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PROLOGUE 

Th is  Symposium was organ ized under t h e  auspices o f  t h e  O f f i c e  

o f  Fusion Energy and t h e  D i v i s i o n  o f  High Energy and Nuclear Physics 

o f  t h e  U.S. Department o f  Energy t o  cons ider  i n  d e t a i l  t h e  present  

s t a t e  of  neut ron c ross  sec t i ons  f rom 10  t o  50 MeV. A s i m i l a r  Sym- 

posium was h e l d  a t  Brookhaven i n  May 1977 and i t  was f e l t  t h a t  

advances made s i n c e  then  should be reviewed and t h e ' s t a t e  o f  know1 - 
edge o f  t h e  f i e l d  assessed i n  v iew o f  t h e  immediate needs o f  t h e  

Fusion M a t e r i a l s  I r r a d i a t i o n  Test  (FMIT) F a c i l i t y  under const ruc-  

t i o n  a t  Hanford. 

Wi th  these o b j e c t i v e s  i n  mind, t h e  Symposium was d i v i d e d  i n t o  

f i v e  sessions d e a l i n g  w i t h  t h e  f o l l o w i n g  sub jec ts :  

1. I n t r o d u c t o r y  Remarks d i s c u s s i n g  t h e  recommendations o f  t h e  

1977 Symposium and t h e  progress made s i n c e  then. 

2. I n tense  High Neutron Sources 'And T h e i r  C h a r a c t e r i s t i c s .  

3. D i f f e r e n t i a l  Data I n c l u d i n g  Dosimetry Reactions. 

4. Fusion M a t e r i a l s  I r r a d i a t i o n  Test  (FMIT) F a c i l i t y  Related 

Probl  ems-Shiel d i n g  And M a t e r i a l s  Damage Stud ies .  

5. Nuclear Model Codes And Data Eva luat ion .  

The general fo rmat  o f  t h e  Symposium was t h e  same as t h e  l a s t  

one. Each sess ion opened w i t h  one o r  more rev iew  papers which 

summa.rized t h a t  present  s t a t u s  o f  t h e  s u b j e c t  o f  t h e  session.  The 

rev iew papers were fo l l owed  by c o n t r i b u t e d  papers r e p o r t i n g  on t h e  

advances made i n  t h e  d i f f e r e n t  l a b o r a t o r i e s .  Each sess ion had a 



workshop which p rov ided  a  s p e c i f i c  s e t  o f  recommendations f o r  f u -  

t u r e  work i n  t h e  f i e l d  t h a t  cou ld  g i v e  va luab le  guidance t o  t h e  

sponsors. 

We would 1  i ke t o  thank many o f  o u r  c o l l  eagues who gave va luab le  

suggest ions and recommendat~ons rega rd ing  t h e  o r g a n i z a t i o n  o f  t h i s  

meeting. We a l s o  a re  happy t o  no te  an increased p a r t i c i p a t i o n  by 

o u r  co l leagues f rom abroad as shown i n  t h e  ,number o f  c o n t r i b u t e d  

papers as w e l l  as those who a t tended t h e  meeting. We a l s o  g ra te -  

f u l  1  y acknowledge t h e  coopera t i on  rece ived  from t h e  Syn~posium spon- 

sors ,  p a r t i c i p a n t s  and authors  which has made p o s s i b l e  t h e  prompt 

p u b l i c a t i o n  o f  t h e  Proceedings o f  t h e  Symposium. F i n a l l y ,  our  

g r a t e f u l  thanks a r e  due t o  Ben Magurno who took  care  o f  many de- 

t a i l s  o f  t h e  meet ing and Mary R i z z i  and her  s e c r e t a r i a l  s t a f f  

whose e f f i c i e n t  h e l p  was essenf ia l  t o  t h e  success o f  t h e  meeting. 

' June 27, 1980 M.R. Bhat and S. P e a r l s t e i n  
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INTENSE H I G H  ENERGY 
NEUTRON SOURCES AND THEIR CHARACTERISTICS 

C .  D. Bowman, NBS - C h a i r p e r s o n  

R.G.  A l s m i l l e r  Jr. ,  
T.W. Burrows,  BNL 
S. C i e r j a c k s ,  KFK 
R .  . C o l d ,  HEDL 
D. H e i k k i n e n ,  LLL 
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OR NL G.S. Bauer ,  KFA 
- J.M. C a r p e n t e r ,  ANL : 

J .S.  F r a s e r ,  CRNL ' 
L. Greenwood, ANL 
D. L. Johnson ,  HEDL 

. . . D..W. K n e f f ,  RI  
B.R. Leonard ,  BNWL 
S. P e a r l s t e i n ,  BNL 
H.G.  P r i e s m e y e r ,  K I G  

fl 

.H. T n k a h ~ s h i ,  RNT, ~ 

I .  I n t r o d u c t i o n  

S i n c e  t h e  f i r s t  symposium i n  t h i s  s e r i e s  on Kay 3-5,1977, t h e  

u s e  o f  h i g h  e n e r g y  n e u t r o n s  h a s  c o n t i n u e d  t o  i n c r e a s e .  The u s e  o f  

a c c e l e r a t o r s  t o  s i m u l a t e  h i g h  e n e r g y  n e u t r o n  dsmage f o r  f u s i o n  

r e a c t o r s  has, grown,  t h e  f u s i o n - f i s s i o n  h y b r i d  and t h e  a c c e l e r a t o r  

b r e e d e r  c o n t i n u e  t o  b e  c o n s i d e r e d . ,  e n c o u r a g i n g  r e s u l t s  have  been  

o b t a i n e d  f o r .  c a n c e r  t h e r a p y  u s i n g  h i e h  e n e r g y  n e u t r o n s ,  and 

c o n c e r n  f o r  p e r s o n n e l  r a d i a t i o n  s a f e t y  hav.e reemphas ized  t h e  need 

f o r  b e t t e r  measurements  o f .  t h i s  t y p e  f o r  h i g h  e n e r g y  n e u t r o n s .  

However t h e  s t r o n g e s t  d r i v i n g  f o r c e  c o n t i n u e s  t o  b e  t h e  c o n c e r n  

f o r  damage t o  f u s i o n  r e a c t o r  m a t e r i a l s .  

The c o n s t r u c t i o n  o f  t h e  FMIT f a c i l i t y .  i s  w e l l  underway. 

S o u r c e  c h a r a c t e r i s t i c s  and d o s i m e t r y  methods f o r  t h i s  a c c e l e r a t o r  

have  been a c t i v e l y  s t u d i e d  u s i n g  t h e  Davis  . c y c l o t r o n  and t h e  

RTNS-I1 s o u r c e .  A number o f  14 MeV n e u t r o n  s o u r c e s  a round  t h e  

world have been d i r e c t e d  toward t h e  f u s i o n  d a t a  measurements .  



Since  1977, the  worldwide i n t e r e s t  i n  powerful s p a l l a t i o n  

sources  f o r  condensed m a t t e r  s t u d i e s  h a s  s t e a d i l y  i n c r e a s e d ,  

b r i n g i n g  inc reased  needs f o r  s h i e l d i n g  d a t a  and f o r  improved 

pe r sonne l  dos imetry .  These a c c e l e r a t o r s  a l s o  make a v a i l a b l e  

i n t e n s e  h i g h  energy neu t ron  beams and f i e l d s  s u i t a b l e  f o r  o t h e r  

s t u d i e s  such  a s  m a t e r i a l s  damage s t u d i e s  f o r  fus ion  r e a c t o r s .  

11. Progres s  on 1977 Recommendation 

One measure o f  p rogres s  i n  t h i s  f i e l d  i s  a  review o f  

recommendations made i n  1977 a l l  o f  which r e l a t e d  t o  the  fus ion  

m a t e r i a l s  damage program. Perhaps t h e  s t r o n g e s t  recommendation a t  

t h a t  t ime was t h e  need f o r  p a r a l l e l  p u r s u i t  o f  p a s s i v e  dos imetry  

and dos imetry  based on c a l c u l a t i o n a l  methods. S ince  t h a t  t ime 

a c t i v e  dos ime t ry  has  a l s o  been added t o  t h e s e  two. We have seen 

i n  t h i s  meeting d rama t i c  p rogres s  i n  pas s ive  dos ime t ry ,  a  

s u b s t a n t i a l  l e v e l  o f  a c t i v i t y  i n  a c t i v e  dos ime t ry ,  and a  sma l l  

l e v e l  o f  a c t i v i t y  fo l lowing  t h e  c a l c u l a t i o n a l  approach. 

The recommendation r ega rd ing  d + t  neut ron beams and f i e l d s  f o r  

r e f e r e n c e  s t a n d a r d s  purposes  has  been pursued,  bu t  n o t  

s u f f i c i e n t l y  a g g r e s s i v e l y  - perhaps because the  d e s i r a b l e  

c h a r a c t e r i s t i c s  o f  t h e  f i e l d s  have n o t  been def ined c l e a r l y .  

P r o g r e s s  h a s  been made i n  s a t i s f y i n g  t h e  r e q u e s t  f o r  more . 

measurements on the  d+Li sys tems.  The low energy component o f  t h e  

spectrum has a p p a r e n t l y  been a c c u r a t e l y  measured, bu t  a  complete 

c h a r a c t e r i z a t i o n  o f  t h e '  t h i n  t a r g e t  4a y i e l d  and angu la r  

d i s t r i b u t i o n  o v e r  t he  f u l l  energy range  has n o t  been completed. 



P e r h a p s  f o r  t h i s  r e a s o n  t h e  recommendation f o r  u s e  o f  a  c a l i b r a t e d  

d+Li  s o u r c e  f o r  i n t e g r a l  t e s t s  o f  a c t i v a t i o n  c r o s s  s e c t i o n s  h a s  

n o t  y e t  b e e n  v e r y  w e l l  f o l l o w e d .  

The 1977 workshop recommended t h e  deve lopment  o f  a  s m a l l  

a c c u r a t e l y  c a l i b r a t e d  n e u t r o n  d e t e c t o r  w i t h  a n  e f f i c i e n c y  o f  1 % 

which c o u l d  b e  c a l i b r a t e d  t o  a n  a c c u r a c y  o f  2-4% from 0.3 t o  30 

MeV and from 4 4 %  from 30-50 MeV. No p r o g r e s s  seems t o  have been  

made i n  d e s i g n i n g  s u c h  a  d e t e c t o r  o r  i n  p romot ing  its u n i v e r s a l  

u s e  f o r  i n t e r r e l a t i n g  t h e  measurements  from d i f f e r e n t  f a c i l i t i e s .  

F i n a l l y  t h e  l ist  c l o s e d  w i t h  t h e  recommendation t h a t  t h e  

r e q u i r e d  measurements  and c a l c u l a t i o n s  b e  g i v e n  t h e  same p r i o r i t y  

a s  a c c e l e r a t o r  c o n s t r u c t i o n  i n  o rd ,e r  t h a t  u s e f u l  measurements  c a n  

b e  made a s  soon  a s  t h e  f a c i l i t y .  becomes o p e r a t i o n a l .  A f i r m  

commitment is r e q u i r e d  t o  k e e p  t h i s  p o r t i o n  o f  t h e  program from 

f a l l i n g  b e h i n d .  

111. P r e s e n t  S t a t u s  

F o r  n e u t r o n  d o s i m e t r y  t h e  d e t a i l e d  u n d e r s t a n d i n g  o f  n e u t r o n  

i r r a d i a t i o n  e x p e r i m e n t s  r e q u i r e s  a n  a c c u r a t e  c h a r a c t e r i z a t i o n  o f  

t h e  n e u t r o n  s o u r c e  e n v i r o n m e n t  f o r  e a c h  e x p e r i m e n t .  T h i s  is  

p a r t i c u l a r l y  t r u e  o f  f u s i o n  m a t e r i a l s  t e s t  , e n v i r o n m e n t s ,  which 

t y p i c a l l y  have  s t e e p  f l u x  and ( i n  some c a s e s )  e n e r g y  s p e c t r u m  

g r a d i e n t s  a s .  a  f u n c t i o n  o f  i r r a d i a t i o n  p o s i t i o n .  T h i s  

c h a r a c t e r i z a t i o n  i s  p r e s e n t l y  b e i n g  performed u s i n g  a  c o m b i n a t i o n  

o f  a c t i v e ,  p a s s i v e ,  and c a l c u l a t i o n a l  d o s i m e t r y .  The p a s s i v e  

d o s i m e t r y  t e c h n i q u e ,  based i n  p a r t i c u l a r  o i  f o i l  a c t i v a t i o n  and 



helium accumula t ion  measurements, is  a  proven t echn ique ,  and can  

be  a p p l i e d  t o  a l l  neu t ron  sou rce  f a c i l i t i e s  used f o r  f u s i o n  

m a t e r i a l s  t e s t i n g .  While a  l a r g e  number o f  p a s s i v e  d o s i m e t r y  

m a t e r i a l s  a r e  p r e s e n t l y  u sed ,  f u t u r e  r o u t i n e  d o s i m e t r y  f o r  a  g i v e n  

neu t ron  f i e l d  w i l l  use  a  s m a l l e r ,  opt imized  r e a c t i o n  set. 

F u t u r e  dos ime t ry  development r e q u i r e s  p u r s u i t  a long  a l l  t h r e e  

l i n e s  ( p a s s i v e ,  a c t i v e ,  and c a l c u l a t i o n a l ) .  C a l c u l a t i o ~ l a l  

d o s i m e t r y  p robab ly  c a n n o t ,  by i t s e l f ,  p r o v i d e  an  adequate  

c h a r a c t e r i z a t i o n  o f  t h e  neu t ron  envi ronment ,  because  o f  changes  i n  

beam c o n d i t i o n s ,  and because  o f  p e r t u r b i n g  o r  h e t e r o g e n e i t y  

e f f e c t s  produced by t h e  i r r a d i a t i o n  samples.  C a l c u l a t i o n s  a r e  

n e v e r t h e l e s s  r e q u i r e d  a s  i n p u t  t o  s p e c t r a l  un fo ld ing  codes  used t o  

i n t e r p r e t  p a s s i v e  dos ime t ry  r e s u l t s .  F i n a l l y ,  a c t i v e  dos ime t ry  is  

r e q u i r e d  f o r  beam d i a g n o s t i c s ,  t o  op t imize  t h e  neu t ron  s o u r c e  . 

o p e r a t i n g  c o n d i t i o n s ,  and t o  de t e rmine  t h e  f l ux -  t ime h i s t o r y  o f  

each  i r r a d i a t i o n .  

Many o f  t h e  r e c e n t  exper iments  u s ing  modest s i z e d  ~ e ( d , n )  and 

L i ( d , n )  neut ron  s o u r c e s  have been i n  s u p p o r t  o f  FMIT development.  

These expe r imen t s  have inc luded  c r o s s  s e c t i o n  measurements f o r  t h e  

e n g i n e e r i n g  d e s i g n  o f  FMIT, a s  well a s  d u v i t ~ ~ e t r y  development and 

damage a n a l y s i s  s t u d i e s .  Th i s  type  o f  neu t ron  s o u r c e  w i l l  s t i l l  

b e  needed a f t e r  F'MIT becomes o p e r a t i o n a l .  FMIT w i l l  be ded ica t ed  

t o  long-term ( s e v e r a l  month) m a t e r i a l s  i r r a d i a t i o n s  f o r  f u s i o n  

s t u d i e s ,  and w i l l  n o t  b e  - r e a d i l y  a v a i l a b l e  f o r ,  and is n o t  

des igned f o r ,  b a s i c  phys i c s  exper iments .  These u n f u l f i l l e d  b a s i c  

p h y s i c s  needs  w i l l  i n c l u d e  c r o s s  s e c t i o n  measurements,  some o f  



which w i l l  undoubtedly be def ined a s  a  r e s u l t  o f  FMIT exper iments .  

Cyclotron- type neu t ron  sources  a r e  wel l -su i  ted t o  such  

measurements, and can  provide  Be(d,n) and L i (d  ,n)  benchmark 

neu t ron  f i e l d s .  

It should b e  pointed o u t  t h a t  FMIT w i l l  n o t ,  by i t s e l f ,  

s a t i s f y  a l l  o f  t h e  needs f o r  f u s i o n  m a t e r i a l s  i r r a d i a t i o n s ,  

p r i m a r i l y  due t o  f l u x  and space  l i m i t a t i o n s .  In  f a c t ,  o n l y  a  

sma l l  pe rcen tage  o f  proposed m a t e r i a l s  s t u d i e s  w i l l  a c t u a l l y  b e  

performed a t  FMIT. F i s s i o n  r e a c t o r s  and ~ ( d , n ) ,  ~ e ( d , n ) ,  

s p a l l a t i o n  source  and o t h e r  ~ i ( d , n )  sou rces  w i l l  s t i l l  b e  needed 

f o r  m a t e r i a l s  i r r a d i a t i o n s  a s  we l l  a s  f o r  o t h e r  s t u d i e s .  Work 

should thus  con t inue  i n  suppor t  o f  t h e s e  a l t e r n a t e  f a c i l i t i e s .  

Some a r e a s  t h a t  might b e  a n t i c i p a t e d  a r e  a s  fo l lows :  ( 1 )  

Updates i n  c r o s s  s e c t i o n s  f o r  neu t ron  dos ime t ry  and t e s t i n g  o f  new 

dos ime te r s  w i l l  p robably  b e  necessa ry  t o  improve c h a r a c t e r i z a t i o n  

o f  i r r a d i a t i o n  exper iments .  ( 2 )  Measurement may be  needed o f  some 

a c t i v a t i o n  c r o s s  s e c t i o n s  which a f f e c t  r a d i a t i o n  dose  l e v e l s  b u t  

which were n o t  expected t o  b e  impor t an t  b e f o r e  FMIT o p e r a t i o n .  

( 3 )  Measurements may be  needed o f  gamma r a d i a t i o n  f i e l d s  and 

s p e c t r a  and t h e i r  e f f e c t s  w i t h i n  samples s i m i l a r  to those  i n  FMIT. 

( 4 )  Measurements which t e s t  d a t a  and methods t o  p r e d i c t  neu t ron  

f l u x - s p e c t r a  deep  wi th in  bu lk  samples  o f  m a t e r i a l s  used i n  t h e  

FMIT f a c i l i t y  may b e  added. 

It should b e  noted t h a t  t h e r e  a r e  some d i f f e r e n c e s  between 

d+Be and d+Li sou rces .  One a r e a  where t h i s  i s  t r u e  is a c t i v a t i o n  

r e a c t i o n s  with v e r y  h igh  t h r e s h o l d s  which may occur  wi th  d+Li 



neu t rons  but  l e s s  so o r  n o t  a t  a l l  wi th  d+Be neu t rons .  For 

example, t h e  r e a c t i o n  ~ - 1 4 ( n , x ) ~ e - 7  has ' a  th re sho ld  of 

approximate ly  30 MeV and can occur  i n  F'MIT (35 MeV d + ~ i )  but  much 

l e s s  so  wi th  s i m i l a r  energy d e u t e r o n s  on beryl l ium.  'l'his feactiOI1 

has  s i g n i f i c a n c e  f o r  F'MIT where a i r  is i n  t h e  a c c e l e r a t o r  v a u l t  

and n i t r o g e n  is t h e  t e s t '  : e l l  atmosphere.  Fur thermore ,  one would 

n o t  expec t  t o  b e  a b l e  t o  c a l c u l a t e  t h e  c r o s s  s e c t i o n  f o r  t h i s  

r e a c t i o n  v e r y  w e l l .  

S u i t a b l e  neu t ron  sources  and measurement methods a l s o  must b e  

developed f o r  medical  programs such  a s  cance r  therapy wi th  f a s t  

neu t rons .  Ex tens ive  c r o s s  s e c t i o n  d a t a  a r e  needed f o r  t i s s u e  

m a t e r i a l  and Na, Ca, P, S, K, 1, and Ar f o r  a  v a r i e t y  of 

r e a c t i o n s  wi th  a  nominal accuracy o f  10% and wi th  neu t ron  e n e r g i e s  

ex tend ing  t o  100 MeV. Monoenergetic sou rces  probably  a r e  b e s t  

s u i t e d  f o r  t hese  measurements and s p e c i a l  c a r e  i n  beam p u r i t y  and 

background . c o n d i t i o n s  w i l l  p robably  b e  necessa ry  f o r  t hese  

exper iments .  Cancer therapy r e q u i r e s  d e t a i l e d  neut ron t r a n s p o r t  

c a l c u l a t i o n s  f o r  each p a t i e n t  t o  p r e s c r i b e  t h e  proper  t r ea tmen t  

program. Accurate sou rce  c h a r a c t e r i z a t i o n  is c l e a r l y  necessa ry  t o  

provide  t h e  sou rce  term f o r  t h i s  i r r a d i a t i o n .  A s p e c i f i c  need is  

f o r  c r o s s  s e c t i o n  and t h i c k  t a r g e t  y i e l d s  f o r  t he  p+Be source  f o r  

beams up t o  70  MeV i n c i d e n t  energy.  

The r a p i d l y  i n c r e a s i n g  i n t e r e s t  i n  i n t e n s e  s p a l l a t i o n  sources  

w i l l  have  a  major  impact  on neu t ron  measurements and a p p l i c a t i o n s .  

There is a  l a r g e  and i n c r e a s i n g  demand f o r  slow neu t ron  sources  t o  

b e  used i n  condensed m a t t e r  r e s e a r c h ,  b io logy ,  chemis t ry  and 



fundamental  neu t ron  phys i c s .  Th i s  is exempl i f i ed  by t h e  

o v e r s u b s c r i p t i o n  o f  e x i s t i n g  use r -o r i en t ed  h igh - f lux  s o u r c e s  (150% 

a t  ILL- ren noble) . The s o u r c e s  w i th  low-duty c y c l e  t ime s t r u c  t u r e  

p rov ide  more e f f i c i e n t  u t i l i z a t i o n  o f  t h e  n e u t r o n s  produced than  

those  which may be  s a i d  t o  be  cont inuous .  Th i s  t ime  s t r u c t u r e  can  

be des igned i n  s i n c e  t h e s e  a r e  a c c e l e r a t o r - d r i v e n  d e v i c e s .  The 

s p a l l a t i o n  s o u r c e s  have advan tages  o v e r  r e a c t o r s  i n  t h a t  t h e y  do 

n o t  i n v o l v e  t h e  use o f  f i s s i l e  m a t e r i a l  and h e a t  d i s s i p a t i o n  is 

s i m p l e r  because o f  t h e  compara t ive ly  e f f i c i e n t  mechanism o f  

neu t ron  product ion .  Pulsed spa1 l a t i o n  neu t ron  s o u r c e s  which a r e  

now a v a i l a b l e  o r  under c o n s t r u c t i o n  p rov ide  e f f e c t i v e  f l u e s  o f  

thermal neu t rons  c o m p e t i t i v e  w i th  t hose  o f  h igh  f l u x  r e a c t o r s  and 

have the  p rospec t  f o r  producing o r d e r s  o f  magnitude g r e a t e r  f l u x e s  

than  reac tors . .  The un ique ly  h igh  e f f e c t i v e  e p i t h e r m a l  neu t ron  

f l u x  a l r e a d y  a v a i l a b l e  i s  opening up new a r e a s  f o r  s tudy .  

With r e s p e c t  t o  f a s t  neu t ron  r a d i a t i o n  e f f e c t s  f a c i l i t i e s ,  

s p a l l a t i o n  s o u r c e s  des igned f o r  f a s t  neu t ron  r a d i a t i o n  e f f e c t s  

s t u d i e s  produce a  con t inuous  spectrum v e r y  s i m i l a r  t o  t h a t  o f  f a s t  

r e a c t o r s .  Of c o u r s e ,  t h e r e  is no prominent 14 HeV component. The 

h igh  energy t a i l  which e x t e n d s  up t o  t he  a c c e l e r a t e d  p a r t i c l e  

ene rgy  c o n t a i n s  a  s m a l l  f r a c t i o n  o f  a l l  t he  n e u t r o n s  b u t  s o  f a r  a s  

is known, t h i s  does  n o t  p r o v i d e  e i t h e r  a  d i s advan tage  o r  

s i g n i f i c a n t  advan tage  i n  t h e s e  a p p l i c a t i o n s .  

A s i g n i f i c a n t  advantage  f o r  tempera ture  c o n t r o l  i n  

a c c e l e r a t o r s  compared wi th  r e a c t o r  s o u r c e s  f o l l o w s  from the  low 

n u c l e a r  (gamma ray )  h e a t i n g .  Another advantage  o v e r  t h e  r e a c t o r  



is t h a t  t he  p a s s i v e  t a r g e t  enab le s  much g r e a t e r  f l e x i b i l i t y  i n  

exper iment  d e s i g n .  The h igh  f l u x  r eg ion  is l a r g e  (10x10x10 cub ic  

c e n t i m e t e r s )  and f l u x  and spectrum g r a d i e n t s  co r r e spond ing ly  low 

s o  t h a t  l a r g e  samples  can  be  i n v e s t i g a t e d .  Th i s  c l a s s  o f  

a p p l i c a t i o n s  u s u a l l y  depends o n l y  on t h e  t ime-average  v a l u e  o f  t h e  

f l u x .  The. t ime  s t r u c t u r e  may be  u s e f u l  i n  some a p p l i c a t i o n s .  

Nuclear  d a t a  a r e  r equ i r ed  f o r  t h e  d e s i g n  o f  f a c i l i t i e s  o f  

many k inds .  S p a l l a t i o n  s o u r c e s  p r o v i d e  n e u t r o n s  i n  a  con t inuous  

spectrum ex tend ing  t o  e n e r g i e s  o f  o r d e r  1  Gev and may be  used t o  

g e n e r a t e  t h e s e  d a t a  w i th  t h e  proper  p u l s e  s t r u c t u r e  mode o f  

o p e r a t i o n .  The s o u r c e s  may be  t a i l o r e d  t o  p rov ide  good t ime 

s t r u c t u r e  f o r  t ime-o f - f l i gh t  ene rgy  a n a l y s i s  even o u t  t o  e n e r g i e s  

o f  s e v e r a l  hundred MeV. Thus, t h e  s p a l l a t i o n  s o u r c e s  extend by a n  

o r d e r  o f  magnitude t h e  r ange  o f  e n e r g i e s  a c c e s s i b l e  by more 

conven t iona l  charged p a r t i c l e  r e a c t i o n s .  

The broad energy spectrum a v a i l a b l e  wi th  i n t e n s e  s p a l l a t i o n  

neu t ron  s o u r c e s  w i l l  b e  o f  i n t e r e s t  i n  n u c l e a r  phys i c s ,  

r a d i o t h e r a p y  s t u d i e s ,  and m a t e r i a l  damage s t u d i e s .  O f  i n t e r e s t  t o  

n u c l e a r  phys i c s  is t h e  p o s s i b i l i t y  o f  producing  h ighe r  thermal  

neu t ron  f l u x e s  than  a r e  now a v a i l a b l e  from r e a c t o r s .  These would 

permi t  improved fundamental  exper iments  such  a s  t hose  on p a r i t y  

v i o l a t i o n  i n  ( n , p )  and ( n , d )  sys tems and on t h e  ' n e u t r o n  magnetic 

moment and l i f e t i m e .  The e p i t h e r m a l  n e u t r o n s  from an i n t e n s e  

s p a l l a t i o n  sou rce  could  be  used f o r  r e sonan t  (n,gamma) s t u d i e s  and 

i n  i n v e s t i g a t i o n s  o f  t h e  c a p t u r e  r e a c t i o n  mechanism, g i a n t  d i p o l e  

resonance  and n u c l e a r  l e v e l  d e n s i t i e s .  An i n t e n s e  s p a l l a t i o n  



neu t ron  sou rce  w i l l  a l s o  produce l a r g e  f l u x e s  o f  mesons and 

n e u t r i n o s  o f  i n t e ~ e s t  t o  medium energy phys i c s .  Large f l u x e s  o f  

moderated f a s t  n e u t r o n s  would a l s o  b e  a v a i l a b l e  f o r  n u e l e a r  

p h y s i c s  s t u d i e s .  

These s o u r c e s  themselves  r e q u i r e  f u r t h e r  d a t a ,  p a r t i c u l a r l y  

f o r  t h e  h i g h e r  power n e x t  g e n e r a t i o n  s o u r c e s  now under  s t u d y  and 

f o r  any f u t u r e  a c c e l e r a t e r  b r e e d e r  based on t h e  s p a l l a t i o n  

F e w  t i o n .  P r e s e n t  d a t a  'on n e u t r o n  y i e l d s ,  ene rgy  d e p o s i t i o n  and 

t r a n s p o r t ,  t o t a l  and a n g u l a r  n e u t r o n  c r o s s  s e c t i o n s ,  f i s s i o n  and 

e v a p o r a t i o n  product  d i s t r i b u t i o n s  ( i n c l u d i n g  l i g h t  g a s e s )  a r e  n o t  

adequa te  f o r  d e s i g n  o f  advanced f a c i l i t i e s .  Computat ional  methods 

s u f f e r  from t h e  drawback t h a t  unde r ly ing  p roces ses  a r e  n o t  y e t  

w e l l  enough .unders tood.  An example i s  t h e  compe t i t i on  between 

e v a p o r a t i o n  and h igh  energy nucleon induced f i s s i o n .  

Tn summary, an . array o f  powerful  new neu t ron  g e n e r a t i o n  

f a c i l i t i e s  w i l l  p robably  become a v a i l a b l e  d u r i n g  the  1 9 8 0 ' s  wi th  a  

major inc ' rease  i n  c a p a b i l i t y  f o r  neu t ron  s t u d i e s .  A major  e f f o r t  

f o r  a c c u r a t e l y  c h a r a c t e r i z i n g  t h e s e  s o u r c e s  f o r  maximum u s e f u l n e s s  

w i l l  be r equ i r ed  . 

I V .  Recommendations 

1 .  For i r r a d i a t i o n  dos ime t ry  a  t r i a l  spectrum de r ived  by 

c a l c u l a t i o n a l  methods is i n d i s p e n s i b l e  i n  i n t e r p r e t i n g  r e s u l t s  

from p a s s i v e  dos ime t ry .  Con t inua l  improvements and e x t e n s i o n s  i n  

t h e  t r a n s p o r t  c r o s s  s e c t i o n  l i b r a r i e s  f o r  t r a n s p o r t  codes  ' a re  

v i t a l .  Refinements i n  . the  t h r e e  d imensional  t r a n s p o r t  c a l c u l a t i o n  



of  neu t ron  f l u x  maps wi th in  t e s t  modules a r e  d e s i r a b l e .  

S e n s i t i v i t y  s t u d i e s  o f  t h e s e  f l u x  maps. t o  n u c l e a r  d a t a  mus t .  be  

made. 

2. Thin t a r g e t  d a t a  f o r  p ro tons  and deu te rons  on Li and Be 

f o r  e n e r g i e s  up t o  100 MeV o v e r  t h e  f u l l  a n g u l a r  range  and energy 

range o f  neu t ron  emiss ion  should b e  measured. Thin t a r g e t  y i e l d s  

a r e  a l s o  needed f o r  p r e c i s e  d e f i n i t i o n  o f  neu t ron  f l u - s p e c t r a  a t  

p o s i t i o n s  v e r y  c l o s e  t o  a  sou rce  such  a s  i n  the  FMIT f a c i l i t y .  

Some work h a s  a l r e a d y  been done t o  i n f e r  t h i n  t a r g e t  d a t a  from 

a v a i l a b l e  t h i c k  t a r g e t  d+Li d a t a  and t h i s  i n fo rma t ion  is ,being 

used i n  t r a n s p o r t  c a l c u l a t i o n s  t o  answer d e s i g n  q u e s t i o n s  i n  the  

FMIT f a c i l i t y .  For c a l c u l a t i o n a l  dos ime t ry  i n  t h e  FMIT f a c i l i t y ,  

improved accuracy w i l l  be  needed and t h e r e f o r e ,  s p e c i f i c  t h i n  

t a r g e t  measurements a r e  needed.  

3. Neutron f i e l d s  f o r  t he  d+ t and/or  t+d 14 MeV s o u r c e s  

should b e  e s t a b l i s h e d  by comparing r e s u l t s  ob ta ined  by t h e  

a s s o c i a t e d  p a r t i c l e  and proton r e c o i l  t echn iques .  E f f o r t s  should 

be  taken t o  c a r e f u l l y  co ta ' b l i sh  the  neu t ron  energy o f  t h e  d +  t 

source  t o  avoid e f f e c t s  o f  energy u n c e r t a i n t y .  

4. Grea te r  e f f o r t  i n  a c t i v e  beam p o s i t i o n  and d i s t r i b u t i o n  

measurements should  be  made f o r  a l l  t ypes  o f  h igh  energy neu t ron  

s o u r c e s .  

5. Computer codes  f o r  c a l c u l a t i o n  o f  neu t ron  d e t e c t o r  

e f f i c i e n c y  should  be t e s t e d  expe r imen ta l ly  f o r  the  purpose o f  

ach iev ing  an accu racy  o f  2 t o  4% from 0.5  t o  30 MeV and to  10% 

from 30 t o  600 MeV. T h i s  w i l l  r e q u i r e  exper imenta l  de t e rmina t ion  



of.  t h e  de t ec t0 . r  e f f i c i e n c y  o f  a  sui tabl-e d e t e c t o r ,  w i th  a s s o c i a t e d  

p a r t i c l e  t echn ique ,  t o  t h e  .above men.tioned accu racy .  ' .  

6. The c h a r a c t e r i s t i c  o f  a  r e f e r e n c e  . s t anda rd  d + t  14 Mev 

neu t ron  ' f i e l d  o r  beam must be  d'efined more c a r e f u l l y  ' so  t h a t  

p rog res s .  c an  b e  made i n  t h e  e s t a b l i s h m e n t  and use  o f  such  a  f i e l d .  

7. The f e a s i b i l i t y  o f  u s i n g  a  6-Li + d  c o n v e r t e r  f o r  

producing  f a s t  n e u t r o n s  i n  a  r e a c t o r  c o r e  f o r  f u s i o n  m a t e r i a l  

damage s t u d i e s  shou ld  b e  i n v e s t i g a t e d .  

8. Other  s o u r c e s  f o r  f u s i o n  i r r a d i a t i o n  w i l l  c o n t i n u e  t o  be 

r equ i r ed  a f t e r  t h e  FMIT is o p e r a t i o n a l  f o r  a  number o f  purposes .  

P l a n s  should  be  made t o  c o n t i n u e  s u p p o r t  f o r  t h e s e  l e s s  i n t e n s e  

s o u r c e s .  

9. S p a l l a t i o n  s o u r c e s  should  be  used f o r  s t u d i e s  o f  

c r o s s - s e c t i o n s  impor t an t  f o r  n e u t r o n s  t r a n s p o r t  and bui ld-up  i n  

t h e  t h i c k  s h i e l d i n g  r equ i r ed  f o r -  f u t u r e  more i n t e n s e  a c c e l e r a t o r  

s o u r c e s .  

10. M a t e r i a l s  damage a r i s i n g  from t h e  thermal  c y c l i n g  

p e c u l i a r  t o  s p a l l a t i o n  s o u r c e s  can  and should b e  s t u d i e d  f o r  

f u t u r e  l a r g e r  s p a l l a t i o n  sou rces .  

11 . Improved measurements o f  h igh  ene rgy  a b s o l u t e  neu t ron  

y i e l d s  and s p e c t r a  a r e  r equ i r ed  f o r  s p a l l a t i o n  s o u r c e  d e s i g n .  

P r e s e n t  exper iments  s u g g e s t  a  l a r g e  d i s c r e p a n c y  ( f a c t o r  o f  two) 

w i th  c a l c u l a t i o n s .  

12. Thick t a r g e t  y i e l d s  f o r  charged p a r t i c l e  neu t ron  

p roduc t ion  a s  a  f u n c t i o n  o f  a n g l e  and energy shou ld  b e  i nc luded  i n  

t h e  Nat ional  Nuclear  Data Center  b i b l i o g r a p h y .  



- 13. A f i rm  commitment should be made t o  a s s u r e  t h a t  p a s s i v e ,  

a c t i v e ,  and c a l c u l a t i o n a l  dos imetry  methods a r e  i n  p l ace  a s ,  soon 

a s  the  FMIT a c c e l e r a t o r  becomes o p e r a t i o n a l .  

14. For t h e  n e x t  conference  t h e  neu t ron  energy range  o f  

i n t e r e s t  should be extended t o  1 GeV. 
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I. I n t r o d u c t i o n  

Two broad review papers  were p re sen ted  a s s e s s i n g  t h e  s t a t u s  

of  d i f f e r e n t i a l  d a t a  measurements, one by Alan Smith and t h e  

o t h e r  by John Browne. We a l s o  had f o u r  o r  f i v e  s p e c i f i c  pape r s  

i n  our  p l ena ry  s e s s i o n  which d e s c r i b e d  programs a t  s e v e r a l  

l a b o r a t o r i e s  t o  a d d r e s s  t h e  problems of provid ing  d i f f e r e n t i a l  

d a t a  i n  t h e  r e g i o n  of 1 0  t o  50 MeV. We t h e r e f o r e  f e l t  i n  t h e  

working group t h a t  a n  a d d i t i o n a l  summary was no t  r equ i r ed  of us .  

I n  1977 t h e  emphasis f o r  t h e  needs was s t r o n g l y  i n  t h e  

r e g i o n  below 1 5  MeV. Our workshop a t  t h e  t i m e ,  however, chose  

t o  a d d r e s s  most ly  t h e  needs i n  t h e  ene rgy  r e g i o n  above 1 5  MeV. 

A t  t h i s  meeting we ha rd ly  heard abou t  t h e  needs i n  t h e  energy 

r eg ion  below 1 5  MeV. Because of t h e  c o n s t r u c t i o n  of t h e  Fus ion  

M a t e r i a l s  I r r a d i a t i o n  T e s t  (FMIT) F a c i l i t y ,  t h e  r e g i o n  of 

maximum importance h a s  moved up f o r  1 0  t o  1 5  MeV, where i t  used  
-. 

t o  be,  t o  e n e r g i e s  around 25 ,MeV. We were shown t h a t  f o r  some 

s h i e l d i n g  problems t h e  h i g h e r  ene rgy  r eg ion  around 50  MeV was 

ve ry  impor t an t .  The problems a s s o c i a t e d  w i t h  t h e  d e s i g n  and 



o p e r a t i o n  of FMIT s o  much dominated t h e  conference  t h a t .  some of 

u s  i n  t h e  workshop wondered i f  t h e  o v e r a l l  needs f o r  d a t a  above 

1 0  MeV were g iven  a p rope r  p e r s p e c t i v e  a t  t h e  meet ing .  We d i d  

no t  h e a r  much abou t  medica l  needs .  They may n o t  have changed 

much s i n c e  t h e  l a s t  meet ing ,  b u t  t h e  f a c t  t h a t  no o n e  thought i t  

n e c e s s a r y  t o  r e i t e r a t e  them t h i s  week should n o t  make u s  f o r g e t  

them. We a l s o  f a i l e d  t o  hea r  about  t h e  needs f o r  d a t a  f o r  t h e  

Engineer ing  T e s t  F a c i l i t y  (ETF) . We should a l s o  presume t h a t  

t h e r e  does  not  y e t  e x i s t  a s h a r p l y  focused s e t  of needs f o r  'ETF, 

but t h a t  ve ry  l i k e l y  t h e  broad recommendations reviewed i n  1977 

are s t i l l  a p p l i c a b l e  today t o r  t u t u r e  f u s i o n  d e v i c e s  where t h e  

most impor t an t  energy r e g i o n  i s  i n  t h e  range of 1 0  t o  15  MeV. 

S e v e r a l  speake r s  a t  t h i s  meeting commented upon t h e  f a c t  

t h a t  a s u r p r i s i n g  amount of p rog res s  has  been made i n  t h e  

d i f f e r e n t i a l  d a t a  a r e a  s i n c e  i977. Thi s  was d i scus sed  a l s o  i n  

t h e  workshop, bu t  s e v e r a l  p o i n t s  were s t r e s s e d  t h a t  a r e  worth 

no t ing  i n  our r e p o r t .  The p rog res s  has  been f a r  from uniform. 

L i t t l e  s i g n i f i c a n t  work h a s  been done on t h e  dos ime t ry  c r o s s  

s e c t i o n s  about  10  MeV. A t  l e a s t  none were r epo r t ed  a t  t h e  

meeting.  Our recommendations of t h e  l a s t  meeting seem t o  have  

had l i t t l e  e f f e c t s  i n  t h i s  a r e a .  Much of t h e  work r e p o r t e d  a t  

t h i s  meeting on d i f f e r e n t i a l  d a t a  above 10 MeV was l a r g e l y  t h e  

r e s u l t  of ongoing programs o r  were t h e  consequence of our  

a b i l i t y  t o  e x p l o i t  t e chn iques  we l l  i n  hand; such a s  f o r  t o t a l  

c r o s s  s e c t i o n s .  We d id  no t  recommend l a s t  t ime t h a t  new 



f a c i l i t i e s  b e  b u i l t  t o  . s o l v e  t h e  d i f f e r e n t i a l  d a t a  problem above  

1 0  .MeV. We f e l t  t h e n  t h a t  we d i d  have  a  number of f a c i l i t i e s  

which c o u l d  n o t  p r o v i d e  a l l  t h e  needed d a t a  b u t  c o u l d  b e  

e x p l o i t e d  e f f i c i e n t l y  . t o  a c q u i r e  some d a t a  which i f  used.  i n  

c o n n e c t i o n  w i t h .  t h e o r e t i c a l  . c a l c u l a t i o n s  c o u l d  p o s s i b l y  g o  a  

l o n g  way toward meet ing  t h e  n e e d s .  We t h i n k  t h a t  t h e  o u t p u t  o f  

d i f f e r e n t i a l .  d a t a  s i n c e  1977 h a s  shown t h a t  we w e r e - a t  l e a s t  

p a r t c a l l y  c o r r e c t .  Ve a l s o  saw how d a t a  and  t h e o r y  c a n  b e  

coupled  e f f e c t i v e l y  w i t h  e a c h  o t h e r .  We a l s o  saw a t  t h i s  

c o n f e r e n c e  t h a t  r e l i a n c e  on t h e o r y  o n l y  may b e  v e r y  misguided  

s i n c e  l a r g e  d i . f f e r e n c e s  t h a n  many a n t i c i p a t e d  were  found betwe.en 

p r e d i c t i o n s  used  i n  d e s i g n s  a n d  s u b s e q u e n t l y  a c q u i r e d  d a t a .  We 

t h i n k  t h a t  t h e  a r t  of  a s s e s s i n g  c r e d i b l e  u n c e r t a i n t i e s  i n  model 

c a l c u l a t i o n s  n e e d s  t o  be  v e r y  much improved b e f o r e  we c a n  b r i d g e  

i m p o r t a n t  d a t a  g a p c  by model c a l c u l a t i o n s -  

. T h e  most i m p o r t a n t  p o i n t  t h a t  t h e  working g r o u p  t h o u g h t  i t  

s h o u l d  make a t  t h i s  s t a g e  was: we f e e l  f a r  l e s s  c o n f i d e n t  a t  

t h i s  mee t ing  t h a n  we d i d  i n  1977 a b o u t  o u r  a b i l i t y  to. r i s e  t o  

t h e  c h a l l e n g e  of  t h e  d a t a  needs .  The v i t a l i t y  o f  t h e  d a t a  

measur ing  community a s  d e m o n s t r a t e d  by our  o u t p u t  s i n c e  1977 i s  

more r e p r e s e n t a t i v e  of  t h e  p a s t  t h a n  t h e  p r e s e n t  and w i l l  no t ,  

l i k e l y  b e  s e e n  a g a i n  u n l e s s  some c u r r e n t  t r e n d s  a r e  r e v e r s e d .  

I t  i s  u n f o r t u n a t e l y  a n  e a s i l y  documentab le  f a c t  t h a t  t h e r e  h a s  

been ,  i n  t h e  l a s t  few y e a r s ,  a  g e n e r a l  e r o s i o n  of o u r  

c a p a b i l i t i e s  i n  t h e  d i f f e r e n t i a l  d a t a  measurement  a r e a .  We f e e l  



t h a t  t h e  t e c h n i c a l  c a p a b i l i t i e s  t h a t  we had t h r e e  y e a r s  a g o  a r e  

s t i l l  l a r g e l y  t h e r e  and i n  some a r e a s  have  improved. However, 

our  a b i l i t y  t o  e x p l o i t  them, f o r  f i n a n c i a l  r e a s o n s  m o s t l y ,  h a s  

d e c r e a s e d .  Our f a c i l i t i e s  a r e  underused  a n d  u n d e r s t a f f e d .  The 
- 

p r o s p e c t s  f o r  t h e  f u t u r e  d o  n o t  a p p e a r  b r i g h t  t o  most .  L o s s e s  

of  h i g h l y  s k i l l e d  s t a f f  have  been  s i g n i f i c a n t  and c a n n o t  b e  

e a s i l y  made . u p  o v e r t l i g h t .  We s e e  i n  t h e  n o t  t o o  d i s t a n t  f u t u r e  

a  m a t u r i n g  o f  t h e  F u s i o n  Energy Program t o  t h e  s t a g e  o f  

d e s i g n i n g ,  b u i l d i n g ,  and o p e r a t i n g  d e v i c e s  where  n e u t r o n i c  

problems w i l l  become i n c r e a s i n g l y  i m p o r t a n t ,  g i v i n g  r i s e  t o  

s p e c i f i c  d a t a  needs  h a r d  t o  a n t i c i p a t e  a c c u r a t e l y  now. The 

h i s t o r y  o f  t h e  development  of  t h e  d a t a  n e e d s  f o r  FMIT and o u r  

a b i l i t y  t o  p e r c e i v e  them s h o u l d ,  we t h i n k ,  s e r v e  a s  a  l e s s o n  f o r  

t h o s e  who t h i n k  t h a t  t h e  e x p e r i e n c e  i n  t h e  f i s s i o n  a r e a  i s  n o t  

t o o  r e l e v a n t .  We d o  n o t  know y e t ,  and p r o b a b l y  w i l l  n o t  know 

f o r  some t i m e ,  t h e  p r i c e  we have  t o  pay o r  t h e  c o s t  we i n c u r r e d ,  

i f  a n y ,  f o r  hav ing  had t o  g e n e r a t e  d a t a  o v e r n i g h t .  I n  t h e  c a s e  

of FClIT we were a b l e  t o  r e a c t  t o  some d e g r e e ,  b u t  many i n  t h e  

workshop f e l t  t h a t  we w i l l  be  l e s s  a b l e  t o  d o  s o  i n  t h e  F u t u r e  

i f  . the  c u r r e n t  t r e n d s  a r e  n o t  soon  r e v e r s e d .  Some p e o p l e  i n  t h e  

workshop f e l t  s t r o n g l y  t h a t ,  a l t h o u g h  t h e y  f u l l y  a g r e e  w i t h  t h e  

above o p t i o n s ,  t h e  workshop r e p o r t  was n o t  t h e  a p p r o p r i a t e  p l a c e  

t o  e x p r e s s  them. O t h e r s  f e l t  e q u a l l y  s t r . o n g l y  t h a t  we would be  

l e s s  t h a n  r e s p o n s i b l e  i f  we d i d  n o t  make o u r  o p i n i o n s  known 

h e r e .  



We reviewed t h e  recommendations we made l a s t  time and found 

t h a t  t hey  were s t i l l  e s s e n t i a l l y  v a l i d  today.  Th i s  is  i n  l a r g e  

p a r t  due t o  t h e  f a c t  t h a t  t h e  recommendations d e a l t  w i t h  broad 

approaches .  Our expe r i ence  i n  t h e  i n t e r v e n i n g  t h r e e  y e a r s  seems 

t o  conf i rm them t o  be u s e f u l  and wor th  r e i t e r a t i n g  a g a i n  w i t h  a  

few changes i n  emphasis .  Some comments w i l l  be added mos t ly  i n  

a r e a s  ,where  recommenda.tions were not  fo l lowed ,  f o r  known 

r e a s o n s ,  bu t  n e v e r t h e l e s s  should  be fo l lowed.  

11. Recommendations 

We s t i l l  f e l t  s t r o n g l y  t h a t  our  d a t a  needs should  be met by 

a  j u d i c i o u s  combinat ion  of b o t h  ou r  expe r imen ta l  and t h e o r e t i c a l  

c a p a b i l i t i e s .  We should  t h e r e f o r e  s t r i v e  i n  ou r  expe r imen ta l  

programs f o r  a  proper  ba lance  between a c q u i r i n g  d a t a  which 

d i r e c t l y  meet t h e  needs and those  which enhance ou r  a b i l i t y  t o  

t e s t  and improve ou r  t h e o r e t i c a l  c a l c u l a t i o n s .  We emphasize t h e  

f a c t  t h a t  i t  seems t o  u s  t h a t  where model c a l c u l a t i o n s  a r e  used 

a s  a  s u b s t i t u t e  f o r  expe r imen ta l  d a t a  t hey  should  no t  be mere 

p r e d i c t i o n s  based on some model b u t  by some e s t i m a t e  of what t h e  

t r u e  c r o s s  s e c t i o n s  a r e ,  i n c l u d i n g  e s t i m a t e d  u n c e r t a i n t i e s .  We 

unders tand t h a t  t h i s  may n o t  be ea sy  b u t  i s  a  p r i c e  which we 

must n e c e s s a r i l y  pay when t h e o r e t i c a l  p r e d i c t i o n s  a r e  mere 

i n t e r p o l a t i o n  of expe r imen ta l  d a t a  and t h e i r  u n c e r t a i n t i e s .  

A t  t h e  l a s t  Symposium we s e t  a p a r t  t h e  dos imetry  c r o s s  

s e c t i o n s  and t h i n k  t h i s  d i v i s i o n  should  s t i l l  be made. 



A. Nondosimetry Cross Sect ions  

1. Hydrogen, helium, charged-par t ic le  production, and 
t ransmutat ion c r o s s  sec t ions .  

.. . 
I n  t h i s  a r e a  much progress has  been made a s  we heard 

during t h e  conference. Yet we think t h a t  a l l  of t h e  1977 

recommendations a r e  s t i l l  v a l i d  today. They were: 

a) The l i k e l y  improvements t o  t h e  e x i s t i n g  programs 

of measurements should be c a r r i e d  out .  

b) The measurements near  14 MeV and a t  50 MeV should 

cover t h e  mate r ia l s  of both fus ion  energy and medical i n t e r e s t .  

c )  These measurements should a l s o  be used t o  v a l i d a t e  

model codes a s  wel l  a s  t o  improve evaluated da ta  f i l e s .  

d) Measurements of the  charged p a r t i c l e  production 

c ross  s e c t i o n s ,  s p e c t r a  and angular  d i s t r i b u t i o n s  should be made 

on s e l e c t e d  i s o t o p e s  a t  a  few energ ies  between 15 and 50 MeV. 

The i s o t o p i c  d a t a  should be used t o  check nuclear  model 

e )  For carbon, oxygen and n i t rogen ,  more measurements 
. * 

should be made a t  more energ ies  i n  the  15 t o  50 MeV range. The 

nuclear  models may not be appropr ia te  f o r  these  l i g h t  elements 

which a r e  of c r u c i a l  importance i n  neutron therapy. 

f )  The f e a s i b i l i t y  of and need f o r  measurements of 
4 

o t h e r  t ransmutat ion c r o s s  s e c t i o n s  should be assessed.  



g)  Pulsed whi te  neutron sources  between 15 and 40 MeV 

i n  t h e  mesurement of t h e  charged p a r t i c l e  production c r o s s  

s e c t i o n s  should be considered.  These sources  would o f f e r  t h e  

p o s s i b i l i t y  o f  measuring the  c r o s s  s e c t i o n s  over t h e  e n t i r e  

energy range. 

1980' Comments : 

A p a r t i c u l a r  a r e a  where l i t t l e  progress  has been made s i n c e  

1977 i s  i n  t h e  measurement of t ransmutat ion c r o s s  s e c t i o n s .  A 

broad a t t a c k  on t h i s .  problem i s  d i f f i c u l t  and we r e a l i z e  t h a t  

s p e c i f i c  needs a r e  hard t o  a n t i c i p a t e  s i n c e  they  a r e  very  

L 

"device" dependent .. , . 

2.  Other c r o s s  s e c t i o n s .  

I n  s p i t e  of much progress  here  t h e  needs f o r  d a t a  remain 

g r e a t .  We 'endorsed the  1977 recommendations f u l l y  which were: 

. a )  T o t a l  c r o s s  s e c t i o n s  should be measured over the  

complete energy range and be reproduced by model c a l c u l a t i o n s .  

b) E l a s t i c  s c a t t e r i n g  measurements - b e  made a t  

s e l e c t e d  ene rg ies  from 15 t o  40 MeV t o  e s t a b l i s h  t h e  sys temat ics  

of t h e  o p t i c a l  model parameters used i n  c a l c u l a t i o n s  and o b t a i n  

r e fe rence  r e a c t i o n  c r o s s  s e c t i o n s  which should be reproduced by 

model c a l c u l a t i o n s .  The ex tens ive  d a t a  base f o r  charged 

p a r t i c l e  s c a t t e r i n g  should be used with t h e  neutron d a t a  t o  

e s t a b l i s h  t h e  o p t i c a l  model parameters.  

c )  Mul t ip le  p a r t i c l e  emission d a t a  such a s  (n,xn) 

should be obta ined,  p a r t i c u l a r l y  f o r  t h e  s p e c i f i c  nuc l ides  of 



i n t e r e s t  i n  a p p l i c a t i o n s ,  i n  o r d e r  t o  check t h e  model 

c a l c u l a t i o n s .  

d)  I n e l a s t i c  c r o s s .  s e c t i o n s ,  neutron and gamma ray 

emission s p e c t r a  should be obta ined i n  o rde r  t o  check t h e  model 

c a l c u l a t i o n s .  

e )  Charged p a r t i c l e s  d a t a  should a l s o  be used t o  

v a l i d a t e  the  model c a l c u l a t i o n s .  

f )  The . exper imen ta l  program should be s t r o n g l y  

coordinated w i t h  the model c a l c u l a t i o n s  and e v a l u a t i o n  e f f o r t .  ' 

The CSEWG seems an adequate forum where i n t e r a c t i o n  between 

measurers,  e v a l u a t o r s ,  and u s e r s  should take  p lace  t o  have an  

e f f e c t i v e  program. 

1980 Comments: 

a )  To ta l  c r o s s  s e c t i o n s :  The f a i l u r e  of f r equen t ly  used 

s e t s  of "g loba l  parameters" t o  reproduce d a t a  came a s  a  shock t o  

some people. We thought t h a t  i t  may point  out an 

underes t imat ion of t h e  use fu lness  of t h i s  r a t h e r  e a s i l y  acquired 

kind of da ta  and an  overes t imat ion of t h e  a b i l i t y  of models t o  

proper ly  e s t i m a t e  those important c r o s s  sec t ions .  We think t h a t  

t h e  ma t t e r  deserves  t o  be looked upon c a r e f u l l y .  

b) We saw a t  t h i s  meeting d a t a  obtained v i a  an adap ta t ion  

of t h e  old  "sphere t ransmiss ion"  technique f o r  measuring 

reac t ion  c r o s s  s e c t i o n s .  We f e l t  i n  t h e  workshop t h a t  the  

method should be f u r t h e r  i n v e s t i g a t e d  and could  poss ib ly  be 

developed a s  a  genera l  t o o l  t o  measure more r e a c t i o n  c r o s s  



s e c t i o n s  ove r  a  broad energy r eg ion .  I f  t h e  method cou ld  be  

adapted  f o r  u s e  w i th  wh i t e  neu t ron  s o u r c e s ,  i t  would be ve ry  

v a l u a b l e .  The f a i l u r e  of some model c a l c u l a t i o n s  i n  p r e d i c t i n g  

t o t a l  c r o s s  s e c t i o n s  l e a v e s  some doubt  a s  t o  t h e i r  a b i l i t y  t o  

p r e d i c t  a l s o  t h e  r e a c t i o n  c r o s s  s e c t i o n s .  

c )  S ince  1977 much new d a t a  on neu t ron  emiss ion  s p e c t r a ,  

most ly  on  n a t u r a l  e l emen t s  a t  around 15 MeV, have been r e p o r t e d .  

We saw a t  t h i s  con fe rence  t h a t  some improved model c a l c u l a t i o n s  

a r e  now c a p a b l e  of reproducing  t h e s e  d a t a  w e l l .  T h i s  i s  a  

r e c e n t  development which we welcome. We f e e l  t h a t  i n  t h e  p a s t  

t h i s  c l a s s  of d a t a ,  which we know how t o  o b t a i n ,  h a s  been 

unde rexp lo i t ed  from a  t h e o r e t i c a l  po in t  of  view and i n  many 

e v a l u a t i o n s .  It was sugges ted  t h a t  e f f o r t s  be  made t o  o b t a i n  

neu t ron  emiss ion  s p e c t r a  on a t  l e a s t  some s e p a r a t e d  i s o t o p e s  a t  

t h e  same o r  ve ry  c l o s e  t o  t h e  same i n c i d e n t  neu t ron  e n e r g i e s  

where we have cha rged -pa r t i c l e  emiss ion  s p e c t r a .  

d )  We saw a t  t h i s  meeting a n  example o f  t h e  u se  of 

cha rged -pa r t i c l e  d a t a  t o  b e t t e r  unders tand model c a l c u l a t i o n s  

r e l e v a n t  t o  neu t ron  c r o s s  s e c t i o n s .  It was poin ted  o u t  t h a t  

t h e r e  has  been a  d rama t i c  r e d u c t i o n  i n  f a c i l i t i e s  devoted t o  

s t u d y  l i g h t - i o n  induced r e a c t i o n s  i n  t h e  l a s t  few yea r s .  There 

a r e  many d a t a  i n  t h e  l i t e r a t u r e  on cha rged -pa r t i c l e  induced 

r e a c t i o n s ,  i n  p a r t i c u l a r  p ro tons ,  and they  should  be e x p l o i t e d  

a s  much a s  p o s s i b l e ,  but  a  l a r g e  f r a c t i o n  may no t  be a c c u r a t e  



enough t o  be of much use  s i n c e  they were not  acqu i r ed  wi th  our 

a p p l i c a t i o n s  i n  mind. 

e )  We thought t h r e e  y e a r s  ago t h a t  . the  CSEWG could  be a n  

e f f e c t i v e  p l ace  f o r  s t r o n g  i n t e r a c t i o n  between measurers ,  

e v a l u a t o r s ,  and u s e r s .  It was t h e  g e n e r a l  impress ion  i n  ' t he  

workshop t h a t  t h i s  s t r o n g  i n t e r a c t i o n  needed f o r  a ve ry  

e f f e c t i v e  exper imenta l  program had n o t  occurred .  We unders tand 

t h a t  t h e r e  a r e  p l ans  t o  implement our  recommendations. . The 

s t rong  n a t i o n a l ,  i . e . ,  U.S.A. c h a r a c t e r  of t h e  CBEWG does  no t  

f u l l y  meet t h e  needs of t h e  i n t e r n a t i o n a l  community i n  t h i s  

r ega rd .  A s u g g e s t i o n  was made and endorsed by t h e  workshop t h a t  

a n e w s l e t t e r  be e s t a b l i s h e d  t o  s e r v e  t h e  needs of p rov ide r s  and 

u s e r s  of d a t a  i n  t h e  range of 10 t o  50 MeV. , T h i s  ' news l . e t t e r  

could b e  p a t t e r n e d  a f t e r  s i m i l a r  ones  d e a l i n g  wi th  gamma r a y s  

and a c t i n i d e  c r o s s  s e c t i o n s .  We unders tand t h e  Nat ional  Nuclear 

Data Center  i s  w i l l i n g  t o  under take  t h i s  e f f o r t  and we welcome 

i t .  

B .  Dosimetry Cross S e c t i o n s  

We had made i n  1Y7/ ve ry  e x t e n s i v e  and d e t a i l e d  

recommendations concerning d a t a  f o r  dos imetry .  We f e l t  t hen  

t h a t  such  s t r o n g  and d e t a i l e d  recommendations were needed and 

should be followed i f  we were t o  s e e  any s i g n i f i c a n t  progress  i n  

t h i s  a r e a .  We were r a t h e r  s o r r y  t o  s e e  t h a t ,  even though t h e r e  

i s  an i n c r e a s i n g  awareness of t h e  g r e a t  importance o f .  d e t a i l e d  

dos imetry  f o r  proper  i n t e r p r e t a t i o n  of r a d i a t i o n  damage i n  a n  



environment,  such a s  provided by FMIT, and a n  i n c r e a s i n g  

awareness of t h e  importance of t h e  c o r r e l a t i o n s  i n  t h e  d a t a ,  f o r  

adequate  un fo ld ing ,  v e r y  l i t t l e  has  happened i n  t h e  d a t a  

program. Papers were presented  a t  t h i s  confe rence  which 

reemphasize t h e s e  needs.  

We f e e l  i n  1980 a s  s t r o n g l y  a s  we d i d  i n  1977, and poss ib ly  

even more, t h a t  we do unders tand f a i r l y  w e l l  t h e  problems of 

d i f f e r e n t i a l  d a t a  measurements i n  t h i s  a r e a .  I f  l i t t l e  p rog res s  

has  been accomplished i n  t h e  l a s t  t h r e e  yea r s ,  i t  i s  n o t ,  w e  

f e e l ,  because of our l a c k  of c a p a b i l i t i e s  i n  t h i s  a r e a  but  

r a t h e r  because c o n s i d e r a b l e  expe r i ence  has  t augh t  u s  t h a t  no t  

doing i t  r i g h t  w i l l  impose s e v e r e  l i m i t a t i o n s .  We t h i n k  t h a t  i t  

t a k e s  a ded ica t ed  and s u s t a i n e d  e f f o r t  of h igh ly  t r a i n e d  people  

a t  t h e  a p p r o p r i a t e  f a c i l i t i e s ,  and t h a t  t h e  problem must be  

viewed i n  i t s  e n t i r e t y ,  i n  o r d e r  t o  make s i g n i f i c a n t  progress .  

