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1. I n t r o d u c t i o n  

This  r e p o r t  d e s c r i b e s  a r e e v a l u a t i o n  of  s i l i c o n  neu t ron  and photon 

product ion  c r o s s - s e c t i o n s  d a t a  by t h e  N a t i o n a l  Neutron Cross S e c t i o n  Center .  

Th i s  e v a l u a t i o n  was f i n i s h e d  i n  Sept .  1972 and i t  u s e s  a l l  t h e  d a t a  a v a i l -  

a b l e  t o  t h e  a u t h o r s  up t o  t h a t  t ime.  

I n  o r d e r  t o  p u t  t h i s  e v a l u a t i o n  i n  i t s  proper  p e r s p e c t i v e ,  i t  seems 

a p p r o p r i a t e  t o  p r e s e n t  a  b r i e f  h i s t o r y  of  t h i s  e v a l u a t i o n .  The o r i g i n a l  

e v a l u a t i o n  of  S i  was due t o  M.K.   rake.' Th i s  e v a l u a t i o n  had bo th  neu t ron  

and gamma p roduc t ion  c r o s s - s e c t i o n  f i l e s  up t o  20.0 MeV. T h ~ s e  d a t a  f i l e s  

were r e v i s e d  by P.G. Young t o  conform t o  d a t a  format changes,  w i t h  addi-  

t i o n a l  changes i n  some of  t h e  c ros s - sec t ion  d a t a  i n  l i m i t e d  energy r eg ions  

by R.Q.  Wright.  To t h e  r e s u l t i n g  d a t a  f i l e s  M.K. Drake and R.R. Kinsey 
2 

added d a t a  on 5 ,  y and r e v i s e d  t h e  gamma-production c r o s s - s e c t i o n  due 
L ' 

t o  c a p t u r e .  They a l s o  modified t h e  c r o s s - s e c t i o n  f o r  t h e  product ion  of  

t h e  1.779 MeV gamma-ray t o  r e f l e c t  t h e  changes made by R.Q. Wright i n  t h e  

cor responding  i n e l a s t i c  c ros s - sec t ion .  T h i s  e v a l u a t i o n  was l a t e r  ass igned 

a MAT No. = 1151 and became p a r t  of  t h e  ENDFIB-I11 d a t a  l i b r a r y .  The 

p re sen t  e v a l u a t i o n  RSIC No. 4151, Mod. 2 i s  based on t h i s  e v a l u a t i o n  by 

Drake and Kinsey w i t h  e x t e n s i v e  mod i f i ca t ions  which w i l l  be  desc r ibed  i n  

d e t a i l  i n  t h e  fo l lowing pages.  A b r i e f  summary o f  t h e s e  changes a long  w i t h  

t h e  h i s t o r y  of  t h i s  e v a l u a t i o n  i s  given  i n  a  t a b u l a r  form below. I f  t h e r e  

i s  no r e f e r e n c e  t o  changes i n  a  s p e c i f i c  c r o s s - s e c t i o n  i n  t h i s  r e p o r t ,  i t  

i s  t o  be  understood t h a t  t h e  cor responding  d a t a  f i l e s  a r e  t h e  same a s  i n  

t h e  ENDFIB-111 e v a l u a t i o n .  
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2. General  P r o p e r t i e s  o f  S i l i c o n  I s o t o p e s  

2.1 I s o t o p i c  Mass and P o s s i b l e  Neutron 
Induced React ions  

N a t u r a l  s i l i c o n  i s  made up of t h r e e  i s o t o p e s  - 28~ i ,  "Si and 30~i .  

Thei r  f r a c t i o n a l  abundances and i s o t o p i c  masses a r e  g iven  i n  Table 1. One 

can r e a d i l y  s e e  t h a t  t h e  p r o p e r t i e s  of n a t u r a l  s i l i c o n  a r e  e s s e n t i a l l y  

determined by 28~i .  The n u c l e a r  masses a r e  from t h e  compi la t ion  of Wapstra 

and ~ o v e . ~  I n  Table 2 we g i v e  t h e  Q v a l u e s  f o r  t h e  d i f f e r e n t  p o s s i b l e  

n u c l e a r  r e a c t i o n s  up t o  a  maximum neu t ron  energy o f  20 MeV. These were 

a l s o  c a l c u l a t e d  us ing  t h e  same mass t a b l e s .  S ince  some of  t h e s e  r e a c t i o n s  

3  v i z :  ( n , t ) ,  (n, He) and (n,na)  were found t o  make ve ry  s m a l l  con t r ibu -  

t i o n s ,  t hey  were ignored  i n  t h e  eva lua t ed  d a t a  set .  From t h i s  Table  we 

n o t e  t h a t  t h e  Q-value f o r  t h e  ( n , ~ )  r e a c t i o n  f o r  a  mixture  of  i s o t o p e s  

should  be  33.1 kev whereas i n  t h e  ENDFIB-I11 v e r s i o n  i t  i s  g iven  a s  32.7 

kev. S ince  they  a r e  s o  c l o s e  t h e  Q-value was l e f t  unchanged a t  32.7 kev.  

Rest of  t h e  (n,  p a r t i c l e )  d a t a  f i l e s  were no t  changed. 

2 .2  Energy Levels  of t h e  S i l i c o n  I s o t o p e s  

The energy l e v e l s  of  t h e  t h r e e  s i l i c o n  i s o t o p e s ,  a long  wi th  t h e i r  

s p i n s  and p a r i t i e s ,  a r e  g iven  i n  F i g s .  1-3. These c o n s t i t u t e  t h e  r e s u l t  

of some of  t h e  l a t e s t  work on t h e  l e v e l  schemes of  t h e s e  i s o t o p e s  and i s  

mostly due t o  t h e  exper imenta l  work i n  Refs.  4-10. The l e v e l  schemes a r e  

e s s e n t i a l l y  t h e  same as used i n  t h e  o r i g i n a l  Drake e v a l u a t i o n  w i t h  a  few 

minor changes i n  l e v e l  e n e r g i e s  and s p i n  assignments.  These l e v e l  schemes 

were used i n  t h e  n u c l e a r  model c a l c u l a t i o n s  f o r  t h e  d i f f e r e n t  r e a c t i o n  

c ros s - sec t ions  t o  be  desc r ibed  l a t e r .  



