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1, Intraductim 

1.1 p e f i d t i o n  of Terms. 

In the development of the ~c ience  of radiotherapy, e special 

ncanenclature has grown up, which, for the most part ,  is clear end 

unambiguous t o  the doctors and physicists engaged in  the f ie ld ,  For 

special reasonsr some of t h e  qusntitfes involved were defined in a 

mariner different f'ram tha t  i n  which analogous quantit ies i n  pure physics 

would have heen handled. The present project make8 it a matter of 

J 

gexleral i n m e a t  t o  carrelate these two aspects. 

te-2- used w i l l .  therefore be giver, before proceeding to the nein discussion, 

Some account o f  the 

pose: 

rlllebster def ices  dose 88 - 
(a) The measured quantity af 8 medicine t o  be taken a t  one time 

or in a given period. 

(b) A defini te  qmnt i ty  of anything regarded as having 8 beneficial 

influence. 

(c) Anything museow tha t  one is obliged t o  take. 

The racSotherepist presumably accepts definition (b) i n  considering the 

radiation effect on his patients, and definition (c) in conaidering the 
\ 

effect  upm h b ~ e l f ,  

Rebstergs definitions are &sed on the simple picture of the 

s d a r i n g . o r  injection of a measured quantity of material. E%th rare 

exceptions srcl? e quantity is re*ained by the h d y  far 8 period 1% 
i 1 2 0 1 5 5  ... . . T . - y v  



In comparison vfth the giving of the dose, The radiation cam i31 quite 

different, Fhen the bdy fs subjected t o  x-radiation or gaxna radiation.  

sa8 part of the incidpnt-energ is absorbed, but i n  general the majar 

part i s  trammitted w i t h o u t  interaction. 

i a  effected only by the energy absorbed. 

radiothsrapy, refers then t o  the energy absorbad i n  ths tissue. 

pdi&pie; dose could' be measured dimctly i n  terms of ener& absorption 

per unit, volime; but the practical c i i f f icult ies  are greats s h  it is 

better t o  detemdne dose h d i r e c t l y  by iods ' ; ian  rue.€istursm~.+a, under 

It is assumed that the tistme 

Pose, i n  the sense used in 

In 

, t  

certain prescribed conditions, 
- 

The Roentneng 

The ionization per unit volume of air in a sufficiently small csvlty 

p y  y&& in an absorbing medium subjected to I- OT gamma-bradfatfan 1s epprox- 

h8tel.y proportional to the energy ebsorbed per unit v d w  in the 

medium st the same point, Althougfi'thia relation watild in itself pr0'd.de 

a feasible method of d w i m e t r y i t  was avoided in the setting up of 

1 international standards because i t  rec@res the use of an ionhation 

chamber with atissue m l l s . ~  

wall could be r=.ached. 

inside on air-wall or air-equivalent wall CavftJT as the standard of 

reference, 

quantity of x- or gamma-radiation that prduced 1 esu of qunt i ty  of 

electricity of either sign per O,OOl293 e of a i r  (g 1 cu.cm. of drg 

stmispheric a i r  a t  00 c and 760 1pm of mercllry presmre) i n  such a QW- 

-thetical air-walled ionizetion chansbsr, 

No general agreement about such a tissue 

I It was, therefore, decided t o  use the ionization 

On this system ths unit of dose, called. the roentmn is the 

The m e r i t  of the eysten z ~ a 6  that  mer tk;s range of mv8 length8 

used in radiotherapy, the energy absorbel? per pa 01" soft tissue 883 
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sufficientry accurately the same a s  t h t  absorbed per gram of a i r .  

The correleti-on broke down when the biological material concerned Fa8 

either skin, which contains enough sulphur to give an importent photo- 

electric  contribution, or bone, in which the air-millea cavity gives 

an 8 n t i p l y  errmeous picture of the energy sbsorption. 

exceptions it became c m o n  practice to state that  the roentgen corresponds 

W i t h  these 

6 t o  an energy absorption aF g3 ergs per g r 8 m  of tissue or to the production 

of I,& x 1012 i& pairs per gram of tissue. 

#hen neutron therapy began to  be used it was found t h a t  the absorption 

of energy frm neutrons i n  a i r  ses not proportiom1 to t h a t  in tissue, 

Moreaver while it b d  been re la t ive ly  essy to make an eir-equivelent 

material g i th  respect to x- or gsma-rsys, since t h i s  depended only on 

the  electron density end the artificial mtcking of tfre p h o h l s c t r i c  

effect mcr 8 wide enough r8ngep for rneasurinf; fatit neutronar the hydrogen 

content of the chamber wl l  became the prime factor, 

methorls of neutron measmment have used the fcllming devices: 

So far t h G  tentative 

(L. H. Gray) 

The bakelfte w a l l t  coated 

100 F Victoreen condenser 

Ewe we ter (presume bly a8 

of the customary 

n unit of P, Aebersold) 

generally available 

substance, but this t h e  with eppoKhmatzly the correct 

amount of hydrogen. (L. H. Gray) 

Besic Dosimetry w i t h  different mils ami chamber gases t o  

deduce the tissue-equivelent 



(e)  Paraffin wall with ethylene gas. (E. 0. BoUen) 

(f) The balanced double ionization chambers f i n e d  respectively 

with argon and a gaa r ich  in H. (Rollan, G8mertsfelderr Parker). 

In  the meantime, mew mitera have used the term roentgen a 1  

sponomous with the mabsorption of 83 ergs per gram of tissue o r  the 

production of 1.61 x 1012 ion pairs per gram regardless of whether the 

primary radiation v88 x-rays, gamma-rays, beta-rays, alpha-mys, neutrons, 

or 8ny radiation that  produces ionization i n  tissue. This unft has been 

variously specified as the r t issue roentgen"# the  nroentgen-equivalent@ 

or the "equivalent-roentgenn. 

becsuse the biological effect ie certainly not equivalentr end as the 

Ben was used in Europe for a unit siailar t o r  but not identical  with 

the V B , .  

physicaAw &) 

The l a t t e r  two terms 81% misheding 

Re have preferred t o  we the expression nroentmn eaulvalent q, . r  

7 a; 
r L" 

Another concept enters into the discussion when tolerance dose is 

considered i n  re la t ion to varying redietians. The effect produced upon 

types of incident radiation varies greatly. 

the same biological effect with different radiations but it requires 

varying amounts of absorbed energy as measured physically, 

It is possible t o  produce 

2 

U s i n g  the 

roentgen as a standard writ, when a measured amount of rad ia t ion  

produces an ef fec t  similar t o  an x-ray effect  fron a known number of 

roentgens, that amount can be sa id  t o  be biologically equivalent to that  

number of 

R roentgen 

can De so 

roentgens, The logicel  term t o  expreaa this concept 3.8 

equivalent biidogicalw, abbreviated 

eas i ly  confused with mrep", that  w e  have adopted the abbreviatfcn 



aremu which can tze uzdemtood to -ply "roentgen equivalent man: moue, 

mammsl, or medium", depending upon the biological effect under diSCUSSiO& 

D 0 8 8 R 8 - ~ t e t  

E3y convention, dose per unit time is called dosage-rate. There is 

an alternative expression using exposure instead of dose, end L mosre 

inatead of dosage-rate, 

between dosage-rate and intensity,  The fonner is essential ly  a measure 

of energy absorption per unit time; the la t t er  ia the energy flux. The 

re let ion between dosage-rate and intensity is  therefore a function of the 

sbsorbabfflty of the radiation i n  question. The more recent radiological 

The esaential point is to distinguish 

literature has cerefully obaerped W s  distinction, but the dldsr ,ppers 

Frequently expressed intensity i n  terms of r per unit time. 

Tolersnce Dose t 

For the mesent p u ~ p  oses, tolemince dose w i l l  be ~ s u m e d  t o  5e that 

dose to which the body CBA be subjected without the production of h8rmfU 

effects. It i s  not self-evident whether dose 86s used here refers to a 

total dose or t o  the  

be diacurtsed l a  

elements of dose i n  8 given period of time. 

V;e have taken the latter vier and further spec- 

T h i s  dll 

that  the given period of time sha l l  be one day. 

Tolerance dosage-rate t 

Tolerance dosageorate has t o  be interpreted as  the dosage-rata 

that is continuously tolerable. 

i a  0.1 f (in general). 

Pie say th6t the dai ly  tolerance dose 

If one writes nThe tolerance dose is 0.1 r per day@, 

it i a  argu€& that t,h.l~ expression is d h n s i o n a l l y  R dosage-rate, end 

that one should mite "the tolersnce doerage-rate is 0,l r per day.* There 

is  here a ciifference in attitude which can be resolved only br e resum; of 

the manner in sshich trJlerance dcraa he8 cone Anta the Ibterature, 



f".  

The qwstiozi Df in te rpre ta t ion  between dose and dosage-rats 

ult imately lesds to far reaching differences of opinion concerning the 

permissible exposum of the body. The origin of the di f f icul ty  is 

closely related t o  the development of redfotherapy since 1928. The 

current Internatiansl Recamendations far X-rey and Radium Protection 

nThe evidence a t  present available appears to suggest thst under 

setisfactory working conditions, a person in normal health cen tolerate 

fxpomre to x-rays or radim gam-rays to an extent of about 0.2 

international roentgen per a y  or 1 r per meek. On the basis of eontinuou8 

irradiation during a working day of seven hours this figure comspollda 

to a tolerance dosage rate of l O a 5  r per sscond,R 

It is clear t h e t  the persona responsible for these recaxuendetions 

had in mind that it was immaterial w h e t h e r  the exposure was taken in  equel 

daw smourrts or whether it  198 averaged out mer a week. 

writers frequently quoted the permissible exposure per month. 

there vas no restriction on the dosage-rate other than the impllcatian 

thst the exposures received w e r e  such as mould normally arise in x-ray 

or radium work. The crux of the problem is then the normal mads of 

receiving unwaxted radiation, T h i s  occurred i n  four principal wayst 

0 

The sarUer 

In a l l  this 

. 
I 

4 

(I) Fluoroscouists t 

The fluoroscopist was exposed tu short bureta of quite intenso 

radiation (of the order of lom1 r/~ec. on the hands, and 

10-3 r/sec, on the body). 
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(2) X-ray therapy technicianst 

I n t h i e  case the technician ras exposed to radiation far periods 

of about 5 t o  30 minutes w i t h  interpala of the mne order between 

treatments. 

shielding, a typical dosageorate for theee erposums worild be 

104 r/sec. 

is so l i t t l e  tbt i n  general it sdda nothing to OUT knorledg9 of 

tolerance. 

Before the advent of self-protected tubes and special 

A t  the present time the  exposure of x-my technicians 

(3) X-ray therapv pa tients t 

X t  is debatable whether patients should be included becrsuse the i r  

exposure is  received over a period of areeks rather than years. 

Horrrever, i n  therapy, D large portion of the body receives a dose 

of the &der of one per cent of that  delivered t o  the treated part. 0 
Since it would not be uncommon t o  deliver 4000 r t o  each of two 

or three fields, the body can receive g0 to 120 r in a fern meek, a t  

a dosage-rate af about 10-2 r/aec. 

uithout demonatrabls effects;  but it i a  believsd to cause no 

permanent damage, A dose of t h i s  magnitude is a three p a r  qu& 

of daily tolerance doses. 

