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SUMMARY

The quantity which is considered in this report to be of first importance is the build-up
factor for a monoenergetic, monoangular beam of photons incident on a .lab of finite
thickness but infinite extent. This quantity is obtained for a sct of discrete values of slab
thickness, of incident energy, and of incident angle. Slab thickness, in mean free paths,
spans the interval (0, 20); incident energy, in units of mc?, the interval (1, 20); and
incident angle, in degrees, the interval (0, 90). Two materials are used for the slab—
lead and iron.

The processes used to obtain the set of “build-up factors and to establish their accu-
racy within reasonable limits are such that a considerable amount of supplementary infor-
mation is produced. This information is also presented. The supplementary results consist
in the probabilities and expected energies corresponding to the transmission of photons
with exactly one, two, or three scatterings; distributions of the transmitted photons over
energy and angle; some results for slabs of air and of the pure Compton scattercr; some
build-up factors in an energy range just below that stated above; photon and energy densi-
ties for three source configurations; and other quantities which on occasion might prove
interesting or useful. Also, a discussion of the effect of variation of the total absorption
coefficient on transmission probabilities is given which leads to estimates of build-up
factors for a material of arbitrary atomic number Z.
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. INTRODUCTION

The purpose of this report is to present data which, it is hoped, will be of use to those
who work on practical problems in gamma-ray transmission. The conditions under which
gamma-ray attenuation can be calculated are so idealized that the results cannot typically
provide the engineer and designer with exact solutions to his problems. High accuracy,
therefore, does not add greatly to the usefulness of the data. A characteristic more likely
to increase uscfulness is extensiveness, since in the practical problem an unexpected use
for uncommon data is often found. The calculations presented here were made to obtain
fairly complete and varied data with a degree of accuracy which, though low, is reason-
ably well established.

The first and most important calculation s for the transmission of monoenergetic,
monoangular gamma rays through slabs of lead and of iron. The method used calculates
successively the probability that a photon will be transmitted with zero, one, two, and
three scatterings, estimates the probability that the photon will be transmitted with four,
five, etc., scatterings, and then sums to find the total probability of transmission with any
number of scatterings. To check the results of these calculations, a second method, which
considers the transmission through a thick slab as a succession of transmissions through
thin slabs, is applied to an incident distribution discrete in energy, but continuous
over angle.

The results of the two methods, along with some results for the Compton scatterer, are
the foundation for most of the developments given in this report. Build-up factors, dis-
tributions of transmitted photons, and similiar useful quantities are given for slabs of
lead, iron, and the Compton scatterer. Other geometries and materials are considered, but
briefly and only as far as the results for these three materials can be made to carry the
discussion and furnish the answers.



Il. TRANSMISSION OF PHOTONS OF 1 TO 20 mc?
THROUGH SLABS OF LEAD AND OF IRON

The probability that 4 photon will be transmitted through a slab of finite thickness but
infinite extent is the sum of the probabilities that it will be transmitted with no scattering,
one scattering, two scatterings, etc. If the slab is sufficiently thin, the first few scatterings
are enough to determine the total transmission accurately. Thick slabs require the calcula-
tion of the transmission for an excessive number of scatterings, but if errors of the order
of 20 to 30 per cent are acceptable, estimates of the total transmission through thicknesses
of 20 mean free paths (mfp) are possible from relatively few scatterings, particularly in
the case of the heavy materials, where the absorption from the photoelectric effect and
pair production is large.

Most practical transmission problems are such that contributions to their solution by
idealized problems have an acceptable error of at least 20 to 30 per cent. In view of this,
and in view of the considerable amount of information to be gained by a detailed
approach, the first few scatterings have been calculated and estimates have been made of
the total transmission for monoenergetic, monodirectional photons falling on slabs of
lead and of iron.* Bremsstrahlung and polarization have been neglected. Back-scatter was
not neglected at the outset, but it was found that back-scatter could be ignored, at least
within the scope of these calculations.

Theory

A method, which is very simple in concept, exists for calculating transmission by
successive scatterings. The probability that a photon will pass through a slab with exactly
& collisions can be considered as the product of four probabilities: (1) e-#s*, the probability
that the photon will travel a distance s without collision (see Fig. 1), where p, is the total
absorption coefficient at the incident energy; (2) u, s, the probability that it will cullide
in ds at 5; (3) vdo/u,, the probability that the photon will survive the collision and
scatter into a new path, where v is the electron density and do is the differential Klein-
Nishina scattering formula for one electron; ang (4) Ni_,, the probability that the photon
will pass on through the siab with exactly £ — 1 collisions.

Let us now consider N,_,, which is the probability that a photon originating in the
interior of a slab of thickness a (see Fig. 1) will escape through a specified face with
exactly £ — 1 collisions. Except for the fact that the photon can scatter backwards into
the forepart of the slab, it could be considered as the probability that a photon will pass
through a slab of thickness b (b < 4) with exactly £ — 1 collisions. The probability of
transmission with two scatterings is the first to require consideration of back-scatter, since

* For similar attacks on the problem of gamma-ray trsnsmission, see Refs. 1 through 3, p. 185.
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4 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

transmission with no collision or one collision does not allow the possibility of back-
satter. It was found, however, that those photons which are transmitted with a backward
saatter after the first collision make a significant contribution to the twice-scattered beam
only for slabs so thin that the transmission is composed mainly of unscattered and once-
saattered photons. For example, a slab 1-mfp thick may typically be expected to have 10 to
13 per cent of the total transmission in twice-scattered photons, and of these twice-
saattered photons, 10 to 15 per cent have suffered a backward scattering. Similarly, a slab
thick enough to make thrice-scattered photons import.ont is too thick for back-scatter to
count heavily. It follows then that one can write, with a consequent error of only a few
per cent, for small values of #:

do
dN, = ey ds
k= € Fof#“

* Nk-lv

where N, is now defined as the probability that a phecon will be trznsmitted with exactly
& collisions.
By beginning with

N,. = ('1/70,

where X is the slab thickness in mean free paths (calculated at the incident energy) and
7o is the cosine of the angle between the normal to the slab and the incident path, it is
possible to calculate successively N,, Ny, - - -. At each step N,., must be known for a
sufficiently wide range of three parameters—slab thickness, .ncident energy, and incident
angle—so that a considerable amount of work is entailed. But by the same token, a con-
siderable amount of information is gained.

Similar arguments hold for E,, the expected energy transmitted in the beam of exactly
& scatterings. Since back-scatter plays a role in the transmission of energy even smaller
than it does in the transmission of photons, one can write, with less error than that for Nj:

vdo

1

dE, = e P pods- 3

The results of three successive operations with the preceding formulas are given in
Tables 1 through 4. Tables 1 and 2, respectively, give Ny/e-* for lead and for iron.
Tables 3 and 4 show E,/a,e-*, where a, is the incident energy.

The Accuracy of N, and E,

It can be seen that Tables 1 through 4 give values within a rectangle whose vertices lie
at (vo, X) = (1, 1), (1, 20), (0, 20), (0, 1). This rectangle may be divided roughly into
three areas, each with its different computational requirements and accuracy. In the area
near the vertex (0, 20), the values of Ny/e ¥ and Ey/a e are very small and are difficult




TRANSMISSION OF PHOTONS OF 1 TO 20 mc' 5

to compute out of all proportion to their useful value. One is not likely to require accurate
transmission values for photons grazing a slab 20-mfp thick. On the other hand, caszs of
this character do have some interest, and one hesitates to fix a boundary beyond which no
results are given. The best means of meeting these considerations seemed to be by estima-
tion based on a few supplementary calculations and on such pertinent information as was
readily obtainable.

In the area near the vertex (1,1), estimation was again used, though for different
reasons. Here the values of N; and E; for large values of £ contribute so little to the
total transmission that therc was no need to know them accurately. In particular, the
transmission with three scatterings was almost negligible and was obt:ined largely by
estimation.

The tabulated values, then, can be separated roughly into three classes: those values
which were obtained by calculation. those which depended on calculation and on estima-
tion in about equal proportions, and those which largely resulted from estimation. The
class to which a result belongs is indicated in Tables 1 through 4 by the number of
significant figures given; results of the first class named are tabulated with three figures,
those of the second, with two figures, and those of the last, with one. The results of a
class, however, are not necessarily sufficiently accurate to make the last figure significant
in the usual sense. The third figure, when given for N,, N,, E,, and E,, is rarely signifi-
cant, since the maximum error was set at about 2 per cent. It was not feasible to ensure
attainment of this accuracy, and there is no doubt that this accuracy was not always
reached. Nevertheless, three figures are given to indicate that calculation and not estima-
tion played the major role. On the other hand, the third figure for N, and E, is usually
significant, since the values of N, and E, were calculated in most instances with an
error of % per cent or less. The values of N, and E,, which represent trivial calculations,
have a third significant figure. In the case of the two-figure and one-figure results, the
magnitude of the error is not easily determined, but it is certainly never less (except
coincidentally) than that indicated by the number of figures in the tabulai: 1 result, and
in many instances is undoubtedly larger by a factor of 10 or more.

Accuracy of the Sums 35 Ny /e * and 31 By /0%

Estimates of the total transmission are conveniently expressed in the form of the so-
called "build-up™ factor. The build-up factor is defined here as T2 N,/e %, in the case
of the number of photons transmitted, and as T2 Ex/a,e-%, in the case of the energy
transmitted. Tables 1 through 4 supply the first four terms of the build-up factor; the
terms beyond £ = 3 must be estimated in some way.

Figure 2 shows graphically the calculated and estimated values of Ny/e* for y, = 1,
a, = 3. Calculated values of N,/e* for a fixed value of X are connected by a solid line
and estimated values are connected by a dashed line. The estimated values are reasonable
enough, and it is clear that unless the point at which Ny/e-* becomes negligibly small is
moved out to a large value of &, the value of T2 Ny/e-¥ is not excessively in error by
the standards of these calculations. To increase the value of the build-up factor for
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X = 20 by 20 per cent, the point of negligibility must be moved from its present position
at about # = 10 to about # = 15. This is, of course, possible, but it does not seem from
the figure that the point could bc moved much farther. Thus an accuracy of about 20
per cent for the total transmission is indicated.

The position taken in this respect can be made stronger. Suppose a photon originates
within an infinite homogeneous medium of the same material as the slab. Let ry be the
probability that this photon will reach and survive its kth collision and let p, be the
corresponding probability that the same photon—i.c., a photon of the same energy—
incident on the finite slab will also reach and survive its &th collision. After surviving
cach collision, the photon in the slab has a probability of avoiding the next collision by
escaping through one of the faces. The photon in the infinite medium is certain to make
the next collision; hence ry > py. The probability p,, in turn, exceeds Ny, since a photen
must survive its kth collision in order to be transmitted with exactly £ collisions. So for
all slab thicknesses,

> p > Ny

It will be recognized that r; satisfies a recurrent integral formula much like the one for
N, but with the important difference that the integral for ry is readily expressed in onc
variable. The recursive calculation of ry, therefore, is rapid. Values of r; and its energy
counterpart, 4,—the expected energy of a photon after £ collisions in the infinite medium
—are given in Table 5 for the materials lead and iron.

Since r, bounds N; above, one can establish an upper limit on the remainder
3z, Ni/e*. This bound, however is far too large to be of any use, at least for present
purposes. To get a reasonable estimate of the remainder, r.gor will have to be set aside
and a persuasive argument built around r;.

When one examines the mechanism of transmission, it seems likely that the sequences
{Ny)} and {p;} should exhibit similar behavior. To put it more exactly, one expects the
ratio Ny/py to vary more slowly as a function of # than either N or p;,. For N,/p, is that
fraction of the photons surviving after £ collisions which succced in passing on through
the slab. This fraction depends on the distribution of the photons with respect to position,
energy, and direction immediately after collision. As the photons becorze disorganized-—
lose all “memory” of their initial state—during a succession of collisions, the character
of the distribution function should tend to stabilize. If so, then N/p; should tend toward
a constant value as £ increases.

The behavior of N,/p; for the first values of £ can be easily determined for thick
slabs from the data in Tables 1 through 5. For when the slab is sufficiently thick, p; is
nearly identical to ry, so that Ny/r, can be used instead of N,/p,. In the case under
consideration above (lead, a, = 5, y, = 1, X = 20), one has

d'— = .657 X 108, % =129 X 10*, % = 2.31 X 10%,

1 £ 2 3

A reasonable extrapolation of this sequence gave the estimated values for X = 20 shown
in Fig. 2. Only by assuming an extreme behavior for the sequence can the estimates of
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Ny/e*, N,/e X, etc., be increased so as to affect significantly the estimates of the build-up
factor in accordance with the standards of these calculations. For example, to increasc
the build-up factor by 20 per cent by moving the noint where Ny/e-* becomes negligible
from & = 10 to £ = 15 requires that N,/r, be allowed to increase to a value of about
10-? at £ = 15. The first few values of N,/r, do not indicate the existence of the neces-
sary rate of growth, and since the first values should show the greatest variation, it scems
likely that the estimate of a 20 per cent error in the build-up factor will not turn out
to be too small.

All the build-up factors were obtained by extrapolation of the ratio Ny/ry. Whether
or not the extrapolation of N,/r, is an improvement over the one for N, the former
extrapolation had the unforeseen advantage of a procedure which could be made similar
in all cases. One set of data, when suitably prepared, was remarkably like another for the
first values of &. Therefore, a rcasonable way of extrapolation in a particular case having
been selected, it was possible to parallel the process in all cases. Although such parallel-
ism does not signify a better estimate of the build-up factor, all estimates are expected
to have comparable accuracy. This is a rather important point, because certain cases will
be checked later by an entirely different calculation. A definite, consistent scheme of
extrapolation gives some substance to the thought that the degree of accuracy found in
the cases checked holds in all cases.

The build-up factors corresponding to the results of Tables 1 through 4 are shown on
logarithmic scales as functions of X in Figs. 3« through Ge. Where the curves are solid,
the accuracy is thought to be satisfactory. Where the curves are dashed, the estimates are
open to large error. The accuracy of these estimates depends on the accuracy of the first
four values, the proportion of the total contributed by te first four values, and the
excellence of the method of estimating N, (or E,) for large £. In the region near
(v0 X) = (0, 20), the values of N,, N,, and N, are not accurately known and the
evidence is that the sum of the first four values is but a small part of the total. Thesc
estimates, therefore, have a double source of crror and must be regarded as guesses. The
excuse for offering them here is that even the roughest guess may on occasion be useful,
and it seemed only reasonable that such estimates should be included where nothing better
was available.

All the build-up factors have the value of vnity at X = 0, except when y, = n. For
this exceptional case one must have recourse to the limit which depends on the order in
which y, and X are allowed to approach zero. The limit wanted is clearly that which is
obtained when first y, and then X tends toward zero. When y,, = 0, the photon must be
considered as moving parallel to, and just in the surface of, the slab, so that a ‘irst
collision is certain. As X tends toward zero, a state is approached in which one half of the
photons surviving the firs. collision are transmitted and one half are reflected without
further collisions. Hence the build-up factor at X = 0, y, = 0 is r,/2, in the case of the
number of photons transmitted, and is ¢,/2a,, in the case of the expected energy. Figures
34 through 6e show these values.

The error in the build-up factor is, of course, zero when X = 0 and is estimated to be
more or less proportional to X, reaching about 20 per cent at X = 20y,, y, # 0. For
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Yo = 0, the value of X for 20 per cent error is small but not ¢, perhaps 2. For X > 20y,,
the estimates of the build-up factor, when given, rapidly lose accuracy and become, as
noted above, very rough guesses in the neighborhood of (y,, X) = (0, 20).

This simple representation of the error corresponds to the estimated potz=ntial accuracy
of the method. It is probably a fair representation in the inain, but nceds some qualifica-
tion in detail.

Examination of Tables 1 through 5 shows that the proportion of the total transmission
made up by the calculated values is greater for lead than for iron and greater for energy
than for number. Other things being equal, one expects, thetefore, that the build-up
factors for lead and for energy will be, respectively, more accurate than these for iron and
for number. Iron also has other difficulties. Because of the limitations of the calculational
procedure, the values for the second and third scatterirgs tend to be less accurate when
a, = 1.0. In the case of lead, this is not too important, since absorption reduces the con-
tributions of the higher-ordered scatterings. But for iron, the absorption is so small, near
a = 1.0 (sec Fig. 7), that errors in the second and third scatterings have an effect on
the build-up factors. The same remarks apply to a lesser degree when a, = 2.5. In addi-
tion to these known sources of likely error, there is, of course, the undetected inadvertent
error which mdy enter at any point from the start of the calculations to the final place-
ment of the results in a table or on a graph. Although many safeguards against error
were used, it is estimated that errors of the order of 10 per cent in Ny and E;, with the
helps of coincidence, might have escaped detection. Errors of this magnitude could decrease
the accuracy of the build-up factor below that stated.

Supplementary calculations and consistency of results, both to ke considered below,
leads the writer to believe that the build-up factors can be used with confidence if the pre-
ceding remarks on accuracy in the region of the solid curves are kept well in mind and
if it is remembered that the dashed curves reach into an area of rough guesses where
an error of 1000 per cent is not unlikely. The factors should not be used for fine calcula-
tions, since absurd results would be obtained. For example, the factors are not satis-
factory for calculating the average energy of the transmitted photons for large X and
small y,. This is clear when one considers that an error of 1000 per cent may give an
average energy greater than the incident energy. One should also guard against discerning
interesting trends and behaviors which are solcly the consequence of errors. As ir-plied
in the introductory remarks of this section, these results are intended to provide quick
and rough estimates of gamma-ray transmission for a wide range of conditions. It is
believed that for this purpose they will be satisfactory.
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Table !
Nx/e X FOR LEAD SLABS*
X a, Yo No/eX N/eX N,/e ¥ N,/rX
1 20 1.0 1.000 1352 .0240 0235
8 779 147 0272 0344
6 513 130 0292 0353
4 223 0954 0273 .0%61
2 .0183 0494 0203 0336
0 0 0168 .0118 .0242
10 1.0 1.000 257 0330 0294
8 79 .241 0378 011
.6 513 .209 0383 013
4 .223 .148 0524 014
.2 0183 .0701 0360 012
0 0 0189 0169 0372
5 1.0 1.000 340 0786 015
8 779 314 0841 .018
6 513 271 0877 022
4 223 .18% 0762 023
.2 0183 0853 0500 .018
0 0 0198 0194 0289
2.5 1.0 1.000 333 0689 011
8 779 309 0721 013
.6 313 .260 0741 016
4 223 170 0632 016
2 .0183 0849 0434 013
0 0 .0199 0151 0356
1.0 1.0 1.000 175 0200 0220
.8 779 139 0199 0321
.6 513 141 0205 0323
4 223 106 0187 0223
2 .0183 0514 .0123 0217
0 0 0142 01390 0396
2 20 1.0 1.000 302 .0803 .019
8 607 238 0727 .019
6 .264 133 0392 .018
4 .0498 0743 0393 .013
.2 03333 0250 0209 0296
0 0 01728 0114 .0%65

