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IJUCLEAR DATA AVD MEASUKEMENTS , SERIES 
, 

. . 
. . . . 

The 3 u c l e a r  Uata and Measurements .Ser ies  p r e s e n t s  re- 

s u l t s  of  s t u d i e s  i n  t h e  f i e l d  of microscopic  nuc l ea r  da t a .  

The primary o b j e c t i v e  i s  t h e  d i ssemina t ion  of  in format ion  
* ' .  

i n  t h e  comprehensive fo 'm r equ i r ed  fdi"nuc1Aar t e c h n o l o ~ y  

a p p l i c a t i o n s .  This  Ser ies .  is de lo t ed  'to: 'a)' ~ e a s u r . e d  

microscopic  n u c l e a r  .parameters , , ,b)  Experimental t echniques  

and f a c i l i t i e s  employed i n  d a t a  measurements, c )  The analy-  
. . .  

sis, c o r r e l a t i o n  and i n t e r p r e t a t i o n  of n u c l e a r  d a t a ,  and 

d)  The e v a l u a t i o n  of nuc l ea r  d a t a . '  Contr ' ibut ions t o  t h i s  

S e r i e s  are reviewed t o  a s s u r e  a.  high..  t e c h n i c a l  exce l l ence  

and, u n l e s s  otl lerwis? s t a t e d ,  t h e  con ten t s ,  c an  be . fo rmal ly  " .  . . 

re fe renced .  Th i s  S e r i e s  does no t  s u r p l a n t  formal  j o u r n a l  

p u b l i c a t i o n  but  i t  does provide  t h e  more e x t e n s i v e  infonna- 

t i o n  r equ i r ed  f o r  t e chno log ica l  a p p l i c a t i o n s  (e.g. tabu- 

l a t e d  numerical  d a t a )  i n  a t imely manner. 
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NEUTRON TOTAL AND SCATTEKING CROSS SECTIONS 

O F  SOME EVEN I S O T O P E S  O F  MOLYUDElWM AND 

THE OPTICAL MODEL 

A. Smigh, P. Guenther and J. Whalen 

Abstract 

Neutron t o t a l  and 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 r o s s  sec t ions  uf 9 2 ~ o ,  9 6 ~ 0 ,  "MO and 'O'MO were meas- 

ured. Neutron t o t a l  c r o s s  sec t ions  were determined a t  

i n t e r v a l s  of ?r< 10 keV from 1.b t o  5.5 MeV with resolu- 
?r 

t i o ~ i s  of % 10 keV. Neutron e l a s t i c  and ix le las t ic  s c a t t e r -  

ing c ross  sec t ions  were measured from 1.8 t o  4.0 MeV a t  

i n t e r v a l s  of 0.2 MeV. Neutron groups corresponding t o  the  

e x c i t a t i o n  of f o r t y  s t a t e s  w e r e  i d e n t i f i e d .  The experi- 

mental r e s u l t s  were examined i n  the  context  of op t i ca l -  

and s t a t i s t i c a l - n u c l e a r  models. 'It was concluded t h a t  

tile r e a l  p a r t  of the  ,op t i ca l  p o t e n t i a l  inc ludes  a term 

[Kiz] and suggested t h a t  the  i'kagin,ary propor t ional  t o  -, 

p a r t  is s h e l l  dependellt wit11 decreasing magnitude a s  N-50 

is  approached. Comparison of rieasured and ca lcu la ted  in- 

e l a s t i c  neutron e x c i t a t i o n  c r o s s  sec t ions  suggested a 
n 

number of J assignments extending provious knowledge. 

'i'he experilnental and ca lcula t ior?a l  r e s u l t s  were used, to- 

gether  with previously reported values,  t o  generate an . 

evaluated neutron t o t a l  and s c a t t e r i n g  c r o s s  sec t ion  f i l e  

i n  tile ElJL)F format extending over the  energy range 0.1 t o  

8.0 MeV. 



. . 
I. In t roduct ion  

The'phenomenological na ture  of t h e  complex-well o p t i c a l  

model (1,2,3) has been reasonably w e l l  e s t ab l i shed  and t h e  

model is widely and successful ly  used i n  t h e  i n t e r p r e t a t i o n  of 

.nuclear  processes. The non-locali'ty of t h e  b a s i c  forces  (4) 

r e s u l t s  i n  an enirgy dependent p o t e n t i a l  as described by Perey 

and Uuck (5) and Engelbrecht' and Fiedeldey (6) among others .  

Comparisons with exp&rinenta l  r e s u l t s  over a wide energy range 

general ly i n d i c a t e  decreasing p o t e n t i a l  s t r eng ths  with in- 

creas ing energy. In a lower and narrower energy i n t e r v a l  

such . a treqd is not a s  c l e a r  and'  even a converse dependence . 

has been repor ted  (7).  Moreover., t h e  p o t e n t i a l s  may f l u c t u a t e  

from isotope-to-isotope i n  t h e  low energy region. Green and 

Sood (8) and Lane (9) have pointed out  t h a t  t h e  r e a l  o p t i c a l  

p o t e n t i a l  has an iso-spin dependence of t h e  for& V=V vdEj  o A J  
where t h e  p o s i t i v e  s i g n  app l i e s  t o  protons, t h e  negative t o  

neutrons and t h e  magnitude of t h e  p ropor t iona l i ty  cons tant  V1 

is  about..25 MeV. This iso-spin. dependence has been v e r i f i e d  by 

extens ive  analyses o f ,  primari ly,  charged-part icle  data;  f o r  

example, by Uecchett i  and Greenlees (10) and Lind and co-workers 

(11). Becchet t i  and Greenlees a l s o  a t t r i b u t e  a s i m i l a r  i s o t o p i c  

dependence t o  t h e  optical-potentia1,absorption with  a proportion- 

a l i t y  cons tant  about ha l f  t h a t  a t t r i b u t e d  t o  t h e  r e a l  po ten t i a l .  

The iso-spin e f f e c t  is not  near ly  as w e l l  defined f o r  neutron 

induced processes as t h e  experimental bas i s  is less p r e c i s e  and 

f a r  more fragmentary and t h e  i n t e r p r e t a t i o n  is o f t e n  complicated 

by uncer ta in  con t r ibu t ing  f a c t o r s  such as compound-elastic and 

pre-compound components. 

I n  add i t ion  t o  the  above general  energy and i s o t o p i c  de- 

pendence of the  o p t i c a l  po ten t i a l ,  Lane e t  a l .  (12).have sug- 

gested a s h e l l  dependence of the  absorption term with marked 

reduetione i n  t h e  region of s h e l l   closure^ primari ly as a 

consequence of changes i n  l e v e l  dens i t i e s .  The w e l l  known 
I, I, 

deep minimum i n  the  1 1 4  s t r eng th  function a t  A % 100 (N  I, SO) 

was p a r t l y  a t t r i b u t e d  t o  t h i s  e f f e c t .  More recen t ly  Vonach et 

-1- 



a l .  (13) have observed rapid isotopic-dependent changes i n  

e l a s t i c  neutron angular d i s t r ibu t io l l s  near  Am208 and corre- 

l a t e d  these  observations with a s imi la r  shell-dependent re- 

duction i n  the  op t i ca l -po ten t i a l  absorption. 

The spectroscopy of the  low-lying s t a t e s  i n  the  even 

, isotopes of molybdenum is influenced by a complex mixture of 

s ing le -pa r t i c l e  and c o l l e c t i v e  conf igura t ions  a s  discussed,  

f o r  example, by Uavydov and Fi l ippov (14). There a r e  a  

number of u n c e r t a i n t i e s  and ayparerlt omissions i n  the  ener- 
n 

g e t i c s  arld J assignments of s t a t e s  with e x c i t a t i o n  energies  

below a few MeV (15). The e x c i t a t i o n  of some of these  s t a t e s  

can be productively s tudied  by means of ,  i n e l a s  r j  r neil t ron  

sca t t e r ing .  

Molybdenum is an exce l l en t  s t r u c t u r a l  metal a t  elevated 

temperatures. As a consequence, i t  has a wide p o t e n t i a l  use 

i n  neutrotlic app l i ca t ions  sucll a s  con t ro l l ed  nuclear  fus ion 

devices. l b o  t h i r d s  of the  element cons i s t s  of the  even iso- 

topes Y 2 ~ o ,  9 6 ~ o ,  Y 8 ~ o  and 10U~o. Study of these  i s o t o p i c  

neutron c ross  sec t ions  s u b s t a n t i a l l y  provides the  q u a n t i t a t i v e  

nuclear  da ta  r e q u i s i t e  t o  many engineering app l i ca t ions  t o  a  

p rec i s ion  not e a s i l y  achieved i n  elemental s tud ies .  Moreover, 

t h e  i s o t o p i c  c ross  sec t ions  are of expl i ri  t a p p l i e d  in te rco  t 

as these  i so topes  are among the most prominent of f i s s io r l  

products . 
The present  study of the  neutron t o t a l  and s c a t t e r i n g  

100 cross  sec t ions  of Y 2 ~ o ,  y b ~ o .  9 8 ~ o  ana MQ had the nhjprtives 

1 :  a) improvfilg t h e  u n d e r s t a n d i ~ ~ g  of t h e  o p t i c a l  model i n  

neutron processes near A = l U U ,  p a r t i c u l a r l y  the energy, i s o t o p i c  

a n d . s h e l 1  dependence, b) extending the  knowledge of tho  excited 

s t r u c t u r e  of these  i so topes ,  and c )  providiug bnnir. neutron 

da ta  f o r  engineering app l i ca t ions .  These i so topes  extend over 

n ine  mass u n i t s  commencing a t  t h e  neutron sllell c losure  a t  

W=SO. The measurements, together  with previously reported re- 

s u l t s  from t h i s  labora tory  (lb), extend over a  r e l a t i v e l y  l a r g e  

energy range. They include neutron t o t a l  and 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  ; providing a s t r i n g e n t  

experimental foundation f o r  t h e  s e l e c t i o n  of' model parameters 

not e a s i l y  achieved i n  charged-part icle  s tudies .  Subsequent 

por t ions  of t h i s  paper dea l  ,with; experimental methods (Sec. 

. I I ) ,  experimental r e s u l t s  (Sec. 111), model i n t e r p r e t a t i o n s  

and conclusions ( ~ e c .  IV) and, f inal ly. ,  an evaluat ion  of t h e  

r e s u l t s  it1 t h e  ENL)F/B (17) £0-nuat s u i t a b l e  f o r  t h e  applied 

user  (Sec . V) . 
11. Experimental procedures . . 

A l l  experimental samples, were r i e h t  approxi- 

mately 2 c m  i n  diameter and 2 cm long. .The  sample m a t e r i a l s  

were i s o t o p i c a l l y  enriched t o  more. than 95% a s  summarized i n  

Table 1. The samples were fabr i ca ted  using powdered metal- 

l u r g i c a l  procedures t h a t  r e su l t ed  i n  d e n s i t i e s  approaching 

t h a t  of n a t u r a l  metal. Simple tests (e.g. balance) indica ted  
, . 

t h a t  t h e  sample d e n s i t i e s  were reasonably uniform. However, 

p rec i se  assay of uniformity was not  poss ib le  a s  i t  would have 

required the  des t ruc t ion  of a l l  o r  p a r t  of t h e  samples. The 

samples were bel ieved t o  conta in  oxygen (16) with t h e  oxygen- 

to-molybdenum atom r a t i o s  given i n  Table 1. All c r o s s  sec- 

ti0118 are reported i n  barns per  e f f e c t i v e  atom of t h e  part icu-  

l a r  sample. No cor rec t ions  were made f o r  very small e f f e c t s  

due t o  t h e  minority isotopes.  Where. appreciable ,  co r rec t ions  

were made f o r  t h e  oxygen content  a s  discussed below. 
7 

A l l  measurements employed t h e  7 ~ i ( p , n )  B e  r eac t ion  a s  a 

neutron source (18). The t a r g e t s  were l i t l l i ~ f i l m s  t h e  

th ickness  of which was adjus ted  t o  ob ta in  t h e  des i red  incident-  

neutron energy resolu t ions .  

The t o t a l  c ross  section.measurements were made using t h e  

monoenerge~ic source . tecllnique (19) eogctllcr with tho  f a s t  

time-of- f liill t .methods. The l a t t e r  assured a g a i n s t  background 

per turbat ions .  The geometry, w a s  "good" with the  neutron beam 

incident  upon t h e  bases of tile c y l i n d r i c a l  samples. In-scat ter-  

i n g  cor rec t ions  were est imated and found neg l ig ib le .  The in- 



cident  neutron energy spread a t  t h e  samples was nominally 10 keV 

and measurements were m d e  i n  a redundant manner wi t11  repeated 

passes a c r o s s  t h e  measured energy range. Concurrently a "refer-  

ence" carbon sample w a s  measured i n  order  t'o v e r i f y  tile v a l i d i t y  

. of tlie molybdenum measurements. 

The neu t ron ' sca t t e r in ) :  c r o s s  sec t ions  were determined using 

a 10-angle time-of-flight system with f l i g h t  paths of approxi- 

mately 5.5 meters (20). Tlie incid'ent neutron energy spread w a s  

approxiniately 30 t o  50 keV and tlie scat tered-neutron ve loc i ty  

r e s o l u t i o n  0.4-0.5 nsec/meter. A l l  s c a t t e r i n g  'cross sec t ions  

were detemdned r e l a t i v e  tg tha t  af H(n,n) by dirvct observation 

of scat te+i .ng from a polyethylene sample (21). I n  add i t ion  t h e  

scatter in^ c r o s s  sec t ions  nf a carbon sample were megsured i u  

order t o  a s su re  system performance. Measurements a t  a given 

energy were made e s s e n t i a l l y  concurrently f o r  a l l  molybdenum 

isotopes. and t h e  carbon sample thereby minirl~izing r e l a t i v e  

e r r o r s  between samples. A l l  s c a t t e r i n g  r e s u l t s ,  including t h e  

polyethylene standard,  were co r rec ted  f o r  beam a t t enua t ion ,  

angular  r e s o l u t i o n  and multiple-event e f f e c t s  using a special-  

purpose a n a l y t i c a l  and Monte-Carlo cornyutational system. ( 2 2 ) .  

The d e t a i l s  of t h e  exper i~uenta l  a p p a r a t i i  and procedures 

a r e  described elsewhere (20,22). 

