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THE THREE GROUP, THREE REGION REACTOR WITH SHELLS

£ 4/_-— 5—/.‘7_é_

~I. Introduction

The first part of this report is intended to be an outline of the theory -

of the three group, three region'reactor with shells. Derivational detail is

avoided and may be found in another report.(l) It is hoped, however, that suf-

ficient information is presented to'saﬁisfy the average user of the three group,

three region reactor code.

‘The second section is written as an operation manual for the main code

S,

.

and the two auxiliary codes. .The form of input data and the mechanlcs of code

running are treated in considerable detail.

I11.- Theory
A. Differential Eqnations‘and Boundary Conditions

1. Differential equation. Nine equatipns apply'to the regions:

(@]

Dyy {Ej(r) + f%j(r) + B?} - {;aij . zxij} 0;5(r) + Ty4(r) =

.le(r)' = {13"13(") + fajtbaJ(r) + f3J 5J(r)} (1 - SJ)A

T,4(r) {13 13(r) + 25,0,,(r) + 25,0, (r)} 5. + I <Dlj(r)

T3j(r) = zx23¢2q(r)

(1)

Séon to be published.

(1)

(2)

)

(4)

Ldy_ U
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where

i denotes group,

_'j denotes‘regiqn,

D = diffusion coefficient,

¢ = flux, -

.0‘;.0“' = 'first, second derivatives with réspect to r,

y = 0,‘1} 2”for slab, cyiindér, or sphéfe,

r = distance from origin,

VBE-'= unreflected buckling for ith group,

‘Za = absorptlon cross. section, i

_ix =f transfer cross sectlon, i.e., probablllty per unit

' path length a neutron be transferred from one group

~to the one below it,

AT = source term, -

fij‘ = vZf , Zf = fissiqn cross section,

el ”s fraction of'neutrons born intp the second groué.

2. Bbundarj conditidns for the differential eqpation} The boundary

conditions are:

{1}1J¢13(I ) + elesij<bij(I)} A {13 i, J+l(J )+ 2D, J+1Q1J¢l j+l(J )} (5)
I;{ 5(:[3) + 2D, 15513 13(I )} -0 | . A (7)
0;,(0) = o T )

. g5

-~
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whgre Ij dehotes.thg inner radius of the jth shell, Jj denotes the outer‘radiué
.df-the:jfh}shell, and P, Q, R, and S are definéd in the notes on anisotropic
scattering in thin shells by R. R. 00vey§u.énd R. R. Bafe.(k) Briefly, they
may be described as followé: ' '

If one considers, at: most,.two COIIisiqnsAof4a:neutrdn in a thin shell

and seeks expressions for the currents, casting these expressions into familiar

‘@iffusion theory form, there results: L
‘ . AT £ :
for the forward exit current, P°£l) . QDo (1? 3 ‘ (9)
' : ’ ) - : - 1, ’ o .
for the backward exit current, RQiI) - Spo (Iz . - (10)
. ' 2 A ‘

\\

The P, Q,:ﬁ, and § which are coefficients of the usual ‘diffusion theory.
terms’ are somewhat'égmpliqated functions of the shell‘constants.v It islto be .
noted that in (5), '(6),'and (MR = (1 Qﬁ), s = (1+58).

' Now, defining o

Tagg * By 2

W8
n

Ny
J Dy
_ Iy
pij = D
1+1, 3
ot = L
B Dij
fis
f;.j = _-1J ,
. Dyj

(l) Appendix.



(1) may be written as

0(r) + Loiy(r) - oy 0y5(x) + Tfy(x) = 0, (12)

'”while (2), (3), and‘(h) become

Ti'_"j(r) = {fIJ.Qlj(r) + fgj%j(;)_ + f;j¢33(r% (1 - aj) , (13)
.ng(r) = {f"iJQlj(r) + f§j¢23(r) + f;j¢3j(r& 85 + plelj(r2 ;o (11;').
gﬁ)=%ﬁﬁ). (15)

B. The Diffe#ence EQuation and Boundary Conditions

1. Difference}equation; The difference equation which approximstes

(12) with an error of order n* where h is the lattice spacing,

1 +‘h?72 _ hey _ oh?| o(r + b) - 20(r) + o(r - h)

12r®  6r2 12 n?
_7_ _ h272 _ mha + 7h2 @(r + h) - Q(rr- h) - a¢(r) + T(r) (16)
r 12r2 12r 61 © 2h o

_7Tr+h) -T(r -h) Tr+h) -20(r) +Wr-h) _ ,
on | Cn |

| o 2
Multiplying through by %?, (16) is put into the form

Pelyry - Ul + Ryl g + 8¢ = O (11)

Vg .,
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where
Qk = flux at space point Xk,
P = T2y 7(y - 2) n® _ 2y -.2) W o_of oy - (18)
2 k- 242 - W8 2k 481 .
o 2 2 , - '
g = 1+22 2%Ah A (19)
' 12 r 12
: : 2 ‘ 3 * %
Ry = i_;zé.,,ﬂ?_-g)h_f7.(7-2)h _% 2 (20)
2 4 2kr® 48 12 2h  W8r
v
,_ 3 S5 w ' - o ,
S = ATien + 35 Tk * BTk | (21)
: h 1
Ay = 28
48r 24
-1
% T o der
and’ now
L Ty
* = 2 81] iJ _ g2l 42
ay's a; by = { — B%{ b - (22)
1iJ
2
% = 2 _ zxijhj
Pig - Pify T 3
i+l,J
2
£5 = £ .h% B
J 1J
Dlj
) Ds s
DlJ = EJ'_J_
J
= 2 +
T = hT, -

t94-7



6

Note subscript k refers to the space point. The Py, Q, Ry, and S; above

should not be confused with the P, Q, R, and S of the shells. They are not the
game nor are they related. ‘
2. Inner sheil boundary conditioné for the difference equation.
a. Form II of original boundéry conditiéns.. befiniﬁg’quantities |

which will hereafter be used to.describe thé'shells,

28, = PS +RQ
232 = RS + PQ
28; = §° -q° -

'25)4, =:R2_"P'2).
saying

R Me Ny Ly |

‘h . .
+ — +h) -T(r - h
= 4T*(r +'h) - T*(x - b)

wvhere .
2

Mk=l+&--zll-2-,.g—

2  6r - 12r 12
h
y = 12
k | 3r

2 o

and finally defining

- 4 : ’ | A
Yy = (%) ~ 147 % , t = shell thicknéss ,

(5) and (6) may.beAwritten as

wqdn.g

(23)

(24)

(25)

(26)

(27)

(28)



