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induced reac t ions  on both 6 3 ~ u  and 6 5 ~ ~  f o r  incident  energies  from 1 t o  20 

MeV. The input parameters f o r  the  model codes were determined through 

ana lys i s  of experimental da ta  i n  t h i s  energy region. Discussion of the  

models used, the  input da ta ,  the  r e s u l t i n g  ca lcu la t ions ,  extens ive  

comparisons t o  measured data,  and comparisons t o  the  Evaluated Nuclear Data 

F i l e  (ENDF/B-V) f o r  Cu (MAT 1329) a r e  included i n  t h i s  r e p o r t .  





1. INTRODUCTION 

The nuclear data needs specified by the National Nuclear Data Center 

(NNDC) include evaluated neutron cross sections for copper, an important 

material for fusion reactor applications. Guided by experimental data, we 

have performed a comprehensive set of nuclear model calculations for 

neutron reactions on 63s65~u for incident energies between 1 and 20 MeV in 

which we have particularly addressed the NNDC requests for copper as noted 

in Ref. ND83. This report documents these calculations. 

Several nuclear model codes were employed in this analysis. The 

optical-model code GENOA (PE67) and the Distorted Wave Born Approximation 

(DWBA) program DWUCK (KU72) were used to determine optical-model parameters 

and direct-interaction cross sections needed as input for the Hauser- 

Feshbach code TNG (FU80, FU80a). The TNG code provides energy and angular 

distributions of particles emitted in the compound and precompound 

reactions, ensures consistency among all reactions, and maintains energy 

balance. 

The optical-model parameter sets, discrete energy levels, and other 

parameters needed as input for TNG are discussed in Chapter 11. Chapter 

111 includes a discussion of the computational methods and procedures for 

the calculations. Figures showing calculated results compared to measured 

data are given in Chapter IV, along with some brief discussions, In 

Chapter V, the calculations are compared to cross sections from the 

EPJDF/B-V for Cu. A short summary is given in Chapter VI. 





2. PAR.#ETER DETERMINATION 

2.1 NEUTRON OPTICAL-MODEL POTENTIAL 

Since optical-model parameters a r e  e s s e n t i a l  input f o r  our nuclear  

model ca lcula t ions ,  much e f f o r t  was spent t o  determine a good s e t  of 

neutron optical-model parameters for n + 6 3 9 6 5 ~ u  s o  a s  t o  reproduce the  

e l a s t i c  sca t t e r ing  angular-dis t r ibut ion data ava i l ab le ,  a s  wel l  a s  the  

nonelas t ic ,  e l a s t i c  and t o t a l  c ross  sec t ions .  The experimental angular- 

d i s t r i b u t i o n  data  s e t s  se lec ted  f o r  f i t t i n g  were those of Walt and 

Barschall (WA54) a t  1.0 MeV; Holmqvist and Wiedling (H069) a t  2.0, 2.47, 

4.0, 6.09, 7.05, and 8.05 MeV; Becker e t  a l .  ( B ~ 6 6 )  a t  3.2 MeV; H i l l  (~158) 

a t  5.0 MeV; Kinney and Perey (KI74) a t  5.5, 7.0, and 8.5 MeV; Coon et  a l .  

(C058) a t  14.5 MeV; and Begum e t  a l .  (BE79) a t  16.1 MeV. Kinney and Perey 

measured data fo r  both 6 3 ~ u  and 6 5 ~ u  a t  each energy; t h e  o ther  data  s e t s  

a r e  fo r  na tu ra l  Cu. The angular-distr ibution data  f o r  6 3 ~ u  and 6 5 ~ u  d id  

not exhibi t  s ign i f i can t  i so top ic  dependence; thus,  a l l  of t h e  above s e t s  

were used simultaneously t o  f ind  one s e t  of optical-model parameters f o r  

both 6 3 ~ u  and 6 5 ~ u  a s  described below. 

Total  e l a s t i c  sca t t e r ing  cross sec t ions  were obtained by in tegra t ing  

each of the angular-distr ibution data  s e t s .  Wick's theorem (~149)  was used 

t o  est imate the cross sec t ion  a t  0 degrees, and s ince  none of t h e  data s e t s  

cover the angular range t o  180 degrees, th ree  ex t ra  data  points  were added 

between 0 of the  measurement and 180 degrees spaced equal ly  i n  angle max 
with the  cross-section value measured a t  8 The added data  point  a t  0 

degrees was given an uncertainty of 5%, while the  three  added points  a t  

la rge  angles were given uncer ta in t i e s  of 50%. These added po in t s  were used 

t o  help const ra in  the  least-squares f i t  during ex t rac t ion  of t h e  t o t a l  

e l a s t i c  cross sec t ion but were not used during t h e  remainder of the  

analys is .  The t o t a l  cross-section values were taken from recent  work of 

Larson e t  a l .  (LA801 which has already been checked with o ther  ava i l ab le  

data. The nonelas t ic  cross sec t ions  were then ext rac ted  by subtrac t ing the  

t o t a l  e l a s t i c  cross sec t ions  from the  t o t a l  c ross  sect ion.  

The optical-model code GENOA (PE67) was used t o  f i t  t h e  above se lec ted  

s e t s  of e l a s t i c  s c a t t e r i n g  angular-distr ibution data a s  wel l  a s  the  t o t a l  



c ros s  s ec t ion .  Compound 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  were 

c a l c u l a t e d  w i t h  TNG f o r  each of  t h e  above inc iden t  neutron e n e r g i e s ,  and 

these  were used a s  input  t o  GENOA. The magnitude of t he  compound e l a s t i c  

con t r ibu t ion  was searched on, a long wi th  t h e  opt ica l -model  parameters ,  t o  

o b t a i n  a  minimum chi-square. The energy-dependent magnitude of t h e  

compound e l a s t i c  con t r ibu t ion  was represented  by t h e  empir ica l  r e l a t i o n  

om(E) = A/{l + exp [B - E)/c]}.  (1) 

I n i t i a l l y ,  i nd iv idua l  b e s t - f i t  parameters were obtained f o r  each of t h e  

angu la r -d i s t r i bu t ion  da ta  s e t s  using the  code GENOA and searching 

techniques s i m i l a r  t o  those descr ibed  i n  Ref. FU76. For ene rg i e s  

En 2 5 MeV, t h e  compound e l a s t i c  term i s  very  small  and was not  

included. Following t h e  ind iv idua l  searches ,  an  average geometry was 

obta ined  by averaging the  r e s u l t s  of t h e  ind iv idua l  searches ,  weighted 

by -where 
N ti (experiment) - 0 ( c a l c u l a t i o n )  

i 
Aoi(experiment) 

With t h e  average geometry thus  determined, i nd iv idua l  searches were aga in  

done, t h i s  time varying only  t h e  s t r e n g t h s  of t he  r e a l  and sur face-  

imaginary terms V and WD. A l i n e a r  least-squares  a n a l y s i s  was used t o  

determine an energy dependence f o r  t he  s t r eng ths .  Then t h e  code GENOA was 

made t o  search  aga in  f o r  t h e  parameters A,  B, and C i n  Eq. (1 )  and t h e  

opt ica l -model  parameters V and W using t h e  geometry obtained e a r l i e r  and D ' 
searching on a l l  d a t a  s e t s  simultaneously. Searches on t h e  optical-model 

parameters and on t h e  parameters of Eq. (1 )  were repea ted  u n t i l  convergence 

was achieved. As mentioned above, only one s e t  of neutron optical-model 

parameters was obta ined  and used a s  input  t o  t h e  TNG code f o r  bo th  6 3 ~ u  and 

65cu. 

Values f o r  t h e  b e s t - f i t  parameter s e t  f i n a l l y  obtained from t h i s  work 

a r e  given i n  Table 1. This s e t  of neutron opt ica l -model  parameters was 

then  used f o r  t h e  r e s t  of t h e  model c a l c u l a t i o n s  t o  genera te  r equ i r ed  

neutron t ransmission c o e f f i c i e n t s .  F igures  1-10 show a comparison of our  

ca l cu la t ed  r e s u l t s  w i th  measured e l a s t i c  s c a t t e r i n g  angu la r -d i s t r i bu t ion  

d a t a  while Fig. 11 shows a  comparison of t h e  ca l cu la t ed  t o t a l ,  e l a s t i c  and 



nonelastic cross sections with the measured total, and extracted elastic 

and nonelastic cross sections. Figures 1-6 include results for natural Cu, 

Figs. 7-8 for 63~u, and Figs. 9-10 for 65~u. 