2.3 D i s c r e t e  Gamma Rays Produced 
by Neutron I n t e r a c t i o n s  

The d i s c r e t e  gamma rays  produced by (n,n'y) r e a c t i o n s  i n  t h e  S i  

i s o t o p e s  a r e  a l s o  shown i n  F i g s .  1-3. I n  Tables  3-5 w e  g i v e  a  l i s t  of 

t h e s e  gamma r a y s  a long  w i t h  t h e  i n i t i a l  and f i n a l  n u c l e a r  s t a t e s  and t h e i r  

t r a n s i t i o n  p r o b a b i l i t i e s .  Th i s  i n fo rma t ion  i s  t a k e n  from t h e  Drake r e p o r t  

w i t h  a  few minor m o d i f i c a t i o n s  and i s  due t o  t h e  d a t a  i n  Refs .  11-23. T h i s  

d a t a  i s  needed f o r  c a l c u l a t i n g  t h e  gamma product ion  c r o s s - s e c t i o n s  due t o  

i n e l a s t i c  s c a t t e r i n g  as w i l l  b e  desc r ibed  l a t e r  on. 

I n  Table  6 we g ive  a l i s t  of t h e  gamma r a y s  o r i g i n a t i n g  from thermal  

neu t ron  c a p t u r e  i n  s i l i c o n  a long  w i t h  t h e i r  m u l t i p l i c i t i e s .  Th i s  d a t a  i s  

from t h e  work of S p i t s  e t .  a l .  ,lo Lycklama e t .  a l . 2 4  and by B l i che r t -Tof t  

and ~ r i ~ a t h i . ~ ~  This  i s  t h e  expe r imen ta l  d a t a  used t o  d e r i v e  t h e  gamma 

p roduc t ion  c r o s s - s e c t i o n  due t o  n e u t r o n  c a p t u r e .  A t  h i g h e r  neu t ron  e n e r g i e s ,  

t h e  exper imenta l  d a t a  of  Lundberg and ~ e r ~ ~ v i s t ~ ~  a t  68 kev was used .  



3. Neutron Cross  S e c t i o n s  

3.1. The T o t a l  Cross Sec t ion  

The t o t a l  neu t ron  c r o s s - s e c t i o n  d a t a  used i n  t h e  o r i g i n a l  Drake and 

ENDFIB-111 e v a l u a t i o n s  are desc r ibed  i n  d e t a i l  i n  t h e  earlier repor t . '  i n  

t h e  p r e s e n t  e v a l u a t i o n  we have changed t h e  t o t a l  c ros s - sec t ion  d a t a  i n  t h e  

energy i n t e r v a l  0.5-20.0 MeV u s i n g  t h e  NBS d a t a  of  Schwartz e t .  a l .  
27 

Another set o f  t o t a l  c r o s s - s e c t i o n  d a t a  o f  comparable q u a l i t y  i s  t h a t  due 

t o  C i e r j a c k s  e t .  a1 .28 from Kar ls ruhe .  On comparison o f  t h e s e  two s e t s  o f  

d a t a ,  i t  was found t h a t  t h e  Kar l s ruhe  d a t a  gave a h i g h e r  c ros s - sec t ion  i n  gene ra l .  

Thus a t  8.7 MeV t h e  Kar l s ruhe  d a t a  i s  6.8% h i g h e r  t h a n  t h e  NBS d a t a ,  poin t -  

i n g  t o  some p o s s i b l e  problems w i t h  background s u b t r a c t i o n .  Hence, i t  was 

decided t o  u s e  t h e  NBS d a t a  which h a s  a  s t a t i s t i c a l  e r r o r  o f  about  3% a t  

t h e  lower end of  t h e  energy s c a l e  and about  4% a t  t h e  h i g h e r  end. The 

d a t a  p o i n t s  n a t u r a l l y  a r e  ve ry  c l o s e l y  spaced a t  t h e  lower end of t h e  

energy s c a l e  and they  become s p a r s e r  a s  one goes up i n  energy.  The s c a t t e r  

i n  t h e  energy p o i n t s  a l s o  becomes l a r g e  a t  t h e  h i g h e r  end of  t h e  s c a l e  and 

t h e  exper imenta l  d a t a  does  n o t  show any well-defined s t r u c t u r e  above 12 .0  MeV. 

I n  o r d e r  t o  o b t a i n  a smooth curve  p a s s i n g  evenly  amongst t h e  d a t a  p o i n t s  a  

s p l i n e  f i t  was made t o  t h e  d a t a  p o i n t s  u s ing  a program SPLIN w r i t t e n  by 

D.E. ~ u l l e n . ~ '  I n  t h i s  program one  h a s  t o  s p e c i f y  t h e  a b s c i s s a  and o r d i n a t e s  

of  a c e r t a i n  number of  nodes t o  o b t a i n  t h e  cor responding  s p l i n e  f i t .  By 

t r i a l  and e r r o r  one can de termine  t h e  nodes needed t o  have a curve  pas s ing  

through t h e  exper imenta l  p o i n t s  and reproduce  f a i t h f u l l y  t h e  gene ra l  t r e n d  

of  t h e  exper imenta l  d a t a .  One r e s u l t  o f  such a f i t  i s  shown i n  F igs .  4-7 

where t h e  curve  i n d i c a t e s  t h e  t o t a l  c ros s - sec t ion  i n  t h e  ENDFIB f i l e s  ob ta ined  

from t h e  s p l i n e  f i t  and t h e  p o i n t s  a r e  t h e  NBS expe r imen ta l  d a t a .  Above 



12.0 MeV, because of t h e  l a r g e  spread i n  t h e  d a t a ,  t h e  exper imenta l  p o i n t s  

were averaged over  one MeV energy i n t e r v a l s  and t h e  mean va lue  given a t  t h e  

mid-point of t h e  energy range.  This  e s s e n t i a l l y  g ives  a cons tan t  c ross -  

s e c t i o n  wi thout  any s t r u c t u r e  a t  t h e  h igh energy end of t h e  s c a l e .  

3.2.  The (n , a )  Cross-Section 

The (n ,a)  c ross - sec t ion  was l e f t  unchanged up t o  8.4 MeV a s  given i n  

t h e  ENDFIB-111 eva lua t ion .  Above t h i s  energy i t  was re-evaluated t o  conform 

t o  some r e c e n t  experimental  d a t a .  These changes a r e  d i scussed  i n  t h e  f o l -  

lowing. 