2D162 (T

-

3¢ 3% & *
2D1B M0y g + (By + 2D1BoN;) @y + 2D1‘32L191_-1 1+1 - T1.1)

29
Yneﬁl - (29)
: T+l "

e

= 2ﬁ1M29J+l + YD B, N,y + YBD; BlLQQJ 1 ¥ Tr1)

%€ .
DIB3 % g
(Pryy - Tpoy) = B0, (50)

2D7BsM 0y 9 + (2D133 1+ Bp) Og + 2D153L1 1%,

This is a new form of the boundary conditions &t the inncr shells.
b. Space points in‘the shells. The subscripts on D¥, M, N, and L
indlcate in thls 1nstance, for 1, the region interlor to the shell and, for 2,
the region exterior to the shell. Two ficticious p01nts have been introduced
above; namely, I+l and J-1 points. The sequence of poihts at a shell ig shown
in Figure i. .
o t
————

T N R - - ,
Region 1 = | i Region 2-

' T
z !
: :
! '
)
R

{

I-1 J I+l J—l J J+l

r—-o

N ’ 4 Figure 10' Illgstrétion of sequénce of spacé;points at a shell~

It is .as though the shell'has been removed. J-1, J, and J+1 points have
properties of Region»Zthile I';? I, and I+l points have préperties of_Reéion 1.
Shell préperties appear oply ih the B's and in Y. Note that the lattice spacings
néed not be thefsame'in Regions 1 and 2. Even though it shoﬁld happen hl >t - hy
such that i+l lies to the right of J-1, the order of Figure 1l is always con- |
sidered to hold. 1In the case of no shell, t = O and I+l coincide with J+1,

provided hy = hp- ‘ ' ;

ey -0
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- ¢. Reduction of form II to region interior dlfference equation
form. Now, by ellmlnatlng 01,1 QJ, and Q;_; from (29), (30), (17) at I, and

(17) at J, one gets the form

Proafy-1 = Qrafpen * Bpaafr + 81 = O - | (31)

Elimination of Q3,10 0> 8nd O _; gives the form
P

3-1% - Qafya * By +850 05 0 - (32)

(31) and (32) have the form of the difference equation within a region.
Upon‘computafioniof the coefficients ‘the shell indeed has been removed. The

coefficients are:

PI+;1 = 2+ ZI:C') RI(RJMJV - PJLJ) By o - - (33)

. . (Boe: N
- 2Dy (RyMy - PyLy) {— 2:.:.J - 2B5(Q My + PyNy)

Q1 = 9
Dy
RIPBY - p 1
Rry = " 2B2 Ry (M 8 A PNy - Py % (QILI + Ry N )}
- hD;:B3(QILI + RN ) (M@ + PylNy).
’ _ | : Di 7t
sI+l = RIPJ {232 :WI - 251 (1 + ) hD*RI 3 I(PJNJ +M Q )

2 :

and

(VA4 RV



__ RyBgby _Da
PJ_l = — - 28 %J(RINI#-QL) lR (PN +QJMJ}
- 1 . !

+ by B3(RINI + Q’ILI)(PJ'NJ + Q)

O
"

RiBo

51 = W(RM. - LP) .
1

+ 255(RINI + Q,ILI)}

g
[}

[}

Dy

21’.131{51".’1 <€°‘ - 9 * = Ban} + DB B W (RoNy + QqLy)

where
R AT
W= (T TIW-l).'*I.II -
12 . Ry
! | | wsy
- s J
» R Sl (TJ+1 T3a) -

Py

3. Other boundary conditions of’ the difference eQuatioh.

'a. Introduction of [3 & method. Now'a_ssuming'.the.relation
& = D v &

it can be peen’

(34)

(:S)

(36)

(37)

(38)



[e(Ricbyeq + Sg)

- Py

b. Boundary condition at the origin. . Using (8), the boundary
condition at the origin, '

= —2@=+y)
2(1L + y) + o

2sg | 2(—1% TG + -1-12- T}“_)
2(1 + 7)) + a® 2(1 + 7) + a¥

4 =.

c:  Boundary condition at the outer boundary. Defining

S
Bs = N
- Ry
: _ .'1' # ¥
Xy = 7T Ty

12

10

(39)

(0)

(41)

(42)

(43)

where N subscript indicates the outside boundary, the outer boundary condition

becomes

) | (L Oy
2BsDiXy + 4y |1 + 2B5DY ( lile + Ny o+ Llr'N-J)}

285Dy + Iy {l + 285D (N + Lerei)}

g1 =

Note that subscripts on D, L, M, and N are - unnecessary since fhere'is one

medium only with which to deal. They have been retained for consistency. '

(44 )

‘At this point the:diffefence equétion has been revealed and the bounaaTY-

conditions put into suitable form. The balance of the paper will Be concerned

with the codes.
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III. Codes
A. . Main Code, Three droup, Three Region
l. Code logic. The calculation rqﬁs as follows:

. ﬂl) A flat sourceAis infrodncedAih fissionable regions;’

Zero source élsewhere°
'2) Fiysf group TB and 4, are calculated; thén, by means

of (40) and»(hl), the P;s and Afs are,calgulated4to ﬁl,
thé'space point of the inner surface éf the first shelll

3) [™s and A's'are calculated through the first shell

by using (31) - (36), (40), and (K1).

h) ™s and A's afe calculated through the second region{
. A o . the second shell, and the third region to the outside
boundary. |

5) ‘(hﬁ) is satisfied at the outside bhoundary.

6)° (37) allows computation of the Q- After each Q) is ' o .
comfuted, the source at k to the next gfoup is found. |
‘The'calculation works in tor = O from the outsidg
boundary.

T7) With thé computed soufces, the calgqlafion is repeated
_ for the second group. Sources for the third group are
coﬁputed. |

8) The third group calculation is done:.’

9) The third group fluxes are added over the reactor apd

normalized corresponding to the differential operation:

' é 05(r) ar i '
~ , g , = ZI7; i~ iteration .
. Jé‘ ar

Caw—| ¢



10) k is coﬁputed by the quotient i% , 50 beiﬁg a fixed
number, the largest number the Oracle can acéommodate.
11) The third group fluxes and the sources for the next
iteration are divided by k to keep them within range‘ of
£he'machine numbers. Each third group flux is then com-
pared with the corresponding flux from the previous
iteration. When the scaled thirdégroup fiuxéé from two
succeeding iterations differ by no moré then €, the con-
vergence criterion ﬁhich is initially set to one-half,
. € is difidéd by two and the calculation reﬁeaﬁs starting
with the first group and the new sources.
12) When k is computed, it is scaled by 1072 and punched
out in deci@al convehtion. € is then punched. The pro-
grammer foliows € until he is satisfiéd with the con-
vergence. He then has the option of asking for all fluxes
to be punched out.. The initiai conditions will be punched
following the fluxes. If he cﬂooses,’the prbérammer may :
- dispense with punching the flukeé and'have only the initial
cpnditioﬁs punched.
‘Since the input for the thfee group, three region code uses the constants
(22), and since it has been reéognized that thesé are not the most éonvegient"
‘quantities to speak of or to cqméute, a éonstant preparation program has been
coded :which uses more familiar Qpﬁntities and prepareé input to 3G3R. P

2. Code operation. Instructions on running 3G3R and the férm of the

output are as follows:
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Instructions for running 3G3R, Program Number 6.

