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. ' . PREFACE .
{

The work described in this report was performed by the Applicd

Mechanics Division of the Jet Prnpulsion Laboratory under the cognizance _ :
of the Mariner Jupiter/Saturn 1977 Project. The work was originally pre-
pared as a paper which was presented at the Winter Meeting of the American
Nuclear Society held in San Francisco, California, on November 16-21, ,
1975.
1
%
;
1
i
§
]
i
. ~’
v g;
SR
j
5PL Technical Memorandum 33-765 iii g
j
. _ e e
[ ’t- .u._:«x:.,aiw&éé;;é.é.'z»_‘w ’El PR A S RVLE SN SENIE VSR TUCIE L o SLASRTER- SR e R ‘A_ e bt ‘ B e S -

s



CONTENTS

—

I. Introduction . e e e e e e
II. ’:‘Summary‘ ...... SN .....
"-'_A.‘;Dé.ta'mow' ..... e e et e
) B.  Software ............ R
111, One-Dimeﬁsional Calculations ........... B
- A, Slant Path and Center-of-Sphere Kernels ........ .
| 'B. SHIELDPrograrh ...
- C. | Minimum Path and Angular Transmirsion Kernels . ...
IV. = Complex Geometry Modeling . ..\ ..o c.... ‘. .. c e
A Surface and Region Processors .................
- B, Elecé_tronicé Bays Processorsi e i e e P he e
C. ' Boards Processor "“""T‘;""-""-""'.'
D, '- ljes_ign Processor .. ... I I R ... ..
’ '»;: E. | Rotate and Trvanslate PrOCESSOTS v oo e s i mme e venns
F Camera and Picture Processors . ... e .: .o
V Thrge-Di;nensional Calculations - e e e e e e e e e e
A SIG'MAPrograln'n.‘.’ ...... ......,..‘.....;...;.‘.
B Shié;ld Optimization «e..0..... .. e C et e
. V! -Conciusiér-xs ....... . ......
~Re£.e::x"'-énc.es ..'4.'.-;.......--;.'..._.'.’...,...‘....'..;
APPENDIXES . |
A. :SHIE_ILD, Numerical Method . ........... '.‘. .. .4. .
B Miﬁimum?athKernel...;.......;...........
. | PRECEDING PAGE BLANK NOT FILMB!I_
JPL Technical Memorandum 33-765

- — e
. o G e Al b Fuet e b e T G e s AN ms imtr g e

' : L ' !

o

o W [+ - B - ] > ] -~ -~ ~] -~ o o

—
-

19

28

AN s Aol

Y, VAL SN LA SN LS




R R L

"FIGURES

1.
2.

3»

4.

10,

vi’

Fe

Mariner Jupiter/Saturn 1977 spacecraft ..........

Electron and pf;"ton radiation transport
software flow'diagram . ... ..cc0ce000coes

BETA I1/SHIELD/CHARGE companson for
sphencalgeomet"y t e e s eiec e e e s ae . s s e e

_SHIELD/BETA II/SIGMA comparison for
slabgeometr\'........................-....

SHIELD/SANDYL comparison for transmission
through a 2-cm slab of aluminum . ... .. ¢ceee0 oo

Schemaiic illustration of the sequence of rotations
and translations used in SIGMA to position an
electronics bay at its proper location in the spacecraft

' Comuter plot of the command computer subéystem.

The geometry model consists of 244 quadratic

surfaces bounding 142 material regions ...........

Computer plot of the photopolarimeter subsystem,
Tke geometry model consists of 108 quadratic
surfaces boundxng 56 materxa.l regions. .........

Shield sensitivities for the Canopus tracker for
onedosepoint . ... . ...l et eeaean

Shield weight optimization for the Canopus tracker
foronedosepoint .. .......000..

o e 0 0 0 s 0 0 @

JPL Technical Memorandum 33-765

ORI - U AP S PRU S S APV SRy SIS I ORI TSRS S - SUNIG: U VDS P uve SAO PSR S

12

. 2 .

