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i i i  

ABSTRACT 

Differential cross sections for the production of secondary neutrons 

and gamma rays from neutron interactions in natural copper have been 

measured a t  130 deg. ( lab)  for incident neutron energies in the range 1 

to 20 MeV. An electron l i nac was used as a pulsed, white neutron source. 

Incident neutron energies were determined using time-of-flight techniques 

for a source-to-sample distance of 48 m .  Secondary spectra were determined 

by unfolding the pulse-height distributions observed in a NE-213 s c i n t i l -  

lation counter. The results are compared to the current evaluated nuclear 

data f i l e  (ENDF/B-IV, MAT 1295). 





INTRODUCTION 

I n  r e c e n t  years  i t  has become c l e a r  t h a t  copper w i l l  be a  ma jo r  

c o n s t i t u e n t  o f  p r a c t i c a l  f u s i o n  reac to r s .  Most conceptual  des ign  s t u d i e s  

(see f o r  example Ref. 1) use t h e  eva luated nuc lear  da ta  f i l e s  (e.g.  ENDF/B) 

as t h e  source o f  bas i c  m ic roscop ic  c ross -sec t ion  data.  

The i n t e r a c t i o n  o f  neutrons i n  a  s t r u c t u r a l  m a t e r i a l  can p ro found l y  

a f f e c t  t h e  neu t ron  spectrum and can g i v e  r i s e  t o  secondary gamma r a d i a t i o n .  

Thus t h e  accuracy of t h e  p r e d i c t i o n  o f  des ign  c r i t e r i a  such as t r i t i u m  

breeding r a t i o s ,  r a d i a t i o n  damage, and neut ron- induced h e a t i n g  i s  

dependent on t he  accuracy o f  t h e  eva lua ted  data f o r  energ ies  up t o  t h e  

p r ima ry  energy o f  14 MeV. 

The e x i s t i n g  exper imenta l  da ta  on copper c ross  sec t i ons  have been 

assembled, eva luated,  and supplemented w i t h  model c a l c u l a t i o n s  by Drake 

and ~ r i c k e ~  t o  form t h e  most r ecen t  data f i l e  f o r  t h i s  n u c l i d e  (ENDF/B-IV, 

MAT 1295). The purpose of t h e  measurements r e p o r t e d  here  was t o  p r o v i d e  

da ta  t o  t e s t  some aspects o f  t h i s  eva lua ted  c ross - sec t i on  f i l e  i n  t he  

MeV reg ion .  The work was performed as p a r t  o f  a  program a t  t h e  Oak Ridge 

Na t i ona l  ~ a b o r a t o r y ~ - l  t o  check eva lua ted  f i  l e s  f o r  those elements t h a t  

a re  impo r tan t  i n  a p p l i e d  problems d e a l i n g  w i t h  weapons r a d i a t i o n ,  r e a c t o r  

s h i e l d i n g ,  and f u s i o n  technology. 

The technique used here has t h e  g l o b a l  t e s t i n g  power o f  an i n t e g r a l  

exper iment,  y e t  r e t a i n s  a  s u f f i c i e n t l y  d i f f e r e n t i a l  c h a r a c t e r  t o  a1 low 

1  oca l  i z a t i o n  of d i  screpancies.  The da ta  presented here  p r o v i d e  some 

impo r tan t  t e s t s  o f  eva lua ted  c ross  sec t i ons  ove r  wide ranges o f  i n c i d e n t  

and secondary energ ies .  O f  p a r t i c u l a r  va l ue  f o r  copper a r e  da ta  on 

t he  l a r g e  c ross  sec t i ons  f o r  t he  p roduc t i on  o f  low-energy secondary 



neutrons produced by i n c i d e n t  neutrons w i t h  energies above 8 MeV. 

Measurements w i t h  the more convent ional neutron sources such as Van de 

Graa f f  acce le ra to rs  a re  d i f f i c u l t ,  i f  no t  impossible,  i n  t h i s  reg ion  

(except  near 14 MeV). 

