problems, and in Melbot1rne Mr. Anderson, 
then about to return from Harwell, and Mr. Duncan 
were about to develop a strong School o[ H.adio 
Chemistry. 

In addition to t his, the Common\l'ealth Scientific 
and Industrial Research Organization and the De
partment of Supply, in anticipation of dc~elopments 
in Australia, had made an n rrangernent some years 
before whereby Australian ~cientists on the staffs of 
these o rganisations could be placed at Harwell to 
work in the British Atomic Energy Organisation 
and gain experience in atomic energy work. This had 
ueen possible only on the understanding that these 
men would not repor t to Australia the work they 
were doing, and woulcl treat their knowledge as 
secret until released from this requirement by the 
British authorities. Nevertheless, this group of auout 
a dozen men represented an important potential for 
Australia development. 

It was clear that the Commission had to make a 
choice between two ways of proceeding: firstly, to try . 
to obtain access to the large amount of secret informa
tion possessed by the Atomic Energy Powers, and 
t hen to work in partnership with them ; or to start 
at the beginning a.n<l laboriously work out the funda
mental information and know-how, remaking the 
mistakes that others had made years before at great 
expense of money and time. 

It was realised immediately that the fi rst of these 
alternatives was the only practica l one, the second 
probably being quite outside Australia's capacity in 
money or manpower. 

In 1953, l\lr. \Vhite an<I Mr. Baxter paicl an ex
tended visit to Britain, America and Canada to ex
plore the possihility of some cooperative arrangement. 
The prospects were found to be promisin~. Further 
discussions were continued between Australia :md 
Britain on a Government to Government level, dming 
which Lord Cherwell paid a visit to Australia. In 
1954, i\Ir. Stevens, l\1r. Martin and :\fr . Baxter vis
ited Britain to continue the discussions and a li ttle 
later the Minister fo r Supply, Mr. Beale, announced 
that an a rrangement had been macle whereby the 
British Government had offered to make available to 
Australia knowledge and know-how arising from 
Britain's industrial atomic energy programme. F ur
ther, Britain would enter into a cooperative research 
programme with Australia for furthering the devel
opment and application of atomic energy within the 
Commonwealth for industrial purposes. The arrange
ment provided for the Australian Atomic E11ergy 
Commission to create a research and developmtnt 
organisation, while Britain would provide facilities 
for t raining Australian scientist s and engineers in 
that country. 

Shortly after this agreement had been announced, 
the Minister for Supply stated that the Government 
had approved a programme submitted by the Com
mission for the creation of a research and develop
ment organisation in Australia. 

AUSTRALIA 

T his programme provides for the constructio11, on 
a site about twenty miles south o{ Sydney, of a com
prehensive group o( laboratories for research in 
problems of chemistry, metallurgy, mechanical and 
chemical engineering, physics , and other branches of 
science and engineering, rcle,·ant to reactor tech
nology and atomic power production. This installa
tion is also to include a large research reactor of a 
very modern type. designed to g ive a Yery high neu
tron flux, primarily for m:iterials testing purposes 
but also fo r general research. 

The est imated cost of the reactor and laboratories 
has been giYen at £AS,500,000. 

To operate these laboratories, the Commission is 
creating a scientific staff, planned at the moment to 
reach fifty senior scientists, with a total personnel of 
ahout 400. 

The senior members of this group are Chief of 
Research and Development, 1-.fr. \Vatson-Munro; 
Chief Engineer and Deputy Chie f of Research, M r. 
Dalton ; Head of the Chemistry Department, Mr. 
~[iles; Head of the Metallurgy Department, Mr. 
Alder. 

The pro
gramme, while part of an o,·erall Con unonwealth 
effort, will al~o be a self-contained a ttempt tn develop 
economic industrial power from uranium. 

Commission has made it clear that its 

The main problems which must lie owrcome be
fore the realisation o f industrial atomic power at an 
economic price are problems in cni:!inecring, metal
lurgy and chemistry, and could lari:!ely he summar
ised as problems in materials. 

The Commission ha"- indicated that its main effort 
will be directccl to the den•lopment of high tempera
ture, fluid fuel reactors ~uitahlc for power produc
tion, and the fact that it:; laboratoric:- proYide for 
exteni.i,·e work in hot metallurgy and chemistry and 
in engineering is an indication of the kine! of prob
lems, both fundamental and applied . which the Com
mission expects to have to tackle. The choice of an 
ultra high neutron flux reactor for materials testing 
also indicates the kind of work to be undertaken. 

T o assist it in its work in t he scientific and tech
nological fi elds. the Commission has appointed a 
Scientific Advisory Committee. This committee con
sists of Mr. Oliphant, l\Ir. Martin, Mr. White, Mr. 
Myers, Mr. Hunter, Mr. Anderson, M r. Brain, and 
Mr. Baxter (Chairman). This committee has guided 
the Commission throughout in its approach to scien
tific and technical problems. 

The Act under which the Co111111is~in11 operates, 
not only empowers it to conduct research and devel
opment work, but to initiate and support such work 
in universities and other institutions. It ma,· also 
take steps to suppor t the training of scientists and 
engineers in those fields in which it is in terested. 

So far, the Commission has taken certain steps in 
this direction and has declared its intention in future 
to widen the scope of these activities within the limits 
of the funds which are available to it for the purpose. 
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Undergraduate scholarships in universities have 
been , created in geology, geophysics and in metal
lurgy in order to increase the output of graduates in 
these subjects .from Australian universities. 

A system of post-graduate scholarships in science 
and engineering has been introduced. Here tmiversi
ties hqve been invited to nominate candidates and 
topics· for research, ancl to those selected by the Com
mission, scholarships have been awarded, through 
the university, and grants for equipment have been 
made. 

The Commission has also placed research contracts 
with some university schools for work on projects 
of direct interest to the Commission. 

The Commission has announcecl its intention of 
providing special facilities fo r research and advanced 
training for engineers and scientists from universi
ties and from industry in its laboratories at Sydney. 
No detailed ~cheme has been put forward yet but it 
would seem likely that the pattern already established 
in America at Oak Ridge and the Argonne, in Canada 
at Chalk R iver, and in Britain at Harwell, might be 
followed in Australia. T his would invoh·e post-doc
torate_, or even pre-doctorate research fellowships, 
under the auspices of :\ustralinn universities, but 
carried out in the Commission's laboratories, and 
periodical post-grncluate schools, for training engi
neers and scientists on a shorter term basis in renctor 
technology, hot chemistry nnd other special features 
of this work, which cnnnot he done effectively any
where but in a large and extensive establishment such 
as the Commission will control. 

I t is already clear that the development of indus
trial atomic energy, as it takes place, will make de-

mands upon Australian industry for new facilities 
and techniques, and may in some cases alter the exist
ing industrial pattern in a significant manner. 

These changes may not be very rapid, but the 
Commission has felt that r ight from the start it 
should be in dose communication with leaders of 
industry so that they may learn of trends which the 
Commission sees arising from its own and other peo
ple's research work. In turn, industrial leaders will 
be able to guide and assist the Commission when it 
i:- faced with pr9blems of this sort. 

T he Minister for Supply recently announced that 
a Business Advisory Group had been formed, and 
that twenty leaders of Australian industry represent
ing most of the larger industrial groups in the coun
try had agreed to serve upon it. This Committee will 
be of great assistance to the Commission in the devel
opment of industrial atomic energy in Australia. 

It will be seen from the foregoing that condjtions 
have now been created in which the development of 
the peaceful uses of atomic energy can proceed rap
icily in Australia. 

The Commonwealth Government has, through its 
Atomic Energy Commission, set up an organisation 
which will bring together all the resources of GoY
ernments, of Industry and of the Universities and 
use them so that Australia may ber:efit as rapidly as 
possible from the new knowledge which is flowing 
from her own efforts and from those of her friencl::; 
o\'erseas. As the exchange of information on an inter
na tional basis develops, through the effort~ of the 
United Nations, Australia will be able to benefit 
by what she can learn from others, and will have 
something to contribute in return. 



Swedish Atomic Energy Company-A Cooperation between 
Government and Private Industry 

By Harry Brynielsson, * Sweden 

As early as December, 1945, the Swedish Govern
ment appointed Atomkornmitten, the Atomic Energy 
Commission, to make proposals for the steps which 
should be taken towards the utilization of nuclear 
energy. In its first report in the beginning of 1946 
the commission recommended an improvement of the 
resources of scientific institutes working in the field 
of nuclear physics and nuclear chemistry. For this 
purpose the commission received a grant of Swedish 
kronor 2,000,000. The commission also financially 
supported investigntions on the urnnium-containing 
alum shales and the possibilities of extracting ura
nium from them. Research on these problems was 
also initiated by a group of industries. 

In its second report of April, 1947, the commission 
proposed the formation of a special organization, a 
company, to take care of the applied research and the 
industrial problems affecting the atomic energy pro
gramme. At the end of 1947 the Swedish Atomic 
Energy Company ( Aktiebolaget Atomenergi) was 
founded. 

Since the formation of the company, the main task 
of the commission, besides being an advisor to the 
Government on questions regarding atomic energy, 
is to stimulate and support fundamental research in 
nuclear physics and nuclear chemistry. Sweden is a 
member of the European organization for nuclear re
search, CERN, and is represented in this organiza
tion by the commission. The commission is under the 
Ministry of Education and has a yearly budget of 
about Swedish kronor 4,000,000 (=about $800,000). 
At present there are 13 permanent members; most 
of them are scientists, but there are also representa
tives from State authorities and industry. The Chair
man is Governor J acobsson and the Secretary General 
is Mr. Funke. 

There are many and difficult problems connected 
?ith the peaceful application of atomic energy, and 
m order. to solve them as effectively as possible, a 
cooperation between State and industry is important. 
In order to facilitate a collaboration, the Atomic En
ergy Company was formed as a company jointly 
ow?-ed by the State and some private enterprises, 
which were already showing real interest in the new 
energy source. The State owns ½ and private indus-

* Managing Director, Swedish Atomic Energy Company, 
Stockholm, Sweden. 
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trial interests ¾ of the share capital. T his amounts 
at the moment to 3¼ million Swedish kronor (= 
about $700,000), and with regard to the company's 
extensive development programme an increase is be
ing planned, with the above-mentioned proportions 
retained. The Atomic Energy Company is under the 
Ministry of Commerce. The private shareholders are 
at present about 20 large enterprises, mainly impor
tant consumers and producers of electricity and man
ufacturers of electrical and mechanical equipment. In 
connection with the above-mentioned increase of the 
share capital a greater number of industrial partici
pants is anticipated. 

Four of the Board's members, including the Chair
man, are appointed by the Go\·ernment and three, 
including the Vice-Chairman, by the private share
holders. There is close cooperation between the 
Atomic Energy Commission and the Atomic E nel_"gy 
Company, and some of the members of the commis
sion are also members of the Board. Chairman of the 
Board is Governor Jacobsson, Vice-Chairman is Mr. 
Bengtson, and Managing Director of the company, 
Mr. Brynielsson. · 

Th_e form of a company (aktiebolag) was chosen, 
as tlus type of enterprise by tradition has proved to 
be efficient in the realization of industrial operation. 
It was, however, obvious from the beginning that the 
company would not have any income of importance 
for many years. The current costs are met by annual 
Government funds. These funds from the start of 
the company up to June 30th, 1956, amount to ap
~roximately 61 million Swedish kronor ( = approx
unately $12,000,000) . Private industry contributes to 
the work in progress by supplying goods at favour
able prices and with short delivery time, and by 
helping with premises and technical advice. The 
private contribution to the programme is expected to 
increase when more industrial problems arise. The 
share capital has been invested in buildings and other 
permanent · installations. 

Accord.ing to the articles of association, the scope 
of operations of the company is "to prospect for and 
produce fundamental materials necessary for the use 
of atomic energy, to build experimental reactors and 
later, on a larger scale, reactors for exploiting atomic 
energy for research, commerce and industry, and to 
take care of the research as well as the industrial and 
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commercial activity connected with the before-men
tioned programme." 

The company is at present organized in two depart
ments, the Department of Chemistry under Mr. 
Svenke, and the Department o{ Physics under Mr. 
Eklund. Each department is divided into several 
sections. 

The· main task for the Department of Chemistry 
has been to develop methods for the extraction of 
uranium from alum shales. These shales occur in 
large quantities but have a uranium content of only 
about 200 g rams per metric ton. In 1953, extract-ion 
on an industrial scale was started at Kvarntorp, pro
ducing a concentrate containing about 20o/o uranium. 
This concentrate is purified in a chemical plant in 
Stockholm, where also uranium metal and f 11el ele
ments will be produced. 

The sections of the Department of Chemistry are: 
general chemistry; analytical chemistry ; chemical 
technology ; physical metallurgy; metal produc
tion; extraction plant ( K Yarntorp) ; chemic:11 plant 
(Stockholm) ; prospecting ; and purchase and gen
eral services. 

After preparatory work, the Department of Phys
ics has built the fi r st natural uranium. heavy water 
experimental reactor of 300 kw, which started in 
the summer of 1954. Plans are now uncler way for a 
second development reactor of some ten thousand 
kw, which is scheduled to be in operation in 3-4 years. 
Different types of power reactor~ are also being 
studied. 

The sections of the Department 0£ Physics are: 
theoretical physics; neutron physics : general and 
health physics ; electronics ; mechanical construction 
and heat transfe r; reactor operation; nuclear chem
istry ; and purchase and general services. 

In the administration a detailed bookkeeping sys-
. tem has been built up in o rder to keep a check on the 

costs of the different projects. A civil and construc
tional engineering section also belongs to the admin
istration and has as one of its main tasks to plan and 
build the new research centre, Studsvik, on the coast 
o f the Ilaltic, about 80 kilometres south of Stock
holm, where the company has acquired an area of 
about I SO hectares for the next reactor and futu re 
experimental work in the reactor field. 

For the planning of the work of the company the 
Board draws up a general programme of develop
ment for a period for example of S year~. This has t o 
be approved by the Government. E:1ch at1tum n the 
management of the company makes a working pro
gramme on broad lines for the ne.x~ budget year and 
calculates the necessary amotmt of money to carry 
out this programme. After this plan has been ap
proved by the Board, the corresponding demand for 
money is given in to the State authorities. 

Of course, such programmes cannot be binding 
in details. The rapid development in this domain 
often causes changes of the plans drawn up. Such 
modifications have to be decided hy the Board of 

Directors, and i( they are of major consequence, 
especially from the economic point of view, also 
approved by the State authorities. By having the 
majoritr of the shares, the State tins secured control 
of the general policy of the company. For the execu
tion of work, the management has the same inde
pendence as in other private companies. 

In carrying out the programme, the company co
operates with many Government authorities and 
private enterprises. 

As mentioned, there is close cooperation with the 
Atomic Energy ··c ommission. Some of the funda
mental research supported by the commission is of 
immediate interest to the company, and the research 
reactors of the company will also be used for funda
mental rese:1r ch. Foreign scientists and lecturers a re 
often inYitecl jointly by the commission and the com
pany. The present set-up con!-isting of a purely 
Government organization and a company where the 
Government is principal sh:11·cholder, but where also 
private enterprises actively take part, has proved to 
function well. 

Prospecting for minerals of interest in atomic en
ergy work is carried out in close cooperation with 
the Geological Survey of Sweden which also is un
dertaking several investigations for the company. 
E xchange of information also takes place with some 
big mining companies, which are prospecting for 
other minerals. T he comp,rny is at present working 
out a programme to stimulate prirnte prospecting for 
minerals of interest. 

I n Sweden the protection again~t radiation is su
pervised by the Institute of Radiophysics. The work 
of the section of health physic~ of the company is 
carried out in close contact with this organization. 
The authority which will eventually handle reactor 
safety que.c:.tions, will certainly cooperate closely with 
the company and have access to :111 experience ob
tained there. 

In June, 1954, the Atomic Energy Company took 
part as a founde r member in the establishment of 
the European Atomic Energy Society (EAES) 
which is concerned with the practical applications 
of a tomic energy, chiefly the construction of reactors 
and connected problems. This organization aims to 
achieve an increased exchange of exper ience be
tween countries having a practical atomic energy 
programme. 

The future power producing reactors in Sweden 
will probably be built by private industries and owned 
and nm -by the Swedish State Power l3oard anc'i 
private power producers, each of which to-day con
tributes about SOo/o of the elecu·icity produced in the 
country. For the development and design of these 
reactors, the supply of nuclear fuel and handling of 
burnt out fuel elements the Atomic Energy Com
pany will form a central organization. It is to be 
hoped that the cooperation between State and in
dustry, nlrea<ly begun, will continue an<l promote a 
rapid development of atomic energy in Swt:den. 

------------------
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Some Administrative and Legal Problems Related to 
the Widespread Use of High-Level Radiation Sources 

By William Mitchell,* USA 

The development of an atomic energy industry 
resulting in the widespread use of high-le\'el rn<lia
tion sources will create many prohlems requiring 
administrative or legal solutions which at first gl:i.nce 
seem \tll\lSui:tl or unique and of considerable magni
tude. This is a common experience attemlin~ the 
growth of any new indust ry which widely affects 
the :1cti\'itics and conduct of the general public and 
which i,; dependent upon continuing tcclmological 
adv:u1ces. The automobile, the airplane, ancl the 
radio, afford recent examples. The important thing is 
to view these problems in their proper perspective, 
to fit their solutions to the technical developments, 
and to minimize so far as possible any impeding in
fluence which they might have upon the progress of 
technology. 

The potential dan~cr inherent in the many proc
esses in the atomic energy industry an~! the many 
unknown factors which still exist in the field h,we 
cnusecl considerahle speculation concerning the mag
nitude of the problems created au<l a tendency to 
exaggerate. Constant reference to a catastrophic in
cident and the prevalent hut mistaken notion of an 
"atomic explosion" Leing cnpable of occurrence in 
a reactor have contributed greatly to the fears ~nd 
doubts of the public and of potential members of 
the industry. These fears and doubts have a deterring 
effect on continuing development and progress and 
the prompt application of the results. Tlrns, a first 
step ior any nation undertaking an atomic energy 
program should be an educative process designed 
to put the problems in proper perspective. 

Complacency would be foolhardy, for grave dan
ger certainly exists, but atomic ener~y hazards can 
be ,brought under complete control with proper safe
guards in the design and operation of reactors and 
in the distribution and use of radioactive materia.ls. 
It is with this understanding, rather than with em
phasis on pessimistic or abnormal assumptions, that 
the administrative and legal problems in the field 
should be approached. 

Against the background of operating experience, 
this paper will summarize the major administrative 
and legal problems discussed in detail in other papers 
submitted under this agenda item, sketch the scheme 

• General Counsel, US Atomic Energy Commission. 
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of control and regulation employed in the United 
States to protect health and safety, outline some of 
the issues o( legal liability which might arise in the 
e \·ent of an accident, and present some observations 
with respect to the important problem of insurance. 

BACKGROUN D 

The operating history of 25 reactors in the U nited 
S tates for the years 1943 through 1954 shows no 
accidents inrnlving radiation injury sufficiently seri
ous to cause lost time of personnel during 606,686 
operating hours and li,i99,000 man-hours. 'With 
respect to critical facilitiest during the same period, 
a single accident resulted in injury to 4 persons and 
768 lost man-hours. There were no fa talities. This 
one incident occurred during 36,196 operating hours 
ancl 1,-+-t0,000 man-hours. Two laboratory accidents 
connected with cr itical assemblies of fi ssionable ma
terial occurred during the period surveyecl. In each 
of these inc idents, one man died and a few were in
jured hy radioacti\'C effects. These arc the only f:1tali 
ties known to he attributable to work in atomic 
energy installations since l 9-l2. This remarkable 
safety record is far snperior to the rct·orcl of industry 
in general. 

It is known that a similar record has been com
piled in the United Kingdom. There, according to 
aYailable statistics, with a cumulath·e experience of 
some 50,000 man-years, no deaths nttributnhle to 
radioactiYity haYe occurrecl. not a sin~lc case of per
manent or temporary injury from external radiation 
has arisen, aud the 5afety rate with respect to internal 
hazards is indicated as being a very small percentage 
of the best industrial rate, with no deaths and onlv 
one case of potential injury noted during a survey 
encompassing 10,000 man-years in a plant where 
the risk is deemed greater than most others in the 
industry. 

The Canadian experience with a major reactor 
breakdown is of special interest and provides some 
first-hand knowledge concerning pnblic safety and 
reactor operations. The breakdown of the Canadian 

t A "critical facility" may be defined as a device designed 
to test at low power the critical mass neutron flux distribu
tion, anci other characteristics of a flexible arrangement of 
nuclear fuel, material!- of construction, coolants, ancl other 
reactor co11111onents. 
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NRX reactor in 1953 due to the failure of the con
trol system resulted in considerable physical damage 
to the reactor structure and the release of large 
amounts of radioactive materials. But there were 
no fatalities and none of the plant personnel was 

1 significantly affected by the radioactivity during the 
accident or in the subsequent decontamination, dis
mantlu1g, am! general clean-up operation. There was 
no mechanical damage outside the reactor itself, and 
after a precautionary evacuation, plant personnel 
were able to return on the next following work day. 
According to Canadian authority not the least of 
the lessons learned from the experience "is that 
large amounts of radioactivity can be handled safely 
even though they are spread over large areas and 
throughout a complicated industrial-type pl::mt." 

None of this means that reactor hazards should be 
taken lightly or the problems they create over-simpli
fied. But the record does show what can be accom
plished through an understanding of the dangers and 
the technology invoh·cd. It lends convincing support 
to the body of informed (but by no means unani
mous) opinion which is strongly convinced that with 
proper attention to reactor design and the application 
of proven protective and control measures, the acci
dents that may occur in connection with the use and 
operation of nuclear facilities will be no more fre
qne11t and no more dangerous than the accidents 
which occur in many other indust ries. 

TH E ADMINISTRATIVE AND LEGAL PROBLEMS 
IN SUMMARY 

The control of radiation hazards is neither easy 
nor cheap, and the problem influences almost every 
aspect of atomic energy work. It is an important 
factor in the development o f industrial processes, in 
designing plants and equipment, in the location of 

· facilities, and in planning and scheduling work. It 
ii1fluences employee medical programs, selection and 
training of personnel, establishment of work rou
tines, the clothing that workers wear, and even the 
way they wash their hands and where they can cat 
and smoke. It is estimated that in the United S tates 
approximately $100 per worker a year is spent in 
radiation protection. This represents about l % of 
operating expenses, and based upon a 570 net return 
on investment would be equivalent to 2070 of total 
profits in a private industrial operation. 

Other U nited States papers discuss in specific de
tail many of the administrative and legal problems 
which have developed in connection with the control 
of radiation hazards and which will assume promi
nence as the use of radiation sources is broadened. 
The following are indicated as among the most im
portant matters which must be considered : 

1. The control of reactor design and containment 
through the establishment of specific codes ( similar 
to those which have been developed in connection 
with boilers and pressure vessels) with adequate 

engineering design standarcls to insure safety in re
actor performance. 

2. The development of site requirements ior the 
location of reactors which balance the hazards of 
operation with such factors as capital and labor costs, 
the availability of a water supply, the proximity to 
consumer load and the costs of transmission, the 
distance from fuel reprocessing centers, and the dis
posal of waste. 

3. The training of industry personnel to develop 
competency in the handling of radioactive materials 
and in operating· and manipulating the controls of 
nuclear facili ties. 

4. The <leYelopment of a system of inspection and 
inspection procedures to assure that principles of 
safe operation are followed and that necessary rela
tions hetween important operational features exist. 

5. The development of a system of control to 
regulate the ownership and use of nuclear materials, 
the construction and operation of nuclear facilities, 
the distribution and use of by-product materials, and 
the he,"llth-sa fety standards for protection against 
radiation hazards. 

6. The establishment of the rules of legal liability 
for personal injury or property damage, and the 
availability of insurance adequate to the needs of the 
atomic energy industry under those rules. 

The main concern of this paper is with the last 
two problems. 

REGULATORY CONTROL IN THE UNITED STATES 

It is, of course, recognized that the system of regu
latory control desigued to protect health and safety 
in the C nited S tates may not be appropriate under 
other forms of government, yet an outline of that 
system should he helpful to other countries now faced 
with the problems of organization and regulation. 

The basis for all control in the United States is 
the Atomic Energy Act of 1954, a complex piece of 
legislation which throughout its many sections shows 
a predominant concern with the protection of public 
health and safety and provides the broad outlines of 
a plan for the control of materials and facilities es
sential to the industry. In general, the control scheme 
adopted has two main features: ( l) a system of 
licensing- which permits a review of proposed activi
ties and the imposition of such conditions as may 
be deemed necessary, and (2) continuing supervision 
of a licensee's actiYities through the conditions and 
terms included in the license, through rules and 
regulations, through inspections, and through reports. 

Materials Control 

Three types of materials a re subject to control: 
special nuclea r material ( consisting of such materials 
as uranium-233, uranium enriched in the isotope 
U 235 and plutonium), source material (including nat
ural uranium and thorium ), and by-product material 
( or radioactive isotopes produced in a reactor). By 

------------------- ---
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statute, title to all special nuclear material, wherever 
produced in the United States, vests in the Govern
ment. However, the Atomic Energy Commission may 
issue licenses for the possession of this material and 
may distribute it to qualified applicants for purposes 
of research and development, medical therapy, and 
for the operation of licensed facilities. The private 
ownership of source material is permitted under 
the law, but a license is required before any person 
may t ransfer or use important quantities of source 
material after removal from its place of deposit in 
nature. The licensing controls cover all phases of 
commercial processing operations, including the mill
ing of the ore, tJ1e refining of the ore to metal, and 
the fabrication of the metal inlo reactor fuel clements. 
\Vith respect to by-product material, or radioisotopes, 
the Commission is authorized to issue licenses to 
applicants seeking to use such material for research 
and development purposes, for medical therapy, in
dustrial uses, agricultural uses, or such other useful 
applications as may be developed. 

As to each of the three groups of materials, the 
Act authorizes the Commission to "establish by rule, 
regulation, or order, such standards and instructions 
to govern the possession and use of" the material 
"as the Commission may deem necessary or desir
able," among other things, "to minimize danger to 
life or property." By this provision the legislative 
branch of the Government has, in effect, delegated to 
an executive agency the authority to make the laws 
to protect health and safety which will govern all 
persons who possess or use special nuclear, source, 
or by-product materials. This technique of delegat
ing authority, subject only to broad legislative stand
ards, is familiar to students of constitutional and 
administrative law and is utilized generally when the 
field of regulation requires special knowledge or ex
pertise and when flexibility is necessary or desirable. 

Facilities Control 

The statute makes it unlawful to own or possess 
a reactor or other facilities which produce or use 
special nuclear material without a license. The sys
tem imposed is a two-step procedure. An applicant 
must first obtain a "construction permit" under 
which the reactor is built, and, after construction is 
completed, a license must be obtained for the facility. 
The construction permit is a recognition of the fact 
that safe operation is related to design and method 
of construction, and gives an opportunity to deter
mine by inspection before potentially dangerous op
erations are begun whether safety standards have 
been met and whether the reactor will operate safely. 
Upon completion of the project a license will issue 
subject to "such conditions as the Commission may 
by mle or regulation establish." A reactor license 
may not issue if in the opinion of the Commission it 
would be "inimical ... to the health and safety of 
the public," and all applicants must demonstrate and 
agree that they are eqttipped to and will observe 

"such safety standards to protect health and to 
minimize danger to life or property as the Commis
sion may by rule establish." Further, prospective 
licensees must exhibit appropriate technical and fi
nancial qualifications, character, and such other 
qualifications as the Commission "may deem ap
propriate." Finally, the operators of facilities must 
be licensed under prescribed conditions after indi
vidual qualifications have been determined. 

Under the broad statutory power which it e..xer
cises over materials and facilities, the Atomic Energy 
Commission is in the process of issuing or revising 
a series of regulations dealing with special nuclear 
material, source material, by-product material, facili
ties, facility operators, health and safety standards, 
and the rules of practice and procedure before the 
Commission for those who seek Commission action 
or who are subject to Commission orders. These 
regulations arc necessarily lengthy and complicated, 
and it would serYe little purpose to analyze them here 
in detail. There are, however, some common features 
and techniques employed in them to protect health 
and safety which should be of general interest. 

First, it should be emphasized that the health and 
saiety standards to be established for the atomic 
energy industry are not directed to the usual hazards 
associated with normal industrial activity but are 
addressed essentially to those risks which are peculiar 
or unique- the risk of a reactor breakdown, the risk 
of a release of fission products, the risk of exposure 
to excessive radiation. They are directed to the pro
tection of both workers in the industry and the gen
eral public. 

Basically, all of the regulations will require that: 
1. A licensee must be a reliable person qualified 

through training nnd experience to use material 
which comes into his possession safely nml for the 
purposes for which it is requested. 

2. A licensee's equipment and facilities must be 
ndequate to protect health and minimize danger to 
life and property. 

3. The location of the proposed use 11111st he suit
able for the purpose. 

4. The only use to which material may be put 
must be authorized by law and stated in the license. 

5. A licensee must not transfer material or a 
facility except to a person authorized to receive it 
under a license. 

The licensing regulations will not .prescribe de
tailed accounting procedures with respect to materials 
received nor the type of physical protection to be 
given the llli;lterial. They will not prescribe the kind 
of monitoring equipment licensees must have, the 
kind of shielding for ,·arions types of reactors, the 
procedures to be employed in the case of an emer
gency, or the times, places, and manner of perform
ing sun·eys and monitoring. Rather, general health
safety standards arc established and licensees will 
be required to utilize such equipment and procedures 
as are necessary for compliance. F inally, and perhaps 
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above all, the licensing regulations will have flexi
bility to cover circumstances where knowledge is 
imperfect, experience is insufficient to establish bind
ing requirements of general applicability, or where 
the conditions of use or the nature of the activity are 
likely to vary infinitely. 

The. regulations establishing the stan<lards for pro
tectioi1 against radiation hn.zards arising out of 
licensed activities prescribe the operating limitations, 
conditions, and procedures which must be met under 
penalty of license revocation, injunction, or, in cer
tain cases, criminal punishment. These regulations 
are concerned with the following major items: 

1. Limitations on the permissible doses of radia
tion which may be absorbed by an individual due to 
exposure in both controlled areas where access is 
restricted and uncontrolled areas, limitations on the 
amounts or concentration of radioactive materials 
permitted to remain on exposed surfaces, and limita
tions on the amounts of radioactive effluent which 
may be released, discharged, or disposed of into air 
or water. 

2. Hazard control, including surveys ( or evalua
tions of radiation hazards under specific sets of 
conditions), personnel monitoring, respiratory pro
tection, caution signs, signals and Jal.leis in radiation 
and concentration areas and for containers of radio
active materials, storage of material, and the train
ing of personnel in the safe handling of material, 
the proper use of radiation-measuring devices, moni
toring instruments, protective equipment and other 
devices furnished for their protection, and the pro
cedures to be observed in the case of accident. 

3. Control over the disposal of radioactive waste 
by burial in the soil, burial in the ocean, and by dis
charge into public sewers, through the imposition of 
conditions relating to disposal locations and the 

· manner by which disposal may be accomplished. 
· 4. The maintenance of records by licensees show

ing indiYidual radiation exposures and the results 
of surveys, and reporting re<Juircmcnts in instances 
of over-exposure. 

Here. also, the regulations arc Acxiblc, the limita
tions may be extended upon the showing of an op
erational need, and, in any case, it is provided that 
the Commission may grant such exemptions from 
the requirements of the regulations as may be au
thorized by law and "·hich will not endanger life or 
property. 

In drafting all the reg11latio11s certain basic con
siderations have prevailed. Regulations haYe the 
force of law ; thus, they must to._the greatest ex
tent feasible be simple, concise, ancl unambiguous. 
They should not he written for the health physicist 
but for memhers of the industry, the general public, 
and the courts which may be called upon to enforce 
or interpret them. It is essential that they be under
standable to people untrained in the field. Further, 
each requirement imposed must be justified by genu
ine and substantial considerations of health and 

saiety and not by notions of desirable practice or 
good housekeeping. Material which is in the nature 
of a suggestion or advice, while it may be published 
elsewhere, should not be included in regulations, and 
matters which cannot be treated with precision and 
definiteness should be left for individual solution in 
specific cases by appropriate provisions in licenses 
and the issuance of appropriate ad hoc orders. 

As stated before, this scheme for controlling radi
ation hazards · through a system of licensing and 
regulation may 11ot be acceptable or practicable in 
other countries. Further, it is recognized that knowl
edge of the problems which will be encountered in 
the expanding use of radiation sources is far from 
complete and that further understanding may require 
constant modification and revision. But in the United 
States there is a considerable experience in the 
handling of materials and in the operation of nuclear 
facilities. The control scheme outline<l above is based 
on that experience, and indicates one way to meet 
the problems which will be encountered. Certainly, 
here is an area in the field of atomic energy which 
offers great opportunity for an international e..x.
change of ideas, in formation, and accumulated ex
perience. 

PUBLIC LIABILITY 

There has been considerable discussion, particu
larly among lawyers, concerning the matter of civil 
liability for radiation damage and much speculation 
concerning the liability rules which will apply in the 
e\·ent of an atomic accident. It is reasonable to as
sume that the utilization of atomic energy will raise 
unique problems but it is difficult to conceive of any 
which cannot be resolved within the framework of 
e,.._; sting legal systems. It is equally difficult to assume 
the answers, and the principles o f legal responsibility 
which will prevail must await the facts an<l practi
calities of particular cases. There are, however, cer
tain precedents in the law which by way of analogy 
indicate future issues which may arise. 

Liability of Owners and Operators of Facilities 

An accident causing public damage will raise the 
issue of strict liability, or liability without fault, 
under which proof of negligence is unnecessary. In 
1865, the English Court of Exchequer first an
nounced the doctrine that one "who for his own 
purposes brings on his lands and collects and keeps 
there anything likely to do mischief if it escapes; 
must keep it at his peril, and, if he does not <lo so, 
is pri111a facic answerable for all the damage which 
is the natural consequence of its escape." 

In affirming, the House of Lords limited use of 
the rule to situations invoh•ing a "non-natural" use 
of the land [Rylands v. Fletcher, L.R. 3 H .L. 330 
(1868) , affirming L.R. l Ex. 265 (1866)]. The 
doctrine is incorporated in the American Restate
ment of Torts, \\'hich recognizes the general rule 

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



32 VOL. XIII P/8 54 USA W. MITCHELL 

that there is no liability for "unintentional and non
negligent '' conduct even where hann results, but 
announces a single class of exceptions for so-calle<l 
"ultrahazardous activities." Section 159 states that: 
" ... one who carries on an ultrahaz.ardous activity 
is liable to another whose person, land or chattels 
the actor should recognize as likely to be harmed by 
the unpreventable miscarriage of the activity for 
harm resulting thereto from that which makes the 
activity ultrahazardous, although the utmost care is 
exercised to prevent the harm.'' 

T his concept of strict fo1bility has hcen applied 
to the storage of exp Josi \'CS, to blasting, and to 
ground damage from aviation. I ts extension to dam
age from radiation caused hy escaping fi ssion prod
ucts, in those countries which accept the doctrine, 
would seem to be consistent with the generalized 
rule of ultrahazar<lous acti\'ities. 

lt is, however, far from clenr that one could sup
port a general statement that strict liability will be 
applied in all case~ of a tomic accidents. :i\[uch will 
depend on technological developments, on the a\'ail
ahility of insurance permitting the risk to be spread, 
a11<l on prevailing social values, particularly where 
the operation involved is for the be11efit of the pub
lic generally and is essential to the good of the State 
.is a community. There arc, furthermore, certain legal 
defenses which might succeed- the fault of the 
plaintiff, intervention by a third-party, acts o f God, 
normal or ordinary use of the land, and statutory 
:lllthority. The latter two may well prevail in the 
typical fact situation which can he hypothesized. The 
English Courts themselves have excluded absolute 
liability where the activi ty in question was "merely 
... the ordinary use of the land or such a use as is 
proper for the general benefit of the community," 
Richards 1•. Lothia11, p913] :\.C. 263 ( P.C.), and 
it has been indicated that the manufacturer of ex
plosives in wartime may be an "ordinary user," see 
React v. Lyo11s, [1945} K.B. 216, 240 (C.A. 19-t4). 
Legislative permission to conduct an activity bas the 
same effect as "natural user." In Nortliwesterll Utili
t ies, Ltd. v. Lo11do11 Guarantee & Accident Co., 154 
L .T.R. 89 (P.C. l 93G), the rule of strict liability 
was held inapplicable to a utility company whose 
gas escaped into a basement and exploded, on the 
ground that the company located and used its pipes 
in accordance with statutory permission. A fortiori 
if, in addition to statutory authority, a defendant 
could show that his activities in all respects were 
conducted in accordance with official regulations and 
standards. 

The presence of the Sta te as a party in any litiga
tion due to the ownership of the reactor fuel will 
raise additional questions relating to (a) the scope 
of the State's liability-compare Section 2 (l)(c) of 
the British Crown Proceedings Act ( 10 & II Geo. 6, 
c.44) which imposes governmental liability absolutely 
by reason of the ownership or control of an ex-

hazardous i11stru111e11tality \\'ith Section 410 (a) of 
the United States Federal Torts Claims Act which 
apparently requires a "negligent or wrongful act or 
omission·• of a government employee; and ( b) liabil
ity for discretionary acts-see Dalehile v. United 
States, 346 U.S. 15 ( 1953), relieving the United 
States Government from liabili ty in connection with 
the Texas City disaster by reason o f the discretion 
and policy decisions i1n-oh·ed in the Government's 
ammonium nitrate fe rtilizer program. 

If it should be required that proof of negligence is 
a condition to the imposition of liability, there is a 
further principle in tort law which will benefit a 
plaintiff and ease the problems of proof ; namely, the 
principle of rrs ipso loq11it11r. Basically, this doctrine, 
which appl ies when the cause of the inj ury or dam
age is under the sole control of a defendant and 
experience indicates that the accident causing the 
hann \\'ill not happen if due care is exercised, permits 
the drawing of inferences of negligence from a mere 
recitation of the occurrence. It has been applied in a 
variety of circumstances-an unexplained explosion 
in a powder factory, boiler explosions, unexplained 
airplane accidents, bursting bottles, fall ing ceilings
.tnd it is quite likely that an argument will be made 
for application in a case im·oh·ing a reactor accident. 
The following language from an opinion of one of 
onr state courts in a boiler case indicates the ap
proach which may be taken: 

"Boilers sometimes explode. Comparing the num
ber of explosions with the extent of the use of boiler's, 
explosions are not frequent . If they arc kept in 
proper condition and repair. and if they are operated 
properly, e:-.7llosions arc unusual. \ Vhether the res 
ip.m. doctrine. \\'hich permits an inference of negli
gence from the fact of an cx plo~ion, should apply 
is largely a question of how justice in such cases 
is most practically and fairly administered. There 
is nothing illegally illogical in permitting the infer
ence to he <lra\\'n. Usually the party inj ured is with
out information upon which he m:1y with certainty 
allege the exact cause, and is without direct proof. 
P erhaps the exact cause is incapable of ascertainment. 
The actual proof, if any, is with the party having 
the management of the instrumentalitr. These are 
practical considerations. \ Ve think the jury should 
ha\'e been permitted to draw an inference of negli
gence .. . from the occurrence of the explosion ... " 
Klei11ma11 v. Ba1111cr Laundn• Co., 150 M£nn. 515 
(1921 ). . 

This somewhat lengthy identification of a problem 
of civil liability has been presented only to indicate 
that the questions which arise are substantial and 
the answers not easily perceived. T he facts in any 
case will predominate and shape the results. Special 
care should be taken to amid hasty generalizations 
concerning the applicable rules, in order to avoid the 
mistakes that were made, for example, when the 
automobile first presented novel questions of negli-

. gence and liability. 
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Liability of Manufacturers and Suppliers 

A defect in a component part of a reactor, faulty 
construction of reactor facilities, and the mishandlina 

• b 
or nususe 0£ radioactive products may cause wide-
spread damage and present the problem of the lia
bility of the manufacturer, constructor, or supplier 
to inj1Jred third persons (i.e., persons other than 
inm1ecl iate contractors or buyers) . 

The general rule in the United States is that: 
"A manufacturer who fails to exercise reasonable 

care in the manufacture of a chattel which, unless 
carefully made, he should recognize as invol\'illf! an 
unreasonable risk of causing substantial bodily harm 
t:, those who lawfully use it for a purpose for which 
it was manufactured and to those whom the supplier 
should expect to be in the vicinity of its probable use, 

1 is S\thj:ct to liabilit! for bodily ha rm caused to them 
l by it~ lawful use 111 a manner and for a purpose 

for which it was manufactured." - Rcstate,ne11t of 
Torts, § 395. 

This principle was originally discm,sccl in terms o f 
"dangerous substances," but has been so extended 
by recent decisions as to render the concept of 
"dangerous" practically meaningless. Now, if sub
stantial harm can be foreseen and if the chattel is 
defective the mle applies. 

An extension o f the doctrine in 111 ora11 v. Pitts
burgh-Des Moines Steel Co., 166 F. 2d 908 (3rd 
Circ. 1948) is of special interest in the atomic energy 
industry. Defendant, under contract with a public 
utility company, designed, furnished materials for, 
and constructed a tank on the utility's land for the 
storage of liquified natural gas. Thirteen months 
after completion and acceptance of the tank, it rup
tured, releasing large quantities oE gas and causing 
fires and explosions in which more than 100 lives 

. were lost. An employee of the uti lity company en
ITT!ged in work unconnected with the storage of gas 
was killed, and an action for wrongful death was 
brought against the builder of the tank. The court 
held the defendant liable for negligent defects in 
manufacture to one who might reasonably be ex
pected to be in the vicinity of the chattel's use and, 
a lso, that the principle applied even though the tank 
when installed technically became par t of the struc
ture and land of the utility company. 

The decision is important in that it includes within 
the rule not only manufacturers of equipment but 
building contractors as well, and presumably defec
tive desig n and engineering. 

In any case, however, according to prevailin o· au-. . :, 
thonty there must be proof of negligence. Attempts 
to extend the doctrine of strict liability to manufac
turers of articles o r equipment which prove to have 
a defect that causes injury have not as yet met with 
much success; but it can be expected that this new 
principle of liability will be advanced in cases of in
jury or damage due to reactor break-down. Accept
ance will depend upon the courts and circumstances. 

The commercial distr ibution of radioactive prod
ucts will also present liability problems. Modern case 
law holds the manufacturer liable for injury due to 
inherently dangerous articles marketed without the 
necessary cautionary statements. A danger is inher
ent when it derives from the nature of the article 
itsel_f, as opposed to dangers resulting from a de
fectively made article that is ordinarily harmless. 
Negligence attaches not to the manufacturing, but 
to the distributing and marketing process and is 
founded on the failure to give proper instructions 
and warning. 

The very good chance that the defenses of con
tributory neg ligence and assumption o{ risk will 
present recovery in most cases a rising out of the dis
tribution of radioactive products may i11spire the 
argument that strict liability should attach in order 
to stimul_ate st~ndards of conduct needed to protect 
!he public._ Using as analogy the statutory liability 
imposed with respect to foods, drugs and cosmetics, 
it may be advanced that when the distribution of 
r_adio~ctive products is subject to control through 
hcensmg and r egulation proof of a violation of the 
regulations and the conditions of the license will con
stitute conclusive evidence of negligence. H ere, again, 
we merely identify the nature of the problem and do 
not presume to supply the answers.t 

INSURANCE 

Questions of liability lead to the problem of in
surance, about which there has been considerable 
discussion and study. The matter has become of im
mediate_ interest in the United States only recently, 
for while the atomic energy program was financed 
wholly from public funds the Government assumed 
directly all risk of loss. Private industry is now be
ing asked to assume the risks and pri vate ·insurors to 
insure them. The principal question concerns the 
availability of private insurance at reasonable rates 
adequate to the needs of the industry. The problem 
is complicated by the magnitude of possible loss, the 
limits to the size of r isk which an insurance under
writer can assume, the lack of the type of actuarial 
data needed to appraise the probabilities involved, 
?nd the ?bsence of any definite conclusions by the 
mdustry itself as to the amount of insura nce it needs. 

In the United St~tes, an Insurance Study Group, 
composed of executives of leading companies in the 
insurance industry, was appointed to review the in
surance p roblems created by expanded industrial 
participation in atomic energy and to develop infor-· 

• :j: There_ are ot~1ei: leipi! problems which might be men
tioned: Smee radiation m1ury may not become apparent for 
som~ time, s tatutes of limitations may have to be changed or 
spec1a~ treatment a~orded such injuries. International t rans
p~rtat1on of materials and a catastrophic incident causing 
widespread damage over a large geographical area may 
raise questions of j uri'Sdiction and the choice of law A 
"mass" tort may present procedural questions. For probl~ms 
rela!ed to worJ<:men's compensation, see Greene, "V\!ork
men s Compensation Aspects of the Peaceful Uses of Atomic 
Energy", P/:323, Session 4.3, Vol. 13, these Proceedings. 
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malion anti criteria with respect to the insurabi lity of 
atomic energy installations and undertakings. The 
group's interim conclusions contained in a prelimi
nary report recently filed are informative and help ful 
and seem to present a more optimistic picture than 
was originally expected. They may be summarized 
as follows: 

1. The catastrophe potential is more serious than 
anything now known in the insurance industry, but 
the possibility of a serious catastrophe seems very 
remote. 

2. The insurance capacity now applicable to the 
m ore hazardous types of chemical operations appears 
to he adequate to cover physical da111age to 1·eactor 
p/011/s. However, if a reactor is located in proximity 
t o large existing industria l pbnts, the increased ex
po::.ure of these plants may be beyond the capacity of 
the insurance industry and further study of the 
prol,lcm is indicated. 

3. Physical da111agc losses to reactors aud ma
cli i11cry incidental to atomic po\\"er plant installations 
<:an probably be handled in the sallle way that boiler 
and machinery coverage on ex tra-hazardous ma
chinery is no\\' handled in other industries. Radio
actiYe contamination of machinery and equipment 
and the containing buildings resulting from reactor 
failure presents new hazards requiring further in
vestigation by the insurance industry to determine 
the nature and scope of coverage that can be afforded. 

4. Insurance against loss of use presents a special 
and difficult problem reflecting both the expenses of 
d econtamination and the long delays i11"oh·ed in 
the process. S uch insurance is, in e ffect, a g11arantec 
of s11ccessful operation, and it is believed that if any 
such protection is available it will be somewhat lim
ited i ii amount. 

5. ~Vorkmc11's compe11sc1/io11 for employees en
gaged in the operation o f reactors a nd a uxiliary 
equipment can be handled by existing insurance fa
cilit ies. The major catastrophe problem here is with 
r espect to employees of other plants in which the 
air and water supply might become contaminated. 
\Vhether such employees \\'Ould come within the 
terms of a workme11's compensation policy remains 
a question. 

6. T he public liability /ia:;ards resulting from i11-
jury to persons or damage to property and arising 
from the 111an11fact11re, construction, O\n1ership or 

operation of power reactors can be insured by ex
isting insurance facilities up to the limits of liability 
normally available to more hazardous types of in
dustr ial enterprises. 

The most serious problem as to the amount of 
insurance a\·ailable lies in the field of what is termed 
"third party liability insurance" a11d arises from the 
very high aggregate dollar amount of claims which 
might arise in the event of a possible, though not 
necessarily probable, catastrophic accident. Such 
clai111s might be made directly by the person suffer
ing injury or damage, or they might arise as subro
gation actions on the part of insurers called upon to 
p:iy the loss in the first instance. ln any event, the 
impact upon casua lty under\\'riters may be very great 
and there mi~ht flow into the liability insurance mar
ket from a sing le accident unprecedented claims ag
gn:gati11g the total monetary damage assessed for 
lo:-:-: o i li fe, personal injury, and damage to property. 

Sotwithstanding the complications inYol ved, the 
report of the Study Group concludes with the belief 
"'that the insurance industry can work out an ag
g regate limit of liahility for all parties at interest 
suhs!Hntially equirnlent to those no rmally required 
hy other major industrial enter prises." 

Essentially. the questions which remain, after the 
g-em:ral conclusions of the g roup are translated into 
1i11101111ts o( coverage, must be answered by the atomic 
cnl·r~y industry: H ow much COYerage does the in
dustry want ? Is that nmount g reater than is available 
in the commercial market? If so, is the desire for 
cxcc:;s CO\"erage reasonable and warranted? 

1f it is concluded that excess CO\'crage is required 
and can be justified on the basis of need and if it is 
determined that the lack of such CO\'crage is proven 
to he a deterrent to participation and progress in the 
field, some measure of Go,·ernment assistance may 
lle indicated. Several suggestions ha\'e been made 
concerning the form which such assistance should 
take : the <le \·elopment of a scheme similar to that 
which prevailed with respect to war damage, govern
ment reinsurance, direct government excess coverage 
insurance, and general indemnity legislation which 
would obligate the government to pay for losses ex
ceeding those commercially insured. No decision has 
been made in the United States in this regard and 
no such determination can be made until the limits of 
desired co,·erage arc defined and justified. 



Administrative Problems in the Industrial Utilization 
of Atomic Energy 

By George G. Manov,* USA 

Time telescopes today's living-the coal industry 
is some 2000 years old; the steam age approximately 
100, and atomic energy only ten short years. Yet in 
this space of time, most of the still unsolved tech
nical problems involved in the commercial application 
of atomic energy are well on their way toward solu
tion. The administrative problems, however, are just 
beginning to be recognized. 

In this paper attention is focused away from the 
purely scientific and engineering aspects of the uti
lization of atomic energy and is directed instead 
toward an examination of some of the nontechnical 
problems involved. Before this new force can take 
its place within the normal framework of industrial 
economy, questions regarding the financing of atomic 
energy facilities, the location of A-power stations 
nearer centers of population, the control of radiation 
hazards, and the insurance aspects are among those 
that must be answered. Last, but not least, one of the 
very important remaining tasks is the education of 
the executive. 

FINANCING ATOMIC ENERGY DEVELOPMENTS 

For the purpose of this discussion, atomic energy 
facili ties are defined to include radioisotope labora

. tories, gamma irradiation installations, research re
actors, power reactors, and fuel processing establish
ments. 

The United States government has spent a total 
$12.3 billion ($12.3 X 109 ) in the atomic energy 
program since 1941, of which $4.8 billion may be 
said to represent the present physical value of the 
industrial plant. By comparison, the contribution of 
private capital to the atomic energy program has been 
rather small. F rom 1951 through 1954, private in
dustry, chiefly through the power-study groups, spent 
$8 million. With the passage of tbe Atomic Energy 
Act of 1954, the relative proportion of expenditures 
may change as capital enters the field. 

Several banking and investment houses have ex
pressed interest in seeking to increase their knowl
edge of atomic energy not only on a technical basis 
but also to identify the need for risk capital and the 
probable financial gain therefrom. There seems to be 
a clear realization, however, that atomic energy offers 
no quick return on invested capital. 

• US Atomic Energy Commission, \Vashington, D.C. 
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If one assumes that in 1960 one new electric 
power plant in every ten constructed may be powered 
by atomic energy, it would appear that funds of 
approximately $1 billion per year might be required, 
about one-half of which would be for the nuclear 
portion of the plants. From an administrative point 
of view, such r isk capital might require, and be quali
fied for, incentives that are available to similar in
dustries such as ordnance and aviation. Reviewing 
the past history of American enterprise, one does not 
doubt that such risk capital will be forthcoming. 

LOCATION OF ATOMIC ENERGY FACILITIES 

Surprisingly enough, only six short years ago there 
was considerable apprehension expressed concerning 
the locating of radioisotope laboratories in highly 
populated areas. Today, there are well over 3000 
laboratodes using radioisotopes, many of them situ
ated in the downtown areas of large cities. I t is to 
be expected that as more experience is gained in the 
operation of research and power reactors, as well as 
other atomic energy installations, nuclear hazards 
will find their proper place in relation to other indus
trial hazards with which we are more familiar. 

T he first large-scale nuclear reactor was located in 
the sparsely populated hills at what is now Oak 
Ridge, Tennessee, and following conventional prac
tice in designing explosive plants (for want of a 
better guide) , each group of processing facil ities was 
placed in a separate valley to minimize the over-all 
effect of any possible explosion. The production plant 
at Hanford, Washington, and the National Reactor 
Test Station at Arco, Idaho, were located with the 
thought that the most practicable form of protection 
was a large exclusion area. T his reasoning is still 
valid for installations which are for the most part 
experimental in nature and must of necessity possess 
sufficient flex ibility to permit a whole spectrum of 
testing and research operations. 

Reduction in Size of Exclusion Area 

However, if atomic power is to be put to practical 
use, it is imperative that the size of the exclusion 
area be held within reasonable limits, if only because 
of ( 1) the amount of capital tied up in the exclusion 
area, and (2) the absence of sufficiently large areas 
near metropolitan and industr ial centers. For exam
ple, a nuclear reactor of 500,000 kw capacity serving 
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a city of 500,000 population, would require an exclu
sion area of several hundred square miles. 

It is evident that atomic power will not I.,e able to 
compete on an economic basis with conventional 
power if such large areas are requi red. It would be 
possil>le to reduce the capital investment in real 
estate by moving the plants farther away, but it is 
generally conceded that locating generating facilities 
200 miles or more from large consuming centers is 
impracticable because the line losses and the cost o f 
installing transmission towers fail to be compensated 
for by the savings in the cost of land. 

One major step forward has been the placing of a 
prototype reactor ( for the submarine "Sea Wolf") 
inside a steel sphere 225 fee t in diameter. This 
sphere: with a cross-sectional area of nearly one acre 
was constructed at a cost of about $2 million. If one 
assumes that 6000 horsepower are required by con
ventional methods to propel a submarine of the same 
length as the Sea \Vol£ at conventional speeds, the 
cos t o f the "Land Area" is approximately 10 mills/ 
kwh. In considering this example, it must be remem
bered that no attempt is being made here to produce 
competitive electric power. 

A second step in reducing the cost of "real estate" 
has been taken with the construction of 60,000 kw 
Pressurized \ \Tater Reactor nt Shippingport, Penn
sylvania. This reactor is enclosed in a steel shell. The 
approximate cost of constructing this shell was about 
$2 million, indicating an exclusion area cost of 0.8 
mills/kwh. The land cost of a conventional power 
plant is negligible in terms of mills/kwh. Improve
ments in the design of containment areas, the use of 
reactors that are self-regulating and a more realistic 
approach to the problem of reactor hazards will per
mit the locating of A-power reactors in the same 
geographical location as conventional power plants. 

It is not a corollary that a chemical reprocessing 
plant must be located ne.---.:t to each atomic power 
pl~nt. Indeed, some thoughts have been expressed 
with respect to concentrating fuel reprocessing plants 
in several locations throughout the U nited States, 
each plant to reprocess the spent fuel rods from a 
group of power plants. 

COST OF ROUTINE RADIOLOGICAL SAFETY 
PROTECTION 

"\\1hat are the costs of routine radiological safety 
protection in an atomic energy installation ?t 

From the administrative point of view, however, 
it is interesting to note that the Atomic Energy 
Commission spends approximately $100 per year per 
man to insure radiation protection, and that the costs 
of other safety devices ( conventional type) are quite 
small by comparison. It is estimated that the cost of 
radiation protection is about one per cent of the 
total operating expenses, and that if it were desired 
to protect against radiation by an additional factor 

t There is a g reat deal of technical informat ion aYa ilable on 
the subject of radiat ion protection, :rnd the details will not be 
discussed here. 

of 10, the cost \\"Otild l>e two per cent oi the total 
operating costs. T his would appear to be quite small, 
until one realizes that this additionaJ one per cent 
would correspond to 20 per cent of the total profits 
of a commercial enterprise, based on S per cent net 
profit. To an administrator, it therefore becomes of 
considerable importance to assay the dollar cost of 
radiation protection. 

Approaches to Cost Reduction 

\\' hat approach should ue used in arri,·i1:g at a 
proper level o( radiation protection ? T he traditional 
manner has been to introduce a new process method 
into industry and to detem1ine b\" case histories to 
what extent the hazards actually appear. This is the 
actuarial or the statistical approach. If time were to 
permit, this might be one sound way of ascert:iining 
the true exte11t of radiological hazards. 

A second approach might be to guard against all 
possibilities and to proYide for protective devices and 
for radiation safety codes complete in such detail as 
to preclude the possibility of accidents happening. In 
this day and age such an approach woul<l be com
parable to the old-time requirement that each auto
mobile must be preceded by a man with a red flag, 
and that if two automobiles met a t an intersection 
neither should proceed tmtil the other had passed. 
This would indeed insure a perfect safety record in 
the industry if that industry could sun·h-e at all. 

But there is a third, or preYcntiYe, approach. The 
work of the Atomic Energy Commission aud its con
tractors during the past fourteen years has indicated 
that enormous quantities of radioactiYity can be 
handled safely. Accident rates in the Commission's 
operations invoh·ing some 134,000 contractor per
sonnel are noticeably lower than in other co1wentional 
industries, and in the peaceful applications of atomic 
energy there haYc been no fatalities caused In· atomic 
radiation. This is an amazing record when compared 
to com·entional hazards in other industries. 

Lost-time injuries per million man-hours from 
data supplied by the National Safety Council and the 
Atomic Energy Commission are as follows: electrical 
utilities, 11; non-ferrous metals and products I O· 
m.•cragc for alt ind.ustrics, 8.2 ; miscellaneous 1~anu~ 
facturing, 6.1 ; chemical, 5.5; AEC, 2.3: and com
munications, 1.8. It should be remembered that the 
statistics fo r the atomic energy program include ac
cidents not related to atomic radiation itself, such as 
in normal construction work. From th~se figures it 
\\"Ould appear that workers in atomic energy plants 
are more safety-conscious than persons in conven
tional industrial plants. It is axiomatic that a vigorous 
employee safety program strongly supported by top 
man:igement pays dividends. 

In this discussion, there is no intent to over-sim
plif y the problem of employee safety, but it should be 
stressed that adequate protection against radiation 
can be obtained and that the J..-now-how is available. 
\¥ith film badges, radiation-detection devices, con
tamination-detection equipment, etc., on hand, there 



ADMINISTRATION OF INDUSTRIAL ATOMIC ENERGY 37 - --------------------
is no reason why the safe utilization of atomic energy 
on an .industrial scale cannot be achieved. 

But, there is room for belief in the argument that 
perhaps safety is being over-done. There are as many 
as fifty different ways of shutting down some reac
tors, and frequently shut-downs occur because of 
fa ilure . of a safety device. To draw an analogy, it 
might be helpful in some cases if we had an attach
ment for an automobile that would automatically 
sound the horn, turn off the ignition and apply the 
brakes whenever the pressure in one of the tires, for 
example, fell below a certain predetermined value. 
Yet one could concei\"e of many situations in which 
it would be l>oth unwise aud even dangerous to have 
such a shut-down occur. As our knowledge pro
gresses in the iden tification of the key points of 
reactor safety, so will the instrumentation become 
simplified and our confidence in the operating re
liability of reactors increased. 

In short, considerable thought is being given, and 
direct action is being taken, to insure so far as is 
humanly possihle that the atomic age becomes a part 
of the normal American industrial economy with 
maximum regard to the health and safety of the 
workers. 

LEGISLATIVE CONTROL OF RADIATION HAZARDS 

Control at the Fe deral Level 

Radioacti,·e "byproduct" materials in the United 
States are obtainable only from the Atomic Energy 
Commission or its authorized secondary suppliers 
and distributors. The Atomic Energy Acts of 1946 
a nd 1954 la\' do\\'n certain criteria fo r the possession 
of radioactf\'e mater ial. Section 81 of the 1954 Act 
contains the statement : 

" ... The Commission shall not permit the d is
tribution of any byproduct material to a ny licensee, 
and shall recall or o rder the recall of any distributed 
material from any licensee, who is not equipped to 

· obsen·e or who fai ls to observe such safety standards 
to protect health as may be established by the Com
mission or \\'ho uses such material in violation of law 
or regulation of the Commission o r in a manner other 
than as disclosed in the application therefor or ap
proved by the Commission . ... " 

Section 81 also states that : 
"No person may transfer or r eceive in interstate 

commerce, manufacture, produce, transfer , acquire, 
own, possess, import, or export any byproduct mate
rial, except to the extent authorized by this sec
tion . . .. " 

In anlicipation of the increase of industrial par
ticipation in the atomic energy program, the Atomic 
Energy Commission has taken a number of s teps to 
maintain adequate administrati\'e control at the Fed
eral level. T he Advisory Committee on Reactor 
Safeguards, established five years ago, continues to 
report to the Commission. A Reactor Hazards 
E valuation Staff has been established whose duties 
are to develop standards, guides and codes for the 

design, operation, supervision, containment and loc.1-
tion of r eactors in order to protect the public health 
and safety, and to evaluate proposals for new reac
tors and of significant changes in existing reactors. 

The Commission has also established a Licensing 
Division which will be responsible for issuing licenses 
to various firms and individua ls desirous of engaging 
in the applications of atomic energy either on a re
search or industrial basis. In the case of radioiso
topes, these procedures have been in fo rce since 1946 
and provide for control at the source of supply ( a llo
cation procedures)' and fo r control at the point of 
use ( inspection of facilities). 

An Inspectiol) Division has been established whose 
duties will . include the careful supervision of the 
Commission's and contractor's staff to insure that 
health and safety standards are maintained in the 
operations of the atomic energy program. Additional 
contemplated regulations involve licenses for opera
tors of r eactors and other utilization and production 
facilities, together with Federal health and safety 
standards . 

Control a t the Sta te and Other Levels 

V a rious states have become interested in consider
ing legislation to control the potential hazards in the 
atomic energy program. Among these are New Y ork, 
Pennsvlvania, California and Connecticut. 

The· National Committee on Radiation Protection 
under the sponsorship of the National Bureau of 
Standards has published a number of handbooks 
which, while lacking in legal authority, are neverthe
less looked upon as recommended manuals of "good 
practice."t In addition, the KCRP recently formed a 
subcommittee to study the feasibility of state regula
tion fo r the control of radiation exposure. A draft 
interim report has heen circulated with in the Sub
committee containing suggestions as to the form that 
such legislation might take. 

The Boiler and P ressure Vessel Committee of the 
American Society of Mechanical E ngineers has es
tablished a sub-group on Nuclear Power. In addi
tion, other industrial organizations such as the Amer
ican Standards Association, American Society for 
Testing 1\Iaterials, and others, have likewise evi
denced inte rest in the preparation of safety codes. 
The subj ect \\'ill not be dealt with in detail except 
to point out that a number of qualified groups a re 
earnestly at work on the problem and that from this 
a rray of ta lent, both technical and administrative, 
there should evolve suggestions for a workable sys
tem of legislative and technical control of radiation · 
hazards. 

t Handbooks recently issued include NBS-42: Safe Han
dlini:- of Radioactive Isotopes; NBS-47 : Recommendations of 
the International Commission on Radiological Protection ; 
NBS-48: Control and Removal of Radioactive Contamination 
in Laboratories; NBS-49 : Recommendations for \Vaste Dis
posal o f Phosphorus-32 and lodine-131 for Medical Users; 
NBS-52: Maximum Permissible Amounts of Radioisotopes 
in the Human Body and Maximum Permissible Concentrations 
in Air and Water; and NBS-54 : P rotection Against Radia
tions From Radium, Cobalt-60, and Cesium-1 37. 

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



38 VOL. XIII P/857 USA G. G. MANOV 

It is to be hoped, however, that in the enthusiasm 
to formulate such controls, the various suggestions 
will not have been transformed into legislation which 
might be unduly restrictive or which might work at 
cross purposes from one state to the ne.,ct. One re
calls that there is a legend-in Africa-that the 
Giraffe was designed by a Committee. 

T his comment applies also to the question of in
ternational regulations and codes fo r health and 
safety. Amer ican as well as European industrial 
fi rms may likewise find it advantageous to work 
toward international safety codes to permit normal 
commerce in the field of applied atomic energy. A 
start has been made with the several meetings of the 
National Committee on Radiation Protection, the 
most recent of which took place in Stockholm in 
August, 1953, and which considered maximum per
missible limits of radiation exposure to individuals. 
In Paris, on June 23, 1955, at a meeting sponsored 
by UNESCO (United Nations Educational, Scien
tific and Cultural O rganization ) , there was dis
cussed the question of international standards for the 
shipment of radioactive materials. 

It is hoped that many more such conferences can 
be held at the various national and international 
levels, and agreements reached on the over-all ap
proach and general technical content on such pro
posed regulations, before individual and differing 
regulations a rc adopted by each nation. 

INSURANCE PROBLEMS 

Under the new Atomic Energy Act, the insurance 
picture may change from one in which little insur
ance is purchased as such (self-insurance) toward a 
situation where more normal conditions a re e.xpected 
to apply. In this respect the new Atomic Energy Act 
says in part " .. . the licensee will hold the U nited 
States and the Co111111ission harmless from any dam
ages resulting from the use or possession of special 
nuclear materials by the licensee." 

The average insurance executive has not had the 
time to <le\'Ote himself to a study of nuclear physics 
or radiological safety. In attempting to assess the 
impact of atomic energy upon the insurance field, he 
has had perforce to rely on fragmentary information 
gained in part from semi-technical articles, and 
colored by the recurrent misidentification of a nuclear 
reactor with a nuclear weapon. 

In 1950, when the radioisotopes program was 
well underway, there arose the question of rates fo r 
personal life insurance for atomic energy workers, 
public liability, proper ty damage and workmen's 
compensation rates. U nder the sponsorship of the 
Atomic E nergy Commission and the Brookhaven 
National Laboratory n series of seminars was held 
February 6-10, 1950, with the representatives of the 
major insurance companies. These seminars did 
much to clear the atmosphere and were mutually 
helpful to the isotope ·user and to the insurer. As a 
result of in-service training programs, insurance com
panies now possess trained personnel sufficient to 

answer inquiries sent to them by other insurance 
companies. The over-all result is that the use of 
radioisotopes has been placed in its true perspective 
within the spectrum of other industrial operations. 

We are now faced with the analogous problem of 
insurance in the field of the nuclear reactors. Under
standably, insurance executives are troubled with 
the thought of a run-away reactor contaminatjng 
tens of thousands of homes, automobiles and other 
valuable property, and the possibility of one com
pany being faced with a mult itude of individual per
sonal damage suits totalling perhaps ten to one
hundred million dollars. 

P urely from an administrative point of Yiew, it 
would be extremely helpful to have had one or more 
major reactor failu res, if only to have some frame 
of reference with respect to the frequency of acci
dents and extent of the damage involved. vVhere 
would our insurance rates and our safety codes for 
conventional power plants be if we had yet to ex
perience our first boiler failu re? 

Differentiation should be made between the prob
ability of loss which largely determines the insurance 
rate and the possibil.ity of loss which is a maximum 
catastrophic loss for which an insurance company 
might be held liable. In neither of these categories is 
there actuarial or statistical experience, and rates 
must be set largely on the basis of the maximum 
amount of liability that might be ill\·olved. In many 
respects the situation parallels closely that of writing 
insurance on the first commercial airl iners. 

In this valley of uncer tainty, it is helpful to point 
out the record of the se\'eral dozen operating reac
tors and critical assemblies in this count ry. The 
Hanford reactors haYe been in operation almost 
l\\'elve years with no more maintenance than would 
be expected for a pioneering-type reactor. The 
Canadian NIL'{ reactor failure is probably the 
se,·erest to date, and yet e\'en here the reactor has 
since been put back into operation at increased 
power. One other case im·ol\'ed the planned failure of 
the experimental boiling-water reactor experiment. 
Here, in the course of a scientific im·estigation, it 
was necessary to determine the parameters of a 
reactor involving extremely high rates of control-rod 
withdrawal and tremendous surges in power. The 
experimental data obtained should be of considerable 
assistance in determining the boundary conditions in 
the design of this particular type reactor. It is to be 
hoped that addit ional exper iments will be carried- out 
so that more of these planned faili.tres will be made 
to take place, and that from these data the rudiments 
of a nuclear · reactor safety-code can be set down on 
paper. E ventually there may be established for reac
tor safety, an organization which might be the 
counterpart of the National U nder\\'riters Labora
tory. 

These operating experiences, some of them with 
reactors working at full capacity, yield at least two 
points on the curve in terms of possible fai lure per 
million reactor-hours. Because "t\\'o" is a \'ery small 
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number statistically, it is difficult to place much faith 
in any extended extrapolation of this record and 
yet it must, of necessity, form the baseline in our 
consideration of reactor hazards. 

The Engineering Test Reactor, as well as the 
Materials Test Reactor, will continue to furnish 
much v.aluable infonnation regarding metallurgical 
properties under the influence of high intensities of 
radiation. Facilities now under construction at the 
National Reactor Test Station at Arco, Idaho, in
clude provision for transient-testing and safety de
terminations for various types of reactors. Other 
research elsewhere includes development of safety 
"fuses" for reactor cores. Meanwhile, within the 
next five years there may be from ten to twenty uni
versity-type research reactors located in various parts 
of the U nited Sta tes. The safety records in their 
operation should do much to influence the adminis
trative thinking in terms of power reactors. 

Undoubtedly, improvements will be made. For 
example, the Swimming Pool Reactor displayed a t 
the Geneva Conference possesses a completely auto
matic start-up and power-level cont rol system. By 
contrast, it may be recalled rather humorously that 
the first commercial electrical distribution system 
consisted of bare copper wires laid in a wooden 
trench. 

The Atomic Energy Commission has recently 
granted security clearances to a committee of top 

insurance executives to study the general problem of 
insuring industrial power reactors. As a result of 
detailed technical conferences with Commission and 
other personnel and of visits to operating installa
tions, this Committee may be in a position to make 
some specific recommendations.§ 

During the next few years, perhaps some form of 
government assistance may be necessary to help 
carry the risk of any catastrophic damages. As a 
precedent, an organization similar to the War Dam
age Corporation, ?,S established by the US Govern
ment during Worlo Viar II, or assignment of Stich 
responsibility to a present organization, for example 
the AEC, might be among the solutions considered. 

It is believed that in time the insurance industry 
will solve the problems of insuring reactor operations 
against all types of hazards in the same manner that 
it soh·ed analogous problems of air and railroad 
transportation. 

SUMMARY 

The industrial application of atomic energy offers 
many new and challenging administrative problems. 
None of these is insurmountable; they can be and 
must be put into their proper perspective in order 
that atomic energy may r ightfully take its place in 
the world economy. 

§ The rep0rt of this Committee \\'ill be published shortly. 

-----------------
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.Problems in the Legal and Administrative Control of a Progran 
for Distribution of Radioisotopes 

.By Stephen P. Cobb, Jr.,* USA 

Radioactive isotopes can be of immeasurable bene
nt to science and technology. T heir potentialities 
were known early in the 20th century through the 
use of naturally-occurring radioactive materials. The 
scope of their usefulness l,roadened in the 1930's 
when it was learned that elements throughout the 
periodic table could be made radioactive through the 
.use of high energy accelerators. Then after \Vorld 
\Var II and the development of nuclear reactors, the 

.availability of radiosotopes increased tremendously, 
with a corresponding decrease in cost. Since then it 
has Leen possible to explore more completely the 
full scope of radioisotope usefulness. 

Although radiation can be extremely useful, it is 
~-ilso potentially harmful if not controlled. During the 
-early years following the isolation of radium few con
trols were maintained. There were abuses in the 
J1andling of radimn which led to deaths in suhse
•quent years, with symptoms strongly pointing to 
radium poisoning. 11any curative powers were at
·tributed to radium by unscrupulous persons anxious 
only to exploit the material. Some efforts were un
dertaken in the early 1920"s to curb unrestricted 
·medical use of radium through standardization oi 
.such uses. T he efforts to acquaint people with the 
potential hazards of radiation and to limit the use of 
·radiation emitters were worthwhile. However, the 
;groups studying the hazards from radiation could 
only make recommendations for the protection of 
·public health and safety; they had no authority to 
enforce their decisions. Nevertheless, thei r work was 
important and has continued; data assembled by 

•committees of experts in the field of radiation pro
tection currently is formi ng the basis for various 
·types of health and safety regulations. 

I t was belieYed necessary in the United States at 
the time the Atomic Energy Act of 1946 was drafted 

10 provide certain legal controls over the distribution 
-of radioisotopes, byproducts of uranium reactors. The 
·fact that these isotopes would, in all probability, be 
-available in much larger quantities and at lower costs 
-than heretofore made some type of control all the 
more necessary. 

The type of controls set up and exercised by the 
United States may not be applicable to radioisotope 

• United States Atomic Energy Commission, Oak Ridge, 
'Tennessee. 
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distribution programs in every country. The kine 
and extent of programs will vary considerably de 
pending upon such factors as, to name only a few 
( 1) the legal basis for control of an atomic energ: 
program; (2) the scope of isotope utilization, fo: 
example, whether the materials will be limited tc 
medicine and research or whether they will be usec 
industrially as well; and (3) the quantities of ma• 
tcr ials to be used. The following discussion of tht 
program carried out by the US will serve to outlim 
some of the problems and a method of handling them. 

LEGAL BASIS FOR CONTROL 

The basis under which the Atomic Energy Com
mission controls the distr ibution of radioisotopes i~ 
the Atomic Energy Act. T he original Act of 194c 
and the 1954 amendment both contain express pro
Yisions concerning distribution of "byproduct ma
terials," as the radioisotopes are called. T he 195-t 
Act states that byproduct mater ials may be furnished 
" . . . for research or development purposes, for 
medical therapy, industrial uses, agricultural uses, 
or such other useful applications as may be de
Yclopcd."1 At the same time, the Act recognizes 
the dangers im·oh·ed in handling radiation emitters, 
for it also states that the Commission "shall not per
mit distribution of any byproduct mater ial ... and 
shall recall or order the recall of any distributed 
material from any licensee who is not equipped to 
observe or fails to observe such safety standards to 
protect health as may be established by the Com-

. . " l 
OllSSIOll ••.• 

Thus, a specific act was passed to set up controls 
over nuclear energy applications and a specific Com
mission established to carry them out. This might 
not be necessary in all countries ; in fact, some coun
tries haYe delegated the authority .for radiation pro-
1ection and inspection to existing groups, both within 
and outside of the Government. During the early 
days of radiation utilization, much of this inspection 
was done on a voluntary basis. H owever, as the 
amount of radioactive substances has increased in 
various countries, either through impor t or through 
construction and operation of reactors, voluntary 
radiation inspection is being replaced by regulatory 
controls. 

Although it would be possible to establish volun
tary standards, it is unlikely that any enterprise 
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involving potentially hazardous materials, such as 
radiation emitters, can continue to operate success
fuUy on a voluntary basis. In fact, the experience 
of US Government agencies, such as the Federal 
Food and Drug Administration and Federal Trade 
Commission, has indicated that an agency can not 
expect 100 per cent voluntary compliance with mini
mum safety standards. 

One means of compulsory control is through is
suance of regulations which implement basic control 
laws, and which may be broad or specific as the 
situation requires. The US AEC has issued certain 
regulations governing the possession, use, transfer, 
and disposal of radioisotopes. Other regulations out
lining minimum health and safety standards will be 
published in the future . The currently published 
regulations outline procedures to be followed when 
obtaining a license to use the materials; criteria fo r 
necessary training and experience before a license 
can be issued ; the type of records to be kept, etc. 
Although this type of regulation may not be neces
sary for limited programs, US experience has indi
cated that it is desirable to publish all criteria of 
training, experience, equipment, facilities necessary 
[or obtaining radioisotopes. In this way all persons 
can detennine what the requirements are; fu rther
more, these requirements will be applicable to aJI. 

A Yery important type of regulation, and at the 
same time a difficult one to formulate, is a set of 
health and safety standards. The AEC has been 
delegated this authority under the Act and is in the 
process of drafting such standards. In compiling 

.these regulations, great reliance has been placed on 
the recommendations of the National Committee on 
Radiation Protection, whose members in turn are 
associated with the International Commission on 
Radiological Protection. T hus, advantage is taken 
of the recommendations of experts in the field from 

· all over the world, who have been concerned with 
radiation protection standards for many years. The 
International Commission on Radiological Protec
tion has in general, endeavored to base its recom
mendations on fundamentals in simple and concise 
terms, which can be translated into regulatory 
language. 

As in the case of licensing regulations, health and 
safety standards which are published can serve to 
indicate to all the standards which must be met. If 
later experience in the fi eld of radiological safety 
warrants amending the regulations, this can be done 
without undue difficulty. It must not be assumed that 
a given set of standards will exist without modifica
tion for a long period o f time especially in the 
rapidly e.,--cpanding field of radioisotope utilization 
and protection. 

Even though the emphasis has been placed on 
regulations, it is not intended to discount the real 
value of recommendations of the National Commit
tee on Radiation P rotection and the lntemational 
Commission on Radiological Protection. As indi
cated previously, these recommendations form the 

basis for teg\llations. Also for those interested in 
more detailed information as to the basis for the 
recommendations, it may be found in handbooks 
prepared by the NCRP ancl distributed by the 
National Bureau of Standards. Any country con
templating a set of regulations or codes would find 
these handbooks useful as starting points in draft
ing such codes. 

ADMINISTRATIVE CONTROLS 

The US AEC established an organizational group 
within the Com1itission to handle the radioisotope 
distribution program. This group, the Isotopes Divi
sion, has had several functions: ( 1) production 
control-coordination of isotope production to insure 
that the desi red types and quantities of materials 
are available from the various reactors throughout 
the country; (2) distribution control-administration 
of a licensing program, with the establishment of 
basic criteria o [ training and experience sufficient 
to permit wide, yet safe, utilization in scientific re
search, medicine, industry and other fields ; ( 3) in
spection and visitation-evaluation of users' facilities 
plus consultation on radiological safety; ( 4) promo
tion-education in safe radiological practices, assist
ance in establishment of t raining courses in radio
isotope utilization, and preparation and deliYcry of 
articles, talks, etc., on isotope util ization. 

A group such as the Isotopes Division may be a 
more formal organi zation than all countries would 
need. The functions of the division might be spread 
among individual groups. However, in all proba
bility these functions will need to be undertaken in 
varying degrees in any radioisotope program. In the 
US, the Isotopes Division has served a useful func
tion as a central group for coordination of licensing 
and regulatory activities and as a center for spread
ing of info rmation relati,·c to radioisotope utilization. 
Such centralization has merit, particularly at the 
beginning of a program. As the program expands. 
however, and trained users increase in number the 
need for continued centralization tends to decrease. 

COOPERATION WITH OTHER GOVERNMENT 
AGENCIES 

Although the Atomic Energy Commission is the 
principal group controlling radioisotope distribution, 
other Government agencies are concerned with dif
ferent phases of the program. For example, trans
port of radioisotopes across state lines must conform 
to regulations of the Interstate Commerce Commis- · 
sion or the Postal Department; inclusion of radio
isotopes in foods or drugs, even for experimental 
purposes, comes within the scope of the Federal 
Food, Drug and Cosmetic Act; a function of the 
US Public Health Service for a number of years 
has been radiological health activities. The AEC has 
cooperated with these other agencies to work out 
mutually satisfactory arrangements in connection 
with radioisotope distribution and utilization. 

-------------
----
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Transportation Groups 

The wide variety of types of radioact ive isotopes, 
from the short-lived, strong gamma-ray emitters to 
the long-lived weak beta-ray emitters present an 
equally wide variety of packaging and shipping prob
lems. The unique features of radiation bring about 
transportation problems not ordinarily encountered; 
for example, a sturdy, heavy box suitable for or
dinary materials may still present radiation hazards 
when it contains a strong gamma-ray emitter . Ioniz
ing radiation may have an effect on photographic 
materials and navigation instruments. 

A Subcommittee of the National Research Coimcil 
studied the problem as it affected transportation 
within the United States. T his Subcommittee re
ceived comments among others from representatives 
of railroads, Air T ransport Association, Atomic 
Energy Commission, photographic industry, radium 
and radon industry and developed certain standards 
for shipment of radioisotopes. Packaging and ship
ping regulations were based on three principles : ( 1) 
there must be a workable compromise between no 
shielding and gross overshielding, so that reasonable 
protection would be afforded to undeveloped fi lms 
in transit, to employees of the carrier, passengers, 
and livestock and plants in transit ; (2) the magni
tude of the hazard from a radioactive parcel depends 
upon the kind and nature of the radiation emerging 
from the parcel, not on the name of the radioisotope 
involved ; ( 3) the amount and chemical nature of 
the radioactive substance in the parcel is of interest 
only in case o f an accident in which a spill or leakage 
may occur, resulting in possibility of ingestion, in
halation or absorption of the radioactive material. 
Thus those radioisotopes which are concentrated in 
the body, such as bone seekers, would present a 
greater hazard than those eliminated rapidly.2 

For purposes of classification for transportation 
within the United States, packages containing radi
ation emitters have been placed into three groups : 
Group I, packages containing radioactive material 
from which gamma radiation at the surface may 
exceed 10 milliroentgens per 24 hours; Group II, 
packages containing neutron-emitting sources ; Group 
III, packages containing radioactive material emit
ting electrically-charged corpuscular rays only (beta 
rays or alpha particles) and the surface radiation 
will not exceed 10 milliroentgens per 24 hours. Most 
short-lived isotopes and those mater ials particularly 
useful in medicine fall into Group I, while many 
pure beta-ray emitters fall into Group III. 

T he shipping regulations fu rther state that ex
ternal shipping containers must be so constructed 
that the gamma radiation at any point of readily 
available surface will not exceed 200 milliroentgens 
per hour. This applies both to rail or air transport. 
The regulations also specify the type of inner con
tainers for liquid radioactive materials to minimize 
danger of leakage in case of breakage. Special pre
cautions must be taken in case of transport of physi-

ologically hazardous materials, such as radium, 
strontium-90, polonium-210, barium-140. 

At the time these regulations were adopted they 
met the needs of isotope users. However, the utiliza
tion of these materials now has grown to such a 
point that there is some question that the regulations 
are presently too restrictive. This is particularly true ' 
for air shipment from a reactor site producing large 
quantities of isotopes. If it is determined that the 
regulations present real hardships to manufacturers 
and suppliers of radioisotopes, the situation can be 
reexamined and possibly the rules altered. 

It is true that some countries transport radioactive 
isotopes in wing tips of airplanes. This is not done 
in the US, but experience has shown this to be 
workable, and no ill effects result either to naviga
tion instruments, or airline personnel. Such a pro
cedure, of course, lessens the weight of container 
necessary and offers savings in transportat ion costs. 
If such arrangements appear feasible in a specific 
case they should be explored. Nevertheless, the basic 
problems of health protection and shielding from 
radiation remain the same. Cooperation between the 
distributors of the radio-activity and the shippers is 
essential, and this can best be obtained through 
mutual education and discussion. 

rublic Health Agencies 

In the US there are regulations administered by 
the Food and Drug Administration which are de
signed to assure the public of pure foods and drugs. 
As is well known, one of the wide uses of radio
isotopes is in the field of medicine and medical 
research. The AEC, therefore, has cooperated with 
the Food and Drug Administration, to assist radio
isotope users to comply with the regulations of this 
group. For example, radioisotopes intended for use 
as "new drugs" ( which term applies to medical and 
physiological research programs) must be labeled in 
accordance with provisions of the Federal Food, 
Drug and Cosmetic Act. T he means for meeting 
these labeling requirements have been worked out 
by a special committee, formed for the purpose, con
sisting of members of the Food and Drug Adminis
tration and the AEC. 

Other problems which have been considered by 
this committee are the possible sale of beef from 
animals which previously had received external 'radi
a tion doses and the extent, if any, to which food 
materials may contain radioisotopes before the ma
terials are considered adulterated. A potentially large 
scale use of radiation is in the sterilization or pas
teurization of foods and the Food and Drug Ad
ministration is concerned with this problem, particu
larly as to whether harmful side effects may take 
place during irradiation or whether foods are 
damaged during the process. Such matters will need 
to be worked out among the groups performing the 
scientific studies on such processes, the Food and 
Drug Administration, Public Health Service officials. 
the Atomic Energy Commission. 
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Other groups in the US are obligated by law to 
protect the health of the public. F or example, the 
US Public Health Service has been concerned for 
a number of years with protection of people from 
the harmful effects of radiation. Even after the 
formation of the Atomic E nergy Commission, the 
Public Health Service retained this interest. It has 
cooperated with the AEC in conducting studies on 
decontamination of waters contaminated with radio
activity, problems associated with the disposal of 
radioactive wastes, evaluating hazards associated with 
the wide variety of radioisotopes available from 
nuclear reactors, surveying the dangers associated 
with other types of radiation-emitters, such as X-ray 
machines and particle accelerators. The Public 
Health Service is also ,·itally interested in the de
velopment of sound radiological safety programs in 
the various states in the United States. In this latter 
regard, it has set up programs under which state 
and local health officials can acquire basic knowledge 
of radiation and radiation protection. The AEC co
operates and assists in these programs by providing 
personnel for lectures and demonstrations. 

A public health problem which becomes more im
portant as the amount of radioactivity in use becomes 
larger is that of waste disposal. 1n general, there 
are two methods of controlling wastes: ( 1) concen
tration and storage and (2) dilution and dispersal. 
Disposal may be accomplished as follows: ( 1) short
lived radioactive liquids may be controlled by stor
ing them until they htwe decayed to a safe level 
and/or by dilution \\'1th water; (2) long-lived radio
active liquids may be controlled by concentration 
or evaporation to the solid state after which they 
may be stored or uurie<l; ( 3) gaseous and airborne 
materials may he controlled by filtration and dilution 
with air; ( 4 ) solid radioactive and contaminated 
materials may be disposed of by burial in the soil or 
disposal in the oce:rn under controlled conditions. 

The extent to which special facilities need to be 
set up will depend upon the size of the isotope pro
gram. In a medical program, for e.-xample, which is 
primarily a diagnostic one, \\'aste-disposal problems 
may be insignificant, since the amounts of material 
used will be very small and usually of short-life. 
O rdinary \\'aste disposal facilities may be satisfactory 
in such cases. For a program involving therapy and 
larger number of patients, special holding tanks for 
liquid wastes may be necessary. 

The waste-disposal problem is such an important 
one that the National Committee on Radiation Pro
tection has compiled four handbooks on the subject 
and is currently preparing two additional ones. The 
matter of disposal of radioactive wastes should be 
carefully considered by any group initiating an iso
topes program. 

As in other instances discussed throughout this 
paper, exactly similar problems probably will not be 
faced by all countries engaging in radioisotope pro
grams. However, many countries have found it de-

sirable, at least in the beginning to delegate authority 
for review and/or control of radioisotope programs 
to public health and sanitation groups. These groups 
doubtless would face general problems similar to 
those under review by the AEC and the Food and 
Drug Administration, especially if the isotope pro
grams are devoted primarily to the field of medicine. 
The US has found it practical to work out such 
problems through a committee organization; other 
countries may or may not wish to adopt the same 
procedure. Scientific personnel trained in radiation 
problems could assist Public Health groups or Public 
H ealth officials oould receive training themselves ; 
either procedure would appear to be sound practice 
regardless of the size 0£ a radioisotope program. 

TRAINING AND EDUCATION 

Before any radioisotope program can expand, it 
is essential that there be at least a small group of 
wetl-trainecl persons available. Such a group can 
serve as a nucleus for spreading basic knowledge of 
isotope techniques, thus permitting an increasing ex
pansion in utilization. 

\iVhen the program £or distributing reactor-pro
duced radioisotopes began in the United States, there 
were relatively few people in the country who had 
experience in handling radiation emitters. One of the 
important tasks of the AEC was to encourage the 
establishment of training courses to increase the 
number of persons qualified to use isotopes. 

There was set up in Oak Ridge, Tennessee, a 
special training course specifically devoted to radio
isotope techniques. It is a laboratory lecture course 
designed to cover fundamental concepts and tech
niques involved in handling radioactive materials. 
Completion of- this course or others like it would 
generally qualify a person to handle tracer quan
tit ies of isotopes for research and development ac
t ivities. Such a course does not, nor is it intended 
to, qualify someone for a particular, specialized use 
of isotopes. Rather it is just the first step in ac
quainting people with the problems involved in 
handling radioisotopes, and therein lies its value. 

A next step in training for particular uses · of 
isotopes usually involves more specialized training, 
obtained through "on-the-job" experience with a 
group usi ng isotopes in the particular manner of 
interest. Little, if any, formalized training courses 
are available for specialization, although some med
ical courses, for example, are being started in some 
locations. More and more basic training courses may 
well become part of established curricula in colleges 
and universities as interest in isotopes continues 
to grow. 

The need for education and training has been rec
ognized everywhere that isotopes are used. Some 
countries aside from the US, with advanced nuclear 
energy programs, have set up similar training courses 
for their own national s and for nationals of other 
countries as well. For those countries just beginning 
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to enter into the field, it has appeared desirable to 
send a few people to the US, or to other places to 
receive the basic training courses, plus perhaps ad
ditional specialized training. These people in turn 
have been able in some instances to establish in their 
own countries periodic training programs for teach
ing isotope techniques on a regional basis. This is a 
highly worthwhile procedure and is to be encouraged 
wherever possible. 

Although actual training is the most desirable 
method of learning isotope techniques, procurement 
of technical information also plays an important role. 
For example, information on radiation protection, 
monitoring and measuring equipment, laboratory de
sign, laboratory equipment for handling various 
levels of radioactivity, handling of wastes and their 
disposal are all important to people beginning iso
topes programs. Isotope bibliographies also may be 
of assistance to persons initiating plans for utilizing 
isotopes, as well as to those who already have pro
grams underway. The AEC has in the past made 
available technical information in the nuclear energy 
field, including isotope utilization, and it is con
tinuing this program. 

The problems associated with training ancl dis
semination of information are ones which any coun
try using, or planning to use, radioactive materials 
should deal with from the very beginning. The 
manner in which these problems are faced will, to a 
large extent, determine the speed and scope of 
growth of the entire program. 

CONCLUSION 

Because of the fact that, until recently, the sources 
of supply of the main quantities of radioisotopes have 
been Government-owned, the radioisotope distribu
t ion program in the U S has been a Government 
monopoly. This will not necessarily continue when 
privately-owned reactors get into operation. How-

ever, there has been a background of several years' 
experience in the administration of the radioisotope 
distribution program, so that certain controls can 
be relaxed. 

In all probabili ty, any country just entering into 
a distribution program would find it desirable to 
establish rather strict rules regarding utilization. 
This was true in the US in 1946; for example, 
authorizations ( or licenses) were issued for periods 
not exceeding six months for a single isotope for a 
single purpose. Now, on the other hand, a variety 
of licenses can be issued with varying degrees of 
breadth of scope, depending upon the particular 
situation and for so long as two years' duration. 
Other countries may find it practical to relax certain 
rigid controls as the program becomes more firmly 
established. 

Any moderate, or large scale, isotope utilization 
program will doubtless have to deal with insurance 
problems and workmen's compensation problems. 
Howe,·er, these are problems which arc encountered 
in other forms of business enterprises and, hence, 
have not been discussed in this paper. 

This paper has endeavored to point out certain of 
the administrative and legal problems which arise in 
a radioisotope distribution program. Although the 
US experience was used as an example, exactly the 
same problems may or may not arise in every case 
and, of course, they may not be handled in the same 
fashion. Nevertheless, many of the problems dis
cussed are basic in nature and must be solved to 
some degree depending upon indiYidual situations: 
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Administration Problems in Radiation Protection 
in N.ew York State 

By I. R. Tabershaw* and M . Kleinfeld, t USA 

The development of control techniques for chem
ical, physical or infectious hazards in industry follows 
ce rtain fundamental medical and engineering prin
,ciples which are modified in accord with the partic
ula r propl·rties of the agent. The control of the 
hazard from ionizing radiation is no exception. For 
several years, various agencies in New York S tate 
ha\·e worked with radiation control and while no 
-definiti\·e program has been established, progress 
has been made:: in defin ing the special technical and 
administrntin.· factors . The pur pose of this paper 
is t\\'o-fold: ( I ) to <leYelop the basis for the deci
sions \\'hich are currently being taken and (2) to 
describe the aclministrative problems . Because of 
New York State's size, its industrial development 
.and its well organized hea lth and safety agencies, 
most of the factors which have arisen can be con
-sidered representat i,·e of other jurisdictions. 

The following principles have guided us in formu
lating our administrative controls: 

CONTROL MUST BE FLEXIBLE 

The use of radiation is growing and its boundaries 
nave as yet not been clefined. Preventive methods 
must be elastic and allow for expansion both in 
number and in type of all kinds of encapsulated or 

'loose radioactive materials and radiation equipment 
and machines. To date, the p rincipal uses and haz
ards a re still in the m edical and allied professions 
( physicians, dentists, veterinarians, etc. ) but the 
-inclustrial applications arc extremely widespread and 
expanding. Illustrative of this growth are the number 
and type of radiation sources in New York State 
where there are more than 1500 industrial estab-
1ishments with a potential radiat ion hazard. 

T here are about 750 shoe fluoroscopes, some 125 
industrial radiographic installations and a t least 25 
X-ray di/Traction units. W e have on r ecord 400 
Tadium-bearing static eliminators installed in various 
-plants. The polonium-type static eliminato r is also 
w idely used , but the number manufactured and dis-
1ributed is not available to us. T he number of plants 
using cobalt-60 or sealed radium for radiography is 
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unknown, but a 1i1inimu111 estimate \\'Ould be 125. I n 
many installations, the original sources are being 
replaced by those of larger size. i\Iiscellaneous ioniz
ing emissions from high voltage instruments such 
as electron microscopes ancl accelerators total at 
least 15. There are two radium-processing plants in 
the state and 20 more arc associated with clial paint
ing but no definite figures can be established as to 
the intermediate and ult imate users of these radium 
clials. The hazard from the use of isotopes in industry 
such as beta-ray thickness gauges or as tracers in 
processing, research, etc., are estimated in the sev
eral hundreds. There are still apparatuses which may 
produce stray radiation but these have not yet been 
adequately defined, such as theatre or projection T V 
tubes. T his ~numeration excludes tbe potential haz
ard from power reactors and the associated opera
tions o f such installat ions. 

Such variations in energy sources, sizes, and es
tablishments demands code rules which are flexible 
and responsive to change. The concept of flexibi lity 
is best expressed by placing the emphasis on "per
fom1ance" rather than on "specification" in the codes 
controlling the radiation hazard. Since radiation is 
easily detected and measured if the potential sources 
are known, specific control techniques need not be 
itemized as they can be individually tailored and 
applied. It is recognized that a " performance" code 
is more difficult to enforce, but the chief aim at this 
time is education, not enforcement. 

A LL IONIZING RADIATION IS POTENTIALLY HARMFUL 

vVhile certain maximum allowable standards are 
needecl, no amount o f radiation should be permitted 
if methods are available to eliminate it. The stand
ards as determined by the National Committee on 
Radiation P rotection and other scient ific bodies suf
fi ce as bench marks for engineering control. Gen
erally, the most restrictive criteria should be used 
provided it is possible to achieve them from an en-· 
gineering and economic standpoint. This p rinciple 
seems extreme if taken literally, as everybody can
not be fully protected. We cannot create an abso
lutely safe environment any more than we can a 
biologically sterile one. Radiation, however , is pe
culiar in that there is a cumulative effect. Chronic 
radiation is no different than acute radiation except 
that the end point is delayed. There is increasing 
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evidence that each ray produces some damage and 
that while the effect may not be immediately de
tectable or perhaps even meaningful in an average 
lifetime, the cumulative effect contributes to a num
ber of adverse biological changes. Blood disturbances, 
carcinogenesis, cataract formation, genetic effects and 
degenerative changes associated with aging are some 
of the known sequalae. 

Maximum permissible levels should not be con
sidered final or r igid and provision for the accumu
lation of data to allow for re-evaluation must be 
included in any control program. Proper records 
and provisions for periodic review are essential. The 
accumulation of lifetime data on exposed individuals 
will be meaningful only if all possible radioactive 
sources of exposure are recorded. The daily bom
bardment of cosmic rays is uniform at various sea 
levels and the trace amounts from radioactive ma
terials in air, food and water can be approximated. 
The amount of fall-out is apparently very small but 
has to be taken into account. The greatest variation 
at this time, however, occurs from individual ex
posure to diagnostic and therapeutic X-ray and 
radioactive material willfully applied to the human 
being. The amount of damage produced in this way 
cannot be assessed accurately but the high incidence 
of leukemia and skin lesions in radiologists are evi
dence of its occurrence. 

Industrial injury from ionizing radiation also does 
not permit accurate evaluation. This is more sub
stantial than is apparent from a review of the number 
of workmen's compensation cases due to ionizing 
radiation during the years 1945 to 1952. In New 
York State during this period there were only 6 
closed cases of accidental injury or disease due to 
radiation but it is reasonable to assume that more 
injuries occurred in this period which were not re
ported. Because of administrative regulations, this 
low incidence of industrial occurrence does not re
flect the hazard, the effectiveness of control methods 
or the number of people involved in the use of 
ioni zing radiation. The tragedies of the radium dial 
painters of the 1920's must not be repeated to con
vince us of the danger of the unrestricted use of 
these materials. 

RADIATION DAMAGE IS PREVENTABLE 

One of the brightest chapters in the history of 
preventive medicine is the prevention of damage 
from stray ionizing radiation. This has been mag
nificently demonstrated in the government installa
tions concerned with atomic energy where workers 
have been and are far safer than in the average 
radiologist's office. Radiation is easily detected and 
measured by appropriate instruments and suitable 
techniques such as distance and shielding with lead, 
concrete, water and other materials are available to 
control any hazard. 

The problem is primai-ily one of finding the po
tential hazard ; that i~, of knowing where radiation 

is being used. Man himself cannot be relied upon 
to act as an indicator of radiation. Its presence is 
insensible and the clinical effects too slow and too 
vague in the preventable stages to be recognized. It 
is, therefore, imperative that each regulating agency 
be appraised of its use. If it is reported, appropriate 
measurements may be taken and control techniques 
enforced. There is more instrumentation and tech
nical knowledge available for the control of ionizing 
emissions than for any other physical, chemical or 
infectious agent. 

RADIATION CONTROL IS A FUNCTION OF 
INDUSTRIAL HYGIENE 

\Vith the development of atomic energy, a new 
profession, health physics, appeared. This was 
natural in the atomic installations where intimate 
understanding of radiation physics was necessary so 
that potential biologic effects could be evaluated and 
protective methods devised. It is logical that the chief 
safety officer, then and now, in such an establish
ment would be an indiYidual trained primarily in 
radiatioi1 physics. The problem is quite different 
in industry where there is widespread use of rela
ti,·ely small amounts of radiation. In a shoe store, in 
a printing plant or a foundry, the problem of radia: 
tion is a minute one compared to the over-all health 
and safety hazards which exist and there is no need 
for a specialist such as a health physicist. 

Industrial hygiene, the professional field con
cerned with the control of our industrial health haz
ards, considers radiation as another type of hazard. 
In some ways it is easier to handle than others, since 
instrumentation and engineering methods are so 
highly advanced. Industrial hygienists moreover are 
experienced in the attitudes, organization, opera
tional problems, finances and goals of industry and 
haYe in the past successfully enlarged their scope of 
interest to include all hazards as they appeared. In 
some industries, industrial hygienists have special 
qualifications; for example, a chemical engineering 
background is most useful in the petroleum industry 
and in large atomic energy plants , the safety director 
may be trained primarily in health physics. \Vide
spread utilization of this \\'Onderful new tool of 
modern technology will be delayed until many people 
become familiar with its presence. At this time there 
is need for people \\'hO are moderately acquainted 
with radiation, but able to recognize its potentialities 
for harm and understanding enough t_o call upon the 
health physicist when a problem arises which is be
yond their technical capacity. 

EXISTING GOVERNMENT AGENCIES ARE CAPABLE OF 
CONTROLLING RADIATION 

Health physicists and other· radiation specialists 
suggest that a separate department be established in 
each state to coyer all aspects of radiation safety 
in industry, hospitals, air and water supply, power 
reactors, etc. This is contrary to our present set-up 
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· where control of various hazards is allocated to 
the different state agencies depending upon their 
jurisdiction, staff and function. 

There is no sound reason for considering ionizing 
radiation as particularly different. A separate agency 
would create duplication, confusion and loss of time. 
It is the common complaint of industry that there 
is an endless parade of governmental inspectors rep
r esentiitg different and even the same state agency, 
each interested in a minute aspect of their work. 
Dealing with each agency is expensive, time con
suming and tedious. Safety inspectors looking for 
only radiation hazards would add to this burden 
without increasing efficiency. A commission of ex
-perts in an advisory or consultative capacity may 
serve a useful function but the prime responsibility 
should be given to the functioning state agencies. 
Peace-time progress can be achieved only as the 
,general public becomes familiar with radiation. This 
maxim also applies to the various branches of the 
state government which have to learn about radia
tion and incorporate its handling into their present 
functions. A specialized training program for in
spection personnel in the regulatory agencies will 
<lispel many of the misconceptions concerning radi
ation hazards. Furthermore, they offer a realistic 
means for effective control methods. 

The administrative problems encountered by the 
various state agencies concerned with radiation safety 
a re currently being evaluated and discussed. There 
is expectation that there will be more ex tensive use 
of atomic energy as a result of technological advances 
and the stimulus provided by the US Atomic Energy 
Act of 1954. Safety regulations must be adopted by 
the states to achieve the high standards set by the 
Federal atomic establishments. Radiation safety is 
expensive and if it is not subsidized by government, 
we can expect industrial managements to use all 
9evices that save money. Rules, therefore, must be 
promulgated so that the ignorant or unscrupulous 
<lo not benefit at the expense of the public and the 
worker. Education should be the main approach, but 
some regulatory discipline is also necessary. 

In New York State, the major burden for radia
tion safety falls upon the Health and Labor De
partments and both have taken steps toward the 
adoption of safety regulations. Regulation l G of 
Chapter 16 of the New York State Sanitary Code 
concerns itself entirely with rad iation. This code 
was scheduled to go into effect July 1, 1955 but its 
effective date has been indefinitely postponed. Public 
hearings have been held on radiation code rule 
No. 38 of the Board of Standards and Appeals of 
the New York State Labor Department and mo<l
ific.:ations are currently being made. No date has as 
yet been set for further hearings but it is expected 
that the code will be adopted some time during 1955. 

It is worth pointing out that there is a basic dif
fe rence in the approach between the two Depart
ments. The .Labor Department is more of a regula-

tory agency than the Health Department. In this 
instance, however, the Labor Department recognizes 
that in the case of radiation, education is more im
portant than specific control measures. Its code also 
stresses "performance'.', i.e., the attainment of es
tablished criteria rather than rigid design techniques 
fo r each individual radiation source or for each 
industrial use. There is no basic difference between 
the two codes, except for the definition of jurisdic
tion currently being negotiated. Decisions affecting 
these matters will depend upon legal interpretation 
as well as on the ability of each Department to car ry 
out the work in terms of time, staff, equipment and 
geography. 

Jurisdiction and responsibility of each department 
are legally established. The Labor Department is 
responsible for all harmful exposures to factory 
workers. All environmental radiological problems 
and all willful exposure of humans to radiation are 
the prime concern of the H ealth Department. There 
are, however, a number of "gray" areas in which 
both departments have a common interest which are 
worth describing: 

I. Veterinarian Clinics 

Veterinarian clinics may be considered allied to 
the meclical profession but the workers and tech
nicians are employees and should be afforded pro
tection under the Labor Law. The extent of this 
protection has not been clarified in occupations of 
this kind. The Labor Department is not concerned 
with the self-employed professional such as the 
veterinarians themselves. 

II. Educational Institutions 

Educational institutions hire "mechanics", working 
men" and "laborers" who are defined as covered 
employees by the Labor Law. On the other hand, 
educational institutions ordinarily do not come under 
the "places" covered by this law. In an engineering 
institution, the nature of the problems are such that 
the experiences of the Labor Department could be 
more effectively applied than those of the Health 
Department. The converse may be true in an in
stitution which carries out medical studies. 

Ill. Research Laboratories 

Research laboratories are either private, commer
cial or at tached to a large industry. Jurisdiction by 
either Department would have to be evaluated on 
the basis of the type of work and the ownership. 

IV. Transportation 

Employees engaged in the transportation industry · 
are normally not covered by the health and safety 
provisions of either the Labor Law or Public Health 
Law and both departments might have a legitimate 
interest in various phases of this activity. J urisdic
tion might well belong to the Division of Safety of 
the executive branch or the Interstate Commerce 
Commission if the carr ier operates in more than 
one state. 

---- ---------
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V. Shoe Stores 

Shoe stores are mercantile establishments with 
employees, bttt the radiation hazard is primarily to 
the public. Hence, both departments have a legiti
mate interest in this operation and both have coop
erated· in a state-wide survey and control program 
which is currently being completed. 

VI. Waste Disposal 

Pollution of air and water by radioactive wastes 
is a responsibility of the Health Department. The 
most effective means of control is at the source and 
it would seem logical that the Labor Department 
could carry out this function best. The Health De
partment has responsibility for non-radioactive air 
pollutants but the Labor Department has lent its 
technical support to the establishment of controls in 
th is important area. 

VII. Power Reactors 

The issue of jurisdiction over nuclear reactors 
\\'hich produce electrical energy is some\\'hat am
biguous. Ordinarily, the Public Service Commission 
is in charge of all service matters relating to the 
production of power. Discussions about this phase 
of power reactors are still in the preliminary stages. 

These indeterminate areas illustrate the problems 
of field service and final determination of responsi
bility may well be based upon the personnel and 
equipment available. Both the Health and Labor 
Departments have health physicists on their staffs 
who can act as experts and consultants to the field 
force. Health Departments are administered by local 
units whereas the Labor Department has a corps of 
inspectors operating under central direction. Al
though the training and education of many of the 
Labor Department inspectors are not considered 
adequate for more than the most routine kind of 
technical problems, under competent direction they 
can serve for case finding, routine inspections and 
compliance. The Health Department has a number 
of trained sanitary engineers in local units but these 
are few in number and not sufficient for total cover
age. All these people in both departments are capable 
of contributing to the effective administration of 
radiation controls. \Vhich approach will prove to be 
the most effective still remains to be determined in 
the future. 

It is anticipated that there will be no serious con
flict with any regulations of the Atomic Energy 
Commission which may be adopted in the future, 
provided the states carry out their responsibility for 
health and safety. New York State, through its 
Health and Labor Departments, is doing so by 
adopting specific codes for radiation control. A code 
rule is only as good as it is enforceable and many 
details of the present Labor Department's code are 
still being examined for their workability. The areas 
which need the greatest arrlount of consideration be
cause of divergent v~ewpoints or lack of experience 
are: 

I. Registration 

Knowing where radiation is being used is con
sidered the greatest single instrument toward effec-· 
tive control ; hence, registration of those employing 
radiation is absolutely essential. Registration must be· 
distinguished from licensing in that it entails only 
informing the regulating agency of the use of radia
tion sources or equipment or of significant changes 
in amount or process. Data on the number of people· 
exposed, the approximate degree of hazard by stat
ing the type and energy of radioactive material, 
should be sufficient initially. 

II. Standards 

A maximum permissible limit must be set. This
exposure limit in past years has been consistently 
revised downward on the advice of the radiation 
experts. Adoption of any criteria by a state agency 
must have scientific Yalidation and it has been sug
gested that the standards of a committee of experts
such as the National Committee on Radiation Pro
tection be made mandatory. No state agency, how
ever, willingly relinquishes its autonomous status. 
and therefore, qualified staff experts in each agency 
are necessary. Advisory Committees may be ap
pointed or a group such as the National Committee 
for Radiation Protection may be designated as the 
advisory body. 

The need for competent and qualified experts in 
each regulatory agency goes beyond the setting of 
standards. The agency. must be in a position to 
verify and weigh the opinions of qualifie,I experts
who appear before it. It must determine the in
strumentation used and must classify the hazard 
from each of the radioactive sources. Thi.; .-:lassifica
tion of source, according to degree of hazards. gov
erns the number and type of p reventive measures 
and follow-up visits. This is an important function 
for which the agency must accept responsibility~ 

Ill. Records 

:rviany types of records are needed for administra
tive purposes. Registration forms, reports of en
vironmental conditions, medical records on indi
viduals, etc., are some of the records which provide 
the administrative tools for control and regulation. 
The handling of these records requires hot]~ intelli
gence and experience. Radiation control is a living 
and hence a changing problem, and revision will be 
necessary as experience and time dictate. 

IV. Education 

The worker must be informed where radiation is 
used, particularly where distance is one of the con
trol factors. Management is reluctant to inform 
workers of the potential hazards of their job, par
ticularly when under ordinary ·conditions control 
methods are efficient and no hazard exists. Un
justified complaints and perhaps even claims for 
damages are occasionally made by workers in such 
circumstances. Nevertheless, it is extremely im-
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portant that all be in formed by proper means; 
labels, signals, etc., where radiation is present. Since 
radiation can be measured and controlled, no damage 
to humans is anticipated and unjustified complaints 
can be denied through scientific evidence. 

There are many other administ rative details which 
have not been satisfactori ly defined. Experience, 
however, will be the only teacher and in a year fol
lowing the adoption of a code, definitive answers 
sho11ld he availahle for many of these questions. 

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



Regulations Applicable to the Use of Radioisotopes in France 

By L. Bugnard* and J. Vergne, t France 

From the moment of the discovery of the artificial 
radioactive isotopes by F. and I. Joliot-Curie, and 
following the work of Hevesy and Urey, the use of 
these nuclides for research work began in France. 
It developed a great deal, beginning in 1947, when 
it became possible to obtain, at reasonable prices, 
and practically without any limitations as to quantity 
and quality, certain radioisotopes produced in the 
United States, in Great Britain, or by the C.E.A., 
either in nuclear reactors or with large particle 
accelerators. 

Progress, in this field, was conditioned by : 
1. The steady increase in the number of com

petent workers capable of making proper use of the 
new potentialities in research laboratories, hospitals, 
and industry. Theoretical courses were developed, 
in the relevant Departments of the Universities, and 
this was helped, from this year on, by the creation 
of a third cycle of Higher Education . Specialized 
practical courses, given twice a year , have been 
organized since 1950, for the training of radioactivity 
technicians, through the Commissariat a J'Energie 
Atomique, the Centre National de la Recherche 
Scientifique, and the Institut National d 'Hygiene. 

2. National control or the distribution and uses 
of radioisotopes. 

Along with the development of scientific and 
technical progress, the use of radioisotopes became 
ever more widespread, and laws and various regu
lations came into being one by one, to lay down the 
rules applicable to the import, export, transfer, trans
port and utilization of the radioisotopes. 

A. PREPARATION, IMPORT, EXPORT, POSSESSION, 
SALE, DISTRIBUTION AND USE O F THE 

ARTIFICIAL RADIOELEMENTS 

As early as 1934 ( decree of 12-5-1934 and regu
lations of 12-26-1934, Official Gazette of 1-1-1935) 
the dangers offered by the radioactive substances, 
as well as the precautions to be taken in order to 
avoid them, were brought to the knowledge of the 
personnel working in all the installations where 
these substances are being prepared and used. The 
regulations underscored the precautions to be taken 
according to the various circumstances encountered 
in practical use, in order to establish protection 

Original language : French. 
* Director of the Insti.tut National d'Hygiene. 
t Head of the Legal Department of the C.E.A. 
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against the noxious effects of radioactive products; 
they also proYided for measures of protection and 
organization, as well as for medical checkups on the 
personnel. H oweYer, it was only when the manu
facture of artificial radioelements in large amounts 
and at reduced prices became significant, that the 
regulations could become more specific. 

On September 13, 1947 (Official Gazette 10-4-
47) a Committee presided OYer by the Minister of 
Public Health and Population was set up, to make 
a study of the therapeutic and biological applications 
of the radioisotopes. 

In addition, due to the dangers which they may 
ofTer in the fie lds of human and veterinary medicine, 
the artificial radioelements and the preparations of 
all kinds made rndioacti\·e by the incorporation of 
radioelements, or by any and all other methods were 
added to the list of poisonoi1s substances, for which 
legal provisions are set up in the decree of No
\'Ctnber 19, 1948. 

Parallel to this, a decree of July 30, 1949 set . up 
an intenninisterial commission for the import of 
artificial radioelements from abroad. In order to 
check on the reality of the guarantees required by 
the Government of the exporting state, to ensure t~e 
best possible utilization of the artificial radioele
ments, to permit the control of their use, and to 
ensure publication of the resul ts obtained ,Yith ttiem, 
a ll applications for the allocation or purchase of 
artificial radioelements were made subject, by this 
decree, to the approval, either of the M inister of 
Public Health, if they were destined for research 
in the field of human biology or therapeutic applica
tions, or of the Minister of National Education, if 
they were meant for research falli ng within the fields 
of physics, chemistry, animal or vegetal biology. 
Each Minister worked with the help of a specialized 
committee, the members of which had been desig
nated by a decision of December 6, 1949. The com
position of the committee assigned to the Minister 
of National Education was modified by a decision 
of June 28, 1952. 

Representatives of the Commissariat a l'Energie 
Atomique sat on these two committees, presided . 
over, respectively, by Mr. Aujaleu ( Public Health) 
and Mr. Dupouy (National Education). 

However, provisions which were more explicit 
still were later spelled out by the law of July 19, 
1952 ( embodied in the Pharmaceutical Code by the 
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decree of August 25, 1952, then in the Public Health 
Code by the decree of October 5, 1953, chapter 2, 
t itle 3, book 5, articles 631 et al.). 

This law, as well as the decree of May 3, 1954, 
which defined the conditions of its application, con
stitutes, at the present time, the main basis of the 
regulations applicable to the artificial radioelements 
in Fratice. These texts, which repeal the decree of 
J uly 30, 1949, set up regulations applicable to the 
preparation, import, export, utilization, sale, pos
session and distribution of a rtificial radioelements. 
They also set up an interministerial committee in 
charge of submitting opinions on the matters relating 
to these radioelements. 

This Committee consists of: a representative of 
each one of the six ministries interested; a repre
sentative of the Institute National d 'Hygiene; a 
representative of the Centre National de la Re
cherche Scientifique ; and two representatives of 
the Commissariat a l'Energie Atomique. 

This Committee is presided over by Mr. de Lavit, 
Conseiller d'Etat; the vice president is Mr. Gold
schmidt, C.E.A. Director of Foreign Affairs, and a 
Department head of the C.E.A., 1'fr. Fisher, who 
has been appointed its permanent secret::iry, as a 
nonvoting member. 

The Interministerial Commission, at its plenary 
sessions, formulates its opinions or proposals per
taining to all questions of a general order having 
to do with the preparation or application of regu
lations applicable to the artificial radioelements, and 
particularly : the preparation, import and processing 
o( artificial radioelements, in any and all forms; the 
general conditions applicable to the calibration, pos
session, transportation, sale, distribution of, and 
trade in, these products ; the general conditions 
of utilization of the artificial radioelements, and the 
measures of protection against the effects of their 

·radiation; the general rules according to which 
advertisements can be done, it being specified that 
any and all publicity bearing on the use of artificial 
radioelements or products which contain them in 
human or veterinary medicine is prohibited, except 
as m e::int for physicians, veterinarians or pharmacists, 
with due regard for the provisions in force. 

This Committee is made up of two sections which 
must give an opinion on the preparation, import, 
export, transfer and conditions of utilization specifi
cally applicable to the artificial radioclements ; the 
first section reviews the applications bearing on 
human biology or therapeutic applications, the second 
those bearing on the other applications. 

Accordingly, the preparation, import and export 
by any physical person or legal entity other than 
the C.E.A., and the transfer by anybody of artificial 
radioelements or products which contain them, for 
applications in human biology or therapeutics, are 
subject to the previous authorization of the Minister 
of Public H ealth and Population, after hearing the 
first section. 

For all applications other than those described 
above, the preparation, import, and export of the 
artificial radioelements or products which contain 
them by any physical person or legal entity other 
than the C.E.A. are subject to the authorization of 
the Minister of National Education when the instal
lation which prepares or uses them is placed under 
his jttrisdiction; in all other cases, this authorization 
is given by the Prime Minister. 

The decisions pertaining to authorizations are 
taken after hearing the second section of the com
mission. 

The C.E.A. may transfer, for purposes other than 
those bearing on human biology or on therapeutic 
applications, the artificial radioelements which it 
holds, following a favorable opinion by the second 
section of the Committee. 

Transfer by all other holders will be authorized 
by the Prime Minister or by the National Educa
tion l\finister, as the case may be, following an 
opinion of the second section of the Committee. 

In each and every case, whether the artificial 
radioelements are destined for human biology and 
for therapeutic applications or not, the specific con
ditions under which they must be used have to 
confonn with the general regulations pertaining to 
artificial radioelements; but, in the case of inad
equacies or insufficiency in those regulations, these 
conditions of utili,:ation are set at the time of each 
individual authorization by the authority having 
jurisdiction to authorize the transfer, after hearing 
the first or the second section of the Committee, 
according to the case. 

In order to make the procedure simpler in the 
numerous cases in which there is no particular dif
ficulty, the Interministerial Committee and its sec
tions may delegate their authority to two of their 
members, who will jointly examine the ordinary 
requests. 

The authorizations are personal, but the holders 
may be allowed to transfer the products which they 
hold to other users. Penal sanctions are provided 
(fines and imprisonment) for all the infractions 
bearing on the preparation, import, export and 
utilization of the artificial radioelements. In addi
tion, the beneficiaries of individual authorizations 
a re subject to permanent control bearing on the 
processing, keeping and transporting of the artificial 
radioelements, as well as on the supervision of their 
use and verification of current inventories. 

Finally, the adding of artificial radioelements, or 
products containing them, to foodstuffs, articles of 
hygiene and the so-called beauty products, is pro
hibited. 

8. TRANSPORTATION OF ARTIFICIAL 
RADIOELEMENTS 

The regulations applicable to the transportation 
of artificial radioelements are in constant develop
ment, and various projects are under way in order 

-------------
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to harmonize the present provisions with interna
tional recommendations. 

A t the present time, we must dist inguish between: 

I. The Provisions Hoving to Do with Transportation 

. a. Railroad and Rood Transportation, 
River Transportation 

The radioactive substances belong to group 41-420 
of the fourth category of tox ic materials, which arc 
among the dangerous and fou l materials. Transpor
tation of such materials is regulated by decisions 
taken by the :i\[inister of Public \\'orks, Transport 
and To11rism, after hearing the Committee on Trans
portation of Dangerous and Foul Materials, created 
by the decree of February 27, 1941. 

A deci~ion of April 15, 1945 approved the r egu
lation a pplicahle to transportation of the dangerous 
and foul materials by railroad, road and river. This 
text was later modified hy a certain number of deci
sions which appeared in the official gazette. 

The packages rontaining radioactive substances 
must include leacl shielding and a double wall for 
the purpose of creating an insu lated area around 
the dangerous radiation zone. 

The container for the radium or radioactive prod
uct shall be kept in lead shielding, the thickness of 
which shall be no less than : 10 millimeters when 
there a re no more than 100 milligrams o f radium 
-or a quantity of another radioelement of equivalent 
activity ; 20 millimeters when there are het ween 
100 and 300 milligrams of radium; 30 millimeters, 
when there are between 300 milligrams and 1 gm of 
radium; and 50 millimeters when there is over 1 gm 
and up to 3 gm of radium. 

This lead shielding must be placed inside a double 
walled wooden case, so built that the two walls arc 
assembled. Both must he of sufficient thickness for 
the unit to be perfectly resistan t, the thickness of 
the wnlls cannot be under 10 millimeters, and the 
space between them is to be filled with some suitable 
111aterinl ( sawdust, excelsior), the thickness of this 
filling being at least: 10 centimeters when there are 
no more than 100 milligrams of radium; 20 centi
meters when there are from 100 to 300 milligrams 
·of radium ; 25 centimeters when there are 300 milli
grams to l gm of radium; and 35 centimeters when 
there is more than 1 gm of radium.t 

The parcels which contain 3 gm of radium, or 
more of a quantity of another radioelement having 
a n acti vity equivalent to that o f 3 gm of radium, 
are acceptable only if the shipping manifest is ac
~ompanicd with :m authorization delivered by the 
Minister after hearing the opinion of the Committee 
on the Transportation of Dangerous and Foul Ma
terials. T his a uthorization is to specify the packaging 
requi rem en ts. 

:j: In tlic case of cubic shaped parcels, the above rules mean 
outside dimensions of at least: 26 cm for less than 100 milli
grams; 48 cm between 100 and 300 milligrams ; 60 cm be
tween ~00 milligrams ,uitl I gm ; :md 84 cm for more than 
l gn-

L. BUGNARD and J. VERGNE 

The parcels which contain artificial radioelements 
must carry, in very plain sight, some red labels with 
a death's head on a white background, with the in
scription: "Radioactive material, do not stand near 
this parcel" . 

b_ Transportation by the Post Office Administration 

According to decree No. 2337 of August 27, 1943 
and the current regulations, t he maximum quantity 
of radioactive materials which can be shipped, with 
a statement of its value, is 100 milligran-is of radium 
or 100 millicuries of another rac.lioelement. 

The source must be housed in a lead shield having 
a min imum thickness of 2 cm, placed at the center 
of a cubic parcel having sides 30 cm long. A white 
label on a blue background showing "radioactive 
materials" must be affixed to the case. 

c. Airplane Transportation 

There are no special regulations for tra nsportation 
by airplane, but the international rules ( essentially 

Table I 

Dura.ti.on 
Ailmnets ca1u1d by X.roys, natural or artificial radi1>act i116 of 

.swbstanc~s, or any othrr cor(' w.scl, uniltt'rs Coml'e •U4• 

Sl"rious )lrogres-si\'C anemia of the hypoplastic or 
apla-stic type 

Siisht pro,:: ressi\·e ancmb of the hypoplastic or 
apla~tic type 

Leukopenia attended by neutropenia 
Leukoscs or leukemoid condition~ 
H emorrhagic syndrome 
Blepharitis or conjuncti\·itis· 
Kera ti tis 
Cataract 
:\eutc or chronic lesions of the skin a11d mucosae 
Radionecrosis of t he bone 
Bone sarcoma 
Broncho-pulmonary cancer due 10 inhalation 

Work wMch may cause t i,~ ailmmt.r 

tton 

3 years 

1 year 

1 year 
3 ye:1r s 
1 year 
7 days 
I year 
5 years 

10 years 
5 years 

15 years 
JO years 

All work ex posing the subject to the action of X-rays, 
natural or artificial radioactive substances, or to any 
other corpuscle emitters, in particular: 

Extraction and processing of radioactive materials 

Processing of radioactive substances 

Preparation of radioactive chemical~ and pharma
ceuticals 

Preparation and application of radium-bearing lumi
nescent products 

Research or measurements on radioactive substances 
and X-rays in the laborator ies-manufacture of equip
ment for radium therapy and X -ray equipment 

\Vork which exposes the worker s to radiation in the 
hospitals, clin:cs, disr,ensaries, medical offices, dental 
ancl radiological clinics, private hospitals :md anti 
cancer centers. \York in all the industries or busi
nesses which use X-rays, rndioactive subst ances, and/ 
or substances or devices which emit the radiations 
listed above 
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those of the Interstate Commerce Commission) are 
customarily followed. 

1. The maximum quantity transported is 2000 
millicuries of radium, or its equivalent of another 
radioelement. 

2. The intensity of the doses of gamma rays at 
one meter of the parcel must not exceed 10 milli
roentgens per hour, or a neutron Aux having an 
equivalent biological effect. 

3. Intensity of the radiation must be less than 
200 milliroentgens per hour at the surface of the 
parcel. 

4. The inside package is a metal container, lead 
sealed ; for liquid substances, a water and gas tight 
container made of thick glass must be used and a 
material that can absorb everything in the event 
of a leak must be placed inside the shielding. 

5. The stiff and resistant outer parcel must be 
at least four inches along its smallest dimension. 

6. A label "Radioactive material" must be show
ing on the box. 

II. Special Rules Applicable to the Customs Duties and 
Administrative Formalities for the Import of 

Artificial Radioelements 

1. The National Center of Scientific Research 
obtained, in March 1949, of the General Direction 
of the Customs and Excise Taxes, permission to 
withdraw shipments of scientific equipment and 

chemical products, provisionally without any im
port license, provided this document be produced 
within two months of taking it out of the customs. 
This method also was valid for the isotopes. 

2. By a decision of the Minister of Finance and 
Economical Affairs, taken on May 23, 1951, the 
import customs duties were waived for natural and 
artificial radioelements appearing under numlJers 
360A and 360 B of the customs schedules. 

3. In addition, in a notice to the importers of 
products originating in and coming from countries 
which are members of the European Economic Co
operation Organization, dated January 7, 1955, all 
quantitative restrictions were waived for the import 
of the products designated in a table appended to 
the present paper, in which the artificial radioele
ments under 360 B, the origin of which is from 
the countries of the 0.E.C. or their overseas terri
tories. 

Ill. Occupational Diseases 

Since the issuance of the decree of December 31, 
1946, modified on December 9, 1950, the affections 
brought about by X-rays, naturally radioactive sub
stances or artificially radioactive substances, or any 
other corpuscle emitters, are classified among occu
pational diseases. 

Table I srnns up the present regulat1ons. 

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



Insurance for Reactors 

By C. R. Williams,* USA 

Since the announcement of the self-sustaining 
nuclear chain reaction at the University of Chicago, 
December 2, 1942, it has been obvious that a source 
of tremendous amounts of energy had been made 
available to mankind. Developments in the field of 
useful, beneficial applications of this kind of energy 
have been carried on under government control in 
several countries. 

There are, however, many potential hazards to 
both people and property in this program. They in
clude not only normal industrial accident and occu
pational disease exposures, but added problems re
lated to radioactivity. Indemnification for injury or 
death of those employed in the operations; for dam
age to equipment and property directly involved; 
for injury or death to persons not connected with 
the projects and for damage to property outside 
the operations are problems whether the nuclear 
energy program is operated by governments or by 
private corporations. 

In the case of government operations, such in
demnification, whether for damaged plant faci lities 
or injury of employees or the public, can be made 
from available public funds. Private industry, on the 
other hand, must either be prepared to pay such 
losses from its owh resources or to purchase in
surance protection. 

In the United States, the Atomic Energy Act of 
1946 created the Atomic Energy Commission and 
vested in this Commission full responsibility for all 
developments in the nuclear energy field . By its 
control over fissionable material, the Commission 
exercised control over all nuclear developments in 
the United States. Private industry's participation 
in this program was only through contracts with 
the Atomic Energy Commission. 

During this period, the Federal Government as
sumed responsibility for all liability for injury or 
damage resulting from any operations within the 
scope of the program. 

Under this arrangement an excellent safety rec
ord has been compiled, particularly in the reactor 
program. It has been the result of giving safety high 
priority in both design and operation of reactors. 

The Atomic Energy Act of 1954 has opened to 
American private enterprise the opportunity to ob
tain fuels for nuclear reactors to be used for re-

* Liberty Mutual Insurance Company, Boston, Massachu-
Htt~ •~ 

search, testing or power product ion, under a lease 
arrangement. This program is to be carried on un
der certain Government controls exercised through 
licensing. At the same time full responsibility for all 
liability for damage resulting from reactor opera
tions must be assumed by private industry. This is 
made eminently clear in Chapter 6, Section 53 of 
the Atomic Energy Act of 1954: "(8) The licensee 
will hold the United States and the Commission 
harmless from any damages resulting from the use 
or possession of special nuclear materials by the 
licensee." 

This clause has led industry to examine its po
tential liabilities and to assess the kinds of insurance 
protection which would be needed. Since reactor fail
ure might, under certain circumstances, cause severe 
losses, particularly in areas surrounding the reactor 
plant, many industrial groups interested in partici
pating in the reactor program have felt that their 
potential liability may in some cases exceed their 
resources. Thus, when such liabilities are removed 
from governments and assumed by private industry, 
a new problem-that of financial protection-arises. 

As a result of this, segments of American industry 
began to explore the possibilities of obtaining from 
insurance companies the financial protection against 
liability, which it considered necessary. 

T his search revealed a reticence on the part of in
surance carriers to become involved in risks of such 
magnitude. This reticence was based on the fact that 
the liability limits requested were much higher than 
the industry had ever before been asked to provide ; 
that legal limitations imposed on insurance carriers 
relative to liability limits on a single risk precluded 
certain coverages for such high limits ; that the in~ 
surance industry had little knowledge of what it was 
being asked to cover; that the entire private reac
tor program was, in fact, experimental; that no as
surance had been provided as to the development of 
standards of construction and operation of reactors; 
that no specific approval and inspection program had 
been set up. Considerable progress is being made to 
overcome many of these objections. 

While tlie insurance industry appreciates indus
try's reluctance to risk its entire corporate resources . 
on a single project it is no more anxious to risk its 
very existence on a single experimental industrial 
venture. All concerned realize and accept the possi
bility, however remote, that extensive losses could 
be caused by failure of the reactor unit of a nuclear 
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power plant, for example. The degree of hazard is 
related to reactor type, design and construction; the 
location of the reactor in relation to people and 
property ; and the caliber and attitude of both man
agement and operating personnel. 

During normal operation of a reactor there are 
few problems that seriously bother informed insur
ance underwriters. The impasse is reached in con
sidering' a major reactor failure and its effects not 
only on the reactor and operating personnel but also 
on areas surrounding the plant. Such an accident 
may impose on the management of the company 
operating the plant a liability of extensive propor
tions. The serious problems arise from possible 
large and unpredictable losses under the general 
heading of public liability. A serious accident could 
involve injury and death to people living and work
ing in the area around the reactor operation as well 
as contamination of structures in the vicinity. In
dustry appears to feel that such losses could be ex
tremely large. Insurance against this type of loss is 
provided under policies which specify limits of lia
bility which the insurer is willing to accept. These 
limits are related to many factors, but in any event 
are, at the present time, considerably less than those 
which industry appears to want. 

THE REACTOR 

There have been many reactors operated during 
the past few years by several different cowitries. 
They have compiled excellent safety records. There 
has been only one reported reactor failure and the 
principal damage in this case was to the installation 
itself. The entire cost of this accident was borne by 
the government operating the reactor. Under private 
operation, it would have been the responsibility of 
the operating company. 

During the first few years of the period when 
many groups are involved in reactor development, 
th~ possibility of accidents will be greatest. This is 
because much of the development will be experi
mental and there are many unknowns in several 
phases of the reactor field. As knowledge and ex
perience are gained, the risk will decrease. 

Under private operation, then, many factors must 
be considered in evaluating the possibility of loss 
and potential cost of indemnification for damage. 
These criteria must be applied to each reactor unit 
separately. They include: use to which the reactor is 
to be put; reactor type and design; location; amount 
of containment; quality of supervision and operating 
personnel ; safety program and inspection. 

Reactor Use 

At this stage of the program, privately built re
actors in the United States will probably be used 
for either research, testing of materials or produc
tion of power. The degree of risk will depend in 
part upon the use to be made of a given reactor. 

Most research reactors contemplated at the pres
ent time are to be built by univers ities and other 

research organizations for the joint purposes of un
dertaking nuclear research and training personnel in 
reactor design and operation. Such reactors will 
probably be relatively small. Because of the nature 
of their use they will, of course, be designed for 
extreme flexibility. In addition, they will be used 
by large numbers of people, many of whom will 
have had no previous reactor experience. The safety 
of such reactors will depend more upon the quality 
and integrity of supervision than it will on design. 
Therefore it is imperative that reactors of this type 
should either be located far away from populated 
areas or they should be completely contained. 

It is fairly obvious that remote location is a deter
rent to effective use of the equipment. In a univer
sity, for example, it is essential that the installation 
be located in a place which is reasonably convenient 
for students' use. It thus becomes obvious that for a 
reactor of this type, effective containment is necessary. 

In addition to ·universities it is also contemplated 
that some hospitals will be interested in having small 
reactors located on their premises for medical re
search and, possibly, therapy. As in the case of 
university research reactors, supervision of opera
tion of these units must be of the highest quality. 
In addition, because of their location, a medical unit 
should also be designed for complete containment. 

Because of the small size of research reactors, the 
amount of damage and contamination resulting from 
a reactor failure would be limited. The nature of 
the operations and the relatively large numbers of 
people who might be working with them, however, 
increases the possibility of incidents occurring. Thus 
from an insurance standpoint reactors of this type 
will probably be scrutinized with great care. 

It is entirely probable that under the program of 
reactor development by private industry in the 
United States, some companies will be interested in 
the production and operation of materials testing 
reactors to assist industry in its reactor development 
program. There is at the present time no available in
formation on private reactors of this type. If they 
should be proposed, they will have to be examined 
individually in the light of the various factors which 
will be discussed below. 

By far the greatest amount of interest today has 
been in the development of nuclear reactors for 
power purposes. Several designs have been proposed 
and several companies or groups of companies wi1l 
design and build such plants. In spite of the fact 
that these are to be full-scale reactors operated for 
the purpose of producing power, the entire program 
can be considered as being experimental in nature. · 
This is because many different kinds of reactors are 
to be built and operated with a view to determining 
the kinds of reactors which are most practical and 
most economical for power production. 

Such reactors will be considerably less flexible 
than research reactors and will probably be operated 
at more uniform power levels. In addition. the super
vision and staff will be more stable and will be limited 
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in number. These factors will decrease the possi
bility of accidents. The severity of any incident 
which might occur could be much greater than in 
the case of research reactors. 

Reactor Type 

Since the development o f nuclear reactors is in 
its infancy, there have been many experimental types 
designed. There are unquestionably many other ap
proaches which have not yet been explored. One of 
the purposes of private participation in the United 
States reactor program is to bring the viewpoint 
and ingenuity of industry into the program. 

The objectives in reactor design are to increase 
efficiency and decrease cost (both initial and operat
ing) . By far the best protection against injury or 
damage is an inherently safe design. None of the 
types of reactors being proposed by industrial groups 
today can be said to be inherently safe. Some are 
safer than others and there is no question but that 
reactor design witl be an important factor in elim
inating the possibility of reactor failure. In cases 
where industry is requesting insurance, design will 
be an important consideration in determining whether 
a particular reactor is insurable. 

Reactor location 

In addition to considering the reactor, it is im
portant to know in detail the potential exposure in 
terms of people and structures. The total indemni
fication cost will be related to the reactor location in 
terms of population, adjacent industry and the value 
of surrounding property. 

One means of reducing losses through death, in
jury, physical damage or radioactive contamination 
i_s by the use of so-called exclusion areas. Obviously, 
if a reactor is placed in an isolated location, the 
possibility of catastrophe is reduced to a minimum. 
During the early phases of reactor development, 
large exclusion areas were utilized. \1/ith the devel
opment of nuclear power and building of reactors 
for teaching, research and medical applications, the 
usefulness of the installations will depend on their 
being located close to population centers. As has 
been stated, this means that greater reliance must be 
placed on design, containment and personnel. 

Containment 

By containment is meant the enclosure of either 
the reactor core or the reactor and working area 
in a vessel or building capable of withstanding any 
possible pressure or missiles which may be prodnced 
as a result of a reactor fai lure. The purpose of such 
containment is to prevent the escape of radioactive 
contamination to surrounding areas. If the enclosure 
is the building housing the entire reactor unit, pro
vision must be made for rapid evacuation of operat
ing personnel from the building. 

Quality of Supervision and Operating Personnel 

T he safety of a nuclear reactor depends to a large 
degree on the skill ·~nd experience of both super-

visors and operators. As in the case of industrial 
accidents today, human failure will probably play a 
significant role in any reactor accidents which may 
occur in the future. Thus a combination of intelligent 
supervision and well-trained operators will be a po
tent means of accident prevention. This must, of 
course, be combined with a safety conscious man
agement and an efficient safety organization. Con
stant vigilance will be even more important in the 
future than it has been in the past. 

Inspection 

During the first few years when private indus
trial research groups become involved in nuclear re
actor design, construction and operation, it is essen
tial that activities of such groups as the Advisory 
Committee on Reactor Safety and a safety inspec
tion group be continued. It is particularly important 
that details of design be scrutinized carefully to 
assure that maximum safety is being built into any 
reactor. Furthermore, careful evaluation must be · 
made of the proposed locations of these devices. This 
must be correlated with design and any plans for 
containment. It is also necessary during this early 
period of transition that inspection be made from 
time to time by competent people to assure continu
ous safe operation of any reactor. 

Since the consequences of a reactor failure involv
ing the dissemination of radioactive materials are so 
serious, the reactor operators must never be per
mitted to forget their responsibility not only to their 
fellow employees but also to the general public to 
prevent any incidents which may endanger either. 

PROBLEMS OF INDEMNIFICATION 

There are many kinds of indemnification problems 
which can result from the operation of reactors. 
These may range from minor incidents involving 
damage to the reactor itself to major accidents 
which could involve dissemination of radioactive ma
terials over wide areas around the plant. There are 
questions related to injury of employees directly 
concerned with reactor operations; damage to the 
facility itself; the effects of fire in any of the 
equipment; damages resulting from shut-down and 
a consequent failure to deliver power; and manv 
compounded problems related to the responsibilitie's 
of part manufacturers if the failure of any particular 
component can be said to be responsible for any 
reactor accident. In addition to this there is the 
problem of indemnification of pers~ns working in 
adjacent industrial plants but not employed by the 
owner of the reactor and also payment of loss to 
the individuals living in areas around the reactor 
operations· \\'ho suffer either injury or damage to 
their property. 

The problems of indemnification are present re
gardless of whether a reactor, is owned and operated 
by a governmental agency or by private corporations. 
There is only a difference in methods of handling 
payments for such losses. As has been stated pre-
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viously, in the case of government operations any 
payments £or such losses will come from public 
funds. Private industry, particularly in the United 
States, is desirous of having complete insurance cov
erage to protect itself against all financial loss which 
can be related in any way to reactor operations. 

Injury to Employees 

Injury to employees working on reactors or con
tingent equipment is paid for in the United States 
under a system known as Workmen's Compensation. 
The basic concept of compensation for injury while 
at work is almost universal. I t varies only in mecha
nism of administration. 

As far as reactor operations are concerned it seems 
to be the general consensus of opinion that Work
men's Compensation insurance imposes no problems 
that cannot be solved. It is possible to estimate maxi
mum potential loss in that a specific number of em
ployees will generally be involved. Limits of liabil
ity are established by law in the United States and 
many other countries. 

Charges for this kind of insurance coverage are 
usually related to the amount of payroll and are 
based on accident experience. Since there is no ex
perience from private operation of nuclear reactors 
it will be necessary to establish rates on the basis 
of experience within the Atomic Energy Commis
sion together with an estimate of the added risk of 
widely expa'nded operations among a relatively in
experienced group. 

In the nonnal operation of a reactor there are 
few hazards which cannot be evaluated with some 
accuracy. It should be possible to establish a reason
able base insurance charge for the reactor operation 
related to its basic use. This might mean one rate for 
power plants, another for materials testing reactors 
and a third for research reactors. In addition, there 
will probably be an added cost related to potential 

· radiation exposures during normal operation. Con
sideration will also be given in rating to a possible 
catastrophe in the event of reactor failure. 

Damage to fac ilities 

A second important area of indemnification is re
lated to any damage which can occur to the reactor 
unit and its ancillary equipment , the building in 
which it is housed and associated structures. Such 
damage could occur as a result of fire, equipment 
failure or of breakdown of reactor components. As in 
the case of injury to employees there is no serious 
problem about limits of liability. T he exact value 
of all of this equipment and buildings will be known 
and their cost of replacement will be subject to 
accurate estimates. This, then, will determine the 
amount of insurance protection which would be re
quired to cover damage or loss of any or all of the 
reactor facilities. 

The question of rates will be related to reactor 
design, to materials and construction of the rea.ctor 
unit, types of constmction of the buildings involved 

as well as fire protection facilities. The cost of · in
surance ,of this type will, of necessity, be higher 
than normal rates for damage to equipment and 
facilities because of the added possibility of radio
active contamination. This is because the cost of 
decontamination can be extremely high. 

In jury or Damage to the Public 

The most serious problem and one which is going 
to be most difficult to solve is that related to in
demnification f?r injury or damage which may be 
done outside the reactor facility. If one assumes the 
worst possible kiod of an accident it is conceivable 
that under proper conditions large amounts of ra
dioactive material could be spread over a wide area 
outside the reactor. Radiation levels could reach 
intensities sufficient to produce injury and death to 
the exposed people and could produce serious con
tamination of the surrounding structures. It is fairly 
obvious, then, that in a congested region, the cost 
of such damage could be extremely high. It is diffi
cult to predict, in the light of our present knowl
edge, exactly how high this cost would be. This is 
why industries in the United States desire to have 
limits of liability insurance of this nature high 
enough to protect their entire corporate resources. 

From the standpoint of the private insurer there 
are definite limitations on the amount of risk which 
can be assumed on any individual enterprise. Even 
by pooling a world-wide insurance capacity it may 
not be possible at this time to provide general lia
bility insurance protection in the amounts now be
ing asked by industry. It is possible only to make 
an educated guess as to how much liability protec
tion is actually necessary. It now appears as though 
the insurance industry is reaching the point of being 
willing to provide all ' types of insurance for most 
private reactor operation within the range of limits 
now available for industrial operations of all types. 
Beyond this, other arrangements will be necessary. 

Business Interruptions 
In the case of a reactor for the production of 

power another possible contingency is that of a lia
bility for failure to produce power which is essen
tial for other operations. In other words, if a re
actor breakdown resulted in a loss of power produc
tion which caused customers utilizing such power 
to shut ,down their operations, they might be en
titled to some type of indemnification fo r their Joss 
of business. In the case of a major accident with 
attendant lorig-term shut-down such losses could 
also be ex tremely high, particularly if several in
dustrial customers were involved. · 

This kind of situation, however, should not de
velop to very serious proportions during the next 
few years since most projected power plants will 
merely supply power to a grid system and their 
shut-down consequently would not result in a com
plete power loss for any particular area. In any areas 
where a nuclear power plant is the sole source of 
power this could be a djfficult problem. 

----- --------
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Other Problems 

A matter of major concern to the insurance in
dustry is related to the fact that under certain cir
cumstances the indemnification of losses could be 
compounded. This could result from an incident in 
which, for example, a component part of a reactor 
is found to be the cause of the accident and the 
reactor plant itself is damaged; that employees in 
a neighboring industrial plant are injured; that con
siderable property in the area is contaminated by 
radioactive materials. In such a situation it can be 
pointed out that the operator of the reactor is pri
marily responsible for its failure and, therefore, 
the injury to the public; damage to the reactor itself 
and damage to surrounding property are all his 
responsibility. The employees of the adjacent in
dustrial plant, however, are covered by law usually 
under insurance policies carried by their employer. 
The case could be further complicated if the com
pany operating the reactor claims that the manufac
turer of a defective part was in fact responsible fo r 
the entire incident. The possibilities of long and 
costly litigation in this case are almost unlimited. 
The costs would have to be added to the total costs 
of the actual damage itself. 

There are some segments of the insurance industry 
which believe that it would be desirable to find 
methods of providing financial protection on more 
or less a package basis in order to avoid the kind 
of situation described above. 

A POSSIBLE PROGRAM 

It seems reasonably obvious from this discussion 
that because of the unusual nature of the reactor pro
gram, some means of providing indemnification in 
the event of damage resulting from a serious reactor 
incident must be found. As has already been pointed 
out in the case of governmental operation in such 
installations the money, if any, simply comes from 
public funds . In the case of private industry some 
other method must be found to accomplish this 
purpose. In view of the lack of valid information 
upon which to base sound judgment it would seem 
reasonable to suggest the possibility of a joint effort 
involving the insurance industry and the Federal 
Government providing all necessary financial pro-

tection to private operators of nuclear reactors. Un
der such a program the insurance industry through 
pooling or a similar device would provide all cov
erages necessary to the maximum capacity of the 
industry. During the first few years when these 
projects are experimental and industry is gaining 
experience in design and operntion of nuclear re
actors protection above the capacity limit of the in
surance industry could be provided by the Federal 
Government as excess coverage. This would mean 
that with the exception of an extreme catastrophe 
the indemnification of loss in all private nuclear en
ergy operations would be handled by insurance car
riers on a routine basis. At the end of a five-year 
period of private operation the problem should be 
re-examined. Sufficient data should be available by 
that time to permit an intelligent evaluation of the 
insurance protection actually required with such op
erations and of the ability of insurance carriers to 
meet this requirement. 

During the period of early development industry 
must play its part in doing everything possible to 
prevent loss. This can be done through design and 
construction giving safety high priority. Losses can 
be kept down by use of maximum practical exclu
sion areas and containment. Further protection can 
be obtained by the employment of adequate health 
and safety staffs and by compliance with all stand
ards which may be promulgated. Cooperation with 
all inspection agencies will also help in reducing 
the possibility of accidents. By wholeheartedly sup
porting all accident prevention programs industrial 
management can help considerably, not only in re
ducing the possibility of reactor catastrophe but in 
reassuring the insurance industry. 

Insurance companies will provide an added in
c~nt}ve to ~afe design an? operation of reactors by 
nskmg their money. If insurance companies work 
as a group, they should be able to exercise a 
powerful influence for safety. It is greatly in the in
terest of everyone concerned that every reasonable 
safeguard be used to prevent a serious accident. 

One of the important contributions of an insur
ance program is that insurers will have an active 
interest in controlling all hazards. They will also be 
able to assist in developing safety and safe practices 
through their technical staffs. 



Workmen's Compensation Aspects 
of t~e Peaceful Uses of Atomic Energy 

By Bruce A. Greene,* USA 

The growing use of atomic energy for peaceful 
purposes has intensified the need for adequate pro
visions in workmen's compe11sation laws to afford 
the workers full protection in the event of an in
jury due to exposure to the hazards created by 
atomic energy. Many of the problems which arc 
anticipated under the workmen's compensation laws 
in the field of atomic energy are similar to those 
which already exist in other industries such as 
chemical manufacturing. However, the lack of any 
adequate experience to date with aton'tic energy cases 
makes it difficult to determine whether the same 
standards recommended for occupational diseases 
in other industries will apply to industries utiliz
ing atomic energy. The purpose of this paper, there
fore, is to raise some basic questions regarding work
men's compensation problems which it is antici
pated may arise in the field of atomic energy and 
to suggest the answers, wherever possible. 

FULL COVERAGE OF OCCUPATIONAL DISEASES 
SHOULD BE RECOMMENDED TO PROTECT 

SUCH WORKERS 

In general, two methods of providing coverage fo r 
occupational diseases are followed· under the work
men's compensation laws in this country. One 

·method is called the schedule type of coverage wherc
bJ ouly those diseases listed under the schedule in 
the law are covered. The other is the full coverage 
type of provision under which all diseases are cov
ered, usually by making the definition of the term 
"injury" broad enough to include any known dis
eases and any further unknown diseases resulting 
from employment conditions. The definition recom
mended by the United States Department of Labor 
for this purpose reads as follows : 

"Injury means mental or physical harm to an em
ployee arising out of employment, including such 
disease or infection as arises out of such employ
ment." 

More than half of the laws in this country now 
provide full coverage. This includes those States 
where the schedule type of coverage method was fol
lowed originally but full coverage has been obtained 
subsequently by adding to the list of diseases cov
ered a provision such as "any and all occupational 
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diseases" or "all · other occupational diseases." Pro
tection to workers who are injured on the job due 
to a radiation hazard is afforded also· by a number 
of the States with schedule coverage which spe
cifically include di~eases due to, exposure to radio-. 
active substances and materials. 

The experience in the United States indicates that, 
in order to give the worker adequate protection, full 
coverage of occupational diseases should be pro
vided either through the definition of the term "in
jury" or by adding a catch-all provision to the 
schedule of diseases. A specific list, no matter how 
complete when compiled, can never keep pace with 
the new diseases that emerge, because of the lag 
between recognition of the disease and requisite legis
lative action. 

UNLIMITED MEDICAL AID SHOULD BE GRANTED TO 
THE WORKER WITHOUT REGARD TO THE PERIOD OF 

TIME REQUIRED OR COST INVOLVED 

One of the most important provisions of work
men's compensation laws relates to the extent to 
which the worker is entitled to medical and hospital 
care in event of an injury while on the job. Most 
of the workmen's compensation laws in the United 
States provide for unlimited medical aid: Examples 
have been cited where the medical cost has been 
over $100,000 in a single case which the employer or 
his insurance carrier have paid. In some of the 
States, the unlimjted medical benefits are granted 
specifically by statute. In other States, the statutes 
may prescribe medical aid subject to a certain maxi
mum cost or period of time but give the workmen's 
compensation agency authority to extend the benefits 
for such time or amount as it may consider necessary. 
It is assumed that in such States injured workers 
would generally receive the benefit of full protec
tion against the cost of medical care. 

About one-third of our laws still limit the cost of 
medical aid or the period of time in which it may be' 
given or include both types of limitations. In such 
States, however, it is not uncommon for the em
ployer or insurance carrier to provide medical care 
over and beyond the legal requirements. Most em
ployers recognize that the best medical care reduces 
costs by lessening the period during which such care 
is needed, and in many cases, lessening the degree of 
permanent disability suffered by the worker. 

------------- ---
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The International Labor Organization, the United 
States Department of Labor, and the International 
Association of Industrial Accident Boards and Com
missions, composed of representatives of the various 
State and Canadian Provincial workmen's compen
sation agencies, have always -favored unlimited med
ical benefits as the desirable standard for workmen's 
compensation laws. Radiation diseases are usually 
slow in developing and may extend over long periods 
resulting in a heavy medical cost. Laws should be 
designed to give full medical protection to the worker 
who suffers such an injury. 

WHAT TYPE OF PROVISION REGARDING SELECTION 
OF DOCTOR AND SUPERVISION OF MEDICAL CARE 
UNDER WORKMEN'S COMPENSATION LAW SHOULD 
BE ADOPTED TO ASSURE THAT SPECIALISTS IN RADI
ATION DISEASES WILL BE AVAILABLE TO TREAT 

WORKERS SUFFERING W ITH SUCH DISEASES? 

The medical-aid provisions of workmen's compen
sation laws involve the problem of the method in 
selecting the physician or surgeon to attend the in
jured worker. Various methods are provided for 
under the laws. A survey of the provisions for se
lection of attending physicians made by the statistical 
committee of the IAIABC in 1949 showed that, in 
most states, the law provides for the choice to be 
made directly by the employer or insurance carrier. 
In a few states, the selection is made by the worker 
from a panel made up by the employer or carrier. 
In about one-fourth of the states, the worker has 
some form of "free choice" but only a few of these 
authorize unlimited "free choice." In actual prac
tice, it is quite common for employers or insurance 
carriers to forego their legal rights and to allow 
the worker his choice of a physician. 

The key to the provision for selection of the doctor 
is the extent to which supervision over medical care 
is exercised by the workmen's compensation agency. 
In supervising medical care, compensation officials 
state that one of the main points to control is that 
the injured worker is treated by a physician, sur
geon, or specialist whose competence to treat the 
type of injury sustained has been determined by 
recognized medical organizations. Inexpert medical 
care often proves expensive and may have a very 
harmful effect on the rehabilitation of the injured. 

Since relatively few doctors are experienced with 
and qualified to handle radiation diseases, it is 
important that the worker who is suffering from 
such disease has the opportunity to consult a spe
cialist, whenever this is possible. 

Regardless of the method of selection of doctor be
ing followed, it is extremely important that the 
·workmen's compensation agency be given the neces
sary authority and medical staff to supervise and 
control the quality of the medical treatment being 
given to the injured worker. This should include 
the authority to request a change in the doctor, 
hospital, or other m":dical facility whenever in the 
judgment of the agency such change is desirable. 

SHOULD THE SAME TYPE OF MEDICAL EVIDENCE BE 
REQUIRED TO PROVE THE ORIGIN OF THE DISEASE 
IN RADIATION CASES AS IN OTHER DISEASES OR 
SHOULD SPECIAL PROVISION BE MADE FOR SUCH 

EVIDENCE? 

One of the most difficult problems in many work
men's compensation cases involving occupational dis
ease is the difficulty of proving causal relationship 
between disability and employment. This may be 
particularly true in radiation diseases since so little 
is known about these diseases and how much ex
posure is required to cause an injury. To facilitate 
presentation of evidence by an injured worker in 
such cases some method or special provision should 
be designed for workmen's compensation laws. The 
workmen's compensation law might include, for ex• 
ample, a specific presumption provision stating that 
for the enforcement of a claim under the workmen's 
compensation law, it shall be presumed, in the ab
sence of substantial evidence to the contrary, that 
disability or death which is found attributable to 
the effects of radiation, either directly or by aggrava
tion of underlying pathology, arise out of and in the 
course of employment where radioactive substances 
were use<l. Other possible methods should be studied 
to meet this problem. 

SHOULD THE USUAL TIME LIMITS FOR FILING CLAIMS 
IN WORKMEN'S COMPENSATION CASES BE AMENDED 
TO MEET THE SPECIAL PROBLEMS WHERE SUCH DIS
EASE MAY BE SLOW IN DEVELOPING AND DISABILITY 
MAY NOT OCCUR UNTIL 5, 10, OR MORE YEARS 

AFTER LAST EXPOSURE? 

Time limitations for filing claims in workmen's 
compensation Jaws based on date of injury or date of 
last exposure may deny a worker with a radiatioh 
disease his right to compensation. Where a disease 
is slow .in developing, such time limitations may 
expire before the injured worker suffers a disability 
or before he knows that he is suffering from such 
disease. 

One method of meeting this problem is to pro
Yide that the time limitation shall not begin to run 
until the employee knows or ought to have known 
the nature of his disabilitv and its relation to his 
employment. Further study should be given to this 
whole problem of the extent to which time limita
tions should be relaxed in radiation cases including 
the possibility of a time limitation provision which 
would not begin to run until the injured employee 
suffered a loss of wage-earning capacity. 

WHAT METHOD OF INSURANCE IS CONSIDERED BEST, 
GOVERNMENT OR PRIVATE, IN VIEW OF THE UNCER
TAINTY OF THE HAZARDS INVOLVED AND THE LARGE 
SCALE DESTRUCTION WHICH MIGHT RESULT FROM 

ONE ACCIDENT? 

At the present time, workers employed in plants 
producing atomic energy in the United States are 
protected by the State workmen's compensation law 
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of the State where the plant is located. Under an 
arrangement between the Federal government and 
the private contractor who operates the plant, the 
private contractor is reimbursed by the Federal 
government for the full cost of workmen's compen
sation protection. The usual type of workmen's com
pensation insurance system has not been followeo, 
therefore, in such plants as a means of protecting 
the eni"ployer against any claims which may arise 
due to radiation diseases. 

\Vith the extension of the use of atomic energy 
for peaceful uses, and particularly the installation of 
atomic reactors, a study is needed to determine 
whether private insurance carriers, state funds, or 
self-insurers will be willing and able to handle ra
diation hazards or whether some other system such 
as a special government reinsurance fund, or other 
type of fund can be designed to meet this prob
lem. The employer should have available to him at 
reasonable rates some method of insuring himself 
against the uncertainty of the radiation hazards and 
the large scale destruction which might result from 
one accident. 

One of the most difficult insurance problems which 
will require careful study and may im·olve special 
insurance arrangements is in regard to radiation in
juries which may occur to employees as a result of 
their employment in a plant located in the vicinity 
of a plant utilizing atomic energy. The application 
of third party liability procedures under workmen's 
compensation laws in such cases will require study 
as to the extent to which a special government in
surance plan or other system may be needed to cover 
s11ch contingencies. 

SHOULD ANY SPECIAL·· METHODS OR TECHNIQUES 
FOR ADMINISTRATION OF CASES INVOLVING ATOMIC 
ENERGY DISEASES BE RECOMMENDED, SUCH AS 

SPECIAL BOARDS? 

T he \Visconsin compensation authorities, who 
have had the longest experience in this country with 
the operation of full co,•erage for occupational dis
ease, state that the settlement of occupational disease 
claims is no more difficult than adjudication of acci
dental injury cases and that no special administra
tive machinery is needed. Nevertheless, in some 
states the administration of the occupational disease 
provisions has been handicapped by the establish
ment of elaborate procedures and arrangements, such 
as medical boards, · for settling occupational disease 
claims. The primary purpose of such machinery was 
to safeguard against any abuses of the coverage of 
occupational diseases. 

Whether radiation diseases would require any spe
cial administrative methods or techniques is a ques
tion which should be studied. A Subcommittee on 
Industrial Relations of the American College of Sur
geons did recommend in 1954 that "panels of im
partial medically qualified experts should be estab
lished within the compensation systems" to assist 
the compensation agencies in the performance of their 

duties. The decision of these medical panels would 
be advisory only and the final decision would be 
made by the head of the workmen's compensation 
agency. A panel, for example, on radiation diseases 
might be very useful in determining the relation
ship of the disease and employment in contested 
cases. I t might also be of great assistance to the 
medical director of the workmen's compensation 
agency in supervising the adequacy of medical care 
and the need for medical rehabilitation of workers 
injured due to exposure to radiation hazards. 

THE AMOUNT OF.S:OMPENSATION BENEFITS SHOULD 
BE THE SAME FOR RADIATION DISEASES AS FOR 

OTHER INDUSTRIAL INJURIES 

Under the worl...,nen's compensation laws in the 
United States, the benefits for disability in case of 
occupational diseases are usually the same as for 
accidental injuries except with respect to s ilicosis, 
asbestosis, or other dust diseases. Because of the fear 
of a heavy compensation cost for dust diseases, some 
state workmen's compensation laws have placed spe
cial limitations on the benefits payable in such cases. 
However, the trend in recent years has been to re
move such limitations and to treat all occupational 
diseases in the same manner as other injuries. The 
experience of a number of States has indicated that 
there is no valid reason why compensation fo r occu
pational diseases should be different than for other 
industrial injuries. 

SHOULD SECOND-INJURY FUND PROVISIONS BE 
EXPANDED TO COVER WORKERS WHO ARE SUF
FERING FROM RADIATION DISEASES TO FACILITATE 

THEIR RE-EMPLOYMENT? 

\Vorkers who are suffering from radiation dis
eases but who may not be totally disabled may find 
difficulty in obtaining a job. Employers. may hesi
tate to employ such disabled workers for fear of 
being liable for a heavy workmen's compensation 
cost if they should suffer further injury. To meet 
such problems, second-injury fu nds have been estab
lished under most of our state workmen's compen
sation laws so that when a second-injury occurs the 
employer has to pay only for the last injury, the re
mainder of the award being paid from the fund. 
The disabled worker receives full benefits for the 
disability resulting from the combined injuries. 

Most of our second-injury fund provisions are 
limited at the present time to the loss of an arm, 
leg, eye, or other member of the body. Considera
tion should be given to broadening the coverage of, 
such funds to include any type of permanent dis
ability. This type of provision would facilitate the 
employment of workers disabled because of radiation 
disease and would help to prevent pressure on such 
workers to waive their right to compensation in the 
event of a second injury . Such waivers are now 
restricted or prohibited in most jurisdictions. 

T he method of financing the second-injury fund 
differs in the various state laws. The funds are 

------------ ---
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usually supported by an assessment against an em
ployer or his insurance carrier in "no dependency" 
death cases. In some states the funds are supported 
by an assessment based on total premiums collected 
or total compensation payments. In a few states an 
appropriation by the State legislature is made to the 
fund. 

HOW SHOULD THE LIABILITY BE APPORTIONED IN 
CASES WHERE THE DISABLED WORKER WAS EXPOSED 
IN A NUMBER OF PLANTS TO THE HAZARDS CREATING 

HIS DISABILITY? 

Two principal methods of determining liability in 
occupational disease cases are followed by the states 
where a disease, such as silicosis, may have been 
contracted through employment by more than one 
employer. In some states, the liability may be ap
portioned among all the· employers involved. In other 
states, the liability may be charged entirely against 
the last employer who permitted the worker to be 
exposed to the hazard. 

The apportionment of liability among a number 
of employers creates difficult administrative prob
lems. The problems of how much should be ap
portioned to each employer, what to do in case of 
uninsured employers who may have moved out of 
the state or gone out of business, and how to obtain 
the necessary evidence to show causal relationship 
where the exposure occurred many years ago are 
among those to be solved where this method of 
handling occupational disease cases is followed. On 

the other hand, the charging of compensation only 
against the last employer may be unfair where the 
injured worker was employed for a relatively short 
time in comparison to the period employed by other 
employers. Consideration should be given to use of 
second-injury funds in such cases to reduce the cost 
assessed against the last employer. 

Radiation diseases are 'among the slowly develop
ing occupational diseases. The exposure in such 
cases may occur, therefore, in more than one em
ployment and the problem of apportioning liability 
should be included in any study to be made of the 
workmen's compensation aspects of such diseases. 

WHAT METHODS SHOULD BE USED TO GO FORWARD 
WITH INTERNATIONAL DISCUSSION OF 

THESE PROBLEMS? 

The questions raised in this paper point up some 
of the problems which we anticipate will come un
der the workmen's compensation laws in the field 
of atomic energy. In order to provide the answers 
to these questions, an exchange and pooling of ideas 
and experience between the various countries on the 
administration and application of workmen's com
pensation laws would be desirable. For this purpose, 
the ILO is the logical agency to make the necessary 
arrangements for such an exchange. It is suggested, 
therefore, that a resolution requesting this service 
on part of ILO be considered by this Conference, as 
a means of promoting future international discus
sion of these highly important problems. 



Industrial Training Aspects 
of t~e Peaceful Uses of Atomic Energy 

By Fred W. Erhard,* USA 

The progress being made in the production and 
application of a variety of radioactive materials has 
provided new research techniques for the sciences 
and new application that will possibly affect many 
areas of activity. With a more adequate and more 
versatile supply of radioactive material, uses will be 
expanded in its known applications, where the past 
limitation has been the expense or scarcity of ma
terial or equipment. In addition, the many new ap
plications being developed that will affect, di rectly 
or indirectly, every phase of the economy indicates 
that there will be a growing demand for training. 

New developments depend upon the existing 
knowledge and skill available in the application and 
use of the ava ilable equipment and the experimental 
designs of new equipment which often involves new 
applications of materials and, in some instances, the 
development of new materials. The development of 
new applications and methods in many instances is 
limited by the availability of personnel ,vith the 
knowledge and skill r equired for the safe handling 
of the material and its application. 

One of the limitations in expanding the use of 
atomic energy will be the availability of skilled per
sonnel in research a nd in application of new devel
opments. This makes it necessary to consider the 
training needed with adequate provisions for identify
ing and executing the training to expand existing 
applications and to develop and operate new facilities. 

The research and development of r adioactive ma
terials and their applications have created a team ef 
scientists, engineers, and practitioners in the fields 
of agriculture, medicine, and industry. These teams, 
in their specific fields, a re providing the talent needed 
to bridge the gap between scientific discoveries and 
practical application. The scientists are, in many in
stances, selected because of their specialized knowl
edge in agriculture, medicine, or an industrial spe
cialty. The engineer, operator, and craftsmen are 
required to have a broad training in their field with 
a high degree of competency. In a~dition, tra ining 
is provided in those areas of the \vork which are 
peculiar to the production and use of radioactive 
materials. 

The training that is offered at this time is, with 
few exceptions, organized to provide the additional 

* US Department of Labor, Bureau of Apprenticeship. 
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knowledge and experience for personnel who have 
completed training in one of the sciences or as a n 
engineer. In addition, other training has been con
ducted that provides the information needed and 
develops t he skills that will be used in varied as
signments in the production of fissionable materials 
and the installation and maintenance of equipment. 
Skilled personnel in the operation of chemical plants, 
skilled construction and maintenance craftsmen are 
selected because of their versatility and competency 
in a related industry or in a specific cra ft. 

A cadre of skilled operators from chemical plants 
was selected to start one operation. While this g roup 
was familiar with most of the equipment that was 
to be used, they had to learn a new process and 
new application of the available equipment, as well 
as new equipment which had to be developed. In 
providing this training, it was necessary to estab
lish exacting standards of performance and safety 
and health practices that are essential for their own 
protection, as well as their fellow workers . I t is 
estimated that ninety per cent of the jobs are coun
terparts of those found in private industry. Ten per 
cent of the jobs represent those areas of activity, in 
a plant producing fissionable material, that are pe
culiar to the operation. These jobs are in the special 
hazardous depart ment, which is r esponsible for pro
tective devices, th ickness of shields and placement 
of shields to control radiation, also laboratory tech
nicians who check all incoming materials and those 
shipped, and production operators preparing isotopes 
for shipment. Another activity known as H ealth 
Physics works with medical and biological scien
tists in the determination of the amount of radiation 
which is safe to subject personnel. T hey also c.x
amine all localities to determine the radiation level 
and check some jobs to determine the dosage the 
individual has been subjected to . A Health and 
Medical program is staffed by industrial and medical • 
doctors and nurses and is responsible for conducting 
physical examinations at regular intervals and med
ical services for the work force. 

TRAINING ACTIVITIES 

The orig inal training conducted when atomic 
plants were being constructed consisted of the train
ing needed by selected personnel experienced in re
lated industries or with basic scientific backgrounds 

- ---- - ------ - -----
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that would prepare them for the varied assignments 
and duties involved in an activity still in develop
mental stages. Experience with the operation will 
more clearly define the duties and identify responsi
bilities which will develop as a result of increased 
knowledge and improved methods. There is, as would 
be expected, every indication that the training plans 
will be more comprehensive and will, in the future, 
provide all of the training needed to acquire compe
tency in each area of assignment. The training was 
organized to provide skilled personnel to serve as a 
cadre for starting new activities in research and 
development, as well as in new industrial applica
tions. This training is organized so it also supple
ments the basic training that is considered prepara
tory for the development of scientists and engineers 
and the operating and maintenance jobs. 

A ll of the training has followed a similar pattern. 
It provides the theoretical and related knowledge, 
which is then followed by practical experience or 
laboratory practice conducted or observed under ac
tual operating conditions. In some areas of employ
ment, it has been found to be an advantage to pro
vide all of the preparatory training in an operating 
tmit in connection with employment. In other areas 
of activity, as the research and development projects, 
the development of scientists and engineers is ac
complished by providing training beyond the. aca
demic degrees provided by the universities. This 
portion of the training is so organized in connection 
with the colleges and universities that it can be used 
in meeting the requirements of advanced degrees. 

ADVANCED STUDIES 

The Atomic Energy Commission has contracts 
with companies who operate its plants. To provide 
the advanced training needed, these contractors have 
been paired with one or more universities or col
leges which provides a cooperative arrangement for 
keeping training up-to-date with advancing tech
nology. In addition, the Atomic Energy Commission 
has provided fellowships for advanced studies. 

T he Atomic Energy Commission Industrial Hy
giene Fellowship is to provide, through the Inst itute 
of Nuclear Studies, training in industrial hygiene
a specialized field closely related to the atomic en
ergy program. Fellows must have a bachelor's de
gree with a major in physics, chemistry or engineer
ing and must be acceptable for graduate work at the 
university to which they are assigned. 

Atomic Energy Commission's Radiological Phys
ics Fellowship (Radiological Physics, often termed 
health physics) deals with the principles of radia
tion protection, the techniques and the underlying 
physics involved in radiation detection, measure
ment, and shielding, particularly as they apply to 
the protection of personnel from dangerous exposure 
to radiation. 

Fellows must have a bachelor's degree in physics, 
chemistry, or engineedng ( usually electrical or chem
ical) with minors in mathematics, biophysics or simi-__ 

Jar fields, and be acceptable for graduate work in 
the university to which they are assigned. Appli
cants with other qualifications may be considered in 
special circumstances. 

Oak Ridge School of Reactor Technology is op
erated for the Atomic Energy Commission by Car
bide and Carbon Chemicals Company. The Oak 
Ridge School of Reactor Technology provides ad
vanced education in reactor theory and technology 
to engineers and scientists who will engage directly 
in reactor research, design and development. 

Students are selected by the committee on ad
missions to Oak Ridge School of Reactor Tech
nology. The committee is composed of three repre
sentatives from the Atomic Energy Commission and 
two from the Oak Ridge National Laboratory. AIi 
applicants must have at least a bachelor's degree in 
chemistry, engineering, metallurgy, physics, or en
gineering physics and outstanding academic records. 

Oak Ridge School of Reactor Training is a ter
minal school. Students considering work toward an 
advanced degree are advised to complete their uni
versity work prior to applying for entrance. Appli
cation for admission to ORSORT implies the intent 
of the applicant to enter directly into reactor-devel-
opment work upon his graduation. . 

Selections are made from two categories of stu
dents, briefly described as follows : 

Category A-Recent graduates with no employ
ment commitments fall in Category A. These stu
dents will join the Oak Ridge National Laboratory 
as full-time student-employees and will be paid . a 
monthly stipend for the duration of the session. At 
the end of the course, Category A students will be 
available for regular employment by the Atomic 
E nergy Commission, its contractors, or other organi~ 
zations actively interested in reactor development. 

Category B-Experienced development or design 
engineers or scientists who are employees of the 
Atomic Energy Commission or its contractors, other 
appropriate government agencies or their contractors, 
or industrial organizations having an active interest 
in the development of reactors and their components 
fall in Category B. Category B students will re
main on the payroll of their home organization dur
ing the session and will return to their sponsors upon 
completion of the course. t 

OTHER AREAS OF ADVANCED TRAINING 

Some of the universities have recognized the ne
cessity of bringing the school to the "plant in order 
to deal more effectively with advanced studies in 
the sciences and engineering related to nuclear re
actions. One example is the Massachusetts Institute 
of Technology Engineering Practice School operated 
in cooperation with the Carbide and Carbon Chem
icals Company for the Atomic E nergy Commission. 
This training provides the equivalent of one semester 

t The preceding five paragraphs taken from 1955-56 Bulle
tin of "The Oak Ridge School of Reactor Technology". 
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of graduate work in connection with an established 
operation. The objective is to provide an education 
by practical application of basic fundamentals lo 
technical problems encountered in industry. The ad
vanced study is in the fields of chemical engineering. 

INSTITUTE OF NUCLEAR STUDIES 

The Oak Ridge Institute of Nuclear Studies is 
spons<Jred by twenty-nine colleges and universities 
in the South and Southwest section of the United 
States. The Institute has a Board of Directors of 
nine members selected from the cooperating tmiver
sities and a resident staff of seven. 

The Institute is a non-profit educational corpora
tion chartered under the laws of the State of Tennes
see to conduct a program of research and training in 
the Nuclear Sciences. The Institute operates under 
a contract with the Atomic Energy Commission 
through which all of its programs are carried out and 
financed. It likewise maintains a number of formal 
agreements with the Commission's industrial and 
other contractors in Oak Ridge, which permits the 
use of research and training facilities in programs of 
interest to the universities. 

PROGRAMS OF THE INSTITUTE; 

Research Participation Program 
"Through this program, university scientists par

ticipate in the Oak Ridge research program for 
periods of three months or longer. In addition to as
sisting with the atomic energy research program, 
they return to their university with new ideas and 
techniques for the research program there and a 
fresh viewpoint for .teaching." 

Radioisotope Training Program 

"Radioisotopes, or so-called 'tracer atoms,' have 
been called the most important research tool to be 
developed since the invention of the microscope. 

· In Oak Ridge-world center of radioisotope train
ing and production-the Institute has trained more 
than 800 scientists from universities, medical schools, 
and industrial research organizations from through
out this country and from many foreign countries 
in the safe and efficient use of this new research 
tool." 

Oak Ridge Graduate Program 

"Selected graduate students from any university 
in the country may carry out their research for the 
doctoral degree in the sciences in the splendid re
search laboratories of Oak Ridge. Limited oppor
tunities also exist for master's degree candidates." 

Cancer Research Program 

"The Institute is conducting a · long-range study 
of the effects of atomic energy materials on cancer, 
utilizing a 30-bed hospital and laboratory unit. This 
is a joint program with the Southern medical schools. 

:j: This section taken froni Bulletin dated November, 1951, 
of "Oak Ridge Institute of Nuclear Studies, Inc." 

Patients are admitted for treatment only through a 
medical school." 

AEC Fellowship Program 

"Several hundred AEC-sponsored predoctoral and 
postdoctoral fellowships in the physical, biological, 
and medical sciences are being administered by the 
Institute for the current academic year. These fel
lowships are intended to encourage the training of 
scientists along lines of interest to the nation's atomic 
energy program. Research under these fellowships 
is carried out in the university of the student's 
choice." 

Radiological Physics Fellowship Program 

"This is another AEC fellowship program for the 
specialized training of personnel to guard against 
the hazards of radiation on the atomic energy project, 
in medical schools, hospitals and other installations 
using radiations or radioactive materials." 

Traveling lecture Program 

"The outstanding scientific staff of Oak Ridge is 
one of the South's major resources. Arrangements 
are made whereby these scientists lecture, conduct 
seminars, and otherwise take part in activities on 
univer5ity campuses." 

Summer Symposia 

"The Institute and the Oak Ridge National Lab
oratory sponsor each summer a two-weeks sympo
sium for university teachers in some field related to 
the atomic energy program. One of the recent sym
posia was in nuclear engineering." 

Resident Graduate Program 

"This is a program conducted by the U niversity 
of Tennessee through a sub-contract with the Insti
tute as a service to Oak Ridge employees of the 
Commission and its contractors. Through this pro
gram, Oak Ridge research workers may continue 
their formal education by attending graduate school 
at night and on Saturdays." 

American Museum of Atomic Energy 

"An impressive array of artifacts, exhibits, and 
other materials concerning the atomic energy pro
gram is accumulating. The American Museum of 
Atomic Energy is the custodian o f many of these 
materials. It is operated by the Institute as a pub
lic service. In addition to the Museum at Oak Ridge, 
the Institute provides traveling exhibits for state 
fairs, scientific meetings, and similar activities." 

OPERATOR AND CRAFT TRAINING 

T he training of process operators and skilled 
craftsmen will have to be considered from the view
point of the production of radioactive material and 
industrial applications of these materials. In dealing 
with both these areas, it will be necessary to deal 
with experiences to date while considering develop
ments and future projections that will create jobs or 
affect existing jobs, thus creating a need for training. 

------------ ---
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TRAINING FOR THE PRODUCTION OF 
RADIOACTIVE MATERIALS 

It is estimated that ninety per cent of the jobs 
in the production of radioactive material have a 
counterpart in other industries. F or this reason, 
it is often the practice, especially for a large com
pany, to select a cadre from other plants of skilled 
operators and craftsmen who have many of the skills 
and experiences needed in the operation of a plant 
producing radioactive materials. Following this care
ful selection, it has been necessary to provide the 
training needed in the operation of a new process 
and the development of new skills and knowledge 
t hat are peculiar to the production of radioactive 
material. The exacting demands of the work to be 
<lone by the crafts requires that training be provided 
to perfect the application of the skills of the trade 
and in the use of new °!aterials and new applications. 
As the activity grows, a cadre of skilled people will 
be selected from operating plants who will be thor
oughly trained in the operation and skills required to 
operate a new activity. With the potential growth 
that is indicated, the present operating plants are 
faced with the responsibility of training operators and 
craftsmen that are prepared to progress to more 
responsible jobs in new undertakings. Operating 
plants recruit from the local labor market and pro
vide the training needed to develop future operators 
and craftsmen. Those selected for training will be 
l1igh school graduates and, in some instances, will 
have had some college training. 

PROCESS OPERATOR TRAINING 

Process operator training is organized in two sec
tions. The first section is conducted away from the 
job. This portion of the training deals with the 
process, equipment and controls used, safety devices 
to protect personnel against radiation, safe work 
habits, and other related information required on 
the job. 

The second phase of the process operator training 
program is organized on a carefully prepared work 
schedule where those in training work under the 
direction of experienced operators. T he work sched
ule usually starts with the identification of equip
ment, piping and controls, and is so designed to 
provide progression in the training to the more ex
acting assignments, as the skill and knowledge of 
the individual is demonstrated. 

TRAINING FOR THE SKILLED CRAFTS 

The construction of the plants, installation of 
equipment, conversions and maintenance is done by 
skilled craftsmen. Some of the crafts employed as 
carpenters and bricklayers do not require any spe
cialized training pertaining to job skills and job 
knowledge other than that required for safety and 
l1ealth in connection with assignments in areas sub
ject to exposure to radioactive material. 

The mechanical cn,fts, as the machinists, pipe
fitters, electricians, and boilermakers, require a broad 

background of experience and versatility in the work 
of the trade. More exacting standards of perform
ance than required by present industrial practice are 
necessary because of new materials, new methods and 
new applications. These factors create a need for 
training for even the most experienced craftsman. 

New plants were manned by experienced crafts
men that were recognized for their skill and knowl
edge of the craft. These craftsmen, with the selected 
group of skilled process operators, provided the ex
perience and knowledge needed when working with 
the scientists and engineers in the conversion of 
scientific discoveries into an operating production 
plant. The approach is no different from that used in 
modern industry e,'Xcept for the intensity of the re
search and development with the accompanying 
changes, improved methods and broadened applica
tions of skills. To meet these requirements of the 
developments, it is necessary to maintain a well
trained, versatile work force. 

In addition to the training conducted for crafts
men, provisions are made for the selection and train
ing, from the local labor market, of candidates who 
meet specific age and educational qualifications to be 
employed as apprentices. 

The apprentice training program is organized for 
!he gradual development of j ob skills through em
ployment which is supplemented with related tech
nical training. The apprentice works on the job 
under the guidance of a skilled worker. His job 
training is organized so he will have training and 
experience in all phases of his trade. The work 
schedule and the work assignments made on the 
job are arranged so as to progress the apprentice 
10 new and more ··exacting work as he demonstrates 
his ability to do the work, thus keeping the ap
preutice in an active learnfog situation throughout 
his apprentice period. 

The job training schedule lists all of the major 
processes of the trade and provides an estimated time 
for the training in each process. \Vork schedules are 
prepared for each apprentice to provide a diversity 
of experience and adequate time to develop the 
skills and trade judgment required of each phase 
of the work. This method for scheduling job skill 
training is usually used, as it provides more flexi
bility in scheduling and rotating apprentices in dif
ferent work activities. The work of the apprentice 
will be arranged so he will be a productive worker 
in an established work activity. 

