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has s t e a d i l y  increased  and i n  most cases  exceeds t h e  accuracy of  expe r i -  

mental d i f f e r e n t i a l  d a t a .  A c l e a r  example of t h e  l a t t e r  i s  t h e  proper  

i n t e r p r e t a t i o n  of t h e  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  f o r  Pu-239. 

An e a r l i e r  e v a l u a t i o n  of o and o the r  r e a c t i o n  c ro s s  s e c t i o n s  
nn ' 

was presented a t  t h e  He l s i nk i  Conference, June 1970"' ( he r ea f t e r  

r e f e r r e d  t o  as P) .  This a n a l y s i s  was t o  form the b a s i s  for the high 

energy (E > 100 keV) c r o s s  s e c t i o n s  for t he  Evaluated Nuclear Data F i l e  

(ENDF/B) on Pu-239. A subsequent meeting of t h e  Cross Sec t i on  Evalua t ion  

Working Group (CSEWG) r e s u l t e d  i n  express ions  of concern t h a t  t h e  e l a s t i c  

c r o s s  s e c t i o n s  i n  ENDF/B-11 were lower than  those i n  ENDF/B-I and t h e  

i n e l a s t i c  c ro s s  s e c t i o n s  were higher .  

A s  pointed ou t  i n  P, previous c a l c u l a t i o n s  used i n  eva lua t i ng  

Pu-239 have employed a s p h e r i c a l  o p t i c a l  p o t e n t i a l  wi th  t h e  va r i ous  

r e a c t i o n  c ro s s  s e c t i o n s  being i n t e r p r e t e d  a s  a r i s i n g  on ly  from compound 

nucleus formation. However, s i nce  t h i s  nuc l ide  i s  known t o  e x h i b i t  a 

h i g h  degree of deformi ty ,  t h e  s c a t t e r i n g  of neutrons cannot  be descr ibed  

adequately by the  c o n v e n t i o n a l ~ o p t i c a l  model, which does not  e ens ide r  t h e  

coupling between t h e  i nc iden t  neutron motion and the  nuc lear  su r f ace  

r o t a t i o n .  This  coupling causes the direct exci ta t ion of t h e  r o t a t i o n a l  

l e v e l s  by i n e l a s t i c  s c a t t e r i n g .  

While t he se  previous ana lyses  have provided f a i r l y  good agreement 

between ca l cu l a t ed  and experimental  angular  d i s t r i b u t i o n s ,  t he  magnitude 

of t he  d i f f r a c t i o n  minima and maxima h a s  not been w e l l  produced. Ear l i e r  

inves t i g a r i o n s  have shown t h a t  neg l ec t i ng  t he  h igh  degree of an i s t r opy  

exh ib i t ed  by t h e  d i r e c t  i n e l a s t i c  component can lead  t o  s e r i o u s  e r r o r s  

i n  t he  p r ed i c t i on  of t he  d i f f e r e n t i a l  e l a s t i c  and i n e l a s t i c  c r o s s  s e c t i o n s .  

These e r r o r s  mani fes t  themselves i n  two major a r ea s .  I n  t h e  low 
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experimental cons t r a in t s ;  namely, the  t o t a l  c ross  s ec t ion  0 the  
T ' 

po ten t i a l  s c a t t e r i n g  c ros s  s ec t ion  opot ,  and the  s -  and p-wave s t r eng th  

functions (So and S . 
Two add i t i ona l  pseudo-constraints  a and a were a l s o  introduced 

n f n?' 
i n  t h e  s t a t i s t i c a l  ana lys i s  such t h a t  the ca lcula ted  va lues  agreed t o  

a t  l e a s t  5 t o  7% of the  most recent  recommended va lues .  The reason f o r  

the  l a t t e r  r e s t r i c t i o n  i s  manifested i n  t he  f a c t  t h a t  such an ana lys i s  

would beget more confidence i n  the r e s u l t i n g  i n e l a s t i c  processes.  

These r e s t r i c t i o n s  were ve ry  successfu l  i n  providing a cons i s t en t  

set of parameters f o r  performing ca l cu l a t i ons  t h a t  produced very good 

agreement with  a.11 available experimental  d a t a  from 10 keV t o  20 MeV. 