® X = slab thickness in mean free paths.
a, = energy of incident photon in units of mc2.
Y, = cosine of the angle between the slab normal and the incident path.
N, = probability that a photon will be transmitted with exactly £ collisions.
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Table 1—continved

a, Yo Ny/e X N,/eX N,/eX N /e¥
10 1.0 1.000 439 154 040
8 607 347 133 .040
.6 .264 213 .0996 034
4 0498 .0928 0571 024
.2 03333 0240 0228 012
0 0 .02486 04837 0451
3 1.0 1.000 570 .209 036
8 .607 420 176 0,3
6 .264 .2%9 131 .045
4 0498 104 0722 031
.2 03335 0224 0260 .014
0 0 02352 02798 0453
2.3 1.0 1.000 335 166 .037
8 .607 401 139 035
6 .264 .239 103 .030
4 0498 .0980 0373 020
2 0%333 0209 0190 .0280
0 0 02329 .02583 .0231
1.0 1.0 1.000 .274 0439 0256
8 .607 .202 0362 0249
6 .264 128 0272 .0%41
4 0498 .0%43 0138 0427
.2 03333 0136 .0%623 0212
0 0 02269 02224 093
20 1.0 1.000 636 .289 .106
8 .368 341 192 0815
6 0693 139 .101 050
4 .N3248 0423 0426 025
22 0113 0113 0177 013
0 0 0222 0265 0258
10 1.0 1.000 812 418 .164
.8 .368 397 .245 il
.6 0695 139 111 .058
4 02248 0297 .0348 022
.2 0%113 07461 02918 0272
0 0 .0%44 .0220 .0220
3 1.0 1.000 910 485 192
.8 368 431 276 121
6 .0693 .140 117 .059
4 02248 0236 0296 .018
.2 0%113 .02246 02554 0243
0 0 0718 0493 .0210
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Table 1—continved

a, Yo N /e X N/eX N,/eX Ny/e ¥
29 1.0 1.000 813 .368 117
.8 .368 383 209 0753
.6 0695 A21 U836 .035
4 .02248 0200 0207 011
2 05113 02197 .02349 0323
0 ] 0414 0469 0460
1.0 1.0 1.000 .406 .0914 D150
8 .368 197 .0524 02976
6 .0695 0657 0232 0250
4 .02248 0118 .02600 0215
.2 04113 .0%15%0 .0%130 0439
0 0 .0%14 0423 0410
20 1.0 1.000 i.58 1.3% 767
8 133 483 533 343
.6 .0%483 124 181 13
4 .0%614 0239 0508 .045
of4 014127 .0%38 11 012
0 0 043 022 .0%3
10 1.0 1.000 1.40 1.11 .670
8 133 326 .340 .248
6 .0%483 0479 .0722 .063
4 .0%614 .02479 0121 013
.2 014127 0130 0214 .0221
0 0 087 .01 .042
bJ 1.0 1.000 1.390 1.07 596
.8 133 282 291 186
6 .0%48)3 0292 0443 .033
4 .0%614 .0%159 02419 .0%41
.2 014127 0445 0326 .0*36
0 0 046 041 043
2.5 1.0 1.000 1.18 742 316
8 133 233 196 100
6 .0%48)3 0227 0267 017
4 .0%614 02106 02220 V218
o3 014127 0426 0413 04198
0 /] .0"3 047 041
1.0 1.0 1.000 570 171 0361
.8 135 119 0475 0124
.6 .02483 0129 02762 0428
4 .0%614 04751 03767 033
.2 014127 0427 0458 0433
V] 0 056 .0%4 .0%3

11
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Table 1—continued

X a, Yo N,/eX N,/eX N,/e X N,/eX
12 20 1.0 1.000 3.14 4.14 3.13
.8 0498 741 1.2% 1.08
6 0%333 .148 327 33
4 071352 020 061 .073
.2 030143 012 028 .01
0 0 045 037 .0%1
10 1.0 1.000 1.95 194 140
8 0408 234 3354 341
6 03333 .0183% 0457 036
4 07152 .0%93 0240 0267
2 020143 042 032 035
0 0 .0%2 .0%8 .043
bJ 1.0 1.000 1.74 1.60 1.08
8 0498 137 213 177
6 03333 02633 0142 015
4 07132 014 .0364 .0393
2 020143 081 .042 044
0 0 .08, 083 .0%1
2.5 1.0 1.000 1.42 1.06 .540
8 0498 119 131 0839
6 03333 .02408 02721 0262
4 07152 0460 0321 0326
2 030143 .0%4 035 .0%9
0 0 .09 079 083
1.0 1.0 1.000 678 .242 0593
8 0498 0613 0321 0102
6 04335 02244 02213 0391
4 07152 0454 0496 460
2 020143 .0%6 %3 .0%3
0 0 083 .079 .0%1
16 20 1.0 1.000 5.90 10.9 10.8
8 0183 1.25 2,77 3.14
.6 04233 .20 .59 .76
4 010378 02 .08 .
.2 027160 .0%8 .027 .01
0 0 041 .0%3 .02
10 ] 1.000 2.47 298 2.73
8 .0183 169 336 415
6 04233 0278 031 .049
4 010378 032 022 .0%4
2 037160 082 043 082
0 l 0 .0%3 .0%8 .0%4
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Table 1—continued

X a, Yo Ny/eX N,/e* N,/eX Ny/e X
16 p) 1.0 1.000 2.02 211 1.60
.8 0183 .0819 145 142
6 04233 0215 0249 .0267
4 010378 04 031 032
.2 027160 073 031 033
0 0 0102 089 076
2.5 1.0 1.000 1.60 1.34 783
8 0183 0586 0786 .0583
6 09233 0374 0218 0219
4 010378 0%4 042 044
.2 027160 .0%8 0"2 .0%6
0 0 0113 02 071
1.0 1.0 1.000 759 303 .0830
8 0183 .0296 0193 .02736
¢ 6 04233 .0%48 0°58 0832
4 010378 .0%4 041 .041
2 037160 012 092 .083
0 0 0102 .03 .0%8
20 20 1.0 1.000 10.8 233 31.3
8 02674 2.2 6.2 8.8
6 08162 3 1. 2.
A 013936 .02 1 .2
.2 0%180 .035 0% .01
0 0 082 032 037
10 1.0 1.000 2.94 4.36 4.55
i 8 02674 12 35 .50
.6 08162 023 02 .04
A 013936 044 087 022
2 034180 082 041 .06
0 0 082 081 .0%9
3 1.0 1.000 2.24 2.59 2.12
8 02674 .043 093 11
E 6 .08162 .0%4 .022 .0%3
4 013936 052 042 046
2 034180 082 092 .0%8
‘ 0 0 0121 .095 .0%6
2.3 1.0 1.000 1.7¢ 1.57 990
.8 02674 029 045 .039
6 05162 .0%1 033 .0%
4 013936 .0%3 033 0%6
2 034180 002 071 076
0 0 L0132 0106 0%
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Table 1—continved

X uy l Yo Ny/e X N,/eX N,/e* Ny/eX
20 1.0 1.0 1.000 822 349 .103
8 02674 015 012 0249
6 08162 031 032 031
4 013936 .0%4 052 033
2 .034180 .0¥% 072 .074
0 0 0122 .091 0%
Table 2
Nr/e* FOR IRON SLABS*
X a, Yo Ny/eX N,/eX N,/eX Ny/eX
1 20 1.0 1.000 .278 0793 .018
8 779 .262 0857 024
6 513 221 0931 .032
4 223 153 0869 .038
2 .0183 0660 0361 .033
0 0 0146 .0230 .018
10 1.0 1.000 .387 .129 .043
2 779 337 140 051
.6 313 .303 142 .060
4 .223 .218 139 071
2 .0183 0923 0904 057
0 0 0233 0370 .030
b 1.0 1.000 462 169 056
8 779 436 .183 .070
) 313 370 179 .080
4 223 .26% .156 .083
2 .0183 127 .107 068
0 0 .0401 0623 048
23 1.0 1.000 485 .181 .060
8 779 459 196 .073
.6 313 407 211 087
4 223 313 198 096
= .0183 161 141 .081
0 0 0695 0929 066

* X = slab thickness in mean free paths.

a, = energy of incident photon in units of mc2,

¥, = cosine of the angle between the slab normal and the incident path.
N, = probability that a photon will be transmitted with exactly 4 collisions.
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Table 2—continved

a, Yo N e X N,/eX N,/eX Ny/eX
1.0 1.0 1.000 435 .169 045
.8 779 436 .181 W36
.6 513 401 199 070
4 223 326 .202 .084
of3 .0183 .187 150 .073
0 0 104 114 .066
20 1.0 1.000 481 .201 070
8 607 353 162 066
.6 .264 .209 128 .068
4 .0498 .0840 0764 034
2 04333 0133 .0241 023
0 0 07233 N?735 0298
10 1.0 1.000 .638 .294 13
8 .607 480 .268 13
6 .264 .279 193 .11
4 0498 112 113 .078
t2 03333 .0212 .0370 .033
0 0 02349 0112 014
5 1.0 1.000 .76 430 .20
.8 .607 337 .347 18
.6 .264 341 .258 .16
4 .0498 149 162 12
2 03335 0353 .0626 .035
0 0 02814 0271 031
2.5 1.0 1.000 796 449 .21
8 .607 392 397 21
.6 264 .388 .309 19
4 0498 .190 .201 14
.2 03333 0625 0947 072
0 0 0268 0612 064
i.0 1.0 1.000 753 423 .18
8 .607 376 .381 19
.6 .264 412 323 19
4 0498 .230 .23 13
2 03335 .100 .140 A1
0 0 0488 0972 095
20 1.0 1.000 .807 .498 .269
8 .368 385 273 174
.6 .0695 114 .107 092
4 .02248 0173 .0264 031
.2 L9113 02139 02426 0271
0 0 .0%10 0371 0217
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Table 2—continved

X a, Yo N,/eX N,/eX N,/e-X N,/e X
4 10 1.0 1.000 1.02 667 .387
8 368 500 .388 .257
.6 0693 142 131 J2
4 02248 .0204 .0364 038
of3 .0%113 02162 .025%9 0281
0 0 0316 .0213 .0227
b] 1.0 1.000 1.17 .882 364
8 368 556 487 347
.6 0695 177 216 18
4 .0%2248 0304 .0597 061
2 08113 02368 .0138 018
0 0 0359 0245 .0276
2.3 1.0 1.000 1.21 933 660
8 368 614 581 458
.6 0693 .220 276 .25
4 02248 0521 0946 .10
o2 .0%113 0128 .0342 046
0 0 0248 020 .033
4
1.0 1.0 1.000 117 957 619
8 368 .635 599 449
.6 0695 .268 327 .30
4 02248 0922 152 A7
o4 0%113 0327 0719 .10
0 0 014 .043 073
8 20 1.0 1.000 1.34 1.16 833
8 133 .261 .282 251
.6 .0%483 0240 .0405 053
4 0%614 07983 .02320 0262
o) 01127 0420 0316 0450
0 V] .0%3 .08 043
10 1.0 1.000 1.52 1.39 952
.8 135 .293 341 .298
.6 .02483 0240 .0441 056
4 .0%614 03796 02308 0%5¢
2 014127 0415 .0%14 0339
0 0 083 041 043
5 1.0 1.000 1.70 1.61 1.32
8 135 333 431 418
.6 .0%483 0316 0668 079
4 .0%614 0?2157 .02639 0296
2 014127 0463 0358 0212
0 0 0°S 031 0%
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Table 2—continued

X a, Yo Ny/eX N,/e X Ny/eX N,/«X
8 2.5 1.0 1.000 1.77 1.87 1.68
8 133 .394 .547 603
6 02483 0504 .108 15
4 05614 .02521 0199 034
2 013127 0375 0253 012
0 0 092 022 0%
1.0 1.0 1.000 1.71 1.90 1.68
8 133 436 631 .709
6 02483 0939 .193 .28
4 0%614 0210 0621 .12
2 019127 0253 023 036
0 0 022 .01 .04
12 20 1.0 1.000 1.79 1.86 1.51
8 .0498 154 223 .232
6 03333 02515 0130 022
4 07152 0479 0333 0213
2 020143 .0%4 0%9 044
0 0 081 .0%1 0%9
10 1.0 1.000 1.90 2.09 1.59
8 0498 151 233 .248
6 09335 02397 0106 017
4 07152 0437 0326 0363
.2 029143 082 .0%4 082
0 0 041 01 0°8
3 1.0 1.000 2.05 2.31 2.05
8 0498 .169 273 320
6 09333 02360 0173 027
4 07152 .0%10 0377 0216
2 020143 081 043 049
0 0 075 033 041
2.3 1.0 1.000 2.1% 2.70 2.69
8 0498 215 378 495
6 03333 0118 0370 063
4 07152 0367 0248 on
2 020143 043 021 .03
0 0 .0%6 033 022
1.0 1.0 1.000 2.08 271 2.80
8 .0498 .284 526 716
6 01335 0359 107 .19
4 07152 | .0%34 026 062
.2 020143 021 028 03
0 0 .0%3 .0%4 02

17
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Table 2—continuad

X a, Yo Ny/e X N,/eX N,/e X N/ X
16 20 1.0 1.000 2.18 2.57 2.26
8 0183 .0861 165 .188
.6 04233 0212 0245 .0290
4 010378 .0%7 .0'9 033
.2 027160 087 .0%3 .0%4
0 0 0113 082 .073
10 1.0 1.000 2.21 2,75 2.26
8 0183 0722 142 175
.6 04233 .0368 .0228 0255
4 010378 .0%2 043 049
" 027160 082 081 .0%8
0 0 .0113 .0%1 072
b] 1.0 1.000 2.34 3.02 2.76
8 0183 .0821 135 214
.6 04233 .0%10 0245 0293
4 019378 .0%7 031 .0%3
2 027160 .073 .0%2 .0%8
0 0 .0%4 .0%1 088
2.3 1.0 1.000 2.42 3.53 3.71
8 0183 110 245 378
6 04233 0231 014 032
4 01378 .09 021 024
2 027160 .0%4 .032 021
0 0 082 047 .0%%
1.0 1.0 1.000 2.37 361 4.06
8 0183 172 443 657
.6 04233 014 063 12
4 010378 021 .01 .03
2 0271160 032 023 .01
0 0 043 .021 0?7
20 26 1.0 1.000 2.53 3.29 3.02
8 02674 .046 11 14
.6 03162 i .0%3 022 .0%4
4 013936 Kt 042 .09
2 034180 .0"1 .073 .04
0 0 0131 0105 0%
10 1.0 1.000 2.46 3.30 291
8 07674 033 082 12
6 04162 031 08 022
4 013936 .0%1 .0%4 042
2 0180 0102 085 074
0 0 0147 .0103 074
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TRANSMISSION CF PHOTONS OF 1 TO 20 m¢'

Table 2—-continved

X a, l Yo N, /e X N /e X N, e X N, /e X
20 b 1.0 1.000 2.99 3.81 3.69
8 02674 039 087 14
6 03162 042 021 043
4 013936 049 031 06
” 094180 0"S 078 07
0 0 | o3 04 076
29 1.0 1.000 2.67 4.41 5.01
8 .0%674 .0%9% 19 27
6 0%162 049 026 02
4 011936 04 044 022
2 0180 043 0% KI5}
0 0 08 L 042 02
S— — - —4 4
1.0 1.0 1.000 2,98 4.44 5.43
8 02674 10 .33 56
G 03162 028 .04 08
4 011936 0'3 029 01
.2 0*4180 044 021 044
0 0 041 047 043
Table 3
E;./o,e* FOR LEAD SLABS*
X a, Yo E /a,e ¥ E/a ! E,/ae ¥ E /ae
1 20 1.0 1.000 0672 02450 043¢
8 779 06%0 02531 0452
6 513 0371 07582 0172
4 223 0390 02383 0798
2 0183 0157 02394 0492
0 0 02337 02167 0187
S | SR ¢ ~ 1
10 1.0 1.000 .141 0157 0218
8 779 133 0178 0223
6 313 114 0187 0229
4 223 0770 016% 0233
2 0183 0307 0104 0229
0 0 L 02610 02421 0221

* X = slab thickness in mean free paths.
a, = cnergy of incident photon in units of mc*.
vy, = cosine of the angle between the slab normal and the incident path.
E, = expected energy of a photon transmitted with exactly £ collisions.
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GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

Table 3—continyed

ay, Yo E,/a,e v El/ao'-x E'.'/aur" Fi/ae?t
b) 1.0 1.000 223 0340 0245
8 779 .206 0370 0256
6 S13 176 0370 0%65
4 B 116 0306 0266
o 0183 .0482 0198 0238
0 0 04920 0738 0230
2.3 1.0 1.000 .248 L0380 0243
8 719 230 0430 .02%7
.6 I3 193 0440 0270
4 223 132 .0366 0271
b 0183 0570 0227 L0258
0 0 0120 02860 0234
1.0 1.0 1.000 148 0132 .0%88
8 779 136 0133 .0%99
.6 513 BRI b 0136 0211
4 223 0803 0114 0211
2 .0183 .0405 02772 0490
0 0 0107 02337 0461
20 1.0 1.000 140 0166 0223
8 .607 106 0153 0226
.6 264 0680 0133 0229
4 .0498 0279 0843 0226
2 04333 02660 02355 0219
0 0 02133 02148 0210
10 1.0 1.000 .268 0530 .0%91
.8 .607 .198 0452 .0*88
.6 264 A2 0336 L0280
4 0498 0476 0192 0°63
2 04339 02980 02722 0237
0 0 02149 02243 0223
b] 1.0 1.000 .394 0970 .020
8 607 .283 L0840 020
.6 264 174 610 017
4 .0498 0667 0827 012
= 04333 0126 0110 0454
0 0 07162 0287 L0220
2.5 1.0 1.000 r 420 A0S 020
.8 .607 304 0880 020
.6 264 182 0618 016
4 .0498 0723 0326 010
2 04335 0:43 0106 0246
0 0 { 04198 02299 0222




TRANSMISSION OF PHOTONS OF 1 TO 20 mc'

Table 3—continved

X a, Yo E /ae X E/auX E,/a, X E/a e X
2 1.0 1.0 1.000 .239 0320 L0231
8 607 173 0263 0228
.6 .264 .108 .0194 0224
4 0498 0449 0111 0217
2 07335 0110 02442 0485
L 0 0 02203 02164 .0%49
4 20 1.0 1.000 .308 0690 156
8 368 A57 0450 0127
.6 06935 0363 0238 290
4 02248 0131 02936 .0%52
a 04113 02236 .0%311 0226
0 0 0437 0396 0213
10 1.0 1.000 .303 162 .0443
8 368 243 0930 0300
.6 0695 0786 0434 019
4 02248 0143 0128 087
2 09113 02173 02281 032
0 0 0415 0454 0211
b} 1.0 1.000 669 287 0794
8 368 313 150 0339
.6 0699 0960 03590 027
4 02248 0152 0151 0299
2 0"113 0°136 02292 0222
0 [}] 066 0227 044>
+ —— S s £ R W A
2.5 1.0 1.000 665 .248 0712
8 368 310 140 .0460
.6 0693 0948 09526 020
4 02248 0152 0133 0468
4 04113 0%136 0223] 0217
4] [}] 0448 0419 0128
1.0 1.0 1.000 .364 0730 0104
8 .368 174 0412 L0668
.6 0695 0566 0176 .0%33%
4 02248 0100 07464 0°12
ol 0%113 02118 04950 L0433
0 [y] L0492 0822 0413
A S = N 1§ [Ele
8 20 1.0 1.000 785 374 136
8 135 209 .138 0646
.6 .02483 0419 .0430 028
A4 .0°614 02680 0122 012
oo 01127 0784 04229 .0%46
0 0 045 04 041
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GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