D i f f e r e n t i a l  cross sec t ions  a re  presented f o r  t he  Cu(n ,xn) and 

Cu(n,xv) r eac t i ons  as a f u n c t i o n  o f  the  i n c i d e n t  neutron energy a t  an 

average s c a t t e r i n g  angle o f  130 deg. ( l a b ) .  The data cover t he  i n c i d e n t -  

neutron energy range from 1 t o  20 MeV. Comparisons a re  presented w i t h  

c ross  sec t ions  obta ined from the eva lua t ion .  

EXPERIMENTAL PROCEDURE 

The experimental  procedure used i n  t h i s  work has been descr ibed i n  

d e t a i l  elsewhere16 and i s  on l y  b r i e f l y  o u t l i n e d  here. The Oak Ridge 

E lec t ron  L i n e a r  Acce le ra to r  (ORELA) was used as a w h i t e  neutron source. 

An electron-beam pulse w id th  o f  20 nsec a t  a  r e p e t i t i o n  r a t e  o f  800 sec-' 

was employed. A beam t ime of 200 h was necessary f o r  complet ion o f  t h e  

measurement, 

The s c a t t e r i n g  sample was l oca ted  47.8 m f rom the  neutron source 

and cons is ted  o f  1872 g o f  copper ( >  99% p u r i t y )  formed i n  an annular  

r i n g  about 25 cm i n  o.d., 15 cm i n  i . d . ,  and w i t h  a th ickness  o f  0.65 cm 

(=  0.0548 atom/b). Secondary r a d i a t i o n  from t h e  sample was de tec ted  by 

an NE-213 s c i n t i l l a t i o n  counter17 l oca ted  on t he  a x i s  o f  t h e  r i n g  a t  a  

p o s i t i o n  corresponding t o  an average s c a t t e r i n g  angle o f  130 deg. A 

shadow bar  sh ie lded  the  de tec to r  f rom the d i r e c t  neu t ron  beam. 

The energy o f  the  i n c i d e n t  neutron was determined by t h e  t ime a f t e r  

the  e l e c t r o n  pu lse  a t  which the  neutron- induced r a d i a t i o n  f rom the  sample 



was de tec ted .  Each event  i n  the  d e t e c t o r  was i d e n t i f i e d  as e i t h e r  a  

neu t ron  o r  gamma r a y  by pu l  se-shape d i s c r i m i n a t i o n  techniques.  The e v e n t  

was t hen  recorded i n  a  two-parameter a r r a y  o f  pu l se  h e i g h t  versus t ime-  

o f - f  1  i g h t  (one each f o r  secondary neut rons and secondary gamma r a y s ) .  

Backgrounds were determined by measurement w i t h  t h e  sample removed. 

For  secondary gamma-rays t he  background was everywhere l e s s  t h a n  10%. 

For  secondary neut rons t h e  background was wo rs t  a t  t h e  h i g h e s t  i n c i d e n t  

neu t ron  energ ies  where i t  v a r i e d  f rom 10% a t  the  l owes t  p u l s e  he igh t s  t o  

about 50% a t  the h i g h e s t  pu l se  heights (cor responding t o  e l a s t i c a l l y  

s c a t t e r e d  neu t rons) .  

The neu t ron  f l u x  i n c i d e n t  on t he  sample was measured w i t h  t h e  NE-213 

d e t e c t o r  us i ng  one-parameter t ime-o f - f  1  i g h t  techniques. The sample and 

shadow ba r  were n o t  i n  p l a c e  f o r  these measurements. A f l u x  m o n i t o r  con- 

s i s t i n g  of a  smal l  p l a s t i c  s c i n t i l l a t o r  l o c a t e d  i n  t he  edge o f  t h e  neu t ron  

beam 30 m from the  source was used t o  norma l i ze  t h e  f l u x  measurement t o  

t he  a c t u a l  c ross - sec t i on  measurement. The f l  ux d e t e r m i n a t i o n  had an 

abso lu te  u n c e r t a i n t y  o f  Q 10% and i s  t h e  l a r g e s t  source of sys temat i c  

e r r o r  i n  t h e  cross sec t i ons  r e p o r t e d  here.  

