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Preface 
The Advisorv CommitteI:' on X-rav and Radium Protec­

tion was form~d in 1929 upon t hI:' r-eeommendation of the 
International Commission on Rudiological Protpction, under 
thp sponsorship of the K ationnl Bureau of Standards and 
with nIP cooperation of the lending radiological organiza- ., 
tions. 'fhp small committee funet ioned effectively until 
the ady('nt of utomic energy, ",l1ieh introduced a large 
number of Tle\\~ und serious problems in the field of radiation 
protection. 

At 11 Hwpting of this committee in December 1946 the 
represen tati"es of the ,~arious part icipating organizations 

that the problems in radiat ion protection had become 
so manifold that the eommittee should enlarge its 
and nwmlH'rsliip and should appropriatelv charlge its 
to be mOl"{' inclusin'. Aecordingly, at th~t time the name 
of tl)(' committee was dmnged to tho X alional Committee 
on Radiation Protection. At the same time, the number of 
participating organizat ions was inereasrd and the total 
mrmbership considPl'llbly enlarged. In order to distribute 
the work load, nillE' working su beommi ttel's have been 
established, as listed belo\\'. Each of these Rubeomlllittees 
is charged \\~ith the responsibility of prpparing protection 
re('ommeT~da t ions in its partieular field. The reports of tlw 
snbcomnuU('Ps are approved by tbE' main committer 
publication. 

Thp following parent IIlId individuals eom- ) 
the main committee: 

American :\[edical Association: H. H. Willialll~. 
American Radium Society: E. H. Quimby and ,J. K \Virt.h. 
American Roentgen Ray Society: R. It. Newell and.J. L. Weatherwax. 
Kational Burcnu of Standards: L. S. Tavlor, Chairman. 
Kational Electrical :\IanllfM~t lIrers A~sociatioll: K Dale Trout,. 
Radiological Society of Korth America: G. Failla and R. 8. Stone. 
U. S. Air Force: G. L. Hekhuis, :\Iaj. 
U. S. Army: T. F. Cook, Lt. Col. 
U. S. Atomic Energy Commission: K Z. Morgan and Shields Warren. 
U. S. Navy: C. F. Behrens, Rear Adm, . 
U. S. Public Health Service: H. L. Andrews and E. O. Willinms. 

II 

Thp following arp th(' subeommiU('ps and their ehairIllPll: 

Subcommittee 1. 
Subcommittee 2. 
Subcommit.t.ee :3. 
Subcommittee 4. 

Subcommittee I,). 

Subcommittee 6. 

Sub('ommiHee 7. 

Subcommittee R. 
Subcommittee 9. 

Perm!';sible Dose from External t:lources, G. Failla. 
PermiRsiblc Internal Dose, K. Z. :\Iorgan. 
X-rays up to Two -:\[iUiOll Volts, H. O. Wyckoff. 
Heavy Particles Protons, and Heavier), 

D. Cowie. 
Electrons, Camma 

Million H. 
Handling of Isot opes and ~'i8sioll 

Products, H. 1\1. 
Monitoring Methods and Instrnments, H. L. 

Andrews. 
\\'aste Disposal and Decontamination, J. H .• 1 ensen. 
Protectioll AgaillBt Radia1 iOlls from Radium, 

Cobalt-()O, ami Ccsium-137 Encapsulated Sources. 

) 
With the increasing usp of raciioaetivp isotopt's by industry, 

IlP medical profession, and r('search laboratorirs. it is ('ssen­
tial tha t certain minimal precautions bp takrn to protect 
tIl(' users and the public. TIll' recommpndations contained 
in this Handbook rppr0sent 'what is belil'y('(l to be' the' brst 
available opinions on thl~ subjrrt as of t.his datp. As our 

with radioisotopes broadens. we will undoubtl'dlv 
be able to improve and strpngthen the n'('ommPIldations 
given in this report. In the meant imp comments and 
suggestions will bp WclCOIlWd by tIlP committee. 

One of the greatest difficulties NlcmmteJ'('d in the prepam­
tion of this Handbook lay in the interpr('tation of existing 
biological data dpnling with t h(' uptakr and rptpntioIl of 
radioactiv(' rna t erials bv tIl(' body. ~1 any variables lin' 
prpspnt in eaeh ('xJwriment, nnt! nlajor dis(:.repallcit's occur 
frpquently lwtw('('n en'n tl](' most rdiablp researdH's. A 
trem('ndons effort is pn'sentiy being l'xerteQ to obtain a 
brtter understanding of tIw biological pffef'ts of radiation. 
In the 3 years, during \\'11ich this l'Pport has twen in prepara­
tion, so much progress has be'pn made in tl1P field that at 
times it has seemed almost hoprless to kp(~p abreast of the 
~aflg('s. It is bclievpd that tIl(' numpl'ieal val lies given in 
6isl·eport. are sueh that errors, if any. will tH' in the direction 
of providing addit iona} sa.fpty. 

The presrnt Handbook \\'as pr<'parl'Cl hy thn Sulwommittpp 
on Pprmissible Int0l'llal Dos(~. Its mnmbership is as follows: 
KARL Z. MORGAN, Chairman. 
A. M. BRUES. 
G. FAILLA. 
J. G. HAMILTON. 
L. D. MARI~r;LLl. 

H. 1\1. l' ARKf;R. 
H. PERRY. 

\\'ARRE;>;. 
LISCO, Con~Hltant. 

Director. 
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Maximum Permissible Amounts of Radioiso­
topes in the Human Body and Maximum 
Permissible Concentrations in Air and Water 

A. Introduction 

This is the first official publish('d l'('port of th(' Suhcolll­
~ittE'p on Permissi ble lut ('mal Dos(' of thr .:\ a t ;ollal COlll­

~ittp8 on Radiation Prot('etiOll. It is the opinion of this 
Suhcommittee that all UlllleC('Ssary rxpOSU1'r to radioisotop('s 
should he avoided. HO\\"{,H'r, it is oftrll impracticahle, if not 
impossibk, to pren'nt some radioisotopps from entE'ring tht' 
body. TherefoI'(" it is desirablr to ('stablish lrvpls of maxi­
mum permissihle rxposure to srrvr as guid('s to safe opNatioll 
and upper lrveis of exposure, In somp casps there is con­
siderablE' uncprtainty about the maximum permissiblE' valu('s 
givrn in this report, Ho\H'ver, hecausr man.\T prrsons are at 
prest~nt bring exposE'd to certain of the radioisotopes, it is 
considered drsirable to agn'(' upon what are cOllsid('red as 
safe ,,"orking Ip\"(·ls for these radioisotoprs no,," rather than 
wait until more complete information is available, In this 
conneetion, it is well to brar in mind that p('rsons may be 
exposed to radioisotopes for an ill([efinite ]wriod of time, 
pPl'haps a lifrtimE', Because, in general. it is impossible to 
predict at thr start ho\\- long a lwrson will be rxposed, prr­
missible limits must be set on the assumption that thr occu­
pational exposure will conlinue throughout the \H)!'king life 

1 the individual and environmental ('xposu!'rs \\'ill continue 
r a lifetime, TIl<' yalurs ginn in this 1'Pport havp be('n 

f'l'ivE'd on the basis of ('OIl tinuous rxposurps for a lifd imE' 1 

or for the equilibrium condition ill \\'hich tl)(' rate of elimina-
tion has become (~qual to th(, rate of drposition in till' body 
in all cases except for Ra"26, Sm '5l , and Pu 2:m• Thrrpfore, 
their Use as int('rim ynhws for 1\ period of several \Tears is 
fully justified. If future information indicates that thrse 

1 The efircth~e halC·liv('s of the radioisotopes considl'red in this report, with the exception 
of Ra~Z5, Sm!.'il, PU~3'\ and Sr~fJ. are so short that the tinw of exposure is not critical in the 
calculations and the' :;alll(' maximum Iwrmissiblr> concentrations in air and in water are ab. 
tained rrganl1ess of whether the exposure is for :30 years of occupational exposure, 70.years 
lifetime, or an infinite period. 
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values should be more or less conservative, they can be 
adjusted before anyone has been unduly inconvenienced or 
before damage can be expected to result. In any ease, 
lwcause of tbe uncertainties involved in the present 
and in ddermining the actual accumulation and potential 
bazard of radioisotopes in the buman body, it is strongly 
recommended that exposure be kept at a minimum insofar 
as it is practicable. Bearing in mind that in the future it 
may hecome necessary to lower some permissible limits, it is 
suggested that a fador of safety that may be as large as 
ten be used in the dt'sign and operation of permanent installa­
tions wlwre large quantities of radioactive matt'rial are 
involved. This is particularly important in cases in which 
provision of additional protection later would very difficult 
and expensive. ) 

The values of maximum permissible amounts of th. 
various radioisotopes in the human body and of the maxi­
mum p('l'missible concentrations of these radioisotopes in 
air and water as given in this report are chosell by this 
Subcommittee as the most aceeptable values after con­
sidering a preliminary report to the Committee (giving vahlPs 
recommpnded by various I'nd ia t ion protection ('ommi ttees, 
a..'l listed under Rf'ction .F of this report) and after mnking 
comparisons with \'alm's calculated by URf' of thf' data sum­
marized in table 4. This report cOIlRiders only a few 
radioisotopes, nnd particularly those that arE' of present-day 
interest. OtllPl' radioisotopes will be considered in sub­
sNjllPnt reports when such information about them is needed 
and as dnta become availablr to serve as n basis of acceptance 
of safe recommended values. Likewise, values given in 
this report must be revised from time to time as more 
biological information is obtnim'd. 

Efl'orts should be made to prevent the accumulation of 
dangerous quantities of radioisotopps in the bod.v. Radio­
isotopes mny ent<'r the body by way of food and water, in 
the air we brMthe, through wounds and abrasions, an?)· 
through pores of the skin. The physical state (liquid, solic, 
or gas) and the chemical form of the radioisotope hdp 
de(prminp the type of radiation hazard aIHl to some E)xtent 
HIP degree of retelltion in the body and magnitude of ha7.ard. 
Other important factors that determine the radiation hazard 
are the quantities of radioaetive material involved, the 
facilities and pquipmpnt avnilable for handling radioisotopes, 
thp training and ('xperiencc of thOR(' working with the 
radionetive mnterial, and Ihe respE'ct ther lHwe for appropriate 
radiation protection standards and procedures. 
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B. Radioisotopes More Hazardous Inside the Body 
Than Outside 

Radioisotopes when contained inside the body present 
greater hazards than when they are limited to external 
sources, for the follO\ving reasons: 

1. They irradiate the body continuously until they are 
eliminated. 

2. The biological hnH-life is very long for some mdio­
isotopes, and in most cases it is difIieult, if not impossiblP, to 
increns(' appreciabl)T the elimination rate from the body. 

3. Sources inside the bodv are in intimatl.' ('on tad with 
the body tissue. This enal;les alpha and 10\\--enNgy beta 
radiation (which, because of limited mnge, do not present an 

) 
external hazard) to rpnch mdiosensitive tissue inside the 
body and to dissipate all their ellergy in a sml111 volume of 
tissue inside a critical body organ. 

) 

4. It is very difficult to measul'(' til(' amount and dis­
tribution of a l'l1dioisotope in the body, and ('v en if such 
information is obtnined, it is impossible to asspss the ha7.ard 
accurately. :Methods of urine I1nd fecal annl.vsis have been 
developed for some radioisotopes, but most of th('se analyses 
are very tedious, time eonsllming, and ('xpellsive. 

C. Methods of Estimating Maximum Permissible 
Amounts and Concentrations 

Ther(' nre various methods of' estimating maximum per­
missiblp levels of radiation exposure, maximum permissible 
amounts of radioisotopes inside the body, and mnximum 
permissible concentrations in l1ir and water. Some of these 
methods arc given in the following pamgmphs. 

1. Comparison with X-ray or 'Y-ray damage 

vVe have had eonsid("mble exp('l'ienee for more than 50 
veal'S with these radiatiolls, and the Subcommittee on Per-
111issible Dos(' from External Sources of tlll' i\ ntional Com­
mittee on Hadiatiol1 Protection has set the relativp bio­
logicnl eifectiv('ness (RBE) und the maximum permissible 
exposure to varions types of radiation, as listpcl in tablc I. 
The values in tabl(' 1 were accepted by the Chalk River, 
Canada, Conference 29 and 30, 1949) and the Inter­
natiOlml Commission on Hadiological Protection meeting 
in Lorldon (July 1950). 

3 



Type 

TABLE 1. 

