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1. INTRODUCTION 

This r e p o r t  descr ibes  the  evaluat ion of t h e  neutron cross-sect ion 

and t h e  gamma-ray production d a t a  on n i c k e l .  The a v a i l a b l e  d a t a  a s  of mid- 

1973 have been included i n  t h i s  evaluat ion.  In  add i t ion ,  an a t tempt  has been 

made t o  es t ima te  t h e  e r r o r s  i n  the  var ious  cross-sect ions  i n  t h e  d i f f e r e n t  

energy ranges. These are reproduced i n  Table 8 a t  t h e  end of t h i s  r e p o r t .  

This i s  e s s e n t i a l l y  a new eva lua t ion  from 1.0 E - 05 eV t o  20.0 MeV 

except f o r  t h e  resolved resonance parameter d a t a  which along wi th  t h e  back- 

ground cross-sect ions  have been taken over from t h e  ENDFIB-111 n i c k e l  evalua- 

tion (MAT No. 1123). These resonance parameters a r e  by S t i e g l i t z  e t  a l l  and 

were a r r i v e d  a t  by a  c a r e f u l  ana lys i s  of t h e  exper imental  d a t a  on t o t a l  and 

capture  cross-sect ions .  The resonance parameters a r e  given only f o r  t h e  f o u r  

even-even i so topes  of n icke l .  Thus, t h e  c o n t r i b u t i o n  of 6hi with  a  f r a c t i o n a l  

abundance of 0.011 i s  considered negligible. 

The neutron and gamma-ray production cross-sections given i n  t h i s  

n icke l  eva lua t ion  (MAT = 1190 of ENDF/B-IV) over t h e  neutron energy range 

1.0 E - 05 eV t o  20.0 MeV may be summarized a s  fol lows:  

F i l e  1: General desc r ip t ion  of the eva lua t ion  with  re fe rences .  

F i l e  2: Resolved resonance parameters f o r  58 '60962y64Ni  from 1.0 E - 05 e V  

ro  690 key. 

F i l e  3: Smooth cross-sect ions  f o r  t o t a l y e l a s t i c y  t o t a l  i n e l a s t i c ,  i n e l a s t i c  

cross-sect ions  t o  some f i f t e e n  d i s c r e t e  l e v e l s y  the i n e l a s t i c  con- 

tinuum, (n,2n),  (n,n'p) , (n,p) , (n,a) and cap tu re  c ross - sec t ions .  

Also a r e  included d a t a  on ;, 5 and y generated from the d i f f e r e n t i a l  

angular  d i s t r i b u t i o n s  given i n  F i l e  4 .  



File 4: Angular d i s t r i b u t i o n  f o r  e l a s t i c  s c a t t e r i n g  exp re s sed  as Legendre 

polynominal coefficients ,  with the i ne l a s t i c  scattering assumed 

t o  be isotropic. 

F i l e  5: Secondary n e u t r o n  energy d i s t r i b u t i o n  f o r  the i n e l a s t i c  continuum, 

( n ,  2n) and (n ,nfp) reactions.  

File 12: Multiplicities f o r  gamma r a y  p roduc t ion  due t o  c a p t u r e  from 

1.OE - 05 e V  t o  1 .0  MeV. 

F i l e  13: Gamma production cross-section due t o  a l l  n o n - e l a s t i c  p r o c e s s e s  

from 1.0 - 20.0 MeV. 

F i l e  14: Angular d i s t r i b u t i o n  f o r  photons which is assumed to b e  i s o t r o p i c .  

F i l e  15: Normalized energy d i s t r i b u t i o n s  of  t h e  photon spectra.  



2.  General P roper t i e s  of Nickel  I so topes  

2.1. I so top ic  Masses and Poss ib le  Neutron Induced Reactions 

Na tura l  n i c k e l  i s  made up of f i v e  i s o t o p e s :  58~i ,  60~ i ,  6hi, 6 2 ~ i  end 

64~i. Their  f r a c t i o n a l  abundancesZ and i s o t o p i c  masses3 an t h e  1 2 C  s c a l e  a r e  

given i n  Table 1. The p roper t i e s  of n a t u r a l  n i c k e l  a r e  e s s e n t i a l l y  determined 

by those of 5 8 N i  and 6 0 ~ i  - the  most abundant of the  i so topes ;  and a l l  t h e  

i so topes  except 6bi are even-even. The nuclear  masses a r e  from t h e  r e c e n t  

compilation of Wapstra and ~ o v e . ~  Using these  d a t a  it is a l s o  p o s s i b l e  t o  

c a l c u l a t e  t h e  Q-values f o r  the  d i f f e r e n t  poss ib le  nuc lea r  r e a c t i o n s  induced 

by neutrons up t o  a maximum energy of 20.0 MeV. These a r e  l i s t e d  i n  Table 2 .  

However, the Q-values f o r  the  capture  r e a c t i o n  i n  61~i, 6 2 N i  and 64Ni are by 

Fanger e t  a1,  and Cochavi e t  a1. The 6 4 ~ i  (n, y) Q-value is i n  good 

agreement with  t h a t  observed by Arne11 e t  a l .  6 

Some of these r e a c t i o n  cross-sect ions  are very small i n  the  energy 

range of i n t e r e s t  o r  t h e r e  a r e  no data on them. Hence, they have been l e f t  

out of the evaluated d a t a  f i l e s .  The only (n, p a r t i c l e )  cross-sect ions  given 

i n  t h e  d a t a  f i l e s  a r e  for (n,2n),  (n ,nfp)  , (n,p) and (n ,a)  r e a c t i o n s .  

The p r o p e r t i e s  of the  ground s t a t e  and t h e  exc i t ed  s t a t e s  of the 

even-even nickel i so topes  a r e  shown i n  F igs .  1-4. They were obtained from the  

l a t e s t  conpiLation of the  Nuclear Data ~ r o u ~ '  a t  O W .  At l e v e l  energ ies  higher  

than those shown here ,  the spin-par i ty  assigzments have n o t  been made or  a r e  

doubtful .  Hence, i n  the  nuclear  model c a l c u l a t i o n s  t o  be  descr ibed l a t e r ,  

nuclear  l e v e l s  above 3.5 MeV e x c i t a t i o n  energy a r e  descr ibed by a continuum 

level  dens i ty  d i s t r i b u t i o n  ins tead  of being t r e a t e d  as d i s c r e t e  l e v e l s .  
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3 .  Neutron Cross-Sections 

3 .1  To ta l  Neutron Cross-Section 

The t o t a l  neutron cross-section f r o m  I.OE - 05 eV t a  690 keV i s  

given by the resolved resonance parameters i n  F i l e  2 along with  t h e  background 

i n  F i l e  3.  From 690.0 keV t o  11.0 MeV i t  was obtained from a s p l i n e  f i t  t o  

the  recen t  d a t a  of Schwartz et. a1.8 These a r e  new Nat ional  Bureau of Stand- 

a rds  da ta  obtained with  a t ime-of-flight arrangement and a r e s o l u t i o n  which 

var ied from 0.2 ns/m a t  500 keV t o  0.08 ns/m a t  15.0 MeV. The accuracy of 

the da ta  v a r i e s  from 3-4% and the  da ta  were obtained with  two sample thicknesses  

of 0.4047 and 1.032 atorns/barn. Fur the r  d e t a i l s  of these  measurements a r e  t o  

be found i n  t h i s  reference.  On comparing these  d a t a  with the measurements of 

Cier jacks  e t .  a1.' between 11.0 and 15.0 MeV i t  was found t h a t  t h e  NBS da ta  

were cons i s t en t ly  higher  than t h e  Karlsruhe data; t h e i r  d i f fe rence  being of 

the  order  of 75 mb a t  15.0 MeV. There i s  a l s o  considerable  s t a t i s t i c a l  spread 

i n  the  NBS d a t a  around 15.0 MeV. The Karlsruhe d a t a  above 6 o r  7 MeV a r e  con- 

s ide red  r e l i a b l e  as they do n o t  s u f f e r  from t h e  counting r a t e  and dead-time 

cor rec t ions  a s  a t  lower energies .  Hence, i t  was decided t a  use these  d a t a  

between 11.0 and 20.0 MeV a f t e r  making a s p l i n e  f i t .  This s p l i n e  f i t  a s  

p lo t t ed  aga ins t  the  experimental d a t a  a r e  shown i n  F igs .  5-11. Af te r  t h e  

evaluat ion of the  t o t a l  cross-sect ion w a s  f i n i s h e d ,  a s e t  of new prel iminary 

measurements of the  t o t a l  cross-sect ion by Perey e t  . al.1° became a v a i l a b l e .  

These measurements used two sample thicknesses  of approximately 0.2 and 1.0 

atomslbarn. and an energy r e s o l u t i o n  (5 ns b u r s t s  and 47.35 m of f l i g h t  path) 

which is com~arab le  t o  the  NBS d a t a  and s l i g h t l y  worse than t h e  1968 Karlsruhe 

work. On comparing these  d a t a  with  the  NBS measurements t h e  agreement was 

found t o  be e x c e l l e n t .  It is hoped t o  inc lude  these  d a t a  i n  a f u t u r e  evalua- 

t i o n  when t he  f i n a l  d a t a  a r e  ava i l ab le .  
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As i s  w e l l  known, the  t o t a l  cross-sect ion i s  t h e  e a s i e s t  cross- 

section t o  measure and a s  such is n o t  plagued with  d i f f e r e n t  d a t a  u n c e r t a i n t i e s .  

Apart from the  thermal and resonance region where the  problems of measurement 

and ana lys i s  a r e  more complicated i t  i s  estimated t h a t  t h e  t o t a l  cross-sect ion 

has an  error of 1.5% t o  3% i n  the  MeV energy range. The thermal and resonance 

cross-sect ions  a r e  known w i t h i n  5-10% accuracy. These e r r o r s  a r e  given i n  

Table 8. 

3 .2  The E l a s t i c  S c a t t e r i n g  Cross-Section 

The e l a s t i c  s c a t t e r i n g  cross-sect ion from 1.OE - 05 eV ta 690.0 keV 

is given by t h e  resolved resonance parameters and t h e  F i l e  3 background. Above 

t h i s  energy from 690.0 keV t o  20.0 MeV i t  was obtained by s u b t r a c t i n g  t h e  sum 

of cross-sect ions  due t o  a l l  the non-elas t ic  processes from t h e  t o t a l  cross-  

sec t ion .  This is shown i n  F igs .  12-17 p l o t t e d  aga ins t  t h e  a v a i l a b l e  experi- 

mental da ta .  These d a t a  were obtained by i n t e g r a t i n g  t h e  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  measurements and as  such s u f f e r  from the  problems of such 

da ta  v i z .  t h e  d i f f i c u l t y  of measurement i n  t h e  forward and backward directions. 

These d a t a  a r e  s u m - r i z e d  i n  Table 3.  It should be noted t h a t  Kinney e t  a l .  
11 

have painted out  t h a t  t h e  recent  d a t a  of Holmqvist e t  a1.12 a r e  sys temat ica l ly  

lower above 4.6 MeV and have suggested t h a t  they be increased by about 10%. 

Holmqvist da ta  were the re fo re  p l o t t e d  a f t e r  inc reas ing  t h e  cross-sect ion by 

15% a t  6.09 MeV and by 10% a t  7.05 and 8.05 MeV. The hor izon ta l  ba r s  asso- 

c ia ted  with  t h e  d a t a  po in t s  i n d i c a t e  information on the energy r e s o l u t i o n  of 

the  da ta  where i t  is a v a i l a b l e  and t h e  e l a s t i c  cross-sect ion with  i ts  s t r u c t u r e  

should be s u i t a b l y  averaged over t h i s  energy range f o r  a meaningful comparison 

with the  experimental values .  I n  general ,  t h e  agreement between the  evaluated 

cross-sect ion and t h e  experimental da ta  i s  good - though the  smooth e l a s z i c  



cross-sect ion above 6.0 MeV (Fig. 1 7 )  seems t o  be c o n s i s t e n t l y  h i g h e r  than 

the  experimental data .  