We recommend t h a t  people i n t e r e s t e d  i n  s e e i n g  t h a t  

s u b s t a n t i a l  p rog res s  be  made i n  t h i s  a r e a  s t u d y  'our 1977 

workshop r e p o r t  d e a l i n g  wi th  t h i s  s u b j e c t .  
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I.  I n t r o d u c t i o n  

The primary o b j e c t i v e  o f  FMIT is t o  p rov ide  a  h igh  f l u x  o f  

f u s i o n  ene rgy  n e u t r o n s  f o r  t h e  s t u d y  o f  r a d i a t i o n  e f f e c t s  i n  

f u s i o n  r e a c t o r  m a t e r i a l s .  I n  o r d e r  t o  a p p l y  m a t e r i a l s - p r o p e r t y  

d a t a  obta ined  i n  FMIT t o  t he  p r e d i c t i o n  o f  r a d i a t i o n  e f f e c t s  i n  a  

f u s i o n  d e v i c e ,  two requi rements  dependent  on n u c l e a r  d a t a  must b e  

met. One is t h a t  t h e  neu t ron  environment t o  which each  specimen 

is exposed be  we l l  d e f i n e d .  To accompl ish  t h i s ,  a  combination o f  

dos ime t ry  measurements and t r a n s p o r t  c a l c u l a t i o n s  w i l l  b e  needed.  

A second requi rement  i s  t h a t  t h e  neu t ron  environment must be  

expressed  i n  te rms o f  energy-dependent damage parameters .  s u c h  a s  

d i sp l acemen t  and t r ansmuta t ion  r a t e s .  Such pa rame te r s  p r o v i d e  t h e  

s t a r t i n g  p o i n t  f o r  damage c o r r e l a t i o n  models needed t o  r e l a t e  d a t a  

obta ined  i n  d i f f e r e n t  .environments.  

S e v e r a l  o t h e r  a r e a s  impact ing  both  FMIT d e s i g n  and 

u t i l i z a t i o n  a r e  dependent  on adequa te  n u c l e a r  d a t a .  These i n c l u d e  

1 ) t r a n s p o r t  c a l c u l a t i o n s  o f  a t t e n u a t i o n  i n  s h i e l d i n g  m a t e r i a l s  



and f l u x - s p e c t r a  i n  exper imenta l  a s sembl i e s ,  2 )  energy d e p o s i t i o n  

i n  t e s t  c e l l  w a l l s  and exper imenta l  a s sembl i e s ,  3) a c t i v a t i o n  o f  

f a c i l i t y  components and exper imenta l  a s sembl i e s  and specimens. 

The. h'MlT neu t ron  s p e c t r a  extend t o  about  50 MeV. In  

a d d i t i o n ,  s p a l l a t i o n .  sou rces  such  a s  (LAMPF-NWR, IPNS-I, and SIN) 

may be used t o  s t u d y  r a d i a t i o n  e f f e c t s  and t h e i r  s p e c t r a  w i l l  

extend t o  s t i l l  h ighe r  e n e r g i e s .  Hence n u c l e a r  d a t a  f o r  t he  above 

a p p l i c a t i o n s  a r e  needed we l l  above t h e  20 MeV l i m i t  o f  t h e  ENDF/B 

f i l e s .  In  t h e  fo l lowing s e c t i o n ,  t h e  s t a t u s  o f  n u c l e a r  d a t a  f o r  

FMIT a p p l i c a t i o n s  i s  b r i e f l y  desc r ibed .  Recommendations a r e  made 

f o r  a c t i o n s  t h a t  a r e  cons idered  v i t a l  f o r  t he  s u c c e s s f u l  

u t i l i z a t i o n  o f  t h e  FMIT f a c i l i t y .  

11. S t a t u s  and Recommendations 

A. I n t e r a c t i o n  among u s e r s  and g e n e r a t o r s  o f  n u c l e a r  d a t a  

Although t h e r e  has  been informal  c o n t a c t  between t h e  u s e r s  o f  

n u c l e a r  d a t a  f o r  m a t e r i a l s  damage s t u d i e s  and f o r  s h i e l d i n g  

a p p l i c a t i o n s  and those  who g e n e r a t e  such d a t a ,  t h e r e  must b e  

inc reased  i n t e r a c t i o n .  Gene ra to r s  o f  n u c l e a r  d a t a ,  whether 

e x , p r i m e n t a l i s t s ,  e v a l u a t o r s ,  o r  t h e o r i s t s ,  must r e a l i z e  t h a t  

r eques t  lists a r e  j u s t  i n d i c a t i o n s  o f  u s e r  needs.  D i r e c t  c o n t a c t  

must be made so  t h a t  p rope r  m a t e r i a l s ,  r e a c t i o n s ,  and energy 

ranges  a r e  i n v e s t i g a t e d .  

In o r d e r  t o  formal ize  such i n t e r a c t i o n s  t h e  Cross Sec t ion  

Eva lua t ion  Working Group (CSEWG) should c r e a t e  a  committee 

designed t o  i n s u r e  t h a t  n u c l e a r  d a t a  needs  f o r  fus ion  m a t e r i a l s  



s t u d i e s  a r e  recognized and met i n  a  t ime ly  and a c c e p t a b l e  manner. 

Coordinat ion  wi th  t h e  Damage Analys is  and Fundamental S t u d i e s  Task 

Group o f  t h e  DOE-OFE/MRE branch would be  c r u c i a l  f o r  success .  The 

s h i e l d i n g  subcommittee o f  CSEWG prov ides  an example o f  such 

i n t e r a c t i o n .  Such a  new committee wo.uld h e l p  e n s u r e  t h a t  u s e r  

needs a r e  presented  t o  t h e  n u c l e a r  d a t a  community i n  a  way t h a t  

t he  community can  understand and respond to .  I n  a d d i t i o n ,  t h e  

committee could ove r see  t h e  methods, adequacy, and accuracy o f  

f i l e s  n o t  o n l y  i n  t h e  t r a d i t i o n a l  ENDF/B range  o f  0.C€l301 eV t o  20 

MeV b u t  a l s o  f o r  t h e  h i g h e r  energy o f  FMIT (50 MeV f o r  dos imetry  

c r o s s  s e c t i o n s  and 40 MeV f o r  damage c r o s s  s e c t i o n s ) .  The Spec ia l  

App l i ca t ion  F i l e s  subcommittee is a l r e a d y  r e s p o n s i b l e  f o r  

dos imetry ,  a c t i v a t i o n ,  and g a s  product ion  f i l e s  t o  20 MeV. 

The c r e a t i o n  of n u c l e a r  d a t a  is n o t  s o l e l y  an  United S t a t e s  

e f f o r t .  Fore ign p a r t i c i p a t i o n  has been s i g n i f i c a n t  and is 

expected t o  remain so .  

B. Dosimetry React ions  

Dosimetry p l a y s  an e s s e n t i a l  r o l e  i n  damage. s t u d i e s  a s  i t  

a l lows t h e  de t e rmina t ion  o f  t h e  neu t ron  exposure o f  t h e  samples. 

I n  o r d e r  t o  ensu re  t h a t  an  adequate  d a t a  base  is a v a i l a b l e  f o r  

FMIT o p e r a t i o n ,  s u p p o r t  must b e  maintained f o r  dos imetry  

development. 

S ince  t h e  l a s t  symposium, much success  has  been achieved.  

P a s s i v e  r ad iomet r i c  f o i l s  have been i r r a ' d i a t ed  i n  d+Be neut ron 

f i e l d s  produced by 40 MeV deuterons .  Measured a c t i v i t i e s  agreed 

wel l  wi th  c a l c u l a t e d  a c t i v i t i e s  based on e x t r a p o l a t e d  c r o s s  



s e c t i o n s  and a  t ime-o f - f l i gh t  measurement o f  t h e  neut ron spectrum 

( 1  ). I n  ' a d d i t i o n  mapping of t h e  d+Be neu t ron  f i e l d  produced by 

M e V  deu te rons  u s i n g  both  r a d i o m e t r i c  f o i l s  and helium accumulation 

neut ron dos ime t ry  is being pepformed ( 2 ) .  So l id  s t a t e  t r a c k  

r e c o r d e r s  (SSTR) a r e  be ing  i n v e s t i g a t e d  f o r  p o s s i b l e  use ( 3 ) .  

Also,  t h e  ENDF/B-v dos imetry  f i l e  has  been r e l e a s e d .  Although t h e  

f i l e  ex tends  t o  o n l y  20 MeV, i t  does  c o n t a i n  u n c e r t a i n t y  d a t a .  

However, much work remains  t o  be  performed. Table  I lists 

t h e  most impor t an t  r e a c t i o n s  f o r  pas s ive  i n  s i t u  dos imetry .  Note 

t h a t  Ar thur  e t  a l . ,  ( 4 )  have r e c e n t l y  provided e v a l ~ a t i o ~ s  o f  

Co-59 and Fe r e a c t i o n s .  Addi t ional  r e a c t i o n s  which may be u s e d  

f o r  r ad iomet r i c  s t u d i e s  a r e  g iven  i n  Reference 5  a able V )  and i n  

Reference  6  a able VI).  Because o f  t h e  l i m i t e d  space  i n  t h e  

r eg ion  o f  h i g h e s t  f l u x  i n  FMIT, m a t e r i a l s  wi th  s e v e r a l  u s e f u l  

r e a c t i o n s  should have h igh  p r i o r i t y .  For t h e  same reason ,  

c o n s i d e r a t i o n  should b e  g iven  t o  us ing  a l l o y s  f o r  dos imetry  

m a t e r i a l s .  An impor t an t  c a n d i d a t e  f o r  pas s ive  dos ime t ry  i s  the  

helium accumulation f luence  moni tor  (HAFM) which r e q u i r e s  t o t a l  

helium product ion  c r o s s  s e c t i o n s .  Because o f  t h e i r  p o s s i b l e  

i n t e r f e r e n c e  i n  the  , - , i n t e r p e t a t i o n  o f  t h e  a c t i v e  dos ime te r s ,  

(n,charged p a r t i c l e s )  c r o s s  s e c t i o n s  o f  C ,  0, and S i  w i l l  be 

needed. The measurement o f  Ra-226 ( n , f ) ,  (n ,2n )  and ( n , ~ n )  would 

h e l p  extend the  u s e f u l n e s s  o f  SSTR's. F u r t h e r  c r o s s  s e c t i o n  needs 

may be found i n  Reference 6. 

The s u p p l i e r  o f  n u c l e a r  d a t a  must n o t  o n l y  supp ly  t h e  needed 

c r o s s  s e c t i o n  d a t a ,  bu t  a l s o  the  u n c e r t a i n t i e s  i n  such d a t a .  The 



modern unfold ing codes (FERRET, SAND, and STAYSL) use  such 

in fo rma t ion  t o  provide  t h e  adjus tments .  In  p a r t i c u l a r ,  t h e  

presence  o f  c r o s s  m a t e r i a l  c o v a r i a n c e s  i n  t h e  ENDF/B dos ime t ry  

f i l e  is n e c e s s a r y  i n  c e r t a i n  c a s e s .  

C. Damage Cross S e c t i o n s  

Damage c r o s s  s e c t i o n s  a l low m a t e r i a l  s c i e n t i s t s  t o  c o r r e l a t e  

damage exper ienced i n  one type  o f  f a c i l i t y  w i th  t h a t  i n  a n o t h e r  

type .  The most impor t an t  ( a l though  n o t  t h e  on ly )  n u c l e a r  d a t a  

needed f o r  the  c a l c u l a t i o n  o f  damage c r o s s  s e c t i o n s  a r e  t h e  

primary r e c o i l  s p e c t r a  and t o t a l  helium and . hydrogen product ion .  

The primary r e c o i l  spectrum is t h e  energy spect rwn o f  t h e  heavy 

atoms r e c o i l i n g  from e l a s t i c  s c a t t e r i n g  and nuc lea r  r e a c t i o n s .  

Although, t h i s  spectrum is gene ra t ed  by o b t a i n i n g  the  angle-energy 

emission c r o s s  s e c t i o n s  o f  l i g h t  r e a c t a n t s  and then de te rmin ing  

t h e  corresponding r e c o i l  o f  the heavy r e a c t a n t ,  u s i n g  k inemat i c s ,  

i t  should be  emphasized, t h a t  i t  is t h e  r e c o i l  o f  t h e  heavy atoms 

t h a t  a r e  d e s i r e d .  Thus t h e  c r e a t i o n  o f  primary r e c o i l  f i l e s  

( e s p e c i a l l y  i f  taken d i r e c t l y  from adequate  model c a l c u l a t i o n s )  is 

h i g h l y  d e s i r a b l e .  Helium p roduc t ion , .  i t  must b e  remembered, 

i n c l u d e s  n o t  o n l y  ( n , a J  r e a c t i o n s  b u t  a l s o  such r e a c t i o n s  a s  

(n ,na )  and ( n , a n ) .  S i m i l a r l y ,  hydrogen product ion  i s  n o t  s imply  

desc r ibed  by t h e  ( n , p )  c r o s s  s e c t i o n .  

A major  impediment f o r  damage c r o s s  s e c t i o n  a p p l i c a t i o n  f o r  

FMIT i s  t h e  l i m i t a t i o n  o f  ENDF/B t o  a  maximum energy o f  20 MeV. 

Greenwood ( 7 )  has  extended r e c o i l  s p e c t r a  f o r  s e v e r a l  m e t a l s  up t o  

44 MeV u s i n g  approximat ions  t o  compensate f o r  i nadequa te  d a t a .  



The LASL e v a l u a t i o n  o f  Fe ( 4 )  t o  40  MeV and the  0RNL.evaluation o f  

du (8) to 32 MeV a r e  good examples o f  work needed t o  l e s s e n  t h e  

impact  o f  t h e  ENDFIB l i m i t a t i o n .  

The a c q u i s i t i o n  o f  n u c l e a r  d a t a  f o r  . t o t a l  helium product ion  

by use  o f  helium accumulation ( 1 1  ),  charged p a r t i c l e  o b s e r v a t i o n  

( 1 2 ~ 1 3 )  and a c t i v a t i o n  t echn iques  ( 1 4 )  has  . been impress ive .  A 

r e c e n t  advance i n  methodology i s  t h e  c a l c u l a t i o n  o f  damage c r o s s  

s e c t i o n s  i n  mu1 ticomponent nonmeta ls  ( 9 , l O ) .  

Although many d a t a  have been a c q u i r e d ,  t h e  n u c l e a r  d a t a  base  

is . . s t i l l  , meager, p a r t i c u l a r l y  i n  a  format u s e f u l  t o  t h e  damage 

studies conimwiity. 1 

FMIT w i . 1 1  c o n t a i n  Fe,  N i ,  C r  ( h i g h e s t  p r i o r i t y ) ,  T i ,  A l ,  Cu ( n e x t  

p r i o r i t y )  C ,  Sn, Nb, and W ( l o w e s t  p r i o r i t y ) .  Evaluated f i l e s  

c o n t a i n i n g  t h e  r e c o i l  spectrum and t o t a l  helium and hydrogen 

p roduc t ion  a r e  needed f o r  t hese  m e t a l s  f o r  neu t ron  e n e r g i e s  t o  40 

M e V .  I n  a d d i t i o n ,  e l emen ta l  t r ansmuta t ion  c r o s s  s e c t i o n s  a r e  - 
needed b u t  with much lower  p r i o r i t y  and accuracy.  Guidance on 

s p e c i f i c .  t r ansmuta t ion  . p r o d u c t s  o f  i n t e r e s t  must come from 

m e t a l l u r g i s t s .  Needless t o  s a y ,  u n c e r t a i n t y  ' e s t i m a t e s  and proper  

documentation a r e  ext remely  impor t an t .  

D. S h i e l d i n g  

The need f o r  s h i e l d i n g  in fo rma t ion  is , o f  pr imary  concern 

du r ing  FMIT d e s i g n .  Already d a t a  have been ob ta ined  f o r  t he  t o t a l  

c r o s s  s e c t i o n s  o f  importance:  ( ~ e ,  0 ,  S i ,  Ca, and C) by ORNL (15) 

by UC Davis ( 1 6 ) ,  and by LASL (17) .  I n . a d d i t i o n ,  n o n e l a s t i c  and 

removal c r o s s  s e c t i o n s ;  at 40 and 50 Mev have been determined by UC 



Davis f o r  Fe,  0 ,  Ca, and C. The ne'w LASL e v a l u a t i o n  f o r  ~ e  which 

conserves  energy w i l l  be  q u i t e .  u s e f u l  i n  hea t ing  c a l c u l a t i o n s .  

What i s  most needed now a r e  e v a l u a t i o n s  o f  C,  0 ,  and S i .  The 

t ime s c a l e  i s  s h o r t  ( e s s e n t i a l l y  CY80) and the  need is  f o r  

consistent'evaluations'. The concept  o f  removal c r o s s  s e c t i o n s  h a s  

been' a  u s e f u l  t o o l  and t h e i r  measurement is encouraged.  

A1,though . a c t i v a t i o n  is . n o t  s t r i c t l y  a  shielding problem, 

a c t i v a t i o n  c r o s s  s e c t i o n s  'play a n  impor t an t  r o l e  n o t  o n l y  i n  bulk  

s h i e l d i n g  a e s i g n  b u t  a l s o  i n  t h e  d e s i g n  o f  exper imenta l  

assembl ies .  - The c r e a t i o n  o f  a c t i ' v a t i o n  f i l e s  a t  ANL (18)  and a t  

HEDL (19)  w i l l  be  h e l p f u l .  However, because o f  t h e i r  importance; '  

some exper imenta l  a c t i v a t i o n  d e t e r m i n a t i o n s ,  would b e  h e l p f u l .  

Other needed a c t i v a t i o n  c r o s s  s e c t i o n s  can  be  found - i n  Reference 

. '  E. S e n s i t i v i t y  S t u d i e s  

A s  t h i s  . a r ea  is st i l l  i n  i ts . in fancy ,  s e n s i t i v i t y  s t u d i e s  

w i l l  ' provide  ample rewards. The e v a l u a t o r  o f  t he  r e c o i l  spectrum 

should provide  s t r o n g  guidance  t o  the  exper imenter  and model code 

u s e r  a s  t o  which c r o s s  s e c t i o n s  a r e  impor t an t  i n  each energy range  

and f o r  each m a t e r i a l .  For example, t h e  damage energy response  

f o r  Fe a t  15 MeV a r i s e s  from i n e l a s t i c  (30%),  ( n , 2 n ) ,  ( ' ~ 3 0 % ) .  

e l a s t i c  (%21$), and (n , cha rged)  p a r t i c l e  (%20$) ( 2 0 ) .  

S e n s i t i v i t y  s t u d i e s  i n  c a l c u l a t i o n a l  dos imetry  w i l l  p rovide  

guidance t o  e v a l u a t o r s ,  e x p e r i m e n t a l i s t s ,  and model code u s e r s  .as 

t o  impor tant  r e a c t i o n  ty$s and energy ranges .  The use  o f  ' 



c a l c u l a t e d  f l u x  maps w i l l  show the  response o f  dos ime t ry  c r o s s  

s e c t i o n s  (5) and damage c r o s s  s e c t i o n s  (21 ). 

F. I n t e g r a l  Tes t ing  

Unl ike  t h e  s i t u a t i o n  a t  f i s s i o n  e n e r g i e s ,  t h e r e  does  n o t  

e x i s t  s u f f i c i e n t  differential d a t a  a t  h i g h e r  e n e r g i e s  f o r  the  

impor t an t  m a t e r i a l s  t o  provide  complete e v a l u a t i o n s .  The re fo re ,  

t h e  use  o f  i n t e g r a l  exper iments  w i l l  p rovide  needed checks on t h e  

accu racy  o f  t h e  a v a i l a b l e  exper imenta l  d a t a  and on t h e  r e l i a b i l i t y  

o f  n u c l e a r  model codes.  Such checks w i l l  n o t  o n l y  confirm c r o s s  

sections but algo the methods and d a t a  used i n  t h e  c a l c u l a t i o n a l  

dos imetry .  

P rogres s  h a s  a l r e a d y  been made. Greenwood ( 1  ) has  shorn  the  

c o n s i s t e n c y  o f  many o f  t h e  p a s s i v e  dos imetry  r e a c t i o n s .  Qaim e t  

a l . ,  (1 4 )  have used the  d+Be neu t ron  sources  t o  i n t e g r a l l y  t e s t  

a c t i v a t i o n  c r o s s  s e c t i o n s  wh i l e  Kneff e t  a l . ,  (11 ) have used 

s i m i l a r  s o u r c e s  f o r  t o t a l  helium product ion .  F i n a l l y ,  u s ing  

t ime-o f - f l i gh t  measurements, Johnson e t  a l . ,  ( 2 2 )  and S a l  h a r s h  e t  

a l . ,  ( 2 3 )  have c h a r a c t e r i z e d  d+Li and d+Be a t  deu te ron  e n e r g i e s  o f  

35 and 4 0  MeV, r e s p o c t i v c l y .  

111. Summary 

Much p r o g r e s s  has  been made i n  t h e  t h r e e  y e a r s  s i n c e  t h e  l a s t  

symposium. However, much more p rogres s  needs  t o  be  made. 

Inc reased  i n t e r a c t i o n  between t h e  u s e r  community and the  

g e n e r a t o r s  o f  n u c l e a r  d a t a  will e x p e d i t e  t h i s  p rogres s .  Measured 



and c a l c u l a t e d  c ross .  s e c t i o n  s e t s  must be put i n t o  usable  form i n  

o rde r  to have impact on FMIT u t i l i z a t i o n .  
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TABLE I 

HIGHEST PRIORITY DOSIMETRY REACTIONS 

+ 
l g 7 ~ u  : (n ,2n) (n ,3n)  (n ,  4n) (n  , ~ e )  

+ 
5 4 ~ e :  n ,  ( n , t ) *  (n ,a)  (n,He) 

5 6 ~ e :  ( n , t ) *  (n,He) 

+ 
58~i:  n ,  (n ,2n)  (n,3n) (n,He) 

+ 
60~ i :  n ,  ( n , t ) *  (n,He) 

* i n c l u d e s  ( n ,  t )  , (n ,nd ) ,  (n ,dn)  (n,Znp) 

+ i n c l u d e s  (n , a )  , (n,cm), (n ,na )  (n,n2a) 9 etc. 
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I .  I n t r o d u c t i o n  

The above group met on May 13,  1980, i n  con junc t ion  wi th  t h e  

Symposium on Neutron Cross S e c t i o n s  from 10-53 MeV, t o  d i s c u s s  

problems a s s o c i a t e d  wi th  n u c l e a r  d a t a  e v a l u a t i o n  and model code 

c a l c u l a t i o n s  f o r  a p p l i e d  d a t a  needs  i n  t h e  10-50 MeV range.  This  

r e p o r t  fo l lows  t h e  form of t h e  p rev ious  one from t h e  1977 meeting 
. , 

and is e s s e n t i a l l y  a n  update  o f  t hose  f i n d i n g s .  The remaining 

s e c t i o n s  d e s c r i b e  t h e  p re sen t  s t a t u s  ?f e v a l u a t i o n s  and n u c l e a r  

models,  o u t l i n e  problem a r e a s  i n  model c a l c u l a t i o n s ,  and g i v e  

recommendations and conc lus ions  r ega rd ing  . f u t u r e  work. 

11. S t a t u s  o f  Nuclear Data Eva lua t ion  

. A s  was t h e  c a s e  t h r e e  y e a r s  ago a t  t h e  l a s t  meet ing ,  formal  

n u c l e a r  d a t a  e v a l u a t i o n s  s t i l l  p r i m a r i l y  cove r  the  neu t ron  energy 

range below 20 MeV, i n c l u d i n g  the  newly i s sued  Version .V o f  

ENDF/B. Seve ra l  e v a l u a t i o n s  have been r e f e r r e d  t o  a t  t h i s  meeting 

t h a t  extend t o  t h e  40-50 MeV range.  These e f f o r t s  have been 



mainly  i n  con junc t ion  wi th  F'MIT f a c i l i t y  p r o j e c t  and i n c l u d e  a  

number o f  dos imetry  e v a l u a t i o n s ,  . a  f u l l  ENDF-formatted n a t u r a l  

i r o n  e v a l u a t i o n  wi th  energy-angle d a t a ,  and s e v e r a l  ad hoc 

mul t igroup and cont inuous  energy d a t a  s e t s ,  based on o p t i c a l  model 

and i n t r a n u c l e a r  cascade  c a l c u l a t i o n s .  

A number o f  new measurements o f  importance were r epor t ed  a t  

t h i s  symposium, however, t h a t  have n o t  been inco rpora t ed  i n t o  

e v a l u a t i o n s .  A f r e q u e n t l y  expressed  concern a t  t h e  workshop 

regarded the  i n c o r p o r a t i o n  o f  new exper imenta l  d a t a  i n t o  the  

e v a l u a t i o n  process. W h i l e  such d a t a  ? r e  u s e f u l  i n  themselves ,  i t  

i s  o n l y  through t h e  e v a l u a t i o n  process  t h a t  t h e  exper iments  can be  
. . 

f u l l y  e x p l o i t e d .  I n  p a r t i c u l a r ,  s i n c e  c u r r e n t  exper imenta l  

t echn iques  a r e  n o t  a b l e  t o  provide  a l l  t h e  needed d a t a ,  i t  i s  

n e c e s s a r y  t o  use  model c a l c u l a t i o n s  t o  f i l l  gaps  and t o  supply 

much o f  t he  energy-angle d a t a  t h a t  h a s  been r eques t ed .  The most 

r e l i a b l e  model c a l c u l a t i o n s  a r e  those  which s imul t aneous ly  

reproduce  i n  a  c o n s i s t e n t  manner a l l  a v a i l a b l e  exper imenta l  d a t a  

f o r  a nuc leus .  Such a n a l y s e s  s e r v e  t o  improve t h e  r e l i a b i l i t y  o f  

c a l c u l a t e d  c r o s s  s e c t i o n s  i n  r e g i o n s  where exper imenta l  d a t a  do 

n o t  e x i s t ,  and t h e r e f o r e  extend t h e  u s e f u l n e s s  o f  measurements f a r  

beyond t h e i r  o r i g i n a l  scope.  I t  was t h e  f e e l i n g  o f  the  group t h a t  

i n s u f f i c i e n t  emphasis i s  being g iven  t o  such a n a l y s e s .  

Another a r e a  o f  concern expressed  a t  t h i s  meeting was a  

d e s i r e  f o r  b e t t e r  communication between t h e  expe r imen te r s ,  

e v a l u a t o r s ,  and use r s .  S ince  model c a l c u l a t i o n s  w i l l  be  r e l i e d  on 

t o  p rov ide  many o f  t h e  necessa ry  c r o s s  s e c t i o n s ,  i t  i s  impor tant  



t h a t  t h e  exper imenters  have i n p u t  from the e v a l u a t o r s  a s  t o  which 

measurements w i l l  be most u s e f u l  t o  gu ide  model c a l c u l a t i o n s .  

F requen t ly  one o r  two c a r e f u l l y  chosen measurements w i l l  a l low 

de te rmina t ion  o f  parameters  s u f f i c i e n t  t o  c a l c u l a t e  a  number o f  

o t h e r  . r equ i r ed  c r o s s  s e c t i o n s .  A s  a  means t o  t h i s  end,  Table I 

g i v e s  the  l ead  e v a l u a t o r  and I .abora tory  f o r  each o f  t h e  m a t e r i a l s  

conta ined i n  ENDF/B-V. 

111. Nuclear Model Improvements and Remaining Problems 

The primary n u c l e a r  models a p p l i c a b l e  t o  n u c l e a r  d a t a  

problems i n  t h e  10-50 MeV reg ion  a r e  the  m u l t i s t e p  

Hauser-Feshbach, precompound , d i r e c t  r e a c t i o n ,  and i n t r a n u c l e a r  

c a s c a d e / e v a p r a t i o n  ,models. Severa l  computer codes t h a t  implement 

one o r  more of t h e s e  models a r e  desc r ibed  i n  t h e  symposium 

pro.ce-edings and a r e  summarized i n  Table 11. 

While a  number o f  d e f i c i e n c i e s  remain i n  n u c l e a r  model 

c a p a b i l i t i e s ,  s e v e r a l  improvements have occured ove r  t h e , p a s t  

t h r e e  y e a r s .  The s e c t i o n s  below summarize some of t he  

developments and list c e r t a i n  o f  t h e  ou t s t and ing  problems t h a t  

remain. 

A. U n i f i c a t i o n  o f  Reaction Models 

This  t o p i c  has  been one' o f  s u b s t a n t i a l  i n t e r e s t  ,due l a r g e l y  

t o  the e f f o r t s  o f  t h e  Weidenmuller group a l though  implementation 

of  a  r igo rous  t h e o r e t i c a l  approach appea r s  t o  be  complex. A s  a  

f i r s t  s t e p ,  used i n  d i f f e r e n t  models employed t o  

ana lyse  neut ron exper imenta l  d a t a  should be c o n s i s t e n t  i f  a  



m e a n i n g f u l  p r e d i c t i v e  c a p a b i l i t y  is d e s i r e d .  E f f o r t s  a r e  underway 

t o  u n i f y  p r e e q u i l i b r i u m  and Hauser-Feshbach models  t o  p roduce  a  

c o n s i s t e n t  a p p r o a c h  t h r o u g h  i n c o r p o r a t i o n  o f  a n g u l a r  momentum 

e f f e c t s  i n  t h e  p r e e q u i l i b r i u m  model. Such e f f o r t s  s h o u l d  b e  

encouraged  w i t h  a  d e s i r e  t o w a r d s  t e s t i n g  t h e s e  a p p r o a c h e s  o v e r  a  

wide mass r e g i o n  u n d e r  v a r i o u s  c o n d i t i o n s .  D e f i c i e n c i e s  remain ing  

i n  e x i s t i n g  p r e e q u i l i b r i u m  models  s u c h  ss p a i r i n g  o r  s h e l l  e f f e c t &  

s h o u l d  be  a d d r e s s e d  a s  w e l l  a s  t r e a t m e n t s  used  t o  d e s c r i b e  

c o m p o s i t e  p a r t i c l e  e m i s s i o n .  

B. Angula r  D i s t r i b u t i o n s  f o r  C o n t i n u ~ u ~ J h i s s i o n ~  

C o n s i d e r a b l e  p r o g r e s s  a p p e a r s  t o  have  been  made based on 

s e v e r a l  p a p e r s  p r e s e n t e d  a t  t h i s  Symposium r a n g i n g  from 

phenomenologica l  a n a l y s e s  o f  a n g u l a r  d i s t r i b u t i o n  d a t a  t o  f i t s  o f  

l a r g e  amounts  o f  e x p e r i m e n t i . a l  d a t a  u s i n g  more b a s i c  

p r e e q u i l i b r i u m  models .  Prob lems  remain r e g a r d i n g  r e p r e s e n t a t i o n  

o f  d a t a  a t  backward a n g l e s  and t h e  e f f e c t  o f  a p p r o x i m a t i o n s  used 

i n  t h e s e  models .  

C .  Level  D e n s i t i e s  -. 

S i n c e  t h e  1977 S.mposium l i t t l ~ !  advancement  h a s  been made i n  

t h e  use  of  l e v e l  d e n s j  t i  e s  o t h e r  than  t h e  Gilbert-Cameron o r  

b a c k - s h i f t e d  Fermi-gas models .  However s u c h  models  a r e  a p p l i e d  

w i t h  more e f f o r t  towards  d e t e r m i n z t i o n  o f  c o n s t a n t  t e m p e r a t u r e  

p a r a m e t e r s  based on r e c e n t  e x p e r i m e n t a l  d i s c r e t e  l e v e l  d a t a  and' 

t h e  use of '  more r e a l i s t i c  s y s t e m a t i c s  f o r  t h e  s p i n  c u t - o f f  

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

r e g a r d s  e n e r g y  dependence  and p e r i t y  r a t i o s  have  p e r h a p s  improved 



t h r o u g h  t h e  r e c e n t  b a s i c  work by  Grimes e t  a l .  

D. Gamma-Ray S t r e n g t h  F u n c t i o n  

C o n s i d e r a b l e  p r o g r e s s  t o w a r d s  d e t e r m i n a t i o n  and p r e d i c t i o n  o f  

gamma-ray s t r e n g t h  f u n c t i o n s  h a s  been  a c h i e v e d  t h r o u g h  t h e  work o f  

D.G. Gardner  and M.A.  Gardner .  E f f o r t s  s h o u l d  b e  made t o w a r d s  

t h e  impl .ementat ion o f  s u c h  r e s u l t s  i n t o  m u l t i - s t e p  Hauser-Feshbach 

c a l c u l a t i o n s .  

E. O p t i c a l  Model P a r a m e t e r s  

P r o g r e s s  h a s  been  made i n  t h e  d e t e r m i n a t i o n  o f  n e u t r o n  

o p t i c a l  p a r m e t e r s  v a l i d  o v e r  a wide  e n e r g y  r a n g e  from s e v e r a l  

hundred keV t o  s e v e r a l  t e n s  o f  MeV. Such p a r a m e t e r  s e t s  s h o u l d  b e  

i d e n t i f i e d  f o r  use  i n  a p p l i c a b l e  mass and e n e r g y  r e g i o n s .  L i t t l e  

improvement e x i s t s ,  t h o u g h ,  i n  t h e  d e t e r m i n a t i o n  and v e r i f i c a t i o n  

o f  energy-dependent  a l p h a - p a r t i c l e  o p t i c a l  p a r a m e t e r s .  The 

subcoulomb b a r r i e r  b e h a v i o r  o f  p r o t o n  o p t i c a l  p a r a m e t e r s  a s  

d i s c u s s e d  r e c e n t l y  i n  t h e  l i t e r a t u r e  may b e  i m p o r t a n t  f o r  c e r t a i n  

p r o t o n - p r o d u c t i o n  c a l c u l a t i o n s .  

I V .  A d d i t i o n a l  Recommendations 

A. While  p r o g r e s s  i n  a c q u i r i n g  h i g h e r  e n e r g y  d a t a  h a s  been  

made t h r o u g h  t h e  FMIT p r o j e c t ,  t h e r e  i s  s t i l l  no s y s t e m a t i c  e f f o r t  

t o  d e v e l o p ,  v a l i d a t e ,  document ,  and d i s s e m i n a t e  t i l i c roscopic  d a t a  

l i b r a r i e s  i n  t h e  10-50 MeV r e g i o n .  We recommend t h a t  

f u s i o n - r e l a t e d  d a t a  a c t i v i t i e s  b e  c o o r d i n a t e d  w i t h  CSEWC and t h a t  

development  o f  d a t a  f i l e s  f o r  s e l e c t e d  m a t e r i a l s  t o  5 0  ilIeV b e  a 

g o a l  f o r  t h e  n e x t  v e r s i o n  of  ENDF/B. Such deve lopment  i n c l u d e s  



t h e  i d e n t i f i c a t i o n  of a p p r o p r i a t e  formats  f o r  r e p r e s e n t a t i o n  o f  

energy-angle  d a t a  a t  h i g h e r  e n e r g i e s  where many r e a c t i o n  channe l s  

a r e  open and f o r  s p e c i f y i n g  the  charged p a r t i c l e  and r e c o i l  

nuc leus  s p e c t r a  and angu la r  d i s t r i b u t i o n s  needed f o r  r a d i a t i o n  

damage s t u d i e s .  A d d i t i o n a l l y  we recommend t h a t  t h e  problem of 

energy ba lance ,  which was noted a t  t h i s  meet ing ,  be  brought  t o  the  

a t t e n t i o n  o f  CSEWG and a p p r o p r i a t e  remedies dev i sed .  

B. The t ime ,  e f f o r t ,  and r e q u i s i t e  s k i l l s  r equ i r ed  t o  

produce r e l i a b l e  d a t a  e v a l u a t i o n s  have expanded s i g n i f i c a n t l y  wi th  

t h e  inc reased  demands and requi rements  f o r  d a t a  e v a l u a t i o n s .  I t  

should b e  recognized t h a t  c a r r y i n g  o u t  r e l i a b l e  d a t a  e v a l u a t i o n s  

spanning the  energy r eg ion  from thermal t o  50  MeV r e q u i r e  l a r g e  

s c a l e  e f f o r t s .  I t  i s  t h e  f e e l i n g  of t h e  group t h a t  e v a l u a t i o n  

e f f o r t s  would b e n e f i t  from c l o s e r  c o l l a b o r a t i o n  among e v a l u a t o r s  

a t  d i f f e r e n t  l a b o r a t o r i e s ,  bo th  n a t i o n a l l y  and i n t e r n e t i o n a l l y .  

C. The LLL-LASL code comparisons c i t e d  i n  t h e  review t a l k ,  

which l e d  t o  agreement o f  ( 5% among the  independent  model codes ,  

a r e  v a l u a b l e  a c t i v i t i e s  t h a t  should  be  expanded. The group 

recommends t h a t  CSEWG con t inue  i t s  code comparison e f f o r t  and 

i d e n t i f y  problems t h a t  t e s t  c a l c u l a t i o n s  i n  t h e  10-50 MeV range.  

A d d i t i o n a l l y ,  c o n s i d e r a t i o n  should b e  g iven  t o  comparisons o f  

e q u i v a l e n t  c a l c u l n t i o n s  with d i f f e r e n t  models such a s  the  

i n t r a n u c l e a r  cascade  and m u l t i s t e p  Hauser-Feshbach models. 

D. Eva lua t ion  methods t h a t  combine d i f f e r e n t i a l  and i n t e g r a l  

measurements, t h e o r e t i c a l  c a l c u l a t i o n s ,  and cova r i ance  d a t a  f i l e s  

have been developed f o r  o t h e r  a p p l i c a t i o n s .  Such t echn iques  



should  a l s o  be cons idered  f o r  h i g h e r  energy d a t a  e v a l u a t i o n s ,  

e .g . ,  i n  dos imetry  d a t a  e v a l u a t i o n s  f o r  t h e  FMIT f a c i l i t y .  

E. Considerable  e f f o r t  h a s  been d i r e c t e d  a t  s p e c i f i c a t i o n  o f  

cova r i ance  d a t a  f o r  ENDF/B e v a l u a t i o n s .  It i s  recommended t h a t  

t h e  q u e s t i o n  o f  u n c e r t a i n t i e s  i n  model c a l c u l a t i o n s  a t  h i g h e r  

e n e r g i e s  b e  addressed  by e v a l u a t o r s .  

F. In  t h e  review paper  f o r  t h i s  s e s s i o n ,  Gardner recommended 

t h a t  c o n s i d e r a t i o n  b e  g iven  t o  s e t . t i n g  up computer f i l e s  o f  d a t a  

needed i n  model c a l c u l a t i o n s ,  e  .g . , l e v e l  e n e r g i e s ,  s p i n s ,  

p a r i t i e s ,  gamma branching r a t i o s ,  e t c  . We recommend t h a t  t h e  

e s t ab l i shmen t  o f  such  f i l e s  b e  i n v e s t i g a t e d  by t h e  model codes 

group i n  CSEWG. ~ d d i t i o n a l l ~  we recommend t h a t  t h e  model codes  

group look more c l o s e l y  i n t o  the  q u e s t i o n  o f  what exper imenta l  

d a t a  a r e  most impor t an t  ' f o r  d e f i n i n g  n u c l e a r  model parameters  i n  

tlighar, r l iergy c a l c u l a t i o n o .  

G. Examples were g iven  a t  t h i s  symposium o f  c a s e s  where 

g l o b a l  o p t i c a l  parameter s e t s  r e s u l t e d  i n  ve ry  poor c a l c u l a t e d  

t o t a l  c r o s s  s e c t i o n s  a t  h i g h e r  e n e r g i e s .  Care should b e  taken i n  

a l l  model c a l c u l a t i o n s  t o  ensu re  t h a t  t h e  parameters  be ing  used 

a r e  a p p r o p r i a t e  f o r  t he  s p e c i f i c  n u c l e i  and energy r anges  be ing 

s t u d i e d .  

H. Nuclear model c a l c u l a t i o n s  f o r  l i g h t  e lements  a r e  

r e l a t i v e l y  more d i f f i c u l t  than  f o r  medium mass n u c l e i .  In 

p a r t i c u l a r ,  g l o b a l  pa rame te r i za t ions  a r e  n o t  a s  r e l i a b l e ,  and 

s p e c i a l  c a r e  should be  taken t o  e n s u r e  t h e  a p p r o p r i a t e n e s s  o f  

models and parameters  f o r  n u c l e i  l i g h t e r  than A1-27. This  



conc lus ion  i m p l i e s ,  of c o u r s e ,  a  more e x t e n s i v e  measurement 

program f o r  impor t an t  l i g h t  n u c l e i .  

I. The models and t echn iques  d i scus sed  he re  can  b e  v a l i d a t e d  

and pa rame te r s  ob t a ined  from pro ton-induced measurements a s  w e l l  

a s  from i n c i d  en t -neu t ron  exper iments .  The re fo re ,  t h e  g r o u p  

recommends t h a t  a v a i l a b l e  pro ton  d a t a  b e  c a r e f u l l y  u t i l i z e d  i n  

model s t u d i e s  when p o s s i b l e .  I n  a d d i t i o n ,  we encourage  

c h a r g e d - p a r t i c l e  expe r imen te r s  t o  c o n s i d e r  measurements o f  s u c h  

q u a n t i t i e s  a s  a l p h a  and pro ton  product ion  c r o s s  s e c t i o n s ,  s p e c t r a ,  

and a n g u l a r  d i s t r i b u t i o n s  induced by p r o t o n s  up t o  50 MeV, a s  w e l l .  

a s  pro ton  e l a s t i c  s c a t t e r i n g  and emiss ion  s p e c t r a .  

J. Authors o f  n u c l e a r  model coded a r e  urged t o  p rov ide  

documentat ion o f  t h e i r  codes ,  i n c l u d i n g  upda te s  t o  r e f l e c t  l a t e r  

improvements. Documentation s h o u l d  i n c l u d e  a  t h e o r e t i c a l  

d e s c r i p t i o n  and ,  i f  t h e  code is t o  be g e n e r a l l y . a v a i l a b l e ,  u s e r  

i n s t r u c t i o n s .  

K. The neutron-induced measurements t h a t  a r e  most e s s e n t i a l  

f o r  p rov id ing  t h e  r equ i r ed  d a t a  e v a l u a t i o n s  up t o  50 MeV a r e  

~ ~ e u t r o n  t o t a l  c r o s s  s e c t i o n s ,  e l a s t i c  s c a t t e r i n g  a n g u l a r  

d i s t r i b u t i o n s ,  e l a s t i c  o r  n o n e l a s t i c  c r o s s  s e c t i o n s ,  hydrogen and '  

hel ium p roduc t ion  c r o s s  s e c t i o n s ,  and impor t an t  dos ime t ry  and 

a c t i v a t i o n  c r o s s  s e c t i o n s .  While we can  p rov ide  e s t i m a t e s  o f  

t h e s e  q u a n t i t i e s  w i th  model codes  now, expe r imen ta l  d a t a  a t  a  few 

e n e r g i e s  f o r  impor t an t  m a t e r i a l s  would g r e a t l y  improve t h e  o v e r a l l  

a ccu racy  o f  t h e  c a l c u l a t i o n s .  A d d i t i o n a l l y ,  measur&nents o f -  

s econda ry  neu t ron  and c h a r g e d - p a r t i c l e  emiss ion  s p e c t r a  a t  a  few 



a n g l e s  f o r  a  few n u c l e i  a r e  needed a t  a n  i n c i d e n t  ene rgy  where 

p reequ i l i b ium e f f e c t s  dominate ( E L ~ O M ~ V ) .  These d a t a  a r e  needed 

t o  v e r i f y  r e l a t i v e  neu t ron  and pro ton  c r o s s  s e c t i o n s  p r e d i c t e d  by 

p reequ i l i b r ium theo ry .  
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A IAT SPECIFICAT101 
NO. 

I 1301 Reut. . g0m.a prod. . e r r o r  
2 1302 neutron gasme pr~duetloa 
3 I169 Aautron+dseay data 
3 1146 Routron c r o s a  asctlons only 
4 1270 neutron cross saetlons only 
6 1303 Rsut. gamma prod. + e r r o r  
6 6424 Ncutron.srr.fllaa 
7 1272 neutron yamma praductlon 
9 I304 Neutron + gamma productton 
10 1305 Reut. + gamma prod. +error 
10 6425 Neutroo*err.fllao 
1 1  1160 Reutron c10.a aaetions only 
0 1306 laut. + ysmma prod. + e r r o r  
14 1275 Reut. + gamma prod. . e r r o r  
15 1307 Reutron gamma produetlon 
I6 1276 Reut. gamm a  prod. +error 
17 1317 Rautron cross secttona only 
I9 1309 Usut. amma prod. *error 
23 1311 1eut.lRPf + gamoa prod. + e r r o r  
23 6211 Rsut.lRP)+arr.flls. 
0 1312 Neutron gem.. produ~tlon 

27 131) Isut. + gamma prod. + e r r o r  
27 6313 Rsutron*srr.fllaa 
0 1314 Raut. + gamas prod. +error 
31 1315 neutron + gaame productloa 
32 1316 neutron r yamma productlon 
0 I149 neutron + gamma productloa 
0 1150 Neutron . yapma produetton 
0 I320 Neutron . earnme productlon 

45 6426 Iaut.(RP)+arr.fLlss 
0 1>22 Reutron yamma productlon 

46 6427 Rsutren.arr.fllaa 
47 6478 Reutrcn.srr.fllsa 
4n 6429 Rsutrcn+srr.fIloa 
0 932) RevtrEn r ysmms produetlon 
0 1324 Rsut.(RP) gemma prod. +error 

55 1325 Raut.(RP) gamma prod. .error 
55 6325 Rsutron+arr.fllas 
0 1326 Isut.(RP) . g a m m a  prod. terror 

54 6430 Reutron+srr.ftlas 
56 6431 1sutr~n~srr;fIles 
58 6432 leut.(RP).arr.files 
59 132'1 Ilautron(RP).gam.s produc tlon 
59 6327 Naut.(RP)*arr.I~les 
0 I328 naut.(RP) + gamma prod. . e r r o r  

58 6433 Isutroh*srr.fllas 
60 6434 Ueutron.arr.filas 
0 1329 Rautron(RP)+gamaa productlon 

61 6435 Raut.(RP).a~r.r:lsa 
65 6436 Nsutron*err.Hlss 

10. LABORATORY REFEREICE DATE AUTHOR 
CARDS 

513 LASL LA-4574 (1971 ) J A W 7  L.STEVART. R.J.LABAUVE. P.C.TOURC 
909 LASL LA-3271 (1 968) JAR77 L.STEVART (LASL) A.HORSLET (AYRR) 
849 LASL LA-3270 (65) UPEATE67 OCT74 LEORA STEVART 
405 LASL 10 PUBLICATION JU168 LEOUA STEWART (LASL) 
429 LASL 10 PUBLICATIOI OCT73 UISLET. HALE. lOURC (LASL) 

2584 LASL SEP77 O.HALS. L.STEVART. P.C.TOUIC 
199 LA3L DEC78 L.STBVART. C.IIALE. P.TOURC 
680 LASL OCT72 R. J. LABAUVE, L.STEV4RT. I. BATTAT 

2758 LLL OCT76 HOVERTOR. PBRKIRS 
3539 LASL JAM77 O.HALE, L.STEYART. ?.TOUNC 
179 LASL JAN79 L.ST81ART. C.HALE. 3.TOUNC 

1014 CE-BRL 
2634 ORRL 
6109 LASL 
381 3 LASL 
6048 LASL 
829 BIL 

4739 ORRL 
4361 ORRL 
180 OR1L 

4601 ORRL 
6101 LASL 
183 LASL 

12730 ORlL 
937 LLL 
959 LLL 

3712 COA 
3852 CCA 
5912 ORRL 
279 BRL 

5380 BURANLLLL 
60 ANL 
87 AHL 
86 ARL 

2335 ARLLLLHEDL 
rnn BRL  
2836 BRL 

63 BRL 
8861 ORRL 

79 HEDL 
108 ORNL 
158 HEDL 

'1279 BRL 
-365 B R L  
9171 BRL(RUDC) 
127 BNL 
70 BRL 

3681 ORIL.SA1 
295 ORRL 
95 ORNL 

UCRL 50400 VOLI5IE) 
UCRL 50400 VOLIS[B) 
CA-7829 VOL-*(I 957) 
CA-7829 VOL-s (I 367) 
ADlDT 17(1976)127. 

DEC76 C.T.?U. D.C. LARSOU, P. C. PERET 
DEE77 D. C. LIRSOl 

D.C. LARSOU 
D.C. LARS01 
P.C. 10UIO. D.C. FOSTER. JR. 
P.C. TOUUO, D.C. FOSTER. JR. 
LARSOI.?ERET.DRAKR.TOUNC 
HOVERTOU 
HOYERTOl 
M.S. ALLEN AID M.K.DRAKE 
M.K.DRAKE 
C.T.?U IUD ?.C.PERET 
MACURUO A13 MUCHABCHAB 
C.PHILIS.A.SRITH,R.HOVERTOW 
C.PHILIS.O.BERSILLOI,D.SIITHHETC. 
C.PHILIS.O.BERSILLOI,D.SIIITH,ETC 

C.PHILIS.O.BERSILLOP,D.~IIITH e m .  
A.SMITR-.H.HOVERTOR.F.IIAHN. 
A.PRIUCE ARD T.V.BUFROVS 
S.?. MUCHABOHAB 
S.?. IUCHABOHAB 
C.l.FU ARD ?.C.PEREl 
R.SCHBRTBR F.SCHIIT1ROTH F.MARN 
c.r.ru . 
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Z EL A RAT . SPECIVICATIO~ RO. LABORATORY REPERERCB DATE . - .AUTHOR 
RO. CARDS 

1330 neutron eiosa aeetlons only (RP) 
1331 neutron cross asstlona only (RP) 
1332 neutron cross sactlona only ( R P )  
133) neutron c r o s s  sections oaly (RP) 
1334 neutron cross aactlons only (RP) 
I336 neutron cross saetlone oniy ( R P )  
1340 neutron eroas asctlons only (RP) 
I385 neutron erosa asetlona only (RP) 
13.96 neutron eroas asctlons only (RP) 
1387 neutron crosa. aeetlons only (RP) 
1388 Isutrom crosa aeetlona only (RP) 
1309 Ravtron crosa asetlons only (RP) 
1189 Rsutron(lp)r~amma productlon 
1321 Aautron(RP)+esama production 
1308 neut.(sp)+decay data 
1310 Rsvtron cross ssctlons only (RP) 
1371 neutron ereas asetlons only (RP) 
1373 lavtroa cross ssctlons oaly (RP) 
1281 neutron c r o s s  asctlone only 
1 3 1 8  naut.(k~)*daeay data 
6437 Reut.(RP).arr.fIIsa 
6438 leutron*srr.lllas 
1335 neutron eross sections only (RP) 
I339 neutron croas  ssetlona only (RP) 
1348 lavtroa eross ssctlons only (RP) 
1349 neutron cross ssctlona only (RP) 
I350 neutron eross sections only (RP) 
I351 Neutron c r o s a  sactlons only (RP') 
1352 neutron eroaa sactlons oaly (RP) 
1354 neutron croos ssotlons only (RP) 
1294 Isutron+daeay data 
1156 nsvtron c r o a )  ssctlona only 
1355 lsutron cross sections only (RP) 
I353 Isutron . earnma produetlon 
1319 nsut.(RP)*dsesy data 
1357 Rsutron(RP)+gsm.s productlon 
1292 Isut.(RP)*decay dots 
1359 Rsutron(RP)+gamma production 
1293 neut.(RP)idossy data 
1362 Rautron crosa aactlons only (,RP) 
1364 neutron cross sectlone only (RP) 
1365 Dsutron cross ssetlona only (RP) 
1366 neutron croas saeilons only (RP) 

1061 BAL 
1007 DRL 
1039 BRL 
1064 BRL 
866 BRL 
867 BRL 
1807 SAI 
I103 SAI 
1313 911 
1157 SAI 
1228 SAI 
1047 SAI 
2144 ARL.LLL 
1821 LLL.HEDL 
823 HEDL.BAW 
955 HEDL.BAI 
874 IIEDL.BIL 
807 HEDL.BRL 

2465 BRL 
562 BRL.HEDL 
302 HEDLIAHL 
74 STAllVORD 

714 BRL 
718 BRL 
684 BIL 
845 BRC 
784 BllL 
8 1 8  BRL 
694 BRL 
656 BRL 
853 BRV 
654 BilL 
861 HEDL.BUL 
1098 LLL' 
1606 HBDL.BDV 
1853 BIL 
3211 BRL 
2036 BRL 
2428 BRL 
1405 BllL 
1459 BRL 
1554 BRL 
1447 BRL 

EPRI RP-250 
EPRI IP-250 
EPRI UP-250 
EPRl RP-250 
BPRI IP-250 
EPRI llP-250 

PBI.COl.JUlE.1967 

UCRL-50400 VOL. 15 

DEC78 A. PRIRCE 
DEC7R A.PRIRCE 

APR76 l.DRAKE D.SARCIS T.lAURC 
APR76 R.DRAKE D.SARCIS T.lAUIC 
APR76 M.DRAKE D.SARCIS T.lAUIC 
APR76 R.DRAKE D.SARCIS T.lAURC 
RAT74 R.HOVERTOR(LLL) ARD A.SlITH 
?BB19 HOWSRTOI.SCHRlTTROTH,SCHERTER 
IOV78 SCHEUTER.LIVOLSI.SCHlITTR0TH.ETAL 
IOV78 SCHEUTER.LIVOLSI.SCllllTTROTH. ETAL 
ROY78 SCHERTER. BHAT.PAIACE, JOHRSOR, ETAL 
ROY78 SCHERTER. BHAT.PRIRCE. JOHRSOII. ETAL 

AUC72 R.SHER 
MAR78 R.R.BHAT AID S.V.MUCHABCHAB 
11878 R.R.BHAT AND S.V.MUCHABCHAB 
MAR78 R.R.BHAT AID S.?.IUCHABCHAB 
MAR78 I.R.BHAT AID S.V.IUCHABCHAB 

MAR78 M.R.BHA? ARD 3.V.lUCllABCHAB 
MAR78 M.R.BHAT AID S.V.RUCHABCHAB 
man71 ..R.RHAT 110 S.?.lUCHABCHAB .... . . .- -~ - 

MAT75 B.R.LEOIARD.JR. ARD K.B.STEWART 
RAR78 M.R.BHAT AUD S.V.IUCHABCHAB 

64-04-157 1367 neutron eroaa ssctlons only (RP) 1488 BIL JAM77 B.A.RACUBI0 
64-Ed-I58 136R neutron eross ssctlons onl; [RP] 1476 BRL JAR77 B.A.RACURR0 
64-04-160 1370 neutron crosa sectlona only RP I223 BIL JAR77 B.A.RACURI0 
66-Dy-164 1031 Neutron cross ssctlona only (RP) 1271 BRV PRI.COR1.JUIB.1967 JUM67 B.R.LRORARD.JR. AUD K.B.S?EWART 
71-LY-175 1032 neutron sroas aactlons only (RP) 1069 BIV PBI.COnl.JUnE.1967 JU167 B.R.LEOIARD.JR. AID 1.B.STEWART 
71-Lu-176 1033 neutron c r o s s  aaetlona only (RP) 1139 BRV PRI.COlR.JUUB.1967 JUI67 B.R.LEOIARD.JR. ARD K.B.STEVART 

7 2 - H r -  0 1372 Rsutron cross asetlond only (UP) 1069 SA1 EPRI UP-250 AF.!76 R. DRLKE D.SARCES T.IIAURC 
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RAT SPBCIPICArIOE 
no. 

1374 Ucutrm cross saetlons only (UP) 
1376 Reutron cross sactlona on17 (UP) 
1377 Ueutrrn crosa aaetlons only (UP) 
1318 Rcutrrn croas eectlons only (UP) 
1383 Reutron croas sectloris only (UP) 
I384 Ueutr~n erosa saotlons oaly (RP) 
1285 Reutron(RP)*~amms productloa 
1127 Ucutr~n crosa ssetlona only (UP) 
I128 Ueutr>n(RP)+gamms produetlon 
1129 Ucutr>n(RP)+.gs.ma prodvetloa 
I130 nsutrrn(RP)*gammo produ~tlon 
1131 Rcutron(RP)+gsmmp production 
I083 Reutrzn cross ssctloas only (RP) 
1084 leut.(RP)*dscay dsta 
1379 Reut.(RP)*arr.Iilas 
6>79 Rsut.(RP)tsrr.Iilss 
8108 Decay data only 
1382,Usut. + gamma prod. +error 
8212 Dseay dats oaly 
8>12 Decay data only 
8416 Decay data 0.11 
8620 Decay data only 
8824 Daeay data only 
8028 Decay dats oaly 
8030 Isut.(RP)+dacay data 
8031 Decay data only 
I390 U e u t ( R P ) + d s e s y + ? P r + ~ . . c e r r .  
6390 Ueut.(RP)+srr.Iilss 
8033 Daeay data only 
8131 Rsut.(RP)*dacsy data 
8132 Daeay data only 
1391 Raut.(RP).dscay dsta 
8232 Raut.(RP)+dscay data 
l39> Rsut(RP)tdseay+rias.pr~d.~ld 
1394 laut.(RP)+dscay data 
1395 Uiut(BP).dacay.?PT+gam.+~rr. 
6395 Reut.(RP)*arr.Illas . 
1396 Usut(RP)~deeay+Ilss.pr~6.~1d 
8231 Usut.(RP)+decay+gsm.a prod. date 
1398 Usut(RP)+dseay+PPT+sa..+err. 
6398 Aeut.(RP)+crr.Iilaa 
8239 Dseay data only 
8336 Decay data only 
8346 Dseay dsts only 
1337 U.ut(RP)*dscay+FPY+arr. I 

6337 R.ut.(RP)+arr.Iiles 
8338 R.ut.(nP)+da~ay data 
8339 Decay dat,a,,onll 
8436 R.ut.(RP).dicay data 
8437 R.utron*dsea~ data 

10. LABORATOR1 
CARDS 

676 311 
681 SAI 
865 SAI 
673 SA1 
714 911 
668 SA1 

2 8 1 4 ' ~ ~ ~  , 
7 6 2 A I  . 

3202 AI.LASL 
3536 AI.LASL 
3092 AI.LASL 
3071 AI.LASL 
1365 CB(RHPO) 
try6 CB(RIPO) 
.I931 BUL 
558 BRL 
is8 InEL 

3895 ORRL 
8 3  IRBL 
168 IlEL 
36 IUEL 
32 IMBL 
73 lIBL 
19 IlBL 

748 HBDL 
200 IUBL 

1479 BUL 
862 BUL 
357 IlBL 
872 HEDL 
I80 lIBL 

1140 HIDL,IUBL 
6RI HEDL 

6708 LASL-ORIL 
I128 BRL.HBDL.* 

10161 BUL 
1439 BUL 
2814 BUL.HBDL.* 
1752 BRL;SRL.LLL 
8350 ARL+ 
858 ARL. 
384 IREL 
132 IugL 
105 IlBL 

4150 HBDL.SRL.* 
1234 HBDL.SRL.+ 
593 SRL 
195 IREL 
632 HEDL.SRL 
694 llEDL 

BPBI RP-250 
BPRI RP-250 
BPBI UP-250 
EPBI RP-250 
BPRI RP-250 
BPRI UP-250 

DATE AUTHOR 

A PA 
APR 
A PR 
A PR 
A PR 
A PR 
now 
A PI( 
JUI 
oc1 
A PA 
JUI 
JAM 
$16 
I BB 
FBB 

I.DRAUB D.SARCES T.llAURC 
I.DRAKE D.SARCBS T.IAURC 
ll.DRAKB D.SARCES T.lAUR0 
I.DRAKE D.SAROES T.llAURO 
I.DRAKB D.SAROES T.IAUR0 
ll.DRAKl D.SARCES T.llAURC 
HOYBRTOU, PERKIRS. IACCRECOI 
J.OTT8R.C.DUUFORD,ARD E.OT?BYITl 
0TTBR.MTkYITTE.ROSE.TOUUC 
0TTBR.MTgYITTB.ROSB.TOURC 
0TTER.OITBI ITTE.ROSE.TOUUO 
OT?BR.MTgYITTB.ROSB,TOUlC 
1.B.HBREERSOU AND J.Y.ZYICI 
Y.B.HBlGBRS01 ARD J.Y.ZYICI 
3.Y.IUOHABCHAB 
S.Y.llUOHABOHAB 

AUC78 REICH 
AU076 C.Y.YU AID ?.C.PEREr 
AUC78 RBICH 
IOV78 RBICH . . .  
AUOl8 RBICH 
AUC78 RBICH 
AU078 RBlCH 

AUC78 RSICH 
DBC77 'BHAT.SLITH. LEONARD, DBSAUSSURBETAL 
DBC77 BHAT.SClTH.LBOIARD,DBSAUSSUREBTAL 
AUOlB RBICH 
ROY77 1AlR 
AUC78 RBICH 
MAT78 llAIl.SCHB!JTER.RBICH 
R O V I ~  IAUI 
DEC78 STE1ABf ET AL. YESTDR. IARP.HEDL 
JUL78 DIVADEElAl.lARU.DRAKB.REICH,ET.AL 
IOV71 I.R. 8811 

AUC78 RBICH 

HBDL TIE 11-54 
HBDL TIE 77-54 

MUG78 RBICH 
APR78 IAWR.BENJAIIU.SIITH,STEIU,RBICH.~ 
APR78 llARR.BEPJAIIU.SIITHHSTBIWWRBICHH* 
AUC75 BERJAITR A10 ICCROSSOI 
MUG78 REICH 
APR78 llARU.SCHERTER.BEUJAIIRRICCROSSOR 
APR78 IAHR AND SCIIEIITER CIAST) 
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MAT SPBCITICATIOI 
no. 

1 3 3 8  Rsut.(RP)+daesj data 
1399 U e u t ( R P ) + d s c a y . P P T + ~ m . + s r r .  
6399 Hsut.(RP)+err.rilss 
I180 leut(RP tdscaj+QPT+lam.+arr. 
1381 R a u t ( R P ~ . d a e a j ~ Q P T . ~ m . + s r r .  
1342 Reut(RP).dacaj.QPT+ga~.+~rr. 
8447 Raut.(RP)+dacay.gama. prod. data 
8444 Reut.(BP)'dscnj data 
8540 .Decdj dsta only 
1361 Ueut.(RP).dseaj*gam.a prod.+arr. 
I369 naut.(RP).dseey+~e.aa prod. data 
8542 Ueut.(RP).dseaj data 
!363 Usut.(RP)+dscay:~amma prod. dats 
8544 Daeaj dats oaly 
B554 Dscaj data oaly 
8641 Hsutron.dscay data 
8642 Raut.(RP)*daoay*gamma prod. data 
I343 Raut.(RP)+dac.y+gam.a prod. data 
I344 neut.(RP)*deca~+gsm.a prod. data 
0 4 5  Ueut.(RP)+dec.ey*ga..a prod. data 
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10-50 MeV NEUTRON CROSS SECTIONS, AN OVERVIEW OF ACCOMPLISHMENTS 

9 si I N  THE CONTEXT OF THE 1977 SYMPOSIUM*+ 
% 

Alan Bowen Smith 

Argonne Na t iona l  Labora to ry ,  
Argonne, I l l i n o i s  60439, U. S. A. 