R"lath-\' hin­
Ing-ieal efi('ct­

tiyelles~ 
(RBE) 

1 
1 

20 

this rOltllllll "' "~reed on ut the C hulk Hiwr and I,ondon Confc'rences applv 
hloodflJrming nrgan~. For nh' PUrpOS{' of this report t1l0S(> valnes are ex­

to all hotly onmtlS hnt not trw f'pirh'rmal skitllny('r. 

2. Comparison with radium dama!?,e 

Thf'l'f' hl1n' bf'ell many \'Pl1l'S in which man 
eould obsPI'H and study' tlip (,ffp('ts of X-rays 
and radium. 'I'h!' dfpcts of exposurp to radilim 
wpre obs('rvpd shortly after til(' of radium, as 
was also the ease with X-rays;t and man's experil'nc(' with 
radium fixed in the body dates baek mol'P than 25 Years. 
Th(' radium contl'nt of the body ean obtainl'd lIH'u.RUI'e­
ment of the gamma radiation' from the bod~7, by m('asure­
mpnt of the radon exhaled frolll the body, and by autopsy 
lIIeasurements, The X a t ional Committee on Rndiation 
Protf'ction hus set the maximum permissihle amonnt of 
radium-226 in the body as 0.1 Me. The XCRP Subcom­
mittee on Permissible Internal Dose has madp tlw pstimate 
that the chronie damage of PU239 rplative to Ha22G for equal 

absorllPd is 2.;j, and for acute exposure the damage of 
r('latiw to Ra226 for equal absorbed is 20. 

PrpiiminarY indications are that the efl'ectiYeIH'SS 
of P02W reiatiy(' to Rn 22n is eonsid('rably less tlum 20 on the 
basis of ehnmie damag{',3 Cllre must be takf'n thllt GOll1-

with radium an' made with those plements 
behave similarly in the body. 

3. Comparison with back!?,round concentrations of naturally oc­
currin!?, radioisotopes in our bodies, in the air we breathe, and 
in the water and food we consume 

For example, if a large group of people in one pllrt of the 
\vorld has 10 times the uyerage eontent of radium in thC' body 

'For ~xilmjll~, Mr, Grubb~ at Chicago, 111" sought medical aid for an X·ray dermatitis on 
the hack of his band in January 18~6, thp sanw mouth Roentgen aunounC:f'd til€' disGovpry of 
X-rays. BecqU('fPl received n radium burn a few ypnrs after he announced the discovl'ry of 
mdioactivl' radiations: rll1irwd hy uJ'auil1Hl, wlH'n hp llladr the rnistaku of carrying a glass 
tube of r,j(lium-[}l:ariIlg hariulll chloride in his vest pocket for n few days. 

3 1'he HllE of POZ1G with respect to Ra22U i5 takeu as 5 in tablp 3, A, which is based On chronic 
exposures. 
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} 

as the rpst of the people in the world, and if this group of 
has shown no detectable disadvantagps, thC' conelu­

could be that these hig-her eoneentrations would be 
safe as maximum permissiblp valups. 

4. Experiments with animals 

Exppriments on miC'P, rats, dogs, pigs, etc., are being 
conducted bv many laboratorips in order to dptprmine the 
initio'! retC'Iltion, the concentration in the various body 
organs, and thC' biologieal half-life of specific isotOPE'S. 
Cardul observations are made on both the liying and 
saerifieed animals in order to deted damage to the various 
body organs. Studies arc madp of blood changps, tumor 
production, sperm counts, rpduction in life span, etc. These 
results are extrapolatpd to man more weight to 
the data from SIlC'cies that are man. 

S. Experience with Man 

Exppl'iPIH'P with man will gin thC' eompldC'ly reliable 
data, and PHIl lwre thp slalisticnl is so great that 
data should bp obtained for 11 lnrgp numher of eases in order 
to obtain rplia ble results. For ct hieal l'pasons tllC're is a 
limit to tllP data OIl(' cnn ObtHill In' direct obsernltions on 
mun. HO\\'('ver, yer~' usdul data. Imv{' bpE'n obtainpd from 
observatiol!s on man following thl' aeeidC'lltal ingpstion and 
inhalation of radioisotopes. For exnmple, minal.vses of 
pprSOllS who hayC' inhalPd P u 2:l!) and 81'90 o"'ing to eard('ssness 
or aeeidNlts havC' furnished som .. of the best C'stimates of 
the biolog-ienl half-life of thesC' radioisotopps in man. Small 
traeer closps of some of the radioisotopes ,,'itb short efl'ectiye 
haif-liv('s can be administprpd to man to obtain valuable 
information about the init ial ret('ution and biological half-
lifp, In some cases short-livpd can be sub-
stituted to obtain essential data tlw lwhavior of 
morC' dangerolls long-lived For C'xample, 
5.8-day C1l47 eun be used in placC' 152-da~- Ca45 , or 
the 9-day P 0 200 cun be used in the 138-day P0210. 

D. Factors that Determine the Hazards of 
Radioisotopes 

The fae/ors thul detC'rmine the hazards of the various 
radioisotopps arC' as follows: 

1. Quantities Available 

Nonp of the radioisotopes excC'pt those oeeurring naturally 
pn'sentpd problpms until the age of high-voltage aceelpl'H­
tors, nuclear reaC'lors, llnd lltomie bombs. From the stand-

:2327UJQ-53-~2 5 
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!I 
! point of common usc and quantity a,'ailable pol p32 

C 0 60. Sr90 , CH. S35. Ca 45 . Au 198
• Ra 22G

, PU 239 , an'd ur~niu~ 
present the major problems of irradiation inside the body. 

2. Initial Body Retention 

Large fractions of some l'lements such as iodine, strontium, 
and sodium arr absorbed ",hen they are taken into the bodv 
by am' of thl' sl'nral routes and' when available in theIr 
common chemical forms. In the ease of elements like plu­
tonium and uranium. only a small fraction is absorbed in 
the gastrointestinal tract.' Therefore, the greater retention 
would increasr thp hazards from the first group as against 
those of thl' S('('011(1. In dealing '\'ith the inhalation of 
radioisotopes, unll'ss information specific to thl' radioisotope __ ! 
is ayailable. it is assum('d in the case of soluble compounds 11 
that 25 percent is retained in the lower respiratory tract. 
From this tract it goes to the blood stream, and a part of 
this goes to the critical organ "'ithin a fe'" days. Fifty 
percent is held up in the upper respirator." tract and swal­
Imred, so a fraction of that s,,'allO\\'ed also reaches the critical 
organ. In the case of insol1J.ble compounds, it is assumed 
that 12 percent is retained in the lower respiratory tract, 
which is usually taken as the critical organ when considering 
the inhalation of insoluble compounds. The rest is elimi­
nated by exhalation and swallowing. 

3. Fraction Goin~ from Blood to Critical Body Tissue 

Some elements in the blood stream are eliminated rapidly 
from the bod.", ,,'hcreas larg(' fractions of others are deposited 
in certain body organs. 

4. Radiosensitivity of Tissue 

:-)ome bod,v tissues are more radiospnsitive than others. 
For example, the lymphatic tissul' and bone marrow are ) 
much more radiosensitive than musclr or neITC tissue. 
Therefore, in equal concentrations an clement like plutonium 
is more hazardous than uranium lwcausl' the plutonium 
concentrates in the most spnsiti"e part of the bone, whereas 
the uranium goes to othl'r portions of the bone, the kidney, 
and yarious other relatinl." inscnsitin organs. 

5. Size of Critical Or~an 

For a given number of microcuries of a radioisotope in a 
critical organ. it follows that the smaller the organ the 
greater the concentration and the greater thp dose delivered 
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to the critical tissue. Iodine presents a much greater prob­
lem than sodium, since iodine is yery seleetinl,v absorbed 
in a small body organ. the thyroid gland, wherl'as sodium 
is rather uniformly distributed throughout the body. In 
many cases the radioisotope is deposited in a large organ 
but localized in a small portion of that organ. so that, in 
effect. the mass of critical tissue may lweome yer." small. 

6. Essentiality of the Critical Or~an to the Proper Function of the 
Body 

Some bod,v organs are eitlll'r not l'ssential to the bod." 
function, or, ,,,hen thry are damag('d or removed, special 
steps can be takl'n to supplement or compensatl' for their 

~educed function. It is for this reason that damage to th(' 
~one marrow, kidneys, e,ves, etc., would represent Iwrhaps 

a greater hazard than equal tissue damage to the thyroid 
gland. 

7. Biolo~ical Half-life 

Some elements like radium. plutonium, and strontium are 
deposited in critical body tissue ",lll're the rate of turnon'r 
is vcr." slow or the biological half-life is many .FllI'S. Th('se 
radioisotopes are much more hazardous than radioisotop('S 
like carbon, sodium, and sulfur (CH, Na24

, and S35), which 
han' biological half-lin's of a fe,,' da.,'s or 'n'eks. Th(' 
principal methods of plimination of radioisotopes from th(, 
body are by way of tIl(' urine, f(,c('s, exhalation, and perspi­
ration. U3uall,v elimination is much more rapid bpfore thp 
radioisotope is translocated from tIlt' blood to a more per­
manent an'a, such as the bonr, than afterward. Thi" time 
is usually of the order of a few davs to a f(,w weeks. After 
this initIal period th(, dimination rate becomes more nearly 
exponential, and tIll' application of Lhe term "biological 

Jalf-life" has n,al meaning. 

S. Radioactive Half-lives of Intermediate Len~th 

The mixture of U 238+ U 234+ U235 that, occurs in nature 
does not present much of a radiation hazard (if the radio­
active daughter elements arc rl'moYed); because with the 
very long, controlling half-life of U 238 of 4.5 X 109 years, it 
requires 1.5 X 106 g of this uranium isotopic mixture to make 
up a curie of alpha activity. Tlll' maximum permissible 
amount of this mixture ill the bod,v (ginn in Labh' 3,A) is 
0.02 jJ.C. This corresponds to about 0.0:) g, and it is un­
likely that a person would gGt this much uranium in his body. 
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If h(' did, it probabl~T would result in a ch('mical hazard be­
for(' the detrimental effpets of radiation would show up. 
ThE' U233 , with a half-life of 1.62XI05 y('ars (100 g/curi( 4

), 

and 81'90, with a half-life of 25 ~'('ars (6.3 X 10-3 g/curie), arc 
mueh greatE'r hazards. In thE' case of 81'90 in equilibrium 
with Y90 tllE' maximum permissible amount of 81'90 in thE' 
bod~' is 1 f-Le, or only 6.3 X 10-9 g, which is about 10- 13 of the 
mass of thE' human body. This concentration is so small 
and thE' ratE' of diminati~n so low once a maximum pl'rmis­
sible amount of 81'90 ill equilibrium with Y90 bE'comes fixed 
in thE' bone, that it is thPll nry difficult, if not impossible, 
to make acpuratl' pstimat('s of the amount prpsent. Thfire­
forE', if there is exposure to such radioisotopes, every pre­
caution should be tah'n to. minimize .tllE' body uptakE', and~ 
urinal~'s('s should be made frequE'ntl~' so that the amounl IIJ1 
going into the bOll(' ean be estimated from concentrations ' 
in the urine during tIlE' early portion of the period of exposurc, 
when the elimination rate is much highpr. 

At the other l'xtn'me of speeific activity, radioisotopes 
with \'ely short half-lives do not present much of a hazard 
unlE'ss the exposurp is maintain('d by continuous uptake, 
since the aeti"i t!' of such radioisotopes when deposi tl'd in 
th(' bod~' soon deca.,-s to an insignificant level. As a rnle-of­
thumb 011(' can l'l'memlwr that th(' aetivity is reducE'd to 
less than 1 pprcpnt after senn half liYes (2- i =0.008=0.8%). 
Examples of these short-lind radioisotopes are P32, with a 
half-life of 14.:3 da!'s (3 .. 'iXI0-6 g/curie), and N16, with a 
half-lifl' of 7.:15 spc (10- 11 g/curil'), III gen('ral, radioisotopps 
with intNmediate radioal'tive half-liyl's of about 5 to 50 
years prespnt th(' grl'atest hazaTds, other factors being 
equal, and thp dangpr diminishes for radioisotopes with 
greater 0,' smalll'r radioaetin half-lives. The most import­
ant period of exposure to laboratory pNsonnd is from the 
age of 20 to 45, bpcause very few younger pprsons are 
employed by laboratories that handle radioisotopes, so the') 
arc not frequently subjPct to large internal doses of radie 
isotopes; and man~' of the chronic effects of radiation do not 
manifest th('mselYl's until 15 to 25 years after the radiation 
insult (and 45+25=70 years, which'is the ayprage life span). 
The younger the pelson who accumulates the radioisotopes 
in his body the greater the hazard and the more serious the 
aCl'umulation of intermediate-lived radioisotope,> like PU239, 
Ra 22G, 81'90, and P 0 210 in the body. It is for this reason that 
added prpcautions should bp observed not to take into the 
body radioisotopes like 81'90 that might be translocated to 

4 g/curi0=7.66XlO- Q,1 Tr. in which A=atmuic weight, and Tr=radioactive half-life of the 
radiohlOtope in days. 
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the fetus; contam;nated clothing should not bp ,,-orn homp 
whpre it rna!' present a radiation hazard to young member~ 
of the family; and dangerous quan tities of radioisotopes 
should not be discharged into tllL' air or into the public watl'r 
su~plies, where the population as a whole may be exposl'd. 
It IS generall!- true also that fast-growing cells of the body 
arc more suhjl'ct to radiation damage than fUlly developed 
cells, and this is a good rpason to bE' more cautious in per­
mitting the accumulation of radioisotopps in young people 
or in women in the child-bearing age. 

