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IMPROVED ANALYSIS OF ELECTRON PENETRATION AND NUMERICAL
PROCEDURES FOR SPACE RADIATION SHIELDING

John W. Wilson and Fred M. Denn¥
Langley Research Center

SUMMARY

Electron penetration calculational techniques are briefly reviewed with
regard to their suitability for shield analysis in future space operations.
Methods based on the transmission factors of Mar are reviewed in detail and a
correction term for low-energy electrons, which results in slightly conserva-
tive shield estimates, is derived. This modified Mar's method provides esti-
mates of the dose for electrons that penetrate through shields of arbitrary
elemental material with an atomiec number greater than 4. A complete computer
algorithm is given in the appendix.

INTRODUCTION

It is anticipated that space industrialization will be ushered in with the
advent of the Space Transportation System. (The first step in its development
was the space shuttle.) Implied by such developments is the need to construct
and maintain large space facilities. Large astronaut crews will probably be
required as career space workers to build, operate, and maintain such facil-
ities. On the basis of presently available biological data (ref. 1), a combi-
nation of the high cost of supplying additional radiation shielding and the
degree of radiation exposure is likely to place limits on many future manned
space operations (ref. 2).

A recent analysis of the space radiation protection requirements for manned
geostationary operations reveals that excessive aluminum shielding is required
for protection from the geomagnetic trapped electrons (ref. 3). It has been
suggested that other wall materials, or possibly a laminated wall structure,
should be used to minimize the overall shield weight (ref. 3). For this reason,
a detailed assessment of electron shielding methods has been made (ref. 4). Many
of the existing methods were found to be restricted to calculations in aluminum,
to have excessive computer requirements, or to be inaccurate. Improvements in
existing methods based on the electron transmission factors of Mar were found
although a satisfactory shield analysis for a laminated wall structure cannot
yet be made.

The purpose of the present report is to describe an improved method of
electron penetration calculation and to provide all the information necessary
to estimate the electron dose behind a broad range of elemental material slabs
with an atomic number greater than U; secondary bremsstrahlung and the X-ray
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dose, however, are not included. A listing of the computer program is given
in the appendix.

SYMBOLS
A electron spectrum normalization parameter, MeV-1
aj parameters for energy-range relations (i = 0, 1, 2, 3, 4)
B spectral shape parameter, Mev-1
by parameters for range-energy relations (i = 0, 1, 2, 3, 4)
C energy deposition correction factor, MeV
D(t) dose at depth t, rad
E electron energy, MeV
Epp electron energy transferred to bremsstrahlung, MeV
Eq electron incident energy, MeV
N(Ey,Z,t) electron number transmission factor for incident energy E,
and depth t in an elemental material of atomic number Z
P incident electron spectral parameter, MeV-1
R(E,Z) electron range-energy relation, g/cm2
r electron residual path length, g/cm?
o initial electron path length, g/cm2
sS(r,Z) electron stopping power as a function of residual range, MeV—cmZ/g
t shield thickness, g/cm2
Z atomic number of shield material
A(Ey,Z,t) net number of stopping electrons per unit distance, cm2/g
P(Eq,2Z,t) energy deposition coefficient, MeV-cm?/g

¢(E,Ey,Z,t) electron spectrum at depth t 1in shield material of atomic
number Z, MeV-1

$o(Eg) incident electron spectrum, MeV-1



e BB

Subscripts:
B Berger
M Mar

Bar over symbol denotes average value.

PARAMETERS FOR CONTINUOUS SLOWING-DOWN MODEL

The principal modes of interaction of electrons with materials are through
collisional excitation and ionization of orbital electrons and through nuclear
collisions which result in elastic Rutherford scattering and bremsstrahlung
production. Stopping power, which represents the slowing-down process by which
the primary electron loses energy and which is equal to the average energy lost
per unit path length (ref. 5), is presented in this section. The combined
effects of Rutherford scattering and slowing down are treated in the next sec-
tion in accordance with the work of Mar (ref. 6).

