
. ,. . .- . I. ' *  

ETOX, A CODE TO CALCULATE 

REACTOR CALCU'LATl0,NS . 

AEC RESEARCH & 

DEVELOPMENT REPORT 

B A T T E . & L E  
BAtTCLLE MEMORIAL I ~ ~ T U T E  

NORTHWEST 
PACIFIC NQRTHWEST LABORATOW 

B A ~ L L E ,  BOULEVARD, 'P. 0. BOX 989. RlCWLANR WASHlWdTON 99362 



LEGAL NOTICE 

;Thk remrt war p r e p a d  ss on o&wnt of to*cmment sponsor4 wart Neifher Uriitd Stetea 

nor the .hm'rtsion, nar any p a n  txtimg an behalf of the Commisrion: 

A. . M o b  dny wow~nty  or representution, expewid cn ImpYied, wish respect to ths acewcocyy corn- 

plehnrps, or risifulness af the 'information cxmtalned in this report, or that the use & m y  information, 

appgrgtus, -'had, or proms d l ~ $ l d  In this repert may nwt fnkinge prlvatdy w n ~ d  rights; art 

'8. kwms ahy Ifabilities wi#h respect to the u* of, ar fer damages resulting-fhm the yd d ' 

u ~ y  InQer$qatien, apparatu$, me#hod, or process disrfcned in this r+port. 

As wid-in the ebovct, "peaan acting on Mslf d'the Cormniukn* includes ariy cmp.lapr ar, ', 

~ j r a c f a t  oS the C~rnmitsbn, or employee sf rwh mttw$ar,  to thi extmt thd* rvch mglaym & ton- 
t&-r af . t h  Cammigtian, or employas of such contPactw pmpmres, disseminates, or grmiks aetr. , t@, 

,sny iin9~rtnotim pursucrnt to; his employment or, . c m r ~ e t  4 t h  the Commhicifi a4 hi1 tmpluymeni wit& 
swh amtractor. 

RICHLAND, WA6HiNbTOM 

@P-r*d hf 
' - MnELE MEMORML IWSMTOTE ' 

for +the 
Uflm -STATE5 ATOMIC MER~v -WS&3M UNDER C 6 N M  Af(45-1 )-I= 



BNWL-1002 
(ENDF-127) 

UC-80, P h y s i c s  

E T O X ,  A  CODE T O  C A L C U L A T E  

GROUP C O N S T A N T S  

FOR N U C L E A R  REACTOR C A L C U L A T I O N S  

R .  E .  S c h e n t e r  

J .  L .  Baker 

P h y s i c s  Research  Department 
P h y s i c s  and Eng inee r ing  D i v i s i o n  

and 

Reac to r  P h y s i c s  and O p e r a t i o n s  Department 
FFTF D i v i s i o n  

May 1 9 6 9  

FIRST UNRESTRICTED 

DisTRlBuTlDN mDE MY 21'69 

BATTELLE MEMORIAL INSTITUTE 
PACIFIC NORTHWEST LABORATORY 
RICHLAND, WASHINGTON 99352 



Printed in the United States of America 
Available from 

Clearinghouse for Federal Scientific and Technical Information 
National Bureau of Standards. U.S. Department of Commerce 

Springfield, virginia 2 2 1 5 1  
Price: Printed Copy $3.00; Microfiche $0.65 



ETOX, A  CODE TO CALCULATE GROUP CONSTANTS 

FOR NUCLEAR REACTOR CALCULATIONS 

R .  E. S c h e n t e r ,  J .  L .  B a k e r ,  a n d  R .  B.  K i d m a n  

ABSTRACT 

Computer code ETOX (ENDF/B - - TO 1DX) - c a l c u l a t e s  group 

c o n s t a n t s  f o r  r e a c t o r  c a l c u l a t i o n s  from c u r r e n t l y  a v a i l a b l e  

n u c l e a r  d a t a .  The code i s  s p e c i f i c a l l y  des igned  t o  u s e  t h e  

E v a l u a t e d  Nuc lea r  Data F i l e  (ENDF/B) a s  i n p u t  f o r  m i c r o s c o p i c  

c r o s s  s e c t i o n  v a l u e s .  Output  from t h i s  code i n c l u d e s  punched 

c a r d s  i n  t h e  Bondarenko fo rma t  which can  be used  a s  i n p u t  t o  

t h e  f a s t  r e a c t o r  codes  FCC-IV and 1 D X .  Running t ime on a  

UNIVAC 1108 computer r anges  from 1 3  t o  600 s e c  p e r  i s o t o p e .  

The c u r r e n t  v e r s i o n  of  ETOX i s  r e s t r i c t e d  t o  a  maximum of  

99  ene rgy  g roups .  
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c a p t u r e ,  e l a s t i c ,  i n e l a s t i c ,  o r  f i s s i o n . t  Fol lowing 

Bondarenko, ( 2 )  t h e  n e u t r o n  f l u x ,  + ( E ) ,  i s  assumkd t o  v a r y  a s  

where z t (E)  i s  t h e  t o t a l  macroscop ic  c r o s s  s e c t i o n  o f  t h e  

medium. m0(E) i s  assumed t o  f o l l o w  a  Fermi spec t rum e x c e p t  

f o r  t h e  h i g h  e n e r g y  groups  dominated  by t h e  f i s s i o n  spec t rum.  

That  i s ,  

mo(E) = C o n s t a n t  x E - l  f o r  0 5 E 5 EF 

( - E / C F F ) f o r  E > E F ,  
( 2 . 3 )  

= Cons tan t  x J E  x e  

where t h e  c o n s t a n t s  EF and CFF a r e  de te rmined  by t h e  f i s s i o n  

spec t rum o f  t h e  p r i n c i p a l  f i s s i l e  i s o t o p e .  T h i s  d e f i n i t i o n  o f  

$(E)  a l l o w s  f o r  f l u x  d e p r e s s i o n  i n  t h e  r e sonance  r e g i o n .  

E q u a t i o n  (2 .1 )  i m p l i e s  a  v e r y  t ime  consuming method o f  

c a l c u l a t i n g  t h e  group a v e r a g e  c r o s s  s e c t i o n  f o r  e v e r y  d i f f e r e n t  

t e m p e r a t u r e  o r  r e a c t o r  compos i t ion .  The i n t r o d u c t i o n  o f  a  s e t  

o f  b a s i c  c r o s s  s e c t i o n s  t o  be m u l t i p l i e d  by a p p r o p r i a t e  c o r r e c -  

t i o n  f a c t o r s  has  proven t o  be more c o n v e n i e n t ;  

where t h e  b r a c k e t  o f  a  f u n c t i o n  i s  d e f i n e d  a s  an a v e r a g e  w i t h  

r e s p e c t  t o  t h e  s t a n d a r d  spec t rum m0(E) 

t E q u a t i o n  ( 2 . 1 )  d o e s  n o t  r e p r e s e n t  t h e  a p p r o p r i a t e  a v e r a g i n g  
o f  t h e  t o t a l  c r o s s  s e c t i o n  i n  t h e  m u l t i g r o u p  scheme due t o  
i t s  i n v e r s e  appearance  i n  t h e  n e u t r o n  b a l a n c e  e q u a t i o n s .  See  
Append i x  A and ~ o n d a r e n k o ~  f o r  a  f u r t h e r  d i s c u s s i o n  o f  t h i s  
p o i n t .  



The q u a n t i t y  <ox > I ,  c a l l e d  t h e  " i n f i n i t e l y  d i l u t e  c r o s s  s e c -  
j 

t i o n , "  i s  r e a c t o r  and t e m p e r a t u r e  i n d e p e n d e n t . +  The c o r r e c t i o n  
I 

f a c t o r  f, , t h e  " re sonance  s e l f - s h i e l d i n g  f a c t o r , "  c o n t a i n s  
j 

compos i t ion  and t e m p e r a t u r e  i n f o r m a t i o n  and i s  d e f i n e d  by 

Equa t ion  ( 2 . 4 )  s i n c e  Equa t ion  (2 . l )  and ( 2 . 5 )  d e f i n e  y: and 
I 

<a, > I ,  r e s p e c t i v e l y .  The s h i e l d i n g  f a c t o r  f x -  can  be 
j  

j J 
e x p r e s s e d  (See Appendix A) a s  a  f u n c t i o n  of t e m p e r a t u r e  and 

I I 
a. ( t o t a l  c r o s s  s e c t i o n  p e r  a tom) .  The v a r i a b l e s  o0 and T 

j  j I 
a r e  i n p u t  p a r a m e t e r s  t o  t h e  ETOX code .  The pa ramete r  a. 

j 
r e p r e s e n t s  t h e  t o t a l  macroscopic  c r o s s  s e c t i o n  due t o  a l l  

atoms (excep t  t h e  j t h  atoms) d i v i d e d  by t h e  a tomic  d e n s i t y  of  

t h e  j t h  a toms.  I n  t h e  Bondarenko scheme i t  i s  assumed t o  be 

c o n s t a n t  i n  ene rgy  o v e r  t h e  group i n t e g r a t i o n s .  I t s  v a l u e  i s  

c a l c u l a t e d  by i t e r a t i v e  p r o c e d u r e s  i n  t h e  codes which u s e  t h e  

o u t p u t  of  E T O X .  

I  
The s h i e l d i n g  f a c t o r s  f x .  a r e  e x p r e s s e d  i n  terms o f  

1 
J 

"b racke ted"  f u n c t i o n s  a s  

where a t  i s  t h e  t o t a l  ene rgy  and t e m p e r a t u r e  dependent  mic ro -  
j 

s c o p i c  c r o s s  s e c t i o n  of  i s o t o p e  j .  