Above 8.4 MeV, t h e r e  a r e  no measurements of  t h e  (n , a )  c ross - sec t ion  f o r  

28~i .  There a r e ,  however, some exper imenta l  d a t a  f o r  t h e  (n , a )  cross-  

s e c t i o n  of 30~ i .  Hence, u s e  was made of t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of 

Gardner and yu30 which give t h e  r a t i o  of t h e  (n , a )  c ross - sec t ions  of 28si, 

2 9 ~ i  and 30~ i .  These c a l c u l a t i o n s  a r e  based on a s t a t i s t i c a l  model and give  

t h e  r e l a t i v e  c ross - sec t ions  of t h e  i s o t o p e s  of  an element a s  a func t ion  of 

t h e  i n c i d e n t  p a r t i c l e  energy,  t h e  Q-value of t h e  r e a c t i o n ,  t h e  l e v e l  d e n s i t y  

and t h e  p a i r i n g  energy of t h e  daughter  nucleus .  The r a t i o s  of  t h e  (n , a )  

c ross - sec t ions  f o r  t h e  s i l i c o n  i s o t o p e s  a t  about 14  MeV a s  c a l c u l a t e d  by t h e s e  

au thors  a r e :  

28Si:29Si:30Si = 1.00:1.27:0.485 . 
The exper imenta l  va lues  f o r  3 0 ~ i  ( a )  c ross - sec t ion  a v a i l a b l e  a t  t h e  

t i m e  of t h e  Drake eva lua t ion  were: Paul  and clarke3' 45.9 + 25.0 mb a t  

14.5 MeV; Khurana and ~ o v i 1 ~ ~  123.0 t 15.0 mb a t  14.8 MeV and P a s q u a r e l l i  3 3 

175.0 t 18.0 mb a t  14.7 MeV. Since  then ,  two a d d i t i o n a l  v a l u e s  have been 

published v i z .  Ranakumar e t .  a1.34 68.0 i 8 .0  mb a t  14.4 MeV and Singh 3 5 

73.6 t 10.3  mb a t  14.5 MeV. Adopting t h e  two newer va lues  which a r e  i n  



good agreement, w e  t a k e  a  weighted average t o  g ive  70.5 mb f o r  t h e  (n ,a)  c r o s s  

s e c t i o n  of 30~i .  

I f  t h e  c a l c u l a t e d  r a t i o s  of  Gardner and Yu given above and t h i s  va lue  

f o r  t h e  (n ,a)  c ross - sec t ion  f o r  3 0 ~ i  a r e  used,  one o b t a i n s  f o r  2 8 ~ i  u(n ,a )  = 

145.4 mb and f o r  2 9 ~ i  a ( n , a )  = 184.6 mb. However, t h i s  r e s u l t  i s  a t  v a r i -  

ance wi th  t h e  experimental  d a t a  of A n d e r s s o n - ~ i n d s t r b ; n ~ ~  who measured 2 8 ~ i  

u(n ,a )  : 29~ i  u(n ,u )  r a t i o  a s  8.5 + 1.2 a t  14.5 MeV. Hence, a s  a  way ou t  of t h i s  
\ 

c o n t r a d i c t i o n ,  i t  i s  assumed t h a t  Gardner and Y U ' S  t h e o r e t i c a l  c a l c u l a t i o n s  

a r e  l i k e l y  t o  be more r e a l i s t i c  i n  a  comparison between even-even n u c l e i  i .e .  

2 8 ~ i  and 3 0 ~ i  r a t h e r  than between even-even and even-odd n u c l e i  i . e .  2 8 ~ i  and 

29~ i .  Therefore us ing t h e  Andersson-~indstrbm r a t i o  of 8.5 and t h e  2 8 ~ i  (,,a) 

c ross - sec t ion  t o  b e  145.4 mb t h e  corresponding cross-sec t ion  f o r  2 9 ~ i  i s  found 

t o  be 17.1  mb. Thus, one o b t a i n s  t h e  f i n a l  va lues  adopted i n  t h i s  eva lua t ion  

a t  a  nominal energy of 14.5 MeV as :  2 8 ~ i  a ( n , a )  = 145.4 mb, 2 9 ~ i  .(,,a) = 

17.1  mb and 3 0 ~ i  a(,,,) = 70.5 mb. 

These c ross - sec t ions  weighted wi th  t h e  n a t u r a l  abundances of t h e  re- 

s p e c t i v e  i s o t o p e s  give t h e  (n , a )  c ross - sec t ion  f o r  n a t u r a l  S i  a s  137.1 mb 

a t  14.5 MeV. It should be  noted h e r e  t h a t  i f  t h e  much h igher  va lue  of 184.6 mb 

had been adopted f o r  t h e  2 9 ~ i  ( a )  c ross - sec t ion  a s  given by t h e  Gardner 

and Yu r a t i o ,  t h e  c r o s s  s e c t i o n  of s i l i c o n  would be  145.0 mb. This  i s  only  

5.8% higher  than 137.1 mb and is  w e l l  w i t h i n  t h e  u n c e r t a i n t i e s  of t h e  

cross-sec t ion .  The (n ,a)  c ross - sec t ion  f o r  n a t u r a l  s i l i c o n  a s  given i n  t h e  

Drake evaluation1 is  246.5 mb a t  14.5 MeV. The new va lue  adopted i n  t h i s  

eva lua t ion  i s  about 44% lower i n d i c a t i n g  a  newer set of c ross - sec t ion  values  

between 8.4 and 20.0 MeV. 

A t  t h e  time of t h e  previous  e v a l u a t i o n ,  s e v e r a l  d a t a  s e t s  e x i s t e d  i n  

which measurements were made g iv ing  t h e  c ross - sec t ion  ve r sus  energy f o r  t h e  



production of var ious  alpha groups. Since  2 8 ~ i  is  t h e  dominant i so tope ,  

a l l  t h e  alphas a r e  ascr ibed t o  t h e  ao,  al, a2 . . . . . e t c .  groups of t h i s  i so tope .  

Such d a t a  e x i s t e d  from s e v e r a l  s e p a r a t e  measurements f o r  neutron energ ies  

up t o  8.4 MeV. The previous eva lua t ion  considered each experiment i n  d e t a i l  

and provided a composite t o t a l  alpha production cross-sect ion f o r  2 8 ~ i  which 

was then defined a s  t h e  t o t a l  (n,a)  cross-sect ion f o r  n a t u r a l  s i l i c o n  from 

threshold  t o  8.4 MeV. 

Since then,  another s tudy of t h i s  r e a c t i o n  has  been published by 

crimes .37 The t o t a l  e l a s t i c  ( a t  two angles  - 15' and 30°) ,  ( n , ~ ~ + ~ ) ,  ( n , ~ ~ + ~ ) ,  

(n ,ao) ,  (n ,a l ) ,  (n ,a  ) and (n ,a  ) cross-sect ions  were measured between 6.64- 
2 3 

13.44 MeV. The measurements of t h e  (n,pi) and ( n , a . )  r eac t ions  were made 
1 

simultaneously wi th  a s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  se rv ing  a s  both t h e  

t a r g e t  and t h e  d e t e c t o r .  The normal izat ion was thus  i n t e r n a l  and e f f e c t i v e l y  

t o  t h e  t o t a l  cross-sect ion.  A p l o t  of t h e  sum of (n ,a  ) , (n ,a l ) ,  (",a2) and 
0 

(n,  a ) production cross-sect ions  of Grimes between 6.64 and 8.4 MeV when 3 

compared t o  t h e  n a t u r a l  s i l i c o n  (n ,a)  cross-sect ion of t h e  Drake eva lua t ion  

i n d i c a t e s  e x c e l l e n t  agreement wi th  respec t  t o  both  t h e  abso lu te  magnitude 

and t h e  s t r u c t u r e  of t h e  cross-sect ion.  