DATA REDUCTION 

Two methods o f  da ta  r e d u c t i o n  were employed, each i n t ended  t o  make 

use o f  t h e  a v a i l a b l e  coun t i ng  s t a t i s t i c s  t o  p r o v i d e  a  maximum o f  i n f o r -  

mat ion about a  p a r t i c u l a r  aspec t  o f  t he  c ross  s e c t i o n .  I n  t h e  f i r s t ,  

t he  neu t ron  o r  gamma-ray pu l se -he igh t  s p e c t r a  were i n t e g r a t e d  over  

i n t e r v a l s  o f  neu t ron  t i m e - o f - f l i g h t  t o  fo rm pu l se -he igh t  spec t ra  f o r  

s p e c i f i c  i n c i d e n t  neu t ron  energy ranges. These i n t e r v a l s  ranged i n  w i d t h  



f rom aEinc = 0.25 MeV a t  Einc = 1  MeV t o  nEinc = 2.5 MeV a t  Einc= 20 MeV. 

The pu l se -he igh t  spec t ra  so formed were then conver ted t o  neu t ron  o r  

gamma-ray energy d i s t r i b u t i o n s  by u n f o l d i n g  w i t h  t h e  FERD code1* us i ng  

t h e  measured neu t ron  o r  gamma-ray response f u n c t i o n s  o f  t h e  NE-213 

d e t e c t o r .  These d i s t r i b u t i o n s  were then normal ized t o  c ross  sec t i ons  

us i ng  t h e  measured neu t ron  f l u x ,  average sample- to-detector  d i s t ance ,  

and sample t h i c kness .  

Bo th  neu t ron  and gamma-ray r e s u l t s  were co r rec ted  f o r  f i n i t e  sample 

e f fec ts .  These c o r r e c t i o n s  cons is ted  o f  t h r e e  terms: 1 )  t h e  average 

t ransmiss ion  of t h e  i n c i d e n t  neut ron f l u x ,  2) t he  average t r ansm iss i on  

o u t  o f  t h e  sample by the  secondary neut rons o r  gamma-rays, and 3) t h e  

f r a c t i o n  o f  events  reaching t he  d e t e c t o r  due t o  m u l t i p l e  i n t e r a c t i o n s  i n  

t h e  sample. The magnitudes o f  these c o r r e c t i o n s  were c a l c u l a t e d  u s i n g  a  

Monte Ca r l o  method. Neut ron cross sec t i ons  f o r  t h i s  c a l c u l a t i o n  were 

generated f rom t h e  eva lua ted  data2 by  t h e  AMPX code sys tem. lq  

F o r t y  neu t ron  groups were used i n  t h i s  c a l c u l a t i o n  cove r i ng  neu t ron  

energ ies f rom 0.5 t o  20 MeV. Twenty gamma-ray group c ross  sec t i ons  were 

generated from t h e  da ta  o f  Ref.  20 cover ing  gamma-ray energ ies  f rom 0.3 

t o  10 MeV. Both neu t ron  and gamma-ray group w id ths  were v a r i e d  so as t o  

m a i n t a i n  about a  10% r e l a t i v e  w id th .  The gamma-ray t o t a l  i n t e r a c t i o n  

c ross  sec t i ons  were taken f rom t h e  t a b l e s  o f  Ref.  21. 