111. Experimental, Results  

A. Neutron T o t a l  Cross Sections 
96 

The neutron t o t a l  c ross  s e c t i o u  of y 2 ~ o .  NO. 9 8 ~ o  and 
'b 

100~o were measured £rum s. lc6- co. 5.5- M e V .  at i n t e r v a l s  of l e s s  
% 

than  10 keV and with a r e so lu t ion  of 'b 10 keV. 'The r e s u l t s  

a r e . o u t l i n e d  i n  Fig. 1. The s t a t i s t i c a l  accuracy of t h e  meas- 
< 

urements w a s  'b 3 percent.  small cn t rec t ions  were madc for  

cont r ibut ions  from t h e  oxygen content  of t h e  samples. Poss ib le  

non-uniformity of sample dnes i ty  was a p o t e n t i a l  source system- 
< 

a t i c  uncertainty.  The magnitude was est imated a t  % 5 percent  

bu t  could not be  v e r i f i e d  without d e s t r u c t i o ~ i  of t h e  samples. 

All t he  measurements a t  a given energy were made e s s e n t i a l l y  



concurrently including those  associa'ted with a carbon re fe rence  

standard. The l a t t e r  gave r e s u l t s  i n  good agreement with pub- 

l i shed  carbon t o t a l  c r o s s  sec t ion  values (23). The cross  sec- 

t ions  constructed f rorn t h e  average of t h e  present  i s o t o p i c  

measurements, weighted by the  i s o t o p i c  abundances, agreed with 

t h e  respect ive  cross  sec t ions  of the  n a t u r a l  element t o  wi th in  

100 t o  200 milli-barns throughout the-measured energy range (24). 

This agreement does not preclude an appreciable  sys temat ic  e r r o r  

i n  a s i n g l e  i so tope  (e.g. 10oblo) bu t  makes s i g n i f i c a n t  e r r o r s  i n  
. . 

s e v e r a l  unl ike ly  unless they a r e  compensating. ' The present  

r e s u l t s  reasonably ex t rapo la te  t o  t h e  lower energy values re- 

ported by Lambropoulos et a l .  (16) and 'are cons i s t en t  with the  

'$0 t o t a l  c ross  sec t ions  repor ted  by Langsford e t  a l .  ( 2 5 )  
. , 

though t h e  l a t t e r  d i sp lays  more s t r u c t u r e  'due t o  b e t t e r  energy 

resolu t ion .  

A notable f e a t u r e  of the  t o t a l  c ross  s e c t i o n s  of Fig. 1 is 

t h e  increase  i n  average magnitude with i s o t o p i c  mass amounting 
'b 

t o  'L 0.4 t o  0.5 barn between 9 2 ~ o  and l*'~o. The t rend is re la-  

t i v e l y  sys temat ic  r a t h e r  than random as might be expected from 

many experimental e f f e c t s  (e.g. dens i ty  u n c e r t a i n t i e s  c i t e d  

above). This i so top ic  dependence of t h e  t o t a l  c ross  s e c t i o n  was 

a major cons idera t ion  i n  t h e  physica l  i n t e r p r e t a t i o n  ( s e e  Sec. 

I V ,  below). The present  experimental values f luc tua ted  wi th  

energy with a t rend toward g r e a t e r  magnitudes f o r  t h e  l i g h t e r  

masses (e.8. 9 2 ~ o ) .  This was p a r t l y  a t t r i b u t e d  t o  t h e  r e s i d u a l  

e f f e c t  of resonance s t r u c t u r e  evident  i n  Refs. 16 and 25, and 

not w e l l  resolved i n  the  present  measurenients. 

B. .Neutron E l a s t i c  Sca t t e r ing  Cross Sect ions .  

The d i f f e r e n t i a l  e l a s t i c  s c a t  terinp, c r o s s  s e c t i o n s  of 921.10, 
96- - 

Mo, 9 8 ~ o .  and 100~o wete measured from 1.8 t o  4.0' lleV a t  in- 

t e r v a l s  of 0.2 t1eV with i nc iden t  neutron reso lu t ions  of 30 t o  

50 keV. The angular  range of t h e  measurements extended from < 

20 t o  > 155 deg. w i t h  approximately 20 d i f f e r e n t i a l  measurements 

d i s t r i b u t e d  over t h e  angular  i n t e r v a l .  The experimental r e s u l t s  



a r e  ou t l ined  by t h e  d a t a  po in t s  of Fig. 2. Least-square f i t s  of 

a  Legendre expansion t o  t h e s e  measured values r e su l t ed  i n  angle- 

in teg ra ted  e l a s t i c  s c a t t e r i n g  c r o s s  sec t ions  t h a t  were reasonably 

cons i s t en t  wi th  measured t o t a l  and. i n e l a s t i c  s c a t t e r i n g  c r o s s  

sec t ions  as i l l u s t r a t e d  i n  Fig. 1. I n  ca r ry ing  out  these  f i t t i n g  

procedures a 180 deg. point ,  deduced from t h e  model described i n  

Sec. I V ,  was introduced t o  a s su re  w e l l  behaved d i s t r i b u t i o n s  a t  

very l a r g e  s c a t t e r i n g  angles. No c o n s t r a i n t s  were placed upon 

t h e  f i t s  at 0 deg. For t h e  h ighly  peaked-forward d i s t r i b u t i o n s  

t h i s  w a s  a s e n s i t i v e .  a r e a  and ex t rapo la t ion  forward from 20 de- 

grees could have l e d  t o  u n c e r t a i n t i e s  i n  t h e  r e s u l t s  of t h e  

f i t t i n g  procedures, 

u n c e r t a i n t i e s  i n  t h e  e l a s t i c  s c a t r e r i n g  measurements a rose  

from a numbor of arigina. The crlaLlvt! angular p o s i t i o n s  were 

determined o p t i c a l l y  and bel ieved known t o  f 0.5 deg. The effec-  

t i v e  source-sample ge~metry was cnntrnlled t o  wi th in  1 t o  2 

m i l l i - m e t e r s  corresponding t o  an abso lu te  angular  unce r t a in ty  of 

approximately one degree. The abso lu te  angular  s c a l e  w a s  ca l i -  

bra ted  by observing t h e  energy dependent H(n,n) s c a t t e r i n g  proc- 

ess over a  s e l e c t e d  angular  range both l e f t  and r i g h t  of t h e  

r c l a t i v e  angular  zero. This c a l i b r a t i o n  procedure was bel ieved 

accura te  t o  b e t t e r  than one degree. Co l l ec t ive ly ,  these  angular  

u n c e r t a i n t i e s  implied minor cross s e c t i o n  e r ro ro  i n  t h c  low- 

energy range of t h e  measurements bu t  became more se r ious  as t h e  

energy increased and t h e  e l a s t i c  d i s t r i b u t i o n s  became more 

anisot ropic .  

Tile  relative energy response of thc d e t e c t o r s  was ouLab- 
. . 

l i shed  by extens ive  measurements of lI(n,n) s c a t t e r i n g  (21) a.t 

each measurement period. The t e n  d e t e c t o r s . v a r i e d  i n  s e n s i t i v i t y  

with energy-cutoffs ranging from 0.2 t o  0.8 MeV.'  The r e l a t i v e  

energy s e n s i t i v i t i e s  were determined a t  each inc iden t  neutron 

energy and 'at a l a r g e  number of s c a t t e r i n g  angles  s e l e c t e d  so  as  

t o  provide a good r e l a t i v e  c a l i b r a t i o n  of each de tec to r  over t h e  

f u l l  energy range of t h e  measurements. This  r e l a t i v e  energy 

c a l i b r a t i o n  was not dependent upon any abso lu te  monitor response 



and was independent f o r  each detec tor .  The .absolute s e n s i t i v i t y  

of each d e t e c t o r  was, then independently determined a t  each meas- 

urement energy, again by observatiorl of the  H(n,n) process. These 

absolute  c a l i b r a t i o n s  were genera l ly  redundant f o r  each of the  

d e t e c t o r s .   his exteltsive procedure has s e v e r a l  advantages: a )  

it  is e n t i r e l y  experimentally based on a primary standard,  t h e  

H(n,n) c ross  sec t ion ,  b) each d e t e c i o r  is independently t r e a t e d ,  

r e s u l t i n g  i n  a l a r g e  redundancy i n  deterniinations of abso lu te  

c ross  sec t ion  magnitudes and c )  i t  is  f r e e  of many u n c e r t a i n t i e s  

associa ted  wi th  f l u x  monitoring. Tile twenty sample values a t  

each energy were measured i t1  such a manner t h a t  adjacent  angular  

r e s u l t s  were obtained with the  same de tec to r  (e.g. 62 and 68 de- 

grees)  .and thus  r e f l e c t e d  t h e  sake. systematic e r r o r s ,  i f '  present .  

Combining the  .'above u n c e r t a i n t i e s  tile' b e s t  d i f f e r e n t i a l  

measurements were judged accura te  t o  t 5 percent.  The l a r g e s t  

u n c e r t a i n t i e s  were s e v e r a l  t i m e s  t h i s  va lue  and tended t o  be a t  

lower energies  and assoc ia ted  with d e t e c t o r s  6 and 10  (i.e. ener- 

g i e s  below 2.4 MeV and t h e  two angular  i n t e r v a l s  60 t o  70 and 150 

t o  160 degrees).  I n  addi t ion ,  t l tere was a lower magnitude l i m i t  

t o  the  s e n s i t i v i t y  of the  system judged t o  be approximately f 3 

m b  This was a governing f a c t o r  i n  the  minima of the  d i s t r i b u -  

t i o n s  a t  higiler energies ,  p a r t i c u l a r l y  f o r  "MO and 100~o. The 

cumulative e f f e c t s  of t h e  above u n c e r t a i n t i e s  a r e  ind ica ted  by 

the  e r r o r  ba r s  on t h e  d a t a  p o i n t s  of Fig. 2. Of course, t h e  

d i f f e r e n t i a l  c ross  sec t ion  u n c e r t a i n t i e s  were r e f l e c t e d  i n  t h e  

a n g l e - i n t e g r a t e d - e l a s t i c  s c a t t e r i n g  c ross  sec t ions  shown i n  Fig. 1. 

These benef i t  from the  redundant 'normalization procedures ou t l ined  

above and were judged known t o  wi th in  5 t o  1 0  percent.  The con- 

s i s t ency  of t h e  deduced angle-inteerated values is in '  agreement 

with t h i s  estimate. 

No r e s u l t s  d i r e c t l y  comparable wi th  t h e  present  i s o t o p i c  

va lues  were 'found i n  the published l i t e r a t u r e .  The present  re- 

s u l t s  are cons i s t en t  wi th  repor ted  elastic neutron s c a t t e r i n g  

from t h e  n a t u r a l  elemental  molybdenum ( 2 6 )  but exact' comparisons 

' . a r e  d i f f i c u l t  as the  d i s t r i b u t i o n s  evident ly  a r e  sharply  i s o t o p e  



dependent. It is noted i n  Sec. I V ,  helow, t h a t  a model based 

upon t h e  present  r e s u l t s  reasonably descr ibes  t h e  i s o t o p i c  

e l a s t i c  s c a t t e r i n g  reported by Lambropoulos et al. (16) a t  ener- 

g ies  of : 1.25 MeV. 

C. Neutron Ine las  t i c  S c a t t e r i n g  Cross Sect ions  

The i n e l a s t i c  neutron s c a t t e r i n g  cross  s e c t i o n s  were meas- 

ured concurrently wi th  t h e  e l a s t i c  s c a t t e r i n g  values. The de- 

t e c t o r  responses and c a l i b r a t i o n s  were i d e n t i c a l  t o  those  de- 

scr ibed above. Cross s e c t i o n  values were accepted only when t h e  

s c a t t e r e d  neutron energies  were such a s  t o  be on a reasonably 

w e l l  determined por t ion  of t h e  detector-response curves (nomi- 

n a l l y  s c a t t e r e d  neutron energies  above 500 keV). The minimum 

scns4t . lvi ty of tho  d e t c c t i a n  systeiir v a i i e d  w i t 1 1  t h e  p a r t i c u l a r  

measurement b u t  was genera l ly  a few ~i l l i  barns per  s t e rad ian .  

The e x c i t a t i o n  e n e r ~ i e s  csrresponding t n  the o b f ~ m a d  ~ ~ a t t ~ r ~ d  

neutron groups were determined f rom' the  known f l i g h t  paths,  

f l ight- t imes and inc iden t  neutron energies and v e r i f i e d  by t h e  

observation of w e l l  known i n e l a s t i c  s c a t t e r i n g  processes (e . g .  

. t h e  e x c i t a t i o n  of t h e  846 keV stare i n  5 6 ~ e  (27)) .  The uncer- 

t a i n t i e s  in these ~ueasurecl exc i ra r lon  energies  were est imated 

from t h e  p a r t i c u l a r  experimental condi t ions ,  p a r t i c u l a r l y  reso- 

lu t ion ,  and found genera l ly  cons i s t~?nt  with values reported from 

charged p a r t i c l e  work (15). The l a t t e r  measurements genera l ly  

gave more accura te  values than t h e  present  neutron s c a t t e r i n g  

measurements. Therefore, they were accepted a s  t h e  more p r e c i s e  

and t h e  present determinations of e x c i t a t i o n  energies  were used 
' 

only t o  e s t a b l i s h  energy c o r r e l a t i o n s  with reported str~~rtur(?.  

The d i f f e r e n t i a l  c r o s s  sec t ions  f o r  t h e  e x c i t a t i o n  of t h e  

various s t a t e s  were determined at up t o  twenty s c a t t e r i n g  angles.  

The angle-integrated c r o s s  sec t ions  were deduced from leas t -  

square f i t s  of a  Legendre expansion t o  t h e  measured d i f f e r e n t i a l  

values. Most of t h e  measured d i s t r i b u t i o n s  were near ly  i s o t r o p i c  

and -all  were e s s e n t i a l l y  symmetric about n inety  degrees. A few 

d i s t r i b u t i o n s  associa ted  with t h e  e x c i t a t i o n  of Oe s t a ' t e s  were 



. . ,, 

pronouncedly' a n i s o t r o p i c  as i l l u s t r a t e d  by t h e  9 6 ~ o  example of 

Fig. 3. The u n c e r t a i n t i e s  i n  t h e  c r o s s  s e c t i o n  va lues ,  i nc lud ing  

sys temat ic  e f f e c t s ,  were s u b j e c t i v e l y  es t imated  f r o q  t h e  q u a l i t y  

of t h e  p a r t i c u l a r  measurement. The es t imated  d i f f e r e n t i a l  c r o s s  

s e c t i o n  e r r o r s  were, a t  b e s t ,  5 t o  8 percent  i n  a d d i t i o n  t o  a 
'b 

minimum unce r t a in ty  of ?, 3 mi l l i -ba rns  .per  s t e r a d i a n .  The asso- 

c i a t e d  angle- in tegra ted  es t imated  u n c e r t a i n t i e s  were 5 pe rcen t  o r  

more. 

