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p. 1 RADIATION AND ITS BIOLOGICAL EFFECTS XIT A,1.1-
1.2

A. PHYSICAL ASPZECTS

1. Principles of Radiation Dosimetry

1.1 Introduction

The natural unit of desage might be taken as the abso-
lute amount of encrgy absorbed per unit volume of the gbsore
bing medium as a result of irradiation. This however, cen-
not be conveniently measured, since it is only the ioniza- ' -
tion which is measurable, and this corresponds toonlys .
fraction df the energy absorbed. It is ordinarily sssumed - -
that this fraction is constant in cases of biological intere ' .
est. ! : L ) S

The actual fraction appearing as ionization energy 1is
approximately one-half in hydrogen, oxygen, and nitrogen, -
but is very different in rare gases, Some gases and many
organic vapors show large variations rslative to air in the
fraction of absorbed energy which corresponds to lonization.

!

1.2 The Bgagg-Graz,Pr;nciQ;e(l)

Consider a small air-filled cavity introduced into a
solid or 1iquid medium in which electromagnetic radiation
is being absorbed., If the cavity 1s sufflciently small, '
the ionization in it is almost entirely due to its .traversal
by secondary electrons generated 1n the surrounding medium.
For this case:

Ey = pWdy (1)

where Ey = kinetic energy of secondary electrons generated
per unit volume of medium

p = ratlo of stopp.ng power 0of medium to that ol alr
{or elesctrons :
Vi = average enérgy lost by a beta particle per ion

Y

pailr formed in air. (W = 22 ev ver ilon pain)

Jy = number of lon pairs fzrmed per unit volume in
the small cavity

If the air and the surrounding medium have tl:z same
mic number, then 0 1s equal to Loz ratlo of thelr electro
densities. Otnerwise, lettlig n represent the elsctron der-
sity ot the medium aud 2 ivs atomle rumber, we have:

Keotine toe na-
ithin ihe meaning
. 31 gnd 32, Its trans-

This document containe informetion
tio ) e United S
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p. 2 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,1.2-

1.3
1. Principles of Radiation Dosimetry (continued)

Ev = 2,55 x 10721 f7nWJ, (2)

where values of f; (variation of p with atomic number) are
given in the following table, and

n = sp. gr. X Avogadro's number x % pizl/A’i

where py 18 the fraction (by we 4
having atonic ‘nitwber Z; and a f

(3)

of in terms of x-rays oOr ¥y rays, .it is :.(
of radiation which praduces lonlzing seconday] For faat
nsutrons, i1f a wall containing hydrogen is uaed, the recoll

protons are responsible for the major part of the ionizutioq., :
The cavity must b2 small compared to the range of these pro- -

tons if 1t 18 to satisfy the conditiJns for the Bragg-Gray
principls.

1. Thirbl:s Chambers

a. A "thimble" icnization chamber may be used for bio-
logical purposcs to measure the intensity of radiation within
& medium. A thimble chamber constitutes a proper "cavity"
2. & medium when the wall thicknecss exceeds the maximum
range 1r. the wall of the secondary particles 1lnvolved. Thus
for gamma rays from radium and =2 graphite wall, a wall thick-
ness of about U mm is required, while for 200 kev x-rays, a
0.2 mm wall is sufficient.

Y. All dimensions of the thimble chamber must be such
that a2 sccondary particle cr.ssing the chamber loses only a
negligible fraction of its cinzrgy; for example, the dimen-
sions should not exceed a few mm for gamma rays or 0.1 mm
for 200 kev x-rays. The dimensions are correct when the ion-
1zation in the chamber 1s =2 linear function of the gas pres-
sure. This condition of linezrity is fulfilled elther for a
very small thimble chamber or for = chamber so large relative
to the corpuscular rangces that ths fonization In the pressure
range uscd is at <1l times a gas effect and not a wall effect.
(Although not a thimble chamber, the larze chamber can be used

e SRener
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p. 3 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,1.3-

ltu
1.  Principles of Radiation Dosimetry (continued)

under the conditions specified.) ’

¢. In the speciezl case in wnich wall and gas have the
same average atomic number, thers 1s no restriction on the
dimensions.

4. Examplez of srrors due to Iinite cavity size, 28
determined by experiment, &r I _

Rgdistion  ¥all Material

Gamme rays graphité_;f- : ’ 3
. S lead- . 0.1,
| - lead T % x 10
X-ra T prapnite 0.1
(100 kev quantum) ™ eopper 4 0.1

. i N

e, Measurements in ai¥s If a measurement is mads
a small chamber of wall thickness t of "sir equivalent” ma
erianl (i.e., material equal to air in average atomlic number),
a2 small correction is required for absorption of radiction

by the wall of the chamber, If the lonization per unit vole

ume is J esw per ec, then
Dose = J(1 + o5t} roentgens (%)
where o= écattering absorption coefficlent of the chomber
wall, and t should be slightly greater than the maximum range
of recoll eleetrons. In practlce ogt ~0.03.
f. Measurements in other medisn:

‘Dose = J(1 + 05t - 0,'t?) roentgcne (5)

where o,' = scattering absorption corefficient of medium, and
t! = external radius of chamber consldered as a sphere.

1.4 The Roentgen

The roentgen was first defincd in 1928 at the Interna-
tional Radiologieal Congress in Stockholm; 1t was redefined
with no e¢ssential ochange in mcaning at the International Radio-
logieal Cungress in Chicags in 1337. The later definition
recada:

§EE\?SEW\

SHERET
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n. 4 KADIALTION AND ITS 3T LDaICAL TR 2UTe XITI A,1.4

1 Princlples of Radiation Dosimetry (continu.d)

"The ronntge  shall bo that quaitity 2{ Xx- or gamma-
yadiyti o guelh that the assoclated corpuscular emission per
0.001¢32 gram of air produces 1. 2ir. 1ous zarryi-g 1 isu of
quantity of clectricity of citiwer sigr.”

Tt wording of this definition ie unfort unat. ly such LA
sn: eannot be .xactly sur. as to waat the unit r: frra. i
rosntgen WePy O bu a measure of th. i-cideat redlatic:.,
the term Q“%%&ity snould have been roplaccd by 2 mope.
term. - f

In actual‘préctice however, ouc 1s mainly $nter
‘ tie wnergy absorbBed por gram of a given mediug Wh

fum is :xposed to radiation. This quantit L5
tne dos. of radiation, whicii can be measur 3 ¢ o
A small volume of a givenr medium recelves a d38¢ of one roir
gen When 1t 1s exposcad in aa x- -ra; or ganmma ray radiution ribz o
of such drnsity and for such a durition that, 1f a similap wol

ume of air should pecelvc the same amount of padiation, ioms . -
carrying a totzl ef 1/0.001293 c¢su of electrie charge of elther '
sign would be .produccd per gram of cir, In actual practics KT
rather large samplcs of metericl or tissuc are irpadiated, In
this easc the dosc reccived by cach portion of ths mediunm 18
affested by the prescnce of ncighboring parts. Tho ebove stat
§ent regerding dosc in roentgens applies, howover, to any unall
velume in the mcdium, byt unfortunatcly & smicasuremunt cxactly
satisfylng the definition camnot bc madc diructly without somo
sorrections,

If 2 small "atrewall" (sce XII A,1.3%e) thimblc chamber eon
be insecrted in the medium 2t thc peint where the cosage mcose
urcment is required, the dose ean be dircctly messured cither
under such conditions that the cffect of introdueing  the ehane
ber need not be consldered or else that satisraetary correct~
ions for this effcct can be meode.

fan s

In many eases it 1s desirable to know the amount of the
actual ionization in the medium rather than thet whieh would
be produced in air, A proper appnlication of the Breogg-Gray
principle permits this quantity to be measured accuratcly.
From such measuremcnts the dos¢ in roentgens c¢an bc ¢alcul-
ated with fair accursaey,

i

11550911
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RADIATION AND ITS BIOLOGICAL EFFECTS xII A1

1. Principles of Radiation Dosimetry (continued)
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tain conditions are satisficd.

Bane "

p. 6 RADIATION ARD ITS BIOLOGICAL EFI'ECTS XII A,E.l-

2. Practical Measuremcnt of Dozg

2.1 Ton Chambers

On the basis of the discussions on the principles of dos-
age meosurcments and the dcfinition of the recntgen in XII
A,1l, 1t 1s seen that accurate rcsults can be dbtained 1f Y3 TO

In the casc of x-rays, the photeelcetrld
tion inecrcases rapidly with atomic number.
wall meterial for an ionization chambor is
For soft x-rays, howcwer, the range of tug”

reys ir a2ir is sufficlently short so tha
is approprizately eollimated a chambory.
2 layer of alr ean dc uaéd end in thi
the radiation in roentgens ocan be mada.

cris 1ca1 for approximate reaults. Ir bakel&
1lar plastic) 4s used as wall, this materi{si 135
elosc to alr in average atomic number so that _sardless of
chamber slzc, o reasoncbly accurate: reasureman;‘ n teyms of
roentgens can be madc. Small amounts of expoésed metel will,
howcver, causc o ehamber to be too sensitive for radistion ar
200. kev or less -+ by a8 ruch as scvcral hnndred yercc1t vith
small chambers, FEAS .

2.2 Dosagc Rate frorm Radium

An accuratc measurcment of the dosage.rate froﬁ redium
(in equilibriwm) has been made by Gray. 1) At pnc en dic-

tance from one mg Ra (filtered through 9.5 mn !ﬁ)

-

J = 8,3 + 9.1 esu/hr pur cm3 in graphige\

J= 8.4 +0,1 r/hr

For platinum wzll of thickness t cm, providcd t is not less
than 0.03 c¢n,

J= (2,98 « 11.7t) r/hr ' (1)

2.3 Dose¢_pur Photon

In some calculations it 1s convenlent to cxpre¢ss the dos-
age rate in terms of garma ray flux. This can bo glven as

r DLr gar's quantum per en = (5,E x 0% x 4.6 x 10719y /22 (2)

-
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p. 7 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,2.3-

i 2.5
2. Practical Measuremcnt of Dose (continued)

where 0, 1s the rcco%l absorption cocfficicnt, cqual approx-
imately to 3.5 x 1072 em™! 1n the rangc from 0,05 to 4 Mev,
a lg 1s the photon encrgy in Mev. Hencc Lhere are 5.3

- E roentgens per garma quahtum per cm€; op 2 X 109/3
gamma quanta per em© gquals 1 r, ‘ ¢

2.4 Table of Roentgen Equivalgntg

Encrgy Absorbed in Air
for One Ragptgen... ..

