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NOTATION

roentgen; .
explosion energy in kilotons of TNT (1 kiloton
thousand tons of TNT = 1012 megacalories =
= 4,18 x 1019 ergs);
explosion energy in arbitrary units;
distance from the source of gamma radiation;

" " gcenter of explosion;
radius of front of shock wave;
lethal radius;
distances that mark the regions of application of
interpolation formulas for the calculation of doses;
radius of active surface on the earth;
helght of detector above the earth;
thickness of active absorber; thickness of flat
layer of absorber;
minimum distance from detector to the earth;

oblique thickness of flat layer of absorber;

"
-t

- angle of incldence of quanta on the surface;

angle between specified direction and the
direction of motion of the quantum prior to

scattering;

angle between the directlions from the detector

to the source and to the conslidered volume element
of the scattering mediumé

energy of quantum in mge< units;

coefficient in the empirical expresslon for the
attenuation coefficlient;

cross section of the photoeffect per atom;

cross sectlon of pair production per atom;

cross section of Compton scattering per electron;

cross section of transfer of energy to electron;

cross sectlon of transfer of energy to quantum;

corresponding crogs sectlion per atom;

total interaction cross sectlion per atom;

total cross section for the absorption of energy

per atom;

cross sections of activation and capture of

neutrons by 1sotopes; .

density of activation
number of electrons per cm2;

number of electrons in a column of absorber with

a cross section of 1 cm2;
number of atoms in 1 cm™;

iv



FOREWORD

If we examine an atomic explosion as a physlcal phenomenon,
many problems arlse in the analysis of the physlcal picture of the
explosion. The present book is devoted to the physice of the
action of gamma radlation in atomic explosions. It is known that
the damaging action of an atomle explosion includes, to a conslider-
able extent, the radiation sickness due to the action of gamma rays
and neutrons. We shall confine ourselves only to consideratlon of
gamma rays, since they are the main factors that determine the
damaging action. The actlion of the gamma radiation is determined
by the magnitude of the so-called dose, 1l.e., the absorption of
gamma-radiation energy.

The purpose of this book 1ls to estimate the dose of gamma
radiation and to analyze the physical factors that influence its
magnitude.

The analysis is based on the results of the theory of
multiple scattering (diffusion) of gamma quanta. A new factor in
the theory 1s the influence of the shock wave on the propogation
of gamma radiation, as noted by Ya. B. Zel'dovich and the author.

The caleulations of the doses are referred to explosion
energles of 20 megatons. Thle figure has no relation whatever to
the present state of the art, and is chosen arbltrarily.

The problems that arise in the analysis of the physical
picture of the action of the gamma radiation due to atomic explo-
sion are closely related to problems involving protection agalnst
gamma radiation, encountered 1in the atomic industry. Therefore
the book can be useful for a wide circle of sclentiflc workers
and engineers interested in problems of shielding and the dosi-
metry. The author has benefited from the interest and from
much advice by Ya. B. Zel'dovich, and expresses him great gratil-
tude.

The author 1s also grateful to V. N. Sakharov, P. A.
Yampol'skii, N. Ya. Gen, N. Ya. Buben and B. V. Novozhllov for
discussing individual sections of the book.

In preparing the book, great help was rendered the author
by B. V. Novozhilov and V. N. Sakharov, V. I. Kolesnlkov-

Svinarev and V. I. Tereshchenko who undertook the preparation of
most of the tables and diagrams, as well as B. P. Bulatov and

A. S. Strelkov. The author takes this opportunity to thank thenm
for thelir help.

-=The Author
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INTRODUCTION

The overall picture of the action of ¥ rays produced by

atomic explosion is as follows. Starting with the instant of the
exploslion, contained within the volume about the center of the
explosion, inslide the region of the incadescent air, contains a
few seconds a powerful source of <Y rays. This source consists
essentlially of fission products. A smaller, but still significant
role ls played by sources from a different origin, for example, -y
rays due to capture of neutrons by the nitrogen of the air. After
a few seconds following the explosion, the incadescent air rises
upward, carrylng with 1t the explosion product in the form of a
radioactive cloud.

In splite of the fact that the radloactive products remain
near the center of the explosion for a short time, they succeed
in producing a consilderable radiation in the explosion region,
i.e., in a space of radius of several kllometers from the center
of the explosion. For example, when a 20-megaton bomb explodes,
the radius of the lethal damage by ¥ reys in an open locality is
1.2 kilometera.

In the reglion of the epicenter of the explosion, after the
departure of the radioactive cloud, there may remain a source of
¥ rays which acts for a long time. It is formed by the fisslon
fragments which settle on the earth, and also by the neutrons due
to atomle explosion, which reach the earth and activate the soil,
which then emits ~y rays for a long time. The fission fragments
carried away upward by the alr currents propagate over the earth
in the form of a radiocactive cloud and gradually settle on the
earth, producing an extensive region of radioactive contamination
-= the trail.

The greatest damage 1s produced in the trail in the case of
explosions on the surface of the earth, when the dust rays by
the explosion 1s mixed with the fragments and accelerates their
precipltation. In this case there is formed near the center of
the explosion a section of strong contamination, whereas in the
case of explosions in the air the precipitation of fragments in
the region of explosion is negligible,

The trall may extend over hundreds of kilometers from the
upper center of the explosion in length, and tens and hundredths
of kllometers in width. Some of the fragments enter the strato-
sphere and settle over the entire earth's sphere, with an
approximate settling time of 10 years.

Thus, the Y radiation produced as a consequence of an
atomic explosion is observed not only slmultaneously with the
explosion, but appears also as remote aftereffects of the explo-
slon, resulting from the radiosctivity of the long-lived fragments.

- The region of action in the ¥ rays is not confined to the
region of the explosion, and includes large areas on the earth and
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in the air. On the trall, the damaging factor of the atomle explo-
sion 1s only the ¥ radlation from the long-lived fragments (B
particles play an important role only when the fragments enter
inside the organism). In the region of explosion, on the other
hand, i.e., within a radius of several kllometers from the center
of explosion, all the damaging factors of the atomic explosion are
effectlve, namely, ¥y radiation, the shock wave, neutrons, and
light.

In the explosion region, the main part of the ‘Y -ray energy
i1s emitted by the fragment and in the form of capture radiation,
within several seconds after the exploslon, and the long-lived
gamma radiation of the activated soil and of the fragments that
fall out from the cloud produce an appreclable smaller fractlon of
the total amount of the energy of gamma radlation (although in
absolute magnitude this fractlon may be large).

In the present book we deal only with gamma radiation in the
region of the explosion. We do not consider the trall and the
radioactive cloud.

The damaging action of gemma radlation ls characterized by
the magnitude of the energy of the gamma rays absorbed in the alr.
The dose is determined by the intensity and by the spectrum of the
gamma rays passing through the place under conslideration, i.e.,
it is determined in the final analysis by the properties of the
gamma-radiation sources produced durlng the explosion and by the
properties of the absorbing media which are located on the path of
propagation on the gamma rays from their sources towards the place
of action.

Thus, in order to obtain the physical characteristics of the
action of the gamma rays due to atomic explosion, 1t 1s necessary
to evaluate the sources of gamma radiation during the explosion and
to consider the formation and the magnitudes of the doses from the
point of view of the theory of propagation of gamma rays in absorb-
ing layers.

Let us give the most typilcal examples of the action of gamma
rays in the region of explosion and the corresponding problems
involved in the propagation of gamma rays.

1. Action in an open locality produced by gamma rays
emerging from the radiocactive cloud durlng the first few seconds
after the explosion, 1.e., before the rise of the cloud (Figure
la). This form of action produces in the region of the exploslon
the main part of the gamma-ray dose.

Within a few seconds after the explosion, the fission frag-
ments are still located close to the center of the explosion, and
at dlstances of several hundred meters from the center of the
explosion their totality can be conslidered as a polnt source of
gamma rays. As a result of the passage of the shock wave, the
front of which 1s followed by & reglon of rarefied alr, the
alr density along the path of propagation of the gamma rays is not
constant.

This action of the gamma rays gives rise to the followlng
computation problem: a point source of gamma rays ls located in an
infinite air medium. The air medium can be inhomogeneous, and the
air density varies wilth the distance from the source in accordance
with a definite law, so that there exists a region of rarefled ailr
around the source.

ix
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In the case of a surface explosion, the air medium in which
the source of gamma rays is located should be regarded as seml-
infinite and bounding on a semi-infinite denser medium, namely the
earth.

2. The action of the gamma rays from the elements 1in the
earth and the activating neutrons which are liberated during the
explosion. These gamma rays emerge from the upper layer of the
earth (Figure 1b).

The corresponding theoretical problem 1s as follows: sources
of gamma rays are distributed in a flat layer of an absorber. The
detector is located in the air above the layer.

3. Action of gamma rays from the fragments, which settle
from the radiocactive cloud on the earth (Figure lcs.

The equivalent theoretical problem is as follows: the
sources of the gamma rays are distributed over the surface of the
earth, i.e., on the boundary between two semi-infinite medla, the
earth and the air. The detector is located in the alr above the
earth,

The foregolng examples pertaln to the actlion of gamma rays
in an open locallty.

In shielded structures, the gamma rays are attenuated by
the absorbing layers. Let us glve three typlcal examples of the
action of gamma rays in shelters.

4, Actlon of gamma rays passing through the protective
shielding of the shelter (Figure 14).

The theoretical problem is as follows: a broad parallel
beam of gamma rays passes through an absorbing layer. The detector
is located behind the absorbing layer.

5. Action of gamma rays scattered from dense layers of
matter. This case takes place inside shelters which have openings
or have weak spots in the shlelding, through which a beam of gamma
rays enters inslde the shelter, After belng scattered by the inner
surface of the shlelding layers, the gamma rays act 1ln places which
do not lie on the path of the initial beam of the gamma rays
(Figure le).

The theoretical problem is: the gamma rays are lncldent
at a definite angle on a dense layer of matter. The detector 1s
protected against the direct radlation and senses only the radla-
tion that 1s scattered from the layer. This is the problem of the
albedo of gamma rays.

6. Action of gamma rays scattered in the atmosphere. Thils
actlon ocecurs in pure form when the detector 1s protected agalnst
rays that travel dlrectly from the source but 1s exposed to radla-
tion in a definite solid angle (for example, the detector 1s lo-
cated in a ditch -- Figure 1f).

From the theoretical point of view, this case reduces to
the problem of the azimuthal distribution of gamma rays scattered
by an infinite medlum.

The greater part of the foregoing schematlzed problems has
been solved in the theory of multiple scattering of quanta or in
simulation experiments. Under real conditions of explosion, many
complicating factors arise, and these prevent the exact solution
of the problems involved in the gamma radiation from an atomic
exploslon.
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However, the solutlons of schematlzed problems can neverthe-
less be used to explain the physical plcture of the appearance of
gamma radiation from exploslions and for approxlmate quantitative
estimates of the doses.
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CHAPTER I
MAIN SOURCES OF GAMMA RADIATION IN ATOMIC EXPLOSIONS

1. SOURCES OF GAMMA RADIATION AND THE TIME OF THEIR EMISSION.

Components of the gamma radiation from the explosion. The
gemma radiation observed during the explosion of an atomic bomb
consists of many components, which differ in their radiation time,
in their origin, in thelr quantum energy, and in their radiated
energy. During the time of emission, 1t is convenient to distin-
guish among the following groups of radlations.

Prompt =-- acting within O to 10-5 second. This gamma
rediation is released during the time of the chaln reactions that
make up the atomie exploslion and during the time followilng, prior
to the scattering of the bomb material. Its components are the
gamma radlation due to the figsion and to the fisslon products,
and the gamma radiation due to inelastic scattering of neutrons and
due to capture of neutrons in the materials of the bomb.

Short-lived ~- from 10-5 to 3 x 10~1 sec. This is essentlally
the radiation produced from the capture of the explosion-induced
neutrons by the nitrogen in the alr (an 1dea advanced by P. A.
Yampol'skil). It 1s emitted after the scattering of the bomb
material. Radiation from the fragments 1s also possible (see
Section 2).

Second =~- from 3 x 10-1 to 15 seconds. This 1s essentlally
the radilation from the fission products, released during the time
following the explosion up to the time when the fragments are
carried upward by the incandescent alr.

Residual -- from 15 seconds to oco. This radiation 1is due
to activity induced by neutrons in the earth and other substances
in the region of the center of the explosion and to the long=-period
fisslon fragments that settle in the reglon of explosion and in the
trail.

In the region of exploslion, the greatest contributlion to the
dose 1s made by the radiation in the second range, and partially by
the short-lived radlatlion.

As a result of the short radiation time, the role of the
prompt radlation in the formation of the dose is insignificant,
although this radlation produces the greatest dose power,

As regards 1ts orlgin, the gamma radiation in the atomic
explosion can be divided 1nto the followling groups.

Gamma, radiation of fission fragments. A distinction 1s made
in this group between the gamma radiation due to the flssion and
the gamma radiation of the fragments proper, although both radla-
tions belong to the fragments. The difference lies in the emlssion
time. The gamma radiation due to the flsslon follows immediately
the instant of fission and 1s separated from it by a tlme that -




cannot be measured with the instruments employed, 1.e., within less

than 108 sec, and probably 10~1l gec. Therefore the gamma radia-
tion due to fission, like the emlission of fisslon neutrons, is
assoclated as far as terminology goes with the flssion act.

By gemma radiation of the fragments proper is meant the
radiation occurring within measurable time intervals after the
fission. Detailed data on the gamma radlation of the fragments are
given in Section 2. '

Gamms, radiation connected with the actlon of the neutrons. y
This gamma radlation is due to various neutron reaction with
nuclei, and manifests itself in all the emlssion time groups.

Let us recall the following forms of gamma radlation due to
neutrons.

Gamma radiation due to inelastlec scattering of fast neutrons
in the materials of the bomb and in the surrounding medlia -- air,
earth, etc., Thils radlation belongs to the prompt group.

Inelastic scattering in the bomb takes place withln the time

of existence of the bomb and of its shell, 1.e., within ~10"5 sec.

In the surrounding medla, inelastic scattering can be
expected within the time of slowing down of the fast neutrons in
the air to an energy ~1 Mev, l.,e., within several mlcroseconds.

Gamma radlation occurring during the capture of neutrons.
The followlng types of radiation can be noted here:

l. Radiation occurring during capture of neutrons in the
bomb, i.e., from the mailn nuclear fuel, from the structural
materials, and from the explosive. In the latter, the neutrons are

captured by hydrogen to form deuterium and by the nitrogen to form

N153,
This radiation 1s classified as prompt, i.e., it is emitted
within the time of existence of the bomb and its shell, l.e., withln

10~5 sec.

2., Radiation occurring during the capture of neutrons by
the nitrogen of the alr with formation of N5, The life, time of
the neutrons in the air (with respect to the reaction N14 (n, p) cl4
at P = 760 mm. Hg and T = 0°C) is approximately 60 x 10~3 sec).

Thus, by the time 0.3 second has elapsed after the time of
the explosion, practically all the neutrons are captured and the
emission of capture gamma radlation ceases. Thls gamma radiatlon
1s classified as short-lived.

3. Radiation occurring during the capture of neutrons in
the earth. The life time of the neutrons in the earth 1s

~0.5 x 10~3 sec, 1.6., 1t 1s considerably less than in the air.
However, the earth "draws" neutrons from the air. Therefore the
time during which capture of neutrons in the earth can take place
with emission of gamma rays is equal to the time of existence of
the neutrons in the air, i.e., ~ 0.3 sec.

This radiation, too, 1s classifled as short-lived.

Gamma radlation of the artificial radicactlve elements, .
formed as & result of neutron-nucleug reactions of the type (n ’
(n, p), (n, &), and (n, 2n). Notice should be taken here of the
artificial radioactive 1sotopes produced durlng the capture of
neutrons in the earth and other different materials in the explosion

region.




In ordinary soils, the greatest significance ls the gamma
radiation of A128 (half 1ife Ty/p = 2.3 minutes), Mn56 (Ty/p = 2.6
hours), Na24 (T1/2 15 hours), Fed9 (Ty/2 = 47 days). The gamma
radlation of the known artificial radioactive elements 1is classifled
as residual radiation.

In addition to the activation of elements as a result of the
(n, ) reaction, it 1s possible to form radloactive products via
other reactions such as (n, p), (n, &), and (n, 2n). Gamma rays
can also be emitted as a result of productlion of short-lived
isomers.

Secondary sources of gamma rays. In thls group we can in-
clude bremsstrahlung (5 particles, Compton electrons), thermal X-
rays in the initlal stage of development of the explosion, and X-
rays produced by filling of the internal shells of heavy atoms
lonized during the explosion.

The contributlon of these sources through the overall gamma
rays of the explosion 1s small, and is therefore disregarded here.

A1l the foregolng types of gamma-rays sources appear during
atomic explosions. But the harmful actlon is connected only with a
few of these. In the explosion region, harmful action 1s produced
by gamme rays essentlally from fission fragments and short-llved
gamma radiation due to capture of neutrons by the nitrogen of the
air (the gamma radiation from the fragments being predominant).

In the reglon of the trail, the harmful action of gamma rays 1s
determined by gamma radiation due to fragments and to & small de~-
gree the gamma radlation of the activated earth (the princlipal one
is the gamma radiation from the fragments).

5. GAMMA RADIATION DUE TO FISSION FRAGMENTS OF U235 AND Pu®39,

The only gamma radiation from the fragments that can be
effective is that emitted after the scattering of the materlal of
the bomb.

The energy of the fission gamma radlation (7.8 Mev per
fission event) 1is practicallg equal to the energy of the gamma
radiation of the fragments (B.4 Mev per fission event), but the
gamma radiation of the flssion is absorbed in the matter of the
bomb and therefore does not influence the magnitude of the dose and
will not be considered further.

The fission of U235 and Pu239 results directly in approxil-
mately 60 isotopes. Figure 2 shows the mass distribution of the

fragments produced by the fission of U235 and Pu?39 by slow
neutrons.
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Figure 2. Distribution of flssion
fragments of U235 and Pu239 by masses.

Each fragment produced experiences subsequently, on the
average, three P decays with different periods. Thus, there are
approximately 200 radioactive nuclel involved 1n the flssion
products, with decay periods ranging from fractions of a second
to several times ten years. The greater part of the decays 1s
accompanied by gamma radiation, in which the quantum energy varles

from 0.002 Mev (Te99) to 2.9 Mev (Rb88),

At each given instant of time, the gamma radlation 1is
determined by the decay of 10 - 30 fragments and only within a
time longer than one year after the fission is the main part of
the gamma activity produced by 1 or 2 lsotopes. Since the
nuclei participating in the radiation have different half-lives,
the law of decrease of the gamma activity of the radlation with
time 1s not & simple exponential law.

The effective decay period increases with time, Dbecause
the short-period isotopes decay and fragments with every lncreas-
ing periods remain active. The radlation becomes softer with time,




but a substantial softening takes place only within the first hour
after the flsslon.

Table 1 1lists the values of gamma activity of the fragments,
1.e., the rates of emission of the energy of the gamma radiatlon

u(t) in Mev/sec-fission for U235 and Pu235 within different

instances of time in the intervals 0« t <60 geconds and 1 hour<t <
<1000 hours [1].

The accuracy of the glven values of u(t) 1is estimated
t 25 percent.

An atomic explosion of 1 megaton energy gives rise to
1.45 x 1023 fissions. The overall gamma activity of the fisslon
products of an explosion of energy Ept 1s @ = 1.45 x 1023 Epgu(t)
Mev/sec. The gamma activity of the flssion products of a 20-

megaton bomb (1.e., nominal bomb) is 2.9 x 1024 u(t) Mev/sec and 1is
equivalent to the gamma activity of the following sources:

8.1 x 1013 u(t) curie of arbitrary radiation with quantum
energy of 1 Mev;

3,24 x 1013 u(t) curie of Cob0 (2.5 Mev/decay);

5.8 x 1013 u(t) curie of radium (1.4 Mev/decay).
Table 2 lists the values of G2Q4 for different instants of
time,

Table 1

Gamma activity of fission fragments per
fisslon event

u(t) u(t)
t, sec | Mev/sec~ | t,hours |Mev/sec~fission
fission
0 0,82 0.9 1,7 - 1074
0,2 0,64 1 1,5 - 107
0.4 0,52 1,25 1,1 . 107
0,6 0,45 1,5 9,0 . 107°
0,8 0,41 2 6,3 - 107°
1 0,37 3 3,5 - 107°
2 0,26 5 1,6 - 107°
3 0,90 10 5,9 - 107¢
4 0,16 95 1,7 - 10°¢
5 0,13 50 7.8 1077
6 0,12 100 3,6 . 1077
8 0,09 200 1,8 - 1077
10 0,074 30 1,9 1077
15 0,0°2 400 8,5/ . 10—
20 0,043 500 6,9 1078
30 0,031 800 4,6 - 1078
40 0,093 1000 3,8 10°°
60 0,016 — —
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Figure 3. Activity of fission fragments
u(t) Mev/sec-fission, at different in-
stants of time after filssion calculated
ver flsslion event.




A plot of dependence of u(t) on the time, plotted according
to the data of Table 1, 1s shown in Flgure 3., The value of the
gamma activity of the fission fragments u(t), can be written in the
form of a formula

u (f) = At” " Mev/sec-flssion (2.1)

The values of A and v for dlfferent intervals of time are llsted
in Table 3. The last column of the table indicates the maximum
deviation of the values of u(t), calculated from formula (2.1) from
the values given in Figure 3. The effective period of reductlon
of gamma activity 1ls

1 ¢

Teff = 1 au V' (2.2)
u dt
Table 3

Values of the coefficients in the lnterpolation
formulas for the calculation of the gamma
activity of fragments at different tlme (2.1)

-y
u(t) = At Mev/sec-fission

Time intervals Unlt of Some
for which the méasure- deviatlion
formula 1is ments of A b from the

applicable time in data of

the Figure 3,

formula percent
| 1 .
0.05 sec«t<«l sec sec 0,4 0,27 10
1 sec<t<20 sec ? 0,4 0,72 10
20 sec<t<10 min " 0,95 1,01 10
10 min<t<10 hr ' 71 1,32 10
10 hr<t<100 hr " 59 1,31 10
100 hr<t<1000 hr " 0.0276 | 0,89 10
10 hr<t<l00 hr hp (13- 1074 1,31 10
100 hr<«t<1000 hr 1,9.107s| 0,89 10
10 min<t<200 hr sec 7,1 1,33 15
20 sec<t<1000 hr L 2 1,20 30

Inasmuch as 7y 1s close to unity when t>1 second, we have
Toff ~ ty, lee., 1t 18 approximately equal to the time elapsed from

the instant of flssion. For example, wlthin one month Tefs is

equal approximately to 1 month. When t >1 year, the law of de~-
crease of the gamma activity becomes nearly exponential, since the




gamma radlation 1s due essentlally to the 03137, which has a half-
life of 47.6 years. Many workers have noted that when t <1 second
the decrease in gamma actlvity 1s exponential with a half-life of
0.64 second.

Speclal experiments have shown that there is no gammsa
radiation with half-lives ranging from 10~3 to 0.5 second.

The radiation within the time interval from 10~8 to 10~3
gecond has not been investigated in detail. There are indications
that radiation exists in the mierosecond region [2].

Knowing u(t), one can calculate the energy radiated in
individual time intervals tj - t2 and during the entire time of
decay

Table 4

Amount of gamma-radliation energy in the fission
fragments after varlous time intervals

Time interval, 0— |3600—
seconds 0—1|0—210-5|0—10] 0—20 3600 o 0—co
Energy
liberated, | 0,54 |0,82{1,35[1,80]2,35/6,8 |1,6 |8,4
Mev/fission

Remark. The energy of the flssion gamma radiation
is 7.8 Mev/fission.




g
3 §
8
38 ! f

ol
5@ 4

@ 4
@ «t
g 1
3 B ¥ *
!og -
g ,

- 2
b
%
& /
o
g »

4 Y P

R - e H

w' 1 o w oW ot ot ok 0 e

Time after flsslon, sec,
Figure 4. Amount of energy of gamma radia-
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If we express u(t) by the power law (2.1), we get:

, A 1 1
W., ., = L
Wt v——]( v—1 v—11
’ 4 t, (203)

The energy radlated during the total decay of the radio=-
active fragments 1s

W :j u(t)dt =8,4 Mev/fisslon. (2.4)
0

The ener%y radlated during different time intervals 1s
glven in Table 4 and in Figure 4.

The spectrum of gamma rays of the flssion products consists
of a large number of lines. In Table 5 we give the avallable data
on the average gamma radiation energy per quantum in different
instants of time.




Table 5

Average energy per quantum of fragment
gamma radiation

Average
Radiation| quantum Method of determination .
time, t energy,
E, Mev
0—1 sec 2,2 Measurement with luminescent
spectrometer [3]
1sec-7, 1,6 Measurements by the
absorption method [4]
1 hr 1,2
3. 1,0
20 . 0,7
3 days 0,8 Calculated from data on the
radiation spectrum of
30 days 1,0 individual isotopes (see
200 0,7 Appendix I)
3years 0,7
20'years 0,7
100 . 0,7
Note: The average energy per quantum of fission
gamma radiation is 1.1 Mev.

Figure 5 shows the form of the spectral distribution of
gamma rays of fisslon products (according to data of M. Ya. Gen,
E. I. Intezarova, and M. S. Ziskin).

The characteristics of the gamma radliation of the fragments
pertain to the overall gamma radiation of a mixture of all the
formed fragments.

Information on the gamma radiation from individual fragments
is given at the end of the book, 1n Appendix I, which contalns a
summary of the literature data on the energy and on the number of
quanta and the half-life of the fragments, taken from the survey
work by M. Ya. Gen, E. I. Intezarova and M. S. Ziskin,
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3, GAMMA RADIATION IN THE CAPTURE OF NEUTRONS BY NITROGEN.