E Operation
. 1. Plaéé program 6 under feader,
~ 2. 90 TFA. |
3. Pla,ée initial conditions
under reader.
L. 43 25a..
5, 'when satisfied with con-
vergence, set break point
toggie° |
. 6. Remove break point and give
) k1-1CC. "
ey T. Place next case ihitial con-
- ditions under reader.
" 8. 43 ool.
9. Hergafter give 43 001 for each

new case.

Result

Reads program into memory starting at

memory cell TFA.

_Sums all words in the memory to see if

program was read in correctly. If the

sum is correct, goes to beginning of

-code, reads in initial conditions, and

starts computing. The sum éheck;may be

used onlx once. If it is desired to
check the sum again, the sum check code
ﬁust be rgad ino} for this give 90 25A
thenihB 25A. .

Computation stops on the right of 1CE. °

Fluxes punched if desi__red° Initial con-

ditions punched alwayé.

Running time per case is 6 - 10 minutes .

LG —)y
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| . 3. Form of output. The form of 3G3R output is

Numbers System

Symbol : : Quantity _ in which Punghed 'Sca;ing
- Kt first iteration k decimal 102
?fz el ' first iteration convergence criterion hex i a1
2 NI : ' .
R - ath iteration k | decimal 107
el nth iterafion convergence criterion hex. 1
FFFEFFFFFFEF word of F's to mark start of fifét | - . -
| group fluxes
~ . Qlk(l) . first groip fluxes at 51 space points decimal | -
P FFFFFFFFEF word of F's to mark start of second - -
‘grouplfluxes
. ng(l) . second group fluxes . ' decimal -
fFFFFFFFFF . wdrk of F's to mark start of third ' - -
group fluxes N
Q3k(l) N third group.fluxes , decimal i ';
FFFFFFFFFF . word of F’s.to mark start of problem - -
- parameters
) X | case number. ‘ : " hex -
- Nl region 1 space ppinﬂs - prdduced ' hex -

as OOOQNlOOOONl

Ny - - region 2 space points hex

(l)'Fluxes'aré punched from the outside boundary to r = O. There are 44 re-

gion fluxes and T shell and bqundary fluxes; i.e.;, 51 space points.

+4 £~



Quantity

region 3 space points

final convergence criterion

geometry factor

shell 1 thickness

' region 1 lattice spacing

shell 2 thickness

region 2

region 3

group
group
group
gr Oup
group

group

. group

group

group
group
group

group

Bl for group 1, shell 1

1,

' By for group 1,

lattice spacing
lattice .spacing
region 1 a®
regioh,e o™
region 3 a®
fégion 1p”
region 2 D
region 3 D
region 1 f "
region 2 £
region 3 £
region 1lp ®
region 2 o ¥

region 3 pie

By for group‘l, shell 1

Bp for group 1, shell 2

_63 for group 1, shell 1

Numbers System
in which Punched

15

shell 2

hex

hex

‘hex
decimal
decimal
decimal
decimal

decimal

decimal

"decimal

decimal
decimal-

decimal

v decimal

decimal

dgcimal

decimal

decimal

decimal

decimal

decimal
decimal
decimal
decimal

decimal

Scaling

WG 417
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Numbers System

Symbol Quantity in which'Punched .Scaling
B30 B5 for group 1, shell 2 decimal o-1
. shll Bh for»group 1, shell 1 . decimal 2-1
- 3&12 'Bh for group 1, shell 2 decimal' o-1
= BSll ' ‘BS for group 1, shell 1 decimal o-1
Bsio o 55 for group 1, shell 2 . decimal 2-1
03y  growp 2, region 1a¥ . . decimal 2-T
GSé' o group 2, region 2 ot A . Gecimal o1
P35 group 2, region 3 p° | decimal 2~
B121 ' B, for group 2, shell 1 _ decimal 2-1
Bsap Bg for group 2, shell 2 g . decimal 2-t
A G;i group 3, region 1 a” : decimal = 2-7
Pszo By for group 3, shell 2 | ‘decimal 21

e

\Mﬁ/f
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'B. Constant Preparation Routine
1. Code logic. The constant preparation routine accepts more familiar
constants than (22) aﬁd arranges and punches them in suitable formwfor input to
3G3R. It also optimizes the N's in the following sense.

(18) and (20) show, for y = O, if @' 2 12 the difference equation breaks
down since Pk and Rk become leés than O. It has been arbitrarily said, then,
thaf a™ be no larger then k. As is seén from (22), & depends on the lattice
spacing. CPR tests a’'s for all combinations of Nl,‘N2, and'N3 subject to the
éonditions.Nl + Ny + N3 = Ly, FE_Z L, Ny 2 4,‘N3 2 4. The set of N's which
minimizes the worst a® is chosen. Thére follows a test to see if the a® < L.
Should an a*’be larger than L, it is punched out in decimal followed by the
group and region it characterizeé. The machine stops after all the bad a™'s are
 punched.

‘ 2. O?acle decimal convention. Before giving the form of the input to
'CPR, a word on decimal fixed point ana floating point gotation is in order:. In
decimal fixed point éonvention, the first digit is the sign digit. AO indiéates,
a.pdéitive numﬁer; and'F indicates a negative number. The decimal point lies
after the sign digit. For example, 0.0032 would be written as 0003200000 whilé‘
-0.01 éppears as FO10000000. This confention applies to fractions. . To repre-

- sent numbers'oufside the range of machine numbers, floating.point decimal
conveﬁtién:may be used. Ih this coﬁvention thé~magnitude'of the number is scaled
by éowers of ten until it is the largest fraction possible. It is then written
as a decimal fixed point number: Immediately following the magnitude, the expo-
ngnt of ten is written so as to bring the fraction to its proper'value.' The

last several digits in theAword,are'reserved for the value of the exponent. A

O_for'the first digit indicates a positive exponent; and F indicates a negative

¥i¢ - Lo
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exponent. For example, 320 would be written as 0320000000, 0000000003 while

-0.01 takes the form F100000000, FOO0000001. A O must be written as 0000000000,

8000000000. Note that these conventions may not be used by the programmer arbi-

trarily. He must have a code equipped to accept them.

