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TECHNICAL MEMORANDUM

I. INTRODUCTION

The problem of radiation shielding in space can be
divided into three catagorles: 1. Shilelding against heavy
charged particles, mainly protons; 2. Shleldlng against elec-
trons; 3. Shielding agalnst secondary radiation (e.g. bremsstrah-
lung) produced by energetic electrons and protons. The rela-
tive ilmportance of these radiation sources in determining the
radiation dose depends on the spacecraft's location in space and
the amount of shielding available. Outside of the Earth's
trapped radiation belts solar flare and solar wind protons and
alpha particles are the predominant radlation sources. 1In the
radiation belt environment both protons and electrons can contrib-
ute to the dose, with the electron contribution becoming rela-
tively less important as the shlelding thickness lncreases. For
Apollo Mission E electrons contribute over 90% of the skin dose
in the LM and only 15% in the CM. Secondary bremsstrahlung, being
much more penetrating than the primary charged particles, sets a
lower limlt on the shielded radlation dose, In this study the problem
of calculating radiation dose due to energetic electrons and their
assoclated bremsstrahlung is considered. Therefore, the results will
be particularly applicable to space flignts in the Earth's radiation
belts in relatively thin-walled spacecraft such as the lunar module.
However, it should be kept in mind that proton doses, which are not
considered here, can be an appreciable {f not predominant factor in
many cases. Rather than produce an entirely neéw electron dose code,
the purpose of this study is to investigate various methods of
electron dose calculation in order to point up possible areas where
improvement could be made in elther lnput data or calculational
techniques.

Electron dose calculations are complicated by the: fact
that the analytic solutions to the problem of electron transport
in matter are not possible without drastic =implifying assump-

tions.‘l As a result Monte Carlo technigues have been extensively
developed as a means of approaching the problem. However, be-
cause of the great amount of computer time needed for a sophls-
ticated Monte Carlo code to solve a given problem, 1t 1s not pos-
sible for large scale radiation dose studies to be done in this
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manner. What 1s done, therelore, ls to generate solutlons for
simple geometries and a limited number of materials using Monte
Carleo techniaues, and then peneralize the results so that they
can be used to calculate the dose for more complicated geome-
trie In this way variaty of shielding configurations and
eklernal electron environments can be studied for a minimum in-
vestment in computer time.

The most extensive set of Monte Carlo electron trans-
port calculations have been carrlied out by Berger and Seltzer.
Thelr cbde has been described in detall elsewhere(2) and will not
be discussed here. Thelr results give the fraction of incident
electrons of inltlal kinetic energy, E, penetrating an aluminum slab
ef thickness z (gm/c¢m?)* as a function of the reduced thickness,

x = EE{E), where R_(E) 1s the extrapolated range of the incident

electrons in aluminum. Tables of number transmission coefficients
are glven for variocus incident electron enersies and angles,
and for isotropiec (dN (8) = N0 cos 6de) ineldence. In addition

tables of energy transmission coefficients are also given; 1l.e.,
the fraction of ilncident energy that is transmitted though a slab
of reduced thickness x. HRecently Berger and Seltzer have also
caleulated the fraction of ineident electron energy that appears
as fcrw?r? bremsstranlung from aluminum slabs of varying thick-
nesses.(3 These results can be used to caleculate the bremsstrah-
lung contribution to the electron dose.

In the next sectlon methods of caleulating the primary
electron dose are deacribed, and the limitations of the calecula-
tions are discussed in section 1I1. Seetion IV 1s concerned with
the calculation of the bremsatrahlung dose. Sectlion V contalns
dose calculations for Apcllo Mission E and compares these results
with previous work. Section VI summarizes the results of this
study and makes recommendations lor further study in this area.
The appendix contalns a complete description of the code, BEDOSE,
which was used to do the calculations, including input-output
format and a listing.

I1I. ELECTRON DOSE

Consider a semi-inrfinlite gluminum slab of thickness z
(gm/cm®) irradlated on one face by an isotrople electron flux
¢(E,t) whose time integrated value Is ¢(E) (electrons/cmMeV)(see
Flgure 1). The electron number and energy transmission coeffi-
clents of Berger and Seltzer are defined as follows:

*z20g/cm2)= p(g/cm?) x t (cm) is called the areal density and is the

quantity usually used to describe ghielding thicknesses. Ranges

expressed in thls unit for o given particle vary much less from
one material to another thun if expreased in centimeters.
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# of electrons of Initlal energy Ea

§ penetratling slob
Tn(Eg»2 ¥ of electrons of encrgy E_ incldent
on slab
total energy of electrons of initial
energy E_that penetrates 5lab
T(E,,2) = 2

total energy incident on slab due to
electrons of initlal energy E

These coefflcients can be used in two ways to calculate the elec-
tron dose delivered to a material on the shielded side of the slab.

Using the number transmlission coeffleclent, the number
of electrons of initial energy E penetrating the slab per cm? 1s
simply ¢ (E) TN (E,z)dE. The skin dose in rads produced by these

electrons will be

-8 dE
dDe(z) = 1.6 x 10 a ¢(E) TN (E,z)dE. 1)

EEL is the average energy per unit depth (MeV/gm/cm?) deposited by
z
the electrons of initial energy E after penetrating the slab, where
the averaging 1s done over the emergent electron spectrum. The
constant 1.6x10-8 converts from (MeV/gm/em?) to rads (100 ergs/gm).
Since electrons in the trapped radiation belts have a wlde spec-
trum of energles equatlon (1) must be lntegrated over energy to
obtain the total electron dose,
- v
D (2) = 1.6 x 1078 o (B) T (E,2) $E° (E,2)aE (2)