Theory 

The d i f f e r e n t i a l  c ros s  s ec t ions  fo r  shape e l a s t i c  s c a t t e r i n g  (0 ) ,  
SE 

the  t o t a l  r eac t ion  cross  s e c t i o n  (0 ), and the  d i r e c t  i n e l a s t i c  s c a t t e r i n g  R 

(' ( ro t )  
) were ca l cu l a t ed  using the  Coupled Channel Code JUPITER I by 

( 4  Tamura . 
I n  t he  phenomenological desc r ip t ion  i t  is assumed t h a t  the  whole 

i n t e r a c t i o n  t o  which the  neutron i s  subjected may be descr ibed  by an 

optical-model p o t e n i t a l  V(r ,o,$ which i s  complex and inc ludes  s p i n  o r b i t  

coupling. Its r a d i a l  dependence i s  of t he  Saxon-Woods form and i ts  

de r iva t ive .  V(r,@,lo) i s  assumed t o  be, i n  genera l ,  non-spherical  and 

is defined as(4' : 
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as t o  incorpora te  the  more r ecen t  methods i n  the  analysis of continuum 

p a r t i c l e  emission.  The fol lowing d e s c r i p t i o n  i s  based on the procedures 

ou t l i ned  i n  Ref. (5); f o r  a  more complete a n a l y s i s  t he  reader  should 

consu l t  this work. 

From Moldauer (637) t h e  r e a c t i o n  c r o s s  s e c t i o n  f o r  i nc iden t  channel  

c and outgoing channel  c' (c z n ~ j )  may be  w r i t t e n  as: 

where 

and 

OX = (eXa) a = a l l  open channe l s .  
01 

Tc i s  t h e  o p t i c a l  model p e n e t r a b i l i t y  f o r  channel c ,  and Qc is  the  statistical 

parameter with range 0  5 Q <_ 2. 

In previous calculations us ing  ABACUS-NEARREX'~) t h e  q u a n t i t y  Q was 

t r e a t e d  as a cons tan t  where'its dependence on (0  ) was ignored.  However, 
kc 

as  was discovered i n  s e v e r a l  i n s t ance s  du r ing  t he  a n a l y s i s  i n  P and also 

repor ted  by'''), such a treatment can lead t o  negative va lue s  f o r  the  

ampound e l a s t i c  c ro s s  s e c t i o n  f o r  some p a r t i a l  waves when many channels  

a r e  open and Q i s  n o t  taken s u f f i c i e n t l y  smal l .  
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(13) Lane and Lynn(12) and Brown . 
The f i s s i o n  c r o s s  s e c t i o n  was i n t e r p r e t e d  i n  terms of t h e  H i l l -  

Wheeler( l4)  model wi th  

where PJJ" i s  t h e  e f f e c t i v e  number of f i s s i o n  channe l s  and i s  dependent  

upon t h e  p e n e t r a b i l i t y  f a c t o r  Pi by 

and 

f i 
i s  t h e  f i s s i o n  t h r e s h o l d ,  and pld the c h a r a c t e r i s t i c  energy  of t h e  

b a r r i e r  c u r v a t u r e .  

Combining the  coup led-channe l  c a l c u l a t i o n s  w i t h  t h e  s t a t i s t i c a l  

model produced t h e  f o l l o w i n g  i n t e r a c t i o n  c r o s s  s e c t i o n s :  

OT = t o t a l  c r o s s  s e c t i o n  

'SE 
= shape  e l a s t i c  c r o s s  s e c t i o n  

OCE 
= compound e l a s t i c  c r o s s  s e c t i o n  

'e I = 'SE + 'CE 
total e las t ic  

OR 
= r e a c t i o n  c r o s s  s e c t i o n  

Oc 
= compound fo rmat ion  c r o s s  s e c t i o n  

(snn ' (comp.) = compound i n e l a s t i c  cross s e c t i o n  

Onn ' ( r o t . )  = direct  i n e l a s t i c  c r o s s  s e c t i o n .  

Computer code  THRESH"^) which i s  an  e m p i r i c a l  model embodying t h e  

e v a p o r a t i o n  t h e o r y  of Weisskopf was used t o  c a l c u l a t e  t h e  
On,3n9 

onp. 4d3 4t, and 0 c r o s s  s e c t i o n s .  m! 

- 8 -  



1 - - - 
E-4.0 MeV - 

- 
0 COPPOLA 8 KNITTER,Z PHYS. 232 (1970) 286  

BATCHELOR 8 WYLD, AWRE 0-55/69(1969) - 

- 

- - 
- 
- 
- 
- 
- 
1 

0 25 50 75 100 125 150 175 

6 (DEGREES) 

Figure 9 



The thresholds  fo r  t he  n,2n, n,3n, and charged p a r t i c l e  ernissian 

were taken from Ref. (21) and a r e  given below 

React  ion 
E th re sh .  (MeV 

n - 3n 12.71 

n- P -0.06 

n-d 3.96 

n- t 3.18 

n-He 
3 

3 . 6 8  

n-He 4 
-11.79 

I n  o rde r  t o  a s c e r t a i n  t he  q u a l i t y  of t he  r e s u l t a n t  c a l c u l a t i o n  a d  

perhaps t o  g a i n  a  c l e a r e r  i n s i g h t  i n t o  t he  apparent  en igmat ic  f e a t u r e s  of the 

i n e l a s t i c  and e l a s t i c  s c a t t e r i n g  processes Ln fu-239, i t  was decided t o  

carry out t h e  c a l c u l a t i o n s  which would inc lude  t h e  exac t  ene rg i e s  descr ibed  

i n  t he  most r e cen t  d i f f e r e n t i a l  measurements of t he  microscopic d a t a .  