The s h i e l d i n g  f a c t o r s  and i n f i n i t e l y  d i l u t e  c r o s s  s e c t i o n s  

c o n s t i t u t e  t h e  b u l k  o f  group c o n s t a n t s  needed i n  a  m u l t i g r o u p  

r e a c t o r  c a l c u l a t i o n .  The remaining  group c o n s t a n t s  a r e  a l s o  

e x p r e s s e d  i n  te rms o f  "b racke ted"  f u n c t i o n s .  Consequen t ly ,  

t h e  main f u n c t i o n  o f  computer code ETOX i s  t o  r e a d  i n  t h e  

m i c r o s c o p i c  c r o s s  s e c t i o n  d a t a  and t h e n  u s e  t h i s  d a t a  t o  

t I n f i n i t e l y  d i l u t e  c r o s s  s e c t i o n s  a r e  n o t  s t r i c t l y  t e m p e r a t u r e  
i n d e p e n d e n t .  However, c a l c u Z a t i o n s  i n d i c a t e  t h a t  t h e i r  
v a r i a t i o n  w i t h  t e m p e r a t u r e  i s  e x t r e m e l y  s m a l l .  



c a l c u l a t e  i n t e g r a l s  o f  t h e  t y p e  g i v e n  i n  Equa t ion  ( 2 . 5 ) .  The 

code does t h i s  f o r  a r b i t r a r y  s e t s  of  v a l u e s  o f  medium tempera-  
I  

t u r e  and G o : .  From t h e  r e s u l t i n g  s e t s  o f  group c o n s t a n t s ,  a  
J 

p a r t i c u l a r  s e t  a p p r o p r i a t e  t o  a  g i v e n  r e a c t o r  may be  c o n s t r u c t e d  

u s i n g  i n t e r p o l a t i o n  schemes such  a s  t h o s e  d e s c r i b e d  i n  t h e  

( 4  1 code F C C - I V .  

The f o l l o w i n g  l i s t  g i v e s  t h e  s p e c i f i c  group c o n s t a n t s  

c a l c u l a t e d  by t h e  code ETOX.  S p e c i f i c  r e f e r e n c e  t o  a  p a r t i c u -  

l a r  group o r  i s o t o p e  w i l l  be o m i t t e d .  I n  t h a t  c a s e ,  
I  

< a t  > + < a t >  f o r  t h e  I t h  group and t h e  j t h  i s o t o p e .  
j 

< a t >  = i n f i n i t e l y  d i l u t e  t o t a l  c r o s s  s e c t i o n  

( < a t >  = < o  > + < u e >  + <,3 > ) ,  c i n  
< a f >  = i n f i n i t e l y  d i l u t e  f i s s i o n  c r o s s  s e c t i o n ,  

< a  > = i n f i n i t e l y  d i l u t e  c a p t u r e  c r o s s  s e c t i o n ,  
C 

< U  > = i n f i n i t e l y  d i l u t e  e l a s t i c  c r o s s  s e c t i o n ,  
e  

< o  > = i n f i n i t e l y  d i l u t e  t o t a l  i n e l a s t i c  s c a t t e r i n g  
i n  

c r o s s  s e c t i o n  [ i n c l u d e s  (n ,2n )  r e a c t i o n ] ,  

< v >  = a v e r a g e  number o f  n e u t r o n s  r e l e a s e d  p e r  f i s s i o n ,  

<'e> = 
a v e r a g e  c o s i n e  of  t h e  e l a s t i c  s c a t t e r i n g  a n g l e ,  

< < >  = a v e r a g e  l e t h a r g y  change by e l a s t i c  s c a t t e r i n g ,  

u 
d Ye 

= e l a s t i c  slowing-down c r o s s  s e c t i o n ,  

f t ( o o , T )  = t o t a l  c r o s s  s e c t i o n  s e l f - s h i e l d i n g  f a c t o r ,  

f e ( o o , T )  = e l a s t i c  c r o s s  s e c t i o n  s e l f - s h i e l d i n g  f a c t o r ,  

f f ( u o , T )  = f i s s i o n  c r o s s  s e c t i o n  s e l f - s h i e l d i n g  f a c t o r ,  

f c ( u o , T )  = c a p t u r e  c r o s s  s e c t i o n  s e l f - s h i e l d i n g  f a c t o r ,  

u +k 
= i n e l a s t i c  t r a n s f e r  c r o s s  s e c t i o n  from group I t o  

i n ( '  1 
group k [ i n c l u d e s  (n ,2n )  r e a c t i o n ] .  

D e f i n i t i o n s  o f  t h e  above q u a n t i t i e s  f o l l o w  from Equa t ions  ( 2 . 5 )  

and ( 2 . 6 )  e x c e p t  f o r  t h e  f o l l o w i n g :  

0 

d , e  
= < c >  < u e >  / A U  (AU - l e t h a r g y  i n t e r v a l  o f  t h e  g r o u p ) ,  

( 2 . 7 )  



and 

a ( I j k ) ,  which i s  d e s c r i b e d  i n  S e c t i o n  V .  
i n  

111. O U T L I N E  O F  C O D E  L O G I C  

The f u n c t i o n  of  t h e  ETOX code i s  t o  c a l c u l a t e  t h e  group 

c o n s t a n t s  d e f i n e d  i n  S e c t i o n  I1  u s i n g  t h e  ENDF/B" d a t a  t a p e  

a s  i n p u t .  The s t e p s  below i n d i c a t e  t h e  p r o c e d u r e  fo l lowed  by 

t h e  code:  

1 )  Read i n p u t  d a t a  and f i r s t  t h r e e  f i l e s  o f  ENDF/B. 

2 )  C a l c u l a t e  c r o s s  s e c t i o n s  a t  f i n e - g r o u p  i n t e r v a l s  from 

p o i n t  d a t a  g i v e n  i n  F i l e  3 u s i n g  t h e  i n t e r p o l a t i o n  

methods s p e c i f i e d  b y  ENDF/B. 

3 )  C a l c u l a t e  group c o n s t a n t s  i n  t h e  non- resonance  r e g i o n  

u s i n g  t h e  c r o s s  s e c t i o n s  a t  t h e  f i n e - g r o u p  i n t e r v a l s .  

4) C a l c u l a t e  group c o n s t a n t s  i n  t h e  r e sonance  r e g i o n  u s i n g  

t h e  r e sonance  p a r a m e t e r s  g i v e n  i n  F i l e  2 .  

5 )  Read F i l e  5  and c a l c u l a t e  i n e l a s t i c  s c a t t e r i n g  m a t r i c e s .  

6 )  Punch and w r i t e  group c o n s t a n t s  i n  t h e  1 D X  ( 4 r o r  

F C C -  IV( ' )  f o r m a t s .  

The s t e p s  s p e c i f i e d  above a r e  i l l u s t r a t e d  i n  F i g u r e  1 

w i t h  a  s c h e m a t i c  diagram o f  t h e  code ,  where t h e  names o f  t h e  

major  s u b r o u t i n e s  used  a r e  a l s o  shown. Appendix D g i v e s  a  

b r i e f  d e s c r i p t i o n  o f  a l l  t h e  s u b r o u t i n e s  i n  ETOX. The 

f i n e - g r o u p  i n t e r v a l s  mentioned i n  S t e p  2 a r e  c a l c u l a t e d  t o  be  

o f  e q u a l  l e t h a r g y  s i z e  w i t h i n  a  g roup .  T h e i r  number, N F G ( 1 )  

f o r  t h e  I t h  group,  i s  de te rmined  by f i n d i n g  t h e  l a r g e s t  o f  t h e  

f o l l o w i n g :  

t See Appendix  A .  

t t  I n  t h i s  r e p o r t  t h e  t e r m  E N D F / B  w i l l  r e p r e s e n t  b o t h  t h e  
E v a l u a t e d  Nuc l ear  Data F i l e  and i t s  a s s o c i a t e d  ' s p e c i f i c a -  
t i o n "  document ( R e f e r e n c e  3 ) .  
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F I G U R E  1 .  S c h e m a t i c  Diagram o f  ETOX 



A .  The c l o s e s t  i n t e g e r  found from t h e  d i v i s i o n  o f  t h e  l e t h a r g y  

s i z e  of  t h e  group by a  g i v e n  i n p u t  l e t h a r g y  i n t e r v a l  

(DELMAX) . -F 

B .  The p r o d u c t  o f  t h e  number o f  t o t a l  c r o s s  s e c t i o n  p o i n t s  i n  

t h e  g r o u p ,  a s  de te rmined  from F i l e  3 ,  t i m e s  a  g i v e n  i n p u t  

p a r a m e t e r  (NFMPD/4) . t 
The energy  bounds o f  t h e  v a r i o u s  group s t r u c t u r e s  (g roup ,  f i n e  

g roup ,  u l t r a f i n e  g roup)  and r e g i o n s  ( r e s o l v e d ,  u n r e s o l v e d ,  

s e l f - s h i e l d i n g ,  e t c . )  a r e  diagramed i n  Appendix E f o r  a  

t y p i c a l  i s o t o p e .  