9. Ener~y of the radiation produced by the radioisotope 

The radiation hazard associatpd with a radioisotope 
deposited in the body is proportional to thp anragp energy 

}f disintegration ,Yeight('d for the biological dfpetinIlPSS of 
the radiation. The total eff('rtin ,'nrrgy ]wr disintpgration 
of the Ra"2ll plus half 5 the pnerg~- of Rn 222 and its alpha­
('mitting daughtel' pl'oducts is 14.5 ~I('Y. ThE' pIlE'rgy per 
disi~ltl'grlltion of P U 239 is 5:16 ~lev, and so (on an pIlPrgy 
baSIS alone) ,,,hen pqual cune amounts of Ba 2Z6 and Pu 239 are 
deposited in tllP body, onp would pXPL~et Ra 22ll to be about 
three timps as hazardous as Pu m . [Aetually, it is thought 
that tllP fact that PU":l9 is more densdv eoncentratl'd in th(' 
radiospnsi t iY(' portion of the bonE' tlian Ra 226 morc than 
eompellsa ('s for this ('nergy diff'erE'nce, so that tIl(' reyerse 
rna!' yery ,Yell be true. The maximum permissible amount 
of Ra zzo (in microcurips) in tlIP body is taken to he about 
2.5 timE'S that of Pu ng .] Another interesting comparison 
is obtaiIl('d by examining SOllle of the bpta- and gamma­
emitting radioisotopps. In a comparison of H:J ,,,ith I'Ia 24 it 
is not~d in table 4 that thE' l'fl"eetin pnprgy per disintE'gration 
of H3 1s 0.006 ~leT, and the cff'l'l'tivp E'nergy )wr disint('gration 
of NaN is 2.7 ~le,-. On an en(']'g~' basis alOllP tllP maximum 
p('rmissible amount of H3 ill the hodv would bp 450 times 

Jhat of N a 24. In this ease both X a 2f alld H3 arc assumed to 
(' rath('r uniformly distributed in a similar maIlller through­

out the bod,'-, so that tlIP l'ffective eIwrgy PPl' disilltl'gration 
is the principal fadOl' dd('l'lllining thl' rdatin' biological 
damagE' from thes(' two radioisotopl'S when deposited in th(' 
body. ThE' ratio of the maximulll p('rmissibl(' amounts of 
the two radioisotopl'S in tIl(' body (using ,-nIues fl'om table 
3, B) is approximlltd~' illY('rsply proportional to the ratio 
of thE' effl'd iv(' l'Il(']'gies. 

5 EX}JprinlPnts or R. n. Evatls havr indieatp(] that ahout baH of tlw radon ('."capps (rom 
the hody. 
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10, Specific ionization and attenuation of energy in tissue 

A" indieate'd in table' I, alpha particles are considered to 
1)(' 20 timrs as damaging on IlIl enl"rgy-absorption basis as 
b<:·ta or gamma radiat ion lwcatlse of their high spf'cifie ionilla­
tion. Tlw sprcific iOllillation in air of a l-~f('V alpha is about 
6X 10 1 ion pairs PPI' rentiml'ter path, whl'rl"as that of a I-~rev 
brla is onlv 45 ion pairs 1)('1' ce'utimeter path. It is considered 
that for 11lost of thl' gross damaging effecls of radiation the 
conc('ntrated pnrrgyloss in tissue produced by an alpha 
partif'ie reIH'f'spnts a grelltpr hallard b;.-' a fador of 20 than the 
le·ss dense energy loss in lissU(' l'('prl's('utl"d by the gorE'ater 
pf'netratioll of bf'ta and gamma rad~ation.. . ... 

Beta I'udiation is absorlwd mostlv m tIn' ImmedIate VIClllltV 

of the atoms from which it is l"mittl"d, while the attenuation 
of gmI~ma radiati~n of tlw sam~ l"nergy is much Slower). 
(c. g., If a brta enutter has a maXImum enl"rgy ?f 2 :NIev, a 
negligiblp fraetion of thr beta I'nys has the ma.mnum rangr 
in lissU(' of about 1 cm. In the cas(' of a 2-11ev gamma 
emitter, only about 3 prrcent of th(' gammil-nty energy is 
u.bsol'bNi in'thp 1 cm of tisSlH')' in II small organ 
most of tIll? beta rndiation ('mitt('d in the organ will be 
absorbrd in the' organ, whC'reas gamma energy emitted in 
tllp same organ will he II bsol'bt'd in a mueh Inrgf'I' volu!ne. of 
tissllP or escape from tlw body altogether. Alpha radlUtlOn 
is ('V0n morE' loenlized dum bpta, For pxamplC', almost all 
the t'nergy of thp 5.9-~I('v alpha from AVll is ftbsorbed in 
the thyroid gland. \\'h('re it localizes. An alpha ray must 
have llll ene'l'\' of about 7.5 ~fev to penetrate the <,pldermal 
protectivp la.\:pr of skin about the body, which has a minimum 
thicknpss of about 0,07 mm, The range of a 70-kC'v beta 
I'ny is about 0.07 mm of t so onl;.-' a smnll fraction of 
70-kf'\' b('ta rays will pPIlP(ratp prOle'dive layer, There-
fore, hazards from nJphn nnd 1)('(a rndiation can 
be controlled by kepping nlpha and low-energy beta sources 
outside the' body. 

E. Maximum Permissible Concentrations of ) 
Radioisotopes 

Table 2 lists provisional 1('\'('ls of pprmissible concentra­
tions of unknown mixt ures of radioisot opes in HlP nil' nnd 
\Vatt'r be\'ond the nrpns that ar(' 11nd('1' Ill(' control of the 
installation responsiblp for the contaminntion, These values 
are bE·lievpd to br safp 6 for t'xposur(' to any of the radio­
isotopes for pt'riocis of n fpw months, Table 2 is intE'nded 

6 SafE" valuE'S of rna:drnul1l pf'nnissihlp eOllcelltratioll of radioisotopes are consider('d not to 
producE' any readily (h)tpetahk biological damage. 
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for use as a proyisiollal guidE' when only thp ncti\'ity 
is known. Aftel' (·ssentially all of till' aetiyity been ac-
counted for, maximum lwrmissible eonc('ntrations should bp 
based on values O'iven in Utble 3, using the m(,thod of ap­
pendix 1 if need~d, However, if the gr,oss aeti\'i!i~s arp 
always sufficiently 10\\"('1' thiln the valucs III table 2,' It ma," 
no! be necessn.I'j; in pmctice for one to determine which 
radioisotopes Itl'e in\'oh'ed. 

The valu('s giVC'll in table 2 do not 1'('£er to ntl tural back­
grounds but to additions to tht' natural badqrl'onnd, ('l1lls{'d 
by man, 

TABLE 2. ProvisioHal II,t,dB of pcnnil}"ilile 
con/aminanis for usc be!lond the control 

f1 or ) emitter 
("elm!) 

(a) (b) 
(e) 

Table 3 lists I'P('ommewled vah]('s of maximum 
amounts of radioisotopes fixed in tlH' totnl bod," and maxi­
mum permissible concentrations of the,sf' rndioisotop('s ~n tIll' 
air and water on{~ may take regularly llltO tltp bodj'. rhesp 
valu('s wpre s(~lpct('d 'by thE' Subcommit (('e, on Permi.ssi!:>]l' 
Internal Dose after examining r('comrnPll(latlOns of !'adHttloll 
protection committees, ~s listed ill ~ecti(~n F of this ,repor:!, 
and compnring them WIth calculatlOns from data pv('n III 

t.able 4, In some case's the]'(' was considNable sp]'l'ud in 
these vaI1ws. The spnmd in ,'allll's from the :'arious SOllrCE'S 
of r('ferenc(' was grpater than n factor of 10 m, a f(',,' eases, 
but llsuall Y not oYer a fadO!' of 2 or :1. The ilrst refen·nce 
numbt·r nfter eaeh maximum pprmissible valu(' in table 
3 indicates the rpfprenee leading to the choice, Otlwr refer­
ences are giyen if the vallIPs do not diffpl' more than 50 

These uncertainties arise from 
and voids in tIw biological data now available. B('eaus(' of 
the many une('rtainties im'olved, this Committee I'('com­
mends !llat <,vel,\, effOl·t 1)(' made to kepp the eoneentrations 
of radioisotopes in air and water a~}(l in. the ~o a.mini­
mum. The (Yoal shodd be no I'Ulhoadlye eontammatlOIl, of 
air and wate; and of the bod,v if it can bl' aeeomplish('d WIth 
reasonable effort and expensp. If s\lch a goal cnnnot be 
attained, the anrage opprating leyels should be kept as far 

7 Only three radioisotoPl~A. Ra 3:3:0, Pu 23''',CLnd .81' 
permissib1e conceIltra~i~n If'sS t~aI?- t1~osc 1lI table 
safe for any of the radlOlsotOpt's If (U) 1:-; rl'(lllr'f'~ to 
2XlO" 12 for Pu "', and (c) is reduced to O.4XlO-· Cor 

of mUxtnlUnl 
consid('n~d 

rNlueed to 
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below thest' rl'commnulcd values as possible, and not above 
thpm for an~" E'xteudE'c1 periods of time. In many easrs the 
valuE's gin'll in table 3 (and indicated by rd(,rf'Il('es Gt 
through G7 rOlTPspomliug to the equl1tion us~'d) are calcu­
lated from the data in table 4. These culculatt'd vahws 
assume uniform distI'ibution within the cri(ical body organ. 
However, uniform dist ribution lle\'er 11e1 nally exists, and 
t his is one of t he reasons why a sl1fety factor in applying 
the maximum pprrnistlible concpntmtions may be desimble 
and is suggestrd in the introduction to this discussion for 
applications that might lead to extpnsivp contamination. 
Tlw principlp of tIll' calculations bas been to detprmillE' the 
uniforrn concentrntion of the radioisotop(' in the critical 
tisstH' that will irradiate it at a dose mte of (O.:5/RBFJ) 
l'pp/wepk. Till' caiell1att'd YHlues in table :-3 arp baspd on a 
eontinuous E'XpOSUl'(" and in all casps exeep! for PU 239 , Sm lSl , 

HnG Ra."26, th(> dIe·eti\"(· half-liyes Hrc so sho!·t thitt the values 
have been enleulitted for an equilibrium period of exposure 
(s('e appendix 3). 

In a fpw casps ynlues are eah'ulatpcl for both soluble and 
insoluble compounds of tlw radioisotopes. Unless otherwise 
indicatE'd, the \"alups giypn in table 3 apply to soluble com­
pounds. As more information bpcomes available, these cal­
eulations should be pxtpnded not only to other radioisolopps 
but to various componnds of pach. Tablp 3 is diviC]pd for 
conv(,lliencp into thr('E' parts. Part A appli('s to radioisotopes 
that an' alpha emitters. 'York with alpha ('mittel'S rpquires 
sp('eial yt·ntilating pquipIllPut, special precautions to prevpnt 
tlI., spread of eontamin.ation, and the USf.' of monitoring 
instrumpnts tlult Hr£' suitnble to (ktprmine surfacp con­
tamination and eoncentration of the contaminants in air 
and in \Yfl [Pl'. Wlwn possihlp, separate laboratories should 
be spt up for \Hn'k with nl plm-Nni tting radioisotopes and 11 

separate· seption of t be eounting room should be devotE'd to 
a Ipha counting. Special wast(' processing and disposal 
faeilitips should be prodded for ,,-ork with the rnorp danger­
ous alpha pmit (PI'S. 

