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I. PROJECT OBJECTIVES 

The objectives of this project a r e to (a) de termine react ivi ty , t empera tu re , 

and Doppler coefficients of var ious ma te r i a l s in a var ie ty of fast r eac to r spec­

t ra ; (b) investigate effects due to different geometr ic a r r angemen t s of such m a t e ­

r i a l s , including the variat ion of the s u r f a c e - t o - m a s s ra t io ; (c) provide exper i ­

mental r esu l t s for the purpose of checking theoret ica l predic t ions; and (d) de­

velop improved exper imental and theoret ica l methods for t rea tment of problems 

in the field of fast reac tor physics . 

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1969 

Research at the ECEL this year has concentrated on r eac to r compositions 

and spect ra typical of cur ren t LMFBR des igns . This concentrat ion has per­

mitted the detailed investigation of some of the present difficult problems in fast 

r eac to r development, such as the react ivi ty of p in -c lus te r s of a b s o r b e r s , the 

react ivi ty of strongly self-shielded a b s o r b e r s , and the react ivi ty of individual 

plutonium iso topes . Exper imenta l and calculational techniques have been stud­

ied and refined, leading to a bet ter understanding of existing and potential cap­

abil i t ies for resolving these p rob lems . 

The f irst of the three cores (Core 17) studied this year was a plate-type 

test region simulating a typical LMFBR. This test region was composed of 

fully enriched uranium, natural uranium, carbon, metal l ic sodium, s ta in less 
27 c 2 3 8 

steel , and aluminum. The central U /U median fission energy (mfe) was 

93 kev which is equivalent to 160 kev for a plutonium fueled core . This core 

was modified by installing boxes of fuel pins (Figure 1) to form a cent ra l sub-

zone of FBR-type fuel e lements (Figure 2). This core was identified as 17P 
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o o r ^ 7 Q 
and had a c e n t r a l U / U mfe of 69 k e v . C o r e 18 w a s f o r m e d by r e l o a d i n g 
the t e s t r e g i o n of C o r e 17, but us ing e m p t y s o d i u m cans to p r o d u c e a s p e c t r u m 

O Q c ? "̂  R 
t yp i ca l of a voided L M F B R . Th i s c o r e had a c e n t r a l U / U mfe of 125 k e v . 

A. REACTIVITY M E A S U R E M E N T S 

The c e n t r a l r e a c t i v i t y w o r t h s of a wide v a r i e t y of s a m p l e m a t e r i a l s wi th 

e x t e n s i v e s u r f a c e - t o - m a s s v a r i a t i o n s w e r e m e a s u r e d in t h e s e c o r e s . The r e ­

su l t s of t h e s e m e a s u r e m e n t s a r e s u m m a r i z e d in T a b l e 1. Som e c o n t r o l rod 

m a t e r i a l s w e r e i n v e s t i g a t e d in c o n s i d e r a b l e d e t a i l b e c a u s e of t h e i r p a r t i c u l a r 

i n t e r e s t to L M F B R d e v e l o p m e n t . 

P r e s e n t d e s i g n c o n c e p t s of c o n t r o l r o d s inc lude m a s s i v e t a n t a l u m r o d s and 

th ick b o r o n c a r b i d e a s f avo red a l t e r n a t e s . B e c a u s e of t a n t a l u m ' s s t r o n g r e s o ­

nance a b s o r p t i o n and the th ick s e c t i o n s involved in p r e s e n t c o n c e p t u a l c o n t r o l 

rod d e s i g n s , t a n t a l u m c o n t r o l r o d s a r e s t r o n g l y s e l f - s h i e l d e d . Ca l cu l a t ed r e ­

su l t s of the r e a c t i v i t y w o r t h of t h e s e r o d s a r e sub jec t to c o n s i d e r a b l e u n c e r ­

t a in ty . To p r o v i d e a s e n s i t i v e t e s t of c a l c u l a t i o n a l m e t h o d s , the r e a c t i v i t y 

w o r t h s of t a n t a l u m s a m p l e s c o v e r i n g a wide r a n g e of s e l f - s h i e l d i n g w e r e m e a ­

s u r e d in C o r e 17, The r e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in F i g u r e 3, 

w h e r e the spec i f i c w o r t h i s p lo t ted a g a i n s t the a t o m i c t h i c k n e s s , NJ2. (N i s the 

a t o m i c d e n s i t y , J2 i s the m e a n chord l eng th of the s a m p l e . ) The e x t r e m e s in 

s e l f - s h i e l d i n g w e r e obta ined with a tube (0 .001- in . th ick wal l ) for n e a r l y inf in i te 

d i lu t ion and a 1.75-in. d i a m e t e r cy l i nde r for the t h i c k e s t s a m p l e . The t h i c k e s t 

s a m p l e i s m o r e s e l f - s h i e l d e d than s o m e c u r r e n t c o n t r o l rod d e s i g n s ; t h e r e f o r e , 

the r e a c t i v i t y of such r o d s m a y be b a s e d on i n t e r p o l a t i o n wi th in the m e a s u r e d 

da t a , r a t h e r than by e x t r a p o l a t i o n f r o m thin s a m p l e s . 

Al l but the l a r g e s t s a m p l e w e r e m e a s u r e d u s ing the r e a c t i v i t y o s c i l l a t o r 

t e c h n i q u e ; the l a r g e s t s a m p l e , h o w e v e r , could not be o s c i l l a t e d b e c a u s e of i t s 

s i z e . The r e a c t i v i t y of th i s s a m p l e , r e l a t i v e to a void, w a s m e a s u r e d by a 

mod i f i ca t ion of the p e r i o d m e t h o d . The r e a c t i v i t y of the r e a c t o r w a s d e t e r m i n e d 

for a r e p r o d u c i b l e conf igu ra t ion , with the s a m p l e in p l a c e a t the c e n t e r and with 

i t r e m o v e d , by m e a n s of the d y n a m i c r e a c t i v i t y o r i n v e r s e - k i n e t i c s a n a l y s i s . 

R e p e t i t i v e c l o s u r e of the s p l i t - t a b l e r e a c t o r showed tha t th i s m o v e m e n t had a 

neg l ig ib l e effect on the m e a s u r e d r e a c t i v i t y . The a c c u r a c y in t h e s e m e a s u r e ­

m e n t s , ±0.05 c e n t s , was l i m i t e d by the t e m p e r a t u r e coef f ic ien t of the r e a c t o r 
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TABLE 1 

SPECIFIC REACTIVITY 

Material Mass 
(gm) 

Reactivity (10-3 j(/gm ) 
Core No. 

17 17P 18 

S c a t t e r i n g M a t e r i a l s 

P o l y e t h y l e n e 

Li^ 

C 

Na 

Mg 

Al 

L a v i t e 

Pb 

Bi 

1.5056 

6.2740 

0.2935 

1.6891 

3.8466 

5.5404 

16.2330 

17.0468 

0.5524 

3.2599 

6.8432 

17.0835 

26.3802 

23.3595 

110.5786 

39.7364 

+54.79 ± 0.33 

+61.659 ± 0.077 

-1 .19 ± 0.95 

-2 .89 ± 0.16 

-0 .715 ± 0.125 

-0 .0063 ± 0.0088 

-0 .031 ± 0.022 

+1.10 ± 0.52 

-1 .36 ± 0.089 

-0 .094 ± 0.069 

-0 .458 ± 0.020 

-0 .436 ± 0.018 

-0 .303 ± 0.015 

-0 .0873 ± 0.0032 

-0 .080 ± 0.011 

-

-

-0 .154 ± 0.021 

-0 .218 ± 0.053 

-

-0 .326 ± 0.015 

-

-

-

-

-

-0 .456 ± 0.018 

+0.31 ± 0.52 

-1 .21 ± 0.09 

-0 .172 ± 0.042 

-

-0 .478 ± 0.011 

-

-

-

S t r u c t u r e and Cont ro l 

L i ^ 

B / B i 

B 

B4C 

B1° 

W 

Nb 

0.2887 

1.6350 

3.1350 

0.6398(B) 

0.8245(B) 

3.3671 

4 .1098 

5.1237 

9.9186 

6.3650 

188.4561 

84.9437 

-172.84 ± 0.87 

-176 .51 ± 0.18 

-172 .33 ± 0.12 

-49 .92 ± 0.50 

-50 .60 ± 0.52 

-53 .42 ± 0.14 

-52 .38 ± 0.11 

-52 .85 ± 0.09 

-48 .07 ± 0.06 

-43 .20 ± 0.01 

-1 .3061 ± 0.0018 

-2 .0836 ± 0.0040 

-

-

" 

-

-

-

-

-

-

-

-

-

-

-

(Continued) 
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TABLE 1 
SPECIFIC REACTIVITY 

(Sheet 2) 

M a t e r i a l M a s s 
(gm) 

R e a c t i v i t y (10-3 ^ / g ^ ) 

C o r e No. 

17 1 7 P 18 

S t r u c t u r e and Cont ro l 

S t a i n l e s s Stee l 
(3 04) 

Incone l -600 

Incone l -750 

T a 

77.8543 

6.9630 

81.5572 

1.5563 

12.8422 

53.5927 

163.2689 

-0 .3578 ± 0.0033 

-0 .513 ± 0.069 

-

-5 .87 ± 0.18 

-4 .393 ± 0.024 

-3 .9554 ± 0.0063 

-3 .6102 ± 0.0029 

-0 .3045 ± 0.0045 

-

-0 .4085 ± 0.0043 

-6 .25 ± 0.20 

-

-
-3 .5968 ± 0.0021 

-0 .3561 ± 0.0039 

-0 .636 ± 0.046 

-0 .4653 ± 0.0037 

-

-

-
-3 .1090 ± 0.0020 

PuO^ No. 2 

No. 4 

No. 5 

No. 6 

No. 7 

No. 9 

U " 5 

66.1960 

66.1916 

66.1871 

61.8518 

31.370 

62.0718 

4.0081 

13.7821 

117.6789 

183.3159 

F u e l Ma te r i a ! 

+ 12.999 ± 0.010 

+13.039 ± 0.011 

+13.038 ± 0.011 

+09.632 ± 0.019 

+10.265 ± 0.027 

+08.161 ± 0.020 

+10.667 ± 0.091 

+11.165 ± 0.026 

+11.1700 ± 0.0031 

+11.2433 ± 0.0020 

s 

+12.071 ± 0.005 

+12.084 ± 0.006 

-

-
-
-

-

-

+10.7368 ± 0.0032 

+10.7796 ± 0.0020 

+12.618 ± 0.007 

+12.654 ± 0.005 

+9.398 ± 0.014 

-
+7.924 ± 0 .0 i4 

-

-

-
+10.6802 ± 0.0019 

y 2 3 8 

V^'\ 

T h 

59.9856 

117.8490 

184.7387 

78.8523 

114.0429 

F e r t i l e M a t e r i a l s 

-0 .7919 ± 0.0058 

-0 .8103 ± 0.0029 

-0 .8049 ± 0.0026 

-0 .7518 ± 0.0038 

-1 .5439 ± 0.0030 

-0 .8360 ± 0.0019 

-0 .7886 ± 0.0042 

-

-0 .7000 ± 0.0016 

-0 .7747 ± 0.0038 

-

The i so top ic c o m p o s i t i o n s of t h e s e s a m p l e s (wi thm e x p e r i m e n t a l u n c e r t a i n t i e s ) a r e : 

239 240 241 242 
No. 2 , 4 , 5 0.914 0.079 0.007 0.004 
No. 7 0.843 0.133 0.020 0.004 
No . 9 0.407 0.419 0.103 0.068 
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a s the power a p p r o a c h e d 150 w a t t s du r ing e a c h of s e v e r a l p e r i o d d e t e r m i n a t i o n s . 

R e f i n e m e n t of th i s t echn ique wi l l p e r m i t r e a c t i v i t y m e a s u r e m e n t s of l a r g e s a m ­

p l e s with even s m a l l e r u n c e r t a i n t y than that in t h e s e m e a s u r e m e n t s . 

A n a l y s i s and i n t e r p r e t a t i o n of r e a c t i v i t y m e a s u r e m e n t s with c l u s t e r s of 

p ins r e q u i r e s knowledge of the m e a n cho rd l e n g t h . F o r c o m p a c t s a m p l e s , th i s 

can be d e t e r m i n e d f r o m the r a t i o of the v o l u m e to an a p p r o p r i a t e " r u b b e r - b a n d " 

s u r f a c e . F o r open c l u s t e r s , h o w e v e r , th i s a p p r o a c h i s u n s a t i s f a c t o r y . M o d i ­

f ica t ion of a p o r t i o n of a Monte C a r l o p r o g r a m h a s p r o d u c e d a c o m p u t e r c o d e , 

M C L , that can c a l c u l a t e the m e a n chord length for any s a m p l e with c y l i n d r i c a l 

s y m m e t r y . Th i s code i s d i r e c t l y a p p l i c a b l e to r e a c t i v i t y c a l c u l a t i o n s of L M F B R 

c o n t r o l r o d s and c a l c u l a t i o n of the g a m m a - r a y a b s o r p t i o n of such r o d s . 

T h r e e s e t s of c a l c u l a t i o n s a r e shown for c o m p a r i s o n with the m e a s u r e d v a l ­

u e s . The c a l c u l a t i o n s w e r e done v/ith f i r s t - o r d e r p e r t u r b a t i o n t h e o r y us ing 

c r o s s - s e c t i o n s modif ied by TRIXIE (a r e s o n a n c e c r o s s - s e c t i o n code) , by 

E S C A P E (a smoo th c r o s s - s e c t i o n code ) , and by a c o m b i n a t i o n of the two in which 

E S C A P E i s u s e d for c r o s s - s e c t i o n s above the u p p e r e n e r g y l i m i t of the r e s o ­

n a n c e da t a . The TRIXIE c a l c u l a t i o n s show good a g r e e m e n t wi th the m e a s u r e ­

m e n t s for d i lu te s a m p l e s , but for th ick sannples the c a l c u l a t i o n s d e v i a t e p r o ­

g r e s s i v e l y f r o m the m e a s u r e m e n t s a s the s e l f - s h i e l d i n g i n c r e a s e s . It i s 

expec ted that th i s dev ia t ion wil l be e l i m i n a t e d by u s ing e x a c t p e r t u r b a t i o n t h e o r y , 

in which the u n p e r t u r b e d r e a l f lux and p e r t u r b e d adjoint flux a r e u s e d . T h i s c a l ­

cu la t ion i s u n d e r w a y . 

The r e a c t i v i t y w o r t h of b o r o n was a l s o m e a s u r e d a s a funct ion of self-

sh ie ld ing in C o r e 17. T h e s e r e s u l t s a r e shown in F i g u r e 4 . The s a m p l e s w e r e 

c o m p o s e d of p o w d e r e d n a t u r a l b o r o n o r e n r i c h e d b o r o n - 1 0 e n c a p s u l a t e d wi th in 

s t a i n l e s s s t e e l or a l u m i n u m c a n s . The d i m e n s i o n s of the b o r o n s a m p l e s w e r e 

d e t e r m i n e d by n e u t r o n r a d i o g r a p h y . The c a l c u l a t e d v a r i a t i o n of spec i f i c r e a c ­

t iv i ty was obta ined by f i r s t - o r d e r p e r t u r b a t i o n t h e o r y u s ing ef fec t ive c r o s s s e c ­

t ions b a s e d on the e s c a p e p r o b a b i l i t y m e t h o d . The r e a l and adjoint f luxes u s e d 

in th is c a l c u l a t i o n w e r e p r o d u c e d by the diffusion t h e o r y code CAESAR. Use of 

the c a l c u l a t e d va lue of b e t a - e f f e c t i v e , 0 .00748, to c o n v e r t the c a l c u l a t e d r e a c ­

t iv i ty to cen t s y ie lded v a l u e s in s e v e r e d i s a g r e e m e n t with the e x p e r i m e n t . The 

good a g r e e m e n t shown in the f igure was a c h i e v e d only by mu l t i p ly ing the con ­

v e r t e d c a l c u l a t e d v a l u e s by a n o r m a l i z a t i o n f a c t o r , A = 0 .824. 
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A s m a l l a d j u s t m e n t was r e q u i r e d by the n a t u r a l b o r o n s a m p l e s to a c c o u n t 

for m o d e r a t i o n of n e u t r o n s in the s a m p l e by the b o r o n - 1 1 . Th i s m o d e r a t i o n 

m a k e s the s a m p l e s m o r e n e g a t i v e in r e a c t i v i t y b e c a u s e of the i n c r e a s e d a b s o r p ­

t ion p r o b a b i l i t y for the m o d e r a t e d n e u t r o n s and the s l igh t ly l o w e r i m p o r t a n c e of 

the m o d e r a t e d n e u t r o n s tha t e s c a p e . E a c h of t h e s e effects a c c o u n t e d for about 

1% of the o b s e r v e d r e a c t i v i t y . S c a t t e r i n g effects w e r e neg l ig ib l e for the t h i c k ­

e s t s a m p l e , which w a s c o m p o s e d of e n r i c h e d b o r o n - 1 0 . 

In o r d e r to check f u r t h e r the d i s c r e p a n c y b e t w e e n t hose m e a s u r e d and c a l ­

cu la t ed a b s o l u t e r e a c t i v i t y w o r t h s which r e q u i r e d u s e of an a r b i t r a r y n o r m a l i ­

za t ion f a c t o r , the r e a c t i v i t y of l i t h i u m - 6 w a s c a l c u l a t e d by u s ing the e s c a p e 

p r o b a b i l i t y m e t h o d . The e s c a p e p r o b a b i l i t y m e t h o d i s a p p l i c a b l e only for s a m ­

p l e s -with slo%vly va ry ing c r o s s s e c t i o n s . Both l i t h i u m - 6 and b o r o n - 1 0 a r e we l l 

su i t ed to th i s l i i n i t a t i o n . F o r th i s i s o t o p e , the n o r m a l i z a t i o n f a c t o r . A, w a s 

found to be 0 .796. T h u s , the c a l c u l a t i o n s o v e r e s t i m a t e r e a c t i v i t y for t h e s e 

s i m p l e a b s o r b e r s by a f ac to r of about 1.23. Th i s f ac to r a g r e e s with r e s u l t s o b ­

t a ined at th i s l a b o r a t o r y ove r the l a s t e igh t y e a r s and i s in a g r e e m e n t wi th c o m ­

p a r i s o n s m a d e a t s e v e r a l o the r l a b o r a t o r i e s . 

P o s s i b l e c a u s e s of th i s d i s c r e p a n c y , such a s a s y s t e m a t i c e r r o r in de l ayed 

n e u t r o n y i e l d s , a r e being i n v e s t i g a t e d in a c o m p a n y - s p o n s o r e d p r o j e c t . If the 

r e c e n t v a l u e s for de layed n e u t r o n y i e l d s r e p o r t e d by M a s t e r s , et a l , of L o s 

A l a m o s a r e u s e d , the va lue of b e t a - e f f e c t i v e c h a n g e s f r o m 0.00748 (using K e e p -

ins v a l u e s for d e l a y e d - n e u t r o n f r a c t i o n s ) to a p p r o x i m a t e l y 0 .00844. Th i s change 

r e d u c e s the d i s c r e p a n c y f r o m 1.23 to 1.10. 

The spec i f i c r e a c t i v i t i e s of s c a t t e r i n g m a t e r i a l s do not show any s i m p l e 

c o r r e l a t i o n with s a m p l e s i z e a s i s o b s e r v e d with a b s o r b e r s . Th i s i s a p p a r e n t 

f r o m c o m p a r i s o n s of the s e v e r a l l i t h i u m , s o d i u m , c a r b o n , and po lye thy l ene 

s a m p l e s l i s t e d in T a b l e 1. Some p e c u l i a r r e s u l t s r e q u i r i n g r e j e c t i o n of the da ta 

a l s o o c c u r r e d in m e a s u r e m e n t s with b o r o n c a r b i d e and b o r o n m i x e d with b i s m u t h 

The c a u s e of t h i s e r r a t i c b e h a v i o r i s u n c l e a r a t th i s t i m e . In p o l y e t h y l e n e , it i s 

qui te l i ke ly a s i m p l e s i z e effect r e s u l t i n g f r o m m u l t i p l e s c a t t e r i n g by h y d r o g e n . 

Whi le the p o s s i b i l i t y of an e x p e r i m e n t a l a r t i f a c t , such a s v a r i a b l e a m o u n t s of 

a b s o r b e d w a t e r or o x i d e s , cannot be def in i te ly exc luded f r o m the o the r s a m p l e s , 

the e r r a t i c r e s u l t s in such d i s s i m i l a r s a m p l e s a s c a r b o n and s o d i u m a r g u e s 

a g a i n s t the e x i s t e n c e of a c o m m o n c a u s e of such an a r t i f a c t . A p o s s i b l e c a u s e 

A I - A E C - 1 2 8 5 7 
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T A B L E 2 

DERIVED S P E C I F I C R E A C T I V I T Y 
O F OXYGEN 

S a m p l e P a i r s 

A l - A l ^ O ^ No. 1 

A l - A l ^ O ^ No. 2 

A l - A l ^ O ^ No. 3 

P b - P b O 

P b - P b O ^ 

M g - M g O No. 1 

M g - M g O No. 2 

Specif ic R e a c t i v i t y 
(10-3 ^ / g m O2) 

-0 .308 ± 0.030 

- 0 . 3 6 6 ± 0.066 

-0 .270 ± 0.023 

-0 .52 ± 0.12 

- 0 . 3 4 6 ± 0.069 

+4.402 ± 0.072 

+3.79 ± 0.35 

of th i s b e h a v i o r m a y be i n t e r f e r e n c e b e t w e e n fine s t r u c t u r e in the r e a l and a d ­

jo in t f l uxes , i n t r o d u c e d in va ry ing a m o u n t s by m o d e r a t i o n in t h e s e l ight s c a t t e r -

e r s . S ing le , doub le , and t r i p l e s c a t t e r s m a y p r o d u c e i n t e r f e r e n c e by d i f f e ren t 

a m o u n t s , thus caus ing an i r r e g u l a r v a r i a t i o n in r e a c t i v i t y wi th s a m p l e s i z e . 

P r o b l e m s of the above type c o m p l i c a t e the m e a s u r e m e n t of the r e a c t i v i t y 

w o r t h of oxygen, for e x a m p l e , when the t echn ique w h e r e b y the r e a c t i v i t y d i f fe r ­

ence betvi^een s o m e m e t a l and i t s oxide i s e m p l o y e d , A v a r i e t y of m e t a l - o x i d e 

p a i r s h a v e b e e n u s e d in an a t t e m p t to c l a r i fy th i s diff icul ty but th i s h a s not b e e n 

c o m p l e t e l y s u c c e s s f u l . The r e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in T a b l e 2. 

A va lue of -0 .295 x 10 (z5/gm h a s b e e n t aken for the w o r t h of oxygen in C o r e 17 

by exc lud ing the p o s i t i v e v a l u e s . 

? 3 8 
S e v e r a l c l u s t e r s of p ins of U O^ and of Ta with d i f fe ren t pin p i t c h e s h a v e 

been u s e d to d e t e r m i n e the r e a c t i v i t y ef fects of pin s p a c i n g . The pin d i a m e t e r 

and s p a c i n g s w e r e c h o s e n to a p p r o x i m a t e c u r r e n t fuel e l e m e n t d e s i g n s . S a m ­

p l e s with 1, 4 , and 7 t a n t a l u m pins w e r e m e a s u r e d . The effect of f i l l ing the 

s p a c e s b e t w e e n the t a n t a l u m p ins with N a F w a s a l s o m e a s u r e d . T h e s e r e s u l t s 

h a v e not yet b e e n c o m p l e t e l y a n a l y z e d . 

A p r e l i m i n a r y eva lua t i on of the r e a c t i v i t y w o r t h s of the ind iv idua l h i g h e r 
23 5 ? 3 8 

i s o t o p e s of Pu h a s b e e n conduc ted for C o r e 16, a U / U fueled a s s e m b l y 

with a t e s t r e g i o n m e d i a n f i s s i on e n e r g y of 66.4 k e v . The r e a c t i v i t y w o r t h s of 
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four s a m p l e s , e ach with a d i f fe ren t r a t i o of Pu to Pu to Pu to P u , 

w e r e d e t e r m i n e d and u s e d to d e r i v e , by m e a n s of four s i m u l t a n e o u s e q u a t i o n s , 

the spec i f i c r e a c t i v i t y -worths of e a c h i s o t o p e ind iv idua l ly . S ince the self-

sh ie ld ing f a c t o r s for e a c h i s o t o p e v a r y f r o m one s a m p l e to the nex t , the s p e ­

cif ic w o r t h v a l u e s l i s t e d be low a r e only a p p r o x i m a t e , but m a y s e r v e to p r o v i d e 

s o m e i n d i c a t i o n of r e l a t i v e m a g n i t u d e s for the f i r s t t h r e e i s o t o p e s . 

