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CYLINDRICAL LATTICE COLLISION 
PROBABILITY CODES, B692/RP 

by 

E. M. Pennington 

ABSTRACT 

F i r s t - f l igh t coUis ionprobabi l i t ies for a regular la t ­
tice of cyl indrical fuel rods and modera tor a r e calculated by 
means of the assumption that neutrons reaching the outer 
boundary of the unit cell a r e re turned isotropical ly. The 
F o r t r a n p r o g r a m wri t ten to calculate these collision p roba­
bi l i t ies is descr ibed , and compar isons a r e made with resu l t s 
of Fuka i ' s exact method and other approximate methods . The 
t r ea tmen t is then extended to la t t ices with cladding on the 
fuel, and a descr ipt ion is given of the corresponding t h r e e -
region F o r t r a n p r o g r a m . Collision probabi l i t ies calculated 
by the method p resen ted he re a r e in ra ther good agreement 
with exact values . 

I. INTRODUCTION 

Fi r s t - f l igh t coll ision probabi l i t ies for a latt ice a re useful in ca l ­
culations of fast fission, resonance escape probabil i ty, and the rmal d i s ­
advantage factors for closely packed la t t i ces . 

Fuka i i l / has p resen ted a calculation of f i r s t collision probabi l i t ies 
in a lat t ice of cyl indrical rods w^hich is exact, but which r equ i re s large 
amounts of computer t ime. Various authors have given approximations 
which a r e s imple in form, but involve the Dancoff factor C, which is dif­
ficult to calculate accura te ly . A review by Nordheim^2j summar i zes 
severa l of these methods. Takahashi(3) has derived collision probabi l i t ies 
by an equivalent-cel l method. This method is inaccura te , however, because 
neut rons incident on the boundary of the unit cell a re a s sumed to be r e ­
turned by m i r r o r - i m a g e reflection. As has been pointed out by Newmarch,'"*) 
this reflective boundary condition is unrea l i s t i c since neutrons originating 
in the modera to r and travell ing within a cer ta in finite range of direct ions 
cannot have a f i r s t collision in the fuel. 

In this paper an equivalent-cel l method is used, but the assumption 
is made that neut rons reaching the boundary of the cell a r e re tu rned i s o ­
t ropical ly . Thus, a neutron originating in the modera tor with any initial 
direct ion can have a f i r s t collision in the fuel. This equivalent-cel l method 
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with isot ropic re tu rn has previously been used^-''' in determining collision 
probabi l i t ies for fas t - f iss ion calculat ions . However, in Reference 5, 
approximations a re made so that the calculat ions can be accomplished 
through use of tables of collision probabil i t ies ' ." / for the case in which 
the total c r o s s sections of fuel and modera to r regions a r e equal. 

In the following sect ions the theory for a t 'wo-region cell of unclad 
fuel and modera to r is developed, and the F o r t r a n code B692/RP, wri t ten 
for the IBM-704 computer , is descr ibed. Collision probabi l i t ies f rom 
B692/RP a re compared with those f rom other methods , including Fuka i ' s 
exact method. Then the formulae for a t h r ee - r eg ion unit cell consisting 
of fuel, clad, and naoderator a r e p resen ted , and a descr ipt ion is given of 
the corresponding F o r t r a n p r o g r a m . 

II. THEORY FOR A TWO-REGION UNIT CELL 

A. Derivat ion of Two-region Equations 

We consider a unit cell consisting of an infinitely long cyl indrical 
fuel rod, of radius a and total c ro s s section 2^, surrounded by an annular 
modera to r region with outer rad ius b and total c r o s s section "^z. The 
collision probabil i ty Pij(i , j = 1,2) is the probabil i ty that a neutron born uni ­
formly and isotropical ly in region i will have i ts f i rs t collision in region 
j before reaching the boundary of the unit cel l . Correspondingly, P-'̂ - is the 
probabil i ty that a neutron born uniformly and isot ropical ly in region i will 
have its f i r s t collision in region j e i ther before reaching the unit cell 
boundary or after reaching the boundary and being re tu rned isotropical ly 
one or more t imes . The quantity G-^i (i = 1,2) is the probabil i ty that a neu­
tron incident isotropical ly on the unit cell f rom the outside (region 3) will 
have a f i r s t collision in region i of the cell before leaving the cell again. 
Thus P i j , Pfi> and G3J[ a r e re la ted by the equations 

where P . is the probabil i ty that a neutron born in region i will leave the 
unit cell before having a f i rs t coll ision. The var ious probabi l i t ies a r e 
a lso connected by the re la t ions 
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Y Pij = 1; (i = 1>2). (2) 

X Pf. = 1; (i = 1,2), (3) 



t h e r e c i p r o c i t y r e l a t i o n s : 

^ i V i P i j = 2 j V j P j i ; ( i , j = 1,2), 

a n d 

E i V i P f j = 2 jVjPj* i ; ( i , j = 1,2), 

(4) 

(5) 

w h e r e Vĵ  i s t h e v o l u m e of r e g i o n i , a n d t h e r e l a t i o n 

4 V i 
Gs i 2j_ P i 3 , (6) 

w h e r e S2 i s t h e a r e a of t h e o u t e r s u r f a c e of r e g i o n 2 . E q u a t i o n s (4) a n d 
(6) a r e d e r i v e d , f o r e x a m p l e , in R e f e r e n c e 5, w h e r e a s E q . (5) f o l l o w s 
f r o m E q s . ( l ) , (4) , a n d (6) . I t i s n e c e s s a r y to d e t e r m i n e o n l y P ^ , P12, a n d P 2 2 
f r o m f i r s t p r i n c i p l e s , a s t h e o t h e r q u a n t i t i e s c a n b e d e r i v e d f r o m t h e s e . 

D e r i v a t i o n of e x p r e s s i o n s f o r P j j a n d P j2 m a y b e c a r r i e d o u t w i t h 
r e f e r e n c e t o F i g . 1. T h e l i n e P Q R i s t h e p r o j e c t i o n in a p l a n e p e r p e n d i c u l a r 
t o t h e f u e l r o d a x i s of a t y p i c a l p a t h f o r a n e u t r o n o r i g i n a t i n g in t h e f u e l . 
T h e c o l l i s i o n p r o b a b i l i t y P j j i s g i v e n b y 

TT/Z r^TX/z Â  2a CSC 0 c o s 

P u 
r-i^/ i. p n/z r 

( — \ ( r ^ s i n 9 d r d e d 0 ) ( e " ^lA 

, 27T 

X s m c c 
47rr' 

OS_0\ 
a d a 

1 -
2 a 2 j 7T 

7r/2 
K43 (2a Sj c o s 0) c o s 0 d 0 (7) 

PROJECXED 
COMPONENT F i g . 1 
OF NEUTRON 

PAXH P r o j e c t i o n of N e u t r o n P a t h i n P l a n e 

P e r p e n d i c u l a r t o F u e l R o d A x i s f o r 

C a l c u l a t i o n of P j j a n d P i z -

1 1 2 - 3 2 8 1 



w h e r e the def in i t ion 

KisU) 
Tr/2 

,-x CSC 0 sm^e de (8) 

h a s b e e n u s e d . S i m i l a r l y , 

r'^/z C^/z r ^ a CSC 0 cos 
Pl2 = 4 ( - ^ ) (r^sin 0 d r d 0 d 0 ) ( e ' ^ i ^ ) 

X 
1/2 I /"27r 

•y _ g - 2 2 c s c 0 [ ( b ^ - 3} sin^0) - a cos 0 ] 
/ s i n 0 cos 0\ 
(—4^^^^ j a d a 

-n/z r 
= 1 - P i i - Tia Z 1 

1/2 
Ki3 {22(b^ - a^ sin^0) - ^2 a cos 0} 

s l /2 
Ki3 {22(b^ - a^ sin^0) + (2 2^ - ^2) a cos 0} cos 0 d0. (9) 

F o r the d e r i v a t i o n of P22> see F i g . 2, w h e r e P Q is the p r o j e c t e d 
componen t of a t y p i c a l n e u t r o n pa th . It i s s e e n t h a t P22 m a y be e x p r e s s e d 
a s the s u m of four t e r m s w^hich a r e d i s t i n g u i s h e d by the r e g i o n of o r ig in 
and r e g i o n of c o l l i s i o n for n e u t r o n s p r o c e e d i n g tow^ard the po in t Q. T h e s e 
t e r m s r e p r e s e n t n e u t r o n s s t a r t i n g in A and co l l id ing in A, s t a r t i n g in B 
and col l id ing in B, s t a r t i n g in C and col l id ing in B, and s t a r t i n g in C 
and col l id ing in C T h u s , P22 i s g iven by 

2b T/Z rtl/: 