2.2 CHARGED-PARTICLE OPTICAL-MODEL PARAMETERS 

The proton optical-model parameters are taken from the work of Perey 

(PE63) as modified by Arthur and Young (AR80). The optical-model potential 

used for the protons is given in Table 2. Similarly, optical-model 

parameters for alpha particles were taken from Lemos (LE72) as modified by 

Arthur and Young (AR80). They are given in Table 3. 

2.3 THE DIRECT REACTION MODJ3L AND PARAMETERS 

The Distorted Wave Born Approximation (DWBA) program DWUCK ( ~ ~ 7 2 )  was 

used to calculate the direct-interaction component of the inelastic- 

scattering cross sections to a number of levels in 6 3 s 6 5 ~ ~  for which 

information was available. Inputs to this code were the neutron optical- 

model parameters of Table 1 and the deformation parameters, @t2, shown in 
.& 

Table 4 for 6 3 ~ u  and in Table 5 for 65~u. The L3i2 includes a statistical 

factor and is used for odd-A targets. It is related to 8:, the deformation .- + 
parameter with J'=O , via the expression 

where Ji and Jf are the spins of the initial and final states of the 
2 

nucleus, and L is the angular momentum transfer (YI82). The 1 3 ~  values 

shown in Tables 4 and 5 are taken from McCarthy and Crawley (~C66). The 

resulting calculated direct inelastic excitation cross sections, shown in 

Figs. 12-13, were used as input in the TNG code (FU80). 

2.4 DISCRETE ENERGY LEVELS AND LEVEL-DENSITY PARAMETERS 

The statistical-model calculations with TNG require a complete 

description of the energy levels of the residual nuclei for the various 



open channels. The low-energy region of exc i t a t ion  of these  nuc le i  can be 

adequately described in  terms of d i sc re te  l eve l s  fo r  which we usual ly  know 

the  energy, spin and par i ty  (.JT), and gamma-ray deexcitat ion branching 

r a t i o s ,  here inaf ter  r e fe r red  t o  a s  branching r a t i o s .  A s  t h e  exc i t a t i on  

energy increases,  our knowledge of these levels  becomes incomplete, and 

eventually, a s  t he i r  number increases,  we prefer  t o  describe them i n  terms 

of a level  density formula. In  t h i s  section we give the  d i s c r e t e  l eve l s  

used i n  the  calcula t ions  and discuss the l eve l  density formulae and 

parameters. 

The react ions  f o r  which we need l eve l  information fo r  the  res idua l  
6 2 63 6 3 ~ u ( n , p ) 6 3 ~ i ,  6 3 ~ u ( n , a ) 6 0 ~ o ,  63~u(n ,np)  ~ i ,  nucle i  a re :  63~u(n,n ')  Cu, 

65 63Cu(n,na)59~o, 6 3 ~ u ( n ,  ~ n ) ~ ~ c u ,  6 3 ~ u ( n , ~ )  6 4 ~ ~ ,  65~u(.,nfl) Cu, 

6 5 ~ u ( n , p ) 6 5 ~ i ,  6 5 ~ u ( n ,  a )  "CO, 6 5 ~ u ( n , n p ) 6 4 ~ i ,  65~u(n ,nu)61~o ,  
64 7~ 65~u(n ,2n)  Cu, and 6 5 ~ u ( n , y ) 6 6 ~ u .  The l eve l  energies, J values and 

gamma-ray branching r a t i o s  adopted fo r  these nucle i  a r e  given i n  Tables 6 
IT 

t o  18. There a r e  a few levels  where the energies a r e  known, but J values 
7T 

or branching r a t i o s  a r e  experimentally undetermined. These J values and 

branching r a t i o s  were assigned a s  indicated by the  parentheses i n  the  

t ab les .  In most cases,  these values a r e  a s  given in  the  references (see 

below); o thers  were estimated from systematics. Excited s t a t e s  were 

reported having Ex la rger  than f o r  levels  shown i n  Tables 6-18. However, 

the  branching r a t i o s  f o r  these higher levels  were not known and thus the  

levels  were not used in  the calcula t ions .  

The information on the  f i r s t  15 levels  of 6 3 ~ u  i n  Table 6 was taken 

from the compilation of Auble (AU79). The 2.506-MeV leve l  was taken from 

Dickens (DI83). Levels having energies from 2.536 t o  2.889 MeV were taken 

from Browne e t  a l .  (BR78). The l eve l s  with energies of 3.3, 3.48, and 3.7 

MeV were taken from McCarthy and Crawley (~C66) .  Although the re  a r e  many 

other levels  i n  t h i s  energy region, the cross section for  exci t ing these 

levels  can be adequately accounted f o r  i n  the  TNG ca lcu la t ion  (FU80) with 

the l eve l  density formulae. We include the above three  l eve l s  because they 

a r e  col lec t ive  and the cross sect ions  fo r  exci t ing these l eve l s  were 

computed by DWUCK (KU72) and input t o  TNG. Also, a s  seen e a r l i e r  ( ~ a b l e s  4 
2 

and 51, the  B E  values f o r  these levels  a r e  large ,  which gives r i s e  t o  

s ign i f i can t  contributions t o  ine las t i c - sca t t e r ing  and gamma-ray production 

cross  sections.  



Tr 
For 63~i,  the level  energies, the  adopted J values, and gamma-ray 

branching r a t i o s  a re  given i n  Table 7. They were taken from Ref. AU79. 
Tr 

Table 8 shows the levels ,  J values, and branching r a t i o s  fo r  6 0 ~ o .  This 

information was taken from the  compilation of Auble (AU79a), with the 

exception of the  J" value fo r  the  0.786-MeV level ,  which i s  from Ref. BR78. 

Level information for  6 Z ~ i ,  given in  Table 9, was taken from the  
7r 

compilation of Halbert (HA79). For 5 9 ~ o ,  the  l eve l  energies,  adopted J 

values, and branching r a t i o s  a r e  given i n  Table 10, which was compiled from 

the  work of Abbondanno e t  a l .  ( ~ ~ 8 0 ) .  The information on levels  of 6 2 ~ u ,  

given i n  Table 11, was taken from Ref. HA79. 
IT 

For 6 5 ~ u ,  the level  energies,  t h e i r  J values and branching r a t i o s  

adopted a re  given i n  Table 12. These were taken from Ref. DI83 for  l eve l s  

having energies of 2.534 MeV and below, and from Ref. MC66 for  l eve l s  

having energies of 3.08, 3.35, and 3.5 MeV. A s  explained above Lor 6 3 ~ u ,  

we include the l a s t  three levels  because they a r e  col lect ive .  There a re  

many other l eve l s  i n  t h i s  energy region, but the  l eve l  densi ty  formulae 

(FU80) can adequately account fo r  cross sections exci t ing these "other" 

levels.  

Level information for  65~i ,  given i n  Table 13, was taken from the  

compilation of Auble (A~75) .  For 6 2 ~ o ,  information was obtained from Ref. 
Tr 

HA79 and i s  given i n  Table 14. Table 15 shows the  l eve l s ,  J values, and 

branching r a t i o s  fo r  64~i.  They were taken from the  compilation of Halbert 

(aA79a). For 6 1 ~ o ,  the level  energies,  adopted J values, and branching 

r a t i o s  a r e  given in  Table 16, which was compiled from the  work of Auble 

(~U75a). Table 17 shows the  level  information fo r  6 4 ~ u ,  taken from Ref. 
66 IT HA79a. For Cu, the  l eve l  energies and J values were taken from Ref. 

BR78, and a r e  given i n  Table 18. 

To represent the continuum exci ta t ion energy region occurring above 

the  highest-energy d i sc re te  l eve l  (continuum cutoff  E,), the  level-density 

formulae a s  described by Fu (FU76 and FU80) were used. The level-density 

parameters of the res idual  nuc le i  of a l l  react ions  analyzed a r e  given i n  

Table 19. The formulae of Gi lber t  and Cameron (GI651 were used i n  

computing most of the  parameters. However, it was found t h a t  f o r  computing 

the parameter "c" a formula due t o  Facchini and Saetta-Menichella (FA681 

produced be t t e r  r e su l t s .  Also, the  parameter "a" was based on more recent 

data for the  s-wave neutron spacing parameter D from Mughabghab et a l .  
0 



( ~ ~ 8 1 ) .  For 6 4 ' 6 6 ~ u ,  t h e  r e s u l t i n g  "a" due t o  Ref. GI65 was t o o  s m a l l ;  t h e  
11 11 a  computed using t h e  formula i n  Ref. GI65 wi th  the  new da ta  f o r  Do was 

found t o  be too  la rge .  Thus, t h e  parameter "a" f o r  each of t h e  r e s i d u a l  

n u c l e i  was ad jus ted  so t h a t  TNG (FU80) gave reasonable r e s u l t s  a t  a  number 

of i nc iden t  neutron energ ies .  It should be noted t h a t  t h e  parameters  T, 

Eo, c ,  and Ex i n  Table 19 a l l  depend on t h e  parameter "a." 