ABSTRACT 

Some r e f l e c t i o n s  on t h e  s t a t u s  of 10-50 M e V  neu- 
t r o n  c r o s s  s e c t i o n s  a r e  g i v e n  a s  viewed from a n  out-  
s i d e  p e r s p e c t i v e .  The founda t ion  i s  t h e  Symposium of 
1977 w i t h  i t s  c o n c l u s i o n s  and recommendations. Respon- 
s i v e n e s s  t o  t h o s e  recommendations and accomplishments 
d u r i n g  t h e  i n t e r v e n i n g  t h r e e  y e a r s  a r e  a s se s sed .  

INTRODUCTORY REMARK 

Over t h e  y e a r s  I have made ve ry  minor c o n t r i b u t i o n s  t o  neu- 
t r o n  c r o s s  s e c t i o n s  i n  t h e  p r e s e n t  energy range  and t h a t  c o n t i n u e s  
so  today. During t h e s e ' d e c a d e s  age  has  come upon m e .  There i s  
some advantage  t o  t h i s  g e n e r a l l y  d e p r e s s i n g  g e r i a t r i c  f a c t .  From 
my p e r s p e c t i v e  one deve lops  a  longer-range view suppor t ed  by 
expe r i ence  i n  analogous  d a t a  con tex t s .  It i s  from t h a t  v iewpoint  
t h a t  I l o o k  back ove r  t h e  i n t e r v e n i n g  t h r e e  y e a r s  upon t h e  1977 
Symposium. How re spons ive  have we been t o  ou r  recommendations 
'and p l ans?  What g o a l s  have been r ea sonab ly  achieved,  where have 
we f a l l e n  s h o r t ,  and where a r e  we i n  r e l a t i o n  t o  contemporary 
i s s u e s ?  Such a s se s smen t s  a r e  u s u a l l y  opin ionated .  I w i l l  f o l l o w  
convent ion  remembering t h a t , '  on good a u t h o r i t y ,  P o r t  J e f f e r s o n  
s t i l l  m a i n t a i n s  a  "dunking c h a i r "  f o r  t hose  who s t r a y  t o o  f a r  
from t h e  t r u t h .  

* Symposium on neu t ron  c r o s s  s e c t i o n s  f r o n  10 t o  40 MeV, Brookhaven 
Na t iona l  Labora tory ,  (1977) ,  Proceedings  g iven  i n  BNL-NSC-50681. 
? h i s  work suppor ted  by t h e  U.S. Department of Energy. 



SOURCES, FIELDS, DETECTORS AND STANDARDS 

A s  t h r e e  y e a r s  ago, t h e  primary s o u r c e s  of i n t e r e s t  a r e ;  d-T, 
d - 7 ~ i  (E =30-50 MeV) and,  t o  a  l e s s e r  e x t e n t ,  d - 9 ~ e  and p  i n c i d e n t  

d  
on  7 ~ i  and 9 ~ e  a t  e n e r g i e s  of t e n d s  of MeV. A number of measure- 
ments have g i v e n  new d e f i n i t i o n  t o  t h e s e  r e a c t i o n s  a t  i n c i d e n t  ener-  
g i e s  of (50 MeV (e.g. ORNL [ I ] ,  U-C-Davis [ 2 ]  and Chalk R ive r  [ 3 ] ) .  
There remain d e t a i l e d  q u e s t i o n s ,  p a r t i c u l a r l y  a t  lower  e n e r g i e s  
(e.g. below 1  MeV). However, i t  seems l i k e l y  t h a t  t h e  b a s i c  ' 

p a r a m e t e r i z a t i o n  of t h e  d-T and d - 7 ~ i  sou rce  r e a c t i o n s  i s  s u f f i -  
c i e n t l y  known f o r  t h e  l a r g e  m a j o r i t y  of t h e  e n g i n e e r i n g  app l i ca -  
t i o n s .  I n  p r a c t i c e ,  e n g i n e e r i n g  environments may w e l l  i n t r o d u c e  
much l a r g e r  u n c e r t a i n t i e s  t h a n  a r e  i n h e r e n t  t o  t h e  knowledge of 
t h e  unde r ly ing  sou rce  r e a c t i o n .  

The t r e n d  i n  t h i c k - t a r g e t  whi te  sou rces  i s  toward h ighe r  
e n e r g i e s  (200 M e V  and above) and t h e  s p a l l a t i o n  p roces s  [4 ] .  The 
y i e l d  p e r  ene rgy  i n p u t  i s  ve ry  good (25  MeVIneutron) and advantage  
i s  t aken  of r e c e n t  advances  i n  medium and high-energy a c c e l e r a t o r  
technology.  There i s  a  p o t e n t i a l  f o r  ve ry  h igh  i n t e n s i t i e s  w i th  
p a r t i c u l a r  advantage  i n  t h e  s t u d i e s  of condensed m a t t e r  and r ad i a -  
t i o n  damage [5 ] .  C e r t a i n l y ,  such  f a c i l i t i e s  shou ld  be employed i n  
high-energy c r o s s  s e c t i o n  measurements where i t  i s  p roduc t ive  t o  do 
s o  [6 ] .  However, a s  t h r e e  y e a r s  ago, most of t h e  high-energy c r o s s  
s e c t i o n  needs a r e  c o n s i s t e n t  w i t h  t h e  c a p a b i l i t i e s  of convenf iona l  
and o p e r a t i o n a l  f a c i l i t i e s  and t h e r e  remain e x t e n s i v e  d a t a  a r e a s  
t h a t  a r e  not  compat ib le  w i t h  t h e  white-source concept .  

It should  be po in t ed  o u t  t h a t  ou r  knowledge of t h i ck - t a rge t -  
y i e l d  d a t a  i s  becoming a v a i l a b l e  from e s t a b l i s h e d  compi l a t i on  cen- 
t e r s  [ 7 ] .  S i m i l a r  compi l a t i ons  of t h i n - t a r g e t  y i e l d s  a r e  be ing  
cons idered .  

It was recommended t h a t  s t anda rd - r e fe rence  f i e l d s  be made 
a v a i l a b l e  a t ;  14 MeV (d-T), moderated 14 MeV and based upon t h e  
d + 7 ~ i  (E =40 MeV) r e a c t i o n .  The d-T 14 MeV s o u r c e  i s  ve ry  w e l l  

d  
unders tood a t  t h e  r e l e v a n t  e n e r g i e s  and s t anda rd  f l u x e s  a r e  
o b t a i n e d  t o  a c c u r a c i e s  of (1% [8] .  There appea r s  t o  be no inher-  
e n t  problem t o  t h e  p r o v i s i o n  of  moderated 14 MeV f i e l d s  o t h e r  than  
e n g i n e e r i n g  development and v a l i d a t i o n .  The d + 7 ~ i  f i e l d  was recom- 
mended t o  a  r e l a t i v e  accu racy  of 3-5X from 0.5-30 MeV. Not sur -  
p r i s i n g l y ,  t h a t  o b j e c t i v e  h a s  not  been approached. It i s  d o u b t f u l  
t h a t ,  a f t e r  40 y e a r s  of s tudy ,  t h e  f i s s i o n - n e u t r o n  spectrum i s  
known t o  such  accu racy  ove r  a  much narrower energy range.  

There  has  been some improvement i n  t h e  knowledge of s t anda rd  
r e f e r e n c e  c r o s s  s e c t i o n s ,  n o t a b l y  i n  t h e  f i s s i o n  c r o s s  s e c t i o n s  '[g]. 
However, p o s s i b l y  excep t ing  t h e  H(n,p) r e a c t i o n ,  s t a n d a r d  r e f e r -  
ence  c r o s s . s e c t i o n s  a t  h igh  e n e r g i e s  a r e  no t  a v a i l a b l e  t o  t h e  
u l t i m a t e  d e s i r e d  accuracy .  Th i s  shortcoming i s  no t  now r e s t r i c -  
t i v e  b u t  i t  i s  a  long term concern.  

C a l i b r a t e d  neu t ron  d e t e c t o r s  were sought  t o  phenomenal ac- 
c u r a c i e s ;  e.g. 2-4% from 0.5-30 MeV. Th i s  g o a l  has  not  been 
approached and when i t  i s  t h e r e  w i l l  be an  enormous i n p a c t  on t h e  
e n t i r e  n e u t r o n  d a t a  f i e l d .  



TOTAL, SCATTERING AND EMISSION CROSS SECTIONS 

For many y e a r s  energy-averaged n e u t r o n - t o t a l  c r o s s  s e c t i o n s  
have been a  problem, p r i m a r i l y  a t  lower ene rg i e s .  Thus i t  i s  good 
t o  no te  s i g n i f i c a n t  improvements up t o  e n e r g i e s  of 80  MeV l a r g e l y  
a s  t h e  r e s u l t  of t h e  comprehensive measurement program a t  ORNL, 
augmented by s e l e c t e d  r e f e r e n c e  measurements e l s ewhere  [10 ,11] .  
Much of t h i s  accomplishment i s  t h e  r e s u l t  of t h e  a p p l i c a t i o n  of 
a n  a l r e a d y  w e l l  developed c a p a b i l i t y .  The t o t a l  c r o s s  s e c t i o n  
p l a y s  a  c e n t r a l  r o l e  i n  bo th  e v a l u a t i o n  and p h y s i c a l  a n a l y s i s  and 
i t  i s  i n  t h i s  b roade r  scope t h a t  t h e  r e s u l t s  a r e  most valued.  
They a r e  a l s o  r e spons ive  t o  p r o j e c t  needs. However, we have had 
a  f a i r  knowledge of t o t a l  c r o s s  s e c t i o n s  up t o  a t  l e a s t  30 M e V  
f o r  more t h a n  a  decade [12]  and one would have thought  t h a t  i f  
any th ing  could  be r ea sonab ly  e x t r a p o l a t e d  wi th  c a l c u l a t i o n  i t  i s  
t h e  energy-averaged t o t a l  c r o s s  s e c t i o n .  One wonders i f  t h i s  was 
s y s t e m a t i c a l l y  a t t empted  i n  o r d e r  t o  meet p r o j e c t  needs and how 
r e l i a b l e  t h e  r e s u l t s  proved i n  t h e  l i g h t  of t h e  new expe r imen ta l  
evidence.  

Recent ly  t h e r e  have been some t r u l y  e l e g a n t  expe r imen ta l  
s t u d i e s  of e l a s t i c  and q u a s i - e l a s t i c  neu t ron  s c a t t e r i n g  a t  s e l e c t e d  
e n e r g i e s  i n  t h e  range  10-30 MeV [13,14].  P h y s i c a l  i n t e r p r e t a t i o n  
h a s  been i n  t h e  c o n t e x t  of t h e  o p t i c a l  model w i t h  a t t e n t i o n  t o  t h e  
t h e  d e t a i l s  o f ;  ene rgy  dependence, d i r e c t - r e a c t i o n  mechanisms, 
cha rge  dependence and t h e  c h a r a c t e r  of t h e  s p i n - o r b i t  i n t e r a c t i o n .  
What h a s  been achieved i s  a  re f inement  g i v i n g  con f idence  t o  quan- 
t i t a t i v e  c a l c u l a t i o n  and a  b e t t e r  unde r s t and ing  of t h e  i n t e ' r r e l a -  
t i o n  of c h a r g e d - p a r t i c l e  and neu t ron  p r o c e s s e s  [15].  However, 
t h e r e  have been no r e a l  s u r p r i s e s .  The p o t e n t i a l s  may be on ly  
" r e g i o n a l "  but  t h e y  a r e  a p p l i c a b l e  t o  wide c r o s s  s e c t i o n  domains. 
The problem i s  t o  pu t  them t o  use: 

D i r e c t  a p p l i e d  use  of t h e  measured e l a s t i c - s c a t t e r i n g  r e s u l t s  
i s  more d i f f i c u l t .  One t ends  t o  f o r g e t  t h a t  a t  t h e s e  e n e r g i e s  
t h o s e  d i s t r i b u t i o n s  a r e  ve ry  peaked forward and t h a t  a l l  t h o s e  
l a rge -ang le  d e t a i l s  a t  s e v e r a l  orders-of-magnitude reduced in t en -  
s i t y  a r e  of e s s e n t i a l l y  no a p p l i e d  importance.  Indeed,  t hey  a r e  
n o t  even c o n s i s t e n t  w i th  t h e  accep ted  e v a l u a t i o n  fo rma t s ,  no t  t o  
mention t h e  macroscopic c a l c u l a t i o n a l  systems. 

Some r e c e n t  measurements of t h e  non-e l a s t i c  c r o s s  s e c t i o n  a r e  
ve ry  u s e f u l  [16].  I n  a  s ense ,  t h e  high-energy f i e l d  i s  now where 
t h e  f i s s i o n  d a t a  was 15-20 y e a r s  ago  and a t  t h a t  s t a g e  t h e  non- 
e l a s t i c  c r o s s  s e c t i o n  i s  a  p a r t i c u l a r l y  va lued  q u a n t i t y  [17] .  

R e s u l t s  of measurements of e m i t t e d  neu t ron  s p e c t r a  i n c l u d i n g  
d i s c r e t e - i n e l a s t i c ,  pre-compound and f u s i o n  components a r e  becom- 
i n g  a v a i l a b l e  [13 ,14] .  I n  t h e  l i g h t  n u c l e i  t h e r e  a r e  some n o t a b l e  
improvements i n  ou r  knowledge of d i s c r e t e  e x c i t a t i o n s ,  e.g. i n  t h e  
l i t h i u m  i s o t o p e s  [13] .  The measurement of continuum angle-energy 
s p e c t r a  i s  f a r  more d i f f i c u l t  and p r o g r e s s  co r r e spond ing ly  slower.  
Again, t h e  i n fo rma t ion  t h a t  i s  becoming a v a i l a b l e  appea r s  t o  con- 
t a i n  no s u r p r i s e s .  It i s  noteworthy t h a t  a  l a r g e  s h a r e  of ou r  
knowledge of emi t t ed  s p e c t r a  cones  from abroad--and t h e  ea s t -b lock  



at that [la]. The situation may be a bit deceptive as charged- 
particle emission involves the same physical processes and there 
we are in better shape. 

PROPAGATION OF THE SPECIES 

The essential matter of breeding is of more than a little 
embarrassment. The matter has long been identified as being of 
the highest priority and increasingly so as ETF concepts turn 
to lithium-oxide compounds wth consequent sharp reductions in 
breeding gains [19]. Integral measurements have suggested 
alarming reductions in the cross sections of the relevant lithium 
reactions [20]. This was noted abroad and recent Harwell measure- 
ments indicate a more than 25% reduction in the 7~i(n;n',alpha)t 
cross section [21]. This reduction has a large and detrimental 
impact on breeding in many- blanket concepts. The situation reminds 
one of the 2 3 9 ~ u - ~ ~ ~ ~ ~  "flap" of a few years ago resulting in an 
analogous detrimental impact on fast-breeder performance. As in 
that case, the potential for such a problem should not have h q ~ n  
a surprise as the underlying data base was both old and uncertain 
[22]. The 7 ~ i  issue will soon be further delineated by the results 
of comprehensive measurements now nearing completion at ANL and 
CBNM-Julich [23,24]. However, we should not be complacent. Most 
breeding concepts depend strongly on tritium production in 6 ~ i  
and the corresponding cross sections are not all that certain. 
Despite extensive study of the n+6~i system [25], the basic struc- 
ture underlying tritium production at even low energies is uncer- 
tain and even the qualitative features of the reaction mechanism 
remain a matter of debate [26]. Confidence is not enhanced by 
similar questions as to the structure of the mirror 7 ~ e  system. 
There are similar uncertainties in "advanced" fusion concepts 
where studies of underlying light-charged-particle reactions 
have been too largely moribund for several decades. 

(N, CHARGED-PARTICLE) UA'l'A 

The primary focus is on the production of protons, deuterons 
and alpha-particles (and secondarily, other light particles) at 
incident energies up to 16 MeV [27]. In the 14-16 MeV region the 
understanding is remarkably comprehensive largely due to the ef- 
forts of the LLL-Group [28]. Cross section and particle-spectra 
results have been obtained for a wide range of structural materials 
in the mass range A=40-60 and work is in progress in the A=100 
region [29]. The cross sections vary widely but the spectra and 
the spectrum-averaged'energies (and thus relative energy deposi- 
tion) are very similar and well described by multi-step Hauser- 
Feshbach and pre-compound calculations [30]. This suggests that 
a number of future needs can be met by simple activation measure- 
ments (where a residual activity is available) as, for example, 



pursued a t  J u l i c h  [31] .  Below 14 MeV and toward t h r e s h o l d  t h e  
s i t u a t i o n  i s  l e s s  s a t i s f a c t o r y  bu t  work underway a t  Ohio U n i v e r  
s i t y  promises improvement. Both LLL and Ohio groups  use  s i m i l a r  
Q-pole dev ices .  A s imp le r  s o l i d - s t a t e  d e t e c t i o n  system h a s  been 
p r o d u c t i v e l y  employed a t  CBNH where d i r e c t - p a r t i c l e  measurements 
have y i e l d e d  impres s ive  r e s u l t s  w e l l  i n t o  t h e  t h r e s h o l d  r e g i o n  [32].  
It i s  u n f o r t u n a t e  t h a t  such  a n  a l t e r n a t i v e  approach t o  d i r e c t -  
p a r t i c l e  d e t e c t i o n  h a s  a p p a r e n t l y  no t  been implemented i n  t h i s  
count ry .  Measurements can  be extended above 16 MeV but  t hey  w i l l  
b e  i n c r e a s i n g  t e d i o u s  and d i f f i c u l t  and t h u s  should  be c a r e f u l l y  
chosen a s  c a l c u l a t i o n a l  benchmarks. 

DOSIMETRY CROSS SECTIONS 

Desp i t e  t h e  importance of high-energy (10-50 MeV) dos imetry  
a t  t h e  FMIT and i n  s i m i l a r  a p p l i c a t i o n s ,  t h e  g e n e r a l  d a t a  com- 
munity has  shown remarkably l i t t l e  i n t e r e s t  i n  t h e  problem a r e a .  
The s i t u a t i o n  i s  analogous  t o  t h a t  e x i s t i n g  i n  f i s s i o n - r e a c t o r  
dos imetry  f o r  many years .  The l a t t e r  has  r e c e n t l y  improved wi th  
t h e  advent  of some t r u l y  s u i t a b l e  b a s i c  r e s u l t s .  It i s  f o r t u n a t e  
t h a t  some of  ou r  f r i e n d s  abroad have no t  been s o  c a s u a l  (331. 
Respons iveness  i s  n o t  encouraged by t h e  p r o f u s i o n  of "primary" 
dos imetry  r e a c t i o n s .  The eng inee r ing  community h a s  g iven  f a r  
more a t t e n t i o n  t o  dos imetry  m a t t e r s  bu t  t h e i r  e f f o r t s  a r e  p r o j e c t  
o r i e n t e d  and handicapped by t h e  l a c k  of f a c i l i t i e s  and t echn iques  
r e q u i s i t e  t o  e s t a b 1 i s h i n g . a  comprehensive microscopic  d a t a  base. 
However, t hey  have been ve ry  e f f e c t i v e  i n  t h e  i n t e g r a l  t e s t i n g  
of  dos imetry  d a t a  i n  r e f e r e n c e  s p e c t r a  such  a s  t h a t  provided by 
t h e  y ~ e ( d , n )  ( E  =40 MeV) r e a c t i o n  [34,35].  Such t e s t s  have 
involved many o$ t h e  dos imetry  r e a c t i o n s  recommended a t  t h e  p a s t  
meeting. A f ragmentary  d a t a  base  was used,  p a r t l y  de r ived  from 
ENDFIB-IV e x t r a p o l a t e d  t o  h i g h e r  e n e r g i e s  e i t h e r  e m p i r i c a l l y  
o r  w i t h  t h e  a s s i s t a n c e  of s imple  c a l c u l a t i o n s  [36] .  Beyond t h e  
b a s i c  d a t a  u n c e r t a i n t i e s ,  a r e  t h o s e  i n h e r e n t  i n  t h e  r e f e r e n c e  
s p e c t r a  themselves.  Given t h e s e  c o l l e c t i v e  u n c e r t a i n t i e s ,  t h e  
c o n s i s t e n c i e s  between measured and c a l c u l a t e d  response  r a t e s  
( f r e q u e n t l y  w i t h i n  10%) a r e  remarkably good. Indeed,  such  
q u a l i t y  r e s u l t s  have on ly  r e c e n t l y  been g e n e r a l l y  achieved i n  
t h e  a r e a  of f i s s i o n  r e a c t o r  dosimetry.  s u c c e s s  may be i n  p a r t  
due t o  t h e  f a c t  t h a t  t h e  d i f f e r e n t i a l  response  of a  number of  
t h e  r e a c t i o n s  i n  t h e  r e f e r e n c e  s p e c t r a  peaks w e l l  below 20 MeV. 

MODELS AND CALCULATIONS 

At t h e  p rev ious  meeting t h e  p o t e n t i a l  of c a l c u l a t i o n s ,  v a l i -  
d a t e d  wi th  s e l e c t e d  expe r imen ta l  r e s u l t s ,  was r e p e a t e d l y  s t r e s s e d .  
It was impl ied  t h a t  primary r e l i a n c e  should  be p laced  upon such 
a n  approach. Following t h i s  cou r se  t h e r e  have been a  few suc- 
c e s s e s  [37]  u s u a l l y  on t h e  p a r t  of a  s i n g l e  group f o r t u n a t e  enough 



t o  combine measurement and c a l c u l a t i o n a l  c a p a b i l i t y .  However, 
t h e  approach has  n o t  been implemented on a  comprehensive s c a l e .  
It seems t h a t  t h e  o b s t a c l e  has  been t h e  l a c k  of c o o p e r a t i o n  
between measurement and c a l c u l a t i o n  communities. 

To t h e  o u t s i d e  obse rve r ,  t h e  c a l c u l a t i o n a l  e f f o r t s  seem t o  
b e  of somewhat v a r i a b l e  q u a l i t y .  One could  have hoped t h a t  s imple  
p r o c e s s e s ,  such  a s  ( n ; p )  r e a c t i o n s  a t  r e l a t i v e l y  low e n e r g i e s ,  
could  be  p r e d i c t e d  w i t h  r ea sonab le  c o n s i s t e n c y  and assurance .  
T h i s  a p p e a r s  t o  be  s o  when t h e  d a t a  base  i s  r easonab ly  de f ined  
by experiment.  Without t h e  experiment t h i n g s  a r e  f a r  more uncer- 
t a i n .  C a l c u l a t e d  r e s u l t s  can  d i f f e r  by a  f a c t o r  of two o r  more 
and,  a t  l e a s t  i n  one c a s e ,  subsequent  measurements sugges t  t h a t  
t h e  "wrong" c a l c u l a t i o n a l  r e s u l t  found i ts  way i n t o  t h e  e v a l u a t e d  
f i l e s  1381. I n  a n o t h e r  c a s e  a  c a r e f u l  c a l c u l a t i o n  exp la ined  t h e  
prominent  s t r u c t u r e  i n  a  common ( n ; p )  c r o s s  s e c t i o n  i n  te rms of 
q u a s i - p a r t i c l e  s t a t e s - - u n f o r t u n a t e l y  t h e  s t r u c t u r e  was probably  
a n  expe r imen ta l  a r t i f a c t .  Recent ly  t h e r e  have been e x t e n s i v e  
comparisons of c a l c u l a t e d ,  measured and e v a l u a t e d  neu t ron  con- 
tinuum s p e c t r a  a t  i n c i d e n t  e n e r g i e s  of 14 MeV [ 3 9 ] .  It was a n  
impres s ive  e f f o r t  which h i g h l i g h t e d  a r e a s  of both  ve ry  good and 
ve ry  poor  agreement. I n  some c a s e s  t h e  e v a l u a t i o n s  were ve ry  
c l e a r l y  a t  f a u l t  a s  t hey  gave no a t t e n t i o n  t o  pre-compound pro- 
ce s se s .  I n  o t h e r  i n s t a n c e s  t h e  s i t u a t i o n  i s  l e s s  c l e a r  a s  t h e  
c a l c u l a t e d  r e s u l t s  do no t  seem t o  be e n t i r e l y  c o n s i s t e n t  w i th  
t hose  o b t a i n e d  i n  i n t e g r a l  t e s t s  [40] .  

R e f l e c t i n g  on t h e  above, i t  seems t h a t  a  s u c c e s s f u l  c a l c u l a -  
t i o n a l  program r e q u i r e s  a  s u b s t a n t i v e  expe r imen ta l  i npu t .  Even 
w i t h  t h a t  t h e r e  appea r s  t o  be more than  a  l i t t l e  " a r t i s t r y "  i n  
t h e  use  of t hose  models. 

I have  been c a l l e d  many names bu t  neve r  " t h e o r i s t " .  I d i d ,  
however, g e t  c u r i o u s  about  some of t hose  b a s i c  q u e s t i o n s  r a i s e d  
a t  t he  p rev ious  meeting and sought  t h e  views of our  r e s i d e n t  
s p e c i a l i s t .  One i s s u e  i s  t h e  u n c e r t a i n  knowledge of l e v e l  den- 
s i t i e s .  B a s i c a l l y  i t  seems w e  s t i l l  have t o  r e l y  on t h e  o l d  
formula  of G i l b e r t  and Cameron [41]  which i s  anchored only  a t  
t h e  neu t ron  b ind ing  energy wi th  no o t h e r  expe r imen ta l  v e r i f i c a t i o n  
r ea sonab ly  f r e e  of o t h e r  t h e o r e t i c a l  assumptions.  Recent measure- 
ments have l e d  t o  much b e t t e r  d e f i n i t i o n  of t h e  o p t i c a l  p o t e n t i a l ;  
t h e  problem appea r s  t o  be g e t t i n g  t h i s  new in fo rma t ion  i n t o  use. 
On t h i s  p o i n t ,  t h e  l e t h a r g y  t ends  t o  sugges t  t h a t  t h e  d e t a i l s  of 
t h e  p o t e n t i a l  do no t  have a  s h a r p  impact on many c a l c u l a t i o n a l  
r e s u l t s .  I n  any even t ,  I am t o l d  t h a t  Perey  and Perey  w i l l  con- 
t i n u e  t o  ma in t a in  a n  up t o  d a t e  compi l a t i on  of o p t i c a l  parameters  
[42 ] .  Gamma-ray s t r e n g t h  f u n c t i o n s  appear  t o  remain a  con t inu ing  
problem and, indeed,  s t r e n g t h  f u n c t i o n s  g e n e r a l l y  a r e  a  m a t t e r  of 
deba t e  t o  be d i s c u s s e d  a t  a  forthcoming work shop on t h e  methods 
of eva lua t ion .  



EVALUATED DOSIMETRY CROSS SECTIONS 

A list of "primary" dosimetry reactions was recommended, all 
extending well above 20 MeV--some to 40 MeV. It was an extensive 
list of which less than 25% are available in either ENDFIB-IV or V 
dosimetry files in any energy range. The quality of the Version-V 
file is much improved. Indeed, nearly a third of the file has 
achieved the desired accuracy goals specified in the context of 
integral fission-related benchmarks [43]. However, the most re- 
cent version of the file remains confined to energies.of less than 
20 MeV and it is little more responsive to those "primary" high- 
energy dosimetry needs than its predecessor. Thus, after three 
years, we apparently do not have a nationally recognized dosimetry 
file responsive to the higherenergy requirements we set forth. 

A new initiative with wide potential for the improvement of 
dosimetry (and other) data applications is the quantitative speci- 
fication of evaluated data uncertainties [44]. Concurrently, sound 
statistical methods for the application of these uncertainties in 
a dosimetry context have been proposed [45]. Taken together there 
is promise for a very significant improvement in dosimetry applica- 
tions--a promise that has apparently not yet been realized on a 
substantive scale. 

COMPREHENSIVE EVALUATION 

A promise of the previous meeting was the calculational capa- 
bility to provide comprehensive evaluated files in the complex 
high-energy region where the measurements are so difficult. In- 
deed, it was prophecied that two years after a decision to build 
EMIT comprehensive evaluated files would be available primarily 
via calculation. It is my understanding that EMIT is under con- . 
struction. ENDFIB-V has become available and provides an improved 
calculational base to 20 MeV. Model calculations played a part 
in its construction; very nicely so in some instances. However, 
large portions of ENDFIB-v continue to rely on phenomenological 
perscriptions known to be consistent with microscopic and integral 
observation [46]. Calculational models have had less impact than 
one might have hoped. Above 20 MeV the situation is not good. 
EMIT construction needs were apparently met with multi-group cross- 
section sets derived under other auspices [47,48]; augmented by 
selected engineering measurements. Indeed, there seem to be very 
few comprehensive, high-energy microscopic evaluations in existence. 
One effort is to be described at this meeting and it appears to be 
the only above-20 MeV evaluation cited in the last CCDN evaluation 
newsletter (NNDEN/~~) [50]. Recent discussions have given atten- 
tion to high-energy evaluation formats. It is not a new issue 
and one that one would have hoped to have in hand by now. Evalua- 
tions are complicated by fluid formats not to mention all those 
problems of incorporating the evaluations into the practical cal- 
culational systems. 



It is good to note that some of the above issues will be 
resolved with ENDFIB-VI [49]. It is proposed to extend the energy 
range to 50 MeV and to incorporate major improvements in the f o r  
mats. These are very substantive and much needed initiatives. 

There is a school of thought that extoles the merit of fusion- 
fission hybrids and another that envisions the use of lithium- 
oxide compounds in breeding blankets. In both contexts n-2n 
multipliers are an important consideration. Be, Pb or Bi are fre- 
quently considered and the latter has a particularly large n-2n 
cross section (a fact that did not escape the Canadian ING project), 
yet there is no comprehensive bismuth file in the ENDF system. 

MATTERS OF TIMING AND COMPETENCE 

In the developmental business of fusion energy, long-range 
projections are speculative. Near-term estimates may be more 
realistic. FMIT is under construction. The design data needs 
were met from underlying capability augmented by project motivated 
efforts. Three years hence data for the use of this facility must 
Be avallable. With current plans, data impacting on the choice of 
ETF design must be in hand within the coming four years. These 
are short time scales that largley preclude major and comprehensive 
goal-oriented data efforts. Reliance is, and will continue to be, 
largely placed upon underlying and long term competence. That 
faith may be misplaced as that general capability, particularly 
in experimental areas, is being seirously eroded. With present 
trends, it is doubtful that future needs, yet unspecified, can be 
met. These concerns have been expressed before [51] but never in 
such trying circumstances. 

The above remarks are of a broad but qualitative nature that 
preclude detailed referencing of the large body of relevant litera- 
ture. Therefore, the following references are only illustrative. 
In a number of instances there are two review papers which contain 
comprehensive literature citations. 

1. M. Saltmarsh et al., Nucl. Instr. and Methods 145 81(1977). 

2. D. Johnson et al., Proc. Conf. on Nucl. Cross Sections and 
Tech., Knoxville (1979). 

3. M. Lone and R. Robertson (see also K. ~sukada), Proc. IAEA Con- 
sultant's Mtg. on Neutron Source Properties, Debrecen (1980). 

4. Summary of white source working group, C. Bowman Chrm., Proc. 
IAEA Consultant's Mtg. on Neutron Source Properties, Debrecen 
(1980). 



G. Manning, Proc. Conf. on Neutron Phys. and Nucl. D a t a . f o r  
Reac to r s  and o t h e r  Appl ied  Purposes ,  Harwel l  (1978).  

M. Moore e t  a l . ,  Proc. Conf. on Nucl. Cross  S e c t i o n s  and 
Tech., K n o x v i l l e  (1979). 

H. Miinzel, Nuclear  Data f o r  Fus ion  Reac to r  Tech., IAEA- 
TEGDOC-203 (1978) ,  IAEA press:  a l s o  T. Burrows, P r i v a t e  
Communication (1980).  

M. Drosg, Proc.  IAEA C o n s u l t a n t ' s  Mtg. on  Neut ron  Source  
P r o p e r t i e s ,  Debrecen (1980). 

B. P a t r i c k ,  Proc. Conf. on Neutron Phys. and Nucl. Data f o r  
Reac to r s  and o t h e r  Appl ied  Purposes ,  Ha rwe l l l  (1978). 

D. Larson,  J. Harvey and N. H i l l ,  Oak Ridge Nat l .  Lab. S t a t u s  
Repor t  t o  t h e  DOE Nucl. Data Corn. (1980).  

G. Z a n e l l i  e t  a l . ,  Bul l .  Am. Phys. Soc., 24 658(1979).  

S. Cier j acks  e t  al.,  Kernforschung K a r l s r u h e  Repor t ,  
KFK-1000 (1968).  

R. Wal te r  e t  a l . ,  T r i a n g l e  Nucl. Lab. S t a t u s  Repor t  t o  t h e  
DOE Nucl. Data Corn. (1980) and r e f e r e n c e s  c i t e d  t h e r e i n .  

J. Rapaport  e t  a l . ,  Ohio Univ. S t a t u s  Repor t  t o  t h e  DOE Nucl. 
DaLa Cuu~. (1900)  and r e f e r c n c c s  c i t e d  t h a r e i n ;  

S. Grimes e t  a l . ,  Lawrence ~ i v e r m o r e  Lab. S t a t u s  Repor t  t o  
t h e  DOE Nucl. Data Corn. (1980).  

P. Urone e t  a l . ,  Bul l .  Am. Phys. Soc., 24 657(1979). 

M. Walt,  Proc.  Conf. on Atoms f o r  Peace,  Geneva (1955) Vo1.-2. 

D. Hermsdorf e t  a l . ,  ZFK-277, Z e n t r a l i n s t i t u t e  f i i r  
Kernforschung (1974).  

M. Abdou, Nucl. Data f o r  Fus ion  Reac to r  Technology,  IAEA- 
TECDOC-223, IAEA p r e s s  (1978) ,  a l s o  p r i v a t e  communication. 

H. Bachmann e t  a l . ,  Nucl. Sc i .  and Eng., 67 74(1978).  

M. Swinhoe, Proc.  Conf. on Nucl. C ros s  S e c t i o n s  f o r  Tech., 
Knoxv i l l e  ( 197 9 ) .  

Neutron Cros s  S e c t i o n s ,  Brookhaven Nat l .  Lab. Repor t ,  BNL-325, 
Vo1.-2, 3 r d  Ed., Eds. TI. Garher  and R. Kinsey (1976).  

D. L. Smith, P r i v a t e  Communication (1980). 



24. H. L i s k i e n ,  P r i v a t e  Communication (1980).  

G. Hale,  N a t i o n a l  Bur. of S td s .  Pub., NBS-493 (1977).  

H. Weigmann and  P. Manakos, Z. Phys., A289 383(1979). 

C. R. Head, Nuclear  Da ta  f o r  Fus ion  Reac to r  Technology, 
IAEA-TECDOC-223 (1978) ,  IAEA p r e s s ;  Also  upda t e  submi t t ed  
t o  DOE Nucl. Data Corn. 

K. Haight ,  Lawrence Livermore Lab. Repor t ,  UCRL-83127 (1979).  

I<. l l a ight ,  Lawrence Livermore Tab. S t a t u s  Repor t  t o  t h e  DOE 
Nucl. Data (.:om. (198U). 

E. Ar thu r  and P. Young, Brookhaven N a t i o n a l  Lab. Repor t ,  
BNL-NCS-50681 (1977). 

S. Qaim and R. Wblf le ,  Proc. NEANDC Top ica l  D i s c u s s i o n  on 
Neut ron  Data of S t r u c t u r a l  M a t e r i a l s ,  Gee1 (1979).  

A. Pau l sen  e t  a l . ,  Proc. Conf. on Nucl. C ros s  S e c t i o n s  f o r  
Tech., Knoxv i l l e  (1979).  

See,  f o r  example, Proc. 3 r d  ASTM-EURATOM Sym. on Reac to r  
Dosimetry,  I s p r a  (1979).  

L. Greenwood e t  a l . ,  Nucl. S c i .  and Eng., 72 175(1979).  

S. Qaim, Proc.  Conf. on Neut ron  Phys. and Nucl. Data f o r  
R e a c t o r s  and o t h e r  A p p l i c a t i o n s ,  Harwel l  (1978). 

S. P e a r l s t e i n ,  J. Nucl. Energy 27, 81 (1973). 

L. Vesser ,  E. A r thu r  and P. Young, Phys. Rev, C16 1792(1977),  
a l s o  P r i v a t e  Communication. 

D. L. Smith and J. W. Meadows, t o  be publ i shed .  

D. H e t r l c k ,  D. L a t s o n  and C. Fu, Proc. Conf. on Nucl. Cross  
S e c t i o n s  f o r  Tech., Knoxv i l l e  (1979).  

L. Hansen e t  a l . ,  Lawrence Livermore Lab. S t a t u s  Report  t o  
t h e  DOE Nucl. Data Com. (1980),  a l s o  s e e t h i s  symposium. 

A. G i l b e r t  and  A. Cameron, Can. Jou r .  of  Phys., 2 1446(1965). 

F. G. Perey ,  P r i v a t e  Communication (1980).  

D. L. Smith, Proc. Conf. on Nucl. Cross  S e c t i o n s  f o r  Tech., 
Knoxv i l l e  (1979).  



44. F. G. Perey ,  Proc. Conf. on  Neutron Phys. and Nucl. Data f o r  
Reac to r s  and o t h e r  A p p l i c a t i o n s ,  Harwel l  (1978).  

45. I?. G. Perey ,  Oak Ridge Nat l .  Lab. Repor t ,  O R N L / T M - ~ ~ ~ ~  (1977).  

46. For example, S. P e r k i n s  e t  al.,  Nucl. Sc i .  and Eng., 57 
l (1975) .  

47. W. Wilson, Los Alamos Sc i .  Lab. Repor t ,  LA-7159-T (1978). 

48. R. A l s m i l l e r  and J. Ba r i sh ,  Oak Ridge Nat l .  Lab. Repor t ,  
ORNL-TM-6486 (1978).  

49. S. P e a r l s t e i n ,  P r i v a t e  Communication (1980).  

50. E. Ar thu r  and P. Young, t o  b e  r e p o r t e d  a t  t h i s  symposium. 

51. Repor t  of  t h e  Research  Pane l  on Atomic, Molecular  and Nuclear  
P h y s i c s  i n  CTR, J. L e i s s  Chrm., (1974).  



T H I S  PAGE 

WAS INTENTIONALLY 

L E F T  BLANK 



INTENSE HIGH ENERGY NEUTRON SOURCES AND THEIR CHARACTERISTICS 

sess ion '  Chai.rman.: J.S. Fraser,  CRNL 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



REVIEW OF SOURCE CHARACTERIZATION FOR FUSION 
MATERIALS IRRADIATIONS 

L. R. Greenwood 

Argonne Na t iona l  Labora to ry  
Argonne, I l l i n o i s  60439, U.S.A. 

ABSTRACT 

Fusion  m a t e r i a l s  i r r a d i a t i o n s  r e q u i r e  a c c u r a t e  know- 
l edge  of neu t ron  f l u e n c e ,  spec t rum,  and d e r i v e d  damage 
parameters ,  such  a s  n u c l e a r  d i sp l acemen t s ,  t r a n s m u t a t i o n s ,  
and g a s  product ion .  I r r a d i a t i o n s  a r e  be ing  conducted i n  
d i v e r s e  f a c i l i t i e s  i n c l u d i n g  mixed-spectrum and f a s t  reac-  
t o r s ,  T (d ,n )  and Be(d,n)  a c c e l e r a t o r  s o u r c e s ,  and high- 
energy s p a l l a t i o n  neu t ron  sou rces .  The c h a r a c t e r i z a t i o n  
of each  type  of sou rce  i s  d i s c u s s e d ,  w i t h  emphasis  on t h e  
p r i n c i p a l  s o u r c e s  of e r r o r  and needed improvements i n  
dos ime t ry  t echn iques  and n u c l e a r  d a t a  needs.  

INTRODUCTION 

Neutron i r r a d i a t i o n s  des igned t o  s t u d y  r a d i a t i o n  damage i n  
f u s i o n  r e a c t o r  m a t e r i a l s  a r e  c u r r e n t l y  be ing  conducted a t  a  wide 
v a r i e t y  of f a c i l i t i e s ,  i n c l u d i n g  r e a c t o r s  and a c c e l e r a t o r s .  Pre- 
s e n t  g e n e r a t i o n  f u s i o n  r e a c t o r  d e v i c e s  ( i n c l u d i n g  TFTR) do n o t  
g e n e r a t e  enough neu t rons  t o  produce s i g n i f i c a n t  damage i n  engineer-  
i n g  m a t e r i a l s .  Thus, t h e  s t r a t e g y  [ l ]  of t h e  U.S. magnet ic  f u s i o n  
community i s  t o  u se  e x i s t i n g  neu t ron  f a c i l i t i e s  t o  s t u d y  bulk  
damage e f f e c t s ,  even  though t h e  neu t ron  s p e c t r a  a r e  q u i t e  d i f f e r e n t  
from t h o s e  expected  i n  commercial f u s i o n  r e a c t o r s .  A t  p r e s e n t ,  
o n l y  r e a c t o r s  have bo th  t h e  h igh  neu t ron  f l u x  and l a r g e  experimen- 
t a l  volume r e q u i r e d  f o r  e x t e n s i v e  m a t e r i a l s  i r r a d i a t i o n s .  Hence, 
most f u s i o n  s t u d i e s  w i l l ,  by n e c e s s i t y ,  be conducted i n  mixed- 

. spect rum and f a s t  r e a c t o r s .  However, s i n c e  r e a c t o r  s p e c t r a  do not  
i n c l u d e  t h e  h igh  14-MeV neu t ron  peak expected  i n  f u s i o n  r e a c t o r s ,  
a c c e l e r a t o r s  must be used t o  produce high-energy neu t rons .  At pre- 
s e n t ,  t h e  R o t a t i n g  Ta rge t  Neutron Source (RTNS 11)  [2)  a t  Lawrence 
Livermore Labora to ry  produces t h e  h i g h e s t  f l u x  ( abou t  1013 n/cm2-s) 
o f  14-MeV n e u t r o n s  v i a  t h e  T (d ,n )  n u c l e a r  r e a c t i o n .  However, t h i s  
f l u x  i s  n o t  h igh  enough t o  produce f l u e n c e s  comparable t o  a  f u s i o n  



r e a c t o r  ( abou t  n / ~ m ~ - ~ e a r ) ,  and t h e  expe r imen ta l  volume i s  
o n l y  abou t  1 cm3. Hence, a  Fus ion  M a t e r i a l s  I r r a d i a t i o n  T e s t  
F a c i l i t y  (FMIT) [ 3 ]  i s  under  c o n s t r u c t i o n  a t  Hanford Engineer ing  
Development Labora to ry  and i s  expected  t o  produce a  neu t ron  f l u x  
o f  about 1015 n/cm2-s w i t h  a n  expe r imen ta l  volume of abou t  10  cm3. 
FMIT u s e s  t h e  L i ( d , n )  r e a c t i o n  t o  produce a  broad neu t ron  spectrum 
(0-55 MeV), rough ly  c e n t e r e d  n e a r  14  MeV. High-energy s p a l l a t i o n  
neu t ron  s o u r c e s ,  such  a s  t h e  Los Alamos Meson Phys i c s  F a c i l i t y  
(LAMPF) and t h e  I n t e n s e  Pu l sed  Neutron Source  (IPNS) a t  ANL, have 
a l s o  been used f o r  m a t e r i a l s  s t u d i e s .  

C l e a r l y ,  t h e  c h a l l e n g e  i n  t h i s  s t r a t e g y  i s  t o  develop  tech- 
n i q u e s  t o  c h a r a c t e r i z e  a l l  n e u t r o n  s o u r c e s  i n  such a  way t h a t  
m a t e r i a l s  e f f e c t s  can  be r e a d i l y  c o r r e l a t e d  between f a c i l i t i e s  and 
e x t r a p o l a t e d  t o  f u s i o n  r e a c t o r s  [ 4 ] .  P r e s e n t  d a t a  a t  low f l u e n c e  
t end  t o  s u p p o r t  t h e  s t r a t e g y  [5 ] .  

The purpose of t h i s  pape r  is  t o , d e s c r i b e  e x i s t i n g  t echn iques  
t o  measure t h e  neu t ron  f l u x  and s p e c t r a  d u r i n g  f u s i o n  m a t e r i a l s  
i r r a d i a t i o n s  and t o  c a l c u l a t e  p e r t i n e n t  damage parameters  such a s  
n u c l e a r  d i sp l acemen t s  and g a s  p roduc t ion .  Emphasis w i l l  be p laced  
on d e f i c i e n c i e s  i n  t h e  e x i s t i n g  t echn iques ,  e s p e c i a l l y  conce rn ing  
t h e  need f o r  improvements i n  t h e  n u c l e a r  d a t a  base.  Each type  of 
f a c i l i t y  w i l l  t h e n  be cons ide red  s e p a r a t e l y ,  fo l lowed by a  d i scus -  
s i o n  of damage c a l c u l a t i o n s .  

NEUTRON DOSIMETRY 

The p a s s i v e ,  m u l t i p l e - f o i l  dos ime t ry  t echn ique  i s  be ing  used 
t o  measure t h e  neu'tron f l u x  and energy spec t rum d u r i n g  a l l  f u s i o n  
m a t e r i a l s  i r r a d i a t i o n s .  I n  t h i s  method, a  number of m a t e r i a l s  a r e  
s i m u l t a n e o u s l y  i r r a d i a t e d .  A c t i v a t i o n  p roduc t s ,  a s  w e l l  a s  hel ium 
g a s ,  a r e  t h e n  analyzed .  A f t e r  decay ,  geometry,  and a b s o r p t i o n  
c o r r e c t i o n s  a r e  a p p l i e d ,  one has  a  number of s imu l t aneous  i n t e g r a l  
e q u a t i o n s  t o  s o l v e  f o r  t h e  most probable  f l u x  and spectrum. Each 
a c t i v a t i o n  i n t e g r a l  i s  s o l e l y  a  product  of t h e  f lux-spectrum t imes  
t h e  a p p r o p r i a t e  d i f f e r e n t i a l  c r o s s  s e c t i o n .  Obvious ly ,  t h e  r e s u l t s  
o b t a i n e d  from t h i s  u n f o l d i n g  t echn ique  a r e  no b e t t e r  t h a n  t h e  
n u c l e a r  c r o s s  s e c t i o n s  which concern  t h i s  con fe rence .  

P robab ly  t h e  most well-known computer code used f o r  s p e c t r a l  
a n a l y s i s  i s  SAND 11 [ 6 ] .  However, two new codes ,  STAYSL [ 7 ]  and 
FERRET [ 8 ] ,  appea r  t o  be s u p e r i o r  ma thema t i ca l ly  and i n c l u d e  a l l  
known c o v a r i a n c e  e r r o r s ;  c r o s s  s e c t i o n  c o v a r i a n c e s  a r e  now being  
pub l i shed  i n  ENDF/B-V [ 9 ] .  The f o l l o w i n g  d i s c u s s i o n  w i l l  u se  
STAYSL a s  a n  example s i n c e  i t  i s  well-developed f o r  r o u t i n e  a p p l i -  
c a t i o n s  and i s  c u r r e n t l y  used i n  most f u s i o n  dos imetry .  

Three  t y p e s  of d a t a  a r e  r e q u i r e d  a s  i n p u t  i n  t h e  s p e c t r a l  
ad jus tmen t  codes ,  namely, a c t i v a t i o n  i n t e g r a l s ,  n u c l e a r  c r o s s  
s e c t i o n s ,  and t h e  b e s t  e s t i m a t e  of t h e  f l u x  and spectrum. E r r o r s  
and cova r i ances  a r e  a s s i g n e d  t o  each  type  of d a t a .  At p r e s e n t ,  
o n l y  i n t e g r a l  a c t i v a t i o n  d a t a  can  u s u a l l y  be t r e a t e d  i n  a  s t r a i g h t -  
forward ,  s c i e n t i f i c  manner, where a l l  e r r o r s  and c o v a r i a n c e s  a r e  



r igorous ly  analyzed. I n  a  p r a c t i c a l  sense ,  the  i n t e g r a l  e r r o r s  a r e  
t y p i c a l l y  very smal l  (22%) and covar iances  a r e  n e g l i g i b l e  due 
t o  comparison with  c e r t i f i e d  s t andards  and in te r - l abora to ry  compari- 
sons. 

Our knowledge of nuclear  c r o s s  s e c t i o n  e r r o r s  and covar iances  
has improved considerably  over  the  l a s t  few years ,  e s p e c i a l l y  s i n c e  
t h i s  d a t a  is  now included i n  ENDF/B-V [ 9 ] .  Thir ty- three  r e a c t i o n s  
a r e  included i n  the  dosimetry f i l e  wi th  t y p i c a l  e r r o r s  of 5-30%. 
However, t h e  f i l e  s t o p s  a t  20 MeV and covariance f i l e s  a r e  only 
a v a i l a b l e  f o r  a  very l i m i t e d  s e t  of r eac t ions .  For high-energy 
neutron measurements a  c ross  s e c t i o n  f i l e  t o  44 MeV [ l o ]  has been 
c rea ted  using a v a i l a b l e  measurements and c a l c u l a t i o n s ,  a s  w i l l  be 
discussed l a t e r .  

Unfor tunate ly ,  the  l a r g e s t  source of u n c e r t a i n t y  i n  s p e c t r a l  
a n a l y s i s  i s  o f t e n  the  inpu t  f l u x  and spectrum. Only r a r e l y  can a  
spectrum of p r a c t i c a l  i n t e r e s t  be reasonably wel l -specif ied p r i o r  
t o  a n a l y s i s .  For r e a c t o r s ,  neu t ron ics  c a l c u l a t i o n s  a r e  genera l ly  
r e l i e d  on and e r r o r s  a r e  es t imated from previous  experience.  A t  
high-energy a c c e l e r a t o r s ,  s p e c t r a  a r e  es t imated from time-of-fl ight 
measurements made a t  l a r g e  d i s t a n c e s  from t h e  source ,  averaged f o r  
f i n i t e  geometry e f f e c t s  c l o s e  t o  t h e  source  where m a t e r i a l s  i r r a d i -  
a t i o n s  a r e  conducted [11,12]. I n  p r a c t i c e ,  e r r o r s  a r e  ass igned t o  
the  inpu t  s p e c t r a  e i t h e r  by s e n s i t i v i t y  s t u d i e s  o r  i n t e g r a l  t e s t i n g  
i n  a  known spectrum, a s  descr ibed l a t e r .  

Input  c r o s s  s e c t i o n  and f l u x  sel f -covar iances  a r e  p resen t ly  
approximated by a  Gaussian func t ion  on t h e  assumption t h a t  c l o s e l y  
spaced energy groups must be highly c o r r e l a t e d .  Widely spaced 
groups a r e  assumed t o  be more o r  l e s s  independent,  wl th .an  a r h i -  
t r a r y  cons tan t  covariance.  Cross s e c t i o n  s e l f -  and cross- 
covar iances  a r e  now included i n  ENDF/B-V [ 9 ] ;  however, the  f i l e s  
a r e  not complete and es t imates  must be made f o r  most r eac t ions .  
Never theless ,  t h e  recogn i t ion  and acceptance of covariance e f f e c t s  
i s  an important development i n  s p e c t r a l  a n a l y s i s  and i t  is  a n t i c i -  
pated t h a t  more complete f i l e s  w i l l  be a v a i l a b l e  i n  the  near 
f u t u r e .  

The v a l i d i t y  and accuracy of the  mul t ip le - fo i l  technique f o r  
neutron dosimetry has been i n t e g r a l l y  t e s t e d  i n  known neutron 
f i e l d s ,  such a s  2 3 5 ~ ,  2S2cf, va r ious  r e a c t o r  s p e c t r a  [13] ,  and 
a c c e l e r a t o r  s p e c t r a  measured by t ime-of-fl ight spectrometry (11,121. 
Na tura l ly ,  such t e s t s  a r e  p r i n c i p a l l y  used t o  a s s e s s  t h e  accuracy 
of nuclear  c r o s s  sec t ions .  However, such s e n s i t i v i t y  s t u d i e s  can 
a l s o  be made t o  b e t t e r  de f ine  inpu t  and output  f l u x  e r r o r s  and 
covar iances .  

FISSION REACTORS 

Fusion m a t e r i a l s  i r r a d i a t i o n s  a r e  c u r r e n t l y  being conducted 
p r imar i ly  i n  mixed-spectrum ( p a r t  thermal and p a r t  f a s t )  r e a c t o r s ,  
namely, the  Oak Ridge Research Reactor (ORR), t h e  High Flux I so topes  
Reactor (HFIR) a t  Oak Ridge Nat ional  Laboratory,  and the  Omega West 



Reactor (OWR) a t  Los Alamos S c i e n t i f i c  Laboratory.  F a s t  r e a c t o r  
i r r a d i a t i o n s  a r e  a l s o  being done a t  t h e  Experimental  Breeder Reactor 
(EBR 11)  a t  Argonne National Laboratory West. 

Whereas f i s s i o n  r e a c t o r  dosimetry has  been conducted f o r  many 
y e a r s ,  s u r p r i s i n g l y  l i t t l e  work has  been done i n  mixed-spectrum 
r e a c t o r s .  This  i s  p a r t l y  due t o  t h e  f a c t  t h a t  m a t e r i a l s  i r r a d i a -  
t i o n s  have been concentra ted i n  f a s t  r e a c t o r s  f o r  t h e  breeder  devel- 
opment programs. However, i t  should a l s o  be pointed ou t  t h a t  t h e  
m b l t i p l e - f o i l  technique i s  ve ry  i n s e n s i t i v e  i n  t h e  1-500 keV energy 
reginn which u s u a l l y  has  a  s i g n i f i c a n t  p a r t  of the  t o t a l  f l u x .  
F igure  1 shows t h e  r e s u l t s  of a  s p e c t r a l  measurement i n  ORR using 
t h e  STAYSL code. The spectrum can be divided i n t o  four  energy 
reg ions ,  namely, thermal (<0.5 eV), resonance (0.5 eV-1 keV), i n t e r -  
mediate (1-500 keV), and f a s t  (>500 keV). E r r o r s  i n  t h e  t l u x  i n  
t h e  thermal  and resonance reg ions  can be reduced t o  l e s s  than  10% 
us ing  a  v a r i e t y  of thermal and resonant  r e a c t i o n s ,  wi th  and wi thout  
cadmium o r  gadolinium covers.  Accurate s e l f - s h i e l d i n g  c o r r e c t i o n s  
[14]  must be included wi th  t h e  c r o s s  s e c t i o n s  p r i o r  t o  s p e c t r a l  
ad jus tmen t ,  e s p e c i a l l y  f o r  t h e  s t r o n g  resonances i n  cliluce marerl- 
a l s .  Such c o r r e c t i o n s  can e a s i l y  be  a s  l a r g e  a s  a f a c t o r  of 2 and 
c o n s t i t u t e  ano the r  poss ib le  source  of e r r o r  i n  s p e c t r a l  unfolding.  
Computer codes a r e  not  y e t  a v a i l a b l e  t o  process  t h e  resonance para- 
meter e r r o r  f i l e s  i n  ENDF/B-V, bu t  should be a v a i l a b l e  soon from 
t h e  Rad ia t ion  Sh ie ld ing  Informat ion Center  a t  Oak Ridge Nat ional  
Laboratory  [15].  

Flux e r r o r s  i n  t h e  f a s t  neutron energy reg ion  can a l s o  be 
reduced t o  10-15% due t o  t h e  l a r g e  number of th resho ld  r e a c t i o n s  
a v a i l a b l e .  I n  f a c t ,  t h e  m u l t i p l e - f o i l  unfolding technique works 
t h e  b e s t  i n  t h e  f a s t  energy reg ion  ( inc lud ing  a c c e l e r a t o r  s p e c t r a )  
s i n c e  t h e  r e s u l t s  a r e  u s u a l l y  l i m i t e d  p r i m a r i l y  by the  q u a l i t y  of 
a v a i l a b l e  nuc lea r  c r o s s  s e c t i o n s .  

The in te rmedia te  energy reg ion  remains t h e  most d i f f i c u l t  t o  
measure due t o  t h e  l a c k  of th resho ld  y a c t i o n s .  Work i s  now i n  
p r o g r e s s  on r e a c t i o n s  such a s  9 3 ~ b ( n , n  ) 9 3 m ~ b  (13.6 y)  [16] 
which may reduce t h e  l a r g e  e r r o r s  (about 20-50%) i n  t h e  in te rmedia te  
energy reg ion .  However, i t  i s  ev iden t  t h a t  we must r e l y  on neu- 
t r o n i c s  c a l c u l a t i o n s  t o  d e f i n e  t h i s  p a r t  of the  energy spectrum and 
work i s  needed t o  f u r t h e r  compare c a l c u l a t i o n s  and measurements. 

The importance of measuring v a r i o u s  r eg ions  of a  mixed-reactor 
spectrum i s  summarized i n  Table I, which l i s t s  unfolding r e s u l t s  
f o r  t h e  ORR spectrum i n  Figure  1. The l a s t  column l i s t s  t h e  f r ac -  
t i o n  of displacement damage i n  n i c k e l  caused by each energy reg ion  
( thermal  e f f e c t s  a r e  neg lec ted) .  It i s  very  important  t o  no te  t h a t  
about 27% of the  displacements  a r e  caused by neutrons  below 1 MeV. 
Inadequate  knowledge of the  in te rmedia te  energy reg ion  can thus  
l e a d  t o  a  s i g n i f i c a n t  e r r o r  i n  t h e  c a l c u l a t e d  damage r a t e .  For 
example, a n a l y s i s  shows t h a t  r e l i a n c e  on a  s i n g l e  f a s t  r e a c t i o n  
such a s  5 4 ~ e ( n , p )  f o r  damage e s t i m a t i o n  could underpredic t  t o t a l  
displacement damage and f l u x  by a s  much a s  a  f a c t o r  of two dur ing 
m a t e r i a l s  experiments.  Hence, a c c u r a t e  dosimetry i s  a  n e c e s s i t y  
i f  we a r e  s e r i o u s  about modeling o r  c o r r e l a t i n g  m a t e r i a l s  e f f e c t s .  



Improvements i n  f i s s i o n  r e a c t o r . d o s i m e t r y  r e q u i r e  more a c c u r a t e  
n u c l e a r  c r o s s  s e c t i o n s  a s  w e l l  a s  r e f inemen t s  i n  d e f i n i n g  i n p u t  
s p e c t r a ,  e r r o r s ,  and c o v a r i a n c e s  used i n  t h e  ad jus tmen t  codes.  
I n t e g r a l  t e s t i n g  131 ha: he lped  t o  d e f i n e  n u c l e a r  d a t a  needs.  I n  
p a r t i c u l a r ,  t h e  gSNb(n,n ) and o t h e r  r e a c t i o n s  w i t h  l ong  h a l f -  
l i v e s  (>30 days )  would be of t h e  most b e n e f i t  s i n c e  on ly  l i m i t e d  
s p e c t r a l  a n a l y s i s  can  be done a t  p r e s e n t  f o r  l ong  i r r a d i a t i o n s .  
T y p i c a l  e r r o r s  observed i n  some common dos imetry  r e a c t i o n s  a r e  
shown i n  Table  I1 f o r  a  STAYSL a n a l y s i s  of a n  i r r a d i a t i o n  i n  ORR. 
Note t h a t  o v e r a l l  r e s u l t s  a r e  improved w i t h  r e c e n t l y  t e s t e d  ENDFIB-v 
c r o s s  s e c t i o n s ,  b u t  s i g n i f i c a n t  d i f f e r e n c e s  remain. 

T(d , n )  NEUTRON SOURCES 

Dosimetry a t  14-MeV neu t ron  sou rces ,  such  a s  RTNS 11, i s  s i m -  
p l i f i e d  by t h e  n e a r l y  monoener e t i c  and i s o t r o p i c  n e u t r o n  f i e l d .  
A s i n g l e  r e a c t i o n ,  g3Nb(n,2n)9fmNb (10  day) ,  i s  used  t o  r o u t i n e l y  
measure f l u e n c e s  t o  27% [ 1 7 ] ,  and l o n g e r  i r r a d i a t i o n s  w i l l  u s e  t h e  
l onge r - l i ved  54~e(n ,p)54Mn (312 day) r e a c t i o n  product .  However, 
c a r e  must be t a k e n  t o  adequa te ly  measure f l u x  g r a d i e n t s  i n  t h e  
s m a l l  expe r imen ta l  volume nea r  t h e  sou rce .  Ex tens ive  f l u x  maps 
have been made on a  v e r y  s m a l l  s c a l e  a t  RTNS I [18]  ( s e e  F i g u r e  2 )  
and s i m i l a r  expe r imen t s  w i l l  be conducted s h o r t l y  a t  RTNS 11. 

Experiments a r e  now being  planned t o  measure more compl ica ted  
s p e c t r a  f a r t h e r  away from t h e  sou rce ,  u s i n g  l a r g e  masses of mate- 
r i a l  t o  r e t u r n  low energy n e u t r o n s ,  s i m i l a r  t o  a  f u s i o n  r e a c t o r  
spectrum. Concern has  been r a i s e d  about  t h e  un fo ld ing  of  weak, 
low-energy n e u t r o n s  i n  t h e  p re sence  of a  dominant 14-MeV peak. 
However, r e c e n t  exper iments  by K u i j p e r s  [19 ]  seem t o  be q u i t e  suc- 
c e s s f u l .  Actua l  f u s i o n  r e a c t o r  exper iments  a r e  a l s o  planned when 
t h e  Tokamak Fus ion  Tes t  Reactor  becomes o p e r a t i o n a l  a t  P r ince ton .  

Be AND L i ( d , n )  NEUTRON SOURCES 

The s t r i p p i n g  neu t ron  s o u r c e s  a t  c y c l o t r o n s  have been t h e  most 
d i f f i c u l t  t o  c h a r a c t e r i z e  due t o  s t e e p  f l u x  and s p e c t r a l  g r a d i e n t s  
a s  w e l l  a s  poo r ly  d e f i n e d  neu t ron  c r o s s  s e c t i o n s ,  e s p e c i a l l y  above 
28 .MeV. F i g u r e  3  shows t h e  measured dependence of t h e  neu t ron  f l u x  
and spec t rum a t  l a r g e  d i s t a n c e s  ( > 1  m) from a  Be(d ,n)  sou rce  a t  
ORNL [20] .  However, m a t e r i a l s  i r r a d i a t i o n s  must be conducted ve ry  
c l o s e  t o  t h e  s o u r c e  ( abou t  4-10 mm) t o  produce any measureable  r a d i -  
a t i o n  damage i n  e n g i n e e r i n g  m a t e r i a l s .  P r e c i s i o n  dos imetry  w i t h  
m u l t i p l e - f o i l s  must t h u s  be conducted t o  a d e q u a t e l y  measure t h e  
damage produced i n  a  sample. F i g u r e  4  shows f l u e n c e  and c a l c u l a t e d  
damage and helium con tou r s  measured a t  t h e  U.C. Davis  c y c l o t r o n  
[Be (d ,n ) ,  Ed = 30 MeV]. Note t h a t  t h e  g r a d i e n t s  a r e  ve ry  s t e e p  
o f f - a x i s ,  e s p e c i a l l y  f o r  t h e  damage and helium c o n t o u r s  which a r e  
more dependent  on high-energy neu t rons .  