/

7T/2 ^7T/2 r 

-' s i n " ' ( a / b ) V/Q 

2b CSC Q c o s 
(1 - e - 2 2 r ) 22r) „,„2, 1 - e ' -^^ri g ĵ̂ 2g (,Qg 0 d r d e d g 

fn/z / < s i n ~ i ( a / b ) - b e s c Q c o s 0 - e s c Q (a^ - b^ sm^c A/1 

(1 - e"^^) sin^e cos A dr dS d0 + 
•/2 . s i n " ' ( a / b ) ^2b esc & cos 

/

•nil / .oiii \"-/"/ ^ ' u i_si, 

•'0 • ' b c s c S c o s0+ csc9(a^ - b^ sm 

^ - ^ ^ [ r - CSC e(a^ - b^ sm^0)'^^ - bcsc Q cos 0] - 22; esc Q (a^ - b^ sin^0) 

^ r _ ^-22 esc e [b cos 0 - (a^ - b^ sin^0)'^^]'l 

'77/2 / -s in" ' (a /b) /•2b esc 9 c o s 0 

sm^S cos 0 dr dS d0 

r-niz rsm 'i,a/D; /• 

b CSC S cos 0 + esc S (a - b sm 

{ J _ - HjLr - esc e (a^ - b^ sin^0)'^^ - b esc 0 c OS 0 ] \ 
sm^e COS 0 dr dS d0 

(10) 
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PROJECTED 

COMPONENT 

OF NEUTRON 

PATH 

112-3282 

F i g . 2. P r o j e c t i o n of N e u t r o n P a t h in 
P l a n e P e r p e n d i c u l a r to F u e l 
Rod Axis for Ca lcu la t ion of P22-

The f i r s t i n t e g r a l o v e r 0 i s sp l i t into i n t e g r a l s f r o m 0 to 7T/2 and 
f r o m 0 to s in ^(a /b) . Then the u p p e r l i m i t s of s in~^(a/b) in the 0 i n t e g r a l s 
a r e c h a n g e d to 71/2 by w r i t i n g s in 0' - ( b / a ) s in 0. After s t r a i g h t f o r w a r d 
c a l c u l a t i o n the r e s u l t 

2 a -7T/Z r 

^ " ^ " 2 ( b - a ) E 2 "^ ' ^ (b^ -a^ )^^ 
— Kj^, (2 Z^h cot 

-^hl^^zi^^ - a^ sin^0)^^H+ ZK^Jz^ih^ - a} sin^cjif^ - Z^a. c o s 0 | 

+ Ki3 (2Zia cos 0) - 2Ki3 \ Z^{h^ - a^ sin^0)^ % (22i - Z2) a cos 0 I 

+ Ki3J 222(b^ - a^ sin^0)^ ^ + Z{Zy - Z^) a cos (}>\ 

i s ob ta ined , -where the p r i m e on 0' h a s b e e n d ropped . 

Now s e t 

cos 0 d0 (11) 

Po(t) = 
1 

2t 
1 

7T I TT/Z 

Ki3 (2t cos 0) cos 0 di (12) 



2a "-̂̂ î 7T/2 

7T(b^ - a ^ ) E 2 {= 
,1/2 Ki3 J S2(b^ - a^ sin 0 ) " " - 2^ a c 

4: + (2 Z, - Sj) a cos 

a n d 

^ = Tr(b^-V)22 / 
"̂  0 

COS 0 d0, 

OS 0 | - K i 3 | 2 2 ( b ^ - a^ sin^0)'/2 

(13) 

7T/2 r a / 2 
Ki3-^ 2E2(b^ - a^ s i n^0 ) [- - Ki3 ^ 222 (b^ - a^ s in^0) 

1/2 

+ 2 ( 2 i - ^2) a c o s c o s 0 d 0 . (14) 

T h e n t h e e q u a t i o n s b e l o w m a y b e w r i t t e n , u s e b e i n g m a d e of E q s . (2 ) , (4 ) , 

a n d (6) i n o b t a i n i n g P13, P21J P23 ' ^31 a n d G32: 

P i i = 1 - P o ( 2 i a ) ; 

P12 ~ Po(2^ia) - 2~~a7 '^' 

P l 3 = 1 - P u - P12; 

S i a ^ 
P12; " ^ 1 - S2(b^ - a^) 

^ " ^ ^ - 22(b^ - a^) 
P o ( 2 i a ) 

b^ - a^ 
P o ( 2 2 b ) + 2 a - i3; 

23 1 - P2I - P22; 

(^31 - ±"13, 

2 2 2 ( b ^ - a ^ ) 
•^32 - T P23-

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

T h e c o l l i s i o n p r o b a b i l i t i e s P^j m a y now^ b e d e t e r m i n e d f r o m E q . (1) . 

B . T h e T w o - r e g i o n F o r t r a n P r o g r a m 

T h e Kĵ 3 f u n c t i o n s i n v o l v e d i n t h e i n t e g r a l s a r e c a l c u l a t e d f r o m 

r'^ -X c o s h V 
Ki3(x) = - 3 d v , (23) 

•̂̂  / c o s h V 
' ' 0 



which i s o b t a i n e d by w r i t i n g e s c 0 = c o s h v in Eq . (8). The code f i r s t 
c o m p u t e s v a l u e s of c o s h v and l / c o s h V for v a l u e s of v f r o m 0 to 8.0 a t 
i n t e r v a l s of Av, wh ich i s an input n u m b e r , such tha t 0.01 :^Av £ 0 . 1 . 
The a r g u m e n t s of the Ki3 func t ions invo lved in I n t e g r a l 1 t h r o u g h I n t e g r a l 6 
for 0 = 0 a r e then e v a l u a t e d . I n t e g r a l s 1 t h rough 4 a r e t h o s e a p p e a r i n g in 
a and |3 in o r d e r of t h e i r a p p e a r a n c e in E q s . (13) and (14); I n t e g r a l s 5 and 
6 a r e t h o s e a p p e a r i n g in the e x p r e s s i o n s for Po(2]ia) and Po(22b), r e s p e c ­
t i ve ly . N o r m a l i z a t i o n i s such tha t a l l i n t e g r a l s a r e of the f o r m 

T\/z 
Ki3 (function of 0) c o s 0 d0. 

Af ter e v a l u a t i o n of the a r g u m e n t s , the s ix c o r r e s p o n d i n g v a l u e s of 
the Ki3 func t ions a r e c o m p u t e d by n u m e r i c a l i n t e g r a t i o n by m e a n s of 
W e d d l e ' s r u l e : 

J^ f(v) dv = 1 ^ [fo + 5fi + f2 + 6f3 + f4 + 5f5 + fJ . 

The c o n v e r g e n c e c r i t e r i o n for the Ki3 func t ions i s t ha t W e d d l e ' s r u l e i s 
a p p l i e d J t i m e s w^ith J be ing d e t e r m i n e d by the fac t tha t the i n t e g r a n d a t 
V = 6 j A v m u s t be l e s s t han e t i m e s i t s v a l u e a t v = 0, w h e r e the input 
n u m b e r e i s ^ 10"^. F o r the funct ion Ki3(0), wh ich can be i n t e g r a t e d 
a n a l y t i c a l l y , e v e n wi th the inf in i te u p p e r l i m i t r e p l a c e d by a f ini te n u m b e r , 
a v a l u e of £ = 10"^ g i v e s an e r r o r in t h e i n t e g r a l of rough ly ( l / 3 ) x 10"^ or 
a r e l a t i v e e r r o r of abou t (4/37r) x 10"^. T h i s i s the e r r o r m a d e by s topping 
the i n t e g r a t i o n a t a f in i te n u m b e r r a t h e r than a t inf ini ty . Of c o u r s e , Av 
m u s t be s m a l l enough t h a t W e d d l e ' s r u l e y i e l d s a good a p p r o x i m a t i o n - t o 
the a c t u a l va lue of the i n t e g r a l . 

Af ter c a l c u l a t i o n of the s ix Kj[3 func t ions and the c o r r e s p o n d i n g i n t e ­
g r a n d s f o r 0= 0, the code r e p e a t s the p r o c e s s a t i n t e r v a l s of A0 un t i l 
0 = 71/2 i s r e a c h e d . The 0 i n t e g r a t i o n i s a l s o c a r r i e d out by W e d d l e ' s r u l e , 
w h i c h i s r e p e a t e d V t i m e s , w h e r e v i s an input n u m b e r ^ 80. T h u s 
A0 = 7 T / 1 2 V . Af ter the c o m p u t a t i o n of the s ix i n t e g r a l s involving Kĵ 3 func ­
t i o n s , only m i n o r a l g e b r a i s left in d e t e r m i n i n g the v a r i o u s co l l i s i on 
p r o b a b i l i t i e s . 