Table 3—continued

X a, Y EJaye X | E//ae X | E,/a.e? E,/a,e ¥
8 19 1.0 1.000 9306 482 213
.8 135 202 138 0796
.6 02483 0258 02993 026
4 0614 02208 02458 0267
2 014127 0496 0443 0411
[}] 0 072 03 0192
T—— — -+ - — 4 —_————
b) 1.0 1.000 1.06 648 286
8 135 213 168 0964
.6 02483 0209 0239 019
4 07614 02101 02236 0228
2 01127 0423 0413 026
0 0 052 0% 042
R N 4 S
2.5 1.0 1.000 986 .49 210
8 138 194 137 0645
.6 07?483 0176 017 010
4 0614 01811 02145 0%12
4 01127 0421 0194 0413
0 0 0719 073 .0°8
b 4 [ — S 4 e -
1.0 1.0 1.000 518 150 0295
8 138 108 0374 02923
6 07483 0106 07599 0220
4 03614 01634 01628 0928
2 015127 0826 0453 0436
0 0 04 083 037
12 20 1.0 1.000 1.58 1.25 625
.8 .0498 275 311 193
.6 07335 0449 .0807 069
4 07152 0263 022 030
- 02143 0746 .0%3 .08
0 0 0% 082 048
10 1.0 1.000 1.34 941 546
8 .0498 14. 192 123
6 .0%33% 02970 0179 023
4 07152 0439 0213 0235
2 070143 .08 0 043
0 0 078 032 043
3 1.0 1.000 1.37 1.05 373
8 0498 118 132 102
.6 04335 02457 .02828 0297
4 07152 L0488 0337 0371
2 0143 056 041 .044
0 0 .0*1 .0%2 031
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TRANSMISSION OF PHOTONS OF 1 TO 20 m¢

Table 3—continved

23

X ®y Yo E/a, et E\/aet E,/xe ¥ E/ae?
12 2.3 1.0 1.000 T 1.21 819 373
8 0498 0990 6910 0332
.6 04335 02337 02479 0236
4 071952 .0468 0419 0321
2 0143 .0"3 .05 .041
0 0 0”3 017 04
1.0 1.0 1.000 621 219 2500
8 .0498 0345 0260 .02801
.6 03333 02221 02173 0475
4 07152 0463 0498 0462
L2 .0%"143 .0%9 .0%4 .0%4
0 0 072 042 044
N + .
16 20 1.0 1.000 293 3.53 22
8 0183 457 .833 .641
.6 04233 069 .21 .23
4 01378 027 03 .09
%2 031160 043 025 02
0 0 032 .01 021
10 1.0 1.000 1.72 1.58 .06
8 0183 105 166 162
6 04233 0244 012 021
4 01378 041 0% .022
A2 027160 048 042 041
0 [}] 081 0%3 0%
bJ 1.0 1.000 1.63 1.40 .893
8 .0183 0645 0948 0923
K 04233 0312 0231 0249
4 01373 .0%9 046 032
4 027160 072 08 .0%S
0 0 .08 0*8 082
2.9 1.0 1.000 1.40 1.06 933
8 .0183 .0503 0367 0374
6 04233 0982 0216 .0%14
4 01378 037 43 04
2 .0%7160 071 .0%3 .0%8
0 0 o2 .083 073
1.0 1.y 1.000 .708 265 0709
3 0183 0274 01350 02542
6 04235 0453 0333 0328
A 01378 .0°8 042 041
2 .027160 .073 .0"3 085
0 0 0102 O0%7 072
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GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

Table 3—continued

a, Yo Eaye X | E /ajeX E,/aj X E,/a,e X
20 1.0 1.000 534 9.25 6.82
8 02674 96 2.7 293
.6 .0%162 1 .8 1.
4 013936 .01 1 3
2 044180 .032 01 .05
0 0 .0%4 047 .021
10 1.0 1.000 211 2.43 1.80
8 02674 .089 .20 .23
6 03162 022 .01 02
4 013936 043 033 .021
2 L0*180 081 .0%4 044
M. 0 .oes 073 051
b} 1.0 1.000 1.83 1.73 1.26
8 0674 038 073 .087
.6 03162 0%4 021 .0%3
4 013936 0%9 041 048
2 03180 0% 079 .0%9
0 0 0136 0°4 072
29 1.0 1.000 1.53 1.26 .682
& 02674 028 036 026
6 .0%162 092 0% .0%6
4 013936 08 085 038
2 034180 073 072 017
0 0 0131 .0°1 083
1.0 1.0 1.000 .761 308 .0929
8 02674 015 .0290 .0%37
6 09162 032 032 .0%1
4 .013936 .0%1 .0%3 .0%3
.2 014180 082 .073 076
0 0 22 .073 081




TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'

Table 4
Ex/o.e X FOR IRON SLABS*
X a, Yo Ey/ayeX E,/ayeX E,/ayeX E,/aje X
1 20 1.0 1.00 133 0163 .0220
8 779 123 0178 0223
6 513 107 0190 .0%33
4 223 0698 .0178 0241
2 0183 .0181 02829 0228
0 0 0?2289 02296 0216
10 1.0 1.00 218 0396 0265
8 779 .204 0428 L0282
6 313 173 0447 010
4 223 113 0391 011
.2 .0183 0329 0188 0270
0 0 02639 02758 0244
b) 1.0 1.00 .298 0671 .013%
8 779 275 0727 018
6 313 234 0756 021
4 223 160 0682 023
2 0183 0662 0421 017
0 0 0148 0173 .010
25 1.0 1.00 332 0953 023
8 779 322 0981 028
6 313 283 0978 030
4 223 202 0860 .030
2 0183 0945 0377 023
0 0 0322 0347 018
1.0 1.0 1.00 379 102 026
8 779 .384 .118 034
K3 313 318 121 .039
4 223 232 111 041
.2 .0183 132 0848 037
] [}) 0664 0610 031
2 20 1.0 1.00 .249 03518 .010
8 607 .183 0447 010
6 264 .106 0378 0287
4 .0498 0378 0173 0263
.2 03335 0463 02417 0222
(1] V] 03394 09908 0378

* X = slab thickness in mean free paths.

a, = energy of incident photon in units of mc2.
¥, = cosine of the angle between the siab normal and the incident path.
E, = expected energy of a photon transmitted with exactly £ collisions.
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GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

Table 4—continved

a, Yo Ey/age® | E/ageX | E,/apeX | Ej/ageX
10 1.0 1.00 379 .114 029
8 607 .282 0952 028
6 .264 166 0694 025
4 0498 .0393 0354 .016
2 04335 .02849 .02904 0256
0 0 09916 02216 .0222
S 1.0 1.00 310 .184 061
8 607 375 162 0A1
6 .264 .225 A28 054
A .0498 .0880 0653 .035
2 04335 .0168 0207 014
0 0 02309 .02783 .0280
2.8 | RY) 1.00 587 .260 093
8 607 436 219 .088
. .264 .285 167 .073
4 .0498 124 .0975 .049
2 .0%335% (350 .0463 027
0 0 02940 .0224 019
1.0 1.0 1.00 636 278 A1
.8 .607 514 .268 11
6 .264 330 ' 210 .099
4 .0498 174 143 078
2 03335 0691 810 052
0 0 .0301 141 .044
20 1.0 1.00 456 .148 .0439
8 .368 215 .0855 0296
6 0695 0594 .0316 .013
4 02248 02759 02672 0240
2 .0%113 09421 09853 0378
0 0 0416 0410 0316
10 1.0 1.00 657 -300 .108
8 .368 .308 162 .0680
6 0695 .0869 0594 031
4 04248 .0109 0117 0283
s 05113 04750 02160 0217
0 0 0444 0922 .0%40
5 1.0 1.00 .840 443 210
R .368 396 .261 149
6 .0695 .118 .106 .074
4 02248 0183 0252 022
o .0%113 02201 02483 0257
0 0 0821 .0%11 0219
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TRANSMISSION OF PHOTONS OF 1 TO 20 m¢

Table 4—continved

a, Yo E,/ayeX | E/aje® | E;/ayeX | Ej/a,eX
25 1.0 1.00 960 623 A3n
8 .368 470 .35%4 .208
6 .0695 158 158 11
4 02248 0339 0322 044
2 .0%113 02659 .0182 .020
0 0 0214 0?84 013
1.0 1.0 1.00 1.01 636 349
8 368 537 445 278
6 .0695 218 243 .18
4 .0%248 .0692 107 .097
2 .0°%113 0237 .0513 .057
0 0 .0%8% .028 .038
20 1.0 1.00 828 413 170
8 135 137 .101 0534
6 02483 0127 .0130 .0%93
4 .0%614 04397 .04800 .0389
2 013127 0354 0429 0*55
0 0 074 .0%9 .0%3
10 1.0 1.00 1.09 737 344
8 133 .201 .170 .0983
6 02483 0135 .0196 015
4 .0%614 .0342% 02102 0212
.2 018127 .0%81 0445 0483
0 0 .081 082 0%
5 1.0 1.00 1.31 1.02 623
8 133 252 251 196
6 02483 .0229 0343 033
4 .0%614 .03944 02249 0234
2 013127 0436 .0%19 0338
0 [ 081 042 .0%6
2.5 1.0 1.00 1.47 1.30 869
8 135 314 3% 301
6 .02483 0375 0663 071
4 .0%614 0%336 0103 013
.2 014127 0339 .0220 .0239
0 0 043 .0%8 .0%3
1.0 1.0 1.00 1.52 1.36 1.02
8 133 393 .501 435
6 .0%483 0772 142 16
4 .0%614 0137 .0420 .060
2 013127 0238 015 027
0 0 .0%1 026 .01

27
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‘GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

Table 4—continved

X a, Yo dofageX | E,/ageX | E,/ajeX | Ey/a,eX
12 20 1.0 1.00 L1135 .768 387
8 0498 .0928 0894 0389
6 03333 02273 02443 0246
4 07152 0429 01 0320
.2 020143 .079 081 085
0 0 .0°1 012 .0%1
10 1.0 1.00 1.40 112 609
8 0498 .106 119 874
.6 03333 02262 02506 0252
4 07152 0421 0495 013
2 029143 .0%1 K1k 0%4
0 0 .0%3 012 081
3 1.0 1.00 1.63 1.59 1.10
8 .0498 131 .181 163
6 03335 02403 02927 011
4 07152 0464 0%29 0334
.2 0?2143 .0%9 041 .043
0 0 01 .0%4 082
2.3 1.0 1.00 .79 1.98 1.56
8 0493 173 274 277
6 03333 02893 0230 031
4 07132 .0340 .0220 0239
.2 029143 043 033 0%8
0 0 082 048 034
1.0 1.0 1.00 1.85 2,12 1.90
8 0498 .244 423 470
6 03335 .0293 0772 11
4 07152 0242 .018 033
2 0?9143 037 023 01
0 0 032 022 027
16 20 1.0 1.00 1.46 1.16 643 I
8 .0183 0338 0677 0237
6 04233 .0%61 0213 0222
4 010378 .0%2 042 045
2 021160 082 073 085
0 0 0125 .0%3 071
10 1.0 1.00 1.66 1.52 931
8 .n83 0528 0783 0669
6 04233 0342 0213 0217
4 019378 051 041 042
2 027160 .0%1 073 082
0 0 .0127 .0°3 .0%3
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TRANSMISSION OF PHOTONS OF 1 TO 20 m¢

Table 4—continued

X ay Yo Ey/age X E,/ayrX E,/ayeX | E/a,eX
16 b) 1.0 1.00 1.88 2.11 1.5%
8 0183 0645 113 116
6 04233 0369 0223 0239
4 010378 .0%% .04 .0%¢
.2 027160 072 .0%6 .0%3
0 0 001 071 .07¢
2.5 1.0 1.00 2.04 2.61 2.27
.8 0183 .0908 .184 225
6 04233 0221 0274 013
4 01378 043 .0%4 021
.z 027160 032 04 032
0 0 079 041 048
1.0 1.0 1.00 2.11 291 2.77
8 0183 131 343 420
.6 04233 012 045 075
4 .01v378 0?1 .08 .02
2 027160 032 022 0?7
0 0 043 037 .0%4
20 20 1.0 1.00 1.74 1.57 937
8 02674 032 .049 046
6 .0%162 031 088 0?1
4 019936 082 032 041
.2 .0%180 0193 .0%3 073
0 0 0142 .01g .0%9
10 1.0 1.00 1.89 2.00 1.35
8 02674 025 048 047
6 .0%162 .046 043 033
4 013936 076 081 .0%3
.2 034180 0102 082 .0%9
0 0 041 .0V4 0106
b) 1.0 1.00 2.13 2.59 2.05
8 02674 031 067 078
6 05162 031 0%$ 021
4 013936 .0%3 035 041
.2 034180 .0%6 074 0"2
0 0 .01z 0% 085
2.9 1.0 1.00 2.29 3.32 3.20
8 02674 045 A0 .16
6 .0%162 033 023 .0%%
4 013936 087 .09 .0%3
2 034180 .0%1 .0%8 044
0 0 083 .0%1 042




30 GAMMA-RAY TRANSMISSION THROUGH FINITE SI.ABS

Table 4—continved

X a, Yo E/ayeX | E\/age X | E;/ayeX | E/ageX
20 1.0 1.0 1.00 2.36 3 3.74
8 02674 .093 .27 36
6 .0%162 0?5 .03 .05
4 013936 0% .04 .01
2 .0%4180 044 .0%8 024
0 0 .0%6 .0%3 .03
Table §
VALUES OF r, AND q: FOR LEAD AND FOR IRON*
Lead Iron
ay 4 T x x 9
20 0 1.00 20.00 1.00 20.00
1 216 1.36 475 2.99
2 109 233 404 842
3 0524 0661 370 A7
4 0212 0203 313 .201
b] 01739 02594 .243 A18
6 02223 02162 170 .0662
7 03604 03429 107 0369
8 03157 03107 0621 0196
9 04372 04262 0331 0100
10 .0%877 .0%622 0163 .0%470
11 .0%199 08142 02736 02218
12 .0%453 08310 .0%328 02100
10 0 1.00 10.00 1.00 10.00
1 446 1.65 741 2.74
2 254 445 .690 1.tv
3 122 142 .633% 337
4 .0487 0443 534 316
b) 0165 .0128 408 .184
6 0488 .02341 ,281 .106
7 .02128 03882 173 0586
8 03314 .0%208 .0990 0308
9 04720 04480 0318 0152
10 04162 04106 0252 .0t730
11 .0%353 08211 0114 .02320
12 .08770 %402 02487 .02138

* ¢, = the probability that a photon will survive its &th collision in an
infinite homogeneous medium.
gy = the expected energy of a photon surviving its éth collision in
an infinite homogeneous medium.

a, = energy of incident photon in units of mc2,



TRANSMISSION OI PHOTONS OF 1 TO 20 m¢

Table 5—cortinved

Lead Iron
a, £ " dx x 9k
3 0 1.00 5.00 1.00 5.00
1 703 1.53 934 2.06
2 414 .548 .908 1.04
3 189 .184 .830 393
4 0697 0556 .683 .350
b) 0216 0152 .505% 205
6 02582 02377 334 A7
7 02138 .0%910 .200 0635
8 03297 03198 .109 .0326
9 04380 .04420 0349 0153
10 04109 03852 0235 02700
11 05194 03167 0111 02280
12 09338 .0%300 .0%454 02109
25 0 1.00 2.50 1.00 2.50
1 776 1.02 1.00 1.32
2 393 .366 971 773
3 .146 108 856 470
4 0432 0278 667 281
b] 0109 02636 461 162
6 02222 02122 .282 .0899
7 02399 03202 A8 0471
8 04663 04300 0801 .0228
9 04109 .0%415 0376 0102
10 05174 .0%532 0161 02410
11 09271 07620 02650 02160
12 07424 08722 02242 04600
1.0 0 1.00 1.00 1.00 1.00
i 438 .300 981 .643
2 119 0618 900 405
) 0221 02972 675 .243
4 02313 02119 450 138
b) .03336 04122 251 0753
6 04344 04114 131 .0373
7 .0%30% .0%8%0 0604 .0169
8 09230 07533 0256 0%695
9 07198 .0%268 02923 02265
10 08149 .0"108 02321 .0%910
11 .0°107 01301 .0%973 03261
12 011738 013837 03268 04670

31




32 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

-~

Fig. 1—A diagram showing the probabilities associated with the transmission
of a photon and clarifying the derivation of the formula

v do
de =M Ho ds - * Nioy
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_ |
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's y A« probadility of tronsmission with exactly # scatterings
} M X sthickness of siab in mean free paths
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° R —_— bl PO
4] [ H 3 4 L} ] 7 [} 9 10 " 2

Number of coliisions, &
Fig. 2—Graphical representation of the calculated and estimated behavior of
Ni/e ¥ with respect to k in the case of a photon of energy
5 mc? normally incident on a lead slab
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TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'
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Fig. 3a—Number build-up factors for lead slabs, &, = 20

33




GAMMA-RAY TRANSMISSION THROUGH FINI!TE SLABS

34
10t
Yo®!. L
0
1’
o’}
Pl | 8
/ T . e e @ — =]
==
kS -
AN
A\
\ \\ ——— 84 ot e
AN
=
N a Y ~
N NS B T 2
= N\ N\ e e e L
: =
« b
\ i
W |°-! Ny \}
\‘ ‘;‘
- a2
[ ‘\ - ‘s_
N
\\
N\
10 —
=0
— —
=~ -
|0" X = glab thickness in mean free poths
@o* energy of incident photon in units of mc®
Yo ® cosine of the ongle between the siad normal and
the incident path
N, = probability thot a photon will be transmitted with
exactly # collisions
02 ] | | l | | ]
(o] 2 4 6 8 10 12 L] 16 8 20
X

Fig. 3b—Number build-up factors for lead slabs, @, = 10




TRANSMISSION OF PHOTONS OF 1 TO 20 m
io® : : . = ;
X sglab thickness in mean free poths [—

aqo® energy of incident phofoninunits of mct
°

Y, * cosine of the ongle between the slab normal ond
the incident poth
0 N, *probability thot a photon will be tronsmitted with |y =1.0
exactly & collisions e
,/
r/
I
- ——
\ ~ S ‘~e.
\ =
1\
\ N
\ N
-}
x 10 =
! X < =
\' T\ 1\ N <
\ N\ ~ ]
§* NN Il S
° N~
' < \ \ ST
N ot \ \L N
N N =
[ >FL
N N
A} <
\v\ ‘\\ \.4\
'o-! \\ . =
N
\ AV
- N
M Mo
N
By ¢ 1
10 N2
“ .
AN N
v <
N
\
N
\
-8
10 N
(o} 2 4 6 8 To) 12 4 16
X

18 20
Fig. 3c—Number build-up factors for lead slabs, &, = 5




36

0 N‘ /‘—X

)
&

>

ot

10

10

GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

X
Fig. 3d—Number build-up factors for lead slabs, @, = 2.5

X sslab thickness in mean free paths |-
a,* energy of incident photoninunits of mct
Y, * cosine of the angle between the siab normal and
the incident path
N, = probability that o photon will be transmitted with
exactly 4 collisions
—] 70-1.0
r‘/,
™}
~ T
l\\ \\ o~ -~
—
AN N i\\
\ \ -
X X =N
h ¢ \\
A ¥ N
A N
A\ N\ N\
AVAN BY
-
\ N &
) s
Iy [N AN
X N \ T~
N\ ‘.‘
3 \ ~
\ Y N N
A N ‘\
\ \\ M.
= - —~ 4
A ¥ - [
A Y h
\ \
i \ N
)
\ ¥ =
\o \, N
= = N—
L
s N\ B
A} [N A
\ KT
3 \
‘\ \
AN
(o] 2 4 6 8 10 i2 14 16 8 20




TS AT K M

R T

T

TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'

ot . r r e
X s glob thickness in mean froe poths }h
a,* energy of incident photon inunits of mc?
y, * cosine of the angle betwaen the siab normal and
the incident poth —
Ny = probaobility that o photon will be transmitted with
10 exactly & collisions F—
)'o-l.o
__-__——'"—%—-
-
|
Sy
-
ANEEAN N
AN\ N
\ \\ S~
-1 .8
x 'O e
'. B v = —
\ A\ \ N ey
AWAY \ N
& Y\ N
g \ AN
L
W IO-. \ \ \ \
‘l‘ “ in W
A ¥ N
\ N
A \ AN ~
\ L‘
AN S
\ h
s \ A \ s
'o A A b N
A
AY N )
\ .
A}
N N4
A )
] \ 2 N
16°* ‘? \\ N
A\ “
AY
A \ S
\ ‘\“ i [N
Y
A\ N
g \ \
IO. A JEAN
(o) 2 4 [ 8 10 2 4 16 18
X

Fig. 3e—Number build-up factors for lead slabs, &, = 1

37




38 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

10
o]
Y,*1.0 //
10
>
|
) e
A .
A —~—
B ——.6
\ \ T ——l
\ N =t —
10" A
& -y — ~
\t\ S = 4
3 AN ~ ~o
© - b‘ \\
" ~ o T -y
W N =
lo* = \*
\\ k‘;
<
N ‘\‘
\; \\\
N\ S~
|0.’ \é* ~
0
b
S
RS
\ L
X s slab thickness in meon free poths N
0 ay* energy of incident photon in units of mc® M
¥o® Cosine of the ongle between the slob normol ~—
ond the incident path
Nklpvobobillty that o photon will be tronsmitted
with exoctly k collisions
10

o] 2 4 6 8 10 12 4 16 8 20
X

Fig. 4a—Number build-up factors for iron slabs, &, = 20



TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'

%-IO | ccoramsorome==]

/j/
I

/

'

0" EE =
.*" ‘\\ NG ~
\~ A} A =
z ANEIAY N >
- \x \\ S
$ «x \ N 4 N
N 10 A\ \\ D
\ = )
AN A
N\ AT
R AN N
. -
\ N2 N
N N\
-3 NN
10 - -
0 N N
N
‘L
N I \\
~ ~
N\
X = slob thickness in meon free poths N\ \
1074 | ap* energy of incident photon in units of mc? \‘ \‘:;
= cosine of the angle between the slob normol ‘4‘ -
ond the incident path N N\
N, ® probability thot o photon will be trcnsmitted N\
with exactly k collisions N\
)
T l \
10° ‘ AN
0 2 4 6 8 10 12 14 16 18 20
X

Fig. db—Number build-up factors for iron slabs, @, = 10

39




40 GAMMA-RAY TRANSMISSION THROUGH FINITZ SLABS

10
e
7||.0 /"‘
10
/
A
7
y .8 —
, ——
'\"\--~
I = —
X .
~
N N
\ \ N
\\ \\ S
~
0" AN A\ =
Fﬁ ‘\‘ \\ N . =
N N N ~
b 3 L \ ‘\ \; \‘
N\ N
2 \\ N ¥: \\
8 & \ N
N\
W |°°t \‘ \\‘ \‘
~ ~
——
AN .
e <
S N ‘\‘
LGN A =]
\ N
i07? \*‘ \\‘ \:
“ \‘ r
N
TS
N
AN N\
X = slob thickness in meon free paths \\ AN
1074 a,® energy of incident photon In units of mc? N h
Y, cosine of the angle between the siab normal =~
and the incident path
Nk'proboblllry thot a photon will be tronsmitted
with exactly k col'isions
107

0 2 4 6 8 10 12 14 16 8 20
b 4

Fig. 4c—Number build-up factors for iron slabs, @, = 5§




{o)

0’

:0 ”l/'.'