These  inc lude  t h e  fo l lowing ,  Kn i t t e r  and ~ o ~ ~ o l a ( ~ * ) ,  Cavanagh, e t  a l .  (23) y 

( 2 6 )  Batchelor  and ~ ~ l d ( ~ ~ ) ,  Coppola and ~ n i t t e r " ~ ) ,  and A. 8. Smith , 

Calcula t ions  and Comparison with Experiment 

The t o t a l  c ro s s  s e c t i o n  for Pu-239 i n  t he  energy range 0.001 MeV < 
E _< 0.1 MeV 1s shown i n  F ig .  1 and is compared w i th  t h e  exper imenta l  

d a t a  of LTttley(17). Along w i t h  the  ca lcula ted  va lues  of t h i s  work is  

t he  eva lua t i on  due t o  Bar re ,  e t  a l .  '28' I n  both cases  t h e  agreement 

w i t h  U t t l e y ' s  experimental  po in t s  is  very good, d e v i a t i n g  only s l i g h t l y  

around 50 keV. 

The s- and p-wave strength functions a t  1 keV were c a l c u l a t e d  t o  

be 1.19 x and 1 .71  x l om4 ,  r e s p e c t i v e l y ,  which may be compared 





t h e  da t a  of Smith (ANL) and Hearon (NBS) ( rece ived  a f t e r  the  completion 

of t h i s  eva lua t i on ) .  

I n  F igu re  3 ,  the  eva lua ted  t o t a l  c r o s s  s e c t i o n  i s  shown t o  be i n  

e x c e l l e n t  agreement wi th  emp i r i c a l  d a t a  of Smith (ANL), Heaton e t  al. 

(NBS), and Fos te r  and Glasgow, ( 3 4 )  however, t h e  d a t a  of Cabe i s  about 

5% higher  than  the o the r s .  

I n  F igu re s  4 and 5 ,  t h e  c a l cu l a t ed  va lue s  of t he  f i s s i o n  c r o s s  

s ec t i ons  a r e  compared wi th  t h e  experimental  d a t a  a v a i l a b l e  i n  t he  

SCISRS data  l i b r a r y ,  and t he  recommended d a t a  of t he  CSEWG Task Force. 

It i s  c l e a r l y  seen t h a t  t h e  c a l c u l a t i o n a l  r e s u l t s  a r e ,  i n  gene ra l ,  

w i t h in  0.1 t o  0.2 barns of t h e  recommended va lue s  and w e l l  wi th in  t h e  

accuracy of t h e  experimental  d a t a .  The wide d i s p e r s i o n  i n  t h e  expe r i -  

mental d a t a  p o i n t s  i l l u s t r a t e s  another  r eg ion  wherein model c a l c u l a t i o n s  

could pos s ib ly  a id  i n  unrave l ing  t h e  i ncons i s t enc i e s  t h a t  e x i s t  i n  t he  

experimental  d a t a .  

The r a d i a t i v e  cap tu r e  cross s e c t i o n  w a s  a l so  c a l c u l a t e d  for t h e  

0.01 t o  1.0 MeV reg ion  and up t o  about 0.5 MeV ( d i s c r e t e  i n e l a s t i c )  

r eg ion ,  t h e  COMNUC code provided s u r p r i s i n g l y  good r e s u l t s  when compared 

wi th  t he  recommended ENDF/B I11 cap tu r e  c r o s s  s e c t i o n .  It should &e 

remembered t h a t  t h e  ENDF/B I11 eva lua ted  c r o s s  s e c t i o n s  were based 

on t h e  prev ious ly  mentioned f i s s i o n  data and r ecen t  exper imenta l  q, values.  