Forty d i s c r e t e  i n e l a s t i c  neutron groups were observed wi th  

marginal  obse rva t ion  of s e v e r a l  more. Th.e correspondiing exc i t a -  

t i o n  energ ies  a r e  o u t l i n e d  and compared wi th  t h o s e  given i n  t h e  

most r ecen t  Nuclear Data Sheets  (15) i n  Table  2 and Fig. 4. The 

r e s p e c t i v e  c r o s s  s e c t i o n s  and a s s o c i a t e d  exper imenta l  uncer ta in-  

t ies  are summarized i n  Fig. 5. 

The f i r s t  four  i n e l a s  t i c  neut ron  observed i n  9 2 ~ o  

implied e x c i t a t i o n s  of 1.51 2.  -01, 2.28 f .01, 2.52 f .(12 and 

2.61 ,+ -02 MeV and were w e l l  c o r r e l a t e d  wi th  s t r u c t u r e s  r epo r t ed  

from o t h e r  spec t roscop ic  s t u d i e s  (15). Neutrons corresponding t o  

t h e  e x c i t a t i o n  of a r epor t ed  s t a t e  at 2.76 MeVwere no t  observed. 

This  was not  s u r p r i s i n g  as t h e  proposed J~ assignment of 8+ impl ies  

very s m a l l  c r o s s  s e c t i o n s  and t h e  observed e x c i t a t i o n  of t h e  sub- 

sequent  6- state at 2.85 ,+ -02 MeV w a s  weak. A f i n a l  neut ron  

group w a s  observed corresponding t o  an  e x c i t a t i o n  of 3.05 + -05 

MeV. This  "s ta te"  w a s  a s s o c i a t e d  wi th  c o n t r i b u t i o n s  from t h r e e  

l e v e l s  repor ted  a t  approxina te ly  t h i s  energy. 

1Jeutrons corresporlding t o  t l le  i n e l a s t i c  e x c i t a t i o n  of states 

i n  9 6 ~ o  at: 0.78 ,+ .01, 1.17 + .02, 1.50 ,+ -02, 1.64 f .02, 

1.90 + .03, 2.00 ,+ .03, 2.12 ,+ .03, 2.24 + .03, 2.50 ,+ -10, 2.70 

+ .10 and 2.90 ,+ .10 MeV were observed. These states are gener- 

a l l y  c o n s i s t e n t  wi th  previous ly  r epo r t ed  s t r u c t u r e s .  The 1.64 

and 2.24 MeV states were a t t r i b u t a b l e  t o  . r epo r t ed  c l o s e l y  spaced 
'b 

double ts  of '  l e v e l s .  Above e x c i t a t i o n s  of approximately 'b 2*3  MeV 

t h e  previous ly  r epo r t ed  s t r u c t u r e  becomes u n c e r t a i n  and w a s  no t  

c l e a r l y  reso lved  i n  t h e  p re sen t  work. Thus t h e  c r o s s  s e c t i o n s  . 



determined f o r  t h e ,  e x c i t a t i o n  of " s t a t e s"  a t  2.50, .2.70 and 2.90 

M e V  were more c o r r e c t l y  tile c ross  sec t ions  f o r  t h e  emission 

of neutrons by i n e l a s t i c  s c a t t e r i n g  processes involving bands of 

. s t a t e s  as suggested i n  Table 2. I n  these  ins tances  only qua l i t a -  

t i v e  a s s o c i a t i o n  wi t11  tile reported s t r u c t u r e  was meaningful as 

i l l u s t r a t e d  i n  Fig. 4. 

Observed neutron s c a t t e r i n g  from 9 8 ~ 0  corresponded t o  t h e  

e x c i t a t i o n  of s t a t e s  a t :  ' 0.74 f .01, 0.78 5 .GI, 1.44 t .U2, 1.51 

2.50 + .07, 2.70 + .10 and 2.90 t .10 MeV. Up t o  e x c i t a t i o n s  of 
I, 
?, 2.2 MeV these  observed states c loeely  corresponded t o  t h e  encr- 

g i e s  of those previously reported (15) ., Tlhe s loee ly  spaced doub- 

lets repor ted  near  2.00 and 2.22 MeV were not resolved i n  t h e  

present  meadurements. There was a s i n g l e  observation of a  weak 

neutron group corresponding t o  a 2.25 t -05 MeV s t a t e ;  This was 

bel ieved t o  be an erroneous l e v e l  associa ted  with the second 
7 neutron group from the  7 ~ i ( p , n )  lie source react ion.  Again, i t  w a s  

not  poss ib le  t o  c l e a r l y  a s s o c i a t e  t h e . p r e s e n t  r e s u l t s  with pre- 

viously reported d i s c r e t e  l e v e l s  a t  e x c i t a t i o n s  above 2.3 M e V  and 

t h e  present  c ross  sec t ions  f o r  "s ta tes"  a t  2.38, 2.50, 2.7U and 

2.90 MeV probably cons is ted  of uncer ta in  con t r ibu t ions  from a 

number of i l l -de f ined  s t a t e s  u i t l i in  the geilcrol band strueCure 

out i ined i l l  Table 2. 

S t a t e s  observed i n  '"MO at: 0.52 2 . U 1 ,  0.69 f .01, 1.06 

f .015, 1.14 + .015 and 1.46 2 .03 MeV were associa ted  with 

s i m i l a r  reported l e v e l s  a s  shown i n  Fig. 4 and Table 2. Meas- 

ura11e1lLs involviflg tile U.52 MeV s t a t e  were perturbed by con t r i -  
7 butions from the  secuilrl neutron group fro. tile 7 ~ i ( p , n )  be 

source reac t ion .  The r e q u i s i t e  co r rec t ions  increased. t h e  uncer- 

t a i n t i e s  i n  c r o s s  sec t ions  f o r  ' t h e  excitation, of this t i tate.  , 

The same second neutron group was probably the  o r i g i n  of rlie 

observed 1.60 + .03 MeV s t a t e  and a s  a  consequence it was prob- 

ably inval id .  Observed s t a t e s  at: 1.77 f .03, 1 - 9 1  f .03, 2.10 

+ .03.and 2.33 + .03 MeV were i n  reasonable correspondence with 



reported s t a t e s .  Again, measured ' exc i t a t ions  of 2.50 % ',10 and 

. 2.80 + . lo  MeV were considered a s  composite con t r ibu t ions  from a 

number.of uncer ta in  l eve l s .  This is p a r t i c u l a r l y  s o  i n  t h i s  in- 

Btance as 100~o is the  farC11est of these  i so topes  from the  closed 

s h e l l  a t  N=SO and ye t  t h e  repor ted  s t r u c t u r e  at e x c i t a t i o n s  

g rea te r  than approxinlately 2.50 MeV is appreciably simpler  than 

t h a t  of e i t h e r  9 6 ~ o  o r  9 8 ~ 0 ;  probably implying less complete knowl- 

edge of l U U ~ o .  

I so top ic  i n e l a s t i c  neutron s c a t t e r i n g  c ross  sec t ions  of the  

even-isotopes of molybdenum i n  t h e  energy range of . the present  

experirr~ents a r e  not genera l ly  a v a i l a b l e  i n  the  l i t e r a t u r e  preclud- 
. . 

ing  d e t a i l e d  comparisons with the  present  measurements. The 

element is i s o t o p i c a l l y  complex'and i t  is d i f f i c u l t  t o  quant i ta -  

t i v e l y  compare the  elemental values with '  t h e  above i s o t o p i c  re- 

s u l t s .  The present  measured t o t a l  atid e l a s t i c  and i n e l a s t i c  a r e  

consis  t e n t .  %n addi t ion ,  t h e  present  r e s u l t s  reasonably extra-  

p o l a t e  t o  t h e  lower energy values of Lambropoulos et ,al. (16) as 

i l l u s t r a t e d  i n  Figs. 5 A  t o  51). llir 'ect comparison wi th  (n;n:y) 

measured values .is not  s t ra ight forward  i n  ' the presence of complex 

l e v e l  s t r u c t u r e s  a s  i n  these  isotopes.  However, t h e  present  

measured values appear cons i s t en t  w i t 1 1  t he  ene rge t i c s  determined 

from t h e  (n;n:y) measurements of Refs. 28 and 29 deal ing  with 

9 2 ~ 0  and 100~o. 

I V .  I n t e r p r e t a t i o n  and Discussion 

A. The Opt ica l  Model 

The above experimental r e s u l t s  form a comprehensive da ta  

base f o r  examining some of the  physica l  aspects  of t h e  o p t i c a l  

model (1,2,3). The measured values extend over a range of 

n ine  mass u n i t s  of a s i n g l e  element commencing with t h e  closed 

neutron s h e l l  a t  N-50. Level d e n s i t i e s ,  ' s t r e n g t h  fu t~c t iono  

and, pass i b l y  , . deformations are rapidly  changing. The da ta  

base is inc lus ive  of t o t a l  and s c a t t e r i n g  c r o s s  sec t ions  over a 

s e v e r a l  MeV range where e x i t  channels and associa ted  exci ted  

s t r u c t u r e  a r e  r e l a t i v e l y  w e l l  known. The d i r e c t l y  ca lcu lab le  



t o t a l  c r o s s  s e c t i o n  is a v a i l a b l e  and t h e  absence of a coulomb 

b a r r i e r  makes poss ib le  measurements i n  a number of w e l l  defined 

neutron channels. These a r e  f e a t u r e s  not  r e a d i l y  ava i l ab le  i n  

conventional  charged p a r t i c l e  s tudies .  The scope of t h i s  ex- 

,perimental  information cons t ra ins  t h e  choice of o p t i c a l  model 

parameters with the  consequelit p o t e n t i a l  f o r  t h e  improved 

physica l  d e f i n i t i o n  of model proper t ies .  

Basic cons idera t ions  of nuclear  mat ter  and the  o p t i c a l  . 

model by Green and Sood (8), Lane ( 9 ) .  Perey and Buck ( 5 ) ,  

Engelbreclit and Fiedeldey (6).  Becchett i  and Greenlees (10) and 

o thers  (3) have l e d  t o  neutron p o t e n t i a l s  of t h e  form: . 

N.&T v - v - A.E ( M ~ v )  -[*I v1 ' (volume) 
r e a l  o 

( 1) 

wirrag.m "0 
- B=E (MeV) - [,"z] - ~1 (surface,) 

Experimental comparisons genera l ly  i n d i c a t e  t h a t  V and W have 
0 0 

values of approximately 50 MeV and 12 MeV, respect ive ly  (10.3, 

30). The energy dependent terms a r e  physica l ly  r e l a t e d  t o  t h e  

non-locality of t h e  nuclear  forces  (5.6). The parameters A 

and B a r e  phenomenolo~ical ly deternulled frdm comparisons w i t h  

measured values over a wide energy range as i n  t h e  work of 

Becchet t i  and Greenlees and of EngelLrecllt and Fiedeldey . The 

values An0.32 and B=0.25 given by Becchet t i  and ~ = e e n l e e s  a r e  

i l l u s t r a t i v e  of t h e  magnitudes of t h e  commonly proposed energy 

dependence. The [y] term has i ts o r i g i n  i n  t h e  na tu re  of the  

two body fo rce  (9) which l eads  t o  a y o t e n t i a l  term propor t ional  

t o  (t.T) - - where - t and - T a r e  inc ident  p a r t i c l e  and t a r g e t  iso- 

spins. In neutron i n t e r a c t i o n s  t h i s  tern1 reduces t o  t h e  simple r*q form of Eq. 1. From extens ive  comparisons w i t 1 1  experimental 

neutron r e s u l t s  Becchet t i  arid Greenlees deduce tlie values V = 24 
1 

MeV and W = 12 MeV. Other estimates of V give somewhat l a r g e r  
1 1 

values (e.g. 30 MeV, quoted i n  Ref. 3). Studies of (p,n) and 

(p,p) processes at energies  of 10 MeV and above q u a l i t a t i v e l y  

support these  genera l  magnitude est imates.  



, Beyond t h e  above genera l  energy and i s o t o p i c  itrends of t h e  

o p t i c a l  model, Lane et a l .  (12) have suggested a l o c a l  s h e l l  de- 

.pendence; r e s u l t i n g  i n  sharply reduced absorpt ion  near  s h e l l  

closures.  This e f f e c t  is pr imar i ly  a t t r i b u t e d  t o  rapid  changes 

i n  l e v e l  dens i t i e s .  Moreover, near  s h e l l  c losures  t h e  wave 

funct ion  has a  node a t  t h e  su r face  f u r t h e r  reducing t h e  s u r f a c e  

absorption domixlent a t  lower energies. Lane e t  al. po in t  out  

t h a t  t h i s  s h e l l  . inf luence on t h e  absorpt ion  con t r ibu tes  t o  t h e  

w e l l  known deep minimum observed . i n  tile ad) s t r e n g t h  funct ion  

near  A=100 (Nu50). I n  addi t ion ,  Vonach et  a l .  .(13) have. corre- 

l a t e d  observed elas t i c  neutron angular ,  d i s t r i b u t i o n s  i n  t h e  

region of A=208 with t h e  absorption of tlie o p t i c a l  po ten t i a l .  

They f ind  a f a c t o r  of thre.e reduction i n  t h e  imaginary por t ion  

of t h e  p o t e n t i a l  going f.rom Au(Az197) t o  Bi(Am209). .These are 

appreciable changes, exceediag those of Eq. 1 by l a r g e  amounts. 