The s t r u c t u r e  i n  t h e  Grimes d a t a  cont inues  above 11.0 MeV, b u t  t h e  

sum cross-sect ion is  no longer t h e  t o t a l  production cross-sect ion s i n c e  a 
4 ' 

a5 e t c .  a r e  not  accounted f o r  tthough c l e a r l y  seen i n  t h e  s p e c t r a .  Thus, a t  

13.44 MeV t h e  "sum" cross-sect ion value  i s  about 35 mb a s  compared t o  t h e  

137.1 mb "best  value" a t  14.5 MeV recommended i n  t h i s  eva lua t ion .  Hence, 

i t  i s  concluded t h a t  t h e  (n,a)  curve of t h e  previous eva lua t ion  s t i l l  repre- 

s e n t s  adequately t h e  (n,a)  cross-sect ion from t h e  th resho ld  t o  8.4 MeV. 

Using t h e  207.6 mb value  a t  8.4 MeV from t h e  previous evaluat ion and 

137.1 mb a t  14.5 MeV a r r ived  a t  i n  t h i s  evaluat ion,  a smooth curve was 



drawn t o  r ep resen t  t h e  average n a t u r a l  s i l i c o n  (n ,a)  cross-sec t ion .  Th i s  

curve rises t o  a maximum of about 269 mb a t  about 10.6 MeV. The curve 

was then continued above 14.5 MeV t o  20.0 MeV by a l i n e a r  e x t r a p o l a t i o n  on 

a semi-log p l o t .  The r a t i o  of t h e  14.5 MeV and 20.0 MeV va lues  were made 

a s  c l o s e  a s  p o s s i b l e  t o  t h e  same r a t i o  of t h e  (n , a  ) r e a c t i o n s  a s  measured 
0 

by Rubbino and ~ u b k e . ~ ~  The r e s u l t i n g  curve  of t h e  (n ,a)  cross-sec t ion  

a s  given i n  t h e  p resen t  e v a l u a t i o n  i s  shown i n  Fig.  23. 

3.3. I n e l a s t i c  S c a t t e r i n g  Cross-Section 

Adoption of new t o t a l  c ross - sec t ion  and (n , a )  d a t a  a s  descr ibed con- 

s t i t u t e  two of t h e  major changes i n  t h e  p r e s e n t  s i l i c o n  e v a l u a t i o n  a s  

compared t o  i t s  e a r l i e r  ve r s ions .  S ince  t h e r e  was no s i g n i f i c a n t  new d a t a  

t o  warrant  ex tens ive  changes i n  t h e  o t h e r  c ross - sec t ions ,  i t  was decided t o  

keep t h e  r e s t  of t h e  (n,y)  and (n, p a r t i c l e )  cross-sec t ions  unchanged. How- 

e v e r ,  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  c ross - sec t ions  t o  t h e  va r ious  

exc i t ed  s t a t e s  of t h e  s i l i c o n  i s o t o p e s  had t o  b e  changed i n  conformity wi th  

changes i n  t h e  t o t a l  c ross - sec t ion .  The procedure adopted f o r  such changes 

i s  descr ibed below. 

Nuclear model c a l c u l a t i o n s  w e r e  made us ing  t h e  ABACUS-2 o p t i c a l  model 

code3' and ~ r e e n l e e s ~ '  parameters which a r e  given i n  Table 7 .  The l e v e l  

e x c i t a t i o n  ene rg ies  and t h e i r  s p i n s  and p a r i t i e s  used i n  t h e s e  c a l c u l a t i o n s  

a r e  given i n  Figs .  1-3. Such c a l c u l a t i o n s  g ive ,  t o t a l ,  e l a s t i c  and i n e l a s t i c  

s c a t t e r i n g  cross-sec t ions  f o r  t h e  t h r e e  s i l i c o n  i s o t o p e s .  A sum of t h e s e  

ca lcu la ted  t o t a l  c ross - sec t ions  weighted according t o  t h e  i s o t o p i c  abund- 

ance would g ive  us a " t o t a l "  c ross - sec t ion  con ta in ing  no (n ,  p a r t i c l e )  

cross-sec t ions  o r  t h e  (n,y)  c ross - sec t ion .  Hence, t h e  r e s u l t s  of t h e  o p t i c a l  

model c a l c u l a t i o n s  were normalized by mul t ip ly ing  them by t h e  r a t i o  
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a s  a funct ion of t h e  neutron energy. I n  p a r t i c u l a r ,  t h i s  r a t i o  was used t o  

normalize t h e  i n e l a s t i c  s c a t t e r i n g  cross-sect ions  t o  t h e  ind iv idua l  l e v e l s  

i n  t h e  t h r e e  i so topes  of s i l i c o n .  These were t h e  f i r s t  12 l e v e l s  i n  28Si 

up t o  an energy of 8.260 MeV, t h e  f i r s t  5 l e v e l s  i n  2 9 ~ i  up t o  an energy of 

3.623 MeV and t h e  f i r s t  4 l e v e l s  i n  3 0 ~ i  up t o  an energy of 3.788 MeV. The 

assumptions underlying such a normal izat ion procedure a r e  f i r s t l y  t h a t  of 

an extreme compound nucleus p i c t u r e  and secondly t h a t  t h e  r e l a t i v e  magnitudes 

of t h e  d i f f e r e n t  i n e l a s t i c  cross-sect ions  a r e  given by t h e  o p t i c a l  model 

c a l c u l a t i o n s .  The r e s u l t  of such a normalization i s  t o  o b t a i n  a s e t  of in-  

e l a s t i c  cross-sect ions  t o  t h e  d i f f e r e n t  exc i t ed  s t a t e s  wi th  t h e  same kind of 

f i n e  s t r u c t u r e  a s  i n  t h e  t o t a l  cross-sect ion " b u i l t  in".  It i s  i n t e r e s t i n g  

t o  compare these  cross-sect ions  wi th  experimental  d a t a  a v a i l a b l e  f o r  t h e  