The e r r o r s  in  chis cross-sect ion a r e  again given i n  Table 8. The 

r e l a t i v e l y  smal l  e r r o r s  quoted f o r  it a r e  due t o  the f a c t  t h a t  i t  was de te r -  

mined by s u b t r a c t i n g  the  accura te ly  measured d a t a  on t h e  non-e las t i c  c ross -  

s e c t i o n  f r o m  the t o t a l  cross-sect ion.  

3 . 3  The Non-Elastic S c a t t e r i n g  Cross-Section 

This cross-sect ion represents  the sum of a l L  cross-sect ions  of 

r eac t ions  other than e l a s t i c  s c a t t e r i n g .  It is not  given as  such (MF = 3 ,  

MT = 3) i n  the  d a t a  f i l e s  a s  i t  is  redundant and can easily b e  obtained from 

the other  cross-sect ions  a l ready  given. However, i t  is u s e f u l  t o  p l o t  t h i s  

cross-sect ion a g a i n s t  the  experimental d a t a  where a v a i l a b l e .  Most of t h e  re-  

s u l t s  were measured using t h e  sphere t ransmission method and a f t e r  applying 

the  usual  co r rec t ions  a r e  bound t o  be  more accura te  than t hose  obtained by 

i n t e g r a t i n g  t h e  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  cross-sect ion and s u b t r a c t i n g  

i t  from the t o t a l .  These experimental d a t a  a r e  very u s e f u l  i n  e s t i m a t i n g  

some of the  p a r t i a l  cross-sections f o r  t h e  non-e las t i c  processes for which 

t h e r e  a r e  no ex tens ive  experimental d a t a  as they form an upper bound t o  t h e  

sum of such cross-sect ions .  The a v a i l a b l e  experimental d a t a  a r e  summarized 

i n  Table 4.  It should be noted he re  t h a t  t h e  r e s u l t s  of Bsuer et. a1.17 and 

Holmqvist and ~ i e d l i n ~ ~ ~  w e r e  obtained by s u b t r a c t i n g  t h e  i n t e g r a t e d  d i f f e r e n -  

t i a l  elast ic  s c a t t e r i n g  cross-sect ions .  In a d d i t i o n ,  t h e  comments on t h e  l a t t e r  

data set made earlier should be kept i n  mind and the  e l a s t i c  s c a t t e r i n g  a t  

6.09 - 8.05 MeV should be increased by 10-15% with a corresponding decrease 

i n  the  non-e las t i c  cross-sect ion.  A p l o t  of these  d a t a  and t h e  non-e las t i c  

cross-sect ion obtained from the  evaluated d a t a  f i l e s  i s  shown i n  F ig .  18 .  
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Where the  high-energy p a r t  of the  cross-section i s  assumed t o  be e s s e n t i a l l y  

constant passing through the  c l u s t e r  of po in t s  a t  14.0 MeV. The s t r u c t u r e  i n  

the curve a t  low energies  i s  mainly due t o  t h e  (n ,p)  cross-section. 

The e r r o r s  i n  t h i s  cross-sect ion appear t o  be of the  o rder  of 5-10% 

a t  t h e  lower end of t h e  energy s c a l e  and 3-5% i n  the  14 MeV region.  Some 

measurements a t  low energies  have l a r g e r  e r r o r s  17-20% a s  can be seen from 

Table 4. 

3.4 The Total  I n - e l a s t i c  S c a t t e r i n g  Cross-Section 

The experimental d a t a  on t h e  t o t a l  i n e l a s t i c  s c a t t e r i n g  cross-sect ion 

of n icke l  a r e  summarized i n  Table 5. The d a t a  of Broder e t .  a l .  3g y40 were 

obtained by measuring rhe i n e l a s t i c  gamma rays  and extend from 1.4 - 5.42 MeV. 

In  the experiments o f  F u j i t a  e t .  a1.37 and ~ a l ' n i k o v  e t .  a1.38 t h e  outgoing 

neutrons were detected with a t ime-of-flight arrangement t o  perform t h e  energy 

ana lys i s .  Af te r  allowing f o r  t h e  con t r ibu t ions  of o the r  (n, p a r t i c l e )  r e a c t i o n s ,  

the  t o t a l  i n e l a s t i c  s c a t t e r i n g  cross-sect ion was deduced. The r e s u l t s  of 

these  two experiments fo r  t h e  total i n - e l a s t i c  s c a t t e r i n g  cross-sect ion a r e  

i n  good agreement. A p l o t  of these  da ta  aga ins t  t h e  evaluated cross-sect ion 

i s  shown i n  Fig.  19. 

The e r r o r s  quoted by t h e  experimenters f o r  the  14 MeV va lue  a r e  

5-10%. It is poss ib le  the re  a r e  much l a r g e r  e r r o r s  i n  these  due t o  subtrac-  

t i o n  of o the r  (n, p a r t i c l e )  cross-sect ions .  Unfortunately no e r r o r s  were 

given by Broder and the e r r o r  e s t ima tes  i n  Table 8 a r e  based on t h e  e r r o r s  i n  

the  non-elas t ic  and d i s c r e t e  i n - e l a s t i c  cross-sect ions .  

3.5 In-Elast ic  S c a t t e r i n g  Cross-Section t o  t h e  Disc re te  Levels and the  Continuum 

The da ta  on t h e  i n e l a s t i c  s c a t t e r i n g  cross-sect ion t o  t h e  d i s c r e t e  

exci ted s t a t e s  of t h e  n icke l  i so topes  were obtained e i t h e r  by measuring the 



d i f f e r e n t i a l  i n e l a s t i c  s c a t t e r i n g  cross-sect ion o r  the gamma-rays produced 

by i n e l a s t i c  s c a ~ t e s i n g .  I n  the  l a t t e r  case t h e  measured c ross - sec t ions  

have t o  be cor rec ted  f o r  the  contr ibut ions  of t h e  gamma-rays f r o m  t h e  h igher  

l e v e l s  i n  the  cascade. There a r e  reasonably ex tens ive  d a t a  f o r  t h e  f i r s t  

exci ted 2+ s t a t e s  of 5 8 ~ i ,   ON^ and 62~ i .  A s  t h e  energy of e x c i t a t i o n  inc reases  

i n  some cases  cross-sect ions  corresponding t o  a group of unresolved l e v e l s  have 

been measured and i n  o the r  cases t h e  da ta  are i n  the form of gamma product ion 

cross-sect ions  and i t  i s  not c l e a r  whether they have been cor rec ted  t o  g ive  

i n e l a s t i c  cross-sect ion and hence, a r e  of doub t fu l  va lue .  The exper imental  

data  11541-49 devoid of these  short-comings were used t o  normalize n u c l e a r  

model c a l c u l a t i o n s  which could then b e  extended t o  t h e  energy regions where 

no experimental data a r e  ava i l ab le .  Recently, t h e r e  have been some new measure- 

ments by Smith e t .  a l .57  on the e l a s t i c  and i n e l a s t i c  cross-sect ions  of t h e  

n i c k e l  i so topes .  Since the  d a t a  were n o t  a v a i l a b l e  a t  the  time of t h e  evalua- 

t ion ,  they were n o t  used. 

The nuclear model c a l c u l a t i o n s  t o  es t ima te  t h e  i n e l a s t i c  cross-sect ions  

were c a r r i e d  out  us ing t h e  code C ~ M M N U C - S ~ ~  which uses  Hauser-Feshbach theory 

with width f l u c t u a t i o n  cor rec t ions  t o  c a l c u l a t e  the  compound nuc lea r  c o n t r i -  

but ions  to  t h e  cross-sect ions .  I n  these  c a l c u l a t i o n s ,  t h e  o p t i c a l  model 

parameters obtained by S t i e g l i t z  e t .  a1.l by fitting the experimental d i f -  

f e r e n t i a l  e l a s t i c  s c a t t e r i n g  da ta  from 0 . 2  to 1 4  MeV were used. These a r e  

given i n  Table 6 .  I n  add i t ion ,  the  level s t r u c t u r e  of t h e  n i c k e l  i s o t o p e s  i n  

Fig. 1-4 was used. In 5 8 ~ i  the spin-pari ty  assignments of the levels above 

3.420 MeV a r e  uncer ta in :  hence i t  was assumed t h a t  l e v e l s  a t  e x c i t a t i o n  energy 

3.5 MeV and above could be descr ibed by a continuous d i s t r i b u t i o n  of l e v e l s  

whose level d e n s i t y  is given by an express ion a£ t h e  type given by G i l b e r t  

and Cameron. 5 1 



The ca lcu la ted  curves  a s  normalized t o  t h e  experimental d a t a  f o r  t h e  

1.173 MeV, 1.332 MeV and 1.454 MeV f i r s t  exc i t ed  s t a t e s  i n  6 2 ~ i ,  6 P ~ i  and 5 8 ~ i  

respec t ive ly  a r e  shown i n  Figs .  20-22. Above 9 MeV i t  can reasonably assumed 

t h e  compound nuclear  con t r ibu t ion  t o  these  cross-sect ions  i s  n e g l i g i b l e  and 

the  curve was smoothly joined t o  t h e  r e s u l t s  of coupled channel ca lcu la t ions  

which g ive  the  d l r e c t  r e a c t i o n  con t r ibu t ion  a t  higher  energ ies .  These calcu- 

l a t i o n s  were ca r r i ed  out us ing the  code J P I X R ~ ~  which is a  s l i g h t l y  modified 

53 
vers ion  of the  code JUPITOR by Tamura . The o p t i c a l  model parameters used 

i n  these  ca lcu la t ions  a r e  given i n  Table 6 .  In these  c a l c u l a t i o n s  only th ree  

l e v e l s  v i z :  t h e  ground s t a t e ,  t h e  f i r s t  exc i t ed  2+ s t a t e  and e i t h e r  t h e  3- 

o r  one of the  two phonon s t a t e s  wlth spin-par i ty  O-t, 2+ o r  4+ were coupled 

together  a t  a time t o  keep t h e  computer time wi th in  reasonable bounds. The 

coupling parameters used i n  these  c a l c u l a t i o n s  a r e  f r o m  the l i t e r a t u r e  
1,54-56 

and were obtained from an a n a l y s i s  of (n,a ') , (a ,a ') and (p, p') reac t ions .  

In  these c a l c u l a t i o n s ,  the  e f f e c t  of coupling the  two phonon s t a t e s  t o  t h e  

ground and f i r s t  exc i t ed  s t a t e s  was found t o  be  smal l  hence only t h e  r e s u l t s  

of the  coupling O-t - 2+ - 3- were used i n  t h e  evaluat ion.  The i n e l a s t i c  

cross-sect ion thus  ca lcu la ted  i s  found t o  be a , s lowly  decreasing cross-sect ion 

of the  order of about 40 rnb a t  14.0 MeV. ~ a m m e r d i e n e r ~ ~  measured t h e  i n e l a s t i c  

s c a t t e r i n g  cross-sect ion t o  the  f i r s t  exc i t ed  s t a t e s  of t h e  n i c k e l  isotopes 

i n  n a t u r a l  n icke l  t o  be 39.5 2 2.8 mb a t  14.6 MeV. The r e s u l t s  of these  ca l -  

cu la t ions  gave 42 mb f o r  t h i s  cross-sect ion i n  good agreement with  t h e  d a t a .  

This experimental value of Kammerdiener agrees  with  39.4 mb obtained by in te-  

26 
gra t ing  S te l son ' s  da ta  . 

I n  add i t ion  t o  c a l c u l a t i n g  t h e  d i r e c t  r eac t ion  e x c i t a t i o n  cross-  

sec t ions  t o  the  d i f f e r e n t  l e v e l s  of the  t a r g e t  nucleus ,  t h e  coupled channel 
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ca lcu la t ions  a l s o  enable  one t o  f i t  the  d a t a  on i n e l a s t i c  s c a t t e r i n g  t o  

these levels and t h e i r  forward peaking a t  higher energ ies .  This will be 

discussed i n  a subsequent sec t ion .  (4.2) .  