Such an i r r a d b t i o n  fs not 
4 

A study of patients subjected t o  rspeetgd 

course6 of x-ray treatment would be instructive except t ha t  most of 

the  patients so treated would die  too qdc-  of other CBUS~S.  

(4) Radium therapislts and technlclansr 

These men were exposed for periods up t o  one hour a t  irregular 

intervals, with a background of perhaps 2 x lo4 r/ssc, through 

the viorking day, 

would be about 10-3 r/secD 

The higheat dosage-rate normaw encountered- 
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In a l l  c88e8 5% appears thet the fzpomres frm which fAe present 

knowledge of tolerance -8 aerived w8re given i n  re ls t ive ly  short burst8 

a t  dosage rates mainly i n  the range of 104 to 10-3 r/sec4 This should 

be sufficient evidence thet no spkcisl significance should be attached 

to  a tolerance dosage-rate of 10-5 r/sec. The inclusion of this fiw 

i n  the In te rna t iona l  Recammendations wasr we believe, nothing more than 

a recognition of ita convenience as  a guide when protection measurement8 

are made with a survey meter, caLibrs ted  in C/BCC+ 

the dosage rete is  pemanently less than 10'5 r/sec. can be cansidered 

A I 1  points a t  which 

On t he  whole, the exposure of personnel regdlarly employed i n  a 

radiation hawrrdoua occupation w i l l  bg more or less evenly distributed 

except for week=ends.+ In addition B large body of informstion on 

repeated daily exposures of patients her been bui l t  up. For these 

r8880ns we restr ic t  the meaning of tolerance dose to d a i l y  tolerance 

dose. T h i s  procedure is semwhat arbitrary. These is nothirig magical 

aht i t  B price? a~ co43 day, azd it wxdd rosllFfeatIy be absurd to c ~ i m  

that 0.1 r can be delivered &fly with any time distribution i n  the dsy, 

and that 0 2  r cannot be given every a l t e m t e  day o r  045 or 0.6 r every 

working week. 

reletion, and the daily Wt i s  convenient. 

placed on the dosage rate a t  which d a i l y  general body radiat ion i s  received. 

Conditions should not ex is t  in which the body c-n received the daily quota 

o .  0,1 r in leas  than 10 

Neverthelees there ha8 t o  be sme l M t  t o  the dose- tue . 

No restriction need be 

and this aut'omaticalb l imits the maximum 

Wowever9 radium technicians i n  the larger inst i tut icw are frequently 
' *on radium" and #oft  radfamam in alternate months. 

established that  freedm f rm radiation for four weks giveer the blood 
D chance to recover frcm potsatLa1 d8wge4 

It is fairly wen 



dosage-rate to ebout 10-2 r/sec. 

Prom the dosage-rates giving rise to our general knowledge o f  tolerance. 

which differs & only a factor of 10 

Of interest in the dosage-rete problest are the' experiments reported 

by Curtis, Zirkle and co-workers(2). Two different g a m  ray 80mceb 

mere used, snd a l l  variant fact;ors were eliminated except the dosage-rate, 

uhich was 30 r&n. i n  one case and & r/&, i n  the other. The longest 

duration of exposure t o  produce lethal effects in mice ma8 4 h m e ,  It 

-9 found tbat with this discrepancy in dcrsage-rate, there was nearly 8 

5 5  difference in l e t b l  effect, in favor of grecter effect for the higher 

dosage -rate. 

In the abme experimenta both the dosageorate and the total duration 

of the single exposure to prod.jce death were nscessarily vmdants, 

it i a  of fntereet t h a t  so wide a variation in effect 88s shown, 

other effects, 88 for example the production of erythema in the hman akin, 

it haa been shown that(3)  when the kxposure rcta of game radistion 

varied from 12 to 1273 rhopa, idantical  skdn erytheuss Bere produced in 

Qe stne i&vf.drral when the totall dose remined constant, the duration 

and 

For 

of treatment consltant (one reek) and the  intermittent exposums in a l l  

cas- given a t  24 how intervals. The ssme -8 

rates varied from 3.3 to 225 r/bin, 

ahen x-ray exposure- 

lo2 The Hbtarsr of the Tolerance Dose, 

A severe case of x-ray aennatfas KES descri'md in Janur!ry 1E96, 

only u m o n t h  efter the cti.scovsry of x-rays. 

ROllinft(4) attempted to f o m a a t e  so[ll[) idea of a tolerance doee. He 

suggested that "if a photographic plate is not foggod in amen ztdnutga, 

the radiation is not of hamm intensityea In present day temindogy 

11 '1583 not until 1%)2 t h a t  

t 



would amount t o  perhSp8 10 - 20 roentgenr: per day delivered by 

soft x-rays. 

the skin, but the demonetration of the marked radio-sensitivity of the 

blood forming orgam (190&-1905) and of the reprcductive organs of 

animals (1903-1904.) carried sane warning that more serious damsge than 

The early injuries fran radiat ion were hrgely those of 

dermatitis could be anticipated, 

protection from x-rays ma made in 1915 by Ru866) who read 8 paper on 

The first organized step to insure 

protective devices before the British Roentgen Society. Definite action, 

homer, was delayed. To quote fran Henabr(6) "BBCBUS8 of the war 

activity which existed thenr th i s  plan feiled t o  bring forth important 

advancement, AB a result of uar demands, caution gave may to action a& 

protective measures were again forgotten. The taking of incraasecl risks 

at  this time probably ma 8 factor which contributed to an unfortunate 

development in 1919 t o  1921, both i n  t h i s  country end in Europe, when 

a number of p r h e n t  radiation workers died of apparent irradiation 

injuriee, particularly aplastic anemia Unfat m e  bls publ ic i tg  dtmeloped, 

arid definite action resulted." 

The American Roentgen Ray Society formed a Committee i n  1920 to 

recanmend protection meaeuwsr which were formulated and published in 

September 1922. 

presented its first recommendstion i n  July of 1921, The two sets of 

recamendations were quite similar and dealt largely uith protective 

The Brit ish X-ray and Radium Protection Committee 

materials recanmended for use i n  buildir~ x-ray and radium Iaboratoriez 

A t  the first Internatfonal Conge88 of Radiology hsld in London 

in1925 the question of x-ray and radhm protection was eousidered but 

no definite action was taken. At t5.e eooond .';ritercrAtPwub Cosgess 



held in Stockholm h 1928 definfte p r o p a l a  were adopted and subsee 

quently an International C d t t g e  on X-rq and Radium Protection wa8 

formed. The recc4nmedations adopted by the Internatioml X-ray and 

Radium Protection C d t t e e  contained no reference, however, t o  e 

tolerance doB6, merely stat ing that the known effects t o  be guarded 

against were: injuries t o  the superficial tissues, derangement of' the 

internal organs and changes in the blood, 

in 1931 Ulcerrise contained no statement of e tolerance dose but in two 

subequent reporb (1934 and 1937) the tolerance dose is s t a t e d  as 

0.2 roentgen per dep(7), 

The report of this Coxrifttee 

It is of intereet t o  search for the basis on which the above 

tolerance dose ora8 estabihhed. From 1925 t o  1932 various individual8 

pubushed their m i  opinion on the tolerance dose. 

appraisal of the basis of these opinions is warrented here, 

A somexhat de t s i l ed  

.U1 of an erythema' dm- per month, and to qwte his publication, 

~ S ~ w m i l ,  t g p i c d  good Lwtcl.l.af;;,cri: 3rd  f a i r  ereraps Bere token as a 

basis for calculating the dose t o  which the operators are now expased 

during the time of one month, 

condi~ons and standards accepted at preeentr it: i s  entirely safe if 

Thus it se6106 that un&r present 

an operator does not receive every thirty daya B dose exceeding .01 of 

an erythema doset and from the present ststus o f  our knowledge t h i s  

-- 
a- 
u: 

88821335 t0 be the tolerance dW8 fo r  aU. conditions of operating roentgen 

ray tubes for roentgenography, roentgenoscopy and therapy, This dose, 

hoaever, i s  derived f rom the ..verage of B limited nmbr ordy of t J r p f C 8 l  

eltanphis sad is perhapa not yet sufficiently checked biologically 

- 



and 80 it may happen thet in the future this dose win have *io be 

changed either to a larger or a smaller practical tolerance doso." 

In 1928(9) Mutscheller again published the @me tolerance d3B8 fibvler 

and in 193&(10) the same figure of .01 of en erythelna dose was published 

far "rays of higher penetration 

The ergthema dose for this quality of radiation ms given 8s 3&@ roentgens. 

Hence his talerance dose 1w8 then 3.1) r per nonth or c,1 1 yer day. 

used for thCspsutic application. 

Glocker and Uupp(u) in 1925, and a c t b g  for the  Cerrrrs:~ Corr;.nittse 

on X-ray and Radim Protection, pubUshed the same figure as .01 o f  an 

eryt?mns dose which they took dir8ctlg f r a  Uutscholler. 

S k ~ e r t ( ~ )  published in 3.925 ori-tel=th of 6n E ~ & ? I E ~ R  dors per 

year as a safe dose, based again upm the labratory a& hwiQ%tE?Z 

meaauremeate. 

a 

t o  w h i c h  th8 x-ray technician Bra8 judged to hve  been exposad O v e r  the 

a h  year period, namely ,007 of an erythem dose, and arrived a t  their 

tolerance figure of ,OOO28 of an erythema dose per day, 

- 
Fa2 

- 
It should be 



. .  

h s t a l l a t i o n ,  

dose per month (threshold erythema dose taken aa 600 roentgens). The 

rneemment of t h i s  intensity was done w i t h  photographic f i l m  by 

TMe was of the order of .001 of a thr8shold eryth- 

Dr. Edith guknby. The longest term of employment had been four and 

a half years. No ill effecta fkcw th i s  level  of radiation had been 

noted i n  the techniciaae. 

dose per month (,6 r per month or .02 r per day) ab the "tolerance 

intensity# fo r  gamma rays. 

tolerance dose levels, Fai l la  pointed out that they vBre b a e d  upon 

sofe x-my radiation, having a lesser penetration than geglma rays and 

He accordingly adopted ,001 of an erythePItr 

In referrlrg to the previously published 

hence leas potentiality for d a m p  to interael organs. 

fram Soft x-rays is readily obtainedp F a i l l s  suggested then t h a t  the 

figure of .ool of an erythaa dose per month be accepted e8 tolerance 

Since protection 

for both x-rays and ga~ms-raya. 

Kaye(l5) brought together i n  1928 the combined opinions on the 

tolersnce dose and converted the figurea t o  .OOl of an erythema dose 

in five days aa en average value. 

The dependence of erythema on qualfty of radistion is illustrated 

by the following approximate valuesr 

To Produce Emthem8 

Grenz ray8 100 r 
loo kv 350 r 
200 kv 600r 
lo00 kv 1000 r 
G e m  rays (radium) ZOO0 r 

Thus it may be seen that for so f t  scattered x-rays (which uere those 

considered by Mutscheller), the erpthema dose mpy be only 1/5 of that 

for gamma rays of raam which formed the basis of Peilla'e figure. 
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The International I(-rey and Redium Coarmisaian, acting for the 

InternetAonal Congress of Radiology, set the tolerance dose a t  0.2 

roentgen per day i n  both 1934 and 1937 recoormendaticm(7). A8 en 

outgrowth of t h i s  International Camnission there was fonned i n  the  

Unfted States an Advisory Committee on X-ray and Radium Protection 

which published its first 

Standards Handbook No. 15. Here the tolerance dose 188 set et  0.2 

i n  1931 i n  the Buresu of 

roentgen per day. 