2  .5 GIANT DIPOLE RESONANCE PARAMETERS 

The g i a n t  d ipo le  resonance parameters used i n  t h i s  a n a l y s i s  a r e  those  

r epo r t ed  by Fu l l e r  e t  a l .  ( F ~ 7 3 ) .  For 6 3 ~ u ,  t he  f i r s t  resonance has  a  peak 

c ros s  s e c t i o n  of 63 mb, t h e  width of t he  resonance i s  5 MeV, and t h e  energy 

of t h e  resonance peak i s  16.5 MeV. The second resonance has a peak c ros s  

s e c t i o n  of 22 mb, t h e  width of t h e  resonance i s  7.1 MeV, and t h e  energy of 

t h e  resonance peak i s  21.3 MeV. 6 5 ~ u  a l s o  has two resonances wi th  t h e  

f i r s t  having a  peak c ros s  s e c t i o n  of 88 mb, width of 5  MeV, and energy of 

t h e  resonance peak of 16.8 MeV. The second resonance has a  peak c ros s  

s e c t i o n  of 36 mb, t h e  resonance width i s  6  MeV, and the  resonance peak has 

energy 20.5 MeV. 

3 
2.6 (n ,d ) ,  ( n , t ) ,  AND (n ,  He) CROSS SECTIONS 

The only measured da t a  po in t  found f o r  t he  ( n , t )  r e a c t i o n  was r epo r t ed  

by Biro e t  a l .  (BI75) a s  0.32 mb a t  an  inc iden t  energy of 14.7 MeV. Since 

t h i s  c ros s  s ec t ion  i s  very  smal l ,  t h e  ( n , t )  r e a c t i o n  was ignored i n  t h e  TNG 
3 ca l cu la t ions .  For (n ,  H e )  t h e  shapes of t h e  6 3 , 6 5 ~ u ( n ,  a) c r o s s  s e c t i o n s  

3 were used (FU821, normalized t o  t h e  6 3 ~ u  (n ,  He) c ros s  s e c t i o n  of  3.2 mb a t  
3  14.1 MeV repor ted  by Pol lehn and Neurt ( ~ 0 6 1 )  and t o  t he  6 5 ~ u  (n, He) c ros s  

s ec t ion  of  2.0 mb a t  14.8 MeV repor t ed  by Poular ikas  e t  a l .  (P061a). 

S imi l a r ly ,  f o r  (n ,d)  t h e  shapes of t h e  6 3 s 6 5 ~ u ( n , p )  c ros s  s e c t i o n s  were 

used (FU821, normalized t o  t h e  6 3 ~ u ( n , d )  c ros s  s e c t i o n  of  9.0 mb a t  14.8 

MeV repor t ed  by Grimes e t  a l .  (GR78) and t o  t h e  6 5 ~ u ( n , d )  c r o s s  s ec t ion  of 

10.0 mb a t  14.8 MeV, a l s o  from Ref. GR78. These c ros s  s e c t i o n s  were not  

computed by the  TNG code but  were input  t o  it a s  c o r r e c t i o n  f a c t o r s  t o  

reduce propor t iona te ly  t h e  o t h e r  TNG c a l c u l a t e d  c ros s  s ec t ions .  



3. COMPUTATIONAL METHODS AND PROCEDURES 

Nuclear model ca lcula t ions  play an important r o l e  i n  modern 

evaluations fo r  t h e  in te rpo la t ion  and ext rapola t ion of cross  sec t ions  t o  

energy regions where no data e x i s t ,  and f o r  predic t ions  of r eac t ion  cross  

sec t ions  f o r  which the re  a r e  few o r  no experimental data.  However, i n  

order t o  ensure i n t e r n a l  consistency, t h e  model ca lcu la t ions  should 

simultaneously reproduce a s  much of t h e  experimental information a s  

possible fo r  a s  many reac t ion  channels a s  r e l i a b l e  data  a r e  ava i l ab le .  A s  

noted e a r l i e r ,  t h e  model code TNG (FU80, FU80a) was used exclus ively  f o r  

t h i s  analys is .  Calculat ions fo r  both 6 3 ~ u  and 6 5 ~ u  a t  a number of inc ident  

energies from 1.0 t o  20.0 MeV were performed. Parameters required  a s  input  

t o  TNG are  now summarized. The d i s c r e t e  energy l eve l s  f o r  each of t h e  

res idua l  nuc le i  and the  gamma-ray branching r a t i o s  ( ~ a b l e s  6-18), t h e  l eve l  

densi ty  parameters (Table 19), the  d i r e c t  i n e l a s t i c  cross  sec t ions  

ca lcula ted  by DWUCK ( ~ ~ 7 2 )  a s  discussed i n  Section 11, t h e  optical-model  

parameters (Tables 1-31, t h e  g ian t  d ipole  resonance parameters, and t h e  
3 (n,d) and (n, He) cross sec t ions  were a l l  used a s  input t o  t h e  TNG computer 

code. Parameters required fo r  the precompound mode of r eac t ion  were t h e  

same a s  determined previously i n  a global  ana lys i s  (FU80) and were found t o  

be sa t i s fac to ry  fo r  the present ca lcula t ions .  

TNG simultaneously computes cross  sec t ions  f o r  a l l  ene rge t i ca l ly  

possible binary react ions  and t e r t i a r y  reac t ions ,  and a l s o  computes t h e  

resu l t ing  gamma-ray production cross sec t ions .  Also, TNG computes t h e  

compound and precompound cross  sec t ions  i n  a consis tent  fashion and 

conserves angular momentum i n  both compound and precompound react ions .  

Thus, the  cross-section s e t s  a r e  consis tent  and energy balance is ensured. 

The r e s u l t s  from TNG a r e  found t o  agree reasonably w e l l  with a v a i l a b l e  

data ,  and these comparisons a r e  discussed i n  the  next sec t ion.  





4. COMPARISON OF CALCULATIONS WITH EXPERIMENTS 

I n  t h i s  sec t ion  the  TNG calcula ted  cross  sec t ions  a r e  compared with 

a v a i l a b l e  data. When the  comparisons were made f o r  n a t u r a l  Cu, the  cross 

sec t ions  fo r  each i so tope  were mul t ip l i ed  by i t s  f r a c t i o n a l  n a t u r a l  

abundance (69.2% f o r  6 3 ~ u ,  30.8% f o r  6 5 ~ u )  and summed t o  obta in  the  

r e s u l t s .  

4.1 NONELASTIC CROSS SECTIONS 

Comparison of the  nonelas t ic  cross sec t  ion wi th  experiment i s  shown i n  

Fig. 14. Numerous o ther  da ta  s e t s  were ava i l ab le  from the  CSISRS l i b r a r y  

(CS83) but f o r  c l a r i t y  Fig. 14  contains only those sets wi th  two o r  more 

data  points .  The good agreement lends support t o  the  optical-model  

parameters adopted f o r  the  n + 6 3 B 6 5 ~ u  channel. 

4.2 TOTAL INELASTIC SCATTERING CROSS SECTION 

The TNG ca lcu la t ion  of cross  sec t ions  f o r  t o t a l  ine las t i c - sca t t e r ing  

of neutrons from copper i s  compared t o  experimental da ta  i n  Fig. 15. The 

ca lcula ted  cross  sec t ions  agree we l l  with the  data of Beyster et a l .  (BE55, 

~E561 ,  Bonner and S l a t t e r l y  (B059), Taylor e t  a l .  (TA551, Bal l  e t  a l .  

(BA581, and Thomson (TH631, but they a r e  smaller than t h e  da ta  repor ted  by 

Slaughter and Dickens (SL83), a s  w e l l  a s  smaller than those deduced from 

the  neutron sca t t e r ing  data of Kinney and Perey (R174) between 3 and 8 MeV. 

The l a t t e r  two data  s e t s  a r e  bel ieved t o  be too large  because they a l ready  

exceed t h e  upper l i m i t  given by t h e  none las t i c  cross sec t ion  shown i n  Fig. 

14. 