The i n - e l a s t i c  cross-sect ions  t o  the  o the r  exc i t ed  s t a t e s  f o r  which 

there are no experimental data were obtained by normalizing the r e s u l t s  of 

nuclear model ca lcu la t ions  such t h a t  t h e i r  sum along with  t h e  capture  and 

(n, p a r t i c l e )  r eac t ions  gave a non-elas t ic  cross-sect ion passing through t h e  

experimental data. 

3.6 The Capture Cross-Section 

The cap tu re  cross-sect ion of n i c k e l  from 1.OE - 05 eV t o  690 keV 

i s  given by t h e  resonance parameters and the  smooth background i n  F i l e  3 .  

Above t h i s  energy and extending up t o  about 1.0 MeV there a r e  only two s e t s  

of da ta  by Diven et. a1.58 and by S t a v i s k i i  e t .  ~ 3 1 . ~ ~ .  The f i r s t  s e t  of d a t a  

were obtained by measuring the  capture  events  i n  a one meter diameter l i q u i d  

s c i n t i l l a t o r  tank and an energy r e s o l u t i o n  varying from 25 keV t o  90 keV. 

Corrections were appl ied t o  rake i n t o  account mul t ip le  s c a t t e r i n g  and a t t e n -  

ua t ion  of the  neutron beam wi th in  the  sample and the  escape of high energy 

capture  gamma rays  from the d e t e c t o r  by assuming an average e f f i c i e n c y  of 

95 k 5%. The cross-sect ion was determined by using the  capture  p lus  f i s s i o n  

cross-sect ion of 2 3 5 ~  a s  the  s tandard and a 100% ef f i c iency  f o r  it. The quoted 

uncer ta in ty  in the  capture  cross-sect ion of n icke l  a t  400 + 90 key i s  about 

235, 
19% (8.0 2 1.5 mb) and t h e  assumed capture  p lus  f i s s i o n  cross-sect ion of 

is 1500 mb which d i f f e r s  by about 5% from t h e  cur ren t ly  accepted value of 

1417 mb (Version I V  2 3 5 ~  evaluaf ion) .  However, because a f  the  large e r r o r  

i n  t.he measured d a t a ,  they were n o t  normalf zed t o  t h i s  value. S t a v i s k i i  and 

~ h a ~ a r "  measured t h e  capture  cross-section of n i c k e l  from 35 keV t o  1 MeV 



with  an  energy r e s o l u t i o n  of 20 keV us ing  a CaF2 s c i n t i l l a t o r  a s  t h e  d e t e c t o r  

i n  an annular geometry. They then normalized t h e i r  d a t a  t o  t h e  400 keV value 

of Diven e t .  a l .  It i s  estimated t h a t  t h e  u n c e r t a i n t y  i n  t h e i r  measurements 

i s  of t h e  order  of 15%. A p l o t  of these  two s e t s  of measurements i n  the 

region 690 keV t o  I MeV along with  t h e  cap tu re  c ross - sec t ion  3.n t h e  evaluated 

d a t a  f i l e s  is  s h m  i n  Fig,  23 ,  This c ross - sec t ion  was c a l c u l a t e d  using t h e  

code COMMNUC-I and t h e  parameter 27r < T Y ~ / < D >  (where c ry>  i s  t h e  gamma width and 

<b> is the  average level  spacing) was a d j u s t e d  s o  t h a t  t h e  c a l c u l a t e d  curve would 

pass through t h e  measured da ta  po in t s .  The curve shown corresponds t o  the 

-4 
fol lowing values  of t h i s  parameter: 58~ i  = 2.67 x l om4,  6 0 ~ i  = 2.60 x 10 , 

6 2 ~ i  = 2.22 x l f 4 ,  6 4 ~ i  = 2.02 x Except f o r  6 4 ~ i ,  t h e s e  a r e  low corn- 

pared t o  the  va lues  one obtains  f o r  t h i s  parameter from the reso lved  resonance 

da ta .  These are:  5 8 ~ i  = 1.01 x 60~i  = 6.16 x lod4,  6 2 ~ i  = 3.09 x lom4 

and 6 4 ~ i  = 2.02 x lom4.  SInce t h e  c a l c u l a t e d  capture  c ross - sec t ions  with  

these  parameters were too high compared t o  t h e  exper imental  da ta ;  27r<l?y>/c~> 

was lowered i n  value t o  agree with t h e  exper imental  data .  Further measurements 

of t h e  cap tu re  cross-sect ion over a wider  energy range and with improved ac- 

curacy a r e  t h e r e f o r e  ind ica ted  t o  improve our knowledge of t h i s  cross-sect ion.  

The c a l c u l a t e d  cap tu re  cross-sect ion a t  11.0 MeV was found t o  be 0 .1  mb and 

i t  was s e t  equal t o  zero from 12.0 t o  20.0 MeV. 

It is est imated t h a t  t h e  e r r o r  i n  the thermal cap tu re  cross-sect ion 

of nickel is about  4% by looking a t  t h e  experimental data .6o The error i n  

the  resolved resonance region appears  t o  b e  between 15-25% and above 690 keV 

about 20% cons ide r ing  t h a t  the  d a t a  u n c e r t a i n t y  in Divens d a t a  a t  400 kev i s  

19%. 



The Q-value g i v e n  f o r  t h e  cap tu re  r e a c t i o n  v i z :  8.6 MeV is an e f -  
- 

f e c t i v e  Q-value def ined by Bn = C Bni ai unyi/E a o where t h e  summation 
i n y i  

i s  over  t h e  n i c k e l  i s o t o p e s ,  a a r e  t h e i r  abundances and o a r e  thermal  
i n y i  

cap tu re  c ros s - sec t ions  a s  g iven  i n  Ref.  60 and Bni a r e  t h e  Q-values f o r  cap- 

t u r e  g iven  i n  Table  2. 

3 . 7  The (n,2n) Cross-Section 

There are ve ry  f e w  measurements of t he  (n,2n) c ros s - sec t ion  of t h e  

n a t u r a l  element.  One of them i s  by F3envenisLe6' a t  14  MeV and t h e  o t h e r  by 

Sal 'n ikov e t .  a 1  .38 a t  14.4  ? .14 MeV. Benvenis te  measured the (n,2n) c ros s -  

s e c t i o n  using a 40 i nch  cadmium loaded l i q u i d  s c i n t i l l a t o r  t o  o b t a i n  an 

(n,2n) c ros s - sec t ion  of 200 f 20 mb. Sa l ' n ikov  et, a l .  measured t h e  s p e c t r a  

and the d i f f e r e n t i a l  c r o s s - s e c t i a n  of neut rons  by t h e  t ime-of- f l ight  method. 

The neut rons  were d e t e c t e d  wi th  a l i q u i d  s c i n t i l l a t i o n  d e t e c t o r  with a neu t ron  

recording th re sho ld  of 100 keV. The r e s u l t  of t h i s  experiment is t o  give 

a(n,2n) -k a(n ,pn1)  = 230 + 20 mb. Unfo r tuna te ly  because of a l a c k  of know- 

ledge  of the o ( n , p n l )  c ros s - sec t ion  and t h e  problems of e s t i m a t i n g  i t ,  t h i s  

r e s u l t  i s  n o t  of much h e l p  i n  f i x i n g  t h e  (n,2n) c ros s - sec t ion  i n  t h e  v i c i n i t y  

of 14 MeV. One could  perhaps conclude t h a t  200 mb r e p r e s e n t s  a n  upper l i m i t  

t o  t h i s  c ros s - sec t ion  a t  14.0 MeV. 

The above two exper iments  d e t e c t  t h e  out-going neut rons  a s  opposed 

t o  t he  more popular  a c t i v a t i o n  method f o r  measuring the  (n,2n) c ros s - sec t ions .  

I n  the  c a s e  of t h e  nickel i s o t o p e s ,  t h e  (n,2n) r e a c t i o n  l e a d s  t a  an u n s t a b l e  

f i n a l  nucleus  only  i n  t h e  c a s e  of 58~i.  Hence, though t h e r e  are e x t e n s i v e  

d a t a  on t h e  (n,2n) c ros s - sec t ion  of 58~i  t h e r e  are none f o r  t h e  o t h e r  i s o t o p e s .  

Therefore ,  an  i n d i r e c t  method of e s t i m a t i n g  t h i s  c ros s - sec t ion  had t o  adopted 

f o r  the  r e s t  of t h e  i so topes .  This  w i l l  be desc r ibed  belaw a f t e r  d i s c u s s i n g  

t h e  s t a r u s  of t h e  5 8 ~ i  (n,2n) c ros s - sec t ion  d a t a  f irst .  
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There a r e  ex t ens ive  d a t a  on t h e  (n,2n) c ros s - sec t ion  of 58~i from 

i t s  threshold of 12.415 M e V  t o  20 MeV.  The most e x t e n s i v e  d a t a  cover ing a wide 

range a r e  by Pau l sen  and ~ i s k i e n ~ '  and by Bormann et. a 1  .63 .  Pau l sen  d e t e r -  

mined t h e  (n,2n) c ros s - sec t ion  from 12.98 t o  19.6 MeV by t h e  a c t i v a t i o n  method 

and t h e  measurement of t h e  a n n i h i l a t i o n  r a d i a t i o n  w i t h  a n  accuracy of about  

7%. The a c t i v a t i o n  experiments of Barmann measured the gamma and p o s i t r o n  

a c t i v i t i e s  w i th  a Na1(Tl) d e t e c t o r  and a y-y co inc idence  spec t rome te r  and 

have a comparable accuracy and extend from 12.95 t o  19 .6  M e V .  A s  can be  seen 

from Fig. 24 ,  though t h e s e  two s e t s  of d a t a  are i n  good agreement w i th  one 

ano the r  below 16 MeV, they d ive rge  above t h i s  energy wi th  the Pau l sen  d a t a  

be ing  larger than  the o t h e r  s e t  by a s  much a s  12% o r  approximate ly  two 

s t anda rd  d e v i a t i o n s .  There  are two o t h e r  d a t a  s e t s  which extend up t o  20.0 

6 5 
MeV: one by Prestwood and ~ a y h u r s t ~ ~  and t h e  o t h e r  by Jeronymo e t .  a l .  . 
Prestwood and Bayhurst  counted t h e  5 7 ~ i  13 p a r t i c l e s  and used 2 3 8 ~  f i s s i o n  

c ros s - sec t ions  t o  moni tor  t h e  neu t ron  f lux.  These d a t a  ag ree  wi th  t h e  gen- 

e r a l  t r end  of o ther  measurements up to about 14.0 MeV; above this energy they 

a r e  h i g h e r  g i v i n g  77.4 mb a t  19.8 MeV. These c ros s - sec t ions  were considered  

too high and were n o t  inc luded i n  t h e  e v a l u a t i o n .  The Jeronymo d a t a  ob ta ined  

by measuring t h e  gamma r a y s  fo l lowing  t h e  decay of 5 7 ~ i  g i v e  a c ros s - sec t ion  

of about 40 mb a t  20 MeV and a r e  considered  t o o  low t o  m e r i t  c o n s i d e r a t i o n  

(not  shown i n  Fig .  2 4 ) .  The d a t a  of tu and  ink^^ a t  14.4  MeV and Cross  

e t .  a1.67 a t  14.5 MeV are h ighe r  than o t h e r  d a t a  a t  this energy. The d a t a  of 

c s i k a i h 8  (not  shown) between 13.56 and 14.71 MeV appear  t o  be  h i g h e r  t han  

o t h e r  measurements and a l s o  show a p e c u l i a r  t r e n d  a t  v a r i a n c e  wi th  o t h e r  

exper iments  ( s e e  the plot i n  Ref. 69 p.  28-58-4) and were  n o t  cons idered  i n  

t h e  e v a l u a t i o n .  Other  d a t a  s e t s  shown i n  the p l o t  a r e  by ~ e r n ~ e r l e ~ ' l O  and 



by B a r r a l l  e t  . a1. 71'72'73. Ternperley measured t h e  a n n i h i l a t i o n  r a d i a t i o n  

from t h e  decay of 5 7 ~ i  and the d a t a  a r e  i n  good agreement with  o t h e r  measure- 

ments i n  the  energy region 13.72 t o  14.79 MeV. B a r r a l l  and co-workers ob ta in -  

ed 30.9 + 2.0 mb a t  14.5 f .2 MeV, 33.4 ? 2.0 mb a t  14 .6  + 1 2  MeV and 36.0 

+ 3.0 mb a t  14.8 MeV i n  good agreement with  o t h e r  d a t a  s e t s .  Rayburn 
7 4  

measured t h e  (n,2n) cross-sect ion as 34.2 t 2.6 mb at 14.4  L . 3  MeV based on 

6 3 ~ u  (n,2n) = 503 mb . I n  the  ENDFIB-I11 MAT = 1085 evaluation t h i s  cross- 

s e c t i o n  is found t o  be  533 mb. Therefore, a renormalized va lue  of 3 6 . 2  + 
2.7 mb is obtained which i s  s l i g h t l y  h igher  than other  d a t a  a t  this energy. 