13

13

14

15

16

17

18

i e g foes

LI Ul T s L i

e N

G S e e £, T e e S A 10 LSRRI St A e 47 S SAWTII TV NN SATERN Ty W TN = 5 e srvvevan e wre a0 s | ¥ AN AVTEY

AT RTINS

3

R

e i i T et T

S P A

et ks

L ST rreenr gy



ABSTRACT

The computing software that was used to perform the charged particle
radiation transport analysis and shielding decign for the Mariner Jupifer/
Saturn 1977 spacecraft is described. Electron fluences, energy spectra and )
dose rates obtained with this software are presented and cor.ipared with S

independent computer calculations.
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REPRODUCIBILITY OF THE
ORIGINAL PAGE 15 Prink

1. INTRODUCTION

In situ measurements of the Jovian trapped radiation were made By
Pioneer 10 in December 1973 and by Pioneer il in December 1974. These
measurements: revealed a potehtially hazarcous environment for MJS'77
spac'e-cz"aft electronics and some surfaces. As a result, the Mariner
Jupxter/Saturn 1977 project carried out an 1ntens1ve study of the charged
particle environment derived {rom those measurements and the effects of
that environment on both spacecraft and mission design (Ref, 1), Tlns
report covers one aspect of that study the radiation transport analysis

and shielding design.

- Radiation a.halyses were performed for virtually all of the engineering
and science subsystems of the MJS'77 spacecraft {Fig. 1) with the computer’
programs described inthis report. System level and subsystein ievel shielding

for the MJS'77 spacecraft were based on these radiation shielding calculziions,
s I SUMMARY

A. ‘DATA FLOW

) A flow diagfam of the main compu‘ter programs is shown in Fig. 2.
Unshielded electron and proton radiation environments are input to the
SHIELD prograr’d in the form of flux and fluence energy spectra for a pé.rticu-
‘ larvt_ra.jectvc'ry derived from Jupi't_er electron and proton and solar flare pro-
ton'fadiatipn models (Ref. i)._ The SHICLD pregram outputs include ‘one-
dime}lsi—onal attenuation kernels such as dose or fluence vs absorber
thic.kne'ss for electrons, p‘rotons and secondary photons (bremsstrahlung).
Ihis.IinfoimatiOn, along with the spacecraft and/or s;ubsystem geometry
and mass distribution descriptions, is input to the SIGMA program (Ref. 2),
which uées three;dir‘:mensiona] ray tracing to obtain dose and fluence esti-
mates at in.ernal spacecraft locations. The SOCODE program then uses the
SIGMA shield sensitivity data in r'ombma.tlon with a predetermined set of

radiation level criteria to obtain an optimum shield configuration.

lDo'se' is generally expressed in wunits of rads, whecre a rad represents
100 ergs of energy deposxted per gram of materxal. In this report the
material is silicon. :
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B. SOFTWARE

Several cha}ged particle shielding codes were developed and/or
revised during the course of this work. The SHIELD pi‘ogra'.m, written at
the Jet Propulsion Labor'at:_er, subdivides materials into many small | '
layers; within each layer, incident particl-s are transported using the con-
tinuous slowing down approximation Jor a set of solid angle bins. The angu-
lar distribution is réviscd ét the surface of eack layer using angular
straggling distributions, The revised distribution is then used as the inci-
dent data for the next layer.  SHI£LD uses the BE".'A-IIVprogram (Ref. 3)
cross section and source spectra processors. Gutput includes angular
fluxes and flux responses’wit!.; slab aad center-of-sphere kernels, both
printed and punched. Results for both differential and integral fluence are
in excellent agreement with calculations performed using the BETA-II and

SANDYL (Ref. 4) Monte Carlo computer programs.

The original SIGMA éb_mplex gedx_netry program interpolated center-of-
sphere kernels using slant ;;ath mass thicknesses for each ray used in the
solid angle integration. This kernel ag:ees with Monte Carlo calculations
for spherical geometry but underestimates radiation leveis for sl:'.b'geom-
etrv. A revised kernel was’_ implemented which agrees with Moﬂte Carl»

calculations for both slab and spherical geometries. Tl1e revised kerael

"uses perpendicular muiss thickness (estimated from slart paths and normal

derxva*xves at macerial boundaries) in conjunction with a depth dependent

power law for angular transmlssxon.