Part of the short-lived gamma radiation in an atomic explo-
sion represents radlation released upon capture of neutrons by

nltrogen, N14, According to data by Kinsey, Bartholomew, and .
Walker [5] 10.82 Mev are liberated per fission event in the form of

gamma quantsa (determined by the mass defect). The capture cross

section is 0.1 barn ¥ 0.05 [6], 1.e., 1t 18 16 times smaller than X
the cross section of the competing reactlon N4 (n, p) Cl#4, Thus,

each neutron absorbs in air causes the radlatlion of 10.82/17 =

= 0.64 Mev of gamma-ray energy. Since 1.5 free neutrons (U235) or

2 neutrons (Pu239) are released during one fission event, 1if all
the neutrons are absorbed by the nitrogen of the air, a total of
0.96 == 1.28 Mev/fission of gemma radlation ls released. The data
on the spectrum of the gamma radiatlion are given in Reference (5].
The measurements were carried out with the aid of a palred spectro-
meter, so that the data on the spectrum are avallable only for
quantum energlies >4 Mev. The questlon of the presence of gamma
radiation with energy of 4 Mev or less remalins open. It 18 there-
fore not known what fraction of the energy from the 10.82 Mev 1is
for the hard gamma radiation measured ln Reference [5]. There are
grounds for assuming, that the greater part of the radiatlion energy

is in the measured part of the spectrum.
Tgble 6 gives information on the energy of the quanta and the

relative intensity of the capture radiation from nitrogen.
Tgble 6

Spectrum of gamma radiation of the reaction Nl4
(n, y) N5 (hard part of the spectrum)

Quantunm
energy, |48
Mev

5,29 |5,55]6,32|7,16 7,36 | 8,28 | 9,16 {10,82

Relative

intensity,
percent” {18.3[30,5|2,4412,2|0,6 |49 {24 |06 |61

Remarks:
1) 45 percent of the hard part of the spectrum

is due to quanta with energy 5.3 - 6.3 Mev;
2) 15 percent of the energy is due to quanta
with energy greater than 7 Mev.

»

4., GAMMA RADIATION FROM ACTIVATED EARTH.

The upper layer of the earth becomes a source of gamma rays
as a result of capture of neutrons and accompanying formation of

12
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radloactlive isotopes of the elements contalned in the earth.

The gamma radlation from the earth 1s released durlng the
instant of neutron capture (~8 Mev per captured neutron for all
elements with the exception of hydrogen, whlch releases 2.2 Mev
upon capture of a neutron) and during the subsequent decay of the
artiflcial radloactive nuclel., We shall consider henceforth only
radiation from the decay of radloactive lsotopes, which make up a
substantial part of the residual gammsa radlatlon in the region of
the eplcenter of the explosion.

For a given neutron flux, the intensity and the energy of
the gamma quanta is determined by the elements contalned in the
upper layer of the earth. It can differ 1n different places, but
a list of elements of practical lmportance is not long: 99.4 per-
cent of the welght of the earth's crust 1s made up of 15 elements.

Table T# gives the average composlition by elements of the
earth's crust. The same table gives also data on the gamma radia=
tion from the radioactive isotopes obtalned by neutron capture, the
capture cross sections, and other informatlon.

The values of Gj and A4 given in Table 7 make 1t possible to
determine g ~- the speciflic gamma activity of the earth during the
instant of time t after lrradlation

—
g::pII}g(L L oe f Mev/sec-cm3. (4.1)
'

where X == sum over all the elements contalned in the earth;
P -- specific gravity of the earth, g/em’;
@4 ~=- activity of the element per gram of earth;
IT -~ flux of slow neutrons in the place of activatlon, over
the entire time of irradiation on neutrons, neutrons/cmz.
The column 3 contains the sum of all the activatlon cross
sections in one gram of dry earth, which amounts to 8.9 x 10~4
cmz/g, and the neutron capture cross section in one gram of earth,

which amounts to 5 x 103 cmz/g. Thus, only one-sixth of the total
amount of neutrons absorbed in dry earth leads to activatlon of the
80il. In molst earth, the capture cross sectlion 1s increased
(owing to the hydrogen in the water), so that the fraction of
neutrons which produce artificlal radloactivity 1s decreased.

The value of g may vary, dependlng on the composition of
the earth. For a considerable part of the surface of the earth's
sphere these varlatlons are not large emough to influence grestly
the gamma radlgtion,but inindividual localities the deviations from
the average composition may be conslderable and may produce a
unique pattern of gamma radiation.

By way of an example, let us calculate g for a locality in
which the so0il has an element composition that colncides with the
%verage element composition of the earth's crust, as given in

able T.

*Table 7 was made up by V. N. Sakharov.
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The specific gravity of dry earth 1s assumed to be 1.7
g/cm3, the water contents -- 0.1 g/em3, the overall specific
gravity -- 1.8 g/cm3. The neutron capture cross section per gram
of such earth is 6.1 x 10~3 cmz/g,* and the activation cross section

18 0.9 x 10~3 cm?/g.
Figure 6 shows the values of g(t) at different instants of

t ime.
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Figure 6. Activity of the earth, g, due to actlva-
tion by neutrons at different instants of tlme
after instantaneous irradlation. The dashed curves
denote the specific activity of different elements
of the earth in accordance with the chemlcal
composition of the earth's crust (Table 7).

It is seen from Table 7 and Figure 6, that gamma radiatlon
from A128 predominates within time intervals from O to 15 minutes,
Na2%4 predominates from 15 minutes to 200 hours, and Fe3? predomi-

nates above 300 hours.
During the time interval from 2 - 3 hours to 5 - 10 hours,

gamma radiation from Mﬁ55 appears agalnst the background of the
gamma radlation of Na4,

E;nc%uding the capture in the water, the contents of which is 0.1
g/cm”.
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Let us determine what fraction of neutrons captured in the
earth activates the foregoing characteristlic elements. For thls
purpose it 1s necessary to divide the activatlon cross sectlon of
each element in one gram of earth by the sum of the capture and

activation cross sections of the earth, 7 x 103 cm?/g.
The formation of A128 requires 5.4 x 10~2 of all the neutrons

captured in the earth, whille the fractions for Na24, Mn56, and Fe59,

are 5.4 x 10~2, 1.5 x 10~2, and 1.8 x 10~4, respectively.

Figure 6 shows the intervals of time in which gamma radla-
tion from individual elements predomilnates.

Owing to the presence of a small number of elements forming

isotopes with long half-lives in the earth (for example, Co6° with
T1/2 = 5.3 years), prolong radloactivity may occur, which 1s

notlceable after the decay of Fe59,

The residual gamme radiation in the region of the eplicenter
may be due not only to the activatlon of the earth, but also to
fission fragments settling on the earth.

To clarify the role of the induced actlvlty of the earth
(particularly in a surface explosion) it 1s of interest to estimate
the largest possible gamma radiation from the earth, l.e., that
obtained when half of the neutrons of the earth are absorbed and
there 1s no self absorption of gamma radiation in the earth, and to
compare it with the gamma radlatlon of the fragments.

It is assumed that the earth captures one neutron per
fisslon. Data on the composltion of the earth and on the actliva-
tion cross sectlions are listed in Table 7. The most important
contribution to the gamma radiation of such an earth 1s made, up to
200 hours, by the following:

during the first minutes -- aluminum (T1/2 = 2.3 minutes,

1.8 Mev/decay),
durling the first hours ~- mangansse (T1/2 = 2.57 hours,

1.2 Mev/decay),
during the first hours -~ sodium (T3/2 = 15 hours, 4.2

Mev/decay),

after 200 hours -- iron (T1/2 = 47 days, 1.2 Mev/decay).

The gamma ray energy radliated starting after ten seconds
(the arbitrary termination of the action of the fragment cloud) to
infinity, is 6.6 Mev/fission from the fragments (Table 4) and 0.48
Mev per fission from the earth (Table 7). The contributions from
sodlium, aluminum, menganese, and iron are 0.31, 0.13, 0.02, and
3 x 10-1 Mev per captured neutron, respectively.

Thus, even under conditions most favorable for the actliva-
tion of the earth, when half of all the neutrons are absorbed, the
energy radlated from the earth as a source of residual radlation 1is
one order of magnitude less than the energy of the fragments,

The only elements that participate in the production of
residual radlation from the earth, lasting over several days, are
sodium and 1lron, which radlate 0.31 and 3 x 10~% Mev per flssion,
respectively. The radlation of the fragments in the interval from
one hour to infinity amounts to 1.6 Mev/fission, 1l.e., during the
10 = 200 hours that the sodium 1s active, the energy radlated by
the earth is closer (although it 1s several times smaller) to the
energy radlated by the fragments.
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Average Composition by Elements of the Earth's

Characteristic of Element

0]

Si

Al

Abundance in the earth's crust,
perCGnt.........l................lb’

Mass nmber...........'l.......'..'.0.

Content and natural lsotope mixture,

percent..............'..........Q..l

Half life Tl/e.l..."."......‘...0..0
Decay constant A, sec
Activation cross section of the iso-
tope by thermal neutrons, Gge, P&rn.s..«
Activation cross section, calculated
for the natural isotope mixture
aac, barn...‘......‘.l.l.....0.'..0’
Activation cross_section per gram of
earth’ sac, cme/s of earth.ooooaoocv
Cross section for the capture of
thermal=-neutrons by the natural
mixture of isotopes, Ccap, barn.....
Cross section for the capture per
gram of earth,Scap, cm2/g of earth...
Energy of emitted gamma quanta,

Mev.......'.l..‘...................O.

P00 000060008000

of gamma radlatlon per decay

Ener
e 1sotope, Mev/decaYeeceeceosaos

of

neutron capture in the earth,
Mev/cap. neUtroNecssseseccccscsccces

Energy of gamma radlatlon emitted
from gram of the element by an ag-
tive neutron flux of 1 neutron cm®,
Mev/g element neutron/cm2..seesceeee

Energy of gamma radlation emltted
from 1 gram of earth, actig7teg by
a neutron flux of 1 neytron/cm<,
Mev/g of earth neutron/cm? (Gi)ecce.

Gamma activity on indlvidual ele-
ments per gram of earth (Gi) at
different Instants of timecececscassoe

t Q0 hours

1 hour

4 hours

20 hours

200 hours

2000 hours

Energgror gamma radiatlion per

anunwnu

ckctherchct

46,5
18

0,2

27 sec
2,57-10-2

2,1- 10—+

4,2- 1077

7,35-107¢

21073
3,7- 1075

1,7 (70%)

1,25-107¢

1,3>-1078

1,6.

27,7

Does not,
yleld
1=rays

P

7,85
27

100

23 min
5,02 - 1073

0,215

. 101

. 107

. 101
. 1074

1,8 (100%)

1,8

1,36 - 101
8,6 - 1073
107+

6.8 -

. 1076
iy

3,

P
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Table 7

Crust and Gamma Radiation from Actlvated Earth.

Fe Ca Na K Mg Ti

4,85 3,75 2,8 2,62 2,25 0,75

58 16 23 41 26 50

0,34 0.0032 100 6,9 1,3 5,%4
47,1days | 4,3days 15 hrs 125 hrs| 94min| 6 min
1,7 1077 1,87 . 1078 1,28 - 1075 1,55 - 1075}1,23:1073| 1,92 - 1073
0,7 0,25 -0,51 1,0 0,05 0,14
2,4.103|8.10¢ |5,1.1071]6,9-10725,651073 7,5 - 1073
1,26 - 1076/ 4,5 . 1072 | 3,74 - 1074 2,8 - 1075 |3,15:107¢[ 7,1 - 1077
2,43 0,43 - 1071} 5,1 - 1071 | 1,97 59.1072 | 5,6

1,27 - 1073 2,42 - 1074/ 3,74 - 1074 8,0 - 107+ |3,3-10—5| 5,3 - 107+
0,2 (2,8%)| 1,4 (81%) | 1,4 (100%)| 1,5 (25%) [0.84 (1067 | 0,32 (70%)
1,1 (56%) 2,8 (100%) 1,05(20%)

1 28 (43%)

1,2 1,1 4,2 0,37 1,05 0,22
3 .10 1.107¢ |3,15.1071 2,05 . 10736,6-107+| 3,15 . 1073
3,1 -105{1,3.10¢]5,6.1072|4.1074 [1,45107¢ 2,05 - 107
1,5.1076{5 . 1079 1,57 - 1073-1,05 - 1075/3,3.107¢ | 1,56 - 1077
2,55 - 10713(9,35 . 10718} 2,0 - 1078 | 1,6 - 10710 |4,0-1079 | 4 - 1078
2,55 - 10713 — 1,9 - 108 — — —
2,95 . 107 — 1,65 - 1078 — — —
2,83 - 1071 — 8 . 107® _ — _
2,53 - 10713 — 92 .10 12 _ — —

7,5 - 10714 _ _ — _ —
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Characteristic of Element

Abundance in the earth's crust,
PErCeNtecccscccccsssssssassssccsossnse

Mass NUMDErececssossscsssccscsnscsscsconcs

Content and natural lsotope mixture,

percent.....‘.........'.........D...'

Half 1ife T1/2....................‘....
Decay constant A, secl

Activation eross section of the iso-
tope by thermal neutrons, Ogg, barn..

Activation cross section, calculated
for the natural isotope nmixture
oac, bam.......0'.............0.'...
Activation cross_section per gram of
earth, Sac’ cm /g of earthoooootcoooo

Cross sectlon for the capture of
thermal-neutrons by the natural mix-
ture of 1isotopes, Ocap, barfeececscs.

Cross sectlion for thg capture per gram
Of earth’ Scap, cnm /s of earthooooooo

Energy of emitted gamma quanta,

ev..l...‘...lII......Q....'..I.I....

o000 ssBsOB RSOSSN

Energy of gamma radiation per decay of
thé 1lsotope, Mev/decAYeeecsececscsaes

Energy of gamma radlation per neutron
cap?ure n the earth,
Mev cap. neutron..........OQOQ.......

Energy of gamma radlation emitted from
gram of the element by an active
neutron flux of 1 neg%ro cm?,

Mev/g eclement neutron/cm2.ecececcccee

Energy of §amma radiation emitted from
1 gram of earth, activated by a
neutron flux of 1 neutron/em?,

Mev/g of earth neutron/cm? (Gi)eecececs.

Gamma activity on individual elements
er gram of earth (Gi) at different
natants of

tiMCesscsescecsacsenscscece
O hours

1 hour

4 hours

20 hours

200 hours

2000 hours

ct ot ot ot o+ ot
LI ¢ | B

1,9 . 101

4,1 . 107+

o1

Does_not
yield
1=rays

3,3 - 10™

2,2 - 1074

2567hrs
7,47 107s

12,7

12,7

1,05- 107+

12,7

1,05. 1074

0,85 (69 %)
1.8 (18,5%)
213(12,5%)

1,2

2,55.103

1,7-101

1,27-107¢

107
10
107

9,5
7,2
3,2-




Table 7 (continued)

F c1 s Sum g/p ]
0,075 0,037 0,037 —

19 37 37 ~
100 24,6 0,017 - -

107 sec 373 min 504 min — -
6,5.10*| 3,1-107¢{ 2,3-10 — -
0,009 0,56 0,14 - —

9 .10 1,4 1071 | 2,410 — -
2,14 - 1077 8,8 . 1077 1,7.1070] 8,9 . 1074 -
1102 31,6 4,9 107 —
2,4- 1077 2 .10 3,4-10% ] 50107 -
1,63 (99%)| 1,6 (31%) | 2,75 (90%) —
2,12 (47%)
1,6 .5 2,8 —
6.9 . 105! 2,63 .10-4 8,5.107¢ | 0,478 MeV/
captured.
neutrons
|
46 - 10—¢| 35.10-3] 1,1 -10-¢ - T -
3.42 1077 1,32 - 1076 4,25 - 107 - -
2,2 - 100 4,1 - 10718 1.0 . 107" 3.4 - 107
- — — - 2,6 . 1073
— — — - 1,97 - 1078
— — — — 8 . 107®
- — - — 2,2 - 10512
— — - — 7,5 . 1071
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In the case of a surface explosion of a pure hydrogen bomb,
the number of neutrons released per unit energy is one order of
magnitude greater than that produced by an exploslon of a fission
bomb. One can therefore expect that the radiation

[something missing in Russian in the
transition from p. 30 to p. 31.]

This does not mean in 1itself that the surface exploslon of a pure
hydrogen bomb can contaminate tremendous areas of "trail" to the
same extent as a surface explosion of a fission bomb. The energy
of the activated soil, given above, 1s radlated by elements which
are contained in a layer of earth 30 centlimeters thick. To produce
a "trail" with the same amount of energy as liberated in a fragment
"trail" i1t is necessary that this entire layer of activated soil be
carrled away and settled in the same manner as the fragments are
carried away and settled.

The mass of the earth 1s less dispersed than the dust on
which the fragments are condensed. Therefore the condlitlons under
which earth carried away and settled are not favorable to the forma-
tion of a trall of the same extent and activity as a fragment
"trail," even if the actlvity of the earth is equal to the actlvity
of the fratments, as may happen in the case of an explosion of a
pure hydrogen bomb. The difference in the formation of a "trail"
from the earth and from the fragments 1s difficult to estlmate
quantitatively, and we shall therefore confine ourselves only to
the foregoing estimate of the radiated energy.

Let us compare the klnetlics of the gamma radiation from
earth and from fragments. v

Table 8 gives the intensity of emission radlation of frag-
ments and earth under the assumption that the earth captures one

neutron per flssion.

Table 8

Intensity of gamma radliation from the earth,
ug(t), and of fragments u(t)

Intensity of radiation,
Time after Mev/sec~-fission ug (t) 100
explosion, ut)
hours Of the Of the
earth fragments
| s 4,7 107¢ 1,4 . 1073 0,3
! 1 5. 1077 1,5 - 1074 0,3
2 4,5 . 1077 6,3 - 1075 0,7
5 3,4 - 1077 1,6 - 1073 2,1
10 2,5 . 1077 5,9 - 1078 4,2
18 1,7 - 1077 2,75 - 1076 6,2
26 1,2 - 1077 1,6 - 107 7,0
50 4 . 1078 7,8 - 1077 5,1
100 4 . 1079 3,5 - 1077 I,1
150 4 . 10710 2,4 - 1077 0,2
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It is seen from the table that up to 5 hours after the explo-
sion, ue does not exceed 2 percent of u. From 5 to 50 hours ue
is approximately 20 times smaller than u; after 50 hours the value
of ue again diminishes rapldly compared with u. In a pure hydrogen
explosion ueg(t) can increase by approximately by one order of
magnltude.

It is seen from the table that in the interval from 1 to 10
hours the fragments decay more rapidly than the active s0il, ue/u

increases with increasing t; in the interval from 10 to 50 hours,
the law of decrease of activity with time 1s practlcally the same
for the soil and for the fragments ue/u = const; after 50 hours
the induced activity diminishes more rapldly than the activity of
the fragments (ue/u decreases with increasing t).

In the interval from 10 to 50 hours it is difficult to
distinguish between the induced activity and the fragment activity,
judging from the kinetics of the decrease in activity. These
activities can be dlstinguished by the kinetlcs of the decrease by
means of measurements befors 10 hours after 50 hours. For example,
the ratio of the one-hour and five-hour activities of the so0ll and
the fragments, which differ greatly from each other, are:

ug(l hr) _ 1.5: u(l hr) _ 9.1
Te(5 Br) - 12 (B mr) T 7

In the case of explosions in the air, the residual radlation 1s
determined by the induced actlvity of the earth.

In surface explosions, near the eplcenter, l.e., in the
region where the fragments settle, the residual radlation 1s de-
termined by the fragments. It is seen from Table 8 that if 1 per-
cent of the fragments settles in the reglon of the eplcenter, then
the residual radiation 1s determined by the fragments and not by
the earth.

Away from the eplcenter (the distance depends on the
explosion energy), the residual radiation is determined in the case
of surface explosion by the induced activity.

At intermediate distances, the earth and the fragments pro-
duce comparable contributions.®*

In those cases when the residual radlation 1s determlned by
the activity of the earth, the dose power can be connected with the
specific activity of the earth or wlth the neutron flux, and it can
be calculated. This calculation will be given in Sectlon 9.

#It must be noted that the radiation of the fragments can appear
not only where they have settled, but also in neighboring places
where they are not located, at a distance compared with the range
of the quanta. In this region the decrease in the dose power may
be of either a fragment or a mixed character.
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CHAPTER II

PROPAGATION OF GAMMA RADIATION IN ABSORBING MEDIA -

5. "GOOD" AND "POOR" GEOMETRY.

For almost all cases of actlon of gamma rays of atomic explo-
slon, 1t 1s characteristic that the doses of gamma rays are produced
not only by direct radliation of the sources, which has passed
through the absorption layer without interacting with the matter,
but also by the scattered quanta, which have experienced single or
multiple scattering in the matter.

In many atomlec exploslions the scattered radiation 1s of
decisive significance in the formation of the gamma-ray doses.

The important role of the scattered radiation 18 due to the
fact that the gamma radlation propagates in an atomic explosion in
a broad beam, and passes through thlck layers of absorber.

Figure 7 1llustrates the features of the propagatlion of
gamma rays in broad and narrow beams.

Figure 7a shows the passage of a narrow parallel beam of
gamma rayse through a thin absorber. The detector receives only the
direct radlation, 1.e., radiation which passes through the absorber
without interacting with the atoms, 1.e., it 1is nelther absorbed or
scattered. The scattered radliation drops out of the beam and does
not enter the detector. Such conditlions of propagation of radla-
tion are called "good" geometry. In these conditlons when the
radiation passes through the absorber, there 1s no change in the
spectral composition and in the directivity of the radiation strik-
ing the detector, the number of gamma quanta 1n the beam N, changes
in accordance with the well-known law

z’V—‘:Noe—px

2

No == flux of gamma quanta shead of the absorber; N -- flux
of gamma quanta passing through the absorber;
# == linear coefficient of absorption of radiation.

Accordingly, the intensity of radiation J varies as

J=J,e P*, (5.1) )

These formulas are valld for absorption of monochromatic
radiation. When the radlation has a complicated spectral composi-
tion, the intensity of each spectral opponent attenuates in
accordance with analogous exponentlal law, with a different value of

™
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Figure 7. Passage of a narrow beam of gamma
rays through a thin scatterer (a) and of a broad
beam of gamma rays through a thick scatterer

(b) and inside an absorbing medium (c). Case

a -- "good" geometry. Case b and ¢ ~-- "poor"
geometry.

c)

/Seatbered radiation

Figures 7b and Tc show the characterlstic features of the
propagation of a broad beam of gamma rays through a thick layer of
absorber (b) and inside an absorbing medium (¢). In these cases
the detector receives not only the direct beam, but also scattered
radiation. Such conditions of propagation of radlation are called
"poor" geometry.

Under conditions of "poor" geometry, the attenuation of the
intensity of radiation with absorber thickness is slower than
according to the exponential formula (5.1), since fluxes of
scattered radiation are added to the flux of radlatlon of the direct
bean 1n the absorber,

With this, the spectral composition and the directivity of
the radiation do not remain constant along the path of the radlation
in the absorber, because the scattered radiation, adding to the
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direct radlation, differs from the latter in spectral composition
and 1n direction of propagation.

The amount of scattered radlation added to the direct
radiation, its spectral composition, and its angular distribution,
all depend on the relative placement of the sources of the gamma
rays, the absorbing media, the detectors, and the propertles of the
absorbing media.

A complete solution of the problem of propagation of radla-
tion under conditions of "poor" geometry should contain informatlion
on the intensity, spectral composition, and angular distribution of
radlation in any point of space.

To obtain the solution 1t is necessary to know the geometrl-
cal locations of the sources and absorbers, the spectral composi-
tion of the primary radiation, and the atomic number and density of
the absorbers. The solutlion of this problem 1s treated 1n the
theory of multiple scattering of gamma quanta.

The problem can be solved both theoretically and experi-
mentally. Theoretically, knowing the probabllity of the elementary
processes of interactlon of the quanta with the matter, it 1s
possible 1in principle to solve any problem of multiple scattering
of gamma rays. What 18 entalled here is usually & large volume of
computation. The use of electronic computers makes 1t possible to
solve the kinetlic equatlions that describe multiple scattering of
quanta.,

By now there exlst a large amount of computational data on
the propagatlon of broad beams of gamma rays in absorbing medla,
and information keeps on accumulating.

In many cases it is posslble to prepare an experlmental
model, in which the investigated conditions of propagation of gamma
rays are produced either on the natural scale or on some reduced
scale. With the ald of such models it is possible to solve experi-
mentally partlicular problems in the propagatlion of gammsa rays and
verify the theoretical results obtained by computational methods.

6. ELEMENTARY PROCESSES OF INTERACTION OF GAMMA QUANTA WITH
MATTER.

Forms of interaction of radlation with matter. Elementary
processes of lnteractlion of gamma gquanta with matter have been
discussed in sufficlient detall in the physlcal literature and in
textbooke; we shall therefore confine ourselves only to an exposi-
tion of & minimum of information, necessary to designate the
quantlities and necessary for convenlience in understanding the less
universally known sections of the book.

The passage of gamma radiation through matter is accompanled
by absorptlon and scattering of gamma quanta. In the problems of
interest to us, the followlng three types of interactlon between
radlation and matter are basic: photoelectric absorption, Compton
scattering, and formation of electron-positron pairs. The remain-
ing processes -~ coherent scattering, nuclear photoeffect, nuclear
scattering, and others, can be neglected.

The foregolng processes lead to absorption of gamma-quantum
energy and simultaneously produce in the medium various secondary
gamma radlations: fluorescence, bremsstrahlung of electrons, and
annihilation radiation.
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All the secondary sources are considerably softer than the
primary source. An estimate has shown that in the problems of
interest to us, the secondary radlatlion can be neglected, and will
therefore be disregarded here.

Photoelectric absorption. In photoelectric absorption, the
gamma quantum, whose energy exceeds the binding energy of the
electron in the atom, causes an electron to be removed from the atom.

The energy of the quantum is converted fully into kinetle
energy of the knocked-out electron less the binding energy of the
electron in the atom.

Thus, a quantum which experiences photoelectric absorptlon
drops out completely from the beam of gamma rays. The consequence
of the photoabsorption of a gamma quantum 1s secondary fluorescent
radiation of the exclted atoms. The probablility of the photoeffect
is particularly large compared with the probabillitles of other
processes at small values of quantum energies and at high atomic
numbers Z of the absorber. For a given quantum energy, the photo-
effect cross section increases with increasing atomic number
approximately as 2 ‘5, For a specified atomic number Z, the cross
section of the photoeffect increases with decreasing energy [7] as
1/ when € >0.5 Mev, and as 1/€3 when € <0.2 Mev.