Training periods for apprentices vary from three 
to five years. Apprenticeship provides the prepara
tory training in skills and trade knowledge required 
for entrance ·into a skilled trade. 

Apprentices in atomic plants are given a period 
of off-job training which prepares them for assign
ments in the plant. It is considered necessary to 
provide this instruction because every employee is 
trained in safety and health practices and given 
background information on the over-all operation. 
Following this pre-assignment training, apprentices 
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arc first assigned to the maintenance shops and are 
not permitted to work in the plant. As the appren
tice progresses in his training in the shops and is 
considered sufficiently advanced, he is assigned to 
selected jobs in the plant to work under the direc
tion of a craftsman. 

The related trade and technical knowledge deals 
with those phases of the training that can best be 
given:through more formal arrangements away from 
the job. Usually this phase of the training is sched
uled for four to six hours a week in two class 
periods during regular working hours. Related train
ing is conducted throughout the period of appren
ticeship. The related instruction portion of the train
ing is organized so it progresses with the job skill 
training schedule in the plant. The objective is to 
take advantage of the interest factor in providing 
technical training needed by the apprentice in his 
daily work. Since it is generally required that an 
apprentice must be a high school graduate, all of 
the off-job instruction is directed toward meet ing 
the needs of the craft and its application in the 
industry. 

Apprentices are trained in all of the construc
tion and metal trades. The work of some of these 
trades is the same as that found in other industrial 
activities. In those trades that produce and main
tain the equipment, there is a need for additional 
training that is peculiar to the operation. In one 
atomic energy plant, apprentices are being trained 
in the following trades: Auto Mechanic, Carpenter, 
Electrician, Instrument Mechanic, Leadburner, Ma
chinist, Painter, Millwright, Pipefitter, and Sheet 
Metal Worker. 

FUTURE TRAINING 

New developments and new applications of radio
active materials will be accompanied by the training 
required in industry. There will be a period of transi
tion between research and development and indus
trial use. Industry will use this period to simplify 
and master the technical problems that have to be 
dealt with effectively before extensive industrial 
applications become a reality. The training needed 
will be of short duration, providing the individual is 
competent in the general field of endeavor and only 
has to master a few new techniques. The use of iso
topes as trac1;r elements in agriculture, medicine, 
and industry is one example where skilled techni
cians have been provided new avenues of research 
and applications that have been limited in the past. 

Industrial uses of isotopes in radiography, thick
ness gauges, ionization, acceleration of chemical re
actions, cold sterilization, flow rate measurement, 
detection of leaks in pressure vessels and others, 
all represent specific applications that will be han
dled by skilled personnel who will require training 
in these new methods. This type of training will be 
a requirement for each new development and will 
be continued until such time as it is made a part of 
the preparatory training for the occupation. 

The mechanical trades recognize the impact that 
growth of atomic activities will have and are study
ing how it will affect their trades. The Boiler
makers, Pipe.fitters, and Electricians' Unions have a 
staff assignment with the responsibility of keeping 
abreast of this activity, so they will be prepared to 
advise their membership on the training needed to 
do this work. 

The Boilermakers' Union has, in one industrial 
center, conducted some training for their members 
that deals with the skills and related technical ma
terial they need to make and install heat exchangers 
that use atomic .energy as a source of heat. This 
craft union has · a full time representative studying 
the training needs for this type of equipment. Their 
fust job is to identify the skills involved, the stand
ards of performance required for such exacting 
work, new tools and equipment to be used, and the 
processes developed to fabricate new materials. As 
the requirements for this craft training are defined 
and the training material is organized, plans are 
being made to conduct this training away from the 
job as preparatory to actual job experience when 
demands increase. This development will also be
come a part of the regular training for apprentices 
as soon as it can be made available. 

As the demands increase on the crafts for skilled 
personnel to work on atomic installations in indus
try, management and labor will cooperate in identi
fying the training needed and in arranging for the 
development of new job skills in the present work 
force. This training will be conducted on the job, 
supplemented by such preparatory training and re
lated technical instruction as is needed to prepare 
the individual to work in this new phase of the 
craft's activity. 

SUMMARY 

The use of atomic energy in industry will progress 
in proportion to the available skilled personnel who 
are equipped to make the new applications and 
methods. The training will be a gradual develop
ment in step with the progress being made in in
dustry. New activities will be started with experi
enced personnel in key jobs who will be responsible 
for the training of the work force. 

All of the training will be organized to provide 
the theoretical training which will be combined with 
practical experience where the individual will dem
onstrate his competency tci handle radioactive ma
terial. The standards of training and the competency 
of the individual, because of the hazards involved, 
will be carefully evaluated in connection with the 
licensing provisions of the US Atomic Energy 
Commission. 

The research and development work, which is 
well established and will be expanded as industrial 
activities increase, will depend upon the training pro
vided by the universities in their regular science 
and engineering courses and the cooperative ar-

- - --- - - ----- ---
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rangements made with the Atomic Energy Commis
sion and their contractors for advanced studies and 
research activities. 

The scientists, engineers, and skilled craftsmen 
have been and will continue to be secured from the 
universities and related industries to provide the 
key personnel for this development. The universi-

ties are expanding and keeping up to date the train
ing needed for the future development of technical 
personnel. Carefully planned apprenticeship will con
tinue to be the method used to provide the skills and 
knowledge needed for future craftsmen who will pro
duce and maintain the equipment used in new appli
cations of atomic energy in industry. 



Boiler Safety Codes for Power Reactors 

By E.:·c . Miller,* USA 

i\Iany new problems in materials applica tion and 
design result from the requirements of nuclear power 
reactors. Existing boiler safety codes do not in all 
cases cover these novel requirements. Establishment 
of specific codes with adequate engineering design 
standards to insure sa fety in reactor performance, 
requires recognition of all the problems involved plus 
further research aimed a t the solution of these prob
lems. The purpose of this paper is to present some 
of these problems, not to suggest the solutions, 
which will ultimately come from code-writing bodies. 

In the United S tates and in the Dominion of 
Canada, the ASME Boiler and P ressure Vessel 
Code is the safety standard generally accepted by 
indust ry, insurance companies, and state, provincial, 
and municipal regulatory bodies. T his code, which 
was developed by the Boiler Code Committee of 
the American Society of Mechanical Engineers, will, 
in all probability, serve as the framework fo r an 
industrial power reactor safety code. Other agencies 
whose codes and specifications may contribute to the 
safety standards for a complete reactor system in
clude the American Society for Testing Materials, 
the American Standards Association Code for Pres
sure Piping, the American Welding Society, vari
ous industry standardizing groups, the Atomic En
ergy Commission and other federal agencies. 

Major factors which contr ibute to the unusual 
· problems of reactor design and safety include the 
frequent use of unconventional structural materials 
selected because of specific nuclear properties, the 
need for large diameter pressure vessels, the pos
sibility of damage to structural materials through 
radiation effects , the difficulty of periodic inspection 
of a radioactive engineer ing system, and the need 
fo r leak-tight minimum maintenance systems. These 
unusual factors, which a re more or less peculiar to 
nuclear power systems, have resulted in some of 
the problems listed b~low. T hese problems have been 
recognized in the course of providing metallurgical 
engineering service-including the approximation of 
code equivalent safety standards- to an organization 
actively engaged in the design and construction of a 
n uclear power reactor. · 

Reactor systems may involve the use of relatively 
unconventional materials, both metallic and non
metallic, whose choices a re dictated by specifi c nu
clear requirements. Examples of these are: zir-
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conium, uramum, thorium, beryllium and hafnium, 
plus alloys and .~ompounds developed from them. 
Considerable nuclear and mechanical property data 
have been accumulated regarding these materials, 
and specifications may have been prepared for their 
use in reactor system appHcations which do not re
quire them to hold pressure or contribute appre
ciably to the structural integrity of the system. 
There is, however, a probability that some reactor 
types may make substantial structural as well as 
nuclear demands upon some of these materials. In 
such event, Code approval will require that me
chanical property data be adequate to establish 
permissible design values and that approved stand
ard materials' specifications ensure that the required 
properties are met consistently and reproducibly. 
T est data a re required over the entire range of po
tential operating temperatures, cover ing short-time 
tensile strength, elongation and reduction of area ; 
creep and bend testing ; and elastic moduli, Pois
son's ratios, thermal conductivities and thermal ex
pansion coefficients. The anisotropy of the noncubic 
crystal structures of some of these materials, and 
preferred orientation resulting from mechanical work
ing, may produce marked and variable directionality 
in the mechanical and physical properties which will 
have to be taken into account in establishing design 
criteria. A lso, the properties of several of these 
metals are profoundly influenced by minute quanti
ties of contaminants- particularly the interstitial 
elements : car bon, hydrogen, oxygen, and nitrogen. 
Properties of several of these materials are subject 
to further modifications through metallographic 
changes resulting from allotropic transformations oc
curring during thermal cycling in fabrication. 

The nature of the circulating coolant or fuel may 
make it necessary to keep the volume of the circu
lating fluid at a minimum for reasons of investment 
in high cost coolants or the hazards associated with 
handling large quantities of coolants or fuels. These 
hazards include criticality, radioactivity, toxicity and 
inflammability. High heat transfer rates may have to 
be effected through thick sections of materials with 
low thermal conductivity whose selection has been 
dictated by n uclear requirements, corrosion resist 
ance, or high temperature mechanical strength. It 
may be necessary to remove substantial quantities 
of heat generated inside vessel walls or structural 
components by radiation. These factors cont ribute 
to high thermal gradients and high thermal stresses, 
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complicate the stress pattern of the system, and may 
tend to produce warpage, thermal fatigue, or stress 
corrosion cracking. 

To provide corrosion resistance in pressure con
taining components it may be necessary to clad or 
to use loose or intermittently bonded linings of a 
material not necessarily metallurgically compatible 
with the structural backing. Present codes make 
little provision for completely unattached linings, 
nor do they offer detailed guidance for the welding 
of lined or clad components, except in a few in
stances, or for the insertion of nozzles in such sys
tems where the continuity of the corrosion-protec
tive lining must be maintained without impairing the 
structural integrity of the pressure-containing back
ing material. Code-accepted practices are available 
and used industrially for the joining of cladding or 
linings of nickel alloys or stainless steel on carbon 
steels. Since these materials are relatively compatible, 
a metallurgically sound transition weld can be ef
fected without impairment of the essential properties 
of either the lining or the backing material. Except 
for such materials and components whose geometry 
and joint design are very simple, satisfactory stand
ards for making Code-acceptable welded joints in 
bi-metallic components are not yet available for use 
in the more complex engineering systems, partic
ularly if linings of zirconium, titanium, aluminum, 
or certain of the precious metals, for example, are 
to be used in contact with carbon steels, low alloy 
steels, or high alloy stainless steels. 

The combinations of temperature and pressure 
contemplated for industrial power reactors are, in 
general, not excessive by pressure vessel code stand
ards. However, when comparable pressures and 
temperature are anticipated for conventional chem
ical plant service, the pressure vessels are usually 
of small diameter and the desired volume is achieved 
by an increase in the length of the vessel in propor
tion to its diameter. In the case of nuclear reactors, 
however, it is generally desirable for the major di
mensions to be approximately equal-whether the 
shape actually approaches cubic, spherical, or cylin
drical. This means that, operating at even moderate 
pressures, the diameters and wall thickness of a re
actor vessel may be increased to the point of seri
ously complicating the problems of material selec
tion and vessel fabrication. Whether these problems 
are solved by accepting heavy-walled sections, by 
using laminated vessel construction, or by making 

the vessels of very high strength materials, expan
sion of the present code coverage will be required 
to provide adequate design and safety standards for 
such construction. 

The effects of long-time, high-intensity, irradia
tion of reactor structural materials are by no means 
completely understood. Other papers presented at 
this Conference will describe in greater detail what 
is known of these radiation effects. It is well to 
mentipn, however, that some metallic materials may 
be hardened, strengthened, and made less ductile 
by neutron bombardment at relatively low tempera
tures. At higher temperatures these effects may 
tend to anneal out; but, if stressed during this irra
diation, the material may undergo accelerated creep. 
Elements with high neutron absorption cross sec
tions may, within an entirely feasible time for some 
reactor types, undergo substantial transmutation, as 
in the case of the conversion of gold to mercury. 
More actual experience and radiation-effects test 
data are required before design limitations can be 
set with certainty that safety factors are even ap
proximately equivalent to those used in conventional 
boiler code practice. In the meantime, some over
design will have to be tolerated; and, in some cases, 
added physical safeguards and protective devices 
should be installed to provide for the possibility of 
unanticipated failures. The problem is further com
plicated by the difficulties involved in effecting peri 
odic inspection after a system may have become 
radioactive. 

Not all of the problems listed above apply to all 
reactor types. Nevertheless, most of them do occur 
in one or the other of the five power reactor types 
included in the current five-year power reactor de
velopment program of the Atomic Energy Commis
sion. These are the pressurized water reactor, the 
fast plutonium breeder, the boiling reactor, the 
homogeneous reactor, and the sodium-graphite reac
tor. Information which will be useful in establish
ing an eventual power reactor code has been ob
tained from the successful operation of the small 
scale Homogeneous Reactor Experiment, the Ex
perimental Breeder Reactor, and the Boiling Reac
tor Experiment. Similarly, valuable experience and 
data should result from the eventual operation of two 
or more full-scale power reactors now being built 
- the Pressurized Water Reactor and the Submarine 
Intermediate Reactor-and the intermediate scale 
Homogeneous Reactor Test. 



Research Reactor Planning 

By e: Karlik, Austria 

Austria is considering the construction of a re
search reactor as a joint project of science and indus
try and is at present engaged in the preparations 
therefore. I t is expected that within a period of one 
year it will be possible to solve the major problems 
raised such as the juridical form of the co-operation 
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of the partners in the project, the financial problem, 
the coordination SJf the research programmes as well 
as the choice of ·the reactor type, the setting up of a 
time schedule, etc. The construction of a power re
actor, however , is, at the moment, not taken into 
consideration. 

------
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ns follows: The world is now facing a change in the 
-problem of protection against radiation. In the past, 
only radiologists and, more recently, atomic energy 
workers were exposed to the hazards of radiation: 
this is no longer the case. With the widespread use of 
nuclear power, whole populations are threatened 
with exposure to those hazards. Consequently, while 
remaining an important aspect of industrial hygiene, 
radiological protection has now become part of the 
very broad domain of public health. That is why the 
Vv orld Health Organization has thought it desirable 
to submit to this Conference paper P /778 which I 
have the honour to present to you. 

The Vvorld Health Organization, whose constitu
tion has been recognized by eighty-one member 
States as well as by four associate members, is a 
specialized agency of the United Nations. Its func
tion is to help the peoples of the world to reach 
the highest possible level of health by assisting Gov
ernments, at their request, in developing their pub
lic health programmes and by directing and co
ordinating world efforts in this connexion. 

Accordingly, the document now before you at
tempts to deal with the problem of radiological pro
tection in the broadest possible way, adopting what 
must be the viewpoint of public health administra
tors throughout the world. Although it was prepared 
with the help of specialists of recognized experience, 
the document does not aim at originality. Many of 
the ideas expressed in it will certainly be found, and 
undoubtedly in a more detailed and precise form, in 
documents presented by national delegations. 

The very fact that tl'tis document is presented to 
you today by a public health administrator who is 
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not a specialist clearly shows that what we have 
tried to do is to draw the attention both of national 
public health authorities and of nuclear energy spe
cialists to the extent and magnitude of the public 
health problems created by the development of the 
peaceful uses of the new source of energy, the vari
ous aspects of which are being studied here. 

What, to begin with, is the scope of the problem? 
Man has of course always been exposed to radia

tion from cosmic and other natural sources, but 
present developments in nuclear energy are such that, 
with the passage of time, the ambient radiation will 
be raised significantly by radiation sources of man's 
own making, if these are not controlled. Everything 
that is already known about the biological effects of 
radiation indicates that an intensification of back
ground radiation will certainly have somatic and 
genetic effects on man. 

It is therefore the responsibility of the public 
health authorities to do as much as possible to pre
vent the background radiation from rising unneces
sarily fast and to too high a value. This problem 
exists now, on a small scale, as a result of the 
operation of nuclear energy plants, and the pro
tective aspect is now being adequately dealt with at 
the industrial level; but very soon this will no longer 
be possible. . 

The present codes of practice for dealing with ra- . 
dioactive effiuent from atomic energy plants are com
piled on the ~upposition that an insignificant propor
tion of the world's population is involved. When the 
exposed proportion becomes more significant, these 
codes may have to be made more exacting. The limit
ing factor in compiling standards is, and is likely to 
remain for some time, knowledge of human genetics, 
a subject on which there are few relevant quantita
tive data . 
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But time is short, and the public health se1 vices 
must fulfill their obligations before-as might soon 
happen-general exposure to background radiation 
reaches levels from which there is no return. 

This lack of sufficient numerical data on back
ground radiation and its effects on the world's popu
lation may open the way to the two extreme courses 
of excessive caution and undue laxity. Both are 
equally dangerous. 

The public health services must now attempt to 
profit from our present knowledge, which is based 
on the experience acquired by the nuclear energy 
industry during the last ten years. They must not be 
accused of hindering the development of nuclear 
power and thus seeking to deprive the world of its 
benefits; on the contrary, there must be positive and 
constructive co-operation now, between the public 
health administrators and the specialists responsible 
for the technical development of nuclear power. Such 
co-operation can only be advantageous in every way. 
The industrial experience of the past has shown 
that the public health problems which have been 
foreseen and attended to ahead of time have proved 
less costly than those discovered too late. 

In the paper before you, an attempt has been made 
to indicate briefly the principal aspects of the pub
lic health prohlem, the scope of which I have en
deavoured to define. One of these is a human aspect, 
and is concerned with professional training. It is 
essential that responsible public health officers should 
acquire a scientific knowledge of the problems of 
nuclear energy so that they may collaborate use~ 
fully with engineers and physicists in studying pro
tection against radiation and make the engineers and 
physicists realize how important these health ques
tions are. 

It is also important that public health officers 
should be able to keep pace with the constant prog-

. ress in the study of nuclear energy; to enable them to 
do so, an effort should be made to sort out from 
the vast and daily growing body ·of literature those 
findings which are of importance for public health. 

As I have already intimated, the task of the public 
health services would be lightened considerably by 
the provision of adequate protection in new installa
tions at the start, and for this reason collaboration 
must, I repeat, begin at the early design stage. This 
involves an important problem of co-ordination. 

Another and equally important matter of interest 
to the public health · services will be the siting of 
nuclear energy plants. There again, a problem of 
co-ordination is involved. 

At the moment the problem of the protection of 
the neighbouring communities is dealt with by the 
technical staffs of the plants themselves. When these 
plants become more numerous, this protection will 
clearly have to be the responsibility of the public 
health authorities in most cases. Codes of practice will 
have to be worked out with the plant technicians and 
must be of an eminently practical nature if they are 

to be effective. This applies to the problem of efflu
ents, whether liquid or gaseous, or in the form of 
radioactive dusts; and a1so to the serious prohlem 
of the elimination of waste, especially long-lived 
highly radioactive waste. 

In this connexion, no doubt, a problem will arise 
which goes beyond national boundaries. It would 
seem that, in order to avoid the dispersal of such 
waste in a manner which ·would cause an unac
ceptable spread of radioactivity over the surface of 
the globe, some kind of international agreement will 
be necessary to determine waste-disposal sites. 

I shall not dwell on these technical aspects of the 
problem, for they are dealt with in the body of the 
document before you, and my present purpose is not 
to repeat the substance of that document, but to 
give you a broad outline of it. 

I come now to the public health programme which 
the ·w orld Health Organization advocates. It is in 
the form of a very general programme of work 
which, we think, could logically be carried out pari 
pass,i with the development of nuclear power. This 
programme is not intended to be all-inclusive and 
would certainly be subject to modification in the 
light of review by technically competent bodies such 
as the International Commission on Radiological 
Protection. 

The intention is to create a starting point for dis
cussion in the hope of stimulating action in the right 
direction. The following items among others might 
be included in such a programme : 

First of all, the training of public health personnel. 
That, if you will forgive the repetition, is one of the 
immediate important requirements, since, if their 
views are to command respect, public health person
nel must receive adequate training. The World 
Health Organization attaches particular importance 
to this problem, and has :1tudied ways -and means 
of adapting its methods and general professional 
training programme to the requirements of the new 
field of study. By the grant of fellowships, as
sistance to educational insti tutions, the organization 
of demonstration projects, the assignment of visit
ing professors and lastly, the exchange of scientific 
information, the World H ealth Organization will 
be able to help Governments which desire such help 
both in supplementing the scientific training of doc
tors and their assistants in the use of radioisotopes, 
whether for diagnosis or treatment, and in provid
ing the necessary specialized training for the public 
health officers, pub)jc health engineers, industr ial 
health doctors and biophysicists who will have an 
increasingly important part to play in protection 
against radiation. WHO has dealt with this part of 
its programme in a paper on education and training 
(P/779, Session 24, Vol. 16, these Proceedings), 
which will not be presented orally, but interested 
delegations may refer to it. 

In the second place, the programme should include 
the dissemination of pertinent public health infor-

------------
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mation. While there is at present a vast body of 
knowledge concerning the radiological health prob
lems associated with nuclear energy, this knowledge 
is for various reasons not available in a co-ordinated 
and condensed form. If this state of affairs is to be 
corrected effectively, the present information must 
be co-ordinated and made available to those requiring 
it. This would entail a considerable effort, and it is 
a task which deserves the attention of an interna
tional organization such as the World H ealth Or
ganization. With the help of the world authorities 
with which it is attempting to establish a network 
of communications, WHO proposes to select im
portant public health subjects and to have them dis
cussed amongst groups of experts working in the 
respective fields. Such an effort requires close col
laboration with the existing national or international 
scientific institutions. In this matter as in so many 
others, therefore, WHO's function will have to be 
that of stimulation and co-ordination. By means of its 
publications it will also be able to help in disseminat
ing the information thus collected. 

A third part of the programme would be the pro
motion of a world-wide scientific study of the so
matic effects of low-level radiation on humans in 
relation to the increase of the hackground radiation. 

Lastly, as the fourth item in the programme, we 
suggest the inception of a similar study of the 
genetic effects of radiation. While this would cer
tainly be a long term project, it should be started 
without delay. Whether the subject of study is the 
somatic or the genetic effects of radiation, we con
sider it essential that uniform methods and com
mon standards should be adopted, so that all results 
may be compared. 

The document before you deals fully with this 
aspect and with the details of the proposed pro
gramme of work. 

In this statement, which I should have preferred 
to make shorter, I have outlined the programme of 
work which we consider essential for the effective 
protection of the world's population against radia
tion. As we explain in the conclusion of the docu
ment before you, we have to admit that though 
work on radiations has proceeded for some fifty 
years, knowledge of their effects on the human spe
cies is still deficient; and yet it is the duty of our 
generation, which will bequeath nuclear science to 
posterity, to hand down to future generations, not 
only the technique of applying the new source of 
energy, but also the knowledge of how to deal with 
the hazards inherent in it. 

Mr. L. S. TAYLOR (USA) presented paper P/ 
319, preceding it with the following words: I am 
afraid Mr. Binks and I think so much alike, that I 
am going to present a paper which will not sound 
too different from the one he presented earlier. 

This report will consist mainly of a brief outline 
of radiation control .,measures, with particular ref
erence to practices as they appear to be developing 
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in the United States. A more detailed report is to 
be found in the Proceedings of this Conference. 

DISCUSSION OF P/1063, P/400, Pins AND P/319 

Mr. S. P. COBB, JR. (USA): I should like to 
address my question to Dr. Fujioka. Do I correctly 
understand that item 4 of article 35 of the Labor 
Standard Act gives detailed descriptions of medical 
symptoms that automatically warrant compensation? 

Mr. F UJ IOKA (Japan): Yes, that is right. 
:Mr. COBB (USA) : Then how do you prevent 

abuse of the parts of this article? 
i\lr. FUJIOKA (Japan): It is a rather difficult 

problem, but we are now thinking about the estab
lishment of the new Act, as I said, and we are giv
ing that matter consideration. 

Mr. CoBB (USA): In delayed cases of radiation 
damage, how do you distinguish between occupa
tionally induced damage and damage which might 
occur from natural causes? 

Mr. FUJIOKA (Japan): It is a very difficult prob
lem, but it depends upon the circumstances-how 
long the person has been engaged in his occupation. 
Let me say that I am not a physician, but a physicist, 
and I am very much afraid that I have not been 
able to give you exactly the answer you want. Mr. 
Tsuzuki, who is a member of my delegation, is a 
physician, and perhaps he can explain it to you in 
greater detail. 

Mr. Conn (USA): I had one additional question, 
which I believe you have answered in connection 
with one previously asked. That question was: Are 
you considering plans to revise your Labor Stand
ard Law, in view of the increasing use of radiation 
emitters in Japan, possibly to have provisions simi
lar to those which you are going to have in the 
Radioactive Substances Control Act? I believe you 
have answered that by indicating that you were 
taking that under consideration. 

1Ir. FUJIOKA (Japan): That is correct. 
Mr. TAYLOR (USA): I ask this question some

what in the frame of reference that Mr. Binks and 
I are both interested in the same problems. I would 
be interested to have him bring out, if he would, 
a little bit about the possible plans that they may 
have in the United Kingdom with regard to com
pulsory inspection of radiation sources. Perhaps he 
could speculate-and I understand that it would 
have to be complete speculation-as to the number of 
such inspections that he might guess would have 
to be undertaken if this program were entered upon 
within, say, the next year or so. 

Mr. BIN.KS (UK): In my contribution, I tried to 
show the trends of thought in the United Kingdom 
in planning control. We have already accomplished 
a certain amount; namely, we have various codes 
of practice under preparation. One, for hospitals, has 
just been completed and will be released shortly. 
As regards licensing, we all realize that this is a 
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very tricky matter indeed, and it is still under discus
sion in the United K ingdom. It is not possible to 
say at this stage just what degree of actual inspec
tion will be required before permission is granted 
to use ionising radiations. P ersonally, I would hope 
that in the majority of cases we might be satisfied 
if we were assured that the organization which is 
planning to use ionising radiations has the necessary 
knowfedge about the radiation hazards and will carry 
out the necessary measures advocated in the codes. 
I therefore think that it is fair to sum up at this 
stage by saying that we have to feel our way in 
regard to licensing. 

Mrs. P. CAMDEL (Turkey ) : I should like to ask 
Mr. Fujioka which department takes care of the 
blood counts of the working people. Is it a Depart
ment of Health Physics? And how often do they 
check the blood counts of the workers? Are there 
any differential counts made, and are any shifts to 
the left in the blood count taken into account? Fur
ther, I should like to know whether there is any 
compensation for scientific and technical personnel: 
are they included among the working men, and are 
there any special salaries for scientific and technical 
personnel exposed to radiation hazards? 

Mr. FUJlOKA (Japan): I am in charge of the 
establishment of the law as a member of the related 
committee and therefore I read the paper. B ut here 
is Mr. T suzuki, who is a specialist in medicine, and 
he can answer this medical question better than I. 

Mr. T SUZUKI (Japan): The first question is: 
"How often are blood counts made to supplement 
the health physics check, and by what department 
are differential counts made?" My answer is that the 
blood count will be made twice by the health physi
cist belonging to that organization, and at that time 
the differential count should also be made. 

As to the second question, the answer is that they 
can have the same annual leave. 

The third question was whether there is compen
sation for scientific and technical personnel. The 
answer is that we do have such a regulation for the 
scientific and technical personnel also. 

Mrs. CAMBEL (Turkey) : I would like to know 
from Mr. Dorolle whether radioactive courses in 
muds for rheumatism and arthritis patients will also 
be controlled. Many patients go to these muds with
,out having special indications for their treatment, 
and it may be that women with fibroids in the uterus 

may have haemorrhages due to this treatment. These 
muds used to be considered inoffensive, but I think 
we should now consider whether they should be 
under radiation protection. 

Mr. DoROLLE (WHO ): I must confess that Mrs. 
Cambel's question finds me somewhat at a loss. 
W c have so far dealt here only with the question of 
artificial radiation, excluding completely the prob
lem of natural radiations, especially when used for 
therapeutic purposes. I do not know of any examples 
of special rules for the use of radioactive waters 
and muds. It seems to me, at any rate from what we 
know of national regulations, that none of them 
has dealt with this problem, which seems in all cases 
to be one of clinical practice and therapeutic indi
cation and has never been considered from the point 
of view of protection against radiation. 

That is all I can say in reply to the question 
raised. We should, however, be glad to obtain in
formation outside the Conference, if this would be 
of service to the delegation of Turkey. 

Mr. V. ORTIZ (El Salvador) : I think that one of 
the most difficult problems is what to do with radio
active reactor waste. Since this waste will have to 
be buried or dispersed in the depths of the sea, 
contamination problems affecting fish will undoubt
edly a rise. How will this situation be dealt with? I 
address this question to the representative of WHO. 

Mr. DoROLLE (WHO): I am greatly fl attered to 
be asked such a question, for it is essentially a tech
nical question which certainly deserves the most 
careful study . It is being studied in a number of 
countr ies and will undoubtedly be the subject of 
international studies. 

The question of the disposal of waste by burying 
it at sea is an important problem with bearings on 
ecology in general, on the question of fisheries, and, 
both directly and indirectly, on the quest ion of the 
protection of human life. When we said just now in 
presenting our paper that there would have to be 
some kind of international agreement on sites for 
the disposal of long-lived highly radioactive waste, 
we certainly had in mind the hazard which the indis
criminate dumping of highly radioactive material into 
the sea might present . 

T hat is cer tainly a problem of international con
cern to which particular attention will have to be 
given. 

- - -- -------- - --
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The Safety of Nuclear Reactors 

By c: Rogers McCullough,* Mark M. Mills, t and Edward Teller,:j: USA 

REACTOR TECHNOLOGY 

In any new field of technology, it is important to 
investigate, quantitatively if possible, as many fea
tures of the field as seem pertinent for human wel
fare. Nuclear reactor technology is such a field, and 
110 one looks to it with hope for many material 
benefits for mankind. Among these benefits are the 
possibility of electric power generation, propulsion 
by nuclear energy, and the utilization of reactors as 
research tools in many branches of science and 
medicine. 

Along with a long list of possible attractive fea
tures of reactors, there are, unfortunately, certain 
dangerous characteristics. The Advisory Committee 
on Reactor Safeguards (see Appendix) has the re
sponsibility of looking at the hazards connected with 
nuclear reactors. The members oi this committee are 
exceedingly anxious to see rapid and fruitful devel
opment of reactor technology, but because of the 
nature of the hazards involved, and because they 
have been specifically requested to look at hazard 
problems, they feel it important that no undue risks 
be taken in the development or nuclear reactors. 

REACTOR SAFETY 

Immediately, when one attempts to evaluate re
actor hazards, there is encountered the necessity for 
attempting to define the notion of reactor safety, and 
,vhat this notion shall include. 0£ course, absolute 
safety is not possible and what is really meant in 
connection with reactor hazards is the minimization 
of hazards until one has an acceptable calculated risk. 

The operation of nuclear reactors appears safe 
and it is, in fact, deceptively safe. A nuclear reactor 
will not run away unless a number of serious mis
takes of planning and operation should be committed. 
It is, however, impossible to conduct extensive op
erations over a long time without occasional occur
rences of such mistakes. \Ve have been exceedingly 
lucky so far that nobody has as yet been killed by a 
runaway reactor. It is not possible to count on in
definite continuation of such good luck. 

One of the current difficulties in ·evaluating reactor 
hazards is this lack of experience with reactor acci-
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dents. So far, there have been essentially no reactor 
accidents leading to serious consequences. For this 
reason, statistical information about reactor accidents 
although all favorable, does not suffice to give usefui 
statistical information of the type needed by insur
ance companies, for example, in evaluating the nature 
of hazards. In other words, to determine what is an 
acceptable risk, a certain amount of judgment, de
taile? technical evaluation of a given reactor, and 
caution must be employed. 

With all the inherent safeguards that can be put 
into a r eactor, there is still no fool-proof system. Any 
system can be defeated by a great enough fool. The 
real danger occurs when a false sense of security 
causes a relaxation of caution.1 

Problems of reliability, adequate control, adequate 
supervision, must all be included. It is convenient to 
look upon the concepts of reactor safety in the fol
lowing ways : 

One important concept is the division of safety 
problems into on-site and off-site problems. The on
site problems have to do with the protection of 
reactor operating personnel and other people who 
may be at the reactor site in order to make use of it, 
and the protection of the economic investment in the 
reactor facility. Off-site problems have to do with 
the protection of the general public, or persons who 
are ~ot more or less directly connected with the op
eration of the reactor. One way to minimize off-site 
hazards is simply to locate the reactor at a remote 
and unpopulated place. In terms of reactor utiliza
tion and economics, this solution is often unsatisfac
tory. The economic utilization of electric power 
generated by reactors, for example, nearly always 
requires that the reactor be located reasonably close 
to potential users of this power. This means that for 
economic reasons the reactor should be located near 
populous, industrial areas. 

Substantial moral and ethical problems are in
volved in connection with reactor hazards. On-site 
personnel, like persons working in other industrieS', 
knowingly and willingly submit themselves to what
ever hazards are associated with working near a 
reactor because of salary requirements, special work
ing conditions, or personal interest. 

For off-site people, on the other hand, who have 
no knowledge or interest in the operation of the re
actor, jt seems that prevention of danger to their 
persons or damage to their property is a mandatory 

------ -- -------
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moral obligation in the operation of a reactor. This 
problem is more severe than in the case of dangerous 
chemical or explosives plants, because the raclioactiv
ity contained in a reactor can constitute a hazard to a 
wide area if it escapes from a machine and becomes 
dispersed.2 This public hazard has been one of the 
main concerns of the Advisory Committee on Re
actor Safeguards. 

From another point of view, the safety of a nuclear 
reactor can be said to depend upon two things: The 
intrinsic built-in stability and reliability of the ma
chine, and administrative control of the machine and 
its operation. For example, the reactivity may de
crease rapidly with increasing temperature. In this 
case, it may be practically impossible to exceed some 
safe limit in temperature. This intrinsic stability is 
very desirable. In fact, one may say that a machine 
with large intrinsic stability can be so stable, be
cause of fundamental physical characteristics, that 
only a Maxwell demon can make it misbehave. An 
ordinary machine, which depends on the operation of 
the control system to set its power level, can be upset 
by a mere gremlin! One would like to minimize the 
dependence upon administrative control for safe 
operation of a reactor. However, as a matter of prac
tical fact, most reactors will nearly always require 
a certain dependence upon administrative control for 
safe and reliable operation. This means that prob
lems arise connected with the loading and unloading 
of fuel, the startup and shutdown of the reactor, 
proper manipulation of controls, and adequate ac
counting for all materials made radioactive by the re
actor, including both intentionally irradiated material 
and any radioactive effluent associated with the oper
ation. Thus the normal, as well as the abnormal oper
ation and behavior of the reactor must he carefully 
considered. It is clear that a reactor which in normal 
operation is well nm and under complete and precise 
control is much less likely to behave in an abnormal 
fashion leading to a serious accident. 

THE CONTAINED RADIOACTIVITY 

The most serious continuing hazar d associated with 
nuclear reactors is due to the large amount of radio
activity which they contain. Large reactors may 
contain hundreds of pounds of radioactive fission 
products which correspond to many tons of radium 
in conventional radioactive measure. Not all of these 
fission products are as hazardous as radium, but 
nearly all of them contribute substantially to the 
hazard.3 There are two ways in which the hazard 
of contained fission products may be minimized : One 
is to remove fission products during the operation of 
the reactor in such a way as to maintain a minimum 
concentration of such material in the machine. This 
conti1111011s removal 0£ fission products requires some 
type of fluid fuel, either liquid or gaseous, in order 
to continue cleanup operations on the fuel during the 
operation of the machin~. The other way to minimize 
the hazard is to minimize the possibility of the escape 
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of these fission products from the machine . . The po
tential ability of a reactor to run away makes it 
possible for this radioactive material to escape to the 
surrounding areas. The hazard is crudely analogous 
to conducting both explosive and virulent poison 
production under the same roof.4 

Until really safe nuclear machines of the future 
become available, we have to construct our reactors 
with extreme circumspection and we must continue 
to operate them with the same caution after ten years 
of safe running as on the very first day when they 
were started up} 

In order to emphasize the characteristic of the 
special hazard due to radioactive materials in the 
reactor, a list of tolerances is presented in Table I.5 

Although there has been a substantial effort in the 
assessment of the effects of radiation on- biological 
systems, particularly systems resembling people, 
there is still a great deal to be learned.3 However, 
even allowing for consideral>le error in the quantita
tive assessment of this problem, it is still evident from 
Table I that radioactive poisons are more hazardous 
than chemical poisons by a factor of something like 
10° to 10°. This is such an enormous factor that radio
active poisons essentially must be considered a quali
tative new kind of problem. Furthennore, this implies 

Tobie 1.11 Comparison of Toxic Substances in Air,.. 
(concentration in mg/m3) 

Ralio 

SubstonC'e Tolera,.cc t °F0Jol dose":t 
fatal to 

to.leranc; 

Ch~micol Poisons 

Chlorine 2.9 V 290 l 100 
Arsine 0.16U 800§ 5000 
Beryll ium 1.5 X 10-• ? ? 

Radioactive Poi,on, • • 

U"" ( insol) 1690 X 10-• 1690 X 104 10,000 
Pu- 32 X 104 32X 10◄ I 0,000 
Sr10 1.3 X 10-• 1.3 X 104 10,000 

* It should be remembered that industrial poisons are 
usually in many ton Quantities, whereas radioactive poisons 
arc in 100-kilogram quantities. 

t "Tolerance" for chemical poisons is defined as the max
imum tolerable level for 8 hours per day exposure. In the 
case of radioactive poisons tolerance is the maximum level 
which can be tolerated every day for 8 hours equivalent to 
0.043 rem per day. 

f "Fatal Dose" in the case of chemical poisons is defined 
as the "ra1>idly fatal'" dose when the gfren concentration in 
air is inhaled for 30 minutes to one hour. In the case of ra
dioactive material this means about 50% survival if the 
dose is acqui red quite rapid!>•, for example, over a minute or 
perhaps during an 8-hour day. Thi-s is equivalent to about 
400 rem.tt 

1f Adopted at meeting of the American Conference of 
Governmental ;:u,d Industrial Hygienists in Atlantic City 
N. J., in April 1951. ' 

§ Industrial Hygiene and Toxicology, Frank H . Patty 
Editor. Intersciencc Publishers, Inc., 1949. ' 

•• Maximum Permissibl<; Amounts . o! Radioisotopes in 
the Human Body and Maximum Permissible Concentrations 
in Air and ·water, Handbook 52, National Bureau of Stand
ards, March 20, 1953. 

tt The Effects of Atomic Weapons, US Government 
Printing Office, Revised September 1950. 
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that the . problem of keeping radioactive materi~ls 
within the reactor and preventing the spread of radio
active materials over populous areas is very serious. 

In Table II there is a summary of delayed heat 
production and the corresponding radioactivity from 
fission products. For a machine of 250,000-~w h;at 
power ( 60,00)-kw electric power), something hke 
300 million curies of activity remains at the end of 
one day after shutdown. This corresponds to 300 tons 
of radium in terms of radioactivity. The sheer quan
tity of radioactivity is enormous. 

Operation of this reactor for one year produc<:5 
about 100 kilograms of fission pr?ducts. On th_e ~sis 
of 10-1 mg/cm3 this can contaminate 106 cubic kilo
meters of air to tolerance. Said another way, a layer 
of air one. km deep covering an area 1000 km on a 
side could be brought to tolerance level. 

Another feature of radioactive poisons is that a 
lethal level is not detectable by human senses. Fur
thermore, very serious injury may not be detected for 
some years after e..xposure.2 

ESCAPE OF RADIOACTIVITY 

The way in which reactors can malfunction an~ 
lead to the escape of fission products may be cla~s1-
fied as follows: ( 1) a super-critical nuclear excursion 
or nuclear runaway; (2) melt-down of reactor com
ponents even with the chain reaction shut down, 
because' of the delayed heat produced by the radio
active fission products; and ( 3) possible exothermic 
chemical reactions among the components of the re
actor itself. The latter, although it is clearly not 
present if the machine is operating ~ormallf, may be 
initiated by a runaway nuclear cham reaction or by 
delayed heat melting. 

These problems will be discussed in more detail 
below. The first two are unique to nuclear reactors 
a s compared to other power sources, an~ have no t~e 

• analogue in other areas of technology. fhey are dis
cussed in some detail, for research reactors,0 and 
nuclear power plants7 elsewhere. 

THE PRO BLEM OF NUCLEAR RUNAWAY 

An outstandinrr characteristic of nuclear reactors 
i s their potentiai ability to achieve extremely high 
power levels in a short time if adequate control ~f 
the machine is lost. A typical nuclear runaway acci
dent may start and be over in times appreciably less 
than a second. In this respect they are different from 
any other large-scale 'machines, and it is this ex
tremely short time that makes it quite important that 
automatic control and safety systems be available, be 
reliable, and be relatively rapid in their operation. 

Another feature of a possible nuclear runaway is 
that it does not seem to be very violent. A comparison 
between a nuclear reactor and an atomic bomb is very 
misleading and certainly not to the point. From a 
number of studies of possible reactor accidents of 
this type, it must be concluded that even though re
actor accidents could happen quite rapidly in terms 

Tobie II. Delayed Heat Power and Radioactivity* 
after Normal Shutdown 

Time ofler 
1/uddOflltl 

UC r.w 

10 10 sec 12.9 
10' 1.7 min 8.0 
10' 16.7min 5.2 
10' 2.8 hr 3.3 
10" 28hr 2.0 

.Aditnl:, ln,tl /rttm a 
previ"'4S steady li,tJl P=n- of: 

JOO kw 250J0,00 kw 
adivit, as: Cld1tnl.)O Ot: 

c•rirs kw C1(r-i~s 

2.1 X 10" 11,000 1.8 X 10' 
1.3 X 10' 6800 1.1 X 10' 
8.4 X 10" 4300 7.0 X 10' 
5.3 X 10" 2700 4.4 X 10" 
3.3 X 10" 1700 2.8 X 104 

• The radioactivity figures are for fission products. only 
(do not include radioactive fuels or comp0nents). It 1s as
sumed t11at the mean decay event corresponds to 1.0 Mev 
in converting from k w to curies. 

of human reaction times and conventional external 
emergency human actions, nevertheless, a nuclear 
reactor is a very sluggish device and does not_ pro
duce a nuclear explosion even remotely approximat
ing that of an atomic bomb. Indeed, for the large 
thermal reactors, nothing like an explosion really 
occurs. For very fast reactors with a non-thermal 
neutron spectrum and heavily loaded with enriched 
uranium, it does appear possible to have an accid~nt 
which is fast enough so that portions of the machine 
may be propelled with velocities of a few meters per 
second. T his again does not resemble an atomic bomb 
explosion, or even the explosion of ordinary chemical 
explosives; rather it is similar to the events that 
might occur in an automobile accident. Therefore :1 
nuclear runaway, in itself, does not represent a seri
ous hazard to off-site people. 

However, as pointed out above, a nuclear runaway 
can serve to do two things: It may disrupt the struc
ture of the reactor sufficiently so that radioactive 
poisons may escape, or it may lead to .exothermic 
chemical reactions between different components of 
the reactor core, and a chemical explosion of con
siderable violence. Indeed, for certain types of reactor 
structures, it would appear that the chemical reaction 
that might follow a nuclear runaway would produce 
substantially greater energy and violence than the 
runaway which preceded it. 

In order to make some of these notions more quan
titative, it is convenient to talk about the r ising period 
of a nuclear reactor. A nuclear reactor which is super
critical increases in power level by a factor of c at each 
interval of time corresponding to the so-called e-fold
ing time. In turn, the e-folding time is related to the 
intrinsic neutron generation time of the reactor, and. 
the degree of supcrcriticality, by the so-called in-hour 
equation. In Fig. 1, a number of curves are shown 
connecting the rising period of the reactor ,.,;th its 
excess reactivity, i.e., the fraction of excess neu
trons produced in one generation. The e-folding 
times shown in the figure are relatively long. This 
is due to the delayed neutrons. As you all know, 
the fission event produces certain fission products 
which, in turn, after periods ranging up to 80 seconds, 

- --------- -----
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Figure 1. Variation of rising period with exceH reactivity from 

tho lnhour equation: 

r 0 + "" fJ,r, 1<-1 =- k.L,,--r, , r,+r, 

emit delayed neutrons. The fraction of these delayed 
neutrons produced in U235 fission amounts to some
thing like ¾ % of all neutrons produced. If one makes 
the excess reactivity of the reactor so great that the 
chain can proceed without the delayed neutrons, then 
the reactor is said to be in a prompt critical condition, 
that is it is critical or even supercritical on prompt 
neutrons alone. In this condition the a-folding time 
becomes short and one may estimate it by means of 
the equation : 

Ts TO 

In this equation, r, is the e-folding time, To is the in
trinsic neutron generation time which depends on the 
type of reactor, and ke3' is the excess reactivity above 
prompt criticality. 

Typically, neutron generation times are about one 
millisecond for large thermal reactors, something like 
½o millisecond for water boilers and small thermal 
reactors, and may be as short as a microsecond or less 
for fast-spectrum epithermal machines. The value 
that one may assign to ke,, depends on the type of 
machine and its requirements for excess reactivity in 
order to conduct experiments, overcome temperature 
effects, allow for burnup of the fissionable material, or 
override fission-product poisons. However, it seems 
reasonable to assume an excess k-value of about 0 .01 
fraction for terms of discussion. If this is done, then 
an e-folding time for the large thermal machines of 
½o second is obtained. Only seven e-folding times, 
that is '½o second, are required in order to increase 
the power level of the ·machine by a factor of 1000. 
For machines with shorter neutron generation times, 
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the a-folding times are correspondingly reduced. Here 
one may say that nuclear reactors represent a genuine 
departure from conventional power sources in that. 
enormous power level increases are possible in the 
event of mat-operation in remarkably short times. 

The Safeguard Committee has urged the develop
ment of automatic fuses which would prevent a nu
clear runaway in case the reactor gets out of control. 
These fuses are expected to have two characteristics. 
First of all, they should be self-contained and wholly 
automatic so that they are not subject to error of 
adjustment or maintenance and are not subject to 
intentional tampering. Second, these fuses are to be 
activated by changes in the power level, essentially 
changes in the flux level of the nuclear reactor, and 
have rapid enough response so that they will intro
duce a substantial negative reactivity in the reactor 
in a time of the order of one second or less. One of 
the continuing difficulties in the development of these 
fuses is this latter requirement for short-time opera
tion. It appears that successful development of such 
a fuse will soon be achieved, but because of the short
time requirement this development is neither easy 
nor simple. 

As a matter of practical fact, one must consider 
how a large excess reactivity might be achieved in a 
nuclear reactor.° First of all, it is clear that it can 
not really be achie,·ed instantaneously although some
thing analogous to instantaneous excess reactivity 
can be obtained on startup of a reactor if only a 
weak source of neutrons is used during the startup 
procedure. It is then conceivable that through some· 
error, rapid removal of control rods would allow the 
reactor to be highly supercritical before the power 
level had risen to something approaching the normal 
power range. For this reason, startup accidents are 
particularly to be avoided. 

In any event, one must consider not only the possi
ble degree of excess reactivity but also the rate at 
which reactivity may be added to the machine. For 
this reason, one would like safety rods and shim rods 
that move out rather slowly but which could be re
inserted rapidly at any point during withdrawal.§ 

One would also like the degree oi control residing 
in the control and safety system to have a graded 
weight so that as the reactor becomes nearly critical, 
only smaller amounts of reactivity are introduced by 
the withdrawal of control rods. Safety rods which 
must be completely withdrawn and cocked before 
they may be re-inserted are particularly· undesirable. 

There is another point which is quite pertinent in 
the serious consideration of how rapidly excess re
activity might really be added to a given nuclear 
reactor. Extremely fast reactors, for example, look 

§ In order to avoid circumlocution, all remarks concern
ing control and safety systems will be made as though these 
were conventional absorber systems. Of · course it is entirely 
possible to increase the reactivity of a reactor by inserting 
fissionabl e material instead of withdrawing an absorber or 
by changing the characteristics of a reflector. Our discussion 
will assume that all controls are of an absorbing type. 
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particularly dangerous because of the very short 
e-folding time that one can achieve with modest ex
cess reactivity. However, part of this danger is spuri
ous b~cause the reactor will become supercritical 
enough to run through a complete runaway accident 
before very much excess reactivity can be added by 
ordinary methods of operation of controls. Only very 
sudd:n motion of the control rods, motion so rapid 
that 1t would have to be induced by special pneumatic 
systems could lead to a rapid, explosive type of acci
dent with these fast reactors. For this reason, a care
ful study of the possible rate of reactivity increase, 
rather than the total potential excess reactivity avail
able, should be carried out when the nuclear runaway 
problem is considered. 

It seems that the prevention of nuclear runaway 
accidents is very closely associated with the problem 
of excess reactivity and the rate at which excess 
reactivity might be added to a given machine. This in 
turn depends on the technical details of any given 
machine, both in its neutronic behavior and in the 
operation of control devices and possible other ways 
of changing the reactivity, perhaps because of the 
presence of experimental irradiation facilities. This 
is not a problem that can be generally solved for all 
machines, but each machine must be studied on its 
own merits. 

Vv e will now turn to the characteristics of a nuclear 
runaway, assuming that it is actually underway. As 
pointed out above, a nuclear runaway is not particu
larly violent but it does take place in a remarkably 
short time. The runaway will proceed according to 
the following steps. First of all, excess reactivity is 
inserted! the reactor then rises exponentially in power 
level with a nearly constant e-folding time until 
enough energy is accumulated in the structure to 
affect the behavior of neutrons. These early effects 
are characterized by the term, temperature coefficients 
of the reactivity. These may be either positive, that is 
making the reactor more reactive, or negative, mak
ing the reactor less reactive and tending to shut it 
down. If an increase in power level tends to make the 
reactor more reactive and increase the power level 
not only further but make the further increase more 
rapid, one sometimes says that this is an autocata
lytic reactor. Such a reactor appears to be particu
larly dangerous, and can possibly achieve really short 
c-folding times. A few strongly autocatalytic reactors 
are known. For most reactors, negative reactivity co
efficients will take effect and lead to a lengthening 
in the e-folding time. 

Finally, a third phase of the runaway will occur 
when enough of the reactor structure is actually 
melted, vaporized or otherwise affected (in most 
cases reactivity coefficients will not be adequate to 
shut the reactor down without destructive effects, 
although for some reactors this will indeed be the 
case), and these destructive effects ,viii shut down 
the nuclear chain reaction and stop the runaway. 

Since the negative react1v1ty coefficients can lead 
to shutting off the nuclear accident without destruc
tive effects, a few words about these coefficients may 
be desirable. First of all, large negative reactivity 
coefficients are clearly wanted. However, these co
efficients must be quick acting, able to take effect and 
shut down the reactor during the transient conditions 
of a runaway. Primary changes in temperature are 
caused by the generation of fission heat in the fuel 
elements. Heating of the fuel elements may change 
the reactivity of the machine negatively if the fuel 
elements contain large quantities of U 238• This neo-a
tive change is dc1e to the increased absorption"' of 
resonance energy neutrons by Doppler broadening of 
the U 238 absorption resonances. For large lumped 
thermal reactors, this effect amounts to about 10-5 

fraction of reactivity per degree C temperature rise. 
A secondary reason for the temperature coefficient 

is the heating of the moderator. In many reactors, 
this will beneficially reduce reactivity. However, the 
time for heat to flow from the hot fue l elements to 
the moderated portion may be sufficiently Jong, sev
eral seconds to a minute in some cases, so that al
though the moderated temperature coefficient is 
favorable, it does not have time to come into play 
during a nuclear runaway. For example, the thermal 
diffusion time across a four-inch thickness of graph
ite-moderator in a large lumped thermal machine is 
nearly a minute. This time is so long that the coeffi
cient associated with moderator heating plays no part 
during the runaway. 

One of the important technical areas associated 
with understanding nuclear runaway behavior of a 
reactor is that of heat transfer under transient con
ditions. Relatively little knowledge in this area has 
been available because most heat transfer studies are 
conducted under steady-state conditions. 

It appears likely that a nuclear runaway will cause 
enough disruption of the reactor structure so that 
fission products will start to leak out of the reactor 
into the surrounding area. How fast this escape of 
fission products will be depends upon the type of 
reactor and type of reactor accident. It may be possi
ble to show that there will be very little mechanical 
violence outside the reactor shield, so that if the 
~uilding which houses t~1e reactor can be made gas
tight, then escape of fiss10n products to areas outside 
the reactor building can be greatly reduced. We wish 
to emphasize that in most cases the building need 
only be gas-tight and not explosion-proof. 

DELAYED ENERGY PRODUCTION 

Nuclear reactors have another somewhat unfavora
ble characteristic. Because of the accumulated fission 
products, and the accompanying exothermic radio
active transformation of these fission products, a 
nuclear reactor will continue to produce heat even 
when the nuclear chain reaction is shut down. The 
energy produced by the fission products has been 
studied, and the result for power production in the 
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reactor which has been operating for a long time may 
be summarized in the following equation: 

P4elaved = 0.07 P11ormal [t(sec)J-0
·
2
, t > 1 sec 

Here P ,.ormar is the nonnal operating power level of 
the reactor, P .i,taved is the delayed heat power level of 
the reactor in the same units as the normal power 
level, t is the time in seconds, and the 0.07 is an ex
perimentally determined coefficient. Although the 
fission products individually decay exponentially, the 
result of their statistical production is to make this 
delayed heat decay with the relatively weak power 
law indicated. For about one second after the reactor 
is shut down the delayed power level is approximately 
7% of the normal power level. 

The delayed heat problem is clearly a serious one. 
If some failure in the cooling system should occur, 
breakdown of pumps, loss of pumping power, me
chanical failure of cooling piping, then even if the 
nuclear chain reaction is immediately shut down by 
inserting control or safety rods, there will still be 
left a substantial heat load which must somehow be 
disposed of. 

For example, if the fuel elements from the Mate
rials Testing .Reactor were suddenly removed from 
the reactor and left standing in the open air , they 
would melt down by themselves by delayed heat pro
duction. If they were suddenly immersed in water, 
probably this melting would not take place. 

One may consider the delayed heat problem from 
the point of view of suddenly stopping forced cooling 
in the reactor and also suddenly stopping the chain 
reaction. The fuel elements, and other materials in 
the reactor in close thermal contact with the fuel 
elements will then start to increase in temperature. 
The rate of temperature rise will be proportional to 
the preceding steady power level of the machine, and 
the rate of temperature rise will be reduced if there 
is a large heat capacity in intimate thermal contact 
with the fttel elements. In fact, since the rule of du 
Long and Petit indicates that the heat capacity of 
solid materials is proportional to the number of atoms 
they contain, a crude rule of thumb would state that 
the rate of temperature rise is proportional to the 
power of the reactor per atom of material in good 
thermal contact with the fuel elements. The simple 
expression we have given for the delayed power indi
cates that the time rate of temperature rise should be 
J>roportional to the 0.8 power of the time. In Fig. 2 
are curves showing the rate of temperature rise fol
lowing uncooled shutdown from normal operation for 
a few reactors.9 One concludes that this temperature 
rise, although not so rapid as to constitute a sudden 
event in terms of human reaction times, is neverthe
less rapid enough to be quite troublesome. In Table II 
are summarized some delayed heat power )eyels. 

Three types of preventive designs are suggested. 
One is to have a standby emergency cooling system 
which works either by,gravity flow of coolant or by 
·natural convection. Another is to have standby emer-
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figure 2. Calculated temperature rise ofter shutdown of the chain 
reoclion. (Heat copocity anumptlon1 are indicoted.) (Courtesy of 

W. H. Zinn, Argonne National laboratory) 

gency arrangements of some sort which might be 
rather analogous to fire-fighting equipment. The 
"fire-fighters" would then approach the reactor and 
make suitable coimections and force through emer
gency cooling. A third possibility is to have standby 
forced convection cooling similar to the main cooling 
system but connected to a special power supply and 
with special separate piping. · 

I t is clear that a delayed accident, if it could not 
be brought under control, might very well lead to 
sufficient dismption of the reactor core to allow fis
sion products to escape. It is also clear that this again 
will not be of itself a very violent event, and again 
as in the case of the nuclear runaway it is probable 
that an accident of this kind can be minimized a good 
deal by providing a gas-tight building around the 
reactor. 

CHEMICAL REACTIONS 

Either a nuclear runaway or a delayed heat accident 
may cause considerable melting and mixing of re
actor components and lead to exothermic chemical 
reactions between these components. A simple exam
ple of this type is that of an air-cooled graphite re
actor. A sudden temperature rise in the uranium 
fuel may be sufficient to cause it to melt and heat the 
adjacent graphite so that both the uranium and 
graphite can burn in the cooling air. If the air sup
ply is not turned off, it is likely that a substantial 
portion of the reactor could be consumed in this way. 
This would then disperse radioactive fission products 
into the surrounding area through the exhaust portion 
of the cooling system. 

Another example is that of a heavy-water-moder
ated-and-cooled natural uranium reactor. In a ma
chine of this sort a runaway accident could melt the 
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uranium and allow it to mix intimately with the 
water. In this case the thermodynamic potential indi
cates that an exothermic chemical reaction can take 
place. Whether or not such a reaction would be rapid 
and violent is not clearly known . In this case one has 
to deal with the chemical kinetics of a heterogene
ously reacting chemical system (among other things 
the prQbable degree of dispersion of the uranium into 
the water is not known). Presumably, the rate will 
depend upon the intrinsic molecular kinetic process 
in the conventional chemical sense, but it will also 
depend upon the degree of dispersion of the uranium 
into the water, the rate at which reacting molecules 
can diffuse through the uranium oxide layer that 
would be formed between the uranium and the water, 
and the degree of turbulent mixing and scrubbing of 
the two reactants against each other. This latter ef
fect might he generated by the reaction itself. This is 
clearly a complex p roblem and a great deal more 
needs to be learned. However, one can say this: If 
an cxothem1ic reaction of this type goes to comple
tion, the resulting energy relense will nearly always 
be substantially greater than the energy generated in 
a preceding nuclear runaway. Thus it is important to 
determine the possible chemical reactions. A substan
tial increase in reactor safety can be achieved by the 
elimination of possible reacting components in the 
reactor structure. 

SAFE DESIGNS 

tt seems worth while to summarize the preceding 
discussion with a few remarks concerning the ap
proach to safe reactor designs. First of all, it is desir
able to provide a large negative reactivity coefficient. 
This can usually be achieved by thermal coupling of 
the fuel elements to those portions of the reactor 
which give a substantial reduction to the neutron 
multiplication when heated. For example, in the case 

· of enriched, water-moderated reactors, close thermal 
contact between the fuel elements and the moderated 
water can lead to enough heating and vaporization 
of the water to reduce the \\"ater density in the event 
of a nuclear runaway, and shut down the reactor 
before serious damage is done. Successful tests of 
this sort have lJee11 macle.10 A design of this sort must 
be thought through carefully in order to make sure 
that enough heat transfer surface is available and 
rapid enough heat flow will take place to shut down a 
machine during an accident. 

The control system must be carefully designed so 
that in the event of too high a power level, too high a 
rate of rise of power level, a serious reduction in 
coolant flow, or any major failure of fuel elements, 
the reactor will shut down in a ti rtie interval small 
enough to minimize damage. All potentially danger
ous failures should be monitored by instruments and 
control channels leading to shut-down or "scram." 
T hese monitors and channels should be at least in 
duplicate, independent of each other, and preferably 
of different types. In addition, particular care should 

be taken that a failure cannot put the cont rols out o( 
operation. 

In order to prevent a delayed heat accident, it is 
important that enough natural convection heat trans
fer can take place in the overheated core to dispose 
of the delayed heat, perhaps just into the ground. 
E ven if the structure is damaged, one must try to 
keep the temperature lower than that temperature 
which would start a substantial pressure rise in the 
reactor st ructure. In that case, the fission products 
may be kept inside the reactor shield. This means 
that some coolant contained in the core should have 
a large surface to\vhich it can transfer heat by natu
ral convection or by boiling convection, and that this 
degree of cooling should be sufficient to keep the bulk 
of all volatile materials below their boiling points. It 
may be remarked that boiling heat transfer is known 
to be especially efficient, so that in any event there 
will tend to be a ceiling put on the temperature rise 
at about the boiling temperature of the original cool
ant employed. This in turn implies that by appro
priate construction one may limit the pressure inside 
the shield to a few atmospheres. Thus it may be 
rather easy to make sure that the fission products are 
kept inside the shield. 

Finally, the problem of chemical reaction among 
reactor components can often be minimized. For ex
ample, already-reacted components might be used in 
some cases. U ranimn oxide rather than uranium 
metal in an air- or water-cooled reactor may serve 
as an example. 

The other general conclusion that the Safeguard 
Committee has come to is that explosive hazard in 
reactor accidents is minor, at least for people not at 
the reactor site. Indeed, for many reactors, it appears 
unlikely that there will be much mechanical violence 
external to the reactor shield. For this reason, a gas
tight building, or a moderately gas-tight building 
which may confine the fission products during a cool
ing period and from which the fission products are 
exhausted into scrubbers ancl out a high stack, may 
serve to prevent the spread of fission products fol
lowing a reactor accident. For some reactors the 
confining building will have to be a gas-tight pres
sure vessel. Safe-design procedures represent an im
portant field of nucle.1.r reactor development. 

ADMINISTRATIVE CONTROL 

Although good administrative control of the re
actor does not lend to the same degree of confidence 
in the good behavior of the machine that intrinsic· 
gremlin-free built-in stability does, nevertheless, 
good administrative control does enhance the safety 
and reliability of reactor operation. Indeed, good ad
ministrative control is mandatory for those people 
who have an economic stake in the reactor. From the 
point of view of public hazard, careful reactor opera
tion and maintenance makes it very much less likely 
that there will be a reactor accident. 

- - -- - ----------
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However, this administrative control should not 
start just when the reactor is put into operation. 
Throughout the design and construction of the re
actor, thorough supervision, careful design for relia
bility, and thorough testing of all reactor components 
including coolant system, off-gas systems, shims, 
safety and control mechanisms, and all control and 
operating instrumentation should be carried through. 
All these components should be given systematic and 
thorough shakedown testing before the reactor is put 
into operation and before it becomes radioactive so 
that modification, correction, and maintenance can be 
done with less difficulty. Indeed, it is extremely diffi
cult to emphasize how important it is to have com
plete, thorough, systematic shakedown of all portions 
of reactor control and instrumentation. 

In the design of the reactor, careful attention 
should be given to the problem of maintenance after 
it is placed in operation. It should be possible to enter 
all instrument areas, most of the control areas, and 
obviously the central control room, after the machine 
has started up and been operating for some time. 
Fuel-element failure, a continuing problem, may 
allow radioactivity to enter portions of the reactor 
structure which normally would be expected to be 
radiation-free. This should be taken into account in 
the original design. 

Once the reactor is placed into operation, continu
ing close supervision is essential. Maintenance pro
cedures should be carefully followed and maintenance 
checks should be scheduled in an appropriate way. 
The period of reactor startup is a particularly critical 
one, and should be followed very closely. Reactor 
loading and unloading are delicate operations, par
ticularly the unloading of now-radioactive fuel ele
ments. Startup of a reloaded reactor must be carefully 
considered since the reactivity may have been affected 
by a new fuel loading. The normal, or routine, day
to-day operation requires close supervision so that 
troubles may be detected at an early date and cor
rective measures taken. Clearly, careless operation of 
the controls may lead to a supercriticality accident 
and the manipulation of the controls should be carried 
out only by people who are thoroughly famil iar with 
the characteristics of the reactor and its a ssociated 
equipment. 

If a reactor is employed as an irradiation facility, 
it is possible for e..--<periments to give rise to sudden 
changes of reactivity. Experiments should be planned, 
the plan reviewed by the administrative staff, and 
suitable emergency procedures decided upon, before 
inserting experiments into the reactor. 

Finally, there is one phase of the administratively 
controlled reactor which is usually taken for granted 
but may require a word or so: T he careful accounting 
for all materials which have been irradiated in the 
machine. There is usually available a number of test 
holes in which experimental irradiations may be car
ried out. The samples so irradiated can be highly 
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radioactive and should not be allowed to accumulate 
unduly, or to be lost, or to be handled in an irrespon
sible manner. 

CONSEQUENCES OF AN ACCIDENT · 

We believe the following discussion outlines the 
main features which can make a nuclear incident 
dangerous. In the event of a reactor accident, there 
will probably result a release of radioactive material 
from the reactor. Operating personnel may be seri
ously injured or perhaps even killed. The reactor 
itself may be damaged beyond repair or recovery. 
The reactor building and its associated equipment 
are very likely to be heavily contaminated and indeed, 
it may not be possible to clean up the building suffi
ciently to put it into operation again. Design of the 
building so that possible cleanup operations are as 
easy as possible is desirable.11 Smooth, clean surfaces, 
perhaps clad in stainless steel, would make cleanup 
operations easier. Finally, radioactive materials can 
escape from the reactor site altogether. Fission prod
ucts may be carried in the wind and spread over 
adjacent populated areas and constitute an acute 
hazard. Radioactive material may escape into the 
ground and be carried by the percolating ground 
water to adjacent rivers or other water supplies. 
Although a great deal needs to be known about the 
character of radioactive material that might escape 
from a reactor, whether it is in large or small particles, 
whether it is indeed gaseous, whether it would rise 
high into the air or seep slowly along and into the 
ground, nevertheless, some notion of the possible. 
spread of the hazard could be obtained by study of 
the meteorology, and hydrology at the reactor 
s ite.12,13 ,14 I t is desirable, for example, to have the 
prevailing wind to blow from the reactor to uninhab
ited areas. It is also desirable to have the reactor site 
not be located on a main watershed. From the point 
of view of the hazard alone, it is of course desirable 
to have the reactor site far from populous or vital 
industrial areas. It will not always be possible to 
obtain this remote location and still obtain economic 
utility from the reactor. For this reason, the Safe
guard Committee is continuing to emphasize the 
importance of safe reactor designs, the development 
of contained fuses to minimize the possibility of a 
runaway accident, and the use of gas-tight containing 
vessels and buildings. 

Perhaps it is important again to emphasize the 
degree of public hazard that might follow a reactor 
accident. Assuming that good luck prevails and no 
one is killed, it may nevertheless be necessary to 
evacuate a large city, to abandon a major watershed, 
and very probably it would be necessary to make the 
reactor site itself a forbidden area for some years to 
come. 

Despite all these possible dire consequences, it is 
the belief of the Advisory Committee on Reactor 
Safeguards that nuclear reactors will soon start to 
produce substantially increasing material benefits for 
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humanity. We believe that useful electric power in 
large quantit ies can be generated by nuclear reactors. 
It is 9ur concern that rapid progress shall be made 
but that enough caution be observed so that no catas
trophic event will delay the fru ition of reactor devel
opmenL 

APPENDIX. THE ADVISORY COMMITTEE ON REACTOR 
SAF.EGUARDS TO THE UNITED STATES ATOMIC 

ENERGY COMMISSION 

The Advisory Committee on Reactor Safeguards 
was formed by combining the Reactor Safeguard 
Committee and the Industrial Committee on Reactor 
Location Problems. At this time members are: M. 
Benedict, Massachusetts Institute of Technology; 
H . Brooks, Harvard University; Vv. P . Conner, Jr., 
Hercules Powder Company; R. L . Doan, Phillips 
Petroleum Company; H. Friedell, ·western Reserve 
University; I. B. Johns, Monsanto Chemical Com
pany; C. R. McCullough, Chairman, ACRS; M. M. 
Mills, University of California Radiation Laboratory; 
K. R. Osborn, Allied Chemical and Dye Corporation; 
D. A. Rogers, Allied Chemical and Dye Corporation; 
C. R. Russell, Secretary, A CRS; R. C. Stratton, 
Travelers Insurance Company; E. Teller, Depart
ment of Physics, University of California; H. Wex
ler, United States Weather Bureau; and A. Wolman, 
The Johns Hopkins University. 

The Reactor Safeguard Committee was formed in 
1947, and the Industrial Committee on Reactor Loca
tion Problems was formed in 1949. The following 
were also associated with these committees for pro
longed periods: Cmdr. J. Dunford, U S Atomic 
Energy Commission ; Col. B. H olzman, US Air 
Force; J. Kennedy, Washington University, St. 
Louis; F. Seitz, University of Illinois; G. Weil, 
formerly Division of Reactor Development, US 
AEC; and J. A. Wheeler, Princeton University. 
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Experimental Determinations of the Self-Regulation and 
Safety o~ Operating Water-Moderated Reactors 

By J. R. Dietrich,* USA 

INTRODUCTION 

One of the important characteristics of a nuclear 
reactor is the degree of hazard which it creates in the 
surrounding area. If the usefulness of reactors, either 
for research or for power production, is to be ex
ploited effectively, the hazard must be minimized, 
since isolation of the reactor compromises its util ity 
and increases its cost. It is, therefore, important to 
find means for evaluating the hazards of specific 
reactors and methods of improving the safety of re
actors in general. 

The ultimate question in an eva luation of reactor 
safety is the question of what will happen if the 
reactor is inadvertently made supercritical and al
lowed to "nm away" without any artificial limita

.tion of its power. For, although safety devices which 
impose a rtificial limitations will cer tainly be pro
vided for in the reactor design, the possibility of 
their failure as well as the consequences of their 
finite speed of operation must be recognized. 

In general it can be said that the reactivity of a 
reactor will be related to its power level once the 
power has become sufficiently high to cause signifi
cant changes in the temperatures of the reactor parts. 
At moderate power levels this dependence can be 
such as to cause the reactivity either to decrease or 
to increase with power level, depending on the de-
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National Laboratory. R. E. Cote-Pratt and \Vhitney Air
cr:i-ft Corp., \V. R. Dav.is-University of \Vashington, J. J. 
Dickson-Argonne National Laboratory, J. R. Dietrich
~ rgonnc National Laboratory. J. :\f. Harrer- Argonne Na
tional Laboratory, R. 0. Harolcfsen-Argonne National Lab
oratory. P. R. Kasten- Oak Ridge National L:iboratory 
L. _D. P. King-Los Alamos Scientific Laboratory, N. L'. 
Knsberg-US Atomic Energy Commission, D. C. Layman 
-Argonne _ N_ational Laboratory, H. V. Lichtenberger
Arg~mnc National L"lboratory, W. C. L ipinski-Argonne 
National Laboratory, R. N. Lyon-Oak Ridge National Laho
rato;Y, M. Novick-Argonne National Laboratory, V. K. 
Par e-Ga~ Ridge National Laboratory, R. L. Ramp-Ar
gonne National Laboratory, \V. M. Sandstrom-University 
of Washington, R. J. Schiltz--;-Argonne National Laboratory, 
0. A. Schulze-Argonne National Laboratory, A. R. Snider 
-California Research and Development Co., G. H. Stonc
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sign of the specific reactor, but eventually at some 
power level any runaway reactor will become sub
critical, through some degree of disassembly of it
self if not by other means (Fig. I) . T he safety 
question has to do with how violent the energy re
lease becomes before the eventual shutdown is 
achieved. 

The more impor tant ways by which increasing 
power can cause a reactor to lose reactivity are by 
expansion of the fuel, by heating and expansion of 
the moderator, and, if strong resonance absorbers 
a re present, by Doppler broadening of the reso
nances. In many cases the unknowns in the magni
tudes ?£ the applicable effects and in their speeds of 
operation make safety evaluations quite uncertain. 

The most straightforward way of evaluating the 
unknown aspects of the reactor shutdown process is 
by observing experimental runaways of actual re
actors. Some experiments of this kind on two reac
tor types which have particularly favorable power.: 
limitation characteristics, the solid-fuel. water-mod
erated reactor and the water-moderated homogeneous 
reactor, are reported here. In addition to the instru
mental measurements reported here, motion picture 
records, which add materially to the information 
on the sa fety character istics of the reacto~s are 
available. ' 

H omogeneous reactors can, in general. be made 
to have negative temperature coefficients of reac
tivity. The negative coefficient results primarilv from 
thermal expansion of the fuel solution. whi~h de
creases not only the density of the moderator, but that 
of the fuel as well. The coefficient is quite larae for 
small r~actors with high neutron leakage. Fu;ther
~ore, smce the ~eat of fission is liberated directly 
m the fuel solution, the action of the negative co
efficient is very rapid, and insofar as such reactors 
can limit their power by temperature coefficient 
alone, they can be expected to be quite effectively 
protected against destructive runaways. 

The. solid-_fuel water-moderated reactor may get 
a cert~m d:g:ee of p~wer limitation from the Doppler 
coefficient 1£ 1t contams a la rge frac\ion of u2as. Be
yond this, power limitation comes from the modera
tor temperature coefficient and expulsion of mod
erator from the reactor core by t he formation of steam 
at the hot fuel element surfaces. The bulk tempera
ture of the moderator does not change rapidly enough 



Figure 1. Effects of lorge reacrivlry additions to o water-mod•roted reactor; left, reactor shutting itself down sof<tly by water expulsion ofter 
being made supercritical by 2.1 % lc,fl; right, reactor destroyed by melting of fuel plotes ofter being mode supercritical by 3.3% lc,r, 

to make the temperature coefficient effective against 
rapid power increases, but ear ly laboratory experi
ments by C ntermyer and later ones by \\fest, \Vcills, 
Hooker, and Schiltz showed that the e.xpulsion of 
moderator by steam can be very· rapid.1 •2 The re
actor experiments, initiated at the suggestion of 
U ntermyer, confim1ed the effectiveness of the proc
ess. They were begun in the early summer of 1953 
by Argonne National Laboratory as part of an ex
perimental program on boiling water-moderated re
actors. The effectiveness of boiling as a safety 
process was proved, and the following year the 
se\'erity of the experiments was increased to the 
point of planned destruction of the reactor. A new 
reactor was built in 1954 with which similar ex
periments were made at elevated pressures. 

In July and August of 1953 safety e..xperiments 
were run on the Los Alamos "Supo" reactor by 
Lyon, Kasten, and others of Oak Ridge National 
Laboratory and King, Zabel, and others of Los 
Alamos Scientific Laboratory. Shortly thereafter a 
program of more drastic safety experiments was 
run on the Homogeneous Reactor Experiment at 
Oak Ridge National J;...aboratory by Pare, Visner 
mid others. Although these experiments were not 
carried to conditions as severe as those used for the 
experiments on solid-fuel reactors, they demon
strated a high degree of inherent_ self-limitation of 
power in the homogeneous systems. 

EXPERIMENTS W ITH HOMOGEN EOUS REACTORS 

T he nmaway behavior of the non-boiling homo
geneous reactor, whose power is limited by the 
temperature coefficient of. reactivity, is the most 
straightforward of those investigated. Reactors of 

this type may have very high negative temperature 
coefficients of reactivity which result primarily from 
the expansion of fuel solution out of the reactor 
proper as the temperature increases. 

Figure 2 is a diagram of the Homogeneous Reactor 
Experiment, which was used for the tests described 
here. The core is normally full of the fuel solution 
of enriched uranium in water. If the solution heats 
and expands, the displaced fraction of the solution 
is accommodated by the pressurizer tank, where it 
contributes nothing to reactivity. The temperature 
coefficient of the reactor was about -0._17c ke11 per 
degree C. The volume of the core was 50 liters, and 
the effective prompt neutron lifetime was 7.5X 10·~ 

PRESSURIZER 

PlH.1P 

HEAT 
EXCHANGER 

Figure 2. Diagram of homogeneous reactor system 

------ ------
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Figure 3. Relation between excess reactivity and reactor period 

sec. The relation between excess reactivity and 
asymptotic reactor period is given by curve c, Fig .. 3. 
The deficiency in delayed neutron fraction results 
from the circulation of the fuel solution. The re
actor was pressurized to a pressure of 1000 psi. 

If reactivity is added to such a reactor according 
to some law of time variation, ka(t), resulting in a 
period which is short compared to the residence 
time of the fuel solution in the reactor, then the law 
which expresses the variation of reactivity with time 
is simply 

k ( t) = ko + k 0 ( t) + C lo I P ( T) dT ( 1 ) 

where C is a characteristic constant of the reactor 
which includes the heat capacity and the (negative) 
temperature coefficient of renctivity, noel P( T) is 
the instantaneous reactor power. This equation must, 
of course, be coupled with the usual differential 
equations characteristic of the kinetics of the neutron 
chain reaction to specify the variation of reactor 
power with time. If the power increase is fast enough 
that the compressibility of the fuel solution is im
portant, still further relations must be included to 
describe the dynamics of the system. Kasten has 
treated these considerations at some length.3 Re
gardless of the complications which may occur in 
specific reactors, the safety e.xperiments which have 
been made indicate that the fundamental situation is 
reasonably well understood. 

The reactor used for the experiments was not 
provided with special means for increasing reac
tivity rapidly, and hence the experimental situations 
were those relatively complex ones which would be 
characteristic of practical reactor accidents. Reac
tivity was increased experimentally by several meth
ods: withdrawal of a \\Teak control rod; increase of 
fuel concentration ; raising of the reflector level ; 

rapid cooling of the circulating fuel; and pumping 
of precooled fuel solution into the reactor proper. 
The latter method gave the largest and fastest re
activity changes, and the results obtained by it are 
the ones reproduced here. 

The e.xperiments were made by stopping the cir
culating pump (Fig. 2), cooling the fuel solution 
in the heat exchanger to about 100°C, and then re
starting the pump to inject the cooled solution 
rapidly into the reactor core, which had been main
tained at a temperature of about I80°C. The severity 
of the experiment was adjusted by adjusting the 
initial power level of the reactor before the cold 
solution was injected. Figure 4 shows the measured 
power variations for two different initial power 
levels. Naturally, the lower initial le"el allows the 
greater increase in reactivity before the reactor be
gins to shut itself down and results in the higher 
maximum power. The temporary power decrease 
immediately after the pump starts is a result of the 
initial loss of delayed neutron emitters as the old fuel 
solution is displaced by the new. 

This type of power transient can be characterized 
by specifying both the rate of addition of reactivity 
bv the inflow of cold solution and the minimum re
a~tor period reached during the transient. Figure S 
contains a set of theoretical curves giving the max
imum power reached as a function of the minimum 
period reached during the transient, with rate of 
reactivity additio'n as the pnrameter. The experi
mental results are plotted in the same figure, with 
the rate of reactiYity addition indicated by each. In· 
Yiew of the relatively comple.." experimental condi
tions, the agreement with theory is satisfactory. 
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The experiments indicated, further, that for the 
conditions tested the reactor would settle down to 
steady operation after the transient. The power 
level would then be determined simply by the rate 
of heat removal from the heat exchanger : the re
actor power would be self-regulating via the tem
perature coefficient of reactivity. 

The Supo reactor differs from the Homogeneous 
Reactor Experiment in that its fuel solution is not 
circulated; heat is removed by a cooling coil in the 
reactor vessel. Furthermore, the reactor vessel is 
not completely full of solution. The temperature 
coefficient is nevertheless strongly negative: about 
- 0.024% kc11 per degree C. The reactor has been 

· described by King.4 

· The safety experiments were made in connection 
with an investigation of boiling operation of the 
reactor. The reactor was operated at powers of sev
eral kilowatts as a boiler, and the power under this 
condition fluctuated , but was self-regulating. Sudden 
reactivity additions up to about 0 .4% k,11 were made, 
under conditions of both boiling and non-boiling 
operation. In both cases the reactor power was self
limiting, but the excursion was terminated more 
rapidly under boiling <:Onditions. The experiments 
indicated that there is no very long time delay in 
the formation of steam bubbles in a homogeneous 
reactor once the solution has reached saturation 
temperature. Once this is known, it is to be ex
pected that steam would be by far i_he more effective 
shutdown agent for long-period power excursions 
at atmospheric pressure. For whereas about 5000 
calories of heat are required to produce 1 cm8 of 
effective void in liquid water by thermal expansion, 
only about 0.3 calorie is required to evaporate suf
ficient water to produce 1 cm8 of steam at atmos-

pheric pressure. It is by no means evident, however, 
that the same situation would hold for very short 
period transients or at very high pressure. 

EXPERIMENTS ON SOLID FUEL REACTORS 

In the experiments made with solid-fuel, water
moderated reactors the expulsion of water by steam 
formation was the important process in transient 
limitation of the power. Since a quantitative theory 
of the process has not been developed, it is necessary 
to present the .results and the experimental condi
tions in some detail. 

The experiments were made in two different re
actors which were also used for investigation of the 
steady-state characteristics of boiling reactors. T he 
pertinent differences between the two reactors lay in 
their core characteristics. These differences will be 
described, but differences in the mechanical details 
of the two reactors will be ignored. 

Description of the Reactors 

Figure 6 is a cutaway drawing of the first re
actor, which was constructed outside and which was 
operated remotely from a control station half a mile 
away. T he reactor tank ,,,as contained in a larger 
shield tank of ten-foot diameter which was sunk 
part-way into the ground and had earth piled around 
it for additional shielding. Adjacent to the shield 
tank was a pit with concrete walls in which was 
installed equipment for filling and emptying the re
actor and shield tanks, and for preheating the water 
in the r eactor tank. The reactor tank, four feet in 
diameter and about thirteen feet high, contained the 
reactor core, which consisted of an adjustable num
ber of plate-type fuel clements held at the bottom 
by a supporting grid and at the top by a removable 
cove.r grid. 

In operation the reactor tank was filled with water 
to a height of three to four and one-half feet above 
the top of the core; this water constituted the re
flector, moderator, and coolant. The shield tank was 
filled ,with water only when the reactor was shut 
down. 

The reactor contained five cadmium control rods 
which were operated by drive mechanisms located 
in the rectangular housing above the shield tank. 
The connection from the mechanism to the rods 
was through spring-loaded magnetic couplings. These 
couplings could be released in unison or individ
ually, allowing the rods to drop freely downward 
under the acceleration of the springs plus gravity. 
When released, the center control rod dropped out 
of the reactor core to apply the excess reactivity' 
used fo r the experiments. T he other four rods when 
released dropped into the reactor core to terminate 
the experiments. Each rod traversed the length of 
tl1e core in about 0.2 sec. 

The fuel elements were made of aluminum-clad, 
aluminum-uranium alloy plates, of 60 mils total 
thickness, fastened into aluminum side plates to 
make boxes roughly 3 in~hes square. Figure 7 is a 

---- -- ------ ---· 
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figure 6. Cutaway drawing of reactor I 

drawing of a fuel element for one of the reactors. 
The other reactor used elements of identical out
side dimensions, but each element contained only 
ten of the fuel plates. 

The two reactors will be designated I and II. Each 
reactor was loaded, for any given experiment, with 
the number of fuel elements which would give a 
convenient amount of reactivity. Typical loadings 
for the two reactors are diagrammed in Figure 8. 
Reactor II contained several elements of higher 
uranium content around its periphery to flatten the 
power distribution. 

The relationship between asymptotic reactor per iod 
and excess reactivity for the reactors is given in Fig. 3 
( curves a and b) . For larger excess reactivities the 
period ( -r) is given by 

l* ,. = ..,...ke-.,, (.,....,1- -/3-)--/3 (2) 

where f3 is the total delayed neutron fraction and l* 
the effective neutron lifetime. Other characteristics of 
the two reactors are summarized in Table I. 

Typical Transient Beh~vior of the Reactors 

The experiments were made by the following pro
cedure. T he reactor water. temperature was adjusted 

to the desired value, and the reactor was made criti
cal at a low power (about l watt) by appropriate 
positioning of the control rods. T he center control 
rod was then dropped out of the reactor core. The 
initial power was sufficiently low and the speed of 
rod ejection was sufficiently high so that in almost 
all cases the rod was completely out o f the core and 
the reactor period reached its stahle value before 

2.949 
3,071 

Figure 7. Standard fuel asnmbly 

□ 
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the reactor power had risen high enough to pro
duce significant thermal effects. The power was 
allowed to continue to rise until the formation of 
steam in the reactor core reduced the reactivity 
below criticality and caused the power to fall to a 
low value. After it was evident that the power had 
been safely limited by the formation of steam, the 
remai!Jing four control rods were dropped into the 
reactor to terminate the experiment, referred to as 
a power excursion. By proper adjustment of the 
number of fuel elements in the reactor core and of 
the positions of the four outer control rods, the re
actor could be made critical with the center control 
rod inserted to any desired degree in the core. The 
magnitude of excess reactivity applied by ejection 
of the center rod could thus be adjusted at will. 

Figure 9 is a reproduction of a typical chart from 
the multichannel magnetic oscil1ograph which re
corded the data on the experiments. In this case the 
applied excess reactivity was 1.470 ke11 and re
actor I was used. The neutron flux (proportional 
to reactor power) was recorded OYer about three 
decades by three different neutron-sensitive ion 
chambers working through logarithmic amplifiers. The 
stable reactor period ( r) is indicated by the three 
ion chamber records as 0.0096, 0.0107, and 0.0109 
second, respectively. The temperature of one of the 
fuel plates, which was situated at roughly the high
est Rux position in the core, is recorded by two 
fast-response thermocouples. Both of the couples 
were located near the position of maximum neutron 
flux; one was installed on the surface of the plate, 
the other at its central plane. There is little dif
ference between the two temperatures, because of 
the h igh thermal conductivity of the thin .plate. 

The ion chambers, which ,vere calibrated in terms 
of absolute' power by thermal methods, indicate that 
the reactor po\'ver reached a m~,imum value of 220 

· megawatts before the formation of steam checked 
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.70 .86 
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Figure 8 . Core looding diograms for reactors I and II 

Table I. Comparison of Reactors and II 

Ratio volume alurninu':" in core 
' •olume w·ater 1n core 

U""" con.tent per fuel element 

Number of fuel plates per 
element 

Plate spacing (between 
center lines) · 

Measured reactivity loss with 
temperature incrc:tse: 

80°F to 200°F 
80°F to 280°F 
80°F to 420°F 

Calculated loss of r eactivity 
caused by r eplacement of 
10% of co re water by 
steam, at 200°F 

Effective m:utron lifetime(/*) 

Reactor I 

0.626 

138.6gm 

0.177 inch 

0.82% k,rr 
l.93% k,rr 

R,octor II 

0.422 

93.4 gm 
or 

157.3 gm 

10 

0.324 inch 

0.45% k,,,• 
0.76% k,,r* 
1.57% k,,,• 

2.4% k,,, 1.0% k,,,• 
6.5 X 10·• sec 7.5 X 10 .. sec• 

• These values apply to the case in which the reactor is 
loaded only with fuel elements of low uranium content. 

the rise. Further generation of steam reduced the 
reactivity below the critical yaJue, and caused the 
power to decrease very rapidly to a value of about 
0.2 megawatt. 

Once the initial power excursion has been checked 
by boiling in the reactor the specific power Yariation 
depends both quantitatively and qualitatively upon 
the amount of excess reactivity to which the reactor 
was initially subjected, and upon the bulk tempera• 
ture o[ the reactor water. Figure 10 contains trac
_ings • from excursion. records for reactor I • similar to 
those o f Fig. 9, but of longer duration. They sum
marize the typical behavior of the reactor for various 
amounts of applied e..'Ccess reactivity when the re
actor water is initially at saturation temperature. 
\Vhen the excess reactivity applied is low, corre
sponding to a reactor period of about 0 .03 sec or 
longer, the reactor power after the initial surge 
settles down to a relatively steady value in the 
neighborhood of half a megawatt ( top curve, 
Fig. 10) . For this type of excursion the self-regu
lating characteristic of the reactor operates rapidly 
enough to stabilize the power at a steady value 
characteristic of the amount of applied excess re
activity. After the power has reached this steady 
value, fu r ther reactivity could, of course, be applied, 
and the reactor would continue to operate stably in 
steady boiling at a higher power. • 

If the excess reactivity which is applied by ejec
tion of the control rod exceeds that corresponding 
to a period of 0.02 or 0.03 sec, the initial power 
excursi01i is followed by a series of qualitatively 
similar excursions of smaller ampli tude, which occur 
at intervals of about 1 sec (second curve, Fig. 10). 
The amplitudes of the successive excursions, al
though they vary in an irregular manner, have no 
sustained tendency to increase or decrease. This 

- - - ----- ------
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Figure 9. Typical record of power excunlon 

type of operation will hereafter be referred to as 
"ch1tgging ." 

When the applied excess reactivity was .greater 
than that corresponding to about a 0.01-sec period, 
the chugging was no longer observed, and the power 
after the first surge remained at a low value. This 
permanent shutdown was no doubt the result of ex
pulsion of sufficient water from the reactor tank to 
partially uncover the reactor core. The occurrence 
of this behavior in other reactors would, of course, 
depend upon the specific design of the reactor in 
question. 

When the applied excess reactivity was increased 
to about 2% /,'ct/ to give periods in the 0.005-sec 
range, the qualitative behavior of the reactor power 
remained the same, but the fuel plate temperature 
did not drop immediately after the power surge (bot
tom curve, Fig. 10). The fuel plate temperature 
remained high for almost a second after the power 
surge and then decreased by small jumps, as though 
the plate had been blanketed by steam for some 
time after the power excursion. 

Experiments of this type were not carried to 
periods shorter than about 0.013 sec when the re
actor water was cooler than the saturation tempera
ture. With this condition, which will hereafter be 
called the subcooled condition, chugging was never 
experienced. In all cases after the initial power ex
cursion the reactor power stabilized at some more 
or less steady value. Figure 11 is a record of such 
an experiment on reactor I, in which the initial 
period was 0.014 sec. Although the reactor power 
oscillated a'fter the excursion, the oscillation ampli
tude was very much less than that for typical chug
ging operation. 

Some of the details of the nuclear and thermal 
behavior of the reactor during a power excursion 
are illustrated by Figs. 12a and 12b, which apply 
to the subcooled reactor I for . excursiotts of two 
different periods. The curves show the time varia
tion of reactor power, on a linear scale, and the fuel 
plate surface temperature. ·In these experiments the 
fuel plate, with thermocouple attached, was coated 
with a thermally insulating plastic over a section of 

its length. The temperature of this section of the 
plate is also included in the figures. This tempera
ture, except for the effect of a small heat loss through 
the thermal insulation, is proportional to the total 
nuclear energy liberated in the plate. T he point at 
which there is a sharp deviation between the tempera
ture of the bare section and that of the insulated 
section evidently marks the beginning of rapid steam 
formation at the bare plate surface. Up until this 
time the temperature of the bare plate, like that of 
the insulated plate, is roughly proportional to the 
time integral of the reactor power. 

Since no single fuel plate can produce sufficient 
steam to shut the reactor down it is evident that 
the time relationship between peak reactor power. 
and peak temperature of the bare fuel plate, as well 
as the ratio of maximum bare plate temperature to 
maximum insulated plate temperature, will depend 
upon the local value of power density at the plate 
location relative to the power density elsewhere in 
the reactor. The plate used for these measurements 
was located at or near the maximum power density, 
and the thermocouples were installed near the point 
of maximum power density in the plate. Neverthe
less, Fig. 12a indicates that for long-period excur-

9 Mo 0.4 Mw T•0.07 ___________ L_ --,__ 
~ 

,-,0_··· A-··~ 
~90F ~ ~ 

220Mw 

t •OOI 

~0~ -.-~-- --- - ------ - - -

1800Mw 

t•OOO~ _ 

~ 0 1 l-400~,,------------------
Figure 1 O. Repruentotive records of excursions a t saturation temper• 

ature with various oxces, reactivities 
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sions other plates were responsible for the fi rst 
formation of steam, since power began to decrease 
before plate temperature reached saturation. 

Effects of Severa l Variables o n Power, Energy 
and Fuel Pla te Temperature 

Both the total nuclear energy liberation and the 
maximum fuel plate temperature reached during a 
power excursion depend upon the amount of excess 
reactivity involved in the excursion. In the following 
presentation, the reciprocal of the stable reactor 
period is used to characterize the excess reactivity. 
The relation between the two is given in Fig. 3. In 
Fig. 13 the total energyt liberated by the power 

t Throughout the section on solid fu el reactors the tenn 
energy will be used to refer to the prompt fission energy which 
is conve.rted to heat in the fu el plates. The total energy release, 
including delayed emission and energy converted to heat 
di rectly in the reactor water, is about 15% higher. A consistent 
definition is used for reactor power. By the total energy o f a 
power excursion is meant t he energy liberation up to the time 
of the first minimum in reactor power. 
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excursion and the maximum fuel plate surface tem
perature are plotted as functions of the reciprocal 
period for the case in which the reactor water was 
at saturation temperature befo re the excursion be
gan. The shapes of the two curves are quite similar ; 
in fact, the maximum htel plate temperature rise is 
roughly proportional to the energy of the excursion 
for all periods shor ter than about 0.03 sec, and the 
peak temperature corresponds to the temporary 
storage in the fuel plate of 60 to 70 per cent of the 
total energy of the excursion. 

The energy liberation and ma."<imum fuel plate 
temperature for the condition in which the reactor 
was initially at room temperature are given, for 
reactor I, in F ig. 14. The plotted temperature is the 
maximum above saturation temperature at atmos
pheric pressure rather than the total ·temperature 
rise. The fuel plate temperature is somewhat higher 
( and the energy release is much higher) for a given 
reactor per iod than in the case of saturated reactor 
water. 

250 

so 

o. 12 o. 14 o. 16 0. 18 
Af'TER ARBITRARY ZERO, sec 

PERIOD = 0. 021 iec 

lNfTIA L TEMPERAT URE : 82°P 

b 

figure 12. Power o nd fuel plo to surface tempero rure rise du ring power excur,ions 
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For the cases of both saturation temperature and 
room temperature water the total energy liberated 
during the power excursion was nearly proportional 
to the product of the maximum power and the · 
period. These quantities are plotted in Fig. 15 for 
the experiments made with reactor I. The slope of 
the line is about two. 

In comparing the behavior of the two reactors, 
I and II, which differed in core size, it is more 
informative to compare energy density or energy 
per fuel plate than to compare total energy. The 
latter comparison has been made. In Fig. 16 the 
energy release per fuel plate is compared, as a func
tion of reciprocal period, for the two reactors : 
F ig. 16a is for the case of saturated reactor water, 
and Fig. 16b for the case of room temperature 
water. The dashed portion of Fig. 16b is an upper 
limit only. The plotted energy release is that of the 
fuel plate in the position of highest neutron flux. In 
comparing the behavior of the two reactors, reference 
should be made to Table I. Note that the volume of 
water associated with each fuel plate is about twice 
as great for reactor II as for reactor I. If the energy 
release per unit volume of water is compared, the 
values for reactor II are only slightly higher than 
those for reactor I, despite the fact that the steam 
coefficient of reactivity is more than twice as great 
for reactor I as for reactor IL 

In reactor II the investigation of power transients 
was extended to reactor pressures as high as 300 psi. 
The pressurization of the reactor was by the vapor 
from the reactor water. Consequently, only the satu-
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rated condition could be investigated. The power 
excursions were run with the reactor tank com
pletely closed. In no case did the pressure in the 
steam space above the reactor water rise by more 
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than about S psi as a result of an excursion. The 
effect of pressurization is to decrease both the energy 
released in an excursion of given period and the max
imum temperature rise of the fuel plates (Fig. 17) . 

IOOr---------------------~ 

• -ATMOSPHERIC PRESSURE, WATER 
90 AT SATURATION TEMPERATURE 

1::,,- I 50 pslg 

80 

70 

60 

50 

4 0 

30 

20 

I 0 

0 5 1 0 15 20 25 30 35 40 

REC IPROCAL PERIOD., sec - 1 

REACTOR lr 
Figure 17. a, left, energy release of hottest fuel plate during power excursions at dilferenl preuures; I,, right, maximum fuel plote temper-
, ature rise during power excursions: Comparison cl unpressu rized ond pressurized cons 



98 VOL XIII P/481 USA J. R. DIETRICH 

The Destructive Experiment 

In the short period experiments with reactor I at 
atmospheric pressure, the steam pressure which 
built up in forcing the water rapidly from the re
actor resulted in permanent deformation of the fuel 
plates. Because of this effect it was not possible to 
extend the experiments to periods shorter than about 
0.005 sec without damaging the reactor to the point 
where it became unusable. Despite this mechanical 
damage the maximum temperatures reached by the 
fuel plates did not approach the melting tempera
ture. It was decided that the reactor, which by this 
time had fulfilled its other purposes, should be sac
rificed in an · experiment which was violent enough 
to melt the fuel plates. For this purpose a control 
rod worth 4o/o lte11 was completely ejected from the 
reactor core. To increase the severity of the experi
ment it was run with the reactor water at room 
temperature. Although the ejection of the rod re
quired only about 0.2 sec, the rod was only about 80 
per cent out of the core when the reactor power 
reached its peak value. The minimum period result
ing from the ejection was 0.0026 sec. 

The power excursion melted most of the fuel 
plates. The pressure resulting from the molten metal 
in contact with the reactor water burst the reactor 
tank and ejected most of the contents of the shield 
tank into the air. The sound of the explosion at the 
control station, half a mile away, was comparable 
to that resulting from the explosion of 1 to 2 pounds 
of 40 per cent dynamite on the bare ground at the 
same distance. F igure 1 b, taken from motion picture 
records of the experiment, shows one stage of the 
explosion. as compared to the nondestructive ejec
tion of water from the reactor when the period of 
the excursion was 0.005 sec. 

The total energy release during the excursion as 
determined by calibrated cobalt foi ls in the reactor 
core, was 135 megawatt seconds. Other data taken 
during the excursion are less reliable because of the 
Yiolent mechanical effects of the explosion. Figure 18 
is a reproduction of the transient record. The abso
lute values on the power curve (A) may be in error 
by 30 or 40 per cent, and the shape of the decreas
ing portion may not be correct. The fuel-plate 
thermocouple (curve B) failed long before peak 
power was reached. Curve C is a temperature record 
from an insulated fuel plate installed some distance 
outside the reactor core. It was used for an auxiliary 
determination of total energy and does not give good 
transient information, as it was connected to a rela
tively slow recorder. A pressure transducer, which 
was installed in the reactor tank adjacent to the 
reactor core, failed before· it recorded a pressure of 
significant magnitude ( curve D). Analysis of the 
mechanical damage of the transducer, however, in
dicated that the peak pressure was at least as high 
as 6000 psi, and was probably higher than 10,000 psi. 

It was evident frott1 examination of the reactor 
debris that many of the fuel plates had been prac-
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Figure 18. Replot of records from destructive experiment 
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tically completely melted. Others, evidently those 
at the edge of the core, had been only partly melted, 
and portions of them remained fastened to the side 
plates of the fuel elements (Fig. 19). Some of the· 
fragments which had evidently been molten appeared 
as spongy metallic globules (Fig. 20). Other £rag-_ 
ments appeared to have been molten inside, while 
the outside clad remained solid (Fig. 21). 

Most of the heavy debris fell to the ground near 
the shield pit. The control rod drive mechanism, 
which weighed about a ton, fell on the side of the 
earth shield, after having been thrown about 30 feet 
into the air. Recognizable fuel plate fragments were 
thrown as far as 200 feet from the reactor s ite. Sur
veys of the total fission-product radioactivity of all 
the debris indicated that practically all of the fuel 
originally in the reactor could be accounted for with
in a radius of 350 feet around the original reactor 
location. Although these measurements necessarily 
lacked precision, they showed that no large fraction 
of the reactor core material left the site in the form 
of airborne material. At the time of the experiment, 
the wind velocity was 8 miles per hour at ground 
level, and 20 miles per hour at 250 feet above 
ground. Fifteen minutes after the experiment the 
total beta plus gamma activity level, 3 feet above 
ground, at a point 0.8 mile directly downwind of the 
reactor, was- · 5 mr/hr. At all points farther from 
the reactor the effects of fall-out were less than this 
value. Momentarily during the explosion, a gamma 
dose rate in excess of 400 mr /hr was indicated on 
a survey meter half a mile from the reactor. This 
indication decayed rapidly ; the total dose received 
at the half-mile point ( cross wind) was less than 
10 mr. 
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Both the observed radiation intensities and the 
mechanical damage were roughly consistent wlth 
the measured nuclear energy release of 135 megawatt 
seconds. A lthough the explosion was spectacular, its 
effects were comparable to those which could be 
caused by a moderate amount of chemical explosive. 
The destruction of the reactor tank was not sur
prising, since it was constructed of relatively thin 
(¼-inch) steel. Most of the equipment outside the 
shield tank ,vas either undamaged or repairable, and 
much of it, including the control rod drive mecha
nism, was decontaminated, reconditioned, and re-used 
on reactor II. 

There was no evidence that the power-limitation 
process in the destructive experiment differed qual-

.. .. . ... .. 
.. 

Figure 19. Fuel element side plate with allathed cluster of fuel plate 
fragments 

Figure 20. Pellet af spongy a luminum-uranium mixture 

Figure 21. Frogmenls of fuel plates 
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Figure 22. Total energy of excursion minu, energy required (4 Mw• 
Sec) to raise temperature of center of average plate to the boiling 

point 

itatively from that which was effective in the ear lier, 
nondestructive experiments. It was quite evident 
that the nuclear power release was terminated at an 
early stage of the explosion ; indeed, high-speed 
motion pictures recorded the light Aash emitted by 
the reactor as it reached high power and showed that 
it was extinguished before any ejected material ap- . 
peared above the top of the shield tank The Aash 
lasted about 0.003 second. The energy stored in the 
fuel plates as sensible heat and latent heat of fusion 
during the relatively short nuclear power burst was, 
of course, released during the much longer explosion 
process. · 

Figure 22 is a plot of energy released as a function 
of reciprocal period for aJI the power excursions 
made with cold water in reactor I. In plotting the 
curve, a constant energy of 4 megawatt-seconds has 
been subtracted from each value. This is the quan
tity of energy which has been released up to the 
time when the center temperature of the average fuel 
plate has reached the atmospheric boiling point of 
water. The highest point on the curve, which refers 
to the destructive experiment, does not appear in
consistent with the other values. 

Discussion 

T he experiments that have been described prove 
that the reactors investigated possess a high degree 
of inherent safety, and indicate that it is possible 
to design practical reactors of these types which will 
be sa.fe against any reactivity accident which can 
occur in practice. In this connection, the consistent 
and regular behavior of the reactors during the ex
periments is reassuring. Although such behavior 
would be expected in the case of the homogeneous 

- - - - -· - - - - - -- - - - - - -- - -
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non-boiling reactor, anomalies would not have been 
surprising in the cases where shutdown depends on 
the rapid formation of steam. Actually, in the entire 
series of some two hundred experimental runaways, 
no inconsistencies of behavior were observed which 
could not be attributed to instrumental errors result
ing from rather difficult experimental conditions. 

A few general remarks may be made in connec
tion with the application of the results to the estima
tion of the runaway behavior of other reactors. The 
behavior of the homogeneous, non-boiling reactor 
may be considered to be typical of the case in which 
the loss of reactivity is roughly proportional to the 
time integral of the transient reactor power. Thus 
the behavior of power as limited by a negative 
"prompt"t temperature coefficient in a solid-fuel re
actor would be expected to be qualitatively quite 
similar. Quantitatively, of course, such "prompt" 
coefficients are generally small and their effectiveness 
is limited. In inferring the behavior of other steam
limited reactors from the results presented here, it 
should be remembered that the reactors used had 
fuel plates of such high thermal conductance that in 
all the non-destructive experiments the metal of the 
plate represented no important impedance to the 
transfer of heat to the water. Certainly the transient 
behavior will be strongly modified and the effective
ness of steam limitation of power will be decreased 
if a departure is made from this condition, as it may 
well be in certain power reactor designs. In such a 
case the difference between the behavior of the re
actor with saturated water and with subcooled water 
may be a very important one, and reactors designed 
for operation as boiling reactors may have important 
safety advantages. 

No complete theoretical treatment of the transient 
limitation of power by steam has yet been developed. 
Attention should be called to some of the general 
experimental results which will have important bear
ing on the formulation of such a theory. Perhaps 
the most obvious is that there is no apparent simple 
relation between the energy liberated during a tran
sient and the energy content of a steam volume of 
the size necessary to remove the applied excess re
activity. For example, the heat of vaporization of 
sufficient steam to fill the entire core volume of 
reactor I at atmospheric pressure was only 0.087 
megawatt-second, very much less than the energy 
generation in any of the experiments. Furthermore, 
in e..'<:tending the experiments from reactor I to re
actor II, the total energy release did not increase in 
proportion to the volume of steam required to pro
duce a given decrease of reactivity. Finally, when 
the experiments were extended from atmospheric 
pressure to 300 psig (Fig. 17) the energy release 
for a transient of given period decreased by almost 

t The "prompt" coefficient is that component of the tem
perature coefficient of reactivity· which depends on fuel·ele
ment temperature alone. It ·:esults from thermal expansion 
of the fuel element and Doppler broadening of resonances. 

a factor of 3, whereas the energy content of unit 
volume of steam increased by a factor of 16. 

Certainly one of the important considerations is 
that although the energy required to vaporize a 
significant volume of steam is small, the tempera
ture differences required to transfer this heat to the 
water in the short time available during the transient 
may be large. The heat capacity of all the fuel plates 
of reactor I was 0.05 megawatt-second per degree F, 
and the heat capacity of all the water in the core 
was 0.15 megawatt-second per degree F. Thus the 
establishment of steep temperature gradients re
quired the expenditure of significant quantities of 
energy. A fu r ther consideration is that relatively 
high steam pressures must be built up to expel the 
water from the reactor core rapidly enough to ter
minate the short-period transients. A few pressure 
measurements were made in the reactor core which 
indicated that the peak transient pressure increase 
was about 15 psi during a transient of period 0.034 
sec, and of the order 100 psi during the transient 
of period 0.005 sec. Consequently, even when tran
sients are run with the reactor water at the ambient 
saturation temperature, the water is effectively in 
the subcooled state during the power excursion. Not 
only must the fuel plates be heated to temperatures 
corresponding to the transient saturation condition, 
but steam, once it forms at the hot fuel plate sur
face, may recondense in the cooler water. 

Approximate theoretical treatments of the steam 
transient have been made by various workers to 
extend the results of the experiments to other re
actor designs. Golian ct al.§ have assumed that 
steam is formed in a laminar layer immediately 
adjacent to the fuel plate, and that the thickness of 
the layer grows by conductive transfer of energy 
across the layer to the water boundary. Edlund and 
Noderer1f employ a model in which the transient 
pressure rise plays an important part. It is assumed · 
that the heat transferred to the water is contained 
in a layer adjacent to the fuel plate, the average 
temperature of which equals the transient saturation 
temperature. The layer, which contains water and 
steam, grows in thickness as though by a thermal 
conductive process, but with a thermal diffusivity 
determined empirically from the experiments. Both 
approaches have shown reasonable agreement with · 
the results of the experiments on reactor I. 

The semi-empirical approach to extension of the 
experimental data is facilitated by the circumstance 
that all of the experimental power transients have 
quite similar shapes if time is measured in the non
dimensional unit of asymptotic reactor period. This 
characteristic is illustrated by Fig. 15. Despite this 
regularity, however, detailed examination of the 
power curves reveals significant differences in be
havior as the conditions of the experiment are 
changed. In F ig. 23 the power curves for three 

§ US Naval Research Laboratory. 
Ii Oak Ridge National Laboratory. 
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reactivity during power excunions on reactor II 

different reactor II transients of about the same 
period are reproduced along with the fuel-plate tem
perature records. The power curves have been an
.alyzed to yield the variation of reactivity with time. 
The differences in magnitude of the power and tem
perature variations with subcooling and with pres
sure are str iking, but it is interesting to note also 
the reactivity variations. At atmospheric pressure 
and saturation temperature the reactor shuts itself 
down by more than 8o/o km, In the subcooled con
dition the degree of subcriticality achieved is con
siderably less, and the recovery to criticality is 

rapid, no doubt because of condensation of the steam. 
At 300 psi the degree of shutdown is again small, 
evidently because of the relatively low heat storage 
in the fuel plates. The recovery to criticality is, how
ever, quite slow. A striking characteristic in all 
cases is the small fraction of the total reactivity 
change which suffices to stop the initial power rise. 
As is to be expected theoretically, this is equal to 
the initial prompt excess reactivity. 

The limitation of power in fast transients is one 
aspect of the self-regulating behavior of reactors with 
strong negative power coefficients of reactivity. E x 
perience with the solid-fuel boiling reactors ( e.g., 
Fig. 10) has shown that the self-regulation is nor
mally stable but that a type of instability (chugging) 
can reslllt if the reactor is subjected to sufficiently 
large reactivity variations. Fortunately, even under 
chugging conditions the power is limited and does 
not reach a dangerous level. It is no doubt true for 
all sel f-regulated reactors that for some amplitude 
of reactivity excitation the characteristic rates of 
change of power are too rapid for the self-regulating 
process to maintain control, and instability will re
sult. In the boiling reactors it is believed that the 
rate of escape of steam from the core, rather than 
the rate of formation of steam, represents the limit
ing time constant in the regulating process. Conse
quently. in subcooled boiling operation, where steam 
can leave by condensation, the range of stability is 
increased (Fig. 11). In any case, however, the range 
o f stable self-regulation of the reactors investigated 
is more than adequate for practical use and probably 
exceeds that which can be attained practically with 
artificial control systems. 
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Radiological Hazards from an Escape of Fiss~on Products 
and the Implications in Power Reactor Location 

By W. G. Marley and T. M. Fry,* UK 

The possible consequences of a large scale release 
of radioactivity from a nuclear reactor in the event 
of accident has long been recognised as an important 
factor in the development of nuclear power. The 
problem has become more pressi~g with the _rise ~n 
tota·l power and with the very htgh heat rat1~gs 111 

some of the designs now envisaged. The selection of 
suitable sites for nuclear power plants calls for an 
assessment of the radiological hazards from an es
cape of radioactivity and for the satisfactory limita
tion of the quantities of activity which might be 
released in the event of accident. 

Direct experience has fortunately not yet shown 
the extent of the radiobiological effects of a massive 
release of radioactivity from a nuclear reactor. In the 
reactor incidents which have been reported so far the 
releases to the atmosphere and the consequential 
radiological effects have been trivial. Reliance must 
therefore be placed on theoretical estimates, though 
realistic calculation is difficult in view of the large 
number of imponderable factors. The validity of the 
results may be judged by applying similar reasoning 
to other hazardous materials for which long experi
ence is available. An attempt has therefore been made 
to estimate the hazard ranges of a release of activity 
and to compare these with industrial experience in the 
large scale handling of the toxic gases, chlorine and 
phosgene (COCl2). 

BIOLOGICAL IMPORTANCE O F VARIOUS RADIATION 
LEVELS UNDER ACCIDENT CONDITIONS 

Levels have now been agreed internationally1 fo r 
the permissible contamination of air and drinking 
water for consumption over, a lifetime by persons 
exposed occupationally to radioactivity and safety 
factors have been introduced in evaluating these fig
ures to ensure that no detectable inj ury will result. 
For the present purpose, however, it is required to 
know the levels, appropriate to a single emergency, at 
which definite injury is likely or at which drastic 
action, such as evacuation to avoid such injury, must 
be taken. The exposures envisaged would only occur 
in event of a major accident, and such events must 
necessarily for economic reasons be extremely rare. 

• Atomic Energy Research Establishment, Harwell, Eng
land. 

A cloud of radioactivity released to the atmos
sphere may be effective biologically in two ways: 
first, by direct biological effects of beta and_ gamma 
radiation and inhalat ion of the activity dunng pas
sage of the cloud ; and secondly, by indirect biological 
effects due to deposition of the activity on to crops, 
herbage, drinking water sources and ground. 

Direct Biological Effects from the Cloud 

It is unlikely that evasive action could be organised 
to avoid the direct effects of the radioactivity on per
sons in the open during passage of the cloud. The 
degree of injury sustained would depend on the dura
tion and intensity of exposure and an exposure 
integral of 10 curie-sec/m3 is taken to represent the 
limit of hazard and to be acceptable in an emergency. 
This exposure would result in : S r of total body 
radiation; SO rep of beta radiation to the lung in the 
first day; 3 millicuries inhaled ( quoted at 24 hours) ; 
600 microcuries inhaled and retained for several days-; 
12 microcuries of Sr80 retained; and 0.1 5 microcuries 
of Sr90 retained. 

The combined effects of these would probably be 
broadly comparable to that of a single dose of 25 r of . 
gamma radiation alone, which would produce no 
detectable injury other than temporary slight blood 
changes. In making these assessments it has been 
assumed that exposure occurred within minutes of the 
accident, but the quantities of activity quoted are 
those which would be measured 24 hours after the 
release. On the same basis it is estimated that an 
exposure of 400 curie-sec/m3 would produce injury 
which in most cases would prove fatal. 
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Ind irect Biolo9icol Effects of Ground Deposition 

Since the deposition on crops, herbage, water and 
ground would take some time to become effective, 
there would be a strong case for the evacuation of 
persons in the potential danger area and-the important 
issue is the emergency permissible le\'el of ground 
contamination for continued normal habitation. Con
sidering first the hazard of the gamma radiation from 
the deposited material, a dose of 25 r accumulated 
within three weeks is considered the maximum per
missible in an emergency: this implies a total dose of 
60 r in U1ree months if the activity were to subside 
only by radioactive decay. Allowing for some shield
ing due to the roughness of the ground and due to 
house walls for persons generally in buildings, the-
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gamma radiation dose alone would thus not necessi
tate evacuation for fission product contamination 
below 0.05 curie/m2 • 

Normal habitation, however, also involves the risk 
from ingesting the deposited activity and particularly 
the bone-seeking isotopes. For this risk the limit of 
hazard is taken to be roughly equivalent to that of the 
ingestion of 120 microcuries of Sr89 alone. T he basis 
of the ;calculation is briefly: ( 1) the permissible dose 
to the bone over the decay period to be 80 r , believed 
equivalent to an instantaneous dose of 25 r; (2) 60 
per cent absorption and deposition in bone; and ( 3) a 
safety factor of 5 to allow for uneven distribution in 
the bone ( a factor sho,vn to be necessary by biological 
experiments). This estimate agrees broadly with that 
by Morgan and Ford2 when allowance is made for 
different uptake fractions assumed. T he Sr80 will 
always be accompanied by Sr00-Y00, BaHo_1.auo, and 
other bone-seeking isotopes. When allowance is made 
for the dose from these, the proportions of which 
would depend upon the duration of the irradiation, 
the emergency permissible ingestion level becomes 
about 30 ,-.c Sr89 together with the other associated 
bone-seeking activities (including about 0.3 µc of Sr00 

which has been considered acceptable). If the iodine 
isotopes are ingested in the same proportion there 
will also be considerable irradiation of the thyroid 
but this is considered acceptable in emergency since 
this organ is very insensitive. 

The following criteria are therefore suggested for 
considerations of siting and the possible need for 
evacuation of members of the general public in the 
event of a nuclear reactor accident: 

1. The exposure to gamma radiation should be 
limited to not more than 25 r in three weeks and 60 r 
in three months. 

2. The inhalation or ingestion, clue to continued 
occupation of a contaminated area, should not exceed 

. 30 ,-.c of Srs0 • This level allows for the other associated 
bone-seeking fission products. 

3. The accumulation in the body of long-lived 
activity, such as Sr90, should not be allowed to build 
up to a value exceeding the recommended peace-time 
permissible body burden for occupational exposure 
( 1 µ..; for Sr90 and 0.04 p.c for Pu230 ) , since, if greatly 
exceeded, the activity would probably lead to serious 
incapacity in later life. 

It is to be noted that these levels are the same as 
those accepted in the UK for use in connection with 
the control of emergency contamination of water 
supplies in Civil Defence. 

limiting Levels of Fission-Product 
Contaminat ion for Continued Hobitation 

The limiting degree of hazard froin possible inges
tion may be reached, in normal living in a rural com
munity, at a contamination level of 10-a curies/m2 

measured at one day. The consumption of contam
inated crops would contribute much of the hazard, on 
the assumption that a man eats in one day brassica, 
lettuce, etc. from about 0.05 m2 of ground, that half 

the activity is removed by washing and that the con
sumption continues for 40 days, after which the leaves 
are clean as a result of new growth or continued 
washing by rain. At this level also lhe limiting level 
for a child, playing on the ground, would be reached 
on the assumption that a child actually ingests the 
contamination from 0. 1 m2 of ground before the 
activity is removed or fixed by natural processes. 

The long-term ingestion hazard from the build-up 
of activity in crops is estimated from the work of the 
University of California (Los Angeles ) School of 
Medicine,3 from which it appears that the edible parts. 
of plants take up ·Sr90 from contaminated soil so that 
the content per gram dry weight is about the same as 
that in the ground. The build-up of activity would 
thus be about limiting from contamination at the level 
of 10-2 curies/m2 of the mixed fission products, meas
ured at one day. At this level also it appears that open 
sources of drinking water would be contaminated to 
about limiting emergency ingestion levels, but in 
practice, there would be processes operating which 
would greatly clean up the drinking water. Temporary 
contamination of milk by Sr89 may extend to zones 
where the fission product level is as low as l<r' 
curies/m2, as a result of the wide area of herbage 
grazed each day by a cow: supervision of the popula
tion would be needed down to this level in order to 
confirm that the basic tolerances were not being ex
ceeded. 

As a result of this brief analysis it appears that the 
action shown in Table I would have to be taken at 
the various ·levels of ground contamination stated, in 
order to prevent excessive exposure. It should be 
emphasized that the criteria adopted are fairly real
istic and as far as can be seen do not contain signifi
cant hidden safety factors. 

THE SPREAD OF ACTIVITY FOLLOWING A REACTOR 
ACCIDENT 

There is no satisfactory direct evidence of the 
spread of activity following a reactor accident. For 
the estimation of direct hazard from the cloud calcu
lations have been based on Sutton's theory of diffu
sion for a ground level source with no themiat lift 
and yield values for the hazard ranges shown in the 
first two items of Table I for releases of the order 
of 1 megawatt of reactor power. Calculations of the 
possible maximum deposition of activity under condi
tions of fair weather or rain have been made by 
Chamberlain,4 based on a study of the deposition of 
particles by turbulent diffusion in the atmosphere and 
also of the wash-out of particles by rain drops, using 
a theory by Langmuir. Assumptions are made con
cerning the particle size which are a. priori likely but 
which also give the maximum deposition at a few 
kilometres and in this sense the contamination levels 
calculated are the maximum likely. 

The maximum range downwind, R, to which vari
ous levels of ground contamination may be expected 
to extend is roughly proportional to the square root 

- --- ------ - ----
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Table I. Estimated Maximum Hazard Ranges for Release 

of Reactor Fission Products under Lapse 
Conditions of Turbulence* 

Descriptim of hazard aud 
action tiecessary 

Direct effects 
Exposure to cloud lethal in the open : 

exposure integral 400 curie-sec/m• 
(activity quoted at one day) 

No serious hazard from cloud: 
exposure integral IO curie-sec/m' 

Indirect Effects 
Urgent evacuation within 12 hours. 

Persons in the open receive 25 r 
gammas in first 12 hr from ground 
contamination 

Probable limit of external beta
gamma hazard from deposited ma
terial. Persons usually in build
ings receive 25 r in three weeks 
and 60 r in three months 

Evacuation neceS'Sary or severe re
strictions on normal habits of 
living, Crops, milk, water and 
agricultural land contaminated. 
Rapid build up of isotopes in the 
body. Contamination level is 250 
times that in hot laboratory at 
A .E.R.E. 

P robable limit of temporary evac
uation or restrictions. Build up·o{ 
isotopes in the body from crops 
and water supplies probably not 
in excess of emergency limits. 
!\l ilk temporarily heavily con
taminated 

Probable limit of temporary milk 
contamination. Build up of Sr•• 
due to contaminated milk prob
ably not in excess of emergency 
limit. 

Ground 
cuntamiHation 
let•el at 1 day 

curies/mt 

0.2 

0.05 

Dry u,.--eatlter 
value of B: 
km/(Ml<')! 

0.2 

1.7 

1.1 

2,3 

5.2 

18 

(60) 

* (1) Downwind range (R) of hazard under lapse dry 
weather conditions given by R = BM½ where M is the 
activity released expressed in megawatts. (2) In the worst 
conditions of rain, distances may be increased by a factor, 
with a ma.-cimum value of 2.8 at distances over 5 km. (3) In 
inversion conditions, formula does not apply and ranges may 
be larger. 

of the amount of activity released and is thus given 
approximately by the expression 

R =BM½ 

where M is the activity released expressed in mega
watts, i.e., the total power of the reactor multiplied by 
the fractional release, and B is a constant having 
values for the various levels as shown in Table I : the 
values given are those appropriate to ranges of the 
order of some kilometres for lapse conditions of tur
bulence in dry weather and wind speed 5 m/sec. The 
contamination zone would, of course, comprise only a 
narrow strip in the do\ymvind direction, having an 
area about R2/14km2 • The maximum deposition pos-

sible in rain at any given distance is about eight times 
that in dry weather and the maximum distance at 
which a given deposition may occur in the most un
favourable rain is thus about 2.8 times the distance in 
dry weather. The intensity of rain necessary to pro
duce this contamination depends on the distance 
downwind and the particle size and is unlikely to be 
reached in practice except for locations more than S 
km downwind. In inversion conditions the above sim
ple formula no longer applies and greater ranges are 
possible. Following similar reasoning, Fitzgerald et 
al.5 have deriYecl formulae for the estimation of vari
ous hazards and Mesler and \.Viddoes6 have made 
estimates of certain radiological effects. There is gen
eral agreement in principle with these authors when 
allowance is made for some differences in basic 
parameters. 

It is clear from Table I that the release of a sig
nificant fraction of the fission products accumulated 
in a high-po\ver reactor cannot be contemplated 
within many kilometres of a normally inhabited area. 
On the other hand, a release, under conditions of 
turbulence in dry weather, of fi ssion products re
stricted to 0.1 megawatt of reactor power should not 
necessitate lengthy evacuation of civil population out
side a narrow sector e..--<:tending 1.7 km downwind: 
temporary evacuation or restriction on habits of living 
may be necessary out to 5.7 km, while seriously con
taminated milk might be expected temporarily from 
pastures up to 20 km. 

COMPARISON W ITH INDUSTRIAL EXPERIENCE 
OF TOXIC GASES 

A direct comparison of the effects of inhalation of 
the cloud can be made between releases of fission 
products and of toxic gases such as chlorine and phos
gene. In the event of 100 megawatts of fission prod
ucts escaping it is seen from Table I that inhalation 
of the cloud would probably be lethal at 2 km and 
non-injurious at 17 km. The LD SO ( the dose for 
which, on the average, the chance of survival is SO per 
cent) for chlorine is about ½ gm inhaled and for 
phosgene about ½o gm inhaled. Using these figures 
in a calculation similar to that on which T able I is 
based, it is found that a man, standing in the open, 
two kilometres downwind of the point of release of 
10 tons of phosgene, would have a SO per cent chance 
of survival. A 10-ton tank of phosgene thus represents 
a potential hazard which, as far as effects of inhala
tion are concerned, is comparable with a 100 Mw 
reactor. 

A disaster occurred on the outskirts of H amburg 
in 1928, when 8 tonnes of phosgene escaped from a 
storage tank. Fortunately, the gas was carried by the 
wind over open country before it reached a village. 
Five people, who were within 300 metres of the 
tank, were killed. Another five deaths and 30 other 
serious casualties occurred, mostly among those in 
the village, two to three kilometres away. Ill effects 
were felt by some hundreds of people up to 13 kilo-
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·metres downwind. These consequences are consistent 
with theoretical predictions. The number of casualties 
was so. small only because the gas passed over an al
most uninhabited area. It should be noted that the 
senses give little warning of phosgene, for an atmos
phere with a musty smell, but in no way unpleasant 
to breathe, can prove fatal. 

Chlorine was at one time considered so difficult to 
handle that it was transported and used in the form 
of bleaching powder. For 25 years phosgene was 
widely feared as an instrument of warfare. Despite 
the Hamburg disaster and a few others on the same 
scale, phosgene and chlorine are not regarded as so 
dangerous that they must be kept far from cities. In 
many densely populated areas, there are tanks each 
containing enough liquefied gas to kill hundreds and 
even thousands if it escaped. Reliance is placed on 
sound engineering for the safe custody of these mate
rials. That this is justified is shown by the Report of 
the Chief Inspector of Factories for Great Britain 
for 1950, which records only three deaths due to 
chlorine gassing and one due to phosgene in the 
twelve previous years. 

The preceding discussion gives no indication of the 
probability of an actual release of radioactivity from 
an atomic energy installation, but this is just as im
portant as an assessment of the effects. The possible 
sequence of events leading to the release of activity 
from a reactor has, for instance, been considered by 
Hunvitz.7 The engineering problems of nuclear re
actors are more complex than those of the safe stor
age of liquefied gas. Moreover, the parallel between 
accidents involving chemical and radioactive poisons 
breaks down in regard to persistent effects. Most 
chemical poisons can be neutralised and disappear 
qwte rapidly even if no counter-measures are taken 
but radioactivity cannot be neutralised and it is un
certain how much could be achieved in decontamina
tion. A reactor disaster, though it would not cause 
more casualties than an accident in a chemical plant, 

might interfere, for a much longer time, with the live
lihood and homes of those living in the neighbour
hood. There are other differences between the two 
cases and it may be argued that a higher standard of 
safety is required for nuclear reactors than for toxic 
chemicals. It is especially important to avoid the set
back which a major disaster at an early stage would 
impose on the atomic energy industry. 

Accidents must necessarily be infrequent and, so 
long as they do not involve the release of more than 
a few tenths of a -megawatt equivalent of fission prod
ucts, remote siting of reactors should be unnecessary. 
It is considered th:it this degree of containment can 
be maintained by adherence to sound principles in the 
design, construction and operation of nuclear plant. 
It is therefore concluded that the satisfactory siting 
of high-power reactors with suitable engineering 
safeguards will not present an insuperable problem 
in the development of nuclear power. 
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Environmental Effects of a Mai or Reactor Disaster 

By H. M. Parker and J. W. Healy,* USA 

To achieve the economic ad vantage of locating 
nuclear power reactors close to large communities, 
it is essential that the potential environmental radia
tion hazards be unequivocally eliminated. 

At the present time, it seems certain that inherently 
safe reactors can be constructed. Even if there is still 
a minute possibility of serious reactor accident, re
lease of radioactive material to the environs can be 
preventive by a protective envelope, of which a large 
steel sphere is one feasible form. 

The purpose in presenting a picture of what could 
happen in the event that such protection were not 
provided is to establish reasonable criteria for the 
degree of safety required. I t will be readily seen that 
high engineering standards, and the accompanying 
expense, are folly justified for all reactors operating 
at high power levels. 

Since practical experience with reactor failure has 
been minimal, estimates must rely on theoretical con
siderations. The estimates are sensitive to the exact 
mechanism of the initiating incident, the rate of 
energy release, the meteorological condit ions and the 
associated deposition rates of the active materials. 
T he uncertainties in each phase combine to give an 
answer which is probably only valid as to order of 
magnitude. However, it has been found that the total 
damage, evaluated by the somewhat arbitrary method 
proposed later, is relatively insensitive to the detailed 
characteristics of the model chosen for the incident. 
It seems likely that total damage estimates are reliable 
within a factor of about three. 

RELEASE OF CONTENTS 

In the operation of power plants, practical reactors 
operating in the range of tens of thousands of kilo
watts to several millions of kilowatts will be of even
tual interest. In such reactors, with the resulting high 
specific power, the chief hazard in a major accident 
can be shown to arise from the fission products ac
cumulated during the operating period. The quanti
ties of the radioactive fission products are directly 
proportional to the reactor power level for a given 
pattern of operation, and show an increase in the 
longer lived components with increased time of ex
posure of the fuel elements. Figure 1 illustrates 
typical decay curves for fission product mixtures re
sulting from different irr~diation times and shows the 

• General Electric Co~pany, Richland, Washington. 

increase in the quantity of lingering radiation which 
would result from the dispersal of fission products 
from fuel elements which have operated for long 
periods of time. 1 

The curves do not include the additional fission 
products generated instantaneously in a runaway 
critical incident. This component is so low in long
lived fission products that it does not add significantly 
to the existing loa<l of hazardous materials in the 
operating reactor. 

The emphasis on the hazard of long-lived compo
nents stems both from the persistence of radiation 
from deposits on the ground and from the increased 
hazard following deposition of these isotopes in the 
body by inhalation or ingestion. As an example, the 
relative ingestion hazard for different fission product 
mixtures is shown in Fig. 2. The reference base is the 
bone-seeker hazard of the mixture characterized by 
one day irradiation and one hour post-incident decay. 

Two basic models for release of material have been 
used. In one, an uncontrolled power burst is visual
ized to cause rapid vaporization of the fission prod
ucts and to generate a high temperature radioactive 
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cloud that would rise to an elevation of several thou
sand feet and then t ravel downwind and disperse. In 
the other case, failure of the reactor coolant supply 
is visualized to lead to eventual melting of fuel ele
ments and· vaporization of fission products by the 
self-heating of the fission products. In this more 
leisurely process there is a much lower rate of heat 
production; a lower temperature cloud which would 
t end to travel close to ground level would result. A n 
essentially similar picture would apply to a reactor 
consumed by fi re. 

In any of these models, it may be assumed that a 
portion o f the primary escaping fission products will 
be retained in the reactor building structure . Only 
the fraction that escapes into the atmosphere gen
erates an environmental hazard. What this release 
cpefficient may be is best computed locally for each 
case. In the figures and tables: 

Power level equivalent to F.P. release = (Actual 
Power Level) X (Release Coefficient) 

In the limit, for a unit with a protective envelope 
of assured integrity, the release coefficient is zero, 
the equivalent power level is zero and environmental 
hazard does not occur. This is t he real expected situa
tion; however these data permit potential damage to 
be assessed for such pessimistic assumptions as a 1 o/o 
or lOo/o leak from such a structure. S imilarly, they 
may be applied to protecti ve systems depending on 
large filters. 

CONTAMINATION LEVELS 

The concentrations of fission products downwind 
will also be dependent upon the meteorological con
ditions and the surrounding terrain. E stimates of the 
spread for several cases were made by the use of 
S utton's theory of turbulent diffusion.2 Basic as-

sumptions applied to the travel of the cloud over a 
level plain are given in T able I. 

Calculations on other conditions have shown varia
tions in detail and pattern but little difference in 
over-all damage estimates. A decrease in concentra
tion additional to that by turbulent diffusion was 
computed using an empirical deposition constant 
equivalent to a settling rate of the material in the 
cloud of 2.8 cm per second. 

The areas involved were computed on the basis of 
damage levels. · These limits are given in Table II. 

The distance at which lethal or damaging condi
tions would occur is strongly dependent upon both 
the time and elevation of release and the meteorolog
ical conditions. P resent estimates indicate lethal con
ditions only within the immediate vicinity of the 
reactor for full escape from a 100,(XX) kw reactor 
and at d istances of the order of 10-50 miles for 
reactors in the millions of kilowatts range. 

Access to land downwind will be limited for a 
period of time because of radiation levels from the 

Table I. Assumptions Used in Calculation 

Rapid ,,/,,u, 
,,,,.ira/ atmosphtff'e 

SI°"' S lw, 
r tl1a.s1 r clea'!e 
t1 rutral inv n-s,<,n 

atmotJ,hlf'tt a-tmospl,cre 

H eight of release 25% - 100 meters 70 meters 70 meters 
25% - 500 meters 
25o/o - 1000 meters 
25% - 2000 meters 

Time of release Instantaneous 10 hours 10 hours 

Angle covered by 
wind during 
release 45 deg 30 deg 

Wind s peed 100 meters-5.2 m/sec 5 m/sec 5 m/sec 
500 meters-S.7 m/scc 

l 000 meters-6.4 m/ sec 
2000 meters-7 2 m/ sec 

Table II. Damage Limits 

Fallow I 
Effect limit 

Lethal 

Significant 
injury to 
humans 

Land unusable 5 me/ft' 
for 5 years 

Land unusable 2 me/ft' 
for 2 years 

Temporary 0.5 me/ft' 
evacuation 

RuKlting c1>11dition al bosmdary 

I 90-350 r full body* 
plus 800-1200 rads to lung- IO d·ays 
plus 150-250 rem to bone-10 days 

60-250 r full body* 
plus 200-300 rads to lung-10 days 
plus 30-70 rem to bone-10 days 

Dose rate falls to 300 mr/week 
in 5 years 

Dose rate falls to 300 mr/weck 
in 2 years 

Gamma dose o f 50 r in first year 
(30 r in 2 months; 40 r in 
6 months) 

Crops 
confiscated 

0.1 inc/ft• 5 X 10·• JJ.c Sr00/gram of vegeta
tiont 

• 20-30% from cloud passage ; remainder from exposure 
to contaminated ground for 2- 5 hr. 

t Limit computed assuming ingestion of crop by humans 
fo r one year. 

-------- -----
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"fallout". The actual shape of these areas will again 
be strongly dependent upon the methods of release 
and dispersion with a rapid emission expected to re
sult in a long, narrow band and a slow release result
ing in a general spread over shorter distances but 
wider areas. Examination of typical cases and com
parison with small-scale tracer tests have indicated 
that the areas involved are remarkably independent 
of the exact mechanism of release and dilution. 

Average values of the contaminated areas resulting 
from the complete release of fission products after 100 
days irradiation of the fuel are given in Fig. 3. In
dividual estimates for specific methods of release and 
rates of dilution in the atmosphere varied from these 
values by factors of two to three. As a rough rule of 
thumb, the area covered in square miles after one day 
decay is approximately given by the power level 
representative of the fraction of fission products escap
ing expressed in kilowatts multiplied by 2 X 10-3 and 
divided by the contamination level contour of interest 
in millicuries per square foot. 

These estimates of areas are strictly orders of 
magnitude for average depositions with specific loca
tions within the area possibly more or less contam
inated depending upon local conditions of terrain, 
wind patterns and nature of the surfaces. It is to be 
expected that personnel contamination will also occur 
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figure 3, Average areas covered and contamination 
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within these areas with immediate decontamination 
necessary to prevent injury from the beta radiations. 

The rate of decrease of this deposited material will 
be primarily influenced by radioactive decay although 
weathering and possibly incorporation into the top 
soil will occur. Gamma dosage rates at several feet 
above the ground will decrease to 300 mr /week in 
about five years for the five millicurie per square 
foot area, in about two years for the two millicurie 
per square foot area, and in about one year for the 
0.5 millicurie per square foot area. The specific times 
required will be dependent upon the weathering and 
upon the time of irradiation of the fuel elements. 

Precipitation during the evolution of fission prod
ucts will change the estimates since the rate of 
deposition will be increased and the areas immediately 
surrounding the plant will be subjected to much 
higher contamination levels. This, of course. in
creases the probability of severe damage at close 
approaches but tends to decrease the damage at a 
distance and reduces the total areas involved. 

Contamination of bodies of water will occur both 
by direct fallout and by secondary leaching of the 
materials into the streams. Direct fallout could render 
bodies of water reasonably close to the reactor unfit 
for use until the material is carried away. Present 
indications point toward leaching into the stream 
slow enough to cai1se little trouble although monitor
ing downstream is advisable. 

The possibility of rainout into a stream near the 
reactor site exists with severe contamination result
ing, depending upon the rate of washout from the 
cloud and the stream flow characteristics. Of more 
concern in at least some cases is the possibility of the 
escape of reactor coolant containing a significant 
quantity of fission products. Such a mishap would 
cause a band of grossly contaminated water, depend
ing again upon the flow characteristics of the stream, 
which could cause severe contamination of water 
plants or other equipment downstream and in special 
cases could lead to serious radiation dosages to people 
using the water for sanitary purposes. 

DAMAGE ESTIMATES 

As an illustration of the average expected cost of 
a major disaster, estimates were made by applying 
the areas of Fig. 3 to average census values8 for 
several localities. The census values used are given 
in Table III. 

Table Ill. Census Data 

Area 

Industrial Middle 
Atlantic States 

PopulaJ/1111 
dnrsity 

people/mile• 

231 
Agricultural Middle 

West States 154 
Agr icultural 

\V'estem States 35 

Properly t1alMes 

Rural Urban Crop t1aJ11tJ 
JI mile• $/mile' $lm,1e• 

33,000 240,000 19,000 

95,000 150,000 36,000 

22,000 33,000 9000 
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It was assumed that property contaminated to 
greater than 2 mc/ft2 would be purchased outright at 
market value while property contaminated to 0.5-2 
mc/ft2 would cost about lOo/o of the market value for 
rental or decontamination. Crops on land contam
inated between 0.1 and 0.5 mc/ft2 were assumed pur
chased for the first year with no allowance for later 
crops. A closer breakdown was not felt to be war
ranted in view of other uncertainties in the estimates. 
Figure 4 illustrates one series of average property 
damages expected for a reactor located in these three 
areas. 

In order to illustrate the variation in contributions 
to the assumed damages, a breakdown by areas is 
given in Table IV £or foll release from several power 
reactors. 

In addition it is estimated that for very large re
leases damage to humans could be extensive. As an 
example, for full release from a 1,000,000 kw reactor 
between 200 and 500 people could be killed in a region 
of population density of 200-500 people per square 
mile with perhaps 3000-5000 exposed to possibly 
damaging levels even with fairly prompt evaluation. 

It may seem surprising that the estimated damage 
in Fig. 4 and Table IV is greater for a rich agricul
tural region than for an industrial area. This devel
ops from the mode of averaging census values over 
a whole state. For a specific heavily industrialized 
zone, the property damage could be considerably 
higher. 

To give proper perspective to these data, one must 
reiterate that the probability of a major reactor acci-

Table IV. Composition of Property Domoge Estimates 
(millions of dollars) 

Cat,oo•:,, 10.000 Im• 100.001) /nu 1.000.000 kw 

Industrial area - Middle 
· A ti antic States 

• Purchase - Rural 0.2 7 so 
Urban 1.2 50 380 

Rent OA 10 70 
Crops 11 90 210 

Total 13 160 710 
Agricultural area -

Midwest States 
Purchase - Rural 0.5 20 170 

Urban 0.7 30 270 
Rent OA 10 60 
Crops 20 160 450 

Total 22 220 950 
Agricultural area- Far 

\Vest States 
Purchase - Rural 0.1 4 35 

Urban 0.2 7 so 
Rent 0.1 2 · 12 
Crops 5 43 100 

T otal 5 56 200 
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figure 4. Estimated overage damages from release of fission produch 

dent, although currently indeterminate, is obviously 
vanishingly small, and that the essential integrity of 
protective envelopes can be assured from conventional 
engineering data. The results should in no way be 
interpreted as a deterrent to the advancement of com
mercial power reactor technology. They do indicate 
the need for high standards of engineering and opera
tion in all cases. l\fore importantly, they show the 
high value of protective systems that are not quite 
perfect. Thus, for an actual power level of 100,000 kw 
and a protective system with a release coefficient of 
0.01, the equivalent power level of 1000 kw is below 
the range in which it is relevant to compute estimated 
average environmental hazards. Over the small areas 
then involved, it is possible to apply decontamination 
methods that would be impracticable for the hypo
thetical large-scale disasters. The real damage in this 
case would therefore be even lower than is found by 
a plausible extrapolation of Fig. 4. This perhaps pos
sible disaster is well within the range of disaster dam
age experienced from time to time in older industries. 
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Radiation from Clouds of Reactor Debris 

By J. Z. Holland,* USA 

In the design and, especially, in the selection of 
sites for nuclear reactors, the problem arises of esti
mating the degree of hazard which might result to 
nearby populations from the accidental discharge of 
radioactive fission products to the atmosphere. In 
order to make such estimates it is necessary to postu
late the type and amount of radioactiYe products re
leased, the speed of movement and rate of spread 
of the resulting cloud, and the manner of exposure of 
people in its path, i.e., whether by direct external 
irradiation, irradiation by material on the ground or 
on the skin, by inhalation, ingestion, etc. 

The composition of the fission products in the 
source can be classified in three convenient cate
gories : (I) the mixture resulting from a brief power 
excursion; (2) the mixture resulting from long-time 
operation of the nuclear reactor at a relatively steady 
power level; and (3) any particular radioisotope or 
arbitrary combination thereof. 

In the first two cases the large range of decay rates 
of the individual fission products results in an approx
imate power-law decay rate of the mixture, roughly 
as t-1 -2 in the first case and as r 0·2 in the second. In 
the third case the decay of each radioisotope is an 
exponential function of time with a constant coeffi
cient. The fission products are beta and gamma emit
ters of a wide range of energies. Beta rays have a 
range of the order of millimeters in tissue and meters 
in air. Gamma rays have a mean free path in air of 
the order of hundreds of meters and would essentially 
irradiate the whole body uniformly under conditions 
of immersion in a radioactive cloud. 

Meteorological factors which influence the mode 
and degree of exposure are the wind velocity, its 
variation with height through the layer containing 
the bulk of the cloud, the intensity and directional 
partitioning of turbulent eddy diffusion, and the oc
currence, duration and intensity of precipitation. In 
the case of precipitation scavenging or gravitational 
settling of particulate material, the possible chains of 
events leading to external or internal irradiation of 
human beings are of such complexity and variety that 
even order-of-magnitude estimates as to the deposi
tion rate would be acceptable in relation to the other 
uncertainties of the problem. In the case of external 
irradiation by the passing cloud, on the other hand, 
the problem is more r~adily expressed in mathemati-

* US Weather Bureau, Washington, D. C. 

cal terms, so that it is possible to estimate within 
more narrow limits the dosage to which a person at 
the ground might be subjected. 

T he theory of surface deposition of material from 
diffusing clouds has been treated by Chamberlain.1 

The relation between surface contamination and ex
ternal irradiation has been presented by Cohen and 
Plesset2 and by F itzgerald, Hurwitz and Tonks.3 

The inhalation dosage is adequately evaluated sim
ply by integrating the concentration at the receptor 
with respect to time ( e.g. reference 4). This result 
can be combined with breathing rate, critical organ 
concentration and retention parameters as outlined 
in reference 5 to obtain estimates of the internal radi
ation hazard. 

Beta particles which would affect a receptor can be 
treated as originating within a small, approximately 
homogenous portion of the cloud. The time integral 
of local concentration ( again as in reference 4) can 
be multiplied by a conversion constant to obtain a 
satisfactory estimate of the beta dosage. 

T he present paper deals primarily with the cal
culation of external gamma radiation dosage. For 
practical working formulas and conversion factors -
for all the modes of exposure described above, the 
reader is referred to reference 6. 

BACKGROUND OF THE CLOUD GAMMA DOSAGE 
PROBLEM 

110 

Of all the cloud dosage problems that of gamma 
radiation from a cloud of mixed fission products is 
perhaps the most difficult. This is because of two 
characteristics of the physical system : 

I. The mean free path of the radiation is of the 
same order of magnitude as the cloud size, distance of 
travel or height of rise in some portion of the work
ing range of each of these parameters. 

2. The magnitude and non-linearity. of the decay 
are also significant in time intervals of the same order 
as the travel time and exposure time. Thus the decay 
of the radioactivity, gradual spread of the cloud, 
spatial distribution of material in the cloud, and ab
sorption and scattering of the radiation by the air, 
must all be retained in the equation. Each of these 
factors has a major influence on the result under some 
plausible combination of conditions. 

Instructive approximate solutions have been ob
tained by p revious investigators under various as-
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sumptions. Luckow et al. 7 assumed uniform concen
tration in a cloud travelling along the ground, whose 
<limensions were determined i.Jy Sutton's diffusion 
formula. Absorption and scattering of the gamma 
rays by the air were neglected, leading to largely 
pessimistic results. Taylor of the W estinghouse Elec
tric Corporation8 obtained the spatially integrated 
dose rate from the cloud at the moment when it is 
centered° over the receptor. The distribution of mate
rial in space was given by Sutton's formula. Taylor 
then multiplied this dose rate by a time of passage 
determined from Sutton's formula and the wind 
speed. Multiple scattering of the gamma rays was 
ignored. Fitzgerald et al. at the Knolls Atomic Power 
Laboratory of the General Electric Company3 carried 
out the space and time integrations for a cloud passing 
along the ground, without change in cloud size during 
irradiation, and without considering multiple scatter
ing or decay during the time of exposure. Waterfield 
of the General E lectric Company0 carried out a com
plete numerical space-time integration for elevated as 
well as surface clouds, still, however, assuming simple 
~xponential absorption and holding decay constant 
during passage of the cloud. He also presented a 
decay-integral correction factor for the case f (t) = 
t-1.21 , which tends to improve the accuracy consider
ably at in termediate, but not at small ( < 300 meters) 
distances. Gamertsfelder of the same laboratory has 
carried \Vaterfield's work further by including the 
<lose buildup effect due to multiple scattering, but has 
not included the effects of non-linear decay during 
passage of the cloud. His results are quite satisfactory 
for distances greater than a few hundred meters from 
the point of origin. 

In the present development the only restrictive 
assumptions arc that the cloud particles all travel 
with approximately the mean wind speed during 
irradiation of the receptor, and that the turbulence 
responsible for the cloud spread is isotropic. As in 
all-previous treatments, the dosage calculated for the 
average gamma photon energy is assumed to approx
imate the integrated effect of the actual gamma en
ergy spectrum. 

The resulting method does not depend upon any 
particular form of the diffusion law as Jong as it gives 
a Gaussian distribution of concentration with respect 
to distance from the cloud center. Results can be read
ily obtained for a wide variety of assumed meteoro
logical conditions and for heights of rise up to 500 m. 
T he initial source may be taken either as a point or as 
a puff of finite size. The computation method employs 
a nomogram whose maximum error is believed to be 
about± 20%. 

MATHEMATICAL STATEMENT OF THE GENERAL CLOUD 
GAMMA DOSAGE PROBLEM 

The conventional unit of gamma ray dosage is the 
roentgen.10 One roentgen is equivalent to 83 ergs or 
5.24 X 101 Mev (million electric volts) of energy 
absorbed per gram of matter. The dosage received in 

an infinitesimally small t ime interval dt in a small 
volume of matter is thus 

dD - µ,,,. <P dt 
- 5.24 X 107 Mev gm-1 roentgen- L (1) 

where D = dosage (roentgens) , /J-m = mass absorp
tion coefficient for gamma radiation (m2gm-1), <I> = 
gamma energy fltLx per unit area into the outer sur
face of the receiving volume (Mev sec-1 m- 2 ), and t 
= time (sec). 

Note that the dimensions of the receiving volume 
must be much less .than (µmp )-1 where p is the density 
of the absorbing meaium (gm m-1 ) for Equation 1 to 
be applicable. Nowµ,,,. is nearly the same for both air 
and tissue for a given gamma photon energy.11 The 
linear absorption coefficient /La (m-1 ) is equal to p,mp • 
Thus µ.~/ p for air can be substituted for /.Lm to obtain 
the dosage in either air or tissue. At elevations near 
sea level, p is approximately 1.29 X 103 gm m-3, so 
that the total gamma dosage received in the small sta
tionary receptor during passage of a cloud of fission 
products is 

D /J-a po/p (°" <I> dt (2) 
6.8 X 1010 Mev m-3 roentgen-1 Jo 

where p0 =sea level air density=l.29 X 103 gm-m-3. 

In the remainder of this paper Pol p will be assumed 
to be approximately unity. For high al titudes (greater 
than about 2 km above sea level) the computed dosage 
must be multiplied by this factor in order to preserve 
the accuracy of the method. 

One curie of radioactivity is equivalent to 3.7 X 
1010 disintegrations/sec. Therefore each element of 
the cloud emits gamma energy at the rate 3.7 X 1010 

disintegrations sec-1 curie-1 xcE dV, where Xo is the 
concentration of radioactivity ( curie m-3), E is the 
gamma photon energy ( Mev per disintegration) and 
dV is the cloud volume element. If the space benveen 
the emitting volume element and the receptor is com
pltely empty, the part of the flux received at the sur
face of tlte receptor from this volume element is: 

d 
_ xedV _ 3.7 X 1_010 dis sec-1 curie-1 xcE dV 

<I> - 471-r = 4n-r2 
(3) 

where xs = concentration in energy emission units 
(Mev sec-1 m-3 ) r = distance between the emitting 
element and the receptor ( m) 

In an absorbing but non-scattering medium an ex
ponential absorption factor is introduced : 

(4) 

If only the direct ray is considered ( e.g., if the beam 
were collimated), the effect of scattering also is to 
attenuate the radiation exponentially so that 

XE e-<P.. + JJ.,) r dV 
d¢> = 4,rr2 (5) 

------------
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where ,-,., is the linear scattering coefficient ( m-1 ). 

Finally, if the scattered radiation which reaches the 
receptor from all directions is included, the flux be
comes 

(6) 

where B = multiple scattering buildup factor, a func
tion of µr and E, and µ. = µ 0 + P.s, the total absorp
tion-scattering coefficient ( nrl). 

In Table I, values of B are given for a range of 
values of µrand E. These values of,B were calculated 
by Goldstein and \i\Tilkins, Jr. of N uclear Develop
ment Associated, I nc. 12 by numerical solution of the 
complicated integro-differcntial equation of energy 
transfer for gamma ray scatter ing. 

For the range 0.5 to 2 Mev B can be approximately 
represented by the three-term series : 

(7) 

T his formula is used in the subsequent calculations. 
An exponential form ula for approximating B has heen 
developed by Taylor.a 

The attenuation function C ( r) is here defined as: 

B i;-W 
G(r) =-,:r- (8) 

The "mean free path" >,,, is defined as 1/ p.. It is seen 
that for E of the order of 1 l\lev, when r < <>,,, G (r) 
!2! 1/r2• That is, absorption and scattering can be 
neglected when the source and receptor are very close 
together. 

T he total flux of energy from each element of the 
cloud is: 

G(,·) 
d<J.> = ~x,:dV (9) 

T he concentration factor XE is the product of the total 
source strength Q» and a diffusion function x repre
senting the relative spatial distribution. The source 
strength, in turn, can be expressed as the product of 
an initial source strength Q0 and a decay function 
f(t), such that Q» = Q0 when I = 0, i.e., at the 
moment of release of the cloud. Then 

l 
d~ = 4n-Q0 f(t)G(r)x(.~,y,z,t)dxdydz ( 10) 

where x = distance horizontally downwind from the 
center of the cloud ( m ) ; y = distance horizontally 
across w ind from the x-axis (m), and :; = height 
above the ground ( m). 

The diffusion function x (x, y, z, t) is, in general 
assuming no deposition on the ground): 

[ 
f: -1- It)• + (: - h)• J ( X2 ,.2 ) 

e- fJz2 C- (le: e- a,4-! + ; ,/:. 
x (x,y,z,t) 

( 11) 

where /z = height of the center of the cloud abo\'e 
ground ( m), crz, <711, crz = cloud size parameters for · 
the downwind, crosswind and vertical directions, 
respectively ( m). The parameters er.,, a 11, and er~ de
pend upon the initial size and travel time of the puff 
and upon the spectrum and intensitv of turbulent dif
fusion. Roberts18 treated the case· where the coeffi
cients of turbulent diffusion in the .-i-, y, and :; direc
tions are considered to be constant. T aylor14 showed 
the dependence of the diffusion upon the statistical. 
properties of the atmospher ic turbulence. Sutton 1~ 

has solved the equations of diffusion by assuming for 
the Lagrangian autocorrelation function of the turbu
lent velocity components a mathematical form which 
behaves in a plausible manner. Sutton's solution, with 
parameters determined empiricallv, has been rela
tively successful in predicting co~centrations of at
mospheric contaminants from known sources. 
FrenkieJlG has given more general methods for cal
culating the rate of spread of the cloud by means of 
observations of atmospheric turbulence. F or the 
present purposes however the experience which has 
been gained in the choice of parameters in Sutton's 
and Roberts' formulas provides sufficient accuracy in 
relation to the uncertainties of the source strength ancf· 
conditions of exposure. Rober ts' and Sutton's methods. 
of obtaining c,,,, "" and a: for the cloud resulting from 
an instantaneous point source are summarized in 
Table I I. 

Table II. Expressions for 

Robrrt.r• Sutton• 

,r •• 2K,t c .•( ut ) !•n 

,r • 2K,t C/(ut)r-n • ,r • 2K.t c.-(ut)•-n . 
* K~, K ,, K , = ~onstant diffusion coefficients (m' sec-1 ) , 

t .= t_une elaps~d smce /elease (sec), C., C.,, C. = virtual 
d~ffus1on coefficients (m 12

), 11 = mean wind speed or speed: 
0 1 mO\·cment o{ the center of the cloud (m sec-1 ) n = sta-
bility index (dimensionlc-ss) . ' 

In determining the intensity of gamma radiation 
from the entire cloud, the anisotropy of the turbulence· 
can ordinarily be expected to have a second-order 

Table I. Multiple-Scattering Buildup Factor 8 

E(Mrv) µr = 0 1 2 4 7 10 JS 20 

0.255 I 3.09 7.14 23.0 72.9 166 456 982 
0.5 1 2.52 5.14 14.3 38.8 77.6 178 334 
1.0 1 2.13 3.71 7.68 16.2 27.1 50.4 82.2 
2.0 I 1.83 2.77 4.88 8.46 12.4 19.5 27.7 
3.0 I 1.69 2.42 3.91 6.23 8.63 12.8 17.0 
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· effect; that is, it can be assumed that Kz= Kv=K,,ssK, 
C,,= C11=C,1=:C, and hence <rz=<7v=u,1==u. The in
tegral. to be evaluated is now: 

D - 11-aQo 
- 4n-(6.8 X 1010 l\Iev m--3 roentgen-1 ) 

X (~- r~ f"" f"" f(t) G (r) x (:r,y,z,t)dxd-ydzdt 
)o )o _,,, -~ 

(12) 

where f( t) = decay function, G ( r) = attenuation 
iunction, xC~,y,z,t) = diffusion function, r = 
y(f,t +x - d) 2 +y2 +z2 (assuming the receptor 
is downwind from the point of release), d = distance 
-of receptor downwind from point of release (111) . 

A number of simplifications can be made : 
l. The exponential of - ( z + h) !l / a2 ( the ground 

reflection term) in the diffusion function can be elim
inated by changing the lower limit of z from Oto - oo. 

2. For the purpose of computing the integrated 
_gamma dosage, the growth oi the cloud by diffusion 
must be taken into account insofar as it affects the 
variation of dosage with distance of the receptor from 

-the point of release of the puff. However, the cJoud 
-particles can be assumed to be moving approximately 
with the mean wind during irradiation of the receptor. 
This permits t to be replaced by the constant d/ft in 
-the diffusion function . u then becomes a constant 
-parameter in each integration. 

3. x can be neglected in the attenuation function 
:since (1) x is simply added to fit, (2) the diffusion 
function is symmetrical in -~ and ( 3) the values of x 
which are small in relation to u and hence in relation 

-to iit are most heavily weighted by the diffusion fnnc-
-tion. Then the .i- integration now involves only the 
Gaussian function and can he carried out explicitly: 

(;-1,)'+,v' 

Joo e- 11• 
, .,J(t)G(r)x(x,y,z,d/ii)dx = f(t)G(r)---rr-u2--

where r = y(fit-d):! + y 2 + :;~ 
er = C2d!l-n (Sutton) 

,or 
2Kd/11 (Roberts) 

(13) 

Now lets= yy2 +::? and (J = tan-1 (z/),). Then 
r = yiU - d) 2 + s~ and hoth G(r) and f(t) are 

:-independent of 8. The integral becomes 

D =~lo°' lo"" [!oz .. eZsltsin9!11'd8] 

[ e-<s>+1t•>t11• f(t)G(r)]sdsdt (14) 

·where 

11-aQo 
A-,,,_~_,,_,,..---,--:-=--,,-,:---=-----

- 2?ru2 ( 6 .8 X 1010 l\1ev m-3 roentgen- 1 ) 

But 

i2 .. e2shsinnt11• dO = 2r. fo(2ish/c:r) (15) 

where JO = zero-order Bessel function and i = 
\f-l. 

Finally the gamma dosage integral can be written : 

D = A l '''[fo(a)e-13] [1"" f(t)G(r)dt }as 
· (16) 

where a = 2isli/ u2 and f3 = ( s2 + h2 ) / u2 

Thus the probiem is reduced essentially to two 
steps: 

1. Integrating the product of the attenuation and 
decay functions with respect to time for each per
perpendicular distance of passage, s, of the cloud par
ticles. T his, when multiplied by a conversion factor, 
gives the dosage from a unit point source of radiation 
travelling with the velocity Ii and passing at a per
pendicular distance s from a receptor located at a 
distance d downwind from the point of origin. 

2. Integrating the product of the point-source 
dosage determined in step 1 and the distribution 
function of par ticle concentration with respect to the 
distance s of the particle t rajectories from the recep
tor. This gives the integrated dosage received from all 
the cloud particles. 

CLOUD GAMMA DOSAGE IN THE SPECIAL CASE OF 
A NUCLEAR POWER EXCURSION 

A short-lived nuclear reactor power excursion of 1 
11 w-sec ( 1 megawatt-second = 106 joules) would 
result in the production of radioactive fi ssion products 
which would emit approximately 4.8 X 1016 (t/1 
sec)-1.21 Mev/sec of gamma energy with an average 
energy of 0.7 Mev /disintegration.8 This formula over
estimates the source strength for t < 10 sec. How
ever, the time integral of the actual source strength 
from 0 to 10 sec is very nearly equal to the integral 
of the formula from 1 to 10 sec. Since integrated 
dosages are desired, and since the variation of the 
associated attenuation factor between t = 0 and t = 1 
sec can generally be neglected in the range of distances 
and wind speeds of meteorological interest, the lower 
time limit can be taken as l sec, Qo as 4.8 X 1016 QE 
where Q8 is the nuclear energy release in Mw-sec, 
and f(t) as (t/1 sec)-1·21 • 

The time integration of the product of the attenua
tion and decay factors of Equation 16 was carried out 
numerically for a selection of values of s, d and u 
sufficient to permit graphical interp.olation to two• 
decimal places. F rom these results a graph was pre
pared showing the gamma dosage in roentgens re
ceived at the ground at a distance d downwind from 
the point of release, assuming that all the radioactivity 
produced in a power excursion of 1 M w-sec is concen
trated in a point source which passes the receptor at 
distances with s interpreted as a height Ji'. This "unit 
point-source dosage" graph is shown in Fig. 1. The 
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curves are for constant distance d. The wind speed is 
introduced as a displacement along the distance 
curves. 

Table Il l. Cloud Gamma Dosage, Power Excursion 
Products, "Neutral'' Conditions 

The spatial distribution function \\'US computed for 
a selection of values of s, h and u, then multiplied by 
the "unit point-source dosage." The product was in
tegrated numerically with respect to s for values of u 
corresponding to "neutral" meteorological conditions 
( Sutton's stability parameter n = 0.25) . These con
ditions and the resulting dosages are summarized in 
Table III. 

The computed dosage from a cloud at the height h 
whose size is described by the parameter u is equal to 
the dosage from a point source of the same total 
strength but passing at a different height h'. The 
"equivalent point-source height" h' can be considered 
to be dependent only on h and u . F rom the graphs of 
point-source dosage ( Fig. 1) and cloud dosage 
(Table III ) which had been derived so far, a graph 

Ii n 
(m) 

0 0.25 

50 0.25 

200 0.25 

500 025 

C " d 
( m~t•) (m/stc) (m) 

0.20 3 30 
300 

3000 
30,000 

0.15 S 300 
563 

3000 
30,000 

,0.10. 7 300 
3000 
4380 

30,000 

0.08 9 300 
3000 

16,000 
30,000 

,r 
(m) 

3.9 
22 

221 
1654 

22 
38 · 

166 
1240 

15 
110 
154 

· 827 
12 
88 

382 
661 

D 
(,.JJ.lw-lCI:) 

6.4 
5.1 X 10·•· 
2.35 X 10 ... 
3.52 X 10-, 

1.96 X 10·• 
1.07 X 10·• 
3.88 X 10 .. 
7.44 X 10-• 
2.74 X 10-a 
1.43 X 10·• 
1.31 X 10-• 
1.73 X 10 ... 
1.57 X 10_. 
5.56 X 10·• 
4.05 X 10 .. 
1.73 X 10·• 
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of the "equivalent point-source height" was con
structed (Fig. 2) . The coordinates are CT and h', with 
curves as constant values of actual cloud height h. 

T he "equivalent point-source height" graph and 
the "unit point-source dosage" graph were combined 
in to a nomogram for computing the actual unit-source 
dosage, given the cloud-size parameter and height h. 

· Alignmei:it-type nomograms were added to permit the 
computation of CT by either Sutton's or R oberts' for
mula, and to multiply the unit-source dosage by the 
actual source strength. T he complete nomogram, with 
instructions for its use, is contained in reference 6. 

W hen CT exceeds 2000 m the dosage can be com
puted on the assumption of approximate radiative 
equilibrium. The formula for a receptor at the ground 
is then: 

D = (4.8 X 1016 Mev/Mw-sec) Q8 (ti/d)l-21 c-,..,.,,. 
(6.8 X 1010 Mev/m3 roentgen ) '11' 1t a 2 

(17) 

However , in this case as well as that of h > 500 m 
a power excursion of at least 2000 M w-sec would be 
required to produce a dosage as large as 1 roentgen 
anywhere on the ground. 

A few interesting features of Fig. 2 can be pointed 
out. For example, elevated clouds behave essentially 
as point sources as long as a < l,/5. T he ma.ximum 
dosage, or minimum equivalent point-source height 
for a cloud of given strength and height occurs when 
u is about 3 h/4. Vvhen a increases beyond about 2h, 
the cloud height has no further effect on the dosage. 

In order to show the range of values to be ex
pected under a plausible variety of meteorological 
conditions, dosages have been computed by means of 
the nomograms for the cases given in Table IV. 

Computations were carried out in each case except 
"trapping" both for an initial point source and for an 
initial volume source for which the value of u at the 
origin was taken as CTo = 10 + 0.3/i. This rate of cloud 
spread corresponds roughly to that given by Sutton's 
hot puff formula17 with C = 0.6. The "trapping" case 
was designed to approximate a situation in which dif
fusion is confined to the downward direction (as by 
an inversion) and horizontal spread is also confined 
(as by a valley) . To give a maximum dosage at each 
distance, u was held constant at 0.75 Ii and the com
puted dosages were doubled to account for downward 
reflection by an inversion. Selected results are shown 
in Fig. 3. 

When h = 0 the initial point source gives signifi
cantly larger dosages at small distances than docs the 

I 10 100 1000 
I 00 0 r--,-.,.,TT1"TTT"-,-,,"T"T.,.,..,.,-.-,-..,...,...,..,.......,.-.,......,,..,...,rrrm 

200 

s 
~ 

100 ,-. 
:r 
C) 

ui 
:r 

50 ..., 
(.) 
0: 
::> 
0 
"' ' ... 20 2 
0 a. 
... 
z 

10 w 
-' 
<I 
> 
::> 
0 ... 5 

10 100 1000 
CLOUD RAOIU S PA R AM ETER CT (ml 

f igure 2. Equivalent point-source height for cloud a t height h(m) 

initial volume source. The dosages increase with 
increasing atmospheric stability at all distances. Dos
ages exceeding 1 r/Mw-sec are confined to the closest 
100 m except in stable conditions with very small 
initial volumes. The strong wind case (not shown ) 
gives dosages slightly higher than the neutral case. 

The elevated sources show less variability of the 
dosage with the meteorological variables. Trapping, 
of course, always gives the highest dosages. Of the 
other cases, t he stable case results in the highest 
dosages at great distances while the strong-wind case 
is worse at intermediate heights and distances. At 
greater heights instability, with more rapid down
ward spread of the cloud, results in the highest 
dosages at small and intermediate distances, except 
for trapping. 

Table IV. Meteorological Parameters for Sample Cases. 

C ( mftt •) a (mluc) 
Case ,. h, = 0 so 200 500 0 so zoo 500 

Neutral 0.25 0.20 0.15 0.10 0.08 3 5 7 9 
Stable 0.50 0.05 0.03 0.02 0.01 1 3 6 9 
Unstable 0.20 0.50 0.20 0.15 0.10 7 10 12 13 
Strong wind 0.25 0.20 0.15 0.10 0.08 15 22 30 35 
Trapping = 0.75 Ii 5 7 9 

------
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Figure 3. Gamma dosage with various initial heights, volume and meteorological conditions (power-excursion case) 

A comparison of the results obtained by actual in
tegration in the "neutral" case with those obtained 
by Waterfield,0 Taylor8 and Fitzgerald et al.3 is given 
in Table V for an initial point source. It is seen that 
while the agreement is generally within a factor of 
two for surface clouds, simplifications in the assumed 
attenuation introduce greater differences as the ele
vation is increased. 

CLOUD GAMMA DOSAGE IN THE CASE OF STEADY
POWER FISSION PRODUCTS 

If the contents of a nuclear reactor which has been 
operating at a steady-power level were suddenly 
ejected into the atmosphere, the gamma source 
strength in l\'Iev /sec13 would be: 

Q = 2.3 X 1014 P [ t-0-21 - (t0 + t )-0.21 ] ( 18) 

where P = previous steady power of the reactor 
(kw), t = time after shutdown (sec), and t0 = dura
tion of steady operation (sec). 

If t0 is greater than a few months this can be ap
proximated by Q = 2.3 X 1014 Pt-0 -21 without serious 
error. In view of the slow decay rate, it is justifiable 
for the purpose of estimating hazards to hold Q con-

stant at the Yalue corresponding to I = d/11 in carry
ing out the space-time integration of radiation fhix 
from the cloud. 

Table V. Comparison with Previous Authors, Power 
Excursion Case, "Neutral" Conditions 

(roentgens per Mw-sec) 

,, d,m Holland Waterfield Toy/or Fitzgerald et al. 

0 30 6.4 5.9 5.6 8.7 
300 5.1 X 10-i 3.1 X 10-s -1.2 X 10-• 6.2 X 10·• 

3000 2.35 X 10·• 1.1 X 10·• 1.-1 X JO·• 2.7 X JO·• 
30,000 3.52 X 10· ' 2.9 X 10·' 3.8 X 10·1 4.4 X 10·1 

50 30 0.17 0.1 
300 1.96 X 10-• 8.1 X IO·' 

3000 3.88 X 10-• 1.84 X 10·• 
30,000 7.45 X 10·1 5.1 X J0·1 

200 30 · 6.1 X 10·• 4.9 X 10-• 
300 2.74 X 10·• 3.5 X 10-• 

3000 1.43 X 10 ... 4.2 X 10-• 
30,000 1.73 X 10..., 8.8 X 10·1 

500 30 1.2 X 10·• 
300 1.57 X 10·• 

3000 5.56 X IO~ 
30,000 t.73 X 10-• 
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wind from Initial source with wind speed u (m/sec) shown os horizontal displacement from l m/sec line 

The unit point-source dosages for this case were 
computed and graphed ( Fig. 4) .The curves for con
stant distance d are drawn for a wind speed of 1 
m/sec. The dosage now decreases with increasing 
wind speed at all distances. The wind speed is intro
duced as a horizontal displacement indicated by the 
spacing between the sloping wind speed lines. A 
nomogram for computing cloud gamma dosages for 
the steady-power case has been constructed by sub
stituting the graph of Fig. 4 for Fig. 1 in the power
excursion nomogram. The steady-power nomogram 
with instructions is also contained in• Teference 6. 

GAMMA DOSAGE DUE TO CLOUDS OF ARBITRARY 
RADIOISOTOPES 

The dashed curved marked "KC" in Fig. 4 is in
cluded to permit computation 0£ the gamma dosage 
due to the passage of a cloud of any specific radio-

isotope "·hose !f<lmma energy is of the order of 0.5 
to 1 Mev and whose half-life is large compared to the 
cloud passage time (say 10 u/n) . This curve gives 
the point source dosage due to l kilocurie of au isotope 
emitting a gamma photon of 0.7 Mev energy and 
passing at the height h with the speed 1 m/ sec. This 
dosage should be multiplied by 

Q, £ c-0,60Sdl ll'I' 

0.7 n (19) • 

where Q, = the initial source strength (kilocuries), 
E = gamma photon energy (Mev), and 7' = half
life (sec). 

The "KC" curve can also be used in this same 
manner for continuous source problems. Substitution 
of the emission rate dQiJdt in kc/hr for Q, yields the 
gamma dose rate dD/dt in rjhr. 
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CONCLUSION 

With the solution of the cloud gamma dosage prob
lem, the nuclear reactor engineer now has a set of 
tools for analyzing the environmental consequences 
of hypothetical accidents. While imperfect, these 
tools a re believed to be comparable in precision to 
those which are available for analyzing the possible 
fai lures of the reactor assemblies themselves. 
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Radiological Monitoring of a Nuclear Release 

By Percy Griffiths, Claude W. Sill and Mack Wilhelmsen,* USA 

At the National Reactor Testing Station in the 
State of Idaho, a network of radiation detection and 
sample collection devices is operated on a continu
ous basis in order to provide complete radiological 
control of local operations. Particular emphasis is 
placed upon downwind locations from all operating 
installations. Types of radiation monitoring devices 
at present in use are : continuous air monitors, 
gamma scintillation scanners, particle collectors and 
£all-out collectors. I n addition to physical obser
vation of meters and recorders utilized with certain 
of these devices, radiochemical and radioautographic 
analyses are performed. 

Personnel of the various health physics groups 
support the established radiation monitor ing net
work. In the event of a mishap at any of the ex
perimental sites, or when the nature of experimenta
tion is such that hazardous conditions could develop, 
these persons a re alerted. In some extreme cases, 
personnel and equipment are based in close prox
imity to the work in progress. 

During the summer of 1953 and spr ing of 1954, 
experiments were conducted by Argonne National 
Laboratory utilizing a small remotely-operated, 
water-cooled and moderated reactor. During an in
tential short period excursion on July 22, 1954, a 
violent release of energy occurred which destroyed 
tbe reactor core and some ::issociated equipment. As 
this possibility had been anticipated, all precautions 
had been taken to minimize any resultant hazard . 
FiYe mobile radiation-monitoring teams were based 
around the reactor area at distances greater than 
800 meters. Highway bar ricades were readied for 
closure of t raveled roads should the necessity arise. 
All operational and observation personnel were based 
at the control a rea, a distance of 800 meters from 
the reactor. In addition all travel had been restricted 
within this distance ( Fig. I ). 

Immediately following the short excursion, a 
column of <lark grey smoke and dust was observed 
blowing out through the top of the reactor to a 
height of approximately 25 meters . . A short , sharp 
explosion was heard, followed by ·a slight shock 
wave, felt at the control area. A t this time the con
trol mechanism, tower, and various other objects 

* US Atomic Energy Commission. Prepared by Percy Grif
fiths, Claude W . Sill; including work by Health & Safety 
Division, Idaho Operations Office, US Atomic Energy Com
mj5sion and US Weather Bureau. 
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were blown into the air, then {ell off to the sides of 
the earth dike shieiding the reactor. Following the 
initial emission the cloud drifted slowly toward the 
southwest at a speed of about 8 kilometers per hour. 
At a distance of approximately 1.2 kilometers, the 
cloud began to rise in a thermal, and at an elevation 
of about 300 meters above the ground gradually 
diffused until it was no longer visible. 

Simultaneously with the release several portable 
radiation detection instruments located 800 meters 
from the reactor indicated short radiation exposure 
rates beyond the limit o{ the range of the instruments 
being used at this t ime, or an exposure rate greater 
than 500 mr per hour. Subsequent development and 
interpretation of X-ray film indicated a total dosage 
of approximately 50 mr at 440 meters, and 30 mr 
at 580 meters. 

W ithin a few minutes of the release all mobile 
teams began monitoring downwind from the reactor 
taking readings 1 meter above ground level. Fifteen 
minutes after the release the maximum measurement 
was 6 mr per hour at 1.6 kilometers from the reactor; 
25 minutes after the release 2.0 mr per hour at 3.2 
kilometers. Meteorological data indicated that the 
cloud travelled to the southwest for approximately 
1 hour at a speed of about 8 kilometers per hour. 
T he wind then reversed as the temperature distribu
tion in the lower layers of the air changed from 
inversion to lapse, and the cloud travelled toward 
the northwest at speeds up to 10 kilometers per 
hour (Fig. 2). This t rajectory was confirmed when 
an increase of radiation amounting to 6 times the 
prevailing background was detected by a continuous 
air monitoring device located 13 kilometers from the 
point where the wind shift had occurred 3 hours 
earlier. Stations ranging from 8 to 110 kilometers 
further downwind did not indicate any radiation 
as a consequence of the experiment. 

The only indication of radioactive fallout was 
obtained from direct readings of the ground follow
ing the cloud passage to t he southwest up to a dis- · 
tance of 3.2 kilometers from the reactor . The max
imum was determined at a distance of 1.6 kilometers 
where the readings were 6 mr per hour at 1 hour 
after the release, 0.5 mr per hour at 6 hours, and 
0.05 mr per hour at 26 hours. 

Within the first hour it was established that there 
was no radiation hazard to anyone outside the 800 
meter perimeter as a result of the experiment. Radi-

----- -- - - ---- -
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Figure 1. Reactor location and adjacent area 

ation protection activity was then directed toward 
the reactor area proper in order to establish safe 
time limits for the purpose of making inspections, 
and for removing photographic film before it became 
overexposed from the high level of radiation present. 
The first attempt to enter the reactor area by way 
of the access road from the south failed when radi
ation exposure rates up to 40 roentgens per hour 
were encountered at 60 meters from the reactor. 
Further investigation proved that the south side of 
the reactor area to a distance of approximately 120 
meters contained a large number of fuel plate and 
reactor fragments. However, entry to the reactor 
area proper was accomplished from the east side in 
a radiation field of 1 roentgen per hour. Removal 
of film and initial inspections were possible in radi
ation fields up to 30 roentgens per hour. At this 
time, S¼ hours after the release, the radiation level 
over the top of the reactor pit was 8 roentgens per 
hour, 10 roentgens per hour at the west end of the 
pump pit, and 30 roentgens per hour 15 meters 
south of the reactor from fuel plate fragments scat
tered on the ground. 
· Five days after the experiment, radiation levels 
had decreased sufficiently to permit commencement 
of salvage and decontamination. A change area was 

P. GRIFFITHS et al. 
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Figure 2. Meteorological trajectories 

set up at the west side of the reactor at a distance 
of 75 meters, where radiation background levels were 
less than 1 mr per hour. Instruments and salvageable 
materials were removed to this location and decon
tamination performed with a minimum of difficulty. 
Exposures of persons working on this operation 
were kept below 3.9 roentgens over the entire period. 

The affected area south of the reactor was of 
particular interest. Five days after the release, ex
peditions were started into this area to remove and 
store all visible articles of radioactive debris. Eleven 
days after the release all of these items had been 
removed but the radiation level had not been lowered 
significantly. The area was set up on a 3-meter grid 
pattern and surveyed at intersections. At each loca
tion 2 types of readings were taken with an open 
window ionization type instrument. One set of read
ings was obtained at ground level, the other at 1 
meter above. The resultant readings were then 
plotted according to levels ot 1 to 10 mr per hour, 
10 to 50 mr per hour, and greater than 50 mr per 
hour (Fig. 3a and 3b). An . area of approximately 
7800 square meters was proven to be contaminated 
in a strip approximately 60 meters in width and 130 
meters in length. It appears that as a result of the 
explosion, the base plate of the reactor control rod 
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Figure 3. (left) Survey of conlamlnated area taken of ground level. (Right) Survey of contominaled area token at 1 motor a bove ground 

mechanism had tilted as it broke loose from the 
platform, forming an approximate 45 degree angle. 
Fuel elements and associated debris were deflected 
toward the south by the obstruction. The entire 

· affected area was later covered with a layer of gravel 
to a minimum depth of 15 centimeters which reduced 
the radiation dosage rate to less than 5 mr per 
hour. 

Because the reactor was remotely operated with 
an established safety distance of 800 meters, no 
hazard to operating personnel or to others at the 
testing station was present. The entire experiment 
was accomplished with no radiation exposure to 
personnel above permissible levels. A similar release 
involving a directly operated reactor of similar size 
would undoubtedly subject personnel within the 

immediate vicinity to radiation exposures and air
borne contaminants of serious magnitude unless ade
quate shielding and associated safeguards comprised 
part of the installation. · 

It would appear that, in design criteria for similar 
experimental reactors, that provision should be made 
to control the direction of debris blowing out as a 
consequence of a release such as occurred in this 
instance. Entry and cleanup would be faci litated and 
the possibility of contaminating expensive equipment 
and property minimized. 

The health physics function in respect to this ex
periment was primarily personnel protection. Un
fortunately, expenditure for scientific data had not 
been considered. As a result, much information of 
value to nuclear science was not obtained. 

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



Prospective Uses of Atomic Energy 
from the Viewpoint of Radiology 

By F. Hercik, Czechoslovakia 

The use of atomic energy for peaceful purposes 
confronts us with very important problems. In a 
relatively short period of time the level of radiation, 
which is of certain importance in man's life, will 
increase. U ntil now man, as well as all other living 
organisms, has been subjected to the action of cosmic 
rays, earth's radioactivity, action of radioactive mat
ter contained in air and water, and action of radio
active potassium within his body. T here is no doubt 
that living organisms have adapted themselves to 
this radiation. I do not propose to discuss the part 
that this radiat ion may have played in the phylo
genetic development of organisms; however, there 
is no doubt that the basic doses of radiation from 
the above sources have conditioned and are continu
ously conditioning the existence of all Jiving things. 
The total radiation dose received by a person in the 
course of one year from the above sources is about 
0.1 r . According to our present day knowledge of 
these hazards, the amount is so small that it should 
not be of any significance. 

The problem will assume a very different aspect 
when the sources of atomic energy become more 
numerous. There is no doubt that this will cattse 
an increase in the dose, both as a result of external 
radiation from various sources, which, in one way or 
another, will work themselves into subterranean 
waters, will increase the quantity of radioactive mat
ter present in drinking water. It appears that the 
problem of the increase of natural radioactivity in 
drinking water will become one of the most serious 
ones which require a solution. Furthermore, some 
attention will have to be given to the problem of the 
external radiation arising as a result of the use of 
radioactive sources in their mos.t varied technological 
forms. H ere, the most important thing will be some 
form of protection against radiation which will be 
not only conveniently realizable technically but also 
economically feasible. 