2

ot

0

f 0™

TRANSMISSION CF PHOTONS OF 1 TO 20 m¢

ﬂ%/

g
8
/
/, ‘ﬁh——-ﬁ—:
==
AN N e
N —
SNh =
\\k - o
- -
~ .\\_ “\_
==
'ﬁ&\; —— =5

§~
— -

e—

X = gslob thickness in meon free poths

a,* energy of incident photon in units of mct

Y, " cosine of the angle between the slab normal
ond the incident poth

N, = probability that a photon will be tronsmitted
with exoctly & collisiors

Fig. 4d—~Number

0 2 4 6 8 {o) 12 14 16 18 20

build-up factors for iron slabs, &, = 2.5

41



GAMMA-RAY TRANSM!ISSION THROUGH FINITE SLABS

42
i0®
Jrapesti
) —
yoll.
10
Pl 1
T i 8 — cm— —ﬁ
I
) e
-6
' =, — e | e e — e | c—— —
— —_—
! ——— —
N 2 —
iy et 0 | ——— —
— e
10"
by
g
S
o
8 x
N ot
X = slob thickness in meon free poths
ag* energy of incident photon in units of mc?
Y, = cosine of the angle between the siab normol
ond the incident path
N, * probability that o photon will be tronsmitted
g with exoctly &k collisions
107
10

0 2 4 6 8 10 12 4 16 8 20

Fig. 4e—Number build-up factors for iron slabs, @, = 1



TRANSMISSION OF PHOTONS OF | T0 20 r ¢

102 e S S .
s
-+ 4+ —t - -1 ue 4 4+ —
—— 4+ N — + —4 - 4 —
— 4 . - o _J;.
SR 41 _L — 1 JT— >~
|0 -
IO SRR SRR (S S :;7] -] __—_";—,
r/'g?_’ = B
‘ S ol B P
— = | i~
- B | B— i o (8
A Y G /.z}_ 4
‘\ \ 6 ,/ —al .- —=
¥ X \.__’-/ - =
' 10'3} - =
o ) 4 A W JD -y
o L - 4 - f—
N BTG —=T= B G S—
'Ar + ‘ _\¥ e | E
A Y _
0 « \ L-— -
W lo‘z ] .2 - -
l‘ =
A = — 4
N
= .y
i JC prmpk+} SRS RN S (R pym—
g3
| N 1 4 - 4--
+—
G4 X = slab thickness in mean free poths
Q.= energy of incident photon in units of me? [
Y.s cosine of the angle between the siab normal ond
the incident path
£,» expected energy of a photon transmitted with
exactly 4 collisions
108 | l ] I | l
(o] 2 4 6 ] 10 12 4 16 18 20

X
Fig. Sa—Energy build-up factors for lead slabs, &, = 20



44 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS
102
10 __a;
A e D
Yo*!0
g™
™™}
/r
|
= .s ‘?‘
A U
\
NS
o \\ D— 6
10 =% . —ey :
Uo _\
o | o ‘L \\
\ kf N
ry \
° \ \
WL\ N i
10t =X\ > e
<<— %
Y ~
N\ ~3 -~ iC
N u -~ s
L b <
\\ ~< L
103 . —
— Y
%o
\ -
TN
— .
-
|°.4 X s siab thickness in mean free paths N
@,= energy of incident photon in units of mc? =
y.= cosine of the angle between the siob normai and
the incident poth
E‘- expected energy of a photon trcnsmitted with
exactly 4 collisions
10 ! L L e 1 !
0 2 4 6 8 10 12 4 16 18 20
X

Fig. Sb—Energy build-up factors for lead slabs, &, = 10




TRANSMISSION OF PHOTONS OF 1 TO 20 m¢

ot
1

ml

X s slab thickness in meon free paths —

G, energy of incident photon in units of mct

Y s cosine of the angle between the siodb normal

and the incident path
£, = expected energy of a photon transmitted with

o 4 exactly & collisions

Yoll.O//

' =)
's..__g
S
\ N
1\ -
T ey
.8
AN |
L 2
" '0'& =
¢ P
\ x
[ I -~
N . T~
10
= —
A “ L
\) N\ N
\L N ~
\ > -~

10 X > ==

\0 M =
N 5N
\ \
\ N
-4 \
10
[ - &“
A} AN
AN
N AN
" \
\ N
0® A )
2 4 ] [ ] 10 12 14 13 ] ] 20
X

Fig. Sc—Energy build-up factors for lead slabs, &, = §

45




46 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

0 . . . . 1= . .
Xs slab thickness in mean free paths ———1
¢°- energy of incident photon in units of mc®
y = cosine of the angle between the slab normal
and the incident path
s expected energy of a photon transmitted with
10 E" exactly & collisions
y=1.0
;
| e
/
. . —
\ 2
A
NS —
i\ N S
\ \ \ S~
N o
' 10" B P
= =
\" | —
W
e |\ \\
0 & \ N
N |°-g \ \ N \\‘
0 AY N
\ A \ ) '
A )
\ RN h I
\ \
10 \ Al
%____‘ S
= @ s
A Y A) S,
- N
X\ A\ c
\
16* \‘; “L‘ 2 =
o -
A = —~-
N\
A) ‘\\
10° \ KN
(o] 2 4 6 8 10 12 4 18 18

X
Fig. 5d—Energy build-up factors for lead slabs, @, = 2.5




TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'

10t F——f————F—F—F—
X's slab thickness in mean free paths =
a,= energy of incident photon in units of mc?
7. cosine of the angle between the slab normol
ond the incident path
E‘- expected energy of o photon tronsmitted with
10 E° exactly # collisions
y®.0 —— —
-
|
Ay 8r
»n - \ \ \
' 10 A \.
o 1 N —
\ 1 A\ — -
11 AV AN -~
" \ \ \{ N
° \ N,
¢
WL\ N
10 = = %
N AN -
R =~
k \ AN
AN N
v AN
v \ ~J
p
103 Wl \‘ N N
'l A Y
\ A R |
N A
Y N
\\ X <
-4 \ \
10 3
A W S
Al . ‘
AW
- - \
Y \ N
Y\ ‘\ ] \
,0'0 \ A N

0 2 4 (] 8 0 12 4 18 18 20

Fig. S5e—Energy build-up factors fo: lead slabs, o, = 1

47




48 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

02 = = T v —— :

8 T » & I 1 ) 4

X = slab thickness in mean free poths

@qy* energy of incident photon in units of me?

Yo" cosine of the angle between the siab normal ond the
incident path

10 El' expected energy of a photon transmitted with
exactly & collisions

%0
i
e
/
I
X h’”&
\
T ——
\\ A\
DRY- L C X
¢ B =
~N \C
- AN
° \ \ b \“\
*« ~
N g2 \J \ F=
e S~
A AW Y
< \\
X \\ ﬁb‘\_
1g? \ DN [ ~4
= 5
=N g
N \\
N ~..2
[T \: ~
“ oy,
K\U
‘\
~
1® ]

0 2 4 ¢ ] 10 2 4 8 1] ]
X

Fig. 6a—Energy build-up factors for iron slabs, &, = 20



Y T

TRANSMISSION OF PHOTONS OF 1 TO 20 m¢'

X

Fig. 6b—Energy build-up factors for iron slabs, &, = 10

0? I I 1 I ; F 3 ¥
X s glab thickness in meon free noths
Qqt energy of incident photon in units of me?
Y, * cosine of the angle between the slab normal and the
incident path
10 E‘- expected energy of o photon transmitted with
exactly & collisions
— il
%*.0
]
—
)
“\ x 8
N
NN\ L3
| WANEER N i~
10" \ \‘ \‘
X N N6
AW A 5!
1\
X
\ \ 3 ~
1o \ N S
A Y 1\ ‘\ ‘\
. \ 'y
AW
‘\ \ \ -
NN Ay
\ N\ ‘\
1073 NN\ N
X X
A A LN
\ A)
AN
\ \ » N
‘\ \ \
1074 < A =
‘x
A A}
N\,
\° N\
\ \
(o) 2 4 (] 8 10 12 4 16 18

49




50

-x
0 &k /"o"

&

GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

10t
] e
O Yo*0
_
7
~d
.8
|
N— ——r
‘ -
\\ e
1 ]
10’ \ \\
“ ;
A . ™
\ AN
NN AN ~
N\ N\,
\ AN \\‘ \\‘
\\ \ ¢ \\
gt — n — N
\
\‘ b AJ
“ h
\ 2 LRI
\“ 33 N N
NN N
103 ol . N
(N N ‘\
) -
) N Y
‘L
\; \\ )
A - N
G4 X s slab thickness in mean free paths \\ N\
Qo= energy of incident photon in units of mc® Ny = =
Y. cosine of the angle between the slab normal ond | g
the incident poth N\
£,= expected energy of o photon transmitted with o
exactly # collisions N
168 | ] | | ! | | h
0 2 4 6 e 10 12 14 16 18 20
X

Fig. 6c—Energy build-up factors for iron slabs, &, = 5




TRANSMISSION OF PHOTONS OF 1 TO 20 m¢

102
Yot !0 _,_,/
{e]
el
L~
.8
! =
N
T~
’n:. |°'| A\ \‘ n = i
Uo N LN = = ==
S < ~ =
« N ~
W ~ g
° N b >
- o~ N4
~ + (-
A 10t s = ; ==
" —1
~ ~
S <2 h
pll N
f ~—0
~ ~
10° = > )
—
G X = slab thickness in mean free paths
Qo energy of incident photon in units of me?
Y, cosine of the angle betwaen the slab normal and
the incident poth
E‘- expected energy of a photon transmitted with
exactly & collisions
0 2 4 6 8 10 12 14 16 18 20

X

Fig. 6d—Energy build-up factors for iron slabs, &, = 2.5




GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

52
102
yo ".0/
a1
10
P
.8
—— LN W
| é#_‘ =
=== =
AN D
\\ -l e 4
8 e — e Al
» - = =~ - s = | =
v 10 = e
ﬁo — = e — —
N —t—=—0 =
(ry
o
o &
[/\] 16’
193 =
Id‘ X s slab thickness in mean free paths
@ot energy of incident photon in units of mc® F
7. = cosine of the angle between the slab nermal and
the incident path
£, expected energy of a photon transmitted with
exactly 4 collisions
0® | i ! | | ] |
4 -3 8 10 12 4 16 18 20

0 2
X

Fig. 6e—Energy build-up factors for iron slabs, @, = 1



Ty T

AT

TRANSMISSION OF PHOTONS OF 1 TO 20 md 53
100
+
A Lead Iron
\ \ Total absorption coefficient ——
\ Complon scottering component ~ ——-—- — e
\
Number of elecirons per cc
Leod iron
269x10™ 216 210"
o \A; L
P . 3
g
€
2
2
T
H \
$ ‘ i
i \
3 [ \
" - ﬁ_ b
i | = o \~
I~
< v N ol
~1L y- >
N I
S h
h N
1 .
b
It < .
I T A _
\\\
A | N
A | 10 100

a ' gomma-ray energy/mct

Fig. 7—The absorption coefficients for lead and iron used in
the calculations of this report



lII. TRANSMISSION OF PHOTONS OF 10 mc2 AND 20 mc?
THROUGH A SUCCESSION OF THIN 5LABS
OF LEAD AND OF IRON

Lengthy, intricate calculations, in the best of circumstances, tend to turn up with errors
larger than are supposed possible. The reader without first-hand knowledze of the re-
liability of the procedures used to obtain the results given in Sec. II will no doubt welcome
supporting calculations. A method which considers the transmission through thick slabs
as a succession of transmissions through thin slabs seemed suitable for this purpose. Since
this method and the one of the foregoing section are considerably different and therefore
do not yield exactly the same information, it will be found that the preceding results have
been extended as well as supported.

Description of Method

A matrix is constructed which transforms a frequency distribution incident on a thin
slab into the distribution transmitted through the slab.t® The incident and emergent
distributions are functions respectively of the incident and einergent angles and energies
and are :zpresented by a grid of discrete values. In essence, the transformation matrix is
the sum of three matrices which, if applied individually to the incident distribution, yield
the emergent distribution for the unscattered, once-scattered, and twice-scattered photons.
The slab is taken thin enough to makc thc contribution of photons scattered three or

more times negligible; all photons scattered backwards by any collision are ignored. The-

thick slab is supposedly divided into a numbecr of thin clemental slabs, and the distribu-
tion incident on the thick slab is transformed by the matrix iuto the distribution emerging
from the first elemental slab. This emergent distribution, considered as in:ident on the
second elemental slab, is transformed again, and so on, uatil the distribution emerging
from the thick slab (i.c., the last elemental slab) is found.

To obtain data fur comparison with those given in Sec. II, the incident distribution on
the thick slab is taken as the one corresponding to an isotropic point source from which
is accepted radiation within a cone of half-angle cos-! 0.8; the axis of the cone is normal
to the slab. The choice of distribution is motivated by several considerations which need
not be discussed here.!” The source energies are 20 and 10 mc?, and iron and lead
are the slab materials. The thickness of the elemental slab is 1 mfp. The frequency dis-
tribution of the photons emerging from each elemental slab is obtained as a function of
two variables: o, the energy, and y”, the cosine of th= angle with the normal to the slab.
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Discussion of Results

The distributions obtained are not very manageable and, in their unprocessed state,
not very informative. However, representative distributions for several thicknesses are
shown graphically in Figs. 84 through 8g. The source energy is 10 mc? and the material
of the slab is lead. The incident distribution is a §-function in a and it is a constant
(3£ 0) in y on the interval 0.8 < y < 1, zero elsewhere. The unscattered transmitted
photons, therefore, have a distribution which is a 3-function in o’ and which has a dis-
continuity at ¥ = 0.8. These unscattered distributions are shown as functions of y”. The
percentage of the total transmission in unscattered transmission is given with each curve.

The distribution of scattered photons is represented by sections for fixed values of «'.
The finite discontinuity in the incident distribut.on at y = 0.8 shows its effect in a dis-
continuity in the section for « = a, = 10 at y’ = 0.8, where the distribution drops to
zero, and in the discontinuities in the slope of the sections for values of o’ less than 10.
These discontinuities appear strongly in the small thicknesses, and they disappear in the
large thicknesses because their origin is in the once-scattered photons. The scattering laws
for photons are such that a photon cannot pass with onc collision from one energy and
direction to any other arbitrarily chosen energy and direction. The distribution at, say,
o« =8, Y =1 draws all its once-scattered photons from the interval 0.8 < y < 1, but
the value at o = 8, ¥ = 0.6 draws none from this interval. As y’ decreases from 1 to
0.6, there is a point at which photons would begin to be received from outside the interval
0.8 < y <1, were there any photons there, and there is another point at which, for the
first time, no photons can be received from the interval. At these points (y’ = .913 and
¥y’ = .647) there are, understandably, discontinuities—in f.ct, discontinuities of infinite
jump—in the slope of the sections. These discontinuities exist in every section above the
lower limit of o’ for one collision. Other discontinuities exist in the higher derivatives,
but they are not discernible in the figures.

More informative than the distributions over « and y’ are the marginal distributions
over . Four quantities are of interest as functions of o’: (1) the number of photons
transmitted, (2) the evergy transmitted, (3) the deasity of the photons at the rear face,
and (4) the energy density at the rear face. In the case of the first two quantities, one
can think of the transmission through the slab as originating either from an isotropic point
source from which gamma rays are accepted in a conc of half-angle cos-! 0.8 or from a
plane of such sources; but in the case of the last two quantities, one must suppose only a
plane of sources.

The four quantities named are shown in Figs. 94 through 124 for several thicknesses
of lead and of iron with source energies of 20 and 10 mc®. Each of the quantities is
given the same treatment. Since the unscattered photons all emerge with their incident
energy, only the scattered photons give functions of o’. These functions are normalized
for each thickness by dividing by the sum over all energies and over the scattered and
unscattered photons. The result for each of the four quantities is a family of curves with
parameter X. Figures 94 through 124 give the number of photons transmitted, the energy
transmitted, the density of the photons at the rear face, and the energy density at the
rear face, tespectively, in the form of the ratios N,(o, X)/N(X), E,(«, X)/E,(X),
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n,(«, X)/n(X), and e,(, X)/e;(X), where the meaning of the new symbols intru-
duced is clear from the choice and from the text. The percentage figure associated with
each curve gives the proportion of the total contained in the scattered photons.

Most of the comment on Figs. 94 through 124 will be incidental to later discussion.
However, it might be remarked here that the curves all terminate before reaching « = 0,
because it is not feasible to make calculations down into the neighborhood of zero energy
by the thin-slab method. The totals used for normalizing are from the curves as shown,
without benefit of any correction. The dashed curves diverging from the solid curves in
Figs. 9¢, 94, 11¢, and 11d d:note defects which will be discussed shortly.