P u I so tope 

239 

240 

241 

242 

Speci f ic Wor th 
(10-3 ^ / g m ) 

M e a s u r e d 

+ 15.6 

- 4 . 6 

+ 21.0 

+31.1 

C a l c u l a t e d ' 

+ 17.8 

-0 .1 

+24.8 

+ 1.1 

* S e l f - s h i e l d e d 
t A t inf in i te d i lu t ion 

242 
The m e a s u r e d spec i f i c w o r t h of Pu i s e x p e c t e d to be too l a r g e s i n c e , 

239 
r e l a t i v e to P u , i t i s a l w a y s v e r y d i l u t e ; h o w e v e r , one would not p r e d i c t i t 

239 241 
to be m o r e pos i t i ve than Pu or FNa . When the s e l f - s h i e l d i n g f a c t o r s a r e 
a p p l i e d , t h i s diff iculty m a y be c l a r i f i e d . 

I n a s m u c h a s the c a l c u l a t e d a b s o l u t e v a l u e s for the r e a c t i v i t y w o r t h s of the 

f i s s i o n a b l e i s o t o p e s a r e c o n s i s t e n t l y found to be too h igh in fas t r e a c t o r s p e c t r a 

a s i s s e e n h e r e , it is i n f o r m a t i v e to i n v e s t i g a t e the r a t i o of the c a l c u l a t e d to the 
241 239 

e x p e r i m e n t a l v a l u e s of r e a c t i v i t y of Pu and Pu . The a g r e e m e n t i s r e -
241 239 

m a r k a b l y good, the r a t i o of Pu to P u be ing 1.3 5 e x p e r i m e n t a l l y and 1.39 
a n a l y t i c a l l y . 

B . D O P P L E R - E F F E C T M E A S U R E M E N T S 

The t e m p e r a t u r e coef f ic ien ts of r e a c t i v i t y of a v a r i e t y of s a m p l e s h a v e b e e n 

m e a s u r e d in the t h r e e c o r e s . S o m e of the r e s u l t s of m e a s u r e m e n t s for C o r e s 17 

and 17P with the s t a n d a r d - s i z e d s a m p l e s a r e shown in T a b l e 3 . In add i t ion to 

the s t a n d a r d m e a s u r e m e n t s , a s e r i e s of m e a s u r e m e n t s m a d e whi le u s ing h e a t e d 

b l a n k e t s was done to i n v e s t i g a t e the effect of the r e a c t o r t e m p e r a t u r e on the 
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T A B L E 3 

D O P P L E R - E F F E C T M E A S U R E M E N T S 

S a m p l e 

Dopple r Effect 

C o r e No. 

17 1 7 P 

T e m p e r a t u r e 
I n t e r v a l 

(°C) 

Ta 

^ 2 3 8 

u"'o. 

-0 .0365 ± 0.0006 

-0 .0105 ± 0.0006 

-0 .0032 ± 0.0008 

-0 .0357 ± 0.0006 

-0 .0091 ± 0.0006 

-0 .0047 ± 0.0008 

25 to 600 

25 to 600 

25 to 810 

T A B L E 4 

E F F E C T O F H E A T E D B L A N K E T ON 
S M A L L - S A M P L E T E M P E R A T U R E 

C O E F F I C I E N T 

S a m p l e 

Th 

Th 
^ 2 3 8 

^ 2 3 8 

^ 2 3 8 

Blanke t 

Th 
^ 2 3 8 

Th 
^ 2 3 5 

^ 2 3 8 

Sb/C,b 

0.81 

1.00 

0.96 

0.99 

0.85 

*Ra t io of coeff ic ient in h e a t e d b l anke t to 
that in cold b l anke t 

o b s e r v e d Doppler effect of a s m a l l s a m p l e . Th i s p r o b l e m is of c o n s i d e r a b l e s i g ­

n i f i cance in the a p p l i c a t i o n of s m a l l s a m p l e m e a s u r e m e n t s to a n a l y s i s of full s i z e 

r e a c t o r s . The i n t e r p r e t a t i o n of t h e s e m e a s u r e m e n t s is b a s e d on the a s s u m p t i o n 

that the i n t e r a c t i o n be tween a h e a t e d s a m p l e and a cold r e a c t o r i s c l o s e to that 

obta ined when both s a m p l e and r e a c t o r a r e at a p p r o x i m a t e l y the s a m e t e m p e r a ­

t u r e . Th i s h a s b e e n i n v e s t i g a t e d by s u r r o u n d i n g the s a m p l e l o c a t i o n a t the c e n ­

t e r of the r e a c t o r by a m a s s i v e b l anke t that can be e l e c t r i c a l l y h e a t e d . The s a m -
238 7^5 7'̂ fi 

p i e s u sed w e r e Th and U in b l a n k e t s of Th, U , or U . The b l anke t w a s 

e i t h e r a t r o o m t e m p e r a t u r e or h e a t e d to 400 °C. Only when the h e a v y a b s o r b e r in 

the s a m p l e and in the b l anke t w e r e the s a m e , w a s t h e r e any d e p e n d e n c e on b l a n ­

ke t t e m p e r a t u r e . T h e s e r e s u l t s a r e shown in T a b l e 4 . Th i s effect was a g e n e r a l 
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r e d u c t i o n by about 17% in the m a g n i t u d e of the Dopple r r e a c t i v i t y c h a n g e . Th i s 

m a y be t aken a s an a p p r o x i m a t e u p p e r l i m i t s i n c e i t i s p r o d u c e d by a c o n c e n ­

t r a t e d s ing le i s o t o p e , w h e r e a s m a t e r i a l i s d i s t r i b u t e d in a m o r e n e a r l y h o m o g e ­

neous a r r a n g e m e n t in the a c t u a l r e a c t o r . 

23 8 
M e a s u r e m e n t s w e r e a l s o m a d e with c l u s t e r s of U O^ with v a r y i n g p i tch 

s p a c i n g s . The c o n s t r u c t i o n of one of t h e s e s a m p l e s i s shown in F i g u r e 5. The 

r e s u l t s of t h e s e m e a s u r e m e n t s a r e shown in F i g u r e 6 and a r e l i s t e d in T a b l e 5. 

The p r e l i m i n a r y c a l c u l a t i o n s do not sho-w good a g r e e m e n t with e x p e r i m e n t a s 

f a r a s the Dopple r effect i s c o n c e r n e d . R e f i n e m e n t s a r e be ing w o r k e d out. 

C. S P E C T R U M M E A S U R E M E N T S 

In o r d e r to p r o v i d e d i r e c t d i f f e ren t i a l s p e c t r a for c o m p a r i s o n with c a l c u l a ­

t i o n s , m e a s u r e m e n t s w e r e m a d e in each of the c o r e s with p r o t o n - r e c o i l p r o p o r ­

t iona l c o u n t e r s . T h e s e m e a s u r e m e n t s a r e d e s c r i b e d in de t a i l in the R e a c t o r 

P h y s i c s M e a s u r e m e n t s Annua l R e p o r t . The c a l c u l a t e d c e n t r a l flux s p e c t r a a r e 

c o m p a r e d with the m e a s u r e m e n t s in F i g u r e s 7, 8, and 9. Both c o a r s e - g r o u p 

s p e c t r a c a l c u l a t e d by CAESAR, a diffusion t h e o r y code , and f i n e - g r o u p s p e c t r a 

c a l c u l a t e d by A I L M O E a r e shown. The A I L M O E s p e c t r a h a v e b e e n s m o o t h e d by 

m e a n s of a G a u s s i a n r e s o l u t i o n funct ion to m a k e the c a l c u l a t i o n s m o r e d i r e c t l y 

c o m p a r a b l e to the m e a s u r e d s p e c t r a . 

B e c a u s e of the s m a l l s i z e of the subzone in C o r e 17P, A I L M O E , which does 

a fundamen ta l m o d e c a l c u l a t i o n , i s not d i r e c t l y a p p l i c a b l e ; t h e r e f o r e , a s m o o t h , 

po in tw i se a d j u s t m e n t of the AILMOE s p e c t r u m w a s m a d e to p r o d u c e a fine g r o u p 

s p e c t r u m with the s a m e i n t e g r a t e d flux in each c o a r s e - e n e r g y g r o u p i n t e r v a l a s 

e x i s t s in the CAESAR c a l c u l a t i o n . 

A c t i v a t i o n foi ls w e r e i r r a d i a t e d in C o r e 18, but the da ta h a v e not yet been 

a n a l y z e d . 

D. A N A L Y T I C A L STUDIES 

The r e s o n a n c e s e l f - s h i e l d i n g code TRIX h a s been i m p r o v e d s ign i f i can t ly , 

and now p r o v i d e s modif ied c r o s s s e c t i o n s tha t p r e d i c t r e a c t i v i t y ef fects with 
23 8 

c o n s i d e r a b l e a c c u r a c y . In p a r t i c u l a r , c o m p a r i s o n s of U c r o s s s e c t i o n s c a l ­

cu la ted by TRIX with o p t i c a l - m o d e l c a l c u l a t i o n s h a v e led to a m o r e a c c u r a t e 

me thod for accoun t ing for d i f fe ren t a n g u l a r m o m e n t a n e u t r o n s . 
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TABLE 5 

MEASUREMENTS WITH 7 PIN CLUSTERS OF U^'^^O^ 

[yo(T) = A + BT(k)^ '^ ] 

P in 
Spacing 

(in.) 

0.345 

0.330 

0.306 

0 .395* 

M a s s 

u"«o, 
(gm) 

164.48 

164.48 

164.48 

78.85 

P 

-0 .13474 

±0.00062 

-0 .13487 

±0.00061 

-0 .13307 

±0.00060 

-0 .05947 

±0.00034 

(300-1100°K) 

-0 .01356 

±0.00013 

-0 .01275 

±0.00015 

-0 .01129 

±0.00018 

-0 .00859 

±0.00041 

1 dp 
P dT 

(300-1100°K) 
(x 10-4) 

-1 ,258 

±0.013 

-1 .182 

±0.015 

-1 .060 

±0.018 

-1 .806 

±0.055 

A 

0.1543 

2.1262 

0.1278 

0.2568 

B 

-0 .0146 

-0 .00191 

-0 .00169 

-0 .0350 

/ 

0 .8 

0 .6 

0 .6 

0 .9 

*Single rod diameter (in, ) 

TABLE 6 

CALCULATED AND MEASURED SPECIFIC REACTIVITY 
OF TANTALUM''^ 

C o r e 

N o . 

14 

15 

16 

17 

mfe 
(kev) 

3.9 

17.8 

66.4 

9 3 . 

R e a c t i v i t y 
(10-3 i/gm) 

Calcu la t ion E x p e r i m e n t 

- 8 .05 

-5 .21 

- 4 . 1 8 

-3 .87 

-7 .79 

-5 .02 

- 3 . 8 1 

-3 .61 

Di f fe rence 
(%) 

-3 .3 

- 3 . 8 

- 9 . 7 

-7 .2 

*Sample is 0.438 in. d iameter by 4.0 in. long 
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C a l c u l a t i o n s of t a n t a l u m r e a c t i v i t y w o r t h s for s e v e r a l c o r e s a r e no-w in 

good a g r e e m e n t wi th the m e a s u r e m e n t s . The r e s u l t s of th is c o m p a r i s o n for a 

p a r t i c u l a r s a m p l e s i z e a r e shown in T a b l e 6. 

De ta i l ed a n a l y s e s of s e v e r a l m e t h o d s for m e a s u r i n g the ef fec t ive c a p t u r e -

t o - f i s s i o n r a t i o h a v e been conduc ted and a r e p a r t i a l l y c o m p l e t e . The m e t h o d s 

u n d e r c o n s i d e r a t i o n a r e t h o s e of F e i n e r ( "Reac to r P h y s i c s in the R e s o n a n c e 

and T h e r m a l R e g i o n s , " Vol . 11, 1966, MIT P r e s s ) , R e d m a n and B r e t s c h e r 

(Nucl. Sc i . Eng. 27, 34 (1967), and C a r p e n t e r (based on d i r e c t m e a s u r e m e n t 

of the n o r m a l i z a t i o n i n t e g r a l in the p e r t u r b a t i o n equa t ion ) . An a d d i t i o n a l , r e l ­

a t i v e , m e t h o d p r o p o s e d by S p r i n g e r can be u s e d to t e s t the c o n s i s t e n c y of r e ­

su l t s by the o the r m e t h o d s . P r e l i m i n a r y r e s u l t s h a v e been sent to i n t e r e s t e d 

p e r s o n s a t A N L - L e m o n t and AB A t o m e n e r g i . 

F e i n e r ' s m e t h o d i n v o l v e s the m e a s u r e m e n t of r e a c t i o n r a t e s and r e a c t i v i t y 

w o r t h s of the f i s s i l e s a m p l e and an a b s o r b e r . The f o r m u l a for a can be s c h e ­

m a t i c a l l y r e p r e s e n t e d a s 

a = (i/A - BX)C , 

w h e r e v i s the a v e r a g e n u m b e r of n e u t r o n s p e r f i s s ion ; X i s an e x p e r i m e n t a l 

r a t i o ; and the t e r m s A, B , and C a r e c a l c u l a t e d c o r r e c t i o n t e r m s that a r e r e ­

l a t e d to the r a t i o of the h igh e n e r g y n e u t r o n i m p o r t a n c e to the lo-w e n e r g y n e u ­

t r o n i m p o r t a n c e . Th i s r e l a t i o n c a u s e s a c o r r e l a t i o n in the t h r e e c a l c u l a t e d 

t e r m s ; c o n s e q u e n t l y , a change in i m p o r t a n c e which t ends to i n c r e a s e A wil l 

d e c r e a s e B and i n c r e a s e C, thus imply ing a h i g h e r va lue for a . The c o r r e l a ­

t ion h a s f u r t h e r r a m i f i c a t i o n s , h o w e v e r , b e c a u s e such a change in i m p o r t a n c e 

can be p r o d u c e d by i n c r e a s i n g a in the c a l c u l a t i o n s u sed to g e n e r a t e the c o r r e c ­

t ion t e r m s for the m e a s u r e m e n t . W h e t h e r th i s p r o c e s s , if p u r s u e d i t e r a t i v e l y , 

would c o n v e r g e or d i v e r g e h a s not ye t been i n v e s t i g a t e d . It i s conc luded that 

F e i n e r ' s m e t h o d , in i t s p r e s e n t f o r m , with h e a v y r e l i a n c e on c a l c u l a t i o n s , i s 

not su i t ab l e for m e a s u r e m e n t s of a in f a s t r e a c t o r s . 

The o the r two a b s o l u t e m e t h o d s u s e n e u t r o n s o u r c e s a s p a r t of the d e t e r ­

m i n a t i o n of the i m p o r t a n c e of n e u t r o n s . It a p p e a r s p o s s i b l e to u s e a c o m b i n a ­

t ion of s o u r c e s and a b s o r b e r s to r e d u c e both r a n d o m and s y s t e m a t i c e r r o r s in 

t h e s e m e t h o d s . Study of t h e s e m e t h o d s i s con t inu ing . 
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A c r o s s s ec t i on l i b r a r y h a s b e e n p r e p a r e d for u s e wi th the t r a n s p o r t - t h e o r y 

code ANISN, Some p r e l i m i n a r y c a l c u l a t i o n s h a v e been p e r f o r m e d for c o m p a r i ­

son with the d i f f u s i o n - t h e o r y code CAESAR. As a t e s t c a s e , an inf ini te r e a c t o r 

with the s a m e c o m p o s i t i o n a s the t e s t r e g i o n of C o r e 17 w a s c a l c u l a t e d by us ing 

both c o d e s . All c o m p a r a b l e r e s u l t s v /e re e s s e n t i a l l y i d e n t i c a l . A c a l c u l a t i o n 

of C o r e 17 with ANISN (SQ) gave an e i g e n v a l u e about 4 ,5% g r e a t e r than that c a l -
o 

cula ted for the s a m e conf igu ra t ion by CAESAR, T h i s d i s c r e p a n c y i s p r o b a b l y 

c a u s e d by the a s s i g n m e n t of tv^o d i f fe ren t t h o r i u m c r o s s - s e c t i o n s e t s to the 

i n n e r and ou t e r p a r t s of the d e c o u p l e r . The b o u n d a r y b e t w e e n the two p a r t s i s 

u s e d , s o m e w h a t a r b i t r a r i l y , to ad jus t the c a l c u l a t e d e i g e n v a l u e . Th i s p r o c e d u r e 

wi l l a l s o be t r i e d with ANISN. 

E . R E A C T O R DESIGN AND CORE M A T E R I A L S 

P r e l i m i n a r y d e s i g n s for C o r e 19 h a v e b e e n c o m p l e t e d . T h i s c o r e -will be a 

c y l i n d r i c a l r e a c t o r u^ith a c o m p l e t e a x i a l t e s t r e g i o n s u r r o u n d e d by d e c o u p l e r , 

d r i v e r , and r e f l e c t o r r e g i o n s a s in the p r e s e n t s p h e r i c a l r e a c t o r . The t e s t 

r e g i o n wil l h a v e a x i a l r e f l e c t o r s to p r o v i d e s i m u l a t i o n of the c e n t r a l p a r t of an 

L M F B R . The c o r e wil l be loaded with p l a t e m a t e r i a l s . 

De ta i l ed m e c h a n i c a l d e s i g n s h a v e been c o m p l e t e d for C o r e 20, which wil l 

h a v e a t e s t r e g i o n loaded with s i m u l a t e d L M F B R fuel e l e m e n t s . T h e s e e l e m e n t s 

wil l have oxide p e l l e t s of su i t ab l e d i a m e t e r loaded in to s t a i n l e s s s t e e l t ubes in 

s o d i u m - f i l l e d fuel c a n s . Individual e l e m e n t s wil l be r e m o v a b l e to p e r m i t i n v e s ­

t i ga t ion of con t ro l r o d s and fuel e l e m e n t m o d i f i c a t i o n s . A l a r g e quant i ty of s u r ­

p lus U-Al a l loy fuel elemient m a t e r i a l u s e d on a n o t h e r p r o g r a m h a s been m o d i ­

fied for u s e at the E C E L . Some of th i s m a t e r i a l w a s punched in to d i s c s for u s e 

in the p i n - t y p e fuel e l e m e n t s in C o r e 17P . Add i t iona l m a t e r i a l i s be ing f o r m e d 

in to p l a t e s for u s e a s d r i v e r r e g i o n fuel in the c y l i n d r i c a l c o r e s . 

III. EVALUATION O F E F F O R T DURING FISCAL YEAR 1969 

A v a r i e t y of n n a t e r i a l s p e r t i n e n t to the L M F B R d e v e l o p m e n t effort and to 

m e a s u r e m e n t s in f a s t r e a c t o r p h y s i c s was u s e d in r e a c t i v i t y , t e m p e r a t u r e , and 

Dopple r coeff ic ient m e a s u r e m e n t s . The c o r e co rnpos i t i ons w e r e d i r e c t l y r e ­

l a t e d to the L M F B R ; one r e p r e s e n t i n g n o r m a l o p e r a t i o n , a n o t h e r be ing the s a m e 
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c o r e vi^ith the sod ium r e m o v e d , and a th i rd s i m u l a t i n g the de t a i l ed g e o m e t r y of 

a p in - fue led r e a c t o r . 

The effect of g e o m e t r y on r e a c t i v i t y and t e m p e r a t u r e coef f ic ien ts was i n ­

v e s t i g a t e d not only by m e a n s of an e x c e p t i o n a l l y wide r a n g e of s u r f a c e - t o - m a s s 

r a t i o s for t a n t a l u m , but by u s ing v a r i o u s c l u s t e r s of s m a l l d i a m e t e r p i n s . 

The wide r a n g e of t a n t a l u m m e a s u r e m e n t s h a s p r o v i d e d a s t r i n g e n t t e s t for 

r e a c t i v i t y c a l c u l a t i o n s . C o m p a r i s o n of m e a s u r e d b o r o n r e a c t i v i t i e s "with n o r ­

m a l i z e d c a l c u l a t i o n s showed the e x i s t e n c e of m i n o r r e a c t i v i t y effects due to 

s c a t t e r i n g . 

The c h a n g e s in the s p e c t r u m fine s t r u c t u r e in t h e s e c o r e s p r o v i d e d i n f o r ­

m a t i o n for the f u r t h e r d e v e l o p m e n t of the p r o t o n - r e c o i l s p e c t r u m m e a s u r e m e n t s 

and t h e i r c o m p a r i s o n with c a l c u l a t i o n s . 

The m e a s u r e m e n t of the r e a c t i v i t y w o r t h of a l a r g e t a n t a l u m s a m p l e e s t a b ­

l i s h e d the ab i l i t y to m a k e h igh ly p r e c i s e m e a s u r e m e n t s wi th s a m p l e s , o r r e a c ­

to r c o n f i g u r a t i o n s , tha t a r e not a m e n a b l e to the r e a c t i v i t y o s c i l l a t o r . 

A n a l y s e s of m e t h o d s for m e a s u r i n g the ef fect ive c a p t u r e - t o - f i s s i o n r a t i o 

h a v e shown s o m e d i f f icu l t ies with c u r r e n t m e t h o d s and i n d i c a t e m o d i f i c a t i o n s to 

i m p r o v e t h e m . 

The c a l c u l a t i o n of r e a c t i v i t y w o r t h s for open c l u s t e r s of p i n s , for which 

s i m p l e s u r f a c e - t o - m a s s r e l a t i o n s fa i l , h a s been f ac i l i t a t ed by d e v e l o p m e n t of 

an exac t m e t h o d . T h i s m e t h o d is d i r e c t l y a p p l i c a b l e to c e r t a i n L M F B R c o n t r o l 

rod d e s i g n s . 

S e v e r a l m o d i f i c a t i o n s of the TRIX code w e r e m a d e to i m p r o v e the a c c u r a c y 

of c a l c u l a t e d c r o s s s e c t i o n s and Dopple r effects a t h igh e n e r g i e s , A b e t t e r va lue 

of the r a d i u s of the cen t r i fuga l po t en t i a l (used in ca l cu l a t i ng p e n e t r a b i l i t i e s of 
23 8 

n e u t r o n s with n o n z e r o a n g u l a r m o m e n t a , i) r e d u c e d U c r o s s - s e c t i o n s by up 

to 20% in the r a n g e of e n e r g y up to 100 k e v . Al lowing e l a s t i c s c a t t e r i n g to p e r -
239 

m i t t e d s t a t e s with non inc iden t v a l u e s of I r e d u c e d the Pu c a p t u r e c r o s s -

sec t i on by up to 2% in the r a n g e of e n e r g y up to 100 k e v . I n t r o d u c t i o n of an 

e n e r g y dependen t po t en t i a l s c a t t e r i n g c r o s s s e c t i o n for the r e s o n a n c e a b s o r b e r , 

inc luding i n t e r f e r e n c e b e t w e e n r e s o n a n c e and po ten t i a l s c a t t e r i n g , changed ef fec-
238 five c r o s s - s e c t i o n s . F o r U in a t yp i ca l fas t b r e e d e r r e a c t o r , c r o s s - s e c t i o n s 

d e c r e a s e d by a s m u c h a s 2% in the e n e r g y r a n g e up to 100 kev due to t h i s new 
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po ten t i a l s c a t t e r i n g c r o s s - s e c t i o n . They i n c r e a s e d , h o w e v e r , by abou t 4% a t 

10 kev and 20% at 100 kev due to the h igh e n e r g y i n t e r f e r e n c e t e r m . Self-
23 8 

sh ie ld ing of the s c a t t e r i n g c r o s s - s e c t i o n s of U in a t y p i c a l F B R r e d u c e d the 

c r o s s s e c t i o n s by about 1% at 50 kev , 15% at 10 kev , and 50% at 1 kev f r o m i n ­

f in i te ly d i lu te v a l u e s . Al lowing for dep l e t i on of the g r o u p flux by u n r e s o l v e d 

r e s o n a n c e s i n c r e a s e d the c r o s s s e c t i o n s about 2% at 5 k e v for the s a m e c a s e . 