0,107 erg{g T,
1.07 x 10°° joule/en’
2,56 x 109 cal/e , I
6.66 x 1010 ev/cm s
2.08 x 1

lon paira/cm3

Rate of Energy Absorption Rate of Bner“"ﬁﬁbbrﬁ

in ?iﬁ in laaeua
for 0.1 r/24 _hours or for 0.1 1

1.16 x 10°° r/sec 1- 116 x 10’6 /8
1.24 x 10°7 erg/cm3~ ce é}é x 10°7 érgfkiaab
1.24 x 10-14 watt/cmg 9.6 x 10712 watt/g
2.96 x 10715 cal/em3-sec 2.29 x 10 cal/g~aec ‘
7.75 x 107 ev/cm”-sec 6 7 ev, -
2.42 x 107 ion pairs/em’.aee 3

B.5__Messupoment of Bets Rays | , 1'5%%;ﬁ

With 3 rays there 1s no need of 2 wall around the chambor
for establishing cquilibrium between the primarics and seee
ondaries. Crambers with the thinpest possible wall sheuld s« .
be used ?ng a.correction for absorption in the wall should?’
be made.

To express the dosage rate per 3 particle onc must con-
slder a particular point in the path of the } particle sinee
the lonizatlon variecs rapidly along the path, becoming greater
near thc end of the path. If N 1s the number of ? particlces

SEpuGEE———
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p. 8 RADIATION AND ITS BIOLOGIC:L EFEFECTS éII H,2,5-
2. Praetical Measurcmcnt of Dosg (eontinued)
pET em® and k 1s the specifie ionization at a gilven polnt

on the path, then the dosc 1is

kN x 4,8 x 10°10 4 per 3 particle pgr,pmz . N

is tho prlncipn pracbsa hieh
ization in the body. The oont ‘
tering, (a,p), (n,a ), and (o,
average amount of cnoprgy whieh
nueleus in cleatis scattering
of the nucleus and can be eale

Ee 2530/(n»1)
giving E B, for hydrogen
5l EQ for ear’hon
25 Eo for nitrog
11 E5 for oxygef’

It should be noticcd that these arc not the same valuus as
would be obtained fronm thu average logarithmio enargy loss,
which 1s '

ﬁog onﬁaav = 1 for h”drogen, or Be

w 0.158 for cerbon, or T = g kgx

- b, Roentgen cquivalsont dose (r.v.d.), The tim‘« dosc
corresponding to a given ncutron cxposure wily ;peferrad
to as one r-equivalent dosc when the cnorgy absofbad per
gram of tissue 1is equal to that absorbed when the tiaaue‘*
has been exposed to ong r of x-rays., One re-squiveient
dose (r.e.d.) of any radintion will hove becn rogdeived .
when the énergy absorbed per gram of wet tissus 1s 83 ergs.
For fast neutrons the energy E, 1in ¢rgs absorbed pcr grem
of tissue 1is

Eg = KENZ.01£1Qg , (%)

where I 18 the number of ineldent ncutrons per cm?
E 1s the encrgy of the neutrons in Mcv
k = 1,602 x 107, the factor to convert Mev to ergs
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RADIATION AND ITS BIOLOGICAL EFFECTS

| Sepuys——p

p. 9 £I1 A,2.6
2. Practical Measurement of Dose (continued)
o4 18 tho cross section for neutrons of energy E o
atomic nuclel of typs i ~
fj 1s the fraction of the neutron's energy transferred
to the nucleus per collision
Q4 1s the

number of atoms of type L per grap,gr tissue .

The numbor N of ne\;t.réns of energy E per cm?
1 r.e.d, is then : DR R

The following table inéludes B
neceseary to ealeulate ¥ for o

’ K | W

tom |% by | Atoms per o

I LD Gram .

1 | 10 | 6.02x 1o§§ 0.5

¢ | 12 | 6.02 x 105! 0,150

¥ & | 1.71x 105 | o,108

o | 73 | 2.7 x 1022 | o.111 o 2

— R -, i )r;"‘»

c. Tnlerance dase for fast neutrons. !hé&ﬁiologica1“4

effect resulting Jrom loaization by fast neutrons hos been
shown by experiment to Be f£ram 2 to 10 times greater than

that cf the sare amount of lonization profueed by xercye,
For body tissue & factor ¢ 5 i3 probadbly ample and 0,02 r.e,q.
(or 0.01 n; Bos XII'A,2.6 4) can be takcn 3s the safe dally, -
tolerancs dose. Tablce 3 gives the mumber of nsutrons per
e fog one r,¢,d. and 0,02 r.c.d,, and the number of neutrons
per cr® per minute for 0.02 r.e.d, in 8 hours,
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p. 10 RADIATION AND ITS BIOLOGICAL EFFECTS XII h,2.6-

2. _Practical Mcasurement of Dose (continued)

Table 3
2 2
B (Mev) | Ncutrons/cm Neutrona/cm2 Neutrons/cm“emin -
er 1 r.e.d. for 0.02 rteodw ‘
0.5 5. 7 x108 - 11,50 x 10° o ‘?f"ea,eoo B
1.0 + 1466 x wg
2,0 5.68 x 10 |
},0
2,0
4.

The dose for nat neutrons can be measured in the same way
as for x-rays except that .a true tissuc-wall cavity must be,

used instead of an "afr.wall" cavity, The Victoreen condens
ser r-mcter with a 100 r chamber has been uscd for measuriag
fast neutrons. The Pakelite wall contains hydrogen tat sins

¥,

its perecntagc hydrogen content 1is less than that of body i
tissue the response of the chgmber does not give a direct
measure of tissue 1gnization. :

When a pure beam of fast ncutrons 1s measured with the
Vietoreen r-meter (100 r chamber), ond the scale is read
as for ¥ rays, a reading of 1 r is ¢alled 1 n. One n unit
as thus defined represents a tissue lonlization equivalent
to that produced by about 2.5 r of ¥ rays, (8See XII C,3.)

A C2H4-f111cd chamber with a paraffin wnll made cone
ducting with a very thin coat of oguadag should give read-
ings (in r-ecquivalcnts) about 15% greater than the eorres-
ponding tissue dose. When it 1is desired to measure fast
neutrons in the presence of gamma rays, a pair of balanced
chambers, onc¢ with a hydrogen-containing gas and one with
argon, for exomple, eon be used.(3)

2.7 Dose Mousurement for Slow Neutrons

When slow neutrons enter the body they are practically
completely absorbed in the first few centimeters. Most of
the absorption ariscs from (n,Y) reactions in hydrogen and
nitrogen. The necessary constants for H and N in body
tlssue are given 1n the following tableo:

g e
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p. 11 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,2.7

2. Practical Measurcment of Dose (continued)

Table 4
L Hydrogen Nitrogen
umber of atoms/g 6.02 x 10234 1.71 x loeéu
apture cross sections (cm?) 0.25 x 10”7 1.4 x 107
amma rasy energy : 2.2 Mev 10.8 Mev
action of neutrons abscrv-{0.9 10.1

ed in the two elements
bsorption eoefficient for 6.0 x 10"Scm™1 2.5 x 10"5em=1

the ¥ rays

It is diffiocult to specify accuratcly the dose per slow
neutron due to neutron capture in tissue. It is, however,
approximately true that the effect of a dosec of alow ngutrons
1s equal to that of the corresponding Y rays emitted wpon
neutron capture. From this, the dose_in r.e.d. units 8or-
responding to Ng slow neutrons per em® incident on the body
is seen to be:

Ng [0.9 H'agpE! + 0,1 u"airE"} x 4,8 x 10’12/32 (6)

where B'gip and H"aip, respectively, refer to the absorption
coeffielents in alr of the hydrogen and nitrogen gamms rays,
end E' and E" to the respective energles in ev of thesc ¥ rays,
Using 140 as the value of the quantity in brackets in Squation
(6), the dgse corrcsponding to Ng slow ncutrons per cm© is

Dose = 2,1 x 10°2 N, roentgens

or Ng/cm@ per r.e.d. &5 x 10 (7)
An ordlnary pockct chamber gives a good measure of the

dose received from slow neutrons since the v rays produccd

in the body arc¢ measured on leaving the body.
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p. 12 RAUIATION AND ITS BIOLOGICAL EFFECTS XII A,2.7

2. Practical Measurement of Dose (continued)

REFERENCES

; (1) Gray, L. H., "The Rate of Emission of Y-Ray Energy
by RaB and RaC and by Thorium B and Thorium C","
Proc. Roy. Soc. 159, 263 (1337).

(2) Parker, H. M., "Some phyniaa1 aspcutl of tha
effects of beta rAdiat’on D A

(3)

(5)

RO
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p. 13 RADIATION AND ITS BIOLOGICAL EFFECTS XIT A,3.1-
3.2
%, Dosage Rate as Related to Types and Distribution of
Sources
3,1 Radium

a. Energy rate per curie

For o rays = 124,8 cal/hr
P rays = 6, 3 ecal/hr
¥ rays = 9.4 cal/hr

Total = 140.1 ecal/hr

sage rate fo

. 140 1/ per gram at 1 cm
=0, Olljﬁfhin per gram at 1 neter
" BaOGESQI/Bec per gram at 1’

c. Absgrption of ggggg»;gxa frgg ggg;§g”“

A nomogram 1s given (Figure 1, XII A,3) for det”

mining the relationship between radium quantity,

lead protection, and safe distance, where safe ¢1;-
taiice 1s based on 0,1 ».per 3 hours, A straight Ly
edge laid across the plﬁ! relates theue quantities R

3.2 _Uranium (1)

a. Gamma rays from uranium

Dosage rate = 0,005 r/lmr from a surfface of solid
angle 2. The absorption_coefficient of the hard
component equals 0,07 em~1 for Pb.

b. Beta rays from uranium

These arise primarily from UXpo.
Dosage rate for contact with mctal = O. 25 r/hr
Percent treansmission by gloves:

Gloves mg/cm® Remote Source Contact
Canvas 24 90% 75%
Horsehide 90 695 L3k
Lead-leather 400 8% 2%

1155920 LR
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m RADIATION AND ITS BRIOLOGICAL EFFECTS XII A,3
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4ation striking the outside of the body, and (2) rodioactive .,

L
p. 15 RADIATION AND IT$ BIOLOGICAL EFFECTS = XII A,3.2-

3, Dosage Rate as Related to Types and Distribution
of Sourccs (continued)

¢c. Alpha rays
No hazard for externcl irradiation.
3.3 The Pile

For radiation from graphite pile refer to C
and XI C,1. : ;

For shielding of graphite pile refer to Cha%%_’“ff?ﬁ?ﬁﬁgff
3.4 The Extroction Plagt | ge .
For shielding refer to Chapter X1

A nomogram is given here (XII A,3, Figur 4
distance, thickneass of conercte shileld, and number.
of 2 Mcvy gammo rays from fission produets for 0/1 v/8 )
A straight edge laid across the page gives the relati
petween these tgree quantities, : ¢

3.5 Fission Products ‘ 1

3ee Chapter III.

i

Fadn

3,6 A Mcdium in which Radioactive Material is Unjformly
Dispersed = , et

A person or other living organism in a medium 1n'iﬂ£§h s
radioactive material 1s dispcrsed as gas, dust, or dissolved
substances is subject to radiation hazard from (1) the rade

moterial ‘getting into the body via the lungs or gaatros
intestinal tract. 3

For external irradiation, this problem involves olly
an expression of the safe amount of radioactive materilal
per unit volume of the medium in terms of the tolerance
dose. The internal effects which follow the breathing or .
ingestion of the material constitute & more complic<ted
problem and involve a knowledge of the absorption and ex- -
cretion ratc for different substances in body organs.

e
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FEET OF COMCRETE

Frssion Prooucr rFrom PLanr
6 9 40 Towns Metae RPun 30 Dars
Swyroown 7 Dars

Jotal | Average\Arerage
KW KW /[Ton \Curiesflon
/0% 257102 |\ 25x/0°
0% | 25v/0% |262/0¢
/03 2.5x/0 |25x/02
5 ¢ 10% 2.5 2.57/0%
/0 2.52/0

Nomogram relafing distence,
thickness of corncrefe shreld
and number of curies of 2 Mer
7 -rays from fissron prodvcts
) for O./ r/ Shr dag.