In order properly to evaluate the radiation hazard, 
the question of the permissible doses ,vill _have to 
be subject to revision. In my opinion, two sorts of 
errors are committed at this point. On the one hand, 
the permissible dose is unduly lowered on the basis 
of experimental facts obtained with test subjects 
phylogenetically far removed from man. In this 

Original language: Russian. 

category, for instance, belongs the generalization of 
data obtained by tests on plant cells or on several 
fo rms of animal life such as Drosophila. It seems 
to me tl1at here, the error is made by all those who 
fo rget that the human body is regulated, to a great 
extent, by neuro-humoral mechanisms, as a result of 
which, most probably, the recovery reactions are 
much more extensive than in simple biological sub
jects. Moreover, Darlington's and Koller's experi
ments have shown to us that, even in subjects taken 
in the plant world, there is a repair of chromosome 
damage after irradiation. T he cells that have been 
damaged do not multiply, but are replaced by healthy 
cells which continue to multiply. The more active 
the t issue, the more it is in accordance with Lacas
sagne's rule, sensitive to irradiation ; but also the 
more vigorously do the recuperating processes take 
place, In the highest types of mammals, as in man, 
each cell e,,idently is controlled, in some way, by a_ 
neuro-humoral regulation. As an example of this, 
we might mention the central control o f cell perme
ability, and adjustment of the fluid balance in the 
body. Thus, we are well entitled to assume that, 
following irradiation, the recovery processes in the 
human body are centrally controlled, and that they 
are probably equipped to repair more serious damage 
than would the simpler organisms. On the other 
hand, a similar error is often committed by those 
who, falling into the other extreme, propose to in
crease the permissible doses unduly, without factual 
information. 

I think that the effect of irradiation on the whole 
of the organism must be evaluated on the basis of 
the nature of functional integration. Plants, in most 
instances, have humoral integration, while animals 
have various degrees of neuro-humoral regulation. 
The neural component continues to increase, as the 
highest phylogenetic forms are reached·. 

It must further be borne in mind that it is im-· 
possible to assume that, in biological objects of any 
degree of complexity, the effect of irradiation on any 
biological function is continuous, in other words, 
that the changes brought about by small doses will 
only increase quantitatively as the doses are in
creased. In fact, depending on the size of the dose, 
the changes are qualitatively different. For a given 
biological object, small doses cause a set of reactions 

. whose nature is entirely different from those caused 
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by large doses. It is also known that partial irradia
tion of an organism calls forth changes which are 
different from those due to general irradiation. In 
view of all this it is necessary to verify the doses 
whjch have heretofore been considered permissible; 
this in turn involves the necessity of explaining the 
basic radiobiological processes arising in the irradi
ated organism. In particular, it is necessary to ex
plain, ·on the one hand, the primary effect of irradia
tion on living matter, and, on the other hand, the 
processes whose development takes place as a second
ary effect. 

In this connection, it must be admitted that, al
though experimental work has been going on for 
more than 50 years, our knowledge of the effects 
of irradiation on the living orgarusms is still insuf
ficient. This applies even to our knowledge of the 
primary process. I do not propose to deal here 
with the advantages and shortcomings of the target 
theory and radical hypothesis. I should only like to 
stress that, even during the interaction of hard radia
tion photons with matter, not only does ionization 
take place, as is usually assumed, but also atom ex
citation. It is known that one half the energy of the 
hard X-rays is dissipated in the form of atom ex
citation, from which it follows that, in these cases, 
a portion of the radiant energy changes . into an 
effect similar or identical to the effect of ultra-violet 
radiation. In other words, X-rays, and in all likeli
hood also, other forms of penetrating radiation, ex
hibit not only an ionization effect, but also an effect 
of the excitational type which, in turn, creates 
changes in the chemical forces which bind the atoms 
of a molecule. Both these processes can be noticed 
during an experiment, and it is thus possible to in
vestigate the value of each of the two components. 
Possibly, this new standpoint will have an effect on 
the explanation of primary processes taking place in 

. living matter following penetrating irradiation. 
. At the present time, there is no doubt that the 

primary processes in irradiated living matter pri
marily affect the nucleo-proteins. Here, the effects 
of irradiation are discontinuous, as I have already 
indicated above; i.e., the effects of the small irradia
tion doses are different from those of the medium 
and large doses. Irradiation acts primarily on nucleo
protein metabolism. I submit that small irradiation 
doses only bring about a deviation of nucleo-protein 
metabolism, of a form which results in the creation 
of a protein foreign to the body, to which the organ
ism can react by forming some protective material, 
leading to the creation of a protective barrier around 
this foreign protein. In the case of an incomplete 
blockade, this can be of a carcinogenic nature, or 
cause some other undesirable effect. A large dose 
leads to the slowing down of the nucleo-protein 
metabolism, which is evidenced by the lowering of 
the phosphorus exchange rate in the nucleic acids. 
The latter action is connected with full blocking of 
the nucleic acid e.."<change. Still larger doses lead to 

cleamination and dephosphorylation of the proteins, 
and thus to their degradation. Thus, different doses 
of irradiation most probably cause qualitatively dif
ferent processes in the organism, which call forth 
changes of differing macroscopic appearance. 

On the basis of the above, it becomes clear that 
the action of the protective material must also be 
analyzed discontinuously. It is quite legitimate to 
assume that the material which is blocking the action 
of small irradiation doses must have properties com
pletely different from those of the substances which 
must block the reaction to large irradiation doses. 
For this reason,. in the search for protective ma
terials, one must turn mainly to the search and 
identificat ion of the protective material of the or
ganism itself, since irradiation of a low intensity 
undoubtedly is a biological factor which existed even 
in ancient times, probably in much larger quantities 
than now. It is possible that some organisms have 
a regulating apparatus which permits them to block 
the effect of irradiation doses stronger than the 
normal levet of adaptation of the organism. In this 
regulating apparatus, an important part is played 
by anti-radiation material generated by the organism, 
whose identification can play a large part in pro
tecting against irradiation. All of this leads us to 
the important question which we touched upon at 
the beginning of this report; namely, to the question 
of regenerative action. 

On the basis of the radiological experiments which 
we have been carrying out, it was established that 
living tissue is capable of overcoming the effects of 
irradiation, especially if the whole system participates 
in this process. Unfortunately, no data from the 
literature bearing on this question can be quoted for 
lack of time. I think it is sufficient to mention that 
the time factor, wruch is so significant for the thera
peutic uses of irradiation, is based on the regenera
tive actions which are known to us. Some geneticists, 
basing themselves on experiments carried out, most 
often with Drosophila, less frequently with mice, ex
press the opinion that, under the influence of irradia
tion, there is irreparable disruption of the chromo
somes, mainly in the form of a mutation of ger.es 
which may show up only in future generations. One 
must remember that there are no experiments on 
people to which one could possibly refer; further, 
that these conclusions, drawn in most cases on the 
strength of experiments with the lowest forms of 
life, have been bodily applied to people; and finally, 
and perhaps most importantly, that all of the con
clusions arise from the mechanistic gene concept;, 
which assumes the existence of a special germ mat
ter, isolated from the rest of the body, which has 
changeless ability to pass on from generation to 
generation, and which is not subject to any ·influence, 
either on the part of the system, or of the environ
ment. Even the basis of this concept is incorrect, 
since it denies the plasticity and adaptability of live 
beings. I think that this concept is harmful in its 

------
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very social results; which, for instance, becomes 
clear from the conclusions of several geneticists who 
state that mutation and chromosome breakage due 
to irradiation may be attended by a lowering of the 
ability to conceive. Since, in the opinion of these 
geneticists, undesirable mutations may arise from 
irradiation, and social institutions permit those mu
tants to remain alive, they consider it more proper 
to lower the fertility of the people. Permit me in 
this connection to quote the words of geneticist 
Darlington : "In general, it may be said that general 
irradiation of humanity ( should such be possible) 
sufficiently strong to decrease the rate at which peo
ple are multiplying, may in these times be considered 
desirable." It seems that a more crass example can
not be found, which would sho,,,. the mistakenness 
of the mechanistic hypothesis in relation to society. 
Also, in the field of inheritable changes caused by 
irradiation, we must carry out research of such 
nature as to be applicable to people with a high de
gree of probability. 

From all of the above, it becomes clear that the 
permissible doses must again be subject to a review. 
I assume that all of us are agreed that the most 
harmful radiation, for the human body, is that con
sisting of sudden doses of penetrating radiation re
sulting from accidents, or generated by tests with 
nuclear weapons. Biologists, united in the Inter
national Union of Biologists, at a conference which 
took place in Rome in April of this year, unani
mously passed a resolution calling for the discon
tinuance of all types of atomic and hydrogen bombs, 
since, due to these tests, the level of radioactive radi
ation is increased, which constitutes a danger that 
may cause serious damage to mankind. W e feel that 
our meeting should add the warning voice of the 
biologists, by means of a resolution to be passed 
here. We are gathered to seek new avenues for the 
peaceful use of atomic energy, and therefore we can
not be insensitive to the harmful use of atomic 
energy for military purposes; on the contrary, we 
must strongly come ottt against such harmful use, 
and pursue our protest to the very limits. 
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T he CHAIRMAN : I strongly suspect that the rea
son why the Secretariat and the President suggested 
that I might be Chairman of this session is that we 
had one occasion at Chalk River on which we de
cided that we should evacuate the site temporari ly. 
This was a matter of reactor safety. We did not 
suffer any injury from that incident. We believe that 
the question of reactor safety and the siting of power 
reactors is one which, although deserving serious 
attention, will be taken in our stride in the further 
development towards nuclear power generation. 

Mr. C.R. McCULLOUGH (USA) presented paper 
P/853. 

Mr. J. R. DIETRICH (USA) presented paper 
P/481. 

Mr. W. G. MARLEY (UK) presented paper 
P/ 394. 

DISCUSSION OF P/ 853, P/481, and P/394 

' The CHAIRMAN : The first question, from Sir 
John Cockroft · (UK), is addressed to Mr. Mc
Cullough and reads : "What kind of fuses are being 
developed for reactor safeguard?" 

Mr. McCULLOUGH (USA): A number of types 
are being studied. These mainly depend upon a neu
tron poison which is compressed and which can be 
released when the power level of the reactor gets 
above a certain point. The release mechanism is 
dependent upon heating by the neutron flux. When 
this release occurs, the gas expands. This poisons the 
reactor and reduces reactivity. 

The CHAIRMAN : The next question is addressed 
to Mr. Marley by Mr. K. z. Morgan (USA) and it 
reads: "Have you considered the advantages of 
short fuel cycling such as might be practical with a 
homogeneous reactor ?" 

Mr. MARLEY (UK): vVe have given qualitative 
consideration to short fuel cycles. The advantage of 
short fuel cycles in respect to the hazards of de-
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position is only realized if you can shorten the fuel 
cycle to an extremely short period. Moderate reduc
tion of the irradiation period reduces the hazards 
only very slightly in respect of most of the con
stituents apart from strontium-90 which, of course, 
is reduced in proportion to the irradiation time. If, 
however, one reduces drastically the irradiation time 
the deposition problem becomes negligible and the 
ir-radiation from the cloud is perhaps the limiting 
factor. 

The CHAIRMAN : The next question is from Mr. 
M. J. Lavigne of Canada, addressed to l\fr. Diet
rich : "In the reactor excursion in which fuel plates 
were melted, was there any evidence of chemical 
reaction of aluminium and water?" 

Mr. DIETRICH (USA): There was no conclusive 
evidence. I can give the following observations 
which have some bearing on this question. The de
structiv.e effects seemed to be entirely consistent 
with the amount of nuclear energy liberated, and it 
does not seem necessary to postulate any chemical 
release of energy in order to explain the effects. 
Secondly, I might say that certainly most of the 
fuel was left in the immediate vicinity of the re
actor. This ,vas established by radioactive surveys 
after the accident. No large fraction of the aluminum 
reacted and blew away. At least, if it did it left its 
fuel content behind. There did seem to be aluminum 
oxide on the particles that were found on the ground. 
Whether this was formed by reaction with the water 
or by reaction with the air I cannot say. You per
haps noted in the movie some bright spots in the 
dark cloud of smoke. We can only attribute these 
to fragments of aluminum burning in the air; and 
this, of course, would account for much oxide. 

The CHAIRMAN: The next question is from Mr. 
P . W. Mummery, United Kingdom, and is addressed 
to Mr. Dietrich: "Most reactor designs suitable 
for large-scale power plants will differ from those 
used in the experiments described by Mr. Dietrich. 
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For example, different geometry of fuel and coolant; 
dependence on resonance absorption in uranium or 
thorium instead of leakage as the mechanism for re
ducing reactivity, or use of heavy water. Would Mr. 
Dietrich comment on the application of his results 
to these designs?" 

Mr. DIETRICH (USA) : First I will say, with 
respect to the geometry of the core and the disposal 
of the fuel elements, that we did make one other 
set of experiments, whose results I did not show, 
with more widely spaced fuel elements, and in this 
case the energy release per fuel plate just about 
doubled and we had just about doubled the spacing 
of the fuel plates : this might lead one to conclude 
that you must supply a given amount of energy to 
each unit volume of water. On the other hand the 
second re.actor also had a much smaller negative 
steam coefficient of reactivity and I would say the 
energy increase was less than one would expect as 
the combination of these two effects on the simple 
picture that the energy generation is always propor
tional to the energy content of an amount of steam 
necessary to counteract the reactivity. 

With regard to D 20 as opposed to H20 : my im
pression is, from the results we have, that the de
s tructiveness of the excursion depends much more 
upon the rate of increase of power than upon the 
intrinsic value of the excess reactivity; so that we 
expect that in D20 reactors with their longer neu
tron lifetimes the self-protection will be mere effective 
provided the reactor can be designed with the same 
coefficient of reactivity. With regard to the negative 
coefficient being determined by the resonance ab
sorption rather than leakage: we can see no neutron 
effect which makes this situation any different from 
the leakage one except that you must be sure that 
it is there ( and this is reactor physics), but, of 
course, this does mean the fuel elements will be 
made heavier and they will be made differently, and 
we do not believe that the results can be simply 
applied to any kind of a fuel element without taking 
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into account its heat capacity and its thermal conduc-
tivity, and so on. I wish we had enough results to 
give a complete story on this question now, but we 
do not yet have them. 

The CHAIRMAN: The next question is from Mr. 
J. J. Went of The Netherlands. It reads as follows: 
"With respect to the great importance for the coun
tries now considering building reactors, I should 
like to put the following question to Mr. McCul
lough: What has been the policy of the United States 
Atomic Energy Commission regarding the degree of 
isolation required for nuclear reactors?" 

Mr. McCULLOUGH (USA): In reply to this ques
tion I would say that in our country where it was 
possible and feasible to locate reactors far from in
habited areas, we did so. However, if you are con
sidering research reactors, power reactors, I think it 
is obvious that you cannot put them out in deserts. 
Therefore, we are working on a policy now which 
attempts to balance perhaps four factors: first, care
ful design of the machine in all of its parts; second, 
adequate administrative control; third, containment; 
and fourth, location. I think you will agree on reflec
tion that location and containment can be balanced 
one with the other. Mr. Marley's remarks are ex
tremely pertinent to this point; namely, if you can 
reduce the amount of reactivity which can escape to a 
low value, then comparatively small distances are 
quite adequate. 

The CHAIRMAN: I have another question from 
Mr. Went to Mr. McCullough. It reads as follows: 
"You mentioned that a gas-tight building is desir'
able, but that it does not need to be explosion
proof. Is that also true for the destruction of a 
pressurized water reactor?" 

Mr. McCULLOUGH (USA): I think we are get
ting into a definition of explosion here. V/e feel that 
it is possible to contain the release of the pressure 
under reasonable conditions of a pressurized water 
reactor. This takes careful figuring and designing 
of the final vapor container. 
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Radiation lniury .and Protection
Maximum Permissible Exposure Standards 
By W . Binks,* UK 

CONCEPTION OF "MAXIMUM PERMISSIBLE WEEKLY 
DOSE" 

It is normal for human beings to live in an environ
ment of ionizing radiations at very low levels of 
intensity, for they have always been subjected to 
"natural'' radiation from cosmic and terrestrial 
sources. Since a ll types of ionizing radiations pro
duce changes in living cells and some changes, at 
least, are re.garded as being deleterious, it is believed 
that any significant radiation exposure in excess of 
the natural level may produce deleterious effects even 
though, for small additional doses, such effects may 
not be detectable. Having examined the evidence on 
radiation effects on human beings and on animals 
the International Commission on Radiological Pro~ 
tection 1 (ICRP) suggests that a worker may be oc
cupationally exposed throughout his working life
time to a practical average level, for each type of 
radiation, without incurring appreciably bodily in
j ury.t Indeed the risk involved may be less than that 
from many common and, at times, volw1tarily ac
cepted, conditions of life. T his level is called the 
"maximum permissible weekly dose." 

RELA Tl!'E BIOLOGICAL EFFECTIVENESS OF 
RADIATIONS 

Whilst all ionizing radiations produce the same 
·qualitative effects in their interaction with human 
tissue, quantitative differences may occur since an
other fact.or, b~sides th~ total ionization produced per 
gram of 1rrad1ated substance, is operative. A heavy 
particle, such as an a-particle, has a very much shorter 
r:a,nge in a medium than an electron or ,8-particle of 
hke energy. Accordingly the "specific ionization" or 
number of ions produced per cm length of track in a 
medium, is very much greater in the case of the a-par
ticle than of the lighter particles. It has been observed 
that, dose for dose, radiation of high specific ioniza
tion produces a greater biological effect than radiation 
of low specific ionization. As most of the evidence 
accumulated on the biological effects of radiation con
cerns X-rays generated at voltages of the order of 

* ~adiological Protccti~n Service, Ministry of Health and 
Medical Research _Council, Sutton, Su.rrey, England; also 
Secretary, International Commission on Radiological Pro-
tection. , 
. t "Appreciable bodily injury" is defined as any bodily in
Jury or effect that a person would regard as being objection
ab!e and/or ~mpetent medical authorities '.vould regard as 
being deleterious to the health and wcll-bemg of the indi• 
vidual. 
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250 kv, this type of radiation is used as the base-line 
and is said to have a biological effectiveness of 1.0. 
The ratio of the biological effectiveness of radiation 
which produces an appreciably different specific ion
ization to that of the radiation used as the point of 
reference is called the "relative biological effective
ness" (RBE). It is usual to relate the RBE factors 
to specific biological effects. Reference should be made 
to the report of the ICRP for the recommended RBE 
factors. 

VALUES OF MAXIMUM PERMISSIBLE WEEKLY DOSES 
OF EXTERNAL AND INTERNAL RADIATION 

According to the Recommendations of the Inter
national Commission on Radiological Units ( 1954), 
"absorbed dose"-or amount of energy imparted to 
matter by ionizing particles per unit mass of irradi
ated material at the place of interest-shall be ex
pressed in terms of the "rad," which has the value of 
100 ergs per gram. For X-rays and y-rays of quan
tum energy up to 3 Mev, the more familiar unit, the 
rontgen (r) , can be used. Accepting these proposals, 
the ICRP recommends that, for whole-body exposure 
to external radiation measurable in rontgens, the 
maximum permissible weekly dose shall be 0.3 r fo r 
the blood-forming organs, eyes and gonads and 0.6 
for the skin. For external radiation measurable in 
rad in soft tissue, the rontgen is replaced bY the rad 
in the above. To assist conversion to radiations hav~ 
ing RBE factors different from those of X-ravs and 
y-rays, the ICRP suggests a convenient unit' called 
the "rem", the dose in rem being equal to the dose in 
rad multiplied by the appropriate RBE factor. With 
the _exception of radiation of low penetrating power, 
having a half-value layer of less than 1 mm of water a . ' generalized statement can thus be made that the basic 
permissible weekly dose for whole-body exposure to 
external ionizing radiation of any type is 0.3 rem 
in the blood-forming organs, eyes and gonads, and 
0.6 rem in the skin. For partial irradiation of the 
body, for example, of the hands and forearms, feet, 
and ankles, head and neck, the value is 1.5 rem in 
the skin and less in deeper tissues with a limitation 
that, in the case of irradiation of the head, the weekly 
dose to tht lens of the eye shall not exceed 0.3 rem. 

The ICRP has also recommended values for the 
maximum permissible body burden and for the maxi
mum permissible concentration in air and water for a 
large number of radioisotopes which are now in use 
and which may, therefore, be inhaled or ingested. The 

-------·-----



130 VOL XIII P/451 UK W. BINKS 

starting point for the assessment of these values is 
radium, for which there is valuable pathological evi
dence on the permissible body burden, from a case 
now famous in medical annals. The figure at present 
accepted for radium is 0.1 p.c. On this basis, the cor
responding body burden for any other bone-seeking 
isotope can be derived if evidence is available from 
animal experiments on the biological effect of the iso
tope relative to that of radium, dose for dose. For 
bone-seeking isotopes whose biological effectiveness 
relative to radium is unknown, and for the remaining 
isotopes which have no affinity for bone and about 
which relatively little is known ·of their effects on 
human beings, the permissible body burden is re
garded as that amount of the isotope in question 
which, when distributed in the body, produces a 
weekly dose of 0.3 rem in the so-called "critical or
gan" in which maximum concentration of the isotope 
occurs as a result of selective action. The critical 
organ for each isotope is judged on the basis of lim
ited animal experiments with radioisotopes and of 
metabolic studies on human beings of the distribu
tion within the body of a stable element which simu
lates the isotope in question. In the case of the bone
seeking isotopes, a safety factor of 5 is applied to the 
calculated body burden to allow for possible uneven 
distribution of the isotope within the bone. 

The fractions of inhaled or ingested isotopes which 
are retained in the body and the fractions which are 
deposited in certain body organs depend not only on 
the isotope itself but on such other factors as the type 
of compound ( for example, valency and degree of 
solubility) and the nature of the compound ( for ex
ample, size of dust particle). From information on 
these fractions and on the rate of loss of activity of 
the isotope in the body, either because of excretion 
or of radioactive decay, a calculation can be made of 
the daily rates of intakes into the body of the isotope 
in air and in water which would result, sooner or 
fater, in the maximum permissible body burden being 
reached. T hen from a knowledge of the total daily 
intake of air or water into the body, the maximum 
permissible concentration of the isotope in air or in 
water can be fixed. 

In this way, the I CRP has evaluated the maximum 
permissible body burdens and maximum permissible 
concentrations in air and in water of some 86 isotopes, 
a few of which are treated both for soluble and in
soluble compounds. Already requests have reached 

. the Commission to evaluate the levels for a further 
SO or so isotopes. 

The mode of derivation and presentation by the 
Commission of the levels fo r radioactive isotopes is 
apt to be misleading in that there is an apparent 
exactitude in the data and formulae which does not 
really exist. T his weakness has to be admitted. The 
assumptions made so far are somewhat crude in na
ture and should serve to indicate the limitation of the 
present ICRP values and to point the need for more 
extensive researches to improve our knowledge. 

Meantime, as the various isotopes listed are already 
in use and the number of persons exposed is increas
ing the need for authoritative guidance is obvious. 
The Commission believes its report meets this need. 

MEASUREMENT OF BODY BURDENS 

In assessing the maximum permissible concentra
tions of isotopes in air and in water, the ICRP has 
assumed that the biological elimination from the criti
cal organ follows a simple exponential law, with a 
biological half-life of, say, Tb• I£ this is combined with 
the radioactive half-life, T,, the effective half-life, T, 
for the elimination of the isotope from the critical 
organ is given by T = TbT,./(Tb + T,.). T he daily 
elimination from the critical organ is then 0.693 qf2/ 
T, where q is the body burden, f 2 is the fraction in 
the critical organ of that in the total body, and T is 
expressed in days. The measurement of the body bur
den q by means of the activity of the excreta is thus 
dependent on T, that is, on the assumption of an 
exponential law. The elimination process seems, how
ever, to be much more complex than this, and the 
exponential relationship holds only over limited 
periods of time. In the case of a long-term study on 
the elimination of radium from the bodies of human 
beings, Norris and co-workers2 at the Argonne Lab
oratory state that the concept of a well-defined bio
logical half-life of radium in bone is inconsistent with 
the data presented. They find that the coefficient of 
elimination (fraction of the total body burden ex
creted per day) can be represented by a power func
tion of the form -0.52/t, where t is the time in days. 
after in jection of the radium. H ad the elimination 
followed a simple exponential function, the fraction 
of the body burden excreted per day would have been 
a constant. 

\Vhen the isotope involved emits y-rays or, if a 
,8-emitter, is present in sufficient quantities that it 
gives rise to appreciable bremsstrahlung, direct deter~ 
minations of the body burden can be made by meas
uring these radiations external to the body. As, how
ever, elaborate and expensive equipment is required 
for this purpose, it is the more usual practice to esti
mate body burden indirectly from measurements of 
the radioactivity of the excreta. In view of the com
plexity of the elimination function it will be clear that 
more extensive investigations must be made of the 
relationship between body burden and activity of 
excreta before the former can be reliably assessed 
indirectly via the latter. T he information gained from 
studies of this relationship for the various isotopes 
may well react upon the calculated values for the 
maximum permissible concentrations in air and in 
water, for it should be realised that effective half-life, 
T, enters into the formulae concerned . 

The difficulties of interpreting "excretion" data 
are well illustrated in the case of exhaled radon in 
breath. There has been long · experience in radon 
measurements over the past 20 years or so, and the 
difficulty in estimating· the radium content from the 
exhaled radon would not appear to lie in the actual 
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estimation of the radon present in the sample, but in 
the wide variation in breathing rate from one person 
to another (a range of 4.0 to 13.2 li tres per minute 
was found by the Argonne Laboratory workers) and 
in the variation, with time, of the exhaled fraction 
of the radon produced in the body. For long-standing 
cases of radium deposited in the body, the earlier 
value _of E vans3 of 45 per cent radon exhaled was 
based··on an assumed average breathing rate of 5.0 
litres per minute. If this is corrected to the average 
of 7.5 litres per minute found by Norris and co-work
ers it becomes 67.5 per cent, which is in dose agree
ment with Norris's latest , ,alue of 70 per cent. For 
shorter-term depositions of radium, it bas been noted' 
in tests on five persons involved in an accident with 
radium sulphate dust that the percentage of radon 
exhaled fell in the early stages from an average of 
about 20 per cent at 2 days after the accident to an 
average of about 10 per cent at 10 days, thereafter 
rising gradually to an average of about 30 per cent 
at 100 days and of about 45 per cent at 1 year. If 
continual inhalation of radium dust occurs, as in ra
dium-luminizing departments, it is difficult to know 
what figure to take for the exhaled radon fraction. 

MAXIMUM PERMISSIBLE LEVELS 
FOR NON-OCCUPATIONAL GROUPS 

Although initially the concept of maximum per
missible dose applies to those occupationally exposed 
to ionizing radiations, considerat ion must also be 
given to patients undergoing treatment (and, per
haps, diagnostic examinations) and to the population 
as a whole for whom the integrated total of radiation 
from all causes may have genetic consequences. 

Radiation treatment of patients should be planned 
t o minimise the risk of producing late effects such as 
carcinogenesis and leukaemogenesis. In this connec
tion, for internally administered isotopes, knowledge 
is required of the doses to different organs from given 
depositions acting over given periods, bearing in mind 
that the "critical organ" may differ according to the 
integrated time of effective action of the radiation. 

Suggestions have been made from time to time 
that a figure should be agreed upon for the total dose 
which a radiological worker should receive during his 
lifetime. Generally one thinks in terms of a few hun
d red rontgens in this respect. If it should come about 
that a maximum permissible lifetime dose is fixed for 
workers, then it would seem logical to apply this 
figure to the total doses from radiation t reatment of 
non-malignant cases and from radiodiagnostic pro
cedures. But even if no lifetime dose can be assessed, 
-it is reasonable to reduce the radiation exposure of 
patients as much as is compatible with successful 
treatment or diagnostic investigation. 

Lifetime doses of the order of a few hundred ront
_gens seem to be unacceptable, on genetic grounds, 
if more than a small fraction of the population is so 
irradiated. The amount which is required to double 
the spontaneous mutation rate in Man is not known. 

If a value of the order of SO r which has been found 
for a few other species is applicable to human beings, 
there is a strong case for keeping the dose per capita 
per generation well below this figure. But, in view of 
the extreme impor tance of a figure for the doubling 
rate for human beings, more intensified researches 
on genetic effects are called for. In the meantime, it 
may be of interest to note that in the United King
dom, estimates have been made of the total dose re
ceived by all radiological workers and of the total 
dose received by the gonads of all males and females 
during diagnostic examinations which take place be
fore the age of ab.out 30 years. Averaging these totals 
over the entire population, it is found that the dose 
per capita per generation of 30 years is less than 0.1 
r, or less than ¼0 th of the natural radiation level from 
cosmic and terrestrial sources. The additional genetic 
load is thus insignificant at the moment. 

Suggestions have been made in one or two quarters 
that a certificate might be introduced in which details 
of all radiation exposure ( medical and occupational) , 
which an individual receives during his lifetime, a.re 
recorded. A scheme of this nature would ultimately 
permit, on the one hand, a correlation between the 
doses received by individuals and any early or late 
radiation effects such as induced carcinoma, leu
kaemia, or shortening of the life span and, on the 
other hand, an appraisal of the total dose received by 
the community and the possible genetic consequences. 

Vvith reference to prolonged exposure of "large 
populations", the ICRP recommends that the max
imum permissible levels should be reduced by a factor 
of 10 below those accepted for occupational workers. 
A distinction should be drawn between "large popu
lations" and "whole populations". If the \\"hole popu
lation were involved and a figure of 0.03 r per week 
(that is, ½0 th of the level for occupational workers) 
were allowed, the total dose per capita per generation 
of 30 years would be about 47 rontgens. This is of 
the same order as the present figure assumed for 
doubling the spontaneous rate. Obviously one ought 
not to apply the ICRP rule to whole populations. 
"Large populations" should not, indeed, on the basis 
of the above calculations, exceed 10 per cent of the 
whole population; alternatively, a greater reduction 
factor than 10 should be applied if a higher fraction 
of the population is at risk. 
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Maximum Permissible Exposure Standards 

By Robert S. Stone,* USA 

HISTORY OF IDEA OF TOLERANCE 

Professor Roentgen discovered X-rays and in
vestigated their characteristics in the latter part of 
1895. In December of that year when he announced 
his discovery he told of his use of heavy metals to 
confine the newly discovered rays. By the end of 
January, 1896, Grubbe,1 who was building and ex
perimenting with the new "X-ray" tubes, had de
veloped a new and peculiar dermatitis of his hands 
which was determined to be due to the action of the 
roentgen rays. In a relatively short time it was found 
that X-rays produced many changes in people who 
worked with them and in animals used for experi
mental purposes. The injuries recorded include the 
following: erythematous dermatitis; smarting of the 
eyes; epilation of hair; constitutional symptoms such 
as tiredness, weakness, nausea, and vomiting; can
cer in chronic X-ray ulcer; inhibition of bone 
growth; sterilization of male rabbits and guinea pigs; 
reduction of white blood cells; alteration of bone 
marrow, etc. By 1906 it had been found that most 
of the organs of the body could be altered by the 
X-rays. 

While the need for protection against the ionizing 
radiation was obvious from the very beginning be
cause of the injuries, the idea of trying to define an 
amount of exposure that could be tolerated by the 
human body was slow in developing. When the 
British X -Ray and Radium Protection Committee 
was formed in 1921, it discussed "establishing a 
maximum tolerance dose in terms of a specifiable 
and reproducible biological standard, and if possible 
expressing this biological standard in physical units."2 

In 1925, the problem was stated more explicitly by 
Mutscheller :8 "In order to be able to calculate the 
thickness of the protective shield there must be 
known the dose which an operator can for a pro
longed period of time, tolerate without ultimately 
suffering injury." In an attempt to find such a "dose," 
he and others selected some people who had been 
occupationally exposed for some years without show
ing evidence of any deleterious effect. The amount 
of radiation to which these people had been exposed 
was then determined in retrospect. When the units 
used are translated into roentgens, the doses the 
different workers advocated as tolerable nearly all 
fall in the range of 0.1 to 0.2 r per day. 

* Radiological Laboratory;,Department of Radiology, Uni
versity of California School of Medicine, San Francisco. 
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Table I. Historical landmarks: Radiation Injuries 

1895 
1896 

1897 
1898 

1899 
1902 
1903 

1904 

1906 
1912 

Discovery of X-rays 
Dermatitis of hands (January) 
Smarting of eyes (March) 
Epilation (April) 
Constitutional symptoms 
Paraplegia au<l spasmodic muscular 

Roentgen 
Grubbe 
Edison 
Daniel 
Walsh 

contraction Rodet and Bertin 
Degenerat ion of vascular endothelium Gassman 
Cancer in X-ray ulcer Frieben 
Bone growth inhibited Perthes 
Sterilization produced Albers-Schonberg 
Blood changes produced Milchner and :t-.fosse 
Leukopenia produced Hcineke 
Bone marrow changes demonstrated W arthin 
Anemia found in two X-ray workers Beclcre 

Table II. Historical Landmarks: Tolerance 

1902 Rollins photographic indication of "safe" intensity 
1921 British X-ray and Radium Protection Committee con

sidered "establishing a maximum tolerance dose'' 
1925 First attempt at defining a "tolerance dose" by 1Iut

scheller 
19.31 US Advisory Committee on X-ray and Radium Pro

tection recommends tolerance dose of 0.2 r per day 
1934 International X-ray and Radium Committee endorses 

tolerance dose of 0.2 r per day 
1936 US Advisory Committee reduces tolerance dose to 

0.1 r per day 
1942 Metallurgical (Plutonium) Project adopts tolerance • 

dose o r 0.1 r per day 
1950 International Commission on Radiological Protection 

recommends 0.3 r (air) per week - 0.05 r per day 

In 1931 the AdYisory Committee on X-Ray and 
Radium P rotection in the United States, and in 1934 
the International Committee on X-Ray and Radium 
Protection both endorsed a tolerance dose of 0.2 r 
per day. In 1936 the United States Committee re
duced the tolerance dose to 0.1 r per day, apparently 
for two reasons. F irst the practice in Europe was 
to measure the dose on the skin with backscatter, 
whereas the practice in the U nited States was to 
measure the dose in air without backscatter. For 
the quality of radiations then available and the size 
of the fields involved in whole-body exposure, the 
agreement between 0.1 r in air and. 0.2 r on the 
skin was very good. Second, by 1936 there were 
many more 200-kv X-ray machines in operation pro
ducing more penetrating radiations than before, and 
therefore a greater percentage of the surface dose 
was reaching the deeper organs. The main basis on 
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Table Ill. Estimation of Tolerance Doses 

Da31s for Cclculat,d 
Dolt A11thor dose• ,. per dayt 

1902 Rollins (Photographic) 10 
1925 1fotschellei- 3 0.2 
1925 Sievert 3 0.2 
1926 Solomon 0.3 2.0 
1927 Dutch Board 15.0 0.04 
1928 B:<rclay and Cox 3.5 0.17 
1928 Kaye 5 0.12 
1931 Advisory Committee, USA 0.2 
1932 Failla ( y-rays) 30.0 0.1 
1932 Stenstrom 3.7 0.16 
1936 Advisory Committee, USA 0.1 
1950 International Commission 0.05t 

* Number of days over which 1/1000 of an erythema dose 
m:-iy be received. 

t Calculated on basis o f crythema dose = 600 r, except 
F:-iilla y-ray crythema = 1800 yr . 

t. ICRP recommended 0.3 r (air) per week. 

which these tolerance doses were established was 
still the observation of those occupationally exposed. 

These "tolerance doses" were largely of interest 
to medical radiologists until 1942 when the first nu
clear chain-reacting pile started to operate. Since 
then, the matter of radiation protection and safe 
amounts of exposure have become of interest to the 
citizen in the street as well as to the many thousands 
of workers occupationally exposed. The need for 
more accurate in formation on which to base the 
tolerance dose became known to many scientists 
and money for e,,cperiments was made available. New 
tests of various kinds were tried in attempts to find 
the earliest possible changes as a result of exposure 
to ionizing radiations with the hope of avoiding 
more ser ious effects. Several changes were found, 
such as bilobed lymphocytes, changes in intracellular 
structure, more immature leucocytes, etc. The new 
problem that is not yet solved is: Are these minor 

·-changes of real significance to the individual? 

PERMISSIBLE DOSE 

The problem of how to define a permissible dose 
became more difficult than that of specifying what 
,dose had been tolerated by a few people. After much 
deliberation the International Commission on Radia
·tion Protection4 defined permissible dose as "a dose 
of ionizing radiation that in the light of present 
knowledge is not expected to cause appreciable bodily 
injury to a person at any time during his lifetime." 
-"Appreciable bodily injury" is defined as "any bodily 
injury or effect that a person would regard as being 

•objectionable and/or competent medical authorities 
would regard as being deleterious to the health and 
well-being of the individual." In attempting to give 

.a numerical value to the permissible dose the fact 
that man is and always has been bombarded by the 

·ionizing cosmic rays and the radiations from the 
natural radioactive elements must be taken into con
sideration. These radiations provide a lower limit 
-that _is inescapable ( about 10 mr per week) . 

The upper limit of permissible exposure must be 
based on the experience of radiation workers ( mostly 
medical) over the past 60 years, and on such animal 
experiments as seem to be pertinent. There are sev
eral factors that make the interpretation of the human 
experience difficult. First, we have no real measure 
of the level of exposures prior to about 1942, Second, 
the long la tent period between cause and effect
sometimes 25 years-makes it difficult to connect 
the two. Third, the biological variability of man is 
so great that some people known to have been over
exposed have had no complications while others not 
known to have been overexposed have died of such 
conditions as leukemia that probably were due to 
such exposures as they suffered. 

CRITICAL ORGANS 

Reviewing the experiences of man and the results 
of animal experimentation revealed d early that some 
organs of the body are critical to the problem of 
permissible exposure. The skin is the most ex
posed organ of the body. It was the first known 
to be injured and is the one most frequently involved. 
In the damaged skin, cancer sometimes develops 
and causes the death of the person. By 1911 Hesse!! 
was able to collect 94 cases of X-ray induced human 
tumors. The great length of time between cause and 
effect makes it difficult to set a permissible dose for 
the skin. Some doctors have developed detectable 
skin changes as long as 25 years after stopping the 
practice of exposing their hands while doing fluoro
scopic work. By estimating the probable doses re
ceiYed by the skin of the hands of radiologists who 
showed no skin changes, the International Commis
sion set 1500 mr per week as the maximum permis
sible dose when only the hands and forearms are 
exposed, as in handling radioisotopes, When the 
whole body is exposed, the limit fo r the skin is 
300 mr. 

It was recognized early in the study of radiation 
effects that any peripheral blood change was one of 
the first objective signs of the effect of X-rays. The 
hemopoietic tissue was thus established as a critical 
organ, the changes in which can be followed hy 
studies of the peripheral blood. Before there were 
physical instruments capable of making reproducible 
me;:i.sureTJients, blood counts were used as a hio
logical monitor of exposure. In the period before per
sonal and area monitoring was easily possible, many 
if not most radiologists, radium workers, and tech
nicians were overexposed, as was demonstrated by 
the first few weeks of accurate monitoring in the 
radiology departments of many hospitals. Hence' 
the reports of Carman and Miller in 19246 and 
Goodfellow in 19357 dealt with marked changes in 
the blood counts due to real overexposures. With 
the establishing of tolerance doses and the develop
ment of means to· measure exposures, hematologists 
have had to search for new criteria of damage. Now, 
Ingram8 and others have found bil<1bed lymphocytes 
in the blood of cyclotron .workers -:pr.esumably e,x-
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posed to very little ·radiation. Helde and vVahlberg9 

have associated "changes" with very low exposures 
in very short times. MayneonJl0 has found "trends" 
in serial counts which he considers significant. The 
counts were done on workers exposed to below 
maximum permissible levels. On the other hand, 
Jacobson and co-workers11 have found no correla
tion of counts with exposure at low levels, and 
Chamberlain, Turner, and Williams,12 while finding 
some evidence of detectable radiation effects on the 
average count of large groups of workers even at 
low levels of exposure, conclude the white cell 
counting does not give much of a measure of p ro
tection to the individual. What really is of concern 
is whether or not these changes are significant and 
can be considered as "appreciable bodily injury." 
The real danger that threatens is the development 
of leukemia, a universally fatal disease. March13 

found that 14 of 299 radiologists, 4.68 per cent, 
dying between 1928 and 1948 died of leukemia while 
only 334 of 65,922 11011-ra<liologist physicians. 0.51 
per cent, died of the disease. No one has detected 
the premonitory signs of leukemia. It is well estab
lished that many people who have had severe blood 
changes from radiation exposure have not devel
oped leukemia. Experimental studies using animals 
have not helped us to date except to prove that in 
susceptible animals leukemia occurs earlier and more 
frequently following whole-body irradiation. 

This author believes that while variations from 
the normal must be studied and all avenues of study
ing blood changes investigated, slight deviation from 
an admittedly unstable "normal" should not be 
classed as "appreciable bodily injury." 

The National Committee on Radiation Protection 
of the USA made a careful study of the value of 
blood counts and reached the following conclusions: 
( 1) Provided that radiation monitoring of personnel, 
and where applicable of sites, is carried out by in
struments ( film badges, pocket meters, etc. ) in all 
circumstances involving potential exposure to pene
trating ionizing radiations, blood counts should no 
longer be required as a method of monitoring. (2) 
Blood counts as a part of pre-employment, interval, 
and terminal examinations are good medical practice 
- to be done at the discretion of the medical officer in 
charge- but not as a part of a monitoring service. 
( 3 ) Blood counts are a necessary part of the medical 
examination of anyone overexposed to penetrating 
ionizing radiations. 

The International Commission on Radiological 
Protection has recommended that the permissible 
weekly dose in the blood forming organs be 300 mr. 
The lowering of this dose from essentially 600 mr 
per week was an attempt to be on the safe side and 
was not based on proof that 600 mr was too high a 
dose. The 300 mr is to be measured in the cubic cen
timeter that receives the highest dose. Many experi
ments suggest that the whole body must be ex
posed before leukemia · becomes a problem. 

Another tissue that has entered the list of critical 

tissues is the lens of the eye. It was known that 
treatments with large doses of X-rays could cause 
cataracts. Cataracts had not been seen as a result 
of long-continued small doses in radiologists. The 
fact that neutrons seem to have a highly selective 
action on the lens as evidenced by the changes in 
the eyes of some physicists working with them and 
of some of the Japanese exposed at Hiroshima and 
Nagasaki has placed the lens tissue in the critical 
list. However, it should be noted that exposure of 
adult animals to levels of X-ray dosage much above 
permissible levels did not produce cataracts. The In
ternational Commission decided to set 300 mr per 
week as the permissible dose, mainly to have a basis 
for dose from neutrons. 

T he effects of ionizing radiation on the gonads 
have been under investigation since at least 1903. 
However, except for human experience, little was 
known about the effects of long-term low-level ex
posure until Lorenz and Heston started genetic ex
periments in 1941.14 Exposure of the gonads to ion
izing radiations can produce sterility, abnormal chil
dren in the first generation, and long-term genetic 
effects. 

Recent surveys1 ~· 16 of radiologists and patholo
gists ( as controls) show that the exposed group re
ported more offspring than the unexposed group. 
\Vhile many factors are im·oh·ed, at least a loss of 
fertility of those occupat ionally exposed was not 
demonstrated. H o\\'ever, one of the surveys1i; re
vealed that while the normal offspring of the un
exposed group constituted 83.23 per cent, the normal. 
offspring of the exposed group constituted only 80.42 
per cent. This difference is not large and should not 
be viewed with alarm. The other survey10 showed 
that the amount of radiation received by radiologists 
under usual conditions docs not have any very large 
effect on fetal and infant death rates in their chil
dren. The animal experiments of Lorenz showed 
that mice could live, breed, and die while exposed 
constantly to 1.1 r per day.14 Experiments reported 
from the University of Rochester17 indicate that the 
sperm count of dogs was reduced by daily exposures 
of 0.5 r. Insofar as long-term genetic effects are con
cerned, those who are competent to discuss this sub
ject are doing so at this Conference. In determining 
the permissible ocrnpational exposure of a limited 
number of people, the genetic factor. is not consid
ered to be the determining one. 

All things considered, insofar as the gonads are 
concerned, the recommendation of the International 
Committee "that exposure to radiation be kept at 
the lowest practicable level in all cases" should be 
followed. Based solely on considerations involving 
avoidance of damage to the exposed individual him
self, the basic permissible weekly dose in the gonads 
was set at 300 mr. 

LIFESPAN 

While the idea of critical organs is clearly a di
rect method of attack on the problem of permissible 
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· dose, it must be remembered that a shortening of 

the lifespan is possible without the development of 
any of the specific conditions mentioned above. This 
effect became apparent when large numbers of ani
mals of selected strains were studied under condi
tions of prolonged daily low-level exposure to radia
tions. The average life of the group of animals was 
shortei: when numbers of them developed anemia, 
leukemia, or ec-incer, but there appeared to be an
other factor of an indefinite character which many 
have chosen to call premature aging. In the case of 
man, the biological variation is so great that it is 
difficult if not impossible to establish any small dif
ference in length of life that might exist between 
those who have been occupationally exposed to radia
tion and the rest of the population. In the case of 
animals it has been shown with certainty insofar as 
mice are concerned that exposure to daily doses of 
X-rays of slightly greater than 1 r cause a reduct ion 
in lifespan.14 Boche17 has shown that the lifespan 
of the rat is definitely shortened by daily exposures 
of 0.5 r and probably 0.1 r, the exposures starting at 
the time of maturity. On the basis of such figures it 
was felt that for whole-body exposure the permis
sible dose should not exceed 0.05 r per day. Even 
this provides a factor of safety of only 2. 

RECOVERY FROM INJURY AND PROTRACTION 
OF EXPOSURE 

One of the biological facts that makes it difficult 
to establish permissible doses for long-term expo
sures is that recovery from radiation injury takes 
place in certain instances even while the radiation 
is continuing. Other changes produced by radiation 
are irreversible and no recovery takes place. There 
probably are injuries that show all gradations of re
sponse between the extremes of complete recovery 
and of no recovery. Enough facts with regard to 

. these different rates of recovery are not yet known 
to allow the projection of the various reactions over 
the lifetime of man. It is known that some of the 
acute reactions to radiation take just as long in a 
mouse whose total life is from two to three years as 
in a man whose total life is about 70 years. Thus, it 
is not possible to simply multiply the time for cer
tain reactions to occur in laboratory animals by fac
tors relating their total life to man's total life. 

Damaging events in the genes producing genetic 
change have been shown to be totally additive; that 
is, there is no recovery. T he changes causing epila
tion in man have been shown to have little relation 
to the protraction of a given total dose over the pe
riod of a week, but there is some recovery in a period 
as long as a month. The reaction kr:iown as the ery
thema reaction of the skin requires about 50 per cent 
more radiation when given on two successive days 
than when given all at one time. The amount of 
radiation to produce a given weight loss in the mouse 
testis is the same whether given in one day or in 
five days.1 8 The amount of radiation required to kill 
50 per cent of a group of mice increases with the 

intensity of the radiation and with the fractionation 
of the dose over days, weeks, or months. Henshaw,10 

using mice, found that 51.6 r given at one session 
once each week was more effective as judged by the 
LD110 at 18 weeks than when given each week in six 
daily sessions of 8.6 r. 

These studies have been cited to emphasize the 
problem of deciding whether the permissible dose 
should be stated as a certain dose per second, per 
minute, per hour, per week, per month, per year, or 
per lifetime. The maximum permissible dose of ra
diation to the whole body is stated as being 0.3 r 
per week. If an individual were exposed to the maxi
mum amount fo r 50 weeks of each year for the pe
riod from 25 to 65 years of age, he would receive a 
total of 600 r in the fo rty years. If subjected to 600 
r in one day, he would probably die very quickly. If 
exposed to 15 r in one day each year for 40 years, 
what would happen is not known because of lack of 
experiience with animals or people exposed in that 
way. There is experience with daily or almost daily 
exposures of radiologists, physicists, and technicians. 
A decision had to be made on somewhat arbitrary 
grounds as to the length of time over which a per
missible dose could be averaged no matter how it 
was received. The International Commission decided 
on the week as the unit of time. From the point of 
view of occupational exposure it is more convenient 
to monitor exposures each week than each day, and 
experience to date indicates little difference of bio
logical effect at such low levels between daily and 
weekly distribution of dose. The Commission defined 
the permissible weekly dose as "a dose of ionizing 
radiation accumulated in one week of such magni
tude that, in the light of present knowledge, ex po
sure at this weekly rate for an indefinite period of 
time is not expected to cause appreciable bodily in
jury to a person at any time in his lifetime. One 
week as used here is any seven consecutive days." 
Inferred in this definition is the belief that such a 
dose could be received in a matter of a few minutes 
during the week or spread over the whole seven 
days. No one has sufficient information as yet to 
know whether such a dose would stilt be "pennis
sible" if received in a small fraction of a second. 

RELATIVE BIOLOGICAL EFFECTIVENESS 

The Relative Biological Effectiveness (RBE) of 
radiations of various types and energies is a neces
sary factor in determining the permissible dose of 
radiation for other than X-rays up to 250 kv. The 
biological effectiveness of a radiation is the relation
ship between a given biological reaction and the dose' 
of radiation required to produce it. Since fo r both 
man and animals the effects of X-rays up to 250 kv 
are known with greater precision than for other 
types, the biological effectiveness of such rays is ar
bitrarily established as the base line. The relative 
biological effectiveness of a given radiation is the 
factor that relates its biological effectiveness to that 
of 250 kv X-rays. 

------------ ---
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Table IV. Effects of Small Weekly Doses of Ionizing Rodiation 

Dose 
Effect produced Reported by: (mr/week) Subje,t 

100 Man Questionable slight decrease of mean total white 
:Mayneord cell count of group 

100 l\Ian Total number of blood abnormalities (group av.) 
increased Sievert 

500 Dog Sperm count slightly reduced Boche 
Barnett 500 Rat Leukemia induced 

600 Man Blood, no significant changes Pearlman and Sacher 

770 Mice, LAF, 11ean survival time, no significant decrease Lorenz 
770 Guinea pig Lymphocyte and platelet counts reduced Lorenz 

Lorenz 770 Mouse Ovarian, mammary, and lung tumors induced 
Ingram 2500 Lymphocyie count reduced Dog 

2500 Rat Mean survival time decreased Boche 

4000 1fon Skin of hand, minimal changes Parker 

5000 Dog 50% of group aspermic after 9 months Boche 
Lorenz 7700 Mouse :Mammary cancer induced 

7700 Breeding, no effect Lorenz and Heston Mouse, bda 
7700 Mouse Ovarian follicles, decreased after 18 months Lorenz 

7700 Mouse Decrease of spermatogonia in mitosis Eschenbrenner 
7700 Mouse Testicular weight decreased 

Lorenz Guinea pig 
7700 Guinea pig Lung tumors increased in number Lorenz 

Platelet, heterophil, and red cell counts reduced Lorenz 15400 Guinea pig 
15400 Mouse Lymphocyte count reduced Lorenz 

Lorenz 15400 !-.fouse Mean survival time reduced 
30800 Mouse Leukemia induced 
30800 :!\fouse Sterility induced 

Since the biological effectiveness is known to be 
related to the density of ionization along the paths 
of the ionizing particles, this characteristic can be 
used to determine the RBE. The linear ion density 
per unit of path is called the specific ionization. Vari
ous combinations of photon or particle radiations 
with differing energies may have similar specific ion
izations. Thus, a very high energy proton may have 
the same specific ionization as a low energy electron. 
It is thus better to relate the RBE to the specific 
ionization rather than to any particular type of radi
ation. The average specific ionization of 250 kv 
X-rays is 100 ion pairs per micron of water and by 
definition the RBE is 1. 

The problem of relative biological effectiveness is 
complicated by the fact that, when determined by 
different biological reactions, even in the same or
ganism the REE is not always the same. When 
mammals only are used the differences are not great 
enough to seriously complicate protection problems. 

In practice, if one wishes to determine the per
missible dose of a given radiation, he first finds its 
specific ionization. From the data collected by the 
International Commission on Radiological Protec
tion20 and reproduced below he obtains the RBE for 
that radiation. The basic permissible dose in tissue 
roentgens for 250 kv X-rays multiplied by this RBE 
factor gives the· permissible dose in rems. 

The rem is a unit defined as "the absorbed dose 
of any ionizing radiation which has the same biologi
cal effectiveness as 1 rad . of X-radiation with an 
average specific ionization- of 100 ion pairs per mi
cron of water, in terms of its air. egllivalent, in the 

Lorenz 
Lorenz and Heston 

Tobie V. RBE Values 

Average specific ionizatiou 
(ion pairs/p of w_ a1_,r_;_) _______ R_B_E_· _ _ _ _ 

100 or less 1 
100 to 200 1 to 2 
200 to 650 2 to 5 
650 to 1500 5 to 10 

1500 to 5000 10 to 20 

same region." In practice, a dose in rems is equal to 
the dose in rads multiplied by the appropriate RBE: 
Its greatest usefulness is in integrating exposures in
volving various kinds of radiations. 

PERMISSIBLE DOSE FROM INTERNALLY DEPOSITED 
RADIOACTIVE_ MATERIAL 

A discussion of this subject could occupy an en
tire volume. Suffice it to say here that it is assumed 
that the absorption of a given quantity of radiation 
uniformly throughout the volume of a critical tissue 
should produce the same biological reaction whether 
that radiation comes from radioactive materials de
posited in the body or from a beam of radiation 
coming from outside the body. The actual spacial 
distribution of radioactive materials within any crit
ical tissue is usually such that some parts of the tis
sue become very much more heavily irradiated than 
others. This is especially true of materials emitting 
beta rays with low penetrating power, but it is by 
no means limited to such materials. Others at this 
Conference will discuss the permissible amounts of 
radioactive materials in the body. _ The extreme dif
ficulty of applying the permissi~le . exposure stand-
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ards developed for external radiation to the permis
sible limits for radiations originating from radio
active materials within the tissues is readily apparent 
to all who understand the distribution of chemicals 
in biological tissue. 

OTHER FACTORS AFFECTING THE 
PERMISSIBLE DOSES 

The age of a person occupationally exposed to 
radiation should have some influence on the amount 
of radiation that he can tolerate because ( 1) genetic 
and sterility considerations apply only during the 
normal reproductive period, and (2) the latent pe
riod £or the appearance of some injuries may be 
longer than the remaining lifetime of the individual. 
For this and other reasons the National Committee 
on Radiation Protection (USA) 21 states that those 
over 45 years of age could with safety be given a 
permissible weekly dose double that for those un
der 45. 

The location, kind, and amount of tissue exposed 
also have a bearing on the permissible dose. Most of 
the specified doses have been based upon an exposure 
of the entire body. When only limited areas are ex
posed, the dose to these might conceivably be in
creased. This can apply to exposure of the skin of 
the hands and forearms, of the feet and ankles, or 
of the head and neck, or to other areas when the 
exposure is to low energy radiations with poor pene
trating power. The effect of irradiating small vol
umes of internal organs is not sufficiently known to 
justify increasing the maximum permissible weekly 
dose to such organs. 

There are other conditions that might be consid
ered as modifying the rules, such as the frequency 
of exposure, the urgency of the work to be done, 
and the number of individuals to be exposed. All of 
these subjects are considered at length in Bureau of 
$tandards Handbook 59 of the U S Department 
of . Commerce, "Permissible Dose from E x ternal 
Sources of Ionizing Radiation."* 21 

PROTECTION RULES 

The International Commission on Radiological 
Protection has published those rules21 that have been 
agreed upon internationally, and the various national 
committees and commissions have undoubtedly inade 
known mies applying in their own borders. 

It is no longer possible to state simply that the 
maximum permissible dose is 0.1 roentgen. The 
roentgen is applicable only to the measurement of 
X-rays with quantum energies below 3 Mev. Modi
fying factors are necessary for the penetrating power 
of the radiation in question, the average specific ion
ization (ion pairs per micron of water), the portion 
of the body exposed, the weekly dose fluctuation, 
and, above all, for non-occupational exposure of large 
segments of the population. 

* Obtainable from the Superintendent of Documents, \Vash
ington 25, D. C., USA, price 30 cents. 

The basic permissible weekly doses for whole
body exposure, from which all other permissible 
doses are calculated, are established for X-rays with 
photon energies below 3 Mev and are expressed in 
roentgens as tissue dose. These doses are 600 mr in 
the skin, and 300 mr in a significant volume of the 
blood forming organs, the gonads, or the lenses of 
the eyes. 

A discussion of the biological bases for maximum 
permissible exposures by Cantril22 appeared in 1951, 
and the subject .was reviewed by Stone23 in 1952, 
taking into account the clinical and biological data 
acquired by the Manhattan Project. 

SUMMARY 

It has l:!een shown that radiation mJuries were 
produced as early as the 1irst month after the an
nouncement of the discovery of X-rays but that the 
idea of a permissible (tolerance) dose was slow in 
developing. 

The basis for establishing the first pem1issible dose 
was the experience of workers in medical radiology. 

The fact that the effects of radiation may not 
appear for many years after exposure has empha
sized the need for establishing conservative standards. 

The need for specifying the permissible doses in 
critical organs has developed because of the various 
effects of different radiations on these organs. 

The irreversible and inescapable effects of radia
tion on the genes requires that future generations be 
taken into consideration. 

Radiations differing in biological effectiveness from 
"ordinary" X-rays have come into widespread use. 
This has made it necessary to establish permissible 
doses for such radiations based on comparisons with 
the better known X-rays. The transfer of permis
sible doses in tissue roentgens to rems expressed in 
absorbed energy is accomplished through .the RBE 
and the specific ionization. 

Maximum permissible exposures have been estab
lished that take into account the factors of types of 
exposure and the age of the person. 

CONCLUSION 

No better conclusion to the above review can be 
given than that of the International Commission on 
Radiological P rotection, 1950: "While the values 
proposed for maximum permissible exposures are 
such as to involve a risk that is small compared to 
the other hazards of life, nevertheless in view of the 
unsatisfactory nature of much of the evidence on 
which our judgments must be based, coupled with 
the knowledge that certain radiation effects are ir- • 
reversible and cumulative, it is strongly recommended 
t/,at every effort be made to reduce exposures to all 
typ<'s of ioni::ing md·iations to the lowest ,Possible 
/e-1.1el." 
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Maximum Permissible Concentration of Radioisotopes 
in Air and Water for Short Period Exposure 

By Karl Z. Morgan, Walter S. Snyder, and Mary R. Ford,* USA 

The National1 and International2 Committees on 
radiation protection have agreed upon maximum per
missible concentrations ( MPC) of radioisotopes in 
air and water for continuous exposure. For most 
radioisotopes, a state of equilibr ium is reached be
tween the concentration of the radioactive material 
in the environment and in the body organs as a result 
of continuous exposure. Although most of the radio
isotopes reach this state of equilibrium in a few weeks 
or months, natural thorium, Pu239, Sm151, and Ra226 

are exceptions, reaching 34%, 34%, 36o/o, and 67o/o 
of equilibrium, respectively, during the maximum 
period of exposure, assumed to be 70 years. Many 
radioactive materials are relatively insoluble, and the 
fraction entering the blood stream following ingestion 
or inhalation is small so that the gastrointestinal (GI) 
tract becomes the cr itical body tissue rather than the 
kidney, bone, liver, or other body organ.2 Of the 355 
MPC values listed in the ICRP Handbook,2 71 % of 
those for ingestion, and 41 o/o of those for inhalation 
refer to the GI tract as the critical organ-meaning 
that the GI tract receives the maximum permissible 
dose rate of 0.3 rem/wk at a lower MPC value than 
that for any other body organ. It was assumed in 
these calculations that the radioactive material re
mains in the GI tract only 31 hours, so a condition 
'of equilibrium is reached between the environment 
and the GI tract in a few days. 

T he purpose of this report is to extend the method 
of calculation used in the ICRP Handbook2 to esti
mate the MPC values or the maximum permissible 
intake (MPI) of these same radioactive materials for 
a single exposure. Since the concentration of material 
in the GI tract reaches equilibriur1 with that in air 
and water in a few days, one might suspect that the 
GI tract frequently would become the critical body 
organ for short periods of exposure. Another body 
organ likely to receive a h igh ·exposure and as a con
sequence become the cr itical body organ for single 
exposure is the lung. A preliminary investigations 
indicated that for short periods of exposure the lung 
is the critical body organ for about SOo/'o of the radio
isotopes when the permissible dose is set as 0.3 rem 
during the week following the exposure and for 83o/o 
of the radioisotopes when the permissible dose is set 
as 0.3 X 52 or 15.7 rem during the ensuing year. 
In most of the other cases the GI tract is the critical 
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body organ. Therefore, in this study considerable at
tention is given to the lung and the GI tract as the 
most probable critical body organs in establishing 
MPI values for a single exposure. 

Since no official MPI values for single exposures 
have been agreed upon, a number of criteria will be 
examined and several tables of values based on vari
ous assumpt\_ons will be given in the hope that the 
reader will examine these critically and offer sug
gestions which will be helpful in making the final 
selection of the MP! values for single exposure. 

The MPC values for continuous exposure have 
been useful in setting the average maximum per
missible concentration of the radionuclides in air and 
water for occupational exposure, and following a 
recommendation of the National1 and International2 

Committees on radiation protection, it has been com
mon practice to set the MPC for environmental ex
posure at ½0 th of the occupational exposure. values. 
l\Iuch of the biological data used in establishing the 
continuous exposure MPC values were incomplete, 
and in many cases animal data were of questionable 
application to human exposure. Also many of the 
assumptions made in these calculations were at best 
poor approximations; nevertheless, these MP C values 
are serving a useful purpose in that they indicate 
what are considered to be safe values based on the 
most reliable information presently available. Since 
thousands of people are working regularly with radio
active materials, these values are invaluable as a day
to-day guide in maintaining the concentrations .of 
radioactive materials in air and water at what are 
considered to be safe occupational levels, and the 
radioactive wastes discharged from these operations 
into the environment are kept at an average concen
tration Jess than ½0 th of these values. Also upper 
limits are given in the handbooks1·2 for the maximum 
permissible body burden of these radioactive materials 
corresponding to the maximum permissible concen
trations (MPC) for continuous occupational and en- · 
vironmental exposure. 

Although continuous exposure (MPC) values are 
necessary for all work with radioactive material, 
they do not answer many questions relative to the 
hazards associated with the occasional accident or 
spill of a radioactive material, and the resultant ex
posure of short duration-usually referred to as a 
single exposure. Also, in the design of laboratories 
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for work with radioactive materials4 ; in the passage 
of legislation for the control o_f radiation ha~ards6 ; 

in the establishment of regulations for the shipment 
of radioactive materials6 ; and in many other similar 
areas of interest, there has been a considerable n<;ed 
for a reliable criterion to serve as a basis for groupmg 
the various radioactive isotopes into categories of 
Very Dangerous, Moderately Dangerous, and Slight
ly H azardo1ts materials. 

There are many factors that determine the relative 
hazards associated with the accidental spill of a 
radioactive material such as the physical state (solid, 
liquid, or gas) the solubility, the volatility, the spe
cific activity, the biological damage that ma~ result 
from the inhalation or ingestion of the matenal, etc. 
This account is limited to a discussion of the relative 
biological hazards associated with ~he vario~s radio
isotopes following an accidental sp~ll, assummg e~ch 
to be present in a common physical and. chem1_cal 
form. The calculations are based only on mhalation 
of the radioactive material or passage into the body 
as the result of a contaminated wound. Ingestion is 
not considered since preliminary studies indicated a 
much greater internal exposur: haz~rd from inhala
tion and injection than from mgest1on. In event of 
an inhalation accident, it is assumed that part of the 
material is retained in the respiratory tract where it 
presents a lung hazard and a portion is swallowed 
directly or brought up from the bronchus by_ the 
cilia and swallowed where it presents a hazard either 
to the GI tract itself or some other body organ such 
as kidney, thyroid, bone, etc. One of these body 
organs may become the critical b?dy _tissue as. a 
result of the absorption of the rad1oact1ve material 
through the intestinal wal_l and dep~sition. in the 
organ in a large concentrat1~n ~o that 1t receives the 
major absorbed dose of radiation. Another type of 
serious accident with radioactive material may occur 
as a result of getting radioactive material into the 
body by way of a puncture wound, an open sore, _or 
in some cases through the intact pores of the skm. 
One of the more common single exposure accidents 
is the result of puncture wounds with contaminated 
glassware. It is to be hoped that the values give~ in 
these tables may aid in the selection and establish
ment of suitable maximum permissible single ex
posure values that are applicable to ~ost acc~dents 
with radioactive materials, and that this grouping of 
the radionuclides in the order of increasing radiation 
hazard may serve as the basis for properly placing 
them in categories of Very Dangeroi1s, Moderately 
Dangerous, and Slightly Hazardous. 

GENERAL ASSUMPTIONS AND NOMENCLATURE 

In estimating the maximum permissible single ex
posure values for the various radionuclides, the 
characteristics of the standard man assumed are those 
which are outlined in the NationaJl and lnternational2 

Handbooks on internal·-dose and summarized as fol
lows: 

K. Z. MORGAN et al. 

1. Mass m of the Body Organs in Grams and Effective 
Radius, X, in cm 

Total body 
:Muscle 
Fat 
Bone 
Blood 
Skin 
Liver 
GI tract 

Small intestine 
Stomach 
Lower large intestine 
Upper large intestine 
Lungs 
Kidneys 
Spleen 
Thyroid 

2. Time 

""' 7 X 10' 
3 X to• 
1 X 10• 
7 X 10' 

5.4 X 10° 
2 X 10' 

1.7 X 10' 
1.6 X )()3 

1100 
250 
150 
135 

1 X 10' 
300 
ISO 
20 

cm 

30 
30 
20 
5 

0.1 
10 

30 
10 
5 
s 

30 
7 
7 
3 

Period of inhalation t, = 8 hours 
Period of injection t, = 0 
Period of permissible exposure t, 

The following three cases are considered : t:! = 7 
days; t2 = 1 year ; and /2 = 70 years. 

\Vhen the GI tract is the critical organ, only the 
one exposure period is considered, e.g., t2 = 7 days. 

3. Permissible Dose, D 

Three cases are considered: D = 0.3 rem for /2 = 
7 days;D = 15.7 rem for t2 = 1 year; and D = 150 
rem* for I: = 70 years. 

4. Absorbed Energy per Disintegration, ::S(bE) (RBE) N 

In calculating the values of '!(bE) (RBE)X, the· 
relative biological effectiveness (RBE) was set equal 
to 1 for 13-, p+ r, X- and y-radiation, 10 for a, and 20 
for the recoil ions. The nonuniform distribution fac
tor, N, was set equal to 1 in all cases except for the 
ionizing particles emitted in the bone, in which case 
it was set equal to 5. P 32 and Ra220 were exceptions 
to this rule in that N was taken as 1. The value of 
l(bE) (RBE)N was reduced by a factor of 2 for all 
calculations based on the GI tract in order to account 
for the fact that the walls of the GI tract are irradi
ated mostly from only one-half the solid angle. The 
calculation of 'l.(bE) (RBE)N for the GI tract makes 
correction for the absorption of some of the radio
active material through the wall of the small intestine 
and for the decay of the parent and growth of a radio
active daughter-if there is one-as the contaminated 
material passes through the GI tract during a 31-hour 
period. ( See Appendix for details). . 

The values of l(bE) (RBE)N may be found as 
follows: 

1. For Case 1 dealing with inhalation of soluble 
radioactive material, use Table 5 of ICRP Hand
book,2 and also column 5 (the values outside paren
thesis) to find 'l(bE) (RBE)N for organ listed in 
column 4. 

* It is to be observed that this value is considerably less 
than 15.7 X 70. This reduction is deliberate and based on the 
assumption of the authors fhat the lifetime dose should not 
exceed 150 rem. 
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2. For Case 2 dealing with injection of soluble 
radioactive material, use same references as for Case 1 
above. · 

3. For Case 3 dealing with injection of insoluble 
radioactive material, it is assumed the effective diam
eter, X, of the contaminated tissue in the wound is 
0.1 cm. The value of X determines the fraction of the 
y-energy, absorbed in the wound and values of 
:S(bE) (RBE)N have not been given in the ICRP 
Handbook2 in this case. Therefore, they are calcu
lated, using Equation 5 of the ICRP Handbook.2 

4. For Case 4 dealing with inhalation of insoluble 
radioactive material and the lung as the critical body 
organ, use Table 5 of the ICRP Handbook,2 column 
5, second value in parenthesis. 

5. For Case 5 dealing with inhalation of insoluble 
radioactive material, in which case a portion of the 
GI tract is the critical body organ, use Table 5 of the 
ICRP Handbook,2 column 5, first value in paren
thesis, for the upper and lower large intestines, each 
of which is assumed to have an effective diameter 
X = 5 cm. 

Use Table 5 of the ICRP Handbook,2 column 5, 
second value in parenthesis for small intestine, which 
is assumed to have a value of X = 30 cm. 

The values of l(bE) (RBE)N have not been cal
culated for the stomach with an assumed value of 
X = 10 cm. T herefore, they are calculated for this 
repor t, using Equation 5 of the ICRP Handbook.2 

5. Coefficients of Elimination and Decay and Half-Lives 

11., = coefficient of radioactive decay 
Ab = coefficient of biological elimination 
.\ = ,\,- + ,\0 = effective coefficient 
Tr = radioactive half-life 
Tt, = biological half-life 
T = effective half-life 
T = TbTr/Tb + Tr. 

The half-lives used are taken from the ICRP Hand
book2 except where more recent measurements are 
available ; the values of T, are given in column 3 of 
Table 5; Tb for the soluble radioactive material is 
given in column 13 of Table 4; and T is given in 
column 6 of Table 5. For the insoluble radioactive 
material, Tt, is taken as 120 days, both for the lungs 
and for the tissue in a wound. For the case where the 
GI tract is the critical organ, Tb is calculated from 
the values of fi (see Appendix) in which fi, the 
fraction going from the GI tract to the blood, is given 
in column 5, Table 4, of the ICRP Handbook.2 

6. Fraction, F, retained in the Critical Body Organ 

The value of f for inhalation of soluble radioactive 
material is the same as given in the ICRP Handbook,2 

Table 4, column 12 for the body organs listed in 
colum~ 9. For inhalation of insoluble material f = 
0.125. when the lung is the critical organ, and f = 
0.625 when the GI tract is the critical organ. The 
value bf f for soluble radioactive material taken into 
the body as a result of a puncture wound is the same 

as that given for f2 in column 15 of Table 4 of the 
ICRP Handbook ;2 since f2 is the fraction going from 
the blood to the critical organ, this is equivalent to 
assuming all the soluble radioactive material injected 
into the body in a wound is taken up in the blood. 
In the case of insoluble radioactive mater ial taken 
into the body as a result of a puncture wound, f is set 
equal to 1. 

CALCULATIONS AND RESULTS 

The relative hazard of the various radionuclides is 
based on five different criteria as follows: 

Case 1. The Inhalation of Soluble Radioactive 
Material 

In this case the critical body organ is one of the 
following: total body; muscle; fat; bone; blood; 
skin; liver; kidneys; spleen; or thyroid. 

Case 2. The Injection of Soluble Material into the 
Body by Way of a Puncture Wound 

This case is similar to Case 1 except for the mode of 
entry into the body, and it is assumed the fraction, f2, 

of the radioactive material arrives at the critical body 
organ immediately after the injection. 

Case 3. The Injection of Insoluble Radioactive Material 
by Way of a Puncture Wound 

It is assumed that f = 1, and that atl of the radio
active material remains in a localized mass of tissue 
of 10-3 grams at the site of the wound. 

Case 4. The Inhalation of Insoluble Radioactive 
Material with the Lung as the Critical Organ 

Case 5. The Inhalation of Insoluble Radioactive Mote• 
rial where some Portion of the GI Tract is the 

Critical Body Tissue 

The portions of the GI tract consid.ered are the 
stomach, small intestine, upper large intestine, and 
lower large intestine. It is assumed some of the mate~ 
rial is eliminated uniformly in the passage of the 
radioactive material through the small intestine and 
that radioactive daughter products-where present
contribute to the absorbed dose after they are pro
duced along the GI tract . . 

The equations used in each of the above five cases 
are given in the next section of this repor t, and the 
derivations are given in the Appendix. Tables I, II, 
III, IV, and V of this report summarize the data for 
Cases 1, 2, 3, 4, and 5, respectively, and give the maxi
mum permissible intake (MPI) in ,-..c that witt deliver 
the specified dose to the indicated critical body organ. 
In Table IV the lung is the critical organ; in Table' 
III the wound site is the critical tissue; and in Table 
V the portion of the GI tract resulting in the smallest 
(MPI) value is the critical organ. In the case of the 
GI tract (Table V) the calculations are made only 
on the basis of a permissible dose of 0.3 rem delivered 
in one week, since the total time in the GI tract is 31 
hours. The lowest value of MPI in each case is given 
also in these Tables in mg in order to indicate the 
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Table 1. Single Exposure Values for Inhalation of Soluble Radioactive Material when Body Organs Other Than 
the GI Tract or Lungs Are the Critical Body Organs 

( l) (Z) (J) (4) (S) (o} (7) (8) (P} 

J\I Pit or 1,1.c i11halcd irt 8 hours 
Fraclio11 t.hat 1d// present. a ,lose of: Smallest 

deposiltd in va lues in Relatfrr 
z [Sf/lOPt Critical critical tolumns 5, lu:zard ♦1 

organ llrgan Q.J rtm ;,, / 5.7 rem in 150 rem in 6 and 7 in fl 

f 1 ,i•I< 1 ,., 70 yrs mg 

l.P (HTO T. body 0.75 I.5 X IO' 1.7 X 105 l.7 X 106 1.6 X 10-3 6.6 X 10-• 
or H 3 ,0) 

4 Be7 Bone 9.0 X 10- 2 7.7 X 103 4.0 X 10• 3.7 X 105 2.2 X 10- s 1.3 X 10-• 

6 C14 (CO,) Fat 0.36 4.7 X 102 3.2 X 103 3.0 X 10• 0.10 9.6 X 10-• 

9 FU Bone 7.5 X 10-2 1.3 X JO• 6.7 X 105 6.3 X IQ6 IA X 10- 1 7.8 X 10-• 

11 Na2• T. body 0.73 2.8 X 102 1.5 X 10' 1.4 X 105 3.3 X 10-• 3.6 X 10-3 

15 p32 Bone 0.2 53 8.0 X 10' 7.7 X 103 1.9 X 10-1 1.9 X 10-2 

16 s•• Skin 7.4 X 10- 2 4.7 X 10' 5.7 X 10• 5.7 X 10' I.IX 10- , 2.1 X 10-• 

17 CP4 T . bo<ly 0.73 3.7 X 10' 4.0 X 103 4.0 X 10• 15 6.6 X 10- • 

19 K" 1'[u,cle 0.53 J.3 X 102 1.8 X 10' 1.7 X 10' 5.7 X 10-• 3 X 10-3 

20 Ca0 Bone 0.41 3,1 67 5.0 X 102 2.0 X 10-• 3 X 10- 2 

21 Sc'6 Spleen 7.5 X 10- 3 40 6.7 X 101 6.3 X 103 8.7 X 10-1 3.3 X 10-2 

Liver 0.12 29 4.7 X 107 4.3 X 103 

21 $c47 Spleen 7.5 X 10-3 l.8 X 102 7.3 X 103 7.0 X 10' 1.5 X 10- 1 8.1 X 10- 3 

Liver 0.1 2 1.2 X 102 5.3 X 103 5.0 X 10' 
21 Sc0 Spleen 7.5 X 10-• 87 4.3 X 103 4.3 X 10• 3.3 X 10-s 2.0 X 10- z 

Liver 0.12 50 2.5 X 10s 2.4 X 10• 
23 V" Bone 0.Q25 2.7 X 101 4.7 X 103 4.3 X 10• 1.6 X 10-s 3.9 X 10- 3 

24 Cr•1 Kidneys 4 X 10- 3 10' 105 10• I.IX 10-• 9.9 X 10-s 

25 Mn" Kidneys 2.2 X 10- 1 1.2 X 10 3 6.0 X 10' 6.0 X 105 5.3 X 10-• 8.7 X 10-• 
Liver 9X 10-2 1.6 X 103 8.3 X 10' 8.0 X 105 

26 F'eU Blood 0.65 1.2 X 103 S.0 X 103 4.3 X 10• 5.7 X 10- • 8..! X 10-• 

26 Fe59 Blood 0.65 14 1.2 X 10' 1.2 X 10• 2.8 X 10-1 7.2 X 10-2 

27 Co60 Liver 7X 10-3 J.7 X 102 8.7 X 103 8.3 X 10• 3.2 X 10-• 2.7 X 10- 3 

28 NjS9 Liver 7X 10-• 5.7 X 103 1.3 X 105 1.2 X 106 i3 1.4 X 10-s 

29 Cu" Liver 0. 13 8.3 X IO' 4.3 X 10' 4.0 X 10• 2.2 X 10-r 1.2 X 10-3 

30 Zn 4• Bone 4.5 X 10- • 1.5 X 103 1.6 X 10• 1.6 X 10• 1.8 X 10- • 6.6 X 10-• 

31 Ga12 Bone 0.1 2.2 X 10• 1.2 X 10• 1.1 X 10• 7.3 X 10-s 4.5 X 10- 3 • 

32 Ge11 K idneys sx 10-a 9.0 X 103 3.3 X 10• 3.2 X 10• 5.7 X 10-• I.IX 10-• 
33 As1• Kidneys 2.7 X 10-• 4.3 X 10' 2.2 X 10• 2.1 X 10• 2.8 X J0- 7 2.3 X 10-• 
37 Rb86 Muscle 0.33 1.4 X 102 3.3 X 103 3.2 X 10' 1.8 X 10-• 6.9 X 10-s 

38 Sr' s Bone 0.22 JO 47 4.3 X 102 3.7 X 10- 1 9.9 X JO-! 
38 Sr9o + y,o Bone 0.22 5.3 5.7 5 2.5 X 10- • 0.20 
39 y 91 Bone 0.14 16 73 7.0 X 102 6.3 X 10-1 6.3 X 10-z 

40 Zr9 • + Nb'" Bone · 5.8 X 10-2 1.1 X 102 5.3 X 10• 5.3 X 10• 5.0 X 10-• 9.0 X 10-s 

41 NbU Bone 0.12 1.7 X 102 1.8 X 103 1.7 X 10' ·i.3 X 10- • 6.0 X 10- • 
42 JVJoOO Bone 2X 10-• 9.3 X 10' 4.0 X 10• 4.0 X 101 2.0 X 10- • l.lX 10-~ 
43 Tc96 Kidneys 3X 10-• 4.7 X 102 2.1 X 10 ' 2.0 X 10• 1.4 X 10- • 2.1 X 10- • 
44 Ru•o• + Rh•o• Kidneys 10-2 20 2.4 X 102 2.3 X IQ3 6.0 X 10-, 4 .8 X 10-2 

45 Rhl06 Kidneys 2 X 10-1 1.4 X 102 7.0 X }03 6.7 X 10' ux 10- 1 7.2 X 10-• 
46 Pdl03 + Rh103♦ Kidneys 4 X 10-2 1.4 X 102 5.0 X 103 4.7 X 10• 1.9 X 10- a 6.9 X 10- s 
47 AgLOS Liver 2X 10- • 2.0 X /03 8.7 X 10• 8.3 X 105 7.3 X 10- • 4.8 X 10-, 

47 Aglll Liver 2X 10-• 5.0 X 103 2.4 X 10• 2.3 X 10• 3.2 X 10- s 2.0 X 10-• 
48 Cdl09 + AglOU Liver 0.19 2.0 X 102 6.0 X 10' 5.7 X 103 7.7 X 10-• 5.1 X 10-• 
so Sn1" Bone 7.6 X 10- 2 9.3 X 101 5.0 X 103 5.0 X 10' 9.0 X 10-• I.IX 10-• 
52 Te127 Kidneys 2X 10-2 53 8.7 X 10' 8.3 X 103 6.0 X 10~s 1.9 X 10-2 

52 Te'" Kidneys 2X 10-1 18 3.7 X 10' 3.3 X 103 6.0 X 10- 1 5.4 X 10- • 

• The daughter products in these coses are isomers in an excited state. 
t The MPI is the µc preflent initially in the volume of air to be breathed during the succeeding 8 hours and which then re-

suits in the indicated do:sc. · 
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Ta ble 1. Single Exposure Values for lnholatio n of Soluble Ra d ioactive Mate ria l whe n Bo d y Organs Other Than 
the GI Tract o r l ungs Are the Critical Body O rgans - Continued 

(/) 

z 

53 
55 
56 
57 
58 
59 
61 
62 
63 
67 
69 
71 
73 
74 
75 

77 

77 

78 
78 
79 

79 

79 

81 
SJ 
81 
81 
82 
82 
84 
85 
88 
89 
90 
90 
92 
92 
94 
95 
96 

(Z) 

lsotop, 

! UI 

csm + nauu 
Ba Ho + 1,au o 

Lallo 

Ce114 + Prw 
Pr143 

Pm"' 
Smut 
Eu•u 
Houa 
Tm110 

Lu'" 
Ta": 

" ''"' 
Re10 

I rUO 

Ir1n 

PtUI 

Pt193 

Au'" 

Au"• 

.-\u' " 

Tr: oo 

Tl101 

Tl tO! 
T f20l 
Pbm 

Pb"°+ dr 
Po'10 

Atm 

Ra"'+55%dr 
Ac'27 + dr 
T h••• 
Thm + Pat31 

U•"' 
lf2U 

Pu"' 
Am'" 
Cm•4• 

(J) 

Critical 
crgon 

Thyroid 
Muscle 
Bone 
Bone 
Bone 
Bone 
Bone 
Bo ne 
Bone 
Bone 

Bone 
Bone 
Liver 
Done 
Thyroid 
Skin 
Kidneys 

Spleen 
Kidneys 
Spleen 
Kidneys 
Kidneys 
Liver 
K idneys 
Liver 
Kidneys 
Liver 
Kidneys 
J\ l uscle 
Muscle 
i\Iuscle 
~Iusclc 
0one 
Done 
Spleen 
Thyroid 

Gone 
!lone 
Bone 
Bone 
Kidneys 
Bone 
Bone 
Bone 
Bone 

(4) 

Fraction 
cltPosittd i,s 

<Tili<al 
orRatt 

0.1 5 
0.36 
0.2 
0. 1 
0.1 

I 

6.3 X 10- • 
9 X 10- 2 

5 X t0-2 

9 X 10~ 
1 X 10-1 

0.18 
7.5 X 10-1 

7.5 X 10- • 
2.4 X 10-2 

1.3 X 10-• 
0.12 
1.7 X 10-t 

6 X 10- 3 

2 X 10- • 
6 X 10- • 

3.3 X 10-2 

3.3 X 10- • 
0.25 
7.2 X 10-1 

0.25 
7.2 X 10-1 
0.25 
7.2 X 10-• 
0.26 
0.26 
0.26 
0.26 
9.8 X 10-• 
9.8 X 10- • 

4 X 10-• 
0.05 
2.6 X 10- • 
7.5 X 10-2 

0.2 
0.2 

8 X 10-• 
5 X 10- • 

0.18 
6.3 X 10- 2 

6.3 x ··10-2 

(5) (6) 

.\JP ft or,., inhaled in 8 hours 
that will (Jr,senl u dos, of: 

0.3 rem 111 
J ,ck 

0.70 
1.4 X JO• 
8.7 

70 
9.3 
73 
2.0 X JO! 
I.I X 10• 
57 

1.3 X 102 

ZJ 
2.4 X 102 

47 
9.3 X 10 3 

1.4 X 10• 
7.3 X 103 

2.9 X 101 

4.0 X 101 

31 
47 
43 

40 
53 
43 
31 
20 
73 
53 
4.0 X JO• 
1.4 X 103 

6.7 X 102 

4.7 X 102 

1.3 X 103 

0.21 
0.60 
0.10 
1.4 
-1.7 X JO- • 
1.6 X 10- • 
7.7 
3.7 X 10- 2 

0.43 
0.13 
0.33 
0.29 

IS.7 ""' in 
J 1' 

17 
J.8 X 103 

1.5 X 102 

3.3 X 103 

17 
1.4 X 103 

5.7 X 102 

1.2 X 103 

60 
6.7 X 10' 
90 

9.7 X 10' 
1.8 X 101 

3.3 X 101 

7.3 X 10' 
2.4 X 105 

7.3 X 10' 
7.7 X 10• 
4.0 X 101 

2.5 X 102 

1.8 X 103 

1.4 X 103 

1.7 X 10• 
1.4 X 103 

1.4 X 101 

9.0 X 10• 
3.0 X 103 

2.1 X 103 

2.1 X 10' 
6.0 X 10' 
1.7 X 10' 
6.0 X 10• 
6.3 X 10 ' 
0.26 
3.7 
5.3 
1A 
S.3 X 10- 2 

1.5 X 10-• 
73 
0.28 
0.70 
0.12 
0.37 
0.67 

150 rem in 
70 yrs 

1.7 X 10• 
1.7 X 10 1 

1.4··x 10• 

3.3 X 101 

1.2 X 102 

1.3 X 101 

S.3 X 103 

2.4 X JO• 
L2 X 102 

6.3 X 101 

8.3 X 102 

9.3 X 10' 
1.7 X 103 

3.3 X 105 

7.0 X 105 

2.3 X 106 

7.0 X 101 

7.3 X 10' 
3.7 X 103 

2.3 X 10 3 

1. 7 X 10 ' 
1.4 X 10' 
1.7 X 10' 
1.3 X 10' 
1.3 X 10' 
8.7 X 10' 
2.9 X 10' 
2.0 X 10' 
2.0 X 105 

6.0 X 105 

1.6 X 105 

5.7 X 10' 
6.0 X 105 

0.80 
33 
53 
0.32 
0.1 I 
2.6 X 10- 3 

7.0 X 10' 
2.7 
3.7 
2.0 X 10- 2 

0.90 
5.7 

t The larger the number in this column the greater the hazard. 
1 V~lues of H in this column correspond to the smallest. value in columns 5, 0 or 7. 

(8) 

Smoll,st 
:,alues Sn 
columns 5. 

6 and 7 irc 
mg 

5.7 X 10-1 

1.8 X 10-• 
1.2 X 10-• 
1.2 X 10-1 

3.0 X 10-s 
1.1 X 10-4 

2.1 X 10-• 
10-2 

4.0 X 10-• 
1.9 X 10- 1 

3.7 X 10- • 
2.2 X 10- , 
7.0 X 10-a 
1.8 X 10-• 
2.3 X 10- • 

4.7 X 10- a 

3.3 X 10~ 

1.9 X 10-1 

2.5 X 10-7 

3.7 X 10-1 

8.3 X 10-• 

2.7 X 10- 1 

7.0 X 10- 1 

6.3 X 10-• 
1.2 X 10-s 
1.1 X 10- 3 

4.3 X 10-, 
2.7 X 10-• 
1.3 X 10- 1 

5.0 X 10-11 

3.2 X 10- • 
6.3 X 10- • 
23 
3.3 X 10- 7 

1.1 X 102 

4.7 X 10- • 
3.2 X 10-• 
1.1 X 10-• 
8.7 X 10➔ 

(9) 

Rtlatit·e 
ho•arll t .",f 

It 

1.4 
6.9 X 10-1 

0.11 
1.4 X 10-• 
0.11 
1.4 X 10-2 

5.1 X 10-1 

4.2 X 10- 1 

1.8 X 10- 2 

7.8 X 10- 1 

4.8 X 10- • 
4.2 X 10-• 
2.1 X 10-2 

1.1 X 10-• 
7.2 X 10-• 

3.3 X 10- • 

3.3 X 10-• 

2.3 X 10-• 
2.5 X 10-1 

2.3 X 10-• 

•1.8 X 10-2 

1.9 X 10-• 

2.5 X 10-3 

7.2 X 10-• 
1.5 X 10- • 
2.1 X 10-• 
7.5 X 10-• 
4.8 

1.1 
9.6 
0.30 
2. 1 X 102 

4.2 X 10- • 
0. 13 
9.3 X 10-1 

2. 1 X 10-a 

0.30 
0.90 
3.3 

------------
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Tobie II. Single Exposure Values for Injection (or Puncture Wounds) when Soluble Radioactive Materials Are 
Token into the Body 

(/) 

z 

4 
6 

9 

11 
15 
16 
17 
19 
20 

21 

21 

21 

23 
24 
25 

26 
26 
27 
28 
29 
30 
31 
32 
33 
37 
38 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

47 
48 
so 
52 

(2) 

I so/ope 

HS (HTO 
or H 320) 

Be7 

cu (CO,) 
Fl• 
Na" 
p3• 
sn 
Cl3' 
K•• 
Ca•$ 
Sc" 

$c4l 

Sc" 

Fe6s 
Fe'g 
Co•0 

Ni" 
Cu .. 

Zn" 
Ga 72 

Ge11 

As1• 
RbS6 

Sr89 

Sr9o + y ,o 

Y" 
Zr9 • + Nb96 

Nb06 

l\fo99 
T c9& 

Ruios + Rh1oa 
Rh101 
Pdl03 + Rh103* 
Agios 

Aglll 
Cdl09 + Agl09* 

Sniu 
Te'•1 

(J) 

Critieal 
organ. 

T. Body 

Bone 
Fat 
Bone 
T. body 
Bone 
Skin 
T . body 
Muscle 
Bone 
Spleen 
Liver 
Spleen 
Liver 
Spleen 
Liver 
Bone 
Kidneys 
Kidneys 
Liver 
Blood 
Blood 
Liver 
Liver 
Liver 
Done 
Bone 
Kidneys 
Kidneys 
Muscle 
Bone 
Bone 
Bone 
Bone 
Done 
Bone 
Kidneys 
Kidneys 
Kidneys 
Kidneys 
Liver 
Liver 
Liver 
Bone 
Kidneys 

(4) 

Fraction 
going from 

blood to 
criti,ol 

organ Ji' 

1.0 

0.35 
0.5 
0.1 
1.0 
0.3 
0.14 
1.0 
0.75 
0.58 

3 X 10-2 

0.6 
3 X 10- • 

0.6 
3 X 10-• 

0.6 
0.1 
1.4 X 10- 2 

8 X 10-2 

0.16 
1.0 
1.0 

2 X 10- : 
2 X 10-• 

0.33 
0.15 
0.-l 

2 X 10-2 

1 X 10- 1 

0.44 
0 .4 
0.4 
0.55 
0.23 
0.25 

3 X 10- • 
5 X 10-3 

4 X 10-2 

5 X 10-• 
0.1 

6 X 10-• 
6 X 10-• 

0.75 
0.3 

6 X 10- 2 

(5) (15) (7) 

UPI or 11< injected that u•ill 
result in a dose of: 

O.J fem in 15.7 r t m 1n 150 rtm in 
Jwk J yr 70,-rs 

1.1 X JO• 

2.0 X 10' 

3.4 X 102 

3.0 X /03 

1.7 X 102 

34 
2.5 X 102 

2.6 X 102 

1.9 X 102 

24 

JO 
57 
31 
2-1 
20 
9 . .J. 
6.J. 
2.8 X 10' 
1.3 X 102 

3.7 X 102 

7.8 X 10' 
9.1 
1.3 X 102 

1.9 X 103 

2.6 X 10 2 

4.5 X 102 

./6 
2.2 X 103 

10• 

102 

5.5 
2.9 
4.0 ,wl 

79 
5.9 X JO• 
2.6 X 102 

5.1 

51 
56 
6.8 X 102 

1.6 X 10' 

49 
2.4 X 102 

18 

10• 
2.3 X 10• 
1.6 X 10s 
9.0 X 103 

5.2 X 102 

3.0 X 103 

3.0 X 105 

10' 
46 
1.6 X 102 

92 
1.4 X 10' 
103 

103 

4.7 X 10' 
1.1 X 101 

2.9 X !01 

6.9 X 10' 
1.9 X 10' 
3.2 X 10' 
79 
3.0 X 10' 
4.5 X 10' 
1A X 10' 
4.8 X 103 

2.4 X 103 

8.2 X 101 

5.3 X 103 

2.5 X 10• 
26 
3.0 
19 
1.4 X 10• 
8.6 X 102 

2.6 X 106 

1.2 X 10' 
60 
2.6 X 103 

2.0 X 103 

2.9 X 10' 
7.7 X 101 

1.5 X 10• 
1.3 X 101 

2.9 X 102 

1.2 X 106 

9.6 X 10' 
2.2 X 10' 
1.5 X 106 

8.6 X 10' 
5.0 X 10' 
2.9 X 10' 
2.9 X 10' 
9.9 X 10' 
3.5 X 102 

1.6 X 103 

8.8 X 102 

1.3 X 10' 
9.8 X 103 

9.7 X 103 

4.5 X 103 

1.1 X 10 1 

2.8 X 10• 
6.6 X 10' 
1.8 X 10• 
3.0 X 101 

7.5 X 102 

2.8 X 10' 
-1.3 X 10• 

1.3 X 10' 
-1.6 X 10' 
2.3 X 10 1 

7.8 X 10• 
5.1 X 10' 
2.4 X 10' 
2.4 X 102 

2.7 
1.8 X 102 

1.3 X 103 

8.2 X 103 

2.4 X 107 

1.2 X 10• 
5.7 X 102 

2.4 X 10' 
1.9 X 101 

2.8 X 10• 
7.4 X 106 

1.4 X 103 

1.2 X 10• 
2.8 X 103 

• The daughter products in these cases are isomers in an excited state. 
t The larger the number in this column the greater the hazard. 

(8) 

Smalltsl 
values in 

columns S. 
6 or 7 
in mg 

(9) 

Relative 
hatard t : 

H 

1.1 X 10- • 9.1 X 10- • 

5.7 X 10-• 
7.5 X 10- 2 

3.2 X 10- 1 

2.0 X 10-a 
1.2 X 10- 7 

5.8 X 10-• 

11 
3.2 X 10-• 
1.3 X 10-• 
3.0 X 10- 1 

2.9 X 10-s 

6.3 X 10-9 

3.7 X 10-7 

3.0 X 10-• 
6.0 X 10-, 

3.6 X 10-1 

1.8 X 10-7 

1.1 X 10-• 

25 
6.8 X 10-s 
5.4 X 10-s 
1.5 X 10-a 
1.4 X 10-• 
6.4 X 10-• 
1.3 X 10- • 
2.0 X 10-1 

1.3 X 10-s 
1.6 X 10-7 

1.3 X 10- • 
2.0 X 10~ 
1.3 X 10-• 
8.0 X 10- 1 

1.5 X 10-• 
6.2 X 10-• 
7.5 X 10-7 • 

2.4 X 10-• 
10-$ 

1.9 X 10- • 
2.3 X 10-1 
2.0 X 10-• 

5.0 X 10- • 
1.3 X 10-• 
3.3 X 10-• 
5.9 X 10- s 
2.9 X 10-2 

4.0 X 10-, 
9.4 X 10- 7 

5.3 X 10-s 
4.2 X 10- 2 

0.10 

4.2 X 10-:t 

0.11 

1.6 X 10-z 

3.6 X 10- • 
7.7 X 10-s 

1.3 X 10-1 . 

0.11 
7.7 X 10- • 
4.0 X 10-1 
3.8 X 10-s 
2.2 X 10-1 
2.2 X 10-2 
4.5 X 10-• 
10- 2 

10- i 

0.18 
0.34 
0.25 
3.7 X 10- 2· 
1.3 X 10- 2 

1.7 X 10-6-
3.8 X 10-a 
0.2 
2.0 X 10-2 
1.8 X 10- 2 

1.5 X 10-s 
6.3 X 10-• 
2.0 X 10-2 
4.2 X 10-, 
5.6 X 10- 2 
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Table II. Single Exposure Values for Injection (or Puncture Wounds) when Soluble Radioactive Materials Are 
Token into the Body -Continued 

(1) 

z 

52 
53 
55 
56 
57 
58 
59 
61 
62 
63 
67 
69 
71 
73 
74 
75 

77 

77 

78 
78 
79 

79 

79 

8,1 
81 
81 
81 
82 
82 
84 
85 
88 
89 
90 
90 
92 
92 
94 
95 
96 

T c120 

) 131 

(Z) 

Cs137 + Ba137• 

Ba140 + La140 

La140 

Ce'" + Pr"' 
Pr10 

Pm1
" 

Sm•st 
Eu'H 
H o166 

Tm170 

Lu177 

Ta"2 ,, ... , 
Retu 

JrlU 

Pt1,1 

PtU3 

:\uU' 

T 1100 
T 1201 
T 1202 

Ti2°• 
Pbto2 
P b210 
p 0 210 

: \ tttl 

Ram+ 55% dr 
.-\cm+ dr 
Th••• 

Th"'+ Pa•" 
U••• 
u23a 

Pu2at 

.-\m'" 
Cm>◄2 

(J) 

Critic,,/ 
organ 

Kidneys 
Thyroid 
Muscle 
Bone 
Bone 
Bone 
Bone 

Bone 
Done 
Done 

Done 
Done 
Bone 
Liver 
Bone 
Thyroid 
Skin 
K idneys 
Spleen 
Kidneys 
Spleen 
K idneys 
Kidneys 
Liver 
Kid neys 
Liver 
Kidne)'S 
Liver 
Kidneys 
Muscle 
l\[uscle 

l\luscle 
l\ l uscle 
Bone 
Bone 
Spleen 
Thyroid 
Bone 
Done 
Bone 
Bone 
Kidneys 
I.lone 
13onc 
Done 
Bone 

(4) 

F,aaio11 
going from 

blood to 
cri tical 

orta></, 

6 X 10-: 

0.2 
0.48 
0.7 

0.4 
0.4 
0.25 
0.35 
0 .2 
0.35 
0.22 
0.7 
0.3 
0.3 

8 X 10-2 

2.5 X 10-3 

0.8 
5 X 10- • 
8 X 10-• 
5 X 10- 2 

8 X 10-• 
0.11 
0.11 
0.98 
0.24 
0.98 
0.2-1 
0.98 
0.24 

6 X 10- • 
6 X 10-• 
6 X 10-2 

6 X 10-2 

0.3 
0.3 

2 X 10- 2 

7 X 10- , 
7.5 X JO-< 

0.3 
0 .78 

·0 .18 

0.33 
0.33 
0.7 
0.25 
0.25 

($) (6) (7) 

MP! or i,e inject,d lhol will 
result in a dou of: 

O.J re,n in 15.7 rem ,·n JSOre.m i11 
I 111k I )'1' 70 ,-rs 

5.9 
0.52 
1.1 X 102 

Z.4 
16 
2.3 
18 
j0 

3.0 X 102 

/4 
37 
5.4 
58 
11 

2.1 X 103 

7.Z X 102 

I.I X 103 

98 
28 
12 
3.6 
lZ 
11 

13 
13 
7.4 
5,8 
18 
15 

1.6 X 101 

5.8 X 10' 
Z.8 X 10' 
1.9 X JO• 
-I. I X 10' 
7.1 X 10-• 
0.12 
j,J X 10-2 

0.49 
1.2 X l(r! 

4.5 X 10- 1 

1.9 
8.7 X 10-• 
7.1 X 10-2 

3.5 X 10-: 
8.-1 X 10-2 

7.6 X 10-• 

1.2 X 10' 
13 
1.4 X 103 

41 
8.0 X 102 

4.3 

3.4 X 10' 
1.5 X 10' 
2.9 X 101 

16 
1.9 X 10• 
23 
2.4 X 103 

46 
10 1 

3.8 X 101 

3.5 X 10' 
2.5 X 103 

5.7 X 102 

1.5 X 10: 
18 
5.1 X 10' 
4.1 X 10• 
4.3 X 102 

4.1 X 101 

3.3 X 102 

2.5 X 102 

7.4 X: 10• 
6.1 X 10' 
8.1 X 10' 
2.5 X 105 

7.2 X 101 

2.5 X 101 

1.9 X JOI 
8.5 X 10-• 
0.72 
2.8 
0.49 
1.3 X 10-2 

4.0 X 10-3 

18 
6.8 X 10- 1 

0.11 
3.1 X 10-2 

9.6 X 10-2 

0.17 

1.1 X 103 

1.2 X 102 

1.3·x 10• 

3.9 X 10' 
7.6 X 10' 
31 
3.2 X 10' 
1.3 X 103 

60 
31 
1.8 X 10' 
2.1 X 102 

2.3 X 10' 
.1.3 X 102 

10' 
3.6 X 103 

3.-! X 103 

2.4 X JO• 
S.4 X 103 

1.5 X 103 

1.8 X 10: 
4.9 X 103 

3.9 X 103 

4.1 X 102 

3.9 X 101 

3.1 X 10' 
2.4 X 103 

7. 1 X 103 

5.8 X 101 

7.7 X 10• 
2.4 X 10° 
6.9 X 10• 
2.4 X 10• 
1.8 X 10• 
0 .25 
6.9 
26 
0./J 
2.8 X 10- • 
6.7 X 10- • 
1.8 X 102 

0.65 
0.57 
5.Z X 10- 1 

0.23 
0.14 

(8) 

Smallttt 
ttalues in 

columHs S. 
6 or 7 

in mg 

1.9 X 10-1 

4.1 X 10-9 

1.4 X 10-3 

3.3 X 10- • 
2.8 X 10- • 
7.3 X 10-7 

2.7 X 10-7 

5.3 X 10-1 

2.5 X 10- 3 

9.5 X 10- • 
5.3 X 10-• 
8.9 X 10-, 
5.3 X 10-1 

1.7 X 10- , 
4.0 X 10-1 

1.2 X 10-• 

4.3 X 10- 1 

3.9 X 10-7 

5.2 X 10-• 
6.9 X 10-1 

I. I X 10- 7 

2.3 X 10- • 

7.5 X 10-• 

2.7 X 10- • 
2 .7 X 10-1 

5.1 X 10-• 
4.4 X 10-• 
1.4 X 10- • 
9. 1 X 10-7 

2.7 X 10- • 
2.6 X 10- 11 

1.1 X 10-• 
1.7 X 10-7 

5.9 
8.1 X 10- • 
26 
7.4 X 10- 1 

8.3 X 10- • 
2.8 X 10- • 
2.3 X 10-• 

(9) 

R,latire 
ho:ard t t 

1l 

0.17 
1.9 
7.3 X 10-• 
0.42 
6.3 X 10-2 

0.43 
5.6 X 10-2 

2.0 X 10- 1 

3.9 X 10- • 
7.1 X 10-2 

2.7 X 10-• 
0. 19 
1.7 X 10- 2 

9. 1 X 10- • 
4.8 X 10- • 
1.4 X 10-• 

3.6 X 10-, 

0.28 

8.3 X 10- • 
9.1 X 10-2 

7.7 X 10- 2 

0.17 

6,7 X 10-• 

6.3 X 10-• 
1.7 X 10-• 
3.6 X 10-• 
5.3 X 10-• 
2.4 X 10-• 
11 
8.3 
19 
9.0 X 10-• 
60 
1.7 X 10-• 
0.53 
3.9 X 10- 7 

1.3 X 10-, 
0.12 
0.36 
13 

t \'nlues or H in this column correspond to t he ::.mu.llest v a lue in columns 5, 6 or 7. 

------------ ---
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Table Ill. Single Exposure Values for Injection (or Puncture Wounds) when Insoluble Radioactive Material Is 
Deposited in the Wound 

(1) 

z lsolope 

H 3 (HTO or H 3 20) 
4 Be7 

6 CH (CO2) 
9 pa 

11 Na2 • 

15 p 32 

16 S35 

17 Cl36 

19 K 42 

20 Ca46 

21 Sc46 

21 Sc47 

21 Sc0 

23 V 48 

24 Cr•1 

25 l\foSS 
26 FeH 
26 Fe6? 

27 Co60 

28 Ni59 

29 Cus• 
30 Zn65 

31 Ga72 

32 Gc71 

33 As" 

37 Rb'' 
38 Sr89 

38 Sr90 + Y90 

39 Y91 

40 Zr91 + Nb95 

41 Nb95 

42 Mou 
43 Tc9• 

44 Ru•o• + Rti10• 
45 Rh106 

46 Pdl03 + Rhl03• 

47 Agtos 

47 Ag111 

48 Cd10, + Agto&• 

50 Sn113 

(2) 

O.J rem in 
1 wk 

1.4 X 10-• 
8.1 X 10-• 
1.6 X J0-5 

Z.2 X 10-• 
9.9 X 10-e 
1.5 X 10-e 
1.6 X 10-5 

3.3 X 10-a 
5.6 X 10-1 

10-• 
6.3 X 10-1 

7.5 X 10-e 
10-s 
6.6 X 10-• 
4.6 X 10-• 
4.4 X 10-1 

1.4 X 10-• 
7.5 X 10-s 
7.8 X 10-s 
1.7 X 10-5 

7.5 X 10-, 
6.6 X 10-5 

1.5 X 10-5 

1.1 X 10-' 
3.6 X 10- e 
1.6 X 10-6 

1.6 X 10- 4 

8.5 X 10-1 

1.6 X 10-e 
4.9 X 10-• 
1.9 X 10-s 
1.4 X 10-s 
5.5 X 10- 5 

6.3 X 10-• 
10-5 

2.7 X 10- 5 

9.0 X J0-6 

3.1 X 10-s 
2.1 X 10-• 
4.4 X 10-• 

(3) 

MP I or 11-c injected thal 
will result in a dose of: 

15.7 rem in 
1 ,., 

3.3 X 10-• 
5.0 X 10-3 

3.6 X 10-5 

1.1 X 10- 2 

4.9 X 10-• 
2.3 X 10-5 

7.4 X 10-5 

7.4 X 10-a 
2.8 X 10-• 
3.5 X 10-6 

2.9 X 10-5 

2.9 X 10-• 
4.9 X 10-• 
9.6 X 10- 1 

4.4 X 10-3 

2.2 X 10-3 

3.5 X 10-• 
5.1 X 10-5 

1.8 X 10-5 

3.8 X 10-• 
3.8 X 10-3 

2.0 X 10-• 
7.6 X 10-• 
2.0 X 10-3 

1.8 X 10-• 
2.0 X 10- 5 

10-1 

1.9 X 10- 6 

9 .1 X 10-1 

2.7 X 10-5 

1.6 X 10- • 
5.6 X 10-• 
1.9 X 10-1 

1.8 X 10-4 

5.0 X 10-• 
3.8 X 10-• 
6.1 X 10-• 
7.7 X 10-6 

5.7 X 10-• 
1.8 X 10- 1 

(4) 

150 rem in 
70 ,-rs 

2.9 X 10-3 

5.0 X 10-2 

3.2 X 10- • 
0.11 
4.9 X 10-• 
2.3 X 10-• 
7.4 X 10-• 
6.5 X 10-5 

2.8 X 10-3 

3.4 X 10-• 
2.9 X 10-• 
2.9 X 10-• 
4.9 X 10- • 
9.6 X 10- • 
4.4 X 10-t 
2.2 X 10-2 

3.1 X 10-3 

5.1 X 10-• 
1.6 X 10-• 
3.4 X 10-• 
3.8 X 10-• 
1,9 X 10- 3 

7.6 X 10-• 
2.0 X 10-2 

1.8 X 10-3 

2.0 X 10-• 
9.9 X 10-s 
1.i X 10-5 

9.1 X 10-• 
2.7 X 10-• 
1.6 X 10- 3 

5.6 X 10-3 

1.9 X 10-2 

1.7 X 10- s 
5.0 X 10-i 
3.8 X 10-3 

6.1 X 10-3 

7.7 X 10-• 
5.3 X 10-3 

1.7 X 10- 2 

• The daughter products in these cases are isomers in an excited state. 

(5) 

me corrtsPl>nding lo 
smallest t•alue in 

columns 2. J, or 4 

1.4 X 10-11 

2.3 X 10-12 

3.5 X 10-• 
2.3 X 10-u 
1.1 X 10-15 

5.2 X 10- n 
3. 7 X 10-13 
1.4 X 10-1 

9.3 X 10- 16 

5.6 X 10-13 

1.9 X 10- 13 

9.2 X 10- u 
6.7 X 10-u 
3.9 X 10-14 

S.O X 10-u 
2.0 X 10-15 

6.4 X 10- 11 

1.7 X 10-13 

6.8 X 10-12 

2.2 X 10-• 
2.0 X 10-u 
8.0 X 10-u 
4.8 X 10-•s 
6.8 X 10-u 
2.3 X 10-u 
2.0 X 10-11 

5.7 X 10-11 

4.3 X 10-12 

6.4 X 10-u 
1.2 X 10- u 
8.9 X 10-u 
3.0 X 10- u 
1.7 X 10-u 
1.9 X 10-u 
1.2 X 10-11 

3.6 X 10-u 
3.2 X 10-12 

2.0 X 10-u 
8.2 X 10- 11 

4.2 X 10-11 

(6) 

Rtlative 
hazard 

II 

7.1 X 10s 
1.2 X 103 

2.9 X 103 

4.5 X 103 

105 

6.7 X 105 

6.3 X 101 

7.1 X 101 

1.8 X 105 

105 

1.6 X 105 

1.3 X 105 

105 

1.5 X 105 

2.2 X 103 

2.3 X 104 

7. 1 X 103 

1.3 X 105 

1.3 X 105 

4.5 X 101 

1.3 X 104 

1.5 X 104 

6.7 X 104 

9.1 X 103 

2.8 X 105 

6.3 X 105 

6.3 X 105 

1.2 X 106 

6.3 X 101 

2.0 X 105 

5.3 X 10• 
7.1 X 104 

1.8 X 10' 
1.6 X 106 

lQS 

3.8 X 10' 
1.1 X 10• 
3.2 X 10• 
4.8 X 103 

2.3 X 103 
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Tobie Ill. Single Exposure Values for Injection (or Puncture Wounds) when Insoluble Radioactive Material Is 
Deposited in the Wound - Continued 

(1) 

52 Te•21 
52 T e121 

53 J131 

55 Cs137 + Ba137 

56 Ba140 + LaH0 

S7 La140 

S8 Cew + Pr ... 
59 Pr'" 
61 Pm147 

62 Smu1 
63 Eutu 

67 Ho168 

69 Tm110 

71 Lu177 

73 Tatn 
74 w1• 1 

75 Re10 

77 Ir190 

77 lr"' 
78 Pt191 

78 Pt'°' 
79 Au1

" 

79 Au191 

79 Au190 

81 Tt•00 

81 T1201 
81 T1202 
81 Tl•a. 
82 Pb20 • 

82. P bt1° + dr 
84 Pouo 

85 At211 

88 Ram+ dr 
89 Ac111 + dr 
90 Th••• 
90 Th"' + Pa•H 
92 u .. , 
92 um 
94 Pu2J9 

9S Amut 

96 Cm242 

(Z) 

OJ rem in 
1 wk 

J.2 X 10-6 

1.4 X 10-• 
6.3 X 10- • 
4.7 X 10- , 
1.3 X 10-, 
4.8 X 10-• 
15.9 X 10-1 

3.3 X 10-• 
1.3 X 10-• 
4.3 X 10-• 
4.1 X 10-• 
5.7 X 10-, 
2.7 X 10- 1 

9.Z X 10-• 
5.1 X 10-• 
Z.9 X 10-s 
Z.9 X 10- • 
3.1 X 10-• 
4.0 X 10-• 
2.9 X 10-' 
2.8 X 10-' 
2.15 X 10-• 
5.8 X 10-• 
1.6 X 10-• 
3.3 X 10-• 
2.9 X 10-• 
1.0 X 10- • 
3.4 X 10-8 

2.1 X 10-• 
1.5 X 10-s 
J.15 X 10- s 
1.8 X 10- 1 

5.3 X 10-• 
2.5 X 10-9 

2.3 X 10-9 

1.1 X 10-• 
9.1 X 10- 9 

1.7 X 10-a 
1.15 X 10-a 
1.5 X 10-• 
1.4 X 10-a 

(J) 

" ' injected thot 
will result in a dose of: 

15,7 rem in 
l )1r 

1.3 X 10- • 
1.2 X 10-• 
1.5 X 10-• 
1.1 X 10-1 

2.1 X lO-• 
2.2 X 10- • 
2.0 X 10-• 
5.4 X 10-1 

3.1 X lO-• 
9.6 X 10-s 
9.2 X 10-e 
2.8 X 10-• 
10-• 
2.4 X 10-• 
2.1 X 10-• 
1.1 X 10- • 
1.1 X 10-• 
6.1 X 10-• 
2.0 X 10- • 
1.2 X 10-• 
9.6 X 10-• 
7.6 X 10-• 
2.4 X 10-• 
6.3 X 10-• 
1.6 X 10-• 
1.2 X 10-1 

1.8 X 10- • 
8.1 X 10-• 
9.5 X 10-• 
3.5 X 10-a 
S.9 X 10-1 

9.2 X 10-• 
1.2 X 10-• 
5.8 X 10- • 
5.1 X 10-o 
1.2 X 10-1 

2.0 X 10-• 
3.8 X 10-• 
3.6 X 10- 1 

3.4 X 10-• 
4.8 X 10- • 

(4) 

150 rtm in 
70 yrs 

1.3 X 10-• 
1.2 X 10-◄ 
1.5 X 10-• 
9.5 X 10-• 
2.1 X 10-• 
2.2 X 10-3 

1.9 X 10...,, 
5.4 X 10-• 
2.8 X 10- 1 

8.4 X 10-• 
8.2 X 10-• 
2.8 X 10-a 
10-◄ . 
2.4 X 10-a 
2.1 X 10-• 
10-, 

1.1 X 10-2 

6.1 X 10-s 
2.0 X 10-, 
1.2 X 10-1 

9.6 X 10-2 

7.6 X 10-2 

2.4 X 10-3 

6.3 X 10-• 
1.6 X 10-2 

1.2 
1.8 X 10-2 
7.3 X 10-• 
9.5 X 10-2 
3.1 X 10-1 

5.8 X 10-• 
9.2 X 10-• 
1.0 X 10-7 

5.1 X 10-a 
4.5 X 10-• 
1.2 X 10-• 
1.8 X 10-1 

3.4 X 10-1 

3.2 X 10-1 

3.0 X 10-7 

4.7 X 10-7 

(S) 

mg eorrest>Onding io 
smallest iolue in 
,olumn.s 2, J, or 4 

3.6 X 10-u 
4.6 X 10-14 

S.0 X 10- u 
5.9 X 10- 11 

1.8 X 10- u 
8.5 X 10-u 
2.2 X 10- u 
4.9 X 10- 1• 

1.4 X 10- 11 

1.8 X 10-u 
2.8 X 10- 11 

8.2 X 10- •• 
4.4 X 10- 13 

8.4 X 10- 1• 

7.8 X 10- 13 

5.6 X 10-12 

4-.8 X 10- u 
4.8 X 10- 1a 

4.3 X 10- u 
1.3 X 10-u 
1.8 X 10-12 

2.1 X 10- 13 

2.3 X 10-14 

8.0 X 10-u 
5.7 X 10- 14 

1.3 X 10- 11 

1.8 X 10-12 

7.9 X 10- 12 

7.0 X 10- u 
1.9 X 10-u 
3.5 X 10- u 
8.9 X 10- 11 

S.4 X 10- 12 

3.S X 10- 14 

2.0 X 10➔ 
4.7 X 10- 14 

2.7 X 10- • 
1.8 X 10-' 
2.6 X 10- 10 

4.9 X 10- 12 

4.2 X 10-15 

(6) 

Relolirt 
ho,ard 

H 

3.1 X 105 

7.1 X JO• 
1.6 X 105 

2. l X 105 

7.7 X 105 

2.1 X 105 

1.4 X 10° 
3.0 X 10• 
7.7 X 10• 
2.3 X 104 

2.4 X 105 

1.8 X 10• 
3.7 X IO• 
1.1 X 10• 
2.0 X 10• 
3.4 X 10' 
3.4 X 103 

3.2 X 10' 
2.5 X !OS 
3.4 X 103 

3.6 X 10• 
3.8 X 103 

1.7 X 105 

6.3 X 10' 
3.0 X 104 

3.4 X 102 

10• 
2.9. X 10• 
4.8 X 10• 
6.7 X 107 

6.3 X 107 

5.6 X 106 

1.9 X 106 

4.0 X 108 

5.0 X 10- 1 

9.1 X 10s 
3.7 X 10- 1 

5.9 X 103 

3.8 X 104 

2.0 X 108 

7.1 X 101 

- - - ------ --- ---
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Table IV. Single Exposure Values for Inhalation of Insoluble Radioactive Materials when the Lung Is the Critical 
Body Organ 

z Isotope 

H'(HTOorH3
20) 

4 Be7 

6 C" (CO,) 
9 F11 

11 Na2• 

15 p32 

16 53s 

17 Cl'6 

19 K•2 

20 Ca•$ 
21 Sc0 

21 Sc'7 

21 Sc'8 

23 V0 

24 Cr51 

25 Mn16 

26 Fe66 

26 Fe0 

27 Co00 

28 Ni•• 
29 Cu 64 

30 Zn° 
31 Ga 72 

32 Ge71 

33 As71 

Ji Rb86 

38 Sr89 

38 Sr'o + yoo 

39 Y91 

40 Zr05 + Nb" 
41 Nb05 

,t2 Mo99 

43 Tc"' 
44 Rutoa + Rhtoe 

45 Rh105 

46 P dtu + Rhtos• 

47 Agm 
47 Aglll 
48 Cd10• + Ag10 .. 

(Z) (J) 

MPit or"' inhaled in 8 hours that 
will result in a dose of: 

O.J rem in 
J wk 

1.1 X 103 

1.9 X 102 

1.3 X 102 

5.3 X 103 

23 
12 
1.3 X 102 

26 
50 
80 
5.7 
63 
13 
4.7 
6.7 X 10' 

4 X 102 

1.1 X 103 

9 
4.7 
1.4 X 102 

3.7 X 102 

21 
33 
8.7 X 10• 
25 
11 

13 
7 
13 
7.3 
14 
28 
8 
4.7 

53 
1.1 X 10• 
4.3 
26 
97 

15.7 rem in 
J 'j'T' 

2.7 X 103 

1.2 X 103 

3.0 X 101 

2.8 X 105 

1.2 X 103 

1.9 X 102 

6.3 X 10• 
63 
2.5 X 103 

3.0 X 10' 
26 
2.5 X 103 

6.3 X 102 

67 
6.7 X 103 

2.1 X 101 

2.9 X 103 

63 
11 
3.2 X 101 

1.8 X 101 

67 
1.7 X 103 

1.7 X 10• 
1.3 X 103 

1.4 X 102 

83 
16 
77 
43 
1.2 X 102 

1.2 X 103 

2.8 X 102 

13 
2.6 X 103 

1.5 X 10' 
30 
6.7 X 102 

2.7 X 102 

(4) 

150 re,n i,i 
70 yrs 

2.3 X 10' 
1.2 X 10' 
2.6 X 103 

2.7 X 106 

1.1 X 10' 
1.8 X 10' 
6.0 X 10' 
5.3 X 10• 
2.4 X 10• 
2.8 X 103 

2.5 X 101 

2.4 X 10' 
3.7 X 103 

6.7 X 102 

6.3 X 10' 
2.0 X 103 

2.5 X 10' 
6.0 X 10' 
97 
2.7 X 103 

1.8 X 101 

6.0 X 102 

1.7 X 10• 
1.6 X 10' 
1.3 X 10' 
1.3 X 10' 
8.0 X 10• 
1.4 X 10' 
7.3 X 102 

-l.0 X 102 

1.2 X 103 

1.2 X 10' 
2.7 X 103 

1.2 X 10' 
2.5 X 10 ' 
1.5 X 10' 
2.9 X 10• 
6.3 X 10' 
2.4 X 103 

U) 

mg c<>rresponding to 
smallest value i11 

columns z . 3, or 4 

1.2 X 10- • 
5.7 X 10-7 

2.9 X 10-2 

5.7 X 10-a 
2.6 X 10-9 

-l.3 X 10- a 
2.9 X 10-4 

1.1 
8.3 X 10-• 
-i.3 X 10-a 
1.7 X 10- 1 

7.7 X 10-a 
8.7 X 10- • 
2.7 X 10-• 
7.3 X 10-a 
1.8 X 10- a 
5.3 X 10-• 
1.8 X 10- 1 

4.0 X 10- a 

1.8 
9.7 X 10- • 
2.5 X 10-a 
1.1 X 10-• 
5.3 X 10-e 
1.6 X 10-a 

1.-l X 10-1 

-l.i X 10- 1 

3.3 X 10-s 
5.0 X 10-7 

3.3 X 10- 1 

3.7 X 10-7 

6.0 X 10-• 
2.5 X 10-• 
1.4 X 10-4 

6.3 X 10-• 
1.-l X 10-e 
1.6 X 10-1 

1.7 X 10-7 

4.0 X 10-s 

(6) 

Relative 
hatard 

H 

9.0 X 10-• 
5.1 X 10-a 
3.6 X 10-3 

1.9 X 10-• 
4.5 X 10-2 

8.4 X 10- 2 

7.8 X 10-a 
9.3 X 10-s 
2.0 X 10-2 

1.3 X 10-2 

0.18 
1.6 X 10-2 

7.8 X 10-2 

0.21 
1.5 X 10- • 
2.5 X 10-3 

8.7 X 10-• 
0.11 
0.21 
5.7 X 10-s 
2.7 X 10-3 

4.8 X 10- 2 

3.0 X 10-2 

l.l X 10- • 
3.9 X 10-2 

9.3 X 10-2 

7.8 X 10- 2 

0.14 
7.8 X 10-2 

0.14 
6.9 X 10-2 

3.6 X 10-2 

0.13 
0.21 
1.9 X 10-2 

9.3 X 10-s 
0.23 
3.9 X 10- 2 

1.0 X 10-2 

• The daughter products in these cases are isomers in an excited state. 
t The MPI as used here is the µc present initially in a volume of air to be breathed during the succeeding 8 hnnrs and 

which then results in the indicated dose. 
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Table IV. Single Exposure Values for Inhalation of Insoluble Radioactive Materials when the Lung Is the Critical 
Body O rgan - Continued 

(l) 

z 

SO SnlU 

52 T e111 

52 Te121 

S3 1111 

SS esm + Bam• 
S6 Ba140 + Lau0 

57 Lat◄O 

S8 Cetu + Prw 
S9 Pr143 

61 PmHT 

62 smm 
63 Eum 
67 H om 
69 Tm170 

71 Lum 

73 Ta111 

74 W 111 

75 Re'" 
77 Ir,.• 
77 1,m 

78 Pt'"' 
78 Pt193 

79 Au1H 

79 Au"' 
79 Au•tt 

81 Tl'°" 
81 T1••1 

81 TJ•o• 
81 T120• 
82 Pb203 

82 Pb 110 

84 Po210 

85 Atlll 

88 Ra"'+ dr 
89 Ac:221 + dr 
90 Th00t 

90 T h2H + Pam 

92 u00
• 

92 um 
9-1 Pum 
95 Am"' 
96 Cm•0 

(Z) (J) 

.lJPit or~ inhaled,,. 8 ho,irs thal 
will res"lt In a dose of: 

0.3 rtm in 
I wk 

23 
22 

5.3 
22 
12 
4.3 
1S 

5 
27 
1.0 X 102 

3.3 X 102 

8.3 
47 
22 
57 
8.7 
6.3 
11 
43 
7.3 
12 
12 
28 
27 
63 
26 
90 
40 
27 
37 
0.12 
0.12 
3.1 
2.8 X 10-r 
2.1 X 10- 2 

1.9 X 10-i 
8.3 X 10-t 
7.3 X 10-• 
0.14 
0.13 
0 .12 
0.11 

J$.7 rem In 
J yr 

91 
90 
47 
5.3 X 10' 
29 
77 
7.0 X 102 

1S 
4.7 X 102 

2.6 X 102 

8.0 X 101 

20 
2.4 X 101 

87 
1.6 X 101 

37 
25 
47 
8.7 X 101 

37 
5.0 X 101 

4.0 X 101 

8.7 X 102 

1.2 X 101 

2.S X 10• 
1.4 X 10' 
3.7 X 10• 
7.3 X 101 

67 
1.7 X 101 

0.29 
0.47 

l.l X 102 

6.3 X 10-• 
4.7 X 10-s 
4.3 X 10-s 
97 
0.17 
0.32 
0.30 
0.29 
0.40 

(4) 

JSO rtm In 
70 :>-rs 

9.0 X 102 

8.7 X 10• 
4.3 X 10' 
5.0 X 101 

2.4 X 102 

7.3 X 101 

6.7 X 101 

1.4 X 102 

4.3 X 10• 
2.3 X 101 

6.7 X 101 

1.7 X 101 

2.3 X 104 

8.3 X 10• 
1.5 X 10• 
3.3 X 102 

2.3 X 102 

4.3 X 102 

8.0 X 103 

3.7 X 102 

4.7 X 10• 
4.0 X 103 

8.3 X 101 

1.1 X 101 

2.4 X 101 

1.3 X t0• 
3.7 X 10• 
7.0 X 101 

6.0 X 102 

1.6 X 10' 
2.5 
4.7 

1.0 X 10' 
0.53 
0.40 
0.37 
9.0 X 101 

1.4 
2.7 

2.S 
2.4 
3.7 

(5) 

ffi' cor-rupondi'ttf, to 
smallest rolue n 

coh,m,u z . J, or 4 

2.2 X 10-, 
2.4 X 10-, 
1.8 X 10-1 

J.7 X 10-1 

1.5 X 10-• 
6.0 X 10- • 
2.6 X 10-s 
1.6 X 10-, 

•1.0 X 10-7 

1.1 X 10-• 
1.4 X 10- • 
5.7 X 10-, 
6. 7 X 10-• 
3.7 X 10-, 
S.3 X 10- 1 

1.3 X 10-s 
1.2 X 10-• 
1.8 X 10-• 
6.7 X 10-1 

8.0 X 10-1 

S.3 X 10-• 
7.3 X 10-• 
2.3 X 10-1 

1.1 X 10-1 

3.2 X 10-1 

•l.7 X 10-• 
4.0 X 10-1 

7.3 X 10- 1 

6.3 X 10-, 
1.2 X 10-1 

1.6 X 10-s 
2.7 X 10- s 
1.0 X 10➔ 

2.8 X 10-• 
2.9 X 10-1 

1.6 X 10' 
3.7 X 10-1 

2.2 X 101 

1.5 X 10- • 
2.1 X 10-• 
4.0 X 10-a 
3.2 X 10- • 

------

(0) 

Rt!otire 
hatard 

II 

4.S X 10-• 
4.5 X 10-• 
0.19 
4.5 X JO➔ 
8.4 X 10-2 

0.23 
6.9 X 10-• 
0.20 
3.6 X 10-• 
9 .6 X 10-a 

3 X 10-3 

0.12 
2.1 X 10-• 
4.5 X 10-• 
1.8 X 10-• 
0.11 
0.16 
9.0 X 10- 2 

2.3 X 10- 2 

0.14 
8.4 X 10- • 
8.7 X 10-• 
3.6 X 10- • 
3.6 X 10-2 

1.7 X 10-1 

3.9 X 10-2 

1.1 X 10-• 
2.5 >< 10- 2 

3.6 X 10-• 
2.7 X 10-2 

8.1 
8.1 
0.48 
3.6 
48 
6.3 X 10- 1 

0.12 
4.5 X 10-7 

6.9 X 10-s 
4.8 X 10-1 

2.5 
9.3 X 10-• 

---------
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iable V. Single Exposure Values for Inhalation of Insoluble Radioactive Material when the GI Tract Is the Critical 
Body Organ 

(2) 

z !sot-ope 

H 3 (HTO 
or H 320) 

4 Be' 
6 C1• (CO2} 
9 F18 

11 Na24 

15 P" 
16 S35 

17 Cl36 

19 KH 
20 Ca0 

21 Sc46 

21 Sc47 

21 Sc'8 

23 Y 41 

24 Cr11 

25 Mn•6 

26 Fe•• 
26 Fe•• 
27 Co60 

28 Ni" 
29 Cu6

' 

30 Zn65 

31 Ga71 

32 Ge71 

33 As•• 
37 Rb86 

38 Sr89 

39 Y•0 

38 Sr•0 + Y•0 

39 Y01 

41 Nb95 

40 Zr95 + Nb•• 
42 J\1090 

43 Tc96 

44 R u106 + Rh106 

45 Rh10• 

45 Rhtoa• 
46 Pd103 + Rh10>* 

47 AglOS 

47 Ag'" 
48 Cdl09 + Agl09 

50 Sn113 

52 Te127 

52 Tem 
53 }131 

55 Cs137 + Ba 137* 
57 la140 

56 Bn"o + La140 

(3) 

mg/ 100 m< 

2.9 X 10- • 
22 
1.1 X 10-5 

1.2 X 10- • 
3.5 X 10- • 
2.3 X 10- 3 

4.1 X 103 

1.7 X 10- • 
5.6 X 10-3 

3.0 X 10-3 

1.2 X 10-• 
6.7 X 10- G 
5.8 X 10-• 
1.1 X 10- 3 

4.6 X 10-5 

4.6 X 10- , 
2.0 X 10-• 
8.7 X 10-2 

1.3 X 103 

2.6 X 10-G 
1.2 X 10-, 
3.2 X 10- • 
6.2 X 10-• 
6.4 X 10- • 
1.3 X 10-3 

3.6 X 10-3 

1.7 X 10- • 
0.5 
4,0 X 10-3 

2.5 X 10-3 

4.7 X 10- • 
2.2 X JO-• 
3. 1 X 10- • 
2.9 X 10-• 
1.2 X 10-• 
3.0 X 10- • 
1.3 X 10-3 

3.6 X 10- • 
6.3 X 10- • 
3.9 X 10- • 
9.6 X 10-3 

1.1 X 10-• 
3.3 X 10-3 

8.0 X 10-• 
1.3 
1.8 X 10-·1 

1.4 X 10- 3 

(-I) (5) (6) (7) 

JI P rt o, µ< inhaled in 8 hor,rs that w ill deli,·er 
o dose of O.J rem during th~ Jo/{ow.jng 

,<•eek to the organs <it,d: Equations 26, 28 

Stomach 

1.9 X 10 1 

7.0 X 103 

2.1 X 103 

1.7 X 103 

92 
1.7 X 10' 
2.0 X 103 

4.3 X 101 

98 
1.3 X 103 

2.2 X ·10' 
5.6 X 10• 
1.5 X 102 

1.3 X JO• 
1.4 X 101 

2.9 X 102 

1.9 X 10' 
2.7 X 102 

1.6 X 102 

2.2 X 103 

9.5 X 102 

7.5 X 102 

1.2 X 102 

1.1 X 10' 
1.1 X 10' 
1.7 X 102 

2.0 X 102 

1.3 X 10' 
6.1 X 102 

2.0 X 102 

4.5 X 102 

3.5 X 101 

4.0 X 102 

1.7 X 102 

80 
3.5 X 102 

2.3 X 101 

6.4 X 103 

1. 5 X 102 

3.0 X 102 

2.8 X 103 

7.5 X 10" 
3.9 X 102 

1.1 X 102 

3.8 X 102 

3.2 X 102 

1.3 X 102 

3.3 X 102 

Small 
intestine 

2.1 X t0• 

3.3 X 10• 
2.3 X 103 

2.3 X 103 

57 
1.8 X 10• 
2.2 X 103 

4.8 X 102 

102 
1.5 X 103 

95 
6.1 X 102 

84 
69 
I.I X 104 

2.2 X 102 

2. 1 X 10' 
1.5 X 10 2 

82 
2.5 X 103 

7.6 X 102 

3.7 X 102 

79 
1.2 X 101 

1.1 X 102 

1.7 X 10' 
2.3 X 102 

1.5 X 102 

6.5 X 10' 
2.2 X 102 

2.4 X 102 

2.2 X 102 

2.5 X 102 

85 
82 
2.9 X 102 

2.8 X 101 

2A X 103 

73 
3.4 X 10' 
1.8 X 103 

4.0 X 102 

3.9 X 10' 
88 
2.9 X 102 

2.2 X 102 

90 
2.6 X 102 

Upp,r/arge 
inlt$line 

2.5 X 10' 

8.5 X 10' 
2.9 X 103 

1.1 X 1015 

8.7 X 102 

38 
3.1 X 102 

5.8 X 102 

I. I X 103 

9.0 X 102 

19 
39 
16 
14 
103 

80 
6.3 X 103 

1.4 X 101 

22 
1.9 X 102 

1.4 X 102 

99 
15 
7.8 X 10' 
9.0 
2.5 X 102 

35 
9.6 
58 
13 
93 
33 
1.-l X 102 

44 
5.4 
38 
3.7 X 10• 
2.4 X 10' 
19 
21 
2.5 X 102 

88 
36 
12 
7.0 X 102 

5.6 X 10• 
12 
19 

L,n;.-,r Iara, 
intestine 

J.2 X 10' 

4.2 X 10' 
JAX 103 

1016 

6.2 X 10' 
19 
1.6 X JO• 
2.9 X 102 

8.5 X 10' 
4.4 X 102 

9.2 
21 
9 .1 
7.1 
5.0 X /0 2 

3.4 X 10' 
3.1 X 103 

68 
11 
9./ 
1.1 X 102 

49 
11 
3.9 X 102 

5.4 
1.3 X /02 

17 
5.2 
21 
6.6 
46 
16 
72 
2./ 
2.7 
22 
6.4 X 101 

1.2 X 10• 
9 . ./ 
11 
1.3 X 102 

4./ 
18 
6.1 
3.5 X 102 

· 2.8 X 102 

6.6 
7 

• The daughter products in these cases o.re isomers in an excited stnta. 

(8) 

tng (OYft· 
sponding to 

smallest 
volut. i n 

columns 4 . 
S. 6, or 7 

1.2 X 10- 3 

1.2 X 10-6 

0.31 
1.9 X 10- s 
6.6 X 10- • 
6.6 X 10- s 
3.7 X t0-6 

12 
1.6 X 10-• 
2.5 X 10-• 
2.7 X 10-1 

2.6 X 10-• 
6.1 X 10- • 
4.1 X 10-• 
5.4 X 10-6 

3.6 X 10- • 
1.4 X 10-• 
1.4 X 10- 6 

9.5 X 10- 5 

1.2 
2.8 X 10-a 
5.9 X 10-5 

3.5 X 10-• 
2.4 X 10""' 
3.4 X 10-9 

1.7 X 10-a 
6.1 X 10- 1 

9.1 X 10- • 
1.0 X 10-• 
2.6 X 10-7 

1.2 X 10- • 
7.5 X 10-1 

1.6 X 10-7 

7.2 X 10-s 
7.9 X 10-1 

2.6 X 10-s 
7.0 X t0-6 

1.6 X 10-6 

3.4 X 10- 1 

7.0 X 10- a 
5.1 X 10-5 

4.2 X 10- • 
2.0 X 10-5 

2.0 X 10- 1 

2.3 X 10-• 
2.7 X 10-• 
1.2 X 10-s 
9.5 X 10- s 

(9) 

R,lotfrt 
hazard 

II 

8.3 X 10-5 

2.4 X 10-3 

3.2 X 10- • 
5.8 X 10-• 
1.8 X 10- • 
5.3 X 10-• 
6.3 X 10-3 

8.4 X 10- 6 

10- • 
2.3 X 10-3 

0.11 
4.8 X 10- • 
0.11 
0.14 
2.0 X 10-3 

1.2 X 10- • 
3.2 X 10-• 
1.5 X 10-• 
9. 1 X 10- 2 

8.2 X 10- • 
9.8 X 10- • 
2.0 X 10- 2 

9.1 X 10-2 

2.6 X 10-• 
0.18 
7.7 X 10-a 
5.9 X 10- 2 

0.19 
4.8 X 10-, 
0.15 
2.2 X 10- • 
6.2 X 10-1 

1.3 X 10-• 
4.2 X 10- 2 

0.37 
4.6 X 10- 2 

4.3 X 10-5 

8.3 X 10-3 

0.1 I 
9. 1 X 10-1 

7.7 X 10- 3 

2.3 X 10-2 

5.5 X 10- 2 

0.16 
3.4 X 10-3 

4.5 X 10- 3 

0. 15 
0.14 

t The MPI as used here is the µc present initially in o. volume of air to be brc!l.thed during the succeeding 8 houri> and 
which then results in the indicated dose. 



MAXIMUM ISOTOPE CONTAMINATION FOR SHORT EXPOSURES 151 

Ta ble V. Single Exposure Values for Inhalation of Insoluble Radioa ctive Material when the GI Tract Is the Critical 
Body Organ - Continued 

(/) (Z) 

z ;- h otope 

59 PrW 
58 Cei ◄i + Pr' " 
S9 Pr10 

61 Pm117 

62 Smm 
63 Eu'" 
67 l-10161 

69 Tm110 

71 Ln177 

73 Ta11t 

74 \VIII 

75 Rem 
77 Ir.,. 
77 Irut 
78 Pt151 

78 Pt103 

79 Au116 

79 Au"1 

79 Aum 
81 Ti'OO 
81 Tl101 

81 Tl20
' 

81 TP0 • 

82 Pb2 0• 

84 P o210 
83 Bi"0 + Po110 

82 PbUO -+ Pomt 
85 At ' 11 -+ Pb201 

83 Bi•H -+ Po21• 

82 Pb214 -+ Po210 

86 Rn221 .... Po210 

88 Ra'"-+ Pom 
82 Pb"' 
88 Ram -+ Pb211 

90 Th121 -+ Pb211 

89 Ac"7 -+ Pb211 

83 Bim 
82 Pb212 + Bim 
88 Ra 224 -+ Bim 
90 Th•u -+ Rim 
89 Ac 21• -+ Bi212 

88 Ra2U-+ Bi"' 
90 T h 212 -+ Bi'12 

90 Th m + Pam 
92 um 
92 um 
92 um 
92 um 
94 Puno 
95 Am20 

96 CmH' 

(J) 

mg/JOO me 

1.3 X 10-• 
3.2 X 10-1 

1.5 X 10-• 
0.11 
4.2 
0.68 
1.4 X 10-• 
1.6 X 10-s 
9.2 X 10-• 
1.5 X 10- 2 

1.9 X 10-2 

1.7 X 10-2 

1.6 X 10- 1 

1.1 X 10- 2 

4.4 X 10-• 
6.3 X 10-• 
8.3 X 10-• 
4. 1 X 10-• 
5.0 X 10- • 
1.7 X 10-1 

4.6 X 10-• 
1.8 X 10-• 
0 .23 
3.4 X 10-• 
2.2 X 10-2 

8.0 X 10- • 
1.3 
5.0 X 10-• 
2.2 X 10- • 
3.0 X 10- • 
6.5 X 10-' 

10' 
4.0 X 10-• 
1.9 X 10- • 
3.2 X 10- • 
1.4 
6.8 X 10- • 
7.1 X 10-• 
6.2 X 10-• 
0.12 
,1.4 X 10-5 

0.43 
8.8 X 108 

-t.3 X 10- • 
3.0 X 108 

1.6 X 10' 
4.6 X 107 

1.1 X 104 

1.6 X 103 

33 
3.0 X J0- 2 

(4) (S) (6) (7) 

MPI or"'' i1thaltd ,·,, 8 hours lhat will dtliver 
a dose of 0.3 rem dur iHg th• follOV1ing · 

w<tk to the ori,uu cit,d: Equation• Z6, ZI 

Stomach 

4.5 X 101 

1.3 X 102 

3.6 X 102 

t.7 X 101 

5.6 X 103 

2.4 X 102 

1.9 X 101 

3.5 X 102 

8.1 X 102 

2.6 X 102 

2.4 X 102 

4.0 X 102 

1.2 X 101 

2.0 X 102 

2.2 X 102 

2.4 X 102 

6.7 X 103 

2.7 X 10' 
7.4 X 101 

2.1 X 10• 
1.7 X 10• 
1.1 X JO> 
4.5 X 10' 
5.4 X 101 

2.0 
2.9 X 102 

4 . .5 X 10• 
2.4 
56 
so 
C.81 
2.3 
ZS 
0.48 
1.8 
2.1 X 103 

JO 
6.4 
0.58 
2.0 
2.3 X 101 

2.0 X 103 

2.7 
1.3 X 102 

2.6 
2.3 
2.5 
2.2·· 
2.1 
2.0 
1.8 

Small 
intest ine 

J.9 X 10' 
91 
4.0 X 102 

1.8 X 101 

6.2 X 101 

1.5 X 102 

2. 1 X 101 

3.9 X 102 

7.3 X JO' 
1.5 X 101 

1.1 X 102 

2.0 X 10• 
6.2 X 101 

1.3 X 102 

102 

1.2 X 101 

3.4 X 102 

2.3 X 101 

5.9 X 102 

1.1 X 102 

8.1 X 102 

5.9 X 10' 
5.0 X 102 

2.6 X 101 

2.2 
2.8 X 101 

2.6 X 101 

2.7 
2.2 X 101 

55 
0.76 
2.5 
52 
0.49 
1.9 
2.5 X 102 

J7 
2.6 
0.6-1 
2.0 
2.0 X 10' 
2.8 X 10 1 

3.0 
t.4 X 101 

2.9 
2.5 
2.7 
2.5 
2.3 
2.2 
2.0 

Upp,rlart• 
i,flesfine 

2.8 X 101 

5.9 
25 
1.1 X 101 

3.8 X 101 

22 
17 
2-l 
55 
25 
32 
10• 
1.6 X 101 

24 
33 
40 
98 
25 
77 
51 
4.1 X 101 

2.4 X 101 

55 
8-l 
0.16 
15 
1.7 X 102 

3.1 X 102 

5.9 X 10 1 

1.1 X 10' 
4.0 X 10-2 

0.14 
2.0 X 10' 
3.5 X 10-• 
0.11 
5.7 
16 
0.18 
4.4 X 10- 2 

0.10 
30 
17 
0.19 
8.8 
0.18 
0.1 5 
0. 17 
0.15 
0.14 
0.14 
0.12 

~nlarie 
intestine 

2.5 X 1011 

2.9 
13 
56 
1.9 X 102 

11 
10 
12 
28 
12 
16 
50 
81 
12 
18 
Zl 
51 
u 
40 
31 
22 X JO' 
1.2 X 101 

27 
46 
6.4 X 10-1 

5.8 
39 
3.3 X 101 

6.7 X 101 

4.3 X 10' 
2.1 X 10-2 

5.1 X 10-2 

10 1 

1.8 X 10- • 
4.7 X 10- 1 

1.1 
1.9 X 103 

0.15 
2.2 X 10-z 
3.5 X 10- • 
33 
6.4 
9.2 X 10-, 
4.4 
0.10 
7.7 X 10-2 

0.08 
7.5 X 10-2 

7.1 X 10-2 

6.7 X 10- 2 

6.0 X 10- 2 

(8) 

mi corre
sponding lo 
smallest 
,atue in 

colum,u 4. 
J.6.or 7. 

6.1 X 10-• 
9.2 X 10-1 

2.0 X 10-7 

5.9 X 10-• 
8.0 X 10-• 
7.5 X 10-• 
1.4 X 10-1 

2.0 X 10-, 
2.6 X 10-1 

1.8 X 10-, 
3.1 X 10-1 

8.3 X 10-• 
1.3 X 10-• 
1.3 X 10-• 
7.7 X 10-• 
1.3 X 10-r 
4.2 X 10-1 

5.5 X 10-• 
2.0 X 10-1 
5.3 X 10-• 
10- • 
2.2 X 10-• 
6.3 X 10-• 
1.6 X 10-1 

1.4 X 10-• 
4.6 X 10-• 
5.0 X 10-• 
1.2 X 10-• 
1.2 X 10- , 
1.5 X 10-9 

1.4 X 10--1 
5.2 X 10-s 
10- 9 

3.4 X 10- 10 

1.5 X 10-1 

1.5 X 10-s 
7.2 X 10-10 

1.1 X 10-10 
1.4 X 10-10 
4.2 X 10-• 
1.3 X 10-• 
2.7 X 10- s 
8.1 X 103 

1.9 X 10- 1 

7.7 X 103 

1.2 X 10- 2 

1.2 X 103 

7.9 X 10- 1 

1.1 X 10- 3 

2.2 X 10- 5 

1.8 X 10-• 

(9) 

Re.latin 
hasard 

H 

2.2 X 10-• 
0.34 
7.7 X 10-2 

1.8 X 10- 1 

5.3 X 10-1 

9.1 X 10- 2 

0.10 
8.3 X 10-2 

3.6 X 10-2 
8.4 X 10- 2 

6.3 X 10- 1 

2.0 X 10-2 
1.2 X 10-• 
8.4 X 10-1 

5.7 X 10-• 
4.8 X 10-2 

2.0 X 10-2 

7.4 X 10-2 

2.5 X 10-• 
3.3 X 10-1 
4.6 X 10-• 
8.4 X 10- 1 

3.7 X 10-1 
2.2 X 10-1 
16 
0. 17 
2.6 X 10-1 
0.42 
1.8 X 10-• 
2.0 X 10-2 

19 
4.0 X 10- 2 

56 
2J 
0.9 1 
9.6 X 10-t 
6.5 
45 
29 
3.3 X 10-1 

0.16 
l.2 X 10- 7 

0.23 
1.3 X 10- • 
8.1 X 10-1 

8.6 X 10-• 
1.3 X 10-i 
8.8 X 10- 1 

4.6 
17 

t The arrow (-+) means the values given include the energies emitted by all tho daughter products down to thP. stn.ble 
i~otooe. 
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small amount of radioactive material on a mass basis 
that corresponds to the limiting MP! value. It is 
apparent that in many cases this quantity is so small 
that it could be inhaled on a single dust particle or 
could be injected unnoticed into the body as the result 
of a puncture wound. It is of interest to observe that, 
in spite of the low values of M PI in p.c for natural 
thor ium and natural u ranium, the mg values are very 
large relative to the mg values for radionuclides such 
as Ra226, and Sr90 + Y00• This suggests that the 
radiation hazard may be proportional to the product 
of the probability of inhaling or inj ecting a given 
mass of the radioactive material and of the inverse 
of the minimum MP! value. Drinker and Hatch1 have 
indicated that the average city and industrial air has 
a dust loading of from about lo-' to 10-8 grams per 
cubic meter. This corresponds to an inhalation of 1 
to 10 mg of dust in 8 hours. Therefore, in case of an 
accident with radioactive material it is not likely one 
would inhale more than 10 mg in an 8-hour period. 
There were 52,259 domestic shipments of radioactive 
material from our Laboratory8 (ORNL) in 1954, 
and the average activity per shipment was 100 me. 
These figures are exclusive of Co60, which in many 
cases was shipped as large solid sources to be used 
as radiation therapy units. Therefore, for this com
parison of radiation hazards, it is assumed that the 
amount involved in the accident is 100 me in each 
case. Values of mg/100 me are given in column 3 
of Table V for convenient reference. The relative 
hazard in case of a spill or accident with one of these 
shipments of 100 me of radioactive material is given 
by the equation, 

H- 10 
- (MPI) (mg/100 me) (1) 

In this equation, 10/(mg/100 me) is the probability 
of inhalation of 10 mg of radioactive material. This 
term can have values ~ 1 in Equation 1, but when 
10/(mg/100 me) becomes> 1, it is assumed that all 
the radioactive material can be inhaled in 8 hours, and 
in this case the hazard is given by H = 1/(MPI). 
The MPI to be used in E quation 1 is the smallest 
value given for the radioisotope in each table. In the 
case of a contaminated wound, the term, 10/(mg/100 
me), in Equation 1 is reduced to 1/(mg/100 me) 
and this has a maximum value of 1. The values of H 
in Tables II and III relate to the probability of get
ting radioactive contamination of 1 mg or less into 
a wound. 

It is apparent that there are other factors which 
may affect the relative hazard in case of an acci
dental spill of radioactive material. One of the most 
important of these factors is the form-physical and 
chemical-of the material at the t ime of the accident. 
Space will not permit an evaluation of all these 
factors, but Table VI, prepared by G. R. Patterson/> 
gives information on the compounds shipped from 
our L aboratory (ORNL ), the specific activity, the 
physical form, and an estimate of the probable frac-

K. Z. MORGAN et al. 

tion that would be available for intake by inhalation 
in case of an accident. These data and similar infor
mation for other chemical and physical forms and 
isotopic dilutions can be used to modify the basic 
data given for the single unadulterated radioisotopes 
in Tables I, II, III, IV, and V. Table V II is a sum
mary of the 20 more dangerous radionuclides listed 
in the order of decreasing hazard. 

Equations Used in the Calculations 

See Appendix for details of derh·ation and section 
on nomenclature for definition. 

Case 1 Table I: 

3.12 X 10-3Dm 
(MPI) = fT1(bE) (RBE)N[Tr(l - e-O,:!:H/Tr) 

+ T,,e-o.co3 ,,,T ( 1 _ co.2s11r.)] 
(2) 

Case 2 Table II: 
1.35 X I0-2D11t 

Case 3 Table Ill: 

1.35 X 10-r.D 

Cose 4 Table IV: 

:\ ) _ 25D 
(.fPI - T::S.(bE)(RilEJ .\' [T,.(1 - c - U.:!:Jl!Tr) 

Cose 5 Table V: 

(MPI)m = M in [ ( 1'1PI) stomarlu (MPI )tntest111e] 

(6) 

The solution of this equation for the GI tract is 
rather involved ( See Appendix), and numerical 
values were found by use of the ORNL digital com
puter. 

CONCLUSIONS 

In case a person receives a single exposure to rela
tively insoluble radioactive material, the localized dose 
is likely to be much greater if the material contam
inates an open wound than if it enters the body by 
ingestion or inhalation. T his may lend support to the 
common medical practice of excising contaminated 
tissue from such a wound. Table VII, which is a com
parative summary of the 20 more dangerous radio
nuclides, indicates that many of the radionuclides are 
in the very hazardous group regardless of whether 
they are inh~led or injected; whether they are soluble 
or insoluble ; and whether the wound site, the lung, 
the GI tract or some other organ is .the critical body 
organ. For example, Ac227, At211, Po210, Am241, Pb210, 

and Sr90 + yoo are generally among the more hazard
ous isotopes, the fi rst four being among the 12 more 
hazardous in every case. For inhalation, the lung or 
GI tract is usually the critical body organ. In case of 
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accident, the ingestion hazard is considered to be 
negligible compared with the inhalation or injection 
hazard. The absorbed dose from each of the radio
nuclides is calculated by means of the digital com
put~r at 31 points along the GI tract. The lower large 
intestine is usually the critical portion of the GI tract 
but, where the effective half-life is short, other por
tions, i,e., stomach, small intestine, and upper large 
intcsti11e, may become the critical tissue. Five of the 
radionuclides-Sr00 + yoo, Sm1ll1, Pu~39, Ra226, and 
Th232-have very long biological half-lives so that the 
limiting restriction leading to the smallest MPI is the 
requirement that the integrated dose as a result of a 
single body intake must not exceed 150 rem in a life
time (during the following 70 years). For the rest 
of the radionuclides, the smallest i\[ PI is obtained 
when the integrated dose is limited to 0.3 rem during 
the week follo1Ying the exposure. 
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A PPEN DIX 

Derivation of Genera l Equations of Dose Resulting From 
Single Exposure to o Radioisotop e 

Cose 1 

In this case it is assumed that a certain fraction, f, 
oi the radioisotope of concentration 1IPC (µ.c/cm3 ) 

is inhaled at a rate V (cm3/day) or a t a rate of MPC 
( Vµ.c/day) and that it arri\·es in the critical body 
organ where it is eliminated exponentially hoth by 
radioactive and biological decay (Fig. l). The dose 

. i~ gin:n by the equation, 

'C' 
~ 
~ ...., 
s 
~ 
:::: 

§ 
!::) 

0 t 

d'J' 

Exposure only 

Time 
Figure 1 

-r 

D = C (''f 11

J(MPC)Vc-X,t e-)o.<r- 1>dtdr 
}o I ____. 

amount 
arrivi ng 
in critical 
organ 

(7) 

(8) 

in which D is the dose in rem following a spill such 
that i\f Pl µ.care initially available for body intake for 
time, t1 and exposure.to time, T - t. The terms.\, .\r 
and >,.~ are the coefficients of the total elimination, 
radioactive decay/and biological decay, respectively. 
The term 'i\rPI = (MPC) Vt1 and 

£
1, f(MPC) Ve:-.., 

D = C ----- - (c-~' - 1·- :-.1,)dt 
• n ,\ 

f 
1• f(MPC)f1 = C ----(c-'/\,i - c'/\'' e>.t1)dt 

I A 
(9) 

D = Cf (;\lPl l[I 
/1 A 

Cf 

(sec) 
C = 3.7 X 10' (dps/µ.c) 3600 X 2-1 (day) 

X ~ (/1EJ (RBE,Xple\'/dis) l.602X 10-0 

(ergs/i\iJey) 1/ m ( 1/gm) 1/IO0(gm-racl/ ergs) 

51.2 f :S(hE l(R13E),\i /d . . I __ .;__ ______ rem ay to the cnt1ca 
Ill f d organ o mass, 111, ue 

to 1 JA-C taken in at time, 
t =O 

( 11 ) 

iIPI = D>.mtif ( 51.2 f~(bE) (RBE)N 

[
l - e->.,13 c->-1, ( l - c'"•'s] ) 

X Ar + At, (12) 

3.12 X JO-=: Dm 
MPI = JT~ (bE) (RBE)N [T,.(l - c-0.:!WT,) 

+ T b e-O.ll!I~ 1,tT ( 1 _ c0.::?:11 1 r .. )] 

( 13) 

Cose 2 

In this case it is assumed the MP[ of soluble radio
active material enters the bodv IJ\· wa\' of a wound at 
time / = 0 and that fraction / 2 ;rri\';S at the critical 
body organ by way of the blood. H ere it remains for a 
time t 2 and deli\·ers a dose D as indicated by the 
equation, 

{'• f.,'C(:\lPI) 
D = C}

0 

fo'CMP!)e-·'' dt= - .\ ( 1-e--~'•) 

(14) 

1.35 X IO-~ D111 
1\f PI = f,/ T :S (bE) (RBE)N( 1 - c~•.G!1:lt,, 7') 

( 15) 

------------ ---
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Table VI. General Information Relative to Shipments of Radioactive Material from Oak Ridge National loboratory8 

(1) 

Radioisotope* 

H s (P) 

Be7 (P) 
C14 (P)l 
Na12 (P) 
Na2' (I) 
Na" (P) 
p32 (I) 
p12 (P)t 
pn (P)2 
su (I) 
sn (P)l 
sas (P)2 
s•s (P)3 
CJ36 (I) 
CJ36 (P) 
A 17 (P) 
KU (I) 
Ca0 (I) 
eao (P}l 
Ca0 (P)2 
Ca0 (P)3 
Ca'6 (P}4 
Sc0 (I} 
Sc40 (P) 
Cr~' (I) 
Cr61 (P) 
Mn62- 64 (P) 
Fess- 69 (I) 
Fen-,, (P) 
Fe0 (P) 
Fe69 (P) 
Co67- 68 (P) 
Co60 (I) 
Co60 (P} 
Ni61 (I} 
Nisa (P} 

Cu" (I) 
Zn•6 (I) 
Zn65 (P}l 
znos (P)2 
Ga72 (I) 
As73- 74 (P) 
As1& (I) 
As77 (I) 
SeH (I) 
SeH (P) 
Braz (I) 
Rb0 (I) 

Sr89 (I) 
Sr11 (P) 
SrY90 (P) 
yeo (I) 
y91 (P) 

Zr0 (I) 
Zr-Nb96 (P) 
Nb9S (P) 

Mo9t (I) 

(2) 

Compound as shipped 

H + He• Gas 
BeClt 
BaCO, 
NaCl 
Na2C01 
NaCl 
KH,PO, 
Phosphate 
Phosphate 
S (elemental) 
Sulfate 
Ba sulfide 
S (elemental) 
KC! 
HCI 
Argon and helium 
K,co. 
eaco, 
CaCI, 
CaCI, 
CaCI, 
Chloride 
Sc,O, 
SeCis 
Cr Metal 
CrCI, 
MnCl, 
Fe metal 
FeCls 
FeCl, 
FeCla 
CoCI, 
Co,O, 
CoCI, 
Ni metal 
NiCI, 
Cu metal 
Zn metal 
ZnClt 
ZnCI , 
Ga,Oa 

. Chloride or oxychloride 
As,O, 
GeO, 
Se metal 
Chloride 
KBr 
Rb,COa 
Sr(NO,), 
SrCI. 
Chlorides 
Y,Oa 
YCls 
Zr(OH), or 20, 
Oxelate complex 
Nb complex 

MoO, · .. 

(J) 

Specific acJfrily 

~2.63 e/cm• at NTP (CF) 
>0.5 me/ml (CF) 
0.25-1.5 c/gm C 
> 1 c/gm Na (CF) 
90 me/gm Na 
~1 c/gm Na 
30 me/gm P 
~0.025 mg P /me 
>0.5 me/ml (CF) 
0.3 me/gm S 
> 1 me/ml (CF) 
>10 e/gm S 
> 1 e/gm S 
0.0006 me/gm Ct 
0.01--0.2 me/gm Cl 
0.01--0.l me/ml (CF) 
20 me/gm K 
0.4 me/gm Ca 
0.2--0.4 me/gm Ca 
5-60 me/gm Ca 
> 1000 me/gm 
>0.1 µe/ml (CF) 
750 me/gm Sc 
>Sc/gm Sc 
50 me/gm Cr 
100-400 me/gm Cr 
>0.05 me/ml (CF) 
0.7, 0.4 me/gm Fe 
1-4 me Fest/gm Fe 
0.5-1.5 c/gm Fe 
0.5-1.5 c/gm Fe 
<0.01 me/ml 
34 me/gm Co 
0.5-5 c/gm Co 
0.35 me/gm Ni 
5-50 me/gm Ni 
300 me/gm Cu 
1.9 me/gm Zn 
75-300 me/gm Zn 
~5 e/g Zn (CF) 
235 me/gm Ga 
>0.05 me/ml (CF) 
550 me/gm As 
(CF} 
3.3 me/gm Se 
50-100 me/gm Se 
120 me/gm Br 
45 me/gm Rb 
0.11 me/gm Sr 
> 1 me/ml (CF) 
> 1 me/ml (CF) 

115 me/gm Y 
> 1 me/ml (CF) 
0.05 me/gm Zr 
> 1 me/ml (CF) 
> 1 me/ml (CF) 

7 me/gm Mo 

• Symbols: (I) Irradiated; (P) Processed; and (CF) Carrier free. 

(4) 

Form and physical 
character 

Gas 
In HCl solution 
Powder 
In weak HCI solution 
Powder 
In H 20 solution 
Crystalline-fine 
In weak HCI solution 
In weak HCl solution 
Sulfur sublimed 
In weak HCI solution 
In Ba(OH): solution 
In benzene solution 
Crystalline (very fine) 
HCI solution 
Gas 
Anhydrous powder 
Powder 
In HCI solution 
In HCl solution 
In HCI solution 
In HCI solution 
Powder 
In HCI solution 
Metal powder 
In HCI solution 
In HCl solution 
Metal Powder 
In HCI solution 
In HCI solution 
In HCI solution 
In HCI solution 
Powder and/or wire 
In HCI solution 
Metal powder 
In HCI solution 
Metal turnings 
Mossy metal 
In HCI solution 
In HCl solution 
Powder 
In HCI solution 
Powder 
Powder 
Powder 
In HCI solution 
Crystalline 
Powder 
Crystalline (fine) 
In HCI solution 
In H.C! solution 
Powder 
In HCI solution 

Powder 
1n oxalic acid solution 

In oxalic acid solution 
Powder 

(S) 

Estimate of probable 
fraction aMilable 

for inhalation 
(%) 

100 
1 (fumes) 
1 (dust) 
0.1 
1 
0.1 
0.1 
0.1 
0.1 
1 
0.1 
1 
1 
0.1 
1 
100 
1 
1 (dust) 
Slight 
Slight 
Slight 
Slight 
0.2 
0.1 
Slight 
0.1 
0.1 
Slight 
0.1 
0.1 
0.1 
0.1 
Slight 
1 

Slight 
0.1 
Slight 
Slight 
0.1 
0.1 
Slight 
l (fumes) 
0.1 
0.1 
l 
1 
Slight 
1 · 

0.1 
0.1 
0.1 
0.1 
0.1 

Slight 
0.1 
0.1 

0.1 
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Table VJ. General Information Relative to Shipments of Radioa ctive Ma te rial from Oak Ridge Na tional Labora tory8 
-Continued 

(/) 

Radioisolope• 

TeH (I) 
Tc99 (P) 
Ru17 (I) 
Rum (P) 
Ru-Rh•0 • (P) 
Pdl09 (I} 
Agno ( I) 
AgllO (P) 
Aglll (I) 

CdUl (1) 1 
Cd1

" (I)2 
CdlU (P) 
In' " (I) 
Jnll4 (P) 

Sn113 (P) 
Sn111 ( I) 
Sb122 (I} 
Sb"' (I} 
Sb124 (P) 
Sb125 (I) 
Sbus (P} 
Jrn (I) 
JUI (P) 
csii, (I) 
Csm (P) 
Cs-Bam (P) 
Ba131 (I} 
Ba-La140 (P) 
La140 (I) 
Cel41 (I} 
Ce•u (P) 
Ce-Pr144 (P) 
Prtn (I ) 
PrtU (P) 
Nd-Pm147 (P) 
Pm141 (I) 
Pm147 (P) 
smm (1) 
Eum- ,u (I) 

Hf'" (I} 
Ta111 (I) 
Ta111 (P) 
W185 (I) 
wm (P) 
\VU7 (1) 
Re111 (T) 
Os191 (I} 
tr••• (I) 
Tr192 (P) 
Ir'" (I) 
Au•ts ([) 
Au199 (I) 
HglU ([) 
Hgm (I) 
Hgm (P) 
T1•0• (I) 
Tl'•• (P) 
Bi210 (I) 
FP (P)l 

(Z) 

Compound as shipptd 

MoO1 

NH 4TcO, 
Ru1O1 
Chloride 
Chlorides 
Pd metal 
AgNO. 
AgNO, 
Pd metal 
Cd metal 
Cd metal 
Cd nitrate 
I n metal 
Chloride 
Chloride 
Sn metal 
Sb metal 
Sb metal 
Sb chloride 
Sn+ Sb metal 
Sb chloride 
Te metal 
Nal in Na.SO, 
es.co. 
CsCI 
C-SCI 
Ba(NO,), 
Chlorides 
La,o. 
CeO, 
CeCl, 
CeCI. 
Pr,O1 
PrCI, 
NdCla 
Nd ,O, 
PmCI. 
Sm,O, 
E u ,O, 
HfO, 
Ta Metal 
Tantalate 
\VO, 
Tungstate 
WO, 
Re 
Os metal 
Ir metal 
Kor Na chforoiridiate 
Ir metal 
Au metal 
Au and Pt metal 
HgO 
HgO 
Mercury nitrate 
TJNO1 
Nitrate 
Bi metal 
Mixed fission products 

(J) 

Spuifie atJirily 

(CF) 
1 mg Tc'° = 20µc Tc .. 
0.03 me/gm Ru 
> 1 me/ml (CF) 
>2 c/g Ru (CF) 
220 me/gm Pd 
5 me/gm Ag 
100-300 me/gm Ag 
(CF) 
20 me/gm Cd 
1 me/gm Cd 
5- 20 me/gm Cd 
70 me/gm In 
50-150 me/gm In 
0.1-1 me/gm Sn 

250 me/gm Sb 
12 me/gm Sb 
500-1500 me/gm Sb 
(CF) 
~0.01 me/ml (CF) 
(CF) 
5-20 me/ml (CF) 
60 me/gm Cs 
1-3 e/gm Cs 
1-10 me/ml (CF) 
0.25 me/gm Ba 
> 1 me/ml (CF) 
525 mc/g-m La 
7.5 me/gm Ce 
> 1 me/ml (CF) 
>1 m/ml (CF) 
550 me/gm Pr 
>0.1 me/ml (CF) 
>0. I me/ml (CF) 
(CF) 
> 1 me/ml (CF) 
1000 me/gm Sm 
72 me/gm Eu 
60 me/gm Hf 
105 me/gm Ta 
0.5- 1.5 c/gm Ta 
7 me/gm \V 
100-400 me/gm W 
350 me/gm \V 
1230 me/gm Re 
>3 me/gm Os 
2.1 c/gm Ir 
1-5 c/gm Ir 
1 700 me/gm Ir 
3 c/gm Au 
(CF) 
200 me/gm Hg 
72 me/gm Hg 
50-100 me/gm Hg 
1.3 me/gm Tl 
50-300 me/gm Tl 
0.4 me/gm Bi 
1-25 me/ml 

(4) 

Porm and physical 
character 

Powder 
In weak NH ,OH 
Powder" 
In HCI solution 
In HCI sofotion 
Meta l foil 
Crystalline 
lnNHO, solution 
Metal foil (5 mil) 
Metal , mossy 
Metal, mossy 
In NHO, solution 
Metal foil 
In HCI solu tion 
In HCI solution 
1'.fossy metal 
Metal chunks 
Metal powder 
In HCI solution 
Mos.sy metal chunks 
In HCI solution 
Powder 
In NatSOa solution 
Powder 
In HCI solution 
In HCI solution 
Crystalline and/or powder 
In HCI solution 
Powder 
Powder 
In HCl solution 
In HCI solution 
Powder 
In HCl solution 
In HCI solution 
Powder 
In HCI solution 
Powder 
Powder 
Powder 
Metal Powder 
In KOH solution 
Powder 
In KOH solution 
Powder 
Metal powder 
Metal powder 
Metal powder 
I n HCl solution 
Metal powder 
Metal foil (1 mil) 
Metal foil (5 mil) 
Powder 
Powder 
In HNO , solution 
Crystalline (fine) 
In HNO, solution 
Granular metal 
Strong H NO, solution 

- - - - - - - - -- - - - -· 

(.S) 

1!.stimal• of probab/1 
fraclio,. aMilabl, 

for inhalation 
(%) 

0.1 
0.1 
0.1 
0 .l 
0.1 
Slight 
Slight 
0.1 
Slight 
Slight 
Sljght 
1 (fumes) 
Slight 
1 
0.1 
Slight 
Slight 
Slight 
1 (fumes) 
Slight 
1 (fumes) 
1 
0.1 
1 or less 
0.1 
0.1 
0.1 
1 (fumes) 
0.1 
0.1 (dust) 
0.1 (fumes) 
0.1 (fumes) 
0.1 
0.1" 
0. 1 
0. 1 
0. 1 
0.1 
0.1 
0.1 
Slight 
0.1 
0.1 
0.2 
0. I 
1 
0. 1 
Slight 
0.1 
Slight 
Slight 
Slight 
Slight 
Slight 
0.1 
0.1 
0.1 
Slight 
1 

- - - - - - -
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Table VII. Summary of the Twenty More Dangerous Radionuclides Listed in Order of Decreasing Hazard 

lnhalalion Jnjee.tion Inhalation 

Soluble radioa,./fre material Insoluble radioactirt material 

The iudicaltd organt as 
rhe eriticol body organ 

ll'ound site the 
critical tissue 

Lung the 
critical body organ 

GI traci lht 
critical body orgn11 

Re/afire ha:ard 
from Table I 

Relatit•e /1a:ard 
from Table 11 

Rtlatfrt hazard 
from Table II l 

Rdot ire hazard 
from Table IV 

Reloli:·e hazard 
from Table V 

210 Ac027 + dr B 60 Ac2n + dr B 4 X 103 Acm + dr 48 Ac227 + dr 
8.1 Pbt•o + dr 
8. 1 P ot10 

56 Ra t2, -+ Pbt" f 
45 Raw -+ Bi211 
29 Th 2:• -+ Bi212 

21 Thm -+ Pb211 

19 Rau6 -. Po•• 0 

17 Cm2•2 

9.6 Atm + dr T 19 At211 + dr T 7.1 X 107 Cmrn 
4.8 Pb21

• + dr B 13 Cm"' B 6.7 X 107 Pb"°+ dr 
3.3 cm2.i2 B 11 Pb210 + dr B 6.3 X 107 Po210 3.6 Ram + dr 

2.4 Am 2
" 1.6 p0 210 s 8.3 Po"• s 5.6 X 106 At111 + dr 

1.4 f13l T 1.9 J13I T 2.0 X 106 Amut 0.48 At~11 + dr 
0.23 Ba 140 + Lau0 

0.23 ,\glOS 
0.9 Am 2

" B 0.53 Thm + Pa~•• B 1.9 X 106 Ra 2 26 + dr 16 Po110 

0.3 Ra 223 + dr B 0.43 Ce'" + PrtH B 1.6 X 10° Ru 106 + Rh10• 6.5 Pb"' + Bim 
4.6 :\mW 0.3 Puu• B 0.42 Bat<o + Lat•o B 1.-1 X 10' Cetu + Pr111 0.21 Ru10& + Rhl0& 

0.21 Co60 0.2 Sr•• + y oo B 0.36 Am"' B 1.2 X 10• Sr•0 + Y•• 0.91 :\ cm -+ Pbm 
0.42 :\t211 -+ p1,,01 0.13 Th234 + Pa234 B 0.34 Sr•0 + y ,o B 9.1 X 105 Thm + Pam 0.21 V48 

0. 11 Ba140 + La110 13 0.28 Ir••~ s 7.7 X 10• Ba"0 + La110 0.20 Ce"' + Pr 1
" 

0.19 Te129 
0.37 Ru•0 • + Rh106 

0.34 Ce111 + Pr1" 

0.23 Th'" + Pa 2
" 

0.19 yoo 

0. 11 Ce141 + Pr'" B 0.25 v•• B 7.1 X 10• Te1! 9 

0.1 Sr89 B 0.20 Ru106 + Rh10• K 6.7 X 10' P 32 0.18 Sc,. 
0.072 Fe•• Bl 0.19 Tm170 B 6.3 X 105 Sr•• 0.16 \\'181 

0.063 yn B 0.18 Sr89 B 6.3 X 10• RbSG 0.1-1 Sr•• + \' 90 

0.14 Ir,., 
O.18 .-\s" 

0.054 Te12• K 0.17 Te••• K 6.3 X 105 Y91 0.17 Bit•o + Pot10 
0.16 Te•t9 0.048 Tm110 B Q. J7 :\uUS K 3.7 X 1os Tm•10 0.14 Zr9• + Nb•• 

0.13 Tc9 • 0.048 Ru10• + Rh10
• K 0.12 Pu 23~ B 3.2 X JOS ,\glll 0.16 Rat" ...... Bim 

0.15 La1u 0.048 :\u198 K 0.11 Fe69 Bl 3.1 X JO• Te127 0.12 Thm + J>am 

• Parent radionucli<les with radioactive half-lives less than 
oue-balf hour have been excluded in this comparison. 

t Symbols: 8 - Donc; 7'- Thyroid; S-Splccn; Bl- Blood; 
and K- mdncys. 

Case 3 

In this case it is assumed the MPI of insoluble 
radioactive material enters the body by way of a 
wound at time t = 0; that all the material remains at 
the site of the wound where it irradiates the critical 
tissue of mass m = 10-3 gm, and that it is eliminated 
from the wound with a biological half-life, Tb, of 120 
days. In this case Equation 15 becomes, 

1.35 X 10-:1 D 
MPI = T~(bE)(RBE)N( I - c - o.t1nt,' 7') 

( 16) 
Case 4 

This case is essentially the same as Case except 
the !ung of mass m = 10:{ gm is always taken as the 
critical organ, the fraction retained in the lungs, 
f = 0.125, and the biological half-life Tb is 120 days. 
Placing these constants in Equation 13, 

25D 
MPI = T:£(bE)(RBE)N [T,.( 1 - <'-o.:!attr,) 

Case 5 

_ Q.23) c -0.603 1/T] 

(17) 

The damage to a portion of the GI tract due to the 
inhalation of a radioactive isotope is influenced by the 
radioactive decay rate of the isotope and of the daugh
ters which may replace it, and also by the partial or 
complete. elimination o'f the isotope and daughters 
from the GI tract. In most cases the elimination from 

t The nrrow (-+) means the values given inclu de the en
ergies emitted by all the daughter products down to the 
stable isotope. 

the GI tract by absorption into the blood stream oc-
curs predominantly while the isotope passes through 
the small intestine. In this report we compute the 
damage to the GI tract, taking account of the effect 
of biological elimination. 

\Ve consider the GI tract as composed of four 
organs- the stomach, small intestine, upper large in~ 
testine, and lo\\'er large intestine. \Ve assume one 
atom of a certain isotope is ingested and that this 
atom, or the daughters which may replace it, moves 
through the GI tract spending one hour in the stom
ach, 4 hours in the small intestine, 8 hours in the 
upper large intestine, and 18 hours in the lower large 
intestine. \ Ve assume the atom moves at a unifonn 
rate along the intestinal tract. Finally we assume that 
the elimination from the GI tract occurs uniformly, 
i.e., at a constant rate during the 4-hour period in the 
small intestine, and that there is no absorption into 
the blood stream during the remaining periods of 
time. · 

Ull(ler these assumptions the a tom has a definite 
position at any time, t, and thus the damage to a 
specified portion of the GI tract is easily calculated 
\\·hen the number of atoms at any time, t, is known. 
Suppose the parent isotope has a chain of k daughters. 
\Vhen the isotope or its daughters are passing along 
a section of the GI tract where no absorption into 
the hlood stream occurs, the number of atoms of each 
kind is determined by · the solution of the following 

_ differential equations : 
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dNu(t) = ->..o'No(t) 
dt 

dN1(t) 
dt = >..,-{ N1-1 (t) - VN;(t) 

(18) 

i=l,2, ... k (19) 

In Equations 18 and 19, N 1(t)is the number of atoms 
of the ith daughter which are in the GI tract at time, 
t, and >,."{ is the radioactive decay constant for the ith 
daughter. The subscript, zero, refers to the parent 
isotope. To completely determine the functions N 1(t), 
the values of these fu nctions are needed at the time 
when they entered the section of the GI tract in ques
tion. Thus, for the stomach we may take t = 0 as the 
time of entry and then N 0 (0) = I, .V, (0) = 0 for 
i ~ 1. The solution of Equations 18 and 19 at any 
time within the first hour is then given by,10 

N 0 (t) = c-V 1 (20 ) 

Ni(t) = ( ;TT >../) ± -,--_r_-~_.,_, - -
i=O 11 =0 fl (>../->..n') 

i= 1, 2, .. . k 

p=O 
;,'11 

i - 1 

IT >..{ means the product of the >./ indicated 
i=O 

(21) 

The solutions of Equations 20 ancl 21 can he extended 
for arbitrary numbers of atoms of each daughter en
tering by simply regarding each daughter atom that 
enters the Gl tract as the parent of a somewhat shorter 
chain of daughters and applying the same fornmlac 
( 20 and 21) with the corresponding yalues for k and 
the >.'s. \Ve shall not \\·rite here the most general solu
tion which is a rather cumbersome expression. It is, 
however, easy to write the appropriate solution in any 
case where It is not very large. 

If the atoms are passing through the small intestine, 
"Equations 18 and 19 need to be modified since they 
neglect absorption into the hloocl stream. \Ve have 
assumed that the absorption takes place at a constant 
rate. Thus, of N, ( t) atoms of the ith daughter which 
exist at time, t, in the small intestine, i.e., if time is 
taken in days 1/24 < t < 5/24 a certain fraction is 
absorbed per unit time, and we denote this fraction 
by ,\,b_ 

The constant, >..l, plays a role quite analogous to 
that of the radioactive decay constant, >.{, and we 
term >.1b the biological elimination constant. \Ve put 
,\1 = >-l + >..l so that if N,(t) atoms exist at time, t, 
the number eliminated in time, dt, either through 
radioactive decay or through absorption into the blood 
stream, is N 1(t)>..1dt. Thus, for ½4 < t < %4 
Equations 18 and 19 become, · 

d:V"(t) 
dt = ->.oNo(t) (18') 

dN,(t ) , 
_d_t_ = >..1-i'J\ 1-1 (t) - >.rlV,(t) i = 1, 2, ... k 

( 19') 

and the appropriate boundary conditions are the 
values of the functions N 1 (1/24) determined by 
Equations 20 and 21 for l = 1/24. It is easily veri
fied that, 

(20') 

i = 1, 2, . . _.k 

is the solution of_ Equations 1 S' and 19' with the 
boundary conditions N O ( l /24) = l, N 1 ( l /24) = 0, 
i = I •.•• k. This is easily verified by direct substitu
tion and comparison with Equations 20 and 21. Thus, 
the solution which has the same values at t = 1/24 as 
Equations 20 and 21 is, 

No(I) = N 0 (5/24)1:>-o•<t- :v24 > (20"') 

i ( i- I ) e->-•<t - 11241 

N,(t) = ~~Vq(l/2-+ ) }Jq >..( ll~Q , 

fl (,\p - >.n) 

-i= 1, 2, . .. /.· 

/J = q 
,, -# . .. 

(21") 

with N q( I /2-+) given by Equations 20 and 21 for 
I = 1/ 24. 

For 5/24 < t < 31/24 Equations 18 and 19 hold, 
and thus for / in this range, we have, 

No ( I) = N O ( 5/24) e ->-.r11-v124i (20"') 

N,(t) = ± Nq(S/24)( ri1>-l) ± : - ,.r(I - Sl!H) 

q=O ,=q n =q IT (>../->.a') 
p : q 
p ,t. " 

i=l,2, ... k (21"') 

The value of >..,b is based on experimental ,·alues 
which determine the amount of an isotope absorbed 
into the blood stream. Let f1 be the fractional amount 
of an isotope, i, absorbed into the blood stream. Then 
>..;b is found by solving 

f1 = c->. ,, >./' c->-,1 dt = :.!... e->-,'(1 - e->-,4 ' 24 ) _ f 
4 12t :1_ .b 

0 >..1 

( ,\·'") = 1 - ;1 e->-,, ( 1 - e--1124 >.,) (22) 

or, 

1 - ;J( 1 - e---4' 24 >-, )= c:..,,f, for >..1 = >.{ + >../' 

Because of uncertainty in the experimental values of 
f1, and since our assumptions are not precisely fu\-' 
filled, it may happen that 

e>- ,r f • > 1 

and the equation does not apply. vVhen e>-.' Jr ex
ceeded 0.95, the latter value was used in place of 

e:..,, !, 
in Equation 22. 