It m i g h t be n o t e d t h a t the func t ions Po (2 i a ) o r Po(22b) can be e x ­
p r e s s e d in t e r m s of B e s s e l func t ions w i thou t any i n t e g r a l s be ing invo lved 
(e .g . , p . 8 of Ref. 5). In fac t , t h i s i s how the t a b l e s of P, , = 1 - PQ c y l i n d e r s 
in R e f e r e n c e 7 -were c a l c u l a t e d . How^ever, v a l u e s of PQ w e r e c a l c u l a t e d 
h e r e by i n t e g r a t i o n of Ki3 func t ions in o r d e r to he lp d e t e r m i n e how s m a l l 
the m e s h i n t e r v a l A0 shou ld b e . 



The F o r t r a n l i s t i n g and input and output s h e e t s for a s a m p l e p r o b l e m 
a r e g iven in Append ix A. 

The input to the code h a s F O R M A T (I3, I 2 / 6 E 1 2 . 6 ) and c o n s i s t s of 
the p r o b l e m n u m b e r , the n u m b e r of t i m e s (v) t ha t W e d d l e ' s r u l e i s r e p e a t e d 
in the 0 i n t e g r a t i o n , the to ta l c r o s s s e c t i o n of the fuel , the to ta l c r o s s s e c ­
t ion of the m o d e r a t o r , the r a d i u s of the fuel , the o u t e r r a d i u s of the m o d e r a ­
t o r , the m e s h i n t e r v a l (Av) for the i n t e g r a l s y ie ld ing the Kĵ ,, f unc t ions , and 
the c o n v e r g e n c e c r i t e r i o n (e) for the i n t e g r a l s y i e ld ing the Kĵ j f unc t ions , in 
the o r d e r . 

The l abe l l i ng of the q u a n t i t i e s on the output s h e e t in Appendix A i s 
s e l f - e x p l a n a t o r y e x c e p t t h a t 0 i s c a l l e d U, and Pf j , Pf2> P22' and PJ i a r e 
l a b e l l e d P F F , P F D , P D D , and P D F r e s p e c t i v e l y 

The code h a s b e e n w r i t t e n to r e a d input f r o m t ape 7 and w r i t e ou t ­
pu t on t ape 6 m o r d e r to c o n f o r m to the 704 m o n i t o r s y s t e m . Al so , a v e r s i o n 
to be r u n wi thou t the m o n i t o r i s a v a i l a b l e , t h i s can p r i n t a l l the K^^ func t ions 
and c o r r e s p o n d i n g i n t e g r a n d s u n d e r s e n s e swi t ch c o n t r o l . 

It i s s u g g e s t e d tha t the va lue 10~^ be u s e d for e in a l l p r o b l e m s . F o r 
the s a m p l e p r o b l e m wh ich h a s input c h o s e n so t h a t s o m e of the Kĵ 3 func t ions 
have a r g u m e n t s c o r r e s p o n d i n g to v a l u e s m the t ab le of R e f e r e n c e 8, i t w a s 
found tha t the c a l c u l a t e d K̂ ^̂  func t ions a g r e e d wi th the t a b u l a t e d v a l u e s to a t 
l e a s t s ix s ign i f i can t f i g u r e s and s o m e t i m e s to s e v e n or e igh t f i g u r e s . In 
the s a m p l e p r o b l e m a va lue of 0 1 ^vas u s e d for Av. 

To c h e c k the effect of chang ing the m e s h i n t e r v a l in the 0 i n t e g r a t i o n 
the s a m p l e p r o b l e m w a s run wi th 1̂ = 2, 4, 8, and 16. The r e s u l t s a r e g iven 
m T a b l e I The r e s u l t s a r e f a i r l y good, even for v - 2, and t h e r e i s no 
change m the s i x f i g u r e s p r i n t e d out for any of the q u a n t i t i e s in going f r o m 
V = 8 to V = 16. The v a l u e s of Po(2j^a) and 'P^'yL^) a g r e e wi th the f i v e - d i g i t 
v a l u e s g iven in R e f e r e n c e 7, 

The p r o b a b i l i t y Po(22b) d e p e n d s on I n t e g r a l 6, w h i c h m i g h t be e x ­
p e c t e d to be the m o s t diff icult to c a l c u l a t e a c c u r a t e l y b e c a u s e , for t h i s 
p r o b l e m , the a r g u m e n t of i t s K̂ ^̂  funct ion v a r i e s m o r e r a p i d l y than the 
a r g u m e n t s of the o t h e r Kĵ 3 func t ions n e a r 0 = 7 T / 2 . 

O r i g i n a l l y , the p r o g r a m w^as v^r i t ten wfth the v a r i a b l e s in 0= u a s 
the i n t e g r a t i o n v a r i a b l e for the s ix i n t e g r a l s involving Kĵ 3 func t ions . How­
e v e r , the r a p i d v a r i a t i o n s of the i n t e g r a n d s n e a r u = 1, e s p e c i a l l y for 
I n t e g r a l 6, m a d e t h i s an u n s a t i s f a c t o r y m e t h o d F o r v - Z t h e r e w a s 
a l m o s t 9% e r r o r in I n t e g r a l 6, and even for V - 16 t h e r e -was s t i l l abou t 
0.4% e r r o r in t h i s i n t e g r a l . H o w e v e r , the change m the i n t e g r a t i o n v a r i a b l e 
f r o m u to 0 h a s e l i m i n a t e d the u n d e s i r a b l e ef fec ts of r a p i d v a r i a t i o n in 
the i n t e g r a n d s and, a s can be s e e n f r o m T a b l e I. t h e r e i s only abou t 0 .01% 
e r r o r in I n t e g r a l 6 even for V = 2. 



V 

2 
4 
8 

16 

a 

0.116694 
0 .116694 
0 .116694 
0.116694 

Pzi 

0 .121688 
0 .121688 
0 .121688 
0 .121688 

0.469514 
0 .469515 
0 .469515 
0 .469515 

T a b l e I 

O U T P U T F O R A S A M P L E TWO 

2 , = 1 

I n t e g r a l 1 

0 .384628 
0 .384628 
0 .384628 
0 .384628 

i3 

-0 .0228284 
-0 .0228284 
-0 .0228284 
-0 .0228284 

P 2 2 

0.474998 
0 .475003 
0.475004 
0.475004 

Pfz 

0.530486 
0 .530485 
0 .530485 
0 .530485 

0, S2 = 2 .0 , a 

I n t e g r a l 2 

0 .155501 
0.155501 
0.155501 
0 .155501 

Po(2 i a ) 

0 .595953 
0.595953 
0.595953 
0.595953 

P 2 3 

0.403314 
0 .403309 
0 .403309 
0.403309 

p * 

0.787806 
0.787806 
0 .787806 
0.787806 

= 0 .5 , b = 0. 

I n t e g r a l 3 

0 .0344028 
0 .0344029 
0 .0344029 
0 .0344029 

Po(22b) 

0 .301576 
0 .301573 
0 .301573 
0 .301573 

G 3 1 

0.194490 
0 .194489 
0 .194489 
0 .194489 

Ptx 

0.2 12194 
0 .212194 
0 .212194 
0.212194 

-REGION P R O B L E M 

75, Av = 0 . 1 , e= 10-8 

I n t e g r a l 4 

0 .0792263 
0.0792263 
0.0792264 
0.0792264 

P n 

0.404047 
0.404047 
0.404047 
0.404047 

G3Z 

0.672191 
0.672182 
0.672181 
0.672181 

I n t e g r a l 5 

0.317337 
0.317338 
0.317338 
0.317338 

P l 2 

0.304219 
0.304219 
0.304219 
0.304219 

I n t e g r a l 6 

0 .0748268 
0.0748341 
0 .0748343 
0 .0748343 

P l 3 

0.291734 
0.291734 
0.291734 
0.291734 

The runn ing t i m e for a p r o b l e m wi th Av = 0.1 and v= 16 is a r o u n d 
2 m i n on the I B M - 7 0 4 . The t i m e should be roughly p r o p o r t i o n a l to V / A V . 

C. C o m p a r i s o n s wi th Othe r M e t h o d s 

V a l u e s of 'Pf^, c a l c u l a t e d by four m e t h o d s a r e l i s t e d in Table II. 
Both the F u k a i and N o r d h e i m v a l u e s a r e t aken f r o m R e f e r e n c e ( l ) The 
e x p r e s s i o n (2) for the N o r d h e i m m e t h o d i s 

- p * 
Po(2 ia ) 

2 2 , aC , „ 
1 + ^ - ^ ^ P o ( 2 i a ) 

(24) 

1 - C 

w h e r e C i s the Dancoff f a c t o r . In the fou r th m e t h o d u s e d in Tab le II, P]*̂ 2 
i s c a l c u l a t e d f r o m 

••^12 (25) 



The v a l u e s of PQ for Eq . (25) w e r e found by n o n l i n e a r i n t e r p o l a t i o n in the 
t a b l e s of P ^ = 1 - PQ in R e f e r e n c e (7). F o r a l l l a t t i c e s in Tab le II , 
a = 0.46482 c m , b = V2a, and Z-^ = 1.4916 cm"^. The e x a c t Dancoff f a c t o r 
for t h e s e r e c t a n g u l a r l a t t i c e s w a s found to be C = 0.34587 by F u k a i ( l ) 
and w a s u s e d in E q s . (24) and (25). 