4.3 ANGULAR DISTRIBUTIONS FOR INELASTIC SCATTERING 

The ca lcula ted  d i f f e r e n t i a l  6 3 s 6 5 ~ ~ ( n , n # )  cross  sec t ions  f o r  exc i t ing  

the  low-lying d i s c r e t e  l eve l s  a r e  compared wi th  those measured by Kinney 

and Perey (KI74) from 5.5 t o  8.5 MeV i n  Figs.  16-23. The DWBA ca lcu la t ions  



f o r  i n e l a s t i c  sca t t e r ing  were added t o  the  TNG computations t o  ob ta in  the  

r e s u l t a  i n  these  f igures .  I n  the Kinney and Perey repor t  (KI741, angular  

d i s t r i b u t i o n s  f o r  both individual  l eve l s  and groups of l eve l s  a r e  

presented. The TNG and DWUCK ca lcu la t ions  were summed fo r  the  groups of  

l e v e l s  f o r  the  comparisons. The agreement i s  f a i r l y  good a s  t h e  

ca lcu la t ions  usual ly  f a l l  wi th in  the  e r r o r  bars  of the  data.  The need f o r  

nuclear  model analyses can be seen from these f igures  - t he  angular range 

covered by the  measurement accounts f o r  only ha l f  of the  cross  sec t ion .  

4.4 INELASTIC SCATTERING TO DISCRETE LEVELS 

The comparison of the  ca lcula ted  and experimental (n,n') c ross  

sec t ions  f o r  individual  l eve l s  and groups of l eve l s  f o r  both 6 3 ~ u  and 6 5 ~ u  

i s  given i n  Figs. 24-29. The ca lcula ted  d i r e c t  i n t e r a c t i o n  cross  sec t ions  

(see  Figs.  12-13) a r e  included. The da ta  reported by Kinney and Perey 

(KI74) a r e  general ly smaller than the  ca lcula t ion .  Their da ta  were 

obtained by in teg ra t ing  the  measured angular observations i s o t r o p i c a l l y .  

The f a c t  t h a t  t h i s  procedure can give r e s u l t s  which could be too small can 

be seen i n  Figs. 16-23, which show t h a t  t h e  angular range missed by the  

measurement cont r ibutes  a s i g n i f i c a n t  p a r t  of the  croes sect ion.  

4.5 ANGULAR DISTRIBUTIONS OF NEUTRON PRODUCTION CROSS SECTIONS 

The calculated angular d i s t r i b u t i o n s  of neutron production c ross  

sec t ions  for  na tu ra l  Cu a t  an inc ident  energy of 13.75 MeV and f o r  

secondary energies of E'* = 4.0-5.0, 6.0-7.0, and 8.0-9.0 MeV a r e  compared 

with experiments i n  Fig. 30. The data  of Salnikov e t  a l .  (SA74) were 

r e l a t i v e  cross sec t ions  which we normalized t o  the  data of Vonach et a l .  

(V080) a t  3.0 MeV. 

4.6 INTEGRATED YIEZD OF SECONDARY NEUTRONS 

The in tegra ted  y i e l d  of secondary neutrons a s  a function of  inc iden t  

neutron energy i s  shown i n  Fig. 31. The TNG ca lcu la t ion  is  compared wi th  

the da ta  of Morgan (M079) f o r  secondary neutron energies g r e a t e r  than 0.76 



MeV. The Morgan data  were measured a t  130 degrees, whereas t he  TNG r e s u l t s  

were computed for  a l l  angles (angular spacing was 10 degrees). Since the 

r e s u l t  integrated over the outgoing energy and angle i s  dominated by t he  

pa r t  of the spectrum a t  the small outgoing energy end (see next sec t ion  and 

Fig. 34 fo r  outgoing neutron energies from 0 t o  5 M ~ V )  where the  angular 

d i s t r ibu t ion  is  e s sen t i a l l y  i so t rop ic ,  the  comparison shown i n  t h i s  f igure  

Is reasonably val id .  The deviat ion for  incident energies g rea te r  than 17 

MeV is  probably due t o  the (n,3n) contribution,  which was not  ca lcula ted i n  

t h i s  work. 

4.7 NEUTRON EMZS SION SPECTRA 

Neutron emission spectra were computed fo r  22 incident  energies;  

examples of comparisons of ca lcula ted spect ra  with experimental data of 

Morgan (M0791, Hermsdorf e t  al .  (HE75), Vonach e t  a l .  (V080), and Salnikov 

e t  a l .  (SA75) a r e  shown i n  Figs. 32-35 fo r  incident neutron energies of  

5.5, 9.5, 13.75, and 14.5 MeV, respect ively .  The data of Morgan were 

measured a t  130 degrees; the  other data a r e  angle integrated.  The data of 

Salnikov e t  a l .  were normalized t o  the  data  of Vonach e t  a l .  a t  3.0 MeV. 

The f igures  show the  calculated t o t a l  neutron emission spect ra ,  a s  wel l  a s  

the  calculated emission spectra from the  individual  contr ibut ing react ions .  

The (n,n') continuum and d i sc re te  l eve l  computations were combined i n to  t he  

one curve labeled "(N,NG).If The curve labeled "(N,NP)" iacludes 

contributions from both the (n,np) and (n,pn) react ions .  Likewise, t he  

curve labeled "(N,NAI9' includes contributions from both the  (n,na) and 

(n,an) reactions.  The curve labeled "TNG Calculation" i s  the  calcula ted 

angle-integrated spectrum and includes the angle-integrated d i r ec t  

i ne l a s t i c  cross  sect ions  from the  DWUCK code ( these were input t o  the  TNG 

code). For En > 10 MeV the  angle-integrated spectrum and the  130-degree 

spectrum d i f f e r  substant ia l ly .  For example, the case f o r  En = 13.75 MeV 

(Fig. 34) shows the  computed r e s u l t s  a t  an angle of 130 degrees a l so .  I n  

t h i s  f igure ,  the dashed curve labeled "Calculation, 0=13o0" i s  the  computed 

d i r ec t  i n e l a s t i c  cross section a t  130 degrees from the DWUCK code added t o  

the  TNG ca lcula t ion a t  130 degrees. For E =5.5, 9.5, and 13.75 MeV, the 
n 

e l a s t i c  cross section shown i s  the  computed shape e l a s t i c  cross sect ion a t  



130 degrees from t h e  GENOA code (PE67) added t o  the  compound e l a s t i c  cross  

sec t ion computed by TNG a t  130 degrees. The e l a s t i c  cross sec t ion  peak i n  

the  Morgan data should not be confused by comparing it with t h e  ca lcula ted  

cross  sect ions from the  d i s c r e t e  levels .  The computed e l a s t i c  cross  

sec t ion was not smeared ( i .e . ,  folded with the  experimental de tec to r s  

response reso lu t ion)  fo r  these  p l o t s  and i s  not i n  phase wi th  Morgan's 

data.  

4.8 PROTON AND ALPHA-PARTICLE EMISSION SPECTRA 

The calcula ted  (n,xp) and (n,xu) spect ra  f o r  both 6 3 ~ u  and 6 5 ~ u  a r e  

compared t o  measurements by Grimes e t  a l .  (GR79, HA771 i n  Figs. 36-39. The 

(n,xp) spectra a r e  sums of the  p a r t i a l  spectra from the  (n,p) ,  (n,pn), and 

(n,np) react ions .  Likewise, t h e  (11~x4 spec t ra  a r e  sums of (n ,a) ,  

(n,cm), and (n,na). The measurements were taken a t  an incident  energy of  

14.8 MeV, whereas the  TNG ca lcu la t ions  were a t  14.5 MeV. However, t h e  

s p e c t r a l  d i s t r ibu t ions  a r e  not expected t o  vary subs tan t i a l ly  from En = 

14.5 M ~ V  t o  14.8 MeV. 

The proton-part icle product ion spect ra  fo r  6 3 ~ u  and 6 5 ~ u ,  shown 

respect ively  i n  Figs. 36 and 38, have d i f f e r e n t  s p e c t r a l  shapes because of 

t h e  large  (n,np) contribution i n  6 3 ~ u .  For 6 3 ~ u ,  the  (n,np) threshold  i s  

subs tan t i a l ly  smaller than the  (n,2n) threshold. Thus, the re  i s  an energy 

range (about 5.5 M ~ V )  of exc i t a t ion  i n  6 3 ~ u  ( a f t e r  one neutron is  emitted) 

f o r  which deexci ta t ion  by emitt ing a second neutron i s  impossible and 

proton emission i s  the  dominant mode of deexcitat ion.  Even though t h e  

outgoing proton energy of 3 MeV is smaller than t h e  energy associa ted  wi th  

the  peak of the  Coulomb b a r r i e r ,  the  proton emission spectrum i n  Fig. 36 

exh ib i t s  a "peak" a t  3 MeV. The corresponding energy range f o r  t h i s  "peak" 

t o  occur in  6 5 ~ u  i s  smaller by about 2 MeV, and the  65~u(n ,np)  cross  

sec t ion i s  much smaller.  