Account ing for c o m p e t i t i o n with i n e l a s t i c s c a t t e r i n g which h a s a t h r e s h o l d of 
23 8 

45 kev in U r e d u c e d the c a p t u r e c r o s s s e c t i o n by 40% at 100 kev . A ca r e fu l 
T O O 

c o m p a r i s o n of U inf in i te ly d i lu te c r o s s - s e c t i o n s c a l c u l a t e d with TRIX vi^as 

m a d e to op t i ca l m o d e l c a l c u l a t i o n s . The a g r e e m e n t i s wi th in 5% to 65 k e v . At 

h igh e n e r g i e s , TRIX v a l u e s fall be low op t i ca l m o d e l v a l u e s , be ing 13% low at 

100 k e v . R e v i s i o n of the coding inc luding u s e of d i s c s t o r a g e h a s r e d u c e d the 

IBM 360 /50 m a c h i n e t i m e p e r run by about two m i n u t e s . (Typ ica l c a s e t i m e s 

a r e 2 to 6 m i n . ) 

In v iew of the a p p a r e n t c o n s i s t e n t dev ia t ion b e t w e e n c a l c u l a t e d and m e a ­

s u r e d r e a c t i v i t y w o r t h s , the good a g r e e m e n t in th i s c a s e m a y be fo r t u i t ous and 

p o s s i b l y m i s l e a d i n g . Add i t i ona l a n a l y t i c a l w o r k n e e d s to be done to c l a r i f y 

th is p r o b l e m . 
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Program: R e a c t o r D e v e l o p m e n t 

AEC Task: 5 - E , Mon te C a r l o Me thods 

Project Manager: H . A . M o r e w i t z 

Reporting Period: F i s c a l Y e a r 1969 

General Order; 7701 Subaccount: 143 20 AEC Category: 0 4 - 0 1 - 6 1 - 0 2 . 1 

Principal Scient is ts : L. B. Levitt , J. Spanier 

I. PROJECT OBJECTIVES 

The objectives of this project a r e to per form the neces sa ry r e s e a r c h and 

development of Monte Carlo methods which will lead to the solution of fast r e a c ­

tor physics and safety problems not solvable by l e s s accura te methods . These 

objectives include the development of Monte Carlo cr i t ical i ty and reac to r analy­

sis codes, the development of sophisticated Monte Carlo techniques which pe r ­

mit accura te evaluation of local effects in reac to r safety studies and in exper i ­

ments involving test capsules , the refinement of cor re la t ion techniques to reduce 

variance in pa ramete r studies and Doppler coefficient evaluation, and the inves ­

tigation and refinement of optimization of Monte Carlo e s t ima to r s (in the r eac to r 

analysis codes) for var iance reduction purposes (computer computation cost is 

proport ional to the var iance) . 

The purpose of this project is to develop Monte Carlo analysis codes which 

a r e re l iable , easy to u se , and cost effective on the appropr ia te computer 

sys t ems . 

II. TECHNICAL PROGRESS DURING FISCAL YEAR 1969 

A pre l iminary vers ion of VIM for fast c r i t ica l a s sembl ies was completed, 

and a detailed checkout of procedures was initiated by using ZPR-3-48 as a test 

model . The completed work on VIM includes the geometr ic descript ion of p la te-

drawer type a s sembl i e s , par t ic le tracking routines for p la te -d rawer type a s s e m ­

bl ies , and the random walk descr ipt ion utilizing an a r b i t r a r y amount of abso rp ­

tion weighting for var iance reduction purposes . 

It a lso includes a p re l iminary vers ion of a c ross section l i b ra ry of suffi­

cient detail to accurate ly descr ibe ZPR-3 -48 . While actual values of c ros s 
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s e c t i o n s u s e d a r e sub jec t to c h a n g e , the n e c e s s a r y de t a i l h a s been a c h i e v e d 

th rough the u s e of ind iv idua l e n e r g y g r i d s for a n g u l a r d i s t r i b u t i o n s and smoo th 

c r o s s s e c t i o n s for each i s o t o p e . T h e s e data s e t s a r e s t a c k e d in s ing ly d i m e n ­

s ioned a r r a y s in which the beg inn ing and end po in t s for e a c h i s o t o p e a r e s e p a ­

r a t e l y s t o r e d for eff ic ient r e t r i e v a l when n e e d e d . 

Th i s p r o c e d u r e h a s a l s o been u sed for f i s s ion and to ta l i n e l a s t i c c r o s s s e c ­

t ion d a t a , for d i s c r e t e l e v e l i n e l a s t i c d a t a , (n,2n) da t a , and e v a p o r a t i o n m o d e l 

c r o s s s e c t i o n s . T h r e s h o l d s for t h e s e r e a c t i o n s wil l be s t o r e d and only n o n z e r o 

da ta wi l l a c t u a l l y be packed in the h igh speed c o m p u t e r c o r e . 

By th i s e l a b o r a t e and c o m p l e x bookkeeping p r o c e d u r e , the ab i l i t y to d i m e n ­

s ion the s t o r a g e r e q u i r e m e n t s of VIM in an o p t i m u m m a n n e r i s ga ined . T h i s 

p e r m i t s the a v a i l a b l e h igh speed c o r e s t o r a g e to b e u t i l i z e d wi th h igh e f f ic iency . 

The m a x i m u m a m o u n t of c r o s s - s e c t i o n de t a i l i s thus m a d e a v a i l a b l e for a g iven 

c a l c u l a t i o n without r e s o r t i n g to c o s t l y o v e r l a y f e a t u r e s which would o t h e r v / i s e 

be r e q u i r e d . The above p r o c e d u r e not only s a v e s c o m p u t e r t i m e and p r e s e r v e s 

m a x i m u m c r o s s - s e c t i o n d e t a i l , but p e r m i t s the r e m a i n d e r of the Monte C a r l o 

po r t i on of the code to be i n h e r e n t l y s i m p l e r in s t r u c t u r e , and thus to be e a s i e r 

to debug and modify when n e c e s s a r y . 

A code , VIMB, h a s b e e n w r i t t e n to r e a d the E N D F B l i b r a r y t a p e s and p r o ­

duce data s e t s u s ing one e n e r g y g r id p e r i s o t o p e for c r o s s - s e c t i o n s and one 

e n e r g y g r i d p e r i s o t o p e for a n g u l a r d i s t r i b u t i o n s . The RESREG code was o b ­

ta ined f r o m BNL for the p u r p o s e of g e n e r a t i n g point c r o s s s e c t i o n s in the r e ­

so lved e n e r g y r a n g e a c c o r d i n g to the s t a n d a r d E N D F B p r e s c r i p t i o n s . Data was 

g e n e r a t e d by the VIMB code and was a n a l y z e d i so tope by i s o t o p e with a v iew 

t o w a r d r e d u c i n g the n u m b e r of e n e r g y g r i d poin ts wi thout m a t e r i a l l y affect ing 

the a c c u r a c y of r e a c t o r c o m p u t a t i o n s us ing t h e m . A code to t ake the c o m p r e s s e 

da ta s e t s and p l a c e t h e m on a VIM l i b r a r y t ape in the final f o r m needed for u s e 

in VIM h a s been w r i t t e n . 

The e l a s t i c s c a t t e r i n g m o d e l u s e d in VIM p e r m i t s e a c h i s o t o p e to h a v e i t s 

own e n e r g y g r i d for d e s c r i b i n g the a n g u l a r d i s t r i b u t i o n s . The a n g u l a r d i s t r i b u ­

t ions t h e m s e l v e s a r e d e s c r i b e d by t abu l a t i ng , a t e a c h d e s i g n a t e d e n e r g y , 
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a-Ql(fM)dfM 

w h e r e ^ . = -1 + 0.1 i r e p r e s e n t s the cos ine of the s c a t t e r i n g a n g l e in the C M . 

s y s t e m . In th i s way , the s c a t t e r i n g ang le i s s e l e c t e d f r o m the c u m u l a t i v e a n g u ­

l a r d i s t r i b u t i o n by finding a r a n d o m n u m b e r 

P. , < r < P. , i = 1, 20 , 

1 - 1 1 ' 

and se t t ing 

r - P ^ 
^ = / ^ i - l + P - P." , " ^ - ^ • 

1 1 - 1 

By adopt ing th is p r o c e d u r e , the c o m p l e x i t i e s and n u m e r i c a l d i f f icu l t i es of s a m ­

pling f r o m L e g e n d r e da ta a r e avo ided . The d i s t r i b u t i o n a t the e n e r g y c l o s e s t 

to the p a r t i c l e co l l i s i on e n e r g y wil l be the one u s e d . It i s fel t that i n t e r p o l a t i o n 

in e n e r g y i s not w a r r a n t e d by the p r e s e n t a c c u r a c y of the da ta and would r e d u c e 

the c o m p u t a t i o n a l e f f ic iency of the code . Th i s could e a s i l y be changed a t a l a t e r 

da te w^hen e i t h e r the da ta i m p r o v e s or a g iven c a l c u l a t i o n i s thought to be p a r t i c ­

u l a r l y s e n s i t i v e to th i s da t a . 

The i n e l a s t i c s c a t t e r i n g m o d e l i n c o r p o r a t e s both an e v a p o r a t i o n m o d e l and 

a d i s c r e t e e x c i t a t i o n l e v e l a p p r o a c h . The u s e of t h e s e two m o d e l s h a s not b e e n 

m a d e m u t u a l l y e x c l u s i v e so tha t the to ta l i n e l a s t i c s c a t t e r i n g c r o s s - s e c t i o n a t a 

g iven e n e r g y wi l l c o n s i s t of the s u m of the ind iv idua l e x c i t a t i o n l e v e l c r o s s -

s e c t i o n s and the con t inuum c r o s s - s e c t i o n . P r e s e n t p l ans a r e to r e g a r d th i s 

s c a t t e r i n g a s i s o t r o p i c in the C. M. f r a m e . 

The m o d e l for n - 2 n c o l l i s i o n s u s e d in the p r e s e n t v e r s i o n of the code a l l o w s 

for e m e r g e n t n e u t r o n e n e r g i e s to be s e l e c t e d f r o m two e n e r g y and t e m p e r a t u r e 

i ndependen t M a x w e l l i a n s . S ince it would be inef f ic ient to follow both n e u t r o n s , 

a weight f ac to r of 2 wi l l be a s s i g n e d to one n e u t r o n and the p a r t i c u l a r M a x w e l l i a n 

u s e d for e n e r g y s e l e c t i o n wi l l be s e l e c t e d r a n d o m l y a s s i g n i n g equal p r o b a b i l i t y 

to both p o s s i b i l i t i e s . T h i s m o d e l , whi le not c o m p l e t e l y r i g o r o u s , i s g e n e r a l l y 

/ 
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fe l t to be m o r e than a d e q u a t e for fas t r e a c t o r and c r i t i c a l a s s e m b l y c a l c u l a t i o n s . 

A m o r e p r e c i s e m o d e l could e a s i l y be i n c o r p o r a t e d in to s p e c i a l p u r p o s e v e r s i o n s 

of VIM w h e r e n ,2n r e a c t i o n s m a y play a m o r e p r o m i n e n t r o l e . 

A l o g i c a l l y s i m p l e , h igh ly eff ic ient m e t h o d of g e n e r a t i n g the s p a t i a l s o u r c e 

d i s t r i b u t i o n h a s b e e n deve loped . (Poor e s t i m a t e s of th i s s o u r c e d i s t r i b u t i o n can 

l ead to i n c o r r e c t v a l u e s of k rr, r e n d e r i n g an o t h e r w i s e s a t i s f a c t o r y Monte C a r l o 

c a l c u l a t i o n u s e l e s s . ) The s e n s i t i v i t y of the e s t i m a t e of k ^r to the s p a t i a l s o u r c e 

d i s t r i b u t i o n i s l i ke ly to be h i g h e r in fas t a s s e m b l i e s than t h e r m a l o n e s , m a k i n g 

i t i m p e r a t i v e that the s e l e c t i o n p r o c e d u r e adopted for u s e in VIM be c o m p l e t e l y 

r e l i a b l e . S m a l l , m o n o e n e r g e t i c , b a r e s p h e r e s , h o w e v e r , h a v e b e e n shown to 

p r o v i d e an even m o r e s e v e r e t e s t of a s o u r c e s e l e c t i o n p r o c e d u r e , s i n c e k rr i s 

g o v e r n e d e n t i r e l y by l e a k a g e which i s e x t r e m e l y s e n s i t i v e to the s o u r c e d i s t r i b u ­

t ion in s m a l l s y s t e m s . In add i t ion , the c r i t i c a l i t y of m o n o e n e r g e t i c b a r e s p h e r e s 

h a s b e e n c a l c u l a t e d a n a l y t i c a l l y , and the r e s u l t s m a y be u s e d a s a s t a n d a r d 

a g a i n s t which the Monte C a r l o p r o c e d u r e s m a y be c h e c k e d . A s i m p l e code w a s 

w r i t t e n to do t h i s , and the a n t i c i p a t e d v a r i a n c e d i f f icu l t ies w e r e e n c o u n t e r e d . A 

p r o c e d u r e was u l t i m a t e l y deve loped which gave e x c e l l e n t r e s u l t s for even the 

s m a l l e s t s p h e r e s t r i e d wi thout r e q u i r i n g us to r e s o r t to s o p h i s t i c a t e d s a m p l i n g 

p r o c e d u r e s . T r e a t i n g the se t of we igh ted s o u r c e p a r t i c l e c o o r d i n a t e s a v a i l a b l e 

at the s t a r t of a g iven g e n e r a t i o n a s a d i s t r i b u t i o n funct ion f r o m which ind iv idua l 

p a r t i c l e c o o r d i n a t e s m a y be s e l e c t e d , r a t h e r than by us ing the e n t i r e we igh ted 

s e t s e q u e n t i a l l y , p r o v e d to be the c u r e for a l l d i f f i cu l t i e s . The qua l i ty of our 

e s t i m a t e s of k rr u s ing th i s p r o c e d u r e c o m p a r e d f a v o r a b l y with m o r e e l a b o r a t e 

p r o c e d u r e s found in the l i t e r a t u r e . (In fac t , c o m p l i c a t e d e s t i m a t i o n p r o c e d u r e s 

w e r e found to be n e c e s s a r y in a l l p r e v i o u s l y r e p o r t e d s t u d i e s with which we a r e 

a c q u a i n t e d . ) An i m p o r t a n t f r i nge benef i t of the p r o c e d u r e we h a v e adopted i s the 

s i m p l i c i t y with which i t can be i n c o r p o r a t e d in to a l a r g e code such a s VIM. This 

h a s now been done . 

I n t e r p r e t a t i o n of the adjoint t e c h n i q u e s (developed du r ing f i s ca l y e a r 1968) 

in such a way tha t the t r a n s f o r m a t i o n m a y be v iewed a s the i n t r o d u c t i o n of an 

i m p o r t a n c e funct ion o b t a i n a b l e a n a l y t i c a l l y should p e r m i t the e x t e n s i o n of a m o d i ­

fied f o r m of our t echn ique to e n e r g y r a n g e s w h e r e i n e l a s t i c s c a t t e r i n g m a y be 

i m p o r t a n t . Th i s i s exac t l y the a p p r o a c h which m a y be m o s t use fu l in doing fixed 

s o u r c e adjoint Monte C a r l o c a l c u l a t i o n of r e a c t i o n r a t e s in s m a l l p h y s i c a l r e g i o n s 

of fas t r e a c t o r s . 
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Work was c o m p l e t e d on a t o p i c a l r e p o r t d o c u m e n t i n g the r e c e n t l y deve loped 

adjoint Monte C a r l o t e c h n i q u e s , inc luding a full d e s c r i p t i o n of the S T R I F E code , 

t e s t p r o b l e m r e s u l t s and i n t e r p r e t a t i o n , and a de t a i l ed expos i t i on of the r e l a t i o n 

of th i s new w o r k to the ex i s t ing body of knowledge in th i s a r e a . A m o r e c o m p l e t e 

m a p p i n g of the effect on the v a r i a n c e of u s i n g adjo in t Monte C a r l o o v e r the full 

r a n g e of r e s o n a n c e e s c a p e p r o b a b i l i t i e s was found n e c e s s a r y to e n s u r e a d e q u a t e 

d e s c r i p t i o n of the effect in the top ica l r e p o r t ; c o n s e q u e n t l y , s o m e a d d i t i o n a l 

c a l c u l a t i o n s -were m a d e of the r e s o n a n c e e s c a p e p r o b a b i l i t y for a t v /o - r eg ion 

r e p e t i t i v e s l ab l a t t i c e us ing the S T R I F E code , the r e s u l t s of which a r e shown in 

the f i g u r e . The r a t i o of the v a r i a n c e ob ta ined by us ing the u n t r a n s f o r m e d (ana­

log) adjoint t echn ique to the v a r i a n c e ob ta ined us ing the t r a n s f o r m e d adjoint 

t echn ique i s p lot ted a g a i n s t 1 - p . The a d v a n t a g e of the t r a n s f o r m e d adjoint 

t echn ique over the ana log adjoint t echn ique i s shov/n to be v e r y l a r g e for s m a l l 

v a l u e s of 1 - p . An i n t e r e s t i n g f e a t u r e r e v e a l e d by the m o r e c o m p l e t e i n v e s t i ­

ga t ion i s tha t the v a r i a n c e of the u n t r a n s f o r m e d (analog) adjoint m e t h o d a p p e a r s 

to be alv/ays g r e a t e r than tha t of the t r a n s f o r m e d m e t h o d even for v e r y h igh 

v a l u e s of 1 - p w^here d i r e c t m e t h o d s would n o r m a l l y h a v e b e e n thought to be 

m o r e a p p r o p r i a t e . In o the r w o r d s , the u s e of the t r a n s f o r m e d adjoint p r o c e d u r e 

a lways r e s u l t s in a v a r i a n c e r e d u c t i o n when c o m p a r e d with the u n t r a n s f o r m e d 

p r o c e d u r e . 

DOCUMENTATION — The following r e p o r t s and p a p e r s w e r e i s s u e d dur ing 

the r e p o r t p e r i o d : 

" C a l c u l a t i o n of R e a c t i o n R a t e s in S m a l l P h y s i c a l Reg ions by M e a n s of a 

New N o n - M u l tig r o u p Adjoint Monte C a r l o T e c h n i q u e , " A I - A E C - 1 2 7 7 4 

(March 15, 1969), 

"A New N o n - M u l t i g r o u p Adjoint Monte C a r l o T e c h n i q u e , " T r a n s a c t i o n s 

of the ANS Top ica l Mee t ing on the Effec t ive Use of C o m p u t e r in the 

N u c l e a r I n d u s t r y , A p r i l , 1969, and 

"A New N o n - M u l t i g r o u p Adjoint Monte C a r l o T e c h n i q u e , " N u c l e a r Sc i . 

and E n g . , Augus t , 1969. 
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III. EVALUATION OF E F F O R T 

The m a j o r a c c o m p l i s h m e n t of th i s f i s ca l y e a r h a s b e e n the c o m p l e t i o n of 

the f i r s t v e r s i o n of the VIM code . By far the m o s t diff icult and t i m e c o n s u m i n g 

t a s k s h a v e b e e n the c r e a t i o n of a Monte C a r l o c r o s s - s e c t i o n l i b r a r y and the d e ­

v e l o p m e n t of the c o m p l e x bookkeeping p r o c e d u r e s for s t o r i n g th is l i b r a r y in a 

h igh speed c o r e . V i r t u a l l y a l l of the p r o c e d u r e s for doing th i s had to be d e v e l ­

oped at the t i m e ; o r , in the c a s e of ex i s t ing p r o c e d u r e s , d r a s t i c mod i f i c a t i on 

was n e c e s s a r y . 

As a r e s u l t , h o w e v e r , a m a j o r b i p r o d u c t of the effort expended on th i s p h a s e 

of the VIM p r o g r a m wil l be a su i t ab l e Monte C a r l o l i b r a r y and data hand l ing p r o ­

c e d u r e s which could be u t i l i z ed g e n e r a l l y for fas t r e a c t o r Monte C a r l o c o d e s . 

M u l t i g r o u p Monte C a r l o m e t h o d s have b e e n avo ided , s i n c e they s e v e r e l y c o m ­

p r o m i s e the p u r p o s e of the Monte C a r l o m e t h o d . 

Inso fa r a s was p o s s i b l e , b a s i c c r o s s - s e c t i o n da ta (cr v e r s u s E) and r i g o r ­

ous p h y s i c a l m o d e l s h a v e b e e n a d h e r e d to . The i n h e r e n t i ne f f i c i enc i e s of a c o m ­

p le t e ly g e n e r a l g e o m e t r y Monte C a r l o code h a v e been avo ided and a d v a n t a g e h a s 

b e e n t aken of the e s s e n t i a l l y s i m i l a r f e a t u r e s of the m a j o r c r i t i c a l a s s e m b l i e s 

now in o p e r a t i o n in deve lop ing the VIM g e o m e t r y p a c k a g e . 

U n n e c e s s a r y p a r t i c l e sp l i t t ing with i t s a t t e n d a n t c o m p l e x i t i e s and r i s k s h a s 

been avo ided t h rough the u s e of a s i m p l e but e f fec t ive s o u r c e g e n e r a t i o n p r o ­

c e d u r e . The b a s i c s t r u c t u r e of the VIM code a p p e a r s to be b a s e d on a sound 

plan , wel l su i ted to con t inua l e n l a r g e m e n t and m o d i f i c a t i o n a s m e t h o d s i m p r o v e . 
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Program: R e a c t o r P h y s i c s 

AEC Task: 2 6 - A , R e a c t o r P h y s i c s , C r o s s - S e c t i o n A n a l y s i s 

Project Manager: H . A . M o r e w i t z 

Reporting Period: F i s c a l Y e a r 1969 

General Order: 7 7 6 2 Subaccount: 1 3 1 3 0 AEC Category: 0 4 - 4 0 - 0 1 - 0 3 . 1 

P r i n c i p a l S c i e n t i s t s : H. A l t e r , G. L . Dunford 

I. P R O J E C T O B J E C T I V E S 

The ob j ec t i ve s of th is p r o j e c t i nc lude the e v a l u a t i o n , p r o d u c t i o n , and m a i n ­

t e n a n c e of an u p - t o - d a t e s e t of b a s i c n u c l e a r d a t a ; p r o d u c t i o n and eva lua t i on of 

m u l t i g r o u p c o n s t a n t s ; and the i m p r o v e m e n t of p r e s e n t day m e t h o d s of n e u t r o n i c 

c a l c u l a t i o n s a s r e l a t e d to m i c r o s c o p i c and m a c r o s c o p i c n u c l e a r da t a . 

To a c c o m p l i s h t h e s e o b j e c t i v e s , ex i s t i ng e x p e r i m e n t a l and t h e o r e t i c a l i n ­

f o r m a t i o n on n u c l e a r da ta wil l be s u r v e y e d , a n a l y z e d , and c o m p i l e d . A u t o m a t e d 

m e t h o d s wi l l be u t i l i z e d for m a n i p u l a t i n g and eva lua t ing l a r g e a m o u n t s of a v a i l ­

a b l e n u c l e a r da ta and for the p e r i o d i c upda t ing of c o m p i l e d da t a . N u c l e a r m o d e l 

c a l c u l a t i o n s wil l be deve loped , ex t ended , and u s e d to h e l p fill gaps in the d a t a . 

The op t i ca l m o d e l a n a l y s e s h a v e two p r i m e g o a l s : to d e v e l o p and t e s t i m p r o v e d 

n u c l e a r op t i ca l m o d e l s for e n e r g y r e g i o n s of i n t e r e s t to the fas t r e a c t o r p r o ­

g r a m and to deve lop suff ic ient conf idence in the r e s u l t s of t h e o r e t i c a l c a l c u l a ­

t ions so tha t they m a y be u s e d conf ident ly to p r e d i c t n e u t r o n c r o s s - s e c t i o n da ta 

w h e r e no e x p e r i m e n t a l da ta a r e a v a i l a b l e . An a u t o m a t e d s y s t e m wi l l be d e v e l ­

oped and m a i n t a i n e d for the r e a d y p r o d u c t i o n of m u l t i g r o u p c o n s t a n t s , and s p e c ­

t r a g e n e r a t i n g t e c h n i q u e s for p r o d u c t i o n of r e a l i s t i c m u l t i g r o u p c o n s t a n t s wi l l 

be deve loped and i n c o r p o r a t e d in to the s y s t e m . The o b j e c t i v e s of th i s p r o j e c t 

a r e r e l a t e d to T a s k s 9 - 1 . 2 , 9 - 1 . 3 , 9 -3 .6 a s out l ined in the L M F B R P h y s i c s 

P r o g r a m P l a n , WASH-11 09, V o l u m e 9. 