The c a l c u l a t e d  t ransmiss ions  depend o n l y  on t h e  t o t a l  c ross  s e c t i o n s  

and t h e  accuracy f o r  these  terms i n  t he  c o r r e c t i o n  i s  b e t t e r  than  3% s i n c e  

t h e  t o t a l  c ross sec t i ons  a r e  a c c u r a t e l y  known. The u n c e r t a i n t y  i n  t h e  

m u l t i p l e  s c a t t e r i n g  c o r r e c t i o n  i s  dependent on how w e l l  t h e  eva lua ted  

da ta  descr ibe  t h e  neu t ron  i n t e r a c t i o n s .  To a l l o w  f o r  any i naccu rac i es  i n  



t h e  e v a l u a t i o n ,  an u n c e r t a i n t y  o f  10% was assigned t o  t he  m u l t i p l e  

s c a t t e r i n g  component and t h i s  e r r o r  was then propagated through the  

succeeding ana l ys i s .  

The unfolded data descr ibed above p rov ide  d e t a i l e d  i n f o r m a t i o n  about  

t h e  secondary neut ron and gamma-ray spect ra ,  bu t  because t h e  u n f o l d i n g  

techn ique  r e q u i r e s  good s t a t i s t i c a l  accuracy, t h e  da ta  must be b inned 

over  r a t h e r  1  arge i n c i d e n t  energy i n t e r v a l s .  Therefore,  a  second t ype  

o f  da ta  reduc t ion ,  pu lse-he igh t  ~ e i g h t i n g , l ~ 9 ~ ~  was a l s o  used. Th i s  

technique p rov ided  o n l y  i n t e g r a l  i n f o rma t i on  about t h e  secondary spec t ra  

( i  .e:, t o t a l  y i e l d  and average energy),  b u t  because t h e  demands on 

s t a t i s t i c a l  accuracy are l e s s  severe, i t  al lowed b e t t e r  r e s o l u t i o n  i n  t h e  

i n c i d e n t  neu t ron  energy. For  t h i s  work, the  pu lse-he igh t  we igh t i ng  

a n a l y s i s  was a p p l  fed  l o  spec t ra  formed by i n t e g r a t i o n  over  t i m e - o f - f l  i g h t  

i n t e r v a l s  corresponding t o  hEinC = 0.05 MeV a t  Einc = 1  MeV and i n c r e a s i n g  

t o  A E ~ ~ ~  = 0.5 MeV a t  Einc = 20 MeV. The f i n i t e  sample e f f e c t s  descr ibed  

above were a l s o  app l i ed  t o  these data.  The f i n a l  r e s u l t s  o f  t h i s  a n a l y s i s  

a re  t o t a l  y i e l d  o f  secondary neut rons and secondary gamma rays  and t h e i r  

average energ ies as a  f u n c t i o n  o f  i n c i d e n t  neut ron energy. 

DISCUSSION 

The work repo r ted  here p rov ides  da ta  t o  t e s t  t h e  eva lua ted  secondary 

cross sec t ions  over  a  wide range o f  energ ies.  The exper imenta l  r e s o l u t i o n  

i n  t h e  i n c i d e n t  energy (c 0.4 nsec/m c o n t r i b u t e d  by e l e c t r o n  pu lse  w i d t h  

and sample- to-detector  t ime l a g )  i s  ve ry  good, so r e s o l u t i o n  i n  t h e  f i n a l  

da ta  i s  l i m i t e d  o n l y  by t he  b i n  w id ths  necessary f o r  adequate s t a t i s t i c a l  

accuracy. Energy r e s o l u t i o n  f o r  t he  secondary spec t ra  i s  due t o  t h e  NE-213 



d e t e c t o r ' s  p u l  se -he igh t  r e s o l u t i o n  and i s  r a t h e r  poor.  T h i s  r e s o l  u t i o n  

does n o t  p e r m i t  unique i d e n t i f i c a t i o n  o f  t he  va r i ous  r e a c t i o n s  c o n t r i b u t i n g  

t o  t h e  secondary spect ra .  Because o f  t h i s  i n a b i  1  i ty t o  comp le te ly  r e s o l v e  

t h e  d i f f e r e n t  c o n t r i b u t i o n s  t o  t h e  secondary spect ra ,  r e s u l t s  have been 

ob ta i ned  o n l y  as laboratory-system c ross  sec t i ons .  These da ta  a re  shown i n  

F i gs .  1-14. The u n c e r t a i n t i e s  shown do n o t  i n c l u d e  an es t imated  10% 

u n c e r t a i n t y  i n  o v e r a l l  no rma l i za t i on .  