The present  experiments provide a good.foundation f o r  t h e  assay 

of t h i s  s h e l l  dependence of t h e  p o t e n t i a l  i n . t h e  region A=100 

extending from t h e  closed s h e l l .  a t  .14=50 through t h e ,  neutron 

dgI2 s h e l l  and i n t o  t h e  g shell.. 
7/2 

It was t h e  ob jec t ive  of t h e  i n t e r p r e t a t i o n  t o  explore  these  

o p t i c a l  model concepts i n  t h e  context  of t h e : p r e s e n t  neutron 

da ta  base and . t o  deduce an o p t i c a l  p o t e n t i a l  suitab1.e f o r  extra-  

po la t ion  and interpo1ation:irl t h e  region of Am100 and. f o r  t h e  

subsequent ana lys i s  of.. non-elas t i c  .neutron processes using 

s t a t i s  tical-model concepts,. . . 

The o p t i c a l  model i n t e r p r e t a t i o n  of t h e  present .exper i -  

mental r e s u l t s  w a s  c a r r i e d  o u t  i n  t h r e e  s tages .  The f i r s t  w a s  

a  broad survey cons i s t ing  of Xi-square f i t t i n g  of t h e  model 

parameters t o  t h e  elastic d i s t r i b u t i o n s .  I n  t h e  second s t a g e  a 

d e t a i l e d  d e s c r i p t i o n  of t h e  e l a s t i c  d i s t r i b u t i o n s  and t h e  t o t a l  

c r o s s  s e c t i o n  w a s  developed by f i n e  adjustment of t h e  parameters 

deduced from t h e  Xiosquare f i t t i n g  procedures. P a r t i c u l a r  at-  

t e n t i o n  was g i v e n . t o  energy dependence, ti le [?]term of t h e  

p o t e n t i a l  of Eq. 1 and t o  poss ib le  s h e l l  dependence of t h e  para- 

meters. The t h i r d  s t age  explored t h e  poss ib le  con t r ibu t ion  of 



c o l l e c t i v e  deformations. A l l  of t h e  o p t i c a l  model c a l c u l a t i o n s  

employed-real  p o t e n t i a l s  o f '  t h e  Saxon form, su r face  absorp t ion  

imaginary p o t e n t i a l s  (a l te rna . te ly  Gaussian o r  Saxon-derivative 

forms) and a Thomas spin-orbit  term '(3). Throughout, t h e  com- 

pound-elas t i c  con t r ibu t ions  were computed us  ing  the  Hauser- 

Feshbach formula .(31) with t h e  width f l u c t u a t i o n  c o r r e c t i o n  (32). 

A l l  s i x  of t h e  s p h e r i c a l  optical-model parameters were ad- 

jus ted  i n  t h e  Xi-square f i t t i n g  procedures t o  ob ta in  t h e  optimum 

d e s c r i p t i o n  of t h e  observed e l a s  t i c  angular  d i s t r i b u t i o n s .  The 

d a t a  base cons is ted  of t h e  present  experimental r e s u l t s  t o  in- 

c iden t  neutron energies  of 3.0 MeV and.100 keV averages of t h e  

lower energy values reported by Lambropoulos e t  a l .  (16). Data 

obtained a t  inc idont  cncrgics above 3.0 110V wau noc used i n  ehe 

f i t t i n g  procedures s i n c e  t h e  compound-elastic con t r ibu t ion  could 

not  be simply ca lcu la ted  due t o  -cer ta in  k,nnv.J.cdge of t h e  son- 

t r i b u t i n g  e x i t  channels. During t h e  f i t t i n g  t h e  da ta  was 

weiehted by t h e  estimated experimental 'uncer ta in ty .  A t  lower 

energies ,  t h e  Lambropoulos values a r e  not  w e l l  defined above 1.2 

MeV due t o  l i m i t e d  number of angular  measurements. I n  add i t ion ,  

below 1.0 &lev, p a r t i c u l a r l y  the "NO, t h e  cros, s e c t i o n s  d is -  

played apprec iab le  energy dependent f l u c t u a t i o n s  .even i n  t h e  100 

keV average. Despite  these  uncertainties reasonably c o n ~ i e  t e n t  

p o t e n t i a l  parameter sets were obtained a s  i l l u s t r a t e d  by t h e  

r ea l -po ten t i a l  depths and r a d i i  of Fig. 6. The r e a l  d i f fuseness  

w a s  s i m i l a r l y  w e l l  defined. The f i t t i n g  procedures i n d i c a t e  
% < 

a constant  r e a l  po ten t i a l  of 49 MeV wi th  a prcc ia ion nf % 

2.0 MeV, The s l i g h t l y  lower p o t e n t i a l  values i n  t h e  r~gf lnn  

of 2.0 MeV were a t t r i b u t a b l e  t o  t h e  experimental u n c e r t a i n t i e s  

i n  t h i s  region, The r e a l  p o t e n t i a l  form of Eq.' 1 was not  in- 

c o n s i s t e n t  wi th  t h e  r e s u l t s  of t h e  f i t t i n g  procedures assuming 
'b 'b 

t h e  genera l ly  accepted parameter values of A 'b 0.3 and V 'b 25 
1 

MeV and t h e  parameter unce r t a in t i e s .  However no sys temat ic  

t r end  i n  e i t h e r  energy o r  i so tope  was evident .  The A''~ r a d i a l  

s i z e  e f f e c t  w a s  very small  and w e l l  w i th in  t h e  e r r o r s  associa ted  

wi th  t h e  f i t t i n g  procedures. The f i t t i n g  yielded c o n s i s t e n t  



imaginary parameters bu t  with r e l a t i v e l y  l a r g e r  u n c e r t a i n t i e s  

, t h a n  f o r  t h e  r e a l  parameter values and w e l l  beyond t h e  smal l  

'energy and [y] e f f e c t s  ind ica ted  by Eq. 1. The. f i t t i n g  pro- 

cedures gave tile f i r s t  evidence of a recurr ing .  problem; t h e  in- 

a b i l i t y  t o  s in~ul taneously  $it t h e  t o t a l  c ross  sec t ions  and t h e  

e l a s t i c  d i s t r i b u t i o n s .  Parameters derived from a f i t  t o  t h e  

La t t e r  general ly r e s u l t e d .  in .  t o t a l  c ross  aec t ion  values .smaller 

than t h e  measured r e s u l t s ,  and increasinfi ly so  .with mass, amount- 
< 

ing  t o  a discrepancy of 1 5 p-ercent a t  l U 0 ~ o .  Attempts t o  ob ta in  

a good Xi-square f i t  t o  both the  t o t a l  c ross  s e c t i o n s  and e l a s t i c  

d i s t r i b u t i o n s  were not  p a r t i c u l a r l y  rewarding. Elas t i c  d i s  t r ibu-  

t i o n s  ca lcula ted  from t h e  Xi-square derived values d id  not  always 

give a p a r t i c u l a r l y  good desc r ip t ion  of t h e  measured values i n  

t h e  d i f f r a c t i o n  minima. . T h i s  is a region of lower experimental 

prec is ion  and'consequently of low-weight i n  t h e  f i t t i n g  proce- 

dures. The q u a l i t y  of t h e  f i t s  i n  t h i s  a r e a  could be a l t e r e d  by 

a r t i f i c i a l  weighting of t h e  ,measured values. This is a h ighly  

sub jec t ive  a r t i f i c e  and i t  was judged more d e s i r a b l e  t o  proceed . .  3 
f u r t h e r  by way of e x p l i c i t  paraueter  adjustments a s  described 

below. 

The point  of depar ture  f o r  t h e  second s t a g e  of t h e  o p t i c a l  , I (  

model i n t e r p r e t a t i o n  , . was t h e  parameters r e s u l t i n g  from t h e  above : ,, 

Xi-square survey. The s i x  model-parameters. were adjus ted  i n  de- 

t a i l  t o  obta in  t h e  '.'judged-best" desc r ip t ion  of t h e  9 8 ~ o  and l o O ~ o  

t o t a l  and e l a s t i c  s c a t t e r i n g  c ross  sec t ions  over t h e  energy range 

of t h e  present  measurements. Impl ic i t  i n  t h i s  adjustment proce- 

dure was, a r e a l  p o t e n t i a l  energy dependence given by A, of Eq. 1, 

equal 0.3. This  p ropor t iona l i ty  was c o n s i s t e n t  with r e s u l t s  re- 

ported elsewhere (5,6,10), though a smal l  e f f e c t  over t h e  energy 

rengc of ttc preaent  measurements. 9 t l ~ 0  and "OMO were chosen for 

t h e  reference  adj  us tment procedures because of t h e  r e l a t i v e l y  

small  compound, e l a s t i c  component over much of t h e  energy range and 

. t l ieir  extreme pos i t ions  i n  the  present  mass range. Even . so  t h e  

. compound-elastic con t r ibu t ion  was appreciable  and parameter selec-  



tion was sensitive to its magnitude. This contribution was calcu- 

lated using) the Hauser-Feshbach formula with width fluctuation 

corrections. Such calculations reliably give the shape of the 

distribution but the magnitude is less certain due to unknown exit 
> 

channels at energies Q 3.0'~e~ and to shortfalls in the calcula- 

tions themselves .such as uncertain resonance overlap effects (32). 

Theref ore the normalization of the compound-elas tic components 

was treated as a free parameter in the'adjustment procedures with 

only the constraint of a smooth energy dependence. In practice 

ehis procedure led to compound-elastic contributions somewhat 

larger ,(few percent) than the liiiuser-F,esllbach result at ener~ies . 
, , , . 

where the exit channel contributions were reasonably known with 

progressively lower compound-elastic values as uncertain channels 
> 

- open at higher energies .(e.g. % 3.0 MeV). The low-energy cow 

pound-elastic values were consistent with the correction factors 

suggested by Moldauer (32) and implied overlap parameter (Q) 

values in the range 0.2 fo 0.5. The latter were similar to those 

- deduced from the inelastic neutron scattering studies (see below). 

The above resulted in a good description of the 

differential elastic scattering from "bfo and loO~o as indicated 

by the curves of Fig. 2. The total cross sections were more 

difficult as the calculated~valueo wcre cansistct~tly a few per- 

cent s~ual ler  Llian the measuted results. The total cross sections 

were nor particularly sensitive to reasonable variations in the 

real portion of the optical potexltial and a simple 11lI3 size ef- 

fect did not account for thc marked dif fereuces between 92~0 and 

'O'EIO total cross sections. The latter appeared to be associated 

with the absorption. Careful adjustments in that area led to 

98b10 and ''%lo calculated total cross sections sy~temafically 

lower than the measured values by no more than 5 percent, as il- 

lustrated in Fig. l. An inspection of potentials found in the 

literature '(30) may have shown the same inconsistency between 

total and elastic scattering cross sections possibly to a greater 

extent. Moreover, the presently measured total neutron cross 

sections were potentially uncertain by amounts equivalent to the 

measured-calculated discrepancy due to uncertain simple densieies 

as noted above. 



Using t h e  parameters  ob ta ined  f o r  YJMo and 10(l~o t h e  t o t a l  

and e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o ~ i s  of Y 2 ~ o  and "NO were c a l -  

cu la ted .  In  doing s o  t h e  r e a l  p o t r u t i a l  was a s s m e u  t o  have t h e  

form 

and tile imaginary p o t e n t i a l  w a s  a d j u s t e d  t o  o b t a i n  t h e  b e s t  

c l e sc r ip t i o r~  of tile experi t~lel i ta l  va lues .  The c a l c u l a t e d  r e s u l t s  

were good ag re rn~en t  w i t i ~  measured va lues  a s  i n d i c a t e d  by the 

curves  of F igs .  1 and 3. Tile r e s p e c t i v e  potel i t ' ia l  parameters  

a r e  given i n  Table  3. ' A f e a t u r e  o f  t h e s e  parameters  is a t r end  

toward i n c r e a s i n g  imaginary s t r e n g t h  wi th  i s o t o p i c  inass. Exten- 
< 

s i o n  of t h e  model c a l c u l a t i o n s  t o  t h e  lower energy va lues  (2, 

1.25) r epo r t ed  by Lambropoulos et a l .  (16) gave good r e s u l t s  

and, indeed, t h e  p re sen t  p o t e n t i a l  parameters are very '  similar 

t o  those  indeperlderltly proposed by LanlLropoulos e t  al .  From 

1.25 t o  1.5 MeV t h e  agreerzent was n o t  as good but  t h e  Lambropoulos 

measured r e s u l t s  a r e % n o t  p a r t i c u l a r l y  w e l l  d e f ined  i n  tile r eg ion  

as they approacll t h e  upper energy limit p a r t i c u l a r l y  i n  t h e  

mininia of t h e  d i s t r i b u t i o n s .  

The[?q term of Eq. 2 is i m p l i c i t  i n  t h e  above parameter  

s e l e c t i o n s .  The e f f e c t  is sluall (c, 2.i) MeV) changes i n  V over  

t h e  e n t i r e  i s o t o p i c  range of t h e  p r e s e n t  measurements. However, 

i t  is c l e a r l y  ev ident  as i l l u s t r a t e d  by t h e  cu rves  of Fig.  7. 

Tlie d e l e t i o n  of t h e  [y] f e r n  r e s u l t s  i n  c a l c u l a t e d  c r o s s  sec- 

t i o n s  2 t o  3 t i m e s '  s m a l l e r  than  e i t h e r  t h e  measured va lues  o r  

t hose  c a l c u l a t e d  wi th  Eq. 2 i n  t h e  r eg ion  of t h e  f i r s t  minimum 

of t h e  d i f f r a c t i o n  p a t t e r n .  The e f f e c t  dec reases  wi th  energy . 

and a t  2 1.0 MeV is e s s e n t i a l l y  n e g l i g i b l e .  Thus i t  was n o t  ob- 

served i n  prev ious  low energy measurements (16). The 24 MeV 

p c n p o r t i o n a l i t y  cons t an t  used i n  Eq, 2 appears  e s s e n t i a l l y  cor- 

rect and is c o n s i s t e n t  wi th  t h a t  of  f ieccl ie t t i  and Greenlees  (10) 

and , o t h e r s  (3) . However, comparisons w i th  t h e  p re sen t  experi-  

ments probably could no t  d e f i n e  t h e  va lue  w i t h i n  a n  u n c e r t a i n t y  



of less than 5 t o  10 MeV. bloreover, t h e  p o t e n t i a l  is not  unique 

and o t h e r  parameter choices might y i e l d  o t h e r  values of t h i s  

p ropor t iona l i ty  constant .  

Comparisons with the  present  experimental r e s u l t s  d id  not 

p rec i se ly  de f ine  t h e  energy dependence of the  absorpt ion  term, W. 