Thus ,  any e r r o r s  i n  e i t h e r  of t he se  q u a n t i t i e s  w i l l  be manifested i n  t h e  

recommended cap tu r e  c r o s s  s ec t i on .  Above 0.5 MeV, t h e  ca l cu l a t ed  

cap tu r e  c r o s s  s e c t i o n  was somewhat l a r g e r  than  t h e  recommended c r o s s  
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A comparison of the d i f f e r e n c e s  t h a t  become e v i d e n t  when t h e  h i g h  

degree of a n i s o t r o p y  of  t h e s e  low l y i n g  l e v e l s  i s  ignored  i s  g i v e n  i n  

Tab le  I V ,  where t h e  Legendre c o e f f i c i e n t s "  a t  4 .0 MeV were c a l c u l a t e d  

i from t h e  a n g u l a r  d i s t i b u t i o n s  shown i n  F i g u r e  9 .  The average c o s i n e  

o f  t h e  s c a t t e r i n g  a n g l e  i n  t h e  Lab system,  %, and t h e  average  l o g a r i t h m i c  

energy  decrement p e r  e l a s t i c  c o l l i s i o n ,  t ,  a r e  g i v e n  i n  F i g u r e  9 and 

a t  t h e  b o t t o n  o f  Tab le  I V .  The c o n t r i b u t i o n  of t h e  compound e l a s t i c  and 

- 5 
i n e l a s t i c  ( f i r s t  two l e v e l s )  a t  4.0 MeV a r e  o f  t h e  o r d e r  10 mb/sr 

and a r e  t h e r e f o r e  ignored i n  F i g u r e  9 and T a b l e  I V .  Note t h a t  i n c l u d i n g  

t h e  a n i s o t r o p i c  c o n t r i b u t i o n s  changes t h e  s c a t t e r i n g  cross s e c t i o n  by 

abou t  20% whi le  UL and 5 are changed by 14% and 45% r e s p e c t i v e l y .  

F i g u r e  10 p r o v i d e s  a r a t h e r  v i v i d  d e s c r i p t i o n  of t h e  i n t e r p r e t a t i o n  

o f  t h e  e x p e r i m e n t a l  s c a t t e r i n g  d a t a .  The dashed c u r v e  shown what i s  

r e f e r r e d  t o  a s  "pure e l a s t i c "  s c a t t e r i n g  (0 el - - uSE + oCE). The dash-do t  

cu rve  i n c l u d e s  c o n t r i b u t i o n s  from d i r e c t  and compound i n e l a s t i c  e x c i t a t i o n  

of t h e  8  keV l e v e l  and shou ld  be compared with A .  B. S m i t h ' s  d a t a  up  to  

a t  l e a s t  1.1 MeV. To d e s c r i b e  t h e  d a t a  of K n i t t e r  and ~ o ~ ~ o l a ( ~ ~ ) ,  one 

must c o n s i d e r  t h e  c o n t r i b u t i o n s  from the  first 3 levels above the  ground 

state. From F i g u r e  10 i t  I s  obvious t h a t  such e v a l u a t o r y  c o n s i d e r a t i o n s  

do produce r a t h e r  s a t i s f a c t o r y  agreement w i t h  t h e  e x p e r i m e n t a l  d a t a .  

F i g u r e  11 shows 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  of Cavanagh, 

e t  a l .  - (23) a t  90' f o r  a  combinat ion of t h e  57 and 76  keV l e v e l s  and 

s e p a r a t e  e x c i t a t i o n s  f o r  t h e  286 and 331 keV l e v e l s  r e s p e c t i v e l y .  It is  

*The Legendre c o e f f i c i e n t s  i n  Tab le  IV a r e  f o r  i l l u s t r a t i v e  purpose only. 
In ENDF/B 111, 20 Legendre c o e f f i c i e n t s  a r e  used t o  d e s c r i b e  the 
e l a s t i c  a n g u l a r  d i s t i i b u t i o n ,  w i t h  2 = 0.8759 and F = 0.00105, oSE = 3.98 b ,  
aCE - 0.0 b. 
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Conc lus ion  

S ince  t h e  accuracy  r e q u i r e m e n t s  f o r  Pu-239 i n  analyzing fast r e a c t o r s  

ha s  become more demanding, i t  was n e c e s s a r y  t o  a p p l y  the most s o p h i s t i c a t e d  

t h e o r e t i c a l  concep t s  i n  t h e  e v a l u a t i o n .  

In order to expla in  the experimental a n g u l a r  d i s t i r b u t i o n  d a t a ,  

t h e  e f f e c t s  of de fo rmat ion  l e a d i n g  t o  t h e  d i r e c t  r o t a t i o n a l  e x c i t a t i o n  

had t o  be cons ide red .  

It was a l s o  impor tan t  t h a t  t h e  v a r i o u s  compound nuc leus  r e a c t i o n s ,  

CJ nn, ,  on£,  on7, e tc .  be ana lyzed  i n  a c o n s i s t e n t  manner so  as t o  

p r o p e r l y  d e f i n e  t h e i r  c o m p e t i t i v e  c h a r a c t e r i s t i c s .  

