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ABSTRACT

The root-mean-square angle technique reported earlier (NY0-635)
is extended to the calculation of buildup factors in iron, tungsten,
lead, and uranium for 1,..., 8 Mev photons and a pure Compton scat-
terer for 1, 2.5, and 10 mc? photons. Computetions are carried out
to 20 mean free paths for the metals and 40 mean free paths for

- the Compton scatterer. The behavior of the buildup factors as

functions of the initial energy for the heavy elements is found
to differ qualitatively from that for iron and the pure Compton
scatterer. '
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GAMMA-TRANSMISSION IN IRON, TUNGSTEN, LEAD,
URANIUM, AND A PURE COMPTON SCATTERER BY
ROOT-MEAN-SQUARE ANGLE CAICULATION

by
Leonard R. Solon, J. Ernest Wilkins, Jr.,
Alan Oppenheim, Herbert Goldstein

Introduction
If the interactions of photons with matter were pure absorp-
tion processes the attenuation of gamma rays through a material
could be simply calculated on the basis of an exponential decrease.
Thus for a plane monodirectional and monoenergetic source the
fraction, £, of photon flux surviving a penetration x would be
merely
f=e . (1)
Here 2 is the total macroscopic cross section of the photons:
for the given initial energy Eo° |
- In the Compton process, however, the photons are not absorbed,
but merely degraded in energy and scattered from the incident dir-
ecticn. These secondary photons must be included in the calcula=-

tion of the photon flux, and Eqg. (1) for f must be replaced by

£ = [1 + B(Eo,,pox>] o o™ | (2)
The quantity B is called the "buildup .factor®" and is thé ratio of
the secondary, scattered flux to thevpﬁ;mary, unscattered flux.
If £ refers to the particle flux fhen the corresponding buildup -
factor is BN,'the Ynumber bﬁildup factor®. If it is the energy flux,

or intensity, that is involved, then the corresponding B is BE’ the

"energy buildup factor®.
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Because of the difficulty in obtaining a rigorous solution
to the transport equaﬁion describing the secondary photon spectrum,
several approximate methods have been developed. One Whichlhas
received considerable attention describes the energy degradation
as correctly és possible, but assumes the photons are not deviated
in direction by the Compton sgattering. This "straight-ahead"
approximation has been treated in considerable detail in Refer-
ence (1) and elsewhere. The so=called "R.M.S." method represents
an attempt to improve the straight-ahead approximation by includ-
ing, in some measure, the effect of angular deviations. Briefly,
the method assumes ﬁhat all photons of wavelength A are traveling
at a single angle © to the forward x direction given by the root-
mean-square angle deviation corresponding to A. Details of the
method are described in References (2) and (10). The transport

equation takes the form

A
FxA) , —BA)  prxa) = / KOLDIE(XAT) gye 4 K(a ,2)e Fo

ox I=(A=N_) 1-(Af=r )
© A © | (3)

C

where the symbols have the following meanings:
F(x,A)d\ is the particle flux of secondary photons at distance
x with wavelength in units of the Compton wavelength
between A and A+dA,

A_ is the wavelength corresponding to the initial energy,

0
p(x) is the total macroscopic absorption coefficient, and
_ 2
t g
K(AP,0) = A(%) {%T + Ao () {2—(7\—1')&] (W)
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where A is a constant depending on the electron density of the
medium. In terms of the secondary spectrum F(x,A) the number and

energy buildup factors are given by

oC
By(x) = f $oF pixam
7\'O
(5)
. Qo L X
BE(X) = 1A, j/ épo F(x,A) %} o
7"()

In Reference (2) it has been shown that solutions could be obtained
to Eq. (3) if certain approximations were made for the dependence

of pon A, and if the scattering kernel K were approximated by
Al 2 AT-A
Kl()\:,x) = 2A(T) e Tt . . (6)

The validity of Eq. (6) is discussed in Reference (2). With these
assumptions, buildup factors were calculated for an initial energy
of 20 me? (10.2 Mev) for penetrations in lead out to 20 mean free
pathis. As'shown in Reference (2) these results égreed much better
with some exact calculations of Fano and Spencer than did the
straight-ahead values. It was therefore felt worthwhile to extend
the computations to cover a wider range of elements’and initial
energies. The values so obtained will be presented here, along
With a brief‘mentiop of the significance of the phenomena exhibited
by the results. A later report will treét in deﬁail_the explana-

tion for buildup behavior.




Calculations

Buildup factors =-- number and energy -- have been calculated
for four substances: iron, tungsten, lead and uranium, at pene-
trations of L, 7, 10, and 20 mean free paths (1 mean free path
= 1/Fo)’ For each substance source energies of 1 to 8 Mev
nave been considered. In addition buildup factors were calculated
for a pure Compton scatterer at penetrations of M, 8, 20, 30 and Lo

2 and 10 mc2 photons. A single

mean free paths for 1 mcz, 2.5 mec
geometry -=- a plane‘monodirectional source == has been used for
all problems. .

The cross section data for iron, tungsten, and lead were an
adjusted version of data furnished by Mrs. Charlotte Davisson in
a private communication [ﬁeference (6)]. The data for tungsten
were actually obtained by interpolating between‘tantalum and lead
in Mrs. Davisson's data. For uranium the cross section data used
were obtained.from.Reference (3), Supplement 1. The Compton scat-
tering data were obtained from Reference (7).