However, t h e  t rend was e i t h e r  toward constant  o r  s l i g h t l y  in- 

creas ing W magnitudes w i t 1 1  energy. This is not  the  q u a l i t a t i v e  

cha rac te r  of t h e  energy dependence given i n  Eq. 1 nor t h a t  de- 

duced from the  ana lys i s  of measured values over a much wider 

energy range by Engelbrecht and Fiedeldey (6) and o the r s  (3). 

However, t h e  present  r e s u l t s  were deduced from a r e l a t i v e  narrow 

and low-energy range of measurements where p o t e n t i a l s  may fluc- 

tuate and oimilar eronel~ -a t  lowei. errergleti have been reported i n  

t h e  l i t e r a t u r e ;  f o r  example, the  p o t e n t i a l  of Mani er a l .  (7). 

There was a  qual i tat ive t rend tnuard increas ing abasrpt ion  

(i.e. W magnitudes) with i so top ic  mass as i l l u s t r a t e d  by the  . 

parameter values given i n  Table 3. This e f f e c t  was appreciably 

influenced by the  corresporlding tendencies of t h e  observed t o t a l  

c ross  sec t ions .  The l a t t e r  vere sub jec t  t o  poss ib le  systematic 

unce r t a iu t i ev  as discussed above. The t rend i n  W with!- rN-Z]i~ a s  
1 A 

l a r g e  a s  implied by Eq. 1 using t h e  W1, value  of Hecchett i  and 

Greenlees (10) (W1 ? 12 MeV) but of t h e  opposi te  sign. It is 

suggested by t h e  present  experiments and i n t e r p r e t a t i o n  t h a t  the  

i s o t o p i c  dependence of t h e  op t i ca l -po ten t i a l  absorption i n  t h e  

region of Am100 . i s  s i g n i f i c a n t l y  inf  1.1lenced by s h e l l   effect^ 

which, i n  these  patt.d.cu1a.r i so topes ,  transcend t h e  more general. 

[=I dependence of Eq. 1. The observed f rends a r e  qual . i tn t lve ly  
A 1 

cons i s t en t  wi th  those  ou t l ined  i n  Kefs. 12 and 13. The present  
.% - 4 

p o t e n t i a l s  r e s u l t  i n  R=O s t r e n g t h  funct ions  of ?. 0.75.x 10 . 
These values  are cons i s t en t  wi th  systematic s t rength '  funct ion  

behavior b u t  i t  i s  d i f f i c u l t  t o  nkke e x p l i c i t  comparisons with 

. measured values  a s  t h e  l a t t e r  f l u c t u a t e  appreciably (e.g., 0.65 

( 9 2 ) .  0.70 ( 9 6 ) ,  0.70 (98) and 0.30 ( loo) ,  x a s  given i n  

Kef. 33). 



The above adjustment procedures'were repeated using a 

coupled-channel model coupling the  ground and f i r s t - e x c i t e d  2+ 

s t a t e s  assuming t h e  l a t t e r  were c o l l e c t i v e - r o t a t i o n a l  configur- 

a t i o n s  (34). The 'deformations were taken from t h e  compilation 

of Ste lsdn and Grodzins (35). A considerable  adjustment of t h e  

coupled-channel model parameters did not  improve t h e  desc r ip t ion  

of the  observed e l a s t i c  d i s t r i b u t i o n s  and the  ca lcu la ted  t o t a l  

c ross  sec t ions  tended t o  be less s u i t a b l e  than those  obtained 

with t h e  above s p h e r i c a l  po ten t i a l .  The comparisons wi'th the  

experimental r e s u l t s  improved a s  the  coupling w a s  weakened and 

concurrently t h e  parameters tended toward those of Table 3. It 

was concluded ' tha t  channel coupling d i d ' n o t  appreciably cont r i -  

bute  t o  t h e  t o t a l  and e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  a t  the  

energies  of t h e  present  experiments. 

B. S t a t i s t i c a l  Calcula t ions  

The i n e l a s t i c  neutron e x c i t a t i o n  c r o s s  s e c t i o n s  were calcu- 

l a t e d  using t h e  above o p t i c a l  p o t e n t i a l s  and the  Hauser-Feshbach 

formula with resonance width f l u c t u a t i o n  and overlap cor rec t ions  

(31,32). The overlap parameter, Q was var ied  to .op t imize  t h e  

agreement between ca lcu la ted  and measured c r o s s  s e c t i o n s  and 

2, 
tended t o  increase  with nlass from ? 0.2 a t  9 2 ~ 0  t o  % 0.5 a t  

l U u ~ ~ .  This is q u a l i t a t i v e l y  expected from tiie cha rac te r  of 

tlie resonance s t r u c t u r e  shown i n  Fig. 1 and cons i s t en t  with 

tiie cony~ound-elastic cout r . i lu t ions  used above. The calcula-  

t i o n a l  ob jec t ives  were: a v e r i f i c a t i o n  of the  above o p t i c a l  

poter l t ia l  i n  the  context  of i n e l a s t i c  s c a t t e r i n g ,  an assay of 
lT 

J assignments f o r  various exci ted  s t a t e s ,  and the  extrapola-  

t i o n  of measured values f o r  evaluat ion.  The summary of the  ex- 

c i t e d  s t r u c t u r e  of the  mofybdenwu isurupes given i n  r eecn t  

.Nuclear Data Sheets was used a s  an i n i t i a l  bas i s  f o r  t h e  ca l -  

cu la t ions  (15). 

, The reported excited s t r u c t u r e  of ' 2 ~ 0  is r e l a t i v e l y  
2, 

simple t o  2, 3.2 MeV (see  Fig. 4 ) .  Measured and ca lcu la ted  

c ross  sec t ions  f o r  tile exci . ta t ions  of t h e  1.51 (2+) and 2.28 



(4+) lleV s t a t e s  a r e  i n  good a g r e c n ~ e l ~ t  as i l l u s t r a t e d  i l l  Fig. 

5A. The 2.52 MeV s t a t e  is repor t ed  to .  be a double t  c o n s i s t i n g  

of 2.521) (0+) arid 2.526 (5-) EIeV components (15,28).  The present  

experimerlts d i d  n o t  r e s o l v e  t h i s  doublet .  however, c a l c u l a t i o n s  

,based upon t h e  premise of its e x i s t e n c e  gave good agreement w i t i i  

t h e  measured c r o s s  s e c t i o n s  i f  t h e  promine~lt  component had a 

J-value of 0 o r  4; i n t e rmed ia t e  va lues  resul teci  i n  too, l a r g e  

c a l c u l a t e d  c r o s s  s e c t i o n s .  The J=0 assignment is c o n s i s t e n t  

with t h e  r e s u l t s  of  Chung e t  al. (28) alld accounts  f o r  t h e  ap-' 

paren t  f a c t  t h a t  t h e  garma-ray t r a ~ l s i t i o r l  t o  t h e  O+ ground s t a t e  

w a s  nor observed i n  t h e i r  work. 111 a d d i t i o n ,  t he  s c a t t e r e d  

neutron d i s t r i b u t i o n s  observed i n  t he  present  wor'k tended t o  be 

aypreciabl.y concave ao would be expected of a W s t a t e  and not  

c h a r a c t e r i s t i c  of a 4+ s t a t e .  Therefore i t  is suggested tllat 
2, 

t h e  prominent c o n t r i b u t i o n  i s  from a (.kt s t a t e  of % 2.52 PfeV w i ~ l i  

t he  o t h e r  component of t l ~ e  doublet  a 5- s t a t e  as repor ted  from 

be ta  decay measurements (15). This sugges t ion  is c o n s i s t e n t  

wi th  t h e  c o l l e c t i v e  model p red ic t ions  of Davydov and F i l i ppov  

(14) a s  d i scussed  by Lmbropoulos et a l .  (1G) and wi th  . t h e  

energy-syotcmatics of O+ states l t i  t h e  even i s o t o p e s  of moly- 

bdenum. The c a l c u l a t e d  c r o s s  s e c t i o n s  f o r  t h e  e x c i t a t i o n  of 

2.61 (6+) and 2.85(3-) MeV o t a t e s  were i n  reasonable  agreelueut- 

wi th  experiment. A state repor t ed  a t  2.76(8+) MeV w a s  n o t  ob- 

served and t h e  corresponding c a l c u l a t e d  c ros s  s e c t i o n s  were 

below t h e  s e n s i t i v i t y  of t h e  p re sen t  experiments.  Three repor ted  

l e v e l s  could liave possil)l..y con t r ibu ted  t o  t he  observed. 3.i)Su KeV 

s t a t e  (3.OU5, 3.063 and 3.092 MeV), One of t l i e s ~  (3,092 MaV) ha0 

been i d e n t i f i e d  a s  a 2+ s t a t e .  Cross s e c t i o n s  c a l c u l a t e d  assum- 

lug  t h i s  was t h e  only state were reasonably c o n s i s t e n t  wi th  t h e  

p re sen t  observa t ions .  This  suggested t h a t  t h e  remaining two 

states of  t h e  t r i a d  have r a t h e r  l a r g e  s p i n s  and as a consequence 

d id  not  app rec i ab ly  c o n t r i b u t e  t o  t h e  i n e l a s t i c  neut ron  s c a t t e r i n g  

observed i n  ehe p re sen t  experiments. No a t tempt  w a s  made t o  
2, 

q u a n t i t a t i v e l y  e s t i m a t e  c a l c u l a t e d  e x c i t a t i o n s  above 2, 3.2 MeV due 



t o  u n c e r t a i n t i e s  i t 1  t h e  s t r u c t u r e  though t h e  number of .  specula-  

t i v e  s t a t e s  * w e r e  i nd i ca t ed  a t  t h e  h igher  ene rg i e s  f o r  completeness.  

. Calcula ted  and measured e x c i t a t i o n  c r o s s  s e c t i o n s  of  tile 0.78 

(2+) ,  1.15 (M) and 1.5U (2+)  MeV s t a t e s  i n  "MO were i n  agreement 
I, I, 

. t o  2, 3.0 M e V  a s  shown i n  Fig. .5-li. Above. I, 3.0 MeV the- ca lcu la -  

t i o n s  dev ia t ed  towards h ighe r  va lues  as a cot~iplexi ty  o f  u n c e r t a i n  

channels  p rog re s s ive ly  open.. The 0+ ,assigument of t h e  1.15 MeV 

state i s  given a s  t e n t a t i v e  i n  Ref. 15. . The p re sen t  r e s u l t s  
ll 

c l e a r l y  i n d i c a t e d  t h i s  J . assigument , w i t 1 1  c h a r a c t e r i s t i c  concave 

angu la r  d i s , t r i b u t i o n s  a s  i l l u s t r a t e d .  i n  Fig. 3. ' The observed 1.64 

MeV s t a t e  was a t t r i b u t e d  t o  c o n t r i b u t i o n s  from repo r t ed  1.626 (2+) 

and 1.628 (4+) s t a t e s  and t h e  c a l c u l a t e d  c r o s s  s e c t i o n s  are con- 

s i s t e n t  w i t 1 1  t h i s  premise. Ca l cu l a t i ons  based upon sma l l e r  s p i n s  

. f o r  t h e  1.628 MeV s t a t e  were less acceptab le .  . S i m i l a r  agreement 

,between measured and c a l c u l a t e d  c r o s s  s e c t i o n s  fo,r  t h e  e x c i t a t i o n  

of, t h e  1.U7 (4+) and 1.98 (3f) MeV s t a t e s  was acllieved. The s p i n  

of t h e  2.10 MeV s tate is u n c e r t a i n  wi th  e s t i m a t e s  ranging from 

one t o  four  (15). The p re sen t  c a l c u l a t i o n s  and measurements were 

reasonably c o n s i s t e n t  with J=1,2 o r  3  wi th  tlie l a t t e r  p r e f e r r ed .  

The observed angular  d i s  t r i b u t i o r l s  w e r e  e s s e n t i a l l y  i s o t r o p i c ,  

p rec luding .J=O values .  The p re sen t  experiments .did n o t  r e s o l v e  

th.e r epo r t ed  double t  a t  2.22 (4+)  and 2.23 (3-) MeV but  t h e  " 

measured and c a l c u l a t e d  c r o s s  s e c t i o n s  are c o n s i s t e n t  w i t h  
n 

t h e  proposed e n e r g e t i c s  and J va lues .  Tile remaining observed -- - 
I I s t a t e s ' '  a t  average e x c i t a f i o n  ene rg i e s  of 2.5; 2.1, and 2.9 

MeV a r e  c l e a r l y  composites of a nu111ber of c o n t r i b u t i o n s .  For  

example, a t  l e a s t  s i x  s t a t e s ,  given i n  Ref. 15, were p o s s i b l e  

c o n t r i b u t o r s  t o  t h e  observed 2.5 M e V  e x c i t a t i o n  and t h i s  pic-  

t u r e  was very l i k e l y  an  over  s i m p l i f i c a t i o n .  1n view of t h i s  

complexity- and uncer ta i r l ty  no a t tempt  w a s  made t o  r e l a t , e  meas- 
I, 

ured and c a l c u l a t e d  va lues  a t  e x c i t a t i o n s  above I, 2.4 MeV.  

though es t imated  s t r u c t u r e s  were inc luded  i n  t h e  c a l c u l a t i o n s  

f o r  completeness.  