The continuous slowing-down approximation (csda) path length, including
radiative corrections (bremsstrahlung), has been calculated by Berger and
Seltzer (ref. 5). This path length may be represented by the following para-
metric form as determined through regression analysis:

n

R(E,Z) = 25 bi(z) Ei (1)
i=0

where the coefficients bj(Z) are given for several elements for two different
energy ranges in tables I and II. Also shown 1in the tables are the coefficients
for the two compounds of polyethylene and soft tissue. The path length at low
energy (less than 30 keV) is approximated by

E
R(E,Z) ~ (1.8736 + 0.031bZ)§6 (2)

Note that there is a unique one-to-one relation between the average path length
traveled and the electron energy within a given material; hence, there is an
inverse function which represents the electron energy for a given material and
corresponds to the average path length of the electron. This relation is
represented by

y
E2(r,2) = ZS a;(z) ri (3)
i=0



where the aj(Z) coefficients were determined through regression analysis of
the data of reference 5. These coefficients are given in tables IIT and IV
for the same elements, compounds, and energy ranges as those given in tables 1
and ITI. At low energies, the relation

30r

. (4)
1.8736 + 0.03162

E(r,z2) =

is used. The corresponding stopping power due to ionization and excitation is
readily found from equations (3) and (4) by using the relation

dE(r,Z) 1
S(r,Z) = (5)
dr 1+ E(r,Z2)Z

800

where the second factor is given by Bethe and Heitler. (See ref. 5.) The dose
at a depth t due to a unit fluence of monoenergetic electrons with initial

path length r, would be
D(t) = S(ry-t,Z) (6)

were it not for the effects of multiple nuclear scattering. The effects of
nuclear scattering will be partly incorporated in the next section by using
Mar's transmission factors.

MAR'S METHOD REVISED

The basic feature of Mar's method (ref. 6) is the electron transmission
factor which was derived on the basis of Monte Carlo transmission values and
which was approximated by

£0.84850.23 7(2-3.5)-0.24
N(Ey,Z,t) = exp _< .

0.634E,

where E, is the electron incident energy in MeV, t is the shield thickness
in g/cmz, and Z is the atomic number of the shielding material. In figure 1,
transmission factors of Mar for aluminum are compared with those obtained by

the Monte Carlo calculations for aluminum in references 7 and 8. Equation (7)
appears reasonably accurate in the energy range of interest for space shielding
(Eg < 6 MeV). The electron spectrum at a depth t is assumed to be of the form

A exp(BE) (E £ Epay)

0 (E > Epay)

¢(E,Ey,2Z,t)
(8)

¢(E,Eq,Z,t)



where A and B depend on E,, Z, and t. The energy of the most energetic
electron at depth t 1is represented by Epsxy and is calculated with the con-
tinuous slowing-down range-energy relations. The spectrum in equation (8) does
represent the general features of the transmitted electron spectrum (ref. 6).

The energy deposition coefficient as calculated from the electron spectrum
is given by

Em
p(Eg,2Z,t) = jﬁ 2 S[R(E,2),Z] ¢(E,E,2,t) dE (9)
0

where S(r,Z) is the electron stopping power. Equation (9) may be approxi-
mated by

Emax
p(Eg,Z,t) ~ S(rg-t,Zz) $(E,Eq,Z,t) dE
0

= S(ro-t,2) N(Eg,Z,t) (10)

since the stopping power is a slowly varying function of energy (ref. 9) over
most of the energy range of interest (E, > 100 keV). Except near the continuous
slowing-down range ro of the incident electron, equation (10) is found to be
an accurate approximation of equation (9) for the spectrum given by equation (8).

Therefore, from the conservation of energy (neglecting backscattering),

o]
Eg = Jr p(Eqg,Z,t) dt + Epp (11)
0

where Ep, 1is the energy converted into bremsstrahlung and usually amounts to
no more than several percent of E; in space shielding problems. Generally,
it is found that (ref. 10)

Epp ~ 5.71 x 10-% 21.156 g 2 (12)

If taken as a test on the accuracy of Mar's procedure, equation (11) is not
satisfied. A comparison of the energy deposition coefficients calculated by
the Monte Carlo method (refs. 7 and 8) and equation (9) shows considerable
disagreement, as shown in figure 2. It can be seen from equation (10) that
since S(r,Z) varies slowly, Mar's energy deposition coefficient is nearly
proportional to the transmission factor. This is in marked contrast to the
Monte Carlo estimate that obtains a maximum energy deposition rate near the
midrange of the most penetrating electron range. Since Mar's transmission
factors are reasonably accurate for aluminum, it must be concluded that the
main error of Mar's method comes from the approximate spectrum given by
equation (8).