P r e i s s  and   ink^^ obtained 52 f 5 mb a t  14 .8  k .9 MeV using 6 3 ~ u  (n,2n) 

= 556 mb a s  t h e  s tandard cross-sect ion;  this va lue  appears t o  be too high. 

Bramlett  and  ink^^ ob ta in  31.6 5 4.0 mb a t  14.7 5 .2 a f t e r  t h e i r  value i s  

renormalized t o  2 7 ~ 1  (,,a) = 116.1 mb, and i s  a l i t t l e  on t h e  low s i d e .  I n  

add i t ion ,  Glover and ~ e i g o l d ' s  77 measurements fol low t h e  general t rend of 

other  da ta  except f o r  the  l a s t  two po in t s  a t  14.77 MeV and 14.88 MeV. Some 

of thse  d a t a  were n o t  p l o t t e d  i n  Fig. 24 f o r  f ea r  of c l u t t e r i n g  up the diagram. 

Af te r  consider ing a l l  these  d a t a ,  a smooth curve was drawn through these  

d a t a  points  wi th  the  curve fol lowing t h e  genera l  t rend of t h e  Bormann daca 

a t  higher energ ies  and ly ing  lower than t h e  Paulsen measurements and h igher  

than t h e  Bormann d a t a .  T n  Fig .  24 the dashed line shows t h e  (n,2n) cross- 

7 8 
s e c t i o n  a s  c a l c u l a t e d  using the  code THRESH . which uses  sys temat ics  of nuc lea r  

data t o  c a l c u l a t e  t h e  var ious  ( n , p a r t i c l e )  c ross - sec t ions .  Rat ios  of these  

two curves were determined as a funct ion of energy from t h e  th resho ld  t o  20.0 MeV 

These were found t o  b e  e s s e n t i a l l y  cons tan t  wi th  an average of 0.74 and the 

maximum va lue  d i f f e r i n g  from t h e  minimum by only 10%. Hence, THRESH calcula-  

t i o n s  were c a r r i e d  ou t  f o r  the other  nickel i so topes  f o r  which t h e r e  a r e  no 



da ta ;  and t h e  calculated cross-sect ions  were reduced by t h i s  f a c t o r  t o  give 

the  i s o t o p i c  (n,2n) cross-sect ions .  These were weighted with  t h e  i s o t o p i c  

abundance t o  give the  cross-sect ion i n  t h e  evaluated d a t a  f i l e s .  This i s  

shown i n  Fig,  25. It is i n t e r e s t i n g  t o  compare t h e  r e s u l t  thus obtained with 

an es t ima te  of t h e  (n,2n) cross-section using t h e  experimental da ta  f o r  

neighboring n u c l e l  and N-Z systemat ics  by sody and csikai7'. They obtain  

f o r  a(n,2n) a t  14.7 MeV a value of 183 + 15 mb and the  present  evaluat ion 

gives  161 mb i n  good agreement with  t h e i r  e s t ima te .  These a r e  t o  be com- 

pared with  da ta  of Sal 'n ikov e t .  a ~ . ~ ~  who measured o(n,2n) + o(n,pn) = 

230 + 20 mb f o r  natural n i c k e l  a t  14.4 MeV. 

After  examining a l l  t h e  experilnental d a t a ,  t h e i r  disagreement a t  

h igher  energies  and t h e  procedures t h a t  had t o  be adopted because of lack of 

data for i so topes  other than 5 8 ~ i  an e r r o r  e s t ima te  of 15% f o r  t h i s  eross-  

s e c t i o n  appears t o  be conservat ive.  

3 . 8  The (n ,p) Cross-Section 

The (n,p) cross-sect ion measurements on n a t u r a l  n i c k e l  a r e  mostly 

around 14 MeV. Further ,  those t h a t  have involved t h e  de tec t ion  of outgoing 

protons have been plagued with problems of (n,nlp)  contamination (Hassler 

80 and Peck ) o r  were measured wirh a high threshold f o r  prozon de tec t ion  

8 2 
(Verbinski e f .  a ~ . ~ ' )  o r  have given r a t h e r  l a r g e  values  of t h e  cross-sect ions  . 
On t h e  o the r  hand, the  d a t a  on t h e  most abundant i so topes  5 8 ~ i  and 6 0 ~ i  

obtained by a c t i v a t i o n  ana lys i s  are extensive,  complete and cons i s t en t .  Hence, 

i t  was decided t o  eva lua te  t h e  (n,p) cross-sect ion f o r  t h e  element i n  terms 

of the  cross-sect ions  of the  ind iv idua l  i so topes .  

The da ta  on 58~ i  (n,p) cross-sect ion is extensive and of good 

q u a l i t y  with  the  r e s u l t  t h a t  t h i s  r eac t ion  i s  used i n  dosimetry app l i ca t ions .  
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Fig. 2 5 .  Ni(n,Zn) Cross-Section 



I n  the  Dosimetry Data L ib ra ry  which is p a r t  of t h e  ENDF/B-IV d a t a  l i b r a r y ,  

83 
the  58~ i  (n,p) eva lua t ion  i s  by R.E. Schenter . It was decided t o  adopt 

t h i s  eva lua t ion  f o r  the sake of consis tency and a d e t a i l e d  discussion of t h i s  

eva lua t ion  w i l l  b e  The d a t a  s e t s  on which t h i s  eva lua t ion  i s  

based a r e  a l s o  l i s t e d  i n  t h e  F i l e  1 comments of  this d a t a  f i l e  (MAT-6419). 

The most extensive d a t a  on the  60~ i  (n,p) cross-sect ion from 5.76 

t o  19.55 MeV a r e  by Paulsen and L i sk ien ,  84-87 In  these  experiments the in- 

duced a c t i v i t y  was measured by y-y coincidence counting and the  e f f i c i e n c y  

of the  coincidence spectrometer  determined from c a l i b r a t e d  rad ioac t ive  sources 

whose a c t i v i t y  was known t o  50.5%. The e r r o r s  i n  these  d a t a  vary from 7-10% 

except f o r  a few po in t s  where they are l a rge r ,up  t o  1 6 % .  The measuremenrs 

of Cross e t .  a1.88 a t  14.5 MeV when renormalized t o  an 2 7 ~ 1  (,,a) cross-sect ion 

of 118.6 mb (MAT = 1135 ENDF/B-111) o b t a i n  186 mb and a l a t e r a 9  r e s u l t  by t h e  

same au thors  is 165 mb: both appear t o  be too high compared t o  the  Paulsen 

and Liskien da ta .  l l l langO determined the  (n ,p)  cross-sect ion by measuring 

i t  a t  120° t a  t h e  neutron beam using photographic emulsion places  and mult i -  

p lying by 47~ t h e  observed d i f f e r e n t i a l  cross-sect ion.  He obtained a va lue  

of 134 + 9 mb a t  1 4  MeV i n  good agreement with  Liskien and Paulsen. However, 

t h i s  technique has given r e s u l t s  widely a t  var iance with  o the r s .  Storey 

e t .  a1. have determined the (n,p) cross-sect ion t o  be 158 k 32 mb st 14.1 

MeV which appears t o  be r a t h e r  high compared t o  the  general  t r end  of t h e  

other  da ta .  Iiemingwayg2 obtained a cro8a-section of 129 ? 16 mb a t  14.7 i 

. 2  MeV using 5 6 ~ e  (n,p) 56Mn = 97.8 mb as a s tandard.  T h i s  i s  t o  b e  compared 

with 104 mb recommended f o r  the  s tandard i n  the  eva lua t ion  (MAT-6410) i n  

ENDF/B-IV dosimetry f i l e s .  This impl ies  a 6% upward renormal izat ion of t h e  

Hemingway va lue  t o  give 137 mb. Levkovskii  et. a 1  . 93  have measured t h e  



(n,p) cross-sect ion t o  be  130 "0 mb which aga in  i s  higher  than t h e  genera l  

t rend of t h e  L i sk ien  - Paulsen data. The d a t a  n o t  considered i n  t h i s  evalua- 

t i o n  are by P r e i s s  e t .  a1.75 (cross-sect ion t o  metas tab le  s t a t e  only) March 

e t  . a1. 94 (too low) ~ 1 l a 1 - i ' ~  (highly d i sc repan t )  . I n  looking a t  a l l  t h e  

a v a i l a b l e  da ta  i t  i s  unfor tunate  that t h e r e  a r e  no d a t a  from t h e  th resho ld  

energy t o  5.75 MeV. Hence, the  r i s i n g  p a r t  of t h e  curve was drawn s i m i l a r  

t o  t h e  58~ i  (n,p) cross-sect ion curve after s u i t a b l y  s h i f t i n g  it fo r  d i f f e r -  

ences i n  t h e  Q-values and smoothly joined t o  a curve drawn through the  ex- 

per imental  da ta  a t  higher energies .  The t r end  of t h e  curve i n  t h i s  energy 

region i s  mainly determined by the Paulsen and Liskien d a t a .  Th i s  i s  shown 

i n  Fig. 26.  

The d a t a  on t h e  remaining s t a b l e  i s o t o p e s  of n i c k e l  a r e  r a t h e r  

sparse .  For 6bi Cross e t .  a1.89 obtained 83 f 8 mb a t  14.5 MeV w i t h  27Al 

( n , a )  = 115 mb a s  t h e  s tandard.  If one renormal izes  t h e  c ross - sec t ion  t o  

118.6 nib recommended i n  ENDF/B-I11 eva lua t ion ,  (MAT = 1135) one ob ta ins  86 

+ 8 mb. There i s  a low energy p o i n t  by ~ a n ~ o e f f ~ ~  a t  3 . 3  t .1 MeV which 

renormalized to 5 8 ~ i  (n,p) cross-sect ion recommended by schenters3 gives 

4.4  ? 1 .5  mb. Val te r  e t .  a1.97 obta in  an exper imental  r e s u l t  a t  14.1 MeV 

which when normalized t o  the  ENDF/B-111 aluminum eva lua t ion  (MAT No.  = 1135, 

ENDF/B-111) gives 6%i (n,p) = 93 t. 3 mb. In  a d d i t i o n ,  t h e r e  is an abso lu te  

measurement by Levkovskii  e t .  a 1  .93 who o b t a i n  %Ti (n,p) = 98 k 10 mb 

a t  14.8 MeV, These d a t a  are shown i n  Fig. 27.  The continuous curve shows 

the  cross-sect ion ca lcu la ted  by the Code THRESH without  any renormal iza t ion ,  

The good agreement may be f o r t u i t o u s .  The va lues  given by t h i s  curve were 

taken t o  g ive  the 6%i (n,p) cross-sect ion.  