4o
4(E) can be obtalned from moqils of the space electron environment
L)
and T, from Berger's work. - is a little more difficult. It is

not simply calculated from the absclute value of the stopplng power
of the material in question for two reasons. The electrons do not
travel in straight paths and they enter the material at a variety of
angles. Therefore, the actual distance traveled by the electrons 1is
greater than their depth of penétration. Calculations with T (E,z)

L]
(the next method to be discussed) show that g%— is actually 2-3 times
times the absclute value of the stopping power. However, these calcu-

lations also show that g%l 13 a fairly insensitive function of E and
£, 85 might be expected from the insensitivity of the stopping power

to variations in energy between 0.5 and 10 nev.( Therefaore, we

can replace g—i—'- by an averare walye <g—§—'-> to give us

(Ral"
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Because of the consideral le amount of computer time required to
=btain values of tha number ceefflicient, valuecs at more than a

few energies have only recently become avallable. It turns out
that If 2 1s replaced by the reduced width x = x/ﬁo, the values

ot TE(E,K) are falrly insensitive to variations in E. This
enables one to use a universal function TH(K’ in place of TN(E,z)
in equation (2a). 1In the past TN{:) has been constructed f{rom

Monte Carlo rung using 1 MeV incident energy electrons, glving the
dose equation.

D (z) = 1.E x 1::'5(%%'—)] ¢(E) Ty(1,x)dE - (2b)

In actual practice upper and lower limits are set on the energy
range of integration, above whioh there 15 assumed to be a negli-
gitle number of electrons and b=low which £t 13 assumed no elec-
trons penetrate the slab. We will come back to this point and
the guestion of using a universal transmisslon function after
developing the second method of electron dose calculation.

The second method ~f calculating the electron dase
makes use of the energy transmission coefficlents of Berger and
Seltzer. It was first brought to this writer's attention in a

paper (unpublished) by *. Burrell and J. Wright of MRFC,(T) al-
though the arguments advanced here differ from theirs In certain
respects. We will assume for the present that we have a univer-
sal energy transmlssion curve TF(x}. Conslider the effect of

inereasing the slab thicknes: from x to x+ax. The quantity
T:{x+ﬁx)*TF(x) will be equal to the fraction of the incldent
energy deposited in az = HGJx. In making thi= argument we tactily
assume that the fraction of energy reflected backward is negli-
gible or more appropriately that in the limit of vanishingly
smgll Az this reflected energy 15 compensated lor by backscattered
energy from material farther on. Therefore, the dose delivered
to 4z 1is
1.6 % 1078(T terax) - T(x))
- 4(E)F dE
A%

o] =
az & gt
5 (E)

where HO(E) 8x = Az. For skin or surface dose in any materlal on

the shielded side of the alumlinum slab we let Ax— 0 and integrate
over E to cbtain
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b, Lack of electron spectral data at hlypn ==erzy

r

»« Cholee of a high energy cutoff for the ‘reapration.
Problems 2 and 3 and problems 4 and 5 are o! couzves related.

In order to 1llustrate variousz probhlism=. ispussied
below, two sample electron spectra will be usaqg ! eguation (2b)
or (3); a so called soft spectrum representad 'y

-1

3(E) = 2e~°F (mev™l)

and a hard or fission spectrum (taken from Zefermans= 2) given by

St
'(E} - D, 7112-' 5755 "oa')SE {:'!e-'.—-.

Both syectra are normalized so that (24 = znd are shown
o
ure la. The latter spectrum 1s typleal .. mregions in the
trapr=% radiatlion belts where electrons from == Starfish high
altiruie nuclear explosions stlll predominate woulle the former
is meore typlcal of the natural electron envirczmment in earth orbit.

Recent calculations indicate that Tre 'ransmission
curves cannot be considered to be Independent -7 energy, especially
for wvalues of the reduced thickness greater <Thaz 0.5, Figure 2
shows the number transmission curves for 1 MeU wnd & MeV electrons
isotropically incident on an aluminum slab. Thesse curves ?r?
taken Trom Monte Carlo caleculations of Berger ==gs Seltger.(3d
If a significant fraction of a particular elsc=tmon dose 1s due to
elect=sme that have penetrated a reduced tnloxmssss zreater than
abour 7.5, the result of the calculation will wamend on which
curve 4s used. Flgures 3ja and 3b show the wxrstion of the energy
and nember transmission coefficients with enersy for various
values o~f the preduced thickness. A good fir o ©h energy varl-
ation eun be obtained with the lollowling foarmiiias:

Tglf,x?

AL ¢ 3]
E -w

3:".5,1) - TE{?.!‘\%‘ i T WeV, (u)

(5)
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For E <1 MeV or E>6 MeV one should use the 1 MeV and 6 MeV trans-
mission curves respectively.

Table T 1llustrates. the effect of the variation in the
two transmission curves. Electron dose in aluminum is listed
versus slab thickness for the hard and soft electron spectra.

The calculations have been normalized to give a dose of one rad
with the 1 MeV transmission curves at each shield thickness.
TE(G.x) and T (1,x) were used in equation (3) to obtain the numbers

in Table I. The difference in dose produced by the two transmission
curves inecreases with shield thickness and is greater for the soft
spectrum than the hard spectrum. This is to be expected since for
thicker shields and/or softer spectra, the electrons contributing

to the dose will have penetrated greater reduced thicknesses, and
the variation in the transmission curves increases with increasing x.
The dose calculations in Section V use Tg(ﬁ,x} and TN(G,x) since

these curves give the most conservative answers.