For convenience representative data are assembled in Tables

I and II. The cross sections are for elements of the following

densities:

Elenent Density (p_= g/cm)
Iron 7.85
Tungsten 19.3

Lead 11l

Uranium 18.7




TABLE I

_ Cross Section Data for Iron, Tungsten, Lead and Uranium

kinergy Element*
(Mev) Fe W Pb U
0.25 0.945 9.25 6.675 1l.5ho
0.50 0.652 2.540 1.750 3.815
1.00 0,168 1.255 0.792 1537
2,00 0.336 0.83lt 0.511 0.879
3,00 0.281 0,760 0.167 0.808
I .00 0.258 0.760 0.471 0.827
6.00 0.237 0.819 ° 0.516 0.879
8.00 0.23l 0.900 0.550 0.935

* Cross sections are in cm

Cross Section Data for a Pure Compton Scatterer

1

TABLE

IT

for densities listed in text.

Energy Total Microscopic Cross
_ (me”) Section x 10? in em®

0.5 0.3745

1.0 0.2866

2.0 00,2090

k.o 0,146

6.0 001136

8.0 0.0947

10.0 0.0817
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Analysis
The analytical work has been assembled in Appendix A. For
convenience a glossary of the functions and parameters used in
the R.M.S. procedure is presented below. A full discussion 1s con-
‘ tained in Reference (2).

B(n) is a logarithmic energy variable = —.ﬁh(1+xouk)

—r s . o A)
B(A) is the effective R.M.S. cross section = j;%%:igj

_ t
K(At,2\) is the effective R.M.S. scattering kernel = %é%if%lj
: o)

g is the Greuling constant. If Ka,\) = g %% in an energy
interval then F can be expressed in terms of the
confluent hypergeometric function. This equation
is equivalent to requiring that j& be a linear
function of f. |

For a pure Compton scatterer Eq. (3), after an obvious change

of variable, has been used in the form

A
JF miA _ k(AL LA . -y
3y * I- A=k, F(y,A) = I-(AT-A, F(y,?\‘f)dx' + k(A ,A)e™ -
Ao (7)
where

y is the number of mean free paths‘E”pbx;

m(A) = pQ) - o) o(A) is the total microscopic cross
Fo % ‘ ,
) section, %, =}c(ko);
AR A e
k(A',A\) = 2a({=] e , where @ = = = —2 s r is the classi-
A : Po Sy ? 7o

cal electron radius = 2.80 x :LO"'13 Cme
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In Appendix A are collected tables summarizing the analytic
properties of the approximatiqh for each problem, i.e. the appro-
priate g-value in each region, the subinterval in @, the piecewise
linear approximation to the R.M.S. cross section, and finally the
analytic solution. At the end of this Appendix are assembled seve
eral representative sketches of ju versus @ and the piecewise approxi-
mationse |

Effects of the Approximations to m and K

In order %o test the effect of small variations in fitting}i
with linear functions of @, the case of 2 Mev Y-rays in tungsten
was worked with three different such approximations. The crudest
appreximation has g = 1 and ohly one regiono A better approxi-
mation has g = 0.735 and again only a single region. The third
approximation, which was used to calculate the results reported
in Appendix C, has two regions with respective g values of 1 and
1/2.

In the first approximation the analytic solution is
—’l X
F = K(hg,\)xe  © (8)
The second solution is
F = KA sr)xe ]FH.L265;2;(PD~P)X}o (9)
For the solution F in the third approximation see'Appendix'B,
where the new Laplace inversion required for this situation has

been worked out. Buildup factors in each of the three cases are

recorded in Table III.
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TABLE III

2 Mev Photons in Tungsten

g=1, 1/2

=1 g=0.735 |

PoX| By By By By By e
Lo 1.77 1.12 141 1,00 % 1,48 13b3
3,10 1,95 2,29 1.6k § 2655 1.79
10 | boly3 2,79 3,10 2.2l 3461 2.5k
20 | 8.86 5.58 5.53 4,09 j 7.1k 5505

The differences existing between the buiidup factors obtained
by the various approximations are probably represeﬁtétive of the
deviations to be expected from the uncertainties in the piecewise
approximation to the cross section. This type of calculation was
not performed for each material or each energy. We are, however,
confident that most of the stray points in Figures C6,¢.:,C10 are
attributable to fortuities in the fit. In this connection it should
be pointed out that for most attenuation calculations an érror of
25 percent in the buildup factor would be gquite unimportant.

To determine the sensitivity of the buildup factors to changes

in the kernel a different approximation than (6) was used in several

cases. This alternative kernel is
o 5 »
- op (AL
K2 = ZA(A) (10)
which differs from (6) in having no exponential dependence. This

kernel has been used by Greuling and Welton [ﬁeference (102]9 Here
again the chénges in the resulting buildup factors were relative;y
inconsequential (~ 20 percent in Byj ~/ 15 percent in BE)e A repre-
sentative comparison for both approximate kernels is exhibited in

-] T




Table IV for 5 Mev photons in uranium.