The geometry descnptxon and ray tracing port.ons of SIGMA received

extensiv. modifications, mc_ludmg simple input for multiple bay spacecraft,

_recognition of simple geometric shap'es' with multiple bounding'surfaces

a.id implementation of CRT plotting capabilities. "In addition, the require-

ment for exphc.t descnptxon of void \olumes was removed /

The shxeld s-.nsxthty optxon of SIGMA was extendad to include auto-
matic recognition and retention of shield crossing combinations. This sensi-
tivity information is used for designing spot shields for critical compcnents

and/or increasing vehicle surface thicknesses in an optimum manner.
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' ill. ONZE-DIMLNSIONAL CALCULATIONS

A, SLANT FATH AND CENTER-OF-SPHERE KERNELS

~ A typical one-dimensional attenuation kernel is the radiation level,

s ) . - . ) --
Dsphere(x)' at the center of a sphere of radius x, due to an externally inci

dent, cosine-distribu’ed radiation source (isotropic flux 2nvironment). This

" is the kernel used by the original SIGMA program. -The kernel can be gen-

erated by several methods and is supplied to the three-dimensional program

as a tabulation of radiation level vs mé.ss thickness._

The CHARGE program (Ref. 5) is a one-dimensional code which uses
the basic range-energy relation, modified hy aprlying electron transmission

factors derived from curve fit Monte Carlo data (Mar formula, Ref. 6).

‘The BETA-II program uses Monte Carlo methods to predict electron

tranamission. Center-of- sphere resclts were approximazted in slab geometry
by '
4

(x) = =5 AD(x, cos 0)

Dsphere
where x is the mass thickness of a slab, 8 is the off-nornral scattering angle,
and AD (x, cos 0) is the radiation level contribution frcm the forward directed

portion (0. 9 < cos € < 1.0) of the 2lectron transmission; 1. e., only those

particles transmitted within Af2 steradians of the slab normal are counted.

Figure 3 is a comparison of a one-dimensional kerne} as generated for
the Jupiter electron environment (Ref. 1) using the CHARGE and BETA-I
programs. Both problems assume incident isotropic flux and cosine source
angular dependence fcr an aluminum spherical shell absorber with the dose

point at the center.

Exccllent agreement between CHARGE and BETA-II was obtained
through 4 g/cmz. Divergence beyond 4 g'/cmz is attribute? to the ‘reatment,
by CHARGE, of the high-energy ( >10 MeV) content of the Jupiter electron
environment. First; the Mar transmission formula was based on earth
trapped radiation energies; i.e., <10 Mev. Second, CHARGE assumes that

electrons slow down while traveling :n straight iines (i. e., straight ahead-
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approximation). This assumption leads to overly conservative flucuce
FpT P

estimates.

"B. '; SHIELD PROGRAM

: . The SHIELD program was written to retain the cost effectiveness of
.CHARGE kernel .ge'neration while removing the deficien_ies for energie-
greater than 10 MeV. SHIELD uses the BETA-II electron/photon cross - .
section processing; howaver, kernels are generated by numerically integrat- .

ing the one-dimensional transport equation.

Numerxc..-. methods used in the SHIELD program include (see

Appendxx A):
(1) Subdividing material layers into many differential sublayers.

(2) Using condensed history angular straggling distributions

(Goudsmit - Saunderson method) for each differential sublayer.

(3) Regrouping of electrons after each differential sublayer into a

“ixed energy/angle mesh before proceeding to the next sublay~.r,

. The efficacy of this approach, i.e., the excellent agi-eement with Monté
Carlo calculations, is seen'in Fig. 3. The BETA-II calculation used sepa-
ratq runs for the high (>10 MeV).a.ud low (<10 MeV) energy portions of the
speét‘ruin. -The SHIZLD run reguired about one minute of Univac 1108 time,

-whi‘le the BETA-H'calculation required over 30 min.
. Other SHIELD capabxlxtxes incluce:
_(l)- E':ergy deperdent flux output.
(Z')- Angular. flux output.
= '(3)"  Multiple response functions.
:' (4) A ‘ Pu;xéhed card output ke.rnels for SIGMA. o ot
(5) ‘Proton/heavy charged particle tr#nsport.
(6) ‘Séc;)‘ndary brgﬁ\sstréhlung kern;ls.

{7) Angular incidence, inciuding monodirectional.