The normalizing factors, o« rather their reciprocals, N¢(X), E,(X), 7,(X), and
¢:(X), have the greatest interest, since they may be considered as the main goal of the
calculations. These factors are shown as functions of X in Figs. 13 through 16 and ate
themselves normalized by the factors 1/N e X, 1/E;eX, ¢/N'e-%, 2nd ¢/E\e-X, where N,
is the number of photons, from a single point source, incident on the first elemental slab,
E,; is the corresponding incident energy, ¢ is the velocity of light, N is the number of
photons, from a plane of sources, incident per unit area per unit time, and E is the inci-
dent energy corresponding to Nj. Comments on these figures are confined here to the
statement that the significance of the circled points in Figs. 13 and 14 will be made
clear later.

inherent Errors

Since the thin-slab method is used to provide something in the way of a check on the
results ohtained by summing the individual scatterings, it is well to leave as little ques-
tion with regard to the accuracy of the thin-slab results as possible. The three weaknesses
of the thin-slab method are (1) neglect of three or more scatterings; (2) neglect of back-
ward scattering, both within the elemental slab and from one elemental slab to another;
and (3) the presence of ample opportunity for accumulated error in the twenty iterative
operations between 1 and 20 mfp.

The error due to the neglect of everything beyond the twice-scattered transmission can
be assessed by examining Figs. 174 through 174, These figures show, as a function of
the photon energy, the component frequency distributions for the photons scattered by
the cleventh slab. The distributions for the photons previously scattered, but unscattered
by the eleventh slab, are labeled vith the numeral 0. The distributions of the photons
scattered once and scattered twice by the cleventh slab are respectively marked with the
numerals 1 and 2, and estimates of the contributions of the third, fourth, etc., scatterings
are marked with the numerzls 3, 4, etc. The curves labeled with the letter 5 are the sums
of the 0-, 1-, and 2-curves and are members (X = 11) of the families of Figs. 94 through
9d. The dashed curves diverging from the s-curves are estimates of the transmission from
all scatterings, i.e., the sum of the curves 0, 1, 2, 3, etc.

In the case of lead, the divergences of the dashed curves from the s-curves are small.
Since the analysis of the transmission through the eleventh elemental slab was found to be
typical of the others, a thickness of 1 mfp seems sufficiently thin for the elemental slab.
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In the case of iron, the neglect of the third and higher scatterings is clearly not so
trivial. Even so, the damage may not be too great. In the middle energy range the di-
vergence of the partial sums (represented by the s-curves) from the limiting sums (indi-
cated roughly by the dashed curves) is undoubtedly large, but photoelectric absorption
must bring both sums quickly to zero in the low energy range. The defection of the
partial sums in the middle energy range, though large, cannot compound at an enormous
rate because the middle range receives most of its photons from the high range, where,
since three or more scatterings contribute negligibly, the distributions are accurate. It
seems unlikely, therefore, that the total transmission of photons as calculated from the
solid curves for iron is deficient by more than 10 to 30 per cent.

The error in the energy transmitted should be even smaller, not more than a few per
cent at most. Figures 184 and 185, which give the component energy distributions for
iron, show this clearly.

The defect noted earlier, and indicated in Figs. 9¢, 94, 11¢, and 114 by dashed curves,
is the one just considered. Although the dashed curves are intended only to warn of the
presence of error in the solid curves, they are certainly more nearly correct than the solid
curves, and may therefore be considered as partial estimates of the true distributions. Since
transmission is calculated on the basis of the solid curves, the percentage of the total in
scattered photons given for each thickness is low, but perhaps not so low as one might
think. One cannot, for instance, use this known error to explain why Figs. 94 through 94
show the percentage of scattered transmission to be greater for iron than for lead at
1 mfp but to be less at 20 mfp. That iron should transmit a greater percentage of scaticred
photons through a slab of 1-mfp thickness is to be expected, since the total absorption
coefficients (Fig. 7) show that a photon has a greater probability of surviving a collision
in iron than in lcad. But the failure of iron to maintain ‘he larger percentage as X in-
creases is not conveniently explained by the neglect of three or more scatterings in the
low energies. For to bring the percentage for iron up to that for lead at 20 mfp would
require an error in the scattered transmission of over 1000 per cent for a source energy
of 20 mc? and 39 per cent for a source energy of 10 mc®. Not only is the minimum ir-
crease in the case of 20 mc? impossibly large, but there is also no reason why the increase
should need to be so much larger for 20 mc? than for 10 mc?.

The true explanation lies in the fact that the absorption coefficient for lead falls to a
pronounced minimum as a decreases from 10 or 20, whereas the coefficient for iron is
almost at a minimum at 20. The length of 1 mfp for the first collision, therefore, is
smaller than the average for subsequent collisions in the case of iron and larger than the
average, or tending to be larger, in the case of lead. The comparison on the basis of mean
free paths for the first collision amounts to considering thicknesses of lead and iron
which are not fundamentally equivalent. For large thicknesses, the inequality offsets the
greater probability of photon survival in iron to such an extent that lead has the greater
percentage of transmission in scattered photons. Another manifestation of this phenome-
non is seen in Fig. 19, which gives a plot of the average energy versus X for all cases. The
fact that the average energy for iron crosses that for lead for both 10 and 20 mc? is
readily understood in the lighe of the preceding remarks. An explanation of the compara-
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tive behavior of the build-up factors for iron and for lead in the monoangular cases of
10 and 20 mc? (Figs. 34, 3b, 44, and 45) would hinge on these same considerations.

The neglect of back-scatter, which is usual in gamma-ray transmission, is more con-
veniently discussed in the section following. This leaves the cumulative error to be con-
sidered. The discontinuities exhibited in Fig. 84 by the distribution for a thickness of
1 mfp lead one to expect large error in the distribution for 2 mfp, particularly when it
is known that the operation with the transformation matrix is equivalent to a numerical
integration. Careful examination reveals that the discontinuities do produce errots in the
calculated distributions. For the second elemental slab, the discrete values are in most cases
too large, have a maximum error of about 3 per cent, and when integrated, yield a total
tranamission in excess of the correct value by at most 1 or 2 per cent. For large thicknesses,
the steep constant-energy sections, such as those shown in Fig. 8g, are found to give
values on the small side. Since the discontinuities tend to disappear with increasing thick-
ness, there is a schedule of errors which should not compound powerfully, and one would
not expect the distributions shown in Figs. 84 through 124 to contain large accumulated
errors except possibly in the case of iron, where the neglect of the third collision has been
seen to have its effect,

Comparison of Results from the Two Methods

The two quantities N, (X)/N;e-* and E,(X)/E;e’* of Figs. 13 and 14 can be con-
sidered as build-up factors for the incident distribution of the thin-slab method. Both
quantities can also be calculated from the build-up factors for the §-distributions in y
shown in Figs. 34, 3b, 44, 4b, 54, b, 64, and 6b. The circled points in Figs. 13 and 14,
which were passed over carlier, are values calculated from the build-up factors for the
8-distributions. One would expect, in view of the preceding d.scussion of the accuracy of
thin-slab results, that the agreement would be good except for the case of the number of
photons transmitted through iron. For this case, the circled points should lie above the
curve, higher when a, = 10 than when o, = 20. If Figs. 13 and 14 are examined care-
fully, it will be found that witkin a latitude consistent with the stated error, these expecta-
tions are realized. To be sure, the points for X = 16 and X = 20 for the iron-number-20
mc* undoubtedly should be raised so as to stand in the same relation to their comparison
curve as the points at X = 4, 8, 12; and there are other evidences of error. If in some
cases, notably iron-energy-10 mc?, the deviation is larger than the 1 per cer.t expected
at X = 1 or the 2 per cent at X = 2, the explanation almost certainly lies in the accumu-
lation of error due to the succession of graphical and ramerical steps required to pass from
the transmission with the zero, one, two, and three scatterings of Tables 1 through 4 to the
values of the circled points. But the deviations in the two sets of results do not indicate
that there is any reason to increase the magnitude of error stated as existing for the
build-up factors in Figs. 34 thiough 6e. In fact, in the case of lead, a rule giving errors
smaller by half would stand. To be sure, these comparisons do not directly support the
factors for a, = 5, 2.5, 1, but the same method of extiapulation was used i 4il cases
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and, since the method is consistent and definite over all cases, the support is considered
as extending with some force to the low energies.

The similarities between flux and density are so close in Figs. 94 through 16 that an
error in one implies the existence of a like error in the others. A case in point is found in
curve (d) of Figs. 13 and 15. The discussion above has established that curve (4) for
N(X)/N;e'¥ in Fig. 13 should be corrected upward so as to pass closer to, if not
through, the circled points. If such correction is made, one of like magnitude must also be
applied to curve (d) for cn (X)Nie-* in Fig. 15.
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IV. TRANSMISSION IN THE ABSENCE OF ABSORPTION
BY PAIR PRODUCTION AND PHOTOELECTRIC EFFECT

The Contribution of Back-scattered Radiation to Transmission

It will be recalled that photons scattered out of the forward hemisphere were ignored
both in the method of thin slabs and in the method of successive scatterings. Although
this neglect is intuitively acceptable, data indicating the magnitude of the quantities neg-
lected have some interest. Table 6 gives the probabilities of transmission through, and
reflection from, thin slabs of the pure Compton scatterer; transmissions and reflections
for one and two collisions with all possible successions of forward and backward scatter-
ings are tabulated for photons normally incident and of energies 10, 5, 2.5, 1, and
0.2 mc?. The probability of transmission with a backward and a forward scattering, Ny,
in comparison with the probabili:, of transmission with two forward scatterings, Ny, is
seen to dwindle in importance as the thickness of the slab increases. At a thickness of
% mfp, N,, is significant, running from slightly less than one-tenth of N/, in the case
of 10 mc? to about one-half in the case of 0.2 mc?. At a thickness of 4 mfp, N,, is very
small except in the case of 0.2 mc?, where it is about one-seventh of N,,. The increased
importance of Ny, for 0.2 mc? is of course due to the increased probability of large angles
of deflection.

Backward scattering is cven less important for energy transmission. This can be seen
in Table 7, the energy counterpart of Table 6. Only for 0.2 mc® does Ey, attain
much importance.

Tables 8 and 9 are intended to give an indication of the behavior of transmission and
reflection as the angle of incidence moves away from the normal.

The importance of backward scattering to the transmission scattcred ¢ times is con-
trolled by the relative magnitudes of # and X. If & is large, the probability of one or
more backward scatterings is large. But, if X is large, the slab tends to allow transmission
only to those photons which have wasted no collision in traveling backward. Hence, if X
is fixed and £ is allowed to increase sufficiently, nearly all the photons transmitted with
& scatterings will have suffered a backward scattering. On the other hand, if £ is fixed
and X increases sufficiently, almost none of the transmitted photons will have suffered
a backward scattering. The upshot is that one can say for a slab of any thickness that
backward scattering is negligible to the k-tuply scattered transmission when £ is suffi-
ciently small, but all-important when # is sufficiently large. Whether or not backward-
scattered photons form a significant part of the total transmission depends on the value
of & reached before the -tuply scattered transmission becomes negligible. In the cases of
lead and iron, the evidence is that backward scattering does not have the opportunity to
become important. A slab thick enough to make twice- or thrice-scattered transmission
count heavily was round to be too thick for the backward-scattered component to have
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significance. The rapid convergence of Ny and E; to zero indicated that the same situa-
tion would be found to exist for transmission with a larger number of scatterings. It
seems unlikely, therefore, that neglect of backward scattering can introduce large errors
into the transmission results for lead or iron, or a1y of the heavier materials.

Comparison of kth-scattered Transmission for Lead, Iron, and the
Compton Scatterer

Absorption by pair production and the photoelectric effect tends to reduce the prob-
ability of trans:i.ission. The reduction, however, does not necessarily appear in the first
few scatterings. A comparison of N,/e’*, N,'e’*, E,/a,e*, and E,/a,e* for photons
normally incident on slabs of the Compton scatterer (Tables 10 and 11) with the corre-
sponding quantities for lead and iron (Tables 1 through 4) shows that whip X and a,
are both large, the transmission values actually increase as the three materials are con-
sidered in the following order: Compton scatterer, iron, lead. This sceming paradox will
be resolved in Sec. VI.

For the higher-ordered scatverings, pair production and the photoclectric effect do
decrease the transmission by very significant amounts, as can easily be shown. For ex-
ample, in Table 10 one finds values of N,/e* for the Compton scatterer for a, = 10
and X = 8, such that

N, = .000335, N, = .000483, N, = .000399.

The quantity N, has reached its maximum value in the firs* collision. If, say, twenty terms
were needed to reach an approximation to the sum of the series 332, Ny, a liberal esti-
mate of the probability of transmission would not exceed .005. But no photons are lost
through absorption, so that all must eventually escape. Therefore, the individual trans-
missions and reflections must sum to unity, and if the probability of transmission is .003,
the probability of reflection is .995. The latter probability seems unicasonably large for
a slab only 8-mfp thick. To get a rcasonable value, the series I, N, must converge so
slowly that hundreds or thousands of terms are nceded to approximate its sum. Photons
on their way to being scattered hundreds or thousands of times must come into the low
energy range where, in the cases of lead and iroa, they are absorbed by the photo-
electric effect. That the photoelectric effect is able to bring the count of terms required
for lead and iron down to tens and not hundreds or thousands was proved in Sec. II by
means of the quantities r, and gy in Table 5.

Estimates of Transmission and Reflection for Thin Slabs of the Compton Scatterar

It is clear that the method of successive scatterings must be considerably less successful
for the Compton scatterer than for lead or iron. Nevertheless, for thin slabs, the results in
Tables 6 and 7 can be used to obtain estimates of both transmission and reflection for
normally incident photons. Estimation is aided, in the case of number, by the fact that
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the probabilities of transmission and reflcction must sum to unity and, in the case of
energy, by the fact that 3= E; is given a degree of rapidity of convergence (compared
with 3% ,Ni) by the degradation of the energy with cach collision. These estimates ap-
pear in Figs. 20 through 23. Figure 20 gives the number build-up factors; Fig. 21, the
estimated probabitities of reflection; Fig. 22, the energy build-up factors; and Fig. 23,
the expected reflected energies. The accuracy of the estimates is uncertain, but, in the casc
of number, the error is belicved to be about 5 per cent at X = 4. In the case of enery,
the error may be much larger, particularly for the low incident encrgics, where the con-
vergence is very slow,

Transmission Calculated by the Thin-siob Method in the Cases of Air and
the Compton Scatterer

In the absence, or near absence, of photoelcctric absorption in the low encrgies, back-
ward scattering will become important to transiission. Therefore, the thin-slab method
will not be entirely successful. It is not without profit, however, to apply this method to
a light material for which absorption by pair production and photoclectric effect is small.
Typical of the light materials, and of considerable interest, is air; Fig. 24 gives the total
absorption coefficient assumed to hold for air.

The treatment of air parallels that of lead and of iron. The samc incident distribution
is used and the same quantities are calculated. Only cne incident cnergy, 20 mc?, is con-
sidered, however, and the thickness of the elemental slab is 3 mfp. Figures 25,
26, 27, and 28 show, respectively, the ratios N.(«’, X)/N,(X), E.(a’, X)/E,(X),
n(, X)/n(X), and e,(a’, X) /1 (X), where the normali.ing factors 1/N,{X),
1/E((X), 1/n,(X), and 1/e,(X) correspond, as in the cases of lead and iron, to the
area under the terminated solid curves rather than the dashed curves. In the case of num-
ber, the differences beiween the two areas are very large, so that N,(X) and n,(X) far
underestimate the true number of photons transmitted and the true density; but in the
case of energy, the differences are presumably comparatively small, so that E,(X) and
¢,(X) only slightly underestimate the true energv transmitted and the true energy density.
This is shown very clearly in Figs. 29 and 30, which give the components of the distri-
bution for the sixteenth elemental slab. Figures 31, 32, 33, and 34 give, respectively, the
quantities N,(X)/Nie*, E/(X)/E,e-*, en (X)), Nie ¥, and ce,(X)/Ele-*. It may scem
pointless to develop N,(X) and #,(X) as though they were not known to be below the
true values, but the thought is that the reader interested in estimating the true values may
find it a service to have the undervalues of N((X) and »,(X); in any event, the values
given may be considered as being the true values when photons enfeebled by many colli-
sions are disregarded.

The curves of Figs. 25 through 34 behave qualitatively as one would expect from the
gesults for lead and iron. Trends that are apparent on considering first lead and then iron
are continued to air. Backward scatter is undoubtedly more important than it was for
lead or iron, but since the distribution over direction of the incident photons favors the
normal, those photons which have been scattered backward at some time in their hist ory
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tend to appear in the energy range below that considered in the thin-slab method. Little
change in the results of Figs. 25 through 34 would have been discernible had backward
scatter been included in the calculations. .

Before leaving the topic of the pure or almost pure Compton scatterer, one other
calculation by wie thin-stab method will be presented. In this case, the material is the pure
Compton scatterer; the incident photons are of energy 10 mc? and are distributed over
direction as in the other cases for the thin-slab method. The thickness for the elemental
slab is 0.64 mfp. The computations were done early in the exploration of the possibilities
of the thin-slab method and are of unknown accuracy. Of the set of figures given in each
casc for lead, iron, and air, only two-—the distribution of the energy in scattered photons
(Fig. 35) and the ratio of the energy in transmitted photons to the energy in incident
photons (Fig. 36)—were thought to have value sufficient to warrant inclusion.
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Table 6

PROBABILITIES OF TRANSMISSION AND REFLECTION WITH ONE AND TWO
SCATTERINGS FOR PHOTONS OF 0.2 TO 10 mc? NORMALLY INCIDENT
ON SLABS OF THE PURE COMPTON SCATTERER®

10 3 6063 156 0169 0430 02303 0276 0270

1. 3679 164 0173 0654 02182 0288 0473

2. 1333 0947 0173 0525 03845 0790 0274

4. 0183 0190 0173 0129 04859 07903 02741

5 .5 6063 167 0264 0407 0254 011 0?93
1. 3679 174 0292 0672 0235 013 o12
2. 13%3 .103 0294 0613 0785 016 012
4. 0183 0210 0294 0167 0312 016 L12
2.3 3 6063 169 0405 0385 0?78 015 013
1. 3679 178 0438 0659 0266 020 07
2. 1353 .107 0462 0616 O218 022 018
v 4. 0183 0224 0462 0179 0922 022 018
1.0 3 6063 .160 0606 0374 010 018 017
1. 3679 A7 0720 0643 012 028 024
2. 1333 .104 0744 0609 0292 032 027
4. 0183 0221 0743 0181 0933 032 027
! .2 3 6065 133 0996 0278 013 021 023
1. 3679 144 119 0531 020 033 036
2. 1393 0886 128 0516 013 039 044
4. 0183 0179 130 0152 0222 040 045

¢N, = the probability of transmission without collision. In the cases of the other probabilities, the
subscripts “f" and "$" indicate, resnectively, a forward scattering and a backward scattering. For
example, N, is the probability that a photon will be transmitted with exactly two collisions, the
first resulting in a backward scattering, the second, in a forward scattering.
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Table 7

EXPECTED ENERGIES OF TRANSMISSION AND REFLECTION WITH ONE AND TWO
SCATTERINGS FOR PHOTONS OF 0.2 TO 10 mc? NORMALLY INCIDENT
ON SLABS OF THE PURE COMPTON SCATTERER*

a, X E” E’ Eb E/, Eb’ Ebb E’b
10 .5 6.06% .896 0102 A1l 0214 0246 0242
1. 3.679 966 0103 205 083 0248 0243
2. 1.353 .605 0103 .204 026 0249 0244
4. 1832 .130 0103 .0633 3388 .0%49 0244
5 3 3.032 322 .01%3 0691 0423 0233 0243
1. 1.839 563 .0164 130 0215 0472 0263
2, 6763 333 .0164 135 0444 0475 0269
4. 0916 0770 0164 0434 0449 0276 0269