The 62Ni (n,p) d a t a  a r e  shown i n  Fig. 28.  Va l t e r  e t .  a ~ . ' ~  deter-  

mined t h i s  cross-sect ion t o  b e  56 k 3 mb a t  14.1  MeV wi th  "81 (nyct) = 114 mb 

/ as  the s tandard.  If t h i s  is renormalized t o  a va lue  of 123 mb (MAT-1135, 

! ENDF/B-111) the  cross-sect ion i s  found t o  be 60 t 3 mb which i s  much higher 

1 than orher da ta  i n  t h i s  energy region. S imi la r ly ,  t h e  datum of Crass e t  . sl. 8 9 ' when renormalized is found to be 40 k 6 mb a t  14.5 MeV. The measurements 

P r e i s s  and  ink^^ a t  14.8 f .9 MeV appear t o  be too low (4.8 mb) to  merit 
I 

considerat ion.  I n  add i t ion ,  Bormann e t .  a1.63 ob ta in  29.4 i 3 mb a t  1 4  .I 
I 

+- . I5  MeV and Levkovskii et. a1,93 found t h i s  cross-sect ion t o  be 44 + 5 mb 

a t  14.8 MeV by an abso lu te  measurement. All these  d a t a ,  along with the THmSH 

ca lcu la t ion  are shown i n  Fig. 28. I n  view of the  s p a r s i t y  of experimental 

da ta  and t h e i r  considerable  spread, i t  was decided t o  accept  t h i s  curve a s  

ind ica t ing  the 6 2 ~ i  (n,p) cross-sect ion.  

There seem ra b e  only two measurements of 6 4 ~ i  (n,p) cross-sect ion.  

One is  by Val ter  et. which  used 27~1  (,,a) = 114 mb a s  s t andard  a t  

14.1 MeV. Af te r  renormal izat ion t o  a s tandard cross-sect ion af 123 mb it is 

found t o  be 5.4 k 1 mb. The o the r  measurement i s  by P r e i s s  and who 

obtain  4.5 + .1mb a t  14.5 MeV. The THRESH curve was the re fo re  normalized 

to 5 mb at 14.5 MeV t o  c a l c u l a t e  t h e  6 4 ~ i  con t r ibu t ion  t o  t h e  (n,p) cross-  

sec t ion .  

The i s o t o p i c  (n,p) cross-sections were weighted with  t h e i r  n a t u r a l  

abundance t a  give the cross-sect ion for n a t u r a l  n i c k e l .  This curve i s  

shown i n  Fig .  29. The s t r u c t u r e  shown on the rising p a r t  of t h e  curve i s  

due t o  5 8 ~ i  and is based on the  Schenter eva lua t ion  of the (n,p) cross-sect ion.  
1 

The f i s s i o n  spectrum (T = 1.32 MeV) average of the  evaluated (n,p) cross-  

s e c t i o n  f o r  n i c k e l  is found t o  b e  70.2 mb. 
4 
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3.9 The (n,a) Cross-Section 

The d i f f e r e n t i a l  d a t a  on t h i s  cross-sect ion a r e  very meager. Seebeck 

and J30rmanng8 obtained an upper l i m i t  f o r  t h e  5 8 ~ i  (* ,a) ~e~~ cross-sect ion 

t o  b e  113 k 1 6  mb a t  14 .1  MeV. Khan e t .  a1." e s t ima te  f o r  5 8 ~ i  the  (n,a) 

i- (n,crn') + (n ,n ta )  cross-sect ion t o  be 180 +- 20 mb a t  14.7 MeV. Slinn and 

~obson'" measured only t h e  p a r t i a l  (,,a) cross-sect ion corresponding 

t o  t r a n s i t i o n s  t o  the  ground s t a t e  of the  f i n a l  nucleus. There a r e  one s e t  

of data  on 58'60~i by Sp i ra  e t  . al.l0' and they also measured t r a n s i t i o n s  t o  

the ground s t a t e  o r  a group of l e v e l s  nea r  the  ground s t a t e  and give only 

the p a r t i a l  cross-sect ions .  Levkovskii e t  . al..'02 have determined the  6 2 ~ i  

(n,n) and 648i (a,a) cross-sect ions  co be  1 7  i 4 mb and 5.2 t 1 . 2  rnb respect-  

i v e l y  a t  14.8 M e V  us ing a c t i v a t i o n  a n a l y s i s .  Also, Yu and ~ a r d n e r " ~  have 

measured t h e  6 % ~  (n,a) cross-sect ion t o  be 22 1- 3 mb a t  14.1 MeV.  

Because of t h e  scanty d i f f e r e n t i a l  (n,a) d a t a  a v a i l a b l e  on t h e  

n icke l  i so topes ,  i t  was decided t o  use the measured f i s s i o n  spectrum average 

of the (n,a) cross-sect ion.  I n  the  t h r e e  i n t e g r a l  measurements described 

below, the  t o t a l  helium production i s  measured and as such  t h e  measured value 

is to  be considered a s  a spectrum average over (n,a) + (n,nla) + (n ,an l )  cross- 

sec t ions  and separa t ion  of t h e  experimental value i n t o  i ts c o n s t i t u e n t s  ap- 

pears t o  be d i f f i c u l t  with t h e  cur ren t ly  a v a i l a b l e  da ta .  However, because of 

the  8-9 MeV d i f fe rence  i n  t h e  Q-values of the (n,a) and (n ,n 'a)  r eac t ions  

most of t h e  con t r ibu t ion  would be from t h e  f i r s t  r e a c t i o n .  Freeman e t .  a l .  
104 

using a combination of vacuum fusion e x t r a c t i o n  and mass sepctrometry deter-  

mined t h e  f i s s i o n  spectrum average t o  be 4.7 + 0.6 mb. The samples were i r -  

r ad ia ted  i n  a r eac to r  and a f t e r  applying cor rec t ions  f o r  the  departure of t h e  

r e a c t o r  neutron spectrum from the f i s s i o n  shape and using t h e  5 4 ~ e ( n , p )  54Mn 



and 5 8 ~ i  (nSp)  5 8 ~ o  f i s s i o n  spectrum averages to be 7 1  + 5 mb and 109 i 10 mb 

respec t ive ly ,  they could ob ta in  a corresponding average for the  Ni (n ,a)  re- 

ac t ion .  Their va lue  i s  i n  e x c e l l e n t  agreement with  t h e  d a t a  of Weitman e t .  

al..lo5 who obtained 4.73 mb assuming t h e  5 8 ~ i  (n,p) f i s s i o n  spectrum average 

t o  b e  110 mb. Using 4 6 ~ i  (n ,p )  and 6 3 ~ u  (n,u) a s  s t andards  they ob ta in  s l i g h t l y  

higher  values of 4.83 mb and 4.98 mb respec t ive ly  g iv ing  a mean value f o r  t h e  

element as  4.84 mb. Farrar  et. a1.1°6 carrzed out  s i m i l a r  i n t e g r a l  measure- 

ments on t h e  separated s t a b l e  i so topes  of n i c k e l  us ing a hfgh s e n s i t i v i t y  gas  

mass-spectrometer system t o  measure the  helium re leased .  Their  f i s s i o n  spec- 

trum averaged (n,a) cross-sect ions  f o r  the  i n d i v i d u a l  i so topes  a r e  5 8 ~ i  : 6.06 

mb; 60~i: 1.12 mb 64i: 1 . 8 3  mb 62~i:  0.097 mb and 6 4 N i :  0.108 mb. Using 

these  values  and the  n a t u r a l  abundance of i so topes  according t o    old en^ t h e  

f i s s i o n  spectrum averaged (n,a) cross-sect ion for n i c k e l  i s  found t o  be 4.61 mb 

(prel iminary) .  Fa r ra r  claims an uncer ta in ty  of 3% i n  t h i s  va lue  with  e r r o r  i n  

t h e  f l u x  determinat ion of 8%. lo7 The 58~ i  (n,p) spectrum average used i n  t h i s  

work appears t o  b e  102.8 dlo7 and i f  t h i s  i s  renormalized t o  110 mb the  spec- 

trum average i s  found t o  be 4.93 mb with 10% e r r o r .  This i s  i n  good agreement 

with  t h e  previous two measurements. 

The THRESH code i n  a d d i t i o n  t o  generat ing d i f f e r e n t  ( n , p a r t i c l e )  

cross-sect ions  a l s o  c a l c u l a t e s  f i s s i o n  spectrum averages .  The normal izat ion 

and t h e  r e l a t i v e  r e a c t i o n s  of the  (n ,a)  cross-sect ions  generated f o r  t h e  d i f -  

ferent nicke l  i so topes  were changed u n t i l  t h e  f i s s i o n  spectrum averages f o r  

(n,a) cross-sect ion a s  given by F a r r a r  were obtained.  These were then weighted 

with  the  i s o t o p i c  abundance t o  give t h e  curve i n  t h e  evaluated d a t a  f i l e s .  

This  i s  shown i n  Fig. 30. The cross-sect ion thus  obtained a t  14 MeV i s  146 mb 

which should b e  compared with  180 mb measured by Khan e t .  a l .  f o r  5 8 ~ i  a t  14 

MeV. 
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Fig. 30 .  N i  (n,a) Cross-Section 



I n  a r r i v i n g  a t  t h i s  cross-sect ion,  the  only condi t ion imposed on i t  

has beeen t o  obtain  t h e  experimentally measured f i s s i o n  spectrum average. 

Hence, i t  is  d i f f i c u l t  t o  quote any e r r o r s  f o r  i t ;  however, i n  Table 8 a  20% 

has been quoted ( the  e r r o r  i n  i n t e g r a l  d a t a  a r e  10-12%) a s  a conservat ive 

es t imate .  

3.10 The (n,nlp) Cross-Section 

I n  t h i s  section, the experimental d a t a  on t h e  (n ,n lp ) ,  (n,~n') 

and or  (n,d) r eac t ion  cross-sect ions  f o r  t h e  n a t u r a l  element a s  w e l l  a s  the  

separated i so topes  w i l l  be descr ibed.  I n  add i t ion ,  t h e  problem of reconc i l ing  

these da ta  with  measurements on the  non-e las t i c  and t o t a l  i n e l a s t i c  cross- 

sec t ions  a t  h igh energies  w i l l  be  discussed.  

Hassler  and peckso used a  counter  t e l escope  and a  s c i n t i l l a t i o n  

spectrometer t o  determine t h e  (n ,n tp )  c ross - sec t ion  for n a t u r a l  n i c k e l  a s  

240 + 50 mb a t  14.4 MeV. They de tec ted  outgoing protons above an  energy of 

1 .5  MeV. Apart from t h i s  one measurement the re  a r e  no o the r  d a t a  of t h e  

(n ,n lp )  or (n,d) cross-sect ions  of n a t u r a l  n i c k e l .  