1155923

DISTANCE FROM
SOURCE /N fﬂ?

— 40

L 80




{

1155Q2t

b

p. 17 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,3.6

%, Dosags Rate as Related to Types and Distribution
of Sources {continued)

a. Tolerance concentration for external irradiation.
If radioactive material is spread uniformly throughout a
large volume of medium, then obviously, for a phint !1Gh$n"‘
the medium, the energy Eg absorbed per unit vol
the energy Eg emitted per unit volume: Eg = Eg.

b. Radioactive in
son on the ground aurrounded )Y ;
atmosphere, the relatlon beaonas E‘.Q.

where u 1s the absorption coefficient for the r
When R > 1/p this reduces again to Ep » 1/2?3

In Tabls 1, XII A,2.4, there 1is lltteyw ,
erent units the rate of energy sbsorption n
ing to 0.1 r per 24-hr day., These values,-&
ation by two (since E; = 2E3), represent in vari
the radioactive material which ¥hen spread unifoprml;
a large air volume will give a tolerance dosc for extern&l
irradiation. In this yay the tolerance concgntratl R Q.«
found to be 2.5 x 1071 watts/om qr 1.5 x 10 ; ot L

The tolerance conccntration may also convenienti>;;; :
expressed in terms of curies, Let B be the cneprgy 48 ev- o
each gamma quantum or bets.particle emitted. Then the energy
emitted per second by the presence of M curics per emd e
3.7 x 10 O ME. Equating this to 1.5 x 105 ev/cm3-sec, one
obtains the tolerance concentration in curies as :

/

M= 4,15 x 10’6/E curies per em’ of qir‘ 7 (2)

Values of M for radioacti#e gases are casily obtained from
this formula when the energy of their radiations 1s known.,

A iiniin
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p. 18 RADIATION AND ITS BIOLOGICAL EFFECTS XII A,3.6
3, Dosagc Ratc_as Related to Types and Distributio
of Source continued
c. Radjoactive materisl in water. Hope, for example,

for fish in water, Rq = Bg. Since water and tissue aye of
approximately the same density, the figures in the fourth
part of Table 1, XII A,2.4, g ve directly thw toler ~
concentration for water, 80 far as exteprmel
immersed body is congerned. The toxexanna
external radiation, corresponding to @.1'¥

be obtained in the :aan-uaw as for
gives \

SRS o
- 4, Tolerance congs T
breathing of radicagtive gases. (5ce
gases such as Kr and Xe the absorption |
and the hazard from breathing is mainly “t¢
lungs have an air volume of about 3000 ¥
about 1000 grems. For beta ray - mittinub

of Table 1, XII A,2.4. For the bronchi
larger effective volume to mass ratio. “§8
for beta rays and gomme rays the externa}:)
than the lung exposure since the effective
which radiation can come is greater for tF Fox ;
alpha particles (from radon, for example), the e:ternal effect
is practically zero because of the protestive skia layer,

while for the lungs and bronchi there 1‘
layer. '

On the basis of the incidence of Iuns cancep
ers &n pitchblende mines a safe tolerance of from 310=
10-1% curies of radon per c has been established.

REFERENCES

(1) Parker, H. M., "Radiation hazard from X mux'
Report CH-619.

(2) Wollan, E. 0., "Tolerance coneentration of radio-
active gases in the atmosphere"™ - Report CH-504,
Section Bl, Appendix,

s
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p. 1 RADIATION AND ITS BIOLOGICAL EFFECTS XII B,1.1-1.Z

B. THE BIOLOGICAL EFFECTS OF RADIATION IN RELATION
TO OCCUPAT OSUR

The rclative biolegt&ﬁl
diations in zal&tsen t0 spe

praoticnl app

‘tolerzance couajm

sorbed per gran of
roys (sce A,2.6¢).
trons must thoreroro 150
ocrancc dosc for gammo ¥
per 2k-hour dey. Por Fosiige !
day, or 0.02 rocntgen oqui ea} dosc per 4ay

It will be noted that the *rosntgen equivalent dose® it a
mcasurc of enorgy absorbed (1 r.c.d. = 83 ergs absorbed. per
gram of tissuc}, not or eguivalent biolos&aal’yff"y |

‘oaa it ta ot

Whether or not a particular radiation will produce dam-
aging cffects, and zclso the naoture of these effccts, depcnds
upon the ability of the rodietion to reach the tlv'°'“;;
quustion. Although alpha partiecles are highly ion
dcstructive, their range of aq&ion in tissuc is sml}
proximatcly 0.1 mm. But whel i ﬁgial which is alph4
radionctive 1s deposited withifi'the body in a vulnow '
organ (¢.g., bonc marrow) the limited range of the alpha par-
ticle 1s no longer so great & factor. Similarly, low encrgy
b.ta rays (as from Xe or I) cannot pcnetrate the skin to an

c¢ftective depth, but tho same dbeta vmltter in the boace, lung,
or thyrold in sufficicnt quantity may be most injurious.
Thesc arc examples of internal radiation; the toleranec
valucs for internal obsorption of fission material bascd on
.xisting knowlcdge are discusscd in XII C,2.
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P ‘ RADIATION AND ITS BIVLOGICAL ErloCTS AII B,l.z

1. Relation Between Character of Radlation
and Bilological Eff¢cts (continued)

- e

Even though the effectivencas of high c¢ncrgy gamma rays
per unit density of fonization may b. less thon that of low
.nergy gamma rays. their ability to penctrate iato more vul-
nerable regions i1 thu body may be a moru duclding factor as
1 hazaird than thoir lesser dugree of lpecifigg%ggizgtgggg
This is illustratud.d allowing oome .

n eonnec:::n Uigh the fﬂiiﬁi.
parison of the relative quontitios of vorying guell
radiotion required te produce erythems of t:gﬁgyipa‘

N

‘ a )] Y 5 ‘u.v

Grenz raysih 100 r

100 kv x-rays - 350 r

200 kv X-rays 600 r

1000 kv x-rays ' 1000 r 5
Gamma rays (Ra) 1 2000 » ’

Thus a comparable erythema of the skin (du¢ to loafation
produced in and immsdiatcly below the skin) may be produced
by 350 r c¢xposure to 100 kv x-radiation or 2000 r of gommn
radiation from Ra. But thc effect on tissues underlying the
skin can be far greater in the casc of 2000 p of gammu ra-
diction than in that ef 350 r of soft x-pays. SRR Y

The effect of distribution of the radiation (geomstry)
in altering the degrec of ionlzation and blologicnl effue-
tivencss, and its dependence upon the quality of the incidcnt
radiation, aryillustratod by thc following tabulatcd results
of calculations by H. M. Parker. For diffcront qualities of
radiation with varying geomctrics and 00
he finds: o

Type _of Irradiation onlizat

Soft x-rays from large distancc  Approx. 1
Gomma rays from large distance 2
Gomma rays from point source at 100 cm 1
Gamma rays from point sourcc at 10 cm 0
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p.- 3 RADIATION AND ITS BIOLOGICAL EFFECTS KII B,l.i-
1.
1. Relation Between Character of Radiation
and Biological Effects (continucd)

1.3 The Time Factor and Total Dose

Two aspects of the time factor in radiation cxposure
nced consideration., These are (o) the dosage rate, and (b)
the total duyration of exposure.

(o) By is meant the muber ar roe
unit of time, om elinical and experimsntal avidem ;k
would seem that no restrictions ncod bde placed’ on the @os
rate at which general body raodiation is received at tol.
level under ocoupationsl conditions. = ot

(b) The influence of the total duratibn of e
upon bivlogical offect is great and must be recko

when ! $4on is used in the troatment of discasc, of, Wh
one at _%p establish limits-of tolatgnoo for &i
to rodis { '¥ddor working conditfons. ;

The “total duration” factor can best be 111ustrated L
connection with the "tolerance dose" - by which we mean the
d=ily amount of radiation to which & normal persoa can be
exposed day in and day out without sustaining permene _dnn-
age. For gamma radiation the tolerance dose §s giveni&é 1
0.1 r in any one 2¥-hour period, the dosage PAte withik |
period being immaterial. Now suppose that an Lindividws ;
celves 0.1 r daily for 1000 days, the latter bsing the dur-
ation of the exposurse. He 18 exposed thon to a total of

100 r. His welfare depends greatly on whether he receives
the 100 r in a total time of 1000 days or whether the dur-
ation for the same exposure is 100 or 10 days. The ressons
for this are inherent in the regenerativg propertios of
tissugs (see¢ XII B,2.1).

Apart from the time factors, the magnitude of tho total
dose - to which the total amount of tissue ionization is
proportional - is obviously of outstanding importance for
tissug domage.

1.4 Rodiosensitivity of Tissues

a. Radlosensitivity. By rsdiosensitivity 1s meant the
relative vulncrability to radiation of a tissue 1living in 1its
normal physiological environment. Although we tend to think .

m-
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p. 4 RADIATION AND ITS BIOLOGICAL EFFECTS %11 B,1.4

1. Relation Between Character of Radiation
and Biological Effeets (continued)

of each tissue as having its own inherent radiosensitivity,
advanccs in the application of radiation to medical usecs

have come about largely by learning to adapt the tuchniguce
of exposurc to takc advantage of the varying mmitivit‘ :
of diffocrent tissues.