1.779, 4.617, 4.975 and 6.276 MeV l e v e l s  i n  28~i .  There a r e  no experimental  

d a t a  f o r  t h e  e x c i t a t i o n  cross-sect ions  t o  any o ther  l e v e l s .  A s  of t h i s  

w r i t i n g  t h e  most extensive  d a t a  i s  f o r  t h e  1.779 MeV l e v e l  i n  28~i .  The 

experimental  d a t a  p l o t t e d  aga ins t  t h e  normalized curve i s  shown i n  Fig .  14 

from t h e  threshold  t o  5.0 MeV and i n  Fig.  15 from 5.0 t o  10.0 MeV. The 

experimental  d a t a  is  from Refs. 41-51. I n  such a comparison one must bear  

i n  mind t h e  f a c t  t h a t  d a t a  on i n e l a s t i c  e x c i t a t i o n  func t ions  i s  measured 

wi th  a much broader neutron energy r e s o l u t i o n  than t h e  t o t a l  cross-sect ion 

da ta .  This i s  ind ica ted  by t h e  h o r i z o n t a l  e r r o r  b a r s  about each d a t a  po in t .  

The v e r t i c a l  b a r s  i n d i c a t e  t h e  e r r o r  i n  t h e  value  of t h e  cross-sect ion.  

Where such b a r s  a r e  absent ,  e i t h e r  t h e s e  u n c e r t a i n t i e s  have no t  been quoted 

by t h e  authors  o r  they a r e  of t h e  order  of t h e  s i z e  of t h e  corresponding 



symbols. Looking at the trend of the calculated cross-section and the 

experimental points, the agreement is good except in the case of the 1961 

Lind and Day data at low energies which are consistently lower. The high 

resolution inelastic cross-section data for the 1.779 MeV level from thresh- 

old to 3.53 MeV given in Ref. 52 could not be used as it was not available 

in the final form at the time of the evaluation. In the case of 4.617 MeV 

level (Fig. 16) a comparison of the available experimental data with the 

normalized curve indicates that the experimental data are lower by nearly 

a factor of 2. For the 4.975 and 6.276 MeV levels (Figs. 17 and 18) the 

agreement between experiment and the evaluated curves is satisfactory. 

As mentioned earlier, the inelastic scattering cross-sections for a 

total of 21 levels in the three isotopes of silicon have been given in the 

evaluated data files. The remaining inelastic scattering cross-sections 

to some 46 remaining nuclear levels were lumped together as a cross-section 

for scattering into the continuum (MF = 3, MT = 91). This cross-section 

is shown in Fig. 19. It should be mentioned here, as a point of detail, 

that the energy grid used in normalizing the different partial cross-sections 

was the same as that used to give the total cross section. This simplifies 

to a considerable extent the whole procedure and one is assured of an energy 

grid which is fine enough to accommodate the structure in the different 

cross-sections. 

3.4. The Elastic Scattering Cross-Section 

A sum of all the inelastic scattering cross-sections, the (n, particle) 

cross-sections and the capture cross-section when subtracted from the total 

cross-section determined from the experimental data gives us the elastic 

scattering cross-section. It is interesting to compare this cross-section 



with experimental  d a t a  where a v a i l a b l e .  Such a comparison from 0.5-11.0 MeV 

i s  shown i n  Fig.  8. The experimental  d a t a  a r e  due t o  t h e  workers i n  Refs. 

4 3 ,  4 6 ,  49,  5 0 ,  53-56. The h o r i z o n t a l  b a r s  associa ted wi th  each d a t a  po in t  

i n d i c a t e  t h e  neutron energy r e s o l u t i o n  and t h e  v e r t i c a l  b a r s  t h e  d a t a  e r r o r s .  

The agreement between t h e  experimental  d a t a  and t h e  evaluated curve i s  good 

e s p e c i a l l y  i f  one bears  i n  mind t h e  broad neutron energy r e s o l u t i o n  of t h e  

ind iv idua l  d a t a  po in t s .  



4 .  Angular D i s t r i b u t i o n  o f  Secondary Neutrons 

4.1. E l a s t i c a l l y  S c a t t e r e d  Neutrons 

The angu la r  d i s t r i b u t i o n s  o f  t h e  e l a s t i c a l l y  s c a t t e r e d  neu t rons  were 

given i n  t h e  o r i g i n a l  Drake e v a l u a t i o n  as normalized p r o b a b i l i t y  d i s t r i b u -  

t i o n s .  These were conver ted  t o  g i v e  t h e  cor responding  Legendre polynomial 

expansion c o e f f i c i e n t s  u s i n g  t h e  code  CHAD.^^ The exper imenta l  d a t a  sets 

used have been  t a b u l a t e d  i n  t h e  o r i g i n a l  repor t . '  I n  a d d i t i o n ,  some o f  t h e  

new d a t a  by K n i t t e r  and ~ o ~ ~ o l a , ~ ~  Kinney and perey50 were used.  The ex- 

pe r imen ta l  d a t a  of t h e  l a s t  r e f e r e n c e  f o r  E = 8.56 + 0.08 MeV and a 
n 

Legendre polynomial f i t  of  o r d e r  e i g h t  a r e  shown i n  F ig .  27. A v a l u e  of  

about  980 mb/sr was used i n  t h e  forward d i r e c t i o n  and between 140" and 180° ,  

t h e  exper imenta l  p o i n t s  were supplemented by p o i n t s  read  o f f  from t h e  dashed 

curve  given i n  t h i s  r e f e r e n c e .  I n  f i t t i n g  t h e  d a t a  f o r  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 ,  cons i s t ency  checks w i t h  Wick's l i m i t  were made. It was a l s o  

made s u r e  t h a t  t h e  Legendre polynomial expansion c o e f f i c i e n t s  reproduced a 

non-negative 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  c ros s - sec t ion .  

I n  a d d i t i o n ,  new f i l e s  g iv ing  5 and y were genera ted  u s i n g  t h e  
L ' 

code58 DUMMY5 and p l o t s  of t h e s e  a r e  shown i n  F i g s .  24-26. 