_ TABLE IV
5 Mev Photons in Uranium

i K X
Po* By . B By { g
L 1.04 5 0.59 1.22 0.6l
2.17 1.18 2.56 1.30
10 3.68 1.94 It 436 2,1k
20 12.36 6.06 .91 {6.79

In estimating the relative merits of the two kernels, it should be
noted that though K, approximates the exact kernel somewhat more
closely than K1 over a larger energy range, the latter is\a betfer
£it over the energy interval which is overwhe}mingly more important
in the R.M.S. theory, i.ec. energies close to the initial energy.
For this reason greater reliability is attributed to the results
for K= Klo

Behavior of the Buildup Factors:; Conclusions

Assembled in Appendix C are tables of the buildup factors
for each of the elements, initial energies, and penetrations. The
number buildups for the Compton scatterer are not included since
this quéntity, for a material in which no capture processes are
taking place, is, of course,
M X

BN=e - 1l

=] D




The R.M.S. calculation obviously cannot predict this quantity
since it introduces, in effect, an artificial "capture" for all
photons scattered 900 6f more.

The behavior of the energyvbuildups with penetration in a
heavy element (lead) is shown in Figures Clyove,Clie Figure C5
shows this behavior for a pure Compton scatterer.

In Figures C6,a°e,dlo are exhibited plots of buildup factors
versus initial energies for the four substances and the pure
Compton scatterer. The general trends are manifest. For sub-
stances of large atomic number (Z 2 74) the buildups increase,
achieve a broad maximum, and then decrease slowly for small and
intermediate penetrations ( < 10 mean free paths) but increase
monotonically for large penetrations (~ 20 means free paths).

For iron, on the other hand, the buildups decrease with energy,
the rate of decrease falliing off with diminishing penetration.
This effect 1s accentuated in the pure Compton scatterer.

A detailed discussion of the physical reasons for these trends,
and of the validity of the R.M.S. calculations will be presented
in a subsequent report. It may be mentioned here, however, that
it is felt that the decrease of the buildup with initial energy,
for Compton scatterers, can be explained in terms of the nature of
the energy degradation processes. At higher energies the scattered
photons are very rapidly degraded to energiés so low that they do
not contribute appreciably to the buildup. This process is not
nearly so marked at low initial energies, and the buildup is

therefore relatively higher. With the heavier elements absorption

~13=




processes enter in addition to scattering. Thus at low initial
energies absorption predominates and the buildup is correspondingly
small. The photoelectric absorption decreases in proportion to
scattering as E increases, and an increase in buildup for given
penetration is therefore expected. It is believed that the varia-
tion for heavy elements can in large measure be explained by the

varying proportion of absorption to scattering.
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Appendix A

TABLE A-1
N R.M.S. Approximation for 1 Mev Photons in Uranium
ross Section :
Region| g %—Interval zégrgxi;;t%gn F(X,h)/K(kO,k)
Es ™ T e 2A - ~; uPOX y 2D o 2 )
I 2370 Jgﬁw fwmgﬁwo xe 'fJ}&%WJWA
O£0%4 oo A= 1,072
Po = 16537
TABLE A-II
RoM.S. Approximation for 2 Mev Photons in Uranium
o3 . Cross Section _
Region]| g <¢~Interval Approximation F(xpl)/K(xO,h)
- < = _ 2h “Fo* [_ . —m]
I e572 | «26%£0% 0 F=% ¢+Pb xe 1Fq1 1-g325(p ~plx
L7 o A = 1,072
Po = <879
TABIE A-III
o R.M.S. Approximaticn for 3 Mev Photons in Uranium
yod on - | A S Cross Section
Regicn) g Y Interval Approximation F(X,h)/K(AO,A)
@POX
1 +1 0175?\500 A= 19072 Xe )
O£0% oo Po = 808
TABLE A-IV
B.M.S. Approximation for 4 Mev Photons in Uranium
" A p T Cross Section v
Region! g | g-Interval | 1" 07 2 {ien F(xgh)/K(xo,h)
‘ -1 X
40 PN i 1] == 1 ’10 T p:s
I Z 013"“).—0214-2 }l = A¢+FO xXe [1+(P PO) 2]
O£ .088 | A = 1.072
' F.LO = 0827
I1 3| «21l2a% o = 921 Replace u_in Region I
. - above by ﬁlo
~088<@#< oo
=16




TABIE A=V
___R.M.S. Approximation for 5 Mev Photons in Uranium
Region | g ﬁulnterval E;;?ixgzgzigﬁ F(X,A)/K(A ,A)
 roe | = I (F-p )7 7(f- '
1 |+8 |.100202.186 | = § B, PP’ 28 4 PF:o 7
ZLoiL = 1. - - ]
O-—¢~0088 A l 072 21(’1”"‘}10) 6 BS(P_PO)UF ,5
p, = +847 * g ST
35(f-p,)° ), 21(F-p @
+ O X7+ 90 3
q 37
7 (fi=p ) -fi_X
—;-1;2-};9« X2 + X & ’O }
e e o ] e van e e v e e d o e e i e e e e e e o e e me m m vem e e e e e
IT +1 | .186£2% 00 ﬁi’z 8706 Replace fi in Region I above
by
.08840% o Fa:
" TABIE A-VI
R.M.S. Approximation for 6 Mev Photons in Uranium
Regicn | g ¢—Interva1 ig%iixggggigg F(pr)/K(hogx)
T | |.085%02.171 |4 = 1.072 x_ TPF [ ]
3y © 11 2yxgix)
O4g4 . 090 P, = «878 .
L
(») = 2akn
2 TGN
II +1 | «1715AE 00 Replace A in Region I above
_ by )\lo 7\1 = 01719
«09040% oo