Not only may we think of different tlacuﬂg%
differing rodiosensitivitices, but different or
differently to the same ionizing dosec of radit$
arc also variations within stroins of the
ie onc of the obstacles in earrying over’:
based on the biological efrutn ot radiation
lower animals. 6

The problcm is furthe stﬁﬂplicnted br“
events which can altar the radiosonlittfl
A fow examplcs will serve to bring out eertain ur
tors which arec known.

b. Differentiastion, Contrary to the more accapted
principles of pharmacological action, the tissuce whi
less specialized in function tend to be the more Yylmed
to radiation. The degree of spccisclization of o LREWR
refcerred to as its differentiation. The jitly comple
cells of the nervous system arc apporently 1ittle affected
by ionizing rays. At the other extreme the primitive cells
of the reproductive or lymphatic systems ore extremely
vulnerable. )

aplaly

c. Ratg of growth, In gencral, the 3
$aldioscnsitive

growing and active cells tend to be the more
ones in a given tissue. \

- 4. Cellular environment. The compositiom of the
medium, or the environment of the cells comprising a tissue

strongly offects thc radiosensitivity. This is oclosely
associated with the complex physio-chemical alterations
which must ensue within the cell when it is subjected to une
natural ionization. Whether the effect of the ionization

is a direct onc, taking place within the cell, or an indiregct
one resulting from alterations in the environment, is still
largely o matter of conjscture, although evidence 1s ac-
cumulating to show that both mechanisms may be active. As

S
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p. 5 RADIATION AND ITS BIOLOGICAL EFFECTS  XII B,1l.4

1. Relation Betwecn Character of Radiation
and Biological Effects (continued)

an e¢xample of the effect of environment upon radiosensitiv-
ity onc may cite the diminished effect of radiation upon
dtherwisc extremely radiosensitive tissues when they arc
sub jected to o reduced oxygen supply during the timé of ex-
posure. Likewise there is experimental evidence to show
that a changc in the acld-basec relationship, affecting the
permeability of ccll membranes, can for certain tissues in-
crease their radiosensitivity. Physical factors such as

hcat, cold or previous radiation may alter cither the grolﬁb1-

rate or ¢nvironment of the cells, and thus producc a change
in their vulnerability to lonization produced in them or 1n
the moedium 4in which they live.

. e. Threshold and non-threshold offects. If ons plots
a dose- effect graph for various tissues subjected to radise

tion, therc arec in goneral two forms which the graph may
take:

DOSE

(A) Curve A illustrates the non-threshold case, where
a8 tho dose 1s increascd there¢ is o lincar ine
crease 1n the effect. There 1s no initial thresh-
old of dose which must be exceeded before an
effect 1s obtained. To recognizec o non~threshold
effect, 1t must be rcadily observable or mcasurable
after exposure to minimal amounts of radiation.
An example 1s the influence of radiation upon the
germ plasm of lower orgenisms,

(B) Curve B illustrates a threshold effect. Hore the

effect 1s not measurable by present methods until
a certain threshold of dose 1s excceded., Thresh-

\ﬁ'

ey,
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p. O RADIATION AND ITS BIOLOGICAL EFFECTS XII B,1.4

1. Relation Between Character of Radiation
and Biological Effects (continued)

J1d effects are not linear with dose but assume
some form of 8 curve. The effects of radiation
upon the skin and the blood-forming orgens are
ssiamples Ur.til the dose reaches or surpasscs
the tareshold, the first signs of skin effect
(erythema) or of effect upon the blood-formi
organs (as reflected in the circulating blood
are not ssen. t

The majority of redistion effects are thoug
of the threshold type, It may be that as more $gilel
dicators are found to msasure sffects, more of them Wi 3
seen to be of the non-threshold type. | R

f. Reversibility of effegts. The ggverg;§11;§¥ of ra-
diation <ffects is important, particularly in osccupationsl i
exposure. By reversibility is meant the retura af-a figsue . -
to its previously normal state after exposure is Qlicbngia—

ued. The reversibility of any specific effect is dependent

upon the reparative or regenerative properties of the tissue.

Some tissues, such as skin, the blood-forming elements, mem-
branous linings of body cavities or glands, and perfipheral

nerves are sndowed with & special mechanism for repeir and
regeneration. Other tissues, such as muscle, brain, and

ecertain structures of the kidney or eye, have no provision

for regeneration. In them repair is by the formation of a

scar, which does not take over the function of the original

tissue which it replaces. The effects in such cases are

said to be irreversible,

In order for an effect to be reversible 1t must not
produce injury beyond the limits of the normal capacity for .
regeneration. Otherwise the effect is permanent and may
lead to complete destruction or exhasustion of the tissue.

Both the total dose and the total time over which it 1s
given may affeet the ability of the regenerative processes
to function. If the total dose is excesslve, irrespective of
the time over which it is administered, regeneration and
repalr may be impossible. On the other hand, a total dose
wiiich will produce reversible effects if given at a rate
slow enough to permit regeneration may inste¢ad result in ir-
reversible damage to the tissues if given over a shorter
period.
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p. 7 KADIATION AND ITS BIOLOGICAL EFi ECTS  XII B,1.4

1.5
1. Relation Between Charactcr of Radiation

and Biological Effects (continugd)

A tissue which has returned to apparent normal func*‘-~
following radiation damage may not, however, sustain ren:a -d
damage and may be unable to regunerate completuly. Rep." % &
radiation effaci, initially followud by repair, will e'a E
tually exhaust the rcserve for regeneration and emd in {¢""-
of the tissus. Hencc previously sustained rndiltiouf‘
(for e¢xamplc to skin) which has apparently beeh
by regencration and return to normal functioa's

{rom radiation injury, will eventually -rh:iy’
crative rescrve under too frequent or L. heaN

1.9 Summary

Bufors considering soue of the biological cffucts
radiation in mors¢ detail, lot us summarizc¢ certaln genet‘-
principles governing thesec.

(a) The naturc of the radjatlon

i P e s
gk
s 2

(1) Diffcrent types of radiation producs. uapjt*‘
degrecs of ion density along their trasks.
through tissue.

(2) Thc ionization in a particular tissue is
depondent upon the ability of ths radiation
netrate to & certain location or depth
t in the body. This 1s a function of bBoth
‘ the energy of the radiations and thu guommtr:
of tho exposurc. :

(3) The total duration over which & dosc is gIVen
Influencues the effect produced.

(4) The total dosc detcrmines the total lonization
which can be producud in the bilological medium

but the rcsultant biological effcet 1s alsc
influenced by che above factors.

SMORGS,

1155832



p. 3 RADIATION AND ITS BIOLOGICAL EFFECTS XII B,1.5-
1. Relation Between Character of Radlation 2.1

and Biological Effccts (continuedi

(b) The biological system

(1) The radiosensitivity of a tissue or orgsnism
largcly determines the form and degree #f th-
effect produced.

(2) The radiosensitivity may in &
by such factors as rate of grow
activity or function, and phyi'
ical environment.

(3) Biological eftoot- may or may a__
old effects. A i“ﬁ

(%) Certain biological effects arc reverlib ;
following irradiation, to & degres dopdhd
upon thc regenerative capacity of the "W
The reparative processes may, however, :
sxhausted by either an cxcessive total*dOGG
or onc rccceived too rapldly to permit repair
or ruguncration to b accompliahed. |

(5) The rupetition of radiation injury, feltowtag ' f
regenupation, cventually ledds to dcaﬁh of
the tissuc

2. _Occupatienal Disease or Patholeglcal States |
Resulting from Overexposurs B}
2.1 The Tolerapgs Dose

The tolerance dose for total body exposure to gamma ra-
diation of 0.1 r per 24-hour day and the tolerance dose for
fast neutrons of 0.02 r.e.d. have been discussed in previous
sections (see XII A,2.6c, XII B,1.3a and b).

A brief review of the history of the tolerance doss
brings out the difiicultles 1n precisely establishing the
permissible working level for long corntinued exposure. The
¢vidence on wihich the folerance dose for external total
body irradiation has been established has been gained almost

1155433
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p. 9 RADIATION AND ITS BIOLOGICAL EFFECTS XII B,2.1

2. _Occupational Discase_or Pathological Statcs
Resultlng from Overcxposure (eontinued)

entirely from medical experience in using x-rays and gamma
rays as therapeutic or disgnostic agents. Attempts were

made to determine a safe level as early as 1302 cnly x

wcars after it was demonstrated (1896) that x-rays ¢
produce severe skin damage. The early rudiation in
were largely those to skin, dut the ﬁpuonstration o
marked radiosensitivity of the tl: -
1905) and of the reproductive orgs

the skin could be anticipated. ¥
to insure protection from X«
1915 by the British Roentgen | _
however, was delayed. To quote,
of the war activity which existod than, ‘this plan 3
bring forth important advancememt. A8 & result of
maids, caution gave way to actigh end protes
were again forgotten. The takiag of increased
this time probably was a factor which contridbuted & BRI
fortunate development in 1919 snd 1921, both in thi ntey
(U.S.A.) and in Europe, when & number of prominent radl tion
workers dled of apparent radiation injuries, partiocularly
aplastic anemis. Unfavorable publicity developed, and dnf*
inite action resulted.” This enalysis by Henshaw statss oM
problem concisely, and serves a@ s waraizng that we should:
insure adequate protection for the far more fcraidable tls )
of the present war. o e

Individuals in various countries attempted to uatablish
safe working levels. 3ince the roentgen was not yct adopted
as & Qquantitative unit of redigfion, the tolerance dose was
originally expressed in "srythems dose."” The erythema dose
was that amount of radiation which produced a purceptibls
reddening of the skin. The redlations evaluated orig&h‘&!g
were largely soft x-rays, and the tolerance level wag -
variously determined as 0.01 erythema dose per month. For
200 kv x-radiation this 1s equivalent to ~0,2 r per day.
This figure was finally adopted by the International Com-
mitte? ?n X-ray and Radium Protection in its report in
1924, which was the first agrcemcnt on any definite leval
of tolerance. As an outgrowth of the International Com-
mittee ther. was iormed in the United States an Advisory
Committee on X-ray and Radium Protection which published
its first report in 1931 in the Burcau of Standards dand-
book No. 15. EKere the tolerance dose was set at 0.2 r per

————————
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p. 10 RADIATION AND ITS BIOLOGICAL EFFECTS XII B,2.1

2. Occupational Disessc or Pathological Stat.s
Resulting from Overcxposurc (continued)

-

day. This was later revised to 0.1 r per day (Burcau of

Standards Handbook No. 20) for x-rays and gamma rays. Al-
though the reason for this changs 1s not givon, it was pro-
sumably made to allow for the greater penutration and

potential damage Dy gammn rays as compared to x-rays, and
to roduce the likelihood of genetic damigc + a mattur whick
was then gaining recognition as a potential riafifation hazcxd.