3. Form of input. The form of input to CPR is as follows:

Memory
Position

28

26D
28E
28F
291.
293
295

297

Symbol

g.

Rl exﬁoﬁent

Ry

R2 exponeht
R3
R3 exponent

2

t, exponent

1
t2
té exponent

e

Quantity -
Group number}‘ If neg-
ééivé, 3G3R does 2 groups;
if positive; 3G3R does 3
groups. ©See beiow.
Flux and case ﬁymbérs.
See below.

Géometry'facfor.‘
Region'l thickness.
Region-2 thickness.
Region 3'thicknessi'
Shell 1 t?ickness.'

Shell 2 thickness.

Notation
Convention

binary fixed

point

binary fixed
point
binary fixed

point

.decimal float-

ing point
decimal float-

ing point’

decimal float= .

ing poiﬁt
decimal float-
ing point
decimal float-

ing péint

(1) For slab 0000000000; cylinder 2000000000; sphere 4O00000000.

Scaling

Uhe-2 )



Memory

Position

299

298
29D

29F -

2A3
2A5

2AT

e

2AB

‘exponent’

Symbol
hy

exponent

‘Zall
exponent

Fag).

exponent

2851 :

=3
exponent
Ixp1

exponent

1
Zx51( )

exponent
D:.Ll
exponent.
Doy -
exponent
D

3L
exponent

| : ) B . .

Quantity
Region 1 lattice spacing

to be filled in by CPR.

Put in O's.

Group 1, region 1 absorp-’

tion cross section.
Group 2, region 1 absorp-
tion cross section.

Group 3, region 1 absorp-

- tion cross,section.

Group 1, region 1l transfer

cross section.

Group 2, region 1 transfer

cross section.
Group 3, region 1 transfer

cross section.

‘Group 1, region 1 dif-

fusion coefficient.
Group 2, region 1 dif- .

fusion coefficient.

.Group 3, region 1 4if-

fusion coefficient.

decimal float-

19

———
Notation
Convention Scaling

decimal float- -
ing poinél
déciﬁalifloat- : -
ing point

decimal float- -
ing point  |

decimal float~ -

A ing point

decimel float- -

"ing point

ing point
decimal floaté -
ing point:

decimal float - -

ing point

decimal float-

ing point

(1) Zx3fs are obviously zero. Put in as 0000000000, 8000000000.

UGy-22



Memory

Position

2AD

2B1
2B3

.2B5

“2BT7

289

2B

2BD

2BF

vZfBl

éxponent

Sl \

exponent

hg

vexponent

2312

ueprnent

Zapo

exponent

Zazp

- exponent

.lez
egponent
Zxpp

exponent

|
3
J
I
J
)
J
)
J
;o

Quaptity
Vv x group 1, region 1
flSSlon cross section.
V % group 2, reglon 1
fission cross section.
v x group 3, region 1

f1531on eross section.

Fraction of neutron born

‘into group 2 in region 1.

Region 2 lattice spaC1ng;

Filled in by CPR. Put
in O's.

Heglon 2 laltice spacing.
Filled in by CPR. Put

in O's

"

"

1"

Notation
Convention

decimal float-
ing point

decimal float-

- ing point -

decimal float-
ing point

decimal float-

., ing point

decimal float-

ing point

"

,Eﬁl-

Scaling

LA g 2=
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- Menory
Position

2c1

2c3

2C5

2cT

, 2c9

2CB

2CDh

2CF

} |
}
j
1
}
)

.exponent

2p1

(1) Z%st are obviously zero.

Symbol

(1)
??‘52‘)

.'exponent

Dio
exponent
- Pep
éxponent-

D32

3

exponeﬁt

?Zfl2

exﬁonent

S5

h3 )
exponent

PR

Quantity

Region 2 lattice spacing.

in O's.

_O's.

- Filled in by CPR. Put

1t

"

"

>"

Fraction of neutrons born
into group 2 in region 2.
Region 3 lattice spacing.

Filled in by CPR. Put in

Notation
‘Convention

decimal float-.

~ing point

"

Put in as 0000000000, 8000000000. -

21

Scaling



Memory

Position

op5

2b5

2D7

2D9

" ‘2DB

. 2DD

-2DF

2Bl

2E>

o
} -
}
)

. Symbol | Quantity

a 13

exponent Filled in by CPR. Put

in O's.

"oos :

exponent }' -
. 1t
a35
exponenﬁ : .
. : "
leB -
exponent
"

3

exponent

(l)

1"

exponent

exponent

n

' exponent

Region 3 lattice spacing.

Notation

Convention

decimal float-

ing point

1

(1) Zy,'s are obviously zero. Put inas 0000000000, 8000000000

22

Scaling
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Memory
Position

285

2E7

2E9

2rl

2F>

QFh '
- 2F5
2r6
2F7
2F8
2F9

Symbol

exponent

vzf25

.exponent

W‘fﬁ

exponent

-_exponent

exponent

exponent

exponent

=N
3
}
)
)
)
b

'Quantity

Region 3 lattice spacing.

' Filled in by CPR. Put

in O's

"
"

- Fraction of neutrons born
1nto‘group‘é iﬁ region 3;
Unreflected group 1
‘buckling.
Unref;ected_groupie
buckling.

Unreflected gronp 3

buckling.
Bj_,for_group 1, shell 1.
B1 for group 1, shell 2.

52 for group 1, shell 1.

Bp for group 1, shell 2.

_53 for group 1, shell 1.

33 for,group ;{ shell 2.

By, for group 1, shell 1.

Notation
Convention .

decimal float-

decimal fixed

point

" ing point

n

n

1"

. n

1"

1

"

23

2';

1"

11

"

Scaling

\/ Gy <N/



Memory

Position

2FA

2FB -

2FC
2FD
2re
=8
300
o
302,
303
304

305
306
307
308
309
- 30m
30B
300
30D

)

Quantitz

B)-l- for

'ﬁS for

;Bl for

Bl for
32 for
62 for

33 for

'§3,fpr

By for

for
Bg for
gy for
Bl‘for

ﬁé for

~p2 for

55 for
33 for

Bh for

_Bu for

65 for

group 1,

group 1.

group 2,
group 2,

‘group 2,

group 2,.

gruur~2,
group} 2,
groupb2,
group 2,

shell 1. decimal fixed

shell 1.

shell 2.

‘ghell 1.
shell 2. -
shell 1.
shell 2.

shell 1.

shell 2.

group 2.

group‘j,,

group 3,
group 3,
équp 3,
group 3,
group 3,
group 3,
group 3,

group- 3.

shell 1.

shell 2,

shell 1.

shell 2.

shell 1{‘

shell 2.

shell lﬁ

shell2.