As can be seen in Figure 2, the transmission coeffi-
cients have been calculated only for x <0.7. This 1s due in part
to the fact that large amounts of compufer time are needed to
obtain statistical accuracy for thick slabs. Although energy
and number transmission coefficlents are quite small for higher
values of x, this region may be the main contributor to the dose
for electron spectra that decrease rapidly with energy. Figure
4 shows TE(G,x) for isotropically incident electrons, and compares

it to the analytic fit to the calculations used in equation (3).
The minimum energy cutoff used in the integration in equation (3)
will determine how far the transmission curve must be extrapolated,
Figures 5a and 5b are histograms of the contributions to the
electron dose as a function of the incident electron energy for
the 2.0 and 4.0 gm/em? slabs in Table I. The minimum energy for
the integration was chosen so that x <1.0. The histogram area

18 normalized to unity, and results for both the hard and soft

electron spectra are shown. The energy points at which x = 0.7
and 1.0 are marked by arrows.

It 18 easlly seen that a significant portion of the
dose i1s due to electrons that have penetrated reduced thicknesses
greater than 0.7. Furthermore this percentage increases with
shield thickness and spectrum softness. PFor the case of the soft
spectra incident on the 4.0 gm/cm? zlab over 95% of the dose 1is
produced by electrons for which x is greater than 0.7, and for the
2.0 gm/em? slab over 50% of the dose is produced in this manner.
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1 not ttrapelatt!l n An Pipube 4 could he off
much at x =] Mante Carle.caleulations
= 0.8, for dose talculations in situatlions

thick shie are required.

Figures 5a and 5b also 1llustrate another polnt that
considered In the dose caleculation. As the slab thickness
s and/or the spectrum hardens, the dose contributlion
increasingly higler ene electrons. The maximum energ
ged in the integral of equation (3) was 10 MeV for the graphs
igures %a and 5b. However, for the 4.0 gm/cm? slab contributions
m eleetrons with E>10 MeV would not be negligible (~ 10% for
e hard spectrum). Measurements of electron spectra in space
iave not been made in this energy range. All that is usually
ilable 18 an integral measurement 4 or 5 MeV and these are
iited in number. The spectrum shape w this value 1s then
rapclated out to higher energles. is a further source of
gible errors in the calculations if the actual spectral shape
cuntered differs considerably from the extrapolated shape.

be

The use of a & 2V transmission curve in cas where
mast of the dose contribution 1s coming from eleetrons of T MeV

or more, such as the 4.0 gm/cm? slab, 1s a further uncertainty.
Transmission calculations for 10 MeV incident electrons are needed
for dose calculations involving high energy electrons.

It has been shown in this section that the ecalculation
ctron dose can involve the use of data which has been extrap-
a ogonsliderable distance rom elther measured of calculated

This is true of both the electron spectral shape and the
electron transmission coefficients. In the next section the cal-
culation of the secondary electron bremsstrahlung dose 1s undertaken
and shown to be in reasonably good shape.

BREMSSTRAHLUNG DOSE

Berger and Seltzer have also calculated the forward
bremsstrahlung® efficlency for electrons isotropically incident on
Aluminum slabs. This 1is the fractlon of incident electron energy
that appears as forward directed bremsstrahlung on the shielded slde
of the slab. They express this fraction as

v = 107" a(z,E)2E, (6

whore & 1s the atomic number (13 in the case of aluminum), E the
kinetic energy of the iricident electrons, and Y 1s the forward
bremsstrahlung efficiency. When expressed this way, "a" is a

varying function of E 2 {the slab thickness) having a nominal
value of about 4. Two graphs of Y vs z/R_ for different values of E
(Reference (3)) are shown in Figure 6. -

¥Eremsstrahlung, or "braking radiation" consists of electromagnetic
radiation (x-rays) with energles up to that of the electron producing
it, which 1is produced 1in the slowing down of thc lergntic electrons.
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Using equation (6) the bremsstrahlung energy flux Although the values of a(x,E) used In equation (8)

emerging from the slab is given by strictly apply only to bremsstrahlung from alumlnum slabs,
‘ _ estimates for bremsstrahlung doses from other materials can be
>

obtained simply by scaling equation (B) by %3, the atomic num-
Fb(‘?a) ‘Jlo—q Z o(E) &(Z)E)Ez dE(MeV/chJ. (7)) ber ratio.

0 )
As shown above the electron bremsstrahlung calcula-

ThE Bhemaateait dose for material adjacent to the tion 18 a stralghtlforward procedure and does not require extrap-
slab is simply [1.6 xu?g-a X5 BLCE)) whewe <o s ts the mass olation of Monte Carlo or spectral data to any great degree.

- a b a a As a result, estimates of oremsstrahlung dose produced by pri-
absorption coefficient for the materlal in question averaged of mary electrons is of sufficient accuracy for any anticipated
the emerging bremsstrahlung energy spectrum. For the bremsstrah- space applications.
lung energles encountered in space applications <ua> for tissue - APOLLO: RADTATION. DOSES
1s approximately .031 cm°/gm, and the dose is given by ’ =

The caleculation of radlation dose for a specific mis-
sion requires combining the mission profile with a suitable

oy

Db{z) = 6.45 x 10'13 9(5)52 a(x,E)dE, (8) model of the space radiation environment to produce an average
0 omnidirectional electron flux environment for the spacecraft.
Although the electron flux at various points in apace can be
where we have replaced a(z,E) by a(x,E), making it a function of highly directional, the assumption is usually made that random
the reduced thickness to agree with the tabulated data in Refer- orientation of the spacecraflt produces an average flux that ls
ence (3). An analytic fit to Berger and Seltzer's tabulations of isotropically incident on the spacecraft. Vette et al have
alx,E) gives calculated average omnidirectional fluxes for a variety of cir-

cular orbits at inelination from 0 to 90° based on thelr model
AE? electron environment.(5) This environment 1is constructed

_ .125E° 32115 0.6). from experimental measurements made in the 1962-64 time period.
a(x,E) = Wb e R IEE x> 0.6, (9a) Orbital fluxes for a projected December 1968 electron environ-