Slowly moving t h e  d  beam a c r o s s  t h e  t a r g e t  h e l p s  t o  moderate 
t h e  s t e e p  g r a d i e n t s  [21 ]  and may i n  f a c t  i n c r e a s e  t h e  t o t a l  expo- 
s u r e  s e e n  by a  sample s i n c e  t h e  beam s p o t  i s  q u i t e  s m a l l  ( abou t  3-5 
mm). The l a r g e r  s i z e  of t h e  FMIT s o u r c e  ( abou t  1 x 3  cm) w i l l  a l s o  
n a t u r a l l y  modera te  t h e  s t e e p  g r a d i e n t s ;  however, p r e c i s i o n  dos i -  
metry w i l l  s t i l l  be needed,  e s p e c i a l l y  i f  t h e  beam p r o f i l e  i s  
i r r e g u l a r .  I n  p r a c t i c e ,  s m a l l  i r r e g u l a r i t i e s  a r e  n o t  impor t an t  t o  
l ong - t e rn  exposure  and c a l c u l a t i o n a l  models of t h e  sou rce  can  be 
c o n s t r u c t e d  which f i t  measured a c t i v i t y  o r  damage r a t e s  w i t h  h igh  
p r e c i s i o n ,  a s  shown i n  F i g u r e  4 .  

Neutron c r o s s  s e c t i o n s  f o r  dos imetry  have been a  problem due 
t o  a  g e n e r a l  l a c k  of  measuremepts above 1 5  MeV. However, some 
e x c e l l e n t  d a t a  is  a v a i l a b l e  from Bayhurst  e t  a l .  [ 22 ]  up t o  28 MeV. 
E x t r a p o l a t i o n s  based on t h e  THRESH 'computer code [23 ]  and a  few 
a v a i l a b l e  t h e o r e t i c a l  c a l c u l a t i o n s  were t h e n  made up t o  44 M e V  [ l o ] .  
I n t e g r a l  t e s t s  [11,12] have been made i n  which a c t i v a t i o n s  a r e  com- 
pared t o  c a l c u l a t i o n s  i n  a  wel l -def ined  geometry where t h e  spectrum 
has  been  measured by t ime-o f - f l i gh t  spec t rometry .  The r e s u l t s  have 
been s u r p r i s i n g l y  good, a s  shown i n  Table  111. I n  f a c t ,  t h e  neu- 
t r o n  spec t rum a t  a  Be o r  L i (d ,n )  s o u r c e  can  p r e s e n t l y  be measured 
wi th  10-30% f l u x  e r r o r s  i n  t h e  2-30 MeV energy r ange  where 90% of 
m a t e r i a l s  damage i s  produced,  a s  shown i n  Table  I V  and F igu re  5. 
Damage r a t e s  can  be c a l c u l a t e d  t o  210% f o r  t h e s e  s p e c t r a .  

N e v e r t h e l e s s ,  n e u t r o n  c r o s s  s e c t i o n s  a r e  needed t o  d e f i n e  t h e  
f l u x  spec t rum above 28 MeV (up t o  50 M e V  a t  FMIT) and t o  reduce t h e  
e r r o r s  i n  t h e  low t h r e s h o l d  r e a c t i o n s  above 14 MeV. Table  V l ists 
a  number of  r e a c t i o n s  which a r e  most u r g e n t l y  r eques t ed  f o r  dos i -  
metry. I n  p a r t i c u l a r ,  t h e  m a t e r i a l  c o b a l t  appea r s  t o  be a n  exce l -  
l e n t  c h o i c e  s i n c e  f i v e  independent  r e a c t i o n s  w i th  long h a l f - l i v e s  
c a n  be e a s i l y  measured, spanning  t h e  e n t i r e  energy spectrum a t  
FMTT. 

SPALLATION NEUTRON SOURCES 

High-energy (500-800 MeV) p ro ton  beams have been used t o  c r e a t e  
n e u t r o n s  by s p a l l a t i o n  a t  LAMPF [24]  and IPNS [25 ] .  F igu re  6 shows 
a  spec t rum r e c e n t l y  measured a t  a  mock-up of IPNS. As can  be seen ,  
t h e  spec t rum i s  s i m i l a r  t o  a  f a s t . r e a c t o r ;  however, a  weak t a i l  
exLerids up t o  500 MeV (no t  shorn). A t  p r e s e n t ,  no  n u c l e a r  d a t a  is  
a v a i l a b l e  f o r  measuring neu t rons  above 30 MeV. Neutron-induced 
s p a l l a t i o n  r e a c t i o n s  (e.g., A l )  cou ld  i n  p r i n c i p l e  be used i n  t h i s  
r eg ion .  However, c a l c u l a t i o n s  show t h a t  less t h a n  1% of m a t e r i a l s  
damage i s  caused by t h i s  p a r t  of t h e  neu t ron  spectrum. 

A weak f l u x  of high-energy p ro tons  and o t h e r  p a r t i c l e s  i s  a l s o  
produced by t h e  s p a l l a t i o n  p roces s .  However, r e c e n t  tests [25 ]  
show t h a t  p ro ton  f l u x e s  a r e  t o o  weak ( < I %  of n e u t r o n s )  t o  i n t e r f e r e  
w i t h  e i t h e r  m a t e r i a l s  damage o r  neu t ron  dos imetry  [*, (n ,2n )  i s  
i n d i s t i n g u i s h a b l e  from ( p , d ) ] .  P ro ton  a c t i v a t i o n  measurements a r e  



needed bo th  t o  moni tor  t h e  incoming beam and t o  b e t t e r  d e f i n e  
secondary  f l u x e s .  Measurements of neu t ron  f l u x  s p e c t r a  and g rad i -  
e n t s  a r e  i n  r e a s o n a b l e  agreement w i th  n e u t r o n i c s  c a l c u l a t i o n s ,  a s  
w i l l  be p re sen ted  a t  t h i s  con fe rence  [26 ] .  

HELIUM MEASUREMENTS 

The amount of he l ium produced i n  a m a t e r i a l  h a s  proven t o  be 
a n  impor t an t  parameter  needed t o  unde r s t and  i r r a d i a t i o n  e f f e c t s .  

. F o r t u n a t e l y ,  a  mass-spect rometr ic  t echn ique  has  been developed f o r  
measuring he l ium q u i t e  a c c u r a t e l y .  ' J o i n t  exper iments  [18 ,27]  have 
been conducted i n  many t y p e s  of f a c i l i t i e s  t o  simultaneous1.y mea- 
s u r e  he l ium p roduc t ion  and t h e  f lux-spectrum, t h e r e b y  i n t e g r a l l y  
t e s t i n g  he l ium p roduc t ion  c r o s s  s e c t i o n s .  Recent  r e s u l t s  from ORR 
a r e  l i s t e d  i n  Table  V I .  It i s  hoped t h a t  some of t h e  l a r g e r  d i s -  
c r e p a n c i e s  w i l l  be r e so lved  w i t h  t h e  a n t i c i p a t e d  r e l e a s e  of g a s  
p roduc t ion  f i l e s  i n  ENDF/B-V. 

Nickel  i s  a v e r y  impor t an t  element i n  r e a c t o r  i r r a d i a t i o n s  
s i n c e  h i  h helium l e v e l s  can  be produced by t h e  thermal  n e u t r o n s  
v i a  t h e  g8Ni(n,y)59Ni(n, a) r e a c t i o n ,  t he reby  s i m u l a t i n g  helium- 
to-damage r a t i o s  c l o s e  t o  f u s i o n  r e a c t o r  v a l u e s .  The t e s t s  r epo r t -  
ed  i n  Table  V I  demonst ra ted  t h a t  good agreement between helium 
measurements and c a l c u l a t i o n s  can  on ly  be  o b t a i n e d  w i t h  p r e c i s e  
knowledge of t h e  neu t ron  spectrum. The a p p r o p r i a t e  s p e c t r a l -  
averaged c r o s s  s e c t i o n s  f o r  n i c k e l  must be o b t a i n e d  by comparison 
t o  r a d i o m e t r i c  measurements, s i n c e  formulas  based on measurements 
i n  o t h e r  r e a c t o r s  [28]  were found t o  be i n  e r r o r  by 20-30%. 

There a r e  two g o a l s  of t h e  work w i t h  he l ium d e t e c t o r s .  F i r s t ,  
i n t e g r a l  t e s t i n g  can  be used t o  r e f i n e  helium p roduc t ion  c r o s s  
s e c t i o n s ,  t h e r e b y  improving c a l c u l a t i o n s  used i n  damage a n a l y s i s .  
Secondly,  w i t h  a c c u r a t e  c r o s s  s e c t i o n s ,  hel ium d e t e c t o r s  can  be 
used t o  improve f l u x  and s p e c t r a l  measurements. Th i s  i s  e s p e c i a l l y  
u s e f u l  f o r  ve ry  long  i r r a d i a t i o n s  s i n c e  he l ium i s  a s t a b l e  product .  
T o t a l  hel ium c r o s s  s e c t i o n s  a r e  needed up t o  40 MeV p r i m a r i l y  f o r  
A l ,  Fe, C r ,  Cu, T i ,  N i ,  W ,  and Au. 

OTHER TECHNIQUES 

The gamma f i e l d  produced by a neu t ron  sou rce  i s  of i n t e r e s t  
i n  m a t e r i a l s  i r r a d i a t i o n s  due t o  i on i za t ion - induced  damage i n  
i n s u l a t o r s  and gamma h e a t i n g  of samples.  However, p r e s e n t  c a l c u l a -  
t i o n s  and a few measurements i n d i c a t e  t h a t  n e i t h e r  problem i s  ve ry  
s i g n i f i c a n t  a t  a cce l e r a to r -based  neu t ron  s o u r c e s  s i n c e  t h e  t o t a l  
gamma f l u x  i s  on ly  abou t  1% of t h e  t o t a l  n e u t r o n  f l u x  [11,12].  
There  a r e  ve ry  few t echn iques  f o r  measuring t h e  gamma flux-spectrum 
i n  t h e  p re sence  of a  much s t r o n g e r  neu t ron  f l u x ,  a l t hough  a new 
method u s i n g  Compton s c a t t e r i n g  i s  being' developed by R. Gold [29 ] .  



S o l i d  s t a t e  t r a c k  r e c o r d e r s  may a l s o  prove u s e f u l  i n  sou rce  
c h a r a c t e r i z a t i o n s ,  e s p e c i a l l y  w i t h  new m a t e r i a l s  l i k e  CR-39 which 
i s  s e n s i t i v e  t o  p ro tons  up t o  1 8  MeV [30] .  F i s s i o n  c r o s s  s e c t i o n s  
need development i n  t h e  14-40 MeV ene rgy  r ange  and d a t a  a r e  needed 
f o r  charged p a r t i c l e  r e a c t i o n s  on emuls ion  m a t e r i a l s  i n c l u d i n g  Ag, 
Br,  C., 0, and N. 

DISPLACEMENT DAMAGE CALCULATIONS 

The o v e r a l l  s t r a t e g y  of  c o r r e l a t i n g  damage between i r r a d i a t i o n  
f a c i l i t i e s  c r u c i a l l y  depends on t h e  development of s u i t a b l e  theore-  
t i c a l  models w i t h  c l e a r l y  d e f i n a b l e  damage pa rame te r s  [ 4 ] .  The 
b e s t  s u c h  pa rame te r s  a r e  t hough t  t o  be displacements-per-atom (dpa) 
and g a s  p roduc t ion  (H,He) [31 ] .  Exposure should  t h u s  be recorded 
i n  dpa and H e ,  a s  w e l l  a s  neu t ron  f l u x  and spectrum. On t h e  one 
hand, t h i s  i s  advantageous  t o  dos ime t ry  s i n c e  such  damage para-  
me te r s  a r e  i n t e g r a l s  of t h e  neu t ron  spectrum and can  be measured 
mote a c c u r a t e l y  t h a n  t h e  f l u x  i n  v a r i o u s  energy r e g i o n s  due t o  ve ry  
s t r o n g  c o v a r i a n c e s  i n  t h e  o u t p u t  f l u x  spectrum from unfo ld ing  codes.  
I n  o t h e r  words, t h e  neu t ron  spectrum can  be viewed a s  r e p r e s e n t i n g  
a  ma thema t i ca l  t r a n s f e r  f u n c t i o n  between two i n t e g r a l  q u a p t i t i e s ,  
namely, a c t i v i t y  i n t e g r a l s  and damage parameters. .  . For example, 
u s i n g  t h e  f u l l  c o v a r i a n c e  m a t r i x  f o r  t h e  o u t p u t  f l u x  from STAYSL, 
dpa and he l ium l e v e l s  can  g e n e r a l l y  be  computed t o  + lo%,  i n  s p i t e  
of  t h e  f a c t  t h a t  e r r o r s  i n  some f l u x  groups  a r e  a s  l a r g e  a s  230-50%. 

On t h e  o t h e r  hand, d i sp l acemen t  damage c r o s s  s e c t i o n s  a r e  i n  
themselves  d i f f i c u l t  t o  c a l c u l a t e ,  e s p e c i a l l y  above 14 MeV, s i n c e  
t h e y  r e q u i r e  a n  enormous amount of d e t a i l e d  n u c l e a r  r e a c t i o n  d a t a ,  
i n c l u d i n g  c r o s s  s e c t i o n s  and a n g u l a r  d i s t r i b u t i o n s  f o r  most 
e l emen t s  up t o  50 MeV. Hence, a t  p r e s e n t ,  we a r e  i n  t h e  s t r a n g e  
p o s i t i o n  of be ing  a b l e  t o  measure s p e c t r a l  u n c e r t a i n t i e s  ( abou t  
10%) i n  dpa c a l c u l a t i o n s  a t  h igh  neu t ron  e n e r g i e s  f a r  more accu- 
r a t e l y  t h a n  we can  c a l c u l a t e  d i sp l acemen t  c r o s s  s e c t i o n s  (20-50%). 

Obvious ly ,  t h e o r e t i c a l  c a l c u l a t i o n s  and s e l e c t e d  n u c l e a r  
measurements a r e  needed t o  improve damage c a l c u l a t i o n s .  Some 
work h a s  a l r e a d y  been done [32 ,33 ,34]  and e v a l u a t e d  f i l e s  a r e  now 
s t a r t i n g  t o  become a v a i l a b l e  [35] .  The most impor t an t  n u c l e a r  d a t a  
(exper iment  and c a l c u l a t i o n )  needs a r e  d i f f e r e n t i a l ,  a n g u l a r  c ros s -  
s e c t i o n s  f o r  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  and secondary  p a r t i -  
c l e  e m i s s i o n  d a t a  f o r  A l ,  Fe, N i ,  Cr, Cu, W ,  Sn, T i ,  and V ,  
e s p e c i a l l y  from 15-35 MeV. Obvious ly ,  t h e  most p robab le  r e a c t i o n s  
have t h e  h i g h e s t  p r i o r i t y  s i n c e  t hey  produce most of t h e  damage i n  
m a t e r i a l s .  T ransmuta t ion  c r o s s  s e c t i o n s  a r e  an  i n t e r e s t i n g  sub- 
t o p i c  s i n c e  they  e v e n t u a l l y  l e a d  t o  composi t ion  changes i n  a l l o y s .  
Other  pape r s  a t  t h i s  con fe rence  w i l l  p r e s e n t  a  more d e t a i l e d  analy- 
s i s  of high-energy f u s i o n  m a t e r i a l s  s t u d i e s .  



CONCLUSIONS 

I n  conclus ion t h e  c h a r a c t e r i z a t i o n  of neutron sources  f o r  
m a t e r i a l s  s t u d i e s  a t  high neutron energ ies  appears  t o  have improved 
enormously s i n c e  t h e  l a s t  conference i n  1977. I n  p a r t i c u l a r ,  i n t e -  
g r a l  d a t a  t e s t i n g  [11,12] has  demonstrated t h a t  f lux-spec t ra  can 
now be r o u t i n e l y  measured t o  '10-30% and i n t e g r a l  damage parameters 
t o  +lo-15% f o r  most m a t e r i a l s  i r r a d i a t i o n s .  New computer codes 
[7 ,8]  have a l s o  emerged t o  inc lude  covar iances ,  a l lowing a more 
p r e c i s e  s ta tement  of measurement e r r o r s .  

Never theless ,  nuc lea r  d a t a  i s  s t i l l  needed to . improve dosi -  
metry measurements and damage c a l c u l a t i o n s .  A t  p r e s e n t ,  no a c t i v a -  
t i o n  c r o s s  s e c t i o n s  a r e  well-known above 28 MeV and displacement 
c a l c u l a t i o n s  have l a r g e  e r r o r s  above 14 MeV. Whereas p resen t  
ana lyses  i n d i c a t e  t h a t  high energy neutrOdS (>30 MeV) may not be 
c r u c i a l  t o  unders tand ing . fus ion  m a t e r i a l s  damage, i t  should a l s o  
be remembered t h a t  t h i s  b a s i c  s t r a t e g y  has  not y e t  been t e s t e d  a t  
h igh neutron f luence  (1022 n/cm2) and t h a t ,  a s  m a t e r i a l s  pro- 
grams mature,  more demands w i l l  be placed on source  cha rac te r i za -  
t i o n .  F a i l u r e  t o  adequate ly  develop t h e  requ i red  nuc lea r  d a t a  base 
and techniques  w i l l  u l t i m a t e l y  undermine t h e  e n t i r e  s t r a t e g y  of 
p r e d i c t i n g  the  performance of m a t e r i a l s  i n  f u s i o n  r e a c t o r s  based 
on experiments i n  d i v e r s e  neutron sources .  
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TABLE I. 

Typ ica l  Flux E r r o r s  f o r  S p e c t r a l  Analys is  i n  ORR (E7, 1 MW). 
Displacement damage i n  n icke l3  is a l s o  listed as a func t ion  
of neutron energy. The spectrum i s  shown i n  F i g .  I .  

I n t e g r a l  Fl.t .1~ Energy Range Damage 
Energy Range (x1012 n/cm2-s) (MeV) (XI 

Tot a 1  20.1 15 <.01 

Thermal, <.55 eV 5.4 4 (0.1 

9.2 eV-1.3 keV 2.8 7 0.4-1 13.8 

1.3-190 kcV 2.8 50 1-2 24.8 

190-920 keV 2.9 31 2-4 32.2 

0.92-5 MeV 4.1 8 4-6 11.2 

5-20 MeV 0.3 7 > 6 5.2 



TABLE 11. 

Typical Deviations between Measured and Calculated .(ENDFIB) 
Activation Integrals i n  ORR (E7, 1 MW) af ter  Spectral 
Adjustment (STAYSL). +Cd means cadmium covered (20 mi l ) .  

Deviation, % 
(Measured-Calculated) 

Reaction IV V 



TABLE 111. 

Integral Cross Section Errors (ENDF/B) Deduced from 
Activation and Time-of-Flight Measurements in  Be(d,n) 
Fields.  Absolute errors are 510%. 

ED = 14-16 MeV 
Reaction IV V 

ED = 40 MeV 
IV v 

a Values i n  parenthesis include contributions from higher mass 
isotopes.  

b ~ a l u e  i n  parenthesis modi.fied according t o  Kef. 22. 



TABLE I V .  

Typical  Flux Er ro rs  f o r  Be(d,n) S p e c t r a l  Analysis 
a t  ORNL Cyclotron, Ed = 40 MeV, 'Displacement 
damagea i n  n i c k e l  i s  a l s o  l i s t e d  a s  a func t ion  of 
neutron energy. The spectrum i s  s i m i l a r  t o  FMIT. 

Energy Range I n t e g r a l  Flux Damage 
(MeV) (xl09 n/cm2-p~) (%>  

Tota l  

<0.1 

<1 

1-5 . 

5-10 

10-15 

15-20 

20-2 5 

25-30 



TABLE V. 

Threshold Activation Reactions Desired for Fusion 
Dosimetry Listed by Material in Order of Priority. 
Elements with multiple,,long-lived products are 
favored. Many other ,reactions could a1,so be used. 

Energy Range Energy Range 
React ion (MeV) Reaction (MeV 

59~o(n,p)~~Fe 4-28 90~r(n,p)90~ 5-26 

(n,2n)58~0 10-30 zr(n,x)Bgzr 12-36 

(n. 3n)57~o 20-40 (n, x)88~r 18-45 

(n, 4n)56~o 30-50 89~(n,p)~~~r 4-2 5 

lg7Au(n, 2n)196Au 8-2 5 (n, 211188~ 12-34 

(n, 3n)lg5Au 15-35 (n, 3 x 1 ) ~ ~ ~  22-50 

(n,4n)lg4Au 2 3-4 5 (n, a)86~b 8-2 8 

~c(n,x)~~~n 1-40 lb9m(n, 2n )lb8m 9-28 

54~e(n,a)51~r 7-25 (n, 311)l~~~m 16-36 

54~e(n, t)52~n 14-35 25-50 

58~i(n,p)58~o 2-25 23~a(n, 2n)22~a 12-30 

(n, 2n)57~i 12-36 lo7gg(n, 2n)106m~g 10-28 

(n,3nlS6Ni 22-40 (n, 3n1105Ag 16-40 

60~i(n,p)6n~o 3-30 2 3 8 ~ ( n , 2 n ) ~ ~ ~ ~  6-18 

93~b(n,n' )93m~b 0.1-10 (nlf )f -P. 1-50 

(n ,2n192~Nb 3-28 55~n(n, 2n)54~n 11-28 



TABLE VI. 

Comparison of Measureda and Calculated 
(ENDF/B-IV) Helium Production in the 
Oak Kidge Kesearch keacror 

Ratio 
Material (Measured/Calculated) 

Ti 1.85 2 -07 

a D. Kneff and H. Farrar IV, Rockwell 
International, DOE/ET-0065-8 (1980). 

b58~i(n, y)59Ni(n,a) process included 
using spectral-averaged cross sections 
from dosimetry. 
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Fig .  1. N e u t r o n  F l u x  Spec t rum f o r  t h e  Oak R i d g e  R e a c t o r  ( E 7 , l  MW) 
Using  t h e  STAYSL Computer  Code. The r e a c t i o n s  a r e  l i s t e d  
i n  T a b l e  II- and  f l u x  i n t e g r a l s  i n  T a b l e  I. The d o t t e d  and  
d a s h e d  l i n e s  r e p r e s e n t  one  s t a n d a r d  d e v i a t i o n  e r r o r  l i m i t .  
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Fig .  2. C o n s t a n t  F l u x  C o n t o u r s  ( x  1017 n/cm2) Deduced f rom Helium 
and R a d i o m e t r i c  D o s i m e t r y  a t  RTNS I. Note t h e  asymmetry 
and s m a l l  s c a l e .  Data  f rom Ref .  1 8 .  
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Fig. 3.  ,:Neutron Spectra Measured by Time-of-Flight Spectrometry a t  
the 0ak.Ridge Isochronous Cyclotron [Be(d,n), Ed = 40 MeV]. 
Data from Ref. 20. 
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Fig. 4 .  (a) Fluence. Measured by Radiometric and Helium Dosimetry a t  the 
U .  of C .  Davis Cyclotron [ ~ e ( d , n ) ,  Ed = 30 MeV].  Note the 
very steep gradients, especially off-axis, and the very f ine  
scale.  
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(b) Displacement Damage. Measured by Radiometric and ~ e l i u m  
Dosimetry a t  the U .  of C .  Davis Cycl.otron [Be(d,n), Ed = 30 
MeV]. Note the very steep gradients, especially off-axis, and 
the very f ine  scale. 
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Fig. 4 .  :(c) Helium Contours. Measured by Radiometric and Helium Dosimetry 
a t  the U .  of C .  Davis Cyclotron [Be (d ,n ) ,  Ed = 30 MeV]. Note the 
very steep gradients, especially off-axis, and the very f ine  scale.  



Fig. 5 .  Spectra Unfolded a t    om in all^ 'Zero Degrees a t  Various 
Distances from a Be(d,n) Source (Ed = 30 MeV) a t  U.  of C .  
Davis. Note that the spectrum i s  s o f t e r  c l o s e r  t o  the source. 
The STAYSL code was used with 21 reactions.  



IPNS 238 U 

Fig.  6. Spec t rum Measured a t  a  Mock-Up o f  t h e  I n t e n s e  Pu l s ed  Neut ron  
Sou rce  unde r  C o n s t r u c t i o n  a t  Argonne. A 500 MeV p r o t o n  beam 
was s t opped  i n  a  d e p l e t e d  uranium t a r g e t .  The STAYSL code  
was u sed  w i t h  26 r e a c t i o n s  and  d o t t e d  and da shed  l i n e s  
r e p r e s e n t  onc  ~ t o n d a r d  d c v i n t i o n  e r r o r .  The f l u x  above  44 
MeV i s  n o t  shown. 
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ABSTRACT 

Accurate knowledge of the  neutron source  cha rac te r -  
i s t i c s  from 35 MeV deuterons  on a  t a r g e t  of t h i c k  l i t h i u m  
were needed t o  suppor t  des ign and opera t ion  of t h e  Fusion 
M a t e r i a l s  I r r a d i a t i o n  Tes t  (FMIT) f a c i l i t y .  

To meet t h i s  need, measurements were performed us ing 
a  35 MeV deuteron beam from the  isochronous cyc lo t ron  a t  
t h e  Unive r s i ty  of C a l i f o r n i a  a t  Davis. Data were obta in-  
ed us ing t h e  t ime-of-f l ight  technique wi th  an NE213 l i q u i d  
s c i n t i l l a t o r .  One s e t  of measurements was used t o  observe 
t h e  neutron spectrum f rom% 1 MeV t o %  50 MeV, the  maxi- 
mum k inemat ica l ly  allowed energy. Observation ang les  were 
from 0' t o  150' wi th  emphasis on forward ang les .  S p e c t r a l  
d a t a  be low% 1 .5  MeV had poor accuracy. It was f e l t  t h a t  
a  s i g n i f i c a n t  f r a c t i o n  of t h e  neutron y i e l d  might l i e  a t  
s t i l l  lower e n e r g i e s ,  t h e r e f o r e  a  second s e t  of measure- 
ments was performed t o  i n v e s t i g a t e  the  s p e c t r a  , to a s  low 
an energy a s  poss ib le .  Addi t ional  measurements were per- 
formed with a  t a r g e t  enr iched i n  t h e  i so tope  6 ~ i  replac-  
i n g  the  n a t u r a l  l i t h i u m  t a r g e t  used i n  previous  measure- 
ments. The main advantage of a  6I,i t a r g e t  i s  t h a t  the  
maximum k inemat ica l ly  allowed neutron energy i s  only about 
38 MeV, hence reducing s h i e l d i n g  requirements.  The exper i -  
ments, pre l iminary r e s u l t s ,  and f u t u r e  needs w i l l  be  des- 
c r ibed .  



INTRODUCTION 

The needs f o r  d a t a  concerning t h e  neutron source  cha rac te r -  
i s t i c s  f o r  35 MeV deuterons  on t h i c k  l i t h i u m  f o r  t h e  FMIT f a c i l i t y  
a rose  p r i m a r i l y  because t h e r e  had been few p r i o r  measurements wi th  
s i m i l a r  goa l s  i n  mind. Most previous  measurements were done wi th  
d i f f e r e n t  deuteron e n e r g i e s ,  and t h e  neutron s p e c t r a  were observed 
p r i m a r i l y  a t  o r  nea r  O 0  with r e s p e c t  t o  t h e  d i r e c t i o n  of t h e  i n c i -  
dent  beam. Furthermore,  many measurements d id  n o t  observe t h e  
neutron spectrum below % 3 - 10 MeV. 

The experiments desc r ibed  h e r e  were undertaken wi th  t h e  objec- 
t i v e s  t o :  

(1) Provide  a s  complete a  d a t a  s e t  a s  p o s s i b l e  f o r  c a l c u l a t i o n s  
t h a t  make d i r e c t  use  of s p e c t r a  and y i e l d s  obta ined a t  a  d i s -  
t ance  from t h e  t a r g e t .  Examples of these  c a l c u l a t i o n s  a r e  
s h i e l d i n g ,  a c t i v a t i o n ,  and r a d i a t i o n  h e a t i n g  i n  w a l l s  some- 
what d i s t a n t  from t h e  source .  

(2) To o b t a i n  t h i c k  t a r g e t  d a t a  of s u f f i c i e n t  q u a n t i t y  and qual-  
i t y  t h a t  i t  would a i d  i n  an e v a l u a t i o n  of t h e  t h i n  t a r g e t  
d i f f e r e n t i a l  neutron product ion c r o s s  s e c t i o n  a s  a  func t ion  
of deuteron energy. -This  was needed f o r  c a l c u l a t i o n s  of t h e  
neu t ron  f lux-spec t ra  a t  p o s i t i o n s  very  c l o s e  t o  t h e  t a r g e t  
i n  t h e  FMIT t e s t  c e l l .  The e v a l u a t i o n  is  desc r ibed  i n  r e f e r -  
ence  [ I ] .  

Measurements Emphasizing Neutron Energies  Grea te r  than 1 .5  MeV 

Measurements of t h e  neutron s p e c t r a  and y i e l d s  were made 
us ing a  beam of 35 MeV deuterons  from t h e  isochronous cyc lo t ron  
a t  the  U n i v e r s i t y  of C a l i f o r n i a  a t  Davis. Neutrons were observed 
wi th  t h e  t ime-of-f l ight  technique us ing an NE213 l i q u i d  s c i n t i l l -  
a t o r  t h a t  was 2" x  2". The experiment has  been descr ibed e l s e -  
where [2] s o  only  t h e  r e s u l t s  w i l l  be  shown here .  Figure  1 shows 
t h e  s p e c t r a l  r e s u l t s  of measurements f o r  neutron emiss ion ang les  
o O ,  d o ,  l Z O ,  20°, 30°,. 45", 70°, 105", and 150' i n  t h e  l a b .  

The r e s u l t s  of s p e c t r a l  measurements have been binned i n  1 
MeV s t e p s  f o r  e n e r g i e s  g r e a t e r  than 1 MeV, as shown i n  Figure  1. 
Displaying t h e  d a t a  bo th  l i n e a r l y  and l o g a r i t h m i c a l l y  i l l u s t r a t e s  
d i f f e r e n t  f e a t u r e s  of t h e  d a t a ;  

In  t h e  l i n e a r  p l o t ,  one s e e s  a  s t r o n g  peak a t  O 0  wi th  a  maxi- 
mum between 13  and 14 MeV and a  f u l l  width a t  h a l f  maximum of about 
14 MeV. The magnitude of t h e  neutrons  observed dec reases  r a p i d l y  
w i t h  i n c r e a s i n g  ang le  and t h e  s p e c t r a l  shape.changes  i n t o  one t h a t  
f a l l s  monotonical ly  wi th  i n c r e a s i n g  neutron energy. Some evidence 
f o r  a  peak o r  ' i n f l e c t i o n  i n  t h e  v i c i n i t y  of 14 MeV may b e  seen i n  
s p e c t r a  f o r  ang les  perhaps a s  l a r g e  a s  45O. 

There a r e  very  few neu t rons  emit ted  a t  any ang le  wi th  e n e r g i e s  
g r e a t e r  than  about 30 MeV, a l though t h e  maximum k inemat ica l ly  
allowed neutron energy i s  a s  l a r g e  a s  about 50 MeV f o r  forward 
ang les .  From t h e  observed s p e c t r a ,  one would expect  t h e  bu1.k of  



damage i n  exper imental  m a t e r i a l s  i n  FMIT t o  be due t o  neu t rons  
l e s s  than about 30 MeV with  most of i t  from neu t rons  w i t h i n  about 
+ 10 MeV of the  14 MeV peak. - 

For t h e  por t ion  of t h e  s p e c t r a  l e s s  than about 30 MeV, the  
d a t a  shown i n  Figure  1 a r e  q u i t e  s i m i l a r  t o  t h e  35 MeV d a t a  a t  
0' of Amols, e t  a1,[3] and t o  t h e  40 MeV d a t a  f o r  0' t o  90' of 
Saltmarsh,  e t  a l ,  [4]. On the  o t h e r  hand, t h e  34 MeV d a t a  of 
Goland, e t  a l ,  [5] f o r  0' t o  20° a r e  only  about h a l f  t h e  magni- 
tude of these  d a t a  and t h e i r  s p e c t r a  drop sha rp ly  below 5 MeV. 

The i n t e r p r e t a t i o n  of t h e  d a t a  below about 30 MeV i s  t h a t  i t  
i s  composed of a component due t o  t h e  deuteron breakup r e a c t i o n  
p l u s  a component r e s u l t i n g  from formation of a compound nuc leus  
followed by s t a t i s t i c a l  evaporat ion.  

The breakup c o n t r i b u t i o n  r e s u l t s  from t h e  breakup of t h e  
weakly bound deuteron i n  t h e  f i e l d  of a l i t h i u m  nucleus  wi th  t h e  
neutron cont inuing on wi th  e s s e n t i a l l y  t h e  same v e l o c i t y  and d i r -  
e c t i o n  a s  t h e  i n c i d e n t  deuteron.  Neutrons from breakup a r e  very  
forward peaked and have e n e r g i e s  i n  t h e  forward d i r e c t i o n  t h a t  
a r e  about h a l f  t h a t  of t h e  deuteron which broke up. The breakup 
r e a c t i o n  can be  descr ibed by t h e  c l a s s i c a l  Serber  model [6]. 

There i s  a l s o  evidence,  a s  shown i n  Figure  1, f o r  another  
component t h a t  can be viewed a s  t h e  r e s u l t  of s t a t i s t i c a l  evap- 
o r a t i o n .  For t h i s  component, one would expect  a more i s o t r o p i c  
angu la r  d i s t r i b u t i o n  and s p e c t r a  t h a t  decrease  monotonically 
wi th  i n c r e a s i n g  neutron energy, s i m i l a r  t o  obse rva t ion  a t  l a r g e  
ang les .  

I n  t h e  logar i thmic  p l o t  i n  Figure  1, t h e  f e a t u r e s  of t h e  
s p e c t r a  of neutrons  above 30 MeV become apparent .  Here one s e e s  
a shoulder  i n  forward ang le  s p e c t r a  which extends as high as 50 
MeV near  0 ' .  This  shoulder  has  n o t  been p rev ious ly  observed f o r  
deuterons  of s i m i l a r  i n c i d e n t  energy. Although t h e r e  a r e  very  
few of these  high energy neutrons  compared t o  those  below about 
30 MeV, they  a r e  very important f o r  s h i e l d i n g  cons ide ra t ions  
because of t h e i r  deep p e n e t r a t i o n  i n  t h i c k  w a l l s .  The h i g h e s t  
energy neutrons  i n  t h e  s p e c t r a  dominate t h e  dose received through 
a t h i c k  w a l l  of o rd ina ry  o r  h igh d e n s i t y  concre te  and t h e  bulk  
of t h e  neutrons  below 20-30 MeV have much l e s s  e f f e c t .  This  i s  
descr ibed i n  more d e t a i l  by Car te r  and Morford [7]. 

The shoulder  i s  caused s p e c i f i c a l l y  by 7 ~ i ( d , n ) 8 ~ e  s t r i p p i n g  
r e a c t i o n s  which popula te  p r i m a r i l y  t h e  ground and f i r s t  e x c i t e d  
s t a t e s  of 8 ~ e .  The 50 MeV neutrons  come only  from t h e  7 ~ i ( d , n ~ )  
8 ~ e  r e a c t i o n  t o  t h e  ground s t a t e  (Q-value about + 15 MeV) wi th  
35 MeV deuterons .  

There a r e  s e v e r a l  f e a t u r e s  of t h e  d a t a  above 30 MeV t h a t  
i n d i c a t e  t h a t  i t  can probably be  accounted f o r  wi th  w e l l  known 
deuteron s t r i p p i n g  t h e o r i e s  such a s  DWBA. 

F i r s t ,  i n  such a view one would expect  t h a t  t r a n s i t i o n s  t o  
the  broad 2+ f i r s t  e x c i t e d  s t a t e  a t  an e x c i t a t i o n  energy of 2.94 
MeV would be  about 3 t imes a s  s t r o n g  a s  t r a n s i t i o n s  t o  t h e  0+ 
ground s t a t e .  Spectroscopic  f a c t o r s  f o r  t r a n s i t i o n s  t o  each s t a t e  
a r e  known from s h e l l  model c a l c u l a t i o n s  t o  be  comparable i n  magni- 



t ude ,  b u t  angu la r  momentum cons ide ra t ions  would l ead  t o  a p r e -  
dominance of t r a n s i t i o n s  t o  t h e  2+ s t a t e .  This  predominance 
probably l e a d s  t o  t h e  r o l l  o f f  i n  t h e  shou lde r  t h a t  i s  seen f o r  
neutron e n e r g i e s  above about 45 MeV. 

Another f e a t u r e  is  t h e  r e l a t i v e l y  cons tan t  va lue  of t h e  y i e l d  
a t  a  p a r t i c u l a r  forward angle  over  a  wide range of neutron ener-  
g i e s .  One would expect  such a  r e s u l t  f o r  h igh  energy deuterons  
where d i r e c t  r e a c t i o n s  a r e  dominant and t h e  s t r i p p i n g  c r o s s  s e c t i o n  
is p r o p o r t i o n a l  t o  t h e  ( cons tan t )  spec t roscop ic  Iactur t h a t  is 
involved.  The f l a t  spectrum occurs  because one g e t s  c o n t r i b u t i o n s  
from a l l  deuteron e n e r g i e s  a s  they  slow down i n  the  l i th ium.  

F i n a l l y ,  t h e  magnitude of t h e  y i e l d  of shoulder  neu t rons  peaks 
somewhere between about 12O and 20". This  i s  c o n s i s t e n t  wiLh t he  
angu la r  d i s t r i b u t i o n  expected f o r  t h e  s t r i p p i n g  of p-wave nucleons.  
For such a  r e a c t i o n ,  one expec t s  a  smal l  y i e l d  a t  0° ,  a  l a r g e  peak 
i n  y i e l d  a t  a  forward ang le ,  and a  smal l  o s c i l l a t i n g  c r o s s  s e c t i o n  
f o r  l a r g e r  ang les .  

The t o t a l  neutron y i e l d  a s  a  func t ion  of angle  was obta ined 
by i n t e g r a t i n g  each of t h e  s p e c t r a  i n  Figure  1 over neutron ener- 
gy from 1 t o  50 MeV. Then, t o  o b t a i n  t h e  t o t a l  neutron y i e l d  f o r  
neu t rons  of a l l  e n e r g i e s ,  i t  was assumed a t  each ang le  t h a t  t h e  
unobserved y i e l d  from 0 t o  1 MeV was equa l  t o  t h e  y i e l d  measured 
from 1 t o  2  MeV. The t o t a l  y i e l d  i s  shown a s  a func t ion  of emis- 
s i o n  ang le  i n  Figure  2 and numerical  va lues  a r e  shown i n  Table 1 
f o r  y i e l d s  above 1 MeV and 0  MeV r e s p e c t i v e l y .  Also shown i n  
Figure  2  i s  t h e  product of t h e  y i e l d  t imes  2  7 Sin  O which i s  pro- 
p o r t i o n a l  t o  the  element of s o l i d  ang le  f o r  neutrons  emi t t ed  with- 
i n  an increment dO about t h e  emiss ion ang le  0. The second curve 
shows t h e  c o n t r i b u t i o n  of neutrons  emi t t ed  i n  t h e  d i r e c t i o n  O t o  
t h e  t o t a l  neutron y i e l d .  

By i n t e g r a t i n g  t h e  second curve i n  F igure  2  over  ang le ,  t h e  
t o t a l  neu t ron  y i e l d  was found t o  be  3.0 ( l o l l )  neutrons/uc .  This  
i s  an enormous conversion of deuterons  t o  neu t rons ,  which cor res -  
ponds t o  4 . 8  neutrons  emi t t ed  f o r  every 100 i n c i d e n t  deuterons .  
I n  the  FMIT t a r g e t  des ign,  only t h e  y i e l d  forward of 90° i s  use- 
f u l  f o r  i r r a d i a t i o n  experiments.  For tuna te ly ,  about th ree - four ths  
of the  neu t rons  a r e  emi t t ed  i n  t h e  forward hemisphere. The y i e l d  
of these  neutrons  corresponds t o  2.2 (1011) neutrons/pc  o r  3.5 
neu t rons  p e r  100 i n c i d e n t  deuterons .  

I n  FMIT, thc  most important exper imental  samples w i l l  he 
p laced a s  c l o s e  a s  p o s s i b l e  t o  t h e  t a r g e t  i n  o rde r  t o  exper ience 
t h e  maximum neutron f l u x .  Therefore ,  due t o  t h e  spread i n  t h e  
beam, they  w i l l  a l s o  be  exposed t o  neu t rons  emit ted  a t  a l l  ang les  
up t o  about  90° r e l a t i v e  t o  t h e  beam d i r e c t i o n .  One n o t e s  t h a t ,  
a l though t h e  measured y i e l d  i n  Figure  2  is  very s t r o n g l y  forward 
peaked, t h e  d i s t r i b u t i o n  a s  a  func t ion  of O i s  very broad wi th  
about h a l f  t h e  neu t rons  emi t t ed  between about 10' and 70°. 

The s i g n i f i c a n c e  of t h i s  broad emiss ion i s  t h a t  samples c l o s e  
t o  the  t a r g e t  i n  FMIT w i l l  be exposed t o  much s o f t e r  neutron 
s p e c t r a  than might be a n t i c i p a t e d .  This  i s  because t h e  neutron 
emiss ion s p e c t r a  s o f t e n  q u i t e  a  b i t  a s  a  func t ion  of angle  a s  seen 



i n  Figure 1. Figure 3 shows t h e  average energy of neutrons  emit- 
t e d  above 0 MeV a s  a func t ion  of angle .  Numerical va lues  a r e  
given i n  Table 1 f o r  neutrons  emit ted  above 1-MeV and 0 MeV res -  
pec t ive ly .  Using these  d a t a ,  i t  was found t h a t  t h e  average energy 
of a l l  neutrons  emi t t ed  above 0 MeV was only about 7.3 MeV. Neu- 
t r o n s  emit ted  i n  t h e  forward hemisphere have a s l i g h t l y  h igher  
average energy of about 8 . 1  MeV. Hence one should expect  a s o f t  
spectrum f o r  p o s i t i o n s  very  c l o s e  t o  the  t a r g e t .  This e f f e c t i v e  
so f t en ing  a t  c l o s e  p o s i t i o n s  h a s  been observed exper imental ly  f o r  
neutrons  from 30 MeV deuterons  on t h i c k  beryl l ium by Nethaway, e t  
a1,[81. 

Another s i g n i f i c a n t  po in t  i s  t h a t  the  y i e l d  of neutrons  be- 
tween 0 and 1 MeV i s  more important than one would th ink  a t  f i r s t  
glance i n  e v a l u a t i n g  t h e  t o t a l  y i e l d  of neutrons .  It can be  seen 
i n  Figure  1 and Table 1 t h a t  t h e  f r a c t i o n a l  c o n t r i b u t i o n  t o  the  
y i e l d  a t  each ang le  due t o  neutrons  from 0 t o  1 MeV i n c r e a s e s  wi th  
angle .  For t h e  d a t a  h e r e ,  the  c o n t r i b u t i o n  v a r i e s  from % 3% a t  0' 
t o  % 27% a t  150'. Hence t h e r e  i s  a need t o  b e t t e r  understand t h e  
y i e l d  and s p e c t r a  of neutrons  emit ted  a t  such low e n e r g i e s  i n  
o rde r  t o  determine t h e  t o t a l  number of neutrons  emi t t ed  wi th  be t -  
t e r  accuracy.  The f i r s t  s e t  of measurement had a neutron thresh-  
o l d  of % 0.9 MeV, however, d a t a  were of poor q u a l i t y  below % 1.5  
MeV. A second set of measurements was undertaken t o  extend t h e  
observat ion t o  lower ene rg ies .  

Measurements Emphasizing Neutron Energies Less Than 1 .5  MeV 

Measurements were repeated wi th  a neutron th resho ld  s e t  a t  
% 0.4 MeV and good q u a l i t y  d a t a  was obta ined down t o  about 0.7 
MeV. A l l  ang les  between 4' and 70' (where most of t h e  neu t rons  
a r e  emi t t ed )  were remeasured. Figure 4 compares p re l iminary  
r e s u l t s  -from t h e  new d a t a  a t  45' t o  t h e  previous  d a t a .  Note t h e  
s c a t t e r  i n  the  o l d e r  d a t a  below about 1 .5  MeV, which i n d i c a t e s  
i n c r e a s i n g  u n c e r t a i n t i e s  (not  shown i n  Figure  4) .  The newer d a t a  
does no t  s t a r t  t o - s c a t t e r  i n  a s i m i l a r  fashion u n t i l  below about 
0.7 MeV. S imi la r  g radua l  t r e n d s  were noted i n  t h e  s p e c t r a  f o r  
t h e  o t h e r  ang les .  

The s i g n i f i c a n c e  of these  pre l iminary r e s u l t s  i s  t h a t  one can 
say t h a t  t h e  previous  e s t i m a t e s  of the  y i e l d  from 0 t o  1 MeV were 
no t  g r o s s l y  i n  e r r o r .  There a r e  no sharp r i s e s  o r  f a l l s  i n  t h e  
s p e c t r a  a s  f a r  a s  we have been a b l e  t o  observe. When ana lyses  of 
these  d a t a  a r e  complete,  they w i l l  be  incorporated wi th  t h e  pre- 
v ious  d a t a  t o  provide  improved values  of t h e  y i e l d  and s p e c t r a  a s  
a func t ion  of angle .  We have n o t  observed a turnover  i n  t h e  spec- 
t r a  a t  very  low e n e r g i e s  which we b e l i e v e  should b e  observable .  
This must await  f u t u r e  exper imenters .  

Measurements wi th  a 6 ~ i  Target  

Another a spec t  of t h e  d a t a  shown i n  Figure  1 was t h e  presence 
of neu t rons  up t o  50 MeV i n  t h e  s p e c t r a .  Although only  about 1% 



of t h e  neu t rons  emi t t ed  have e n e r g i e s  g r e a t e r  than  30 MeV, these  
a r e  t h e  most p e n e t r a t i n g  i n  t h i c k  concre te  s h i e l d s  and t h e  h igher  
t h e  energy,  t h e  g r e a t e r  t h e  pene t ra t ion .  

There was an i n c e n t i v e  t o  use a t a r g e t  of 6 ~ i ,  s i n c e  t h e  maxi- 
mum k inemat ica l ly  allowed neutron energy would be  only  38 MeV. 
The s i g n i f i c a n t  ques t ion  was whether o r  n o t  t h e r e  would be  a s i m i -  
l a r  number of neutrons  emi t t ed  from 35 MeV deuterons  on b ~ i  com- 
pared t o  n a t u r a l  l i t h i u m  ( Q, 92.5% 7Li).  

Measurements were conducted dur ing t h e  experiment t o  measure 
the  ve ry  low energy neutrons  by simply swi tching t a r g e t s  and keep- 
ing  eve ry th ing  e l s e  t h e  same. S p e c t r a l  d a t a  were obta ined f o r  
angles  of 30' and 45' where one expec t s  l a r g e  c o n t r i b u t i o n s -  t o  
t h e  t o t a l  neutron y i e l d  a s  shown i n  Figure 2. These d a t a  have 
n o t . b e e n  completely analyzed;  however, p re l iminary  r e s u l t s  ind i -  
c a t e  t h a t  a t  t h e s e  ang les ,  t h e  neutron y i e l d  is % 30% l e s s  than 
t h a t  from n a t u r a l  l i t h i u m .  It t h e r e f o r e  appears  t h a t  6 ~ i  w i l l  
not  be  a p r a c t i c a l  t a r g e t  f o r  t h e  FMIT f a c i l i t y .  

Future P lans  and Needs 

There a r e  p lans  t o  complete a n a l y s i s  and document these  
r e s u l t s  i n  t h e  n e a r  f u t u r e .  

One a r e a  t h a t  we a r e  looking i n t o  is t h e  c a l c u l a t i o n  of the  
angular  d i s t r i b u t i o n s  of t h e  7 ~ i ( d , n o  and n l ) 8 ~ e  r e a c t i o n s  s o  
t h a t  i n t e r p o l a t i o n  between ang les  of t h e  high energy shoulder  
( a s  i n  Figure  1 )  due t o  these  r e a c t i o n s .  can be  improved. 

Another a r e a  t h a t  i s  of i n t e r e s t  is t h e  measurement of t h i n  
t a r g e t  neutron y i e l d s  and s p e c t r a  f o r  deuterons  up t o  35 MeV on 
l i th ium.  'This  w i l l  improve our  a b i l i t y  t o  p r e d i c t  t h e  neutron 
f lux-spec t ra  a t  p o s i t i o n s  very  c l o s e  t o  t h e  t a r g e t  i n  the  FMIT 
t e s t  c e l l .  

t Presen t  address :  Physics  Department, Kent S t a t e  Unive r s i ty ,  
Kent, Ohio 44242. 

* Presen t  address :  Physics  Department, Humboldt S t a t e  Unive r s i ty ,  
Arcata ,  C a l i f o r n i a  95521. 
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Table I 

NEUIXCN YIELL6 AM) ENERGY PARAMETERS IIETP.INED F K N  MEASUREMENTS 

OF 35 MeV DEUTERONS ON m1CK LI'IHILM 

E- > 1 MeV E, > 0 MeV 

Yield Tot. Energy 'Avg . .Energy Yield Tot. Energy Avg. Energy 
(n/pc-Sr) (MeV/ u c - Sr) (MeV/n) (n/~c- 3-1 (Mev/~c-Sr) (MeV/n) 

2 .43(1011) 3.05(1012) 12.56 2. s0(1311) 3.05(10~~) 12.21 



Fig.  1. Measured ncu t ron  y i e l d  s p e c t r a  as a  f u n c t i o n  ' 

of emis s ion  a n g l e  i n  t h e  l a b o r a t o r y  f o r  35 MeV 
deu te rons  Dn t h i c k  n a t u r a l  l i t h i u m .  
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Fig. 2. Yield  of neu t rons  g r e a t e r  than  0 M e V  a s  a  
f u n c t i o n  of emiss ion ang le  i n  t h e  l a b o r a t o r y  
f o r  35 MeV deu te rons  on t h i c k  n a t u r a l  l i t h i u m .  
The curve of t h e  product  o f  y i e l d  and 271 Sin0  
shows t h e  r e l a t i v e  c o n t r i b u t i o n  of neu t rons  
emi t t ed  a t  v a r i o u s  a n g l e s  to' t h e  t o t a l  y i e l d .  

Fig.  3 . .  Average energy of neu t rons  g r c n t c r  than 0 MeV 
a s  a  f u n c t i o n  of emiss ion ang le  i n  t h e  l abora -  
t o r y  f o r  35 MeV deu te rons  on t h i c k  n a t u r a l  
l i t h i u m .  



Fig. 4.  Measured low energy p o r t i o n  o f  t h e  neu t ron  
y i e l d  spect rum a t  45' from 35 MeV deu te rons  
on t h i c k  n a t u r a l  l i t h i u m .  Dots ( c r o s s e s )  
correspond t o  measurements. w i t h  a  neu t ron  
d e t e c t o r  t h r e s h o l d  o f  0 .9  MeV (0.4'MeV). 
U n c e r t a i n t i e s  a r e  n o t  shown f o r  t h e  d o t s  b u t  

- can be  i n f e r r e d  from t h e  s c a t t e r  o f  nearby 
d a t a  p o i n t s .  
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ABSTRACT 

ZING-P' i s  a p r o t o t y p e  o f  t h e  In tense  Pulsed Neutron 
Source, a pu lsed s p a l l a t i o n  source under c o n s t r u c t i o n  a t  
Argonne Na t iona l  Laboratory.  We have performed measure- 
ments i n  suppor t  o f  t h e  des ign o f  Neutron S c a t t e r i n g  and 
f a s t  neut ron Rad ia t i on  E f f e c t s  F a c i l i t i e s ,  u s i n g  300 and 
500 MeV pro tons.  The t o t a l  power and ( i n d i r e c t l y )  neu- 
t r o n  y i e l d s  f rom t a r g e t s  o f  W and U have been measured. 
Fast neut ron energy spect ra ,  and s p a t i a l  d i s t r i b u t i o n s  
have been determined f o r  Ta and U t a r g e t s  w i t h  Pb re -  
f l  ec to r .  The power d e n s i t y  d i s t r i b u t i o n  has been 
determined f o r  t h e  U t a r g e t .  Energy depos i ted i n  mod- 
e r a t o r  and r e f l e c t o r  m a t e r i a l s  'near t h e  source have been 
measured. The p a r t i c u l a t e ,  d i s s o l v e d  and r a d i o a c t i v e  
m a t e r i a l s  i n  t h e  U t a r g e t  c o o l i n g  stream have been 
examined. 

Since t h e  t e x t  o f  t h i s  paper was n o t  a v a i l a b l e  by t h e  f i n a l  
dead l i ne  o f  June 16, 1980, t h e  E d i t o r s  r e g r e t  hav ing t o  om i t  i t  
from t h e  Proceedings o f  t h e  Sympsoium. 
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ABSTRACT 

Neutrons f rom t h e  Be(d,n) r e a c t i o n  a r e  p r e s e n t l y  
be ing used f o r  f u s i o n  r e a c t o r  m a t e r i a l s  t e s t i n g ,  because 
o r  l t ~ e i r .  r e l d t i v e l y  h i g h  a v a i l a b l e  f l u x ,  and because o f  
t h e  c l o s e  s i m i l a r i t y  o f  t h e  neut ron spectrum t o  t h a t  o f  
t h e  Fus ion M a t e r i a l s  I r r a d i a t i o n  Test  F a c i l i t y  (FMIT), 
now be ing const ruc ted.  However, bo th  i r r a d i a t i o n  e n v i  - 
ronments have ( o r  w i l l  have) steep f l uence  and energy 
spectrum g r a d i e n t s  i n  t h e  h i g h - f l u x  reg ions  o f  t h e i r  
i r r a d i a t i o n  volumes. C h a r a c t e r i z a t i o n  o f  these neut ron 
environments i s  thus necessary f o r  t h e  f u l l  understand- 
i n g  o f  any i r r a d i a t i o n  experiments. Th i s  paper de- 
s c r i b e s  a c h a r a c t e r i z a t i o n  o f  t h e  Be(d,n) neut ron f i e l d  
f o r  30-MeV deuterons, us ing  f o i l  a c t i v a t i o n  and he l ium 
accumula t ion  neu t ron  dosimetry.  The r e s u l t s  show t h e  
s teep f l u e n c e  and spectrum g rad ien ts ,  and demonstrate 
t h e  importance o f  i n c l u d i n g  comprehensive pass ive  do- 
s i m e t r y  i n  a l l  Be(d,n) and L i (d ,n)  i r r a d i a t i o n s  where a 
knowledge o f  f l  uence i n f o r m a t i o n  i s  requ i red .  R e l a t i v e  
he l i um genera t i on  cross  sec t i ons  a r e  presented f o r  t h e  
he l i um accumula t ion  dos imet ry  m a t e r i a l s ,  and some com- 
pa r i sons  a r e  made w i t h  ENDF/B-IV he l i um p roduc t i on  cross  
sec t i ons .  



INTRODUCTION 

The Be(d,n) r e a c t i o n  i s  an impor tan t  source o f  neutrons f o r  
t h e  f u s i o n  r e a c t o r  m a t e r i a l s  program, because o f  i t s  r e l a t i v e l y  
h i g h  a v a i l a b l e  f l u x  of h igh-energy neutrons f o r  m a t e r i a l s  t e s t i n g ,  
and because o f  t h e  c l o s e  s i m i l a r i t y  o f  i t s  neut ron spectrum t o  
t h a t  o f  t h e  Fusion M a t e r i a l s  I r r a d i a t i o n  l e s t  k a c i  I i t y  (FMIT). 
However, t h e  neut ron y i e l d  i n  t h e  h i g h  f l u x  r e g i o n  con ta ins  steep 
f l u x  and s p e c t r a l  g rad ien ts .  C h a r a c t e r i z a t i o n  o f  t h e  Be(d,n) 
neu t ron  f i e l d  i s  thus impor tan t  a t  t h i s  t ime, bo th  because o f  t h e  
neu t ron  f 1  uence and energy i n f o r m a t i o n  i t  p rov ides  f o r  ongoing 
exper iments,  and because of  t h e  o p p o r t u n i t y  i t  p rov ides  t o  develop 
and t e s t  dos imet ry  and eneryy-dependent c ross  sec t i ons  t h a t  w i l l  
be needed f o r  FMIT. 

A j o i n t  Rockwell I n t e r n a t i o n a l  -Argonne Na t iona l  Labora to ry  
(ANL)-Lawrence L ivermore Labora to ry  (LLL) i r r a d i a t i o n  exper iment 
was undertaken t o  c h a r a c t e r i z e  t h e  Be(d,n) neut ron f i e l d  f o r  
30-MeV deuterons.  T h i s  exper iment i nc luded  an ex tens i ve  s e t  o f  
f o i l  a c t i v a t i o n  and he l ium accumula t ion  neut ron dos imet ry  mate- 
r i a l s ,  p l u s  s l a r g e  number o f  pure  elements and s t a b l e  iso topes.  
The o b j e c t i v e s  o f  t h e  exper iment were t o  c h a r a c t e r i z e  t h i s  neut ron 
f i e l d  i n  d e t a i l ,  f u r t h e r  develop bo th  r a d i o m e t r i c  and he l ium 
accumula t ion  dos imet ry  i n  a  fas t -neu t ron  environment, and measure 
he1 ium genera t i on  c ross  sec t i ons  f o r  severa l  pure  elements and 
i so topes .  T h i s  paper descr ibes t h e  Be(d,n) c h a r a c t e r i z a t i o n  
r e s u l t s ,  and presents  r e l a t i v e  i n t e g r a l  c ross  s e c t i o n  i n f o n n a t i o n  
f o r  t h e  he l i um accumula t ion  dos imet ry  m a t e r i a l s .  

EXPERIMENT DESCRIPTION 

The i r r a d i a t i o n  assembly used f o r  t h i s  exper iment i s  shown 
schemat i ca l l y  i n  F ig .  1. The bas i c  components o f  t h e  assembly 
i n c l u d e d  t h r e e  t h i n  s t a i n l e s s  s t e e l  arcs,  c o n c e n t r i c  about t h e  
m i d p o i n t  o f  t h e  b e r y l l i u m  t a r g e t  a t  r a d i a l  d i s tances  of  5, 15, and 
30 cm, and a  smal l  s t a i n l e s s  s t e e l  capsule assembly, mounted 1 cm 
from t h e  f r o n t  face of  t h e  b e r y l l i u m  t a r g e t  assembly and approx i -  
ma te l y  a l i g n e d  w i t h  t h e  deuteron beam ax i s .  A d d i t i o n a l l y ,  s i x  
t h i n - w a l l e d  s t a i n l e s s  s t e e l  tubes c o n t a i n i n g  mu1 t i p l e  he1 ium 
genera t i on  m a t e r i a l s  were mounted a t  va r ious  distancesobehind t h g  
cagsule.  S&acks o f  a c t i v a t i o n  f o i l s  were mounted a t  0  , 15O, 30 , 
45 , and 60 on t h e  t h r e e  s t a i n l e s s  s t e e l  a rcs ,  and on t h e  face  o f  
t h e  b e r y l  1  ium t a r g e t  assembly. A f o i l  s tack  t y p i c a l l y  cons i s ted  
of  t h i n  f o i l s  of I n ,  T i ,  Fe ( i n  d i n  some separated 5 4 ~ e  and 
5 6 ~ e ) ,  Au, N i ,  Nb, Zr, Co, A l ,  53yU, 838U, ScgOj, Tm203, and Y203 

The geometry of t h e  smal l  capsu le  assembly i s  shown i n  F ig .  2 .  
Th is  assembly c o n s i s t e d  b a s i c a l l y  o f  a  2-cm-diameter by 9-mm- 
t h i c k  capsule,  c o n t a i n i n g  t h r e e  l a y e r s  o f  he l i um genera t i on  mate- 
r i a l s  sandwiched between f o u r  l a y e r s  o f  dos imet ry  f o i l s .  The f o i l  
m a t e r i a l s  were those used f o r  t h e  a r c  f o i l  se ts .  The he1 ium 
genera t i on  m a t e r i a l s  i nc luded  e leven A l ,  Fe, Ni ,  Cu, and Au 



pure-element he l ium accumula t ion  neu t ron  dos imet ry  w i r e  r i n g s ,  
o r i e n t e d  c o n c e n t r i c a l l y  w i t h  t h e  i r r a d i a t i o n  capsu le  a x i s .  The 
r i n g s  f o r  each element were l o c a t e d  a t  d i f f e r e n t  neut ron source 
ang les  w i t h  respec t  t o  t h e  source a x i s .  A lso  i nc luded  were sev- 
e r a l  sma l le r  he l i um genera t i on  specimens o f  22 pure  elements, 21 
separated i so topes ,  and 19 a1 l o y s  and compounds. 

The e n t i r e  i r r a d i a t i o n  assembly was mounted on t h e  f r o n t  face 
o f  t h e  b e r y l l i u m  t a r g e t  assembly C l l .  The b e r y l l i u m  t a r g e t  was 
bombarded w i t h  30-MeV deuterons f rom t h e  76-Inch Isochronous 
C y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Davis, p roduc ing a  
-0-32 MeV neu t ron  energy spectrum. The deuteron beam was r a s t e r e d  
-50.5 mm i n  a  two-dimensional p a t t e r n  t o  average o u t  any h o t  spots  
i n  t h e  deuteron beam p r o f i l e .  The t o t a l  i r r a d i a t i o n  t i m e  was 
93 hours, f o r  a  t o t a l  i n t e g r a t e d  charge o f  8.46 C. A  few o f  t h e  
dos imet ry  f o i l s  w i t h  s h o r t - l i v e d  a c t i v a t i o n  products  were removed 
f o r  a n a l y s i s  a f t e r  t h e  f i r s t  f o u r  hours o f  t h e  i r r a d i a t i o n .  