4 o * : _ JPL Tzchnical Memorandum 33-765 -
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C. MINIMUM PATH AND A.\’GIUL'AR TRANSMISSION KERNFELS

The major deficiency of slant path kernels is that they are correct
only . ii material distributions-around a receptor are actually spherically

symmetric or if the charged particles are not ceflected during tiansport.

‘Figure + indicates the "ei'.ro.r introduced by using slant path karaels
with the Jupiter environment (Ref. 1) for simple uniform thickness slab
geometry. In view of the unc:o'nr-ervative results (underest‘.rﬁate_ s) and of the
many spacecraft volumes which have a slablike geometry (e.g., points just
inside vehicle skins), an altei-nate one-d.mensional kernel, D(x , O,
was generated by SHIELD and 1mp1emented in SIGMA. In this kernel
X in (r, f1) is the minimum mass thickness path at the dose pomt T in the
direction Q; e.g., for slab geometry, X nin (r, f2) is the slab thickness,
regardless of the reiative direction between {? and the slab normal. This
kern=l is assumed to have an angular dependence of the form ‘

~ D(= A=‘ -.{[l,jsphe,x-e(z."] (gos _mc‘z}-l
where z = xmin(r' o, n sphe e(z) is the dose at the center of a sphencal
shell of thickness 7, ¢ is the incident an"le, and c(z) is a depth-dependent
exponent. Bv reauiring that _thts kernel correctly predict both center-of-

sphere and slao geémetry reisults, c(z) is simply -

g (2)
E(z) = sgher(ez)
T slab

and is obtained directly from SP:I“LD calculations (see Appendxx B). As

seen in Fig. 4, this kernel ‘,s exact for slab geometries.

Using the SANDYL computer program, TRW reportei (Res. 7 aadi-

tional verification of _SHIELD-genera'ted‘ kerne.s. Typical differential flnence

comparisons are shown in Fig. 5 for transmission through a 2 cm slab of

aluminum.
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IV.  COMPLEX GEOMETRY MODELING

A description of the distribution of spacecraft materials {model) is

required by SIGMA for radiation level calculations. The material distribu-

tion around specific dose points-is obtained by ray tracing outward fromn

these points.‘l The ray tr-cing methods of the FASTER III (Ref. 8)/

BETA 1I/SIGMA programs required explicit descriy ions of all volumes in a

geometry, even if void. This requirement was removed because of lengthy

- voids of complex shape in the space-

input réquired to describe the mamy )

craft, The spacecraft models usec in the kernel analysis are fully compati-

ble with Montc Carlo analvsis methods.

The SIGMA and BETA-II program iiles both utilize a series of user-
oriented input/outpr* data processors. The proceassors described below ‘

were used extensively,

A. SURFACE AND REGION PROCES' RS
. Some parts of the spacecraft wer scribed by the surface/region
methods of the FASTER-III and BETA- rograms., Each region is defined

by specifying the surfaces which form it. boundaries, where each surface
is defined by a general quadratic equation:

_ ' 2 2
Gi(x, y, z) = ao+alx+azy+a3z+a4x +agy” +tagz

+ agxy + agyz + agzx = 0

where the 2) are the surface coefficients.

Material regions are then defined by specifying the particular surfaces
(simple planes, cones, cylinders, or spheres) .aat bound that region.
Regions of the MJS'77 spacecraft described by this method include the pro-

peliant tank and the high-gain antenna.

lAluminum was used as the reference dose material.
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The method of material distribution description given above was

. simplified for use by the MJS'77 project.

B _ELECTRO.\ucs BAYS PROCESSORS
" The MJS'77 spicecraft has ten electronics bays of similar gecmetry. '

An input processor was written to generate the surfaces and rzgions com- , :

prising each bay. Input parameters include:
(1) Mumber of bays. '
(2). Thickness and materials of each bay wall.

(3) Total +=»ipht and material of the bay intérior.

-y

In geueral’,'.al_l bays excepr the one of specific interest were described

by a emeared density which conserved mass, vclume and shape,

Tl Lok e e

C. 'BOARDS PROCESSOR

_Several electronics bays had interiors containing a series of parallel
e)ec*romcs boards. An input processor was written to accept a simple
input’ for pa.radel board geometriez all having common transverse

'ooundanes.