I V .  R E S O N A N C E  C A L C U L A T I O N S  

Resonance c a l c u l a t i o n s ,  b o t h  r e s o l v e d  and u n r e s o l v e d ,  a r e  

b a s e d  on t h e  p r e s c r i p t i o n  g i v e n  i n  ENDF/B, where p a r t i a l  c r o s s  

s e c t i o n s  a r e  g i v e n  i n  te rms of  sums o f  Doppler  broadened 

s i n g l e - l e v e l  Bre i t -Wigner  f u n c t i o n s  w i t h  a d d i t i o n a l  " f l o o r "  

c o r r e c t i o n s t t  t o  a l l o w  f o r  d e v i a t i o n s  of  t h e  c r o s s  s e c t i o n  

from t h e  Bre i t -Wigner  f o r m u l a s .  The f o l l o w i n g  e x p r e s s i o n s  

g i v e  t h e  fo rmulas  f o r  t h e s e  c r o s s  s e c t i o n s  f o r  a  t e m p e r a t u r e  T 

and energy  E i n  t h e  l a b o r a t o r y  sys t em:  

t The q u a n t i t i e s  DELMAX and YFMPD a r e  s e c o n d a r y  t y p e  i n p u t  
p a r a m e t e r s .  The d i s t i n c t i o n  b e t w e e n  t h e  two  t y p e s  o f  i n p u t  
p a r a m e t e r s ,  p r i m a r y  and s e c o n d a r y ,  i s  d i s c u s s e d  i n  
Ap p e n d i x  G .  

t t  C r o s s  s e c t i o n s  o b t a i n e d  from E N D F / B  f i l e  3 .  



N 
0 
0 

l-i 
I 

o c d c ,  
m G  F: 
O t ' c d  
k 3 

0 0- 
CH t' 
0 E 

M  3  
a c t '  
U .d F: 
G M a ,  
a, 
3 2 
0-d E 
a, a, 
m a  k 

cd 
k ' n d  
a a , 3  



EG(1) = Lower e n e r g y  bound o f  t h e  I t h  g r o u p  

EF(K) = Lower e n e r g y  bound of  t h e  K t h  f i n e  g r o u p  

EUF(N) = Lower e n e r g y  bound of  t h e  N t h  u l t r a f i n e  g r o u p  

E R ( r )  = Energy  o f  r th  r e s o l v e d  r e s o n a n c e  

F I G U R E  2 .  T y p i c a l  Group S t r u c t u r e s  i n  t h e  Reso lved  Resonance Reg ion .  



I n  t h i s  r e g i o n  c r o s s  s e c t i o n  i n t e g r a l s  a r e  c a l c u l a t e d  f o r  

each  u l t r a f i n e  group u s i n g  t h e  Romberg i n t e g r a t i o n  method.  ( 7 )  

The u l t r a f i n e  s t r u c t u r e  t a k e s  advan tage  o f  t h e  Romberg t e c h -  

n i q u e  g i v i n g  a  v e r y  good s p e e d - a c c u r a c y  f a c t o r  s i n c e  i n  

g e n e r a l  t h e  second  d e r i v a t i v e s  o f  t h e  c r o s s  s e c t i o n  w i l l  be  

c o n s t a n t  i n  s i g n .  T h i s  l e a d s  t o  a  minimum number o f  i n t e g r a -  

t i o n  p o i n t s  needed t o  be e v a l u a t e d  t o  o b t a i n  convergence .  
t 

For each  u l t r a f i n e  group N w i t h i n  group I ,  t h e  f o l l o w i n g  

i n t e g r a l s  a r e  c a l c u l a t e d :  
tt 

' EUF (N) 

' EUF (N) 

f EUF (N + 1 )  

4 EUF (N) 

J EUF ( N )  

t The code  u s e s  a  Bomberg i n t e g r a t i o n  o r d e r  o f  7 .  I f  no 
c o n v e r g e n c e  i s  o b t a i n e d  a f t e r  s e v e n  c y c Z e s  an  e r r o r  message  
i s  w r i t t e n .  

t t  The s t a n d a r d  s p e c t r u m  i s  assumed t o  v a r y  a s  I / E  f o r  aZZ 
r e s o n a n c e  ca Z c u Z a t i o n s .  



I n  t h e  above i n t e g r a l s  t h e  " f l o o r "  c o r r e c t i o n  c r o s s  s e c t i o n s  

a r e  assumed t o  be  c o n s t a n t  w i t h  v a l u e s  g i v e n  a s  

Group i n f i n i t e l y  d i l u t e  c r o s s  s e c t i o n s  and s e l f - s h i e l d i n g  

f a c t o r s  a r e  g i v e n  i n  te rms o f  sums o f  t h e  i n t e g r a l s  i n  Equa- 

t i o n s  (4 .11)  th rough  (4 .14)  a s  

N T  

where N I  i s  t h e  number o f  u l t r a f i n e  groups  i n  t h e  I t h  g roup .  

An i m p o r t a n t  f a c t o r  i n  o b t a i n i n g  an optimum s p e e d - a c c u r a c y  

f a c t o r  f o r  t h e  r e s o l v e d  r e sonance  r e g i o n  i s  t o  i n c l u d e  i n  t h e  

c a l c u l a t i o n  o n l y  t h o s e  r e s o n a n c e s  which c o n t r i b u t e  s i g n i f i -  

c a n t l y  i n  a  g i v e n  u l t r a f i n e  g roup .  T h i s  i s  accompl ished  i n  

t h e  code by t e s t i n g  a  g i v e n  r e sonance  t o  s e e  i f  i t  i s  w i t h i n  



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

u l t r a f i n e  g roup .  The t e s t i n g  p r o c e s s  works outward b o t h  t o  

lower  and h i g h e r  e n e r g i e s  from t h e  g i v e n  u l t r a f i n e  g roup .  

When t h r e e  r e s o n a n c e s  on each  s i d e  of t h e  u l t r a f i n e  group do 

n o t  p a s s  t h e  t e s t ,  t h e  p r o c e s s  i s  t e r m i n a t e d .  

U N R E S O L V E D  R E S O N A N C E S  

Unreso lved  c a l c u l a t i o n s  f o l l o w  c l o s e l y  t h e  methods and  

approx ima t ions  used  i n  t h e  M C ~  c o d e ,  ( 6 )  where i n f i n i t e l y  d i l u t e  

and s e l f - s h i e l d e d  c r o s s  s e c t i o n s  a r e  c a l c u l a t e d  a t  d i s c r e t e  

ene rgy  p o i n t s  E* i n  t h e  u n r e s o l v e d  ene rgy  r e g i o n .  Group c r o s s  

s e c t i o n s  a r e  o b t a i n e d  by a v e r a g i n g  v a l u e s  c a l c u l a t e d  a t  e q u a l  

l e t h a r g y  s p a c e d  p o i n t s  i n  t h e  g roup .  
ti- 

The i n f i n i t e l y  d i l u t e  and s e l f - s h i e l d e d  c r o s s  s e c t i o n s  

a r e  g i v e n  a s  

t The f i x e d  m u l t i p l e  ( N T O L )  i s  a  s econdary  i n p u t  parame te r  
i n  t h e  code  where i t s  i n i t i a . 2  v a l u e  has  b e e n  s e t  
t o  be 5 .  

t t  The l e t h a r g y  s p a c i n g ,  DELUMX,  i s  a  s econdary  i n p u t  p a r a m e t e r .  



and 

l o  t (E,T) + oo] E 

J E .  

where E *  i s  some energy  p o i n t  i n  t h e  ene rgy  range  (E 
1yE2) 

which i s  assumed t o  c o n t a i n  many narrow r e s o n a n c e s .  Equa- 

t i o n s  (4 .19 )  th rough  (4 .21)  a r e  s i m p l i f i e d  i f  one assumes t h a t  

t h e  ene rgy  v a r i a t i o n  i n  t h e  i n t e g r a n d s  i n  t h e  above i n t e g r a l s  

on ly  o c c u r s  i n  t h e  r a p i d l y  v a r y i n g  r e sonance  p a r t s  o f  t h e  

$ f u n c t i o n .  The s l o w l y  v a r y i n g  te rms a r e  e v a l u a t e d  a t  t h e  

ene rgy  E * .  I n  t h i s  approx ima t ion  t h e  e l a s t i c  c r o s s  s e c t i o n ,  

f o r  example,  i s  w r i t t e n  a s  
t 

t As in M C ~  (Reference 6 )  the interference-scattering term in 
the elastic cross section is ignored. 

1 3  



+ 0 (E*) + a (E*) 
P  e~ 

The above a s sumpt ion  s h o u l d  be  a  good approx ima t ion  s i n c e  i n  

t h e  u n r e s o l v e d  r e g i o n  t h e  ene rgy  i n t e r v a l  ( E 2  - El) may be 

p i c k e d  t o  be  s m a l l  w i t h  r e s p e c t  t o  v a r i a t i o n s  i n  t h e  s l o w l y  

v a r y i n g  components o f  t h e  c r o s s  s e c t i o n .  With t h i s  approxima- 

t i o n  E q u a t i o n s  (4 .19)  th rough  (4 .21)  become t 

t Tempera ture  dependence  w i l l  n o t  be  e x p l i c i t l y  i n d i c a t e d  i n  t h e  
r e m a i n i n g  E q u a t i o n s  o f  t h i s  s e c t i o n .  The symbol  6 ,  i s  o  when 
x + e  and 1 when x = e .  e  



where 

- 
o = up(EX)  + o (EX) + o ( E * )  + u e  (EX) + o o .  (4 .26 )  

P f~ C~ F 

With t h e  assumpt ion  o f  many re sonances  i n  t h e  i n t e r v a l  

(E2 - E l ) ,  t h e  r e sonance  c o n t r i b u t i o n s  i n  t h e  above i n t e g r a l s  

a r e  t r e a t e d  s t a t i s t i c a l l y .  The i n t e r v a l  (E2 - El) i s  r e p l a c e d  

by t h e  a v e r a g e  s p a c i n g  of  t h e  r e sonances  of  sequence  s ,  D ~ ,  

t imes  t h e  number c o n t a i n e d  i n  t h e  i n t e r v a l .  The summation 

ove r  r e sonances  i n  a  g i v e n  sequence  i s  t h e n  r e p l a c e d  w i t h  a  

doub le  i n t e g r a t i o n  ove r  a  Porter-Thomas ( c h i - s q u a r e d )  d i s t r i -  

b u t i o n  w i t h  n  and m d e g r e e s  o f  f reedom. Symbol i ca l ly  

where 

t I n  t h e  ETOX code t h e  s t a t i s t i c a 2  b r a c k e t s  a r e  e v a l u a t e d  b y  
t h e  s t a n d a r d  d o u b l e  summation t e c h n i q u e s  a s  d e s c r i b e d  i n  
R e f e r e n c e  3 .  ( S e e  Appendix  E f o r  t h e  e x a c t  d e t a i l s . )  