The r e c e n t  Nuclear Data Shee ts  (15) c i t e  approximately 
5) 8 'b 

f o r t y ' s t a t e s  i n  Mo t o  e x c i t a t i o n s  of I, 3.3 MeV; i.e. a n  



'b 
average s e p a r a t i o n  of % 80 keV. The-average  s e p a r a t i o n  is thus  

comparable f o t h e  p re sen t  experimerltal r e s o l u t i o n .  J" va lues  

f o r  t h e  ma jo r i t y  of t h e s e  have no t  been i d e n t i f i e d  a t  exc i t a -  

t i o n s  t 2.5 MeV. Some may have lligll s p i n  va lues  and as a con- 

sequence no t  apprec iab ly  c o n t r i b u t e  t o  t h e  p re sen t  neutron ob- 

s e rva t ions .  On t h e  o t h e r  hand t h e  p re sen t  p i c t u r e  is ' probably 

a n  ove r  s i m p l i f i c a t i o n .  The. r e s u l t s  of t h e  p re sen t  ca lcu la-  

t i o n s ,  employing 17 e x c i t e d  s t a t e s  s e l e c t e d  from t h e  b e t t e r -  
ll e s t a b l i s h e d  J va lues ,  a r e  compared with experimental  va lues  

i n  Fig. 5  C. The p re sen t  measurements reso lved  t h e  0.74 (0+) 

and 0.79 (2+) MeV components only a t  t h e  lowest  energy (1.6 

MeV). A t  h ighe r  ene rg i e s  t h e  composite. c o n t r i b u t i o n  w a s  ob- 

served. ' Both cxpcrimantal  results are aco~lt;i8renc wieh t h e  ca l -  

cu l a t ed '  va lues  and t h e  angular  d i s t r i b u t i o n  of neutrons from 

t h e  e x c i t a t i o n  of t h e  0.74 MeV s t a t e  had ti le concave "signature" 

1charac te rLs t ic  of a IH s t a t e .  Measured and c a l c u l a t e d  c r o s s  

s e c t i o n s  f o r  t h e  e x c i t a t i o n  of 1.43 (2+) and 1.51 (4+) MeV ' 

I, 
s t a t e s  were c o n s i s t e n t  t o  I, 3.0 MeV,with c a l c u l a t i o n s  d e v i a t i n g  

toward l a r g e r  va lues  wi th  eaeigy .due t o  t h e  onse t  of u n c e r t a i n  

exit  cl lan~iels .  Measured exc icae ions  of' t h e  1.76 (2+) state 

were somewl~at sma l l e r  than tihe calculateci  r e s u l t s  a s  expected. 

Reported s t a t e s  a t  1.81 and 1.88 MeV were no t  'obsurved and/or  

could poss ib ly  llave been i ~ l c l u d e d  w i t h  t i l e ,  1.76 MeV s t a t e .  

However, i n  e i t h e r  cas.e t h e  c a l c u l a t i o n s  sugges t  t h a t  t h e  

sp ins  of t h e s e  p o s s i b l e  cqn t r ibu t ions ,  i f  p r e sen t ,  are J > 4 .  

The e x c i t a t i o n  of 1.97 (0+) and 2.02 (3-1 MeV o t a t e s  was ob- 

served as a composite. Addi t iona l  s t a t e s  have been repor ted  

at  1.99 and 2.04 MeV. Again, i f  p r e sen t  wi th  ~ 2 4 ,  they  would 

have l e d  t o  c a l c u l a t e d  va lues  app rec i ab ly  l a r g e r  than observed. 

Calculated arid measured c r o s s  s e c t i o n s  f o r  t h e  e x c i t a t i o n  of 

t h e  2.10 (2+) MeV state w e r e  c o n s i s t e n t .  The r epor t ed  double t  

at  2.21 (2+) and 2.22 (2+, 3+ o r  4+) MeV w a s  a t t r i b u t e d  t o  t h e  

observed 2.20 MeV state. The i i l u s t r a t e d  ca l cu la t ' i ons  were 

based upon .Jn va lues  of 2+ and 4+, r e spec t ive ly .  A l t e r n a t e  



values  f o r  t h e  2.22 MeV s t a t e  of 2+ o r  3+ gave less d e s i r a b l e  

r e s u l t s .  Exc i t a t i ons  of solne states above 2.3 MeV were inc luded  

i n  t h e  c a l c u l a t i o n s .  However, incomplete knowledge of cont r ib-  

u t i n g  s t r u c t u r e  made e x p l i c i t  c o r r e l a t i o n  w i t 1 1  t h e  measured c r o s s  

s e c t i o n s  unrewarding. 

Comparison of measured and c a l c u l a t e d  e x c i t a t i o n s  of s t a t e s  

i n  '''Mo a r e  ou t l i ned  i n  Fig.. 5 D. Ca lcu la ted  e x c i t a t i o n s  bf 
, . 

t h e  0.54 (2+) and 0.69 (W) MeV s t a t e s  were s l i g h t l y  sma l l e r  . 

than  t h e  experimental  values.  This  s h o r t f a l l  was a l l e v i a t e d  by 

inc reas ing  t h e  overlap parameter,  (1, t o  va lues  above 0.5 bu t  with 

a de t r imen ta l  e f f e c t  i n  t h e  a r e a  of compound-elastic cont r ibu-  

t i ons .  A s  noted above, t h e r e  are e x p e r M e n t a l  u n c e r t a i n t i e s  as- 

s o c i a t e ?  with these  two s t a t e s .  . In view of t h e s e  c a l c u l a t i o n a l  

and experimental  f ac to r s .  t h e  agreement between measured and ca l -  

cu l a t ed  va lues  w a s  judged acceptab le .  The experiments : l e f t :  

l i t t l e  doubt as t o  t l ie 0+ assignment of t h e  0.69 M e V  s t a t e  as t h e  

observed sca t te red-neut ron  angular  d i s t r i b u t i o n s  d isp layed  a 

c h a r a c t e r i s t i c  concave shape. Measured and c a l c u l a t e d  c r o s s  

s e c t i o n s  f o r  t h e  e x c i t a t i o n  of l.Ob (2+), 1.14 (4+) and 1.4b 

(2+) MeV s t a t e s  a r e .  i n  reasonable  agreement. Comparisons based 

upon a s i n g l e  1.77 (2+) MeV s t a t e  were less s a t i s f a c t o r y .  The 

c a l c u l a t e d  va lues  are t o o  l a r g e  by an axnount t h a t  cannot be 

reasonably accounted f o r  by c o n t r i b u t i o n s  f  roln unce r t a in  competing 

charlnels. Moreover, two s t a t e s  have been r epor t ed  (15,29) a t  

about t h i s  energy (1766 (2+) and 1770 (+)). The p re sen t  r e s u l t s  

tend t o  i n d i c a t e  t h a t  tlie s p i n s  of one ( o r  both) are l a r g e r  than 
'b 
Q, 3. The repor ted  1.91 and 2.10 MeV s t a t e s  have been t e n t a t i v e l y  

assigned J* values  i n  tire range 2-4+ and 30, r e s p e c t i v e l y  (15). 

The present  c a l c u l a t i o n s  employing 3- and 2+ are reasonably  

c o n s i s t e n t  wi th  tlie measured values.  A l t e r n a t e  choices  of 4+ 

and 3+ f o r  t h e  2.10 MeV s t a t e  were not  as d e s i r a b l e .  The p re sen t  

r e s u l t s  a r e  c o n s i s t e n t  witti t h e  r epo r t ed  2.34 (2+) MeV s t a t e  bu t  

t h i s  w a s  a weak conclusion as e x c i t a t i o n s  i n  t h i s  r eg ion  a r e  

l i k e l y  more complex than  p re sen t ly  known. This  is even more - - 
r e l evan t  t o  e x c i t a t i o n s  at 2.5 and 2.8 MeV and no a t tempt  was 



made t o  i n t e r p r e t e  t h e  cross  sec t ions  observed i n  these  two 

regions though t h e  ca lcu la t ions ,  again,  included specu la t ive  

s t r u c t u r e s  f o r  corr~pleteness. 

I n  conjunction with t h e  above, coupled-channel a n a l y s i s  of 

. t o t a l  and e l a s t i c  s c a t t e r i n g  c ross  sec t ions  t h e  con t r ibu t ion  of 

d i rec t - reac t ion  processes t o  i n e l a s t i c  s c a t t e r i n g  was examined. 

The models found most s u i t a b l e  from the  standpoint  of t o t a l  and 

& e l a s t i c  c ross  sec t ions  had r a t h e r  weak di rec t - reac t ion  s t r e n g t h s  

( t h e  d i r e c t  we l l  5 2/3  the  r e a l  well).  Consequently channel 

coupling contr ibuted  l i t t l e  t o  the i n e l a s t i c  neutron s c a t t e r i n g  

a t  the  e n e r ~ i e s  of the present  work. Ti lp  c b n t r i b u t i o m  werc 

genera l ly  smal ler  than e i t h e r  t h e  exper in~enta l  unce r t a in t i e8  o r  

t11,ose aBsociated wit11 the  choice of the  overlap parameter, Q .  

Thus, i n  t h e  context  o f ' i n e l a s t i c  s c a t t e r i n g ,  t h e r e  was no ex- 

perimental j u s t i f i c a t i o n  f o r  t h e  added complexity o f  t he  coupled- 

channel model. 

V. Evaluated Neutron Tota l  and Sca t t e r ing  Cross Sections 

Contemporary knowledge of neutron t o t a l  and s c a t t e r i n g  

c ross  sec t ions  of 9 2 ~ o ,  9 6 ~ o ,  gablo and l o o ~ a  is very l a rge ly  

confined t o  t h e  present  work and t h e  r e s u l t s  of Ref. 16, 

previously reported from this laboratory.  The ocopc of this 

information and uncer ta in  knowledge .of o the r  r eac t ions  i n  

these  even i so topes  precludes the  formulation of a d e f i n i t i v e  

experimentally based evaluated da ta  f i l e .  Therefore a l i m i t -  

ed evaluat ions  were undertaken e x p l i c i t l y  cnnfi.nr?.d to: t h e  
92 9bMO Isotopes Mo, , ''~0 and lUo~o, t h e  energy range  0.'1 t o  

8.0 MeV and t o  t h e  neutron t o t a l  and s c a t t e r i n g  c ross  sec t ions .  

These l imi ted  evaluat ions  may be of d i r e c t  use i n  some appl ied  

com~uta t ions ,  form a b a ~ i 6  f o r ,  c r i t i c a l  comparisons with t h e  

elemental f i l e  of ENDF/B-IV (17) and e s t a b l i s h  a foundation 

f o r  the  formulation of a fu tu re ,  more comprehensive f i l e ,  a s  

a d d i t i o n a l  experimental informatiorl becomes avai lable .  The 

present  f i l e s  a r e  based upon the  above work 'and t h a t  reported 

previously i n  Ref. 16. I n  add i t ion ,  spectroscopic information 

summarized i n  Ref. 15 is u t i l i z e d  where appropriate.  The f o r  



mulation is wi th in  tile format of the  ENDF system and compari- 

sons a r e  made with t h e  elemental  f i l e  of ENDF/U-IV where 

possible.  Subsequent por t ions  of tliis Section o u t l i n e  the  

formulation of these  l imi ted  evaluated f i l e s .  The respec t ive  

numerical contents  a r e  given i n  the  Appendix. 

The 9 2 ~ 0  F i l e  

The processes considered i n  t h e  present  l imi ted  f i l e  f o r  

9 2 ~ o  a r e  out l ined i n  Table 4. 

The t o t a l  c r o s s  sec t ions  over t h e  range 0.1 t o  5.5 MeV 
?, were taken d i r e c t l y  from the  measured values. Below ?, 1.5 

MeV the  t o t a l  c ross  sec t ions  d isplay  co~ l s ide rab le  p a r t i a l l y  re- 

solved s t r u c t u r e  a s  i l l u s t r a t e d  i n  Fig. 1A.  I n  t l i i s  region the  

evaluat ion  was constructed by s e l e c t i n g  measured values from 

the  experimental da ta  set i n  such a manner a s  t o  por t ray  t h e  

s t r u c t u r e  with a minimum of numerical values. From 1.5 t o  5.5 

MeV the  evaluat ion  follows a smooth curve constructed through 

t h e  present  measured values. Above 5.5 MeV t h e  t o t a l  c ross  

sec t ions  a r e  obtained from the  model described above, s l i g h t l y  

renormalized t o  give agreement w i t 1 1  tlie measured values i n  t h e  

region 5.0 t o  5.5 MeV. 

Below t h e  f i r s t  i n e l a s t i c  threshold a t  % 1.53 MeV t h e  

e l a s t i c  c ross  sec t ion  f i l e  is assutled i d e n t i c a l  t o  t h e  t o t a l  

c ross  sec t ion  f i l e .  This assumption ignores a very small  com- 

ponent from the  (n,y) process and cor rec t ions  f o r  tha t  cont r i -  

bution should b e  made when they cat1 be r e l i a b l y  established. 

More genera l ly ,  s i i i ~ i l a r  correct iorls  f o r  minority e x i t  channels 

not considered i n  t h i s  evaluat ion should be appl ied  when they 

can be p rec i se ly  determined. The e f f e c t  of these  co r rec t ions  

on the  f i l e  w i l l  be r e l a t i v e l y  small  t o  energies of % 6.0 MeV; 

i.e. over the  very l a r g e  por t ion  of t h e  energy range of t h e  

present  work. Froni t h e  f i r s t  i n e l a s t i c  threshold  t o  2.5 MeV the  

elas t i c  c ross  sec t ion  was constructed from t h e  ' d i f f e rence  

between t h e  t o t a l  c ross  sec t ion  and sum of i n e l a s t i c  p a r t 5 a l  

c ross  sec t ions  determiried i n  t h e  present  work. From 2.5 t o  



4.0 MeV the  elastic c ross  sect iol l  was taken' from t h e  above 

measurements .and i n t e r p r e t a t i o n s  a s  i l l u s t r a t e d ,  f o r  example, 

i n  Fig. 2. Above 4.0 HeV tile evaluat ion  r e l i e d  upon an 

ex t rapo la t ion  using t h e  model parameters of Table 3. The e n t i r e  

, r e s u l t  is i l l u s t r a t e d  i n  ~ i g . .  8. 

The e l a s  t i c  .angular d i s t r i b u t i o n s  ca lcu la ted  with t h e  model 

of Table 3 a r e  very desc r ip t ive  of tile present  measured values,  ' . 

as i l l u s t r a t e d  i n  Fig. 2, and genera l ly  of t h e  energy average of 

those at lower energies  reported i n  Ref. 16. .Furthermore, t h e  

ca lcu la ted  r e s u l t s  compare favorably with the  elemental measured 

values a t  8,0 MeV reported in Ref. 30. Thus the  above experi- 

mentally based model was used t o  generate t h e  e l a s t i c  angular  

d i s t r i b u t i o n s .  They are expressed i n  t e r n  of f cooef f i c i en t s  a. 
defined by 

and a r e  tabula ted  i n  t h e  Appendix i n  t h e  labora tory  coordinate 

systerti. Transfer  t o  t h e  cen te r  of mass system w i l l  only - 
s l i g h t l y  change t h e  values. Applied parameters, such as  cos 

of the  s c a t t e r i n g  angle, a r e  r e a d i l y  ca lcu la ted  from t h e  f 
R 

values i f  des i red  (36) and thus a r e  not  e x p l i c i t l y  given here, 

The evaluated 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 ross  sec t ions  

a r e  w e l l  behaved a s  i l l u s t r a t e d  i n  Fig. 9 and s a t i s f y  "Wicks 

Limit" (37). 