II . TECHNICAL PROGRESS DURING FISCAL YEAR 1969 

A. C O M P U T E R GRAPHICS, SCORE, A M A N - C O M P U T E R I N T E R A C T I V E 
NEUTRON CROSS-SECTION DATA EVALUATION SYSTEM 

Signif icant p r o g r e s s in the d e v e l o p m e n t and u t i l i z a t i o n of the i n t e r a c t i v e 

c o m p u t e r g r a p h i c s p r o g r e s s , SCORE, w a s inade in s e v e r a l a r e a s . Recod ing 
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ef fo r t s a s s o c i a t e d with the p r e s e n t v e r s i o n of SCORE w e r e c o m p l e t e d . T h e s e 

inc luded an o v e r l a y s t r u c t u r e for SCORE which a l l ows execu t ion with a m e m o r y 

s i z e of l e s s than 180,000 b y t e s . The s y s t e m was d iv ided in to five m a j o r i n d e ­

penden t s e g m e n t s to f ac i l i t a t e c r e a t i o n of the o v e r l a y s t r u c t u r e . T h e s e s e g ­

m e n t s a r e SCISRS da ta r e t r i e v a l , SCISRS da ta m a n i p u l a t i o n , E N D F / B da ta r e ­

t r i e v a l and o v e r l a y , c u r v e f i t t ing , and r e s o n a n c e p a r a m e t e r a n a l y s i s . In the 

p r o c e s s of r e c o d i n g to c r e a t e the o v e r l a y s t r u c t u r e , m a n y f o r m e r coding in ­

e f f i c i enc ies w e r e d e t e c t e d and e l i m i n a t e d . The p r e s e n t a t i o n of i n f o r m a t i o n for 

m a n y opt ions was a l s o i m p r o v e d . C a r e was t aken to i m p r o v e the e a s e v/ith 

which the e v a l u a t o r m a y u s e SCORE. With th i s ob jec t ive in m i n d , r o u t i n e s w e r e 

w r i t t e n to p r e v e n t t e r m i n a t i o n of the execu t ion of SCORE c a u s e d by input of 

u n a c c e p t a b l e or i n c o m p l e t e da t a . 

The g r a p h i c s s u b r o u t i n e s w e r e modi f ied to h a n d l e v a r i a b l e a d d r e s s IBM 

2250 buf fe rs such a s the IBM 2250 Model III. In the p r o c e s s of th is c o n v e r s i o n , 

the p r o g r a m w a s modi f ied to u s e 8K of buffer s t o r a g e . If 8K i s not a v a i l a b l e , 

4K i s u s e d a s an a l t e r n a t i v e . The e x t e n s i o n to 8K buffer a l l o w s m o r e da ta po in ts 

to be d i s p l a y e d at one t i m e ; h o w e v e r , it h a s b e e n no t i ced that s o m e p i c t u r e f lu t ­

t e r i s i n t r o d u c e d when a l a r g e n u m b e r of da ta po in ts a r e p lo t ted due to the i n ­

c r e a s e in d i s p l a y g e n e r a t i o n t i m e . 

A c o o p e r a t i v e effor t , with Idaho N u c l e a r and P h i l l i p s P e t r o l e u m , w h o s e 

goal i s to p r o d u c e an e v a l u a t o r - u s a b l e , r e a l i s t i c , r e s o n a n c e - r e g i o n , eva lua t ion 

m o d e l , was begun . The new m u l t i l e v e l r e s o n a n c e m o d u l e for SCORE w a s a n a ­

l y z e d , p r o g r a m m e d , and m a d e o p e r a t i o n a l . E x t e n s i v e t e s t i ng of th i s m o d u l e 

w a s p e r f o r m e d to d e t e c t and c o r r e c t p o s s i b l e t h e o r y or p r o g r a m m i n g e r r o r s . 

Th i s p r o g r a m m o d u l e was i n t e r f a c e d with SCORE and app l ied to the a n a l y s i s and 

eva lua t ion of M T R choppe r da t a . 

V e r i f i c a t i o n w a s r e c e i v e d tha t the c r o s s - s e c t i o n e v a l u a t i o n g r o u p a t A l d e r ­

m a s t o n (AWRE) h a v e s u c c e s s f u l l y execu ted SCORE II on an IBM 360 Model 40 

which con ta in s 128K b y t e s (32K w o r d s ) of fas t c o r e m e m o r y . B e c a u s e of th i s 

s m a l l m e m o r y s i z e , h o w e v e r , they w e r e fo rced to i n c r e a s e the n u m b e r of p r o ­

g r a m o v e r l a y s and r e d u c e t h e i r da ta s t o r a g e c a p a b i l i t y . The A l d e r m a s t o n g r o u p 

p lans to m a k e p r o g r a m mod i f i c a t i ons in o r d e r to p r o d u c e h a r d copy via the 

S t r o m b e r g C a r l s o n 4060. Upon checkou t , t h e s e add i t i ons wil l be m a d e a v a i l a b l e 

to o the r SCORE II u s e r s . 
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D o c u m e n t a t i o n for SCORE II, A I - A E C - 1 2757, w a s r e l e a s e d for d i s t r i b u t i o n , 

and the SCORE II c o m p u t e r code w a s d e p o s i t e d with the A r g o n n e Code C e n t e r 

for g e n e r a l r e l e a s e . 

F u r t h e r i m p r o v e m e n t s in SCORE II w e r e m a d e and wi l l c o n s t i t u t e SCORE III. 

Al l the g r a p h i c s s u b r o u t i n e s , which o r i g i n a l l y had been v / r i t t en in m a c h i n e l a n ­

g u a g e , w e r e c o n v e r t e d in to F o r t r a n . The c o n v e r s i o n , c o m p l e t e d a t A t o m i c s 

I n t e r n a t i o n a l , was checked out in c o o p e r a t i o n with IBM p e r s o n n e l at the P a l o 

Al to IBM Scient i f ic C e n t e r . U s e r s of SCORE III wi l l be a b l e to e a s i l y modify 

c u r r e n t g r a p h i c s u b r o u t i n e s a s wel l a s g e n e r a t e new o n e s . 

C o n s i d e r a b l e effort was expended to u p g r a d e the o p e r a t i n g ef f ic iency and 

the i n t e r a c t i v e capab i l i t y of SCORE. The l a t e s t v e r s i o n of SCORE wil l o p e r a t e 

wi th in 110,000 b y t e s of fas t m e m o r y with no s a c r i f i c e of the p r o g r a m ' s da ta d i s ­

p lay c a p a c i t y . Th i s r e d u c t i o n in r e q u i r e d fas t m e m o r y allovi^s e x e c u t i o n on c o m ­

puting s y s t e m s w h o s e n o r m a l m o d e of o p e r a t i o n a l l o c a t e s 110,000 b y t e s of c o r e 

to g r a p h i c s and on m a c h i n e s with a s l i t t l e a s 128,000 b y t e s of fas t m e m o r y . 

Many of the g r a p h i c d i s p l a y s u b r o u t i n e s w e r e modi f ied to p e r m i t i n c r e ­

m e n t a l upda t e of g r a p h i c d i s p l a y s . T h e s e m o d i f i c a t i o n s p e r m i t m o r e e c o n o m i ­

cal execu t ion f r o m a r e m o t e t e r m i n a l such a s i s a v a i l a b l e a t the M T R . I m ­

p r o v e m e n t s Vv^ere m a d e in the i n t e r a c t i v e ef f ic iency of m a n y of the SCORE 

op t ions . 

To f u r t h e r u t i l i z a t i o n of the SCORE i n t e r a c t i v e c o m p u t e r s y s t e m , a s e r i e s 

of d i s c u s s i o n s w e r e he ld with p e r s o n n e l at B N L , K A P L , and the U n i v e r s i t y of 

I l l ino i s a t U r b a n a . At B N L , p r o b l e m s of i n t e r f a c i n g the SCORE s y s t e m c o m ­

p u t e r g r a p h i c s wi th the NNDC da ta i n f o r m a t i o n and r e t r i e v a l s y s t e m , SCISRS II, 

w e r e d i s c u s s e d with D. CuUen; a t K A P L , the p r i n c i p a l topic d e a l t wi th how to 

b e s t u t i l i z e the SCORE s y s t e m on t h e i r c o m p u t e r h a r d w a r e , which a p p a r e n t l y i s 

not fully c o m p a t i b l e wi th SCORE s o f t w a r e . At the U n i v e r s i t y of I l l i n o i s , d i s ­

c u s s i o n s w e r e he ld wi th F , A d l e r on how to b e s t u t i l i z e SCORE for the e v a l u a ­

t ion of f i s s i l e nuc l ide r e s o n a n c e da ta u s ing the A d l e r - A d l e r m u l t i l e v e l r e s o n a n c e 

f o r m a l i s m . 
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B . E N D F / B DATA TESTING 

1. M i c r o s c o p i c C r o s s - S e c t i o n s 

The Monte C a r l o code TYCHE III was c o n v e r t e d fo r , and w a s m a d e o p e r a ­

t iona l on, the AI IBM 3 6 0 / 5 0 c o m p u t e r . Th i s code , TYCHE IV, which w a s u s e d 

a s an aid in the P h a s e II da ta t e s t i ng of the E N D F / B data f i l e s , c a l c u l a t e s the 

f i r s t t h r e e inf ini te m e d i u m m o m e n t s of the n e u t r o n s lowing down d e n s i t y d i s t r i ­

bu t ion . Dur ing the c o n v e r s i o n p r o c e s s , s e v e r a l a r e a s of the p r o g r a m v /e re i m ­

p r o v e d and the c r o s s s e c t i o n l i b r a r y s u b r o u t i n e modi f ied to r e a d new l i b r a r y 

f o r m a t s . A p r o g r a m , T Y C H E L I B , for g e n e r a t i n g a l i b r a r y for T Y C H E IV, w a s 

c o m p l e t e d and checked out. By u s e of th i s p r o g r a m , a l i b r a r y for h y d r o g e n and 

oxygen (based on data u s e d for the o r i g i n a l age in v /a ter a n a l y s i s ) v/as g e n e r a t e d 

and the n e u t r o n age in w a t e r c a l c u l a t e d . The a g r e e m e n t b e t w e e n the p r e s e n t l y 

c a l c u l a t e d age and h i g h e r m o m e n t s with e a r l i e r r e s u l t s c o m p u t e d on the IBM 

7094 w a s s a t i s f a c t o r y and i s p r e s e n t e d in T a b l e 1. 

T A B L E 1 

A COMPARISON O F T Y C H E III AND IV CALCULATIONS F O R THE 
NEUTRON AGE AND HIGHER MOMENTS IN W A T E R 

Code 

T Y C H E III 

TYCHE IV 

E X P E R I M E N T 

T^(cm ) 

26.07 ± 0.09 

26.09 ± 0.13 

26.46 ± 0.32 

(h 4 4 
M|^(10^cm ) 

9.55 ± 0.11 

9.67 ± 0.13 

9.34 ± 0.50 

M ^ d O ^ c m ^ ) 

1.71 ± 0.05 

1.72 ± 0.05 

1.37 ± 0.20 

(Mev) 

1.985 

1.979 

<N) 

15.7 

15.7 

The TYCHE III r e s u l t s w e r e b a s e d on a c a l c u l a t i o n u s ing 80,000 n e u t r o n 

h i s t o r i e s c a r r i e d out in 1965. The T Y C H E IV r e s u l t s w e r e b a s e d on the c u r r e n t 

c a l c u l a t i o n s for 40 ,000 n e u t r o n h i s t o r i e s . ( E ) r e p r e s e n t s the c a l c u l a t e d m e a n 

f i s s i on e n e r g y and ( N ) , the m e a n n u m b e r of c o l l i s i o n s to i n d i u m r e s o n a n c e . 

The C r a n b e r g f i s s i on s p e c t r u m defined by 

/ ( E ) = 0.453 exp ( Q - ^ ^ ) s in h (2.29 E ) ^ ^ ^ 

w a s u s e d for a l l c a l c u l a t i o n s . 
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A n o t h e r c o m p l e t e d mod i f i c a t i on dea l t with the m e t h o d of t r e a t i n g d i f f e r e n ­

t i a l e l a s t i c s c a t t e r i n g da ta which i s u s e d to d e t e r m i n e the d e g r e e of a n i s o t r o p y 

in h igh e n e r g y n e u t r o n e l a s t i c c o l l i s i o n s . I n s t ead of g e n e r a t i n g and s t o r i n g c o ­

ef f ic ients of a power s e r i e s r e l a t i n g the c o s i n e of the s c a t t e r i n g a n g l e , /i , to 

the c u m u l a t i v e p r o b a b i l i t y d i s t r i b u t i o n , C,, the d i s t r i b u t i o n , C> i s s t o r e d at 21 

equa l ly spaced i n t e r v a l s in fxiAfj. = 0.1) for each e n e r g y . F i n a l l y , a me thod 

a l lowing " n a i v e " r a n d o m n u m b e r c o r r e l a t i o n was added to a s s u r e tha t each n e u ­

t r o n h i s t o r y wil l s t a r t •with the s a m e r a n d o m n u m b e r , g iven i d e n t i c a l i n i t i a l 

r a n d o m n u m b e r s . Th i s a l l ows one to d e t e r m i n e m o r e a c c u r a t e l y the d i f f e r e n c e s 

b e t w e e n the r e s u l t s for tv/o c a s e s with f ewer h i s t o r i e s . 

A t r a n s l a t o r p r o g r a m , T Y C H E B , was w r i t t e n to p r e p a r e E N D F / B c r o s s s e c ­

t ion da ta for a n a l y s i s and eva lua t i o n with T Y C H E IV. The r e s u l t i n g punched 

c a r d output c o n s i s t s of the e n e r g y and the t o t a l , e l a s t i c , and i n e l a s t i c c r o s s -

s e c t i o n s for each i s o t o p e d e s i r e d . The e n e r g y m e s h for a g iven s e t of i s o t o p e s 

i s obta ined by m e r g i n g the ind iv idua l E N D F / B to ta l c r o s s - s e c t i o n e n e r g y g r i d s 

for the i s o t o p e s in tha t s e t . The e n e r g y i n t e r v a l i s f r o m 1.0 ev to 10.0 Mev , 

and a s m a n y a s t h r e e E N D F / B t a p e s m a y be u s e d . The p r o g r a m w a s checked 

out and i s o p e r a t i o n a l on the S 3 6 0 / 5 0 . 

TYCHE IV c r o s s - s e c t i o n l i b r a r i e s w e r e p r e p a r e d for h y d r o g e n , d e u t e r i u m , 

c a r b o n , oxygen, a l u m i n u m , i r o n , and z i r c o n i u m . Monte C a r l o c a l c u l a t i o n s of 

the n e u t r o n age to i nd ium r e s o n a n c e w e r e c a r r i e d out in l ight v / a t e r , h e a v y w a t e r , 

c a r b o n , and in m e t a l - w a t e r m i x t u r e s of a l u m i n u m , i r o n , and z i r c o n i u m . Al l 

c a l c u l a t e d r e s u l t s a r e b a s e d on s a m p l e s i z e s of 40 ,000 n e u t r o n h i s t o r i e s and a r e 

be l i eved to be a d e q u a t e l y c o n v e r g e d . R e s u l t s of t h e s e c a l c u l a t i o n s a r e p r e s e n t e d 

in Tab le 2. 

The E N D F / B c r o s s s e c t i o n s for h y d r o g e n , d e u t e r i u m , c a r b o n , and oxygen 

w e r e c o m p a r e d with s i m i l a r c r o s s - s e c t i o n s e t s which w e r e i n i t i a l l y u s e d to 

e v a l u a t e the n e u t r o n age m e a s u r e m e n t s s o m e y e a r s ago . The c r o s s - s e c t i o n s 

c o m p a r e d qui te wel l for h y d r o g e n , r e a s o n a b l y wel l for oxygen, and p o o r l y for 

d e u t e r i u m and c a r b o n . T h e r e w a s s a t i s f a c t o r y a g r e e m e n t b e t w e e n the c a l c u ­

l a t ed and m e a s u r e d n e u t r o n age in l ight w a t e r ; t h u s , one m a y conc lude that the 

E N D F / B h y d r o g e n and oxygen c r o s s s e c t i o n e v a l u a t i o n s a r e s a t i s f a c t o r y . On 

the b a s i s of the age c a l c u l a t i o n in h e a v y w a t e r and g r a p h i t e , one c o n c l u d e s tha t 

the E N D F / B d e u t e r i u m and c a r b o n c r o s s - s e c t i o n s a r e l e s s than s a t i s f a c t o r y . 
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T A B L E 2 

EVALUATION O F E N D F / B NUCLIDE CROSS-SECTIONS BY 
COMPARISON O F C A L C U L A T E D AND MEASURED 

NEUTRON AGE TO INDIUM RESONANCE 
(40,000 n e u t r o n h i s t o r i e s ) 

M o d e r a t o r / M i x t u r e 

H^O 

D^O (99.75%) 

C a r b o n 

A l / H ^ O (1.000) 

F e / H ^ O (1.737) 

Z r / H ^ O (1.200) 

A t o m Dens i t y 
(1022 a t o m / c m 3 ) 

H: 6.688 

O: 3.344 

D: 6.60037 

H: 0.01672 

O: 3.30855 

C: 8.0233 

AI: 3.0259 

H: 3.3370 

O: 1.6685 

F e : 5.3811 

H: 2.4372 

O: 1.2186 

Z r : 2.3592 

H: 3.0282 

O: 1.5141 

T ( c m ) 

Ca l cu l a t i on 

26.09 ± 0.13 

117.6 ± 0.2 

295.6 ± 0.5 

56.7 ± 0.2 

45 .6 ± 0.1 

46 .2 ± 0.2 

Expe r innen t 

26.46 ± 0.32 

111 ± 1 

109 ± 3 

307.8 ± 2.0 

59.6 ± 0.9 

46.4 ± 0.5 

49 .7 ± 0.9 

It w a s r e c o m m e n d e d that the E N D F / B d e u t e r i u m and c a r b o n s c a t t e r i n g and 

to ta l c r o s s - s e c t i o n s be r e e v a l u a t e d . 

It is m o r e difficult to a s s e s s the va l id i ty of the E N D F / B m e t a l nuc l ide 

c r o s s - s e c t i o n s . F o r the h o m o g e n e o u s m o d e r a t o r s , H^O, D^O and C, the e x ­

p e r i m e n t s w e r e r e l a t i v e l y c l e a n in the s e n s e that t h e r e w e r e no n e u t r o n s t r e a m ­

ing e f fec t s . In the m e t a l w a t e r age m e a s u r e m e n t s , the expe r innen ta l s y s t e m s 

w^ere of h e t e r o g e n e o u s a r r a n g e m e n t and P a l m e d o h a s d e m o n s t r a t e d that a n i s o ­

t r o p i c s lowing down can be of s ign i f i cance in such s y s t e m s . H o m o g e n e o u s 

''=P. F . P a l m e d o , " A n i s o t r o p i c N e u t r o n Slowing Down in A l u m i n u m - W a t e r 
M i x t u r e s , " P a r t s I & II, NSE, ^ ( 3 0 2 ) June 1968 
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c a l c u l a t i o n s for h e t e r o g e n e o u s e x p e r i m e n t a l s y s t e m s g e n e r a l l y tend to u n d e r ­

e s t i m a t e the m e a s u r e d age v a l u e s . Th i s is c o n f i r m e d by the r e s u l t s g iven in 

T a b l e 2. We conc lude tha t the a l u m i n u m and z i r c o n i u m c r o s s s e c t i o n s a r e s a t ­

i s f a c t o r y , the i r o n da ta p r o b a b l y l e s s so . 

2. Data Eva lua t ion By C o r r e l a t i o n with C r i t i c a l A s s e m b l i e s 

In the a r e a of eva lua t i on of the E N D F / B P h a s e II ' b e n c h m a r k ' c a l c u l a t i o n s , 
2 

the d i s c r e p a n c y b e t w e e n MC r e s u l t s , for the Z P R - 3 - 4 8 b e n c h m a r k , of BNL 

and AI on the one hand vs t h o s e of ANL and LASL on the o t h e r , was p a r t i a l l y 
2 

r e s o l v e d . The s u b r o u t i n e SIGVAC in the BNL and AI v e r s i o n s of MC c o m p u t e s 

the s m o o t h con t r ibu t ion to the r e s o n a n c e c r o s s - s e c t i o n i n c o r r e c t l y v/hen the 

smoo th c r o s s - s e c t i o n is n e g a t i v e . A c o r r e c t v e r s i o n of th i s s u b r o u t i n e w a s o b -
2 

t a ined f r o m R. L a B a u v e a t LASL and the MC c a l c u l a t i o n for Z P R - 3 - 4 8 w a s 

r e p e a t e d . 

2 
The i n c o r p o r a t i o n of the c o r r e c t v e r s i o n of the s u b r o u t i n e SIGVAC in MC 

p r o d u c e d m i n o r c h a n g e s in the compu ted m u l t i g r o u p c o n s t a n t s . The m o s t s i g ­

n i f ican t change was a 1 5 to 20% d e c r e a s e in the p r o d u c t i o n t e r m P^ r, b e t w e e n 

300 and 1200 e l e c t r o n v o l t s , an e n e r g y r e g i o n which i s of l e s s e r i m p o r t a n c e in 

the a n a l y s i s of the fas t b e n c h m a r k c r i t i c a l s . F o r e x a m p l e , the c r o s s - s e c t i o n 

c h a n g e s p r o d u c e d a change in k of 0 .0031 ; i . e . , f r o m the o r i g i n a l c a l c u l a t e d 

va lue of 0.9862 to the p r e s e n t 0 .9831 . 

In the E N D F / B P h a s e II da ta t e s t i n g , a dual b e n c h m a r k t e s t i ng effort w a s 
2 

c o m p l e t e d . One r o u t e w a s the D A M M E T - E T O E - M C diffusion t h e o r y p r o c e d u r e 

(in u s e by ANL and LASL) ; the o the r involved the g e n e r a t i o n of da ta t a p e s in the 

A I E N D F f o r m a t f r o m the E N D F / B t a p e s , then p r o c e s s i n g with the AI c o d e s 

GRISM and AILMOE to p r o d u c e m u l t i g r o u p s e t s for the diffusion code CAESAR. 

R e s u l t s f r o m CAESAR give k = 0.976 which i s in r e a s o n a b l e a g r e e m e n t wi th r e ­

su l t s f r o m ANL, k = 0.973 and LASL, k = 0.970. Both of the l a t t e r r e s u l t s w e r e 
2 

obta ined by us ing D A M M E T - E T O E - M C as the p r o c e s s i n g m e c h a n i s m . T a b l e s 3 

and 4 p r e s e n t r e s u l t s obta ined for Z P R - 3 - 4 8 and Z P R - 3 - 1 1 in the dual b e n c h ­

m a r k t e s t i ng ef for t . 
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TABLE 3 
COMPARISON OF GRISM AND MC2 RESULTS FOR 

k AND CENTRAL REACTION RATIOS IN 
ZPR-3-48 AND ZPR-3-11 USING 

ENDF/B DATA 

Quan t i ty 

k 

^ 2 4 ^ ^ 2 5 

^ 2 6 ^ ^ 2 5 

^ 2 8 ^ ^ 2 5 

^ 4 9 ^ ^ 2 5 

^ 4 0 ^ ^ 2 5 

^ 2 5 ^ ^ 2 5 

^ 2 8 ^ ^ 2 5 

^ 4 9 ^ ^ 2 5 

^ 1 0 „ ^ ^ 2 5 

Z P R -

GRISM 

0.9758 

0.199 

0,0697 

0,0322 

0,928 

0.234 

-
0.145 

0.194 

1,295 

3-48 

MC2 

0,9792 

-
-

0.0338 

0.940 

0.244 

0.269 

0,137 

0,186 

" 

Z P R 

GRISM 

0.9792 

0.293 

0.0801 

0,0349 

-
-

0.194 

0.117 

-
~ 

- 3 - 1 1 

MC2 

0.9726 

0.291 

0.0784 

0.0343 

-
-

0.192 

0.117 

_ 

TABLE 4 
COMPARISON OF GRISM AND MC2 RESULTS FOR 

CENTRAL REACTIVITY COEFFICIENTS IN 
ZPR-3-48 AND ZPR-3-11 USING 

ENDF/B DATA 

I s o t o p e 

2 3 4 y 

2 3 5 y 

23 6y 

2 3 8 y 

" ^ P u 

2 4 0 p , 

^ 4 1 p u 

Mo 

F e 

Cr 

N i 

Mn 

Na 

'°B 
AI 

c 

Z P R - 3 - 4 8 

GRISM 

(2.89) 

1,255 

(-12,11) 

1,33 

1,236 

1,03 

(196.3) 

2,26 

1,42 

2,27 

1,23 

3,12 

2,1 

1,061 

1,28 

4 ,6 

MC2 

-

1,214 

-

1,19 

1,219 

1,16 

(189.4) 

2,12 

1,37 

1,34 

0,97 

1,89 

1.6 

-
1.33 

3.0 

Z P R 

GRISM 

(11,76) 

1.162 

(-4.04) 

1,25 

-

-

-
-

1,24 

1,21 

1.37 

1.56 

-
-
-
-

- 3 - 1 1 

MC2 

(11,89) 

1.153 

(-4.09) 

1,30 

_ 

-

-
-

1,15 

0,43 

0,94 

1.34 

-
-
-
-

The e x p e r i m e n t a l va lues and the v a l u e s which a r e e n c l o s e d in 
p a r e n t h e s e s a r e in u n i t s of I h / m o l e . The o t h e r e n t r i e s a r e the 
r a t i o of c a l c u l a t e d to e x p e r i m e n t a l v a l u e s . 
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3 . GRISM and MC R e s u l t s Obta ined by Using E N D F / B Data 

Al though the c o m p a r i s o n of the r e s u l t s obta ined with the l i b r a r i e s p r e p a r e d 
2 

by GRISM and MC in T a b l e s 3 and 4 shows g e n e r a l l y good a g r e e m e n t , t h e r e a r 

a few d i f f e r e n c e s which a r e l a r g e r than e x p e c t e d . S ince the s a m e b a s i c c r o s s -

s e c t i o n da ta a r e u s e d in both c a l c u l a t i o n s , b e t t e r a g r e e m e n t b e t w e e n the va lues 

of k could be hoped for ; f u r t h e r m o r e , the c e n t r a l f i s s i o n r a t i o s f r o m the c a l ­

cu la t ion which u s e s the GRISM l i b r a r y for Z P R - 3 - 4 8 a r e g e n e r a l l y l o w e r than 
2 

the c o r r e s p o n d i n g r e s u l t s f r o m the c a l c u l a t i o n u s ing the MC l i b r a r y , whi le the 
238 239 

U and P u c a p t u r e r a t i o s a r e about 5% h i g h e r . The c e n t r a l r e a c t i v i t y c o ­
ef f ic ients for the U and Pu i s o t o p e s in Z P R - 3 - 4 8 a l s o show d i f f e r e n c e s 

2 
of about 10% in oppos i t e d i r e c t i o n s . The s p e c t r a ob ta ined with the MC l i b r a r ­
i e s a r e a l i t t l e h a r d e r than the s p e c t r a with the GRISM l i b r a r i e s , a s i s shown 
in Tab le 5. 