L ment based on observed time decay of the fluxes from the Star- .
fish nuclear detonation have also been calculated.
1.13 _-1.88x
a(x,E) = 24.3 x e x<0.6, (9b) Figure 9 shows the average electron flux spectrum
which would be encountered in a 300 nautical mile altitude, 30°
2 inclination circular orbit., Both the 1964 flux and the projected
where RO(E} 1s agaln the electron range 1n aluminum and x = & . December 1968 flux are shown. The softening of the spectrum be-
Limits on the integratlon are not eritical for equation (8) é%cause tween 1964 and 1968 is due to decay of the Starfish electrons.
the behavior of the integral 1s determined by the $(E)E2 term which :
is sharpl ked ; ~bE Part of the mission profile for Apollo Mission E calls
rply peaked at an energy E = g—for a spectral shape e "". for a 250 nautical mile earth orbit for up to two weeks with e;-
tended occupation of the lunar module (LM). Since the spectra
A graph. of bremsstrahlung dosevversus slab thickness is shape is independent of altitude in this region, the 300 nauti-
shown 1n Figure 7 for the hard and soft electron spectra. The cal mile fluxes may be used to calculate dose in the command
code BEDOSE using equations (8), (9a) and (9b) was used to do the module (CM) and the LM, and the results scaled to the 250 nauti-
caloulation. The doses have been normalized to one electron per cal mile altitude. Figure 10 is a plot of the electron flux
cm* striking the slab. A histogram of dose contributlons versus

< A above. 0.5 MeV versus altitude for 30° inclination circular orbits.
:::gt{:nn:zggﬁ{egofnt?: hurdﬂspeg;ru: %gcédi?t o? a L.g gmlguztslal The fluxes are taken from reference (5). The 250 nautical :113
sl gure 8, e dotte ne is a plot of ¢ 2 . for both the 1964 and
The deviatlion at low energlen 15 due to the decrease in a (x,E) at Ll AN AN oEE SN JU0-QRRELSH. AR O IEeP i

low energy because of absorptlon of the low energy bremsstrahlung FURELALNL. LJSh CRtE
in the aluminum slab.
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The differential spectra iglven by Vette extend from
0 to 7 MeV with an integral value rliven for the total number of
electrons above 7 MeV. In carrylng ocut the dose calculations

these electrons were handled in two ways. One set of calcula-
tions was carried out with the differential spectrum decreasing
exponentially:

f —alE=T)
J 1(7)e” 3 E=T) 4 < number of electrons
- above T MeV.

A second set of calculations was carried out with the differen-
tial spectrum assumed to be constant out to a value Enax and

gero thereafter so that

¢(?}£5Max -7] = number of electrons above 7 MeV.

These two cases are shown bty the dotted lines in Figure 9 and
repressnt hard and soft extremes of spectral behavior. For the
thickness of interes!, the differences in dose were less

. The more conservative ({.e. higher dose) exponential
spectrum was used for the douses presented here. It should be
polnted out that all spectrsl behavior above U MeV is based on

extrapolation even though integral numbers may be available
experimentally.

The electron and bremsstrahlung doses as a funetlon
of slab thickness are shown in Figure 11 for the 1964, and pro-
Jected 1968 spectra. The doses are normallzed to one electron

per cm? striking the slab. In order to apply these results to
a spacecralt geometry the following line of reasoning 1is used
The =lectron dose received hy an astronaut will be a skin dose

because of the limlted penetpating abllitv of the electrons.

The asstronaut’'s body will shleld his skin from all electron rad-
iaticn except that coming from in front of the area under con-~
slderation. The maximum 2kin dose will be produced over that
arez of the astronaut's bedy that faces the thinnest part of the
spacecraft, The maximum skin dose that can be produced by the
rpons in a spacecraft peometry can therefore be obtalned

1 she slab results of Figure 11 using a slab thickness cor-
responding to the thinnest -ortion of the spacecraft. If the
astronaut is moving about so that different parts of his body
face the thin portlions of the spacecraft at different times,

then the total skin dose received by any portion of his body will
be less than the maximum ponsible values calculated here,
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The dose curves in Figure 11 are normallized .to one
2 :
electron/em™ striking the slab (i.e., spacecraft), and the

dose values glven must therefore be multiplied by the number

5
of electrons per em® striking the spacecraft in order to obtain
the electron dose. If we consider the electron flux to be iso-
trople, the number of electrons per em? striking the spacecraflt's

?urface will be equal to 1/4 of the omnidireetional flux, or
T (see e.g., Reference (9)).

For the penetrating bremsstrahlung radiation, the en-
tire spacecraft will contribute to the dose. Moreover, the dose
will be essentially a whole body dose since little attenuation is
previded by the astronaut's body. Consldering the spacecraft as
a thin spherical shell, the bremsstrahlung dose is given to a
good approximation by the slab results with an incident flux on

the slab of % or % the omnidlrectional flux.

) Doses for the CM and LM are given in Table II for 1964
and 1968 electron fluxes. The 300 n.mi. results have beer multdi-
plied by 0.41 to convert them to a 250 n.mi. orbit. A minimum
thickness of 2.5 gms/cm2 and 0.2 gms/cm? were assumed for the CM
??d M respectively in determining the maximum electron dose.

The bremstrahlung dose assumed average aluminum thicknesses of
5 and 1 gm/cm2 for the CM and LM respectively. Also listed in

Table II are the values of <g§2> required to make equation (2b)
dz

agree with equatlon (3). The straight ahead value (1.e., the value

TABLE 1T

ELECTRON AND BREMSSTRAHLUNG DOSE FOR APOLLO MISSION E

Brems- dE"
Electron stranlung <E D
Electron Dose Dose dz 2
Spectra (rad/day) (rad/day) (MeV/gm/em®)

Command Module 1964 .10 .0072 5:7
1968 .012 .0002 5.0
Lunar Module 1964 ‘59 (59) .018 5.l
1968 2.2 (3.1 .0003 5.0
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large values of x. The degree of difference between the old and
new doses 1s directly related to percentage of the dose contri-
buted by electrons with large values of x.