These f a c t o r s  coupled with comparison w i t h  t h e  most r e c e n t  e x p e r i -  

mental d a t a  have produced what is  hoped t o  be a v e r y  impor tan t  i n t e r m e d i a r y  

f o r  a l o g i c a l  e v a l u a t i o n  which shou ld  prove t o  be adequa te  i n  the a n a l y s i s  

o f  fast r e a c t o r s  which use Pu-239 as f u e l .  

A 1 1  c a l c u l a t i o n s  used i n  t h i s  evaluation were completed by 

February 1972. 
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Conc lus ion  

S ince  t h e  accuracy  r e q u i r e m e n t s  f o r  Pu-239 i n  analyzing fast r e a c t o r s  

ha s  become more demanding, i t  was n e c e s s a r y  t o  a p p l y  the most s o p h i s t i c a t e d  

t h e o r e t i c a l  concep t s  i n  t h e  e v a l u a t i o n .  

In order to expla in  the experimental a n g u l a r  d i s t i r b u t i o n  d a t a ,  

t h e  e f f e c t s  of de fo rmat ion  l e a d i n g  t o  t h e  d i r e c t  r o t a t i o n a l  e x c i t a t i o n  

had t o  be cons ide red .  

It was a l s o  impor tan t  t h a t  t h e  v a r i o u s  compound nuc leus  r e a c t i o n s ,  

CJ nn, ,  on£,  on7, e tc .  be ana lyzed  i n  a c o n s i s t e n t  manner so  as t o  

p r o p e r l y  d e f i n e  t h e i r  c o m p e t i t i v e  c h a r a c t e r i s t i c s .  

These f a c t o r s  coupled with comparison w i t h  t h e  most r e c e n t  e x p e r i -  

mental d a t a  have produced what is  hoped t o  be a v e r y  impor tan t  i n t e r m e d i a r y  

f o r  a l o g i c a l  e v a l u a t i o n  which shou ld  prove t o  be adequa te  i n  the a n a l y s i s  

o f  fast r e a c t o r s  which use Pu-239 as f u e l .  

A 1 1  c a l c u l a t i o n s  used i n  t h i s  evaluation were completed by 

February 1972. 
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A comparison of t h e  d i f f e r ences  t h a t  become ev iden t  when t he  high 

degree of an iso t ropy  of t he se  low ly ing  l e v e l s  i s  ignored i s  given i n  

Table I V ,  where the  Legendre c o e f f i c i e n t s *  a t  4 .0 M e V  were ca l cu l a t ed  

from the  angular  d i s t i b u t i o n s  shown i n  Figure 9 .  The average cos ine  

of  t he  s c a t t e r i n g  angle  i n  t he  Lab system, 4, and t he  average logar i thmic  

energy decrement p e r  e l a s t i c  c o l l i s i o n ,  ,$', a r e  given i n  F i g u r e  9 and 

a t  t he  bo t t on  of Table I V .  The con t r i bu t i on  of t he  compound e l a s t i c  and 

- 5 
i n e l a s t i c  ( f i r s t  two l e v e l s )  a t  4.0 MeV a r e  of t h e  order  10 mb/sr 

and a r e  t he r e fo r e  ignored i n  Figure 9 and T a b l e  IV, Note t h a t  i nc lud ing  

t h e  a n i s o t r o p i c  con t r i bu t i ons  changes t h e  s c a t t e r i n g  c r o s s  s ec t i on  by 

about 20% while UL and 6 are changed by 14% and 45% re spec t i ve ly .  

F igure  10 provides a r a t h e r  v i v i d  d e s c r i p t i o n  of t he  i n t e r p r e t a t i o n  

of t h e  experimental  s c a t t e r i n g  da t a .  The dashed curve shown what i s  

r e f e r r e d  t o  as  "pure e l a s t i c "  s c a t t e r i n g  (0 el - - uSE + oCE). The dash-dot 

curve inc ludes  con t r i bu t i ons  from d i r e c t  and compound i n e l a s t i c  e x c i t a t i o n  

of t h e  8 keV l e v e l  and should be compared with A .  B.  S m i t h ' s  d a t a  up t o  

a t  l e a s t  1.1 MeV. To de sc r i be  the  d a t a  of K n i t t e r  and ~ o p p o l a ( * ~ ) ,  one 

must cons ider  t he  c o n t r i b u t i o n s  from the  f i r s t  3 l e v e l s  above t he  ground 

s t a t e .  From Figure 10 i t  i s  obvious t h a t  such eva lua to ry  cons ide r a t i ons  

do produce r a t h e r  s a t i s f a c t o r y  agreement w i th  t he  exper imenta l  d a t a .  