T A B L E 5 
MEDIAN F L U X ENERGY (kev) F O R Z P R - 3 - 4 8 AND -11 

WITH E N D F / B CROSS SECTIONS 

L o c a t i o n 
Z P R - 3 - 4 8 

GRISM MC 

Z P R - 3 - 1 1 

GRISM M C 

C o r e c e n t e r 

C o r e a v e r a g e 

B lanke t 

198.1 

183.3 

139.7 

211.3 

194.6 

139.9 

305.8 

291.4 

170.1 

310.0 

295.8 

174.7 

One l ike ly s o u r c e of the p r e c e d i n g d i f f e r e n c e s a p p e a r s to be the g r o u p 
2 

c r o s s s e c t i o n s compu ted in the r e s o n a n c e e n e r g y r e g i o n . The MC c a l c u l a t i o n 

t a k e s r e s o n a n c e o v e r l a p in to a c c o u n t , and f o r m s the m u l t i g r o u p c r o s s s e c t i o n s 

by co l l aps ing the f i n e - g r o u p c r o s s s e c t i o n s . On the o the r h a n d , the GRISM c a l ­

cu la t ion a s s u m e s i s o l a t e d r e s o n a n c e s and f o r m s the m u l t i g r o u p c r o s s s e c t i o n 

by weight ing the effect ive r e s o n a n c e i n t e g r a l s of each r e s o l v e d r e s o n a n c e and 

of a n u m b e r of e n e r g y poin ts for the u n r e s o l v e d r e s o n a n c e s , with the A I L M O E 238, u l t r a f i n e - g r o u p s p e c t r u m . T h e m u l t i g r o u p a b s o r p t i o n c r o s s s e c t i o n s f o r U 
239 

a n d P u , a n d t h e m u l t i g r o u p t r a n ; 

Z P R - 3 - 4 8 a r e c o m p a r e d i n T a b l e 6. 

23 9 23 8 
a n d P u , a n d t h e m u l t i g r o u p t r a n s p o r t c r o s s s e c t i o n s f o r U a n d F e in 

A I - A E C - 1 2 8 5 7 
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TABLE 6 

MULTIGROUP CROSS SECTIONS FOR ^'^^U, ^-^"^Pu, 
AND Fe IN ZPR-3-48 

G r o u p 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

^ M I N 
(kev) 

6 , 0 6 5 . 

3 , 6 7 9 . 

2 , 2 3 1 . 

1 , 3 5 3 . 

8 2 1 . 

4 9 8 . 

3 0 2 . 0 

1 8 3 . 2 

1 1 1 . 1 

67 .4 

4 0 . 9 

2 4 . 8 

1 5 . 0 3 

9 . 1 2 

5 .53 

3 . 3 5 

2 . 0 3 

1.234 

0 . 7 4 9 

0 . 4 5 4 

0 . 2 7 5 

0 . 1 6 7 

0 . 1 0 1 

0 . 0 6 1 

0 .037 

0 . 0 2 3 

a ^ ( 2 8 ) 

G R I S M 

0 . 3 2 9 

0 . 5 8 3 

0 . 4 8 8 

0 . 4 8 7 

0 . 1 7 3 

0 . 1 4 1 

0 . 1 3 5 

0 . 1 5 1 

0 . 1 8 1 

0 . 2 3 6 

0 . 3 3 4 

0 . 4 5 8 

0 . 5 4 6 

0 . 6 7 0 

0 . 7 8 2 

0 . 9 5 3 

1.330 

1 .256 

1 .436 

1.262 

1.127 

1 .718 

2 . 4 3 1 

1.944 

0 . 7 8 2 

5 . 4 0 5 

M C ^ 

0 . 2 6 6 

0 . 5 8 4 

0 . 5 8 7 

0 . 4 9 3 

0 . 1 7 2 

0 . 1 4 1 

0 . 1 3 5 

0 . 1 5 1 

0 . 1 8 1 

0 . 2 3 5 

0 . 3 3 2 

0 . 4 3 8 

0 . 5 5 7 

0 . 6 7 3 

0 . 7 8 2 

0 . 8 6 0 

1.104 

0 . 9 2 7 

1 .105 

0 . 9 8 4 

0 . 9 8 6 

1.213 

1.544 

1.817 

0 . 4 2 9 

3 . 6 8 3 

a- (49) 
a. 

G R I S M 

2 .07 

1.90 

2 .01 

1.93 

1.80 

1.71 

1.64 

1.66 

1.72 

1.73 

1.78 

2 .14 

2 . 5 7 

3 . 0 6 

3 . 6 8 

4 . 3 0 

5 .71 

6 .96 

8 . 7 5 

1 2 . 8 0 

1 3 . 0 7 

2 3 . 0 8 

2 9 . 9 6 

3 2 . 9 6 

6 4 . 7 8 

1 3 . 2 0 

M C ^ 

2 .09 

1.90 

2 .01 

1.93 

1.80 

1.71 

1.64 

1.66 

1.73 

1.73 

1.77 

2 .11 

2 . 5 5 

3 . 0 4 

3 .61 

4 . 2 6 

5 .70 

7 . 0 2 

8 .83 

1 2 . 7 5 

1 2 . 6 2 

2 1 . 5 2 

2 4 . 8 2 

2 3 . 7 4 

6 3 . 5 8 

1 3 . 8 7 

^ t r < 

G R I S M 

3 . 6 7 

4 . 2 3 

4 . 6 4 

5 .02 

4 . 9 3 

5 .80 

7 .13 

8 .58 

9 . 9 7 

1 1 . 3 4 

1 1 . 5 0 

1 0 . 8 1 

1 1 . 0 2 

1 1 . 2 2 

1 1 . 3 5 

1 2 . 2 3 

2 1 . 3 8 

1 9 . 5 9 

2 2 . 4 1 

1 7 . 4 8 

1 6 . 8 1 

4 5 . 6 2 

4 8 . 3 1 

4 6 . 5 8 

6 7 . 3 9 

1 3 4 . 6 3 

28) 

M C ^ 

3 . 6 3 

4 . 2 0 

4 . 6 3 

5 .02 

4 . 9 3 

5 .77 

7 .09 

8 .55 

9 . 9 8 

1 1 . 3 2 

1 2 . 3 3 

1 3 . 1 8 

1 4 . 3 2 

1 4 . 8 5 

1 4 . 8 5 

9 .61 

14 .04 

1 3 . 7 2 

5 .00 

1 0 . 5 1 

1 0 . 6 6 

7 .36 

1 0 . 6 7 

1.94 

1 1 . 3 0 

9 . 1 2 

cr^^(Fe) 

G R I S M 

1.84 

2 . 2 2 

2 .33 

2 .35 

1.98 

2 . 3 4 

3 .01 

2 . 9 0 

4 . 6 6 

4 . 8 6 

4 . 3 0 

8 .82 

1.76 

5 .21 

1 2 . 0 0 

5 .43 

6 .06 

7 .40 

9 . 1 2 

1 0 . 0 7 

1 0 . 7 3 

1 1 . 1 7 

1 1 . 2 9 

1 1 . 3 1 

1 1 . 2 8 

1 1 . 2 8 

M C ^ 

1.81 

2 .19 

2 .31 

2 .33 

1.95 

2 .31 

2 . 9 7 

2 .53 

3 . 3 1 

3 .61 

4 . 0 5 

4 . 9 7 

1.27 

4 . 8 0 

1 0 . 4 8 

5.09 

5 .61 

6 .92 

8 .59 

9 .49 

10 .14 

1 0 . 5 9 

1 0 . 7 1 

1 0 . 7 5 

1 0 . 7 3 

1 0 . 7 5 
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23 8 
E N D F / B resolved resonance data extends to 3904 ev for U and to 298 ev 

239 
for Pu. Table 6 shows that the agreement of the absorption c ross sections 

2 
is good, except in the resolved resonance region, where MC and GRISM resul ts 

differ. Qualitatively, these differences a re due to the different methods of 

treating the resolved resonances by the two codes. 

The multigroup t ransport c ross sections for U and Fe a re also compared 
23 8 

in Table 6. In U, the agreement is good above 67 kev, but significant differ-
2 

ences appear below this energy. The MC resul ts a re generally l a rger at higher 

energies than the GRISM resu l t s ; but, below 3.3 kev, the r eve r se is t rue . Some 

of the differences at low energy are quite large and a r e due to the fact the 

GRISM weighting spectrum does not contain the flux dips caused by the r e s o ­

nances in the fuel isotopes. 

The agreement in Fe is good above 302 kev; while, below this energy, the 
2 

MC resul ts a re lower than the GRISM resu l t s . In comparison, the GRISM and 
2 

MC transpor t c ross -sec t ions for carbon generally agree , to better than 1%. 

Since less than 4% of the central flux in ZPR-3-48 is below 3.3 kev, the 
2 23 8 

GRISM and MC cross -sec t ion differences for U cannot introduce a very 
large difference in the value of C_o/F^j- and the central reactivity worth of 
23 8 c,o ^o 

U in th i s a s s e m b l y . 

The MC**2 m a c r o s c o p i c g r o u p c o n s t a n t s for Z P R - 3 - 4 8 c o r e and b l a n k e t , 

and for Z P R - 3 - 1 1 c o r e and b l a n k e t , w e r e r e c e i v e d f r o m ANL, BNL, and LASL 

for p r o c e s s i n g and e v a l u a t i o n . The p r o c e s s i n g of a l l da ta w a s c o m p l e t e d . 

All i n s t a l l a t i o n s u s e d the fine g r o u p m o d e in MC**2 to g e n e r a t e the m u l t i -

g r o u p c o n s t a n t s . In add i t ion , L o s A l a m o s g e n e r a t e d the data in the u l t r a fine 

(UF) m o d e . R e s u l t s obta ined thus f a r i l l u s t r a t e v a r i a t i o n s in m u l t i g r o u p c o n ­

s t a n t s and f luxes . T h e s e v a r i a t i o n s , a long wi th , in s o m e c a s e s , s ign i f i can t 

d i f f e r e n c e s in the v a l u e s of the m u l t i g r o u p c o n s t a n t s , a r e difficult to u n d e r s t a n d . 

Since c a l c u l a t i o n of t h e s e ' c o n s t a n t s ' p r o c e e d e d f r o m both the s a m e da ta b a s e 

and with the s a m e p r o c e s s i n g c o d e s , the r e a s o n s for t h e s e v a r i a t i o n s a r e not 

fully u n d e r s t o o d and m a y p r o v e d e t r i m e n t a l to p r e s e n t and fu tu re CSEWG 

P h a s e II da ta t e s t i n g . L o g i c a l l y , one would expec t the v a r i a t i o n in the m u l t i -

g r o u p v a l u e s to be m i n i m a l . Th i s i s not the c a s e . 

F o r Z P R - 3 - 4 8 , the c o r e m u l t i g r o u p c o n s t a n t s a r e c o m p a r e d in T a b l e s 7 

t h r o u g h 14. The c o r e flux and adjoint a r e c o m p a r e d in T a b l e s 15 and 16. 

A I - A E C - 1 2 8 5 7 
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T A B L E 7 

MC**2 26 GROUP MACROSCOPIC TRANSPORT CROSS SECTIONS ( Z P R - 3 - 4 8 CORE) 
CSEWG PHASE 2 ENOF/3 DATA TESTING 

> 
^ O 

i-o 
00 

-o 

ENERGY 
{ EV) 

6 . 0 6 5 3 E 
3 - 6 7 8 8 E 
2 . 2 3 1 3 E 
I.35>3AE 
8 . 2 0 8 5 E 

A . 9 7 8 7 E 
3 . 0 1 9 7 E 
I - 8 3 1 6 E 
1 .1109E 
6 . 7 3 8 0 E 

4 . 0 8 6 8 E 
2 . 4 7 8 8 E 
1 .5034E 
9 . 1188E 
5 . 5 3 0 B E 

3 - 3 5 4 6 t 
2 . 0 3 4 7 E 
1 .2341E 
7 . 4 8 5 2 E 
4 . 5 4 0 0 E 

2 . 7 5 3 6 E 
1 .6702E 
1 .0130E 
6 . 1442E 
3 . 7 2 6 6 E 

2 . 2 6 0 3 E 

0 6 
0 6 
0 6 
0 6 
0 5 

0 5 
0 5 
0 5 
0 5 
0 4 

0 4 
04 
0 4 
0 3 
0 3 

0 3 
0 3 
0 3 
0 2 
0 2 

0 2 
0 2 
0 2 
0 1 
0 1 

0 1 

A I 

8 . 7 0 6 0 E - 0 2 
1 . 0 4 3 0 E - 0 1 
1 - 2 2 2 2 E - 0 1 
1 . 2 7 4 3 E - 0 1 
1 .3 83 7 E - 0 1 

1 . 6 9 4 0 E - 0 1 
1 . 9 6 3 6 E - 0 1 
2 . 1 6 8 9 E - 0 1 
2 . 4 5 8 2 E - 0 1 
2 . 6 3 7 7 E - 0 1 

2 . 8 5 3 9 E - 0 1 
3 . 0 7 1 2 E - 0 1 
3 . 0 3 5 5 E - 0 1 
3 . 5 7 4 a E - 0 1 
4 . 3 3 4 4 E - 0 1 

4 . 2 7 5 7 E - C I 
5 . 8 2 5 9 t - 0 1 
2 . 8 8 5 9 E - 0 1 
3 . 1 0 1 6 E - 0 1 
3 . 6 3 i 4 t - 0 1 

3 . 8 4 9 8 E - 0 1 
3 . 5 0 5 0 r . - 0 1 
3 . 9 6 3 6 E - 0 1 
3 . 3 0 7 y C - 0 1 
4 . 6 0 5 9 E - 0 1 

3 . 6 7 9 5 E - 0 1 

ANL 

8 . 8 9 1 2 E - 0 2 
1 . 0 6 1 8 E - 0 1 
1 . 2 2 5 6 E - 0 1 
1 . 2 8 2 4 E - 0 1 
1 . 3 9 2 1 E - 0 1 

1 . 7 1 1 5 E - 0 1 
1 . 9 8 5 5 E - 0 1 
2 . 2 1 6 1 E - 0 1 
2 . 5 7 8 9 E - 0 1 
2 . 7 8 9 6 E - 0 1 

2 . 9 8 0 9 E - 0 1 
3 . 4 6 9 7 E - 0 1 
3 . 1 3 8 3 b - 0 1 
3 . 6 6 0 7 E - 0 1 
4 . 5 1 9 8 E - 0 1 

4 . 7 3 7 5 E - 0 1 
5 . 8 1 8 6 E - 0 1 
3 . 2 5 0 1 E - 0 1 
3 . 5 6 4 3 E - 0 1 
3 - 7 3 2 1 E - 0 1 

4 . 0 0 3 8 E - 0 I 
3 - 6 5 3 9 E - 0 1 
3 . 9 5 9 0 E - 0 1 
3 . 2 8 3 4 E - 0 1 
4 . 4 2 8 5 E - 0 1 

3 . 6 1 9 i E - 0 1 

BNL 

8 . 7 0 4 6 E - 0 2 
1 . 0 4 2 8 E - 0 1 
1 . 2 2 2 1 E - 0 1 
1 - 2 7 4 0 E - 0 1 
i . 3 8 3 5 E - 0 i 

1 . 6 9 3 3 E - 0 1 
1 . 9 6 3 4 E - 0 1 
2 . 1 6 3 6 E - 0 1 
2 . 4 5 7 9 E - 0 1 
2 - 6 3 8 4 E - 0 1 

2 . 8 5 4 2 E - 0 1 
3 . 0 7 7 6 E - 0 1 
3 . 0 3 6 0 E - 0 1 
3 . 5 7 4 3 E - 0 1 
4 - 3 4 2 8 E - 0 1 

4 . 5 6 9 9 E - 0 1 
5 . 9 4 14E-0 1 
3 . 1 6 8 5 E - 0 1 
3 . 5 0 2 5 E - 0 1 
3 . 6 9 3 7 E - 0 1 

3 . 9 6 3 0 E - 0 1 
3 . 6 4 9 0 E - 0 1 
3 . 9 & 3 1E-0 1 
3 . 3 7 0 1 E - 0 1 
4 . f a l 9 3 E - 0 1 

3 . 6 9 1 l E - 0 1 

LASL 

8 . 6 7 4 6 E - 0 2 
1 . 0 3 9 5 E - 0 1 
1.2 18 I E - 0 1 
1.2 69 5 E - 0 1 
1 . 3 7 a 6 E - 0 1 

1 . 6 8 7 4 E - 0 1 
1 . 9 5 3 7 C - 0 1 
2 . 1 5 5 2 E - 0 1 
2 . 4 4 8 7 E - 0 1 
2 . 6 26 4 E - 0 1 

2 . 8 5 2 3 E - 0 1 
3 . C 6 4 7 E - 0 1 
3 . 0 3 1 9 t - 0 1 
3 . 5 7 2 0 E - 0 1 
4 . 3 3 0 8 E - 0 1 

/ - . 2 7 1 2 E - C 1 
5 . 8 2 0 5 E - 0 1 
2 . 8 8 l 7 h - 0 1 
3 . 0 9 6 4 E - 0 1 
3 . 6 2 7 7 6 - 0 1 

3 . 8 4 8 2 E - 0 1 
3 . 5 G 5 0 C - 0 1 
3 . 9 5 8 3 E - 0 1 
3 . 3 6 6 8 e - 0 1 
4 . 6 1 9 9 5 - 0 1 

3 . 6 9 2 9 E - 0 1 

LASL (UF) 

8 . 8 6 0 7 E - 0 2 
1 . 0 5 8 4 E - 0 1 
1 . 2 2 1 5 E - 0 I 
1 . 2 7 7 8 E - 0 I 
1 . 3 8 7 0 E - 0 i 

1 . 7 0 4 9 E - 0 1 
1 . 9 7 5 6 E - 0 1 
2 . 2 0 2 1 E - 0 1 
2 - 5 5 8 3 E - 0 1 
2 . 7 7 4 6 E - 0 1 

2 . 9 7 8 5 E - 0 1 
3 - 4 5 6 4 E - 0 1 
3 . 1 3 4 2 E - 0 1 
3 . 6 5 3 2 E - 0 1 
4 . 5 0 5 8 E - C i 

4 . 4 3 9 9 E - 0 1 
5 . 6 8 7 6 E - 9 1 
2 . 9 6 1 9 E - C 1 
3 . 1 7 3 7 E - C I 
3 . 7 1 5 1 E - 0 1 

3 . 9 1 8 4 E - 0 1 
3 . 5 3 5 1 E - 0 1 
3 . 9 3 0 0 E - 0 1 
3 . 2 7 7 4 E - 0 1 
4 . ' i 2 2 4 E - 0 1 

3 - 6 1 6 7 E - 0 1 



> 

00 

ENERGY 
( EV) 

6 . 0 6 5 3 E 
3 - 6 7 8 8 E 
2 . 2 3 1 3 E 
1 . 3 5 3 4 E 
8 . 2 0 3 5 E 

4 . 9 7 8 7 E 
3 . 0 1 9 7 E 
l - 8 3 1 f c E 
1 . 1 1 0 9 E 
6 . 7 3 8 0 E 

4 . 0 8 6 8 E 
2 . 4 7 8 8 E 
1 - 5 0 3 4 E 
9 . 1 1 8 8 E 
5 - 5 3 0 8 E 

3 . 3 5 4 6 E 
2 - 0 3 4 7 E 
1 . 2 3 4 1 E 
7 . 4 8 5 2 E 
4 . 5 4 0 0 E 

2 . 7 5 3 6 E 
1 . 6 7 0 2 E 
1 - 0 1 3 0 E 
6 . 1 4 4 2 E 
3 . 7 2 6 6 E 

0 6 
0 6 
0 6 
0 6 
0 5 

0 5 
05 
0 5 
0 5 
0 4 

0 4 
0 4 
0 4 
0 3 
0 3 

0 3 
0 3 
0 3 
02 
0 2 

0 2 
0 2 
0 2 
0 1 
0 1 

2 . 2 6 0 3 E 01 

TABLE 8 

C * * 2 26 GROUP MACRGSCCPIC F ISSION CROSS SECTIONS 
CSEWG PHASE 2 ENDF/B DATA TESTING 

( Z P R - 3 - 4 8 CORE) 

A I 

1 . 0 7 6 3 E - 0 2 
7 . 5 5 9 7 E - 0 3 
7 . 6 5 3 9 E - 0 3 
6 . 4 7 9 1 E - 0 3 
3 . 2 7 4 9 E - 0 3 

2 . 7 9 O 1 E - 0 3 
2 . 5 3 2 5 E - 0 3 
2 . 4 8 9 9 E - 0 3 
2 . 5 4 9 9 E - 0 3 
2 . 5 5 3 1 E - 0 3 

2 . 4 9 6 9 E - 0 3 
2 . 7 3 9 3 E - 0 3 
3 . 1 0 2 5 E - 0 3 
3 . 5 3 9 4 E - 0 3 
4 . 0 8 2 3 E - 0 3 

4 . 6 8 6 8 E - 0 3 
6 . 0 6 5 5 E - 0 3 
7 . 3 7 1 0 E - 0 3 
9 . 2 0 4 9 E - 0 3 
1 . 3 1 7 8 E - 0 2 

1 . 3 4 4 3 E - 0 2 
2 . 5 0 5 9 E - 0 2 
2 . 6 2 3 7 E - 0 2 
3 . 4 6 9 2 E - 0 2 
7 . 1 4 3 1 E - 0 2 

1 . 3 1 2 4 E - 0 2 

ANL 

1 . 0 7 4 8 E - 0 2 
7 . 5 5 3 1 E - 0 3 
7 . 6 4 7 6 E - 0 3 
6 . 4 8 1 0 E - 0 3 
3 . 2 7 2 1 E - 0 3 

2 . 7 9 3 7 E - 0 3 
2 . 5 3 1 5 E - 0 3 
2 . 4 8 9 7 E - 0 3 
2 . 5 5 0 4 E - 0 3 
2 . 5 5 1 9 E - 0 3 

2 - 4 9 7 3 E - 0 3 
2 . 7 4 8 4 E - 0 3 
3 . 1 0 3 4 E - 0 3 
3 . 5 3 9 4 E - 0 3 
4 . 0 9 0 7 E - 0 3 

4 . 6 9 6 1 E - 0 3 
6 . 0 7 8 7 E - 0 3 
7 . 3 5 8 1 E - 0 3 
9 . 2 0 6 9 E - 0 3 
1 . 3 3 2 3 E - 0 2 

1 . 3 2 9 8 E - 0 2 
2 . 6 2 8 9 E - 0 2 
2 . 6 6 0 8 E - 0 2 
3 . 8 4 6 5 E - 0 2 
8 . 2 1 2 2 E - 0 2 

1 . 4 2 0 2 E - 0 2 

BNL 

1 . 
7 . 
7 . 
6 . 
3 . 