In order to better understand Mar's results, the average value of stopping
power which uses equation (10) and is given by

S‘w S[R(E,2),2] ¢(E,Ey,2Z,t) dE

Su(t) = 2 o

Jﬂ ¢(E,By,Z,t) dE
0

~ S(ro-t,Z) (13)
is considered. Similarly, from the Monte Carlo method (ref. 8), one may take

pB(Eo,t)

Sp(t) = ————
B Np(Eg,t) ()

It then follows from figures 1 and 2 that

gM(t) < §B(t) (15)

The difference between the average stopping powers must be attributed to contri-
butions from the low-energy electrons (which exhibit large stopping powers) in
the Monte Carlo result, which were not well approximated by Mar's spectrum given
by equation (8). Any improvement in Mar's method must account for these low-

energy electrons.

Low-energy electrons are generated from two. sources. First, low-energy
electrons are ejected from atomic orbits by ionizing collisions, mainly with
energetic primary electrons. The initial buildup of electrons observed in the
transmission factors is of this source. Second, many low-energy electrons
observed at rather low penetration depths in the slab are produced by multiple
scattering. Some electrons follow long paths in penetrating only a short dis-
tance through the material. To correct the spectrum for low-energy electrons
that are produced as secondaries in ionizing collisions requires more detailed
information than is provided by Mar's transmission factor alone. Further, it
is impossible to differentiate between ejected low-energy electrons and stop-
ping electrons only on the basis of the transmission factor. The net change in
transmission is found by subtracting the electron lossses due to stopping from
the electrons gained by ejection. An estimate of the effects of the low-energy
electrons that are produced in multiple scattering will be obtained here by
calculating the net number of stopping electrons denoted by A(Es,Z,t). The
net number of stopping electrons is determined from the derivative of the trans-

mission factor by using
dN(Eg,Z,t)
dt

(16)

A(Eo,z’t) =




P

. M

so that A(E,,Z,t) represents the net number of stopping electrons per unit
distance. The contribution of the low-energy electrons to the energy deposition
coefficient is assumed to be proportional to the net number of. stopping elec-
trons, which is taken from equation (16).

As a first approximation to the energy deposition coefficient, the value
given by Mar is used and a correction which is proportional to the net number
of stopping electrons is added. Hence,

P(Eg,Z,t) = jﬁ S[?(E,Z),z] $(E,Eq,Z,t) dE + CA(E,,Z,t)
0

~ S(ro-t,Z) N(Ey,Z,t) + CA(Ey,Z,t) (17)

The value C is determined from energy conservation as
[o<]
C = Eg - Epp - LY S(ro—t,Z) N(EO,Z,t) dt (18)
0

From equation (18), C 1is seen to be a function of E, and Z; values of C
estimated from this equation are shown in figure 3. The corresponding energy
deposition coefficients are compared with Monte Carlo values for aluminum
shielding in figures 4 and 5.

As can be seen from figures 4 and 5, the shape of the energy deposition
coefficient is reasonably correct although the peak is shifted to the right.
This rightward shift is most pronounced at incident electron energies below
about 2 MeV. Although the shift introduces inaccuracies in dose estimates,
there is some advantage in that the errors tend to be conservative compared
with those of the other methods based on Mar's transmission factor (ref. 11).

In order to evaluate the degree of conservatism in dose estimates, the dose
has been evaluated for an electron spectrum of

0o(Eg) = P exp(-PEy) (19)

where the factor of 1.3 was used to convert aluminum dose to tissue dose as
recommended by Watts and Burrell (ref. 8). The dose, as calculated from equa-
tion (17), is compared with the value calculated by using the Berger energy
deposition coefficients (ref. 8) in figure 6. It is seen from figure 6 that
the present results tend to overestimate the dose relative to the results of
Berger although the present method appears quite accurate for the ranges of
spectra 2 S P £ 6 and thickness t £ 2 g/cm? that are of importance to the
space program.