TABLE 1V

ELECTRON DOSES USING OLD TRANSMISSION COEFFICIENTS

Dose Ratio

Dose (rad/day) (Table II/Table IV)

CM 1964 .031 3.2
1968 .008 1.5
LM 1964 45 1.3
1968 1.0 2.2

In order to assess the relative importance of the elec-
tron dose calculation to the overall question of radiation dose
determination, it 1s necessary to estimate the magnltude of the
proton dose. Using the proton fluxes in Reference (10) and the
proton transport calculations of Reference (11), the skin dose
due to protons 1s estimated to be approximately .070 rad/day for
the CM (compared to .012 rad/day from electrons) and .20 rad/day
for the LM (compared to 2.2 rad/day from electrons). The proton
doses are in approximate agreement with calculations of R.H. Hilberg
Reference (12). Thus electrons contribute over 90% of the skin

dose in the LM and 15% in the CM using the 1968 electron environment.

If the 1964 electron environment is used, the electron contribution
to skin dose in the CM increases to 60%.

'The critical phase of Apollo Misslon E, for radlation
dose is the occupation of the LM. Although the predicted 1568
dose 1s within the allowable limits, the 1964 dose 1s not.
More up to date measurements of the electron envircnment would
certainly be of great value in verifying the factor of 30 de-
crease in dose that 1is predicted from decay of the high energy
Starfish electrons. CM doses are low enough that no hazard
should result either from errors In radiation environment pre-
dictlon or electron penetration calculations. Bremsstrahlung is
not a problem at these flux levels and shield thicknesses.

VI. SUMMARY
The problem of determining electron radliation dose in

spacecralt has been investigated in detall and several areas of
weakness in the calculations have been found. Of particular
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conecern, is the lack of transmission coefficlent caleulations for
shleld thickness nearly egqual to the extrapolated electron range,
and lack of electron spectral Information above 4 or 5 MeV. This
Information would be needed to calculate electron dose behind the
mederately thick.shields required for high altitude orblting
laboratories. In addition, the increase in the transmission co-
efficlents with incident electron energy was shown to increase
significantly the calculated dose over that obtained with the old
1 MeV transmission curves. Electron bremsstrahlung dose calcula-
tions were also studied. The accuracy of thls rather straight-
forward calculation is sufficient for radiation dose predictions.

Radiation dose calculations for the 250 n. mi. orbit
phase of Apollo Mission E showed the LM electron dose estimates
to be within acceptable levels if the 1964 to 1968 electron flux
decay 1s as predicted. Since the 1964 dose would not have been
within acceptable limits, 1t would be wise to measure at least
partially the 1968 environment prior to Apcllo Misslion E.
Bremsstrahlung dose was not a problem at these flux levels.

(

. ...I"f\,-_ “-IL-.-.' Ana]
1011-JSI-b1 |7.5. Ingley * 71
Attachments
Appendix A

Listing and sample output for code BEDOSE
Pigures 1 through 13



BELLCOMM. INC

fa

™

REFERENCES

=rby, C.D., and Keller, F.L.: Electron Transport Theory,
“alculations, and Experiments. Nuclear Scilence and Engi-
neering, 27 190-218 (1G67).

Berger, Martin J. Monte Carle Caleculatlon of the Penetra-
tion and Diffusion of Fast Charged Particles. Methods in
Computation Physles, Volume I (B. Alder, 5. Fernbach, M.

Aotenberg, Editors), Academle Press, New York, 1063,

zer, M.J. and Seltzer, 5.M.: Penetration of Electrons
Asgoclated Bremsatrahlung Through Aluminum Targets.
Report 9566, July 3, 1967.

r, M.J. and Seltzer, 3.M., Tables of Energy Losses
Ranges of Electrons and Pcsltrona. NASA SP-3012, 1964,

te, J.I., Lucerc, A.5. dand Wrlght J,A,, Models of the
ped Radiation Environment, Volume II: Inner and Outer
Electrons. NASE SP-3024, 1966,

Berger, M.J., Transmissicn and Relflectlon of Electrons by
Aluminum Foils, NBS TN187, April 1, 1963.

Burrell, M.0. and Wright J.J., (Private Communication
through R.H. Hilbere).

¥eller, F.L. and Pruett, N.G., Second Synposium on Protec-
:125 Against Radlations in Space (Paper No. 33). NASA SP-T1,
1965.

Heller, J.W., Shieldings Technigues. Radiation Trapped in
the Earth's Magnetic Fleld (B.M. McCormac, Ed.), 1%6b.

Tette, J.1., Models of the Trapped Radlation Environment,
Yolume I: Inner Zone Protons and Electrons. NASA SP-3024,
1366.

Shipley, E.N., Radistlor Dose Calculations. Bellcomm
TH-6U-1012-2,

dilberg, R.H., Radlatlon lLevels on A5-503 Misslons. Bellcomm,
Memorandum for Flle, July 11, 1966.