Table 9 gives the values of the energles of the gamma quanta,
at which the photoeffect cross sectlon opp becomes equal to the

Compton scattering cross section gog, and the energles at which
Oph = (1/5) a0

When the quantum energy is smaller than indicated 1ln the
column for Oph = adC, the photoeffect becomes the predominant type
of absorption.

In Table Al5 of Appendix II we glve the cross sections of
the photoeffect oph, calculated for one atom of matter. For com-
parison, the table glves also the cross sectlion of the Compton
scattering 400, also calculated per atom.

Compton scattering. The Compton scattering takes place on
the electrons of the atom. As a result of the scatterling the
quantum loses part of 1ts energy and changes the directlon of 1lts
initial motion.

Table 9

Quantum energy € at which the cross sectlon of
the photoeffect is equal to and is 1/5 as
small as the scattering cross section

€, Mev, wilth

Substance
Oph = a%C | %%h = 1/5 a9¢

Nitrosen. o0 o8 00 0.02 0.04
Aluninumeseseee 0.05 0.08
Iron.....l..... 0012 0.2
I)eadooonooo..on 005 105
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The energy lost by the gamma quanta 1s converted into
kinetic energy of the electron on which the scattering takes place.
In the gamma-quantum energy region in which the Compton scattering
is more probable than the photoeffect, 1t is possible to neglect
the binding energy of the electron in the atom compared with the
quantum energy. It can therefore be assumed that the Compton
geattering occurs on the free electrons.

The values of the energy € acquired by the recoil electron
and of the energy £y retained by the scattered quantum depend on
the angle © of deflection of the quantum from the initial directlon:

ca (I —cos 0) _ €
1+a(l—cos®) ’ " 14 a (1 —cos8) (6.1)

e =

(here & is the energy of the 1lnitlal quantum, expressed in unites
me? = 511 kev).

Thus, & quantum that experlences Compton scattering does not
drop out of the gamma radiation in the matter, and merely loses part
of its energy and changes its direction of motion. The energy losti
in the scattering of a gamma quantum is equal to €gy, 1.0., the same
energy that is transferred to the recoil electron.

The greatest energy (€g)pax Which can be transferred to an

electron and hence lost by the gamma quantum, is

€ = £

e max °
1+ L (6.2)
2a

This occurs when the quantum is scattered by 180°, i.e., "backward"
(the electron 1s emitted "forward" in thls case). The energy of a
quantum scattered by 180° is at a minimum and 1s equal to

€ = =m—— 6.
Tmin 14+2a mes + 2 ( 3)

When € S>mc2, this quantity cannot be greater than m02/2 = 250 kev,
and when € = 0.5 Mev, we have €9ypip = 170 kev, l.e., €ypin depends
little on the quantum energy when €>0.5 Mev.

At small scattering angles (cos &=1), i.e., when a quantum
18 scattered "forward," the energy of the scattered quantum differs
little from the energy of the initlal quantum, and the absorption
of energy during the scattering 1s small. In this case the elec-
tron is emitted in a direction close to perpendicular to the motion
of the quantunm.

In Compton scattering, the gamma quantum may be scattered in
all directions and the recoll electrons can be emitted only within
the limits ®/2 6 -T/2, i.e., only in the "forward" direction.

The quanta are scattered preferably "forward."

The greater the quantum energy, the lower the probablility of
its scattering by a large angle. This can be seen from Figure 8,
where the differential cross section of scattering of the quantum
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by an angle & 1s shown 1in relative units, as a functlon quantum
energy (the differentlal "forward" scattering cross section 1s taken

to be 1).
™
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Figure 8, Differential cross section of
scattering of quanta as a function in the
acattering angle © for different quantum

energles € = ame? [19].

The probability of "forward" scattering 1s independent of
the quantum energy; with lincreasing quantum energy the probabillty
of scattering by angles other than O decreases,

The probabllity of scattering of a quantum that passes
through matter is characterized by the scattering cross sectlon and
18 equal to the scattering cross section per square centimeter of

square area (S, cm?) for each square centimeter perpendicular to
the quantum flux

where o¢ 18 the scattering cross sectlion per electron, and Ng is the
number of electrons along the quantum path in a volume having a

transverse cross section of 1 cm2.
The scattering cross sectlon per atom, g0¢, is Z times

greater than the section per electron (Z -- atomlc number of the
substance):

The distribution of the energy of a quantum that has experlenced
scattering, between the recoil electron and the scattered quantum,
1s characterized by cross sectlions og and 0., the energy transferred

to the electron being €0./0p, and the energy remalning with the
scattered quantum being Eo&/dc (€ == 1initial energy of the quantum).
It 1s obvlious that
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O'C = ae + afro (606)

The scattering cross sectlon decreases with lincreasing
quantum energy. In Figure 9 and in Table Al6 of Appendix II are ;
given the values of o, 0g, and o¢ per electron as functlons of the

quantum energy.
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Figure 9. Cross section for Compton scattering,
0g, for the transfer of energy to the electron o,

and for the transfer of energy to the quantumtmy,
at different quantum energles.

If the dimensions of the scattering medium are sufficlentl)
large, then a quantum scattered once can experlence secondary,
ete., scattering. Thus, multiple scattering of the quanta takes
place in media whose dimensions are sufflciently large compared
with the mean free path of the quanta. In each scattering the
quantum loses part of its energy and changes its direction. As a
result quanta with lower energles appear 1n the scattering
medium, in addition to the primary quanta. The greater the
scattering experienced by the quantum, the smaller these energles
are,
Figure 10 shows the ratio of the average quantum energy
after a single scattering to the 1nitial energy of the quantum, as
a function of €. It is seen from the figure the smaller the
quantum energy, the smaller the fractlon of the energy that the
quantum loses on the average 1n the scattering. ;
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Flgure 10. Ratlio of the average quantum
energy € after single Compton scattering to
the energy of the quantum prior to the
Ecagtering, for different quantum energles €
20].

A 1limit on multiple scattering of the quantum in the
medium is imposed by the photoeffect. When the quantum energy
decreases to such a value that the photoeffect 1s more probable
than Compton scattering, the gamma quantum 1s absorbed as a re-
sult of the photoeffect.

In air, the probablility of the photoeffect becomes
comparable with the probabllity of the Compton scattering (Table
9) at £ = 30 kev. A quantum with an initial energy € = 3 Mev
should experience on the average ~20 scatterings prlor to belng
absorbed. In air the lifetime of such a quantum 1is ~4 x 10-6 sec,

and in water it is ~5 x 10-9 sec.

Production of electron-positron pairs. Palrs are produced
as a result of interaction between the gamma radiation and the
Coulomb fleld of the nucleus. The process becomes possible only
at a quantum energy in excess of the energy corresponding to the
sum of the rest masses of the electron and the positron, 1l.e.,

€ >2moc2 = 1,02 Mev. In thls process, the gamma quantum loses all
its energy which, after subtracting 2moc2, goes into the kinetlec

energy of the electron and positron.
When a palr is produced, the gamma quantum drops out
completely from the composition of the gamma radlation in the
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matter. This process, however, leads to the formation of secondary
radlation, occurring during the annlhlilation of the positron.
Annihilation occurs with the maximum probability when the energy of
the positron is close to zero. Upon annihilation, two gamma quanta
of energy by 511 kev each are emitted.

The cross section for pairs production % increases with
increasing gamma-radiation energy and with lincreasing atomic number

of the absorber (~ Z2).

The process of pair productlon predominates over other
processes at high gamma-ray energies. Table 10 gives the values of
the gamma-ray energles at which op becomes equal to go¢ and a0c/5.

Table 10
Quantum energy €, at which the croas section

for palir productlion 1s equal to and is 5 times
smaller than the scattering cross section

| €, Mev
Substance
8% = a% | a%p = 1/5a9C
Nitrosenoooo.. 23 705
Aluminumessese 15 5.3
IrONeeessceces 9.5 4.0
Lea-doootao.ooo 407 2.3

Summary linear coefficients of interaction between radiation
and matter. When a parallel beam of gamma quanta passes through
matter, any interaction between the quantum and the matter causes
the quantum to drop out from the parallel beam, elther by absorp-
tion or by a change in the direction of motion through scattering.
Therefore the total interaction cross sectlion o, with respect to
dropping out of a quantum from a parallel beam of quanta, is equal
to the sum of the cross sections of all the three indivlidual pro-
cesses

The number of quanta dropping out_from the parallel beam of
the gamma quanta of denslty N quantum/cm2 when the beam passes

through a layer of absorber of thickness dx, in the case of normal
incidence of the quanta on the absorber, 1s

dN_—Nc,ndx——NPdX——-N-;-dm——NTx. (6.8)

Here oy -- summary cross section of interactlon, referred to a
single atom; n -- number of atoms in 1 em? of medium; P -- density
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of medium in g/cm3; dm -~ mass of matter obtalned 1n a layer of area
2
1 cm? and thickness dx; (dm=pdx "), p=0o,n =-- linear coefficlent

of absorption of radiation, with a dimensionality cm~l. This co-

efficient 1s equal to the probabllity of lnteractlon of a quantum

with the substance per unit path length of guantum in the absorber.
The coefficilent p/p 1s called the mass coefficlent of

absorption and has a dimenslonallity cm2/g. It 1s equal to the
probability of interaction of the quantum with the matter per unit
mass, located on the path of radiation in a layer of area 1 cm?.,

The quantity A= 14¢ 1s the mean free path of the gamma
quanta in the substance.

All these quantities characterize the total probabllity of
interaction between the radiation and the substance, which leads
both to absorption and to the scattering of quanta. The cross
section o4 and the coefficlients [ and A characterlize the total

probability of interaction between the quanta and the matter, but
do not characterilze the value of the gamma-ray energy absorbed
thereby.

The absorbed gamma-ray energy 1s the part of the energy
transferred to the electron by photoeffect, scattering, and pair
production, and consumed by the electron 1ln lonlzation and optical
excitation of the atoms. That part of the energy which remalns in
the form of gamma quanta, naturally, is not the absorbed energy of
the gamma radiation (this 1s the energy of the scattered quantunm,
of the X~-ray quanta, and of fluorescence followlng the photoeffect,
the quanta of annihilation of the positron after pair production,
and the bremsstrahlung of the recoll electron). Therefore the
cross section of absorption of the gamma-quantum energy in lnter-
actlon with matter 1s

The coefficlent f] takes account of the fact that in photo-

absorption part of the absorbed gamma-quantum energy is radlated
in the form of secondary fluorescence.

The coefficlent fp takes account of the fact that secondary
bremsstrahlung 1s produced in the bremsstrahlung of the recoll
electrons.

The coefficient f£3 takes into account the annlhilatlon
radiation and the bremsstrahlung of the electron and positron.

All coefficlents £ <1,

An approximation of ote with the ald of the coefficlent f
1s made in reference [8] in order to take account of the secondary
gsources of radiation in the problem of the absorption of gamma rays
in the process of multiple scatterlng.

In the cases of interest to us, the role of fluorescent,
bremsstrahlung and annihilation radiations 1is small and the ex-
presslon for Ote assumes the usual form

Oteg = dph + g0 + 0’p = Ot = aO’To (6.10)
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The reduction in the energy of gamma radiation which passes through
a layer of matter of thickness dx 1s equal to

dE=— Nes,,ndv=— Nep,dx =

= — Nete dm — — Ne ‘.’.’_‘.. (6.11)
p Ae

here £ == energy of the primary quanta, Pe,ﬁfﬁ and Ae are coeffi-

cients that characterize the probability of process of absorption
of the energy by the gamma rays by the medium:

p, =0, N, CM !
s } (6.12)

he=1/p., cx

In Tables Al7 -- A21 of Appendix II are given the quantitliesy,

ey Ay A, pfp, and p.fp for water, air, aluminum, iron, and lead for €

from 0.1 to 10 Mev. The values for air are obtained from the
corresponding values for water by multiplying by the ratio of the
olectron densities (p/p, = 860).

Figure 11 shows the values of i for air. The dotted line
shows the values of {_without allowance for secondary radlatlions
(fluorescence, annihilation, bremsstrahlung). The values of [g
are given with allowance for the secondary radlations. In Appendlx
II (Table A17 - A21) are given the values of u for water, aluminunm,
iron, ald lead. Figure 11 gives the values of ugy pypo HGo and p?
i.e., the linear coefficlents of absorption of radia%&on energy,
photo-absorption, Compton scattering, and absorption of radiation
during the process of pair production.

Figure 12 gives the values for A for air at different

quantum energles.
From these figures and tables it 1s seen that [ of alr and

of water vary little in the quantum energy interval from 0.1 to 2
Mev, and it can be considered constant, with the llmits of error
not exceeding * 12 percent, at a value 3.4 x 10-5 cm~1 for air and

0.029 em~1 for water, ¥ 12 percent.
As the radlation energy increases the coefficlent | first
decreases and reaches a certain value of Upipn at €p4p, and then

increases again. The reduction in the coefficlent |4 1s connectsd
with the reduction in the probability of the photoabsorption and
Compton scattering processes with increasing gemma-radiatlon energy.
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Figure 1l. Linear coefficients of absorption of gamma
radiation in air (NTP) for different quantum energles,
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The increase in the coefficient w at high energlies of radia-
tion 1s connected with the appearance of pair production at €>'2m002
and with the increase of the probability of thls process upon

further increase in €.
The quantity €3, depends on the atomic number of the sub-

stance; the smaller Z, the greater €pipn. Table 11 lists the
values of €pin for different substances.

Table 11 *

Quantum energy at which ¢+ assumes a minimum value.

Element Bel BJ|CI|N ‘ O' Al [Fe | Zn

, w

Pb’ U

Cd
4,4

46 ’39 l?l ‘9 '7,6‘ ’3,5,3,4'3,3

Emins Mev..| o4 l 70 ‘ 56

The role of the pair-production and photoeffect processes in
absorption of gamma rays 1s significant only when the radiation
interacts with heavy elements. For light elements the predomlnating
process 1s Compton scattering. For example, for air, at least
within the limits of Compton energies from 100 kev to 3 or 4 Mev
(Figure 11), the interaction between the radiation and matter 1is
determined only by the Compton scattering.

Table 12 gives the intervals of gamma-quantum energy, in
which one of the three basic processes of interactlon between
quante and matter predominates.

Table 12

Value of quantum energy at which one of the
three processes of interaction between the
quanta and matter predominates in the absorption.

Photoeffect Compton Pair production,
Substance €, kev scattering €, Mev
Air < 20 30 kev< £ €23 Mev > 23
Aluminum < 50 50 " " 15 " >15
Iron < 120 120 " " 10 " >10
Lead <500 500 " " 5 " >5
i

It is seen from the table that in alr, aluminum, and iron,
in the gamma-quantum energy range from 100 kev to 10 Mev, the pre-
dominating process 1s Compton scattering. In Compton scattering,
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the linear coefficlent of absorption is determined by the density
of the electrons in the matter

B = gopn = ognZ = Oghg. (6.13)

Here ne = nZ 1s the density of the electrons in the matter,

Np
n = -t

(N i1s the Avogadro number; P ~-- density of the substance; A -- the

atomic welght).
Substituting (6.14) in (6.13) we obtain

b = ogpN £, (6.15)
or
%} = agn £. (6.16)

For light elements the value of Z/A is close to 1/2 (with the
exception of hydrogen, which 2/A = 1).

Table 13 1lists the value of Z/A for several elements and
chemical compounds.

Table 13

Magnitude of ratlo é%

Substance zZ/A Substance zZ/A
carbon. ® 6 085 &0 8000 o. 50 l‘food. L BN B B B BN BN BRI B BN AR BN BN BN J O. 52
Nitrogen. L 2N B BN BN BN BN BN BN ) 0050 Sodium. ® 0 008 0000880 0 0.48
Oxysen. ® 0 08 500 b0 S O 0 L ] 50 Alum 1num . 00 08 000 80 0 o L] 48
Alr.....‘......'... 0.50 Silicon....'......... 0.50
Water'............. 0.55 Iron.......'."....'. 0'46

According to these data and formula (6.15), the linear coefficients
of absorption K of the light elements and their compounds (i.e.,
most of the structural material) are proportional to the density
of the matter and are practically independent of Z. The mass
coefflcients of absorption p/p are independent of the density of
the substance. Therefore, knowing H for one substance, we can
readily determine H for any other substance by multiplying by the
ratlio of the densitlies of the substances.

This simple rule is valld only when the quantum energy 1is
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such that the predominating process is Compton scattering, and it
is therefore approximate. The degree of accuracy of this rule is
determined by the constancy of the ratlo Z/A (Table 13) on going
from one substance to the other. It i1s the exact only for sub-
stance with the same ratio Z/A. For example, the two substances
water and air do not have the same values of Z/A, therefore the
rule of proportlonality of \ and p is not exact for these sub-
stances?

P water _ 1 -
6 aip - O.00139 = 770

This ratio differs somewhat from the ratio of the coefficlents of
absorption, which is equal to the ratio of the electron densitles

¥ water _ Ne water _ 860.
¥ air neg air

The Roentgen. The ultimate purpose of a physical estimate
of the action of gamma radiation 1s to determine the gamma ray

energy absorbed by 1 cm? of ailr. This quantlty called the dose,*
characterizes the biologlcal actlion of the radiation. The dose
can be expressed in units of energy absorbed in the alr and 1in
units of amount of electricity released as a result of lonizatlion
of the air upon absorption of the gamma-ray energy. The dose 1is
measured in roentgens (r). By definition, a dose of one roentgen
is the amount of absorbed radiation, which produces in 0.00129
grams of air the number of lons necessary to make up one cgs
electrostatic units of each polarity.

The roentgen is related to other units used in the calcula-
tion of doses by the following connectlions:

1 roentgen corresponds to lonization in alr, equilvalent to:

a) 1 cgs esu/cm> of alr,

b) 2.08 x 109 pairs of ions per cubic centimeters of air,

e) 1.61 x 1012 pairs of ions per gram of air;
1 roentgen corresponds to an absorbed gamma-ray energy
equal to:
a) 6.86 x 104 Mev/cm> of alr,
b) 0.11 erg/cm3 of air,
¢) 84 erg/g of air,
dg 5.3 x 107 Mev/g of air,
e) 93 erg/g of tissue.

¥In the official definition of the dose, one refers to the radia-
tion dose and not to the absorbed radlation energy. But slnce

the biological action 1s produced by the absorbed radlation energy
and not by the radiation passing through a given place, we speak
here of a dose of absorbed energy, all the more since 1ln the
official definition the radlation dose 1s measured, 1n final
analysis, by the energy absorbed 1in alr.
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Table 14

Density of quantum flux and intensity of
radlation producing a dose of 1 roentgen
at different quantum energiles

(27]
- S R,
d] = o] H §cu >l
g 3 =l o g g ol &
|- [} > = =it o
= o () 2 -
'O — . (s}
W — . (‘)“ (o)} '
. W o )
o 2 ¥ =
= =
0,020 4,7 0,094 | 1,2 1,7 2,05
0,060 26 1,55 1,8 1,3 2,35
0,120 19 2.3 2,4 1,0 2,4
0,300 6 1.8 3,0 0,9 2,7
0,600 3 1,8 4,5 0,73 3,3
0,900 2,1 1,9 12 0,4 4,3

1 Mev/cn> of air equals 1.48 x 107> r,

1 Coulomb/cm3 of air equals 3 x 109 r.

Table 14 lists the values of the density of the flux of
gamma rays (No, quanta/cmz) and the corresponding energy flux
density (€ = NpE, Mev/cmg), which produces a dose of 1 roentgen.

The intensity of gamma radiation necessary for the forma-
tion of a dose of 1 roentgen 1ln the gamma-ray energy interval
from 0.1 to 2.5 Mev, ls practically independent of the energy
(since Pe in air is approximately constant) and amounts to

2.1 x 109 Mev/em? ¥ 15 percent.

7. PROPAGATION OF GAMMA RADIATION FROM A POINT SOURCE IN A
HOMOGENEOUS INFINITE MEDIUM.

Distribution of dose intensity of gamma rays st different
distances from the source. Thls problem is baslc for all practlcal
applications, since the action of any configuratlon of sources can
be made up of the sum of the action of point sources. It corres-
ponds to the scheme of action of gamma radlation from explosion as
described in Item 1 of the introductlion (page 10 [of source],
Figure la).

This problem has been the subject of many theoretical and
experimental investigatlons. The most complete theoretical results
were published by Fano and Spenser [9] and by Goldsteln and Wilkins
(10]. By using the method of simulation in water, the most complete
results were obtained by Lelpunskil and Sakharov (quantum energy
0.41, 1.25, and 2.8 Mevx, by White [11] (quantum energy 1.25 Mev),
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and by Roys and others [22] (quantum energy 6 Mev).

It can be stated that the problem of the three-dimensilonal
distribution of doses and of the intensity of gamma radlatlion from
a point source in an infinite medium has been completely solved.

Little attention has been pald to the following problems,
which are also of practical importance: the case of an lnhomogen-
eous medium (for example, variable density of the medium, the
boundary between two half spaces of earth and air), angular distri-
bution of doses, spectral distribution of intensity of the
scattered radiation in various solid sngles, etc.

This problem considered has spherical symmetry. Therefore
the distributlion of the intensity and of the doses of the gamma
rays in space depends only on one space coordinate -- the distance
R from the source.

The intensity of radlatlion from an 1sotroplc polnt source
attenuates with increasing R, owlng to increased distance from the
source and owing to the interaction with matter.

In vacuum, the attenuation is produced only by the geometrl-
cal factor and therefore

_ G (7.1
Iy = 4% R3 )

(G 18 the activity of the source, Mev/sec).

In a medium, the intensity decreases also as a result of
absorptlon of energy 1ln the substance.

A definite fraction of the quanta passes through the sub-
stance without belng scattered or absorbed. These constitute the
so-called direct radiation, unlike the scattered radiation, the
composition of which is determined by the multiple scattering
(diffusion) of the quanta. Inasmuch as the probablllty of a
quantum passing through a distance R without 1lnteracting 1s equal

to e~ MR, the intensity Jy of the direct radiation is

—_G — poR
Jo— an for (4 . (702)

It 1s obvious that the sought J(R) is leas than Jy(R), since no

absorption 1s taken into account in (7.1), but is greater than
Jo(R), since the absorption has been over-estimated in (7.2)
(scattered quanta not taken into account in (7.2), are added to
the direct-radiation quanta). Thus,

J (R)>J (R)> 1, (R). (7.3)

According to (7.1l), (7.2), and (7.3), the expression for
J(R) can be written in form
G
4r Rt KJ' (7.4)

where Ky 1s the intensity attenuation factor (KJ<:1), equal to the
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ratio, at the given point in space, of the Ilntenslty of the gamma
rays in the presence of an absorber to the Intensity in the absence
of an absorber, or else in the form

(7.5)

where By is the intenslty bulild-up factor, equal to the ratio of
the intensity of radiation to that part of the radliation due only
to the direct radlation

J, + J :
BJ = ...§-—_—-9- (7.6)
Jo
Jg =-- intensity of scattered radiation. It is obvious that
—uR
Kj: Bje . (7-7)

The expressions (7.3), (7.4), (7.5), (7.6), and (7.7) are
written for the intensity of the gamma radlatlon, but they can be
generalized for all effects connected with the actlon of the quanta.
Then, in accordance with (7.6), the coefficlent B can 1n general
be taken to mean the ratio of the result of a definite action of
the total flux of gamma-ray quanta to the result of the action of
the flux of quanta due only to the direct radiation. The subscript
of the coefficient B will indicate in thils case the partlcular
radiation action referred to. For example, By is the ratlo of the
total number of quanta to the number of quanta 1n the dlrect beam;
By -- ratio of the total intensity to the intensity of the dilrect
beam; Bp == ratlio of the total dose power to the power produced
by the direct beam. One can introduce also coefficlients B for the
ratio of the readings of certain Instruments, etc.

Similar symbols are used also for the attenuatlion coeffi-
clent K.

According to (6.11), the dose power of interest to us, P,
l.6., the power of the absorbed energy, is connected, 1ln the case
of a monoenergetic radiatlion, with the intensity J (in Mev/cm?) by
the following relation

P=y,J 1,48 107% p/sec (7.8)

(1.48 x 105 1s the conversion factor from absorbed energy in

Mev/cm3 to the dose, r).
In the case non-monoenergetlc radlatlon, the expression

(7.8) must be replaced by
P =148 . 10— (m (€) J (¢) d ¢, */s6C. (7.9)

v

After passing through the matter, the gamma radlation becomes

39




non-monoenergetic, even if the source itself, with a quantum energy
€o» 1s monoenergetic. In this case the factor o (€p) is taken

outside the integral sign

P = 1,48 - 1075 Pe s\'()j e 1) ‘/(‘:‘) d:’. (7'10)

e (=)o

In accordance with (7.10), (7.4), (7.5) and with considera-
tion of the general meaning of the coefficlents B and K, we can
write down the following expressions for the dose power from a
monoenergetic source with quantum energy €qg:

P =148 - 10~5%¥1’E(§ﬁ/<,, r/sec; (7.11)

p=P,B,=148 . 10— Lieldlrg =0IR r/sec;  (7.12)

K=pe "R (7.13)

As already indicated, in a wide range of quantum energy
€ - p(€), 18 practically independent of €, therefore J~P, Kp=K;g
and Bp=B,.

The determination of the coefficlents Xp (R, 80) or B, (€Eg)
18 a problem in the theory of multiple scattering of guanta or of
model experiments.

Theoretical determination of B,. Figure 13 and Table A22
of Appendixtffrgive the calculated values of Bp [10]. In these

data the distance from the source R is expressed in unlts of mean
free path of the primary radiation in the mediumilo = 1/@(60).

With the space coordinate expressed in this manner, the magnitude
of the coefficient of attenuation of the radiation per unit length
of absrober is independent of its intensity, and all the laws of
absorption of radiation in media with equal values of Z, but with
different densities, assume the same form. Thls rule 1s retalned
also for substances with different Z in the case when only the
scattering by the free electrons is of importance in the inter-
action between the quanta and the substance (Table 12).
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Figure 13. Dose bulld-up factor Bp (€gs HR)

for gamma radiation from a polnt source in
water at different values of quantun energy
€y [10].

According to this rule, the coefflclents B for two absorbing
medla are equal, if the thickness of the absorber 1s expressed 1n
units Ag = I/ (Eg).