Figure 11 shows 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  of Cavanagh, 

e t  a l .  - (23) a t  90' f o r  a combination of t h e  57 and 76 keV l e v e l s  and 

s epa ra t e  e x c i t a t i o n s  f o r  the  286  and 331 keV l e v e l s  r e s p e c t i v e l y .  It i s  

*The Legendre c o e f f i c i e n t s  i n  Table IV a r e  f o r  i l l u s t r a t i v e  purpose on ly .  
In ENDF/B 111, 20 Legendre c o e f f i c i e n t s  a r e  used t o  de sc r i be  the  
e l a s t i c  angular  d i s t i i b u t i o n ,  wi th  2 = 0.8759 and 6 = 0.00105, oSE = 3.98 b, 
aCE - 0 .0  b .  
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t h e  da t a  of Smith (ANL) and Hearon (NBS) ( rece ived  a f t e r  the  completion 

of t h i s  eva lua t i on ) .  

I n  F igu re  3 ,  the  eva lua ted  t o t a l  c r o s s  s e c t i o n  i s  shown t o  be i n  

e x c e l l e n t  agreement wi th  emp i r i c a l  d a t a  of Smith (ANL), Heaton e t  al. 

(NBS), and Fos te r  and Glasgow, ( 3 4 )  however, t h e  d a t a  of Cabe i s  about 

5% higher  than  the o the r s .  

I n  F igu re s  4 and 5 ,  t h e  c a l cu l a t ed  va lue s  of t he  f i s s i o n  c r o s s  

s ec t i ons  a r e  compared wi th  t h e  experimental  d a t a  a v a i l a b l e  i n  t he  

SCISRS data  l i b r a r y ,  and t he  recommended d a t a  of t he  CSEWG Task Force. 

It i s  c l e a r l y  seen t h a t  t h e  c a l c u l a t i o n a l  r e s u l t s  a r e ,  i n  gene ra l ,  

w i t h in  0.1 t o  0.2 barns of t h e  recommended va lue s  and w e l l  wi th in  t h e  

accuracy of t h e  experimental  d a t a .  The wide d i s p e r s i o n  i n  t h e  expe r i -  

mental d a t a  p o i n t s  i l l u s t r a t e s  another  r eg ion  wherein model c a l c u l a t i o n s  

could pos s ib ly  a id  i n  unrave l ing  t h e  i ncons i s t enc i e s  t h a t  e x i s t  i n  t he  

experimental  d a t a .  

The r a d i a t i v e  cap tu r e  cross s e c t i o n  w a s  a l so  c a l c u l a t e d  for t h e  

0.01 t o  1.0 MeV reg ion  and up t o  about 0.5 MeV ( d i s c r e t e  i n e l a s t i c )  

r eg ion ,  t h e  COMNUC code provided s u r p r i s i n g l y  good r e s u l t s  when compared 

wi th  t he  recommended ENDF/B I11 cap tu r e  c r o s s  s e c t i o n .  It should &e 

remembered t h a t  t h e  ENDF/B I11 eva lua ted  c r o s s  s e c t i o n s  were based 

on t h e  prev ious ly  mentioned f i s s i o n  data and r ecen t  exper imenta l  q, values.  

Thus ,  any e r r o r s  i n  e i t h e r  of t he se  q u a n t i t i e s  w i l l  be manifested i n  t h e  

recommended cap tu r e  c r o s s  s ec t i on .  Above 0.5 MeV, t h e  ca l cu l a t ed  

cap tu r e  c r o s s  s e c t i o n  was somewhat l a r g e r  than  t h e  recommended c r o s s  





The thresholds  fo r  t he  n,2n, n,3n, and charged p a r t i c l e  ernissian 

were taken from Ref. (21) and a r e  given below 

React  ion 
E th re sh .  (MeV 

n - 3n 12.71 

n- P -0.06 

n-d 3.96 

n- t 3.18 

n-He 
3 

3 . 6 8  

n-He 4 
-11.79 

I n  o rde r  t o  a s c e r t a i n  t he  q u a l i t y  of t he  r e s u l t a n t  c a l c u l a t i o n  a d  

perhaps t o  g a i n  a  c l e a r e r  i n s i g h t  i n t o  t he  apparent  en igmat ic  f e a t u r e s  of the 

i n e l a s t i c  and e l a s t i c  s c a t t e r i n g  processes Ln fu-239, i t  was decided t o  

carry out t h e  c a l c u l a t i o n s  which would inc lude  t h e  exac t  ene rg i e s  descr ibed  

i n  t he  most r e cen t  d i f f e r e n t i a l  measurements of t he  microscopic d a t a .  