The experimental d a t a  on t h e  (n ,nlp)  (n,pnl) and (n,d) r eac t ions  

or a sum of these  f o r  the  n i c k e l  i s o t o p e s  are summarized I n  Table 7 .  It is 

obvious t h a t  t h e  measurements made by us ing  t h e  a c t i v a t i o n  method a r e  bound 

t o  give a  cross-sect ion which is the sum of a (n ,n 'p )  + o(n,pnl)  + o(n,d) 

unless  s p e c i a l  e f f o r t s  have been made t o  s e p a r a t e  one o r  more of them. I n  

these  Tables some d a t a  like those of Jeronymo et. a1.65 and Purse r  e t .  al. 
113 

have been l e f t  out  a s  they appear t o  be t o o  low t o  m e r i t  consideration. From 

these  Tables one n o t i c e s  t h a t  t h e  a(n,nlp)  + a(n ,pn l )  + u(n,d) c ross - sec t ion  

f o r  58~ i  i n  t h e  14 MeV reg ion  v a r i e s  from about 500 mb t o  750 mb with  a n  

average around 600 mb. For 6 0 ~ i  it is about 50 mb; though the d a t a  on 60Ni 



a r e  not  a s  r e l i a b l e  a s  those on 58~i. This would i n d i c a t e  a cross-sect ion 

f o r  the element of the order of 420 mb. However, the Onon-elastic = 1.396 b 

and the  sum of a + a + a = 580 mb; leaving 816 mb t o  be divided 
n,2n np na 

amongst C J ~ ~ ~ ~ ~ ( ~ , R  ') and a(n,n  'p) + cr(n,pn ') + o(n,d) r eac t ions  assuming 

t h a t  the con t r ibu t ions  of the  o the r  ( n , p a r t i c l e )  cross-sect ions  a r e  negl ig-  

ible. The t o t a l  i n - e l a s t i c  cross-sect ion a t  14.4 2 -14 measured by Sal 'nikov 

e t  a1. 38 is  760 f 40 mb i n  exce l l en t  agreement with the dafa of F u j i t a  e t .  a l .  
3 7 

who obtained 766 ? 78 mb. Both these  measurements were made with a time-of- 

f l i g h t  arrangement and by de tec t ing  t h e  outgoing neutrons .  This  i s  t o  be  

compared with  the  t o t a l  i n e l a s t i c  cross-sect ion d a t a  of ~ & s s o n  e t .  a1.114 a t  

15 MeV. They detected the  gars rays  due t o  i n e l a s t i c  s c a t t e r i n g  to  determine 

the  cross-sect ion.  Their data  a r e  5 8 ~ i :  360 t 60 rnb, 6 0 ~ i :  880 2 130 mb, 62~i :  

940 2 240. From these  da ta  the  t o t a l  i n e l a s t i c  s c a t t e r i n g  cross-sect ion f o r  

n i c k e l  a t  15 MeV i s  509 mb; s u b s t a n t i a l l y  lower than t h e  two previous measure- 

ments. The two s e t s  of da ta  which look a t  t h e  outgoing neutrons have the  

problem of separa t ing  ou t  the  con t r ibu t ions  of o the r  ( n , p a r t i c l e )  r eac t ions  

whereas t h e  y-ray measurements have t o  be  cor rec ted  f o r  cascade con t r ibu t ions  

and other e f f e c t s  and a r e  perhaps l e s s  r e l i a b l e .  If t h e  t o t a l  i n - e l a s t i c  

cross-sect ion a t  24 MeV is  accepted t o  be 760 mb then  there is the problem 

of r econc i l ing  t h i s  cross-sect ion with a r a t h e r  h igh  value f o r  a(nnlp)  + 

u(n,pn1) + u(n,d) so t h a t  t h e i r  sum comes out t o  b e  816 mb. This i s  a s i t u a -  

t i o n  which should be c l a r i f i e d  with  f u r t h e r  work on t h e s e  cross-sect ions  and 

a l s o  more d e t a i l e d  measurements on t h e  (n ,n lp )  , (n ,pn ' )  and (n,d) cross-  

sec t ions  and t h e i r  energy v a r i a t i o n .  I n  t h e  p resen t  eva lua t ion  i t  was 

decided t o  accept a cross-sect ion of 760 mb f o r  t h e  t o t a l  F n e l a s t i c  cross- 

s e c t i o n  a t  14 MeV and ass ign the  d i f fe rence  (56 mb) t o  t h e  (n ,ntp)  + (n,pn') 



+ (n,d) cross-sections . Perhaps this represents an overestimate of the (n,nl) 

cross-sections and is definitely an underestimate of the (n,nlp) + (n,pn')  

+ (n,d) cross-sections as indicated by the activation data. The latter 

cross-section as calculated by rhe code THRESH was normalized to 56 mb at 

14 MeV and put in the data files as MT=28. 

Because of the above difficulties with the experimental data it 

is felt that this evalua~ed cross-section is highly unreliable. The errors 

in this cross-section are put as 200% in Table 8; perhaps it is off by a 

much larger factor. 
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Fig. 31. N i  (n ,nrp)  Cross-Section 



4. The Angular Dis t r ibu t ion  of Secondary Neutrons 

In t h i s  sec t ion ,  the  treatment of the  e l a s t i c i c a l l y  and i n e l a s t i c -  

a l l y  s c a t t e r e d  neutrons from n icke l  and i t s  i sotopes  is discussed and t h e  

procedures adopted for  t h e  ana lys i s  of the  experimental da ta  a r e  descr ibed.  

4 . 1  E l a s t i c  Angular Dis t r ibu t ions  

The experimental da ta  on the  angular d i s t r i b u t i o n  of e l a s t i c a l l y  

sca t t e red  neutrons from n a t u r a l  n i c k e l  a r e  q u i t e  ex tens ive .  Some of these  
11-26 

have been mentioned e a r l i e r  i n  the discussion of t h e  d a t a  on e l a s t i c  cross-  

sec t ion .  I n  add i t ion ,  t h e r e  a re  a  few da ta  sets 115-122 i n  t h e  energy region 

l e s s  than 8.56 MeV. Above 8.56 MeV the re  are a few measurements 
15,17,54,26,122 

around 14  MeV. The o p t i c a l  model parameters given i n  Table 6 were derived 

by a search procedure using t h i s  a v a i l a b l e  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  

1 
da ta  . Using these  parameters and t h e  C O ~ ~ ~ ~ ~ A B A C U S - Z  t h e  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  cross-sect ions  were ca lcu la ted  a t  those energies  where 

the re  a r e  experimental data. These ca lcu la t ions  w e r e  then used t o  determine 

the  general  shape of the  d i f f e r e n t i a l  cross-sect ions  i n  the  backward d i r e c t i o n s  

(usua l ly  beyond 1400 o r  150a i n  the  c-of-m syscem) where no experimental data  

a r e  ava i l ab le .  These va lues ,  the experimental d a t a  and the extrapolated 

angular d i s t r i b u t i o n  i n  t h e  forward d i r e c t i o n  were f e d  i n t o  the  code CHAD 
1 2  4  

t o  f i t  them i n  terms of a  s e r i e s  of the  form ( i n  t h e  c-of-m): 

t o  determine the  c o e f f i c i e n t s  f l  of t h e  Legendre polynominals. The number n  

of t h e  polynominals used was kept  equal  t o  the  maximum 1-value used i n  the  

code ABACUS-2 t o  c a l c u l a t e  d i f f e r e n t i a l  e l a s t i c  cross-sect ions .  It w a s  a l s o  



v e r i f i e d  t h a t  t h e  f i t s  t o  t h e  experimental d a t a  s a t i s f i e d  Wick's i n e q u a l i t y ;  

t h e  Wick's l i m i t  being determined from the  s p l i n e  f i t  t o  t h e  t o t a l  c ross -  

sec t ion .  I n  making these  f i t s  some of the low energy data of  Langsdorf e t .  a l . ,  

Cox and Korzh were combined toge the r .  In  a d d i t i o n ,  some of t h e  d a t a  s e t s  
1 1 7 ,  

118'119'16 were not  used e i t h e r  because t h e i r  normal izat ion o r  genera l  shape 

did n o t  look good o r  t h e r e  were b e t t e r  and more recent data s e t s  a t  the  same 

energy. Also some da ta  120'121 could no t  be  used a s  they involved measure- 

e n t s  a t  only one o r  f e w  angles, The experimental d a t a  and the corresponding 

f i t s  for  the Kinney and pereyl1 da ta  a r e  shown i n  Fig. 32.  
- 

I n  add i t ion ,  d a t a  f i l e s  giving uL,  6 and y were generated using t h e  

code14* DUMMY 5 and t h e  d a t a  on d i f f e r e n t i a l  angular  d i s t r i b u t i o n s .  These 

a r e  given in  F i l e  3 .  

4 . 2  I n e l a s t i c  Angular D i s t r i b u t i o n  

The i n e l a s t i c  angular d i s t r i b u t i o n s  a r e  given a s  i s o t r o p i c  i n  the  

da ta  f i l e s .  However, a n a l y s i s  of t h e  experimental on the in-elastic angular  

d i s t r i b u t i o n s  were done and this w i l l  b e  descr ibed b r i e f l y  below. 

I n  one of the  e a r l i e r  it was  mentioned t h a t  coupled- 

channel c a l c u l a t i o n s  were c a r r i e d  o u t  on t h e  ind iv idua l  n i c k e l  i so topes .  

It is  i n t e r e s t i n g  t o  compare the  r e s u l t s  of these caLculat ions  with  d a t a  on 

+ 
the  d i f f e r e n t i a l  i n e l a s t i c  s c a t t e r i n g  t o  t h e  f i r s t  exc i t ed  2 s t a t e s  i n  t h e s e  

nuc le i .  A s  d iscussed e a r l t e r ,  there a r e  ex tens ive  d a t a  on t h e  i n e l a s t i c  

+ 
cross-sect ion of t h e  f i r s t  exc i t ed  2 s t a t e  i n  588i and 6 0 ~ i  along with 

d i f f e r e n t i a l  angular  d i s t r i b u t i o n s .  The e x c i t a t i o n  func t ions  of these  l e v e l s  

were determined by drawing a smooth curve through t h e  exper imental  d a t a  and 

jo in ing  i t  t o  t h e  r e s u l t s  of coupled  channel ca lcu la r ions  a t  and above 

9.0 MeV a s  i t  appears reasonable t o  assume t h a t  beyond 9.0 MeV the compound 



nuc lea r  con t r ibu t ions  t o  t h e  cross-section a r e  zero and t h e  e n t i r e  cross-  

s e c t i o n  is due t o  d i r e c t  r eac t ion .  Below this energy, t h e  compound nuclear  

and d i r e c t  r eac t ion  cross-sect ions  have t o  be added t o  account f o r  bo th  the  

t o t a l  magnitude of the  i n e l a s t i c  cross-section a s  w e l l  a s  i t s  angular d i s t r i -  

but ion.  Therefore ,  t h e  d i r e c t  r eac t ion  con t r ibu t ion  was subtracted from 

the  evaluated t o t a l  i n e l a s t i c  cross-sect ion and t h e  d i f f e r e n t i a l  i n e l a s t i c  

d i s t r i b u t i o n s  from the  compound nuclear  processes ( c a l c u l a ~ e d  using CdMMNUC-I) 

were normalized t o  t h i s  d i f f e r e n c e .  This  was then added t o  the  angular  dis- 

t r i b u t i o n  given by the coupled channel c a l c u l a t i o n s  f o r  comparison with  

experimental data .  It i s  poss ib le  t h a t  t h e  t o t a l  i n e l a s t i c  cross-sect ion 

given by a p a r t i c u l a r  data set lies above o r  below t h e  smooth curve. I n  such 

a case ,  the  d i f f e r e n t i a l  angular d i s t r i b u t i o n s  c a l c u l a t e d  as above were further 

normalized t o  t h e  i n t e g r a l  value a s  given by t h e  experiment.  The r e s u l t  of 

these  c a l c u l a t i o n s  are shown i n  Fig. 33-36. I n  a d d i t i o n ,  F ig .  37 shows the 

angular d i s t r i b u t i o n  corresponding To inelastic scattering t o  t h e  first exc i t ed  

s t a t e s  of t h e  n i c k e l  i so topes  a s  measured by Clarke and ~ r o s s ' ~ ,  S te l son  e t .  a l .  
54  

and ~ a m m e r d i e n e r ~ ~ .  The curve i n  t h i s  f i g u r e  corresponds ro  Lhe ca lcu la ted  

d i r e c t  i n t e r a c t i o n  curve f o r  t h e  i so topes  weighted with t h e i r  n a t u r a l  abund- 

ance without  any renormal izat ion t o  the t o t a l  i n e l a s t i c  scattering cross-  

s e c t i o n .  
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5. The Energy Dis t r ibu t ion  of Secondary Neutrons 

The energy d i s t r i b u t i o n  of t h e  secondary neutrons i n  t h e  (n,2n) and 

(n,nlp) r eac t ions  was determined by using t h e  experimental d a t a  of Sal 'n ikov 

e t .  a ~ . ~ ~ .  I n  t h i s  paper, they have a curve showing t h e  energy d i s t r i b u t i o n  

of neutrons o r ig ina t ing  from (n,2n) + (n ,nVp)  processes  a t  an i n c i d e n t  energy 

of 14 .4  MeV. The absc i s sa  and o rd ina tes  of t h i s  curve were read  o f f  and i t  

was f i t t e d  t o  an  express ion of t h e  form Ae -E 'IT where E' is t h e  energy of t h e  

secondary neutron, and T t h e  temperature. From the  l eas t - squares  f i t  the 

5 1  temperature was found t o  be  0.662 MeV. From t h e  G i l b e r t  and Cameron paper 

on nuc lea r  level d e n s i t i e s ,  i t  is found t h a t  Ex t h e  energy a t  which t h e  low 

e x c i t a t i o n  energy express ion f o r  the  l e v e l  d e n s i t y  ( e  (E-Eo) lT) changes over 

t o  t h e  high e x c i t a t i o n  energy express ion is  6 . 3  MeV f o r  5 9 ~ i  t h e  product of 

an (n,2n) reac t ion  on 6 0 ~ i  which has  a lower Q-value than 58~i. Considering 

the  Q-value of t h i s  r e a c t i o n ,  t h i s  e x c i t a t i o n  energy is  reached a t  about 14 .4  

PfeV i n  the  laboratory.  Hence, i t  was decided t o  ass ign  a cons tan t  temperature 

of 0.662 MeV from t h e  threshold of t h e  (n,2n) r e a c t i o n  t o  14.4 MeV and from 

the re  t o  20 MeV c a l c u l a t e  t h e  temperature a s  being p ropor t iona l  t o  t h e  square  

roo t  of the  e x c i t a t i o n  energy. S imi la r ly ,  f o r  t h e  (n ,n lp )  r e a c t i o n  a constant  

temperature of 0.662 MeV is given up t o  15  MeV and from 15-20 MeV a temperature 

proport ional  t o  the  square roo t  of t h e  e x c i t a t i o n  energy i s  given. 