(Bureau of Standards Handbook No. 20) the tolerance dose is stated 88 

In a later report of this American Advisory Clnvnittee 

0,x roentgen psr day, no explanation being given for t h i a  reductian in 

tolerance dose. 

Radiation Protection, Teyl0&7) who, is Chahm8n of the American Comaittee, 

In a subsequent publication in  1941 on the subject of 

referred to the safety value of 0.02 roentgen per day. This la t t er  

figure, however, is not the combined opinfoa of the American Advisory 

C o m m i t t e e  but was published- independently by Taylor, 

cm 
'4 

Wfnta and Rump i n  a League of Nations Publication in 1931 (18) 

reviewed the varioua etatements of tolerance dose and came t o  their 

o m  conclusion that the admissible dose is 10-5 r/second a 8 s m h g  an 

eight hour working day and 300 working days per year, Tt.& amoants t o  

They qualiQ t h i s  dosage-rate for persons remaining -9.25 r per day. 

in proximity t o  sourcea-of radiation gfving off rays without intenniedon 

(radioactive preparations) by reducing it by a factor of 3 (i.& 0.1 r 

per day). Both F a i U a  sumd Rhte and R a p  have thus specfficaUy 

referred to gam8 ray8 in defining t!ieir tolsrpsce doseso 

reccmzenda tiom (19) of 0.1 r per day ,refer to both x- and gemma rays. 

The difficulties of establishing 8 tolerance exposure level can 

'ihu AmerioaD 

be ascertained f r a  the history of its develoyslaent, A clear cut experiment 
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$. c, on a large scale is virtUaUy impoaaible to conduct because there 

would elways arise varioue degrees of abnormality (in blood leVeb3) 

which would have no relatfon to radiation exposure. In this respect 

Taylor concludes: nObviously, the determination of this tolerance doae 

ie difficult and at best rurcertefn. The biologic factor8 differ to0 

g r e a t l y  among indiviawla to permit the w e  of a ehsrply defined 

tolerance. To be well beyond the danger Urnit, one m u s t  a p p u  a 

generrrae fector of safety to the result of any physical measurementsc* 

I . 
le3 The L e d  Status of the Tolerance DOSQ. 

The legal status of radiation safety recommendations is discussed 

by Lauriston Taylor in hin chapter on Roentgen Ray Protection in the 

"Science of Radiology" (20 1 
ray aafety recommendations =a8 brought up at the outset and it ie 

important to note that i n  no country do such reeammend8tl.ons have a 

strictly legal recognition. 

recognized and the Britfsh Committee, for el~emple, felt t h a t  pubUc 

opinion could be fwt as effective as w o r d  of l a w ,  Yomm& not 

having 8 legal status, the recmendations could rctmain fled6lo and 

be readily changed t o  suit changing condithns. Lars? once fonaeds 

change slowly and, in the wtter of roentgen ray protection, such 

inflexibility may lea'd to  complications. 

nThe method found by the British Committee to be most effectimp 

in bringing about acceptance of the recommendation, was t o  pu'b the 

pot~er of inspection end approval in the hands of the Nations1 pf iys la l  

n Laboratory ............... 
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status nor the authorisation for a central laboratory to put weight 

behind an enforcement, The cbrter of the National Bureau of Standard# 

does not foster any general outside inspection of activities, nor 

the Bursou of Standerrde 

%fety Caxiittee. 

Again in 1932(21) i n  discussing the work of the Amertcan A d d - s q  

needed; that Iegiahtive enactment ten& to stunt development and 

p m n t  healthy changes. 

mey reqrlllre c h n p  Ln tb future BB t h y  are developed. Ke d a h  

nothing to interfere w i t h  the faedaa for modiflcetisn, 

=e are free to admit that our present gropo9al.a 

X should be 

* A National laboratory aith paatere of impctian and approval. 
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P pointed out9 however, tbst lack of l ega l  standing mill probably 

not in aay way detract ficin their legal value. 

set of re3ccnmnendations9 drawn up by qualifies represen&tivea of the 

They are a r e c o a a d  

involving x-rsy protection-would in SU probabfifty, for leck of another 

s o w e 9  be g\aiasd by these mccmnmndstiorrs, and persons ignorbg than 

Certain s t a b s  haver set upp through their 3eprtments of B g s l t h  

and Indtmtry, rules to c m r  the safety of workers engaged in l.ud.ma 

d i e l  painting. New Pork has c m p d s e d  on an ollcnrable concentration 

of 10"1* curiee of ratloa per liter in the working sir. Peseachusettu 

ha3 prescribed that the whole b&y exposure t o  gmtma mya sha l l  be 

maintained a t  leas t h n  0,I r pes 8 hour day, But h a0 f a r  e8 rn - 



healtw changeso“ Legislation has grobcted the pbUc  f’rcmp mer- 

exposure to lead, benzol, carbon monoldde and a h w t  of other t d n a  

without interfering too seriously 

l , l+ Project Radiation Problem. 

In the hasty developent of 

with progress. 

the Plutonium Project the possibility 

of exposure to all kinds of radiation8 was magnified many fold over a q  

which had existed heretofcre h Mustrg OF the laboratory. 

due t o  roentgen and gamma ray8 mere f a i r l y  wen known from previawr 

unfortunefe experiencea, The effects of exposure t o  beb and neutrolz 

rays arising outside the body were less well known. Enough was knam 

of the biologic action to p e d t  an estimation of tolwaxlce dossg aa8 

utilizing t h e m  tihielding lraa colllstructed with a sufficient margin of 

The haZ8rd8 

safety, The hazards due to the fission products were largely unknm, 

There had been previow experience with limited quantities of radium a d  

radon, snd an extremely small amount of such radloactlve element5 88 

i u d i n e p  phosphorus and strontium, From the U t U e  that  @as knovnfras 

these experiences the magnitude of the b a r d s  t o  be encountered i n  

dealing 91th tremendous quantities of radioactive fission pro6uets had 

t o  be deduced, The toxicity of tirada 8nd its various ccmpoUnd8 w88 

not horn with aqy degree of certainty acd the dangers of plutonium aere 

entimly unknoan. 

The traditions1 p e d s a f b l e  dosea upon which the safety of 8~ 

miiIM.m exposure hed to be bssetj meres the International toleraneo 

dose, of 0 2  r per day of x- or puma radbfion; the American tolerance 

dose, 0,l r per day; the tolerance concentretian of radon in airp 

1 x lO0l4 curies per cc,; the reconwandation ~f the ~ureau of s tandam 

f I ? 9  1-12 
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thst 0,1 mLcrogram of radium deposited in the body be ConddCred 

as the raar;imum safe limit. 

for  fast neutrons but 88 compared t o  x-rap they were know13 to be 

about 2,5 times a s  effective i n  producing skin chsngas i n  humans 

for equal energy absorption. 

neutrons from 215 to 10 times as effective as  x-rays, 

lo tolerance dose had been established 

Other effects on mammals 6ho~ed the 

The above seemed rather meager infannetion. Rithout it hoapevsr 

the protection program mould have had no base levels on which t o  

build, The problm then vas to  investigate the soundness of certain 

of these traditional levels, wldle proceding t o  oacertain radlatfon 

tolerance for 00th radioactive substances and radiations yet W- 

f 

6% 
available in sufficient quantity fur any cons2dereble b i o l q i c  assay. 

Bs these radioactive substances became available the experiments1 work 

was begun. 
a,'-' 

99 sources of extern1 radiation were made available 

( i a e e  slow and fast  neutronst intense be& ray beams) they i n  turn 

w e r e  used for biologic research to d e t e d n e  their  effects and t0 

check the validity of those fmtors of safety which had already been 

utilized in design and construction without waiting for biologic 

. *  confirmation. 

not result in mjor alterations, largely due to ths  factors of safe ty  

Fortunately this necessary rc~ersal of procedure did 

which were incorporated, But there were mexpected results from 

the biologic Fork which strongly emphasize the sisdom of 'mowing 

the degree of hazard beforehand. These w i l l .  be discussed in 8 

later ecctioz, 
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2. The BioloFic AsPects of the Tolerance Dose 

Experience thus f a r  hss taught t ha t  csrtefn fundamental biologic trends 

w i l l  influence the allowable exposure to radiation, 

been gained through both therapeutic and exprimenu1 work with radiation. 

The problem of radiation tolerance is ls rgely ccncerned with the 

radiosensit ivity of tissues, and for th6 t  meson a discussion of radio- 

sensitivity is  br ief ly  included here, 

2.1 Radiwensitivity- 

This information has 

1, Radiosensitivity. By radiosensit ivity is meant the relative 

vulnerEbility t o  radis t ioo of 8 tissue l iving i n  its normal physiologic8I 

emrironment. 

have cme &bout lsrgely by learning t o  adept the techrdques of exposure 

t o  tske advantage of the vsrying sens i t iv i t ies  of different tissues. 

Advmces in the spplicn'tion of rhdib t ion t o  msdicel uses 

' Not ~ ~ d y  do different  

bit also siinilsr tissues i n  

Rhen srhsls sre exposed to 

not only mLtrked differ ,  once8 

tissues have different  radiosensi t ivi t ies  

different' environments respond dff ferently. 

irradiation of t h e  entire b d y  there are 

i n  redioaens5tivity of different species 

but there are  also variations within strains of the same species. This 

is one of the obstacles i n  carrylng over to  Oian conclusions based on 
, 

t he  bioloefcal effects of radistion found i n  the lower animals. 

The problem is fur ther  cmpliceted by various biological events 

which can a l t e r  t h e  radiosensitivity of e given tissue, 

w i l l  8erve to bring out cer tain of these f ~ i c t o r s  which are known. 

A fei examples 

act lye  cel ls  tend t o  be the  more radiosensitive ones i n  a given tissue. 



3. &!a ular Emiromen$. The composition of the medium or the 

environment of the cella comprising a tissue atrongly affect8 the 

radiosensitivity. This i s  closely aesociated with the complex 

physiochemical alterations which must ensue within the cell  when 

it is subjected to unnatural ionisation. Whether the effect of 

the ionization is a direct one, bkhg place within the c d . p  or 

an indirect one reeulting from eltemtiom in the emiromentp 

is still largely B matter of conjecture, although evidence is 

accumulating to shw that both mechanisms may be active,  

example of the effect of environment upon radiosensitivity one m y  

A8 an 

cite the diminished effect of radietion upon othemiee extremely 

radiosensitive tissues when they are aubjected t o  8 reducsd oxygen 

supply during the t i m e  of exposure. 

evidence t o  show thst a change in the acid-5sse reletionship, 

Lkkmise there is experbentel 

affect ing the permeability of ce l l  membranes, can for certain tisaues 

increase their redioeensitivity, Physical fectors such a1 heat, cold 

environment of the cells, and thua produce 8 charye in theb 

vulnerability to ionizaWon in them or in the medium in uhich they 

U V 8  

4. Threshold hind Mon-threshold Effects. If one plats a dose- 

effect graph fo r  verhzs  tissues subjected *& radiation, them 8- 

in general tmo form which the grsph nay take: 



. 