The ratlio of the quantities;\o for water and air at 0°C and
a pressure 760 mm is 860. When measuring distances in ordinary
units of length, the coefficlents B for water and for air are equal
at distances from the source differing by a factor of 860. This
rule serves as the basis for the possiblility of simulating the con-
ditions of propagation gamma rays in air with the ald of small-slze
water models.

The accuracy of the calculation of Bp and By is estimated by

the authors at * 5 percent for the case of iron and lead at short
distances from the source and at * 15 percent for long distances.

In the case of light elements such as water and aluminum, the
estimates are * 10 percent for short distances and + 25 ~ 30 percent
for long distances.

41




Figure 13 shows the values of Bpr in water for different
distances from the source (the values of £ are marked on the end of
each curve). From Table A22 of Appendix II and from Figure 13 it
is seen that as the distance from the source is increased, the
coefficlents By are continuously increased and that consequently the "
role of radiation in the production of the gamma-ray dose also in-
creases continuously.

For primary radlation €g = 0.5 Mev, at a distance from the
source of 10 R/%o in water, the dose produced by the scattered

radiation 1s 80 times greater than the dose produced by the dilrect
radlation. By interpolating the data of Table A22 of Appendix II
we can obtaln values of Bp for elements with different values of Z
and for different quantum energy €g. Thus, values of Bpr have been
obtained for €9 = 1.6 and 2.2 Mev, which are characteristic of
gamma-ray sources produced in the reglon of an atomic explosion.

The values of Bpy can be calculated also from interpolatlon formulas.

The values of Bp glven 1n Figure 13 and in Table A22 of
Appendlx II make it possible to calculate the doses of gamma rays
up to poR = 15 or 20. At greater distances from the source it 1is
difficult to solve the kinetic equation for the diatributlion of
gamma rays with a sufflclent degree of accuracy even with the aid
of electronlic computers.

At large values of pgoR, an asymptotic form has been derived
for t?e]attenuation of the intensity and the power of the gamma-ray
dose (9].

Experimental determination of Kp. Flgure 14 shows a compari-
son of the results of an experlmental determination of the
coefflicients of attenuation in simulation experiments 1n water
(according to the data of references [11, 21, 22]) with the theo-
retical values obtained by formula (7.13).

The laws of attenuation of gamma-ray doses thick layers are
not simple exponentlal laws. The obsgerved effective linear coeffi-
clents of absorption of the dose power of gamma rays, Rhere (the
change in the logarithm of coeffilclent of attenuation or the dose
power per unit length of absorber) 1s not constant, but depends on
the distance to the source. At small distances, Hery 18 close in
magnitude to Hpe -~ the coefficlent that determines the absorptlon
of the energy from the direct radiation. This 1is natural, for at
small distances from the source the double or multiple scattering
has low probability, and the energy loss 1n single scatterirg of
radiation 1s determined by the coefficient Hpe.

For soft radiatlion, the coefficlent Werf at small distances
from the source may be even less than jtgg, When the flux of the
backward-scattered radiation from deep layers of the absorber 1is
added to the direct and singly-scattered radiation traveling from
the source.
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Figure 14. Coefficlent Kp (€g, MoR) of attenuation
of the dose of gamma radiation from a polnt source
in water at different quantum energles.

For exsmple, with €9 = 0.41 Mev and less, at a distance
PoR = 1 from the source, the gamma-ray dose not only 1s not
attenuated by the absorber but, to the contrary, is intensified.

As the distance from the source is lncreased, Merf increases and
approaches kg, 1.e., the linear coefficient of absorption of the
primary radlation.

It can be seen that, over a wlde range of source quantum
energles, the experimental and theoretlcal methods of investigation
give identical results within the limlts of errors of calculation
and measurement. Since the accuracy of the theoretical calculations
of the value of K for Eg = 0.41 Mev 1s less than the accuracy of the
experiment, we shall use the experimental data in further c¢alcula-

tions for thls energy.
From Figure 14 it 1s seen that within a definlte interval of

distances from the source the laws of attenuation of the gamma-ray
doses can be represented approximately by means of the empirical

formule
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- MereR

_ 50 pe (%)
. 5 € \*0
P=148. 10 g 4¢ , r/sec. (7.14)
Using this notatlion, we introduce two coefficients & and t

Beff, which depend 1little on the distance, in lleu of the coeffi-

cient Bp, which depends very strongly on the distance, and W(€g),

which does not depend on the distance. The coefficient & is inde- -
pendent of the density of the substance, while the coefficient

Pepr 18 proportional to the density pP. Therefore the expression

for the coefficlent of attenuation Ky can be written in the form

Kp = wo” PoftR _ g = RfAefs (7.13")

instead of (7.13).

Formulas (7.13') and (7.14) are convenient to use in the
case when they can be employed in the interval of distances in
which & and pgpe can be consldered constant.

Flgure 15 shows the values of & and Ugrpe for alr for two
distance intervals in which & and {gpp were assumed constant.

The distance intervals 400 - 1000 and 1000 - 2000 meters
were chosen such as to make formula (7.14) glive a result accurate
to ¥ 10 percent. If the permissible error is greater, the width
of the interval with constant & and perp where (7.14) is valid¥®
can be lincreased.

Intensity of gammg radiation in the presence of a spherical
cavity around the source. A spherical cavity around the source is
the slmplest model of inhomogenelty of air, occurring in atomic
exploslon along the path of the gamma rays, as & result of the
propagation of the shock wave.

Information on the propagation of radiation in air, 1s ob-
tained 1n thls case with the ald of simulation experiments in
water. The region of rarefaction around the source was simulated
in water with the ald of 10 empty aluminum spheres, the center of
each of which a source was placed. The radii of the spheres were
18.5, 29.5, and 40 centimeters, equivalent to rarefaction regions
in alr with radii 160, 254, and 342 meters. The measurements were
carried with three gamma-ray sources with £y = 0.41, 1.25, and 2.8

Mev.

#In Chapter III we shall use formula (7.14) instead of (7.12).
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Figure 16 shows the result of the experiments, with the
absclssa axls representing the thickness of the layer of water
(R - ) along the path of the gamma rays, i.e., a quantlity numeri-
cally equal to the "optical thickness" & (since p = 1). The energy
of the quanta, in Mev, 1is marked on the end of each curve in the
figure. The approximate agreement between the coefficients of
attenuation in the experiments with and without cavity shows that
Kp, and consequently also By and Herp, are functions of the

"optical thickness" R - L.

1
QOT(;/
P
N without absorber(x,=1)
==
" .
N
\
1t "
‘ \
\ "
A
‘ N
+  40cu \ NE=29
-] 295 n
0 185n
§ n 6-’,25
1
£ =041
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Thickness of water layer along path of
Y rays, R-L, cm

Figure 16. Coefficient of dose attenuation Ky of
gamma radlation in water in arbitrary units in the
presence of a spherical cavity of radius L around

a point source, for different quantum energiles:

— measurements wlthout cavity, +++ - for

40 centimeters; 844 -~ for L = 29.5 centimeters;
0 - for L = 18.5 centimeters.

L =
00
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The results of the experiments is the conclusion that the
coefficlent of attenuation of the radlation Kp, both in a homogen-
eous absorbing medium and in a medium in which the absorber becomes
rarefied around the source, 1s almost the same for equal thlckness
of absorber R - L along the path of the gamma rays. This follows
from the approximate agreement between the values of Kr in experi-
nente with and without cavity. Thus, the value of Kp, which is
equal to

B wR) ¢ %,

is a function of p(R - L).

The result obtained can be interpreted in a more general
form. The coefflcients characterizing the attenuatlon of the
radiation of the absorber Br and Kr at a polnt located a distance
R from a point source, are determined not by the value of Mp Or
Rﬂl,nggt by & quantity analogous to the so-called "optical thick=-
ness :

R
=\pdR. (7.15)

0

If the density of the matter 1s varlable and depends on R in
accordance with a law p(R), then the coefficlent uw(p) changes, de-
pending on p, in accordance with the law

g (o) =p (po) =2 p(R) , (7.16)

and then

0

R R
AZX”dR:jv<mpmMm. (7.17)
p
0 0

If the density of the substance is constant, then
R
X&L (Po)———": YdR =y (o)) R,
0

i.e., the "optical thickness" in this case is equal to the para-
meter uR.

If this source is surrounded by a cavity of radius L, then
we have p - O when R<L and p = po Wwhen R >L, and consequently
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fo

R
A= fu (0) “ R dR =g () (R — D)=L (7.17")
0

Figure 16 shows that in the case when the medlum does not
have a homogeneous density 1t 1s necessary to use as the parameter .
determining the value of the coefficients B and K the values (7.15)
and (7.17') =-- the "optical thickness," instead of R or R/A. This
operation is approximate. The degree of approximation can be seen
in Figure 16.

The concept of "optical thickness" 1s used in Chapter III
in the estimate of the effect of the shock wave on the intensity of
the gamma radiation.

Notes on the propagation of gamma radistion in air near the
earth. If an atomic bomb explodes near the surface of the earth,
then the propagation of the gamma radlation occurs under condltions
of an inhomogeneous medium, i.e., of two half spaces -- the earth
and the alr.

The effect of the earth on the propagatlon of gamma rays in
earth has been investigated 1little.

The interaction between the radiation and the earth is
particularly important when calculating the gamma-ray doses on the
surface of the earth ~- on the boundary between the earth and the
air.

Let us consider the posslble difference between this case
and the case of propagation of gamma rays 1in a homogeneous air
med ium.

In a homogeneous medlum at large dlstances from the source,
the intensity of the gamma rays 1is determined essentlially by the
scattered radiation, which is produced by a broad beam of primary
gamma rays.

In the presence of earth, part of this broad of gamma rays
is absorbed by the earth in the direct vielnity of the source and
does not participate in the creation of scattered radiation.

If the point source and the point at which the radiation 1is
investigated are located at the level of the earth, then half of
the broad beam of the gamma rays traveling in the direction from
the source strikes the earth and 1s absorbed in it. One can
therefore expect that in this case the total intensity of the gamma
radlation at large distances from the source 1s approximately half
as small as in the case of a homogeneous air medlum. At small
distances from the source one can expect, to the contrary, a cer-
tain increase in the intensity of the gamma rays, by 10 or 20
percent, owlng to the presence of radlation scattered backward from
the earth.

The characteristic features of the propagation of gamma rays ‘
in air over the earth are shown in Figure 17. The radliation -
scattered in the alir, makling up the main contribution to the dose
at large dilstances, occurs only on the upper half of the space,
whereas in the case of a homogeneous alr medium 1t would also come .
from the lower half space (dotted). Therefore in the case shown
in Figure 17 the dose 1s approximately half the dose in an infinite
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homogeneous medium. If the source is located not on the earth, but
above 1t, then as its dlstance from the earth increases, the influ-
ence on the gamma-ray doses on the surface should decrease.

The foregoing qualitatlve considerations concernlng the
propagatlon of gamma rays in alr over the earth have been confirmed
by experimental data.

Figure 18 shows curves in the attenuation of the gamma-ray
dose intensity according to the data of the suthor and V. N. 6
Sakharov. The experiments were carried out with a source of Co 0’
located at a helght of 1 meter above the earth.

AIR
Scattered
radlation
Direct r-aldiation- Scattered radiation
Source | [—— , etector
T — T
— ~
\\\//
EARTH

Figure 17. Features of the propagation of gamma
radiation in the case when the source and detector
are located in the boundary of the air -- earth half
gpaces.
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Figure 18. Coefficlent
of attenuation of the
dose of gamma radliatlion
:::::~\\\\ from a Cob0 point source
™, ~ when the source and the
N >~ detector are located on
1.2 \\\»\\\\\:\\\\\ the earth -- alr boundary
S ‘\\\“\\\ at a height of 1 meter
\\\\\ \\\\\N\\\\ g?oveFthe earthi(curve
_ . For comparison,
a1 : NI 2 \1\\ the figure shows the
\\\\ B attenuation coefficlents
S in a homogeneous air

gﬁ N medium (curve 1) calcu-
10 5 N lated from the

N measurements 1ln water
o] \ and the coefficlents
460 — £ of attenuation of the
100 200 00 400 500 800 700 800 ¥ direct ray (eurve 3).
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Spectral composition of gamma radiation. In reference [10]
the spectral distribution of gamma radiation in an absorbing
medium was calculated for different distances of the point source.
Figure 19 shows the spectral composition of the gamma radlation of
a monochromatic point source of unit activity (G = 1 Mev/sec) with
€9 = 2 Mev in water. The spectral distribution 1s expressed by the

function

daJ

.f [e, | (eo) R] - de

(7.18)

Along the abscissa axis is plotted the quantum energy in Mev, while
the ordinates represent the values of the function %7.18), referred
to the intensity of the direct radiation of the source, i.e., the

values f[€, w(€y)R1/Jp.

L al _ fleer (R (e e () R 4ﬂRzeP('0)R.

Jo d- Jo [ (20) R] G

The function f[€, p(SO)R] makes it possible to calculate the
intensity of the gamma rays at different energy intervals over
different dlatances from the source

jf [, v () R] de=1,,

(in the interval €; to €p at a distance from the source
H(€o)R);

S

§f (e, v (0 R1de = J [ (e5) R; 1)

L)

Jfr-.p(«omld- _J _pg.

Jo Jo J?

]

j’f [e. 1 (%) R]de __
J {u (20) R}

0

In Table 15 and in Figure 19 are glven the values of the
intensity in different spectral intervals Jel, €5 in percent of

the overall gamma-ray intensity J for W(€5)R = 4.7 and 15.
In Filgure 20 we compare the form of the spectral distribution
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of gamma rays in water and different p(€g)R with energy 2 Mev. The

curves shown in this figure coincide 1in the soft part of the spec~
trum.

As can be seen from Figure 20 and Table 15, the relatlve
spectral distribution established as a distance (2 - 4) RA&O from

the source changes little with further lincrease in Rﬁko. Approxl-

mately 1/4 of the entire radiation energy belongs to the soft
radlation with energy € < 0.25 Mev.

100
gt*“+ s SRS S S
Zb\\”‘““‘ Figure 19. Spectral
@ N T " distributlon of the
4N T intensity of gamma radia-
NIEYO“'\Q: ' tion in water at differcnt
= ol N Mg et S SN o distances at 4R from a

_h~“‘*ﬂﬂum point source of quanta
with energy € = 2 Mev.

T B s S R oot sttt fespes e The values of the inten-
Zdjy;tyf‘—“iii:;if;:f‘”“*”“’“ - sity of radlatlon are
AR B "SR A [ I — ror=7 expressed in units of
A T - intensity of direct ray
A N S e T pr=t Jo, at the glven place

S e R e [r0].

2 L ]
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Figure 20. Comparlson
of the spectral dis~
tribution of the in- 20
tensity of gamma QIS
radilation in water at |
different distances T

30

Mor from a point -
gource of quanta of
2 Mev energy. The
curves for Hor = 4
and 20 on Figure 19,
coinclde with the
curve (tnr = 7, to
which the scale on
the ordinate axlis re- !
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)
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As p(€g)R changes from 4 to 20, the ratlio of the intensities

of the individual spectral components in the soft part of the
spectrum, for € <1l.5 Mev, remalns almost unchanged, while when
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€ >1.5 Mev 1t changes by not more than 30 percent.
Table 15

Spectral distribution of gamma radiatlion in water
from a quantum source with energy 2 Mev, percent

Energy

interval, p{z) R=4 p (g0) R=7 p (o) R =15
Mev

0—0,050 3,9 3,6 3,6
00,100 10,5 10,5 10,5
0-0,25 22,9 22,9 22,9
0-0,5 35,9 35,6 35,6
0—1,0 56,4 57 57,5
0-1,5 77 78 79,1
0-2,0 100 100 100

Note. The intensity of radiatlon in the energy
interval 1s given as a percentage of the
overall intensity J[u(Eg)] R

Angular distribution of gamma radiation. The question of
the angular distributlon of radlation arises 1n cases when part of
the radlatlon 1is held back by a shleld, and the detector recelves
only the gamma rays traveling from the scattering medium in a
definite s0lid angle. Such a problem 1s encountered in all schemes
of action of gamma rays.

There 1s no published theoretical solution of this problem.
The avallable experimental data are glven below.

The angular distribution of the radiation of a point source
in a homogeneous medium depends, in view of the symmetry of the
considered problem, only on two space coordinates: the distance to
the source and the angle @ between the directions to the point
source and to the radlating volume in the medium. Corresponding
to the "forward" half space 1s the interval of 6 from O to™/2,
while corresponding to the "backward" half space 1s the interval of
@ from /2 toT. When the source and the detector are both located
on the earth surface, the solid angles of the forward and backward
half spaces are equal to T steradlans instead of 27tas in a homo-
geneous medlum,

The dose D(w) produced by the radiation from the space
occupying a solid angle w, 18 equal to

D(w)=D Y (8) do,

L
w

(7.20)

where D 1s the total dose in the given place, 8 (6) 1s the dose
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produced by the radiatlon travellng in a unit solld angle at an
angle 6 and expressed in fractions of the total dose, 1l.e.,

3 (e)::;% 4D ()

dw

’

" (7.21)
6(8) do =1.
6=0
There exist seParate data on the dose produced by the radla-

tion from the entire "backward" half space, l.e., concerning the
quantity

3 3(0)do,

[2

b:

Ae—.2

and separate information on the quantlity $(6) in the "forward"
half space.

The author and V. N. Sakharov, and also A. A. Voevodskil,
have determined the amount of radlatlon reaching the measurement
point from the scattering medium 1n a wide angle O, from /2 to N,
i.e., from the "backward" half space of the scattering medium. In
one of the investigatlons, the experiments were carried out in
water with point sources of quanta with &g = 0.41 and 1.25 Mev,

while in the other -- in the case of propagation of a parallel bheam
of quanta with €9 = 1.25 Mev 1n concrete.

In both investigations, in order to estlmate the amount of
radiation going from the "backward' half space 1ln a solid angle of
2T steradlans, a comparison was made of the gamma-ray dose measured
in a homogeneous medium, with the gamma-ray dose measured after
removal of the "backward" half space of water or concrete, respec-
tively.*

The angular distribution of the radiation from a polat source
of 0060 in air over the earth was determlned in reference [12] (the
source and the detector were located at a helght of one meter above
the earth). The "backward" half space occupled an angle of M
steradlans, and not 2T steradlans.

Reference [12] also glves data on the dose of gamma rays
going from the "backward" half space, and on the angular distribu-
tion of the gamma rays within the limits of the "forward" half
space.

The results obtained in work on the angular distribution of
doses in the "backward" half space are given in Table 16, in whilch
1s 1isted the percentage ratlo of the dose of the gamma rays from

%Such & method of measurement glves a somewhat excesslve value of
dose from the "backward" half space, in view of the posslble
multiple passage of radiatlion from the "packward" half space into
the "forward" one and vice versa.
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the "backward" half space to the total gamma-ray dose, i.e., 8pe
Taeble 16

Dependence on the dose of gamma rays in the "backward"
half space (5y, percent) on the thickness of

the absorber R/Ag

~

Medlum and type of source R B, %
1,42 5,6
l. Concrete. Parallel beam of gamma jgg ]%é
Pays with EO = 1.25 Mev..oouoooa 5:75 13:8
7,8 26
2. Water. Point source of gamma rays
a; With€o=0.4l MeV............- 4,18 33
b VVitheozl.ES MeVo.o--o-oooooo 3,8 ]3
3. Alr. Point source of gamma rays ?gg 5%
on the air -- earth boundary 500 &
With 60—1025 MeVO'....OOQOCOOI 2:66 10:2
Note. The values of 8y for the case of propagation of gamma
rays in alr over the earth are closed over the values
of §p in homogeneous medium.

The fractlon of the dose from the "backward" half space
Inereases with increasing R/%o and with decreasing quantum energy.

The limiting value of this fraction can obviously not exceed
50 percent of the total dose of gamma rays. In view of the absence
of detalled data on the spectral and differential angular distri-
butions of the radiation within the limits of the "backward" half
space, one can start out in practical calculations from the

following estimates:
l. The angular distribution of radiation within the limits

N/2<g <Tis uniform, i.e., 18 1independent of € and consequently
1t 1s given for a homogeneous medium by the formula

8(e) = 8b.2.ﬂ.>ﬁ (7.22)

and for the case when the source and the detector are located on
the earth ~-=- air boundary, it is given by the formula
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8(e) = 8y 19-:(’- (7.23)

(the values of 81, are indicated in Table 16).

2. An snalogy spectrum of radlation 1ln backward scattering
(Seetion 11), the energy of radiation golng from the "vackward"
half space 1lles essentlally in the interval € = 100 - 300 kev.

The angular distribution of the doses from the radlation
goling from the "forward" half sgace can be determined from the data
of [12], which pertains to a Co 0 gource and to a small interval
of R/Ag values.

In Table 17 are given the values of 8(8) in the "forward"
half space with R/Ap = 2.66, calculated from the data of refer-
ence [12].

Table 17

Angular distribution of doses produced by
radiation from the "forward" half space

Interval of angle Do*
of measurement of - 100% 3(0) 100% **,
radlatlon o, deg
0—5 45,7 —
5—10 5,1 157
10—-20 8,8 61,4
2030 7,2 31,6
30—40 5,9 18,9
40—50 4,9 12,6
50— 60 4,0 9,0
60— 70 3.3 6,7
70—80 2,7 5,1
80—90 2,2 4,0
90--180 10,2 3,2 x>
#D(w)/D -~ ratio of doses produced by the
radiation arriving at the measurement point
within the limits of the glven angles © to
the total dose of gamma rays.

##8(8) == ratio of dose which arrives on the
average per unit solld angle within the given
1limits of @ to the total gamma-ray dose.

##%Average value over the solld angle L.
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It is seen from Table 17 that the angular distribution of
the gamma rays is highly anisotropic.#
Within the 1limits of @ from 7.5 to 909, with Rﬁmo = 2,661,

we have

0,04

—>" 1/steradian.
1,035 — cos 6

3 (8) =

Within the limits 6 from 90 to 180° we have
3 (0) =0,032, 1/steradian (7.24)

The fact that the average value of 8(6), taken over the "backward"
half space [8(8) = 3.25 x 10~2] 1is close to the value of &(®) for

@ =80 - 90° [8(8) = 4 x 1072], as determined in a solid angle

which 18 1.3 as large as the angle of the "backward" half space,
indicates that the angular distribution of the radlation in the
"packward" half space is much more isotropiec than the "forward"

half space.

8. POWER OF GAMMA-RADIATION DOSE IN AIR OVER AN EARTH SURFACE
COVERED WITH GAMMA~RADIATION SOURCES.

This problem corresponds to case "c" (see introduction and
Figure lc).

Any surface distributlion of the gamma activity can be con-
sldered as consisting of individual polnt sources and the dose
power over the earth can be calculated as the sum of the doses from

these individual point sources.
Let us glve the results of the calculation of the dose power

of gamma rays over sections of the earth, uniformally covered by
monoenergetic sources of gamma rays.

The doses of gamma rays in alr from the point source were
determined from data obtained with sources of gamma quanta of three
different energies (€g = 0.41, 1.25, and 2.8 Mev) in model experi-
ments 1n water, pertaining to the propagation of gamma rays in an
infinlite homogeneous medium. In these calculations we disregard
the inhomogeneity of the medium, i.e., the influence of the earth
on the dose in the ailr,

The results of the calculatlons are given in the form of the
formula##

P=148 - 10—%p, 0 f (c,, H, r), v/sec, (8.1)

where P 1s the dose power of the gamma rays in air and altitude H
above the center of an area on earth with radius r, on which the
gamma ray sources are uniformly distributed. The actlvity of these
sources 1s o‘Mev/sec-ch, and pe 1s the linear coefficient of

absorption of energy in air.

#0One should expect the anisotropy of the angular distribution of
the doses to decrease with increasing R/h.
##The calculatlions were performed by V. N. Sakharov.
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calculation of gamms radlation

Table 18
Values of the coefficlent f(H, €g, r) for the

S.ud f(H, €9, r) when the radlus of the
€0 L gamma-active surface 1s r meters
Mev(Z23s}
Zgis1| o 50 100 | 200 | 500 | oo
[ 0,7] — - - - — .87
1 |1,6 1,95 2,79 2,055 (2,695 12,7
2% - — — — — 1,1
50 10,55 0,165 0,38 0,605 (0,74 (0,75
0.41 100 — — — —_ — 0,405
200 10,00205 0,00825 [0,0305 0,085 (0,14 10,1435
250 [0,00105 0,00425 0,016 0,0435 {0,081 [0,085
300 — — — — — {0,0485
500 {0,435- 10-4|1,75- 104 {6,4. 10-4 [0,00215 |0,00525 |0,00625
1000 — — - - — 0,00006
0.7 — - — — | = |29
1 1,6 1,95 2,28 2,535 | 2,71 2,73
25 — — — — — 1,125
50 0,0535 0,165 0,37 0,585 | 0,76 0,78
195 100 — — — - - 0,45 |
200 0,0022 0,00875 | 0,0375 | 0,093 ] 0,18 0,193
250 0,00125 0,005 0,0185 0,05251 0,1165 0,13
300 —_ — — — - 0,09
500 (1 .10—+ |3,9.10-414,5- 10-4 | 0,005 | 0,0135] 0,018
1000 — — — — - 0,0005
0,7 — — — — — 12,9
1 1,6 1,93 2,25 2,525 | 2,735 | 2,785
25 — — — — — 1,19
50 0,053 0,16 0,365 0,595 { 0,8 0,855
2.8 100 - — — — — 1 0,335 |
200 0,0024 0,0095 0,0375 0,1 0,215 1 0,26
250 0,0015 0,006 0,0225 0,06 | 0,15 | 0,19
300 — — — — — {0,145
500 J1,65. 10-4 | 6,5- 104 | 25- 104 | 0,009 [ 0,035 | 0,052
1000 — — — — — 0,005%
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As was shown 1n Section 6, e depends little on € and 1t can
be set at 3.4 x 10~5 % 12 percent for quante with € ranging from
0.1 to 2 Mev.