It has been known f o r  some t i m e  125-128 t h a t  t h e  energy d i s t r i b u t i o n  

of t h e  secondary p a r t i c l e s  i n  a nuclear  r e a c t i o n  cannot be  adequately  descr ibed 

by a temperature This  model assumes t h a t  secondary p a r t i c l e  

emission occurs only a f t e r  t h e  compound nucleus has reached a s t a t e  of e q u i l i -  

brium and the e x c i t a t i o n  energy has  been d i s t r i b u t e d  amongst a l l  t h e  nucleons. 

It was pointed out by ~ r i f f i n l ~ ~  and l a t e r  e l abora ted  by o t h e r s  126-129 that 



t h e r e  is  a f i n i t e  p robab i l i ty  of p a r t i c l e  emission be fore  the s t a t e  of 

equi l ibr ium is reached and t h a t  such emission would g ive  a preponderance of 

h igh energy p a r t i c l e s .  Such a depar ture  of t h e  secondary p a r t i c l e  emission 

from the temperature model has  s i n c e  been v e r i f i e d  ex tens ive ly .  I t  has a l s o  

been s t r e s s e d  for some timel3' t h a t  ignoring t h i s  exper imental  f a c t  i n  des- 

c r i b i n g  the  energy d i s t r i b u t i o n  of t h e  secondary p a r t i c l e s  shows i t s e l f  i n  

v a s t  d i f fe rences  seen i n  t h e  r e s u l t s  of pulsed sphere  experiments as com- 

pared t o  the  corresponding ca lcu la t ions .  Hence, i t  w a s  decided t o  make use 

of t h e  experimental information on t h e  high-energy component ( t h e  pre- 

equlibrium component) t o  describe t h e  energy d i s t r i b u t i o n  of t h e  i n e l a s t i c a l l y  

s c a t t e r e d  neutrons i n  the continuum. From Kammerdiener ' s  data26 a t  14.6 MeV 

it is found t h a t  t h e  h igh energy component from 5-12 MeV accounts for about 

30% of the  t o t a l  I n e l a s t i c  cross-sect ion.  Fur the r ,  i t  i s  assumed t h a t  the  

pre-equilibrium component is zero a t  5 MeV incident neutron energy and i t s  

energy v a r i a t i o n  a t  h igher  energies  is given by a s t r a i g h t - l i n e .  With this 

assumption, the  pre-equilibrium component would be es t imated from 5 t o  20 MeV. 

I n  add i t ion ,  the  experimental d a t a  of F u j i t a  e t .  al. and Sal 'nikov e r .  a l .  

obtained a temperature of 1.2 MeV t o  desc r ibe  t h e  (n,n') energy d i s t r i b u t i o n  

a t  about 1 4  MeV. From Gilbert and Camerons' paper t h e  t r a n s i t i o n  temperature 

E x  f o r  5 8 ~ i  is found t o  be 10.5 MeV and f o r  6 0 N i  as 9 .8  MeV. This i s  ap- 

proximately the  e x c i t a t i o n  energy i n  t h e  final nucleus  reached with  a labora- 

tory energy of about 10.0 MeV. Therefore ,  a constant temperature of about 

1.0 MeV is given f o r  energies  up t o  10 MeV and above t h a t  the  temperature i s  

ca lcu la ted  a s  being p ropor t tona l  t o  square  r o o t  of t h e  e x c i t a t i o n  energy. 

With these  nuclear  temperatures and the preequi l ibr ium f r a c t i o n  determined 

, from Kammerdiener's da ta ,  a composite energy d i s t r i b u t i o n  was ca lcu la ted .  



Such a distribution i s  shown i n  Fig .  38 where t h e  high energy p a r t  i s  shown 

as a t a i l  appended t o  t h e  u s u a l  distribution g iven  by t h e  t empera tu re  model. 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 

ENERGY (MeV1 

Fig. 38. Energy D i s t r i b u t i o n  
of Continuum Scattering E = 14 MeV 



6 .  Gamma-Ray Production Cross-Section 

The d a t a  on the  gamma-ray production cross-sect ion of n i c k e l  can 

be d i v i d e d  i n t o  trwo d i s t i n c t  p a r t s :  t h e  f i r s t  extends  from 1.OE-O5eV t o  

1.0 MeV and the gamma rays  a r e  assumed t o  be  produced by neutron cap tu re  only; 

the  second spans the region from 1-20 MeV and the gamma production cross- 

s e c t i o n  due t o  a l l  non-elas t ic  processes  a re  given i n  i t ,  This i s  poss ib le  

because the  f i r s t  exc i t ed  s t a t e s  of the  p r i n c i p a l  even-even i so topes  of n i c k e l  

are above 1.0 MeV and rhough the (n,p) and (n,a) c ross - sec t ions  a r e  exoergic 

t h e s e  cross-sect ions  a r e  apprec iab le  only above 1 .0  MeV. 

6.1  Gamma-ray product ion due t o  neutron capture  

The d a t a  on the gamma s p e c t r a  produced by thermal neutron capture  i n  

the  n a t u r a l  element are q u i r e  ex tens ive .  These have been compiled by 

Bartholomew e t .  2~1.'~'. However, most of these  d a t a  s e t s  l is t  only t h e  prom- 

i n e n t  resolved gamma-ray lines s t and ing  above the  unresolved continuum. In  

add i t ion ,  t hey  might have a r a t h e r  h igh  cut-off f o r  the y spectrum. Thus, i f  

the  t o t a l  energy emit ted i n  t h e  thermal cap tu re  spectrum of Groshev e t .  a l .  
132 

is  ca lcu la ted ,  it  is  found t o  account f o r  only about 70% of t h e  t o t a l  energy 

re leased i n  capture .  Hence, i t  i s  important  t o  i n c l u d e  the continuum c o n t r i -  

bu t ion  t o  t h e  y-ray spectrum and a l s o  use  d a t a  w i t h  a s  l o w  an energy cut-off 

as poss ib le .  Energy, r e s o l u t i o n  of t h e  gamma-ray spect rum i s  of no consequence 

f o r  shielding app l i ca t ions  a s  r e p r e s e n t a t i o n  of t h e  spectrum i n  b i n s  0.5 M e V  

wide seems t o  be q u i t e  adequate. With these  cons ide ra t ions  i n  mind, the d a t a  

sets used i n  t h e  p resen t  eva lua t ion  will b e  d i scussed  without  a t tempt ing t o  

desc r ibe  all t h e  available data. 

The thermal neutron cap tu re  gamma spectrum i n  n i c k e l  was measured by 

Maerker and ~ u c k e n t h a l e r l ~ ~  using a c a l i b r a t e d  NaI (TI) d e t e c t o r .  The gamma- 



ray i n t e n s i t i e s  a r e  given summed up over 0 .5  MeV i n t e r v a l s  t o  inc lude  both 

the discrete and continuum gamma rays .  The i n t e n s i t i e s  a r e  es t imated t o  have 

an accuracy of 15%. The low-energy cut-off of their  spectrum i s  a t  1.0 MeV; 

and t h e  t o t a l  energy re leased is found t o  account f o r  91% of t h e  a v a i l a b l e  

energy. The remaining 9% of t h e  energy re leased  i s  presumably given off  by 

the  low energy gammA rays below 1.0 MeV. Hence, t o  supplement t h e  Maerker 

and Muckenthaler d a t a ,  t h i s  p a r t  of t h e  spectrum was taken f r o m  t h e  measure- 

ments of Rasrnussen e t .  whose gamma-ray energ ies  go down t o  252.3 keV. 

These d a t a  were recorded with a Ge(Li) d e t e c t o r  and unfor tuna te ly  con ta in  a 

number of spur ious  peaks e i t h e r  due t o  i m p u r i t i e s  i n  t h e  sample, back- 

ground gamma-rays o r  qu i rks  of the  peak- f i t t ing  program. This  is the reason 

why t h e  t o t a l  energy re leased  i n  the  spectrum i s  found t o  b e  10% higher  than 

the maximum p a s s i b l e  energy and the  d a t a  were not  used i n  the  eva lua t ion .  

Since t h i s  was t h e  only d a t a  set  a v a i l a b l e  with  such a low energy cu t -o f f ;  i n  

using these data up t o  1 .0  MeV, some of t h e  weaker gamma-ray l i n e s  were l e f t  

out and the da ta  were used  i n  t h i s  evaluat ion.  These d a t a  combined wi th  the 

Maerker spect rum were renormalized t o  t h e  Q-value of t h e  cap tu re  r e a c t i o n  

given in t h e  data  f i les  viz:  8.6 MeV. As has  been s t a t e d  e a r l i e r ,  t h i s  is an 

- CBniai an 
e f f e c t i v e  binding energy B = 

n Ea. onyi 

where the  summation is over a l l  t h e  i so topes ,  Bni a r e  t h e i r  Q-values for capture;  

ai t h e i r  f r a c t i o n a l  abundances and onyi t h e i r  thermal capture  cross-sect ions  

as given i n  Ref. 60 .  This renormalized d a t a  were used t o  c a l c u l a t e  the gamma 

ray m u l t i p l i c i t i e s  from 1.OE - 05 t o  4 keV. The r e s u l t i n g  of normalized s p e c t r a l  

d i s t r i b u t i o n  i s  shown i n  Fig.  39. 



From 4 keV t o  100 keV t h e  d a t a  of Kenny e t .  which extends 

from 4 t o  9 MeV gamma-ray energy and were measured from 4 t o  80 keV neutron 

energy were used. I n  order  t o  fill the  gap below 4.0 MeV the capture  gamma 

spectrum given f o r  E = 1.0 E-05-4 keV was used. The s p e c t r a  were renomal -  
n 

i z e d  t o  conserve energy and a r e  given a t  E = 100-250 keV; 250-500 keV, 

500-750 keV and 750 keV - 1 MeV. The gamma spectrum corresponding t o  E = 

4 keV - 100 keV is shown i n  Fig. 40. 