Curve A i l lus tra tes  the non-threshold case. 
effect  is directly proportiom1 to the aose no matter 
how small or large. There i s  no initial threshold of 
dose which must be exceeded before an affect is obtairuad. 
To rscognize a non-threshold effect, it m u s t  be read i ly  
obsemble or measurable. 
of radiation upon the  germ plasm of Drosophila, 

The 

An example is the influence 

Curve B iUus*trates a threshold effect. 
3.s not meaatareble by present method6 until 8 Certain 
threshold of dose i f 3  exceeded, 
linear w i t h  dose, 
and the  blood formiog organs are emmples, Unti l  the dose 
reachea or surpasses the threshold, the first sign of skin 
ef fect  (erythema) or of effect upon the b l d  fcd-ng osgam 
(8s seflecbd i n  the circulating blood) are not beenc 

'rere the effect 

Threshold effects are not 
The affects of radiation upon the skin 

to measure effects, more of them w i l l  be seen to be of the non-tt.rreshold 

tw. 

5 peveraibllitv of Effects. The reversibll ity of radiation 

state after exposure iS discontinued. 

ef fect  is dependent upon the repgretive or regenerstbe pragerties of 

the tissue. 

The remssibility of a q  spe~;lfic 

Sons tissues, such as a m r  the blood f o d n g  elements9 

menbranous 'Lirdngs of the body cavities or ghnds ,  and peripheral 
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. *  

nerves are endowed ui th  a special type of repair mecbanim. 

tissues, such as brain, k idmy and lens of the eye have no repeir 

Other 

mechanism. 

not take over the function of the original  tissue which it replaces. 

In themt repair  i8 by the formation of a scarp which does 

The ef fecb in such cases are aeid  to be irreversible, 

In order fur ali effect t o  be reversible, it must not produce 

injury beyond the limits of the normel c a p c i t y  for regeneration. 

Otherwise the effect is pemonent and nay le& t o  complete destruction 

or exheustion of the tissue. 

Both the t o t a l  doae and the total t h e  m0r ahfch it is given 

mag affect the ebil i ty  of the wgenesetive processea to function, ff 

the total dose is excessive regcneretion end rcpoir may be in2ossibls 

lrrespective cf the time over xhich it is a d ~ n i & e r e d .  Oa the oLbr 

hand, a total aose E a c h  will produce re-rerskbls effectar if given 

a t  e sufficiently slow re te  t o  p m i t  mgeilsratioa may result in 

irreversible dansge to the tissues if given r t  ti faster rate Over a 

shorter -period. 

A tissue which has -been is ra6iated may regenerate to a degree 

that it can cbmy on i t s  noma1 m c t i o n .  

undetectable by present methods. 

Atiy l e t e n t  Ceszage my be 

The t i s r i o  will hmsver be more 

vulnerable to subsequent i r rad ia t ion ,  and slmsr to regenerate. 

Bone marroo., for example, de@.% ita remarkable powers of rwzovery 

w i l l  eventuslly be exhausted following repeated irradibtion, 

2,2 General Bod? Effects. 

For the purposes of simplification, the geaerol M y  effects 

will be considered frm the s t a n d p i n t  Gf (1) edernsl redfation 
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and (2) internal radiation, Although the effects are similar in E8zly 

respects #e source end route of administration of radiation h8s some 

bearing on the tolerance dose. 

Regular blood counts have been done on the workers of the PlutOnirna 

Project to establ ish the fndiviau8l blood count level and t o  be able 

to follow any trend8 in blood count which might msult from over-exporrure 

t o  radiation. Dr, Jacobson's analysis of thee0 studiea,reporbd else- 

where, indicate however t h a t  for the degree of e x p o e e  encountered on 

the Project, the blood count is not a significantly early index. 

analysis of blood. studies made in irradiated animels a l so  sxipports this 

conclusion, At best the leukocyte count serves 8s 8 means of detecting 

The 

injury to the bone marrtm when it has been subject to prolonged 

irradiation ic excem of the p m i s s i b l e  level. It may Sn sane 

individuals reflect in jury  &an a single exposure of penetrating 

radiation of the order of 25 - 50 ro 

T h e r e  b s  not as yet been cieveloped a specific biologic -tit 

which is reliable in detectzng tha i n i t i a l  signs of injury resulting 

from general body radiatfon from an external penetrating source. 

By i n t e r n a l  raciistion is meant radiation origincting Kithin the 
.. 

. b w .  It cmea from radioactive elements which get into the bsdp bs' 

a q  means, such as ingestiond inhalation etc. Experience with  internal 

radiation  as obtained through studies of i n b l e d  radon both in 8xdmaI.s 

and man. 

of mdiam; show en eventual effect upon the blood producing organa, The 

Studies of the blood of workers concerned with aeparstim 

mgxdtule of the sxpsure e m  be ccrrebted with the level of radio- 

activity sf the expized aiP(24). Similar studies' have 'men @de upon 
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the workers concerned nith the p ~ e p r a t f a n  of rnesoth~fim~~3).  

late effects of continued inhalation of excessive emounta of radon are 

unf‘ortunntely known for man. The high incidence of lung cancer in the 

Schneeberg, Saeony, and Jachymav mines of Bohemia has been diwctly 

The 

attributed by scune workers to breathirig a i r  containing radon* which 

gives an alpha bombardment t o  the lung tissues. 

is high, 

a period of ten years among 400 &ern, @ autopsies were obtaimd and 

42 of the deaths were s h m  to be due to prbi2V 2% Cancer. 

VBS an incidence ol” 9,72 L 5  per year per l.mr or sbout, 3c tinecs &h% 

mmal expectancy, Of 4.8 mice k0pt for 8 p a r  in the Schsaberg mines 

28 died? seven having develop& tumors of the respiratory argans(25), 

The average radon content of the a i r  in these mines is of the order 

of 3 x 10-12 curies of radon per EC. 

The reporbd inc idexe  

In one mport@4) out of a total of 89 deaths o c c ~ r r i n 6 :  In 

This 

. Lorem quesfions the v a l i d i t y  of these ObS8XTatiOM and does not 

ascribe the high incidence of lung cancer either in the workers or 

mice to the high radon contento 

The radioactive gages which in the past have been an occupstionsl 

hazard w e r e  the emanations frorr, redim and mesothorium, 

Project brought u9 in contact w i t h  other radioactive gases (Xenon, A r g o n 9  

Krypton), and the radioactive vapor (I-). 

The Plutofiurn 

The Xenon and Iodfne 

PXVU.W w U ~  EIO- disCms&d fn 8 t M d A t X A c  ~ 

Internal radiation from ing&tian ==;Ci deposit 03‘ radioactive material 

in the bodies of radium dial. painters wa8 f f i p s t  described by 1Esrtla1d(~~). 

The history of this occupational dfasase is well knmn. A b u t  98 to 99 

percent cf the redim which m a 3  ingested through the hebit sf p0fntirtg 
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the brushes i n  the mouth was excretedp but the remainder wag deposited 

h the body, largely in the bones. 

fixed in the body h a  praven lethal. 

of bone marrow restlts either fn a f a t a l  anemlap atrophy of the bone or 

in the  production of malignant bone tumors. 

anemia or malignant bone tumors, may be evident some years after exposure 

has resulted in the deposit of radium. 

detect radioactivity in the e q i r s d  sir EEJ an earu check on Over- 

exposurer and this is done routinely by the more cautious plants producing 

S.umhous C U - E ~ S .  

of %]tie bone mrrm which attempts t o  keep pce  with the tissue destructlon 

A8 little 88 1 t o  2 dcrogralps 

Rere again the continued bombardment 

The late signs of damage, 

It is possible, however, to 

There is apparently an i n i t i a l  compensatory activity 

prociuccd by the continued alpha b k r c h e n t  but eventually leads to 

bone mrrm exhaustion and f a t a l  an&. Experience with radium 

p i s a w  i:: the luminous dial in6ustrjr has fcd  the Ehmau of Standards 

t o  esteblish 0,I microgram of mdiurn as t he  lbit which can be deposited 

in the tmiy withoEt resulting in bter cienage@7). 

The hazards of in te rna l  radiation from ingestion, Inhalation or 

trans-cutaneous passage and eventue3 deposit of radioactive materials 

h %Fie body cokld not be overlooked as b mejor haz8rd for the Project. 

Studies on t he  absorption, deposition and axcmtfon of the varioua 
. -  

f iss ion products were done and e r e  repcrted elseolihere by Dr. Joseph 

G. Hamilton and hris associates. The tolerance vslue or n8dmstu 

permissible amount of any fission product which could be safely taken 

into the body could not be sot  until 8 complete study bad been msde of 

the way the body handlab thst element md of the effects of the 



The problem of the  hazard due to  plutoxdum did  not recefve earls 

consideration. 

of plutonfum recovered to allocate the amaunt necessary for men tracer 

biologic work, 

biologic asmy, this was done, arid the resullis of these earlyt as wen 

88 later experiments by Dr, Harfltorm and his associates, as w e l l  as by 

Dr, Kenneth So Cole and h i s  associates, ore reported in  Volumes XXXI and 

XXIII, 

established for exposure to plutonium. 

UntFl the f a l l  of 1943 there 888 not 8, sufficient quantity 

As Boon as the first dcrograms could be spared for 

They have fomed the basis of our prnissible levels thus far 

2J Skin Effects, 

Tha effects, of rad ia t ion  on thz hman sicin gave the first  indication 

of any biologic effect of x-rays and gam@-rays. 

a tube of radium in his vest pocket for demonstretfon purposest developed 

a reaction of the underlying skin. 

8 few riontlss after the discaverg of xeays. 

Becqueml, who carried 

I-rey &matitis mi3 in evidence within 

5 

The g r e a t e s t  number of radi~ition injuries has been to the akin 

both in x-ray 8nd radium workers, 

the skin which came in the first fifteen yeers of x-ray and radium us8 

there Rere more pzrecautioaa taken to prevent skin damage. 

Follodn& the early wave of daaage t o  

. -  W5th s p c i a l  

attention given t o  l oca l  protection, the n m b r  of fnjuries to the 

blood forming organs fncrsased due to l ack  of complete prot,ec%fon, b 

aphas i s  was then placed on whole bo@ protection, the skin injurfes 

again sssuned f iret  place and a t  the pmsent time they are sti l l  appearing 

Ln unnzeesssary xurabere. The zajorlity of these are p h p i c k ~ s  or dentbts;  

- - 
?.,s 

II_ 

_I - 

a femr mber eppeqs io radiura workers. 

The characteristic effect of large doses of x-ray and radium 
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they are comparable to ultra-violet radiation except that  the latent 

period between exposure and erythema is much more delayedt depending 

upon the dose, up t o  about four weeks K i t h  a single x-ray or gama-ray 

exposure. As was previously noted, in general it requires B larger 

dose of shorter wave length radiation than of longer t o  produce the 

sane effect.’ As the length of t ime mer which the radiation La 

administersd i s  increased, the dose required to produce an erythema 

becomes larger. 

The e r y t h a  is the re,dt of 8 dilrt ion of the fine cepilbriesp 

venules, and arterioles  upp plying the s u n ,  

to be i d e n t i c d  with the erythema producetj by ttltrze-violet 

The mechanism is thou&% 

having a wave length of abaut 300 nicro4croms aha& is the cmponent 

o f  sunl ight  effective for t h i s  purpose. The s W u a  which produces 

th blood vesml d i l a t i o n  I s  thought to b Q U ~  t o  B 1-1 =elsass uf 

a %Ltitamfne-likem subatsnce from the Uviw 6 1 i p r f i c i ~ l  b y ~ r 6  of the 

skin. 