The safoty factor inherent fnm the prusent tolora&idey 4o
is = debatable one. For thoss ot scquainted with rodiatic
ffects at first hond the safety factor wny ggem exsggerdamd
Increased experience, howuver, tends in the direetion of
questioning the adequacy of thc safety factor.  Barly $ol-:"
crance dosc values (based on soft x-rays) were crditrarily
weightod by o safety fastor of =~25-40. With increasingly
energetic radiation (x-ray and ) the safety factor be-
comes all the more important, A faotor of 29 timss the = = -0
present tolerance dose would give s pcrnita!&lu’t‘ osure of  E.
2.5 r per day. Animal experimentation has shown that
eontinuous gamma ray exposurs of 1.9 r per 2 hours will
significantly reduce the 1ife span in mice. From known ex-
perience with radium workers regeiving somsthing leas than
1 r per day we can judge that the safety factae &3 ¢ 'y
than 10. This 1is not as wide a margin of saf¢ly eos Some
workers fcel. is imposed upon them by the 0.1 ¢ pér 4iy lovel.
For this reason we necd to emphasize continually that al-
though 0.1 r per day is the tolerance dose¢, less than 0.1 r
per day is desirable and should be striven for when prac-

ticable.

Observable damage to the Blood-forming end reproductive
organs first prompted the establishing of a toleranse value
for total body radiation. Although the skin was tanc first
and remains the most common site of damoge, ng tolerance
dose has ever been set for permissible localized exposure of
the skin of those working with radiation. The possibility
of genetic damage was seen from experimental results in
lower orgenisms. The problem of a tolerance value for radic-
sctive gases was encountered in dealing with radon, and
limits of atmospheric concentration under working conditions
have been established. The occurrdnce of fatal blood dis-
orders and malignant bonc tumors in radium dial painters heas

i
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p. 11 RADIATION AND ITS BIOLOGICAL EFFECTS  XII B,2.1-

2.2
2. Occupational Discase or Pathological States

Resulting from Overexposure (continued)

only rccently led to the establishing of a maximum tolerance
amount of radium which can be deposited within the body
without appurent harmful effects.

In order to clarify the haszards of radiation exposure,

the more ilmportant offects as ebnerved 1n ocouyttional ex~
poaure will be reviewed.

2.2

ad g
g H"‘,; €"‘, "

It is fortmm for our m{me: tmt 'cha 1atin
blood is in mon o relatively early and available indux of
overcxposurc to radiation. certain aspects of thiu problem
ir¢ not, however, commonly approciated.

Radiation affeets the tissucs which form Blood. Theuc
asre located in the bone marrow and lymphatie system scate
tered over the body. Alteration in the blood count thus rc-

flects injury not to the blood directly, but to the blood-
forming tiasues.

The effect is rapid; an alteration in blood count may
be observed within an hour after total Body overexposure.
The rapidity and magnitude of the obsorvable effeet and the
recuperation timc depcnd upon the dose and upon the regen-
c¢rative powers of the blood-forming tissuas.

Anemia is a late, not an early, sign of ovarexposure.
When the production of red blood cells has been affected and
is reflected in the circulating blood, the comdition of the
bone marrow is precarious.

The white blood cells are the esarliest 1ndex‘of over-

exposure. The following table indicates thce nature of the
alterations which may appear.
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2. Occupational Disease or Pathological States
Resulting from Overexposure (continued)

The Normel Circulating Bleod Elements in the Adult (Wintrobe)

Bffeoct of Rediation on the mwv..!
Avereage : Produoing Centers b Preduce | Py
Type of Cell Nomt . Misfeon lutm%g_ngﬁgc in Circuittilg__.ood {
(T T o
RED B100D CELLS ::5) Deoresge in red bloed 60110 !
. (enamis® i: & abe @ {
lhle 'O‘ i *' ’0‘8 . ) mmp')tt *'de T L
Female © 48 ..Q.B ‘ Readiatior-:nduced «m A
' sxtremely serious and §fitem
! ,tatc'h
HENOGLOBIN Content|{(g per 100 ce) A
of red blood ocells
Male 16 <%2,0 ' TR
Female 14 | 2.0 !
ousanag '4L°'"""]"'”'“‘"4F' T .
per ") ' ; o
WEITE BIOOD CELLS 7000 5000 10,000 {White blood cel} decrease
{(leuxopenia), oF slteretions in
Segmented 4000 3000 5800 jthe normal ratio of the twe
neutrervhils (54-62%" rincipal elements (neutrophils
: and lymphocytes) sre the earliesy
objective signs of overexposure,
Juvenile 308 160 400 e
neutrevhils (3+8%) The effect may be:
' 1s Dimimution of totel white
bleod cells {leukopenie)
Lymnhecytes 2100 1500 3000
(25-35%) 2. Inversion of nermal noutrs-
phil«lymphecyte retie
Monocytes 375 285 500 without leukopenia. ‘
(3-7%) ' : !
Eosinophils 200 50 250 !
(1-28) | '
| |
Basophils 28 16 5 |
(0=0. '. u// ! 1
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p. 13 RADIATION AND ITS BIOLOGICAL EFFECTS XII B,2.2-
2.3
2. OQccupational Disease or Pathological States
Resulting from Overexposure (continued)

A white blood cell level falling below 5000 snould be
looked upon with concern in one working under racdiatlion ex-
posure. Men who show unusual sensitivity may have to be
Ziven work not involving any radiation hazard.

We have no means as yet for permanently reviving a
blood count which has been lowered by radistion. It 1is er.-
tirely up to the individual's blood-forming organs to 4o it
for him. Avoiding all further radiation and observing the

rules of healthful living will aid but not guarantec a re-
COVsSrY.

2.3 The Reproductive Organs and Germ Flisom

The eloms:ts 5f the reproductive organs which may oo
injured are (a) the progenitors of the sperm or ova, and
(b) the genes which make up the chromosomes and transmit
hereditary faciors.

a. Roeproductive organs. Sterllity can readily be pro-
duced by radiation but the dose nccessary for the male 1is
~ 500-1000 r to the testes; in the female (depending upon
the age) a dose of about 600 r in the ovaries will causs
permancint sterilization. Animal cxperiments in progr;ss(“)
indicate that continuous cxposurc to gamma radiation on
lovels of 4 and 8 r per day will produce damage to the.
ovarius and testes. This was previously shown by Russ and
Scott,(3) who xposcd mice to continuous gamma radiation
(11.7 r per 24 hours) for a pcriod of 4 months, and observed
a markcdly decrecased fertility as well as diminished vi-
abllity of the young. Gross negligence in protection could
produce, over a period of years, alterations in the fertil-
ity of thec individual. There is no evidence to indicate
that exposure to our present tolerance level will do so.

b. Gunueic injury. In 1927 Muller(5) demonstrated
that the mutation* rate of the fruit fly could be accel-
erated by exposure to x-rays. Bagz aind Litt1e(0) and
Sne11({7) nave produced radiation-induced mutations in mice,
Radiation increases the rate of appearance of the common
mutations whic!y are known to occur spontaneously; 1t pro-
duces the uncoamon ones only rarely. Single exposures of
30-40 r will double the mutation rate in the fruit fly.
Sinzgle doses = ~ 500 r are required to produce mutations
in mice, but tazse are produced in i4r lower incidence than
in the fruit flv,

— -

“* A ratccion 1s an hercditarlly traasmissible ebrupt
alteration 1n zorm plasm,
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<. Occupational Disease or Pathological States
Resulting from Overexposure (continued)

Radiation-induced mutations have been found to have
characteristics which bear on the practical ounltdsration
of radiogenetic changes due to occupational exposuy
The most important of these is that there is s line
lationship between dose and increase in mutatlon rate;
There 1s no threshold effect (see XII B,1
tion of exposure is thus additive. Pur
nitude of the effect 1is 1nde¥§?dent of t
dosage rate of the exposure,

Mutations, whether cpontanoqu‘ P
are about 90% lethal or sublethal. :
spring does not survive the gestation &r
dies shortly thereafter. The lethal st
dominant or recessive. By dominant 1s med
exposed parent organism, the lethal effect
5f 1its direct offspring. By recessive 1is’
¢f ect might appear only in soms aucoeeding
the radlated subject. In man it would a¢ !
duscendants only should cousins or near relstive
marry. It hes been calculated from the laws
that some 50C0 years would be required for a 1 ne to
meet another matated guns descendud from the oF
tion. This would indicote that we psed not by,
cerned about the recessive deleteriﬁui cftiﬂ 1

whether spontameous or produced by radiatlon, ;
95% deleterious ones, Of these the majority (ab

are sex-linked mutations,* oppearing in the sons
daughters of the sperm carrying the nﬁtggd
spontaneous rate of appearance of these & : :
yet viable mutations (which constitute about 8ll
mutations) 1is about 1:2700. It has been calculated tuat

accumu}g?ed dose of 300 r will raise this probability to
1:230.

XKnowledge of genetics, and particularly the entire
radiogenetic knowledge, have been gained from experimenta’

———.

- ——

*Based: (1. the number of chromosomes in the female (43}
and male {47. the chance 1s furthecr reduced by a factor of
1:24 in th: “~male and 1:47 in the male.

S
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2.4
2. Occgp_tional Disease_or Pathological Staotes

Resulting from Overexposure (continucd)

studies 1in the fruit fly and to & far lesser extent in mice.
Actually very little is known about genetics in mon. 3Such
information as we have is derived from extrapolation throuc’
meny unknowns. The volidity of findings in the fruit fly
cennot be taken at face vglue for man, bui thede :

show the problem and torp,m mu"rap pmet,g,
tions in radiation py Vo

As yet no evidenﬁo'? )
spring of the present gendrs
abnormal. It can be apsnaﬁx

crations or inter

percentage 1s important,
organisms is valid faor man, then ann ‘gan only ‘e
cffect by comp.cte protestion . from or evoldends
distion exposure inclwding wetursl radiazion  {
Complete avoidance of 33} radiatiomn exposure ia
it thercfore buhooves us to keap protecilon iihh&

2.8 The 3Skin

The effezt of radlation on tha ‘haman
indicztion of rny biological effsat of x-rays
Becquerel, who carrisd a tube of radiwm in his ves
developed a burn of the underiying skin. X-ray der
was in evidence within a few #dths &fter the dis

x-rays. The greatest numiber of radistion injurt
cupational exposure is still to the skin of x-r
workers. Our concern for the sikin of hands of 3
and chemists on the Projeet is based on the lamnatdble pest
history of x--ay and radium development. It would scem
needless to maxe the same mistakes in handling ertificially

. produced radloactlvity.