Fo l l ow ing  t h e  i r r a d i a t i o n ,  t he  capsu le  f o i l s  were c u t  i n t o  
( t y p i c a l l y )  n i n e  segments, f o l l o w i n g  a  p r e - s c r i  bed p a t t e r n ,  and 
t h e  capsu le  and a r c  a c t i v a t i o n  f o i l s  were analyzed a t  ANL and LLL 
u s i n g  Ge(L i )  de tec to rs .  Several  f o i l s  were counted a t  b o t h  l abo -  
r a t o r i e s  t o  i n s u r e  a  common c a l i b r a t i o n .  The a n a l y s i s  techn iques 
and nuc lea r  decay da ta  a re  g i v e n  i n  Refs. 2  and 3. Most o f  t h e  
r e s u l t i n g  a c t i v i t y  r a t e s  a re  accu ra te  t o  51. 5%, based on coun t ing  
s t a t i s t i c s  and p rev ious  i n t e r l a b o r a t o r y  comparisons. The r e s u l t s  
p rov ided  s e t s  o f  mu1 t i p l e  a c t i v a . t i o n  r e a c t i o n  y i e l d s  f o r  severa l  
p o s i t i o n s  w i t h i n  and behind t h e  i r r a d i a t i o n  capsule. 

The he l i um accumulat ion dos imet ry  r i n g s  f rom t h e  i r r a d i a t e d  
capsu le  were etched, segmented, weighed, and analyzed f o r  gener- 
a t e d  he l i um us ing  a  h i g h - s e n s i t i v i t y  qas mass spectrometer r41.  
The e t c h i n g  removed t h e  e f f e c t s  o f  he l i um r e c o i l i n g  i n t o  o r  o u t  o f  
each sample. The he l ium r e s u l t s  p rov ided  d e t a i l e d  he l i um concen- 
t r a t i o n  g r a d i e n t s  f o r  a  number o f  m a t e r i a l s  as a  f u n c t i o n  o f  
p o s i t i o n  w i t h i n  t h e  capsule. 

The r a d i o m e t r i c  and he l i um accumulat ion r e s u l t s  were subse- 
q u e n t l y  ana lyzed t o  produce a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  Be(d,n) 
neu t ron  environment f o r  t h i s  i r r a d i a t i o n .  The most d e t a i l e d  
c a l c u l a t i o n s  were made f o r  t h e  h i g h  f l u x  r e g i o n  occupied by t h e  
smal l  i r r a d i a t i o n  capsule. T h i s  h i g h - f l u x  r e g i o n  i s  more d i f f i -  
c u l t  t o  c h a r a c t e r i z e  than f u r t h e r  source d is tances,  because i t  i s  
i n  t h e  r e g i o n  of  t h e  s teepest  f l u e n c e  and energy spectrum g r a d i -  
en ts .  T h i s  i s  f u r t h e r  compl ica ted by t h e  c lose  source geometry, 
f o r  which t h e  neut ron spectrum a t  any g i ven  l o c a t i o n  i s  produced 
by neutrons from a  wide range o f  source angles. Th i s  r e g i o n  i s  o f  
p a r t i c u l a r  i n t e r e s t ,  because i t  i s  reasonably r e p r e s e n t a t i v e  
of  t h e  h i g h  f luence r e g i o n  o f  t h e  FMIT L i  (d,n) neut ron e n v i r o n -  
ment, and because t h i s  c h a r a c t e r i z a t i o n  w i l l  l a t e r  be used t o  
deduce cross  s e c t i o n s  f o r  t h e  numerous o t h e r  m a t e r i a l s  i r r a d i a t e d  
w i t h i n  t h e  capsule assembly. 



IRRADIATION ASSEMBLY OFFSET 

The o f f s e t  o f  the i r r a d i a t i o n  assembly from the  deuteron beam 
a x i s  was the  f i r s t  in format ion determined from the dosimetry 
mate r ia l s .  The presence o f  t h i s  assembly o f f s e t  was determined by 
p l o t t i n g  the  hel ium concentrat ions measured i n  the  segmented r i n g s  
as a f unc t i on  o f  po l a r  angle about the  i r r a d i a t i o n  capsule ax is ,  
as shown i n  Fig.  3. The l a rge  but  smooth s inusoida l  v a r i a t i o n  i n  
he1 ium concentrat ion w i t h  angle r e f l e c t s  the  d i f f e ren t  f luence 
rece ived by each r i n g  segment because of t he  offset.  

The magnitude of the  capsule o f f s e t  was determined by con- 
s t r u c t i n g  an i n i t i a l  f luence p r o f i l e  map f o r  the  capsule i r r a d i a -  
t i o n  vo'lume, normal iz ing the  measured hel ium concentrat ions t o  
t h i s  map, and ad jus t i ng  the  map o f f s e t  t o  minimize t he  hel ium 
concentrat ion va r i a t i ons .  The v a l i d i t y  of t h i s  procedure was 
based on the data i n  Fig.  3, where i t  can be seen t h a t  a l l  o f  t he  
curves have s i m i l a r  shapes. Th is  i nd i ca tes  t h a t  the  Al, Fe, Ni ,  
and Cu(n , t o t a l  hel ium) cross sect ions, when i n t eg ra ted  over the  
fo rward -d i rec t ion  Be(d,n) neutron spectra, have s i m i l a r  energy 
responses. These in tegra ted  responses a lso  appear t o  be roughly 
constant  as a func t ion  of energy, as supported by the  l i m i t e d  
cross sec t i on  in fo rmat ion  ava i l ab l e  C51. For t h i s  p re l im inary  
data analys is ,  therefore,  these f ou r  dosimetry mate r ia l s  were 
assumed t o  prov ide an approximately energy- insens i t ive measure o f  
t he  t o t a l  neutron f luence 2 5  MeV. 

The i n i t i a l  f luence p r o f i l e  map was based on a least-squares 
cubic  f i t  t o  the  t ime -o f - f l i gh t  data o f  Meulders, e t  a l .  C63, 
mu1 t i p 1  i e d  by a 1 i nea r  func t ion  approximating the f luence va r i a -  
t i o n  w i t h  d is tance from the  be r y l l i um  t a rge t .  The l i n e a r  f unc t i on  
was based on t he  present rad iomet r i c  count ing r e s u l t s .  An i r r a -  
d i a t i o n  assembly o f f s e t  o f  1.27 mm was obtained by combining t he  
hel ium accumulation dosimetry da ta .w i t h  t h i s  f luence map. The 
r e s u l t s  a l so  i nd i ca te  t h a t  the neutron f luence p r o f i l e  was gen- 
e r a l l y  symmetrical about the  deuteron beam ax is ,  as would be 
expected from t he  deuteron beam ras te r i ng .  La te r  comparisons o f  
t h i s  approximate map showed t h a t  the  f luence p r o f i l e s  were con- 
s i s t e n t  w i t h  those produced by the  rad iomet r i c  data (next  sec t ion )  
over  t he  reg ion  subtended by t he  hel ium accumulation r i ngs .  Th is  
agreement, and l a t e r  hel ium data comparisons, confirmed t h i s  
determinat ion o f  t he  capsule o f f s e t .  

The f a c t  t h a t  the  assembly was o f f se t  by on ly  1.2.7 mm, and 
t h a t  t h i s  r esu l t ed  i n  almost factor-of- two. d i f fe rences  i n  f l u x  f o r  
symmetrical l o ca t i ons  around the  assembly c l e a r l y  demonstrate the  
steep f luence gradients  present i n  t h i s  neutron environment. 

FOIL ACTIVATION SPECTRAL UNFOLDING 

The Be(d,n) neutron fluence and energy spectra were unfolded 
from t he  rad iomet r i c  data us ing the  least-squares spec t ra l  analy- 
s i s  code STAY'SL C73. The measured f o i l  a c t i v i t i e s  were f i r s t  



reduced t o  sa tu ra ted  a c t i v a t i o n  i n t e g r a l s ,  us ing  t h e  procedures 
o u t l i n e d  i n  Ref. 2, and co r rec ted  f o r  gamma absorp t i on  and decay 
d u r i n g  and f o l l o w i n g  i r r a d i a t i o n .  A l l  i n t e g r a l  r a t e s  were then 
c o r r e c t e d  t o  a  common geometry f o r  each f o i l  se t ,  assuming a  1 1 ~ ~  
d i s t a n c e  c o r r e c t i o n  and i n t e g r a t i n g  each a c t i v i t y  r a t e  ove r  t h e  
f i n i t e  s o l i d  angles o f  t h e  neut ron source and t h e  f o i l .  The 
source was assumed t o  be symmetrical and t o  have a  4.4-mm diam- 
e t e r ,  as deduced from autoradiographs. 

The i n p u t  spect ra  used f o r  t h e  STAY'SL analyses were deduced 
f rom p rev ious  t i m e - o f - f l i g h t  data C6,81 and f rom p rev ious  Be(d,n) 
i r r a d i a t i o n s  a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Davis C91. The 
s p e c t r a l  u n f o l d i n g  used t y p i c a l l y  23 t o  26 r e a c t i o n s  a t  each 
p o s i t i o n .  These r e a c t i o n s  a r e  l i s t e d  i n  Table I, along w i t h  t h e  
energy range con ta in ing  90% o f  t h e  i n t e g r a l  a c t i v i t y  f o r  each 
r e a c t i o n  a t  approx imate ly  a  0' neut ron source angle. A lso  g i ven  
a r e  t h e  percentage d e v i a t i o n s  between t h e  i n d i v i d u a l  measured and 
STAY' SL-ca lcu la ted a c t i v a t i o n  i n t e g r a l s .  These d e v i a t i o n s  shou ld  
n o t  be viewed as an exact  i n t e g r a l  t e s t  o f  t h e  dos imet ry  c ross  
sec t i ons ,  b u t  r a t h e r  as t y p i c a l  d e v i a t i o n s  found a f t e r  s p e c t r a l  
ad jus tment  by t h e  code STAY'SL. These r e s u l t s  a r e  c o n s i s t e n t  w i t h  
t h e  i n t e g r a l  t e s t i n g  r e s u l t s  from o t h e r  exper iments C31. 

The STAY'SL ou tpu t  f l uence  spectrum was generated i n  100 
energy groups. Typ ica l  r e s u l t s  a re  shown i n  F ig .  4. Here t h e  
ca lcudated Be(d,n) geut ron f l u x  i s  shown as a  f u n c t i o n  o f  energy 
f o r  0  , 30°, and 60 , a t  a  d i s tance  of 30 cm from t h e  b e r y l l i u m  
t a r g e t .  The s o l i d  l i n e s  a re  &he c a l c u l a t e d  spectra,  and t h e  
d o t t e d  l i n e s  b racke t i ng  t h e  0 spectrum represent  t y p i c a l  one 
s tandard d e v i a t i o n  u n c e r t a i n t i e s .  I t  i s  obvious f rom F ig .  4  t h a t  
t h e  change i n  s p e c t r a l  shape w i t h  source angle i s  ve ry  pronounced. 

Thesc analyses were the11 extended t o  c a l c u l a t e  t h e  neut ron 
f l u e n c e  and energy spectrum p r o f i l e s  i n  t h e  r e g i o n  occupied by t h e  
smal l  i r r a d i a t i o n  capsule. Here t h e  f i n i t e  source and f o i l  
geometr ies,  p l u s  t h e  capsule o f f s e t ,  were fo lded i n  by i n t e g r a t i n g  
t h e  c a l c u l a t e d  angu lar  y i e l d s  over  t h e  f o i l  and source areas. The 
r e s u l t s  a r e  shown i n  F igs .  5  and 6. F i g u r e  5  shows t h e  c a l c u l a t e d  
two-dimensional f luence contours r e l a t i v e  t o  t h e  b e r y l l i u m  t a r g e t ,  
f o r  neut ron energ ies  above 1 MeV. Contours a t  source d i s tances  
l e s s  than 6  mm a r e  approximate on ly ,  s i n c e  t h e  e f f e c t i v e  source 
th i ckness  was n o t  fo lded i n .  F i g u r e  6  shows f luence p r o f i l e s  f o r  
severa l  d i f f e r e n t  energy spectrum i n t e r v a l s  as a  f u n c t i o n  o f  
r a d i a l  d i s tance  f rom t h e  source ax i s ,  13.5 mn from t h e  c e n t e r  o f  
t h e  b e r y l l i u m  t a r g e t .  T h i s  source d i s tance  represents  t h e  l o c a -  
t i o n  o f  t h e  f r o n t  f ace  o f  t h e  i r r a d i a t i o n  capsule. Both f i g u r e s  
demonstrate t h e  r a p i d  change i n  f luence w i t h  p o s i t i o n  near t h e  
source. A t  these c lose  d i s tances  t h e  f i n i t e  source s i z e  a l s o  
a f f e c t s  t h e  shape of  t h e  spectrum. Neutrons from a  wide d i s t r i b u -  
t i o n  o f  source angles w i l l ' i n t e r c e p t  any g i ven  p o s i t i o n ,  and t h e  
neu t ron  energy spectrum a t  c l o s e  p o s i t i o n s  w i l l  thus  be i n f l u e n c e d  
by t h e  s o f t e r  ( l ower  energy) neut rons from l a r g e r  source angles.  
Because of  t h i s  a  c lose-up sample can see a  s o f t e r  neut ron spec- 
t rum nea'r t h e  source than one a t  t h e  same ang le  b u t  f u r t h e r  away. 



The un fo lded  neut ron spec t ra  were a l s o  used t o  c a l c u l a t e  
d i  sp l  acement damage ( i n  displacements per atom, dpa) and he1 i um 
g e n e r a t i o n  concen t ra t i on  contours;  as shown i n  Figs.  7 and 8, 
r e s p e c t i v e l y .  These parameters were c a l c u l a t e d  us ing  t h e  code 
SPECTER [ lo] .  Comparison o f  F igs .  7 and 8  w i t h  Fig.  5  shows t h a t  
t h e  dpa and he l ium g r a d i e n t s  a re  even s teeper  than t h e  f luence 
g r a d i e n t s .  Th i s  fo l l ows  f rom t h e  f a c t  t h a t  t h e  energy spectrum 
s o f t e n s  r a p i d l y  w i t h  angle, as shown i n  F ig .  4. Th i s  i s  an impor-  
t a n t  c o n s i d e r a t i o n  when des ign ing an exper iment t o  produce maximum 
d isp lacement  damage o r  he l ium generat ion .  

HELIUM GENERATION RESIILTS 

The he l ium concen t ra t i ons  measured f o r  t h e  he l ium accumula- 
t i o n  dos imet ry  r i n g  segments were then used t o  c a l c u l a t e  re1 a t i v e  
he1 ium genera t i on  cross  sect ions.  To c a l c u l a t e  them, t h e  he1 iuin 
measurements were normal ized us ing  t h e  spect rum- in tegra ted f l uence  
p r o f i l e s ,  es t imated t o  have + l o %  u n c e r t a i n t i e s .  The p r o f i l e s  were 
i n t e g r a t e d  over  t h e  f i n i t e  source geometry, f o r  neut ron energies 
above 5  MeV. The r e s u l t s  a r e  shown i n  F ig .  9, where t h e  r~onna l -  
i z e d  he l i um concen t ra t i ons  a r e  p l o t t e d  as a  f u n c t i o n  of p o l a r  
ang le  about  t h e  i r r a d i a t i o n  capsu le  ax i s .  The o r d i n a t e  sca le  i s  
i n  mb f o r  a  spect rum- in tegra ted f luence above 5  MeV. The 5-MeV 
c u t o f f  was chosen as an approximate energy lower  l i m i t  f o r  he l i um 
genera t i on  i n  these m a t e r i a l s .  A comparison between t h e  spectrum- 
i n t e g r a t e d  f l uences  f o r  va r ious  energy c u t o f f s  i s  shown i n  F ig .  6. 

Examinat ion o f  F ig .  9  shows t h a t  t h e  normal ized he l ium da ta  
f o r  each r i n g  a r e  g e n e r a l l y  constant  w i t h  angle,  v e r i f y i n g  t h a t  
t h e  capsu le  o f f s e t  was determined c o r r e c t l y .  The smal l  v a r i a t i o n s  
t h a t  do e x i s t  a r e  a t t r i b u t e d  t o  n o n u n i f o r m i t i e s  i n  t h e  assumed 
c i r c u l a r  p r o f i l e ,  f o r  example due t o  t h e  r e c t a n g u l a r  deuteron beam 
r a s t e r i n g  p a t t e r n .  F igu re  9 a l s o  shows t h a t  t h e  r e l a t i v e  c ross  
s e c t i o n s  c a l c u l a t e d  f o r  each m a t e r i a l  do va ry  s l i g h t l y  f o r  t h e  
d i f f e r e n t  r i n g s .  T h i s  i s  a t t r i b u t e d  t o  a  s o f t e n i n g  o f  t h e  Be(d,n) 
neut ron spectrum w i t h  i n c r e a s i n g  source angle. 

The r e l a t i v e  c ross  sec t i ons  c a l c u l a t e d  f o r  t h e  d i f f e r e n t  
he l i um dos imet ry  r i n g s  a re  g i ven  i n  Table 11, a long w i t h  the  
average source angles subtended by t h e  r i n g s .  The range of angles 
subtended by each r i n g  was due t o  t h e  small i r r a d i a t i o n  capsule 
o f f s e t  f rom t h e  source ax i s .  The average values i n  the  l a s t  
column were c a l c u l a t e d  i g n o r i n g  t h e  s l i g h t  source ang le  depen- 
dence, i n  o r d e r  t o  make a  general  comparison w i t h  r e l a t i v e  he1 ium 
p r o d u c t i o n  values determined f o r  o t h e r  neut ron environments. The 
r e s u l t s ,  c a l c u l a t e d  as cross  s e c t i o n  r a t i o s  r e l a t i v e  t o  copper, 
a r e  shown i n  Tab le  111. 

The Cu, N i ,  and Fe he l ium genera t i on  data were a l s o  used t o  
compare w i t h  c ross  s e c t i o n  i n f o r m a t i o n  a v a i l a b l e  f rom t h e  li t e r a -  
t u r e .  The copper t o t a l  he l i um p roduc t i on  cross  s e c t i o n  was taken 
from ENDFIB-IV C131 and f rom t h e  c a l c u l a t i o n s  o f  Fu and Perey 
C141. The n i c k e l  and i r o n  cross  sec t i ons  were es t imated f rom t h e  



c a l c u l a t i o n s  o f  A l s m i l l e r  and B a r i s h  C153. These cross  sec t i ons  
were used t o  p r e d i c t  he l i um p roduc t i on  as a  f u n c t i o n  o f  angle, 
u s i n g  t h e  codes STAY'SL and SPECTER, and then i n t e g r a t e d  ove r  t h e  
f i n i t e  source geometry. The p r e d i c t e d  he l ium genera t i on  p r o f i l e s  
f o r  Cu, N i ,  and Fe a r e  shown i n  Figs.  10, 11, and 12, respec- 
t i v e l y ,  as a  f u n c t i o n  of r a d i a l  source d i s tance  f o r  va r ious  cap- 
s u l e  sample l a y e r s .  A l so  shown i n  these f i g u r e s  a r e  t h e  measured 
he l i um data  f o r  t h e  corresponding r i n g  segments. The d i s t r i b u t i o n  
o f  p o i n t s  as a  f u n c t i o n  o f  d i s tance  f rom t h e  source a x i s  f o r  each 
r i n g  was aga in  produced by t h e  smal l  (1 .3  mm) capsu le  o f f s e t .  
Comparison o f  t h e  data  w i t h  t h e  c a l c u l a t e d  curves shows g e n e r a l l y  
good agreement, cons ide r ing  t h e  incomple te  na tu re  o f  t h e  es t imated 
i n p u t  c ross  sect ions.  F igu res  10 through 12 demonstrate t h e  
p o t e n t i a l  t o  i n t e g r a l l y  t e s t  he l i um genera t i on  cross  sec t i ons  f o r  
t h i s  neu t ron  environment. T h i s  w i l l  be s t u d i e d  f u r t h e r  w i t h  
updated cross  sect ions.  

DISCUSSION 

The r e s u l t s  descr ibed above demonstrate t h e  importance o f  
i n c l u d i n g  comprehensive pass ive  dos imet ry  i n  Be(d,n) and L i (d ,n)  
i r r a d i a t i o n  exper iments f o r  which neut ron f l uence  and s p e c t r a l  
i n f o r m a t i o n  i s  needed. T h i s  i s  ve ry  c l e a r l y  shown by t h e  f a c t  
t h a t  a  capsule o f f s e t  o f  o n l y  1.3 mm r e s u l t e d  i n  a  f a c t o r  of 1.7 
v a r i a t i o n  i n  f luence (En > 5 MeV) around t h e  p e r i p h e r y  o f  t h e  
i r r a d i a t i o n  capsule. 

I t  i s  a l s o  recogn ized t h a t  t h e  a v a i l a b l e  i r r a d i a t i o n  space i n  
Be(d ,n) and L i  (d,n) t e s t  neut ron environments w i l l  be ve ry  1  i m i  ted .  
Means o f  reduc ing  t h e  space r e q u i r e d  by dos imet ry  m a t e r i a l s  a r e  
thus a l s o  be ing addressed. T h i s  i s  be ing done by deve lop ing a  s e t  
o f  dos imet ry  m a t e r i a l s  each o f  which has m u l t i p l e  r e a c t i o n s  t h a t  
a r e  usefu l  f o r  s p e c t r a l  un fo ld ing .  I n  t h i s  respect ,  r a d i o m e t r i c  
dos imet ry  w i r e s  such as Au, Fe, and Ni ,  w i t h  severa l  u s e f u l  a c t i v a -  
t i o n  c ross  sec t i ons ,  a r e  a l s o  be ing used f o r  he l i um accumulat ion 
dos imet ry  measurements f o l l o w i n g  t h e  r a d i o m e t r i c  count ing.  The 
he1 ium accumula t ion  face t  i s  p a r t i c u l a r l y  va luab le  f o r  l ong  i r r a -  
d i a t i o n s  planned f o r  FMIT, because many o f  t h e  a c t i v a t i o n  reac-  
t i o n s  have i n s u f f i c i e n t l y  l ong  h a l f - l i v e s .  

The development and a p p l i c a t i o n  o f  pass ive  dosimeters t o  
neu t ron  dos imet ry  i n  FMIT w i l l  t h e r e f o r e  r e q u i r e  a  knowledge o f  
t h e  energy-dependent c ross  sec t i ons  f o r  bo th  t h e  a c t i v a t i o n  and 
t o t a l  he l i um genera t i on  r e a c t i o n s  f o r  neutrons w i t h  energ ies  up t o  
40-50 MeV. 
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TABLE I . . 
Ac t i va t i on  Reactions Used f o r  

Be(d,n) Neutron Spectrum Unfo ld ing 

Energy Range Average . 
React ion 

(MeV) Dev ia t ion  



TABLE I1 

R e l a t i v e  Hel ium Generat ion  Cross Sect ions f o r  Be(d,n) Neutrons 
(Ed = 30 MeV) 

s e c t i o n  i n  mb f o r  a spect rum- in tegra ted f l uence  above 
5 MeV. 

Source 
~i~~~~~~ Ring 

(mm) 

A l - 1  16.5 
A1 -2 17.9 

Fe-1 16.5 
Fe-2 17.9 

N i  -1 15.1 
N i  -2 17.9 

Cu-1 16.4 
CU-2 , 17.8 
CII-3 17.8 

Au-1 15.1 
Au-2 21.0 

b ~ u o t e d  u n c e r t a i n t i e s  a re  r e l a t i v e  u n c e r t a i n t i e s  based on source 
ang le  v a r i a t i o n  and da ta  s c a t t e r  due t o  he l i um measurements and 
map .nonun i formi  t i e s .  

R e l a t i v e  
Source Angle Cross sec t i ona  

' 

.Range Average 

3.9:-12.9: 8.6' 
10.1 -17.1 14.2' 

15.5:-23.3: 19.5' 
3.2 -11.1 7.8' 

0 0 22.3 -30.1, 26.6, O 
. 6.5'-14.2 10.6 

0 19.80-27.1: 23.8: 
12.5,-20.8 16.6, 

1.4 -7.9 5.2 

5.2:-15.3: 10.7: 
17.6 -23.6 21.2 

- 

Ring Average 

123 t 2 
116 t 3 120 

39.8 t 1.1 
43.5 t 1.2 42 

9 7 + 3  
101 + 2 99 

39.2 t 0.8 
41.4 + 1.1 
45.3 2 0.9 42 

1.26 t 0.08 
1.16 t 0.08 1.2 



TABLE I f  I 

Re1 a t i v e  Spectrum-Integrated He1 ium 'Generation 
. Cross Sect ions f o r  Pure-Element Helium 

Accumulation Dosimetry Mate r ia l s  ' 

Cross Sect ion Re la t i ve  t o  Copper 

El ~rnent. Be(d,n) ERR- T T 
Ed = 30 McV ~ o r e b  

a ~ .  W .  KNEFF, B. M. OLIVER, M. 'M. NAKATA, and 
: H. FARRAR I V ,  Ref. 11. 

b ~ .  P. LIPPINCOTT, W .  N. McELROY, and H. FARRAR I V ,  
Ref. 12. 



SIDE VlEW TOP VIEW U- 
SCALE icml 

Figure 1. Be(d,n) I r rad ia t ion  Assembly 
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F igure  5. Fluence Contours (En > 1 MeV) Near t h e  Be(d,n) 
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Source Center 
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FISSION REACTION I N  HIGH ENERGY PROTON CASCADE 
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ABSTRACT 

F i s s i o n  r e a c t i o n s  a r e  i nco rpo ra ted  i n  t h e  i n t r a n u -  
c l e a r  cascade code NMTC t o  c a l c u l a t e  t h e  neut ron y i e l d  
f rom t h e  h i g h  energy nucleon-nucleus c o l l i s i o n .  I t  i s  
assumed t h a t  t h e  f i s s i o n  r e a c t i o n  occurs i n  c o m p e t i t i o n  
w i t h  t h e  evapora t i on  r e a c t i o n  a f t e r  t h e  s p a l l a t i o n  reac-  
t i o n .  The branch ing r a t i o  o f  f i s s i o n  r e a c t i o n  t o  neu- 
t r o n  evaporat ion  r e a c t i o n  i s  c a l c u l a t e d  by u s i n g  t h e  
Vandenbosch and Huizenga formula  and t h e  d i s t r i b u t i o n  
o f  f i s s i o n  p roduc t  n u c l e i  i s  c a l c u l a t e d  u s i n g  Fongls 
s t a t i s t i c a l  model . A1 though t h e  most general  d i s t r i  bu- 
t i o n  f o r  f i s s i o n  product  n u c l e i  i s  a  f u n c t i o n  o f  t h e i r  
e x c i t a t i o n  energ ies ,  mass numbers, charge numbers, k i -  
n e t i c  energies,  deformat ion energ ies  and s p i n  s ta tes ,  a  
s i m p l i f i c a t i o n  of  t h e  model u s i n g  t h e  most probab le  
k i n e t i c  energ ies  and deformat ion energy has been imple-  
mented f o r  de te rm ina t i on  o f  t h e  mass and charge d i s t r i b u -  
t i o n s .  

The m a s s . d i s t r i b u t i o n s  o f  t h e  post -evaporat ion  nu- 
c l e i  c a l c u l a t e d  by Fong's mass formula.  has peaks which 
a r e  c l o s e r  t o  exper imenta l  r e s u l t s  t han  t h e  d i s t r i b u t i o n  
used i n  Janecke, Garvey and Ke lson 's  (JGK) mass formula.  
The mass d i s t r i b u t i o n  c a l c u l a t e d  by t h e  mass formula  i n  

. . t h e  NMTC code i s  v e r y  c l o s e  t o  t h e  one c a l c u l a t e d  w i t h  
. . t h e  JGK mass formula.  I n  c o n t r a s t  t o  t h e  f l a t  p l a t e a u  

o f  mass d i s t r i b u t i o n  shown i n  t h e  exper imenta l  r e s u l t s  
o f  Stevenson f o r  300 MeV pro tons on ~ 2 3 8  n u c l e i ,  t h e  
t h r e e  c a l c u l a t i o n s  show t h e  d i p  between two peaks. The 
t o t a l  number o f  t h e  neutrons emi t ted  by f i s s i o n  products  
which a r e  c a l c u l a t e d  by Fong, JGK and NMTC mass formulae 
are ,  r e s p e c t i v e l y ,  12.25, 12.83 and 12.80 r e a c t i o n .  



INTRODUCTION 

For t h e  s tudy o f  t h e  f e a s i b i l i t y  o f  nuc lea r  f u e l  b reed ing [l, 
21 and i n  des ign ing  a  h i g h  i n t e n s i t y  s p a l l a t i o n  neut ron source [31 
u s i n g  neut rons produced by h i g h  energy protons,  i t  i s  r e q u i r e d  t o  
c a l c u l a t e  t h e  i n t r a - n u c l  ear  cascade process f o r  f i s s i o n a b l e  n u c l e i .  
Th i s  c a l c u l a t i o n  has been c a r r i e d  o u t  by us ing  t h e  codes NFITC [41 
and HETC [5]. However, these codes do n o t  i n c l u d e  t h e  f i s s i o n  pro-  
cess i n  h i g h  energy r e a c t i o n s  and t h e  neut ron y i e l d  es t ima tc  i s  
smal l  e r  than t h e  exper imenta l  va lue.  

I n c o r p o r a t i o n  of t h e  f i s s i o n  r e a c t i o n  i n t o  t h e  I n t r a - n u c l e a r  
cascade code was s tud fed  by H. Hahn and H.  B e r t i n i  [61, bu t  t hey  
d i d  no t  c a l c u l a t e  p a r t i c l e  evaporat ion  f o l l o w i n g  t h e  f i s s i o a .  Thus, 
t h e i r  r e s u l t i n g  neut ron y i e l d  i s  t oo  smal l .  On t h e  o t h e r  hand, in -  
t e n s i v e  s t u d i e s  on neut ron y i e l d  f rom uranium had been performed by 
V.  Barashenkov, D. Toneyev e t  a1 . [7,81. Th is  s tudy  r e s u l t e d  i n  a  
s u b s t a n t i a l  i nc rease  i n  t h e  c a l c u l a t e d  neut ron y i e l d .  

Recent ly ,  f o r  des ign s t u d i e s  o f  h i g h  i n t e n s i t y  s p a l l a t i o n  neu- 
t r o n  sources, t h e  i n c o r p o r a t i o n  o f  f i s s i o n  r e a c t i o n s  i n  t h e  i n t r a -  
nuc lea r  cascade code has been r e v i v e d  by A lsm i l  l e r  e t  a1 . [9 ]  , 
Atch inson 1101 and t h e  p resen t  au tho r  [Ill. The methods used a r e  
s t a t i s t i c a l  models. A l s m i l l e r  e t  a1 . p u t  much more re1  iance on em- 
p i r i c a l l y  de r i ved  cons tan ts .  The present  a u t h o r ' s  formula i s  ve ry  
c l o s e  t o  Fong's fo rmula  f o r  t h e  s t a t i s t i c a l  f i s s i o n  model [121 and 
does n o t  r e l y  on t h e  exper imenta l  data .  

Compet i t ion  Process o f  F i s s i o n  t o  Evaporat ion  

I n  t h e  i n t r a - n u c l  ear  cascade model , n o n e l a s t i c  c o l l  i s i o n s  o f  
t h e  nucleon and p i o n  w i t h  a  nucleus a r e  assumed t o  be composed o f  a  
two-step process o f  spa1 l a t i o n  f o l l o w e d  by an evapora t i on  r e a c t i o n .  
In t h e  f i r s t  s tep,  t h e  cascade nucleon and p l o n  a r e  emi t ted  and 
leave  an e x c i t e d  r e s i d u a l  nucleus.  I n  t h e  second s tep,  t h i s  ex- 
c i t e d  nucleus l o s e s  i t s  energy by evapora t i ng  p a r t i c l e s .  When t h e  
e x c i t e d  nucleus has a  s u f f i c i e n t l y  l a r g e  mass number, t h e  f i s s i o n  
process w i l l  compete w i t h  t h e  evaporat ion  process. Th is  c o m p e t i t i o n  
process had been s t u d i e d  by I. Dost rovsk i  e t  a1 . [13] ,  R. Hahn and 
H. B e r t i n i  [61 and R. Vandenbosch and J. Huizenga [14] . 

The p r o b a b i l i t y  o f  f i s s i o n  i n  compe t i t i on  w i t h  neut ron evapor- 
a t i o n  i s  expressed by 

where rf and rn are ,  r e s p e c t i v e l y ,  w id ths  f o r  f i s s i o n  and neut ron 
emission r e a c t i o n s .  The p r o b a b i l i t y  t h a t  t h e  f i s s i o n  event occurs 
a f t e r  e m i t t i n g  i neutrons i s  expressed by 



I n  our  c a l c u l a t i o n ,  t h e  formula ob ta ined  by R.  Vandenbosch and J. 
Huizenga f o r  t h e  branching r a t i o  rn/I'f i s  used. Th i s  i s  expressed 
as. f o l l o w s  f o r  t h e  a c t i n i d e  , reg ion z  2 90: . 

where A  i s  t h e  mass number o f  t h e  f i s s i o n i n g  'nucleus, and t h e  tabu- 
l a t e d  values o f  @ ( z )  and $ ( z )  [ l o ]  as f u n c t i o n s  o f  charge number 
a r e  used i n  ou r  c a l c u l a t i o n .  For t h e  s u b a c t i n i d e  reg ion ,  z  c 90, 
F. Atch inson [ l o ]  had made a  s t a t i s t i c a l  model f i t  t o  exper imental  
data  and es t imated t h e  f is ; ion  p r o b a b i l i t y  g iven z, A, E* ( e x c i t a -  
t i o n  energy),  and t h e  mass d i f f e r e n c e  t a b l e .  H is  express ion f o r  
subac t i n ide  f i s s i o n  f o r  nucleus z, A  and e x c i t a t i o n  energy E* i s  

Sn = 2.0 Jan(E* - BE')  
(7 

an = (A - 1.0)/8.0 (8  ) 

BE' = Separat ion  energy - p a i r i n g  energy 

S t a t i s t i c a l  Model f o r  F i s s i o n  Product Nuc le i  D i s t r i b u t i o n  

As-a ca lcu l .a t iona1 model f o r  t h e  d i s t r i b u t i o n  f u n c t i o n  o f  f i s -  
s i o n  product  n u c l e i ,  Fong's s t a t i s t i c a l  model [ I 2 1  i s  used. I n  t h e  
s t a t i s t i c a l . m o d e 1 ,  i t  i s  assumed t h a t  t h e  f i s s i o n  process i s  so 

, , 



slow t h a t  an ins tantaneous e q w i l i b r i u m  s t a t e  w i l l  be e s t a b l i s h e d  
a t  eve ry  moment o f  t h e  process. Thus, t h e  r e l a t i v e  p r o b a b i l i t y  o f  
occurrence o f  a  f i s s i o n  mode i s  determined f rom t h e  instantaneous 
e q u i l i b r i u m  a t  t h e  moment j u s t  be fo re  t h e  two fragments separate  
f rom each o t h e r .  The p r o b a b i l i t y  i s  c a l c u l a t e d  f rom t h e  d e n s i t y  
o f  quantum s t a t e s  o f  t h e  d i f f e r e n t  n u c l e i  c o n f i g u r a t i o n  a t  t h e  mo- 
ment j u s t  be fo re  s c i s s i o n .  

I n  a  f i s s i o n  mode i n  which f i s s i o n  product  fragments (Al,zi) 
and (A,,z2) a r e  formed,. the p r o b a b i l i t y  o f  t h i s  mode t o  occur w i t h  
a  g i ven  s e t  o f  C ( t h e  mutual coulomb energy o f  a  f i s s i o n  p a i r  a t  
t h e  moment j u s t  be fo re  s c i s s i o n ) ,  k  ( t h e  t o t a l  t r a n s l a t i o n a l  energy 
o f  t h e  same), O ( t h e  t o t a l  de format ion o f  two f i s s i o n  f ragments),  
and E ( t h e  t o t a l  energy a v a i l a b l e  t o  t h e  compound system G minus k ) ,  
w i t h  a  g i ven  p a r t i t i o n  o f  e x c i t a t i o n  energy E,,E , and w i t h  g i ven  
angu lar  momenta j, and j, f o r  t h e  two fragments fassuming j = 0  and 
no o r b i t a l  angu lar  momentum) i s  expressed as 

where c  i s  a  parameter which depends on A  as 

g, T  and !J a r e  g i ven  as 

(M and R a r e  mass and r a d i u s  of  nucleus,  r e s p e c t i v e l y )  

and V i s  t h e  volume of  space i n  which t h e  t r a n s l a t i o n a l  energy o f  
p a i r  ( k )  i s  normal ized.  

I n c o r p o r a t i o n  of  t h i s  most general d i s t r i b u t i o n  f u n c t i o n  o f  
f i s s i o n  products i n t o  t h e  i n t r a - n u c l e a r  cascade code causes t h e  c a l -  
c u l a t i o n  t o  be ve ry  t i m e  consuming; thus,  a  d i s t r i b u t i o n  f u n c t i o n  
o f  a  few v a r i a b l e s  i s  used t o  o b t a i n  a  p a r t i t i o n  o f  impor tan t  v a r i -  
ab les  l i k e  mass and charge numbers A  and z. The summation o f  j and 
t h e  i n t e g r a t i o n  o f  k  i n  Eq. (13)  a r e  c a r r i e d  ou t .  The d i s t r i b u t i o n  



f u n c t i o n  o f  p a r t i t i o n  masses A, and A, i s  ob ta ined  by us ing  t h e  
most probab le  va lue  f o r  t h e  o t h e r  v a r i a b l e s  as 

.where E i s  t o  be c a l c u l a t e d  f o r  t h e  mode o f  most probab le  charge d i -  
v i s i o n  zpl : zp2 and most probab le  k i n e t i c  energy r e l e a s e  and de- 
fo rma t ion  energy f o r  t h e  g i ven  mass d i v i s i o n  Al,A2. 

I n  Eq. (18)  

c12 i n  Eqs. (18)  and (19)  i s  a  cons tan t  w i t h  r e s p e c t  t o  charge d i v i -  
s i o n  as f o l l o w s :  

K = c12 z, z2 (23 

The e x c i t a t i o n  energy E i s  expressed by 

and i n  Fong's fo rmu la t i on ,  M ~ ( A , Z )  i s  expressed by 

where 

and t h e  c o r r e c t i o n  curves AzA and Al! , which a r e  def ined, respec t -  
i v e l y ,  by rA(exp)  - ~ ~ ( t h e o )  a n d . P ~ ~ q e x ~ )  - H ( l i q u i d  drop model ) ,  
a r e  shown i n  Fong's paper.. 



The t o t a l  f i s s i o n .  f ragment k i n e t i c  energy K i n  Eq.  (24)  i s  ex- 
pressed by 

where c  i s  coulomb r e p u l s i o n  energy of  f i s s i o n  fragment a t  t h e  mo- 
ment o f  s c i s s i o n  p o i n t ,  and t h e .  va lue  o f  k t u r n s  o u t  t o  be ve ry  
smal l  (ahout  0.5 MeV) compared w i t h  c ,  so t h a t  i t  can be neg lec ted 
i n  t h e  c a l c u l a t i o n .  The coulomb r e p u l s i o n  energy f o r  , f i s s i o n  f r a g -  
ments which have deformat ion parameters, r e s p e c t i v e l y ,  o f  a,, and 
a,, i s  expressed by 

where 

r, = 1.5 x  10- 13 *1/3 ( 2 9 )  

The t o t a l  de fo rma t ion  energy o f  t h e  f i s s i o n  fragments i s  

D D,(a,,) + D2(a3,) (31 

where 

I n  t h i s  c a l c u l a t i o n ,  t h e  most probab le .combinat ion o f  deformat ion 
paranleters, a? ,  and a,,, i s  determined by m i n i m i z i n g  Dl(n3 ) + 
D(a3 , ) .  T h e ~ r  values a r e  c a l c u l a t e d  by m i n i m i z i n g  t h e  va lue  o f  
cfa,, ,a3,) + D,(cx,~) + D,(a,,). A f t e r  de te rm in ing  t h e  p a r t i t i o n  
o f  mass numbers A;and A, acco rd ing  t o  Eq. (18),  t h e  p a r t i t i o n  o f  
charge numbers o f  z, and z, i s  c a l c u l a t e d  by u s i n g  t h e  d i s t r i b u t i o n  
f u n c t i o n  o f  ' . . 

The d i s t r i b u t i o n  f u n c t i o n s  f o r  t h e  t o t a l  f i s s i o n  f ragment k i n e t i c  
energy. K and deformat io 'n energy D a r e  n o t  taken i n t d  account;  in- ,  
stead these  va lues a r e  represented by t h e i r  most probab le  ones. 
The t o t a l  e x c i t a t i o n  energy i s  p a r t i t i o n e d  between t h e  two . f i s s i o n  



f ragments w i t h  t h e  assumpt ion o f  equal n u c l e a r  tempera ture  

Thus, t h e  e x c i t a t i o n  energy o f  f ragments (Al,zl) i n  t h e  s t a t e  f a r  
f rom s c i s s i o n  p o i n t  i s  expressed by 

The nuc leus  l o s e s  i t s  e x c i t a t i o n  energy by evapo ra t i ng  p a r t i c l e s .  
By u s i n g  t h e  fo rmula  desc r i bed  above, t h e  mass d i s t r i b u t i o n  o f  

t h e  p re -  and pos t -evapo ra t i on  f i s s i o n  products  and t h e  number o f  
neut rons  e m i t t e d  w i l l  be c a l c u l a t e d  a f t e r  o b t a i n i n g  t h e  d i s t r i b u -  
t3u11 u f  cornpound e x c l t e d  n u c l e i  wh ich  go i n t o  t h e  f i s s i o n  r e a c t i o n .  
Th is  d i s t r i b u t i o n  i s  c a l c u l a t e d  by t h e  Konte Car lo  i n t r a - n u c l e a r  
cascade code NMTC [4 ] ,  and t h e  branch ing r a t i o  o f  f i s s i o n  t o  evap- 
o r a t i o n  r e a c t i o n s .  I n  t h e  c a l c u l a t i o n  of  d i s t r i b u t i o n  o f  pre-evap- 
o r a t i o n  f i s s i o n  products ,  t h e  f o l l o w i n g  t h r e e  mass fo rmulae a r e  
used. The f i r s t  one i s  Fong's mass fo rmula  [ I 2 1  based on t h e  l i q -  
u i d  d rop  model and expressed i n  Eq. ( 25 ) .  The second one i s  t h e  
mass fo rmula  used i n  t h e  FIIITC [41 and HETC [51 codes. Th i s  i s  
based on A. Wapstra [15 ] ,  J. Huizenga [16] and J. Hat tauch e t  a1 . ' s  
fo rmula  [ l 7 1 .  The t h i r d  i s  t h e  fo rmula  o b t a i n e d  by J. Janecke, 
G. Garvey and I. Kelson (JGK) [181.  

Resu l t s  and D iscuss ion  

I n  F igu re  1, t h e  d i s t r i b u t i o n s  o f  p re -evapo ra t i on  n u c l e i  ,mass 
f rom t h e  v a r i o u s  e x c i t e d  puZ3 '  compound s t a t e s  c a l c u l a t e d  a r e  shown. 
I n  t h i s  c a l c u l a t i o n ,  Fong's mass fo rmula  i s  used. The e x c i t a t i o n  
energ ies  o f  compound s t a t e s  a r e  p r o t o n  energy (E ) p l u s  t h e  b i n d i n g  
energy (B.E.) o f  p r o t o n  i n  puZ3'. AS t h e  e x c i t a e i o n  energy i n -  
creases, t h e  v a l l e y  o f  d i s t r i b u t i o n  becomes sha l l ow  and t h e  two 
peaks a r e  lowered.  The peak o f  d i s t r i b u t i o n  on t h e  heavy mass s i d e  
i s  l o c a t e d  a t  A=141. When t h e  mass fo rmulae o f  NMTC and JGK a r e  
used, t h e  peaks appear a t  around A=132 i n s t e a d  o f  141. 

F i g u r e  2  shows t h e  d i s t r i b u t i o n s  o f  p re -  and pos t -evapo ra t i on  
f i s s i o n  p roduc t  n u c l e i  i n  t h e  p u Z 3 '  compound s t a t e s  w i t h  t h e i r  ex- 
c i t a t i o n  energ ies  o f  p r o t o n  energy Ep + (B.E.). Cases f o r  Ep=10 MeV 
and 70 MeV a r e  shown. S ince  more p a r t i c l e s  a r e  evaporated f rom t h e  
h i g h e r  e x c i t e d  s t a t e  t han  t h e  l ower  e x c i t e d  s t a t e ,  t h e  d i s t r i b u t i o n  
o f  pos t -evapo ra t i on  n u c l e i  i n  t h e  case o f  Ep=70 MeV i s  s h i f t e d  more 
than  t h e  one o f  E =10 MeV toward t h e  d i r e c t i o n  o f  l i g h t  mass. The 
f i s s i o n  p roduc t  n e c l e i  w i t h  heavy mass a r e  s h i f t e d  more than  those  
w i t h  l i g h t  mass. 

I n  F i g u r e  3, t h e  d i s t r i b u t i o n  o f  pos t -evapo ra t i on  f i s s i o n  prod- 
u c t s  f rom 300 MeV p ro tons  on UZ3'  c a l c u l a t e d  by t h r e e  mass fo rmulae 
(Fong [121, NMTC (41 and JGK [ I 8 1  )a re  shown w i t h  t h e  r e s u l t s  o f  
P. Stevenson's exper iment [191. I n  c o n t r a s t  t o  t h e  r a t h e r  f l a t  



p la teau  of  exper imental  r e s u l t s ,  a l l  t h r e e  c a l c u l a t i o n s  show t h e  
d i p  between two peaks. The reason f o r  t h i s  d iscrepancy shou ld  be 
c l a r i f i e d  i n  f u t u r e  study.  One o f  t h e  reasons may be due t o  t h e  
f l u c t u a t i o n  i n  e x c i t a t i o n  energy p a r t i  t i o n  between t h e  two f rag-  
ments and t o  n o t  t a k i n g  i n t o  account t h e  d i s t r i b u t i o n  f u n c t i o n s  
f o r  t h e  k i n e t i c  and deformat ion energ ies .  The d i s t r i b u t i o n s  ca l cu -  
l a t e d  w i t h  t h e  mass formula  o f  NMTC and JGK show a  s h o r t e r  d i s t a n c e  
between t h e  two peaks than  t h e  one c a l c u l a t e d  w i t h  Fong's mass f o r -  
mula and t h e  exper iment.  Recent ly,  11. Prakash e t  a1 . r201 s t a t e d  
t h a t  t h i s  d iscrepancy can be removed by t a k i n g  i n t o  account t h e  nu- 
c leon  exchange process which occurs d u r i n g  t h e  f i s s i o n  process,  
s i m i l a r  t o  what i s  observed i n  heavy i o n  r e a c t i o n .  

F i g u r e  4 shows t h e  d i s t r i b u t i o n  o f  t h e  number o f  neu.lrons 
e m i t t e d  by f i s s i o n  product  n u c l e i  as a  f u n c t i o n  o f  mass number. 
These r e s u l t s  a r e  c a l c u l a t e d  by t h e  mass formulae o f  Fong and of  
JGK. Since t h e  mass formula f o r  n u c l e i  o f  1  i g h t  mass i s  n o t  ob- 
t a i n e d  f rom Fong's mass formula,  t h e  JGK mass formula  i s  used f o r  
t h e  mass, which i s  r e q u i r e d  t o  c a l c u l a t e  t h e  energy d i f f e r e n c e  be- 
tween p re -  and pos t -evapora t i o r~  r ~ u c l e i  i n  t h e  case s f  rang's mass 
formula .  Thus, o n l y  t h c  e f f e c t  of  d i f f e r e n t  d i s t . r i h ~ ~ t . i n n s  n f  pre- 
evapora t i on  f i s s i o n  product  n u c l e i  on t h e  neut ron y i e l d  i s  s tud ied .  
The d i f f e rence  between t h e  two d i s t r i b u t i o n s  i s  sma l le r  i n  t h e  
l i g h t  mass r e g i o n  than i n  t h e  heavy mass reg ion ,  and t h e  number o f  
neut rons c a l c u l a t e d  w i t h  Fong's mass formula  i s  s l i g h t l y  sma l le r  
than t h a t  c a l c u l a t e d  w i t h  t h e  JGK mass formula .  

As seen i n  t h e  f i g u r e ,  t h e  heavy mass f i s s i o n  p roduc t  n u c l e i  
em i t  more neutrons than those o f  1  i g h t  mass, caus ing a  l a r g e r  
s h i f t  i n  t h e  d i s t r i b u t i o n  o f  heavy mass n u c l e i  than those o f  l i g h t  
mass. Th is  i s  due t o  t h e  l a r g e r  e x c i t a t i o n  energy o f  t h e  heavy 
mass n u c l e i  than o f  t h e  l i g h t  mass n u c l e i ,  as shown i n  Eq. (37) .  
The exper imenta l  data o f  E. C h i e f e t z  e t  a1 . r211 f o r  155 MeV pro- 
tons on U 2 3 e  show t h e  same tendency. The c e n t r a l  peak appear ing 
i n  t h e  c a l c u l a t i o n  i s  due t o  t h e  f a c t  t h a t  some even mass number 
n u c l e i  a r e  s p l i t  i n t o  equal mass f i s s i o n  products ,  and they  con- 
t r i b u t e  t o  t h e  i nc rease  o f  t h i s  peakr 

The t o t a l  number o f  neutrons emi t ted  by f i s s i o n  products  w i t h  
d i s t r i b u t i o n s  c a l c u l a t e d  by Fong, JGK and NKC mass formulae a r e  
12.25, 12.83 and 12.80, r e s p e c t i v e l y .  The d i f f e r e n c e s  between t h e  
t o t a l  number c a l c u l a t e d  bv t h e  JGK and t h e  NFITC mass formulae and 
t h a t  c a l c u l a t e d  by Fong's mass formula  a r e  n o t  ve ry  l a r g e  i n  s p i t e  
of  t h e  l a r g e  d i f f e r e n c e  i n  d i s t r i b u t i o n s  o f  f i s s i o n  product  n u c l e i  
mass. Thus, t h e  t o t a l  neut ron y i e l d  seems t o  be i n s e n s i t i v e  t o  t h e  
mass d i s t r i b u t i o n .  

The d i f f e r e n c e  between a l l  t h e  r e s u l t s  ob ta ined  by NMTC and 
JGK mass formulae i s  ve ry  sma l l ,  s i n c e  t h e  mass values c a l c u l a t e d  
by two formulae a r e  v e r y  c l o s e  t o  each o t h e r .  

I n  F igu re  5, t h e  d i s t r i b u t i o n s  o f  t h e  number o f  neut rons 
e m i t t e d  m u l t i p l i e d  by t h e  yie1.d o f  pre-evaporat ion  f i s s i o n  product  
n u c l e i  a r e  shown f o r  t h e  two yass formulae o f  Fong and JGK. The 
heavy mass peak i s  h ighe r  than t h e  l i g h t  mass peak because more 
neutrons a r e  emi t ted  f rom t h e  heavy mass f i s s i o n  product  n u c l e i  



than from t he  l i g h t  mass nuc l e i .  
Although the  t o t a l  neutron y i e l d  from the f i s s i o n  r eac t i on  i s  

i n s e n s i t i v e  t o  the  d i s t r i b u t i o n  o f  pre-evaporat ion f i s s i o n  product 
nuc le i  mass, the  discrepancy between t he  ca lcu la ted  and experimental 
mass d i s t r i b u t i o n s  f o r  the  post-evaporat ion f i s s i o n  product nuc l e i  
should be c l a r i f i e d  i n  f u t u r e  study. Flore experimental data a re  
needed t o  improve the  model. 
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MASS NUMBER A 

FIGURE 1. Pre-Evaporation Nuc le i  D i s t r i b u t i o n  f r o r  
the  H igh l y  Exc i ted  puZ3 '  Compound Sta te  
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:.!ASS NUMBER A 

FIGURE 2. Pre- and Post-Evaporation Nuc le i  D i s t r i b u t i o n  
from the  Hfgh ly  Exc i ted  Pu2" Compound S ta te  



M A S S  N L M B E R  A  

FIGURE 3. Post-Evaporat ion Nuc.lei D i s t r i b u t i o n  
from 300 Proton on u2" 

MASS NUUDER 

FIGURE 4 .  Number o f  Neutrons Emit ted f rom F i s s i o n  
Product Nuc le i  300 MeV Proton on UZ3'  



MASS NUMBER. A 

FIGURE'5. D i s t r i b u t i o n  f o r  Number o f  Neutron H u l t i p l i e d  
by Y i e l d  o f  Pre-Evaporation F iss ion Product Nuclei  
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ABSTRACT 

Neutron sou rces  based on Be+d r e a c t i o n s  a t  . 
Ed 3. 16 MeV and Be+p r e a c t i o n s  a t  E  >, 30 MeV a r e  . 
commonly used for  cancer therapy.  !he neu t ron  s p e c t r a l  
d i s t r i b u t i o n s  from t h e s e  r e a c t i o n s  show s i g n i f i c a n t  y i e l d  
a t  neu t ron  e n e r g i e s  below 2  MeV. The r e l a t i v e  p ropor t ion  
of t h e s e  low energy neu t rons  a t  E  = l o ,  1 5 ,  20 and 25 MeV 
i s  33,  28, 21 and 15% for  deu te rons  and 70, 62 ,  52 and 
40% for  p ro tons  r e s p e c t i v e l y .  S e v e r a l  nuc l ea r  r e a c t i o n  
mechanisms, e.g. compound nuc leus  decay and multi-body - 
breakup have been d i s c u s s e d  a s  p o s s i b l e  s o u r c e s  of t h e  
low-energy neu t ron  component. The s y s t e m a t i c  s t u d i e s  
c a r r i e d  ou t  by us  i n d i c a t e  t h a t  t \ ~ e  i ~ e u l r u u  decay of 
s t a t e s  i n  Be e x c i t e d  by d i r e c t  i n e l a s t i c  r e a c t i o n s  a l s o  
p l a y s  a  s i g n i f i c a n t  r o l e  i n  producing low energy neu- 
tr ons p a r t i c u l a r  l y  from t h e  Be+p r e a c t i o n .  

INTRODUCTION 

Nuclear r e a c t i o n s  Be(p,x)n and Be(d,x)n a r e  used for  produc- 
t i o n  of i n t e n s e  beams of neu t rons  fo r  cancer t he rapy  and fo r  i r r a -  
d i a t i o n s  i n  m a t e r i a l  damage s t u d i e s .  These appl ica t i 'ons  of t en  
r e q u i r e  knowledge of t h i c k  t a r  g e t  neut ron  y i e l d s  under var i o u s  
geonet r  i c a l  c o n d i t i o n s .  An unde r s t and ing  of t h e  neu t r  on-pr oducing 
mechanism i n  t h e s e  r e a c t i o n s  is u s e f u l  for  c a l c u l a t i o n [ l ]  o f  t he  
r e l e v a n t  neu t ron  f  luences .  



OBSERVATIONS 

A t  proton energ ies  above 20 MeV the  neutron production from 
t h e  Be(p,n) r e a c t i o n  is  dominated by d i r e c t  charge exchange, and a t  
On=OO t h e  ground s t a t e  t r a n s i t i o n  is the  s t r o n g e s t [ 2 ] .  In t h i c k  
t a r g e t s ,  energy l o s s  of the  protons r e s u l t s  i n  a  broad d i s t r i b u t i o n  
of neutron energ ies [3 ] .  In the  Be(d,n) r e a c t i o n  the  ma jo r i ty  of 
t h e  neutrons  a r e .  produced by the  deuteron s t r i p p i n g  r e a c t i o n [ 4 ]  
which g i v e s  r i s e  t o  gauss ian- l ike  neutron spectr  a 1  d i s  t r  ibu- 
t i o n s  [3 ,5  1 .  In a d d i t i o n  r e a c t i o n  channels such a s  compound nucleus  
format ion,  multi-body breakup and coulomb e x c i t a t i o n s  of s t a t e s  in  
'Be lead t o  t h e  emission o f .  lower energy neutrons ,  E 4 2 MeV. 

A t h e o r e t i c a l  e s t ima te  of the  magnitude and angular d i s t r i b u -  
t i o n  of t h e  low energy component of the  neutron spectr  um is  d i f f  i- 
c u l t  a t  p resen t  because of uncer t a in ty  in  the  r e l a t i v e  c ross  sec- 
t i o n s  of the  var ious  r e a c t i o n  channels mentioned e a r l i e r .  

Table 1 gives  the  f r a c t i o n  of t h e  neutron y i e l d  a t  E 4 2 MeV 
f o r  8,=0° from proton- and deuteron-induced r e a c t i o n s  i n  Be a t  
va r ious  ene rg ies .  The magnitude of t i l l s  f r a c ~ i u ~ i '  i i ~ c r e a s e s  a t  
higher neutron emission ang les ,  a s  manifested by the  decrease  i n  the  
average neutron energy of the  observed s p e c t r a [ 3 ] .  Figure  1 shows 
t h e  dependence of the  propor t i o n  of the  low energy neutrons  un the 
p r o j e c t i l e  energy. For comparison, d a t a  for a  7 ~ i  t a r g e t  a r e  a l s o  
shown. It is i n t e r e s t i n g  t o  note  t h a t  the  'Be t a r g e t  produces 
more lower energy neutrons  than the  7 ~ i  t a r g e t .  A . s i m i l a r  t rend 
i s  observed with t h i n  t a r g e t s  and the  d i f f e r e n c e s  between the  y i e l d s  
f o r  ' ~ e  and 7 ~ i  t a r g e t s  cannot be expla ined on the  b a s i s  of 
secondary r e a c t i o n s  such a s  ' ~ e ( n , 2 n ) .  

DISCUSSION 

Figure  2  provides a  poss ib le  c lue  t o  the  mechanism giving r i s e  
t o  the  enhancement of low energy neutron emission from 'Be t a r g e t s .  
A s  shown i n  Figure 2, t h e r e  a r e  s e v e r a l  neutron-unbound s t a t e s  above 
1.6 MeV i n  'Be whereas i n  7 ~ i  the neutron-unbound s t a t e s  l i e  above 
7.3 MeV. This suggests  t h a t  t h e  d i f f e r e n c e s  in  the  low energy neu- 
t r o n  y i e l d s  i s  due t o  the  e x c i t a t i o n  and decay of these  aeutron- 
unbound s t a t e s .  With t h i s  assumption we f i n d  from Figure  2  t h a t  a t  
1 5  MeV p r o j e c t i l e  energy the  , i n e l a s t i c  e x c i t a t i o n s  c o n t r i b u t e  %3U% 
t o  the  low energy neutron y i e l d  from Be+p r e a c t i o n s  and %4% from t h e  
Be+d r e a c t i o n s .  

F igure  3 shows neutron s p e c t r a l  d i s t r i b u t i o n s  from Be(d,n) a t  
Ed=12 MeV, on=o0. In t h i s  and other s p e c t r a  a t  Ed> 5  MeV, 
t h e r e  is  a  we l l  r e so lved  neutron peak a t  En.s700 keV. This  
r e so lved  peak is  not  observed i n  any of the  neutron s p e c t r a  from 
' ~ e + ~ ,  9 ~ e + a ,  7 ~ i + ~ ,  7Li+d or 7Li+a r e a c t i o n s  which were s tud ied  
under i d e n t i c a l  cond i t ions  [3].  



The obse rva t ion  of t h i s  unexpected we l l - r e so lved  peak in 
n e u t r o n  s p e c t r a  measured a t  On=OO fo l lowing  deuteron  bombardment 
of t h i n  ,and t h i c k  Be t a r g e t s  fo r  beam e n e r g i e s  above 5  MeV has l e d  
t o  an extended e f f o r t  t o  i d e n t i f y  t h e  r e a c t i o n  mechanism r e s p o n s i b l e  
fo r  i t s  product ion .  

'Deta i led  s e q u e n t i a l  decay k inema t i c s  of t h e  t ype  
g ~ e ( p r o j ,  p r o j ' )  9 ~ e * ( 2 . 4 3  MeV) + 8 ~ e + n  were c a r r i e d  out  t o  
a s c e r t a i n  whether t h e  product ion  is  c o n s i s t e n t  w i th  neu t ron  emiss ion  
from 9 ~ e ( 2 . 4 3  MeV) i n  i t s  decay t o  t h e  8 ~ e  ground s t a t e .  Such a  
p roces s  would account fo r  t h e  independence of t h e  observed n e u t r o n  
energy -700 keV from t h e  i n c i d e n t  deuteron  energy.  The c a l c u l a t i o n s  
conf i rm t h a t  t he  k inema t i c  r e s t r . i c t i o n s  c o n c e n t r a t e  -30% of t h e  
t o t a l  neu t ron  decay t o  a  s i n g l e  s p i k e  a t  approximate ly  t h e  observed 
neu t ron  energy fo r  t h e  ( d , d l )  r e a c t i o n .  

However a  comparison of cor responding k inemat ic  f a c t o r s  fo r  
p ro tons  , deu te rons  and a-beams shows l i t t l e  d i f f e r e n c e  between them 
s o  t h a t  t h e  known r e l a t i v e  c r o s s  s e c t i o n s  t o  t h e  2.43 MeV s t a t e [ 6 ]  
would r e q u i r e  comparable product ion  fo r  a l l  t h r e e  p r o j e c t i l e s ,  
whereas exper imen ta l ly  only  . the  deu te ron  beams produce t h e  well- 
r e s o l v e d  neu t ron  peak a t  En - 700 keV. 

The known ( d , d l )  i n e l a s t i c  e x c i t a t i o n  c ros s - sec t ion  a s  a  func- 
t i o n  of bombarding energy [ 6 ]  can be s a t i s f a c t o r i l y  approximated wi th  
a  c o n s t a n t  va lue  of -40 mb for  3  MeV* E d <  30 MeV. Th i s  va lue  of 
t h e  . c r o s s  s e c t i o n  p r e d i c t s  for. t h i c k  Be t a r g e t s  an energy dependence 
of  t h e  e x c i t a t i o n  func t ion ,  for  t h e  -700 keV neu t ron  peak t h a t  is  i n  
good agreement w i th  t h e  expe r imen ta l ly  observed e x c i t a t i o n  f u n c t i o n ,  
s e e  F igu re  4 ,  but  t h e  p r e d i c t e d  a b s o l u t e  y i e l d  is  a  f a c t o r  of 65 
sma l l e r  than  t h e  exper imen ta l  va lue .  