=17




‘ ‘ TABLE A-VIT
RoM.Se Approximation for 7 Mev Photons in Uranium

Region| g gulnterval iigiixfigziﬁg F(X,K)/K(KO,X)
I =2 | 07342£.098 | = -AQ + 2 xe-pX[}+(pb—ﬁ) %]
O£p4 025 A = 1,072
By = +903
S Y U e e e
II  |oo | .098422.159 |7, = .876 (0 ~) 25w e TYL (o/5EGY)
: 159 1By = e FomP1) (X o (=5t
02540 ,090 =
+ gfﬁj‘e 1 11(2/x§€x5)
1= (Aq=r )
= 10
£(2) 2Afn -0
A= .098
ITI +1 | .1594A% 00 Replace A in Re%ion II above
by An o A = o1 90
- 0904 %« oo 2 2
~18




| TABLE A-VIII
R.M.S. Approximation for 8 Mev Photons in Uranium

A Cross Section v
Region| g g—Interval Approximation F(X’}‘)/K(?‘oﬂ‘)
I |-2|.06432.125 [ = -ap + p, |xeF* [1+(po-ﬁ) %}
O£f£.0625| A = 1.072
Py = 935
—-1X XT
II +2 | J1255A%.201 [o = AP + D xe l+(P*Fo+2p1)H§i
00625‘—4—%01&‘75’ b - 0801 +(,~ll+}lo [ﬁ_ﬁl] _Tl}ll) -}g-}
fi, = 868 )
III +1 | «201£A% 00 Py = +959 Replace p in Region II
above by }'1‘2.,
J1l75Lge oo
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TABLE A=IX
R.M.8. Approximation for 1 Mev Photons in Lead

PR - Cross Section
Region|{ g ¢=InLerva1 Approximation F{x, x)/K(AC,A)
. 1/
T o+ -;jf? «51£0E 00 0 = L}Aﬁ-&- - 'é'(}l+}10)x ;'—
2 5 K Mo xe I, thnpo)x
P o A = 6692
B, = 792 * Il[ (}1-'}10)31]}
TABIE A-X
ReM.S. Approximation for 2 Mev Photons in Lead
o A . Cross Section /
Region g ¢—Interva1 Approximation F(X,k)/K(xo,x)
: _ e _
I [+.768] 2652400 p= ggé ¢+}lo xe  ° 1F1[1"g325(}10”}1)x]
O£{< oo A = 6692
Po = o511
TABLE A-XI
R:M.S. Approximation for 3 Mev Photons in Lead :
B B I Cross Sectiocn : fn s
Regionl ¢ ngntVLJal Approximation F(X,K)/K&KO,A)
_ o
I +1 | o1752% 00 A = 6692 xe

0=17,=H B, = L7

=20




R.M.S. Approx1matlon for.

TABIE A-XIT

Mev Photons in ILead

. N Cross Section
Region| g ¢w1nterval Approximation F(x,0)/K(A o)
- 11X — X
I +2 «1342£.2115 po= Ag + by | Xe Po [}+(pypo) g]
O£~ . 085 A = 6692 »
B = ok71
L o e d o b e e e e b e e e e b e e e e = —
II +1 | 2115504 w0 Py = .528 Replace i in Region I above
by p
«085%@ o0 1
TABILE A-XIII
R.M.S. Approximation for 5 Mev Photons in Iead
< A .- |cross Section
Region| g ﬁ—IntervaL Approximation F(x,x)/K(xO,K)
L& 156 = _p'OX [ ]
I o | 210282%.156| P, 192 VZ?%; T, sz;(T
0&g< ,056
‘ - S
{(k) = 2A1%.1&(X:X;7
mmmmm T T T e e R st it el R R )
I:f +2 015‘6&;\60211 fj = A¢ + b {m (’4""10 T@{?‘; (;1 )]
00565—‘%0115 A = 06692 l/ ]
I 2 b’y éx
ITI +1 | 2118A% 0 fio = <5315 |[Replace [ in Region II above
by p2
< 11548% oo

Dl




TABLE A-XIV

R.M.S. Approximation for 6 Mev Photons in Lead

Region | g ﬁ-Interval g;giixgﬁggigi F(x,2)/K(A52)
I -2 o085‘?\"013LL Fo=-AD + p Xenpx[l+(pb—ﬁ)'%ﬁ
02,0501 A = 6692
B, = 516
IT +2 ol L{'éhéol 8 = A + b _Plx -
1343€.198| B = A7 o {1.,.(’1.,_’10_2’)_1) x
<05040£.120| A = 6692 : _ ) X’}
+ 1 |o=-p.] -
- o R3] -y %
pl = oh—825
III +1 | 1985200 |, = 0529 %ﬂplace B in Region II above
o 120404 o0 e