The skin is compsed of e s sent i f i~y  tE0 lejrers of tissue 0 the 

epidermis which consists of the epithelial cells for?& the pro*ctlve 

covering of the body, and ths dermfs lying bencath t?x epfdePrnPB, which 

consists of the supporting connective tissue for the epidermis a@ 

carries the nutrient t.essels~ acessory orgens and neme supply, The 

thickness of the e$demfis, or outer eenuhr layer,  Var ies  mer the 

body but in general ranges from 0,07 to O J . 2  m. 

of %he bends &ne fingerss it everages 0 3  m; cpr the soles cf me feet 

On the pelnrar surface 

1.4 ma In men accustomed to h a v g  laba*9 aPlick produces a thickening 

of the skin of the hands, the  e g f b e d s  m y  be considerably thicker. 

The outemost hqsr of the s p i d ~ ~ s  ( s k s t w i  camem) eonsists of dead# 
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the basal Layer of the epidermis. Idare sewem demage w i l l  i n J w  

the vessels in the demis, resulting in prolorgsd ulceration, which 

importance in relat&:;r? to the patetaability of alph.  ana low energy 

.- tissue of a b u t  .05 m one wmld not expect skin injury from them, 

in D report  b3 H. I. Barker, .;;hich is to he fcwd in Voltnne =Io 
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energy associated Rith the long lived fission proaucts w i l l  penetrate 

ueU belou the skin9 and hence there i s  real po ten t i a l i t y  for injury 

if due caution is not exercised t o  avoid over-exposure. 

The above discussion of erytheme appl ies  t o  radiation injury of 

a relstiveiy acute type. The dose required to produce elytheme Is 

relctively high. 

is lengthened (as in chronic occuptionel exposure) fr c o n s i d e r a b ~  

As the t b e  mer ahich the dose is administered 
\ 

higher total exposure aiU be tolerated. 

only when the dose nos been acutep but it m y  not sppesr at a U  when 

the exposure is spread over a period OP years. 

U F O ~  the eppearance of an erybhena to judge nhetbar or riot. cver+rpos~+ 

is lnroducing damage when the sxposure is prolonged over a period of 

pars. O’bher sQn8 which s h d d  prove a warning am a loss of %he 

normal skin ridges of the finger tips, loss of hair on t;he back of 

Erythms my be en early sign 

Iience o m  cannot rely 

fingers and hand, crackingp brittleness or ridging of the El.ngernaltl89 

B loss o€ the normal aensltivitj. End an aliuomel dryness of the e a .  

late sign of damage is ulcerstion, wMch us’ally results from minor 

abrasions which f 8 f l  to heal. Ulcertition in mny cmes eventue1l;ir 

progresses to cencer of t he  skin9  which in 60m6 25 percent (30) spread8 

beyond the hand6 and prmss lethal. 

growths (keratosis) bcone malignant, azd. hence ehsn they here appeared 

In some instances the wast-lkke 
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they must be carefully observed. The time between onsot of exposum 

t o  the recognition of skin cancer in one aeries wes an average of nine 

years. The ages of these v i c t b s  ranged from 28 t o  &I years. 

Stone and Larkin found that  110 "nu of neutron3 produced try 

16 mev deuterons produced a threshold plgmeiztation of the human 

appeering between the 4th and 19th day, vhich ef fect  is 8 h O  produced 

by 650 to 700 r of 200 kv rays*. Thus for the fsst matron aqosure 

there is B ratio of effect varying by e fac tor  Gf 6 for the hmm skin, 

For x - r a p  this is taken i 3 t o  accamt in the tclersnce dose level 

/ 

t o  the whole body i a  taken as l / l O  r Fer dsy for hard x-rays, and may 

as the tolerance for the fingers, It must be 

calculation of radium dosage fs not essyt and 

not to be put on %he a b w e  f%gums,* 

too great reliance is 

.Y Th0 wnn is a r b i t r a r i l y  definsd as a quant i ty  of f a s t  nsutron 
exposure giving the  me resding a8 o m  roentgen bf x-rays 
when t h e  meamrir< instrmmt i s . a  100 r Vistweeo conienser 
chantbr, 
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T h i s  statement Fiblished in I93!.i UIES fortunctely overlooked 
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ahen we vjere faced K i t h  the problem of s e t t i n g  E pemissfble expasure 

for skin - more partlculsrly the hands. 

"the calculation of radium dosage is not eesy,n it cen be done, and 

Although it is admitted thst 

with reliable sccuracy. Re WGUX elso a p e  'Lbt ntoo great reliance 

is not to be pui on the above figures," rimre FarticularZg the 5 F per 

day allowed to t he  skh of fingers. 

far r ad ia t ion  protection cm the Project 5 r per day was excsssiv%. 

In the opinion af those responsible 

Ne were wil l ing  to a b i t  t h a t  1 r per dsy to the s k i n  of hands would 

not -be injurious if received ocsasionally when special ~ o r k  made %hi8 

necessary. 

problem, and the Large number ofworkers v'ho wou2d ;;>e hari l ing  radio- 

But in view of the uncertxiizties in the v.hole &in eqosure 

active substances ( u r a ~ m  and fission FrotiuetS) 9 it was thought advisable 

to place the Ekfn exposure level on E p r  K i t h  goneref b u y  expaswe 0 

0.1 r per dey. In retrospect after sme four  years of experience, this 

side of safety. 

2.4 Effects an Remoductive Organs. 

The reproductive orgens may 

plasn: or to the cella uhich cerry 

sustain d a ~ g e  

the germ plasm 

either t o  the germ 

(ova or .spem). , TO 

is adnittedly comernative - b d t  the error? if it does exist, is on the 

obtain a permanent sterilization of the folnhle ovsry require8 e dose 

of some 400 - 1: within the wary. Stsriliasticn in man is produced 

by 800 .. 1000 r in the testeo. 
exceeded before any effect upon f e r t i l i t y  bocases nanifest. 

There is a tbzeshold dose uUch m u s t  be 

Experiments reported elmwhere by Keslon end Lorenz 

that continued exposure of female ri:ice to 1 r per 8 

heve already 

hours daily 



produces ovarian follicular atropQ after approximetely 540 so 

The effect  of near tolerance levels  of irradiation on the 

epenn count of dogs waa undertsken by t he  Rochester &e8 of the 

Manhattan Project. The f inal  results of this work, Rhen publishedr 

. may be of considerab~e interest ,  

The possibility of damage to the reproductive orgens is the most 

discussed and feared hazard fn t he  m i n d a  of m o t i t  of t h s e  who work 

K i t h  radiation, The reasons for t h i s  keen interest in .the subject 

c6n best be learr,ed frm Freud. The incidence of reduced sterility 

following occupational exposwe is not known w i t h  any accuracy for work 

%n. the past. 
, 

A study of birthrate for employees of the Ifanford Engineer 

Works, mcb by D r .  J. A. Quigley, does not homvar show any cvidencs 

over a two year period. 

1943, 19& and 1945 were 21,5$ 20.2 and 21.6 pcr 100C) popdation, 

For the natfon as E shale the birthrates f o r  
@ *> 

For 

.. 2.5 gadiogenetic Effects. 

fruit f l y  could be accelerated by expoeum t o  x-rt?yS. 

fly radiation increases the rate of appearenca of cramon mubtiom 

fn the fruit 

wiiicf; occur spontenecusly; it pmduces the w:cocuilon ones only rarely, 
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and these appear i n  f a r  lower incidence than in t he  fruit fly. 

Vork done a t  the National Cancer Institute on the genetic 

effects of radiation (reported elsewhere) has not e l ic i ted  mutations 

or evioence of genetic change with exposures up to 8.8 r per day over 

many generations i n  mice. 

i n  l i t t e r  size,  which may be at tr ibutable  to reuuced sperm or ova. 

The only effect noted has been a decrease 

Radiation-induced mutation6 have been found t o  have characteristics 

srb.dch bear on the practical considerotion of radiogenetic changes possibly 

associated with occupational exposure. 

tktt there is E l inear  re l t i t iomhip betmeen dose anci increase in rnu*tion 

rate. 

The most important of these is 

There is no threshold effect - the cumulation of exposure is thus 

additive. 

the wave length and dosage rate of 

Furthermore, the magfitude of the effect i s  independent of 

Thew genetic studies 

(hr&ely in the f r u i t  fly) h v e  lesd to considerabls discussion concern- 

ing t h e i r  applicabflfty t o  man i n  relttion to tolerance dose. There 

w e  ii-orlcer6 i n  the f i e l d  who eavocate e ftmti,cr reduction i n  the 

tolersnce dose for x- and gama-rays because of the non-threshold effect 

of x-rays upon the germ plasm of the fruit fly, Further concern is 

aclded to these fears by ths  possibility of even p e t e r  radiogenetic 

damage from hesvy particle radiat ion (neutrons, protons, etc. ) then from 

the more familiar x- end goma-rays. 

Mutations, whether spontaxteous OT produced by radiat ion,  are 
about 90 per cent letu1 or sublethal. 
does not survive the gestation or b t c N n g  period# or dies shortly 
thereafter. 
By dl-an.tnant is meant that, f o r  the exposed parent organism, the lethal  
effect appeers i n  a c ~ e  of its direct  d f e p r i n g ,  3y recessive is Heant 
that the effect d g h t  sppoar only i n  some succeeditg generetion of 
the radtated subject, In m n  it would’appear in near descendants only 
shodd cousins or near re la t ives  intermarry. It kas been calculated 
*an tP& lsws of genetics atit 5me 5000 years would be required far 

1 I. 

This means t b t  the offspring 

The lethal  mutations are either do-nt or recessive. 



a mutated gene t o  meet another mutated gene descended frcm the 
original rnut&tiono 
concerned about the recessive deleterious effects of mutations 

Thie w d Q  indicaQ dmt we need not be too 

Our present knowledge of radiogenetics has been gained entirely 

from experimental 8ttrdieS in the fruit fly DT other loafs  OrgcPdSIUSt 

8nd to a lesser extent from mica. Actually very little is kn3wn about 

genetics in man, snd sti l l  less about the  effects ~ h i c h  might bo 

produced by exposure to  radiation, 

evidence t o  indicate th6t  the present gensrations of rad ia t ion  uo~ker8 

Aa yet there is no convincing 

have produced offspring which differ  from t h ~ 9 8  of the germel poyOtion,  

Zt can be argued, hcrrjever, t ha t  succeeding generztLo1.s 3r i n t e r m e r q h g  

m y  bring sbnormalities to l ight .  Lf e:qxrhexltd findings in the , 

. non-mammalian organisms ere accepted 88 welid for man, then 029 can 

only escape some degree of radiogenetic effect 'by avoidawe of all 

biologic effect produced by the absozpt im of a gf-sen q a n t i t y  b f  
enera is dependent in part upon the a e t w s  02 the incident Tadlation. 