CONCLUSIONS 

The above d i sc repancy  makes i t  imposs ib le  t o  i d e n t i f y  t h e  neu- 
t r o n  s p i k e  w i th  a  s imple  ( d , d '  ) e x c i t a t i o n  of t h e  .2.43 MeV s t a t e  i n  
Y ~ e .  A n o v e l  i n e l a s t i c  p roces s  h a s  been sugges ted  by ' 

Goldhaber [7] .  I f  i n e l a s t i c  deu te ron  e x c i t a t i o n  of t h e  2.43 MeV 
s t a t e  (M1 t r a n s i t i o n  from t h e  ground s t a t e )  i s  accompanied by a  h igh  
p r o b a b i l i t y  of concur ren t  deu te ron  breakup (M1 e x c i t a t i o n )  then t h e  
ensu ing  e x c i t a t i o n  of t h e  2.43 MeV s t a t e  by coherent  pro ton  and neu- 
t r o n  i n e l a s t i c  s c a t t e r i n g  could account  fo r  t h e  excess  i n  t h e  y i e l d  
wh i l e  r e g a i n i n g  many of t h e  u s u a l  f e a t u r e s  of neu t ron  decay from an 
e x c i t e d  'Be s t a t e ,  e.g. independence of t h e  neut ron  energy from 
i n c i d e n t  deu te ron  energy.  The angular  d i s t r i b u t i o n s  of t h e  low 
energy n e u t r o n s  from such a  r e a c t i o n  would be d i f f e r e n t  than those  
from o the r  r e a c t i o n  channels .  
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TABLE 1 

Yield o f  Low Energy 0.4-2 MeV) 6 Neutrons  from Thick  Be  T a r g e t s  

P r o j e c t i l e  
E . ( M ~ v )  Deuteron P ro ton  

1 0  33% 70% 
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ABSTRACT 

Neutron c a p t u r e  r a t e s  i n  a  water  ba th  surrounding 
t h i c k ,  heavy-element t a r g e t s  bombarded by 480 MeV protons  
have been measured by f o i l  a c t i v a t i o n .  The proton beams 
il~lplnged on t h e  c e n t r a l  element of hexagonal a r r a y s  of 
c y l i n d r i c a l  t a r g e t  elements of m e t a l l i c  ~ b ' ,  Th and 
dep le ted  U and of n a t u r a l  UOn.  The exper imental  d a t a  a r e  
presented a s  a  func t ion  of e f f e c t i v e  r a d i u s .  The e f f e c t s  
of inden t ing  t h e  c e n t r a l  element and of s u b s t i t u t i n g  
c e n t r a l  elements of Pb i n  p l a c e  of Th o r  dep le ted  U have 
been s t u d i e d .  The d a t a  a r e  compared w i t h  t h e  r e s u l t s  of 
i n t r a n u c l e a r  cascade and neutron t r a n s p o r t  c a l c u l a t i o n s  
and wi th  t h e  r e s u l t s  of ana lyses  of e a r l i e r  measurement. 

INTRODUCTION 

Charged p a r t i c l e  a c c e l e r a t o r s  were proposed many yea r s  ago a s  a  
means of producing f i s s i l e  m a t e r i a l  f o r  use  i n  power r e a c t o r s  [1 ,2 ] .  
The i d e a  of conver t ing f e r t i l e  m a t e r i a l  t o  f i s s i l e  grew ou t  of t h e  
obse rva t iou  [3 ,4 ]  of copious neutron product ion i n  t h e  bombardment 
of heavy elements by medium energy p ro tohs ,  deuterons  o r  a lpha  
p a r t i c l e s .  I n  r e c e n t  yea r s  t h e r e  h a s  been a  resurgence of i n t e r e s t  
i n  t h e  a c c e l e r a t o r  breeder  a s  a  system capable  of extending nuc lea r  



r e s o u r c e s  i n  a  l a r g e  and expanding nuc lea r  power indus t ry .  This  
paper d e s c r i b e s  t h e  f i r s t  r e s u l t s  from an exper imental  program 
intended t o  provide  some of t h e  b a s i c  t a r g e t  informat ion needed f o r  
t h e  d e s i g n  of an  a c c e l e r a t o r  breeder .  

THE BNL-COSMOTRON EXPERIMENTS 

I n  p a r t ,  t h e  FEKYICON ( F e r t i l e - t o - F i s s i l e  Conversion) s e r i e s  of 
experiments was pa t t e rned  a f t e r  measurements made h e r e  a t  t h e  
Cosmotron i n  1965 by a  j o i n t  Chalk River-ORNL team [5 ,6 ,7] .  T l ~ e  set- 
up is  shown schemat ica l ly  i n  Fig .  1. The system c o n s i s t c d  of a  large 
t a n k  f i l l e d  wi th  H20 i n  which t a r g e t s ,  of v a r i a b l e  forms and s i z e s ,  
were placed i n  t h e  c e n t r e .  Uranium, l e a d ,  t i n  and be ry l l ium,  
b a s i c a l l y  i n  t h e  form of c y l i n d e r s  of 5  cm r a d i u s  and 60 cm leng th ,  
were used.  The l e a d  t a r g e t s  were a l s o  of 1 0  cm r a d i u s .  Next t o  
t h i s  t a r g e t  an a r r a y  of 55-Cu o r  Au-foils  was placed i n  t h e  H20. 
From t h e  measurement of t h e  a c t i v i t y  on t h e s e  f o i l s  one could deduce 
t h e  t o t a l  c a p t u r e  race In Lllr H20 and r c l n t c  t h i c  t o  the  y i e l d  o f  
neu t rons  from t h e  t a r g e t s .  The proton beam w a s  1 cm r a d i u s  and was 
measured by t h e  product ion of l l c  i n  a  polyethylene f o i l  p laced i n  
f r o n t  of t h e  t a r g e t .  I n  Table I t h e  parameters  of t h e  uranium and 
l e a d  t a r g e t s  a r e  summarized. The proton e n e r g i e s  used were 0.54, 
0.72,  0.96 and 1.47 GeV. The dep le ted  uranium conta ined 0.22 w/o 
23511. 

Before d e s c r i b i n g  t h e  exper imental  r e s u l t s  and comparing them 
w i t h  c a l c u l a t e d  ones ,  I would l i k e  t o  review t h e  method of ca lcu la -  
t i o n .  The methods we used a r e  probably t y p i c a l  of those  used by 
o t h e r  l a b o r a t o r i e s  a l though t h e  codes may be  somewhat d i f f e r e n t .  
The Chalk River system i s  shown i n  F ig .  2. We f i r s t  s t a r t e d  o f f  
w i t h  MC 74 which was w r i t t e n  by Mil ton and Eraser  a t  CRNL [ 8 ] .  It 
was a  pa ramet r i c  program, t r e a t i n g  s p a l l a t i o n  by a  Monte Car lo  
method. The i n t r a n u c l e a r  p a r t  was parametr ized d a t a  from Ber t in i [9 ] .  
About two yea r s  ago w e  r ep laced  t h i s  by a  Los Alamos v e r s i o n  of t h e  
NMTC-code [ l o ]  adapted t o  t h e  CDC 6600 computer. The ouLput of t h i s  
code f e e d s  e i t h e r  t h e  one-dimensional SN-rransporL code ANISN [ l l ]  
o r  t h e  three-dimensional Monte Car lo  code MOKSL [12] .  These Lwo 
codes b a s i c a l l y  t r e a t  t h e  t r a n s p o r t  of t h e  evaporaCion neutron com- 
ponent,  us ing v a r i o u s  i n t e r f a c i n g  prograuis t o  pass  d a t a  from one 
code t o  ano the r .  The d a t a  l i b r a r i e s  f o r  t h e s e  codes (which LreaL 
neu t ron  t r a n s p o r t  below 15 MeV) were o r i g i n a l l y  de r ived  from 
ENDFIB-111. Subsequently we have produced our own d a t a  l i b r a r i e s  
us ing SUPERTOG [13] which has  (n ,3n) -e f fec t s  b u i l t  i n t o  i t .  It 
produces a  99-group l i b r a r y  which can be co l l apsed  i n  v a r i o u s  ways 
through ANISN o r  through a  de r ived  spectrum i n t o  a  23-group c r o s s  
s e c t i o n  l i b r a r y  f o r  e i t h e r  ANISN o r  MORSE. Most of t h e  c a l c u l a t i o n s  
I w i l l  d e s c r i b e  a r e  based upon t h e  MORSE-code. 

The r e s u l t s  of t h e s e  experiments a r e  summarized i n  Fig .  3. H20 
c a p t u r e s  have been p l o t t e d  r a t h e r  than t h e  t o t a l  neutron y i e l d  
u s u a l l y  quotes  a s  i t  i s  q u i t e  d i f f i c u l t  t o  d e r i v e  t h e  t o t a l  neutron 
y i e l d  from a  uranium t a r g e t  due t o  t h e  l a r g e  neutron absorp t ion  i n  
t h e  uranium. Therefore ,  i t  seems p r e f e r a b l e  f o r  a  comparison 



between theory and experiment t o  compare t h e  t o t a l  number of neutron 
cap tu res  i n  t h e  water.  From Fig.  3  one can s e e  t h a t ,  f o r  t h e  
uranium case ,  t h e  exper imental  va lues  a r e  somewhat h igher  than t h e  
c a l c u l a t e d  va lues .  For t h e  Pb the  reverse  i s  t r u e ,  t h e  exper imental  
r e s u l t s  being below t h e  c a l c u l a t e d  d a t a .  This e f f e c t  v a r i e s  wi th  
energy, t h e  discrepancy being of t h e  o rder  of 20 t o  30%. The y i e l d  
which i s  normally repor ted  i n  t h e  l i t e r a t u r e  i s  b a s i c a l l y  the  H20- 
cap tu res  p lus  a  deduced thermal  neutron cap tu re  r a t e  i n  t h e  uranium 
t a r g e t .  The d i f f i c u l t y  t h a t  a r i s e s  i s  t h a t  i n  t h e  a c t u a l  measure- 
ment t h e  f l u x  has a  very s t r o n g  g rad ien t  i n t o  t h e  t a r g e t .  This  may 
have r e s u l t e d  i n  an over-es t imat ion of t h e  t o t a l  neutron y i e l d .  

THE FERFICON EXPERIMENTS 

The b a s i c  method used i n  t h e  Cosmotron experiments was repeated 
i n  t h e  FERFICON s e r i e s .  The arrangement i s  shown i n  F ig .  4.  The 
t a r g e t  is  placed i n  a  can of f ixed  dimensions s o  t h a t  t h e r e  i s  a  gap 
between t h e  t a r g e t  and t h e  can f o r  t h e  smal l  t a r g e t  d iameters .  
Because of t h e  low proton energy, t h e  t a r g e t  l eng th  i s  only 31.75 an. 
The a r r a y  of Au-foils i s  somewhat l a r g e r  than i n  t h e  Cosmotron 
experiments and i s  i n  t h e  h o r i z o n t a l  p lane.  The proton beam i n  t h i s  
case  i s  measured by t h e  2 4 ~ a  a c t i v i t y  produced i n  t h e  Al - fo i l s .  The 
s i z e  of t h e  tank i s  s u f f i c i e n t  t o  absorb b a s i c a l l y  a l l  t h e  neutrons  
t h a t  a r e  slowed down by the  H20. 

The t a r g e t  i t s e l f  i s  made up of a  close-packed a r r a y  of rods  of 
va r ious  s i z e s  a s  ind ica ted  i n  Fig .  5. The t a r g e t  may c o n s i s t  of a  
s i n g l e  rod o r  of seven rods ,  e t c . ,  up t o  27. A composite t a r g e t  can 
a l s o  be b u i l t  wi th ,  say,  a Pb rod i n  the  c e n t r e  and surrounded by U 
rods .  A d e s c r i p t i o n  of t h e  s e t  of t a r g e t s  used i s  given i n  Table 11. 
A b r i e f  summary of t h e  experimental  methods of a n a l y s i s  used i n  t h e  
BNL Cosmotron and i n  t h e  FERFICON experiments is  given i n  Table 111. 
Whereas i n  t h e  Cosmotron experiments polynomials were f i t t e d  t o  t h e  
measured f l u x  d i s t r i b u t i o n  f o r  t h e  i n t e g r a t i o n ,  s p l i n e  func t ions  a r e  
now used f o r  t h a t  purpose. 

The measured thermal f l u x  d i s t r i b u t i o n  around a  37-rod t a r g e t  
i s  shown i n  Fig.  6. One can s e e  t h a t  t h e r e  i s  a  s t r o n g  v a r i a t i o n  
with  r a d i u s .  A s  the  r a d i u s  of 9 .6  cm i s  smal le r  than t h e  r a d i u s  of 
t h e  t a r g e t  can, t h e r e  i s  no continuous f l u x  curve.  The r a d i u s  of 
t h e  proton beam was aga in  about 1 cm. 

A comparison between exper imental  and c a l c u l a t e d  r e s u l t s  f o r  
t h e  pure uranium and t h e  thorium t a r g e t s  of va r ious  e f f e c t i v e  r a d i i  
i s  given i n  Fig.  7. The d a t a  a r e  s t i l l  somewhat prel iminary because 
some u n c e r t a i n t i e s  s t i l l  e x i s t  i n  t h e  c a l i b r a t i o n  of t h e  abso lu te  
counting e f f i c i e n c i e s .  

Even a l lowing f o r  t h e  p o s s i b i l i t y  t h a t  t h e  exper imental  r e s u l t s  
a r e  somewhat high,  t h e  c a l c u l a t i o n s  s t i l l  y i e l d  s i g n i f i c a n t l y  lower 
va lues ,  wi th  t h e  d i f f e r e n c e  depending on t h e  t a r g e t  diameter.  So 
f a r ,  no conclusive  exp lana t ion  f o r  t h i s  e f f e c t  has  been found. 

Resu l t s  f o r  t h e  f u l l  range of t a r g c t s ,  a l s o  s o ~ ~ ~ e w h a t  
prel iminary f o r  t h e  reasons  mentioned above, a r e  compiled i n  
Table I V .  The agreement i s  q u i t e  good f o r  lead and r e l a t i v e l y  poor 



f o r  uranium. No c a l c u l a t i o n s  have s o  f a r  been performed f o r  U02 and 
t h e  composite t a r g e t s  Pb-Th. 

DISCUSSION OF RESULTS 

A comparison of t h e  NMTC evapora t ion  spectrum and t h c  f i s s i o n  
spectrum of 2 3 5 ~  i n  Fig .  8, shows t h e  ha rde r  spectrum a r i s i n g  from 
evapora t ion .  Also included a r e  t h e  f i s s i o n  c r o s s  s e c t i o n  f o r  2 3 8 ~  
and t h e  (n,2n) c r o s s  s e c t i o n .  Obviously t h e  secondary p rocesses  
depend v e r y  c r i t i c a l l y  on t h e  hardness  of t h e  spectrum. Therefore ,  
one of t h e  p o s s i b l e  causes  f o r  t h e  discrepancy between exper imental  
arld c a l c u l a t e d  r e s u l t s  might be  t h a t  t h e  evapora t ion  spectrum a s  
c a l c u l a t e d  by NMTC i s  too  s o f t .  This  type  oE conclus ion could h e l p  
t o  improve t h e  agreement n o t  on ly  f o r  t h e  uranium t a r g e t  bu t  a l s o  
f o r  t h e  l e a d  t a r g e t ,  because a ha rde r  spectrum would g i v e  a lower 
t o t a l  y i e l d  a s  t h e r e  i s  no f u r t h e r  m u l t i p l i c a t i o n  i n  t h e  l ead .  (The 
(n,2n) c r o s s  s e c t i o n  i s  q u i t e  smal l . )  

A summary of pussilsle c o n t r i b u t i o n s  t o  t h e  observed discrepan-  
cies i s  g iven  i n  Table V.  Of course ,  such ques t ions  a s  accuracy of 
t h e  p ro ton  beam moni tor ing i n  t h e  BNL experiments cannot be checked 
now. We t r i e d  t o  o b t a i n  a ha rde r  evapora t ion  spectrum by va ry ing  
t h e  l c v e l  d e n s i t y  c o n s t a n t .  However, t h i s  d i d  n o t  g i v e  a r e a l  
improvement f o r  i f  t h e  l e v e l  d e n s i t y  cons tan t  i s  changed i n  o rde r  t o  
harden t h e  spectrum, a s m a l l e r  number of neu t rons  is produced a t  t h e  
evapora t ion  s t a g e ,  which almost completely matches t h e  e x t r a  neutrons 
from subsequent f i s s i o n .  F i s s i o n  i s  neglected i n  our  v e r s i o n  of 
NMTC . 

So f a r ,  we have n o t  been us ing  ENDFIB-V d a t a ,  but  we found v e r y  
l i t t l e  change i n  going from ENDF/B-I11 t o  ENDFIB-IV. There is  some 
p o s s i b l e  change due t o  reduced i n e l a s t i c  c r o s s  s e c t i o n s  f o r  2 3 8 ~  i n  
ENDFIB-V . 
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TABLE I 

Descr ipt ion of Pb and U-targets f o r  t h e  
BNL Cosmotron Experiments 

Target Density Length Radius 

a 
Depleted uraninm - 0.22 w t %  2 3 5 ~ .  

TABLE I1 

Descr ip t ion  of Target Assemblies f o r  t h e  FERFICON Experiments 

Radius (mm) Target  Length Density 
Cum) Rod Array (g-cm-3) 

a 

U-lb 304.8 16.26 
u-7b 
U-1 9b 
u-37b 

Th- 1 
Th-7 
Th-19 

a E f f e c t i v e  r a d i u s  R = r&. 

b ~ e p l e t e d  uranium - 0.26 w t %  2 3 5 ~ .  

' ~ a t u r a l  U02 c lad  i n  aluminum. 



TABLE I11 

Summary of Experimental Methods of Analysis 

1. BNL Cosmotron Experiments 

Proton Intensity: 12~(p,pn) l l~ reaction 

H20 captLre Rate: Irradiatiqn of Cu(bare) and Au(bare 
and sub Cd) to.derive Westcott flux 
($I~), polynominals fitted to In $,(r,z) 
and integrated to determine total. 
capture rate in H20 tank. 

2. FERFICON Experiments 

Proton Intensity: 27~l(p,3pn)24~a reaction 

H20 Capture Rate: Irradiation of Au(bare and sub Cd) to 
derive Westcott flux ($o). 

Integration via f itte'd  spline Functions 
to obtain total capture rate in H20 
tank. 



TABLE IV 

Compilation of FERFICON Results - 
H20 Captures per Proton of 480 MeV 

Target Experiment Calculation 

U- 1 9.6 + 0.7 10.1 f '0.4. . . . '  . 
U- 7 14.1 + 0.9 10.9 + 0.4 ' 

11-3 9 , 15,2 + 1.0 , 12.4 + 0.4 . 
U-37 17.1 + 1.0 12.3 $ 0.4 
U-37a . . 

17.2 + i.0 - 

a 
Central rod indentcd by 150 mm. 



TABLE V 

Summary of Discussion 

1. BNL Cosmotron experiments g ive  approx. 25% lower n /p  r a t i o  than 
Fer f i con  Experiments (BNL experiments ex t rapo la ted  t o  480 MeV). 

BNL FERFICON Rat io  

Pb (50.8 mm) 6.6 9.0 0.73 
U (50.8 mm) 12.. 7  17.0 0.75 

POSSIBLE REASONS 

I )  Proton Beam Monitoring: 

1 2 ~ ( p , p n ) ! 1 ~  vs 2 7 ~ l ( p , 3 p ) 7 L ~ a  

11)  D i f f e r e n t  Geometry 

Target l eng th  610. mm (BNL); 305 mm (FERFICON) 
H20 i n  con tac t  wi th  BNL t a r g e t ;  separa ted  from FERFICON 
t a r g e t  by f i x e d  t a r g e t  can. 

Ca lcu la t ion  absorp t ion  r a t i o  (U/H20) 

BNL 0.40 (0.13) 
FERFICON ( i n t e r p o l a t e d )  0.35 (0.12) 

Other r e a c t i o n  r a t e s  s i m i l a r .  

2 .  Spectrum of ~ v a p ' o r a t i o n  Source 

CalculaLlvn g i v e s  too many neutrons  wi th  too s o f t  a  
spectrum - t o  be confirmed by t h i n  t a r g e t  spectrum 
measurements. 

Ef fec t  of . l e v e l  d e n s i t y  cons tan t  
Pre-equilibrium evaporat ion model 
F i s s i o n  channel e f f e c t  

Lead t a r g e t s  - n/p r a t i o  over-predicted 

Uranium t a r g e t s  - n/p  r a t i o  under-predicted 

Harder spectrum.would lead t o  an i n c r e a s e  i n  f a s t  
f i s s i o n  and (n,2n) r e a c t i o n s .  

3. Nuclear Data 

Reduced i n e l a s t i c  cross-sect ion f o r  3 8 ~  i n  ENDFIB-v 
would lead t o  f u r t h e r  f a s t  f i s s i o n ,  e t c .  

4 .  Resonance Absorption 

I n d e f i n i t e l y  d i l u t e  c r o s s  s e c t i o n s  
Small e f f e c t  (approx. 5%) 

5 .  H20 Thermal Constants - Smal l  e f f e c t .  



Fig. 1: Hz0 tank and target assembly for the BNL Cosmotron experi- 
ments. 
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Fig. 3: Hz0 captures per incident proton as measured in  the BNL 
Coeotron experiments and calculated a t  CRNL. Error bars 
on the calculated data are s t a t i s t i c a l  errors in theeMonte 
Carlo calculation. Experimental errors are not available. 
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Fig. 4:  H20 tank and target assembly for FERFICON experiments. 



Fig.  5: Array of rods i n  target canis ter  f o r  the 
FERFICON experiments. Canister ins ide  
diameter is  235 mm. A 37-rod assembly 
is  shown. 
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Fig.  6 :  Distribution of thermal neutzon f l u x  
around a 37-rod uranium target 
assembly a s  measured i n  the FERFICON 
experiments. 
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ABSTRACT 

Bas ic  neu t ron i cs  data, i n i t i a t e d  by 800-MeV p ro ton  
s p a l l a t i o n  reac t i ons ,  a re  impor tant  t o  s p a l l a t i o n  
neut ron source development and e l e c t r o n u c l e a r  f u e l  
p roduct ion .  We a re  measuring angular-dependent and 
energy-dependent neut ron p r o d u c t i o n  c r o s s  sect ions,  
energy-dependent and t o t a l  neut ron y i e l d s ,  thermal  and 
ep i thermal  neut ron su r face  and beam f l u x e s ,  and 
f e r t i l e - t o - f i s s i l e  convers ion r a t i o s .  The measurements 
are  be ing done a t  t h e  Weapons Neutron Research f a c i l i t y  
on a  v a r i e t y  o f  t a r g e t s  and t a r g e t - m o d e r a t o r - r e f l e c t o r  
c o n f i g u r a t i o n s .  The exper iments a r e  r e l e v a n t  t o  t h e  
above a p p l i c a t i o n s  and p rov ide  da ta  t o  v a l i d a t e  computer 
codes. P r e l i m i n a r y  r e s u l t s  a re  presented and compared 
t o  c a l c u l a t e d  p r e d i c t i o n s .  

Several  l a b o r a t o r i e s  throughout  t h e  w o r l d  are  b u i l d i n g  and 
des ign ing  i n t e n s e  thermal  and ep i the rma l  s  a l l a t i o n  neut ron 
sources, bo th  pu l sed  and steady s t a t e  [I-59. There i s  a  coopera- 
t i v e  e f f o r t  among some n i n e  l a k m - a t o r i e s  t o  share p e r t i n e n t  i n f o r -  
mation; t h i s  coopera t i ve  e n d c ~ v o r  i s  c a l l e d  t h e  I n t e r n a t i o n a l  
C o l l a b o r a t i o n  on Advanced Neutron Sources (ICANS). There i s  a1 so 
some i n t e r e s t  i n  u t i l i z i n g  high-energy p a r t i c l e  a c c e l e r a t o r s  f o r  
c o n v e r t i n g  f e r t i l e  m a t e r i a l  t o  f i s s i l e  m a t e r i a l  [6]. A t  t h e  
Los Alamos S c i e n t i f i c  Labora to ry  (LASL), we have a  s e l f - c o n s i s t e n t  
exper imenta l  program ( u s i n g  800-MeV p ro tons )  r e l e v a n t  t o  t h e  above 
a p p l i c a t i o n s .  



The 800-MeV p ro ton  source i s  t h e  C l i n t o n  P. Anderson Meson 
Physics F a c i l i t y  (LAMPF). We conduct t h e  exper iments a t  t h e  
Weapons Neutron Research f a c i l i t y  (WNR)--see F ig .  1. The p resen t  
exper imenta l  program c o n s i s t s  o f  t h e  f o l l o w i n g  measurements: 

*angular-dependent neut ron p roduc t i on  c ross  sec t i ons  f rom 
0.5-800 MeV f o r  t a r g e t s  o f  AR, Cu, In,  Pb, and dep le ted  U, 

neut ron y i e l d s  ( a t  90') f r om 0.5-400 MeV f o r  Ta and W 
t a r g e t s ,  

- t o t a l  neu t ron  y i e l d s  f rom t a r g e t s  o f  W, Pb, Th, and 
dep le ted  II, 

* f e r t i l e - t o - f i s s i l e  convers ion y i e l d s  i n s i d e  Th and 
dep le ted  U ta rge ts ,  

* the rma l  and ep i thermal  neu t ron  su r face  and beam f l u x e s  
f rom moderators, and 

* thermal  neut ron leakage s p e c t r a  f r o m  moderators. 

The d i f f e r e n t i a l  measurements p r o v i d e  da ta  t o  t e s t  t h e  funda- 
mental processes and assumptions used i n  t h e  Monte C a r l o  computer 
codes. The i n t e g r a l  measurements i n h e r e n t l y  p r o v i d e  more compl i -  
ca ted  d a t a  because they  i n c l u d e  t h e  e f f e c t s  o f  t r a n s p o r t  and 
secondary processes. We desc r ibe  here  ou r  exper imenta l  program 
and show some p r e l i m i n a r y  r e s u l t s .  U l t i m a t e l y ,  we w i l l  compare 
a l l  exper imenta l  da ta  w i t h  c a l c u l a t e d  p r e d i c t i o n s .  The Monte 
Car lo  computer codes used i n  t h e  c a l c u l a t i o n s  a re  t h e  Oak Ridge 
N a t i o n a l  Labora to ry  code HETC [7] f o r  p a r t i c l e  t r a n s p o r t  2 2 0  MeV, 
and t h e  LASL code MCNP [8]  f o r  neu t ron  t r a n s p o r t  ,< 20 MeV. 

TOTAL NEUTRON YIELDS AND CONVERSION MEASUREMENTS 

The LASL F e r t i l e - t o - F i s s i l e  &vers ion (FERFICON) program i s  a  
coopera t i ve  e-rt w i t h  t h e  Canadians a t  t h e  Chalk R i v e r  Nuc lear  
Laboratory .  The LASL exper iments p r o v i d e  an ex tens ion  t o  800 MeV 
o f  s i m i  1  a r  measurements ( b u t  more exhaus t i ve  i n  numbers) be ing  
conducted us ing  t h e  TRIUMF-cyclotron i n  Vancouver, B.C. The 
Canadian measurements are  be ing  done a t  p ro ton  energ ies  o f  350 and 
480 MeV. The LASL FERFICON program c o n s i s t s  o f  two p a r t s : .  a)  
de te rm ina t i on  o f  t o t a l  neut ron y i e l d s  f rom s topp ing - leng th  
t a r g e t s ,  and b) measurement o f  f e r t i l e - t o - f i s s i l e  convers ion 
e f f i c i e n c i e s  i n s i d e  s topp ing - leng th  t a r g e t s .  



To ta l  Neutron Y i e l d s  

To determine a t a r g e t  neu t ron  y i e l d ,  we p l a c e  t h e  t a r g e t  i n -  
s i d e  a 2-m-diam by 2-m-high water-bath,  and measure, us ing  an 
a r r a y  o f  ba re  and cadmium-covered g o l d  f o i l s ,  t h e  a x i a l  and r a d i a l  
neut ron f l u x  d i s t r i b u t i o n s  i n  t h e  water. We b e t a  count t h e  
0.0025-cm-thick f o i l s  ( w i t h o u t  chemical separa t i on )  t o  determine 
the  1 9 7 ~ u ( n , r ) 1 9 8 ~ u  reac t i ons ,  and use t h e  cadmium r a t i o  t o  
c o r r e c t  t h e  g o l d  a c t i v a t i o n  f o r  resonance neut ron capture.  We 
i n t e g r a t e  t h e  measured f l u x  d i s t r i b u t i o n  over  t h e  water -bath  
volume and c a l c u l a t e  t h e  t o t a l  neu t ron  captures  i n  t h e  water. 

The number o f  p ro tons  s t r i k i n g  t h e  t a r g e t  a re  found by  pass ing 
them through a t h ' r e e - f o i l  alumimum packet  l o c a t e d  j u s t  upstream o f  
t h e  t a r g e t .  We count t h e  c e n t r a l  0.025-cm-thick f o i l  w i t h  a Ge-Li 
d e t e c t o r  system and determine t h e  number o f  27~ l (p ,3pn)24Na,  
2 7 ~ 1  (p , )022~a,  and 2 7 ~ l ( p , x ) 7 ~ e  r e a c t i o n s .  Measured 
s p a t i a l  d i s t r i b u t i o n s  o f  p ro tons  s t r i k i n g  t h e  t a r g e t s  a re  shown i n  
F ig .  2. I n  general ,  t h e  p r o t o n  d i s t r i b u t i o n s  a re  s t r o n g l y  peaked 
a t  t h e  cen te r  and have 'w ings '  which do n o t  f a l l  o f f  as r a p i d l y  as 
a c i r c u l a r  b i v a r i a t e  (Gaussian-type) d i s t r i b u t i o n .  

The c h a r a c t e r i s t i c s  o f  t h e  t a r g e t s  used i n  t h e  measurements 
are  shown i n  Table I, and t h e  t a r g e t s  are dep ic ted  i n  F ig .  3. A l l  
t a r g e t s  were s topp ing - leng th  t a r g e t s  ( l o n g  enough t o  range-out 
800-MeV p ro tons ) .  The tho r ium and ( 1 a rge r )  uranium t a r g e t s  were 
s topp ing  t a r g e t s  s i n c e  e s s e n t i a l l y  no p ro tons  leaked f rom them. 

I n  an a p p l i e d  sense, t h e  most u s e f u l  q u a n t i t y  i s  t h e  neut ron 
y i e l d  f rom t h e  t a r g e t  pe r  pro ton,  and n o t  t h e  t o t a l  neut ron 
captures  i n  t h e  water-bath pe r  pro ton.  Therefore,  we need t o  
remove t h e  e f f e c t s  o f  t h e  waLer-bath on t h e  neu t ron  y i e l d .  The 
water -bath  a f f e c t s  t h e  neut ron y i e l d  i n  seve ra l  ways: 

* T h e r e  i s  an energy above which neut rons f rom t h e  t a r g e t  
are  l o s t  f rom t h e  water-bath.  

* S p a l l a t i o n  r e a c t i o n s  w i t h  oxygen n u c l e i  by  high-energy 
neut rons and pro tons escaping f rom t h e  t a r g e t  produce a 
d i s t r i b u t e d  neut ron source throughout  t h e  water-bath.  

*The water -bath  r e f l e c t s  neut rons back i n t o  t h e  t a r g e t  t o  
be captured,  t h a t  i s ,  t h e  t a r g e t  can a c t  as a neut ron 
s ink .  

*The water -bath  r e f l e c t s  neut rons back i n t o  t h e  t a r g e t  
which can cause "secondary" (n , f )  and (n,xn) source-type 
r e a c t i o n s ,  t h a t  i s ,  t h e  t a r g e t  can a c t  as a "secondary" 
neu t ron  source. These l a t t e r  neut rons supplement t h e  
"pr imary"  s p a l l a t i o n  neut rons and a t tendan t  "p r imary "  
(n , f )  and (n,xn) source-type r e a c t i o n s  which occur  i n  t h e  
absence o f  t h e  water-bath.  



The f i r s t  two i tems i n  t h e  above l i s t  tend t o  compensate each 
o t h e r  and are no t  t o o  dependent on t a r g e t  m a t e r i a l  and s ize ;  t h e  
l a s t  two i tems can compensate each o ther ,  however, t h e  n e t  e f f e c t  
i s  somewhat more compl ica ted and depends on t a r g e t  m a t e r i a l  and 
s i ze .  We a l s o  need t o  c o r r e c t  t h e  exper imenta l  d a t a  f o r  t h e  
e f f e c t s  o f  s t r u c t u r a l  m a t e r i a l  sur round ing t h e  t a r g e t .  

P r e l i m i n a r y  Monte C a r l o  c a l c u l a t i o n s  o f  ba re - ta rge t  n e u t r o n i c s  
f o r  t h e  LASL FERFICON t a r g e t s  a r e  shown i n  Table 11. The low- 
energy ( < 20 MeV) neutron-enhancement ( r a t i o  o f  low-energy leakage 
neut rons t o  low-energy s p a l l a t i o n  neut rons)  i s  about 3% f o r  tung- 
s ten,  lead, and thor ium, and about 21% f o r  uranium. Note t h e  
low-energy neut ron captures  and f i s s i o n s  i n  t h e  tho r ium and 
uranium t a r g e t s .  

Tab le  I 1 1  shows a  comparison o f  t h e  i n i t i a l  LASL da ta  w i t h  BNL 
Cosmotron da ta  ( i n t e r p o l a t e d  a t  800 MeV)--Refs. [9,10]. For  
comparable ta rge ts ,  t h e r e  i s  e x c e l l e n t  agreement between our 
exper imenta l  da ta  and t h e  BNL Cosmotron r e s u l t s .  For  t h e  l ead  
t a r g e t ,  where water-bath e f f e c t s  a re  minimal, t h e  two c a l c u l a t i o n s  
agree, b u t  a r e  h i g h  r e l a t i v e  t o  t h e  measured values.  The LASL 
c a l c u l a t i o n s  do n o t  have waLerS-bath e f f e c t s  inc luded.  
Zero th-order  comparisons o f  our c a l c u l a t e d  1  ow-energy ( c 20 MeV) 
neu t ron  leakage w i t h  our  measured neut ron captures  i n  t h e  water  
show t h e  c a l c u l a t i o n s  t o  be-30% h i g h  f o r  t h e  tungsten,  lead, and 
t h o r i u m  ta rge ts ,  and-3% h i g h  (on-the-average) f o r  t h e  uranium 
t a r g e t s .  Such comparisons may i n d i c a t e  t h a t  t h e  measured uranium 
d a t a  a r e  a r t i f i c i a l l y  h i g h  because o f  water -bath  e f f e c t s ,  and ( o r )  
t h e  uranium p r e d i c t i o n s  are  t o o  low because f i s s i o n  c o m p e t i t i o n  
w i t h  evapora t i on  i s  p r e s e n t l y  no t  i nc luded  i n  t h e  HETC p o r t i o n  o f  
t h e  computat ion.  F u r t h e r  da ta  r e d u c t i o n  and a n a l y s i s  a re  i n  p ro -  
gress. We w i l l  compare measured and c a l c u l a t e d  neut ron captures  
Per p r o t o n  i n  t h e  H20, and then a t tempt  t o  conve r t  t h e  
exper imenta l  da ta  t o  neut ron y i e l d  and compare w i t h  c a l c u l a t e d  
p r e d i c t i o n s .  

Conversion Measurements 

We w i l l  measure t h e  r a d i a l  and a x i a l  d i s t r i b u t i o n s  o f  f e r t i l e -  
t o - f i s s i l e  convers ion y i e l d s  ( 2 3 2 ~ h  t o  2 3 3 ~  and 23aU t o  
2 3 9 ~ u )  i n s i d e  t h e  19-rod tho r ium and 37-rod dep le ted  uranium 
t a r g e t s .  We p l a n  t o  determine t h e  f i s s i l e  n  c l e l  p r o d u c t i o n  w i t h  
a  Ge-Li d e t e c t i o n  system by observ ing t h e  239Pa a c t i v i t y  f o r  t h e  
t h o r i u m  t a r g e t  and t h e  2 3 9 ~ p  a c t i v i t y  f o r  t h e  dep le ted  uranium 
t a r g e t .  Both  t h e  s p a t i a l  and i n t e g r a t e d  measured convers ion 
y i e l d s  w i l l  be compared w i t h  c a l c u l a t e d  p r e d i c t i o n s .  

ENERGY-DEPENDENT NEUTRON YIELDS AND PRODUCTION CROSS SECTIONS 

We have measured, a t  90' t o  t h e  p r o t o n  beam, t h e  energy- 
dependent (0.5-400 MeV) neu t ron  y i e l d s  ( s p e c t r a )  f rom t h e  tan ta lum 



and tungsten p roduc t i on  t a r g e t s  used i n  t h e  WNR h i g h - c u r r e n t  
t a r g e t  area. We have a l so  measured angular-  and energy-dependent 
(0.5-800 MeV) neu t ron  p roduc t i on  cross  sec t i ons  f o r  aluminum, 
copper, indium, lead, and dep le ted  uranium t a r g e t s .  These l a t t e r  
measurements were made a t  o', 30°, 45', and 112' t o  t h e  p r o t o n  
beam. The p roduc t i on  c ross  s e c t i o n  measurements are  p a r t  o f  t h e  
Ph.D. t h e s i s  resea rch  o f  S. D. Howe; he i s  p r e p a r i n g  t h e  d a t a  f o r  
p u b l i c a t i o n .  We r e p o r t  here  p r e l i m i n a r y  r e s u l t s  o f  t h e  tan ta lum 
and tungsten neut ron spec t ra  measurements. 

The tan ta lum (2.54-cm diam by 15.24-cm long)  p r o d u c t i o n  t a r g e t  
i s  water coo led and i n s i d e  an aluminum c a n i s t e r .  The tungsten 
(4.45-cm diam by  24.13-cm long )  p r o d u c t i o n  t a r g e t  i s  water coo led  
and i n s i d e  a  s t a i n l e s s  s t e e l  c a n i s t e r .  The f i r s t  5  cm o f  t h e  
tungsten has a  tapered r e e n t r a n t  h o l e  (2.54-cm d i m  t o  1.42-cm 
diam). 

The exper imenta l  setup used i n  t h e  spec t ra  measurements i s  
shown i n  F ig .  4. The pro ton-beam cons is ted  o f  micropu lses 
( -0.2-ns wide) separated by 11 p s  and occu r ing  over  640 ps.  Th is  
beam p a t t e r n  was repeated a t  12 Hz. 

We used a  5.1-cm-diam by 2.5-cm-thick NE-213 l i q u i d  sc in -  
t i l l a t o r  l oca ted  29.37 m f rom t h e  t a r g e t .  The d e t e c t o r  b i a s  was 
s e t  u s i n g  t h e  60 keV gannna-ray from a 241~m source. Th is  
e s t a b l i s h e d  t h e  neut ron energy b i a s  a t -425  keV. The e f f i c i e n c y  
o f  t h e  d e t e c t o r  a t  t h i s  b i a s  was measured up t o  31 MeV a t  t h e  LASL 
Tandem Van de G r a a f f  acce le ra to r .  Above 31 MeV, t h e  d e t e c t o r  was 
cross  c a l i b r a t e d  t o  p rev ious  work u s i n g  our 0' neu t ron  p roduc t i on  
c ross  s e c t i o n  data. The e l e c t r o n i c s  and da ta  r e d u c t i o n  techn iques 
are  descr ibed i n  Ref. [Ill. 

Our p r e l i m i n a r y  exper imenta l  r e s u l t s  are  shown i n  F igs .  5 and 
6; t h e  exper imenta l  da ta  have been a r b i t r a r i l y  normal ized t o  t h e  
c a l c u l a t i o n s  a t  10 MeV. Th is  i n i t i a l  n o r m a l i z a t i o n  c r i t e r i a  i s  
n o t  t o o  unreasonable s ince  p rev ious  compari.sons [I 1,121 between 
measurements and c a l c u l a t i o n s  show f a i r  agreement a t  10 MeV. 

The u n d e r p r e d i c t i o n  o f  t h e  c a l c u l a t i o n s  above -20 MeV i s  
c o n s i s t e n t  w i t h  o t h e r  r e s u l t s  ob ta ined  us ing  740-MeV p ro tons  [13], 
b u t  d isagrees w i t h  450-MeV p r o t o n  d a t a  114,151. S ince ca lcu-  
l a t i o n s  are  g e n e r a l l y  used t o  p r e d i c t  t h e  neut ron source i n c i d e n t  
on a  sh ie ld ,  t h e  u n d e r p r e d i c t i o n  o f  t h e  n e u t r o n . y i e l d  above -50 
MeV i s  r e l e v a n t  t o  s h i e l d  design problems f o r  s p a l l a t i o n  neu t ron  
sources. 

MODERATED NEUTRON YIELDS 

Research programs u t i l i z i n g  t h e  WNR h igh -cu r ren t  t a r g e t  area 
r e q u i r e  thermal (E < 0.5 eV), ep i the rma l  (0.5 eV ,< E ,< 100 keV), 
and f a s t  (100 keV ,< E ,< 400 MeV) neutrons.  We use t h e  water-  
coo led tan ta lum t a r g e t  b y  i t s e l f  f o r  f a s t  neut ron product ion ,  and 
po lye thy lene  moderators around t h e  tan ta lum t a r g e t ,  i n  a  h y b r i d  
s l a b  geometry,for ep i thermal  neu t ron  product ion .  We are  now 



produc ing thermal neut rons u s i n g  t h e  tungsten t a r g e t  and a h y b r i d  
s l a b  geometry (see F ig .  7 ) .  The water moderator i s  hetero-  
geneously poisoned w i t h  cadmium and backed w i t h  po l ye thy lene  t o  
sho r ten  t h e  thermal  neut ron pulses.  

For a pu l sed  s p a l l a t i o n  neut ron source, a b e r y l l i u m  r e f l e c t e d  
moderator can increase thermal  neut ron p r o d u c t i o n  b y  a f a c t o r  o f  
2-4 over a ba re  moderator. We are  go ing t o  i n s t a l l  a r e f l e c t e d  
target -moderator  geometry i n  t h e  WNR h i g h - c u r r e n t  t a r g e t  area f o r  
thermal neu t ron  product ion .  The changeover i s  be ing  done t o :  a)  
increase thermal  neu t ron  product ion ,  b )  i nc rease  t h e  number o f  
s imul taneous thermal  neut ron experiments, and c )  reduce neut ron 
background problems assoc ia ted  w i t h  c e n t e r - l o o k i n g  (where t h e  
f i e l d - o f - v i e w  looks a t  t h e  t a r g e t )  F l i g h t  paths  by  go ing t o  o f f s e t  
geometry (where t h e  t a r g e t  i s  n o t  viewed d i r e c t l y ) .  

T o t a l  neut ron p roduc t i on  f rom a t a r g e t  i s  n o t  n e c e s s a r i l y  a 
d e f i n i t i v e  i n d i c a t o r  o f  thermal  neut ron beam f l uxes .  The par -  
t i c u l a r  t a r g e t - m o d e r a t o r - r e f l e c t o r  c o n f i g u r a t i o n  needs t o  be 
assessed as an i n t e g r a l  u n i t  r e l a t i v e  t o  thermal  neut ron gene- 
r a t i o n .  We have a measl~rement program (us inq  t h e  WNR low-cur rent  
t a r g e t  area) underway a t  LASL t o  a s c e r t a i n  thermal  neut ron 
p r o d u c t i o n  f rom a v a r i e t y  o f  target-moderat6r-reflector. 
c o n f i g u r a t i o n s .  

I n  a d d i t i o n  t o  t h e  u n r e f l e c t e d  h y b r i d  slab-moderator, we a re  
s t u d y i n g  seve ra l  r e f l e c t e d  target -moderator  c o n f i g u r a t i o n s ;  these 
r e f l e c t e d  geometries are  shown i n  F igs .  8-10. We measure, us ing  
ba re  and cadmium-covered g o l d  f o i l s ,  t h e  s p a t i a l  d i s t r i b u t i o n  o f  
t h e  neu t ron  su r face  f l u x ,  and t h e  thermal and ep i thermal  neut ron 
beam f l u x e s .  P r e l i m i n a r y  neut ron beam f l u x e s  were measured us ing  
t h e  exper imenta l  l a y o u t  shown i n  F i g .  11. Data f rom these 
measurements are be ing  analyzed; we present  here  some p r e l i m i n a r y  
r e s u l t s  f o r  t h e  r e f l e c t e d  wing-moderator shown i n  F ig .  9. 

The t a r g e t  was a c y l i n d e r  o f  dep le ted  uranium (10.0-cm diam b y  
40.7-cm long)  p laced i n  a s t a i n l e s s  s t e e l  c a n i s t e r .  Thcre was an 
a i r  gap (-1 cm) between t h e  uranium and t h e  o u t s i d e  o f  t h e  
s t a i n l e s s  s t e e l  c a n i s t e r .  The po lye thy lene  premoderator was 
5.0-cm t h i c k ,  poisoned w i t h  0.076-cm o f  cadmium, and backed w i t h  a 
1.27-cm-thick po l ye thy lene  moderator. The b e r y l l i u m  r e f l e c t o r  was 
e s s e n t i a l l y  a cube w i t h  s ides 66-cm long, and was decoupled f rom 
t h e  po l ye thy lene  by 0.076-cm o f  cadmium. The wing-moderator was 
l o c a t e d  2 cm f rom t h e  f r o n t  su r face  o f  t h e  t a r g e t .  

We de f i ne  t h e  2200 m/s neut ron f l u x ,  vo, t o  be t h e  a c t i -  
v a t i o n s  i n  a g o l d  f o i l  b y  neut rons w i t h  energ ies  <0.5  eV d i v i d e d  
by  t h e  2200 m/s g o l d  c ross  sect ion .  The Maxwell i a n  thermal 
neut ron f l ux ,  P,, i s  r e l a t e d  t o  v, by Eq. ( 1 )  -- Ref. [17]. 



where g(T) i s  t h e  non - l / v  f a c t o r ,  T  i s  t h e  abso lu te  temperature o f  
t he  neutrons,  and To = 293.6 OK. Some p r e l i m i n a r y  s p a t i a l  
d i s t r i b u t i o n s  o f  so a t  t h e  moderator su r face  a re  shown i n  F igs .  
12 and 13. Note t h e  r a p i d  f a l l o f f  o f  t h e  neut ron f l u x  w i t h  
d i s tance  f r o m  t h e  t a r g e t ;  t h e  neut ron f l u x  i n  t h e  d i r e c t i o n  o f  t h e  
t a r g e t s  ax i s  i s  f a i r l y  symmetric. An average go (over -78 cm2 
o f  moderator su r face )  i s  To - 1.8~10-3 n/cm2gp. P r e l i m i n a r y  
values o f  t h e  Maxwel l ian,  v  , and ep i thermal ,  v ( l e V ) ,  neu t ron  
beam f l u x e s  a r e  vm-2.4x10-2mn/srGp and v ( l e V )  - 1.2~10-2 
n/sr*eV-p,  r e s p e c t i v e l y .  The va lue  f o r  vm assumes a  Maxwell i a n  
temperature o f  400 OK which i s  about what we measured f o r  an 
u n r e f l e c t e d  moderator [I). The n  u t r o n  beam f l u x e s  a re  f o r  a  5 moderator f i e l d - o f - v i e w  o f - 6 5  cm cen te red  on t h e  moderator. 
The moderat ing r a t i o ,  v m / v ( l e V ) ,  i s  -2.0; t h i s  r a t i o  i s  i n  
reasonable agreement w i t h  o t h e r  work [3]. 

FUTURE PLANS 

We p l a n  t o  c o n t i n u e  our  measurements o f  t o t a l  neut ron y i e l d s  
and neut ron p roduc t i on  cross  sec t i ons  u s i n g  o t h e r  m a t e r i a l s  and 
angles. The f e r t i l e - t o - f i s s i l e  convers ion measurement w i l l  be 
made t h i s  year .  We w i l l  measure thermal neut ron spectra,  p u l s e  
widths,  and beam f l u x e s  i n  a  c o n t i n u i n g  s tudy  o f  t a r g e t -  
m o d e r a t o r - r e f l e c t o r  c o n f i g u r a t i o n s ;  these s t u d i e s  w i l l  i n c l u d e  t h e  
e f f e c t s  o f  decoupler m a t e r i a l s  used between t h e  moderator and 
r e f l e c t o r .  We w i l l  measure t h i n - t a r g e t  t o t a l  neut ron y i e l d s  us ing  
ba th  techniques,  and neut ron spec t ra  f rom bare, s topp ing - leng th  
t a r g e t s .  We p l a n  t o  measure c o l d  moderator neut ron y i c l d s ,  
spectra,  and pu lse  wid ths .  We a l s o  would l i k e  t o  measure t o t a l  
neut ron y i e l d s  and f e r t i l e - t o - f i s s i l e  convers ion y i e l d s  f o r  
massive ( -2000 kg)  tho r ium and uranium t a r g e t s .  Energy 
d e p o s i t i o n  i n  s p a l l a t i o n  t a r g e t s  i s  another area where.we c o u l d  
make r e l e v a n t  measurements. 
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TABLE l 
PHYSICAL CHARACTERISTICS OF FERFICON TARGETS 

. U  
TARGET DENSITY DIAMETER LENGTH ENRICHMENT 

MATERIAL (g/cm3 ) (cm) (cm) . (wt%). '. 

w a  'ics.zb; 4.45 24.13 ---- 

'aThe first 5 cm of the target had a tapered reentrant hole (2.54-cm diam to 
1.42-cm diam). 

b~ffective diameter (D = d h )  for a 19 rod array with an individual rod 
diameter of 4.1928 cm. 

'~ffective diameter (D = d<n) for a 37 rod array with an individual rod 
diameter of 3.3036 cm. 



TABLE  ll 

BARE-TARGET CALCULATED NEUTRONICS FOR FERFICON TARGETSa 

W Pb U Th U 
4.45-cm diam 9.85-cm diam 10.01tm diam 18.28-cm diamb 20.09-cm diamb 

In/p) Inlp) In/p) (nip) (nip) 

LOW-ENERGY (< 20 MeV) SPALLATION 13.15k0.16 16.12k0.20 21.37k0.27 21.3920.27 25.06k0.33 
NEUTRON  PRODUCTION^ 
...................................................................................... 
NEUTRON LEAKAGE (< 20 ~ e l l ) ~  13.47k0.17 16.5520.20 25.84k0.32 22.05k0.26 30.42k0.38 

NEUTRON LEAKAGE (> 20 MeV) 1.18k0.02 1.17k0.02 1.05&0.02 . 0.97k0.02 0.7120.02 

TOTAL NEUTRON LEAKAGE 14.65+-0.17 17.72k0.20 26.89k0.32 23.02t0.26 31.13k0.38 

NEUTRON CAPTURE (< 20 M ~ v ) ~  0.1 55k0.002 0.009k0.0002 1.0520.02 1.51k0.02 4.44k0.06 

TOTAL NEUTRON PRODUCTION 14.81+0.17 17.73k0.20 ' 27.94f 0.32 24.5310.26 35.57k0.39 

NEUTRON INDUCED FISSIONS ------- ------- 2.34k0.04 0.60k0.01 4.43k0.07 
I< 20 MeV] (fiss/p) 

'Proton energy i s  800 MeV; the W target was 24.13-cm long, a d  the first 5 cm had a tapered reentrant hole (2.54-cm diam to 1.42-cm diam); 
all other targets were 40.65-cm long. 

b~ffective diameter D = dfi; d i s  the individual rod diameter and n i s  the number of rods. 

'Evaporation neutrons produced inside the target; fission competition with evaporation is not included in HETC. 

dlncludes net effects of (n,f)- and (n,xn)-type reactions occuring during transport of low-energy spallation neutrons. 

"Neutron capture occuring in target during transport of the lowenergy spallation neutrons. 



PRELIMINARY LASL FERFICON RESULTS 
COMPARED TO BNL COSMOTRON DATA 

(INTERPOLATED AT 800 MeV) 

. . 
LASL FERFICON BNL COSMOTRON 

LASL 
TARGET . . MEASURED CALCULATED MEASURED 

SIZE . , CALCULATED H20 NEUTRON H20. NEUTRON H20 NEUTRON 
TARGET diam x length NEUTRON LEAKAGE CAPTURES CAPTURES CAPTURES . 

I MATERIAL (cm x cm) PER  PROTON^ PER PROTON PER PROTONC PER PROTONC 
6 
03 
o W . . 4.45.x ?4.13a 13.5 - 14.7 10.2 --- --- 

aThe first 5 cm of the target had a tapered reentrant hole(2-54-cm diam to 1.42-cm diam). 

b~eu t ron  leakage from a bare target; the smaller number is lor neutrons with energies < 20 MeV, and the larger 
number is.for neutrons with energies < 800 Me:J. 

' ~ e f .  [ l o ] .  
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d~ffect ive diameter D = d-;d is the individuk target diameter and n is the number of rods. 
. . 



Fig. 1 General layout of the WNR showing the two target areas. 
The high-current target is located in a vertical proton 
beam and is viewed by 11 horizontal flight paths. The 
low-current tar et is located in a horizontal proton beam 
and viewed by I! flight paths. 
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F i g .  3 Targets  used i n  the  LASL FERFICON experiments ( r e l a t i v e  
s i z e s  a r e  as i n d i c a t e d ) .  



F i g .  4 Experimental  setup t o  measure t h e  neutron y l e l d  from WNR 
h igh-current  product ion  t a r g e t s .  



Exper imenta l  

--t CalcsuLated 

F i g .  5 Neutron y i e l d  a t  90' t o  the  a x i s  of t h e  WNR tanta lum production t a r g e t .  We viewed t h e  
f u l l  t a r g e t  diameter,  and l i m i t e d  the  v e r t i c a l  " f ie ld -o f -v iew1 '  t o  C 2 . 2  cm centered  
3.8 cm from t h e  t a r g e t  top.  T~he experimental  d a t a  a r e  a r b i t r a r i l y  normal ized t o  t h e  
c a l c u l a t i o n  a t  10  MeV. 



. . 
. . .  

Experimental 

F i g .  6 Neutron yield at 90' zo the axis of the WNR tungsten production target. We viewed the 
full target diameter, and limited the vertical "field-of-view" to + 2.2 c m  centered 3.8 
cm fr3m the top of the solid tungsten rod. The experimental data are arbitrarily 
normalizef to the calculation at 10 MeV. 



CH, MODERATOR 

. L L ~ d  DECOUPLER 
H,O PREMODERATOR 

Fig .  7 Unre f l ec ted  h y b r i d  slab-moderator which i s  p r e s e n t l y  used 
a t  t h e  WNR f o r  thermal neut ron product ion.  An unpoisoned 
CH2 moderator i s  used w i t h  t h e  tanta lum product ion  
t a r g e t  f o r  epi thermal neut ron generat ion.  

Be REFLECTOR 

CH PREMODERATOR 

Fig.  8 Th is  f i g u r e  dep i c t s  a  r e f l e c t e d  h y b r i d  slab-moderator. 
Such a c o n f i g u r a t i o n  i s  n e u t r o r ~ i c a l l y  e f f i c i e n l .  



Fig .  9 This f i g u r e  d e p i c t s  a r e f l e c t e d  wing-moderator. A 
v a r i a t i o n  o f  t h i s  c o n f i g u r a t i o n  i s  be ing  adopted a t  
severa l  pulsed s p a l l a t i o n  neut ron  sources.. 

F i g .  10 Th is  f i g u r e  d e p i c t s  a r e f l e c t e d  T-shaped-moderator. The 
WNR target-moderator geometry i s  be ing  reconf igured  i n  
t h i s  manner f o r  thermal  neut ron  production.  



B-e REFLECTOR 10 cm, 

~ C H ,  PREMODERATOR 

TYPICAL  TARGET - 
MODERATOR CONFIGURATION 

F i g .  11 Experimental  setup used i n  p r e l i m i n a r y  measurements o f  
I thermal  and ep i thermal  neutron beam f l u x e s .  



F i g .  12 P r e l i m i n a r y  2200 m/s neutron sur face  f l u x  d i s t r i b u t i o n  
from a r e f l e c t e d  wing-moderator (see  F i g .  9 ) .  The 
d i s t r i b u t i o n  shown l i e s  along t h e  v e r t i c a l  c e n t e r  o f  t h e  
9.7-cm by 9.7-cm moderator surface.  
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F i g .  13 P r e l i m i n a r y  2200 m/s neutron sur face  f l u x  d i s t r i b u t i o n  
from a r e f l e c t e d  wing-moderator (see  F i g .  9 ) .  The 
d i s t r i b u t i o n  shown l i e s  along t h e  h o r i z o n t a l  center  o f  
t h e  9.7-cm by 9.7-cm moderator surface.  
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PRODUCTION OF 14  $e,V NEUTRONS WITH THERMAL NEUTRONS ON 'gig . p - - - - 

M.A. Lone, D.C. S a n t r y  and W.M. I n g l i s  

Atomic Energy o f  Canada Limi ted  
Chalk River  Nuclear L a b o r a t o r i e s  

Chalk R ive r ,  On ta r io ,  Canada K O J  1 J O  

ABSTRACT 

Product ion  o f  f a s t  neu t rons  from c a p t u r e  o f  thermal  
neu t rons  i n  6 ~ i ~  and LiD i s  measured and c a l c u l a t e d .  The 
t h i c k  t a r g e t  f a s t  neu t ron  y i e l d  measured from a  6 ~ i ~  con- 
v e r t e r  i s  156 x  p e r  thermal  neut ron o f  which %67% i s  
from neu t rons  wi th  E n > 1 2  MeV. The corresponding numbers 
f o r  LiD a r e  318x 10-6 and %35%. 

INTRODUCTION 

There i s  i n c r e a s i n g  i n t e r e s t  i n  i n t e n s e  sou rce  o f  f a s t  neu- 
t r o n s  p a r t i c u l a r l y  14 MeV f o r  m a t e r i a l s  r a d i a t i o n  damage s t u d i e s  
f o r  f u s i o n  r e l a t e d  programs. The bombardment o f  l i g h t  n u c l e i  w i th  
t r i t o n s  y i e l d s  ve ry  e n e r g e t i c  neu t rons  owing t o  t h e  l a r g e  p o s i t i v e  
Q va lue  o f  (t,n) r e a c t i o n s  11,21. The p r i n c i p a l  d i sadvan tage  o f  
t h e s e  r e a c t i o n s  is  t h e  need f o r  u s ing  r a d i o a c t i v e  t r i t i u m  e i t h e r  a s  
a  t a r g e t  o r  p r o j e c t i l e .  The r e a c t i o n  ~ ( d , n )  "e has  been commonly 
used f o r  p roduc t ion  of 14 MeV neu t rons  and even a t - l o w  deu te ron  
bombarding e n e r g i e s  t h i s  r e a c t i o n  h a s  a  p r o l i f i c  y i e l d  [ 3 , 4 ] .  The 
maximum neu t ron  f l u x  a t t a i n a b l e  a t  p r e s e n t ,  w i th  s o l i d  TiT t a r g e t s ,  
i s  11012 n - s - l - s r - l  (31. T h i s  l i m i t a t i o n  i s  p a r t l y  due t o  t h e  t a r -  
g e t  h e a t i n g  which r e s u l t s  i n  thermal  d i s s o c i a t i o n  and r e l e a s e  o f  
t r i t i u m .  

Another means o f  producing 14 MeV neu t rons  i s  t o  i r r a d i a t e  a  
6 ~ i ~  c o n v e r t e r  w i th  thermal  neu t rons  [ 5 ] .  T r i t o n s  o f  energy 2.73 
MeV a r e  produced i n  t h e  primary r e a c t i o n  6 ~ i  ( n , t )  4 ~ e  f o r  which t h e  
the rma l  neut ron c r o s s  s e c t i o n  i s  940 b  (1 b = 1 0 - ~ * m ~ ) .  Subsequent 
i n t e r a c t i o n s  of t h e s e  t r i t o n s  wi th  deuter ium and i s o t o p e s  o f  L i  
produce h igh  energy neu t rons  by t h e  fo l lowing  r e a c t i o n s :  

4  
D + t + He + n + 17.586 (MeV) 



8  
6 ~ i  + t -+ Be + n  + 16.02 (MeV) 

-+ 2  4 ~ e  + n  + 16.115 
4  

-+ 5He + . H e  + 15.15 

7 ~ i  I t -) 9 ~ 2  1 n  1 10.415 ( M e V )  

-+ 8 ~ e  + 2n + 8.768 ' 

-+ 2  4He + 2n + 8.85 

-+ 'Fie + 4He + n  + 7.905 

Although t h e s e  r e a c t i o n s  produce neu t rons  w i t h  a  broad energy 
d i s t r i b u t i o n ,  t h e r e  i s  a  dominant h igh  ene~rgy component w i th  En > 12 
MeV due t o  t h e  D ( t , n )  r e a c t i o n  and t h e  ground s t a t e  t r a n s i t i o n  i n  
t h e  6 ~ i ( t , n )  r e a c t i o n .  Here we c a l l  t h e s e  components t h e  14 MeV 
neu t rons .  

I n  t h i s  pape r  we r e p o r t  on o u r  measured and c a l c u l a t e d  t h i c k  
t a r g e t  f a s t  neu t ron  y i e l d s  from 6 ~ i ~  and LiD fo l lowing  bombardment 
w i t h  t he rma l  neu t rons .  

EXPERIMENTAL PROCEDURE 

Thick t a r g e t  f a s t  neu t ron  y i e l d s  from thermal  neut ron c a p t u r e  
i n  s e v e r a l  L i , a n d  B compounds were measured a t  t h e  N4 e x t e r n a l  
thermal  neu t ron  f a c i l i t y  a t  t h e  CRNL NRU' r e a c t o r .  The exper imenta l  
s e t  up i s  shown i n  F ig .  1. I t  p rov ides  an ext remely  c l e a n  thermal  
neu t ron  beam w i t h  a  Cd r a t i o  o f  %lo6  a t  t h e  t a r g e t  l o c a t i o n .  

F a s t  neu t ron  y i e l d s  were measured a t  90' t o  t h e  beam wi th  a.  
long c o u n t e r  o f  h igh  e f f i c i e n c y  and r e l a t i v e l y  f l a f  response: The 
t a r g e t s  s t u d i e d  were powders con ta ined  i n  t h i n  po lye thy lene  bags.  
The o v e r a l l  u n c e r t a i n t y  i n  t h e  measured y i e l d s  i s  l e s s  t h a n  30%. 
F u r t h e r  expe r imen ta l  d e t a i l s  a r e  g iven  i n  r e f .  2 .  . 