2 , 
2 . 
2 . 
2 . 
2 . 

2 . 
2 . 
3 . 
3 . 
4 , 

4 . 
6 . 
7 . 
1 . 
1 

1 . 
2 . 
2 . 
3 . 
7 . 

1 . 

. 0 7 5 6 E -
, 5 5 3 5 E -
, 6 4 8 3 E -
, 4 7 3 5 E -
. 2 7 0 0 E -

. 7 9 4 2 E -
, 5 3 I B E -
. 4 8 9 7 E -
. 5 4 9 8 E -
. 5 5 2 8 E -

. 4 9 6 5 E -

. 7 3 8 9 E -
, 1 0 2 3 E -
. 5 3 9 9 E -
, 0 8 5 0 E -

. 6 9 3 5 E -
, 0 5 7 9 E -
. 3 5 3 2 E -
, 0 3 5 1 E -
. 6 0 2 3 E -

. 6 8 2 7 E -

. 5 2 6 6 E -

. 6 5 1 7 E -

. 8 7 0 2 E -
, 2 2 9 1 E -

. 3 2 9 9 E -

- 0 2 
-0 3 
- 0 3 
- 0 3 
-0 3 

- 0 3 
- 0 3 
-0 3 
-0 3 
-0 3 

-0 3 
- 0 3 
-0 3 
-0 3 
- 0 3 

- 0 3 
-0 3 
- 0 3 
-0 2 
-0 2 

-0 2 
-0 2 
-0 2 
- 0 2 
-0 2 

-0 2 

LASL 

1 . 0 7 5 7 E - 0 2 
7 . 5 5 3 3 E - 0 3 
7 . 6 4 8 l c - 0 3 
6 . 4 7 3 5 C - 0 3 
3 . 2 6 9 9 r - 0 3 

2 . 7 9 4 2 E - 0 3 
2 . 5 3 2 0 E - 0 3 
2 . 4 8 9 7 E - 0 3 
2 . 5 4 9 8 E - 0 3 
2 . 5 5 2 8 E - 0 3 

2 . 4 9 6 5 E - 0 3 
2 . 7 3 8 7 E - 0 3 
3 . 1 0 2 3 E - 0 3 
3 . 5 4 0 l E - 0 3 
4 . 0 8 6 l E - 0 3 

4 . 6 9 6 0 E - 0 3 
6 . 0 6 1 7 E - 0 3 
7 . 3 6 3 0 E - 0 3 
9 . 2 0 8 3 t - 0 3 
1 . 3 1 9 9 b - 0 2 

1 . 3 5 5 9 E - 0 2 
2 - 5 3 4 1 E - 0 2 
2 . 6 6 1 8 E - 0 2 
3 . 8 8 1 7 E - 0 2 
7 . 2 6 8 l E - 0 2 

1 . 3 3 6 3 E - 0 2 

L A S L ( U F ) 

1 . 
7 . 
7 . 
6 . 
3 . 

2 . 
2 . 
2 . 
2 . 
2 . 

2 . 
2 -
3 , 
3 . 
4 . 

4 . 
6 . 
7 , 
9 . 
I . 

1 . 
2 . 
2 . 
3 . 
8 . 

, 0 7 4 8 E -
5 5 3 1 E -
64 7 6 E -
4 3 1 2 E -

, 2 7 2 2 E -

, 7 9 3 7 E -
5 3 1 5 E -

, 4 8 9 7 E -
, 5 5 0 4 E -
. 5 5 1 9 E -

. 4 9 7 3 E -
, 7 4 3 1 E -
. 1 0 3 4 E -
. 5 3 9 4 E -
, 0 9 1 3 E -

. 6 9 7 7 E -
, 08 1CE-
, 3 6 1 3 E -
2 0 7 3 E -

. 3 3 1 9 E -

. 3 2 9 4 E -
, 6 2 8 6 E -
. 6 6 0 1 E -
, 84 5 4 E -
, 2 1 2 4 E -

•02 
•03 
•03 
•03 
•03 

• 0 3 
•03 
•03 
• 0 3 
• 0 3 

• 0 3 
• 0 3 
- 0 3 
•03 
• 0 3 

• 0 3 
• 0 3 
• 0 3 
•03 
• 0 2 

•02 
•02 
•02 
•02 
•02 

1 . 4 1 9 7 E - 0 2 



^ 

> 
O^ I 

t-o 
00 

ENERGY 
( E V ) 

6 . 
3 . 
2 . 
1 . 
8 -

4 . 
3 . 
1 . 
1 . 
6 . 

4 , 

2 . 
1 . 
9 . 
5 . 

3 . 
2 . 
1 . 
7 . 
4 . 

2 . 
1 . 
1 . 
6 . 
3 . 

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

9 7 8 7 E 
Q 1 9 7 E 
8 3 1 6 E 
1 1 0 9 E 
7 3 8 C E 

0 8 6 8 E 
4 7 8 8 E 
5 0 3 4 E 
1 1 8 8 E 
5 3 0 8 E 

3 5 4 6 E 
0 3 4 7E 
2 i 4 1 F 
4M5 2E 

. 5 4 0 0 E 

, 7 5 3 6 E 
6 7 0 2 C 

, 0 1 3 0 E 
, 1 4 4 2 E 
. 7 2 6 6 E 

0 6 
0 6 
0 6 
0 6 
0 5 

0 5 
0 5 
0 5 
0 5 
0 4 

0 4 
0 4 
0 4 
0 3 
0 3 

0 3 
0 3 
0 3 
02 
0 2 

0 2 
0 2 
0 2 
0 1 
0 1 

2 . 2 o 0 3 E 0 1 

T A B L E 9 

2 6 GROUP MACRGSCCPIC CAPTURE CROSS S E C T I O N S ( Z P R - 3 - 4 8 CORE) 
CSEWG PHASE 2 E N D F / 3 DATA T E S T I N G 

A I ANL 3NL L A S L L A SL ( UF) 

2 . 0 0 7 5 E - 0 3 
5 . 3 8 7 7 E - 0 4 
3 . 8 6 2 2 E - 0 4 
6 . 2 9 4 3 E - 0 4 
1 . 2 2 9 1 E - 0 3 

1 . 9 9 3 9 E - 0 3 
5 . 3 7 9 0 E - 0 4 
3 . 8 6 0 S E - 0 4 
6 - 2 0 2 9 E - 0 4 
1 - 2 2 8 1 E - 0 3 

2 . 0 0 7 4 E - 0 3 
5 . 3 3 5 1 E - 0 4 
3 . 8 6 1 5 E - 0 4 
6 . 2 1 4 7 E - 0 4 
1 . 2 2 9 0 F - 0 3 

1 . 9 7 6 5 E - 0 3 
5 . 3 5 8 7 E - 0 ^ 
3 . ^ - 5 4 6 f c - 0 4 
6 . 2 3 4 o t - 0 4 
1 . 2 2 7 6 L - 0 3 

1 . 9 6 2 7 F - 0 3 
5 . 3 5 0 8 E - 0 4 
3 . 3 5 4 2 E - 0 4 
6 . 2 7 7 9 E - 0 4 
1 . 2 2 6 7 f c - 0 3 

1 . 2 8 4 2 E - C 3 
1 . 3 3 0 3 E - 0 3 
1 . 5 3 4 0 E - 0 3 
1 . 8 1 8 2 E - 0 3 
2 . 2 4 7 2 E - 0 3 

1 . 2 8 3 8 E - 0 3 
1 . 3 3 0 7 E - 0 3 
1 . 5 3 4 6 E - 0 3 
1 - 8 2 0 9 E - 0 3 
2 . 2 5 0 2 E - 0 3 

1 . 2 8 3 9 E - 0 3 
1 . 3 3 0 0 C - 0 3 
1 . 5 3 3 7 E - 0 3 
1 . 8 1 7 9 E - 0 3 
2 . 2 ^ 6 7 1 - 0 3 

1 . 2 8 2 5 E - 0 3 
1 . 3 2 8 5 E - 0 3 
1 . 5 3 2 4 t - 0 3 
1.8 1 6 ? t - 0 3 
2 . 2 4 i l t - 0 3 

1 . 2 8 2 5 E - 0 3 
1 . 3 2 9 3 E - 0 3 
1 . 5 3 3 4 £ - 0 3 
1 . 8 1 9 4 E - 0 3 
2 . 2 4 S 6 E - 0 3 

3 . 1 1 5 1 E - 0 3 
4 . 4 6 7 2 E - 0 3 
5 . 7 2 2 9 E - 0 3 
7 . 0 9 8 9 E - 0 3 
9 . 0 9 2 3 b - 0 3 

3 . 1 2 3 0 E - 0 3 
4 . 5 2 7 6 E - 0 3 
5 . M 6 0 E - 0 3 
7 . 1 1 8 2 E - 0 3 
9 . 1 4 5 8 E - 0 3 

3 . 1 1 5 0 E - 0 3 
• ^ ' . 2 0 0 3 E - C 3 
5 . 7 iOiL-0 i 
7 . 0 9 9 4 E - 0 3 
9 . 1 2 2 1 E - 0 3 

3 . 1 1 2 9 E - 0 3 
4 . 4 6 6 6 E - 0 3 
5 , 7 3 1 9 E - 0 3 
7 . 1 1 9 6 E - 0 3 
9 . 1 3 1 6 C - 0 3 

3 . 1 2 0 8 L - 0 3 
4 . 5 2 2 ° E - 0 3 
5 . 7 3 5 1 F - 0 ^ 
7 . 1 1 7 2 1 - 0 ^ . 
9 . 1 4 4 5 E - 0 3 

9 . 9 3 8 1 E - 0 3 
1 . 3 2 9 9 E - 0 2 
1 . 2 7 0 6 E - 0 2 
1 . 7 1 6 6 E - 0 2 
1 . 7 3 1 8 E - 0 2 

9 . 9 8 O 4 E - 0 3 
1 . 3 4 1 1 F - 0 2 
1 . 2 7 9 1 E - 0 2 
1 . 7 5 0 4 E - 0 2 
1 . 7 6 6 6 E - 0 2 

9 . 9 5 2 0 t - 0 3 
1 . 3 2 6 7 E - 0 2 
1 . 2 7 8 5 E - 0 2 
1 . 7 3 3 2 E - 0 2 
1 . 9 0 1 l E - 0 2 

9 . 9 4 0 2 E - 0 3 
1 . 3 2 8 ' ' - E - 0 2 
1 - 2 3 2 6 E - 0 2 
1 . 7 3 8 7 C - 0 2 
1 . 7 6 1 9 [ : - 0 2 

9 . 9 8 5 4 E - C 3 
1 . 3 4 U E - 0 2 
1 . 2 7 9 0 F - 0 2 
1 . 7 5 0 Q C - 0 2 
1 . 7 6 5 6 L - C 2 

1 . 8 6 5 1 E -
2 . 2 0 5 3 E -
3 . 2 3 9 5 E -
2 . 3 0 4 4 E -
4 . 4 6 4 3 E -

4 . 1 1 2 9 E -

- 0 2 
- 0 2 
- 0 2 
- 0 2 
- 0 2 

- 0 2 

1 . 8 3 6 4 E - 0 2 
2 . 3 6 7 0 E - 0 2 
3 . 2 9 8 8 C - 0 2 
2 . 4 3 6 3 E - 0 2 
4 . 6 1 4 8 E - 0 2 

5 . 1 9 7 7 E - 0 2 

1 . 8 8 7 0 E -
2 . 2 4 9 3 C -
3 . 2 9 S 8 E -
2 . 5 3 3 6 E -
4 . 5 0 8 0 E -

4 . 2 2 6 8 E -

- 0 2 
- 0 2 
- 0 2 
- 0 2 
- 0 2 

-0 2 

1 - 9 0 3 6 E -
2 . 2 6 5 6 E -
3 . 3 2 0 8 E -
2 . 5 50 i r -
4 . 5 3 5 q E -

4 . 2 6 3 9 E -

- 0 2 
• 0 2 
- 0 2 
- 0 2 
- 0 2 

- 0 2 

1 . 8 8 5 4 E - 0 2 
2 . 3 o 5 8 £ - 0 2 
3 . 2 9 6 S E - 0 2 
2 . 4 3 4 H E - 0 2 
4 . 6 1 1 8 b - 0 2 

5 . 1 9 5 4 r - 0 2 



- J 

ENERGY 
( EV) 

6 . 0 6 5 3 E 
3 . 6 7 8 8 E 
2 . 2 3 1 3 E 
1 . 3 5 3 4 E 
8 . 2 0 8 5 E 

4 . 9 7 8 7 E 
3 . 0 1 9 7 E 
1 . 8 3 1 6 E 
1 . 1 1 0 9 E 
6 . 7 3 8 0 E 

4 . 0 8 6 8 E 
2 . 4 7 8 8 E 
1 . 5 0 3 4E 
9 . 1 1 8 a E 
5 . 5 3 0 8 E 

0 6 
0 6 
0 6 
0 6 
0 5 

0 5 
0 5 
0 5 
0 5 
0 4 

0 4 
0 4 
0 4 
0 3 
03 

TABLE 10 

MC««2 26 GROUP MACROSCOPIC INELASTIC CROSS SECTIONS ( Z P R - 3 - 4 8 CORE) 
CSEWG PHASE 2 ENDF/3 DATA TESTING 

A I ANL BNL LASL LASL ( UF; 

4 . 3 2 4 1 E - 0 2 4 . 3 0 6 2 E - 0 2 4 - 3 1 0 3 E - 0 2 
4 . 6 9 5 6 E - 0 2 4 . 6 7 8 7 E - 0 2 4 . 6 7 3 1 E - 0 2 
3 . 9 9 9 6 E - 0 2 3 . o 3 9 5 b - 0 2 3 . 9 9 0 0 E - 0 2 
3 . 6 1 0 d E - 0 2 3 . 6 0 6 6 L - 0 2 3 . 6 0 7 4 b - 0 2 
2 . 5 5 0 6 E - 0 2 2 . 5 4 9 2 E - 0 2 2 . 5 5 3 8 E - 0 2 

i . 6 6 1 9 E - 0 2 1 . 6 6 1 9 E - 0 2 1 . 6 6 1 2 E - 0 2 
1 . 2 0 9 2 E - 0 2 1 . 2 U 9 2 E - 0 2 1 . 2 0 6 8 E - 0 2 
9 . 4 5 5 1 E - 0 3 9 . 4 5 6 1 f - 0 3 9.^'^81C-0^ 
7 . 0 6 1 5 E - 0 3 7 . 0 6 1 6 E - 0 3 7 . 0 3 2 8 E - 0 3 
3 . 5 9 8 4 E - 0 3 3 . D 9 7 4 E - 0 3 3 . 5 7 3 9 E - 0 3 

4 , 
4 . 
4 , 
3 . 
2 . 

1 . 
1 . 
9 . 
7 . 
3 , 

1 . 
3 . 
3 . 
2 . 
1 . 

. 3 2 4 6 E -

. 6 9 6 2 E -

. 0 0 0 2 E -

. 6 U 5 E -

. 5 5 1 3 E -

, 6 6 2 4 E -
. 2 0 9 6 E -
. 4 5 8 9 E -
, 0 6 3 7 E -
. 5 9 9 7 E -

. 0 3 7 3 E -

. 7 5 1 5 E -
, 3 5 9 7 E -
, 1 9 7 4 E -
. 4 3 8 6 E -

- 0 2 
- 0 2 
- 0 2 
- 0 2 
- 0 2 

- 0 2 
- 0 2 
- 0 3 
- 0 3 
- 0 3 

- 0 3 
- 0 4 
- 0 4 
- 0 4 

- 0 5 

> 
*. n 2 . 4 7 8 8 E 04 3 . 7 5 1 5 E - 0 4 3 . 7 4 1 0 E - 0 ' - 3 . 7 5 1 0 E - 0 4 3 . 7 5 1 7 E - 0 4 3 . 7 4 2 3 E - 0 4 

4 . 
4 . 
4 . 
3 . 
2 . 

1 . 
1 . 
9 , 
7. 
3 . 

1 . 
3 . 
3 . 
2 . 
1 . 

. 3 2 8 3 E ^ 

. 6 9 5 1 E -

. 0 0 0 2 b ' 

. 6 1 1 7 E ' 

. 5 5 4 9 E ^ 

. 6 6 1 2 E -

. 2 0 6 8 E -

. 4 4 7 5 E -

. 0 3 2 1 E -

. 5 7 3 7 E -

. 0 2 2 2 E -
, 7 4 1 0 E -
. 3 5 7 4 E ' 
. 2 0 0 0 F -
. 3 9 2 5 E -

- 0 2 
- 0 2 
- 0 2 
- 0 2 
- 0 2 

- 0 2 
- 0 2 
- 0 3 
- 0 3 
- 0 3 

- 0 3 
- O ' * 
- 0 4 
- 0 4 

- 0 5 
r̂  9 . 118aE 03 2 . 1 9 7 4 E - 0 4 2 . 2 0 0 0 F - 0 4 2 . 1 9 7 7 E - 0 4 2 - 1 9 7 5 f c - 0 4 2 . 2 0 0 1 E - Q 4 
00 

1 . 0 3 6 3 E - 0 3 1 . 0 3 6 8 C - 0 3 1 . 0 2 2 9 E - 0 3 
7 5 1 0 E - 0 4 3 . 7 5 1 7 E - 0 4 3 . 7 4 2 3 E - 0 4 
3593 E-0'- 3 . 3 5 9 8 b - 0 4 3 . 3 5 8 2 C - 0 4 
1 9 7 7 E - 0 4 2 - 1 9 7 5 b - 0 4 2 . 2 0 0 1 E - Q 4 

. 4 3 9 5 E - 0 5 1 . 4 3 8 4 E - 0 5 1 . 3 9 1 6 E - 0 5 



TABLE 11 
MC**2 26 GROUP MACRGSCCPIC N,2N CROSS SECTIONS ( Z P R - 3 - 4 8 CORE) 

CSEWG PHASE 2 ENDF/B DATA TESTING 

ENERGY 
( EV) 

6 . 0 6 5 3 E 06 
3 . 6 7 8 8 E 06 

A I 

5 . 1 9 5 9 E - 0 3 
1 . 5 0 6 6 E - 0 6 

ANL 

5 - 1 5 9 4 E - 0 3 
1 . 4 8 6 9 E - 0 6 

BNL 

5 . 1 9 5 4 6 - 0 3 
1 . 5 0 4 8 E - 0 6 

LASL 

5 . 1 9 5 9 E - 0 3 
1 . 5 0 8 6 E - 0 6 

LASL (UF) 

5 . 1598E-03 
1 . 4 9 0 3 E - 0 6 

> 
4̂  n 
00 p 

00 



GROUP 
1 TO 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

4 - 5 12 
13 
14 
15 

16 
17 
18 

T A B L E 12 

MC**2 2b GROUP MACROSCOPIC INELASTIC TRANSFER ELEMENTS (ZPR-3-48 C3RE) 
CSEWG PHASE 2 cNDF/B DATA TESTING 

A I 

4.6952E-
3.6585E-
8.0727E-
9.9535E-
6.1983E-

6.4081E-
4.6126E-
3.3268E-
2.2207E-
1.2693E-

6.2698E-
2.7834E-
1.1460E-
4-3986E-
1.5781b-

5.7387b-
2.0056E-
4.6276E-

-04 
-03 
-03 
-03 
-03 

-03 
-03 
•03 
-03 
-03 

-04 
-04 
-04 
-05 
-05 

-06 
-06 
-07 

ANL 

4.6582E-04 
3.6496E-03 
8.2708E-03 
1.06576-02 
9.2943E-03 

7.4280b-03 
5.2841E-03 
3.6849b-03 
2.3889E-03 
1.3422E-03 

6.5688E-04 
2.9014E-04 
1.1914E-04 
4.5702E-05 
1.6145E-05 

5.7685b-06 
2.0202E-06 
4.6554E-07 

BNL 

4.6738E-04 
3-6789E-03 
8.2683E-03 
1.0633E-02 
9.2957E-03 

7-4433E-03 
5.2979E-03 
3.6888E-03 
2 .3868b-03 
1.3392b-03 

6 .5489E-04 
2.8913E-04 
1 . 1869E-04 
4 .5516E-05 
1.6077E-05 

5.7377E-06 
2-0052E-06 
4.6270E-07 

LASL 

4.5350E-04 
3.636CE-03 
8.2210E-03 
1.0600E-02 
9.2750E-03 

7.4340E-03 
5.294CE-03 
3.63706-03 
2.3860E-03 
1.3390E-03 

6.5480E-04 
2.8910E-04 
1 . 18?0t -04 
4 .55206-05 
1.60806-05 

5 .73706-06 
2.00506-06 
4 .62706-07 

LASL (UF) 

4.5190E-04 
3.6060E-03 
3.2230E-03 
1.0620C-02 
9.2730E-03 

7.41806-03 
5.28006-03 
3.68406-03 
2.3890E-03 
1.3420E-03 

6.5700E-04 
2 .90206-04 
1.19206-04 
4 .57206-05 
1.61506-05 

5.77106-06 
2 .02106-06 
4 .66306-07 



T A B L E 13 

MC**2 MACROSCOPIC ELASTIC TRANSFER ELEMENTS ( Z P R - 3 - 4 8 CORE) 
CS6WG PHASE 2 ENDF/B DATA TESTING 

> 

O 

NTO 
GROUP 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
2 3 
24 
25 

AI 

1.81106-02 
3.5975E-02 
5.93966-02 
6.8928E-02 
8.7517E-02 

1.22526-01 
1.51976-01 
1.72796-01 
2.0168E-01 
2.20646-01 

2.4188E-01 
2.5805E-01 
2.5890E-01 
3.08766-01 
3.76356-01 

3. 
4. 
2. 
2. 
3. 

3. 
2. 
3. 
2. 
3. 