4.2 I n e l a s t i c a l l y  S c a t t e r e d  Neutrons 

T h e  angu la r  d i s t r i b u t i o n  o f  i n e l a s t i c a l l y  s c a t t e r e d  neu t rons  f o r  the 

1.779 MeV l e v e l  of  2 8 ~ i  were conver ted  t o  t h e  cor responding  Legendre 

polynomial expansion c o e f f i c i e n t s  and a r e  i nc luded  a s  such  i n  t h e  eva lua t ed  

d a t a  f i l e s .  I n  a d d i t i o n  t o  t h e  d a t a  i n  t h e  Drake e v a l u a t i o n ,  new d a t a  by 

Kinney and perey50 h a s  been  used.  A f i t  made t o  t h e  E = 7.55 i 0.04 MeV 
n 

and E = 1.779 MeV d a t a  from t h i s  r e f e r e n c e  u s i n g  CHAD i s  shown i n  F ig .  28. 
ex  



It should a l s o  be mentioned h e r e  t h a t  coupled channel c a l c u l a t i o n s  were 

ca r r i ed  ou t  t o  determine t h e  d i r e c t  c o n t r i b u t i o n  due t o  t h e  coupling of t h e  

f i r s t  two exc i t ed  s t a t e s  of each s i l i c o n  i so tope  t o  account f o r  t h e  aniso- 

tropy of t h e  d i f f e r e n t i a l  i n e l a s t i c  s c a t t e r i n g .  However, s i n c e  t h e  experi-  

mental d a t a  showing such anisotropy were sparse ,  i t  was decided n o t  t o  use  

these  c a l c u l a t i o n s .  



5.  Gamma Ray Product ion Cross Sec t ions  

5.1. Production of Rad ia t ive  Capture Gamma Rays. 

a .  Low Energy Capture (10-5 e V  - 50 keV) 

The ene rg ies  and m u l t i p l i c i t i e s  f o r  t h e  gamma r a y s  due t o  neut ron 

cap tu re  i n  t h i s  energy range w e r e  obta ined from t h e  thermal neut ron cap tu re  

d a t a  of S p i t s  e t  a l . ,  lo Lycklama e t  a1. 24 and Blichert-Tof t and T r i p a t h i .  
25 

These d a t a  a r e  given i n  Table 6 ,  wi th  gamma ray  e n e r g i e s ,  t h e i r  m u l t i p l i c i t i e s ,  

energy of t h e  i n i t i a l  s t a t e  a s  w e l l  a s  t h e  i s o t o p i c  i d e n t i f i c a t i o n  of t h e  

t a r g e t  nucleus .  The b inding e n e r g i e s  of  neut rons  i n  t h e  compound n u c l e i  

r e s u l t i n g  from neutron c a p t u r e  i n  28~i ,  298i  and 30Si a r e  8,474.2 t 0.5 kev, 

10,609.9 + 1 .0  kev and 6589.1 + 0.7 kev r e s p e c t i v e l y .  However, an e f f e c t i v e  

b inding energy of 8,767.6 kev f o r  s i l i c o n  a s  recommended by Orphan e t .  a l .  
60 

has  been used i n  t h i s  eva lua t ion .  The experimental  d a t a  given i n  Table 6 

was t h e r e f o r e  normalized t o  t h i s  Q-value f o r  t h e  (n,y)  r eac t ion .  

b .  High Energy Capture (above 50 kev) 

For t h i s  neut ron energy range,  t h e  experimental  d a t a  of  Lundberg and 

~ e r ~ ~ v i s t ~ ~  a t  68 keV a r e  used. The measurements i n  t h i s  work were done 

wi th  a NaI(T1) s c i n t i l l a t o r  and a s  such,  t h e  gamma r a y  ene rg ies  a r e  given wi th  

a broader energy r e s o l u t i o n  a s  compared t o  a Ge(Li) d e t e c t o r .  By comparison 

wi th  Ge(Li) d e t e c t o r  d a t a  of  thermal  neut ron cap tu re ,  i t  was p o s s i b l e  t o  

e s t a b l i s h  a p l a u s i b l e  one-to-one correspondance between t h e  gamma ray  

ene rg ies  given by Lundberg and Bergqvist  and t h e  Ge(Li) d e t e c t o r  measure- 

ments. The m u l t i p l i c i t i e s  of t h e  68 keV measurements were used and i f  a 

gamma ray  was known t o  be  a primary t r a n s i t i o n ,  t h e  k i n e t i c  energy of t h e  

neut ron was added t o  t h e  gamma-ray energy t o  s a t i s f y  energy conservat ion .  

The m u l t i p l i c i t i e s  and t h e  gamma ray  ene rg ies  a r e  given s t a r t i n g  from 0 .1  MeV 

neutron energy i n  s t e p s  of 0.1 MeV up t o  1 .0  MeV.  Above t h i s  neut ron energy,  



t h e  gamma spectrum is  t r e a t e d  a s  a continuum and o n l y  average  m u l t i p i c i t i e s  

a r e  g iven  i n  F i l e  1 2  (MF=102) and t h e  energy d i s t r i b u t i o n  of  t h e  gamma spectrum 

is  given i n  F i l e  15 .  These energy d i s t r i b u t i o n s  were ob ta ined  by p u t t i n g  a l l  

t h e  d i s c r e t e  gamma r a y s  i n  gamma r a y  energy  bands 0.5 MeV wide t o  g i v e  a h i s t o -  

gram. 

5 .2  Cross S e c t i o n s  f o r  t h e  Product ion  o f  (n ,n Iy )  Gamma Rays 

The d a t a  on t h e  gamma r a y s  and t h e i r  t r a n s i t i o n  p r o b a b i l i t i e s  g iven  i n  

Tables  3-5 was used t o  c a l c u l a t e  t h e  gamma p roduc t ion  c r o s s - s e c t i o n  due t o  

i n e l a s t i c  s c a t t e r i n g  from t h e  corresponding  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 .  

I n  t h e s e  c a l c u l a t i o n s ,  gamma r a y s  o r i g i n a t i n g  from l e v e l s  less t h a n  o r  equa l  

t o  t h e  8.260 Mev l e v e l  i n  28~i ,  t h e  3.623 MeV l e v e l  i n  2 9 ~ i  and t h e  3.788 MeV 

l e v e l  i n  3 0 ~ i  were e x p l i c i t l y  t r e a t e d  a s  d i s c r e t e  gamma r a y s  and t h e i r  p roduc t ion  

c r o s s - s e c t i o n s  c a l c u l a t e d .  S i n c e  e x c i t e d  states l y i n g  above t h e  t h r e e  e n e r g i e s  

i n  t h e  cor responding  i s o t o p e s  were t r e a t e d  a s  p a r t  of  t h e  "continuumtt; t h e  

gamma r a y s  o r i g i n a t i n g  i n  t h e s e  l e v e l s  were  t r e a t e d  d i f f e r e n t l y  a s  desc r ibed  

below. I f  t h e  t r a n s i t i o n  p r o b a b i l i t i e s  of  t h e  d i f f e r e n t  gamma r a y s  are known, 

it  i s  p o s s i b l e  t o  fo l low i n  d e t a i l ,  t h e  number p o p u l a t i n g  a p a r t i c u l a r  s t a t e  

and t h e  number d e p l e t i n g  such a popu la t ion  and c a l c u l a t e  t h e  gamma p roduc t ion  

c r o s s - s e c t i o n s .  S ince ,  t h e  r e s u l t i n g  c r o s s - s e c t i o n s  had a l o t  o f  f i n e  s t r u c t u r e  

i n  them, t h e y  were averaged over  20 kev i n t e r v a l s  from t h e  t h r e s h o l d  up t o  5.0 