Z^3L 

0 .1 
0 . 3 
0 .5 
0 .8 
1.0 
2 .0 
4 . 0 

10.0 

T a b l e II 

E S C A P E P R O B A B I L I T I E S BY 

B 6 9 2 / R P 

0.81364 
0.58855 
0.45695 
0.33839 
0.28694 
0.15912 
0.082044 
0.033088 

F u k a i 

0 .80745 
0.57988 
0.44745 
0.32973 
0.27918 
0.15490 
0.080363 
0.032600 

VARIOUS METHODS 

N o r d h e i m 

0.80925 
0.58378 
0.45316 
0.33564 
0.28461 
0.15762 
0.081104 
0.032667 

Eq. (25) 

0.83414 
0.61799 
0.48137 
0.35320 
0.29697 
0.15995 
0.081356 
0.032680 

I n s p e c t i o n of Tab le II shows tha t for t h e s e l a t t i c e s the N o r d h e i m 
m e t h o d g i v e s a s o m e w h a t b e t t e r a p p r o x i m a t i o n to F u k a i ' s e x a c t v a l u e s 
than d o e s the B 6 9 2 / R P m e t h o d . H o w e v e r , the N o r d h e i m f o r m u l a r e q u i r e s 
the c a l c u l a t i o n of an e x a c t Dancoff f ac to r to give such a c c u r a t e r e s u l t s . 
The B 6 9 2 / R P code y i e l d s b e t t e r r e s u l t s than Eq . (25) e x c e p t for fuel r o d s 
with l a r g e 2^. All of t h e s e m e t h o d s a r e b e t t e r than the a p p r o x i m a t i o n s of 
W i g n e r , Roe , or T a k a h a s h i a s i s shown by c o m p a r i n g Tab le II v a l u e s wi th 
t hose in Tab le 2 of R e f e r e n c e 1. 

III. THEORY F O R A T H R E E - R E G I O N UNIT C E L L 

A. The T h r e e - r e g i o n E q u a t i o n s 

1. The Co l l i s i on P r o b a b i l i t i e s 

The d e r i v a t i o n of the c o l l i s i o n p r o b a b i l i t y f o r m u l a e for a t h r e e -
r e g i o n un i t ce l l p r o c e e d s in the s a m e m a n n e r a s for a t w o - r e g i o n c e l l . 
Since no new c o m p l i c a t i o n s a r e involved , only the r e s u l t s a r e g iven h e r e . 
The fuel , c l ad , and m o d e r a t o r r e g i o n s h a v e r a d i i a, b , and c, and to ta l 
c r o s s s e c t i o n s Z^, Z^, and ^3 r e s p e c t i v e l y . We u s e the def in i t ions of 
Po(t) , a , and /3 g iven in E q s . (12), (13), and (14), and of 7, 6, and e a s 
def ined be low. 
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^(^z^^2)g r ' ' ' [Ki3{23(c ' -a^sin^0) ' / ' + (E,-E3)(b2-a^ sin^0)'/ '- Z^acos^} 

Ki3|23(c^ - â  sin^0)̂ ^^ + (Z^ - Z^){h^ - â  sin^0)̂ ^^ -f (2Si - Sja cos ^jlcos 0 d0, 

f [Ki3{E3(c^ - â  sin^0)'^' + (2 2^ - Z3)(b2 - â  sin2 0)'/'} 2a 
7T(b2 - a ^ ) Z 2 

6 = _ / , 2 , 2 

- Ki3| Z3(ĉ  - â  sin^0)'̂ ^ + (22^ - Z3)(b̂  - â  sin^0)'̂ ^ + 2(Zi - Z2) a cos 0 | 

+ ̂  Ki3|z3(c^ - b^ sin^0)̂ ^^ - Zsb cos 0} - ^ Ki3{z3(c2 - b̂  sin^0)̂ ^̂  

+ (2Z2 - Z3) b cos 0> cos 0 d0, (27) 

e - ^(b^ l\^)Z r ' ' ' [Ki3{2Z3(c^-a^s in^0) ' / '+2(Z, - Z3)(b^-a^sin^0)'' '} 

- Ki3|2Z3(c^ - â  sin20)^/' + 2(Z2 - Z3)(b̂  - â  sin^0)^ '̂ + 2(Zj - Ẑ ) a cos 0} 

+ | - Ki3 {2Z3(c^ - b̂  sin^0)'/'} - | - Ki3{ 2Z3(c2 - b̂  sin^0)'/' 

+ 2(Z2 - Z3) b cos 0M cos 0 d0. (70) 

Only Pi i ' Pi2' Pi3' P22 P23' and P33 need be calculated from 
first principles since all other quantities may be derived from these by 
using equations for a three-region unit cell analogous to Eqs. (l) through 
(6) for a two-region cell. The quantities Pji ' Pi2' and P22 have been given 
above in Eqs. (15), (16), and (19); the quantities P13, P23> and P33 are given 
below. 

22(b^-a^) , , 
Pi3 = V 2 (a - 7), (29) 2ia' 

- b ' 
' " " b^ - a^ Po(22b) - a + /3+ 7 - 5, (30) 

^z^ / V c^ , ^ ^ ^2 b^ - a^ 
—^ Pn 22b Po 23C - - ^ 

^3(0^ - b^) ' ' ' c^ - b^ °^ ' ' Z,{c' - h') 
P33 = 1 - r 7 3 ^ . ^o(22b) - - ^ , Po(23c) - - ^ ^ : ^ — ^ (^ - 26 + e). 

(31) 



2. C a l c u l a t i o n of A v e r a g e T h e r m a l F l u x e s 

The t h r e e - r e g i o n F o r t r a n p r o g r a m d e s c r i b e d in the nex t s e c ­
t ion h a s an opt ion p r o v i d i n g for c a l c u l a t i o n of a v e r a g e t h e r m a l f luxes by 
the m e t h o d d e s c r i b e d be low. 

The t h e r m a l f lux, 0 ( r ) , in a l a t t i c e w h e r e a l l s c a t t e r i n g i s i s o ­
t r o p i c s a t i s f i e s the equa t ion 

0(r) 2(r) = r P ( r ' - r ) [ q ( r ' ) + 2s(r ')0(r ')]dV(r ') , (32) 
>̂ l a t t i c e 

w h e r e P ( r ' - ^ r ) i s the p r o b a b i l i t y tha t a n e u t r o n o r i g i n a t i n g a t r ' h a s a f i r s t 
c o l l i s i o n a t_r , and q ( r ' ) is the s l owing -down s o u r c e a t _r'. In Eq. (32) r e ­
p l a c e the flux in e a c h r e g i o n i of the l a t t i c e by i t s a v e r a g e va lue 0^ (f lat-
flux a p p r o x i m a t i o n ) and i n t e g r a t e o v e r e a c h of the N r e g i o n s in t u r n . T h i s 
p r o c e d u r e g i v e s 

N 
Z 0j Aij = Si (i = 1,2, ... N) (33) 

a s the e q u a t i o n s d e t e r m i n i n g the a v e r a g e f l uxes , w h e r e 

\ j - Vj(6ij Zi - Zsj P*i) (34) 

and 

N 

Si = Z ^jVjPfi- (35) 

It h a s b e e n a s s u m e d t h a t the s o u r c e qĵ  in e a c h r e g i o n i s s p a t i a l l y c o n s t a n t 

The a c c u r a c y of t h i s m e t h o d d e p e n d s on the va l id i ty of the f l a t -
flux a p p r o x i m a t i o n . One m a y say rough ly t h a t the f l a t - f l ux a p p r o x i m a t i o n 
i s r e a s o n a b l y good if the t h i c k n e s s of e a c h r e g i o n in the ce l l is l e s s than 
one m e a n f r e e pa th . C a l c u l a t i o n s for t w o - r e g i o n s l a b l a t t i c e s by Fukai^^) 
show tha t the e r r o r s in (^^/^i) " 1 a r e l e s s than 7% for c a s e s in which both 
fuel and m o d e r a t o r s l a b s a r e one m e a n f r e e p a t h th i ck . 