-P2 -




TABIE A=XV

r Photons in Lead

R.M.S. Approximption for 7 Mex
Region| g %ulnterval g;gigxgzzgigﬁ F(ng)/K(xo,h)
T "-’2v eO?BéxéoB?’ }-J:L = “‘A¢ -+ P.O Xe‘“F'LX [1+(PBO°"’-.1> %] )
CEge. 0551 A = 6692
IR B A
o]l X _
11 2 | JI2760£.,206) fi; = .500  [xe P1 {1+(ﬁ+p10=2;.11> ﬁ?
» ] 52en TE-n.)-BE. ) &
00555-’,@%01‘{‘3 +(}11+P-0 [P""}ll‘] ’««1) "é““%
o ceme e b v vk e o m m mow ] e e mem e e [ - wim e s e eme e e G e = e e o
I1I +1 | «20652% 0 By = 559 Replace fi in Region II abovs
by
olu")éﬁé s &) }12
TABLE A=XVI
R.M.S. Approximstion for 8 Mev Photons in ILead
oSS 2 ‘ S
Region| g %-Interval g€§§;x§;§£§g§ F(XQA)/K(A@,k)
T -1 | 06lENE 106 =~2A8 + xe"PX
04203 A 3 06692
Py = <560
e s oms acd e smm e e weom s e wie afu mwm e mexn amm e mmr e Gevm e G e wow Maow e mem A GO e e GMT e
II o0 |.10650%.105(f, = 502 /m 11 [ny"%’?i’"ﬂ
Ol3ep<, 08ly P 1=(21=2g)
“ %CA) 2440 T={a- klﬂh
. e £ = _ - ~HIX) o X
111 +2 014521-3205 fi="A0+Db |e {{p ) 20,0 :talzyxfghﬁ
o8ligge.152| A = 6692 ~x ‘ }
. *y"z;rm’ 1 VR
h = oh)—!-é) - _ -
?\2 = 01"3‘9
Iv +1 | 205%8af 0 |fiy = 548 Replace fi_in Region III
S 15240 oo above by pB




' TABIE A-XVII
R.M.S. Approximation for 1 Mev Photons in Iungsten_

. o | A . Cross Section
Regionl ¢ ¢~Interval Approximation F(X,K)/K(ko,k)
_ 3 P * -
o591 <51E4A% 00 B = %% o + Bo| xe © 1F1[;-g;2;(po-p)xl
0@ oo A= 1.152
Fo = 1.255

R:M.S. Approximation for 2 Mev Photons in Tungsten.

TABIE A-XVIII

Region] g %»Interval 2£;§§X§;ZE122 F(X?h)/K(kO,A)
I | +1 ] 2652248 | A= 1.152
ofge.2hy | gy = 4890
- — - == = = - - — e e em — See Appendix B for analysise.
II [+ 5 | 48820 | F = bagen
2lvege oo b = <3209
TABLE A-XIX ’
R.Mo.S. Approximation for 3 Mev Photons in Tungsten —
L A Cross Section
Region| g | g-Intervall oo c 2 Ciion F(x,0)/K(As2)
-1 X
I +1 | «17%¥A% 00 A= 1.152 xe Fo
O£P< oo Po = +760
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TABIE A~§X
R.M.Se Approximaﬁion for Mev

Photons in Tungsten

. A . Cross Section . ,
Region | g g-IntGTVal Approximation F(XQXD/KQXO,K)
I +2 -1 EA£.19 6 = AD + xewpox 1+ (f=p ) zﬂ
' <13EA=L 1970 | B = Fo ’ FPo’ 2
C=g£.070 A= 1.152
B = .760
R e U T T T B I T e T B T e T
IT +1 0 19765A% o0 Pi = .8l Replace ﬁ.in Region I above
by -0
0704 0< oo F1
TABLE A-XXI
R.M.S. Approximation for 5 Mev Photons in Tungsten
. A Cross Section
Region | ¢ ﬂmInterval Approximation F{ng/K(AO,A)
' Lr L - - ly "'Fl X
I o'e) .1024)£.138 Fo 0787 Lgx}\ e ' © 11[2/;@]
O£0£ . 037 N 1
500 = 280 o5
% i o s [ iy <P AR
' 0 IO=AT. F= PFo’ ) S 2VEE(h
LO3744 . 106 A= 1,152 p % :
X o o0 /T ] :
b=k | /300 ALz cvvi
7\1 = .,138
11T +1 | .203%2% 00 b = 866 Replace @i in Region IT
above by ﬁ20
o« LO64P4 oo |

~05~




TABLE A-XXT

R.M.S. Approximation for 6 Mev P

I
hotons in Tungsten

Region| g | j-Interval | {7995 Dechion F(x,A)/K(h,0)
)% = 1. [x_ P& ‘
I 00 .085%47\%.18 A= 1,152 %’XA e 1O Il[zﬁg\m}
O£4£.100 | p, = 819
%(7\) = 2A£n T 0 ?'\0 .
II +1 18£7£ o0 Replace A in Region I
above by Klo Kl = 10,
- 10040< oo

TABLE A-XXII

I

R.M.S. Approximation for 7 Mev Photons in Tungsten

Regicn | g A Interval ngiixigggigﬁ F(x,x)/K(Aoyx}
I -1 |.07380£.094 || = -2A0+p xe P¥
0£g£.021 |A = 1.152
Py = 852
11 o [.09h£aZ. 13l = .80l - -fi.x
Pp = - x eplll[?xdxl
L0214¢# .063 g | :
1-"(?\-1""7\.)
— C mbe (@]
{(7\) = ZAfn m
1z [+ |.13L£.195 |E = Ageb e’PoX{(ﬁ‘ﬁl)Xlz([‘g" ?5(7‘23]
, )
(063404 .,130 |A = 1.152 R
— X
b = .731 + fe@ Il\EVX'GZszj:l
A= .1
I I D R I el
IV +1  |+195%2% 00 P = 881 Replace fi_in Region III
‘ v 2 above by ﬁé.
- 130%8% oo |