The characteristic effect of large duses ef Xe-ray or
radium gamua rays upon the skin 1s the production of an eui-
ythema. Ir. tiois respect such radlations are comparsble tc
ultraviolet :.iiation except that the perlod between ex-
posure and e2-thema extends to about four weeks with a c!-~2le
radiation ex7>-3ure. As was previously noted, the dose r--
quired to rxci:ce erythema is larger for shorter wave leny:ris

poco_
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Occupsational Discase or Pathological States
Resulting from Overexposure (continued)

and also increases with increase in the length of time ove:
which the radiation is administered. Except for gross ncg-
ligence, we do not expect to sec erytheme as a result of
occupational exposurs on the Project. Rather we fear the
dally ovcrexposure of the handa to small amounts of radia-
tion, which, if connmd over 6 period of years, may lea:’
to irrevcrsidblcichanges.. These late changes are a dryness, -
cracking, brittleness or ridsing of the nails, & loss of the
normsl sensitivity of the fingertips with a flattening of ti.-
normal skin ridges, atyophy of the skin awd izg: per

rine blood vesse} d41ig¥etion produeirz « ak;
port-wine stain of .5 Wieth merk, 100&117:u thic hs Pr
ing wart-like growths, ahf lastly ulders:ion from milor
abrasions which fail $0 -hesl snd progrsss to canoer ot the
skin, some 25% of whioh end fatally. In ome series the
average time bejieen the onset of radistion: 'xpoourc to the
recognition of Bkin sandeé¥ was 9 yo?s‘ aae or those
victims reuged tyau 28 to 60 years.

The Project abounda in opportunities ror ovcraxposnre
to the skin - particulsrly that of the handa. The bets
rays from uranium itself are not without ggfenti&l hasard
when the metal or thg‘.nlt; gro handled. ltu&téﬁ*@pro»
duce skin dsmaze with sn oty i six tinl! t?itﬂ
comparable enssgy sboeption of 200-¥¥ x-rays.t1 8 £
and beta reys ire ever present in pile operation, chemioal
and physiza) risearch, and extractions of the produoct and
by-products. It s suffiecient to exphdsizne that beta
particles of an average energy associated with the long-
lived fission products will penetrate well below the akin.
A more detailed discussion of the penetration of bats pas

diatlg? in tissus will be found in a report by H. H. fhrtn-
er.

As was prsviously noted, no tolerance dose for skin
exposure has ever been established. Past experience with
fluoroscopy and radium handling leads one to assume, howciur,

( that for lcong-continued cxposure over & perlod of ysars a

' limit of 0.1 r per day exposurc of the skin to a radiation
which will effiactively penetrate beloaw the outer horny
layer (0.1 wnr! is a safe limit.

P15959u |
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2. Occupational Discase or Pathological States
Resulting from Overexposure (continued)

Protection from overexposure of the skin is in general
far more difficult on the Project than protection from totel
body exposure. Since safety is necessary, certain principle:
pertaining to skin protection are enumerated below, These
can be derived by expanding a statement contalned in ths
report of Epo Ameriocan Advisory Committse cautioning radiwr
workers:t "All manipuletions shall be carried out as ra
as possible and with the hands and body os far from the
radium as practicable. The radium preparstions 1
allowed to»coma in oau$httﬁy;th say per> cf the .
body ( ‘&Buwtnm Appl.
monition to our tasks: ) R

Don't pick up any presumsbly active materisl unti
have asoerta1nsd its aotivity and hazard,

Use dlstance or mechanical remote control in handling ra-
diocactive Bustances where practicabls.

Use protective gloves (leaded-leather, vhen they are in-
dicated. Bu% use caution in handling substances of mixsd
beta and gamaa activity. The gloves do not protagt. fram

gamma. 38tivity - they pather contribute to the exjgsure:
of the hand by the seconda lead, "

Xy ln Ltering from the <
Keep the heonds uncontaminated by fission products 2hii
means the witring of clean gloves where indicated. The.
frequent monitoring of hands and gloves 1s desirable a8 a
eheck both on technigues and on.lﬁﬁard

. xney thﬁ elothing free from contamination, :  fi§f: o ?;;

attention, te. the detalls of techniques and apler1i-
ness is the only way to minimize the hazard of skin injury.

2.5 Radioactive ?oisggg

A long discussion on internal poisonlng by fission pro-
ducts 1is give: in XII C,2. 1In the case of radium and rddo:
as radioactiv: poisons, tolerance vulues were establishoed.
over a peric: >f four decades, largely by experience from

Swanss
1155942
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2. Occupational Disecase or Pathological States
Resulting from Overexposure (continued)

human misfortune, and animal experimentation only confirmec
the observed effects. It is to be hoped that this order
will be reversed in our casse.

Radioactive poisons maey be either solid or caaeoul.‘
Solid radioactive particles may be a hazard either through .
ingestion or inhalation, gaseous products only thrmwﬁk i
halation (see XII A,3.64).

The earliest experience with radioa~-1ve poisona"utg.;n
studlies of inhaled radon in man. The bluod of workerg.s
cerned with the separation of padium shiwed sn even¥
effect upon the blood-forming organs. The magnitude
exposure can be correlated w th the level of the radlo-
activity in the exhaled air.(13) Similar studiss have been .

upon w kers concérned with the preoaration of mes-
othorium.( The high incidence ef lunz cancer in the :
uranium mines of Bohemla has been directly attridbuted by
some investigators to the high radon concentration of the.
mine stmosphere (average concentration 3 x 10-12 curies/ec).
The permissible concentration under working conditions 1s
established by law in several states; 1 x 10-1¥ curies/occ of
air 1s the tolerance value specified by the Bureau of Jtan-
dards. .

Internal radiatian from 1nge|tion tnd 1&@ hal d&potit

>f radiocactive materials was first encountered by Martlan? 3§~
among the radium dial painters. As little as one to twd
micrograms deposited in the bones has proved to be letha}l.
The continued bombardment of bone marrow by aslpha particlos .
results elither in a fatal anemia or in malignant bone tumoy's.
Signs of poisoning may appear only years after ingestion.
Experience with human beings has led the Bureau of Standardi
to establish 0.1 micrograms of radium as the limit which ¢ ag‘
be deposited in the body without risking eventual damage.:l

There is a similar hazard of internal radiation resultia
from absorption and deposition of the various fission prod ci
in the body, but the tolerance concentrations can onls be
estimated vrntil experiment establishes them. Protective
measures must sroceed on the basis of complete elimination
of this hazerd. For example, the handling of the product

JBorEES
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2'6
2. Occupational Disease or Pathologlcal States
Resulting from Overexposure (continued)

will require utmost csution until sbsorption, deposition,
and elimination studies have been made. Even then one
cannot extrapolate too freely from animal studies. The prc- .
duct emits an exceedingly energetic alpha particle, amd 1teﬁ
half 1ife is only some 15 times that of radium. If ths ... e
metabolism of the product provéd to be similar to that of
radium, the deposition of some 50 micrograms ar tha sab-
stance would become an important hazard.

5 Generai Effa

The foregoing discuaaion has covered only speclft
foci of damage resulting from ocoupaticnal overexposur§
to radistion. These are the wmore important examples of
damage which workers in radiation have sustalned thus fa
That other orgzans and tissues of the boly may purticipate
these effects is evident from accumulating expurimesntal dad
Clinical ard siperimental obssrvation must be closely pur-
sucd to bring out important and as yet undotcrmined ef'fects

for which protection will be needed.
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BIOLOGICAL ASPECTS3*

1. Tracer Studies (1) (2) (3) (&) (5) (6) (7) (8) (9)

Revised Edition: By J. G. Hamilten, October, 1944

1,1 Introduction

Radiocactive isotopes, free from inert carrier, of Sr, Y, ﬁr! Cb, Ru,
Te, Cs, Ba, La, Pr, Ce, and Np were administered to rats as chlorides in
isotonic solu?igns of NaCl at pH ranging from 2,3 te 3.5. Iodine was
given as Nal, and Xe was given by inhalation in an oxygen-gas mixturacl)
Unseparated fission products, free from inert earrier and uranium, after
90 days cooling were administered in an isotonic solution of NaCl at pH 2.5.

Adult rats received the various radicastive preparations in solution
by oral, parenteral, and intrapulmonary administration. 1In the earlier
experiments the parenteral administratien was by way of the intraperi-
toneal route. Due to the difficulty of abserption of some of the radio-
active isotopes, considerable retention of activity on the surfaces of the
intra-abdominal organs took place. In order to gain a more accurate pic-
ture of the true deposition of these radioactive isotopes in the intra-

abdominal organs it became necessary to employ the intrAmuscular route
of administration.

The animals were sacrificed in groups of three for each route of ad-
ministration and at varying intervals ranging from one to sixty-four days.
Sixteen to eighteen representative tissues were removed from each animal

and their activities individually measured. The results are summarized
in Table 1.

1.2 Parenteral Administration

Figures 1, 2, and 3 summarize the present status of knowledge concern-
ing the metabolism of the individual fission products, and of an assayed
sample of the unseparated fission mixture free from uranium, following
parenteral administration. The deposition per organ is presented. Only
those structures which show a high deposition of the rad&sactigf matfgial

i isted. Some of the parenteral studies, e.g,, on Zr
could not be centinued for the full Zu day period due to the short
half lives of these radioactive materials.

The "per cent uptake" as shown by the curves is equal to the amount

® The material on trzcer preparation diseussed in C,l.1 of the first
edition will be discussed In III th. 8 and Y.
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¢ . PBiological Aspects p. *

of the given material present in the given organ at the time indicated,
divided by the total amount absorbed by the animal. In the cases of Y,
Zr, Cb, Ru, Te, La, Ce, Pr, Np, and the unseparated fission produc$s, cor-
rections were applied to the observed values of deposition to compensate
for the material left unabsorbed at the site of injection. This type of
correction is not entirely satisfactory but does give a clearer picture

of the distribution of the absorbed material.