These  inc lude  t h e  fo l lowing ,  Kn i t t e r  and ~ o ~ ~ o l a ( ~ * ) ,  Cavanagh, e t  a l .  (23) y 

( 2 6 )  Batchelor  and ~ ~ l d ( ~ ~ ) ,  Coppola and ~ n i t t e r " ~ ) ,  and A. 8. Smith , 

Calcula t ions  and Comparison with Experiment 

The t o t a l  c ro s s  s e c t i o n  for Pu-239 i n  t he  energy range 0.001 MeV < 
E _< 0.1 MeV 1s shown i n  F ig .  1 and is compared w i th  t h e  exper imenta l  

d a t a  of LTttley(17). Along w i t h  the  ca lcula ted  va lues  of t h i s  work is  

t he  eva lua t i on  due t o  Bar re ,  e t  a l .  '28' I n  both cases  t h e  agreement 

w i t h  U t t l e y ' s  experimental  po in t s  is  very good, d e v i a t i n g  only s l i g h t l y  

around 50 keV. 

The s- and p-wave strength functions a t  1 keV were c a l c u l a t e d  t o  

be 1.19 x and 1 .71  x l om4 ,  r e s p e c t i v e l y ,  which may be compared 
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(13) Lane and Lynn(12) and Brown . 
The f i s s i o n  c r o s s  s e c t i o n  was i n t e r p r e t e d  i n  terms of t h e  H i l l -  

Wheeler( l4)  model wi th  

where PJJ" i s  t h e  e f f e c t i v e  number of f i s s i o n  channe l s  and i s  dependent  

upon t h e  p e n e t r a b i l i t y  f a c t o r  Pi by 

and 

f i 
i s  t h e  f i s s i o n  t h r e s h o l d ,  and pld the c h a r a c t e r i s t i c  energy  of t h e  

b a r r i e r  c u r v a t u r e .  

Combining the  coup led-channe l  c a l c u l a t i o n s  w i t h  t h e  s t a t i s t i c a l  

model produced t h e  f o l l o w i n g  i n t e r a c t i o n  c r o s s  s e c t i o n s :  

OT = t o t a l  c r o s s  s e c t i o n  

'SE 
= shape  e l a s t i c  c r o s s  s e c t i o n  

OCE 
= compound e l a s t i c  c r o s s  s e c t i o n  

'e I = 'SE + 'CE 
total e las t ic  

OR 
= r e a c t i o n  c r o s s  s e c t i o n  

Oc 
= compound fo rmat ion  c r o s s  s e c t i o n  

(snn ' (comp.) = compound i n e l a s t i c  cross s e c t i o n  

Onn ' ( r o t . )  = direct  i n e l a s t i c  c r o s s  s e c t i o n .  

Computer code  THRESH"^) which i s  an  e m p i r i c a l  model embodying t h e  

e v a p o r a t i o n  t h e o r y  of Weisskopf was used t o  c a l c u l a t e  t h e  
On,3n9 

onp. 4d3 4t, and 0 c r o s s  s e c t i o n s .  m! 

- 8 -  
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as t o  incorpora te  the  more r ecen t  methods i n  the  analysis of continuum 

p a r t i c l e  emission.  The fol lowing d e s c r i p t i o n  i s  based on the procedures 

ou t l i ned  i n  Ref. (5); f o r  a  more complete a n a l y s i s  t he  reader  should 

consu l t  this work. 

From Moldauer (637) t h e  r e a c t i o n  c r o s s  s e c t i o n  f o r  i nc iden t  channel  

c and outgoing channel  c' (c z n ~ j )  may be  w r i t t e n  as: 

where 

and 

OX = (eXa) a = a l l  open channe l s .  
01 

Tc i s  t h e  o p t i c a l  model p e n e t r a b i l i t y  f o r  channel c ,  and Qc is  the  statistical 

parameter with range 0  5 Q <_ 2. 

In previous calculations us ing  ABACUS-NEARREX'~) t h e  q u a n t i t y  Q was 

t r e a t e d  as a cons tan t  where'its dependence on (0  ) was ignored.  However, 
kc 

as  was discovered i n  s e v e r a l  i n s t ance s  du r ing  t he  a n a l y s i s  i n  P and also 

repor ted  by ( l0 ) ,  such a treatment can lead t o  negative va lue s  f o r  the  

ampound e l a s t i c  c ro s s  s e c t i o n  f o r  some p a r t i a l  waves when many channels  

a r e  open and Q i s  n o t  taken s u f f i c i e n t l y  smal l .  
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experimental cons t r a in t s ;  namely, the  t o t a l  c ross  s ec t ion  0 the  
T ' 

po ten t i a l  s c a t t e r i n g  c ros s  s ec t ion  opot ,  and the  s -  and p-wave s t r eng th  

functions (So and S . 
Two add i t i ona l  pseudo-constraints  a and a were a l s o  introduced 

n f n?' 
i n  t h e  s t a t i s t i c a l  ana lys i s  such t h a t  the ca lcula ted  va lues  agreed t o  

a t  l e a s t  5 t o  7% of the  most recent  recommended va lues .  The reason f o r  

the  l a t t e r  r e s t r i c t i o n  i s  manifested i n  t he  f a c t  t h a t  such an ana lys i s  

would beget more confidence i n  the r e s u l t i n g  i n e l a s t i c  processes.  