25 .5 1.316 .306 0202 0433 0430 0260 0261
1. 920 322 0227 0811 0226 .0%86 0281

2. 338 202 .0232 .083% 0373 .0799 .0%91
4. 0458 .0442 .0232 0274 .0482 010) 0292
1.0 .3 6063 150 0236 0229 0230 .0%60 0262
1. 3679 142 0277 0400 0735 0286 L0289

2. 1353 0883 .0283% 0403 0314 011 010

4. 01832 0192 10285 0134 0414 011 010
2 3 1213 .0247 .0143 02341 0213 0234 0%32
1. 07358 0266 .0183 02874 0425 0251 .0%48
2. 02706 .0164 0195 .02834 0418 .0%63 0258

4. 03366 02342 .0196 .02269 0427 0265 .0%58

®E, = the expected energy transmitted by unscattered photons. In the cases of the other expected
energies, the subscripts "f" and 4" indicate, respectively, a forward scattering and a backward
scattering. For example, E,, is the expected energy in the photons tiansmitted with exactly two
collisions, the first resulting in a backward scattering, the second, in a forward scattering.
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& Table 8
£ PROBABILITIES OF TRANSMISSION AND REFLECTION WITH ONE AND TWO
SCATTERINGS FOR PHOTONS OF 2.5 mc? VARIOUSLY INC:DEMT
| ON THIN SLABS OF THE PURE COMPTON SC *TTERER*
}2 Yo X Np NI ND NI’ Nw
; 1.0 .29 748 132 0338 0226 07341
2 1.4 .234 148 0461 .0706 0%414
l 8 .29 695 147 0450 029 | ......
: 1.43 162 128 0602 0699 0740
f % 29 616 168 0642 01 | .
1.43 0887 .0°86 0834 0651 0240
4 .29 484 .194 103 049 | ...
1.45 0264 0618 127 0532 0240
.2 .29 .234 .230 .193 0724 | ...
1.43 01698 0258 214 0337 043
0 .29 0 161 .500 0933 0
1.43 0 0299 .500 0172 )

*N, = the probability of transmission without collision. In the cases of the other
probabilities, the subscripts “f" and "4 indicate, respectively, a forward scattering and z
backward scattering. For example, N, is the probability that a photon will be transmitted
with exactly two cnllisions, the first resulting in a backward scattering, the second, in a
forward scattering.
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Table ¢

EXPECTED ENERGIES OF TRANSMISSION AND REFLECTION WITH ONE AND
TWO SCATTERINGS FOR PHOTONS OF 2.5 mc? VARIOUSLY INCIDENT
ON THIN SLABS OF THE PURE COMPTON SCATTERER*®

Yo X E, EI E, EII E"
1.0 .29 1.87 .22% .0173 0229 .0221
1.45 .984 278 .0232 .0898 0?15
8 .29 1.74 .248 0267 0291 | ...
1.4% 406 231 0331 0873 0216
6 .29 1.54 2717 0456 0386 | .....
1.45 222 A7 0577 .0788 0217
4 .29 .21 303 .0884 0%t | ...,
1.45 0660 0994 106 0613 0214
.2 .29 B1)] 334 .207 0703 | ...
1.45 0?2174 0335 .229 0357 .0%8
0 .29 0 .197 658 0849 0
1.43 0 0111 658 0160 0

*E, = the expected energy transmitted by unscattered photons. In the cases of the other
expected energies, the subscripts "f* and “4" indicate, respectively, a forward scattering and
a backward scattering. For example, E,, is the expected energy in the photons transmitted
with exactly two collisions, the first resulting in a backward scattering, the second, in a
forward scattering.
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Table 10

Ni/e* FOR PHOTONS OF 0.2 TO 10 mc? NORMALLY INCIDENT
ON SLABS OF THE PURE COMPTON SCATTERER*®

X a, Ny/eX N,/eX N,/eX
1 10 1.00 445 178
b 1.00 473 .183
2.3 1.00 483 179
1.0 1.00 465 A7
2 1.00 -390 144
2 10 1.00 700 .388
b 1.00 .760 433
2.3 1.00 791 456
1.0 1.00 I .4%0
.2 1.00 654 .382
4 10 1.00 1.04 704
bJ 1.00 1.15 912
2.5 1.00 1.22 977
1.0 1.00 i.20 .989
2 1.00 978 831
8 10 1.00 1.44 1.19
5 1.00 1.63 1.62
29 1.00 1.77 1.86
1.0 1.00 1.76 1.98
2 1.00 1.30 1.60
12 10 1.00 1.70 1.68
5 1.00 1.96 2.23
2.3 1.60 2.14 2.70
1.0 1.00 2.14 3.08
.2 1.00 1.48 2.37
16 10 1.00 1.96 2.1%
5 1.00 2.20 2.76
2.3 1.00 2.41 3.47
1.0 1.00 2.43 4.24
2 1.00 1.66 3.63
20 10 1.00 2.22 233
5 1.00 2.41 321
2.3 1.00 2.64 4.16
1.0 1.00 2.66 5.30
2 1.00 1.88 4.81

*X = slab thickness in mean tree paths.

a, = energy of the incident photon in units of mc2.

N, = probability that & photon will be transmitted with
exactly & collisions.
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Table 11

Ex/x,e* FOR PHOTONS OF 0.2 TO 10 mc? NORMALLY INCIDENT
ON SLABS OF THE PURE COMPTON SCATTERER*

X a, EyfajrX | E/a,eX | E,/ayeX
1 10 1.00 .262 0358
b] 1.00 .308 .070%
2.9 1.00 330 .0882
1.0 1.00 .385% .109
2 1.00 361 119
2 10 1.00 448 130
5 1.00 524 .200
23 1.00 598 .247
1.0 1.00 633 .298
2 1.00 .606 .308
FR—
4 10 1.00 713 .346
5 1.00 841 473
2.3 1.00 964 398
1.0 1.00 1.04 731
2 1.00 933 735
8 10 1.00 1.06 .660
3 1.00 1.27 970
2.3 1.00 1.46 1.25
1.0 1.00 1.57 1.58
2 1.00 1.36 1.51
12 10 1.00 1.31 919
S 1.00 1.36 1.40
2.3 1.00 1.80 1.86
1.0 1.00 1.93 2.36
2 1.00 1.67 2.21
16 10 1.00 1.54 1.21
bJ 1.00 1.79 1.80
2.3 1.00 2.06 2.48
1.0 1.00 2.21 3.13
.2 1.00 191 295
20 10 1.00 1.75 1.56
bl 1.00 1.98 2.18
2.5 1.00 2.28 298
1.0 1.00 2.43 3.83
2 1.00 2.11 3N

*X = slab thickness in mean free paths.

a, = energy of incident photon in units of mc?.

E, = expected energy of a photon transmitted with ex-
actly # collisions,
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V. TRANSMISSION OF PHOTONS OF ENERGIES LESS THAN
1 mc? THROUGH SLABS OF LEAD AND OF IRON

Results were presented in Sec. Il for values of a, ranging between 1 and 20. Since o,
the energy after collision, is related to a, the energy before collision, by the formula

S
T 1+ a(l - osb)

o

where 6 is the angle of deflection, one cannot calculate Ny, at a, = 1 without knowing
Ny in the interval between 0.333 - - - and 1 mc?. Consequently, the results given in Sec. 11
for a, = 20,10, 5, 2.5, 1 imply additional results at lower incident energies. These addi-
tional results were not recorded in Sec. Il because they did not lie in the more or less
arbitrarily selected range of interest between 1 and 20 mc? and because their irregularities
tended to destroy the uniformity of the exposition of the first part. They do have some
interest, however, so that it scems desirable to present them in a section by themselves,
where the difficulties of their presentation can be minimized.

In the case of iron, no first-collision results were calculated below a, = 0.2. This
meant that second-collision results could be calculated to an e¢nergy no lower than
0.333 - - - mc? and thi-d-collision results, no lower than 1 mc2. Since only three scatterings
and a lower energy lisni* of 1 mc? were contemplated, this retreat up the energy scale
would have been acceptab’ > To calculate Ny, at a, = 0.2, however, it is only necessary
to know N, between the energies 0.2 and 0.1429 - - - mc?. Since the variation in the func-
tions fundamental to the calculations is not large within this narrow range, the computa-
tion of the results for the second scattering from the first and for the third from the sec-
ond could, and did, proceed in the case of a, = 0.2 with the help of an apparently safe
extrapolation. Although the second- and third-collision results at a, = 0.2 may have
questionable accuracy, the spread of inaccuracy to larger values of a, is slow. A large
error in the values of N, at 0.2 mc* causes a comparatively small ecror in the values of
N, at 0.333 .-+ mc?, provided that N, is correct at the latter energy. The reason is, of
course, that the interval near a, 1s by far the most important in the calculation of the
transmission for an incident energy a,,.

The build-up factors for iron slabs at a, = 0.2 are shown in Figs. 37 and 38. The
contributions to the build-up factors of N. ‘e ¥, N./e, E,/a.e*, and E,/a,¢ " are so
small, because of large absorption by the photoclectric effect, that errors in their values
due to the extrapolation mentioned above should not significantly affect the build-up
factors. The values of N,/e-¥ and E;/a.e% (£ = 1,2,3) are not tabulated, but related
functions F; and G, from which Ny/e-* and E;/a,e ¥ can be quickly calculated are given
in Sec. VL

The treatment of lead in the low cnergy range does not parallel that of iron because of
two marked differences in the total absorption coefficients. Figure 7 shows that the
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absorption coefficient for lead has a much larger photoelectric component than that for
iron and, in addition, has a discontinuity at 0.1 72 mc?, where the energy reaches the limit
of the K-level. So large is the absorption by the photoelectric effect for low energies that
one might expect the build-up factors for normal, or nearly normal, incidence to be merely
the sum of N,/e"X and N,/e-%, the latter contributing very little even for large values
of X. The rapid convergence of ry to zero in the low energy range, shown in Table 12,
supports this thought. But the first-collision results in Table 13 for &, = 0.2, 6.172+,
0.172—, 0.1 show that the discontinuity gives rise to values for N,/e-X very much larger
than those for N,/e"*, and it is not instantly clear what to anticipate for the magnitudes
of N,/eX, Ny/e %, etc.

Let us now consider the case where a, = 0.172+, y, = 1, X = 20. Until the first
collision, the photons move in a thick slab; the unscattered beam and the distribution of
the points of first collision through the slab correspond to a value of X = 20. After the
first collision the photons have a lower energy and the absorption coefficient is about
one-fifth of its incident value. The probability that the photon will pass on through the
slab after the first collision and the probabilities of its transmission with two or more
scatterings are therefore governed more by a thickness of 4 mfp than by a thickness of
20 mfp. Because N, is associated with 20 mfp, N, is much smailer than N,. Ordinarily,
N, is considerably less than N, for a thickness of 4 mfp. In view of tke rapid convergence
to zero of r, for a, = 0.172+, one would expect N, to be not more thin 10 to 20 per cent
of N,. A quick, rough calculation of N,/e-¥ at 20 mfp yielded the vaine 1350, which is
less than 10 per cent of N,/e-*. It is clear then, that the probability of transmission of
low-energy photons normally incident, or nearly so, on lead slabs is sccurately obtained
from the sum N, + N,, with a mode:at> upward correction as the incident energy ap-
proaches 0.172 mc? from above.

Table 13 contains, in addition to N,/e-*, the corresponding number build-up factors.
The factors should be accurate, since estimation has little or no role. Table 14 is the
energy equivalent of Table 13.
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Table 12

VALUES OF r, and qx FOR PHOTONS OF LOW INITIAL
ENERGY IN LEAD AND IN IRON*

Lead Iron
a ] x 9k x 9k
2 0 1.00 .200 1.00 .200
1 0232 02398 409 0442
2 .0%934 04140 129 0121
3 04473 03613 0316 02279
4 03200 04222 02647 07530
A724 0 1.0 172
1 0167 02252
2 .0%957 04136
3 04478 03586
4 0%188 .0%215
A72-- 0 1.00 172
1 0798 0120
2 02458 03648
3 03229 04280
4 .0%900 .0°103
.1 0 1.00 100
1 0229 02210
2 0434 04368
3 03700 .0"3%43
4 07963 08712

¢y, = the probability that a photon will survive its &th collision in an

infinite homogeneous medium.

g5 = the expected energy of a photon surviving its éth collision in
an ixfinite homogeneous medium,

a, = photon energy before the first collision in units of mc?.

Lol
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Table 13

N./e ¥ AND 3* N;/e' FOR PHOTONS OF LOW ENERGY
INCIDENT ON LEAD SLABS*

% Yo X Ni/eX | SpaNe/e ') a Yu X Nyjeb | S Nyse?
2 1.0 1 0287 1.01 1724 | 1.0 I 012 1.01
2 614 1.0l 2 030 1.03
4 021 102 4 .14 1.1%
8 .029 1.03 8 2.5 3.7
12 033 1.04 12 46. 33.
16 037 1.04 16 840, 930.
20 .041 1.04 20 17000. 18000,
- B TR S -
8 i .0294 .79 8 1 012 .79
2 014 62 2 .031 .64
4 .020 -39 4 A2 49
8 060 .20 8 1.8 2.0
12 30 46 12 28. 29.
16 2.7 6.5 16 560. 380.
20 | 30. 300. 20 | 11000. 12000.
6 1 0294 52 6 1 013 .33
2 .012 .28 2 027 .29
4 .020 091 4 096 .19
8 11 13 8 1.3 1.4
12 1.0 1.3 12 21 22.
16 10. 30. 16 320. 330.
4 1 010 .23 4 1 013 .24
2 011 062 2 024 074
4 020 025 4 073 079
8 .16 19 8 .93 98
12 3 3. 12 20. 21.
2 1 .0291 028 2 1 012 031
2 011 011 22 019 020
4 022 023 4 037 058
8 1 1 8 7 8
0 1 0274 0?73 0 1 0299 010
2 0293 0%96 2 013 016
4 .03 .03 4 N4 .03

*X = slab thickness in mean free paths.

a, = encrgy of incident photon in units of mc?.

Y., = osine of the angle between the slab normal and the incidet path.
N, = probability that a photon will be transmitted with exactly £ collisions.
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Table 13—continved
a, Yo X N,/eX anN,‘/rx a, Yo X N,/eX Ea..Nk/"x
A72— 1.0 1 027 1.03 1 1.0 1 0277 1.01
1 2 042 1.04 2 013 1.01
4 063 1.07 4 019 1.02
i 8 091 1.10 8 027 1.03
12 11 1.12 12 032 1.03
16 12 1.13 16 036 1.04
20 .13 1.14 20 040 1.04
8 1 026 81 8 1 0281 .79
2 034 .64 2 011 62
4 034 41 4 011 38
8 024 16 8 0?78 14
12 014 066 12 0232 033
16 0280 028 16 0734 022
20 0?3 012 20 0223 029
.6 1 027 .54 .6 1 0272 .32
2 023 .29 2 0271 27
4 013 086 4 0350 073
8 0247 010 8 0222 0272
12 0216 0226 12 20210 0214
16 0% 0211 16 08 0%
4 1 022 .25 4 1 .0270 .23
2 014 066 2 0257 036
4 0292 0286 4 0229 0233
8 0210 0?13 8 0370 0373
12 021 013 12 042 0323
.2 1 013 034 2 1 0248 .023
2 0263 0275 2 0224 0229
4 0220 0228 4 0210 02]2
8 034 .04 8 034 034
0 1 0274 .0283 0 1 0229 0?31
2 0230 0236 2 0°1S 0217
4 0%9 0212 4 08 039
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Table 14
E,/x,e* AND 3, E./a,e* FOR PHOTONS OF LOW ENERGY
INCIDENT ON LEAD SLABS*
a, Yo X | E/a,eX 2:__“5,‘/11‘,:" a, Yo X E,/fa,eX |32 E,/aeX
2 1.0 | .0382 1.01 A724+] 10 1 .010 1.01
2 013 1.01 2 028 1.03
4 020 1.02 4 13 1.14
8 028 1.03 8 24 3.5
12 .033 1.03 12 41. 44,
16 .036 1.04 16 800. 85¢
20 .040 1.04 20 | 17000. 18000.
8 1 087 .79 8 1 011 .79
2 013 61 2 028 64
4 .018 .39 4 11 48
8 052 19 8 1.7 19
12 27 .36 12 28. 30.
16 23 28 16 540. $70.
20 23, 31, 20 | 13000. 14000.
6 1 0289 .52 6 1 011 .52
2 011 .28 2 024 .29
4 017 088 4 084 16
8 091 At 8 1.2 1.3
12 .87 1.0 12 17. 17.
16 11. 14, 16 240. 260.
4 1 0287 .23 4 1 o1l .23
2 010 060 2 00 071
4 017 021 4 Ao’ 071
8 13 18 8 83 .89
12 11 4. 12 16. 17
2 | 0277 026 2 1 011 029
2 0283 010 2 017 017
4 018 022 4 050 051
8 .23 9 8 6 8
0 1 0260 0268 0 1 0284 0283
2 0273 0293 2 0223 0223
4 021 .03 4 .04 .04

$X = slab thickness in mean free paths.

a, = energy of incident photon in units of mc2.

Y, = cosine of the angle between the slab normal and the incident path.
E; = expected energy of a photon transmitted with exactly £ collisions.
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Table 14—continved
a, Yo X E;/a.,r"' zf:u Ek/an’-x Yo X El/"urx 2;::0 E;/ae "
an—| o 1 024 1.03 1.0 1 0275 1.0t
2 040 1.04 2 012 1.04
4 061 1.06 4 019 1.02
8 087 1.09 8 026 1.03
12 10 1.1 12 032 1.03
16 12 1.12 16 033 1.04
20 13 113 20 039 1.04
8 1 .02% .80 8 1 0274 .79
2 032 .64 2 010 .62
4 033 40 4 011 38
8 023 16 8 081 14
12 013 064 12 0251 055
16 0278 027 16 0234 022
20 .0%% 012 20 0222 029
6 1 023 54 .6 1 0269 .52
2 023 .29 2 0270 .27
4 013 084 4 0248 074
8 0242 010 8 0221 0270
12 0218 0221 .2 0797 0214
16 047 0%9 16 038 0%
4 1 019 .24 4 1 0268 .23
2 013 064 2 0255 059
4 0246 0277 4 0227 0753
8 0988 0210 8 0367 0971
12 082 043 12 042 042
2 1 013 032 2 1 0243 023
2 0235 0%64 2 0223 0227
4 0213 0218 4 0210 0210
8 0418 074 8 042 043
0 1 0263 0269 0 1 0227 0727
2 022¢ 0229 2 0214 0218
4 .0%8 0?1 4 043 096
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VI. TRANSMISSION THROUGH SLABS OF AN
ARBITKARY MATERIAL

A study of the dependence of gamma-ray transmission on the total absorption coeffi-
cient may be expected to extend the results for lead and for iron so as to give fair esti-
mates for other materials. Some success is certain, since many materials have absorption
coefficients not markedly different from those for lead and for iron.

Prel’minary Discussion and Formulas

The study can best begin with a brief discussion of the total absorption coefficient.
For the purposes of this section, the total absorption coefficient for an elemental material
is conveniently written in the form

p= o+ %+ %),

where Z is the atomic number, oy, is the cross section per electron for Compton (or
Klein-Nishina) scattering, and ¢,, and o, are, respectively, the cross sections per atom
for pair production and the pliotoelectric effect. The cross section oy, does not depend
on the material, but ¢,, and o,, do, o,, being approximately proportional to Z* and
o, being roughly proportional to Z%. Variation in the total absorption coefficient, there-
fore, comes from the variation in the electron density v and th: quantity (o,,/Z + @,,/Z).
The discussion below will attempt to determine qualitatively how changes in v and
(0pp/Z + 0,./2Z) affect transmission.