59356-
38836-
2955F-
4783E-
0032E-

1603E-
67366-
04146-
41656-
1677E-

-01 
-01 
-01 
-01 
-01 

-01 
-01 
-01 
-01 
-01 

ANL 

1 . 7 8 4 3 E - 0 2 
3 . 5 5 2 9 E - 0 2 
5 . 6 9 2 3 E-02 
6 . 7 2 3 0 6 - 0 2 
8 . 4 9 7 5 C - 0 2 

1 . 2 0 6 1 E - 0 1 
1 . 5 0 4 1 6 - 0 1 
1 . 7 3 5 9 E - 0 1 
2 . 0 9 4 9 6 - 0 1 
2 . 3 1 716-01 

2 . 5 C 2 3 E - 0 1 
2 . 9 5 5 7 6 - 0 1 
2 . 6 2 736-01 
3 . 1 2 7 1 6 - 0 1 
3 . 8 8 6 5 6 - 0 1 

3 . 9 7 7 5 E - 0 1 
4 . 4 7 6 8 E - 0 1 
2 . 6 2 2 2 6 - 0 1 
2 . 8 9 7 5 6 - 0 1 
3 . 0 6 3 4 E - 0 1 

3 . 2 8 2 1 E - 0 1 
2 . 7 8 6 9 E - 0 1 
3 . 0 2 7 3 E - 0 1 
2 . 3 5 6 3 E - 0 1 
2 . 8 3 3 9 E - 0 1 

BNL 

1.7772E-02 
3.59686-02 
5 . 9 4 0 ^ 6 - 0 2 
6 . 8 9 0 9 6 - 0 2 
8 . 7 4 9 1 6 - 0 2 

1.2 249E-0 1 
1 . 5 1 9 6 6 - 0 1 
1 . 7 2 7 7 6 - 0 1 
2 . 0 1 6 6 6 - 0 L 
2 . 2 0 7 2 6 - 0 1 

2 . 4 1 9 2 E - 0 1 
2 . 5 3 8 5 6 - 0 1 
2 . 5 8 9 5 6 - 0 1 
3 . 0 8 7 2 E - 0 1 
3 . 7 7 1 7 6 - 0 1 

3 . 8 8 6 8 6 - 0 1 
4 . 5 0-^4 6 - 0 1 
2 . 5 766 6 - 0 1 
2 . 8 7 13 6-0 1 
3 . 0 206 6-0 1 

3 . 2 4 0 1 6 - 0 1 
2 . 8 1 2 0 6 - 0 1 
3 . 0 5 3 8 6 - 0 1 
2 . 4 ^ 12 6 -01 
3 . 1 7 0 0 6 - 0 1 

LASL 

8 0 4 0 6 - 0 2 
5 8 5 0 6 - 0 2 
9 1 6 0 6 - 0 2 
3560E-G2 
7100 6-02 

1 . 2 2 0 0 6 - 0 1 
1.51 lOE-01 
1 . 7 1 6 0 E - 0 1 
2 . 0 0 9 0 6 - 0 1 
2 . 1 9 9 0 6 - 0 1 

2 - 4 1 8 0 6 - 0 1 
2 . 5 7 6 0 E - 0 1 
2 . 5 8 6 0 6 - 0 1 
3 . 0 8 5 0 6 - 0 1 
3 . 7 5 1 0 6 - 0 1 

3 . 5 8 9 0 6 - 0 1 
^. 3 3 4 0 6 - 0 1 
2 . 2 9 1 0 6 - 0 1 
2 . 4 7 2 0 6 - 0 1 
2 . 9 9 3 0 6 - 0 1 

3 . 1 5 5 0 6 - 0 1 
2 . 6 6 7 0 6 - 0 1 
3 . 0 2 7 0 6 - 0 1 
2 . 4 3 6 0 E - 0 1 
3 . 1650 6 - 0 1 

LASL ( U F ; 

1 . 7 7 7 0 6 - 0 2 
3 - 5 4 0 0 6 - 0 2 
5 . 6 8 8 06-02 
6 .6 8706 -02 
o . 4 5 9 0 6 - 0 2 

1 . 2 0 0 0 6 - 0 1 
1 . 4 9 6 0 6 - 0 1 
1 . 7 2 4 0 6 - 0 1 
2 . 0 8 6 0 6 - 0 1 
2 . 3 0 6 0 6 - 0 1 

2 . 5 0 1 0 6 - 0 1 
2 . 9 4 4 0 6 - 0 1 
2 . 6 2 5 0 6 - 0 1 
3 . 1 2 5 0 6 - 0 1 
3 . 3 7 4 0 6 - 0 1 

3 . 6 8 1 0 6 - 0 1 
' ^ . 3 4 7 0 6 - 0 1 
2 . 3 3 6 0 6 - 0 1 
2 . 5 0 7 0 6 - 0 1 
3 . 0 4 7 0 6 - 0 1 

3 . 1 9 8 0 6 - 0 1 
2 . 6 3 9 0 6 - 0 1 
2 . 9 9 9 0 6 - 0 1 
2 . 3 5 1 0 6 - 0 1 
2 . 8 2 9 0 6 - 0 1 

26 2 . 7 3 3 9 6 - 0 1 2 . 5 0 3 7 6 - 0 1 2 . 7 3 3 9 6 - 0 1 2 . 7 3 3 0 6 - 0 1 2 . 5 0 2 0 6 - 0 1 



!• 

> 
o 

OUT OF 
GROUP 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

TABLE 14 
MACROSCOPIC ELASTIC TRANSFER ELEf'ENTS ( 2 P R - 3 - 4 8 CORE) 

CSE'rtG PHASE 2 ENOF/3 DATA TESTING 

AI A M BNL LASL LA SL ( UF ) 

7 - 7 3 6 5 E - 0 3 
1 . 3 2 6 5 E - 0 2 
1 . 4 7 8 6 E - 0 2 
1 . 5 2 7 6 E - 0 2 
2 . 0 8 3 4 E - 0 2 

2 . 6 1 7 5 E - 0 2 
2 - 8 4 2 9 E - 0 2 
3 . 0 6 1 8 E - 0 2 
3 . 2 7 0 7 C - 0 2 
3 - 4 7 3 3 E - 0 2 

3 . 6 8 6 4 E - 0 2 
4 . 1 4 9 6 E - 0 2 
3 . 5 4 9 1 E - 0 2 
3 . 7 8 6 7 E - 0 2 
4 . 3 9 0 2 E - 0 2 

5 . 3 5 9 6 E - 0 2 
1 . 2 4 3 9 E - 0 1 
3 . 8 9 6 2 E - 0 2 
3 . 5 Q 6 4 E - 0 2 
3 . 2 3 1 6 F - 0 2 

3 . 6 8 5 5 E - 0 2 
3 . 6 0 2 1 E - 0 2 
3 . 3 5 8 9 E - 0 2 
3 . 1 4 0 5 t - 0 2 
2 . 7 7 4 9 E - 0 2 

9. 
1. 
1. 
1. 
2, 

2. 
3. 
3-
3. 
3. 

4, 
4, 
4. 
4. 
5. 

6, 
1. 
4, 
4. 
3. 

4, 
3. 
3. 
2. 
3. 

,8844E-
,5604E-
.7605E-
,7795E-
,4184E-

.9857E-

.2217E-
,4545E-
.6997E-
,8870E-

.1214E-
,3759t-
,1876E-
.2482E-
, 00T5E-

.1313E-

.1470E-

.2647C-

.0016E-
,5884E-

.0012t-

.9742E-

.3575E-

.98896-

.1188E-

-03 
-02 
-02 
-02 
-02 

-02 
-02 
-02 
-02 
-OZ 

-02 
-02 
-02 
-02 
-02 

-02 
-01 
-02 
-02 
-02 

-02 
-02 
-02 
-02 
-02 

7.7350E-03 
i,3258E-02 
1.4771E-02 
1.5289E-02 
2 . 0 8 5 0 E - 0 2 

2 . 6 18 1E-02 
2 - 8 4 3 1 E - 0 2 
3 . 0 6 1 7 E - 0 2 
3 . 2 7 0 5 t - 0 2 
3 . 4 7 3 0 E - 0 2 

3 .6859E-02 
4.1506E-02 
3 .5482E-02 
3.7855fc-02 
4.3885E-02 

5 .3662E-02 
1.2438E-0 1 
3-9046E-02 
3-5440E-0 2 
3.2274E-02 

3 .6592E-02 
3.5934E-02 
3-3425t-C2 
2.8847E-02 
2-7572E-02 

7 . 7 1 6 0 E - 0 3 
1 . 3 2 2 0 E - 0 2 
1 . 4 7 1 0 E - 0 2 
l , 5 2 2 0 E - 0 2 
2 . 0 7 7 0 E - 0 2 

2 . 6 0 9 0 E - 0 2 
2 . 8 2 8 C C - 0 2 
3 - O t 3 0 E - 0 2 
3 . 2 5 6 0 E - 0 2 
3 . 4 3 6 Q E - 0 2 

3 . 6 7 8 0 E - 0 2 
^ . 1 3 0 0 E - 0 2 
3 . 5 3 9 0 E - 0 2 
3 . 7 7 9 0 E - 0 2 
4 . 3 7 9 0 E - 0 2 

5 . 3 5 4 0 E - 0 2 
1 . 2 4 3 0 E - 0 1 
3 - 8 8 6 0 E - 0 2 
3 . 5 8 3 0 E - 0 2 
3 . 2 1 8 0 E - 0 2 

3 . 6 6 9 0 E - 0 2 
3 . 5 8 l O E - 0 2 
3 . 3 3 0 0 E - 0 2 
2 • 3 7 2 0 C - 0 2 
2 . 7 4 6 0 E - 0 2 

9 . 8 5 9 0 E - 0 3 
1 . 5 5 6 0 E - 0 2 
1 . 7 5 4 0 E - 0 2 
i . 7 7 2 0 £ - 0 2 
2 . 4 0 7 0 E - 0 2 

2 . 9 6 7 0 E - 0 2 
3 . 2 0 6 0 E - 0 2 
3 . 4 350E-02 
3 . 6 84 OE-02 
3 . 8 5 0 Oh-02 

4 . 1 1 0 0 E - 0 2 
4 - 3 5 6 0 E - 0 2 
4 . 1 7 8 0E-02 
4 . 2 4 1 O E - 0 2 
4 . 9 9 6 0 E - 0 2 

6 . 1 1 8 0 E - 0 2 
1 . 1 ^ 6 0 E - 0 2 
4 . 2 4 5 0 E - 0 2 
3 . 9 9 2 0 E - 0 2 
3 . 5 3 1 0 E - 0 2 

3 . 9 9 2 O E - 0 2 
3 . 9 6 4 O E - 0 2 
3 . 3 5 0 0 E - 0 2 
2 . 9 3 2 0 E - 0 2 
3 . 1 120E-02 



ENERGY 

( EV) 

6 . 0 6 5 3 E 06 
3 . 6 7 8 8 E 06 
2 . 2 3 1 3 E 06 
1 .3534E 06 
B .2085E 05 

> 
M 

ui O 
M I 

I—' 

00 

4 . 9 7 8 7 E 05 
3 - 0 1 9 7E 0 5 
1-8316E 0 5 
I . 1109E 05 
6 .738CE 04 

4 . 0 8 6 8 E 04 
2 . 4 7 8 8E 04 
1-5034E 04 
9 . 1188E 03 
5 . 5 3 0 8 t 03 

3 . 3 5 4 6 E 03 
2 . 0 3 4 7E 03 
1 .2341E 03 
7 .4852fc 02 
4 . 5 4 0 C E 02 

2 . 7 5 3 6 E 02 
1 .6702E 02 
1 .0130E 02 
6 . 1442E 0 1 
3 . 7 2 6 6 E 01 

2 . 2 6 0 3 E 0 1 

T A B L E 15 

COMPARISON OF MC**2 26 GRCUP FLUXES ! Z P R - 3 -
CSEWG PHASE 2 ENDF/B DATA TESTIN 

't8 CORE) 

A I 

4 . 2 0 3 1 E -
1 . 7 05 0E 
3 . 7 2 9 2 E 
5 . 3 9 4 5 E 
7 . 2 1 7 7 E 

9 . 8 9 7 2 E 
1 . 1 6 6 4 E 
1 . 1 2 6 3 E 
9 . 9 7 5 6 E 
8 . 6 1 3 5 E 

7 . 2 1 2 9 E 
5 . 4 6 0 8 E 
4 . 9 4 3 I E 
3 . 5 1 5 2 E 
2 . 2 8 6 9E 

1 . 4 4 3 6 E 
5 . 3 5 3 8 E -
1 . 0 8 1 5 E 
6 . 5 0 9 2 E -
3 . 6 0 8 6 E -

1 . 6 4 4 8 E -
7 . 1 0 8 4 E -
2 . 7 2 0 7 E -
9 . 9 9 7 5 E -
2 . 1 5 9 6 E -

6 . 2 0 9 9 E -

- 0 1 
0 0 
0 0 
0 0 
0 0 

0 0 
0 1 
0 1 

oo 
0 0 

0 0 
0 0 
0 0 
CO 
0 0 

0 0 
- 0 1 

0 0 
- 0 1 
- 0 1 

- 0 1 
- 0 2 
- 0 2 
-Oi 
- 0 3 

- C 4 

ANL 

4 - 0 6 9 1 E -
1 . 6 5 4 5 E 
3 . 6 0 2 7 E 
5 . 2 8 5 4 E 
6 . 9 6 5 7 E 

9 . 4 3 2 4 E 
I . 1 0 7 1 E 
1 . 0 7 5 7 c 
9 . 5 8 3 2 E 
8 . 4 3 8 2 E 

7 - 1 3 5 5 E 
5 . 7 5 9 9 E 
4 . 8 2 4 4 E 
3 . 6 8 9 5 E 
2 , 4 2 9 2 E 

1 . 5 7 3 8 E 
7 . 1 3 B 7 E -
I . 2 5 5 4 t 
7 . 7 6 3 5 E -
4 . 5 0 0 4 E -

2 . 1 7 6 7 E -
9 . 4 7 7 3 t -
3 . 9 5 5 8 E -
1 . 3 9 5 4 E -
2 . 5 3 7 0 E -

7 . 0 9 7 3 E -

- 0 1 
0 0 
0 0 
0 0 
0 0 

00 
0 1 
0 1 
0 0 
00 

00 
0 0 
0 0 
0 0 
0 0 

0 0 
- 0 1 

CO 
- 0 1 
- 0 1 

- 0 1 
- 0 2 
- 0 2 
- 0 2 
- 0 3 

- 0 4 

BNL 

4 . 1 7 3 7 E -
1 . 6 9 / , 6 E 
3 . 7 i l 9 E 
5 . 3 6 7 I E 
7 . 2 ^ 7 4 E 

9 . 9 5 8 2 E 
1 . 1 7 2 5 E 
1 . 1 2 9 3 E 
9 . 9 8 1 I t 
0 . 5 9 3 4 L 

7 . 1 7 4 3 E 
5 . 4 3 4 8 E 
4 . 9 C 9 4 E 
3 . 4 7 7 9 £ 
2 . 2 5 6 7 L 

1 . 4 2 2 0 E 
5 . 2 7 9 0 C-
1 . 0 6 5 1 E 
6 . 3 6 1 0 E -
3 . 2 4 4 9 E -

1 . 4 0 9 4 E -
6 . 0 0 4 8 t -
2 . 2 7 2 S E -
7 . 9 7 4 0 E -
1 . 5 6 8 7 E -

4 . 4 2 2 3 E -

-0 1 
0 0 
0 0 
0 0 

oc 

0 0 
0 1 
0 1 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
-0 1 
0 0 

- 0 1 
- 0 1 

- 0 1 
-0 2 
-0 2 
-0 3 
- 0 3 

- 0 4 

L A S L 

4 . 1 9 1 6 E -
1 . 7 0 1 0 E 
3 . 7 24SE 
5 . 4 0 4 4 E 
7 . 2 74CE 

1 . 0 0 0 2 E 
1 . 1 7 9 6E 
1 . 1 3 7 4 E 
1 . 0 0 3 3E 
8 . 6 8 1 4 E 

7 . 1 9 6 1 E 
5 . 4 4 7 9 E 
4 . 9 1 0 9 E 
3 . 4 7 6 9 c 
2 . 2 5 70C 

1 . 4 2 0 5 E 
5 . 2 6 5 3 E -
1 . 0 6 0 3 E 
6 . 3 4 4 7E-
3 . 4 8 9 4 E -

l . b 7 4 4E -
6 . 7 12 5E-
2 . 5 2 7 8 E -
8 . 8 2 5 8 E -
l . 7 2 3 1 b -

4 . 8 2 6 0 E -

- 0 1 
0 0 
0 0 
0 0 
0 0 

0 1 
0 1 
0 1 
0 1 
0 0 

0 0 
0 0 
0 0 
0 0 
00 

0 0 
- 0 1 

CO 
- 0 1 
- 0 1 

- 0 1 
- 0 2 
- 0 2 
- 0 3 
- 0 3 

- 0 4 

L A S L ( UF 

4 . 0 8 1 3 E -
1 . 6 5 3 8 E 
3 . 6 1 0 3 E 
5 . 2 9 4 6 r 

6 . 9 7 5 7L 

9 . 4 4 7 C L 
1 . 1 1 0 3 E 
1 . 0 7 9 0 E 
9 . 5 9 3 0 r 
8 . 4 8 2 0 L 

7 . 1 2 3 4 E 
5 . 7 6 2 2 E 
4 . 8 1 4 0 L 
3 . 6 7 9 3 C 
2 . 4 2 29E 

1 . 5 6 6 5 E 
7 . 0 9 5 1 E -
i . 2 4 5 8 E 
7 . 6 5 0 0 E -
4 . 4 3 0 2 E -

2 . 1 4 0 4 E -
9 , 2 9 9 7 E -
3 . 8 7 6 2 E -
1 . 3 6 5 9 C -
2 . 52 8CP-

6 . 9 2 6 9 E -

) 

• 0 1 
00 
0 0 
00 
0 0 

00 
01 
0 1 
00 
00 

00 
00 
0 0 
00 
00 

0 0 
• 0 1 

0 0 
• 0 1 
• 0 1 

• 0 1 
•02 
•02 
•02 
•03 

• 0 4 
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4 . Op t i ca l Model A n a l y s i s and D e v e l o p m e n t 

Two new n u c l e a r r e a c t i o n t h e o r y codes -were c o m p l e t e d . The f i r s t code is 

a d e f o r m e d n u c l e u s s c a t t e r i n g code which coup les t o g e t h e r the g round s t a t e and 

the f i r s t two exc i t ed l e v e l s {0 + , Z+, 4-f). The d e f o r m e d po ten t i a l h a s b e e n e x ­

panded and t e r m s up to second o r d e r in the d e f o r m a t i o n h a v e been r e t a i n e d 

(p r ev ious ly only f i r s t o r d e r t e r m s w e r e r e t a i n e d ) . A new f e a t u r e i s the ab i l i t y 

to c a l c u l a t e L e g e n d r e m o m e n t s of the s c a t t e r i n g a n g u l a r d i s t r i b u t i o n s d i r e c t l y 

f r o m the s c a t t e r i n g m a t r i x . 

The second code is a compound n u c l e u s r e a c t i o n t h e o r y code . T h i s p r o g r a m 

u s e s a s t a t i s t i c a l t h e o r y to s e p a r a t e the compound n u c l e u s or " a b s o r p t i o n " c r o s s 

s e c t i o n into i t s componen t p a r t s . F l u c t u a t i o n c o r r e c t i o n s can be app l ied to the 

p a r t i a l c r o s s s e c t i o n s and to the L e g e n d r e coef f ic ien ts of e l a s t i c and i n e l a s t i c 

n e u t r o n a n g u l a r d i s t r i b u t i o n s . A con t inuum m o d e l for i n e l a s t i c n e u t r o n e m i s ­

s ion and the n,Zn r e a c t i o n h a v e been i nc luded . Both a d i s c r e t e l e v e l and a con ­

t i nuum n e u t r o n f i s s ion m o d e l a r e a v a i l a b l e . P e n e t r a b i l i t i e s for v a r i o u s n e u t r o n 

e n e r g i e s can be c a l c u l a t e d i n t e r n a l l y us ing a s p h e r i c a l op t i ca l m o d e l or m a y be 

suppl ied by c a r d input . The m o d e l s , con ta ined in t h e s e c o d e s , a r e to be u s e d 

for an a n a l y s i s of u r a n i u m - Z 3 8 c r o s s s e c t i o n s above s e v e r a l k i l o v o l t s . 

5. C r o s s Sec t ion Data E v a l u a t i o n 

The c r o s s s ec t i on eva lua t i on for n a t u r a l coppe r and i t s two p r i n c i p l e i s o ­

topes w a s c o m p l e t e d . V a r i o u s E N D F / B check ing codes w e r e u s e d to check and 

c o r r e c t the da ta f i les for c o p p e r . Fo l lowing a f inal check , which inc luded the 

a u t o m a t e d plot t ing of the p e r t i n e n t E N D F / B da t a f i l e s , the da ta w a s sen t to the 

Na t iona l N e u t r o n Data C e n t e r a t BNL for d i s t r i b u t i o n , A top ica l r e p o r t , A l -

A E C - 1 2 7 4 1 was r e l e a s e d , 

C. DOCUMENTATION 

The following r e p o r t s w e r e i s s u e d du r ing FY 1969. 

" S t o r a g e of M i c r o s c o p i c C r o s s Sec t ion Data in the A I E N D F , " N A A - S R -

11980, Vol II (July 1968) 

" A t o m i c s I n t e r n a t i o n a l R e a c t o r Compu ta t i ona l S y s t e m , " A I - A E C - M E M O -

12735 (August 1968) 
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" E v a l u a t e d N e u t r o n C r o s s Sec t ions for C o p p e r - 6 3 , C o p p e r - 6 5 , and 

N a t u r a l C o p p e r , " A I - A E C - 1 2 7 4 1 ( D e c e m b e r 1968) 

" B " / 3 6 0 GRISM Input D e s c r i p t i o n , " A I - A E C - 1 2 2 7 1 ( J a n u a r y 1969) 

"SCORE II, An I n t e r a c t i v e N e u t r o n E v a l u a t i o n S y s t e m , " A I - A E C - 1 2 7 5 7 

( M a r c h 1969) 

" T Y C H E IV and A u x i l i a r y P r o g r a m s for the S /360 , " A I - A E C - T D R - 1 2828 

(May 1969) 

" P r o g r a m E M D F A I , C r o s s Sec t ion F o r m a t C o n v e r s i o n f r o m E N D F / B 

to A I E N D F , " A I - A E C - T D R - 1 2 8 2 7 (May 1969) 

" N e u t r o n S c a t t e r i n g f r o m N o n s p h e r i c a l N u c l e i , " P h y s . Rev . 177, 1395 

( J a n u a r y 1969) 

The following p a p e r was p r e s e n t e d du r ing FY 1969: 

" C o m p a r i s o n of A n a l y s i s of F a s t C r i t i c a l A s s e m b l i e s Using S e v e r a l 

C r o s s Sec t ion Data Se ts and Dif ferent C r o s s Sec t ion P r o c e s s i n g 

C o d e s , " I n t e r n a t i o n a l C o n f e r e n c e on the P h y s i c s of F a s t R e a c t o r 

O p e r a t i o n and D e s i g n , London , Eng land (June 1969) 

III. EVALUATION O F E F F O R T DURING FY 1969 

To o v e r c o m e d e f i c i e n c i e s in , and e n h a n c e the u t i l i z a t i o n of c u r r e n t e v a l u a ­

t ion m e t h o d s , a c o m p r e h e n s i v e a u t o m a t e d s y s t e m is being deve loped to e n c o m ­

p a s s a l l the o p e r a t i o n s f r o m the g e n e r a t i o n of new da ta to the e v a l u a t i o n of f inal 

c r o s s s e c t i o n l i b r a r i e s . Such an e x t e n s i v e u n d e r t a k i n g h a s been m a d e p o s s i b l e 

by m a j o r t e c h n o l o g i c a l a d v a n c e s in the new g e n e r a t i o n of c o m p u t e r s . In p a r t i c ­

u l a r , t h e s e a d v a n c e s a r e r e p r e s e n t e d by new d e v i c e s which p e r m i t o n - l i n e c o m ­

m u n i c a t i o n b e t w e e n mian and a h igh speed d ig i t a l c o m p u t e r . With such d e v i c e s 

i t i s p o s s i b l e for a d e c i s i o n to be m a d e du r ing the execu t ion of a p r o b l e m which 

wi l l in f luence the final r e s u l t . The SCORE p r o g r a m i s r e p r e s e n t a t i v e of such a 

m a n - c o m p u t e r i n t e r a c t i v e s y s t e m . 

The r e c o d i n g and op t imiz ing of the SCORE p r o g r a m to a l l ow e x e c u t i o n in a 

c o r e m e m o r y of a p p r o x i m a t e l y 180,000 b y t e s e l i m i n a t e d a m a j o r ob jec t ion of 

too l a r g e a c o r e s t o r a g e , thus a l lowing for w i d e r p r o g r a m u t i l i t y . In the p r o c e s s 
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of r e c o d i n g to c r e a t e the p r e s e n t o v e r l a y s t r u c t u r e m a n y f o r m e r coding ineff i - ^ 

c i e n c i e s w e r e e l i m i n a t e d and the p r e s e n t a t i o n of i n f o r m a t i o n for m a n y opt ions ^ 

i m p r o v e d . 

The r e w r i t i n g of a l l SCORE r e l a t e d g r a p h i c s s u b r o u t i n e s , o r i g i n a l l y w r i t t e n 

in m a c h i n e l a n g u a g e , in to F o r t r a n h a s e f fec t ive ly e l i m i n a t e d the d e p e n d e n c e of 

the p r o g r a m on m a c h i n e l a n g u a g e r o u t i n e s excep t for the b a s i c g r a p h i c s s u p p o r t 

p a c k a g e . An o v e r a l l r e s u l t i s tha t , for the da ta e v a l u a t o r , the c a s e with which 

h e can u t i l i z e SCORE h a s b e e n e n h a n c e d . 

The i n t e r a c t i v e g r a p h i c s c o m p u t e r code SCORE II was r e l e a s e d for g e n e r a l 

d i s t r i b u t i o n . It i s a n t i c i p a t e d that the g e n e r a l a v a i l a b i l i t y of th is p r o g r a m wi l l 

p r o d u c e an i n c r e a s e in the n u m b e r of c o m p u t e r g r a p h i c s r e l a t e d a p p l i c a t i o n s . 