The same fea tu res  of subcoulomb penetrat ion by alpha p a r t i c l e s  i s  

indicated i n  the data  shown i n  Figs. 37 and 39 but we cannot reproduce them 

with calculat ions.  The ca lcu la t ions  do, however, reproduce t h e  main 

fea tu res  of the higher-energy por t ions  of the  alpha-part icle spec t ra  

reasonably well. I n  both isotopes,  t h e  (n,np) and (n,na) r eac t ions  have 



nearly the  same thresholds. Thus, theore t i ca l ly ,  the  subcoulomb 
- 

penetra t ion by low-energy alpha p a r t i c l e s  i s  strongly suppressed by t he  

competing protons emitted a t  the  same energies. 

4.9 BINARY AND TERTIARY REACTION CROSS SECTIONS 

The calculated binary and t e r t i a r y  cross sections f o r  6 3 ~ u  and 6 5 ~ u  

a r e  compared t o  avai lable  data i n  Figs. 40-48. A s  discussed by Fu ( ~ ~ 8 2 1 ,  

the  two data points  in  Fig. 40 a r e  the 63~u(n ,px)  cross sect ion so  the  

calcula t ion shown includes the sum of the  (n,p) and (n,pn) cross sect ions .  

Also, t he  (n,np) cross  sect ion (~ig. 42) does not include t h e  (n,pn) cross  

section.  Figure 41 shows the r e s u l t s  f o r  63~u (n , a ) .  Numerous other data  

s e t s  were avai lable  fo r  63~u(n ,2n)  from the CSISRS l i b r a ry  (CS83); only 

those sets with three o r  more data  points  a r e  included i n  Fig. 43. No data  
6 3 were ava i l ab le  fo r  the  Cu(n,m) + (n,na) cross sect ions .  Other data s e t s  

were avai lable  fo r  both 65~u(n ,p )  and 65~u(n ,2n)  from the  CSISRS l i b r a ry  

(CS83); again, only those s e t s  with more than one point a r e  included i n  

Figs. 44 and 48. The 65~u(n , a )  data  and ca lcu l s t ion  a r e  shown i n  Fig. 45, 

and the 65~u (a ,pn )  + (n,np) and 65~u(n , an )  + (n,na) r e s u l t s  a r e  shown i n  

Figs. 46 and 47, respectively.  

The calcula ted 6 3 ~ u ( n , p )  exc i t a t i on  function shown i n  Fig. 40 exh ib i t s  
6 3 a d ip  around 8 MeV, while the calcula ted Cu(n,a) exc i t a t ion  function i n  

Fig. 41 shows a change of sfope near the  same energy. Both features  a r e  

due t o  the  competition of one reac t ion  with the other.  I f  the cross 

sections making up these exc i t a t ion  functions a r e  appropriately summed, one 

obtains a smooth exc i ta t ion  function near 8 MeV. The (n,n') cross sect ion 

a t  8 MeV i s  20 times larger  and i s  insens i t ive  t o  such competitions. The 

6 3 ~ u ( n ,  3) react ion i s  one of several  react ions  used f o r  dosimetry 

measurements, and we recent ly  performed an evaluation i n  which t h i s  

react ion was studied simultaneously with 12 other dosimetry react ion cross  

sections.  This evaluation (FU82a) i s  based on the generalized l eas t -  

squares technique which includes the  impacts of measured r a t i o s  and cross- 

react ion covariances. The r e su l t i ng  values f o r  the  6 3 ~ u ( n ,  a) d i f f e r  

somewhat from the  TNG ca lcula t ions  shown i n  Fig. 41 fo r  the  incident- 

neutron energy region near 8 MeV. The smallness of the cross sect ion and 



i t s  s e n s i t i v i t y  t o  d e t a i l s  o f  t h e  model ca lcu la t ion  ind ica tes  t h a t  f o r  

appl ied  purposes (e.g. dosimetry) the  evaluated r e s u l t s  of FU82a should be 

used. From t h e  point  of view of the  present  ana lys i s ,  however, t h e  TNG 

ca lcu la t ion  has provided a reasonable cha rac te r i za t ion  of the  behavior of 

the  cross  sec t ion  f o r  the  6 3 ~ u ( n , a )  r e a c t i o n  over a wide range of inc ident  

neutron energies  . 

4.10 CAPTURE CROSS SECTION 

The 6 3 ~ u ( n ,  y) and 6 5 ~ u ( n ,  Y) ca lcu la ted  cross sec t ions  a r e  compared t o  

measurements i n  Figs. 49 and 50, respect ive ly .  

The ca lcu la t ions  f o r  the  capture cross  sec t ions  f o r  En < 1 MeV w i l l  be 

improved when w e  perform the evaluat ion i n  the  energy r a g e  En = eV t o  

1 MeV f o r  6 3 ~ u  and 6 5 ~ u .  I n  t h i s  energy range, t h e  optical-model  

parameters need t o  be adjusted t o  reproduce the  s- and p-wave s t r e n g t h  

functions before capture cross-section ca lcu la t ions  can be made r e l i a b l y .  

Furthermore, the  g i a n t  dipole parameters a r e  not we l l  determined 

experimentally and can be adjus ted  wi th in  experimental u n c e r t a i n t i e s  i n  

view of the  s e n s i t i v i t y  of the  ca lcula ted  capture cross  sec t ions  t o  these  

parameters. 

4.11 GAMMA-RAY EXCITATION FUNCTIONS 

Exci ta t ion  functions fo r  s ix  important gamma rays  a r e  shown i n  Figs. 

51 through 56. The measurements shown i n  these  f igures  a r e  discussed i n  

d e t a i l  by Slaughter and Dickens (SL83). The TNG ca lcula t ions  a r e  i n  f a i r l y  

good agreement with the  da ta  measured by Rogers e t  a l .  (R077) but a r e  

cons i s t en t ly  smaller than the measurement of Slaughter and Dickens (SL83) 

f o r  inc ident  energies g rea te r  than 3.0 MeV. 



4.12 INTEGRATED YIELD OF SECONDARY GAMMA FtAYS 

The in tegra ted  y i e l d  of secondary gamma rays  with E > 0.72 MeV f o r  
Y 

t h e  TNG calcula t ions  and measurements a r e  shown i n  Fig. 57. The data  of 

Morgan ( ~ 0 7 9 1 ,  Dickens e t  a l .  (D173), and Chapman ( ~ ~ 7 6 )  have uncer ta in t i e s  

of 10%; those of Drake e t  a l .  ( ~ ~ 7 8 )  and Rogers e t  a l .  ( ~ 0 7 7 )  have 

uncer ta in t i e s  of 15%. For c l a r i t y ,  the  data  were p lo t t ed  a t  the  midpoints 

of the  incident  neutron energy bins.  The data  of Morgan and Chapman a r e  

larger  than t h e  ca lcula ted  in tegra ted  y ie ld  f o r  inc ident  energies g r e a t e r  

than 3 MeV. The calculated y ie lds  agree with the  data of Rogers e t  a l . ,  

Dickens e t  a l . ,  and Drake e t  a l .  reasonably wel l  except t h a t  the data  of 

Dickens e t  a l .  a r e  l a rge r  than the  ca lcula ted  data f o r  incident  energies  

g rea te r  than 10 MeV. 

4.13 GAMMA-RAY PRODUCTION CROSS SECTIONS AND SPECTRAL COMPABISONS 

The ca lcula ted  gamma-ray production cross sec t ions  a r e  compared t o  

data measured by Rogers e t  a l .  (R0771, Morgan (M0791, Dickens e t  a l .  

(DI731, and Chapman (CH76) i n  Figs. 58-70. Although the  measurements, a s  

wel l  a s  the  ca lcula t ions  by TNG, were made at numerous incident  energies,  

comparisons a r e  shown only fo r  energies of 5.5, 9.5, and 14.5 MeV. The 

ca lcula ted  secondary spect ra  w e r e  smeared by a Gaussian function 

corresponding t o  the  reso lu t ion  of t h e  detec tor  fo r  the  data  of Dickens e t  

a l .  (D1731, Chapman (CH761, and Morgan ( ~ 0 7 9 ) .  For comparisons of t h e  

ca lcula ted  spect ra  with the  data of Rogers e t  a l .  (R077), the  reso lu t ion  

used was the  same as  t h a t  used fo r  comparisons with the  Morgan data. 