The effects are produced Zn same marier by t:-s ia:x!.zation msdtfng 



-38- 

alcng $he gath of an iozdzirg phrticPe is ossoc io t ed  a i t h  a mom 

pronounced cellul&r OT biiological effect. 

per unit length ci' path is referred t o  as the specific ionizet ion 

of 8 phrticular quality or type of radiat ion,  

biological effects produced by equivalent e n e r g  absorption fron 

The density of iodzetictn 

h e  can then compre 

x-raysp geme-reys9 neutronsp etc,  

of this phenomenon is i*viowed by Zirkle. 

because it is convenient to consider tolemnco dose fra the paint 

.A d e b  f l e d  and c r i t i c a l  anelysis 

??e refer to it hare 

of view of the tme of rad is t ion  imolvsd iPEther thm in terns of 

the specific efzect on the various parts of the bod:! 38 in th3 

foregoixg section, The evidence ccae3 from t 3e  s a w  6ources and 

of operators to tieijttcred raciiaticn c r i .  

radiation can te t;kec as 0~9. Bence its p a n e t r ~ t i o n  in tissw is 

ebout 86 percent at 1 cm. dsep and 25 percoat a t  la C I I ~  deep, (Tlwse 

%'ti3 v;we lciingth of this 

fiyres ere derived f r o m  a comldereticm of tlze satterirz cmtPibvlCion 

in a b d y  subjected to wide beam i r m d i a t i o n ,  

figures frm %he absorption coefficient alone v m l d  bs &O pareelit 

and 8 percent respectiveQ,) 

The correspocdiq 
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M t i n g  tolerance amount. 

on the deeper seated organs m y  be different, 

the case with the modern high voltage machinc~., 

i a  as common now as 150 kv. was when tolerance was first established. 

Penetration of this radiation is  about 100 percent a t  1 cm, and 

Under these contiitiors the xmt ef fect  

T h i ~  is especially 

400 kv. radiation 

50 percent a t  10 CIC, (90 percent end 30 percent respectively from 

the abxrption coefficient) and we mfght corisider i ts  effect on the 

bemapoetic system a s  approximately txice as damaging. 

Little has been mitten about the  domeglng effects of x-radieticn 

generatad in the range between 400 kv. and 1200 kv. Such hospital 

installations have in genercl been Gel1 Frotected and have not 

been operated many hours per day except fn recent years. In %hie 
,p\ 
L. ./, * renge of voltege there is little increase in the "percepQge depth 
-.. 

doseff for depths up to abotzt 10 c ~ l , ~  far  wide besn I r radiEt ion,  

The increased penetration of the primry beca is or"fse;t by the 

reduced contribution from scattering. 

effkct of these radiations in therapeutic dosage i3 quite closely 

It is also knom t h a t  the 

the sane in deep tissue BS that of the aelb &:adfed 200 b. redia- 

.. tiont;. fer aa skin effects are concerned there are two familiar 

efrects both of which indicate th8t for equol dose 6s &ilsxy 

mess.uredo the damage by high voltage radiation should be less severe. 

It fs reasonable t o  suppose that a tolermce dose esbblished far 

200 kv. radiation w i t h  a margin of sofet;r of 10 or nme rill still 

bo safe for x-radfotfon up to l.201) Irv. The widespread indus t r ia l  
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been restricted t o  t h a t  from radium snd its procuctss and a&in it 

is derived from handling in hospitals. 

that the danger of exposum t o  g a b  radietion exceeds th6t f rm 

x-radiation fo r  two reasons: (I) x-rhys can be "turned offw when not 

required, (2) t he  ganms ray penetrstion is bigher, Viutz and 

t 

It has long been eccepted 
8 

sho gave the first consideration to gamrnv ray exposure select a 

dosage ra te  of 1/3 10-5 r/second as against 10*-5 r/socont? for 

x-redietion. The l a t t e r  figure is based on an 8 hour 2ay end the 

former apparently h p l i e s  2ossible exposure t o  gaqia-rodietion for 

24 hours per day. 

tis a daily amount, Wintz sad Bmp g;ol&d make no distizction, 

basis of penetration (94 percent a 1 cmop !% percent E t  10 ali. without 

beckscatter) ope night have 8 factor of 2 or 3 t o  repesmt the 

additional totel body ionization. 

In t h e  a l t ~ m t i v e  exp-essim ~f tolercnce acee 

08 tho 

It is commonly supposed thst the effec4. of gome-rsdfstion on 

the body is greater than th% of x-nip f o r  equl  surface dcsB mlely 

on account of the greater penetratioc, Zt is assrrced t h a t  the act ion 

of the radiation is en t i re ly  due t o  the seconcbry electrons l iberated 



Shiplr ~ i j m g ~ t s t l ~ i i i  dil ohm t h a t  the-*e is more change in 

total ionization 8s a result of geometry than reeults from the change 

from soft x-rays t o  gammaqays. For qual  surfeca dose we h w e  

Relative t o t 8 1  body 
foaizat ion - 

Soft x-rays from l 6 r p  distance 1 
Game rays n n 8 225 
Gama ram from point s m e  e t  100 cm. 1.9 
Gamma rays n " I " 10 a. 006 

Exposure to garmaoredietion from interns1 sources can be treated 

in terms of the ionLzstion produced i n  tissus. In g o n e n l  t he  effect 

would be exceedea by 

30 Beta RBYSa 

exposure of tire body 

was not cornon until 

t h a t  of the  accczpnying beta-padiaticn. 

There is no sound evidsncc on tho pemissible  

t o  beta maistion. 

the development of e r t i f i c l a l  rad iec t fv i ty ,  

Thc; har iding of atr*ong S O W C ~ S  

mpeciaU;g by the cyclotron, (Th i s  is ~ G T  strictly ca-rect ingseuch 

as cathcde ray tubes, e. g. Lena& tubzs, h v e  been wide* csed, ti& 

these are potent enough so*icesu  

reibkively eesg to mines in  adequste shielding st aX. iimss. 

quently there seems t o  be no mcord of damage by prolo~.gsd c;:pcmre 

K i t h  stxk ..n i n s t a l l a t ion  it is 

Conse- 

t o  these radiations,  

or otherwise to stray  'r>caas for short  internale is not 6iscwmd here). 

The nmerou3 cases of exposuret accidentel 

It is generally concsded t h a t  the effect of x-regs and g n m ~ -  

rays on tissue arisea frw the elsclirons v&ich w e  energized in 

tissue by these radiations.  

radiation should prcxiuce the s m z  effect*, apart. from a possible 

correction due to specific Icrr.fz:etion differences, 

Rerice, for equal ionization, 'hta- 

T X s  has bean 



sufficiently well confirmed by experiments r t  therapeutic levela.  

One ctln therefore confidently attite thst an exposure t o  beta- 

raaation of O J  r/day sill be safe .  

effect is confined t o  the skin or t o  tissw within perhaps 1 cm. 

Since the cxterncl 'mb-rey 

of the skin it is evicent tha t  bte -rad ia t ion  w i l l  add U t t l c  or  

no contributfon to the generel body effect, 

Raper and Bsrnea(33) xhic5 ere reported in Colme XXIX or C : I P x b  

show t h e t  f o r  exposures to beta--radiatfon in the ran@ cr" 15c.O - 
53,000 rep, there w s 8  no effect upon the blood fomhg orgcx of 

The eqerimeF.ts of 

rabbits when the peripheral blood was sampleci. 

Lethal effects, repor&d by Rsper snci Bernes, mere pzo,drzced 

by extensive burm, The L D j O  for their bcta-mdkticn var€e& f=.m 

2200 rep for b a b ~  rats t o  17,500 rep for rabbits. The gmzs-i.ap 

w i t h  the size of the animal. 

Damage arising from the  ingestion or i:!alaCfon ci.' beta actige 

mahrilsi is however another problemp since here the cff~ct 1c.m to 

be assessed in terms of ionizat ion w i t h  m r o  at3arbert i l z  cou t roo t  

to external beta rad ia t ion  dmre the fac tor  cf absorption is 

conSidembLe. .) 

beatas of neutrons was unknmn a t  the c k r t  of the ~TGJCCS.  Xany effecte 

of higher intensity neutron irrfidiation of bS.o3ogfcsl m t e r i e l s  have 
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reading of t! prt i cu lar  Victorem ccn6enser chembes, The ionizing 

effect in the body of 1 

eqifivalent t o  2.5 rep. 

of f a s t  neutrons can be coneidered 

The biological effectiveness of neutrons 

relative to x-rays w r i e s  widely for different  mater ids  or for 

different conditions in the ssme m a t e r i e l .  

the e f f e c t s  on msmmalian tissues show effectiveness ratios ranging 

from 5 t o  9 (in terms of r t o  nna). 

According t o  Zirkle  (34) 

Frau these figures it has 

become canmon practice to consider 0.01 n (0.025 rep) as a tolerance 

dose of comparable safety to 0,l r f o r  x-rays, 

Experimental Eork reported by Zir'KLe, Eaperp Riley and 

Stap le ton  on the biologic effectiveness of f e s t  neutroner (35) indicated 

t ha t  for aics  the L95O exposure for fast neutronsr directly detemfned, 

mas 91 XI. 

frm experiments1 data, Baa 812 r. 

The LD50 exposure of pure ganma-rays# indirectly determined 

The effect of slow neutron rad ia t ion  was originally consiciered 

t o  be due to gamma-ray edsa ion  fran hydrogen capture, 

tolerance level for slow neutrons waa or ig ina l ly  based on' t he  

end the 

gamma-radiation internally emitted. Work reported by Zirk3e (36) 

has however considerably altered this conceptfan. 

experimentally t h a t  when mice are subjected to cmbfned slow and 

Re ha8 found 

fsst neutron exposure, the gamma-rays emit ted frm the mouset both 

calculated an6 mensurodp amounted to only some 12 percent of the 

total l e t h a l  effect of h i s  rad ia t ion  components. Some 38 percent - 



of the lethe1 action would be due to this effect. 

(man) the gamma radietioo from hydrogen capture would have a relatively 

In a larger animal 

larger effect. 

On the besis c;f these experiments, the permissible exposure t o  

slow neutrons 'has been plsced a t  0.025 rep per day (conversion gamma 

rqS>. 

neu'aon inadi t i t ion  without the admirture of gamma or fast neutron 

In general however, the body would not be subjected to slow 

irradistion. 

was originel ly  envisaged, and is en excellent sample of the applicability 

The proton effect i s  however considerably larger then 

. 

of experimental biologic work carefully done, 

5. hlphsl Fan. For external radiation the penetrstion of 

nalxra1 alpha prticles is we13 below the thickness of the nabsorbing 

leyer"~ 

such 68 t o  physically burn the part. 

The dsmagbg effect is assumed zero unlesa the intensity i8 

There i s  now some c l i n i c a l  

evidence to substentiate  this point  as a disc of uranium metal has 

been aorn i n  contact with ths skin for several rconths. The observed 

damig0 was nil for t h i s  expos-we corresponding to 2% rep/day. 
. - 1  

Internally, the dose is computed i n  terms of the ionizat ion . . 

produced, 

produced ionization is believed d;ze mainly t o  the high specific 

ionization along the proton tracks, it is to be expected t h a t  alpha 

Since the increased biological effectivenees of neutron 

-8 

prticlea would be even more effective. A tolerance dose of 0.01 rsp/&y 

thus seems reasonable, . 
Since the effects are lfrnited to the iriestion or inhalation 

of alpha m y  emitters they are consiilered more ,Wly i n  relation to 

plutonium hazards 



* .  