06m




TABIE A-XXIV )
R.M.S. Approximation for 8 Mev Photons in Tungsten

. A Cross Section
Region | g ¢—Interval Approximation F(X,h)/K(AO,K)

I -1 | Loshene,111 Jai —upA P + R xe P&
O£ @< .0l A= 1,152

Po = 900
— e ] e e fe e e e ' S S I
II +2 .111£22.203 P’. = AJ + b :X.e—P‘lX [l + 22{' (}'iw_l)]
0l8<g< .15 A= 1,152
'b: ..‘73Ll_
B = «789
ot e ] — }.._._....-._........._ __......_.............._..._...... _____________
III +1 | .203¥AZ 00 |, = .907 Replace p in Region II
above by [, -
« 15£0< o0

-2




TABLE A-XXV

R.l.S. Approximation for 1 Mev Photons in Iron

Region | g Agwlnterval g;;iixizzgigg F(x,x)/K(xo,x)
-1L_X
I +1 | o.51£A% 0 A = .sho1 xe Fo
Oé}Z‘—é’)o p(f' = e)-i'68
TABIE A-XXVI
R.M.S. Approximation for.2 Mev Photons in Iron
Region | g |py-Interval| {TO%8 Section F(x,0)/K(u 42
L2 —  cion o
I +1 | 26404 w A = 5421 xe
EGE =
DT~ oo P 0336

TABLE A-XXVII

R.M.S. Approximation for 3 Mev

Photons in Iron

. A Cross Secti
Reglonm g |g-Interval Apgigximgtggg F(X,x)/K{lagk)
, -1 X
i +1 al?f'hém A= 65)—|-21 xXe PO
Oéﬁé% PQ = 6281
TABLE A-XXVIII
RoM.S. Approximation for L Mev Photons in Iron
Reg= A wbpmenn | Cross Sece
ionl| © ¢'Int“rfal tion Appro- F(X’A>/K<lo’x)
ximation
i % 138n£.17 | = L Aﬂﬂu x‘ "(F*Pﬁ)% - [f- XJ
z o 3 olF e [3+2(p~po}x]IO xpfpb)zl
(./‘—ﬁ-—oOL*-B A = @“LLZl [ .
| + |12 (B-p )x] I [{i‘i—p )5] |
PO : o258 (e} l ‘2
II P11 | «17%2% Py = 289 Replace fi in Reglon I ahove by
Ol3g gt oo Far

=28




' © TABIE A-XXIX '
RoM.S. Approximation for 5.Mev Photons in Iron

Region g %—Interval §£§§§X§EZ§§8§ | F(X,h)/K(AO,A)
T 2| 1024%011#12 7= AP + xe-}l OX[:H( i-fL ) &
eYETAT = Fo |l )
ofgs. 0o | A = L5he1
PO = 02Ll-6
Lk b e e b o o e e e e e e e = o
II +1 | 11260€ 0 | fip = 268  |Replace fi in Region I above
, by e
TABLE A-XXX
R.M.S. Approximation for 6 Mev Photons in Iron
Region g %—Interval Eﬁ;?gxiigzigﬁ F(x,x)/K(AO,K§
I +2 | 08544112l T = AP + —pox{;+(_ ) zﬂ
«0355A% . Rp= K, xe PR’ 5
ofp.oliol A = W5he1
B, = 237
II +1 | .12h2saf o | iy = <259 Replace fi in Region I above
by pqe
-0l o2@2 oo
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' " TABIE A-XXXI
R.M.S. Approximation for 7 Mey Photons in Iron

. A i Cross Section o '
Region | g g-Interxal Approximation F(x,x)/K(Ao,x)

I [+2 |.07354028 mi= Af + p | xe o [1+(}7“Po) %]
0£g< . 057 A= J5h21

IT  |+1 | .12844 o i = «265  |Replace fi in Region I above
- 057474 0o

TABIE A-XXHXII
R.M.S. Approximation for 8 Mev Photons in Iron

s A Cross Section
Region g | g-Interval | /' 0 Cxination F(x,3)/K(A 51)

1 || .otk fi= AQ 4| xe O [eGEpy) %’c]
0£¢£.099 | A = 5kl
p, = .23k

bras o maw mmr e i b wee eee v omw e e emw eew e e eem e e e e e e e mem et eew bmee e e

II +1 ] «1584a€ oo By = .288 Replace fi in Region I above
by [~ e
+ 09945 oo "1
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. TABLE A-XXXTIII o
R.M.S. Approximstion for 1 mc™ Photons
in a Pure Compton Scatterer

. A Cross Section
I +1 | 1.0%9%00 [T = 2af+ 1 ye
P oo |a = 859k

oy = 02866X10’2L}‘cm2

TABIE A-XXXIV 5
R.M.S. Approximation for 2.5 mec~ Photons

‘4in a Pure Compton Scatterer

i i - |Cross Section
|Region g |g-Intervall '  ximation F(y,A)/k(A 52)
I- +1 |00 [F = 20f+ 1 1 ye™
0£ffo00 |a = 1.3185
o, = 01868X10"2ucm2
TABIE A-XXXV