Notation
Convention

point

"

"

1

"o

'n

",

i

7"

-1

1

"

24

Scaling '
-1

1"

\iJ

n
"
L

n

!1
"
”
Ri

"

Yqy =7
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k. vVariations of the 3G3R code. The possibility of doing a two-group’

skipped. However, something must be put in the second group positions. The
correct procedure is to make the second and third group constants the same.
All 83 should be zero.

_X gives.the programer the choice of punching fluxes in 3G3R, the first

. three digits controlling. If a group flux is desired, a 2 should be placed in

‘the corresponding place among the first three digits. For example, if first

and third group fluxes are to be punched, X appears as'2020000000;«if all three

fluxes are wanted, X is written as 2220000000. The remaining seven digits may

"be used to identify the reactor.

Note that if there are no shells, the situation may be eXpressed by set-

ting t; = t, = 0;B = By, = 1L;B; = By = 0. Bs = 0 requires the

flux be O at the outside.boundary while Bs = 1 demands the return.current
be O.
To treat a two region reactor, collapse one of the shells, place an arbi-

trary boundary, and'@gke the region constants on either side of the collapsed

shell the same.

Wheén a shell is collapeed, note that three fluxes are repeated in the

“punch.outwof43QBR; nemely, QJ+1, QJ, QJ-l‘

5. Code 6peratiqn° Running instruetions for CPR, Program V are:

Operation A o Result
1. Place CPR, Program V under reader.
2. 90 394. o Load CPR into memory starting with

‘memory cell 39k.

UGy =
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Operatioﬁ : Result
3. Place initiai conditions under :-.: "...Sum check is done and if correct, goes
reader. to main part of code. If bad a''s
'h‘ 43 394 : . punch, review init;al conditions.
5. At end of punching, édvance' Puts a double space at the end of each
tape a short distance. - case. This divides cases for 3G3R.

6. Usecorrection subroutineé to
alter basic case for nevw cases.
See b¢1QWs |

7. After all corrections give 41 OOQA.

8. Continue correcting and using

h;'OQA for rest of cases.

Running time per'case is approximately. one minute.

6. Initial conditions correction tapes. Three types of corrections

‘may be made:

1) Straight ;orrection.
2) Decimal fixed point to binery fixed point.
3) Decimal floating point té.binary floating point.
For 1, make a correction tape of the form ( / indicates single space) -
address of correction / correction / next address:/ next correction / etc.
| ... / FFFFFFFFFF /

Place under reader and give 43 152.

For 2, the tape has the form -
address 6f correction / correction in decimal fixed point / etc.
... | FFFFFFFFFF |

Load under reader and give 43 159.

Yy ., Y7



For 3, the tape should be
address of correction / magnitude / exponent / ete.
.« / FFFFFFFFFF /

Place under reader and give 43 163.

Examples of correction tape form:
1) Change case number and geometry,
28D / 2220000002 / 28 / 4000000000 / FFFFFFFFFF / ;

2) Change Bs's,

a7

2FB / 0500000000 / 304 / 0500000000 / 30D / 0500000000 / FFFFEFFFFF / s

P 3) Change’Re_anﬁxRB,

201 /'01oooooooo / 0000000002 / 293 / 0150000000 / 0000000002 /

* FFFFFFFFFF / .

C. Group Constant Preparation Routine.

For a limited class of reactors a code is available ﬁhich_computesA‘

group'constants and prepares the input for CPR. .The code may be used for iight

water moderated and reflected reactors only. Two gléments in addition to H, O,

and U may be used in the core. Only ﬁater is éllowed in the reflector. The

“theory is that described by Perryf(l)

1. Form of input. The input to GCPR is as follows:

Memory _
Position _§z§§9i Quantity Conveption
| 2E3 m Cross section indication. ‘hex..

‘See below.
2EL g : G:oup'number, See CPR ~ hex
section.

.Scaling

(1) Eerry;;ngCQngéptualﬁDesign of ‘a Pressurized Water Package‘Power Reactor”,

ORNL 1613, p. 12k ff.

Yq9¢_72,



".Memory

Position

2E5

2E6

2E7

2E9

2EB

2F1

2Fe

2F3

-exponent

Symbol

et mr—

1

R

exponent
Rp

exponent’

R3

| | ,

Quantity

. Flux and case number.

See CPR section.
Geometry factor. See

CPR section.

. Region 1 thickness.

Région 2 thickness.
Region 3 thickness.
Shell 1 thickness.

Shell 2 thickness.

Fraction of neutrons born

.into group 2 in region 1.

Sce below.

Fraction of neutrons born

into group 2 in region 2.

See below.
Fraction of neutrons born

into group 2 in region 3.

See below.

Notation
Convention

. hex

hex -

decimel float-

" ing point

11

1]
decimal fixed
point

n

”

28

Scaling
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Memory

Position

2Fh

!

308

30F
310
311
312
315
314
315
316
317

318

Symbol
.B's

N, (H)

NR(H)

| N_(0)

C
- N(0)
“N(0)
g(k4)
—1
5{?fﬁ(4i}

£(5)

- Nuclear density of H

Nuclear density of O

Notation ,
Quantity Convention Scaling

See CPR. decimal fixed
point

n ) : " n

Nuclear density of " : 10'2¥

.H in core.

- n 1"

in reflector.
Nuclear density of O
in coré.

" 1]
in reflector.

Nuclear deqsity of U
in core.

1" "

Nuclear density of

element 4 in core.

. Average lethargy loss per " 1

‘collision for element 4.

i '= average cosine of
scattering angle. ‘
Nuclear,densi£y of element B ) iofgu
5 in ébre.

Average lethargy loss per " ' 1

collision for element 5.

(1) Use volume fréétions for alloys.

gy .3 2>
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_ e
Memory . » Notation
'Posltion ' Symbol Quaptity - Convention Scaling
319- ' : 1 fi = -average cosine- decimal fixed 1
B{F_ﬁ(E) of scattering angle. point
T “04pE Inelastic scaﬁtering' " - _1021
| factor. See below.
" 31B W l ' Unreflected half width " 107
| ‘ “ of'prism.
31C . £,h . : Uoreflected half width " "
of prism or half height
.of cylinder. |
31D .' R | - Radius of‘GCPR model. " "

-“2. Variations.and‘epeciaT‘cases offGCPR m isva positive or negative
number (for convenlence, all O's or all F's) whlch, when positive, allows the
programmer to insert his own thlrd reglon constants and, when negative, agks
the program to 1nsert“1ts_second-reglon constants into the third reglon position.’