6. Combined Radietidns. The body =ill be expsed +& more 

th&n one tm or" radiation sinultfineously'et various times during 

a career associated a i t h  radiation work. 

of the d a i l y  tissue ionization, properly weighted for the specific 

ionizetion fectors of the componerts 0: the radiation exposurep 

Theoretically the sumation 

should not exceed 0,l repiday. As a miring policy the exact compo- 

sition of the incident radiation w i l l  not be known a t  a l l  tfmea. 

Frorr! a protection standpoint 'however, e real effor t  should be made 

to analyze rodis t ion  exposups whenever possiLlcp 6nd to de'bermine 

the gamma, beta$ neutron ( f a s t  and slow) exposure; in a particular 

operatdon. 

of exposwe to tske these factors  into consideration. 

There is .sufficient evidence to indicate  the  a d d i t i l f ' t y  

Zirkle and co-uorkera(35) have shorn the additivity effect 

of a cmpnent  beam cf germxi-rap and f a s t  neutrons. Their work was 

done on the acute lethal effect9 and c a l d  &ha3 not prove tha t  these 

radiations were additive in producing t i l a  types of damage. To quote 

frm their reports R f t  does, howewr, indicate  8 strong pmbabi-lity 

that this (the addit iv i ty  effect) my be truet and this probability 

must be reco&nized in se t t ing  conservative st€iixbrdS of permissible 

exposure of personnel under conaitkom where both  types of  radiation 

are present." 

Wperinental. iGrk reported by Raper 6nd Barnes on the addiUvity  

of gamma and bete-radbtiurir tended to show t h a t  for lethal  effect 
I 

damage which produced death differed corsiderebly for beta snd gemme 



radiation, and that although death may be i n  a sense hastened by 6A 

additivity factor, the specific contribution of each which resulted 

in death wae by a different mechanism. 

Mention should be made of the import6nce of addit ivity in 

exposure of the skin of hands, when work requires close hand- 

of 60urces mhich emit both be& and @mum radiation . Bere the 

composite radiations will have additive e f f ec t  for skin damage. 

In most instances one of the components is large in respect t o  the 

other, but i n  some instances where each contributes a significant 

degree of exposure9 the exact amount of each radiation 18 of precticel  

significance 

4. Svecific Tolerance of Mdioactive Materids 

Whm. handled i n  large quan3ities e i ther  i n  the laboratory or industrial 

plants radioactive materiala ape hazardous by reason of t  

Radiations fWm the outside - external ?~idiatioa, 

Inhalation cnd deposition in the body with COnSeqU8n't 

radiations fraa within the body. 

Ingestion and deposition i n  the body with consequent 

radiations f'ran within of radioactive pafsons through 

carelessness, or contamination of s'3urces of water supply. 

Cantagtination of skin or clothing, ccntrfbuting to  

external rsdiation or wound contemhetfzi in c8se of 

No description will be given of the protective measures teken t o  

circumvent these hazardss aa these are describa6 elsewhere, 



Radium deposil*on in the -oay: 

Radon concentretion of stmospheret 

C.1 microgram 

P x 104 curie/cc. 

4.2 The lisdioBctive Gases and Vapors. 

The radioackive fsotope of the noble gas Xerion a88 considered 

a hazard of poasiblg. some magnitudep with disposa l  problems which 

would be difficult to surmount. 

product, and as such has to be put Fnto the atmosphere under the 

Xenon is produced as a f iesfon 

present oparetio'ml program. The quantities of Xenon133 are l a r p p  

and cmsiderfiblc early work ~ 3 s  done by Cole in attempting t o  

dei;fmirm its b i o l q i c  effect. The r8dioaCtfVe fsotope of Argon 

is mads when Argon in t h e  s i r  is bombarded with neutrons. 

appebred 88 a potent ie l  hazard only after operation of an,air cooled 

pile reached a large ecele, end air in quantity w s  Gradiated, 

It 

Radioactive ;T&ine (11%) is a fission product, and BS a vc3por 

cctmes into the general pro"ulern oA fhe ssdioactivs gases, 

this gro-ip tkis %r cmsidere8, it has p r m ~ r  t~ be the nost io;por+Ye~t 

one from the standpoint of health and protection, 

of a l X  

A radioactive gas or vapor can be hazardous because: (1) it is 

I 
' inhaled and depoeited in the body emftting radietions,  (2) it 

contaainates the  atmosphere and ernits radhtions that affect the 

bod3 froa without, (3) it cmol t ly  dces bath of these. 

Argon (tbe two significant ga8BS) have been found to be potentism 

hazardow f rm the standpoiut of contributing t o  a radioactive 

atnosphere in which the subject is bmorsed. 

J 

.. 
Xenon and 

\ 

Iodine on the other 

band, isr 8s a vepor# more hazsraous bechuse of.fnhalution and rspid 



(a) $enon is absorbed preferentiblly i n  fat ty  tissue ahen 

-led. Earlier xork done by Hamilton showed that when animals 

were exposed bo a mixture of Xenon and uxygen, the Xe concentration 

in tissue was 0.1 to 2 timea the He concentration in the inhaled 

gas mixture. The highest values were in fet and the lowest in 

blood, Rhen the anha1 was releaaed from the Xenon atmosphemr the 

Xenon was excreted via the lung. 

Calculations mde originelly by Follan(37) were based upon 
' 

the radiation t o  the boay from the outside when a subject =as immersed 

i n  an infinite cloud of ~0133.  The hslf-Ufe Is 5.4 days; the average 

t o t a l  energy of bete rnys p h s  soft gama rays is about 2 x 105 ev 

per disintegration, i n  vthict.1 the beta component is kbout 2.5 thes 

larger than the gamma. Penetration of the radistion i n t o  the body 

is  riot then significcnt. 

as addigher and for  h e r s i o n  f o r  a 2L hour period, an atanospherm 

@' ..% ?' 

Considering the beb Exd gemria caiponents' 

with a concentration of about 2 x loou curie/cc aould give a d a l l y  

expoguZ'8 of 0.1 rep. 

M & i t l o n r  an ioZ&aation squivtilent t o  0.1 r when the etmcxspheric 

Orrcr 8 comparehle period the lungs receive, by 

concentration l a  &bout 3 2  x 10.11, curie/cc. The Umitlng factor 

is thus the external radiation, and .the lev& of 2 x 10-11 curie;/cc 

ha8 been us& a3 a permissible level. In actual practice this 

concentration has not been approached, and Xenon133 ha8 not been a 

hazard to personnel or the  publico 

(b) fodin&3l. Rsaioactive fcdine had elready been kie subject 

of consfder8b;le research p r i m  to the i rmp t ion  of Lhe Plutonium 

Project(38). This had largely been done by Hamilton 6nd associatee 
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a t  the Univereity of Califon?ia, 

referable to human ebsorptfon and excretion t o  a point t r h ~  its 

Bxperbental d a b  b d  accmuhtcsd 

u8& as an experimectal cUnical tool had been tr ied  h * c e r t a h  

disorder8 of the thgroid gland. 

Iodine131 ie a fission product liberated at3 a vapor in tho 

extraction of plutonium *am the m i x e d  fission products. It irr 

present in consideraole quantity, and its half-life of about EI days 

further adds t o  the diff icult ies  of dinposing of it. Under operating 

conditions the vapor was suitably discharged under regulated 

conditiora into the upper atmosphere, bt there mas alwsya the 

possibi l i tr  of its desceslt to grotmi, and its eventue3. deposition 

mer the e u r r a m d h g  countryside. Because of thi8 it was necesaarp 

t o  fix upon a level of ID1 concentration ia the atmosphere such 

sequent pbysical measuremnts end calculations have altered this .. 

original value (Le ,  energy). The factore upon which the level is 

based are(W)s 

Average energy far 1131 0021 Q8V 
Rsspiratolcy rete 
Disintegration canetant 0,087 d8y-l 
Thymid radiotion tolerance Lrperdap 
Thyroid mB68 25 grama 
Percent inhaled 1x31 deposited 
in t hy ro id  gland 20 peicent 

1 cubic meter per hour 

, 



L o  3 

done on a large scale at Bhnford Engineer Eorks, it becaaie necessary 

to w+&k:UsZ1 e caus;+,ing rate which a r d d  correspond to B deposftfoa 

%of 2 xuicrocupierp (the pemfisaible accrnauLBted t o t a l ) .  T h i s  ms done 

by HeaUWo) and for the particular thyroid counters 

m s  sppraimtely 750 counts per m u t e I  when the counter was held 

againstt the m o s t  favorable poaitfon mer the neck. Thus 2n sctual 

practice not (ipily the st;noaPf?Eric eoncentration but also any possible 

thyr&? deposition was monitored. 

Iked H saion Prod uctsl in Drinking \later, 

u8e thla 

I 

The Braair: biologic rvleearch underU5ng the f i ss ion prod=% 

tolerances frrm the atclndpoiilt of internal deposition was dons & 

Hacdlton (Urdver~ity of California) and Cole (Eniversity of Chicago) 



and their co-workers. 

their particulars w i U  not be summarized here, 

(gsatro-intestinal, p u l m ~ ~ r y ,  parenteral) P excretion and deposition 

These s&udiei are wported eleeuhra and 

Studiea in absorption . 

were many, and ware necessitated by the tmknoemn rphich would 

potentially arise as hazards t o  personnel. 

, The t o x i c  effect of internally deposited fission products i s  

due practically exclusively t o  their beta mdistion. 

renges of beta rays in tissue are mall, it was assumed (as a vcrking 

basis) that a U  the hta radiation emi t ted  in the tissue w88 absorbed 

Since the 

in rsitu. 

f iss ion product deposited in a spcif ic  tissue depended upon its 

The extent to which an ingested, inhaled or  inJect8d 

& d e a l  properties end physicel fmr which a b o  regulated the degree 

of absorption into t he  blood s t r e a m ,  and eventual deposition i n  tissue. 

The  rah  of radfosctive desy, reltitive to rate of e x c r e t i c m p  was 

important as  well. 
\ 

Born 8 practical standpoint under working and operating 

conditionsp and excluding IX3l, the h a z d  of in te rna l  deposition 

of any one or a m k h r e  of f iss ion products was not great other than 

by gross carelessness or accident. 

to waste by-product disposal, it was of interest to fix upon a 

In view of the problem relative 

permissible l eve l  for mfrsd ffss ion pr&ucta in drinking ueter. A8 

a public health pr0bI.m %hie aspect of waste disposal w e  carefully 

considered and handled, Monitoring far p e f b 3 . e  unexpected eventual.&8 

calculated to be 8 pemissible  leve l  for consumption of 3 Uters of 

water deily(411, In actual practice no water used for drinking has 
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&.,4 Plutonium Tolerance bvels. 

The entry of plutonium h t o  the body canp under laboretory 

or industrial conditionsr result  fran ingestion, inhalation, or 

direct entry into the tissues by lacerations or abraeions resulting 

from accident. 

f ixed h the b0d;Y was original ly  established by calculauons using 

the 6llowable mdium deposition of 0,lmicrograras as the base. 