The SCORE p r o g r a m w a s miade o p e r a t i o n a l at the A W R E , A l d e r m a s t o n . An e x ­

change with AWRE h a s b e e n e s t a b l i s h e d , by v/hich they ^A îll c o n t r i b u t e c o m p u t e r 

code s u b r o u t i n e s for the p r o d u c t i o n of h a r d copy and a u t o m a t i c sp l ine fi t t ing for 

the succeed ing v e r s i o n of SCORE. The u t i l i z a t i o n of SCORE h a s been f u r t h e r e d 

t h rough the e s t a b l i s h m e n t of c o o p e r a t i v e p r o g r a m s with Idaho N u c l e a r and the 

U n i v e r s i t y of I l l ino i s in a r e a s of r e s o n a n c e da ta eva lua t ion and with the Na t iona l 

N e u t r o n Data C e n t e r a t B r o o k h a v e n in the a r e a of c r o s s s e c t i o n da ta r e t r i e v a l , 

t e s t i n g , and d i s p l a y . 

To aid in the t e s t i ng of E N D F / B m i c r o s c o p i c n u c l e a r d a t a , an e x t r e m e l y 

fas t running Monte C a r l o code , which c o m p u t e s the n e u t r o n age and h i g h e r m o ­

m e n t s , by m e a n s of r e c u r s i v e r e l a t i o n s was r e a c t i v a t e d , mod i f i ed , and i m ­

p r o v e d . Th i s code , T Y C H E IV, w a s u s e d to e c o n o m i c a l l y e v a l u a t e c r o s s s ec t i on 

da ta f r o m the E N D F / B da ta f i l e s . B a s e d on r e s u l t s f r o m T Y C H E IV c a l c u l a t i o n , 

r e c o m m e n d a t i o n s for the r e e v a l u a t i o n of the to ta l and e l a s t i c s c a t t e r i n g c r o s s 

s e c t i o n da ta for c a r b o n and d e u t e r i u m w e r e f o r w a r d e d to the MNDC at B r o o k h a v e n . 

R e s u l t s ob ta ined thus fa r in the P h a s e II ' b e n c h m a r k ' c r i t i c a l s da ta t e s t i n g 

i l l u s t r a t e v a r i a t i o n s in m u l t i g r o u p c o n s t a n t s and f l u x e s . The r e a s o n s for t h e s e 

v a r i a t i o n s a r e not fully u n d e r s t o o d and m a y p r o v e d e t r i m e n t a l to p r e s e n t and 

fu tu re CSEWG P h a s e II da ta t e s t i n g . 
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Program: G e n e r a l R e a c t o r T e c h n o l o g y 

AEC Task: 2 6 - C , R e a c t o r P h y s i c s M e a s u r e m e n t s 

Pro|ect Manager: H . A . M o r e w i t z 

Reporting Period: F i s c a l Y e a r 1969 

General Order: 7762 Subaccount: 13210 AEC Category: 0 4 - 4 0 - 0 1 -02 .1 

P r i n c i p a l I n v e s t i g a t o r : R, K. P a s c h a l l 

I. P R O J E C T O B J E C T I V E S 

The p u r p o s e of the fas t r e a c t o r p h y s i c s p r o g r a m is to supply da ta p e r t i n e n t 

to the safe and e c o n o m i c , d e s i g n and o p e r a t i o n of fas t power r e a c t o r s . Safety 

and e c o n o m i c s often c o m p e t e in good r e a c t o r d e s i g n , and v e r y c o n s e r v a t i v e 

e s t i m a t e s a r e u s u a l l y m a d e in the a r e a of sa fe ty b e c a u s e of the pauc i ty of p r e ­

c i s e p h y s i c s d a t a . Th i s p r o g r a m is d e s i g n e d to s tudy t h e s e spec i f i c a r e a s , 

and to c o n f i r m the n u c l e a r p a r a m e t e r s and c a l c u l a t i o n a l m e t h o d s u s e d on con­

cep tua l eva lua t i on and p r e l i m i n a r y d e s i g n . 

The l a r g e v o l u m e of coo lan t (50%) and s t r u c t u r a l m a t e r i a l (15%) in c u r r e n t 

f a s t r e a c t o r des ign m a k e i n c r e a s i n g l y i m p o r t a n t the a c c u r a t e kno-wledge of 

l ight e l e m e n t s c a t t e r i n g c r o s s - s e c t i o n s which affect the m a g n i t u d e of both the 

Dopp le r and s o d i u m - v o i d e f fec t s . A l s o of c o n c e r n is the r e s o n a n c e sh ie ld ing 

for v a r i o u s m i x t u r e s of the l ight e l e m e n t s . 

A s e r i e s of i n t e g r a l e x p e r i m e n t s a r e being p e r f o r m e d by u s e of coo lan t 

m a t e r i a l ( sodium) and the p r e d o m i n a n t s t r u c t u r a l m a t e r i a l ( i ron ) . The m e a ­

s u r e m e n t s s e e k to d e t e r m i n e the d i f f e r en t i a l n e u t r o n s p e c t r u m in l a r g e v o l u m e s 

of s o d i u m , in a l a r g e quan t i ty of p u r e i r o n , and in a p p r o p r i a t e m i x t u r e s of t h e s e 

m a t e r i a l s , for both i so top i c and r e a c t o r n e u t r o n s o u r c e s . The r e s u l t i n g n e u ­

t r o n s p e c t r a wil l be c o m p a r e d to t h o s e p r e d i c t e d on the b a s i s of Monte C a r l o 

c a l c u l a t i o n s , in o r d e r to check the s c a t t e r i n g c r o s s s e c t i o n s p r e s e n t l y u s e d . 

The u s e of a r e a c t o r a s a n e u t r o n s o u r c e wil l a l low, in add i t i on , r e a c t i v i t y 

m e a s u r e m e n t s of the s o d i u m void and d i r e c t s t u d i e s of s p e c t r a l c h a n g e s o c c u r ­

r ing du r ing th is void ing . The ob j ec t i ve s of th i s p r o j e c t c o r r e s p o n d to t hose of 

T a s k 9-2 .11 of the L M F B R P r o g r a m P l a n , Sec t ion 9 (WASH-1109) . 
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II . TECHNICAL PROGRESS DURING FISCAL YEAR 1969 

A. NEUTRON S P E C T R A IN THE E C E L R E A C T O R 

N e u t r o n s p e c t r u m m e a s u r e m e n t s , us ing p r o t o n - r e c o i l d e t e c t o r s , w e r e 

miade in the E C E L r e a c t o r C o r e s 17 and 17P . A t o p i c a l r e p o r t A I - A E C - 1 2855, 

i s being i s s u e d d e s c r i b i n g the d e t a i l s of the m e a s u r e m e n t s and c o m p a r i n g t h e m 

with c a l c u l a t e d s p e c t r a . F i g u r e 1 shows the m e a s u r e d and c a l c u l a t e d s p e c t r u m 

in the c e n t e r of C o r e 17, C o r e 17P w a s m a d e f r o m C o r e 17 by r e p l a c i n g a 

c e n t r a l subzone of the t e s t r e g i o n with p i n - t y p e fuel e l e m e n t s . The s p e c t r u m 

in the c e n t e r of 17P i s shown in F i g u r e 2. The m e a s u r e d s p e c t r a in both c o r e s 

a r e c o m p a r e d in F i g u r e 3 . A spec i f i c d i f f e r e n c e was no ted a t 440 kev w h e r e 

23 8 

the e x t r a oxygen in the p i n - t y p e fuel (U O-,) of 17P c a u s e d a s t r o n g flux d e ­

p r e s s i o n . A l s o , the e x t r a a l u m i n u m in the fuel p ins (3 5 wt % fully e n r i c h e d 

u r a n i u m in a l u m i n u m al loy) c a u s e d h i g h e r p e a k s and d e e p e r v a l l e y s in the flux 

belo-w 100 kev . G e n e r a l l y , good a g r e e m e n t was ob ta ined betvv'een the m e a s u r e d 

and c a l c u l a t e d r e s u l t s . 

F i g u r e 4 shows the C o r e 17 s p e c t r u m m e a s u r e d wi th d e t e c t o r s l o c a t e d out ­

s ide the r e a c t o r and looking a t a b e a m of n e u t r o n s f r o m the c o r e c e n t e r . It i s 
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n o r m a l i z e d and c o m p a r e d with the s p e c t r u m m e a s u r e d by d e t e c t o r s in the t e s t 

r e g i o n . Only a l i m i t e d e n e r g y r a n g e was o b s e r v e d with the d e t e c t o r s o u t s i d e , 

s i nce those m e a s u r e m e n t s w e r e of an i n v e s t i g a t o r y and p r e l i m i n a r y n a t u r e ; 

n e v e r t h e l e s s , both s e t s of da ta a g r e e qu i te w e l l . 

Some r e s u l t s (at s e l e c t e d e n e r g i e s ) of s p e c t r a m e a s u r e m e n t s m a d e a t 2 - in , 

i n t e r v a l s a long a r a d i u s in C o r e 17P a r e shown in F i g u r e 5. The da ta at 14 in , 

f r o m the c e n t e r of the t e s t r e g i o n w e r e t aken wi th the d e t e c t o r s l igh t ly in the 

d r i v e r r e g i o n . 

The n e u t r o n s p e c t r u m w a s a l s o m e a s u r e d in C o r e 18 which i s s i m i l a r to 

C o r e 17, excep t a l l the s t a i n l e s s s t e e l c a n s f i l led wi th s o d i u m in C o r e 17 a r e 

r e p l a c e d by e m p t y c a n s . The r e s u l t s of data a n a l y s i s a r e shown in F i g u r e 6. 

A c a d m i u m - c o v e r e d foil p a c k a g e (AI, Co, Cu, In, and S) was p l aced a t the 

c e n t e r of the t e s t r e g i o n ; a n o t h e r was p laced 5 in . off c e n t e r and exposed for 

4 h r at 150 w a t t s . It i s hoped that s o m e a p p r o x i m a t e i n t e g r a l f luxes can be 

m e a s u r e d in t h i s m a n n e r . Data r e d u c t i o n r e m a i n s to be c o m p l e t e d . 

B . NEUTRON S P E C T R A IN SODIUM AND S T E E L 

The f i r s t s e r i e s of n e u t r o n s p e c t r a m e a s u r e m e n t s in a l a r g e v o l u m e of 

s o d i u m w e r e c o m p l e t e d for the R e a c t o r P h y s i c s M e a s u r e m e n t s p r o g r a m . Data 

w e r e t aken f r o m a few ev to 300 kev with p r o t o n - r e c o i l d e t e c t o r s . The e x p e r i ­

m e n t a l a r r a n g e m e n t i s shown in F i g u r e 7, T h e r e -was no sh ie ld ing a r o u n d the 

s o d i u m to p r e v e n t n e u t r o n s f r o m e n t e r i n g the s i d e s of the s o d i u m a f t e r s c a t t e r ­

ing off the Vi'alls of the t e s t r o o m . The m e a s u r e d s p e c t r a a r e shown in F i g ­

u r e 8 t o g e t h e r with c a l c u l a t e d r e s u l t s . The in f luence of wal l r e t u r n b a c k g r o u n d 

w a s v e r y l a r g e in the n inth s o d i u m s l a b . 

Fo l lowing t hose m e a s u r e m e n t s , n e u t r o n s p e c t r a w e r e m e a s u r e d in s e v e r a l 

a r r a n g e m e n t s of s o d i u m and s t a i n l e s s s t e e l for the F F T F sh ie ld ing p r o g r a m 

(Task 24b). The e x p e r i m e n t s a r e d e s c r i b e d in d e t a i l in R e p o r t A I - A E C - M E M O -

12838. In a l l the a r r a n g e m i e n t s , sh ie ld ing w a s p laced a r o u n d the s o d i u m and 

s t e e l to r e d u c e the wa l l r e t u r n b a c k g r o u n d . In the f i r s t a r r a n g e m e n t , s t e e l 

w a s pos i t i oned to follow n ine s l a b s of s o d i u m . Data w e r e t aken in the n inth 

s o d i u m s l ab and f i r s t i r o n s l a b . The r e s u l t s a r e shown in F i g u r e 8, The wal l 

r e t u r n b a c k g r o u n d w a s s t i l l so l a r g e that the a r r a n g e m e n t w a s modi f i ed to f ive 
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7 8-63 UNCL 

/THERMAL COLUMN 

/FISSION PLATE 

Pb 
/HOLE FOR DETECTOR 

-DETECTOR 

10 SLABS EACH 5 ft X 5 ft X 12 5 m THICK 

(12 in OF Na BETWEEN 0 25 in AI WALLS) 

CONCRETE 
7701 1501 

F i g u r e 7. E x p e r i m e n t a l A r r a n g e m e n t 
for Shielding M e a s u r e m e n t s 

in Sodium 

sod ium s l a b s fol lowed by s t e e l . F i g u r e 9 shows the s p e c t r a m e a s u r e d in th i s 

a r r a n g e m e n t t o g e t h e r wi th c a l c u l a t e d r e s u l t s which a g r e e d v e r y w e l l , A p a p e r , 

" N e u t r o n S p e c t r a M e a s u r e m e n t s in Sodium and S t a i n l e s s S t e e l , " by R, K, P a s c h a l l 

v/as p r e s e n t e d a t the N o v e m b e r 1968 A m e r i c a n N u c l e a r Soc ie ty Mee t ing in W a s h ­

ington, D. C. Th i s p a p e r d e s c r i b e d the f i r s t s e r i e s of s o d i u m m e a s u r e m e n t s 

and the a r r a n g e m e n t s of s o d i u m fol lowed by s t e e l . 

The next a r r a n g e m e n t of s o d i u m and s t e e l i s shown in F i g u r e 10. The 

m e a s u r e d and c a l c u l a t e d r e s u l t s a r e shown in F i g u r e 11 . The p l a c e m e n t of 

e x t r a sh ie ld ing to r e m o v e wal l r e t u r n b a c k g r o u n d is shown in F i g u r e 12. In 

o r d e r to check the e f f e c t i v e n e s s of th i s e x t r a s h i e l d i n g , the s o d i u m s l ab c e n ­

t e r e d a t 89.7 c m f r o m the f i s s i on p la t e was r e p l a c e d with LiH s l a b s ( r e m o v i n g 

n e a r l y a l l the n e u t r o n s coming d i r e c t l y f r o m the f i s s i o n p l a t e and the s p e c t r u m 

w a s r e m e a s u r e d a t 142.4 c m f r o m the s o u r c e . The wal l r e t u r n b a c k g r o u n d v/as 

thus d e t e r m i n e d to be only about 1% of the d i r e c t f lux. 

The final a r r a n g e m e n t w a s a r e p e a t of the ten s o d i u m s l a b s only. Sh ie ld ­

ing a g a i n s t wa l l r e t u r n b a c k g r o u n d w a s u s e d , and da ta w a s t aken f r o m a few 

kev up to 2,3 Mev , The r e s u l t s a r e shown in F i g u r e 13, In th i s c a s e , a 
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F i g u r e 10. Rad i a l Shield Conf igura t ion of Sodium and Stee l 

• Na • 

c o n s i d e r a b l e f r a c t i o n of wal l r e t u r n b a c k g r o u n d ( c o m p a r e d to the s m a l l d i r e c t 

flux) s t i l l p e n e t r a t e d the sh ie ld to in f luence the data in the ninth s o d i u m s l a b ; 

h o w e v e r , by m e a s u r i n g the a m o u n t of wal l r e t u r n , an a p p r o x i m a t e c o r r e c t i o n 

could be app l i ed to the da ta when d e t e r m i n i n g s o d i u m a t t e n u a t i o n c u r v e s . 

An add i t iona l m e a s u r e m e n t v/as that of the s p e c t r u m at the c e n t e r of the 

f i s s i on p la t e vi^ith the t h e r m a l c o l u m n on one s ide and nothing on the o the r s i de ; 

t h u s , the a c t u a l s p e c t r u m of n e u t r o n s s t r i k i n g the s o d i u m and s t e e l v o l u m e s 

w a s d e t e r m i n e d . F i g u r e 14 shows that the m e a s u r e d s p e c t r u m a g r e e s wi th the 

c a l c u l a t e d s p e c t r u m but d i f fe rs c o n s i d e r a b l y f r o m a p u r e f i s s i on s p e c t r u m . 

In o r d e r to ve r i fy the f e a s i b i l i t y of mak ing sh ie ld ing m e a s u r e m e n t s wi th 

s o m e sh ie ld ing m a t e r i a l next to the STIR r e a c t o r (i. e, by r e p l a c i n g the g r a p h ­

i t e in the t h e r m a l co lumn with sh ie ld ing m a t e r i a l ) , the n e u t r o n s p e c t r u m was 

m e a s u r e d c l o s e to the r e a c t o r , A 7- in , th ick window of Bi and Pb s e p a r a t e s 

the r e a c t o r f r o m the g r a p h i t e t h e r m a l c o l u m n . A 4 - i n . s q u a r e g r a p h i t e log 

•was r e m o v e d f r o m the c e n t e r of the t h e r m a l co lumn and the p r o t o n - r e c o i l 

s p e c t r o m e t e r w a s i n s e r t e d to v /here the d e t e c t o r c e n t e r w a s 5 in. f r o m the 

Bi , Pb window. The s p e c t r u m a t tha t point i s shown in F i g u r e 15, An ANISN 

c a l c u l a t i o n i s a l s o shown, a p p r o x i m a t e l y normia l ized to the m e a s u r e d r e s u l t s 

be low 500 k e v . The m e a s u r e d and c a l c u l a t e d r e s u l t s a g r e e v e r y v/ell o v e r the 
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F i g u r e 12. P l a c e m e n t of Shie lding to R e m o v e R o o m 
R e t u r n N e u t r o n B a c k g r o u n d 

e n t i r e e n e r g y r a n g e of the m e a s u r e m e n t s . Add i t iona l ANISN c a l c u l a t i o n s w e r e 

m a d e for 13 ft of s o d i u m a r o u n d the STIR r e a c t o r and for 13 ft of s o d i u m a r o u n d 

a fas t r e a c t o r . The STIR r e a c t o r c a l c u l a t i o n w a s m a d e for both a 7 - in . gap b e ­

tween the r e a c t o r and s o d i u m (as a c t u a l l y c a u s e d by the B i - P b window) and for 

a 3 7 - i n . gap to put the s o d i u m v o l u m e at the s a m e d i s t a n c e f r o m the r e a c t o r 

c e n t e r a s in the fas t r e a c t o r c a l c u l a t i o n . T h o s e r e s u l t s a r e now being eva lua t ed . 

III. EVALUATION O F E F F O R T DURING FY 1969 

C o n s i d e r a b l e da ta w e r e t aken with the p r o t o n - r e c o i l n e u t r o n s p e c t r o m e t e r 

s y s t e m . T h i s inc luded both m e a s u r e m e n t s in the fas t t e s t r e g i o n of the E C E L 

r e a c t o r and sh ie ld ing m e a s u r e m e n t s in l a r g e v o l u m e s of s o d i u m and s t e e l for 

the F F T F sh ie ld ing p r o g r a m . Dur ing th is p e r i o d , the u s e of p r o t o n - r e c o i l 

d e t e c t o r s wi th h igh p r e s s u r e f i l l ings of m e t h a n e and h y d r o g e n ex tended the 

m e a s u r a b l e e n e r g y r a n g e up to a p p r o x i m a t e l y 2.3 Mev. The c o m p u t e r code to 

a n a l y z e the da ta (wr i t t en by P . W. B e n j a m i n , et a l , AWRE R e p o r t No. 09 /68) 

w a s modi f ied to inc lude n i t r o g e n in the f i l l ing g a s s i n c e about 5% n i t r o g e n i s 

added to m a n y of the d e t e c t o r s for u s e in e n e r g y c a l i b r a t i o n . S e v e r a l m i n o r 

A I - A E C - 1 2 8 5 7 
68 



e r r o r s in the code w e r e c o r r e c t e d . ( T h e s e o m i s s i o n s and e r r o r s w e r e the 

c a u s e of s e v e r a l puzz l ing a n o m a l i e s which had c o n s i s t e n t l y a p p e a r e d in p r e v i ­

ous s p e c t r a l r e s u l t s , ) A n o t h e r mod i f i ca t i on e x t e n d s the u p p e r r a n g e for da ta 

a n a l y s i s on each d e t e c t o r so tha t the m a x i m u m e n e r g y m a y no-w be a s h igh a s 

4 ,0 Mev . 

The low e n e r g y r a n g e of the d e t e c t o r s s t i l l n e e d s i m p r o v e m e n t . E v e n 

though data w e r e t aken down to a few kev (using t w o - p a r a m e t e r g a m m a d i s ­

c r i m i n a t i o n ) , the effort to r e d u c e the da ta w a s long and t e d i o u s . A l s o , s y s t e ­

m a t i c e r r o r s w e r e qui te l a r g e . P a r t of the p r o b l e m w a s in the ex i s t i ng e l e c ­

t r o n i c c i r c u i t r y and p a r t w a s due to not hav ing an o n - l i n e c o m p u t e r (or a t l e a s t 

a h a r d - w i r e d d iv ide c i r c u i t ) to aid in a n a l y s i s of the t w o - p a r a m e t e r da t a . The 

c i r c u i t r y p r o b l e m s h a v e b e e n (or wil l be sho r t l y ) so lved and c o r r e c t e d . 

G e n e r a l l y good a g r e e m e n t was obta ined b e t w e e n m e a s u r e m e n t s and c a l c u ­

l a t i o n s in the E C E L r e a c t o r c o r e s . T h e r e a r e s o m e e n e r g y g r o u p s w h e r e it 

a p p e a r s that the c a l c u l a t i o n s need i m p r o v i n g , e i t h e r in the g e o m e t r i c a l a p p r o x i ­

m a t i o n s or c r o s s - s ec t i on da ta ( r aw data or g r o u p a v e r a g i n g m e t h o d s ) . M e a ­

s u r e m e n t s us ing a r e e n t r a n t tube to the c o r e c e n t e r a p p e a r v e r y p r o m i s i n g . 

The m e a s u r e d and c a l c u l a t e d a t t e n u a t i o n c u r v e s in s o d i u m and s o d i u m -

s t e e l m i x t u r e s a g r e e d qui te w e l l . Some a n o m a l i e s a r o s e when lead w a s p laced 

b e t w e e n the e ighth and ninth s o d i u m s l a b s and r e p e a t da ta w e r e t a k e n in the 

c e n t e r of the n in th s l a b . O t h e r e x p e r i m e n t s show l i t t l e effect due to l e ad s h i e l d ­

ing; t h e r e f o r e , t h e s e q u e s t i o n a b l e ef fec ts need f u r t h e r i n v e s t i g a t i o n in sh ie ld ing 

m e a s u r e m e n t s . Add i t iona l da ta a r e needed beyond the n ine fee t of s o d i u m of 

p r e v i o u s m e a s u r e m e n t s to i m p r o v e conf idence in e x t r a p o l a t i n g t h rough t h i c k e r 

s h i e l d s . A l s o , m o r e sh ie ld ing is r e q u i r e d a r o u n d the s o d i u m to r e d u c e r o o m 

r e t u r n b a c k g r o u n d m o r e ef fec t ive ly at the g r e a t e r d i s t a n c e s . In conjunct ion 

with t h e s e m e a s u r e m e n t s , t r a n s p o r t t h e o r y c a l c u l a t i o n s in t-wo d i m e n s i o n s 

should be m a d e to i m p r o v e g e o m e t r i c a l a p p r o x i m a t i o n s to the a c t u a l e x p e r i m e n t s . 

The s p e c t r u m m e a s u r e m e n t s m a d e n e a r the c e n t e r of the f i s s i on p l a t e i n d i ­

ca t e that a t r u e f i s s i on s p e c t r u m is not imp ing ing upon the sh ie ld ing m a t e r i a l s ; 

h o w e v e r , the c a l c u l a t i o n m a d e with g r a p h i t e nex t to the f i s s i o n p l a t e a g r e e d 

with the e x p e r i m e n t . Th i s s u g g e s t s that m o r e a c c u r a t e sh ie ld ing c a l c u l a t i o n s 

can be m a d e by s t a r t i n g with c o r r e c t s o u r c e g e o m e t r y . 

Mos t of the w o r k a c c o m p l i s h e d th i s y e a r i s s u m m a r i z e d and de t a i l ed in R e ­

p o r t s A I - A E C - 1 2855 ( E C E L e x p e r i m e n t s ) , A I - A E C - M E M O - 1 2 8 3 8 , and T r a n s ­

a c t i o n s of the ANS, N o v e m b e r 1968 ( F F T F sh ie ld e x p e r i m e n t s ) . 
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Figure 15. Neutron Spectrum in STIR Faci l i ty Thermal Column 
(5 in. from BI window) 
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