PSPPI RIPE U RO D

~
oo

D- -'f'DEs'm\' EROCESSOR
Other electromcs bays and all of the science mstruments required
» more complxcated geometric fescnptmna. They werc composed of many
: parts, ca.ch with a dxfferent, but simple, eorhetry. Again, a special input
processor was developed to generate the surfaces an+ regions required to°
J ‘ describe these parts. Recognized shapes include plates, cylinders, annuli,
.spherela-", ani truncated cones. This proces'sor included error testing for

ov,er']apbf 1egions.
E. _ROTATE AND TRANSLATE PROCESSORS
" The interi‘or of eacﬁ bay was described in a bay-centered coordinate

system. This-déscr'iptlion was then rotated and translated, b: the j:rogram,

to the approPrlate spa-ecraft coordinates. This procedure is schematicallv

ﬁ‘h@#nﬁﬂf‘-‘w‘% R P WS L TN s The 3 e e 0 T s v 30

mdxcated in Fxg. 6.

JPL Technical Memoraadum 33-765 . - Y

L et s T i R TR B I SO

e e e e TR

[C P



ST S, QI 2T RS T s s ey et e o e vy mwoviy VTR N ST T R s e e AR e
—— —————— e - [ A 2 1 RV R LRI Sy LRGSR PRRGSATEa Sut) DS T

ARl T .o o ¥ "5 i

This same rotation and translation capability was used for detector
points; i. e., detectors were specified in the bay-centered coordinate system

and then moved to the appropriate bay.

F. CAMERA AND PICTURE PROCESSORS

Two plotting routincs were used to facilitate geometry checkout. One

voutine (PICTURE) generates printouts of geoinetry cross sections (Fig. 7). - .
The second picture routine uses the CRT plot capabilities of the CAMERA

program (Ref. 9 and Fig. 8). .
V. THREE-DIMENSIONAL CALCULATIONS

A, SIGMA PROGRAM

Radiation levels are calculated in the SIGMA program by numerical
integration over solid angle of the one-dimensional attenuation kernels. For

example, the dose D(r) is given by

n
D(r) = 5= [ Dix(r,{)dN = TIEZKiDi"“’-Q” a
4n i=1

where D (k (r, 1)) is the dose that would be received at the dos.: point if the
. moss thickness x(r, {1) of materials encountered in the differential solid
angle df) about the direction {) were spherically symmetric about r. The con-
stant Ki is associated with the numerical integration scheme (e. g., Ki = 1
for midpoint integration). Typically, for MJS'77, the polar and azimuthal
angles were each segmented into 26 divisions, making an angular integra-
tion grid of 26 x 26 = 676 solid angle sectors (ray traces). Geometry
mockup capabilities available in ray tracing programs such as SIGMA permit
very accurate representation cf mass distributions. SIGMA accepts multiple
radiation-type kernels (electron dose, proton fluence, etc.). Ray tracing
about a detector point is performed only once; as each ray trace is per-
formed, the contribution to every radiation type is obtained. - In particular,
211 SIGMA runs output both slant path (center-of—sphere) and minimum path
(slab} results. ’ ‘

8 . ' JPL Technical Memorandum 33-765
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SIGMA outputs include mass path distribution (both slant path and
_minimum path) and sensitivity of radiation levels with fesPect to shielding
" added to particular (user-specified) surfaces. This shield seasitivity output

includes recognition of unique shield crossing combinations, e.g., none,

AT BT A S B A QUG T

one, ‘or combinations of two or more, with corresponding output for the
variation of the radiation level when tl ese shield thickness are varied.

. Typical dose sensitivity data for one dose point ie shown in Fig. 9.

ooy
.

B. - SHIELD OPTIMIZATION

SIGMA obtains shield-sensitivity data for one or more detector points

N S} AR T A BT

and optlonally saves the data on a permaneni file. These data are then avail-

Sl

!

a.ble for shield optimization calculations.

B

Optlmlzatxon calculations can be performed for raultiple dose points,
shields, and criteria. The user specifies the critcria upper limits and how
each criterion is formed from the individual radiation kernels calculated by

SIGMA, For ex'afmple,
.. Dose criterion = (1) X (m.uumum pa.th eLectron dose kernel)

+ (1) x (slant path proton dose kernel)

+ (0) x (all other kernels).