CALCULATION OF FAST NEUTRON YIELDS 

The neu t ron  y i e l d s  expected  from 6 ~ i ~  and LiD compounds were 
c a l c u l a t e d  [2 ]  u s ing  known ( t , n )  c r o s s  s e c t i o n s  and t h e  s topp ing  
powers o f  t r i t o n s  i n  l i t h i u m  and deuter ium.  

For  a  t h i c k  compound t a r g e t  t h e  neu t ron  y i e l d  p e r  i n c i d e n t  
t r i t o n  can  be  c a l c u l a t e d  from t h e  expres s ion  

where e - O x  = t h e  t r ansmiss ion  o f  t h e  t r i t o n  % 1 ,  

N. = t h e  number of atoms o f  t h e  i s o t o p e  i p e r  cm3, 



S .  = t h e  s t o p p i n g  power of  t h e  i s o t o p e  i f o r  t r i t o n s ,  
i 

i 

a = t h e  neu t ron  p r o d u c t i o n  c r o s s  s e c t i o n ,  
and t ,  n  

E i  = t h e  f r a c t i o n  o f  t h e  dE energy l o s s  o f  t r i t o n s  due t o  
t h e  i s o t o p e  i. 

I n  a  t h i c k  t a r g e t  t h e  number of  t r i t o n s  i n t e r a c t i n g  w i t h  t h e  
t a r g e t  w i l l  b e  less t h a n  t h e  number o f  i n c i d e n t  t he rma l  n e u t r o n s  
s i n c e  t h e r e  i s  a  compe t i t i on  between L i ( n , t )  a n d + o t h e r  r e a c t i o n  
channe l s ,  i . e .  ( n , y )  and ( n , n )  r e a c t i o n s .  I n  a d d i t i o n ,  due t o  t h e  
i s o t r o p i c  a n g u l a r  d i s t r i b u t i o n s  of  t h e  t r i t o n s ,  some t r i t o n s  w i l l  
e scape  from t h e  s u r f a c e  of  t h e  t a r g e t .  An a c c u r a t e  e v a l u a t i o n  o f  
t h e  f r a c t i o n  o f  t r i t o n s  a v a i l a b l e  f o r  i n t e r a c t i o n  w i t h i n  t h e  t a r g e t  
p e r  i n c i d e n t  t he rma l  neu t ron  would r e q u i r e  d e t a i l e d  Monte C a r l o  
c a l c u l a t i o n s .  Th i s  f r a c t i o n  w i l l  b e  between 0.5 and 1 depending on 
t h e  t a r g e t  composi t ion ,  pack ing  d e n s i t y  and t h e  g e o m e t r i c a l  shape .  

RESULTS 

The c a l c u l a t e d  t h i c k  t a r g e t  y i e l d s  from 6 ~ i ~  and LiD compounds 
a r e  g i v e n  i n  Table  1. I n  6 ~ i ~  t a r g e t  t h e  D ( t , n )  r e a c t i o n  c o n t r i -  
b u t e s  60% t o  t h e  neu t ron  y i e l d ,  a l l  o f  which i s  a t  neu t ron  e n e r g i e s  
above %12 MeV. The neu t ron  s p e c t r a l  distribution from 6 ~ i ( t , n )  
r e a c t i o n  a t  E t = l . l  MeV is  shown i n  F ig .  2. From t h i s  we e s t i m a t e  
t h a t  f o r  E t = 2 . 7 3  MeV 2.20% o f  t h e  n e u t r o n s  from t h i c k  t a r g e t s  have 
e n e r g i e s  above 12 MeV. Thus t h e  r e l a t i v e  magnitude o f  t h e  y i e l d  
w i t h  El, 1 2  MeV f r n m  6 ~ , j n  i s  ~ 6 7 % .  

I n  a  LiD t a r g e t  w i th  n a t u r a l  abundance o f  l i t h i u m  i s o t o p e s  t h e  
7 ~ i ( t , n )  r e a c t i o n  accoun t s  f o r  66% o f  t h e  neu t ron  p r o d u c t i o n ,  most 
o f  which i s  a t  E n <  12 MeV. Thus t h e  p e r c e n t a g e  of  h igh  energy neu- 
t r o n s  from t h i s  t a r g e t  is on ly  2.35%. 

Our measured y i e l d  from 6 ~ i ~  is  1 5 6 x  p e r  t he rma l  neu t ron ,  
of  which 104 x  would be  h igh  energy neu t rons .  The r a t i o  between 
t h e  observed y i e l d  p e r  i n c i d e n t  t he rma l  neu t ron  and t h e  c a l c u l a t e d  
y i e l d  p e r  t r i t o n  i s  0.6. T h i s  i s  q u i t e  r e a s o n a b l e  i n  l i g h t  of  t h e  
i s o t r o p i c  a n g u l a r  d i s t r i b u t i o n s  of t r i t o n s  from t h e  6 ~ i ( n , t )  r eac -  
t i o n  a s  d i s c u s s e d  e a r l i e r .  Assuming t h e  same r e d u c t i o n  f a c t o r  f o r  
LiD, t h e  co r r e spond ing  numbers would be 318x  and 112 x 
r e s p e c t i v e l y .  The 15 MeV neu t ron  y i e l d  v a l u e s  f o r  6 ~ i ~  and LiD 
r e p o r t e d  by  F r i g e r i o  [ 6 ]  a r e  170 x and 110 x r e s p e c t i v e l y .  

DISCUSSION 

The above r e s u l t s  i n d i c a t e  t h a t  a  6LiD c o n v e r t e r  can  be  e f f e c -  
t i v e l y  used t o  produce  a n  a lmos t  homogeneous f l u x  o f  neu t rons  w i th  
e n e r g i e s  12 t o  1 8  MeV a t  a n  e f f i c i e n c y  o f  p e r  t he rma l  neu t ron .  
Assumi.ng a f a c t o r  o f  2  f o r  f l u x  depress , ion ,  a  t he rma l  neu t ron  f l u x  
o f  2  x  1015 ~ m - ~ s s - l  w i l l  g i v e  a  f a s t  neu t ron  f l u x  of  %lo1 l ~ m - ~ . s - l  
and neu t ron  f l u e n c e  of  3 x 1018cm-* o v e r  a  p e r i o d  o f  one y e a r .  



The p r a c t i c a l  u s e f u l n e s s  o f  a  6 ~ i ~  c o n v e r t e r  can  be  a s s e s s e d  
by comparing i t s  conve r s ion  e f f i c i e n c y  w i t h  t h e  f a s t  neu- 
t r o n  f r a c t i o n  a v a i l a b l e  from a  neu t ron  i r r a d i a t i o n  p o s i t i o n  i n  a  
r e a c t o r  c o r e  [71. For  a p p l i c a t i o n s  where on ly  neu t rons  wi th  E n > 1 2  
MeV a r e  e f f e c t i v e  (e.g. f o r  r e a c t i o n s  invo lv ing  (n ,2n)  t h r e s h o l d s )  
t h e  6 ~ i ~  c o n v e r t e r  would p rov ide  l i t t l e  improvement because ,  a s  one 
can  e s t i m a t e  from t h e  Watt e x p r e s s i o n . [ 8 ] ,  i n  such l o c a t i o n s  t h e  
f r a c t i o n  o f  neu t rons  w i t h  En > 12 MeV i s  about  3 x lo-'+. However, 
f o r  a p p l i c a t i o n s  o f  neu t rons  w i t h  En > 12 MeV and f o r  which t h e  
background o f  neu t rons  o f  lower energy is  impor t an t ,  t h e  u s e  o f  a  
6 ~ i ~  c o n v e r t e r  i n  an  i r r a d i a t i o n  l o c a t i o n  w i t h  good cadmium r a t i o  
cou ld  p r o v i d e  a source  w i t h  a lmost  67% of  t h e  neu t rons  wi th  
En > 12 MeV. 

TABLE 1 

C a l c u l a t e d  t h i c k  t a r g e t  f a s t  neu t ron  y i e l d s  p e r  lo6  t r i t o n s  

6 ~ i  - Ra&t_i.ve Con t r ibu t ion  L Yield per l o6  t r i t o n  
Ta rge t  abundance 

% 6 ~ i  ' ~ i  D A l l  E, En > 12 MeV 
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Fig. 1. Arrangement of the N4 external tkermal faciliry at NRU. 
Tte target tube was lined with Cd for the fast neutron 
measurements [Ref. 21. Thermal neutron flux at the tar- 
get was 4 x lo7 ~ m - ~ - s - l  and the Cd ratio was %lo6. 
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NEUTRON YIELDS AND SPECTRA FROM 590 ge; ( p , n )  REACTIONS 
ON LtEAD TARGETS 

X + 
* S. Cie r jacks ,  M.T. Rainbow, M.T. Swinhoe and L. I3uth 

Kernforschungszentrum Karlsruhe 
I n s t i t u t  fiir Kernphysik I1 

Postfach 3640 
7500 Karlsruhe 

Federal  Rcpublic of  Germany 

Time-of-flight measurements of neutrons  and protons  
produced by bombardment of t h i c k  l e a d  t a r g e t s  wi th  590 MeV 
protons  have been c a r r i e d  ou t  a t  t h e  SIN cyglotron.  
Measurements were made a t  ang les  of 30°, 90 and 150' f o r  
d i f f e r e n t  penetra t iondepths  of protons  i n  a  10 cm diam 
x 60 cm long t a r g e t .  The d e t e c t o r  w a s  an NE 213 l i q u i d  
s c i n t i l l a t o r .  D i f f e r e n t i a l  neutron d a t a  a r e  presented and 
compared with  intranuclear-cascade-evaporation model 
c a l c u l a t i o n s .  F i r s t  r e s u l t s  of t h e  secondary p r o t o n ' y i e l d  
and s p e c t r a  a r e  a l s o  presented.  

1  . INTRODUCTION 

I n  the  l a s t  few years  t h e  i n t e r e s t  i n  medium energy proton 
r e a c t i o n s  has considerably  inc reased ,  mainly because of t h e  
growing i n t e r e s t  i n  s p a l l a t i o n  neutron sources and t h e  cont inuing 
i n t e r e s t  i n  a c c e l e r a t o r  breeding.  I n  o r d e r ' t o  p r e d i c t  t h e  important 
q u a n t i t i e s  such as neutron o r  secondary p r o t o n . y i e l d s  and s p e c t r a ,  
s e v e r a l  t h e o r e t i c a l  models have been developed dur ing t h e  l a s t  two 
decades.  Never theless ,  t h e  accuracy of  such p r e d i c t i o n s ,  p a r t i c u l a r -  
l y  f o r  d e t a i l e d  d i f f e r e n t i a l  d a t a ,  i s  o f t e n  not  wel l  enough known. 
This i s  mainly due t o  t h e  lack of experimental  information i n  t h i s  
a r e a .  Apart from var ious  t o x a l  y i e l d  de te rmina t ions ,  only  a  few 
d i f f e r e n t i a l  measurements of abso lu te  p a r t i c l e  emission spec t ra  
from bare  metal  t a r g e t s  have been made i n  t h e  p a s t .  Comparisons 
of e x i s t i n g  measurements wi th  model p r e d i c t i o n s  have shown good 
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agreement a s  we l l  a s  s i g n i f i c a n t  d i f f e r e n c e s .  The l a t t e r  i s  mainly 
t r u e  f o r  t h e  high energy t z i l s  of angular  dependent neutron s p e c t r a ,  
which a r e  o f t e n  underestimated by t h e o r e t i c a l  models. Therefore 
we have c a r r i e d  ou t  new abso lu te  measurements of angular  dependent 
p a r t i c l e  emission s p e c t r a  a s  a  func t ion  of proton pene t ra t ion  i n t o  
a  t h i c k  l e a d  t a r g e t .  These d a t a ,  a t  600 MeV, provide a.ddit.inna1 
experimental  information t o  t e s t  t h e o r e t i c a l  p r e d i c t i o n s  i n  t h e  
p rev ious ly  not  wel l  covered in te rmedia te  energy range.  The 
measurell le~~ls g ive  neutron and proton .emission s p e c t r a  a t  30 , 90' 
and 150° a t  seven d i s t a n c e s  i n t o  t h e  t a r g e t  between 0  and 35 cm. 

In  s e c t i o n  2 of  t h i s  paper t h e  experimental  set-up and 
e l e c t r u ~ i i c  c i r c u i t r y  a r e  desc r ibed .  Sect ion 3 gives  a  b r i e f  
sununary of  t h e  method used i n  t h e  d a t a  a n a l y s i s .  Typical r e s u l t s  
of neutron and secondary proton s p e c t r a  a r e  presented i n  s e c t i o n  
4 and compared t o  t h e o r e t i c a l  c a l c u l a t i o n s .  Prospects  of  t h e  
f u t u r e  KfK experimental  programme a t  SIN and SATURN a r e  o u t l i n e d  
i n  s e c t i o n  5.  . 

2 .  EXPERIMENTAL DETAILC 

The measurements were peri'ormed a t  t h e  Swiss ~ n s t i t u t e  f o r  
Nuclear Research (SIN) us ing  t h e  590 MeV proton beam from t h e  r i n g  
c y c l o t r o n .  A schematic diagram of t h e  experimental  arrangement 
i s  presented i n  Figure  1 .  The proton beam, which w a s  pulsed a t  
16.9 MHz with  a - 0 . 2  ns pu l se  width ,  was focussed t o  2 cm 
diameter onto  a  c y l i n d r i c a l  l e a d  t a r g e t .  The t a r g e t  was composed 
of  twelve c y l i n d r i c a l  b locks ,  each 5 cm long and 10 cm i n  
d iamete r ,  t o  give  an o v e r a l l  l e n g t h  of 60 cm. 

Pleasurements of secondarx p a r t i c l e  emission from t h e  t a r g e t  
0 0 

were made a t  30 , 90 and 150 v i a  an i r o n  co l l imator  which was 
a l m  t h i c k .  Measurements of part,ic.le  mission corresponding t o  
d i f f e r e n t  d i s t a n c e s  i n t o  t h e  t a r g e t  were made by moving t h e  
t a r g e t  a long t h e  beam a x i s  s o  t h a t  ind iv idua l  blocks were 
oppos i t e  t h e  co l l ima tor  en t rance .  

The p r i n c i p a l  d e t e c t o r  used was a 2 . 5  cm t h i c k ,  5 r m  rliam~t.r?r 
NE 213 l i q u i d  s c i n t i l l a t o r ;  u s e d ' f o r  i t s  pu l se  shape ( p a r t i c l e )  
d i s c r i m i n a t i o n  p r o p e r t i e s .  A 0.5 cm t h i c k  , p l a s t i c  s c i n t i l l a t o r  
was luca.Led immediately i n  f r o n t  of t h e  l i q u i d  sc in t , i  11 a.t.nr t.n 
provide f u r t h e r  a s s i s t a n c e  with  p a r t i c l e  i d e n t i f i c a t i o n .  The 
passage o f  charged p a r t i c l e s  causes  both d e t e c t o r s  t o  generate  
s i g n a l s ,  whereas n e u t r a l  p a r t i c l e s ,  i n  genera l ,  g ive  a  pu l se  i n  
o n l y  one. Charged p a r t i c l e  s p e c t r a  ( f o r  p ro tons )  were accumu1.ated 
by o p e r a t i n g  t h e  two d e t e c t o r s  i n  coincidence.  Neutral  p a r t i c l e  
s p e c t r a  ( f o r  neu t rons )  were accumulated by opera t ing  t h e  p l a s t i c  
s c i n t i l l a t o r  a s  a  v e t o  d e t e c t o r .  Background measurements were 
performed with  t h e  t a r g e t  block oppos i t e  t h e  co l l ima tor  entrance 
removed . 

A block diagram of t h e  e l e c t r o n i c s  i s  presented i n  F i w r e  2 .  
The pu l se  he igh t  s i g n a l s  from t.he l i q u i d  s c i n t . i l l a t o r  were fed 



throughtwo ampl i f i e r  channels,  one with t e n  t imes t h e  gain of 
t h e  o t h e r ,  t o  cover t h e  requ i red  dynamic range. The t iming s igna l  
from t h e  l i q u i d  s c i n t i l l a t o r  was involved i n  t h r e e  f u n c t i o n s :  

( i )  In  conjunct ion with  t h e  t iming s i g n a l  from t h e  p l a s t i c  
sc i n t i l l a t o r ,  it was used t o  opera te  a coincidence u n i t  , . i n  
coincidence o r  ve to  mode, t o  generate  a master t r i g g e r  s i g n a l  
which n o t i f i e d  t h e  computer t h a t  an event of i n t e r e s t  had 
o c c u r r d a n d  t h e  g a t e s  t o  t h e  ADCs should be opened. 

( i i )  It was analysed by a pu l se  shape d i sc r imina t ion  u n i t .  
The r e s u l t  of t h i s  a n a l y s i s  appeared a s  a ' pu l se  shape d i sc r imina t -  
ion t i m e '  s i g n a l  from t h e  TAC, t h e  output  of which went t o  ADC3, 

( i i i )  It s t a r t e d  t h e  TAC which provided time-of-flight 
information v i a  A D C ~ .  This TAC was stopped by a t iming s i g n a l  
der ived from t h e  cyc lo t ron  high frequency. 
The con ten t s  of t h e  four  ADCs were s to red  event by event on 
magnetic t ape  t o  a l low subsequent 2-parameter p a r t i c l e  discr imin-  
a t i o n  and time-of-flight a n a l y s i s .  

The charge deposi ted i n  t h e  t a r g e t  was monitored by . 
recording t h e  output  of t h e  proton beam monitor ( s e e  Figure 1 ) .  
This system c o n s i s t s  of a carbon s c a t t e r e r  loca ted  i n  t h e  beam 
and a p a i r  of p l a s t i c  s c i n t i l l a t o r s  which operated i n  coincidence 
t o  d e t e c t  s c a t t e r e d  protons.  It was c a l i b r a t e d  by determining 
t h e  r a t i o  of t h e  count r a t e  of t h e  monitor t o  t h a t  of another 
p l a s t i c  s c i n t i l l a t o r  placed i n  t h e  d i r e c t  proton beam a t  reduced 
c u r r e n t .  

The number of master t r i g g e r s  appl ied t o  t h e  computer was 
recorded and used,  i n  conjunct ion with t h e  number of accepted 
even ts ,  t o  eva lua te  t h e  dead time c o r r e c t i o n .  

3. DATA ANALYSIS 

The a n a l y s i s  of t h e  neutron d a t a  ( n e u t r a l  p a r t i c l e  s p e c t r a )  
began with  t h e  separa t ion  of events  i n t o  neutron and non-neutron 
(gamma) by a cons idera t ion  of pu l se  height  ve rsus  ' pu l se  shape 
d i sc r imina t ion  t i m e ' .  The neutron events from t h e  corresponding 
background run were then sub t rac ted .  The d a t a  were subsequently 
sor ted  i n t o  s u i t a b l e  t ime-of-f l ight  b i n s .  The corresponding neutron 
energies  were c a l c u l a t e d  r e l a t i v i s t i c a l l y  according t o  t h e  t ime 
of occurence of t h e  y - f lash  and t h e  f l i g h t  path l eng th .  

The beam pulse  frequency (16.9 MHZ) and f l i g h t  path l eng ths  
( e . g .  1 .17 m a t  90') r e s u l t e d  i n  t h e  production of a s i n g l e  
over lap  i n  p a r t  of each t ime-of-f l ight  spectrum. For example, 
1.74 MeV neutrons appear t o  have t h e  same f l i g h t  t ime a s  500 MeV 
neutrons f o r  measurements a t  t h e  90' p o s i t i o n .  Separat ion of 
t h e  response due t o  high energy neutrons from t h a t  due t o  low 
energy neutrons,  was achieved by l i n e a r  e x t r a p o l a t i o n  of t h e  
high energy pu lse  height  response down t o  t h e  b i a s  l e v e l .  The 
e r r o r  assoc ia ted  with t h i s  procedure i s  small  due t o  t h e  shape 
of t h e  d i s t r i b u t i o n s .  



The. con ten t s  of each time-of - f l i g h t  b i n  were in tegra ted  
and the  r e s u l t s  divided by t h e  d e t e c t i o n  e f f i c i e n c y  of t h e  NE 213 
l i q u i d  s c i n t i l l a t o r .  The Monte Carlo' code of Ceci l  e t  a l .  [ I ]  was 
used t o  c a l c u l a t e  t h e  requ i red  e f f i c i e n c y .  The shape of t h e  
pulse  height  spec t ra  produced by t h e  code a r e  i n  good agreement 
with  t h e  measured s p e c t r a  i n  ind iv idua l  t ime b i n s .  This i s  t h e  
case  even when t h e  ranges of t h e  charged p a r t i c l e s  produced i n  
t h e  de tec to r  a r e  g r e a t e r  than t h e  d e t e c t o r  dimensions. This 
g ives  some c.onfidence i n  t h e  opera t ion  of t h e  code. The b i a s  
l e v e l  used i n  t h e  c a l c u l a t i o n s  was determined by l o c a t i n g  t h e  
upper edges of t h e  pu l se  height spec t ra  i n  var ious  t ime-of-flight 
b i n s  and ex t rapo la t ing  t o  f i n d  t h e  proton energy corresponding 
t o  t h e  piil.sa h e i g h t .  t . h r e s h o l  A . 

The d a t a  were f i n a l l y  scaled by t h e  s o l i d  angle  subtended 
by t h e  d e t e c t o r ,  t h e  dead-time cor rec t ion  f a c t o r  and t h e  number 
of inc iden t  protons t o  produce t h e  abso lu te  neutron y i e l d  a s  
neutrons per s t e r a d i a n  per  MeV per proton inc iden t  on t h e  
t a r g e t  pe r  5 cm of  t a r g e t  l eng th .  F i n a l l y  t h e  r e s u l t s  f o r  var ious  
d i s t a n c e s  i n t o  t h e  t a r g e t  were added t o  produce t h e  abso lu te  . 
neutron y i e l d  from t h e  whole t a r g e t .  

The a n a l y s i s  of t h e  proton da ta  (charged p a r t i c l e  s p e c t r a )  
i s  much simpler.  The response of t h e  l i q u i d  s c i n t i l l a t o r  t o  
protons of a  p a r t i c u l a r  energy appears a s  a  Gaussian peak i n  
t h e  pu l se  height  spectrum. The d a t a  were sor ted  i n t o  t ime b i n s  
a s  f o r  t h e  neutron case .  The peaks i n  t h e  pulse  height  s p e c t r a  
i n  t h e  var ious  t ime-of-f l ight  b ins  were loca ted  and t h e  area'  
under t h e  peaks 'above t h e  background was evaluated.  The measured 
spectrum only extends down t o  27 MeV due t o  absorpt ion i n  t h e  
p l a s t i c  s c i n t i l l a t o r ,  which s tops  protons of lower energy. The 
absolute  secondary proton y i e l d  was evaluated i n  t h e  same manner 
a s  t h e  neutron y i e l d .  

A c o r r e c t i o n  was made t o  both t h e  neutron and proton s p e c t r a  
f o r  t h e  measured time r e s o l u t i o n  of t h e  system. This was done by 
t h e  second d e r i v a t i v e  method [2] . 

4. RESULTS 

Figure 3  shows t h e  spectrum of neutrons emit ted from t h e  
f i r s t  l e a d  block i n  t h e  t a r g e t  ( 0  t o  5  cm) a t  90' t o  t h e  inc iden t  
proton beam. This i s  compared t o  t h e  r e s u l t s  of measurements 
made a t  Los Alamos [3] a t  an angle  of 112' f o r  800 MeV protons 
inc iden t  on a  t h i n  (0.45 cm) l e a d  t a r g e t .  The Los Alamos spectrum 
has been normalized t o  g ive  an i n t e g r a l  number of neutrons per  
inc iden t  proton ( n / p )  which i s  cons i s ten t  wi th  t h e  da ta  of 
Fraser  e t  a l .  [4] . Despite t h e  f a c t  t h a t  t h e  two s p e c t r a  a r e  not 
d i r e c t l y  comparable t h e r e  i s  an obvious s i m i l a r i t y  i n  shape. 

The neutron y i e l d  above 1.5 MeV i s  shown i n  Figure 4 a s  a  
func t ion  of d i s t a n c e  i n t o  t h e  t a r g e t .  These r e s u l t s  show t h a t  
t h e  y i e l d  from d i s t a n c e s  g r e a t e r  than 30 cm i s  l e s s  than  1  per  cent  



of t h e  t o t a l  y i e l d .  The experimental r e s u l t s  suggest t h a t  t h e  
neutron y i e l d  decreases  monotonically through t h e  t a r g e t .  However, 
t h e r e  i s  c a l c u l a t i o n a l  evidence which i n d i c a t e s  t h a t  t h e  y i e l d  
a c t u a l l y  peaks & s m a l l  d i s t a n c e  from t h e  f r o n t  su r face .  This 
f e a t u r e  i s  ind ica ted  by t h e  s o l i d  l i n e  drawn through t h e  
experiment a 1  r e s u l t s  . 

The sum of t h e  90' d i f f e r e n t i a l  s p e c t r a  f o r  t h e  whole t a r g e t  
i s  presented i n  Figure 5. It i s  a reasonable approximation t o  
t ake  t h i s  spectrum a s  represen t ing  t h e  average spectrum f o r  a l l  
angles  of emission with respec t  t o  t h e  inc iden t  proton beam. On 
t h i s  b a s i s  12.2 neutrons with a mean energy of 22.2 MeV a r e  
emitted from t h e  whole t a r g e t  i n t o  a l l  ang les  per inc iden t  proton. 

The t a r g e t  in tegra ted  90' spectrum from Figure 5 i s  compared 
t o  a recen t  c a l c u l a t i o n  performed a t  KFA, J i i l ich / 5 /  i n  Figure 6.  
The c a l c u l a t i o n a l  method i s  based on t h e  3-dimensional 'High 
Energy Nuclear-Meson Transport Code, HETC ' 161 .. The r e s u l t s  . . 
presented a r e  from a prel iminary c a l c u l a t i o n  of t h e  energy 
spectrum of neutrons emitted from t h e  whole t a r g e t  (15 cm diam., 
80  cm long)  a t  all angles .  Also included f o r  comparison a r e  t h e  
Los Alamos experimental r e s u l t s  131 a l ready  presented i n  Figure 3 
and some c a l c u l a t i o n a l  r e s u l t s  from t h e  same labora to ry  reported 
by Fullwood e t  a l .  [ 7 ] .  This l a t t e r  c a l c u l a t i o n  g ives  t h e  neutron 
emission from a l ead  t a r g e t  (15cm diam., 30 cm long)  f o r  an 
inc iden t  proton energy of 800 MeV. The s p e c t r a  a r e  presented 
on a ' r e l a t i v e  l e t h a r g y  s c a l e  so t h a t  t h e  f r a c t i o n  of neutrons 
below or  above a c e r t a i n  energy i s  represented by a reas  under 
t h e  curves.  They have been normalized t o  t h e  respec t ive  n/p 
values  [b] . It i s  c l e a r ,  d e s p i t e  t h e  f a c t  t h a t  t h e  s p e c t r a  a r e  
not d i r e c t l y  cornpara5l.c , L l l a L  a L  t h e  present  time c a l c u l a t i o n s  
a r e  producing spec t ra  which a r e  much s o f t e r  than those  measured. 

The d i f f e r e n t i a l  spectrum of secondary protons emitted from 
t h e  f i r s t  block ( 0  t o  5 cm) i n  t h e  t a r g e t  a t  90' i s  shown i n  
Figure 7. This r e s u l t  shows t h a t  t h e  con t r ibu t ion  from e l a s t i c  
s c a t t e r i n g  i n  l e a d  i s  smal l .  The bulk of t h e  spectrum i s  t h e  
r e s u l t  of i n e l a s t i c  and nuclear r e a c t i o n s .  From our experimental 
d a t a  we have made an es t imate  of t h e  secondary proton y i e l d .  Our 
prel iminary value i s  0.11 secondary protons per  inc iden t  proton.  

5 .  PROSPECTS 

Analysis i s  proceeding on d a t a  a l ready  c o l l e c t e d .  In  t h e  near 
f u t u r e  s i m i l a r  measurements w i l l  be performed with a uranium 
t a r g e t  us ing t h e  590 MeV proton beam a t  SIN. Later t h i s  year  t h e  
proton beam from SATURN (Saclay,  France) w i l l  be used t o  measure 
neutron and proton y i e l d s  from lead  and uranium t a r g e t s  f o r  an 
inc iden t  proton energy of 1.1 GeV. 
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Beam  oni it or 

Figure 1 - Schematic diagram of t h e  experimental arrangement f o r  
t h e  SIN t ime-of-f l ight  experiments 
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Figure 2 - Block diagram of t h e  e l e c t r o n i c  system f o r  t h e  SIN 
. time-of . - f l igh t  rxprl.i~l~e~il;s 



Figure 3 - D i f f e r e n t i a l  spectrum of neutrons emit ted a t  90' 
from t h e  f i r s t  5 cm of  t h e  10 cm d i m .  l ead  t a r g e t  
f o r  an inc iden t  proton energg of 590 MeV. The LASL 
spectrum was obtained a t  112 f o r  800 MeV protons 
inc iden t  upon a t h i n  l ead  t a r g e t  
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func t ion  of proton pene t ra t ion  i n t o  t h e  10 cm d i m .  
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Total Neutron Yield at 90° 

I whole Target : o - 35 c r i  

- . i  
Figure-5 - D i f f e r e n t i a l  spectrum of neutrons emit ted a t  90' 

i n t e g r a t e d  over t h e  f i r s t  30 cm of t h e  10 cm diam. 
lead t a r g e t .  The histogram i s  a poss ib le  energy 
grouping f o r  n u m e r i c a l ~ c a l c u l a t i o n s  



... 

- KfK Measurement 590 MeV Protons 

-- - KFA Calculation 600 MeV Protons 
(preliminary) 

Figure 6 - Measured and ca lcu la ted  neutron s p e c t r a  f o r  l ead  
t a r g e t s  normalised t o  r e s p e c t i v e  n/p va lues  



Figure 7 - Dif f e r en t i a l  spectrum of secondary protons emitted 
a t  90' from the  f i r s t  5 cm of t he  10 cm d i m .  lead 
la rge t  f o r  an inc ident  proton energy of 590 MeV 
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ABSTRACT 

T h i s  paper i s  a  r e v i e w  of t h e  c u r r e n t  s t a t u s  o f  ' 

neut ron- induced r e a c t i o n s  o f  i n t e r e s t  t o  t h e  f u s i o n  
community i n  t h e  1U- t o  50-MeV neut'rtsn energy 
range. A l though t h e r e  has been s i g n i f i c a n t  a c t i v i t y  
i n  t h i s  area s ince  t h e  1977 BNL Symposium on Neut ron 
Cross Sect ions f rom 10 t o  40 MeV, t h i s  rev iew  'conc- 
ludes t h a t  t h e r e  are  many areas which requ i , re  more 
exper imen ta t i on  t o  o b t a i n  t h e  requested accuracy. 
Examples,of ' var ious neu t ron  da ta  obta ined s ince  1977 
a re  presented and compared t o  determine t h e  e x t e n t  
o f  agreement. An a t tempt  i s  made t o  determine what 
t h e  prospects  are  f o r  s a t i s f y i n g  t h e  f u s i o n  da ta  
needs d e f i n e d  by  t h e  USDOE based upon progress t o  
date.  

INTRODUCTION 

  he' nuc lear  d a t a  needs o f  t h e  fus ion-energy program have be- 
come more d e f i n e d  as a  r e s u l t  o f  t h e  t e c h n i c a l  p rogress i n  t h e  
va r ious  f u s i o n  concepts ( ' i  .e., Tokomaks, maqnetjc m i r r o r s ,  ICF , - 
e t c . ) .  I n  p a r t i c u l a r ,  system s t u d i e s  o f  r e a c t o r  designs have 
p rov ided  d i r e c t i o n  f o r  m a t e r i a l  select ion 'and'hence 'cross sec- 
t i o n s  o f  importance. I n  a d d i t i o n ,  t h e  c o n s t r u c t i o n  o f  t h e  
RTNS-I1 and t h e  advent o f  t h e  FMIT f a c i  1  i t y  have p rov ided  g r e a t  
s t imu1 .u~  f o r  p r o v i d i n g  nuc lea r  da ta  needs f o r  radiation-d,amage 
s tud ies .  

The purpose o f . ' t h i s  paper i s  t o  rev iew  t h e  f i $ l d  o f  h i g h  
energy neut ron d i f f e r e n t i a l  c ross  sec t i ons  i n  t h e  10- t o  50-MeV 
energy range s i n c e  t h e  1977 BNL symposium o n ' t h i s  t o p i c .  The're-  
view w i l l  n o t  be comprehensive b u t  w i l l  concen t ra te  on progress 
t o  da te  .on t h e  s p e c i f i c  requests  of t h e  U. S.  Department o f  En- 
e rgy  Fus ion  Program. The reader  i s  r e f e r r e d  t o  a  recen t  a r t i c l e  



by  H a i g h t  [I] which n o t  o n l y  d iscusses many o f  t h e  neut ron c ross  
s e c t i o n s  covered i n  t h i s  paper b u t  a l s o  l i s t s  p rev ious  rev iews o n '  
neu t ron  da ta  f o r  f us ion .  

NEUTRON DATA REQUESTS 

The neut ron da ta  w i l l  be d iscussed according t o  t h e  reques ts  
o f  t h e  U. S. f u s i o n  energy program as d e l i n e a t e d  by  C .  R.  Head a t  
t h e  IAEA Conference on Nuc lear  Data  f o r  Fus ion  Reactor Technology 
[2 ]  h e l d  i n  Vienna i n  1978 along w i t h  subsequent r e v i s i o n s  [3 ]  t o  
t h a t  reques t  l i s t .  The da ta  wi  11  be separated i n t o  t h e  needs o f  
t h e  f o l l o w i n g  areas: 

1. Data f o r  t h e  Fus ion  M a t e r i a l s  ~ e v e l o p m e n t  Program; 
2. Data f o r  t h e  Next Generat ion  o f  D-T Reactor  Designs; 
3. D a t a f o r D - T F u s i o n E n g i n e e r i n g  P r o t o t y p e a n d  

Demonstrat ion Power P l a n t  Designs. 

I t  i s  d i f f i c l r l t  t o  cover  every  r c a c t i o n  f o r  each elei11e111 t h a t  
i s  of i n t e r e s t .  We w i l l  concent ra te ,  instead, on p r o v i d i n g  an 
overv iew which should a l l o w  t h e  reader  t o ' d e t e r m i n e  t h e  s t a t e  o f  
t h e  f i e l d  a t  t h i s  t ime. 

1. DATA FOR THE FUSION MATERIALS DEVELOPMENT PROGRAM 

a. Data f o r  FMIT 

The main needs p e r t a i n  t o  t h e  s h i e l d i n g  des ign f o r  t h i s  
m a t e r i a l s  t e s t  f a c i l i t y .  I n  p a r t i c u l a r ,  t o t a l  c ross  sec t i on ,  
angular-dependent e l a s t i c  s c a t t e r i n g ,  and t o t a l  n o n e l a s t i c  c ross  
s e c t i o n  da ta  f o r  Fe, 0, Si ,  Ca, and C a re  p r e s e n t l y  r e q u i r e d  t o  
an accuracy o f  10-15% w i t h  a  l onger  te rm (1983) requirement o f  5%. 

There a re  seve ra l  l a b o r a t o r i e s  which have addressed these 
needs. Both  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Dav is  [4]  and ORELA 
[5 ]  have r e c e n t l y  ob ta ined  t o t a l  c ross  s e c t i o n  (aT )  d a t a  i n  . 
t h e  10- t o  50-MeV range o f  t h e  r e q u i r e d  accuracy f o r  a l l  t hese  
elements. I n  a d d i t i o n ,  UT measurements have been made r e -  
c e n t l y  [6]  a t  t h e  WNR f a c i l i t y  f o r  carbon and oxygen. A l though 
t h e  quoted accuracy f o r  a l l  t hese  measurements i s  b e t t e r  t han  5%, 
t h e  agreement i s  n o t  always so good. F i g u r e  1  shows t h e  case f o r  
F e  where a  s i g n i f i c a n t  d iscrepancy e x i s t s  between t h e  Dav is  and 
ORELA data.  As F i g .  2  shows, i n c l u d i n g  a l l  t h e  UT da ta  f o r  
Fe  c louds  t h e  p i c t u r e  even more. The o n l y  reasonable assessment 
a t  t h i s  t i m e  i s  t h a t  t h e  s h o r t  t e rm requ i rement  f o r  10-15% accur- 
acy has been met, b u t  a d d i t i o n a l  work i s  necessary t o  s a t i s f y  t h e  
l onger  t e r m  need f o r  5%. 

F o r  e l a s t i c  s c a t t e r i n g  (sea) i n  t h e  20- t o  50-MeV 



range, o n l y  Ohio U n i v e r s i t y  has pub l i shed  any r e s u l t s  [7].   heir 
da ta  are  i n  t h e  20- t o  26-MeV range f o r  Fe, 0, S i ,  and Ca. The 
q u a l i t y  o f  t h e  da ta  meets t h e  10-15% s h o r t  te rm need. Recent ly,  
U. C. Dav is  has, done some p r e l i m i n a r y  Uek measurements [4 ]  
f o r  carbon a t  40 MeV t o  develop a  techn ique t h a t  can be used f o r  
s a t i s f y i n g  some o f  these da ta  requirements.  

F o r  t h e  t o t a l  n o n - e l a s t i c  c ross  sect ion ,  anon, U. C. 
Dav is  developed a  techn ique [4 ]  f o r  o b t a i n i n g  these da ta  which i s  
schemat i ca l l y  represented i n  F i g .  3. B a s i c a l l y ,  t h e  techn ique 
works i f  UT i s  w e l l  known, and i f  a  s i g n i f i c a n t  f r a c t i o n  of 
t h e  e l a s t i c  c ross  s e c t i o n  i s  conta ined w i t h i n  t h e  forward s o l i d  
angle o f  t h e  de tec to r .  Then onon i s  determined from 

u - OM 
non - "T - '" eR 

us ing  an op t i ca l -mode l  (OM) c a l c u l a t i o n .  The r e s u l t  f o r  anon 
i s  n o t  ex t remely  s e n s i t i v e  t o  t h e  cho ice  o f  OM parameters. Data  
have been ob ta ined  a t  40 and 50 MeV f o r  C, 0, Fe, and Ca which 
meet t h e  10-15% accuracy requirement i n  some cases; t h e  most no t -  
ab le  excep t ion  be ing C a t  40 MeV. T h i s  techn ique i s  capable of 
be ing extended t o  energ ies  below 40 MeV, p a r t i c u l a r l y  i f  
reasonable opt ica l -model  parameters e x i s t .  

b. Dosimetry Data  

Dos imet ry  c ross  sec t i ons  a re  needed i n  t h e  1- t o  50-MeV range 
f o r  a  v a r i e t y  o f  m a t e r i a l s  t o  improve t h e  accuracy o f  f l u x -  
s p e c t r a l  measurements and f o r  mater ia l -damage-rate c a l c u l a t i o n s .  
I t  i s  unreasonable t o  d iscuss t h e  c u r r e n t  s i t u a t i o n  f o r  a l l  t h i r -  
t e e n  i so topes  l i s t e d  by  t h e  USDOE f o r  dos imet ry  use. Ins tead,  we 
s h a l l  concent ra te  on c o b a l t  s i nce  i t  appears t o  be a  most prom- 
i s i n g  m a t e r i a l .  

Coba l t  has f o u r  r e a c t i o n s  o f  i n t e r e s t  t o  dosimetry,  i.e., 
(n,p), (n,2n), (n,3n), and (n,4n). F o r  t h e  5 9 ~ o ( n , p ) ,  react ion, .  
0. L. Smith o f  ANL has obta ined [8,9] da ta  t h a t  cover  t h e  2.6- t o  
10-MeV energy range and whose accuracy (3-6%) i s  s u f f i c i e n t  f o r  
present  needs. Near 14 MeV, t h e r e  i s  a  p l e t h o r a  o f  data, a l l  o f  
which i s  n o t  cons i s ten t .  Tab le  I l i s t s  a  v a r i e t y  of measurements 
f rom 1960 t o  1978 which var. over  an o rde r  o f  magnitude. I f  one 
igno res  t h e  r e s u l t  o f  Jeronymo e t  a l .  [14], t h e n  t h e  p i c t u r e  i s  
no t  q u i t e  so bad a l though s t i l l T n Z c e p t a b l e .  The most recen t  
measurement o f  Fukuda e t  a l .  [ l o ]  agrees w e l l  w i t h  Vonach and 
Munro, [13] A l l an ,  [ 1 6 T A F a r  e t  al., [ll] and Hass le r  e t  a l .  
[15] Above t h e  14- t o  15-MeV r e g i o n ,  o n l y  t h e  suspect d a t T o f  
Jeronymo e t  a l .  [14] e x i s t .  C l e a r l y  t h e r e  i s  a  need f o r  more ac- 
c u r a t e  daG.- 

F o r  t h e  (n,2n) c ross  sect ion ,  F rehau t  e t  a l .  [18] have d a t a  
from t h r e s h o l d  t o  15 MeV, which meet t h e  a?i?uZicy requ i rements  o f  
10-20%. From 16 t o  24 MeV, Veeser e t  a l .  [19] a l s o  have r e p o r t e d  
da ta  t h a t  meet t h i s  accuracy. F o r  n e T n , 3 n )  reac t i on ,  o n l y  



Veeser e t  a l .  [19] r e p o r t  any data.  T h e i r  measurements extend 
f rom t h e t h r e s h o l d  t o  24 MeV w i t h  an accuracy o f  40% near t h e  
t h r e s h o l d  and 25% near 25 MeV, n e i t h e r  of which meet t h e  request -  
ed accuracy o f  10-20%. There a re  no da ta  repo r ted  f o r  t h e  (n,4n) 
r e a c t i o n .  

I t  i s  c l e a r  t h a t  t h e r e  i s  n o t  s u f f i c i e n t  data  f a r  c o b a l t  t o  
meet these  dos imet ry  needs. Techniques e x i s t  f o r  o b t a i n i n g  t h e  
(n,xn) da ta  p a r t i c u l a r l y  near t h r e s h o l d  where t h e  breakup neu- 
t r o n s  from t h e  v a r i o u s  source r e a c t i o n s  do no t  cause a  problem. 
Such (n,xn) d a t a  near t h r e s h o l d  a re  a  g r e a t  a i d  t o  model c a l c u l a -  
t i o n s  i n  ex tend ing t h e  r e  i o n  o f  i n t e r e s t  above which da ta  cannot 
be ob ta ined  eas l  l y .  The '~Co(n.p)  r e a c t i o n  r e q u i r e s  a mono- 
e n e r g e t i c  source, hence i t s  ex tens ion  t o  h ighe r  energ ies  w i l l  r e -  
q u i r e  source c h a r a c t e r i z a t i o n  and un fo ld ing .  

The s i t u a t i o n  f o r  t h e  e n t i r e  l i s t  of requested dos ime t ry  
c ross  s e c t i o n s  i s  n o t  s a t i s f a c t o r y .  A ve ry  comprehensive rev iew  
o f  dos imet ry  da ta  was r e p o r t e d  i n  1978 by A. B. Smith e t  a l .  
[20]  The conc lus ions o f  t h a t  rev iew  were t h a t  o n l y  l c o f t h e  
p r imary  dos imet ry  r e a c t i o n s  were adequately known w i t h  another 
35% known w i t h  marg ina l  c e r t a i n t y .  T h i s  has n o t  changed i n  t h e  
i n t e r v e n i n g  two years.  There a re  v i r t u a l l y  no da ta  ahove 78 MeV, 
and i t  w i l l  be d i f f i c u l t  t o  p r o v i d e  exper imenta l  da ta  f o r  a l l  
r e a c t i o n s  i n  t h i s  energy reg ion .  Nuclear-model c a l c u l a t i o n s  w i l l  
have t o  supp ly  some of t h e  needs. I f  accura te  da ta  are  p rov ided  
a t  a  few  energies,  c a l c u l a t i o n s  should be ab le  t o  e x t r a p o l a t e  
w i t h  s u f f i c i e n t  accuracy. T h i s  w i l l  be cons idered more i n  t h e  
D iscuss ion  sect ion .  

T o t a l  he l ium-product ion  c ross  sec t i ons  are  a l s o  r e q u i r e d  t o  
complement t h e  r a d i o m e t r i c  measurements i n  o b t a i n i n g  f l u x  spec- 
t r a l  i n fo rma t ion .  Requirements a re  f o r  Al ,  Fe, Cu, T i ,  Ni ,  W, 
and Au i n  t h e  0- t o  40-MeV range. S ince t h e r e  i s  an ove r lap  o f  
t h i s  reques t  w i t h  t h a t  f o r  m a t e r i a l  damage c a l c u l a t i o n s ,  t h i s  
d i scuss ion  w i l l  be covered i n  Sec t i on  l ( c ) .  

I n  add i t i on ,  f i s s i o n - f r a g m e n t  t r a c k  reco rde rs  a re  be ing  
developed f o r  dos ime t ry  a t  FMIT. F i s s i o n  c ross  sect ions,  af, 
i n  t h e  14- t o  40-MeV range a re  requested. There are  ve ry  few 
d a t a  p o i n t s  f o r  af above 20 MeV, and t h e  accuracy and energy 
r e s o l u t i o n  are n o t  ve ry  good. T h i s  i s  an area where da ta  c o u l d  
be  ob ta ined  e a s i l y  f o r  seve ra l  elements. such as 2 3 8 1 1 ,  2 " ~ h ,  
and ' j 7 ~ p ,  r e l a t i v e  t o  2 3 5 ~  a t  a  v a r i e t y  o f  w h i t e  sources 
(e.g., ORELA, LLL, WNR) o r  a t  a  quasi-monoenergetic source such 
as U. C. Davis. Un fo r tuna te l y ,  t h e  2 3 5 ~  f i s s i o n  c ross  s e c t i o n  
i t s e l f  i s  n o t  known so t h a t  a  measurement r e l a t i v e  t o  t h e  (n,p) 
c ross  s e c t i o n  p robab ly  would be necessary t o  p r o v i d e  abso lu te  
c ross  s e c t i o n  values.  

c. Material-Damage C a l c u l a t i o n s  

D i f f e r e n t i a l - a n g u l a r  c ross  sec t i ons  f o r  e l a s t i c  s c a t t e r i n g  
and a l l  n o n e l a s t i c  r e a c t i o n s  f o r  Fe, Ni ,  C r ,  A l ,  Cu, W, Sn, T i ,  



and V a re  needed a t  a  few neut ron energ ies  between 15 and 35 MeV 
f o r  material-damage exper iments and c a l c u l a t i o n s .  

E l a s t i c - s c a t t e r i n g  da ta  e x i s t  f o r  seve ra l  of t h e  requested 
elements i n  t h e  energy range f rom 15 t o  26 MeV. However, no d a t a  
e x i s t  above 26 MeV. Ohio  U n i v e r s i t y  has performed measurements 
on A1 [7], Fe [7], N i  [21], and S i  [22] between 20 and 26 MeV. 
Wink le r  e t  a l .  [23] (IRK, Vienna) have measured e l a s t i c  scat -  
t e r i n g  * F a t  15 MeV. Galloway e t  a l .  [24] (Edinburgh) have 
made d i f f e r e n t i a l - e l a s t  i c  measuremeXs7or  Cu and W. The 
requested accuracy i s  10% f o r  neut ron ene rg ies  below 25 MeV de- 
c reas ing  t o  40% a t  35 MeV. The Ohio U n i v e r s i t y  measurements a re  
accura te  t o  5-10%; t h e  r e s u l t s  of Wink ler  have a  15% u n c e r t a i n t y ;  
t h e  Galloway r e s u l t s  appear t o  be w i t h i n  t h e  10% request.  

The request  f o r  angular and energy d i s t r i b u t i o n s  f o r  a l l  
e m i t t e d  p a r t i c l e s  i n  n o n e l a s t i c  r e a c t i o n s  i s ,  o f  course, q u i t e  
comprehensive. Since i t  i s  n o t  p o s s i b l e  t o  d iscuss a l l  p e r t i n e n t  
reac t i ons ,  we s h a l l  concen t ra te  on d i scuss ing  n e u t r o n - i n e l a s t i c  
s c a t t e r i n g  and charged p a r t i c l e  spec t ra  f rom neut ron reac t i ons .  

F o r  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 ,  Corca l c iuc  e t  a l .  
(S tudsv i k )  have r e p o r t e d  r e s u l t s  [24a] f o r  5 6 ~ e ( n , n ' )  5 o T 1 6  
t o  22 MeV. Ohio U n i v e r s i t y  has ob ta ined  i n e l a s t i c - s c a t t e r i n g  
d a t a  f o r  5 8 7 6 0 ~ i  [21] a t  24 MeV, f o r  S i  [22] a t  20 and 26 
MeV, and f o r  " 6 ~ n  1251 a t  24 MeV. Wink le r  e t  a l .  [23] (IRK, 
Vienna) r e p o r t  new i n e l a s t i c - s c a t t e r i n g  m e a s ~ e m e n t s  f o r  C r  a t  15 
MeV. 

F o r  (n,  charged p a r t i c l e )  measurements i n v o l v i n g  a  determina- 
t i o n  o f  t h e  energy spec t ra  and angu lar  d i s t r i b u t i o n s  o f  e m i t t e d  
p a r t i c l e s ,  t h e r e  have been seve ra l  a c t i v e  groups, most n o t a b l y  
t h a t  o f  Ha igh t  and Grimes a t  LLL. T h e i r  d a t a  cover  energy and 
angu lar  d i s t r i b u t i o n s  f o r  A1 [26], Fe [27], N i  [27], C r  [27], V 
[28], T i  [26], Cu [27], and Nb [28] f o r  an i nc iden t -neu t ron  
energy near 15 MeV us ing  a  quadrupole spectrometer.  A  spectrum 
o f  em i t ted  p ro tons  f rom N i  f o r  an angle o f  90 degrees i s  shown i n  
F i g .  4. The da ta  were taken a t  seven angles between 220 and 
1350. Examples o f  ang le - i n teg ra ted  & p a r t i c l e  emiss ion 
spec t ra  f o r  C r ,  Fe, Ni ,  and Cu i so topes  a re  shown i n  F i g .  5. 

Measurements o f  t h e  " ~ r ( n , a )  and 3 ~ b ( n , a )  energy 
and angular d i s t r i b u t i o n s  have been performed by Vonach e t  a l .  
[29]  a t  14 MeV us ing  a  m u l t i t e l e s c o p e  proport ional-count=-- 
s c i n t i  1  l a t o r  system. A m u l t i - a n g l e  r e a c t i o n  chamber has been 
developed a t  Gee1 [XI] t o  measure (n,a) energy and angular d i s -  
t r i b u t i o n s  a t  5  angles. I n i t i a l  measurements [31] on C r ,  Fe,. and 
N i  have been i n  t h e  5- t o  10-MeV range b u t  are  capable o f  be ing  
extended t o  h ighe r  energies.  Cookson and Wise [32] have develop- 
ed a  p r o p o r t i o n a l - c o u n t e r - s c i n t i l l a t o r  a t  Harwel l .  I n i t i a l  meas- 
urements a re  planned f o r  Fe, N i ,  and C r  near 15 Mev. 

A l l  o f  t h e  above f a c i l i t i e s  have been developed f o r  use a t  
neut ron energ ies  near 15 MeV. .Severa l  l a b o r a t o r i e s  have been 
a c t i v e  above 15 MeV. A f a c i l i t y  has been developed a t  U. C. 
Davi s  [ 4 ]  f o r  neutron- induced charged p a r t i c l e  measurements i n 



t h e  20- t o  60-MeV reg ion .  The i n i t i a l  measurements have been f o r  
t h e  '2~(n ,xcr )  r e a c t i o n  a t  En = 40 MeV. P lans  are  t o  ex tend 
such measurements t o  o t h e r  m a t e r i a l s  o f  i n t e r e s t .  

Oh io  U n i v e r s i t y  has cons t ruc ted  a  quadrupole spectrometer f o r  
d i f f e r e n t i a l  charged p a r t i c l e  s p e c t r a l  measurements. Exper iments 
on  " ~ i ( n , p )  a t  20 MeV and 12C(n,3a) t o  25 MeV are  p lan-  
ned. [33 ]  

T o t a l  d i f f e r e n t i a l  he l i um and hydrogen p r o d u c t i o n  c ross  sec- 
t i o n s  a r e  needed a t  a  few p o i n t s  i n  t h e  15- t o  35-MeV range t o  
a l l o w  u n f o l d i n g  o f  i n t e g r a l  he l i um and hydrogen p r o d u c t i o n  data. 
V i r t u a l l y  a l l  t h e  da ta  on these c ross  sec t i ons  e x i s t  near 15 MeV 
a l though  t h e r e  a re  p lans  t o  measure he l i um p r o d u c t i o n  c ross  sec- 
t i o n s  a t  IRK (Vienna) f o r  b 3 ~ ~  i n  t h e  12- t o  20-MeV range 

Paulsen e t  a l .  [354 (Geel)  a l s o  r e p o r t  d a t a  f o r  
'?!in,p), 5 ? 6 7 i i , q  and '~e (n ,u )  i n  t h e  12- t o  17-MeV 
r e g i o n  us ing  a c t i v a t i o n  methods. The measurements a t  15 MeV have 
been performed b y  seve ra l  l a b o r a t o r i e s  us ing  a  v a r i e t y  of tech-  
niques. Tab le  I 1  compares t h e  r e s u l t s  ob ta ined  by  LLL [26-281 a t  
15 MeV f o r  a  s e r i e s  o f  elements us ing  a  quadrupole spectrometer, 
b y  Rockwel l  I n t e r n a t i o n a l  [36] us ing  t h e  hel ium-accumulat ion 
techn ique  and b y  Qaim [37] ( J u l i c h )  us ing  a c t i v a t i o n  methods. 
The agreement i n  a l l  cases i s  q u i t e  good. Tab le  I 1 1  compares r e -  
s u l t s  f o r  i so topes  o f  Cu and T i  i n  which b o t h  t h e  a c t i v a t i o n  
techn ique  and t h e  quadrupole spectrometer were employed. The 
r e s u l t s  o f  Qaim e t  a l .  [38) f o r  "CU agree w e l l  w i t h  t h e  
r e s u l t s  o f  G r i m e s e t a l .  [26,27] (LLL) w h i l e  t h e  r e s u l t s  o f  
W ink le r  [39] f o r  T u d o  no t  agree w e l l  w i t h  t h e  LLL r e s u l t s .  
The Wink le r  d a t a  have a  smal l  (2.5%) u n c e r t a i n t y  compared t o  t h e  
LLL r e s u l t s  (17%). However, a  comparison made by  Wink le r  i n  Ref. 
39 o f  a l l  t h e  d a t a  t o  d a t e  i n d i c a t e s  t h a t  t h e  a c t i v a t i o n  r e s u l t s  
t e n d  t o  y i e l d  sma l le r  '%u(n,a) c ross  s e c t i o n s  than  t h e  
d i r e c t  a l p h a - p a r t i c l e  measurements. The source o f  t h i s  
d iscrepancy i s  n o t  known. P r e l i m i n a r y  r e s u l t s  [ l o ]  f rom Kyushu 
U n i v e r s i t y  f o r  6 3 ~ u ( n , a )  us ing  a c t i v a t i o n  techniques,  
however, agree w e l l  w i t h  t h e  LLL r e s u l t s .  

The da ta  needs f o r  material-damaqe c a l c u l a t i o n s  are  be inq 
addressed i n  a  f a i r l y  comprehensive manner. There i s  a  need f o r  
d a t a  a t  a  few energ ies  above 15 MeV t o  check c a l c u l a t i o n s ,  how- 
ever.  Adequate techn iques e x i s t  f o r  p r o v i d i n q  t h e  r e q u i r e d  data,  

2. DATA FOR THE NEXT GENERATION OF D-T REACTOR DESIGNS 

a. Neutron Emission Spec t ra  

The spec t ra  o f  neutrons as a  f u n c t i o n  o f  secondary angle and 
energy a re  r e q u i r e d  f o r  se lec ted  neut ron energ ies  i n  t h e  9- t o  
15-MeV range f o r  t h e  elements l i s t e d  i n  Tab le  I V .  The r e q u i r e d  
accuracy i s  10%. 

T h i s  area has been addressed w i t h  s i g n i f i c a n t  exper imenta l  



a c t i v i t y .  Tab le  I V  i n d i c a t e s  t h e  i n c i d e n t  neu t ron  energ ies  f o r  
which da ta  have been obtained, and t h e  l a b o r a t o r i e s  a t  which t h e  
exper iments have been performed. F i g .  6 shows t h e  LASL r e s u l t s  
f o r  6 ~ i  and 7 ~ i  a t  an i n c i d e n t  energy near 10 MeV. F i g .  7 
shows t h e  p r e l i m i n a r y  TUNL r e s u l t s  f o r  emiss ion spec t ra  from a 
v a r i e t y  o f  elements i n c l u d i n g  angu lar  spec t ra  f o r  Fe  a t  an i n c i -  
dent  neu t ron  energy of 10 MeV. Iwasak i  e t  a l .  [40] (Tohoku 
U n i v e r s i t y )  have ob ta ined  neut ron e m i s s i G s p e c t r a  f o r  A1 a t  12 
s c a t t e r i n g  angles f o r  an i n c i d e n t  neut ron energy near 15 MeV. 
Morgan and Perey [41] have measured neutron-emission spec t ra  a t  
ORELA f o r  A1 and Cu a t  i n c i d e n t  energ ies  between 1 and 20 MeV. 
T h e i r  techn ique y i e l d s  d a t a  a t  one secondary angle near 1300 
( l a b ) .  Chalupka e t  a l .  [45] (IRK, Vienna) have completed meas- 
urements o f  a n g l e 7 n G g r a t e d  secondary neut ron spec t ra  f o r  e l e -  
ments l i s t e d  i n  Tab le  I V .  Some o f  these r e s u l t s  w i l l  be pre- 
sented a t  t h i s  conference. 

The accurac ies  ob ta ined  i n  t h e  measurements discussed above 
a l l  meet t h e  10% accuracy requirement except f o r  those o f  Iwasak i  
e t  a l .  who quote a 7-17% u n c e r t a i n t y  i n  t h e i r  data.  -- 

b. Hel ium and Hydrogen Produc t i on  

He l i um and hydrogen p r o d u c t i o n  c ross  sec t i ons  are  requested 
i n  t h e  9- t o  15-MeV range f o r  t h e  same elements l i s t e d  i n  Tab le  
I V .  As mentioned i n  S e c t i o n  l ( c ) ,  most o f  da ta  e x i s t  near 15 MeV 
where a cons ide rab le  v a r i e t y  o f  techn iques have been used. Meas- 
urements a t  15 MeV on A l ,  Ni, Cu, Fe, and C r  were discussed i n  
Sec t i on  l ( c ) .  Data  f o r  t h e  remain ing elements i n  Tab le  I V  w i l l  
be discussed below. 

F o r  carbon, F a r r a r  and K n e f f  [46]  (Rockwel l  I n t e r n a t i o n a l )  
r e p o r t  da ta  a t  15 MeV us ing  t h e  he l i um accumulat ion method. They 
p l a n  s i m i l a r  measurements on 6 ~ 7 ~ i ,  ' O Y " B ,  Pb, and 
S i .  Ohio U n i v e r s i t y  has ob ta ined  p r e l i m i n a r y  da ta  [47] f o r  
''~(n,a,,) a t  9 MeV. LLL p l a n s  b o t h  he l i um and hydrpgen 
p r o d u c t i o n  c ross  s e c t i o n  measurements a t  15 MeV on L i ,  "B, 
and S i  us ing  t h e i r  quadrupole spectrometer [48]. 

The measurements made o r  p lanned a t  15 MeV appear t o  address 
t h e  needs adequately.  However t h e r e  i s  c l e a r l y  a need f o r  more 
d a t a  a t  a few energ ies  below 15 MeV. 

c .  Breeding React ions i n  7 ~ i  

Data on t h e  7 ~ i ( n , n ' t )  r e a c t i o n  a re  r e q u i r e d  f o r  i n c i d e n t -  
neut ron energ ies  between 11 and 14 MeV. The requested accuracy 
i s  5% a l though 10% would be va luab le .  Data have been ob ta ined  
by  measurement o f  t r i t i u m  accumulat ion by Brown e t  a l .  [49], 
Osborn and Wi lson [50], and Wyman and Thorpe A d i r e c t  
measurement was performed by Rosen and Stewar t  [52] i n  which t h e  
t r i t o n  t r a c k s  were observed i n  photograph ic  emulsions. I n  addi-  
t i o n ,  t h i s  c ross  s e c t i o n  was e x t r a c t e d  f rom nr,13+ron emission 



s p e c t r a l  measurem~nts.  A l l  o f  these da ta  are  compared i n  F i g .  
8. I t  was s t a t e d  i n  H a i g h t ' s  rev iew  a r t i c l e  [I] on f u s i o n  d a t a  
t h a t  t h e  7 ~ i ( n , n ' t )  c ross  s e c t i o n  i s  u n c e r t a i n  t o  25% which i s  
c o n s i s t e n t  w i t h  F i g .  8. A measurement o f  t h i s  c ross  s e c t i o n  b y  
B coun t ing  t h e  t r i t i u m  produced i s  be ing  conducted a t  Harwe l l  
b y  U t t l e y  and Swinhoe [533. A c o l l a b o r a t i v e  measurement 
i s  a l s o  be ing  p lanned b y  J u l i c h  and Gee1 i n  t h i s  energy region[54]. 