The d's are considered'to be normally O. When they are other than O,‘

change memory position 029 from 6OTFESWTFD to 6OTFDBYTFD. It was realized too
late the inconsistency of limiting fissionable maﬁerial to region 1 and yet

having-62 and.85 specified in the initial conditions. They must be zero. unless

;the regions are to be permuted.

o inE allows for inelastic scattering in the manner described by Perry.
The inelastic. scatterer must be element L.
Note that BIB and 31C need not always be filled. For finite systems, sleb

geometry f£ills both, cyllndrical geometry fills 310 and spherlcal geometry fllls

neither.

494 T2
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Regions may be permuted by setting the break point. When thé machine

- stops on the left of 13F, the region constants may be punched-ogt and read into
the proper places. Rethrning to the left of 13F punches the constants in the

e new order. The table below gives the positions of the constants:

Memory Positions

Region | of Constants

- ;‘ . 389 - 303
2 ~ © 3Ch - 3CE
5 3R -3m9

' 3. Code operation.

Operation Result
1. Select from the library of cross

. A section elements U4 and 5.

2. Place program under reader; Loads GCPR routine into memory'starting
i 90 35C. - ' : with membry cell 35C.
3. .Place élement 4 eross section LoadS*Bl values of 5oh and 31 values of
tﬁpe.under reader; 90 27B. Oy into_h position;
L, PlaceielemEnt 5’crgs§’section Loads 5i values of 30h and 31 values of
tape under reader; 90 31E. : g into,5vpoéition.
: 5. Place initial conditioné under ,' Checks the sum. If correct, goes into
A readerg 43 3A0. ' ' foﬁtine, .
i éo At end of punch oﬁt, give a ' Puts double space between cases.

short tape advance.



. Operation ' Result
7. io change initial conditiops for
new cases, see section on correc-
tions below.
8. To use. CPR, program V,, insert Alters CPR to accept output of GCFR.

correction tape number 1.

.h. Corrections to initial éond;tionsﬁ If no element 5 is‘ﬁsed, cor-
recfion routine number 1 may beAread-iﬁto element 5 positions with no other
rea@ing-in required. Give a 90 31E. With element 5, the correction roﬁtine
is placed in positioms which afé used.during the main routine. In ﬁhis case,
cdfreétion routine number 2 must be read in prior td each set of corrections.
Give 90.

| Two cérrections are possible: straight corrections and decimal binary
correétions. "Thé correction routines are so arranged that the stréight cor-
rections are glven first in the same menner as described in CFR section followed
‘by a word of F's. Then the decimal to binary correctlons are given, again fol-
| lowed by a word of F’s. The routines complete the stralght'correctlons and go |
automatically to the_decimal-to-binary corrections. When these are finished,
the main routine is entered at the pfoper place. | . |
To summarize: |
qureétién routine number 1 (qo element 5, read in once)
90 31E |
With corrections under reader, 43 323.
'Co:rection routine number 2 (wiﬁh:element 5, read in each time)
ﬁ 90 3E8

With corrections under readéf, 43 2ED.

Y99 37
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APPENDIX

‘Tréatment of Aniéotropic Scattering ' in Thin Shells

q . . :
. : ' Roger R. Bate and Robert R. Coveyou
o We'assumé that thé angular distribution of neutrons entering the shell is
_:i . ’ ] 8 2 . : ' '
- | {“?(;)E-m’(l)“}du, 0<p <1 . (1)
.2 2 . : _

,-Then the angular distribution of neutrons penetratihg to depth z'without col~

lisidns is

l . ! 2 _!?- |
N - | {0('12)11 . Do ;I)vp}e ,“‘E..’f‘.’ 0su<l; 2)

the angulaf‘distribution before scattering of neutrons in slice (z, z + dz)

ch which will be scattered in slice (z, z + dz) is

{‘D(ILP‘ - “,23]3,‘1"(1)}@- T—Lf' 9z 4, - a

2 ' 2 il

zoé_a—%f {Qg) = ém}e P py(ut) o] By

0
) | | . (3)
o8(I)Ep(rz)  30D0°(I)Es(7z) 3 | o®(1)Es(Tz) 50D¢“(I)E)+(1'z)

: » , - du dz +
2 2 2| 2

dp dz p +

1
2

| .2 0@(;) {SEu(Tz) - EQ(TZX} ) 3§D®“(I)’{3E5ﬁ7z) - E5(TZX} (gu \
2 T | oy | 2 /

+ o . o

Yl g
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The écatteringxkernel expanded in spherical harmonies is

K(isp) =n§o<2n+l> K Py (”'o = %KO Z Kyho+ 2 KQ_EQE;—> : (4)

We now state without proof a theqrem: If the angular distribution of

neﬁtrons,before scattering-is given by

D(u) & = n§0-2n2+ L D P (ik) -, (5)

and the scattering kernel is

K(ug) = §§<2n+l>1cn1> o) » - (6)

n=

then the resulting distribution after one scattering is

R(w) aw =.n*o?n * 1 K DPa(v) av . M

Applying this theorem to distribution in equation (3) the angular distribution

of neutrons,after'firsf scattering in sliée (z, z + dz) becomes

EQ o®(I)Ex(T2) _ BUDQ{'(I_)E§(72)}G+; dz +
| s e

3Ky GQ(I)E3(TZ) 30D4> (I)Eh('rz)
2. 2 2

Wz - ®
Ko [00(1) {38y(72) - Bp(va)}  3000' (1) {BEs(ra) - By(ra)} | 3 - 1
2 | ‘ L B B
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The angular distribution of neutrons before the secondfscattering in slice
(w, w + aw) which have been first scattered in slice (z, z + dz) and will be

scattered in slice (w, w + aw) is

%o gq;(I')Eg(-rz) ] 5ono*(1)E5(Tz) . c¢(1)E5(Tz) _ 3000 (1)Ey(z) ‘W
2 2 2. 2 2 2

51{2 fw(l) {33,4(1-2) - Eg(frz& . 30]5@"(1) {3E5('rz) -%(m)}} <3u2 - l>} ‘;,(9)
, ‘ > .