’I‘he user also specifies the geometry and minimum and maximum
sh1eld thickness at each candidate shield location, Candidate chields are
those spec1fled for the original SIGMA calculation plus a unit shield for
each pomt detector. Unit shields, which are spherlcal shields centered

at the dose pomt, are not obtained if the maximum unit shield thickness is

Cx

specxfxed as zero.

i
[

. The optimum shxeld configuration is calculated by 1terat1ve1y incre-

‘J-I,

'mentmg shield thickness until all criteria are met. On each iteration, the 2
82
change in the _]th radiation level is calculated separately for an increment 5}2 :

of At xn the 1th shxeld i. e.,

T AL.. = L.(t+At.) - L.(t
s S+ at) - Lo

i
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using weight equations for slab, cylindrical, and/or spherical geometries, .

A e e e mme ez e e ke Sa e al me mmin s e meqe e = - R L T = I

is the change in the jth radiation level due to changing the thickness

t =t (tl' tZ' - tn) by éti in the ith shield only, .
The corrésponding change in the total shield weight is calculated as
Aw1 = Wit +at) - W.(t)

i

either isolated or nested.

A combined relative shield worth is calculated as

z {AL../LQ)’
34w S
)

Q = AW,

where the summation is 6§er different radiation level criteria and L? is thé
jth criterion, That shield for which Q is most negative is changed by a

thickness At, and the proccss is repeated-until all criteria are met.

_The results obtained for a single detector point and a single criterion

are shown in Fig. 10. Because the optimization uses interpofations of tabu-

-lated sensitivity data, a SIGMA calculation for the optimizad shield configura-

tion agrecs with the optimization output to within a few percent.
VL. CONCLUSIONS

Ray tracing (sectorzing) tran5poft programs like SIGMA do have _theii-
limijtations, The errors introduced by using one-dimensional attenuation
kernels and by asaurmng that electrons do not scatter from one solid angle
sector to another may be sxgmfxcant. Unfortunately, no experimental

measurements that can be used for direct quantitative assessment of the

accuracy of these programs have been made for tihree-dimensional shield

10

configurations.. Nevertheless, compared to Monte Carlo programs, the
computer programs described in this report are fast, convenient, versatile,
and inexpensive. Together, they represent a necessary capability for any

project where space radiation shielding engineering is an essential discipline.
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' SHIELD, NUMERICAL METHOD.

The SHIELD code calculates charged particle transport in -

one-dimensional geometries. Thre following definitions are used in the

-numerical integration. .

s 2
ot R bt et P 2t Dk S bunah s bl st

.. DIRECTION VECTORS

Let £ denote the original particle direction ' . A g
' o - 8 = azimuth . i
Q- (icuse+jsin6)f\ll-p2+ ku : : - (A-1) 3
o f = polar angie cosine ‘
and 7' the defiected direction
> 8' = azimuth

{A-2) -

' = (i cos®'+jsin 6',)-&] -p.'z +_kp'. - ’
S .. " |n* = polar angle cosine -

Then the cosine of the deflection _.:-.naly.«_sié

8'-6 (A-3)

]

ps~ = - = v«_’l - y.z | I p."Z, cos w+t pu' , w

_IL. LEGENDRE POLUNOMIALS

By definition

Py = 122 - 1Py - (- D Py ] e

AP, AP, () o .
_- 1 241 £-1 : ,
»Pf (“? T 2€ + ll_ dp - dp ] (A-6)
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EPRODU AGE 1 YOOR P
)R\GL\"*L b
£
_ i
b : : _ A b ~,
.1 ' .
T cem— . - {
3 Pe(l‘)dp = 371 [pl+1(ﬂ) pe_:(l"]a (A-7) i
: | 3
The addition forr..ala for azimuthal symmetry is equivé.lent to ’ }
. . i ]
| | P
Pp(l- ') = Pylug) = Pplu) Pylu') (A-8) o
. B
For forward directions, the following is defined: - I
|
1-Py(w = Byl (1 -n) (A-9) f
i
It follows that !
Bow) = 0, Biw = 1 (A-10)
and from (A-9) and (A-5), ; 1;
_ ) ' » X
By = 3{ee-nivus, W) - - 0B, ) (A-11) §
| . ||
- It can be shown by induction, using (A-11), that é 5
¥
20 + 1) i
Bi(p = 1) = —_— (A-12) : :
i
i1
Therefore, :
lim [1-p,m] = L2800y (A-13) -
£ ) 2
u—1 !
The expansion of a general function f(u) uses the coefficients fl’ where
1
f, = 2n £(:" Pyln) dp (A-14)
- Je1
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o :
g .
f(k) = E ,El«;;wl £,Pp (W)