Below 3.0 MeV t h e  d i s c r e t e  i n e l a s t i c  neutron e x c i t a t i o n  

c ross  sectioxls a r e  based upon t h e  present  experimental meas- 

urements ext rapola ted  t o  t h e  r e spec t ive  thresholds  using t h e  

c a l c u l a t i o n a l  methods autl.ined above. Tliey a r e  explicitly t h e  
I1 eye-guide" dot ted  curves of Fig. 5. Above 3.0 MeV they were 

empir ica l ly  ext rapola ted  t o  a zera  upper value a t  8.0 MeV. 

This  ex t rapo la t ion  has the  i n t e n t  of q u a l i t a t i v e  guidance and 

does not account f o r  pre-compound con t r ibu t ions  t h a t  w i l l  in- 

c rease  t h e  magnitudes a t  higher energies.  ~ i s c r e t e  e x c i t a t i o n  of 



> 
s t a t e s  a t  % 3.2 MeV a r e  uncer ta in  and the  evaluat ion  t r e a t s  

them c o l l e c t i v e l y  a s  a continuum. The magnitude of t h e  continu- 

um component was constructed fronr the  d i f fe rence  between t h e  

t o t a l  c ross  sec t ion  and known components (i.e. e l a s t i c  and dis-  

crete i n e l a s t i c ) .  A s  noted above, t h i s  procedure ignores some 

contr ibut ions ,  such a s  (n,y), and appropr ia te  co r rec t ions  must 

be made when s u i t a b l e  experimental information becomes ava i l ab le .  

The energy d i s t r i b u t i o n  of neutrons emitted v i a  continuum proc- 

esses is not spec i f i ed  i n  t h e  Appendix. There appears t o  be no 

e x p l i c i t  experimental information and, i n  its absence, a simple 
I 1  temperature" consister l t  with systematics is suggested. Such an 

approximation w i l l  l ead  t o  a s h o r t f a l l  i n  t h e  h igher  energy 

port ions of t h e  emission spectrum. The r e l a t i v e  magnitudes of 

the  various i n e l a s t i c  components a r e  i l l u s t r a t e d  i n  Fig. 8. 

Impl ic i t  i n  t h e  present  evaluat ion  is the  assumption of 

i s o t r o p i c  i n e l a s t i c  neutron emission and t h i s  is - not  e x p l i c i t l y  

s t a t e d  i n  t h e  numerical f i l e s  of t h e  appendix. A t  e x c i t a t i o n s  
< 

of % 3.2 MeV t h i s  assumption is j u s t i f i e d  by t h e  present  experi- 
% 

ments. An exception is t h e  e x c i t a t i o n  of t h e  % 2.5 MeV, pre- 

sumed (H, s t a t e .  However, t h e  r e spec t ive  c ross  s e c t i o n  is not  

l a r g e  and the  anisotropy r e l a t i v e l y  small. A s  t h e  energies  in- 
% 

c rease  from % 3.0 MeV t o  tile upper l i m i t  of 8.0 MeV anisotropy 

should appear, due t o  pre-compound processes. Wmiever, a t  t h e  

energies of t h e  present  eva la t ion  i t  should not  be l a r g e  and 

uncer t a in t i e s  i n  t h e  i n e l a s t i c  evaluat ion  w i l l  be dominated by 

o the r  f ac to r s .  

B. The 9 6 ~ 0  F i l e  

The processes i n  t h i s  f i l e  a r e  ou t l ined  in Table 5. The 

methods and procedures eniployed i n  deducing the  f i l e  were iden- 

t i c a l  t o  those employed f o r  9ZMo, ou t l ined  above. The r e s u l t s  

a r e  graphica l ly  summarized i n  Fig. 8 and e x p l i c i t l y  give11 111 

numerical forn  i n  t h e  Appendix. 

C. .The 9 8 ~ 0  F i l e  

The content  of t h i s  f i l e  is ou t l ined  i n  Table 6. The da ta  



base and evaluat ion  procedures were i d e n t i c a l  t o  t h o s e  of 9 2 ~ o ,  

above. In  th3s  i so tope  t h e r e  is a d d i t i o n a l  experimental t o t a l  

c ross  s e c t i o n  ,information from Ref. 25. Tlle l a t t e r ,  i s  consist-  

en t  with t h e  present  evaluat ion but shows more s t r u c t u r e  par t ic -  

u la r ly  a t  higher energies.  For s impl ic i ty  and consistency with 

t h e  o the r  i so topes  t h i s  a d d i t i o n a l  s t r u c t u r e .  was omitted. For 

mst a p p l i c a t i o n s  t h i s  omission siiould not  be a drawback. Nick's 

Limit w a s  s a t i s f i e d  i n  t h i s  and t h e  o t h e r  cases. However, i n  

. order t o  s a t i s f y  t h i s  l i m i t  f o r  and '"MO (and t o  a'much 

Less ex ten t ,  9 6 ~ 0 )  i t  was necessary t o  s l i g l l t l y  d i s t o r t  the  

e l a s t i c  angular  d i s t r i b u t i o n s  near zero  degrees. This was be- 

l ieved another  manifes ta t ion  of tile s r~ la l l  inconsistency between 

ueasured total and elasrlc rjcat t e r i n g  c ross  sec t ions  no'ted i n  the  

above model 'discussion.  . The r e s u l t s  of t h e  present  evaluat ion  

a r e  given i n  F I ~ .  8 and t h e  Appendix. 

The looMo F i l e  

The contents  of tihis f i l e  is ou t l ined  i n  Table 7. The data  

base and procedures were i d e n t i c a l  t o  those  bf 9 2 ~ 0  ou t l ined  

above. The r e s u l t s  a r e  graphica l ly  summarized i n  Fig. 8 and 

l i s t e d  i n  t h e  Appendix, 

E. Uncertainty Estimates 

The u n c e r t a i n t i e s  t o  be associa ted  with the  present .  l imi ted  

evaluat ions  a r e  a matter  of sub jec t ive  judgement based, pr imar i ly ,  

upon t h e  available experiniental data. base a.nd associa ted  in fa r -  

p re ta t ion . ,  Some guidel ines  a r e  a s  follows: 

l. The ~ n c ~ r t a i n t i e s  La Lhe t o t a l  crous seccitins a t @  prob- 

ably 2 5% fa 5.5 NeV. A t  higher energi.ss the  uncer ta in ty  

may be AR I m g e  as 10%. Conpariaons of t h e  weightcd 

composite with t h e  known elemental  c ross  sec t ions  indi- 

c a t e  b e t t e r .  'accuracies. 

ii. Below t h e  i n e l a s t i c  thresholds  t h e  u n c e r t a i n t i e s  in t h e  

e l a s t i c  c r o s s  sec t ions  are equivalent  t o  those  of t h e  

t o t a l  c ross  sec t ions .  From threshold t o  4.0 MeV t h e  ac- 

curacy is 2 5 t o  10% and a t  higher energies  % 10%. The 

r e l a t i v e  angular d i s t r i b u t i o n s  a r e  bel ieved known t o  

comparable accuracies,  

4' 
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iii. The d i s c r e t e  i n e l a s t i c  e x c i t a t i o n  c r o s s . s e c t i o n s  are be- 
< % 

l ieved known t o  % 10% t o  % 4.0 MeV f o r  t h e  prominent 

components and t o  lesser r e l a t i v e  accuracies  f o r  minor 

components. Spec i f i c  es t imates  can be made from the  

d iscuss ion of Secs'. I11 and I V ,  above. .Above t h e  maxi- 

mum measured energy of 4.0 MeV t h e  i n e l a s t i c  s c a t t e r i n g  

components become increas ingly  mat ters  of speculat ion.  

However, t h e  non-elas t i c  c ross  s e c t i o n  is reasonably de- 

f ined by t o t a l  and e l a s t i c  s c a t t e r i n g  c r o s s  sec t ions .  

F. Comparisons w i t 1 1  t h e  Elemental F i l e  of EflDFIB-IV 

The present  evaluat ions  a r e  not d i r e c t l y  comparable with t h e  

elemental  ENDFIB-IV f i l e  (38). Moreover, a t  t h e  t i m e  of t h i s  

w r i t i n g  the  ENDF-IV molybdenum f i l e  was not a v a i l a b l e  i n  f i n a l  

form. It  appears t o  be e s s e n t i a l l y  t h e  ENDF-I11 f i l e  a t  energies  

comparable wi th  t h e  present  work. However some q u a l i t a t i v e  in te r -  

r e l a t i o n s  can be es t ab l i shed  t h a t  may o f f e r  guidance a s  t o  f u t u r e  

improvements of t h e  f i l e .  Here w e  assume t h e  a v a i l a b l e  prelimi- 

nary form of t h e  f ili with  references  t h e r e t o  denoted a s  ENDFIB. 
The t o t a l  neutron c ross  sec t ions  of ENDFIB a r e  r e l a t i v e l y  

consis  t e n t  with t h e  present  evaluated r e s u l t s  as i l l u s t r a t e d  

by t h e  respect ive  curves i n  Fig. 8. The present  evaluat ions  

r e f l e c t  t h e  t rend toward increas ing values with mass noted i n  

the  experimental measurements. The l a r g e s t  d iscrepancies  ap- 
< 

pears a t  energies  of % 2.0 MeV and t h e r e  a r e  some d i f fe rences  

near  8.0 MeV where t h e  present  work is based upon extrapola-  

t ion .  The ENDFIB f i l e  does not show t h e  s t r u c t u r e  of the  pres- 

ent  work. The l a t t e r  w i l l  average i n  t h e  elemental composite. 

Generally, t h e  consistency of t h e  var ious  t o t a l  c ross  s e c t i o n  

f i l e s  was judged reasonably good. 

The evaluated neutron e l a s t i c  s c a t t e r i n g  c r o s s  sec t ions  

a r e  d i f f i c u l t  t o  compare as t h e  croso scc t iono d i f f e r  r a t h e r  

sharply from isotope-to-isotope as i l l u s t r a t e d  i n  Fig. 2. These . 

d i f fe rences  a r e  most evident  i n  t h e  e l a s t ' i c  d i f f e r e n t i a 1 , d i s t r i -  



butions. Those given i n  ENDFIB appear t o  be n e i t h e r  par t icu-  

l a r l y  d e t a i l e d  nor cons i s t en t  with t h e  present  work. This is 
% 

p a r t i c u l a r l y  t r u e  at  energies above % 1.0 MeV. This may be  a 

concern t o  those  app l i ca t ions  where deep minima of t h e  s c a t t e r -  

i n g  d i s t r i b u t i o n s  a r e  important. There is a l s o  a discrepancy 

between t h e  angle-integrated e l a s t i c  s c a t t e r i n g  cross  sec t ions  

of t h e  p resen t  work and WDF. This is a r e f l e c t i o n  of problems 

assoc ia ted  wi th  i n e l a s t i c  neutron s c a t t e r i n g  ou t l ined  below. 

It is suggested t h a t  t h e  e l a s t i c  s c a t t e r i n g  c r o s s  sec t ions  of 

t h e  ENDF/B f i l e  could be improved by u t i l i z i n g  a weighted 

average of t h e  preeent isotopic evaluati.ona, 

The formulat ion of the ENDF/B f i l e  i n ' t h e  i n e l a s t i c  s c a t t e r -  

i n g  a r e a  apparently j s  hassd vpon an in teg ra ted  ineLas t i c  arose  

s e c t i o n  da t ing  back t o  ENDFIB-I o r  I1 with  t h e  ,addi t ion  of a 

l imi ted  number (4) d i s c r e t e  i n e l a s t i c  groups. A very l a r g e  

' po r t ion  of t h e  f i l e  relies upon a simple continuum representa t ion .  

Above energ ies  of s e v e r a l  MeV t h e  t o t a l  i n e l a s t i c  fieutroh c ross  

s e c t i o n s  of t h e  present  work and those  of ENDFIB a r e  very s i m i l a r  

a s  i l l u s t r a t e d  i n  Fig. 8. As t h e  thresholds  a r e  approached, a 

discrepancy a r i s e s  amount in^ t o  poss ib ly  a f a c t o r  of two or more 
% 

a t  % 1.0 MeV. The p r e s e n t ~ e v a l u a t e d  i n e l a s t i c  c r o s s  s e c t i o n s  of 

Y6?40, 9 8 ~ o  and 1001lo may be two t o  t h ree  t i m e s  t h i s e  of ENDPIH a t  

1.0 MeV. The c ross  sec t ions  of t h e  odd iso topes  95bi0 ind  9 7 ~ 0  

should have s i m i l a r  l a r g e  values a t  1.0 MeV due t o  the  abundance 
% 

of open e x i t  ctlannels. Further ,  % 314 .of t h e  element c o n s i s t s  of 

t h e  molybdenum isotopes  '95' through 100. Recognizing no 1.0 

MeV i n e l a s t i c  con t r ibu t ion  from 9 2 ~ o  and only a smal l '  compo- 

nent from 94H0 (16) . one must conclude t h a t  the  1. U MeV in- 

e l a s t i c  neutron s c a t t e r i n g  c ross  s e c t i o n  of t h e .  element is. i n  

excess of 1.0 bnrno. This conclusion is c o n s i s t e n t  with the 

elemental measurements of Smith and HayPs (39) and ~ l i z k o v  (40). 

Thus the  i h e l a s t i c  neutron s c a t t e r i n g  c ross  sec t ions  of ENDFIB 

may be considerably smaller  than r e a l i t y  i n  t h e  region of 1.0 

MeV. This may be a matter of concern i n  some a p p l i c a t i o n s  deal- 

ing  with r e l a t i v e l y  "sof t t t  spect ra .  An example is the  "Central 

Worth" of molybdenum i n  a r ep resen ta t ive  f a s t  r e a c t o r  spectrum. 



This is particularly so as the inelastic neutron scattering cross 

sections of 'molybdenum are among the largest known. It is sug- 

gested that ENDFIB inelastic scattering cross sections be re- 

viewed'to assure that they are consistent with the present and 

previous work at lower energies. 