The i n c i d e n t  neut ron energy spread, t he  secondary energy r e s o l u t i o n ,  

and the  angu la r  spread a r e  much broader  i n  t h i s  measurement than i n  t h e  

more s tandard  types o f  d i f f e r e n t i a l  c ross - sec t i on  measurements. T h i s  has 

t he  advantage of a l l o w i n g  a  comprehensive check o f  t h e  c ross  s e c t i o n s  i n  a  

mode t h a t  i s  compat ib le  w i t h  t h e  averag ing g e n e r a l l y  used t o  produce 

group cross sec t i ons  f o r  p r a c t i c a l  a p p l i c a t i o n s .  However, i t  compl i ca tes  

and sometimes makes imposs ib le  the comparison o f  t h e  p resen t  r e s u l t s  w i t h  

p rev ious  measurements. To c o r r e c t l y  average over  t h e  exper imenta l  spreads, 

one needs a  complete p r e s c r i p t i o n  f o r  c ross sec t i ons  as a  f u n c t i o n  o f  

i n c i d e n t  energy, s c a t t e r i n g  angle ,  Q-value, e t c .  The eva lua ted  f i l e  

p rov i des  t h i s  i n f o r m a t i o n  and r e f l e c t s  p rev ious  measurements t o  t h e  e x t e n t  

t h a t  t he  eva lua to r s  base t h e i r  r e s u l t s  on e x i s t i n g  data.  

Secondary neu t ron  and gamma-ray spec t ra  were generated f rom t h e  

eva l  ua t i on2  by  s u i  t a b l y  weighted averages over  t h e  i n c i d e n t  energy i n t e r v a l  

and angu la r  spread. T h i s  was accompl ished us i ng  group c ross  s e c t i o n s  

generated w i t h  t he  AMPX code system. The group s t r u c t u r e  was chosen t o  

p r o v i d e  about 3 groups p e r  r e s o l u t i o n  w i d t h  w i t h  a  P12 expansion o f  t h e  

neu t ron  c ross  sec t i ons  and a  Po expansion f o r  t h e  gamma-ray p r o d u c t i o n  

c ross  sec t i ons .  The r e s u l t i n g  secondary spec t ra  were then  smeared by 



a Gaussian func t ion  corresponding t o  the  r e s o l u t i o n  of t he  de tec to r .  For 

neutrons, the Gaussian had a  r e s o l u t i o n  w id th  de f ined  as 

where R = f r a c t i o n a l  FWHM i n  percent and En i s  neutron energy i n  MeV. For 

gamma rays  the  corresponding r e s o l u t i o n  was 

Curves f o r  comparison t o  the pulse-height  we igh t ing  r e s u l t s  were 

produced by i n t e g r a t i o n  o f  secondary neutron o r  gamma-ray spec t ra  ca l cu -  

l a t e d  as descr ibed above f o r  the smal ler  i n c i d e n t  energy i n t e r v a l s  used 

i n  the pu lse-he igh t  weight ing ana lys is .  