BELLCOMM. INC

AFPENDIX

Computer Code BEDOSE

I. GENERAL DESCRIPTION

BEDOSE (Bremsstrahlung-Electron Dose) calculates the
radiation dose delivered to the surface of a slab of material
shielded by various thicknesses of aluminum slabs from elec-
trons of varying energy incident on the slab. It 1is patterned
after a2 similar code developed at MSFC (Reference (7). Both
the dose due to electrone that penetrate the slab and brems-
strahlung from the electron slowing down process are ilncluded
in the calculation. In order to calculate the dose, the code
makes use of electron transmission coefficlents and bremsstrah-
lung efficiency coefflcients previously calculated by much more
involved Monte Carlo procedures. The electron dose in rads is
calculated by numerical integration of the following equation:

E
RAX 4T, (E,x) dE
D.(z) = A e (E) — & RTE) Ll
e % k : o
Emin
9 (E) is the differential flux of electrons of energy E incident

on the slab per e¢m? (MeV lem?).

TE(E,x) is the fraction of the incident electron energy flux,
E¢(E)dE, that 1s transmitted through a reduced thickness,
x (determined from Monte Carlo calculations).

x 1s the reduced thickness, ﬁ;TﬁT

= 1s the slab thickness in gm/em?

RC(E! is t%e extrapolated range (gm/em?) in aluminum of
electrons of incident energy E.

Ré(E} is the corresponding range in the material being irradiatea
{e.g., tissue).

Emﬂx 1s the upper energy cutolf in MeV above which it 1s assumed
no electrons contribute tn the ddse.

Emir 1s the lower energy cutoff In MeV below which all electrons

= are assumed to be stopped in the slab.
Ay is a constant which converts from MeV/gm to units of dose

(usually rads).
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Defz} i1z the surface or skin dose in rads which would be deli-
vered to & slab of materlal adjacent to the aluminum
15} The deriyatinn of equation (Al) is given 1in the
text.
BEDOSE also calculates the transmitted flux N.(Z) given by

Emax
Ng(2) jotz) Ty (E,x)4E. (A2)
E

min

TN(E,x) is the fraction of incident electrons with energy between
E and E+dE, ¢(E)dE, that are transmitted through a
reduced thickness, x.

Ne(Z} is the total number of electrons per em® penetrating
the slab, and Dg (2 )

2
AkNe

energy deposition per unit depth produced by the trans-
mitted electrons in the irradiated material.

is equal to <dE'> , the average
dz

The bremsstrahlung dose is calculated from the equation

Emax

D (z) = A <o.> zuo'“;f g2 ¢(E)a(z,EYAE, (A3)
Emin

the derivation of which is given in the text. 2 is the atomic
number of the shielding material, a(z,E) is the coefficient in
the forward bremsstrahlung efficiency formula (determined from
Monte Carlo calculations), and <oa> 1s the average mass absorp-
tion coefficient of the irradiated material for the incident
bremsstrahlung energy spectrum.

The quantities #(E), Tp(E,x), Ty(E,x), z.

and A, are given as input, while the quantities ROEE), R (B,

k

<a,>, &, and a(z,E) are fixed in the code. ¢(E) can elither

be specified explicitly at various energles and the code will
assume exponential behavior in between, or it can be specified
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—FE-GEZ :
by the analytic form A e FE=GE (E in MeV). T and Ty are

specified by analytie fits of the form, pe—(Bx+Cx2 + Dx?), to
the Monte Carlo transmission caleculations. E for the

min
electron dose is determined by the requirement that x <CTF, where

CTF i3 specified in the input. Em n for the bremsstrahlung drse
1s fixed in the code at a value of(3§ j ek,

II. INPUT PORMAT

The lnput quantlties, their meaning, and the input
format are listed in the table below.
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111, CQUTPUT FORMAT

The output consists of two parts; a section contalning
the input information and a section contalning the code ocutput.
The input information is clearly labeled and is given in the
following order:

1. The scale factor, Ak'
2. 'The integration edit intervals and number of inte-
gration steps, Ei and ny -

3. R1:By, G5 Dy

4. &, B, C, D.
5. CTF, Ap, F»Gs

6. The flux energy spectrum, if given, E, and etEk).

i) I ¢(E) dE which is labeled normalization.
0

The code output information is listed in 5 columns.
Column 1 labeled, Z, 1s the slab thickness in gm/em?2. Column 2
labeled, Electron Dose, 1s the skin dose in whatever units are
used for nk (usually rads). If IDE = 1, the code will print

accumulated dose after every Ei(i-- 1,N) given in the input deck.

With this option, the user can determine which reglons of the elec-
tron energy spectrum are contributing to the dose. Column 3,
labeled Electron Number, gives the number of electrons penetrating
the slab per cm?. The same optlon applies for IDE = 1. Column &
labeled, E, (DE/DX), gives E, when IDE = 1, except far the last

entry which 1is <§—'> the average energy deposition per gm/cm?
for the electrons that penctrate the slab. When IDE = 0 only
<g%-'-> is given in this column.

Column 5 labeled, Brem Dose, 1s the bremsstrahlung
dose produced by the electron bremsstrhalung. The units are the

same as the electron dose. The option IDE = 1 agein rroduces an
edit after every Ei’
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V. ADDITIONAL COMMENTS

1.

T

The code calculates radiation dose in a slab of
material behind an aluminum slab shield. Care
must be taken in applylng the results to other
materials and spacecraft geometrles (sée text).

The transmission coefficients are energy inde-
pendent in the present verslon of the .code. Use
a transmission curve for an incldent energy close
to that which contributes most to the dose.

The angular distribution of the incident flux need
not be isotropic, but the transmission curves should
be determined for whatever angular distribution is
assumed for the flux.

ir EHAX is higher than EKNAX’ the code will expon=-
entially extrapolate ¢(E) out to ENAX' The slope

will be the same as the slope from BKMAX—l to EK!&X'
The RL(E) presently in the code 1s for muscle.
Generation time + Running time = 6 seconds on
Univae 1108 for five slab thicknesses and 200
integration points per slab.