The values of the coefficient f(H, ey, r) » needed for calcu-
lations by means of formula (8.1) of doses over a surface which 1s
uniformly covered by gamma sources of energy £g Mev, are listed in
Table 18 (the radlus r of the gamma activity of the surface 1is

glven in meters).
The values of the coefficilent f(H, €g, r) for values of £q,

H, or r different from those given in Table 18, can be obtalned by
interpolation.
Figure 22 shows, for convenlence in interpolation, the values
of f(H, €g) as functions of €p. It follows from Table 18 and
Figure 22 that at low altitudes above the earth (H <200 meters) the
magnitude of the dose of the gamma rays depends only on the surface
density of the radiatlion of the energy and i1s practically independent
of the energy of the gamma quanta, €p, 1n an interval of €p from
0.41 to 3 Mev. This circumstance makes 1t possible to determine,
on the basis of dosimetric measurements carrled out on altitudes up
to 200 meters, the density of the surface contamination of the earth
or the dose power of the surface of the earth, independently of the
energy of the quanta radiation from the sources covering the earth.
Table 18 shows that for H=0.7 - 1 meter the lntensity and
the dose power of the gamma rays can be calculated from the follow-
ing simple formulas:

J =3, Mev/sec * sz, (8.2)
P=15.10""¢, p/sec. (8.3)

Figure 21 shows the values of the coefficient f(H, €p, r) as
a function of the magnitude of the radius of gamma activity on the
earth's surface (the valuea of the quantum energy are marked at the
end of each curve. At the end of each group of three curves, per-
taining to the quantum energies 0.41, 1.25 and 2.8 Mev, there 1s
indicated the helght of the detector H above the earth).
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Flgure 21. Dependence of the coefflclent

f(€Eg, H, r) in formula (8.1) on the radius

r of a surface uniformly covered by sources

of gamma radietion.

59




Altitude, meters

4
H=1

? X

5 ] #=50

)

4

, —————{#=200
LIS B | |#=200
L]
L
) ~ —— H=500
- /’
s ¢ — =

i i

g > -

§

¢

2

07 ¢

J a5 ! 15 2 25 I Mev

Figure 22, Values of the coefficient
f(€g, H, r =) for different quantum
energies €, determining according to
(8.1) the dose power in alr at an
altitude H above an infinite area,
uniformly covered with sources having
a surface activity o Mev/cm? sec.

As can be seen from the figure, at small helghts above the
earth (H=1 meter) the dose of gamma rays is determined essentlally
(up to 90 percent), by sources located not farther than 200 - 300
meters from the measurement source. The gamma actlvity of more
remote portions produces only an insignificant fraction of the
total dose.

As the height of the point of dose measurement above the
earth is increased, the role of the remote portions becomes more
important. Table 19 gives the radil of sections, whose gamma
activity determines 50, 80, and 90 percent of the total dose of
the gamma radliation above an infinite surface of the earth, unl-
formly covered by gamma-ray sources.

The table makes 1t possible to estimate the influence of
contamination sections located at varlous distances from the
measurement point on the gamma-ray dose. This ls important to .
know when doses are measured over regions with nonuniform radiation

energy density o.
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Table 19

Radil of sections (r, meters) producing a definite
fraction of the total gamma-ray dose

Helight of
measure- (€5 = 0.41 Mev|€y = 1.25 Mev|€5 = 2.8 Mev
ment '
point
above the -
earth,
H, meters 50% | 80% | 904 | 50% | 80% | 90% | S50% | 80% | 90%
1 15 75 | 140 15 85 | 160 15 95 | 130
S50 100 | 200 | 290 { 110 | 230 | 325 | 130 | 270 | 370
200 140 | 300 | 375 | 210 | 340 | 460 | 260 | 475 —
250 200 | 370 | 450 | 250 | 370 | 470 | 300 | 500 —
500 260 | 460 | — | 325 | 550 1 — | 450 | — | —

If the distribution of the activity above the earth is
uniform within several hundred meters, i.e., if ¢ = const, then
1t 18 possible to determline the dose at not too high an altitude
above the earth from the values of the coefficient f calculated
for an infinite plane, i.e., the coefficient f(H, €, r = 0),

9. DOSE POWER OF GAMMA RADIATION ABOVE A PLANE LAYER OF ABSORBER,
CONTAINING SOURCES OF GAMMA RADIATION.

This problem corresponds to case "b" (see Introduction,
Figure 1b) of the action of gamma rays in an atomic explosion.

When the earth becomes activated, and also when gamma
actlvity becomes distributed in a volume of water, individual
polnt sources of gamma rays are dlstributed over a layer of the
absorber (earth or water). To calculate the doses of gamme radla-
tlon above the surface of a gamma actlve layer of absorber, it is
necessary to take into account the absorption of the radiation in
this layer.

As 1n the case descrlibed 1n Section 8, the dose of 7y rays
can be calculated as the sum of the doses from the individual
point sources. The yleld of ¥ radiation from an individual point
source from an absorber layer into the air above the surface has
been Investigated experimentally by means of water experiments,
With an error not exceeding * 10 percent, the coefficlent of
attenuation of the dose power the 7y rays, at an absorber layer up
to (4 = 6)Ay can be represented in the form (7.13') [21].

-X/Aerp
]

Kr = Qe (901)
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where x 18 the thickness of the layer of absorber along the path of
the ¥ rays from the source to the point of measurement, while « and

Agpp are empirical coefficients.
The values of the coefflcients & and Agrp for the case of
absorption of the radiation in water in the presence of point .
sources of Y-quantum energy €g, amounting to 0.41, 1.25, and 2.8 ‘
Mev, and of 7Y rays from Na2%, are given in Table 20.
The radiation of Na24, which consists of 7Y rays with €y = 1.4 )
and 2.8 Mev, 1s the most characteristic for the radiation from earth
and water activated by neutrons. The values of Agry for earth,
concrete, or other substances which consist of light elements can
be obtained by multiplying the glven values of Agpr for water by
the ratio of the electron densities of the substances. This has
yielded the values of Agpr for water given in Table 20.

Table 20

Parameters of & and Agpp Of the coefficlent
of attenuation Kp in formula (9.1)

Agrr, cm
Quantum
energy o in water In earth
€y, Mev (p=1.7 g/cm3)
0.41 1.36 18 10.6
1.25 1.33 24 14.1
2.8 1.2 39 23
Y rays 1.23 34 20.0
from Na24

The coefficient & for absorbers made of light elements 1s
independent of the density of the substance. The values of @ and
Aerf Tor y-quantum energles different from those given in Table 20

can be obtained by interpolation, using Flgure 23.

If the distribution of the ¢y activity in the absorber layer
is known, then by using the data of Table 20 it 1is possible to
calculate the doses of Y rays above the surface of the absorber.
With uniform distribution of the ¢ actlivity, 1t 1s possible to
obtaln the solution in the form of simple formulas.

Figure 24 gives the scheme of the solved problem.%* The dose
power of the Y rays at an altitude H above an infinite layer of
absorber of thickness x, with sources uniformly distrlibuted in such

¥The calculation of the dose power was carriled by V. N. Sakharov.
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a way that the specific activity corresponds to g Mev/sec - cm3,

is
- x{
X -2 AereH
. P-—1,48. 1O~ﬁ,5‘ftf4:;?' ge dx, r/sec. (9.2)
0!,
. A’eff' o
40:2 //
/
0415 e ———
—— —_—
201 —
= Aors
10105
- £
2 a5 y 15 20 25 30 Mev

Figure 23. Attenuation of the dose power
from a point source on passing through a
plane layer of water. The values of the
coefficlent Agpp and @ in formula (9.1)
are for different quantum energies €.

Detector

Figure 24, Scheme for
calculating the dose power
at an altitude H above a
layer of absorber, in
which the sources of ¢
radlation are uniformly
distributed.
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It is seen from Flgure 24 that

dL _ di B
7j—fr,ldl_.rdr (9.3)

(lo is the minimum distance from the detector to the earth, from
which the integration begins, {o2>H). In integrating from lp to
infinity, one calculates the dose power of the Y rays, produced

by the %y activity of the entire active layer, with the exception
of those portions of this layer which are located at a distance

7< 7y from the detector P(lg). In integrating from o = H tooo,
one calculates the dose power from the entire active layer P(H).
The difference between P(H) and P([y) determlnes the dose power of
¢ rays from the Ty actlvity, located at a dlstance 7 <[y from the
detector; x is the thickness of the active layer, measured 1ln the
same units of length as Agrr. The dlstances H and ! are measured
in identical arbitrary units of length. The absorption or scatter-
ing of ry quanta in air is not considered, and therefore (9.2) 1is

valid only for small values of the height H.
By integrating with respect to x and ! and using formula

(9.3), we get

P (! H—=1.4 —6 £ [ (:_.E.Z_Q
(L, x, H)=1,48 - 10 pea7{x - (x|t
XZO

T XerfH
£fH eff
+ 2 (1 - ) , r/sec. (9.4)

lo

For the entire infinite activated layer of absorber of thickness X,
1.e., for {5 = H we get

P(x, l,=H)= . 10-5, 28] & |- - gE—
( o )=1,48 - 10 peaQ{x[ Ei( "eff)]

X
" Aeff
+ Agrr (1 - e , r/sec. (9.5)
For an infinitely thick layer, l.e., for x —» 0, We get
a
P, x=0w0)=148 - 10=°p,a g —%i Zﬂa’ r/sec. (9.6)

When /5 = H and when x —>®, l.e., for an infinite uniformly actl-
vated half-space of absorber, we have

P—148 - 10~ p,a g “2EL, 1/sec. (9.7)
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A feature of formulas (9.5) and (9.7), derived for an in-
finite layer of absorber, is that the dose power of the ¥ rays does
not depend on the height of the point of measurement above the
layer, l1.e.,.0n H, so long as absorption of ¥ rays in the alr can be
neglected, meaning so long as the helght of the measurement point
above the earth is not greater than 20 - 50 meters.

Using the formulas derived we can determine the dose power
not only above an infinite section of a Y-active layer of absorber,
but also over a finlte one.

The dose power above a layer of absorber of radlius r and
thickness x 1s

P(r,x)=P(H,x)—P(, =V H?+r? x)=

=1,48 - 105 p, 0L F (e, H, 1, x). (9.8)

Figure 25 shows the values of the coefflclents F(€y H, r, X),

calculated from formulas (9.4), (9.5), and (9.8) for an altitude
of 1 meter above the surface of 7y-active earth with density p =

= 1.7 g/cm3. The coefficlents F have been calculated for ¥ -quantum
energles €g equal to 0.41, 1.25 Mev and for # rays Na24 at various

thicknesses and radil of the active layer of earth. On the right-
nand vertical axis are shown values for an infinitely thick layer
of active absorber, i.e., for the case X —»po0. The values of the
quantum energies €, to which the curves pertain, are wrltten down
at the end of each group of curves. The upper group of curves
pertains to non-monoenergetic ¢ radlation from radioactive Na24,
consisting of quanta wlth energles 2.8 and 1.4 Mev.

As can be seen from Figure 25, the upper layer of earth of
thickness 5 centimeters produces approxlmately 50 percent of the
dose produced by an infinitely thick radloactive layer.

Layers of actlvated ground located at depths greater than 20
centimeters, can produce not more than 50 percent of the complete
dose of ¥ rays if the earth 1s uniformly activated. One can there-
fore assume that the dose above the surface of the earth ls produced
essentially only by the upper actlive layers, 20 - 30 centlimeters
thick. For the radioactive layers of thickness one can use ln
practice the simple formulas (9.6) and (9.7), which have been derived
for infinitely thick layers. In accordance with (9.8)

Aeff H
P(e,Hr)y=1,48 - 107 ° p,a g g (l - 'z"'a), (9.9)

(the dependence on € is through Ages).
Here

I,=VH*+Tr.

From this formula, as well as from the data glven in Figure
25, one can draw conclusions concerning the dependence of the dose
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power above an active layer on the radius r of this layer. 1In the

case of uniform activation of the ground, parts of the active ground

located at a distance greater than lg from the measurement polnt,

produce (H/73) x 100 percent of the total dose of % rays produced by

the entire infinite layer of ground. For example, when H = 1 meter, X
the portions of the ground more than 10 meters away from the point
of measurement produce only 10 percent of the total dose, while
the portions more than 20 meters away produce only 5 percent of the
total dose.
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Figure 25. Values of the coefficlients
F(x, r, €g), which determine, according
to (9.8), the dose power above a plane
around layer of absorber x centlmeters .
thick and of radius r, in whilch the
sources of ¢ radiation are uniformly
distributed.

Taking into consideration the statements made above regarding
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the weak dependence of the dose power above an active layer of
ground on the thickness of the layer when x> 20 centimeters and on
the radius of the layer when H = 1 meter and r »20 meters, and
recognlzing that in real atomic explosions the ground 1s uniformly
activated within the indicated 1limits of x and r, we can use the
following formulas for the calculation of the doses from the actl-
vated ground:

A
P=1-48 - 10~ a g 2S£, r/sec, (9.10)
A
J =ag gff, Mev/sec, (9.11)

i.0., the formulas derived for an activated half-space of ground.
Substituting in formula (9.10) the values of the coefficients
® and Aggs for sodium from Table 18 (@ = 1.23, A= 20 centlimeters,

p = 1.7 g/cm3, He = 3 x 1075 cm'l), we get
P=58.10"" . lig, r/sec, (9.12)

where IT =- neutron flux, neutrons/cm?.
The values of g are gilven in Table 7.
Immediately after the exploslion we have

P =335 . 10—+ 11, r/sec,
after 1 hour

P=26 - 10—, r/sec,
after 20 hours

P=179 10011, p/sec,

10. ATTENUATION OF A PARALLEL BEAM OF 7y RAYS IN A PLANE LAYER
OF ABSORBER.

This problem corresponds to item ‘a" in the introduction and to
Figure 1d. The paper of Hirshfelder, Adams, and Hull [13] glves an
approximate solution, and in reference [10] there is a more exact
solution of the problem for the case of normal incldences of the ¥
rays on a plane layer of absorber.

In reference [13] it 1s considered a plane layer of absorber
finite thickness, on both sldes of which there is vacuum (Figure
1ds). On the other hand, 1ln reference [10] 1t is assumed that the
layer of absorber occuples a gemi-1nfinite space (Figure 1dy).
Thus, the formulation of the problem 1s somewhat different in these
two references.

In the first reference is calculated the lntenslity of the
¥ rays passing through the layer of absorber.

In the second reference is calculated the lntensity of the
¥ rays inside the absorber, l.e., the overall intensity of the ¥
rays that have passed through a definite layer of absorber, and of
the ¢ rays reflected from the deeper layers.
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Thus, the doses 1in the case of Flgures 1dj and ldo should
differ by the intensity of the backward-scattered radliation. From
the quantltative point of view, the backward scattered radlation
depends on the thickness of the absorber layer traversed by the
radiation, and may amount from 10 to 50 percent of the total dose

of Yradlation.
The results of an experimental investigation of the fact of

parallel fluxes of % rays through a layer of absorber were obtained
by A. A. Voevodskii and L. B. Pikel'ner.

They investigated the attenuation of fy rays from co%0 1n
concrete slabs. The doses measured experimentally were found to be
?maﬁler than the doses calculated accordlng to the data of reference

137,

The calculated dose may exceed the measured ones by 1.3 - 2
times, and then the calculated thickness of the concrete shleld will
exceed the correct one by 5 -~ 10 centlimeters. Such deviatlons can
be considered acceptable.

Thus, the measurements of Voevodskii and Pikel'ner show that
in practical calculatlons of shields against ¥ rays, 1t 1is possible
to employ the data of the theoretical investigations [13] and [10].
A design of shielding according to these data will contain a cer=-
tain "safety factor."

The attenuation of the doses, calculated in reference [10],
can be represented by means of Interpolation formulas similar to

(7.13'), 1.e.,

- %err
D:DOKFZDan . (10-1)

Figures 26a and 26b show the values of the coefficlients & and Agpp

from formula (10.1), for which this formula gives an error of ¥ 10
percent compared with the data of reference %10].*

Everything sald above pertains to normal incidence of 7y rays
on the layer of absorber. In the case of oblique incidence, the
intensity of the ¢ rays attenuates more strongly than in normal
incidence of the ¢ rays on the same layer. This 1is natural, since
the path covered by the primary % rays in the layer of absorber
becomes longer, l.e., the thlckness of the layer along the beam of
the ¥ rays increases; we shall call thls new thickness the oblique
thlckness of the layer.

When the 7y rays are Incident at an angle ¢ on the surface of
an absorbing layer of thickness x, the oblique thickness is

[ = = (10.2)

#The calculation of & and Agps from the data of [10] was made by
V. I. Tereshchenko.
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It would be wrong to assume that the attenuation of the dose
power of the ¢ rays can be calculated from the formulas for normal
incidence of « rays by substituting in these formulas the layer
thickness x by the oblique layer thickness ! (10.2). Such a calcu~-
lation willl yleld too low a value of the y-ray dose. The point 1is
that 1n oblique incldence of ¢ rays, some of the scattered radlation i
can pass through the layer of absorber through a shorter path than
the direct radiation, and consequently the effective thickness of
the layer 1n oblique 1incidence of ¥ rays 1ls less than the oblique »
thickness of the layer x/cos ¢, and in the case of normal incidence
of the @/ rays the path of the scattered ¥ quanta through the layer
of absorber will always be greater than the path of the direct
radiation.
Filgure 27 1llustrates the possibility of the scattered
radlation passing a shorter path than the direct path in the layer.
The deviation of the effective layer thickness from x/cos P
was observed in the measurements of A, A, Voevodskii and L. B.
Pikel'ner, and also by Wyckoff and others [14].

a) b)

< ~ Direct l\

radiation Direct , Scattered
‘ radlation

chztigedi radiation
ra a on

Figure 27. Incidence of quanta on a plane
layer of absorber; a -~ direct; b -- obligue.

The coefflcient of attenuation of the dose in case of obligue
Incldence of the quantum flux can be expressed by means of a rela-
tion

Kr (l; ('P: eo) =a (CPI eO’ K) Kf (l’ 60). (1003)

The coefficient a&p, €0 K) takes into account the specific
nature of the oblique incidence, alp, €p, K)> 1, while Kn(l, ;) 1is

the coefficlent of attenuation of the dose at a thickness ¢ ob=-
tailned either by theoretical calculation or by experiment. The
coefficient Kn(l{, €;) pertains theoretically and experimentally to

norma} incidence of a parallel beam of quanta on a layer of thlck-
ness [.

70




When ¢ = 0 we have
I=x; a (g, g K)=1. (10.4)

Table 21 gives the values a(q, €0» K), obtained 1in reference
[14]. 1In that work Kp was measured inexperimentally at normal ln-
cldence of the ‘y rays.

Table 21

Dependence of the coefficlent 4 (¢, &, K) 1in
expression (10.3) on the quantum energy éo
and on the coefficilent of attenuation Kp

at different angles of lncidence @

wantum | Coefficlent of
g'nersy attenuation Kp |{Value of 4 (9, g0 K) for
€., Mev for normal
0 incidence of . . ]
0,1 1,1 1,2 1,2
0,41 0,01 2,0 2,7 4,0
0,001 3,7 7,0 15,0
0,1 1,2 1,2 1,3
0,66 0,01 1,7 2,5 3,7
0,001 2,3 5,2 10,1
0,1 1,0 1,0 1,2
1,25 0’01 1,4 1’9 2’5
0,001 2,0 3,5 5.6

In the interval of incidence angles from O to 309 it can be
assumed that al(p, €g) = 1, l.e., that the "oblique" thickness of
the layer is equlvalent to the "direct" thickness. At greater
angles of incldence 1t 1s necessary to take into account the fact
that "direct" and "obligue" thicknesses are not equal, and to employ
in the calculations the coefficlents al(y, €g, K) in accordance wlth
(10.3).

The value of alp, €9, K) increases with increasing ¢ and K
and decreases with increasing €g. Table 21 1s so far the only
gource of information on the values of a&p, €0, K), which can be
used to estimate the doses in oblique incldence of f{y rays on a
shilelding layer.
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11. ALBEDO OF fy RADIATION.

The question of the albedo arises in the analysis of the
actlon of ¥ rays from an atomic explosion (Introduction, Figure 1).
Experimental data on the albedo of 4 rays are scanty, in particular
with respect to the spectral and angular distribution of the
scattered radiation. The greater part of the information on albedo
can be obtained from the theoretical papers [15] and [16], in which
the calculations were performed by the "'Monte Carlo" method. As s
regards the spectrum and angular distribution of the scattered
radiation, the accuracy of the calculations is probably higher at
present than the accuracy of the measurements.
The scattered quante emerging from the surface of the
absorber are formed in the concrete and in the light elements,
essentlally as a result of multiple scattering rather than single
scattering. In scattering from concrete, the multiple scattering
provides two or three times more energy than single scattering. With
increasing Z, the role of multiple scattering decreases, owing to
the increase 1n the photoelectric absorption, and the value of the
albedo approaches the value determined by single scattering,
particularly at low quantum energy.
Figure 28 sghows the calculated values of the albedo of the
Y ~ray energy in the case of scattering from concrete at different
fneﬁgies of incident quanta and at different angles of incidence
15].
Table 22 1ists the values of the albedo of the energy of fy
radiation produced by quanta of energy 1 Mev. The albedo was cal=~
culated for different angles of incldence and for scattering from
substances with different Z [16] (the table lists substances whose
effective atomic widths correspond approximately to the indicated
numbers of the elements).
The albedo increases with decreasing quantum energy and with
decreasing Z. As the angle of incidence 1is increased the albedo
increases, and the dependence of the albedo on Z is less pronounced.

Table 22

Albedo of ¥ quanta with energy € = 1 Mev as a function of
the atomlec number Z and the angle of incidence L

oo |Albedo of the energy Albedo of energy
gggg of an isotropile
Substance OE o source located
REGE s=0 = 45° | ¢ — 80° on the surface
g of the scatterer
Water 8 0,051 0,085 0,198 0,15
Concrete or earth| ;3 0,044 | 0,078 | 0,192 0,13 .
Iron or copper 29 0,027 0,061 0,175 0,12
Tin or barium 50 0,012 | 0,038 | 0.1ko0 0,08 )
Lead 82 0,002 0,03 0,092 0,05
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Figures 29 and 30 sgow the dependence of the albedo of the
energy of 7y quanta from Co®0 on the atomic number of the scatterer
as measured by B. P. Bulatov and E. A. Garusov [18]. The measure-
ments pertained to experiments with normal incidence of the

quants on the surface of the scatterer.
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Figure 28, Calculated values of the
albedo of the energy of 7y radlation
in scattering from concrete of 7
quanta with energy &€, incident on the
concrete at angles @ = 09; 459; 600;
and 80°; as marked at the start of
each curve [15].

{ Au 128
P |

l Figure 29. Measured
values of the albedo
of energy of 7 radla-
\ tion of quantum energy
a1 0.41 Mev, incident
perpendicular to the
surface of scatterer
with atomic number 2

0,05, [18].
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Figure 30. Measured values of the albedo of

energy of 7Y radlation from Co O (average
quantum energy 1.25 Mev), incident perpendicu-
larly to the surface of a scatterer with
atomic number Z [18].
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Figure 31. Dependence of the albedo of energy
of ¥ radiation from Co®0, incident perpendicu-
larly to the scattering surface on the
thickness of the scatterer (average quantum
energy 1.25 Mev) [18].
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Figure 31 shows the radiastion of the albedo with lncreasing
thickness of the scatterer (at the end of each curve 1s 1indicated
the scatterer material [18]). It is seen from Figure 31 that the
albedo reaches its full value, shown in Figures 29 and 30 at a
thickness equal approximately to 1 range unit for llght elements
and approximately 0.5 range unit for heavy elements.

Calculated informatlion on the angular distribution of
scattered radiation is avallable only for the case of normal lnci-

dence of 7 quanta fronm co0 gource on concrete. The intensity of
the scattered radlatlion, traveling from the surface at an angle
¢ to the normal, 1s approximately proportional to cos ¢.

In the case of obllque incldence of 7y rays, the coslne law
does not hold. In the "forward" direction the flux of the scattered
energy 1s greater; a quantltative estimate 1ls difficult to obtain
at the present time.

Figgre %2 shows the calculated spectrum of scattered radia-
tion of Cob0 from concrete at different angles of incidence. The
greatest amount of scattered energy lies 1in the interval 100 - 300
kev. The few experiments do not contradict the values of Flgure 32
and show that the interval of quantum energy at which the maximum
of scattered energy occurs is practically independent of the atomile
number of scatterer and is at least for normal inclidence, independent
of the energy of the lncldent of % rays in the linvestigated 1interval

0028 - 1.25 MeV.
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Figure 32. Calculated spectral distri-
butlon of quanta scattered from concrete
on which ¥ radiation from Cof0 is
incident (€p = 1.25 Mev) for different

angles of incidence [15].

The ¥ radiation from an atomic explosion is scattered and
becomes softer on passing through alr, therefore the albedo for

alr is greater than that showing in Flgures 29 and 30.
Inasmuch as the value of the albedo depends on the energy and
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on the angle of incidence of the quanta, the albedo of tyv radlation
from an explosion can depend on the distance from the center of the
explosion, on the angle between the flux of quanta incident on the
scatterer and the direction from the center of explosion, etc. To
estimate the albedo of iy radlation from an explosion it is necessary
to assume approximately that it 1is similar to the ¥ radlation from

0060, surrounded by a layer of paraffin several range units thick,
which simulates the air. The albedo of the energy from such a
radiation can be scattered by concrete amounts to approximately 0.15,
according to the measurements of V. V. Miller.

Tnasmuch as the calculations of the dose frequently do not
require great accuracy, provided the calculated dose is not clearly
underestimated, this value can be assumed as the value of the
albedo for 1light elements in the case of /¥ radiation from an explo-
sion. In a more accurate analysis it 1s necessary to take account
of the fact that the "forward" radiation (from the center of the
explosion) has a lower albedo than that moving "backward", and the
radiation of the "direct ray" has & lower albedo than the scattered
radlation.
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CHAPTER III
<Y ~-RADIATION DOSE OF AN ATOMIC EXPLOSION

12, INTENSITY OF FRAGMENT Y RADIATION OF ATOMIC EXPLOSION.
INFLUENCE OF SHOCK WAVE.