---------------
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The MPI to give a total damage of 0.3 rem to any 
given portion of the GI tract can now be readily cal
culated. The expression, 

,, 
f i N-1(t)>..{ ~(bE).(RBE), dt (23) 

i= 0 

represents the total effective energy released in the 
GI tract in time, dt, due to the inhalation of one atom 
of parent. The fraction, f, of inhaled atoms arriving 
in the stomach is taken as 0.625. During the first hour, 
the radioisotopes are assumed to be in the stomach 
and so the rem dose to the stomach per atom of parent 
inhaled is given by, 

1.602 X 10-8/ 
Dose to stomach/atom = 2 m 

/o1124 

i t:ri(t) ,\{(bE),(RBE), dt (24) 

A factor of 1/2 has been used since the stomach wall 
is only irradiated from one side. Then the MPI in p.c 
is given by the equation, 

MPistomach = 
r 1124 k 

25.6 f }o ;~o N1(t) V(bE),(RBE)i dt 

>..o' t1 

11PI,tomac/o = 
1.17 X 10-2 m 

X Tor(l _ e-0.231/Tor) 

(26) 

The fraction on the left of (25), (26) and (28) gives 
the number of p.c actually inhaled and the fraction on 
the right corrects for radioactive decay before enter
ing the body. Thus MPI is the equivalent amount at 
time t = 0. For other portions of the GI tract, we 
return to Equation 23 and assume that the energy 
released in time, dt, is absorbed in the section of the 
GI tract through which the isotope moved during 
time, dt. If , is the total time in the section of the GI 
tract considered, the energy released in time, dt, is 
absorbed in a mass of mdt j,r and the rem dose per 
atom of parent at the site in the intestine is given by, 

. . 1.602 X I0-8 f T 
Dose to mtestme/atom = -----,,2---

m 
k 

X r N,(t) >..{(bE)1(RBE), 
i = 0 

(27) 

K. Z. MORGAN et al. 

The number of p.c of parent which deliver 0.3 rem to 
the site in the intestine is given by, 

I\1PI,,.1e,1ine = 1.17 X 10-z m 

f T To,. 
± N 1(t) (bE),(RBE), 

; = o Tor 

0 .231 
X T 0r (1 _ e-0.231/T0,") 

(28) 

The ,,c of parent which may be inhaled without ex
ceeding the dose of 0.3 rem in any given portion of 
the GI tract is then the minimum of Equations 26 
and 28. 

MPiar = minimum [l\1PI ,10 111ach , l\f PI;,.testine] 
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Health Protection of Workers Exposed to Ionizing Radiations 

By A. ·A. Letavet, USSR 

The health protection of people who may be sub
jected to the action of ionizing radiations, while en
gaged in work devoted to the use of atomic energy 
for peaceful purposes, is ensured in the USSR by 
the following system of national measures: 

1. Legislation regarding the maximum permissible 
levels of irradiation and concentration of radioactive 
isotope content in the air and water. 

2. Legislation regarding the duration of the work
ing day and vacations. 

3. Publication of compulsory hygienic rules for a ll 
kinds o[ work performed under conditions of ioniz
ing radiations. 

4. The setting up of state control over the observ
ance of laws promulgated in this realm. 

5. Organization of medical service aimed at sys
tematically supervising the state of health of the 
workers in question. 

The hygienic standards of the maximum permis
sible levels of external irradiation, as well as of con
centrations of radioactive isotopes in the air and 
water are issued by the Ministry of Health of the 
USSR. The established standards have the force of 
law to be abided by every institution and enterprise. 

The Ministry of Health of the USSR has ruled 
that the dose of 0.05 roentgen ( or 0.05 of physical 
equivalent of roentgen for beta-irradiation ) in a 
working day is the maximum permissible dose of 
exterior gamma-radiation. This standard conforms 
with the recommendation of the International R adi
ological Congress held in London in 1950. 

However, this international recommendation, as 
well as recommendations of various scientific or
ganizations and committees in some countries (the 
U SA, Britain, and others) accepts a dose of 0.3 
roentgen a week (or a physical equivalent of a 
roentgen) as an equivalent standard. V./e believe it 
is preferable to accept the daily dose of 0.05 roent
gen in a working day as the basic standard. Herc 
we proceed from the general concept drawn from 
the findings of many investigations carried out in 
the USSR and abroad that finely fractioned doses of 
irradiation lead to better restoration and, conse
quently, a re of less danger than concentrated doses. 
In line with this thesis accepted in the USSR, all 
preventive measures (protection, the fixing of a per
missible working day for certain conditions, etc.) 
are designed so as not to exceed the daily dose of 

Original language: Russian. 

0.05 roentgen. A summary weekly dose of 0.3 roent
gen is used only as an exception, in rare cases, when 
the conditions or nature of the work do not permit 
the observance of the fixed daily dose. 

159 

Table I shows the coefficients accepted in the 
USSR of the relative biological effectiveness of some 
kinds of radiations and the corresponding admissible 
daily doses of irradiations in physical equivalents of 
a roentgen. 

In order to prevent the harmful effect of radio
active substances penetrating into the body, maxi• 
mum permissible levels of radioactive isotopes in the 
air and water have been established. Such levels of 
concentration have been fixed by the Ministry of 
Health for all widely used radioactive isotopes. The 
list of maximum permissible levels of concentrations 
is enlarged and perfected by the Ministry of Health 
as the application of these isotopes extends to new 
fields, and as more scientific data is accumulated 
concerning their action. 

The maximum permissible concentration of radio• 
active substances in the a ir and water ha,·e been 
computed on the basis of: ( 1) experiments on ani
mals for the absorption, distribution , removal and 
action on the body of individual radioactive isotopes; 
and (2) data on the physical properties of isotopes
the type of disintegration, the energy of ionizing 
particles, the half-life, as well as the solubility of 
compounds and their dispersions. 

In experiments on animals particular attention 
was given to the resorption of radioactive isotopes 
from the gastrointestinal tract and the lungs, their 
distribution among the organs, the rate of elimina
tion, and the setting up of an equilibrium between 
the intake and elimination. Account was also taken 
of the natural intake, the content and exchange of 
stable bioelements in the body of man and animals, 

Table I 

}.fo.r,·,,,,,,,n 
permi.rsiblr doily • 

Coefficient rfnu.r of irrnni, 
of r&lative atfon in J,h)'tiral 

Tyf,l' of rndintio11 
hiolonfral NJtdvahmt., rl 

cf/cctt"vr11r.1s roentgc-11 

Gamma and roentgen rays 
Beta-radiation 
Alpha-radiation 
Thermal neutrons 
Fast n~utrons (up to 20 Mev) 
Fast neutrons (over 20 Mev) 

------

1.0 
1.0 

10.0 
5.0 

10.0 
20.0 

---

0.05 
0.05 
0.005 
0.01 
0.005 
0.0025 

---------
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i.e., the natural mineral exchange. In the case of 
radioactive substances and their compounds which 
are with difficulty resorbed from the gastrointestinal 
t ract, account was taken of the specific action of 
radiations on the intestinal tract itself in the pres
ence of radioactive substances, with due regard to 
the peculiarities of the neuro-receptive apparatus of 
the digestive organs. 

In the application of the experiments on animals 
to the solut ion of the problem under consideration, 
various factors were taken into account such as the 
method of injecting radioactive substances into the 
body, the duration of the experiments, the intensity 
of metabolism in various kinds of animals, their 
r adiosensitivity, and longevity, as well as the differ
ence of content of chemical elements in the tissues 
of man and experimental animals. 

vVith the same object in view, experiments were 
conducted on long-term effects of small doses of 
radioactive substances. 

W ith all these data available, a quantitative cal
culation of the maximum permissible concentrations 
was made, with the provision that with the maxi
mum concentration of the radioactive element ( equi
librium condition), the daily dose of irradiation 
should not exceed 0.05 of the biological equh·alent 
o f a roentgen in any part of the tissue of the human 
body as well as the gastrointestinal tract. 

The computation of maximum permissible concen
trations for radioactive elements whose stable iso
topes are bioelements of the human body can be 
made on the basis of the maximum concentration 
of stable isotopes in the human tissues and their 
dailv intake with food. 

A comparison of maximum permissible levels of 
concentrations of radioactive isotopes in the air and 
water required in the USSR with the standard of 
international recommendations shows that they do 
not differ considerably. This can be seen from Table 
II illustrating the maximum permissible concentra
t ions in water for several isotopes. 

The next table shows the maximum permissible 
concentrations of some radioactive isotopes in the 
air and water, required in the USSR (Table I II). 

Higher hygienic requirements are in force with 
regard to d rinking water of centralized water sup
plies, as well as with regard to atmospheric air of 
residential sections of towns and workers' settle
ments. 

Eleme11t 

Ra'"' 
Jffl 
Co00 

P"" 
N a"' 
Sr00➔Y"" 

Tobie II 

USSR : n1a.~imum per• 
missible c011cetitrotion 

fo·r 1vatcY1 in curies 
per liter 

5 X 10-11 

0.5 X 10-s 
S X 10-s 
1 X 10"' · 
1 X ;o-• 
1 X 10-• 

Standards recommended 
by the Radiological 

Cougress in London,,. 
1950, it, c;,ries per liter 

4 X 10·11 

3 X to·• 
1 X 10-• 
2 X 10-T 
0.8 X 10·• 
0.8 X 10-• 

Element 

Ra'"' 
Rn= 
Sr00 ➔ Y"" 
P" 
Sr .. 
Ca" 
Ba11-o➔ La1,o 
P" 
Csm ➔ Ba"' 
Zr05 ➔ Nb"' 
Ag"• 
C" 
Mn~ 
S'" 
Na" 

Table Ill* 

.\fa..rimum permissible eouccntratio,1s 
in rurirs per litttr 

Air Watt>r 

I X JO·" S X 10-u 
l X J0·11 l X 10·• 
I X 10·" 1 X 10·• 
S X JO·" S X 10·• 
1 X J0·11 1 X 10"8 

5 X 10·11 5 X 10"8 

5 X 10· 11 S X 10-s 
1 X 10·1

• 1 X 10·' 
5 X 10·1

• S X 10"' 
5 X 10·1

• 5 X 10·1 

5 X J0·10 l X 10·• 
5 X JO·• l X 10·• 
1 X IO·• l X 10 .. 
S X 10·• I X 10·• 
5 X 10·• 1 X JO·' 

* :Maximum permissible concentrations of radioactive sub
stances are for the a ir of working premises in the form of 
gases and aerosols and for the water of open pools used for 
non-centralized water supplies. 

S°'·iet legislation proYides for special privileges, 
such as a longer paid holiday and a shorter working 
day for kinds of work invoh-ing e..'Cposure to ior,iz
ing radiation of higher intensity, though still below 
the maximum permissible dose. 

In assessing 0.05 roentgen or physical equivalent 
of roentgen as the maximum permissible dose of ir
radiation both for the USSR and as internationally 
recommended, one should bear in mind that this 
dose still exceeds the natural radiation background · 
more than a hundredfold ; this follows from the as
sumption that the most likely daily dose of the 
background amounts to 0.0004 of the physical equiv
alent of a roentgen. 

Hence, from the viewpoint of maximum concern 
for the health of people subjected to the action of 
ionizing radiations, it is advisable to resort to a 
reduced working day and longer annual paid vaca
tions, along with technical measures aimed at the 
further reduction of the dose of radiation at the 
place of work. The object of these measures is to 
improve and to ensure a more complete process of 
recovery, which is of signal importance for the pres
ervation of health. 

Here are some instances from Soviet legislation 
dealing with the working day and longer paid vaca
tions for some categories of workers subject to the 
action of ionizing radiations. 

A six-hour working day has been fixed for every 
kind of work at nuclear reactors, at cyclotrons, beta
trons and other accelerating units ; for work con
nected with the preparation and operation of neu
tron sources ; for work on the gamma defectoscopy 
of metals and various articles ( at both portable and 
stationary units) ; for operations dealing with the 
use of artificial radioactive isotopes in an open form, 
possessing either a considerable half-life or unfavor
able conditions of distribution in the body, when 
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present in quantities over 1 millicurie per working 
place ( when using other isotopes-in quantities over 
10 millicuries) ; in the case of industrial use of ra
dioacti, ·e luminous substances of constant action ; 
and when preparing radon baths, etc. The working 
day is reduced to S hours under specific conditions 
of treating patients with gamma therapy at medical 
establishments. It is worth mentioning that a shorter 
working day does not involve a reduced salary. 

A longer paid vacation of 24 days is granted to 
everyone engaged in work dealing with radioactiYe 
isotopes in quantities over 1 millicuric at the work
ing place, sen·icing stationary units for gamma de
fectoscopy, or engaged in the preparation of radon 
baths. A 30-day paid vacation is granted to those 
working at nuclear reactors, preparing neutron 
sources, operating acceler.ating units, cyclotrons, 
betatrons, etc. ; working at portable units for gamma 
defectoscopy or at places where luminous substances 
of constant action are used; and to medical staff 
treating patients with gamma therapy, and others. 

It is expedient to grant facilities, such as a shorter 
working day or a longer annual vacation, in cases 
when the average total dose of radiation for some 
reason or other exceeds approximately tenfold the 
natural background of ionizing radiations, despite 
the application of modern protective techniques. 

In the case of widespread kinds of work, when 
radioactive products are used in industry, in scien
tific, medical and other establishments, the State 
Sanitary Inspection of the Ministry of Health of 
the USSR issues special hygienic rules aimed at 
fully preventing the harmful action of radioactive 
products on the human body. To date such rules 
have been issued for: ( 1) work dealing with radio
active isotopes; (2) industrial gamma defectoscopy; 
( 3 ) work connected with radioactive luminous sub
stances; and ( 4 ) medic.al establishments. 
. T he rules contain detailed instructions concerning 
th~ storage and handling of radioactive products, the 
building and equipment of premises where work 
with radioactive substances is performed, protection 
from radiation, the supply of clean air, measures 
dealing with personal hygiene, etc. 

The rules are compulsory for every chief of enter
prises and offices where radioactive products are 
used. The observance of these rules and standards is 
checked up by the authorities of state industrial and 
sanitary supervision. In case of violation of the rules 
or standards, the representative . of the supen·isory 
authorities is empowered to apply sanctions depend
ing on the nature of the violation : ( 1) to impose a 
fine on the management of the enterprise or office ; 
(2) to have the department or laboratory closed 
down; and ( 3) in cases of gross violations, to sue in 
court. 

In addition to current supervision of the observ
ance of the required hygienic rules and standards at 
operating enterprises, the Soviet State Sanitary In
spection also effects so-called preYentive Sanitary 

Supervision, i.e., passes judgment on designs of 
factories, new or reconstructed, as far as hygienic 
requirements and standards are concerned. Hence, 
no industrial enterprise or laboratory using radioac
tive substances can be commissioned without the 
apprO\·al by a competent committee of phys icians and 
physicists on the observance of safety rules. 

Properly designed protection from ganm,a and 
neutron radiation is of uppermost importance in 
ensuring safe conditions of work at various enter
prises and laboratories using radioactive products. 

Up to recently tables have been recommended in 
Soviet and foreign- publications for protection from 
gamma radiations comprising the following quanti
ties : the activity of the source and the energy of 
gamma rays (for instance, the well-known Ham
mertsfclder table) . The general shortcoming of these 
tables was their lack of accuracy since the multiple 
scattering of gamma rays in the protective facilities 
was not taken into consideration, as well as the 
limited sphere of their application. 

In the USS R "Universal tables for calculating 
protection from gamma rays" have been prepared, 
which are to a considerable extent devoid of the 
above shortcomings. The basic quantities in these 
tables are factor of reduction and the energy of 
gamma rays. The tables are in accordance with the 
theory of gamma ray reduction in a wide beam £or 
major building materials : lead, iron, concrete, and 
water. An e.,perimental check up of the tables has 
produced quite satisfactory results in the case of hoth 
monochromatic sources and those with a complex 
spectrum of gamma rays. The table is universal in 
that it helps to calculate promptly and easily the 
protection from gamma rays within 0. 1 to 10 iCcv of 
energy under any conditions which may be en
countered in practice; for instance, to ensure a 
physiell dose of any magnitude, for any distance 
from the source, for sources of various shapes and 
various specific activities, for parallel, slanting and 
radial beams, etc. The tables may he u~ed to cal
culate protection from gamma rays from monochrom
atic sources as well as sources spreading a complex 
spectrum of gamma rays. 

By way of illustration, universal tables (Tallies IV 
and V) for calculating protection from g,1mma rays 
for lead are attached to this report. 

Convenient nomograms for rapidly calculating pro
tection have also been prepared for separate isotopes 
and their mixtures. A sample of such a no1.nogram 
(Fig. 4) for calculating protection from gamma 
radiation of radioactive cobalt is given in the ad
denda. The latter comprises a table of conversion 
coefficients, which m akes it possible to use the nomo
gram for radioactive cobalt for find ing the degree of 
protection from gamma rays of any other isotopes 
within a range of energy from 0.1 to 10 MeY. 

Great significance is attached to ventilation facili
ties so as to ensure purity of the air. It should, how
ever, be pointed out that the high degree of purity 



Table IV. Protection in Terms of Reduction Factor Using Lead (Wide Parallel Bea m). Thickness, x, in Te rms of mm of Lead of 11.34 gm/cm3 Density 

E11crgy of ga,m11a rays i11 Mev 
Rcd,uctfon 
factor, X b.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.25 1.5 1.75 2.0 2.2 3 6 8 10 

1.5 0.5 1 1.5 2 2 3 4 6 7 8 9 11 12 12 12 13 12 10 9 9 

2 1 2 3 4 5 7 8.5 JO 11 13 15 17 18 20 20 21 20 16 15 14 < 
5 2 4 6 9 11 15 19 22 25 28 34 38 41 43 44 46 45 38 33 30 0 

8 2 s 8 11 15 19 23 28 32 35 42 48 52 55 57 59 58 50 43 38 
: 

10 3 5.5 9 13 16 21 26 30 35 38 45 51 56 59 61 65 64 55 49 42 ~ 
20 3 6 11 15 20 26 32 38.5 44 49 58 66 72 76 78 83 82 71 63 56 

30 3.5 7 11.5 17 23 30 36 43 50 55 65 73 80 85 88 93 92 80 72 63 

40 4 8 13 18 24 31 38 45 52 58 69 78 86 91 94 100 99 87 78 68 -0 

50 4 8.5 14 19 26 32 39 46 53 60 72 82 90 96 100 106 110 92 83 73 ' °' 
60 4.5 9 14.5 20 27 34 42 49 56 63 75 86 95 101 104 110 109 97 87 77 00 

'0 

80 4.5 10 15.5 21 28 37 45 53 60 67 80 92 101 107 111 117 116 104 94 82 

100 5 10 16 23 30 38 47 55 63 70 84 96 106 113 117 122 121 109 99 87 C: 

200 6 12.5 19 26 34 44 53 63 72 80 96 111 122 129 133 140 138 126 114 102 en 
en 

500 6.5 14 22 31 40 51 61 72 82 92 113 129 142 150 154 163 161 149 133 119 ::0 

1000 7 15 24 33 44 57 69 81 92 102 123 141 155 165 170 180 178 165 151 133 

2000 8.5 17 27 38 50 63 76 88 100 111 135 154 168 179 185 197 195 181 166 148 '!> 
5000 9 19 30 42 55 70 85 99 112 124 149 170 186 198 205 219 217 203 185 166 

8000 10 20 31.5 44 57 73 90 104 118 130 158 180 196 208 215 130 229 215 196 175 .,.. 
10' 10.5 21 33 46 59 75 91 106 120 133 161 183 201 213 221 235 234 220 201 180 ,... 
2 X 10' 11 22 35 48 63 80 97 113 128 142 172 195 213 227 235 251 250 236 217 195 m 

5 X 10' 11.5 23.5 37 52 69 87 105 123 140 156 188 214 233 z,t7 255 273 272 258 237 215 ~ 
1 X 105 11.5 24 38 54 72 92 ll1 130 148 165 201 227 247 262 270 289 289 275 253 229 ~ 

Correction for 
slant rays* ~ = 0.17 0.85 2.10 3.98 5.80 7.30 8.9 10.1 11.6 12.6 15.3 17.3 18.7 19.6 20.0 21.8 21.2 19.6 18.2 16.7 

* The correction for "slant rays" is introduced only for very remote sources seen at correction equals /:;.Xo = do//J,o = ~ do, where e is given on the last line of this table 
angle 2y, or from point sources but measured by an extended detector. This correction anr! do in Table V. 
should be deducted from quantity x obtained from this table. The magnitude of the 
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Table V* 

K "'= 1s• do 
"'= Jo• 

do 

1.5 0.012 0.03 
2 0.016 0.05 
5 0.036 0.11 
8 0.050 0.14 

10 0.057 0.1S 
20 0.071 020 
30 0.083 0.23 
40 0.092 0.24 
50 0.096 0.25 
60 0.105 027 
80 0.114 0.28 

100 0.118 0.29 
200 0.128 0.34 
500 0.162 0.41 

1000 0.176 0.45 
2000 0.186 0.48 
5000 0.215 0.54 
8000 0.231 0.58 
10' 0.240 0.59 
2 X 10' 0.254 0.61 
5 X 10' 0.266 0.66 
10" 0.279 0.69 

• This table is intended to determine the 
corrections for the effect of "slant rays". The 
table comprises the values l:,.Xo = do/11-o = <do, 
where 11-o is the coefficient of attenuation for a 
narrow beam, and l:,.xo is the magnitude o-f the 
correction. The con:-ect ion is always deducted 

of the air required in compliance with the standards 
of maximum permissible levels of radioactive sub
stances in the air cannot be achieved unless the 
ventilation facilities are planned as a unit with her
metically sealed equipment, convenient for operation, 
and well planned premises. Unless the latter factor 
is observed, the ventilation system alone is incapable 
of providing the required cleanliness of the air. 

Hermetic cubicles with manipulating appliances or 
. rubber gloves built in the front walls are widely used 

for the protection of the air. The cubicles are ven
tilated in a closed system: the incoming air is fed 
through a separate main of air ducts, while the ex
hausted contaminated air is purified by an individual 
filter in the cubicle. It is such purification by individ
ual filters which prevents the system of exhaust air 
ducts and ventilation pipes from being contaminated. 

To prevent leakage, a vacuum of S to SO mm of 
H 2O is maintained in the cubicles. 

When working with small quantities of radioac
tive substances, the area of apertures in the fume 
hood of the non-hermetic type (chemical ) is reduced 
to the minimum. As in the hermetically sealed cubi
cles, rubber gloves for the operators are mounted 
into the front walls. High air velo!=ity-from 1.0 to 
2.0 meters a second, depending on the nature of 
radioactive substances and the kind of work, are 
provided for in the apertures to prevent the flow of 
radioactive substances into the air of the workers' 
premises. 

Special individual table-vacuum-stands provided 

t/1 = 45• 
do 

1/t= 60· 
do "'= 1s• 

do 
,J, = 90• 

do 

0.06 0.10 0.17 0.27 
0.11 0.18 029 0.42 
0,24 0.41 0.62 0.80 
0.30 0.50 0.75 0.95 
0.33 0.55 0.80 1.02 
0.44 0.70 0.99 1.23 
0.49 0.79 1.08 1.31 
0.52 0.83 1J3 1.37 
0.54 0.87 1.17 1.42 
0.57 0.91 122 1.47 
0.60 0.97 1.28 1.52 
0.63 1.00 1.32 1.56 
0.71 1.10 1.43 1.68 
0.82 1.25 1.56 1.82 
0.89 1.32 1.66 1.92 
0.94 1.39 1.72 1.99 
1.04 1.49 1.83 2.10 
1.09 1.55 1.89 2.17 
1.10 1.57 1.91 2.19 
1.15 1.62 1.97 2.26 
1.23 1.71 2.06 2.34 
1.28 1.76 2.12 2.40 

from the basic value of thickness ~ obtained 
from Table IV. In thi-s table, K is reduction 
factor; ,;, is half the angle of visibility of the 
source from the observation point or of de
tector from the point source as given in 
Table IV. 

with a shelter and local ventilation exhausts are used 
for the work of applying radioactive luminous paints, 
which fully guarantees against the pollution of the 
air of the premises by radon. 

The incoming air, preliminarily cleaned at the 
filters, is supplied primarily to the working zone. 

Particular attention is given to the protection of 
the atmospheric air. The air removed through ven
tilation systems is purified at various dry and moist 
filters and then released through stacks high into the 
atmosphere. 

Along with general prophylactic measures for 
work connected with radioactive substances, provid
ing for the necessary equipment of the premises, 
protecting arrangements, ventilation, etc., much .at
tention is paid in the USSR to the problems of indi
vidual protection of the operators, and notably to 
protective garments. 

For all kinds of work connected with radioactive 
substances, the personnel is provided free of charge 
with all the necessary protective garments and other 
protective means ( overalls, smocks, gloves, armlets, 
aprons, special pneumosuits, respirators, etc.) . 

For work connected with small quantities of radio:. 
active substances, smocks, overalls and short overalls 
made of white cotton fabric with a maximum smooth 
surface, like moleskin and sateen, are used as pro
tective garments. Besides, utmost attention is given 
to simplifying the design of the garments so as to 
faci litate the subsequent cleaning from radioactive 
contamination. 

----------- - -- - - - - -· 
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For the protection of the anns and hands, rubber 
or plastic gloves are used, as well as armleLc; made of 
plastic film. 

Special short overalls or aprons with armlets made 
of var ious plastic materials of Soviet make are put 
on on top of the cotton garments when the work is 
connected with radioact ive substances in greater 
quantities. T he designs (Figs. 1- 2) provide fuller 
protection of the surface of the body from radio
active substances, as well as from acids and alkali. 
The seams made hy means of high frequency welding 
lend uniformity to the plastic material and ensure 
hermet ic sealing; and at the same time make pos
sible the use of effective methods of decontamination 
by means of acids ar.d alkalis. 

Figure 1 

Figure 2 

Special air-pumped protective suits are used for 
repair work and in cases when for some reason or 
other the air of the building has been contaminated 
\\·ith radioactive substances. 

These so-called pneumatic suits are fabr icated of 
various Soviet-made plastic materials. Figure 3 pre
sents a general view of the pneumatic suit . 

The pneumatic suit consists of three main par ts: 
( 1) the headgear- light transparent helmet of clear 
plastic ; (2) overalls made of plastic films of special 
design; and ( 3) air supplying parts- hoses and forc
ing fans, portable or stationary. 

The helmet \\' C use has the following advantages 
over the various types of gas-masks an<l respirators: 
the respiratory organs of the \\'orker are altogether 
isolated from the surrounding air containing radio
active i111pt1rities, good visibility is ensured and the 
field of vision. is not limited ; there is no squeezing 
of the head or irritation of the skin on the face. T he 
helmet is so designed that air may also be deliYered 
under the overalls, which makes for the normal 
thermo-regulation through evaporation. 

T he design of the film overalls ensures full pro
tection of the surface of the body from radioactive 
impurities. At the same time the plastic material of 
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· the o,·eralls, as well as the helmets, are easily 
cleansed from any radioactive material which may 
contaminate them outside. 

For the most favorable conditions of work in a 
pneumatic suit, 150- 200 liters of air per minute are 
required. Then the operator does not feel the lowered 
heat yield caused by evaporation, and the incoming 
air does not excessively blow the suit. The amount 
of incoii1ing air is quit~ sufficient to maintain a cer
tain counterpressure ( 25- 30 mm H1O) so as to 
prevent the penetration under the suit of air con
taminated ll\· radioactive substances. 

Examinations made of physiological alterations in 
the body of an operator working in a pneumatic suit 
!~ave shown that quite a favorable microclimate of its 
own is created in the pneumatic suit; this enables the 
operator to remain for a long time in contaminated 
atmosphere without injuring his health. 

In some cases filtering dust respirators furnished 
,,·ith high efficiency filters designed for high-disper
sion aerosols arc used for work. of short duration 
under conditions of possihle air contamination with 
radioactive aerosols. 

L se is macle of \'arious conYentional types of 
tongs. holders, d amps and similar tools aimed at 

f igure 3 

Thickness of lead d, cm 

~~2 
Dose: O. OS gr ~t-
/ors Ix bour ~ '<i ' 
Yotld.og d•y o-. 2{J 

20 15 
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to Olher eae,gy levc!J 

dx • Kd,:.,60 for kid. 

!/'o ,A K 
0.10 0.011 
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increasing the distance between .the radioactive ·sub
stance and the op<!rator when the latter deals with 
small quantities of radioactive substances. 

Manipulators varying in complexity are used for 
large quantities of radioactive. substances. The de
sign of such appliances is technically outside the 
medical and biological sphere and ther~fore there is 
no need to dwell on it. 

Mention should be made of work performed with 
the help of very simple manipulators under water. 
This method is applied when packing radioactive 
cobalt and it provides quite a safe protection for the 
operator. 

T he reactors are opera_ted automatically. Parts are 
replaced with the help of remote control by operators 
completely protected from radiation by thick walls. 
Various optical appliances are used to supervise the 
operations. 

Dosimetric control is in use at enterprises and 
institutions where radioactive substances are used. 
A special dosimetric service headed by the chief en
gineer is instituted at enterprises dealing .with con
siderable quantities of radioactive substances; at en
terprises ,vith a small volume of such work, dosimetric 
control is effected by safety inspectors. 

General control over labor conditions, including 
radiation safety, is, as has been pointed out, effected 
by state industrial-sanitary supervisory organs. 

The task of dosimetric control is to keep a record 
of working conditions and the dangerous action of 
radioactive radiations on the body. 

Dosimetr ic control is carried out by means of 
numerous dosimetric instruments produced by Soviet 



166 VOL XIII P/689 USSR A. A. LET A YET 

industry. Measurements with the use of these instru
ments are taken according to uniform methods and 
instructions. 

Dosimetric measurements are effected by means of 
portable as well as stationary units including those 
automatically operated. The range of work of the 
dosimetric instruments is as follows: ( 1) control 
over gamma fields at the place of work; (2) deter
mination of air contamination by active gases or 
aerosols; ( 3) analyzing the degree of contamination 
of working surfaces, the operator's body, clothing 
and footwear; and ( 4) determining pollution of 
water in the sewers and water pools. 

Individual dosimetric control with the use of 
photographic films and pocket electric counters with 
indicator scales is employed to determine the total 
dose of radiation to which individual workers are 
subjected in a definite period of time. 

Various types of radiotechnical apparatus have 
been designed in the USSR to solve the numerous 
problems of dosimetry and radiometry of ionizing 
radiation. 

Representatives of dosimetric service or competent 
safety inspectors carry out systematic supervision of 
every kind of work where the operator may be sub
jected to the action of ionizing radiations. If repair 
or emergency work is to be performed in conditions 
of an intensified gamma field or air contamination, 
the representative of dosimetric service or an author
ized representative issues to the operators a special 
permit indicating the period of time during which 
the latter may remain in the dangerous zone without 
being overexposed. The permit also specifies the 
proper outfit required for this kind of work. The 
dosimetric service inspector is authorized to stop the 
work if these rules, as well as other safety require
ments, are violated. The most important kinds of 
work are performed under the supervision and con
trol of a dosimetric inspector. 

Soviet medical service devotes much attention to 
regular inspection of the health of every worker who 
may be subjected to the action of ionizing radiation 
in h is pursuits connected with the peaceful use of 
atomic energy. 

Systematic compulsory examinations carried out 
by medical establishments every 6 or 12 months form 
a major part of the system of public health service. 
The timing of these examinations, depending on the 
amount of the radioactive substances used and the 
nature of work, is approved by the Ministry of 
Health and is obligatory for all those concerned. 

The aim of periodical medical examinations is to 
detect in time the beginning of occupational diseases, 
and the development of other diseases incompatible 
with work in conditions of ionizing radiations. 

At important enterprises periodical medical inspec
tions are made by medical centers functioning there 
and called medico-sanitary departments. At small 
enterprises, as well as·, at scientific research institu
tions and laboratories not provided with special 

medico-sanitary service, such examinations are made 
by the nearest medical-prophylactic establishments to 
which the given enterprise is attached for medical 
service. . 

The medical-prophylactic institution making med
ical examinations keeps a special record of people 
who have to deal with radioactive substances. 

The following specialized physicians take part in 
the medical examinations: a therapist, a neuropa
thologist, a gynecologist; when necessary a derma
tologist or ophthalmologist is consulted. 

In every case without exception a complete blood 
test is taken : the number of erythrocytes, leukocytes 
and haemoglobin, the leukocyte formula, the number 
of thrombocytes and reticulocytes, determination of 
blood coagulation and the duration of bleeding. In 
the morphological blood test much attention is also 
paid to the qualitative characteristics of the blood 
cells: the size of erythrocytes, the change in their 
form, neutrophil fragments, cytolysis, etc. 

Persons inhaling radioactive gas (radon) undergo 
roentgenography of the lungs not less than once a 
year besides general clinical examinations. 

Particular attention is paid to neurological exam
inations, since, according to many Soviet investi
gators, the nervous system responds particularly 
early to the action of ionizing radiation. 

After every medical examination the physician of 
the establishment responsible for making inspections 
jointly with the members of the medical commis
sions, formulates his opinion on the condition of the 
person under examination, specifying the necessary 
medical and prophylactic measures. Their findings 
are entered into a special individual ledger kept in the 
institution, or are sent to the respective medical 
establishment if the worker in question has changed 
his place of work or residence. This system of regular 
medical inspections over a number of years makes it 
possible to accumulate comprehensiYe data on the 
possible effect of minute doses of ioniz;ing radiations. 
which individual experiments fail to vield. 

Treatment at night sanatoriums is· widely applied 
in the USSR, aimed at timely prevention of general 
and occupational diseases of the workers. A night 
sanatorium is a medical-prophylactic establishment 
where a worker, while pursuing his occupation, is 
provided after work with the necessary regimen and 
medical treatment ( dietetic food, physio-therapentic 
procedures, medicinal therapy) which would have 
been impossible under conditions of conventional out
patient treatment. Accommodation at a night sana
torium is free of charge. The period of treatment 
depending on the medical indications varies from two 
to four weeks. 

Persons working under conditions of ionizing 
radiation are recommended to spend their annual 
vacation which, as has been mentioned, is prolonged, 
at sanatoriums and rest homes. Experience has 
shown that a visit to a sanatorium or a rest home is 
very effective in eliminating the changes which w,th 
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some probability might be ascribed to the action of 
ionizing radiations. 

Sanatorium and rest home accommodations are 
provided at a moderate price ( 30o/o is paid by the 
worker, and 70o/o from the social insurance fund). 

Research work dealing with problems of indus
trial hygiene under conditions of ionizing radiations 
is cond_µcted in the USSR at scientific institutes of 
industrial hygiene and occupational diseases ; such 
institutes, with corresponding laboratories and de
partments, function in various towns. They are en
gaged in experime.ntal investigations aimed at sub
stantiating the standard of maximum permissible 
concentrations of radioactive isotopes, in scientifically 

analyzing the findings of periodical medical examina
tions, and elaborating the required protective meas-
ures, safety rules and instructions for work with· 
radioactive substances. 

The scientific and research work in this realm is 
planned and generalized by the Central Institute of 
Industrial Hygiene and Occupational Diseases, which: 
forms part of the Academy of Medical Sciences, the· 
highest scientific medical institution in the USSR. 

Experience accumulated over a number of years. 
has shown that -the system of prophylactic measures 
applied in the Soviet U nion guarantees the preserva
tion of the health ·of all those engaged in the peacefu~ 
employment of atomic energy. 
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The following is an abridgrd ·version of the paper 

s11bmilfecl b)' tlze International Labour Office to 
the Conference. The chapters draling with injuries 
cai,sed by ionising radiations, standards of exposure, 
uses of these radiations and safet)' in the transport of 
radioactive s11bsta11ces, as well as the five appendices 
a(>pearittg in the fttll paper, are not reproduced in 
this te:rt. 

I. INTRODUCTION 

At its 38th Session, held in June 1955, the Inter
national Labour Conference adopted a resolution in 
which, among other things, it requested the Gov
erning Body of the International Labour Office, in 
the light of the information available as a result of 
the International Conference on the Peaceful Uses 
of Atomic Energy, to consider what part the ILO 
could play in advising and assisting governments and 
industry in promoting the highest possible standards 
of health, safety and welfare among workers in 
atomic plants and in other undertakings affected by 
the development of the industrial uses of atomic 
energy. 

This resolution is the most recent manifestation 
of the inte rest of the International Labour Organisa
tion in the protection of workers against injury and 
disease arising out of their employment. 

Among the many questions with which the Or
ganisation has been more particularly concerned in 
this fi eld is that of the risks presented by ionising 
radiations and measures for the protection of the 
workers who are exposed to these risks. 

As Jong ago as 1949, the International Labour 
Office showed that it was aware of the importance 
of ionising radiations in modern industry by con
vening a meeting of experts on dangerous radiations 
and devoting to this subject a whole chapter of the 
M odel Codr of Safct·y Reg11/atio11s for Industrial 
EstabLishmc11/s for tl,c Guidance of Governments 
and Ind11str1•. This chapter , which coniprises over 
200 provisio~s.2 was in fact the first set of interna
tional safety and health standards for the industrial 
use of X-rays and radioacti\-e substances. 

Although the Model Code ~as in no se1:se th_e 
binding force of an international convention, tt 
might be of interest to point out that several govern
ments have used it as a basis for the preparation of 
their own regulations. For example, it has recently 
been used in this way by the British Government in 
the preparation of statutory regulations which will 
control the use of X- and gamma rays in factories 
and other industrial establishments. 

The provisions on ionising radiations in the Model 
Code are, however, by no means the fi rst manifesta
tion of the interest of the ILO in the subject. 

For instance, in the years 1932-34 the Interna
tional Labour Office published in the encyclopaedia 
Occupation and Health three articles dealing respec
tively with the occupational pathology of roentgen 
ray operators, radium and radioactive substances, 
and uranium. The information given in these articles 

is obviously now out of date, but they are not de
void of interest and they make it easy to realise the 
immense progress accomplished during the last 25 
years, both in the industrial and other uses of X-rays 
and radioactive substances and in the knowledge of 
the risks and the indispensable precautions that they 
require. 

This progress is not less eYident from the increas
ing number of references to X-rays and radioactive 
substances quoted since 1923 in two periodicals pub
lished by the In~ernational Labour Office, the Bib
liography of !nd11strial H ')•gic11et and Occ11patio11al 
Safrty a11d Hcaltld . 

Further, the number of requests for information 
on the subject received by the occupational safety 
and health di,·ision of the International Labour Of
fice is tangible evidence both of the development of 
the uses of ionising radiations in modern technology 
and of the importance of the precautions that they 
call for. These requests, which emanate from hos
pital services as well as from industry, are concerned 
with the nature of the hazards, protective measures 
in the strict sense, and provisions for limiting the 
duration of exposure or arranging working hours 
and holidays of the exposed personnel. 

It should also be mentioned that pa thological 
manifestations due to X-rays, radium and other 
radioactive substances are included among the com
pensable occupational diseases listed in the Conven
tion concerning workmen's compensation for occupa
tional diseases adopted in 1934 by the International 
Labour Conference, and ratified by 29 countries. 
These manifestations are now compensable as occu
pational accidents or diseases in a total of 49. coun
tries.ff It is, however, possible that the extension of 
the peaceful uses of atomic energy to countries that 
are relati,,ely less advanced and whose legislation in 
thi s respect is inadequate will create certain diffi
culties. 

Lastly, a meeting of occupational health experts 
held in Geneva in December 1954 under the auspices 
of the International Labour Organisation recom
mended, as one of the items to be included in the 
international list of occupational diseases to be noti
fied to the labour inspectorate or other authority 
concerned with the protection of the health of work
ers in places of employment, diseases due to "ionis
ing radiations such as X -rays and radiations from 
radium or other natural or artificial radioactive sub
stances". Notification is of capital importance, if only 
because it facilitates the initiation of the necessary 
preventive and protective measures and ensures their • 
effective application. 

* * * 
t Published in 1948-50 as the Bibliography of Ocmpatio11al 

Medici11 e. 
:t: Formerly the lndt1strial_ Safety Survey. . 
If Io three of these countries, compensation 1s awarded 1:mly 

if the disease has been contracted m the course of specified 
work. In some federal States such as At1st ralia, Canada and 
the United States, comp~nsation is not provided for in all the 
federated states or provinces. 

---- ---- - - - - ---- - - - - - · 
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The purpose of the present report is to provide a 
brief survey of the field of protection of workers 
against ionising radiations. It is designed to give 
general but practical information on the nature of 
injuries due to ionising radiations, the standards of 
exposure and the methods of protection appropriate 
to the various categories of use, with special em
phasis on the industrial field. The report also briefly 
mentions some of the problems arising out of the 
mining and processing of radioactive ores and the 
transport of radioisotopes. 

On the other hand, it intentionally ignores those 
aspects of protection against ionising radiations of 
concern to public health authorities as well as those 
safety problems-and they are many-which arise 
in establishments for the production of atomic energy 
and its by-products. In the international field the 
former are of more special concern to the World 
Health Organisation and the International Commis
sion on Radiological Protection, while the latter, and 
more especially those related to the operation of 
reactors, will most probably form the subject of 
several national reports to the Conference. The In
ternational Labour Office is aware that these prob
lems have been thoroughly studied in various coun
tries that possess imposing resources and have 
accumulated in this field a fund of knowledge that 
is much more precise and extensive than would be 
possible in the case of an international organisation. 

It is interesting to observe that up to the present 
the atomic energy industry is widely believed to be 
safer than other comparable branches of industry. 
That this is so is doubtless largely because it is still 
in the experimental stage, is progressing cautiously 
under government auspices and is controlled by 
highly specialised staff having the necessary back
ground knowledge. This, moreover, is confirmation 
of a generally recognised fact, namely that the fre
quency of occupational accidents is often relatively 
low in industries where the risks are so serious and 
so widely known that special precautions are properly 
enforced and readily accepted. 

The International Labour Office does not possess 
information that can be considered adequate on the 
situation in uranium mining and processing. How
ever, it can be asserted that at the present time the 
safety and health conditions prevailing in undertak
ings where X-rays or radioactive substances are used 
for industrial or medical purposes are generally good 
and are adequately supervised, although protection of 
the personnel seems to be generally better in indus
trial undertakings than in hospitals. 

This situation, however, might take an unfavour
able turn with the extension of the uses of atomic 
energy to regions or countries with little industrial 
experience and underdeveloped inspection services; 
it might also deteriorate as man becomes familiar 
with risks that are not perceptible by any of his 
senses, and for this reason neglects or even despises 
the most elementary safety precautions. Lastly, com-

petition to reduce the cost of power from nuclear 
energy, the cost of devices based on this energy or 
the cost of other uses of it may also tend to narrow 
the margin of safety hitherto observed. 

Since one of the consequences of the development 
of the peaceful uses of atomic energy will be to make 
available to industry and other branches of economic 
activity a steadily increasing quantity of artificial 
radioisotopes, it is desirable that the subject of the 
protection of workers who are likely to come into 
contact with these substances should receive the close 
attention of the Conference. 

In fact, while in nuclear research centres or atomic 
energy establishments the risks inherent in ionising 
radiations and the indispensable precautions that they 
call for are perfectly well known, this is not so in 
the numerous industrial and other establishments that 
are already using radioactive substances or will be 
using them in the near future. It is thus on this kind 
of use that preventive action, and hence training ac
tivities, should concentrate if workers are to be ade
quately protected. 

In this connection it should be observed that for 
the International Labour Organisation, the term 
"workers" comprises all persons in employment. The 
Organisation thus has an equal interest in all classes 
of persons whose occupation may expose them to 
the action of ionising radiations, whether these per
sons are employed as manual workers or salaried 
employees in industry, in mining, in agriculture, in 
transport or in public or private services. 

One of the basic requirements of labour protection 
consists in the application of codes of practice and 
statutory regulations wherever dangerous radiations 
are being used, and this application should begin as · 
soon as possible because occupational safety and 
health must always be taken into consideration when · 
planning new projects, and because also a long period 
may elapse between excessive radiation exposure arid 
the manifes·tation of the first injurious effects result
ing from it. It is vital that there should be no repeti
tion of the tragic effects on the health of workers 
that have resulted in the past from the lack of d ear 
standards and fully enforced precautions in various 
industries in so many industrialised countries. 

In the legislative field much has been accomplished 
already, or is about to be undertaken, in countries 
such as Australia, Austria, Brazil, France, the Fed
eral Republic of Germany, New Zealand, Norway, 
Sweden, Switzerland, Turkey, the United Kingdom 
and the United States, but much remains to be done. 
This question will no doubt also be dealt with in 
other reports submitted to the Conference. 

The field of activity opened to international organ
isations by the development of the peaceful uses of 
atomic energy appears to be extremely wide and, 
while it is important that each organisation should 
be ready to play the part that its mission confers on 
it, it is no less important that in performing their 
respective tasks the various international organisa-
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· tions concerned should establish and maintain close 
contact with one another, and so far as possible avoid 
duplication and dispersal of effort. 

It is in the field of labour protection and more 
particularly in matters of safety, health, wel fare and 
workmen's compensation that the International La
bour O rganisation considers that it has a valuable 
contribution to make to the common cause. 

It is.1ess concerned with those aspects of the mat
ter which relate mainly to the economic implications 
of the application of nuclear power on a large scale, 
or to public health, or to the purely scientific, medical 
and agricultural applications of atomic energy and 
its by-products. 

Although the present report deals only with oc
cnpational safety and health questions, the large
scale development of the peaceful uses of atomic 
energy will doubtless also raise many problems of 
general social policy of varying importance. This has 
been the case in all great advances in technology. 
This is not the place to dwell on these problems 
which, moreover, have recently formed the subject 
of a preliminary general study by the International 
L-ibour Office.• I t will be for the International 
Labour Organisation to seek to facilitate their solu
tion in keeping with the objectives defined in its 
Constitution. 

11. INJ URIES CAUSED BY IONISING RADIATIONS 

111. STANDARDS OF EXPOSURE TO 
IONISING RADIATIONS 

IV. USES OF IO NISING RADIATIONS 

V. PROTECTIVE MEASURES 

Underlying Principles 

These in essence are simple. The worker must be 
protected ( 1) from external sources of irradiation, 
and (2) from the deposition of radioactive mater ials 
internally in the body. 

The first can be achieved by using the minimum 
X-ray tube strength and current or amount of radio
active material necessary for the work being under
taken, and using it for the minimum necessary time ; 
together with such shielding or distance protection, 
or both, as will bring dosage rates at working posi
tions down to, and preferably well below, the maxi
mum permissible dosage rates set out in the third 
par t of this report for the appropriate type of radia
tion. 

A general indication of the amount of shielding 
necessary for X- and gamma rays, alpha and beta 
particles and neutrons has been given in the second 
par t of this report, where the proper ties of these 
radiations were described. Nothing more detailed 

§ See "Atomic Energy and Social Policy" in lnter11atio11,al 
Labour Review (Geneva, ! LO), Vol. LXXII, No. 1, pp. 1-20, 
July 1955. 

can be offered within the limits of this paper except 
to recall that X - and gamma rays may require shield
ing by considerable thicknesses of lead or concrete 
according to their energy and strength, alphas 
normally not at all or by negligibly small thicknesses 
of gl~ss or other solid material, betas usually by a 
few millimetres of plastics or metals, and neutrons 
by materials containing hydrogen or other light ele
ments ( e.g., water, paraffin wax or concrete) to slow 
the neutrons down, followed by a material to absorb 
the resulting thermal neutrons ( e.g., boron or cad
miwn) and a final material to absorb any resultant 
radiation produced ( e.g., water for the alpha particles 
from boron or lead for the gamma rays from cad
mium). Quantitative data on shielding against X-rays 
up to 1 million volts and radium gamma rays are 
included in an appendix to the Model Code of Safet)• 
Regttlations for Industrial Establishme11ts for the 
Guidance of Governments and Industry, while more 
detailed figures for X-rays up to 2 million volts may 
be found in the 1955 Recommendations of the Inter
national Commission on Radiological Protection, 
and on shielding against the other radiations in the 
United States National Bureau of Standards series 
of handbooks and many other national publications. 

Though the shielding necessary will range from 
nothing or distance protection only up to massive 
thicknesses of concrete or lead, it shoitld be remem 
bered that distance protection itself is nearly always 
most valuable, particularly with gamma rays, because 
of the operation of the powerful inverse square law, 
and therefore the worker should be as far from the 
radiating sources as possible and, because of scatter, 
from material on which the radiation falls. More
over, to economise in the amount of shielding neces
sary and in the interest of efficiency, shielding should 
always be provided as near the source as possible 
and should enclose it to the greatest ext.ent practic
able so as to minimise scattered radiation. Shielding 
may be permanent as in X- or gnmma radiography 
rooms built of brick, concrete or lead ; portable and 
movable, as in gamma radiography operating nnd 
storage containers; or temporary, . as when interlock
ing lead bricks are used around "hot" sources being 
processed in radio laboratories. 

Protection against the second main hazard-the 
deposition of radioactive materials within the body, 
whether from dusts, gases or solutions-is more 
difficult to achieve because permissible body burdens 
and permissible concentrations of radioisotopes in air 
and water are set so low. It can only be achieved 
by devoting scrupulous attention to the protectio? 
of all portals of entry to the body-nose and lungs, 
mouth and alimentary tract, and skin-by the instal
lation in properly designed and equipped workrooms 
of adequate ventilation (local and general), by the 
adoption of measures to avoid spillage or the spread 
of contamination, by insisting that strict attention be 
paid to cleanliness of the person and of working 
equipment, by the prohibition of eating, drinking 
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and smoking, etc., in the \\'Orkrooms concerned, by 
the use of personal protective equipment and cloth
ing by those at risk, and by the institution of regular 
monitoring procedures. 

General Precautions 

Planning and Equipment 

:Much can be achieved which would later be dif
ficult if the planning, layout and equipment of X-ray 
installations and of workrooms and laboratories 
where radioisotopes are to be used as sealed or un
sealed sources are carefully thought out and dis
cussed in advance with the appropriate national 
authorities in the protection field or with a qualified 
expert. 

Wherever possible there should be segregation of 
ionising radiation work from work not involving 
such radiation-in the case of X- and gamma radio
graphy by the provision of special radiography rooms 
and in the case of the use of radioactive substances 
by tl,e · provision of rooms set apart for the purpose., 
so limiting to a minimum the number of workers 
li~ble to he exposed to radiation. On no account 
should radioactive laboratories and similar work
ro01)1S be oyercrowded. The provision of ample floor 
space is vital, since it allows full play for the opera
tion of the distance factor in protection and prevents 
proximity of \\'Orkers leading to accidents such as the 
breakage or spillage of vessels containing radioactive 
materials with resultant inhalation, ingestion and 
contamination risks. 

To counterbalance the potentially serious risks 
from radiation absorption, etc., everything should 
be done in the layout of workrooms to facilitate the 
maintenance of a high standard of the workers' gen
eral health. This implies that underground work
rooms, unless specially air-conditioned, etc., are un
desirable for this type of work, which should be 
carried out in rooms provided with ample natural 
lighting and means for the entry of sunshine and 
fresh air. Additional artificial lighting on a generous 
scale should also be provided on account of the extra 
safety afforded to those handling radioisotopes in a 
good light at all times. 

The equipment provided to facilitate the use of 
ionising radiations and the shielding, permanent or 
temporary, which has to be used must always be 
adequate in amount and quality. It is false economy 
to try to make do with the bare minimum, because 
this means that radiation dosages to workers may be 
constantly at or near the maximum permissible rates 
and that as soon as some extension of the work in
volves the use of stronger sources-a thing that is 
constantly happening in industrial practice as at
tempts are made to reduce irradiation times and get 
through more work in the same time-the existing 
protective and other arrangements become inade
quate and can frequently be altered only at con
siderable expense and after some delay. 

In the planning of X-ray rooms housing po\\'erful 
tubes, where the cost of protective barriers might be 
excessively high, it can often be arranged that the 
tube operates only in certain planes and directions 
for which ample shielding and distance protection is 
readily provided or already in existence; alterna
tively, limitations can be placed in the daily operating 
time of the tube. 

To ensure that safe conditions exist before a new 
or modified radiological department is put into use, a 
thorough radiation survey should be made by the 
national protection organisation concerned or by 
some other qualified expert. 

Inhalation and Ingestion Precautions 

For the reasons already given these precauti,)11s 
are supremely important and too much forethought 
and attention cannot be cle,·oted to them. Extreme 
care must be used when working with radioisotopes 
of long half-life known to concentrnte in particular 
organs of the body-examples are radium, Ca45, 

Fe55, coeo, SrOO, yo1, Zr95, Ce144, Pmt◄T and Bi210_ 
Care must also be taken with others known to be 
specifically absorbed or to have a long biological 
half-life, such as p:n, C14, P 32, Cs187 and Au108• 

Vlhere there is any possibility at all of radioactiYe 
dusts, sprays, fumes or gases being produced or 
radioactive liquids handled, the utmost use should 
be made of complete enclosures around the opera
tion concerned, and the enclosure should he put 
under adequate suction. Very frequently use can be 
made of small exhausted fume cupboards or of dry . 
boxes fitted with rubber sleeves cemented to the box 
front, through which the operator, wearing ruhher 
gloYes, puts his hands to carry out the necessary 
manipulations. Such cabinets, which incidentally give 
their users a feeling of confidence, should normally 
exhaust their contents through filters so as to re
move any radioactive dusts before the effluent is dis-· 
charged outside the workroom, and great care needs 
to be taken in siting effluent discharges to ensure 
that no recycling of contaminated air occurs through 
neighbouring windows or plenum ventilation intakes. 

The use of respirators will rarely be necessary if 
full use is made of the fume cupboard arrangements 
mentioned above, but these have a place and should 
be available for use, for example, by a worker en
gaged in clearing up any radioactive dust spillage. 

Scrupulous attention must be paid to avoidance 
of the spread of radioactive contamination: this • 
means careful and neat methods of working, the use 
of catch trays under all radioactive materials being 
handled, the immediate wiping up or clearing up of 
any spillage tliat may occur and the collection of all 
radioactive waste and rinse solutions in special con
tainers to prevent discharge to sewers, unless special 
arrangements have been made with the authorities. 

Vvorking surfaces liable to be contaminated can be 
covered with disposable sheets of bitumenised paper, 
absorbent paper or polyvinyl chloride sheeting. 
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Contamination of hands can be minimised by rub
bing them with suitable barrier creams or by wear
ing- thin rubber or PVC surgeons' gloves, which 
should be washed, on the hands, before removal and 
the hands then washed before being monitored. 
Glo,·es should always be worn when handling un
sealed sources. The wearing of suitable protective 
clothinR, such as caps, overalls ( preferably surgeons' 
gowns ·fastening at the back and without pockets), 
waterproof and washable aprons or bibs, and some
times underclothing and footwear, as appropriate, is 
an essential means of assisting the worker in pre
venting bodily contamination by radioactive material. 
Such clothing, which should not be worn in non
acti\·e rooms, is best laundered on the premises and 
kept in special accommodation set apart for the pur
pose and immediately adjoining the workrooms 
where it is to be used. 

Ample washing facilities must be available and 
frequent use made of them. Gentle but thorough 
washing o( parts of the body with soap and warm 
water is normally sufficient to remove radioactive 
contamination, but in difficult cases the affected areas 
can be carefullv rubbed with titanium dioxide paste, 
or with a strong solution of potassium permanganate 
followed by a So/o solution of sodium bisulphite. 

The introduction of food and drink, smoking mate
rials and cosmetics into workrooms where unsealed 
radioactive materials are handled must be strictly 
forbidden. 

All clean ing of workrooms where inhalation and 
ingestion risks exist should be done by wet methods 
-the workrooms being designed and constructed to 
faci litate this-or by the use of vacuum cleaners. 

limitation of Working Periods 

There is no generally agreed figure for the number 
of hours per week which should be worked by those 

.regularly liahle to he exposed to ionising radiation. 
The JLO Moc!rl Code drawn up in 1949 recom
mended◄ a five-day working week of 35 hours with 
a minimum of four weeks' annual holiday, preferably 
taken consecutively: together with three months 
completely away from ionising radiations in some 
other employment once in every period of 15 months. 
The fir st part of this recommendation was that origi
nally made by the British X-Ray and Radium Pro
tection Committee. 

Brazil, hv an Act of November 1950, fixes the 
maximum {vorking hours for personnel required to 
handle X-ray equipment and radioactive substances 
as low as 24 hours a week, and allows them 20 
consecutive days' leave every six months. Some 
European countries have in recent ·years favoured a 
maximum of 48 hours a week ( e.g. the present 
United Kingdom Lurninising Regulations require 
this) but present opinion favours lower figures. 

Linked with the question of permissible hours of 
work is the question of age and sex. Most countries 
feel that the employment of young persons under 18 

in ionising radiation work is undesirable, since they 
are biologically at a stage of rapid development and 
in addition are apt to be less responsible in their 
attitude towards taking the necessary precautions 
and safeguards. 

Other nations, such as the United States, have 
from time to time felt that both men and women 
over 45 years of age might be allowed a basic per
missible dose of radiation ( with certain limitations 
for specially critical body organs) double that fo r 
younger adults, . since by that age the gonads have 
ceased to be the critical organ. This relaxation has 
not yet found international acceptance in the Recom
mendations of the International Commission on 
Radiological P rotection, nor have any specific pro
posals as to special treatment for women of repro
ductive age. It is, however, widely felt that the 
protection of pregnant women against ionising radia
tion is most important, since human beings in the 
prenatal stage are known to be more than normally 
radiosensitive. 

All such matters are at present subjects of discus
sion and inquiry by the International Commission 
and by national committees affiliated to it, and until 
its authoritative guidance can be given it would 
seem reasonable to limit the weekly e,xposure of 
workers to ionising radiation to a maximum of 40 
hours in a five-day week, to allow them an annual 
holiday of three or four weeks-preferably taken 
consecutively-and to exclude young persons under 
18 from such work 

It is at present considered unlikely that women 
under 45, who on account of their reproductive func. 
tions may be more radiosensitive than men, will suf
fer any ill effects from ionising radiations if the 
present international permissible limits for exposure 
are not exceeded. There is, however. firm evidence 
that luminisers, who happen to be practically always 
of the female sex, do benefit haematologically from a 
three months' chan~e of occupation to non-radio
active work once in every period of 1 S months. 

The question often arises what should happen to 
workers of any ;ige or sex who for some reason ex
ceed the maximum permissible dose of any type ·of 
ionising- radiation in any one week. The best advice 
available is that in such a case an average weekly 
value should be assessed for the irradiation of the 
worker during the 13 weeks prior to. and including, 
the week in which over-exposure occurred. If this 
average value exceeds the maximum permissible 
weekly value, the worker should be placed under 
medical supervision and his duties should be re
arranged so as to involve considerably less exposure 
for a compensatory period. If the average weekly 
value is less than the maximum permissible value, the 
worker may continue with his normal duties. 

Monitoring 

Apart from the personal monitoring equipment 
referred to in the next subsection, all establishments 
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in which there is occupational ex posure to ionising 
radiations on any but a very minor scale should be 
equipped with suitable site-monitoring apparatus so 
that tests can be made at working positions to assess 
the adequacy and completeness of the protection pro
vided when use is first made of irradiating apparatus 
or radioisotopes; thereafter regular routine checks 
can be carried out to ensure that protective equip
ment is being properly maintained; and lastly, rou
tine surveys can be made for radioactive contamina
tion. Records of all such tests should be kept. 

The amount of equipment necessary will vary 
enormously according to the extent of the possible 
risks. In an atomic energy establishment there will 
be need for the full complement of instruments. 
These will include ionisation chamber radiation moni
tors to measure beta, gamma, proton and slow and 
fast neutron radiation levels in working areas; pro
portional counters for measuring neutrons·and alpha 
particles-particularly alpha contamination on hands, 
feet and clothing or on bench surfaces; Geiger coun
ters for sensitive survey work generally, especially 
for measuring radioactive contamination, and some
times linked with alarms and mounted on laboratory 
doorways, to give warning of contaminated persons 
passing through; scintillation counters for alpha or 
gamma contamination monitoring and for testing 
urine samples for alpha emitting material; and spe
cial portable instruments for assessing radioactive 
dust or gas contents of working atmospheres (in
cluding those downwind of reactor chimney stacks 
or in the discharge ducts from filter systems) to 
enable efficiency of maintenance to be assessed. 

In other industrial establishments using X-rays or 
radioisotopes an ionisation-type radiation monitor 
will frequently suffice for routine monitoring work. 
It is surprising how useful a single instrument can 
be, for example in a radium luminising department, 
to locate radioactive bench and floor contamination 
and spillages, to measure the build-up of luminous 
compound in ducting systems and to check that old 
stocks of luminised compass dials, hands, pointers 
and other radioactive materials are not left lying 
about on working benches or "forgotten" in cup
boards or drawers, so contributing unnecessarily to 
the background radiation of the workroom. 

There should, however, be set up in each country 
a central monitoring service available to all users of 
ionising radiations so that periodically, or for un
usual types of radiation hazard, its services may be 
enlisted to make impartial and authoritative surveys. 
This body should have available the more elaborate 
and expensive types of monitoring equipment that 
are necessary to carry out accurate determinations of 
radioactive body burdens such as might result from 
long-continued or especially hazardous work with 
radioactive materials, e.g. in radium luminising, or 
from the accidental ing<a:stion or inhalation of radio
isotopes generally. 

Film or Dosemeter Tests of Radiation Exposure 

The measurement by film or dosemeter of the in
dividual external radiation dosages received by a 
worker is of the greatest importance, for not only 
does it act as the basic check on his safety and 
health in so far as ionising radiations are concerned 
but it is also an excellent way of educating him in 
what he can and cannot do safely. The view of the 
International Commission on Radiological Protec
tion is that if, as a result of the initial radiation 
survey, the person in charge of the department is 
satisfied that the doses received by his staff can 
never exceed the maximum permissible dose, periodic 
personnel monitoring should suffice. When, however, 
the safety of personnel depends upon adherence to 
a particular technique or proper functioning of equip
ment rather than upon low-level sources of radiation 
or provision of permanent protective barriers, con
tinuous monitoring should be carried out. 

It is very important that records of radiation ex
posures should be faithfully kept, as they form an 
invaluable guide for medical consideration if at a 
later date ill health possibly attributable to radiation 
absorption should occur. 

Film badges, which may be worn in a breast 
pocket, pinned on an overall, strapped to a wrist or 
as a finger ring, as appropriate, and carried for a 
week or two before being developed, are readily 
available at nominal charge in all the major _coun
tries of the world. They can be used for the measure
ment of X- or gamma radiation or, if covered on . 
both sides over half the film's area by 1 mm of lead, 
for the measurement of both beta and gamma radia
tion separately where both radiations are present, as 
in a radium luminising department. 

For slow neutron measurement, films covered with 
a thin layer of cadmium can be used. The cadmium 
captures the slow neutrons and the resulting gamma 
ray emission registers on the film. Alternatively a 
lithium- or boron-loaded film emulsion can be used 
to capture the neutrons and to register the resulting 
alpha particle tracks, which can be counted. 

Exposure to fast neutrons can be measured by 
film badges indirectly through the proton recoils 
caused in the hydrogen atoms present in unloaded 
emulsion, but there are complications and the ac
curacy is low. 

A most useful alternative to the film badge-par
ticularly when records of accumulated X- or gamma 
radiation exposures are required at daily or even 
shorter intervals-is the personal pocket dosemeter. · 
In one form of this, small highly insulated ionisation 
chambers are .charged and worn during the appropri
ate period. They discharge proportionately to the 
radiation received, and are read with an electrometer. 
Slow neutron measurement can be obtained by lin
ing them with boron or filling them with boron 
fluoride gas. In another form, fountain-pen-type 
quartz-fibre electroscopes, charged before use, are 
worn for the convenient period, after which they are 
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· read by holding them up to a good light and obserdng 
through an eyepiece the position of the fibre on a 
scale calibrated directly in milliroentgens. 

Also available for use in cases where radiation 
intensities a re unknown and likely to vary consider
ably, or in cases where the worker's attention may be 
fully concentrated on some operation, are small bat
tery-operated pocket alarm instruments which give 
an audible alarm when a maximum permissible dose 
has been reached. 

Handling Equipment 

On the question of handling equipment it is almost 
impossible to generalise, and each class of occupa
tional radiation exposure has to be treated on its 
merits. The aim in each case will be to reduce radia
tion exposures or to prevent personal contamination 
by radioisotopes whether as solids, powders, liquids 
or gases. 

Handling equipment can vary from a simple pair 
o[ forceps or tongs used to hold a test tube or beaker 
containing millicurie amounts or less of a gamma
or heta-emitting radioactive liquid to an elaborate 
power-driven and remote-controlled "master-sla \·e" 
pair of mechanical hands for the manipulation of 
multicurie sources of fission prodLJcts during pro
cessing in atomic energy establishments ; or from a 
simple lead pot used for the handling of small quan
tities of radium luminous compound to the massiYe 
shielded operating and storage containers mounted on 
bogies for use with industrial radiographic cobalt-60 
gamma-ray sources of between 10 and 100 curies
containers weighing nearly a ton, and operated from 
a distance pneumatically or by remote cable control. 

Handling tongs, often made in stainless steel, are 
available in lengths of up to several feet and with 
interchangeable rubber-covered jaws activated by 
levers or other devices situated at the handle end; 
they are suitable for the manipulation of a wide 
variety of radiolaboratory equipment. 

When the isotopes concerned are substantially beta 
emitters, use can be made of transparent plastic 
shields fitting closely around the equipment to allow 
of close handling with good visibility, and in this 
connection the protection of the eyes by goggles may 
also be of value. 

Since radioactive solutions must never be pipetted 
l)y mouth, piston-operated types of pipette should be 
used instend; remotely controlled pipettes are nor
mally 11sed for handling gamma-emitting radioactive 
solutions behind lead bricks or when the operator has 
to keep a safe distance from nn unshielded operation. 

In radiochemical laboratories a wide variety of 
special gadgets have been perfected -for the handling 
of radioactive liquids during such operations as fil 
tering, precipitation, distribution, and titration, while 
to avoid all handling during various transfer opera
tions, bottles containing liquids and powders. etc., 
are often moved within fume cupboards by small 
cranes or on small-scale railways or conveyors which 

may pass, through internal doors, between one fume 
cupboard and another. As the st rengths of radio
isotopes used industria lly and medically increase, as 
they are constantly doing, more and more use will 
have to be made of handling and mechanical handling 
equipment, automatic sequence-time controls and re
mote controls if radiation hazards nre to be avoided. 

Waste Disposal 

No clear national or international policies have yet 
been formulated for the ultimate disposal of radio
active wastes from factories, hospitals or other estab
lishments; and for. the purpose of this paper waste 
disposal is referred to only in so fa r as it raises in
ternal problems in the premises. The best policy is 
that largely adopted in the United States whereby 
waste radioactive material can be returned from each 
establishment to a central disposal authority, usually 
the Atomic Energy Commission, where it can be 
dealt with under the best and safest conditions pos
sible. Unfortunately a solution of the problem along 
such lines is not entirely practicable as yet in most 
countries, and in addition individual batches of waste 
material may be very low in activity or exist in very 
d ilute form. As a general principle active material 
should be precipitated where possible and disposed 
of as an insoluhle residue. 

Efforts should be made to keep liquid wastes as 
concentrated as possible since they are then more 
easily handled. F or la rge establishments delay tank 
storage may be necessary; in smaller ones washings 
and active wastes can be accumulated in carboys, 
shielded if necessary and allowed to decay naturally. 
This is feasible with some of the shorter-li\•ed iso
topes such as Na24, P 32 and !131. F or longer-lived 
beta emitters such as Sr90 which tend to concentrate 
in specific body organs, and for all long-lived gamma 
emitters, the solutions, after heing rencler~d alkaline 
and diluted by adding stable isotopes of the same 
element in the same chemical form, can be flushed 
down sewers in small quantities. the aim being to 
keep concentrations in the sewerage system below 
the drinking water tolerances for the isotopes con
cerned. For those mentioned this is likely to be 
achieved by limiting individual flushes to 5 µc and 
total quantities per week to 50 p.c per establishment. 
Lower limits still may be set by national authorities 
for solutions containing alpha emitters such as ra
dimn. For the less hazardous beta-gamma emitters 
quantities disposed of in sewers may be greater, say 
not more than 100 µc per flush or 1 me per week. 
Traps and sink fittings will need monitoring regu-, 
larly to ensure that the waste is not accumulating 
by ahsorpt ion in the drainage system and to keep the 
background radiation down to less than 10 mr per 
eight-hour day. 

H larger quantities of liquid than can be so dealt 
with accumulate, they will have to he stored in a 
shielded container and special disposal arrangements 
will have to be made with the appropriate authority; 
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they may, for example, after evaporation or concen
tration, be incorporated with cement into concrete 
blocks and disposed of as solid waste. 

Solid actiYe waste, as it accumulates in work
rooms, together with broken contaminated glass
ware, should be placed at once in dosed, clearly 
labelled refuse bins fitted with moisture-proof dis
posal linings; and combustible ,vaste such as con
taminated wiping tissues, filter papers, catch tray 
absorbent linings, animal waste and so on should 
be segregated from non-combustible waste and sub
sequently concentrated by burning in an incinerator 
under carefully controlled conditions. Regular clear
ances of such bins must be made, at least daily. The 
resulting wastes may be held in a suitable store un
til their residual activity is very small, where this is 
possible, before being disposed of with ordinary rub
bish. The activities per load should be limited t<, 
5 p.c for the more hazardous beta and gamma emit
ters and to 100 p.c for the other beta and gamma 
isotopes. 

\Vhere longer-lived or more dangerous isotopes 
( especially the alpha emitters) are concerned, the 
best solution at present appears to be to form the 
dampened waste with cement into concrete blocks 
and to arrange for these to be buried at least 5 feet 
down in an approved rubbish dump or on some 
other marked and guarded site set apart for such a 
purpose by each national authority or by the isotope 
users themselves. \Vhere possible, non-radioactive 
isotopes of the radioactive elements being disposed 
of in this way should be uniformly added to the ce
ment mix to dilute the acti\·e component to a low 
specific activity. 

Gaseous wastes from fume cupboards or incinera
tors should be filtered before being released into the 
atmosphere and the filters eventually treated as solid 
waste. The effluents will need to be released high 
enough and at a safe place so that they do not re
enter buildings through win<lo"·s or plenum intakes. 

vVaste disposal from atomic energy plants is a 
special subject which cannot be dealt with here. 

Supervision ond Training 

This is a most important part of the work of any 
radiological department, since workers liable to be 
exposed to ionising radiation need constant supervi
sion with regard to the precautions they should take. 
They will only take them intelligently if they have 
been carefully instructed with regard to radiation 
hazards and the reasons which prompt the meth
ods of control. In each department there should be 
a specially nominated officer responsible for the ob
servance of radiation protection measures in the de
partment and for the maintenance in good order of 
protective equipment and shielding. This safety of
ficer should be scientifically or technically qualified 
where at all possible, and where not should at least 
have made some special study of, or have taken a 
course in, the subject of radiation hazards and their 

control. In the larger establishments-and this wi!I 
certainly be so in the atomic energy establishments. 
-there may well be justification for undertaking 
such safety and health work on a full-time basis. 

The safety officer should make it his duty to carry 
out routine surveys of radiological departments with 
suitable monitoring apparatus to determine the ade
quacy of, or the need for improving, all protective· 
measures, and he should pay particular attention to 
checking for the presence of radioactive contamina
tion where this is a possibility. 

He should also be responsible for seeing that film 
badges and personal pocket dosemeters a re " ·orn by 
the ,vorkers concerned, and that proper records of 
expos11rcs so observed are kept and used as a guide· 
to the efficacy of the precautions in force. 

Equally the workers themselves have a duty to· 
follow the recommendations and instructions of the 
safety officer or departmental head in the interests. 
of radiation protection, to 11se all appliances and 
equipment proYided for their health and safety. and 
to report promptly any defects or inadequacies in 
shielding or protecth·e arrangements which they may 
observe. vVorkers should be reminded that neglect
or carelessness on their part may harm or endanger 
others. Their training, which ,viii need to be rein
forced occasionally hy refresher courses, is all the· 
more necessary because of the insidious nature of 
the danger which is being guarded against. The
workers will need to be constantly reminded that if 
there is no justification for fear in radiation work 
there is equally no room for complacency. 

In the larger establishments the safety officer, in 
addition to carrying out the duties mentioned above,. 
will be expected to give guidance on the siting, lay
out and equipment of radiological departments and 
laboratories, and to ac!Yise on the design and utilisa
tion of ventilation, shielding, waste disposal sys~ 
tems, remote-control equipment and protective cloth
ing. He will also be responsible for maintaining in 
proper calibration all monitoring instruments, for 
instr11cting workers in radiation protection measures,. 
and for taking charge of and advising on protection· 
measures when emergency operations and accidents 
bring with them sudden radiation hazards. Such of
ficers should also be especially charged with securing 
the enforcement of any national statutory regulations 
or the application of codes of practice operating in 
their field. 

The work of safety officers brings with it the need 
for special training courses, and these are now, or 
shortly will be, well provided for in the major coun
tries working_ with atomic energy. The Harwell Iso
tope School, for e.,'{ample, since its foundation in· 
1951, has trained nearly 400 postgraduate students 
from some 30 different countries in courses of four 
weeks which include both lectures and laboratory 
work. In the United States since 1948 some 200 
graduate fellows have ·additionally graduated in ra
diological physics after a nine months' theoretical 
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<:Olusc and a three months' practical laboratory 
<:ourse controlled by the Oak Ridge Institute of 
Nuclear Studies. 

Medical Supervision 
Medical supervision is no substitute for effective 

technical measures, but has its place in radiation 
p rotection work. 

Pre-employment medical examination is necessary 
not only to help in preventing the employment of 
indiYiduals unsuitable for the work or its conditions 
on ;iccount of significant skin, bone, gonad, blood, 
lung or other pathological abnonnalities, but also to 
-enable control sets of blood counts to be made and 
recorded for futu re reference. Further, persons reg
nlarlr employed on work involving exposure to ion
ising radiation should be clinically e..-xamined yearly 
.as a routine precaution. 

There is much controversy and uncertainty at the 
present time as to the value of blood counts and the 
s ignificance of blood changes in connection with ra
diation work, but it is generally considered that 
-changes in the blood picture often afford the earliest 
<letectable indication of biological damage from ra
diation absorption; and the general consensus of 
opinion as reflected by the 1955 Recommendations 
of the International Commission on Radiological 
Protection is that provided that radiation monitor
ing (both site and personnel monitoring) is carried 
011t in all circumstances involving occupational ex
posure to ionising radiation ( external or internal), 
then routine blood counts are ( 1) unnecessary in the 
•case of workers who receive doses not exceeding 
one-third of the permissible doses; (2) optional in 
the case o[ workers who receive doses between one
third and two-thirds of the permissible doses; and 
( 3) desirable in the case of workers who receive 

-dose~ exceeding hvo-thirds of the permissible doses. 
Blood counts, where done, are normally carried 

·out at intervals of from three to six months. 
·It is further recommended that abnormal effects 

-indicated by the haematological test should be dis-
-cusst:d with a radiologist and a haematologist before 
am· action is taken invoh-ing suspension or dis
mi~~al from radiological work. 

Since the individual trend in blood counts may be 
('Ii great importance, the techniqu~ employed must 
h~ ,;tandardised and all observations made under 
si111ilar conditions. This suggests the desirability of 
each country setting 11p a centralised blood count 
-st:rdce available to all radiation workers. 

A medical record form substantially that pro
·posed to be used in the United Kingdom and s~it
-ahle for recording the clinical an~ haematological 
examinations of radiation workers· in a standard 
manner, together with notes on haematological ex
a111inations and technique, are reproduced as Ap
pendix III .** The fo rm shou_ld be used _to an extent 
to 1,e determined by the medical officer m charge of 
each estalJlishment. 

0 :\ ot reproduced here. 

In the intervals between periodical examinations 
the medical officer may need to ensure that adequate 
facilities exist for the decontamination by thorough 
irrigation of wounds contaminated with radioactive 
material, or fo r the combating of accidental over
ingestion of toxic amounts of radioactive substances 
by emetics, for example, or by the administration of 
non-radioactive competitors of similar chemical na
ture and bodily fate. 

Chemical and Bipchemicol Protection 

Special Precautions 

Factories 

The main categories of risk in factories will be 
considered under separate heads. 

X-Rodiogrophy of Costings and Other Articles, 
and of Welds 

X-ray tubes used for industrial purposes should 
be of the shock-proof self-protecting type in which 
the protection necessary according to the kilovoltage 
of the tube and the tube current is incorporated in
tegrally in the design. Any continuously excited tube 
should be pro\'ided with a shutter affording adequate 
protection and with arrangements by which it can 
be opened and closed only from the control panel, 
which should he provided with signal lights to in
dicate the shutter's position. 

It is most important that no person, in the course 
of his work, should be deliberately or inadvertently 
e..xposed to a direct beam of X-rays. To minimise 
this risk and to give protection from scattered radi
ation, X-radiography should, wherever practicable. 
be done only within a specially constructed and pro
tected X-ray room, from which all persons are ex
cluded while the X-ray apparatus is in operation. 
To achieYe this effectively, efficient interlocks should 
be provided and carefully maintained on all en
trances to prevent any person entering the X-ray 
room while any tube is energised. The construction 
of the X-ray room, which should be of ample area, 
should be st;ch as to give adequate protection against 
direct and scattered radiation, under all operating 
conditions. to all persons outside the enclosure. 
whether they are on the same Aoor level or working 
in rooms abo,·e or below the X-ray room itself. The 
aim should be to reduce the free-air dosage rate 0 11 

the outer wall and door, ceiling and floor surfaces, as 
necessary, to a figure not exceeding 7.5 mr/ hr, and. 
to ensure that there are no radiation leakages. 

Assuming that there is no occupied room below, 
or that the flooring of the X-ray room affords ade
quate protection, it is generally desirable that the 
tube primary beam should be directed downwards so 
that protection will he needed only against scattered 
radiation. The scatter itself can be minimised hy 
standing the work to he radiographed on a lead 
sheet. Means should be provided within the X-ray 

---------
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room to enable persons accidentally shut in to leave 
the enclosure without delay, or safely to interrupt 
the main electrical supply which enables the X-ray 
tube to be energised. In this connection it is useful 
to provide a ramp-actuated electric warning bell pre
ceding the ordinary door interlock system .. 

Where for valid reasons the construction of a 
proper X-ray enclosure is impracticable or uneco
nomic because of the infrequent use made of X-ray 
apparatus, the operator of an X-ray set s_ho_uld be 
shielded from direct and scattered X-rad1auon by 
the provision of a cabinet or screening affordin? ade
quate protection throughout. Other persons m the 
vicinity should either be similarly protected or be 
excluded from the area around the X-ray tube and 
work being radiographed within which the ra~iation 
dosage rate in free air exceeds 7.5 mr/hr. This area 
should be fenced off and placarded with a warning 
notice. In the case of mobile X-ray sets taken to 
objects too heavy or inconvenient to move to an 
X-ray room, the screening will commonly take the 
form of a lead-lined cabin built around the operator's 
control panel on the mobile truck carrying the X-ray 
tube. Protection of workers other than the set oper
ator may be provided by excluding them from a 
suitablv defined area, also fenced off and placarded 
with a' warning notice. In addition, lead-lined cones 
should be provided for tubes used in open work
shops in order to reduce the amou~t of unwanted 
scattered radiation as much as possible. The use of 
a suitable number of protective lead screens, ce
mented between plywood to prevent creep an_d 
mounted on wheels to facilitate easy movement, JS 

most desirable for shielding closely as much as pos
sible of the area around the tube and the work being 
radiographed. Whenever possible the direct beam 
should be pointed away from areas where people are 
at work, and in devising these various safegu~rds the 
possibility of overhead crane drivers entering the 
danger area should not be overlooked. . 

Identifying numbers or letters of lead, iron, etc., 
are often affixed by adhesive tape, magnetically or 
otherwise, to objects being radiographed. Sh~ul_d 
they become displaced during actual exposures it 1s 
absolutelv essential that no attempt should be made 
to refix 'or replace them by hand before switching 
off the X-ray tube. Neglect of this advice has ~1-
ready resulted in one industrial radiographer receiv
ing such severe X-ray burns to a hand that the fore
arm had subsequently to be amputated. 

For both fixed and mobile installations, lights or 
audible signals, or both, should be provided for the 
purpose of warning persons in. the vic~nity of the 
control panel, X-ray tube and h1gh-tens1on generat
ing equipment, and so arranged that t~ey o~erate 
automatically from the control panel 1mmed1a!ely 
before and during the energisation of the high
tension circuit of the X-ray tube. Observation win
dows fitted into X-ray room enclosures or into the 
protective screens or cabinets around mobile sets 

should be of lead-glass or other material giving. a 
standard of protection not less than that of the rmun 
protection provided. 

X-Ray Fluoroscopy 
Although it is not desirable to work at screen illum

ination levels where eyestrain may develop, all 
fluoroscopic examinations should be done with the 
smallest practicable X-ray beam intensities and tube 
apertures, and wherever possible the fluorescent 
screen should be viewed indirectly by the use of 
inclined mirrors. The screen itself will need to be 
protected by a sufficient thickness of lead-glass. In 
all normal circumstances the X-ray apparatus used 
for the fluoroscopic examination should be com
pletely enclosed in a protective cabinet lined through
out-with no gaps at joints-with sufficient lead or 
its equivalent in other materials to reduce the radi~
tion dosage rate at its outer surface to a figur~ m 
free air not exceeding 7.5 mr/ hr. Such a cabinet 
should be fitted with effecti,·e interlocking devices to 
ensure that when the fluorescent screen or any part of 
the cabinet such as an access door is opened for any 
purpose the X-ray tube _electrical circuit is_ broken. 

As far as possible articles for fluoroscopic exai:n
ination should be placed in position before energis
ing the X-ray tube. They should be i~serted into, 
or oriented in, the beam by methods which preclude 
the possibility of the operative's hand or forearm or 
other part of the body getting into the beam itself 
or into heavy scatter. There should never be any 
need for ope.ratives to have to wear leaded-rubber. 
gloves or aprons, since the methods employed ,~o~ld 
include the use of conveyors, turntables, sladang 
trays. dial feeds, tongs or other mechanisms which 
can be operated from outside the enclosed cabinet. 
Where conveyor belts and similar arrangements are 
used to feed the articles for examination into an9 
out of the cabinet, extension tunnels from the cabinet 
openings should be provided, protected at each end 
across their full width hy hanging leaded-rubber 
flaps split into a number of strips of the order. of 
1 inch or so in width, so that the packages passing 
through lif t the minimum possible number of strips 
each time. The tunnels should be of sufficient length 
to prevent a worker's arm being pushed for enough 
down to reach the direct beam of radiation, and to 
prevent the emission of any appreciable amount ~f 
scattered radiation. Where articles for fluoroscopic 
examination pass along the conveyor with gaps bes 
tween them, this latter requfrement is best achieved 
by having two leaded-rubber strip curtains in each 
tunnel fixed at such a distance apart that one cur
tain is always scaling the opening when the other is 
being raised by the article passing through. 

Faulty articles disclosed by the fluoroscopic ex
amination and needing to be identified should be 
marked in some safe way, as by the use of a pricker 
or a swab kept moistened with a dyestuff and oper
ated from outside the cabinet on the exit side of the 
fluorescent screen. 
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X-Ray Crystallography 

Gammc:i Radiography of Castings a nd 
Other Articles and W elds 

Gam~na radiography sources are all hermetically 
sealed m metal capsules, and so are free of inhala
tio~ ~r .~ngestion risks and also of alpha and beta 
rad_1atton hazards, but are necessarily such powerful 
emitters of gamma radiation that the greatest care is 
needed in their handling and use. Records should be 
kept of all gamma ray sources received at the fac
tory and of their subsequent disposal when spent. 
Precautions must be based on restricting the expo
su:e ~£ workers to the minimum possible time, on 
sh1eldmg and on distance protection; and, as with 
X-rays, regard must be paid to protection against 
scattered radiation as well as against the direct rays. 

Very little radium or radon is now used for 
gamma radiography in factories, the common sources 
being cobalt-60, iridium-192, tantalum-182, caesium-
137 and thulium-170. These sources consist of stand
ardised small metal cylinders mounted within stand
ardised aluminium alloy capsules so constructed that 
long-handled tools and rods can be used to insert 
them in or withdraw them from their protective 
containers as required. These handling tools should 
always be used. The sources themselves must on no 
account be picked up in the hands, not even once. If 
radium or radon sources are in use they should be 
tested periodically for leakage-three-monthly inter
vals are suggested-and at any time when damage is 
suspected. 

The safe storage of these strong gamma ray 
sources, whether they are for use In a factory or 
by contractors on site, is a matter of importance. 
A site well away from normal working areas is to 
be preferred, and a choice can be made between a 
conventional type of safe which may be constructed 
of -lead, iron or concrete, etc., and a lined borehole 
of suitable depth provided with a padlocked cover. 

The amount of protection provided should, in gen
eral, be such that the free-air gamma radiation do
sage rate at any point on the outer surface of the 
safe is not in e.xcess of 7.5 mr/hr. If more than one 
radioactive source is stored in any safe, each should 
be kept in a separate individually protected compart
ment so as to reduce to a minimum the high dosage 
rate to which a person withdrawing a somce is 
otherwise momentarily liable to be exposed. Where 
the source can conveniently be left in its protective 
container ( see below) it is advisable to place the whole 
unit in the safe if this is possible. Radioactive sources 
that are not in use, in transit or being tested should 
be stored under lock and key. If radium or radon 
sources are stored, provision of mechanical ventila
tion for the safe or borehole should be made in or
der to deal with the possible escape of radon from 
leaking capsules. Only authorised persons should have 
access to safes. It should be a principle that sources 
be withdrawn only for the minimum time necessary. 

Sources should be conveyed between safe and 
working site in protective containers, labelled to 
show the nature and approximate radioactive 
strength of the capsules within. There is a variety 
of such containers commercially available suitable 
for a wide range of source strengths and ~mma ray 
energies. T hese containers are constructed of lead or 
of high-density tungsten alloys. On account of the 
conflicting considerations of weight and the need for 
portability, it would often be impracticable in the 
case of the stroriger sources to design such contain
ers so. as to reduce _the free-air radiation dosage rate 
at their outer surfaces to 7.5 mr/ hr or less; and as 
a compromise most of them can be designed to give 
a maximum of 1000 mr/hr at the surface or of 7.5 
mr/hr at a distance of 1 m from the container. 

In the conveyance of sources, therefore, this 
should be borne in mind, and to obtain the neces
sary distance protection it is usually possible to make 
use of a small push trolley or to carry containers 
sl~ng on a long rod between two persons, the rod 
bemg pushed through or under the carrying handle. 
An operator who uses the sources may at times 
especially with very strong sources, be exposed fo; 
short periods to free-air gamma ray dosage rates in 
excess of 7.5 mr/ hr. For such a worker the inte
grating-type pocket ionisation chamber dosemeters 
which may also be worn strapped to the wrist, ar~ 
P?rti~ularly valuable in giving an "on the spot" in
dication of the dosage received up to any instant in 
the weekly cycle; this enables the subsequent work 
to be so adjusted as to ensure that the total weekly 
permissible radiation dosage is not exceeded. In 
making the preliminary trial set-ups of work to be 
radiographed, a dummy source should be used · the 
active source should only be brought from the' safe 
when all adjustments have been completed. 

Many firms set apart a room for gamma radiog
raphy, the articles for examination being brought 
to the room, and this arrangement is to be pre•• 
£erred. T he room will normally be constructed of 
brick. or concrete, and should be so designed that, 
allowmg for the distance facto r, a free-air dosage 
rate of 7.5 mr/hr is not exceeded on its outer wall 
and door ~urface:. All workers ( other than the op
erator while makmg necessary source adjustments ) 
should be excluded from the room during exposures. 
Garn.ma radiography rooms within which exposures 
are m progress should always be locked when left 
unattended. 

It is one of the advantages of the gamma radio
graphic method that the sources can easily be con-· 
veyed to parts of the factory or site for articles to 
be radiographed on the spot, and when this is done 
the radiography should, as far as practicable, be iso
lated from other work in the vicinity ; the gamma 
ray beam should be directed away from other work
ing areas and its cross-section limited to the mini
mum necessary for the work. If a pit can be made 
use of for the work so much the better. In such work 
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on site the danger area within which a gamma ra
diation dosage rate in free air of 7.5 mr/hr would 
be exceeded should be temporarily roped-off or oth
erwise delimited, warning notices should be affixed, 
and warning lights or audible signals provided and 
operated immediately before and during radiographic 
exposures. For example, the roped-off areas around 
500 me unshielded sources of radium or radon, 
cobalt-60, tantalum-182, caesium-137 and iridium-
192 should have radii of not less than 25 ft, 31 ft, 
21 ft, 15 ft and 14 ft respectively. Where some 
shielding can be provided, as where single expo
sures are made with the source in its protective 
container and with only the front aperture open, the 
distances can be correspondingly less. For pano
ramic exposures for which articles to be radio
graphed are placed in a ring around a central source 
and the source has necessarily to be brought out of 
its protective container, use can be made of Bowden 
cable arrangements for removing the source from 
and returning it to its protective container by a 
worker operating at a distance. Alternatively a clock
work time-controlled motor can be used to expose 
and return the source at predetermined times, so 
enabling the radiography, if desired, to be done 
automatically at night in the complete absence of 
workers. 

The use of such remote-control methods becomes 
almost mandatory when sources much above one 
curie of cobalt-60, two curies of tantalum-182 or five 
curies of iridium-192 or caesium-137 are in con
stant use for exposures by the panoramic technique, 
since otherwise the permissible handling times for 
such sources at a distance of about one metre are 
reduced to only a few minutes per day. For the use 
of stronger somces still, a specially constructed and 
protected gamma radiography room should be de
signed, within which the exposures are made by 
remote-control gear operated from outside; this con
trol gear should be so interlocked with all entrance 
doors that operators cannot enter the room while 
the source is exposed, i.e., the procedure should be 
very similar to that now followed with X-rays. 

Use of Ra dioactive Sta tic Eliminators 

These devices function by producing intense local 
ionisation of the air in the vicinity of the parts of 
the machine on which they are installed. Close prox
imity of workers or close handling of the devices 
should be avoided as far as humanly possible. 

\i\Thenever possible, eliminators should be installed 
facing inwards on machines rather than outwards, 
and the safest procedure is to make a radiation sur
vey around each installat ion with a suitable monitor, 
o r to use film badges to see whether shielding and 
distance protection are needed and, if so, how much. 
In the case of the typical strontium-90 ( +yttrium-
90) and thallium-204 eliminators from which only 
beta radiation travelling several yards in air is emit
ted, any necessary protection for machine operators 

and neighbouring workers can easily be provided by 
fixed, hinged or movable shields of such materials as 
9 mm ( for strontium) or 3 mm ( for thallium) sheet 
Perspex or similar material, 5 mm or 2 mm thick 
glass or 1 mm or 0.5 mm of almost any common 
metal or alloy such as copper, brass, iron or alu
minium. In the case of eliminators based on radium, 
protection is more difficult on account of the pene
trating gamma rays emitted. Depending on local cir
cumstances and the strengths of sources used, it may 
be necessary to use some lead shielding if workers 
need to approach closely to the devices for appreci
able periods of time. 

Static eliminators are normally provided by their 
makers with metal guard bars or shields, thick 
enough when in position over the active surface to 
prevent the transmission of all beta and alpha ra
diation. These guard bars, for which an easy clip 
fixing is to he preferred, should always be affixed 
when the units are being installed on or removed 
from the machines, when they are in store ( in boxes 
or cabinets under lock and key) off the machines, 
and when local maintenance adjustments other than 
momentary ones are being done on the machines in 
the vicinity of the eliminators. When major repairs 
on machines near eliminators have to be undertaken 
the eliminators with their guard bars affixed should 
be removed to store. It is often practicable to pro
vide an interlocking arrangement so that opening 
up parts of the machine near the eliminator, or parts 
of any cabinet enclosing it, fo r the purpose of local 
maintenance and adjustment or for clearing product 
cbokages, etc., automatically moves a guard bar over 
the active surface. 

The design and construction of eliminators, as also 
of thickness gauges, tt should be such as to ensure . 
that the radioactive materials are completely sealed 
in, as they are when firmly bonded in solid solution 
within noble metals in the foils, plaques and wires 
supplied by national atomic energy authorities or 
commissions, so that they cannot become dispersed 
int~ the surrounding workroom, either suddenly by 
accidental fracture or as the result of melting in a 
fire, or gradually as a result of the normal opera
tion of the process, so as to cause ingestion, inhala
tion or contamination risks. The user will need to 
protect the devices from all rough and unnecessary 
handling and from the action of abrasive or corro
sive chemicals. Any cleaning of the active surface of 
th~ foils, etc., should be done as quick_ly as possible 
with a soft cloth, brush or cotton wool swab mois
tened with a solvent; this should be done either 
mecha~ically_ or by a w?rker wearing rubber gloves 
and with the source facing away from him. 
. To draw the attention of workers to the poten

tial danger from the radioactive material, suitable 
parts of the eliminator might well be painted a dis
tinguishing colour; the housings should also bear the 
manufacturer's name _and serial number and a per-

tt Sec following subsection. 
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manent marking giving a short form of warning. 
The warning might be worded-

Radioactive strontium-90 source 
( x millicuries, and date). 

Poisonous. Do not destroy. 

-to indicate the nature of the units to operatives who, 
in ignor.ance, might otherwise handle them or work 
very near to them in an unshielded state. 

Use of Radioactive Thickness Gouges 

Precautions are generally very similar to those 
referred to above for static eliminators, since the 
sources are largely used in the same fonn of radio
active foils, and are mostly beta emitters of 5-10 me 
strength chosen, according to the thickness of mate
rial being gauged, from Si-00 ( + Y90 ), Tl20\ Ru106 

( +Rh10°), Ce144 ( +Pr144), Pm141 and sse. The 
foi l sources are usually sealed over with a 0.001-in. 
thick aluminium foil and then further protected 
from mechanical damage by a stout metal gauze. In 
many types of gauge this unit is also protected by a 
metallic ray-proof housing fitted with a ray-proof 
shutter system, and the only risk normally to be 
considered from an installed instrument is that from 
any direct and scattered beta radiation. This is usu
ally very small, for much of the radiation, emitted 
over a small solid angle, is intercepted by the mate
rial being gauged or by instrument or machine 
fittings. 

Monitoring around the installed device will usu
ally disclose that the maximum permissible radia
tion dose rate is rarely exceeded 18 in. from the 
measuring gap, and any shielding necessary can 
readily be provided by Perspex flanges above or 
below the gap. Since workers rarely work close to 
thickness gauges for long periods, the protection 
problem is reduced to ensuring that operatives do 
not risk getting skin burns by closely handling un
~h~elded active discs or by doing maintenance ,vork, 
etc., on machines in the immediate vicinity of the 
gauges for long periods. Clip-on, sliding or rotating 
cover shields for each active source allow the ra
diation to be cut off during installation or mainte
nance work, and can be arranged to operate auto
matically when there is no strip in the measuring 
gap or when there is a power failure. 

Gamma ray thickness and level gauges and X-ray 
gauges can be considered on their merits, and ap
propriate shielding arrangements made, using lead, 
iron or other high-density materials. 

Other Less Common Uses of Radioactive Materials 

Precautions for these can be <led\tced by analogy 
from those given under previous heads. Tracer uses 
require special precautions similar to those described 
below for the handling of unsealed sources. 

Hospitals 

With regard to the medical use of X-rays, a full 
account of the general and special precautions re-

quired ( 1) for diagnostic departments ( fluoros
copy, general, dental and mass radiography); (2} 
for therapeutic installations ( deep, skin, short-dis
tance and contact therapy) ; and ( 3) in the protec
tion of patients, has been given in the report of 
International Subcommittee III on protection against 
X-rays generated at potentials of 5 kV up to 2 Mv, 
in the Recommendations of the International Com
mission on Radiological Protection (1955). Since 
this document is now readily available it would be 
pointless to repeat the special precautions here. 

It is of some interest to note that medical users 
of ionising radiatiohs, on the evidence of the United 
Kingdom Film Badge Service run by the National 
Physical Laboratory since November 1952, show a 
consistent tendency to absorb rather more radiation 
from occupational exposure than do in<lustrial or 
research workers, though a marked impro,·ement in 
both categories has taken place since the commence
ment of the Service. This is exemplified in the 
table below, compiled by Smith ( 1953) giving the 
latest available summarised film test results on 
over 6000 medical, industrial and research workers 
throughout the United Kingdom. Films are at pres
ent being issued at the rate of ahout 50,000 a year. 

It is also of interest that in the experience of the 
United Kingdom Royal Cancer Hospital and oth
ers, as reported by Mayneord ( 1951), the medical 
workers receiving the largest doses of radiation are 
not those in charge of X-ray equipment ( even at 
2 Mev or 20 Mev), who receive only small doses, 
but those handling large numbers of discrete radio
active sources, particularly radium and radon. This 
is not surprising in view of the relative ease with 
which X-ray equipment can be operated from safe 
working positions in shielded control cubicles or 
from behind protective screens, while the radioiso
topes, whose radiation never ceases to he emitted, 
have to be prepared and handled in ever increasing 
amounts. Moreover the safe nursing of patients with 
perhaps 100 mg of radium or several hundred milli
curies of other radioisotopes in their bodies creates 
a difficult protection problem, as does also the accu
rate insertion of such sources into position on or in 
the patients' bodies by the medical practitioners 
concerned. 

Analysis of Results of National Physical 
Laboratory Radiation Monitoring Tests 

P,runtag, of wotktrJ in radiatio,. groufl 

Dost re<eivttd Industrial cmd 
(in r fler wel!k) }.frdi<al research 

1943-50 1951-52 1943-50 1951-52 

Less than 0.05 53.0 66.4 67.7 71.7 
0.05-0.l 18.6 16.0 15.2 12.8 
0.1-0.2 12.6 10.7 7.3 8.0 
0.2-0.3 6.5 3.4 2.3 4.5 
0.3-0.4 2.8 1.3 1.4 1.2 
0.4-0.5 1.3 1.2 1.1 0.9 
Greater than 0.5 5.2 1.0 5.0 0.9 

~---------------
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The best hope of achieving radiation safety for 
nurses and hospital staff in this difficult field ap
pears to lie in education and experience and the use 
of techniques deliberately designed with due regard 
to protective requirements. Nurses and others should 
certainly approach patients constituting a gamma
ray radioactive risk for only the minimum essential 
time, and should normally keep at a distance of at 
least two metres at other times, while the patients' 
beds should be labelled with warning notices. 

The special precautions for sealed beta-gamma 
sources used in gamma-ray beam therapy depart~ 
ments will be essentially similar in principle to those 
-already described for factories in the subsection on 
the gamma radiography of castings and other articles 
-and welds. 

I n hospitals special risks also arise from the con
s iderable amount of active material in the form of 
radium, radon and cobalt needles and tubes and 
radium and Sr90 beta ray plaques which have to be 
manipulated. The beta ray risks need taking care of 
by the intelligent use of distance protection, han
<lling tongs or Perspex shields interposed between 
work and worker during bench and similar manipu
lations, which should be carried out as quickly as 
possible. Similar requirements apply to radium, ra
<lon and cobalt sources, except that screenage by at 
least 2.5 cm of lead shielding will be necessary. 
Tubes and applicators should be made up in sepa
rate, ventilated rooms, the applicators preferably by 
temporary workers not engaged on such work for 
periods exceeding six months. 

Radium containers will need to be tested for ra
<lon leakages at least once in every period of three 
months, and to be stored, as will radon seeds and 
gaseous radioactive materials, in ventilated safes. All 
gamma emitters will need to. be stored in shielded 
safes provided with drawers individually protected. 
Access to safes should be limited to a very few key 
persons, and transport should be in long-handled 
shielded boxes mounted on trolleys so as to give 
useful distance protection. A strict account must be 
kept in record form of the use and whereabouts of 
all radioactive material. Dressings and excreta from 

• patients being treated with sealed radioactive sources 
will need to be checked or held for subsequent check
ing to ensure that all sources are accounted for. 
Precautions fo r the disposal of active waste will fol
low from the rules and advice given above and for 
the handling of unsealed sources from the subsection 
on this subject below and from that on inhalation and 
ingestion precautions above. 

There will also be need to adopt a few additional 
precautions peculiar to the nature of the work, such 
as the daily routine monitoring of the clothing or 
bedding of hospital patients being treated with un
sealed radioisotopes, the cleansing of such contam
inated articles by laundering on the premises, or 
their storage until they are safe for laundering at 
public laundries. 

Agriculture 

T he current uses of radioisotopes in agriculture 
are almost wholly in the tracer field, and accordingly 
the special precautions necessary are essentially 
those given in the subsection on inhalation and in
gestion precautions2 and in the succeeding subsec
tion on the use of unsealed sources used in radio
chemical research and process laboratories. 

Use of Unsealed Sources 

The largest use of unsealed sources is made in 
factories ( radioactive luminous compound) and in 
radiochemical research, hospital and process labora
tories. 

The inhalation, ingestion or absorption through 
wounds of radioactive materials, especially from 
alpha emitters, involve a great danger. The general 
precautions have been dealt with and the general 
and special precautions appropriate to the use of 
unsealed radioactive substances, including luminis
ing, are also set forth in the Model Code of Safety 
Regulations for Industrial Establishments,5 in so 
far as they could be formulated in 1949 when the 
Code was prepared. It remains to mention or em
phasise various precautions which have been seen to 
have special value in the light of experience gained 
since then. 

Luminising 

So far as luminising is concerned it is found that, 
owing partly to the steady and continuous nature of 
the luminisers' work, these operatives, as a class, 
work closer to the permissible radiation dosage lim-· 
its than any other type of radiation worker in fac
tories. Moreover, unless the most meticulous atten
tion is paid to cleanliness in methods of working 
there is a steady tendency for the radiation hack
ground of a luminising room to increase because of 
the spread of contamination from hands, clothing, 
implements, splashes, and the accumulation of radio
active dust and radon decay products in exhaust hood 
ducting, and also because once there, the radio
active contamination is substantially there for good 
on account of the very long half-life of radium. Also, 
when used as a powder likely to involve most serious 
inhalation and ingestion hazards, radium and its de
cay products emit alpha, beta and gamma radiations, 
together with a radioactive gas-a combination of 
risks met with nowhere else in the factory usage 
of radioactive materials. 

Regular monitoring and routine ultra-violet light 
sun·eys in luminising rooms are of the utmost im
portance, since they make possible the detection and 
immediate removal of any splashes or areas of con
tamination, together with "forgotten" sources of ra
diation, such as ductwork or accumulations of old 
luminised parts on benches and iri cupboards and 
drawers. For the same reason the accumulation of 
piles of luminised work around luminisers' working 
positions must be firmly discouraged. 

The utmost use should be made of sleeved dry 
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boxes for luminising, or of localised exhaust hoods 
enclosed to the greatest extent practicable. Asso
ciated ductwork should be so constructed that it can 
readily be dismantled for cleaning. 

The recent developments of mechanical methods 
of luminising have also emphasised the need for regu
lar and thoroughly effective wet methods of cleaning 

· of machine parts--especially sumps-liable to become 
contaminated during working periods, and for special 
attention to be paid to the shielding of the gamma 
radiation from such sumps which otherwise would 
be apt on occasion to produce background radiation 
at working places almost up to the maximum pennis
sible dosage rate. 

It has also been found that some of the varnishes 
and binding media used to incorporate the radioac
tive luminous compound into a paste before applica
tion contain plast ic bases which are largely insoluble 
in water, so that contaminated overalls are returnee\ 
from the laundries still radioactively contaminated 
though ostensibly clean. This matter needs study in 
relation to each source of supply of the varnishes 
and media used, but since many of the synthetic 
bases are soluble in both white spirit and tri
chlorethyiene, one answer to the problem is to dry 
clean such luminisers' overalls instead of laundering 
them with hot soapy water. The use of spongeable 
plastic overalls instead of porous cloth ones and of 
large spongeable and waterproof bibs ";u also have 
special value in this connection. 

In view of the particularly hazardous nature of 
radium, more attention than at present should be 
paid to periodic assessments of the total body burdens 
of radium which Iuminisers may accumulate, and 
firm steps should also be taken by each country to 
prohibit outwork in this occupation, i.e., the practice 
of taking a rticles home and luminising them there, 
often in the most unsuitable and dangerous condi
tions-a matter which is linked with current labour 
shortages in certain countries, and of which instances 
still occasionally come to light. 

Radiochemical Research and Process l aboratories 

Earlier sections in this report have partially dealt 
with the precautions and design considerations which 
should apply to these laboratories, and further special 
points are mentioned below. 

Reference has already been made to the radio
elements specially liable to cause harm if deposited 
within the body. \¥here the radiation received is 
much in excess of 10 mr per 8 hours the processes 
must be considered as involving a possible hazard, 
and in these circumstances the following quantities 
of the various isotopes should be con.~idered hazard
ous: 

L Any beta-active isotope which is specifically ab
sorbed in a particular organ and for which the half
life is greater than a few days, ha?dled in amou!lts 
exceeding 0.1 me. In this connection the following 
• • 11 J· d · ca Ca45 Fe55 isotopes a re espec1a y ,azar ous . , , , 
Fe59, Co60, Sr89, SrOO + yoo, Y91, Zr95 + cbu:s, 

Nb9•, RulOG + Rhl06, Sbl25, T e129m + Tel29, psi, 
cs1s1 + Ba1s1, BaHo + LaHo, ce1H + P rH4, PrHS, 
PmH7, Eu1s4, Tmt7o, rr102. 

2. Any material emitting beta rays in amounts 
larger than 1 me, regardless of half-life. 

3. Any material emitting gamma rays in amounts 
greater than that equivalent to 0.1 mg of radium. 

4. Any alpha-active isotopes, for the handling of 
which special p recautions are necessary. 

A laboratory set apart and preferably built spe
cially for the purpose should be used for active work, 
and if at all feasible two such laboratories or distinct 
sections of the same laboratory should be used, one 
for high levels of activity and the other for inactive 
and low-level work. 

Floor space of approximately 200 square feet per 
person should be allowed, and general ventilation 
should be so arranged that air movement is from 
rooms or areas of 110 activity to rooms of higher 
activity, without any recirculation 

Brick and concrete buildings are preferable to 
those made of wood, plaster boarding and other light 
materials, not only on account of resistance to fires, 
which might release radioactive materials into the 
atmosphere, but also because of the better shielding 
provided. \Valls, floors, ceilings and woodwork 
should be treated to give them a non-porous wash· 
able surface readily capable of being cleaned and de
contaminated or replaced. Concrete floors should 
preferably be covered with rubber, waxed linoleum 
or asphalt tiles ( all easily replaced if necessary) or, 
if traffic is too heavy for this, painted to seal the 
pores with chlorinated rubber paints. 

Interior walls may be tiled, painted with hard 
glossy paints or coated with strippable plastic paints. 
Water, gas, electric, etc., service pipes should run 
under the floor or in specially enclosed channels. The 
whole aim in the design of a radiochemical laboratory 
should be to avoid unnecessary ledges, surfaces or 
corners on or in which dust can accumulate, or any 
fittings or fixtures which render cleaning difficult. 
For the same reason laboratory furniture, books and 
papers should be kept to a minimum, and reagent 
and apparatus storage space should be enclosed. · 

Bench and fume cupboard surfaces of stainless 
steel are very satisfactory for resisting the absorption 
of radioactive contamination, but many other mate
rials such as laminated plastics, glass sheets and pol
ished teak can be used. Stainless steel is probably the 
best available material for sinks and for catch trays, 
though for the lat ter disposable heat-welded trays of 
polythene sheet made up as required are excellent. 

In all decontamination the technique should be 
such that the contamination is removed, and not 
merely spread or worked into the surface. Metal sur
faces can usually be decontaminated by washing with 
a solution of detergent in hot water. If this is ineffec
tive a one-normal nitric acid wash should be used, 
followed if necessary by the use of a proprietary se
questering agent. Wood and concrete surfaces, being 
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absorbent, are usually extremely difficult to decon
taminate. Detergent wash and sequestering agents 
may be used, but in bad cases .of contamination it 
will be necessary to remove the entire surface. 

Open bench surfaces will rarely be necessary on a 
large scale in radiochemical laboratories, since prac
tically all handling of and operations on unsealed 
sources will take place in individually exhausted and 
filtered fume cupboards and gloved boxes (fitted with 
side transfer boxes). The cupboards and boxes should 
be ample in number and the cupboards provided with 
sufficient draught to ensure that linear air speeds of 
up to about 120 ft/min are possible when the front 
windows are fully open, though this will rarely be 
necessary. Fume cupboard and gloved boxes will 
again need to be so constructed and designed as to 
allow of ready and effective decontamination, and to 
be shielded according to the levels of activity being 
handled. 

A storage safe for active sources, typically construc
ted of 1.5 in. lead or 9 in. brickwork, will meet most 
laboratory requirements, and any additional shielding 
for individual sources can be provided around them 
by lead blocks, etc. An additional "delay storage" safe 
for apparatus contaminated with short-lived isotopes 
can be very useful. 

Protective and ordinary clothing, footwear and 
washing facilities should be housed in a vestibule to 
the radiochemical laboratory on a clean and dirty side 
system with a barrier between, and the same room 
should house the necessary hand, foot and clothing 
monitoring equipment. 

Persons with cuts, abrasions or body wounds should 
not be allowed to work with unsealed radioactive 
sources. \Vaste disposal should follow the arrange
ments already discussed and any spillages of radio
active material should be cleaned up immediately and 
thoroughly. 

Enough has been said to indicate the type of special 
precautions necessary in radiochemical laboratories, 
but a full consideration would need a paper devoted 
specially to the subject, and many such authoritative 
papers have already been published. 

VI. PROBLEMS ARISING IN URANIUM MINING 
AND PROCESSING 

Inhalation of Radon and of Radioactive Ousts 

Stimulated by the world-wide search for the basic 
material of atomic energy production, the mining and 
processing of uranium ore is proceeding on an in
creasingly large scale in many countries of the world, 
notably in Australia, the Belgian Congo, Canada, 
Czechoslovakia, France, the Union of South Africa, 
the United States and the USSR. Sources of high
grade ore are limited, but considerable deposits of 
medium-grade ore are known and the occurrence of 
workable low-grade ore is widespread. The past his
tory of most branches of the world's mining industry 
shows all too clearly that the conditions of work may 
vitally affect the health and safety of the workers con-

cerned. Uranium ore is frequently associated with 
siliceous rock structures which when comminuted 
give rise to dusts capable of causing pneumoconiosis, 
and in particular silicosis. 

Uranium ore is itself a highly toxic mineral, and 
can give rise to toxic conditions in the kidneys in par
ticular. It has recently been shown that fine uranium 
ore dust (less than 0.5 micron mean mass diameter), 
as produced by modern mechanical methods, is far 
more toxic than dust composed of larger particles 
( more than 2.5 microns mean mass diameter). Other 
toxic substances such as chromium, nickel and arsenic 
may also be found in conjunction with the uranium. 

In addition to these health risks, which are serious 
enough, there is some evidence that uranium miners 
have contracted lung cancer, thought to be due to the 
inhalation of alpha-emitting radioactive substances 
associated with the uranium, for instance radon and 
its disintegration products. The latter are readily de
posited on any dust particles present in the mine air, 
and can be present in considerable amount if the mine 
is insufficiently or poor I y ventilated. 

It is known that until quite recent years some of 
the world's uranium mines, whether worked dry by 
hand methods throughqut or by machine drilling, 
have relied entirely on natural ventilation to keep 
down the dust, though this state of affairs is being 
rapidly changed as more intensive mechanical methods 
of ore getting and transport bring complementary ad
vances in mechanical ventilation and dust suppression 
methods. Nevertheless it is very disquieting to note 
that owing to the secrecy enveloping so much of the 
mining of uranium-radium ores in recent years, very 
little information has been made available in the 
world's health literature concerning conditions in 
these mines and the health of the miners employed 
in them. 

It is generally agreed that as far as the radioactive 
risks are concerned, those due to radon are greater 
than those due to the radioactive dusts associated 
with uranium mining, but it is recognised that the 
adsorption on dust particles of the daughter elements 
of radon involves a serious radioactive risk. 

The history of industrial health teaches us conclu
sively that whenever there is long-continued occupa
tional exposure to dusts and gases there is probably 
danger, first to the lungs and respiratory passages 
and secondly to the remainder of the body tissues, 
resulting from the lungs' capacity to absorb toxic 
materials and transfer them to the blood stream. 

The whole subject of the possible and probable ill 
effects on the workers' health of radon and radio
active dusts in the amounts present in uranium min
ing is one on which much more work needs to be 
done, and the results should be made available for 
critical study. · 

Dust is produced in all ,mining operations, but 
more especially in drilling, blasting, loading, trans
port, caving and filling mined-out areas. When radio
active ores are mined there are thus many sources of 
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radiation inherent in the operation of the mine. 
A risk peculiar to the mining of radioactive ores 

is presented by the mine water. The water supply of 
a uranium mine may be the seepage water of the 
mine itself. This water will contain a considerable 
amount of suspended matter, some of it radioactive, 
derived from the workings, and if fed to pneumatic 
drills anp. atomising sprays to damp down the spoil 
during mucking-out, tramming and ore transfer oper
ations, will ultimately release its solid burden as air
borne par ticles to add to breathing hazards. Such 
mine water also dissolves radon at places where the 
concentration is high and returns it to the atmos
phere where the water sprays are in use, thus tend
ing to maintain a mean equilibrium concentration in 
the galleries. 

Finally, there is a possibility of contamination with 
radon from the spoil or ore heaps on the surface . 

Protective Measures 

Although all desirable information is not yet avail
able on the dangers of uranium mining, it is already 
clear that the hazards can be very greatly reduced 
by the methods currently employed to combat the 
risks presented by silicogenic dusts and, to a lesser 
e,xtent, by firedamp. 

Precautions against dust in mining were exhaus
tively studied by a meeting of experts from 16 coun
tries convened by the International Labour Office in 
December 1952. T he meeting examined some 90 pa
pers on the subject and drew up a set of recommen
dations, in the nature of a summary code of practice, 
which have been circulated to all the States Members 
of the International Labour Organisation.ti The 
importance of adequate ventilation cannot be over
emphasized. 

Basic precautions against firedamp are set out in 
the Model Code of Safety Regulations for Under
ground Work in Coal Mines for the G1iida11ce of 
Governments and of tlte Coal-Mining lndttstry,n 
adopted by a tripartite technical conference convened 
by the International Labour Office in 1949. Some of 
these precautions are applicable to mines in which 
radon is present. 

A special precaution required at these mines con
sists in installing downcast shafts clear of spoil or 
ore heaps on the sur face, and providing them with 
brick or timber chimneys raising the intake well 
above ground level. Further, a radon-free water sup
ply should be used for sprays and-drills. Any mine 
water used for this purpose should be freed of dis
solved radon and suspended radioactive material in 
a water t reatment plant. 

Though the hazards at ore crushing and treat
ment plants, such as those in the atomic energy fac-

it Extracts from the recommendations which may be ap
plicable to uranium mines are seen in Appendix V (not repro
duced here). 

flV ~ncva, ILO, 1950. 

Figure 1. Symbol adopl•d by the International Labour Organisation 
for . dangerous radiations 

tories where the uranium is extracted and purified, 
are not as severe as in the mines themselves, and 
external radiation plays only a small part, workers 
must be prevented from inhaling or ingesting the 
radioactive dusts containing uranium and radium. 
Numerous precautions that serve this purpose will 
be found in the Model Code of Safety Regulations 
for Industrial Establishments for the Guidance of 
Gover11111e11ts aud Industry§§ already referred to, 
published by the International Labour Office in 1949. 

Emphasis may be laid here on the need for an 
exceptional standard of plant cleanliness, and the use 
of enclosed and exhaust-ventilated plant. Arrange
ments for monitoring, medical supervision, segrega
tion of processes, the use of suitable protective cloth
ing, etc., follow the requirements already referred to 
in Part V. 

As far as the International Labour Office is aware 
there are no national regulations in force dealing spe
cially with radiation risks in uranium mines. In the 
Union of South Africa a code of practice concerning 
safety precautions in uranium extraction and proc
essing plants is in preparation, and in the Federal 
Republic of Germany a conference of state labour 
inspection officials has recently agreed that protec
tive regulations should be drawn up fo r the extrac
tion of radioactive ores. 

As already mentioned, there is a serious lack of 
information on radiation r isks in the mining and 
processing of uranium and on the application of the 
necessary precautionary measures in the countr ies 
concerned. I t is very desirable that full information 
on these two matters be made generally available. 

VII. SAFETY IN THE TRANSPORT OF 
RADIOACTIVE SUBSTANCES 

l abelling 

The symbol proposed by the ILO for dangerous 
radiations has been adopted or is being considered 
for adoption by a number of organisations (see Fig-

§§ Sec in particular Chapter X (Dangerous and Obnoxious 
Substances). 

----- -----· 
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ure 1.) Since there is general agreement at the inter
national level on the necessity for securing the 
widest possible uniformity in systems used for mark
ing dangerous materials in all branches of industrial 
activity, including the various branches of the trans
port industry, it would appear highly desirable that 
this symbol should be used on danger labels which 
are to be affixed to containers of radioactive mate
rials destined for international exchange. 
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Measurements of Low-Level Radioactivity, Particularly 
the ;r -Radiation from Living Subiects 

By Rolf M. Sievert, * Sweden 

It is said that the peaceful use of atomic energy 
will probably not involve 111ore hazards for those who 
work in its establishments than is the case in many 
other industrial works. Reactors and other plants 
handling large quantities of radioisotopes require 
extensive protective measures, but if these are ade
quately r ealized the risk of accidents will be reduced 
to a minimum. But atomic energy utilization and the 
progressive use of large quantities of radioisotopes 
involve another type of hazard, which in principle is 
new. In some areas or over the entire world we have 
to expect increasing radioactivity, occasionally of 
comparatively short duration but often consisting of 
long-lived elements which may progressively ac
cumulate, adding steadily to the natural amount of 
ionizing radiations. 

T he biological action of small radiation quantities 
has thus grown to a problem of the greatest impor
tance. Our knowledge, however, is very limited in 
this field, especially as to the genetic action. It 
is possible that those who speak in gloomy terms 
of what will happen in the future if the general 
level of ionizing radiation increases, are overesti
mating the genetical hazards, although none can as
sert that they are definitely wrong. If we ask the 
specialists in genetics, we get no definite answer. 
There seem to be a number of fundamental prob
lems that ought to be solved before the question of 
the genetical hazards associated with small quan
tities of ionizing radiations can be answered, and 
some of them may he very difficult to treat. \Vhat, for 
instance, is the spontaneous mutation rate in man, 
and what fraction of this rate is due to the natural 
ionizing radiation? Are not the changes in equilib
rium between the mutations produced and the selec
tion forces o f prime importance in the discussion? 
Tf so, must we not take into account the enormous 
role in selection which is played hy development in 
medicine and technique? 

\Ve are all aware of the urgent need of research 
work on the genetical effects of ionjzing radiations. 
But we must not be too optimistic when estimating 
the time required before we can hope to get definite 
results that will give us the answer to the main ques
tion: what radiation doses can be permitted from a 

• Professor o£ Radiophysics., Chief of the Institute of Ra
diophysics, Karolinska sjukhuset, Stockholm, Sweden. 

genetical point of ··view? In the meantime we must 
keep check of the radiation level throughout the 
world. It is essential also to know the radiation con
ditions in man before and after starting atomic 
energy work if, in the future, results of gcnetical 
research are to be utilized without delay. 

Before the advent of artificial radioactivi ty, man 
was exposed to an ionization caused in part by cosmic 
radiation, hut mainly by radiation coming from the 
ground or from the body itself, due to radioacti\'e 
materials. One has to consider y-radiation from ele
ments in the U-Ra and Th-series and from K<0 and 
corpuscular radiation from activities contained in the 
body. Of special importance is the radon and thoron, 
since it can cause an uptake of activity through in
halation. 

For some years measurements of natural radio
activity have proceeded at the Institute of Radio
physics in order to elucidate the limits within which 
the background radiation and the content of radio
active material in air, water and living subjects vary 
in our country. For such investigations, recording 
instruments placed on the spot for a long time would 
he the best technical solution in many cases. But 
several investigations can appropriately be conducted 
with simpler methods, preferably when a great num
ber of observations are to be made simultaneously, 
to secure a general view of the magnitude of different 
effects and the circumstances which are relevant for 
further research work. Simple instruments often 
ha ,·e another advantage-they do not fail at the criti
cal moment. 

In our case it was essential to have a· method suit
able for many different purposes, such as measure
ment o f radioactivity in air, waters, and solid samples, 
having a very broad range of readings and tolerating 
rough handling. The measurements we have made 
hitherto point to the necessity of making a number 
of determinations at or near the place where the 
samples are collected. It is often much easier to· 
draw relevant conclusions if readings can be taken, 
as required, from different positions in a house, on a 
r iver or in the air, where radioactivity is observed. 
Consequently, we have equipped a mobile laboratory 
for such investigations. 

187 

Due to the increasing use of large quantities of 
radioactive isotopes, it is desirable to have facilities 
for rapid investigation on the spot if radioactive 

---------~----
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material is lost or if accidents of some other nature 
happen. The Institute of Radiophysics is responsible 
for the supervision of radiation protection in all 
work in Sweden which involves the use of radio
active substances and has therefore found it neces
sary to adapt the radiation measurement ambulance 
for radiation protection service too. 

For the purpose described here a further develop
ment of the so-called condenser chamber method1•2 

has proved apposite. In this method, which is shown 
in Fig. 1, each ion chamber A forms a self-contained 
unit with a small charging battery B. After a suitable 
exposure, readings are taken by inserting a contact 
plug C in the frame D of the chamber. The ionization 
is measured by a reading instrument E which can 
accordingly be used for an arbitrary number of 
chambers. This is of special advantage where space 
is very limited, if it is difficult to prevent contamina
tion of the ion chamber, or if a large number of ex
posures have to be made simultaneously. Different 
applications of the method will be seen from Fig. 1. 
The instruments placed in the ambulance are shown 
in Fig. 2. For determining very low-level radioactiv
ity the condenser chambers are moved to the low
background laboratory that will· be described later. 
Figure 3 shows the result of a determination of the 
radium concentration in the pipe water in one of our 
cities. A one-liter sample is evaporated to SO ml 
volume, this quantity simply being placed inside the 
chamber in a container permitting the radon to diffuse 
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figure 1. Different application~ of the modified conclenser chamber 

method 

figure 2. Inside view of the mobile laboratory 

into the chamber. From the graph it is evident that 
concentrations down to about 10--16 gm Ra per ml 
may be detected. 

Details of the methods of measurement and the 
pieces of apparatus used and a description of the am
bulance for radiation measurements will be published 
later on. 

For y-background observations an 8-liter high
pressure ion chamber is used together with a direct
reading instrument permitting observations to be 
made in less than one minute. Investigations of the 
background y-radiation have been made by Hultqvist:3 
in 677 Swedish houses of three types: wooden, red 
brick, and concrete houses. 

At the beginning we found some houses hav
ing comparatively high backgrounds and therefore 
thought that we should discover a sufficient number 
of such houses to provide us with material suitable 
for testing health conditions and making mutation 
tests for comparison of high- and low-level radiation. 
effects. This has not been verified. As is shown in the 
graph in ~ig. 4, there are, except in a few cases, only 
comparatively small differences in the radiation, in
dica~ing that ~uc~ investigations would not be likely 
to give any s1gmficant results. The cosmic radiation 
is included in the figures. 
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Figure 3. Record of determination of the radium concentration In a 
water sample 
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BACICGROVNO RADIATION 
( ACC. TO HULTQUIST) 
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Figure 4. Results of background measurements in houses. A, wooden; 
8, red brick; and C, concrete houses 

With the modified condenser chamber method 
mentioned, radon and thoron measurements have 
heen made by Hultqvist3 in different types of houses. 
The results show great variations, naturally depend
jng very much on ventilation conditions. From 
Table I it is clear that very bad ventilation may lead 
to a high concentration of radon, slightly below that 

· which the International Commission on Radiological 
P 'rotection recommended as the highest permissible. 
It is worthy of note that the highest radon concen
tration was observed in a house having quite a normal 
y-background. I shall return to this case later on. 

The content of radioactive substances in human 
beings has been the subject of much discussion during 
the last few years. Krebs4 found an average total 
radium content of about 10 nanogram (ng); Hursh 
and Gates,6 however, only a tenth of a nanogram. Both 
these investigations were made on cremation ashes. 
Our first measurement in Stockholm indicated an 
average amount of less than 4 ng. Further measure
ments of the y-radiation of living subjects suggest 
that the total-body content of radium contributes to 
the y-radiation less than IOo/o of the total radiation 
which is again less than I ng and mainly due to K40 

( compare Burch and Spiers6 ). However, observations 
of the natural y-radiation from human subjects in
volve some difficulties, and evaluation of the results 
obtained is not easy. 

In 1948 at the Institute of Radiophysics we con-

structed a high-pressure ion chamber apparatus for 
the measurement of y-radiation from living subjects 
down to the natural level. The instrument,7 due to 
insufficient space, could not be adequately shielded 
against the y-background radiation, and consequently 
a substantial correction had to be made for the absorp
tion of this radiation. The variations of the cosmic 
radiation as well as a radon plant in the vicinity also 
caused disturbances. In 1951 a low-background lab
oratory, 8 by 4 meters in size, was therefore estab
lished in a solid rock just outside Stockholm. The 
laboratory is situated in a subway belonging to a 
sewage disposal plant and automobiles can be driven 
to a point close to its door, which has proved very 
suitable because of the high concentration of radon 
in the subway, although the ventilation is very good. 

In the low-background laboratory we have now 
investigated more than 500 persons. During 1954 
and 1955 the apparatus was running continuously 
without any changes in the technical arrangements. 
Most of the investigations during that time have re
ferred to persons who have had no known contact 
with radioactive material other than natural sources. 
\Ve thus have collected a normal material consisting 
of young persons from a school, middle-aged people 
from a large commercial enterprise, and old people 
from a home for the aged. Typical records are shown 
in Fig. S. 

The number of tested subjects, of varying sex, age, 
and weight, will be seen from Table II. The y-radia
tion observed at various body weights, the standard 
errors of the various groups and the standard devia
tion of the single observations are seen in the graphs 
in Figs. 6-8. 
· In the graph in Fig. 9 the mean values for subjects 

in the age groups below 30 years, between 30 and 60 
years, and above 60 years are plotted against the body 
weights. From the curves it is obvious that the males 
have a higher y-radiation than the females and that 
the y-radiation decreases with increasing age. This is 
easy to understand if we consider that most of the 
potassium in the human body is to be found in muscle 

Table I. Radon and Theron Content of Air in Houses 
of Different Types* (in % of the number of flats 

investigated) 

A 

Number of Aats 55 
Ventilation 10-20 yes no 

min before in-
vestigation 

Radon content 
in 10-12 c/1 air: 

<0.5 
0.5-t0 
1.0-Z:O' 
2.0-5.0 
5.0,10.0 

10.0-Hi.0 
15.0-30.0 

71½ 74 
25 15 
3½ 11 

* According to Hultqvist•. 

B 

87 
yes no 

40½ 26 
40½ 32 
8 22 

11 16 
4 

C 

83 
yes no 

20½ 2 
20½ 7',/2 
14 22 
34½ 33½ 
10½ 27½ 

5½ 
2 
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Table II. 

Weight 
clau 
(kg) 

<25.0 

25-35.0 

35-45.0 

45-55.0 

55-65.0 

65-75.0 

75-85.0 

85-95.0 

Total 
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figure 5. Records from the low-bo,kground laboratory. From the right (Y, hour between two vertical lines): 
o, calibration with 0.02 µg radium, ')'-radiation from boy weighing 34 kg; b, '¥-radiation from young subject 
showing two cosmic ray showers, "l'-radiation from adult woman; c, 'Y-radiation from girl weighing 24 kg, 

")'-radiation from contaminated person 

Number of Subjects in the Norma l Material ti:.-suc and that the fat has a low potassium content. 
(144 males, 162 females) From old people with atrophied muscles and from 

Number of s ubjects 
heavy subjects haYing much subcutaneous fat absorb-
ing the radiation, the y -radiation yield is lower than 

S e.1· < JO )'I'S 30-M yrs > 60 yrs from young and middle-aged subjects. The differences 
'M observed may consequently be attributable to the po-
F 6 tasium content of the human beings and do not indi-
11 18 catc any changes in radium content during life. 
F 18 Calibrations made by means of the rubber dummies 
M 20 containing potassium sho\\'ed for an average 70 kg 
F 17 
M 11 4 

man with a potassium content of 140 gm, ·a y-radiation 

F 22 7 7 corresponding to 7.29 ng Ra-equivalent, and for a 40 
M 9 9 4 kg body containing 80 gm potassium, 5.06 ng Ra-
F 16 6 15 equivalent. Using these figures the potassium amounts 
M 11 10 14 can be calculated, assuming that the radiation is 
F 4 5 18 caused solely by potassium. In Table III the cal-
M 6 7 13 culated potassium contents are compared with those 
F 15 obtained by other authors. 
M 2 6 
F 3 3 According to the results described, the total radium 

160 51 95 content of noncontamiri.ated subjects is very likely to 
be less than a nanogram. This is also suggested by the 
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7'·RAOIATION OF LIVING SUBJECTS OF VARYING AGE 
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results obtained from subjects who have dwelt their 
whole lives in a city where the radium content of the 
water is at least 5 times that in Stockholm. As will 
be seen from Table IV, which contains preliminary 
results only, there may perhaps be a difference of the 
magnitude of lOo/o between the y-radiation of subjects 
from Stockholm and those from city A, but not very 
much more. This would mean less than 0.2 ng total
body content in subjects from Stockholm if the radium 
originates entirely from the water consumed. Investi
gations of subjects from places with high radium con
tents in their potable waters are proceeding. 

An interesting finding occurred during the investi
gations. The first record shown in Fig. 9, quite dif
ferent from the normal curves, was obtained from 
one of the tested males. Vv e measured the y-radiation 
from his clothes and found that the slope of the curve 
was due mainly to decay products of radon (b and d 
of Fig. 10) and that the man himself also had a t rifle 
higher value than would be normal ( c and e of Fig. 
10). An investigation of the air in his flat showed an 
extremely high radon content, very near the highest 
permissible concentration according to the recom
mendations of the International Commission on Ra
diological Protection. The y-background, however, 
was not very high, about 4 mr /week. As far as we 
could see, the effect was due to bad ventilation. The 
case is the subject of further investigations. 

About 100 persons working in the Swedish Atomic 

Energy Company have also been investigated. If we 
exclude some ten people who occasionally have shown 
a slight contamination, the mean values fit quite well 
into the normal curve . 

The doses caused by the background y-radiation in 
Swedish houses vary from 1 to 10 mr/week. Only in 
a very few houses does the dose exceed 5 mr /week. 
If, say 50 r, is considered to double the spontaneous 
mutation rate, then it seems scarcely worth while to 
seek any genetical differences between the populations 
living in houses of the different types tested. Further 
study of the radon amount in houses in combination 
with health tests would, however, be of interest. 

In investigations of natural radiations of the kind 
dealt with in this paper, it may be said in general that 
a mobile laboratory has proved to be of great ad
vantage, giving closer contact with the local problems. 
No doubt, however, a well-equipped ordinary labora
tory for qualitative radiation measurements and more 
accurate determinations constitute a necessary addi
tional facility. 

As regards measurements of the y-radiation from 
lh·ing subjects the following conclusions can be drawn 
on the basis of investigation of 306 persons who have 
lived most of their lives in Stockholm, where the 
radium content of the pipe water is less than 0.2 X 
10-12 curie per liter. 

It has been found appropriate to have instruments 
for measuring y-radiation from human subjects which 
are designed for continuous running requiring a 
minimum of technical service and so simple that an 
unskilled person can make all observations. Pieces of· 
apparatus of this kind have also proved very useful 
for a number of investigations of samples of extremely 
low specific activity. 

To be able to observe an increase of y-radiation 
due to storage of radium in the skeleton, or to small 
amounts of other radioisotopes in human subjects, it 
is necessary to take into account several factors : 

1. The person to be investigated and his clothes 
must be sufficiently free from decay products originat
ing from the radon and thoron in the air. 

2. The normal values representative for the age, 
weight and physical conditions of the person in ques
tion must be known from tests of a sufficient number 
of similar subjects, if the person's normal y-radiation 
has not been tested earlier. 

3. It seems correct to assume that if the water in
gested during life has a radium content less than 10-12 

curie per liter, the radium stored in the body cannot, 
even in old people, give a higher contribution to the . 
y-radiation than 20 per cent of the K 10 y-radiation. 

\''hat is said here refers to methods which do not 
permit the separation of y-rays of different energy. If 
it seems possible to improve measurements of y-radia
tion from living subjects by using scintillation 
counters16•17 it will be worth while trying to develop 
methods based on this principle. 

The methods described in this paper are intended 
for observations of the natural radiation and of the 
additional radiation due to development in atomic 
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Figure 10. Records of meosurements of o person with clothes contaminated by decay products o f radon. 
f rom the right (½ hour between two vertical lines): a, subject having decay products from radon in his 
clothes; b and d, the clothes tested under the same conditions as in o; c a nd e, the same subject cs in o 
without clothes, take n simultaneously with b and e respectively. Eight hours between the right and 

left record 

energy work. A careful study of the doses received 
which are representative for the present population, 
and a still more careful follow-up of their possible 
increase in the future, must be regarded as an uncon
ditional requirement for our generation. 

As long as we are doubtful about the genetical 
consequences of small doses of ionizing radiation in 
man, it is our duty to prevent every undertaking that 
is found to be follo\ved by an increase of radiation 
.,,-hich may raise the irradiation of any population 
above an amount considered as safe. By studying the 
variations of the dose caused by natural radiations, 
it seems possible to arrive at a reasonable maximum 

permissible dose which can be provisionally used 
until we know more about the genetical hazards. 

For a great many radiation protection purposes we 
already possess recommendations made by the In
ternational Commission on Radiological Protection 
and adopted by the International Congress of Radi
ology in Copenhagen, 1953. Most of these recom
mendations, however, are intended only for occupa
tional work with radioactive material and they need 
completion with regard to the general radiation haz
ards problem of the world. 

For that purpose it seems necessary to have an 
international protection organization of experts in 
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Tobie 111. Potassium Content in Living Subjects 

Author l\lct/,qd 
J\tumbcr of 

.subjcds Aue 

Average 
•weight 

kg %K 

Corsa et al. Isotope dilution 30M 21-32 0.18, ± o.oi. 
(1950) 8 (exchangeable potassium) 

A ikawa et al. Isotope dilution 20F 0.12,± 0.01, 
(1952) 8 ( exchangeable pota-ssium) 

Edelman el al. Isotope dilution 14 F 0.16 
( 1952) '0 (exchangeable potassium) 33.i\f 0.18 

Blainey el al. Isotope dilution Ii U 0.lio ::!:: O.ot, 
(1954)" (exchangeable potassium) 7F 0.131 ± 0.ot, 

Rundo and Isotope dilution 6 l\I 22- 31 76 0.19. ::!:: 0.02 
Sagild ( 1955) 12 (exchangeable potassium) 4F 17-28 61 0.16. ::!:: 0.01, 

Shohl (1939) 10 Chemical analysis 0.21, 
( total p0tassium) 

Hawk et al. Chemical analysis 0.35 
(1947) H ( total potassium) 

Burch and Total body radioactivity !OM+ 19-20 0.21,± O.Ql 
Spiers ( 1954) 15 ( total potassium) 3F 

Total body radioactivity 1111 26-41 021. ::!:: 0.01 
( total potassium) 41\.f 60-79 0.2b± 0.02 

Rundo and Total body radioactivity 6M 22-31 76 0.2t. ± 0.01. 
~agild (1955)u ( total potassium) 

Total body radioactivity 4F 17-28 61 0.19, ± 0.01. 
( total potassium) 

Sievert ( 1955) Total body radioactivity 201[ 10-13 40 0.19, ± 0.008. 
( total potassium) 

Total body radioactivity ID[ 20-29 70 0.19.± o.oi. 
( total potassium) 

Total body radioactivity 1011 30-49 71 0.20.± O.ot, 
( total potassium) 

Total body radioactivity 1-D.[ 62-84 72 0.15, ± 0.0081 
(total potassium) 

T otal body radioactivity 17 F 10-13 40 0.16, ± 0.01, 
(total potassium) 

Total body radioactivity -IF 25- 28 69 0.14, ± 0.005, 
( total potassium) 

Total body radioact ivity S F 36-56 72 0.13. ± 0.009, 
(total potassium) 

Total body rad ioactivity 18 F 6~ 71 0.1~::!:: 0.008. 
( total potassium) 

Tobie IV. Preliminary Comparison of Ra dium Content in Subjects from a City (A ) with 
Pipe Water Containing about 10- tri g m Ra/ml a nd from Stockholm with W ater 

Conta ining about 0.2 X 10- i:, gm Ro/ ml 

Num/,ero/ Average 
s-Hbjects Radialion DiJ!er,,.ce 

Cily and se~ age wcigltt in 119 ~-eqi/. in ")'-radiation • 

A 9M 18.3 61.6 8.13 
Stockholm 9M 19.1 61.4 6.94 + 16.7% 

A SM 20.0 71.0 7.98 
Stockholm 11 }.[ 24.5 70.3 7.18 + 10.2% 

A 511 18.0 83.4 8.25 
Stockholm 6M 26.5 78.7 .8.37 7.2% 

A S F 20.2 51.8 5.51 
Stockholm 22F 18.1 50.7 5.04 + 7 .0% 

A 3F 20.7 60.i 7.18 
Stockholm 16 F 17.7 58.7 5.54 + 25.2% 

Average + 10.4% 

* Corrected for diff crences in body weight. 
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radiophysics and radiobiology including radiogenet
ics, empowered to promote essential research work 
in its .field and to organize continuous general super 
vision of the radiation level in the world. An organ
ization with this program must have a high degree 
of independence, sufficient means at its disposal, and 
should not be under any restrictions as to publication 
of its findings. T hese should be reported periodically 
in some suitable way, wit h summaries in a form that 
would be understood even by the man in the street. 
I t is to be hoped that the present International Com
mission on Radiological Protection may be given 
possibilities to adopt such a programme. 

The world problem of general radiation hazards is 
interesting and fascinating. T here are many young 
scientists who would enter wholeheartedly into in
ternational teamwork in this impor tant field if organ
izational and financial requisites could be created for 
the purpose. 
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Permissible Exposure to Ionization Radiation 

By Louriston S. Taylor,* USA 

This short note, reflecting the general opinions of 
most members of the National Committee on Radia
tion Protection, directs attention to a, major problem 
that must be faced when we consider large-scale, 
peaceful developments of nuclear energy. The prob
lem directly influences our whole philosophy with 
regard to radiation protection and centers about the 
fact that the genetic effects of low-level exposures 
of a large fraction of the population may ultimately 
decide the permissible dose for all persons. Until 
relatively recently the prime consideration in decid
ing upon the maximum permissible dose of ionizing 
radiation has been the exposure of the single indi
vidual. Future considerations of the maximum per
missible dose may conceivably involve an entirely 
new feature; whereas past decisions have been based 
on scientific principles alone, future decisions may 
have to include political and economic factors. 

The current maximum level of permissible expo
sure for the single individual rests on the philosophy 
that exposure at this level throughout his adult life
time is believed unlikely to cause him bodily injury 
at any time during his lifetime. Based on this major 
premise, the present permissible exposure levels are 
acceptable both from the plant and the individual's 
viewpoint, and do not appear to involve an unrea
sonable working risk. Such levels are, however, also 
based on the additional premise that only a small 
portion of the world population will be so exposed 
up to the close of their reproductive lifetime. 

On the other hand, where large population groups 
may be exposed, the preservation of the genetic bal
ance of the population may require that the exposure 
per individual be limited to only a very small frac
tion of the individual occupational exposure.1 Up to 
the present, most of the pertinent data is from animal 
rather than human experiments, yet we are forced to 
accept tentatively the animal data as applying to man. 

For purposes of discussion, let us take Muller's2 

statement that an exposure of 80 · r to the gonads 
would double the natural mutation rate and that such 
exposure repeated generation after generation might 
seriously upset the genetic equilibrium. P resumably 
this would be genetically unacceptable in view of the 
double-heavy genetic load thrust upon the unexposed 
population, and in view of the present trends in re
productive practices. Muller suggests a maximum 
average exposure per individual per reproductive 

• National Bureau of Standards. 

196 

lifetime of 20 r, which would result in an increase 
in the mutation rate of only 25 per cent. Other au
thorities have arrived at figures as low as 3 r for a 
permissible average "lifetime" exposure. Either fig
ure is much lower than the presently accepted indi
vidual occupational exposure limit which may be as 
high as about 400 r per lifetime. 

If we are to adhere to the 20 r average for the 
whole population, not more than 5 per cent of the 
people could be permitted to receive a full occupa
tional exposure of 400 r to the gonads. For the 
United States this would be some eight million per
sons-a figure that we are unlikely to attain for 
many years to come. One should also consider that 
most radiation workers do not receive exposures over 
periods as long as 25 years, and that in fact only a 
very small number receive more than about one
third of the permissible exposure. On the other hand, 
there must be added to this, medical and diagnostic 
exposures wherein radiation may reach the gonads. 

Before facing the problem of determining how . 
much additional radiation may be received by non
occupational population groups, it is essential to 
make a careful evaluation of existing exposure pat
terns. Since the prime consideration will be genetic 
effects, such exposure evaluation should be limited 
to the gonads of persons before the close of their 
reproductive lifetime. 

Concurrent with, or a part of, such a study should 
be certain sociological investigations. Reproduction 
habits will play an important role, and these will 
vary markedly depending upon such factors as race, 
education, inbreeding within certain geographical 
limits, etc. In averaging the exposure of population 
groups, erroneous results would be obtained by equal 
weighting of say the population of New York City 
and an Indian Reservation in the West. 

Since the size, distribution, and nature of a popu
lation group may influence the pattern of cross
breeding, it may be worthwhile even within a single 
country such as the United States, to consider very 
different average exposures for different parts of the 
country. Such·· differentiation might present almost 
impossible administrative problems because of popu
lation movements, yet there are relatively large and 
different population groups between which cross
breeding is negligible. This same consideration will, 
however, be likely to necessitate lowering of average 
exposures in some areas where inbreeding is high 
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within a population group that remains somewhat 
static in location. (This may be somewhat less of a 
problem in cities of the United States as compared 
with those of Europe and Asia.) There will un
doubtedly be special problems of this sort in certain 
areas and it might be worthwhile to treat them spe
cially, rather than inflict unnecessarily low permis
sible exposures over the country as a whole. Analysis 
of individual situations, while costly to perform, may 
nevertheless be sound economy in the end. 

From the point of view of power reactors, the 
limits set for radioactive wastes will vary consider
ably, dependent upon location. This, of course, has 
been one of the prime considerations in locating re
actors thus far, and each case has been treated on its 
own merits. 

We have to face the high probability of an enor
mous growth in the uses of nuclear energy. It is 
doubted whether anyone has ventured to predict this 
for the next 20 or 100 years. Looking backward at 
the enormous changes in our civilization brought 
about by technological advances in the past four or 
five generations, indicates the futility of planning 
ahead in detail a similar range of time. This does 
not imply, however, that we should stand passively 
by and let nature take its course. There is much that 
can be done in preparation for the future. 

As the invention of the internal combustion engine 
revolutionized the world, so also may we expect con
t rolled nuclear energy to do so again. The engine 
has brought vast improvements into our material 
ways of life. One wonders whether, if in 1910 it had 
been anticipated that the engine would be responsible 
40 years later for 30,000 deaths a year on U nited 
States highways alone, there would have been a hue 
and cry to curtail its further use. In spite of the fact 
that we somehow accept this carnage, we might have 
been able to have held it down, had the problem been 

. attacked while automobiles were in their infancy. 
. 'With nuclear energy the situation is importantly 

different-even if more complicated. We know a 
great deal about its potential hazards and to some 
extent how to cope with them. In addition, we have 
some time within which to solve the special prob
lems. However rapid the growth in the use of atomic 
energy, there is still some leeway that will atlow us 
to proceed with technological developments before 
we outrun our practical limits in the methods of pro-

tection. The greatest and most serious limitation is 
that imposed upon us by genetic considerations. Our 
most substantial advances in knowledge of genetics 
have been within the past two or three decades-a 
very short time. The results of this knowledge have 
been a major consideration in discussion leading to 
our present concepts of permissible dose, yet we have 
avoided any attempts to rigorously de~ne the genetic 
limitations. ( It is presumed that the geneticists, to 
be safe, assume the most pessimistic conditions.) 

At some time, probably not within the immediate 
future, man will be faced with making an inescapable 
decision. At what point may the advantages of atomic 
energy be offset by the disadvantages to the future 
man? And who will have the abundant wisdom to 
recognize that point and do something about it ? Will 
it be known, in time for such a decision, just what 
radiation may do to man's future? I believe that at 
some point a decision involving an educated gamble 
with man's future will have to be made, and history 
of the past indicates that such a decision may be 
made on the less- rather than the more-conservative 
side. The decision does not need to be made tomor
row or probably for some years. In the meantime, we 
can continue our present pace with relatively little 
risk. But in that same meantime, it is felt that we 
should start to condition our thinking for a change 
in philosophy with regard to radiation exposure. On 
the basis of today's knowledge of ourselves, we may 
be expected to show a willingness to accept more 
rather than less radiation exposure insofar as its 
effects ten or twenty generations hence may be felt . 

In this same time, we should also devote our every 
energy to keeping radiation exposure of persons to 
the minimum compatible with reasonable progress 
and good sense. Through education and the dissemi
nation of wisely chosen information, we can do much 
better than at present in matters of radiation pro
tection, without at the same time fettering a source 
of great benefit to mankind. T he better we do. the 
ordinary job of protection today, the longer we post
pone the fateful decision on man's future. 
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Maximum Permissible Exposure Standards 

By Masanori Nakaidzumi,* Japan 

The maximum permissible radiation dose which is 
at present in use originated from a report made by 
Mutscheller in 1925. As a result of his studies of 
health conditions of those working in X-ray labora
tories he concluded in his report that if dosage does 
not exceed ½oo skin erythema dose per month it 
will not cause injury even after a long period. He 
said in conclusion that this amount is the tolerance 
dose. This tolerance dose of M utscheller corresponds 
to 200 mr per day. Judging from the condition of 
X-ray applications in and around 1925, as well as 
from the term "skin erythema dose" itself, doctors 
were concerned with those X-ray injuries mainly re
stricted to the skin. This tolerance dose was adopted 
as that of international recommendation at the Third 
International Congress of Radiology of 1931 in 
Paris. In 1937 at the Fifth International Congress 
of Radiology held at Chicago this dose was replaced 
with 100 mr per day on the condition of measure
ment in the air. Since then the quality of radiation 
used and its applications in radiology have changed 
considerably. Besides, if the dose of 100 mr/day is 
observed strictly by X-ray workers there will not 
be any radiation in jury, but from the animal experi
ments and genetics this dose of international recom
mendation seems to have no such safety factor as it 
was supposed to guarantee. Thus the international 
recommendation of 1937 has beei1 revised to the 

* Professor at Radiology Department, Medical Faculty, 
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present dose of 300 mr a week which is widely used 
today. However, this dose of 300 mr per week is not 
the result of revisions necessitated by the actual radi
ation injuries experienced by workers hut is the value 
adopted after the result of Mutscheller's field study 
having been twice revised. Therefore, we do not 
know what safety factor this dose includes. To know 
exactly what safety factor is provided by a cer tain 
standard is indispensable for planning protecti\·e pre
cautions against radiation injury. i\feanwhile, in 
Europe and the United States no radiation injury 
to workers is reported as the result of adherence to 
the maximum permissible dose for human beings, 
and it is impossible to study and decide what safety 
factor this permissible dose provides; whereas in 
Japan, radiation injury still occurs in the X-ray lab
oratories. Therefore, we must study the question again 
by adopting a new method as Mutscheller did in 
1925. \Vhen the results of this study are clear we 
shall know the safety factor of the present maximum 
dose of 300 mr a week and thereby greatly con- . 
tribute to the planning of the protective precautions. 
In order to measure radiation dose to which X-ray 
technicians are exposed while they are engaged in 
the above study, we are using film badges of Japanese 
manufacturet together with those of American manu
facture, which are to be sent to New York for de
Yelopment and measurement. 

t Anyone interested in knowing- the details o f the fi lm 
badges used in Japan is welcome to make an inquiry. 



On the Maximum Permissible Dose of X- and 
Gamma-Radiation ·-

Sy W. Jasinski* and I. Zlotowsky, t Poland 

The biological effectiveness of X-rays and gamma 
rays has been investigated hy carrying out differential 
blood counts of persons occupationally exposed to 
radiation in the premises of the Institute of Oncology 
at Gliwice. The hematological data of 145 employees 
for a period of over three years have included the 
counts of red blood cells, granulocytes, neutrophiles, 
lymphocytes and monocytes as well as the determina
tion of the hemoglobin content of. the peripheral 
blood. 

The daily doses of stray radiation received by in
dividual employees were estimated on the basis of 
ionisation measurements made by means of ordinary 
radiation monitors, calibrated G-M counters and 
pocket condenser-type ionisation chambers of our 
own construction.1 Radiation monitoring was carried 
out periodically in various parts of the Institute,~ 

• Chief Radiotherapist, Institute of Oncology, Gliwice, 
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while the individual blood counts were repeated regu
larly every three or, sometimes, every six months. 

All 145 employees submitted to the regular hemato
logical studies were divided into four groups com
prising (1) 5 persons exposed to 0.07 to 0.15 r/day, 
(2) 13 persons e..xposed to 0.008 to 0.012 r / day, (3) 
35 persons exposed to 0.004 to 0.02 r/day or occa
sionally to 0.2 r/day, and (4) 93 persons exposed to 

Table I 

Meau lcwfr of bloed tlemc1tts 

Blood cltm,nl /uitial valw r 
J years tilter Differential 
N11ploymtnt rOltfltS 

(a) (b) (a- b) as% of a 

I. Hemoglobin (gm) 11.39 10.46 - 8.l 
2. R.B.C. 4,007,000 3,757,000 -6.l 
3. W.B.C. 6378 6047 - S.2 
•l. Granulocytes 3973 3811 - 4.l 
5. Ne\ltrophiles 3796 3637 - 4.2 
6. Lymphocytes 2167 1985 - 8.4 
7. :'.\fonocytes 226 267 +18.l 

Table II 

W/10/e-l,ody A.•z,rr1111c diffrrcutial ,oJrnts ot tire end of th~ J sear p t riod 
d<1se in % of the initial counts 

T y tc in r/day 
Group Occuf>al. of (mrosurtd CronK• N~utro• L:,m{lho- Mo,,o-

of ,mp/. ~rpo11,r1 radi'ati'ou 1·n oir) Hb(gm) RBC ll'BC locytes pM/es tyl,s cylDJ 

1+2+3+4 Various X-rays 
and/or -8.l - 6.1 - 5.2 -4.1 - 4.2 -8.4 +18.1 
gamma 

rays 

1 6.5 hr/day over Gamma 
the entire rays 0.07-0.15 -32.5 -16.5 -22.2 - 15.6 -17.0 -17.0 +40.0 
3 yr period 

2 6.0 hr/ day over 
the entire X-rays 0.008-0.012 -9.5 - 10.0 - 12.7 - 0.8 - 10.3 -13.6 -11.0 
3 yr period 

3 8.0 hr/day over 
the entire 0.00~-0.02 
3 yr period 

or -6.3 - 6.-t -17.4 - 25.6 - 25.5 - 4.0 + 18.7 5.0 hr/day occa- Gamma 
sionally over rays less than 
a period o{ 0.2 
3 to 12 m 

4 8.0 hr/day over Gamma 
the entire rays 0.004--0.02 - 7.5 -2.7 - 3.8 -5.8 + 5.8 - 7.S +20.3 
3 yr period 
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0.004 to 0.02 r/day. The detailed conditions of ex
posure are indicated in Table I I. Table I presents 
the average values of the differential blood counts 
for all 4 groups over the entire three-year period. 

From the data summarized in Table II it is possible 
to conclude that in the fourth group of employees the 
biological response to radiations has been very slight. 
Also in the se~ond group relatively small changes in 
the peripheral blood have been observed. In the third 
group, however, an appreciable decline in the total 
white blood cell counts has been noted, due mainly 
to a reduction in the absolute number of granulo
cytes. In the first group the occupational overexpo-

W. JASINSKI and I. ZLOTOWSKY 

sure is exhibited by a change in all blood counts with 
a large increase in the number of monocytes. 

The data presented in Tables I and II lead to the 
conclusion that the daily dose of radiation received 
by persons who are occupationally exposed to gamma 
rays and/or X-rays should not exceed 0.01 r per day. 
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Validity of Maximum Permissible Standards 
for l~ternal Exposure 

By R. C. Thompson, H. M. Parker and H. A. Kornberg,* USA . 

It is well recognjzed that the nlidity of maximum 
permissible standards for internal exposure to radio
isotopes is not comparable with the validity of stand
ards for external radiations. The International 
Commission on Radiological Protection (ICRP), in 
1950, did not "consider that there is sufficient in
formation to make firm recommendations concerning 
maximum permissible exposures to internal radiation 
from radioactive isotopes.''1 

In 1953, the Subcommittee on Permissible Internal 
Dose of the National Committee on Radiation Pro
tection (USA) published maximum permissible ex
posure limits for 70 internal emitters.2 Recognizing 
that, "in some cases there is considerable uncertainty 
about the maximum permissible values given ... ," 
the Subcommittee felt that it was "desirable to agree 
upon what are considered as safe working levels for 
these radioisotopes now rather than wait until more 
complete information is available." 

To establish permissible limits for internal emitters, 
one of two approaches is presently used. If the radio
isotope in question is a bone seeker, its toxicity is 
compared with radium. The radium permissible limit 
is derived directly from human exposure experience, 
and is currently established at 0.1 µ.c total-body bur
den. Although there is considerable uncertainty in 
th~ interpretation of the human exposure data, this 
value for radium is without doubt the most realistic 
of the recommended permissible body burdens. T he 
comparison of a bone-seeking element, as Sr89 or 
Pu230, with radium may be made from the results of 
animal toxicity experiments in which the ratio of 
concentrations of radium and the isotope in question, 
which result in equivalent damage, are determined. 
In the absence of such a direct comparison, the con
centrations which should result in equivalent damage 
may be calculated from the ratios of energies of dis
integration and of relative biological effectiveness of 
the two emitters and from data on their comparative 
biological distribution and retention. 

For the majority of radioisotopes recourse must 
be had to experience with externai' radiation. The 
limiting dose rate of external radiation adopted by 
the ICRP of 0.3 r per week was based on the maxi
mum pcm1issible dose rate for irradiation of the 
blood-forming organs.1 Despite differences in tissue 
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sensitivities, 0.3 rein per week is presently consid
ered the maximum permissible dose rate to the · criti
cal organ, whatever it may be. 

Considerable uncertainty attaches to maximum 
permissible body burdens detennined by either meth
od. Additional uncertainties are introduced in the 
calculation of maximum permissible concentrations 
(MPC) for radioisotopes in a ir or water. These 
limits for air and water are based, of course, upon 
the permissible body burden, but require, in addition, 
information on the fraction of inhaled or ingested 
radioisotope which reaches the critical organ, and 
information on the retention of the radioisotope in 
the critical organ. 

The problem of establishing MPC's for internal 
emitters in air or material that may be ingested can 
be resolved into three factors. ( 1) Determination of 
the permissible critical organ burden; (2) Deter
mination of the radioisotope concentration in air, 
water, or other directly ingested material which will 
result in this permissible burden upon chronic ex
posure; and (3) Determination of limiting factors 
other than direct human ingestion, e.g., damage to 
nonhuman organisms, concentration along food 
chains terminating in the human. 

The balance of this paper is given over to a descrip
tion of work carried out in our laboratories which 
has resulted in a better understanding of certain of 
the parameters involved in all three of these factors. 
Wide variations from currently accepted values were 
found , particularly in those parameters necessary to 
the establishment of MP C's for air or ingested ma
terial. It seems probable that the uncertainties in 
our present knowledge of factors 2 and 3 are much 
greater than the uncertainties in the permissible 
human body burdens. 

PLUTONIUM-239 

The presently accepted MPC for Pu239 in water is • 
1.5 X 10--0 µ.c/ml. 2 This is based, among other 
parameters, on an assumed absorption from the gas
tro-intestinal tract of OJ per cent of the ingested dose, 
a figure derived from a measured absorption of 0.01 
per cent, with a safety factor of ten included because 
measurements were made at relatively high plutonium 
concentrations. In experiments involving the chronic 
feedi ng of plutonium solutions to hundreds of rats, 
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an average absorption of 0.0028 per cent was meas
ured, with 90 per cent confidence limits of + 0.0008 
per cent.3 This figure holds for solutions varying in 
plutonium concentration from 10 times lower than 
the present MPC to 50,000 times higher. Limited 
studies with pigs have indicated a slightly lower, but 
not significantly different, value. 

These results were obtained by feeding pH 2 solu
tions of plutonium(IV) nitrate. At pH 2 the plu
tonium in such a solution is partially hydroxylated 
and exists as a high molecular weight polymer. This 
type of plutonium molecule should be typical of that 
which would exist in contaminated water supplies. 
By feeding more acidic solutions, or complexed 
forms of plutonium, much higher absorption can be 
obtained. 

\Vithout considering possible changes in the other 
parameters involved, these results on gastrointestinal 
absorption would seem to justify an increase in the 
MPC for plutonium-239 in water by at least a factor 
of ten. Considering the over-all validity of the Pu239 

limit, it is probable that the ratio of Pu to Ra toxicity 
is reasonably well known, and that the Ra limit itself 
is conservative. Therefore, it seems appropriate to 
take advantage of the lower uptake demonstrated here 
and write the MPC for Pu239 in water as 1.5 X 10-5 

µc/ml. 

RUTHENIUM-106 

Current maximum permissible standards for in
ternal exposure to Ru100 are based on limited observa
tions on a few rats. The absorption of ruthenium from 
the gastrointestinal tract is reported as < 0.05 per 
cent, and on this basis the MPC for Ru100 in water is 
recommended as 0.1 ,-.c/ml.2 

In extensive feeding experiments with rats, approx
imately 3 per cent of fed ruthenium was absorbed 
from the gastrointestinal tract. This result was ob
tained with pH 2 solution of either Ru(III) or Ru 
(IV) chlorides. Reducing the acidity to pH 6 resulted 
in an approximately 5-fold reduction in gastroin
testinal absorption.5 

Kidney is presently considered to be the critical 
organ for ruthenium internal exposure, and the bio
logical half-life for ruthenium in kidney is listed as 
20 days.2 From our studies, it was found impossible 
to adequately represent the retention of ruthenium in 
the rat kidney by a single exponential function. Initial 
loss of ruthenium is quite rapid, but a considerable 
fraction of the kidney ruthenium is retained with a 
half-life of about 40 days. In chronic feeding experi
ments the equilibrium kidney ruthenium burden was 
found to be about 2.5 per cent of the daily dose fed.4 

Using this datum there may be derived an MPC for 
Ru106 in water of 4 X 10--s ,-.c/ml, a value 25 times 
lower than the presently recommended limit. 

Our studies of Jong-term ruthenium retention 
suggest strongly that bone rather than kidney may 
be the critical organ. While kidney accumulates the 
highest initial concentrations, the half-life for ruthen-

t<. C. THOMPSON et al. 

ium retention in bone is of the order of 100-150 
days.5 Data from chronic feeding studies of suffi
cient duration to prove the point are not yet avail
able, but calculations based on exist ing data indicate 
that equilibrium concentrations of ruthenium in bone 
and kidney should be approximately equal. On this 
basis, bone, in view of its greater radiosensitivity, 
should be considered the critical organ. 

Assuming bone to be the critical organ, an MPC 
for Ru106 in water may be derived by comparison 
with the accepted value for the S r80 MPC. Such a 
calculation indirectly relates the Ru106 MPC to the 
human exposure experience with radium and involves 
no assumptions concerning a permissible dose of 0.3 
rem/week. Since both Ru106 and Sr80 are energetic 
beta emitters one can assume that they would have 
similar biological effect. Correcting the Sr89 MPC of 
7 X 10-5 µc/1111 2 for differences in effective energy. 
for differences in effecti,·e half-life, and for the differ
ent fractions of ingested material deposited in bone, 
the :i\1PC for Ru100 becomes l X 10-:1 ,-.c/ml. This is 
a factor of 100 lower than the presently recommended 
:i\f PC. It is recommended that this limit be tentatively 
accepted. 

IODINE-131 

A continuing experiment on the toxicity of I131 in 
sheep has thus far covered a period of five years and 
utilized some 600 sheep. The experiment has involved 
daily oral administration of !131 at various levels, with 
exposures continuing at a constant le\·el through suc
ceeding generations.0 

\Vhen animals were fed S µc/day for about two 
years, mild symptoms of thyroid damage became evi
dent. In second generation animals which were ex
posed in utero and via milk during the suckling 
period, slight evidence of thyroid damage was ap
parent by the eighth month. Approximate dose rate 
to the adult thyroid was ISO rads/week, and to tl;e 
fetal and immature thyroid, 200 rads/week. 

At the 0.15 µc/day feeding level there has been no 
evidence, over a period of four years, of any damaging 
effect. Thyroid dose was approximately 3 rads/week. 

A radiation dose rate 10 times the assumed maxi
mum permissible level has therefore given no evidence 
of harmful effect, while a dose 500 times the 0.3 rad/ 
\Yeek limit has shown marginal effects in adult sheep 
only after an exposure period of two years. Sheep 
that have received daily amounts of !131 between 0.15 
and S µc/day for 18 months have shown no symptoms 
of toxicity. · 

Despite its relative radio-resistance, the thyroid is 
clearly the critical organ. At the 5 µc/day feeding 
level, the maximum radiation dose rate to tissues 
other than those in the thyroid regio~ does not exceed 
0.5 rad/week. For truly chronic exposure, the fetal 
and early post-natal thyroid should be specified as the 
critical organ, because of its greater concentration of 
iodine and because of the apparent greater radiosensi
tivity of the immature organ. 
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F rom these studies it can be calculated that a con
centration of 2 X IO-.; µc Jl31 per gram of vegetation 
eaten by the sheep should result in no damage to the 
thyroid. To allow for possible species differences for 
other range animals, a value of 10-5 ,-.c I 181/gm veg
etation would seem to be a reasonable MPC for graz
ing land. Such a concentrat ion of !131 on vegetation 
would b_e expected to result from an air concentratfon 
of 3 x·· 10-13 µc/cm3• The presently recommended 
MPC for 1131 in air is 3 X 10-0 p.c/cm8 • While -no 
doubt safe for direct inhalation, this limit should be 
reduced by four orders of magnitude to assure radia
tion safety of grazing animals. Approximately the 
same reduction is required for the safety of humans 
eating large quanti ties of fresh garden produce and 
drinking milk from cows grazing on P 31-contaminated 
pasture. 

PHOSPHORUS-32 

The presently recommended MPC for P32 in water 
is 2 X 104 p.c/ml.2 While this is a reasonable, perhaps 
even conservative, limit for drinking water, it is in
applicable to biologically populated waters. Here the 
remarkable concentration in small aquatic organisms 
and their use in food chains by fish and man neces
sitates lower limits. At 2 X lo-4 µc/ml, plankton 
receive dose rates up to 70 rads per hour, and some 
fish mav receive \tp to 50 rads per hour. H umans 
eating ~ne pound of these fish per day would receive 
about 200 rads per week, at some seasons of the year . 
The MPC for P32 in such waters should not be higher 
than 3 X 10-0 µ.c / ml, or better, 3 X 10-1 p.c/ml to 
include the conventional safety factor of 10.7 

SODIUM-24 

The drinking water MPC for Na24 is listed as 8 X 
10-a µc/ml. 2 For the protection of large fish, the MPC 
should not exceed 2 X 10-6 ,-.c/ml.1 

HYDROGEN-3 (TRITIUM) 

The present maximum permissible standards for 
internal exposure to tritium are based on the assump
tion that the tritium encountered will be freely ex
changeable with ordinary hydrogen in the aqueous 
vapor in the ltmgs.1 This assumes, effectively, that the 
tritium is present as the oxide. Although this assump
tion is practical because of the difficulty in distinguish
ing benveen the elemental form and the oxide in 
routine monitoring of contaminated atmosphere, we 
have shown in experiments with rats that tritium in 
the elemental form (T 2 or HT) does not exchange to 
a very significant e..'Ctent with the hydrogen of water 
or other hydrogenous substances in the body.8 Per
haps more academic than practical, • exposure to ele
mental tritium, therefore, constitutes a much smaller 
hazard than exposure to tritium oxide. 

To der ive the MPC for tritium oxide in air and 
liquid media the following parameters were meas
ured: absorption into the body via lungs and skin; 
distribut ion into and biological decay from body 

water; fixation, concentration, and biological decay 
of tritium bound to organic molecules in the body; 
and relative biological effectiveness o[ tritium beta 
particles. 9 

Absorption of virtually all tritium oxjde inhaled 
into the lung was readily observed. In extensive 
studies on rats and man, atmospher ic tritium oxide 
vapor was absorbed through the skin at a rate about 
equal to the rate of pulmonary absorption. 

The uniform distribution of tritium oxide in body 
water was noted .in experiments with small and large 
animals. From many studies with humans, the best 
value for the average half-life of body water seems 
to be about 10 days.10 

A small fraction of body-water tritium becomes 
incorporated into nonexchangeable positions in the 
organic compounds of the body and is lost from the 
body with half-lives characteristic of the compounds 
in which it is incorporated. In extensive experiments 
with rats and mice it was shown that this "organically 
bound" tritium may have a significant effect in in
creasing the radiation exposure beyond that calcu
lated for body-water tr itium alone. In chronically 
exposed rats the increased radiation due to the or
ganically bound tr itium amounted to about 10 per 
cent of the total dose, averaged over the cntfre ani
mal. For specific tissues the increase was as much 
as 20 per cent, and there were indications that certain 
compounds containing high levels of bound tritium 
might receive twice the dose calculated from body 
water tritium alone. 

In studies comparing the cffecti veness of different 
L>eta emitters in inhibiting the growth of microorg.in
isms we have shown that tritium is approximately 
twice as damaging per unit of energy absorbed as is 
the more energetic beta emitter P32• Other investi
gators using other biological criteria have reported 
values for the tritium RBE o[ from 1.4 to 2. 

The present permissihle body burden of tri tium is 
I()-4 µc, and the MPC's for air and liquid media are. 
respectively, 2 X 10-r. µc/cm8 and 0.2 µc/ml.2 

Application of our findings to the calculations for 
the several limits yields the following: 

Permissible body burden 1.5 X 10•3 µ.c 
MPC in air 3 X 10-0 µ.c/cm3 

MPC in liquid media 5 X 10-2 µc/ml 

From the preceding examples it is evident that 
at least several of the present "best" standards for 
internal exposure are uncertain by rather large fac
tors. W hile some degree of uncertainty is inherent in 
any description of biological processes, the uncer-. 
tainty in present maximum permissible standards for 
internal exposure is due in most cases to simple 
lack of information on the biological parameters 
which determine these standards. Careful study of 
these parameters in a variety of animal species is 
urgently needed. 

Lacking complete information on these parameters. 
present planning for installations or procedures must 
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incorporate a degree of flexibility which will permit 
ready adaptation to future changes in maximum per
missible exposure standards. While most present 
standards may be accepted at face value for control 
of the customary hazards of infrequent laboratory 
exposure, any planning for truly chronic exposure, 
or for the release of large amounts of radioisotopes, 
should incorporate conservative safety factors. 
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Is the Concept of "Critical Organ" Valid in 
Determining the Maximum Permissible Level for 
Exposure to Radioactive Materials? 

By J. N. Stannard,* USA 

Nearly all current recommendations for the maxi
mum permissible exposure of man to the radioactive 
materials used in industrial nuclear energy plants 
or in research require rather broad assumptions. 
T hese are detailed by the US National Committee 
on Radiation Protection in the National Bureau of 
Standards Handbook 521 and given even more atten
tion in the forthcoming recommendations of the 
International Commission on Radiological Protec
t ion.2 F requently an assumption must be made as to 
which organ is to be considered the "critical organ." 
This is necessary because it is desired to limit ex
posure so that no body tissue will receive a dose 
exceeding 0.3 roentgen equivalents man (rem)t per 
week.1 In the absence of definite information to the 
contrary, the organ with the highest concentration of 
material perforce becomes the critical organ. It is 
the ·purpose of this paper to review the consequences 
of the "critical organ" concept, and to show what 
alterations might occur in present standards if dif
ferent assumptions were made. 

CHOICE OF CRITICAL ORGAN 

. Several criter ia might be utilized for choosing a 
critical organ. Among these are: ( 1) the organ with 
the highest concentration of radioactive element; 
(2) the organ of greatest radiosensitivity; (3) the 
organ with the most vital functions to perform; and 
( 4) the organ showing the greatest amount of dam
age on histopathological examination of material from 
experimental animals. 

Each of these has certain virtues and defects as 
discussed in part by the Subcommittee on Permissible 
Internal Dose of the U.S. International Committee 
on Radiation Protection.1 H ematopoietic organs and 
testes are much more sensitive than the muscle or 
nerve or growing bone. If concentrations within two 
organs differ by less than their relative radiosensi
tivity, it might seem advisable to designate as critical 
the organ of greater sensitivity. On the other hand, 
relative sensitivities are not fixed quantities and vary 
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t Roentgen equivalents physical X relative biological effec
tiveness of the type of radiation under consideration. 

considerably with dosage regimen, dose level, etc., 
as shown below. Also, the critical organ may change 
with route of administration ( e.g., lungs after in
halation, gastrointestinal tract after swallowing) or 
type of compound ( soluble or insoluble). 

In setting maximum permissible exposures to ex
ternal radiation arbitrary choices regarding the es
sentiality of various organs have necessarily been 
made.3 T hus alterations in fertility and possible 
genetic changes have been partially eliminated by 
choosing to consider only the life of the individual 
exposed, not that of future generations. The blood
forming organs thus become the critical organs for 
external radiation. Present data permit some extra
polation to internal emitters. Despite the radioscnsi
tivity of testis, no instances can be found in the 
literature on internal emitters where a lower maxi
mum permissible body burden would result if testes 
rather than bone or bone marrow were chosen as 
critical organs. T his results, in part, from the fact 
that the reproductive organs do not concentrate these 
eleri1ents to any great extent. Thus, if concentration 
alone is used as a criterion it makes little difference 
whether the possibility of decreased fertility or of 
mutation potentiali ties are included in choice of the 
critical organ. 

However, this may be unsound. Instances can be 
found where testis4 or even ovary5 show more 
histological damage than kidney, spleen or other 
organs which would be considered "critical" on a 
concentration basis. Also, there is practically no in
formation concerning genetic changes produced by 
radioactive materials in the body, whether or not 
they concentrate in testis or ovary. Unfortunately, 
histopathological observations frequently reveal little 
damage in any organ at doses in the tolerance range 
unless neoplastic changes are induced. Thus, extra
polation from higher doses is required and may be' 
r isky. 

205 

An estimate of the problems involved in extrapola
tion from histopathological observations is seen in the 
data of Casarett4 and of Casarett et al.6 on polonium-
210. Following single doses of this element, the degree 
of damage to the rat kidney and probably the cause 
of death shift markedly with dosage. At 10 µ,c/kg 
single dose there· is a ·progressive ilepliroscleiosis and 
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the animals die in uremia. At higher doses the animals 
do not develop the characteristic lesion while at lower 
doses it appears but does not progress sufficiently to 
be a cause of death as it is at IO ftC/kg. At 1 1-'c/kg 
the kidney lesion is not serious, yet life span is un
doubtedly shor tened presumably by some other cause. 
Furthermore, if the same total doses are given in 
monthly installments so that a more or less constant 
body burden is maintained the kidney lesion appears 
but fails to develop sufficiently to be a cause of death 
even at 10 µc/kg total dose. By contrast, spleen shows 
greater degrees of damage on the divided dose regi
men. Thus, not only the dosage level but its temporal 
distribution affect the histopathological picture and in 
turn the choice of critical organ if it were to be made 
on this basis. 

One can conclude from these considerations only 
that there is no single "best" criterion for choice of 
a critical organ. In the absence of data contra
indicating the choice, use of the organ with the high
est concentration is simplest and most direct. It is 
the criterion used for most of the figures given in 
the US National Bureau of Standards Handbook 
521 and all but the bone-seeking alpha emitters in 
the International Commission recommendations.2 In 
most cases no better information is available. But, as 
pointed out by Morgan recently,7 the choice on this 
basis should be examined with great care and for each 
element considered. Calculation on a simple basis is 
obviously attractive but can easily become uncritical. 

IS THERE ALWAYS A "CRITICAL ORGAN"? 

With elements, like the bone seekers, where con
centration in one tissue is orders of magnitude higher 
than that in any other tissue, there seems little reason 
to question the validity of using the concentration 
criterion except fo r problems of non-uniform dis
t ribution in the tissue. On the other hand, evidence is 
accumulating to indicate that the average body con
tent may be as significant as any other figure in 
certain cases. 

Taking examples from work in this laboratory with 
polonium-210 and consideration of other data some 
illustrations are available. An influence of dosage 
regimen has been found in the relative amounts of 
polonium retained in organs of the reticulo-endotheli
al system, in the rat. A larger fraction of the body 
burden remains in liver, spleen and kidney when a 
body burden is maintained through monthly injec
tions than when a single dose of comparable magni
tude is given.8 This is shown in Table I in terms of 
the radiation doses received by two organs.+ It is 
clear that both spleen and kidney, potential cr itical 
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Tobie I. Comparison of Radiation Doses to Spleen ond 
Kidney (Male Rats) from Single ond Multiple Doses 

of Polonium-210 (calculated in rep to each 
g ram of organ) 

Single dose Multiple dose 

Dose• Mdhod A Method 8 Method A l\tethod B 
µc/kg rep rep rep rep 

Spleen 

0.37 175 107 280 280 
1.42 686 486 1116 1116 
3.40 1474 1113 1468 1690 

10.55 4480 3708 4959 9380 
Kidney 

0.37 86 72 140 140 
1.42 339 292 558 558 
3.40 728 670 734 841 

10.55 2213 Z237 2480 4682 

* Effective total dose in case of multiple dose animals, as a 
single injection in others. 

organs, receive significantly larger radiation doses 
par ticularly at the lower dosage levels in a divided
dose experiment. Contrary to expectations, however, 
these organs were found 11ot to show parallel differ
ences in histopathologic damage.6 In fact , as de
scribed above, the kidney shows less damage in the 
multiple-dose experiment than in the single, the 
spleen more damage with divided doses. 

Of greater significance perhaps is the fact that the 
life shortening per microcurie appears to be about 
identical for the two regimens.9 T his is especially 
noteworthy since the lower dosage levels approxi- . 
mated "tolerance" figures more closely than in most 
experiments. 

Another example indicating significance of the total 
body burden rather than a critical organ is seen in an 
acute toxicity experiment. Significant differences in 
distribution of polonium to the tissues occur as a 
function of route of administration.10 Blood cells 
contain a higher fraction of the body burden and liver, 
spleen, and kidney a much lower fraction of the body 
content after oral than after intravenous administra
tion. Radiation doses to the cr itical organ ( excluding 
blood contained therein) differ by a factor of 1.5 to 2. 
Yet the acute toxicity (30 day LD50 ) of a given body 
burden is independent of the route of administration.11 
The radiation dose from the circulating blood after 
oral administration may be sufficient to compensate 
for the lower concentration in the critical tissues, or 
the relatively high radiation dose to the gastroin
testinal tract from unabsorbed polonium 1i1ay compen
sate. In either event a " normal" calculation of 
expected results on the basis of concentration in a 
critical organ· ·would not have predicted the result 
obtained. 

burden group, two methods of calculation are also repre
sented: (1) the integrated dose in the animal of mean life 
span ; and (2) integrated dose in 400 days or more. These 
are identical at the lower dosage levels since the animals lived 
beyond 400 days. T his adjustment is reasonable because the 
calculations for the single-dose group assumes sufficient time 

i For animals receiving single doses the total number of 
reps is calculated on two bases : ( 1) as if the loss by decay 
and excretion can be expressed correctly by a single expon
ential curve with respect to time; and (2) by arithmetic in
tegration taking into account the actual rates of loss over 
several time periods. (This latter procedure may be some
what more precise since polonium loss from fae bo<ly is not 
accurately described by a single exponential.) For calculation 
of the radiation dose to these organs in the maintained body .• for complete elimination by decay and/or excretion. 
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Table II. Variation of Maximum Permissible Body Burden with Choice of Critical Organ* 
(expressed as microcuries in a 70 kg man) 

Alaz. Penn. _Afo.r. P•""· 
Radi'1isotope Critfra/ Orga11 A BodyB11rdw Critiral Orga11 B Bod:,, Burden 

Sc'0 Spleen 
Sc" Spleen 
Sc'" Spleen 
Mn"' Kidney 
Re1

"' T hyroid 
Ir' .. Kidney 
Ir' .. Kidney 
Au"" Liver 
Au1

• Liver 
Au1,. Liver 

Po"-0 Spleen (sol. cmpd.) 
Th-nat ural Bone (sol. cmpd.) 
U -natural Kidney ( sol. cmpd.) u ... Bone (sol. cmpd.) 
Pu ... Bone (sol. cmpd.) 