4 | 4
e m W gy dz = ‘ w>z

Expanding in spherical harmOnics

[021(0 {D(I)EQ(TZ) ) 3D‘P'(I?E5(Tz)} E)(Tw - T2) +
h 2 e |

) 511{1 ?(1)23@) ] 3m"(1)E4(¥z)} B (rv - 12) 4
2

, 5°Ks {45(1) {3E3(r2) - Bp(2)} _ 300" (¥) {3Es(rz) - EB(TZ)}]
v | b N b '

e X |
> E3('rw - T2) - 5 Eq (7w - frz) du dz aw +

L {50?(0 {@(I)E:(fz) _(}D@'(I;E3(TZ)} Ez(fw Ctz) A

L2 l;Kl {‘D(I)%(Tz) - ?DQ (I;El*("rz.)} Bz(Tvw - T2) +

\ .

iy -3&”
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, LooKp {o(l) {5my(12) - Ep(rz)} _ 3D0'(1) {3E5(rz) - Eﬁfz)}} _
b | " S

{g B, (v - T2) - %EQ(W - TZ)}} p.d.u dz dw +

50 KO o(I)EE('rz) 3Dd> (I) 3 g (.,.w Tz).-‘-} El(TW - 'rzl)}

. 1502K1{°(I)E3(TZ) 5D® (I)}{ B (TW - "I'Z) - E E2(1‘w ~ 'rz)} +
b 2 2 2 . 2

2502@ {q;(x) {3&(72) - EQ(TZ)} _ Do (1) {3E5(-rz) - E3(Tz)}
L ok : L

: {E E5(\-T.W - Tz) '.§‘E3(""W "‘TZ) +‘E Ej_('W - TZ)}:I — du. dz dw

Applying the theorem in equation (7), the angular distribution of neutrons
which suffered the first collision in slice (z, z + dz) and the second collision

in slice (w, w + dw) is -

2

 '02 [MI)EQ(T;) - 3D¢'(I)E3(T:z‘_)] [% E, (v - T2) + é-_K%K_lﬂ o (e - 1a) +
| | 10
5K0K2 < ) {3E3(1‘w - T2) - Ey(7v - fz)ﬂ dp dz dw + (10)
16 2 ‘ '

1H E;('i'w - Tz) +

+ o [O(I)E5(‘rz) - 3D®'(I‘)E;+(‘rz)} [2{181‘-{-1 Ey(Tw - 72) .+ 2

15K1K2 <3“ > {5Eu(w - 2) - EQ(W - TZ)H du dz A +

!

e 21
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»

2

o F a [s»(l){BEu(Tz) - E2(Tz)} - 313@'(1) {5}:5(”) - EE(TZ)H .

A [5“;“2 {3E3<w - 72) - By (v - vz)} - Sl {5»: (1w - 72) = Byl )J

221;2 <3u 2' > {9E5(‘W -TZ) - 6E5('rw - 12) + By(Tw - Tz)ﬂdp iz aw .

When w < z equation (10) becomes

o {MI)EQ(Tz) - 300 (I)E3(TZ)] { 80 El('rz - ™) -'21%‘5_1E-E2('Tz - ) +

. 1> {33;3(17; - ) - Eq(7z - TW)}:| dy dz aw +
,;6 2 . . ) : R
- ol
- 2(%{.; Ez(fz _.W) + 819

lSIiéKg <3“ 2'_ ){3E,+(Tz - TV) - E2(Tz - w)}J dp, dz (iw +

s {4’(1)‘ {BEh(Tz) - Eé(Tz)} - 3D’ (1) {5E5(-T'Z)'- E5(TZ)}]

+ UQ{P(I)E}(‘rz) - 300" (1)Ey(7z) J

- 3T

E3(TZ.1 TW) f

(11)

221;% <3u 2_" > {9E5('rz - ™) - 6E3(1'z .. 'rw) + Ey(T2 - w)}} dp dz dw -.

WTy-L,
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From equation (2), the uncollided forwerd exit current is

f{ I 3 u}e oau = 3 [¢(1)E3(T) ~ 3D0'Ey(T) o o (12)

ol 2 2

where T = Tt.

If we multiply the distribution in equaﬁion (8) by the 'probab'ility that a
neutron will go frox_n z tp t without collisibn and ihﬁegrate‘ over u, we get the.
single sqattered forward exit current

t
'r(t - z)
= Ug,,o A {qu(I)Ez('rz) - BDO (I)E5('rz)}fe TR dp dt *

S - 1 _'rgt-éz
+ ?1Kl {Q(I)Ej(‘rz) - -3D‘D'(I)Eh(‘rz)}f =) m W du b +
. Y ' | | 3

' (13)
o . 1 } T(t - 2) -
[4’(1) {BEh(m) - E (TZ)} -3D°'(.I){5E5(TZ) - E3(72%f e T m . (3 -1)quat =
‘ e BN ' 0 |

“"Ls‘

T -
f [Q(I)Ez(x) - 3D¢'(I)E3(x)} Ep(T ~.x) dxi+
0

30K

T L
f’:¢(I)E3(x) - 3D0 (I)Eh(x)} E3(T - x) dx +
0 , , |

[¢>(I) {EEh(x) -E (x)} - 3D0'(1) {BEs(x) - Ei(x)}} {BEh(T - x) - EQ(T - x)} dx

0\»&

L'{/q¢~l) ?



Similarly, the single scattered backward exit current is
oK x \ ‘.
=0 [ (o(1)R,(x) - 3D0'(I)E,(x)| B (x) dx -
bt 2 3 ‘2
0 ' N
(14)

g , ' A
30K
,%4[¢(I)E3(X) - 5D°'(I)Eh(x)} EB(x) dx +

50K, ,
+ 107 /C;[¢(I) {BEbf(x) - Ee(x} - 3DQ'(I-)-'{3E5(X) - E3(x)}} %Eh(x) - E2(x)} dx

Similariy, from equations (10) and (11) we get the double scattered forward exit

current.

5 T y ) . . . 3K o ‘ .
%;{;é,}(ﬁEé::) - 3D®"(I)E3(x)} {% Ei(y - x)Ex(T -' y) + _-éﬁl E,(y - x)?, (T - y? +

L5 | . |
| Ii%Kg {2 E,(T - y) - ;EQ(T - y)J {3E§(y - x)4- By (y - X)H ax dy +

‘ » (15)
T y : 5
EE{/;{MI)E;(::) - 3D (I)E (g)} [31{01{1 Eg(y - x)By(T - y) + %;_1. E5(y - x)E5(T - ¥) +

V)

-

. 1513{.2K2{§Eh(‘r _ Y) _Ii EQ(T -' y)} {BE)-I-(y - x) - EQ(y - X)J:I dx dy +

2 | o | g ' |
9-2- [4’(1) {3%(::) - Ez(x)} - 300" (1) {EEs(x) - E3(X)H [520:2 {5E3(y - x) - Eq(y - x)}-

. E2(T,'_ 'y) + }5—1;32-3{2 {3Eu(y - x) - Ey(y - x)} E3(T -y) +

Mﬂ 'y 2 4 e
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m——

o5k I - 5 1 |
+ 6& (9E5(y - x) - 6Ez(y - x).+ Ey(y - X%& E (T - ¥) - 5 Ep(T - y)} dx dy +

—, | + 5K0K2{ Ey(T - y) - = EQ(T - y)] {SEj(X - E; (x . yﬂ dx dy +
- 16 |2 2 ). |

v o - 5 -
= f / [@(1) B5(x) - 300 (1) Eu<x>} [ KL g (x - 7) By(T - 3) + 2 B5(x - ¥) By(T - ) -

, 15K1K2 { Eu(T -y) - g Eg(T - y)J{BEu(x -¥) - Eplx - Y%J dx dy +

| 3 ' T » v ’ . .
, b 2 § o |
i ”é’j; [b(l){iEu(x} - Eg(x)} 3Do_'(1){5ms(x) - EB(XQJ .