1.3 Intrapulmonary Administration

In addition to the parenteral and oral studies, the absorption of
these substances into the lungs has been investigated. The solutions of
the individual radioactive isotopes and of the fission mixture were
directly introduced into the lungs. The values given in Figure 4 indicate
the distribution of the retained activities on the basis of retention in
the lungs. By 'per cent retention" in Figure 4 is meant the amount of the
given material present in the lung at the time indicated, divided by the
total amount retained by the animal. This method of presentation is made
necessary by the fact that it is impossible to introduce an exactly known
dose directly into the lungs. However, in most instances from one-third to
one-half of the injected sample is retained in the lungs or absorbed
through the pulmonary tissue and deposited elsewhere in the body. More-
over, the total activities in the animals for the longer experiments
indicate that the over~-all excretion rates are comparable to the values
observed for the parenteral studies, The pulmonary retention of Sr, Te, I,
Cs, and Ba is insignificant and can be ignored. The metabolic pattern of
the fission products when inhaled as a dust, smoke, or the like, is, of
course, going to be modified by the behav1or of the particles upon which
the active materisl may be deposited.

It should be pointed out that the metabolism of the radioactive iso-
topes absorbed through the lungs is very similar to their metabolic
behavior following parenteral administration.

Radio-autographic studies of the pulmonary distribution of these radio-
active isotopes after introduction directly into the lungs have been
carried out for the following elements: Y, Zr, Cb, Ru, Ce, Pr, fission
mixture and Np. These experiments include intervals up to 64 days for
those long-life fission products listed above which possess half-lives of
sufficient value to permit the extension of the studies over this period
of time. The distribution pattern for Ru shows rather a uniform localiza-
tion in the air sacs and alveolar ducts, while in the cases of Zr and Cb
the pattern was completely random in character. Y, Ce, Pr, the fission
mixture, and Np gave results of an intermediate character between these
two extremes. No significant localization in the lymph nodes, blood

vessels, the bronchial tree, or the trachea was observed in any of these
studies.

Xenon trigsr studies(l) were done by exposing a grouplg§ animals to a
mixture of Xe and O, over a period of 18 hours. The Xe concentration
per gram of tissues was found to be 0,1 to 2 times the Xe concentration
per cc of the inhaled gas mixture. The highest values were in fat and the
lowest in the blood; the average value for the entire animal was 0,25.
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!E!ggi-. XII. Biological Effects of Radioactive Materials XII °,1
.. Bdological Aspects p. 8

1.4 Excretien

Prior to the time of sacriflice the urine and feces were collected,

separated, and their activities determined daily for each group of three
animals.

In general it may be stated that with the exception of Ru, Xe, Te,
Cs, the 340d Ce, and possibly Sn9o, the rates of elimination of the re-
tained fractions of the listed isotopes either approximate or are less than
their rates of radicactive decay.

1.5 Summary of Results

The most significant conclusions that can be derived in the survey of
all of the work done with the long life fission products can be summarized
in the following manner: the alkaline earths, rare earths, Zr, Np, and Cb
when introduced into the body are deposited primarily in the skeleton,
where the average degree of retention of the absorbed radio-elements is
approximately 50 per cent of the initial absorbed quantity. The retained
fractions of these radio-elements are eliminated at rates which are less
than their rates of radiocactive decay with the exception of the 340 day Ce
and possibly sn90. The remaining five long-lived radio-elements, Ru, Te,
Xe, I, Cs do not show any significant degree of localization in the skele-
ton and in addition there is no very striking deposition in any other of
the tissues with the exception of deposition of I in the thyroid. The
rates of elimination for all of these four radio-elements are much greater
than their rates of radiocactive decay, with the exception of I accumulated
in the thyroid. 1In this particular case the release of accumulated I in
the thyroid is many times slower than its rate of radiocactive decay.

The members of the long-lived fission product group which are ab-
sorbed by way of the digestive tract include the alkaline earths, tellurium,
iodine, and cesium. A high degree of retention by the lungs has been
observed following direct intrapulmonary administration of the rare earths,
Zr, Cb, Ru and Np. The pulmonary retention observed for the alkaline
earths, Te, I, and Cs is negligible under the conditions of the experiment.
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p. 19 RADIATION AND ITS BIOLOGICAL EFFECTS XII ¢,2.1

2. Tolerances for Fission Products

/

2.1 Derivation of Equations

The toxic effect of internally depoaitod flliiot ur
is due practically exclusively to theis botcyyudiatiau.
the ranges of bete rays in tissue are smal}’
an approximation that all the radistion e
is absorbed within that tissue, This }e
formula for comverting curies of deposl
into roentgens per day. In equction -
age rate in r/dsy. . o

.’C'

In general, r/day = curies x (dloint'
(sec/day) x (ev/dis;
x (s-r/ers) x (1/g)

Hence, I, = %z 3 7 x 1010 x 86,400 x B % 1&6 x 10"9 xi
Ay | it

- 61 E Qgq/W SR (i) .

where W = grams of tissue absorbing radit&toa from Qﬁ (ﬁ;

Q3 = curies deposited
E » average energy, in ev

The total dose D given to a tissue by, the €o
such a source in gitu (assuming no‘excretIOﬁJ is

D=0lE Q3 1l , o ‘2’
. w }\ PR . ‘2,‘,"?7, Loy .'1

where )\ = decay constant, in days 1,

The extent to which a swallowed or 1nhu e ritlto PP
duct will deposit in a given tissue depends upon its chan;eal
properties and physical form, which regulate the degree of abe
sorption into the blood from gut or lung and the degree of de-
position from the blood into the tissue in question. Thus we
have, for ingested materlal:

Qg = Q.ad ' (3)

where Q, = ingested activity, in curies
a = fraction absorbed from gut into blood
d = fraction deposited from blood into tissue -

For inhaled material we have:

Qg = Q,fbd ()
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p. 20 RADIATION AND ITS BIOLOGICAL EFFECTS XII C,2.1

2. Tolerances for Fission Products (continuedl

where f = fraction retained by lung from inhaled air
b = fraction absorbed from lung into blood

Thus equations (1) and (2) become, in terms of the -nt-“‘
erial presented to the gut and lung, respeetivoly,

%W = 11 g () = 1 gy (o)

If the radioactive productfinlqu
water or in air with which contdot oedér
the day, we have

S = G
where Co = curies/liter - R "‘%?'_
V = liters administered — AR
Vi=3 lite%f water ingested per 24 hour y
Vo=5 x 1C7 liters air inhaled per 8 hours

Substituting in equations (5) and (s), we. geg ftﬁ_.*'v

o = D 5T vyEag * (gut) = D armﬂﬂw) <9~9M"

If the exposure to sueh & maintaiued“ stnouphsan s 10&;
(compared to the period of the emitter) the maximum intenfity .
(I,) that can be achieved from such exposure 1& ralated tojco .
bY 4 " s

- w . - ‘ w ) - . . ’
Co = In g7 ViEad A (gut) = I 5T VoErsd (lung) (IOa,IOb);

Equations (8), (3), and (10), which define the radiation
received by a tissue as a result of ingestion or inhalation of
aetive material, can easily be modified to take account of the
radiation received by the gut or lung due to incomplete absorp-
tion of retained material by substituting (1 - a) =2nd (1'~ b) for
bd in these equations, 1In the gase of the gut, since the

e e
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p. z1 RADIATION AND ITS BIOLOGICAL EFFECTS XII ¢,2.1-

2.2
2. Tolerances for Fission Products_ (continued)

passage through is of the order of one day, I = D for the un-
absorbed material and equation (8a), with &hna 3
(1 - a) for ad, applies in place of (9a) or

Equation (10) applies to an atnscphlre mintaine
constant radiocactivity, such as may be -the p 18 th
of a contimiously operating extyseti
radioactive atmosphere which 4as Qe
from accident or-epemy setion) rat&lti
which rises to & AR
and total dose are rela

| = Iy 6‘1%75;; X (snt) - Il-
to -2.72; 4 SRR
" WD Py (s e
o = D FTV Ead 2 (gut) = D mﬁ' .(}W?{Q?&.l?_b)
(since D = Iy %) ,, ST P

2.2 _Interpretation of Equations

The use of equations (5) through (12) 1s complicated by
the difficulty of evaluating some of the constants, The values
for f, a, and b are not difficult to measure experimentally;
these are being determined for each fission praﬁnﬁp‘ldgggutcly,
and for every state in which each occurs, since no t
nor the same produets in two different states, oan be-
to behave, either chemically or bioschemically, &h an i
fashion. However, 4 -~ which, in sonjunction with W, ‘eﬁ
concentration factor for each tissue -- is diffieult to detcr-
mine, particulsrly for small organs or for tissues which are
diffused throughout the organism (e.g., bone marrow)., The
values to be used for Iy, I, and D, in order to set tolerance
limits on inhaled or 1ngested radioactive materials, are taken
from eclinical and experimental results with x-rays, particularly
those derived from whole body irradiation. While not a valid
source of data for the calculatlons in hand, these are the only
results avallable on radiation toxicity.
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p. 22 RADIATION AND ITS BIOLOGICAL EFFECTS XII C,2.2-2.3

2. ToTerances for Fission Products {continued)

Other things being equal, the tolerance amounts or concentra-
tions (Q, and Cgy) derived from equations (5) through (12) will
dspend mostly upon the quotients and D -~ the ratio of

radiosensitivity of the tissue’ ta iti nbility to coneentvate.
the 1sotope in question -- and upon s 'and d», the absorptions,

For each isotope the tolerance aonpentration or amount of agte
ivity may be set as that amount whioh causes I or D in' the

or lung or any 1ntarnal t&nsue to rile b0 the muxiunn [

(except for & few elennn&a.”buc a8 ladine} only tha to&
for gut, lung, and bons, In addition, sthe bone marrow
the most radiosenmsitive and most essential of tissues &
with some justification, apply %o this tissue the tolcrauacs'
found for whole body 1rradiation. L , —

The value of a depends upon twp factors: (1) the chemiecal _
properties of the element involved -« since the intestinal -julces
are near neutrality and contain both bioa!bonatq%%ad phosphate
ions, many of tho fission products will form 1n£biuble compounds
and be poorly absorbed; (2) the prescnce or absence of food,
which can hinder absorption by procipitation of the emitter and
also scerecn the intestinal walls from radiation during paaaaeea
The second of thesc factors introduces a large and uncontrolls -
able variable, and the valucs of & and W used are therefor ;
those expectcd in the ahaence of food.