* ~lo<lified from Reference 2. 

Recognition o( the gastrointestinal tract as "criti
cal organ" or as a contributing organ when materials 
enter the body through feed, water or by being 
swallowed as a consequence of inhalation exposure 
has been emphasized very recently by Morgan.1 In 
fact, the gastrointestinal t ract becomes "cr itical" in 
OYer 70 per cent of ingestion exposures and 40 per 
cent of inhalation exposures even though the critical 
organ on the basis of absorbed dose may be bone or 
some other tissue. 

Another factor enters when mixtures of radio
-isotopes are involved. T he interesting data of Salerno 
and Fricdell12 indicate that when mixtures are given 
or isotopes whose decay schemes involve elements 
with very different localization tendencies, the net 
toxicity, on an acute basis anyway, may be much 
more than the sum of the two doses. 

W hether these findings indicate an interaction 
among organs, the presence of a circulating toxin, or 
sil11ply that no organ is actually critical or limiting 
cannot be ascertained from present data. However, 
these possibilities should be considered, especially for 
elements which do not show very large differences in 
their concentration among various organs. 

VARIATIO N OF MAXIMUM PERMISSIBLE BODY BURDEN 
WITH CHOICE OF CRITICAL ORGAN 

All operating values for permissible air or water 
concentrations are based on the body burden. In a 
majority of cases this is in turn calculated as the 
amount of isotope deposited in the body which will 
produce the maximum allowable, 0.3 rem per week, 
dose to the critical organ. Thus choice of critical or
gan may alter the operating limits ' in an expensive 
and complicated installation. For this reason, it is 

§ Frequently different compounds may be involved in a 
single exposure and choice r egarding critical organ on t he 
basis of type of compound may be meaningless. I t is still 
pertinent to demonstrate the differences in body bu rden fol
lowing a given choice. 

6 Liver 5 
15 Liver 11 
5 Liver 3 

25 Liver 8 
37 Skin 650 
23 Spleen 21 

3 Spleen 3 
8 Kidney 32 
3 Kidney 10 
9 Kidner 30 

0.0-1 Lung (insol. cmpd.) 0.02 
o.oi Lung (insol. cmpd.) 2 X JO·• 
0.04 Lung ( insol. cmpd.) 0.01 
0.0-I L ung (insol. cmpd.) 0.016 
0.0-I Lung ( insol. cmpd.) 0.02 

pertinent to examine the alteration in body burden 
resulting from various reasonable choices regarding 
critical organ, or, indeed, the choice of alternative 
methods of calculation of the body burden. 

Some examples can be taken from the forthcoming 
recommendations of the International Commission,2 

and are contained in Table II. In the tipper part 
of the table, the choice of critical organ is based on 
relative likelihood of damage on the basis of con
centration or radiosensitivity. All values are arrived 
at by direct calculation. The criterion for choice of 
cri tical organ is different in the lower part of the 
table. Here the main variable is the type of compound 
invoh·ed,~§ and the calculations are based on toxicity 
relative to radium except in the case of polonium-210. 

Examination of Table II reveals differences in 
body burden from zero to a factor of about 20 when 
alternative choices of critical organ are made. If, in 
addition, exposure of the gastrointestinal tract is 
considered nearly all isotopes would have more than 
one critical organ at some time after administration 
by all but parenteral routes. When this is done factors 
of difference as high as 104 appear, usually but not 
always with the Jqwest figure obtaining when the 
gastrointestinal tract is critical. These arc of less 
importance, however, since the gastrointestinal tract 
is seldom critical for long periods. 

A more detailed analysis for a single element is 
contained in Table III, based on work in this labora
tory using polonittm-210 ( which concentrates .in soft 
tissues). The maximum permissible body burden and 
corresponding limits for air and water concentrations . 
are shown after calculation by three independent 
methods. These are explained in the legend to the 
table. The body-burden figures range from 0.1 µ,c 
to 0.004 µc in a 70-kg man. H owever, both of these 
are extreme. The gastrointestinal tract is likely to be 
cr itical over only short periods. All recent toxicity 
work negates the possibility that polonium can bear 
a 1 : 1 relationship to radium on a microcur ie basis. 
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Table Ill. Variation of Maximum Permissible Values for Polonium-210 with Criterion Used 

Amount permissible 
Jvlarimuni 

,lf ,•tltod• Criterion Basis in bodyt in water ;.,. air 
µc µc/cms µc/cml 

A Spleen as critical organ Has highest concentration 0.02 10-• 3 X 10·1
• 

(Ref. 10) 

A Kidney as critical organ Most damage at moderate 0.04 2X 10-- 5 X 10-•• 
exposure levels (Ref. 4) 

A Lung as critical organ Highest concentration after inha- O.ot 10-•• 
Jation of insoluble salt (Ref. 1) 

A G. L tract as critical organ Has highest concentration at 0.004 3 X 10-• 5 X 10·1
• 

certain times (Ref. 2) 

B Acute tox icity relative to Ref. 13, 14 
radium (20X) 

B Probable chronic toxicity Ref. 13, 14, 15 
relative to radium ( 5 X) 

B Minimal toxicity relative Ref. 15 
to radium (Equal) 

C Threshold for life span Ref. 9 
shortening in rat 

* Method A-Calculation of dose to produce maximum of 
0.3 rem per week in critical organ. Method B-Assuming 
maximum permissible body burden of radium in man is 
0.1 µc. Method C-The rate figures are divided by 50 to 

I t is probably not as high as 20 nor as low as 1. 
Therefore, the range becomes essentially seven-fold 
and, if inhalation of insoluble salt is considered as a 
separate case, the range becomes 0.02 p,c to 0.07 p.c. 
This, or even 0.01 to 0.07 p.c is a small range indeed 
considering the many assumptions necessary and the 
many indeterminate factors in our present data. 

DISCUSSION AND CONCLUSIONS 

This paper has reviewed the rationale of the critical 
organ concept in calculations of maximum permiss
ible exposures to radioactive materials. It is shown 
that in manv instances there is little evidence to indi
cate the existence of a critical organ. Furthermore, 
the choice is frequently quite arbitrary and without 
real evidence of damage to the organ in a chronic 
exposure situation, or evidence that the organ is 
critical in producing damage to the body as a whole. 
Therefore, caution is urged in any given case, 
especially where large issues such as cost, plant 
operating practices, etc. are involved. 

On the other hand, a review of the quantitative 
differences seen in operating levels when various 
possible critical organs are chosen or even entirely 
independent approaches used reveals that most values 
will lie within an order of magnitude range. Some of 
these differences may be important but a range of 10 
is actually small in a field requiring so many assump
tions and with as many gaps in knowledge as that 
concerning the long-term effects of radioisotopes 
taken into the body. Therefore it is concluded that, 
in the present state 0£ our. knowledge, the use of the 
critical organ concept -will not be likely to lead to 
gross errors in setting maximum permissible expos-

0.005 4 X 10-• 7.5 X 10-•• 

0.02 10-• 3 X 10-•• 

0.10 5 X 10-• 1.5 X 10·• 

0.07 3 X 10·• 10-• 

account for difference in life span and excretion between rat 
and man. 

t70 kg man. 

ure levels. It will continue to be the only possible 
approach in many cases. However, continuous and. 
careful review of all pertinent parameters will be 
needed as our knowledge of the ultimate causes of 
chronic radiation damage expands. This is particu
larly likely in connection with the induction of tumors,. 
and the production of genetic changes by radioactive 
materials. 

REFERENCES 
I. National Bureau of Standards Handbook 52 . .llaximum 

Per111issible A111ounts of Radioisotopes in the Human 
Dody aud J,faxim11m Permissible Co11ce11il'ations i11 Air 
and Water (20 :March 1953) U.S. Department of Com
merce. 

2. Recommendations of the !11ternational Co1111nissio11 on 
Radiological Protection, ICRP 54-4, Binks, W., Sec
retary, London, S.W.7, England. 

3. National Bureau of Standards Handbook 59, Permiss
ible Dose from E:rtenra/ Sources of loni::ing Radiation, 
(24 September 1954) U.S. Dept. of Commerce. 

4. Casarett, G. W., Histopathology of Alpha Radiation 
from ln/erirally Administered Polonium, University of 
Rochester Atomic Energy Project RcPort , UR-201 
(25 August 1952). 

5. Finkel, M. P., Norris, W. P., Kisielesld, W. E. and 
Hirsch, G. :M., T!tc To:dcity Polo11iuni-210 in Mice. I. 
The Thirty Da,y LD-:,o, Retention, and Distrib1'tion, 
Am. J. Roent., Rad. Ther. and Nuc. Med., LXX: 477-
485 ( September 1953). 

6. Casarett, G . . W., Stannard, J. N. and Baxter, R. C., 
The Effects of a Maintained Body Burden of Polo11i1im 
fo the Rat. IV. Pathology a11d Tumor !llcide11ce, Uni
versity of Rochester Atomic Energy Project RepQrt 
(in preparation) . 

7. Morgan, K. z., Recent Work 011 External a11d blternal 
Rodiatio11 E.,:posure Limits, Presented at American 
Industrial Hygiene · Association meeting, (28 April 
1955) Buffalo, New York. 



VALIDITY OF "CRITICAL ORGAN" CONCEPT 209 

8. Stannard, J. N. and Baxter, R. 'C., The Effects of a 
M ointai11ed Body Burdeti of Polo11imn iii the Rat. II. 
Plan of Long Term Experime11t; Distrilmtion, Excre
tion · and Retention Data, University of Rochester 
Atomic Energy Project Report, UR-376 (4 January 
1955). 

9. Stannard, J. N., Blair, H. A. and Baxter, R. C., The Ef· 
fects of a Maintained Body B11rden of Polo11ium in the 
Rot. Ill. Mortality, Life Span, a11d Growth, University 
of Rochester Atomic Energy Project Report, UR-395 
(May 1955). 

10. Stannard, J . N., The Di.stributio11 and Excretion of 
Orally Administered Polonimn in the Rat, University 
of Rochester Atomic Energy Project Report, UR-299 
(17 September 1954). 

11. Della Rosa, R. ]., Thomas, R. G. and Stannard, ]. N., 
The Acute Toxicity and Retmtion of Orally Adminis-

tered Polo11iiim-210 in the Rot, University of Rochester 
Atomic Energy Project Report, UR- 392 (27 April 
1955). 

12. Salerno, P. R. and Friedcll, H. L., Synergistic Effect 
of Radioisotopes Used i11 Combination, Western Re
serve University Atomic Energy Medical Research 
Project Report, NY0-4965 (6 August 1954). 

13. Finl,.-el, M. P., Relative Biological Effectiveness of 
Radi11111 and Other Alpha Emitters in CF No. 1 Fe
male Mice, Proc. Soc. Exp. Biol. Med., 83: 494-498 
(1953). 

14. Hursh, J. B. and Stannard, J. N., Present Status of 
Polo11iuni Tole-ra,u:e Estimations, University of Ro
chester Atomic Energy Project Report, UR-44 (Octo
ber 1948) . 

15. Fink, R. M., Ed., Biologicol Studies with Polo11imn, 
Radium, and Plutoni,im, NNES vol. VI-3, Chaps. 7 
and 8, McGraw-Hill Book Co., Inc., New York (1950). 



Lymphocytes with Bilobed Nuclei as Indicators 
of Radiation Exposures in the Tolerance Range 

By M. Ingram,* USA 

Biological indicators of exposure to ionizing radi
ation have certain advantages which are not likely 
to be entirely superseded by physical monitoring de
vices. This is particularly true of indicators which 
utilize changes in the worker himself and which are 
sensitive to exposures likely to be classed as " toler
able" for radiation work. The advantages of bio
logical monitoring are especially pertinent to the 
medical, medico-legal and morale problems which 
arise during the operation of health programs for 
radiation workers. 

The major biological changes known to occur fol
lowing exposures in the tolerance range are: ( 1) 
genetic; ( 2) alterations in sperm production ; ( 3) 
latent changes such as shortening of life-span ; and 
( 4 ) hematological changes. Of these, hematological 
changes observable in the peripheral blood are most 
readily applicable to biological monitoring. 

A good hematological monitoring program is one 
in which adequate control studies are followed by 
repeated observations at intervals determined by the 
general nature of the work and the work history of 
the individual. Such a program will provide a great 
deal of valuable information, even when the studies 
are limited to the more commonly performed deter
minations. If studies designed to detect some of the 
more sensitive hematological changes are included, 
the value of the program is considerably augmented. 

A particularly sensitive hematological indicator of 
radiation exposure is the increased incidence of 
lymphocytes with bilobed nuclei which follows very 
small exposures to ionizing radiation. Examples of 
these cells are shown in Fig. 1. It will be noted that 
the normal lymphocyte contains a single, rounded 
nucleus. The lymphocyte with bilobed nuclei, how
ever, tends to be slightly larger than the majority of 
the lymphocytes, and contains two distinct nuclear 
masses which are typical lymphocyte nuclei in all 
respects except that two are present in a single cell. 
The two lobes may be completely separated or joined 
by a thin bridge of nuclear material. 

From the point of view of personnel protection, 
it is significant that this phenomenon was first noted 
and studied in a group of cyclotron workers who 
were receiving exposures believed to be well below 
the maximum permissible level. This group of 44 
individuals comprised the original crew of physicists, 

* Department of Radiation Biology, University of Roches
ter School of Medicine and Dentistry, Rochester, New York. 
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technicians, shop workers, and maintenance person
nel working in the 130-inch cyclotron laboratory at 
the University of Rochester, Rochester, Ne\\" York. 
The cyclotron itself was nearing completion when 
the group came under study. ''.~g_,,.. ,•i,r: ~-" · -..c • •.• >( ... -

0 . C 

Figure 1. Above: a binuclcate lymphocyte (human blood); below: a 

normal and a blnudeate lymphocyte (dog blood) 
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Careful preliminary planning on the part of the 
physicists aucl engineers responsible [or design of. 
the installation had resulted in working conditions 
in the cyclotron laboratory building which were con
sidered safe, even in terms of conservative radiation 
safety standards. There were, however, some uncer
tainties about the precision of the various methods 
selected .for determining radiation levels in personnel 
areas. Other uncertainties existed regarding evalua
tion of the biological effectiveness of the various types 
of radiation which might be encountered, as well as 
the validity of translating tolerance <loses into tenns 
applicable to comple..'< mixtures of radiation. 

\rVith these uncertainties in mind, it seemed ad
visable to augment physical radiation measurements 
with careful hematological studies. Accordingly, phys
ical examination and control blood studies were car
ried out before cyclotron operation began, and blood 
studies were repeated at relatively frequent intervals 
thereafter until a reasonable period of non-hazardous 
operation had elapsed. From the outset, emphasis 
was placed on the leukocyte picture, with particular 
attention to thorough study of entire blood smears. 

Shortly after cyclotron operation began, a few 
leukocytes which appeared to be lymphocytes with 
bilobed nuclei were found on blood smears. The ob
servation was suffici ently unusual to warrant a de
tailed search for these cells, both on control smears, 
obtained as initial studies on newly hired personnel, 
and on smears taken after the cyclotron runs began. 
Peroxidase staining was introduced as a routine pro
cedure to facilitate identification of the abnon11al 
lymphocytes. The leukocytes in all good areas on 
coverslip blood smears were counted (approximately 
1500 VVBC per smear) and the position of all ab
normal ce1ls were indexed in terms of the settings o f 
a graduated mechanical microscope stage. Bilobed 
lymphocyte studies are time consuming and tedious, 
and some provision must be made for review to in
sure proper classification. Indexing in the manner 
described provided a means for checking the indi
vidual cells. 

As reported in previous publications, a definite 
increase in the incidence of lymphocytes with bilobed 
nuclei was found in the blood of the cyclotron work
ers during the first few months of cyclotron opera
tion.1 Fairly early in this period (and partly as a 
result of the hematological findings) a decision to 
install additional shielding was reached, and an earth 
and concrete dike was constructed between the cyclo
tron laboratory and the building housing the cyclo
tron. This dike was completed in mid-April, 1949. 
The incidence of the abnormal lymphocytes subse
quently returned to the control level, where they 
have remained (Fig. 2). 

These observations on personnel were confirmed 
by e.xperiments in dogs.2 After control studies ex
tending over a period of about two months, three 
dogs each received three consecutive exposures to 
the mixture of radiations outside the csclotron. Ade-
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quate periods for recovery were allowed between 
exposures. Each exposure was followed by an in
creased incidence of the abnormal lymphocytes, as 
shown in Fig. 3. 

D ata accumulated during the years since the ob
servations were first reported have been subjected . 
to statistical study, the results of which are shown 
in terms of confidence limits in Tables I, II and Ill. t 

The observations regarding bilobed lymphocytes 
have been confirmed by other investigators, in par
ticular Dr. Ethel Browning in England, Dr. Robert 

t The author is indebted to Dr. Arthur Dutton of the Sta
tistics Section, Department of Radiation Biology, University 
of Rochester School of Medicine and Dentistry, for statistical 
evaluation of the data. 
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Table I. Incidence of Binucleate Lymphocytes in Cyclotron Personnel during First Year 
of Operation of 130-inch Cyclotron* 

No. Bilol>e•t"' 95% confidmce Bilol,,s J,4r 95 % confide1<ce 
lnlert1al ;,,dividuals 1000W C interoal 1000 lymphs interval 

Original control groupt 44 0.03 0.Ql-0.07 0.10 0.03-0.23 
(1948-Jan., 1949) 

Jan., '49 to April 14, '49 44 0.15 0.11-0.19 0.54 0.39--0.68 
April 15-Aug. 39 0.08 0.05-0.11 0.23 0.15--0.34 
Aug.-Nov. 34 0.03 0.02-0.06 0.10 0.05--0.20 
Nov., '49 to Feb., '50 18 0.01 0.00--0.06 0.05 0.00-0.29 
Feb.-May 11 0.03 0.00-0.13 0.19 0.02-0.67 
May-Aug. 34 0.04 0.01-0.08 0.11 0.04--0.23 
Aug.-Nov. 26 0.01 0.00--0.05 0.05 0.00-0.18 
Nov., '50 to Feb., '51 18 0 0.00--0.08 0 0.00-0.09 
Feb.-May 3 0 0 
May-Aug. 34 0.03 0.00-0.10 0.08 0.01-0.29 

162 0.02 0.01-0.04 0.08 0.05-0.12 

* Cyclotron operation began in January, 1949. Dike completed mid-April, 1949. 
Pooled control data through December, 1952. 

Table II. Incidence of Binucleote Lymphocytes in Dogs 
c;ifter Exposure to Radiation from Cyclotron 

Interval 

Control period 
(2 months) 

Bilobes per 
1000 lymphocytes 

0.03 

first exposure at cyclotron• 

Post-exposure: 
1 week 
2 weeks 
3 weeks 
4 weeks 
5 weeks 
6 weeks 

1 week 
2 weeks 
3 weeks 
4 weeks 
5 weeks 
6 weeks 
7 & 8 weeks 
9 & 10 weeks 

1 week 
2 weeks 
3 weeks 
5 through 11 weeks 
12 weeks 

0.5 
0.7 
0.1 
0.2 
0.03 
0 

Second exposure 

0.2 
0.2 
0.1 
0.04 
0.04 
0.04 
0 
0 

Third exposure 

13 through 17 weeks 

0.3 
0.1 
0.2 
0 
0.04 
0 

95% confidence 
interval 

0.00-0.10 

0.37-0.65 
0.38-1.17 
0.01-0.39 
0.08-0.40 
0.00-0.17 
0.00-0.12 

0.14-0.30 
0.04-0.39 
0.03-0.39 
0.00-0.21 
0.00-0.19 
0.00-0.25 
0.00-0.22 
0.00-029 

0.20-0.37 
0.01-0.36 
0.02-0.56 
0.00-0.15 
0.00--0.24 
0.00-0.20 

* Since slight depression of WBC cow1t developed during 
the first week after this exposure only1 it is assumed that 
dose received in this exposure was higher than that re
ceived in second and third exposures. 

Carter at Los Alamos, and Dr. Lowry Dobson in 
California.3•4 •6 

Relatively little information was available concern
ing the kinds of radiations involved in the various 
cyclotron exposures, or the absolute doses received. 
It appeared virtually certain, however, that the dose 
in all instances was very low, probably well below 

Table Ill. Incidence of Binucleate Lymphocytes in Dogs 
after Single Total-Body Exposure to 5 r of 1000 

kvp X-Rays* 

]Nttrval 
B ilobts J,tr 

1000 lymphocyl,s 

Control period 0.04 
(2 months) 

Post-exposure :t 
1 week 0.5 
2 weeks 0.9 
3 weeks 0.9 
4 weeks 0.4 
5 weeks 0.3 
6 and 7 weeks 0.00 

* 1000 kvp, 3.0 ma, 0.75 r/minute. 
+ Exposed to 5 r of X-rays. 

95% confidence 

'"''"'"' 
0.01-0.14 

0 .. 20-0.92 
0.48-1.62 
0.58-1.48 
0.17-0.86 
0.09-0.66 
0.00-0.S2 

the maximum permissible exposure level. There was 
a general suspicion that the neutron component of 
the mixed radiations from the cyclotron might be 
largely responsible for eliciting the bilobed lympho
cyte response. This suspicion, however, was based 
almost solely on inference. 

In order to estimate the magnitude of the radia
tion dose required to produce an increased incidence 
of lymphocytes with bilobed nuclei it was decided 
that animals should be exposed to some well-charac
terized radiation so that accurate dosage measure
ments could be made. Accordingly, three dogs, after 
suitable control studies, received a single whole-body 
dose of 5 r using 1000 J...--vp X-rays. It was appreci
ated that X-rays might prove less efficient than a 
mixture of radiations with a significant neutron com
ponent, however, 5 r was considered to be a rela
tively large dose in comparison to. doses probably 
received in the cyclotron studies, and would, it was 
hoped, compensate for any decrease in biological 
effectiveness. 

Results of this exposure to 5 r of 1000 kvp X-rays 
are included in Fig. 3 to facilitate comparison with 
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the results following the three consecutive dog ex
posures outside the cyclotron. It will be noted that 
the incidence of lymphocytes with bilobed nuclei was 
somewhat greater after the X-ray exposure than 
after the cyclotron exposure, and that the maximum 
incidence occurred somewhat later. On an absolute 
basis, the incidence of the abnormal lymphocytes in 
this experiment, as in the earlier studies, proved to 
be very ·low, necessitating the examination of excep
tionally large numbers of leukocytes. 

The need for examining extremely large numbers 
of leukocytes on blood smears is a serious deterrent 
to the application of this kind of study to practical 
hematological monitoring. For this reason, efforts 
were directed toward the development of a simple 
technique for preparing concentrations of intact leu
kocytes without altering the differential leukocyte 
picture. A highly satisfactory procedure for this, uti
lizing 0.5 ml of whole blood ( with ethylene diamine 
tetraacetic acid as anticoagulant), consists of centri
fuging the blood gently in a closed length of plastic 
tubing, and then removing almost all of the super
natant serum by aspiration from the top of the col
umn. The tubing is then clamped off about one 
centimeter below the top of the cell layer, and the 
fraction in the uppermost section, containing the 
leukocytes, is made uniform and discharged a drop 
at a time onto coverslips for blood smears. 

T he leukocyte concentration procedure is illus
trated in Fig. 4. The yield of leukocytes in the con
centrate is virtually quantitative, and on the average 
the leukocytes are concentrated about five-fold. The 
cells are intact, and the differential leukocyte count 
is unaffected. 

Investigation of the relationship between radiation 
dose and the incidence of lymphocytes with bilobed 
nuclei in peripheral blood, utilizing this concentra
tion procedure, has been extended to include obser
vations, now nearing completion, on groups of dogs 
exposed daily over long periods of time to tolerance 
range doses of X:-radiation. These dogs are being 
studied at the University of Rochester by Dr. George 
Casarett, Dr. John Hursh, and co-workers to deter
mine the effects of chronic exposure to tolerance 
range doses of X-rays on sperm production. Hema
tological studies on these dogs have been possible 
through the courtesy of this group. 

The ultimate biological significance of an increased 
incidence of lymphocytes with bilobed nuclei in 
peripheral blood is not yet clear. It is interesting to 
note, however, that multinucleated cells have been 
observed in several other tissues after irradiation. 
Certainly if this type of change occurs in diverse 
tissues following relatively small exposures, it is not 
surprising that it should also occur in the highly 
radiosensitive and diffusely distributed lymphoid tis-

Figure 4 
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sue, resulting ultimately in the release of occasional 
lymphocytes with bilobe<l nuclei into the blood 
stream. 

One might speculate regarding the possibility that 
the increased incidence of lymphocytes with bilobed 
nuclei after small radiation exposures may be related 
to the changes which result in an increased incidence 
of leukemia among individuals receiving repeated 
small exposures over long periods. Since an increased 
incidence of these cells may also be observed in in
fect ions, however, the prognostic significance of 
barely detectable, transient increases of binucleate 
lymphocytes in peripheral blood probably is not 
grave. The association of both specific and general 
alterations of the leukocyte picture with infection, 
however, emphasizes the need for careful integration 
of hematological studies with evaluation of general 
health. T his is an essential point in the Rochester 
hematological-monitor ing program. 

At present, with most questions related to the bio
logical significance of the phenomenon unanswered, 
the major significance of the bilobed lymphocyte re
sponse lies in its usefulness in biological monitoring 
for radiation exposures. Studies of the phenomenon 
have proved helpful on numerous occasions when we 
have been confronted with situations in which there 
was a possibility of overexposure but in which con
clusive physical evidence of exposure was lacking. In 
such instances, the personnel in question are likely 
to develop a sudden interest in the bilobed lympho
cyte studies, and have, on occasion, returned to the 
laboratory repeatedly while waiting for blood studies 
to be completed to ask, "Do I have any of those 
two-headed blood cells?" Personnel appear to find it 
reassuring when told that "no changes characteristic 
of exposure to ionizing radiation are found," or 
( when the only finding is an increase in the inci
dence of lymphocytes with bilobed nuclei, unaccom
panied by depression of the total leukocyte or abso
lute lymphocyte counts) that whatever exposure was 
received was so slight as to be almost undetectable. 

A discussion of sensitive hematological indicators 
of radiation exposure would be incomplete if it failed 
to mention studies of abnormal peripheral blood 
cytology in general, as determined by classification 
of all types of cytological abnormalities occurring on 
blood smears representing repeated sampling over a 
long period of time. An excellent example is Dr. 
Ethel Browning's investigation of a large group of 
luminizers in England.6 In this type of study, there 
may be considerable difference of opinion among 
various laboratories as to the classification of cyto
logical abnormalities. W ithin any one laboratory, 

however, the general appraisal of cytological abnor
malities in leukocytes provides a great deal of infor
mation. T he bilobed lymphocyte study actually repre
sents a special case of this general type of study. It 
has, however, definite advantages, in that difficulties 
arising from varying opinions about leukocyte cytol
ogy are eliminated by using this distinctive abnor
mality and expressing the results quantitatively. 

Certain other types of hematological studies may, 
under proper conditions, also serve as sensitive indi
cators of radiation exposures. Careful evaluation of 
the total and differential leukocyte counts at frequent 
intervals over a long period of time in selected groups 
of individuals receiving repeated tolerance range 
doses appears to be a surprisingly sensitive exposure 
indicator. The most striking example of this type of 
study in radiation workers was carried out by Dr. 
N. P. Knowlton, Jr. at Los Alamos.7 He studied a 
group of 10 workers who received average weekly 
doses of 0.2 r of gamma radiation OYer a period of 
77 weeks. At the end of that t ime, it was found that . 
the group as a whole had developed slight but statis
tically significant depressions of the peripheral blood 
leukocyte count, whether expressed as total leuko
cytes, total granulocytes or total lymphocytes per 
cubic millimeter of blood. T his does not mean that 
a casual program of routine studies carried out 
largely as a gesture on large groups of personnel 
with a variety of work histories will permit adequate 
evaluation of exposures received. On the contrary, 
programs of this sort are likely to proYide only nega
tive results of questionable significance, and have un~ 
fortunately convinced many administrators that rou
tine blood studies are of little or no value. 
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Experimental Data Useful in Establishing Maximum 
Perm_issible Single and Multiple Exposures to Polonium 

By D. S. Anthony, R. K. Davis, R. N. Cowden and W. P. Jolley,* ..,SA 

The element polonium ( radium-F) has been of 
major interest to radiobiologists for many years since 
it is a virtually weightless source of nearly pure 
alpha-particle emission. The early studies on the 
biological effect of the element were carried out 
chiefly by Lacassagne and his associates in France.t 
Subsequently, improved analytical techniques made 
possible much more quantitative studies of the meta
bolism and the acute toxic effects of polonium by 
Fink and his associates.!! 

Currently, there is much interest in reactors em
ploying circulating molten bismuth. This would yield 
large quantities of polonium through the n, y reaction 
on Bi200, to produce Bi210 which, in turn, would decay 
to Po210. Presumably, safety devices would prevent 
exposure to very large, acutely toxic amounts of 
polonium. However, there is a real possibility that 
personnel working with such reactors might be ex
posed to small amounts of polonium from time to 
time. This report is a summary of experimental data 
obtained with small animals relevant to the chronic 
toxicity of small amounts of polonium. 

An extensive search was conducted for the most 
sensitive criterion of polonium damage in rats. 
Among the criteria tested were: clinical tests of 
liver and kidney function; body weight gain or loss; 
foo_d and water intake; extensive differential and 
total blood cell counts; measurements of tumor in
cidence, type and rate of development; histopatholog
ical evidence o[ damage in vital organs ; and reduction 
of life-span of a population. Only the last two named 
proved useful at the lower levels, and at the lowest 
toxic doses of polonium only the reduction in life
span was a sufficiently sensitive criterion to detect an 
effect of polonium. It follows then, that this study 
of chronic effects of small doses of polonium will be 
almost entirely a report of life-span shortening and 
of histopathological effects. This work should sound 
a note of caution to those responsible for establishing 
maximum permissible exposures to any relatively 
short-lived radiation. For, although the radiation ex
posure from a single dose of poloni~m is virtually 
complete within 100 days, low doses caused irreversi
ble damage that was undetectable for 300 to 500 

* Prepared by D. S. Anthony and K. A. Dusch. Including 
work by the entire staff. Biology D ivision, Mound Labor
a tory, :?.fonsanto Chemical Company, Miamisburg, Ohio. 

days, yet resulted in'•earlier than normal death of the 
exposed population. 

METHODS 

Rats (Sprague-Dawley strain) were employed in 
all experiments reported here. Polonium-210 was in
jected into the caudal vein as a phosphate-buffered 
( pH 6.8) solution. The polonium solution was pre
pared for injection and was sampled for radioactivity 
measurements in a manner essentially similar to that 
described by Fink.2 

Standard histopathological techniques were used. 
Animals were sacrificed at various times from I day 
lo over 300 days after the initial polonium treatment 
hy injection of lethal doses of Nembutal. The usual 
number of animals sacrificed was 2 males and 2 fe
males from each dose level, including controls. Many 
additional animals, especially at very late times after 
polonium treatment were taken immediately after 
their "natural" death or were sacrificed in a moribund 
condition. Organs were fixed in formaldehyde and/or 
special fixatives. Sections of 4 to S microns thickness 
were cut and stained routinely with hematoxylin-eosin 
and Masson's trichrome. Special stains such as fat 
stains, reticulum stains, glycogen stains, etc. were 
used where indicated. The organs or tissues examined 
included kidney, heart, liver, lungs, lymph nodes, 
spleen, GI tract, gonads, thyroid, the endocrine 
glands, salivary gland, skin, brain, bone and bone 
marrow. Substantial numbers of animals were exam
ined following single doses of 35, 23, 8, 3.6, 0.9, 0.75, 
0.5, and 0.25 microcuries of polonium per kilogram 
of body weight (p.c/kg bw). Large numbers of 
animals were examined at various intervals following 
multiple injections (repeated at l4-day intervals) of 
2 p.c/kg bw. Additional large numbers of rats were 
examined following multiple injections (repeated at 
28-day intervals) which maintained a body burden 
averaging 0.01 p.c/kg bw. 

Mortality data were obtained at higher single dose 
levels (81, 73, 70, 61, 51-55, 40, and 30-35 µc/kg) 
by the classical acute LDuo type of experiment. In the 
middle dose range (23, 8, 3.6 and 0.9 ,-.c/kg and their 
controls) the mortality information was obtained 
incidentally to the main purpose of the e.xperiments 
which was to obtain hematological information. Ac
cordingly these data may be slightly biased by the 
possible concomitant effects of loss of small amounts 
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of blood at each of several sampling periods. The 
groups in the higher and middle dose ranges normally 
consisted of 10 rats of each sex at each dose level. The 
lowest single dosages used (0.75, 0.51, 0.25 ,-.c/kg 
and their controls) were in experiments deliber
ately designed to yield chronic mortality data. The 
large groups in this series ( 40 males and 40 females 
at each dose level) were all allowed to live out their 
life-span in identical fashion virtually without dis
turbance except for feeding, watering, occasional 
weighing, and periodic inspection. 

Information on mortality following repeated doses 
of polonium was obtained from a small number of rats 
( 10) that had received from 10-14 consecut ive in
jections of 2 ,...c/kg bw at 14-day intervals. Attempts 
were also made to obtain mortality data from the large 
group of rats previously described that were main
tained with an average polonium burden of 0.01 p.c/ 
kg bw through replacement injections every 28 days. 

RESULTS 

The outstanding feature of the results was the late 
expression of toxicity, following a long latent period, 
from a polonium radiation insult which occurred and 
disappeared hundreds of days earlier. 

The pattern of polonium radiation insult to the 
tissues following a single intravenous injection is 
illustrated by that in the kidney ( Fig. 1). In this 
organ, as with all other vital organs that carr ied 
any appreciable fraction of the retained polonium, 
the great bulk of radiation exposure occurred in ap
proximately the first 100 days after injection. It 
should be noted that the peak concentration, approx
imately maintained for many days, was a little over 
10 times the average total body concentration orig
inally injected. The spleen showed a very similar 
pattern and peak concentration. T he liver showed a 
polonium concentration at 1 day of 16 times the 
average total body concentration originally injected. 
This concentration rapidly dropped with time so that 
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( RATS INTRAVENOUSLY INJECT£D ON 
DAY O WITH 13.8 pc/kg, BODY WEIGHT ) 
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• DAYS AFTER INJECTION 

Figure 1. Polonium-210 ln ra t kidneys 
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at 7 days it was 6 times and at 112 days only 0.3 times 
the original average concentration. No other organ 
or tissue ever showed a peak concentration as much 
as 20% of that shown by the kidney and spleen. For 
the benefit of ~hose who might wish to make calcula
tions of maximum permissible concentrations by cur
rently fashionable formulae, we have given below 
for rats the critical organs and best numerical values 
of the various coefficients from our experiments: 

Critical organ: kidney 
Fraction of ingested polonium absorbed: 3-6% 
Fraction of absorbed polonium in critical organ: 

(I) following ingestion, 3?'o; (2) after in jection, 7% . 
Biological half -life in critical organ: In both in

jection and ingestion experiments, the period from 
0-20 or more days was one of slowly increasing 
polonium concentration in the kidney. Subsequently. 
we found a biological half-life of about 70 days. 

Biological half-life of polonimn in total body: In
gestion; 90% excreted in 15 days. Subsequent bio
logical half-life about 70 days. Biological half-life 
after injection is about 35 days. Data from limited 
excretion studies on h~1mans showed a 50% drop in 
excretion rate in 34 days. 

Although the polonium exposure following single 
injections was of relatively short duration, in doses 
less than 8 ,-.c/kg bw, there was li ttle histopathological 
evidence of damage for 100 days or more. The dom
inant lesion seen at this and still later times was one 
of tubular damage to the kidneys. It appeared first as 
a cloudy swelling in the cells of the loops of Henle and 
progressed through various stages of tubular cell dam
age to a point where extensi\'e fibrosis occurred and 
the normal tubular architecture was so greatly dis
organized that the kidney damage was certainly a · 
factor contributing strongly to early death. At no time 
was there serious invol\'ement of the glomeruli. The 
rate of development and the ultimate severity of the 
lesions was a function of dose. At the 3.6 µ.c/kg bw 
level, 100% of the animals sacrificed 350 days or more 
after injection showed severe kidney lesions. At lo\\"er 
levels a lower percentage of animals developed less 
severe kidney lesions at later times. No other lesion 
occurred with significant frequency at late times 
following small single doses of polonium except a focal 
fibrosis of the heart with small round cell infiltration . 
Neither the kidney nor the heart lesion ever developed 
in any severity at less than 100 days even at the high
est doses. Time, in addition to dose, was required. 
In any acute toxicity experiments the kidney and 
heart lesions and the kidney as the critical organ 
would have. been completely overlooked. F rom the 
histopathological data on acute toxicity of polonium 
at high dose levels, it would be impossible to extrapo
late correctly to the chronic toxicity situation. One 
would conclude erroneously that the blood-forming 
organs ( reticulo-endothelial tissue) were the critical 
ones and that deaths from low but lethal doses would 
be caused by blood dyscrasias. At the lowest effective 
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·single dose levels (0.75 and 0.51 flC/kg bw) the only 
histopathological evidence of polonium toxicity seen 
was an occasional mild form of the kidney lesion. T he 
usual senile changes were observed at very late t imes 
in both the injected and control populations. H ow
ever, these changes appeared at an earlier date and 
progressed more rapidly in the injected groups than 
in the controls. T his appearance of accelerated aging 
led our:histopathologists to refer to the syndrome as 
"race-horse senili ty." T he 0.25 ,-,.c/kg bw dosage 
level rats \\'ere completely indistinguishable from the 
controls. 

Examination of tissues from animals receiving size
able multiple injections of polonium (2 µc/kg bw at 14-
day intervals) showed two very surprising histopatho
logical changes. The same lddney lesion seen in the 
single-dose series occurred but it developed very much 
earlier (quite severe within 60 days of the original 
injection) in the multiple series. T his was true even 
though the integrated radiation exposure to the kid
neys in the multiple series was only a small fract ion of 
that delivered in the same time by high single doses 
( which did not produce the lesion until much later) . 
T he other surprising feature of the histopathological 
changes following the 2 ,-,.c multiple dose was the 
development of a severe liver lesion. No single doses, 
no matter how large or how small, ever showed com
parable liver damage. In the multiple-dose series, the 
livers of the rats became cirrhotic, with necroses and 
with extensive bile duct proliferation. Islets of paren
chymous liver cord cells remained but these showed 
frequent giant cell forms and cloudy swelling of the 
cytoplasm. 
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The animals of the low level multiple dose ser ies 
(maintained 0.01 ,-,.c/kg bw average dose) were com
pletely indistinguishable from their controls in all 
examinations for histopathological changes. 

T he effect oE polonium on life-span, using median 
lethal time (MLT) as a measure of life-span, is 
summarized in Fig. 2. The shortening of the M LT 
over the entire range of doses from 3.6 µc/kg bw to 
81 JLC/kg bw is obvious. In an attempt to portray 
more clearly what happened at the lowest single doses 
(0.9, 0.75, 0.51, Q.25 p.e/kg bw and controls), this end 
of the dose spectrum was replotted on an expanded 
arithmetic scale in .the inset. Statistical analysis was 
necessary in order ·to detem1ine the significance of the 
mean difference in life-span, approximately pictured 
here as differences in M LT. At the 0.9 µ,c/kg bw 
level, sufficient animals died to establish the MLT, but 
shortly afterward the remaining animals were sacri
ficed for histopathological examination, so that statis
tical comparison of mean life-span differences was not 
possible. In the case of the 0.75 and 0.51 p.c level 
males the reduction in mean life-span when compared 
with their controls was highly significant. The sig
nificance was at less than the 1 % probability level as 
determined by Student's t test. The females at the 
0.75µ,e level did not die significantly earlier than thei r 
controls, but did die significantly later than the males. 
Although the females at the 0.5 ,-,.c level did not differ 
significantly from the males ( whose life-span was 
shortened) at that level, they also did not differ suf
ficiently from their own female controls for this latter 
difference to be significant. This apparent anomaly 
may be n result of the much greater degree of variance 
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within the female populations than within the male 
populations. The reduction in mean life-span in the 
0.25 p.c males is not quite significant, although it is 
highly suggestive of toxicity, since it is significant at a 
little greater than the So/o probability level. The fe
males at this level, again, did not differ significantly 
either from their controls or from the males. 

A possible explanation of the apparently greater 
sensitivity of males to chronic polonium toxicity 
( clearly established only at the 0.7 5 p.c level) lies in 
the relative vital organ to carcass ratio in the two 
sexes. A much higher percentage of the larger male 
total body weight is in polonium-poor muscle and 
bone, and conversely, a much lower percentage is in 
polonium-rich vital organs than in the female. Thus, 
the males received larger doses per rat because of 
their heavier total body weight and these larger doses 
were concentrated in relatively smaller vital organ 
masses. Accordingly, the radiation dose delivered to 
the vital organs, including the critical organ (kidney) 
probably was substantially higher in males than in 
females. 

It is therefore of interest to know the actual radia
tion dose in roentgens equivalent physical (rep) 
received by the kidneys at one of the low doses. Given 
below is a calculation of the radiation dose delivered 
to the kidneys by the lowest effective polonium injec
tion, viz., the 0.25 p.C single injection given to males. 
Figure 1 shows the mean concentration of polonium 
in 10 male rat kidneys at each point from animals 
injected with 13.8 11c/kg bw. (We do not yet have 
equivalent data on the radiation dose to female kid
neys to permit comparison with the males.) The area 
under the curve to 112 days in Fig. 1 gives a measure 
of a large fraction of the total radiation exposure to 
the kidneys in microcurie-days per kilogram. To con
vert the term microcurie-days per kilogram to the 
more familiar rep unit, substitution was made in the 
classical formula 

55 E 
C X da,,s 

rep= M (1) 

In this formula E is the energy of radiation in Mev, 
and C / M is the concentration of radioactive material 
in microcuries per gram of tissue. Subsequent extra
polation of the rep value obtained from the 13.8 11c 
level to the 0.25 11c level suggests that the kidneys of 
the latter group accumulated about 73 rep. This is an 
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average of 0.65 rep per day over the 112-day meas
ured-exposure period. The dose also can be expressed 
0.11 rep per day averaged over the 684-day ( + 34 
days at the 95o/o confidence interval) mean life-span 
of this group. Comparison of this 0.11 rep per day 
figure with the currently accepted maximum pennis
sible exposure of 0.3 rep of /3 and y per week is diffi
cult. A sure kno,vledge of the relative biological effec
tiveness (RBE) of polonium a-radiation in this 
system is not available. Perhaps the above data will 
be useful to those engaged in determining RBE 
values. 

CONCLUSIONS 

Our data show that, in the rat, the minimum effec
tive single dose of polonium-210 is 0.5 or possibly 
0.25 p.c/kg bw. Direct extrapolation suggests a maxi
mum permissible single exposure in humans substan
tially less than 0.5 11c/kg bw (35 p.c per standard 
man). 

Our data also show that a polonium body burden 
of 0.01 p.c/kg bw maintained throughout life did not 
demonstrably affect rats. This suggests that the high
est maximum permissible concentration figure (ap
proximately 0.003 µ.c/kg bw) currently employed for 
man carries a substantial safety factor. 

SUMMARY 

Late expressions of toxicity are observed following 
relatively short-lived polonium exposures in rats. 
The manifestations of toxicity, kidney lesions and 
shortened life-span would have been completely uri
detectable in acute toxicity experiments. 

T he minimum effective single dose of polonium in 
the rat was determined. 

Data on toxicity following repeated or maintained 
polonium exposures are presented. 

Recommendations are made for maximum permis
sible single and maintained polonium exposures in 
humans. 
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The Problem of Radon in Uranium Mines 

By H. Jammet* and J. Pradel, t France 

The extraction of uranium minerals is the first 
stage in the utilization of atomic energy. 

The methods currently in use are attended, in all 
of those mines, by various irradiation and contamina
tion hazards, among which the presence of radon is 
most significant. The maximum tolerable concentra
tion currently is set at I0-10 of radon per liter of air, 
It would appear, even if one considers that the 
daughter products RaA, RaB and RaC are not in 
equilibrium, that it would be impossible to set a less 
stringent limit. In fact, the limit proposed by the 
International Commission on Radiological Protection 
gives, for a 40-hour ex--posure per week (from Karl 
Morgan 1 ), a dose, as computed at the level of the 
bronchi of: 9.5 rem/week with lOOo/"o of RaA and 
SO o/o of RaB and RaC; or 19 rem/week with l00o/o 
of RaA, Ran and RaC, instead of 0.3 rem. 

In addition, it is necessary to allow for the fact 
that the risk is not the only one present in a miner, 
exposed to the radiation of the mineral, who also 
breathes uranium dust. 

RADON DETECTION 

In the French mines, systematic measurements 
have been made, and individual monitoring already 
is in use in many installations. Starting from the 
measurements carried out at fi:xcd points and at vari
c;ms times, a computntiou is made of the average quan
tity of radon inhaled by each miner. The measure
ments are carried out in Paris; or, more and more, on 
the spot, in a small laboratory set up in each mining 
division. 

The radon samples collected (at the bottom of the 
mine) by means of an empty bottle containing one 
liter, are measured by measuring the current gen
erated in an ionization chamber. 

Currently, another dosage method is used, which 
consists of passing the air of the mine, by means of a 
small portable vacuum cleaner, through a cartridge 
containing activated carbon, which adsorbs the radon. 
The amount of the latter present then is measured by 
using three ,8-counters embedded in the carbon. This 
material is inadequate for good monitoring, and a 
portable instrument which directly gives a reading of 
the a-activity present in the air is needed, along with 

Origin;il language: French. 
• Chief, Protection Service against Radiations of the CEA. 
t Ingenieur des Mines, in charge of radiological protection 

on the mining divisions of the CE:A. 

registering equip.111ent (lJal.,ar' type) placed at vari-
ous points. . 

We arc currently' testing an individual por table in
strument which continuously samples the air by 
means of a microvacuum device through a car tridge 
of active carbon. At the end of the day, it is thus 
possible to compute the average content of the air 
breathed by the miner. 

These monitoring devices have made it possible to 
obtain a set of results which led to the following 
findings: 

( 1) T he concenlrations found in uranium mines 
are very high and often exceed l0-10 c/1, even with 
substantial ventilation, of the order of 4 to 8 m3/sec 
for small research centers. 

(2) The concentrations depend, not only on the 
size of the mineralized mass and its uranium con
tent, but also on the nature and compactness of the 
rock. 

( 3) The use of explosives to break down the ore 
releases an important fraction of the bound radon as 
the rock is broken to pieces. In the blast smoke, con
centrations of 5 X 10-8 c/1 were found . 

( 4) In the unventilated galleries, radon accumu
lates in very high concentrations, and by diffusion 
pollutes the other galleries. 

(S) T he water which circulates in the ai::eas where 
there are lodes dissolves the radon formed in the 
cracks and releases it on contact with the air as it 
seeps down and drips in the galleries. 

( 6) Apparently clean galleries contain substantial 
amounts of radon brought, either by diffusion 
through the earth, or carried in by the waters. 

RADON CONTROL 

T hese results logically made it possible to control 
contamination by the radon, by endeavorin g first to 
limit the amount released, and then to evacuate the 
released radon as fast as possible. 

It is of interest to decrease the amount of radon 
supplied and to accelerate its removal, in view of the 
quick decay of its radioactivity. · 

Elimination of Radon Sources 

It is possible to reduce the size of radon sources by 
the use of judicious operating methods and special 
ar rangements. 

:I: Babar: a device used to filter air continuous!}•, giving 
at every moment the activity deposited on lhe movable filter. 
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l . Operating Methods 

The amount of radon released in the mines is re
duced: (a) by breaking up the rock as little as possi
ble, and by removing the ore very rapidly; and (b) by 
reducing to the utmost the research work to be carried 
out in the mineralized zone, in order to limit the 
volume released. 

These two considerations suggest the use of ex
traction methods without storage chambers, and 
small installations, well-insulated from one another, 
rather than large mines criss-crossed by galleries 
from all direct ions. 

It would doubtless be very interesting to make a 
study of an explosive which would break up the rock 
less, and thus reduce the percentage of released 
radon. 

2. Special Installations 

Let us study the radon source made up of a par t of 
the gallery (Fig. 1). If D be the output of radon 
coming out of the rock into the gallery; d the output 
coming out of the gallery or of the source; d' the 
output in the gallery due to disintegration ; we can 
then write d = D - d'. To reduce the output from 
this source, \\·e may (1) increased', (2) reclttce D. 

To this end, we made a study of dams, coverings 
on the ore, and channeling of the water. 

D 

d 

Figure 1 

1. Dams. The technique making ttse of dams con
sists of closing up any useless gallery by a relatively 
tight dam. This delays the diffusion and increases the 
"upstream" radon concentration for an increase of 
d' and possibly a slight reduction of D ( for D is re
lated to a diffusion phenomenon in which the differ
ence of concentration in the rock and in the gallery 
comes into play). 

It is to be noted that the dam need not necessarily 
be perfectly tight in order to be effective, which is ~ 
peculiarity of the radioactive gases. 

Before building up a clam, we can write d 1 = D 
-d'1 and after it has been set up: d2 = D - d':1. 
The gain cine to the dam is d1 - d2 = d'2 - d'1• Now 
d' = >..C, "·ith C the radon concentration; from which, 
if V be the YOltnne of the portion cut off: d l - d2 = 
(C2 -C1) >.V. 

Experiment: The first tests carried out at the BNL 
mine with dams made up of boards placed edge-to-

H. JAMMET and J. PRADEL 
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figure 3. Infl uence of o boovier on the concentrotion of rodon 

edge gave good results. :More recently, we made use 
of a plastic dam (cocoon), the results of which col).
firmed the efficiency of the method. 

There were 8 1113 of air polluted by passing before 
the heavily mineralized dead end of a cross bank. 
Referring to F ig. 2, we measured the radon content 
behind the dam (point A), and the content of the 8 
1113 of air after they had passed before this cross bank 
(point B). · 

H ere are the results in 10-10 c/1 ( see Fig. 3) : 

Before the dam .A B 

was set up, \Ved. 10 A.1[. 23 15.3 
After the dam 

was set up, Wed. 4 P.U. 210 10 
Wed. 7 P.M. 680 8 
T hurs. 10:30A.1I. 1480 7.4 
Thurs. 5 P.!\L 1600 8.5 

{Fri. lOA.M. 1550 9.3 
First leaks Sat. lOA.M. 1600 9 

Mon. 3 P.M. 1600 9 
Big tears 15 days . 410 12 

Interpretation : In this case we had V = 200 n,3 

and C2 - ("1 = 1.5 X 10-10 c/1. Hence d1 - d2 = 
3.8 X 10-6 curies/liter, which corresponded to a 
theoretical decrease, for the 8 1113 m: air, of: 

3.8 X 10-6 

8 X 10=1 4.7 X 10-10 c/1. 

This theoretical result is in agreement with the 
experimental results ( decrease of S to 6 X 10-10 c/1) . 
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· 2. Covering up of the ore. In order to redi,ce D, 
we carried out, in a laboratory, a series of tests which 
consisted of studying the influence, on radon release, 
of a paint or any other layer applied on a block of 
mineral. 

For the time being, we ohtained results only with 
oil. With those, we have no obstruction in the pores 

·of the rock. With oil, the radon dissolves and diffu
sion is deiayed. The release, for a piece of ore placed 
under a glass bell decreased, in five days, by approx
iruately 50% . T ests will be carried out in the galJeries. 

3. \Yater channeling. The waters which release 
dissolved radon, constitute at their exit point, an im
portant source of radon and, in order to reduce D, 
it is necessary to channel the water in conduits as 
soon as it appears, and to dispose of it outside the 
mine. This phenomenon has been shown by the two 
follo"·ing experiments: 

Experiment No. 1 - A 25-1 container, half-filled 
with the water which flo"·s out of the mine, is then 
closed. A t the end of three hours, the air in the jar 
contained 1.5 X l Q-i c/1. One liter of water had 
released enough radon to contaminate 1.5 m 3 of air 
at the maximum tolerable concentration. 

Experiment No. 2-At the BNL mine, in a cross
bench which was clean, the main air was leaching the 
water which was running against the air current . vVe 
noted an increase in radon contents as the air pene
trated further, until several times the tolerance limit 
was reached after 300 meters, according to the curve 
of Fig. 4. . 

T he contamination, a t the mine face, was mamly 
due to the water which had just come out of the rock, 
hence the need to enclose the sources close to the 
point where they come out. This channeling of the 
water caused contamination to disappear and follow
ing partial drying up of the cross-bank the air reached 
the working phase with a content of .2 instead of 12 X 
10-10 c/1. 

In another mine, we observed the same pollution at 
a mine face, nearly clean but very wet, where the air 
concentrations were 2 to 4 X 10-0 c/1. 

T he waters in these mines may have contained up 
to lo-4 c/1 of radon in solution and cannot be 11sed in 
rams, where they release their radon. 

Radon Evacuation 

O nce the radon sources ha,·e been eliminated to the 
o-reatest possible degree, thought must be given to 
;emoving the radon present i11 the air of the galleries. 

T o this end, we used powerful ventilation, with out
puts which may range f~om 4 .to 20 m3/ sec accordin~ 
to the size of the workmg area. Under good condi
tions, the radon content is approxi~ately inversely 
proportional to the air output. 

o.• 
100rn 200m 300m 

Figure 4. Contamfoatlon of air by run-off water 

Two essential co11ciitions must be met in order to 
achieve effective ventilation : ( 1) All recycling must 
be avoided by installing air intakes outside the mine 
and at least 10 meters from the air outlets, so placed 
as to allow for the orientation of the winds ; (2) 
bringing the pure a ir as close as possible to the mine 
face. 

The heavy concentrations encountered in the blast 
exhausts require tha t there be no immediate return to 
the work face. 

Ventilation has another primary merit: it consid
erably reduces the active deposit on the dust. In fact 
if the radon released from the rock is quickly re
moved, the daughter products which haw a mean 
half-life 0£ one half hour do not have time to form, 
and there is only a fraction of the equilibrium con
centrations, mainly in RaB and RaC. 

All these steps provide for a considerable reduction 
in the radon content. In the BNL mine, where all 
methods have been tried, we obtained very subsb n
tial reductions, going up to a factor of 100 in a 
heavily mineralized crossing of galleries, with abun
dant water circulation. 

H owever, when all protective measures taken col
lectively do not sufficiently reduce the radon content, 
we use individual protection. T he best method con
sists of feeding pure air to the worker: for this, use 
is made of hoods and masks. The hoods have the 
drawback of not being entirely self-contained ( need 
for a hose). The dust masks ( very large filtering 
surface and high arresting power) do not stop radon, 
but rather the active dust and the silica dust. 

R esort to these means of protection will be attended 
by an important transformation in the extraction of 
uranium: close liaison between the operators and the 
radiological protection services, systematic organiza
tion of the supervision, severe discipline and con
science of the responsibilities involved. 
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Industrial Hygiene of Uranium Processing 

By M. Eisenbud and J. A. Quigley,* USA 

The conversion of uranium ores to compounds 
suitable for reactor operation has become one of the 
world's important metallurgical industries. In the 
era of nuclear technology, the refining of uranium 
will be undertaken in amounts comparable with many 
of the non-ferrous metals. This report summarizes 
the knowledge which has been accumulated during 
more than ten years of large-scale operation of plants 
which process uranium. 

The potential hazards which are incidental to pro
cessing this metal will of course depend on the 
characteristics of the ore and the refining process. 
Ores from various parts of the world differ in their 
uranium content and the various isotopes associated 
with the uranium series. This report will consider 
the case of a high-grade pitchblende assaying 257o 
uranium. 

DESCRIPTION OF PROCESS 

The ore is ordinarily received in sealed 55-gallon 
drums and is dried, crushed and blended prior to 
digestion in nitric acid. Acid insoluble components 
such as silicates and silica are removed by filtration. 
Radium, originally present in a concentration of about 
100 milligrams per ton, is then co-precipitated with 
barium sulphate. 

The uranium is extracted from solution as uranyl 
i1itrate by an organic solvent, leaving the isotopes of 
thorium an<l protactinium in the aqueous phase. The 
uranyl nitrate is later stripped from the solvent into 
a water solution which is thermally denitratecl to the 
orange uranium trioxide ( orange oxide) . 

The orange oxide is converted by reduction in a 
hydrogen atmosphere to uranium dioxide (hrown 
oxide) which is further converted to uranium tetra
fluoride by reaction with anhydrous hydrogen fluoride. 
If metal is desired as the final product, UF4 (a green 
salt) can he reduced by a thermite type of reaction 
using metallic magnesium. This step produces a metal 
ingot which may be purified by recasting under high 
vacuum. The purified uranium metal can be machined, 
rolled or extruded into the final form required. 

When uranium hexafluoride is desired as the end 
product, the uranium tetrafluoride is reacted with 
fluorine gas. Uranium hexafluoride is volatile and 
passes off as a gas which is subsequently condensed 
and bottled. 

* Including work by M. Eisenbucl, A. E. Brandt, J. Alercio, 
P. Klevin and vV. B. Harris, U. S. Atomic Energy Com
mission; and J. A. Quigley, National Lead Company of Ohio. 

222 

POTENTIAL HEAL TH HAZARDS 

In Table I are presented the various hazards which 
may be expected to occur at Yarious places in the 
process. A detailed discussion of these potential 
hazards and the methods by which they are con
trolled is not possible in a single presentation, but 
some general observations can be made. 

Gamma Exposure 

In processing high-grade ores, radiation e.."posure 
may be controlled by process shielding, remote opera
tion or rotation of personnel. The latter practice has 
been employed primarily in the early steps of the 
process where the radium is still present. By admin
istering the maximum permissible dose as 3.9 r per 
13 weeks ( ¼ year) rather than 0 .3 r per week, it has 
been possible to keep all personnel within acceptable 
limits at a considerable saving in the cost of process 
shielding. A simple example is the manual handling of 
drums of high-grade ore. This is an intermittent 
operation in which an employee can receive his weekly 
maximum pem1issible dose in only a few homs. Rota
tion of. personnel has been accepted as a logical means 
of controlling individual exposures in lieu of expen
sive mechanized equipment that would otherwise be 
necessary. 

The kind of ore being processed will of course 
markedly influence the gamma dosages encountered. 
High-grade ores are usually correspondingly high in 
radium content and therefore relatively more active 
as gamma sources. A worker standing 2 feet from a 
pile of drums containing pitchhlencle of 2570 uranium 
content will receive about 25 mr/hour. If he is trans
ferring a drum by an unshielded fork lift truck, he is 
receiving about 10-15 mr/hour. 

Beta Exposure 

The beta dose to the base! epithelium of hands in 
contact with uranium metal is estimated from extra
polation chamber measurements1 to be. 235 millirads 
per hour. A horsehide-leather glove will reduce this 
exposure by about 80</o. The maximum permissible 
dose to the . hands is 1500 millirads per week, and 
therefore contact dose from uranium is not a serious 
limitation except for those very few individuals who 
cannot limit their bare-handed contact with the metal 
to less than 6 hours per week or to 24 hours per week 
i f the protection of leather gloves is available. 

UX1 and UX~, being isotopes of protactinium and 
thorium, are capable of concentration and separation 
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Tobie I. Summary of Potential Hazards from Processing Pitchblende Containing 25% Uranium 

Potr•tial 
hn:,ard 

Gamma 
radiation 

Beta 
radiation 

Radon 
inhalation 

Jnhalation of 
alpha-emitting 
dusts and 
fumes 

Source of 
C'.t'posurc 

I. Handling ore 

2. Precipitates con
taining radium 

1. Conversion of 
UF, to UF. 

2. Vacuum casting 
uranium billets 

3. Handling metal
lic uranium 

Storage of ores in 
closed spaces 

l. S.impling and 
crushing ore 

2.1[echanical or 
manual handling 
of dry U salts 
and ox.ides 

3. Escape of gas
eous UF. 

4. Machining 
metallic U 

Polrntial r:cpos11rc under normal opt-r• 
atfoo rouditious- brd with no controls 

SO mr/hr adjacent to stack of 
drums of ore 

100 mr/hr adjacent to a stack of 
drums 

2- 3 rads per week possible among 
workers loading and unloading 
reaction vessels. Dose to hands 
may be higher 

Furnace operator s may receive as 
much as 2 rads per week. Dose 
to hands somewhat higher 

Dose to basal epithelium of skin 
approx. 235 mill irads per hour 
when in contact with U metal 
in equilibrium with UX1 UX, 

\VitJ1 no ventilation concentration 
may range as high as 10·• c/1 

Daily average concentration up to 
5 milligrams per cubic meter 
ha,·e been experienced at opera
tions in which good process and 
area ventilation was not provided 

·Massive exposures due to sudden 
releases of UF. may occur 

Excessive exposures possible due 
to pyrophoric nature of U 

Radium content of ore approximately 100 mg 
per ton 

Ra..., content approximately 30 mg per ton 

Gaseous UF, is rcmo\'ed, leaving unreacted 
residue highly enriched UX, UX1 

Source. of B are distilled impurities which 
contain UX, UX. and condense 011 furnace 
interior 

90% of equil ibrium beta activity is restored 
90 days after vacuum casting 

Conditions much improved by even minimal 
Yentilation in storage and processing areas 

Dust control techniques normally employed 
in processing toxic metals arc effective 

High standards of maintenance are required 
to prevent leaks at valves, flanges, etc. 

Store chips under oil, use liberal quantities 
of cooling oils 

by a variety of physical and chemical means. For 
example, these daughter products of uranium are 
condensed in the cool parts of the vacuum furnace 
along with other impurities which are low boiling 
with respect to the natural uranium. Also when 
uranium tetrafluoride is converted to UF0, a gas, 
UX, and UX2 do not form volatile compounds as 
does uranium, but remain behind with other impuri
ties. Residues such as these are relatively active beta
emitters and as noted in Table I have delivered in 
practice whole-body beta doses up to 3 rad per week. 

When gaseous radon diffuses from a radium con
taining material, equilibr ium with its daughter prod
ucts will be reached in about two hours. In order for 
the workroom air to contain both radon and its 
daughter products in equilibrium, it is necessary that 
the air, radon and inert dust which serve as nuclei for 
adsorption of the radon daughters co-exist for the 
period during which equilibrium is being attained. 
Under many industrial conditions, this equilibrium 
is not achieved and it is therefore probable that con
centrations of radon far higher than the max inn1111 
permissible dose of 10-13 c/cm3 can be safely inhaled 
under many conditions. 

Radon Inhalation 

When high-grade ores of radium-enriched residues 
are stored in enclosed spaces, the radon concentration 
may reach I0-8 to 10-7 curies per liter. 

These levels are considerably in excess of the 
maximum permissible dose to radon but they are 
actually of little hygienic significance because concen
trations can be reduced remarkably by moderate 
amounts of general ventilation. 

The potential hazard from radon is' now regarded2 

to be due to the inhalation of inert dust containing 
.absorbed radioactive daughters of radon. It has been 
estimated thnt when these daughters an: in equilib
rium with radon the dose from radon ,per se is only 
one-half of one per cent of the dose from radon plus 
its daughter products. 

Insoluble A lpha Dust Inha lation 

The potential risk from inhalation of insoluble 
alpha-emitting dusts is that retention of the dust 
\\'ithin the lung may produce lung cancer over a long
period of time. The levels of exposure which are apt 
to be encountered under this category of hazard are 
far greater in comparison with the maximum per-• 
missible dose than the other exposures encountered 
in the processing of uranium. In the crushing of ores 
and in the dry handling of the oxides and fluorides, 
it is possible to exceed the maximum permissible 
dose several hundredfold. Techniques of process yen
tilation developed to control the hazards from metals 
such as lead and arsenic are satisfactory fo r uranium. 



22:.:'.:4 _ _____ ~ V~O~l:.:... ~X.:.,::111'...____.'....P:_:/8:::.:5:._~U::.:S~A'...____:_:M.:.:.._:E::.:IS:.:E.:..:N~BU::..:D::......:o:.:.:n.=.d ..:.J:._. :....:A:._ . ..=Q:.:::U.:...:IG~l:.::EY..:..._ ______ _ 

In the machining of metallic uranium, the pyro
phoric properties of this metal must be recognized. 
Chips of uranium frequently ignite at the cutting 
point and their burning produces a dense uranium
oxide fume. When uranium is hot rolled into strips 
or plates, the surfaces tend to oxidize rapidly and the 
scale thus produced gives rise to dust. 

Inhalation of Soluble Uranium Compounds 

When soluble uranium compounds are inhaled, the 
-radiological risk is negligible but one does become 
concerned with the possible toxic effects on the kid
neys. Consequently the maximum permissible con
centration for exposure to soluble uranium is based 
on chemical toxicity rather than radiological hazard. 

Uranium occurs in soluble form as U02F2, derived 
from UFc which hydrolyzes upon contact with the air. 
UF 6 is Yery corrosive and leaks from valves and 
flanges are apt to occur if the plant maintenance is 
not of a high quality. 

STUDIES OF INDUSTRIAL WORKERS EXPOSED TO 
URANIUM 

Many hundreds of employees of the companies 
processing uranium have been exposed to the dusts 
and fumes of this metal. Vvhen the plants first under
took this process the hazards were not well-under
stood and in many places the workers were exposed 
to concentrations of dust and fume which exceeded 
the levels now recommended by the National Com
mittee on Radiation Protection as the maximum per
missible concentration. Studies of these workers in 
relation to their exposures to uranium has provided 
useful information concerning the storage, excretion 
and effects of uranium in humans. 

Observations Concerning Storage and Excretion of 
Uranium 

tung Retention of Insoluble Dustt 

In the United States, the maximum permissible 
couccntrntion for 8-hours exposure to insoluble 
uranium dust in air is 5. 1 X 10-11 microcuries per 
milliliter.3 This value was obtained from ex:peri
ments with dogs4 which indicate that lungs of animals 
exposed to this concentration for 8 hours per day will, 
a t equilibrium, contain 14 parts per million of ura
nium. This tissue concentration will deliver 300 mrem 
per week to the lung, assuming an RBE of 20. 

We have had an opportunity to analyze the tissues 
of 2 men who died of non-occupational causes after 
being exposed for a long time to high concentrations 
of dust of UF4 and U 0 2• The data relative to the 
autopsy findings and exposure history are contained 
in T able II where it will be seen that the measured 
lung concentrations are exceedingly small compared 
to the concentrations which were predicted from the 
dog experiments which serve as the basis for equat-

tDust concentrations in this report are sometimes expressed 
as microcuries per milliliter and sometimes as milligrams per 
cubic meter . 5.1 X 10-u microcuries per milliliter is roughly 
equivalent to 50 micrograms per cubic meter. 

Table II. Uranium Contents of Lungs of Two Workers 

U raJti1un conten.t of l,u,g 
Averaqe No. of mont/,s tissue at time of death 
expo.sure between last (micrograms per gram) 

Mont/rs (micro• exposure aud 
Predicttd ezposed grams/}.[•) death J\ltosurea 

J.B. 2-t 17,000 10 0.35 600 
T.W. 12 5000 15 0.23 56 

ing the above concentration in air to 14 ppm in lung. 
It is not possible to reconcile these differences. 

However, one notes that the animal results are being 
applied directly to man without any knowledge as to 
the comparative relationship of deposition and clear
ance rates in the two species. Also, the assumption 
that an atmospheric concentra tion of 5.1 X 10-11 

microcuries per milliliter is equivalent under equilib
rium conditions to a tissue concentration of 14 ppm 
is based on extrapolation of data actually obtained at 
very much higher concentrations. It is of course pos
sible that our estimate of the average exposure of the 
two men is in error, but this is not likely to account 
for a factor of more than 2 or 3. 

T here is an obvious need for more data of this type. 

Storage in Bone 

Five determinations of the uranium content of 
bone have been made in individuals who had been 
exposed to relatively high concentrations of dust. 
Four of the specimens were from autopsy of in
dividuals who died of natural causes. The fifth speci
men became available during a surgical procedure. 
Exposures are given as micrograms of uranium per 
cubic meter of air for a gh-en number of days and 
the bone data are given as micrograms of uranium 
per gram of ash. The data are given in Table III 
below. 

Table Ill. Summary of Exposure of Five Men and the 
Uranium Content of Their Bone 

L evel Urcwirut1 J,r, bone 

Jlan P eriod 
Days 

exposed 
( micro• 

arams/M') 
( micrograms per 

gram of ash) 

D. N. I 252 18,750 
II 69 8200 

III 17 18,750 
IV 548 350 

16.7 
J.H. I 90 1000 

II 1200 150 
III 60 0 

.5 
J.B. I 730 17,000 

II 304 0 
17.0 

R.R. I 61 4500 
II 45 0 

III 228 4500 
IV 578 850 
V 152 0 

VI 1399 850 
4.9 

T.W. I 365 5000 
II ·548 0 

2.0 
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An estimate of each man's skeletal uranium burden 
was made assuming exponential build up and diminu
tion · functions. It was assttmed that the biological 
half-life was 450 days. It will be noted that this is 
consistent with data to be presented later in this re
port. Because the constant of proportionality could 
not be determined in the assumed exponential rela
tionship between exposure and skeletal burden, the 
calculated estimates yield units which are only in pro
portional relation to the actual concentration. For 
this reason the predicted bone concentration, in arbi
trary units, and the observed values, have been nor
malized in the following \\'ay. The subjects were 
arrayed according to predicted bone concentration in 
arbitrary units. It was found that they were then also 
arrayed according to observed bone concentration. 
The lowest value of each variable was given the value 
one and the other values as represented as multiples 
of it. The results are summarized in Table IV and 
are presented graphically in Fig. 1. 

The linearity in the relationship of the predicted 
to the observed values are striking. 

Relationship of Exposure to Urinary Excretion 

It is a relatively simple matter to estimate an in
dividual's exposure to external radiation, using either 
a film badge or pocket dosimeter. Unfortunately 
there are no comparable devices with which one can 
integrate exposure to radioactive dust. This is an old 
problem in industrial hygiene which has been par
tially solved by the development of air-sampling tech
niques with which one can approximate the average 
exposure of a group of workers who are performing 
the same repetitive operation. 

It is generally assumed that the urinary excretion 
of a substance is potentially the most satisfactory 
method of estimating the dust exposure of an in
dividual. Efforts to calibrate this relationship for 
uranium have encountered the same difficulties which 
are well known to investigators who have attempted 
to establish similar relationships for the heavy metals.11 

Because of differences in working habits, it is virtu
ally impossible to estimate the dust exposure of an 
individual employee with any degree of accuracy. 
Moreover, for any given exposure there are apt to be 
individual differences in both absorption and excre
tion. For example, a mouth breather under some 
conditions may absorb far more than a worker breath
ing through his nose.8 

Table IV. Comparison of Observed and Predicted Bone 
Concentration 

Mo11 

J.B. 
D.N. 
R.R. 
T.W. 
J.H. 

Uranium j ,. bone (fflea.sur,d) - - -----:---:--"'.:'"".:-:-- Ura,.,·.,.. in bon, (f>redittetl) 
mfrragram,/ gram a/ ash R1lalfo1 Relativ, 

17.0 
16.5 
4.9 
2.0 
o.s 

34.0 
33.0 
9.8 
4.0 
1.0 

31.7 
22.6 
7.6 
3.6 
1.0 
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Figure 1. Predicted v, observed uranium in bone 
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Although it does not appear practicable to use t~e 
urinary excretion of an individual as a measure of lus 
exposure, it is quite feasible to estimate the expos~re 
of a group in this way. The average results of urme 
analysis from many individuals tend to mask the 
effect of individual differences. In T able V are sum
marized the average exposure and the urinary ura
nium excretion for 7 groups of employees exposed to 
uranium oxide dust. It will be noted that there is a 
coarse relationship between the severity of e~-posure 
and the rate of urinary excretion and on the average 
those having more severe exposure excrete higher 
c-0ncentrations of uranium. H owever, it. will also be 
noted that because of the wide range in the reported 
values for any one group it is not practicable to assign 
a level of exposure on the basis of any individual's 
urine sample. A general conclusion which may be 
drawn from these and other data is that a group of 
individuals exposed to the maximum permissible con
centration of uranium will excrete about 50 micro
o-rams per liter. This figure which is based on human 
~rience is in excellent agreement with the predic
tion of Neuman7 based on animal data. 

Table V. Urinary Uranium Excretion of lndu$trial 
Workers 

Uri"MY ~scretion 
Aulff'age ~rf,osure (mic..ograms/ml) 

No. of ( multiples a/ 
L tr.u Hig1' Afl# ,,,,.,. 5.1 X 10-11 ,,.,c..ocuriu/ml) 

24 0.23 0.008 0.058 0.025 
4 0.80 0.017 0.118 0.060 

38 0.88 0.005 0.088 0.028 
19 1.05 0.003 0.119 0.050 
30 1.4 0.008 0.143 0.054 
s 1.7 0.054 0.084 0.065 

22 4.9 0.032 0.389 0.100 
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Excretion Following Massive Accidental Exposure 

An individual who was working with powdered 
uranium metal was exposed to massive amounts of 
uraninum oxide fume when the powder suddenly ex
ploded. F igures 2 and 3 are plots of the daily urinary 
excretion of uranium for 70 days after the accident. 
During this period the subject was hospitalized be
cause of extensive thermal burns and it was then 
possible to collect all the urine voided. The curves 
give uranium excretion in milligrams per liter and 
milligrams per day. One notes that the plot of ura
nium concentration consists of three distinct ex
ponential components, each representing elimination 
from a distinct storage reservoir. 

Of particular significance is the rapid elimination 
during the first few days. The exposure was to ura
nium oxide fume, which, on the basis of measure
ments under simulated conditions, is estimated to be 
completely less than 0.5 microns in d iameter. 

Excretion of Uranium after Cessation of 
long-Term Exposure 

An individual who resigned after several years 
employment in one of the uranium plants submitted 
a urine sample at approximately weekly intervals 
over a period of about 900 days after leaving his 
uranium exposure. 

The diminution in uranium excretion during this 
period of time is shown in Fig. 4 where it will be 
noted that the rate of change of the excretion rate is 
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Figure 2. Dolly excretion of uranium by on individual subjected to a 
singlo massive exposure 
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Figure 4. Urinary uranium excretion following prolonged industrial 
exposure 

almost unchanged after about one year. During ·the 
latter two years of this study, the urinary concentra
tion of uranium was diminishing a t the rate of about 
50% in 450 days. The scatter about the least-squares 
fit of the data may be due less to biological factors 
than the lack of precision in the methods of uranium 
assay then in use. The standard error of a determina
tion at 10 micrograms per liter was approximately 
equal to symbol 10 iuicrograms during the period 
when this study was under way. \Vith fluorimeters of 
more modern design this has ueen reduced to approx
imately equal to symbol 1 microgram. 

The more rapid elimination of uranium during the 
first weeks following cessation of exposure appears 
to be due to clearance of uranium from the soft tis
sues of the body. This is the period covered under 
accidental exposure above. This clearance is appar
ently completed after about 150 days following which 
the large reservoir of uranit1m which has been de
posited in the skeleton is then eliminated at a rela
tively slow rate. As noted, the half-life of uranium 
from bone appears; from these data, to be approx
imately 450 days. 
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Evidence of Kidney Injury 

The maximum permissible dose for soluble ura
nium compounds was determined by their toxic effects 
on the kidney of experimental animals.8 In the United 
States, the only exposures to soluble uranium are in 
processes involving UF6• This substance is gaseous 
at room temperature but upon release to the at
mosphere it hydrolyzes, forming uranyl fluoride 
(U02F2 ) a soluble fume. 

The early history of UF 6 production involved fre
quent overexposures due to leaks that occurred be
cause of the corrosive properties of the UF6 and the 
free fluorine often associated with it. 

Single Massive Exposure 

An incident occurred at one plant in which 5 em
ployees received a short massive exposure of uranium 
hexafluoride. These men all had recent complete 
physical examinations with repeated laboratory ex
aminations and were considered entirely normal in 
every way. 

The exposure resulted from approximately 28 lb 
of hot UF 6 which was released in their immediate 
vicinity within a matter of two minutes. Table VI 
summarizes the urinary finding in the days following 
exposure. Three of the five excreted over one milli
gram per liter on the first day of the accident. Ab
normal findings persisted for a few days but in all 
cases the urinary findings returned to normal, indi
cating only minimal effects on the kidney despite the 
relatively high exposures encountered. 

Chronic Exposure to Soluble Uranium 

In 1950 seven cases of nephrosis due to chemical 
toxicity of soluble uranium were diagnosed in a plant 
employing approximately 130. This plant had been in 
operation since 1942, but had a high turnover among 
the employees due to induction into the Armed Forces 
and transfer to other employment. Prior to 1950, 
.although a medical program was in existence, no 
cases of renal injury had been encountered. 

T he seven cases considered here all had pre-em
ployment physical examinations and repeated labora-

Table VI. Urinary Findings in Five Individuals Exposed 
to UF6 

Subject 

2 

3 

4 

5 

Day 

l 
2 
3 

2 
3 
1 
2 
3 
1 
2 
1 
2 

Urina.ry uranium 
co·nce-ntratfons 

,ng/1 

2.60 
0.60 
0.67 
2.10. 
0.05 
0.11 
1.30 
0.06 
0.07 
0.28 
0.01 
0.110 
0.028 

Albumin RBC Casts 

0 0-2 Rare 
0 0cc. 0 
0 0-2 0 
0 0 0 
0 0-2 0 
0 0 0 
0 0cc. 0 
0 0-2 0 
0 0cc. Rare 
0 0cc. 0 
0 0cc. 0 
0 0 0 
0 0 0 

tory examinations from the time of their employment. 
With one exception, the individuals in the group had 
been employed for periods ranging from several 
months to just over two years. In each case abnormal 
urinary findings, consisting of red blood cells, fine 
and coarsely granular casts and albumin were the 
only findings encountered; all were asymptomatic. 
All were given complete physical examinations, in
cluding careful histories, in an attempt to rule out 
other possible causes of their abnormal findings. 
Uranium determinations made on urinary samples 
showed the presence of as much as 3.46 mg/I. Each 
of the individuals·was then hospitalized in a university 
hospital for a careful evaluation of their renal status. 
Examinations included cystoscopics, re.trograde py
elograms, intravenous pyelograms, and renal-function 
tests. These tests indicated no diminution in renal 
function and, because of the absence of other dis
cernible causes for the abnormal urinary findings and 
the fact that these men had been exposed to soluble 
uranium which is a known renal irritant, a diagnosis 
of nephrosis due to exposure was made. The patients 
were removed from further contact with uranium 
when the abnormalities were first encountered and, 
in all cases in which follow-up was possible, urinary 
findings became normal within a few months. 

The exposure of the men was severe, as indicated 
by the summary of exposures in Table VII. 

Exposure lo Insoluble Dust 

A large number of industr ial workers who were 
exposed for many years to high concentrations of 
insoluble dust have been under careful medical sur
veillance, but all findings to date have been negative. 
Included in this group are approximately 100 men 
who were exposed for about 5 years to from 0.5 to 
2.5 milligrams of uranium per cubic meter. It is es
timated that 50 men were exposed during this period 
to from 23/2 to 10 milligrams per cubic meter. There 
has been no evidence of renal injury among these 
workers nor have any lung pathology or blood 
changes been observed. 

Although it is possible that insufficient time has 
elapsed to · obtain observable lung pathology, ·this 
should be weighed against the fact that the exposures 
of these men began about 13 years ago. It is of par
ticular interest that the two lung studies referred to 
earlier in this report were from this group of men. 
It will be recalled that the observed lung concentra
tion of uranium was very much lower than would be 
expected in view of the heavy exposures sustained. 

Table VII. Exposure to Soluble Uranium Compounds 

Year 
Erpos-,u·e 
mg/M• 1948 1949 1950 1951 1952 

0-0.1 9 13 38 33 55 
0.1- 0.5 13 14 62 55 4S 
0.5-2.5 44 31 30 22 
>2.5 34 61 32 8 
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Summary of Medical Observations 

There has been sufficient experience with severe 
exposures to both the soluble and insoluble com
pounds of uranium to permit the conclusion that 
uranium has a low order of chemical toxicity in man. 
Many of the non-radioactive heavy metals such as 
lead, arsenic and mercury would produce very severe, 
perhaps fatal, injury in the levels of exposures re
ported here. 

T he negative findings relative to renal injury 
among workers exposed to insoluble compounds are 
particularly significant in view of the high levels of 
exposure reported. Although some injury has been 
noted among individuals who had been exposed to 
soluble compounds the injury has been minimal and 
disappeared completely when the exposures were 
reduced. 

The relatively low concentrations of uranium in 
the lungs of the two workers autopsied suggests that 
the safety factor in the maximum permissible dose 
for insoluble compounds is unnecessarily conserva
tive. However, more data of the type presented are 
needed before any upward revision of the maximum 
permissible concentrations could be permitted on this 
basis alone. 

M. EISENBUD and J. A. QUIGLEY 
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Mechanism of Uranium Poisoning 

By H-. C. Hodge,* USA 

Uranium has many distinctions, principally as a 
source of atomic energy. The biological effects of 
uranium have been the object of the most intensive 
research. I n Dr. Voegtlin's words: " it is fair to say 
that the study of the toxicology of the uranium com
pounds represents the most comprehensive exper i
mental investigation of an industrial poisoning e,·er 
carried out." 

\Vhen uranium gets into the body it is reactive, 
quite apart from its radioactivity. Uranium is one of 
the most toxic elements chemically, more toxic than 
arsenic or mercury. PrO\·identially, uranium is ab
sorbed into the body only with difficulty. If it were 
not so, certain workmen in the early days of the Man
hattan Project must have been injured severely. For 
example, there was one man whose job in the process 
of converting the brown oxide, uranium dioxide, into 
the green salt, uranium tetrafluoride, involved at one 
step shoveling the green salt into a wheelbarrow, a 
dusty operation in which he daily became liberally 
coated with the green powder. So much so that he 
was known to his comrades as the "Green Hornet." 
Yet, this man was not injured by uranium. In fact 
even when uranium is swallowed, only traces are ab
sorbed into the body. 

ANALYTICAL METHOD 

To disco\'er this simple fact, it is necessary to have 
a good analytical method for uranium. The reaction 
.between the uranyl ion and ferrocyanide in solution 
to give a beautiful port wine color forms the basis for 
a reliable analytical method if milligram quantities of 
uranium are to be measured. For a highly toxic ele
ment like uranium, tolerated doses are measured in 
t enths or hundredths of milligrams per kilogram body 
weight. The first requirement in the study of the bio
logical effects of uranium was to find a method suffi
ciently delicate to trace quantitatively the very small 
amounts of uranium capable of producing injury to 
t he body. A satisfactory method was gained when 
Neuman and Bloor perfected Hoffman's procedure 
·utilizing the fl uorescent lig,, t emitted when a sodium 
fluoride glass fused with a small amount of uranittm 
is exposed to ultraviolet light. Under the proper ex
perimental conditions the intensity o[ emitted light is 
d irectly proportional to the amount of uranium pres-

* Department of Radiation Biology, School o f Medicine 
and Dentistry, University of Rochester, Rochester, New York. 
Including work by A. Dounce, F. L. Haven, W. F. Neuman, 
A. Rothstein, and C. Voegt.lin- University of Rochester ; and 
J. H. Wills-Army Chemical Center. 
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ent. By this method, it is possible to measure one-two 
billionth ( l/2,000,000,000) of a g ram of uranium in 
a biological sample with an error of + 55'0. (The 
first atom bomb cost two billion dollars.) 

TISSUE DISTRIBUTION 

Having a good analytical method, the distribution 
of uranium in the body can be described when a small 
dose is given intravenously. Uranium given into the 
blood stream rapidly leaves the blood. Farly inimttes 
after an intravenous dose, a quarter to a third of the 
uranium has been deposited in the skeleton, nearly a 
half has been excreted in the urine and, of the balance, 
approximately half is in the kidney and half in the 
other soft tissues. Only a trace ( 1 % or so) remains 
at this moment in the blood. The trends established 
so promptly continue. The uranittm deposited in the 
kidney tends to move into the urine; the uranium 
deposited in the other soft tissues tends to move into 
the kidney. Consequently, when the pattern of distri
bution is e.."amined forty days after the administra
tion of an intravenous dose, a fifth to a quarter of the 
uranium still is retained in the skeleton and the bal
ance essentially entirely has been e..-xc reted from the 
body via the urine. T hus, the bone and the kidney are 
the two tissues of major interest in the study of ura
nium poisoning. 

PROTEIN AND BICARBONATE COMPLEXES 

Uranium in the body tends to be converted into the 
hexavalent uranyl ion; this is the stable valence form. 
In the discussion that follows when biological effects 
are being considered, "uranium" usually means "ura
nyl ion." The uranyl ion in the blood stream is carried 
in part complex ed with protein and in part with bicar
bonate ; almost none exists as uranyl ion (U 02 + +) . 
The uranium protein complex is non-diffusible, the 
uranium bicarbonate complex is diffusible. Approxi
mately 40% of the uranium is protein bound and 60% 
is bica rbonate bound. The uranium protein complex 
is an anion, the uranium bicarbonate complex ( 1 
uo2 ++ to 3 HC03-) is an anion; it is an interestii;ig 
fact that the uranyl cation is actually carried in the 
blood in anionic forms. Uranium is a strong protein 
precipitant reacting apparently prindpally with car
boxyl groups. This is a non-denaturing precipitation 
and the addition of bicarbonate is followed by a prompt 
re-solution. T he diffusibility of the uranium bicarbo
nate complex is a key fact in understanding the 
mechanism of uranium poisoning. 
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SKELETAL DEPOSITION 

T he deposition of uranium in bone involves both 
organic and inorganic bone constituents. Arnprino has 
shown that trace quantities of uranium in the body 
may be deposited in part in the osteoid, the organic 
bone matrix. Vv'hile this organically bound uranium 
may be important, because of the permanence of such 
binding, when exposures to highly radioactive ura
nium isotopes occur, this locus of deposition is negli
gible for exposures to the natural mixture of isotopes. 
\Vhen chemically detectable amounts of uranium are 
administered, Neuman has shown that the bone 111in
cral is the principal site of deposition. Uranium is 
deposited on the surfaces of the extremely minute 
crystals of hydroxylapatite by exchange with surface 
calcium ions. Experiments using ea•:1 in solution in 
contact with bone crystals have shown that uranium
treated bone has less exchangeable calcium than "nor
mal" bone. Numerically, for every uranium ion de
posited on the crystal surface, two calcium ions are 
no longer available for exchange with calcium in solu
tion. Similar experiments with radioactive phosphate 
show that there is simultaneously a reduction in ex
changeable phosphate of the crystal surfaces; for 
every uranium ion bound to the mineral, there are 
two phosphate groups no longer available for ex
change with solution phosphate. A reasonable expla
nation can be made by assuming that each uranyl ion 
complexes tightly with two adjacent phosphates of 
the crystal sur face thus ( 1) preventing their escape 
into solution and subsequent substitution by tagged 
phosphate ions, and (2) simultaneously releasing 
from the crystal surface two calcium ions previously 
associated with. these complexed phosphate ions. 

QUESTION OF RADIOLOGICAL HAZARD 

'Yhen the Manhattan Project was in the stages of 
rapid development, and when for the first time it 
could be seen that hundreds of ,Yorkmen were going 
to be e...xposed to quantities of urani um, one of the 
questions presented to those responsible for health 
protection was whether uranium would ultimately 
constitute a hazard because of its radioactivity in the 
same way as radium had been to the famed dial 
painters of W orld vVar I. Since a total of I micro
gram of raditm1 had been found in the skeleton of a 
woman who had died from osteogcnic sarcoma many 
years after exposure, it wns assumed that a danger 
level could be set at the amount of uranium equiva
lent. U ranium is so much less radioactive that 3 800 • 
000 micrograms must be deposited in an adult ~kel~
ton to constitute a calculated equal radiation hazard. 
It has now been established from the massive accumu
lation of animal toxicity studies that ura11imn deposi• 
tion in bone is no radiological hazard. The toxic ef
fects of uranium on the kidney would be fatal long 
before enough uranium was absorbed into the bodv 
to give a radiologically hazardous concentration in th~ 
hone. Animals inhaling atmospheres containing 2000 
microg rams of soluble uranittm dusts per cubic meter 

of air for a period of a year only deposited on the 
average 6 micrograms of uranium per gram of bone 
or less than 0.01 of the amount judged capable of 
inflicting radiological injury. \ i\fhen insoluble uranium 
dusts are inhaled, there is no chemical hazard to the 
kidneys; by the same token not enottgh uranium is 
absorbed into the blood s tream to furnish hazardous 
amounts for bone deposition. The inhalation of in
soluble uranium compounds offers the possibility of 
building up in the lungs total amounts of radioactive 
particles sufficient to exceed the calculated tissue tol
erance. This point is under active investigat ion at the 
present in our laboratory. 

CHARACTERISTIC KIDNEY DAMAGE 

Uranium produces a characteristic histological in
jury in the kidney. T his organ is the only site of 
injury following small or moderate doses of uranium. 
Uranium poisoning follows a well-defined pattern. 
There is a lag period of hours to days ( dependitw 
• 0 

mversely on the dose) after the administration of the 
uranium before the damage becomes evident either 
histologically in the kidney tissues or functionally in 
the various indices of kidney function ( e.g., elevated 
blood NPN, diuresis or oliguria, etc.). 

F rom the glomerular capillary, diffusible uranium 
bicarbonate enters the glomerular urine. Pass ing 
through the proximal convoluted tubule, bicarbonate 
is resorbed into the venous blood freeing uranyl ion 
in the tubular urine. T he uranyl ion reacts with the 
pr?tein mem~ranes of tl~e columnar cells producing 
lllJtiry and-if the dose 1s sufficient-death of thes~ 
cells. The cells rupture and the cell contents are dis
charged into the urine. T he severity and e.xtent oi 
uranium poisoning may be followed by examining the 
excreted urine for proteins and enzymes once in the . 
cell cytoplasm. The most delicate indices of ura11ium 
p~isoning are: ( 1) the concentrations o i urinary pro· 
tems; (2) the concentrations of urinarv amino acids 
( especially the amino acid nitrogen to ·creatininc ra
tio ), and ( 3) the catalase activity. From studies of kid
ney function and renal clearances combined with histo
logical and autoradiographic studies, the site of major 
uranium injury has been localized in the distal third 
of the proximal convoluted tulmle. If the injury has 
not been too severe and cells of the tubule lining re
main, repair and regeneration are promptly estab
lished. Although the regenerated cells are frequently 
atypical in certain details, recoYery is prompt and a 
few weeks or a month following the ~dm inistration 
of uranium an animal may be almost completely nor
mal by every test. There is no chronic form of ura
nium poiso~fog. Only repeated bouts of acute injury 
are found in animals chronically exposed to uranium 
and, save in cases of overwhelming doses, the histo
logical injury is limited to the kidney. There is some 
evidence of the development of tolerance to uranium. 
In the rat, this has been linked to the excretion of 
citrate in the days immediately following an acute
uranium injury. 
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From studies of large numbers of animals exposed 
to a variety of soluble uranium compounds for periods 
of one or two years, it has been conclusi\'ely demon
strated that there is no kidney injury when animals 
breathe an atmosphere containing fifty micrograms of 
uranium per cubic meter of air. This value has been 
set as the maximal allowable concentration. If expo
sures ~re exclusively to insoluble uranium compounds, 
some,vhat higher dust concentrations can be inhaled 
without evidence of kidney injury. For insoluble com
pounds, "it is evident that exposures to concentra
tions of 50 or 100 micrograms per cubic meter would 
lie within the negative zone with wide margins of 
safety." 

BLOCKADE OF CARBO HYDRATE METABO LISM 

The mode in which uranium injures or kills cells 
has been examined in some detail by Rothstein. It was 
found early that uranium blocks carbohydrnte metabo
lism. Uranium reacts with the cell surface in such a 
way as to prevent the absorption of glucose. It is ironi
cal that uranium, the source of nuclear energy, should 
poison living cells by blocking the cells' source of 
energy. Most of the work on the metabolic effects 
of uranium has been carried out using yeast cells. 
Metabolic activity of yeast is blocked with extraordi
nary promptness by the administration of a very low 
concentration of uranium ( l~M) into the medium. 
I t should be stressed that it has not been pro\'en that 
the blockade of carbohydrate metabolism is the only 
toxic dfect that uranium can exert on a cell. Or e,·en, 
that this is 1he means by which kidney tubule cells 
are injured and killed. The known uranium effects, 
however, are limited to the blockade of the absorption 
of glucose ( and to a nearly equal extent of fructose 
or of galactose). Simpler substances such as alcohol, 
acetate, pyruvate or lactate arc absorbed and metabo
lized as usual. Fmthermore, stored glycogen within 
the cell can be metabolized without diminution in rate. 

Uranium blockades at the surface of the cell. T his 
localization has been established hy demonstra ting 
( 1) that the blockade is extremely prompt , (2) that 
the blockade can be instantaneously reversed, ( 3) 
that the reversal can be accomplished with concen
trations of phosphate in the medium only 1/lO0th 
those in the cell cytoplasm, ( 4) that uranium (U!!32) 

is removed from the cells when the blockade is re
,·ersed, and (5) that the upt:ike of uranium by cells 
is a saturation phenomenon involving approximately 
sixty million surface sites per cell. 

The surface sites with which uranium reacts are 
polyphosphate in nature. \Vhen uranium in small 
amounts is added to a suspension of yeast cells, most 
of the uranium can be found in the_packed cells after 
centrifugation. If to the original suspension are added 
Yarious materials known to complex with uranium, 
e.g., orthophosphate, pyrophosphate, and polyphos
phates, these dissolved materials compete with the 
,·east cell surface sites for the uranium and more of 
the uranium remains in solution. Certain polyphos
phates (hcxamctaphosphate, for example) appear to 

be able to compete on nearly equal terms with cell 
surface sites. 

The ability of the cell site to bind uranium in
creases with increasing pH (from pH 2.5 to 4.5) . 
Changing the pH of the medium in the presence of 
hexametaphosphate does not disturb the pH depend
ency of the cell binding of uranium. This is in contrast 
to the alteration by other complexers such as citrate 
in the />H depende11cy of uranium binding. In other 
words, whatever changes occurred in the binding 
power of the yeast cell surface sites by changes in 
the pH have been exactly matched by changes in the 
uranium binding·by hexametaphosphate in solution. 
These facts indicate that the cell surface-site binding 
uranium either is a polyphosphate or acts much like 
one. 

HEXOKINASE INHIBITION 

Uranium specifically blocks carbohydrate metabo
lism apparently by blocking an enzyme system. T he 
evidence can be marshalled as follows: 

1. Glucose metabolism is blocked but not by glu
cose complexing uranium. 

2. The polyphosphate nature of the cell surface
binding site fits in the concept since a high energy 
phosphate source is required in the first step of glu
cose utilization, the formation of glucose-6-phosphate. 

3. Magnesium inhibits and reverses the uranium 
blockade of carbohydrate metabolism. Magnesium is 
the preferred co-factor for the first reaction in the 
utilizntion of glucose. 

4. The great dilution at which uranium is able to 
act suggests that the reaction is enzymatic. 

In addition, data obtained ( l ) from studies of the 
kinetics of the inhibited reaction, (2) from the tem
perature coefficient and from the specificity of the 
reaction, and ( 3) from the effects o( other ions, for 
example, hydrogen or potassium, all point not only 
to the enzymatic nature of this reaction but to the 
hypothesis that uranium specifically inhibits hexo
kinase in the surface of the cell. The inhibition can 
be represented schematically as follows. In the ab
sence of uranium, glucose tends to enter the cell 
memlmme through an appropriate portal assumed to 
bear a negative charge. Glucose is adsorbed on the 
surface of the hexokinase, a surface in which tbere 
is a characteristic binding of adenosine-triphosphate 
(ATP ) through magnesium to he.,okinase. The ad
sorption permits a phosphate from ATP to be taken 
by the sixth carbon atom of glucose. Glucose-6-phos
phate thus formed bears a negative charge and there
fore cannot return to the medium through the nega
tive charged portal. Each glucose-6-PO4 molecule i!i 
fu rther acted upon in the cell membrane, ultimately 
reaching the cytoplasm broken down into fragments 
no larger than three carbon atoms. In the presence of 
uranium, the uranyl ion competes with and replaces 
the magnesium ion so that the surface of the enzyme 
now becomes ATP bound through uranyl ion to hexo
kiaase. ,vhen glucose penetrates and is adsorbed the 
ATP-uranyl-hexokinase complex will not release a 
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phosphate to the glucose. Consequently the first step 
in glucose utilization cannot be taken and the glucose 
returns unchanged to the medium. 

SUMMARY 

More is known about the toxicity of uranium than 
about the toxicity of any other element. Uranium in 
the body is highly toxic: providentially, it is hard to 
absorb into the body. Once absorbed, uranium is car
ried partly as a protein complex and partly as a bicar
bonate complex. In the bone, uranium is deposited 
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principally on the surface 0£ the mineral crystals by 
exchange with calcium. The kidney is the sole site of 
the characteristic histological injury. Uranium kills 
cells by blocking carbohydrate metabolism, apparently 
inhibiting specifically hexokinase in the cell surface. 

Finally a tribute should be paid to the vigilant 
medical supervision of the 1vfanhattan Project and 
the Atomic Energy Commission. This supervision is 
so successful in all their installations that severe ura
nium poisoning has never occurred and mild uranium 
poisoning is so rare that it is practically unknown. 



Radiation Dosage to Lungs from Radon and its 
Daughter Products 

By W . F. Bale and J. V. Shapiro,* USA 

In most programs for the utilization of atomic 
energy, control of radiation exposure to personnel is 
based upon a maximum permissible dose equivalent 
to 0.3 rad per week of combined beta and gamma 
radiation. It is also usually assumed that alpha radia
tion is ten times more damaging due to higher specific 
ionization, and that the maximum permissible dose 
for this radiation should be 0.3 rad per week. For 
calculating permissible dosage from internal radia
tion with beta-emitting isotopes, or alpha-emitting 
isotopes such as polonium, it is usually assumed that 
dosage to any organ should not exceed 0.3 rad for 
beta and gamma emitters, or 0.03 rad per week for 
alpha emitters. In the operation of chain-reacting 
piles, in the associated fuel-processing plants, an<l in 
the industrial, medical, and research uses of radio
active materials, health-physics techniques have been 
so well developed that human exposures to radiation 
are usually negligible or limited to a few per cent 
of the maximum permissible values.1 

For two radioactive elements, more direct methods 
have been used in setting ma.ximum human tolerance 
levels. Human ingestion of radium in the past, before 
its danger was fully appreciated, has produced many 
cases of bone cancer. Many of these cases have been 
intensively studied. The maximum human-body bur
den of radium is set below the smallest known cancer
producing dose. A high percentage of deaths among 
miners in certain areas of the Schneeberg mining 
region of southern Germany and the adjoining Joach
imstahl region of Czechoslovakia has been commonly 
attributed to radon present in mines. Evans and Good
man,2 after reviewing radon measurements made in 
these mines, concluded that the average concentration 
was about 1 X 10-9 curies per liter. On the basis that 
radon concentration in this range probably was the 
cause of lung cancer, Evans suggested that the maxi
mum permissible level for radon averaged over 
working hours ought not to exceed one per cent of 
this value, 1 X 10--11 curies per liter air. This value 
came to be generally accepted in codes regulating the 
use of radium in producing luminous indicator and 
watch dials. 

It is however recognized that the level of radon 
which is cancer-producing is not nearly as reliably 
established as for radium. Arsenic and other tumor-

• Department of Radiation Biology, University of Roches
ter. 
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producing agents ·iiso perhaps occur airborne in these 
mines.3 Because of the long latent period associated 
with radiation-induced cancer the relevant exposure 
per iod for individual miners probably occurs ten to 
thirty years before the development of symptoms from 
cancer. Radon concentrations were not determined 
at that earlier time, and later values are of uncertain 
reliability extrapolated to that period since they were 
made after the possible hazard from radon was real
ized, perhaps after steps had been taken to reduce 
mine radon levels. Thus, some uncertainty perhaps 
exists even regarding the importance of radon as a 
cause of lung cancer in these miners, and substantial 
uncertainty as to the level and duration of exposure 
that must occur to produce harmful effects in human 
beings. 

Investigations conducted by the US P ublic Health 
Service have indicated that radon concentration levels 
in continental United States uranium mines commonly 
exceeded the 1 X 10--11 curies/liter level, sometimes 
by substantial factors! 1'.1ine-ventilation techniques 
recommended by this agency and put into use have 
reduced radon levels to the point that no short-term 
exposure hazard is believed to exist. However, the 
possibility does exist that cumulative effects for in
dividuals engaged in uranium mining for n1any years 
might be harmful. Additional procedures necessary 
to achieve radon levels substantially less than those 
obtained by currently recommended practices will 
add substantially to the cost of uranium fuel for 
reactors. It has therefore seemed worthwhile . to 
determine experimentally the radiation dose to the 
human respiratory system by appropriate experi
ments with animals and with human subjects. 

Radon in the atmosphere is accompanied by air
borne radioactive daughters, RaA through RaC' (the 
active deposit of Rutherford, Curie and Soddy), 
which often approach radioactive equilibrium. T he 
suggestion by Bale that most of the radiation dosage 
to the human respiratory system was, in fact, due to 
the retention in the lungs of these daughters was 
confirmed for human subjects by experiments in
formally reported by Harley and by Bale, and for rats 
by the work of Cohn, Skow, and Gong. 11 No actual 
respiratory system dosage measurements or estimates 
based upon experimental data were made. The follow
ing experiments reported here are part of a continuing 
program designed to lead to maximum allowable con-
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centration figures for radon and radon daughters in 
the air based upon experimental determination of 
radiation dosage. The experimental data are in part 
taken from a thesis in which the experimental pro
cedures used are fully discussed.6 

EXPERIMENTAL P~OCEDUF;E3 AND 1'E3ULTS 

Dependence of Rodon Doui1ler-Producl level U?On 
Dust lood ond Air Circulat:on in Chamber 

All experiments were performed in a rectangular 
exposure chamber of 1800 liters capacity. The rado11 
concentration in most experiments was about 2.5 X 
10-8 curies per li ter. Radon was measured by intro
ducing it into an ionization chamber, or with a well
type scintillation counter after quantitative absorp
tion on charcoal. Daughter-product concentrations in 
air were sampled using millipore filters or tubes 
packed with Fiberglas, and radioactivity determina
tions made by alpha measurements with a sulfide
screen scintillation counter or by gamma measure-
1: ·cnt.-; with a wel:-typ: con:1t~,·. l{adioacti\'ity rneas
t: r ..: .,e: t ·: on biological : amplcs \\·el't.' made with the 
\\' ,:-typ:: scintil!atio11 C'>11ntcr or, for lar;.:-er samples, 
\ . iJ1 a Tex.,:co \\' ::! II- type Geiger-f.liiller counter. 

\i\Then the air in the chamber was supplied as out
door air with its normal dust load, airborne daughter 
products, through RaC', reached 70 to 90 per cent 
equilibrium shortly after radon was placed in the 
chamber. This level depended very little on whether 
or not the air was stirred with a fan . 

When the dust level in the chamber was made very 
low by careful cleaning, the content of airborne 
daughters fell to a very low value compared with 
the equilibrium value: 20 per cent of equilibrium in 
quiet air, 2 per cent when the air was stirred. Experi
ments showed that radon daughters not trapped on 
dust particles had a much greater motility and were 
more rapidly deposited on chamber walls . 

Determination of Biological Half-Life of Radon Doughters 
in the lungs of the Rot 

Groups of four rats were exposed in the chamber 
to radon and radon daughters in air with a normal 
dust load, and in other experiments to radon and 
radon daughters in carefully cleaned air. Pairs of rats 
were sacrifie<l immediately after a few minutes' ex
posure, and other pairs 80 io 140 minutes later. The 
lungs were removed and gamma activity nieasured. 
In each instance the bilological half-life was two 
hours or greater, a long time compared with the 
effective radioactive half-life of about 35 minutes. 

Measurement of lung and Tracheal Dosage in Rots 

Rats were placed in the exposure chamber at least 
2.5 hours, removed, immediately sacrificed, and the 
radioactivity of lungs and tracheae determined by 
gamma measurements with appropriate calibration 
experiments and decay corrections. Different groups 
of animals \.Vere exposed to air with a normal dust 
load, to cleaned air, 'to cleaned air with daughter 
products kept a t low levels by fanning, and to cleaned 
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air to which were added artificially produced nuclei. 
These nuclei were produced by conHnutator sparking 
of a defective motor inserted in the chamber and 
operated for a few minutes 18 hours before the animal 
exposure. In the air with normal dust load, the radon 
daughters were attached to dust particles with a 
diffusion coefficient of about 4.8 X 10-6 cm2 /sec; for 
the daughters on spark nuclei this diffusion coefficient 
\Vas about 9 X 10-1 . Table I shows the results of these 
experiments. Radioactivity to trachea epithelium was 
calculated on the assumption that alpha energy was 
dissipated uniformly in the inner surface of the trachea 
to a depth of 66 microns. The actual chamber radon 
concentration, mentioned earlier, was about 2.5 X 
10-8 c/1. 

Experiments with Dogs 

Experiments carried out on dogs had, for an addi
tional purpose, the measurement of the distribution 
of ventilation and perfusion in the various lobes of the 
dog lung. These experiments were done in collabora
tion with Rahn, Sadoul, and Farhi.7 Four dogs were 
exposed to radon and radon daughters contained in 
outdoor air introduced with its normal dust load into 
the chamber a few hours before the experiment. For 
nine additional dogs the radon daughters were on 
nuclei generated hy a sparking motor. The animals 
were anesthetized with sodium pentobarbital in all 
experiments. The dogs were kept outside the chamber, 
and breathed through tracheal ca111111lae. :\[inute vol
ume per kilogram of the first three dogs averaged 
250 cm3• Experimental results are shown in Table II. 
ln this instance, also, dosage to the trachea epithelium 
was calculated from the measured radioactivity on 
the assumption that alpha energy was dissipated uni
formly on the first 66 microns of the tracheal lining. 
The tracheae, about 1 cm internal diameter, approx-· 
imated in size the larger human bronchi. One notes 
that trachea epithelial dosage is about 8 times the 
:n-crage dose to the lungs as a whole. 

Rodan-Daughter Retention in Man 

T he fraction of the inhaled radon-daughter products 
retained by two human subjects was measured for 
chamber air with a normal <lust load, and by one 
:mbject for air largely cleaned of particulate matter 
before the radon was introduced. The general prin
ciple of the experiment was, first, t o sample radon
daughter radioactivity in the air to be breathed by 
the subject, second, with the subject breathing cham
ber air to collect and measure the radon-daughter 
activity of the air exhaled by the subject, and, finally-, 
again sample the air breathed by the subject. Re
duced pressure behind the millipore paper used for 
removing degradation products was so regulated that 
the subject could breathe under essentially physi
ological conditions. 

The results are given in Table III. The average 
retention of the daughter products in air containing 
normal atmospheric dust was 25 per cent. The aver
age retention for cleaned air ,vas 75 per cent. A 
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Table I. Average Radiation Doses from Alpha Radiation to Lungs and Tracheae of Rats 
Breathing Radon plus Radon Degradation Products at Radon Concentration 

of 1 X 10-11 curies/ cm3 

No. of Avera.gc Mta$Ured ave-rage M ea.surtd averag, 
c:.prr. wt dosa~e ta IHngs Avera/le dose to t racheol .-lvcra11c 

ci-nimals (qrams) ( nnllirad/ hr) deviat,on cpith,lfam dtviatto11 

Normal outdoor oir 

9 190 0.21 0.07 0.33 ON 
2 184 0.36 0.07 

Electric spark nuclei 

2 186 0.25 0.02 0.11 0.02 

Stagnant cleaned air 

5 197 0.045 0.010 
5 195 0.047 0.018 0.30 0.1 1 

Stirred deaned air 

3 184 0.0015 0.0003 Too low to measure 

Maximum estimated additional do,e due to roclon go, undergoing radioactive decoy in lung, 
All above 

animals 0.004 

neoprene balloon, used as an artificial lung in control 
experiments, gave essentially zero retention for the 
a ir containing normal atmospheric dust. 

DISCUSSION 

For the experimental data given in the previous 
sections, and assuming the long biological half-life 
found for rats a lso holds for man, one can calculate 
average radiation dosage to the human respiratory 
.system under those exposure conditions for which 
the data were obtained. 

For radon daughter::; produced in normal dusty air 
the following assumptions seem reasonable: 

1. V,,, = minute \'Olttme-20 liters/minute. 
2. Airborne RaA through RaC' in cquilihrium. 
3. Ca = concentration of each daughter- ] X 

10-11 curies/ liter ( 1 X 10·" µc/ cm" , . 
4. R = fractional retention = 0.25. 
5. liV, = weight of lungs- 1000 gm. 
6. A ll radioacti\'ity retention occurs in lungs. 
7. Ea = the energy in Mev due to u radiation 

from complete radioacti,·e decay of RaA, Ra!3, RaC, 
and RaC', each at an initial activity of 1 µµ curie, 
where disintegration constants are given in units 0£ 
min-1 . 

? 6.00 ( I I 1 I ) 
- 2 X A + 7·68 7: + n + c + C 

= 1.277 X 10-3 

D., the average a-radiation dose to the lungs in 
millirad units per hour will then be: 

cd x 1012 x v,,. x Rx Go ·x Ee. x 1.6 x 10-0 x 10a 
We X 100 ·. 
= 0.061 

" ·here the numerical units in order in the numerator 
are the conversion factor from curies to µ 11curies, from 
hours to minutes, from Mev to ergs, from rad to milli
rad, and in the denominator from rad units to ergs/ 
gram. 

0.003 

Tobie II. Average Radiation Doses to the lungs and 
Tracheae of Cannulated Dogs Breathing Air at a 
Level of 1 X 1Cr11 Curies/Liter Radon in Substantial 

Equilibrium with Its Daughters through RaC' 

N n. A v trO{Je A v erage 

"' milliro.d/hr Avqrape milliradth, Av1t,.age 
d,,g, to lung dwiati"n to t racheae dcviott'ou 

Normal outdoor air 

4 0.038 0.005 0.35 0.10 

1:ledric spark nuclei 

9 0.024 0.006 0.62 0.13 

T he average lung dosage for a 40-hour work week 
under these conditions would be 40 X 0.061 = 2.44 
millirad. Assumption of 10 liters per minute ventila
tion rate gives the 1.2 millirad \'alue quoted in the 
abstract. 

It follows that the level of radon daughters in 
equilibrium with radon that would give a dose oi 0.03 
rad per week alpha radiation averaged over the lung 
would be 12.3 X 1011 c/ 1. T he data presented in 
T able II suggest alpha-radiation dosage to the epi
thelium lining the bronchi may be substantially higher 
than to the lung as a whole. i\fost lung cancer seems 
to a rise from bronchial epithelium. A reduction of the 
above level by a factor or' 5 will largely take into 
account this non-uniform distribution of radiation 
dosage. Auxiliary experiments indicate the amount of 
bronchial deposition is not strongly dependent upon 
ventilarion rate. The present data confirm suggestions 
that the primary radiation hazard to the lungs is from 
the radon daughters r ather thn.n radon itself. The~e 
data suggest a level of airborne RaA through RaC' 
in amOLmts equivalent to equilibrium with 2.5 X 10-1 1 

curies per liter radon (2.5 X 10-s µ.c/ cm3 ) as a max
imum permissible limit for human exposure averaged 
over a forty-hour work week. These conclusions are 
based on the assumption that alpha-radiation dosage 
to human bronchi should not greatly e.-xcecd 0.03 rad 
per week. 
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Table Ill. Results of Human Retention Experiments 

2 
2 
2 

Artificial lung 

Tidal volume 

Uncleoned outdoor oir 

1.3 
1.1 
1.1 
1.0 
0.72 
1.5 

Cleoned oir 

1.5 
1.5 

27 
23 
25 
25 
22 
30 
0 

72 
78 

Radon degradation product concentrations can be 
measured by determinations of the a, (3, or y activity 
of molecular filters through which known volumes of 
mine air have been drawn. Methods for making these 
measurements, including the necessary radioactive 
decay corrections, have been previously discussed by 
Holaday and his colleagues/ by Shapiro,6 by Harley,8 

and will be more explicitly described in a VS P ublic 
Health Service bulletin now in preparation.0 

Experimental studies have shown that uranium 
miners store radiolead derived from radon degrada
tion products, and that polonium derived from this 
radiolead is excreted in measurable quantities in the 
urine.10 Research in progress is directed at determin
ing the usefulness of urine polonium determinations 
as.a measure of integrated polonium exposure in man. 

Surveys by the US Public Health Service indi
cate that past exposures of miners to radon and radon 
daughters in the Colorado Plateau area, even in non
uranium mines, have often exceeded this permissible 
concentration figure suggested above. Measurements 
of radiolead in bone obtained at autopsies of lung 
cancer victims are being made as a part of a coopera
tive program with the US Public Health Service, 
the University of Utah Medical School, and Dr. Geno 
Saccomanno of Grand Junction, Colorado. This pro
gram is aimed at establishing whether a correlation 
exists between these radon exposures and liability to 
develop lung cancer. 

W. F. BALE and J. V. SHAPIRO ----------- - - -
SUMMARY 

Experimental studies suggest that the primary 
hazard from breathing radon-containing air is from 
the accompanying airborne daughters, RaA through 
RaC', of which about 25 per cent are normally re
tained in the human respira tory system. 

On the basis that dosage from alpha radiation to 
the bronchial epithelium should not exceed 0.03 rad 
per week, a level of radon daughters RaA through 
RaC', in amounts equivalent to equilibrium with 2.5 
X 10-11 curies per li ter radon (2.5 X 10-8 µ.c / cm~) 
is suggested as a maximum permissible level for 
human exposure averaged over a forty-hour work 
week. 
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Use of Radioisotopes in Studies of Health Hazards in the 
·ur~nium Mining Industry 

By E. C. Tsivoglou, * USA 

T his paper describes the use of radioisotopes in a 
a series of experiments designed to evaluate the 
health hazards resulting from inhalation of a tmos
pheric mixtures of radon and its daughters, and to 
test theoretical expressions which were developed to 
serve as the basis for control of these hazards in the 
uranium mining industry. In the laboratory, radioiso
topes in both purified and natural form were used 
according to the purposes of the individual experi
ments, the latter in experiments designed to represent 
natural environmental conditions insofar as possible. 
In the field studies radon and its daughters were used 
in their natural state, i.e., in a uranium mine. Within 
r easonable limitations the experiments provide a 
sound basis for the practical control of the inhalation 
hazard in this important industry. 

RADIOACTIVE EQ UILIBRIUM AND THE RADIATION 
DOSE 

The radiation dose delivered to the lungs as the 
result of inhalation of radon alone is negligible com
pared to the dose resulting from inhalation of the 
same amount of radon together with all of its daugh
ters.1 Radon is a gas having a 3.8 dny half-life, while 
i ts daughters are not gaseous and their half-lives are 
much shorter ( see T able I) . A substantial fraction of 

. the inhaled gas is expelled in breathing hefore it can 
decay. On the other hand, a relatively large fraction of 
the inhaled <laughter elements is retained in the lungs 
and decays there. Since the relative biological effec
tiveness of beta par ticles is small as compared to alpha 
particles, those daughters which decay by beta emis
sion contribute only a small part of the total radiation 
<lose. As a result, our main concern is with the alpha 
emissions from RaA and RaC'. 

Ta ble I. Properties of Radon and Its Daughters 

I sotof'r Emi .. uio1; E11trgy, Mr'II Half-life 

Rn (Rn=) Alpha 5.49 3.8days 
RaA (Po"1

) Alpha 6.00 3.1 min 
RaB (Pb"') Beta 0.65 26.S min 
RaC (Bi•") Beta 3.15 19.7min 
RaC' ( Po'" ) Alpha 7.68 2.5 X 10 ... min 

Atmospheric radon concentrations as high as lo-6 
microcuries per cubic centimeter are not rare in 

* US Public Health Service, Robert A. Taft Sanitary 
Engine<."ring Center, Cincinnati, Ohio. 
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uranium mines; and concentrations of 10-7 micro
curies per cubic centimeter are found in metal (non
uranium) mines of the United States.2 A maximum 
permissible concentration of 10-S microcuries per 
cubic centimeter has been suggested as safe for con
tinuous exposure.3 This suggested standard is based 
on the assumption that all of the radon daughters are 
present in the atmosphere in concentrations reflecting 
radioactive equilibrium with the parent gas.t 

Estimates of the radiation dose resulting from 
continuous inhalation of a mixture of radon and its 
daughters can be made by use of a formula developed 
by Morgan :1 

W = CQ ~ (bE) feT (1) 

where W is the radiation dose in rem ( roentgen 
equivalent man ) per week from a specific daughter; C 
is a constant ; Q is the atmospheric concentration of 
radon in microcuries per cubic centimeter; l (bE) is 
the total energy in Mev of the alpha particles which 
will be emitted in the lungs ( 13.68 i\[ev for RaA and 
7.68 Mev for RaB and RaC) ; T is the half-life of the 
daughter in minutes, and J. is the fraction of equilib
rium with radon represented by the specific daughter 
concentration. Separate calculations are made for each 
of the daughters and these individual doses are then 
added together to obtain the estimate of total dosage . 
It is noted that the radiation dose for each daughter 
is directly proportional to its particular equilibrium 
fraction, / •. 

A suitable technique for measuring the individual 
atmospheric daughter concentrations was not avail
able until recently. Earlier estimates of the inhalation 
hazard therefore involved the conservative assumption 
that the daughters occurred in equilibrium concentra
tions.~ Based on this assumption, the total hazard was 
estimated on the basis of a measurement of the at
mospheric radon concentration alone. 

Theoretical considerations indicated5 that ventila
tion of a uranium mine would cause wide departures 
from the equilibrium situation, with resulting small 
values for the factor f0• If true, the actual hazard in a 
ventilated mine would be significantly less than the 
hazard estimated from observed reductions in the 
atmospheric radon concentration and calculations as-

t If in an atmosphere radon and its daughters 0<:cur in 
equilibrium concentrations, then the activity of any one of 
the daughters (measured as microcuries per cubic centimeter) 
is equal to the activity of the radon present. 

- - - - -- - - - - - - -- - - - - -
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smning equi librium daughter concentrations. In order 
to provide for sound control of the inhalation hazard 
in the uranium mining industry, it was necessary to 
evaluate the actual hazard in a ventilated mine in terms 
of measured atmospheric daughter concentrations. 

EVALUATION OF THE INHALATION HAZARD 

The first experiments were designed to develop a 
method for measuring the individual atmospheric 
concentrations of the daughter elements. In brief, the 
method involved mathematical analysis of the ob
served alpha decay curve from a filter paper sample 
of the atmosphere. Depending on the relative atmos
pheric daughter concentrations, such decay curves 
are significantly different in shape during the first 45 
minutes after the completion of sampling. They be
come quite similar after about an hour of decay (see 
Fig. 1). 
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Figure 1. Observed alpha decay curve for sample number 5 

Any specific set of atmospheric daughter concentra
tions results in only one possible set of initial numbers 
for decay on the filter paper after sampling is com
pleted. This in turn implies only one possible observed 
alpha decay curve. A general equation for the fami ly 
of all possible alpha decay curves was derived on the 
hasis of the knov,n constituents and decay constants. 
It was then possible to use alpha activities observed 
during the first 45 minutes after sampling in order to 
solve the general equation for the initial numbers of 
the daughter elements present on the filter paper at 
the end of the sampling period. The individual at
mospheric daughter concentrations were then obtained 
from these initial numbers. This method is described 
elsewhere in detail.6 

The laboratory source of radon and its daughters 
was a closed box of volume 145 liters containing a 
quantity of rich uraniun1 ore. The hox was equipped 
\\'ith stoppered holes to permit the introduction of 
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sampling equipment and the return of the exhaust air 
from the sampling device. Atmospheric samples were 
collected by drawing a specific amount of air from 
the radon box through a millipore filter paper ·of one
inch diameter. A hand-cranked pump was used for 
this purpose and operated for 5 minutes at a rate of 
about 17 liters per minute. During this sampling 
period the exhaust air from the pump was returned 
to the radon box. At the end of the sampling period, 
the filter paper was immediately removed from its 
holder and placed in a methane Row prop'ortional 
counter. An alpha decay curve was then developed 
over a period of about an hour. The gas radon is of 
course not retained on filter papers, and the fore
going method yields only the atmospheric concentra
tions of the daughters. In the laboratory experiments 
the volume of air sampled was large in relation to the 
volume of the radon box. Therefore the laboratory 
data is significant only as an example and test of the 
methods. This is of course not so in the case of sub
sequent fie ld samples, which were very small in rela
tion to the volume of air in the uranium mine section 
sampled. The proportional counter was calibrated 
and periodically tested by the use of a purified stand
ard source of known activity and half-life. 

Figure 1 illustrates the type of data obtained. Cun-e 
A is an observed alpha decay Cur\'e. As shown, cal
culations based on the observed activities indicated 
that, if RaA is considered as the parent isotope, then 
RaB and RaC were present in atmospheric concentra
tions representing only 26 per cent and 21 per cent,. 
respectively, of their possible equilibrium concentra
tionsJ Curve B was calculated to illustrate the course 
of a lpha decay which would haYe been ohsern:d had_ 
RaB and RaC been present in the atmosphere in 
equilibrium concentrations. 

The foregoing experiment was repeated a number 
of times in the laboratory in order to perfect the tech-' 
nique for field use. It was desirable, however, to carry 
out a second set of experiments as an independent 
test of the reliability of the decay analysis method. 
as it was intended that this method would be used in 
basic studies of radiation dosage and control of haz
ards in the uranium mines. Accordingly, the follow
ing laboratory experiment was de,·ised and carried 
out to serve this purpose. 

It was desired to determine the individual alpha 
activities of RaA and RaC' from a single a tmospheric 
sample. F rom this information the relative concen
trations of RaA, Ral3 and RaC could be ·derived and 
compared with the same data obtained by the alpha 
decay method from a second sample taken simultane
ously. In view· '<>f the markedlr different energies pos
sessed by the alpha particles emitted during decay of 

t As radon is not collected on the filter paper, it is necessary 
here to consider RaA as the parent member of the chain so 
as to express the daughter concentrations as equilibrium 
fractions. In the field studies radon concentrations were de
termi.ned independently, and all of the daughter concentra
tions could be expressed in relation to radon as the parent 

_. element. 
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RaA and RaC' (6.00 and 7.68 ~Iev, respectively), 
and because of the relatively short half-life of RaA, 
alpha pulse-amplitude analysis of atmospheric sam
ples appeared to be the most practical and direct 
means of obtaining the desired information. 

Atmospheric samples of the daughters of radon 
were collected from the previously described radon 
box on one-inch diameter copper planchets by use of 
an electrostatic precipitator of recent design.7 By this 
means it was possible to collect a very thin sample 
( usually not visible to the eye), thereby minimizing 
the effects of self-absorption. At the completion of the 
five minute sampling period one planchet was counted 
as usual by a fellow worker in the proportional coun
ter and its alpha decay curve developed. 

A second planchet was at once taken from the 
.sampler and placed in a scintillation counter. This 
planchet was separated by a thin collimator from a 
thallium-activated sodium iodide crystal. The scintil
lations produced in the crystal by the sample were 
amplified by means of a photomultiplier tube and 
transmitted to an oscilloscope. The oscilloscope con
trols were set to permit defl~ctions in the Y-direction 
-0nly. The resulting pulse amplitudes were photo
graphed from the screen of the oscilloscope by means 
-0£ a continuous motion camera. The shutter of the 
camera remained open during the entire film run. 
This made it possible to record all events which oc
curred during the run. A cross-sectioned grid was 
used in front of the screen of the oscilloscope. This 
permitted photographing a background scale in con
junction with the recording of the pulse amplitudes, 
and made measurement of the pulse amplitudes a sim
ple matter. The exposed film strips were developed, 
projected on a large screen, and the amplitude of each 
pulse was recorded. Finally, the distribution of pnlse 
amplitudes was plotted for the film run. 

Alpha particles emitted by radium ( 4.79 Mev) 
were used to calibrate the equipment. For this pur
pose the radium sample was prepared by evaporation 
of a few drops of a radium salt solution on a standard 
copper planchet. 

Figure 2 is an enlarged photograph of a typical 
section of exposed film. The four longest pulses are 
due to the alpha emissions of RaC', and the group of 
pulses next in length reflects decay of RaA by alpha 
emission. The average lengths of these two groups of 
pulses are in near-direct proportion to the known 
energies of the alpha particles emitted hy RaA and 
RaC'. The two short pulses are due to high-energy 
beta emissions from RaC, lower energy events having 
heen eliminated from the film record by discrimination 
in the oscilloscope. 

Figures 3 and 4 are typical pulse-amplitude dis
tributions obtained from a single sample. As can be 
seen, satisfactory resolution of the RaA and RaC' 
peaks was obtained. The RaA activities observed at 
the two decay times ( 2.13 and 9.88 minutes after 
completion of sampling) indicate a half-life for RaA 
of 3. I 2 minutes, in good agreement with the known 

figure 2. Typical pulse amplitude record 
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value. The relative concentrations of RaA, RaB and 
RaC were calculated from the pulse-amplitude dis
t ribution data and compared to relative concentra
tions derived from the simultaneously obtained decay 
curve sample. 

The foregoing experiment was repeated a number 
of times. In all cases agreement between equilibrium 
fractions obtained by both methods was quite good. 
Having confirmed the reliability of the alpha decay 
analysis method, plans were made for field studies 
in the uranium mines. 

CONTROL OF THE INHALATION HAZARD 

Ventilation 

Before ventilation could be advised as a general 
measure for practical control of the inhalation hazard 
in uranium mines it was necessary to develop a satis
factory means of estimating required rates of air turn
over and the e.""<tent of beneficial effects. Theoretical 
expressions were developed for this purpose and field 
experiments were carried out to test the validity of 
the theory. Details of the theory and field experiments 
have been reported elsewhere.fl 

The atmospheric radon concentration in a particu
lar section, or drift, of a ventilated uranium mine is 
dependent upon the following major processes : radon 
is liberated as a gas from the surrounding ore body at 
an essentially steady rate, it decays according to its 
known half-life, and some of it is removed from the 
mine section by the outgoing air stream. The daugh
ter elements are formed in the air through decay of 
the atmospheric radon. They decay according to their 
respective half-lives and are also removed by the 
outgoing stream of air. A system of differential equa
tions was developed to describe the operation of these 
factors; its sol11tions expressed the atmospheric 
concentrations of radon and each of its daughters as 
functions of the rate and duration of ventilation. It 
was then possible to predict the effects of ventilation 
as a control measure and therefore to estimate the 
amount of ventilation needed in a specific case to 
reduce the radiation dosage to any desired level. The 
theory indicated that ventilation would cause wide 
departures from the equilibrium condition. It further 
showed that the working section of a mine should be 
ventilated for a period of about an hour before per
sonnel enter the mine to begin work. 

A set of experiments was carried out in a uranium 
mine in the western United States to test the reli
ability of the foregoing theory. A section of the mine 
which was not at the moment being worked was se
lected for purposes of this study. Outside air was 
blown into the mine through several hundred feet 
of flexible tubing by means of a large blower mounted 
on a truck located just outside the mine entrance. 
The diameter of the tubing was one foot. T he sec
tion was ventilated at a number of different rates by 
means of a control at the blower. Five-minute filter 
paper samples of the air in the ventilated section 
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were collected at desired intervals, and were carried. 
out of the mine for analysis by the alpha decay 
method. Alpha decay cun·es were developed by use· 
of a methane flow proportional counter mounted in 
a vehicle near the mine entrance. This counter took 
its necessary power from a gasoline-operated portable· 
generator, since electric power was not available at 
the mine. 

Separate volumetric samples were taken simultane
ously with collection of the filter paper samples, and 
were transmitted to the main laboratory for deter
mination of the atmospheric radon concentration. 
The daughter concentrations were determined in the 
field by analysis of the observed alpha decay cun,es 
from the filter paper samples. 

There was good agreement between predicted and 
observed atmospheric concentrations of radon and 
its daughters at all rates of ventilation studied, thus 
providing good support of the theoretic.ii deYelop
ments. At the highest rate of Yentilation used ( one 
air change about every 3 minutes) the atmospheric 
radon concentration was reduced from the unventi
lated condition by a factor of 200; the concentrations 
of Ra/\, RaB and RaC were reduced by factors of 
1000, 2500, and 2500, respectively. Ventilation was 
therefore shown to be a Yery effective means of con
trolling the inhalation hazard in a uranium mine. 

For the highest rate of ventilation studied, the 
observed atmospheric concentrations of radon, RaA, 
RaB and RaC were 58, 12, 4 and 2 micromicrocuries 
per liter, respectively. Using Equation 1 for calcu
lations of radiation dosage, it is easily sho,vn that' 
the actual radiation dose calculated on the basis of 
these concentrations is only 7 per cent of the dose 
calculated on the basis of the assumption that all o f 
the daughters are present at their equilibrium con
centrations ( 58 micromicrocuries per liter). In an
other sense, the actual radiation dose in this observed 
case is less than half of the dose calculated on the 
basis of the suggested maximum permissible con
centration of radon ( 10 micromicrocuries per liter) 
and the assumption of equilibrium <laughter concen
trations. It therefore appears clear that control of 
the inhalation hazard in the uranium mining industry 
should be based upon observed daughter activities, 
rather than upon observed radon concentrations. 

Air Cleaning 

In extensive deep uranium mines ventilation with 
outside air may prove to be very expensive. A less 
costly means of reducing atmospheric daughter con
centrations to acceptable levels is most desirable. 
Accordingly,. -other workers at the Salt Lake City, 
Utah, Field Office of the Public Health Service Divi
sion of Special Health Services have begun investi
gating the use of air cleaners as a means of control of 
the inhalation hazard.8 Instead of reducing atmos
pheric daughter concentrations by dilution with out
side air, the mine air is continuously recirculated 
through the air-cleaning device, which removes some 
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of the daughter elements during each passage of the 
air through the cleaner. 

The gas radon is not removed by air cleaning. Its 
atmospheric concentration is at a constant level 
which depends on its decay rate and on the rate at 
which it is liberated from the ore body. RaA is there
fore produced in the mine air at a constant rate by 
decay or radon; it decays as usual, and in addition is 
remo~ed by the air cleaner. The subsequent daugh
ters are produced by decay of their respective parent 
isotopes, decay according lo their specific half-lives, 
and are also removed by the air cleaner. If one postu
lates an air cleaner whose cfficjency is approximately 
constant, then atmospheric daughter concentrations 
can b<:: predicted by the same equations as those 
which describe the effects of ventilation. Tl1e only 
difference between the two cases involves the physi
cal interpretation of the constant which describes the 
removal process. 

Preliminary laboratory expe riments by Holaday's 
group8 indicate that removals of the daughters by air 
cleaning are approximately those which are predicted 
by the theory. As in previous laboratory work, the 
source of radon and its daughters was a quantity of 
rich uranium ore. 

It is planned to undertake field studies of the re
liability and feasibility of the use of air cleaners in 
the near future. Since air cleaning does not remove 
radon, the hazard due to inhalation of the gas itself 
will be of greater importance once the daughter 
concentrations have been reduced to acceptable levels 
by air cleaning. It may be that in some situations a 
combination of air cleaning and ventilation will offer 
the most practical and effective means of hazard 
control. 

SUMMARY 

Measurement and control of the inhalation hazard 
in the uranium mining industry were studied in a 
series of experiments using both natural and purified 
radioisotopes. A method was developed for measur
ing the individual atmospheric concentrations of the 
daughters of radon. This method was verified by an 
independent expe riment in which the atmos·phedc 
concentrations of the alpha-emitting <laughters were 
determined by alpha pulse-amplitude techniques. 

Experiments in a uranium mine showed that ven
tilation is a very effective means of reducing :umos-

- -------------------
pheric concentrations of radon and its daughters to 
acceptable levels. I t was further shown that ventila
tion caused the daughter concentrations to be reduced 
well below values corresponding to radioactive equi
librium with the observed radon concentration. The 
experiments also indicated the desirability of pre
liminary ventilation for about an hour before workers 
enter the mine. The observed results were in good 
agreement with predictions on the basis of theoretical 
considerations. The experiments indicate that esti
mates of radiation dosage and control of the inhala
tion hazard in uranium mines should logically be 
based upon observed daughter activities and not 
solely upon radon measurements. 

ACKNOWLEDGEMENTS 

The work referred to in this paper was per formed 
while the author was assigned to the Salt Lake City 
Field Station of the Occupational H ealth Program, 
Division of Special Health Services. As noted in the 
References, Messrs. H. E. Ayer and D. A. Holaday 
of that office participated in certain phases of the 
work. T heir assistance is g rate fully acknowledged. 

REFERENCES 
1. 1forgan, K Z., U a:rim,1111 Permissible Co11ce11/ratio11 

of Rado11 i11 Ifie A ir. Unpublished Paper ( 1951). 
2. Jacoe, P. \V., Ocrnrrence of Rodo,1 i11 No1111r1111i11111 

Mines in Colorado, A.M.A. Archives of Industrial 
Hygiene and Occupational }.,fedicine, 8: 118-124 (1953). 

3. National Bureau of Standards, Handbook 52, M'a.i·imrmr 
Permissible A11101111ts of Radioisotopes iii /lie H1111ui11 
Body a,rd ftfa.ri11111111 Permissible Conce11tra/io,is in Air 
and f.Vo ter, U. S. Government Printing Office, \Vash
ington, D. C. (1953). 

4. Harley, J. H., Sa111pli11g and 1Weas11re111mt of Airbome 
Daug/J/cr Products of Radon, Nucleonics, 11, No. 7, 
12-15 (1953) . 

5. Tsivoglou, E. C. and Ayer, H. E., Vimtilatio11 of Ura-
11i11m Mines, A.M.A. Archives of Industrial H ygiene 
and Occupational 1vledicine, 9 :363-371 (1954). 

6. Tsivoglou, E. C., Ayer, H. E. and Holaday, D. A., 
Ou11rre11ce of No11eq11ilib,-i11111 Atmospheric Mir/11res 
of Radon a11d Its Daughters, Nucleonics, 11, No. 9, 
40-45 (1953). 

7. H osey, A. D. and Jones, H. H ., Portable Electrostatic 
Prrcipitotor Operating from 110 Volts A. C. or 6 Volts 
D. C., A.M.A. Archives of Industrial Hygiene and 
Occupational Medicine, 8 :49-55 ( 1953). 

8. H oladay, D. A., Perso11al Co 1111mmicatio11, U. S. Public 
Health Service, Division of Special Health Services, 
Salt Lake City, Utah (1955). 



Health Protection of Uranium Miners and Millers 

By S. E. Miller, D. A. Holaday and H. N. Doyle,* USA 

Between 1881 and 188i, ores, later found to be 
radioactive, were discovered on the Colorado Plateau 
in the Rocky Mountain area of the United States. 
These were carnotite ores which contained vanadium 
and uranium, with a small quantity of radium. Sev
eral mines were developed during this period, but 
production was small since there was little or no de
mand for these materials. 

In 1912, the US Bureau of Mines surveyed the 
carnotite deposits of the Colorado Plateau and re
ported them as a practical source of uranium ore. The 
Bureau of Mines also made a study of methods for 
recovering radium, vanadium, and uranium from 
these ores and operated a pilot plant to demonstrate 
methods of production. 

The development of atomic energy focused atten
tion on the carnotite deposits of Colorado and Utah. 
Beginning about 1946, the discovery of many new 
ore bodies in the Colorado Plateau caused the in
dustry to mushroom in this area. In August 1949, 
when the industry had reached a sizeable production 
rate in the State of Colorado, the Colorado Depart
ment of Health appointed an advisory board to ad
vise the State Division of Industrial Hygiene on the 
potential hazards associated with the mining and 
milling of uranium ores. Among the conclusions 
drawn at the first meeting of this group were that 
little or nothing was known of the health hazards of 
the uranium-producing industry, and that a medical 
reconnaissance survey should be made by a physician 
from the Occupational Health Program of the US 
Public H ealth Service. 

Such a reconnaissance survey was made shortly 
after this meeting. On August 25, 1949, a second 
meeting of the advisory group was called at which 
was also represented the management of the larger 
companies mining and producing uranium in the 
State of Colorado. The group concluded that, in view 
of the dearth of available information on the health 
hazards associated with this industry, the Occupa
tional Health Program of the US Public Health 
Service should be requested to conduct a study of 
the uranium mines and mills. Accordingly, on Au
gust 30, 1949, a formal request for such a study was 
made to the Surgeon General by the Colorado De
partment of Health, the Colorado Bureau of Mines, 
the Colorado Industrial Commission, and several 
companies engaged in uranium mining and produc-

* US Public Health Service, Washington, D. C. 

tio11. Shortly thereafter, the Occupational Health 
Program, US Public Health Service, replied to these 
agencies, agreeing to undertake the study. 

While these negotiations were underway, the Oc
cupational Health Field Station of the Public Health 
Service conducted a very limited study of the mining 
problems in the mines located on the Navajo Indian 
Reservation. The preliminary information obtained 
in this brief study indicated that the miners were ex
posed to external radiation, radon gas, and a dust 
with a high silica content. 

Shortly thereafter, a preliminary survey was made 
of a mill producing uranium oxide and vanadic acid. 
The findings revealed that the mill workers were ex
posed to uranium- and vanadium-containing dust 
and to fume and dust of the isolated uranium and 
vanadium oxides . . It was determined that radon was 
of little significance in the mills because of the large 
area available for dilution of the gas; that external 
radiation was not an apparent problem; but that it 
would be necessary to consider the internal radiation 
hazard residing in the air-borne dust from the proc~ 
essing of the ore. 

Information available in the medical literature of 
this country indicates there was an attack rate of 
about I per cent per year of lung carcinoma among · 
the miners working in Joachimsthal and Schneeberg 
mines. It is also reported that 30 to 50 per cent of 
all the deaths of the workers in these mines were due 
to a primary cancer of the respiratory system. This 
information was the only material available which 
indicated the health hazards associated with uranium 
mining.1 It must be pointed out, however, that this 
disease usually has developed only after an average 
exposure of seventeen years. :Moreover, in any at
tempt to use these findings as a guide, cognizance 
must be taken of the fact that, in contrast to Euro
pean practices, American operations are more inter
mittent. Generally only one shift is employed, and 
the mines are not worked on a round-the-clock basis. 
Consequently, workers are not exposed immediately 
following the blasting, when dust and radon concen
trations are .generally highest. 

242 

The medical and clinical laboratory examinations 
of workers in the uranium mining and milling indus
try in the Colorado Plateau were begun in the sum
mer of 1950. At the present time, over 1300 men 
have undergone physical e..xaminations with emphasis 
upon occupational history, chest roentgenograms, 
urinalyses, and blood studies, which include erythro-
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cyte counts, total and differential leukocyte counts, 
hemoglobin estimations, and hematocr it values. In ad
dition, a selected group of approximately 200 miners 
and millers was examined for atypical blood forms 
by using a peroxidase-staining technique on blood 
smears. 

At this time, no clear-cut etiologic or pathologic 
pattern,s have been uncovered among the workers ex
amined. Since the majority of the workers had been 
exposed for a period less than three years, this ob
servation is not entirely surprising. It does, however, 
point to the need for repeating the medical studies 
at frequent intervals. At the present time, therefore, 
it is planned to re-examine these workers periodically 
using the present medical findings as a baseline. 

Moreover, it is felt that a great deal of valuable 
information could be obtained by an epidemiologic 
study of persons who were employed in the uranium 
mines and mills before 1950. At this time, we have 
not had the opportunity to examine a sufficient num
ber of former uranium miners to determine whether 
or not there has been an excess of lung cancer among 
them. 

As a note on biologic effects reference is made to 
work which proposes that urinary polonium measure
ments may serve as a rough measure of cumulative 
lung e,xposure to radon and its daughters since the 
daughters decay to Pb210, a lead isotope with a long 
effective half-life in the body and a decay scheme2 

producing Po210. In a comparison of the urine findings 
of 19 uranium miners of the Colorado Plateau with 
those of unexposed laboratory personnel it was found 
that the miners chronically exposed to high radon 
concentrations had amounts of Po~10 varying from 2 
to 38 micromicrocuries per li ter while no polonium 
was found in the urine of the laboratory group. Thus, 
it would appear that the miners had inhaled and 
retained radon and its degradation products. 

OCCURRENCE IN URANIUM MINES OF RADON AND 
THE DAUGHTER PRODUCTS OF RADON 

Uranium ores contain, in addition to ura11ium, all 
of the other members of the radioactive series of which 
it is the parent. The elements of this family which are 
considered to be potentially most hazardous to ura
nium miners are: radon, Po218 (RaA) , Pb218 (RaB), 
Bi218 (RaC), and Po214 (RaC'). 

Radon enters mine atmospheres by diffusion from 
the ore bodies, or by being carried into the mines 
by ground water. Radon is slightly soluble in water 
and can therefore travel long distances underground 
to be released when the pressure on the water is low
ered. The amount of radon that will be present in any 
part of a mine is determined by the ·rate of emanation 
from the ore body into the mine, the rate of removal 
by ventilation, and radioactive decay of the gas. The 
immediate daughters of radon all have short half
lives and thus will rapidly tend to reach equilibrium 
in an atmosphere containing radon even though 
freshly emanated radon is free of these decay prod-

ucts. However, it requires about three hours for 
equilibrium to be reached in this series, and therefore 
the atmospheric concentrations of these elements are 
readily affected by ventilation. Under these condi
tions, it is rare to find equilibrium amounts of radon 
and its daughters present in mines. 

During the study of the uranium mines, an effort 
was made to obtain atmospheric samples for radon 
and for RaA and RaC' in all the operating mines in 
the Colorado Plateau. This developed into a major 
project since many of the smaller mines are worked 
only sporadically. In the absence of central records 
that would show which mines were operating at any 
particular time, it was necessary to find them by local · 
inquiry and any other available means. However, 
during the summer of 1952, samples were obtained 
in 147 mines located in Colorado, Utah, Arizona, and 
New Mexico. While not all existing uranium mines 
were reached, it was believed that those that were 
surveyed employed a large percentage of the workers 
and that the concentrations of radioactive gas and 
dust found in them were representative of those oc
curring throughout the industry. 

The results for the atmospheric samples are given 
in Tables I and II. The data have been consolidated 
and are presented by mining districts, showing the 
median, maximum, and minimum concentrations that 
were found in the mines in each district. Table III 
shows the number of mines and miners that fall into 
each of several ranges of atmospheric concentrations 
of radon daughter products. 

Tables I and II show that the atmospheric con
centrations of radon and its degradation products in 
the mines varied over very wide ranges. The median 
values for each mining district are more represent.1.
tive of the situation existing at the time of survey 
and are given to assist in interpreting the data. 
Table III, which gives the distribution CJf mines by 
ranges of radon daughter concentrations, shows what 
conditions can be anticipated in uranium mines in 
which there are no planned measures to control the 
amounts of radioactive elements in the atmospheres. 
If 100 micromicrocuries per liter of RaA plus RaC' 
( equivalent in alpha activity to SO micromicrocuries 
per liter of radon at equilibrium with its daughters) 
is taken as a tentative working level, 84.2 per cent 
of the miners were employed in areas showing con
centrations above this figure. T hus, it was apparent 
that extensive control measures were needed in al
most all of the mines. 

CALCULATION OF DOSE TO LUNGS AND EFFECT OF 
REMOVING DEGRADATION PRODUCTS 

The radiation hazard involved in the mining of 
uranium ores comes from the radioactive gas, radon, 
and two of its most important daughters, RaA and 
RaC'. All of these elements emit alpha particles 
which are very energetic and will damage body cells 
with which they interact. Since radon is a gas, it is 
breathed in along with the air in the mine and while 
in the lungs will continue to decay, emitting alpha 



244 VOL XIII P/258 USA S. E. MILLER et al. 

Table I. Summary of Concentrations by Mining Areas, Colorado Plateau Survey, 1952 

Median cone.• 
Area No. of mines RaA plus RaC, Ill a .I". C'Qnc. • Min. rout .* 

Bull Canyon 11 4500 32,000 36 
Calamity Mesa 10 1800 17,000 66 
Cottonwood Wash 7 520 26,000 2 
Durango 5 18 120 3 
East Reservation 9 160 3200 11 
Eastern Slope 1 8 8 8 
Gateway 8 1000 6000 6 
Grants 3 2800 7000 38 
Gypsum Valley 4 9000 18,000 500 
Long Park 25 -1600 37,000 15 
Marysvale 4t 2500 59,000 180 
Moab 10 380 3400 2 

Monticello 2 950 1900 15 
Monument Valley 3 1200 11,000 9 
Outlaw Mesa 3 3000 3800 18 
Paradox Valley 4 800 6500 37 
Polar Mesa 7 2-100 7700 38 
Slick Rock 25 1100 30,000 2 
T emple Mountain 9 300 2800 2 

Uravan 7 820 12,000 160 

* In micromicrocuries per liter. t Working mines. 

Table II. Concentrations of Radon in Mine Atmospheres by Mining Areas, Colorado 
Plateau Survey, 1952 

Media» .lfin . cone. 
Arca No. of mittrs t one. Rn• .lfa.t'. conr. }?u • Rn• 

Bull Canyon 11 -1100 59,000 1085 
Calamity Mesa 6 570 23,000 70 
Cottonwood Wash 4 -1500 9900 3100 
East Reservation 6 liO 2200 100 
Gateway 4 1100 3200 160 
Grants 3 9-10 2000 870 
Gypsum Valley 3 ll/00 18.000 1200 
Long Park 17 8300 48,700 1300 
:Marysvale 2 3360 25,900 8-lO 
Monument Valley 3 5900 6100 170 
Paradox Valley 2 3800 520 
Polar Mesa 3 6800 7300 3000 
Slick Rock 11 3900 22,000 130 
Uravan 4 4900 7100 1085 

* In micromicrocuries per liter. 

Table Ill. Distribut ion of Mines and Miners by Radon Daughter Concentrat ions, 
Colorado Pla teau Survey, 1952 

Con centratiou in "l.1inct 
Micromicroc1,r1'cs 

per /ieer (RaA plus RaC') N<1. Per cent 

0-99 35 22.3 
100-499 Z7 17.2 
500-999 8 5.1 

1000-1999 17 10.8 
2000-4999 36 22.9 
5000-9999 18 11.5 
Over 10,000 16 10.2 

Total 157 100.0 

Average, all mines = 4200 micromicrocuries per liter (RaA plus RaC') 
Median, all mines = 1200 micromicrocuries per liter (RaA plus RaC') 

Jll inCf's 

No. Per cent 

116 15.8 
117 16.0 

31 4.2 
140 19.1 
153 20.9 
60 ·9,2 

116 15.8 
733 100.0 
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particles and producing RaA, RaB, RaC, and RaC'. 
The daughters of radon will also decay in the lungs, 
likewise emitting alpha particles besides those of the 
gamma and beta variety. Furthermore, some of the 
radon enters the blood stream. Potential hazard to 
the lung tissue arises mainly from the alpha particles 
from radon, RaA, and RaC'. 

Und~r usual mine conditions, large numbers of 
dust particles and water droplets are present in the 
atmosphere to which the solid decay products of 
radon will become attached. This dust will be inhaled 
and carried into the lungs where a portion of it will 
be retained and decay as outlined above, thus deliver
ing additional radiation to the lungs. T he amount of 
this dust-borne radioactivity that is present in mine 
atmospheres will depend on the ventilation, air turbu
lance, and probably other factors. Studies have shown 
that where ventilation is provided the ratio of radon 
decay products to radon may be as low as 2 per cent 
of the theoretical value. The facts that the solid 
daughters of radon will become attached to dust and 
be inhaled and that the ratio of radon to its decay 
products is profoundly affected by ventilation are 
important in assessing the potential hazards from 
the elements.t 

Experimental measurements made in atmospheres 
containing, besides radon, normal dust loads in the 
range that human beings are likely to encounter, 
show that RaA, the first product of radioactive decay, 
an alpha emitter with a half-life of 3.05 minutes, is 
essentially in radioactive equilibrium with the radon 
producing it. The abundance of the next alpha
emitting radioactive daughter substance, RaC', sep
arated from RaA by two generations of intermediate 
isotopes, is much more variable but is typically pres
ent in amounts in the range of 20 to 80 per cent of 
the equilibrium value. In the following calculations 
and discussion it is arbitrarily assumed that this 
.value is 50 per cent. Experimental measurements 
have shown that when these degradation products 
are breathed into the human respiratory system ap
preciable percentages are retained there. Values 
have been given that range from 25 to 75 per cent.3•4 

The radiation dose from radon-degradation prod
ucts through RaC' breathed into human respiratory 
system has been calculated, using the following as
sumptions-Radon level: 1 X 10-11 curie per liter. 
RaA concentration, same as radon: 1 X 10-11 curie 
per liter. RaB concentration, ½ radon: 0.5 X 10-11 

curie per liter. RaC concentration, ½ radon: 0.5 X 
10-11 curie per liter. RaC' concentration, ½ radon: 
0.5 X 10-11 curie per liter. Retention of.these degrada
tion products in respiratory system: 25 per cent. It is 
further assumed that they remain itr the respiratory 
system until radioactive decay through RaC' has 
occurred. 

Under these conditions and certain assumptions 
which cannot be given in detail here, the total alpha-

t The rest of this section is taken from unpublished ma
terial prepared by Dr. W. F. Bale, University of Rochester. 

ray dose from RaA, RaB, and RaC-RaC' inhaled as. 
particulates into the lungs is: 

0.00178 RaA 
0.00441 RaB 
0.00330RaC 

Total 0.00949 rep/week 

This is larger than the dose due to inhaled radon. 
plus the daughters of this inhaled radon decaying in. 
the lungs by a factor equal to: 

. 9.49 X 10-3 
4:43 X 10--1 = 2 1.4 

This is to say, if the degradation products could be· 
filtered from the air breathed, the average radiation 
dose to the lungs due to radon and its daughters 
would be reduced to 4.4 per cent of the value for· 
unfiltered air. 

Thus, if the air that is breathed is cleaned of these 
daughter products, the permissive radon concentra
tion could be increased several times. Because of the· 
rapid build-up of RaA from radon, probably the 
only method that will give substantially complete 
cleaning of breathed air will be a respiratory filter 
that will remove essentially all particulate matter. 
However, other effective air cleaning or ventilative 
methods may, by removal or dilution of degradation 
products, decrease the hazard of breathing a radon
containing a tmosphere below that indicated by the 
measured radon concentration value. 

CONTROL OF RADON BY VENTILATION 

In the previous section it was indicated that the 
greatest potential health hazard is due to the decay 
products of radon, particularly RaA, RaB, and RaC'. 
Thus, control measures would necessarily have to 
be designed to prevent the inhalation of these nuclei 
and to allay the dusts which a ttract and hold the 
nuclei by electrostatic forces. \Vet drilling and wet 
handling of the ore are common practices and re
quired by State law in uranium mines as a control 
for silicosis. 

It was therefore apparent that there \\'ere three 
possible control methods: (I) respiratory protective 
devices to remove radioactive particles in the in
spired air; (2) filtration of the air in working areas 
to reduce the concentration of radon decay products 
and to prevent the attainment of equilibrium between 
radon and its decay products; and (3) dilution of the 
radon and its decay products by forced ventilation. 

Previous experience in metal mine operations in
dicated that ventilation was the only feasible method, 
and involved principles familiar to mining practices. 
Preliminary studies had also shown that ventilation 
was effective in reducing the concentration of radon 
decay products. Consequently, studies were designed 
to determine quantitative information on the effects 
of ventilation. The reports on these studies, in addi
tion to presenting the results of ventilation experi
ments, developed methods for determining ventila
tion rates which are required to prevent the concen-
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tration of atmospheric radon from exceeding any 
selected allowable value in a working section or a 
drift of a mine, for estimating the actual radon
emanation rate from an ore body, and for determin
ing atmospheric concentrations of the decay products 
and their equilibrium ratio.0,o,7 These studies coupled 
with others performed by the P ublic Health Service 
have led to the following conclusions: 

l. Proper mechanical ventilation will reduce the 
concentration of radon and its decay products to an 
acceptable leveU 

2. The approximate amount of air necessary in a 
working area to reduce the radon decay products to 
a given value can be readily determined by methods 
developed in the study. 

3. In the absence of radiation equipment to meas
ure the concentration of decay products, it is sug
gested that the following minimum air \'Olume be 
used: 
(a) 500 cubic feet per minute of fresh air to dead

end drifts except where the initial radon concen
tration was in excess of 10,000 micromicrocuries 
per liter; in this case a minimum of 1000 cubic 
feet per minute is necessary. 

( b) For larger areas, such as rooms or stopes, there 
should be at least 1000 cubic feet per minute 
with 2000 cubic feet per minute where initial 
concentrations of radon decay products in ex
cess of 10,000 micromicrocuries are found. 

( c) The fresh air should be delivered within 30 
feet of the working area. 

( d) A minimum of 2000 cubic feet per minute of 
ventilation capacity should be available at any 
mine even when not required by the above 
standards. 

4. Maximum use shonkl be made of natural ven
tilation, but this cannot be relied upon to bring con
centrations in dead-end drifts down to acceptable 
levels even under the best of conditions. 

It should be emphasized that the above recom
mendations apply only to uranium mines which have 
shallow and limited underground workings. As 
uranium mine operations approach deep-level mining 
and other metal mines in size and activity, it will be 
necessary to use standard metal-mine ventilation 
practices to control the hazards from radioactive 
materials. 

HAZARDS AMONG MILLERS 

Since the process for the separation and isolation 
of uranium and vanadium is different in each mill, it 
is impossible to generalize the findings except in a 
few operations which are common to all plants. In 
general, it may be said that there are no health haz
ards in the mills which cannot be controlled by ac
cepted industrial hygiene methods. 

:i: A conference called in Salt Lake City, Utah, in February 
1955, sponsored by the Utah Industrial Commission, adopted 
the proposed value of the National Committee on Radiation 
Protection of 100 micromicrocuries of radon in equilibrium 
with its immediate daughters (RaA, RaB and RaC') . 

USA S. E. MILLER et al. 

As pointed out earlier, radon and its short-Jived 
decay products are usually not problems in the mill
ing plant because of the large volume of air available 
for dilution, and the open-type construction which 
is generally used throughout the industry. 

Dust control at the crushing operation has been 
found to range from fair to poor. The control of 
dust at this operation can be accomplished by stand
ard engineering methods, but the installation should 
be designed by competent and skilled persons. Stand
ards set by the State for silicosis control, using the 
ore of highest free-silica content (70 per cent), 
should be used as a guide in determining the effec
tiveness of dust control systems. This value ( 5-20 
million particles per cubic foot) should also control 
other health hazards associated with the dust. Since 
the radon has not been confined at this operation, the 
decay products have not had the opportunity to reach 
equilibrium. Until adequate <lust control has been 
established at this operation, the workers should be 
required to wear approved dust respirators. Daily 
baths and frequent changes of clothing by the workers 
in this area are also indicated. 

Relatively high concentrations of uranium and 
vanadium fume were found around the fusion fur
naces. In practically all plants the workers in this 
area were found to be suffering from a chronic irrita
tion of the upper respiratory tract, apparently re
sulting from exposure to vanadium fume. Several 
cases of a transitory illness were observed among 
workers welding or cutting vanadium-coated pipes 
and metals. 

Since the fusion operation is different in each 
plant, it is impossible to make specific recommenda
tions applicable to each establishment. In general, it 
may be said that all fusion furnaces should be con- . 
structe<l so as to prevent fume leakage. Local exhaust 
ventilation should be provided at the transfer poi!}t 
( from furnace to casting wheel) and at the bagging 
operation. The workers should be provided with 
fume respirators for emergency and temporary ex
posures to vanadium and uranium fumes. 

Portable exhaust blowers should be located in the 
fusion area and used by maintenance workers when
ever it is necessary to cut or weld metal coated with 
uranium or vanadium. 

Good personal hygiene should be practiced by the 
workers in the fusion area. This should include daily 
baths and freshly-laundered work clothes each day. 

Only certain specific hazards in the _mill are dealt 
with here. Exposures to other health hazards, such 
as acids, alkalis, certain gases, and other agents, were 
also noted, .. however. Each mill should therefore 
consider the advisability of a general industrial hy
giene survey by a competent authority. 

SUMMARY 

1. Atmospheric concentrations of radon and its 
degradation products in uranium mines of the Colo
rado Plateau varied widely. It was determined that 
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·radon was of little significance in the mills because of 
the large volume of air available for dilution. 

2. Up to the present, over 1300 miners and 
millers have been examined medically. No clear-cut 
etiologic or pathologic patterns have therefore been 
uncovered probably because the majority of the 
workers had been exposed for less than three years. 
T he need for repeating the medical studies is clear. 

3. R·~ference is made to the calculation of dose to 
the lungs and the effect of removing degradation 
products. 

4. A number of conclusions are presented re
ferring to the control of radon by ventilation. 

5. Recommendations are made with regard to 
certain hazards to which mill workers may be ex
posed. 
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The CHAIRMAN : During the last few days, we 
have been discussing the biological and physical 
sciences in relation to the effects o f radiation. This 
morning we have to consider the very difficult task 
of trying to embody these scientific concepts into 
practical recommendations or regulations. 

Circumstances are very different in different coun
tries, and legislation must necessarily fit the needs 
of the individual countries. Nevertheless, I am sure 
we are all agreed that particularly in these matters 
the greatest measure of international agreement must 
be reached, for these are, after all, international 
problems. 

vVe have several main tasks : first, we have to 
arouse world interest in these subjects; secondly, we 
have to colJect information ; thirdly, we have to de
velop a kind of philosophy in relation to these prob
lems; and fourthly, we have to create or develop 
world organizations to deal with them. All these 
aspects have indeed been studied for some time and 
we have started. The dangers are now very widely 
and well recognized. 

\Ve realize that our job essentially is to protect 
workers and populations to the maximum possible 

. . l\1. EisenbltCI and J. A . Quigley 
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extent but compatible with the task of bringing the 
benefits of atomic energy to the maximum number of 
people in the shortest possible time. It is important 
that we recognize these balancing considerations. 

It has perhaps been insufficiently recognized that 
for thirty years there has been international collab
oration on these problems. Certainly this collabora
tion has been on varying scales at varying times, and 
we wish very much to see it extended. One obvious 
example of such collaboration was shown in the re
cently published report of the International Com
mission on Radiological Protection . Many of you are 
aware of the provisions of this document, and I 
think we can agree that it is a reasonable and indeed. 
a good basis on which to start our further deYelop
ments. 

Finally, let ·me say that I am sure we all feel that 
this meeting may well be the beginning of wider and 
more fruitful international co-operation. 

Mr. W. BINKS (UK) presented paper P/-1-jl. 

Mr. R. S. STONE (USA) presented paper P /89. 
Mr. K. Z. MoRGAN (USA) presented paper P /79, 

as follows: The National Committee on Radiation 
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Protection agreed on the maximum permissible con
centrations of radioisotopes in air and water for 
continuous exposure. For most radioisotopes equi
librium is reached between the concentration of the 
radioactive material in the environment and in the 
body organs after only a few weeks or months of 
continuous exposure. n-fany radioactive materials are 
relatively insoluble and the fraction entering the 
bloodstream following ingestion or inhalation is so 
small that the gastrointestinal tract becomes the criti
cal tissue rather than kidney, bone, liver, or some 
other body organ. Of the 355 maximum permissible 
concentration values for continuous exposure listed 
-in the International Commission on Radiological Pro
tection Handbook, 71 per cent for ingestion and 41 
-per cent for inhalation, refer to the gastrointestinal 
tract as the critical body organ. 

No maximum permissible values for single ex
posure ha,·e been agreed upon, and it is the purpose 
of this report to extend the method of calculation 
used in the International Handbook to estimate the 
1faximum Permissible Intake of these radioactive 
materials for a si11gle exposure. 

Tweh-e years of experience at Oak Ridge National 
Laboratories have indicated that i11gestio1i of radio
active material follo,.,.;ng an accident is seldom the 
major problem compared with hazards of inhalation. 
Therefore. in this study particular attention is given 
to the i11halalion of radioacth·e materials where the 
hmg or the gastrointestinal tract is the critical organ. 

Reasons ior obtaining the Maximum Permissible 
Values fo r single exposure to the radionuclides are 
as follows: 

l. To indicate ha::ards a11,d necessary protective 
measures. This may require special building de~igns, 
remote control equipment, hood enclosures, etc., and 
rigidly enforced working rules must be established 
for work with some of the radioactive materials. 

2. To aid i11 csti111ati11g damage and selecting med
ical treatment -whc11 raclio111tclides are taken into the 
body as a result of accide11ts. After such accidents, 
urine and fecal analyses aid in estimating the burden 
of the radioactive material in the body. In some 
cases, such as with plutonium, it may be desirable 
to take therapeutic measures or in case of puncture 
wounds to excise the contaminated tissue from the 
·wounds. 

3. To aid in classifying radiom1clides as Very 
Da11grro11s, Moderately Da11gero11s and Slightly Ha2-
ardo11s ill atcrials. This information is useful iu pre
paring legislation, in adopting rules and procedures 
of safe handling, in applying adequate radioactive 
waste disposal and in establishing safe national and 
international regulations for the shipment of radio
active material. 

The ca~es considered are : 
Case 1. Jnltala.tio11 of soluble 1·adioactive material. 

The characteristics of the Standard Man are assumed ; 
namely, 25 per cent retained in the lungs where it 
enters the blood stream, and SO per cent swallowed, 

a portion of which passes from the gastrointestinal 
tract to blood stream and critical body organ. 

Case 2. Injection of soluble radioactive material 
by way of a wo1md. It is assumed that all this soluble 
radioactive material enters the blood st ream, a por
tion of which reaches the critical body organ. 

Case 3. Injection of insofoble radioactive nraterial. 
Here it is assumed that all the radioactive material 
remains at the wound site with a biological half-life 
of 120 days and that it is localized in 1 milligram of 
tissue in the ,vound site. 

Case 4. Inlralation of iusolrtble radioactive ma
terial with the lrtng as the critical organ. In this case 
it is assumed that one-half of the 25 per cent remain
ing in the lungs is retained with a biological half
life of 120 days and that this radioactive material is 
distributed uniformly throughout the lung. 

Case 5. Inhalation of illsofoble radioactive ma
terial with the gastrointcsti11al tract as Iha critical 
organ. It is assumed that 62 per cent of the inhaled 
material is swallowed an<l that it irradiates various 
portions of the gastrointestinal tract in direct pro
portion to the time spent in each section. Some of the 
radioactive material passes through the wall of the 
small intestine, resulting in a biological half-life. In 
the case of the daughter products, their contribution 
to the absqrbed dose is taken into account. The Oak 
Ridge digital computer was used in maldng these 
calculations. 

Slide 1 indicates the results of these calculations in 
the case of Sr 00 and its daughter Y90. The radio
actiYe material spends only one hour in the stomach 
so the dose here is quite small. The dose in the top 

10-15 

s 

5 

2 

10- 17 

---
I :"- Lower large Intestine . 
I . 

~ ..-' - ........ .. 
I ' Upper 13rge ln1enine 
I 

I I 
! 

I . 
I 

I 

I 

I 

I 

I s 90 +y90 

iStomach l 
r 3 - -T1 =7.3 x 10 days 

"l I f 1 -o. 6 

t 

[>J 
_.._ Small intenine 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 
Time in GI tract (hr.) 

Slide 1 



250 VOL. XIII 

portion of the small intestine is the same as that of 
the stomach. This dose decreases, however, because 
of the 60 per cent uptake from the small intestine 
into the blood stream. The dose to the large intestine 
is much greater than the dose to the small intestine, 
because the radioactive material spends a longer time 
here, i.e., 8 hours in the upper large intestine and 18 
hours in the lower large intestine, and the material 
irradiated here is about ¼ that of the small intestine. 
The slow rise in the dose as the radioactive material 
moves along the large intestine is the result of the 
growth of the 61-hour daughter product Y90• 

Slide 2 shows the situation for the 6.7-year Ra228
• 

The 6-hour daughter, Ac228, makes a large contribu
tion to the dose delivered by the parent. This rise is 
accentuated by reason of the fact that the effective 
energy of Ac228 is 80 times that of the parent Ra228 

and there is only a 20 per cent absorption from the 
small intestine. 

The maximum permissible intake, MP!, is given by, 

CDM 
MPI = f T l(oE) (RBE) N f,.(T,, Tb, t2) µc 

in which C = constant ; D = maximum permissible 
dose of 0.3 rem/wk, 15.7 rem/yr or 150 rem/70 yr, 
whichever gives the smallest value of MP!; M = 
mass of the critical organ; f = fraction arriving in 
critical body tissue; T = effective half-life; "S(bE) 
(RBE)N = effective energy weighted by relative 
biological effectiveness, RBE, and non-uniform dis
tribution factor, N; f,.(Tr, Tb, t2 ) = insensitive func
tion of radioactive half-life, T,, biological half-life, Tb, 
and period of exposure, t2• 
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The values given for inhalation in Tables I and IV 
of paper P /79 were for the MPI per day which if 
taken for ½ of a day would give the indicated dosages. 
These values (in Tables I and IV) should be multi
plied by the period of exposure, i.e., ½ of a day, in 
order to make them directly comparable with the 
values in the other tables. This change will be made 
in the published Proceedings of the Conference. 

Table I shows some typical values of maximum per
missible intake of radionuclides for a single exposure. 

These values have been corrected for direct com
parison. It is to be noted that the MPI for injection 
of insoluble radioactive material is several orders of 
magnitude smaller than for the other cases. In most 
cases the inhalation of insoluble radioactive material 
gives lower MPI values than inhalation of soluble 
radioactive material. Usually the lower large in
testine is the most critical portion of the gastrointes
tinal tract. 

The last objective of this investigation was to list 
the radioactive materials in the order of decreasing 
hazard. 

It is considered that the relative hazard, H, of a 
radionuclide is given by, H = P /MP! in which MP! 
= maximum permissible intake, and P = probability 
of inhalation or injection into the body. 

P = 1 
O < 1 for inhalation 

(mg/100 me) -

P = ( mg//00 me) < 1 for injection 

There are over 50,000 domestic shipments of radi<5-
active material from our laboratory each year, and the 
average activity per shipment ( exclusive of Co60) is 
100 me. The average industrial air has a dust-loading 
which corresponds to inhalation of 10 mg of dust in · 
an eight-hour work day. Therefore, this equation as
sumes there is a probability of unity of inhaling all 
the radioactive material in a spill if there are less 
than 10 mg/100 me involved in the spill. Likewise, 
it is assumed that not more than 1 mg of material gets 
into the average contaminated wound and if there is 
Jess than 1 mg/100 me of material involved in the 
accident, all the material may get i11to the wound. 

Table II is a summary of the more dangerous 
radionuclides listed in order of decreasing hazard. 
A wound site contaminated with insoluble radio
active material presents by far the greatest hazard 
as you can see by the magnitude of these numbers. 
In general, the injection of soluble rad_ioactive mate
rial presents a somewhat greater hazard than the in
halation of this material. 'When insoluble radioactive 
material is inhaled, the hazard is to the gastrointes
tinal tract about ½ of the time and to the lung about 
% of the time. I have indicated by asterisk the radio
isotopes that consistently appear in this list of the 
most hazardous radioactive materials. It is to be noted 
that in four out of five cases the bone-seeking Ac227 

is the most hazardm~s of all the radioisotopes con
sidered . Astatine-211, polonium-210, americium-241, 
and cerium-144 also appear in all five groups. 
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Table I. Typ:cal Values of Maximum Permissible Intake (MPI) of Radionuclides for o Single Exposure 

J\f Pl or µ c ta~·en into bodyt Ii> dclivrr p,•rmissil,/e do.1c by : 
-- -·- -- -- ·-

/uhalotion of Injution of Injection of 
l:ohofotio" of i11sol1<ble 

z Isotope ·-solubl, soluble iusolllblc T" luugs To Cl tract 

I H3 1.5 X 10' (TB) 1.1 X IO' (TB) IA X 10-• (W) I.IX 101 (L) l.2 X 10 ' (LL!) 
15 P'" 53 (8) 34 (8) 1.5 X 10-• (W) 12 (L) 19 (LLn 
26 Fe .. 14 (Bl) 9.1 (Bl) 7.5 X 10_,, (W) 9 (L) 68 (LU) 
33 /\s'• 9 X 10' (K) 100 (K) 3.6 X 10·• (W ) 25 (L) 5.4 (LL[) 
37 Rb"' 143 (.M) 100 (/Jf) 1.6 X 10..., ( W) 11 (L) 130 (LL!) 
38 Sr"' 10 (B) 5.5 (B) 1.6 X 10·• (W) 13 (L) 17 (LL[) 
38 Sr .. + Y"" s• (8) 2.7* (B) 8.5 X 10-1 

( W) 7 (L) 21 (LL/) 
42 Mo" 9.3 X 10' (B) 5.9 X 10' (8) 1.4 X 10·• (W) 28 (L) 72 (Lll) 
44 Ru'00 + Rh'01 20 (K) 5.1 (K) 6.3 X 10-T (W) :· 4.7 (L) 2.7 (LL!) 
53 rm 0.70 (T) 0.52 (T) 6.3 X 10-• (W) 22. (L) 290 (SI) 
74 w- 9.3 X l<r' (B) 2.1 X 103 (B) 2.9 X 10· • ( W) 6.3 (L) 16 (LLT) 
84 Pott• 0.60 (S) 0.12 (S) 1.6 X 10-• ( W) 0.12 (L) 6.4 X 10· • (LL!) 
85 Atru 0.10 (T) 5.3 X 10·• (T) 1.8 X 10·1 (W) 2.1 (L) 2.4 (SI) 
88 Ra.,.+ dr 0.32* (B) 0.11* (B) 5.3 X 10·• (rV) 2.8 X 10-• ( L) 5.l X 10·• (LL!) 
89 Acnr + dr 3.7 X 10 .. (B) 1.2 X 10·• (B) 2.5 X 10-• ( W) 2.1x10·2 cL> 1.1 (LL!) 
94 Pu""' 2.0 X 10-•• (B) 5.2 X 10·1• (B) 1.6 X 10-• (W) 0.13 (L) 7.1 X JO·• (LL!) 

* Limiting dose is 150 rem in 70 years. In all other cases 
the limiting dose is 0.3 rem in 1 week 

t T = thyroid, B = bone, M = muscJe, K = kidneys, 

S = spleen, Bl = blood, W = wound site, L = lung, 
LL! = lower large intestine, SI = small intestine, St = 
stomach, TB = total body. 

Table II. Summary of the More Dangerous Radionuclides* Listed in Order of Decreasing Hazard 

Jnhalotfon /nject;o" l"hoJation 

Soluble radioactiv e mattrial Insoluble radioar tit·e maurial 

The iudi<aud OTgan as W ound sitL th~ L,wg tire GI tract tlic 
the critical body orga11 r-ritfrol tiu,u rri'tfral bt>dy organ. critical body orga11 

210 Ac"'* + dr B 60 Ac'"• + dr B 4 X 10" Acr.• + dr 48 Ac~ • + dr 56 Ra=+ dr 
9.6 At~'* + dr T 19 At'"* + cir T 7.1 X 101 Cm"= 8.1 Pb" 0 + dr 45 Ra'" + dr 
4.8 Pb"0 + dr B 13 Cm"' B 6.7 X 10' Pb"0 + cir 8.1 Po"0* 29 T h"""+ cir 
3.3 Cm"" B 11 Pb"0 + dr B 6.3 X I 0' Po"0

• 3.6 Ra"' + dr 21 Th"'+ dr 
1.6 Po1101< s 8.3 Po" 0* s 5.6 X 10" At'" + dr* 2.5 Am..,* 19 Ra""'+ dr 
1.4 I"' T 1.9 I"' T 2.0 X 10° Am"'• 0.48 At"' + dr• 17 Cm"' 
0.9 Am..,* B 0_53 Th''" + Pa"'" B 1.9 X 10° Ra'-..,+ dr 0.23 Ba"0 + La"0 16 Po" 0

• 

0.3 Ra-+ dr B 0.43 Ce'" + Pr"•• 8 1.6 X 10" Ru'00 + Rh'"" 0.23 Ag"" 6.5 Pb""+ dr 
0.3 Pu239 B 0.42 Ba"0 + La"• B 1.4 X 10" Ce..,• + Pr'" 0.2 1 Ru'°"+ Rh'"" 4.6 A,n:0 * 
0.2 Sr"°+ Y'"' B 0.36 Am"'* 8 1.2 X Io• Sr00 + Y"" 0.21 Co .. 0.91 Ac""* + dr 
0.13 The.. + Pa"" 8 0.34 Sr00 + Y'° B 9.1 X 10" Th" ' + Pa'"' 0.21 V" 0.42 At~'* + dr 
0.11 Ba"0 + La"0 B 0.28 Ir' .. s 7.7 X 10" Ba"'+ La"" 0.20 Ce'"* + P r"' 0.37 Ru'"' + Rh'"" 

· 0-11 Ce'"* + Pr'" B 0.25 y•• B 7.1 X 10" Te'"' 0.19 Te120 0.34 Ce"'• + Pr"' 
0J0 Sr•• B 020 Ru '"' + Rh'°" K 6.7 X 10' F 0.18 Sc .. 0.23 Th"' + Pa"" 

* Parent radionuclidcs with radioactive half-lives less than one-half hour have been excluded in this comparison. 8-bone, 
T-thyroid, S -splcen, B/-bloocl, K-kidncys. 

DISCUSSION OF P/451, P/89, AND P/79 
Mr. W. F_ BALE (USA): There is little distinction 

between a permissible exposure and an exposure 
slightly over permissible. Would you care to specu
late upon what may reasonably be described as an 
overexposure, i.e., one requiring special attention? 

Mr. BINKS (UK) : In the United Kingdom we 
have been considering this question of overexposure, 
and have introduced for administrative purposes what 
we call a thirteen-week rule, that is1 if a person has 
an overdose during a period of one week we then 
look back over his radiation history for the past thir
teen weeks, and if that total is less than 13 X 0.3 r 
no action is taken ; he continues with his work If he 
exceeds that dose, then we suggest that he be put 
under medical supervision and that the dose in the 
following weeks should be reduced so that over the 

whole period we bring it down below the 0.3 r per 
week. Therefore the answer is that we are rather 
regarding four roentgens as the criterion. 

Mr. H_ M _ PARKER (USA): I think perhaps Mr. 
Binks answered the first question in his talk, but I 
will read the question with your permission. Lifetime 
exposure is not the relevant factor for genetic effect. 
What counts is the cumulative exposure up to the 
date of conception of each child. T his is normally 
considerably less than the lifetime dose. Did Mr. 
Binks intend to take account of this in computing the 
average dose in the United Kingdom up to the age 
of thirty, and should we not in any case emphasize 
that we do make a differentiation between lifetime 
dose and dose to average conception? 

Mr. BINKS (UK) : We took into consideration the 
fact that in the United Kingdom it appears that on 
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the average a person receives one diagnostic exami
nation before he reaches the age of thirty years. T his 
was the estimate that we made. An investigation was 
made from one of the leading London hospitals which 
carries out a very large amount of diagnostic work 
to find out the doses received during specific diagnos
tic procedure, integrating this up to the period of the 
first thirty years. 

Mr. PARKER (USA): In the case of partial expo
sures, the dose to the lens of the eye is to be limited 
to 0.3 rem per week. If neutron radiation is involved, 
the conversion of the physical dose from rads to rem 
in the lens of the eye will be different from tha t in 
the surrounding tissue. Can we assume that the RBE 
factors used in our tables have been taken libera lly 
enough to cover this point? 

Mr. BINKS (UK) : This is a difficult matter; it is 
one of the weaknesses in our knowledge. Those people 
who have seen the ICRP report have criticized this 
section on par tial irradiation anyway. It is yery diffi
cult indeed to shield the head under certain circum
stances to get the 0.3 rem and let the rest of the body 
tolerate 1.5 rem. Here I think there are both practical 
and academic difficulties which w ill have to be over
come in the future. 

Mr. MORGAN (USA): l should like to ask Mr. 
Stone two questions. First, why do you feel so strongly 
that blood counts should be discontinued as a method 
of monitoring? Second, do you believe the minor 
changes in the lJloo<l a re not significant ? 

Mr. STONE (USA): The use oi blood counts as a 
method of monitoring was started in the old days 
when we had no other method of monitoring and it 
was the best that was available. I believe that we 
hang on to it now because of tradition rather than 
value. The experience that we had with the Metallur
gical P roject and all of its ramifications showed us 
that using blood counts, as they are ordinari ly done 
by the ordinary technician throughout a large project 
when he is doing thousands of them per day, docs not 
giye you sufficiently good results to justify their use 
as a monitoring method. In addition, we found that 
it was almost impossible to keep track of when people 
had colds that were due to bacteria, which shot the 
count up, or infections with viruses which shot the 
count down; it was extremely difficult to separate the 
effects of infections from the effects of radiation. 

\~Tith regard to the minor changes that are found 
in the blood, no one has yet shown that they are of 
real significance. Those that have found them have 
sought diligently for some change that might be sig
nificant, and the changes that a re now being detected 
as a result of small doses are very difficult to separate 
out from the changes that come, as I mentioned be
fore, from other conditions that may be affecting the 
population. I t has not been shown that any of them 
arc o f significance. \Ve have shown that the great 
majority of the people who were exposed in the early 
days to much larger doses-and we know, now that • 
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we have correct monitoring methods, that people in 
hospitals got much more than we thought they were 
getting as permissible doses-have recovered and 
have shown no deleterious effects; even though many 
of them in days gone by did show definite changes 
in the blood. Therefore, I think it is necessary to 
prove that these minor changes such as bi-lobed 
lymphocytes and increased granules and so forth, 
mean something to the person, that is that there are 
appreciable bodily injuries, before we accept them as 
a method of lowering the standards that we use. 