Fol lowing t h e  s p e c i f i c a t i o n s  o f  ENDF/B, (3) t h e  f u n c t i o n s  Pn(y)  

and Pm(z)  i n  E q u a t i o n  (4 .27)  r e p r e s e n t  t h e  e l a s t i c  and f i s s i o n  

wid th?  d i s t r i b u t i o n s ,  where 

r S  (E*)  + r: (E* , y )  = yr: (E*)  , 
=r 

With t h e  above r ep lacemen t s  and t h e  narrow resonance  a p p r o x i -  

mat ion  such  t h a t  

Equa t ion  (4 .23)  becomes 

+ ox ( E * )  + op(E*)bx 
F e  

S i n c e  tt 

i ndependen t  o f  t h e  v a l u e  o f  c S ,  t h e  i n f i n i t e  d i l u t e  c r o s s  

s e c t i o n  i s  f i n a l l y  g i v e n  a s  

t For i s o t o p e s  w h i c h  do n o t  have  a p p r e c i a b l e  f i s s i o n  w i d t h s  i n  
t h e  u n r e s o l v e d  e n e r g y  r e g i o n  t h e  d o u b l e  i n t e g r a l  i n  
E q u a t i o n  ( 4 . 2 7 )  r e d u c e s  t o  a  s i n g l e  i n t e g r a l .  

tt See  Append i x  B .  



<O x (E*)) = $1 & <6 (E* )  r: ( E * ) ) ~  + o x (E*)  + (E*) S~ . 
s s  F 

P  e  

Due t o  t h e  appea rance  o f  t h e  r e sonance  te rms i n  t h e  

denominator  o f  t h e  e x p r e s s i o n s  i n  Equa t ions  (4 .24)  and (4 .25)  , 
t h e  s e l f - s h i e l d e d  c r o s s  s e c t i o n s  r e q u i r e  a d d i t i o n a l  approxima- 

t i o n s  and a n a l y s i s  f o r  t h e i r  e v a l u a t i o n .  C o n s i s t e n t  w i t h  t h e  

narrow resonance  a p p r o x i m a t i o n ,  i t  i s  assumed t h a t  o v e r l a p  

e f f e c t s  between d i f f e r e n t  r e sonances  o f  t h e  same sequence  and 

o v e r l a p  between more t h a n  one sequence  may be  i g n o r e d .  The 

numera to r ,  f o r  example,  i n  Equa t ion  (4 .24 )  t h e n  becomes ( 6 , 8 )  

NUM 

Rewr i t ing  E q u a t i o n  (4 .35 )  i n  te rms of  t h e  l i n e - s h a p e  f u n c t i o n s  

NUM 



where 

The sequences s t  are uncorrelated with respect to s in 

Equation (4.36). Consequently, it is necessary to integrate 

the primed summations over the probability of finding resonance 

r' of s' at a separation 6 from resonance r of s, where 6 

ranges from ( E  - El) to (E2 - Er) and Er is the location of 
T 

the resonance r in the interval E2 - El. With this and the 

statistical analysis following Equation (4.25), Equation (4.36) 

is given as (6 

where the usual J integral is defined as 

rw 

The denominator in Equation (4.24) and the terms in Equa- 

tion (4.25) are evaluated in a similar manner as that given 

above for the numerator in Equation (4.24). The final 

expressions for the self-shielded cross sections are 

t This s e n t e n c e  is a l m o s t  a  d i r e c t  q u o t e  from t h a t  g i v e n  in 
R e f e r e n c e  6 .  



where 
t 

.I t S e e  A p p e n d i x  G f o r  t h e  e v a l u a t i o n s  o f  t h e  J and K i n t e g r a l s .  



V. I N E L A S T I C  S C A T T E R I N G  

I n  g e n e r a l ,  t h e  ( n , n l )  and ( n , 2 n )  r e a c t i o n s  o f  an  i s o t o p e  

o c c u r  a t  e n e r g i e s  above t h e  i s o t o p e ' s  r e sonance  r e g i o n s .  Hence,  

when t h e  ( n , n l )  o r  (n ,2n)  group a v e r a g e  c r o s s  s e c t i o n s  a r e  c a l -  

c u l a t e d ,  any d e p a r t u r e s  from t h e  s t a n d a r d  spec t rum,  Equa- 

t i o n  ( 2 . 3 ) ,  caused  by t h e  p r e s e n c e  o f  r e sonances  a r e  n e g l e c t e d .  

An a d d i t i o n a l  r e a s o n  f o r  do ing  t h i s  i s  t h a t  t h e  f a s t  r e a c t o r  

codes  FCC-IV ( 4 )  and ~ D X ( ~ )  a r e  n o t  programmed t o  a c c e p t  s e l f -  

s h i e l d i n g  f a c t o r s  f o r  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 s .  

When t h e  d e f i n i t i o n  o f  Equa t ion  ( 2 . 5 )  i s  u s e d ,  t h e  group 

ave rage  t o t a l  and t r a n s f e r  c r o s s  s e c t i o n s  a r e  t h e r e f o r e  c a l c u -  

l a t e d  a c c o r d i n g  t o  

where x  r e f e r s  t o  e i t h e r  t h e  ( n , n l )  o r  (n ,2n )  r e a c t i o n ;  ox(E) 

i s  t h e  x  r e a c t i o n  c r o s s  s e c t i o n  o b t a i n a b l e  from ENDF/B, F i l e  3 ;  

and Wx(E+j) i s  t h e  f r a c t i o n  o f  n e u t r o n s  t h a t  s c a t t e r  from an  

x r e a c t i o n  a t  ene rgy  E i n t o  group j .  S i n c e  ETOX assumes 

u p s c a t t e r  c a n n o t  o c c u r ,  j can  o n l y  r e f e r  t o  group i o r  t o  

groups  lower  i n  ene rgy  t h a n  group i .  

P r i o r  t o  e v a l u a t i o n  o f  Wx(E+j), it i s  n e c e s s a r y  t o  i n t r o -  

duce t h e  t a b u l a t e d  f u n c t i o n s  which ENDF/B p r o v i d e s  f o r  t h e  

d e s c r i p t i o n  o f  t h e  ene rgy  o f  i n e l a s t i c a l l y  s c a t t e r e d  n e u t r o n s .  

I f  Px(E+E1) i s  t h e  p r o b a b i l i t y  o f  i n e l a s t i c  s c a t t e r  from 

E t o  E l ,  t h e n  ENDF/B d e f i n e s  i t  a s  a sum o v e r  NK p a r t i a l  

d i s t r i b u t i o n s ,  



k 
where Gx(E) i s  t h e  f r a c t i o n  of  s c a t t e r e d  n e u t r o n s  whose ene rgy  

k 
i s  governed by t h e  Fx(E+Et)  energy  d i s t r i b u t i o n .  The G ~ ( E )  

k 
and Fx(E+E1) a r e  t a b u l a t e d  f u n c t i o n s  t o  be  found i n  ENDF/B, 

F i l e  5 .  A d d i t i o n a l  c o n d i t i o n s  a r e  

Now, i t  f r e q u e n t l y  o c c u r s  t h a t  f o r  a  c o l l i s i o n  a t  

energy  E 

which c a u s e s  

This  i s  c o n t r a r y  t o  t h e  assumpt ion  t h a t  o n l y  d o w n s c a t t e r  can  

o c c u r .  Thus,  t h e  Wx(E+j) canno t  be found by a  s imple  i n t e g r a -  

t i o n  o f  Px(E+Et)  o v e r  t h e  e n e r g i e s  o f  group j .  R a t h e r ,  

Wx(E+j) must be  e v a l u a t e d  i n  t h e  f o l l o w i n g  manner,  

where i j . .  . d E t  i n d i c a t e s  an i n t e g r a t i o n  o v e r  t h e  e n e r g i e s  o f  

group j . E q u a t i o n  (5 .8)  has  t o  be  m o d i f i e d  f o r  t h e  c a s e  when 

j  = i ( i n g r o u p  s c a t t e r i n g ) ,  



where EG(i)  i s  t h e  lower  ene rgy  o f  group i .  

E q u a t i o n  (5 .8 )  and (5 .9 )  now a s s u r e  t h a t  

where NG i s  t h e  number o f  g r o u p s .  

S i n c e  FCC-IV ( 4 )  and ~ D X ( ~ )  do n o t  h a n d l e  t h e  (n ,2n)  

r e a c t i o n  e x p l i c i t l y ,  ETOX i n c o r p o r a t e s  t h e  (n ,2n )  r e a c t i o n  
-1 

i n t o  i t s  f i n a l  i n e l a s t i c  t o t a l ,  u i n ,  and t r a n s f e r  c r o s s  s e c -  

t i o n s ,  i + j  , i n  t h e  f o l l o w i n g  way, 

ETOX p r i n t s  and  punches o n l y  t h e  ;in and u i n ( i + j ) .  