Mev, and ove r  200 kev  i n t e r v a l s  t o  10.0 MeV and ove r  1 . 0  Mev i n t e r v a l s  up t o  

20.0 MeV. These c r o s s - s e c t i o n s  were c a l c u l a t e d  up t o  20.0 MeV f o r  some of 

t h e  gamma t r a n s i t i o n s  i n  2 8 ~ i  where d a t a  on t h e  p roduc t ion  c r o s s - s e c t i o n  were 

a v a i l a b l e  a t  e n e r g i e s  above 10.0 Mev; o t h e r w i s e  then  c r o s s - s e c t i o n s  were c a l -  

c u l a t e d  on ly  up t o  9.0 Mev i n  2 8 ~ i  and up t o  4.0 MeV i n  2 9 ~ i  and 30~i .  The 



6 1 
exper imenta l  d a t a  on t h e  p roduc t ion  c r o s s - s e c t i o n s  i s  due t o  Tucker e t  a l .  , 

Drake e t  a1.62 and o t h e r  expe r imen ta l  d a t a  g iven  i n  Ref.  61. A comparison 

between t h e  c a l c u l a t e d  cu rves  and t h e  expe r imen ta l  d a t a  i s  shown i n  F igs .  29-39. 

The neu t ron  energy r e s o l u t i o n  i s  shown by a h o r i z o n t a l  b a r ,  o the rwise  it  is  

less o r  equa l  t o  t h e  h o r i z o n t a l  e x t e n s i o n  of  t h e  symbol. It should  b e  emphasized 

h e r e  t h a t  t h e  c a l c u l a t e d  cu rves  have n o t  been normalized t o  any exper imenta l  

va lue .  The agreement between t h e  c a l c u l a t e d  cu rves  and t h e  exper imenta l  d a t a  

i s  good, e s p e c i a l l y  f o r  t h e  more i n t e n s e  gamma r a y s .  

The photons no t  t r e a t e d  a s  d i s c r e t e  gamma r a y s  were accounted f o r  by 

assuming t h a t  t hey  form p a r t  of  a cont inuous  gamma spectrum. Th i s  i s  t h e  c a s e  

w i t h  t h o s e  d i s c r e t e  gamma r a y s  whose c r o s s - s e c t i o n s  a r e  g iven  o n l y  up t o  9.0 MeV. 

However, c ros s - sec t ions  o f  some o f  t h e  more i n t e n s e  gamma r a y s  a r e  given up 

t o  20.0 MeV.  Hence, t h e  fo l lowing procedure  (suggested by M.K. Drake) w a s  

used t o  s u b t r a c t  t h e  c o n t r i b u t i o n s  o f  t h e  d i s c r e t e  gamma r a y s .  It is  assumed 

t h a t  t h e  gamma product ion  c ros s - sec t ion  a t  9.0 MeV i s  1.48b and a t  14.5 MeV 

i s  1.75bL. The r a t i o  of  t h e  t o t a l  gamma p roduc t ion  c ros s - sec t ion  t o  t h e  non- 

e l a s t i c  c ros s - sec t ion  ( t h i s  i s  t h e  y i e l d  o r  t h e  m u l t i p l i c i t y  y(E ))  i s  found 
n 

t o  be 1 .23  a t  9.0 MeV and 1.60 a t  14.5 MeV. It was assumed t h a t  a s t r a i g h t -  

l i n e  i n t e r p o l a t i o n  could  b e  made between 9.0 and 14 .5  MeV t o  o b t a i n  t h i s  r a t i o  

a t  p o i n t s  i n  between and t h a t  one cou ld  extend t h e  s t r a i g h t  l i n e  t o  g e t  t h i s  

r a t i o  up t o  20.0 MeV. The recommended  on-elastic c ross - sec t ion  m u l t i p l i e d  

by t h i s  r a t i o  t h u s  g ives  t h e  t o t a l  gamma p roduc t ion  c ros s - sec t ion .  The energy 

d i s t r i b u t i o n  of  t h e  continuum photons ,  * (E +E ) as w e l l  a s  t h e  average  
~ E Y  Y n 

photon energy E (En) averaged over  t h i s  energy d i s t r i b u t i o n  were c a l c u l a t e d  
Y 

us ing  t h e  GROGI-111 as desc r ibed  i n  t h e  n e x t  s e c t i o n .  The t o t a l  energy 

r e l e a s e d  p e r  r e a c t i o n  as photons i s  E (En) x y (En). From t h i s  t h e  t o t a l  
Y 



gamma ray energy E r e leased  a s  d i s c r e t e  photons ( t h i s  i s  obtained by 
Y 

averaging E f o r  t h e  i - t h  d i s c r e t e  gamma over i t s  corresponding production 
Y i  

c ross-sect ion o ) is  sub t rac ted  t o  g ive  gamma energy E appearing i n  t h e  
n , x i  Y 

continuum. This is  used t o  c a l c u l a t e  t h e  photon production cross-sect ion f o r  

t h e  continuum a s  

The normalized energy d i s t r i b u t i o n  f o r  t h e  continuum i s  a l s o  given i n  F i l e  15.  

5.3 Energy D i s t r i b u t i o n  of t h e  Secondary Gamma Rays 

I n  d i scuss ing  cap ture  gamma ray s p e c t r a  i t  was mentioned how gamma rays 

due t o  capture  above 1 . 0  MeV neutron energy were grouped toge ther  i n t o  b i n s  

0.5 MeV wide and t h e  d i s t r i b u t i o n  normalized t o  give  an energy d i s t r i b u t i o n  

of t h e  gamma ray spectrum. 

The gamma-ray production cross-sect ions ,  i t s  energy d i s t r i b u t i o n  and mean 

energy were ca lcu la ted  from 9.0 t o  20.0 MeV. Neutron energy us ing t h e  GROGI-111.  