Similarly,  f o r  comparisons with the  data  of Drake e t  a l .  ( ~ ~ 7 8 1 ,  the  

resolut ion used was the  same a s  t h a t  used f o r  comparisons with the  data  of 

Dickens e t  a l .  and Chapman. 

Before looking a t  the  comparisons between t h e  ca lcula ted  gamma-ray 

production spect ra  and various measurements c i t e d  above, we should f i r s t  

mention the  energy-conservation cons t ra in t  imposed i n  t h e  ca lcula t ion.  I n  

each react ion,  the  sum of the  energies of the  outgoing p a r t i c l e s  (including 

the  recoi led  heavy p a r t i c l e s )  and gamma rays  equals the  incident  neutron 

energy plus the  Q value of the react ion.  Because there  is good o v e r a l l  



agreement between ca lcula t ion  and experiment i n  various p a r t i a l  r eac t ion  

cross  sec t ions  and p a r t i c l e  production spec t ra ,  the  ca lcula ted  gamma-ray 

production spec t ra  can be regarded a s  the  most cons is tent  poss ib le  with 

these  data .  Detai led discussions on t h e  comparisons shown i n  Figs .  58-70 

follow. 

For En = 5.5 MeV (Figs. 58, 61, 64, 68) and f o r  Ey < 2 MeV, t h e  

ca lcu la t ion  i s  i n  good agreement with the  da ta  of Rogers e t  a l .  and t h e  

da ta  of Dickens e t  a l . ,  but i n  disagreement with Morgan and wi th  Chapman. 

For E > 2 MeV, the  data  of Rogers e t  a l .  d i f f e r  with both the  ca lcu la t ion  
Y 

and the  o ther  3 s e t s .  

For En = 9.5 MeV (Pigs. 59, 62, 65, 691, the  four data s e t s  a r e  not i n  

good agreement with one another. The ca lcu la t ion  agrees b e s t  w i th  the  da ta  

of Rogers e t  a l .  f o r  Ey < 1.5 MeV and wi th  Chapman for Ey > 1.5 MeV. 

For En - 14.5 MeV (Figs. 60, 63, 66, 67, 70), the  f i v e  da ta  sets a r e  

genera l ly  i n  disagreement. The ca lcu la t ion  represents  a good compromise. 

A t  t h i s  inc ident  neutron energy, the  gamma rays  produced i n  the (n,2n) 

r eac t ion  have l a rge  cont r ibut ion  f o r  E < 0.2 MeV, a gamma-ray energy Y 
region not  covered by any of the  experimental measurements. 



5. COMPARISON OF CALCULATION WITH ENDFIB-V 

The TNG ca lcu la t ions  a r e  compared t o  a r ep resen ta t ive  s e t  of c ross  

sec t ions  from the  ENDFIB-v for copper (MAT 1329) i n  Figs.  71-81. I n  each 

f igure ,  the  curves labeled "TNG Calculation" include the  sum of t h e  

ca lcula ted  cross  sec t ions  for  each isotope mul t ip l i ed  by i t s  f r a c t i o n a l  

na tu ra l  abundance. Comparison of 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  

sec t ion  i s  given i n  Fig. 71. The t o t a l  in tegra ted  y i e l d  of secondary 

neutrons a s  a funct ion  of inc ident  neutron energy i s  shown i n  Fig. 72. 

Although t h e  agreement appears q u i t e  reasonable i n  Fig. 72, a look a t  t h e  

neutron emission spect ra  f o r  inc ident  neutron energies  of  5.5, 9.5, and 

14.5 i n  Figs.  73-75 revea l s  s i g n i f i c a n t  d i f ferences .  The evaluated spect ra  

do not  p ro jec t  enough high-energy secondary neutrons, e s p e c i a l l y  f o r  

En=14.5 MeV. This lack can be understood because the  ENDFIB-V evaluat ion 

does not  include a precompound component. It should be noted t h a t  the  

e l a s t i c  cross  sec t ion  has not been included i n  Figs. 72-75. Comparison of 

the  (n,p) and (n ,a)  cross sec t ions  a r e  given i n  Figs. 76 and 77, 

respect ive ly .  

Marked di f ferences  a r e  seen when comparing the  TNG ca lcu la t ions  f o r  

gamma rays  wi th  the  ENDFIB-V values a s  shown i n  Figs. 78-81. The t o t a l  

in tegra ted  y i e l d s  of secondary gamma rays  from the  ca lcu la t ions  and from 

ENDFIB-V a r e  shown i n  Fig. 78. The computed gamma-ray production c ross  

sec t ions  a r e  compared t o  ENDFIB-V f o r  incident  neutron energies  of 5.5, 

9.5, and 14.5 MeV i n  Figs ,  79-81. In these p l o t s ,  the  secondary spec t ra  

were smeared by a Gaussian function;  t h e  r e so lu t ion  width used was 

a r b i t r a r i l y  taken from the  work of Morgan ( ~ 0 7 9 ) .  The ENDFIB-V evaluat ion  

was influenced by the  data of Chapman (Figs. 68-70), which shows a l a rge  

peak near 0.3 MeV. From the  data  shown i n  Figs. 51-56, we a r e  c e r t a i n  t h a t  

a large-yield d i s c r e t e  gamma ray near 0.3 MeV i s  nonexistent  a t  l e a s t  f o r  

En = 5.5 MeV. 





This report has presented the nuclear models and parameters used in 

computing neutron-induced reactions on 63365~u between 1 and 20 MeV. The 

calculations were made using the multistep Bauser-Feshbach/precompound 

model code TNG. Input parameters for TNG, including opticallnodel sets, 

discrete level information, level-density parameters, giant dipole 

resonance parameters and direct reaction model parameters, were discussed. 

Once the input parameters were determined for TNG no other parameter 

adjustments were performed in the model calculations for any of the 

incident neutron energies for which reactions were computed. The resulting 

calculated cross section sets are consistent and energy balance is ensured. 

Calculated results were compared extensively to available measured 

data. The overall quality of the comparisons leads to the acceptance of 

the TNG calculations as reliable, especially for those reactions for which 

no measured data exist. Also, it should be recognized from the comparisons 

that TNG can be used to resolve discrepancies among experimental data sets. 

The present work verifies that advanced nuclear model codes can lead to 

internally consistent evaluations that are in good overall agreement with 

measured data. 

The computed data were compared to cross sections from the present 

ENDF/B-V evaluation for Cu. The comparisons reveal serious problems in the 

current ENDFIB-V evaluation for natural copper neutron-emission cross 

sections and spectra, as well as gamma-ray production cross sections and 

spectra. These problems probably lead to known difficulties with energy 

balance in the ENDFIB-v Cu evaluation, which can cause erroneous results 

for the KERMA (Kinetic Energy Release in Material) factor, as noted by FU 

(FU80b). 



Table 1. Neutron Optical-Model Parameters 

E = incident energy (MeV), 

V = real well depth, 

W = imaginary well depth (Wood-Saxon) , 

W~ = imaginary well depth (Wood-Saxon derivative), 

U = spin-orbit potential depth, 

rV,rW,rU = radii for various potentials, 

aV,aW,aU = diffuseness for various potentials, 

A,B,C = parameters used to compute o (E) in Eq. (1). CE 



* 
Table 2. Proton Optical-Model Parameters 

- -  - - 

* 
Parameter definitions are as in Table 1; rc is the Coulomb radius. 

* 
Table 3. Alpha Optical-Model Parameters 

* 
Parameter definitions are as in Tables 1 and 2. 



Table 4 .  Deformation Parameters of 6 3 ~ u  Levels 

L 
Level J~ B~ 

a As sumed value. 

Table 5. Deformation Parameters of 6 5 ~ u  Levels 

2 
Level J =  

' 2 
B, 8, 

a Assumed value . 