The values of the ¢ -radiation intensity J(R) and the dose
power P(R) can be derived by applying to the atomic explosion the
results obtained on the propagation of Y radliation from a point
source in an infinite air medium (Introduction, item 1). Then the
dose power is given by formula (7.12) or by the equivalent formula
(7.14). Let us introduce into (7.14) the coefficlents that are
characteristic of the 7 radlation of the fission fragments (along
with peps we shall use also the reciprocal quantity Agee = 1/ugpp)e

In (7.14) we express G(t) in terms of the fission fragments
and the activity of the fragments per fisslon u(t)

G () =1,45-108 - E.. u (t). Mev/sec

The values of u(t) are given in Table 1. The coefficlents pgrys,
&, Reff and g depend on the energy of the % quanta emitted by the
fragments. In accordance with Table 5, we assume that the time
interval of interest to us (several seconds after fission) the
average quantum energy 1is 2 Mev. Then pg = 3 x 10-5 em~l. The
values of @ and Agppr 1n two intervals of distances from the center
of exploslon are glven in Table 23.

Substituting in formula (7.14) the numerical values of the
coefficients, and expressing R in meters, we obtaln

- R/A
5,12 . 108 « Frru(fae eff
P (t R) = e , v/sec (12.1)
In accordance with Table 23, we obtain
P(t, Ry-= 28210 Ervu() e RIZD v /sec (12.2)

R?

Formula (12.2) can be used in a broader interval of distances,

but the error in this case will be more than 10 percent.

[




Table 23

Values of ® and Agpe in formula (7.14) at a
quantum energy 2 Mev (ug = 3 x 10~5 cm=1)

Values of coefficlents
in the interval of
Coefficlents distances R, meters

400 < R <1000 1000 < R <2000

p]

o 1,82 3,9
Asre/to 1,31 1,13
Aeff, meters (at a pressure of T60
mm Hg and a temperature 0°C)e.... 231 200
Aers meters (at a pressure 760 mm
Hg and a temperature 25%C)..ec.s. 255 220
Aors, meters (at a density p, mg/km> 300/p —

Expresslon (12.1) was found to be insufficlently accurate,
since it does not take into account the essential feature of the
propegation of & rays under conditlons of an atomlc explosion.

Ya. B. Zel'dovich and the author have called attentlon to
the fact that the absorption of ¥ rays along the path from the
center of explosion to the point under consideration should be
sensitive to the redistribution of the air mass caused by the
passage of the shock wave. In the calculation of the propagatlion
of the 7 radiation in air 1t 1s necessary to take into account the
real distribution of the air density produced by the shock wave
during the time of the emission of ¥ radlation. Formula (12.1) is
therefore highly approximate, and does not take into account the
qualitative aspects of the phenomenon. We shall show below that
it gives too low a value to the dose power, as a result of which
the error may exceed one order of magnitude.®

Let us examine the distribution of the density of alr in a
shock wave, which manifests 1tself on the propagation of ¥ rays.

In a strong shock wave, which diverges from the center of
explosion, all the air is concentrated practically in a narrow edge
near the front of the wave and moves outward from the center, This
in turn produces inside the shock wave a region with lower density,

il.e., a cavity.
After the shock wave has passed by and the initlal pressure

¥In reference [26], which was published after this book was
written, there 1s mention of the influence of the rarefaction of alr.

The mechanism of this influence was not explalined in detall.
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of the alr has been restored, the region with lower density never-
theless remains. The entropy in the shock wave 1lncreases, the air
does not return to the initial state and remains heated after the
shock wave has passed and the inltlal pressure restored. In the
reglion where the shock wave was strong, the residual heating is
large and causes the air to §1ow. The fire ball that forms after
the atomic explosion is the "trail" of the prior strong shock wave.
The pressure in it 1s equal to atmospheric, and the density 1s low
because of the high temperature of the alr, i.e., the fire ball is
a cavity in the ailr.

Table 24 gives the distribution of the density of the alr at
different distances in the case of explosion of a 300~kiloton bomb,
at the instant 0.765 seconds, when the radius of the front of the
shock wave Re 18 equal to 1000 meters; Table 25 corresponds to the

instant 5.35 seconds, when Rp = 3000 meters,
Table 24

Density of air 1n shock waves at various distances
from the center of a 300-kiloton atomic explosion
at an instant 0.765 second after the exploslon

Distance from
the center, |1000] 900 800 | 700 | 600 | 500 | 400 [ 300 [ 200

R, meters |

Alr density

Y, 2,34 | 1,58 | 0,913 0,456 0,187/ 0,0585( 0,000] 0,000 0,000
P/Po

The s0lid curve of Flgure 33 shows the dlstribution of the
alr density at different distances from the center at the lnstant
0.765 second.

/D,

Figure 33. Distribution of
the air density in a strong
shock wave (Epp = 300 kilo-

- tons, 0.765 second after
explosion, Ry = 1000 meters.

1
1000 |
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The solid curve of Figure 34 shows the distribution of the
density of the air at different dlstances from the center at 5.35

seconds.

It is seen from Table 24 that 0.765 second after the explo-
slon, at a distance up to 600 meters from the center, we have

p/pPg << 1.

The absorption of ¢ rays in this reglon 1s negliglible and

one can assume that inside the strong shock wave# there 1s a cavity

the radius L of which is 600 meters.

.74
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Figure 34. Distribution of the air density after

passage of strong shock wave (Epp = 300 kilotons;
t = 5.35 seconds after the explosion, Rf = 3000

meters).

With increasing time and radius of the front, the pressure
in the front of the shock wave decreases, the shock wave becomes
weak, the alr partially returns in the opposite direction, and the
central reglons, as well as all reglons with the exceptlon of a
small peak on the front of the wave, return to atmospherilic preasure.

However, the temperature in the central
alr density remalns low.

region remains high and the

Subsequently the shock wave, propagatlng over an ever in-
creasing distance, 1s continuously attenuated and turns agaln into

a sound wave,
alr remains heated by its passage. The
resumption of the normal density) 1s by
over a prolonged time, much longer than
major part of the f¥ radiatlon.

It 1s seen from Tables 24 and 25
the explosion the radius of the cavity,
the condition p/pg <0.2, amounts to 600

Thus, the reglon near the center
shock wave 1s strong, is a regilon where
during the time of passage of the shock

The phenomenon of the shock wave terminates, but the

cooling of the alr (and the
radiation and by convectlon
the time of emisslon of the

that several seconds after
determined for example from
meters.

of explosion, in which the
the low alr density both
wave and afterwards, l.e.,

during the entire time when the ¥ rays are emitted by the fission

fragments.

The radius of the fire ball Lfp flxes the extreme position

at which the shock wave was stlll strong.
The evolution of the cavity exerts a strong lnfluence on the

*We call a strong shock wave one in which the pressure on the front
is much greater than the initial pressure,
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intensity of ionization of the alr at all points under considera-
tion, inside and outside the cavity.

Table 25

Density of air in shock wave at varlious distances
from the center of an atomic explosion of energy 300
kilotons at an instant 5.35 seconds after the explosion

Distance from
the center, 3000l 2700] 2400] 2100 | 1800 | 1500 | 1200 | 900 | 600 j 300

R, meters

Alr density
P/PO 1,22/ 1,1 | 1,01| 0,952] 0,939 0,927 0,878|0,732(0,122(0,000

The fy rays pass through the cavity practically without being
absorbed; their flux decreases 1nside the cavity only in 1lnverse
proportion to the square of the distance from the center, as if the
v rays were to propagate in vacuun.

Let us give an example of the influence of the cavity on the
intensity of ionization under the conditions of Table 24 for a point
jocated at a distance R = 600 meters from the center of explosion,
during the instant of time 0.765 second, when the shock wave has
propagated at the distance Rf = 1000 meters from the center.

Figure 35 shows a dlagram of thls example.

a) b)

=0
P=Pe
(/]
R
D

FIT777 7777777777 777777777, TS 7/ V2L

Figure 35. Reduction in the absorblng layer
of the earth when the detector D enters in-
side the shock wave (b); a -- distance at the
instant of explosion.

When the detector D (for example, an ionization chamber
measuring the intenslty of the fonization) is inside the cavlty
(Figure 35b), then obviously the intensity or the radliatlon dose
power reglstered by the detector can be greater than durlng the
first instant after the explosion (Figure 35a), because 1n this
case (case a) an absorbing layer of alr R 1ls located between the Y
ray source (fragment cloud) and the detector, and after 0.765
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second (case b) a considerable part of the air between the fragment
cloud and the chamber is carried away by the front of the shock
wave.

According to formulas (12.4) and (12.2) as well as Table 1,
the dose power 1is:

1) for case a 7

- R
5,12 - 108 Exr. u(0) a e eff

P (0) - - ;

2) for case b

5,12.108 Er1. u (0,76)

P(0.765 sec) = o

P(0) _u(0.76) .~ Rers o, , —600/255

P(0.765 sec) - au(0) °© =13 0.8 =29.(12.3)

The intensity of ionizatlion at the instant 0.765 second
should decrease to one half, because of the decay of the fragments;
however, because of the passage of the shock wave the intensity of
lonization not only did not decrease, but increased by a factor of
2.9 compared with the initial instant of time.

It 1s seen from the foregoing example that the formation of
the cavity inside the shock wave 1s a strong physical factor, which
determines to a considerable degree the lntensity of the ¢ radlation
and the dose of the ¥ rays in an atomic explosion.

We have chosen for illustratlon an extreme case of the actlion
of a strong shock wave on the passage of Y rays, namely the case
when the front of the shock wave has moved to the position of the
chamber (Figure 35b) so that there is practically no air between
the center of explosion and the detector.

However, in the case when the front of the shock wave has
not yet reached the detector (Figure 36a) and consequently the
total amount of air between the source and the center of exploslion
and the detector remain the same as before the explosion, and the
presence of a shock wave decreases the absorption of the 7 rays.

So long as there was no cavity (i1.e., no shock wave), the
Y radiation from the source 0 passed a distance R to the detector D
in the absorbing medium of density pg (Figure 36a).

When a shock wave 1s formed the alr, filling a sphere of
radius Ry (Figure 36a), is forced into an edge of thickness AR 4R

at the surface of the front, and a cavity 1s formed in a sphere of
radius Ry - AR (Figure 36b). The length of path on which absorption
of the ¥ rays takes place 1s much less in case b than in case a,
because AR <{(Rpe. For example, when Re = 1000 meters, all the air is

concentrated practically in the layer approximately 300 meters
thick. To be sure, the density of the air, p, 1s greater along the
path AR than it was previously on the path Rf, but the increase of

the air density 1n the edge of the shock wave does not compensate
for the reductlon in the length of the absorbing medlum. It 1s
obvious that, as the mass of the alir gets distributed 1n the
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spherical layer, the greater the radius of the sphere the smaller
the thickness of the layer (Figure 37). And since the absorptlon
of the ¥ rays 1s determined by the thickness of the layer, 1t 1s
found that the same mass of air 1s more "transparent" to the ¥ rays
if it i1s distributed in a spherical layer of large radlus. There=-
fore the absorption of the fy rays 1s less in the case b than in the

casge a.

Figure 36. Reduction 1n absorbing thickness of
air when the detector 1s located outside the
shock wave (b); a -- state prior to explosion.

Let us illustrate the foregoing in an idealized case, when
the distribution of the density 1n the front of the shock wave 1s
in the form of a rectangle (Figure 38), instead of the distribution

shown in Figure 33,
a) b)

Figure 37. Absorbing thickness &
for radiation traveling from the
center of a sphere, when a constant
amount of matter 1s distributed:
g == in a sphere of small radius
(initlal time) and b -- a sphere of
increased radius (subsequent time).
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S0 long as there was no short wave, the intenslity of the vy
radiation emitted from a sphere of radius R was proportional to the
factor

“R/Aerp “HoreR
e = e

[see (12.2) and (7.14)].

The appearance of a shock wave causes the medium to become
inhomogeneous and the density of the alr 1s not unlform along the
ray. It was shown In Section 7 that in the case of inhomogeneity
of the medium one can use approximately the "optical thickness" to
describe the absorption of the fy rays, and lnstead of PeffR we can

put in (7.14) (peep(R)AR.

In the case under consideration (Figure 38), p has a value
0 everywhere, with the exception of a layer of thickness OR, where
p = pr. Therefore

P
fp-%dr:p;;f-AR. (12.4)

The intensity of the % radiation emitted from this sphere,
after formation of a cavity (i.e., & shock wave) of radius Re, 18
proportional to exp (MersdRps/pg). The quantity ARpr is determined
from the condition that the mass of the alr contained in the volune
of the cavity prior to the formation of the shock wave be equal to
the mass of the air now located on the surface of a cavlity of radius
Ry in a layer of thickness OR

4
5 " Rpt e =4m RPp AR oy,
hence

R
- ot
PfAR = __3_._ . (12.5)

Substituting (12.5) in (12.4) and (12.1) we find that as a result
of the cavity produced 1n the alr when the air 1s forced out of the
periphery, the intensity of the fy radlation emitted from a sphere
of radlus Ry increases by a factor

_ BorsRe ”
e > o Merr ° ng - e Pertr Lerr (12.6
 HereRe ) 12.6)
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1000 »

Figure 38. Schematlzed
representation of the
distribution of the air
density in the front of
the shock wave.

We shall henceforth call the quantity Legrs introduced in

(12.6) the effective radius of the cavity. It is equal to the
radius of usual cavity formed by the removal of the alr around the
source, which reduces the absorption of the ¥ rays by the same amount
a8 the shock wave under consideration.

The effective radius of the cavity Lerr 1s equal to 2/3 of

the radius of the front of the shock wave

Lerr = % Re. (12.7)

This conclusion is valid only for an 1ldealized distribution
of densitlies as shown in Figure 38. If the distribution of the
density in the shock wave 1s as shown in Figure 33, we have

2
Logr < 35 Ree

Thus, in the case when the detector is located outslde the front of
the shock wave (Figure 36), and consequently the same amount of air
18 contained between the detector and the fy-ray source as at the

instant of explosion, the absorption of ¥ rays 1s stlll reduced as
if the sources were surrounded by a cavity of radius Lgrr. In the

case under consideration (Figure 35 and 36) we have in mind the
cavity formed by a strong shock wave at the instant of 1ts passage.

After the shock wave has terminated and atmospheric pressure
has been restored, the center of explosion remains surrounded by a
cavity formed by the residual heating of the air -- the "fire ball".

A1l the foregoing statements concerning the reduction in the
absorption of ¥ rays remain obviously true also for that stage of
evolution of the cavity, whether the detector be located inside or
outside the cavity.

Using the foregoing qualitative considerations concernlng the
effect of redistribution of air density in the shock wave on the
passage of 7 rays, let us estimate the dose of ¥ radiation P(t, R)
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using the scheme proposed by Ya. B. Zel'dovich.
We asgsume here that:
1) The source of v radiation 1s practically a point source

and 1s statlonary.
2) The absorption of the % rays is determined by the "opti-

cal thickness"

R

S :f“‘eff-e'dR’
s Po

3) The alr density inside the front of the shock wave 1s
distributed in accordance with the 1lnterpolation formula which
holds only for a strong shock wave:s#

p(r) = pf(%‘;)n, (12.8)

r =~ distance from the front of the shock wave, measured in-

slde the shock wave.
The exponent n depends on the value of pe and is determined

by calculating the amount of alr 1n the shock wave. Prlor to
occurrence of the shock wave_the amount of alr contained in the
volume of radius Re was 477R3fpo/3. Thus

Re

4 » B
L w Ry g dn (o () 7 dr, (12.8")
0

Substituting into the integral the expression (12.8) instead of
p(r), we find that

R, n+3 3

ni3
4‘“ Lf.‘ R___f__ — iﬂpo Rfl
f

Hence

n = 3(% - 1) . (12.9)

In calculating P(t, R, ETT) it 1s possible to use elther the
exact solution of the problem of propagation of ¥ radiation of a
point source in an infinite medium, in the form of the formulas
(7.12) and the interpolatlon formulas for Bp{u, R, €) (see Appendix

#The dotted line in Flgure 33 shows the distribution of the densi-
ties according to formula (12.8).
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II, Table A22), or use the approximate interpolation formulas
(7.14) and (12.1), which are sufficlently accurate in the region
where they are valid, but which give an increasing error as the
interval of dilstances where there are applicable 1s increased. In
either case, the specific nature of the atomlc exploslion is taken
into account by ilntroducing into the formula for the dose power on

R

the optical thickness, 1l.e., by replacing the expression UR by g§1dR

0
in the exponent and in the coefflclent By of (7.12), and by replac-
R

ing HerfR bY gp-efde in the exponents of formulas (7.14) and (12.1).

0
The interpolation formulas (7.14) give rise to larger errors, but
permit a more graphlc presentation of the results, and consequently
we shell use from now on the equations (7.14) end (12.1) as our

basls.
Introducing into (12.1) the "optilcal thickness" instead of

R
- Meff
12 . 10%Err u(f)a - deR
e PO ¢

Pt R, Eey ) = 22—

(12.10)

We ghall consider the optical thickness for two cases:
1) the detector 1s contained 1nside the shock wave (R<C Re)s

2) the detectors outside the shock wave (R>Ry¢).
In the first case (R<Rg)

R iz
0 ! .
- LY 4R = . R —— - o d R -
Peffg oo Peff( R+ - g( )
0
= = MgppRtpers (R = | = dR)= = PergR *+Meff Lofrs (12.11)
Po

where

R
Lops = R—S%dR. (12.12)
0

Replacing in (12.12) the value of p by expression (12.8) and
carrying out the integration, we obtain
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Pr/P0 (R
L .o = R[1 ~ —L—-—(-—- . (12.13) |
eff zp_f_ . Rf) i
Po
Substituting (12.11) in (12.10) we obtain '
- R L
519 . 108 Exr Herr? Hefr Lerr
P(t;R,E . )?: 5,12 - 109 Rﬂ Laulle e N I‘/SGC. (12.14)
In the case of 2 (when R>Ry) we have
R R R
= Merr Lar = - pepr| £4R - Popp| dR* =
Po Z
0 Rf
Re
= fr‘effg £ar - popr [R - Re] =
eo
Ry
= = PerrR + Morr (Rf - S'P%dﬁ) =
0
= = Perr R * Merr Lerrs (12.15)
where
Re
Leps = Rp - | £—aR. (12.16)
o
0

Substituting in (12.16) the expression (12.8) and performing
the integration we obtain

2% -2 ]
Lesr = Rp ryu (12.17)
5L -2
Po -

*When R >Ry we have e/pg = 1.
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Substituting (12.15) and (12.10) we obtain a formula identi-
cal with (12.14). Formula (12.14) covers both placements of the
detector relative to the shock wave. The difference lies in the
expressions for Leff, namely (12.12) and (12.16), which differ from
each other in that (12.12) contains R instead of Rg.

From a comparison of (12.14) with (12.1) we see that the
distribution of the alr demsity, produced by the shock wave, in-
creases the dose power by a factor exp (Hgpe Lerr). The factor by
which the dose power is increased in the presence of a shock wave,
relative to the dose power at the same instant of time but 1n the
absence of a shock wave, 18 called the cavity factor of the dose
power, Kp. In formula (12.14) the magnitude of the cavity factor

of the dose power 1s approximated by the expression

Horflere(t, E)
K= e . (12.18)

Taking into account the statements made above concerning the
influence of the shock wave, we introduce Kp into the initial

formula (7.14)

- HerfR K
1,48 - 105G (hpeca e P _
P(R)tlE)“ 4r R -
- P'effR befLeff
1,48 - 105 G (H peae e

J— |
= par : (12.18')

In example (12.3), the cavity factor of the dose power 1s

More Lorr Lors/ Mot 600/225
Kp = e = e = e = 7-80 (12018")

The dependence of Lgorpr Oon t and E 1is expressed in terms of
Rg and Pf/PO’ the values of which depend on the explosion energy

and on the time elapsed after the explosion. In the case & very
strong shock wave (1.e., when pf/po:$>l) we obtaln for Lgpr the
following limiting expressions:

In case 1

and consequently independent of the time.
In case 2 we get in accordance with (12.17)

Lops = % Rpe (12.20)
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The character of variation of pp and Ry with time and explo-

sion energy is as follows.
It is obvious that for a given explosion the radlus of the

front Rp(t) will increase with time, and pf(t)/po will decrease.
Comparing two explosions with energles E; and Ep we can note that
when Ry = const (L.e., Rp = Rpyp = ng) the quantity Pf/Po increases
with increasing explosion energy (pf2>'pfl). When t = const, Re

increases with increasing explosion energy because of the lncrease
in the speed of propagation of the shock wave, l.e., Reo?> Rpey. At

the same time we have simultaneously pro? pr] (the character of
variation of pr and Ry with the energy follows from the law of

similarity of shock waves).
If the values Rry and py are known for an explosion of a

bomb with energy Ej, then the same values py are obtained when a
bomb of energy E, is exploded, but at a different time to and at a

different distance, namely:
at an instant of time

t,=t,y EJE,

and at a distance

3
Rpo = Rfl}’ EL[E, .

The value of Ry and consequently also of Lgpr depends also on
the conditions of explosion. In the case of a surface exploslion Rp
is greater than in an aerial explosion with the same energy. This
takes place because in a surface explosion the part of the explo-
sion energy that should have gone into the lower half space, i.e.,
half the explosion energy, remains in the upper half space, where
it produces an energy density which 1s twice as large compared with
that of an aerial explosion. Therefore the parameters of the shock
wave in the case of a surface explosion are of the same as would
occur in an aerial explosion of twice the energy. In particular,
in order to compare an aerial explosion with a surface explosion,
1t 1s necessary to use in the similarity equatlions twlce the energy
in the case of a surface exploslon,

The changes in Ry and pp determine the dependence of Lgff On
the time and energy explosion. For a given explosion, Lyrp in-
creases with increasing time as a result of the increase in Ry.
This increase takes place at an attenuated rate. With further in-
crease in time after the explosion, Lgrf decreases because of the
increase in the air density in the cavity, due to the coolling and
mixing with surrounding air. As t — 0, we get Lopp —> O and
Kp —> 1. At constant t, the value of Lgpr increases with the
explosion energy as a result of the increase of Rp with increasing

explosion energy.
This increase in Lgpr causes the dose power at a given
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instant of time to be nonlinear relative to the explosion energy
and to increase faster than the energy (i.e., faster than the num-
ber of fragments).

Only at small values of t, when Lerf is small and conse-
quently Kpﬁﬁl, is the dose power directly proportional to the number

of fisslons, i.e., to the explosion energy

4,2 . 18E ) R/aeff
. _ %L - T.T.% € -
Plt=0,R]= e =
7.64 . 108 — Rj230
= 0 Frre r/sec. (12.21)

K3 ’

(we substituted values for u(C) from Table 1, and for & and Aot
from Table 23).

The dose power of the fragment radlation, as a function of
time, 1s determined by the product of two factors
u(t) exp [popr Lers(t)], of which one (the fragment activity) de-

creases and the other (a cavity factor of dose power) increases
with increasing time. As a result of the competltlon between these
two factors, the quantity P(t) has a maximum.

Figure 39 shows the P(t) dependence (the solid curve), cal-
culated by B. V. Novozhilov# for the case of exploslons with energy,
2, 20, 200, and 20,000 kilotons.

The unit dose power of the fragment radiation during the
first instant of time after exploslon.

Curve 3 characterizes the decrease in dose power due only to
the radioactive decay of the fragments, and 1t ylelds the values of
u(t) in Table 1.

The rise of the fragment cloud, whlch causes an increase in
the distance from the sources to the detector, and the cooling of
the incandescent air, decrease Lepgr and should lead to a reductlon
in the maximum in the reglon of large values of time elapsed from
the instant of explosion, and to a sharper decrease 1in P(t) than
shown in Figure 39. The ratio of the ordinates of the curve 2 and
3 ie equal to the cavity dose power factor K, (12.18).

As can be seen from Figure 39, Kp can reach, in the case of

strong explosions in the region of the maximum, geveral orders of
magnitude. Kp decreases with increasing explosion energy. At the

maximum, with an explosion energy of 2 kilotons, the value of Kp
is 2, and it tends to 1 as Epp —» O. The instant of arrival of the

maximum of dose power depends on the distance and on the explosion
energy. At large distances, where the shock wave 1s strong, the
maximum occurs earlier than at great distances, namely when the
strong shock wave has passed beyond the place where the detector
is located.

¥This calculatlon was based on formule (7.12) and not (7.14).
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At large distances the maximum may appear before the passage
of the shock wave through the point under consideration. With in-
creasing explosion energy, the maximum dose power wlll appear later
(1f we dlisregard short distances).

All the foregoing pertains to the dose power due to the
fragment radiatlon. In addition, there exlsts a short~duration
radiation due to capture of neutrons by nitrogen (Section 13). The
effective values of the fy-radiation intenslty and of the dose power
are obtailned by adding up both types of radiation, at which the
characteristic features in the dose power occur.

13. INTENSITY OF SHORT-LIVED 7y RADIATION. SUMMARY DOSE POWER.

From the aggregate of the short-lived radiation, we consider
in the present sectlion only the Y radiation due to the capture of
neutron in the alr, since this makes an appreclable contribution to
the dose of the explosion 7 rays (Section 1). The notion that
short-lived ¥ radlation should appear durlng an atomic explosion,

in accordance wlth the reaction N14(n,fY)N15, was first stated by
P. A. Yampol'skii. The intensity of this radiation increases wilth
time exponentially, since the number of events of capture per unit
time is proportional to the concentration of the slow neutrons, and
the concentration of neutrons decreases exponentially wlth a perilod
which is called the lifetime of the neutrons T. At 09C and a
pressure of 760 mm Hg

1 1
T = = -
nvo, 4,32 . 10® . 1,7 - 10—2¢ - 2,2 . 103
=62 - 103 sec. (13.1)

Here n 1s the concentration of the nltrogen nuclel; o, = 1.7 x 10"24

is the summary cross section of the reactlons N14(n, p)C1A and

Nl4(n, y )15 with thermal neutrons, v = 2.2 cm/sec - rate of motion
of thermal neutrons. The lifetime of the neutrons 1s inversely
proportional to the air demsity.

Since the capture of the neutrons takes place during the
time of passage of a strong shock wave, part of the neutrons is
captured in the front of the wave, l.e., under conditions of in-
creased alr denslty and consequently, with shorter lifetime, giving
rise to capture v radlation with shorter perlod. The effective
period of radiatlon is determined by the dlstribution of the neu-
trons in the cavity, in the front of the shock wave, and 1n un-
perturbed air, and the lifetime of the neutron in these places.,

Let us consider Yy radiation with a period 62 x 10-> sec.