RcM.S. Approximation for 10 mc2 Photons .

in a Pure Compton Scatterer

. A Cross Section
Region g ¢—Interva1 Approximation F(Y,K)/k(mogk)
y _‘ °_2 i T ) -
I +,928 O.lﬁhépo m = E??+ 1 | ye ylFl[}ug;2;(l—m)¥]

Eff oo |a = 3.0147
o = 0817x10~2ten?
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Figure A1 — Piecewise approximation to the R.M.S, cross section for 2 Mev
photons in iron.
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Figure A2 —Piecewise approximation to the R.M.S. cross section for 2 Mev
photons in tungsten.

-33-




B ]

9*.928

0 il IZ 13 4 ¢ K-} 8

Figure A3 —Piecewise approximation to the R.M.S. cross
photons in a pure Compton scatterer.
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section for 10 mc2
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Figure A4— Piecewise approximation to the R.M.S. cross section for 5 Mev
photons in iron,
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' Figure A5 — Piecewise approximation to the R.M.S. cross section for 5 Mev
photons in uranjum,
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Figure A6 —Piecewise approximation to the R.M.S. cross section for 8 Mev

photons in iron,
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Figure AT— Piecewise approximation to the R.M.S. cross section for § Mev
photons in lead.

-38-




Appendix B
Tt is known that if K(A',A) is separable, i.e. factorable as
a product L(A“)M(x), the result of applying a Laplace transform to
a function F(x,\) which satisfies Eq. (3) is [Reference (1{}

A
K(rgs2) RO, at)an! (B1
£(s,2) = (po+s)?ﬁ}sf exp.j( P )+s ) (51)

0

Suppose it is true that there is a number A, such that

Roua) = B (A, 1 <Ay,
- 3 (2)
RO, = 5 48 (hg < A

By virtue of the definitions of K and @, these equations can also

be written as follows:

K(A,A) = %% (0= g <8y,
- (B3)
K(7\.97\') = % g_% (551 < ﬂ)s
in which Ql = - 1n(1+ho-xl)a Then it is clear that
K(An_,A) -
£(s,3) = —2—5 (A, EAE 2y,
(po*s)
(Blt)
- 1/2
KA _,A)(uq+s)
£(s,\) = —F— fl v el (2 £,
(p ts)™ (pts) '
in which Pl = p(xl), and so [Reference 4y, Yo. th]
_ “PoX ¢, ¢
F(x,\) = K(Ao,x)xe 0 (Ao =X =29 (B5)

~39-.




To determine F(x,A) when A £ Aqs We observe that

fisr) . _ .9 F1-Fo
K(Ags2 o, <Po+s)(ﬁﬁ+571/2(ﬁ+5)l/2

) (B6)

and hence [Reference (), Wo. 219, No. 555]

X 1/~ =

(,0) (o -p X Py - 5@ Ry - |

RO Eiai’; (Py-Fo e Of SOMS IO[%(W'“ ”’]dy e
o |

After z little manipulation, this reduces to

-
£

1, (bR [y ey

X pe e
ey [ TP PRR/2
K(rg.h) 7
0 (B8)
_ -y (i, -2 ) /2 _
- (F1-Ry) ve 1 Fo Io[%(Pl-P>Y dye
0
Let us now define a function G(k,v) by the integral
vV
G(k,v) = J( 6™ I (ku)du. (B9
0

This function has been found useful in other applications [Beferu
ence (8)]e It has been studied and tabulated elsewhere [References‘
(8) and (9)]. The only property of this function which we need

here is the following [3eference (92]:

-

1 2 ' - - )
(1-k >f ve™ I (ku)au = G(k,v) - ve "[Io(kv) + kIl(kv)]o (B10).
0

=} O--




In terms of this function G, it is now clear that

PoX |
e - F(x) _ __ 2 {(1 - —=hs 4 onvyets,v)

K(A 1) PP -2p, 1-K° ’ (B11)

Zhve"v[lo(kv) + kIl(kV)] g
+ - H
1—k?'
in which
B2 p-p 1 -
hedile 1 o 5 (FHfip-2p )%« (B12)

— ’ - -
PHR1-2F, ptpp=2p,
The tables of Reference (8) are inadequate for the computations

reported in Appendix C of this report and so it is necessary to

make use of the approximation [Reference (9)]