: FK;KE 5(3E3(x‘—' y) - By (x - y)} E,(T - ¥) - -12-;;-2{3%(" - ¥) - Bylx - yﬂ By(T - y) +

) 3?:_2- {2 P -i_.-zl;Eg(T ) Vﬁ [935("" y) - €Es(x - ¥) + Ey(x - y)}J dx dy

The formula for the backward double scattered exit current is the same as equation

« (15) except that the terms E, (T - y) are replaced by ( ~ l)n E (y)

e : I we expand the E functlons in "1ogar1thm1c pover serles and perform the

- integratlons'eqpatlon (12), the uncollided fqrward exit current becomes:
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equation (13), the single scattéred'fqrward exit current, becomes:

o®(1) {%(%O + 3K%> o2 (27 f 3 Kg - 25%) + KOTaznT + O(T5%} -
™h y 2 2 ) :

| | | - (13')

_3D0(1) o T(gc_g +{<_;> T2<7 il Ky - =L (LS 57K2 Tzznmé K? + 0(12)p

oo o \a 2 g8 -~ 8 , ;
equation (1u), the single scattered backward exit current, becomes:
| s | ‘ (24")
_ D<1>'(I) o ¢<_‘_Q ] % . T2<2? " Ty, + T 2% @zm(ﬁl ; -5—‘{—2> + o(13)
| LT L\e 2 8 . 8 . 52
Equation (15) the double-scattered forward exit current, beéomes:
PUD 1 2(5 - 2y - 2um) 7 + ZIE 4 o9y -
16T ' k :
‘ (15*)

B2 (B oy ot # P K+ )+ o)

The double-scattered backward exit current becomes

169 KT
—> {%?(3 -2y - 22nT) ™ - ——i}—f + 0(T5)]

oy



L2

_5_12“’_;.&%_03 [K (3 - 27 - 24a7) ™ - 3K2‘1‘2 + SKOKQ(yr ¥ TzﬁnT) + o(?)} . (16)

The sum of expressions (12'), (13'), and (15') gives the forward exit current

an)l o [ . 3Ki 3.- 2y 2y - 3Ky
1L+ T<=-2 + — - - 4nT + KnfnT - —=
N + + . _Ko:+ 4 T2 > T 5 KO + Kobxt . +

o 5 - | | (17)
- f—j <U(3 - 2y - 20n1) + u)} £ o(P)] - 9‘?-;(11 1.+ 'T{- -Z-+i§ (Ko + Kl)J +

5. 30 (27 -1, Tk _ 5rKe ske 32 (2,
+ 'I'e{e.+ 87,( Tl - L2 2R Sl - = z) v <<0(3. 2y - 24nT) +

\, ‘ . + 3Ki + SKEKQ (y + znfl'b}:' .

The sum of expressions (14') and (16) give the backward exit current

o(1) | oT 3K 2y -3« - .3K @ [2 | 9K
"{“llz-;-{Ko-—f}+T2E<72 K +KOBnT+--2-J>+u2<0(5-27-22nT)--—ul>}_

_per(x). L PR S b LN A (PR N % L A R 6
T2 |wr er \2 - 2 8 8 7
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<%0(5 oy 2£nT) - BKi + EEﬁE—e—(y + znméi}

Hence, if we define

YT —tf <



> - - b3
—, P =1+T---2+Eé{b+§§l> +T2'3.-27-3nT+‘g<27-3KO+KOZnT—é£‘:—>
. : T in o2 T\ 2 ' ' 2
v | (19)
SRN K )
4 ' + -f— 0(3 - 27 - 2znT) + —9——1}
3.‘,; ,_‘_1,2 4

'Q = 1+T -3- 30(KO+K]_) + @ __+_5_§ 067;7*5%9—
: : 2 hr 2 8r 2 -

(20)
’ N 2 (.
LS E-K-?— (7 + £aT)¢ + 59 : K%(B - 2y - 2inT) + BK?_ + &_(7 + ZnT)} .
2. 8 1672 - Tk ,
b'\. : | C . . . . ' .
| R = P-T— K & + 2|2 K 27-_3+£nT ‘+,é-1-<—]-‘ +
, 2\ ER AN 2
;,"’ | | 02 . K2 9K2'
. - - + L 1K5(3 - 2y - 26n7) - TR
- | | : mz{p u
s - ik k) + P {j;{xo (2’2’ Lo amm) + B2 - 220« m)} .
T ' o -2
| - 4 | (22)
™ 30 2,2 K2 4 KoK v
y : : + K(3 - 2y - 2£nT) - 3 + 202 (y + 4nT)
S ,. Then .the forward exit current is
v 5 | Pe(1) _ Qpo'(1) | (23)
% . . . T 2. _
W7 S

'Q7¢a«/—;



L

.and the.backward exit current is

RO(T) i SDO'(I)
y 2

'dfopping the error terms. |

4It is clear that the currén£ iﬁcident upén the.ekteriqr of’the‘shell can be
treated in exactiy'the same way.‘ TheAabove treétment was based on an infinité
slab; we can ﬁpproximate to a large radius spherical shell as follows, remembering

that the above expressions are currents per unit area. The boundary conditiqns are

2 ;‘?1(1) +"D1°i(1) IR QD2°é(J)} L2 {R‘”l(?) i SDl‘?i(I)} (25)
¥ o2 | Y 2 R
and o A L - ' o . ‘
2 {%(Q Do) ] e fPe(m) apey(m)] | o [R(3) SD,03(3) (26)
D P 4 2 1w 2 o
or i | |
12 (1 - R) 0(1) + 2D;(1 + 8) 0}(1)| = 32 [Poy(d) + 2Dyae3(3) | (25")
and. ’ : | ‘ | : | :
12 |po, (1) - _eleo'_(:)} = 5 [(.i - R) 95(3) - 2D,(1 + 8) 93(9) | » (26')
where J =_—I-; t‘isfthé.outer radius of the shell.
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