The sum i n  Equa t ions  (5 .8 )  o r  (5 .9 )  i s  o v e r  t h o s e  s e c o n -  
k 

d a r y  ene rgy  d i s t r i b u t i o n s ,  Fx(E+E1) ,  t h a t  ENDF/B f i n d s  n e c e s -  

s a r y  t o  a d e q u a t e l y  d e s c r i b e  t h e  c o l l i s i o n  a t  ene rgy  E .  Now, 
k 

ENDF/B a l l o w s  f o r  t e n  d i f f e r e n t  t y p e s  of  Fx(E+E1) ,  b u t  t h e  

sum does n o t  have t o  i n c l u d e  a l l  t e n  t y p e s ,  and a  s i n g l e  t y p e  

may be i n c l u d e d  s e v e r a l  t i m e s .  Below i s  a  b r i e f  d e s c r i p t i o n  o f  
k 

how t h e  v a r i o u s  t y p e s  o f  Fx(E+E1) a r e  i n t e g r a t e d  t o  o b t a i n  t h e  

i n t e g r a l s  i n  Equa t ions  (5 .8 )  and ( 5 . 9 )  : 



A r b i t r a r y  T a b u l a t e d  Func t ion  (LF = 1 ) .  ?'he p r e s e n t  

v e r s i o n  of  ETOX does  n o t  h a n d l e  t h i s  t y p e .  

D i s c r e t e  F i n a l  Energy (LF = 2 ) .  I f  O i s  t h e  f i n a l  ene rgy  

t o  which n e u t r o n s  a r e  s c a t t e r e d ,  t h e  i n t e g r a l s  a r e  s imply  

r e p l a c e d  by 1 o r  0 depending on whether  o l i e s  w i t h i n  t h e  

i n t e g r a l ' s  l i m i t s .  

D i s c r e t e  Energy Loss (LF = 3 ) .  I f  O i s  t h e  ene rgy  which 

n e u t r o n s  l o s e  when s c a t t e r e d ,  t h e  i n t e g r a l s  a r e  1 o r  0 depend- 

i n g  on whe the r  (E - @ )  l i e s  w i t h i n  t h e  i n t e g r a l ' s  l i m i t s .  

Genera l  E v a p o r a t i o n  Spectrum (LF = 4 , s ) .  For t h i s  t y p e ,  
k  

Fx(E+E1) = F ( E 1 / o )  and one i s  i n t e r e s t e d  i n  i n t e g r a l s  l i k e  t h e  

f o l l o w i n g  

However, ENDF/B t a b u l a t e s  F  a s  a  f u n c t i o n  of  Y ,  where Y = E 1 / O .  

With t h i s  change of v a r i a b l e s ,  t h e  i n t e g r a l  becomes 

The i n t e g r a l  on t h e  r i g h t  i s  n u m e r i c a l l y  c a r r i e d  o u t  by a p p l y -  

i n g  t h e  t r a p e z o i d a l  r u l e  w i t h  unequal  s u b i n t e r v a l s  a s  d e t e r -  

mined by t h e  ENDF/B d a t a  p o i n t s  t h a t  l i e  between t h e  i n t e g r a l ' s  

l i m i t s .  The n u c l e a r  t e m p e r a t u r e  O i s  a  c o n s t a n t  f o r  type  

LF = 4 ,  b u t  f o r  LF = 5 ,  O i s  a  f u n c t i o n  o f  e n e r g y .  

Simple F i s s i o n  Spectrum (LF = 6 , 7 ) .  The i n t e g r a l s  o v e r  

t h e  f i s s i o n  spec t rum a r e  r e p l a c e d  by t h e  f o l l o w i n g  



where o is the nuclear temperature [O = constant for LF = 6, 

and o = o(E) for LF = 7 1 .  

Maxwellian Distribution (LF = 8,9). The integrals over 

the Maxwellian distribution are replaced by the following, 

1 -z exp(-~'/o)dE' = - 0 [(A + O) exp(-A/o) - (B + O) exp(-B/o)], 

where 0 is the nuclear temperature [O = constant for LF = 8, 

and O = o(E) for LF = 91. 

WATT Spectrum (LF = 10). The integrals over the Watt 

Spectrum are replaced by the following, 

lB [A]"' exp (-9) exp (-y) sinh v ~ F  dE1 = 

A 

where a and b are constants provided by ENDF/B.  



V I .  T Y P I C A L  R E S U L T S  A N D  D I S C U S S I O N  

T a b l e s  1 and 2 g i v e  t y p i c a l  r e s u l t s  f o r  t h e  c a l c u l a t i o n s  

of group c o n s t a n t s  f o r  t h e  i s o t o p e  o f  2 3 9 ~ u  (MAT=1051) and 

n a t u r a l  o c c u r r i n g  Fe (MAT=1020). The e n e r g y  group s t r u c t u r e ,  

t e m p e r a t u r e ,  and oo v a l u e s  a r e  t h e  same a s  t h o s e  used  by 

Bondarenko. (2)  

We b e l i e v e  t h e  approx ima t ions  i n  t h i s  code a r e  c o n s i s t e n t  

w i t h  t h e  u n c e r t a i n t i e s  of p r e s e n t  c r o s s  s e c t i o n  d a t a ,  t h e  

l i m i t a t i o n s  o f  t h e  ENDF/B f o r m a t ,  and t h e  approx ima t ions  i n  

t h e  codes u s i n g  group c o n s t a n t s  a s  i n p u t .  P r e l i m i n a r y  c a l c u -  

l a t i o n s  have been made f o r  26 and 50 group s e t s  c o u p l i n g  t h e  

ETOX and I D X ( ~ )  codes f o r  s e v e r a l  f a s t  r e a c t o r  c o r e s .  The 

r e s u l t s  from t h e s e  c a l c u l a t i o n s  show c l o s e  agreement  w i t h  

t h o s e  g e n e r a t e d  u s i n g  t h e  "many group" (-1000) MC' code .  (6 

Table  3  g i v e s  t y p i c a l  r e s u l t s  of  fundamenta l  mode c a l c u l a t i o n s  

f o r  t h e  f a s t  r e a c t o r  assembly ZEBRA 6A. 
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T A B L E  2 .  Group Cons tan t s  f o r  Eas t  R e a c t o r  CaZcuza t ions  ( 2 3 9 ~ u )  

I n f i n i t e  D i l u t e  C r o s s  S e c t i o n s  

G r o u p s  
T 

1 7.0558 
2 7.8229 
3 7.7704 
4 7.3270 
5 7.1623 
6 8.2310 
7 9.9819 
8 11.4184 
9 12.4338 
10 13.3191 
11 14.6159 
12 15.8738 

13 17.7941 
14 21.2692 
15 27.7962 
16 36.0882 
17 46.2207 
18 99.1798 

19 74.2168 
20 185.5117 
21 73.6529 
22 23.7573 
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T A B L E  3 .  Fundamental  Mode CaZcuZat ions  f o r  Zebra Assemb Zy 6 A  

MC" l u x  (ETOX) 

6 k e f f  
f o r  6 T  U 2 3 8  (1100-+300 O K )  

6 k e f f  
f o r  6~~~ = + O . O O ~  

[ 2 6  Groups]  

0 .9838  
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A P P E N D I X  A  

I I RESONANCE S E L F - S H I E L D I N G  FACTORS - f x  ( u j ,T )  

j 



A P P E N D I X  A 

I  I  R E S O N A N C E  S E L F - S H I E L D I N G  F A C T O R S  - f x  (oj , T )  
j 

A partial derivation of the expression for the resonance 
I I  

self-shielding factors fx (0,. ,T) will be given in this 

appendix. For a more detiilei derivation and discussion see 

Bondarenko. The equations and definitions from Section 11 

will be assumed in this appendix. 

In the multigroup scheme the neutron balance equations 

are given as ( 5 )  

where 

I = 1,2 ,..., NG, 

and 

NG = number of energy groups, 

B' = buckling, 

keff = effective multiplication constant, 
I  x = fission source fraction in group I, 
T 

E: = macroscopic group average cross sections for 
transport, fission and capture (x = tr, f, and c), 

1(1+j)  = macroscopic downscattering cross section from 
group I to j .  



The macroscop ic  group a v e r a g e  c r o s s  s e c t i o n s  f o r  f i s s i o n ,  

c a p t u r e ,  and e l a s t i c  s c a t t e r i n g  a p p e a r  l i n e a r l y  i n  Equa- 

t i o n  (A. l )  and a r e  g i v e n  i n  terms o f  t h e  f o l l o w i n g  i n t e g r a l  

e x p r e s s i o n  

The a p p r o p r i a t e  t o t a l  macroscop ic  group a v e r a g e  c r o s s  s e c t i o n  

i s  d e f i n e d  i n  a  r e c i p r o c a l  s e n s e  due t o  i t s  d i r e c t  r e l a t i o n  t o  

t h e  t r a n s p o r t  c r o s s  s e c t i o n ( 2 )  and i s  g i v e n  a s  

The m i c r o s c o p i c  group ave rage  c r o s s  s e c t i o n s  F: a r e  t h e n  

d e f i n e d  by t h e  f o l l o w i n g  e x p r e s s i o n  J 

where N i s  t h e  atom d e n s i t y  o f  t h e  j t h  i s o t o p e  and N I  i s  t h e  
j  

number of  i s o t o p e s  i n  t h e  medium. S i n c e  t h e  macroscop ic  c r o s s  

s e c t i o n  i s  g i v e n  a s  



Equa t ion  ( 2 . 1 )  o f  S e c t i o n  I1  f o l l o w s  from t h e  above e q u a t i o n s  

From E q u a t i o n  ( 2 . 2 ) ,  Equa t ion  (2 .1 )  becomes 

I n  o r d e r  t o  s i m p l i f y  Equa t ion  (A.7) u s e  i s  made of  t h e  

v a r i a b l e  a  which i s  d e f i n e d  by t h e  f o l l o w i n g  e q u a t i o n  
0 

j 

With t h i s  d e f i n i t i o n ,  Equa t ion  (A.7) becomes 

The r e a c t o r  compos i t ion  dependence i n  ~k t h u s  a r i s e s  from t h e  

v a r i a b l e  a, (E ,T) .  I n  t h e  Bondarenko s c  h erne, ( 2 )  o o .  ( E , T )  i n  
j J 

Equa t ion  (A. 9 )  i s  r e p l a c e d  by i t s  " f lux -we igh ted"  v a l u e  
I  

ave raged  o v e r  t h e  i t h  group [ a O .  (E,T) -+ aOj  (T)]  . 
J 

-1 
I n  t h e  ETOX code ,  oXj c r o s s  s e c t i o n s  a r e  c a l c u l a t e d  f o r  a  

I  
g i v e n  f i x e d  s e t  of  o o  v a l u e s .  The T i  c r o s s  s e c t i o n  f o r  a  

j  j 
g i v e n  r e a c t o r  compos i t ion  can  t h e n  be o b t a i n e d  by i n t e r p o l a t i n g  

on t h i s  s e t .  