0.-1/2 1 §e~ (=B (e 1y 1 B(/TTEv)) |
G(k,v) = (1-%K°) - ElE—m ii—l[—iﬂ;Zl ,  (B13)

valid for k near one and v large, in Which;H(t) is the error function

2
H(t) = 2= fe"u du.
VY S

.‘J.}. 1=




Appendix C

TABLE C-I

Buildup Fastors for Uranium (p = 18, g/cmB)
[Initial ; Penetration (yox)
Enargy L i 10 20
(evd | By | By By Bg By By By By
1 0.74 | 0.60 | 1.06| 0.87 | 1.32 | 1.11 | 2.06 | 1.78
2 1,07 | 079 | Lo661 1025 | 2,18 | 1.67 | 3.71 | 2.93
3 1.31 | 0.79 | 2.29| 1.38 | 3.27 | 1.97 | 6.504 | 3.95
L 1.17 | 0.69 | 2.25| 1.31 | 3.51 2002 9,02 | 5.01
5 1004 0059 2,17 | 1,18 | 3.68 | 1.94 |12.36 | 6.06
¢ 0082 0.8  1.881 0.98 |3.26 | 1.6l 132.03 | 5.L3
7 1.0 0,50 | 2,18 | 1.02 | 3,71 | 1.70 |12.8 5.6
8 0.71 | 0036 | 1.63| 0.78 | 3,08 | 1.38 {15.9 6.02
TABLE C-II 3
| Buildup Factors for Lead {po = 11.4 g/cm®)
Initial . Penetration (u x
Erergy L 7 Fo %.O - 20
ev) By [ B | B % | B [ B | B [ &
1 103 | 081 | L1e5h| 123 | 1.98 | 1.60 | 3.19 | 2.6k
2 1e39 | 097 [ 20281 1.62 |3.11 | 2.22 | 5.62 | L.10
3 141 | 0,85 | 247 149 | 3.53 | 2.13 | 7.06 ] h.2é
i 1.25 | 0,76 | 250! 1.ig | 3,93 | 2,25 [10.33 | 5.71
5 116 | 0.80 zagl 13 403Z 2.26 |16.16 | 7.73
& 1.04 | 0.55 | 2.00| 1.21 |L.L | 2.19 23.16 | 9.95
7 0088 OO i 2906 :L‘)OO i093 1081 2007"'!" 8028,‘
g C.81 | Ooltz | z.84] 0.88 038 | 1.85 [3L1.63 | 12.04
: TABIE C-ITII : 3
Buildup Factors for Tungsten (p = 19.3 g/cm”)
initisl Penetration x
Energy L 7 . o %LO 20
ev) | By | By | By | B | By | B | By | 5
1 1,10 | 0.86 | 1.651 1,32 [2.11 | 171 | 3.41| 2.8
2 148 | 1.03 | 2.851 1.79 |3.61 | 2.5 | 7.1k 505
E 1.50 | 0.90 | 2,62 | 1.58 3;74 2,26 7oﬁ9 .52
| 1.35 | 0.80 | 2.80| 1.61 210 | 2.37 [11.08 5@22
5 1.22 | 0,68 | 2.58| 1.ho [L.ho | 2.33 |15.11| 7.L9
& 1.09 | 0.58 | 2.02 1oza L.38 | 2.11 [18.li5 | 7.89
7 0.97 oogi 2.32 1 1.ah [hL6 | 2.08 [31.58 | 10.21
8 0.87 | 0. | 2,19 | 1.02 |[L.58 | 1.98 [37.7l | 12.61

_)+,'2 -




TABLE C-IV
Buildup Factors for Iron (p =

7.85 g/cm3)

Initial Penetration (pox)

Energy Ly 7 th 20
(Mev) | By Bg By By By Bg By Bg
1 2,53 | 1.72 | Loi2 | 3.01 | 6.32 | Le30 | 12.6l4 | 8.59
2 2,21 | 1.39 | 3.86 | 2.43 Z 3.38 11.04 | 6.95
1,91 1013 3.30 | 2,01 2.87 | 9.53 | 5.75
3 1.81 | 1.08 | 3.36 | 2.00 g 3,00 | 11.77 | 6.88
5 1.63 | 0.95 | 3.12 | 1.80 2.ZK 12.20 | 6.86
6 1.46 | 1.00 | 2.79 1¢E9 L 2. 10.95 | 6.03
7 1.34 | 0.75 | 2.61 | 1. a I 2,22 110.83 | 5.62
8 1.27 | 0,60 | 2,55 | 1.3 Iy 2.09 |11.31 | 5.30

TABIE C-V

The buildﬁp factors exhibited here have been obtained by numerical
integration of the function F(x,\) except for those single region cases
in which g = +1. Here the integrations were performed analytically

with the help of the incomplete gamma functiong tabulated in Refer-

ence (11).
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Energy Buildup Factors for a Pure Compton Scatterer
Initial BE
Energy Penetration (pm x)
(me™) I 5 70 30 I
1.0 2,05 .10 10.25 15.38 20,50
2.5 1.62 3.2l 8.10 12.15 16.19
10.0 1.2l 2.l45 6.00 8.92 11.81
¥ ok kX
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Figure C1— Energy buildups vs. penetration; 1 Mev photons in lead.
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Figure C2 —Energy buildups vs. penetration; 3 Mev photons in lead. k
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Figure C3 —Energy buildups vs., penetration; 5 Mev photons in lead.
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Figure C4 — Energy buildups vs. penetration; 7 Mev photons in lead.
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Figure C5— Energy buildups vs, penetration; photons in pure Compton scatterer.
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Figure C6 — Energy buildups vs. initial energy; photons in pure Compton scatterer.
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Figure CT —Energy buildups vs. initial energy; photons in iron.
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Figure C8— Energy buildups vs, initial energy; photons in tungsten.
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Figure C9— Energy buildups vs. initial energy; photons in lead.
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Figure C10 —Energy buildups vs. initial energy; photons in uranium.

' END OF DOCUMENT
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