Part B of table :1 lists beta- and gamma-emit ting radioiso­
topes that arE' common piPments -in the body, They are 
listpd llS a group for two 1'(:'asons: (I) thE'Y art' of eommon 
intprest to biologists and to nwdica! ppoplp in lllany sl udies 
of jiving organisms, and (2) tllP maximum permissible con­
centrations of tlwsl' raclioisotopps can be l'stimated from a 
knowledge of t he distribution and behavior of stable isotopes 
of the SHIne pleuH'nls in the bodv. Becausc the body is not 
an isotope separator, \H' can ('xpect the mdioisotopes to 
hehaY(~ in the body in thp same manner as the stable isotopps 
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of the same dement, provided the nyprnge ehemical forms 
nre the sanH'. The initial uptakp, distribution, and biological 
elimina tion should b(' tll(' Sf\nw for the radioisotope as for 
the stahlp form of til(' same l'lpm('nt. For example, equation 
Hl indicnlps that tilp biologic!ll half-life can he ('xpressed as 
n function of the mass of tllP slnblp eIf'Im'nt in the critical 
organ, the daily intakp of the stabl(' elempnt, and the fradion 
of the stable dcmpnt takpl1 into tlw body that reaches the 
critical organ. The critic-HI organ is usually tllp organ of tIw 
body that has the gn'I1t<'st cOllcpntrlltion of the radioisotope 
despoi led in it. Ho\\-evPI', this is 1I0( ahmys tl'110 b('ealls(' 
tIlt' biological hnlf-lifc may be consid('rably diffE'rent in var­
ious organtl, and it is usually the total dose of radiation 
reeeiH'(1 by an organ that dl'tt'rmines 1.he principal damag(' 
from intprrlal irradiation of radioisotopes. The critical organ 

) should alwHYs be tbnt organ that I'Pcpins radiation dauwg(' 
that J'('stllts in the gTpa(PSt insult to til(' total body. 3(11)('­

tin1('8 tlIp critical Ol~gHIl may not be the one with tlle grE'at('st 
concentration of tIl(' radioisotope oj' ('ven the greatest. local 
danillge b('causp of vnriations ill radiospIlsitiyity of the Vlll'­

ions body tissuE'S and hl'CHllSP some body organs are mOrt' 
,-it:)1 to the PxistE'lleC of the whole organism. Howevpr, sueh 
easps are probably ('xcpptional wlH'n dealing with chronic 
eXpOSUl'E' . 

Part C of table 3 lists othe]' radioisotopes of interest 
hecu.usp (1) tb('~T are commonl,Y uspd in ],ptwa.reh, (2) tlH'~­
arp eommonlv produecd by nuclear n'aetors and aeePlerators, 
(;) tllPY are' among til(' ino1'(> hazardous radioisotopes Pl"O­
duel'd by nuclear rPHclors, (4) tlH'Y are noble gases that 
('seape from tlw n'uctors and associatNI opt'rations, or (5) 
t h('~- nrc mdioisotopes tim! [1]"(' lik(>!:y t.o be induoed in walpI' 
llsed for cooling a Hudellr ("l'lletor. 

Oft('n a pprson is 'lubjp('{ to radiation ('xpOSllre from severnl 
cliffercIl t SOU1'('·('S simult all('ollsly In an,V ease, the maximum 
Iwrmissible eOllcpntratiolL of radioisotopes in air und \yuter 

.and tht' ('xterIl.al.radintion should noL ('x(;oC'd. values that 
-,will ppl'mit nn l'Xposuro of 0.:5 l"cl1l/\wek to any part of till' 
. bodY l'XCppt til(' epidl'rmal skin layer. The maximum 

penilissibk dosp to tIw basal layer of the epidermis (COI1-

sidprnd to bE' at a dq)th of 7 mg/em 2) i" o.!) l"l'm/W('pk cxcept 
in th(' eas€' of t hp hands and forcn.I'1ll1', ,,11<'1'(' til(' maximum 
permissihl(' vHhlP is 1.5 l"l'Il1/w('('k. A detuih'd disCl1ssioll 
of lIm\" to treat tIl(' summation of PXPOSUI'l'S hom vanous 
difi'l'1'('nt radioadin' sources is giYell in apppndix 1. 

'I'll(' refpl'enc('s in table ~{, giYPH in part'nthest's, refer both 
to rntiiatiol1 prot<>et ion ('ornmittp(,s list('d in section F and 
to g('IWlal equations listed in s('dion G. Nomellelature and 
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ad(litiollul ('(Illatiolls HI'!' giYPH ill s('clioll H, The' p.c awl 
p.e/mn3 YaItH's for natlll'al uranium giYPH in table 3 refc'}' to 
tl\(' un t ural mixtun' of , UZ3o, and U nl s('parated from 
the other daughh'l' products, In titt' (~asl' of Ua, Un, Sr911

, 

Ba Ho, RulOn, C'<1109, C S 137, and CeJ!+ tIl(' p.e and p.e/em:l Yl1!LWf; 

1m' based on the disillll'gTatioll rail' of th(· parent isotop!' 
olll~', bnt the !'ffeel in' l'l1prg.\' of the daughtPI' produci s is 
udded to Ihat of tIl!' pun-Ilt after prolwr \\'('ighting for hio­
logiea.! efi't,C'tin'lH'ss, Tn,bll' 4 givl's SOIll(' of thl' constants 
Ilsed in equations lisll'd in s('etiolls G and H. III column '2 
of tnble 4 the PIH'rgY nllu('s follo\\'(·d by a IU\' thl' ('ffl'etin' 
PIlt'l'gips ill tpt'ms (;t alpha mdil1tioll IliHl Hl'l' gin'll by the 
eqllation 

if'..' 1 i:!O(bf<;),., + 1 120(bls')11, 

ill which (bl;;)", amI (bl",'), HI'!' til!' !'tt'C'etin l'lll'rgil's of D 
nlpha, and gallltllH radiation, l'I'sp('C'tivl'ly. In thp 
case of it \\'HS assllllH,d that 0111\' !tnlf of Rnzz" nwl its 
daughtPl' product" down to RaDzIO \wi·(' l'l'tniHl'd ill til(' bod,L 
III th!' easC' of RnZ~" in til!' Ilody tIl(' pHpctin l'lH·rgy ill 
[('I'ms of alpha l'IHlintioll of ltll tIll' daughter produ('t~ 
dmYfl to RaDzlU is inclwlcd, ~[Ul'h of til(' biological datu 

in table 4 is Illl(,l'l'lain, find in many eases then' art' 
w('onsistl'ncil's in the dntH ayailabll' in the' literutm'p. Thl' 
bibliogmphy is a list of !ill' t't'f('l'l'Jl('('S giwn ill tahll' 4. 
\1. .1. Cook ~U1d \I. R Ford, of Oilk Ridge Xntionnl Lab­
nrnlol'Y, assisted the Cotlllltitke in coll('cling datil USI'lI in 
the,;!' tabIPs, 

TABLe 3. 
muximll In 

""'j'O,,,o'(' (O('/. 
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amount qf /'adioisotope in tutal body 
('u/{('Clitration -in air alld watfl' for continl.WllS 

) 

" 

J 
I 
I 
I 

'Lu-IJ.J" 3, Jla.r;illW11l permissible amount of 
maxinwm permissible concentration in air 
e,Tjlosure (Oct. l.9fil)-Continued 

t o(al bod y II.lId 

for continuous 

ure of iIltt~r('st. bN~flm.;p rhey are 

) 

) 

in Organ (g) 1\ficrol'tlrit's in 
total body Il. 

!\[i.rrm,mi", p,'r 
of 

'wnter l\ 

c. ()tlwl' radioi:,oto}I{'" of ('urn.'l:1t intP)"(';o.:t 

Eh'HH'lIt 

Z «Hi) 

Se(l fnotnotfls at pnd of tHule. 

I 10-; (G5), 

per 
all" It 

4), 
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TABU; 3. Jja,cimu1lt l'(:!·mi.,sible a·m01ml. of ra.dio·is%pe in total body and 
maxim/wI JJfrmissible conr;entrahon l:n air and water jor continuous 
exposure (Oct. 1.951)- -Continued 

C. Otlwr raciioisotopf'S of current interest -Continued 
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F. Recommendations of Various Radiation Protection 
Committees 

Reference 7I1Jmbers used in table 3: 

1. Values ngn'E'd on by the Advisor," CommitteE' 011 X-I'll,'" 
and Radium Protection (1041), 

2, 

3. 

4. 

VahlE's agreed on by the SubeommiU('p 011 Permissiblp 
IntE'rnal Dose of the Katiollal Committee 011 Haclin­
tion Protection (Feb. 0 nnd 10, 1950). 

Vallles ngreed on at a mE'cting of some' of the seiPlllists 
in the Cnited Stntes ,dlO \wre iuten'sted in f>stablish­
illg intPrim vnlues for the maximum pPl'l1lissibk 
concentratioIls in air aud \nlter of some of tIlt' eom­
monl.'- llsC'd radioisotopes, 

Values sllgg('stpd by tIl(' Clmlk Ibn']', Canada, COll­

fe1'el1('e (Sept, 20 and :iO, 1£)49). This was a meeting 
of represpntativf's of the radin ti011 TlI'oied ion com­
mittel'S of tlw United States, Grca I Britain, and 
Canada. 

5. Values ngr('rd upon at a IIlPC'tillg in Rochester, K. y, 
(Sept. 27. 1949). This me ding WfiS ealJl'd by thl' 
Univl'1'sity of RoehC'stC')' Atomic' Elwrgy Project and 
membNs of the Atomic Energy Commission to dis­
cnss thE:' toxici t,v <la tn of uranium and to ,) ttpmpt to 
('stu blish interim vallies for the maximum pprmis­
sible ('011('('11 t mt iOIl in II il' of solll hIe and insolu hlp 
compounds of uranium. 

6. The Int('rnationnJ Commission on HndiologicaI Pro­
tpelion at tilP Sixth Inkl'llntiOllH1 Congrl'ss of Radio­
logy, IlwptiTig in London during .luly 1950, indicated 
as follows: 

"'hile the Commis~ioIJ does not, at the moment, con­
sider that there is ~\lfficient information to make firm 
recommendations roneerning maximum permissihle cx­
po~ure8 to internal radiation from radioactive io~topes, 
it brings to the notiee of users of radioadive isotopes 
values which are eommonly used, at thp present time, in 
the Fnited States of America, Canada, and Great 
Britain,S 

7. Values agn'ed upon by the American Standards As­
soeiation, Subcommittee on Radium Dust, Radon 
Gas and Gamma Ray Exposure (Z--:n, 19">0). 

5 Hccommcndations of the Intt"I'uational CommissiOlI on Radiological Protpt'tion Bud of the 
[nlernntional Commission on Hatiiological Units, \9.00. NBS Handbook 47. p. :l (June 29, 
(951). 
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TAI~LE 4. Constant.s Jor c(lil:'u/atinq 'fnflximmn permissible int(,rlwl conrentralio'n ((I' j'udioiwiopl',' 

2 

EITor· 
tiv(' 

'Element f'n-
ergy. h i 
~(bZ;;) I 
Mev 

O.()06 

0.000 

0.053 

0.21 

2.7 

P,, ___ .... ' 0.68 

sa, .... 0.05.") i 

el"_ .. _. 0,20 

A" .. 1.78 

K" .... 1..59 

3 

Critical organ 

')'t,tal 
body 
n. 

Bone 
Hnlti, 
Ha.23 j 

Hn2l, 
Ur2. 

1 7X !O' 
ChI. 

10' 
EvI. 

Bone !7XI03 
Sk2, CbI. 
Bl2, 
Ell, 
Rei, i 
SrI. 

., 
-&is • 

.~ 
I 

Bone I 7XIO' 
Oll, 
Evl. 
ShL 

I 2(J T"cth 
Gil. I 
]o;v1, 
fih!. 

Total I 7XlO' 
body , ChI. 
R"I, 
Hll. 

BOIl(' 7XW' 
Kal, I Cbl. 
Lal. 
He!. 
HaZ, 

Skin 
J 1111. 

TOlal 
hod, 
R8. 
Sill. 

Bod)" 7XIIl' 
ChI. 

~lusdl' :lXlO' 
lIlI, ("'hI. 
~:yl. 

'tI. 

See footnotes at (md of tahle, 

em 

5 

:~l 

:,11 

:10 

I 

4 

f'otwf'Jl~ 
tration 
of rle-
fili'J1t 
per 

g'ram 
of 

organ 

0.1 
IIwl. 
ehl. 

0.75 
Evl. 

0.13 
Evl. 

1.2XlO·' 
E,'!. 