As a further test on the present procedure, the dose per unit fluence
for the test spectrum used by Scott (ref. 11) has been calculated and is given

by
$o(Eg) = 3.88 exp(-0.575E, - 0.055Ex2) (20)

7



The calculations of Scott (ref. 11) for Mar's based codes BEP (ref. 12) and
CHARGE (ref. 13) are compared with the present modified Mar's method in fig-
ure 7. Unlike the other two Mar's based calculations which underestimate dose
by up to an order of magnitude, the present method tends to overestimate the
dose compared with the accurate Berger calculation. It should be noted that
the electron spectrum used by Scott (given by eq. (20)) is the electron spec-
trum from fission product decays; hence, the comparisons in figure 7 have
little relevance to space radiation protection.

For ease in utilizing these modified Mar's procedures, a computer program
has been developed to implement the calculational procedures described herein.
A listing of this program is given in the appendix.

CONCLUDING REMARKS

The earlier methods for electron penetration using electron transmission
factors calculate the dose behind arbitrary shields of atomic number greater
than 4 but underestimate radiation exposure by up to an order of magnitude. A
correction factor based on electron transmission factors has been derived for
use in electron shield analysis; these new results are found to be slightly
conservative in their application to space radiation protection when the Mar's
transmission factors are used. Although this new method is accurate and com-
puter efficient, it is not adequate for analysis of laminated wall structures.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

August 11, 1977



APPENDIX

A listing of the FORTRAN IV computer program for the evaluation of the
corrected energy deposition coefficient given by equation (17) and for the
evaluation of the tissue dose behind shields of the elemental materials that
are listed in tables I to IV is given in this appendix. The range-energy
relation of equations (1) and (2) is evaluated in subroutine RANGE with the
inverse relation given by equations (3) and (4) evaluated by an entry point
called ENERGY. The stopping power given by equation (5) is evaluated by
entry point STP. The transmission factor given by equation (7) and its deriv-
ative given by equation (16) are evaluated in subroutine TC. The correction
factor given by equation (18) is evaluated in subroutine C. The energy depo-
sition coefficient given by equation (17) is evaluated in subroutine EDC. The
program as listed calculates the dose due to normal incident electrons with
the energy spectra generated by equation (19). The dose is calculated through
a call to the numerical quadrature subroutine called GLEGEN.



oL

SPTRM.T200+CM55000.

USER+969225N .

CHARGE +1014254+LRCe~

FTNsR=3+EL=10¢

ATTACH(FTNML IB/UN=LIBRARY)
LDSET(LIB=FTNML IB,PRESET=NGINF « MAP=SBEX)

LLGOs

101

100

—

—

EXTERNAL FINC

REAL X(20)sZT(7)sP(B)YsDOSE(7) e WK (7))
COMMON /XP/XV PV

DATA P/ e¢541081 05¢2¢92¢543014046¢/

DATA X/ 010020033084 0516610670¢8006F01es1e101e6201030106841e501e6016701aB41e942

0841 e¢9¢2e/

DO 1 IP=1,8

PV=P(IP)

EMAX=10e/PV

PRINT 1004PV

DO 2 IX=1,20

Xv=xX(IX)

EMIN = ENERGY (XVile)
PRINT 101 +EMINEMAX
FORMAT(2E1Se3)

CALL GLEGEN(EMINIEMAX+FINCs7¢20¢10+4DOSE+WK,IR)
PRINT 100+XV«DOSE
FORMAT (3XsFS5e¢3:7E15.3)
CONT INUE

CONT INUE

END

SUBROUTINE FINC(E+FOFE)

REAL Z(7)«FOFE(7)

COMMON /XP/XV PV

DATA Z2/80465001304260450e0746¢82e/
RC=RANGE (E+s130)

DO 1 1Z=1.+7

Zv=Z(12Z)

RV=RANGE (E+ZV)