A listing with sample output follows below.

st

$5 &




1T

2000

20Nn1

'fﬁﬁ

a1

AP
11n

TAL
7113
TAG

—

—

HP G RRFMESTRAHLING=FLFCTRON NOSF (IMGLFY/RFLLCOMM)
FO®R RFNOSF 4RFNOSF

NIMENESTON ,L'f:(qn),FLtaﬁ\,FNP(ZF‘)gINF‘tznl
[WR=A/ f
IPF=5 |

READN (IRF 425)CTF 4AN4F 4G
RFADN (TRF 4101 IDN747FRPT 7MAX
M=nN
N=(7ZMAX=7FRT) /D7 +1
RFADND (TRF 4 TINNINIJRG{FNP{TY4INPIT)Ysl=14NIJR)
REFAD (IRF ¢29)1AK g A gfia gMNgA]l yR™ 401 ,4N1
WRTITF(TWRG2NIAK S (FMNELT) o INR[ ", s T=14NUIR)
WRTTFITWRG2TIAT4RT 401 4MN]
WRTTE(TWR 42)A 4Ny 4N
WRITF{TWR 4 23)rTF4ANGF 4G
PFAN[TIRF 43IN)YIFLX,TNF
I HIFLX=1)1e30 37
REAI) (TRF42)IKMAX 4 (FF () 4FLIK) gK=14KMAX)
WRITF (IWR,7MNB)
TF (FFIKMAX)=FNR(NIP))2NNN420N] 4270
KMAX=KMAX+]
FF{KMAXY=FNRB(NIIP)
FLIKMAX)=FXP(ALOG(FI (KMAX=11)+(FF(KMAX)=FF(KMAX=2))/(FF(KMAX=])=-FF
(KMAX=2) )% (ALOG(F[ (KMAX=]1)/FL{KMAX=21)1)
NN § K=14KMAX
WRITF (TWRGINAPIEF (K ) 4FLI(K)
FI (X)=ALOA(F] (K))
K=1
QA IMF=N,
CIM2=CIIMAL (FXP (FLIK4+1)Y)Y=FXP (FLIXY))/((FL{K+1)=FL(K)Y)/(FF(¥+]1)-FF
(K11
K=K+]
[F (K=KMAX)10ON,11Nn,11N
NDE=FNR(NIIR)/2NN,
SUMI=N,
FN=NF % &
RO 32 A=) +200
CUIMA=CIMALANHNFEFYD ([ —(FH*FN4GHFN*%2 ) )
FN=FN4&NF
WRTITF (TWR,8NN) M2
WRITFE (TwR,4)
7=7FRT
DD A .1=14N
CiMl =0,
SpIMP=Nn,
ClIMf =
K=1
FMIN=(7/22 ) %# .6
FMINDzQNRT((CTFXE7 )X (CTR 74 ,2378)/( «4364—qN]128%CTF*7))
=1
TEF (FMIN=FNR(1Y)TN] 4702, 7N3
TF (1 =MIRYTNR 6NN,
L=l +1
cOTO TRy
TF () =NIIRYTNREANN 1




M6
701

16
17
18
51
11

23
1n

14
1%
4n

41
42

43

44
45

4f

5

0T
(Sala

L=L+]
FL=FMIM
NO 707 KA=L 4NUIB
ATR=TINR(KA)
DF=(FNR(KA)=FL)/ATP
FN=F| -PF
NFA=TNP (KA )+
NO 7 1=14NFA
FN=FN+IF
RP=SORT( JHATAORFNREDI 4 D1 HTE )= 11RO  NNELEF A %R D
RP1=Ne7%R
X=7/R
DN=N,
NP=0s
IFtX—.ﬁl]fs'T?.l?
ARRFM=24 3% (X¥% ] 41 ) %FXP(=14]18%X)
GO TO 1R
i\F‘PF"“:h.Q*FXF’l—(.1?"*{ff\l**.“?1)*l'(-.f\i/ff’}!
TEFIFEN=FMTINZYITT 45T ,F]
NN=A#FYP (- (REXY+CAEXYHED4Ne Y 42T) )
NPP=AT#(R]+2 ¢ ¥CTHXF+VLFENTRVEADYRFXP (—(BIRX+CI#XEXILNDIHX¥#T) ) /R]
TELTFLX=1)33,34,34
[F(FN=FF(K)1)B4T,41N
K=K+1]
TF (K=KMAX)11s11,5172
K=KMAX
Fli=FxP (FL(K))
AO TN 13
TF t¥=1)159414
FUsIXP ((FN=FF(K=T)) ¥ (FIL(K)=FL(K=1))/(FF(¥)=FF(K=1))4FL(K=1))
o TO 173
FIISANKREXD (= (FH#MMECETMNER D))y
TF(TI=1)14r4r 48]
ETMPC =14
GO TO 4&
IF({M=1142 443447
SIMPC=4,
M=
GO TN 44
SIMPC=2,
M=n
TEUT=NFAY4A LB 415
CIMDC =1,
M=
rT|M1|:"|\.‘1+rII¢I"I"‘:’F MEDPRCTMNC /3,
CUIMD2= 1ML F1IRDNY S AP CENE £3,
CIIMLE=SIIMLGFNHARPRFVE[FNaED ) ¥CTMDOENE /3,
FL=FNR{KA)
[FIINF=1)7NnT43% 435
SUMIP =S IM] *AK
SHMALUP -CIIM4GRAK R (L o NAF =Nk
WRITFITWRGIB)Z«SIMTITI g2 JE 4, S1IMGP
FL=FNR{¥A)
NFNY =1 M) g1 IM?
CIIM] =1 IM] #AK