The chemical properties of~&nn alenent in queatiou a
critically influence f, b and 4, The value of £ is also depend-
ent upon the physical state of the elomcnt; particle size has
mich to do with the extent of lung dsposition of inhaled mater=
1al. Because of thc uncertainties in evaluating f, the maximum
value of 1.0 (applicable to small particles and to ccrtain com-
pounds) has been chosen. The dcposition factor, d, for ths
radioscnsitive bone marrow hns been set at 0.25 on thc assump-
tion that half the actlvity deposited in the skeléton (zbsut
50% of that absorbed for most of the fission products) is in
the morrow,

1155951 | [ s
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p. 23 RADIATION AND ITS BIOLOGICAL EFFECTS XII C,2.3-2.4

2. Tolerances for Fission Products (cont;nued)

Excretion hoas been set at zero (except where stated) on
the basis of the evidenee to date, which shows that it 4s suf-

ficlently slow to be neglpcted for all except the - vary longe
lived products. % g

2.4_4Aggl;ca'

The data in Tdk ]
to 1zzuntrate the me ,1ﬁlv(dbiorption, aipsr

excretion) of the fistlon ﬁwoducta ‘as fay os -
at this date. : ‘

REFERENCE 'i‘f 'Ai,
(1) Hamilton, z. G.-—-Raports 05-379, OH#kQB,

CH-S
ca-sgg CH.T08, cn-769. _CH-775, CH-843, cn-ehe,
CH-9

e




ha 22 110 ¢

s{pesoefur sumomw Jo ¢gr) uoTIvAseTUTEDY Teiegussed I84Je PEQIOSqE ¥ 30

*(aw1 oy J05 ATATON £pOQ JO %9 UW PEYVTIOTEO) X000 eupd mozxwy

*80083 pe ‘gouly Twayisegurogised ‘Juny jo emyengoxe Lpoq T FUTUTWMEX UNOWS OqY FO ¥ t3wuny £q uearp
*pesn oIMIXIW 0Q3y JO %02 T Ig

I”l —— —— ——- ——— ———— — -ne Na‘o 3 e —OOV —— aveman ———— ~0v » [-13 0°9
0°t L2 L L10°0 L°3 010 o't g°0 n.n.o. z u.m:$ - 90 g1 u&.oa 91 9L g°g '
0°g 144 -— $0°0 9°2 »°0 1°e 9°0 u.c 9 n.oﬁ: - 9°t LT u.n..: 14 09 L*Y 1IN
-——— OON *wny —— »y e -—— p— —— —— o4 -— [— —— ———— y - ot (E] ...— L
-— -— 09-09 —— - — —-— - —— = -— - I:_a proxfuy wyog) 02-1 gloot) 00t 1
8°0 gs s . - 12°0 -— - === el - (ot)9 — === zl9t)eet gt 91 2y —
o'y 2t g2 —_— "o - -—- — -l - gleta et = g(¥U)P°2 4 ] ge 890°0 > oy
-— g1 0z — - e —— - = || ——— 1 ] - - —— —— 1 ] 0z> | t0*0 > (xg ®0s) qp
-— - —— —-— — - = - e == (og) - -—- —— glot) 91 L —
$0°2 [ g -— -— — - - == - n.wﬁoo === | {pootq Uy 01) 29 ¥ 2 10°0 > z
g°0 29 e - I 20 -_ -— — -— 1] —— 0°1 92°0 Y w -—- —
o°t — -— -— gt ——- -— —— i | Bt zliv)me --- -—= == | glad)ot n » 20°0>
0°2 4 g2 - L - - - == == [glo2)62 === - - | gl3e)ee 8 134 -
o't -— - — 1°e - -— - == — |[zlos)os ——- -— — (=) v &2 — L]
90°0 &2 - 900°0 g | 900°0 % 2°0 %0°0§ o0°t1 (] ——— g°0 9°0 g0 ) == 10>
0 L 1 0°L 20°0 -_— 21°0 9°0 0 -l - -— | gt0*0 9°0 6°0 — gt L6 -
91 2t 89 10°0 _— 1teo 9°0 9°0 -1l g1 z(04) | g10%0 g0 i 2(6) y 0L -—
-_— 9 g's 20°0 — 29°0 — 4°0 - g2 2199 %°*0 0°t gt ) 2 oy - X
- e 21 - lger-s2 — -— —— -—_f - g9z-2y -— -— - —— ¥ e ——
gt°o 92 u 90000 12 === | 9000°0 { %00°0 |2000°0 || 60°0 09 === 1 100°0 900°0 900°0 9t — -
— 14 ot 100 L ol / 1°0 g0°0 | 00 00°0 || o°t oL | 900°0 20°0 %°0 80°0, 1 e 91-¢ g
g0 w2 gz 20°0 T2 greo g1°0 ro o'gll 0oz |, fof)w - 0 T | ylseloe 8 -— ---
0°g L 0 20°0 1°2 90°0 1°0 2°0 el v2 ” - t°0 2°1 0y ] gc —-—
— o't 2t°0 20°0 gt 90°0 8°0 0°t 9°9]l o°z 92 — 2°0 (1 4 £9 T - 2°0 Lol
s g ol (Y (sfeq) woi3 ueys
~s138yurEpyY veqaosqy ¥
04w ewyy
- TEOTYEYORIY YSTIV WETYY
wjez0ny 30 waxp ewmp 30 emmeIy TeyO§
N aNOOL QETHOSTY INOONY 40 IRTOES
T TTAVE
—vogaﬂoov 730NPOII UOTSETE I07 saouMION[Og °2 %
o 1Y . SLOXZAT TYOIDOTOIS SEI QMY XOILVIAVY

11559579




1155050

M

p. 25 RADIATION AND ITS BIOLOGICAL EFFECTS XII C,2.5

2.__Tolerances for Fission Prcducts (eontinued) p

2.2 _Application of the Equations: Final Resul§y e=

The values taken for the other constants in ¢l
involved are:

Gongtant Qut lupg Bong Merrow
w 7 1,0 1.2 1.8
I1 (once, or 1 day only} 200 1.0 1.0

Im {maintained 1.0 0,} 0.1

atmasp%gy; o

In (decaying atmosphere) 10 1.0 1.0

D {once only) 1 200 %00 200

D (deeaying atmosphere) 1000 400 500

Using the values and €ata given in the abov
in XII C,2.%, in the equations of XII C,2.1, toler 1
centrations for ingestion and inhglation for varlows f£f _
species have been salculated, Tho rcsults appear in Tables
2 and 3. : S
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p. 28 RADIATION AND ITS BIOLOGICAL EFFECTS XII C,3.1-3.2

2. Relatlve Bilological Effectivencss of Various Radiastions

The subject of the relative biologlcal seffectiveness of o
various T lations has been reviewed in detail in a recent S
report.( to which the reader is referreod. , . ooty

.1 ualitativ £ o | _‘  ,f“ gm.,

In practically all cases 1t has baA
various ionizing radistions :
are. indistinguishabla from

B 1 ‘hamnde 1s ths tnirgw aboorbea
of tissue from the awif§fonizing particlcs which spend the
tracks in the tissue., 5°41lustrate by an actual examplet
hatching of Drosophila eggs is reduced to 50 percent b L
x-ray exposure during which one gram of e % ?sys ;S,;oq,.-‘~
ergs from the electrons ejected by th aa chﬁggaxé -
periments with fast ncutrons show thil 0 S8NC amount o
demsge 1s done by an exposwre to fast atomie muplel (ﬁnlatly
hydrogen) ejected by neutrons when ons gram of sggs absorbs i
only 5,500 ergs. The relative blologleal effectivencss {ﬁB!l o
of these two radiations is then for this case 13,300/5,500 -~ .
or 2.4:1.0, the fast neutrons in this .ecass belng the uqﬁef
effective. It should be remembered that the torm relatii
bidloglcal effectivencss as hore used is based on equaléf”
of energy absorbeg in the tissue gr, I8 othsr u@tﬂS. ‘oqus.
doses in roentgen aguiv: ",4}g, :

When not two dbut seversl“radiationa are thus compapcd
with respect to their effectiveness in producing a given
biological effaet, it is found that their IBE values vary
progressively with their specifie ioniza values (SI).

The specific ionization 1s the number of ion pairs produced
by an ionizing particle (clecctron or fast nucleus) per unit
length of its track. If a primary radiation does not conslist
of ionizing particles but ionizes indirectly by ejcetlon of
such particles -~ as 1s the case for x-rays, gamma rays, and
fast neutrons =-- thc specific ilonizetion ascribed to the prim-
ary radiation 1ls that produced along the tracks of the second-
ary particloes.
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P



-,

gt
L liuiliaiio
p. 29 RADIATION AND ITS BIOLOGICAL EFFECTS  XII C,3.2

3. Relative Bilological Effectivencss of Varicus Radiations
continted)

Along the track of an individual particle, the specific -
ionization varies directly with the square of the particle's
chargc and inversely with its speed, Thus, an slphsa partiole
produces & greater specific jonization than & proton or an

electron of the same speed. Also, sines evan a relatively
slow electron ia faster than ~ - -

usually produce 10war -pea

In most experiunn&n
in the blologisel wateri
along individusl tracks &
it 1s convenfent to char
which 1is simply the total
the tracks divided By the
radiation consi

t:pa of 1on1¢1ag
is less the greate
es. Por oxample, |, .
Ais RaC) produce adout )
in tissus, while the slow
x-rays (8.3 A} produce about
Figures x and 2, X1 c.}),

In Figures 1 and 2 are sunmarized tha reaults or laﬂc of - :
the more extensive investigations reported in the literature,- ‘
The abscissas are valuss of speeific ionization, and below R
the axis are indicated the actual yadiations used in various o
experiments to produce the different specifie fontzations.

The ordinates are arbitrary values of RBE pev unzt snprty
absorbed per gram of tlssue.

electrgns cjected by very
7 x 10° ion pairs per cm Ccf.

It will be noticed that variaua typea ot eurves are obe
tained, depending upon the nature of the organism. In some
cases RBE decrgases with 1ncreane in 81, but in tha najority
of cases it increases.

In the literature are many more reporti, the results of
which are not charted because only two radiations were used.
In many of these investigations the two radiations were fast,
neutrons and x- or gamma rays, the former produeing high and
the latter low SI. In all of these investigations, if ths
biological object was a higher plant or animal (including
mammals), the fast neutrons have been found to have higher

4 .
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XII C,3 Fig. 1
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p. 32 RADIATION AND ITS BIOLOGICAL EFFECTS X1l C,3.2

. 3. Relative Biological Effectliveness of Various Radiations
(continued)

RBE than X~ or gamma rays.* For varlous effects on mammals
the ratios of effectiveness vary from 2:1 to as high as 20:1.

On the basis of these various investigations it seems
indicated that fast neutrons, producing high SI, are to be
regarded as more dangerous, per unit energy absorbed, than x-
or gamma rays producing low 3I,

Further details will be found in reference (1).
(1) Zirkle, R. E. - Report CH-946.

(2) Stone, R. 5., Cole, K. 8., Cantril, 8. T., Wollan,
E. 0., and Hamilton, J. G. - Report CH-T708.

*0One exception 1s to be noted: 1In producing gene

8 mutations, fast neutronz are reported to be less effective
‘ \Squ than x-rays.
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