Table 6 .  Energy Levels and Gamma-Ray Branching Ratios of 6 3 ~ u  

I n i t i a l  State branch in^ Ratios to State N 





Table 8 .  Energy Levels and Gamma-Ray Branching Ratios of 6 0 ~ o  

I n i t i a l  State Branching Ratios t o  State N 

N J~ E(keV) 1 2 3 4 5 6  7 8 10 



Table 9 .  Energy Levels and Gamma-Ray Branching Ratios of 6 2 ~ i  

I n i t i a l  State Branching Ratios to State N 

N J~ E( keV1 1 2 4 



Table 10. Energy level8 and Gamma-Ray Branching Ratios of 5 9 ~ o  

I n i t i a l  State Branching Ratios to  State N 

N J~ E (keV) 1 2 3 4 6 7 8 10 





Table 12. Energy Levels and Gamma-Ray Branching Ratios of  6 5 ~ u  

I n i t i a l  State Branching Ratios to  State N 

N J E(keV) 1 2 3 4 5 6 7 9 10 



Table 13. Energy Levela and Gamma-Ray Branching Ratios of 6 5 ~ i  

I n i t i a l  State Branching Ratios to State N 

N J~ E(keV) 1 2 3 

Table 14. Energy l e v e l s  and Gamma-Ray Branching Ratios of 6 2 ~ o  

I n i t i a l  State Branching Ratios t o  State N 

N J =  E(keV) 1 2 



Table 15. Energy Levels and Gamma-Ray Branching Ratios of  6 4 ~ i  

I n i t i a l  Scate 

N JT E( keV) 1 2 

Table 16. Energy l eve l s  and Gamma-Ray Branching Ratios of 6 1 ~ o  

I n i t i a l  State Branching Ratios to  State N 

N J T  E(keV) 1 2 3 4 





Table 18. Energy Levels of 6 6 ~ u  



Table 19. Level Density Parameters 

Residual T a A c Eo = c *x 
Nuclei 

(3ieV) ( M ~ v )  (M~v-') (MeV) ( M ~ v )  ( M ~ v )  

T = nuclear temperature, 

Eo = parameter for matching lower energy l eve l  density to the higher one, 

a = r2 g/6 (gzdensity of  uniformly spaced s ingle  particle s t a t e s ) ,  

A = pairing energy correction, 

c spin cut-off parameter, 

Ec = continuum cutoff ,  

Ex = tangency point. 
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Fig. 1. Comparison of f ina l  optical-model f i t  with data of Walt and 
Barschall (WA54) and Holmqvist and Wiedling (H069) for Cu 
a t  1 .0  and 2.0 MeV. 
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Fig. 2. Comparison of final optical-model fit with data of Holmqvist 
and Wiedling (H069) and Becker et al. (BE66) for Cu at 
2.47 and 3.2 MeV. 
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Fig. 3. Comparison of final optical-model f i t  with data of Holmqvist 
and Wiedling (H069) and Hill (HI58) for Cu a t  4 .0  and 5 .0  
MeV. 



+ HOLMQVIST RND WIEDtING (H069 1 

En = 6.09 MeV 

Theta (deg) 

- I - 
+ HOLMQVIST AND WIEDLING (H069 1 - 
En = 7.05 HeV - - 

- 
- - 
- 
- 
- 
- 
- - 
- - 
- - 
- - 

0 20.0 40.0 60.0 80.0 0 .  120. 140. 160. 180. 

Theta I d sg  1 

Fig .  4 .  Comparison of final optical-model fit with data of Holmqvist 
and Wiedling (H069) for Cu at 6.09 and 7.05 MeV. 
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Fig. 5. Comparison of final optical-model f i t  with data of Holmqvist 
and Wiedling (H069) and Coon et a l .  -(C058) for Cu at 8.05 
and 14.5 MeV. 
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Fig. 7 .  Comparison of f inal  o tical-model f i t  with data of Kinney 
and Perey (KI74) for p3Cu a t  5 .5  and 7 .0  MeV. 
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Fig. 8. Comparison of final o tical-model fit with data of Kinney 
and Perey (K174) for g3Cu at 8.5 MN. 
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Fig. 9. Comparison of f ina l  optical-model f i t  with data of Kinney 
and Perey (KL74) for G5cu at 5.5  and 7.0  MeV. 



- - 

KINNEY AND PEREY tKI741 - 
En = 8-50 MeV - 

- 
- - 
- - 
- - 

*I - 
- - 
- - 

- - 
C- - 
- - 
- I I L 

Theta  ( d e g  I 

Fig. 10. Comparison of f ina l  o tical-model f i t  with data of Kinney 
and Perey (K174) for [5Cu at 8 . 5  MeV. 



Fig. 11. Comparison of calculated Cu cross sections from optical-model 
analyses with data of Walt and Barschall (WA54), Hohqvist 
and Wiedling (H069), Becker et al. (BE66), Hill (HI58), 
Coon et al. (~058), and Begum et al. ( B ~ 7 9 )  for elastic and 
nonelastic, and Larson (LA80) for total. 
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Fig. 12. Calculated direct inelast ic  excitation cross sections 
for 6 3 ~ ~ .  
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Fig.  13 .  Calculated d i r ec t  i n e l a s t i c  exci ta t ion cross  sect ions  fo r  
65cu. 
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Fig. 15. Comparison of calculated and experimental to ta l  
inelast ic  scattering cross sections for Cu. 
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Fig. 16. Comparison of calculated and experimental differential 
cross sections for exciting the 0.962-MeV level at 
En=5.5 MeV. 
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Fig. 17. Comparison of calculated and experimental differential 
cross sections for exciting the 1.327-, 1.412-, and 
1.547-MeV l eve ls  at En=5. 5 MeV. 
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Fig. 18. Comparison of calculated and experimental differential 
cross sections for exciting the 1.327-, 1.412-, and 
1.547-MeV levels at En=7.0 MeV. 
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Fig. 19. Comparison of calculated and experimental differential cross 
sections for exciting the 1.327-, 1.412-, and 1.547-MeV 
levels at En=8.5 MeV. 
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Fig. 20. Comparison of calculated and experimental dif ferential  cross 
sections for exciting the 1.116-MeV level  at  En=5.5 MeV. 
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F i g .  21. Comparison of calculated and experimental d i f ferent ia l  cross 
sections for  excit ing the 1.482-, 1.623-, and 1.72-MeV l e v e l s  
at En=5.5 MeV. 
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Fig.  22. Comparison of ca lculated  and experimental d i f f e r e n t i a l  cross  
sect ions  f o r  exc i t ing  the  1.482-, 1.623-, and 1.72-MeV l e v e l s  
a t  En=7.0 MeV. 
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F i g .  23. Comparison of calculated and experimental d i f f e r e n t i a l  cross 
sect ions  for exci t ing the 1.482-, 1.623-, and 1.72-MeV l e v e l s  
a t  En=8.5 MeV. 
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Fig. 24. Comparison of calculated and experimental 63~u(n,n'  ) cross 
sections for exciting the 0.669-MeV leve l .  
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Fig. 25. Comparison of calculated and experimental 63~u(n,n')  cross 
sections for exciting the 0.962-MeV l eve l .  
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F i g .  26. Comparison of calculated and experimental 6 3 ~ u ( n  ,n ' ) cros 
sections for exciting the 1.327-, 1.412-, and 1.547-MeV 
l eve l s .  
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Fig. 27. Comparison of calculated and experimental Cu(n,n') cross 

sections for exciting the 0.771-MeV level. 
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Pig. 28. Comparison of cal zulated and experimental 65~u(n,n')  cross 
sections for exciting the 1.116-MeV l eve l .  
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Fig. 29. Comparison of calculated and experimental 65~u(n,n') cross 
sections for exciting the 1.482-, 1.623-, and 1.725-MeV 
levels  . 
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Fig. 30. Comparison of calculated and experimental neutron 
production cross sections. 

- 
- 

5 - - 
EL (MeV 1 

2 

10 - 
- 
d 

- 

- 5 6 - 7  
L 
U) 
\ 

2 
5 - 
n 
E - 
b 2 -  - 

2 > 

1 0  - 
4 - 5 -  - 

- 

5 

- - 
- P 

E 

2 

I 

- 

- - TNG, En= 13.75 MeV 
- 

- 0 HERMSDORF et 0 1 .  (HE751 - 
En = 14.6 MeV 

- MORGAN (M079)  - 
En = 12.55 - t5.05 MeV 

a SALNIKOV et al. (SA74) 
En = 14.4 MeV 

I I I I 1 I I 1 
0 4 0 8 0  120 160 

9 (deg) 



CU(N.XNI 
EN>O.76 MEV 
o MORMN [ 110-79 I , e=i30° 
, TNG CRLC 

Inc i den t  Neu t ron  Energy (MeV I 

Fig. 31. In t eg ra t ed  y i e l d  of secondary neutrons w i t h  ~ ~ ' > 0 . 7 6  MeV 
as a func t ion  of i nc iden t  neut ron  energy. The d a t a  of 
Morgan (M079) w e r e  measured a t  130°, whereas t he  TNG 
code computes r e s u l t s  f o r  all angles .  
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Fig. 32. Neutron emission s p e c t r a  from the TNG c a l c u l a t i o n  compared 
with t h e  d a t a  of Morgan (M079). The ca l cu la t ed  elastic . - - -  

cross s e c t i o n  (8=130°) i s  not  smeared and is  not  i n  phase 
wi th  t h e  da t a .  