Several caut ions are  i n  o rder  i n  regard t o  any comparison o f  eva l -  

u a t i o n  and measurement. The gamma-ray emission spec i f i ed  i n  t he  eva lua t i on  

i s  i s o t r o p i c .  For a medium-weight nuc l i de  such as copper t h i s  i s  un- 

doubtedly very  c lose  t o  t he  real angular dependence. Thus a comparison 

o f  the  eva lua t i on  w i t h  d i f f e r e n t i a l  measurements taken a t  130 deg. checks 

the gamma-ray produc t ion  data o f  the eva lua t ion  r a t h e r  w e l l .  I n  t he  case 

o f  the neutron emission spectra,  t he  t e s t  may n o t  be as r i go rous ,  

espec ia l l y  w i t h  respect  t o  the  e l a s t i c  s c a t t e r i n g  cross sec t ions .  Because 

o f  the  s t rong an iso t ropy  o f  the  e l a s t i c  angular  d i s t r i b u t i o n  w i t h  i t s  

energy dependent d i f f r a c t i o n  pa t te rn ,  a s i n g l e  d i f f e r e n t i a l  measurement 

cover ing a l a r g e  angular range ( t h e  angular r e s o l u t i o n  f u n c t i o n  i s  approx i -  

mate ly  t r i a n g u l a r  w i t h  a base 28 deg. i n  w id th )  prov ides 1 i t t l e  o r  no 

check on the  v a l i d i t y  o f  t h e  e l a s t i c  s c a t t e r i n g  cross s e c t i o n  i n  the  

eva lua t ion .  However, f o r  neutron emission through processes o the r  than 



e l a s t i c  s c a t t e r i n g ,  t h e  s i t u a t i o n  i s  much b e t t e r  s i nce  most such emissions 

a r e  o n l y  weakly a n i s o t r o p i c ,  p a r t i c u l a r l y  when averaged over  t h e  broad 

i n c i d e n t  neu t ron  energ ies o f  t h i s  experiment. 

SUMMARY 

Measurements have been made o f  t he  secondary neu t ron  and gamma-ray 

p roduc t i on  c ross  sec t i ons  f o r  n a t u r a l  copper. The da ta  were taken a t  

130 deg. and cover  i n c i d e n t  neu t ron  energ ies  f rom 1 t o  20 MeV. Comparisons 

between t h e  measurement and e v a l u a t i o n  a r e  shown i n  F i gs .  1-14. Numerical  

va lues o f  t h e  measured cross sec t i ons  a re  g i v e n  i n  Tables 1-3. 
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TRBLE 1. CU(N,XN) LABORATORY CROSS SECTIONS A? 1 3 0  DEGREES. THE IIOMBERS I N  PARENTHESIS ARE SThTl 
UUCIRlLflTIES (IN THE SAllE UNITS AS THE DLTL) . THE OlERnLL UNCZRTIIRTI IN NORMLLIZLTIOW I S  LBOUT 10%. 

IICIDENT EN!!RGT= 17.50-19.96 15.05- 77.50 12.55-15.05 10.01-12.55 8.99-10.01 8 .01-  8.99 

CROSS SECTION 
(IF/SR/MEV) 

62.0 ( 3.0) 
59.5 ( 2.5) 
59.1 ( 2.6) 
6C.9 ( 2 .4 )  
59.9 ( 2.2) 
5r.u 1 2 - 1 1  
51. 2 ( 2.0) 
5 0 . 1  ( 1 .9 )  
47.7 ( 1 . 8 )  
uu. 7 ( 2.1) 
0 1 . 0  ( 2.0) 
38.6 ( 1.5) 
36.6 ( 1.71 
33.9 1 .3 )  
30.9 ( 1.2) 
29.2 ( 1.3) 
25. 2 ( 1.3) 
i2 .3  ( 1.1) 
20.7 ( 1.1) 
79.7 ( 1.1) 
18. 1 ( 0.9) 
10.9 ( 0.9) 
q1.2 ( 0 .6 )  