2XIO'" 
Ev!. 

I J.,IXIO':! 
I H9, 

HwL 

" IU)69 
J\1a1. 

L5XW-3 

IIw!. 
Mal. 

0.00:\ 
Mal, 
Bbl, 
EvI. 

5 

Daily 
intake 
of (·Ir· I 

mcnt Physlff by in- cal, gl:stion T, 

!lldu1i flu!I,." 
250 , 4.6X 103 

0, 
Kil. 

Biolo~i-

r"'I. 
7\ 

/)(1118 
HI 
-11111. 

LInI'i 
AnI. i 

Elke· 
tiv(l:, 

T 

JJ!l.llS 
19 

114. 

.1 51.5 ·100 " 4B 
HaW, I U4. 
II a2:,. 

I :lOOMal. 

1
300 

Evl. 

I Mal. 

I 2.09XIO" 35 

1 

ill, 
Sel. 

I 2.09X 1(J3 180 " I Sk2. 

1 

I 

\,'XW ,I """ 140 
~11. I 

I 
(l]L 

Hwl, I 

~rnl. I I 

1 29 0.62 
:\1,,1, I 'I'rl, 
Evl. ·19 
"hI. ][1. 

! lA 14.3 1 ,2m 
Mal. HI. 

t.:l I 87.1 122 
1<:\1. Tal. 

I "'120 
Ill. 

fi.; !.i'XIO' " 29 
:\!al. TIS. 
]hl, • !l 

III. 

0,ll74 

, 2.8 0.52 33 
Shl, ll!. 
Evl. 

:\.1 
H4. 

180 
R4. 

0.078 
H1 

lUi! 
114. 

14 
114. 

18 
114. 

29 
114. 

0 .. 51 
1I4. 

Fraction 
~win;.?: 
fronl 
m 

tract to 
blood, 

.i, 

I.fl 
A1l2. 

<lUll 
Ur2. 

0.95 I Mal. 

" 0.95 
Mal. 

41tiI 

Fr:trtiol1 
in crit-
ieal or-
gan of 
that in 
total 
body, 

h 

1.0 
D. 

I O.g 
II:l16, 
Ra2:1. 

0.6 
Mal, 
Il9. 

0.07 
fIwl, 
Ev!. 

..-.--- '--
~....,. 

~ 

l.l~l 0.95 
Evl. 8h1, 

0.9.1 1.0 
!leI. D. 

0.7 0.92 
lIet. IIp!. 

lo().li9 
I HII. 

o.:m 0.19 
Kat. Sill. 

"il.l 
HIl. 

O,g.\ 1.0 
lI8. RS. 

I 
D. 

0.9 
1

0
.
75 

ReI. Rll, 
I Evl. 00.37 

H9. 

Fradion 
from 
blood 

to erit· 
ical o,.~ 

1.0 
D. 

0.35 
HaZI, 
Ha23, 
Ur2, 

I 0 .• ) 
, HZ. 

0.05 
Nal, 
fl. 

" 0.1 
112. 

1.0 
D. 

: 
0,:; 

H2. 

I 0.14 
Ddl. 

1,0 
!l8. 

I 

By Ill-

1.0 
D. 

I Ry iJ)~ 
halation~ 

r. 

3.5XI0-3 I n.ll\) 
H2. 1I5. 

I 0,5 , 0.36 

I
" G, . Ho. 

Rwl. i 
I 4.8X10-2 : 3.6X 10-' 
: H2. I £15. 

I . 

OJ 'i'.nXIO 
Sill. TI.i. 

0,9.1 o.n 
llZ. R.I. 

0.2 0.2 
]["1. 11.5. 
AU. 

I (l.llS 0.074 
I H2, lB. 

: O.Yf) 0.73 
HZ. !I,\. 



t-.:) TABl.E 4. Constants for calculating maximurn perm<iss£ble internal concentration of radioi,~otope8 Continued 
<=> 

i 
6 lO II 12 1;1 

--I 

Conet'n- Half-lift' f:ractioll I Fr'w! jOll i }<'rnption reaching-
tration f)"Hy III rnt¥ < ('ritif'al org-an-
of rIl'- intake Ic'ai or. , from 

Element nwnt 0f de~ of , hloo.(t 

}l~ ni't'- fX'f TII(~nt 
to (,fJt~ 

tiq' t!ralll I by in- Physi- Biolotd- Effcc'- i(':llor- By lo- By in-

diam· or l!('stion cal, ('ttl, tive, gesUon, ha]t1tiOlL 

cter organ T, T, T J" J" 
"----i---L

-

q em q flfdnf/ [)W!l8 J)ru/x iJrt,IJ,'f 
Ca4~_ IUK, BtltlP 7XHl' 0.1[) ILK 1 li\~ III,OlllJ 151 (t9 ! O,DtI O.!},>o\ O.1[) OAI 

;..Jo1, ChL :\<lal. MaL ~()2, IB, IIpJ , lIwl. Pel. Or2, lIt). 
11,·1. 11('1. Or2, No], 
B('I, Or'2. KIlL 11,,1. 
1'1'1. " I Jl 1'('1, 
Ci-r2. flO. BpL 
~o2, 40.52 

112, 

SC4# ___ ' 0.5 ISO go 1.) 1;1 0,03 ,)XlU-' ' 7,5XIO" 
('hI. ~o6. 114. ~I.t\. 112. 1[5< 

V'H, (}.M BOTH' iXIW H) S(} 12 O,uOtl 0.5 0<1 5XIO-' tJ.n2f) 
/JaW, ('hI. flaW. 114. iLal i ;, Halj), HaW, IU, lifl. 
:-;otL 81l''; :-i.o\1 SoH. ;-\09. 

CrM. : (Ull ]ZidlH'jS :~l() Trae(' 2<i .. 5 III) 22 0.0.') IUlI,l 11,0007 0.004 
Sol. ('hI. Mal. Ro1. 114, (' " .sol. 112 115< 

." J ~ 
! 2,5 (UO" 0.05 I 0.09 I OJ)/; O,otH 2,2XlO···2 

KidtH'vS I :100 nXlO" 4XIO--' I 0.108 
Hott 1f4, B!'1, ' 801, ~o1. H2< lIfl. 

Rol, . I ChI. Jo;yl. Mal. hoii, SotL • 78 Col. I I Hoti. HI. • OJ)()Y • 0,25 

.'" I KYL Col, 
w • 0.015 Or1. 
.~ 

;"'1n36 _ Ll I )[9, 
I 0.3 

I -. 
IO.10fi ~ 

II O.10R 10.1 O.lli <UlI IOJ)9 
<: Liv('r 1.7XIO' 10 1.7Xl()--' 1 4XIO-' 5 

r3\'1. I Orl, Or3, H5< 
I ROD, I II4. Or3. 

Or3, ChI. Evl, ::VIal. 
• 0,Ol5 Ora; Col. I '50 

~I (;01, I I1w), HL !lY, Col. 
w He!. Shl. 

1 ,;5 1{)1 (J.g o.r>4 1.0 O<H 0,05 

0,000 Blood 5XW' 
• IXlO-· 0.012 !.or.XlO' Bel, D. 1I2. lIS . 

FeS5~ Evl. Mal. La!. 114, Hel, 
r; ;1, (;hl. , lKO Lal. Evl. 
Bp!. Ill. " O,~ 

H9. 

1 0,012 H5 0,8 O,ti4 1.0 , U.8 I (J,H5 

Blood 5XJ()' 15 5XIO'" 46,3 
Bl'l, D. lIZ, II!). 

FeM~ __ ' 0,54 I 
ChI. Eyl. Mal. Lal. II"I, 

I 
Evl, , IHO LaI, l~vl. 
Bd. III. • !I.K 

JI9, 
: 

Ir I.!lOX10' i 8.4 8.4 0.2 O.(i/! ().O2 I O,()()4 <; (},O07 
I Liver 1.7X1O' 10 2XlO-l TraCt' 114. Col, 1<; vI. COIl, II2. ' Ill" 

Col, ChI. EvL Mal. ' Co5. 
Con, (~o2. 

CO2, Coi), 
Coeu __ .. Coh. Orl, 

lId, Bel. 

1.00 X 10' I 9 0,2 0.14 0.QOO22 4.4Xl()-3 7.7XlO-', 

0.55 , Spleen 150 7 4.7XIO-7 Trace 
H4. Col, Evl. Col, 1i2. liS, 

J<:vl. ChI. I Evl. MaL I CoS. Co.), Co2, 

1 C05. 

i 9.1XlO' 

1 
(UiS 0.02 I. ()'O04 I fUm 

I Il'rare 1 8 11 I 0.2 
I I 1I5, 

NI" 0.05 l.ivl'f 1.7XIO' 1'rac(' 
0, 1I4. IJK. H8. JIS, lI2, 

lIg, ChI. Mal. Mal. i H~. I II~. 
lIS. 

See l'ootllotes at eud of table. 
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N) TA RIJ<~ 4. ConRtanis .for ca/culatinllllWJilllulI1 /U'I"/Ilissi/)/" ill/cowl COllcen/rllt ion i(f nul ioixoto I}(·ii~·-COII t i" ned 
N) 

-~---.. -

;; 10 II 

('0"1"'"'1 II all·Hr,' Jtnletioll I"raethm i Fra('ti<1l1 i '.J.'rnetioll r('aehillg 
tralioll Ilaily 

j",willg 
in ('rit--

I [rom eritica.J OflTltn~-
of .. 1\1- ioL11;(' if'aIor-
flU'Ht of <'1('- from 

t':alt of 
btmHl 

Eh'lIH'lll I EII,'c- m to erit- I PN llH'lIt 
Jl"h.v~i- i Bjolol-d~ If:fl('c~ tract to that ill leal or~ By ill- I By il!~ I tiYt~ g;ralll hy ill~ tot:11 

i dialll- of gl';.;tion cal 1 eaJ, ti \'(~, hlood, 
bod~', 

f,;1~S( iolt. I lIabt-loIl. 
,/" T, 'l' (, /m /" d('t h 

~I~ _I 
g em y/tillY Dalj.') I /)fltl·') lJlIljii 

Lin'!' J.7XIO' to , OJ;02 0.;)4. I :IH O,5:S I O.O~ I O.ll:l IUlH 0.1:1 
I !PI. ('hI. I Mal. III. 114. I<;vl. ('o;~. :-;eI, Ilf). 
IIn22, I I I ('ofi. 11"22, 
;4ci, I " OJ:! Ih'l, 

CUM. 0.11 BpI, I lIan. ('0;), 
('oH, 

I i (:O(I. 

112. 
I I(yi'~ :iO I 2.4XIO o.()m~ 0.&4 21 0.5:) O.2K 5XIf)-i i ().IMli2 1.2XI()~: lI.m2 

'['ul. (·hl. 
i 

Tul. Mal. Ill. 114. Co:1, TIJI~ Cn:1, 112. II:;. 
( ~o(), 11\1. CUIi. 

Z11 65 " O.OXS Bnm, 7X!(P IX 111'-' lUll 7 250 2:\ 21 0.1 
I 

0.15 (1.1.' l.!iXIO' i 1.5XIO-' 
An2, I'hl. 1';,-1. I<:\T1, ~112. 114. Ski, I Mnt, Sn2. liZ. 1Ir.. 
H,'!. ;-;hl. 0. I ~fl:2, 

an" .... 0.8 BotH' 7XlO· O.SV 2AXliP O.5IJ Il.(kll i O.~2 i ILl o.o(m 0.1 
!luI, (·hl. J)u~. 114. Dut, !lu2. l'kl, I 112. HE. 
l)u2, , l'kl. I l)u2, I !lull, 

I 
IIn20. 

Ih14, 
Pkl, 
][,,20. 

GCil~ _~ "0.01 l';'i1~~I~ 1 
:II~) I 7 11.4 Ii :UJ lUll n.:Srl IU12 "X 10-3 

ChI. 11 ,,2J.1 Il4. IIa21. llaZI. lIa21. !lr.. 

\..",' 

~ ... ---. _., .. 

¥ 
.., 

As" 1.1 Kidney_ : 300 i 7 1.12 37 13m 0.03 O.()2 O.()I 0.000:1 2.7X!O~S 

JIll, ChI. lIall. 1I4. :\to1. 

I 
Ill!. 1)('1, H2. US, 

RIl, al24 Ilan. lltJ , 
Han. lIaI7"

1 
nan, 

Hb"6_ 0.73 ::\:1 uscle 3XiO l 30 l!L5 I 1:1 7.~ 1.00 : O.M 0.44 : 0.42 o.:n 
lIa21. ChI. II a21.' 114. lla2L I lla21. 11,,21. lIa21. 115. 