FOFE(IZ)=EDC(E o« ZV e XV IHEXP (-PV*E ) ¥PVYXSTP(RCs13e¢)%1e¢3/STP(RVZV)

RETURN
END

XIANAddY
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FUNCTION TC(E+ZeX+DELTA)

EX=7e/(2-3e25)%#%624

ARG= (X %% ,848 )%Z2%% 4,23

ARG= (ARG/ (¢ 634%#E ) Y #*EX
TC=EXP(-ARG)
DELTA=~-TCH#ARG¥* (Ba8*EX/ (X+000001)
RETURN

END

FUNCTION EDC(E+ZsX)

DATA 02/04/

IF(0Z) 24142
RES=RANGE (E+Z)-X
SMAX=STP(RES+Z)
EDC=SMAX#TC(E+ZeX+DELT)
EDC=EDC-DELT*#C(EW+2)
RETURN

0Z=2

D=B(0Z)

GO TO 2

END

FUNCTION C(E+2)

EXTERNAL FUNC

REAL FOFX(20)

REAL CT(20+9)+SUM(20,9)

COMMON /CZ/20

N=2# (E-el )+1

IF(NeLTel) N=1

IF(NeGTel19) N=19
EN=el1+(N=1e)/2¢
M=1+(Z~3e99999999) /10
IF(Mel.Tel) M=1

IF(MeGTe8) M=8

ZM=4 4410 % (M=-1)
C=CTINeMI+(CTI(N+1 eM)=CT(NI M) I N2 ¥ (E~-EN)+
1 (CT(NeM+1 )=CT(NeM)I*(Z-ZM) /10,
RETURN

XIaNdgddy
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ENTRY B

DO 1 JU=1.9

ZO=4e+10e*(JU=-1)

CALL MGAUSS(Oesl1es10+SUMC1+J)sFUNCsCT(10J)420)
DO 1 I=1.,20

EZ=el+(1-19)/2¢
CT(TI4IITEZ=SUM(14J)—Se71E-4HZ0%%] 1 SEREZ*EZ
IF(CT(IeJ)el. TeOs) CT(IsJ)=0e

CONT INUE

RETURN

END

SUBROUT INE MGAUSS (A+BeN+SUMIFUNC +FOF X e NOF )

REAL SUM (NOF ) ¢« FOF X {NOF )

M=10%*N
OELT=(B-A)/M
Mz=M+1

DO 1 1=1+NOF
SUM(1)=0.

DO 2 IX=1eM
H=1 4

X=A+DELT® (IX-1)

CALL FUNC (X FOFX)
IF(CIX=1)¥(M=IX)eEQeD) H=0a5
DO 3 I=1+NOF
SUM(T1)=SUM(1)+FOFX (1 )*DELT*H
CONT INUE

RETURN

END

SUBROUT INE FUNC (X FOFX)

DIMENSION FOFX(20)

COMMON /CZ/2Z0

DO 1 1=1+20

EN=el1+(I-1e¢)/2¢

RO=RANGE (EN+Z0)

RES=RO¥ (1 +-X)

SMAX=RO*STP (RES+20)
FOFX(1)=SMAX*TC(EN+ZO+X*¥RO+DELTA)
RETURN

END

XIaNdddy
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SUBROUTINE GLEGEN(AsBe«FUNCsNOFsNeDUM«SUMIFOFXs IR)

REAL SUM(NOF ) +FOFX (NOF )

M=10%N
DELT=(B-A)/M
M=M+1

DO 1 I=1+NOF
SUM(I)=0e

DO 2 1X=1«M
H=1e

X=A+DELT*(IX-1)

CALL FUNC({X+FOFX)
IFCOIX=1)%(M=IX)eEQeO) H=a5
DO 3 1=1.NOF
SUM(T)=SUM( T Y+FOFX (1 )y *DEL T*H
CONTINUE

RETURN

END

FUNCTION RANGE(E,.2)

REAL A(5¢9)4B(5¢9)¢2ZT(93)

REAL C(S5+9)eD(549)