9.1 ( 0.6) 
7 . 8  ( 0.6) 
7.0 ( 0.6) 
6.5 ( 0.6) 
5.8 ( 0.5) 
u .9  ( 0 .5 )  
a. 3 ( 0.5) 
0.0 ( 0.5) 
11.0 ( 0.5) 
0 .0  ( 0.5) 
3.3 ( 0 .5 )  
2.2 ( 0.11) 
1. u ( 0.U) 
1.1 ( 0.0) 
1.7 ( 0.U) 
2.1 ( 0.4) 
1.9 ( 0 . u )  
1.2 ( 0.U) 
0.e ( 0 .0 )  
0.7 ( 0.4) 
1.1 ( 0.4) 
1.6 ( 0 . U )  
1.9 ( 0.U) 
1.9 ( 0 .4 )  
1.6 ( 0.3) 
1. 1 ( 0 .2 )  
0 . 5  ( 0 .2 )  
0.2 ( 0.1) 

CROSS SECTION 
(fl B/SR/n PI)  

CROSS SECTIOU 
( ne/sR/n ev) 

CROSS SECTION 
(MB/SR/aEV) 

CROSS SECTION 
(aa / s  R/aev) 

CROSS SECTION 
( a a / s ~ / a e v )  

CROSS SECTION 
(PI B/SR /ME V )  

CROSS SECTION 
(aa / rR/ne  v )  

CROSS SECTION 
(HB/SR/llEV) 

CROSS SECTION 
( RE/SR/MEV) 

CROSS SECTIOU 
(ne / sn /a rv )  

CROSS SECTIOW 
(ns/sR/a er) 

CROSS SECTION 
(ae / sR/aev)  

CROSS SECTION 
(as / sR/aev)  

07. 1 ( 2. U) 
U9.1 ( 2.3) 
UR.4 ( 2.1) 
46.7 ( 1.9) 
us. i ( 1. 8) 
03.8 ( 1.6) 
13.1 ( 1 . 5 )  
42.3 ( 1 .4 )  
Q l .  1 ( 1. 3) 
39.2 ( 1. 3) 
35 .5  ( 1 . 2 )  
31.0 ( 1.0) 
27.1 ( 1.01 
25.2 ( 0 .8 )  
2a. t ( 0.7) 
21.6 ( 0.7) 
1n . r  ( 0.o) 
16.C ( 0 .6 )  
10.3 ( 0.7) 
12.5 ( 0.7) 
10.7 ( 0.5) 

E.7 ( 0.5) 
7 . 9  ( 0 .0 )  
7.6 ( 0.u) 
7 .1  1O.U) 

I NCIDEYT rNEEGf* 

SECCNDIRY ENIDGT 
IflEV) 

CRCSS SECTION 
(aa/sR/aev) 

CROSS SECTION 
(n a/sR/aev) 

CROSS SECTION 
(UB/SR/aEV) 

CROSS SECTION 
(flB/SR/flEV) 

CROSS SECTIOU 
( as/sR/nev) 

CROSS SECTIOU 
(IIB/SR/IEV) 

CROSS SECTION 
( a a / s e / a e v )  









TABLE 3. TOTAL SECONDARY YIELDS AYD AVERAGE SECONDARY ENERGIES P3R NEYTRONS AND 
GAMMA RAYS DUE TO NEUTRON INTERACTIONS WITH COPPER. THESE RESULTS APE POR 
SECONDARY NEUTRONS WITH ENERGIES GREATER THAN 0 . 7 5 6  HEV AND GAHMR RAYS WITH 
ENERGIES GREATER THAN 0 . 7 0 0  REV. UNCERTAINTIES ARF GIVEN I N  E'ARYNTHIESES I N  THE 
SAME UNITS AS T H E  DATA. UNCERTAINTIES I N  TOTAL YIELDS D O  NOT INCLUDE A 1 0 %  ERROR 
I N  ABSOLUTE NOPMALTZATION. THE ANGLE I S  1 3 0  DEGREES. 

INCIDENT NEUTRON ENFQGY SECONDARY NEUTRON AVERIGF NEUTRON SECONDARY PHOTON AVERAGE PHOTJN 
E N E R G Y  ( ~ E v )  S P R E A D  Y I E L D  (MB/SR)  E N E R G Y  ( R E V )  Y I E L D  ( M B / S R )  E N E R G Y  ( n E v )  
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