0.7 
I 

0.4 0.2;) 0.22 8r 611 O.5t) BOll{' : ,XIIP {)X 1O-~ :IX!O-' I ,>:1 :1.9XIW ;)2 n.n 
lIal, ('hI. 'lat, lIai, III 111. lIal. lIal, [12. ll~. 115. 
.J:t! , Pel, !l8. 'I",O(~) Ila:l. "(\.:>0 ·,0.42 

::4uJ, tT('2. W', lla4. ;-\u~. lIil, 

~u2, ":\02. 
11" I, 
IIPI, 
~ol, 

Srgo+y\l(l~ 1.0 Bone 7X]().l I;X1O :IXIII" Il,lXm' :U1XIIl' 2.7XlO' O,t; n.7 0.4 tl.2[, 0.22 
lInl, ChI. !\11I1. ll:t7. Ill. 114. 11111. lla 1. 112, IU" 115. 
hi, Pe1. liS. "1",Ot~1 I hi, "n':iO "0.42 

:-:'ul+ l'e:l. lis, II 111. _'H2. It!. 
Su2. :-\1)2. 
lIp1, 
1\(>1, I 

:\:01. I 

yrlJ __ ,w~ <0.b7 HOlle IXH~l 
I 57 >r,oo ;11 0.000.'", iI.lit} O.r·,I\ 2.~XIO , U.14 

II 111. {'hI. I ILl 1. 111. 11111. lilli, ;.\11::. 112. IIiL 

1111" l-\114, lIa, , SU4. Iblll" 
lIa!!, !l1I}O, ~1l2. ;-\«L 
1111 W, liaU. ;-{u:L HalO, 
;';1]2, II all, 
~u4. III1IS. 
~(':L 
Ild I, 
11111". 

:-\h1l5 cO'}.,)4 Bunt' 7XliI: ;;.) ['n '21 11.1:1 0.1 {l.'2.~; 11.1:\ 0.12 

lIa1, ('hI. !lllil. 11-1. :-\u:t HaH. II all, ,su;'L lIi,. 
Hai, :.O.II} lIalO, ~u:;, 

flaB, lilli, HilI. II 2. 
HlIlII, lIalO, 
Sl1:L 111111. 

N) 
,sr'c fonl Ho!P~ at pud of tahlp. 

\:I,? 



t>.:l T"nul I. ('onst.alll" for ('11/,. ,,/a/ i II!I lIIa,rill/lIl11 )ii'/' tni",,;I,' (' inler/wi ('mlt/'lIil'lI! iOIl of rad ioigolll Jli'" ('0111 illtl!'d 

.... -.---~-----

Ii X 

I~ 
11 12 1:1 

I COliCPIl- I 
I Fmetion n'achin~ 

};IT,'c' 
Critif'aI or~all traUon j ilaily 

Ihlf-lif~ I Frat-tion I ('r1l len t organ -

th'\' of ('t('- intakp 
from I 

{'n· flll'nt I {lr ('l!'~ 
hlood I 

Element f~rgy,h I 1(lke·' Pt'f !lh~nt 
to erit~ 

~(l)F) ti\'(, ;!rHfIi hy in~ 
Phy.::;i- I~iolod· iea1 of~ 

I 
By in- ny in~ 

M,'v 
On!an 1\fa~g I dia.1H~ (if i-~\'stion 

cal, (:a1. gaIl, t!t'stion. llalation. 

('t('r org:Hl 
,/" ''I'll- (2' 

J 
(" f .. 

g tm " qj(larl f)rry,'l Va!I," f)'IlI!' I 

1\'TO~H __ 0.2'2 BOl1l' iXIOJ '\'1';\('(' Tra('(' ~2}~r) U'iO ~.g I 0.7 (l,r) :IXIO-1 IUltXI2 LXXIII 1 

( 'o:~. ('hI. I'id, E\!. U, 114, Co:~. ! ( ;o:~. 112. :--':(-1. Hfl. 

("04, 
C1>1, Co,1. 

=",,1. 

i I i 
Z,f,XHH i, 

T(,Hi_~_, OA9 Kidnevs ;lOll C\ 2.1 O,ii 0,1 i 
O.(Wl:) 2.fiXiO" 

lb2L CIIL I 
111121.: 114. lIa21. IIa2L lIaZI. 112, I I:" 

I 

TIu""+ 1.4 KhllH'YS I :\(~l I .. .1 :H'),"l 20 'IU <0.0005 0.04 0.04 2XIO~' 0,01 

Hili'" lIul, I CIII. 11111, 114. IInI. lla9, HaH, 112, lIri. 

11,,1), lIuU, 11 all. I lit I , :4oK 

11:110, IlaIO.! HalO. I 111110. 

SoH. 

RhlP5 0.1:1\ K~~)r~~'y~ i :100 1.:12 
! 

2S lA 0,2 i 
O,OR OJll 1.7 X lCr:: 

Ch!. ;-:;o~. 114. 11K. ;4oK 112, H:" 

{Lilli :I(K) I 17 4.4 0.2 0.5 ! 0,1 (U)2 '.',XIO-' 

ChL SoS. [J 4. i I1~. ~oS. ~oS, lIZ, W\. 

0.01 Lin'I' 1.7XIIP I I(l a:lO 1m 77 n.oo:.::> Il,H 0,75 1.9XlO-1 ' lun 

lIa21. ChI. I 
(i, ll" lIa21. lIa21. !liltl. 112. IIf,. 

0,14 Livt'l' L7XlO'i 10 I --I 45 
, 2.8 0.02 0,1 L2XIO-' 1.6XIO-J 

807. ('hI. So7. 114, 807, ~o7. lIZ, 115. 

'" -....,.,I 

... ~-----."..-.. -;\glll O.;{i I,iVt'r 1.7XIO! j() 7Jl 2.1 . 0.02 
~()7. ('hI. I 

(1.1 IUWIf. 1.2Xl0-'I l.~XlIH 
:-;07. 114. 807. R07, ~n7. IU, IIf' 

Hn";i. "fUl87 Hone I J 12 72 ! 
TI a18. 

44 11.0087 O,S 0,:\ (UJl12!i fL07ti 
Jl:11 X. B4. IT2. HaIS. HaIR. LIlliS. J [.\. 

fIillll, 
TIl1,20 

1\,12; 0.28 l\:idlwv~ :Im lKIA If, 13 ! HaL' ChI. 
O.2[} 0.2 0.01i 0.0007 (),O2 

nal, 114. II III. fla9. lillI, Ilag, 1l5. 
Hall. II"Y, lIaY. Hal!, Jil2. 
lIalO, : 
""2. 

I bIll, IIaW, 11,,10. 
In:!, .1:12. h2, 

'l'f': ~~ I).H~ h.h!lh'~:- , :lm :11 1[. III 
Hal, ('Ill 

0, ;!t) 1),2 tum 0,0007 (l.()2 

Hal. 114, Hal, II a\!. lIal, Ila~, [J,;. 
II ",), Ila!1. HaV, fIaU, .Ia2, 
Halll, (laW, lIalO. llalH, 
,In.:!. J;;2, .1«2. .1:\2. 

I"'. 0,2'2 Thyrojd 5.2XIO'" 2XIO-' 8 !80 7.7 
lful. Mal. 

Lm 0.2 0,2 0:2 0.15 
Mal, H!. H4, Hal, lIa!, Hal, 112. H5. 

K('I, },;"I, Bal, ">:lO 
Hel, 

EI'I, II,,:l, 
Bh1, ICv!. HaL (~O.35 IIa4. 

Bel, IIwl. lI\!, 
1105, 
11,,25. i 

<>O.HO 

! 
La!. 

X<,U3 0.183 Body SO S.27 
D. 

Xe!iI':' 0.502 Body 7XI[~ ! .30 n.:{,1\ 
ChI. I D. 

0,57 ]Mu'cle , ;30 L2XJ01 17 I 17 l.(lO I OA,? I (1,18 OAH Q.3fl 
IIal, IIal. 114. Hal, HaO. Hal, II 2. 1I5. 
11a9, 11 an. Ha.lO, Hall, 
HaW. lIalO. Hail. : lIa10. 

Iln'"+ I.lH; B01H' 7XHF 
La!4' Pol, ell!. 

12 . .'\ ,<!(U) 12 n.1 (J.UG 0.7 0.07 

I 
0.2 

IhU, 
II :t!1 IH. Dol, 1)01, 

i Dol. I 112, Wi. 

Halli, 
''>·!)O Hag, lIa9. 

ITn!. 
lilli, 

! IIal. I I HalO. 
t>.:l 
Ci1 ~N' footnotes at ~~nd of tallie. 



'fABLj;; 4. Constants for rakulating m.aximurn pennissillie interllal concentration (If radio-,>otopes-Contillued 

l~Il'lnellt 

Ce1H-t 
PrH 4. 

Elfec· 
tive 
en-

ergy, b 
2: (fJ1c) 
Mev 

n.7H 

1.211 

1
0

.31 

i i 0.01\7 

sm"'_ .... ! 0.02 

Ell"'._ .. _ 0.366 

Ho"' ____ . 0.65 

0.:12 

1
0.09 

1
0

.
00

:
1 

0.07 

I 
"OAII 

, 0.40 

Au HIli . 0,14 

Pb"'_ 0.12 

Critical organ 

Organ Mass ~l~~'I: 
dia.m~ 
eter 

fI I em 
Bou\" 

lIal, 
IIlLO. 
HalO. 

HUllt 
IIal, 
IlalO, 
IIu7. 
lid!. 
flail, 
H2. 
l1al4. 

Bow-' 
Hal. 
Hall. 
lIalO. 
Hal,\, 
Halo. 

BoUt, 
HaIr 
HalO, 
Ha24. 

1I011e 
BaIB. 

I 

7X]()' 
ChI. 

7XIW 
('ll I. 

7XIO' 
ChI. 

7XIO' 
ObI. 

I 7XlOJ 

ChI. 

BOlle 7XI1J3 
Ha17, ChI. 
HaIS, 
HaIS. 

nOn{~ 
801l. 

Bone 
806. 

7XIQ3 
ChI. 

7XIO' 
ChI. 

!5 

5 

Bone 
80.3. 

7XIO' : 0 
ChI. I' ' 

Thyroid 
802. 

2U I :1 

Skiu 
802, 
80S. , 

ChI. 
2,O()(j 

JI.!al. 

Kidm''vs I :100 
~o8. ChI , 

Kidneys :mo 
80S. I ChI. 

KidlH'YS I 300 
El!, ChI. 
ilL'l, 
Btl. 

Kidneys [ 300 
Ell, I ChI. 
Hel, I 
Btl. 

0.1 

Bone 
S08, 
Evl, 
Alll, 
Khl 
Kid 

7XIO' 15 
ChI. 

f'!JllCl'tl-[ 
tratioll 
of (·Ie· 
mont 

l)(if 

gram 
of 

TraCt' 

2X 10-' 
Sll 
Ev"L 

5 ___ I 
Daily 
intake 
of ok.­
mellt 
by ill' 

gestioll 

u/da.v 

'rrace 
Evl. 

Trace 
Evl. 

IlXIO-' 
811, 
E,-I, 
Kh2. 

Physi­
eal, 
T, 

[i\.)ll 

: l:~~: I 
!laIO. 

l~il 

1l4, 

1,1.S .10 II 
11,,10. 114. 
,1m 
lIai, 
Hall, 
l1alO, 

1.41\X I(JJ. > lOU HO 
Hal, H4. 
HalO, 

150 
LIa24, ' 

3.6XlO' 4,:IXIO' I :l,IIXIO' 
TIS. H4, 

0.000."') 
Hal. 
Ihll), 
II all. 

<OJJO!l 
Ilal. 
II all. 
HalO, 
l1al5, 

o.;{ 
lIal, 
II a\!, 
Jlalil. 

Il.~ 

nal·!. 

00 
'lIal,l, 
Hal, 
lIall, 
HalO. 

>[)J~)051 1I.7 
Hal, Ha24. 
HaLO. 

11.011011 
liS. 

OJifi 
lIill", 

I 0.1 
,\12, 
1"'14. 

0.2,\ 
Hair., 
IIall). 

0.;);' 
lIul. 
HuLU, 
IIa24. 

0.2 
IhlX, 

(·'rar.tion rt'aehing 
('rit ir·;d org:au~ 

By in· 
gestioH, 

1m 

By ill­
halation, 

f .. 

1.2XIO-:J: 0.1 
II 2. 115. 