B. The T h r e e - r e g i o n F o r t r a n P r o g r a m 

The c o m p u t a t i o n s of the c o l l i s i o n p r o b a b i l i t i e s in the t h r e e - r e g i o n 
v e r s i o n of B 6 9 2 / R P a r e c a r r i e d out in e s s e n t i a l l y the s a m e m a n n e r a s in 
the t w o - r e g i o n code . Since t h e r e a r e now 17 i n t e g r a l s ove r 0 to be 
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e v a l u a t e d r a t h e r t han s ix , a t h r e e - r e g i o n p r o b l e m r e q u i r e s about t h r e e 
t i m e s a s m u c h c o m p u t e r t i m e a s a tw^o-region p r o b l e m . 

Append ix B c o n t a i n s the F o r t r a n l i s t i ng a long wi th input and output 
s h e e t s for a t h r e e - r e g i o n p r o b l e m . Input i s r e a d f r o m t ape 7 and output i s 
•writ ten on t ape 6 a s r e q u i r e d by the m o n i t o r s y s t e m . 

The inpu t i s a s f o l l ows : 

C a r d 1: MU, p r o b l e m n u m b e r 
NU, n u m b e r of t i r n e s W e d d l e ' s r u l e i s r e p e a t e d in 

the 0 i n t e g r a t i o n 
N F , flux c a l c u l a t i o n i s done if N F > 0 
N P , Ki3 func t ions a r e p r i n t e d if N P > 0 
A V , m e s h i n t e r v a l for i n t e g r a l s y i e ld ing K.^^, 

func t ions 
E , c o n v e r g e n c e c r i t e r i o n for i n t e g r a l s y i e ld ing 

Ki3 func t ions 
C a r d 2: a, b , c , Z j , Z^, Z^ 
C a r d 3 (if N F > 0): Zg^, Z^^, 2 s3 , q j , q2, q3 

[ see Eq . (34) a n d (35)] 

F O R M A T , 13 

F O R M A T , 13 
F O R M A T , 13 
F O R M A T , 13 

F O R M A T , E 12.6 

FORMAT, E 12.6 
FORMAT, 6 E 12.6 

FORMAT, 6 E 12.6. 

In the h e a d i n g s on the output s h e e t . I n t e g r a l s 1 t h r o u g h 14 a r e t h o s e 
a p p e a r i n g in a, /3, 7, 6, and £ in t h e i r o r d e r of a p p e a r a n c e in E q s . (13), 
(14), (26), (27), a n d (28). T h e i r n o r m a l i z a t i o n i s such t h a t they a r e a l l of 
the f o r m 

7 T / 2 

Ki3(function of 0) cos 0 d0. 

Likew^ise, I n t e g r a l s 15, 16, and 17 a r e t h o s e a p p e a r i n g in the e x p r e s s i o n s 
for Po(Zja ) , Po(22b) , and Po(23c) , r e s p e c t i v e l y , a n d have the s a m e n o r m a ­
l i z a t i o n . The c o l l i s i o n p r o b a b i l i t i e s P^ . a r e l a b e l l e d P F F , e t c . , w h e r e F 
d e n o t e s fuel ( r e g i o n 1), C d e n o t e s c l ad ( r eg ion 2), and M d e n o t e s m o d e r a t o r 
( r e g i o n 3). In the op t iona l f lux c a l c u l a t i o n , the s o u r c e s qi a r e l a b e l l e d 
S O U R C E , a n d the f l uxes 0i c a l c u l a t e d f r o m Eq . (33) a r e r e n o r m a l i z e d to 
g ive a v a l u e of u n i t y for 0^. If the input h a d c a l l e d for a p r i n t o u t of 
Ki3 func t ions (NP > 0), t h e s e wou ld have a p p e a r e d b e f o r e the 17 r e l a t e d 
i n t e g r a l s in 6T^ + 1 g r o u p s of 17 c o r r e s p o n d i n g to the v a l u e s of 0 f r o m 
0 to 7r/2. 
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APPENDIX A 

F o r t r a n List ing, Input and Output Sheets 
for the Tw^o-region Case 



00 

7 0 4 I N P U T D A T A 

FORM I 
COST CODE 

PROGRAM B 6 9 2 / R P P RO BL E M TWO-REGION ORIGINATOR DATE PAGE 1 OF 1 

1 2 3 4 5 6 7 89 

1 

0 1 2 3 4 5 6 7 8 9 

: 0 i 0 i l | 0 | 2 | 1 1 1 1 1 1 

+,.,1.0,0.0,0,0,E,-i-,0,l 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 

1 2 3 4 5 6 7 8 9 

1 1 

2 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 

+,.i2,0|0,0|0,0,E,+,0|l 

1 1 1 1 1 1_ 

0 1 2 3 4 5 6 7 8 9 

1 

_ 1 1 1 I 

1 1 1 1 

+,.,5,0,0 

3 J4 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 1 

0|0|0,E,+,0P 

1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

2 

0 1 2 3 4 5 6 7 8 9 

+i.i7i5iO,0|0|0,E,+|0|0 

1 1 1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

3 

+ 

0 1 2 3 4 5 6 7 8 9 

4 

5 

0 1 2 3 4 5 6 7 8 9 

6 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 1 1 1 1 1 

.,1,0,0,0,0,0, E|-<-|0|0 

1 , 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

5 

1 1 1 1 1 1 1 1 

+,.,1,0,0,0|0|0,E 

0 1 2 3 4 5 6 7 8 9 

6 

7 

0 1 2 3 4 5 6 7 8 9 

, , 

-|0,7 

1 1 

1 1 

, , , , * ! . -

1, -

1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 , 1 1 1 

1 1 1 1 1 1 

1 1 , 1 1 1 

1 1 , 1 1 1 

1 J 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

7 

8 

0 

1 

2 

0 

1 
AMD-B (9-6D1 

• # 
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C r.Yi rMnRTr.Ai r.Fi i r .n i iT< ; inN i P R H R A R T I T T Y PRnaRAM 
DIMENSIONV(810),A(810),B(810),U(500),F(500),Y{500)tG(500)tX(500), 
XZ(6,500),XK3(6,500),H(6,500),S(6),T(6),C(6,810),XINT(6), 
KXSUM(6,8n) 
2 READ INPUT TAPE 7,5,MU,NU,SIGMA1,SIGMA2,Rl,R2,DELTAV,E 
5 FORMAT(13,I2/6E12.6) 
XN11=NU 
DELTAU=1.5707963/{6.'XNU) 
WRITE OUTPUT TAPE 6,10,MU,SIGMAl,SIGMA2,R1,R2,DELTAV,E,DELTAU 

IQ F0RMAT(64H1CYI INnRir.AI CELL CnillSinN PRnRARIITTY PROGRAM PRORt FM 
X NUMBER I3/104H0 SIGMA I SIGMA 2 A 
X B KI3 MESH EPSILON DELTA U/IH 7E15.6) 

11 S1A=SIGMA1*R1 
S2B=SIGMA2*R2 
S2A=SIGMA2»R1 
Dl = l.-(?.«SIGMA1/SIGMA?) 
D2=l.-(SIGMAl/SIGMA2) 
D3=2.*SIGMA1/SIGMA2 
D4=?.»R7/R1 
05=R2*»2./R1*»2. 
D6=0.3»0ELTAV 
n 7 = t n . f t 3 f t f t i q 7 7 * R 1 > / < < ; i G M A ? * t R ? » « 7 . - R 1 » * ? . > 1 
D 8 = ( S I G M A 2 ) » ( R 2 » » 2 . - R I « * 2 . ) / { S I G M A I » ( R 1 » » 2 . ) ) 
D 9 = R 2 » » 2 . / ( R 2 » « 2 . - R 1 « » 2 . » 
mn=?.»«;Tr ,MAi>(R»#»? . i /R? 
D 1 1 = 2 . » S I G M A 2 * ( R 2 » « 2 . - R 1 » » 2 . ) / R 2 
012=0 .3»DELTAU 
n i 3 = ( R ? » » 7 . - R l « « ? . > / ( R l * > 7 . > 
V ( 1 ) = 0 . 0 
A ( l ) = 1 . 0 
B ( l ) = 1 . 0 
H=0.0 
XLU=8 .0 /DELTAV 
L i l ^ X L i i 
0 0 1 2 1 = 2 , L U 
V( I )=W+DELTAV 
A ( n = C D S H F ( V ( I ) ) 
B ( I ) = 1 . / ( ( A ( I ) ) » * 3 . ) 