.The ENDFIB file contains extensive information dealing with 

neutron, particle and gamma-ray emission at energies well above 

the present work. These high energy portions of the file appear 

to be relatively consistent with a meager experimental base and 

known systematics. Unfortunately, the present studies do not 

provide appreciable insite into this high energy region. Meas- 

urements toward that end are now scheduled. 

Finally, the reader is again cautioned that the above com- 

parisons are based upon a preliminary version of the ENDFIB file. 

VI. Summary Remark 

The experimental results, together with those previously re- 

ported from this laboratory (16), reasonably defined the neutron 

scattering cross sections of 92&f0, 96~o, 98~o and "OMO to 4.0 

MeV and the.tota1 cross sections to 5.5.MeV. An optical model 

was constructed upon. this experimental foundation with attention 

to the energy-, isotopic-, and shell-dependence of the opcical 
Ir 

potential in this region of AIr100. The real portion of the 

optical potential was well defined and was consistent with the 

energy and isotopic dependence of tile form V = V - 0.3.E(MeV)- 
0 [y] 24 (MeV) determined from broad-scope studies reported in 

the literature (5,6,8,9,10). The optical model absorption was 

not as precisely defined but tended to increase in strength 

with mass and, to a lesser extent, with energy. The trend in 

the mass dependence of the absorption was qualitatively sirpilar 

to the shell dependence suggested in the region of N=50 from 
Ir 

considerations of strength fktions (12) and observed in ?. 1.0 

MeV neutron scattering near Am208 (13). The results of statis- 

tical-model calculations based upon previously reported struc- 



t u res  of these  i so topes  were genera l ly  cons i s t en t  with the  

measured i n e l a s t i c  s c a t t e r i n g  c ross  sec t ions .  I n  add i t ion ,  am- 

parison of ca lcu la ted  and measured values confirmed some tenta-  

t i v e  J" assignments and suggested values where p r i o r  knowledge 

was e n t i r e l y  lacking;  s p e c i f i c a l l y ,  a )  t h e  i n e l a s t i c  s c a t t e r i n g  

from t h e  2.52 MeV doublet  i n  "MO was primari ly a t t r i b u t e d  t o  a 

OC state and t h a t  from a t r i a d  i n  t h e  region of 3.0 MeV t o  

a 2+ s t a t e ,  b) t h e  O+ assignment of t h e  1.15 MeV s t a t e  i n  9 6 ~ 0  

w a s  confirmed toge the r  with t h e  4+ assignment of a member of 

t h e  1.62 MeV doublet  and the  r e s u l t s  suggest J=l, 2 o r  3 f o r  the  

2.IU EBV a t a t e ,  c) the  s t a t e s  i n  ''Pi0 a t  1.81, 1.88, 1.99 and 

2.04 MeV w e r e  not  observed with t h e  impl ica t ion  of r e l a t i v e l y  

l a rge  J, vnlucs and a 4+ assiguu~ellt it; euggested f o r  the  2.22 MeV 

s t a t e ,  and d )  t h e  one o r  both of t h e  reported s t a t e s  i n  10U~o a t  

1.766 and 1.770 MeV probably carrespnnd t o  J vsluea z 3 and a 21 

assignment is suggested f o r  the  2.10 MeV s t a t e .  The opt ica l -  

and s t a t i s t i ca l -mode l  r e s u l t s  were re-examined i n  the  context  of 

c o l l e c t i v e  deformations. The l a t t e r  were not bel ieved warranted 

i n  the  present .  experimental" context.  The experimental and 

c a l c u l a t i o n a l  r e s u l t s  were b t l l i z e d  t o  cons t ruc t  a l i m i t e d '  eval- 

uated f i l e  i n  the  U D F  format corlsis t ing of neutron t o t a l  and 

e l a s t i c  and ' i n e l a s t i c  s c a r t e r i n g . c r o s s  sec t ions  ovkr t h e  energy 

range 0.1 t o  8.0 MeV. . . 

. . 
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TABLE I. Sample compositiona 
. . .  

. . . , 

. . 

Sample 2 ~ o  94~ i  9 5 ~ 0  6 ~ o  9 jMO 9 8 ~ 0   OH^ O/MO 

a. A l l  isotopic. values are i n  atom-percent. The oxygen t o  molybdenum ratio 

(O/Mo) is given as atom ratio . i n  X .  . 
. . 



100Moa 
TABLE 2. OBSERVED INIUSTIC NEUTRON EXCITATION ENERGIES CmF 9 2 ~ o ,  9 6 ~ ~ ,  9 8 ~ o  and 

8 ~ o  . ' 9 6 ~ 0  
8 ~ o  

l 0 O M 0  

NDS No. Exp . 
1 1510 + 10 1509 

2 2280 + 10 2283 

3. 2520 f 20 ,[::2i;lb 
4 2610 f 20 2615 

5 2850 f 20 2849 

No. Exp . NDS No. Exp . N3 3 No. Exp . NDS 

1 783 f '10 77E. 1 740 + '10 7 33 1 520 f 10 535 

2 1173 f 20 1147 2 780 f '10 787 . 2 690 k .10 694 1 
3 1509 t 20 1 9  . 3 1440 4 'm 1432 ' 3 1 0 6 0 f 1 5  1064 . : 

4 1640 t 20 [16281b 4 1 5 1 0 f 2 3  1510 . 4 1140 f 15 1136 . : 
1626 . . . . . . . . 

5 1400 + 30 1870 : : 5 1780 + 29 1758 5 1460 f 20 1463 , : 
6 2000 k '30 1978 1 1 6 1960 f 33 G;:]~ 6 1600 k 30 ( 7 )  :d: 

. . 
. . . . . . 

. '  

: . .  

. . 

7 2120 + 30 20,96 : : 7 2 0 7 0 + 3 0  21C5 . :  . .7 1770 t 20 [1740r .  
1780 : : 

. . .  
8 2240 t. .30 [2219]b 8 . 8 1910 + 30' 1908 : : 

2234 : : I . .  . . 
. . 

. . 

9 2500 k 100 2400 1 9 . 2250 f 50 . (?) d - j  9 2100 f 30 1.1: 2600 i : : . . .  . . . . 

2101 : : 
. . 

. . 

10 
. . . . 

2380 f 50, [ 2 F c  LO 2330 f 3 0  2340 . 1 . 
. . i 
. . ?  2430 . ' ' . . 

. . 
. . 

. . 2500 f 7G 

. . 

. . 

. . 

. . 

. . . . 
' I  . 
: 
. . 

. . 
. , .  . . . . . . . . . . . .  

. . : , 12 

. . 

. . 
, 

1 . . . . 
. . 1 13 . . 

. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  
, . . . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . .  . . . . 

a.  A l l  energies i n  keV, NDS denotes most re,.ent Nuclear .Data Sheet values. as given i n  Ref. 15.; 
b. Observed s t a t e  frobably a composite of r o r t  d s t a t e s  a s  i n  en r ndicatec.  
C .  ~b e ved exc i t a  ions estimated t o  approx%ateIy correspond t o  t g e g Y n ~ ~ e 6  biodi  of exzi ta t ion AS nofez i t e t e x t  
d. 1sola tea  o h e r v a t i o n ,  probably erroneous. . 



TABLE 3. Optical Model Potent ia l  Parameters 
( .  

b va = 50.2 MeV R . .  1.209 F . ,* .. . . r e a l  : , . .. P 0..66 F 
0 , . . . . _  . . . . .  . a. 

- .  .Areal : 

w,' = 4.5 MeV (92) 
5.5 MeV (96) 
4.9 MeV (98)  
5.7 MeV (100) 

vd = 8 MeV 
8-0 

a.  Saxon potent ia l  form where 

V - V - 0.3-E (MeV) ,- [?I* 24 (MeV) 
0 

11 3 b. Where nuclear radius = K * A  . 
c. Surface absorption o f  Saxon-derivative-form. 
d. Spin-orbit potential of  Thomas form. 



TABLE 4 

Processes, Q-Values and Thresholds of the Part ia l  9 2 ~ 0  Evaluation. 

Process 

a (n) , t o t a l  

u(n,n') , ' 

Elas t i c  

0 (n,n;) 

a (n.ni) 

u(n,ni)  

o(n,ni )  

(n,n;) 

Q(n,n;) 

Q (n,.nl.) continuum 

Threshold (MeV) 

- 



TABLE 5 

Processes. (?-values and Tllresholds. of the Partial 96~10 Evaluation 

No. - .  Process . 
1 a(n),  to ta l  -- -- 
2 . - .  a( i ;n8)  . . 

. . 
a. Elastic. 0.0 -- 



TABLE 6 

Processes, Q-Values and Thresholds of the Part ia l  9 8 ~ o  Evaluation. 

Process Q-Value (MeV) Threshold (MeV) 

1. a(n) ,  t o t a l  , . --, ' .~ . -- 

Elas t i c  

ni Continuum -2.969 3.000 



TABLE 7 * .  

Processes, Q-Values and Thresholds of the. Partial 'OOHO Evaluation. 

No. - Process Q-Value(MeV) Threshold(MeV) 

1 a(n), Total --- -- 

a. Elastic 0.0 -- 
b. a(n,ni) -0.5356 

. . 
0.5409 5 

a(n,n;) 

a(n,n;) ' 

a(n,nA) 

a(n,n4) 

(n,niO) 

u(n,nil) . 

Continuum 



Fig. 1. 

Fig. 2. 

Pig. 3. 
:. . 

Fig. 4. 

Fig. 5. 

Fig. 6. 

FIGURE CAPTIONS 

Measured and ca lcu la ted  neutron t o t a l  and e l a s t i c  s c a t t e r i n g  
Y 6 10 0 c ross  sec t ions  of Y 2 ~ 0  (A), Mo (B), Y 8 ~ o  (C) and Mo (D). 

The present  measured t o t a l  c ross  sec t ions  a r e  noted by square 

d a t a  points ,  those of Kef. 16 by a l i g h t  s o l i d  curve. Meas- 

ured e l a s t i c  s c a t t e r i n g  c ross  sec t ions  a r e  denoted by c i r c u l a r  
< ?, 

d a t a  po in t s  where t h e  values f o r  E - 1.5 MeV are % 100 keV 

averages of t h e  r e s u l t s  of Ref. l b  and those  f o r  E > 1.5 MeV 

from t h e  present  work. The heavy s o l i d  curves i n d i c a t e  t h e  

remults of e a l c u l a t i o ~ m  a8 discussed i n  Sect ion  I V  of t h e  text. 

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 ross  sec t ions  of 9 2 ~ ,  Y 6 ~ o ,  

g 8 ~ o  and lQ0Nu. Th~.pY@sont r s o u l t a  and t h c l r  u l m e r ~ 8 i d t i e s  

a r e  ind ica ted  by da ta  points .  The s o l i d  curves repreeent  t h e  

r e s u l t s  of t h e o r e t i c a l  c a l c u l a t i o n s  as d e s c r i h ~ d  i n  Section I V  

of t h e  t ex t .  

E l a s t i c  and i n e l a s t i c  d i f f e r e n t i a l  c ross  sec t ions  f o r  t h e  

s c a t t e r i n g .  of 3.2 MeV neutrons from Y 6 ~ 0 .  Measured values a r e  

indica ted  by d a t a  points .  The curves a r e  t h e  r e s u l t s  of ca l -  

cu la t ions  4~ d i s c u ~ s e d  i n  Scc. I V  of Lilt! texc.  'l'he measured 

d i s t r i b u t i o n  f o r  t h e  e x c i t a t i o n  of t h e  1.15 MeV l e v e l  has the  

conaave shape c h a r a c t e r i s t i c  of the e x c i t a t i o n  of a CH s t a t e .  

Simplif ied comparison of e x c i t a t i o n s  i n  9 2 ~ o ,  9 6 ~ o ,  9 8 ~ o  and 

louMo observed i n  t h e  preeent  experiments with those summa- 

r i zed  i n  Ref. 15. Sol id  c i r c l e s  denote d i s c r e t e l y  observed 

s t r u c t u r e s  with brackets  ind ica t ing  t h e  coblec t ive  observatl.on 

of a number of s t a t e s .  

I n e l a s t i c  e x c i t a r i o n  c ross  sec t ions  of 92Mo (A), 96M0 (8) , '%o 

(0, and 'O'EICJ (D). Measured c ross  sec t ions  f o r  the  s t a t e d  ex- 

c i t a t i u u  energies  ( i n  MeV) are denoted by da ta  points .  Values 
< 

at energies  - 1.5 EleV are from t h e  r e s u l t s  of Ref. 16 averaged 
. "b 

over a 30 keV i n t e r v a l s .  The dot ted  curves i n d i c a t e s  an 
*I eye-guide" evaluated c ross  sec t ions  and t h e  s o l i d  curves t h e  

r e s u l t s  of c a l c u l a t i o n  as described i n  Sec. IV of t h e  t e x t .  

Values of t h e  r e a l  p o t e n t i a l  s t r eng th ,  V, and r e a l  r ad ius , '  KV,  
deduced from Xi-square f i t t i n g  of t h e  o p t i c a l  p o t e n t i a l  t o  the  



observed e l a s t i c  s c a t t e r i n g  angular  d i s t r i b u t i o n s .  The in- 

c ident  energy range extends from 0.5 t o  3.0 MeV and t h e  f i t t i n g  

includes 92~0 , .  ' 6~lo,  9 8 ~ o  and l'O~o a s  noted by t h e  symbols. 

Fig. 7. I l l u s t r a t i v e  comparisons of measured and ca lcu la ted  e l a s t i c  

s c a t t e r i n g  cross  sec t ions  of 9 2 ~ 0 .  Measured values a r e  indi-  

cated by da ta  points.  Calculated resu lks  arl:e denoted by curves 

where - A was obtained using t h e  p o t e n t i a l  of Table 3 with a 

[y] dependence end - B without such a dependence. 

Fig. 8. Evaluated neutron t o t a l  and 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  o'f 9 2 ~ 0 ,  9 6 ~ o ,  9 8 ~ o  and looMo . Sol id  curves indi-  

c a t e  t h e  r e s u l t s  of t h e  present  .evaluat ions.  The dot ted  l i n e s  

a r e  constructed from the  elemental ,molybdenum evaluat ion  of 

ENL)F-IV. 

Fig. 9. Evaluated d i f f e r e n t i a l  e l a s t i c  neutron s c a t t e r i n g  c r o s s  sec t ions  
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C6 ,70340E 0 1  9 2  3  1 70 
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