DATA ZT/40960113692604500¢74e¢82e41014102,/

DATA A/=e00394¢6539¢2¢15454¢¢03300¢¢00230
1=0003F9+e8302¢2e¢38544+41409¢—-0037
2e=000264 068864109937 401354, ,0008.,
3-e00054 6595341 68751614855, 600560
4000389 04239¢1e¢32110¢¢13134¢0149,
5601100e28544+1e27424¢0881 402800
6e00784 0213841628924 ¢0739,4,0328.
7-e004991e0136¢3e63528,018884+-40048,
Be0D0114e8650+43¢17384428194~0031/

DATA B/—-e03574453894405054-e007S+9 60003,
1=e03024049354e0446¢-¢0069,0003»
2=003154 55594004084~ 00704 0003,
3~¢0343+061570603509=e¢00704¢0003¢
4~40396¢6737940151 y=e0058+¢0003+
S5-00411 ¢sB0464=¢001543-0004854 0003,
6~004224¢8268¢=e¢0090+¢-¢00384 0002,

XIANddav
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7-e0243404105400410¢-600624+400030
B=0e02564443794¢03394~-¢0058,40003/

DATA C/~e0006405968B12e¢9653¢-1¢88514144116,
1-e0007406481 43e¢4940¢-2e¢339741¢9483,
2~e000740554342679220~1e5331 4101863,
3-0000740483142¢39424¢~1¢2689, 9566+
4-e¢0004443472¢2¢00631~16559541¢1884,
5-600074¢327541e5417+-e5715+¢4204 .,
6=~e0C08 4322741042494 -¢4245¢4¢3350.
7~e00074¢7809¢4¢9849+-461309+4¢0384,
8-200064¢725044¢4910¢-23e3601+¢3e3188/

DATA D/=¢0013+¢0822+¢1418B151-1¢1875044677+
10001546 0087541 ¢0153¢—-69518443430,
2-00C184+0107741e¢13019=14C732+43868,
3-e0C21 10127341 2285411737 404262,
4~¢0034 420394161399 0¢~672214+.0795,
S5-e0028¢ 0187541661800 ~1e70274+6485,
6=e00284 200041 ¢61214=1e66464+¢6191,

T=¢00124007044¢e8525¢=¢7915462835¢=600124007534¢9090¢-¢8580,4¢3085/

RANGE IN G/CM#*¥2 VS E IN MEV
IF(ZeLTe4) GO TO 10
DO 1 =247
J=1
IF(ZeLEeZT (1)) GO TO 2
1 CONTINUE
J=8
IF(ZelLTe101) JU=7
2 CONTINUE
IF(ZeEGel102) J=9
IM=J-1
IF(E«LTels) GO TO 4
RM=B (5¢ JM)
RANGE=B (S5+J)
DO 3 L=1.+4
RM=B (5~ ¢+ JM ) +E*RM
3 RANGE=B (5-L+J)+E*RANGE

RANGE=RM+ (RANGE-RM)Y* (Z~-ZT (UMY /(2T (I =ZT (IM))