First, however, it is necessary to develop suitable forms for expressing Ny and E;. The
formula derived in Sec. II for the method of successive collisions becomes, for & = 1,

vdo

dN‘ = e M p, ds - ——- N.,
Ho

where
AVO = =Y I/Y,,

and where y, and y, are, respectively, the values after the first collision for the absorption
cocfficient and the direction cosine. The integration with respect to s on the interval
(0, a/y,) yields
AN, - vebary, e I — ldo_
B1Yo
Y

109
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Of the several forms possible for this result, the most useful was found to be

e1-117,) X 1 — et do

= -x _ i
N; = KXe = 8 _C_)E 2
Yo
= KXe-xF,(X, @, Yo)
where
K = "L‘ = = 3
o
c =] M -1,
BoY,

and where details of the two-dimensional integration implicit in the differential do
are of no interest for present purposes. This form for N, although of somewhat artificial
appearance, evolved more or less naturally as the answer to certain needs, and it serves
here to introduce into the discussion the parameters X and K and the functional F,.

The parameter K is seen from its definition to be directly associated with absorption
by pair production and the photoclectric effect. An increase in the quantity (o,,/Z
+ 0,,/Z) causes a decrease in K. Since photons do not survive absorption by pair pro-
duction or the photoelectric effect, K is an index of photon destruction in the first colli-
sion. This, however, is incidental; a better index is the probability of surviving the first
collision, [oxs])o/[Okn + (0pp/Z + 0,0/Z)],.

The quantity F, also is as:aciated with absorption by pair production and the photo-
electric effect, although not so directly as K. The formula for F, shows that a change from
one material to another affects F, only through the function pu/p,. But p/p, is inde-
pendent of electron density and thesefore s identical for two Compton scatterers. Hence
F, varies from one material to another only because larger or smaller components of pair
production and the photoelectric effect appear in the total absorption coefficient.

To study further the dependence of F, 0n p,/p,, it is better to consider n not as a
function of the energy a in units of nic?, but as a function of B, the reciprocal of a.
In fact, throughout these calculations, B in most cases is a more suitable variable than a.
Since the energy of a photon never increases with a collision, the function p/p, is ..ceded
only for the values of 8 > B, = 1/a,. Typical curves for p/p, are shown in Fig. 39;
all the curves raust have the value unity at 8 = B, and all must sooner or later rise as 8
increases. The function [(1 — e~¢*M)/(¢{X/y,)] governing F, shows that the more
rapidly u/u, increases with B, the smaller the value of F,. It can be seen from Fig. 39
that F, for molybdenum (a, == 20) must lic between F,’s value for lead and for iron,
that F, for copper is slightly larger than F, for iron, and so on. Clearly, an estimate of F,
for other materials can be obtained by comparing one function u/p, with another.

Most of the development and discussion for F, can be duplicated for a general
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function, Fy, defined by the relation

KX)*
N, = 1»!)
where Fy can readily be reduced to a multiple integral of a function of 24 variables.
This function of 24 variables is well represented in form and behavior by the case of
£ = 1 above. Like F,, F, (for £ > 1) decreases as the average siope of p/p, increases,
and like F,, fair estimates of F, and F, can be obtained by comparing the function p/p,
for the material under consideration with the same function for lead and for iron.
One is now in 2 position to sec how v and (0,,/Z + 0,./Z) affect the build-up factor,
which in terms of the F,'s becomes

e-ka y

(m

k=uv

The question of the effect of electron density on transmission is disposed of by remarking
that v appears only in the dimensionless parameter X. The build-up factor, for exampic,
is not affected by a change in v, provided that the build-up factor is expressed as a
function of X.

Absorption by pair production and the photoelectric effect is not handled so easily.
There are two cases to consider: One is associated with pair production in the high energy
range where the photoelectric effect is negligible; the other is associated with the photo-
electric effect in the low energy range where pair productiw vanishes.

The cross section for pair production falls monotonically as 8 increases, and vanishes
at B = 0.5, the reciprocal of the threshold energy for pair production. Therefore, pair
production decreases the slope of u/u, and increases Fy. In fact, for heavy materials such
as lead, o,,/Z is so large that in the range B < 0.5 its negative slopc overcomes the
positive slope of oy,. In such cases, p/p,, for a, = 10, 20, falls and stays below unity
on a fairly large range of B before beginning to rise monotonically. This behavior leads
to large F\'s (see the formula in the case of F,), which tend to slow the convergence of
the series for total transmission. But the large value of [o,,/Z], associated with large F;,
gives K a small value which tends to hasten the convergence. To see whether K* or F,
is the more powerful, the results for lead and irun, a, = 20, y, = 1, in Tables 1 and 2
can be referred to. For X = 1, 2, 4, the tables show N,/#-Y, N /e-X, and N,/e-* to be
smaller for lead than for iron; for X = 8, only N,/e-¥ is smaller; and for X = 12, 16, 20,
the order is reversed for all threc values. Since lead has a much greater proportion of pair
production in its total absorption coefficient than iron, this case (a, = 20, y, = 1)
indicates that K* is the more powerful for thin slabs and Fy is the more powerful for
thick slabs. However, the series for the total transmission must converge for all thick-
nesses. Hence, even for thick slabs, F, dominates N;/e-* only for the first few values of &.
Thus one is led to the conclusion that for high incident energies an increase in pair pro-
duction always hastens the convergence of N to zero, although in the case of thick slabs
a more rapid rise of Ny to a greater maximum may precede the appearance of the
increased rate of convergence.
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In the case of the photoclectric effect, K*¥ and Fy do not act onc against the other.
Since o, is 2 monotonic increasing function of B, ¢,./Z added to oy, increases the
slope of p/p,. and therefore decreases Fy as well as K. The result of increased photo-
electric effect is always an increase, beginning immediately with Ny, in the rate of con-
vergence of Ny to zero.

If one writes

E. _ (KX

k
2 B Y ey,

essentially all that has been done and said with regard to Ny and F; 1pplies almost
unchanged to E;/a, and G

Fundamental Data

All the above discussion is in accordance with one's intuitive understanding. Since
photons do not survive absorption by pair production and the photoelectric effect, one
expects that an increase in the (o, 'Z + o,,/Z) component will cause an increase in the
rate of convergence of Ny. In the case of pair production, the delay with respect to £ in
the onset of the increased rate of convergence for thick slabs may not be foreseen,
although even this may be anticipated by an intuitive consideration of mean-free-path
lengths. The purpose of the discussion of K* and Fy, however, is not to establish the
intuitively obvious, but to prepare the ground for some quantitative results vhich make
possible estimates of the transmission through slabs of materials other than iron or lead.

Most of the quantitative information supplementing the preceding qualitative re-
sults is supplied by Figs. 404 through 56. Figures 40a through 42e give F,, F,, and
F, for lead and iron, a, = 20, 10, 5, 2.5, 1, and Figs. 434 through 45¢ give G,, G, and
G;. Figures 464, 465, and 46c show Fy and Gy (# =1, 2, 3) for iron, a, = 0.2, The
usefulness of Figs. 404 through 46¢ is increased by Figs.- 47 through 56, which present
the results of a partial study of the ideal case where p/p,, as a function of B, is u
straight line of slope A. The dependence of F, and G, on A for y, = 1 ic shown in
Figs. 47 and 49 as a function of the parameter (1 + A)X. Unfortunately, this parameter,
which is easily shown to be a suitable argument for F, and G, when y, = 1, is not valid
for F, and G, so that in Figs. 484 through 48¢ and 504 through 50e, the dependence
of F, and G, on A must be given by an =xtensive set of curves. Figures 51 through 56
are intended to give an indication of the b:havior of F, and G, when y, 3£ 1.

Estimates of the Build-up Factor for an Arbitrary Material

Figures 40a through 56 may be considered as giving a brief presentation of the
accumulated experience with the method of successive scatterings. One may reasonably
expect to extract from this experience useful information on the transmission of gamma
rays through slabs of :!most any material. It is clear that fair cstimates of the trans-
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mission with one, two, and three scatterings are possiblc and these estimates, in turn,
can be expected to yield at least rough values for the build up factor. So much is estima-
tion a matter of predilection and circumstance that to stop at this point and let the user
develop, according io his needs and views, his own schemes and methods of estimation
would probably be best. Nevertheless, a few useful aids to estimation and the rough
estimates of the build-up factors for the elemental materials will be presented for the
case of normal incidence.

Almost any method of arriving at an estimate for a particular material will depend
on the choice of an average A to correspond to the function p/u,. Figures 574 through
$7¢ should help in making the selection. They show u/p, for lcad, iron, and the pure
Compton scatterer, a, = 20, 10, 5, 2.5, 1. For each incident energy, twelve vertical lines
(four for the pure Compton scatterer, except when a, = 20; four for iron; and four
for lead) are marked with the symbols F,, F,, G,, and G,. On each line, points are
tagged with numbers representing a value of X. These points determine the straight-line
equivalents of p/p, according as F,, F,, G,, or G, (y, = 1) is the criterion.

Examination of Figs. 574 through 57e shows that the average slope has a definite
pattern of bechavior. Photons of high energy tend tc be important to the transmission,
more for large X than small, more for the first scattering than the second, and more for
energy than number. Consequently, the straight-line equivalent is governed by the portion
of pu/p, near B, more for large X than small, more for the first scattering than the
second, and more for energy than number. A good example of this ordering is seen in
the case of lead, a, = 10, where p/p, has enough concavity upward to make the
phenomenon described strongly manifest.

In the case of lead, a, = 20 (Fig. 574), the concavit” of u/p, is so great that a
straight-line equivalent does not exist except for small thicknesses. Cadmium, the heaviest
material for which the average slope exists for any appreciable thickness, takes the place
of lead, although only the straight-line equivalents corresponding to F, and G, are
given. To give some indication of the behavior of F, and G, for materials heavier than
cadmium, the values of F, and G, for cadmium, tantalum, and lcad are tabulated in the
lower right-hand corner of Fig. 57a.

In some cases the errors in F,, F,, G,, and G, and the sensitivity of the process
determining the straight-line equivalent are such that a behavior was found just opposite
to that expected. When it was obvious that the behavior exhibited was impossible, con-
sistency was forced in whatever manner seemeu to do the least violence to the data.
In so doing, it became evident that Tables 1 through 4 were liberally sprinkled with
errors less than 5 per cent, but contained few, if any, of the order of 10 per cent.
This is not at all surprising in view of the fact that considerable effort was made to
keep out gross errors, but many opportunities existed for small errors to creep in.

The first four terms of the infinite series for the build-up factor for an arbitrary
material can be obtained with considerable ease and fair accuracy in the case of y, = 1
if Figs. 404 through 56 are used. Attention then turns to a way of estimating the
remainder of the series with comparable ease and accuracy.

Suppose that photons of the same energy and direction arc incident upon two slabs of
the same thickness in mean free paths, but of different materials. If the <eries for the two
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build-up factors converge to different values, as they presumably will, the cause must lie
in the fact that absorption by pair production and the photoelectric effect appears in
different proportions in the two total absorption coefficients. Realizing this, one may
think tc attempt to correlate the remainder of the series with the amount of absorption
by pair production and the photoclectric effe-t. The difficulty with this approach lies in
defining a variable which suitably measures “destructive” absorption and is also easily
evaluated for each material.

However, for the rough correlation contemplated, there is no need to be too exacting.
A quantity such as

Oop o Tpe
1 At (z+z)

7 P
ot (%4 ‘zf)

z A

is undoubtedly adequate since, if 5 is properly chosen, it measures destructive absorption
in a region of significance. It therefore might be used for the correlation, but when
examined, it turns out to be so nearly a linear function of Z that Z itself, by virtue of its
greater convenience, becomes the better choice.

When an attempt was made to fix the preceding concept in a working scheme, it was
found, as is usually the case, that some modification of the original idea served better. It
turned out to be more convenient, and almost as accurate, to let the remainder begin with
N, /e-* rather than with N,/e-%, and to correlate with Z for constant N, /e-X rather than
for constant X. Since N,/e-* and the build-up factor tend to rise and fall together, the
correlation for constant N,/e-¥ is as accurate as, if not inore accurate than, that for
constant X. Some loss of accuracy results from including N,/e-* and N,/e-* in the
remainder, but investigation showed that the accuracy gained by estimating N,/e-* and
N,/e X separately hardly warranted the extra work.

The correlation of 32, Ny/e-* with Z for constant N,/e"¥ is given in Fig. 58. The
curves are determined by only two points, Z = 26 and Z = 82, except when N,/e-X is
small. Since (o,,/Z + 0,,/Z) vanishes with Z, Z = 0 corresponds here to the pure
Compton scatterer. For small values of N,/e%, the estimates of the build-up factor for
the Compton scatterer provide a point at Z = 0. Two and three points certainly constitute
the minimum number for any degree of accuracy, but it must be remembered that the
remainder is 2 monotonic decreasing function of Z with a presumably monotonic deriva-
tive. Such being the case, inaccuracies in the curves due to an insufficient number of
determining points can hardly be large according to the standards of shielding calculations.

With Figs. 57a through 57¢ and 58 in hand, one can easily estimate the build-up
factors for slabs of those materials for which the total absorption coefficient is available.
In accordance with the principles by which Figs. 574 through 57e¢ and 58 were con-
structed, the total absorption coefficients given in Ref. 9 for carbon, aluminum, molyb-
denum, cadmium, tantalum, and uranium were used to obtain build-up factors. These
build-up factors with the factors for lead, iron, and the Compton scatterer w~re plotted
against Z for constant parameter X. The resultant figures (Figs. 594 through 59¢) contain,
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with some exceptions, estimates of the build-up factor for photons normally incident on
slabs of thickness 1, 2, 4, 8, 12, 16, and 20 mfp for all elemental materials.

Reliability of Estimates

When one comes to considering the accuracy of the build-up factors given in Figs. 594
through 59e, one must first remember that the estimates can be no better than those for
lead and for iron. The question is, Is the process of estimation such as to increase this
inherent error? The sources of additional error lie in the choice of the average slope
of u, i, and in the manner in which the curves of Fig. 58 are drawn. Errors due to the
latter source are seen to be enormous when Z is small, but negligible compared with
the inherent error when Z is large, say, greater than 26. As long as the monotonic char-
acter of the curves is retained, only relatively small changes in the readings for Z > 26
can result. Much more important is the error due to an incorrect average slope. If u/p,
departs far from linearity, as it does for large Z and large a,, the average slope is not
easy to determine, For a, = 10, 20, the values of N,/e-* were determined by direct
calculation; for all other incident energies, a straight-line equivalent was used. Errors of
as much as 5 per cent appeared in N,/e-* from an incorrect estimate of the average slope.
Errors of this magnitude in N,/e-* seemed to translate into errors in the build-up factor
of about one half the inherent error. In other words, it is necessary to suppose that, for
Z > 20, the errors in the build-up factors of Figs. 594 through 59e are about half again
those stated in Sec. II for the build-up factors for lead and iron slabs. This would mean
an error approximately proportional to X and reaching about 30 per cent at X = 20.

Whatever the accuracy of the build-up factors of Figs. 594 through 59¢ may be, the
behavior, in the large, is certainly correct as shown. For a, = 1, 2.5, the build-up factor
for large X is a rapidly decreasing, monotonic function of Z. For a, = 5, the build-up
factor is still a monotonic decreasing function, but it is not so rapidly decreasing, par-
ticularly in the middle range of Z. A slight sinuosity, noticeable in the case of 5 mc?,
develops into a pronounced minimum and maximum by the time a, has reached 10 and
becomes so large at a, = 20 that the maxima for X = 16 and X = 20 are off the scale
of the figure. The explanation for this whole pattern of behavior is implicit in the
previous discussion of the effect of absorption by pair production and the photoelectric
effect. For the low energies of 1 and 2.5 mc?, phutoelectric absorption controls the magni-
tude of the build-up factor. As Z increases, the photoclectric absorption increases and the
build-up factor decreases rapidly. The inflections noticed in the case of S mc? mark the
appearance of the effect of absorption by pair production. The very large values of
Ny /e-X for the first values of £ in the cases of 10 und 20 mc? cause the build-up factors
to be so large that a minimum appears in the middle range of Z. However, as Z increases
past the middle range, the diminishing ettect of destructive absurption again takes con-
trol and a maximum is formed.

On examining the curves in the neighborhood of Z = 0, one notices the steepness at
zero, particularly as the incident energy increases. One may feel that more steepness
at Z = 10 and less at Z = 0 would be correct. Since the region of greatest error is that
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of small Z, this feeling may be justified. However, a small amount of absorption acting
through a decreased K can diminish greatly the sum of a slowly converging series In
any case, the data scemed not to permit a less precipitous descent from the value at zero.

Another phenomenon in the small Z range, which may catch the eye as a possible
irregularity, is the existence, when X is large and Z is near zero, of values of the build-up
factor which are larger for 1 mc? than for 2.5 mc2. If one happens to remember that the
build-up factors for the Compton scatterer for small X, given in Fig. 20, increase with a,,
one may again suspect the existence of an error.

Since the curves of Figs. 594 through 59e for large X and small Z depend entirely on
the build-up factors for iron, the source of the error, if the error exists, must be found
in the factors for iron. Figures 44 and 4e show that the iron build-up factor for 1 mc? is
slightly less than that for 2.5 mc? when X is small, but larger when X is large, reaching,
at X = 20, a value some 15 per cent above the value for 2.5 mc2. The appearance of the
total absorption coefficient for iron does not seem to support this behavior of the build-up
factors relative to cach other. Figure 7 shows that the total absorption coefficient for iron
is almost entirely Klein-Nishina scattering between 2.5 and 1 mc?; at about 1 mc? the
total absorption coefficient begins, as a decreases, to rise very rapidly above its Klein-
Nishina component. Since a photon of energy 1 mc? is at the beginning of the region of
large photoelectric absorption, one might well think that photoclectric absorption would
surely reduce the build-up factor for 1 mc? at X = 20 far below that for 2.5 mc? and
that, consequently, a very large error, much larger than 20 per cent, must exist in one
or the other of the build-up factors.

The total absorption coefficient, when plotted against a, as in Fig. 7, is somewhat
misleading with regard to the effect of photoelectric absoiption on the build-up factors.
Figures 57d and $7e, which show p/p, versus 8 — B,, give a more accurate concept of
the effect of photoelectric absorption because the abscissa 8 — B, provides a better scale
than does a for comparison of the energy degradation at different cnergies. These figures
show that when B is in the range near B8,, the divergence of the function p/p, for iron
from that for the Compton scatterer is not much greater for 1 mc? than it is for 2.5 mc?.
This means that photoelectric absorption will act to reduce Ny /e-* for the first values of £
with out little more strength in the case of 1 mc? than in the case of 2.5 mc2. Support of
this last statement is found in Table 2, where approximately identical values of both
N,/e* and N,/e-* appear for the two energies at the same values of X. These values,
incidentally, can be verified with fair accuracy by the method of straight-linc equivalents.
Since N,/eX and N,/e-* are nearly identical, the build-up factor for 1 mc? cannot be
much smaller than that for 2.5 mc2. Consequently, there is no great reason to suppose that
an error at X = 20 is larger than the 20 per cent stated in Sec. I

While comparing values of Ny/e-X in Table 2, one notices that, at X = 20, N,/e-*
has a value for 1 mc® some 8 per cent above its value for 2.5 mc?. This undoubtedly
explains why the estimate of the build-up factor for 1 mc? exceeded that for 2.5 mc?
by 15 per cent, but it is difficult to believe, in the face of the fact that Table 5 shows
the convergence of r, to be more rapid for 1 mc? than for 2.5 mc?, that on the third
scattering the transmission for 1 mc? can exceed that for 2.5 mc? by this much. It is
easier to believe that the difference in N,/e-* for the two energies is the consequence of
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error and that the observed behavior of the build-up factors for large X, although not
proof of error larger than that stated in Sec. I, is nevertheless cvidence of error.