Since each neutron reacting with the nltrogen causes the
emission of 0,64 Mev in vy radlation, the activity of the source
of the short-lived radiation 1is

G, (H)= q4§-e__t“ - 0,64, Mev/sec, (13.2)
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where Q 1s the number of neutrons emltted to the air, 1l.e., not
absorbed in the case of the bomb; q 1s the fraction of the neutrons
captured in the air.

In the case of surface and low aerlal explosion, some of the
neutrons are captured by the earth,* so that the number of neutrons
captured in the ailr amounts to a fraction of the total number of
neutrons. In the case of an aerial explosion q = 1, and in the case
of a surface explosion q = 0.5. Q 1s practlcally equal to the
number of neutrons formed by fission, since we may assume that the
neutrons are not absorbed in the shell because the lifetime of the
ghell (~1072 sec) 1s less than the lifetime of the neutron in the

shell ("'10'4 sec) and the shell scatters without having time to
capture the neutrons. However, the neutrons have time to slow down
conslderably in the shell and therefore their diffusion path in the
air is short (the mean free path of the neutron in the air 1s
strongly decreased with decreasing neutron energy). Thus, the
greater part of the neutrons of the exploslon are located near the
center of the explosion, forming the so-called "neutron cloud",

Consequently, the greater part of the capture 7 radiation
i emitted in the region of the "neutron cloud" forming, a three-
dimensional source of ¥ rays. At distances that are great compared
with the dimensions of thils source, it can be considered as a polnt
source.

Thus, the dose power from the capture radlatlion can be
estimated with the ald of formula (12.18') in which we replace G(t)

by (13.2):

- Rerr L/grr
e o (3.3)

—t¢
1,48 - 10-5¢ % e T 06t ae

Peapt = i R

The number of @ neutrons released in an atomle explosion is deter-
mined by the explosion energy and by the type of the reaction. In
fission bombs, two neutrons are emitted for each flsslon event (in
the case of plutonium fission), or 1.5 neutrons in the case of
U235 fission. In the case of a thermonuclear reactlion, more neu-
trons are produced for the same reaction energy than in the case
of fisslon. For example, in the reaction

H?+ ,H? = ,He* +-n4- 17,6 Mev,

there are produced 10 neutrons for 180 Mev, while in uranium
fission 1.5 neutrons are produced.
We shall carry out the estimate of P(R, t) for a plutonium

#In addltion to the 7 radlatlon from the region nearest to the
center of explosion, there occurs Y radiation due to capture of
neutrons used at large distances. An estimate shows that the rad-
iation from the "neutron cloud" predominates at all distances.
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bomb (Q = 2 x 1.45 x 1023Epp = 2.9 x 1023Epp) in the case of an

aerial explosion (q = 1).

The quantities Hg, &, and Keff depend on the average quantum
energy, which we assume to be equal to 6 Mev, although one must not
exclude the possibllity that it 1s less since the soft part of the
spectrum was not investigated. Then p, = 1.9 x 10~5 em~1, & = 1.2
(for the distance interval from 400 to 1000 meters, Figure 15),
Agrr = 410 meters.

Substituting the values of the coefficlents in (13.3), we
get

~ RAerr  Lerr/Rers -t/0.062
8,1-109 Er.r, e e e

Pcapt[R,t] = , r/sec  (13.4)

R2

(R is in meters and t in seconds).

The dose power diminishes exponentially with a perlod of 0.06
seconds. The main part of the capture radlation 1s emitted within
0.1 second. During this time Lefrs does not have time to assume
conslderable dimensions and therefore exp (Leff/heff)ﬁil.

The shock wave exerts a much lesser influence on the intenslty
of the captured radlation than on the lntensity of the fragment
radiation. Therefore the intensity of the captured radiatlon, un-
like the fragment radiation, is proportional to the explosion
energy.

The dose power of the capture radlatlon, after a lapse of
0.05 second from the 1lnstant of explosion (Leffﬂfo), amounts to

- RAqrr

- 3,6 - 109 Er.q.
Pt=0,05;R]=*% Rze r/sec. (13.5)

A. I. Khovanovich has shown, that if one takes into account
the action of the cavity, then it 1is necessary to replace Epp in
formula (13.5) by ETTl'OS' Table 26 lists the values of the dose
power of the short-lived radiatlon durlng the instant of time 0.05
at a dlstance of 1300 meters from the center of the exploslon.

The quantitative estlmates (13.4), (13.5), and Table 26
pertain to a plutonium bomb., In the case of thermonuclear bombs,
the number of neutrons per unit energy lncreases and the intensity
of the ghort-lived radlation increases,
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Table 26

Dose power of short-lived radlation 0.05 second after
the explosion at the distance of 1300 meters

Plutonium
bonb energy, 20 200 2000 20 000

ki1llotons

Dose powver,

r/sens L10¢ | 6105 | 6,8 100

4,8 . 103

(1)
£

The energy radlated during the capture of neutrons, 1 --
1.28 Mev/fission (Section 3), 1s almost equel to the 1.8 Mev energy
(Table 3) radiated by the fragments during the tlme that they are
active in the explosion (i.e., after ~10 seconds). But since the
time of radiatlon of the captured radiation is much shorter than
that of the fragment radiation, the activity of the source of the
capture radiation is much greater than the actlivity of the frag-
ments.

At the initial instant of time after the explosion, the
activity of the capture radlation of the plutonlum bomb 1is

1.28 Mev/fission _ 0.6 Mev
0.062 sec = *Y gec-flssion ?

l.e.,

25 times greater than the activity of the fragments (0.82 Mev/sec~
fission).

Let us compare the dose power of the capture and the frag-
ment radiation at the initial instant of time, il.e., (13.4) and
(12.21). We assume that R is equal to 1000 meters, and then

Poapt — 8,1 - 100 ¢ — 1000/410 0
Fo 7.64 - 108 ¢— 1000/230

The dose power of the capture radlation at the 1lnitial time
is more than one order of magnitude greater than the dose power of
the fragment radiation. With time the dose power of the fragment
radliation increases, owing to the cavity action, and the short-
lived radiation diminishes rapidly and monotonically. After
several tenths of a second, the capture radlation can be neglect
compared with fragment radiation.

Figure 39 shows graphically the dependence of the dose power
of both types of radiation and of the summary dose power on the
time elapsed from the instant of exploslon.

The curve showing the dependence of the dose power has a
characteristic shape. Having both a minimum and a maximum, the
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behavior of this curve 1s determined by the competltion between the
action of the cavity and the reduction in the source actlivity with
time. The character of the curve of Figure 39 varles wlth the
explosion energy and with the distance from the center of explosion.
The extrema of the curve are due to the actlon of the cavity on the
fragment radiation, and therefore the smaller the explosion energy,
1.e., the smaller the cavity, the less notlceable they are.

The capture radiation is harder than the fragment radlationm,
and therefore with increasing distance a filtration of the radiatlon
in hardness takes place: the softer fragment radiation 1s absorbed
earlier and the dose power is determined all the more by the capture
radiation.

The relative placement of the extrema varles with the dis-
tance, wlth the size of the cavity (1.e., with the explosion
energy), etec. The competltlon between the influence of u(t) and
L(t, E, R) may distort the shape of the maximum on the curve of
Figure 39. The extrema may turn into a point of inflection of the
curve. At a great distance, the fragment radlation is absorbed and
only the left branch of the curve of Figure 39, corresponding to
the pure capture radiation, appears in practice.

14. DOSE OF GAMMA RADIATION. HARD COMPONENT.

Gamme radiation from an explosion consists of quanta of
different energies. The greater part of the radiatilon energy is
contained in two spectral intervals, the "centers of gravity' of
which (Sections 2 and 3) are 2 Mev for the fragment radiation and 6
Mev for the capture short-lived radiation. We shall speak accord-
ingly of the soft and hard components of the ¥ radlatlon of the
atomlc explosion. This distinctlon corresponds essentlially to the
different origin of the radiation, although the fragment radiation
may contain a small fraction of quanta with energy greater than 2.2
Mev, and the capture radiation may contain softer radlatlon. We
shall henceforth identify the hard components with the radiation
due the capture of neutrons by the air.

The passage of the ¥ radiation through the air gives rise to
a gradual preferred absorption of the softer components, so that at
large distances only the hard component 1s recelved. The dose of
the hard component can be determined by integrating expressions
(13.3) or (13.4) with respect to the time

D[R, E] = YP[t,R,E] dt =
0

o0

- R/A
8,1 10 Erre off j e U002, o, (14.1)
2
R 0
5 — R/410
%z:oquza ) . (14.2)




Here and henceforth the dose due to the ¥y rays of the atomlc explo-
slon 1s approximated by the expresslion

-R/A
A eff
D——-Ea“e ’ I'e (14'3)

In the case of the hard component
A, =5 108 E - (14.4)
h = : TPs T 2. .

The dose of the hard component 1s proportional to the number
of neutrons formed in the explosion, and not to the number of
fission events. Therefore when the number of neutrons per unit of
released energy changes (for example, in the case of a thermonuclear
bomb), the numerical coefficlent of Epp in expression (14.2) and
(14.3) also changes. In the case of explosion of bombs with equal
number of neutrons per unit energy, Dj is proportional to the
energy. In strong explosions, the effect of the cavity may manl-
fest 1ltself in the dose of the hard component. It is always con-
slderably less than the effect of the cavity on the dose of the
fragment component, firstly because the hard component is radlated
wlthin a shorter time, when the cavity is small, and secondly be-
cause the harder the radiation, the greater the value of Agre and

the smaller the influence of the cavity (13.3).
15. DOSE OF %y RADIATION. FRAGMENT COMPONENT. SUMMARY DOSE.

The dose of the fragment component can be estimated by
integrating (12.14) with respect to time up to the instant of time
tersrs when radloactive decay of the fragments and the rising of the

fragment cloud cause the intensity of the % radiation to decrease
to a value that can be neglected:

Lopp(t,E)

u(t) e
7leff

dt, r.

terr
- R/Agrp
D(R,E)=5,12 - 108, ae

0

(15.1)

The 1integral contained in (15.1) can be represented in the form

t
eff
(t,u)
U.(t) eff
S " Rerr
0

i
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ters

— E — -
= e Eﬁ%ii_l u(t)at = e Eﬂiiigl W. (15.2)
eff Aeff
0

Let us assume that tgpp = 10 seconds (Figure 34). Then
10
ﬁ7::5‘u (t) dt = 1,8 Mev/fisslon. (15.3)

0

We substitute in (15.1) the expressions (15.3), (15.2), & = 1.8 and

Aorr = 255 meters (Table 21).

Eeff(E)
255
- RAqrr | 5

D (R,E)=1,66 - 10° E;r e & , **om. (15.4)

R

In accordance with the notation (14.3)

Lerp(E)

A=166-10'Erre 222 o g2, (15.5)

The problem has reduced to a calculation Lgpp(E) == the

average value of the radius of the cavity durlng the entire time of
the emission of the quanta. It can be simplified by assuming that
the cavity has been formed and that it has assumed its final
dimensions rapidly compared with the time of emlssion of the greater
part of radiation, l.e., that the greater part of the ¥ radiation

is emitted at a constant value of Lgprr close to the final dimenslon
of the cavity. Let us calculate (15.1) on this assumption,

assuning furthermore than Lerr(E) 1s close to the final radius of
the fire ball:

In this approximation the solution 1s the more accurate, the
greater the time of formation of the final dimenslons of the cavity
compared with the time of emission of the ¥ rays, 1.e., the more
accurate, the greater the explosion energy.

The approximation T = Lfp 1s certalnly incorrect for explo-

slons with high energy, when the fire ball assumes 1ts final
dimensions relatively slowly, so that the greater part of the fy
radiation 1s emitted prior to the time when the fire ball 1s
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assumed its final dimensions, 1l.e.,

Lerr(E) < Ley. (15.7)

The value of Lpp, and consequently Lgpp, can be estimated

from the energy contained in the fire ball. From the theory of a
strong point explesion, given by L. I. Sedov [17], 1t follows that
the energy of the incandescent air amounts to~0.5 of the explosion

energy. Then

|

0,5 E
2TLgpa = 0.5 E; Ley = 9/ 4 (15.8)
-3—1ra
Here a 1is the energy per unit volume of fire ball. Since the
energy of 1 gram of alr is#
SR(T = Ty)
—ZE5 B = 0.35(T -~ Ty), col/e, (15.9)
then, neglecting T4 compared with T, we obtain
T, Py
a=p-03T=LF" "1 og,35 7=
p p, T 35
= 0.123 Py, col/em3 (15.10)

(Py, Ty -~ pressure and temperature of the alr prior to the explo-

sion;
PO Po, To == respectlively the normal density, pressure, and

temperature of the air).
Substituting (15.10) and (15.8) and further in (15.4) and

(15.5), we obtain

3
Lg, = 100 Epp (15.11) L
P i )

#In this estimate we disregard the increase in speciflc heat with
temperature and dissoclation.
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(Py is in atmospheres),

0,4 [ Exx,
P, e~ RIS

D=1,66-10° . E;, € ) r (15.12)

0,4 V Ex.x,
Py 2

A == 1,66 . 10951-_1" e N r°m . (15.13)

The expression (15.12) can be compared with the doses that pre-
vailed in Hiroshima, 1.e., with doses of the explosion of the so-
called nominal bomb, Epp = 20 kilotons.

The doses in Hiroshima at different dlstances of the epi-
center are gilven in the article by Lewls [23]. The distances to
the center of explosion were calculated under the assumption that
the explosion took place at an altitude of 2000 feet.

Table 27

Radliation doses at different distances from the
epicenter (according to the data of the Hiroshima

explosion)

Distance Distance Dose
from from D r calculated

epicenten center, ose, from
meters meters (15.12), r

750 950 2500 2600

1000 1170 800 720

1500 1620 90 64

If 1t is consldered that (15.12) is an estimate no more
accurate than 100 percent, then the agreement between (15.12) and
the doses in Hiroshima can be regarded as good.

The dose of the fragment radlation lncreases not in propor-
tion to the number of fragments, l.e., to the explosion energy, but
faster than the explosion energy. This circumstance is explalned
(Section 12) by the reductlon in the absorption of ¥ radiation in
the cavity formed by the shock wave. The specific nature of the
atomic explosion lies in the fact that the source of fy rays
(explosion) changes the absorbing ability of the medium during the
time of radlation.

The factor that shows by how many times the dose has been
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increased by the shock wave 1s called the cavity dose factor Kj.

The coefficlent A in formula (14.3) is thus made up of two
factors: the factor proportional to the number of fragments and
the cavity dose factor

L E
KD = e _g-ti(—.—)- . (15.4‘)
Aeff
In Table 28 are listed the values of the cavity dose factors
for explosions, calculated from formula (15.19).

Table 28

Cavity dose factor for explosions of
different energles

Explosion
energy Erpr, 2 20 200 2000 20 000

kilotons

Cavity dose

factor Kp 1,3 2,5 6,8 29 112

In the particular case of formula (15.13), the cavity dose factor
is

3 p————————
K, = e0’4}/ Err./Py

Expression (15.12) pertains to points located outside the fire ball,

l.e., outslde the cavity.
Inside the cavity there 1is no absorption of ¥ rays (Section
12) and the dose changes as the inverse square of the distance

D=1/R*.

Figure 40 shows the dependence of the dose on the distance
on a seml-logarithmlc scale. The ordinate axls represents the
logarithm of the product of the dose by the square of the distance
(1n DRE): the absclssa represents the distances from the point of
explosion.

The values of the coefficient A and Ages in formulas of the
type (14.3), which are used in the calculation of doses can be ob-
talned from Figure 40
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— 2 (15015
InA=1In (DR)R»O' )
. d R

M= —
ef d (In D R (15.16)

The doses gilven by formula (14.3) and plotted in Figure 40
in form of straight lines 2 and 3 can be described approximately Dby
a formula having different values A' and accordingly A' (dotted)._
Let us equate the two descriptions at the middle of the interval R
of interest to us:

. "R/ Aerr “R/Aerr
A' e _ A e
= ]
e R
then
in A' = 1n A - TR—_ (1- -7?,-21"-?) . (15.17)
eff eff

The small error in the dose expressed by means of a atralight
line 2' instead of the straight line 2 amounts to

%.Q =%_:..E 1_%_?.1“.2_ . (15.18)
eff heff

Figure 40 shows three characteristic reasons of the varia-
tion of the dose with the distance: reglon 1 -~ Iinside the cavity,

in which the dose varles as‘~1/R2; reglon 2 in which the action of
fragment radiation predominates; reglon 3, in which the hard
component is effective.

The distances Ry o and Rp 3 delineate these reglons. When

Rl, 2<IQ<R2, 39 exoression (15.12) and the more accurate expres-
sions which are given later are correct. When R >Rp, 3 expression

(14.2) must be used.

Table 29 lists the values of Ry, 2 and Rp 3 for different
exploslon energles.

The heaviest damage 1s produced by the ¥ rays in regions 1
and 2, The lethal radius, i.e., that value of R at which the dose
is equal to 400 r and consequently in which the sickness leads to
death in 50 percent of the cases, 1s located 1n region 2.

As already indicated, the use of the values of Lgp for the

average cavity radius L in the calculation glves approximate re-
sults, which are good only for expiosions of low-energy bombs.
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Figure 40. Dependence of the
dose of ¥ radiatlion of an atomic
exploslon on the dlstance.

1, 2 -= reglions where the dose
is produced by the fragment rad-
iation; 3 -- reglion of hard
component. Curves 2 and 3
correspond to the interpolation
formulas.

Table 29

Demarcation dlstances of the regions of action of the
hard and fragment components, and also the region of
exponential absorption of ¥ rays and "vacuum" region

Bomb energy .
riloton l 2 20 200 ‘ 2000 l 20 000 l
Ryz» 250 400 1180 2000 3500
Roz s M 1050 1400 2400 3500 5250

In the case of hlgh explosion energy, one cannot expect
satisfactory accuracy from the results of the calculations based on
formulas (15.12) and (15.8), since L is known to be less than Lgy.

In addition with lncreasing explosion energy, L should increase less

rapidly than'v(E)l/3, (15.8). At powerful explosions the shock wave
1s strong during the time of emission of the majority of the ¥
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radlation. According to Sedov's theory, the radius of the front
of the shock wave 1s the given instant of time ~(E)l/5, and one

must therefore expect L to increase as ~(E)1/5 with increasing
energy in the correct theory.

A detalled examlnation of the questlion of the dose leads to
numerlcal value which can be described by various interpolation
formulas. The following interpolation formula

5
D=6,6 - 10E,y, ¢V Er —6.25 - 102 B X

, — Rp/300

XE; , r (15.19)

is written in the form corresponding to the physical notlions re-
garding the actlon of the shock wave.
One can use also another formula:#

e — Rp/300
D - 1,4‘ . loq ET,T, (] + 0,2 ET'T""G"’) E;‘ (15'20)
These formulas are valld when Ry, 2<R<Rp, 3
= A =220
Popp  eff=7p © (15.21)

(p 1s an mg/cm’).
Formulas (15.19) and (15.20) correspond to the following values of
A and Kp:

1
A=6,6 . 108 E,, 0,92 Er.r.l' — 6,25 105 Ex,x,

?

1/ (15019' )
s
KD=O,4780'925 Ers,” — 6,25 -°10-5 Exr .
= . 9 0,65
A=14 10" Ers. (1402 £r.00%), IR
Kp=1+02E:.%%.

In the case of a surface explosion, the radius of the cavity

#Formula (15.20) was proposed by I. A. Solodukhin and P. A,
Yampol'skii.
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1s greater and corresponds to the radlus of a cavity produced an
aerial explosion with twice the energy (Section 12). Therefore the
dose 1s greater in a surface explosion than in an aerial explosion
of a bomb of the same energy. The doubling of the volume of the
cavity in the case of a surface exploslon, compared with an aerilal
explosion, remains valld only for part of the time of the radiation
of the ¥ rays, since the seml-spherical region of the incandescent
alr preaks away with time from the earth and becomes spherical.

It is possible, however, to calculate the dose with suffi-
cient approximation in the case of a surface explosion by replacing
Lpp by 2Epy in the exponential of (15.19) and in the term
ETT0'65 in (15.20), as if the cavity were seml-spherical all the
time.

Figures 41 and 42 show nomograms#* for the calculations of
the dose from ¥ rays in region 2 of Figure 40, i1.e., in the cases
of greatest practical importance.

Figures 41 and 42 pertain to aerlal and surface explosions,

respectively.
The values of the dose are marked on the left side of the

middle vertical scale, and are read at the places where it inter-
sects the straight line Joining the values of Epp on the right
vertical scale and R, km on the left vertical scale.

On the right side of the middle vertical scale is marked the
thickness of the shilelding necessary to reduce the determined dose
to 1 r. The thickness of the shleld is given in effectlve ranges
of the quanta in the shield material, Acrr (Section 17).

The curve located on the nomogram ylelds the values of Ry, 2
and Rp, 3, which shows under what distances the nomogram can be

used.
R, <R <Rgs-

The doses glven in the nomogram are calculated for the
standard air density at 25°C, p = 1.17 ng/cn’, and for Agep =
= 300/p = 255 meters. At any other air density one must introduce
a correctlon in the value of the dose obtained by means of the
nomogram.
As the air demsity changes, a change takes place in the
values of Aepe 2nd A4 in equatlon (14.3). Aeff changes 1in inverse
portion to %ﬁe density, so that the change can be taken readily
into account. The parameters of the shock wave, and consequently
the cavity factor whlch is jncluded in A, depend on the density of
the air in a different manner than A.

¥Thege nomograms were prepared by V. V. Novozhilov in sccordance
with formula (15.19).
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dose of f¥ radiation in the case of an aerial atomic
explosion (the arrow indicates the lethal dose).
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An exact calculation of the correction of the nomogram for
the change in density would be too cumbersome. We glve here two
approximations. One 1s based on the assumption that in formula
(15.19) and (15.19') the value of A is lndependent of the density
of the air. Then, differentiating (14.3) or (15.19) with respect
to A with allowance for (15.21), and assuming that AD/D L1, we
obtain

D 95 p (15.22)

The second approximatlon is obtained by considering that_the cavity
factor contains also Agep(p) (15.14), but assuming that Lers 13 in~-

dependent of the density. Then

Ap _ _ R -TLeer 2P
5= - ~55 b - (15.23)

Since in fact the radius of the cavity decreases somewhat
wlth increasing air density, the ratlo Leff/heff, which according
to (15.14) and (15.15) determines the value of A, changes less with
p than when Teff 1s independent of the density. Therefore approxi-

mately (15.23) should give values AD/D which are too high, 1l.e.,

(15.92) < 5’ < (15.23).

Inasmuch as we deal wilith a small correction AD/D, we can
confine ourselves in its calculation to the simpler expression
namely (15.22).

The damaging action of the Y radiation can be characterized
by the magnitude of the lethal radlus Rl’ i.e., the value of R

after which the dose becomes equal to 400 r, and consequently,
radiation sickness leads to death in 50 percent of the cases.*
The lethal radius is in region 2 of Figure 40, i.e., in the reglon
of action of the fragment radlation, when the dose 1s gilven by
formulas (15.19), (15.20), and (15.12).

Table 30 gives the values of the lethal radius of the ¥
radiation for explosions of atomic bombs in different energy.

In explosions whose energy does not exceed 200 kilotons, R

can be expressed by an interpolatlon formula proposed by V. V.
Zvonov:

— . m0.238
Rl = 622 ETT y I.

*#In addition to the ¢ radiation, the radiation dose is produced

also by neutrons. In most cases, however, the dose due to the
neutrons 1s less than the dose due to the fy radlatlon, so that

the biologlcal effects in the region of the explosion are determined
by the fy radlation.
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Expressions (15.19) and (15.20) for the % ray doses of the
fragment component apply to fission bombs., In the case of pure
hydrogen bombs the relation between the number of quanta and the
explosion energy is different than in flssion bombs, and therefore
these formulas must be changed. ,

Table 30

Lethal radius of ¥ radiation has a function of the ‘
energy of the atomlic explosion

|
Explosion
energy, kiloton 2 I 20 200 l 2000 20 000

Lethal radius,
meters

720 l 1220 1850 I 2650 3480

In formulas (15.12), (15.19), and (15.20) the expression for
the explosion energy Epp 1s contained, flrstly, in form of a factor
in the first power in the numerical coefficient, and secondly in
the form of an exponent in (15.12) and (15.19) or in the bracket in
formula (15.20).

The expressions for Epp have different physical meanings.
The doses are 1n any case proportional to the number of fragments,
so that the flrst power of the factor Epp represents the number of
fissions, as can also be seen from the derivation of formula (15.12).
The quantity Epp contained in the exponent in (15.12) and (15.19)
and in the bracket of (15.20) characterizes the action of the cavity
and describes the dimension of the cavity, i.e., the explosion
energy. The number of fragments (i.e., the amount of % radiation)
in the case of fission bombs 1s determlned by the exploslion energy,
Just as is the dimension of the cavity.

In the case of hydrogen bombs the number of fragments 1s
determined not by the entire explosion, but only by that part of
the energy which 1is connected with the fission reaction, but the
dimension of the cavlty 1s determined by the entire explosion
energy. Therefore in the case of a hydrogen explosion the expreg-
slon for the exploslion energy should be contained only in that term
of the formula, which characterizes the action of the cavity, whlle
the coefficient Epp in the first power should represent only part
of the total energy, corresponding to the energy connected with the
fission reaction.

16. TIME OF ACCUMULATION OF ¥~RADIATION DOSE. RATIO OF THE DOSES
FROM THE FRAGMENT AND FROM THE HARD COMPONENT.

The dose of ¥ radlation is made of the dose due to the cap-
ture radiation and the dose due to the fragment radilation. The
capture radiation terminates within practically 0.3 seconds while .
the fragment radiation lasts several seconds. This ratio indeed
determines the time of accumulation of the dose. The time of
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accunulation depends on the distance to the place of explosion and
on the energy of explosion. At the dlstances where the dose 1is
determined by the capture radiation (i.e., in region 3 of Figure 403
Fl)RQ’ 3 Taeble 29) the maln part of the dose is accumulated within

0.2 seconds. At shorter distances -- in region 2 of Figure 40 -~
the dose accumulated within several seconds. The greater the
exploslon energy the longer the dose accumulates, slince the longer
is the time of growth of the cavity produced by the shock wave.
The greater the distance, the more rapidly the dose accumulates
gince the role of the capture radiation becomes greater here.