£=0

Finally, if fér any function g (n)
- <
glu) = g -—(1‘2—;& (a delta functicn), then g; = 8 for all ¢
III. SCATTERING CROSS SECTION

The charged particle deflection cross section ha® the form

‘dl(p) = —c
€2 (r - u+'|)2

where n is the screening angle, andn <« 1 = strong peaki'ng"at M

- It-follows that

: 1 :
' do
o = an ag (W d'u

-1

(A-15)

(A-16)

- (A-17)

- {A-18)

is the total cross section and the Legendre expa'nsion cocfficients ~re

. .

. d - N
oy = 2m '%(p) P, (1) du .

in particular ¢, = o.

(A-19)

Thus, the séattering cross section can be repre-

R SR A O

e

Al
Svin b

.
citnm Knrass n

Ak M s,

TR

RO N SRR N

0
sented by -

> '
do - £+ : iy
‘d—ff = 2—4,.—- 7P, (1) (A-20) :
< E l, . ;
. i=0 ) ;
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By def'mitién (for later usé),

. 1 .
: d A

o oo = 2| Hwl-pw e @2
- -1

or equivalently.
1 :
2 o2n | SZ (W B (W (1-pd (A-22)
U'l = em do ‘M AL B} dp
-1

With strong forward peaking, most of the integral comes from p =1, so that

T or

1 _
of ~2nBylu=1) | S5 (1~ wdp _ (A-23)
1.
a’; = -“—'l—;—ﬂ b (A-24)
- where
1
b = 2w g% (W) (1 - o dp (A-25)
: -1

Elquality in Eq. (A-24) is used for 0';" rather than the exact value from
Eq. (A-21) or (A-22).
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IV. TRANSPCRT EQUATION

The transport eguation is written as a function of particle distance

traver_sed, where
¢(s, p) = the angular flux at distance s . (A-26)
: 'fhe Legendre moments of the flux are
B
¢mis) = 2m [ o(s, w) P (W) du (A-27)

-1

Thereforé, the angular flux can be represented by

_  » :
(s, p) = Zl&“ﬁl ¢ (8 P (1) . (A-28)
m=0 . . L

" The transport equation, allowing only deflection vrea@:tions. is

s =»j ols, 1) G5 (5, . M A0 - o(s) 6(s, ). (A-29)

Sﬁbstituting for the scattering cross section yields

@

",-%3(5. w = ¢ (s, p" E —94"—1 0p(s) P () Pp(n')| dp'de’
- als) &(s, p) } : (A-30)
o , : _ .
=Y Bl o (1P (e, (s) - ols) 8ls, @) (A-31)
. £=0 ) .
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Muitiplying by Pm(p), integrating cver 4w, and using

l‘ -

Spm - . '
I Pc(p.)P (p) dp = ‘ZET_l (a3
-1 '
yields _ o A i .
a B | o - : |
S (8) = oo b (s) - alsyey, (s) = -[cr(s) - ‘;m(s)] bmle) (A-33)
or, using the definitiﬂn ot; &'fn'
<55 (8) = -q*m(é) ¢ (8) > 5= f§1¢m(5) = -o_(s) (A-34)
A simple integral yields thé_sélution
_¢m(3) =  d’m(o) _e*p - | 0':';’_(8") ds' o . (A-'35)
N . . 'A R 0 : N - - N .

where tk_1‘e>¢x‘n(0) are fhe Leg;n'dxf'e moménts ats =-0. Thus
6.0 = 2n | &0, P, m(® dp - (A-36).