This conclusion, however, must be accepted with reservation. In Table 10, which gives
the values of N,/e* and N,/e-* for the pure Compton scatterer, one finds that N, /e-*
at X = 20 has nearly the same value for both 1 and 2.5 mc?, but that the value of
N,/e* for 1 mc? exceeds the value for 2.5 mc? by about 30 per cent. If a similar
inequality holds for Ny/e-X, as seems likely, then the 8 per cent inequality observed in
the case of iron may not be an error at all. If the 8 per cent inequality in N,/e"* is not
an error, then the 15 per cent inequality in the build-up factor, in all prob-bility, is not
an error,

The preceding comparison of the transmission for 1 and 2.5 mc? in the case of iron
raises the question of how transmission depends on a, in general. The answer can best be
formulated in terms of the pure Compton scatterer, since this fictitious material, con-
sidered on the basis of total absorption coefficient, is the most general, or at any rate the
most fundamental, material.

Suppose that two beams, monoenergetic but of different energies, are normally
incident, first one and then the other, on a slab of the pure Compton scatterer; then a,
is the only variable that differs in the two cases. This difference appears in the calcula-
tions in two ways: (1) as a difference in the distribution of the angular deflection and
(2) as a diffecence in the function p/p,.

Cince large angles of deflection become more probable as the incident energy dimin-
isk2s,* one expects N, the probability of transmission with one collision, te decrease and
expects N, the probability of 1¢flection with one collision, to increase as a, decreases.
This will certainly be true, unless the decrease in average slope of u/p, produces a suffi-
ciently powerful countereffect. The slope of u/p, can a-t only through F, in the case of
transmission and through a function very like F, in the case of reflection. The formula
for F, shows that as X decreases to zero, the effect of the average slope of u/p, disappears.
It follows that the expected decrease in N, and the expected increase in N, surely occur
for thin slabs. This has already been observed in the data of Table 6, although it will
be noticed that even a slab of thickness 0.5 mfp is not thin enough to cause N/ to decrease
with @, when a, is large. It also follows that the build-up factor for very thin slabs will
decrease as a, decreases. This too has been observed, in this inst2nce in the build-up
factors of Fig. 20.

As slab thickness increases, the average slope of u/p, begins to act powerfully, so that
in suitable data one should be able to see evidence of its effect. The rise aud fall of N,
and N/, in Table 6 and of N,/e~“ and N,/e-* (N, = N,, N, = N,,) in Table 10 as a,
ranges between 10 and 0.2 is evidence of more than one cause of variation. In fact, if
a, = 0.2 had not been included in Table 10, N,/e-X and N,/e-* for thick slabs would
have appeared to be monotonic decreasing functions of a, and therefore would have
seemed to be governed almost entirely by the average slope. Hence, to the extent that
transmission is controlled by photons which have experienced only forward scatterings,
the effect of the average slope is to reverse, when X is sufficiently large, the relative

® See Ref. 10, Fig. 7, or Ref. 4, Table I1.
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positions of the curves for the build-up factors of Fig. 20.

However, photons which have experienced one or more backward scatterings are a
large component of the transmission through even moderately thick slabs of the pure
Compton scatterer. Therefore the curves of Fig. 20, if determined for large values of X,
will presumably not cross one over the other as X increases but, since photons in a long
passage of many collisions tend to lose all “memory” of their incident energy, will
approach cach other asymptotically.

‘The discussion of the number build-up factor or an arbitrary material can be
duplicated for energy with a few appropriate and obvious changes. Figure 60 gives the
correlation of i, Ex/a,e-* with Z for constant E,/a.eX; Figs. 614 through 61e give the
estimated energy build-up factors for slabs of an arbitrary material.
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Fig. 45¢—G; vs X for lead and iron, &, = 1
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Fig. 48e—F,vs A fory, =1, a, = 1
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Fig. 53—F, vs A forax, =5, X =8
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Fig. 61a—Energy build-up factor vs atomic number, ¥, = 1, &, = 20
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Fig. 61b—Energy build-up factor vs atomic number, Y, = 1, &, = 10




T

GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

158

)
g

—_— e ——

S

a0

& vatamie Mumbe

o

Tl

40

Fig. 61c—Energy build-up factor vs atomic number, v, = 1, &, = §

- —

i ..-..L...._ Fal P .
o L S .\K|L J
i i -
et gget™ )
—t— i
S B _ -
|+ | e—d— ]
) - o o - [}
N R T

20 &0

Z 1atomic number

40

2.5

Fig. 61d—Energy build-up factor vs atomic number, ¥, = 1, &,



TRANSMISSION THROUGH AN ARBITRARY MATERIAL 159
28 | = == T" |< : | ; .
V! | ' | 1
1 i
\ | ! i ,
24 i -————-—\-.- : —\4~Y St _.T . { . . ] i I S
\ \ ' ! |
\ ] i X i |
20} \ A = ; ] . i
S \ \ : } 1 ]
| \ Yk :
NN R
kXLl Sk o \-; \\ \ - ] . J
5 e \ v\ f\xr 2o 0 ‘
I Mo 2, ANER : !
w.l’c }l - \ \\ - - b + L J
PN \\\ : \\ \\ . 1 '
I Q\ ! !
] \ -f \)3 4.\\\- 4 ’ .{
B e u‘x“‘t."\.\-..
s -T"H—._._g_ - - -\"I'h-..:_'::-“:_: ':h._:"_"w‘ 3 4 i
o
L ] | i .
e o mn W0 40 L] &0 n AO #0 190

Foatnmic mumig

Fig. 61e—Energy build-up factor vs atomic number, v. = I, a,




Lidter, -

o g

P PP e YT T I Y

addacion Lot o L]

VIl. OTHER GEOMETRIES

If one knows the density of photons due to an isotropic point source ir: an infinite
homogencous medium, then by superposition one obtains the density arising from any
configuration of point sources. In particular, if p(r) is the density at the distance r from
a point source of unit strength, the density p/(x) at a distance x from a source plane of
unit strength per unit area is readily found to be

pl(x) = fm 2nr p(r) dr.

Or again, if /(y) is the density at a distance y from a line source of unit strength per
unit length, then

I(y) = i i d.r-

y Vrr—p
It is the intention here to apply thes: relations to the densities which were calculated in
Sec. Il and which were displayed graphically in Figs. 15 and 16.

It will be recognized at once that the relation between p/(x) and p(r) does not hold
for the densitics calculated in Sec. II', since the densities were obtained there for a finite
slab and a plane of nonisotropic sources, Nevertheless, it may be possible to bring the
integral relations to bear, if certain allowances are made.

The incident distribution of Sec. III corresponds to a sheet of isotropic sources from
which only those gamma rays in a cone of half-angle cos-10.8 are accepted. The densities
calculated, therefore, are smaller than would have been obtained had the full isotropic
source been used. For large slab thickness, the density contribution of those photons
whose angle of incidence exceeds cos-' 0.8 is certainly small, so that beyond some thickness
the density for the plane of isotropic sousces can be considered as equal to the density
calculated for the plane of nonisotropic source:. To get some indication of where the
two densities might be expected to become nearly equal, one turns to Figs. 84 through 8g,
which give the listribution of the transmiited photons for several slab thicknesses. One
finds in these figures that the discontinuities in the transmitted distribution caused by not
using the full isotropic souzce have nearly disappezred at a thickness of 12 mfp. It seems
reasonable, thercfore, to assume that the two densities will have become approximately
equal at about this thickness.

For thin slabs, the density corresponding to a plane of isotropic sources can be deter-
mined with fair accuracy from a calculation of the density of photons unscattered and
once scattered. Suppose a calculation cf this density, which is not a large task, is mude for
a thickness of 1 mfp. Then one has available for determining the density at the rear face
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of a slab of thickness X, when a sheet of isotzopic sources lies in the front face, a value
for X = 1 and the approximate values for X > 12. By drawing a curve passing through
the point at X = 1 and gradually approaching coincidence with the density curve cal:u-
lated for the plane of nonisotropic sources, one should obtain a reasonably accurate cusve
of the density corresponding to a planc of isotropic sources.

This estimate, which is for a finite slab, must be converted to a like result for the
infinite homegeneous medium. Clearly the density at a distance X from the source plane
in an infinite homogeneous medium is greater than the density at the rear face of a slab
of thickness X. But the difference is composed entirely of photons which have experienced
at lcast one backward scattering. Onc would expect, therefore, in the case of the heavicr
materials such as iron and lead, that the absorption by the photoelectric effect would make
the difference small. The difference in the density at X = 1 was found to be about
10 per cent. The important cause of the differeace is those photons which pass through
the slab without a collision but which are reflected back with one collision by the infinite
medium. It seems likely that the difference would decreasc percentagewise as X increascs.
For with increasing values of X, the difference must be composed more and more of
reflected photons which have experienced several collisions at low energies. The proba-
bility of a photon’s surviving several collisions in the low energy range is small.

The uppermost curve of the three curves displayed in Figs. 624 through 624 gives the
photon density (normalized by the factor ¢/e-*, where ¢ is the velocity of light) at a
distance X from a planc of isotropic sources in an infinite incdium. The materials arc
lead and iren and the :nergies of the emitted photons are 20 and 10 mc. In each of
these four cases, the plane of isotropic sources is assumed to be emitting one photon per
sguare centimeter per unit time. The photon densities are estimated in accordance with
wne preceding remarks. That is to say, the curve given is determined from an estimate of
the densities at X = 1 and X > 12. At X = 1, the 10 per cent increase in the density
for the infinite medium over the finite slab is taken, but as X increases to about 12 or
16, the difference is allowed to dwindle to zero. This is equivalent to assuming that
beyond X = 12 the density for the plane of isotropic sources in the infinite medium
becomes identical with the density for the nonisotropic plane of sources and the
finite slab.

The lowermost curve of the three curves presented in Figs. 62a through 624 is
obtiined from the corresponding uppermost curve by means of the intcgral relation
between p/(x) and p(r), given at the beginniag of this section. Specifically, the lowest
curve gives the photon density (normalized by the factor ¢, ¢ ¥) at the distance R (in
mean free paths) from a point source which emits in an infinite homogeneous medium
onc photon per unit time.

The middle curve is the photon density (normalized by the factor ¢/« ¥') at a distance
Y (in mean free paths) from a line source which emits in an infinite homogeneous
medium one photon per centimeter per unit time. This curve is derived from the lowest
curve by means of the integral relation between /() and p(r).

Figures 63a through 63. are identical with Figs. 624 through 624, except that the
quantity under consideration is the encrgy demsity and the noermalization factor
contains 1/a,,.
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OTHER GEOMETRIES 163

The three curves forming a set are consistent.* So if it is assumed that the density for
the planc source 1s accurate, then the densities for the line source and the point source
are also accurate. Whether or not the density for the plane source is reasonably accurate
is difficult to say. It wouid scem that the errors, though possibly large, should be small
enough to allow the set of three densities given to retain some interest. To be surc, the
density corresponding to the point source is obtained by a numerical evaluation of a
derivative, so that the error associated with the plane source is lil:sly to be aggravated in
the passage from planc source to point source, but if the assumptions under which the
key density is obtained arc ot altogether errancous, the error in the derived densities
should not be serious in terms of practical attenuation calculations In any cise the relative
position of one curve to another has interest as an indication of the cffect of geometry
even if the absolute position 1s judged to be too much in error to have valuc,

* Not only are the three curves of a set consistent with respect to the two integral relations
stated, but also p/(x) and 1(3) satisfy the relation

pi(y) = f nlG)dy

3 Vge =




164 GAMMA-RAY TRANSMISSION THROUGH FINITE SLABS

10
s
/]
4

- ' /ﬁolizotion foctor = :/e~X
g
[ A
8 (3) -
= 7
< e
£ %/
° X ~— 3
s — Normalizotion factor = c/e”
° \ (2)
3 \ —
2 \ "

=
H

1

()

Amlizotion factor s c/e”"
—

0% b

o 4

8 12 16 20 24

R,Y, X =distance in mfp from point source, ling source, ond plane source, respectively

Fig. 620—Comparison of photon densities for three source configurations
in an infinite homogeneous medium—Ilead, &, = 20

The three source configuralions are (1) point source of unit strength, (2) line source of unit strength per
contimetsr, and (3) plane source of unit strength per square centimeler. (A source of unit strength is de-
fined here o3 o source emitling one photon per unit time.)
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Fia. 62b-—Comparison of photon densities for three source configurations
in an infinite homogeneous medium—Ilead, &, = 10

The three source configurations are (1) point souvice of unit strength, (2) line source of unit strength per
centimeter, and (3) plane source of unit strength per square centimeter. (A source of unit strength is de-
fined here as a source emitting one photon per urit time.)
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Fig. 62c—Comparison of photon densities for three source configurations
in an infinite homogeneous medium—iron, &, = 20

{he three source counfigurations are (1) point source ¢’ wnit strength, /2) line source of unit sirength per
ceniimeter, and (3) plane source of unit sirength per syuare centimeter (A source of unit itrength is de-
fined here as a source emitting one photon per unit time.)
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in an infinite homogeneous medium—iron, &, = 10

The three source configurations are (1) point source of unit strength, (2) line source of unit strength per

centimeter, and (3) plane source of unit strength per square centimeter. (A source of unit strength is de-
fined here as o source emitting one photon per unit time.)
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Fig. 63a—Comparison of energy densities for three source configurations
in an infinite homogeneous medium—Iead, @, = 20

The three source configurations are (!) point source of unit strength, (2) line source of unit strength per
centimeter, and (3) plane source of unit strength per square centimeter. (A source of unit strength is de-
fined here as o source emitting one photon per unit time.)
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Fig. 63b—Comparison of energy densities for three source configurations
in an infinite homogeneous medium—Ilead, &, = 10

The three source configurations are (1) point source of unit strength, (?) line source of unit strength per
centimeter, and (3) plane source of unit strength per square centimeter, (A source of unit strength is de-
fined here as a source emitting one photon per unit time.)
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Fig. 63c—Comparison of energy densities for three source configurations
in an infinite homogeneous medium—iron, &, = 20

The three source configurations are (1) point source of unit strength, (2) line source of unit strength per
centimeter, and (3) plane source of unit strength per square centimeter. (A source of unit strength is de-
fined here as a source emitting one photon per unit time.)
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VIIl. COMPARISONS

Most investigations of gamma-ray transmission differ a great deal in the problem set,
in the conditions assumed, or in the form of the results. As a consequence, comparison of
results is very difficult. One can note that the curves given by Spencer and Fano* are
very similar to those of Fig. 104 of this report, but the comparison is not exact and, since
any existing essential differences can presumably be attributed to the difrerence in the
incident beams, nothing much is proved. Nor can one expect to obtain much in the way
of a comparison between the asymptotic formulas of Fano, Hurwitz, and Spencert
and the energy build-up factors presented here, since the latter are most accurate for
small thicknesses and the former are most accurate for large thicknesses. In general, com-
parison is a matter of much computation leading to inconclusive results. The present
results are compared here only with those unclassified results of other workers which are
generally available.

The difficulties are least in the comparisen of the results with Hirschfelder, Magee,
and Hull,' and Hirschfelder and Adams.®> The geometry and the materials are the
same as those used here; even the methods are similar in that both attempt to obtain the
total transmission by summing the successive transmissions with £ scatterings. The device
used by Hirschfelder es al. for expediting the calculation or the estimation of the trans-
mission with £ scatterings is an “effective angle of Klein-Nishina scattering”; i.e., an
average angle of scatter is taken so that the correct transmission with one collision is ob-
tained for Compton scattering. With this short-cut the individual transmissions are cal-
culated successively, and presumably rapidly, to a large number of scatterings.

The comparison can appropriately begin with a pure Compton scatterer.tt For,
although the methods of this report are much less effective in the absence of pair produc-
tion and the photoelectric effect, Hirschfelder's use of an average angle of scatter based
on Klein-Nishina scattering gives the pure Compton scatterer precedence over iron or lead.
Table 15 displays side by sidc the transmission with one and two scatterings and the build-
up factors taken from the two sets of results. The quantities I,/A, I,/A, and /1, are
identical, respectively, with the quantities E, /a,, E,/a,, and 32 E;/a,e* of this report.

No large discrepancies should exist in the transmission with one scattering. This is
seen to be the case, except in one instance: a, = 10, X = 20. If the use of the average
angle of scatter is sound, then the transmissions with two scatterings should also agree.
The difference expressed in a percentage is given in the column headed “per cent
difference.” Except in the cases «, = 2, 6,10, X = 1 and in the case a, = 10, X = 10,
the percentages are not too large. The differences are, however, all of the same sign.

* See Ref. 11, Fig. 5.

+ See Ref. 12, Table I.

t1 Cave er al. (Ref. 1) compare their results with those of Hirschfelder ez al. A comparison here
with Hirschfelder ez al. is therefore an indirect comparison with Cave ef al.
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This fact, more than the magnitude of the differences, is disturbing, since it indicates a
uniform tendency to underestimate. This tendency, one surmises, might increase rapidly as
the number of collisions increases. If this surmise is correct, it should show in the compar-
ison of the buiid-up factors. Unfortunately, the greatest thickness for which 32 = E; /e~
can be read from Fig. 22 is 4 mfp. Since even this thickness may have overstrained the
resources of the method used to obtain the energy build-up factor, one cannot say which
of the quantities, 3 E,/ace* or I/1,, is more likely to be the cause of the large dis-
crepancy in their values at 4 mfp. Kahn obtains by the “Monte Carlo™ method* a value
of about 3.3 for the build-up factor when a, = 2.5, X = 4. His value at this thickness
is certainly correct, and since Hirschfelder's value is practically identical to Kahn's, it
seems that the divergence of I, /A from the correct value does not occur. However, Kahn,
in obtaining his build-up factor, discarded all photons transmitted with energy less than
0.1 mc®. One may judge that this cannot account for the difference of some 21 per cent
between his vaiue and the value 4.2 given in Table 15 for 2, Ex/ace*; but had E;/a,e*
been discarded for those values of £ for which the average energy in the photons was
estimated to be less than 0.1 mc?, then the estimated build-up factor would have been
about 19 per cent smaller. It would seem, therefore, that 2o Ev/ae is correct at
X = 4, or if not correct, then the error is due to an overestimate of the energy trans-
mitted in the form of photons of many collisions. This last conclusion the writer is
reluctant tc accept.t

Tables 16 and 17 compare, respectively, results for iron and for lead. Not much needs
to be pointed out that the reader will not discover from a brief examination of the tables.
Agreement, it will be noted, improves as the incident energy passes from 10 to 2 mc?.
This is just the opposite to what was found in the case of the pure Compton scatterer.
Apparently when absorption by pair production and the photoelectric effect is present,
the use of the effective angle of scatter causes overestimates which tend to destroy the
agreement observed at high incident energics, but which tend to compensate for thc
underestimates noticed at low incident energies in the case of the Compton scatterer.

In the case of iron, the total absorption coefficients used in both sets of calculations
are nearly identical except for a small difference in the electron density—a difference of
no significance as long as thickness is expressed in mean free paths. In the case of lead,
the difference in the total absorption coefficients has a little more significance. About
5 to 10 per cent of the magnitude of the differences for lead can be attributed to this
difference in the total absorption coefficients.

The “straight-ahead” and "root-mean-square-angle” approximations to the transport
equation of Solon and Wilkins'*) and of Solon, Wilkins, Oppenheim, and Goldstein'*!
also give results relatively easy to compare. The straight-ahead approximation modifies
the transport equation by assuming that the photons are not deflected from their incident
direction by the Compton scattering. The root-mean-square-angle approximation moder-

* See Ref. 13, Fig. 4.

+ This is not to say that Kahn's value is incorrect or that he is wrong in ignoring photons of
energy less than 0.1 mc®. His intent was to obtain—to use his words from a casual conversation—
“the energy transmitted in ‘able-bodied’ photons.”
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ates the severity of this assumption by introducing an averag