O Morgan ( PI079 I , 8= 130' 

En = 8.99 t o  10.01 MeV 

TNG Ca lcu la t ion  

En = 9.50 MeV 

E I a s t ~ c ,  f3=13o0 

Outgo i ng Ncu t r o n  Energy I MeV I 

Fig. 33.  Neutron emission s p e c t r a  from t h e  TNG c a l c u l a t i o n  compared 
wi th  the  d a t a  of Morgan (M079). The c a l c u l a t e d  e l a s t i c  
c r o s s  s e c t i o n  (8=1300) i s  not  smeared and i s  no t  i n  phase 
wi th  t h e  d a t a .  Cont r ibut ions  from t h e  v a r i o u s  neutron- 
producing components a r e  shown ( they  sum t o  the t o t a l ) .  
The curve l abe l ed  (n,np) i nc ludes  t h e  (n,pn) component. 



0 2 .OO 4 .OO 6 a00 8 a 0 0  10 .G 12 .O 14 .O 

Outgoing Neut ron  Ene rgy  [MeV)  

O Morgan ( M079 I 8=13CI0 - 
En = 12.55 to 15.05 MeV 
- TNG Calculation 

r -- 
En = 13.75 MeV I 

I I - 
Calculation, 8=130° I I 

I 
I 
I 
I 

(EMTIC I-L 
I 
I 
I 
I 
I 
I 
I 
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Contributions from the  var ious  neutron-producing components 
are shown (they sum t o  the  t o t a l ) .  The curves Labeled (n,np) 
and (n,ntr) include the  (n,pn) and (n,an) components, r e spec t ive ly .  
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Fig. 35. Neutron emission spec t ra  from t h e  TNG c a l c u l a t i o n  compared 
with t h e  da ta  of Hermsdorf e t  a l .  (HE75), Vonach et a l .  
(V080), and Salnikov e t  a l .  (SA75). A l l  d a t a  shown a r e  angle 
in tegra ted .  Contributions from t h e  var ious  neutron-producing 
components a r e  shown (they sum t o  the  t o t a l ) .  The curves 
labeled (n,np) and (n,na) include the  (n,pn) and (n,an) 
components, respect ively .  



CU 63 
13 GRIMES ET RL. [GR791 

HRIGHT RND GRIMES I HR77 1 
EN = 14.8 MEV 

,TNG CRLC . . EN = 14.5 MEV 

O u t q ~ ~ n g  Particle Energy (MeV1 

Fig. 3 6 .  Comparison of calculated and experimental proton production 
spectra f o r  6 3 ~ ~ .  The measuranent was taken a t  an incident  
energy of 14.8 MeV, the TNG calculation was for E,=14.5 MeV. 
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energy of 14.8 MeV, the TNG ca lcu la t ion  was f o r  En=14.5 MeV. 
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Fig. 39. Comparison of calculated and experimental alpha production 
spectra for 6 5 ~ ~ .  The measurement was taken at an incident 
energy of 14.8 MeV, the TNG calculation was for En=14.5 MeV. 
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Fig. 40. Comparison of calculated and experimental 63~u(n,p)+(n,pn) 
cross sections. 
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Fig. 42. Comparison of calculated and experimental 63~u(n,np) cross 
sections. This does not include the (n,pn) component. 
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Fig. 4 3 .  Comparison of calculated and experimental 63~u(n,2n) cross 
sections. 
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Fig. 44. Comparison of calculated and experimental 65~u(n,p) cross 
sections . 
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cross sections. 
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Fig. 48. Comparison of calculated and experimental 6 5 ~ u  (n, 2n) cross 
sections. 
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Pig. 4 9 .  Comparison of calculated and experimental 6 3 ~ u ( n ,  y )  cross 
sections. 
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Fig. 51. Excitation function for the E =670 keV transition following 
Cu(n,n'y) . Gamma-ray scatterxng angles 0 are given i n  the 
legend. The data of Hino e t  a l .  ( ~ 1 7 8 , ~ 1 3 0 ) ,  Rogers e t  a l .  
(R077), and Slaughter and Dickens (SL83) were obtained 
using Ge(Li) det,ectors; the other experiments used NaI 
s c in t i l l a t ion  detectors. 
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Fig .  52. Excitation function for the E =771 keV transition following 
Cu(n,n'y) . See caption to ~ i z .  51 for more detai ls .  
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Fig. 53. Excitation function for the E =962 keV transition following 
Y Cu(n,n4y). See caption to Fig. 51 for more details. 
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F i g .  54. Excitation function for the Ey=1115 keV transition following 
Cu(n,n'y). See caption to Fig. 51 for more details. 
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F i g .  55. Pxcitation function for the E =I327 keV transition following 
Y Cu(n,n'y). See caption to Fig. 51 for more details. 
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Fig. 5 6 .  Jkc i t a t ion  funct ion f o r  the Ey=1481 keV t r a n s i t i o n  following 
Cu(n,n'y). See caption t o  Fig. 51 f o r  more d e t a i l s .  
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Fig .  57. Integrated y ie ld  of secondary g m a  rays  w i t h  E >0.72 MeV Y 
as a function of inc iden t  neutron energy. Gamma-ray s c a t t e r i n g  
angles ey are given i n  t h e  legend, 
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Fig. 58. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=5.5 MeV) compared 
with the data of Rogers er al. (R077). 
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Fig. 59. Secondary gamma-ray spectra versus gamma-ray energy from the 
TNG calculation (incident energy %=9.5 MeV) compared with 
the data of Rogers et a l .  (R077). 
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Fig. 60. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident enexgy T+,=14.5 MeV) compared 
with the data of Rogers et a l .  (R077). 
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Fig. 61. Secondary gamma-ray spectra versus ganrma-ray energy from 
the TNG calculation (incident energy E -5.5 MeV) 
compared with the data of Morgan ( ~ 0 7 9 7 .  
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Fig. 62. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=9.5 MeV) compared 
with the data of Morgan (M079). 
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Fig. 63. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=14.5 MeV) compared 
with the data of Morgan (M079). 
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F i g .  64. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy E,=5.5 MeV) compared 
with the data of Dickens e t  a l .  (DI73). 
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Fig. 65. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=9.5 MeV) compared 
with the data of Dickens et a l .  (DI73). 
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Fig. 66. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy Gz14.5 MeV) compared 
with the data of Dickens et al. (DI73). 
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Fig. 67.  Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=14.5 MeV) compared 
with the data of Drake et a l .  (DR78). 
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Fig. 68. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy %=5.5 MeV) compared 
with the data of Chapman (CH76). 
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Fig. 69.  Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy En=9.5 MeV) compared 
with the data of Chapman (CH76). 
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P i g .  70. Secondary gamma-ray spectra versus gamma-ray energy from 
the TNG calculation (incident energy Fnz14.5 MeV) compared 
with the data of Chapman (CH76). 



Fig. 71 .  Comparison of  the TNG calculation with ENDFIB-v for the 
t o t a l  inelastic scattering cross section. 
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Fig. 72. Comparison of the  TNG ca lcu la t ion  with ENDF/B-v f o r  the  
in tegra ted  y ie ld  of secondary neutrons a s  a funct ion 
of inc ident  neutron energy. The e l a s t i c  contr ibut ion is  
not included. 
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Fig. 73. Comparison of (n,xn) from ENDF/B-V with the TNG 
calculation for incident neutron energy of 5 . 5  MeV. 
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Fig. 74. Comparison of (n,xn) from ENDF/B-v with the TNG 
calculation for incident neutron energy of 9 .5  MeV. 
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Fig. 75. Comparison of (n,xn) from EM)F/B-v with the TNG 
calculation for incident neutron energy of 14.5 MeV. 
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Fig. 7 6 .  Comparison of the TNG calculation with ENDFIB-v for the 
(n, p) cross section. 



Fig.  77. Comparison of t h e  TNG calculation w i t h  ENDF/B-V for t h e  
(n ,a)  cross section. 
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Fig. 78. Comparison of the TNG calculation with EXDF/B-v for the 
integrated yield of secondary gamma rays as a function of 
incident neutron energy. 
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Fig. 79. Comparison of (n,xy) from ENDF/B-v with the TNG calculation 
for incident neutron energy of 5 .5  MeV. 
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F i g .  80. Comparison of (n,xy) from ENDF/B-V with the TNG 
calculation for incident neutron energy of 9.5 MeV. 
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F i g .  81. Comparison of (n,xy) from ENDF/B-v with the TNG 
calculation for incident neutron energy of 14.5 MeV. 
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