When t h e  above a p p r o x i m a t i o n  i s  u s e d ,  t h e  e x p r e s s i o n  f o r  

t h e  t o t a l  m i c r o s c o p i c  group a v e r a g e  c r o s s  s e c t i o n  f o l l o w s  from 

t h e  r e l a t i o n  

That  i s ,  

The s e l f - s h i e l d i n g  f a c t o r  e q u a t i o n s  a r e  now o b t a i n e d  

u s i n g  E q u a t i o n s  (A.9) ,  ( A ) ,  ( 2 . 4 ) ,  and ( 2 . 5 )  ; 

(A. 12 )  



A P P E N D I X  B 

R E S O N A N C E  R E G I O N  F O R M U L A S  



A P P E N D I X  B 

R E S O N A N C E  R E G I O N  F O R M U L A S  

The f o l l o w i n g  e x p r e s s i o n s  g i v e  t h e  fo rmulas  f o r  t h e  c r o s s  

s e c t i o n s  ( b a r n s )  c a l c u l a t e d  i n  t h e  r e sonance  r e g i o n  f o r  a  

t e m p e r a t u r e  T(OK) and ene rgy  E(ev)  i n  t h e  l a b o r a t o r y  sys t em:  

. . 

S 
o f ( E , T )  =I 1 o f ( E , T I r  + O f  ( E ) ,  

s = l  r= l  
F 

where 

s  = 0, j ) ,  

R = o r b i t a l  a n g u l a r  momentum quantum number, 

j = t o t a l  a n g u l a r  momentum quantum number, 

N = t h e  number o f  s  v a l u e s ,  

Ns = t h e  number of  r e s o n a n c e s  f o r  a  g i v e n  p a i r  of  v a l u e s  

of  R and j ,  

o  (E) = " f l o o r "  c o r r e c t i o n  c r o s s  s e c t i o n s  (x = f , c , e ) ,  ( B . 5 )  
X f  



2 
o (E) = 2 1 (Za + 1) s i n  ' f a ( E ) ,  

P  
R 

(E) = p h a s e  s h i f t  (Yo = Ka, Y 1  = ~ a - t a n - l ~ a ) ,  
R 

K = 2.19685 x (AWR/1 + AWR) JE, 

a  = c h a n n e l  r a d i u s ,  

AWR = w e i g h t  r a t i o  o f  t a r g e t  t o  t h a t  o f  t h e  n e u t r o n ,  

j  
= ( 2 j  + 1 ) / 2 ( 2 I  + I), 

I  = s p i n  quantum number o f  t h e  t a r g e t  n u c l e u s ,  

q~(5 ,X)  = Dopp le r -b roadened  l i n e - s h a p e  f u n c t i o n  
t 

x (< ,X) = Dopp le r -b roadened  l i n e - s h a p e  f u n c t i o n  

W = a complex p r o b a b i l i t y  i n t e g r a l  ( c a l c u l a t e d  u s i n g  
6 

s u b r o u t i n e  QUICKW ) , 

t E x a c t  d e f i n i t i o n s  and i n t e g r a l  p r o p e r t i e s  o f  t h e  $(&,X) and 
x(C,X) f u n c t i o n s  a r e  g i v e n  i n  R e f e r e n c e  1 0 .  

B - 2  



Resolved 

S rS  = c o n s t a n t  = r ( E r ) ,  
f r  f r  

S S 

r c  
= c o n s t a n t  = r (Er) , 

C 
r r 

Unresolved  

r c  
(E*) = c o n s t a n t  = r c  , 

S S 

r (E*) = t a b u l a t e d  f u n c t i o n  ( i n t e r p o l a t i o n  used  t o  f i n d  
f s  

v a l u e  a t  E * ) ,  

O = r educed  n e u t r o n  w i d t h ,  
r e  

S 

2 
V (E*) = p e n e t r a t i o n  f a c t o r :  

vo 
= 1, V, = (Kza) '/[I + (K:a) I , 

R 

K* = c  J ' F  (cs g i v e n  w i t h  o t h e r  u n r e s o l v e d  p a r a m e t e r s  i n  
S S 

f i l e  2 ENDF/B), 

" s  
= number of  d e g r e e s  of  freedom i n  t h e  n e u t r o n  w i d t h  

d i s t r i b u t i o n .  



A P P E N D I X  C  

P R O G R A M  D E T A I L S  F O R  T H E  U t i R E S O L V E D  C A L C U L A T I O N S  



A P P E N D I X  C  

PROGRAM D E T A I L S  FOR T H E  U N R E S O L V E D  C A L C U L A T I O N S  

The c a l c u l a t i o n s  of  t h e  J and K i n t e g r a l s  and t h e  s t a t i s -  
2 

t i c a l  b r a c k e t s  < > u s e  t h e  methods g i v e n  i n  t h e  MC code .  ( 6  ) 
P  

The J and K i n t e g r a l s  a r e  e v a l u a t e d  by b r e a k i n g  t h e  

i n f i n i t e  i n t e r v a l  i n t o  two f i n i t e  i n t e r v a l s  p l u s  a  remainder  

te rm.  I n  p a r t i c u l a r ,  t h e  code assumes 

where s i n c e  



20/5 200/5 

= J  ( 8 9 t ) + 1  ( 4 J : + 8 ) 2 d x + J  ( +  + B $  8) dx + REMK,  

0 2 o / t  
( C . 5 )  

where 

REMK - 
2 1 ( 1  - a 2 )  ( 2 0 0 / a c )  

2 
( 1  + a  ) REMJ - - 

2a 8a [ (200 /a<)  + 11 

The i n t e g r a l s  i n  t h e  above e q u a t i o n s  a r e  c a l c u l a t e d  u s i n g  

1 6 - p o i n t  Gauss i an  g r a d r a t u r e .  (9 )  

The s t a t i s t i c a l  b r a c k e t s  < > p  which a r e  i n t e g r a t i o n s  o v e r  

t h e  Porter-Thomas ( c h i - s q u a r e d )  d i s t r i b u t i o n s  u s e  1 0 - p o i n t  

i n t e g r a t i o n  i n  t h e  n e u t r o n - w i d t h  d i s t r i b u t i o n  and 5 - p o i n t  

i n t e g r a t i o n  i n  t h e  f i s s i o n  w i d t h  d i s t r i b u t i o n s ,  b o t h  f o r  one 

o r  two d e g r e e s  of  f reedom. To do t h i s ,  (6 )  f o r  a  g i v e n  v a l u e  

of  N (N i s  5 f o r  f i s s i o n - w i d t h  and 10 f o r  n e u t r o n - w i d t h ) ,  t h e  

a r e a  under  t h e  d i s t r i b u t i o n  c u r v e  i s  d i v i d e d  i n t o  N e q u a l  

p a r t s  such  a s  t o  d e t e r m i n e  boundary p o i n t s  X I  

( I  = 0 ,  N ;  X 
0 

= 0 ;  Xn = -3) .  I n  o t h e r  words 



n 
Within each interval x;, XI+1, then, average values for y are 

determined, defined as 

With the above procedure to determine y I 1 s  for the neutron- 

width distribution and zI's for the fission-width distribution, 

the code calculates the statistical brackets by the following 

double summation: 

n 
Tables C-1 and C-2 list the values of yf and zi used in 

the code. ( 6  1 



TABLE C - I .  V a l u e s  o f  y F  Used f o r  I n t e g r a t i o n  o f  Neu t ron -Wid th  
D i s t r i b u t i o n s  w i t h  One o r  Two Degree& o f  Freedom. 

Degrees o f  Freedom, n 
I n d e x ,  I 1 2  

T A B L E  C-2 .  V a l u e s  o f  z ;  Used f o r  I n t e g r a t i o n  o f  F i s s i o n - W i d t h  
D i s t r i b u t i o n s  w i t h  One o r  Two Degrees  o f  Freedom. 

Degrees of  Freedom, n 
Index ,  I 1 2  

1 0 . 0 2 1 2 0 9 3  0 . 1 0 7 4 0 0  

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

3  0 . 4 6 7 0 7 2  0 . 6 9 9 8 6 3  

4  1 . 1 0 7 1 0  1 . 2 2 3 1 2  

5  3 . 2 4 9 1 4  2 . 6 0 9 5 5  



A P P E N D I X  D 

S U B R O U T I N E  D E S C R I P T I O N S  



A P P E N D I X  D  

S U B R O U T I N E  D E S C R I P T I O N S  

A b r i e f  d e s c r i p t i o n  o f  a l l  t h e  s u b r o u t i n e s  a s  t h e y  a p p e a r  

i n  t h e  l i s t i n g  w i l l  be g i v e n  i n  t h i s  Appendix. 

ETOX Main program of  t h e  code .  C a l l s  Z E R O ,  INPUT, PROCES, 
OUTPUT, OUTPDX . 

Z E R O  Zeros o u t  a r r a y s  i n  Common. 