RETURN

4 RANGE=D(54J)
RM=D (54 JM)
IF(Ee«L.Tee03) GO TO 6
DO S L=1+4
RM=D (S—L s IM)+E*RM

5 RANGE=D (5-L ¢+ J)+E®*RANGE

XIAN3d4av
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e Gt 2T g

RANGE=RM+ (RANGE=RM ) ¥ (Z~ZT(JIM) )/ (ZT (J)=2ZT (IM))
RETURN .
6 R3=1eB736E-3+Z%#3e¢16E-5
RANGE=R3%¥(E/403)
RETURN
* E IN MEV VS RANGE IN G/CM#x2
ENTRY ENERGY
IF(ZeLTe4) GO TO 10
DO 11 1=2.7
J=1
IF{ZeLEeZT(I)) GO TO 12
11 CONTINUE
J=8
IF(ZeLTel101) U=7
12 CONTINUE
IF(ZeEQe102) J=9
JM=J-1
1F(Eel.,Toeqd) GO TO 14
RM=A (5+JM)
RANGE=A(5+J)
DO 13 L=1.4
RM=A (S=L ¢ JM)+E#RM
13 RANGE=A(5-L+J)+E*RANGE
RANGE=RM+ (RANGE=RM) ¥ (Z=2T (JM) ) /(ZT(J)~-ZT(IM))
IF(RANGE«LTel) GO TO 14
RANGE=SQRT (RANGE)
RETURN
14 CONTINUE
Jm=y-1
RM=C(SeJuM)
RANGE=C (Se¢J)
DO 15 L=1.4
RM=C (S~L ¢ IM)+E#RM
15 RANGE=C (5~L ¢ J)Y+E*RANGE
RANGE=RM+ (RANGE-RM)# (Z=ZT (JM) )/ (ZT(J)=-ZT (UM))
IF (RANGE+L T+ +0009) GO TO 16
RANGE=SQRT (RANGE)
RETURN
16 R3=21¢8736E-3+Z#3.16E~5
RANGE =E¥,03/R3
RETURN
* STOPPING POWER IN MEV/G/CM¥%#2 VS RESIDUAL RANGE IN G/CM##2
ENTRY STP
IF(ZelL,Te4) GO TO 10
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30

40
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50

DO 21 1=24.7

J=1

IF(ZeLESZT(1)) GO TO 22
CONT INUE

J=8

IF(Zel.Tel01) J=7

CONT INUE

IF(ZeEQe102) J=9

JMz=J-~1

EM=A(SeJM)

SM=4 ¢ #A(5¢JM)

EE=A(54J)

SP=4 %A (54J)

DO 30 L.=1.4

EM=A (S~ e JIM)I+E*EM

SMz= (4o~ ) HA(S~L ¢+ JM)+SMRE
EE=A(S=~L s J)+E*EE

SP=(4e~L )RA(S=L o+ J)+SP*E
EE=EM+ (EE-EM)# (Z-ZT (UMY )Y/ (ZT(J)Y=-ZT(IM))
SP=SM+ (SP~SM) ¥ (Z-ZT (UMY /(ZT (UY-ZT (UM
IF(EE«LTels)Y GO TO 40
EE=SQRT(EE)
RANGE = ¢ S*SP/(E*EE)

RE TURN

EE=C(S+J)

EM=C(5¢IM)

SM=4 ¢ ¥C (5 ¢JM)

SP=4 ¢#C(54J)

DO 41 LL=1,44
EM=C(S5-L s JIM)+EREM

SM= (4 e=L I ¥C(S~L o M)+ SMH*E
EE=C(5~L +J)+E*EE
SP=(4e=LIYRC(5~1l_ s JI+EXSP
EEZEMF(EE-EMIR(Z=ZTIUM)I I/ (ZT(I)Y=ZT(IM))
SP=SM4+ (SP=SM)Y¥ (Z=-ZT (UMY} /(ZT(J)=ZT (IM))
IF(EEeLTee0009) GO TO S0
EE=SQRT (EE)

RANGE=4 S*SP/ (E*EE)
IF{(ZeGTeB4es) RETURN
RANGE=RANGE/ (1 ¢ +EE*#Z/800+ )
RETURN
R3=1e8736E~3+2Z#3,16E-5
RANGE=+03/R3

IF(ZeGTeB4e) RETURN
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RANGE=RANGE/ (1 ¢+ 03%Z/800. )

RETURN
10 PRINT 1000
1000 FORMAT (%
END

VALUE OF Z OUT OF RANGE #*)
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TABLE I.- COEFFICIENTS FOR RANGE-ENERGY RELATIONS IN

THE ENERGY RANGE OF 0.03 £ E £ 1 MeV

eI P __ 2

Materials Z bg b1 bo b3 by

% Elements
A ,
F' Beryllium 4| ~0.0013{0.0822|1.1815| -1.1875 | 0.4677
i Carbon 6| -.0015( .0876 | 1.0153| -.9518 | .3430
1§ Aluminum 13 -.0018 L1077 1 1.1301 ) -1.0732 .3868
; Iron 26| -.0021| .1273|1.2285| =1.1797 | .4262
§ Tin 50 -.0034 .2039 | 1.1399 -.7221 .0795
: Tungsten 74| -.0028 | .1875 | 1.6180| -1.7027 | .6485
3 Lead 82 -.0028 .2000 | 1.6121| -1.66U46 .6191
{ ' ]
[ Compounds