2
&

15
2n

21
23
25
29
an
36
37
101
dala
Fdar:!
ann
1nnn

CHML4=CI V4R AR (L NAF=NK)
WRTTF(TWR 43A)7 ¢ SIM] g C1IMD2 NFNYX 4 S1IMG
7=7-2D7
WRITF(IWR437)
CALL FXIT
FORMAT (15/(2E14.8))
FORMAT(3H A=F14.7/3H B=F14.,7/3H C=F14+7/3H D=F14.7)
FORMAT (//75H 7 (GM/CM2)y FLFCTRON DOSF FLFCTRPON NMUMREPR
1/DX) RRFM NDNSF )
FORMAT(5F]168.A)
FORMAT (22H INTFARATION CONSTANT=F14.,7/18H INTFGRATIOM &TFPRey
11NX s6HFNFRAY 4 TX 3 12HND, NF CTFNC/ (FP2Na 74110
EAPMAT ( 276H AN =C14,7/0H M= 14,7760 C1=T14, 7/4H ND1=F14,7T)
FORMAT(GH CTF=F144.7/44 An=Fla,7/H F=F14,7/3H G=F14,7)
FORMATIF14.7/(F 14,7
FORMATI(F14,T7/(4F14,7))
FORMAT(215)
FORMAT(/B5F1546/)
FORMAT(17H PRCBLFM T INISHED)
FORMATI(2F 14 48)
FORMAT (158/(Fl4aT7,515))
FORMAT (//9H SPFCTRIIM/ZINX y6HFNFRAOY o 15X ¢ 4HFLIIX)
FARPMAT(15H NORMAL [ZATION=F14,7)
FORMAT (27T2Nn4T)
FND

Fs(DE
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ENFRGY
e BNNANAN=NN
<1NNAAANENT
e 15NNANNANEN]
e 200NNONEN]
cANNANANNEN]
JANNANAN LA
dBHNNANANENY
ENANANN+ENT
s 70NNNNN+NT]
cBONANAN+N]

T=  «160000N=N7

NOe OF
50
5n
28
2&
n
1n
mn
1N
10
1N

STEPS

FLUX

dHBTNNNANE] D
e A2TNNNNENT
W 2RENNNNENT
s lESNNNNENT
< S4BNNNO+NE
e A5NNNANNA+ENS

Al= «1NBSRNANNEN]
R1= <30annNnr+n]
Cl= =466NNAN4LNT
Ntl= s1110NNN4nD
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N= s110600N4N7
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A= s 7T100NNN+]13
= «HTHNNMN=NN
= «S55C000N=01
SPFCTRIIM
FNFRGY
M alalalatalals)
180NN AEN]
e 2NNNANNAEN]
3NN ANENT
My dalalalalalaFYal |
e dalalalalalal Yol
NORMALITZ,,TION=
7 (GM/CM2)

.C}h(‘-f\ﬁﬁ_r\r‘\
e HNONNA—"N
e HNNNNAND
e SNNNNN=NN

.ﬁf‘\nr\ﬁr\_f\r“'\ I

LHANNCNA AN
«5NNNNAN=NN
«BNONNN=NN
«5NNAN=NN
e SO00N0=NN

«5NO0ONO=NN

L 100000401
«1000D00+N]
210004
$100000401

«59N2720+11

FLFCTRON DOSF

ONNAN

«199030-0n2
«BHRRT3A=N]
el 13831K4NN
«219298-NN
e JINANLH 4NN
e« JRBR 246D
e453NK6~-0N
«HNKIABN=AN
«55N0QK~NN

«+55N0Q96=-0N

FLFCTRON

NUMBER
_nnnnﬁn

«117R74+05
AN TRENA
sRIBTIAN+NA
« JRRTINY4NT
d2RLNALAE4NT
e AOU1ERENT
4728515407
JL47929N4+NT
«52N23N+07

«520230+NT

N0NONN .NNNONN
LN0NNAN .NNNANN
.nﬁﬂnﬁﬁ .ﬁﬂﬁﬂﬁﬁ

«225Q89-N7

. 147084404

Es (DE/DX)

LHNNALA=AN
s 1NANPN+N]
«15nNNNA+N]
e NNONN+N]
230NNNNEN)
cNANNMEN]
M YalalalalaB o B!
.6nﬁﬁﬁﬂ+ﬁ]
s 7INANNN+NT
«RONNON+N]

«661963+01

«50NA0N=-AN
P Nalalalolal Jab |

BELLLLF

2NNNON+N1

BRFM DOSF

UBQITR=-A
.1‘36&0—03
slanatg-no
L142576=07
L1460 7=02
e 18N3EE=ND
e 15444307
«158286=-072
«16176R=-0?
e 164942-02

«164942-072

«110476~013
«627776-013
+H6RONA3I N7
s TNN287~-A7




s 1 DN NLANY
10 NANNLM
e 10000N4A)
e 1000CN+N]
«100000+0]
«10000N+N1]

1NN NAEN]

«150N"N4N]
«150NCNEAT
¢ 15NPANREA]
e 150NNALN]
e 15NNNO4LN
e 150NNN4N]
e 165NNNNEN]
«150NNN4+N]
« 15000041
«150NN0N+N]

e 1500NA4A]

e 20NNNALA]
e 20NNNANALAY
«200NCN4N]
e 2NNNCrNALN
200N NEN]
e2NNNNALAT]
e 2PNNCN4+N]
s 20NN N 4N
20N NON+N]
R ol alloTale PY ol

e 2PNNNAN 4N

e 2HNNNNLM
s 2HNNNNALN
2N AALN]
e PBANPALN]
e Z25NNNAEM
e 250NNN4LA]
e 25N0NNEN])
«Z250000+M]
d2500NN+N

W 2HNNNNLA
“ﬂ|Fn FIN[(HFH

a 213V V=
¢ 736R3N=N
«128354=-0n
«1753Q8-0n
e214094=00
«246510-00

«24651N=-Nn

Pl alatalatala
Mialalalalakal
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