The time of accumulation of the dose can be of practical
interest. The point is that the magnitude of the dose 1s critical
within certain limits as far as the lethal result of radiation
sicknesses 1s concerned. For example, in the case of 400 r, death
is inevitable in 50 percent of the cases, and when the dose is half
the size, there are practically no deaths. If the dose accumulates
within several seconds, then the primitive protectlion measures be-
come possible (within 1 -- 2 seconds one can lle down on the bottom
of a trench, etc.), which even in a case of a comparatlively small
reduction in the dose may lead to a favorable outcome of radiation
sickness.

The plot of Figure 43, based on the calculatlons of B. V.
Novozhilov#* shows the speed of accumulation of the dose and explo-
sions of atomic bombs of large and small energy.

In Figure 43a (E = 2 kilotons) it 1s shown that the dose
accunulates much more rapidly at a large distance (1500 meters) in
the actlion region of the hard component than at a short distance
(500 meters).

Figures 43b and c¢ show the long duration of accumulatlon of
the dose 1n the case of high-energy explosions.

Table 31 lists the time necessary for the accumulation of
50 percent of the dose and that fractlon of the dose, which 1s
accumulated after 2 seconds (i.e., after the minimum time necessary
to take shelter against ¥ radiation) at the distance indicated in
the second row. These distances are close to R (Table 31).

#The rise of the fragment cloud and the cooling of the air in the
cavity have been disregarded, and therefore the time of accumula-
tion of the dose at high energy of exploslion 1s exaggerated.
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Figure 43. Speed of accumulation of dose of {y rad-
iation in explosions of atomic bomb with energy 2
megatons (a); the upper curve is for a distance of

1500 meters from the

center of the explosion, while

the lower one 1s for 500 meters; 200 kilotons (b);

20,000 kilotons (c).
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Table 31

Type of accumulatlon of dose in explosions of
atomic bombs with different energles

Explosion energy, kilotons 9 20 200 2000 20 000
Distance, metersS.eecscecsssses | 100 1000 1500 2500 4000
Time of accumulation of 50% )

dose, secONdSeeesceocsssoses | 2,0 2,5 4 7 8
Fraotion of dose accumulated

after 2 seconds, %eecscsesees | 45 45 35 10 2
Doge due to capture radlation,

IR E R R R R E N E W A I A B Y N Y 20 30 97 7 0'15

The table 1s based on the data of Figure 43.

Figures 40, 43 and Table 31, as well as a comparison of
formulas (14.2) and (15.19), show that the greater part of the dose
in region 2 is produced by 7y radiation of the fragments.

The predominance of the fragment 9y radlatlon in the pro-
duction of the dose, which manifests 1tself particularly strongly
in the case of explosion of high-energy bombs, calls for certaln
explanation, since the energy of the ¢ rays, released upon decay of
the fragments during the time that they stay 1n the explosion
region 18 by far not the predominate one, compared with the energy
of other sources of ¥ rays.

In a case of a strong explosion the ¢ -radiation dose bullds
up within a time close to 10 seconds. Withlin thls time the frag-
ments release 1.8 Mev/fission. Each flssion gives rise to two
neutrons, which in the case of an aerial exploslon are captured by
nitrogen and yleld 2 x 0.65 = 1.3 Mev/flssion.

In the case of a surface explosion, one half of the total
number of neutrons is captured by the air and one half 1ls captured
in the earth. Consequently, in the case of a surface explosion
there 1s released by capture radiation* 1 x 0.65 + 1 x 8 = 8.65
Mev/fission.

Thus, in the case of an aerial explosion the fy radlatlon of
the fragments amounts to 1.8 : (1.8 + 1.3) = 0.58, while in the
case of a surface exploslon 1t amounts to only 1.8 : (1.8 + 8.6) =
= 0,17 of the total energy of fy radiation released within a few
seconds after the explosion. Nevertheless, the fragment radlation
predominates in the production of the dose. This is due to the
action of the cavity, which makes the passage of the ¥ rays from
the fragment through the air easier than the passage of the ¥ rays
due to neutron capture.

¥Je disregard the fact that part of the neutrons 1ls absorbed by
the hydrogen in the earth, releasing thereby not 8 but only 2.2
Mev,
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The cavity develops within a time which 1is long compared
with the time of emission of the capture radliation, and is compar-
able with the time of emlssion of the fragment radiation (and the
greater the bomb energy, the stronger this ratio of the time inter-
val manifests itself). Therefore the action of the cavity always
produces more favorable conditions for prolonged radiation than
the short-lived radiation, and the greater the bomb energy, the
stronger this predominance of prolonged (fragment) radiation over
the short-lived one manifests 1tself, since the cavity radius 1s
greater. In additlion, the actlon of the cavlity always produces a
relative preference for the softer fragment radiation compared with
the harder capture radiation. The actlon of the fragment radiation
1s strengthened by the cavity. The amplification coefficlents are
listed in Table 28 and amount to several orders of magnitude. It
turns out therefore that fragment radiation contrivutes more to the
production of the dose than a nearly equal amount of capture rad-
iation.

The capture fy radiation which travels from the earth ls in a
less favorable gituation from the geometrical point of view than
the radlation from the fragments, since 1t 1s attenuated by the
absorption in the surface layer of the earth, because the capture
of neutrons in the earth takes place in a surface layer 30 centl-
meters thick.

If we speak of points located on the surface of the earth
and high up in the air, then the capture radiation from the earth
cannot act directly on these polnts, and only scattered radiation
should be effective.

In the case of explosion of a low-energy bomb, the effect of
the cavity is less pronounced because of its small dimensions, and
therefore the capture ¥ radliation assumes an important role in the
dose.

The share of the fragment radiation in the overall dose is
determined not only by the energy of the bomb but also by the
distance of the center of explosion. The capture ¢ radlation is
harder than the fragment radiation, and because when a bomb of
given energy 1s exploded the fractlon of the capture radiation in-
creases with 1lncreasing distance from the center of explosion, and
at sufficlently large dlstances the dose of % rays is determined
only by the capture radiation (region 3, Figure 40).

17. REMARKS ON THE CALCULATION OF THE DOSE OF 7y RADIATION IN
SHELTERS.

The large maghltude of the ¥-radiation doses in open spaces
makes 1t necessary to requlre a sufficlent attenuatlion of the
radiation by means of shelters that shileld agalnst the shock wave
and the heat. The doses in shelters must be calculated to account
for the construction of the bulldings, and therefore such a
calculation 1s an engineering problem.

In the present work, which is devoted to the physlcal aspect
of the action of the radiation, there is no need for entering into
the numerous details of problems of this kind. We shall confine
ourselves only to a few remarks concerning the approach to the
calculation of dose 1n shelters under the specific conditions of an
atomic explosion.

114



Scattered radiation. In the case of an atomic explosion the
dose 1s produced not only (and not so much) by the direct radiation,
but also by the scattered radiation, as follows from the theory of
multiple scattering of ¥ quanta (Chapter II). Good protection only
on the explosion side, l.e., from the direct ray, protects a little
from ¥ radiation. The shelter may also have a weak spot, l.e., a
thin portion in the shielding layer or an opening (entrance,
ventilatlion, opening of trench). Even if thls opening 1s so con-
structed that the direct ray cannot pass through lnside the bulld-
ing, 1t may be a principal and dangerous source Of radiation inside
the shelter, since scattered radlation may enter through 1t.

To estimate the dose produced by the scattered radiation,
use can be made of formula (7.20). The value of §(8) entering into
(7.20) can be obtained from Eq. (7.24). However, the scarcity of
information on the value of 8?9), the possibillity of using formula
(7.24) in a greater interval of R/A than the interval for which 1t
was derived, the spreading of the angles & as be the y-radlation
source 1s not a point, etc., makes 1t necessary to have a certain
"safety factor" in the expression for 8(8). This can be obtained
by increasing the results obtained by formula (7.24) by a factor of
gseveral times.

In the region of action of the hard component, the angular
distribution of the scattered radiation should be more anlsotropic
than given by (7.24). Consequently the application of (7.24) to
this region glves excessive values of D(®), 1.e., the danger due to
the scattering radiation will in any case not be underestimated.

The dose due to the radlation entering into the shelter
through a "weak spot" and scattered from the walls can be estimated
with the aid of the values of the albedo, given in Section 1l.

Absorption in shielding layers. In practice 1t may be
necessary to use a variety of placements of shlelding layers rela-
tive to the center of explosion and exact calculations of such
layers may be very difficult because of the complicated spectral
composition and angular distributlons of the ¥ radiation incident
on the shield. If exact calculation is not always possible, it 1s
always possible to make a limiting calculation, in which the
shielding layers and the doses behind the shleld wlll not be under-
estimated. Such a limiting calculation is obtained from the
condition that the shielding layer is located perpendicular to the
direct ray and that the dose is produced by a parallel flux of
quanta, the energy of which 1s equal to the average energy of the
quanta radiation (i.e., 2 Mev) or the capture radiation (6 Mev),
depending on whether the shield is reglon 2 or in reglon 3 (Figure
40). Such a case was analyzed in Section 10.

The dose behind the shileld can be expressed by means of an
interpolation formula of the type (7.13) or (10.1)

- x/A

. eff
D"‘“ Dl) Kr ;:D()ae . (17'1)
The values of the coefficlents of ® and Agpr can be obtained

from Figure 26. The values of Aef for concrete, earth, brick, and
wood can be obtained from the densgty ratlios.
The values of the coefficients & and A pe of formula (17.1)
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for concrete and steel in the case of fragment radlatlion, are as
follows:

Concrete Steel
o4 1.5 1.5
A pps cm 13.5 4.0

The thickness of the shielding in units of Aeff (1.e.,
x/leff) is gilven in the nomographs of Figures 36 and 37, on the

right side of the middle vertical scale.
In the reglon of action of the hard component, Aeff for

concrete 1g 22 centimeters.
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APPENDIX I
INFORMATION ON Y RADIATION OF FISSION FRAGMENTS*

(compiled by M. Ya. Gen, M. S. Zlskin, and E. I. Intezarova)

#This appendix was based on the following works: a) Hunter and
Ballow, Nucleonics, 9, No. 5, 1955, b) Corvell and Sugarman,
Radiochemical Studies: the Fisslon Products. Book 2, c) Seaborg.
Rev. Mod. Phys., 25. No. 2, 469, 1953, d) Nesmeyanov A. N.,
Lapitskii A. V., and Rudenko N. P., Poluchenie radioktivnykh
izotopov (Production of Radloactlve Isotopes), Goskhimizdat, 1954.
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Table Al

v Radliation of Fragments 1 Hour after Fisslon

u(l hr) = 4.18 x 10”1 Mew/sec x 104 fissions*
Contribution of radiation of individual isotopes to u(l hr), %
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of the P-particle energy.
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Table A2

f Fragments 3 Hours after Flsslon
4 fissions
Contribution of radiation of individual 1isotopes
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Table A2 (continued)
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Table A2 (continued)
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Table A3

Y Radiation of Fragments 20 Houre after Fission
u(20 hrs) = 1.57 x 102 Mev/sec x 104 fissions

Contribution of radiation of individual isotopes to u(20 hrs), % .
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Table A5

¥ Radlatlion of Fragments 3 Days aftei Fission
u(? days) = 3.21 x 10-3 Mev/sec x 10% fissions
Contribution of radlation of individual 1sotopes to u(3 days), %
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Table A5 (continued)
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Table A6

Y Radilation of Fragments 10 Days after Filssion

u(10 days) = 9.5 x 10~% Mev/sec x 10%4 fissions
Contribution of radiatlion of individual isotopes to u(10 days), %
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Table A6 (continued)
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Table A7

Y Radiation of Fragments 30 Days after Fission
u(30 days) = 2.97 x 10-%4 Mev/sec x 104 fissions

Contribution of radiation of individual isotopes to u(30 days), % .
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Table A7 (continued)
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Table A8

<y Radlation of Fragments 200 Days after Fission

u(200 days) =
Contribution of radlation of

2.33 x 10-5 Mev/sec x 10% fissions
individual isotopes to u(200 days), %
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1,48 0,4 0,55
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Table A8 (continued)
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Table A9
v Radiation of Fragments 1 Year after Fission
u(1l year) = 4.57 x 10~6 Mev/sec x 10% fissions
Contribution of radiation of individual 1isotopes to u(l year), % .
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Table A9 (continued)
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Table A10

¥ Radlation of Fragments 3 Years after Fission

u(3 years) = 3.82 x 10~7 Mev/sec x 104 fissions
Contribution of radiation of individual isotopes to u(3 years), %
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Table All

¥ Radiation of Fission Fragments 4 Years after Fission

u(4 years) = 3.11 x 10-7 Mev/sec 10% fission
Contribution of radiation of individual isotopes to u(4 years), %
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APPENDIX II

ADDITIONAL INFORMATION ON THE PASSAGE OF ¢ RAYS
THROUGH MATTER
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Table Al5#%*

Crosa section of photoeffect Oph and of Compton

scattering q0¢ in units of 10-2%4 cm/atom at

different values of 7y quantum energy €

E, Nitrogen | Alumlnum Iron Lead
Mev
a®| 9%h |a% | %nh a9c %h |[a9C

0,102 !3,430 0,0540 6,370 (0,991 12,74 20,5 40,18 | 1782
0,127 13,245 |0,0262 6,026 0,492 12,05 10,8 38,01 985
0,170 {2,991 [0,0104 5,555 10,196 11,11 4,43  [35,04 465
0,255 12,621 10,00313 4,868 |0,0554 9,735 1,27 30,70 161
0,340 12,358 [0,00111 {4,380 [0,0214 8,760 0,546 |27,63 75,7
0,408 {2,198 {0,000651 (4,082 [0,0128 8,163 0,320 25,74 | 47,8
0,510 12,005 {0,000350 13,725 0,00691 7,451 0,190 123,50 | 27,7
0,681 1,770 [0,000165 |3,287 10,00324 6,574 0,0844 {20,73 14,5
1,022 |1,463 0,0000661 (2,717 i0,00129 5,434 |} 0,0342 (17,14 6,31
1,362 {1,264 |0,0000394 {2,347 [0,000774 4,695 0,0206 (14,81 3,86
1,533 1,187 — 2,205 — 4,110 0,0170 [13,91 —
2,043 {1,012 |0,0000209 {1,880 [0,000415 3,759 0,011 |11,86 2,08:
5,108 10,5718(0,00000¢4 1,002 '0,000127 2,124 — 6,(1991 0,675{

| |

i .

| o

|

|

[ i :

] !

l !

*#Compiled on the basis of reference [7].
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Table Al6#%*

Cross section of Compton scattering og of the tranafer
of energy to a quantum Oy and to an electron g in unlts of
10-25 cm2/electron at different values of -quantum
energy in units me2 = 511 kev

a=emc? O‘c UT ap |
0,025 6,31 6,31 0,00
0,05 6,07 5,79 0,28
0,1 5,599 5,138 0,461
0,2 4,940 4,217 0,683
0,4 4,032 3,152 0,880
0,8 3,140 2,158 0,982
1,0 2,866 1,879 0,987
2,0 2,090 1,164 0,926
! 3,0 1,696 0,852 0,844
4,0 1,446 0,674 0,772
6,0 1,136 0,477 0,659
8,0 0,946 0,370 0,576
10,0 0,817 0,302 0,515

*Compiled on the basis of reference [25],
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Table AlT*

Coefficients of absorption i and ranges of Y quantum in air
(density p = 0.00129 s/cm3) at different values of energy €

Mi’v %, cm2/g -‘::PQ, cm2/g $, Mt Pe,CM—1 ANau | he,m
0,1] 0,153 0,0227 10,197- 1073 [0,0203 . 1073 | 50,8 | 3al
0,15 0,133 0,0240 10,172 1072 [0,0310.1073 | 58,2 | 323
0,2 0,123 0,0262 |0,159. 10~3 0,0338.1073 | 62,9 | 296
0,3{ 0,107 0,0282 0,138. 1073 0,0364.1073 | 72,5 | 275
0,41 0,096 0,0292 {0,124. 10~3 10,0376.1073 | 80,6 | 266
0,5| 0,087 0,0295 0,112. 10~2(0,0380.1073 | 89,3 | 263
0,6 0,081 0,0293 [0,104. 1072 0,0378. 1073 | 96,2 | 265
0,8 0,071 0,0285  {0,0915- 102 [0,0368. 1072 | 109 272
1,0 | 0,0635 0,0275 10,0818. 10~ [0,0354 . 1073 | 122 282
1,5 0,0515 0,0247 [0.0664- 102 {0,0319.10~3 | 151 314
2,0 0,0435 0,0230 [0,0561- 10~2 [0,0296 . 103 [ 178 338
3,0] 0,0350 0,0205 [0,0452- 10~3 |0,0264 . 1073 | 221 379
4,0 0,0305 0,0193  [0,0393. 102 [0,0249 . 1073 | 254 402
5,0 0,0270 0,0180 (0,0348- 103 [0,0232. 103 | 287 432
6,0 0,0245 0,0170  0,0316. 10~3 ]0,0219,1073 | 316 457
8,0 0,022 0,0157  {0,0284- 10~2[0,0203. 1073 | 352 492
10,0 | 0,0200 0,0150 [0,0258- 102 10,0193. 103 | 388 518
.
#Compiled on the basis of reference [24]. .
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Table Al8#%

Coefficients of absorption . and ranges of y-quantum in
water (P =1 g/cm3) at different values of the energy €

M§§ %, cm2/g|Ee, cm2/g] woenmt | pe Tl | b on|le cu
0,1 0,171 0,0253 0,171 0,0253 | 5,85 | 39,5
0,15 0,151 0,0278 0,151 0,0278 6,631 36,0
0,2 0,137 0,0299 0,137 0,0299 7,30 | 33,5
0,3 0,119 0,0320 0,119 0,0320 8,40 | 31,2
0,4 0,106 0,0328 0,106 0,0328 9,44 ¢ 30,5
0,5 0,0967 0,0330 0,0967 0,0330 10,3 20,3
0,6 0,0894 0,0329 0,084 0,0329 11,2 30,4
0,8 0,0786 0,0321 0,0786 0,0321 12,7 31,1
1,0 0,0706 0,0310 0,0706 0,0310 14,2 32,2
1,5 0,0576 0,0283 0,0576 0,0283 17,4 35,3
2,0 0,0493 0,0260 0,0493 0,02¢0 20,3 38,4
3,0 0,0396 0,0227 0,0346 0,0227 25,2 44,0
4,0 | 0,0339 0,0204 0,0339 0,0204 29,5 | 49,0
5,0 0,0302 0,0189 0,0302 0,0189 33,1 52,9
6,0 0,0277 0,0178 0,0277 0,0178 26,1 56,2
8,0 0,0242 0,0163 0,0242 0,0163 41,3 61.3
10,0 | 0.0221 | 0,015 0,0221 0,0154 [45,2 | 63,0
|

#Compiled on the basis of reference [8].
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* Table Al9¥

Coefficlients of absorption ¢ and ranges of fy quanta in
aluminum (p = 2.7 g/cm3) at different values of the energy

Mg’v t, em2/g %9. cmz/g v, cM—? e, =t | A cu|d cn
0,1 0,169 0,0371 0,457 0,100 2,191 10,0
0,15 0,138 0,0282 0,372 0,0762 2,69 | 13,1
0,2 0,122 0,0275 0,329 0,0743 3,04 | 13,4
0,3 0,104 0,0283 0,281 0,0764 3,96 | 13,1
0,4 0,0927 0,0287 0,250 0,0775 4,00 | 12,9
0,5 0,0844 0,0287 0,228 0,0775 4,38 | 12,9
0,6 0,0779 0,0286 0,210 0,0772 4,77 { 13,0
0,8 0,0683 0,0278 0,184 0,0750 5,441 13,3
1,0 0,0614 0,0269 0,166 0,0726 6,02 | 13,7
1,5 0,0500 0,0246 0,135 0,0664 7,421 15,0
2,0 0,0431 0,0227 0,116 0,0613 8,631 16,3 i
3,0 0,0353 0,0201 0,0953 0,0543 10,5 18,4 !
4,0 0,0310 0,0188 0,0837 0,0507 11,9 19,7 (
5,0 0,064 | 0,0180 0,0767 0,0486 [13,0 | 20,6 i
6,0 0,0266 0,0174 0,0718 0,0470 13,9 21,3
8,0 0,0243 0,0169 0,0656 0,0456 15,2 21,9
10,0 0,0232 0,0167 0,0627 0,0451 15,9 22,2 ‘
)
#Complled on the basis of reference [8]. .

152




Table 20%

Coefficlents of absorption M and ranges of ¢ quanta in iron
(p = 7.8 g/em3) at different values of the energy €

ﬁi% L em?/g Eﬁ,cmz/g g cu-1 pe cm—1 | 2y om | 2o o
0,1 0,370 0,219 2,88 1,71 0,34.‘ 0,585
0,15 0,196 0,0801 1,53 0,625 0,654 1,60
0,2 0,146 0,0485 1,14 0,378 0,877] 2,64
0,3 0,110 0,0340 0,857 0,265 1,17 | 3,77
0,4 0,0939 0,0306 0,733 0,238 1,36 | 4,20
0,5 0,0840 0,0293 0,655 0,228 1,53 | 4,38
0,6 0,0709 0,0286 0,600 0,223 1,67 | 4,48
0,8 0,0668 0,0272 0,521 0,212 1,92 | 4,71
1,0 0,0598 0,0261 0,467 0,204 2,14 | 4,90
1,5 0,0484 0,0237 0,378 0,185 2,64 1 5,40
2,0 0,0422 0,0219 0,329 0,171 3,04 | 5,85
3,0 0,0359 0,0203 0,280 0,158 3,57 | 6,33
4,0 0,0330 0,0198 0,258 0,154 3,87 | 6,50
5,0 0,0314 0,0198 0 245 0,154 4,08 | 6,50
6,0 0,0305 0,0200 0,238 0,156 4,20 | 6,41
8,0 0,0298 0,0206 0,232 0,161 4,311 6,20
10,0 0,0300 0,0213 0,234 0,1€6 4,27 | 6,02 !'
[

#Compiled on the basis of reference [8].
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Table 21%

Coefficlents of absorption i and ranges of ¥y quanta in lead
(p = 11.3 g/cmd) at different values of the energy €

M§§7 %, cm?/g %e_, em?/g| woem-t | peoow=t | Moem|h cu
' i r .
0,1 5,46 2,16 61,7 24,4 0,0162; 0,0410;
0,15 1,92 1,08 ' 21,7 12,2 0,0461] 0,0820;
0,2 0,942 0,556 10,6 6,63 0,0943 0,151
0,3 0,378 0,241 4,27 2,72 0,234 10,368
0,4 0,220 0,136 2,48 1,54 0,403 | 0,650
0,5 0,152 0,0901 1,72 1,02 0,581 10,980
0.6 | 0,119 | 0,0084 1,34 0,773 0,746 1,29
0,8 0,0866 0,0477 0,978 | 0,539 1,03 [1,85
1,0 0,0703 0,0384 0,795 0,434 1,26 12,30
1,5 0,0523 0,0280 0,591 0,316 1,69 |{3,16
2,0 0,0456 0,0248 0,515 0,280 1,94 13,57
3,0 0,0413 0,0238 0,467 0,269 2,14 3,72
4,0 0,0416 0,0253 0,470 0,286 2,13 13,50
5,0 0,0430 0,0272 0,486 0,307 2,06 [3,26
6,0 0,0445 0,0287 0,503 0,324 1,99 (3,08
8,0 0,0471 0,0309 0,532 0,349 1,88 12,87
10,0 0,0503 0,0328 0,568 0,371 1,76 |2,70
L3
#Compiled on the basis of reference [8]. .
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Table A22%

Dependence of the dose build-up factor B, (pR) on

the energy € of a point source of quanta 1ln the
passage of ¥ radliation through an infinlte medium
for water, aluminum, iron, and lead

Quantum Dose build-up factors
Substance |energy By (BR) at distances pR
€, Mev
1 21 4 4 7 1015, 20
Watersee.| goss| 309 | 714 230 720 | 166 | 456 | 982
. 0,5 252 | 514 143 388 | 776 | 178 | 334
. 1,0 213 | 371 | 768 | 162 27,1 | 504 | 822
. 2,0 183 | 277 | 488 | 8,46 | 124 | 195 | 277
. 3,0 169 | 242 391 623 863 1281 170
. 4,0 1,58 | 217 334 | 513 694 | 997 | 129
. 6,0 1,46 191 | 276 { 399 518 | 709 | 885
. 8,0 1,38 1,74 | 240 | 334 | 425 | 566 | 695
i 10,0 1,38 1,63 | 2191 2971 372 | 49 | 598
[
Aluminum.| 05 237 | 424 947 | 215 389, 808 | 141
. 10 2,0 331 | 657 | 131 | 212 | 37.9 | 585
. 20 175 | 261 | 462 | 805| 119 187 ] 263
. 3,0 164 | 232" 378 614 | 863 130 | 177
] 4,0 1,53 | 2081 322 | 501 | 688 101 | 134
. 6,0 142 | 185 270 | 406 | 549 797 | 104
: 8.0 13 | 168 | 237 | 345 4,58! 6,56 | 852
] 10,0 1,28 | 155] 2121 301 | 395 563 | 7.32
Irones... 0,5 1.08 3091 598 | 11,71 192 354 | 55,6
. 1,0 187 | 2891 539 | 102 | 162 | 28,3 | 427
] 2.0 1,76 | 243 413 7,250 100 | 176 | 251
) 3.0 155 | 215 351 | 585 851 135 | 191
. 4,0 145 | 1941 303 491 711 1121 160
. 6,0 134 | 172 | 258 | 4140 6,02 989 147
. 8,0 127 | 155 223 | 349, 507 850, 130
] 10,0 120 | 142 195] 299 435 7,.54l 12,4
Loadesees | 5 12s | 142 ] 1601 200 227 1 265 [(273) |
. 10 137 | 1,691 226 302 | 374 | 181 | 585
) 20 139 | 1,76 ] 251 | 366 | 4811 687 | 9.00
. 3,0 130 ] 1681 2431 3751 520 844 1123
. 6,0 1,18 140 | 1,97 | 3311 580 138|327
» 8,0 1,14 1,30 1 1,74 ] 2,80 | H,07 1111 1418
. 10,0 1,11 L, 30 1781 2520 431 (105 1502
! | ;
i i i
#Data from reference [10].
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