12 W=V(I) 
L=6*NU*1 
Q=0.0 
D050K=1 ,L 
U (K )=Q 
I F { K - L ) 1 4 , 1 3 , 1 4 

13 F ( K ) = 0 . 0 
Y(K>=O.Q 
G ( K ) = 0 . 0 
GO TO 15 

14 F ( K ) = C Q S F ( U ( K ) ) 
Y ( K ) = S 2 A » F ( K ) 
G ( K ) = ( F ( K ) ) * » 2 . 

15 X(K)=S2A»SQRTF(D13-»G(K1> 
17 Z ( 1 , K ) = X ( K ) - Y { K ) 

Z { 2 , K ) = X ( K ) - D 1 » Y ( K ) 
7 ( 3 , K ) = 2 « » X ( K ) 
Z ( 4 , K ) = 2 . « { X ( K ) - ( 0 2 * Y ( K ) ) ) 
Z ( 5 , K ) = 0 3 » Y ( K ) 
Z ( 6 . K » = 0 4 » Y ( K ) 
0 0 3 6 N = 1 , 6 
S ( N ) = 1 . / E X P F ( Z ( N , K ) ) 
T(N1=5; (N) 
J = l 
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Al=ubJU-iA 
M2=6»J+1 

20 0025I=M1,M2 
25 C ( N , I ) = B ( I ) / E X P F ( Z ( N , K ) » A ( I ) ) 

S ( N » = S ( N ) + 5 . » C « N , 6 • J - 4 ) + C ( N , 6 • J - 3 ) • ^ 6 . • C ( N , 6 » J - 2 ) • ^ C ^ N , 6 • J - I ) 
X + 5 . « C ( N , 6 * J ) + 2 . * C ( N , 6 * J + 1 ) 

I F ( C ( N , f i * J t l ) - E * T ( N ) ) 3 5 , 3 0 , 3 0 
30 J = J + 1 

M l = 6 « J - 4 
H2 = 6 > . l t 1 
GO TO 20 

35 X K 3 ( N , K ) = 0 6 « ( S ( N ) - C ( N , 6 » J + 1 ) ) 
36 H i ; s i , K l = ( X K 3 ( N , K l ) « ( F ( K ) ) 
50 Q = U ( K ) + D E L T A U 

D060N=li6 
x i N T i N i = a . n 
0 0 6 0 M = 1 , N U 
X S U M ( N , M ) = 0 1 2 * ( H ( N , 6 « M - 5 ) - i - 5 . » H { N , 6 » M - 4 ) - « - H ( N , 6 » M - 3 ) 

X » 6 . « H ( N , f e « H - ? > » H ( N , f e « M - l »-t-S. »Ht N , fe«MH-H 1 N , ft>M-H 1 1 
60 XINT{N)=XINT(N)+XSUMtN,M) 

ALPHA=D7*{XINT(1) -XINT(2) ) 
BFTA=n7»(XINT(^>-XTNT(4) 1 
P 0 S I A = I 1 . / ( 2 . » S 1 A ) ) - ( 0 . 6 3 6 6 1 9 7 7 » X I N T ( 5 ) / S 1 A ) 
P 0 S 2 B = ( l . / ( 2 . » S 2 B ) ) - { 0 . 6 3 6 6 1 9 7 7 » X I N T ( 6 ) / S 2 B ) 
P n = l . -POfi lA 
P12=P0SIA-(D8»ALPHA) 
P13=D8»ALPHA 
fi31 = nin«Pl^ 
P21=(P0S1A/D8)-ALPHA 
P22=1.-(09*P0S2B)-(P0S1A/D8)-K 2.-ALPHA)-BETA 
P23=(n9»P0-<;?R)-At PHA-»BFTA 
G32=D11»P23 
PFF=PII+(P13»G3I)/(G31+G32) 
PFD=P12-K P1^»G3?)/(G31»G3? ) 
P0D=P22+(P23*G32)/(G31+G32) 
PDF=P21+(P23*G31)/(G31+G32) 
WRITE nUTPUT TAPE 6.70.tX INT(N).N = l.61.AtPHA.RETA.PQSlA. 
XP0S2B,P11,P12,P13,G31,P21,P22,P23,G32,PFF,PFD,P0D,PDF 

70 FORMAT(90H0 INTEGRAL 1 INTEGRAL 2 INTEGRAL 3 INTEGR 
XAL 4 INTEGRAL 5 INTEGRAL 6/lH 6E15.6/67HQ ALPHA 
X BETA POISIGMA 1 A) POiSIGMA 2 B)/1H 4EI5.6/ 
X57H0 Pll P12 P13 G31/ 
XIH 4F15.6/57HQ E2J E22 E23 
X G32/1H 4E15.6/57H0 PFF PFD PDD 
X PDF/IH 4E15.6) 

75 r.n TO ? 
END ( 1 , 1 , 0 , I , 0 ) ANL-30 



• • 

CYi INnRir.AI r.Fl I r.ni i I -SION P R O R A R I I I T Y PROGRAM PRQRLFM NUMBFR i 

SIGMA 1 SIGMA 2 A B KI3 MESH EPSILON DELTA U 
Q.iQOQOQF ni n.?nnnof)F ni n.snoonoF nn Q.750D0DF QO i.nnnnnnF-ni i.noonnnF-na n.i^ngnnp-nn 

INTEGRAL 1 INTEGRAL 2 INTEGRAL 3 INTEGRAL 4 INTEGRAL 5 INTEGRAL 6 
Q.3a46?flF-0Q n-isssoiF-nn n.344n?fiF-ni Q.79??63F-01 Q.317337F-Qn n.74a?A»F-m 

ALPHA BETA POISIGMA I A) P0(SIGMA 2 B) 
Q.ii66q4F-oo -o.?7fl7B4F-ni n.5q5q53F on 0.301576E-QQ 

Pll P12 P13 G31 
Q.404047F-QQ Q.3Q4219E-Q0 Q.291734E-QQ Q.19449QE-QQ 

P21 P22 P23 G32 
Q.1216afiE-D0 Q.47499BE-QQ D.4Q3314E-QQ Q.672191F OQ 

PFF PFD PDD PDF 
Q.469514F-0Q 0.530486F 00 Q.7878Q6E OQ Q.212194F-QQ 

• • ALL DATA PROCESSED. 

rsj 
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APPENDIX B 

F o r t r a n List ing, Input and Output Sheets 
for the Three - r eg ion Case 



4^ 

704 I N P U T DATA 

FORM I 
COST CODE 

PROGRAM B 6 9 2 / R P PROBLEM THREE-RBGrlON ORIGINATOR DATE PAGE 1 OF 1 

1 2 3 4 5 6 7 89 

1 

0 1 2 3 4 5 6 7 8 9 

OiOiliOiOilj-iOiOiliOiOiO 

+,.,'^i3,5i6,l,ffl,E,+,OiO 

-t).i^i6i5ililiOiB+iOiO 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 ) 1 1 1 1 1 1 

1 1 1 r 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

r 1 1 1 J 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 i 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 

1 2 3 4 5 6 7 89 
1 J 

2 

0 1 2 3 4 5 6 7 8 9 

+I.1I1O1O1O1O1O1H+1O1O 

+,.^7,7,5i2,0,E.+,0,0 

+l.l7l9|l^lO|8|0|E|+,0|0 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 J 1 1 1 r 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 i 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 i 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 t 1 1 1 

1 1 1 1 1 1 
0 1 2 3 4 5 6 7 8 9 

1 

1 1 1 1 

3 

0 1 2 3 4 5 6 7 8 9 

+i.i l i0i0i0i0i0iEi-i0i7 

+,.,7il,6i5iO,0,E,+,0,0 

+i.,2,6i7i5i7AiE,+iO,l 

1 1 1 1 1 1 1 1 1 1 1 

1 1 J 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 . 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

2 

4 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 1 1 1 1 1 1 

+i.i8i6,6i5ilj-iOiE,+,OiO 

+i.iQO|OPiO|0|E,+iOiO 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 i 1 

1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

3 

+ 
+ 

0 1 2 3 4 5 6 7 8 9 

4 

5 

0 1 2 3 4 5 6 7 8 9 

6 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 1 1 1 1 1 1 

.i9|it|Oi5iOiOiEi+iOiO 

.iO|0|0|0|0|OiB+iOiO 

1 1 1 i | 1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 i 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 J 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 

1 1 1 1 1 1 1 1 1 

0 1 2 3 4 5 6 7 8 9 

5 

7 

0 1 2 3 4 5 6 7 8 9 

1 1 1 1 J 1 1 r 1 1 1 

+i.,2,6,Q,0iaS,E.+,0,l 

-tl.il|OiOiOiOiOiEi<-|Oil 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 t 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 J 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 

I I I I l l 

1 < -

1 , . < , 1 . -

1 1 1 1 l l l -

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 

6 7 

8 

0 

X 

2 

"1 

0 

8 

AMD-B (9 -60t 

, 4 ' ^ 
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£ COLLIS ION J R O R A B I L U X E S THRFE-&EG.ION CYLLfclDRlCiU. CEU 
DIMENSION S I G M A ( 3 ) , S I G S { 3 ) , S D U R C E ( 3 ) , G 4 ( 3 ) , V O L ( 3 ) , R T ( 3 ) , D E L ( 3 ) , 