These r e s t r i c t i o n s  were ve ry  successfu l  i n  providing a cons i s t en t  

set of parameters f o r  performing ca l cu l a t i ons  t h a t  produced very good 

agreement with  a.11 available experimental  d a t a  from 10 keV t o  20 MeV. 

Theory 

The d i f f e r e n t i a l  c ros s  s ec t ions  fo r  shape e l a s t i c  s c a t t e r i n g  (0 ) ,  
SE 

the  t o t a l  r eac t ion  cross  s e c t i o n  (0 ), and the  d i r e c t  i n e l a s t i c  s c a t t e r i n g  R 

(' ( ro t )  
) were ca l cu l a t ed  using the  Coupled Channel Code JUPITER I by 

( 4  Tamura . 
I n  t he  phenomenological desc r ip t ion  i t  is assumed t h a t  the  whole 

i n t e r a c t i o n  t o  which the  neutron i s  subjected may be descr ibed  by an 

optical-model p o t e n i t a l  V(r ,o,$ which i s  complex and inc ludes  s p i n  o r b i t  

coupling. Its r a d i a l  dependence i s  of t he  Saxon-Woods form and i ts  

de r iva t ive .  V(r,@,lo) i s  assumed t o  be, i n  genera l ,  non-spherical  and 

is defined as(4' : 
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has s t e a d i l y  increased  and i n  most cases  exceeds t h e  accuracy of  expe r i -  

mental d i f f e r e n t i a l  d a t a .  A c l e a r  example of t h e  l a t t e r  i s  t h e  proper  

i n t e r p r e t a t i o n  of t h e  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  f o r  Pu-239. 

An e a r l i e r  e v a l u a t i o n  of o and o the r  r e a c t i o n  c ro s s  s e c t i o n s  
nn ' 

was presented a t  t h e  He l s i nk i  Conference, June 1970"' ( he r ea f t e r  

r e f e r r e d  t o  as P) .  This a n a l y s i s  was t o  form the b a s i s  for the high 

energy (E > 100 keV) c r o s s  s e c t i o n s  for t he  Evaluated Nuclear Data F i l e  

(ENDF/B) on Pu-239. A subsequent meeting of t h e  Cross Sec t i on  Evalua t ion  

Working Group (CSEWG) r e s u l t e d  i n  express ions  of concern t h a t  t h e  e l a s t i c  

c r o s s  s e c t i o n s  i n  ENDF/B-11 were lower than  those i n  ENDF/B-I and t h e  

i n e l a s t i c  c ro s s  s e c t i o n s  were higher .  

A s  pointed ou t  i n  P, previous c a l c u l a t i o n s  used i n  eva lua t i ng  

Pu-239 have employed a s p h e r i c a l  o p t i c a l  p o t e n t i a l  wi th  t h e  va r i ous  

r e a c t i o n  c ro s s  s e c t i o n s  being i n t e r p r e t e d  a s  a r i s i n g  on ly  from compound 

nucleus formation. However, s i nce  t h i s  nuc l ide  i s  known t o  e x h i b i t  a 

h i g h  degree of deformi ty ,  t h e  s c a t t e r i n g  of neutrons cannot  be descr ibed  

adequately by the  c o n v e n t i o n a l ~ o p t i c a l  model, which does not  e ens ide r  t h e  

coupling between t h e  i nc iden t  neutron motion and the  nuc lear  su r f ace  

r o t a t i o n .  This  coupling causes the direct exci ta t ion of t h e  r o t a t i o n a l  

l e v e l s  by i n e l a s t i c  s c a t t e r i n g .  

While t he se  previous ana lyses  have provided f a i r l y  good agreement 

between ca l cu l a t ed  and experimental  angular  d i s t r i b u t i o n s ,  t he  magnitude 

of t he  d i f f r a c t i o n  minima and maxima h a s  not been w e l l  produced. Ear l i e r  

inves t i g a r i o n s  have shown t h a t  neg l ec t i ng  t he  h igh  degree of an i s t r opy  

exh ib i t ed  by t h e  d i r e c t  i n e l a s t i c  component can lead  t o  s e r i o u s  e r r o r s  

i n  t he  p r ed i c t i on  of t he  d i f f e r e n t i a l  e l a s t i c  and i n e l a s t i c  c r o s s  s e c t i o n s .  

These e r r o r s  mani fes t  themselves i n  two major a r ea s .  I n  t h e  low 
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