2XHI-' 
lI2. 

0.10 
1[5. 

1.7XIO-' , U.09 
112, i m. 

I 

i 
:!.XXIO-':; Ii 
In . 

1.97XIO' 1400 ,g,2XIO'1 0.0005 Ll.7 (1)15 L7XiO-' 0.09 

1.14 

129 

6,7 

24il 

240 

W.7 

70 

2.69 

3.:1 

2.17 

il:~l~: I H4. ; HS. Hali. Ha17. Hz. H5. 

37 
S03. 

1.1 
1I4. 

I 

I 
d 0.12 

S03. 
0.0004 

H2. 
I 

110 ,19 i O.()(j()5 
806. H4. 

0.92 
Rofi. 

12111' 
802, 

2:1 
:408. 

2>~ 
808. 

50 

.)0 

0, 
II~. 

0, 
H8. 

u .. \ 
114. 

I14. 

7 ,;~ 
114. 

17 
H4. 

:l.U 
H4. 

3.1 
H4. 

<no 2.16 
Kill. 1[4, 

<0,0005 O . ."'i 
IJ~, :O::o:t 

OJ) 1I.lH),\ 
11K 802. 

(I,[) 

11K 

1l.2 11.1.\ 
IlK ;40)0(. 

0.2 11,1;') 
IlK SoX 

0.1 n.ut; 
1':11. Btl. 

OJ 
Ell. 

0.15 
KhZ 
Kid 

0.8 
80S. 

HaI8. 

0,22 
S0.1, 

d >O.()(j()l. 0.07 
80:3. ! H5, 

I 0.027 
H2. 

0.7 I ;1.5XIO" I 0,18 
So6. Il2,! II.,. 

{},(l02;) 
':;02, 

IU:l 
S02. 

1i.24 
lIol, 
Btl. 

I 0.24 
. IIe1, 

Bt!. 

i 0 . .lXIO·1 I 0.075 
II2. , ILl. 

I.:IXIO-' 
, Il2. 

I

, o·n2. 
0.01 

112 

lUll 
I12, 

0.024 
112. 

0.024 
1[2. 

1.:lXHr' 
](5. 

11.12 
lIS. 

1.7!iXlIr' 
Hr.. 

1.7.\Xllr' 
II fl. 

IU)72 
II 5. 

0,072 
Ro. 

4"SXIO-' V.8 X 10-' 
H2. liS. 



TABU: 4. Constnnl., for f!ai(,ulaling maximum penm'ssible illl.N11111 f'01u,,,ntl'alio1i «(f j·lIdioi.wi/opI'S- ( '0111 i l1\H'd 
t-:i 
00 

~ :1 fl ,; x II I!l II 12 1:1 

('1'11kalorgan II alf-Ii 1' .. 
[\~raenOB ' f(~achjl1f! 

Elre"- Daily from orgml'-" 
li\'(\ intake hlood 

Elcmonj ('tI- ori'lp- to ni!-
{'r!2:Y,ll J';lf,'c- : pi'l' llH'flj PhYsi- 13io)l)~d- EIl"'e- Il':.lord I\y in- Dy;,,· 
~(I!f.:) Orj!all l'vfass live ' gram hy ill~ c;i.I, cal, t-ivn, gall, ~t'stion, halation, 
!\'tev di:tm~ of g:el"tioll T. 1', '1' Ii {,j f. 

I .'IN orp:~\ll {, 
I 

lj em, (//day nays I)U!I,'; 1111.1/8 
I 1'021D ti.:ia Sple('11 I!-.o 7 1:1'.:1 ;)7 ·JO 0.1ll> O.OIt) O.O()o:':; 0.00,1 

(",I.) 1";2, <'iiI. 1102. 1I4. Fir •. II~. Fi~. IUj, 

I 

l<'i:l. 
1102. 

LIIIH!:; 103 I l:lB.:1 40 ~I 1.0 0.12 
l'i4. ('il J I Fit 1[.1, n. 1I7. 

At?ll fL~a n.:ll I~() n.:ll 1.110 n.2 0.07 0.0, O'()fJ 
IIx. 114. lIil2fi, 11k. I [HZ;). IlaZ!). Hfi. 

IIX. 
Itn"'+ 

da1lgh-
ter 
ImHI- ,{O :l.X:l 
nd:-'. D. 

"",,,+ I 14}i" Bone L7XlO·· g 7XlO-il .'\.9XIO' 0.99 0.07;) (1.01;' 0.QZ6 
;~daughl Nol, lfuL nal, 0,,1. ~jL H2, Wi. 
tf'r ' Gpl, Lyl, Bil. 
prod- [,nl, Hnl. Nol, 
uet:-;. fiet. Lni. 

(1'11 23( (I.OM Btllll' 7XIO' 24.1 4.:1XIO' ! 2·1.1 O.!llI05 O.('{:! O.7~ ;1.9XW·' ().~ 

Mil, ChI, ll~. 1I4. IlttH, IInx. FrI. HZ. 

I 

Ro. 
HaS, ">2011 1Ial, "(l,75 ~11. 

HnL II II I llo4. lIS. "0.7 
"11.110014 Hx. 

II". 

lit ft1! 

... 

1 

~ 'wi 
U,naturail 4,4:k, Kirln"ys :;00 2Xi()-fi U\4XIO" :w :1O O.O!j,5 0.:1:1 11.011(12 

(sol.) I Ho2. Dal. lln2. Vol. Vol. HZ. 

B. natural 10' I.H4XHWi 1.0 0.12 finso!.) ('ill. I Il In 
t'l~ 4Jla BOIl(' 7XHI' :~ i!l-' 2XtO-t .~.\iXIO' :;(111 fl,(XX;;, O,gf) 0.2 10-' Oil!, 

(f'()1.l 1I:iI. Cl1l. Lyl. ])>>1. 114. lIn I Vol. If" I. 112. H5. 
Vol. Vol. 
llo2. 

tTZU: LlIBf!':; 10' f,.9XIO' 120 120 Ul 0.12 (insnl.) Ifo:t. ChI. II,,;;. II·;' n. [17. 

PU23~ 5.Wa BOI1t' 7XI0' H.HXIO' 4.:IXIII' 4.IIXIO' , 0.00014 O.7fl 0.7 IUIIIOI 0.18 (sol.) 1111 I, ('hI. Lml 1I4. 112, 11"1, Pal Ktl. II 5. KL!, 1.111. 11"1, 
lIel, "0.110007 1,111. 
Mil, flnl. 11,,;1, 
P,ll, Pal. 
LnL 

PU23V LUIi!!,~ [(I' X.XX 10" :w;() :lOO 1.0 0.12 (insol.) Abl. ChI. Ahl. 114. n. H7. 

Am 1U 5.450' BUill' L79XlOJ ~1l!) 0'[1005 0,\10 0.25 0.0(,; 
lIill, 1:1. 114. Hal, lIal:l. llala, lIft. 
HalO, II a 10, IIa]2~ 
Ha12. Un 12, Hal, 

lIa1:l, 11"10. 
:4('2. 

Om241_ ftOBa BOIl(' 5 150 O.2[) 0.00:1 Hal, lIal, 
I 

H5. lIaW, lIaH., 
SO.1. S05 . 

..... _-- ---~ 

IlVnlnes calculate-Il hut not u;-;.ed in floaT dctf'rmiJl:ltiol1. 
bThe tmt'r.t!.y vultll'S [n!lnw('d hy a un' the ('(r~,(·tivt' ellergies ill tenTIS ofalvlw radiation. 
cThe contribution from tlll.' sllOrI.Mlfn'(l TlWluhl.>r of the isolTlPric pnir lU1S llot bel'll u5,>(1 in 
dThe first vaillo ditrers from Olll st'c'oud becauso once the dement cnt('rt:> the bloodstream the blootlstreilIll vcry rapidly, 

t-:i 
~ 



G. General Equations 

Somr of thf' yalllrs giyen ill tahle ;1 w('r(' calculntpcl from 
the C'qllations ginn hrlow. (S(,C' apP(,IHlix :2 for a rliscussion 
of somf' of the nsslllnptions nlndC' in lleriying and llsillO' 
the eqllntiollS.) The rqllation nllmh('rs to the right ar~ 
used for rf'fpl'encC's in table ;3 to indicate which equations 
"'ere used for a cakllla t ion. 

1. For submersion in a radioactive fluid 

(f.lPf ') = :.?n X I 0-3 WPm (Pm /P t ) 

In L (bE) 

mierocuries pel' milliliter of nWllillm, m, to giye 
continuous exposure during period of submersion ill 
taminater\ fluid. 

, 0.8 X 10-3 

(J[P( ),,= L(bE) 

(Gl) 

W of 
con-

(G2) 

mi('r~)('uri('s per millilit(')' of \yntl'r to gin o.a rep/m'rk of 
eontmu~us ~xposurr to hda OJ' gamma during periods of 
submerslOll m eontmllinated water. 

In this case we haye set Pm = 1 and Pm/ P t = 1.02. Fo)' 
exposure to alpha raclintion Pm/PI \yould he set eqnal to 
about I, and TTY in equation Gl \yould be taken as (0.a/20) 
rep/,,·eek. 

mierocllries per millilitC'r of air to giye 0.3 rep/week of 
eontillllOns exposure' to heta or gamma during period of 
suhmersion in contamillatpd ail'. 

In this ease ,,·e haH' set p",=0.0012 g/l111 and Pm/P I = 
1/1.1;:]. For exposure to alpha radiation Pill/PI "'ould be sl't 
equal to about 1/1.22, and Will eqnation Gl \yould Iw tal~('n 
as (0.a/20) rep/week. Equation G:3 is IISC'd in detC'rminino' 
the maximum permissible l'XpOSlU'C' of a person to rallioactiy~ 
nol!le ga.ses. If a nol.)le gas that is a hard beta or gamma 
Clllltter IS suspencled III the atmosphf're, tlH~ radiation dosC' 
a man reeeins from the gas ill his lungs is llegligiblr compared 
to the dose f;'om a largC' doud of gas slllTollnding him. The 
aboye e9ua tlOns arc deYdoped for -±1T geometry and should 
be af;>pheable to exposures to small organisms (such as fish 
eggs 11.l ,,·atf'l') or slllall organs (such as a man's ear wh('n the 
man IS surrouncled by a radioacti\'e gas). For general 
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,j 

) 

exposure to a large bod.Y suhmerged in a radioactiye fluid, 
thf' maxim lim permissible values given in the above eq ua­
tions may be douhled. 

2. For radioisotopes inside the body or in the air and water 
taken into the body 

2.6 Xl 0-3 m lY 
q= L (bE)j;-- (G4) 

llli('ro('urie's in tottl1 hOll." to gin' lV exposure to the critical 
organ of mass, III. 

( HP ')' 3 Xl 0-Sqf2 
1 (a=TfnCC~e-O.GUtfT) (G5) 

lllicroeuries per milliliter of air to giye lY exposure to the 
('ritieal organ after the exdusiye use of contaminated HIt' 

for time, t. 
in eq lIa tion G.') the' hr('a thing rate "'as taken as 2 Xl 0; 

ml/dav for a 24-holll' day. For exposures of 8 hours' duratioll 
a da~< the breathilll,( m'te "'ould be taken as 10; ml/day. 

(GG) 

minol'lll'i('s pel' milliliter of ,,·atcr to give TV exposure to the 
('riti('al organ after the exdusiye lise of contaminated \YHtC'I 
for time. t. 

In eqllation G6 the rntl' of water l'onslllnptioll is tak('n 
as 2,200 ml/day. 