ERROR P r i n t s  e r r o r  messages when c a l c u l a t i o n  i s  beyond 
l i m i t a t i o n s  o f  t h e  code .  

INPUT Reads i n p u t  d a t a .  

PROCES C o n t r o l  l i n k  f o r  r e a d i n g  ENDF/B and c a l c u l a t i n g  
group c o n s t a n t s .  C a l l s  ENDFB, AVSEC, RESON, 
FFACNR, Z E R O ,  INELAS. 

ENDFB 

HEADR 

LOCISO 

FILE1 

RUSSIN 

FFEL 

FILE2 

FILE3 

CAPSUM 

MISS 

WCP 

C o n t r o l  l i n k  f o r  r e a d i n g  ENDF/B. C a l l s  HEADR, 
LOCISO, FILE1, FILE2, FILE3. 

Reads ENDF/B ID r e c o r d .  

Loca tes  i s o t o p e s  on ENDF/B. 

Reads F i l e  1 which c o n t a i n s  v(E) i n f o r m a t i o n  and 
o t h e r  g e n e r a l  i n f o r m a t i o n .  

G e n e r a t e s  i n p u t  d a t a  which i s  same a s  "Russian" 
book (Reference  2 ) .  C a l l s  FFEL. 

Genera te s  "Russian" EMAXFF and EMINFF. 

Reads F i l e  2 which c o n t a i n s  r e sonance  p a r a m e t e r s .  

Reads F i l e  3  which c o n t a i n s  "smooth c r o s s  s e c t i o n s " .  
C a l l s  REMT, SETUP1. 

Loca tes  a  p a r t i c u l a r  c r o s s  s e c t i o n  t y p e ,  p r i n t s  i f  
m i s s i n g  o r  n o t .  C a l l s  CAPSUM, MISS. 

Forms t h e  t o t a l  c a p t u r e  c r o s s  s e c t i o n  by summing 
a l l  c a p t u r e  components.  T h i s  i s  done a t  f i n e  
group p o i n t s .  

I n t e r p o l a t e s  a  s e r i e s  o f  p o i n t s  a c c o r d i n g  t o  ENDF/B 
s p e c i f i c a t i o n s .  

I n t e r p o l a t e s  a  s i n g l e  p o i n t  a c c o r d i n g  t o  E N D F / B  
s p e c i f i c a t i o n s .  

P r i n t s  o u t  m i s s i n g  c r o s s  s e c t i o n  t y p e s  i n  F i l e  3 .  

W r i t e s  c a p t u r e  c r o s s  s e c t i o n s  t o  drum. 



FFLUX 

NA2 3 

AVSEC 

RETREV 

AVER 

RE SON 

AVSECR 

R E L I B  

RRES 

SETUFG 

ROMB 

Q K 

QUI CKW 

URE S 

SETUPU 

A J K  

S e t s  up t h e  f i n e  g roup  e n e r g y  mesh. C a l c u l a t e s  
f i s s i o n  spec t rum a t  f i n e  group p o i n t s '  f o r  E 2 EG 
(MGBL2+1). C a l l s  FFLUX. 

G e n e r a t e s  a  f i s s i o n  spec t rum shape  o f  f l u x  a t  a  
g roup  e n e r g y  E .  

C a l c u l a t e s  r e sonance  c r o s s  s e c t i o n s  from resonance  
p a r a m e t e r s  a t  f i n e  group p o i n t s .  Used f o r  t h e  
i s o t o p e  Na-23. 

C o n t r o l s  c a l c u l a t i o n s  o f  < v > ,  < 5 > ,  . < p >  from f i n e  
g roup  d a t a .  Also  < o f > ,  < u c > ,  < a  > i f  no F i l e  2 i n f o r -  
m a t i o n .  C a l l s  AVER. 

e  

R e c a l l s  from drum l o c a t i o n s  t h e  f i n e  group c r o s s  
s e c t i o n s .  

C a l c u l a t e s  i n f i n i t e  d i l u t e  c r o s s  s e c t i o n s  from t h e  
f i n e  group c r o s s  s e c t i o n s  (<a > ) .  

X 

C o n t r o l  l i n k  f o r  r e sonance  r e g i o n  c a l c u l a t i o n s  u s i n g  
r e s o n a n c e  p a r a m e t e r s .  C a l l s  AVSECR, RELIB, RRES, 
URES. 

C o n t r o l s  c a l c u l a t i o n  o f  < o f > ,  < a c > ,  <ae>  i n  t h e  non-  
r e s o n a n t  r e g i o n .  C a l l s  AVER. 

Reads t a p e  used  i n  QUICKW c a l c u l a t i o n s .  

Per forms and c o n t r o l s  r e s o l v e d  c a l c u l a t i o n s .  
C a l l s  SETUFG, ROMB. 

S e t s  up ene rgy  mesh f o r  t h e  u l t r a f i n e  g roups  i n  t h e  
r e s o l v e d  r e g i o n .  Determines  which r e s o n a n c e s  con-  
t r i b u t e  t o  a  g i v e n  u l t r a f i n e  g roup .  Determines  t h e  
a v e r a g e  " f l o o r "  c r o s s  s e c t i o n s  f o r  e a c h  u l t r a f i n e  
g roup .  

C a l c u l a t e s  r e s o l v e d  r e sonance  i n t e g r a l s  ov e a c h  
u l t r a f i n e  group u s i n g  t h e  Romberg method. ($f C a l l s  S R .  

G e n e r a t e s  i n t e g r a n d s  used  i n  t h e  ROMB c a l c u l a t i o n s .  
C a l l s  Q K .  

C a l l s  QUICKW. 

G e n e r a t e s  I/J and x l i n e  shape  f u n c t i o n s .  

Per forms and c o n t r o l s  u n r e s o l v e d  c a l c u l a t i o n s .  
C a l l s  SETUPU, A J K .  

S e t s  up e n e r g y  mesh f o r  t h e  u n r e s o l v e d  g r o u p s .  
I n t e r p o l a t e s  t o  f i n d  f i s s i o n  w i d t h s  a t  t h e  
b o u n d a r i e s  o f  t h e s e  g r o u p s .  

C a l c u l a t e s  J and K i n t e g r a l s  (Appendix C ) .  



FFACNR 

INELAS 

R E T R E l  

FILE5 

INTERP 

E RRF 

OUTPDX 

OUTPUT 

C a l c u l a t e s  s e l f - s h i e l d i n g  f a c t o r s  f o r  r e sonance  
r e g i o n s  n o t  d e s c r i b e d  by r e sonance  p a r a m e t e r s ,  
from t h e  f i n e  g roup  d a t a .  

Per forms and c o n t r o l s  i n e l a s t i c  s c a t t e r i n g  c a l c u l a -  
t i o n s .  C a l l s  R E T R E l ,  FILE5, INTERP, INTORP, ERRF. 

Reads F i l e  3 f o r  t h e  i n e l a s t i c  o r  (n ,2n )  smooth 
c r o s s  s e c t i o n s .  

Reads F i l e  5 f o r  t h e  i n e l a s t i c  o r  (n ,2n)  p a r t i a l  
ene rgy  d i s t r i b u t i o n s  . 
I n t e r p o l a t i o n  scheme used  f o r  ( n , n l )  o r  (n ,2n )  
c r o s s  s e c t i o n s .  

I n t e r p o l a t i o n  scheme used  f o r  ( n , n l )  o r  (n ,2n)  
i n e l a s t i c  p r o b a b i l i t i e s .  

C a l c u l a t e s  t h e  e r r o r  f u n c t i o n .  

P r i n t s  and punches d a t a  i n  t h e  1 D X  f o r m a t .  

P r i n t s  and punches d a t a  i n  t h e  FCC-IV f o r m a t .  



A P P E N D I X  E  

E N E R G Y  B O U N D A R I E S  O F  V A R I O U S  G R O U P  S T R U C T U R E S  A N D  R E G I O N S  



A P P E N D I X  E  

ENERGY B O U N D A R I E S  OF V A R I O U S  GROUP S T R U C T U R E S  A N D  R E G I O N S  

F i g u r e  (E-1) d iagrams t h e  energy  b o u n d a r i e s  o f  t h e  v a r i o u s  

group s t r u c t u r e s  and r e g i o n s  f o r  t h e  c a l c u l a t i o n  o f  a  t y p i c a l  

i s o t o p e  ,t where :  

EG (1 = lower  ene rgy  bound f o r  t h e  I t h  group ( A U  = 0 . 5 0 ,  
u  = lnE/Eo) 

EF( I )  = lower  ene rgy  bound f o r  t h e  I t h  f i n e  group 
(nu = 0.01)  

EUF ( I )  = lower  ene rgy  bound f o r  t h e  I t h  u l t r a f i n e  group 
( u n r e s o l v e d  r e g i o n ,  A U  = 0.01)  

EURES(1) = lower  ene rgy  bound f o r  t h e  I t h  u n r e s o l v e d  group 

(E* T 
I 

EL (1) = lower  ene rgy  bound r e s o l v e d  r e g i o n  

EL (2) = lower  ene rgy  bound u n r e s o l v e d  r e g i o n  

EMINFF = lower  ene rgy  bound s e l f - s h i e l d e d  r e g i o n  

EMNlEF = lower  e n e r g y  bound f i s s i o n  f l u x  r e g i o n  

EH(1) = upper  - ene rgy  bound r e s o l v e d  r e g i o n  

EH(2) = upper  ene rgy  bound u n r e s o l v e d  r e g i o n  

EMAXFF = upper  ene rgy  bound s e l f - s h i e l d e d  r e g i o n  

NG = number of  groups  

NFGT = number of  f i n e  groups  

NUF = number of  u l t r a f i n e  groups  

NURG = number o f  u n r e s o l v e d  groups  

MFFL = l o w e s t  group number f o r  s e l f - s h i e l d i n g  c a l c u l a t i o n s  