X F L U X ( 3 ) , P ( 3 , 4 ) , P S T A R ( 3 , 3 ) , A M ( 3 , 3 ) , S ( 1 7 ) , T ( 1 7 ) , X I N T ( 1 7 ) , 
XX5I1M1 1 7 , 4 Q l , 7 ( 1 7 , ? S n ) ,XK3 ( 1 7 , ? 5 Q ) ,H ( 1 7 , ? 5 0 > .C ( 1 7 , 41 f)) , 11 ( PSD > , 
X F { 2 5 0 ) , G ( 2 5 C ) , X 1 ( 2 5 0 > , X 2 ( 2 5 0 ) , X 3 ( 2 5 0 ) , V ( 4 1 0 ) , A ( 4 1 0 ) , B ( 4 1 0 ) 

2 READ INPUT T A P E 7 , 5 , M U , N U , N F , N P . D E L T A V , E , R 1 , R 2 , R 3 , ( S I G M A ( I ) , 1 = 1 , 3 ) 
5 F n R M A T ( 4 T 3 , 2 F l ? . 6 / 6 E l ? . f t > 

I F { N F ) 9 , 9 , 6 
6 READ INPUT T A P E 7 , 8 , ( S I G S ( I ) , 1 = 1 , 3 ) , ( S O U R C E ( I ) , 1 = 1 , 3 ) 
8 FnRMAT( feF l? .6 ) 
9 XNU=NU 

DELTAU=1.5707963/16."XNU) 
iiUllJE QUTPUT^XAPF6, 10 ,MU,DFl TAV ,F .DFI TAt.l ,R1 ,R2 ,R3 , ( SIGMA( 11,1 = 1,3)-

10 F0RMAT(75H1C0LLISI0N PROBABILITIES FOR THREE REGION CYLINDRICAL CE 
XLL PROBLEM NUMBER I3/44HC KI3 MESH CONVERGENCE DELT 
XA U/IH 3F15.fe/fl9Hn A B C 
X SIGMA 1 SIGMA 2 SIGMA 3/lH 6E15.6) 
CALCULATE VARIOUS CONSTANTS 
D1=R1«»2. 
D2=R2»«2. 
D3=R3«*2. 
n4=n?-m _ 
D5=D3-D1 
D6=D3-D2 
n7=?.«SIGMA(1)*R1-
D8=2.»SI&MA(2) 
D9=SIGMA(2)»R1 
DI0=?.»n9 
011 = 2.-SIGMAC 2)»R2 
D12=2.»SIGMA(3) 
ni3=STGMA[^)»R;' 
D15=2.*SIGMA(3)»R3 
D17=D7-D10 
-D?l = DB-ni2 
D22=D21»R2 
D23=0.3«DELTAV 

J12A^Si .^«DELTA U 
D25=(0.63661977»Rl)/(SIGMA(2)-04) 
D26=(SIGMA(2)»D4)/(SIGMA(1)»D1) 
D27=(SIGMA(2)»n4)/(SIGMA(31»D6) 
CALCULATE QUANTITIES COMMON TO KI3 INTEGRANDS 
V(1)=0.0 

_Aiii^a^a ^ 
B ( 1 ) = 1 . 0 
W=0.0 

-XLJJ = 8 t O / D £ L I A V 
LU=XLU 
D 0 1 2 I = 2 , L U 
V(I)=W-»DELTAV 
A( I ) = C O S H F ( V ( I ) ) 
B( I ) = 1 . / ( ( A { I ) ) » * 3 . ) 

12 W = V U I __ ^ „ 
CALCULATE ARGUMENTS OF KI3 FUNCTIONS 
L=6»NU+1 
Q=J1,Q ^ _ _ ^^ 
D050K=1,L 
U(K)=Q 
I F 1 K - L ) l 4 , 1 3 a l 4 

13 F ( K ) = 0 . 0 
G { K ) = 0 . 0 

JkCL-T015 _ __ 
14 F ( K ) = C O S F ( U ( K ) ) 



GUtl=aJLlK.ii»«2. ^ 
15 X 1 { K ) = S Q R T F ( D 4 + D 1 « G ( K ) ) 

X2 (K)=SQRTF(D5+D1»G{K) 1 
X3(K)=SQRTF(nf t ->-n?»G(K) l 

17 Z ( 1 , K ) = S I G M A ( 2 ) * X 1 ( K ) - D 9 » F ( K ) 
Z { 2 , K ) = Z { 1 , K ) + D 7 » F ( K ) 
7 C 3 , K ) = n f i « X l ( K ) 
Z ( 4 , K ) = Z ( 1 , K ) + Z ( 2 , K ) 
Z ( 5 , K ) = S I G M A ( 3 ) » ( X 2 { K ) - X 1 { K ) ) + Z ( 1 , K ) 
7 ( 6 , K ) = Z ( 5 , K ) + n 7 * F ( K ) 
Z ( 7 , K ) = Z ( 1 , K ) + Z ( 5 , K ) + D 1 0 » F ( K ) 
Z ( 8 , K ) = Z ( 7 , K ) + D 1 7 » F ( K ) 
7 ( 9 . K ) = 5 ; T a M A ( 3 > > X 3 ( K i - n i 3 » F ( K l 
Z ( 1 0 , K ) = Z ( 9 , K ) + D 1 1 » F ( K ) 
Z ( 1 1 , K ) = D 1 2 * X 2 ( K ) + D 2 1 » X 1 ( K ) 
7( 1? ,K )=? ' ( U , K H - m 7 » F ( K ) 
Z ( 1 3 , K ) = D 1 2 * X 3 ( K ) 
Z ( 1 4 , K ) = Z ( 1 3 , K ) + D 2 2 » F ( K ) 
Z ( 1 5 . K l = n 7 » F ( K > 
Z { 1 6 , K ) = D 1 1 » F ( K ) 
Z ( 1 7 , K ) = D 1 5 » F ( K ) 

C FVAI t lATF INTFaRAI <; WHICH r.IVF K r 3 FIIMr.TTnN«; 
D 0 3 6 N = 1 , 1 7 
S ( N ) = 1 . / E X P F ( Z ( N , K ) ) 
T (N)= ,S(N) 
J = l 

18 M l = 6 * J - 4 
M?=6«.i-H 

20 D025I=M1,M2 
25 C ( N , I ) = B ( I ) / E X P F ( Z { N , K ) * A ( I ) ) 

S (N ) = S ( N ) - ^ 5 . « C ( N . 6 » J - 4 ) • ^ C ( N . 6 » J - 3 1 • ^ 6 . « C ( N . f » » J - 2 > • ^ C ( N . & « • l - l l 
X + 5 . * C ( N , 6 « J ) + 2 . « C ( N , 6 » J + 1 ) 

I F ( C ( N , 6 » J + 1 ) - £ » T ( N ) 1 3 5 , 3 0 , 3 0 
30 J = J ^ 1 

GO T018 
35 X K 3 ( N , K ) = D 2 3 « ( S ( N ) - C ( N , 6 » J + 1 ) 1 
36 H { N . K 1 = X K 3 ( N . K 1 « F ( K 1 
50 Q=U(K1+DELTAU 

C OPTIONAL OUTPUT OF KI3 FUNCTIONS 
IF(NP)58.58,52 

52 WRITE OUTPUT TAPE6,55,{{XK3(N,K),N=l,17),K=1,L1 
55 FORMAT(1H06E15.8/6E15.8/5E15.8) 

C EVAIUATF INTPGRALS WHICH INVOIVF KT3 FUNCTIONS 
58 D060N=1,17 

XINT(N)=0.0 
D060M=1.NU 
XSUM(N,M)=D24«(H(N,6»M-5)+5.*H(N,6*M-4)+H{N,6»M-3) 

X+6.»H(N,6«M-2)+H(N,6»M-l)+5.»H{N,6*M)+H(N,6»M+l)) 
60 XINT(N)=XINT(N1»XSUM(N.M) 

C CALCULATE COMBINATIONS OF KI3 INTEGRALS 
65 ALPHA=D25»(XINT(1)-XINT(2)) 

BETA=D25«(XINT(3)-XINT(41) 
GAMMA=025»(XINT(5)-XINT(6)) 
DELTA=D25*(XINT(7)-XINT(8)+(R2/R11»(XINT(91-XINT(10))) 
EPS = D25»(XINT(lI)-XINT(12)-KR2/Rll»(XINT(131-XINT(I4m 
P0S1A=(l.-1.27323954»XINT(15))/D7 
P0S2B=(1.-1.27323954«XINT(16)1/011 
P0S3C=< l . - 1 .27323954»X INT(17n /D15 