In the case of CO2 , 

in which Q= Ilc/g of tissue to giye lr rep/\yeek, and ('= 
('oncentration of carbon in critical organ. The London 
Conferrnce made this suhstitution: 

(JJ P('):,= (0.0140.5) XO.O.55 XO.0005=0.77 X 10-1;= 10-6
• 

(G7a) 

Csing the yalues ill table 4 and equation Gl: 

(AIP(t=~:~~5 XO.055 XO.0005=0.55 X 10-6
• (G7b) 
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H. Nomenclature and Other Equations 

Thf' H numbers in parenthf'sf's are the rdt~rellct' J111111-

hers IIspd in tnhle 4, 
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b: b= 1, for alpha radiation. 
b= l-e-(~-a,)x, for gamma, radiation, WheT(' 

(M-a s ) is Ihe total codJieienl of absorp­
tion minlls the Compton scattpring coeffi­
cient of absorption in tissue (em-I), and 
x is the effpctin' diame(,cr of the organ in 
ef'll timt'lers, 

b= O.3~j [1-(Z1J2/4:1)] [1 + (l(1/2/4 )] for beta mdia­
tioll, wherf' Z is tIl(' atomic llllmlwr of 
the radioisotope, and E is the maximulll 
en('l'gy in ~ r e\'. )\ 

bE: pfreeti"e pnergy of raclintioll Pl'l' disint('gratioll ') 
in ~rey, 

c: concentration of del1lPllt ill erilie!)l orgall 
(eleJlwnt in grams!critif'lll tlRRlH' ill grams), 

/): "definition", in tablt> 4. 
fl: fraNion going from gastl'Oin(pstinlll trilet tn 

blood. 
(2: fmetion in critieal organ of that in lotal hOll.L 

(,,': fraetioll going from blood to critical organ. 
}a: fraetion rptainf'd by illhnlntion. 

fa= (0.2[)+0.5(1)(/ for soluble compound". 
. . . (Ho')) 

'Yhen.f2' is not known, the approxima­
tion is made for soluble eompoullds. 

fe, (0.25+0'~(1~f2' (l[fi) 

0.12 for insoluble eompolllHls W1](,11 til€' lung' 
is the critieal organ. (H7) 

i11:: fraction of soluhle mal(']'inl ]'('achillg critical 
organ by ingl'stion fd/. (H2) 
WIH'nf2' is not knowu. Ill(' approximation is ) ....... ) 
made for solllbl(' eompollnds. f" fdz. (H~::) . 

g: grams of an~' elpmcllt in bod~~=mcIf2' (H9) 
Y nltH'S of g arC' giycn in tIl(' offieii11 Chalk 
Riycr Heporl, September 29 and :::0, 1949. 
These 'luI ups must be C'onsidered as VCIT 

tentative, since ill some eases they do not 
agrce with otbf'!' published data. 

G: "guess", in tablf' 4. 
I: daily intake of clement, ill g/day. 

m: mass of critical organ, in grams. 
"'fPC: maximum permissible eOllc('ntrat.ion. 

) 

MPE: maximum pprmissibk exposnrc. 
Pm/PI: rPlatin stopping powpr in thp medium com­

pared to tissup. 
REE: relative biological dfectivPIH'SS. 

RBE= 1 for })('Ia amI gamma rndiation. 
RBE=20, for alpha radiation, as indicat.ed in 

table 1. 
Pm: density of the nwdium in g!mL 

"L,(bE): dfpetive enf'rg.\' of mdiat,ion of h?t.h the radio­
aet.ive isotope in qUf'stlOn and Its daughters, 
in ~rev. 

t: period of exposurf' (SCf' apPf'ndix 3). 
1': Effeetive half-lift" in days 

T~ TbTT. 
T b +1'r 

(H4) 

biologieal half-life in davs. Whpn T~ is not 
known as a result of clireet. mpasll]'('mpnts, 
one may be able to ealeulate it b~' the 
eq uation 

T,: radiol1etive half-lifl', in days. 
W: (O.3/RBE) rep/wl:'ek. 

(Hl) 

When data 11rf' IIOt uYailnblf', direet. eomparison~ ar~ made 
of Sr with Ca Tit with Pu Au with Cu, and Nl WIth Co, 
pte. Sinee data available f~r CI an~ limited, it is eOllsidelwl 
to follow Na in the body. (H8) 
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Abl. 

All. 

AnI. 

An2. 

.\t I. 

At2. 

AuI. 

Ba.1 

Bll. 

BIt. 

Bl2. 

Brl. 

Btl. 

ChI. 

Col. 

Co2. 

C03. 

C04. 
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Appendix 1. Calculation of Values of Maximum Per­
missible Concentration of a Mixture of Radio­
isotopes 

\ .... bell a ])('rs(m is ~ubj('('t to s(,YNal dHf('fC'nt SO\l1'('('" of radiat iOIl 
sil1l\lltam'()\lsl~-, the maximlllll p!'lmissihlp ,'xpOSlirp (JI PEl ma~' be 
gi\'('1l apPfoximatdy by 1 he ('quatioll 

MPr; al(t.IPCi,,+a,(:\IPC)B+ .. , + IVdJIPC) A + lV,(MPCh+ 

.. -tel (;\f PEl, + ... -\ Bz(.1! PEl, +- . . . (KI) 

in which 

(K2) 

al ~'ffaction of maximulll p!'fl1lissible CO[Jcpntrat ion of radioisotope A 
in air 

a2=fraction of maximulll pprmissiblp l'OIl('('lltraticn of radioisotope B 
in air, ete, 

"VI = fraction of maxim \Jill Iwrlllj,..~ibk CUIl('('ntrat iOll of ra(lioisotope A 
in watN }'~ 

IV, fractioll of maxilllulll p('rmi~~ihh' COIH'('lllratioll of radioisotope I . 
1Il\\atPf,C't(', . 

81 =fmclioll of maximulll ])('rmi~~i]'le l'XpORUre per \\('('k tu X-rays 
ez'····fraetion of maximulll p('fllli~~ibk ('xpo:;urp per \\,{'pk to neutrons, 

ell'. 
For might bp slIbjPct to fraeti0ns, a,. az, etc" and 

n'l. II' etc., maxilllum p('rmis~ible COllcPllllatiulls of radio iso-
tope~ as indil'ated in tah)!' ,'l ami at the slLnw tim(' ,,('cin' t h' fraction, 
Cl, uf the maximum [)(,I'missibll' pxposut<' to external gamma radiation. 

InforrnatiolJ ~('n'ief"t "('". R. A tornic 
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TABLE 5. Example oj exposures jor calculation in appendix 1 

Source of exposure Organ affected 

Water Air Water Air 

WI al 

2X1O! 10 W, a, 

8XlO' 2XW 10 lV, a, 

1.5XlO-< 2XlO 12 W, a, 

8XlO" 2XIO-' W, a, 

0.3 r/week <, 

In the examplp shown in table 5 

+ lV1 (8X 10-2)cu + W2(2X 10·-2)co 

W,(8X 1O-3)Na +1'1 (0.::\),. (K3) 

in which the fraetiolls (a" Oz. a" WI. Ne,) call hayp all\' yalups less than 
I. providNi . 

al+aZ+a,+W1+ ll"z+W,+el=l (K4) 

(MPEhon. a3(2X lO--lOlRr+Y-1 a,(2X 1Q-12)Pu-fa5(2X lO'-6)NB 

IVa (8 X 10-7) Sr+Y + 11', (1.1; X 1O-6)p" 

(K5) 

in which the fractions can ha\'e any values less than 1, proyided 

oS+a,+a5+ W3+ 1V4+ 1V5+el·····1 (K6) 

(MPEhody=ab(2 1Q-6)N.+ W,(8X 1O-3)N.+edO.3)." (K7) 

in which th(' feaction", can haye any \'alups less than 1, pnwi(kd 

(K8) 

equation" mu"t be 8atisfied before the radiation expo-
sources is consider<'d to be satisfactory. Thi" is sOllle­

of the problem, because some strontium 
the livf'r and Home chromium and cobalt go to 

radioisotope in an organ of the body 
the body to some extent. However, this illustrates 

upon which the values givcn in table 3 might be applied, 
errors in application ltre probably 'no greater than those in 

the values ill table 3. Recent experiments haye 
some of organs of the body are interdependent in 

such It way that if half the midlethl1l dose is delivered to two orgam', 
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it may produce grt:'ater damagE' than if the total midlethal dose is 
giyen singly to eitlwr of the organs. For exalllple,9 if albino rats arc 
injeeted intrapcritoneaHy ,dth half-midlt>thal dose~ of p32 and AU I9S, 

the mortality in 20 days is oyer ~)O percellt ill~tead of the expN'ted 
50 percent. :'IIost of the AnI'. goes to the lh'er and spleen, whereas 
the p32 ('Ollcentrates primarily in the bone. The supposition that 
these organs are intprrelated ill such a way that simultaneous damage 
to the reticuloendothelial and hematopoietic systems results in 
body damage that is !1luch greater than that "'hich would result 
hdce the radiation insult administf~red separately to pither sFtem. 
There b no e\'iQf'lH!E' that this effect i~ of importance when 
considering chronic dalllage frolll extended expo,sures to 
COllcentratlons radioisotopes ill t he maximum permissible concell-
tration range. , the e\'idpl\c(' of ~Yll('r~i~tic effects for acnt(> 
exposure should lpad to achkd caution \yh('1\ applying the :\IPC \'alues 
to a mixture of radioisotopes p:dending over mallY ypars of f'xpo!4nrf'. 

Appendix 2. A Discussion of Some of the Units Used 
and of the Assumptions Made in the Derivation of 
Equations in this Text 
1. The rep as nsed lwre corresponds to an puprgy absorption in 

tissue of 93 ergs/g. Thh, SU\)COllllllillp(, reco~lIiz(':, that Illf' rf'p is not 
a generally aceepted Hnit, amI does lIot :;ubseribf' to the fundamental 
authentieity of auy particular cOll\'er:;ioll vahl(' in ergs per graIn of 
tissue. 

2. The rem as used ill this (f'xl corrrsponds to that amollnt of energy 
absorbed ill tis:;ue as a re:,ult of any type of ionizing radiation in the 
tissue that leads to the Saine biologi('al damage as is produced b~' 
1 roentgen. Again, the Subcommittee recognizes t hat the rem is not 
a generally unit and lIses it because of it" cOIl\'enience in 
appraising t he associated with exposure to vario1ls types of 
radiation in which the rdatin biological effeet.i\'eness (RBEl 
differ from unity. By definition I rem-1 rep/RB£' It is 
that yalues of RBE are not well known ami depend on many condi­
tions im'olved ill each indh'idual case. Ho\\'ever, because of the 
nocessity making an of t he hazards ai'soriat ed with expo-
surl' to types of radiation, the values of RBE as given 
in table I have been adopted. 

3. The microcurie (p.c) was assumed to correspond to 3.70X 10' 
disintegrations second. This value is used because of its general 
acceptance it has been recommended for use by an inter-
national committee 011 units.!O Tn making comparison with radium 
it should be kept ill mind that the best value for the nmnber of dis-
integrations per seeond from 1 p.g of radium is 0.028X 104.1! 

4.' The ratio of stopping power in tissue to the in air used in 
the calculations is 1.13 for beta and gamma radiation and 1.22 for 
alpha radiation. These are average values in t,he energy ranges 
ordinarily involved here. 

5. It is assumed that the radioisotope is uniformly distributed in the 
body organ. Tn ('ases thl' distrilmtioll is far from uniform, and 
corre(,tion ",ill be in future calculations when experimental data 
become availahle. 

, II. L. Frieddl and J. 
val in male albino rats, 

10 "ational Bureau 01 ,~"",,,,,,.,,. ~r,m,lh.",,1c 
II F. Kohmall, D. P. 

(March 11l47). 
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Appendix 3. Period of Exposure 

The equilibrium period of exposure (,\'hen the rate of elimination 
becomes equal to the rate of d('position in the body) is given by the 
time, I. in equations G5 and no whc'll the tcrm (1 e-O.09t/T),: 1. 
This term is equal to 0.99 when 1=0.6 in which T is the elTective 
half-life. This!)O of pquilihrium reached in a few months 
for most of the alld ill less than 20 vears for all the radio-
isotopes listed in tahlp 3, exccpt PU239, 8m 151, Ha2ZG, and Sroo, in which 

it is 1101 reached until 780, 710, 200. and 49 years, respectively. 
time of exposure us('c\ in thr calculation of maximum permissible 

concontrations in air and water is not critical in cases. In 70 
years, assumed to he equivalent to a lifPlime, P1I23U• and Ra22B 

will have rrached 31, 36, and 07 percent, rcspectively, of equilibrium 
body content. 

IiI thr caso of occupational ('xposure of R hours Iwr day 
half the daily consumption of air and watPr ill the l'\-ho\1l' 
5 days per week, and 40 "'epks per year (eon",tdering lime out vaca­
tions, holidays, etc.). the ,'allieS of maximum permissible concentra­
tiOllS of radioi80topes in air and water in thp working area may be in­
crcased by a factor of 3 above those values listed in tablcs 2 and 3 [i. 1'., 

2 X (7/5) X (52/4\)) ,: 3]. In other words, the limited period of exposure 
for occupational workPrs reduces the noed for the application of a safety 
factor. In the discussion in the Introduction a safety factor that might 
be as largo as 10 was sH!J;gcsted. Therefore, the safety factor sH!J;gested 
for the maximnm permissible cOllcen! ratio11 values given in tables 2 and 
3, when applied to the working area of occupational workers with this 
limited period of exposure, would be reduced to 3. 
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