MFFU = h i g h e s t  group number f o r  s e l f - s h i e l d i n g  c a l c u l a t i o n s  

M G B L 2 + 1  = l o w e s t  group number u s i n g  f i s s i o n  spec t rum f o r  f l u x  

MRL = l owes t  group number f o r  r e sonance  c a l c u l a t i o n s  

M RU = h i g h e s t  group number f o r  r e sonance  c a l c u l a t i o n s .  

t Due t o  s p a c e  l i m i t a t i o n s  t h e  number o f  f i n e  g roups  per  g roup  
i s  shown t o  be on t h e  o r d e r  o f  t e n  r a t h e r  t h a n  t h e  t y p i c a l  
f i f t y  o r  more .  
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CODE DETAILS AND LIMITATIONS 



A P P E N D I X  F 

C O D E  D E T A I L S  A N D  L I M I T A T I O N S  

ETOX r e a d s  t h r e e  t a p e s  ( s e e  F i g u r e  2 - I ) ,  t h e  PCF (p rogram)  

t a p e ,  a  t a b l e  c o n t a i n i n g  t h e  complex p r o b a b i l i t y  i n t e g r a l  IY, 

and t h e  s t a n d a r d  ENDF/B b i n a r y  d a t a  t a p e .  The code  r e q u i r e s  

65K a v a i l a b l e  f a s t  memory p l u s  l O O K  words  random a c c e s s  drum 

s t o r a g e  ( s e e  F i g u r e  2 - 1 ) .  The code a l s o  r e q u i r e s  t h e  a b i l i t y  

t o  o v e r l a y  c o r e  s t o r a g e  and  p r e s e n t l y  u s e s  3 o v e r l a y s .  The 

program l a n g u a g e  u s e d  i s  " s t a n d a r d "  FORTRAN-IV on a  UNIVAC 1108  

compu te r .  

L i s t e d  be low i n  a d d i t i o n  t o  t h o s e  s p e c i f i e d  i n  ENDF/B a r e  

l i m i t a t i o n s  i n  t h e  p r e s e n t  ETOX c o d e :  

Maximum number o f  g r o u p s  - 99  

Maximum number o f  f i n e  g r o u p s  - 2 7 0 0  
< 

Maximum number o f  o o  v a l u e s  - 6 

Maximum number o f  t e m p e r a t u r e  v a l u e s  - 5 
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INPUT INSTRUCTIONS 
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APPENDIX G 

INPUT INSTRUCTIONS 

Card r e a d  i n p u t  d a t a  w i l l  be d i s c u s s e d  i n  t h i s  append ix .  t 

This  d a t a  c o n s i s t s  of two t y p e s  c a l l e d  "primary" and "secondary"  

p a r a m e t e r s .  The p r imary  i n p u t  p a r a m e t e r s  a r e  t h o s e  t h a t  must 

be r e a d  i n .  They i n c l u d e  i s o t o p e  number and name, E N D F / B  IU 

t a p e  number, group ene rgy  s t r u c t u r e ,  s e t s  of t e m p e r a t u r e  and 

a v a l u e s ,  and s e l f - s h i e l d i n g  f a c t o r  e n e r g y  b o u n d a r i e s .  The 
0 

code i n c l u d e s  an o p t i o n  t o  i n t e r n a l l y  r e a d  i n  t h e  s t a n d a r d  

" ~ u s s i a n " ( ~ )  i n p u t  which i n c l u d e s  a l l  o f  t h e  p r imary  d a t a  

e x c e p t  t h e  i s o t o p e  number, name and E N D F / B  ID t a p e  number. 

The secondary  d a t a  c o n s i s t s  o f  accuracy  p a r a m e t e r s  which a r e  

r e a d  i n t e r n a l l y  i n  t h e  code b u t  can be o v e r r i d d e n  a s  an o p t i o n  

w i t h  t h e  i n p u t  c a r d s .  T h e i r  v a l u e s  have been a d j u s t e d  t o  g i v e  

rough ly  f o u r - p l a c e  accuracy  o r  b e t t e r  i n  t h e  group c o n s t a n t s  

w i t h  a  minimum runn ing  t ime f o r  t h e  code .  The f o l l o w i n g  t a b l e  

g i v e s  t h e  s p e c i f i c  c a r d  i n p u t  i n s t r u c t i o n s  : 

TABLE G-I . Card Input Instructions. 

V a r i a b l e  Columns D e s c r i p t i o n  

Card 1: Format (215,  l X ,  A6, 815) (To run  a  s e r i e s  o f  i s o t o p e s ,  
r e p e a t  from t h i s  c a r d . )  

MAT 1 - 5  ENDF/B i s o t o p e  number ( s e e  Tab le  G-2) .  

I  DTAP 6-10 ENDF/B t a p e  I D  number. 

I  NAME 12-17 I s o t o p e  name t o  be  punched on o u t p u t  
c a r d .  

LNSRI 18-  2 2  I f  LNSRI=O, t h e n  s t a n d a r d  "Russian" 
i n p u t  w i l l  be u s e d .  (See Appendix D ,  
s u b r o u t i n e  R u s s i a n .  I f  t h i s  v a r i a b l e  
i s  z e r o ,  c a r d s  2-6 w i l l  be d e l e t e d . )  
I f  LNSRIfO, t h e n  c a r d s  2-6 a r e  
r e q u i r e d .  

t Tape input is discussed in Appendix F. 



l sotope 
Number 

Number Numberof Number I" I T e m ~ t u r e s I  e I G k D s  I 

SIGOl1) 

Firstoo Value 

SIGOl1) 

No. of Fine- Parameter 
Grp pts per used in 

a 
ENDFIB ur Resolved . Data Points Calculations 

• • • 
TTI1) 

First Temperature Value 

SIGOI2) 

Seconduo Value 

SIGO12) 

EMAXFF 

Maximum Energy 
for F-Factor 

First  Lower Group 
Energy Bound 

Minimum Energy 
for F-Factor 

Second Temperature Value 

SIG0(31 

C 

J&) 

@ @ @  

EG(2) 

Second Lower Group 
Energy Bound 

DELUMX 
Maximum Lethargy Size 
for Unresolved Region 

DELMAX 

Maximum Lethargy Size 
for Fine Groups 

EG(3) 

@ @ @  

-F 

Minimum Energy 
for Nan-1IE Spectrum 

Fission Spectrum Constant 

EPS 
Accuracy Parameter 

i n  Romberg Integration 



TABLE G - 2 .  E N D F / B  Data a s  S p e c i f i e d  by  MAT Number. 

M a t e r i a l  

H- 1 

H20* 

D- 2  

D20* 

L i - 6  

L i - 7  

B e  

B e - m e t a l *  

BeO* 

B - 1 0  

C 

G r a p h i t e *  

CH2 * 

N-14 

0 - 1 6  

N  a  

Mg 

A 1 - 2 7  

T i  

v 

C  r 

M n - 5 5  

F  e  

N i 

Z r - 9 0  

Z r - 9 1  

MAT L a b o r a t o r y  

BN 

GA 

BN 

GA 

LASL 

LASL 

GA 

GA 

GA 

ORNL 

KAPL 

GA 

GA 

ORNL 

KAPL 

APDA 

AN L  

ORNL 

ANL 

ANL 

WAPD 

BNL 

WAPD 

WAPD 

BAPL - KAPL 

M a t e r i a l  

Z r - 9 2  

Z r - 9 4  

Z r - 9 6  

ZrH* 

Nb 

Mo 

X e - 1 3 5  

S m - 1 4 9  

E u - 1 5 1  

E u - 1 5 3  

G d 

D y - 1 6 4  

L u - 1 7 5  

L u - 1 7 6  

H f - 1 7 4  

H f - 1 7 6  

H f - 1 7 7  

H f - 1 7 8  

Hf  - 1 7 9  

Hf  - 1 8 0  

T a - 1 8 1  

W-182 

W - 1 8 3  

W-184 

W-186 

M A T  L a b o r a t o r y  

1 0 8 0  lo7'"1 BAPL-KAPL 

1 0 2 3  GA 

1 0 2 4  GA 

1 0 2 5  ANL 

1 0 2 6  BN 

1 0 2 7  BN 

1 0 2 8  BN 

1 0 2 9  BN 

1 0 3 0  ANL 

1 0 3 1  BN 

1 0 3 2  BN 

1 0 3 3  BN 

M a t e r i a l  

A u - 1 9 7  

T h - 2 3 2  

P a - 2 3 3  

U - 2 3 3  

U - 2 3 3  F . P .  

U - 2 3 3  F . P .  

U - 2 3 3  F . P .  

U - 2 3 4  

U - 2 3 5  

U - 2 3 5  F . P .  

U - 2 3 5  F . P .  

U - 2 3 5  F . P .  

U - 2 3 6  

U - 2 3 8  

N p - 2 3 7  

P u - 2 3 8  

P u - 2 3 9  

P u - 2 3 9  F . P .  

P u - 2 3 9  F . P .  

P u - 2 3 9  F . P .  

P u - 2 4 0  

P u - 2 4 1  

P u - 2 4 2  

A m - 2 4 1  

A m - 2 4 3  

Cm- 2 4 4  

M A T  L a b o r a t o r y  

1 0 3 7  BN 

1 0 3 8  BN 

1 0 4 0  BAPL 

1 0 4 1  GA-ORNL 

1 0 4 3  GA 

1 0 4 4  KAPL 

1 0 5 3  APDA 

1 0 5 4  GA 

1 0 5 5  A I 

1 0 5 6  I D  

1 0 5 7  I D  

1 0 5 8  A  I 

* ThermaZ d a t a  o n Z y .  
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