Equations (A-35) and (A-36), and Eq. (A-21) for ¥, constitute the
Gaudsmit-Saundersor method. The series is truncated at order L and a

delta function component is assumed.  Therefore,

e = Bls, v e 2B (a3
24 o | B .‘ JPL Technical Memorandum 33-765
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' The moments of this equation are

ble) = TG repe O (a-38)

" Therefore,

‘o | ¢ (s) = & _(s)-& (s) . ' | ~ (A-39)

and.

s, = oy Pt [¢~ (s) - ¢L(s)] P, + ¢ (s) A= 1) (a_40)

T m

V. TRANSPORT THROUGH MATERIALS

The above definitions are used for the charged particle transport in .
the following numerical scheme. First, the shield material thickness is:
dividcd into many small layers; each fayer thickness is much less than the
range of the lowest energy electrons. Second, the range of polar angle
cosine relative to the layer normal is divided into rﬁény'interva’.ls; i.e.,.
interval i is B SRSy, where the _pi's are the interval boundaries. The
transport problem is then solved by repetitively calculating the transmitted
energy-angle distribution for a layer and using that distribution as the inci-

dent source for the next layer.

In partiéular, let‘Wji denote ihe number of incident particles in energy
grouvo j and angle interval i. "Let Eji denote the average energy of the

particles. The problem isa calculationof ‘VJ:i and E_;i or the other side of a

layer of thickness t; i.e., for each energy group and axzle interval,

- _ 1 » ‘ . .
03 “_‘i + pi+l) , the average polar angie cosine
, the path length across the layef-

x
! i
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1
M
-
B
o

.ds'., the transmitted energy

13ji : bj(s') ds' , b(s) from (A-25)

‘ B..
4>9. exp [-L(L +1) —ZE] , the fraction of particles trans-
: _ mitted into the same angle
interval.

The ene'rg'y-ang‘le distribution of deflected partic'lés is

' 3 2m + 1 pm(p) ] ~
S(E', @', 6 = W, E A, - (n! E'-E.)
W”(E s ' 0') WJl yr Apm 2’7("‘1+1 - “i) ‘Pm("l ) &( Ep)
’ : m=0 ’ . ' .
where
. 1 [ RPN
'Ajim = exp |- m(m+ 1) 5 - exp |- L(L + 1) 3

Integratmg over the initial and fmal directions and adding ‘on the undeflecte’

component yxelds the en°rgy distribution of transmission into angle interval i’

L-1"

L 'w'll. (E') - w 2m-+ 1 A.. Cim Cl'm + ¢0 5 -(E' _ En)
Y A Z iim Ty oy TS i

Whé'_xje Cim ‘ -is the integral of thé mth Legendre polynomial over the ith angle -

inferval. Integratxor‘ over final energy yxelds

group ]

26 i E o : JPL Technical Memorandum 33-765

e p— e > . - T AR AR s T e, prr-vey ' - - e e aton e




and

J 1'
group;

- JPL Technical Memorandum 33-765

(l:.') E' dE'

- 27

(% Iy

P

N PO 2 TN R TR A 5 TR S S AR SR
- . . N . . . . L - . o mo

P CLES TP bty

o geree
AR B~

o ..

Cua var PO D Er PRZIE NN ER A Sreir S gy Vet et it - g T S A S amorr

,.
i PRGNS



. APPENDIX B
MINIMUWM PATH KERNEL
For isotropic incidence on both sides of a slab,
' ’ ) t
f2r cos ¢=1 . :
D(z) = [ Sphere(Z)] (co é)c(z) -1 d{cos ¢) do : ’
N  cos ¢=0 . S -2 A
= c(z)-1 =
T Dsphere(z) H dp ., 4 =cos ¢ i
o
o fe@]
= Déphe're(z) c(z)
sPhére(z)-i_f' DSpheré(.z) ’
c(z) - /D h (')
SB ere
slab(z)
D(z) = Dgy,p(2) ;
For isotféf;ic incidence on a sphere, p = 1 and 4 ‘
cos ¢ l : ' B C o
) c({z)-1 C N aa
D(z) f f . [ sphere(z,)] (I-l) d{cos ¢) do6
cos ¢=0 : :
so that, from A(.B.- 1)
D(z) = Dsphgre(Z)
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