C CALCULATE PI I , J ) AND G4{ I 1 
70 P ( 1 , 1 ) = 1 . - P 0 S I A 

P{1.21=PQS1A-D26«ALPHA 
P ( l , 3 ) =D26»(ALPHA-GAMMA1 
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P(1.4)»l.-P(l.l)-P<1.71-P(1.3) 
P(2,1J=P(1,2)/D26 
P(2,2)=1.-IP0S1A/D26)-(D2/DA)«(P0S2B)+2.»ALPHA-BETA 
P(2.31 = (D2/D4)»P0S?H-AI PHA*BETA-»GAMHA-DELTA 
P(2,4)=l.-P(2,l)-P(2,2)-P(2,3) 

72 P(3,1)=SIGMA(1)»D1*P(1,3)/(SIGMA(3)»D6) 
P13,7lxn?7»P(?,3l 
PI3,3)=l.-SIGMA(2)»O2«P0S2B/(SIGMA(3)»D6)-D3»P0S3C/D6 

X-027»(BETA-2.»0ELTA+EPS) 
P(3.4>=l.-P(3.11-P(3.?>-P(3.3> 
GA(l)=2.«0l»SIGMA(l)»P{l,4)/R3 
G4J2)=2.»D'f*SIGMA(2)»P{2.A)/R3 
r.4(3l = ?.«06»SIGHA(3)»P(3.4>/R3 
GSUM=G4(1)+G4(2)+G4(3) 
CALCULATE PSTARd.J) 

an r)nBSi = i,^ 
D085J=1,3 

85 P S T A R t I , J ) = P { I , J ) + P ( I , 4 ) » G 4 ( J » / G S U M 
nPTinNAi f.Ai mil ATinN np avFRAKF FI I IXF<; 
I F { N F ) 1 3 5 , 1 3 5 , 9 0 

90 V 0 L { U = D 1 
v n L ( ? ) = n 4 
V0L(3 )=D6 
0 0 1 0 0 1 = 1 , 3 
RT( n=Q.Q 
DOIOOJ=1,3 

100 RT( I)=RT( I)+SOURCE(J)»VOL«J)»PSTAR(J,I) 
001101 = 1.3 
D0110J=1,3 
IF(I-J)10A,102,104 

102 AM(I.JI=tfnL(Jl»t';iGMA( I )-SIGS ( J ) •PSTAR ( J . I I > 
GO TOllO 

104 AM(I,J)=-VOL(J)»SIGS(J)«PSTAR(Jfn 
110 CONTINUE 

DEL(l)=RT(l)»(AMI2,2)*AMt3,3)-AM(2,3)»AM(3,2)) 
X+RT(2)»(AM(lf3)»AM(3,2)-AM(l,2)»AM(3,3)) 
X*RT(31«(AH11.2)*AM(2.3)-AM(2.2)»AM(1.3)) 
DEH2)=RT(l)»(AM(2,3)»AM(3,l)-AM(2f 1)«AM(3,3) ) 

X+RT(2)»(AM{1.l)»AM(3,3)-AM(l,3)»AM(3,l)) 
X*RT(3)»1AH11.31»AM(2.1)-AM(1.1)«AM(2.31) 
DEL(3)=RT(l)»(AM(2,l)»AM(3,2)-AM(2,2)»AH(3,l)) 
X+RT(2)»(AM(1,2)»AM(3,1)-AM(1,1)«AM(3,2)» 
X»RT(3)«(AM(l.ll»AM<2.2)-AM(1.2)>AHt2.1)) 
D0120I=lf3 

120 FLUX(I)=OELtI)/0EL(1) 
_C WRITE OUTPUT DATA 

135 WRITE OUTPUT TAPE6,145,(XINTlN),N=1,17),ALPHA,BETA,GAMMA, 
XDELTA,EPS,P0S1A,P0S2B,P0S3C 
WRITE OUTPUT TAPE6.150.(<P(I.J).J = l.4).1=1.3) 
WRITE OUTPUT TAPE6,155,(G4{I),1=1,3) 
WRITE OUTPUT TAPE6,160,((PSTAR(I,J),J=l,3),1=1,3) 

145 FORHAT(90H0 INTEGRAL 1 INTEGRAL 2 INTEGRAL 3 INTEGR 
XAL 4 INTEGRAL 5 INTEGRAL 6/lH 6E15.6/90H0 INTEGRAL 7 
X INTEGRAL 8 INTEGRAL 9 INTEGRALIO INTEGRALll INTE 
XGRAL12/1H 6E15.6/75H0 INTEGRAL13 INTEGRAL14 INTEGRAL15 
X INTEGRAL16 INTEGRAL17/1H 5E15.6/74H0 ALPHA 
XBETA GAMMA DELTA EPSILON/IH 5E15.6/47H0 
X PO(SIGMA 1 A) PO(SIGMA 2 B) POISIGHA 3 C)/1H 3E15.6) 

150 FORMAT!57H0 Pll P12 P13 PI 
X4/1H 4E15.6/57H0 P21 P22 P23 
X P24/1H 4E15.6/57H0 PSl P32 P33 
X P34/1H 4E15.6) 

155 FORMAT(42H0 G41 G42 G43/1H 3E15.6} 
160 FORMAT(42H0 PFF PFC PFM/IH 3E15.6/42H 

XO PCF PCC PCM/IH 3E15.6/42H0 P 
XMF BMC PMM/IH 3E15.6) 
IF(NF)18a,180,165 

165 WRITE OUTPUT TAPE6,170,(I,SIGMA(I),SIGS(I),S0URCE(I),FLUX(I), 
XI = lt3) 

170 FaRHAT(61H0REGION SIGMA SIGMA S SOURCE 
X FLUX/dH I4,4E15.6)) 

180 GO T02 
END < 1 , 1 , 0 , 1 , 0 ) ANL-30 



.C l l L i . J iLQN_PROBABLL lUE.S„ fQB THREE REGION CYLJLNDRICAl CELL PROBLEM NUMBER^ JL 

K I 3 MESH CONVERGENCE DELTA U 
l .OOOOOOE-31 l . J 0 0 0 0 U h - & 8 3 . 6 b 4 4 9 6 E - Q l 

A B C SIGMA 1 SIGMA 2 SIGMA 3 
0 . 4 3 5 6 1 0 E - Q 0 : .477&2QE^:nQ C.7165QIIE QU 0 .86654QE OQ Q.94D5Qi)£, _Qfi Q.269Q85E 31 

INTEGRAL 1 INTEGRAL 2 INTEGRAL 3 INTEGRAL 4 INTEGRAL 5 INTEGRAL 6 
0.734757E 00 T.365256E-C0 0.32307GE-00 Q.341727E-Q0 0.3C85?5F-CG 0.lS53SSF-ao 

INTEGRAL 7 INTEGRAL 8 INTEGRAL 9 INTEGRALIO I N T E G R A L l l INTEGRAH2 
0 . 1 3 8 1 5 3 E - 0 0 0 . 1 4 6 1 5 0 h - 0 0 0 . 3 1 6 7 2 5 E - 0 0 Q. 139581E;:jaQ 3 . 6 1 1 7 2 9 E - C 1 Q . 6 4 7 4 7 0 E - Q 1 

INTEGRAL13 INTEGRAL14 INTEGRAL15 INTEGRAL16 INTEGRAL17 
0.14913QE-01 0.596776E-C1 C.390688E-00 0.345721E-Ofi Q.458966F-01 

ALPHA BETA GAMMA DELTA EPSILON 
0.284698E 01 -0.143749E-C0 0.118gi7E QI 0. 143458E 01 -0.4Q5633E-QQ 

PO(SIGMA 1 A) POiSIGMA 2 B) POISIGMA 3 C) 
0.665352E 00 0.623252E 00 D.244182E-0Q 

Pll P12 P13 P14 
0.334648E-00 0.421779E-01 0.364848E-0Q 0.258327E-0Q 

P21 P22 P23 P24 
0.192690E-00 0.844302E-01 0.468465E-00 0.254414E-00 

P31 P32 P33 P34 
0.781328E-01 0.219596E-01 0.546857E 00 0.35305IE-00 _ _ _ ^ 

G41 G42 G43 
Q.118568E-00 0.255602E-01 0.756682E 00 

PFF PFC PFM 
0.368650E-00 0.495078E-01 0.5S1842E 00 

PCF PCC PCM 
0.226177E-00 3.91649IE-C1 0.682174E 00 

PMF PMC PMM 
0.124603E-00 0.319773E-C1 0.84342CE 00 

REGION SIGMA SIGMA S SOURCE FLUX 
I 0.866540E 00 Q.365110E-CQ 0. O.IOOOOQE 01 
2 0.940500E 00 0.794080E 00 D. 0.111732E 01 
3 0.269085E CI 0.267574E 01 O.IOOOOOE 01 0.123938E 01 

« « ALL DATA PROCESSED. 