Code. 63 Since 2 8 ~ i  is  t h e  dominant i s o t o p e  c a l c u l a t i o n s  were made only f o r  

28~i .  I n  t h i s  code, cascade c a l c u l a t i o n s  based on a s t a t i s t i c a l  theory a r e  

performed t o  es t imate  con t r ibu t ions  from t h e  d i f f e r e n t  gamma rays .  I n  these  

c a l c u l a t i o n s ,  t h e  level-densi ty  formula used i s  t h a t  of Gi lbe r t  and Cameron 
64 

The l e v e l  dens i ty  parameters f o r  t h e  parent  nucleus and t h e  d i f f e r e n t  daughter 

n u c l e i  produced i n  t h e  cascade processes were a l l  taken from t h i s  paper and 

a r e  l i s t e d  i n  Table 8. A t  high e x c i t a t i o n  energ ies  involving high nuclear  

s p i n  values t h e  r e l a t i v e  importance of y versus  p a r t i c l e  emission has  t o  be  

properly ca lcu la ted  using t h e  y r a s t  l e v e l s .  The y r a s t  l e v e l s  f o r  high s p i n  

were ca lcu la ted  using t h e  p r e s c r i p t i o n  given i n  t h e  paper of ~ i l a t ~ ~  and Grover 

and ~ i l a t ~ ~  and t h e  compilation of Endt and Van d e r  ~ e u n l ' .  These d a t a  a r e  



given  i n  Table  9 i n  MeV. The b ind ing  e n e r g i e s  o f  neu t ron ,  p ro ton  and a- 

p a r t i c l e s  f o r  a l l  n u c l e i  a r e  g iven  i n  Tab le  1 0  i n  MeV. A l l  d a t a  except  f o r  

' l ~ e  were taken  from t h e  p rev ious  r e f e r e n c e .  The d a t a  f o r  ' l ~ e  a r e  from 

Mattauch e t  a ~ . ~ '  The t r ansmis s ion  c o e f f i c i e n t s  f o r  n ,  p  and a p a r t i c l e s  

were c a l c u l a t e d  us ing  ABACUS-2 us ing  t h e  o p t i c a l  model parameters  o f  

B e c c h e t t i  and  ree en less^^. The o p t i c a l  model parameters  f o r  t h e  a p a r t i c l e s  

a r e  from Huirenga and 1 ~ 0 ~ ~ .  The GRmGI-I11 Code c a l c u l a t e s  t h e  gamma spectrum 

from each  cascade  p rocess .  The t o t a l  gamma p roduc t ion  c ros s - sec t ion  a s  w e l l  

as t h e  energy d i s t r i b u t i o n  o f  t h e  gamma spect rum were ob ta ined  by summing a l l  

t h e s e  c o n t r i b u t i o n s .  
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TABLE 1 

P r o p e r t i e s  of t h e  N a t u r a l l y  Occur r ing  S i l i c o n  I s o t o p e s  

- - - - - - --- 

I s o t o p e  F r a c t i o n a l  Abundance I s o t o p i c  Mass 

TABLE 2 

Reac t ion  Q Values  f o r  t h e  S i l i c o n  I s o t o p e s  

Q Value (MeV) 
Reac t  i on  

2 8 ~  i ' S  i 3 0 ~  i 



TABLE 3 

Gama Rays from ( n , n l y )  Reac t ions  i n  2 8 ~ i  

I n i t i a l  S t a t e  F i n a l  S t a t e  

E  Trans  i t  i o n  
Energy Energy Y P r o b a b i l i t y  

(MeV) 5' (MeV) J' (MeV) (%I 



TABLE 4 

Gamma Rays from ( n , n f y )  Reac t ions  i n  2 9 ~ i  

I n i t i a l  S t a t e  F i n a l  S t a t e  

E  
T r a n s i t i o n  

Energy Energy Y P r o b a b i l i t y  
(MeV) J q  (MeV) J" (MeV ) % 

TABLE 5 

Gamma Rays from ( n , n l y )  Reac t ions  i n  3 0 ~ i  

I n i t i a l  S t a t e  F i n a l  S t a t e  

E  
T r a n s i t i o n  

Energy Energy Y P r o b a b i l i t y  
(MeV) Jq (MeV) .JT % 



TABLE 6 

Gamma-Ray Ene rg i e s  and M u l t i p l i c i t i e s  due t o  
Thermal Neutron Capture  i n  S i l i c o n  

E I 
Y Y E i n i t  i a l  

(MeV) ~ h o t o n s / 1 0 0  Capture (MeV) T a r g e t  I s o t o p e  

primary 
primary 
primary 

primary 
primary 

7.057 
6.746 

p r  imar y 

6.3810 
pr  imar y 

7.507 
6.3810 
4.9350 
4.8410 
6.3810 

p r  imar y 
3.7700 
4.9340 

p r  imary 
primary 
pr  imary 

3.5330 

2.4260 
2.235 

primary 
pr  irnary 

2.0280 
4.934 
3.067 
1.6950 

primary 
3.7870 
6.3810 
3.7700 
6.3810 
1.273 
2.426 
0.7520 



TABLE 7 

O p t i c a l  Model Parameters  

~ ( r )  = - vRf ( r Y % , a R )  + vSO g - ) ] Real  P a r t  

W(r) = -W f ( r  ,R;,a;) + WSF Imaginary P a r t  
v 

1 
where f ( r , R , a )  = 

l + e  (r-R) / a  

0 4 = s c a l a r  product  of i n t r i n s i c  and o r b i t a l  angu la r  momentum - 
o p e r a t o r s .  

k2 = pion Compton wave-length squared  2 . 0 f g .  
"7 

A = t a r g e t  mass number. 

113 
A l l  r a d i i  of t h e  form: R  = r A . I I 

V = 56.3 - 0.32E - 24.0 (N-Z) 
R A 

r = 1.17 aR = 0.75 

W = 0  
v 

'SF 
= 13.0 - 0.25E - 1 2 . 0  (*iZ) o r  z e r o y  whichever i s  g r e a t e r .  

VSO = 6.2 rSO = 1 . 0 1  a  = 0.75 where E i s  t h e  i n c i d e n t  neu t ron  SO l a b  ene rgy  i n  MeV. 



TABLE 8 

Level  Dens i ty  Parameters  of t h e  Isotopes 
Used i n  t h e  Cascade Ca lcu l a t i ons*  

- 1 
*where a  = l e v e l  d e n s i t y  parameters  (MeV ) , T = 

t empera tu re  of n u c l e i  (MeV), E = n o r m a l i z a t i o n  
0 

energy  (MeV), E = energy  of tangency p o i n t  
X 

(MeV), 0 = s p i n  c u t - o f f  pa rame te r ;  (j = 

p a i r i n g  ene rgy  (MeV). 
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TABLE 10 

Binding  E n e r g i e s  of Neut ron ,  P r o t o n ,  and 0 - P a r t i c l e s  

f o r  N u c l e i  Produced by Cascade P r o c e s s e s  i n  2 8 ~ i  

Neut ron  R e a c t i o n s  (MeV) 
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