Mr. VI/. D. CLAUS (USA) : M r. Morgan's report 
indicates that the gastrointestinal track receives the 
g reatest absorbed dose of radiation in many cases and 
as a consequence is used in this report as the critical 
body organ. I should like to ask two questions: first, 
why was the gastrointestinal t ract not used as the 
critical organ in Handbook 52? If Handbook 52 revi
sion is contemplated, how will the present maximum 
permissible concentrations be affected ? 

Mr. MORGAN (USA): In answer to the question 
of Mr. Claus, at the time Handbook 52 was prepared 
in 1952 we had li ttle knowledge about the effect on the 
gastrointestinal tract and it was considered that dam
age to the bone, kidneys, liver and other organs was 
more significant than that to the gastrointest inal tract; 
also, at that particular time the calculations were made 
on the basis of the dose to the entire abdomen. Since 
that time i\!r. E. E. Pochin in England has given us 
information on the distribution of material within the 
gastrointestinal tract, and other data has become avail
able indicating that the gastrointestinal t ract is just 
as critical as some other parts of the body ; therefore 
the gastrointestinal tract has been included in the 
International Commission on Radiological Protection . 
Handbook, and values for this organ will be included 
in the revised edition of Handbook 52 which should 
be :wailable next year. · 

1\Ir. B. N. TARAsov (USSR) : 1. What do you con
sider the permissible external and internal radiation 
dose ? 

2. \i\1hat allowance do you make for the fact that 
in a number of cases, depending on its physical and 
chemical properties, an isotope may, while giving a 
low external distribution coefficient, concentrate in 
large quantities in individual cells and produce a large 
dose in them ? For example, when one or another 
property makes a particular product a ttractive to 
phagocytes, they absorb it avidly and thus create la rge 
local concentrations measurable in tens of roentgens. 
Do you allow for this, or have you tried to do so? 

Mr. STONE (USA): I would refer this question to 
Mr. Morgan because I think it is a matter of distri
bution of the dose--the calculation of thP dose on ::i 

particular distribution. 
Mr. MORGAN (USA): In answer to the first aue.~

tion about the admissible external and internal radia
tion dose, the handbooks on permissible exposure of 
the International Commission on Radiation Protec-
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tion used two criteria: ( 1) as explained by Mr. Binks, 
it is considered that the values given do not give to 
the skeleton more exposure than would be received 
from one-tenth of a microgram of radium; and (2) 
that no organ of the body or no large segment of any 
organ of the body would receive more than 0.3 rem 
exposure in any one week. The second part of the 
questi9n had to do with the possible localization of 
the radioactive material in organs of the body and in 
various other uni ts within the bodv. In the Interna
tional Handl>ook we use a non-un'iform distribution 
factor N and set that equal to 5 for the radioisotopes 
that are localized in the skeleton. \Ve realize that 
other factors should be used for other organs of the 
body and segments of them, but we do not at the 
moment have sufficient information to incorporate this 
particular information. 

The CHAIRJ\f AN: I have several other questions but 
I am afraid we have just come to the end of our time. 
J\Ir. Wu has sent in a little note. Mr. \:Vu, would you 
make your point quickly, and then we must pass on? 

Mr. Wu (01ina) : T he problem of radiation safety 
is very important. I have some experience of radia
tion injuries of miners for 20 years; therefore I would 
like to say a few words. I suggest, first, the establish
ment of an international organization or law con
cerned with radiation injuries-about the dosage, 
about the international unit, and so forth; secondly, 
well-trained technicians to avoid careless work, for 
radiation protection. It is important to have interna
tional co-operation in this problem. Thirdly, there 
should be a longer period of ncation for radiation 
workers. Thank you. 

l\lr. F. G. KROTKOV (USSR) presented paper 
P / 689. 

~fr. K. L. GoOL>ALL (ILO) presented paper P/907 
as follows: This Conference hardly needs to be re
r.ninded of the insidious and dangerous nature of 
ionising radiations, which cannot be seen or felt and 
whose effects on bodily health are normally very con
siderably delayed in their onset. This, in the view of 
the International Labour Office, makes codes of prac
tice and national protective legislation, impartially and 
efficiently administered, essential for the protection of 
radiation workers, especially in countries with little 
industrial experience. Additional reasons are that in 
the course of time familiarity may breed contempt for 
necessary radiation precautions, and competition to 
reduce the costs of nuclear power production and of 
industrial radioactive devices may tend to narrow 
present margins of safety. The cost of protection is 
the price we must pay for unleashing the giant forces 
of the atom. · 

The ILO, one of whose most important tasks is to 
promote the protection of workers against every kind 
of occupational accident and injury to health, has a 
considerable interest in radiation protection dating 
from 1923. To t ake but one example, the Office, as 
long ago as 1949, convened a meeting of e,,-perts on 

dangerous radiations to draw up a Model Code. Their 
recommendations, over 200 in number, which we set 
out in an appendix to our paper, constituted the first 
set of international safety and health precautions for 
industrial users of X-rays and radioactive substances. 
The ILO remains anxious to assist workers every
where, especially in those countries less advanced in 
this field, to make safe use of ionising radiations, and 
by "workers" we mean all persons in public and pri
vate employment whether manual or salaried, and 
whether worh.;ng in factory, field or mine, in hos
pitals, research laboratories or transport. To all these 
the developments of atomic energy have brought or 
will bring, additional and novel types of hazard. 

Our paper offers a wide survey of the whole field 
of radiation injury and protection, with special em
phasis on the industrial field . Part II reviews the 
history of radiation injury since the time of Rontgen 
and Madame Curie. Though injuries occurred to the 
early medical and scientific experimenters, knowledge 
of the hannful effects of ionising radiations was in
complete and slow in spreading. Methods of monitor
ing for personal exposures were unknown by present 
standards, and heavy doses, particularly from uncon
trolled direct X-ray beams, must haYe been n:cei\'ed. 
Further serious cases of injury arose with the advent 
of radium luminizing. 13y about the early 1920's it was 
well recognised that excessive radiation exposures 
from without and within the body were capable of 
causing a wide range of acute illnesses and diseases
anaemias, radiation burns and <lermatoses, bone and 
tissue necrosis, sterility and glandular disfonctions, 
and cancers of the bone and blood. To this list was 
later added the adverse genetic effects which can ari se 
from radiation doses much smaller than those needed 
to affect fertility. 

F rom 1920 onwards therefore ionising radiations 
were treated with much greater respect.· Ample evi
dence existed of the imperative need for control of 
radiation exposures, and unofficial and official bodies 
began the fruitful task of framing recommendations 
and legislation for protective measures. As a result, 
the vast atomic energy industries which began in the 
1940's got off to a splendid start and have maintnii1ed 
an a lmost e.-..::emplary standard of health and safety 
among their workers. General industry and hospitals 
have followed closely behind. Part II of our paper 
concludes with a description of the physical properties 
of all types of radiation met industrially and of the 
types of injury to which they can each give rise when 
absorbed in excessive amount. 

vVe are supremely lucky in the case of ionising 
radiations to have what hardly any other branch of 
industrial health has-namely, practical, e.,tensiYe 
and clearly defined standards to work to. How this 
fortunate s tate has come about is the subject of Part 
III of our paper. This recalls what has resulted from 
the early pioneer work of the British and American 
Rontgen Ray Societies in the 1920's. The First Inter
national Congress of Radiology held in 1925 greatly 
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stimulated national activities in the protection field 
and led in 1928 to the formation of the International 
Commission on Radiological Protection whose latest 
Recommendations, published this year and which we 
summarise, cover the whole range of permissible doses 
for external and internal radiation and standards of 
protection against X- and gamma rays, beta rays and 
heavy particles. It is of great interest to note how the 
International Commission is turning its attention 
more and more to the preparation of Model Codes 
of practice for the use of ionising radiations in vari
ous occupations; we hope to receive its collaboration 
when the I LO Model Code of Safety Regulations for 
Industrial Establishments is revised. 

Part IV of our paper discusses the tremendous 
growth in the use of ionising radiations and gives 
many examples of the multifarious uses to which they 
are now put in medicine, agriculture and industry. 
T he spectacular rise in the use of radioisotopes occur
ring after 1946 when the atomic reactors of the USA 
and the United Kingdom came into production is illus
trated by a table in Appendix IV showing United 
Kingdom deliveries year by year from 1947 to date. 
T he rate of growth is substantially linear and has now 
reached nearly 20,000 deliveries a year, a third being 
exported. American figures are very similar and the 
implication is that over the whole world there must 
by now be many hundreds of thousands of workers 
with X-rays and radioisotopes- perhaps a million
whose work regularly exposes them to some amount 
of ionising radiation and whose radiological p rotec
tion must be our especial care. 

How this is to be achieved is set out in detail and 
in a practical way in the main section of the paper
Part V. The first half gives a summary of those gen
eral precautions which are applicable to all users of 
ionising radiations and includes a discussion of such 
matters as planning and equipment, inhalation and 
ingestion precautions, monitoring, film and dose meter 
tests of radiation exposure, use of safe handling equip
ment, radioactive waste disposal, supervision and 
training and medical supervision. Reference is made 
to the limitation of working periods for ionising radi
ation workers. Some countries favou r a maximum of 
48 hours a week, others as low as 24, with 20 consecu
tive days' leave every six months. The 1949 ILO 
Model Code suggested a five-day working week of 
35 hours with a minimum of four weeks' annual holi
day. But if the proper precautions as set out in our 
paper are followed, we cannot but feel at present that 
no radiation worker need feel aggrieved or in any 
danger with a 40-hottr five-day week and three to 
fou r weeks' consecutive holiday. 

On these matters and the related ones of age and 
sex, however, we await a firm lead from the Interna
tional Commission on Radiological Protection. Like
wise, from the same source we await authoritative 
cuidance on what we are to do with our industrial 
0 

and hospital radioactii.·e wastes now accumulating in 
ever increasing quantities. 
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The ILO attaches great importance to supervision 
and training by safety officers and others in connexion 
with radiation hazards since it is useless if the blind 
lead the blind. Workers will usually only take full 
precautions and take them intelligently if the under
lying reasons are understood. In this connexion there 
is urgent need in many countries for more specially 
trained members of impartial inspectorates, such as 
factory and mines inspectorates, to see that control 
measures are being properly implemented in practice. 
Medical supervision is no substitute for effective tech
nical measures but has its place, and attached to our 
paper is a specimen medical record form considered 
suitable by the ILO for standardised use throughout 
the world for recording clinical and haematological 
examinations of radiation workers. 

We mention also the interesting possibilities of pro
viding chemical and biochemical protection of humans 
against the effects of radiation by·the administration, 
before or after irradiation, of certain chemicals or bio
chemicals which can inhibit bodily processes of oxi
dation. T his opens up the prospect of providing 
ameliorative treatment for workers accidentally ex
posed to heavy doses of radiation which might other
wise produce severe injury, though it is most unlikely 
that as a form of protection it will ever supplant the 
basic methods of protection by shielding and distance. 

The second part of Section V deals in considerable 
detail with the special precautions appropriate to the 
main categories of radiation uses in factories, hospi
tals, atomic energy plants and radiochemical labora
tories and covers the risks from X-rays and from both 
sealed and unsealed radioactive sources. In passing 
let us not forget those old stagers of the atom world, 
the radium luminisers. T hey have now been steadily 
at it for 40 years and we can still learn a lot from 
their experiences. Radium is still, in our view, the 
most dangerous of all the unsealed sources used out
side atomic energy establishments. Some four to five 
grammes of it are painted on to various ar ticles in the 
United K ingdom alone every year and it possesses 
most of the radioactive vices. It is a dust, it is long
lived physically and biologically, it concentrates spe
cifically in bones if inhaled or ingested. It decays to 
a dangerous radioactive gas and with its disintegra
tion products emits alpha, beta and gamma rays. No 
wonder the luminisers, of all categories of radiologi
cal workers, work closest to the health limits. 

In Part VI of the paper we refer to the radiological 
and other hazards in uranium mining and review the 
tenuous published data available on health conditions 
in such mines. The position appears very disquieting. 
O n the one hand there seems to be firm evidence over 
a long period of years that uranium miners are espe
cially prone to lung cancer, which appears to be due 
to the inhalation of radon and radioactive dust, al
though the arsenic, cobalt, chromium and other dusts 
present may also play a part. On the other hand recent 
authoritative measurements, which we quote, indicate 
that in the mines sampled radon concentrations were 
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found representing between 20 and 250 times the in
ternationally agreed safe permissible level. The ILO 
appeals to all countries concerned to initiate research 
to resolve this serious problem, to remove secrecy 
restrictions and to make available for study all results 
of health and environmental surveys in such mines. 
In the paper itself and in an appendix the ILO sets 
out th.e relevant precautions advocated by its own 
Comrnittees of mining and other experts which, if 
adopted, would go far to eliminate this scourge. 

Finally, in our last seciion we deal with safety pre
cautions in the packing, labelling and transport of 
radioactive materials. On the question of labelling, 
the ILO has been very active in trying to secure inter
national agreement on a uniform system of marking 
and on a standard sign or symbol to identify radio
active danger. The ILO-suggested symbol and other 
suggestions in this field have found wide acceptance 
and the paper sets out the present position. 

To conclude: In the second great industrial revo
lution which is upon us and which will be brought 
about by the peaceful uses of atomic energy, we must 
not repeat the mistakes and miseries which occurred 
in the industrial health field in the first. Nor need we 
do so, for the nature of potential injuries from the 
various radiations is well established. Oear and au
thoritative international standards of protection also 
exist which we know how to implement in practice, 
as our paper has tried to show. 

W ith some mental reservations about genetic effect s 
and uranium mining, we can say that the present posi
tion in the radiological health protection field is good. 
B ut let us improve on it still further, realising that 
if there is no room for alarm there is equally none 
for complacency. We should go for ward confident that 
we can meet and overcome all challenges. I n all this 
good work the ILO hopes to remain in the \·anguard 
of progress. 

DISCUSSION OF P/ 689 AND P/907 

Mr. L. S. TAYLOR ( USA): I should' like to ask 
Mr. Krotkov whether they have obtained in the USSR 
some tangible evidence showing that the permissible 
exposure rate of 0.3 roentgens per week is in fact 
more harmful than an exposure rate of 0.05 roentgens 
per day. As a second part of the question, I would 
point out that monitoring radiation exposure on a 
daily basis is usually difficult both technically and 
administratively, and I should like to know whether 
Mr. Krotkov could give us some information as to 
how they monitor or how they measure this daily 
exposure rate on a mass basis. 

Mr. KROTKOV (USSR): In reply to Mr. Taylor's 
question, clinical observations and experimental data 
indicate that patients can recover from fractional doses 
of irradiation better, i.e., more quickly, than from con
centrated doses. There is therefore every reason to 
think that small, fractional doses are less hazardous 
than concentrated ones. This fact has also been the 

subject of inves tigations by Soviet health experts 
working in this field. 

In undertakings and institutions which work with 
radioactive substances to any considerable extent 
there are special dosimetric services equipped with a 
wide range of dosimetric devices. Part of the duties 
of these services is the systematic monitoring of radi
ation. The harmlessness of the total dose is estab
lished from the readings of radiometric monitoring 
instruments of various types. The most hazardous 
types of work' are carried on under the supervision 
of a dosimetrist who may order the work to be stopped 
if the dose exceeds the standard level. 

Mr. MORGAN (USA) : 1. You indicate, Mr. Krot
kov, that higher hygiene requirements are in force 
with regard to drinking water of centralized water 
supplies as well as to atmospheric air of residential 
sections of towns and workers' sett lements. Does this 
mean that the values listed in Table III of your pub
lished report are reduced by a factor of about 10 in 
such cases? 

2. In your discussion, you refer to a committee of 
physicians and physicists who are consulted on the 
observance of safety rules for work with radioactive 
substances. D o you have a professional group of health 
physicists in the USSR? 

3. You indicate that particular attention is paid to 
neurological examinations with respect to early dam
age from ionizing radiation and you state that treat
ment at night sanitariums is widely applied to persons 
working with ionizing radiations. Do you expect to 
find any neurological changes or a need for a stay at 
a night sanitarium fo r workers who stay below the 
maximum permissible exposure rate of 0.05 roentgens 
per day? 

Mr. KROTKOV (USSR) : I will answer Mr. Mor
gan's questions. You understood me correctly, M r. 
Morgan, in speaking of a dose ten times smaller fo r 
the population. In this instance we share Mr. Binks' 
view that the maximum permissible dose for the gen
era l population should be ten times smaller than that 
for the workers . We have a large group of healt h 
experts concerned with questions of industrial hy
giene and occupational d iseases. There are inst itutes 
of industrial hygiene and occupational diseases in all 
the industrial areas of our country. The public health 
faculties of our medical schools have chairs in these 
subjects. There is no committee of physicians and 
physicists in the Soviet Union. The functions of a. 
controlling body in the field of industrial hygiene and 
occupational diseases are carried out in the USSR 
by the Institute of Industrial Hygiene and Occupa~ 
tional D iseases of the Acaden1y of Medical Sciences. 
of the USSR. It should be mentioned that as a rule· 
aJl work by physicians and biologists in the Soviet 
Union requires the part icipation of physicists. I do, 
not think it can be said that there is a separate pro
fession of health physicist, but physicists are widely 
associated with all research and practical work done 
by the medical establishments. 
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I will now turn to Mr. Morgan's third question. 
This question was also asked in Mr. l\fawson's note, 
and I propose, with your permission, Mr. Chairman, 
to answer both these questions together. 

My colleagues, Mr. Lebedinsky and Mr. Domshlak, 
have spoken from our Conference rostrum on dis
turbances of a neurological nature. They are both 
members of our delegation and are present here. I 
would ask Mr. Morgan and Mr. Mawson to meet 
my colleagues during the recess and clear up all the 
details raised in their questions in private discussion. 

Mr. H. JAMMET (F rance): The question I wanted 
to ask was similar to Mr. Morgan's. I wanted to know 
what early clinical indications of a neurological na
ture were looked for in detecting occupational disease 
due to radiation. Perhaps I could join my American 
colleagues in meeting our Russian colleagues after 
the session. 

l\fr. KROTKOV (USSR) : I should be glad if Mr. 
Jammet would meet me after the session and have a 
discussion with my colleagues, who are better qual i
fied to deal with clinical questions. I hope that my 
colleagues will be able to give exhaustive replies to 
all the questions on neurological symptoms. 

Mrs. P. CAMBEL (Turkey): I should like to know 
whether, in view of the radiation hazards, the Soviet 
Union gives higher salaries to all kinds of radiation 
workers than to other employees-in the form, per
h aps, of some indemnity to cover longer vacations, 
cures, and so forth. Secondly, is the Ministry of 
Health of the Soviet Union also responsible for the 
health of radiation workers under the M inistry of 
Labour or any other Ministry? In other words, does 
the Ministry of Health have control over all radiation 
hazards? 

Mr. K ROTKOV (USSR): Special wage scales are 
established for workers employed in undertaking:; 
and scientific research establishments. These scales are 
11igher than those applicable to workers and employees 
in other categories. With regard to vacations and other 
preventive measures, I may say this. All workers and 
employees of undertakings and establishments con
nected with sources of radiation or with radioactive 
substances as a rule are given longer paid vacations. 
In addition, dietary standards have been laid down 
in the Soviet Union for persons handling highly radio
active substances. Last! y, we have institutions to 
which workers and employees may go for periods of 
two weeks to a month to rest and convalesce at doc
tor's orders. So far as sanatoria and rest homes are 
concerned, workers in the establishments mentioned 
enjoy important privileges. Thus, for instance, these 
workers or employees pay only 30 per cent of the 
cost of travel to and maintenance in sanatoria and 
rest homes, the remaining 70 per cent being paid out 
of social insurance funds. 

The second question was whether the Ministry of 
Health is responsible· for the health of workers han
dling radioactive products and working at under-
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takings belonging to other departments, and the 
answer is that it is responsible. 

Mr. R. M. SIEVERT (Sweden) presented paper 
P/792. 

DISCUSSION OF P/792 

Mr. TAYLOR (USA): I should like to point out to 
this Conference that, because of Mr. Sievert's long 
efforts in this field, in Sweden they probably have at 
the present time some of the most complete informa
tion on radiation exposure to all kinds and varieties 
of individuals. I should like to ask Mr. Sievert if he 
has some plans in mind with regard to analyzing this 
large amount of exposure data, particularly with ref
erence to finding out something about the genetic 
problem. If he does not have any particular plan in 
mind at the moment, does he have any suggestions 
that he would like to offer in this regard? 

Mr. SIEVERT (Sweden): It is very difficult to say 
exactly. 'Ne have discussed whether it is possible to 
make genetic investigations and test the different ma
terial we have, but at the present time we feel it would 
be very difficult as we would need a tremendous 
amount of material for that. We certainly wished to 
make such investigations, but I think it should be 
done on an international scale as it would be a very 
difficult thing for a small country to do. 

The CHAIRMAN: Are there any further questions? 
If not, may I thank again all the speakers up to the 
present time. I now propose to hand over my respon
sibility to my colleague, Mr. Coursaget, for the rest 
of the meeting concerning the hazards of uranium 
mining. 

The VICE-CHAIRMAN: This second part of the. 
session is devoted to the hazards incurred by miners 
in uranium mines. There can be 110 doubt that at the 
present time these miners are more exposed than any 
other workers to the harmful effects of radiation. The 
pooling of knowledge acquired in various countries 
and the publication of the safety methods employed 
and results achieved will undoubtedly help us to im
prove working conditions in the mines and to reduce 
the danger involved in this work appreciably. We 
must hope that, in this field perhaps more than in any 
other, the widest possible international co-operation 
will be achieved; in particular, such co-operation 
would make it possible to lay down safety regulations 
for work in underground uranium mines similar to 
the regulations which already exist for· coal mines. 

Mr. H. JA~lMET (France) presented paper P/37O, 
as follows:. I have the honour to present to you, on 
behalf of Mr. Pradel and myself, a few observations 
on our experience with radiological protection in 
French uranium mines. 

These mines are worked by permanently settled 
miners, many of whom may have been working in the 
pits for several decades. Our policy has therefore been 
to give these workers conditions in which the safety 
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standards recommended by the International Com
mission on Radiological Protection are observed. 

I am responsible for the entire radiological protec
tion system to the French Atomic Energy Commis
sion (Commissariat a l'Energie Atomiqitc). The ura
nium mines cause us the greatest concern. 

I do not think that my colleagues from abroad will 
deny the fact that medical requirements are much 
more ·c!ifficult to enforce in uranium mines than at 
nuclear reactors. 

In this case, we are not concerned with installa
tions in which artificially created hazards can be lim
ited with case; on the contrary, a great deal of ingenu
ity has to be used to combat the natural hazards 
inherent in this type of work. 

These radiological hazards are many, and are cre
ated both by direct radiation from the ore-bearing 
rock and by atmospheric contamination by radioac
tive dusts and radon. W e intend to confine ourselves 
now to the single problem presented by the contami
nation of the air by radon and its daughter elements, 
radium A, B and C, in spite of the fact that the haz~rds 
of direct irradiation are such that we are often obliged 
to restrict the miners ' working hours to a very limited 
period. 

In the French mines, systematic measures are en
forced and there is individual supervision in operation 
at the working face. 

The radioactivity of samples of radon is determined 
by measuring the current they produce in an ioniza
tion chamber. Another determination method also 
used is performed by adsorption of radon on activated 
charcoal. These techniques are not enough to ensure 
good supervision, and a portable. a_ppa~atus for_ t~e 
direct measurement of the a:-actJv1ty 10 the air is 
needed, as well as permanent recording apparatus at 
different points. . 

Apart from these statistical results, we Wish to 
ascertain the quantities absorbed by each worke_r. T l~e 

· a,verage quautity of radon inhaled by each miner 1s 
therefore determined by means of group measure
ments taken at fixed points and at various times. W e 
are a t present trying out an i?dividual_ portable appa
ratus for continuously sampling the air by means o( 
a small suction device which draws the air through 
a cartridge of activated charcoal. Thi~, at _the end o[ 
the day, will give us the average radioactive content 
of the air actually inhaled by the miner. 

T hese checking methods have produced many_ data 
from which we have drawn the following conclus1ons: 

1 The concentrations encountered in uranium 
min~s, in terms of a typical present-day metallurgic~l 
mine, are very high and frequently exceed the maxi
mum permissible concentration es~~blished at 10-10 

curies per litre. 
2. The concentrations depend on the extent of the 

ore-bearing rock and on its uranium content, but also 
on the density of the rock. . 

3. Fragmentation of the rock caused by blast.mg 
the ore releases a large p roportion of the radon im
prisoned in it. Blasting fumes have been found to 

contain as much as 500 times the maximum permiss
ible concentrations. 

4. In galleries which are not ventilated, the radon 
concentrations are very large and they contaminate 
the other galleries by diffusion. 

5. Even when the ventilation is of the order of 4 to 
8 m3 per second, it is in most cases impossible to get 
the concentrations below the ma,--...imum permissible. 

6. T he water circulating in the ore-bearing levels 
djssolves the radon formed in the cracks and releases 
it as it flows through the galleries on contact with the 
air at the working face. 

7. Galleries driven through dead levels contain 
radon in large quantities brought there by diffw,ion 
through the ground or carried by the water. 

These data of manifest importance compel us to 
organize very energetic countermeasures against ra
don. If these countermeasures are to be effective they 
must be carded out on a planned basis. It is useful to 
slow down the appearance of radon and speed up its 
removal in order to take advantage of its rapidly de
creasing radioactivity. Accordingly, all our measures 
are designed first to restrict the evolution of radon 
and then to remove the radon which has been released 
as quickly as possible. 

The slowing-down and reduction of radon appear
ances in the galleries can be secured by judicious 
working methods and by special arrangements. The 
recommended working methods make it possible to 
reduce the evolution of radon at the working face , 
fi rstly, by breaking the rock as little as possible, sec
ondly, by removing the ore very quickly and, thirdly, 
by reducing exploration work in the ore-bearing levels 
as much as possible. These two considerations have 
led us to devise working methods not involving storage 
chambers, and working faces of small dimensions i~o
lated from each other rather than long galleries 
branching out in all directions. · 

The special arrangements are intended to slow down 
and reduce the evolution of radon in the pit, and they 
are all based on the fact that the quantity of radon 
which finally appears at the face is equal to the differ
ence between the quantity which penetrates throu~h 
the walls and the quantity which disintegrates while 
the gas is being held back temporarily. 

V-le can therefore use one or another of these fac
tors to reduce the final quantity o{ radon which ap
pears in the gallery. It i_s for this pu:rpose that we 
have experimentally studied the effect1v~n.ess of gal
lery screens, water drainage and wall-hrungs. Here 
are some data on the experiments we have made. 

The screening method consists in closing every 
gallery not in use by means of a fairl_Y ga~-tight parti
tion. T he screen slows down the d1ffus1on of radon 
and increases the radon concentration behind it. The 
result is a large increase in the quantity disintegrating 
behind the screen and a small reduction in the quan
tity penetrating the walls, resulting in a. net reduction 
in the quantity of radon finally appeanng. I t should 
be noted that the screening partition does not need to 



258 VOL. XIII 

be perfectly gas-tight to be effective, owing to the fact 
that the gas held back is radioactive and disintegrates. 

You will find in our written paper (P/370) the 
very simple theory which yields the formula for the 
effectiveness of the screen as a function of the volume 
of gallery isolated, increase in radon concentration 
behind the screen and the disintegration constant. 

I would just like to illustrate my remarks with a 
diagram (Slide-Figs. 2 and 3 of P/370) giving the 
results of a typical experiment to show wl:at can be 
expected from such a method. The experiment con
sisted of isolating a dead-end gallery by means of a 
"cocoon" screen (plastic material which can be 
sprayed from a pistol). The pit was swept by an 
air current of eight cubic metres per second. The 
radon concentration was measured in the gallery at 
point A and at the face at point B before the screen 
was installed and in the hours and days following. 
The two curves show that the screen multiplied the 
radon concentration behind it by a factor of 80 while 
the concentration in front of it was reduced by a fac
tor of 2. It should be noted that at the end of a fort
night some large tears in the screen caused by tests 
of its strength made it only partially ineffective. 

The experimentally verified efficiency could be pre
dicted to a close approximation by using the theoretical 
formula. 

Our second method, water drainage, suggested it
self as a second method of reducing radon when ex
perience revealed what an important part in the 
evolution of radon was played by this process. The 
underground waters dissolve the radon as they pass 
through the ore-bearing zones and release it on emerg
ing into and flowing through the galleries. Draining 
the water and disposing of it through conduits outside 
the mine have the effect of considerably reducing the 
quantity of radon evolved and consequently of reduc
ing the quantity which finally appears in the gallery. 

I am going to illustrate this method by the results 
of one of the final experiments which we made to 
prove its efficiency (Slide 4--Fig. 4 of P/370) . In a 
gallery laid out in a completely dead level with the 
air coming directly from outside, one might imagine 
that the atmosphere would be free of radon. However, 
measurements showed a concentration which increased 
as we went deeper into the gallery, until it reached 
12 times the maximum permissible concentration after 
300 metres. The air was contaminated on contact with 
the counter-current of water. By draining the water 
we were able to reduce the radon concentration con
siderably-by a factor of 60- bringing it down to ¼ 
of the maximum permissible concentration. 

Quite plainly, the use of these run-off waters in 
inserting the driving hammers must be strictly pro
hibited so as to prevent a large evolution of radon 
through pulverization. 

Lastly, we considered lining the walls as a third 
way of counteracting radon evolution. This method 
has not yet been employed in current practice, but 
we have been able under laboratory conditions to show 
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that radon evolution can easily be halved by painting 
the ore face with oils. This result is chiefly due to the 
fact that the radon dissolves in the oil and remains 
there long enough to deposit its solid daughter ele
ments radium A, B, and C. 

However effective the application of these methods 
or reducing radon evolution may be, it still does not 
enable us to bring the concentration down below the 
maximum permissible in cases of heavy contamina
tion. In these cases it is necessary to remove the radon 
present in the air of the galleries by means of a well
designed system of ventilation. 

For that purpose, we use powerful ventilating sys
tems with an output of between 4 and 20 m3/sec, ac
cording to the size of the working chambers. Under 
favourable conditions, the radon content is more or 
less inversely proportional to the rate of flow of air. 

However, two essential conditions must be ob
served for effective ventilation : ( 1) any recycling 
must be eliminated by installing the air inlets outside 
the mine; and (2) the pure air must be brought as 
close as possible to the working face. 

T he strong concentrations found in blasting fumes 
make it essential that the workers should not return 
to the face immediately after blasting. 

.Ventilation has a further advantage of great impor
tance : it appreciably reduces active deposits on dust 
particles. If the radon coming from the rock is re
moved rapidly, its daughter elements, which have a 
mean half-life of thirty minutes, do not have time to 
form and the final result is that there is only a frac
tion, mainly consisting of radium B and C, of the 
content found in the equilibrium state. 

By combining the method of restricting the appear
ance of radon with that of forced evacuation, it is pos
sible to reduce the radon content in the atmosphere . 
considerably, by a factor which may easily exceed 100. 

Often, however, the contamination of the atmos
phere is such that these combined safety methods do 
not succeed in bringing the radon content down be
low the maximum permissible concent rations. In such 
cases we have to resort to individual protection of the 
miners by supplying them with air filtered through_ 
respirators or with fresh air fed through masks. The 
respirators filter out the radon <laughter elements de
posited on the dust particles. The masks afford com
plete protection but have the disadvantage of not being 
independent. The inconvenience of these individual 
protection methods is too obvious to need stressing. 

Our experience therefore shows that if safety stand
ards are to be observed, as is our policy, in uranium 
mines, a farreaching change in working techniques 
must be considered. 

This purpose can only be attained by close liaison 
between working engineers and radiological protec
tion services as soon as projects are begun, and a 
planned system of supervision and strict discipline at 
the face. 

Both collective and individual protection measures 
are bound to affect the cost price of uranium to an 
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extent that can only be reduced by some logical scheme 
such as that we have just mentioned. We do not think 
it is too great a price to pay for the health of the 
workers, who are among the most exposed. 

We are faced with a serious problem, the fact that 
it is impossible in many cases to reduce radon con
centrations below the permissible maximum by col
lective measures. The officials responsible for produc
tion n1ay tend to ignore standards which are so often 
unattainable, and the officials responsible for health 
protection must on no account permit this. 

In conclusion, therefore, we may express the hope 
that the information, hitherto very scanty, on the 
hazards of uranium mining and the precautions taken 
against them will be more widely disseminated so 
that we can judge of the comparative effectiveness of 
the safety methods employed. 

Mr. M. EISENBUD (USA) presented paper P/85. 

DISCUSSION OF P /370 AND P / 85 

Mr. E 1sEN'BUD (USA): In the United States, it 
has been observed that the air in many of the non
uranium mines contains radon in excess of 10-10 

curies per liter. Have you, l\:fr. Jammet, had an op
portunity to make radon measurements in mines other 
than the uranium workings? 

Mr. JAMMET (France) : Vve have not had an op
portunity to take measurements of this kind in mines 
other than uranium mines; we have, however, found 
that atmospheric air at ground level in the neighbour
hood of uranium mines and in certain areas may 
exceed the maximum of 10-10 curies per litre, in nor
mal weather or in certain atmospheric conditions. 

A study of radon distribution at ground level ac
cording to local weather conditions and geology would 
seem to be very i1seful and, in particular, would per
haps, make it possible to map the radon surface dis
tribution and try to discover whether there is any 
correlation between concentrations above the recom
mended standards and certain faults prevalent in the 
areas concerned. 

Mrs. CAMDEL (Turkey ) : I should like to ask Mr. 
Eisenbud about the effects on the kidneys of the ex
perimental animals. I should also like to know the 
exact conditions in which these effects were produced. 
'vVere there any effects on other organs, particularly 
critical organs such as the spleen and the intestines? 

Mr. E rsENDUD (USA): I should like to pass that 
question on either to Mr. Neuman, who I believe is 
here and who actually did that work, or to Mr. Farr, 
who is one of our colleagues who is familiar with the 
kidney effects both in animals and in man. 

Mr. L. E. FARR (USA) : I do not recall the exact 
conditions of the animal experiment. I think, however, 
that we may go back to the work of MacNider, which 
was done in the early 1920's, on the effects on the 
kidney. When soluble uranium salts are given to dogs, 

there is a destruction of the tubular elements. When 
the dogs recover from the initial insult, the type of 
renal epithelium changes from a high columnar type 
to a low and rather stratified type. This new cell is 
much more resistant to uranium intoxication than the 
original cell. 

It may be that in workers who are exposed to urani
um, this type of protective response occurs, just as 
it does in dogs. We studied some patients at the 
Brookhaven National Laboratory hospital and found 
no changes in .the clearances. No matter whether we 
used inulin, urea, para-amino-hippurate, or any other 
type of clearance, it was essentially normal. However, 
the maximum specific gravity of the urine, after 
twenty-four hours on a dry regime, appeared to show 
an increase to a specific gravity above 1.035, which is 
a very high figure. This seemed to be rather charac
teristic of those individuals who had an exposure to 
uranium which might be thought of as hazardous. In 
each instance, however, the follow-up of the patients, 
as Mr. Eisenbud has stated, gave no evidence that 
any progressive renal damage had occurred. 

Mr. BALE (USA): In one of the early slides, the 
discrepancy between the predicted and observed con
centration of uranium in the two lungs was striking. 
I wish to ask Mr. Eisenbud if he has any thoughts 
on how the data and predictions can be reconciled. 

Mr. EisENBUD (USA): I do not think that it is 
possible completely to reconcile these differences. 
However, I can suggest a reason for possibly 10 per 
cent of the differences; in other words, I can explain 
a factor of 50 but not of 1000. That reason is the fol
lowing: The density of the uranium dust is about 9. 
T he density of the dust and fumes used in the experi
mental work from which we derived our knowledge 
of lung retention is around 1. It is possible to normal
ize the curve developed with the light-density dust or 
the heavy dust by utilizing the so-called effective 
diameter of the uranium dust, which is its diameter 
times the square root of its density. 'When one does 
that for a two-micron particle---which is what one 
usually deals with in industry-one ends up on a very 
steep part of the curve, in which the retention of two
micron dust, rather than being around SO per cent as 
it is in the published data, is more nearly between 1 
and 5 per cent. 

The VrcE-CHAIRMAN: These papers have shown 
what great efforts have been made in most countries 
to ensure the safety of persons exposed to radiation. 
T here can be no doubt that these efforts must be in
tensified to keep pace with the development of the 
peaceful uses of atomic energy. Even now, however, 
it may be said that international co-operation has made 
a large contribution towards shielding humanity from 
most of the poisonous effects of ionising radiations, 
and this is an achievement of which we may legit
imately be proud. 
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Health and Safety Activities in Reactor Operations and 
Ch~mical Processing Plants 

By A. J. Cipriani,* Canada 

Radioactive materials became an industrial health 
problem when radium and mesothorium were used 
in the dial painting industry. Unfortunately the toxic 
nature of these substances was not fully appreciated 
until they had affected the health of those working 
with them. Within the last decade the industrial 
health problem has grown considerably as a result 
of the production, from nuclear reactors, of large 
amounts of radioactive nuclides. There has also 
grown a philosophy that the occupational damage 
which occurred in the past from ionizing radiation 
should not be repeated. This poses the following 
questions: 

1. How can workers handle large radiation sources 
without suffering harmful radiation exposures? 

2. H ow can work be carried out with large 
amounts of radioactive materials without getting 
harmful amounts into the body by ingestion and in
halation? 

3. How can one work with loose radioactive ma
terial and not contaminate the working environment 
so there is ultimately a health hazard? 

4. How can one deal with radioactive effluent so 
that the safety of the surrounding population is en
sured? 

The exposure of workers to radiation levels above 
the natural background is now an accepted situation 
in nuclear energy plants. The prevention of over
exposure to radiation is a function of proper plant 
design, the existence of an adequate system of hazard 
control and adherence to a proper code of practice, 
in this case the recommendations of the ICRP.1 

Experience at Chalk River shows that exposure to 
radiation can be controlled within acceptable limits 
even under emergency conditions.2 

EXTERNAL RADIATION EXPOSURE 

External exposure data, fo r the Chalk River 
Project of Atomic Energy of Canada, is presented 
as a guide to what may be expected in practice in 
atomic energy work. The frequency of occurrence of 
annual total exposures is tabulated in terms of class 
of work and for a three-year period. The figures for 
1952 and 1954 represent normal operations while 
those for 1953 represent an abnormal emergency 
period wherein a considerable effort was directed 

• Director, Biology and Radiation Hazard s Control Di
vision, Atomic Energy of Canada Limited, Chalk River, 
Ontario. 
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towards deconta~inating and rebuilding a seriously 
damaged reactor. 

During the period covered by Table I, the total 
employment averaged 1800 persons. Certain ob
servations are pertinent. Despite work in high 
radiation fields, ( in several cases involving entry 
of personnel into fields greater than 50 r/hr) only 
one person received more than the recommended 
upper limit of 15 r/year. This exposure of 16.1 r 
occurred accidentally to an individual lacking any 
experience in active work and under supervision 
which also had little experience with radiation. 

The abnormal situation in 1953 involving the 
restoration of NRX shows the value of careful 
planning. T he experienced reactor personnel were 
kept working throughout the year with relatively 
modest exposures by calling on personnel normally 
in inactive work to carry out the tasks involving the 
higher radiation exposures. As a result, the figures 
for 1953 show that the moderately high exposures 
were distributed widely among all plant personnel. 

Table I. Frequency of Occurrence of Various 
Expo sure Levels 

Clan of work 
E:rposure f"Ongc in roenlgtns J'tcr 

(normal ) Ytar 1-] J- 5 5-10 IO-IS >15 

High activity: 
Reactors 1952 14 6 14 

1953 11 13 25 2 
1954 23 4 J 

Chemical process 1952 38 16 5 
1953 35 34 62 8 
1954 34 34 18 

i\faintcnancc 1952 59 5 2 
1953 68 57 64 3 
1954 78 24 14 

Moderate activity: 
Research 1952 25 

1953 6 2 2 
1954 6 3 

Others 1952 17 
1953 88 39 20 
1954 18 5 2 

Low activity: 1952 17 
1953 61 22 14 
1954 19 

Totals 1952 170 27 21 
1953 269 167 187 13 
1954 169 70 3S 

• 
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It is interesting to note that chemical operations per
sonnel who were not directly involved in pile restora
tion were responsible for the majority of exposures 
over 10 r/year, although the pile restoration work 
involved five times the total exposure received in all 
other work combined. This in part could be a result 
of concentration of protective measures and attention 
on pile restoration with relaxation of supervision in 
areas considered less critical. 

S ince this plant is of early design and has suffered 
from some "growing up" the problem should be 
more easily dealt with in better designed installations, 
which would have the benefit of past experience. 

At Chalk River it has been found that in order to 
preserve adequate Radiation Hazard Control stand
ards, it is necessary to keep the organization of the 
control personnel separate from that of the operation 
groups. A similar situation exists at all other places 
in Canada where radiation workers receive this serv
ice, at the moment, from the Department of National 
Health. 

In general, the figures presented justify the belief 
that an efficient radiation protection service well in
tegrated into the over-all project organization can 
result in a large output of work in high radiation 
fields with no need for serious overexposure. 

INTERNAL RADIATION EXPOSURE 

The entry of radioactive materials into the human 
body where they might remain and irradiate specific 
tissues with adverse effects presents a more complex 
problem. A great deal of provisional information 
exists on what amounts of the various radioactive 
nuclides may exist in the body without harmful ef
fccts .3 From these figures are derived maximum 
permissible amounts of radioactive materials in air 
and water fo r continuous intake but this is of a form 
more useful to the plant designer than to those work
ing with health hazards, because, in practice, the first 
indication of internal contamination is often the pres
ence of radioactive material in the excreta of the 
worker, without a knowledge of the exposure con
ditions. Since the correlation between excretion levels 
and hazard estimation is at present unsatisfactory 
and since there are at present no good methods of 
usefully increasing excretion of the wide range of 
elements involved, a conservative approach is taken. 
This involves very strict measures to prevent intake 
and the removal of internally contaminated individ
uals from working areas when the activity of their 
urine reaches arbitrary low levels. 

Urinary assays are Cc'\rried out by the Medical 
Division at Chalk River. T he samples are collected 
a t home because it is not practicable to collect them 
during working hours and not desirable due to the 
strong possibility of contamination. Since the daily 
creatinine excretion is relatively constant and re
lated to body weight, this is used in estimating the 
24 hour excretion of radioactive material from that 
measured in the partial sample of urine. The prac
tice is to treat internal radioactive contamination 

conservatively and to rotate personnel who have ra
dioactive materials in the urine. Workers are re
moved from contact with loose radioactive substances 
when the urine activity reaches the following levels: 

Material 

1. 1Iixed fission products 
2. Plutonium 

Removed from work 
150 dpm in a 24 hr sample 
3-4 dpm 

Ret'd to 
work 

50 dpm 
3-4 dpm 

The arbitrary level chosen for mixed fission prod
ucts is based on the following; 

1. It is a level which can be easily measured. It is 
usually not measured immediately after exposure 
since examples are not done daily and the time of 
exposure is not usually known. At this time the urine 
level would be much higher. 

2. The contaminant is presumed to be strontium, 
in all cases, based on the results of many spot analyti
cal checks. It can be said that mixed fission products 
in the urine is the most frequent cause of urinary 
contamination which has been encountered. 

Urine tests are carried out on all personnel in 
certain critical areas every three months. Spot checks 
are done on some of these individuals every week. 
Additional tests are done promptly on individuals 
suspected of being accidentally exposed. 

A table of results from the bio-assay laboratory 
for the year 1953 to 1954 (Table II) is attached. 

With this conservative policy regarding internal 
contamination, a serious attempt is made to prevent 
such occurrences. This in brief involves the control 
of air-borne contamination by installation of proper 
ventilation systems and the prompt cleaning up of 
spilt radioactive material. Filtration of potentially 
contaminated air is an important consideration. At 
Chalk River the Cambridge absolute filter or its . 
equivalent is used for filter ing out the fine particles.• 
To preserve the life of this filter it is usually pre
ceded by roughing filters and if acid or moisture 
is likely to be present, the air is scrubbed and dried. 
Together with this there are strict rules controlling 
eating and smoking in the active areas. A controlled 
respirator and protective clothing programme is in . 
force when work must be done in contaminated areas. 
The use of re~pirators gives a certain confidence to 
the worker so that this equipment must function 
properly mechanically. Since respirators are uncom
fortable to wear for long periods, a certain amount of 
discipline has to be exercised to prevent their misuse. 

RADIOACTIVE CONTAMINATION 

The insidious spread of radioactive contamination 
is such that original backgrounds are never restored 
even after prompt and thorough decontamination 
efforts. Due to the experimental nature of the work 
at Chalk River equipment and other failures leading 
to substantial contamination occur from time to time. 
It is possible to live with such incidents if they are 
dealt with promptly and to accept under certain cir
cumstances an increased radiation background from 
fixed contamination.5 Such an increased radiation 
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Table II. Bio-Assay Results (April 1st, 1953-March 31st, 1954) 

Results: mi.red fissicn products 

E.rcr,tion d/m/21 hours Removed from w"rk 
Plutc>ni1on 

1- 3 3-6 
Branch Total tests Neg. 100- 150 150- Soo• 500-ovcr• Total" 

>6 
«.'eeks weeks weeks Neg, Pos, 

Pile operations 1833 1512 139 92 30 122 96 20 6 
Chemical extraction 451 214 73 49 26 61 38 12 11 
Chemical control 243 83 39 24 19 33 19 8 6 
Process and 

development 108 60 8 5 4 7 6 1 0 
Isotope production 221 162 IS 13 5 18 11 6 
Radiation hazards 

control 319 218 31 22 9 30 23·· 5 2 
Totals 3175 2249 305 205 93 2il 193 52 26 292 31 

* The three starred columns which should check on addition do not because an individual worker's lost time is accumulated. 

background from fixed contamination, in working 
areas, is acceptable if it does not approach the level 
which is considered unsafe from the health point of 
view. In practice a worker receives his weekly radia
tion exposure by working in radiation fields which 
are higher than those which would result in the 
weekly exposure if received at a uniform rate. If the 
ambient radiation in working areas approached the 
acceptable uniform rate of 6.5 mrjhr no work in 
higher fields could then be done without receiving an 
overexposure. Although it is not the philosophy that 
each worker gets his full 0.3 r per week, it is often 
impractical to avoid this in operations, during some 
weeks. 

Incidents leading to local contamination are not 
difficul t to deal with unless the radiation fields are 
extremely high; however, widespread more or less 
uniform contamination is a different matter. In this 
case, it is necessary to have a rapid monitoring 
method which would indicate the progress of the 
cleanup over a relatively small area within the con
_ taminated field. This was one of the main monitoring 
problems encountered in the decontamination of the 
NRX reactor building; directional monitors and dif
ferential monitors were tried and a proper solution 
has not yet been found. As far as decontamination 
procedures are concerned, some foresight exercised 
in the construction of buildings in which radioactive 
materials are to be used is an important factor. The 
main part of decontamination is concerned with the 
removal of radioactive material from surfaces. At 
one time the use of strippable coatings was favoured 
and is still worthwhile if such coatings are impervi
ous. Experience has now shown that the important 
factor is the preparation of the base surface especially 
in the case of concrete. \Vith a proper paintable con-

crete surface, any good paint which will bond to the 
surface can be readily decontaminated. 

The use of special agents for decontamination will 
not be treated here, but suffice it to say that as yet 
there is no general substitute for a thorough scrub
bing with soap and water and detergent. Any decon
tamination operation results in contaminated ma
terial and solutions. These are of the class which can 
usually be disposed of to the ground. 

CONCLUSION 

There have been no significant radiation accidents
at Chalk River since operations started. Constant 
surveillance and strict control are largely responsible. 
An independent radiation hazards control organiza
tion with well-trained personnel in critical positions. 
is considered essential to good control. At Chalk 
River it is the practice to consider radiation hazards 
in the early planning of operations. This step has 
done much to reduce the hazards which always ac
company improper planning and design. . 
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Radiation Exposure Experience 
Maior Atomic Energy Facility 

By H. M. Parker,* USA 

The Hanford Works is one of the major facilities 
of the US Atomic Energy Commission. It includes a 
number of high-power nuclear reactors, chemical sep
aration plants, plutonium purification facilities, asso
ciated control laboratories and major research and 
development laboratories. Collectively, the facilities 
present a good cross section of the radiation hazards 
that may be expected in peaceful applications of atomic 
energy. T he magnitude of the radiation hazard can be 
described as the equivalent of handling some millions 
or tens of millions t imes the world's available supply 
of radium. 

These facilities have been operated by major in
dustrial organizations under contract to the AEC; 
specifically, the operator was the DuPont Company 
from 1944 to 1946, and the General Electric Com
pany from 1946 to date. The radiation hazards have 
been managed to similar high standards as are re
flected in the conventional industrial safety records 
of such organizations. The exposure experience 
should thus be broadly similar to that which may be 
anticipated under private industrial management. 

This paper summarizes the experience in exposure 
of personnel in in-plant operations. 

EXTERNAL EXPOSURE 

Exposure to external radiation is measured by 
methods that are now quite conventional. The X -ray 
and gamma-ray components are primarily determined 
by pocket ionization chambers, which are worn in 
pairs to reduce the incidence of spurious readings due 
to chamber leakage. It can be shown that the lower 
of two readings is a valid index, unless an outright 
recording error is made; high accuracy is confirmed 
by introducing many chambers of known exposure 
into the system. The daily exposures so obtained are 
supplemented by film-badge readings integrated over 
two-week intervals. 

The same film badges record beta-ray exposures 
through an unshielded aperture over the fi lm. The 
interpretation of beta-ray data depends on the geom
etry and extent of the sources. The calibration sys
tem is adjusted to give readings equal to or higher 

* Hanford Atomic Products Operation, General Electric 
Company, Richland, Washington. Prepared by H. M. Parker ; 
including work by D. P . Ebright, W. A. McAdams, H . A. 
Meloeny, and other members of the radiological records and 
standards section, General Electric Company. 

• 1n a 

than the actual exposure. The separation of beta and 
gamma exposures in tbe presence of soft gamma 
radiation is difficult. For selected operat ions, such as 
those involving routine exposure to the 17 kev 
X-radiation of plutonium, special badges are used. 

Some operations, such as laboratory manipulations, 
involve significa ntly higher exposure risk to the 
hands than to the rest of the body. Measurements in 
these cases depend on fi lm rings, which are essen
tially miniature film badges separat ing beta and 
gamma exposures. In the local experience, data of 
this type are influenced by such defects as pressure 
sensitivity of film, chemical effects, and light leaks. 
The recorded results undoubtedly contain many spu
rious high readings. 

Neutron exposures are measured by means of nu
clear track emulsions for fast neutrons, and by 
boron-lined chambers for slow neutrons. Neither sys
tem has the reliability of the gamma-ray measurn
ments. The potential hazard for neutron exposure is 
low, and the incidence of significant readings has been 
negligible. 

The average annual exposu re to gamma radiation. 
for all persons entering ra<liation areas is given in 
Table I. It is probable that the entry for 1944-45. is 
too high, due to initial difficu lties with personnel 
meters and a tendency to record high if in doubt. 
Also, the average exposure can be held low by a 
conservative policy of requiring the wearing of meters 
in areas of low-exposure potential hazard. The data 
reported assume that 20% of the work in which it is 
forced to wear, personnel meters, has no real risk of 
exposure. Despite these defects, the table does show 

Tobie I. Average Annual Exposure-Gamma Radiation 

Annual Percentage Percentage 

Year 
exposure exceeding exceeding 
rocutnens 1,. J , 

1944--45 0.9 0.2 0 
1946 0.6 0.2 0 
1947 0.4 0.3 0.02 
19-18 0.3 0.2 0 
1949 0.2 0.08 0 
1950 0.1 0.06 0 
1951 0.1 0.4 0 
1952 0.2 3 0.02 
1953 0.2 5 0.07 
1954 0.2 5 0.2 
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the influence of planned control of exposure. This has 
consisted of an attempt in the early years to reduce 
exposure as far as possible, and since 1950 to operate 
to a limit of 3 r per year. The sharp increase in the 
percentage of exposures above 1 r is a good index of 
planned relaxation. That the average annual exposure 
has not risen much, means that the exposure risk of 
many personnel groups is low. 

Tal:ile II shows in more detail the number of cases 
of doses in excess of one roentgen. This illustrates 
more clearly the effects of the planned relaxation to 
a 3 r annual target. 

Another useful index is the annual record of the 
ten highest individual annual exposures given in 
Table III for beta radiation and gamma radiation 
separately. The combined highest total does not 
necessarily represent the same cases as given sep
arately. 

Table III refers to so-called whole-body exposure. 
It is known that e>..l)osures of hand and forearm may 
considerably exceed these levels, but the data are not 
available in form for tabulation. 

Table I V summarizes the experience in selected 
years with neutron exposures. 

Table II . Annual Whole-Body Gamma Exposures 
above 1 r 

Number of coses• 

Y~or >I r >2 r >J r >4 r >S r 

1944 0 0 0 0 0 
1945 8 1 0 0 0 
1946 8 2 0 0 0 
1947 13 2 1 I l ( 6.1 r) 
1948 10 2 0 0 0 
1949 4 0 0 0 0 
1950 3 0 0 0 0 
1951 23 0 0 0 0 
1952 179 22 I 0 0 
1953 323 42 4 0 0 
1954 372 68 16 3 1 (14.4 r) 

* Number of cases in any column for a given year includes 
all the cases in the columns to the right for that year. For 
example, the 42 cases >2 r in 1953 include the 4 cases which 
were >3 r. Figures in parenthesis give the highest individual 
total in the years in which this exceeded 5 r. 

Table Ill. Yearly Averages of Ten Highest Accumulated 
Exposures 

Beta radiolion Ga,111110 radiation Beta plus ga,nma 
Year rods r rads 

1944• 0.9 0.06 0.9 
1945 4.2 1.4 5.1 

'1946 7.S 1.4 7.9 
1947 8.2 1.9 8.7 
1948 9.2 1.4 . 9.7 
1949 7.5 1.0 8.1 
1950 5.5 1.0 5.8 
1951 6.5 1.4 7.2 
1952 6.9 2.6 7.5 
1953 4.3 3.1 5.5 
1954 4.7 4.8 6.6 

* 19t4 was .1n incomplete year. 

Table IV. Ne utron Exposures 

1952 19SJ 195# 

Fast neutrons: 
Number of readings 5034 6418 6770 
Number above 50 mrem 0 0 8 

Slow neutrons : 
Number of readings 597] 7101 7763 
Number above SO mrem 0 0 3 

Table V. Relative Hazard of Typical Operations 

Type of u,ork 

Engineering, research 
Reactor operations 
Reactor monitoring 
Reactor maintenance 
Separations operations 
Separations monitoring 
Separations maintenance 
Radiation instrument calibration 

Per ce-111 Per cmt 
obDtJe 1 r obov, 3 r 

1.7 0.2 
38.5 0.8 
36.9 11.9 
10.9 0 
4.8 0 
8.7 0 
2.0 0 

58.2 0 

By comparison, approximately 3-million gamma
exposure readings are made per year. The highest 
recorded neutron exposures in one week have been 
220 mrem for fast neutrons, and 176 mrem for slow 
neutrons. 

In reviewing the general picture of external e...x
posure, it is useful to know the relative contributions 
of different radiation types, and the relative exposure 
potential hazard of different tasks. For the former, 
beta and gamma radiations predominate. Near an 
operating reactor, the transmission through the 
shield gh-es approximately equal hazard for gamma 
radiation and neutron radiation. Both these exposures 
should be low. The actual e...xposures come in oper
ation when the reactor is shut down. Exceptions are 
experimental work on reactor test holes and the 
operation of particle accelerators. In separations work 
there is a theoretical neutron hazard from ( y, 11) 
reactions, but these are essentially eliminated by 
shielding for gamma radiation. 

Table V gives some indication of the relative hazard 
for different operations, with gamma radiation as the 
index. (Per cent annual exposure above 1 or 3 r ). 

RADIOACTIVE CONTAMINATION 

Experience has shown that the control of contam
ination is emphatically more troublesome than the 
control of external radiation. The perfonnance is 
much less amenable to systematic presentation; only 
a general discussion is given here. It is compulsory to 
record the contamination of hands and feet on leaving 
a radiation area. The frequency of such contamina
tion is shown in Table VI. 

l n this period, the annual total of cases requiring 
skin decontamination has ranged between 900 and 
1700. The striking reduction in incidence of high 
counts in Table VI means then that the more recent 
desirable practice of making frequent contamination 
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Table VI. Hand and Shoe Contamination in Typical 
Years 

.Alph,, radiation Bcta•ga,nnia rad•iation 

Year 
Number of 

readi1tqs 
Per ce11t of 

Mgli readings 
N11mberof 

readings 
Per ce11t of 

high readings 

1947 332,303 0.16 410,529 0.24 
1948 429,163 0.29 562,166 0.23 
1950 487,897 0.08 507,813 0.09 
1954 563,772 0.006 720,358 0.006 

checks at the work site has detected most cases before 
they come to the recording contamination counters. 
A quick pass over the body with a suitable meter ad
ditionally locates small contamination spots other than 
on hands or feet. 

Of major importance to the future atomic energy 
program is the accumulation of radioelements of long 
half-life in the body. Such deposits must be detected 
by bio-assay procedures and there is considerable un
certainty in interpretation especially when the intake 
may have been progressive over several years. Table 
VII shows the experience with plutonium. 

Significant features of the table are: 
1. The high percentage of cases from inhalation, 

and the insignificance of ingestion or injection (punc
ture wounds). 

2. Forty-five per cent of the cases not associated 
with known incidents, which may represent slow ac
c~1mulation under apparently normal working condi
tions. That the number of such cases has increased 
sharply in the last two years supports this viewpoint, 
and emphasizes the need for the most sensitive bio
assay procedures. 

Similar data for fission products appear in Table 
VIII. 

In both T able VII and VIII, MPL means the ac
cepted maximum permissible limit (NBS Handbook 
52) and "Partial interpretation" means that the 
urinary elimination has not yet been followed long 
enough to characterize the body content. In Table 
VIII, F.P. stands for a general fission product mix
ture. 

In addition, there is a significant incidence of uran
ium intake in operations involving uranium dust 
or fume, despite generally high standards in industrial 

hygiene. This element is rapidly eliminated. Some 
specialized work with radioisotopes other than fission, 
products has also led to demonstrable depositions_ 
Collectively, these have led to about 3 technical over
exposures per year ( i.e., deposition temporarily ex
:eeded the permanently permissible body burden). It 
1s noteworthy that for no radioelement of long per
sistence in the body has the deposit exceeded the 
permissible limit. 

RADIATION INCIDENTS 

Untoward incidents with radiation or contamina
tion are recorded in 4 degrees of sever ity. 

1. Serious overexposures-those in which the tol
erance status of an individual is affected ( as used in 
NBS Handbook 59). None has occurred; one hand 
exposure closely approached the limit of 125 r. 

2. T echnical overexposures-those in which ex
posures exceeding any recommendation of Handbook 
59 has occurred. These have averaged about 4 per 
year , with an additional 3 per year if the same concept 
is applied to contamination and internal deposition. 

3. Potential overexposures-cases in which tech
nical overexposure could have occurred under similar 
circ_u~stances. These, averaging 11 or I 2 per year for 
radiation and about 24 per year for contamination, are 
used for radiation safety training. 

Table VIII. Confirmed Fission Product Deposition Cases 
in 10 Years 

Percent 
ofMPL 

<0.5 

0.5 to 1.0 
1 to 10 

10 to 20 
20 to 50 
50 to 100 

>100 
Partial in-

terpretation 

Detect~d Detected 
oy rwtine after kn<ntm Radio-

,o.mplrs inddcnt elcme11t 

0 
0 
0 
0 
0 
0 

8 

40 24 Ru 

3 
1 
0 
1 
0 
0 

3 

3 Cs 
14 F.P. 

3Ru 
Sr 

Sr 

F.P. 

Ro .. te 
of 

intake 

Inhalation 
Inhalation 

13 Inhalation . 
1 Absorption 

Inhalation 
Inhalation 

Inhalation 

Uncertain 

Table VII. Confirmed Plutonium Deposition Cases in 10 Years 

First First 
detection dett'c-tion, 

Per cent b.)' Youtine ofter knou,i 
ofMPL samples incident 

<0.5 4 29 
0.5 to 1.0 7 4 
1.0 to 10 13 13 
10 to 20 4 6 
20 to SO 0 1 
SO to 100 2 0 

>100 0 0 
Partial interpre-

tation 15 2 
Total 45 55 

Infra-
//Jtio11 

25 
2 
8 
5 
1 

41 

R1>1dc of ftitake on 
kno-:vn inc-idC',it case.r 

lnpcs-
twn 

A/,so,-p-
ti<m 

I11jcc• 
t,on 

1 3 
2 
4 1 

1 

9 2 

u ... 
known 

2 
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Ta b le IX. Radiation Incidents 

Year . Radioti,m Con.tomiuo.tivu ~lfistcllaucou1 Toto/ 

Potentiol Overexposures 
1944 0 0 0 0 
1945 3 32 0 35 
1946 15 24 0 39 
1947 10 17 0 27 
1948 16 22 0 38 
1949 9 2i 0 36 
1950 5 15 0 20 
1951 8 17 0 25 
1952 18 46 7 71 
1953 23 38 8 69 
1954 30 40 6 76 

Total 137 278 21 436 
Technical Overexposures 

1944 3 0 0 3 
1945 5 l 0 6 
1946 1 3 0 4 
1947 2 0 0 2 
1948 2 0 0 2 
1949 0 0 0 0 
1950 2 3 0 5 
1951 9 4 0 13 
1952 7 4 1 12 
1953 12 13 I 26 
195-l 9 11 0 20 

Total 52 39 2 93 

4. In formal incidents - minor deviations from 
sound control, averaging 140 cases per year, used for 
training and system improvement. 

The incident experience is detailed in Table IX. 
A significant feature of the tabulation is the pre

ponderance of contamination incidents in the poten
tial exposure class. If the data are translated to 
exposed individuals instead of incident numbers, this 
is even more striking. Each radiation case averages 
two people and each contamination case averages 
three. 

ln the technical overexposure class, radiation cases 
outweigh contamination cases, and this holds too for 
numbers of individuals; both types average two in
dividuals per incident. 

Table X. Distribution of Radiation Incidents 

Type of tuork 

Fuel element preparation 
Engineering, r esearch 
Separations operations 
Reactor operations 
All other 

Reactor operations detail: 
Functioning reactor 
Reactor. shutdown 
Auxiliary tasks 

Per rent iueidtnc1 

2 
20 
45 
20 
13 

4 
u 
5 

In the informal incident class, minor contamination 
cases predominate, with the balance made up of minor 
infractions of control procedures. 

The relative frequency of radiation incidents in 
djfferent classes of work is shown in Table X. 

Of special interest to peaceful applications is the 
low incidence of exposure with an operating reactor. 
This suggests that power-producing reactors should 
be relatively free from radiation hazard. By contrast, 
separations plants will probably continue to be 
plagued by contamination hazards that can be held 
in bounds only by continuous and detailed attention 
to decontamination, ventilation and other controls. 

In summary, the reported experience establishes 
that radiation hazards can be adequately controlled 
by methods that a re economically reasonable. Evalua
tion of the total cost of radiation protection is a con
troversial field, because in addition to the obvious 
direct costs, one may wish to include factors for 
slower performance with special handling tools, time 
spent in planning radiation tasks, etc. Local studies 
on costs strongly indicate that the additional cost of 
operating to high standards is a relatively small in
crement on the necessary cost for marginal protec
tion . This fortunately removes some of- the risk of 
jeopardizing the future of the atomic energy industry 
by over-zealous competitive reduction of hazard con
trols. A sensible approach to the future is to accept 
radiation as a necessary evil of the business, and to 
seek engineering advances that will achieve the present 
or improved standards of exposure at lower cost.' 



Control of Radiation Hazards in the Operation of 
Medium-Powered Experimental Reactors 

By W. G. Marley and 8. S. Smith,* UK 

The potential health hazards in the operation of 
medium-powered research reactors are in many ways 
different from those in the operation of power re
actors. The general radiation levels and the levels of 
contamination round a research reactor have to be 
kept sufficiently low so that they do not interfere with 
the experimental work : neutron beams emerging 
from holes in the shield for exper imental purposes 
present a par ticular hazard and need special care. 
Research reactors may frequently have hazardous ex
perimental features, for instance, coolant loops con
taining liquid sodium. Moreover, technical personnel 
need to work in close proximity to such reactors for 
considerable periods of time in carrying out experi
mental work, whereas, with reactors designed purely 
for the production of power, the access of persons 
can be limited and Health Physics s•tpervision may 
be necessary only during certain maintenance opera
tions. In all these ways experimental reactors present 
a greater problem in the control of radiation hazards 
than power reactors. On the other hand, the potential 
radiological hazards resulting from mis-operation 
leading to a burnup of part of the core, are likely to 
be far greater with a power reactor : the possible 
extent of this hazard is considered in a separate paper. 

The control of hazards in the operation of an ex
perimental reactor requires planning at all stages 
from the inception of the design to the development 
of the full code-of-practice for routine operation, and 
necessitates compliance with the following principles : 

1. The routine work round the reactor should not 
result in the exposure of personnel to radiation doses 
greater than the maximum permissible level recom
mended by the International Commission on Radio
logical Protection1 for occupational workers, namely, 
0.3 rem/week ( total of slow neutron, fast neutron 
and gamma radiation) moreover, the work should 
not result in personnel, within the reactor building 
or downwind from the reactor, ingesting or inhaling 
radioactive material at a rate in excess of the maxi
mum permissible level. 

2. The rick of over-exposure of personnel to radia
tion or of exposure to high levels of contamination 
and airborne activity due to accident, negligence, or 
ignorance, must Le reduced to the practicable mini
mum. 

* Atomic Energy Research E-stablishment, Harwell, Eng
land. 

3. The pile should continue to operate saiely with 
all possible sources of radioactivity properly canned 
so that the core and shield remain as free as possible 
from contamination. 

The precautions which haYe to he taken to ensure 
compliance with these principles, are illustrated below 
by reference to experience and current practice with 
the 6 Mw research reactor kno,Yn as "BEPO" at 
the Atomic Energy Research Establ ishment at Har
well. This reactor is a natural uranium, graphite
moderated, air-cooled reactor, the uranium charge 
comprising rods 1-ft long, approximately 1 inch in 
diameter, canned in aluminium and carried in hori

. zontal channels spaced about 7 inches apart in the 
graphite. Surrounding the core is a furthe r 3-ft thick-
ness of graphite, a 6-inch iron thermal shield and 6¼ 
ft of barytes concrete, designed to reduce the radia
tion level to ½00th of the maximum permissible 
level at the surface of the shield: experience has 
shown that this external radiation level could hav·e 
been increased by a factor of 10 without interfering 
with the experimental work. The graphite and shield 
are pierced by a number of holes for experimental 
purposes and loading and unloading oi uranium metal · 
and isotopes. Holes in the shield, other than those in 
use for experimental purposes, are normally filled 
with stepped plugs which are only removed when 
the pile is shut down. The cooling air is sucked from 
the pile and d ischarged through a bank of filters 
up a 200-ft stack. BEPO operates at about 6 Mw 
when the slow neutron flux at the centre of the pile 
is about 2 X 1012 n/cm2/sec. 

MONITORING OF COOLING AIR 

With an air-cooled reactor the activity in the cool
ing air arises from the following causes : 

270 

1. Argon-41 produced by activation of the natural 
argon in the air ( this amounts to 50 curies/hour in 
BEPO). 

2. Activation of graphite and concrete dust dis
lodged from · the surfaces of the moderator and the 
ducts. 

3. Small quantities of fission products from uran
ium contamination on the outside of the fuel ele
ments : this · is ahvays present even when there are 
no holes in the cans. 

4. Escape o( fiss ion products through the develop
ment of a fault in the canning of the uranium. 
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5. Occasional escape of material being activated 
for isotope production. 

Experience has shown that fairly elaborate provi
sion for monitoring the air is of very great operational 
value in allowing the early detection and correction 
of any unwanted event in the pile. In this way any 
escape of radioactivity into the core of the pile is 
checke.d before it builds up to such a level that the 
residual activity would prevent the early detection 
of similar events later. In BEPO the monitoring pro
vision is as follows : 

1. T he particulate activity of the air stream is 
recorded continuously by an automatic sampler with 
a travelling filter paper and geiger counter. 

2. Fission-product activity is detected uniquely by 
means of a "wire machine" which collects the solid 
<lecay products of the gaseous fission products xenon 
and krypton electrostatically on a moving wire, all 
other particulate activity having been previously fil
t ered from the air. 

3. The whole of the cooling air is filtered before 
<lischarge and a gamma-ionisation-chamber is in
stalled alongside the filters to detect the build-up of 
particulate activity on the filters. These filters prevent 
any hazard arising from the discharge of particulate 
activity. 

4. A further ionisation chamber is provided to 
measure the A41 activity in the gas being discharged. 

5. T he air from each channel containing uranium 
cartridges in the pile is monitored daily, thus enabling 
any channel giving rise to fission product activity 
to be readily detected and identified. The canned 
uranium cartridges must be as free as possible from 
contamination by uranium (preferably less than 5 µg 
uranium/cartridge) so that any device for measur
ing fission products will not have a high background 
due purely to surface contamination. 

CONTROL OF CONTAMINATION DURING THE 
UNLOADING OF URANIUM, ISOTOPES AND 

,EXPERIMENT Al EQUIPMENT 

The continuous prevention of contamination in 
working areas must always be one of the principles 
governing safe reactor operation and this is par
ticularly true \\'ith regard to the methods of removal 
of irradiated material from the pile. 

Uranium Cartridges 

Great care must be taken to prevent contamination 
by fission products not only outside the pile, but also 
within the individual channels: it is thus of the utmost 
importance that any faulty cartridge is detected and 
removed at a very early stage before the channel is 
seriously contaminated. . 

In the BEPO pile the only serious burst cartridge, 
which proceeded to an advanced stage, occurred about 
two years after the original star t-up of the pile: in 
this incident the oxidation of the uranium, starting 
at a small pinhole in the end weld, proceeded to such 
an extent that it caused a longitudinal split 4-inches 
long in the can. The extent of the burst arose from 

failure to locate expeditiously the channel giving rise 
to the detected activity. The removal of any cartridge 
damaged to this extent needs considerable care and 
advance planning in order to prevent the activity 
spreading over the operating area. In this incident 
the dust hazard was kept to a minimum by constant 
vacuum cleaning of the channel and surrounding area, 
and gamma radiation was minimised by the use of a 
special shielding container into which the damaged 
cartridge was sealed. The improved devices already 
described for burst cartridge detection have resulted 
in all subsequent bursts being readily detected in 
their early stage~ and no precautions beyond those 
normally taken in the unloading of uranium metal 
from the pile have been necessary during the removal 
of damaged cartridges. 

Isotope Irradiations 

Aluminium is often used as a container during ir
radiations on account of its low cross section and 
short half-life so that it does not acquire a high long
lived activity. The short half-life has the disadvantage, 
however, of producing a high initial activity which, 
in the case of the standard 3-inch cans used in BEPO, 
may be over 2 curies and is often greater than the 
activity of the irradiated material. It is often possible, 
when unloading a sample whilst the pile is in opera
tion, to withdraw it into the shield to allow the short
lived activities to decay before finally unloading it. 

The design of mechanisms for the irradiation of 
material requires great care to afford the full facili
ties for loading and unloading of isotopes, whilst the 
pile is operating, without significant radiation ex
posure to the operator and without irradiated parts 
being unnecessarily withdrawn from the pile shield. 
An improved irradiation facility, which allows any 
one of the many samples being irradiated in a single 
channel to be withdrawn, without subjecting the 
operator to the radiation from the other samples, has 
recently been used in BEPO. It consists of a series 
of graphite blocks in 1 in. X ½ in. X 3 in. high hinged 
together to form a continuous belt. The belt is mount
ed in a channel reaching from the outside of the shield 
to the far side of the core. The isotope cans are placed 
in holes in the graphite blocks and the belt is rotated 
to bring the cans into the region of high flux in the 
core. As well as the radiation hazard involved in the 
unloading of sainples and experimental equipment, 
there is a contamination hazard due partly to the 
adherence of active graphite ( this being greater if 
the can is greasy) and partly due to the activation of 
dust on the surface of the can. In either case this 
contamination hazard can be considerably reduced by 
thorough cleaning of all the equipment before inser
tion in the pile. 

Handling of Contaminated Graphite 

The handling of irradiated graphite presents po
tential hazards from gamma radiation and also from 
contamination. The former arises from the activation 
of trace impurities and may range up to 1 r/hour 
at a distance of 1 ft after lengthy irradiation in flux 
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of 1012 n/cm2/sec. Care must be taken to prevent 
spread of contamination in the handling of irradiated 
graphite. Clothes which have only brushed lightly 
against a graphite block sometimes give several hun
dred counts per second on the monitor, without show
ing any visible mark, and gloves used during actual 
handling may become contaminated to the order of 
0 .1 to 1 p.c/cm2 • T o prevent the spread of contamina
tion in the handling of graphite, protective clothing 
and the use of paper covering on the floor, scrupulous 
cleanliness and an extensive use of the Yacuum cleaner 
are necessary. 

Permissible Contamination Levels in Pile Experimental 
Area 

Health considerations require the fixing of maxi
mum permissible levels of contamination2 in the ,vork
ing area. The practice in the BEPO pile area is to 
preserve a level always not exceeding 10--4 p.c/cm2 or 
5 counts/second on a geiger-counter monitor (AERE 
Type 1021), except when unloading is taking place 
during a pile shutdown. At these times a temporary 
area of contamination is allowed not exceeding 10-a 
p.c/cm2 (50 counts/second) and operators are re
quired to wear overshoes and protective clothing, and 
widespread use is made of temporary paper floor
covering. 

Monitoring for contamination in a reactor area is 
complicated by gamma background-radiation which 
arises from scattered radiation from open experi
mental holes and from storage of irradiated samples, 
equipment, etc., in the area. External radiation levels 
which are biologically permissible may prevent the 
monitoring for contamination down to the required 
levels. Smear testing (i.e., rubbing an area of about 
100 cm2 with a small filter paper and counting it in 
a shielded counter) is used for the monitoring of 
surfaces in areas where there is a high gamma-back
ground and is also useful in distinguishing between 
loose and fixed contamination. A counter shielded 
by 3 in. of lead and mounted on wheels has greatly 
facilitated the direct monitoring of floors down to 
the required levels. 

In a reactor running at reduced air pressure such 
as BEPO, where air is sucked through the reactor, 
there is little likelihood of gaseous or par ticulate 
activity leaking out of the pile into the reactor build
ing. There are therefore no fixed air-sampling devices 
installed round this reactor. Operations suspected of 
giving rise to airborne activity are indiYidnally mon
itored using portable air samplers. During the unload
ing of any materials from the BEPO pile, one auxil
iary exhauster is always kept running, thus maintain
ing the pile at reduced pressure and reducing the 
escape of any active dust into the working area. 

THE VALUE OF FIXED HEAL TH INSTRUMENTS AND 
THE USE OF PORT ABLE MONITORS 

It is sometimes argued that fixed health-instru
ments serve little purpose, as they will not directly 
pick up stray beams of radiation from the reactor and, 

unless the general background is kept very low, the· 
scattered radiation from these beams is not intense 
enough to be detected. The fixed health-instruments. 
comprising gamma and slow-neutron monitors re
cording in the control room of the BEPO pile haYe· 
been found to be well worthwhile. Fixed gamma
monitors are particularly useful in areas where a . 
large amount of unloading of isotopes and equipment 
takes place: they ensure that radioactive material has . 
not been left about unshielded with subsequent ex
posure of people unaware of its presence. The IlEPO 
health ionisation chamber records are read every hour · 
by the pile operator and any changes in the radiation . 
level in the working area are investigated. Several 
instances have occurred in which the fixed gamma. 
health-monitors have been of very great value in 
calling attention to faults which have developed or 
mistakes which have been made relating to active 
materials or to shielding; for instance, on one occa
sion these instruments drew attention to water having· 
drained out of an experimental shielding tank whilst 
the pile was running steadily. Instances have occurred 
where holes, although adequately shielded for gamma. 
and slow-neutron radiation, did not have the neces
sary slowing-down material for fast neutrons and, as 
a result, high fast-neutron fluxes occurred in the · 
working area. An installed fast-neutron monitor 
would perhaps have enabled these also to have been 
immediately detected from the control room during · 
start-up. 

The portable health instruments3 at present in use · 
in BE.PO include battery-operated monitors using 
air-filled ionisation chambers for gamma measure
ment, similar battery-operated instruments but using,: 
boron trifluoride ionisation chambers for slow-neu
tron measurement, and mains-operated, semi-portable · 
instruments using proportional counters for fast-neu
tron measurement.~ 

HAZARD FROM RADIATION BEAMS FROM OPEN 
HOLES IN THE PILE SHIELD 

i\Iany experiments require beams of radiation from 
the pile. The intensity of gamma, slow-neutron and . 
fast-neutron radiation in such beams depends on the · 
amount of graphite in the hole and on the size of the 
hole: typical figures for a 2 in. beam from the centre 
of the BEPO pile where the slow-neutron flux is. 
2 X lQt~ n/cm2/sec are: fast neutrons-103 rem/hr; 
slow neutrons-200 rem/hr; and gamma radiation-
10 rem/hr. The beam path usually terminates in a . 
"beam trap," a typical type being a 30-:inch concrete 
cube with a cavity in one side partially filled with lead 
and borax. A beam trap can be designed to scatter
little radiation but there is no advantage in improving· 
its efficiency beyond the point where it scatters little 
compared with the experimental apparatus in the
beam. Air, alone, scatters about 5 per cent of the neu
trons from a beam per metre path, and an ionisation, 
chamber with a 0.5 cm steel wall will scatter about 
40 per cent of the incident beam. On the main experi-
mental face of the BEPO pile, where a number of: 
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beams are being used, it is often found that the scat
tered radiation exceeds the acceptable health levels 
without causing serious mutual interference between 
experiments: by the erection of the appropriate shield
ing round particular experiments the general back

.ground about 6 ft back from the pile is kept below 
the maximum permissible level. 

It is difficult to define the extent of the hazard from 
.accidental direct irradiation of body from the radiation 
beams. lt is well established, however, that the eyes 
are sensitive to fast neutron irradiation so that it is 
-essential to prevent persons sighting along the line 
of the beam even fo r a matter of seconds when the 

·pile is in operation . A few seconds exposure of the 
bodv to the beam, however, may be tolerated, in 

-conf ormitv with the recommendations of the Inter
· national Commission of Radiological P rotection. 

HAZARDS OF SPECIAL EXPERIMENTAL EQUIPMENT 

Facilities are frequently required in a research re
. actor for tests with experimental heat-transfer cir
•Cuits in which liquid metal is circulated. In view of 
·the potential hazards, arising from inflammabili ty 
.and consequential inhalation risk and the intense 
_gamma radiation, these experimental circuits require 
special precautions. The practice with experimental 
.sodium-circulation circuits in the BEPO area is to 
enclose the whole of the pipework lying outside the 
pile shield in a special shielding enclosure, no section 
-of which is removed without specific H ealth Physics 
supervision. 

To guard against the release of fumes into the build
ing in the event of a sodium fi re in this shielded en

•closure, the enclosure is made air-tight and vented 
through a filter to the pile-exhaust system. A re
cording gamma-monitor, installed adjacent to the box 
containing the filter, operates an alarm bell and warn
ing light on the main control panel if the radiation 
level exceeds a certain preset limit. An alarm circuit 
also operates off the header-tank gauge to indicate 
loss of sodium from the system. Protective clothing 

. and fire-fighting equipment are kept available ad-
jacent to the experimental equipment in conformity 
with the laboratory "Sodium Safety Code" and a 
warning system and emergency procedure for dealing 
with a fire or an escape of sodium \\·as instituted. 

·GENERAL RECOMMENDATIONS FOR THE CONTROL 
OF RADIATION AND CONTAMINATION HAZARDS 

For an experimental reactor with its large number 
.and diversity of operations the best method of control 
of radiation and contamination hazards appears to be 
by a small health physics staff working in close co

•operation with the engineering, operating and ex-
·perimental staff. All staff working in the area should 
·.be trained both in elementary health physics prin-

ciples and in the use of health-monitoring instruments, 
so that they can appreciate and avoid the type of 
hazards which arise in normal operations: they should 
routinely seek further advice from health physics 
personnel for any new or unusual type of operation. 
A very large health physics staff would have to be 
available if all operations were to be under their direct 
supervision. 

I t is necessary to keep careful and accurate records 
of all modifications which are made to experimental 
faci li ties duriaig shut-down periods. These records 
should be check~d before star t-up of the pile to en
sure that all tasks (particularly those affecting radia
tion safety) have been properly completed and the 
engineer in charge should confirm the records by a 
visual check at the pile face. With the variety of 
shielding plugs used on BEPO, which are not all 
equally effective for all types of radiation, experience 
shows that it is also necessary to check with monitors 
the act\tal radiation intensities at the pile faces after 
reaching operating power . 

Fast-neutron (track count) and slow-neutron mon
itoring fi lms should be worn, in addition to the regu
lar gamma-monitoring films, by all personnel work
ing regularly on the reactor face during its operation. 

Direct-reading pocket gamma ionisation chambers 
should also he worn by all personnel engaged in the 
unloading of experimental equipment, isotopes and 
irradiated uranium metal. These are invaluable in 
helping to keep the gamma-radiation exposure to a 
minimum, as the dose received can be checked as the 
job proceeds and additional precautions taken if 
necessary. 

Regular sur\'eys for contamination should be car
ried out, particularly after unloading has taken place 
from the reactor. Air samples should be taken during 
all operations involving the r isk of airborne activity. 

The control of radiation and contamination hazards 
around the BEPO pile has been effectively and eco
nomically maintained oyer many years by adherence 
to the principles outlined in the paper . 
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Approaches to Treatment of Poisoning by Both Radioactive 
and Nonradioactive Elements Encountered 
in Atomic Energy Operations 

By J. Schubert, *USA 

The lethal effects of radioactive isotopes ,vere 
shown early in 1904 by Pierre Curie and two medical 
colleagues.1 They exposed experimental animals to 
atmospheres of radon and found that death followed 
in a matter of hours. In the same experiment Curie 
demonstrated by means of radioautographs that the 
radioactive daughters of radon were present to vary
ing extents in all the tissues: it is now known that 
these contribute to the radiotoxicological effects. 

Probably the first human death from acute radio
active poisoning was reported by Gudzent in 1912.2 

It was hoped that radium injections would cure a 
woman's arthritis. Instead, 26 days after her last 
injection she died after exhibiting the typical symp
toms of radiation sickness, including bloody stools, 
hemorrhages, and diarrhea. 

Radioactive isotopes when swallowed, inhaled , or 
injected may cause acute or chronic injury or death 
solely because of the ionizing radiation emitted by 
these isotopes within the body. Radioactive poisoning 
of a chronic type is a slow insidious disease in which 
a person is usually in good health for many years 
before detectable symptoms occur. The resulting in
juries include various types of anemias, leukemia, 
crippling lesions of the bone, and bone tumors. 

Radioactive substances can produce injury when 
either outside or inside the body. However, external 
irradiation is easily avoided by removal of the source 
or by surrounding the radioisotope with sufficient 
shielding. When the radioisotope is contained in the 
body it constitutes a far greater hazard because the 
internal tissues are irradiated continuously until the 
isotope is eliminated in the urine and feces, or else 
loses its radioactivity by natural decay. The most 
dangerous radioisotopes are those retained in the 
body for periods of years and which possess half-lives 
ranging from a few months to thousands of years. 

Until 1939 radioactive poisoning in humans was 
caused almost entirely by radon (Rn222 ) and three 
naturally occurring isotopes of radium-radium 
(Ra222), mesothorium ( Ra 228 ), and thorium X 
(Ra224 ). T he discovery of nuclear fission and chain
reacting piles resulted in a tremendous increase in both 
the kinds and amounts of potentially hazardous radio-

* Argonne National Laboratory. Including work done by 
Marcia \Vhite Rosenthal, Argonne National Laboratory. 

isotopes. Consider the following facts. The production 
of radium from the time of its discovery in 1898 to 
the present totals about one and a half kilograms or 
1500 curies. Death or injury from pure radium re
tained in the body has been observed with as little 
as 0.5 microcurie. Nuclear reactors now produce 
hundreds of different radioactiYe isotopes in mega
curie amounts.3 In 1954 the United States Atomic 
Energy Commission shipped 15,000 curies of radio
isotopes from Oak Ridge to be used in research, in
dustry and medicine. 

27-4 

The construction of nuclear reactors involves the 
use of many nonradioactiYe materials possessing 

Tobie I. Potentially Harmfu l Elements Encountered in 
Atomic Energy Operations 

Pri11cipol 
Chemical Fissi0tt ,-odiotion cm1°tted 

ElemN& I ,ymbol )•idd % Half.life as 1·ntn11al l10:tard 

Radioactive Elements• 

Plutonium Pu ... 24,360 yr (l 

Radium Ra.,. 1622 yr (l 

Radon Rn= 3.825 d (l 

Polonium Po110 138d (l 

Iodine I"' 8.1 d p-
Cobalt Co .. 5.3 yr p-
Phosphorous P"' 14.3d p-
Carbon C" 5600 yr p-
Promethium Pm"' 2.6 2.6yr p-
Cerium -Ce'" 6.0 282d p-
Cesium Cs"1 5.9 33yr p-
Ruthenium Ru'00 0.4 1.0yr p-
Strontium Sr00 5.8 28yr ~-

Nonradioactive Elementst 
Beryllium Be 
Zirconium Zr 
Gadolinium Gd 
Cadmium Cd 
Lead Pb 
Barium Ba 
Uranium u 
Thorium Th 
Molybdenum Mb 
Bismuth Bi 

* Data on fission yields and half-lives of fission products 
provided by Glendcnin and Steinberg, Personal Communica
tion. The half-lives of the other elements are taken from the 
tables by Hollander, et .al., Rev. Mod. Phys. 25: 469-651 
(1953). 

t Based on information in References 4 and 5. 
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varying degrees of toxicity. Chemically poisonous 
materials used in the construction of nuclear reactors 
can be classified with respect to their function in a 
nuclear reactor: ( 1) nuclear fuels ; (2) moderators 
and reflectors; ( 3) coolants; ( 4) structural materials, 
and ( 5) shielding materials. 

In Table I are listed those elements which are the 
most serious health hazards in atomic energy opera
t ions, both from the standpoint of quantities available 
and amount of use. The associated health problems 
exist potentially for miners and millers of uranium 
and other radioactive ores, personnel of atomic energy 
plants, residents of areas in which radioactive sewage 
and wastes are released, people administrating or re
ceiving radioactive isotopes in medicine, users of 
radioactive isotopes in research and industry. Indus
trial uses where health hazards may exist include6 

the preparation and application of luminous paints, 
static eliminators, and gas mantles made from thor
ium. Other uses of radioactive isotopes are in radio
graphic units, nasopharyngeal applicators, and as 
radiation sources for food and pharmaceutical sterili
zation and other purposes. 

Despite the widespread and increasing handling of 
radioisotopes it is possible to handle even megacurie 
amounts safely if suitable precautions are taken. This 
is proven by the remarkable safety records of atomic 
energy plants in the United States7 and other coun
tries. The numerous cases of radium poisoning in the 
self-luminous dial painting industry reported in the 
medical literature between 1925 and 19318 nearly 
ceased when proper ventilation and other safety meas
ures were instituted. However, even under the best 
conditions, accidents can and do happen. As a result, 
radioactive isotopes gain entrance into the body by 
ingestion, inhalation, or by injection into the blood
stream usually through the broken skin. 

The necessity for the development of methods 
. of treating radioactive poisoning-particularly the 
chronic type-is demonstrated by the fact that even 
in the past decade significant, though not necessarily 
harmful, levels of radioisotopes have gained entrance 
into numerous individuals, including the following 
cases: 

1. A group of uranium miners were reported in 
1954 to have accumulated in the body polonium 
(Po210 ) derived from daughter products of radon 
deposited in the lung.0 

2. In 1953 it was reported that in 27 individuals 
the body levels of plutonium (Pu) ranged from 0.1-
1.2 micrograms.10 

3. Strontium (Sr00 ) was inhaled during a labora
tory operation.11 

4. Radium sulfate dust ·was inhaled by a total of 
seven persons in three different accidents.11•12•13 

5. A solution of radium salts was in jected intra
venously during a suicidal attempt.13 

SCOPE OF PAPER 

In most cases, the poisonous elements with which 
we are concerned are metals. Consequently, the dis-

cussion is limited mainly to poisoning by radioactive 
and nonradioactive metals. Effective treatment for 
chemical poisoning by metals is available in many 
cases. Successful treatment, however, for persons 
who have accumulated radioactive metals in the body 
is still severely limited except in the earliest stages 
after exposure. It is our intention to discuss : ( 1) 
similarities and differences in approach inherent in 
the treatment of nonradioactive metal and radioactive 
metal poisons ; (2) the potential advantages and dis
advantages of different treatments; and ( 3) new or 
untried possibiliti~s for treatment. 

GENERAL APPROACHES TO TREATMENT 

By treatment we mean the prevention, elimination, 
or alleviation of the harmful effects caused by a pois
onous substance. In the treatment of radioactive and 
nonradioactive poisoning we must deal with many 
interrelated factors. 

Once the route of entry into the body and the 
chemical nature of the poisonous substance is known, 
then choice of treatment is partially governed by a 
time element. Immediately after exposure the object 
of treatment is to minimize absorption of the poison 
into the bloodstream. After absorption is complete 
the object of treatment may differ depending on 
whether the poison is radioactive or nonradioactive. 
In the case of a nonradioactive poison one can either 
hasten its rate of elimination from the body or in
activate the poison in situ so that it can no longer 
react with surrounding tissue. H owever, with radio
active poisons the main object is to accelerate excre
tion or possibly to shift the radioelement from radio
sensitive organs to less radiosensitive organs in acute 
cases, however, from the chronic standpoint all tis
sues may be roughly equivalent in susceptibility to 
radiation effects. It is not possible to change the 
radioactive properties so that inactivation iii situ is 
impossible. A treatment designed to remove a radio
isotope from the body may either remove it from dif
ferent organs or may only cause the excretion of the 
circulating fractions. It is always helpful to determine 
the total amount of a radioisotope in the blood just 
before the onset of treatment. 

In the sections to follow the problems of treatment 
are described in more detail. It is well to emphasize 
that no one treatment can always be generally applied 
but the proper course must be evaluated in each case; 
good treatment for one case may be harmful in 
another, even though the same poison is involved. 
One must take into consideration factors such as the 
chemical nature of the metal poison, route of entr,Y. 
into the body, age and health of the patient, time 
elapsed after exposure, and other factors which will 
become evident. 

The treatment of chronic radioactive poisoning is 
an extremely difficult problem because the excretion 
rate of the radioisotope ·is very low-0.002% a day 
or less in many cases. Even if one induces a tenfold 
increase in the rate of elimination, the actual amounts 
retained in the body remain essentially unchanged. 
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ln order to reduce appreciably the deposits in the 
body, treatment for chronic cases would have to be 
sustained for several years. This presents many prac
tical problems, such as cooperation of the patient and 
.the effects of prolonged treatment on health. 

The chances of reducing the body content of a 
radioisotope are far greater in the early stages after 
exposure. During the first few weeks after exposure 
it is generally found that significant fractions of the 
deposited radioisotopes are present in the soft tissues 
and bloodstream from which they are more readily 
mobilized than from the bone. Also, those fractions 
in the bone, at least in the case of radium and the 
other alkaline earths, are more readily mobilized at 
this time. T his was explained by Aub and his asso
ciates as follows :14 

"At first, a heavy metal is stored largely in the bone 
trabeculae, there being from 10 to 16 times as much 
_per gram in the trabeculae as in the cortex of the 
bone. During the following months there is a redis
tribution and the concentration becomes equal in both 
trabeculae and cor tex. Because the cortex is far 
heavier than the trabecnlae, this means that most of 
the radium is stored in cortical bone . . . . The wide 
-distribution in soft tissues and then the accumulation 
in the bones implies considerable circulation in the 
blood and, therefore, a chance for rapid excretion. 
The first large storage in the trabeculae ( where in
organic salts are readily deposited and also readily 
liberated) would allow a continued though Jess rapid 
excretion. \\Then the radium finally accumulates in 
the cortex, it is to be expected that excretion would 
be slow and relatively poorly influenced by therapy." 

A striking illustration of the transport of calcium 
and lead from t rabeculae and cortex in animals has 
been reported recently by Aub ct al.15 In these experi
ments alizarin staining was used to follow calcium 
metabolism while radiolead enabled lead distribution 
to be followed. 

It is not certain, however, that a significant degr ee 
of translocation of radioisotopes from the t rabeculae 
to the cortex occurs in adult humans. Radioai1to
graphs of bones in humans taken 20 or more years 
after exposure show highly concentrated deposits of 
radium in trabecular bone.28 Also, deposition of an al
pha-emitting isotope tends to destroy the trabeculae.8 

TREATMENTS FO R RADIOACTIVE POISON ING 
Minimization of Absorption 

O ra l Ingestion 

Treatment, if necessary, must start as soon as pos
sible. If results from experiments on rats can be 
extrapolated to man, the only way to minimize ab
sorption of soluble radioisotopes, such as radiostron
tium, is to start treatment immediately. Treatment is 
ineffective if begun only 10 minutes after ingestion.17 

After oral · ingestion, there are three obvious ap
proaches to treatment: ( 1) use of an emetic; (2) 
minimization of absorption from the gastrointestinal 
tract by the use of precipitating agents, and (3) has
tening elimination of the radioact ive element by the . 

use of selected cathar tics. A knowledge of the chemi
cal properties of radioactive elements is extremely 
important when choosing a suitable precipitating 
agent. · 

In the case of elements which form insoluble hy
droxides at physiological pH, treatment, except for a 
cathartic, may not be needed because absorption from 
the gastrointestinal tract is very small. In the case of 
plutonium and the rare earths, for example, absorp
tion is usually less than 0.01 o/'o. T herefore, for Pu, 
Po, Ce and Pm the use of precipitating agents can 
probably be omitted. \Vhen very large amounts are 
swallowed it might he advisable to decrease the solu
bility of the radioisotope by raising the pH of the 
gastric juice by oral ingestion of non-systemic ant
acids such as magnesium oxide, "Sippy powders," or 
aluminum hydroxide . .-\11 antacid in combination with 
a cathartic would appear to be the best approach. In 
the case of the rare-earth elements, which are more 
soluble than plutonium, it is possible that oxalate
containing foods such as rhubarb and spinach or a 
finely divided carboxylic-type cation exchange resin 
such as Amberlite IRC-SOt ma\' bind the radioiso
topes. In cases o f oral ingestion- it may be advisable 
to aYoid the use of soluhilizing chelating agents. Non
specific adsorbents such as zirconium oxide might be 
of value. 

The alkaline-ear th group of elements are absorbed 
to a significant extent from the gast rointest inal tract. 
Since .Ra and Sr form insoluble sulfates, the treat
ment of choice would appear to be magnesium sulfate 
in combination with a laxative and possibly an antacid 
as well. In rats, ::\IacDonald and associates18 have 
shown that oral ingestion of magnesium sulfate by 
rats im111cdiately following the administration by 
stomach tube of strontium as Sr00 decreased the 
skeletal accumulation of Sr90 from 16% to Sj'o . Also 
effective were the ammonium salt of an amido-pqly
phosphate and carboxylic-type cation exchange resins. 
Certain substances, including powdered milk, actually 
enhanced the absorption of Sr00 from the stomach. 
The chelating agent , ethylenediaminetetraacctic acid 
(EDT1\) was ineffectiYe. 

Copp and Greenberg17 found that a sro suspension 
of tricalcium phosphate in I2½o/o disodium phosphate 
solution reduced the intestinal absorption of S r only 
when giYen immediately after the Sr. None of the 
following orally administered agents were effective 
when given IO minutes after the ingestion of radio
strontium by rats : carrier strontium, magnesium sttl
fate, sodium silicate, sodium bicarbonate, or disodium 
phosphate. 

Experiments with rats have indicated that the 
maintenance of a high level of calcium intake de
creases absorption of Sr and presumably Ra from 
the stomach.19 

t P roduced by Rohm and Haas Co., \Vashington Square, 
Philadelphia, Pennsylvania (USA). T he resins are avail• 
able in low cross-linked forms which undergo considerable 
swelling in solution, The bulk furnished by the swelled resins 
may increase the efficiency of removal of the r adioisotope 
from the gastrointestinal tract. 
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lnholQtion 

The inhalation of soluble forms of radium and 
strontium is nearly equivalent to an intravenous in
jection. Absorption from the lungs is so rapid that 
~r~atn!ent .is largely similar to that required following 
m1echon mto the bloodstream. However, the upper 
nasal passages do retain some of the radioisotope. In 
one case11 where a human inhaled SrU0 CJ2 from an 
aqueous s?lution, the upper nasal passages were 
sprayed with 0.25% neosynephrine solution with the 
thought that vasoconstriction might lessen absorption . 
and that shrinkage of the mucous membranes would 
facilitate a thorough washing. The nasal passages 
were then washed 011t with large quantities of isotonic 
saline solution. About 95% of the Sr90 retained in 
the nose region appeared to have been removed. The 
use of nasal swabs to remove material clinging to the 
nasal hairs before irrigation should be valuable. How
ever, as shown by high urine counts, most of the in
haled Sr00 was absorbed. 

I:ollowing inhalation of insoluble types of radio
active elements, retention in the lun"S depends on 
the particle size of the inhaled subst;nce. The first 
step in treatment of fractions retained in the lung is 
to swab thoroughly around the vestibule of the ex
ternal nares with a short applicaton· stick around 
which !~ wr~pped moistened cotton o~ filter paper.10 
In add1t1on 1t appears advisable to administer a laxa
tive, as was done by RajewsJ...-y and :\Iuth,13 because 
a large amount of the insoluble material in the lungs 
is propelled to the mouth, swallowed aud excreted 
in the feces. The use of expectorants n~ay also help to 
hasten elimination. 

prugs which enhance macrophage movements 
might accelerate the elimination of insoluble particles 
from the lungs. Easton20 claims to have accelerated 
the elimination of intravenously injected thorium 
dioxide deposited in the lungs of mice. He used carbon 

. tetrachloride--obviously impractical for humans- as 
a .general accelerator of macrophage movements. 

The biological half-Ji fe of insoluble substances in 
the lungs may be months. During this time a slow 
absorption of the radioelement from the lungs to the 
bloodstream occurs.16•17 In such an event it would be 
helpful if the excretion of the circulatin,,. radioisotope 
could be increased. For Pu and the r~re-earth ele
m~nt7, at least, this c~u_Id probably be done by peri
odic mtravenous admm1stration of a combination of 
zirconium citrate and ethylenediaminetetraacetic acid 
as is described later. However, the usefulness of 
these agents in such cases is difficult to assess without 
experimental evidence. 

Puncture of Skin 

Following puncture of the skin with an object con
taminated with radioisotopes one can only minimize 
absorption of the fraction retained at the puncture 
site. Excision and irrigation of the wound site appear 
most practical. Details concerning the treatment of 
contaminated wounds are described by Hathaway 
and Finkel.2 1 

Absorbed Radioisotopes 

Decolcificotion Therapy-Interference with 
Calcium Metobolism 

In 1926 Aub and Minot22 postulated that lead 
metabolism in the body parallels that of calcium and 
that t~e circu~atio1_1 of lead could be controlled by in
fluencmg calcium m the bone. The metabolism of the 
alkaline earths including radium and strontium is 
also very similiar to that of calcium. Consequently it 
occurred to Flinn in 192623 that the decalcification 
techniques of Aub could increase the excretion of 
radium. He treated three patients with parathormone 
extract which, he claimed, increased radium excretion 
in patients who had accumulated radium in their 
bodies several years previously. 

In 1931 Flinn24 attempted to cause repair of 
radium-produced necrotic bone by the administration 
of viosterol. Since viosterol presumably promotes the 
laying down of calcium on the bone, Flinn was sur
prised to find, according to his measurements, that as 
much as 7570 of radium in the body was removed. 

The observations of F linn were not confirmed in 
studies on four radium dial painters made by Craver 
and _Schlu_ndt.25 They fom!d that viosterol plus a high 
calcmm diet produced no rncrease in radium elimina
tion, b~t that the ad?ninistration of parathyroid ex
tract with a low calcmm diet produced about a 50% 
increase in radium elimination during the period of 
treatment . 

The defini tive, classical study of the effects of alter
ations in calcium metabolism on radium excretion in 
human subjects was made by Aub and co-workers.H 
It wa_s pointed o.ut-and rightly so--that the assay 
techniques of Fhnn were not reliable and that the 
doses of parathyroid employed by Craver and 
Schlundt were not large enotwh to affect calcium 
metabolism sufficiently. 

0 

In a carefully controlled series of exp~riments on 
three patients Aub et a/.H found that decalcification 
therapy increased the urinary excretion of radium 
four- to eight-fold. Treatment consisted of a low cal
cium diet plus ammonium chloride, thyroid extract, 
and parathyroid extract. Magnesium gluconate ad
ministration also raised the excretion of radium in 
proportion to its effect on calcium excretion. 

One case did not respond to parathyroid extract. 
The explanation given14 was that "her osteoclasts 
were sufficiently damaged so that they were unable 
to respond to the normal stimulus of parathyroid ex
tract, and were, therefore, unable to liberate bone 
salts.'' 

\Vhen the patients were placed on a high calcium' 
diet with no medication the calcium excretion re
turned to a very low level but the radium excretion 
continued high. It was thought that this might have 
been caused by previous administration of Vitamin 
D. I t is important to note that radium excretion does 
not always parallel the change in calcium excretion. 
The excretion of radium does not change as rapidly 
as that of calcium. One reason given14 is that when 



278 VOL. XIII. P/845 USA J. SCHUBERT 

radium is liberated from bone some is stored in the 
soft tissues. The rate of elimination from soft tissues, 
as observed in acute cases of radium exposure, .is 
continuously high. 

Decalcification therapy has been tried in experi
mental animals in attempts to promote the excretion 
of strontium. Small increases in excretion rate were 
observed but these were at too slow a rate to have any 
appreciable effect on the residue left in the body.19 

A low calcium diet unaccompanied by other medica
tion, such as ammonium chloride, appears to have 
little value for increasing removal of radioactive alka
line-earth metals. In one experiment27 a group of 
rats were injected with Ca45 and placed on a diet ade
quate in phosphate but very low in calcium. In these 
animals the excretion of Ca45 was actually reduced. 
In human subjects, Aub et al.14 also found that the 
sole use of a low calcium diet had no effect on radium 
excretion. These findings are reasonable when it is 
considered that on a low calcium but adequate phos
phate diet the body attempts to conserve its store of 
calcium. 

No effect at all of decalcification therapies has been 
observed on the excretion rates of plutonium and the 
rare-earth elements.16•17 Many experiments have 
shown that the uptake and excretion of Pu and the 
rare earths are unaffected by age of the animal or by 
alterations in the degree of mineralization of the bone. 
Even in bones of rats which are demineralized to the 
point where the bone contained only one-fourth of the 
bone salt normally present, no effect on the retention 
of injected Pu, Y, or Ce is found.19 In the same ex
periment, when the rats were placed on a phosphate
deficient diet immediately after injection of the radio
isotope, the body retention of Sr is reduced from 
76% to only 26%. Similar findings were reported 
in comprehensive reports by Van Middleworth26 and 
Copp and co-workers.27 

In summary, decalcification therapy is capable of 
increasing the elimination rate of radium and pre
sumably of strontium in acute and chronic poisoning. 
In acute exposures to Ra and Sr the increases in 
elimination caused by decalcification therapy could 
lower the body content appreciably. However, such 
therapy appears impractical in the treatment of 
chronic poisoning because treatment can be given 
only for limited periods, so that the net depletion of 
body content of a radioisotope is insignificant. Decal
cification therapy has no effect on the retention or 
excretion of plutonium and rare-earth elements. 
There is no conclusive evidence to show that decal
cification therapy might be useful clinically even if 
it did not accelerate the elimination of radioisotopes. 

Complexing or Chelating Agents 

\Vhen a metal is complexed by different chemical 
compounds, usually organic in nature, a poorly dis
sociated molecule is formed. When the complexed 
metal becomes bound in such a manner as to become 
part of a ring system it is called a chelate. We will 
use the terms complex and chelate interchangeably, 

though the term complex is broader, i.e., all ch~lates 
are complexes but not all complexes are chelates. 

A chelated metal ion does not undergo its normal 
chemical reactions except with substances which may 
possess a stronger affinity for the metal ion than that 
possessed by the original chelating agent. If the 
chelate is insoluble and non-diffusible it prevents the 
injurious effects of the metal ion in the animal body. 
If the chelate is water soluble and readily diffusible it 
is readily excreted. Consequently, there are two ra
tionals for the use of complexing agents in the treat
ment of metal poisoning: ( 1) The complexing agent 
selectively combines in situ with the toxic metal with
out removal; and (2) it removes the metal ion from 
combination with cellular constituents with subse
quent elimination of the complexed metal from the 
body. Only the latter is useful for the treatment of 
radioactive metal poisons. 

Historical Notes 

In general, only the earliest papers are mentioned 
in this section. The more recent literature is covered 
in the following sections in which specific results are 
described. 

In the treatment of chemical metal toxicity, many 
investigators in the past had used complexing agents, 
but for reasons other than their ability to react di
rectly with the metal. The deliberate use of complex
ing agents because of their metal-binding properties 
for the treatment of heavy-metal poisoning was begun 
in 1940. 

During the war years the British developed 2,3-
dimercaptopropanol, called BAL (British anti-le,v
isite), to control the harmful effects of arsenical war 
gases.20 BAL was subsequently used successfully for 
the treatment of poisoning by those heavy metals, in
cluding arsenic, mercury, and bismuth, which appar
ently exert their toxic actions through combination 
with the thiol groups in enzyme proteins. BAL com
petes successfully for the -SH groups through the 
formation of a chelate ( see T able II). The BAL
metal combination is readily excreted. 

About the same time BAL was employed, Kety30· 32 

attempted to treat lead poisoning by the administra
tion of sodium citrate. H e observed that lead forms a 
fairly strong complex ion with citric acid and meas
ured its stability.31 It occurred to him that the phe
nomenon of complex formation "might be applicable 
to the problem of dissolving the insoluble lead 
compounds of the body tissues, making more lead 
available for excretion with no increase in lead ion 
concentration."31 

In recent years there have become commonly avail
able an extr.emely powerful group of chelating agents 
-the polyamino acids. One of the most noted of these 
agents is ethylenediaminetetraacetic acid (EDTA), 
shown in Table II. This compound forms especially 
strong chelates with polyvalent cations. The resulting 
chelates are water soluble and un-ionized. As early as 
1942 biological experiments were carried out with 
EDT A; its ability to inhibit blood coagulation in vitro 
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Table II. Four Important Chelating Agents Used in Biology and Medicine 

Chtl•ttng a.gent 
Molecub.r 

Structu~e 
Type of metal chelate 

we\aht (M • metal Ion) 

Tetra.eodh.aM ■.au of )80.Z 0 ft 0 0 
ethylc:ned~a.Mlnetetr.l~cettc +· II + + 11 II . + 

N:> O·C-CH, /H,·C·O"Na Nao·c-cH, CH,·C•0°Na (EDTA) '\ "" I 
N•CH1•CH,•N 

•· / \ + 
N-CH,•CH1 -N I ' .. ,, ,,,,, \ . 

Na O·fi·CH, CH,·fi•O"Na CH, M CH, 

\101\/ 0 0 

l,c 
o'/ 

c~ 
'\o 

2..3 ... Di.rnerca;,to-1--·propa.noi 12'.Z CH,-SH CH1 •S, 
ol' l.Z•Dichfoglyeerol I I M 
(BAL) CH- SH CH-S / 

I I 
CH,OH CH,OH 

258 .1 + c,P Sodium citrate yOO·Na 
1 'o, 

CH, CH1 ,_M 
+· I I o 

Na OOC-C·OH N ! . OOC / 

I I 
CH, CHa 

I I 
coo· r1! coo·N! 

Fc-3 HO·CH,-CH, 
(Commerclal chela.t\na \ 
aeent manuh.ctuted by N-CH,coo· 
Bt1'swor1h Chemical Co., I 
Fr~minah•m, Ma• ■ .) HO-CH,·CH, 

by complexing calcium was studied.33 In 1949 Bers
worth suggested that EDT A be used for removing 
metals from the body (p. 509 of ref. 34). It has been 
found that EDT A causes marked increases in excre
tion of sev~ral metals. It has been especially success
ful for the treatment of lead poisoning (pp. 5~510 
of ref. 34 ; 35). 

Probably the first deliberate attempts to remove 
radioisotopes from the body by means of complex
_ing agents were made in Chicago beginning about 
15?45.30-37 Painter et al. ( pp. 50-56 of ref. 36), used 
oral and intravenous administration of sodium citrate 
in an .ittempt to accelerate plutonium excretion from 
dogs injected 53 days previously with plutonium. 
Their reason for the use of sodium citrate was that 
"plutonium might be dislodged from the tissues by 
formation of plutonium citrate complex in the blood 
and subsequent e.'<cretion." A 35% increase in the 
urinary excretion of plutonium was observed during 
intravenous administration of sodium citrate. Experi
ments by Schubert37 showed that administration of 
sodium citrate within two hours after plutonium in
jection raised the urinary excretion of Pu several 
fold. It was pointed out37 that "the action of sodium 
citrate in promoting the e~cretion of plutonium can 
be attributed to its ability to increase the diffusibility 
of plutonium and thus facilitate its clearance through 
the kidney." With regard to the therapy of radioiso
tope poisoning in general it was statedss that "the use 
of complexing agents ... may be of ... value £or 
remo,·ing these radioelements with which they form 
very stable complex ions." In other studies early ad-

ministration of sodium citrate was found to enhance 
excretion of thorium and strontium.39 

Sodium citrate has certain disadvantages for use as 
a complexing agent. It is rapidly metabolized and, in 
addition, it does not generally bind metal ions under 
physiological conditions as strongly as would appear 
desirable. 

It was only natural that the chelating agent BAL 
be tried for the treatment of radioactive poisoning. 
In 1947, Weikel and Lorenz40 employed BAL in the 
hope that it would enhance the excretion of radium 
from mice previously injected with radium salts. In 
work published in 1953° but performed several years 
earlier42 Kawin and Copp investigated the effects of 
BAL on plutonium excretion in rats. From chemical 
considerations ( based, for example, on reactivity with 
sulfide ions, S=) one would anticipate that BAL 
would not affect Ra and Pu excretion because these 
elements do not react appreciably with sulfhydryl 
groups, and, indeed, no effect was found. However, 
in the case of polonium (Po), which does react 
strongly with BAL, marked increases in Po excretion 
were observed in investigations begun early in 1949 
by Hursh.43" 45 

In 1949 Scott, Crowley and Foreman in Hamilton's 
laboratory at the University of California made a 
survey of the effect of different chelating agents on 
the metabolism of radioisotopes of the rare earths.46 

The chelating agents tested included citrate, ascorbic 
acid, nicotinic acid, picolinic acid, isothiopropionic 
acid, carboxyethyl sulfide, glutathione, cholic acid, 
dithiocarbanyl, EDTA, BAL, creatine, and in a few 
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cases combinat ions of two chelating agents. EDT A 
appeared the most promising in promoting excretion. 
These studies were continued by Foreman47 and ex
tended to cerium and plutonium by Foreman and 
Hamilton.48 

Considerations Involved in the Use of Chelating Agents 
to Increase Excretion of Metals 

The potential effectiveness of a chelating agent in 
accelerating excretion of a radioisotope in vivo can 
be evaluated in part from chemical considerations: 
( 1) affinity of chelating agent for the radioisotope; 
(2) affinity of chelating agent for Ca++ ; ( 3) hydro
lytic reactions of the radioisotope; ati.d ( 4) affinity of 
radioisotope for cellular constituents. 

It is desirable that the chelating agent: ( I ) form 
chelates which are water soluble and readily diffusi
ble; (2) does not react with normal body constitu
ents, especially calcium ( if possible) ; ( 3) be of low 
toxicity; ( 4) possess high absorption when taken 
orally; and ( 5) that it be not metabolized. 

In practice, no one chelating agent meets all the 
requirements. It is not possible to evaluate quantita
tively all the various factors listed above. However, 
some deductions of value can be made from the known 
formation quotients, i.e., equilibrium constants (Table 
III) between the chelating agent and metal ions. The 
ultimate criterion for success of a chelating agent is 
the extent and rapidity with which it safely removes 
absorbed radioisotopes from the body. 

Table Ill. Formation Quotients Involving EDTA and 
Citric Acid with Metal Ions* 

Formotion quotient (log Kr) where Kr = (M Ke)/(M) {Ke). 

Metal EDTA Ref. Citrate Ref. 

Na+ 1.66 32 
Li+ 2.79 32 
Mg++ 8.69 32 3.2 32 
Ca•+ 10.7 32 3.16 49 
Sr++ 8.63 32 2.85 49 
Ba++ 7.76 32 2.54 50 
Ra++ 7.0t 2.36 50 
Pb(II) 18.2 32 5.75 30 
Cu(II) 18.3 32 14.2 32 
Fe(II) 14.15 32 
Fe(III) 25 32 
Fe(OH)++ 2.8 32 
Co(II) 16.1 32 
Cd(Il) 16.4 34 
La(III) 14.7 49 
Ce(III) 15.4 49 
Pr(III) 15.75 49 
Sm(III) 16.55 49 
F.u(III) 16.7 49 
Gd(III) 16.7 49 
Tb(III) 17.4 49 
Dy(II) 17.75 49 
Y(ITI) 17.5 49 
Pu(IV) 24t so 
Th(IV) 23t so 

* The quoted values of the formation quotient, K 1, are 
under conditions of ionic strength 0.1-0.16 and temperature 
of 25°C. 

t This value is an estimate. 

There are, at present, principally three chelating 
agents which have been used for treatment of either 
clinical or experimental metal poisoning: EDT A, 
BAL, and sodium citrate. EDT A is the most success
ful in removing rare earths and transuranic elements, 
while BAL is effective for the removal of polonium, 
at least under acute experimental conditions. At pres
ent, citrates do not appear as promising, mainly be
cause they are rapidly metabolized. 

It is par ticularly important that in the treatment of 
radioactive poisoning with chelating agents, the 
amounts administered at a given time be as high as 
possible. Too small doses can actually result in higher 
levels deposited in bone than would be the case in the 
absence of the chelating agent. When yoo.s2 or La are 
chelated with small amounts of EDTA (1- 5 mg), 
enhanced bone deposition is observed. In the case of 
La140, for example, the injection into mice of LaHO 

with about 1 mg of NaEDT A resulted in a bone re
tention of 7.17o of the injected dose compared to 
3.0% when La14°Cl3 was injected alone.6 l This result 
is explainable by the increased diffusibility of the che
lated La, shown by the marked decrease in La content 
in the liver of the LaEDT A injected rats. In addition, 
the binding of bone for La is strong so that higher 
concentrations of EDT A are necessary for effective 
t reatment. 

Ethylenediaminetetroacetic Acid (EDT A) 
Considerations Based on Chelation Constants 

As is seen in Table III, EDT A forms chelates of 
exceptional stability. However, since it reacts very 
strongly with serum calcium it is usually administered 
as the calcium chelate so as to a,·oid hypocalcemia. 
In order to combine with a metal, A1, it is necessary 
for M to displace Cah from this chelate. Therefore, 
in order for EDT A to be effective in removing a 
metal, the metal must possess a binding affinity for 
EDT A greater than calcium. Taking the simplest 
possi~le example, the reaction can be written : 

CaV + M = M V + Ca. ( 1) 

where V represents molar concentration ot EDT A 
and Ca the ionized calcium. The calcium chelate of 
EDTA, CaV, is actually Na2CaV. 

The equilibrium quotient, Ki1, for reaction 1 is: 

where 

and 

(MV) (Ca) KJrv (Z) 
Kq = (M) (CaV) = Kco.v 

(il1V) 
KJ11r = --'--~-

( Af) ( V) 

(CaV) 
Kcnv = (Ca) (V) 

(3 ) 

(4 ) 

Writing Equation 2 in logarithmic form, 

log K" = log Km· - log Kc.~- (S) 

Since log Kcnv = 10.7, the Yalue of K.11v must be 
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large, indeed, in order 
arranging Equation 2, 

for M to displace Ca++. Re-

(MV) 
(M) -

K.uv (CaV) 
K cav • (Ca) (6) 

For practical purposes it is convenient to modify 
Equation 6 by eliminating (CaV). Disregarding the 
small .amount of V bound by 111 we have, where V 1 = 
total V, 

V = V, - (CaV) 

From Equation 4 we have 

V- (Ca V) 
- Kcov(Ca) 

(7) 

(7a) 

Substituting into Equation 7 and rearranging, we 
find 

(Ca V) 

(Ca) 
V,Kcav 

1 + (Ca)Kc,v 
(8) 

A inrther simplification can be made because 
(Ca) Keav » 1, as can be seen from the fact that in 
blood semm the value of ionized Ca is about 1.3 X 
10-s M whjle Kcal' = 1010·7• Hence 

(CaV) _ ~ 
(Ca ) - (Ca ) 

Equation 6 thus becomes 

R 
(MV) K.111, V 1 

.\fl' = (Jl) = Kcal' • (Ca) 

(Sa) 

(9) 

The important point for therapy is to obtain as high 
as possible a ratio of chelated },f to unchelated M, i.e., 
R111v » 1. This is done by maintaining as high and 
constant a blood level of EDT A as possible, i.e., high 
Ve. In the case of the rare earths the values of K .uv 
vary from 1014•7 for La to 1017·5 for Y (Table III). 
The value of Vi one hour after intravenous adminis
tration of 2.5 grams of Na2Ca EDT A (M. W. = 

· 374) is about 50 mg per liter of plasma or 0.050/ 
374 = 0.00013.M. The latter part of E quation 9 be
comes 

(Vi) _ 1.3 X 10'"" _ 
0 1 (Ca) - 1.3 X l<r' - . 

and hence for La we have 

LaV 101u 
La = 1010.1 X 0.1 = 1000 

With such a large ratio for the rare earth which 
binds the most weakly with EDT A, one would not 
e,-.-pect much difference in the effect of EDTA on ex
cretion of t he different rare ear ths. T his is not so. 

Equation 9 overlooks at least three other factors 
which become of extreme importance in the net value 
of R11r. These are the hydrolysis of M, the reactions 
between 1vf and body constituents such as proteins, 
and the reactions between the hydroxylated forms of 
11,f and the chelating agent. H ydrolysis is of par
ticular importance when dealing with trivalent and 
tetravalent elements. Consider the following possible 
reactions: 

CaV +MOH = MV +Ca+ OH- (10) 

CaV +MOH= (M (OH) V) + Ca (11) 
and 

CaV + La.P = LaV + CaP ( 12) 
P represents the binding by those substances present 
in the body. 

Consequently, the net value of the over-aJI equi
librium quotient resulting from the reaction between 
a metal, M, and the chelating agent, V, obtained by 
combining Equations 1, 10, 11, and 12 is: 

log Kq = 3 log :Kuv + log K(l( ( OCI)r) + log Kear 

- ( 4 log Kc .. v + log K.1a• + log K .11011) ( 13) 

Keeping in mind that 

(H•) (OH-) = Kw = 10-14 

(CaP) = Kc.,, (Ca) (P) 

and the ratio of chelated M to non-chelated 1"[ 

(1'.IV) 3 [M(OH) V] 
RJir = (_l.1) (MOH)~ (!111 P) 

the expression for Rm, becomes: 

Ruv = ( K.ltl'P Kpr<OH)I') (~)J (H•) ( l3a) 
(Kcnv P KJion Kup Kw Ca (P) 

A rough estimate of Rllv can be attempted. Con
sider the rare ear th, La, for example. From Table III 
the Yalue of log Ktav = 14.7, log Kcav = 10.7, log 
Kr.m<OIJ) ++ = 5.6 as given in reference 49, KMP ~ 10'>, 
V11c4 = 0.1, H• = 10-1 • Log (La(OH)V) is taken 
to be of the order of 3 based on the value for 
(Fc(OH) V) given in Table III. These give a value 
of RLnv ~ 10-4/P, while for yttrium, Ryy E!!! 10--s;p 
-a factor of about 107• 

The efficiency of EDT A fo r one rare earth relative 
to another, i.e., R,11v/Rll2v is nearly proportional to 
KJ11v/Ku2v because the values of K.111 ,011, ·=:! K,1f2(0Hl , 

Ku1P e Kv2r> and Kp111011>V> !=!!! K1v2 , 011)Vl• For 
ex.ample, the difference in stability between the hy
droxide of La, the lightest rare earth, La (OH)++ and 
that of the heaviest, Lu(OH)>+ is only a factor of 10, 
while the corresponding difference between LaV- and 
LuV- is nearly a factor of 100,000 (actually 10-Ul) 
a reflection of chelation involving polydentate 
ligands3.t 

:j: This is explained by Wheelwright, Spedding and 
Schwartzenbach' as follows : "Larger differences between 
individual rare earths must be expected in cases of chelat
ing agents in comparison to simple ligands such as OH
groups. A polydentate complexing agent possesses a number 
of ligand atoms which are donated to the metal cation dur
ing complex formation. Each of these will be bound more 
firmly by the cation of a heavier member, in comparison to 
the cation of a lighter member. All of these differences are 
cumulative in arriving at the stability constants of the two 
chelate complexes, the logarithms of• which are proportional 
to the free energies to be gained during the a ddi tion of the 
whole polydentate group to the two cations to be compared. 
In the case of a simple complex such as M(OH)+J one water 
mol-ecule is replaced by OH- during complex formation. In 
the case of MY- probably all the water molecules of the 
hydrated cation are expelled and replaced by the atoms of 
the hexadcntalc agent y -•. This explains the comparatively 
large differences between the individual rare-earth cations." 
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It is found that under identical conditions EDT A 
is, indeed, more effective against the heavier rare 
earths than the lighter. With an element like Pu( IV) 
the situation is more complicated. The very high value 
of log Knrv = 24 is counterbalanced by two impor
tant points-the hydrolysis of Pu(IV) to form a 
nearly completely hydroxylated compound at physio
logical pH, with concomitant polymerization and dis
proportionation into Pu(III) and Pu(VI). 

The equations presented in this section indicate 
that under physiological conditions the effectiveness 
of EDT A can only be improved by increasing the 
amount of EDT A administered. A better chelating 
agent, all other factors being equal, would be one 
which would chelate nearly as strongly as EDT A 
with tr ivalent and tetravalent radioisotopes but which 
would not react with calcium. This would provide 
a factor of 1010-7 improvement in the over-all chelating 
efficiency, as can be seen from Equation 13. We are 
now exploring such a possibility. 

Metabolism and Toxicity of EDTA 

The metabolism of C14 -labeled EDT A has been 
studied in rats and humans.58,r.4 In both species most 
of the EDT A passes through the body unchanged 
after parenteral administration. It mixes rapidly with 
nearly all the body water, but does not enter the red 
blood cells and only very slowly passes the blood
spinal-fluid barrier. One hour after intravenous in
jection in humans, 50% is excreted, and within 8 
hours nearly all is eliminated in the urine. The half
time of disappearance from the blood is one hour. 
After oral administration about 90% is eliminated 
in the feces within 2 to 3 days. Absorption after oral 
administration continues for at least 18 hours. Total 
absorption reaches a maximum of about 5%, as 
judged by the amounts appearing in the urine. Maxi
mum absorption from the skin is about 0.001 %-

The acute and subacute toxicity of EDT A has 
been extensively reviewed.65 As the sodium salt, rela
tively small doses of 20-50 mg/kg produce death in 
dogs because of hypocalcemia. However, when ad
ministered combined with an equivalent amount of 
calcium ion, EDT A is relatively non-toxic. In treat
ment of radioactive poisoning, EDT A is administered 
as the calcium salt.§ Dogs can tolerate as much as 4.0 
gm/kg in a single intravenous injection. In humans, 
following exposure to plutonium, at least 2.5 gm of 
CaEDT A have been given in 250 cm3 of saline by 
slow intravenous drip twice daily.66 When given 
orally at levels of 30 mg/kg some patients have 
nausea and abdominal cramps. 

When high levels are given. regularly by intraven
ous administration, kidney damage may occur. In 4 
of 5 cases treated with sodium EDT A kidney damage 
has been reported upon autopsy. In at least two of 
these it is believed that death was the result of severe 
kidney damage induced by repeated injection~ of 

. § CaEDTA as Calcium Disodium Versenate® for injec
tion is available commercially as a very stable, sterile solu
tion from Riker Laboratories, Los Angeles, California. 

sodium EDTA.67 Evidence of kidney damage follow
ing the repeated administration of large amounts of 
CaEDT A has been reported in rats and humans.118 

Foreman58 states, however, that this damage follow
ing repeated injections of CaEDT A is reversible and 
can be prevented by allowing a few days to elapse 
after a series of injections. His tentative recommenda
tions when long term treatment may be required are 
to inject once or twice daily by slow intravenous (I.V.) 
drip for 5 days, followed by 2 days of rest, and so on. 

Effect on Plutonium and lanthanum Excretion in Humans 

A technician at Los Alamos cut herself deeply with 
glass contaminated with a solution of Pu(NOa)4 in 
1M HN03 •56 This was probably equivalent to an 
intravenous injection. From the urinary excretion 
curve it was estimated that she received 25,000 to 
30,000 disintegrations per minute ( dpm) of Pu239

• 

When her urinary excretion of Pu had dropped to 
12 dpm per day she was given 2.5 gm of CaEDT A 
in 250 cm3 of saline, slowly by I.V. drip twice daily. 
A striking rise in Pu excretion from 12 to 1300 dpm 
resulted. The effect of EDT A decreased on subse
quent days (Fig. 1), but it was estimated that in 16 
days of treatment about 20-25% of Pu had been re
moved, in large part from tissues. This is a rea
sonable assumption because the amounts of Pu 
excreted exceed the total amount in the circulating 
blood at the time treatment was given, as can be 
deduced from data on metabolism of Pu in humans.69 

The patient developed symptoms of kidney damage 
presumably caused by the EDT A. 

A second test of CaEDT A was made in a chemist 
who, 7 years previously, had been exposed to Pu.156 

His body burden was estimated to be 1.2 micrograms. 
Treatment during a 5-day period with as much as 5 
gm CaEDT A daily produced an average increase of 
Pu excretion of tenfold over pre-treatment levels 
( Fig. 2). This case illustrates the difficulties of treat-
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Figure 2 . Results of human urine Pu ouoys following odministrotion 
of CoEDTA. (fig. 2 from ref. 56) 

ing chronic radioisotope poisoning. In the first place 
treatment has to be given for months or years in order 
to reduce appreciably the body burden of Pu. Sec
ondly, during this period the tissues are receiving 
continued radiation so that even if all the Pu could 
be removed at the end of, say, 5 or 10 years-a most 
unlikely event- the -patient might no• be spared 
lesions or malignancies. 

The effect of EDT A on lanthanum metabolism in 
humans illustrates some interesting points. A tracer 
dose of La140 as the EDTA complex was injected 
intravenously into a human.60 The concentration of 
EDT A was not specified but may be surmised61 to 
be a few milligrams. After 48 hours only 5% of the 
injected La was excreted. At that time 4 gm of 
CaEDT A in 500 ml of a So/o solution of glucose was 
infused in 3 hours. A sharp rise in La1• 0 excretion 
was observed. By the 5th day post-injection urinary 
excretion dropped to negligible levels. A 7-hour in
fusion of 8 gm of CaEDT A in 1000 ml of glucose 
solution again raised La excretion, but only one-fifth 
as high as the previous maximum. 

In a second study, in an effort to ascertain the 
maximum possible increase in excretion of La140, 

CaE DT A was administered prior to, and simultane
ously with, the La140EDTA injection. A prior dose 
of 3 gm of CaEDTA in 300 ml of glucose solution 
was infused in 2.5 hours and was followed by a 1.5-
hour infusion containing LaEUf A in 2 gm of 
CaEDT A. Even in this case the total excretion of La 
in the first day was only 37o/o, most of which oc
curred in the first 4 hours. 

These results with lanthanum are reasonably in
terpreted by the equations previously given. Since La 
is relatively weakly bound by EDT A it is necessary 
that the concentration of EDT A in the blood be high. 
Even when LaEDT A is injected simultaneously with 

several grams of EDTA the ratio of (LaV)/(La) = 
Rtn is insufficient to allow more than about one-third 
of the La to be excreted. If the reactions are amen
able to the laws of mass action, a 1000-fold reduction 
in EDT A concentration, as is the case when LaEDT A 
alone is injected, had the effect of reducing R L• to 
the point where, for practical purposes, it is as if 
uncomplexed La was injected. This, indeed, was 
observed in an experiment in which La was injected 
as LaCl3 .60 Approximately 5% of the injected dose 
was excreted by the kidneys, as was the case follow
ing the inj ection of LaE DT A. T his illustrates the 
importance of the binding strength of metal with a 
chelating agent in the effectiveness of the latter; a low 
value of Kuv indicates that a large, possibly toxic 
amount of the chelating agent is necessary to remove 
a significant quantity of the radioelement. 

In the case of yttrium, the affinity for EDTA is 
approximately 400 times that of lanthanum. This is 
equivalent insofar as Ruv is concerned to a 107-fold 
excess of Em' A. Consequently it would be expected 
that EDTA would be fa r more effective in increasing 
excretion of yttrium than lanthanum. An illustration 
of this is shown in experimental animals. Following 
the injection of uncomplexed Y as YCb into rats, 
about 5% was excreted in the urine in 24 hours. The 
same amount of La under similar conditions is ex
creted, as would be expected from the nearly identical 
chemical behavior of rare-earth ions at physiological 
pH. However, when therapeutic doses of EDT A are 
injected simultaneously with the Y, approximately 
70% of the Y is excreted in 24 hours,48 compared 
to only 37ro of La. Thus, a 400-fold increase in the 
value of K uv--at least for rare earths-results in a 
2-fold decrease in body retention when EDT A is 
given simultaneously with the rare earth. It would 
be of particular interest to learn if quantitative pre
dictions for other radioisotopes can be made from 
this ratio. 

Effects of EDTA on Excretion and Tissue Dis1ribution of 
Radioisotopes in Experimenta l Animals 

In general, EDT A can be expected to show vary
ing degrees of effect in removing elements whose 
K»r exceeds that of calcium. This includes all the 
rare earths, plutonium, and the' t ransuranic elements. 
The relative effectiveness of E DT A with trivalent 
transuranic clements such as americium (Am) and 
curium (Cm) can be expected to parallel the rare 
earths. From electronic and chemical observations it 
is known, for example, that the rare-earth counter
part of Am is Eu, and that of Cm is Gd.80 A summar.y 
of published studies on the effects of E DT A on the 
metabolism of several different radioisotopes is given 
in Table IV. 

Even under the most favorable condi6ons, EDT A, 
alone or in combination with BAL, has no effect on 
the excretion of S r89 from rats.6n Since Ra and Ba 
react more weakly with EDT A (Table III) than 
does calcium, it is not e..'Cpected that the excretion 
of these alkaline earths would be modified by EDT A. 

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



284 VOL. XIII. P/845 USA J. SCHUBERT 

The most striking effects of EDT A are obtained 
when it is administered soon after exposure. In the 
case of Am (III), for instance, EDT A forms a chelate 
whose stability constant, log KAmv, is at least 16.7. 
A single injection of 100 mg of CaEDT A to rats 
( ~400 mg/kg) is given intraperitoneally 30 minutes 
after intravenous injection of Am2H results in a 25o/o 
excretion in the urine within 24 hours, compared to 
1 o/o in the untreated rats during the same period. 
Several days later the animals were fed a diet con
taining 3% CaEDT A. This causes the urinary ex
cretion to increase 5 to 10 times over the control 
levels.U0 I t must be kept in mind that these doses 
of CaEDT A are much higher than would be admin
istered to humans. 

In the case of yttrium (log Kyv = 17.5), a single 
intnn-enous injection of 20 mg ( ~80 mg/kg) of 
CaEDT A in rats given t\vo hours after intravenous 
injection of YC13 in isotonic saline at pH 66s,oo 
caused an excretion of 67<Jo of the Y in the urine at 
the end of 24 hours, compared with 25 to 30o/'o in 
untreated controls. When EDT A was administered 
on the 20th through 23rd days after Y administration, 
the urinary excretion of Y rose from a pre-treatment 
level of 0.07% per day to as much as 0.7%- a ten
fold increase. Of interest is the fact that CaEDT A 
when giYen by stomach tube increases Y excretion
a reflection of ·the large K YV compensat ing for the 
low degree of absorption of CaEDT A. 

The most striking effect on Y excretion by EDT A 
occurs when EIYr A is given before the Y.68 Rats 
were first given an intraperitoneal injection of 10 mg 
of 1\aEDT A, followed 15 minutes later by 50 mg of 
CaEDTA. One hour after the injection of CaEDTA 
the animals were injected intrnperitoneally with car
rier-free Y01CI3 . Three days later they were sacri
ficed. The treated rats excreted a total of 93.3?'c of 
the injected Y 91 compared to 25.3'70 by the controls. 
Skeletal retention was only 3.9% compared to 58.0o/o 
in the controls. The time relationship between EDTA 
and Y injections are important. Results of intraperi
toneal injection of CaEDTA a half hour before Y 
should not differ significantly from those of one hour 
because the concentrations of EDT A in the blood and 
body water . are nearly equal at .½ and one hcmr."': 
HO\n'.wr, if EDT A is administered 3 hours before Y, 
then a sharp reduction in the urinary excretion of Y 
and an increase in skeletal deposition would be ex
pected because the blood-level of EDTA is 5- 10 
times less than at the I hour point. The effect of 
time of EDTA administration on the skeletal concen
tration of Y is sho\rn in Fig. 3. 

Note (Fig. 3) that EDTA is less effective in de
creasing the skeletal concentration of Y when given 
3 hours after Y injection than after .½ or I hour. 
This is easily explained by the fact that the concen
tration of Y in the skeleton is about 15- 20% at .½ 
hour and increases to about 40% of the injected dose 
at 3 hours.81 The increased urinary excretion ob
tained by EDT A administration at 3 hours or earlier 
is eYidently only partly derived from the skeleton. 

Control 
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Figure 3. Effect of time of EOTA administrotion an skeletal concentra• 
tion of injected Y~1 in rats. (From ref. 68) 

As is to be expected, there is a minimum effective 
dose of EDTA, even for radioisotopes such as Pu 
which have a high Kuv with EDT A. A dose of 8 
mg/kg of CaEDT A is too small to affect significantly 
the excretion of Pu, even when administered simul
taneously. 6~ It is conceivable that doses this small 
could cause a higher retention of Pu in the skeleton 
as was. discussed earlier in the cases of Y and La. On 
the other hand, the effectiveness of sufficient CaEDT A 
is independent of Pu concentration, at least in experi
ments6-l in which the molar ratio of CaEDT A to Pu 
varied from about 3 X 109 to 3 X 104- a factor of 
10~ in Pu concentration. 

The importance of K;vv is shown in an experiment 
inYolving rats with Ce144 (III) for which log Kuv = 
15.4. When CaEDT A (~100 mg/kg) was injected 
intraperitoneally 18 hours after intravenous adminis
tration of CeCl3 in a neutral isotonic solution con
taining citrate, the urinary excretion was increased 
only about 3 times the control Je,·el ( from ~3o/o to 
~99'0 in 24 hours) . When Ca EDT A was given .on 
the 13th through the 17th day in doses of 200 mg/kg 
twice daily there was scarcely any increase in Ce 
excretion over the control levels.67 Under similar con
ditions the excretion of Pu and Y was enhanced about 
tenfold. 

\Vhen EDT A is administered as a therapy for 
poisoning by elements with which it reacts only 
moderately, such as with Ce, then early administra
tion, or even administration prior to the injection of 
the radioisotope, produces relatively small effects. 
For example, rats were injected with 255-day old 
mixed fission products (MFP) . The principal fission 
products were Zr9!$, Ce144, Sr80,110, Y01 , and PrH3_ 
Under optimal conditions of treatment, EDT A
treated rats excreted 40-50% as compared to 35% 
in the contfols. The skeleton of EDTA-treated rats 
contained 25% of the in jected dose of MFP com
pared to 30% in the controls. Mo're information on 
these experiments70 is given in Table VII in which 
the effects of EDT A and zirconium salts are com
pared . Little effect is expected with praseodymium, 
Pr, because of a relatively low binding capacity for 
EDT A-log K'f',v = 15.75. 
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Tobie IV. Published Studies on the Removal of Radioisotopes from Mammals by the Use 
of Zirconium Salts and the Chelating Agenls-E1hylenediaminetelraacetate, 

Citrate and BAL 

E .rpcri trtental Th<rO/>CMtic Rtnelcs of Radioisot"/rs 
, onimo.l agents tested adminislratiqn• involve Rcfcren c«s 

Rat CaEDTA I.V., I.P., oral Pu"'" 60 
Rat CaEDTA I.P. Pu.,. 63 

Zr Citrate 
Zr Malate 
Zr+ CaEDTA 

Rat CaEDTA I.V., LP., I.M., oral Pu""', Y01
, Am"' 65 

Rat CaEDTA I.P. Pu""° 64 
Zr Citrate 
Zr + CaEDTA 

Rat CaEDTA l. P., T.M., oral Pu"", Y"' 66 
Ca Citrate 

Rat CaEDTA LP., I.M., oral Pu""', Y .. , Cc'" 67 
Rat CaEDT A, Na EDT A I.P. y•1 68 
Rat CaEDTA + BAL I.P., l.M. Sr"'·'"' 69 
Rat NaEDTA I. P ., oral :\{ixt-d fission 70 

Zr Citrate pro<lucts (255 
NaEDTA + Zr Citrate days old) 
Na Citrate 

Man CaEDTA I.V. La"0 60 
Man NaEDTA I.V. Ca"' 71 
Man CaEDTA 1.V . Pu"'" 56 
Man Zr l\falate r.v. Pu"'0 72 

Rat Zr Citrate, Na Citrate I.P. Pu'31,J, Y11 37,38,75,76 
Rat Zr Citrate, Na Citrate I. P. Th""°, Sr.,.·00 39 
Rat Zr Citrate t. P. Pu""' 77 
Rat Zr Citrate, Na Citrate I. P. Pu"'", Y"', Nb"', 42 

Sr"'·"', Ce'" 
Rat Zr Citrate I.P. Am"' 79 
Rat Zr Citrate LP. P u"'", Y .. -12 

+ Parnihormone 
Dog Zr Citrate I.V. Pu=- 38, 78 
Dog Na Citrate T.V., oral Pu""' 36 
Rat BAL J.M. Po21

• 43,4-1 
Rat BAL T..~r. Pu0

'" 41, 42 
l\fouse BAL S1!bcutaneously Ra""' 40 
l\fouse BAL I.?\f. S r"', P .. , Ra" ' ( Th.''-::) 73, 74 
Rabbit s BAL I.M. Ra""(ThX) 7-t 

* I.V. = intravenous, l.P. = intraperitoneally, I.M. = intramuscular . 

An important question is whether prolonged treat
ment with EDT A can remove radioisotopes once they 
are fixed in the body, particularly in the skeleton. 
Partial answers are provided in experiments in which 
administration of EDT A is begun at least two weeks 
after the intravenous injection of the radioisotope. 
f n Table V are tabulated the results of such experi
ments on the effects of CaEDTA on Pu excretion 
and retention in the skeleton and liver. It will be 
noted that a single massive injection of CaEDT A 
given 30 days after Pu has no effect. However, if 
CaEDT A is given daily for one month or for a total 
of 30 inj ections starting a month after Pu inj ection 
a substantial increase in total excretion is observed 
and skeletal deposition is reduced from 56% of the 
injected dose of P u to 41 o/o. £ yen under optimum 
conditions the skeletal deposition of Pu can only be 

reduced a maximum of somewhat less than twofold 
(Table V). These results do not appear to offer much 
hope for those cases of chronic poisoning in which 
treatment is delayed for a year or even more than that. 

In similar delayed-treatment experiments with Y. 
Cohn et al.,68 began treatment of rats 14 days after 
Y injection. Rats were injected daily after Y injec
tion with 10 mg of NaEDTA, followed at varying 
times during the day by SO mg of CaEDT A, until 
sacrificed at 29 days. The treated rats excreted 17% 
of the Y during the treatment as compared to 4.5% 
in the controls. T he increased amount of Y excreted 
appeared to be nearly a ll derived from the skeleton 
since the treated rats had 48o/o in the skeleton com
pared to 62o/o in the controls. The administration of 
EDT A four times daily gave no improvement in 
results. 
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Table V. Effect of Different Dosage Schedules of CaEDTA on the Excretion and 
Distribution of Intravenously Injected Pu in Rats 

Per cent of admiHistercd dose of Pu 
Total 

"umber of 
injections 

of 
CaEDTA 

Time of first 
i,,jution of 
CaEDTA 
after Pu 

Dosag, and schedule 
of treatmtnts 
,oit/z EDTA 

Time of 
sacrifice 

after 
radioisotope 

(dayt) 

Urine UriHe + Feces S keletoH Liver 

CoH• Con- Con- Con- Ref• 
trolt Treated trols T reated trols Treated trols Treated erenu 

Immediately 

30minutes 

1 30days 

64 2 hours 

11 18 hours 

25 25 days 

30 30days 

Pre-treatment by addition of 
3.5% CaEDTA to diet 24 hrs 
prior to Pu. Single injection 
I .P. of 186 mg of CaEDT A 
at time of P11 injection 

Post-treat111e11/ - 600 mg Ca
EDTA (2400 mg/kg) given 
30 min after Pu. 
Single injection 

Po.rt-treatment - 600 mg Ca• 
EDTA (2400 mg/kg) give11 
30 days after P1i. 

Single injection 
Post-treat111e11t - 100 mg Ca
EDTA (400 mg/kg) given 
J.P. 4 times daily for 16 days 
starting 2 hrs after P11 . 

Posl•treatme11t - 25 mg Ca
EDTA given LP. at 18 hrs 
after P1i. 50 mg CaEDT A 
twice daily on 13th-17th day 

Post-treatment-162 mg of Ca
EDT A given LO. daily £ rom 
25th to 50th day post Pu 

Post-treattne11t-CaEDT A, dos• 
age not ~tated - but pres um• 
ably 20 mg CaEDT A - given 
1.V. daily for 1 month start• 
ing 30 days after Pu 

15 

30 

30 

16 

62 

50 

30 

It is claimed0s that the use of NaEDTA followed 
by CaEDT A helps to improve the final results. This 
is explained on the basis that the decalcifying action 
of the tetrasodium salt of EDT A causes some disso
lution of bone causing a release of calcium from the 
bone and a simultaneous release into the blood of 
bone-fixed yttrium. This explanation does not ap
pear tenable. F irst, the results may not be unique 
because no controls were included in which CaEDT A 
alone was administered. Secondly, it has been thor
oughly demonsfrated that the uptake and release of 
yttrium by the bone is independent of the degree of 
calcification or decalcification of bone.19 Finally, a 
survey of the urinary excretion of Y in experiments 
in which CaEDT A alone was administered with that 
in which NaEDT A and CaEDT A were given indi
cates no significant differences (Table IV). 

The use of CaEDT A in combination with zirconi
um salts in treatment of radioelement poisoning is 
discussed later. 

2,3-Dimercaptopropanol (BAL) 

Administration of BAL to experimental animals 
previously injected with radium,40,74 strontium,7S 

phosphorus,73 plutonium41 or yttrium46 does not af
fect the distribution or excretion of these elements. 
No effect would be expected, since, as mentioned 

6 51 27 62 

4 32 30 

3.3 13 39 58 

6.3 15 26 39 

3 20 22 50 

55 31 

58 33 

8.8 3.6 

15 5 
(soft (soft 

t issue) tis~ue) 

62 

64 

46 50 22 18 63 
(soft (soft 

tissue) tissue) 

55 37 10 10 65 

50 34 66 

61 52 5.3 4.9 62 

56 41 6 2 56 

earlier, these elements do not react with sulfhydryl 
compounds to any appreciable extent. Polonium, on. 
the other hand, belongs to a family of elements which 
react strongly with sulfhydryl groupings. . 

Hursh44 administered BAL to rats previously in
jected intravenously with a solution of polonium 
chloride at pH 6.5. Beginning 1 hour after Po210 

administration the BAL was injected intramuscularly 
in a 10% solution in peanut oil. Three doses, each of 
0.04 ml, were given per day for three days. The rats 
were sacrificed 10 days after receiving Po. The 
urinary excretion for the ten-day period was in
creased from 0.64% to 1.39%-a facto r of two. The 
fecal excretion was increased from 25.1 % to 52.1 %, 
The Po levels in the bone marrow, blood plasma, 
spleen and testes were decreased while the concen
tration in the muscle was increased. Increasing the 
dosage of BAL or initiating treatments at the time 
of Po injection did not improve the results. 

It is of interest to note that in this case the feces 
were the principal route of enhanced excretion. This 
is the reverse of the results obtained with EDTA 
and other chelating agents acting on other elements. 
While the blood level of Po was lowered, the dialyz
able fraction of Po in the blood of treated rats was 
seven times that of those untreated. This is reason
ably explained by supposing that "BAL exerts its 
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principal effect by forming a BAL-polonium com
plex, freeing polonium bound to protein ... by virtue 
of the strong binding power of its dithiol group. 
The BAL-polonium complex is readily diffusible and 
therefore the complex in the blood stream may diffuse 
into the muscle tissue, may readily filter through the 
kidney glomerulus, and may be secreted into the 
gut.".H 

Su~prisingly, few studies have been made in which 
increased excretion of a radioisotope has been cor
related with increased survival or other criteria of 
effectiveness. Since BAL decreased the total amount 
of Po in the body and reduced the level in the more 
radiation-sensitive organs (from the acute stand
point) it would be expected that the survival time of 
Po210-poisoned rats would be increased. Hursh•5 

found that control rats injected with a lethal dose of 
Po210 (36 fLC/kg) had a median survival time of 22 
days, compared with 89 days in the BAL-treated rats. 
Eighty-nine days is considerably longer than the 
median survival time of 57 days which would have 
been expected from the amount of Po retained in the 
body after BAL treatment. It was concluded that 
the "detoxifying effect of BAL cannot depend only 
upon increased excretion but must also consist in a 
mobilization of polonium from radiation-sensitive 
tissue such as bone marrow and spleen into radiation
resistant muscle tissue." 

Citrotes 

As can be seen from Table IV, citrates have been 
employed frequently in attempts to enhance the ex
cretion of radioisotopes. T his is to be expected in 
view of the fact that they are normal constituents of 
the tissues and blood of mammals. 

Even under optimum conditions the effect of cit
rates on excretion of Pu and rare earths is relatively 
insignificant. Studies on the effect of citrate-metal 
complex formation on the metabolism of several rare 
earths have been reported.41 In the case of intra
.muscular injection of the radioisotopes, complexing 
the rare earth with citrate increased the amount ab
sorbed from the injection s ite several-fold . \Vhile 
citrate treatment reduced the amount of rare earth 
deposited in the liver, a large increase in skeletal 
deposition and kidney deposition wi1s noted. 

With thorium and strontium, early administration 
of sodium citrate gave surprisingly large effects.39 

Rats were injected intraperitoneally with 200 mg of 
sodium citrate ( 4.0 ml of a 5% solution) 30 minutes 
after the intraper itoneal injection of Th230• They were 
sacrificed 8 days later. The control rats excreted a 
total of 28% of the injected Th230, compared to 47% 
by the treated rats. Neai:ly all of th~ increased amount 
of Th230 excreted was derived frorn the liver, which 
contained 30% of the injected T h230 in the controls, 
compared to 14% in the treated rats. Significant re
duction in the Th230 content of the spleen, pancreas, 
and kidney was also observed. When the injection 
of sodium citrate was made 3 days after Th!!so admin
istration, no effect on tissue distribution or excretion 

of the radioisotope was noted. In these experiments 
only a single injection of sodium citra te was given. 

In the same experiment, when sodium citrate was 
administered intraperitoneally 30 minutes after intra
peritoneal injection of Sr80•90, the total excretion of 
Sr80,00 was increased from 30% to 46o/o of the in
jected dose. In this case most of the increased amount 
of radioisotope excreted was derived from the 
skeleton. 

The effect of citrate on Th was not unexpected 
inasmuch as eitrates are known to complex Th salts 
very strongly. This complexing action was further 
demonstrated by the fact that the diffusibility of T h 
in blood serum is markedly increased by the addition 
of sodium citrate.89 

Citrate forms a weaker complex with Sr than with 
Ca. By making use of an expression, originally given 
by Kety31 for lead citrate, to solve for available 
citrate, one can obtain the ratio of complexed Sr to 
free Sr in the blood serum : 

( 14) 

where Cit--- represents the trivalent citrate anion 
and K the formation quotient. F rom the known values 
of Ca++ and citrate in blood serum the ratio (CaCit-)/ 
(Ca-) was found to be 0.063. From the values of K 
given in Table III: 

(SrCit-) Ks,c1t- 710 
( Sr++) =Kcacit- X 0.063 = 1450x0.063=0.031 

Hence, most of the Sr in serum is uncomplexed. 
When 200 mg of sodium citrate was injected into 

a rat whose blood volume was 15 ml, then, assuming 
no destruction of the injected citrate, the concentra
tion of citrate per ml = 200/15 = 13.3 mg = 4.5 X 
10-2M. This is a 450-fold increase. The normal blood 
citrate level is about 18-30 micrograms of citrate per 
cm3 or approximately 1Q-4M.83 This would raise the 
value of (CaCit-)/(CaH) to about 24 and the value 
of (SrCit-)/(Sr++) to about 11. Despite the fact that 
injected citrates are destroyed rapidly by the body
probably within 2 to 3 hours- enough Sr is com
plexed during that time to permit enhanced excretion. 
It must be realized that most of the increased excre
tion of a radioisotope caused by a chelating agent 
occurs in the first few hours after treatment. Thirty 
minutes after S r injection, the amount of Sr in the 
circulation is approximately 10-20o/o of the amount 
injected.3° Consequently, the increased urinary ex
cretion of Sr which followed the citrate treatment 
given at 30 minutes was derived from circulating Sr 
which otherwise would have been deposited in the 
skeleton. In other words, sodium citrate administra
tion did not remove deposited Sr from the bone. It 
should be kept in mind that calcium excretion is also 
increased. Actually, the citrate levels must be main
tained in large molar excess over calcium so that 
sufficient amounts remain to react with the radio
isotopes. 
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The prolongation of high citrate levels may modi
fy the complexing action, as shown by an example 
taken from the same experiment on Th. In this 
experiment a separate group of rats was treated with 
zirconium citrate solutions. Just as with early ( 30 
minute) administration of sodium citrate, the early 
intraperitoneal injection of zirconium citrate caused 
a marked increase in urinary excretion of Th. The re
sults with Th are explained30 by the fact that in 
zirconium citrate the citrate part of the molecule is 
not immediately available because it is bound to 
zirconium. Metabolic processes free the bound cit
rate, whereby it is available to exert a solubilizing 
effect through complexing action on the Th. In other 
words, until the citrate is free, the reaction 

Zr Cit + Th~ Th Cit+ Zr (15) 

is too far to the left because of the strong binding 
of Zr by citrate. 

The prolonged action of zirconium citrate was 
shown in the case of Sr where the urinary excretion 
of Sr remained significantly above the control levels 
for several days after a single Zr injection. . 

T hese results suggest that if the metabolic de
struction of injected citrates could be reduced or if 
an elevated citrate level could otherwise be main
tained in the tissues and blood, it would be possible 
to improve the ability of citrates to accelerate excre
tion of radioisotopes. Under these conditions the 
citrates could be of value in the treatment of many 
radioactive poisons. In principle this is possible. Since 
citrates are involved in metabolic cycles, it is pos
sible to administer drugs which block the destruction 
of citrates, directly or indirectly. These drugs include 
non-lethal doses of sodium fluoroacetate which cause 
large and sustained elevations of citrate levels in the 
kidney, spleen, and other soft tissues but not in 
blood.83 Guanidine and guanidine derivatives increase 
the blood citrate levels two to threefold.84 Finally, 
Vitamin D appears to accelerate citric acid produc
tion in bone.85 Vl/e are investigating the use of these 
agents for the t reatment of poisoning by radioactive 
and nonradioactive metals. 

Miscelloneous Chelating Agents 

" A compound related to EDTA, called Fe-3' and 
shown in Table II, causes substantial increases in 
the excretion of Ptt and Ce. In an experiment with 
rats 100 mg of Fe-3 was ·injected intraperitoneally 
each day for 5 days beginning on the 48th day after 
injection of a mixture of Pu and Ce.66 The urinary 
excretion of Pu was increased 6- to 7-fold over con
trol levels during the treatment. Some increase was 
observed during the three days following the cessa
tion of Fe-3 administration. vVith the same dosage 
schedule Fe-3 increased the urinary excretion of Ce 
as much as 6 times over the level of the control group 
as compared to a maximum of a 3-fold increase ob
served when CaEDT A was administered.48 No effect 
on fecal excretion of Ce was observed. 

It is possible that the effectiveness of Fe-3 is related 
to its ability to form complexes which are more 
stable in alkaline solution than those of EDTA. P rob
ably more important, it may form weaker chelates 
with Ca•• while reacting to an undiminished degree 
with transition elements. 

Another compound which shows better promise 
even than EDTA is N-hydroxyethylethylenediamine 
triacetic acid ( V ersenol), U which has the structure : 

HOCH2CH2 CH2COOH 

"" "" HN ± CH2CH2 ± NH 
/ / 

-OOCCH2 CH2COO-
Versenol administration to humans has been found 
to cause a marked increase. of urinary excretion of 
iron.86 Therefore it should react strongly with plu
tonium, cerium, and similar radioisotop_es. 

In addition to EDT A, numerous other synthetic 
derivatives of amino acids may well be useful for the 
treatment of radioactive poisons. A list of possible 
compounds can be gleaned from tables in Ref. 34, 
pages 532-541. 

Other sulfhydryl compounds besides BAL which 
have been tried for the treatment of experimental 
plutonium poisoning are methionine and cysteine .. 
No significant effects have been obtained, although 
it has been observed that cysteine decreased the 
amount of intramuscularly injected Pu (VI) ab
sorbed from the injection site.26 In later studies, no 
general alteration in tissue distribution of Pu was 
found following cysteine administration,42 but the 
treabnent did decrease the absorption of intramuscu
larly injected Pu(VI). According to Van Middle
worth,26 the latter effect might be explained by a 
reduction of Pu(VI) to the poorly absorbed Pu(IV). · 

Among numerous other chelating agents which 
have been used in conjunction with rare earths but 
which do not appear promising for therapy are crea
tine, cholic acid, gluthathione, and trimethylamine 
tricarboxylic acid.•6 

Colloidal Carriers and Zirconium Salts 

Early in 1945 it was thought that the excretion of 
plutonium from injected animals would be increased 
by treatment with large amounts of the soluble salts 
of various metals. 37 This suggested treatment was 
based on the displacing abili ty of one metal for an
other, i.e., cation exchange. The metals considered 
were those possessing a high valence and a metab
olism similar to plutonium. Salts of lanthanwn, 
cerium, and zirconium were among those tested. Be.: 
cause of their low toxicity and ability to promote 
excretion of · plutonium, zirconium salts were the 
most promising. 

Subsequent studies, summarized in Ref. 87, proved 
that the injection of zirconium salts, especially zir
conium citrate, caused marked increases in the 
excretion of many different radioisotopes. The mech-

11 Versenol is available from the Bersworth Chemical Co. 
Framingham, Mass. 
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anism of action of zirconium was postulated to be a 
carrier action rather than a metal displacement ac
tion.4:?,n This carrier concept was demonstrated by 
experiments involving other metals. The mechanism 
of action zirconium salts is explained as follows :81 

"After the entrance of Zr salts into the bloodstream, 
collodial aggregates are necessarily formed because 
of the hydrolyzability of Zr, i.e., above a pH of 
about· 2 an insoluble precipitate of Zr hydroxide is 
formed. T he circulating Pu is adsorbed by these 
aggregates and the subsequent disposition of the Pu 
is therefore directly related to the metabolism of 
the Zr. 

"If this concept is correct, the salts of other 
hydrolyzable metals that also form colloids in the 
blood should be similar in action to the Zr salts. This 
is borne out by the results with Mn, Fe, Al, and Ti. 
T he salt of a basic, non-hydrolyzable element, mag
nesium, had no observed influence on Pu metabolism. 

"The eventual tissue distribution of the circulating 
colloidal particles, however, is a function of their 
particle size distribution . .. Zr colloids of relatively 
large size are deposited primarily in the liver and 
spleen ... Therefore the tissue or organ distribution 
of that fraction of P u removed from the blood can 
conceivably be varied within considerable limits by 
means of different carriers." 

In the sections to follow, we will summarize the 
results of experimental studies using Zr salts to pro
mote excretion of injected radioisotopes. The limita
tions and potentialities .of Zr treatment either alone 
or in conjunction with EDT A are explored. 

Metabolism and Toxicity of Zirconium Salts 

A thorough review of the toxicity and physiological 
effects of zirconium compounds has recently become 
available.85 The conclusion is that zirconium salts are 
remarkably low in toxicity. The acute LD50 of zir
conium citrate is about 2 gm/kg. Rats receiving a 
~otal of 15 injections given over a period of five 
weeks, of zirconium citrate in single doses of 50 mg 
as Zr ( ~ 17 5 mg/kg) showed no ill effects except a 
transient weight loss.77 Histological examinations of 
the liver showed no evidence of damage. 

Doses of zirconium citrate as high as 400 mg/kg 
as Zr were well-tolerated by dogs.78 However, the 
high citrate level in the zirconium solutions does de
press the ionized calcium content of the blood. This 
effect must be counteracted to prevent hypocalcemia. 
It was found that the administration of 10 ml of a 
calcium gluconate-c.'llcium glucoheptonate mixture 
(Abbott)-equal to 10 per cent calcium gluconate w/v 
for every 0.8 gm of citrate prevented hypocalcemia.78 

Experiments in our laboratories also have shown that 
calcium gluconate administration ·controls hypocal
cemia. vVhen given with calcium gluconate, the ad
ministration of zirconium citrate by intravenous drip 
under conditions approximating those used clinically 
did not alter the blood pressure or respiratory rate of 
a dog injected with 1050 mg Zr ( 137 mg Zr/kg) 
( unpublished data). 

The lack of overt toxic effects of injected zirconium 
salts reported above seems at variance with effects 
observed after injection of zirconium malate12 and 
zirconium citrate in man. After several doses of 50 
mg of Zr as zirconium malate patients became dizzy 
and developed symptoms of incoordination and other 
symptoms of vestibular damage similar to those some
times observed following 8th nerve damage by strep
tomycin. A significant observation is that those prep
arations of zirconium salts which cause these adverse 
effects are unstable on standing, possessing a Yery 
short shelf life.00 The explanation of these unex
pected toxic effects is probably that these solutions 
were sterilized by autoclaving at elevated tempera
tures. Heat sterilization causes the zirconium chelate 
to decompose. Decomposition of hydrolyzable metal 
salts by heat is well known. For example, heat ster il
izat ion of ferric cacodylate solutions ( National 
F ommlary VIII) results in the formation of colloidal 
iron oxide,80 increasing the toxicity several-fold. 
Non-sterilized zirconium salt solutions made in our 
laboratory and by others are stable without any signs 
of deterioration for indefinite periods-at least a 
year. It is apparent, therefore, that solutions of zir
conium citrate must be prepared in sterile form with
out autoclaving. This can be done by mixing sterile 
water and sterile sodium citrate solutions with zir
conyl chloride. The latter solution, when prepared in 
concentrated form, is presumably sterile. 

Following the injection of zirconium citrate solu
tions prepared according to published directions,** 
more than 90o/o of the Zr is excreted in the urine, a 
small amount in the feces, and a small amount is re
tained in the skeleton and soft tissues.38•42 Approxi
mately 5% is retained in the muscle and skin- at 
least for a few clays. Kinetic studies on the rates of 
disappea rance of Zr from the blood and rates of in
corporation in tissues by Kawin, et al.4 ~ will be re
ferred to later. 

Very little zirconium is absorbed from the gastro
intestinal tract when it is given orally as zirconium 
citrate. Hence, this route of administration is not 
feasible for the treatment of radioactive poisoning. 

Effects of Zirconium Salts on the Excretion and 
Retent ion of Radioisotopes 

Zirconium citrate treatment has some degree of 
effect on removal of nearly all of the fission products 
and transuranic elements as shown by the data in 
Tables VI and VII. 

** A 100 ml batch of zirconium citrate is prepared as fol
lows:"" To 18 ml of a filtered solution of pure (iron•frce) 
zirconyl chloride (ZrOCI.), containing 130:-140 mg as Zr 
per ml, add, while stirr ing, 80 ml of a 12.5% solution by 
weight of sodium citrate, N~C.H.O, • ZH,O. A precipitate 
first forms which 'Subsequently dissolves. Two ml of a 20% 
NaOH solution are added and the zirconium citrate solution 
is filtered through quantitative filter paper. The final solu
tion should be clear and colorless. It has a pH of ,..., 6.3 
which can be adjusted to 7 if desired, and contains about 
25 mg as Zr per ml and the equivalent of a 10% sodium 
citrate 5olution. Because of its hypcrtonicity {Na+= ,...,1.IM) 
it is advisable to dilute it at least 3-fold for intravenous use. 
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Table VI. Effect of lntraperitoneal Administration of Zirconium Citrate on the Excretion 
and Distribution of Different Radioisotopes in Rots 

Ro .. te of Dose of 
Time °t, injection 

of rafter 

Time of sac,-ifice 
after 

radioisotope 

Per cent of administered dose 

Urine Skeleton Liver 
adminis- Zr citrate ,-adioisotope administered 

Radioisotope tration* (mg Z,-) ad11ti1tittPred (days) Controls Treated Co11trols Treated Controls Treated Reference 

Am"' I.V. 40 15 min 4 5.7 35 31 22 38 18 79 
Amm I.V. 40 15 min 16 8.1 36 35 21 13 12 79 

Sr89 J.P. 25 1 hour 5 34 40 61 45 69 
( +feces) (+feces) 

Sr"" I. P. 25 1 hour 5 34 60 61 36 69 
( prior to Sr8") (+feces) (+feces) 

Ce'" I.V. 40 Immediately 3 3.6 15 6 6 60 49 42 
Nb .. LV. 40 Immediately 3 37 44 14 18 9 12 42 
Pu..., I.V. 40 Immediately 3 4.7 48 57 16 12 12 42 

Y"' J.V. 
.. 

40 Immediately 3 13 71 21 8 28 1.7 42 

• I.V. indicates intravenously; I.P. indicates intraperitoneally. 

Tobie VII.* Effect of Treatment with Zirconium Citrate and Ethylenediominetetroacetote (EDTA) 
on the Excretion and Retention of Mixed Fission Products by the Rott 

Per u11t of administered dose of mi.-ed fission products 

Zr citrate 
(ZS mg Zr per rat) 

TisJu•e Control 1 /ir Pre- 1 hr Post-

Skeleton 30.0 :±: 3 9.4 ::!: 0.8 18 ::!: 1 
Excreta 35 ::!: 4 50 ::!: 3 43 ::!: 3 
Li,·er 25 :±: 5 14 :±: 3 16 ± 2 
::\1 uscle and skin 5 :±: 4 16 ::!: 2 12 ± 2 

* Based on data in Reierence 70. 
't Each rat received 25 microcuries of mixed fission prod

ucts, 255 days old, consisting principally of Zr"", Ce' .. , ~•. 

NaEDTA 
(1(1 ,ng per rat) Zr citrate + Na EDT A 

Z r 1 hr Pre- EDT A 1 hr Pre-

1 hr Pre- 1 hr Post- + 
EDT A 1 hr Post- + Zr 1 l1r Post-

25 ::!: 3 25 ::!: 3 12 ::!: 1 17 ± 2 
50 ± 9 42 ± 7 51 ± 4 63 ± 2 
12 ± 2 21 :±: 2 10 ± 1 7 ± 0.4 
4 ± 0.2 9 ± 5 19 ± 5 10 ::!: 3 

Sr"•·"'• and Pr'". The rats were sacrificed 5 days after re• 
ceiving the mixed fission products. Both the mixed fissions 
and the treatments were injected intraperitoneally. 

Tobie VIII. Distribution and Excre tion in Rats of Zr95 and y oo when Mixed with Sodium 
Citrate or Zirconium Citrate e nd Injected lntroperitoneolly* 

Per cc11t of injected dosct 

Zirconium cit1'ate Sodit<m citrate 

Tissue Yttrium Zirconium Yttrium Zireonium 

Femur 
Liver 
Kidneys 
Carcass 
Urine 
Feces 

0.2 ± 0.05 
0.4 ± 0.1 
0.2 ::!: 0.03 
2.0 :±: 0.5 

0.2 ::!: 0.05 
0.3 ::!: 0.05 
0.3 ::!: 0.08 
6.1 ± 0.8 

2.4 ± 0.3 
5.1 ± 1.0 
3.4 :±: 0.3 

65.4 :±: 4.3 
16.4 ::!: 2.9 
7.3 ± 2.3 

23.7 

2.4 ± 0.2 
6.2 ± 0.6 
4.8 ::!: 0.4 

75.8 ± 3.0 
4.3 ± 0.7 
6.5 ± 0.7 

10.8 Total Excreta 

91.2 ::!: 4.3 
6.0 ± 3.5 

97.2 

86.6 ::!: 14.8 
6.5 ± 2.8 

93.1 

* After table in reference 42. Isotopes were 
injected in 1.6 ml of 10% sodium citrate solu
tion, or 1.6 ml of a zirconium citrate solution 
containing a total of 40 mg of carrier zirconium. 
Rats were sacrificed 3 days after injection. 

The effect of zirconium is greater the sooner it is 
administered after the injection of the radioisotope, 
just as was the case when chelating agents were used. 
An important difference, however, is that a single in
jection of zirconium given before or after adminis
tration of the radioisotope will continue to influence 
'the excretion or retention of the radioisotope days 
.or weeks depending on the initial dose of Zr. 

t Values in the table were adjusted to 100% 
recovery. Actual recoveries were 78.7 ± 7.0. 
Each value is the mean from 4 or 5 rats. The 
deviation is expressed as the standard error 
of the mean. 

When zirconium citrate is administered in com
bination with a radioisotope (i.e., simultaneous treat
ment), the effect on excretion is maximum. In an ex
periment by Kawin and associates42 radioyttrium, 
yoo, and radiozirconium, Zr95, were mixed either with 
sodium citrate solution or with zirconium citrate. In 
three days the zirconium-treated rats excreted 97% 
of the Y90, compared to only 24% by the sodium 
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citrate-treated rats (Table VIII) . Following this 
simultaneous injection of radioisotope and Zr, the 
tissue distribution and excretion of the two are 
nearly parallel, indicating that the zirconium is in
deed serving as a carrier for the yttrium. 

The effect of varying the time of zirconium citrate 
administration on the metabolism of Pu and Y is 
shown in Table IX. The sustained action of a single 
dose ·of Zr is shown by the fact that it is possible to 
decrease skeletal deposition of injected Pu or Y 
even when Zr is administered 8 days before the 
radioisotopes. The urinary excretion of Pu can be 
increased even when Zr is injected 23 days earlier.76 

Aside from possible effects of zirconium citrate on 
the reabsorbability of radioisotopes during passage 
through the kidneys, these sustained effects of Zr 
are probably related to the fact that a small fraction 
of the · Zr circulates in the bloodstream for several 
days after injection. Kawin, et al.42 have demon
strated that a substantial fraction of injected zir
conium citrate leaves the serum with a half-life of 
nearly S hours. However, there is little doubt that if 
the period of observation had been extended, longer
lived fractions would have been found. 

Although it has been shown that the skeletal depo
sition of Pu or Y is markedly reduced when Zr 
citrate is administered soon after the radioelement 
(Table IX), this is not proof that Pu or Y are 
actually removed from the skeleton. Control animals 
given radioisotopes, but sacrificed at the t ime that 
zirconium was injected ( 1 hour later), contained the 
same skeletal levels ot Pu or Y as the zirconium
treated animals sacrificed three days later.76 Conse
quently, it appears that the Zr just prevented any 
further deposition of Pu or Y in the skeleton after 
the time of treatment. Additional evidence for this 
is that Zr causes a very rapid loss of circulating 
plutonium from the blood. Within S minutes after 
Zr injection the blood level of Pu in treated rats is 

. less than half that of the controls, while one hour 

later the control rats had 53% of the Pu dose in the 
blood compared to only 6% in the Zr-treated 
rats.76

•
92 Furthermore, within 1 hour after Zr in

jection the uptake of Pu by bone reached a plateau 
while Pu deposition in the bone of untreated rats 
continued.92 Similar conclusions as to the mechanism 
of the effect of Zr on bone deposition of radioisotopes 
have been reached in the more extensive in
vestigations of Kawin, et al.42 on the kinetic aspects 
of radioisotope metabolism following treatment with 
zirconium citrate. 

The effect of the amount of zirconium citrate ad
ministered on the excretion and distribution of in
jected Pu in rats is shown in Fig. 4. The amount of 
Pu excreted into the urine is proportional to the 
dose of zirconium, while the reduction in skeletal 
content was nearly independent of the amount of Zr 
injected or of the number of doses given. As little as 
5 mg/kg of Zr is sufficient to cause a several-fold 
reduction in the Pu level in the skeleton. This means 
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Figure 4. The effect of different do$e levels of lntroperitoneally 
administered zirconium citrate on the distribution of plutonium in the 
urine and tissues of rats, Zirconium injections were begun I hour 
ofter lntraperitoneal injection of Pu230 and all rats were sacrificed at 

72 hours. (From ref. 75) · 

Table IX. Effect of Time of a Single Administration of Zirconium Citrate Relative 
to the Injection of Pu239 and Y91 on Radioisotope Distribution in Rats* 

Per cent of administered dose of radioisotopes 

Plutonium-239 Ytirium-91 
Time of 

Liver Urine Skeleton saNifice Urine Skeleton Liver Time of infec1iofl Dost of ~terPu of Zr relative Zr citrate or injectfon Con- Con- Con- Co"• Con• Con- Ref, to Pu and Y atmg Zr (days) trols Treated trolt Treated trols Treated trols Treated trols Treated trols Treated ercnc, 

Pre-Treated: 
l day 48 3 67 12 18 22 61 19 4.4 4.9 76 
2 days 48 3 67 23 18 17 61 25 4.4 2.9 76 
3 days 48 3 67 46 18 21 61 33 4.4 3.5 76 

Post-Treated : 
0.5 hour 51 6 1.4 64 73 12 12 11 27 51 42 16 1.5 1.8 38 
1.0 hour 40 3 1.3 46 68 20 21 14 47 38 4.9 3.5 75 
1.0 hour 30 3 66 16 21 23 49 33 8.3 7.1 76 
24 hours 40 10 61 40 15 11 54 41 2.7 2.6 76 
72 hours SI 6 1.4 7.,0 73 61 12 18 27 33 42 43 1.5 2.0 38 

* All injections were either intraperitoneal or intravenous. 



292 VOL. XIII. P/845 · USA J. SCHUBERT 

that it is possible to minimize skeletal deposition 
without a concomitant rise in urinary excretion-in
deed an important point in evaluating the effects of 
Zr treatment in cases of human radioactive poisoning. 

The effect of Zr on Pu excretion is largely inde
pendent of the concentration of Pu i1tjected64 and 
the valence state of Pu.42,78 

The effects of Zr may be altered by changing the 
particle size distribution in the Zr injection solution. 
It is possible to prepare the zirconium citrate solu
tion so that the ratio of citrate to zirconium is de
creased. This has the effect of increasing the particle 
size of the carrier colloids so that a greater percentage 
of the Zr is found in the liver and much less is 
excreted in the urine. VVhen such preparations, or 
similar ones with other metals, are injected into Pu
injected animals it was found that the amounts of 
Pu in the skeleton are reduced, but that no propor
tional increase in urinary excretion occurs. Further, 
the liver possessed higher than normal levels of Pu.76 

An exceJlent experimental demonstration is given by 
Gofman et al.91 of the relationship between the dis
tribution and excretion of injected colloids relative 
to their chemical composition ( ratio of complexing 
agent to metal) and particle size. 

Preliminary evidence78 indicates that zirconium 
citrate treatment may be far more effective in dogs 
than in rats. Administration of zirconium citrate to 
dogs injected intravenously 30 minutes previously 
with Pu(IV) actually removed most of the deposited 
Pu from both the skeleton and soft tissues. It re
duced the over-all body content tenfold and the 
skeletal level approximately 20-fold (Table X). In 
this case Pu was evidently actually removed from 
the skeleton and other tissues. At the time Zr was 
injected about 50% of the injected dose of Pu was 
in the blood ( calculation based on extensive metabolic 
studies on several dogs. ) 38 Since 90% of injected Pu 
was removed from dog, about 40o/o must have come 
directly from skeleton, liver, and other organs. 

Investigations have been made to ascertain whether 
the use of parathormone might increase the effective
ness of zirconium.42 It was thought that if resorption 
of bone by parathormone could mobilize P u and Y, 
they might be more susceptible to the action of zir
conium. However, it was found that parathormone 
action did not enhance the effect of zirconium on the 
excretion or internal decontamination of Pu or Y. 
Neither did the parathormone alone have any effect. 

The effectiveness of Zr treatment in chronic radio
active poisoning has not been studied adequately. 
It is known that the administration of Zr citrate 
weeks, months, or even years after injection of Pu 
will cause a significant rise in the urinary output. For 
example, in a dog treated 5 months after Pu injec
tion, the urinary excretion of Pu rose following the 
use of only 4.15 mg/kg of Zr. A larger injection of 
Zr (15.8 mg/kg) about a month later produced a 
3-fold increase in urinary excretion and kept the 
urinary Pu at a slightly elevated level for the follow
ing two to three weeks.38 It is reasonable to conclude 

that optimal doses of Zr could have produced a larger 
increase in the urinary excretion of Pu. An injection 
of zirconium citrate into this dog 2,¼ years after Pu 
exposure also produced a prompt rise in excretion. 
However, whether repeated injections of Zr can re
move long-standing deposits of Pu or other fission 
products has not been determined by adequate ex
perimentation. A start has been made by Hackett.77 

Thirty-two days after rats were injected intravenous
ly with Pu (IV), one group received intra peritoneal 
in jections of Zr citrate a week for 5 weeks. The rats 
were sacrificed 71 days after Pu injection. Some 
reduction in skeletal concentration of Pu appears to 
have been obtained but the data \\'ere too scattered 
to establish significance. 

There are several considerations in the treatment 
of radioactive poisoning in humans by zirconium 
citrate. The most important is that a sufficient dose 
of zirconium be given as soon as possible after the 
exposure in order to obtain a maximum excretion 
and minimum retention of the radioelement. Treat
ment should be intravenous. If it is desired only to 
minimize bone deposition, doses as small as 5-10 
mg/kg of Zr may be sufficient. \\Tith such small doses 
the urinary excretion may not be appreciably altered. 
Since the biological half-life of P u in the soft tissues 
is far greater than in the bone and since Pu may be 
more easily removed from the soft tissues, it should 
be possible to reduce the long-term retention of Pu 
by the soft tissues, particularly if Zr treatment is 
continued with injections administered approximate
ly once a week. If, in addition to the small doses of 
Zr, CaEDT A is utilized, then there is little doubt 
that the soft tissue levels of the radioisotope would 
be decreased. The results in animals of combined 
CaEDT A-Zr citrate treatment are covered more fully 
in the next section. 

If the results on dogs given in Table X are con
firmed and are applicable to humans, then it is con
ceivable that treatment with Zr citrate given at spaced 
intervals in doses of at least SO mg/kg may shorten 
the biological half-life of Pu by a factor of approxi
mately SO or more. 

The rate at which the blood level of P u following 
Zr treatment returns to or approaches the pre-treat
ment level should be determined. This information 
would faci litate the design of the most effective treat
ment schedule and, in addition, allow estimations to 
be made of the rates at which depletion of the tissue 
deposits occurred. 

Treatment of Radioactive Poisoning by Combined 
CaEDTA and Zirconium Citrate 

In acute studies with rats injected with plutonium, 
zirconium citrate causes greater reductions in bone 
Pu deposition while EDT A is more effective in re
ducing soft tissue concentrations. A solution con
taining both agents would therefore be expected to 
be more effective than either alone. The experimental 
results63•64 shown in Table X I and Fig. 5 give strik
ing proof of the greater effectiveness of the Zr citrate-
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___ __.Jbtw.u.rmwrtic Tootrneot 

~ Aqentj1)
0 

O 
Control, (no I riot men!) 

Delayed CoEOTA 

Zr citrote + CoEOTA 

Zr cltrote 

CoEOTA 

Zr citrate 

Zr citrote + CoEOTA 

6 ;g 20 3b 4b so ~ 1o 

"Delayed therapy initiated 30 days, prompt therapy 30 minutes, 
· after plutonium administration. 
.. Zr citrate dose= 50 mg as Zr administered intraperitoneally, 

CaEDTA dose• 600 mg administered inaaperitoneally. Where 
the two agents were administered, half these amounts were 
employed. 