The permissible amaunt of plutanim t h a t  could be 

The plutodum deposition level was thus in i t ia l ly  established a8 

5 microgramsr ana waa based upon comparisons of half-lifer the rmraber 

of rays d t t e d  in a complete chain end the energy of the alpha rays 

fros plutonium and radium, 

1. Air Concentration, The first working level was tha t  

originally proposed by H, M. Parker(u) for cancentration of. 

in the atmosphere. The originel. permissible L e v e l  o f  

aerogram per cc, 9 6 8  derived from the falloring a s s ~ t l o n s t  

t h a t  plutonium a8 f i n e  dust particles or dropluta wa8 

deposited u n i f o d y  over the lung surface (8 x 105 cgz), 

50 percent of the inhaled plutonium is retained i n  the 

lung* 

the damage frcw the retained p l u t o n i ~ l  would k t o  the 

finest paesages (slvsolio bronchioIes) by alphe 

irradiation. d 

for alpha ray radistion the tolerance dose wss taken 

as 6.01 rep per day. 

Pram the above Parker calculated that 0.a microgram of 

plutonim depaaited evenly throughout the lung tissue mmld give e 

dose t o  the lung of 0,Ol rep per dag. A s s u i n g  t ha t  there ma8 no 



elfninrtticn of the  rethined y3.tut,onirrmo en a i r  concentretion of 

~5 x 

up to an amount which would give 8 daee of 0,M rep per day t o  the 

lung a t  the end of the second par, 

d.crogra81 mould, a t  the end of two years, have built 

For the fhst p a r  the tolerance 

amount (O& uderogrsm) would not have been k c h e d .  

that 0.01 rep incrsashg t o  0.02 rep per day aUring the second par 

It w8 thought 

vould not be h a m a  

The above Frovfsional. level of 5 x loo1' microgram/cc of a i r  

was thus accepted as a w r x k h g  basis u n t i l  biolcgfc research could 

give more precise data. 

a b o s t  o m  year later, when evriments had been analyzed. 

htwi1l.y t h i s  was not obtainable untu 

It -8 

founad by Hamilton that sbout 20 per cent of the Flutodurn originally 

inhaled was eventually deposited en the skeleton3 the largest 
.-:-4 

traction ( d 5 0  percent) waa trapped in the upper a i r  passegeo and .xi 

elbknahd, A b a u t  25 percent remained in the lung GQDB of w h f c h  1988 

more slowly elfmineted by c i l i ary  action. The absorption of plutoniua 

\ from the lung was qui vendent lmnn e - F J  0 The 

d d e  is not ab 
\ 

It should be noted that the original sfs concentrsltion level 

of 5 x 10-10 roicrogram/cc 81t38 one based upon p h a r y  i n j q  from 

radiation and did not consider absorption through the lung and 

depositior, in the body.' &sed then upon the lster data of'ebsorption 

end excretion9 the previously established level would result in about 

0,l zn.h?ograrn per year being deposited in &he S k 3 b t G n  if the plutOfiulp 

inhaled was in compounds sWlar t o  those used experimentally, Ir 

industriel. practice it WBS faund that  d t e b l e  pmtective 13eaamu 



could kwp .ehe w o r k i n g  atmosphere b l a w  5 x 101lo dcrogrem/cc by s 

factor of 10 or more. Hence the original tolerance vslw for 

atmospheric concentration l s 8 ~  rebined in use. 

2, B D  ositfon in Boa.  Yore detailed account I s  given elsewhem 

of the biologic work, both in animala and man9 which formed the best8 

plutonium t h a t  could be fix& in the body; Since scute experimente, 

nay of answering the pressing qwstiono these were unc?esteken by t)l. 

eqdvalent weights of the two element&. The ratio far l e t h a l  action 
/ -- 

was then (far 30 d q 8 )  not a I 50, but rather 1, Aa the- sxperfiPenta 

rm'extended in t h e  the ratio a becane largos, get wen for S O  deyu 

it was about 5, 

Ba 

Ra 

In July 1945, the Manhatten District, acting througb Colonel Il(arPezb 

baaed upon date briefly sunmariszed abixe, eet .a prcmisionel allowable 

deposition in the body of 1 microgram s'ccmuletod t O t d ( 4 3 ) ,  

stated thai t:tlis level w u l d  be reviewed in December 1945, relative. t o  

subsepusat experimental date. The level of 1 microgram was ths maximum 

allowable amount for deposition, The leveb adopbd e t  Eanf'ord En&mr 

Works -8 0,s microgram, airice operating condi t icw and protectioa 

zt war 
> 



made mi8 loser level achievable rpi+Aout added fec€Uties* 

sequent revision of the lmicrogram level ha8 not a8 yet been made. 

Nickson has deuc%-i@d elsewhere t he  present methodBnar in m a  

Sub- 

to detect plutonium deposition. 

excretion, the excreted amount aerving as a basis for calculating 

the amount present in the body a t  t he  t h e .  

8 measure of (1) the amount depoeited end being excreted frora the 

These were based u p  UrinSrg 

The smourt srcreted i s  

deposition and (2) that w h i c h  i s  passing through the body, being 

excreted w i t t p u t  d8pasitioa, Conservstisll adds t o  safety by assamiDg 

rather tha t  plutonium excreted via the urine stems fwmthat deposited, 

3. Concentration in DrinaoLne Water. The absorption ac" plutonirn 

by the gastro-intestinal tract 96s not known In the earlier periud 

dmn it was being handled In rslhtively small quantities and befora 

biolcgic data PPBS available, l3eCiiu.a selts  were knmn t o  be absorbed 

rather easily 0.5 Q 2 percent. plrpi3sismnta (described elsewhere) i n  

both Etniznab end m n  have resulted in finding 8 fairly unifora 

absorption by ingesltion of about 0.05 percent, 

The problem 02 8 possible ingestion hasard from drfnking water, 

althagh remote, arose from prsste &pose1 operations and the necessity 

to aodtar water s o u r c ~ 8  in the vicinfty of tho plutonium producixlg 

planb. A calculation of penaissible plutodum concentration l a  
0 
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tolerance concesltration far drinking aster in t h e  w a r k i n g  area11 

WAS calculated to be about 2 I 10-5 lnicrogrem per cc if at the 

same t b e  the drinking water i.n the residence district -8 contadnobd 

to tbe extent of about 10-5 microgram per cc. 

conditions an amount less by a factor of ebcnit 3.00 is rvfsdily detectable, 

and w o u l d  give ample wnning should any significant con-tfon arise, 

Under actu81 monitoring 

4e SIZLUWQ, Prm t.hu ebove discussion it c3n be men that 

phtanium 1s a highly t o x i c  element, a& is a has& which g r e a t l y  

canplicated the design, cost and a p e d  of plutonium psduction. 

Substances of equal or Sreeter toxfcity have been encorntored hem- 

tofore. 

substance. 

the hazard beyond that of the rsdim industry. Fortunately we had 

Radim, because of fto mdon p s  problem, io a mom t d c  

Eet the quarkity of plutonium to be produced has magnified 

It would eeem a t  this writing that these haw not been erceaded in 

the present project. Ti= m i 3 1  f i m l a h  the amwer.,. 



p. 
1.7, 

Each af these above levels had h e n  established by sdding a safety fector 

to an amount which haid been observed to produce injw when ~lrceecied by 

a factor in each case less thsn 10. 

experimentation formed the bs i s  for t b s e  values. 

B w n  misfortune rather t h m  a w l  

\ 

The pest literature is surwisingly lsc$ing l.n e n b d .  exposure csmied 

on d t h  radbtdon a t  tolerance or near tolerance levels, 

explained ast 

‘Phi@ might be 

1, 

2. 

Radiologists had not given much attentim t o  the subject e8 

8 whole, 

of the various societies, 

For the radiobiologist experiments within the tolerance range 

require long periods of time snd Urge n u i a b r ~  of animls to 

The probleg had ’men mleg?3teCi t3 a few c d t t e s s  

complete. They ere therefore costly and t i h e  consuming. There 

m y  hve been the feeling too that research in to  otker fields 

ofPered more f,ruitfu3. paths, since WaleranceR for mice, rats ,  

rabbila or fruit fl ies still was not *Lolersnce@ for mans and 

c d c i  never te p m e n  to be so. 

Uith awakened interest in rad ia t ion  tolernncea occasioned by the 

Plutonfun Projectit the racliobiologista were asked. to hvestfgatar many 

of appUcabLUty t o  personnel prstection, 



. .  
. .  

not BO readily controlled. 

animal experimentation c o u d  approach %ha problem fiam the standpoint af 

mithin limits, then, we d g h t  conclude that 

which produce altcrratioas in leukocytic lsvelsp wig!>%, fertiUty, longevity, 

OT whatever index we may wish to fsllop. 

AnimRl research also hes the advaxitage of being able to maple the 

body elements a& functioas mbrs coaple&!ly *J selective autopsy. It can 

also follow the animal to his deathv either natural or rac?iotion-induced. 

The iliost fnipmtaat advantage of anSw3 mseesch hw-ver l i e s  i n  the 

p o s d b i l i t y  of exposing the organisn t o  knm quantities and qmUtles of 

radiation. We have men the contz%buticnrs r ide  in the study of slow neutron 

irradiation by Wrkle and co-workers, Their findfnge had not bean anticipated, 

and cocsiderably altered the conceptfone of safe levels of expasure t o  rediation 

of this type, A sim.tt.nr contribution was mde in helping to fix a level of 

plutonium deposition belw the threshold to pmd:tce in,jurp. 

I 

Histopathologic, metabolic OF other stu.di6s may tlllcCmerp +&rough animal 

experimentation, indices of earlier radiation damage unsuspected fran our 

present clinical or leboratorp methodo. 

These in the main are the cctntrihtisna which we might h o p  to gain 

f’ran anl..mil experincnta t ion relcttivo to redfetion tolerances. 

http://anl..mil
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hie protection. 

down have already cme to Ught. Evans has found t h a t  rats 

qwsntfties of deposited radium which wauld be lethe1 t o  e mn. 

on the tolemnce of skin in anfnals cannot be a p p l i c s b h  t0 

the very great difference between the skin of man and various bbaratory 

anim&ls, hior i s  it expected t b t  ti grmp of men could submit to 61 d a w  

exposure of 8 r per day of gama redietion up to R total dose of 1330 r 

without seiaua impofrnent of hemopoietic function a6 evidenced in ths 

Several inatsncea in which t21i.a ~ n s p o s i t i o a  b o  broken 

tolerate 

S t u d b e  

becauae of 

m o m  valuable will be the infomation to thms fntereetad i n  radiation 

protection,, 



Erternal gamma and x-radiation. ................... .0,1 r pes day 
External bet8 radiation. .......................... .O.l rep per day 
Faat neutron radiation ........................... .~,02 rep per 6ay 
Slolr neutron redistion ........................... (0.025 rep per day) 

Xnternal alphs radiation.. ........................ .O,Ol. rep pes dag 
Radium deposition in the bOCiy... ................... 092 dcrogpa9ro 
Radon concentration in ataosphem, ................ .I x 10-14 curie per CC. 
Rsdioactive Xenan133 fn stmospherra.. .............. .2 x 10-u- curfa per ccI 
Radioactive fodbd31  fn s.$ncsphere. .............. .3.5 x 10-14 cur ie  p r  ec, 
Mired fission products Fn drinking water......... ..1,2 x 10-9 curie per CC. 
PlUtonium cmcentration in atinosphere, ............ .5 x 10-10 micmgrm per cc. 
Ph,fcmi.lap deposition f?z the body,. ................ .LO azfcmgmm+l, 

(comareion game r a p )  
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