6.2 Gannna-ray production cross-sect ion (n,xy) 

Gamma-ray production cross-sect ions  (n,xy) due t o  all non-elastic 

prncesses given f o r  E = 1-20 MeV i n  the present  evaluat ion are based on t h e  
2 

d a 
measurements of Dickens ec.  a 1  They measured - dudE at  By 

= 125O using a 

NaI ( T I )  spectrometer.  The d a t a  a r e  presented a s  gamma-ray production cross-  
2 
a f o r  0.7 5 EY 2 10.5 MeV at var ious  gamma-ray energy s e c t i o n  values  of - dwdEy 

i n t e r v a l s  and neutron energy b ins .  Since the re  are many gamma rays  i n  an E 
Y 

i n t e r v a l  one could reasonably assume t h a t  t h e i r  angular d i s t r i b u t i o n s  a r e  

i s o t r o p i c  and mul t ip ly  the  d i f f e r e n t i a l  cross-sect ions  by 4~ t o  obtain the  angle- 

in tegra ted  cross-sect ions  i n  the corresponding gamma-ray i n t e r v a l .  The gamma 

s p e c t r a  thus obtained a r e  given i n  t h e  d a t a  f i l e s  by l i s t i n g  the  t o t a l  pro- 

duct ion cross-sect ion i n  MF = 13, MT = 3 and t h e  normalized energy d i s t r i b u -  

t i o n  i n  MF = 15 MT = 3. The energy v a r i a t i o n  of the  t o t a l  gamma production 

cross-sect ion is  shown i n  Fig. 41. The da ta  have e r r o r s  of about 10% from 

neutron flux measurements, e f f e c t i v e  a r e a  of t h e  beam and absolute ef f i c iency  

of t h e  de tec to r .  I n  add i t ion ,  the  gamma-production cross-sect ions  have sta- 

t i s t i c a l  e r r o r s  of the order  of 5% (E = 1.5 - 3.0 MeV) t o  27.5% (En = 17 MeV). 
n 

These h a w  been combined a s  independent e r r o r s  t o  c a l c u l a t e  t h e  e r r o r s  shown 

i n  Fig. 41. 
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F i g .  39. Normalized Gamma-ray spectrum. Fig. 40. Normalized Gamma-ray Spectrum 
at Thermal Energies En = 4 keV 
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Fig. 41. Gama-Ray Production Cross-Section 
En = 1-17 MeV 



The above da ta  were used i n  the  evaluat ion because they a r e  the  most 

extensive and complete d a t a  a v a i l a b l e .  There have been some o the r  measurements 

over l imi ted  neutran energy ranges, and i t  is i n t e r e s t i n g  t o  compare t h e  

Dickens da ta  with  these .  perkinlS7 used a th ree  c r y s t a l  p a i r  spectrometer and 

measured t h e  ganra production cross-sect ion of n i c k e l  over E = 3 . 5  - 8.5 M e V  

a t  1 .0 MeV i n t e r v a l s .  The y-ray i n t e n s i t i e s  were measured a t  90' and t h e  

i n t e n s i t i e s  a re  given summed over 0.5 M e V  i n t e r v a l s .  The agreement between 

the  two s e t s  of d a t a  i s  s a t i s f a c t o r y  except i n  t h e  region E = 1.5 - 2 .0  MeV 
Y 

where the three c r y s t a l  spectrometer e f f i c i ency  is low and the background was 

high. Maerker and M ~ c k e n t h a l e r ' ~ ~  measured the  gamma-spectrum from n a t u r a l  

n i c k e l  averaged over an inc iden t  neutron spectrum from 1 t o  1 4  MeV with a 

dE 
NaI (TI) d e t e c t o r .  Their d a t a  a r e  given a s  4n ( A E ~  ,90°) i n  0.5 MeV (E ) 

Y 

i n t e r v a l s  and t h e i r  o v e r a l l  e r r o r  i s  es t imated t o  be 30%. If t h e  Dickens da ta  

a r e  averaged over the  f l u x  d i s t r i b u t i o n  i n  t h i s  experiment and compared with 

t h e  observed data,  t h e  agreement between them is good. I n  add i t ion ,  the re  a r e  
2 

measurements by Drake e t .  .I.139 of t h e  - :niEy cross-section of n i c k e l  at 

En = 4 ,  6 and 7.5 MeV observed a t  5 5 O .  It i s  es t imated that the  e r r o r s  i n  

these  da ta  a r e  about 10%. The agreement between t h e  Drake and the Dickens 

d a t a  i s  fair. The i n t e n s i t y  d i s t r i b u t i o n  of t h e  gama spec t ra  a t  E = 4 ,  1 4  

and 17.0 MeV as given by the  Dickens d a t a  a r e  shown i n  F igs .  42-44. 
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Fig. 42.  Ni (n,xy) Spectrum En = 4.0 MeV 

PHOTON ENERGY (MeV) 

PHOTON ENERGY (MeV) 

Fig.  44. Ni (n,xy) Spectrum En = 17.0 MeV 
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Table 1 

P r o p e r t i e s  of t h e  Na tu r a l l y  Occurring N icke l  I so topes  

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

Table 2 

React ion  Q-Values for  t h e  Nickel I s o t o p e s  

React ion  Q-Value (MeV) 
5 8 60 6 1  6 2 64 

N i  Ni Ri N i  Ni 



- 

Table 3  

The Elast ic  Scattering Cross-Section f o r  N i c k e l  

En (MeV) a e l  (b > Reference 

0.06 10.0i1.0 A. Langsdorf Jr. et.  a l .  Ref. 13. AE '100-60keV. 

0.135 7.342.73 II 

0.7 3 . 8 4  A.B .  smith Ref. 1 4 .  AEn=20keV. Only a f e w  of the  91 data p o i n t s  are l i s t e d .  

0.706 3.89 11 

0.972 3 . 3  A . B .  Smith Ref. 14. AEn=20keV. Only a few of the 91 data p o i n t s  are listed. 

1.035 3.27 I F  

1.11 3.03 I I 

14.120.9 1.2i1.2 R.L. Clarke and W.G. Cross R e f .  15. 



Table 3 ( c o n t d )  

The E l a s t i c  Scattering C r o s s - S e c t i o n  f o r  Nickel 

En (MeV) uel (b R e f e r e n c e  

3.66k0.4 1.82i0 .1  M.K. Machwe e t .  a l .  Ref. 16. 

14 .0  1.2320.1 R.W. B a u e r  e t .  al. R e f .  17. 

1 . 0  2.5 M. Walt and H.H. Barschall R e f .  18. 

3.033.05 2.152.11 B. Holrnqvist and T. Wiedliog Ref. 12. 

3.49?.05 2.062.10 I t  

4.02.05 2.0k.10 I t  

4.565.05 2.02.10 I f  

6.092.09 1.832.09 91 

7.05+.09 1.792.09 I* 

8.052.09 1.712.09 I f  

1.775.05 1.882.19 8.  Hoolmqvist et. a l .  Ref. 19. 

2.022.05 2.13f.21 11 

2.275.05 1.855.19 B.  H o l m q v i s t  et. a l .  R e f .  19. 

2.524.05 2.492.25 1 )  

2.762.05 2.362.25 II 

0.9 3.2f0.24 G. N.  L o v c h i k o v a  R e f .  20. 

0.54.05 3.572.012 I. A. K o r z h  e t .  a l .  R e f .  21. 

0.82.05 3.154.15 I I 

2.0Z.1 2.5 L. Ya K a s a k o v a  e t .  a l .  R e f .  22. 

1 . 5  2.7652.105 I. A. K o r z h  e t .  a l .  R e f .  23. 

0.652.05 3.572.12 I. A. Korzh et .  al .  R e f .  2 4 .  

0.3t .025 4.68t.18 I. A. K o r z h  et .  a l .  Ref. 25. 

4.34f.07 2.0775.150 W. E. Kinney a n d  F. G. P e r e y  R e f .  11. 

4.92+.06 1.898i.137 11 

6.442.07 2.1012. 153 11 

7.542.06 1.9352.143 II 

8.565.05 1.887i.138 II 

14.6 1 .174k .  117 Kammerdiener Ref. 26. 



T a b l e  4 

The Non-Elastic Scattering Cross-Section Data for Nickel 

Reference 

R.W. B a u e r  e t .  a l .  Ref. 17. 

H.L. Taylor et. al. Ref. 27. 

11 

V.I. Strizhak. Ref. 28. 

M.H. MacGregor et. al. Ref.  29 .  

M. Walt and H.H. Barschall Ref. 18. 

J.R. Beyster et. al. Ref. 30. 

J . R .  Beyster et. al. Ref. 31. 

11 

M.V. Pasechnik. Ref. 32. 

r1 

M.K. Machwe et. al. Ref. 3 3 .  

B. Holmqvist and T. Wiedling. R e f .  34 .  

11 

B. Holmqvist and T. Wiedling. Ref. 34. 

I 1  

V.1. Kuktevich, e t .  al. Ref. 3 5 .  

A . I .  Abramov. Ref. 36.  

? I  



Table 5 

The Total Inelastic Scattering Cross-Section for Nickel 

Reference 

I. Fujita et. al. Ref. 37. 

O.A. Sal'nikov et. dl. R e f .  38. 

D.L. Broder e c .  al. Ref. 39. 

I  I  

I  I 

11 

11 

71 

I I  

D.L. Broder et. al. Ref. 40. 

I ,  

11 

I1 

11 

I  I 

I f  

1  r 

11 

1f 



Table 6 

The Opt ical  Model Parameters  

Radia l  shape of r e a l  w e l l  

Real we l l  d e p t h  - N i  

Real we l l  depth - ~i~~ 

Real we l l  d e p t h  - ~i~~ 

Real w e l l  depth - ~i~~ 

Real  w e l l  depth - ~1~~ 

Real we l l  depth - ~i~~ 
Real w e l l  radius 

Real w e l l  d i f fu senes s  

Radia l  shape of imaginary w e l l  

Imaginary w e l l  depth  

Imag-inary w e l l  r ad iu s  

Imaginary w e l l  d i f fu senes s  

Radial  shape of sp in -o rb i t  w e l l  

Spin-orbit  w e l l  depth  

Spin-orbi t  we l l  r a d i u s  

Spin-orbi t  we l l  d i f fu senes s  

Energy dependence of r e a l  w e l l  depth  

Saxon-Woods 

Saxon-Woods d e r i v a t i v e  

11.46508 

1 . 2 5  A ' I 3  

0 .41562  

Saxon-Woods d e r i v a t i v e  



Table 7  

Summary of Data on (n,n'p),(n,pn') and or (n,d) Cross-Section for Nickel 

Target En(MeV) Method Cross-Section ~ ( m b )  Reference 

Activation 

t I  

Phot Emulsion 

I t  

Activation 

I 1  

Phot Emulsion 

Counter Telescope 

Activation 

Activation 

Activation 

Counter Telescope 

Activation 

Counter Telescope 

Phot Emulsion 

Activation 

II 

W.G. Cross et. al. Ref. 67. 

W.G. Cross & R.L. Clarke 
Ref. 108. 

71 

D.L. Allan Ref. 90. 

11 

I. Kumake & R.W. Fink 
Ref. 109. 

Bramlett 6 Fink, Ref. 76. 

Barrall et. al., Ref. 71. 

Barrall et. al., Ref. 72. 

F.K. Temperley Ref. 70. 

I I 

Barrall e t .  al. Ref. 7 3 .  

D.L. Al1an Ref. 95. 

Glover & Purser Ref. 110. 

Glover & WeigoLd Ref. 77. 

Glover & Weigold Ref. 77. 

Hemingway Ref. 92. 

Debertin & Rtjssle Ref. 111. 

Lu & Fink Ref. 66. 

Alvar Ref. 112. 

March & Morton Ref. 94. 

Cross e t .  al. R e f .  89. 

Preiss & Fink Ref. 75. 

Valrer et. al. Ref. 9 7 .  

Preiss h Fink Ref. 75. 

Valter et. al. Ref. 97. 



Table 8 

Error Estimates of the Evaluated Cross Sections of Nf 

ENDF/B-IV MAT NO. 1190 

. ENDF / B Neutron Energy (MeV) 
Designation 

Cross Resonance 
Section MF M Thermal10-11-0.69 1 2 3 5 10 15  20 

Total 3 

Elastic 3 

Total (n,aT) 3 

Discrete (n ,n ' )  3 

3 

3 

Other Discrete (n,n' ) 3 

Continuum (n,n7) 3 

(n, 2n) 3 

(n,n1p) 3 

( n , ~ )  3 

( n , ~ )  3 

(n,a) 3 

Gamma Prod. (n ,y )  12 

(n,xv 13 