Figure 5. Effect of combined CaEOTA and ~irconium citrate admin• 
islered to rats at varying time intervals after plutonium injection on 
the retention of plutonium by bone and soft li$$U9. The control group 
contained 16 animals and the treated groups contained from 4- 12 

animals. (Adapted from Tobie I in ref. 63) 

CaEDT A combination in reducing retention of P~ 
as well as in furnishing a comparison of the individ.: 
ual therapeutic agents under the same experimental 
conditions. The reduction in skeletal deposition fol-· 

lowing the combined treatment was no different from 
that obtained with Zr alone. 

In the case of 255-day old mixed fission products, 
the combined use of E DT A and zirconium citrate 
did not improve skeletal decontamination over that 
obtained with zirconium citrate alone (Table VII). 
In this case, Zr alone reduced appreciably the skeletal 
level of radioelements, while EDT A alone caused a 
small decrease in the amount of fission products de
posited in the skeleton.70 

Further investigations on the use of combined 
therapeutic agen_ts for internal decontamination ar-e 
necessary . 

Miscellaneous Approaches, Chemical and Physiological, 
for the Treatment of Radioactive Poisoning 

Attempts to treat radioactive poisoning by several 
other methods have; been made. None of these has 
had a significant effect, at least for the specific radio
isotope test~d. They , include: 

·1. Indticed diuresis by ·injection to dogs of hyper
tonic saline in the case of Pu.38 

2. Disturbance ·of the o'rganic matrix of bone by 
induction of scurvy using a scorbutogenic diet in the 
case of Pu, Sr, and Y.26 

Table X. * •Effect of Zirconium Citrate Treatment on the Excretion and Retention 
of Injected Plutonium(IV) in Dogst 

Per ctn I of admiuislercd dose of Pu( IV) 

Tiss·ue 
anal;y:red Controls 

Skeleton 81.0 
Liver 19.0 
Spleen 0.009 
Blood 0.1 
Carcass (less organs 0.8 

and skeleton) 

* Based on data in Reference 78. 
t The Pu solution injected was plutonium 

citrate buffered to pH6. The controls consisted 
of two dogs, while only 1 dog is represented 

Zr treated /mg Zr/kg° per injection) 

50 100 200 400 

3.8 4.2 7.9 2.6 
0.5 3.0 1.0 . 0.5 
0.12 0.37 0.11 0.05 
0.18 0.02 0.005 0.009 
6.5 0.6 1.4 0.3 

by each Zr level in the treated groups. Treat
ment was begun 30 minutes after the injection 
of Pu and was repeated twice each week for 
three weeks (6 injections total). Both Pu and 
Zr were injected intravenously. 

Table XI. Comparison of Effects of Zr Citrate and CaEDTA on Pu Retention in Rots* 
(Per Cent of Administered Pu Retained) 

Tisn,e Controls 

Skeleton 57,7 ± 4.0 
Soft tissue 14.8 ± 3.6 
Total animal 72.6 ± 3.3 

Skeleton 46.3 ± 5.2 
Soft tissue 24.7 ± 4.8 
Total animal 71.0 ± 4.6 

Zr citrate 
(50 mg Zr per r/1$) 

Treot t d rats 

CaEDTA 
( 600 mg per ral) 

Z r citrate+ CoEDTAt 
(25 mg Zr+ 300 mg EDTA) 

Pu Dose = 0.0014 µg per rat 

12.7 ± 1.2 33.2 ± 2.6 
14.8 ± 3.6 5.1 ± 0.9 
27.5 ± 4.2 38.2 ± 2.6 

13.9 ± 5.6 
Pu Dose = 140 µg 

27.5 ± 2.7 
10.8 ± 5.0 
38.3 ± 3.4 

21.2 ± 5.9 
35.1 ± 10.9 

per rot 

10 
12 
22 

* Based on data in References 63 and 64. 
Rats were given intraperitoneal treatment 30 
minutes after the intraperitoneal injection of 

Pu (IV) citrate. All animals were sacrificed 
30 days a fter Pu injection. 

tValues taken from a graph in Reference 63. 
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3. Use of a protein-free diet in the case of Pu and 
Sr26 to disturb bone protein. 

4. Causation of bone resorption with subsequent 
use of a diet calculated to restore the bones with new, 
nonradioactive bone, in the hope that the new bone 
would act as a mass absorber to prevent radiations 
from deposited Pu from reaching living cells.19 

5. Use of endocrine changes such as cretinism 
which was produced by thyroidectomy of rats at birth. 
The resulting hypothyroidism inhibited the deposi
tion of radiostrontium in the skeleton. Growth hor
mone and thyroxin were administered either alone or 
together to the hypothyroid rats. These treatments 
increased the skeletal uptake of Sr-89 and Sr00 to levels 
which in some cases exceeded those of the normal 
controls.03 

It is conceivable that stimulation of the cells of the 
reticuloendothelial system may enable them to cope 
more adequately with phagocytosis of radioactive 
particles. Substances such as oestradiol benzoate and 
choline cause stimulation of these cells.94 •9~ Choline 
has been found to enhance the rate of disappearance 
from the blood of colloidal CrP32O 4•95 

An interesting possibility in the treatment of radio
element poisoning is the modification of tubular re
sorption processes in the kidney. In the case of 
radium, for example, more than 90o/o of the radium 
passing through the kidney is resorbed back into the 
circulation. Even a relatively small decrease in the 
degree of tubular resorption of radium, caused by 
use of selective blocking agents for the renal tubules, 
could cause a significant increase in the urinary ex
cretion. 

Certain pathological conditions such as diabetes 
or normally occurring physiological changes of many 
types, such as those that follow exercise, result in 
increased blood levels of organic compounds possess
ing chelating properties. Investigations of the effects 
of such induced changes in animals, e.g., alloxan
induced diabetes, would be of fundamental interest 
in the mechanisms of transport and removal of radio
active elements from the body. 

TREATMENTS FOR POISONING BY 
NONRADIOACTIVE METALS 

Treatment of nonradioactive metal poisonings can 
be approached in two ways: ( 1) the concentration 
of the metal in the body can be lowered by promoting 
excretion, or (2) the metal can be inactivated in situ 
so that it no longer can react with and damage the 
surrounding tissue. In the case of the first, the same 
principles apply for nonradioactive metals as have 
been discussed in the preceding sections. 

For nonradioactive metal poisons it is feasible to 
inactivate a metal in vivo by the formation of a 
chelate without a concomitant change in its distribu
tion or localization. The use of the lake-forming dye 
aurintricarboxylic acid, which combines specifically 
with -beryllium under physiological conditions has 
proven successful in the treatment of acute experi
mental beryllium poisoning.00 The dye does not 

change the tissue distribution pattern or the excre
tion of the metal. It prevents the pathological dam
age caused by the beryllium in the liver, spleen, and 
bone marrow which otherwise would kill the animal.07 

Factors which enhance the effectiveness of the dye, 
in addition to a binding affinity for the metal, are 
low water solubility, high affinity for proteins, and 
the fact that k does not react with calcium ion in the 
plasma. The toxic effects of Co++ can be prevented by 
the administration of cysteine,81 with which CoH 
forms an unusually stable complex. The strong com
plexing action of BAL for metals such as gold, mer
cury, arsenic and lead is well known. Some pro_tection 
against poisoning by uranium, vanadium, and cobalt 
is afforded by sodium catechol disulfonate, which 
seems to form a chelate with the hydroxy groups.98 ,00 

Some of the important features which can modify 
the action of an agent forming a chelate i11 vivo with 
metal ions are: 

l. The biological behavior of the agent. This in
cludes its rate of metabolism and excretion, its dis
tribution in the tissues relative to the metal, its 
permeability, and its affinity for tissue protein. These 
are affected by such things as the acidity of the co
ordinating groups, i.e., the degree of ionization of 
the chelating agent, the size and shape of its molecule, 
and the presence in the molecule of water-solubilizing 
groups. 

2. The stability of the chelate formed with the 
metal 1mder physiological conditions. The influence 
of these factors is discussed in Ref. 96 with regard 
to the chelate formed between aurintricarboxylic acid 
and related compounds with beryllium. 

Some of the potential ill effects which may result 
from the use of chelating agents in the treatment of 
met'\l poisoning have been reviewed and documented 
elsewhere.100 They may be summarized as follows: 

1. The solubilization of insoluble metal deposits by 
the chelating agent may make more free metal avail
able for reaction with tissues. This point, which we 
have demonstrated experimentally, illustrates the 
fact that the toxicity of nonradioactive metals is not 
always a function of the total concentration of the 
metal present in the body, but rather of that fraction 
which is able to undergo chemical reactions in vivo. 

2. When the metal is chelated it may be trans
ported to tissues to which it normally would not 
penetrate to an appreciable extent and, if the chelate 
then becomes broken down, cause tissue damage. It 
has been demonstrated that the amounts of some 
metals deposited in bone may be increased by the use 
of a chelating agent. 

3. While the chelate may be stable at pH 7.3, it 
may decompose during passage through the kidney, 
where the pH is significantly lower, thus liberating 
the metal and causing renal damage. It is highly 
probable, for example, that the calcium EDT A chelate 
is partially dissociated when passing through the 
kidney tubules. EDT A does not complex calcium 
at pH 4 so that a considerable part of the calcium 
may be free at the pH of the tubules or at the sur-
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face of the tubule cells where exchange of cations for 
hydrogen ions seems to take place. Several examples 
involving kidney damage caused by certain BAL
metal complexes are known. 
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Environmental Aspects of the Atomic Energy Industry 

By Arthur E. Gorman,* USA 

Every new industry has a deep-seated responsibility 
to appraise, as accurately as possible, the impact of 
its operations on community living and the natural 
resources of the nations which it serves. Such major 
components of an industry as its sources of raw 
materials, its production plants, its research and de
Yclopment laboratories and its channels of transport 
and distribution, have a wide variety of direct and 
indirect contacts with people and the communities 
in which they live. A new industry moving into an 
established community has, as a new neighbor, a 
special responsibility to respect the vested rights of 
people and other industries already there. Even 
though this industry may enter an isolated unpopu
lated area it still has an obligation to assess its impact 
on the natural resources of the region and the long 
term effect of its operations on future possible com
munities. It is axiomatic that people follow industry. 
Conceivably through use of atomic energy in the 
future, an almost virgin area today may be the site 
of a city or a vast industrial complex. 

T he purpose of this paper is to discuss certain 
environmental aspects of the fast growing atomic en
ergy industry in the United States. Experiences of 
this industry over the past decade will be discussed 

· in the light of the history of other major industries 
of lhis nation over a long time. 

In general, the environmental problems which a 
new industry encounters are inversely proportional 
to the advance planning for the industry and more 
or less proportional to the volume and objectionable 
or hazardous properties of its product and its wastes. 
Such problems may develop as a result of day-to-day 
operations or from an unforeseen incident or accident. 
Both situations must be reckoned with and each is 
capable of reasonably intelligent evaluation. 

In the new atomic energy industry the obligation 
to assess its environmental impact is all the more 
profound because of: ( 1) the unique characteristics 
of its products and vvastes-especially those of long 
lived radioisotopes; (2) the relatively limited knowl
edge as to the effect of cumulative radiation on living 
organisms; (3) the continuing changes in nuclear 
technology; ( 4) the relatively large volumes of water 
used for heat exchange and other purposes; ( 5) the 
trend of the industry to expand into more populous 
areas; and ( 6) the current Jack of knowledge ( due 
largely to security controls) concerning the products 
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and operational hazards o[ the industry by regulatory 
public agencies normally responsible for public health, 
safety and the protection of national resources. 

EXPERIENCE OF OTHER INDUSTRIES 

As this new industry goes forward in all parts 
of the world-and perhaps in areas where no other 
industry plant has ever been located-its environ
mental aspects should be discussed with candor and 
be evaluated with thoroughness. This conclusion is 
supported by the experiences of other industries such 
as textiles and tanning, brewing and distilling, lumber 
and coal, paper and pulp, by-product coke and chem
icals, packing and food products, metals and metal 
fabrication, smelting and refining, synthetic fibres, 
pharmaceuticals, plastics and e.'Cplosives. In its opera
tions and growth each had its special impact on the 
environment, on public services and on natural re
sources. In order to comply with reasonable environ
mental standards, management of these industries has 
experienced a long and costly series of difficulties 
in correcting objectionable features of plant location 
and operation and in treatment and disposal of wastes. 

These industries, in their earlier operations, met 
with objections by the public on various scores includ
ing: ( l) lowering of ground water; (2) drain oi1 
limited surface water resources; ( 3) contamination 
of the atmosphere; ( 4) destruction of crops and 
vegetation; ( 5) pollution of ground and surface water 
resources; ( 6) contamination of public bathing and 
recreational areas; (7) damage to public sewers and 
sewage treatment plants; (8) destruction of shell fish 
areas; and (9) emission of objectionable odors and 
noises. Not infrequently these objectionable environ
mental deficiencies resulted in costly litigation and in 
some instances in the passage of drastic legislation 
for regulation and control which unduly handicapped 
the industry. In recent decades industry and govern
ment with commendable courage and foresight have 
worked together to resolve and to prevent these en
vironmental problems. Through cooperative research 
participated in by industry, governmental agencies 
and universities various environmental problems such 
as those listed above have been and are being resolved 
at an encouraging rate. 

EVALUATING ENVIRONMENTAL PROBLEMS IN THE 
ATOMIC ENERGY INDUSTRY 

The United States Atomic Energy Commission 
has sought to benefit by the experience of other in-
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dustries in evaluating the environmental problems 
created by operations of plants under its jur isdiction. 
ft has followed the pattern of these industries in its 
environmental and public safety research programs. 
The tempo of research, however, has been much more 
rapid. It has enlisted the cooperation1 of specialists 
in other industries, other governmental agencies, uni
versities and professional experts in private practice. 

A · star t was made by studying the effect on the 
environment of operations at the plants constructed 
hurriedly and at isolated places during the war years. 
Special emphasis was given to ( 1) the effect of using 
large volumes of water from ground water sources 
and (2) release of radioactive and toxic wastes to the 
ground, to surface waterways and to the atmosphere. 
In addition, tests were made to determine the effec
tiveness of treatment facilities and processes installed 
to remove radioactive and toxic substances from 
waste streams of all kinds-gaseous, liquid and solid. 

Uses of Specialists 

Experience has revealed that a proper appraisal 
of environmental problems of the atomic energy in
dustry requires competence and experience of a high 
order and by a wide variety of specialists. They in
clude such professionals as nuclear, health and bio
physicists ; physical and nuclear chemists; structural 
and ground water geologists; nuclear, chemical, sani
tary and safety engineers; industrial hygien ists; biolo
gists; meteorologists; hydrologists; mineralogists; 
public planners and others. 

Problems Evaluated 

T eams of specialists have and st.ill are reviewing 
and advising in such matters as : ( 1) site selection for 
plants; (2) the availability of water for process and 
<lomestic uses; ( 3) the relationship of various units 
in a plant complex to one another; ( 4) the type and 
capacity of safety and waste treatment facilities; ( 5) 
the degree of waste treatment required; (6) points 
·or discharge o[ waste effluents; (7) the natural dilu
tion factors in nature which may be taken advantage 
of in disposal of wastes ; (8) the selection of sig
nificant monitoring points for checking the results of 
operations; (9) the ultimate fate of wastes from 
day-to-day operations or in case of an accident, loss 
of product and wastes to the environment; and (10) 
the effect of releases of this kind on the public health 
or natural resources. 

Need of Training 

A difficulty encountered in enlisting the services 
of experienced professionals is that many are not too 
familiar with the technology, the terms and the stand
ards of the nuclear energy industry. This is, however, 
lmt another of the challenges the industry must face. 
It is one which can be met with confidence of success 
under an aggressive educational and training pro
gram. The environmental problems which lie ahead 
111 the development of the atomic energy industry can 
best be resolved when it becomes more fully inte
grated into the community and industrial structure 

of the nation. Policies and programs arc bringing 
this about in a rational and effective manner. 

IMPORTANCE OF SITE SELECTION 

Much study of environmental factors should be 
conducted in advance of selection of a satisfactory 
site for an atomic energy plant. Advance study of the 
geological, meteorological and hydrological aspects of 
a plant site could result in substantial savings in the 
layout, design and_ operations of such important units 
as nuclear reactors, chemical processing, gaseous dif
fusion and fuel f~brication plants and research labora
tories. In the construction and installation of facili 
ties in these plants much care must be exercised in 
preventing dusts from contaminating piping for 
process gases, ducts for ventilation and sensitive 
equipment and instruments. These precautions tran
scend those of most other industries. 

Where water in large volumes or of special quality 
is required, sources of supply should be carefully in
vestigated as to: ( 1) adequacy and continuity of sup
ply; (2) the possibility of interference with the supply 
of other consumers- especially those having prior 
vested rights ; and ( 3) the physical and chemical char
acteristics of the water. 

Usually, but not always, it is the large plants which 
present the more serious environmental hazards. Of 
special importance in the case of nuclear reactors 
or chemical processing plants is advance knowledge 
as to the kind, volume, and levels of radioactivity to 
be handled and the availability of suitable places and 
conditions for release of waste effluents. T his is not 
to say that selection of sites for such other units as 
research laboratories, feed material processing and 
fabrication plants and special test and storage faci li
ties are not also important. 

Generally, the problems presented are a function 
of: ( l) the curies of radioactivity involved: (2) the 
length of time the plant has been in operation : ( 3) 
the adequacy of safety and waste treabnent facilities 
provided; and ( 4 ) the proximity of the plant to popu
lated areas and sensitive industries. Rarely are the 
environmental considerations of one site the same as 
those of another. Each must be studied with respect 
to its own local conditions. 

Appendix A of this report contains a check list 
of environmental considerations which may be help
ful to any who have the responsibility for selection 
of sites for nuclear reactors and chemical processing 
plants or others. 

Plant Enlargements . 
In s ite selection serious consideration should be 

given to the possibility or probability that a plant as 
originally built may be enlarged, or its functional 
processes changed with resultant greater hazard. 
When a plant or site planned for one purpose is put 
to a new use it is important that such basic services 
as utili ties, waste disposal systems and points of re
lease of waste effiuents be re-studied to ascertain 
their adequacy for the newer use. Such modification 
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should be discussed with those public officials who are 
responsible for public health and safety in the area. 
If the original plant was served by public utilities 
such as water, power, sewers and other drainage fa
cilities this obligation is all the more pressing. 

DISPOSAL OF WASTES 

High-Level Radioactive Wostes 

High-level waste may contain as much as 102 curies 
per liter. Their principal source under normal opera
tions is in the processing of irradiated fuel elements. 
The cost of treatment and disposal of these wastes 
is high. Costs have been omitted purposely in this 
paper because they are dealt with in other papers of 
this series. 

If nuclear power is to compete favorably with other 
fuels, costs of waste disposal must be reduced. Cutting 
of costs must be done intelligently for otherwise it 
might involve risks which could present environ
mental hazards and reflect unfavorably on the in
dustry. 

Disposal policies are especially important 'in the 
case of high level radioactive wastes which contain 
long-lived and biologically significant fission prod
ucts2 such as Sr00 and Cs137 and others of shorter 
half-life such as Ce144, Ru103 and certain isotopes of 
rare earths which may be difficult to control when 
released to soils. 

As the industry grows should disposal of high-level 
long-lived radioactive wastes by environmental dilu
tion continue to be considered, the amounts of dilu
tion required to meet permissible concentrations in 
air and water for continuous exposure of humans 
could be fabulous. W. Kenneth Davis/1 Director of 
the Atomic Energy Commission Reactor Develop
ment Division, in a paper before the American Power 
Conference in Chicago in April 1955 estimated that 
the capability of nuclear power in service in the 
United States would be: 

By tht 111d of: 
1960 
1965 
19i0 
1975 
1980 

Million kw 

2.0 
5.0 

27.0 
83.0 

175.0 

This power would of course be the output of our 
many reactors, probably widely distributed. The esti
mated rapid rate of increase, however, is striking and 
serves to give some indication of the importance of 
resolving the problem of disposal of radioactive wastes 
which are long-lived and hazardous. In the fission
ing of 1 gram of uranium one megawatt day of nuclear 
heat energy is released and about one gram of fission 
products is formed. One year after removal from the 
reactor, assuming continuous uniform operation, one 
gram of fission products would have a heat power 
level of about one watt or the equivalent of 500 curies 
of radioactivity. 

My associate, Joseph A. Lieberman, in a recent 
paper' before the American Society of Civil Engi
neers has calculated that for the above 1980 rate 

capability the fi ssion product production for one year 
would require in the order of 1.85 X 1018 gallons of 
water to dilute S r90 (yield 5.3 per cent) to safe life
time drinking water le,•els. This is approximately 
equivalent to the average annual flow of the Missis
sippi River prior to flood diversion 100 miles above 
its mouth for a period of 12,600 years. 

Fixation on Soils 

Fortunately certain soilsG and the suspended and 
bed loadings of most waterways have properties of 
absorption or adsorption of radioactivity. Nature pro
vides some potentialities for resolving environmental 
problems. T hese are being studied in order that they 
may be taken advantage of in reducing the cost of 
disposal of wastes from chemical processing of spent 
fuels and from other sources. The e.,change capaci
ties of soils for radioisotopes can, however, be seri
ously affected by other non-radioactive ions in wastes. 
This complex should be fully e,·aluated in deciding on 
the degree of pre-treatment "·hich is required before 
wastes are disposed to the ground. The heat in high 
level waste resulting from gamma radiation introduces 
an important problem in the disposal of these wastes. 

Research in ground disposal is under active inves
tigation at the Oak Ridge National Laboratory as an 
important environmental problem associated with the 
development of future reactors for power production. 
Under contracts with Atomic Energy Commission, 
staff of the Sanitary Engineering Depar tment of the 
Johns Hopkins University and the Geological Survey 
are giving consideration to the feasibility of disposal pf 
these wastes to deep wells or to deep cavities existing 
naturally or made by dissol\'ing salts from deep dry 
deposits. The Earth Sciences Division of the National 
Research Council is also cooperating in this program. 

The requirements of environmental protection could. 
be met by fixing radioactivity in clays or other suit
able material and then raising the temperature suffi
ciently to form a solid mass from which the wastes 
could not be elutriated or leached. Such a mass could 
then be buried in tight soils designated by a geologist 
as suitable for waste storage. Research to determine 
feasibility and cost of such a method is underway at 
the Brookhaven,6 Oak Ridge and Los Alamos Na
tional Laboratories. 

Separation of Significant Isotopes 

Another possibility of lessening the enviro11mental 
hazards associated with the disposal of high-level 
radioactive wastes is to remO\·e the long-lived and 
biologically significant isotopes from the wastes prior 
to disposal. If this were done disposal to the ground 
in selected .areas could be carried out with greatlv 
reduced environmental hazards. The significance ;f 
this consideration may be seen from the fact that in 
NBS Handbook1 No. 52 the ma..'<imum permissible 
limits for exposure of people to Sr00 is about a factor 
of 103 more conservative than for most of the radio
isotopes. Admittedly -this procedure would be costly, 
but the possibility of selling such isotopes as Sroo, 
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Cs137 and Ru1 03 and others as radioactive sources 
may offset some of this cost. After these sources have 
served their purpose they still must be disposed of 
under safe conditions in order to prevent environ
mental problems. 

Land 6uriol 

Burial is an economically attractive method of 
disposal of solid wastes but it may present serious 
environmental problems. 

The selection of burial grounds should be made 
in cooperation with an experienced geologist. Desig
nated burial grounds should be fenced and be well 
identified. Access to them by unauthorized persons 
should be prohibited. Provision should be made also 
to prevent access by animals. A continuing inventory 
of buried wastes should be maintained and test holes 
for monitoring the movement of wastes away from the 
site should be provided. Burial grounds should be a 
minimum in number as they are dedicated areas so 
contaminated as to prevt!nt, for all practical purposes, 
the use of the land for other services for very long 
~riods of time. 

Underground-Tank Storage 

Underground storage without fixation of the haz
ardous long-lived radioisotopes could have long term 
implications affecting the welfare of future genera
tions. V\Taste-burial grounds and underground-stor~ 
age tanks should be located so that in case of leakage 
pollution of ground water may be minimized. Prefer
ably, they should be sef well above the water table 
and in tight soils from which movement of any leak
age would be slow. P roYision should always be made 
for periodic monitoring in the vicinity of these stor
age areas to detect any leaks. 

Storage of high-level radioactive wastes in under
ground tanks as currently practiced has the advan
tage of confinement, thus providing time for decay of 

· radioactivity. Provisions to remove heat from tanks 
,vhen required is costly. Tank storage is not an ulti
mate solution of the waste disposal problem. T he 
wastes may be radioactive for hundreds of years 
whereas the tanks in which they are stored may be 
expected to corrode and leak in 50 to 75 years or 
sooner. Obviously, therefore, this method of handling 
still involves a serious potential environmental prob
lem. 

Low-Level Wastes 

The release of low-level radioactive wastes from 
the atomic energy industry also presents environ
mental problems. These wastes are those whose ac
tivity is 103 or 10'1 in excess of permissible long term 
limits of exposure for humans. Because the quanti
ties involved are very large, where conditions are 
favorable for dilution in the atmosphere, in surface 
waterways or to the ground, such disposal is eco
nomically attractive and has possibilities. It is being 
practiced in the United States-especially in certain 
remote areas. There are many places even near popu
lated areas where conditions are favorable for dis-

posal by dilution in nature and they should be taken 
into consideration in selecting a plant site. In apprais
ing these possibilities the advice of experienced mete
orologists, geologists and hydrologists should be 
sought. 

Extensive research in determining the significant 
parameters in making such appraisals is being carried 
out under Atomic Energy Commission contracts with 
tl1e ·weather Bureau, the Geological Survey and sev
eral large universities. In addition, staff of the Atomic 
Energy Comrriission and its operating contractors at 
the Hanford \tVorks in Washington, the Knolls Atom
ic Power Laboratory near Schenectady, the National 
Reactor Testing Station in Idaho and at the Brook
haven, Argonne and Oak Ridge National Labora
tories are conducting similar research. 

Ocean Disposal of Wastes 

There are some who consider the oceans as a satis
factory place for disposal of radioactive wastes of all 
kinds. To a limited degree this pract ice has been fol
lowed at certain plants and laboratories 011 or near 
the Atlantic and Pacific Coasts in the United States. 
Usually these wastes are enmeshed in a mixture of 
concrete within steel drums or wooden forms. Con
sidering the pressures they are subjected to and the 
probable impact on the ocean floor, it is doubtful if 
these containers hold the waste very long after dump
ing at sea. The wastes are of a variety of types, some 
of which are high in activity. The volumes and curies 
in these wastes are small compared with the total 
volume and activity in high-level wastes in storage. 
Disposal is in waters between 500 and 1000 fathoms 
in depth. Sea disposal of wastes is costly for plants 
which are not near the sea coast. A study of the cost 
of sea disposal of low and intermediate level wastes 
from atomic energy installations conducted by staff of 
Johns Hopkins University in 1953 and· 1954 indi
cate a range of from $0.30 per pound in the N cw 
York area and from $0.80 to $1.00 per pound in the 
San F rancisco area. The difference is reflected by the 
volumes of waste disposed of in the respective areas. 

Some consideration has been given to the feasibility 
of disposal into the oceans of large quantities of high
level wastes from chemical processing plants. In the 
summer of 1954 a seminar was held at which experi
enced oceanographers discussed the problems pre
sented. Sufficient concern was expressed over this 
method of disposal because of important environ
mental risks as to cajl for much field study before it 
should be approved as standard practice for the in
dustry. 

Disposal in Remote Areas 

It is reasonable to assume that within the next 
decade atomic energy plants may be built in remote 
places throughout the world where the need of power 
for special purposes is so important that the factor of 
cost may not be too significant. Here again the in
dustry has a real obligation to maintain high stand
ards of safety and environmental sanitation. Even 
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though initially exposure of people and property in 
these remote areas may be slight, a reckless or ca
pricious attitude in disposal of long-lived wastes 
should not be permitted. vVith the advancement in 
travel and transport to these areas and perhaps un
predictable uses of their natural resources, a careless 
practice in this generation in the interest of low costs 
could pre-empt or penalize the use of these resources 
by future generations. History is replete with ex
amples of the penalties which subsequent generations 
have paid for the reckless, uncontrolled actions of 
their forefathers. 

OTHER ENVIRONMENTAL PROBLEMS 

Spills of Wastes 

Should a serious spill occur from an atomic energy 
installation, there is an obligation to notify promptly 
public officials who may be concerned. In anticipa
tion of such an incident it would be prudent to de
velop a system of notification of public officials so 
that they in turn may give adequate warnings to 
others who may be affected. Through cooperation of 
this kind the effect of a serious incident may be less
ened to such a degree as to prevent damage to others 
downstream. Serious spills of toxic wastes and prod
ucts to sewers or streams have occurred in a number 
of industries. Through prompt notification under a 
planned arrangement a situation which might other
wise have caused serious damage to property or a 
threat to the public health was avoided. 

Transport of Radioactive Material 

F rom mining the raw ores used to obtain radio
active materials to the ultimate disposal of wastes 
care must be taken to prevent exposure of people or 
property to damaging radiations. Accidents in trans
port may be of a wide variety. They are unpredictable 
as to when and where they will take place and the 
extent of the damage which will result. Therefore, 
much care must be given in planning: ( 1) the trans
port of these materials; (2) the carrier to be used; 
( 3) the routes to be followed; and ( 4) the packaging 
of the radioactive or toxic material. In the case of 
highly radioactive materials shielding to protect han
dlers and others and packaging under conditions 
which will avoid criticality are extremely important. 
These precautionary measures add substantially to 
costs. 

Accidental spills of radioactive materials in trans
port especially in populated areas, on water sheds 
of public water systems and on 'bridges over streams 
or rivers from which water for industry or public 
supplies is obtained present real environmental haz
ards. In the wreck of a train or truck carrying radio
active materials should a fire occur a serious situation 
could develop spreading radioactive gaseous effluents 
over a wide area. Crews attending the t ransport of 
these materials should be well informed as to hazards 
en route and to safety measures to follow in case of 
an accident. They should carry monitorino- instru
ments by which to evaluate hazards which d:ay arise. 

The cost factor in transport is one of the reasons 
why it is desirable to have the chemical processing 
plant reasonably near the reactor and why in the 
disposal of radioactive wastes suitable places fo r re
lease and ultimate disposal should be sought near 
the processing plant. 

Radioisotopes 

Although the levels of activity of manufactured 
radioisotopes generally used in research are small in 
comparison with those of materials used in reactors 
and chemical processing plants, nevertheless, their use 
is widespread8 and could create environmental haz
ards if careful controls are not applied . At institu
tions using these isotopes care must be given to the 
release of radioactivity to building plumbing and to 
public sewers in order that overexposure of main
tenance personnel may be avoided. The effect of 
radioactivity on organisms used in public sewage 
treatment processes and the ability of these processes 
to remove radioisotopes from wastes have been 
studied at the Johns Hopkins, New York, California 
and Illinois Universities and at the Massachusetts 
Institute of Technology. No serious effect of low level 
wastes on these organisms were found. Removal of 
radioactivity from wastes by biological treatments is 
not too encouraging. 

Destruction of combustible radioisotopes in ordi
nary institutional incinerators could create environ
mental hazards. The Bureau of Mines0 under con
tract with the Atomic Energy Commission has devel
oped an incinerator especially designed to handle 
combustible radioactive wastes. From a combustion 
standpoint the main feature is use of high-velocity 
tangential over-fire air. P rovision will be made for 
high-efficiency filtration of the gaseous effluent. 

Nonradioactive Wastes 

The atomic energy industry has problems in dis
posal of wastes other than those which are radio
active. In the preparation of reactor fuels large vol
umes of fluorides are used which appear in waste 
streams. Since fluorides in drinking water in excess 
of 15 ppm10 may have a deleterious effect on the 
teeth of children the disposal of these wastes present 
an environmental problem. It is not, however one 
too difficult to cope with since in combination ' with 
calcium, fluorides can be immobilized in an insoluble 
form. Substantial quantities of nitrates are also pro
duced in certain chemical processes. If released under 
conditions where they could contaminate sources of 
drinking water supplies a serious problem would be 
presented. Nitrates in drinking water in excess of 
SO ppm11 ~ould cause nitrate cyanosis in children. 
The physiological effect of nitrates in water drunk by 
animals needs to be fully investigated. Beryllium flu
oride as a gaseous effluent produced in the manufac
ture of beryllium for the industry has been reportedl2 
to have serious-even fatal-effects when inhaled by 
adults. Ammonia used in certain processes for pro
duction of zirconium-an important new product used 
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in the assembly of reactor fuels-is known to appear 
in wastes in sufficient amounts to be toxic to fish. 

CONCLUSIONS 

I t is evident from the experience of other industries 
that as the atomic energy industry expands to serve 
mankind throughout the world it will present impor
tant problems in environmental sanitation and public 
health. Of special importance will be the disposal of 
long-lived highly radioactive wastes from nuclear 
reactors and chemical processing operations for re
covery of nuclear fuel. Currently, disposal of these 
wastes is the subject of much research and develop
ment work in the United States. The cost of safe 
disposal of radioactive wastes is much higher than 
for wastes in most other industries. Less expensive 
methods, therefore, must be developed or the industry 
will be at an economic disadvantage. 

There is much evidence that for the large volumes 
of low and intermediate level radioactive wastes pro
duced factors, of dilution in nature such as disposal 
to the ground, to the air, and to other surface water
ways can with safety be taken advantage of to reduce 
these costs. Should atomic energy plants be built in 
remote unpopulated areas of the world the environ
mental aspects of waste disposal practices should be 
given serious attention in order that the errors of 
other industries in damaging natural resources may 
be avoided. The industry also has environmental 
problems in the disposal of toxic as well as radioactive 
wastes especially in wastes containing fluorides, ni
trates and beryllium. 

Research and development in appraising for the 
industry its environmental problems calls for a high 
order of technical competency in many fields. As the 
industry advances toward more populated areas en
vironmental problems will need to be resolved in full 
co-operation with federal, state and local regulatory 
agencies having jurisdiction over public health, safety 
and natural resources. 

In order that staff of these agencies may be in a 
position to give full assistance to this new industry, 
training programs must be provided for a better 
understanding of the technology, the terms and stand
ards of the industry. 

APPENDIX A. CRITERIA 

Appraisal of Environmental Hazards in Treatment, 
Storage and Disposal of liquid, Solid and Gaseous 

Radioactive Toxic Wastes. A. Under Normal 
Operations. B. Under Abnormal Conditions 

1. ~ Tastes 
a. Characteristics

!. Physical 
2. Chemical 
3. Radioactivity 

b. Quantities-
!. Total volume 
2. Production rate 
3. Radioactivity 

c. Treatment facilities-
1. Quantities handled 

. 2. Decontamination obtained 
3. Volume reduction 

d. Storage facilities-
1. Location 
2. Size 
3. Materials of construction 
4. Size 
5. Significant features ( cooling requirements, 

leak prevention and detection, pumps, 
piping, .etc.) 

e. Disposal facilities
! . Cribs 
2. Pits 
3. Wells 
4. Outfalls 
5. Sewer connections 
6. Stacks 
7. Others 

2. Environmental Conditions 
a. Geology-

!. General area information 
2. Depth of overburden 
3. Stratigraphy 
4. Soils characteristics pertinent to plant wastes 

( exchange capacity, size, etc.) 
b. Hydrology-Ground Water ·and Surface Wa-

ter-
I. General area information 
2. E levation of water table 
3. Direction, rate and nature of underground 

movement of wastes and water 
4. Effect of other withdrawals or recharge 
5. Watershed characteristics 
6. Streamflow-max., av., min., flow duration, 

turbulence 
7. Impoundments 
8. Suspended and bed load characteristics

quantity, movements, deposition, exchange 
capacity, etc. 

9. Stream biology 
10. Seasonal characteristics and effects 

c. Meteorology-
!. Regional conditions 
2. Surface winds-frequency of direction, vel

ocity by day, night and with precipitation 
3. Winds aloft-above information at various 

levels 
4. Dry bulb temperatures-max., av., min., 

monthly and annual averages, frequency , 
and duration of extremes 

5. Precipitation-rain and snow, monthly dis
tribution, average precipitation hour, days 
in excess of .01" 

6. Inversions-frequency, duration, other char
acteristics 

7. Diffusion : under normal day and night con
ditions, with inversions and low wind 
velocities 
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8. Atmosphere dust loads-characteristics of 
dusts of various levels, frequency and dura
tion of dust periods 

9. Seasonal characteristics and effects 
3. Community Conditions 

a. Downstream users of ground and surface wa-
ters-

1. Distance 
2. Quantity 
3. Purpose 

b. Proximity of industrial and residential instal-
lations-

1. Distance 
2. Kind 
3. Size 

c. Agricultural activities-
1. Grains 
2. Livestock 
3. Fish 

<l. Recreation areas
}. Streams 
2. Impoundments 
3. Other 

4. Evaluation of Dilution and/or Concentration Fac
tors 

a. Retention in soils and geologic formations 
b. Dilution ( or concentration) in streams and sur-

face waters 
c. Atmospheric dilution 
d. Fall-out studies 
e. Increase of dilution by mechanical means 

1. Outlet manifolds 
2. Increased stack height and/or stack heaters 

f. Maximum allowable concentration of contam
inant 

g. Emergency aspects 
5. Public Relations 

a. Pertinent laws regulating pollution of under
ground resources, surface waterways, the at
mosphere and public facilities 

b. Legal limits as to permissible contamination 
( feasibility of compliance) 

c. Agencies having jurisdiction 
d. Integration of plant emergency program with 

disaster planning of local, state and federal 
agencies 
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Radiation Exposure from Environmental Hazards 

By H. M. Parker,* USA 

Both nuclear reactors and radiochemical processing 
plants are capable of generating significant radiation 
hazards beyond the confines of a plant of normal size. 

The expected hazards can be classified as follows : 

l. HETEROGENEOUS REACTORS-AIR Co'OLED 

The governing hazards arise from dispersion of the 
reactor coolant gas into the atmosphere. The pre
dominant contaminant is A •n. Due to the short half
life ( 1.82 hours) and chemically inert behaviour of 
the gas, there are no appreciable complications in 
,evaluating the hazard in terms of direct radiation 
from the effiuent plume. Other contaminants, which 
may introduce more insidious hazards, are radioactive 
particles generated in one of three ways: 

1. Direct activation of dust particles drawn through 
the reactor. 

2. B lowing out of reactor structural materials or 
corrosion debris; because of the long residence of 
such debris in the reactor, the content of long-lived 
activation products may be high. 

3. Escape of material from ruptured iuel clements; 
this introduces particles of mixed fission products 
and plutonium. 

2. HETEROGENEOUS REACTORS-SINGLE PASS 
WATER COOLED 

The limiting hazard develops from the release of 
<:oolant water to a river or lake. The principal con
taminants arc activation products, which may occur 
from direct throughput, or be augmented in the more 
-dangerous long-lived components by temporary hold
up on corrosion films in the unit. 

Fission products may also arise from four sources : 
I. I rradiation of natural uranium in the water. 
2. U ranium dust impregnated in fuel element sur• 

faces. 
3. Transmission of fission products through a fuel 

-element skin. 
4. R upture of fuel elements. 
In typical practice, some SO radionuclides can be 

:identified in reactor eAluent, of which about 16 have 
separate significance in hazard calculation . 

The limiting hazards for the Hanford reactors are 
P32 concentrated through biological chains, and gut
irradiation, and bone deposition from drinking water . 

• Hanford Atomic Products Operation, General Electric 
Company, Richland, Washington. Including work by the 
staff of the Biophysics Section, Radiological Sciences De
partment, General Electric Company. 

305 

In all cases, an extensive radio-ecological program is 
necessary to validate efRuent release practices. 

In addition, such reactors may cause atmospheric 
pollution by leakage of whatever atmosphere is main
tained in the reactor, and by irradiation of gas in test 
hole facilities. Although the escaping gases may be 
fom1d to contain some unexpected components, this 
hazard is subordinate. 

3. HETEROGENEOUS REACTORS-LIQUID 
RECIRCULATING SYSTEMS 

In this case, the environmenta l hazard is normally 
low, being restricted to low volumes bled off for 
freshening the coolant, or arising from an occasional 
system leak. 

4. HOMOGENEOUS REACTORS 

From the environmental hazard viewpoint, such 
reactors can be treated as radiochemical processing 
plants. 

Gross atmospheric contamination may conceivably 
arise from a catastrophic incident in any reactor ; this 
phase is not considered here. 

5. CHEMICAL PROCESSING PLANTS 

The operation may be schematically broken into 
four steps, not all of which will be used ·in a specific 
plant. 

Step l . Dissolution of Reactor Fuel Elements 

This step leads to periodic release of the rare gas 
components of the fission mixture, with Xe133 as the 
governing member, and of some volati le fission prod
ucts, predominantly the. radioiodines. 

The controlling hazard is a function of the fuel 
element cooling time. Under normal operating condi
tions, 1131 is the S1gnificant contaminant. 

Step 2. Remova l of a Specific Isotope 

Either for their commercial value or because they 
create an in-process nuisance, one or more specific 
isotopes may be removed separately. Particularly if 
such isotopes have volatile compound fonns it may be 
difficult to retain all the material in the system, and 
the release of highly active spray, evaporating to 
particles, is probable. 

Step 3. General Chemical Separation 

Regardless of the details of the chemical separation 
processes utilized, it has so far proved impossible to 
maintain all the process materials in the system. 
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Characteristically, fine mists or sprays of mixed fis
sion products are released. Upon evaporation of the 
liquid content they form small radioactive particles 
of high intrinsic activity. Some of these escape through 
filters to the ventilation stack. 

Step 4. Purification Stages 

After removal of the bulk of the fission products, 
the product material, for example, plutonium, has to 
be further purified. The vented air will contain par
ticles rich in this product material. 

In Steps 2, 3 and 4 there are potential environ
mental hazards from the disposal of liquid radio
active wastes. This phase will not be discussed here. 

It may be noted that, schematically, Step 2 of this 
general system is similar to the operations in an 
isotope factory designed for commercial recovery of 
a specific isotope. 

PROBABLE TRENDS IN PEACEFUL APPLICATIONS 

It is plausible to assume that there will be a sub
stantial field for heterogeneous power reactors to
gether with large central processing plants, receiving 
fuel elements from many sources. 

Such systems place the burden of environmental 
hazards on the processing plants. 

Past experience in this field is therefore of major 
interest in peaceful applications. 

ATMOSPHERIC POLLUTION AROUND SEPARATIONS 
PLANTS 

Of the available battery of contaminants, those of 
major concern have proved to be ! 131 in Step 1 and 
particles emitted in Steps 2 and 3. 

The iodine problem can be wholly solved by in
creased cooling time. This is economically unattrac
tive. In practice, !181 is removed by absorption pro
cesses. Residual hazard arises from the small frac
tion normally escaping, and occasionally from mal
functioning of the absorption equipment. 

The primary particles escaping from the process 
have mass median diameter on the order of 0.3 to 
0.5 micron. The maximum size is about 3 microns. 
The emission of 108 to 10° particles per day with 
activity on the order of 10-a µ.c per particle is to be 
expected. 

Secondary particles develop in venting systems 
beyond the filters by attachment to inert substances, 
which later flake off and escape. Such particles have 
diameters up to several hundred microns ( or con
ceivably up to several centimeters) with activities up 
to hundreds of microcuries. These present distinc
tive hazards. 

Potential Exposure Mechanisms 

The principal exposure forms are: 

1. Direct Irradiation of Persons or Animals from 
Highly Radioactive Ground Sources 

This situation may develop from depositions of 
!1111, primary, or secondary particles. It is associated 
with isolated single releases of unusual amount. The 

intensity is greatest for emission of secondary par
ticles, where the phenomenon is necessarily restricted 
to within a few kilometers of the facility. 

2. Adherence of Isolated Particles to the Skin or 
Clothing 

The significant hazard comes from the secondary 
particles, which in the intermediate sizes may travel 
up to about 15 km. Such particles on the ground can 
become airborne again, as in dust storms, so that 
isolated particles theoretically capable of producing 
a skin reaction may be found as far as 30 to SO km 
from the source. The probability of undisturbed skin 
contact for the required time ( of the order of days) 
is so vanishingly small, that this is not a pertinent 
hazard i.n practice. 

Within the 15 km radius, control by radiation moni
toring is adequate; there has been no experience 
which shows injury from contact during a normal 
work day. 

3. Ingestion of Large Isolated Particles 

Close to the process stacks, ingestion of a large 
particle and its retention in a convolution of the gas
tro-intestinal tract for days is feasible. However, nor

. mal personal hygiene makes this hazard improbable; 
it has not occurred in the local experience. 

4. Inhalation of Small Particles 

The permissible inhalation of small particles of 
soluble materials can be deduced from the limits given 
in such references as NBS Handbook 52. In these 
terms, the practical inhalation hazard is negligible. 
With the quoted emission, the average concentration 
at 15 km would be about 10-12 µ.c/cm3• 

For insoluble particles, there is the residual doubt 
as to whether a single focus, localized in the lung, may 
ultimately lead to malignancy. The balance of the 
evidence makes it improbable that this hazard has 
significance, at the feasible activity levels. 

5. Consumption of Contaminated Vegetation 

Although this is a hazard potentially originating 
from either !131 or particles, it is, in fact, limited to 
pai, In ten years of operation the build-up of small 
particles on vegetation has not produced levels of 
significance. Areas in which large particles may fall 
must necessarily be withdrawn from public or graz
ing use for other reasons. 

The hazard from deposited !131, on the other hand, 
has required intensive control and research study. 
From such studies on sheep, it is detetinined that the 
permissible vegetation contamination is about 1()-5 µc 
!131 per gram. Under equilibrium conditions, this 
would represent an atmospheric contamination of 
about 3 X 10-13 µ.c/cm3• This is to be compared with 
the human inhalation limit of 3 X l0-10µc/cm3 ap
propriate for large populations. These values clearly 
define pai · as a ground contaminant rather than a 
direct air pollution hazard. 

As applied to man, the secondary intake is a func
tion of his eating pattern. Two significant routes of 
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figure 1. Distribution of puffs· hitting the ground during unstable 
conditions 

entry are consumption of fresh garden produce, and 
drinking of milk from cows on contaminated pasture. 
The limit of 10-5 ,,.c per gram can be broadly applied 
to all cases. 

6. Other Mechanisms 

Once a radioactive contaminant has been released 
to the· atmosphere it is necessary to trace its course 
through a wide variety of natural processes. Typical 
ones are direct fall into or leaching into a public 
water supply, uptake by soil and later by plants. 

With the exception of the 1131 case in plants, none 
of these processes has been found to be critical. 

Sample Distribution Patterns 

The actual distribution pattern of pollutants around 
a processing plant depends on the time-distribution 
of effluents, the elevation of the release point, meteoro
logical conditions, and topography of the environs. 
Although these will require individual study at each 
site, considerable guidance can be obtained from the 
local patterns. The Hanford site is a good basic model 
because the terrain is relatively flat and barren. In 
site selection, if study does not assure suitability, this 
can be tested by controlled emissions of smoke, or 
better, of fluorescent particles from a high tower. An 
adequate picture cannot be obtained in less than one 
year, because there are marked seasonal variations. 

Of the controlling factors listed, the stack eleva-

tion is significant only close to the plant where the 
area will in any case be controlled. Locally, the maxi
mum ground concentration varies approximately as 
the inverse square of the stack height. For conven
tional stacks of 60 to 100 meters, the effect of height 
is inconsequential beyond S km. 

Time distribution of effluents is significant chiefly 
in a discontinuous process that can be interrupted at 
times of unfavorable atmospheric dilution. The me
teorological situations can be crudely segregated into 
three kinds, which are functions of the vertical lapse
rate and of the wind velocity. These are: 

1. Looping, characterized by marked vertical in
stability, and usually fluctuating wind direction. The 
stack emission loops to ground at random points as 
shown in Fig. Lt Instantaneous concentration is 
high, but the integrated exposure comparable with 
that under other conditions. As a guide, it appears 
that a steady emission of I curie per day from a 60 m 
stack is unlikely to give (a) short-period concen
tration above 10-8 µc/ cm3, (b) short-period dose 
above I0-7 µc-sec/cm3, ( c) hourly average concen
tration above 10--10 p.c/cm3• The maximum dose may 
occur in a zone 2 to 5 stack heights from the source. 

2. Coning, the elementary picture in which the 
effluent forms a cone of semi-angle 5° to 7°. T he 
point of maximum ground concentration is 8 to 12 
stack heights down-wind. It implies nearly adiabatic 
lapse rate and strong steady wind. More realistically, 
the ground concentration can be estimated from the 
well known Sutton equations.:i 

3 . . Fanning, which occurs during temperature 
inversion, and usually with low wind speed. T his 
process leads to negligible hazard close to the stack, 
with maximum ground concentration as much as 40 
km away. It is this process that leads to generalized 
contamination under Hanford conditions. In local 
experience the standard diffusion equations, when 
extended to distances in excess of 20 km, yield con
centrations that are not reliable to better than a factor 
of 5. In general, the equations underestimate the con
centrations under strong inversion conditions. 

Experience over ten years at the Hanford Works 
suggests that the environmental hazards setting ap
propriate protective radii are the deposition of 1181 

on vegetation, and the deposition of secondary par
ticles on the ground. In submitting actual patterns, an 
existing picture will represent a partial history of 
past emissions. For 1131 ( t1 = 8 days), the historical 
period is of the order of weeks ; for secondary par
ticles, with varied half-lives from months to years, 
the period is long but indefinite. Existing particle1; 
may be washed into the ground, buried in dust storms, 

t Figure 1 shows, in the upper figure, the number of 
g round contacts within 300 meters in 4S minutes in a light 
variable wind (~2.2 m/s). Contacts occurred in all four 
quadrants. The lower figure gives the contacts within 500 
meters in Sl minutes with a wind speed of S m/s. All the 
puffs fell within one quadrant ; 95% of them were within 
a 40 degree sector, 70% within a 20 degree sector. These 
data, and those from which Figure 6 was developed appear 
in Ref. l. 
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fig ure 2. Deposition of 1ut from single emission of 100 curies 

or transported by wind. T his prevents subtraction 
of successive pictures to obtain short-term increment. 

In the following diagrams, data for single major 
releases were adjusted to a 100 curie emission. 
Routine emission of P 31 was adjusted to 1 curie per 
<lay. For other particle maps, the status given is 
approximately the worst found in 10 years. 

Figure 2 relates to a single emission of 100 curies 
of !131 in a few hours, during which time inversion 
conditions existed near the ground with good dilution 
above. Effluent traveled north-east in the first half, 
and south-west in the second half. 'Wind speed was 

100 kn, 

- >200 
-~ 15-200 

£:ll""';;.ffill 5-15 

:~ 2- 5 

figure 4 . 1181 deposhlon--spring pattern another yeor 
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Figure 3. 1131 deposltion-normol spring pattern 

2-3 meters per sec with low Yalues near the time of 
reversal. 

'With a deeper inversion layer, ground concentra
tions 15 km and more from the stack could easily 
have reached 10 times the quoted values. 

Figure 3 shows a typical spring condition of vege
tation contamination for daily emissions of 1 curie· 
J131 . 

Figure 4 gives the equivalent data for the same 
season four years later. Figures 3 and 4 serve to 
measure the variability under broadly similar mete
orological conditions. · 
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Figure 5 is a typical summer condition. High local 
concentration due to looping does not show on this 
scale. Otherwise, the remote environmental hazard 
is much reduced. 

For comparison, isopleths of the local summer con
dition appear in F igure 6. These data are computed 
from smoke tests on a 56 m stack, assuming wind 
speed of 10 m/sec, constant direction, constant lapse 
rate of -0.01 °C/m, and 1181 deposition constant 2.8 
cm/sec.t 

Figure 7 gives a condition resulting from the per
sistent inversions of the winter season. The large area 
of significant deposition southeast of the stack and 
80 km away is typical of quiet fluid motion down a 
river valley and contact with vegetation on higher 
ground in and around a river gorge. 'With J131, tem
porary depositions above the permanent limit of ]Q--5 
µc/gm are tolerable, and the location of affected spots 
tends to change monthly. Ho\Yever, at 10 times the 
reference emission, such areas would be large and 
could overlap at distances up to 100 km. Since a plant 
boundary of this e..'\'.tent would be absurd, there has 
to be an upper limit for !131 emission not greatly dif
ferent from the reference value. 

Figure 8 gives the pattern for a single emission of 
primary particles, scaled to 100 curies. The unusual 
narrow band is real up to some SO km. Beyond this, 
the conventional width to 0.1 central concentration 
could not be determined in the actual case, because 
of Jack of instrument sensitivity. The actually de
tected width is repor ted. Detailed analysis of this 
case would provide the best practical test of Sutton
type cloud width calculations up to SO km travel. 
Figure 9 shows the worst condition in ten years 

:t: A deposition constant of 2.8 cm/sec corresponds with the 
value 10' J•c per meter•/hr/µc/cm' in the atmosphere used at 
Hanford since 1948. A. C. Chamberlain and R. C. Chadwick 
report a deposition constant of 2.5 cm/sec.8 

100km 

W 5-15 X 10-& JJC/9 

l-"'-s-~-5:-S\J- 2-5 X I0-6 pc/9 

f:::: : •. .'·.,.-: .. .j 1-2 X 10- 6 -"c:/g 

(BASED ON ONE CURIE PER DAY) 

Figure 7. lw depo,hion-remoll! contamination by valloy drainage 
-winter condition 

for secondary particles in the intermediate size range 
of about 3-100 µ.. . 

F igure 10 is the similar condition for large sec
ondary particles ( > 100 µ), which could produce 
damage on skin contact. Neither Fig. 9 nor 10 can 
be reliably scaled to a reference emission rate, because 

'¾ ~ 
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0 . 3 

I t 3 
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Figure 8, Ground contamination from narrow emluion band of radio
active particles (scaled to 100 curil!s) 
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Figure 9. Typical _distribution of particles in size range 3- 1 OOµ 

the pictures are an integration of effects over too long 
a time, and suitable isokinetic sampling near the 
stack mouth was not always available. 

In reviewing the Hanford experience, one may 
conclude that a comfortable boundary around a high 
level processing plant would have a radius on the 
order of 12-15 km. In areas with a distinctive pre
vailing wind one could make better utilization of the 
same area by reserving a shape modeled after the 
wind rose. At Hanford, for example, the required 
control area to the west is substantially less than it 
is to the east. 

Reduction of the controlled area by a factor of 2 
in linear dimensions would not introduce significant 
hazard to man; uptake by animals could be border
line and some restrictions would have to be applied 
from time to time. 

With further reduction, the limitations on grazing 
animals, the potential risk of secondary particle con
tamination, the loss of morale in an area requiring 
intensive monitoring, and the potential for damage 
claims would make the operation unattractive. 

As far as real hazard to man, with food growing 
and animal grazing excluded, a smaller reserved area 
would introduce no major hazard, provided that in
tensive monitoring could be practised. 

In our opinion, these plants should be operated in 
remote areas, where land is cheap. With an ample 

m , 

·ww; ·."'."'' '·'" ,, ,.,,,, ''.',· ., ' . ",,,,y.,,,,r 

2km 

~ 2 - 5 PARTICLES/ 100 meter 2 

f···.::··--.•::··J l - 2 PARTICLES/ 100 meter 2 

< l PARTICLE/ 100 meter 2 

3km 

figure 10. Typical distribution of large particles (Dia. > 100µ) 

reserved area, the public could be assured of radia
tion safety, and the healthy growth of peaceful appli
cations of atomic energy promoted. 

BRIEF NOTE ON LIQUID DISPOSAL HAZARDS 

A comprehensive survey of this phase is reported 
elsewhere. Briefly, it is impracticable to create sur
face lakes or swamps of radioactive liquids. These 
sources contaminate waterfowl and are prone to cre
ate particle hazards, as the water level changes. 

Highly active wastes can be retained in under
ground tanks for long periods; the estimated integ.: 
rity of tanks is 50 years or more. The intermediate 
activity, large volume process wastes are most trouble
some. These can be safely injected below ground at 
some sites. With a reservation of the size conditioned 
by atmospheric pollution, feasible travel time of under
ground sources to a public area will frequently be 
SO years or more. This simplifies the environmental 
hazard problems. Since this disposal, where pennis
sible, is most economical, it provides an additional 
incentive to reserving a substantial area around the 
plant. 
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The Criticality Safety of Chemical Plant 
Producing Fissile Materials 

By H. A. C. McKay and C. M. Nicholls, UK 

THE NATURE OF A CRITICALITY ACCIDENT 

Policy in regard to criticality safety depends on 
our estimate of the consequences of an accident. At 
first sight it appears that they might be disastrous. 
:,\'hen, !1owever, .we reflect on the difficulty of bring
mg fi ssile material together fast enough when it is 
actually desired to cause an explosion, we realise 
that this may not be so. Even the most rapid re
?ist~ibution of material occurring in a chemical plant 
ts hkely to take place on a time-scale measured in 
seconds, and this means that any supercritical system 
which builds up will disperse again through such 
processes as boiling. For an explosion, the build-up 
would have to take place in a period of less than a 
millisecond, and it is difficult to imagine. any way in 
which this could happen. 

Design and operating policy in the UK has never
theless always envisaged the possibility of a catastro
phic criticality accident, and has therefore aimed at 
being able to give a near-absolute guarantee of 
safety. An accident, even if not catastrophic, might 
still give ri~e to a serious radiation and toxic hazard, 
and cause considerable damage to active plant. Up 
to the present it has not been felt that a change is 
possible to a policy of calculated risks. 

CRITICALITY EXPERIMENTS AND CALCULATIONS 

A purely empirical approach to the problem is to 
simulate different parts of a chemical plant, and 
study the approach to criticality as fissile material is 
added, or some other parameter is varied. This in
volves· large numbers of difficult and possibly danger
ous experiments, but it does yield true criticality 
limits, free of safety factors. In some cases, e.g., 
where the geometry is complicated, it is the only pos
sible method. In other cases it may be necessary, as a 
matter of economics, to weigh the advantage o f know
ing the tn1e limits against the effort involved in de
termining them. As an atomic energy industry grows, 
the increasing demand for maximum throughput in 
plants of minimum capital cost may. ~all for extensive 
criticality experiments to provide adequate design 
data. 

The alternative approach is to make a more funda
mental investigation relying on calculation from a 
few key experiments, and making assumptions which 
tend to underestimate the criticality limits; this has 
been our approach in the UK wherever possible. 
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The systems encountered in chemical plant may be 
classified as follows : ( 1) slow neutron systems, e.g., 
solutions of fissile materials in water or organic 
solvents; (2) fast neutron systems, e.g., pure fissile 
material as metal or oxide; and ( 3) intermediate 
systems, e.g., aqueous slurries of fissile material or 
solid salts containing water of hydration. ' 

The most important systems at present are the first
named, both because wet processing plays a big part 
and because the criticality limits tend to be most 
restrictive in such systems. Fortunately these are 
also the systems which are most amenable to funda
mental treatment. 

SOLUTIONS OF FISSILE MATERIALS 

Our data on solutions are derived from what are 
popularly called "water-boiler" experiments, in which 
the neutron flux is measured as the amount of fissile 
?'laterial in solution in a suitable vessel is gradually 
mcreased towards criticality. The criticality limits 
for the vessel in question follow, of course, directly 
from the experiments. Furthermore we can calculate 
certain nuclear parameters from the data and then 
use these parameters to calculate safe limits in other 
types of vessel; in such calculations we must err on 
the side of safety at every point of doubt.· 

Some of the results• for plutonium solutions at 
room temperature are plotted in Figs. 1-3. T hey 
apply under certain idealised conditions: it is assumed 
that the plutonium is pure Pu239, that the hydrogen 
density is equal to that of pure water, and that the 
solution is homogeneous.* It is also assumed, of 
course, that no neutron absorbers are present ( other 
than H1 and Pu239), and that no other fissile material 
interacts with the system. Furthermore in the re
flected cases the reflector postulated is an infinite 
thickness of water; heavy water, most hydrocarbons 
beryllia and graphite would all be more dangerous'. 
but any other ordinary material, e.g., concrete or 
steel, would be safer. Comparisons between Pu239 and 
the two other principal fissile materials, u 2aa and 
U235

, for spherical systems, are given in Fig. 4. 
All the curves plotted pass through a minimum in 

mass ( or mass . per unit length or per unit area), 
all are asymptotic to a minimum radius or thickness. 

* It is theoretically possible, within certain limits to 
change a safe homogeneous system to a supercritical' one 
by concentrating the fissile material towards the centre. 
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f igure 1. Critical mass of plutonium (kg) vs critical radius (cm) 

We can therefore set safe upper limits either on the 
amount of plutonium in the system, or on the vessel 
dimensions. Furthermore a sphere usually represents 
the most dangerous shape; so any vessel of volume 
less than that of a safe sphere will also be safe. Sim-
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Figure 3. Critical moss of plutonium per unit area (gm/ cm') vs 

critical thickness (cm) 

ilar considerations apply to tubes, where there is a 
safe upper limit to the cross-section, given by the data 
for infinite cylinders. Finally there is a safe upper 
limit to the concentration of fissile material in an 
indefinitely large volume of solution; this may he 
deduced from the high radius end of the curves for 
spherical systems. T he various safe limits for plu
tonium are listed in the table. An important point to 
note is that a system is safe provided it falls within 
any one of the limits; for example < 464 gm of 
plutonium is safe in any vessel and at any concentra
tion. There is also, of course, an infinite number of 
combinations of mass, vessel dimensions and concen
tration which are safe; they can be read off from Figs. 
1 to 3 as required. . 

Table I contains most of the basic data required 
for the design and operation of \\'Ct processing 
plants for plutonium. The first problem in applying 
the data is to make sure that the limits laid down are 
not exceeded whatever abnormalities or accidents 

Table I. Safe Upper Limits for Plutonium Solutions 

Calc11lated limits Limits u,.;tk ¾ rd safct:>• factor 

Quantity U' oter- Water-
System restricted reflected Bare rcf/etted Bare 

Any vessel, any Concentra- 6.6 gm/I 4.4 gm/I 
dimensions tion 

Any vessel, any Mass 464gm 1244 gm 309gm S28gm 
dimensions 

Any tube, any Mass/unit 10.0 gm/cm 22.4 gm/cm 6.6 gm/cm H9 gm/cm 
cross-section length 

Any slab-shaped Mass/unit 0.39gm/cm• 0.24gm/cm• 0.26gm/cm• 0.16gm/cm• 
vessel, any area 
thickness 

Any vessel, any Volume 4 .5 1 20.3 I 3.0 I 13.4 I 
mass (of plu-
tonium) 

Any tube, any Cross- 98 cm' 201 cm2 80 cm' 164 cm• 
mass section 

Spherical vessel, Diameter 20.S cm 33.8 cm 17.9 cm 29.5 cm 
any mass 

Cylindrical vessel, Diameter 12.5 cm 25.6 cm 10.2 cm 20.9 cm 
any mass 

Slab-shaped ves- Thickness 4.0 cm 17.6 cm 2.7 cm· 11.7 cm 
sel, any mass 
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occur. If, for instance, batch doubling is a possibility, 
then batch sizes must not exceed one-half of those 
listed. All such contingencies as blockages, leaks and 
the gradual accumulation of fissile material as sludge, 
must be considered. It is comparatively easy, with the 
aid of the table, to lay down safe conditions for 
normal. operation; much harder to ensure complete 
-safety under all circumstances. 

A particular aspect of this problem is the question 
of reflectors. A.s the table shows, bare systems are 
less subject to restriction than reflected, but to take 
full advantage of this we must be able to guarantee 
the absence of reflectors. An absolute guarantee is 
hard to give : we can, for example, visualise the 
flooding of the whole plant, thereby surrounding it 
w-ith water reflector, and we have to consider too the 
approach of human bodies and other hydrogeneous 
material to the vessels in question. A convenient 
compromise is to introduce a category of substanti
ally unreflected systems, to which we apply inter
mediate limits. 

Ho\\'ever careful the designers may be, it is obvi
ously desirable to introduce some further factor of 
safety. The UK practice is to reduce the safe upper 
limits of mass, volume and concentration of two
thirds, which gives the figures in the last columns of 
the table. ( N.B. The radii of spheres and cylinders 
are then reduced to -,V ¼ and v½ respectively, of 
their absolute safe limits). It is also the practice to 

apply the results in column two (i.e., those for re
flected systems without the two-thirds safety factor) 
to substantially unreflected systems. 

W here possible, preference may be given to vessel 
dimensions as the basis of safety, so that safety is a 
property of the plant rather than of bow it is op
erated. It is chiefly in the case of long cylindrical 
vessels that this is helpful; for tanks etc., the 3 I or 
4.5 1 upper limit is usually far too cramping. In 
other cases the commonest choice is to place a limit 
on the total quantity of fissile material permitted in a 
vessel. The third possibility, the use of an upper con
centration limit, is valuable mainly as an assurance 
of safety in the early stages of the plant, while the 
fissile material is still very dilute; but it is dangerous 
to rely too much on a concentration limit owing to 
such possibilities as the formation of a precipitate in 
which the limit is exceeded. 

SOLID FISSILE MATERIALS 

It is impossible to make such useful generalisations 
about dry systems containing fissile materials, as 
about solutions; so much depends on the details of 
the geometry, etc., that almost every separate problem 
necessitates fresh calculations. It is helpful to have 
safe sizes for systems of the metal, and of such com
pounds as the oxide, both bare and surrounded by 
reflectors of various kinds. The figures with water 
as reflector may be used to set the limits for the safe 
transport and storage of, for example, single metallic 
billets. (We take water, owing to the possibility of 
an accident in which the billet is immersed in water). 
But as soon as we have to consider numbers of billets 
then we become involved in lattice calculations. 

Such calculations can be made with reasonable 
confidence for fast neutron systems. When, however, 
we come to intermediate systems, then calculation is 
of little help in the present state of otfr knowledge, 
and direct experiments are desirable. Intermediate 
systems are indeed of not inconsiderable practical 
importance; metal turnings mixed with graphite, 
solid hydrated salts, aqueous slurries and even very 
concentrated solutions, may all come in this category, 
having insufficient moderator to thermalise the neu
trons completely. 

There is fortunately one generalisation which is 
practically beyond doubt, viz. that the mass limits 
are always substantially higher for dry than for wet 
systems. This is certainly t rue for unmoderated sys
tems, and is strongly believed to be true for inter
mediate systems. In the absence of other information 
we might therefore take 464 gm of plutonium, the 
figure for reflected solutions, as a safe upper limit 
for all ordinary systems. Furthermore we may con
clude that it will be' the wet rather than the dry 
parts of a plant which will need the most careful 
consideration as regards criticality. 

DESIGN CONSIDERATIONS 

Undoubtedly, criticality imposes serious limitations 
on industrial chemical plant. It is for example un-
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fortunately t rue that the size of vessel in which a 
supercritical system can most easily be achieved, is 
very much the size that the chemical engineer would 
often choose. Attention should therefore be paid to 
all possible ways of overcoming criticality limita
tions. Choice of process, choice of vessel size and 
shape, the addition of neutron absorbers, the use of 
neutron monitors, and plant layout can all contribute. 
T here may, for example, be instances in which a dry 
process is to be preferred to a wet one, because it 
imposes less severe restrictions. Again, continuous 
processes usua1Jy require smaller vessels for a given 
plant throughput than do batch processes, and may 
be preferable for this reason. 

The introduction of strong neutron absorbers is 
an important means of obtaining relaxation of criti
cality limitations. It enables us especially to increase 
vessel sizes while retaining a safe geometry. This 
applies particularly to slow neutron systems, when 
for example cadmium in a stainless steel sandwich 
can be used. To be most effective, such absorbers are 
required well to the centre of the system, where their 
presence may be an embarrassment in design. If 
applied on the outside they are, however, still a 
considerable advantage, because the system then be
comes very nearly bare. Neutron absorbers may also 
accompany the process materials themselves, e.g., 
the nitrogen in nitric acid, which although only a 
weak absorber may nevertheless be present in very 
large amounts ; but the deliberate admixture of small 
amounts of strong absorbers with the fissile material 
is not usually desirable, because the final product 
must be very free from such substances. 

The advantages of introducing neutron absorbers 
are much less striking in intermediate and fast neu
tron systems. It is possible, however, to thermalise 
the neutrons in such systems, e.g., with paraffin wax, 
and then make use of cadmium or other slow neutron 
absorbers. 

Another valuable technique is the use of external 
neutron monitors. The most successful are enr iched 
boron trifluoride counters. They can be utilised to 
detect a gradual build-up of fissile material, e.g., as a 
sludge, in particular parts of the plant. By reducing 
our margin of uncertainty they enable us to relax our 
restr ictions. It should be noted that the monitors do 
not give a direct measure of the amount of fissile ma
terial present, but that in any position of constant 
geometry a rise in the neutron flux indicates an in
crease in the amount of fissile material. 

The final step in design is to examine the plant as 
a whole. It is essential, of course, to ensure that there 
is no unsafe interaction between vessels. Wide spac
ing assists, and another possibility is to place cad
mium sandwiched in paraffin wax between vessels; 
the wax thermalises the neutrons, and the cadmium 
absorbs them. It is essential, too, to examine the 
effects of both normal and abnormal operation on 
vessels in series, especially at points where the basis 
of criticality safety changes, e.g., where a mass limi
tation replaces one based on geometry. 

ADMINISTRATIVE CONSIDERATIONS 

There is an obvious need for an independent and 
sufficiently powerful body, charged with the duty of 
ensuring the criticality safety of chemical plant . In 
the U K the blueprints for all new designs of chemical 
plant are submitted to such a body for crutiny, along 
with such criticality calculations as may be needed 
by way of support. (The calculations, it should be 
noted, are the responsibility in the first place of the 
design side, rather than the safety organisation.) 
Similar action is taken when the plant operators wish 
to make changes in the mode of operation. Gener
ally speaking, such "clearances" as are given apply 
to a particular item of plant operated in a particular 
way, and a fresh clearance is necessary when a change 
is made. The safety organisation also reviews from 
time to time the actual operation of chemical plant, 
inspecting records and the plant itself as necessary. 

The safety organisation is an advisorv body, but it 
can require that an enquiry be held if any of the con
ditions it lays down, e.g., as to permissible amounts 
of fissile mater ial, is transgressed for any reason. 

Some delegation of responsibility is possible. Rela
tivdy small amounts of fissile material, up to one
third of the safe limit, may be handled on the respon
sibility of any sufficiently senior scientist. Further
more where a factory has a safety officer sufficiently 
experienced in criticality matters, clearances up to the 
limits in the fifth column of the table are left in his 
hands in straightforward cases, though he is still 
required to report full details of every clearance he 
issues. 
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Safety Criteria in Atomic Energy 

By F. R. Farmer,* UK 

At present the industrial development of atomic 
energy is considered in a special category; not merely 
the development of one of many industries, such as 
engineering, mining, chemicals, etc. Furthermore, it 
is thought that the hazards in this new industry, both 
to the worker and to the community at large, are 
exceptional. This feeling was born of a general fear 
and uncertainty on the one part, and from an un
familiarity of the scientist and the engineer with the 
exceedingly small tolerance leYels on the other. Al
ready this situation is changing : operating experience 
shows that radfation tolerance levels can be met and 
that extremely small quantities of active materials 
can be detected and therefore controlled. This ex
perience must be shared l>y the operational and design 
staffs, and the knowledge disseminated to dispel the 
fears of the public whose confidence and support are 
indispensable for a rapid development of the new 
industry. This industry then will take its part in 
national and international prosperity and must be 
considered by the general public as one more major 
industry. 

HEALTH AND SAFETY CONTROL IN NORMAL 
INDUSTRY 

The development of most of our jmporlant enter
prises in coal, iron and chemicals took place in an 
age during which human life was often held in small 
esteem and when accidents and death were regarded 
as part of man's misfortune. The hazards of industry 
were an alternative to death from starvation or dis
ease and it was only when the latter were reduced 
by a steady increase in the standards of life, by im
proved sanitation and by medical skill , that a serious 
attempt to reduce the hazards of industrial life was 
undertaken. 

For this reason, a considerable exper ience of haz
ardous conditions has become available which covers 
the use of machinery, the handling of obnoxious 
materials, and the effects of dusts, fumes and gases. 
On this experience, industrial codes of practice have 
been built and legislation passed defining conditions 
of employment, and tolerance levels for various mate
rials. T he Factories Act ( 1937, 1948) requires pro
vision for adequate cleanliness, heating and ventila
tion and for medical supervision in certain cases. In 
general it imposes an obligation on the employer to 
take all practical measures to ensttre that the build
ings, machinery, standard of staff selection and t rain-

• UK Atomic Energy Authority, Risley. 
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ing are adequat~ for the purposes for which they are 
to be used. 

Under the impulse of growing national conscious
ness that accidents are not inevitable, and with a 
control imposed through the Inspectorate of Fac
tories, our industries have reached the stage wherein 
the design for safe operation is inherent in any new 
process. Safety, however, is only one aspect of the 
wider economic field, and few industries can afford 
to operate in any way other than the most economical 
available. The big strides toward accident reduction 
have been made in the course of industrial re-organi
sation in which each change has led to greater 
economy, and in many cases the change of process 
or plant has been forced by competition. 

Various conventions are used in quoting the acci
dent rate in industry but these are not an absolute 
measure as between one industry and another or as 
between one country and another, because they de
pend upon the definition of an accident and on its 
severity. However, the number of industrial acci
dental deaths has the merit of precise definition 
although even this figure is not specific to the occupa
tion in that it includes all deaths, including those 
arising from any mishap or human error entirely 
dissociated from the industry but occurring whilst 
at work. 

The records of Great Britain in 1950 show the 
following range in the accidental deaths arising per 
100,000 employed : 

Table I. Accidental Deaths Rate (An employed 
population of 100,000 In 1950) 

Fishing industry 
tlining and Quarrying 
Transport industry 
Building industry 
Chemical industry 
Distributive trades 

Deaths fJcr annum 

113 
80 
25 
16 
IS 

2.8 

The fall in the accident rate during the period of 
1930/1950 was accompanied by an improvement in 
national health. In 1930 for every 1000 live male 
births, 220 died before the age of 4S; in 1950 this 
number fell to 110. The natural death rate in -1950 
was reasonably linear for the fi rst 45 years of life 
at 150 per annum per 100,000 persons. T his total 
includes 30 to 40 deaths from violence, i.e., from 
falls, road deaths, bums, drowning and suicide. 

If industrial activities are viewed against this natu
ral background, it is seen that the probability of acci-
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dental death at work is only a half to one-third that 
of violent death in leisure hours, and only one-tenth 
that of death from natural causes-influenza, pneu
monia, tuberculosis, etc. 

HEALTH AND SAFETY CONTROL IN THE 
ATOMIC ENERGY INDUSTRY 

The hazards of external radiation were reasonably 
well known ten years ago and maximum permissible 
levels were agreed internationally which have not 
changed appreciably during the initial growth of the 
new industry. The results of ingestion or the inhala
tion of radioisotopes are known only in kind, and the 
estimates for maximum permissible concentrations 
include uncertainties of a high order. Nevertheless 
the levels which were agreed before any large scale 
processes were in operation revealed a hazard in
comparably greater than any previously experienced 
in industry. 

For the first time large-scale processes had to be 
designed and operated in completely unexplored fields 
of chemistry and physics, confined within a boundary 
of maximum permissible tolerance levels beyond any 
previous experience. 

In order to ensure safe conditions, as far as prac
ticable, it was essential for the designer to insert 
additional safety factors to cover the uncertain transi
tion of the hazard from a fissile nucleus to the human 
body. In applying external radiation recommenda
tions there is a large measure of uncertainty not only 
in the effect of massive shielding, with its day to day 
contribution, but also in maintenance requirements 
on structures and components. The application of 
internal radiation levels to plant design requires a 
standard of design, construction, and ventilat ion that 
is as perfect as possible-the varying significance of 
any isotopic tolerance level in the range of 10-3 to 
10-1 microcuries per ml hardly modifies the design 
approach. In most cases the radioisotope does not 
pass directly from the process to the mouth or lung, 
but passes through many intermediate stages. The 
activity may be carried by water or air, by surface 
contamination, or may be absorbed by plants, ani
mals or fish, or may follow a devious route through 
clothing and hands to the mouth. It is only by experi
ence that such indirect routes can be assessed and 
adequate control established on a practical basis, 
thereby obviating the need for the very large safety 
factors which are now inserted. 

The recommendations of the International Com
mission on Radiological Protection are accepted by 
the United Kingdom Atomic Energy Authority and 
the results of the efforts toward safety presented in 
the following section show our success in this direc
tion. The United Kingdom Atomic Energy Authority 
further accepts the principle that radiation is harmful 
and should be kept to a minimum; this principle 
should be consistently applied, however, having due 
regard to the radiation already accepted by the human 
race as part of its background and arising from its 
other activities. 

The present tolerance level structure only defines 
a framework within which the industry develops. As 
with conventional industry, ultimate safety lies irt 
good design and enlightened management, and when 
these conditions are met, the main hazard arises not 
through encroachment on tolerance levels but from 
accidents arising from unforeseen circumstances or 
from human error on the part of either the designer 
or operator. 

W e know that in the handling of radioisotopes, it is 
possible to absorb through a punctured glove from 
1000 to 100,000 times as much radioactivity as is 
normally inhaled in one day's work. As far as in
dividual safety is concerned, it is more important 
to ensure freedom from such incidents than impose 
a sense of false security by reduction of maximum 
air concentrations or exposure levels. 

Similarly our responsibility to the population at 
large to keep the sum total of all radiation to a mini
mum is not ensured solely by undue emphasis on 
tolerance levels. These define only top limits, below 
which there could be considerable variation in total 
exposure depending on the mode of factory opera
tion, discharge of effluents and choice of sites. It is 
shown in the following section that the activities of 
the United Kingdom Atomic Energy Authority make 
only a fractional addition to the radiation already 
received by the population of the United Kingdom. 

RESULTS OF SAFETY MEASURES IN UKAEA 

The results are naturally divided into the three 
categories of external radiation and internal radia
tior1. received by atomic energy workers and the 
effects on the population not so employed. 

External Radiation 

Control is established both by the use of films and 
other personnel monitoring devices, and by area sur
veys. The results are analysed from the film records 
which now amount to half a million films of weekly, 
fortnightly and monthly issue. The Authority has 
followed the recommendations of the International 
Commission on Radiological Protection and the ma
jority of fi lms fall well below the maximum permissi
ble level. This is shown in Table II by an analysis for 
1952, 1953 and 1954, for the works having the 
highest potential hazard from external radiation. 

Furthermore, in the history of the British project, 
in which all employees have been under medical 

Table II 

Si% received an average dose less than ¼>o of the ma.'(
imum permissible weekly dose. 

82% received an average dose less than ½o of the max
imum permissible weekly dose, 

96% received an average dose less than ¼ of the maximum 
permissible weekly dose. 

99.6% received an average dose less than ½ of the max
imum permissible weekly dose. 

100% received an average dose less than 1 of the maximum 
permissible weekly dose~ 
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surveillance, there bas not been a single case of 
permanent or even temporary injury from external 
radiation. 

Internal Radiation 

Control in this field is known to be very much more 
difficult than for external radiation. R egular air 
samples are taken, surfaces tested for contamination, 
personnel are monitored for a, /3 and y contamination 
and subjected to periodic urine analysis. Whilst reg
ular air samples a re taken throughout the factories 
and laboratories, the sampling rate is increased in 
potentially dangerous areas or during periods of 
maintenance. I t follows that the records of air con
tamination will not describe average conditions but 
will be biassed toward the high values. Even so, of the 
33,000 air samples taken in one year at one works, 
only 2o/o gave evidence of a dust concentration requir
ing protective action. This does not represent 2o/o of 
the working time as more samples are taken when 
high figures have occurred or are expected. b f the 
10,000 selective urine analyses carried out at one 
factory, significant excretion rates were re\·ealed in 
only four cases. 0£ these three may be compared with 
the industrial minor accident, that is an accident in 
which a potential risk arose but which resulted finally 
in no ill effect whatsoever. In the fourth case, which 
occurred very early in the operation life of the works, 
the dose was not accurately known and no ill effects 
have yet appeared. 

Population Not Employed in the Atomic Energy Industry 

The United Kingdom Atomic Energy Authority 
undertook detailed district surveys around the fac
tory sites establishing radiation levels on land, sea 
and shore before and during the operation of any 
site. The emission of rad ioisotopes in air, liquids and 
solid wastes is subject to authorisation by Ministers 
appointed by the Government under the Atomic 
Energy Act ( 1954). 

The results of all such effluents have been carefully 
studied and the present control levels established in 
light of our early experience to conform with recom
mendations made by the International Commission 
on Radiological P rotection for large populations. 

GENETIC EFFECT 

T he genetic effect of radiation has been much pub
licised and it is commonly suspected that the future 
development of atomic energy for peaceful purposes 
could have a significant effect on the mutation rate. 
The United Kingdom Atomic Energy Authority wel
comes the advice of expert geneticists and will col
laborate wholeheartedly with the special investigating 
committee recently set _up under Government d irec
tion . It was important that the public, as well as our 
scientists, should be aware of the relative importance 
of the atomic energy industry in this field as com
pared with naturally occurring radiations and with 
tl1c contribution from other activities such as routine 
d iagnostic X-ray examinations and flights at high 
nltitude. 

T here are several ways in which the radiation of 
genetic importance could be defined; of these the 
simplest measure is the total radiation to the gonads 
received before reaching the age of 30. The figures in 
Table III are very approximate, but indicate the 
relative importance of these contributions to the 
whole population : 

Tobie Ill* 

Radiation from natural sources 

Radiation to employees of UKAEA 

Radiation received in high altitude flight 

Ce,iet ica/1::, significant 
,-a.dicitiqn per a1mum 
to th, poi,,,lation of 
England, Scotland 

and Wales 

2,100,000r 

2.000 r 

(a) At present heights of 20,000 feet 30 r 
( /J) Corresponding total at 40,000 feel would be 300 r 

Radiation resulting from routine diagnostic 
X-ray examination about 50,000 r 

• The above figures are derived from whole body radiation 
doses i.e .• each gram o f the whole body receives r roentgens 
o( radiation per year. 

The figure for routine diagnostic X-ray examina
tion is devised by considerable extrapolation of the 
work of Stanford and Vance.1 No great accuracy is 
claimed for the figure but it is unquestionably the 
largest source of radiation, for which an estimate has 
been made, as additional to the radiation already 
experienced from natural sources. 

From these results it can be predicted with con
fidence that the continued development of atomic 
energy to ensure our future prosperity and economic 
health will have a very much smaller genetic effect 
than routine diagnostic X -ray examinations which are 
currently practised to ensure our physical well-being. 

NONRADIOACTIVE HAZARDS IN ATOMIC ENERGY 

This paper has considered the particular hazards 
arising from radiations and radioisotopes; it is im
portant to note that accidents of a more conventional 
type have a far higher probability. Our exper ience to 
date has shown a remarkably low death and accident 
rate in this field in comparison with comparable in
dustries, such as engineering and chemical manufac
ture. The accidental death rate in U nited K ingdom 
Atomic E nergy Authority is about a fifth of that in 
these industries and the non-fatal accident rate is as 
low as the safest occupation listed in the I ndustrial 
Classified I ndustries. This is undoubtedly the result 
of the good design, staff selection and training, and 
supervision by m edical, radiation and general safety 
departments. These are a necessary part of an atomic 
energy organisation in order to meet the stringent 
requirements of radioactivity control but our experi
ence has shown that the design and operational pre
cautions against the special hazards lead to enhanced 
immunity from the more conventional risks in the 
chemical industry. 
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SAFETY COSTS 

The safety record of the United Kingdom Atomic 
Energy Authority has been achieved at a high cost. 
Most of the charges are intangible and are hidden in 
plant design and construction and operational charges 
which constitute by far the largest burden on the 
industry. The charges which are demonstrably at
tributable to safety include clothing, monitoring, and 
laundry; the maintenance of the medical radiation 
and general safety service and the district radiation 
survey. The annual cost of this service at a factory 
concerned with reactors and their products amount 
to some £75 per head of the factory employees. This 
compares with the charge borne by normal industry 
of £3 to £6 per head. 

In recent years the nation has increased its ex
penditure on National Health Services. At the cur
rent level our investment runs at £ 10 per head 

towards the reduction of a death rate, which in the 
young and middle-aged is some ten times higher than 
the industrial risk. 

It could be deduced that the initial high safety costs 
borne by atomic energy are the result of our ignorance 
in this new and hitherto unexplored field coupled 
with the public fear which itself arises from lack of 
information. 

Our objective as engineers, physicists and doctors 
should be to accrue knowledge and experience in the 
handling and effects of radioactivity and to ensure 
widespread distribution of our knowledge so that we 
may proceed with confidence and cooperation of the 
population at large. 
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The Dangers Presented by Uranium 
lrr~diated in Nuclear Reactors 

By H. Jammet* and H. Joffre, t France 

The danger due to uranium slugs radioactivated 
by their use as fuel in nuclear reactors is threefold: 
( 1) long distance irradiation, while handling the 
slugs; (2) contamination of the air when they are 
taken out of the cladding; and ( 3) contamination of 
the air by burning uranium from an operating re
actor running away. 

The first two risks are always present, and can be 
met by the safety rules in common use in the nuclear 
industry. 

The third is of an accidental type, and requires 
special and exceptional rules going beyond the indus
trial field, and extending to neighboring populations. 

DANGER OF y-lRRADIATlON 

U pon examination of the disintegration spectra of 
the fission products, 1 it will be noted that the energies 
of the photons emitted by the fission products.can be 
grouped in 4 categories.: 

I. Photons with energies of some 0.4 Mev : Ba140, 

Ndu1, Ru1oa ... 
II. Photons with energies of some 0.75 Mev: Zr0s, 

Nb95, S rD1, 11a2, pa3 . .. 
III. Photons with energies of some 1.5 Mev: 1.,a1 ◄ o, 

pa~, p a2 ... 
IV . Photons with energies of some 2.5 Mcv: La140, 

Jl3D .•. 

With the knowledge of the fission yield2 and radio
active half-lives of the fission products,1 it is possible 
to detenmne, for each category, the intensity of the 
ioniza tion produced, and its decay as a function of 
time. 

The cun-cs shom1 on F ig. 1 give the ionization 
intensities and their decay for each one of the cate
gories of the photon energies of the fission producB. 

Computation is made for 1 kg of uranium irradi
ated to the saturation point, with a power of 1 w/gm. 

The curves provide a simple means of finding out 
the required shield thickness for the handling of the 
uranium slugs. According to the duration of cooling 
uefore the slugs are handled, and the nature of the 
material chosen for the protective. shield, one of the 
4 categories of photons· generally predominates. 

For instance, for a one day cooling, the photons of 
the third category would be the only ones to be con
sidered when determining the shield thickness. 

Ori){iMI language : F rencl1. 
* Chief, Radiation Protection Department, C.E.A. 
t Radiation Protection Department, C.E .A. 
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figure 1. Decrease in the activity of the uranium 

For an activation duration of 3 months, the pho
tons of category II shall be considered. 

DANGER OF CONTAMINATION OF THE AIR ONCE 
THE URANIUM SLUGS ARE TAKEN O UT OF THE 

CLADDING 

The radioactive families of the fission products 
which lead to substantial activities of radioactive 
gases are indicated in Table I. 

The half-lives of these ra<lioelements are very 
short. The half-lives of the rare gases, at the end of 
the chains, are the longest. 

Since the fission gases are rare gases, the computa
tion of the maximum concentrations allowable in air 
does not rest on the dose delivered by the radioactive 
element inside the body, but rather on the dose which 
a person supposed to be in an infinite cloud o{ radio
active gas will receive. 
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Table I 

5 
133 

r ---+ 
Te 133 I 133 Xe 133 

less than IO min. 66mln- 22.◄~ 5.27 d 

~Xe 135m (15.3 min) 

Te1Js_ 1135 l 
Xe 135 

less than 2 min. 6.68 hr (9.2 hr) 

<t"""" (10 "6 secl-Rb 85 (stable) 

85 8Sm 
Br ---,. Kr 

3 min 4.36 hr Kr 
85 (9.4 years) 

Brar - Krar 
5S.6 sec 78 min 

Br 88 _Kr 
88 

15.S sec z .77 hr 

Under those conditions, the limiting concentration 
will be reached when the energy absorbed or emitted 
in the air will be 0.3/1.13 rad/week ( 1.13 is the ratio 
of the stopping powers, in the tissues and in the air, 
for /3 particles and the secondary electrons produced 
by X- and y-radiations). The rad corresponds to an 
absorbed energy, per gram of air, of 100 ergs, or 6.3 
X 107 Mev. 

T hus 0.3/1.13 rad/week corresponds to an ab
sorbed energy, per cubic meter and per second, of 

0.3 7 
l.1

3 
X 6.3 X 10 X 1.293 X 103 X 

1 -
0_864 X 1011 X 7 = 0.355 X 10" Mev 

The limiting concentration of the radioactive gas 
in air, which emits, by disintegration, an average 
energy of E(Mev) will be: 

0.355 X 10:. 
3 

X = E X 3.7 X 1010 c/m 

o.95 I 0 

X = E µ,cm" 

H. JAMMET and H. JOFFRE 

The activities of the fission gases present in a 10 kg 
uranium slug irradiated to saturation at a po\',·er level 
of 1 w/gm are indicated in Table II. 

The air volume vvhich may be contaminated by the 
whole of the fission gases is 4.1 X 10; m3 • I n the case 
of an intense flux reactor, giving 1014n/cm2 /sec ( 30 
w/gm), the fission gases of such a slug could con
taminate a volume of 107 m 3• 

DANGER Of AIR POLLUTION BY BURNING URANIUM 
FROM AN OPERATING REACTOR RUNNING AWAY 

For the population, the maximal allowable concen
tration of a given radioelement in the air ( continually 
breathed in by the subject) is that which can produce, 
in a critical organ ( the one which selectively retains 
the radioelement considered), an irradiation of 0.03 
rem/week. 

The maximal concentration allowed for the popu
lation is expressed by the formula :3 

·m 
X = 0.294 X 10-11 X TE fa~E(RBE)N 

1 
X 1 _ e--0.60:1 IJ' TE 

(1) 

in which X is maximum permissible activity in air, in 
c/cm3 (or c/m3); mis mass of the critical organ in 
grams; TE is effective decay half-life of radioactivity 
in the critical organ in days*; fc,. is fraction of the total 
activity inhaled stored by the critical organ; E is mean 
energy emitted by disintegration in the form of a, {3, 
y, e-, 111,., nr, p .. • emission Mev; RBE is relative 
biological effectiveness; N is a heterogeneity coeffi
cient for accumulation in the critical organ. When the 
radioelement held in the critical organ is not ho
mogeneously distributed, the doses received also are 
stronger at some points; now, at those points of 
maximal activity, the irradiation must not exceed 
0.03 rem/week, hence the need for this factor N; 

1 1 1 
* J..e = >..n + >..n or -T = -T + -T where TR 

E n D 

is radioactive half-life and T 8 is biological half-life. 

Tab le II 

Nuclide Half-life Fission yield 
% 

Xe"" 5.3 d 6.6 
Xe"'° 9.2 h 5.9 
Kr85'" 4.36h 1.65 
Kr85 9.4y 0.38 
Kr"' 1.3h 3.5 
Kr"" 2.Sh 5 

Total 

* Column 4 is total activity of the fission 
gases present in the slug. Column 5 is activity 
of the fis-sion gases present between the ura
nium and the cladding, which may be released 
in the case of a cladding break. This activity 
is due to the surface fissions, thro11gh a thick
t1ess of 3µ of 11ranimii (experimental deter-

4• 5• 6" 7 . 
C me ,nc/m' X 10• m• 

562 242 5 X 10·• 4.8 
317 136 2 X 10-• 6.8 
140 60 3 X 10·• 2.0 

33 13 4 X 10-• .3 
296 127 6 X 10·• 21.0 
425 181 3 X 10·• 6.0 

41 

mination made at Saclay). Cartridge diameter 
26 mm. Column 6 is maximal concentrations 
permitted £or . durations of expO'Sure of 24 hr 
mc/m•. Column 7 is air volume which may be 
contaminated at the maximal concentration 
allowed by the fission gases released by a 
cladding break X 10' m•. 



DANGERS OF IRRADIATED URANIUM 

and e is duration of presence in the polluted atmos
phere, in days. 

First Evaluation of the Danger 

Equation 1 makes it possible to compute the max
imal concentrations permitted for expositions which 
may last throughout the life of the subject. 

In such a case, for all the important fission prod
ucts:· and for the uranium 

1- c--0-603 OIT e = 1 

So that we can write 
1'n 

X 1,,1= 0.294 X l0-
11 

Te/,. ~ E(RBE)N 

For plutonium 

1-trO OOa QIT e = 0.34 ( for 8 = 70 years) 

vVe take for plutonium 

X 70 11eare = Xi,.,/0.34 

A first evaluation of the danger of air pollution by 
hot uranium can be made, if it be assumed that air 
pollution may not exceed the permissible maximal 
concentrations allowed : X,., for the fission products 
and uranium, X 1o11ears for plutonium. 

From the knowledge of the maximum concentra
tions allowed, the fission yield,2 and the radioactive 
periods, 1 one can determine the extent of the danger 
of inhaling air contaminated by uranium, plutonium 
and fission products. The critical organs, for this type 
of contamination, are essentially the bones and thyroid. 

Figure 2 shows the extent of the danger, and its 
decrease in the case of the bones. 

The unit used for the ordinates is the maximal 
concentration permitted for the population, in the 
case of prolonged exposition. 

The computation is carried out for the case of the 
contamination caused by one gram of uranium to 1 
m3 of air; the uranium having been irradiated for one 

· year at 30 w/gm. 
Plutoniwn, and the fission products as a whole, 

present dangers of the same order of magnitude. 
One gram of hot uranium may pollute, to the per

missible maximum, a volume of 1010 m8 of air. 
Figure 3 shows the importance of the danger, in 

the case of the thyroid gland. 
The danger here is four times less than for the 

bone and its decrease is much more rapid. 

Second !Evaluation of the Danger 

In the case where the exposure is limited to e 
1 day, irradiation of the critical organ will not exceed 
0.03 rem/week, namely: 5 X 10-S rem/sec, if air con
tamination does not exceed 

Xint 
X 1 = 1- t,0-693/T. 

for fission products, plutonium and uranium (TB, in 
those formulae, is shown in days) . 

A comparison between the dangers of uranium, 
plutonium and the fission products, for the bones, 

Decrease In the risk of Inhalation of polluted air 
per gram of uranium ( irradiat@'d for l year at 
30 W/1. c.) p,r m3 o! air. 

Unit: Maximum permitted concentration lot' 
large populations 

Time 

Tot..a1 ( Fission product$) 

Figure 2 . Bone (fission products and plutonium) 

Decrease 1n the rl$k of inhatatlon o( 
polh.tted air per gram of uranJum 
(1rrad1ated for 1 year at 30 W/1.c. ) 
per m3 of air. 

Un11: Maximum permttted conctntrauon for 
large populations 

15 10 

Figure 3. Thyroid gland (iodine) 
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Table Ill 

Comparative dangers of: 

u Pu 
FP, tli1roid 

FP, bone olond 

1st evaluation 
2nd evaluation 

1 (unit) 15,500 42,000 
0.023 0.73 660 

15,700 
7,100 

and of the fi ssion products, for the thyroid gland, 
are shown in Table III. 

Third Evaluation of the Danger 

A third manner of evaluating the danger consists 
of determining the integrated dose received by the 
critical organ for a given duration of presence in a 
contaminated atmosphere (8), followed by an addi
tional duration of presence ( t ) in an unpolluted at
mosphere. 

Intensity of Irradiation of the Crit ical Organ During its 
Presence in a Contaminated Atmosphere 

If the atmosphere is polluted to a concentration Xint 

( see first evaluation), the dosage of irradiation to the 
critical organ is S X 10-8 rem/sec, at saturation Ie = 
5 X 10..s X ( 1-e-•~) rem/sec, following a duration 
of presence e in a polluted atmosphere. 

If the atmosphere is contaminated to a concentra
tion x = Xo e->,.O (xo: contamination at the moment 
of the accident), the irradiation dose to the critical 
organ is : 

% 
Io = -- XS X 10-8 X ( 1- e-•,.0) rem/sec 

X1n1 
in which 

:ro 
l e = - X 5 X 10-s. ( 1-e-•,:9) X e-•RO (2) 

X1111 

Integrated Dose Applied to the Critical O rg an During 
Its Presence in a Polluted Atmosphere 

The integrated close to which the cr itical organ has 
been subjected is: 

D, = loo Io <l8, from which with Equat ion 2 

Xo } 
Do= X X S X 10-s X -(1-e-•RO) 

,.,, An 
1 

--- - ( 1-c-h.-+>8 >0) (3) 
'Ae + AR 

This formula is general (A in sec-1 ) 

Integrated Dose to which the Critical Organ Has Been 
Subjected for a time t, Counted from the Moment when 
the Person Is Taken Out from the Polluted Atmosphere 

Following contamination for a time 8, the intensity 
of irradiation in the critical organ decreases according 
to the law 

I,= l e e-•s 

and the dose to which the subject has been subjected is 

(} -e-'s1 ) 
D,=10---->-e 

H. JAMMET and H. J OFFRE 

1. For T n under 10 days 

S o (l-e->-1) 
D, = -XX 5 X 10-8 (l-e->-8 ) X r 1e X ..:._._....:.. 

w . A 

or, for 0 = 1 day 

Su 
D, = - X 6.2 X 10-a X T xin, 

X (1-e-0-7'1') X e-o.11T X ( I -e-o.1t1T) (4) 

in which Tis expressed in days, and D, in rem. 

2. For T n over 10 days 

..1,' 

D t = X O X 5 X 10-8 X 8 X ( 1-e-•s1
) 

In/ 

or, for 8 = 1 clay 

-~o D, =-XX 4.3 X 10-3 X (l - c-0.7t1T•)(S) 
la/ 

Observation : one can write 

(6) 

In Table IV, the results of the computation of in
tegrated doses are shown for uranium, plutonium and 
the fi ssion products which give largest integrated 
doses. 

The contamination per cubic meter of air is sup
posed to be produced by one gram of uranium, 
irradiated at 30 w /gm for 1 year. 

Application 

Let us assume that, following an accident which 
takes place in a reactor which is in operation and has 
been running for 1 year at a power of 30 w/gm, the 
air of the building has been polluted by 1 gm of 
uranium per m3 of air. 

Case 1. The Neighboring Population Is Eva cuated 24 
hours After the Accident 

Irradiation can be considered massive, only in case 
the dose is applied over some SO days. 

The computations indicated above give a value of 
1.2 X 107 rem for the dose received in 50 days in 
the critical organ (bone), in case the person would 
stay for 24 hours in the building where the accident 
took place. 

Let us compute the volume of contaminated air 
which can, in one day, be allowed to get out of the 
building for the dose received by the. population to 
the leeward of the reactor (breeze blows from the 
latter) not to exceed, 50 days after evacuation, a 
value of 50 !em in the critical organ. 

The dilution required then is 

1.2 X 107 

50 = 2.4 X l0l 

If it be assumed that the contaminated air escaping 
from the b~ilding is distributed homogeneously over 
a cross sect10n of 1000 m2, and that it is carried by a 
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Table IV 

r. 8 = I day 
Elemtnt, d~y JOI rnn 

Sr80 52 165 
Sr"° 

+ 2.7 X 10• 
yii4 
yoi 51 48 
Ba " 0 + La " 0 12 94 
Ce'"+ Pr'" 180 32 
Pu .... 4.3 X 10' 0.35 

T otal (Bones) 283 

Jl31 7.7 225 
I ,.. 0.92 1300 

Total 
( thyroid gland) 1840 

U (kidneys) 30 0.011 

Dq 

O = 70 ytars 
101 nm 

95 

64,000 

310 
30 

4100 
162,000 

230,000 

32 
4.8 

37 

240 

t = inf 
10• rem 

2450 

7750 

7100 
3200 

16,750 
43,000 

4600 
2350 

1.0 

wind having an average speed of 1 m/sec, the air 
volume which can be allowed to escape is then: 

0.864 X W• ~ 103 = 360 ms 
2.4 X 10" 

Case 2. The Population Is Not Evacuated 

F rom the computations outlined, the irradiation of 
the critical organ, in the theoretical case of 70 years 
of presence in the contaminated building, is 2.3 X 
1011 rem. 

In order that the average dose of 300 mr/week 
over 70 years not be exceeded, the dilution factor 
required js: 

2.3 X 1011 - 2 10s 
1.1 X 103 - X 

The volume of air which can be allowed to escape 
from the building in one day will be: 

0.864 X 10:; X 103 _ 
043 3 

2Xl08 - · m 

CONCLUSION 

Our study of the ordinary dangers offered by the 
manipulation and tmcladding of the uranium slugs 
after their activation in nuclear reactors has enabled 
us to get accurate values of their nature and ampli
tude. The ctirves shown in the tables presented offer 
a solution for the protection problems which appear, 
as a function of the activation of uranium in the 
reactor, and the subsequent deactivation following 
removal of the slugs. 

D, for e = 1 day 

t=lOd t = 50d t = 1 yr t = 10 yr t = 70 y, 
10• rtm 101 rem 101 rem 10• . ,.,, J0-1 rein 

300 1175 2450 ibid ibid 

20 100 700 4650 7750 

920 3500 7100 ibid ibid 

1375 .3100 3200 ibid ibid 

750 2850 12,600 16,750 ibid 

7 ·37 260 2600 14,500 

3900 12,000 28,300 38,800 53,700 

2700 4500 4600 ibid ibid 
ibid ibid ibid ibid ibid 

5100 6900 7000 7000 7000 

0.3 0.7 LO ibid ibid 

The study of the accidental dangers which may 
present themselves in the eventuality of quick com
bustion of uranium from overheating in an operating 
reactor, has been pursued along lines quite different 
from the rules used for common industrial radiologi
cal protection. From the ma.,"'<imal concentrations 
tolerable for the surrounding population, it has been 
possible to compute intensities and radiation doses as 
a function of the initial rate of pollution in the atmos
phere, and of the time spent in the contaminated 
medium. The formulae presented would make it pos
sible to solve the protection problems which would 
require quick action, in case of uranium combustion 
in the reactor : volume of air that might be allowed 
to get out of the building each day, time and duration 
of evacuation of the plant, etc. 

The results brought out in our studies reveal im
portant differences in the relative toxicities of the 
fission products of uranium and plutonium, in cases 
of accidents, with respect to the figures set by inter
national recommendations for normal work and long 
lasting projects. For instance, in case of quick_ com
bustion of uranium the Ba-La140 and Ce-Pr144 

couples, and Y01, become the most toxic substances 
due to their immediate effects. 
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Health Protection in Chemical Processing Plants 

By H. M. Parke r and J. M. Smith,* USA 

Large-scale radiochemical processing plants have 
been operated at the Hanford Works for ten years. 
The experience has included the design and operation 
of improved facilities incorporating what has been 
learned about hazard control as well as general 
process improvements. This experience should be of 
direct value in the advancement of the peaceful appli
cation of atomic energy. 

One plausible line of development would be to con
sider a number of heterogeneous reactor power sites 
having spent fuel elements reprocessed at a central 
facility. Such a facility would be broadly similar to 
the plants on which the local hazard experience is 
based. 

Radiological health protection programs for such 
units have two separate phases: ( 1) control of radia
tion hazards to the employees in the operation ; and 
(2) elimination of deleterious effects on the environs. 

This survey paper sketches the findings in these 
two phases. The ramifications of the environmental 
hazards are described in more detail elsewhere. 

As an administrative tool, and to guide future de
velopment, it is convenient to divide the field into 
two aspects : ( 1) external radiation, as in the form 
of beams of penetrating radiation; and (2) radio
active contamination, defined as actual radioactive 
material in the wrong place. 

The local experience demonstrates clearly that 
there are essentially no unresolved problems in the 
first aspect. The major uncertainties and the major 
expense and time-consuming effort reside in the con
trol of contamination, both in the plant and in the 
environs. 

CONTROL OF EXTERNAL RADIATION 

·within the plant, the control of radiation from all 
sources must be formally limited to a permissible 
exposure of 300 mrem per week. It is highly desira
ble to operate with a substantial safety margin beyond 
this. In local practice, it is found convenient to oper
ate to an annual target of 3 rem, with not more than 
the conventional limit in any one week. This intro
duces a long-term safety factor of 5. 

The economic justification of this plan is that in a 
high-level facility, the over-all cost of radiation pro
tection is high, but the incremental cost of additional 
safety factors is low. In typical plants, a shielding 

• Radiological Sciences Department, Hanford Atomic 
Products Operation, General Electr.ic Company, Richland, 
Washington. 
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improvement by a factor o( 10 adds only 0.5-1 o/o to 
the total facility cost, and greatly simplifies auxiliary 
control methods. In general, design to a transmission 
limit of 1 mr per hour for fixed installations is sound. 

0£ the three elementary concepts of radiation con
trol - shielding, distance, and t ime - the first two 
are economically designed into the initial structure 
wherever possible. Resort to time controls, though 
still necessary in special operations, should be con
sidered a secondary control method to be avoided. 
The large-scale facility is therefore visualized as a 
heavily shielded, remotely operated, and generally 
remotely maintained plant. External radiation in such 
a case presents no problem. It is conventional to 
record the exposure of operators by personnel meters, 
such as pocket ion chambers and film badges, but · 
these will repetitively show low readings in the main 
operations. 

Substantially greater risk of external exposure 
arises in auxiliary operations such as routine sam
pling, or contact maintenance. These steps are we.11 
controlled by written procedures supplemented by 
continuous radiation monitoring. 

In the occasional task of removal of a major equip
ment piece from such a plant, radiation fields in the 
range dangerous to health may arise. Such tasks re- · 
quire temporary shielding, temporary remote hauling 
facilities and rigorous time limits on personnel ex
posure. No task has arisen at this site which could not 
be accomplished within the standard weekly exposure 
limit. Relaxation of limits to some such value as 3 r 
in 13 weeks is not recommended in a production 
plant. It discourages progressive design of improYed 
maintenance equipment, which is more economical 
in the long run, and promotes unbalanced work sched
ules for the exposed men. 

·while attention on external radiation control is 
mainly focussed on whole-body radiation, some oper
ations such as associated laboratory sampling lead 
to situations in which hand exposure may be signifi
cantly higher than the general exposure. Control is 
achieved by separate measurement of hand exposure, 
say by rings .containing film. For these cases, a safety 
factor of 2 beyond conventional limits is considered 
adequate. 

Operating experience has shown that where radio
active parts can be handled there will be incidents in 
which the exposure considerably exceeds the normal 
level. This directs future design to eliminate all pos
sibilities of contact handling even in the laboratory. 
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IN-PLANT CONTAMINATION HAZARDS Tobie I 
The maintenance of control of radioactive contam

ination in radiochemical processing plants is a much 
more troublesome problem than external radiation 
control. Contamination spread can create problems 
of deposition within the body by various routes and 
also add to external radiation exposure. Significant 
prol?lems are chronic in this field as the basic require
ment to contain all radioactive material within process 
equipment has not yet proved amenable to complete 
engineering solution. The fundamental problem of 
maintaining a liquid-tight chemical processing system 
over a period of many years of operation is difficult 
to attain. This is particularly true in faci lities process
ing highly radioactive solutions where close inspec
tion of equipment repair and replacement work 
performed by remotely operated tools is not possible. 
Thus it is necessary to assume escape of some process 
material from the equipment and to design for con
tainment within enclosures housing segments of the 
chemical system. However, as the enclosures must be 
opened periodically for material movement and re
mote maintenance, carefully controlled ventilation 
and equipment movement procedures are required to 
minimize contaminat ion of the portion of the process 
building containing the equipment enclosures. Suit
able decontamination procedures are required in this 
process zone to prevent contamination movement to 
the normally occupied non-process portions of the 
building. More intimate contact with process material 
is encountered in auxiliary operations such as in 
radiochemical laboratories. Operating problems of 
this type lead to the possibility of contamination 
gaining entry into the body by inhalation, ingestion, 
and absorption or penetration through the skin. 

The potential health problems encountered result
ing from necessary employee exposure are depend
ent on the radioisotopes involved and their biological 
hazard. In a separations plant the availability in the 

· form of contamination of plutonium and the full 
spectrum of the long-lived uranium fission products 
presents a variety of hazards of a magnitude not pre
viously encountered in large scale industrial opera
tions. The problem is complicated by permissible 
limits for many of the materials present which are 
most restrictive in comparison with many industrial 
chemical toxicants. 

To exemplify the problem of air contamination it 
is revealing to compare (Table I) the permissible 
concentrations of various non-radioactive dusts, 
fumes, and mists with those of some of radioactive 
materials encountered in radiochemical processing. 

Comparison of permissible concentrations of toxic 
chemical gases with certain gase0tis radioactive fission 
products shows the figures in T able II. 

Personnel access to process zones containing air 
contaminated with radioactive materials in the form 
of dusts, mists, and gases is necessary from time to 
time for inspection, maintenance and processing 
work. A routine air-monitoring program in a separa-
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tions plant is essential to determine the extent of the 
health hazard as it is probable that a s ignificant frac
tion of the cases of body deposition of Jong-lived 
radioisotopes originate from chronic exposure to con
taminated air. Respiratory protection is prescribed 
for entry into such areas based on the air contamina
tion history and the probability of air contamination 
expected to result from the work in progress. The 
presence in variable quantities of natural short-lived 
alpha- and beta-emitting radioactive materials in the 
air makes it difficult to employ instrumentation for 
the instantaneous evaluation of process contaminants ; 
therefore it is usually necessary to determine air 
sample results after the short-lived materials also 
collected have decayed to insignificance. This problem 
leads to conservat ism in prescription of respiratory 
protection. 

Health hazards from air contamination depend on 
the physical and chemical form of the contaminant, 
and it is evident that the maximum permissible con
centration, of a particular radioisotope may vary, 
dependent on the specific form encountered. The 
hazard of radioactive noble gases may be limited to 
direct irradiation of the lung, but there is possibility 
of dissolution in lung fluids, or adsorption on lung 
surfaces as indication of adsorption on air sample 
filters has been noted. The hazard · of radioiodine is 
primarily that of deposition in the thyroid gland. The 
extent of solubility in the lung of radioactive dusts 
also causes hazards variations. R eadily soluble mate
r ial will move from the lung and be deposited in otqer 
organs and excreted in accordance with expected 
metabolic patterns, while insoluble or slowly soluble 
material may remain in the lung for extended periods 
of time. Hazards variations may also be a function of 
the particle size of the contaminant, particularly 
in the insoluble forms as local irradiation of small 
lung areas from the larger and more active particles 
may be limiting. Studies currently underway are 
aimed at answering the unknowns in this field, in-
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eluding the significance of various particle sizes and 
activities, solubility in vivo, and possible physical 
movement following initial lung deposition. 

Ingestion of radioactive material is minimized by 
sanitary work habits while in process areas, restrict
ing eating and smoking to contamination-free non
process areas, and by prohibition of the use of the 
mouth in operating radiochemical laboratory equip
ment. In the event of accidental intake some protec
tion is afforded by a relatively low fraction trans
ferred from the gastrointestinal tract to the critical 
organ, particularly in the case of the heavy metals. 

Absorpt ion of radioactive materials through intact 
skin and direct entry through a skin break is hazard
ous because of the high efficiency transfer of many 
radioelements from the bloodstream to critical body 
organs. In addition, retention of material in the skin 
could possibly result in tumor production. Uncon
trolled skin contamination can also lead to intake by 
ingestion, etc. 

The spread of radioactive materials produces de
posits on process area surfaces which will add sig
nificantly to the problem of external radiation control. 
Such deposits result from high-level air contamina
tion and movement of inadequately contained process 
equipment. During the course of radiation zone work, 
contamination of tools, skin, and protective clothing 
leads to uncontrolled exposure of portions of the 
body. It has been found that in many cases of clothing 
and skin contamination, the radioactive material is 
deposited on many small discrete areas rather than 
in a quasi-uniform manner. Measurement of the sur
face dosage rate from such a pattern is not readily 
accomplished on a routine basis, and oversight of this 
probable distribution can lead to high, localized skin 
dosages. 

EFFECTIVE CONTROL MEASURES 

Effective contamination control is dependent on 
definite delineation of radiation zones from the non
contaminated portions of the facility. Periodic sur
veys of the fatter areas are essential to insure mainte
nance of a contamination-free status. ·when entering 
radiation zones protective clothing and equipment 
commensurate with the probable hazard is donned; 
in some cases complete body and respiratory pro
tection is appropriate. During work in such areas 
frequent contamination surveys of protective clothing 
and any exposed skin areas are necessary to control 
additional external radiation from contamination 
spread to these surfaces. Upon exit from the con
trolled area, survey and removal of protective apparel 
is performed and potentially contaminated body sur
faces are checked with decontamination procedures 
instituted immediately for removal of any skin con
tamination found. The ,establishment of permanent 
personnel survey and decontamination faci lities a t 
the entry points aids great! y in the routine protection 
of employees at the termination of radiation zone 
work, and prevention of contamination spread beyond 
the controlled zones. 
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In a well-regulated plant, the ultimate health hazard 
is probably the slow accumulation of body deposits of 
long-lived radioisotopes over the years, plus t~e prob
lems of occasional radiation accidents. Considering 
the uncertainties of accurately determining the max
imum permissible body burden for each of the many 
forms of numerous radioisotopes present in a fuel
element separations plant, conservative approaches 
in the design and operating bases to limit contamina
tion spread to the practical minimum have proven 
desirable. 

CONTAMINATION ACCIDENTS 
Personnel contamination accidents principally in

clude incidents of severe skin contamination, injury 
involving radioactive material in the wound, and in
halation of air-borne radioactive material. Skin de
contamination procedures are aimed at maximum 
contaminant removal in a minimum of time to reduce 
the external dose to the skin and to reduce the prob
ability of absorption. It is important to use reagents 
which will not cause skin damage and to apply them 
only to actually contaminated skin as determined by 
careful survey. 

When an injury occurs in a contaminated zone, 
immediate action is taken to institute a profuse water 
flush of the injury and to promote bleeding. If the 
injury is on an extremity, tourniquets are applied to 
control venous return blood flow. If surveys of the 
injury, blood smears, or the offending object indicate 
the presence of a contaminant, decontamination is 
performed under medical direction. In only one case 
has a puncture wound apparently free enough from 
contamination been later found to be contributing to 
a gradual body deposition. In serious cases, ultimate 
protection by excision of the wound area may be 
advisable. 

When an incident of acute inhalation of radio
actiYe material occurs, nasal passage irrigation is em
ployed to remove any material deposited in the upper 
respiratory passages. Qualitative evidence of expos
ure may be obtained by survey of nasal swabs and 
analysis of the irrigation solution. Correlation of the 
probable exposure t ime and air monitoring results 
provides a quantitative estimate of intake. If the 
radioisotopes involved permit detection by external 
survey methods, monitor ing of the thyroid area for 
radioiodine, and of the chest cavity for lung deposi
tion is performed. 

INTERNAL DEPOSITION EVALUATION 

Employees in radiochemical processing plants rou
tinely submit urine samples for radioisotopic analysis 
on a frequency based on the exposure potential of 
their jobs. -In addition, when a contamination acci
dent occurs appropriate biological samples are taken 
for analysis; subsequent sampling- is performed as 
needed based on initial findings . This bio-assay pro
gram provides the information necessary to determine 
whether any limitations on future work assignments 
of the individual are· required because of deposition 
of radioisotopes in the body. 
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There has been no instance at this location of a 
body deposition in excess of the formal limits. How
ever, 2% or 3% of the exposed work force have in 
the ten year period developed depositions in the 
range of 1 o/o to 40% of the limit. The need for im
proved engineering as the industry becomes a long
range operation is evident. 

PROTECTION OF COMMUNITY AND ENVIRONS 

While nuclear power reactors may of necessity be 
located near large population and industrial centers 
consuming the electrical energy, the associated spent 
fuel · element separations plants could still be located 
in semi-isolated regions to take advantage of greater 
economy in radioactive waste disposal methods. 

Regardless of the proximity of the separations 
plants to its neighbors, poor in-plant contamination 
control and shipment of radioactive material may 
cause radiation problems of concern to the com
munity. Inadequate surveys of personnel when leav
ing plant radiation zones can result in spread of 
possibly hazardous quantities of radioactive material 
to public and private vehicles, employees' residences, 
and public places. Such situations are complicated by 
the probable length of time before the off-standard 
condition is recognized as there is little chance of 
detection unless residual contamination on the em
ployee's person is discovered upon subsequent return 
to work. Similar problems are caused by the inad
vertent release of contaminated material and equip
ment for off-plant use. T he hazard to future handlers 
and users of such equipment is very rarely known. 

The shipment of radioactive material, if in accord
ance with regulations currently in effect in the United 
States which give adequate protection in the control 
of radiation and the containment of radioactive mate
rial under normal conditions, should be of little 
concern in passage through communities. H owever, 
accidents en route may create public health problems. 

. Spillage of radioactive solids, such as irradiated fuel 
elements, would produce potentially dangerous radia
tion levels for distances of several hundred feet from 
the source, and retrieving of the material should be 
undertaken only under carefully controlled condi
tions. Leakage of radioactive liquids would result in 
spread of contamination possibly accompanied by 
significant radiation levels. Excavating operations 
may be required to recover valuable materials and to 
remove the hazard. Particular attention should be 
devoted to the possibility of material entering sewage 
systems. Communities should be prepared for such 
incidents to the extent that public officials are aware 
of this unusual type of problem, and that police would 
be instructed to clear the acciderit area of all per
sonnel until the extent of hazard can be evaluated 
by radiation control experts. 

RADIOACTIVE WASTE DISPOSAL 

A principal responsibility of the radiochemical in
dustry is the use of radioactive waste-disposal prac
tices of assured safety. In a separations plant, . the 

hazardous material in waste material includes the 
products of nuclear fission plus the processing losses 
of fissionable materials. Wastes containing mixed 
fission products include long-Jived radioisotopes such 
as strontium-90 and cesium-137 which decay to neg
ligible quantities only after several centuries, while 
wastes containing highly toxic plutonium-239 with a 
half-life of 24,000 years are essentially a permanent 
problem. Potential health hazards exist for each of 
the two general approaches to waste handling, "dilu
tion and dispersion" into the environs, and "concen
tration and co~tainment" in storage facilities. 

The disposal ·of radioactive liquid wastes generated 
in a separations plant presents some of the most sig
nificant potential hazards with regard to long-term 
public health in the plant environs. Disposal to public 
waterways may be of concern to downstream users 
for domestic, agricultural, and industrial purposes, 
and may affect aquatic life. When this method is 
used, a continued monitoring program to assure safe 
concentrations at usage points and in aquatic organ
isms is essential. The degree of control necessary in 
the release of such wastes is indicated by a comparison 
of maximum permissible concentrations in dr inking 
water of radioelements possibly present in separations 
plant wastes with those of some chemical poisons 
(Table III). 

Tobie Ill 
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Sulfate 250 Cs"'+ Ba131 3 X 10·• 
Copper 3 Pu""" 2 X 10-• 
Fluoride 1.5 Sr""+ y1>0 4 X IO·• 
Lead 0.1 Sr•• 3 X 10-• 
Arsenic 0.05 p:n 2 X 10-10 

In some locations advantage is taken of the reten
tive and adsorptive qualities of natural soils for the 
sub-surface disposal of waste streams contaminated 
with radioisotopes of concentrations exceeding per
missible drinking water limits. In general this prac
tice has been limited to semi-isolated regions of low 
precipitation, terrain high above ground water, slow 
ground-water movement, and significant distances to 
public waterways. Health hazards may arise in this 
practice if long-lived radioisotopes eventually migrate 
down the soil column and move to a river at a rate 
greater than anticipated. Disposal of even slightly 
contaminated liquid wastes on the ground surface, is 
to be avoided as concentration of the radioactive 
material on the surface sediments leads to windborne 
contamination spread and hazards to wildlife making 
use of such water sources. 

The storage of highly radioactive liquid wastes in 
underground tanks presents no public health prob
lems if tanks of assured long-term integrity can be 
provided. Tank failure allowing even partial leakage 
of contents may lead to significant ground water con-
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tamination and eventual escape to rivers. In areas 
used for ground storage or disposal, the need for 
ground water usage control is evident. 

The disposal of radioactive solids by ground burial 
:may also cause migration of contaminants to areas 
-of public concern unless adequate containment meth-
-0ds are employed to resist dissemination by natural 
forces. When liquids or solids containing long-lived 
radioisotopes are placed in ground storage or disposal 
units, permanent land control of the site is indicated 
to prevent inadvertant disturbance in the future. Al
ternate disposal of such waste materials to deep sea 
locations may be required for operations located in 
.an environment unfavorable for waste disposal ; such 
methods add to potential public health difficulties in 
transport and may prove economically unattractive 
for large radiochemical enterprises. 

The release of process effluents to the atmosphere 
-is a continual operational problem in large-scale 
·radiochemical separations. Such releases may involve 
gases or intrinsically volatile substances or fine mists 
producing particulate contamination. Decontamina
tion of process off-gases and process equipment en
-closure ventilation air by means of high efficiency 
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filtration and chemical treatment before release to the 
atmosphere through tall stacks is usually required. 
Control of the release of iodine-131 generated in the 
dissolution of fuel elements has proved particularly 
important in maintaining environs vegetation con
tamination at a level safe for human and animal con
sumption. The release of long-lived noble gases may 
be of increasing importance as atomic energy utiliza
tion expands. The deposition of radioactive material 
on inert carrier particles, such as ventilation system 
corrosion products, can cause potential hazards from 
inhalation of small particles and external skin expos
ure from body surface deposition of large particles. 
Fallout of such material in the environs may neces
sitate institution of radiation control procedures for 
outside work and personnel movement for distances 
of several miles from the source. Secondary wind
borne movement of ground deposited particles may 
add to the area of potential hazard. 

Considerations of potential health problems in the 
environs of a radiochemical processing plant from 
planned or accidental release of radioactive material 
play an important part in the design and operation of 
such a facility. 



Th.e Radioactive Survey of the Area Surrounding 
an :.Atomic Energy Factory 

By D. R. R. Fair and A. S. Mclean,* UK 

The first of the British production piles and the 
associated chemical separation and purification plants 
are located at the Windscale Works at Sellafield 
in Cumberland. Before radioactive operations com
menced it was necessary to measure the levels of the 
naturally occurring radioactivity in the area sur
rounding the factory. The reasons for so doing in
cluded technical, managerial and public relations 
aspects. 

The main technical reason for the survey was that 
the amounts of naturally occurring radiation and 
radioactive substances were not known in detail and 
had not been measured in the area before. If an assess
ment were to be made of the effect of the factory's 
operations on its environment, the levels prior to the 
commencement of operations would have to be 
known. Additionally the measurement of the natu~ 
rally occurring radiation and radioactive materials 
provided an opportunity to establish techniques and 
to train both scientific and semi-skilled employees in 
the methods of radioactive survey. The factory man
agement decided, at an early stage, that it would be 
wasteful of scientific man-power to use trained 
scientists to make routine radioactive surveys. The 
surveys, which will be described later, were directed 
by scientists but were car ried out by locally recruited 
and trained semi-skilled labour. 

The importance of good public relations was given 
proper consideration from the beginning. The indus
try was associated in the public mind with atomic 
bombs. and therefore with danger and it was neces
sary to reassure the people who lived in the sur
rounding countryside that there would be no danger 
from the operation of the new factory. The fact that 
a natural background of radioactivity existed at all 
soon became known in the Cumberland area because 
of the activities of the Atomic Energy Authority's 
mobile laboratories. These surveys and their subse
quent discussion by the local people and the local 
press helped to bring some of the features concerning 
radiation and radioactive materials, which were previ
ously not known generally, into better focus in the 
public mind. 

THE SURVEY AREA 

The area surrounding the Windscale Works with
in a radius of twenty miles was surveyed. A total 

* UK Atomic Energy Authority, Risley. 
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of 240 survey points was established and arranged in 
21 routes. Each route was planned so that a mobile 
laboratory team could cover the necessary distance 
and make the required readings and observations 
during the course of a normal shift of eight hours. 
The survey points were arranged with most points 
near to the factory (Table I). 

Dfrtance f rom fact&ry 

0-5 miles 
5-10 miles 

10-15 miles 
15-20 miles 

Table I 

Number of surv~y poi11ts 

70 
70 
60 
40 

The points had to be accessible to a mobile labora
tory and therefore certain areas, where suitable roads 
were not available, did not contain survey points. In 
these void areas there are no centres of population. 

THE MOBILE LABORATORIES 

The mobile laboratories derived their electric 
power either from a 24-volt direct current to 230-volt 
alternating current rotary converter working from a 
large bank of batteries or from a petrol-driven gen
erator producing 230-volt alternating current. The 
laboratories were equipped with both morse and 
speech radio which provided two-way communication 
to a control room in the factory. The radioactivity 
measuring equipment consisted of: ( 1) gamma
radiation measurement-standard type ionisation 
chamber and head amplifier, vibrating reed electro
meter; (2) beta air-activity measurement-air sam
pler complete with anemometer, Geiger-Muller probe 
in lead castle---..:power unit and scalar unit, and ( 3) 
alpha air-activity measurement-air sampler complete 
with anemometer, scintillation counter unit, power 
unit and scalar unit. 

THE GAMMA-RADIATION SURVEY 

The natural gamma radiation arises partly from 
the uranium and thorium and their radioactive decay 
products in the soil, partly from the effect of cosmic 
rays on the earth's atmosphere and to a very small 
extent from the airborne radioactive gases radon 
and thoron in the atmosphere. 

T he gamma radiation was measured by the ionisa
tion current produced in a 4½ litre ionisation chamber 
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containing argon at 20-atmospheres pressure. From 
cosmic-ray measurements it was expected that the 
natural gamma-radiation intensity at ground level 
would be of the order of 10 microroentgens per hour. 
This radiation level produces an ionic charge of either 
sign of 5 X 10-18 coulombs/millilitre/second in air at 
0°C and 760-millimetres pressure. Consequently even 
with a 4½ litre, high-pressure ionisation chamber, 
the total ionisation C\trrent expected would be only of 
the order of 10-13 amperes. The ionisation current pro
duced was used to generate a voltage across a high 
resistance. The voltage was then amplified by a vibrat
ing reed electrometer. It was found that the readings 
-0btained were dependent on the ambient temperature. 
T he changes in temperature experienced were suffi
<:ient to alter significantly the value of the resistor. A 
series of experiments to measure this temperature 
effect was made and the following empirical relation
ship was established. 

(T-60) 
Br= 0co e - ~ 

where OT is the instrument reading for a particular 
gamma-radiation level at a temperature of T°F, and 
800 is the instrument reading at the same gamma
radiation level at a temperature of 60°F. T his rela
tionship was used to correct all observations to a 
-standard temperature of 60°F. 

T he instrument was calibrated by placing a stand
ard radium source at varying distances from 40 feet 
to 90 feet from the ionisation chamber. The source 
was 0.985 milligram of radium in a platinum capsule. 
This calibration, in effect, defined the "roentgen" as 
used in this survey and the natural gamma-radiation 
levels were expressed in terms of the radium gamma 
level which would produce the same ionisation cur
rent in the ionisation chamber. The calibrations were 
made with the mobile laboratories in a fixed position 
on an open space, in order to avoid scattered gamma 
radiation from buildings and other vehicles. T he 
standard radium source was fixed in a source holder 
mounted on a tripod, and held at the height of the 
centre of the ionisation chamber. The source was 
located by a plumb bob to be directly above perma
nently marked positions on the ground. The calibra
tion procedure was carried out every eight hours and 
the instruments were, as far as possible, operated 
continuously to reduce the possibility of zero drifts 
and transient effects due to switching. 

T he field measurements of the naturally occurring 
gamma-radiation levels were made by driving the 
mobile laboratory to each of the selected survey 
points. T he vehicle was parked so that the ionisation 
chamber was precisely located. This permitted exact 
comparisons to be made with other measurements 
at the same survey point. The zero setting of the 
instrument was checked and then five readings were 
taken at half-minute intervals and the temperature 
near the instrument was recorded. After applying 
the temperature correction and calibration factor, 
the value of the gamma-radiation field at the point 
was obtained in microroentgens per hour. 

The gamma-radiation level in the area varies be
tween four and ten micro roentgens per hour ( Table 
II). The mean level over the whole of West Cum
berland is seven microroentgens per hour with a 
mean variation of approximately two microroentgens 
per hour at any one location. The cosmic component 
of this gamma-radiation level is calculated to corre
spond to a radiation level of approximately one mi
croroentgen per hour. Due to the particle showers, 
caused by the cosmic radiation on the walls of the 
ionisation chamber, the measured ionisation from the 
cosmic rays is greater than this calculated value for 
free air. From experimental work the effect of 
cosmic rays on the ionisation chamber was estimated 
to be the same as three microroentgens per hour from 
the standard radium source. It was not found pos
sible to correlate the measured radiation levels with 
any physical factor, such as height above sea level, 
position or weather conditions. 

THE RADIOACTIVE SURVEY OF SOIL, ROOTS 
AND VEGETATIO N 

Samples of turf, ~omplete with roots and adherent 
soil were collected from thirty survey points in the 
area around the factory in West Cumberland. The 
mobile laboratories were used to collect the samples 
but all subsequent work was carried out in the fac
tory's radiochemical laboratories. The operations 
concerned in the radioassay of the samples were: 
( 1) the preparation of the samples for presentation 
to the counting equipment; (2) the calibration of the 
counting equipment; and (3) the determination of 
the radioactivity in the prepared sample. 

Each sample was divided into three parts, soil, 
roots, and aerial vegetation. The vegetation and root 
samples were weighed, dried and ashed at 500°C and 
then reweighed, thus providing a wet weight to ash 
weight ratio. The soil was dried and ashed to des~roy 
organic matter. All samples were ground until they 
would pass through a number 60 British standard 
sieve which has an aperture of approximately 250 
microns. The sample was finally thoroughly homogen
ised and spread evenly on a clean counting t ray. The 
depth of sample was five millimetres for the alpha
activity determinations and 18 millimetres for the 
beta-activity determinations. 

The direct determination of alpha activity ii1 a 
sample of low activity is difficult since a large quan
tity of material is required to give a count signifi
cantly above the background count rate of the in
strument. The alpha count rate cannot be increased 
indefinitely by increasing the quantity of material 
since the alpha particles have a very short range. 
The thicker the sample the more alpha particles are 
absorbed in the lower layers of the sample and if 
the depth of a soil sample is greater than one milli• 
metre then an "infinite thickness" sample is obtained. 
For such a sample the only non-instrument factors 
which affect the counting rate are the specific ac
tivity and the surface area of the sample. Thus if 
successive samples are spread to a depth greater than 
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Tobie II. Natural Gamma-Radiation Levels for Some Selected Locations 
In the West Cumberland Area 

Gamma radiation level in Ra.nge of levels tu 
Location: microroentgens per hour fired locations in 

microroentge11,s per National Grid 
Reference Mean Ma.iim10» Minimnm /to1<r 

220244 6.65 
192177 7.15 
176171 7.39 
325129 7.62 
038272 5.68 
155227 6.85 
319974 7.71 
203009 7.20 
197883 6.41 
106930 6.65 
162066 6.65 
044162 6.87 
083993 6.07 
075013 S.78 
064060 7.17 
013108 7.13 
948148 S.77 
058043 6.60 
014061 6.06 
052986 S.86 
031329 6.06 
129336 S.73 
248914 6.99 
141899 6.84 
257143 6.67 
225136 6.81 

one millimetre in identical type counting trays the 
counting rates in excess of the instrument back
ground count will be directly proportional to the spe
cific alpha activity of the sample. However, unless the 
precise alpha emitters and their relative proportions 
in the sample are known it is not possible to obtain 
the specific radioactivity by direct calculation from 
the count rate of the sample. To overcome this diffi
culty calibration sources were prepared by adding 
known quantities of chemically pttre uranium as 
· uranyl nitrate to acid-washed silver sand which had 
passed through a number 60 British standard 
sieve. The counters were calibrated by the calibra
tion sources at intervals during the counting period. 
Consequently the alpha activity of the samples was 
assessed in terms of the uranium alpha activity re
quired to give the same count rate as the sample. 

T he determination of the beta activity of the 
sample was carried out in a manner similar to that 
for alpha activity. The "infinite depth" sample was 
18 millimetres in depth and the calibration source 
was prepared by using a known amount of potassium 
as potassium chloride. Consequently the beta activity 
of the sample was assessed in terms of the potassium 
beta activity required to give the same count rate as 
the sample. The measurement of the beta activity of 
vegetation and roots in terms of the equivalent potas~ 
sium activity is quite good since the natural activity 
is mainly due to the radioactive isotope of potassium. 
The measurement of the alpha activity of soil in terms 
of the equivalent uranium activity is not so good since 

7.85 6.00 1.85 
7.55 6.48 1.07 
8.00 6.95 1.05 
8.93 6.10 2.83 
6.87 4.99 1.88 
8.55 · 6.26 2.29 
8.65 6.09 2.56 
7.80 6.£4 I.56 
8.29 S.65 2.64 
8.07 5.37 2.70 
7.27 5.95 1.32 
7.56 5.64 1.92 
6.75 5.28 1.47 
6.45 5.31 1.14 
7.47 6.87 0.60 
8.12 5.87 2.25 
6.52 S.62 0.09 
7.52 5.27 2.25 
6.70 5.53 1.17 
6.50 5.44 1.06 
7.25 5.30 1.95 
6.87 5.08 1.79 
8.25 S.86 2.39 
7.20 6.37 0.83 
7.33 5.01 2.32 
8.04 5.45 2.59 

only 25% will be due to uranium. The remainder is 
due to thorium and the decay products of uranium 
and thorium. 

Typical values of the naturally occurring alpha 
and beta activity in soil, roots and vegetation are 
giYen in Table III. 

THE DETERMINATION OF THE ALPHA AND BETA 
AIRBORNE RADIOACTIVITY 

T he earth's atmosphere contains small quantities 
of the radioactive gases radon and thoron formed by 
the radioactive decay of radium and thorium. The 
daughter products of radon and thoron are them
selves radioactive but are not gases. When they are 
formed from their parent atoms they are ionised and 
consequently attach themselves to any atmospheric 
dust or solid matter. 

One method, therefore, of measuring the atmos
pheric radioactivity was to assess the radioactivity 
found on atmospheric dust. The operations con-

Tcible Ill 

Alpha activity 

Soil 10 micromicrocuries/gm 
dry weight uranium 
equivalent 

Roots 0.3 micromicrocuries/gtn 
wet weight uranium 
equivalent 

Vegeta- 0.3 micromicrocuries/gm 
tion wet weight uranium 

equivalent 

Beta activily 

24 micromicrocuries/gm 
dry weight potassium 
equivalent 

1.7 micromicrocuries/gm 
wet weight potassium 
equivalent 

3.1 micromicrocuries/gm 
wet weight potassium 
equivalent 
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cerned in the radioassay of atmospheric dust were: 
( 1) the collection of the dust sample in such a form 
that its assessment could begin immediately after 
collection; (2) the counting of the radioactivity of 
the sample; and ( 3) the determination of the per
centages of radon and thoron decay product and the 
calculation of the airborne activity. 

The air was drawn through a filter paper by a 
standard domestic type vacuum cleaner. An ane
mometer attached to the air outlet of the cleaner 
recorded the amount of air in linear feet which 
passed through the fi lter paper. From the result of 
calibration experiments this figure was converted 
to the volume of air sampled in cubic metres. The 
filter paper holder was a hollow brass perforated 
cylinder closed at one end with a screw cap. The 
filter paper was cut to the required size, sealed with 
a cement and eased into position in the holder. The 
ends of the cylinder of filter paper were then sealed 
to the inside of the holder with a cement and the 
whole placed in a dessicator until the cement hard
ened. The filter paper had to collect dust efficiently 
without reducing the air flow sufficiently to cause 
overheating of the vacuum cleaner motor. The paper 
chosen for this duty permitted an air sample of 
approximately 150 cubic metres to be drawn through 
it in three hours. The assessment of the radioactivity 
on the filter paper commenced in the mobile labora
tory as soon as the sample was collected. The filter 
paper in the holder was placed over a Geiger-Mi.iller 
tube in a lead castle. The decay curve of the activity 
was determined by a series of five-minute counts 
taken over a period of two hours with one minute's 
interval between each count. 

This was followed for the next two hours by nine
minute counts with one minute's interval between 
each count and finally two half-hour counts were 
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taken. T he measured instrument background count 
was subtracted from these counts and the results 
graphed. The shape of the decay curve depends upon 
the percentage of radon to thoron decay products. 
Theoretical curves for a range of 0 to 30 per cent of 
thoron decay products were scribed on "Perspex" 
and the sample decay curve was matched to one of 
the theoretical curves, thereby obtaining the per
centage of thoron decay products present in the 
sample. From a knowledge of the proportion of the 
count rate due to radon decay products and that due 
to thoron decay products it was possible, using the 
known count ing efficiency of the equipment, to turn 
the measured count rate to microcuries of activity. 
The determination of the airborne alpha activity was 
similar to that for the beta determination, including 
the matching of the measured decay curve to a the
oretical curve to obtain the proportion of radon to 
thoron decay products. The counting apparatus dif
fered in that a portion of the filter paper was pre
sented to a scintillation counter and a factor of 2 
which had been determined experimentally was al
lowed for the absorption of the alpha particles in the 
filter paper itself. 

The survey showed that local variations in both 
the alpha and beta atmospheric activity at any one 
survey point were so great that no one value could be 

.assigned to the point. Meteorological conditions, such 
as wind speed and general atmospheric turbulence, 
affect the amount of the alpha and beta activity. It 
was found that in the West Cumberland area: 

1. The atmospheric beta activity varies between 7 
and 350 X lo-6 microcuries/millilitre of air sampled 
with a mean value of 54 X 10-6 microcuries/millilitre. 

2. The atmospheric alpha activity varies between 6 
and 630 X 10-6 microcuries/millilitre of air sampled 
with a mean value of 51 X 10-6 microcuries/millilitre. 



Atomic Energy and Meteorology 
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By H. Wexle r, L. Machta, D. H. Pack and F. D. White,* USA 

The development of atomic energy from its infant 
laboratory stage of only a few years ago to a major 
technological activity presents an important challenge 
to the ingenuity of meteorologists. Radioactivity, 
when confined and properly shielded, is of direct 
biological concern only to persons in the immediate 
area. It is not until it escapes or is released into the 
air, water or ground that it can affect living organ
isms at any considerable distances. Since the atmos
phere is the most mobile of all geophysical media and 
can transport radioactivity swiftly over large areas 
the meteorological problems assume a particular im
portance in hazards analysis of atomic energy in
stallations. Since health and safety aspects have been 
one of the paramount considerations in the develop
ment of atomic energy it was decided early in the 
program not to wait until after the release of material 
into the atmosphere to call on the meteorologist for 
aid but rather to ask him beforehand to estimate what 
would be the behavior of radioactivity introduced 
into the highly variable atmosphere. Since it is evi
dent to the meteorologist that certain locations, be
cause of their geographical or physical location, 
could result in greater concentrations of activity, it is 
recommended practice to evaluate the air pollution 
potential, or the dilution efficiency of the atmosphere 
at prospective locations before making a final decision 
on just where the plant will be located. 

Thus the consideration of meteorology enters into 
the atomic energy industry at an early stage and 
should play an important role in site selection and 
plant design even before the architect and reactor 
designer put their early concepts on paper. 

DIFFUSION 1BY THE ATMOSPHERE 

Physical Sta te of Effluent 

It is the task of the meteorologist working with 
atomic energy to determine the behavior of radio
active material released into the atmosphere. This 
material may be in the form of a gas, or a finely 
divided solid with a large range of particle size. It 
may enter the air continually in small increments 
from a controlled release or from a leak. Or possibly 
it may be injected abruptly in relatively large quan
tities by a major failure of a containing structure. 
The material may be released at the ground with 
near ambient temperatures and diffuse along the sur
face, or it may have highly elevated temperatures 
and rise rapidly to several hundred meters before 

* US Weather Bureau. 
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appreciable diffusion begins. Knowing the physical 
state of the material when it is released into the at
mosphere, it is necessary to consider the parameters 
that influence the turbulent diffusion of this material 
through an ever increasing volume. Account must 
be taken of the particle size distribution of the ma
terial in order to compute the "fallout" of the radio-
active material and the deposition at the ground. 

Geographical Effects 

A second factor which must be considered in any 
diffusion evaluation is the geographical location of 
the source, including topography. The meteorological 
regimes of the middle latitudes are usually so variable 
that at one time they may possess wind and tempera
ture patterns characteristic of the tropics and at 
other times of the polar regions. Hills and mountains 
superimpose wind and temperature perturbations on 
the general flow. Since it is usually desired to locate 
atomic energy installations downwind from popula
tion centers these differing patterns must be con
sidered. Also the vertical temperature gradients will 
vary through wide ranges depending on the latitude, 
air mass, and time of the day. The diffusion of ma
terial under the steep inversion of temperature typical 
of air over the snow cover of northern latitudes will 
differ greatly from the diffusion patterns in the day
time superadiabatic lapse rates over · the tropical 
continents. These extreme conditions are also ap
proached by the change from typical night to day 
conditions. 

The pattern of wind and temperature gradient 
will also be very much altered by the location of an 
area in relation to large bodies of water. The mid
continent area will have much larger variations in 
daily lapse rates, as well as larger seasonal variations. 

Figure 1 illustrates the diurnal changes that may 
occur at a mid-continent station. In contrast, certain 
combinations of hemispheric wind and ocean currents 
and ocean-continent relationships may result in per
sistent temperature inversions-called "trade" inver
sions-found in some areas. 

The west coast of North America from southern 
California southward to central Mexico, the Peruvian 
and Chilean coasts of South America, and the African 
coast from Capetown to near Sao Paulo and from 
Dakar to near Gibraltar are all subject to these in
versions and as a result have entirely different dif
fusion regimes from the one illustrated at Oak Ridge 
National Laboratory in the mid-United States. 
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Topographical Effects 

On a much smaller scale but no less important, are 
the effects on the dilution, of the terrain within SO 
to 150 kilometers of the prospective installation. It is 
most difficult, if not impossible to make a quantita
tive determination of the effects of local terrain on 
diffu_~ion patt~rns without a considerable program 
of meteorological measurements. However, a quali
tative estimate of preferred wind patterns or anom
alous eddy currents can usually be made from the 
geographic features and consideration of the general 
meteorology of the location. This may suffice for the 
preliminary evaluation of a site particularly where 
the terrain is relatively flat for considerable distances 
as in the middle United States. Where the topog
raphy is quite irregular even qualitative estimates 
may err considerably. In any event a program of 
meteorological measurements will be required to de
termine quantitative data that will permit diffusion 
computations of the required accuracy. Figure 2 
shows the marked channeling effect of the terrain on 
winds near the United States Nat ional Reactor Test
ing Station. 

Model Studies 

Before leaving the subject of terrain influences on 
atmospheric flow, mention should be made of the 
possibilities of model studies1 as a precursor to, and 
perhaps eventually a substitute for, full scale mete
orological measuring programs. Experiments of this 
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Figure 2. Annual wind velocity summary (Idaho Falls, Idaho) 

type have been made in England and at New York 
University. The use of model techniques in meteorol
ogy i~ still very much in its infancy but offers great 
promise. 

METEOROLOGICAL PARAMETERS 

While geographical location and local terrain are 
prime factors governing the dilution efficiency of the 
atmosphere they are not meteorological parameters 
per se, nor are they amenable to measurement in 
terms that can be used to determine atmospheric 
diffusion. In the practical application of diffusion 
estimates to atomic energy we must postulate a mini
mum number of meteorological elements that can 
be measured routinely and that permit an adequate 
description of the transport and spread of material 
released into the atmosphere. In essence, this requires 
choosing parameters which themselves may be de
termined by several variables, but which represent 
the integrated action of these variables. In research 
investigations into turbulence or turbulent diffusion 
this approach would be crude indeed but at opera
tional or commercial installations the pressure of 
time and the difficulty of maintaining complicated 
and delicate experimental apparatus precludes the 
measurement and consideration of such items as the 
flux of heat and moisture or direct determination of 
the vertical motions of the air. Instead it is possible 
to measure only the space and time gradients of 
horizontal wind velocity and of temperature and 
arrive at estimates of the diffusion activity of the 
atmosphere. The theoretical considerations of these 
relationships will be mentioned later but let us now 
look at these parameters qualitatively. 

W ind 

Other factors being equal, dispersion of material 
in the atmosphere will be enhanced by high wind 
velocities. At higher velocities the effect of obstruc
tions, both natural and man-made, will be increased 
and will result not only in vertical motions whose 
amplitude increases with increasing velocity, but 
also in increased lateral extent of turbulent eddies. 
The end result is not unlike the result obtained by 
moving the nozzle of a hose from side to side and up 
and down, thus distributing the material through a 
larger volume of air with the resulting lower con
centrations. In addition where radioactivity is con
cerned the speed of the wind may be very important. 
If the half-life of the released material is long, and 
it is moving as a single "puff" cloud, higher wind 
speeds will carry it over and past any receptor· in 
less time with resulting smaller exposures. If how
ever the decay _scheme of the material is relatively 
short as is the case for fission products produced 
by a nuclear power excursion, the higher speeds may 
be less favorable since the material will be carried 
rapidly to a receptor with less opportunity for radio
active decay to reduce the source strength. It would 
not be appropriate to detail the various combinations 
of wind velocity, radioactivity, and population dis-
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tribution that might result in differing exposures. 
Each location must be evaluated separately on its 
own merit. 

Temperature Gradient 

In addition to the effect of mechanical turbulence 
caused solely by wind speeds, thermal turbulence as 
represented by the vertical gradient of temperature, 
has at least an equal influence on the dispersal of 
material in the air. The well-known relationships of 
the density and buoyancy of a gas can be interpreted 
in terms of the vertical temperature gradient, and 
the potential vertical motions of the air estimated. 
Since, with the so-called "neutral" or dry adiabatic 
lapse rate the air has neutral buoyancy it is possible 
to compare actual lapse rates with this and if the 
decrease in temperature with height exceeds the adi
abatic rate ,Ye know that vertical motions will be 
more vigorous. If the actual lapse rate is less than 
the adiabatic then vertical motions will be sup
pressed. It is worth commenting fur ther on the in
version of temperature with height. Experiments 
have shown that under strong inversions vertical 
and horizontal motions are so small as to be almost 
negligible. Plumes of visible material have been 
tracked under inversion conditions for as much as 
20 miles and have shown little or no dispersion with 
distance. T he simultaneous occurrence of a situation 
of this type with a large release of radioactive ma
terial might result in the maintenance of high con
centrations of radioactivity to large distances from 
the source. It should be noted however that if the 
half-life of the material released were short, and if 
the material were released at a sufficient altitude, a 
receptor at the ground might receive less radiation 
than in other circumstances. Here again each facet 
of the situation must be considered. It is difficult 
to make a categorical statement that a particular 
meteorological situation represents a maximum haz
ard without also considering non-mete<?rological par
rameters such as the physical nature (gaseous or 
particles) of the effluent and its radioactive half-life. 

Precipitation 

\Vhen the action of precipitation on a traveling 
cloud of radioactive material is considered it is al
most always found that a maximum hazard can be 
assumed if sufficient of the radioactive material can 
be washed out of the traveling cloud and deposited 
on the ground. Consideration of previous work by 
numerous individuals2-0 on the collection efficiency of 
precipitation does indeed show that with reasonable 
assumption of rainfall rates, drop sizes, and collec
tion efficiencies high ground concentration of radio
activity may result. 

THEORETICAL DIFFUSION EQUATIONS 

Fickian Theories 
\Ve have mentioned that a necessary requirement 

for the application of meteorological measurements to 
the problems of diffusion is an appropriate formula
tion which will use available data and describe the 

changing concentration of material released into the 
atmosphere. Historically the earliest meteorological 
theory of diffusion was given independently by G. I. 
Taylor7 and VI. Schmidt8 who derived the following 
differential equation of the problem: 

dX -~( K oX) ~(K oX) ..J.... 
dt ·- o.<r a ox + oJ II oy ' 

_Q_(K- oX) (1) 
o= · oz 

where X is the concentration of some quantity ex
pressed, for example in grams per cubic centimeter; t 
is time and K.,, Kv, and Kz are coefficients of diffu
sion in the x-, y-, and s-directions. 

T he diffusion equation in this form is not directly 
applicable to computations and 0. F. T. Roberts• 
gave the following equation for the concentration 
distribution due to the instantaneous release of a 
quantity, Q, of material released at a time t = 0 from 
a point 

Q 
Xcz.v.z,t) = (47r.i-)3t:! (K.,KvK,)½ 

exp{- :t (;: + { + ::)} (2) 

where the parameters are in the conventional co
ordinate notation with the .:;-direction positive upward 
and the .i-- and 1•-directions chosen to be along and 
across the mean wind. It should be noted that the 
concentration in this formulation decreases as the % 
power of t ime and that the concentration through the 
cloud follows a Gaussian distribution. Before these 
results can be applied in a working theory of diffusion 
the K-values must be determined. However, other 
considerations and modifications must be made to 
permit the K-theory to more nearly represent the 
real atmosphere. The Yariation of wind with height, 
surface roughness, and the effect of changing at
mospheric stability must be included if the K-theory 
is to be useful. Calder10, Deacon11 and others have 
extended this theory to account for many of these 
elements. The mathematical achievements of the 
K-theory are impressive, but the practical utility is 
limited. A fundamental shortcoming is that the neces
sary K-values obtained by fitt ing observations to 
Equation l vary according to the scale of the meteoro
logical processes acting and range from about 0.2 cm2 
sec-1 for molecular diffusion to 10a cm2 sec-1 for 
diffusion due to large-scale cyclonic storms. 

Statistical Theory 

This circumstance Jed Suttonn,13,a to develop his 
"statistical" theory of turbulent diffusion, following 
Taylor's statistical theory of turbulence. Sutton's 
formulation for an instantaneous point source with 
non-isotropic diffusion is: · 

Q 
x(.,,11,e,t) = 71'3/2 CaC,C"(iU)ll(2-) /2 

{ ' (r!? v2 ...2)} exp - (lit) 2
-" C_/! + C/ + ;,,2 (3) 
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where X = concentration, Q = source strength 
(doubled to account for ground reflection), C,,, C11, C. 
are "virtual diffusion coefficients" in the x-, y-, and 
.z-directions respectively, f7. is the mean wind speed, 
and 11 is a dimensionless stability parameter presum
ably accounting for thermal stability. 

Lettau1=1 and Bosanquet and Pearson16 have also 
devetoped non-Fickian diffusion formulations which 
will not be discussed here. 

Choice of Equations 

Each theory has its place in current meteorological 
practice. It may be said, arbitrarily but with some 
justification, that essentially in the atmosphere one 
faces diffusion problems on three characteristic 
scales. One scale, extending in length up to perhaps 
a kilometer, is exemplified by certain aspects of the 
application of chemical agents such as insecticides, 
where very precise information on the concentrations 
close to the source or near the ground is required. 
The second, reaching out to perhaps tens of kilo
meters, is that of air pollution, and of stack and 
reactor hazard meteorology. A third, involving hori
zontal distances up to continental dimensions, is 
important in the treatment of the diffusion of vol
<:anic dust. For certain source types and for relatively 
small distances, Calder's extensions of the K-theory 
seem to be most appropriate. For the very large
scale problems, an adaptation of Robert's theory has 
been used. Sutton's theory, on the other hand, has 
been the one most generally and most easily applied 
to the intermediate scale and the subsequent discus
sion refers to applications and modifications of his 
work. 

As can be seen from the previous discussion we 
owe much to our British colleagues both for leader
ship in this analytical approach and for having sup
plied many of the theoretical tools which we use. 

Application of Equations 

The instantaneous point-source equation represents 
a fundamental solution from which, by integration 
with respect to one or more of the coordinate di
rections and time, other formulae for more complex 
sources may be built up. Equations for the continuous 
point source may be used to evaluate the emission 
from stacks or vents; the continuous line source 
formula can be used with an array of stacks or vents; 
and the instantaneous volume-source formulation 
may be used for clouds resulting from explosions. 
Certain geometrical properties of these formulae, 
namely the maximum concentration and its location, 
and the plume width or height are often extremely 
useful. 

The distance of the maximum concentration from 
the source (represented by dma:ri) for an instantaneous 
point source is 

- ( 2'12)1/(2-n) 
dma,, - 3c:i 

and for a continuous point source is 

(4) 

- ( Ji2. )1/(2-11) 
d'"a"' - c~ (5 ) 

while the maximum concent ration at the point d,,..,, 
is, for the instantaneous point source 

Z Q 
X,.w.,, = (2/3 e1r p12A• 

and for the continuous point source 

2Q 
Xma,: = _ 1., 

C7r II 1-

(6) 

(7) 

The cloud ,vidth, 2Y 0, and the cloud height Z0 are 
easily obtained from 

(8) 

(9) 

\Vhere /' is any desired percentage of the axial con
centration. 

However these formulae together with the para
meters obtained by Sutton were developed under 
conditions which may differ greatly from those 
where the computations must be made. F irst and 
foremost it must be remembered that the parameters 
were based on three minute-average concentrations. 
Secondly, the terrain over which the experiment was 
conducted was relatively smooth. And third, the 
equations were developed for neutral temperature 
gradient conditions. If these factors are always con
sidered the equations may be used with a fair degree 
of success, and the meteorological uncertainties are 
seldom greater than other factors such as the rate 
and amount of the effluent released. 

It has been shown by Hollandl7 that. the diffusion 
coefficients may be modified experimentally to cor
respond to the site over which gaseous effluent is 
released. Figures 3 and 4 illustrate some of these 
data obtained at the Oak Ridge National Laboratory. 

Finally a group of special results and extensions 
involving corrections for radioactive decay, ground 
sur face depositions, diffusion in very stable atmos
pheres can be deduced. All of these modifications or 
extensions have their uses in application to atomic 
energy problems. Airborne concentrations are re
quired for the evaluation of the external gamma and 
beta hazards from a moving cloud and for the com
putation of internal exposure from ingestion or in
halation of this cloud. Ground deposition from fall
out and precipitation scavenging may result 'in 
external gamma and beta dosages and knowledge of 
the plume width and height would be required for 
estimation of the lateral area of hazard. 

Limitation of Present Theory 

While the present theoretical approaches give 
reasonable estimates of the radiation to be expected 
from a moving cloud of radioactive debris they have 
limitations. Comparison of theory with careful ob-
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servations indicates that the computed values are 
within an order of magnitude about 95 per cent of 
the time. For conditions of neutral stability, the con
dition under which the majority of formulae were 
developed, an analysis by D. J. Holland18 shows that 
the accuracy improves by a factor between two and 
five. 

None ,of the present methods permit us to evaluate 
turbulence directly by instrument, only by the indi
rect effect on stationary meteorological equipment, 

· that is the time variation of wind and temperature 
gradient at fixed locations. The various formulae 
have been extended to unstable and stable atmos
pheric conditions by expedients which leave much 
to be desired. This is particularly true of stable at
mospheric situations where the plume concentrations 
aloft may be several orders of magnitude higher than 
predicted, while the ground concentrations are essen
tially zero. This situation is one of great concern 
since under the proper conditions radioactivity may 
travel for tens of kilometers with little decrease in 
concentration. 

Many of the gaps in our knowledge can be filled 
if proper ly precise field experiments in diffusion can 
be obtained. Measurements of air and ground con
centrations at various distances from the point of 
release at times when meteorological conditions are 
accurately known would permit the determination of 
the parameters of the equations under varying con
ditions and thus enable one to use them as interpola
tion formula. Measurements at various locations 
would give insight into the effect of varying terrain, 

and indeed this has been attempted for many of the 
atomic energy sites in the United States. Even more 
important than refining the present theories is the 
fact that from the analysis of appropriate data we 
may logically expect to develop diffusion theories that 
will answer many of the problems that plague us 
today . 

RADIOACTIVE METEOROLOGICAL TRACERS 

Suitability of Radioactive Tracers 

Even without a complete theoretical explanation 
of the spread of material through the atmosphere 
the meteorologist is obtaining a better understanding 
of the action of the atmosphere by the use of radio
activity as a tracer. 

Radioactivity may be used as a means of identify
ing tracer substances for meteorological experiments. 
Many of those which man may produce occur in 
nature in such small amounts as to reduce the back
ground problems. Specific identification of radio
isotopes is further enhanced through half-life, type 
and strength of the radiation discrimination. Instru
ments for measuring the radioactivity are capable of 
workable accuracy through very wide ranges of ac
tivities. Further, by proper selection of the isotope 
one may avoid chemical interaction with the environ
ment and one may select the scale and nature of the 
meteorological phenomena to be studied. 

Artificial Radioisotopes 

Radioactive tracers may be conveniently classed 
into two categories : man-made and natural. 

Man-made radioisotopes as meteorological tracers 
are especially well suited for long-range atmospheric 
travel in comparison with most other available tag
ging agents. In principle one may design an experi
ment for the safe release of large quantities of 
radioactive materials. Man-made radioactive tracers 
may be either in a particulate or gaseous state and, 
in fact, the simultaneous release of both states will 
provide information concerning the separation of par
ticles of various characteristics from the air mass 
with which they were initially embedded. Size. dis
crimination between particles may be simplified by 
assigning a different type of radiation or life to each 
size range. If desired some substances may be made 
radioactive after sampling so as to eliminate any 
hazard from an initial intense source of radioactivity. 

The two main phenomena which can be studied by 
such a program are meteorological trajectory verifi
cation and the intensity of atmospheric diffusion. 
Release of the tracer in regions of special meteoro
logical concern such as jet streams, calm winds, 
monsoon areas and so forth may reveal clues to many 
unsolved problems. 

The main difficulties in such a t racer experiment 
would be financial. The cost of the huge quantities 
of necessary isotopes will be sizeable. The sampling, 
to be effective, must be performed in the free air 
requiring expensive aircraft observations or as yet 
undeveloped balloon-borne equipment. 
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Since the background of tritium is relatively small, 
it represents a logical choice for a tracer to follow 
the hydrological cycle. For example, by introduci_ng 
tritium into the atmosphere, one may determme 
whether the given air mass contributed to the. forn;a
tion of precipitation. One may also use rad1oact1ve 
forms of many of the chemicals currently used _to 
.stimulate artificial precipitation as further and easier 
identification of the substances in the precipitation 
elements. 

Natural Radioisotopes 

Naturally produced tracers may also be either 
_gaseous or particulate. One may further distinguish 
between those which originate from the earth's sur
face and from cosmic ray showers. 

Radon and thoron and their daughter products are 
produced at the earth's surface-primarily over land 
·masses. The short half-life of the measured thoron 
daughter (Thorium B-10.6 hours) limits its value 
since it is largely decayed before it moves through a 
meteorologically significant distance. It probably has 
.a certain value in micrometeorological studies. Radon 
( 3.8 days) is more suited to weather investigations. 

Free air measurements of radon or its daughter 
:products are not numerous. In 1949, two aircraft 
flights to measure radon were made in the United 
States. These are shown in Figs. 5 and 6 as a plot of 
the relative activity per unit mass against altitude. 
The Ohio curve exhibits the expected ver tical dis
tribution from a ground source while the California 
profile, taken offshore, illustrates the absence of a 
radon source near the water. The higher values aloft 
on the California profile can, it is believed, be traced 
back to air coming from Asia. The relative high 
wind speeds across the Pacific prevented the decay 
-from depleting the values below that observed. Proper 
foterpretation of many such profiles would yield a 
reliable estimate of the intensity of vertical atmos
pheric mixing. 

Radioisotopes originating from the interaction of 
•cosmic rays with the atmosphere which have been 
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noted as being useful to meteorology are tritium, Be7 

and A37• Libby19 has reported the values of many 
precipitation samples and the values of water from 
Jakes, rivers and oceans. His interpretation in terms 
of the time since the water originated from the ocean 
where it is diluted with old ocean water yields inter
esting info rmation concerning the hydrologic cycle. 
Arnold and AI-Salikw reported on the natural occur
rence of Be7 (half-life = 53 days) and its possible 
meaning for the meteorologist. Professor Lyle Borst 
of New York University called our attention several 
years ago to the possibility of using A37 (half-life = 
34 days) as a t racer for vertical diffusion experiments. 

In general, the drawbacks in the use of natural 
radioactive tracers formed by cosmic rays is the 
small quantities in which they are present in the 
atmosphere. Extensive chemical refinement is neces
sary. Further, they do not originate at a fixed height 
but through a deep layer being peaked near 30,000 
feet. Until the source strength at each altitude is 
known with some confidence, the interpretation of 
ground values in terms of vertical mixing is uncertain . 

APPLICATION OF METEOROLOGY TO ATOMIC 
ENERGY 

Site Selection 
\Vhen the development of a nuclear energy in

stallation enters the planning stage the question of 
choosing an appropriate site is of immediate con
cern. Examination of meteorological records and 
consideration of terrain effects will permit first 
approximations of the probable patterns of air flow. 
At a few locations temperature gradient measure
ments will be available and the variation of the ver
t ical temperature structure can be examined. At many 
locations however, no meteorological data will b'e 
readily available. Still however a survey of ,meteoro
logical records from surrounding locations together 
with a few representative measurements at the actual 
site may serve to permit a determination as to 
whether the dispersion of atmospheric contaminants 
is favored or hindered by the location, plus informa-
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tion on whether the most likely route of travel of 
any released material will be towards areas of popu
lation. Often indirect data may be used to estimate 
the existence of frequent inversions. Persistent low 
visibility, numerous ground frosts, and even a dis'
tincti ve ecology may indicate that a location may 
frequently be subject to stagnant conditions. These 
first :-estimates, although likely to be quite general, 
will usually serve to separate several possible sites 
into those where the meteorology is favorable to dis
persion of airbome material, and others where diffu
sion may more often be restricted. 

An actual site survey was recently made for a 
nuclear reactor to produce commercial power at 
Shippingport, Pennsylvania. This location is along 
the O hio River and about 30 miles from Pittsburgh, 
Pennsylvania. The nearest meteorological station is 
more than 12 miles distant. Examination of the area 
indicated that the gross featu res of the precipitation 
regime, the temperature gradients above 500 to 1000 
feet, and the general wind flow could be obtained 
from existing records and this was done. However, 
the valley location and the irregularity of the terrain 
indicated that the wind patterns in the immediate 
vicinity of the site and the temperature gradients in 
the lowest 500 feet would differ markedly from 
existing records which are made on a plateau several 
hundred feet higher than the reactor site. A mete
orological program to measure wind, temperature 
gradient and humidity has been inaugurated and the 
first observations do indeed show significant local 
differences in wind and temperature gradient at the 
site. Advantage was taken of the irregular terrain 
in obtaining temperature gradients by placing one 
meteorological station in the valley and another on a 
nearby hill 395 feet above the valley. Thus the tem
perature gradient is obtained over a considerable 
height without the problem of erecting a meteoro
logical tower. A program of collection and sum
marization of meteorological data ";n be continued 
until sufficient data is available to describe the micro
meteorological patterns for this location. 

Meteorological Observations 

After a definite location has been chosen more 
specific information can be obtained by the installa
tion of a program of meteorological measurements 
at the site. This program will usually consist of 
records of wind temperature and precipitation and. 
if required, temperature lapse rates. The scope of 
such a site meteorological survey will depend on 
several factors, namely, the magnitude of the poten
tial pollution sources, the size of the site, and the 
roughness of the terrain. A larg~ site with many 
nuclear installations, or one in very irregular terrain, 
will require more elaborate meteorological programs 
to define the diffusion patterns than would a single 
laboratory located in a large level plain. 

Application of Doto 

Having instituted such a program it is necessary to 
convert the meteorological clata into a form that can 

be applied to the nuclear operations. It has been 
found that joint correlations of wind direction and 
stability, of wind direction and precipitation, and 
data on the frequency of the durations of inversions 
can all be used to estimate the times that are favor
able for the release of gaseous wastes. Data showing 
the diurnal variation in stability will provide 
additional information for the most favorable time 
for releasing material to the atmosphere. As an ex
ample we n1ay take the problem of a chemical 
processing plant that generates quantities of waste 
gases while disi;olving radioactive materials. These 
gases must be disposed of. One successful method of 
release has been to determine from both climatologi
cal data and weather forecasts when the atmospheric 
conditions will enhance diffusion. The dissolving
process is then timed so that the maximum gaseous 
release occurs during favorable conditions. Another 
application of meteorology to this same type of pro
cess is the determination of the stack heights that 
will be required to obtain sufficient atmospheric 
dilution. A study of average inversion heights may 
show that they are mostly very shallow and that a 
two or three hundred foot stack will vent gases above 
the inversion a large percentage of the time, thus 
minimizing interruptions due to unfavorable weather. 

Another application has been to compute radiation 
dosages on the basis of typical conditions of wind 
and stability for a unit emission of radioactivity. 
Isolines of resulting ground concentrations are then 
drawn. From these and knowledge of the amount of 
radioactivity to be released a good idea of the result
ing dosages can be obtained. 

Although the application of the diffusion equations 
to the release of material from stacks and vents is 
the most common, it may often be necessary to pro
vide information on the dispersion of gases due to 
the evaporation of liquid wastes. In this instance 
kno\\·letlge of rainfall and evaporation records and 
consideration of the evaporating surface as a finite 
volume source arc required to give satisfactory 
answers to this problem. 

ANALYSIS OF ENVIRONMENTAL HAZARDS 
FROM REACTORS 

Postulated Accidents 

One of the most important applica tions of mete
orology to atomic energy has been the evaluation of 
environmental hazards resulting from nuclear re
actors. A nuclear reactor will develop highly radio
active fission products in proportion to its operating 
power level and time of operation. These products, 
if released into the air in sufficient quantity, may 
result in concentrations of radioactivity sufficient to 
injure living organisms. I t is necessary therefore to 
examine each proposed nuclear reactor to see if a 
hazard could result in the operation of a specific re
actor at a specific location. This individual approach 
has been made necessary not only because of the 
desire to minimize any possible hazards but also be
cause the features of reactor behavior were at first 
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not too well known. \11/ith proven reactor types such 
determinations become much easier. 

The current approach is to examine the reactor 
from the nuclear and chemical aspects and to see if 
there are any plausible mechanisms which may result 
in an accident. The magnitude of the accident is then 
examined to see if it would result in the contained 
fission products being released. If reasonable postu
lation shows that an accident releasing fission prod
ucts may occur, then this accident is taken as the 
starting point for the meteorological portion of the 
hazard analysis. An assumption is made of the pro
portion of fission products released and of the initial 
heat energy resulting from the event. It is then neces
sary to compute what action this available heat will 
have on the cloud of fission products. It is usually 
assumed that this excess heat is distributed uniformly 
through the initial volume of air within the original 
container, which may have been an ordinary building 
or perhaps a reinforced barrier to contain the fission 
products. If the secondary barrier can withstand the 
hea t and pressures of the incident well and good. If 
it cannot, then it must be assumed that the heated 
mixture of air, fission products and perhaps other 
gaseous materials will, upon escaping from the con
tainer, rise until expansion and entrainment of cooler 
air halt the rise. 

Height of Rise of Reactor Clouds 

The logical determination of the height of rise is 
important since the increase in attenuation of the 
gamma radiation with increasing distance from the 
ground will rapidly reduce the radiation intensity. 
The possible inhalation hazard near the release is 
reduced to negligible proportions by any nppreciable 
height of rise and in addition the added distance and 
time required for an elevated cloud to diffuse to the 
ground will result in lower ground concentrations at 
all distances. 

Sutton21 uses his theory for diffusion from a point 
source £or computation of the diffusion of heat in the 
cloud as it rises and determines the height at which 
the cloud is no longer warmer than its environment. 
The formula is 

-[2 (3m + 2p) Q]l'(P + Sm'~> 
H - 9C s12 ca vP'" a 

(10) 

where ni = 2-n, p is air density, Q represents the 
amount of heat released in the e..-xplosion, C,, is the 
specific heat at constant pressure for the gases of the 
cloud, C is the Sutton generalized coefficient of dif
fusion and a and p are defined below. Sutton suggests 
that C might be about 0.45 (meters¼) and m about 
¼, values which apply to ordinary atmospheric tur
bulence for a cloud which moves horizontally. The 
applicability of the same turbulence factors for a 
cloud which moves relative to the air is questionable. 
The numbers a and p are derived from the relation
ship, 0 = 00-azp where 0 stands for potential tem
perature, z for height and subscript "O" denotes the 
potential temperature at the place where z = 0. 

H. WEXLER et al. 

Figure 7 is a graph of Equation 10 for the conditions 
listed above, and p = 1, a = 10-3°C/meter. 

Machta22 has developed a formula for the maxi
mum rise of a gaseous cloud based on a constant rate 
of entrainment of environmental air. It is written 

where H is the maximum height of the cloud, M 
stands for the mass of the cloud and ( 1/M) oMloz is 
the constant percentage rate of entrainment per unit 
increase in height, (~0) 0 is the initial excess in poten
tial temperature of the cloud over the environment, 
and oO' /oz is the lapse rate of potential temperature. 

The atmosphere plays a role in two terms; first, 
in the rate of entrainment ( which for cumulus clouds 
is estimated to be about 0.5 X 10~ cm-1 and which 
is greater with increased turbulence) and second, in 
the potential temperature lapse rate of the air. For a 
standard atmosphere, this lapse rate is about 3.5 °C per 
kilometer and for an isothermal atmosphere in l0°C 
per kilometer. E quation 11 also is graphed in Fig. 7. 
A standard atmosphere is assumed and the constant 
entrainment rate is used that was given above. 

Machta's formula gives a rise of several kilometers 
for cloud temperatures only a few hundred degrees 
warmer than the environment, and therefore may be 
less applicable to clouds from low-order explosions. 
It is easily seen that cloud size is an important factor. 
Machta's formula would be more applicable to a 
very large cloud ( say as large as an average cumulus 
congestus cloud, whose bases may be some three to 
five miles across) in which a temperature excess of 
100°C would represent an enormous amount of heat 
energy. Also the entrainment rate assumed would be 
more likely to hold for a large cloud. 

One may criticize these formulae as being very 
crude, but then the initial cloud temperature ( or heat 
release) will not be accurately known m an actual 
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explosion. The formulae may be used to obtain an 
order of magnitude approximation of cloud rise, and 
perhaps a qualitative notion of the sense and mag
nitude of the meteorological factors. 

The two theories are similar in that they deal with 
a gaseous cloud which rises because of its tempera
ture excess over the environment, and the cloud cools 
hy mi•xing with the environment air and by adiabatic 
expansion. In both theories, cooling due to radiation 
is omitted- a factor which may be highly important 
in the first few seconds after an explosion. F urther; 
the density of the cloud is undoubtedly affected by 
the presence of solid matter. · 

Additional factors which may influence strongly 
the height of rise, but which also cannot be dealt with 
mathematically, are initial cloud shape, cloud circu
lation, and the effects of inertia. For example, in a 
sharp explosion smoke clouds or puffs may be 
ejected as smoke rings, or toroidal circulations, that 
may rise higher than i f only buoyancy forces were 
operating. Having estimated a height of rise it is also 
necessary to determine the final volume of the cloud 
at its stabilization point. This may be done conveni
ently hy the gas Jaw. 

Finite Volume Sources 

ln order to apply the Sutton ''point source'' equa
tion!- to this finite volume Holland2:1 has suggested 
the idea of a "virtual point source." This is an im
aginary source located upward of the real source just 
far enough to produce the required volume source at 
the actual point of origin. By adding the virtual 
source distance to each actual distance downwind 
from the real source the required concentrations may 
be obtained. The initial distribution of material in a 
volume source obtained in this manner is of course 
Gaussian. Real distributions in a volume source may 
be neither uniform nor Gaussian. T his problem has 
been studied by Gifford24 and his results may be 
applied if further refinement is desired. 

Not all actual or postulated reactor incidents will 
result in an energy release sufficient to breach the 
building and immediately release the fission products. 
A lesser event may only crack the reactor vessel and 
the fission products leak out slowly. In this instance 
the source is essentially a continuous one and the 
appropriate formulation must be used. Radioactive 
decay assumes considerable importance in this case, 
even for the longer lived products. 

Radiation Exposure 

After the radioactivity reaches the atmosphere it 
is usually desirable to examine the hazards that may 
result from varying meteorological conditions. These 
will not only include variations in \Vind direction and 
speed so that the travel time to populated areas is 
minimized but also the concentrations which may re
sult from diffusion in stable and unstable conditions. 
Additional factors are introduced when the irradia
tion processes are considered. A receptor may receive 
beta radiation from a traveling cloud, by direct fall
out on the skin, or by inhalation. Gamma irradiation 

may result from the traveling cloud or from deposi
tion on the ground or from inhalation. The beta, 
gamma deposition and beta and gamma inhalation 
hazards are essentially functions of the local concen
tration of activity and are easily obtained from the 
diffusion equations. Gamma irradiation from a travel
ing cloud is more complicated, involving attenuation, 
multiple scattering buildup and integration of ac
tivity over a considerable volume of space. A most 
useful solution to this problem has been obtained by 
J. Z. Holland and is included elsewhere in these pres
ent Proceedings.:• 

Deposition by "Washout" 

The "washout" of radioactivity hy precipitation 
has been mentioned previously as usually constituting 
the major hazard. T\\'o treatments are available to 
obtain quantitative estimates of radiation dosages due 
to this mechanism. A. C. Chamberlain25 has adapted 
Sutton's equations and introduced a factor represent
ing the proportion of the material removed and de
posited by precipitation. T his modification may be 
maximized for each distance and the resulting equa
tion is 

Q 
«>n = - e-.,,.-=-¾.,..,c-=-11.t-.,..,,~,...•--,.),-.,t"""2- ( 12) 

where Q = source strength, oJ11 = maximum washout 
deposition, C11 = lateral diffusion coefficient, .r = 
distance from source, and 11 = stability parameter. 

For the limiting case of instantaneous deposition 
of an entire cloud or plume of airborne material such 
as might occur in a sudden heavy rain shower, Hol
land26 gives these formulae : 

Instantaneous point source : 

Q 
Deposition = - --::::,::-;---,,-,,-~ 

.,,c2 <fit) :!- 11 

Continuous point source: 

D 
. . Q 

epos1tron = (2 ) ,, - (" ")'" 
'1t' 721, .-r - - -

( 13) 

(14 ) 

where C = isotropic diffusion coefficient, ft = mean 
wind speed in the x-direction, and other symbols have 
their usual meaning. 

CONCLUSIONS 

It can be seen that the most vigorous nuclear in
cident may not result in the highest possible ground 
radiation dosages since the cloud of debris may r ise 
enough to reduce ground effects. In fact, it is almost 
impossible to determine what combination of all the 
factors, nuclear, meteorological, population move
ment, etc. would result in the maximum hazard. It is 
usually wise to consider several pessimistic combina
tions and discuss them with candor. 

The application of meteorology to atomic energy 
begins in the first phases of site selection and con
tinues through the operational evaluation of the de
vices at this site. Meteorology can provide data to aid 
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in pla~ming routine operations, to insure safety of 
pot_entially hazardous processes and give post facto 
assistance if radioactivity is released into the air. 

Meteorological information is being successfullv 
used in the United States to promote the safe ecc;'
nomical and expeditious introduction of ; tomic 
energy into everyday itse. 
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Radioactivity in Rainwater and the Air Observed 
in Japan, 1954-1955 

By Yasuo Miyake,* Japan 

THE RADIOACTIVITY IN RAIN-WATER IN SUMMER, 
19541 

M. Kamada at Kagoshima University, situated at 
the southernmost part of Japan, detected first the 
artificial radioactivity in rain-water on 14 May (0.02-
11c/l) and on 16 May (0.08 p.c/1) . Thereafter, more 
or less, artificial radioactive rains began to fall in
cessantly all over the Japanese Islands throughout 
the summer rainy season . 

The maximum activity was 1 µc/1 observed by 
members of Kyoto University on 16 May.2 F. Yama
zaki at the Scientific Research Institute, Tokyo, also 
measured 0.16 µell at Tokyo on 17 May. 

T he presence of fission products was also con
fim1ed in several laboratories. The radioactive nu
elides identified in rain-water were Ba 14°, La140, Sr80, 
Zr11a, NV'", Y01 , 113 1, P 3:?, Te120m and a group of rare
earth elements. Y. Yokoyama at Tokyo U niversity 
assumed the presence of fairly larger amount of Np239 

( 45o/o) and U 237 (20%) in rain-water precipitated 
on 17 May in Tokyo area which might be induced 
from u2

:
1s. It is to be noticed that the composition 

of fission products in rain-water seems to vary sec
ondly in a comparatively wide range as decay curves 
are considerably different for each rainfall. 

Members at the Central Meteorological Observa
tory studied the air trajectory at 700 mb and sug
gested that air which had been over Bikini Atoll 
came near the Japanese Islands in a week passing by 
the Philippine Islands and Formosa (Fig. I). 

On the other hand, from the anomalous vibrations 
recorded on barographs at many weather stations in 
Japan, it could be supposed that the tests would have 
been done on 1 March, 27 March, 26 April and 5 
May; thus, radioactivities in rain-water in Japan since 
mid-May seem mainly due to the last experiment. 

Radioactive dust particles were also collected dur
ing the 14th to 18th of May by T. Shiokawa at Shizu
oka. H e collected the airborne dust on a sheet of 
paper ( 30 X 30 cm2 ) coated with a thin film of 
vaseline. The sheets were ignited afterward and 
radioactivity measurements as well as chemical analy
sis were performed. 

The method adopted for measuring the artificial 
radioactivity is as follows: Rain-water collected on a 
polyvinyl sheet or in a vessel made of plastic is 

* Meteorological Research Institute, Tokyo. 
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evaporated in a planchet made of stainless steel. To· 
avoid the effect of the natural radioactivity due to 
RaB and RaC, etc., counting is done after ~ hours 
with a /3-ray G-M counter keeping the distance he
tween a mica window and a bottom of a planchet of 
ahout IO mm. As to the reference activity, a standard 
(Sr00 + Y 90 ) source supervised by the Special 
Committee in Science Council of Japan is used. 