Polyethylene -0.0012 | 0.0704 | 0.8525| -0.7915 | 0.2835

Tissue ~-.0012 .0753 .9090]| -.8580 .3085

TABLE II.- COEFFICIENTS FOR RANGE-ENERGY RELATIONS IN

THE ENERGY RANGE OF 1 £ E £ 10 MeV

Materials Z bg b1 bo b3 by
Elements
Beryllium 4 1 ~.0.0357 | 0.5389 | 0.0505 | -0.0075 | 0.0003
Carbon 6 -.0302 .4935 .0l446 -.0069 .0003
. Aluminum 13 -.0315 .5559 .0408 -.0070 .0003
Iron 26 -.0343 .6157 .0350 -.0070 .0003
‘ Tin 50 -.0396 .7379 .0151 -.0058 .0003
b Tungsten T4 | -.04m .8046 | -.0015| -.0045 | .0003
i Lead 82 -.0422 .8268 | -.0090 -.0038 .0002
? ] i
| Compounds
Polyethylene -0.0243 {0.4105 0.0410| -0.0062 | 0.0003
Tissue ~.0256 .4379 .0339| -.0058 .0003

e
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Polyethylene

TABLE III.- COEFFICIENTS FOR ENERGY-RANGE RELATIONS IN

THE ENERGY RANGE OF 0.03 £ E £ 1 MeV

Materials

Beryllium

Carbon
Aluminum
Iron

Tin
Tungsten
Lead

Tissue

ay

Z ag | ajy aon ag |
Elements

41 -0.0006|0.5968 | 2.9653| -1.8851 | 1.4116

6 -.0007 L6481 | 3.4940 | -2.3397 | 1.9483

13 -.0007 .5543 | 2.7922| -1.5331| 1.1863

26 -.0007 L4831 2.3942] -1.2689 .9566

5 -.0004 .34721 2.0063| -1.5595 | 1.1884

T4 -.0007 .3275 | 1.5417 -.5715 L4204

82 -.0008 .3227 | 1.4249 -.4245 .3350
Coméounds

~0.0007 | 0.7809 | 4.9849( -4.1309 | 4.0384

-.0006 .7250 {M.M91O -3.3601 | 3.3188

TABLE IV.- COEFFICIENTS FOR ENERGY-RANGE RELATIONS IN

THE ENERGY RANGE OF 1 £ E £ 10 MeV

Mat iais a a
er Z ao J a1 2 3 au
Elements
Beryllium 4 1-0.0039 { 0.6539 [2.1545 | 0.0330 | 0.0023
Carbon 6 | -.0039 .8302 | 2.3854 .1409 | -.0037
Aluminum 13 1 -.0026 .6886 | 1.9937 .1354 0008
Iron 26 -.0005 .5953 | 1.6875 . 1455 0056
Tin 50 .0038 L4239 | 1.3211 .1313 0149
Tungsten T4 .0110 .2854 | 1.2742 .0881 .0280
Lead 82 .0078 .2138 | 1.2892 .0739 0328
Compounds
Polyethylene -0.0049 | 1.0136 | 3.3528 | 0.1888 | -0.0048
Tissue -.0011 .8650 | 3.1738 .2819 -.0031
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Figure 1.- Comparison of Mar's transmission factors for aluminum with Monte Carlo
transmission factors calculated by Berger program.
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Figure 2.- Comparison of Mar's derived energy deposition coefficient for
incident electrons of 1 MeV on aluminum with results of Berger's

Monte Carlo calculations.
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Figure 4.- Comparison of present calculations of Mar's energy deposition
coefficient for incident 0.5 MeV electrons on aluminum with results
of Berger's Monte Carlo calculations.
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Figure 5.- Comparison of present calculations of Mar's energy deposition
coefficient for incident 2 MeV electrons on aluminum with results of

Berger's Monte Carlo calculations.
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Figure 6.- Tissue dose behind an aluminum shield for the spectrum given by equa-
tion (13) determined by using the present form of Mar's energy deposition
coefficients compared with calculations based on the Berger energy deposition

coefficients.
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