Some of the results of observation from the begin
ning of May to the end of December, 1954, are given 
in Fig. 2. The ordinate in the figure indicates /3-ray 
counts per minute per litre of water brought about 
by the artificial radioactivity in a loga•rithmic scale. 
The value of counts in Fig. 2 is not corrected. How
ever, we can see relative changes and time variations. 

The general trends in the radioactivity in rain
water are observable at every place, which is prob
ably due to the alteration of the air mass. It is inter
esting to note that the radioactivity in rain-water 
was always s tronger on the Pacific side of Japan 
than on the side of the Japan Sea during the period 
from May to the middle of September. The intensity 
in the latter area was not more than 4 mJ.tc/1. Such 
geographical distribution of activity suggests that 
the source of radioactive materials was located in the 
Pacific Ocean. 

The active material is concentrated at the beginning 
of rainfall like other chemical constituents as well as 
post-emanation elements. This means that the arti
ficial radioactive particles are being suspended not 
only in the stratosphere but also in the troposphere 
and they are washed down by water drops. As a 
matter of fact, the present author detected by means 

figure 1. Trajectories of tho air In the Pacific, May, 1954 
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Figure 2. Artificial radioactivities observed in Japan, May-December, 19~4 

of the impinging dust collector on an aeroplane an 
activity of ~0.8 to 2.0 X 10-111 curie/cm3 on an 
average in the air from 1000 111 to 3000 m above the 
g-rouncl in Tokyo and its surroundings ( 3 August). 

THE RADIOACTIVITY IN RAIN-WATER FROM 
SEPTEMBER TO NOVEMBER, 1954 

At about midnight of 18 September, 1954, a 
typhoon (No. 14, 1954) ran away toward the Pacific 
Ocean after attacking J a pa 11. J n the wake of the 
typhoon a colder and less moist air flowed in from 
the north (Fig. 3). Just at the time, new activity of 
artificial ori!;in was detected in rain-water by H . 
Watanabe at Niigata University and S. Suzuki at 
H irosaki University, both situated along the Japan 
Sea coast in the northern part of the 1fain Island. 

It seems that the rain which had a higher level of 
activity fell mostly along the cold front as shown 
in the weather chart ( F ig. 4). From 22 to 24 
September, the activity increased rapidly spreading 
over a larger area and finally the activity as strong 
as 0.3 µc/1 was counted on 22 September by T . 
T erazaki at Yamagata University. T he activity de
creased when the warmer air from the south flowed 
in accompanied by the Typhoon No. 15 ( 1954) on 
25 September and increased again at the beginning 
of October along with the incoming colder a ir mass 
from the North (Fig. 3). 

At the end of October and the beginning of No
vember, another new activity, almost comparable to 
those in May and September, visited Japan again 
from the North (Fig. 2) . 

As i11 the case of Septernher, it was recognized at 
first at only a fe\\' places in the northeastern part, 
especially along the Japan Sea coast. llut, on the 4th-
5th of November, peaks i11 the activity appeared at 
many places. For exat11ple, T . Kiba of Kanazawa 
U niv. detected the activity of 36 m,-tc/1 and 72 mµc/1 
respectively on 4 and 9 :-.:ovetllher. The activity of 
the order of JO µc/1 was measured also at many other 
stations <luring the per iod from the 4th to ahout .the 
10th of November. 

At T okyo there was no rain a t that ti1i1e. However, 
the radioactivity in falling dust of about S mµc/111 2/

day was observed as the value for 24 hours from the 
4th to the 5th of the month. l n the sallle period K . Ito 
and N . Yano at our institute also measured the ac
tivity of the order 10-12- 10 ·10 curie/ma in the air 
near the ground hy means of the electric precipitator. 

The dates of explosion were estimated respectively 
on the 13th- 16th of Septemher and the 28th-30th of 
October, assuming that the gross activity decreases 
proportionally to the negative power c:>f about 1-2 of 
the time. The sites of explosion were unknown, but 
in consideration of air trajectories in the upper layer 
which extended from Siberia to Japan (Figs. S and 
6), and also of the flow rate of airborne dust and the 
results of chemical analysis, it might be supposed 
that the radioactivities were caused by the tests which 
would have taken place somewhere in USSR as 
reported by Tass on 16 September, assumii1g that 
there were no other source of airborne activities. 

Presence of fission materials was also confirmed 
in both cases in autumn by several researchers. I t is 
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to be noticed that as in the case of rainfalls in May, 
S. Koyama assumed the presence of Np239 and U237 

in rain-water precipitated on 24 September. 
Contrary to the case in May, the activity in rain 

or snowfall was stronger along the coast of the Japan 
Sea than that on the Pacific in autumn. This means 
that the source of the activity lay north of Japan. 

THE RADIOACTIVITY IN RAIN-WATER IN SPRING, 
1955 

Since the 5th of March, 1955, the radioactivities 
which might probably be attributed to Nevada experi
ment, assuming that it was the only source, were 
detected several times both in rain-water and the air 
at Tokyo and other stations. They were presumably 
due to the experiments performed respectively in 
February and March, 1955. In these cases, dust 
would have been transferred by the westerly winds 
in the upper air. · 

The highest activity in rain-water was of the order 
of 3--4 m/Lc/1. E. Tajima at St. Paul's University, 
Tokyo, confirmed the radioactivi ty in the air near 
the ground by means of the filtration method. The 
maximum value of about 2 X 10-12 curie/m3 observed 
on 12 April was probably attributable to the experi
ment at the end of March. J. Nemoto found the good 
correlation between sites of the centre of anti-cyclones 
moving from the north (mean speed 14 m/sec) and 
variation in activity of the air observed by E. Tajima. 
According to Nemoto the activity of the air at Tokyo 
increases when the centre of high is located in the 
area above the J apan Sea or of the northeastern 
coast of the Pacific side. 

It is interesting to note that comparatively dense, 
radioactive dust containing fragments of quartz, 
calcite, albite, clay mineral, etc. fell on several places 

in spring, among which those fell on the 13th of 
April at Asahikawa, Hokkaido Island were strong
est (2660 cpm/gm as the value on 22 April). It is 
supposed from the decay curve that the activity might 
also be attributed to the experiment made some time 
around 29 March. 

DISCUSSIONS 

The maximum activity of artificial radioactivity 
in rain-water measured in Japan in 1954 was 1 JLC/1 

figure 4. Weather chart in the neighbourhood of Japan at 16 h, on 
Seplember 18th, 1954 
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Figure 5. Air trajectories at 700 mb during the period from Septem
ber 14th to October 4th, 1954 

detected at Kyoto on 16 May.1 The second was 
0.3 µc/1 found at Yamagata on 22 September. 

In April, 1953, the radioactive rain-out was ob
served in eastern Massachusetts, USA, two days 
after detonation at Nevada of which maximum ac
tivity was 1.9 µc/1 as the 3-day activity.3 G. Jaffe, 
W. Wittmann and C. C. Bates4 detected the radio
activity of about 6200 cpm/1 (as the value 78 hours 
after the explosion) in hailstones which attacked the 
District of Columbia area on 26 May 1953, only 29 
hours after the test at Nevada.6 

On the other hand, assuming that the last Bikini 
experiment in 1954 was carried out on 5 May, the 
3-day activity in rain-water precipitated in Kyoto 
area would have been 5 14c/l, which was much stronger 
than the values observed in the USA mentioned 
above. According to P. E. Damon and P. K. Kuroda6 

the artificial radioactivity in rain-water observed in 
Arkansas, USA, in the period from June to July 
1953, was of the order of 10-0-10-11 curie/I, which 
was considerably weaker than that observed in Japan. 
It is ra ther amazing to find that the activity in rain
water observed in Japan caused by Bikini tests in 
1954 was stronger than those observed in the USA 
in 1953 as a result of continental tests. 

In the case of the second maximum of 0.3 µc/1 at 
Yamagata in September 1954, the date and the site 
of explosion were unknown, but, supposing that the 
date was 14 September, the 3-day value would have 
been about 1.2 14C/l: by no means a weaker activity. 

These facts seem to indicate that the radioactivity 
of rain-out would not decrease appreciably beyond a 

Figure 6. Air trajectories at 700 mb during the period from October 
25th to November 5th, l 954 

certain distance from the explosion site. This is in 
agreement with the observed relation between activity 
in fallout and the distance from the zero site.7 How
ever, the topographic effect on the activity was clearly 
seen in Japan. Owing to the central mountain range 
along the Main Island of Japan, the activity was . 
always much weaker on the opposite side of the 
mountain range (Fig. 2) . 

In the case of May rainfall, the abrupt rise in radfo
acti vity was observed on l 4th of the month only at 
Kagoshima, the southernmost city of Japan, though 
rain fell over a large area in Japan on the day. Like
wise, the activity coming from the north was found at 
first only at Niigata and Hirosaki on the 18th- 19th 
of September. Similar facts were observed also at 
the end of October when the third maximum began. 
In each case, the activity spread out after a few days 
over a larger area and in the same period the max
imum activities in rain-water were measured at many 
places. 

Such a situation has been also observed in the 
USA. Generally, the rain-out arrives at places in a 
certain limited area far from the explosion site, on 
occasion, mo.re rapidly than the falling dust from the 
air. It is not unusual that activities in rain in the 
eastern part of USA, about 4000 . km apart from 
the experimental site, have been detected only about 
two days after detonation.3,4,5 

It has been found further that a remarkably uneven 
distribution of radioactivity may occur3 even in a 
limited area, which is mainly due to its unevenness 
in the air. On the other hand, falling dust spread over 
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the whole area of USA in about 4-5 days after deto
nation in rather complicated forms of distribution.7•8 

These facts mean that the airborne dust which is 
thrown up into the upper atmosphere is transferred 
first by the rapid flow such as of a jet stream without 
any appreciable horizontal diffusion (probably less 
than 10 deg) and when they meet by chance with 
rairiy clouds the radioactive rain-out may fall on a 
comparatively limited area. Later on, falling dust 
settling from a higher level to the ground falls on a 
larger area. 

I t is interesting to note that, as mentioned above, 
the radioactive materials presumably caused by Ne
vada experiments carried out in the spring, 1955, 
were also detected at many places in Japan. If such 
had been possible, radioactive dust would have ar
rived in Japan in 10-20 days after detonat ion. 

M. Abribat et al.0 and G. Garrigue10 observed also 
the artificial radioactivity in rain-water precipitated 
in France. According to them, the radioactive rain
out due to Bikini tests in June to July in 1946 and 
Nevada experiments in the fall of 1951 reached Paris 
respectively in about 20 days and 8-15 days after 
detonations. 

In these experiences including those in the USA 
and in Japan, the dust might have been transferred 
by speedy, westerly winds in the upper atmosphere 
except in the case observed in Japan in May, _1954. 
As a result of a rough estimation of the flow rate of 
dust particles it was found to be of the order of 1000-
2000 km/day on an average. The maximum speed 
ever known was 3000 km/day in the case of hail 
storms in Troy area, N. Y., USA in April, 1953.5 It 
has become obvious now that the effect of radioactive 
fall-out due to atomic tests is occurring on a global 
scale. 

DECONTAMINATION OF RAIN-WATER 

Decontamination of rain-water was studied by 
using ion-exchange resins, sand filters and other 
filtering materials. Among them, charcoal for daily 

use in Japanese homes is convenient as a decontami
nant. It is possible to remove more than 90o/o of 
radioactivity from rain-water by passing it through a 
filter consisting of charcoal and sand in which the 
latter is spread at the top and the bottom. Diatoma
ceous earth is also effective as a filtering material. 
For example, 15 li tres of rain-water was passed once 
through a layer of 300-gm diatomite earth and the 
activity in the filtrate was reduced to less than So/o 
of the original intensity. 
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Consideration of the Total Environment 
Power Reactor Waste Disposal 

• ,n 

By Eugene P. Odum,* USA 

The effects of radiations due to fission products on 
cells, tissues and individual organisms are being in
tensively studied. However, little has been learned 
concerning radiation effects on the higher levels of 
biological organization as represented by the popu
lation, the biotic community and the biogeochemical 
cycles vital to the functioning of world ecological 
systems. Safe disposal of radioactive waste products 
resulting from large scale uses of atomic energy for 
power or other peaceful purposes involves not only 
the protection of individuals from direct effects, but 
also an understanding of the long-term influences of 
low-level radiations on aquatic and terrestrial en
vironments into which the by-products may be re
leased. 

Levels of ecological organization as listed above 
( that is, populations, communities, and ecological sys
tems or ecosystems) have unique characteristics 
which are additional to those of the individual organ
isms or units making up the functional entity. For 
example, natality rate ("birth rate") and mortality 
rate are attributes pertaining to the population level, 
while food chain or trophic ·structure and rate of or
ganic fixation or productivity are two characteristics 
which have meaning only a t the community or eco
system level. Furthermore, it is possible to treat 
quantitatively many of these features. Thus, since the 
structure and metabolism of the individual organism 
can be measured, often by indirect means, it should 
be possible to measure conummity strucf1tre and 1ne
tabolis11i. 

Studies of the effect of radiations on isolated or
ganisms, mice in cages, for example, are valuable, but 
we must also accelerate the study of the function of 
intact biotic communities in order that total radiation 
effects can be evaluated. By analogy, we could point 
out that the effect of a drug on the muscular system 
of an intact human body could not be determined 
solely on the basis of a study of an isolated frog 
muscle. The result of injection into the intact body 
must also be observed. Therefore, in addition to the 
excellent work now being done by the radiation ge
neticist, the radiation physiologist and the health 
physicist, there is great need for progress in another 
area which we may call radiation ecology. 

It is conceivable that every large atomic power 
plant of the future will need a rad\ation ecologist to 

* Including work by Eugene P . Odum, University of Geor
g ia; and Howard T. Odum, Duke University. 
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work with environmental problems outside of the 
plant. We need to begin training young men simul
taneously in the fundamentals of modern ecology and 
radiation biology to meet this inevitable need. 

Before the total effects of radiations can be assayed 
and practical methods developed for determining the 
tolerance levels for entire ecological systems, it is 
necessary that we find methods for the measurement 
of total community structure and function. At present, 
there appear to be at least three feasible approaches to 
the problem. These possibilities are outlined and each 
illustrated with an example from an actual study. 

MEASUREMENT OF PRODUCTIVITY 

The rate of organic fixation by "producer" organ
isms (i.e., primary productivity) and by "consumer" 
organisms (i.e., secondary productivity) provides an 
important index to the functioning of the whole sys
tem in situations where measurement is feasible. If 
the pattern of "basal community metabolism" is once 
established, significant changes or deviations from this 
pattern would signify that an important effect has 
been produced. It is conceivable, for example, that 
low-level radiations might reduce the total photo-. 
synthetic rate (and thus the food-making potential) 
of a community without causing mortality of indi
vidual organisms. 

The rate of organic decomposition by microorgan
isms and other "decomposer" organisms as well as the 
ratio of primary productivity to average standing 
crop of organisms, which we may call com»umity 
turnover, are two other measurable aspects of total 
function. These aspects in turn have an important 
bearing on what happens to radioactive elements re-
leased into the system. · 

Productivity may be measured by determining the 
amount of rare material used, the amount of by-prod
uct produced, or by weighing the growth produced in 
a given time interval in situations where it is not 
being immediately "harvested."1 We may use as an 
example the determination of productivity of a coral 
reef by the measurement of a by-product of photo
synthesis, namely, oxygen. 

During the summer of 1954 we made a realistic 
test of certain theories concerning the assay of total 
function by selecting for study a windward coral reef 
on a Pacific atoll. The results have been prepared 
for publication.2 The coral reef is an ideal natural unit 
for the study of total function because it is located 
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in a relatively constant environment and is, from the 
energetic standpoint, quite stable or "climax." It is 
also an isolated system with definite boundaries. The 
reef selected for study has been little disturbed by 
man since the object was to establish indices of com
munity function in the normal situation in order to 
pro".ide a basis for comparison with disturbed areas. 

Productivity of the reef was estimated by what 
may be termed the flow method. The oxygen contenl 
of the water upstream and downstream is measured 
simultaneously. The oxygen increase between stations 
during the day is the net photosynthetic production 
of the community. The oxygen decrease between sta
tions during the night is the total respiration of the 
community. By taking a series of measurements over 
the daily cycle, one obtains the course of production 
during the day. Measurement of the current transport 
permits calculation of total reef metabolism. The 
respiration at night plus the net production during 
the day gives the total production. By comparing the 
area of the graph between the day curve and the zero 
line with areas of the graph under the zero line at 
night, one can obtain an indication of what part of 
the excess production during the day is used up by 
respiration during the night. 

A series of such measurements was made on several 
different days of similar and typical cloud cover of 
from ½o to ¾o small cumulus and ½o to '½o high 
and middle cloudiness and at night. These values are 
expressed on an area basis in Fig. I following their 
conversion from depth and current measurements. 
When areas above and below the zero line are com
pared, it is evident that production approximately 
balances respiration. 

Besides small errors due to inherent fluctuations 
and variability of oxygen samples and methods, cur
rent and depth measurements, and cloud cover 
changes, there is a major source of error that tends 

. to cause values of production and respiration to be 
too small. This is the diffusion of oxygen from and 
to the atmosphere. This error is greater when the 
displacement of the gaseous content of the water 
from equilibr ium with the atmosphere is greatest. 
Thus the error in decreasing the production estimate 
is greater than that in the respiration since greater 
displacement from equilibrium occurs. Fur thennore, 
during the day's production a carpet of bubbles of 
oxygen is observed to form over the algal mat sur
faces particularly on the front reef. These bubbles 
are continually breaking off and reach the surface 
without dissolving so that some of the oxygen is 
lost, further lowering the estimate of production be
low the correct figure. Further .~tudy should make 
it possible to correct for these errors. 

Even though the flow method may result in under
estimation, the productivity of the reef is certainly 
quite high, greater than 24 gm/m2/day which is 
equivalent to about 74,000 pounds/acre/year. This 
is equal to man's best agricultural efforts. The reef 
maintains a high productivity despite the very low 
productivity of the surrounding ocean waters ( about 

t A. M , 18 P, M, 

Figure 1 

0.2 gm/m2/day or less than ½20 as productive ). 
Marked symbiosis between plant and animal com
ponents results in the hoarding or cycling of scarce 
nutrients ( nitrogen, phosphorus) within the reef with 
little loss as the water passes over the reef. Corals, 
for example, have large amounts of symbiotic algae 
in their skeletons, which, as shown by radioauto
graphs, are not in direct contact with the outs ide 
environment. T herefore, it is concluded that coral 
polyps and the algae exchange food and nutrients at 
close range in an efficient manner. Any disturbance 
which interferes with these intricate relationships 
would most certainly have a marked effect on the 
metabolism of the reef as a whole. 

Since the average standing crop, that is, the dry 
weight (biomass) of living algae present at any one 
time, was estimated as about 700 gm/m2, and the 
productivity as 24 gm/m2/day or 8760 gm/m2 /year, 
the annual community turnover is 12.5. This is an
other figure which is believed to represent an impor
tant measure of total community function. 

Although more study is needed, it would appear 
that assaying productivity by the flow method, or a 
modification of it, is practical fo r cer tain aquatic situ
ations. Only simple equipment and a· shor t period 
of time are required. Oh-ygen measurement, of course, 
is not practical in many situations but other raw mate
rials or by-products may be substituted. For certain 
terrestrial environments the author has found that 
harvesting the standing crop from sample areas at 
short intervals during the growing season provides 
an assay method for productivity ( unpublished data) . 

MEASUREMENT OF TROPHIC STRUCTURE 

The over-all food chain (trophic) structure of a 
community can best be shown for the purposes of 
comparison by a graphic device called a biomass 
pyramid. The total weight ( on an area basis) of the 
standing crop of living organisms (biomass) is det~r
mined fo r basic ecological groups as classified ac
cording to their food and energy roles in the com
munity complex. In the simplest form, food-making 
organisms (producers), herbivorous organisms (pri
mary consumers) and carnivorous organisms (sec
ondary consumers) are distinguished. These data 
are then arranged in the form of a pyramid with pro
ducers representing the base of the pyramid, as shown 
in Fig. 2. Where a species population is omnivorous, 
its biomass is divided between herbivore and car-
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nivore level in proportion to the amount of activity 
at each level. Decomposer organisms should also be 
included in the pyramid, but at this time there are 
almost no data on total biomass of this ecological 
group. 

In Fig. 2 a biomass pyramid is diagrammed for the 
same coral reef as described in the preceding section, 
and this is compared with the trophic structure of a 
cultivated field abandoned for one year. The field is 
one of a series being studied at the site of the Savan
nah River Atomic Energy Plant. Because green plants 
(algae) are so intimately interwoven with animal and 
dead skeletal malerial on the coral reef, the chlorophyll 
extraction method was used to estimate producer 
biomass. Algal dry weight was determined by relating 
spectrophotomically chlorophyll content of corals and 
other reef substrates with known dry weights of a 
reference species, Codium edule. Animal biomass was 
determined from samples drawn from quadrats of 
appropriate size for sessile and motile groups. The 
data represent the average for the entire reef. For the 
old field separation of producer and consumer proto
plasm involved fewer technical difficulties, although 
the precise trophic relations of some species are not 
adequately known. The data represent the average 
for the growing season. 

Much work remains to be done before the pyra
mids can be considered more than crude estimates. 
However, comparison of the pyramids in Fig. 2 re
veals what would appear to be a fundamental differ
ence in the ratio between food-making plants (P) and 
her bivorous animals (H ). The H /P ratio for the 
coral reef was about 20% and for the old field only 
about l.2o/o. The coral reef, as indicated above, is a 
stable community with production and consumption 
(growth and decay) approximately balanced, while 
the old field is unstable; it will undergo marked 
changes from year to year ( i.e., ecological succession). 
Thus, organic matter is accumulating faster than it 
is "consumed" or "decomposed" in the unstable com
munity (the reverse would result in a "senile" situ
ation-another kind of unstable community) . Theo
retically, should the stable coral reef be subjected to 
a large-scale disturbance, the trophic structure would 
tend, at least for a time, to shift to that of the unstable 
community. T hus over-all trophic structure gives im
portant clues as to the condition of the community. 

It will be noted from Fig. 2 that the standing crop 
of producers is greater in the coral reef as compared 
with the old field ecosystem. This is correlated with --

the greater productivity of the reef. The field com
munity was growing on rather sterile, sandy soil. It 
does not follow, therefore, that unstable communities 
necessarily exhibit low productivi ty; actually, such 
communities may be quite productive, even though 
they have a low H / P percentage. Actually, the rela
tion of trophic structure and productivity has been 
studied in but few situations. At present we are in
clined to believe that there is a more definite relation 
between the two in stable than in unstable communi
ties. In other words, it may be possible in the fu ture 
to determine productivity from data on standing crop 
biomass in the former ~ommunity type. 

MEASUREMENT OF SPECIES STRUCTURE 

Changes in the competitive structure due to changes 
in environment often may be detected by determin
ing the percentage of sensitive and insensitive species. 
\Vhen oxygen in a stream, for example, is reduced 
as a result of pollution, the number of species in 
groups which are not tolerant is greatly reduced. On 
the other hand, the number of species of tolerant 
groups may increase as a result of the absence of 
competition from the eliminated species. Richardson3 

worked out a system for pollution assay in the Illinois 
River based on changes in the ratio of tolerant to 
intolerant species. Recently Patrick« has successfully 
used this method in extensive studies of industrial 
pollution. The method is illustrated in Fig. 3 using 
data of the latter author. In Fig. 3, the Roman num
erals I-VII represent successively Jess tolerant groups 
of organisms. In the unpolluted stream there is a 
moderate number of species in all seven groups 
(number of species indicated at the top of each bar) , 
while in the polluted section of the same stream the 
number of tolerant species is increased and the num-· 
ber of intolerant forms decreased. While this assay 
method has not been tested in connection with radio
active wastes, lhere is no reason to believe that it 
would not be useful as a measure of "atomic pollu
tion" as for other types. In general, it is better to 
consider the entire complex of species rather than a 
few "indicator" species. Considerable experience in 
the study of pollution has shown that the situation 
is rarely so simple that the presence or absence of one 
or two species can be relied upon, especially where 
the effect is only moderate. T he method is most ef
fective where the taxonomy of all major organisms 
is well known. Incomplete ta.'Conomic information is 
more of a handicap with this method ·than with the 
other two methods discussed in this paper. 
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The "species structure" assay method is especially 
useful in situations where the discharge of pollutants 
is periodic, or the effect occurs during a brief period. 
In other words, changes in community structure often 
persist long after the presence of pollutants is unde
tectable chemically. 
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The Absorption of Fission Products by Plants 

ByJ. H. Rediske and F. P. Hungate,* USA 

Since the fission product elements enter the biotic 
cycle in largest part through plant life, an evaluation 
of the quantities which plants may contain is neces
sary. The two methods whereby fission products may 
contaminate crops are, first, by the direct deposition 
on a maturing crop, and, second, by the contamina
tion of an agricultural soil with subsequent absorption 
into a crop. 

The first method of contamination would occur on 
the external surface of the plants, could happen only 
during limited periods, and the hazard could be di
rectly evaluated by radio-assay. 

The second method of contamination would result 
from fission product deposition on the soil. Each year 
that crops were raised on that soil fission products 
would be absorbed into the plant tissues. This would 
continue until both radioactive decay and plant ab
sorption reduced the contamination to levels of non
significance. The absorption of fission products from 
soil is the concern of this paper. Measurements of 
plant absorption were made on a var.iety of fission 
products to evaluate this indirect hazard of soil 
contamination. 

METHODS 

To compare the uptake of the various fission prod
ucts a simple reproducible method such as the Neu
bauer seedling tcst1 was required. This test consists 
of growing 100 barley seeds in 100 gm of soil which 
was previously contaminated with a fission product. 
Cultures were maintained for 20 days, when the leaves 
were harvested. It was previously detennined that 
the fission product concentration in the leaves reaches 
a maximum by this time. 

* Including work by J. F. Cline, J. H. Rediske, and A. A. 
Selders, General Electric Company. 

Other studies were conducted by standard nutrient 
solution culture techniques using Hoaglands solu
tions:: of the essential salts. Plants were cultured in 
six-liter containers, one plant per liter of solution.a 

The absorption of the fission product by the plant 
is expressed on the <lry weight basis as a concentra
tion factor : 

fission product concent ration in leaves 

fission product concentration in root environment 

Because of the highly controlled conditions of nutri
ent culture, concentration factors obtained in this 
manner are not directly comparable to those obtained 
from soils. They serve, however, in a relative sense 
to determine how !-ingle substrate factors may affect 
plant absorption. 

RESULTS 

Relative Fission Product Absorption 

Table I contains the results of the Neubauer tests 
for the important individual fi ssion products as de
termined on some local agricultural soils. The soils 
were all slightly alkaline, but varied widely in texture 
and cation-exchange capacity. It is apparent from 
these data that the barley plant concentrates stron
tium and iodine in its leaves in greater amounts than 
any of the other fission products. Barium, which is 
chemically similar to strontium, is somewhat less con
centrated by the plant than is strontium. Cesium may 
be moderately important in some soils, but for the 
most part is absorbed in small amounts. All other 
fission products tested, and plutonium, have concen
tration factors less by two or three orders of magni
tude than does strontium. 

Table I. The Concentration Factors {cone. of isotope in leaves/cone. of isotope in soil) 
of Several Fission Products as Determined by the Neubauer Seedling Test Using Barley. 

Cati011 
Organie ercloange Tsotop, 

Soil PR 
nuJ~ff, t:af,acily. s,oo BalMl CsUt . y11 c,,u Pm10 Z,"-Nb" Ru•H m,/I00gm I"' 

Ringold 
silty clay 7.6 7.9 34.l 0.96 0.13 o.oos 

Wheeler 
silt loam 7.7 4.3 4.8 1.6 0.04 0.004 0.02 0.012 

Ephrata 
loamy sand 7.3 1.8 8.1 1.7 1.1 0.10 0.006 o.ois 

\.Vinchester 
fine sand 7.4 2.4 3.4 3.1 0.32 0.08 0.004 0.001 0.004 0.012 
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Factors Affecting Absorption 

The concentration factors for three fission products 
as tested on four different plant types are shown in 
Table II. The difference in strontium and iodine ab
sorption among these species of plants is small. With 
cesium the variation is greater and may be as much 
as a. factor of ten. 

Tible II likewise contains the concentration factors 
for the various plant organs. In nearly all cases the 
leaves have a concentration factor as great or greater 
than any other tissues. The fruiting organs generally 
have the smallest concentration factor. The stem 
usually has slightly less fission product than do the 
leaves. No values are included for roots because of 
the difficulty in measuring the amount absorbed into 
the root. It appears that the roots contain about the 
same amount of activity as do the stem and leaves. If 
externally absorbed activity is included, the root value 
often surpasses all others. 

The effect of nutrient pH on the uptake of stron
tium, barium, cesium and iodine is illustrated in Fig. 
1. As the hydrogen ion concentration increases the 
uptake of these fission products also increases. The 
effect of pH on absorption is not uniform for the 
fou r elements. The absorption of other fission product 
elements, such as yttrium,4 is more pH sensitive and 
may vary by as much as a factor of ten over this 
~ame pH range. 

Figure 2 illustrates the effect which addition of 
the stable isotope has. on the uptake of four radio
active fi ssion products. In general, by increasing the 
carrier concentration of strontium, cesium, and iodine, 
the fission product concentration factor increases. 
T his increase is pronounced with iodine and slight 
with cesium and strontium. Barium exhibits an initial 
increase to a point near 10 µg/gm and then the con
centration factor decreases. 

· Table II. The Concentration Factors for the Important 
Fission Products by Representative Plants Grown in 

Nutrient Solution Culture* 

Concentration factor 

Plant s..- CJUT JUt 

Bean 
Leaves 0.3 0.7 0.3 
Pod and seeds 0.02 0.2 0.04 
Primary leaves 0.3 0.5 0.1 
S tem 0.3 0.3 0.2 

Tomato 
Leaves 0.4 0.3 0.2 
Fruit 0.009 0.2 0.02 
Stem 1.6 0.2 02 

Russian thistle 
Leaves and stem 0.1 0.05 0.5 
Fruit 0.008 0.4 

Barley 
Leaves 0.3 0.02 0.5 
Head 0.01 

* The pH of the nutrient 
"g/ml of carrier present. 

environment was 6.0, with 1.0 
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Figure 1. The effect of pH on the concentrolion factors of fou r 
important fission products for bean plants grown in nutrient solution. 

(The concentration of the stable isotope was 1.0 µg/ml) 
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Figure 2. Th" effect of carri• r concentration on the concentration 
factors of four important fission products for bean plants grown in 
nutrient solution. (The culture solutions were maintained at pH 6.0 

with various concentrations of the stable ·isotope) 

DISCUSSION 

From our experience at an atomic energy installa
tion it appears that !131 by its deposition on vegetation 
may be the limiting fission product isotope. In more 
general situations Sr00 may be more critical from eco
logical considerations. At ten years post fission the 
activity from this element constitutes over 40 per 
cent of the total activity from fission products. The 
significance of strontium in plants results largely 
from the ability of the plant to concentrate this ele
ment and the possibility of direct or indirect transfer 
of this strontium-containing plant matter to man. 

The ineffectiveness of the addition of carrier •in 
suppressing the absorption of radioactivity into plants 
may appear unusual. In fact, some of the elements 
show a significantly increased absorption with in
creased carrier. Two possible mechanisms for the 
stimulation of absorption by increased concentration 
have been considered. One of these, a toxic effect 
from high concentrations of the element, has been 
ruled out through the simultaneous use of two ele
ments. Toxicity in this case appears to depress ab-
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sorption. The second possibility is that of a competi
tion between ions adsorbed to colloids in the root 
environment and the absorptive processes of the root. 
With differing degrees of adsorption to the colloid 
this would result in an increased availability to the 
plant as the concentration of element increases. The 
second possibility has not as yet been tested. 

If Sr90 should enter the biotic cycle in quantities 
sufficient to be of concern, it would be difficult to 
establish a mechanism of removal. One possible mech
anism is to shunt the Sr90 into the bones of animals 
from which release occurs very slowly and which 
could be stored if necessary. 

J. H. REDISKE and F. P. HIJNGA tE 
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Bi_ological Cycles of Fission Products in Agriculture in Japan 

By R. Sasaki,* Japan 

The nuclear detonation test explosion at Bikini 
Atoll exerted a great influence upon the agriculture 
of Japan. A number of surveys and investigations 
were made on the radioactive contamination and its 
effects upon rainwater, soil, cereals, vegetables, tea, 
fruits, silkworms, farm animals and their products. 
These surveys and investigations are summarized 
below. 

SOIL, RAINWATER AND IRRIGATION WATER 

The measurement of radioactivity in the soil of 
uncultivated land, dirt roads and cultivated fields 
showed that radioactivity1 normally accumulated on 
the hard surface of uncultivated ground or dirt roads, 
or in low-lying areas. \\There the soil was soft and 
had good drainage, as in c?ltivate_d fields, ~urface 
radioactivity was weak. Little difference m the 
amount of radioactivity was noticed between the 
upper and the lower levels of the soil. . . 

After the middle of May, 1954, strong art1fic1al 
radioactivity in rainwater at Tokyo was detected. 
Semi-quantitative analysis of radionuclides in the soil 
showed that the fractions of rare earth elements and 
alkali earth elements were appreciably radioactive.2 

The analysis of the radioactive elements, in mul
berry field soil in a suburb of Tokyo, conducted in 
June 1954, confirmed the fact3 that, where t~e ~oil 
was left uncultivated, most of the contammatmg 

· radioactivity stayed within 0.5 cm of the surface, while 
the radioactive substances included in the second 
group were translocated into the depth of_ 1.5 cm._ 

In a. survey made in October 1954,4 a little radio
activity was detected in the surface soil and subso~l 
of a tea garden in Shizuoka Prefecture. However, 1t 
was shown that the surface soil was normally apt to 
contain a larger amount of radioactivity. 

A report on rainwaterl'i·6 shows the following. The 
rainwater that fell during the period · of May and 
August 1954 at a lighthouse area5 had a _max!n:um of 
8.0 cpm and a minimum of 0.6 cpm rad1oact1v1ty per 
litre of solid matter after evaporation. A survey made 
in June 1954 on river water and canal water for 
irrigation in Kanagawa Prefecture,6 showed that the 
water of a small river and a canal contained less than 
7 cpm/1 radioactivity,_ while the Banyu ~ive:-:-a 
fairly large one-contamed 12-28 cpm rad1oacttv1ty 
per litre. 

* Professor of Agricultural Chemistry, Faculty of Agri
culture, the University of Tokyo, Tokyo, Japan. 

CEREAL CROPS 

A number of surveys were conducted on the radio
active contamination of rice, wheat and other 
cereal. 1,5 •7.s The radioactivity of unhulled rice, hulls, 
unpolished rice, polished rice and bran, harvested in 
Niigata Prefecture was measured in 1953 and 1954.5 

This survey disclosed obvious contamination by arti
ficial radioactivity of unhulled rice and hulls har
vested in 1954, while each sample of the rice pro
duced in 1953 and unpolished rice, polished rice and 
bran of 1954 showed no contamination at all. Ac
cording to a survey on rice crops in Kanto Region,7 
artificial radioactivity_ was detected not only in leaves 
and stems but also in the ears. In a survey7 of 52 
samples collected from all par ts of the country, no 
artificial radioactivity was found in polished rice and 
bran harvested in 1952 and 1953, while the hulls 
and bran of 1954 had artificial radioactivity, and some 
contamination was also detected in polished rice. 

Radioactivity was also observed in the soybeans 
and upland rice planted between tea bushes, and in 
rice and wheat straws spread under the bushes.9 

In regard to the absorption of radioactive elements 
by plants, a water-culture experiment with paddy 
rice, using the ashes of the "Haenawa'' rope of the 
No. 5 Fukuryu Maru, produced the following re
sult.1,10,11 A majority of the fission products added 
to the water-culture solution accumulated in the roots. 
The alkaline-ear th group, in particular, was selec
tively absorbed and t ranslocated into the shoots. Ac
cording to a white-sand culture experi~ent utilizing 
wheat seedlings, most of the fission products accumu
lated in the roots, and only 10% of them were trans
located to the aerial portion. T he absorption of radio
active substances was slightly increased when ammo
nium salts, such as ammonium chloride or ammonium 
sulphate, were added. Absorption was negligible when 
phosphate was added. 

VEGETABLES 

According to a number of surveys made on radio
active contamination of various kinds of vege
tables,1•5•7•8•12•13 it was noted that radioactivity was 
generally found in vegetables with large leaves and 
rough surfaces. In a survey during May and Septem
ber, 1954,5 radioactivity was noticed only on the sur
faces, and not inside the plants. A survey of Novem-

. ber, 1954, showed the existence of considerable radio
activity in the leaves and stems of taro, burdock, sweet 
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potato and garden radish planted between tea bushes 
in the tea gardens of Shizuoka Prefecture.0 The ashes 
of those vegetables7 contain most of the radioactivity 
in elements of the rare earth group. 

TEA 
Most of the tea produced during late spring 

through early summer of 1954 was more or less con
taminated.8 The tea harvested in May 1954 had strong 
radioactivity.8 The radioactivity of tea infusion9 varies 
according to the temperature of the water used in its 
preparation. Tea made with boiling water showed as 
high as 6-7 cpm, while that made with hot water 
at about 98°C had less radioactivity. Tea made with 
water at 60° had far less radioactivity than the above, 
and scarcely any radioactivity was found in tea made 
with cold water. Further, the difference was also 
noticed in the cropping time. The 2nd crop had 2-4 
cpm the 3rd and 4th crops showed 1-3 cpm and 6-15 
cpm respectively. 

The analysis of radioactive elements in tea 
leaves5 •7 showed that the radioactivity originated 
mostly from rare and alkaline earths, but was not 
contributed by Sr90• 

FRUIT TREES 

An investigation of samples collected during Au
gust and November, 1954 from the whole country1•4 

showed that radioactivity was highest in the leaves 
of fruit trees, less in the pericarp, and almost nil in 
fruit flesh. 

MEADOW GRASS, WILD GRASS AND FLOWERS 

In meadow grass and wild grass, the quantity ot 
radioactivity differs according to the form of their 
leaves and stems, regardless of the species. The same 
also applies to flowers. 1 Analysis of the ashes of con
taminated clover11 showed that alkaline earths, espe
cially Sr89 and Sr90, are select ively absorbed, and 
accumulate in the plant. 

SERICULTURE 

An experiment on feeding silkworms with con
taminated mulberry leaves14 disclosed the following 
fact: A comparatively large amount of radioactivity 
was excreted in the silkworm faeces, while little radio
activity was found in the body and cocoon layers. 
Hardly any radioactivity was detected in the silk
worm pupae and reeling water. A number of unfer
tilized eggs were discovered among silkworms fed 
with contaminated mulberry leaves. T heir hatching 
results were inferior to that of normally fed silk
worms.H 

A maximum of 1674 cpm and a minimum of 33 
cpm radioactivityrn was measured per gram of ashes 
of mulberry leaves in Tokyo, Kyoto, Yamagata and 
Niigata Prefectures. Most of the radioactive elements 
concerned belonged to the third group. 

FARM ANIMALS 

Radiation injury16 was studied in hens treated 
with ashes of heavily contaminated rope from the ·· 

No. 5 Fukuryu Maru. An experiment was also made 
on the influence of radioactivity on the polymeriza
tion of desoxyribosenucleic acid in the hen. The 
fodder mixed with P32 and !131 was administered 
to the hen in order to observe the effect of the radio
activity. 

T he accumulation of radioactive isotopes in the 
body of farm animals was surveyed17 by measuring 
radioactivity in the faeces of sheep chained to graze. 
In the ashes of the faeces, no artificial radioactivity 
was detected. 

MILK AND MILK PRODUCTS 

IVIilk powder processed in Japan before and after 
the H -bomb explosion at Bikini Atoll has 30.6 to 38.6 
cpm radioactivity per gram of the ashes, 18•19 which is 
considered to be the natural radioactivity of K•0• No 
artificial radioactivity was detected in the ashes. 5 

However, since Sr89 and K"0 have almost same /3-
radiation, it was suspected that Sr89 might be con
tained in milk. Therefore, the ashes of the milk were 
administered to a white rat in order to study the 
distribution of radioactivity in each part of the rat's 
body. By analyzing the ashes, non-existence of Sr89 

was confirmed. 20 

The translocation of radioactive substances was 
made a subject of an experiment by administration 
of contaminated shark skin to a white rat, and the 
ashes of "Haenawa" rope from the No. 5 Fukuryu 
Maru to a goat.20 The radioactivity of the goat's milk 
was high after 6-48 hours, but disappeared in 96 
hours. Artificial radioactivity was detected in the 
faeces, but hardly any in the urine. 20 

HEN'S EGGS 

Artificially radioactive substances were excreted 
in the faeces within a few days after the adminis
tration of the ashes of contaminated shark's skin to 
a laying hen.21 The radioactivity stayed in the hen's 
body no longer than 5 days. The egg laid on the day 
following the administration was only slightly radio
active, but most of this activity was detected in the 
shell. 

The ashes of the "Haenawa" rope from the No. 5 
Fukuryu Marn were administered to a laying hen 
in order to observe the translocation of fission prod
ucts in the hen's egg.21 The egg's shell obviously con
tained Sr89 and Ca4:;, and Sr90, Y 90, Rh106, and Rutoo 
may also have been present. Sr and ca· were detected 
in the egg white and yolk, but the amount of artificial 
radioactivity in the white and yolk was extremely 
small. 
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The Behaviour · of 1131 Sr89 and Sr90 

I 

in Certain Agricultural Food Chains 

By A. C. Chambe rlain, J. F. Loutit, R. P. Martin and R. Scott Russell,* UK 

The contamination of the earth's surface which can 
result from industrial development has been apparent 
for over a century. The blackened areas which sur
round some industrial towns, the occurrence of smog, 
the release of gaseous effluent from cement factories 
and the pollution of rivers have led to localised though 
sometimes disastrous consequences. Remedial meas
ures have too frequently not been contemplated until 
contamination has reached major proportions. Now 
when we can look forward to the large scale use of 
atomic energy for industrial purposes the importance 
of assessing potential hazards in advance of their 
occurrence is emphasised both by our past experience 
and by the insidious effects of radiation. 

The International Commission on Radiation Pro
tection1 has made the first contribution by assessing 
permissible doses of radiation and radioactive mate
rials for those who are occupationally exposed. Their 
figures do not take into account genetic hazards 
which need to be considered when large sections of a 
population are involved. 

Nevertheless they provide a useful baseline when 
we considered environmental as opposed to internal 
problems. 

In the laboratory and in industry, work with radia
tion and radioactive materials usually involves prima
rily exposure of the body to radiations from without 
-external radiation. The risk of inhaling or ingesting 
radioactive material is in general smaller. It is en
visaged that if fission products escape into the atmos
phere, the same will apply as far as the human 
population is concerned. Part of man's diet is of 
animal origin which will not be directly contaminated 
by atmospheric "fall-out". Part is of vegetable origin 
which is not only stored for long periods, during 
which physical decay of radioactivity will occur, but 
is protected from direct contamination by husk or 
peel which is discarded. 

Fresh leafy vegetables such as spring cabbage and 
lettuce which are open to direct contamination form 
only a very small fraction of the diet and in some 
cases this contamination may be minimised by wash
ing and cooking. 

Grazing animals such as cattle, sheep and horses on 

* Atomic Energy Research Establishment. Harwell ; Med
ical Research Council and Department of Agriculture, Uni
versity of Oxford. 
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the other hand have no such protection. When not 
supplied with supplementary foodstuffs they derive 
their food entirely from pasture. Close grass swards, 
which are the best pasture, are also the best physical 
trap for particles deposited from the air . This coupled 
with the fact that the daily intake of food by large 
farm animals may represent the yield of several hun
dreds of square metres means that such animals 
ingest daily the scourings of thousands of cubic 
metres of air. 

Fortunately mixed fission products are composed 
largely of elements which, whatever their chemical 
form, are not readily absorbed from the gastro-intes
tinal tract. As exceptions to this general rule are 
iodine, and the alkaline earths, strontium and barium. 
Molecular iodine and iodides are almost wholly ab
sorbed and as such are highly concentrated in the 
thyroid gland. Oxides of the alkaline earths are · 
readily soluble in the acid stomach juice and on ab
sorption are largely deposited in bone. Both iodide 
and the alkaline earth ions are secreted in milk in 
significant quantities. Thus as well as hazard to the 
grazing animal itself from radioactive !131, Sr89 and 
Sr00 there is the secondary hazard to those human 
beings whose diet consists largely of milk, notably 
infants, who because of their youth may be considered 
sitper-susceptible to the effects of radiation. 

I t is established that the physical solubility and the 
biological availability of individual and mixed fission 
products depend on their physical and chemical form. 
For the purposes of calculation, to which we now pro
ceed, of permissible levels of environmental contam
ination for grazing animals-and consumers of milk, 
it is well to assume that the important fission products 
will be in fully available form. 

The duration of exposure is a major factor-de
termining the tolerable deposition per unit time. If 
frequent release of fission products occurs, the per
missible lev.els in herbage can be related to those 
accepted in occupational exposure. If fission products 
are released only at infrequent intervals, relatively 
higher levels should be acceptable temporarily. In a 
preliminary assessment it is convenient to consider 
first the maximum continuous deposition. The atmos
pheric content which would give rise to these levels 
can then be compared with those which cause hazards 
of other types. 

7 
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TOLERABLE LEVELS OF 1m , Sr89 AND Sr90 IN 
HERBAGE CONSUMED BY GRAZING ANIMALS 

ASSUMING CONTINUOUS DEPOSITION 

Assumptions 

I. Maximum permissible daily intakes 111 µ.c are: 

Dair3, ruws 
2.3 

12 
0.14 

Infants 
0.01 
0.016 
0.00019 

Continuous exposure is assumed and the figures 
are based on values for occupational exposure in the 
Recommendations of t he International Commission 
for Radiological Protection.1 Allowance has been 
made for differences in weight of the cr itical organ 
from that of the standard man as shown: 

Thyroid wt 
Skeleton wt 

/lfan 

20gm 
7 kg 

Infant 

1.5 gm 
0.75 kg 

Dairy cow 
35gm 
55kg 

For cows it has been assumed that the resultant fig
ures can be increased by a factor of 10 on account of 
their life span being shorter than that of man. No 
more direct estimate of tolerance levels for animals 
is available. 

2. Weight of herbage ingested by dairy cattle per 
day-•14 kg (30 lb) dry weight (this and other agri
cultural data here are within range for Great Britain). 

3. Yield of herbage dry weight per unit area-
56 gm/m2 ( i.e., 500 lb .acre). 

4. F raction of fission products deposited per unit 
area which is retained in edible herbage-0.25. There 
are unfortunately no direct experimental data. This 
figure is based on laboratory reports and on the exam
ination of pastures. 

5. Fraction of the daily milk production of a cow 
consumed by an infant-0.13, it being assumed that 
a cow yields 8 litres of milk and a child consumes 

· I litre. 
6. Fraction of fission products ingested by cows 

which is present in milk consumed by children
I131, 0.03 (from Glascock2 ) ; Sr89 and Srll0, 0.02 
(from Comar). In deriving the !131 figu re allow
ance has been made for the interval between ingestion 
by the cow and consumption by the infant 24 hours 
after the secretion of milk. 

Maximum Permissible levels in Pastures 

Maximum permissible levels (MPL) have been 
obtained by substituting the appropriate values for 
the assumptions in the foJlowing equations : 

1 
for hazards to cows 

MPL/gm herbage= -=.. ( figures shown in 
2. paragraphs above). 

1. for hazards 
to infants. - 2. X 3. X 4. 

3. 
MPL/m2 ground surface = MPL/gm X ~ 

T he values thus derived are shown in Table I , col
umns 3 and 4. 

Daily Deposition per Unit Area To Give Rise to 
Maximum Permissible Level 

Fourteen days appears to be a median figure for the 
period which elapses between successive grazing of 
the same area of herbage. Thus at the time of grazing 
the herbage will have been contaminated for 14 days. 
In column 5 of Table I figures are shown for amounts 
of I181, Sr89 and Sr90 deposi ted daily which would 
lead to the proposed M PL. Allowance has been made 
for decay. 

Limitations to the Calculations 

The majority of the assumptions used in the cal
culations are based on unfortunately limited evidence. 
However even if this limitation did not exist the pro
posed figures could not be universally applicable 
because the wide differences in the grazing pattern, 
which occur from region to region, will greatly affect 
the tolerance levels. The use of tolerance levels for 
infants which assume continuous exposure is open 
to question because of the rapid reduction in milk 
consumption relative to body weight which occurs 
with their growth. In effect therefore an additional 
safety facto r has been introduced. From the view
point of assessing hazards from the isotopes of iodine 
this does not however affect the general conclusion 
as the MPL for cattle and infants appear to be in the 
same general order. 

Application of these Calculations to Intermittent 
Releases of Fission Products 

Since the effects of radiation are largely cumula
tive it is permissible on a single isolated occasion to 
receive a total dose equivalent to that acceptable in a 
considerable period of continuous exposure. T hus if 
deposition is intermittent it may be possible to al
low deposition on a single occasion equivalent to t he 
deposition normally permitted in 100 days continuous 
exposure. In such circumstances it would be neces
sary to ensure that the da ily deposition in the intervals 
between these large releases was cor respondingly 
lowered. 

TOLERABLE DEPOSITION OF FISSION PRODUCTS 
IN SOIL IN WHICH CROPS ARE SUBSEQUENTLY 

GROWN 

In addition to fission products being deposited on 
edible herbage significant quantities will enter the 
soil. Since on the average several months are likely 
to elapse between the entry of fission products into 
soil and their absorption by plants !131 will from this 
viewpoint be a small source of hazard and relative to 
Sr89 the hazard for Sr00 will be increased. Fission 
products other than these are known to be absorbed 
markedly more slowly by plants. Thus the hazard for 
Sr00 will be limiting. 

The quantity of calcium in soil is a major factor 
affecting the absorption of strontium. It has been 
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suggested4 that plants grown in soil discriminate 
against strontium as compared with calcium by a 
factor of 0.4. This conclusion is however not con
sidered acceptable in the light of observations of the 
absorption of calcium and stable strontium under 
natural conditions.5 Moreover water-culture studies 
provide no evidence that the absorption of the two 
elements is markedly different.6•7 The elucidation of 
the interaction of strontium and calcium in soil is 
complicated by the fact that little is known regarding 
the equilibration of fission product Sr with soil cal
cium fractions. In the absence of information on this 
question it is simplest to consider the steady state 
which will be attained when Sr90 has been deposited 
at a uniform rate for long periods; the deposition ot 
Sr90 from the atmosphere will then equal its removal 
hy plant absorption, in drainage or through decay. 
So the fullest equilibration will have been attained 
between Sr90 and the labile calcium in the soil. 

It is suggested therefore that the general magni
tude of the quantity of Sr90 tolerable in soil at equi
lihrium may be gauged from the equation: 

Sr90 • MPL Sr90 in soil 
Ca tolerable m man = 0.5 labile Ca 

The factor 0.5 is introduced since animals in contrast 
to . plants appear to discriminate against strontium 
relative to calcium3·8 and part of the intake by man 
will be in animal produce. 

Assuming ( 1) that the ratio of Sr90 to Ca tolerable 
in man is IQ--3 (maximum permissible body burden 
l ,,.c; Ca content 1050 gm)1; (2) that the labile cal
cium in soil is 10 milliequivalents/100 gmt and that 
the density of soil is 1.4; and ( 3) that plants derive 
their calcium from the upper 25 cm of soil, the MPL 
of Sr00 per m2 ground surface calculated by the above 
equation is 2 µ,c. 

Radioactive decay will reduce the Sr90 in soil by 
approximately 3% per annum while absorption by 
plants and drainage may remove up to 2% per 
annum in some cases. Thus an annual addition of 10-1 

p.c Sr00/m2, or a daily addition of 3 X 1()-4 ,,.c, would 
after the passage of years cause the proposed MPL 
to be attained. This value is in the same order as the 
deposition of Sr90 which appears to give rise to the 
MPL through deposition on edible herbage (Table I). 

The comments made earlier regarding the impre
cise nature of present assessments, and the variation 
between different localities, apply also to this calcula
tion. 

COMPARISON OF LEVELS OF CONTAMINATION 
WHICH WOULD LEAD TO AGRICULTURAL AND 

OTHER HAZARDS 

The most complete assessments of tolerable levels 
of fission products for man in direct exposure have 
been based on the content of air or waterl and the 
best basis for the comparison of these levels with the 

t It is assumed the agricultural estimate~ of "available" 
calcium are a measure of this quantity. 

A. C. CHAMBERLAIN et al. 

Tobie I. Provisional Maximum Permissible Levels of 
Fission Products in Herbage Grazed Continuously 

by Dairy Cattle 

(I) (3) ($) 
Fu.rion (2) µc/gm (4) Deposition 
product Huard to herbage µelm!' µc/m•/da y 

pn Thyroids of cattle 2 X 10 ... 4 X 10·2 4 X 10·• 
Thyroids of infants 2 X 10 ... 4 X 10-• 5 X 10·• 

consuming milk 

Sr8
• Skeletons of cattle 9 X 10-• 2 X 10·1 I X 10·• 

Skeletons of infants 4 X 10 ... 1 X 10·1 8 X 10·• 
consuming milk 

Sr"° + Y"° Skeletons o f cattle 1 X 10-• 2 X 10--a 2 X 10·• 
Skeletons of infants 5 X 10-• 1 X 10·• 9 X 10◄ 

consuming milk 

present agricultural assessment is in terms of atmos
pheric content. Chamberlain and Chadwick9 have 
shown that 1131 gas is deposited on grass by diffusion. 
Defining the velocity of deposition as follows: Ve
locity of deposition = Deposition per square cm of 
ground per second/Volumetric concentration per cm3 

of air, they found that on average the velocity of de
position of J131 onto grass-covered ground was 2.5 
cm/sec. 

Applying this value the atmospheric content which 
would maintain the MPL of 1131 in Table I is 2 X 
10-12 µc P 31/cm3 air. This is lower by over 103 than 
the accepted MPL for man through breathing which 
is 6 X 109 µ,c/m3 air.1 

\Vith regard to the rate of deposition of Sr89 and 
Sr90 + Y90 from the atmosphere less information is 
available. Unlike 1131, which is expected to be present 
in the atmosphere in a gaseous form, Sr89 and Sr90 

are expected to occur as particulates which may vary 
in size from 102 to 10-2 microns. However, by the 
comparison of the permissible rate of deposition of 
Sr89 from Table I (8 X lQ--3 ,,.c/m2/day) and the 
permissible level in air (2 X 10-8 µc/cm3 ) for the 
inhalation hazard, 1 it can be deduced that the hazard 
from deposition will be limiting unless the velocity 
of deposition is less than 4 X 1()-4 cm/sec. There is 
evidence that the velocity of the deposition of aerosols 
produced under either experimental or natural con
ditions exceeds this value by two orders of magnitude. 
Hence the deposition of Sr80 as opposed to its pres
ence in the atmosphere appears to be the limiting 
hazard. The same is true for Sr90• 

DISCUSSION 

The present assessment suggests that levels of pa1 

in the atmosphere which are lower by a factor of 1000 
than those ivhich create a breathing hazard to man 
may be dangerous if the fission products are de
posited on herbage which is subsequently consumed 
by grazing animals. Similarly the major source of 
hazard from Sr89 and Sr90 may be from its deposi
tion on agricultural land. 

It is apparent from Table I that the quantities of 
1131 and Sr89 which may give rise to hazards are in 
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the same general order. In practice the relative ac
tivities of 1131 and Sr69 deposited may vary by a 
considerable factor, depending on whether the fission 
products released have been freshly produced or 
whether they are in an equilibrium mixture. Tt may he 
noted that when fresh fission products are released 
the iodine hazard will be increased since the short 
live·a isotopes !132, P 33 and P 35 will make a consider
able contribution. The hazard to cattle will thereby 
he increased relative to that of infants because of the 
shorter time in which iodine will reach the thyroid. 
It would appear that Sr90 is likely to become the 
limiting hazard only when fission products have been 
incorporated in the soil for prolonged periods. 

These results are not regarded as justifying any 
alarm since it should be possible to prevent contam
ination approaching the proposed MPL by a con
siderable factor. However, in the determination of 
precautionary measures, the possible occurrence of 
agricultural hazards should be a major consideration. 
T he inadequacy of the data on which the present 
assessment is based has already been stressed as also 
have been the wide variations in tolerable levels which 
will result from different agricultural systems. It is 
apparent therefore that a large amount of investiga
tion must be undertaken before an adequate assess
ment can be made. Fortunately much of the necessary 
work is likely to serve a dual purpose as it should 
add considerably to our knowledge of many aspects 
of plant nutrition. 

In Europe there is a special need for the examina
tion of these questions since, unlike the more happily 
situated inhabitants of the New Vlorld, we must 
envisage atomic reactors being located relatively close 
to areas of intensive agricultural production on which 
large populations depend for their survival. .The sole 
justification for discussing the present meagre con
clusions is the hope that they may encourage the 
examination of this subject. 
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The Accumulation of Radioactive 
Substances in Aquatic Forms 

By R. F. Foster and J. J. Davis,* USA 

Aquatic organisms living in rivers or lakes down
stream from atomic energy installations have been 
found to accumulate radioactive materials from the 
water. T his paper explains how the aquatic forms 
become radioactive and describes conditions found 
in the Columbia River below the Hanford reactors. 

NATURAL SOURCES 

Waters of the earth's surface commonly contain 
trace amounts of naturally occurring radioisotopes 
which have been dissolved from radioactive ores. 
Typically, U 238, Ra2'io and Th232 are present in meas
urable amounts; but other natural radioisotopes, such 
as K40, also occur. Love1 lists background levels rang
ing from 3.6 Xl0-10 µc/ml to 3.4 X 10-9 µc/ml for 
normal surface water. Values in excess of 10--4 µc/ml 
are reported for certain hot springs of high radium 
content. The heavy metals are not taken up in appre
ciable amounts by aquatic organisms, but most forms 
contain enough K40 to give concentrations of ahout 
5 X 10-7 p.c/gm. 

SOURCES FROM ATOMIC REACTORS 

Artificial radioisotopes are produced in large quan
tities by nuclear reactors. The fuel of typical reactors 
is well isolated, however, and the fission products 
which build up do not escape under normal operating 
conditions. Nevertheless, reactors which are cooled 
directly by water, such as the plutonium-producing 
units at Hanford, may be responsible for appreciable 
quantities of water-borne radioactive materials. Such 
radioisotopes result from dissolved solids present in 
the cooling water which become neutron activated as 
they t ravel through the reactor. Corrosion products, 
forming on heat exchange surfaces, also become radio
active and are picked up by the water. The effluent 
from the Hanford reactors contains a complex mix
ture of radioisotopes. Relatively large amounts of 
short-lived materials are initially present, but most 
of them quickly decay in large retention basins. Al
though the radioact ivity of the effluent is well below 
permissible levels before release to the Columbia 
River, appreciable amounts of such isotopes as Mn56, 

Na24, Cu6', As78 and Si31 are present, together with 
smaller amounts of longer-lived isotopes, including 
P 82, rare earths, and Cr51• These are emitters of beta 
and gamma radiation; no significant amounts of 

* General Electric Company, USA. 

alpha emitters, such as uranium or plutonium, escape 
from the reactors under normal circumstances. Com
paratively little amounts of fission products may occ~r 
in effluent from reactors owing to uranium present m 
the cooling water. 

RADIOACTIVITY IN AQUA TIC LIFE 

The organisms living in the Columbia River which 
have picked up radioactive substances from the r:
actor effluent may be utilized as a large-scale exper~
ment in which the isotopes serve as tracers. In this 
way, studies designed primarily to monitor the l~vel 
of radioactivity, also provide information on nutnent 
cycles, metabolic rates, and ecologic~l relationships . 

Sampling of the water was started_ m 1944, bef~re 
the reactors began producing plutonmm and routme 
sampling of the organisms was initiated in 1946. The 
relative activity densities of the different types ?f 
aquatic life vary over a broad range as shown m 
Fig. 1. The gross activity density of the plankton 
( mainly diatoms) is about 2000 times. th~t of the 
water. This value is of strictly local apphcat1on, how
ever, since concentrations of individual isotopes differ 
by several orders of magnitude. In spite of the large . 
variety of isotopes present in the Hanford effluent, 
30 to 50 per cent of the radioactivity in the plankto.n 
is from P 32, 25 to SO per cent from Cu64, 5 to 15 per 
cent from Na24, and less than 10 per cent from mix
tures of the rare earths and iron groups. Although P 32 

is responsible for less than one per cent of the radio
activity in the water, it makes up 70 to 95 per cent 
of the radioactivity in most invertebrates and fish. 
During the seasons when the animals are most radio
active, the P 32 content of small fish, Richardsoni11s 
ba.lteatus (Richardson), is about I 50,000 times that 
of the water ; in caddis fly larvae, H ydropsyche cock
erelli Banks, the concentration factor is about 350,000. 

Differences in activity density of the various aquatic 
forms (Fig. 1 ) also result from dissimilarities in. 
chemical composition or physiological demands for 
specific elements. The great concentration of radio-

• phosphorus reflects the paucity of phosphate ion in 
Columbia River water ( about 0.03 ppm) and the 
high demand for this ion by the organisms. The 
isotopes are likewise deposited in particular tissues 
according to need. Since P 32 is responsible for nearly 
all of the radioactivity in fish, the phosphorus-rich 
structures, such as bone and scales, are most radio
active while muscle and fat are least active (Fig. 2). .• I 

364 
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Similar biological concentration of phosphorus was 
found by Krumholz2 at Oak Ridge. Radiostrontium, 
radiocesium and some rare earths were also selec
tively concentrated from the Oak Ridge waste, which 
contained fission products. Obviously the radioac
tivity of aquatic life is dependent upon both the chem
ical nature of the radioactive materials and the physio
logi~al characteristics of the individual species. 

MECHANISMS OF ACCUMULATION 

Adsorption to biological surfaces undoubtedly plays 
an important role in the uptake of radioisotopes by 
aquatic organisms. The high activities .found in 
Columbia River plankton and sponge (Fig. 1) are 
associated in part with their extensive surface areas 
available for adsorption. Surface textures, such as 
gelatinous coverings, and surface flora of bacteria 
may further modify adsorption characteristics. 

l{adioactive materials which readily diffuse through 
living membranes are picked up in substantial quan
tity directly from the water. In aquatic plants, which 
build up protoplasm by photosynthesis, this includes 
all of the essential inorganic ions and certain organic 
compounds. Since the animal membranes are more 
selective, only a few radioisotopes are absorbed di
rectly in significant amounts. Fish immersed in Han
ford reactor effluent, for example, concentrated the 
Na24 about 130 fold, but direct absorption of other 
isotopes from the water was inconsequential. Ad
sorption of Na24 through the anal gills of mosquito 
larvae was demonstrated by Treherne.3 Metabolic 
processes are thus of greater importance than adsorp
tion in the uptake of isotopes by most aquatic forms. 

Since the animal forms must obtain the bulk of 
their essential elements from their food, originally 
from the green plants, food chains are of paramount 
importance in the accumulation oi radioisotopes. Each 
organism acts as a reservoir, which decreases the 
rate of transfer of radioactive substances to higher 
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Figure 1. Radlooaivity In different Columbia River organisms 
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Figure 2. Radiooctivity In different tissues of Columbio river fish 

forms. Our laboratory studies• indicate that plankton 
requires about 15 hours to reach maximum concen
tration after introduction of radiophosphorus, al
though more than one-half of this is taken up within 
the first hour. Accumulation of P 32 in sessile algae 
and bottom organisms is considerably slower and 
small fish reach maximum concentration after about 
two weeks. Radiophosphorus introduced into natural 
ponds by Coffin et al·.6 did not appear in fish until 
about two days later. In the Columbia River, where 
shorter-lived isotopes predominate, the plankton 
seems to reach maximum activity density about one 
hour after floating into the zone containing the re
actor effluent. The time lags inherent in the transfer 
of radioactive materials from one form to another 
allow decay of the shorter-lived isotopes- and conse
quently a general reduction in activity density along 
food chains. 

SEASONAL VARIATIONS 

The radioactivity in Columbia River water down
stream from the Hanford reactors is directly related 
to the dilution factor. As shown in Fig. 3, it is highest 
during the fall and winter, when river flow is low, 
while during the spring freshet period, minimum ac
tivities occur. The activity density of the plankton 
( Fig. 3) follows that of the water since direct absorp
tion and adsorption are involved. Substrata) algae 
follow a similar pattern. With animals, which acquire 
most of their radioactive substances from their food, 
the pattern follows the feeding rate. Food consump
tion is influenced by metabolic rate and is largely 
temperature dependent. The seasonal change in radio
activity of a common Columbia River minnow (R1ch
ardso11ius batteatiis > is compared to temperature. in 
Fig. 3. Activity density of the fish is low during the 
cold months when only a limited amount of radio
isotope-bearing food is eaten; in the late summer, 
when temperatures and food consumption are at a 
maximum, the activity density level is high. This 
general pattern is also characteristic of all other 
aquatic animals studied, including insects, crusta
ceans and molluscs. Some deviation may occur, how
ever, where complex life-cycles are involved. This is 
particularly t rue of immature insects which are less 



366 

► .. 
? .. 

400 

:;: 0 
0 

~ 4 0 
C ... 
> ;: 
◄ 
C : .. ". oo 

VOL. XIII P/280. USA 

I\ 
' J I PLAN K TON I 

\ ~ 

V \_ 
~--· -- --· -~ ~ --

I TEM PERATURE I ;' 
... 

-~;' 

R. F. FOSTER and J. J. DAVIS 

./ 
V"-
~ 

~ ... - - -i,....__, _ _ ... ... 
-- --- ~WATER l 

I 

..,-. .., ____ 
.., -, 

/ 

" ,LI" [/'-. ' ~ ./ "'- ,, 

.4 

. 2 

0 

20 

? 
.:. 
" ::, .. 

"' ~ .. 
;,. 
... 
0 

": 20 
Z -

1./ 

;,' ,,. 
,~~ NOWS : " ' -.. I'-. 

10: ... ... 
" ~ 

' ✓ V ' -.. ---· --r---_ , . / 
0 

I JAH. FE&. MAR. APII. MAY I JUN. I JUL . AUG. SEP. OCT. N OV, OEC. 
0 

f jgure 3. Seasonal fluctuations in radioactivity of Columbia river water and orgonisms 

radioacth;e during resting stages than when the larvae 
or nymphs are feeding. The accurimiation of radio
isotopes is most rapid during periods of growth when 
mineral deposition occurs. Young, rapidly growing 
fish are thus more radioactive than old, mature forms. 

REDUCTION IN RADIOACTIVITY 

A major factor in\·educing activity density is decay 
of the short-lived isotopes. Since a large part of the 
radioactivity of Coltimbia River plankton originates 
from the very short-lived materials, its activity drops 
rapidly with travel time below the reactors as shown 
in F ig. 4. In higher forms, where the activity a rises 
mainly from p32 ( 1:4,3::day half-life) the reduction 
with distance is much less abrupt. · There is some 
evidence that an appreciable ' fraction ·of the radio
phosphorus is retained in• the biomass of the river 
and thus is quite _slowly transported downstream. 
Such retention permits additional radioactive decay 
so that downriver forms are less active than might 
be expected if only the time lapse for river flow is 
considered. 

In certain unique situations, the establishment of 
aquatic communities to act as biological retention 
reservoirs for radioactive materials might alleviate 
undesirable conditions elsewhere and thus best serve 
the public welfare. Biological fixation of soluble radio
active materials may also help decontaminate drink
ing water since the radioactive -materials bound to 
plankton can be filtered out in conventional water 
treatment plants. 

U ltimately the radioisotopes . still in solution or 
bound to suspended materials are swept into the sea. 
Some fraction of the radioactive material must also 
deposit with sediments, however. This would include 
the ions adsorbed on inanimate planktonic particles 
and dead organisms which settle to_ the bottom and 

excreta of larger fo rms. Although considerable depo
sition of silt occurs in the forebay of a dam fifty 
miles below the Hanford reactors, no long-term ac
cumulation of radioisotopes is evident in the sedi
ments. Small amounts of the radioactive materials 
are removed when insects emerge from the r iver, by 
terrestrial animals ( including man) which feed on 
the aquatic life, and hy use of river water for agr i 
cultural irrigation. 

RADIATION HAZARDS 

Extensive studies have been made of the radio- · 
activity in river organisms below the Hanford reac
tors since the radiation levels could not accurately be 
predicted. Results indicate that concentration of very 
short-lived isotopes is of limited consequence in 
higher organisms such as fish. 

Radiophosphorus, on the other hand, is concen
trated more than one hundred thousand times. Al
though the P 32 is highly concentrated, existing 
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amounts in the Columbia River are well below dan
gerou~ levels. Even in the most radioactive section, 
the young fish receive only about 0.1 rad per day 
from beta emitters-far Jess than the amount which 
would produce discernible damage. Both laboratory 
and field studies of river forms have shown no in
jurious effects from the presence of the reactor effiu
ent. If· is questionable that widespread decimation 
of aquatic populations will occur from radiation dam
age in situations where contamination levels in fish 
must remain below maximum permissible levels for 
human food. The difference in the activity density of 
Columbia River fish over that of the water, owing 
to the tremendous power of aquatic forms to concen
trate some radioisotopes, illustrates the need for 
careful consideration of potential hazards prior to 
disposal of liquid wastes to public waters. If radio
phosphorus were allowed to reach the maximum level 
permitted for drinking water, organisms living in the 
water would suffer radiation damage and the fish 
would be unsafe for human food. 

The seriousness of radioactive contamination in an 
aquatic environment depends not only upon the quan
tities of individual isotopes which may be released, 

but also upon the physical, chemical, and biological 
properties of the water. Where contamination of a 
river or lake may be significant, careful investigation 
of each particular case is essential since complex bio
logical processes may introduce hazards not included 
in such conventional limits as permissible concentra
tions for drinking water. 
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Biological Cycle of Fission Products Considered from 
Viewpoint of Contamination of Marine Organisms 

By Yoshio Hiyama, * Japan 

On the first of April 1954, the Fukuryu-Maru No. 
5, a Japanese tuna long-line boat, operating long-line 
fishing in the l\Iarshall Islands, was exposed to the 
fall-out dust of a hydrogen-bomb test at Bikini Atoll. 
Her crew was ignorant of the character of the dust 
f~lling on the <leek, their clothing etc. The ship ar
rived back at the port of Yaizu on the 14th, and 
unloaded her catch of tuna at the fish market for sale. 
The fish had been distributed to various localities 
before one of the crew consulted a doctor and radio
activity was found on his body and clothing. After
wards, the tuna in Y aizu and the fish markets con
cerned were inspected by the Government inspectors 
who detected the radioactivity with Geiger-Muller 
counters. Almost all of the tuna brourrht in by the 
fishing boat were recovered and dispo;ed of. 

Subsequently, as the people were so much fright
ened by the radioactive tuna, the government started 
radiological inspection, at the major tuna landing 
ports, of all fish brought in by tuna fishing boats 
from the area around the Marshall Islands and con
tinued it until about the end of that year. As a result 
of these inspections, all fish showing radioactivity of 
more than 100 cpm by Geiger-Muller counter of the 
common /3-ray type at a distance of 10 cm from the 
surface _of the fish body were ordered disposed of. 
Contammated fish accounted for slightly less than 
0.5% of the total number of tuna examined. Some of 
these tuna were examined rnore closely at the labora
tories of several institutes. and the results of the 
examination were in agreement in the points men
tioned, roughly as follows: 

In the early stage, during March and April, some 
of the sample fish were contaminated on the sur
face of their bodies (probably during the processes 
of handling after the fish were caught) by fission 
products which fell on the deck of the boat. 
. In the l~ter peri~d, the radioactivity was found 
mternal~y, m_ t~e bodies of the tuna. The organ where 
the ?d1oactiv1ty :was detected varied according to 
the time elapsed smce the explosion of the bomb. At 
first, small fish, squids and other animals found inside 
the stomach, and consequently the walls of the ali
mentary canal were especially contaminated. And 

• Professor, University of Tokyo. This article is based 
u~on numer<;>us papers, prepared by several authors. which 
will be published by Science Council of Japan in the near 
future. 
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then, as the next step, liver, pancreas, and gills were 
mark~dly higher in radioactivity than other organs. 
And 111 the final stage, after June or July, the kidney 
had the highest activity among the contaminated 
organs. These three periods were not distinctly sep
arated, but overlapped one upon another. However, 
the tendency was clearly observed in the species of 
the fish investigated here. In all cases, muscles were 
the least contaminated among the organs and tissues 
examined, though the dark meat was usually more 
radioactive than ordinary muscle. 
. Variou~ kinds of fish were caught by tuna long

line and inspected. Among them, the species found 
most fre9uently contaminated were dolphin, Cory
phae11a luppurus, sail fish, lslioplzorus or·ie11talis and 
Tetraplurus a11gustiroslris, and yellow-fin tuna, Neo
tlmn1111s 111acroplcrus. It should be noted that these 
species are mostly carnivorous surface dwellers. Next 
to these were marlins, Makaira mazara and M . 111its11-
k11rii, Spanish mackerels, Sawara niplmia and Scom
beromorns chi11e11sis. In addition, swordfish, Xiphias 
gladius, big-eyed tuna, Paratl1111m11s sibi, albacore, 
Genuo germo, and skip-jack, Katsriwo11us vagans 
were sometimes found to be contaminated. And a few 
blue-fin tuna, Tlzwmus oric11talis, were contaminated. 
Nurr~erous ~pecies of shark were caught frequently. 
On mspechon they proved to be uncontaminated, 
altho~gh some of th_em were contaminated externally 
at their surface durmg the early period. It should be 
noted in considering the biological cycle of fission 
products in aquatic systems, that sharks are usually 
considered to rank higher than tuna and other car
nivorous fish mentioned above. 

The fishing grounds where these contaminated fish 
were caught were plotted on the map with regard to 
the date of catch for the convenience of seeing their 
seasonal movement. Though some difference is shown 
accordin~ to the species of fish, as the migration habit 
would. differ from one other in a certain degree, the 
following general pattern of the movement is shown. 
In the early stage, namely, during March and April, 
most of such spots were confined within the area 
around the Marshall Islands, some west and some 
east of the target area. From May ·of that year, such 
spots moved westward to the area east of Luzon 
and then moved northward to the area south of J apa~ 
along the route of Kuroshio current. But they do 
no_t extend further to the northern ttma fishing ground 
lymg at about 40 deg N in the Northern Pacific 



CONTAMINATION OF MARINE ORGANISMS 369 

Ocean, from where only a few contaminated tuna were 
caught in the fall. From the above it can be considered 
that either the tuna which had been contaminated 
around the target area migrated along the route of 
Kuroshio current or the contaminated organisms to 
be the food of tuna migrated or drifted through or 
with the current . 

During the summer months, the spots ·where the 
contaminated fi shes were caught appeared again in 
the area around the Marshall Islands, and in the fall 
these spots were scattered over almost the entire 
fishing grounds of the North Pacific. 

The tissues and organs which were found to have 
intensive radioactivity were chemically analysed in 
the laboratories of several institutes. The results of 
these analyses tell that most of the radioactive ele
ments belong to Group III. Group IV was found in 
the stomach and pyloric caecum. Analysis of the 
muscle of exceptionally highly active specimens 
showed that the contaminating material was, in 
most cases, Zn°", and it was so recognised also in the 
light of physical characteristics. So far as the muscle 
is concerned ( at a time supposed to be some months 
after the detonation), the most dangerous radioac
tive element for food use, Sr00, was found to con
tribute less than l 9'0 of total activity. 

II 

The Japanese government wanted to know the 
oceanographical situation of the tuna fishing grounds 
related with the contamination by fission products, 
and sent the Shunkotsu-Maru, a governmental re
search boat with the expert personnel and scientific 
apparatus to the area around the Marshall Islands. 
She left Tokyo on l\[ay 15 and returned to the 
same port on July 4. T he result of this survey tells 
that the fission products were carried by oceanic 
currents ( Korth equatorial, South equatorial and 
Equatorial counter current). In most of the survey 
points where the contaminated sea water was found, 
plankton and other organisms, including tuna, wer~ 
also found to be contaminated. Dy comparing the 
intensity of radioactivity, in counts per minute per 
unit weight, it was found that micro-plankton ranked 
first in intensity, followed by macro-plankton. Large
sized fish were generally less radioactive than the 
latter. The distribution of radioactivity in the bodies 
of tunafish was quite similar to that found in the 
case of the landed contaminated fi sh. 

Later, a similar sort of the oceanographical survey 
was carr ied out by Kagoshima University. The Kei
ten-Maru, a university research vessel, sailed through 
the Caroline Islands to the Coral Sea from October 
28 to January 28, 1955. The r~sults of the survey 
show that the activity of sea water and of marine or
ganisms had been weakened by diffusion and decay 
after the survey of the Shunkotsu-Maru. But a slight 
activity was found in the Coral Sea, probably brought 
in by the South equatorial current from the Marshalls. 

Beside the above, the Daifuji-Maru, a research boat 
belonging to the prefectural government of Shizuoka, 

made a similar sort of survey with the staff of Nankai 
Regional F isheries Research Laboratory of Fisheries 
Agency, by the route passing through the west of 
Bikini Atoll, from November 30 to February 18, 1955. 
She found less activity than Shunkotsu-Maru but, 
even at that time, a slight activity was found in sea 
water and plankton at several points directly west 
of Bikini. 

Ill 

With the ~bject of ascertammg the marine bio
logical cycle of fission products by analysing the facts 
obtained by laboratory investigations of contaminated 
fish and the above-mentioned oceanographical sur
veys, various sorts of aquarium· experiments were 
carried on by groups of biologists to study the physi
ology of aquatic organisms with regard to metabolism 
of fission products. The materials used were the fall
out dust collected from the deck of the Fuk'l1ryu-Maru 
No. 5, and radioisotopes such as Sr90• T he results 
were utilized in the considera tion of food hygiene. 

The fall -out dust dissolved in sea water is easily 
made to adhere to the surface of the organisms as 
well as that of the water container. As the Lody 
surface per unit body weight is greater for micro
organisms than for macroorganisms, the uptake of 
radioactivity is higher in microorganisms. For the 
same reason, the gills of fish are more efficient than 
other parts of the body in absorbing fission products. 

The uptake of fission products by fish from the 
surrounding water is not marked unless the products 
are present above a certain level. This level is higher 
in the case of sea water than in the case of fresh 
water, probably because the former originally contains 
a larger amount of the elements similar in physio
logical behavior to the fission products. 

\\'hen culture phyto-plankton contaminated by 
fission products was given to zooplanJ..-ton as food, 
the latter took up only a small part of the radio
activity. Similar results were obtained with organisms 
higher in the food chain. When fall -out dust was 
directly inserted into the stomach of the living fi sh, 
most of it was not absorbed through the alimentary 
tract. 

Sr00 given to the living fish either by feed ing, or 
by injection or through the environmental water, 
goes mainly to the hard tissue, such as scale, bone, 
fin ray, gill and others. 

IV 

Fresh water systems, brackish water areas and 
marine coasts were also surveyed, to assess the effect 
of airborne fission products. The result of the survey 
shows that fission products fall on the ground either 
in rain or dust, are absorbed on the surface of the 
ground at the beginning, and then ( already weak
ened) are carried to the heads of streams and rivers. 
In the lower part of the river therefore, the water 
has no remarkable activity even when the intensive 
radioactive rain falls. In a porcelain water pot, a small 
concrete pond and a small drinking-water reservoir 
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where there were inadequate numbers of microor
ganisms to noticeably reduce the concentration of 
fission products, some radioactivity was often kept 
by the water until it physically decay~d. In large
sized natural ponds and lakes where various organ
isms were present in abundance, the fission products 
were retained by these organisms for a considerable 
length of time. Under such conditions, if the water 
is stagnant, activity decays naturally. 

V 

On the basis of data obtained through the surveys 
and experiments mentioned above, we can consider 
the general features of biological cycle of fission prod
ucts in aquatic systems, though each chemical element 
has its own peculiar selective behavior. 

When fission products reach the water, first of all, 
the microorganisms such as bacteria, protozoa, phyto
plankton and others take these up most remarkably. 
Thereafter, these are transmitted to the macroorgan-

isms of higher rank in food order through the food 
chain. During this process, the activity is weakened 
by biological and physical decay as time passes, and 
also by the mechanism under which only a part of the 
fission products are taken up by the animal in each 
food step. 

\Vhen the concentration of the fission products 
in the environmental water is not high enough, the 
food chain would be the main course of transmission 
of these materials among aquatic fauna and flora. 
However, if it is high enough, even animals rank
ing high in food order would take up these materials 
directly through their body surfaces, such as the gills 
of fish, more easily in fresh water than in marine 
environments. 

T hese two routes of the transmission of fission 
products in biological cycle often exist at the same 
time in nature, and this makes the results of field 
surveys rather complicated. 



Nuclear Science and Oceanography 

By R. Revelle, T. R. Folsom, E. D. Goldberg, and J. D. Isaacs,* USA 

Our earth is unique among the planets in its pos
session of a world-encircling ocean. This watery cloak 
is intimately related to such diverse phenomena as 
petroleum, climates and life. Major obstacles to un
derstanding of these phenomena arise from the mag
nitude and subtlety of oceanic processes. 

Many scientific problems of the ocean can be re
solved into questions concerning the fluxes within its 
realms. P romising possibilities exist for study of 
these fluxes by the tracer techniques of nuclear 
science, but to date the possibilities have been only 
timidly explored. A more vigorous and imaginative 
application of nuclear tools in the marine sciences 
would certainly result in important breakthroughs. 

The practical problem of oceanic disposal of nu
clear wastes involves nearly all phases of ocean
ography. Conversely the use of radioactive materials 
as tools in oceanography must lead to a better under
standi11g of the disposal problem. 

NATURAL RADIOACTIVITY IN THE OCEAN 

In considering possible applications of radioactivity 
to the study of the ocean, two facts are o[ prime im
portance: the very low level of natural radioactivity 
in the sea and the enormous volume of the ocean 
waters. Both of these facts are well illustrated in 
Table I. 

The amount of radiopotassium per unit volume of 
average igneous rocks is about 100 times the amount 
in the ocean. Uranium in the rocks is about 3000 
times as great as in an equal volume of sea water, 
radium about 10,000 times, and thorium a million 
times. On the other hand, the carbon-14 per unit 
volt1me of sea water is 300 times that in air and the 
total carbon-14 in the ocean is between SO and 100 
times the total in the atmosphere. Nearly all tritium 
is in the ocean, chiefly in the top 50 to 100 meters.2 

Potassium-40, with a gamma-radiation energy of 
1.5 Mev, is the principal radioactive nuclide in sea 
water. It yields about 100 times as many disintegra
tions per unit volume and time as the uranium and 
thorium series and SO times as many as rubidium-87. 
T he very low thorium-uranium ratio in sea water 
indicates that the effective "solubility" of thorium is 
far less than that o f uranium. We would expect that 
the thorium isotope, ionium, one of the intermediate 
products in the uranium-radium series, would also 
have a very low concentration, and that for this rea-

• Contribution (New Series, No. 794 ) from the Sc ripps 
Institution of Oceanography, Uni\'ersity of California, La 
J olla, C al ifornia. 
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son the amount of radium would be much lower than 
the equilibrium value computed from the uranium 
content. Table I shows that this is in fact the case. 
Both uranium and thorium are effectively "saturated" 
in the ocean and the rate of precipitation in the bot
tom sediments is very nearly equal to the rates at 
which these elements are brought to the sea by r ivers. 

In contrast to the low level of activity per unit vol
ume, the total amounts o( radioactive nuclides in the 
ocean are very large, ranging from 460,000 mega
curies for potassium to 8 megacuries for thorium. Fis
sion of all the uranium-238 and -235 in the ocean 
would yield 2 X 1033 ergs of energy, equal to 30 times 
the total amount of solar energy fall ing on the earth's 
surface each year, or 1.2 X 10° times the present 
annual consumption of energy by human beings and 
their industr ial civilization (about 4.5 X 1010 mega
watt hours) .30 

USE OF ISOTOPIC TRACERS IN THE 
MARINE SCIENCES 

Currents and Diffusion 

Among the basic questions of the marine sciences 
are : where, and how fast and by ·what mechanism do 
the ocean waters move? We are interested in the well
defined transport of ocean currents and in the ap
parently random motion called diffusion. These two 
processes are related by the following equation, in 
vector notation : 

oc at= '1 · A 'vc + Q - v · '\le (1) 

where c is the amount per unit volume of something 
present in the water, oclot the time rate of change of 
concentration at a fixed point, v the vector current 
velocity, A the effective diffusion coefficient, and Q a 
source function. For radioactive substances that are 
unaffected by biological activity, Q = >.c, where ,\ is 
the radioactive decay constant. 

Vve may conveniently think of the ocean outside 
the Arctic and Antarctic as a two-layer system, epn
sisting of (1) an upper layer, ten to several hundred 
meters thick, in which the temperature is constant 
with depth during winter months, vertical diffusion 
is rapid, and currents vary markedly in speed and 
direction over short periods of time, and ( 2) a lower 
layer, several thousand meters thick, in which tem
perature decreases with depth nearly all the way to 
the bottom. This layer is stably stratified, that is the 
density of the water increases and the entropy de
creases with depth, and vertical turbulence appears 
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Table I. Radioactivity of Sea Water 

Nuclide 

K•• 
Rb"' 
u= 
u= 
Th'": 
Ra°"0 

C" 
H•t 

Conccutratiou 
(gm/cm•) 

4.5 X 10-s 
8.4 X 10·• 
2.0 X 10·• 
1.5 X IO·" 
10-11 
3.0 X 10·1• 

:I X IO·" 
8 X 10"'° 

· Spcciffr activity 
{number cf 
disiutegra, 

tio,11/cm•fsec) 

1.2 X 10-• 
2.2 X JO·• 
1 X 10··0* 
3 X 10··1* 
2 X JO·'* 
3 X 10"0* 
7 X 10·• 
2.5 X JO·• 

Total amount 
t'n occau 

(megato11s) 

63,000 
118,000 

2800 
21 
H 

4.2 X 10· • 
5.6 X JO··' 
1.5 X 10"0 

Tota( activity 
iu oceon 

(mcgacuries) 

460,000 
8400 
3800 

110 
8 

1100 
270 

12 

Entrgy of 
'Y-radiatiuu 

(Mcv) 

I.St 
no 'Y 

.05- .82 

.06- .18 

.03- .08 

.18 - .60 
no 'Y 
110 'Y 

*Activity of nuclide+ daughter products. tOnly in top 50-100 meters of the ocean. :j:-r/,8 = 0.1 

to be Yirtually non-existent. The lower layer seems to 
behave as if it consisted of a series of separate sheets, 
of great horizontal extent and extreme thinness, 
piled up and moving quasi-independently. 

In the open ocean, current speeds in the upper 
layer vary from a few centimeters to one or two 
hundred centimeters per second. The currents in the 
lower layer are presumably smaller but little is known 
about them. 

Cp to the present, radioactive tracer techniques 
have not been much used to study the currents in the 
upper layer, although their application has been en
couraged by the pioneer studies of :Miyake and co
workers.1 Nevertheless, they have furnished impor
tant information about the diffusion. Von Buttlar and 
Libby2 measured the amounts of tritium present in 
rivers, ocean surface waters, and in rain. Assuming 
that storage occurs on land and in the ocean but not 
in the atmosphere, their results can be expressed 
approximately in the form 

(2) 

where R. is the average rainfall over the sea in cm/
sec, T. is the average tritium content of this rain in 
atoms/cm3 , P is the rate of tritium production by 
cosmic rays, in atoms/cm2 sec, and c is the tritium 
content of sea water in atoms/cm8, assumed uniform 
from the surface to a depth h. Von Buttlar and Libby 
found a best value for P of 0.14 .Taking c as about 
1.7 X 104, the weighted ayerage of their measured 
values for surface sea water, and,\ as 1.7 X 109 sec-1, 

fr becomes SO meters. This is very roughly the average 
depth of the upper layer in the sea. \Ve must conclude 
that over times of the order of 12 years, the half-life 
of tritium, there is little interchange between the 
upper layer and the waters at greater depth. 

One of us (Folsom) has investigated the vertical 
mixing in the upper layer with the aid of artificially 
radioactive substances ( fission products) . These were 
introduced at the surface in an area where the upper 
layer was about 100 meters thick. The rate of down
ward motion of the lower boundary of the radioactive 
water was approximately 10-1 cm/sec-1. This motion 
ceased abmptly at the bottom of the upper layer. 

Horizontal diffusion in the relatively shallow waters 
of Bikini lagoon was studied by Munk, Ewing and 

Revelle3 using the obseryed spreading of raclioacti,·e 
material ( fission products) introduced more or less 
uniformly through a column of water 60-meters deep. 
The average value of the horizontal component of the 
effective diffusion coefficient, Ah, during three days in 
which the radius, r, of the radioactive area increased 
to about 4 kilometers, was found to be 1.5 X 10~ 
cmZ/sec-1, and Ah/r was close to 0.5 cm/sec-1 . This 
value of Ah;r is in good agreement with estimated 
values of this ratio, obtained by other means elsewhere 
in the ocean, over a range from 10:1 to 108 cm in r. 

The stably stratified waters below the upper layer 
are believed to move in a series of great current sys
tems superimposed on one another. Little is known 
about any of these systems but it is generally assumed 
that currents in the deep and bottom waters have a 
significant meridional component ( north-south 6r 
south-north) . These waters sink from the surface in 
the Arctic and Antarctic, where vertical density 
stratification is minimal or lacking. They move slowly 
to lower latitudes under the overlying less dense 
waters, then slowly return to very high latitudes 
where they are again mixed with surface waters. At 
the surface, they come into at least partial equilibrium 
with the carbon dioxide in the atmosphere, and hence 
with the atmospheric carbon-14. After the waters 
have sunk they retain the carbon dioxide acquired at 
the surface, but the carbon-14 slowly decays. Be
cause of the density stratification, vertical diffusion 
can be neglected, and if we also neglect horizontal 
diffusion, and assume that a steady state exists, 
Equation 1 is reduced to: 

v · 'vc=Ac (3) 

Analysis of carbon-14 in deep-water samples should 
therefore tell us something about the average meridi
onal component of velocity from the source in high 
latitudes to the point at which the sample was col
lected. Kulp1 has attempted measurements of this 
type. The preliminary results are _complex but not 
inconsistent with a meridional velocity between 1 
and 0.01 cm/ sec. Estimates of this velocity compo
nent by other methods give values of the order of 0.1 
cm/sec, that is, a round-trip time of several hundred 
years for the deep waters, from high latitudes to the 
tropics and back again. 
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The authors have recently studied the processes 
occurring when sea water containing mixed fission 
products is introduced into the lower layer. The 
radioactive water was observed to spread laterally in 
a sheet, with a thickness of the order of a meter and 
an area of 100 or more square kilometers, at a depth 
determined by the vertical density distribution, that 
is :-the radioactive water spread outward along an 
iso-density surface. The center of the sheet moved 
horizontally with about the same velocity as the 
waters just above and below it. Vertical mixing, at 
least in the upper part of the lower layer, evidently 
is very slow. 

T he extreme vertical stability of the lower layer 
gives promise of the use of relatively small amounts 
of radioactive substances as a tool for studying the 
horizontal diffusion and the horizontal and vertical 
components of the currents at depth. Because the 
water behaves as if it consisted of thin, independent 
sheets, we are concerned chiefly with the hvo-dimen
sional spreading of radioactive material. \Ve need to 
follow the ra<lioacti ve water from shipboard, and 
e..xperience shows that to do this successfully we must 
be able to detect the introduced radioactivity by low
ering a measuring instrument into the water from 
the ship. 

T o obtain some insight into the possibilities of such 
experiments, let us suppose that N curies of a gamma
radiating nuclide are introduced in solution at a point 
in the lower layer and the solution spreads vertically 
through a depth /zcm. O ver what area can it spread 
horizontally and still be detected by in situ measure
ments with a probe immersed in the radioactive 
water? Let r be the radius of the area over which the 
radioactive material can spread and yet be detected. 
The cosmic ray background may be virtually neglected 
below a few tens of meters. Let t be the counting time, 
V the equivalent volume of the detector, e the count
ing efficiency, B the specific gamma activity of natural 
sea water in photons/cm3/sec1, and n the fractional 
error in measurement of introduced radioactivity. For 
95o/'o probability that a measured value gi\'eS the con
centration of the introduced radioactivity with an 
error less than n, we have, if we neglect the decay of 
the radioactive material: 

., 3.7 X 1010 NVtet12 

Trl'- = 2/z (l + ( 1 + 2n~ B V te) ¼] (4) 

This equation rests on the well-known fact that count
ing errors are inversely proportional to the square 
root of the number of counts. If the background is 
continuously measured, the time limitation does not 
apply to background measureme!1t. The denominator 
of Equation 4 becomes 2/i [ l + (1+2112 BVtc)¼ ]. 
This increases r (max) roughly by 1.2. 

If possible, the error in measurement of the intro
duced radioactivity should not exceed 50';/o, that is 
11 < 5. For measurements in sitn, the counting time 
is limited by the difficulty of maintaining an instru
ment suspended at a fixed depth in the sea from a 
rolling and drifting ship. O ther practical considera-

tions limit the speed with which the probe can be 
raised or lowered to not less than 10 cm-sec-1 . T he 
largest practical value of /z/t is therefore I 0, and, if 
possible, t should not exceed 5 sec. 

\i\Tith the instruments described below, e = .03 and 
V about 103 cm3 • From Table I, B = 1.2 X 10-2 

photons/cm3-sec-1. A "reasonable" value for N is 
10 curies. Our experience suggests that h will not ex
ceed 100 cm within the duration of the experiment. 

\i\Tith t = 5 and the other stated numerical values, 
1r,2 $ 2.9 X 1010 cm2 , and r (max) is slightly less 
than I km. Tlie instrument will record only 19 counts 
<luring the counting interval. Of these, 0.2 counts 
will be from the oceanic background. Unless great 
care is exercised, the internal background of the in
strument will be a serious limiting factor. 

The situation can be improved by use of a scin
tillation-type detector with c about .25. For this 
value of c and t = 10, the maximum detection area 
becomes 23 km:? and r = 2.7 km. For n = 1, that is 
for a 9570 probability of detecting the radioacti\' ity 
but without a reliable measure of its concentration, 
the maximum detection area is 52 km2 and r is 4.1 km. 

If we employ one of the nuclides listed below 
(Table II) such as rubidium-86 with a gamma en
ergy of 1.1 Mev, and the instrument is capable of 
discriminating against the 1.5 Mev radiation from 
potassium-40, the permissible dilution can be in
creased. Gates and Eisenhaueri have computed the 
energy spectrum of the scattered radiat ion from single 
frequency sources. They show that for a source en
ergy of 1.5 :Mev the proportion of energy in a 0.2 
Mev I.Janel a.round 1.1 i\fev is about 10%, whereas 
for a 1.1 ::\kv source S0o/o of the energy will be in 
this band. \ Vith proper counting conditions it should 
be possible to triple or quadruple the detection area. 

Thus far we ha,·e not considered the decay of the 
introduced radioacth·e material. Because of the linear 
relation between A,. and r, the duration of the experi
ment will Yary almost directly with the radius of the 
detection area. For the computed values of r, the 
observation time probably cannot exceed a week, so 
that with nuclides of suitable hali-life the decay will 
not be Yery significant. 

\Ve have given some thought to a single nuclide 
that might be used for experiments of the type de
scribed above. The prerequisites for such a tracer 
include a half-life compatible with the time constant 
of tl1e vertical and horizontal motion of the water and 
the diffusion, and yet not so long as to engender 
potential hazards to health through contaminatiol'\ of 
marine products of commerce or beaches. Further, 
the half-life must be such that delivery from the 
production site to the point of the experiment can be 
made without excessive decay. Such considerations 
indicate that the half-life should be of the order of a 
week to a month. The tracer should form a readily 
soluble ionic species in sea water, so that the volume 
of material handled can be minimal and precipitation 
and settling out of colloidal particles from the radio
active layer will not occur. E lements of groups IA, 
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Table II 

Gamma 

Isotope Half-life Cost pe.- curie 
S pecific actlvit:y 

available 
energy 
Mev 

Rb"' 19.5 day $1000. 9 me/gram 1.1 
J131 8.0 day 750. Carrier-free 0.36and 

0.72 

Ba"0 12.Sday 500. Carrier-free 0.16and 
0.54 

IIA, VA, VIA and VIIA in the periodic table are 
preferable. The tracer should be cheap and readily 
available in multi-curie amounts. Consequently it 
should either be produced in a pile by neutron-gamma 
reactions or be a fission product that is readily separa
ble. High specific activities are desirable. The tracer 
should be a gamma-ray emitter with energy between 
.2 Mev and 1.3 Mev so that in s1t1t assays can be made 
readily and discrimination of the isotope from natu
rally occurring nuclides can be accomplished. Three 
promising isotopes are listed in Table II. Rubidium 
and iodine decay to stable daughters, while barium is 
parent to gamma-ray emitting La140, which increases 
the total activity after a few days. 

Composition of Sea Water and Marine Organisms 

The concentration of minor elements in sea water 
is not accurately known, in fact many elements are 
present in such small amounts that they are unde
tectable by older analytical methods. 

Assay of trace elements in the concentration range 
of parts per billion or less has been advanced by two 
new analytical techniques, activation analysis and 
isotope dilution. Cesium, arsenic and rubidium in 
marine waters were determined by the former method 
by Smales and his co-workers6•1 using the Harwell 
pile. An imaginative extension of this technique was 
employed by Stewart and Bentley,8 who measured 
the uranium content of Pacific Ocean waters by 
counting the fi ssion-fragments from· uranium in sea 
salt irradiated in the Argonne heavy-water reactor 
CP-3. The isotopic dilution technique was applied by 
Rona and co-workers9 to obtain the uranium content 
of Gulf of Mexico and North Atlantic waters. Such 
new developments as pile activation of samples fol
lowed by gamma-ray spectroscopy should further 
1.dvance our knowledge of the chemical composition 
of the ocean. 

Many elements known to be present in trace 
amounts in sea water and some, such as thallium, 
cadmium and zirconium, which no one has been able 
to detect, exist in high concentrations in marine 
organisms. What are the paths by which these trace 
metals are concentrated in living creatures? 

Two general processes for the transfer are evident. 
The first involves direct uptake of dissolved sub
stances. For example, vanadium exists in the oceans 
to the extent of 1 microgram per liter, while the blood 
of certain ascidians ( sea squir ts) can contain up to 
10o/'o vanadium, a concentration of a hundred million. 

By the use of cyclotron-prepared radiovanadium, 
.Goldberg, McBlair and Taylor10 were able to show 
that these animals can assimilate ionic vanadium 
from sea water and that the reactive site for the 
vanadium uptake is the mucus. Such accumulation 
parallels the uptake of iodine by the thyroid, and its 
specificity equals that of the best analytical reagents 
devised by man. 

The mucus of marine pelecypods has been shown 
to be the adsorbing agent for strontium-9O by Fret
ter11 and for calcium-45 by Rao and Goldberg.12 

Spooner13 treated species of algae with carrier-free 
radioactive strontium and yttrium. Brown seaweeds 
extracted stro1iium upon their surfaces by factors of 
10 to 40 over sea water, while red algae took virtually 
all the ionic yttrium from the water. 

A preliminary surveyH indicates not only that 
trace metals in marine organisms are retained by 
fairly strong chemical bonds but also that the relative 
degree of concentration of ions follows the order of 
the relative stability of these ions in organic com
plexes as given by Schubert.15 Fission products con
sist dominantly of elements that form such relatively 
strong chemical bonds with organic compounds. The 
NoddackslG found for elements within the fission 
product spectrum the following enrichment factors 
for wet weight of marine animals compared to sea 
water: Mo, 600; Ag, 2000; Zn, 3250; Cd, 450; Ge, 
> 760; Sn, 270; As, 330; and Sb, > 30. Black and 
Mitchell17 found the following concentration factors 
for algae : Zn, 400-1400; Mo. 2-15; Sr, ~90. In 
~n~limi~ary analyses w_e have found that organisms 
hvmg 111 waters contaming mixed fission products 
~oncentrate the radioactivity by a factor of approx
imately 1000. 

Further understanding of the intimate chemistry · 
?f these powerful concentration processes would be 
important not only to biologists interested in meta
bolism, but also to inorganic chemists seeking specific 
reagents for analytical methods. Knowledge of the 
functional groups within mucus and plant slimes may 
best be obtained by already familiar tracer techniques. 

Marine organisms also accumulate trace elements 
by the assimilation of particulate matter. Iron, a 
necessary nutrient for plants, exists in the ocean 
pri~cipa~ly ~n colloidal form. Goldberg, 18 utilizing 
r~dtoacbve ~ron, dei:nonstrated that growing marine 
diatoms (m1croscop1c plants) assimilate particles of 
?ydrated i ron oxide, but do not recognize ionic iron 
m complex form such as citrate, ascorbate or humate. 
Zirconium, titanium and other anions are scavenged 
~rom sea water by particles of hydrated oxides of 
~ron and may be incorporated into plants with the 
iron. Such reactions could explain the high amounts 
of t itanium and zirconium reported in "red tide" 
waters near the west coast of Florida in October and 
November, 1952, by Collier.19 

Organic Productivity 

Organic productivity in the ocean is among the 
major problems of marine biology. Fundamental to 
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this problem is the determination of the amow1t of 
organic matter photosynthesized from inorganic sub
stances by the marine autotrophic plants, the basis of 
life in the sea. Nielsen20 developed a powerful and 
elegant technique for this determination, using car
bon-I 4. He was concerned primarily with the micro
scopic plants that make up the plant plankton of the 
open sea. In Nielsen's method, tracer amounts of 
radiocarbon in the form of bicarbonate are added to 
a sample of water and plant plankton, freshly col
lected from a point in the sea. The sample of sea 
water and plants is placed in a transparent glass bottle 
and lowered to the depth in the ocean from which it 
was taken, or placed in a water bath illuminated to 
the light intensity at that depth. After a measured 
time interval, the water and the contained plants are 
separated by filtration. The radioactivity of the filtered 
organisms gives a direct measure of the amount of 
carbon assimilated in photosynthesis. 

From measurements of this type in many parts of 
the ocean, Nielsen21 estimated that the average net 
photosynthetic production is about 1.5 X 10-10 gms/
cm2 /sec or a total net production for the whole ocean 
of about l.SX 1010 tons of carbon per year. This 
total production is about the same as that estimated 
for the lands of the ear th. In this study Nielsen 
mapped such marine deserts as the Sargasso Sea, 
where his measured productivity was less than .5 X 
10-10 gm carbon/cm2 /sec, and such oceanic ''Edens" 
as the waters of the Benguela current on the west 
coast of Africa, where he found apparent rates of 
production of 25 X 10-10 gm carbon/cm2/sec. Other 
workers, notably Riley,22 using quite different tech
niques, have arrived at total productivity estimates 
for the ocean that are an order of magnitude higher 
than Nielsen's. The discrepancy is not resolved. 

Beaches and Sedimentation 

The sedimentary cycle, in which continental rocks 
are eroded and their components transferred via the 
ocean to sedimentary deposits, can be considered as a 
set of fluxes. Radioactive substances are naturally 
present or can be incorporated in these fluxes and 
can be used as tags. 

In Santa Barbara, California, there is a destruc
tive longshore transport oi beach sand, estimated by 
J ohnson23 to be approximately 770 cubic yards per 
day. To prevent beach erosion, the path of the sand 
must be ascertained before remedial measures can 
be taken. Tracer sand grains for this purpose· must 
be easily and _rapidly distinguishable from the mass 
under study. Further, the size distribution, density 
and shape of the grains must be close as possible to 
those of major components of the sand. In the past, 
various nonradioactive tracers have been employed 
for problems of this type, but these have suffered 
from a number of inadequacies. The densities and 
other proper ties of colored glasses or rare minerals 
are usuaUy so unlike the sand under study that they 
give erroneous pictures of the transport Dyed or 
etched components of the sand itself are difficult to 

distinguish from the untreated grains, and the treat
ment is usually ephemeral. 

In an attempt to obtain a more suitable tracer, 
Goldberg and Inman21 irradiated quartz grains in 
the Oak Ridge National Laboratory slow-neutron 
pile. They found that the only significant induced 
activity is that of phosphorus-32. This nuclide is a 
pure beta emitter with a half-life of two weeks. By 
incorporating the activated quartz in natural sands, 
and by using radioautographic techniques, one ac
tive grain in one million inert grains is readily dis
tinguished. In such an area as Santa Barbara, it 
should be possible to trace the sand transport over a 
30-day period to dilutions of one in a million using 
13 millicuries of irradiated material. This amount, 
after dispersal over the beach area, would certainly 
not create a health hazard. Quartz samples from 
various parts of the world show adequate phosphorus 
contents for the technique. Quartz is usually one of 
the principal components of sand and can be sep
arated easily in a pure state by heavy-liquid, magnetic 
or electrostatic methods. 

Natural radioactive substances have been used to 
determine the rates of accumulation of deep sea sedi
ments. In these sediments, the radium content is 
commonly much higher thaq the equilibrium value 
for the uranium. As shown by Holland and Kulp,2G 
the sedimentary part icles probably extract from the 
sea water, by processes of base exchange and ad
sorption, both radium itself and its precursor, the 
thorium isotope, ionfom. Ionium has a half-life of 
8.3 X 104 years, while deep sea sediments accumu
late at rates of the order of 1 cm/1000 years. The 
radium in equilibrium with the ionium ought there
fore to decrease to about half the surface value at 
a depth in the sediments of the order of one meter. 

In its simplest form the method of determining 
the rate of sedimentation depends on the assumption 
that migration of the radioactive elements does not 
take place after the sediments are deposited. Indica
tions that migration does in fact occur were obtained 
by Arrhenius and Goldberg.26 In studies of the radio
activity of cores of deep sea sediments from the 
Pacific Ocean, they found that sedimentary layers 
with a high concentration of radium also contain an 
abundance of the zeolite, phillipsite. This mineral 
forms within the sediment and as it forms, radium 
must be accumulated within it from the interstitial 
water. Apparently the resulting concentration gradi
ents of radium in the interstitial water bring about a 
migration to the phillipsite-rich layer. 

Interactions between the Ocean, the Atmosphere, 
and the Lithosphere 

The ocean acts as an aqueous reservoir for many 
of the components of the atmosphere. New tech
niques, u sing stable and unstable isotopes, are be
coming increasingly useful in studying the interac
tions between the two great earth ·fluids. We shall 
select one example. 

The interchange of carbon dioxide bet\':een the at-
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mosphere and the ocean was recently elucidated by 
Suess.27 He studied the carbon-14 content of tree 
rings, in an attempt to ascertain whether the carbon 
dioxide in the atmosphere has been increased by the 
combustion of the fossil fuels. The specific activity 
of carbon-14, corrected for decay, is apparently a few 
per cent less in tree rings grown in the present time 
than in the 19th Century. This dilution of the cosmic
ray produced activity coupled with the well-known 
quantities of combusted fuels leads to an average 
lifetime for the CO2 molecules in the atmosphere 
and terrestrial biosphere of 20 to 50 years before 
solution takes place in the ocean. 

The origin, evolution and geologic history of the 
ocean are fundamental problems in the earth sciences 
and biology. I t is apparent from differences in abun
dance of the rare gases in the earth and the stars, that 
our ocean, as well as our atmosphere, evolved during 
a secondary stage of earth evolution. The elements 
in the present day ocean were not initially retained 
as an. atmospheric blanket but were held chemically 
within the earth's interior. On the other hand, the 
amounts of these elements now present on the earth's 
surface far exceed the amounts that could have been 
produced by weathering of igneous rocks. 'When and 
how did these materials seep out of the earth? 

Perhaps the processes giving rise to the ocean and 
the atmosphere are recorded in the isotopic composi
tion of the interacting phases. Craig25 has begun to 
investigate the variations in the ratio of C12 to C13 in 
all types of natural material, in an attempt to deter
mine this ratio in primordial carbon and the rate of 
outflow of carbon from the earth's interior. This at
tempt, if successful, might tell us how the composi
tions of the ocean and the atmosphere have varied 
throughout geologic time. 

Thode and his co-workers29 studied S32 /S34 ratios 
in a variety of marine sulphate and sulphide deposits. 
In reactions involving sulphate-sulphide equilibria, 
the sulphates become enriched in the heavier isotope. 
Biological processes provide the mechanism for the 
oxidations and reductions undergone by the sulphur 
isotopes. The first significant indications of isotope 
fractionation are found in pyrites and limestone sul
phates formed circa 700-800 million years ago. Thode 
concludes that marine autotrophic organisms may 
have a r isen during this era. 

INSTRUMENTS FOR SURVEY OF RADIOACTIVITY 
AT SEA 

The present Scripps Institution equipment for 
surveying ocean radioactivity was designed primarily 
for economy and reliability under severe shipboard 
usage; nevertheless, it has considerable flexibility in 
range and sensitivity and is readily adaptable to sev
eral types of ocean measurements-above water-on 
the sea-surface-and under the surface to depths of 
about 1000 meters. The detector is designed to with
stand hydrostatic pressures at 2000 meters and hence 
underwater measurements are limited to determina
tion of fairly hard gamma constituents-those capable 

of penetrating the steel shell of the detector. This 
limitation is not a severe one. 

Requirements peculiar to shipboard use led to the 
choice of halogen-filled Geiger counters. In one class 
of instruments, ten or ·more slender Geiger tubes of a 
type (Anton #315) designed for oil-well explora
tion are combined in parallel so as to feed their 
pulses to a simple pulse-shaper and amplifier. The 
detector reports activities corresponding to local 
gamma intensities from 100 mr/hr down to the cos
mic ray background in air. This range is divided into 
six minor ranges by modifying the pulse-amplifier 
gain. 

For measurements of higher activities, the con
ventional Geiger tubes are replaced by a group of ten 
or more gas discharge tubes of the "integrator" type 
which ( 1) are undamaged by high fluxes, (2) report 
by means of currents so high that no amplifier is 
needed and ( 3) compress their signal report of a 
very long range of gamma intensities into a single 
logarithmic response signal ( four to five decades) . 

Either of the two discharge tube arrays can be 
used interchangeably in several tubular protective 
shells. These shells also contain batteries, cable ter
minals, and range selector sensitivities. They are 
roughly two meters long, with an outside diameter of 
8 cm. The cylindrical walls are about 7-mm thick; 
both ends are fitted with removable plugs sealed with 
"O" rings. One end-plug joins a cable which brings 
the signal to an electrical recorder on deck. 

For vertical sounding, the cylindrical detector as
sembly is attached to a multiconductor cable, about 
1000 meters long and 7 mm in outside diameter, 
protected externally by t,rn layers of steel wire ar
mour. This cable is wound in and out on a small 
winch which is driven by an oil transmission system, · 
in order to escape induced signals. The winch is pro
vided with amalgam slip-rings permitting continuous 
electrical connection of the detector through four 
conductors to the recording devices on deck. \Ve have 
called t his combination a radiological sonde or probe. 
It permits rapid survey of water to the depth of the 
cable (Fig. la). It may also be towed aft of a ship 
steaming at full speed, and then records the hori
zontal profile of activity in the near-surface water. 

The radiological sonde contains a pressure indi
cator ( a bourdon-actuated potentiometer) so that a 
signal reporting the depth is sent up one of the con
ducting wires. T his permits the radioactivity to be 
measured as a function of depth independent of the 
ship's speed, the amount of cable out, or the state • 
of the sea and weather. 

The assem~ly also carries a resistance-bridge tem
perature indicator which reports on a separate con-
ductor to the deck. . 

The cable terminates in the ship's laboratory in a 
pair of recorders, each of which plots with a pen on 
chart paper the depth signal on the vertical coordi
nate ( Y axis). One . recorder plots the radiation 
signal on its X axis; the other plots the temperature 

. signal. Consequently as the probe is lowered or 
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Figure 1. (A) A sonde ri;,ged for hand lowering. For winch lowering, a three con
ductor armored cable is used rather than this rubbe r cover.;d cable. The special 
winch permi1$ deck recording of radioactivity v, depth and temperature vs depth; 

Figure l. (B) A sonde rigged for horizontal towing. The signal 1$ conducted through 
the armored pennant (on the left) through the special swivel and perforating 
clamp, and into the plastic coated towing cable. This arrangement permits fast tow
ing of sondes at five or more different levels, transmitting to a single deck recorder 

Figure 2. (A) A sampler rigged for towing. Th.is con be set to collect o sample when 
a predetermined level of activity is encountered. It is towed from a depressed cable 

by the swivel clomp, which Js rigged here for towing but not signalling; 

Figure 2. (B) Tho ,onde rigged for winch lowering with self-actuating sampler 
alloched. Interchangeable components permit versatility and Improvisation In tho 

field (as ln the above) to altock special measurement problems 
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raised, radiation and temperature are plotted directly 
against depth. Range, sensitivity, and response rate 
of the pressure and temperature devices can be modi
fied widely by varying the circuit parameters, but 
none of the precision traditional in physical ocean
ography has yet been attempted. The temperature 
and pressure plots serve mainly to round out the 
graphical picture of the radioactivity in the water, 
and to aid in rapidly locating a radioactive layer. 

When provided with a set of fins, the cylindrical 
detector assemblies can be towed in groups of two or 
more behind the ship, attached ( by means of special 
swivel clamps and short pennants) to a heavy cable 
kept submerged by a mechanical depressor (Fig. 
1 b). In this use the temperature element is replaced 
by a simple electronic integrator circuit which _con
verts the Geiger tube signal into time-spaced signal 
"pips." These low voltage, time-spaced pips can be 
transmitted up an ordinary heavy towing cable to a 
suitable deck recorder, provided the towing cable has 
been covered with a thin polyvinyl or nylon coating. 

This depressed-towing technique is useful when 
continuous measurements are desired at two or more 
depths down to about 400 meters. Such dept~s can 
be obtained at towing speeds of 7 to 10 knots (Fig. 5). 

The vertical sonde assembly may be used as an 
indicator of gamma radiation coming through the air 
from the sea surface, provided it is mounted in an 
exposed position where the radiation ~n strike. it. 
Our practice has been to mount the umt on the side 
of the ship about one meter ~bove the sea_ surf~ce, 
and to record its signal contmuously against time 
with a suitable electronic recorder. 

Beside this running log of surface activity, a di
rectional indicator of gamma radiation from the sea 
surface is useful in detecting boundaries of active sea 
water. This consists o f a pair of sensitive Geiger 
tube arrays ( each having 10 tubes in parallel) 
mounted side by side on an elevator part of the ship 
near the bow. Four inches of lead are placed between 
the two sensing arrays so as to divide the sea surface 
"viewed" by the detectors into two halves. One de
tector sees only the rays coming from port, the other 
only those from starboard. Each detector has its own 
radiation indicator (in the form of a simple micro
ammeter) and the two indicating meters are mounted 
side by side in front of the helmsman on the ship's 
bridge. The officer on watch obtains not only an in
dication of the presence of radioactive surface water 
but also immediate information as to which way to 
steer to reach it. 

Ordinary water samplers may be attached to the 
electrical cable of the vertical sonde. However, in 
attempting to sample the radioactive layers at depth, 
it has been found difficult to trip the sampler by the 
usual messenger technique. The messenger moves too 
slowly, and the rolling of the ship jerks the probe 
in and out of the thin act ive layer. We have tripped 
the samplers automatically, using the radiation signal 
from the probe (Fig. 2) . 

THE DISPOSAL PROBLEM 

Some of the information and many of the tech
niques described in preceding pages can be applied 
to the problem of disposal of atomic wastes in the sea. 

The rate of consumption of energy by human be
ings and their industrial civilization is doubling about 
once every 30 years. Let us assume a future energy 
utilization of about 2.5 times the present one, esti
mated by the Woytinskys30 as 4.5 X 1010 megawatt 
hours. If all this energy were obtained from nuclear 
fission, and if the radioactive wastes were dumped 
into the ocean after" a month's storage, the total radio-

Figure 3. Coble termi nation of a sonde. The small tube is the pres• 
$Ure t ransmitter pickup 

Figure 4. Termination of a sampler showing the actuator, towing pen• 
nont and swivel for oltochment to the towing cable 

figure 5. Aluminum depressor for the towing cable. The special 
in,uloting swivel isolates the depressor from the cable drcuit 
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activity of the ocean would be increased by 3.7 X 
106 megacuries, approximately eightfold. The total 
mass of fission products added per year would be 
5000 tons. 

The average radioactivity of sea water would still 
be quite low, but because of the very slow mixing, 
some water masses might show a thousandfold in
crease. For example, radioactive wastes introduced 
into the upper layer might remain there for many 
years, and would be diluted• by a volume of water 
only a fiftieth to a hundredth the volume of the 
ocean. We can speak with much less certainty about 
the lower layer. Waste products in solution, intro
duced at a particular location and depth in the lower 
layer, might spread out over a very wide area in a 
thin, nearly horizontal sheet of concentrated activity. 
But rate of spreading and current transport of such a 
sheet are hard to estimate with present data. 

A tenfold increase in the radioactivity of a particu
lar water mass, if brought about by the presence of 
fission products, would probably result in an increase 
of several orders of magnitude in the radioactive con
tent of the organisms living in the water. This would 
be expected because of the tendency of marine plants 
and animals to concentrate nuclear species having an 
intermediate position in the atomic table. Average 
activities of 100 disintegrations/sec1 per gram of wet 
organic matter would be likely. 

Some elements would be much more concentrated 
by organisms than others, and there would be sig
nificant differences between different groups of or
ganisms and between parts of the same organism. 
Wastes introduced in solid inorganic phases might be 
concentrated by filter-feeding animals, such as 
shrimps and certain mollusks. Zinc would be espe
cially concentrated in the spleen, liver, and stomach 
of fishes, the average enrichment factor ·on a wet 
weight basis being 104, according to Vinogradov.81 

It is of interest to note that the isotope Zn6~, pre
sumably arising from nuclear detonations, has been 
found concentrated in the internal organ·s of fish by 
Japanese investigators.82 The possibility of human 
ingestion of . radiozinc from fission products is re
duced by the fact that the zinc-rich organs normally 
are not eaten. 

The hazards to human beings from marine disposal 
of radioactive wastes might well be lowered, perhaps 
to negligible proportions, by taking advantage of the 
slow mixing and the stratification of the ocean waters, 
and of the fact that nearly all organisms of direct 
importance to man live in the upper one or two hun-
dred meters. · 

It must be remembered, however, that unlike the 
waters, the animals of the sea move vertically at 
relatively high speeds. The possibilities of vertical 
transport of radioactive substances between levels by 
marine animals need careful investigation. 

Appendix. A comparison of fission product isotopes in the ocean with the amounts of 
radioactive nuclides present assuming 1011 megawatt-hours of nuclear power production 

and subsequent oceanic disposal 

Amo11nt of Curies of 
Radio• eleme,it in tuulid.e 

.Elt• active oceans in disposed 
ment uu.dide mtgatons to ocean 

Pm Pm'" 9.8 X 10'1 
Nb Nb03 1.4 7.0 X 10'° 
Ce Ce'" 560 3.1 X 10'0 

Ru Ru100 0.014 1.8 X 10'0 

Sr Sr°" IO' 6.8 X 1010 

Cs Cs"' 700 6.0 X 10'0 

Kr Kr• 420 3.3 X to• 
Sm Sm"" 56 2.0 X 10' 
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On the Distribution of Radioactivity in the 
North Pacific Ocean in 1954-1955 

By Yasuo Miyake,* Japan 

After departure from Tokyo Harbour on May 15, 
1954, observations were carried out until July 4 
aboard the survey boat the "Shunkotsu-Maru" be
longing to the Ministry of Agriculture and Forestry 
of Japan, in the sea area near Bikini Atoll, to clarify 
the relation of radioactive contamination to living 
matter, sea water, the air, etc. 

As a result of the expedition, fairly strong radio
activity was detected in a wide area around Bikini 
Atoll.1 

THE METHOD OF MEASUREMENT OF 
RADIOACTIVITY IN SEA WATER 

It is difficult to measure the radioactivity in sea 
water directly by a simple evaporation method, owing 
to its high salinity ; therefore, the carrier method was 
adopted. After adding 2 gm of solid ammonium chlo
ride and 1 ml each of aqueous solutions of iron alum 
(86.3 gr/1) and barium chloride (17.8 gr/1) to I litre 
of sea water, the water is heated to 60-70°C in a 
beaker, stirring well. A few drops of an alcoholic solu
tion of phenolphthalein ( 1 o/'o) are added as an indica
tor; then ammonium hydroxide solution ( 1 : I ) is care
fully dropped in with a pipet, until a faint pink colour 
appears. After about two minutes boiling, the pre
cipitate is settled on standing for a couple of hours 
at room temperature. The precipitate is filtered under 
suction on a round filter paper (dia. 3.5 cm) laying 
above a glass filter. The precipitate is dried together 
with a filter paper in an air bath or a desiccator 
holding it in a small brass case to avoid the folding 
of the surface. 

Radioactivity is measured by putting the precipi
tate under the mica window of a G-M counter. The 
G-M counter used aboard the " Shunkotsu-Maru" is 
Radiation Counter, Model 32 manufactured by 
Science Research Institute Ltd., Tokyo. The thick
ness of the mica window is 3.7 mg/cm2 and the dis
tance between the mica window and the surface of 
the precipitate is 1.5 cm. After measurement is fin
ished, the precipitate is covered by a polyethylene 
film to protect the surface. In this way, at least 80% 
of the total activity in sea water could be transferred 
to the precipitate. 

To obtain the counting efficiency, an aqueous solu
tion containing Ce144 whose activity had been referred 
to the standard, RaE, was treated chemically in the 
same way as mentioned above, and its radioactivity 

* Meteorological Research Institute, Tokyo. 
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was measureiunder the same geometrical conditions. 
The efficiency of measurement was found to be 7.7<fo, 
that is, 1000 counts per minute is equivalent to 
about 5.9 mp.c. 

The maximum radioactivity in sea water obtained 
aboard by this method was 7025 cpm/1, which was 
found at a depth of 75 m, 450 km west of Bikini Atoll 
on June 21. The second was 6050 cpm/ 1 found at a 
depth of 20 m, 150 km west of the atoll on June 12. 
It was found that most of the radioactive mater ials 
were dispersed in water as true solutions, ionic or 
eucolloidal, since more than 99o/o of the radioactivity 
readily passed through a filter paper (pore size; 
0.5p.). . 

It is rather surprising that the activity in sea water 
in this area was often stronger than; or at least com
parable with, that of W hite Oak Lake receiving 
waste effluent from nuclear reactors of Oak Ridge 
National Laboratory, USA. The latter was 2710-
5190 cpm/1 on an average.2 

THE DISTRIBUTION OF RADIOACTIVITY IN SEA 
WATER AROUND BIKINI ATOLL 

Horizontal Distribution 

Figure 1 shows the horizontal distribution of the 
activity in the surface water near Bikini Atoll. There 
may have been considerable changes in the activity 
due to variation in sea conditions, natural decay and 
loss by precipitat ion, etc. during the course of ob
servation. However, causes of such changes were so 
complicated that corrections were almost impossible. 
Therefore, the distribution was drawn by using di
rectly the observational data without giving any· cor
rections. 

As shown in Fig. 1 the radioactive water extended 
in a WNW direction leaving near Bikini Atoll, while 
a branch spread out to the vVS'vV. The cause of this 
branching is not clear. But, it seems that there was a 
weak discontinuous boundary · along a line passing 
Bikini and Eniwetok Atolls. T he water system' B 1 
(Fig. 2) on the northern side of the line had, on an 
average, a temperature of 27.1 °C, chlorinity of 
19.23%, and St of 22.51 at 50 m depth. 

On the other hand, the water system B 2 on the 
southern side of the line had T, 27.0°C; Cl, 19.04% ; 
and 81, 22.29. Thus, it may. be said that there was a 
slight but definite difference in density between the 
two water systems, which might be one of the causes 
of the branching. 
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Figure l. The horizontal distribution of radioactivity In the surface water near Bikini Atoll (cpm/1) 

The radioactive water flowing in the main direc
tion of the North Equatorial Current extended sooner 
toward the west than in the southern part. In the 
latter part the flow rate decreased because it was 
near the boundary between the North Equatorial 
Current and the Equatorial Counter Current. Thus, 
in the WNW direction, water with an activity of 
100 cpm/1 reached as far as 2000 km from Bikini 
Atoll, while in the WSW direction the extension was 
only 1000 km. • 

It is to be noticed that radioactivity was also de
tected at a position 700-800 km from Bikini in the 
ENE direction. This is the end part of the radio
activity distribution turning toward the east at a 
distance of about 350 km north of Bikini Atoll. At 
present, however, it is not clear whether it was the 
extension of the easterly current along the northern 
boundary of the North Equatorial Current which had 
been confirmed recently between 180 deg E 140 deg 
Vl/3,4 or whether it was only a local eddy. 

When we investigate the horizontal distribution of 
water system near Bikini Atoll by using the T-S dia
grams of water at a depth of 50 m below the surface, 
we find that there are at least four different types of 
water (Fig. 2). The first one, A, is highly saline 
water ( chlorinity, 19.3%0, water temperature, 
27.5°C, 81, 22.77) covering the area further north 
than 15 deg N. 

In the southern part of the atoll there is a second 
type of water, C, which belongs to the Equatorial 
Counter Current with lower chlorinity ( Cl, 18.9%) 
and higher temperature (T, 28.0°C). The third type, 
B, belongs to the North Equatorial Current repre
senting an intermediate condition between A and C. 
In the southern part of the water C, there extends the 

water D of the South Equatorial Current with higher 
chlorinity (Cl, 19.6%) and higher temperature (T, 
28.0°C). 

The water B may be classified into two sub-groups 
B1 and B2 as mentioned above. As shown in Fig. 2 
the east part of B was comparatively broad and it 
became narrower on approaching to the west. It was 
probably due to the fact that the boundary between 
water B and C somewhat inclined to the north at the 
time. Therefore, the North Equatorial Current was. 
pressed by the Equatorial Counter Current and the 
current flowing backward toward the north-east di
rection of Bikini Atoll would have resulted. 

17111' 
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Figure 2. The course lines of observation, the water systems, and the 
current speed and Its direction 
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The observation of the current direction obtained 
• in site also suggests the presence of counter or eddy 

current in the same area. It is, however, not sure 
whether this current would be the origin of the gen
eral easterly current. 

Vert ical Distribution of Radioactivity in Sea Water 

:"Figures 3, 4 and S show the distributions of radio
activity of sea water on the vertical section perpen
dicular to the North Equatorial Current along the 
lines respectively at 150 km, 570 km and 1300 km 
west of Bikini Atoll. The profile at 150 km west of 
Bikini shows already the branching of the activity in 
the direction of N-S. The dotted lines in the figures 
represent respectively the latitudes of the sites of 
Bikini and Eniwetok Atolls. T he strong activity is 
separated on both sides of these dotted lines and the 
distance of two maxima is about 100 km. The depth 
which shows the activity of 100 cpm/1 is at about 
80 m below the surface in the northern and southern 
parts and in the middle part it sings down to about 
120 m. It is noteworthy that the activity decreases 
rapidly to less than 30 cpm/1 at 200 m depth. This 
corresponds to the depth of thermocline which was 
about 150 m in this area. 

The estimated amount of flow of radioactivity was 
about 1 X 10~ curie/hour passing through this sec
tion. On the vertical section of 570 km west of Bikini 
th~ . distance of branching became broader and also 
the depth of 100 cpm/1 activity was 200 m below the 
sea surface on an average. T he flow of radioactivity 
was about 0.6 X 10:; curie/hour. The distance be
tween the former and the latter section was about 
400 km. Assuming that the speed of the current was 
about 0 .7 knots in the direction perpendicular to the 
sections it would have taken about 2 weeks to flow 
between them. Thus, the activity passing through both 
sections would have been about the same when the 
rate of decay during two weeks was taken into con
sideration. 

THE RELATION BETWEEN THE RADIOACTIVITY IN 
SEA WATER AND THE RADIOACTIVE FALLOUT 

T he fishing boat " Fukuryu-Maru" was situated at 
a position 150 km east of Bikini Atoll on the early 
morning of 1st March when the crewman recog
nized small, white dust particles falling on the deck. 
The density of dust covering the surface of the deck 
was not clearly known; however, it may be supposed 
that it was about 0.5 gm/m2 or so. On the other 
hand, the radioactivity of dust particles was estimated 
as about 1.4 curie/ gm at the time of falling ( 3 hours 
after detonation ).~ 

Assuming that the mean diameter of the dust par
ticles was 0.1 mm, the rate of sinking of such par
ticles in sea water is about 30 m/h. Thus, it takes 
about 1-1.S sec to pass through a water layer of 1 cm. 
Assuming also that at most 0.01 o/o of the radioactive 
substances in the dust could dissolve into sea water 
in one second, most of the radioactive materials would 
have been brought into solution before dust particles 
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Figure 3. The . vertical distribulio;1 of the radioactivity In sea water 
in the section perpendicular ta the North Equatorial Current along 

the line a t 150 km west of Bikini Atoll 
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Figure 4. The vertical d istribution of the radioactivity in sea water 
in the section perpendkular to the North Equatoria l Current clang 

the line at 570 km west of Bikini Atoll 
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Figure 5. The vertical distribution of the radioactivity of sea water 
in the section perpendicular to the North Equatoria l Current clang 

the line ct 1300 km west of Bikini Atoll 

reached 100 m depth below the sea surface. Thus, 
the mean activity in water near the sea surface around 
there would have been 3.1 µ,c/1 at the time five or six 
hours after detonation. 

Needless to say, this was the activi_ty of sea water 
in the area about 1 SO km away from Bikini Atoll ; 
therefore, the activity near and in the atoll would 
have been much more stronger. On the other hand, it 
was confirmed by the records of micro-barographs 
and tide gauges obtained in J apan6•7 that tests had 
been carried out at least four times-March 27, Apr. 
26, and May 5. It was therefore not surprising that 
the large area far from Bikini Atoll had been contami
nated by fission materials as st rongly as it was ob
served. 

THE NATURE OF THE RADIOACTIVE SUBSTANCES 
IN SEA WATER 

The relation between the gross radioactivity A 1 of 
the fission products and the time after detonation 
may be simply expressed by the next equation, 

At= er" 

where c and a are constants. From the decay curve 
of the radioactivity of the precipitates, it has been 
found that a is confined within the comparatively 
narrow limits of 1.3- 1.6 (mean, 1.5) assuming the 
date of the last detonation was May S. In normal 
cases, a is about 1.2,8 whereas it was 1.37 for the 
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radioactive dust that fell on the deck of the "Fukuryu
Maru." 

In sea water some of the radioactive elements con
tained in the original fission products might be pref
-erentially precipitated owing to the pH of sea water. 
'Therefore, the chemical composition should be some
what different from the original fission materials, 
which might be the cause of the change in the value 
,of a.. 

A radiochemical ana.J.ysis of the fission materials 
'in sea water was performed also by the present 
authors. Results9 showed the presence of Sr89, yn, 
2r9l\ Nb9~, Ru103, Ru1oe, Rh1os, Ce141 and CetH. 
Among them in the contributions from Y and Ce 
were strongest in December, 1954. The scheme of 
radiochemical analysis of sea water adopted by the 
:present authors is given in Fig. 6. 

After "Shunkotsu-Maru" expedition was over, the 
.radioactivity in the North Pacific Ocean was investi
:gated several times through the cooperation of sev
eral marine laboratories.10 Even in the area of 
Kuroshio flowing off the Japanese Islands faint ac
tivity appeared in July and August, 1954. From the 
-end of November, 1954 to February, 1955 another 
survey was carried out by Regional Fisheries Re
search Laboratory at Kochi, Shikoku Island aboard 
the "Daifuji-Maru." The results showed that the 
·radioactivity had already decreased in the region of 
Bikini owing to radioactive decay and water move
ment; however, weaker activity had spread out north
·westward over a larger area in the North Pacific. 

DECONTAMINATION OF SEA WATER 

Decontamination of sea water was studied at our 
·-laboratory. Activated charcoal, alumina and silica 
_gel were used as decontaminants, among which acti
vated charcoal was found to be most effective. The 
·radioactivity in a sample of sea water was measured 
first by the method mentioned above. 

To each one litre of the sample, respectively 0.06 
·gm, 0.12 gm and 0.4 gm of activated charcoal was 
,added and, after standing for one hour with thor
-ough stirring, it was filtered and the radioactivity 
. adsorbed in the charcoal was measured. The efficien
·cies of decontamination were respectively 56%, 67% 
and 96o/o. 

Next, sea water was passed through a glass tube 
filled with alumina. In this case, almost all of the 
radioactive material was adsorbed within a layer of 
.2 cm from the top of the column. A glass tube of 
inner dia. 8 mm and 20 cm length was used for the 
t ests. One of the results is given in Table I. 

Table I. Decontamination of Sea Water by Alumina 

Distance from top 
of column, cm 

Radioactivity, cpm 
0-1 
316 

1-2 
68 

2-3 
20 

3-4 
20 

4-5 
0 

flt 

lake 1 litre 
boll wllh HCI 
add Fe aod La 5 me of each 
add NH4Cl and NH401! 

ppt 

~ amm. oxalate 

..fil.. ppc 

dieeolvc In HCl 
add 1 lU.re of sunple 
boil 
add NH4CI aod NH4O11 

,-----....L.----i 

Ignite 
add NCI 

Ill 

J•ddamm. 
oxalate 

~ 
fll 

add Fe aod La 
add NH4CI and NH.OH 

ppt 

.lli.... 

Ca 

add amm . ox.alate 

ignJte di.s, olve ln 
HNO3 drop In 
fuming HN03 

Sr 

pp< 
diss olve In HCI 
add 0.5 mg Sr 
add NH Cl aod NH4.OH 

ppt 

apPly 
catloa 
e«hange 
re sin 

Figure 6. The scheme of radiochemical anolyils of sea water 
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Radioactivity in Terrestrial Animals 
Near an Atomic Energy Site 

By W. C. Hanson and H. A . Kornberg,* USA 

The nature of radioactive contamination encount
ered in terrestrial animals and waterfowl near an 
atomic energy installation is dependent primarily 
upon the type of operation. Results presented herein 
are derived from a program of biological monitoring 
at the Hanford Works, which is engaged in the large 
scale production of plutonium. 

As by-products of the manufacturing process, 
radioactive elements in controlled amounts are re
leased to the Columbia River, to the ground, and to 
the atmosphere. The source of radioactive contami
nation of the river is neutron activated minerals in 
the river water used to cool the reactors. Other en
vironmental contaminants are fission products result
ing from the chemical separation of plutonium and 
unreacted uranium. 

TRANSFER OF RADl9ACTIVE SUBSTANCES FROM 
THE RIVER TO WATERFOWL 

A fraction of the group of contaminants released 
to the river enters aquatic biological chains. O f the 
radioactive substances present, P 3~ is concentrated 
most significantly among members of the biological 
community. This occurs primarily because of the 
avidity of local aquatic forms for phosphorus. Samples 
of waterfowl and insectivorous birds nesting and 
feeding along the shores of the river are regularly 
taken and the concentrations of p 3z in their tissues 
determined. Table I lists the ratios of P 32 concentra
tions in birds, and in eggs of one species, to that in 
water and the common food of the birds. 

The surprisingly high P32 concentration in egg 
yolk relative to that in water is presumably due to 
the biological demands of phosphate-rich egg yolk, 
which obtains a significant portion of its phosphate 
through a biological chain from the river, which is 
low in phosphate content (0.03 ppm). 

The relatively low ratios of P 32 concentrations in 
river ducks and geese relative to that in water are 
caused by their migratory status and preference for 
cereal grains. The even lower ratios noted in Table I 
for scavenger and piscivorous birds illustrate the 
effects of decay of the P 32 as it is transferred through 
biological chains to the birds. These observations are 
parallel to findings in fish,1 wherein carnivorous spe
cies usually contained a lower concentration of radio-

• General Electric Company. Including work by R. L. 
Browning, and \V. C. Hanson, General Electric Company. 

active substances than those which feed on bottom 
organisms. 

In young birds the greatest concentration of P 32 

occurred in the skeleton and pancreas. In adult birds, 
muscle achieved similar status, probably because of 
rapid phosphate turnover in pectoral muscles. 

During a year of observations, deviations from 
the averages shown may vary over a tenfold range. 
These are the result of the natural mobility of avian 
populations and of selective feeding upon organisms 
in areas exposed to other than average pa2 concen
trations. 

No deleterious effect on waterfowl reproduction as 
a result of exposure to radioactivity in or around the 
reservation has been noted. Hatchability of eggs was 
94 per cent, and fertility of adults developed from 
the eggs was 98 per cent, as compared to 87 per cent 
hatchability and 98 per cent ferti lity of adults in 
areas of no radioactive contamination.2 Radiophos
phorus deposits in waterfowl around the Hanford 
Works are typically such as to generate dose-rates up 
to about one rad/day. 

Table I. Ratio of P32 Concentrations in Adults, Eggs and 
Young of Birds, to Those in Water and the Birds' Food, 

Respectively 

SJ,tdmtn Bird/ttialtr Com"""' food Bird/food 

Swallows• 
(Petrocltiledo11 sp.) 

Adults 75,000 Insects 0.5 
Young 500,000 l f!'Sects 3.S 

Diving ducks 
(Aytl1ya spp.) Insects, 

Adults 50,000 vegetation 0.5 

River ducks and geese 
(Anas spp. & Branfa sp.) 

Adults 7500 Insects, 
Young 40,000 vegetation, and 0.1 
Egg yolk 1,500,000 crustaceans 0:5 

Sea gulls 
(Larus spp.) Fish, crustaceans, 

Adults 5000 vegetation 0.1 

Piscivorous ducks 
(Mtrg11.sspp.) 

Adults 2500 Fish, crustaceans 0.05 
Young 15,000 Fish, crustaceans 0.25 

• Although not a waterfowl, swallows are included here 
because their food is principally aquatic insects. 
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TRANSFER OF FISSION PRODUCTS FROM SWAMPS 
TO WATERFOWL 

Fission products released into the atmosphere in 
gaseous or particulate form, or released as process 
waste water enter terrestrial biological chains prin
cipally by deposition on vegetation, absorption into 
plants from substrata, and ingestion or inhalation by 
animals. Of particular interest to contamination po
tential is the ability of waterfowl to effectively con
centrate several of the fission products when chron
ically exposed to a source of the material. 

\,Vhen aqueous solutions of industrial wastes con
taining relatively minor amounts of fission products 
are impounded, plant succession may make the re
sulting swamps attractive to waterfowl. Of the fission 
mixture, radioisotopes of strontium, cesium, ruth
enium, and several of the rare earths have sufficiently 
long half-lives to make them available to plants and 
animals for extended periods. Strontium is usually 
the most important member of this group because it 
is significantly absorbed by plants and animals and 
because of its low permissible body burden. Although 
the concentration of strontium in vascular plants is 
less than 20 per cent of the concentration in the soil 
in which they are grown,3 the feeding habits of 
waterfowl utilizing such a swamp will effect transfer 
of appreciable amounts of radiostrontimn to the bird. 

Coots (genus Fulica) that were allowed to inhabit 
a contaminated waste swamp for about four months 
were sampled and their tissues analyzed for the im
portant radioelements. The uptake ability of the 
organisms is summarized in Fig. 1 and Table IL 

Obviously the gross concentration factors shown 
in Table II apply only to the specific conditions 
around this particular swamp. Animal tissues differ 
significantly in their uptake selectivity for the vari
ous fission products. The over-all transmission is 
conditioned by the uptake coefficients of the interme
diate food chain member, the emergent vegetation. 

T he principal component of muscle is radiocesium. 
In bone, it is radiostrontium, with significant con
tributions of the mixed rare earths (lanthanide ele
ments) and cesium. Figure 1 illustrates the change 
in composition of the fission product mixture as it is 
selectively metabolized through this biological chain. 

Cesium~l 37 accounted for 90 per cent of the ac
tivity in coot muscle in this case, and this represents 
a concentration factor relative to the water of about 

Tobie II. Relative Gross Uptake of Fission Products in 
Vegetation and the Tissues of Coots Inhabiting a 

Contaminated Swamp 

· Organism 

Swamp water 
Emergent vegetat ion 
Coot muscle 
Coot bone 

Concen-tration factor• 

1 
3 

250 
500 

* The concentration factor is defined as: concentration in 
subject/concentration in reference material. 

$WAMP WATER 

COOT MIJSClE 

COOT 80HC 

~ RUTHENIUM ~ CESIUM 

j \~:•:>:"'--',,\} STROHTIUM - VTTRIUM ~ t4[l(R0CENEOUS MIXTUH:. 
I NCLUDIHC RARE [ARTHS, 

•BASEO ON 0 AT4 08TAINE:O AT A.NOTH(R SWAMP CONTAINING SIMILA-. MIXTURE: O' 
.RIOtOELEMENTS 

Figure 1. Component lradions of selected fission products in water, 
vegetation, and tissue of coots inhabiting a contamlnated swamp 

900. In bone, about 60 per cent of the radioactivity 
was due to Sr90- Y00, representing a concentration 
factor relative to the water of about 1500. 

Ducks having access to the same swamp as the 
coots during this period accumulated considerably 
less radioactive material, in part as their transient 
status limited exposure to the contamination. 

TRANSFER OF 1131 FROM THE ATMOSPHERE 
TO ANIMALS 

Seventeen terrestrial animal monitoring stations 
have been established at distances of from one to 
thirty kilometers from the chemical separations fac
ilities, which routinely discharge 1131 and other fis
sion products into the atmosphere. Tissue samples 
of jack rabbits (genus Lepus) from these locations 
were analyzed for radioactive substances monthly. 
O ther mammals, birds, reptiles, and insects were 
occasionally sampled to provide comparison of animal. 
types and food habits. Concentrations of !131 in the 
thyroids of these animals were primarily depend~nt 
on their distances from the source of !131, the rate 
of !131 emission, the ani.mai's age, and their feeding 
habits. Other factors that markedly affected the thy
roidal !131 concentration, but in a less predictable 
manner, were climatic conditions and the availability 
of inert iodine. 

Uniformity in biological monitoring of this type is 
not to be expected. In an area of generalized !131 

contamination, the units of vegetation do not neces
sarily have the same !131 concentration. In addition, 
the I131 burden in an animal's thyroid gland at any 
one time is a partial historical picture of the con
tamination within the animal's feeding tange over the 
preceding few weeks. · 

Figure 2 shows the relationships of 1131 concen
trations in the thyroid glands of various animals to 
that of their food. At any one location the average 
radioiodine concentration in rabbits' thyroids was 
usually 500 times that of the vegetation. This factor, 
which may vary from 100 to 1000, is based on thyroid 
gland samples from 20 rabbits, collected monthly in 
areas from which weekly vegetation samples were 
analyzed. The effect of predation of several forms, 
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Figure 2. Comparative 1131 concentrations in food items and thyroid 
glands of various animals at a g iven distance from radloiodine source 

one upon another, to form a biological chain for the 
transfer of radioiodine to larger animals is apparent 
in non-herbivorous animals, such as coyotes. 

The left-hand portion of Fig. 3 indicates how the 
age of rabbits influences the 1181 uptake. The aug
mented uptake in immature animals has been demon
strated previously in controlled studies.4 

The right-hand portion of Fig. 3 presents data 
on the rela tive !131 concentration in rabbit thyroid 
glands as a function of distance from a high stack 
emitting !131• These data cannot be reconciled pre
cisely with the relative depositions on vegetation com
puted, for example, from the Sutton equations. T his 
is to be expected from a combination of factors, such 
as the sample variance in biological monitoring, pos
sible variations in succulence of vegetation at the dif
ferent locations, and the distance over which the 
animals may have ranged from the point of collection. 

Figure 4 shows ratios of average P 31 concentra
tions in thyroids of rabbits from five collection sites, 
ranging from two to twenty kilometers from the !181 

source, to average daily !131 emission rates as a func
tion of time. The very wide fluctuations with time 
appear to reflect, for the most part, the characteristic 
seasonal changes in the pattern of ground deposition 
of radioiodine. Added to this is the influence of the 
low inert iodine content of rabbits' thyroids during 
winter months. The quantity of inert thyroidal iodine 
in winter was about one-third of that in summer. 

TRANSFER OF RADIOACTIVE PARTICLES TO RABBITS 

A familiar hazard in a radiochemical processing 
operation is the release of large numbers of small 
radioactive particles of median diameter of the order 
of 0.3 to 0.4 micron. The available quantity is such 
that in man, the lung burden of these particles cannot 
approach the conventional permissible limit. Bio
logical monitoring provides the opportunity to have 
direct access to the animal lung for autoradiography 
and histological examination. In some work of this 
type with specimens chosen from areas of approxi
mately maximum ground deposition of part icles, 
rabbit lungs show a few hundred active particles per 
lung. The maximum activity of a single particle was 
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figure 3. Influence of a ge of rabbits and distance from radlolodine 
source on 1••• CQncentralion of thyro id glands 

3 X 10-5 p.c. No histological damage to lung tissue 
was observed. To some extent, these findings support 
the expectation of insignificant hazard in man from 
inhalation of like particles. 

It may be inferred that one of the potential h.izards 
arising from the production of atomic energy occurs 
via the transfer of released radioactive wastes among 
various forms of terrestrial life. Method and magni-
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tude of production, waste disposal practices, and en
vironmental conditions will cause variation in the 
kind and extent of radioactive contamination in 
living forms. General conclusions drawn from this 
paper should therefore be supplemented by specific 
observations at the production site. 
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DISCUSSION 

The CHAIRMAN : All life has evolved in a radio
active world. There is no sharp threshold at which 
radioactivity has an effect on biological things, as 
was brought out so clearly this morning. We presume 
that in general the effects of radioactivity on living 
cells and tissues are not in themselves beneficial, save 
perhaps in very rare genetic instances. Because of this 
continuity of radiation energies and intensities with 
respect to the biological effects, we ultimately come 
to the fundamental problems which are quantitative. 
We cannot speak in broad generalizations entirely, or 
even to a very large degree. In the final analysis we are 
concerned with how much of what kind of radiation is 
experienced by the living organism. It is one of the 
fundamental aspects of the conduct of an atomic 
-energy program on a national and world-wide scale, 
and is the source of a very large part of the preoccu
pation with radiation safety and general matters 
of public health. 

This afternoon, therefore, we come more closely to 
grips with the immediate quantitative problems of liv
ing and working in connection with atomic energy 
operations and installations. 

Mr. A. J. CIPRIANI (Canada) presented paper P/8. 
Mr. H. M. PARKER (USA) presented paper 

P/240. 

Mr. W. G. MARLEY (UK) presented paper P/452. 

Mr. J. SCHUBERT (USA) presented paper P/845. 

DISCUSSION OF P/8, P/240, P/452 AND P/845 

Mr. F. G. KRoTKOV (USSR): I have a question 
for Mr. Cipriani. In your paper, you mentioned the 
conservative treatment of patients suffering from the 
effects of irradiation. May I ask you to tell us what 
methods of treatment you used and what results ~ou 
obtained? 

Mr. CIPRIANI (Canada): There were no specific 
methods of treatment used. The individuals were 
taken out of work at an early stage, put into another 
job where further exposure was unlikely, and they 
returned to work when the urinary excretion had 
dropped. 

The CnAIRMAN: In these papers to which we have 
just listened, we have seen that it is entirely satis-
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factory and practical to operate, over prolonged pe
riods of time, elaborate atomic energy installations 
dealing with enormous amounts of radioactive mate
rials. The plant personnel need not be seriously ex
posed ; in fact under normal operating conditions no 
great difficulty has been encountered in restricting 
the levels of exposure to those well below the maxi
mum permissible limit. When we turn to the eco
logical aspects of atomic energy operation, and espe
cially with respect to the reactors, which undoubtedly 
would have to include the chemical processing plants 
also, we come into a different area of concern, one in 
which radioactive materials may become more or less 
widely dispersed through the environment and thus 
have the potentiality of being presented to large sec
tions of a population. Under these conditions naturally 
somewhat different criteria must apply. These criteria 
have been mentioned and developed in the earlier ses
sions. Especially important is the fact that many 
isotopes which are important to man when taken 
internally go through rather complicated biological 
cycles in nature and thus may be presented to the 
human being along with his food or water, but par
ticularly we have reference to the first category. We 
have become very much concerned then with the 
quantitative aspects of biological cycles, and the series 
of papers we are about to audit deal with some of these 
aspects. 

Mr. H. M. PARKER (USA) presented papers 
P /278 and P /281. 

Mr. R. F . FosTER (USA) presented paper P/280. 

Messrs. B. SCOTT R USSELL and A. C. CHAMnER

LAIN (UK) presented paper P /393. 

DISCUSSION OF P/278, P/281, P/280 AND P/393 

The CHAIRMAN : Before we come to the numerous 
questions on this very interesting and intriguing series 
of fundamental papers, the Chair wishes to recognize 
Mr. Klechkovsky who has a brief comment to make 
on the first paper presented by Mr. Parker. 

Mr. KLEcHKOVSKY (USSR) : I listened with 
great interest to Mr. Parker's paper on the results of 
studies of the absorption of radioactive fission prod
ucts by plants. 

In the Soviet Union, experiments on the absorption 
of radioactive fission products by plants have been 
carried out by Gulyakin and others. 

The accumulation in plants of radioactive fission 
products is not always directly proportional to their 
concentration in the external medium. 

One reason for this is radiation damage to the root 
system. Hence, for instance, when the concentration 
of the radioisotope increases, its absorption falls, not 
only relatively but sometimes absolutely. 

Sensitivity to radiation damage is not identical in 
all plants, and in a given species it depends on age; it 
is higher at the beginning of the vegetative period. 
This also affects the accumulation in plants of radio
active fission products. 

SESSION 18C 

Soils have a great capacity for the fixation (absorp
tion) of fission products, which in turn has a signifi
cant influence on their absorption by plants. Hence 
the reaction must be more important in the case of a 
soil medium than in solution cultures. The control of 
the soil reaction may therefore be one of the factors 
affecting the accumulation of radioactive fission prod· 
ucts on absorption from the soil. 

P lant absorption of these radioisotopes from the 
soil is highly dependent on the way in which they are 
distributed in the soil. As a rule, their absorption by 
plants is less when they occur in pockets than that 
observed when they are distributed uniformly 
throughout the whole body of soil. Evidently, there
fore, we must reckon with the possibility that with the 
passage of time the more even distribution of long
lived isotopes such as strontium-90 and cesium-137 
through soil cultivation may bring about a relative 
increase in their absorption by plants. 

With reference to the extremely interesting data 
given by Mr. Parker, I should like to ask the follow
ing two questions: 

1. Does the concentration factor remain constant 
when the concentration of the radioisotope in the 
medium varies? 

2. How do you explain the fact that the concentra
tion factor for strontium-90 given in Mr. Parker's 
paper proved to be higher for soil cultures than for 
solution cultures? 

Mr. PARKER (USA): I am sure that the authors 
of this paper would agree with many of the points put 
forward, particularly as to variations due to factors 
such as radiotoxicity in a,ddition to the factor of chem
ical toxicity which was included in their contribution. 
I think it is understood that this paper was presented 
as showing broadly the type of things that one should 
look at in investigating the local problems around the 
site which may be releasing materials to the environ
ment. I believe we pointed out that there were experi
mental variations in our own data. 

As to the second question as to why the actual 
reported number was higher for the experiment in soil 
than in water when one might instinctively anticipate 
the reverse, I cannot answer this specificaUy. I believe 
a contributing factor is that, of the two first slides 
that we showed, the one which gave the breakdown 
into plant parts, the leaves and stems and so on, was 
early work which has not been repeated in the more 
refined laboratory arrangements which we have had 
lately. The other slide, on the contrary; I think was . 
reli:ible data. Under the specific conditions with the 
specific solutions and soils available, we would take 
this data to be reliable. I think this accounts for the 
crossing over. I believe I said that if we report a con
centration factor of 1 it is immaterial if we come in 
again and report a concentration factor of 2 or of 0.5. 
It is only significant that we can here discard a 
majority of the fission products as being hazardous 
by seeing that the number would be 0.001 or less, and 
we need only refine our experiments for specific 
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things, notably the strontium, iodine· and possibly 
cesium. 

Mr. KLECHKOVSKY (USSR): Mr. Chairman, I 
should be glad if you would permit me to thank Mr. 
Parker for his very detailed reply. 

Mr. C. A. MAWSON (Canada): I wonder if Mr. 
Foster has considered the question of concentration 
of P32 by the bacteria. T he reason why I ask this is 
that in experiences of our own with lake water we 
have found that, when P32 is put into lake water, the 
soluble P 32 disappears within minutes, in the sense 
that if you filte r the water through a bacterial filt~r 
there is no P 32 in the liquids which comes through; 1t 
all appears to be absorbed by the bacteria within a 
very short time indeed. 

Mr. FOSTER (USA): Yes, we have considered this 
very rapid uptake by bacteria. Actually in our labora
tory we have not been working with the microor~n
isms, but undoubtedly much of the surface ads~rpt10n 
which we observe, not only perhaps on such thmgs as 
sponge but also on the surfaces of laboratory con
tainers and sterile versus unsterile containers, is due 
to bacterial pickup. Certainly the bacterial fixation of 
the phosphorus must be as equally important as, if not 
more important than, the initial fixation of the phos
phorus by the algae, by the green plants. 

Mr. A. R. GoPAL-AYENGAR (India): Mr. Foster 
mentioned, among other things, the uptake of fission 
products by aquatic vegetation, particularly plankton 
and the blue and green aigae. I wonder if he has any 
information about the actual distribution of these 
fission products in the plant body. I mean, whether 
there is any sort of preferential uptake in particular 
parts of the plant-whether it is in the nucleus or 
cytoplasm, or whether in the rhizoidal portions or 
other specific parts of the plants. 

Mr. FOSTER (USA): No, we do not have any in
formation on the actual distribution within the plant 
cells. We would very much like to know how much of 
the radioactivity which we measure in these plant 
cells is on the outside and how much is actually in
corporated in the cell protoplasm. Vve have no infor
mation on that at the present time, and I should cer
tainly be interested to hear from anyone who can 
elucidate on that particular problem. 

Mr. E. PORA (Romania): It is known that mineral 
substances are accumulated in animal organisms in 
two ways, by feeding and by direct exchange between 
the animal's internal system and its external environ
ment through "its tegumentary tissues and branchiae. 

I would like to ask Mr. Foster whether he has 
specially studied osmotic exchange in the animals he 
has examined and to learn his views on the part played 
by osmotic phenomena in the accumulation of radio
active substances. 

Mr. FOSTER (USA): All of our work has been 
done in a fresh water environment. We have no test 
in our laboratory where the osmotic environment has 
been used, so that we have only the one set of in-

formation. Also, most of our work has been done 
with radiophosphorus, with some work also on 
sodium. We find that with a mobile ion, such as 
sodium, we get a very rapid transfer across mem
branes, particularly gill membranes of fish. The ac
cumulation of phosphorus across membranes is very 
slow. We get actually no concentration factor by im
mersing fish in a solution of radiophosphorus. The 
fish come into equilibrium with the radiophosphorus 
ion in the surrounding media, but we get no concen
tration this way. Some other people (Mr. Chipman, 
at one of the fisheries laboratories on the East coast) 
are working with certain other mineral ions, such as 
calcium, in this regard. 

Mrs. P. CAMBEL (Turkey): I would like to ask 
Mr. Foster about further studies in fish. I read re
cently in one of the German papers that studies of fish 
were made in Hamburg for the detection of radio
activity after their migration to Hamburg. Were such 
studies made during fish migrations in different areas 
of surrounding oceanic water? Furthermore, I would 
like to know whether studies on laying of eggs and 
plankton migration were made. 

Mr. FosTER (USA): The accumulation of radio
activity in fish particttlarly does serve as a method of 
tagging these particular individuals, and perhaps the 
aquatic contamination which has resulted in several 
instances throughout the world offers a mechanism by 
which this can be measured. On the Columbia river 
itself we have very definitely been able to trace the 
movement of fish which have been in a contaminated 
area into another area. This is most marked where 
species of a resident nature, such as the white fish, 
feed in an area below the reactors and then during the 
spawning period will move upstream, so that we can 
very easily measure radioactive fish in what would 
normally be an uncontaminated area several miles up 
river from the reactors. 

I do not quite recall your question in regard to the 
laying of eggs. Perhaps you would repeat it for me, 
please. 

Mrs. P. CAMBEL (Turkey): I know that there are 
certain places to which fish migrate just for laying 
their eggs. \Vere any studies made of the eggs laid by 
such contaminated fish; and also on plankton migra
tion? 

Mr. FOSTER (USA) : T he plankton migration in 
the Columbia river ( I will come back to eggs in a 
moment) is of course nothing compared to that which 
you would get in a lake or in the ocean. The plankton 
in the Columbia river is almost entirely due to lhe 
diatoms, and these are swept on down the river. We 
do get a displacement, shall we say, of contaminati.on 
downriver; that is, the spot where we would notice 
maximum contamination in the Columbia river water 
is not quite the same place that we notice the maxi
mum contamination in the plankton, because the 
plankton have picked up the radioactivity slightly 
slower and their maximum contamination is a bit 
down. In terms of vertical migration of plankton, this 
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has been observed in marine situations where plank
ton have become radioactive, and the activity of plank
ton has been noticed to be very small during daylight 
hours, but in the night time when the vertical move
ment of the plankton occurs, the activity of the water 
in the marine situation will very definitely rise be
cause of the vertical movement of the plankton. 

In terms of eggs, the radioactivity of eggs in fish 
according to their place of deposition will depend al
most entirely on the biology of the individual species. 
If this is a species of fresh-water fish living during its 
entire life-cycle in this vicinity, then we expect to find 
a certain amount of radioactivity in the fish eggs 
which will, of course, give some indication of the 
exposure to the young embryo that it is maturing. 
I think it might be interesting to comment, however, 
on a species such as salmon, which is extremely im
portant in the Columbia river, which migrate up
stream. The salmon lays its eggs in fresh water and 
we have some spawning in the immediate vicinity of 
our reactors. H owever, the salmon mature not in 
fresh water but in salt water. They mature in an area 
which is uncontaminated and for this reason, in spite 
of the fact that they are spawning in the immediate 
vicinity of the reactors, the contamination level in the 
eggs is barely above background. 

Mr. E. P. Oour.r (USA) : I am afraid, indeed, that 
we are overworking Mr. Foster, but I believe my 
question will be a sort of summary one. I get the 
impression from a broad comparison of your work and 
similar work at Oak Ridge National Laboratory that 
the concentration of radioisotopes is likely to be less 
in a river food chain than in a pond or lake system. 
Since the Oak Ridge work is not to be reported at 
this Conference, perhaps you would venture a brief 
comparison of the ecological fate, so to speak, of the 
effluents in streams as compared to ponds. I might 
also add that from the last two papers on this program 
it would seem that the most striking concentration 
occurred in terrestrial food chains or perhaps on 
transfer of materials from aquatic to terrestrial food 
chains. Would you care ·to make a comment on this? 

Mr. FosTER (USA) : In regard to the pond situa
tion, where you have a very slow exchange, you are 
dependent almost entirely on radioactive decay or the 
transfer of the radioisotopes through food chains and 
into a terrestrial situation in order to eliminate the 
contamination which has initially gained entrance to 
the pond. At the entrance to a river you have a situa
tion where material is being continually swept down 
to the ocean. However, this sweeping action is not as 
complete as one might guess with a highly essential 
element such as radiophosphorus, an element which 
has been picked up very quickly by them, including 
definitely the plankton, the bacteria and also the larger 
forms. We feel that there is a significant fraction of 
this radiophosphorus which may be held up in the 
food chains of the river and transported downstream 
much more slowly than if it was entirely in solution 
and merely being swept down river. So you do actu-
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ally have in some situations, with essential elements, 
an accumulation in the organisms of the stream which 
might be compared with that of a lake. 

Mr. H. JAMMET (France): I would like to ask 
Mr. Foster or Mr. Parker two questions : l. What are 
the average concentrations of radioactive products in 
the Columbia river after discharge of the Hanford 
effluents? 2. Has any increase in mutations or in 
teratological malformations been established among 
aquatic plants or animals? 

nfr. PARKER (USA): The first question has to do 
with the concentrations of radioactive substances in 
the Columbia river. I think such information as that 
might perhaps be more readily given privately, Mr. 
Chairman. It would mean reference to notes. I do not 
have the figures immediately at hand. 

As to the second question, our studies in this area 
are extremely limited and such as have been made 
have shown no effects of this nature; but the work 
does not purport to be exhaustive in any way. 

Mr. E. C. WASSINK (Netherlands): I would like 
to ask Mr. Parker the following question : Are the 
concentration factors shown simply the result of en
richment of the elements by the metabolic chains or is 
there also a preferential increase in the concentration 
of the isotope over that of the normal form of the 
element? 

Mr. PARKER (USA): I think we can categorically 
say that for the elements discussed today there is no 
isotopic effect. This would not be true if one con~ 
sidered isotopes of very low atomic weight so that 
there was a signficant difference in atomic weight be
tween isotopes of the same element. 

The C H AIRMAN: Mr. Parker of the United States 
has three questions to direct to Mr. Scott Russell. 

Mr. PARKER (USA): Our experimental work on 
sheep shows damage at five microcuries of radioiodine 
per day intake and no damage whatsoever at 0.15 
microcuries per day intake. In dose, this is respec
tively about 150 rads per week and 3 or 4 rads per 
week in the two cases. This lower level corresponds to 
about 2 X 1 o-~ microcuries of iodine-131 per gram 
of vegetation. ,~1e feel that currently the accepted 
level for iodine contamination should not substantially 
exceed this limit. Would Mr. Scott Russell care to 
comment on a comparison of this with his figure of 
2 X 10-4 microcuries per gram? 

Mr. ScoTT RussELL (UK): At the present stage, 
I do not feel that anyone is in a position to comment . 
in any great detail on the experimental evidence from 
Hanford, which is in fact the only place where such 
detailed experiments have been done. However, there 
is a point which has been discussed elsewhere, namely, 
that the herbage intake per animal urider those desert 
conditions is extremely high. In fact, on a rough cal
culation, the ratio of the weight of herbage consumed 
per weight of thyroid ii:i sheep under Hanford condi
tions, is up by about 3 to 4 in relation to the cow under 

.. our conditions. Therefore, if one makes an ecological 
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adjustment, I suspect that there is only a factor of 2 
to 3 between the two sets of calculations. I suggest 
that we may not be very far out. 

. Mr. PARKER (USA): Mr. Scott Russell empha
sized that iodine-131 and the radiostrontiums are the 
isotopes of predominant interest for contamination of 
grazing land. In our experience, iodine-131 is a real 
and pertinent hazard. Racliostrontium contamination 
is entirely insignificant. vVould :vir. Scott Russell 
know of any peaceful application to the contrary ? 

Mr. SCOTT RussELL (UK ) : I think two points 
may be made there. In the· first place, we have con
sidered strontium to quite an extent because of the 
milk cycle, which of course is not a matter of great 
importance in the neighbourhood of Hanford, I 
gather. Again, this is a point which could be taken up 
far better by Mr. Chamberlain. Depending on the 
method of operation, the ratio of iodine to strontium 
may vary by a very considerable factor. So we felt 
that we ought to put the general case. As :i\fr. Parker 
has seen we put iodine first, though we did not feel 
that strontium could be eliminated from a "eneral 
discussion. b 

i\Ir. CIIAllIBERLAIN (UK): I should like to add 
just a little more to that. I think that the answer to 
the question of whether we have had practical ex
perience with strontium contamination is no, we have 
not. However, when you are dealing with mixed fis
sio? pr~ducts, you find tha_t it is not always possible 
to identify the particular species you have. At times, 
you are reduced to seeing what would be the hazard 
or what would be the effect if strontium constitu ted 
an appreciable proportion of the products. 

l\fr. P ARKER (USA): I am interested in Mr. Scott 
Russell's assumption that plants derive their calcium 
from the upper 25 centimeters of soil. Such deep-

rooted plants as alfalfa and Russian thistle can recover 
strontium from much greater depths and can be so 
used as underground leak detectors. In point of fact, 
in connection with Mr. Chamberlain's comment on 
the previous question, if one had an underground 
source of mixed fission products with either of these 
two plants growing in the soil above, they would be
come . radioactive essentially with strontium, and 
strontmm only. ·would this uptake which is applicable 
to strontium not also apply to calcium for the greater 
depths? 

Mr. SCOTT ·RusSELL (UK) : Mr. Parker will rea
liz: that to take a single figure, as was necessary for 
this assessment as to depth, is necessarily a very wild 
guess. I t is t rue that many of the plants which we 
considered also send roots much lower than 25 centi
metres. On the other hand, they do not usually tap 
the zone below more than 20 centimetres at all fully. 
\Vhat we have in fact done is to say: let us assume the 
depth of 25 centimetres to be tapped completely and 
that will be equivalent to the total zone tapped. These 
assumptions in preliminary calculations can, I think 
be justified, though they do not contest the fact that 
one can get absorption from greater depths. 

I should like to put this question to Mr. Parker, if 
I may. If a calculation of this sort is done under H an
ford conditions for deep-rooted desert vegetation, 
what figure would :Mr. Parker consider. more suitable ? 
. Mr. P ARKER (USA): I think I would get away 
trom the era of calculation and t ry to get into the era 
of practical measurement. T his is what happens to all 
of our ecological and related problems : I believe that 
calculation is demonstrably an ineffective tool since 
this afternoon we have had mention of maximum per
missible limits that "·ere palpably wrong by at least a 
factor of 1000 because the calculation applied to the 
wrong thing. · 



PEACEFUL USES OF ATOMIC ENERGY: 
Proceedings of the International Conference 

in Geneva, August 1955. 

The following is a complete Jisting of the sixteen volumes which comprise 
this publication, together with the main subjects covered by each volume. 

VOLUME 1 

The World's Requirements for Energy: 
The Role of Nuclear Power 
World Energy Needs 
Capital Investment Required for Nuclear Energy 
The Role of Thorium 
The Role of Nuclear Power in the Next 50 Years 
Education and Training of Personnel in Nuclear 

Energy 
Economics of Nuclear Power 

VOLUME 2 

Physics, Research Reactors 
Special Topics in Nuclear Physics 
Fission Physics 
Research Reactors 
Research Reactors and Descriptions 

VOLUME 3 

Power Reactors 
Experience with Nuclear Power Plants 
Fuel Cycles 
Design of Reactors for Power Production 
Power Reactors, Prototypes 

VOLUME 4 

Cross Sections Important 
to Reactor Design 
Equipment and Techniques Used in Measuring 

Cross Sections Important to Reactor Design 
Cross S~tions of Non-Fissionable Materials: 

Delayed Neutrons 
Cross Sections of Fissionable Materials 
Properties of Fissionable Materials 

VOLUME 5 

Physics of Reactor Design 
Integral Measurements 
Resonance Integrals 
Fission Product Poisoning 
Criticality in Solutions 
Zero Energy and Exponential Experiments 
Zero Energy Experiments on Fast Reactors and 

Reactor Kinetics 
Reactor Theory 

VOLUME 6 

Geology of Uranium and Thorium 
Occurrence of Uranium and Thorium 
Prospecting for Uranium and Thorium 

VOLUME 7 

Nuclear Chemistry and the Effects of Irradiation 
The Fission Process 
Facilities for Handling Highly Radioactive Materials 
Chemistry of Fission Products 
Heavy Element Chemistry 
Effects of Radiation on Heactor Materials 
Effects of Radiation on Liquids 
Effects of Radiation on Solids 

VOLUME 8 

Production Technology of the 
Materials Used for Nuclear Energy 
Treatment of Uranium and Thorium Ores and Ore · 

Concentrates 
Production of Metallic Uranium and Thorium 
Analytical Methods in Raw Material Production 
Production Technology of Special Materials 

VOLUME 9 

Reactor Technology and Chemical Processing 
Waste Disposal Problems 
Metallurgy of Thorium, Uranium and their Alloys 
Fabrication of Fuel Elements 
Liquid Metal Technology 
Chemical Aspects of Nuclear Reactors 
Chemical Processing of Irradiated Fu~l Elements 
Waste Treatment and Disposal 
Separation and Storage of F ission Products 

VOLUME 10 

Radioactive Isotopes and 
Nuclear Radiations in Medicine 
Isotopes in Medicine and Biology 
Therapy 
Diagnosis and Studies of Disease 



VOLUME 11 

BioJogical Effects of Radiation 
Modes of Radiation Injury and Radiation Hazards 
Mechanisms of Racliation Injury 
Protection and Recovery 
Genetic Effects 
Human Implications 

VOLUME 12 

Radioactive Isotopes and Ionizing Radiations 
in Agriculture, Physiology, and Biochemistry 
Isotopes in Agriculture 
Radiation-induced Genetic Changes and Crop 

Improvement 
Tracer Studies in Agriculture 
Animal Physio1ogy 
Plant Biochemistry 
General Biochemistry 

VOLUME 13 

Legal, Administrative, Health and Safety Aspects 
of Large-Scale Use of Nuclear Energy 
Legal and Administrative Problems 
Reactor Safety and Location of Power Reactors 
Safety Standards and Health Aspects of Large-Scale 

Use of Atomic Energy 

VOLUME 14 

General Aspects of the Use of 
Radioactive Isotopes: Dosimetry 
Isotopes in Technology and Industry 
General Uses, Production and Handling 

of Radioactive Isotopes 
Dosimetry · · 

VOLUME 15 

Applications of Radioactive Isotopes and 
Fission Products in Research and Industry 
Radioactive Isotopes in Research 
Radioactive Isotopes in Control and Technology 
Fission Products and their Applications 

VOLUME 16 

Record of the Conference 
Opening of the CQnference and the Presidential 

Address 
International Co-operation in the Peaceful Uses of 

Atomic Energy 
Closing Presidential Address 
Evening Lectures 
Author Index and Paper Index 



SALES AGENTS FOR UNITED NATIONS PUBLICATIONS 

ARGENTINA 
Editoriol Sudamericana S.A., Alsina 500, 
Buenos Aires. 
AUSTRALIA 
H. A. Goddard, 2.55a George St., Sydney; 
90 Queen St., Melbourne. 
Melbourne University Press, Carlton N.3, 
Victoria. 
AUSTRIA 
8. Wiillerstorff, Markus Sittikusstrasse 10, 
Sal.burg. 
Gerold & Co., Graben 31, Wien. 
BELGIUM 
Agence et Messageries de la Presse S.A., 
14-22 rue du Persil, Bruxelles. 
W. H. Smith & Son, 71-75, boulevard 
Adolphe-Mox, Bruxelles. 

BOLIVIA 
libreria Seleeciones, Casillo 972, la Paz. 

BRAZIL 
livrario Agir, Rio de Janeiro, Sao Paulo 
and Belo Horizonte. 
CAMBODIA 
Papeterie-Librairie Nouvelle, Albert Por
toil, 14 Avenue Boulloche, Pnom-Penh. 

CANADA 
Ryerson Press, 299 Queen St. We,t, 
Toronto. 
Periodieo, Inc., 5112 Ave. Papineau, 
Montreal. 
CEYLON 
lake House Bookshop, The Associated 
Newspapers of Ceylon, ltd., P. 0. Box 
244, Colombo. 
CHILE 
librerfa Ivens, Casillo 205, Santiago. 
Editorial del Pacifico, Ahumada 57, 
Santiago. 
CHINA 
The World Book Co., ltd., 99 Chung
king Road, 1st Section, Toipeh, Taiwan. 
Commercial Press, 211 Hanan Rd., 
Shanghai. 
COLOMBIA 
Libre rfo America, MedelHn. 
librerfo Nocional lido., Barranquilla. 
libredo Buchholz Golerio, Bogota. 
COSTA RICA 
Treios Hermanos, Apartado 1313, San 
Jase. 
CUBA 
la Casa Belgo, O'Reilly 455, lo Hobana. 

CZECHOSLOVAKIA 
Ceskoslovensky Spi>ovatel, N6rodnl 
Tddo 9, Proha I. 
DENMARK 
Einar Munksgaard, ltd., Norregade 6, 
Kobenhavn, K. 
DOMINICAN REPUBLIC 
Librerfo Dominlcana, Mercedes 49, Clu
dad Trujillo. 
ECUADOR 
libreria Cientlflco, Guayaquil and Quito. 

EGYPT 
librarle "lo Renois,once d'Egypte," 9 
Sh. Adly Pasha, Cairo. 
EL SALVADOR 
Manuel Navas y Clo., la. Ave nlda sur 
37, Son Salvador. 

FINLAND 
Akateeminen Kirjokauppa, 2 Keskuskotu, 
Helsinki. 

FRANCE 
Editons A. Pedone, 13, rue Souffiot, 
Paris V. 
GERMANY 
Elwert & Meurer, Hauptstrosse 101 , 
Berlin-Schoneberg. 
W. E. Soarbach, Gereonstrasse 25-29, 
Koln (22c) . 
Alexande r Horn, Spiegelgasse 9, Wies
baden. 
GREECE 
Kauffmann Bookshop, 28 Stadion Street, 
Athens. 
HAITI 
lib rairie "A la Caravelle," Boite po,tale 
111-B, Port-au-Prince. 
HONDURAS 
Libreria Panomericano, Tegucigalpa. 
HONG KONG 
The Swindon Book Co., 25 Nathan Rood, 
Kowloon. 

!CELANO 
Bokaverzlun Sigfusar Eymundssonar H. 
F., Austurstraeti 18, Reykjavik. 
INDIA 
Orient Longmans, Calcutta, Bombay, 
and Madras. 
Oxford Book & Stationery Co., New 
Delhi and Caleutta. 
P. Vorada.cha ry & Ca., Madras. 
INDONESIA 
Pembangunan, Ltd., Gunung Sahari 84, 
Djakarta. 

IRAN 
"Guity", 482 Avenue Ferdowsi, Teheran. 

IRAQ 
Mackenzie's Bookshop, Baghdad. 

ISRAEl 
Bfumstein's Bookstores ltd., 35 Allenby 
Road, Tel-Aviv. 

ITALY 
Librerla Commi,sionoria Sansoni, Via 
Gina Capponi 26, Firenze. 

JAPAN 
Maruzen Company, Ltd., 6 Tori-Nichome, 
Niho nboshi, Tokyo. 

LEBANON 
Libro irie Universelle, Beyrouth. 

LIBERIA 
J. Momo1u Kamara, Monrovlo. 

LUXEMBOURG 
Librairie J. Schummer, Luxembourg. 

MEXICO 
Editoria l Hermes S.A., Ignacia Mariscal 
41, Mexico, D.F. 

NETHERLANDS 
N.V. Martinus Nijhoff, Lange Voorhout 
9, 's-Gravenhoge. 

NEW ZEALAND 
United Nations Association of New Zea
land, C.P.O. 1011, Wellington. 

NORWAY 
Johan Grund! Tanum Farlag, Kr. Au• 
gustsgt. 7 A, Oslo. 

PAKISTAN 
Thomas & Thomas, Karachi. 
Publishers United ltd., Lahore. 
The Pakistan Cooperative Book Society, 
Dacca encl Chittagong (East Pak.). 

PANAMA 
Jose Menendez, Plaza de Arango, Pan
ama. 

PARAGUAY 
Agencia de librerias de Salvador Niuo, 
Callo Pte. Franco No. 39--43, Asuncion. 

PERU 
Libreda Internacional del Peru, S. A., 
Lima and Arequipa. 

PHILIPPINES 
Ale ma r's Book Store, 7 49 Rizo I Avenue, 
Manila. 

PORTUGAL 
Livraria Rodrigues, 186 Rua Aurea, Lis
boa. 

SINGAPORE 
The City Book Store, Ltd., Winchester 
House, Collyer Quay. 

SPAIN 
Li brerfa Bosch, 11 Ronda Universidad, 
Barcelona. 
libreda Mundi-Prensa, Lagasca 38, Ma
drid. 

SWEDEN 
C. E. Fritze's Kungl. Hovbokhandel A-8, 
Fredsgalon 2, Stockholm. 

SWITZERL.AND 
Librairie Payot S.A., Lausanne, Geneve. 
Hans Rounhardt, Kirchgasse 17, Zurich 1. 

SYRIA 
libroirie Universelle, Domas. 

THAILAND 
Promuan Mil ltd., 55 Chahawat Road, . 
Wat Tuk, Bangkok. 

TURKEY 
Librairle Hachette, 469 lstildal Caddeil, 
Beyoglu, Istanbul. 

UNION OF SOUTH AFRICA 
Van Schaik's Bookstore (Ply.), ltd., Box 
724, Pretoria. 

UNITED KINGDOM 
H.M. Stationery Office, P. O. Box 569, 
Lo ndon, S.E. 1 (and at H.M.S.O. Shops). 

UNITED STATES OF AMERICA 
International Documents Service, Colum
bia University Press, 2960 Broadway, 
New York 27, N. Y. 

URUGUAY 
Representoci6n de Edilariales, Prof. H. 
D'Elia, Av. 18 de J ulio 1333, Monte
video. 

VENEZUELA 
Libreria del Este, Av. Miranda No. 52, 
Edi. Galipan, Caracas. 

VIET-NAM 
Popeterle-librairie Nouvelle, Albert Por• 
tail, Bolte Postale 283, Saigon. 

YUGOSLAVIA 
Drzavno Preduzece, J ugoslove nska 
Knjiga, Terazije 27/11, Beograd. 
Conkarjeva Zaloxba, Ljubljana, Slovenia. 

· Orders and inquiries from countries where so/es agents hove ·not yef been appointed may be sent to: So/es and Circulation 
Section, United Nations, New York,. U.S.A.; or Sales Section, United Notions, Polo is des Nations, Geneva, Switzer/and. 