3. DATA FOR D-T ENGINEERING PROTOTYPES AND DEMONSTRATION 
POWER PLANT DESIGNS 

a. Neut ron Emiss ion Spec t ra  

S i m i l a r  t o  t h e  request  o f  2 (a )  above, neu t ron  spec t ra  as a  
f u n c t i o n  o f  secondary ang le  and energy a re  r e q u i r e d  f o r  s e l e c t e d  
ene ra ies  between 9  and 15 MeV. The elements requested a re  l i s t e d  
i n  Tab le  V. a long w i t h  t h e  l a b o r a t o r i e s  which have made r e c e n t  
measurements. The da ta  f r o m  Morgan e t  a l .  [55] a t  ORELA f o r  Nb 
and T i  span t h e  e n t i r e  i n c i d e n t  neut)"OnTneray range o f  i n t e r e s t  
b u t  are f o r  a  s i n g l e  secondary angle. The da ta  f rom IRK [45] 
(Vienna) are  ang le - i n teg ra ted  spec t ra  a t  14 MeV i n c i d e n t  neu t ron  
energy. The most complete d a t a  a re  those  f rom LASL f o r  'Be and 
"B f o r  i n c i d e n t - n e u t r o n  energ ies  o f  10 and 14 MeV. The da ta  
o f  Tohoku U n i v e r s i t y  f o r  Nb a t  15.4 MeV inc iden t -neu t ron  energy 
cove r  12 angles f rom 250 t o  1550. The accuracy o f  a l l  these 
measurements i s  b e t t e r  t h a n  t h e  requested 10% except f o r  t h e  
Tohoku measurements which va ry  f rom 7% t o  17%. 

b. Secondary Gamma Produc t i on  Cross Sec t i ons  

T h i s  request  i s  f o r  da ta  f rom t h e  i n e l a s t i c  
t h r e s h o l d t o 1 5 M e V f o r  'B, a n d T i  w i t h a  10% 
accuracy. The most complete r e s u l t s  a re  t h e  d a t a  of Morgan e t  
a l .  r553 f o r  T i  (F ig .  9) which cover  t h e  e n t i r e  r a n  e  o f  i n t e r e s t  
-r 
w ~ t h  an accuracy o f  a  few pe rcen t  o r  b e t t e r .  F o r  "By N e l l i s  
e t  a l .  [57] have ob ta ined  (n,xy) da ta  f o r  i nc iden t -neu t ron  -- 
energ ies  between 0.5 and 5  MeV and a t  14 MeV. Haouat e t  a l .  [58 ]  
measured (n,xy) c r o s s  s e c t i o n s  f rom 7 t o  10 MeV f o r  "Kc 
Bezotosny i  e t  a1 . [59] have measured secondary gamma product  i o n  
a t  14 MeV fT b o t h  ' O B  and ' 'B. 

DISCUSSION 

I t  i s  c l e a r  f rom t h e  preced ing s e c t i o n s  and f rom t h e  number 
of c o n t r i b u t e d  papers t o  t h i s  sess ion t h a t  t h e r e  has been cons i -  
de rab le  a c t i v i t y  i n  c e r t a i n  areas o f  d a t a  needs f o r  t h e  10- t o  
50-MeV reg ion .  I t  i s  i n t e r e s t i n g  t o  compare what has a c t u a l l y  
been measured i n  t h e  i n t e r i m  s ince  t h e  1977 BNL S.mposium on t h i s  



t o p i c  w i t h  t h e  recommendations o f  t h e  Working Group on D i f f e r e n -  
t i a l  Data a t  t h a t  meeting. T h e i r  r e p o r t  was d i v i d e d  i n t o  two 
p a r t s :  ( i )  t r ansmuta t i on  and s p e c i f i c  damage c ross  sect ions;  
( i i )  dos imet ry  c ross  sect ions.  

F o r  charged p a r t i c l e  product ion ,  one o f  t h e  main recommenda- 
t i o n s  was f o r  measurements a t  se lec ted  energ ies  between 15 and 5 0  
MeV f o r  se lec ted  i so topes  t o  check nuc lea r  model c a l c u l a t i o n s .  
Above 15 MeV, t h e  o n l y  d i f f e p i a l  da ta  pub l i shed  a re  those of  
Paulsen e t  a l .  [35] f o r  t h e  Fe(n,a) r e a c t i o n  us ing  a c t i v a -  
t i o n  tec%iTe .  However, t h e r e  a re  measurements planned [33]  a t  
Ohio U n i v e r s i t y  f o r  " ~ i ( n , p )  near 20 MeV and 12c(n,3a) up 
t o  25 MeV. Also, a  c o l l a b o r a t i v e  measurement i s  p lanned [54] f o r  
t h e  6 3 ~ u ( n , a ) 6 0 ~ o  r e a c t i o n  i n  t h e  12- t o  20-MeV r e g i o n  by  
Geel and IRK (Vienna) us ing  t h e  a c t i v a t i o n  technique. 

A l though t h e r e  a re  n o t  many new d a t a  above 15 MeV a t  t h i s  
p o i n t ,  t h e r e  have been s i g n i f i c a n t  developments i n  exper imenta l  
techniques.  These i n c l u d e  an (n,  charged p a r t i c l e )  f a c i l i t y  a t  
U. C. Dav is  [4], a  new m u l t i t e l e s c o p e  p r o p o r t i o n a l  counter  - CsI  
s c i n t i l l a t o r  system a t  IRK (Vienna) [29], a  m u l t i - a n g l e  r e a c t i o n  
chamber ( c h a r g e d - p a r t i c l e  te lescopes)  a t  CBNM Geel [XI], a  p ro -  
p o r t i o n a l  coun te r  - CsI  s c i n t i l l a t o r  system a t  Harwe l l  [32], and 
new quadrupole spectrometers a t  Ohio U n i v e r s i t y  [33] and LLL 
[48]. Such developments w i l l  s t i m u l a t e  new measurements above 15 
MeV. Indeed, U. C. Dav is  has a l ready  r e p o r t e d  some p r e l i m i n a r y  
12c(n,xa) da ta  f o r  En = 39 MeV. Such developments w i l l  
s t i m u l a t e  new measurements above 15 MeV. The r e p o r t  a l s o  recom- 
mended f e a s i b i l i t y  s t u d i e s  i n t o  t h e  use o f  w h i t e  sources f o r  (n, 
charged p a r t i c l e )  measurements s ince  t h e r e  i s  a  p o s s i b i l i t y  o f  
o b t a i n i n g  da ta  over  t h e  e n t i r e  energy range. There has been 
some development a t  ORELA i n  t h i s  d i r e c t i o n  w i t h  no da ta  t o  
date. ~ e a s i b i  l i t y  s t u d i e s  a re  planned f o r  WNR b y  N. K i n g  o f  LASL 
[601. 

F o r  t o t a l  c ross  sect ions,  t h e  Working Group recommended t h a t  
measurements be performed over t h e  e n t i r e  15- t o  50-MeV range. 
As has been seen, t h i s  i s  one area t h a t  has rece ived  cons ide rab le  
a t t e n t i o n .  The t o t a l  c ross  s e c t i o n  measurements a t  U. C. Davis, 
ORELA, WNR, and NBS a l l  p r o v i d e  va luab le  da ta  w i t h  which c a l c u l a -  
t i o n s  can be compared f o r  a l l  e lements o f  i n t e r e s t  t o  t h e  f u s i o n  
program. However, t h e  a b i l i t y  t o  p r o v i d e  1% s t a t i s t i c a l  da ta  
does n o t  guarantee equal  sys temat ic  e r r o r s  as can be seen i n  t h e  
comparison o f  UT da ta  f o r  Fe i n  F i g .  2. I t  i s  impor tan t  t o  
have seve ra l  l a b o r a t o r i e s  p r o v i d e  d a t a  t h a t  agree t o  w i t h i n  s t a t -  
i s t i c a l  e r r o r s  so t h a t  t h e  model c a l c u l a t i o n s  a re  use fu l .  These 
d i sc repanc ies  should disappear as t h e  e x p e r i m e n t a l i s t s  l e a r n  more 
about how t o  do such measurements i n  t h i s  energy range. 

Most o f  t h e  da ta  f o r  e l a s t i c  s c a t t e r i n g  come f rom t h e  Ohio  
U n i v e r s i t y  group f o r  t h e  energy range between 20 and 26 MeV. U. 
C. Dav is  i s  cons ide r ing  e l a s t i c - s c a t t e r i n g  measurements i n  t h e  
30- t o  50-MeV range b u t  have o n l y  p r e l i m i n a r y  da ta  f o r  carbon a t  
40 MeV. I t  may be d i f f i c u l t  t o  o b t a i n  a s i g n i f i c a n t  s e t  of d a t a  



above 30 MeV since the number of facilities capable of doing the 
measurements are small. The use of calculations will have to be 
extensive and charged-particle scattering data should be very 
useful in this regard. 

For the elements of interest, data for (n,xn) reactions above 
20 MeV are limited. Direct measurements are possible but require 
care in understanding of the breakup neutron spectrum above 30 
MeV. There are no new measurements planned at the present time. 
Data from (p, xn) reactions could be valuable for comparison with 
model calculations. 

Data in the 9- to 15-MeV range is becoming more plentiful as 
various laboratories have begun to publish neutron-emission spec- 
tra, (n, charged particle) data, tritium-breeding data, elastic 
and inelastic-scattering cross sections. There should not be any 
difficulty in meeting the needs of the fusion program as was 
pointed out by the Working Group in 1977. In 1980, the picture 
looks even better. 

In the area of dosimetry cross sections, the Working Group on 
nifferential Cross Sectiur~s deflned an appropriate program neces- 
sary to provide these needs in J. short tilee scale. The recommen- 
dations included formation of a study group of measurers - users - 
eva1uators/theorists to define 10 to 15 critical reaction types. 
The request list now includes 30 reaction types for 13 elements. 
The review of Smith et al. [20] stated that such a list is too 
long and probably reznant in certain areas. We would agree 
with this assessment. It will be difficult to obtain adequate 
experimental data for all the reactions over the 1- to 50-MeV 
range. Initially it would be better to specify fewer cases which 
have the possibility of achieving satisfactory accuracies by both 
experimentation and calculation. Another recornendation of the 
Working Group regarding dosimetry cross sections was that 
secondary reference standards were to be determined t o  3% 
accuracy relative to H(n,n) for use in these dosimetry meas- 
urements. It is not clear that this point has received adequate 
attention. Measurements above 30 MeV are difficult because the 
characterization of the source is vital in understanding the 
activation results. The region above 30 MeV has received very 
little effort in the past 3 years, and no measurements are 
planned. Below 30 MeV, there is activity because the meas- 
urements are easier to perform and the neutron sources easier to 
use. Although more data are required, this lower energy region 
should be addressed adequately in the future. In particular, 
measurements at Gee1 in collaboration with IRK (Vienna) should be 
valuable. Measurements by Qaim et al. in Julich should also -- 
provide important data. 

CONCLUSIONS 

Haight concluded his review of this subject in 1977 with.the 



observa t i on  t h a t  t h e  p i c t u r e  f o r  t h e  f u t u r e  was b r i g h t  even 
though t h e r e  were ve ry  few da ta  because o f  t h e  arsena l  o f  new 
exper imenta l  techniques.  Three yea rs  l a t e r ,  i t  i s  easy t o  remark 
t h a t  t h e  p i c t u r e  i s  even b r i g h t e r .  There a r e  even more tech-  
niques, and t h e r e  a re  more l a b o r a t o r i e s  c o n t r i b u t i n g  t o  t h e  
f i e l d .  The d a t a  i n  t h e  9- t o  15-MeV range appear t o  be of v e r y  
h i g h  q u a l i t y .  A l though t h e  d a t a  above 15 MeV are  s t i l l  l i m i t e d ,  
t h e r e  are  new programs planned o r  i n  progress t o  address many o f  
t h e  areas. 

The main recommendation o f  t h e  1977 Working Group on 
d i f f e r e n t i a l  da ta  was t h a t  t h e  b u l k  o f  t h e  da ta  r e q u i r e d  f o r  
a p p l i c a t i o n s  shou ld  come f rom model c a l c u l a t i o n s .  v e r i f i e d  b y  some 
exper imenta l  data.  Good t h e o r e t i c a l  t o o l s  f o r  such c a l c u l a t i o n s  
a re  c e r t a i n l y  a v a i l a b l e  t o  p r o v i d e  eva luated da ta  s e t s  f o r  many 
o f  t h e  f u s i o n  da ta  needs. T h i s  i s  evidenced by  t h e  e leven 
c o n t r i b u t e d  t a l k s  on t h i s  s u b j e c t  l a t e r  i n  t h e  conference. I t  
would be ve ry  app rop r ia te  f o r  t h e  t h e o r i s t / e v a l u a t o r  community t o  
p r o v i d e  more guidance t o  t h e  e x p e r i m e n t a l i s t  now t h a t  more 
exper imenta l  programs are  underway. Rather  than  o b t a i n i n g  d a t a  
f o r  every  request,  i t  would be b e t t e r  t o  f i r s t  make t h e  b e s t  
c a l c u l a t i o n s  p o s s i b l e  t o  determine which c ross  sec t i ons  a re  
s e n s i t i v e  and r e q u i r e  t h e  most emphasis i n  a  p a r t i c u l a r  problem. 
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TABLE. I 

S 9 ~ d ( n , p )  Cross 'Sect ions Near 14 MeV 

Measurement Reference E,(MeV) Cross Section(mb) 

Fukuda e t  a l .  -- i o 15 53.7 - + 4.5 

11 A l v a r  e t  a l .  -- 14 7 3  + 2 2  - 
Levkovsk i  e t  a l .  -- 12 15 37 - + 6 

Vonach and Munro 13 14.8 5 3  . +'12 

Jeronymo e t  a l .  -- 14 14.9 428 - + 7 0  

Hass le r  e t  a l .  -- 15 14 48 - + 5 

A l l a n  16 14 61  - + 1 0  

P r e i s s  and F i n k  17 14.8 8 3  . + 8 



TABLE I 1  

He'ium Product ion Cross Sect ions Near 15 MeV f o r  
Material-Damage Ca lcu la t ians  

Laboratory Technique A 1 F e N i V Nb T i  

(mb) (mb) (mb) (mb) (mb) imb) 

Spectrometer 121 - + 25 43 - + 7 97 - + 16 17 - + 3 1 4 + 3  - j d )  

Rockwell '1nt.b Helium 1 4 3 +  - 7 48 - + 3 98 - + 6 18 - + 2 17 - t 5. 38 - + 3 
Accumulation 

J u l i c h c  A c t i v a t i o n  

aRef. 26, 27, 28 

b ~ e f .  36 . 

CRef. 37 

d ~ s o t o p i c  Data f o r  4614qi i n  Ref. 26 



TABLE 111 

Hel ium.Product ion Cross s e c t i o n s  Near 15 MeV f o r  
Cu and T i  I so topes  

Labora to ry  Technique 6 3 ~ u  6 5 ~ u  6 ~ i  " ~ i  
(mb) (mb) !mb) (mb) 

LLLa Spectrometer 56 - + 10 13.5 - + 2.6 94 + 18 - 28 + 6  - 
~ u l i c h b  A c t i v a t i o n  17.7 - + 4.3 

I 

w IRK, Viennac A c t i v a t i o n  40.7 + 1  
W 

- 
W 

I - Ill. I n s t .  Tech.d A c t i v a t i o n  39 - + 6 

Kyushu Univ.e A c t i v a t i o n  50.4 - + 5.7 



TABLE I V  

L i s t  o f  Elements f o r  which Neutron Emission Spect ra  are  request -  
ed i n  t h e  9- t o  15-MeV r e g i o n  f o r  t h e  nex t  genera t i on  o f  D-T r e -  
ac to r  designs along w i t h  l a b o r a t o r i e s  pe r fo rm ing  r e c e n t  measure- 
ments. 

E lement Labora to ry  I n c i d e n t  Neutron 

Energy(MeV) 

Tohoku Ur1iv.a 
ORE LA^ 

TUNLe 
IRK, viennaf 

TUNLe 
IRK, viennaf 

IRK, viennaf 

TUNLe 



TABLE V 

L i s t  o f ,E lemen ts  f o r  which Neutron Emiss ion Spect ra  are  request -  
ed i n  t h e  9- t o  15MeV range f o r  D-T f u s i o n  eng ineer ing p r o t o t y p e  
and demonst ra t ion  power p l a n t  designs.  I nc luded  a re  t h e  labora-  
t o r i e s  pe r fo rm ing  r e c e n t  measurements. , 

Labora to ry  l n c i d e n t  Neut ron 
Energy (MeV) 
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Tohoku Univ.  d 
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IRK, Vienna b 14 
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Fig.  1. A comparison o f  t o t a l  c ross-sect ion  r e s u l t s  f o r  F e  obta ined  
a t  U.  C .  Dav is  (Brady - Ref. 4 )  and a t  ORELA i n  1979 (Larson 
- R e f .  5 ) .  The ORELA r e s u l t s  a r e  p l o t t e d  i n  5 -po in t  averaqes. 
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F i g .  2. A  comparison o f  t o t a l  c ross  s e c t i o n  r e s u l t s  f o r  F e  obta ined  
a t  U. C .  Dav is  ( R e f .  41, a t  ORELA i n  1979 ( R e f . 5 ) ,  a t  
Kar lsruhe  ( C i e r j a c k s  - R e f .  62) ,  and a t  ORELA i n  1972 (Perey  
- Ref .  62) .  A l l  ORELA r e s u l t s  a r e  p l o t t e d  as 5 -po in t  
averages; t h e  Kar lsruhe  d a t a  a r e  p l o t t e d  as 15-point  averages. 



DETECTOR 

F i g .  3. A schemat ic  r e p r e s e n t a t i o n  of t h e  e x p e r i m e n t a l  arrangement 
used b y  U. C .  D a v i s  (Ref .  4 )  t o  o b t a i n  n o n - e l a s t i c  
c r o s s - s e c t i o n  da ta .  . . 

F i g .  4. P r o t o n - e m i s s i o n  c r o s s  s e c t i o n  a t  90' f o r  N i  o b t a i n e d  b v  
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F i g .  5. A n g l e - i n t e g r a t e d  a l p h a - p a r t i c l e - e m i s s l o n  c r o s s  s e c t i o ~ i s  
(n,xa)  f o r  Cr, Fe, N i ,  and Cu i s o t o p e s  o b t a i n e d  b y  Gr imes 
e t  a l .  (Re f .  2 7 ) .  The d a t a  a r e  averaged i n t o  500 keV b i n s ;  
n e s o l i d  l i n e  i s  a  Hauser - Feshbach. c a l c u 9 a t i o n ;  t h e  dashed 
l i n e  r e p r e s e n t s  a lphas  e m i t t e d  f r o m  t h e  f i r s t  compound 
nuc leus .  
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F i g .  6 .  Neutron emission spect ra  f o r  ' L i  and ' L i  a t  2 angles f o r  
10-MeV i n c i d e n t  neutrons obta ined  as  LASL (Ref .  42). 
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Fig. 7. P re l im ina ry  neutron-emission spect ra  obtained a t  TUNL (Ref.  
44) f o r  Fe, N i ,  Cu, and Pb a t  12-MeV inc ident -neut ron energy 
and l a b  angle o f  125' ( l e f t  p l o t ) ;  neutron emission spect ra  
f o r  Fe a t  5 angles f o r  an inc ident -neut ron energy o f  10 MeV 
( r i g h t  p l o t . )  
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F ig .  8. C r o s s - s e c t i o r ~  d a t a  f o r  t h e  7 ~ i ( n , n ' a t )  r e a c t i o n .  T r i t i u m  
a c c u m u l a t i o n  r e s u l t s  a r e  Re f .  49 s o l i d  c i r c l e s ,  Ref. 50 s o l i d  
square, Re f .  5 1  s o l i d  i n v e r t e d  t r i a n g l e s .  The open c i r c l e s  
a r e  f rom pho toqrawh ic  emu ls ions  ( R P ~ .  52) Tho r e m a i n i n g  
d a t a  a r e  deduced f r o m  neutron-em1 s s l o n  s p e c t r a .  T h i s  f i g u r e  
i s  f r o m  H a i y h t  (Re f .  1) .  
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N e u t r o n  E n e r g y  ( M e V  I 

Fig .  9 .  I n t e g r a t e d  y i e l d  o f  secondary gamma rays  w i t h  Ey  >,0.3 
MeV as a  f u n c t i o n  o f  inc ident -neut ron  energy for T i .  The 
s o l i d  l i n e  i s  the  ENDFIB-IV eva luat ion .  



. : : .  , .. . . .  * .I , . .). :" 
3 q  :: :, , . , I  . ,& : ;. ,:. ..' ' ... + . :  

LEFT BLANK 



Robert  C. Ha igh t  and Steven M.  rimes^ 

Lawrence Livermore Labora to ry  
Livermore,  C a l i f o r n i a  94550 U.S.A. 

ABSTRACT 

Using a  c h a r g e d - p a r t i c l e  magnet ic-quadrupole 
spectrometer,  we have s t u d i e d  (n, charged p a r t i c l e )  
r e a c t i o n s  on m a t e r i a l s  bombarded w i  Llt 14- t o  15 McV 
neutrons.  Charged-pa r t i c l e  p roduc t i on  cross  sec t i ons ,  
angu lar  d i s t r i b u t i o n s  and spec t ra  a r e  measured. The 
m a t e r i a l s  i n v e s t i g a t e d  t o  da te  i n c l u d e  most o f  those 
proposed f o r  f u s i o n  r e a c t o r  s t r u c t u r e s ,  A l ,  T i ,  C r ,  V, 
Fe, N i ,  Cu, Nb and s t a i n l e  s t e e l s  0  and 316 
l s o t o  i c  data  on 4 6 , 4 8 ~ i ,  g a 3 5 ~ C r ,  5a3t6Fe, 5 8 9 6 0 ~ i  
and 65~65Cu and on t h e  monoisotop ic  elements 2 7 ~ 1 ,  5 1 ~  
and 9 3 ~ b  have p rov ided  s t r i n g e n t  t e s t s  o f  r e a c t i o n  
model c a l c u l a t i o n s .  E q u i l i b r i u m  and p r e - e q u i l i b r i u m  
r e a c t i o n  mechanisms have been i d e n t i f i e d  and q u a n t i f i e d .  
P r e l i m i n a r  data  on 92,94,95,96~0 and on l i g h t  n u c l i d e s  
i n c l u d i n g  r2C and 7 L i  have been ob ta ined  r e c e n t l y .  

INTRODUCTION 

Charged-pa r t i c l e  produc ing r e a c t i o n s  o f  neutrons w i t h  m a t e r i -  
a l s  a re  of  g r e a t  importance i n  t h e  development o f  f u s i o n  power. 
These r e a c t i o n s  l ead  t o  t h e  p roduc t i on  o f  hydrogen and he l i um 
which can a l t e r  s i g n i f i c a n t l y  t h e  p r o p e r t i e s  o f  m a t e r i a l s .  These 
r e a c t i o n s  a re  respons ib le  f o r  a  l a r g e  p a r t  o f  t he  energy depos i ted 
l o c a l  l y  i n  many m a t e r i a l s  by t h e  neutrons.  Nuc lear  t ransmuta t i on  
r e s u l t s  from these r e a c t i o n s  s ince  t h e  p roduc t  nucleus i s  always 
t h a t  of  a  d i f f e r e n t  element than t h e  t a r g e t .  F i n a l l y ,  c ross  
sec t i ons  o f  i n t e r e s t  i n  neut ron t r a n s p o r t  and i n  displacement 
damage can be ob ta ined  f rom t h e  s tudy  o f  these r e a c t i o n s .  

For  t h e  p a s t  f ou r  years  a  s tudy o f  (n, charged p a r t i c l e )  
r e a c t i o n s  has been underway a t  L ivermore w i t h  a magnet ic quadrupole 

?Work performed w i t h  J. D. Anderson (LLL) and K. R. -A lvar ,  H. H. 
Ba rscha l l  and R. R. Borchers (Un iv .  o f  Wisconsin) .  



spectrometer.  An e a r l i e r  r e p o r t  on t h e  development o f  t h i s  spec- 
t romete r  was g i ven  i n  t h e  preceeding symposium [I]. The spec t ro -  
meter has undergone f u r t h e r  development s ince  then and a  wide 
range o f  measurements has been completed w h i l e  o the rs  a r e  c u r r e n t l y  
i n  progress.  Th i s  r e p o r t  i s  o f  t h e  p resen t  s t a t u s  o f  t h e  program. 

EXPERIMENTAL DEVELOPMENTS 

The magnet ic quadrupole spectrometer has p r e v i o u s l y  been 
desc r ibed  [I ,2]. B r i e f l y ,  t he  spectrometer c o n s i s t s  o f  a  r e a c t i o n  
chamber c o n t a i n i n g  t h e  samples which a r e  i r r a d i a t e d  w i t h  an i n -  
tense 14-MeV neut ron f l u x ,  a  magnet ic quadrupole t r i p l e t  l ens  t o  
t r a n s p o r t  t h e  charged p a r t i c l e s ,  and a  AE-E d e t e c t o r  system. The 
magnet ic lens ,  which focusses t h e  pa r t . i c l es  f rom t h e  t a r g e t  f o i l  
on to  t h e  de tec to rs ,  a l l o w s  t h e  d e t e c t n r s  t o  be moved severa l  meters 
( t y p i c a l l y  2.5 m i n  o u r  exper iments)  f rom t h e  neut ron source. The 
source a t  t h e  same t ime  can be q u i t e  c l o s e  ( 5  t o  10 cm) t o  t h e  
t a r g e t  f o i l .  The r ~ s ~ r l t  i s  a h i g h  neut ron f l u x  a t  t h e  f u i l  and a  
low background a t  t h e  d e t e c t o r s  because n f  t.he l / r 2  f a c t o r  and t h e  
add1 t i o n a l  s h i e l d i n g  t h a t  can be used. The s o l i d  angles f o r  
d e t e c t i n g  charged p a r t i c l e s  does va ry  w i t h  c h a r g e d - p a r t i c l e  energy 
a t  a  g i v e n  magnet s e t t i n g  and severa l  magnet s e t t i n g s  must be used 
t o  cover  t h e  e n t i r e  s p e c t r a l  range ( F i g .  1 ) .  

Developments s i n c e  t h e  l a s t  symposi um i n c l u d e  l a r g e r  detec- 
t o r s  t o  i nc rease  the  s o l i d  angle,  th in-window p r o p o r t i o n a l  counters  
f o r  use as a  AE d e t e c t o r s  f o r  lower  energy p a r t i c l e s ,  a  he l i um gas 
c e l l  f o r  n o r m a l i z a t i o n  o f  t h e  low energy a lpha spect ra ,  and a  
s p e c i a l l y  shaped neu t ron -p roduc t i on  t a r g e t  t o  a l l o w  s tudy o f  t h e  
r e a c t i o n s  a t  14 MeV. These developments were spur red by  t h e  de- 
s i r e s  t o  i nc rease  the  s e n s i t i v i t y  o f  t h e  spectrometer,  t o  be ab le  
t o  i n v e s t i g a t e  more tho rough ly  low energy charged p a r t i c l e s  f rom 
l i g h t  n u c l e ~ i ,  and t o  e l i m i n a t e  t h e  v a r i a t i o n  o f  neut ron energy 
w i t h  r e a c t i o n  ang le .  

The t y p i c a l  E  d e t e c t o r  used now i s  a 300 mm2 1500 pm s i l i c o n  
su r face  b a r r i e r  d e t e c t o r .  T h i s  th i ckness  i s  chosen t o  s t o p  the  
most e n e r g e t i c  pro tons,  15 MeV, t h a t  we expect  t o  produce w i t h  14- 
15 MeV neut rons.  I t  shou ld .be  noted t h a t  i n t r i n s i c  Ge de tec to rs  
o f  l a r g e r  area have r e c e n t l y  been used a t  Ohio U r ~ i v e r s i t y  [3]. 

The AE d e t e c t o r  now i n  use i s  a  two-element p r o p o r t i o n a l  
coun te r  f i l l e d  w i t h  96% Ar-4% CO . I t s  ent rance window i s  severa l  
l a y e r s  (%' 5)  o f  fo rmvar  supporte 3 by .025 mm tungsten w i res  spaced 
-13 mm apar t .  Th i s  combinat ion can s u s t a i n  a  pressure  o f  a t  l e a s t  
8 kPa (60 mm o f  Hg) ove r  a  1" a c t i v e  diameter.  The des ign o f  t h e  
window i s  s i m i l a r  t o  t h a t  o f  r e f .  4. Alpha p a r t i c l e s  t o  700 keV 
have been de tec ted  w i t h  t h e  AE1-AE2-E co inc idence a t  9 mm gas 
pressure.  

The h i g h  pressure  he l i um gas c e l l  [5 ]  was r e q u i r e d  t o  normal-  
i z e  the l ow  energy a l p h a - p a r t i c l e  p roduc t i on  cross  sec t i ons  where 
t h e  d e t e c t o r  e f f i c i e n c y  i s  n o t  e a s i l y  determined f rom t h e  measured 
e f f i c i e n c i e s  f o r  pro tons o r  deuterons.  A "known" spectrum o f  



alpha p a r t i c l e s  i s  produced by n-a e l a s t i c  s c a t t e r i n g  i n  t h e  he l ium 
which i s  t h i c k  enough t o  s t o p  t h e  a lpha p a r t i c l e s  t h a t  would 
t r a v e r s e  the  l e n g t h  o f  t h e  c e l l .  We c a l c u l a t e  t h e  known spectrum 
from t h e  s topp ing  powers and then deduce t h e  .system e f f i c i e n c y  by 
comparing t h e  c a l c u l a t i o n  w i t h  t h e  measured' spectrum a t  each 
magnet s e t t i n g .  

To produce 14-MeV neut rons w i t h  o u r  f a c i l i t y ,  a  neut ron 
p roduc t i on  ang le  o f  90" i s  requ i red .  P r e v i o u s l y  t h i s  ang le  was 
'not a c c e s s i b l e  w i t h  t h e  r o t a t i n g  t a r g e t  s i n c e  t h e  90" d i r e c t i o n  
was t a n g e n t i a l  t o  t h e  l o c a l l y  s p h e r i c a l  su r face  and t h e  neut rons 
needed t o  pass through severa l  cent imeters  o f  copper be fo re  reach- 
i n g  the  t a r g e t .  A  t runcated,  c o n i c a l  ly-shaped r o t a t i n g  t a r g e t  now 
a l l ows  t h e  samples t o  be p laced  i n  t h e  90' neut ron p roduc t i on  
p lane so t h a t  measurements can be done a t  t h e  f u s i o n  neu t ron  
energy o f  14 MeV. 

UPDATED RESULTS 

A  spect.rum o f  pro tons e m i t t e d  a t  90' f rom 15-MeV bombardment 
o f  5 8 ~ i  [6 ]  i s  shown i n  F igu re  2 t o  i l l u s t r a t e  t h e  range and 
q u a l i t y  o f  t h e  data.  By i n t e g r a t i n g  such spec t ra  ove r  energy and 
angle, we a r r i v e  a t  t h e  t o t a l  p ro ton,  deuteron and a l p h a - p a r t i c l e  
p roduc t i on  cross  sec t i ons  o f  Table I [6-91. Average charged- 
p a r t i c l e  energ ies  are  a l s o  given, i n  t h e  t a b l e .  

The t o t a l  hydrogen and he l i um p r o d u c t i o n  cross  sec t i ons ,  
dep ic ted.  i n  F igu re  3, show l a r g e  v a r i a t i o n s  f rom element t o  element. 
It must be remembered however t h a t  t h e  responses o f  m a t e r i a l s  t o  
t h e  hydrogen and he1 IUIII prwluced w i  11 c e r t a i n l y  he d i f f e r e n t .  
Wi th  these data  and those f rom o t h e r  sources, t h e  assessment o f  
m a t e r i a l s  f o r  f u s i o n  a p p l i c a t i o n  can now be based on a  c ross  
s e c t i o n  s e t  t h a t  i s  r e l i a b l e  a t  t h e  14-MeV f u s i o n  neut ron energy. 

MODEL INTERPRETATION 

Model c a l c u l a t i o n s  a re  e s s e n t i a l  t o  p r o v i d e  much o f  t h e  
neu t ron  cross  s e c t i o n  da ta  base, i n  p a r t i c u l a r  where exper imenta l  
da ta  a r e  n o t  s u f f i c i e n t .  The e x t r a p o l a t i o n  o f  t h e  cross  s e c t i o n s  
t o  energ ies  n o t  y e t  i n v e s t i g a t e d  i s  an example o f  where a  ca l cu -  
l a t i o n a l  model i s  necessary. 

The s p e c t r a l  and angu lar  d i s t r i b u t i a n  data, as w e l l  as t h e  
cross  sec t i ons ,  ob ta ined  w i t h  the  magnet ic quadrupole spect rometer  
p r o v i d e  e s p e c i a l l y  s t r i n g e n t  t e s t s  o f  t h e  models. From ou r  r e s u l t s  
we a r e  a b l e  t o  t e s t  t h e  v a l i d i t y  o f  e q u i l i b r i u m  and p r e - e q u i l i b r i u m  
p a r t i c l e  emiss ion models. 

E q u i l i b r i u m  P a r t i c l e  Emission 

A t  14-MeV i n c i d e n t  neu t ron  energy, t h e  open r e a c t i o n  channels 
u s u a l l y  i n c l u d e  (n,p), (n,nlp), (n,pn), (n,d), (n,a), (n,nla)  and 
o t h e r  one o r  two. l i g h t - p a r t i c l e - e m i s s i o n  modes. For n e a r l y  a l l  o f  



the n u c l e i  l i s t e d  i n  Table I, the preponderance o f  proton and 
a l pha -pa r t i c l e  emission i s  w e l l  descr ibed by emission from an ex- 
c i t e d  nucleus a t  thermodynamic e q u i l i b r i u m  i n  the  f i r s t  as w e l l  as 
successive stages. Both t he  spec t ra l  shapes (F ig .  4) and angular 
d i s t r i b u t i o n s  (Fig.  5) g i ve  evidence f o r  t h i s  r eac t i on  mechanism. 

The importance o f  second-chance proton emission from 4p,ti1p) 
n vary  wide ly  w i t h  isotope as i l l u s t r a t e d  i n  Fig.  6 f o r  T i  and 

i$i . Because o f  the  r e l a t i o n s h i p  between neutron and proton 
separat ion energies, there i s  a reg ion o f  e x c i t a t i o n  o f  4 6 ~ i  t h a t  
can decay by proton emission w i t h  no compet i t ion t o  neutron emis- 
s ion. This reg ion accounts f o r  the  large, wide peak i n  the r o t on  
emission spectrum j u s t  above 2 MeV. A comparable reg ion  i n  g8Ti 
does n o t  e x i s t  and the second chance proton emission peak i s  near l y  
absent. Tnis e f f e c t  i s  explained a l so  q u a n t i t a t i v e l y  [7]. 

Pre-Equi l ibr ium P a r t i c l e  Emission 

Evidence f o r  pre-equi 1 i br ium proton and a lpha-par t i  c l e  emis- 
s i on  i s  a lso  c l p a r  from thc spect ra  (F ig .  7) and angular d i s t r i -  
but ions (F ig .  5). The modei used i s  thc  hyb r i d  l i~udel o f  B'lann L l O ]  
and reasonable agreements w i t h  t he  angle- in tegrated data are found. 
An i n t e r p r e t a t i o n  o f  the  angular d i s t r i b u t i o n s  i s  q u a l i t a t i v e  so 
f a r  i n  t h a t  t he  p re -equ i l i b r ium p a r t i c l e s  are expected t o  go most ly  
i n  forward d i r ec t i ons .  A more q u a n t i t a t i v e  ana lys is  remains a 
chal lenge. 

From the present data, we can conclude genera l l y  t h a t  the 
f r a c t i o n a l  con t r i bu t i on  o f  p re -equ i l i b r ium processes increases 
w i t h  a decreasing equ i l i b r i um  component. Wi th in  an element, 
t he  p re -equ i l i b r ium component i s  usua l l y  more s i g n i f i c a n t  f o r  the 
heav ier  isotopes . 

PRESENT AND FUTURE WORK 

Recent p r c l  iminary  data have been obtained f o r  9 2 ~ 9 4 ~ 9 ~  ~ ~ 6 ~ 0 ,  
C and 7 ~ i .  A spectrum o f  protons emi t ted  a t  90" from 9 4 ~ 0  bom- 
harded w i t h  15-MeV rleutrbns i s  shown i n  F igure 8 f o r  example. 

Measuring the complete spectrum of charged p a r t i c l e s  from 
l i g h t  isotopes poses experimental d i f f i c u l ,  'es h ~ r a u s e  p a r t i c l e s  ti! n f  very low energy I I IUS~ be detected. For C f o r  example the 
(n,n13a) r eac t i on  y i e l d s  most o f  the  alpha p a r t i c l e s  b u t  w i t h  an 
average energy o f  on ly  about 2 MeV. We have p re l im ina r y  data 
showing t h a t  a t  many angles, t he  alpha p a r t i c l e  spectrum i s  s i g n i -  

i c a n t  even below 1 MeV. This s i t u a t i o n  i s  expected a lso  i n  the 
'Li (n,nlat)  and 160(n,n14a) react ions,  both o f  which a re  o f  i m -  
portance f o r  fus ion  app l i ca t ions .  

I n  the  f u t u r e  we p lan  o c p l e t e  the measurements on the  
l i g h t  nuc l ides,  7~i, 9 ~ e ,  l fB, PBC, 1 4 ~ ,  160 and 1 9 ~  a t  En = 14 
MeV; t o  extend the  measurements on s t r u c t u r a l  mate r ia l s  t o  Z r  and 
others;  and, us ing the LLL cyc l og raa f f  f a c i l i t y  as a neutron 
source, t o  i n ves t i ga te  the  energy dependence o f  the  cross sect ions. 
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TABLE I 

Proton, deuteron and a l pha -pa r t i c l e  emission cross sect ions 
and average charged-par t ic le  energy 

Spectrum-Averaged 
P a r t i c l e  Charged-Part ic le Energy 

Target .Emit ted Cross Sect ion (mb.) .. (MeV) 
4 ' . . 

'jobr. . . . ' .  
. 830 2 ' 1 0 0  ' P . '  ' . . 4 . 5 2 0 . 2  



TABLE I (Cont 'd )  
Spectrum-Averaged 

P a r t i c l e  Charged-Par t ic le  Energy 
Target  Emi t ted  Cross S e c t i o n  (mb) (MeV) 

a ~ n f e r r e d  f rom i s o t o p i c  data.  



F igu re  1. Measured transmissions o f  protons f o r  n ine  magnet c u r r e n t  s e t t i n g s  
w i t h  50 mm2 AE and E detec tors .  The transmissions a re  expressed as 
e f f e c t i v e  s o l i d  .angles f o r  d e t e c t i n g  pro tons em i t t ed  f r o m t h e  
t a r g e t  f o i l .  Approximately n ine  s e t t i n g s  a re  requ.ired t o  Cover t he  , 

p ro tnn a n a r g y . s p ~ c t r a  f n r  th? ctrl.!ctr!ra! elements, A1 t o  Nb. 

F igu re  2. Proton emission cross sec t ions  a t  90' f o r  na tu ra l  
n i c k e l  bombarded w i t h  15-MeV neutrons. 

- 252 - 
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F igure  3. Hydrogen and he l ium production cross sect ions  a t  
15 MeV measured w i t h  t h e  magnetic-quadrupole charged- 
p a r t i c l e  spectrometer.  



Figure  4 .  S e  rum o f  a lpha  p a r t i c l e s  from 5 0 9 5 2 ~ r ,  5 4 * 5 6 ~ e ,  
5B9g6Ni and 63*65cu bombarded w i t h  15-MeV neutrons.  
The s o l i d  curves a r e  Hauser-Feshbach c a l c u l a t i o n s .  
The dashed curves i n d i c a t e  the  a lpha  spectrum from t h e  
f i r s t  s tage  o f  t h e  r e a c t i o n s .  
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0  

- w i t h  5 MeV neutr0r.s. The l a r g e  bump i n  the  spectrum 
f o r  4bTi near 2 MeV i s  due t o  p r o t o n s  from (n,n0p) 
, r eac t i ons  which a re  favored f o r  . t h i s  i so tope  but, n o t  
f o r  4 8 ~ i .  This e f f e c t  o r i g i n a t e s  i n  t he  r e l a t i o n s h i p  

- I . I  I I II o f  neutrol i  t o  pro ton ,separat ion energies and has, been 
o 30 . 60 90' 120 150 . . c a l l e d  "proton t rapp ihg"  or:"second chance pro ton 

elab(deg) emission." 
. . . . .  . . .  . . I  

V a r i a t i o n  w i t h  angle o f  t he  cross sec t ions  f o r  emission 
o f  protons, deuterons, and alpha p a r t i c l e s  from the 
bombardment o f  5 0 ~ r  w i t h  14.8 MeV neutrons. The cross 
sec t ions  are  normal ized t o  u n i t y  a t  30'. 



E, (MeV) 

F igure  7 .  High energy por t ions  o f  the  proton emission cross 
sect ions a r e  com ared w i t h  h y b r i d  model c a l c u l a t i o n s  
(dot-dashed l i n e r ,  m u l t i s t e p  Hauser-Feshbach calcu-  
l a t i o n s  (dashed l i n e )  and the  sum o f  these  c o n t r i -  
but ions  ( s o l  i d  1 i n e )  . 



Proton energy (MeV) 

Figure 8. Prel iminary data f o r  protons emitted a t  90° from 9 4 ~ ~  
bombarded w i t h  15-MeV neutrons. 
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ABSTRACT 

A review of t h e  neu t ron  phys ics  r e s e a r c h  r e l a t e d  t o  
c r o s s - s e c t i o n  de te rmina t ions  o r  p a r a m e t r i z a t i o n s  i s  given.  
S ix  t o p i c s  a r e  desc r ibed :  i )  Neutron s c a t t e r i n g  from 
l i g h t  n u c l e i ;  i i )  E l a s t i c  and d i s c r e t e  i n e l a s t i c  s c a t t e r -  
i n g  from medium-weight and heavy n u c l e i ;  i i i )  Highly i n -  
e l a s t i c  neu t ron  s c a t t e r i n g ;  i v )  Lane op t i ca l -mode l  a n a l y s e s  
of complete d a t a  s e t s ;  v )  Neutron p o l a r i z a t i o n  and t h e  
sp in -o rb i t  term; v i )  Rad ia t ive  c a p t u r e  r e a c t i o n s .  

.. 

INTRODUCTION 

The neu t ron  phys ics  a s p e c t  of t h e  program a t  Tr i ang le  Univer- 
s i t i e s  Nuclear Laboratory  i s  mul t i - f ace ted .  The r e s e a r c h  i s  cen- 
t e r e d  p r i m a r i l y  around a tandem Van d e  Graaff  capab le  of d e l i v e r -  
i n g  1 6  MeV pulsed proton o r  deu te ron  beams, bo th  p o l a r i z e d  and un- 
p o l a r i z e d .  These beams a r e  u t i l i z e d  i n  (p ,n )  and (d ,n)  r e a c t i o n  
s t u d i e s  a s  w e l l  a s  providing monoenergetic sources  of p o l a r i z e d  
and unpolar ized neu t rons  v i a  t h e  * ~ ( d  , n )  and 3~ (p,n) r e a c t i o n s .  
Most of our  neu t ron  measurements and t h e i r  i n t e r p r e t a t i o n  r e l a t e  
t o  c ross - sec t ion  p a r a m e t r i z a t i o n s ,  t h e  t o p i c  of t h i s  conference ,  
so  we w i l l  t a k e  t h i s  oppor tun i ty  t o  b r i e f l y  o u t l i n e  most of t h e  
TUNL program which invo lves  neu t ron  r e s e a r c h .  

For t e c h n i c a l  r easons ,  neu t ron  exper iments  a t  TUNL w i l l  be 
subdivided i n t o  s i x  c a t e g o r i e s  i n  t h e  p r e s e n t  paper :  i )  E l a s t i c  
and d i s c r e t e  i n e l a s t i c  s c a t t e r i n g  c r o s s - s e c t i o n s  f o r  l i g h t  
n u c l e i ;  i i )  E l a s t i c  and d i s c r e t e  i n e l a s t i c  s c a t t e r i n g  c r o s s  
s e c t i o n s  f o r  medium-weight and heavy n u c l e i ;  i i i )  Cross s e c t i o n s  



f o r  h i g h l y  i n e l a s t i c  s c a t t e r i n g  from continuum s t a t e s ;  i v )  Lane- 
model s t u d i e s  of (p,p) , (p ,n)  , and (n;n) r e a c t i o n s  f o r  t h e  same 
t a r g e t  n u c l e i ;  v )  P o l a r i z a t i o n  measurements f o r  neut  e l a s t i c  
s c a t t e r i n g  from s e l e c t e d  t a r g e t s  ranging from 'H t o  '%b, v i )  
R a d i a t i v e  c a p t u r e  r e a c t i o n s  induced w i t h  po la r i zed  and unpolar ized 
neutron beams. We w i l l  d e s c r i b e  below some of the a s p e c t s  in each 
p r o j e c t ,  focuss ing p a r t i c u l a r l y  on t h e  r e l a t i o n  t o  c ross - sec t ion  
de te rmina t ions  o r  pa ramet r i za t ions  . 

U S T I C  AND DISCRETE INELASTIC SCATTERING FROM LIGHT NUCLEI 

The o r i g i n a l  emphasis of t h e  neutron t ime-of-f l ight  program 
a t  TUNL was t o  o b t a i n  c r o s s  s e c t i o n s  i n  t h e  7-15 MeV energy range 

so topes  of l i g h t  n u c l e i .  Except f o r  t h e  n u c l e i  13c and 
fz:lfN, measurements have been completed i n  approximately 1 MeV 
s t e p s  f o r  every s t a b l e  1-p s h e l l  nucleus .  The l a t e s t  d a t a  were 
r e p o r t e d  a long wi th  o p t i c a l  model c a l c u l a t i o n s  a t  t h e  American 
Phys ica l  Socie ty  Meeting a t  Knoxvi l le  [l]. Attempts t o  d e s c r i b e  
t h e  smoothly varying 8- t o  14-MeV d a t a  f o r  i n ~ ( u , n )  and ' O B ( ~ , ~ )  
w i t h  a  s i n g l e  s p h e r i c a l  op t i ca l .  model were repor ted  t h e r e .  The 
r e s u l t s  a r e ,  shown i n  F i g .  1 where t h e  only  d i f f e r e n c e  i n  t h e  op- 
t i c a l  model f o r  t h e  two r e a c t i o n s  is  a Coulomb correctLon term 
w i t h  magnitude of 1 . 5  MeV. A s  can b e  seen from t h e  f i t s  i n  F ig .  
1, t h e  o p t i c a l  model d e s c r i p t i o n  i s  q u i t e  good a t  most e n e r g i e s .  
The ' O B ( ~ , ~ ) .  d a t a  is f r  Watson e t  a l .  1 2 3  

The TUNL d a t a  f o r  "B(n,n0) and 1 1 ~ ( n , n 2 )  were s tud ied  be- 
tween 9 and 1 3  MeV w i t h  t h e  coupled-channel code JUPITOR of T. 
Tamura. The magnitudes of t h e  c a l c u l a t e d  c r o s s  s e c t i o n s  agreed 
w i t h  t h e  d a t a  b u t  t h e  shapes of t h e  d i s t r i b u t i o n s  f o r  t h e  two r e -  
a c t i o n s  were no t  we l l  reproduced. The l lB(n,n) d a t a  were a l s o  
used i n  a  second "global" s p h e r i c a l  o p t i c a l  model sea rch  which i n -  
cluded, t h e  1°B d a t a  a s  w e l l .  The r e s u l t s  of t h i s  sea rch ,  which 
con ta ined  an energy dependence i n  t h e  Vo and Y) terms, a r e  shown i n  
F i g .  2 .  Since t h i s  c a l c u l a t i o n  t h e  code GENOA of F.  Perey h a s  
been t r a n s f e r r e d  t o  t h e  new DEC VAX 111780 compilter j.n our  Isbo- 
r a t o r y ,  and t h e  sea rch  w i l l  be  repeated i n  a  more methodical. 
f a sh ion .  In  a d d i t i o n ,  new d a t a  obta ined a t  1 3  and 14 MeV f o r  
l lg (n ,n )  w i l l  be  incorporated and t h i s  should a i d  irl l i m i t i n g  t h e  
range  of accep tab le  v a l u e s  f o r  t h e s e  f i t s .  

NEUTRON ELASTIC SCATTERING FROM MEDIUM WEIGHT NUCLEI 

U n t i l  r e c e n t l y  t h e  energy range from 8 t o  17 MeV h a s  n o t  been 
i n v e s t i g a t e d  f o r  many medium weight n u c l e i  a s  f a r  a s  d i f f e r e n t i a l  
c r o s s  s e c t i o n s  a r e  concerned. This  energy reg ion  i s  r a d i l y  a v a i l -  5 a b l e  t o  u s  through t h e  neutron source  r e a c t i o n  2 ~ ( d , n )  He. We have 
com l e t e d  measurements on t h e  e l a s t i c  s c a t t e r i n  c r o s s  s e c t i o n s  f o r  
54996Fe and 63 p65cu between 8 and 1 4  M e V ,  f o r  58360Ni a t  8  and 
1 0  MeV and f o r  2 0 8 ~ b  a t  1 0  MeV. The N i  i s o t o p e s  w i l l  be s tud ied  
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Fig.  1. Nucleon scattering from 1°B. Fig.2. Nucleon scattering from 1°B and I~B: 



a t  12 and 14 MeV a s  w e l l .  I n e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n s  f o r  
t h e  f i r s t  e x c i t e d - s t a t e  group were a l s o  obtained i n  some cases .  
The e l a s t i c  da ta  are .  j u s t  now being incorporated i n t o  energy de-  
pendent o p t i c a l  model searches us ing  t h e  code GENOA. Upon com- 
p l e t i o n  o f  t h e  searches ,  t h e  parameters f o r  t h e  d i f f e r e n t  elements 
w i l l  b e  compared t o  one another and t o  a v a i l a b l e  o p t i c a l  model 
s e t s ,  t h e  goal being t o  o b t a i n  t h e  b e s t  s e t  f o r  descr ib ing  t h e  re -  
s p e c t i v e  reg ions  o f  t h e  periodic t a b l e  f o r  t h e  8 t o  14 MeV energy 
range. 

An example o f  t h e  q u a l i t y  o f  t h e  da ta  131 i s  shown i n  Fig.  3 .  
The r e l a t i v e  u n c e r t a i n t i e s  i n  t h e  data v a r y  from 2% a t  forward 
angles  t o  about 20% i n  t h e  minimum near 55O where u n c e r t a i n t i e s  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  dominate. The o p t i c a l  model 
pred ic t ions  us ing  t h e  global param e r s  o f  Rapaport e t  a l .  [ 4 ]  a r e  
compared t o  t h e  data f o r  5 6 ~ e  and "Cu a t  8 ,  1 0 ,  and 12 MeV. The 
f e a t u r e s  i n  t h e  data a r e  q u i t e  w e l l  predicted except  f o r  5 6 ~ e  a t  
8 MeV. I n  order t o  ge t  a b e t t e r  c h a r a c t e r i z a t i o n  o f  t h e  A and E 
dependence o f  t h e  parameters single-energy searches were made f o r  
each d i s t r i b u t i o n .  The s t a r t i n g  parameters were those  o f  Rapaport 
and a s p e c i f i c  s t r a t e g y  was fo l lowed .  Eventual ly  a l l  t h e  O . M .  
parameters were permitted t o  v a r y .  R e s u l t s  o f  t h e  single-energy 
searches a t  10 MeV are  given i n  Fig.  4 .  The data are  w e l l  r e -  
produced by  t h e  c a l c u l a t i o n .  Although a l l  t h e  data  can be  q u i t e  
w e l l  described i n  single-energy searches ,  a t  t h e  present t ime we 
w i l l  n o t  repor t  t h e  parameters obtained because t h e  whole search 
pro jec t  i s  i n  i t s  i n f a n c y .  However, a s  expressed above,  we w i l l  
pursue a global approach t o  t h e s e  d a t a .  

Until now t h e  searches i n  t h i s  phase o f  our program do n o t  
inc lude  any neutron po lar i za t ion  data a s  we in tend t o  i n v e s t i -  
gate  how w e l l  c ross - sec t ion  data can b e  represented when one 
al lows t h e  s t r e n g t h  and geometry o f  a sp in -orb i t  term o f  t h e  
Thomas t y p e  t o  b e  r e l a t i v e l y  f r e e  o f  po lar i za t ion  c o n s t r a i n t s .  
Th i s  t e rm i s  d iscussed i n  more d e t a i l  below. 

INELASTIC NEUTRON SCATTERING-CONTINUUM SPECTRA 

A major e f f o r t  o f  t h e  neutron cross - sec t ion  group has been t o  
ob ta in  data  f o r  several  n u c l e i  i n  order t o  t e s t  c ross - sec t ion  c a l -  
c u l a t i o n s  f o r  h i g h l y  i n e l a s t i c  s c a t t e r i n g .  The experiments a r e  
performed w i t h  i n c i d e n t  neutrons  o f  7 . 5 ,  10 and 12 MeV. The de- 
t e c t o r  c u t - o f f  b i a s  i s  about 300 keV permit t ing u s  t o  know our de- 
t e c t o r  e f f i c i e n c y  t o  w i t h i n  about 6% f o r  neutron energ ies  a s  low 
a s  1 MeV. 

The data a t  7.5 MeV i s  obtained w i t h  2 ~ ( d , n )  neu t rons .  For 
t h i s  energy t h e  neutron source r e a c t i o n  i s  monoenergetic arid t h e  
measurement i s  s t ra igh t forward .  Four spectra  are  obtained (gas  i n ,  
sample i n ;  gas i n ,  sample o u t ;  gas o u t ,  sample i n ;  gas o u t ,  sample 
o u t )  and sub t rac t ion  g i v e s  t h e  proper spectrum f o r  i n e l a s t i c  
s c a t t e r i n g  o f  monoenergetic neutrons .  The da ta  a t  10 and 12 MeV 
a r e  obtained us ing  3 ~ ( ~ , n )  neutrons .  Although t h i s  r e a c t i o n  i s  
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Fig . 3 .  Comparison of data to optical-model predictions 
for the nucle i  56Fe and 6 3 ~ u .  

F i g  . 4 .  Comparison of 10 MeV data to resul t s '  of  s ing le -  
energy searches. 
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Fie,5, Time-of-flight spectra for  10 MeV neutrons. 

t he  "cleanest" neutron source ava i l ab l e ,  i t  i s  known 151 t ha t  
t he r e  a r e  low ener y contaminant-neutrons from three-body breakup 
r eac t i ons  such a s  fH(p,n),pd. These c ro s s  sec t ions  a r e  known to 
about 20% accuracy and a r e  not  neg l ig ib le  i n  comparison t o  the  
c ro s s  sec t ion  f o r  t he  main source reac t ion  3 ~ ( ~ , n ) ~ H e .  The con- 
taminant neutrons make t he  ana lys i s  of i n e l a s t i c  s ca t t e r i ng  data  
d i f f i c u l t ,  a s  a  measure of the  four-spectra s e t  above does not 
e l iminate  the  e f f e c t  of e l a s t i c  and. i n e l a s t i c  s ca t t e r i ng  of these 
contaminant neutrons. Therefore, t o  obtain co r r ec t  cross-sect ion 
da t a ,  t he  contr ibut ion from gas-breakup neutrons must be carefu l ly  
ca lcu la ted  and properly subtracted from the f i n a l  spectrum which 
is  obtained from the  s e t  of four  spec t ra .  

The evaluation of t h i s  cross, sec t ion ,  of course,  requi res  a  
massive ca lcu la t ion  because one must account f o r  mul t ip le  



F i g . 6 .  Corrected t ime-of-f l ight  spectra:  spectrum 1 i s  
data and 2 , 3 ,  and 4 are computer generated. 

s c a t t e r i n g ,  a t t e n u a t i o n ,  source  a n i s o t r o p y ,  f i n i t e  geometr ies  of 
t h e  source ,  s c a t t e r e r ,  and d e t e c t o r ,  and d e t e c t o r  e f f i c i e n c y .  I n  
a d d i t i o n ,  t h e  c a l c u l a t i o n  must invo lve  t h e  ENDF l i b r a r y  f o r  e l a s t i c  
and i n e l a s t i c  s c a t t e r i n g  f o r  a l l  neutron energ ies  p resen t  i n  t h e  
source  spectrum. A code EFFIGY-C has  been w r i t t e n  a t  our  l abora -  
t o r y  t o  handle  t h i s  problem [6] . The code h a s  been debugged j u s t  
r e c e n t l y ,  and t h e  on ly  c a l c u l a t i o n s  t h a t  have been made t o  d a t e  a r e  
f o r  t h e  Fe s c a t t e r e r .  

I n  F ig .  5 ,  taken from r e f e r e n c e  [7] we i l l u s t r a t e  t h e  r e l a t i v e  
s t r e n g t h s  of t h e  c o n t r i b u t i o n s  from t h e  f o u r  neutron source  con- 
d i t i o n s .  These a r e  t ime-of - f l igh t  s p e c t r a  and t h e  narrow peak nea r  
channel 700 i s . f r o m  e l a s t i c  s c a t t e  i n g .  The neutron energy i s  
10 MeV and t h e  source  r e a c t i o n  i s  ' H e .  The s p e c t r a  a r e :  1 )  3~ . 
gas  i n  c e l l ,  Fe s c a t t e r e r  i n  p lace ;  2) 3~ gas  removed, Fe i n  p lace ;  
3) 3~ gas  i n  c e l l ,  Fe sample removed; 4) 3H gas  removed, Fe removed 
A t  1 2  MeV t h e  r e l a t i v e  s t r e n g t h  of s ectrum 2 )  i s  much g r e a t e r ,  
even though 2 8 ~ i  c o l l i m a t o r s  and a  5 8 ~ i  beam s t o p  a r e  employed. 
Because the12MeV measurements r e q u i r e  a  long  t ime f o r  a  s e t  of 
samples, t h e  3~ gas-out run  can fo l low t h e  gas-in run by a s  much 
a s  24 hours .  Therefore ,  t h e  12-MeV d a t a  a r e  s u b j e c t  t o  g r e a t e r  
experimental  e r r o r s  than t h e  10-MeV d a t a .  Furthermore,  d a t a  



F i g . 7 .  Extracted cross sec'tions for Fe a t  10 MeV.  
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obtained a t  ,o her laboratories a t  14 MeV using the  t r u l y  monoener- t getic  3 ~ ( d , n )  He reaction induced wi th  very  low energy deuterons , 

i s  not plagued by neurrons produced by deuterons breaking up i n  
the  target .  gas. or , the target backing. Thus, the  i n t r i n s i c  qual i ty  
o f  the 14-MeV data i s  l i k e l y  t o  be superior KO 12-MeV, measurements 
that  use  the 3 ~ ( p , n )  source. 

A f t e r  the data o f  F i g .  5 are properl; combined one gets .a 
t ime-of - f l ight  s ectrum for the scattering o f  .neutr.ons that  were 
produced i n  rhe !H gas only. Such a compressed spectrum i s  qliown 
as  curve 1 i n  F i g .  6,. The r e s u l t ,  for. the  contribution o f  .scattered 
breakup neutrons as calculated wi th  the  Monte. Car l o  code EFFIGY-C 
i s  shown as curve 4.  Curve 3 represents t he  calculated yield for 
scat tering monoenergetic 10 ,MeV neutrons and curve 2 i s  .the spec-. 
trum obtained by, combining 3. and 4 .  The, code i t e r a t e s  t o  a f i na l  
y i e ld ,or  cross sect ion for the  range from about 300 keV t o  the  
incident  neutron energy. The r e s u l t s  shown'here correspond to' the  
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Fig.8. Cross section replotted a s  N(E) /E .  

s o l u t i o n  a f t e r  t h e  t h i r d  i t e r a t i o n .  
Continuum emission d a t a  were obta ined f o r  t h e  n a t u r a l l y  occur- 

r i n g  elements of Fe,  N i ,  Cu and Pb, a l l  m a t e r i a l s  of s i g n i f i c a n c e  
i n  t h e  des ign  of f u s i o n  energy r e a c t o r s .  We w i l l  measure s i m i l a r  
s p e c t r a  f o r  S i ,  W ,  C r ,  Nb and Sn i n  t h e  immediate f u t u r e  us ing  t h e  
same technique.  Pre l iminary c ross - sec t ion  d a t a  f o r  1 0  MeV a r e  
shown i n  F ig .  7 f o r  Fe a t  f i v e  s c a t t e r i n g  ang les .  For Fe a t  
1 0  MeV some s t r u c t u r e  from d i s c r e t e  i n e l a s t i c  s c a t t e r i n g  i s  c l e a r l y  
n o t i c e a b l e  down t o  5 MeV. To compare t o  evaporat ion models, t h e  
d a t a  f o r  100° i s  r e p l o t t e d  i n . F i g .  8 .  This  i l l u s t r a t i o n  . S ~ O W S  

N(E)/E v s .  E where E i s  t h e  energy of t h e  emit ted  neutron and 
N(E)/E i s  t h e  number of neutrons  de tec ted  . in an  energy b i n  divided 
by t h e  width of t h e  b i n .  The curve  i s  a  s t r a i g h t  l i n e  which 
corresponds t o  a  nuc lea r  temperature  (kT) of about 1 .15 MeV, a  
s l i g h t l y  h igher  v a l u e  than i s  t y p i c a l l y  ob ta ined .  

Comparing t h e  d a t a  t o  t h e  -evaporation theory  i n  t h i s  way, 
i . e . ,  a  s t r a i g h t  l i n e  f i t ,  p rov ides  a  way t o  look f o r  sys temat ic  
t r e n d s  above t h e  continuum theory .  The good agreement sugges t s  
t h a t  t h e  exper imental  system i s  p roper ly  c a l i b r a t e d  and t h a t  t h e  
pre-equil ibrium ' con t r ibu t ion  i s  q u i t e  smal l .  L a s t l y ,  t h e  measure- 
ments d,id show a n i s o t r o p y  a b o u t ,  go0, wi th  t h e  forward a n g l e s  a s .  
we l l  a s  t h e  back a n g l e s  showing d e v i a t i o n s  of about  15% i n  t h e  , 

low-energy reg ion  of t h e  s p e c t r a  and 25% i n  t h e  high-energy reg ion .  



LANE OPTICAL MODEL STUDIES TO COMPLETE DATA SETS 

During t h e  p a s t  few yea r s ,  one group a t  TUNL h a s  been pursuing 
t h e  a n a l y s i s  of (p ,n)  r e a c t i o n s  on l i g h t  n u c l e i  and a  v a r i e t y  of 
r e l a t e d  p o l a r i z a t i o n  measurements. In  o rde r  t o  o b t a i n  an i n s i g h t  
i n t o  t h e  s i g n i f i c a n c e  of t h e  d a t a ,  an  o p t i c a l  model a n a l y s i s  us ing 
Lane's  i s o s p i n  approach [8] t o  nucleon-nucleus s c a t t e r i n g  was 
i n i t i a t e d .  The main emphasis has  been on i n t e r p r e t i n g  t h e  9 ~ e ( p  ,p) , 
9 ~ e ( n , n )  and 9 ~ e ( p , n )  d a f 3  191 . Recent ly  t h e  approach has  been 
extended t o  t h e  t a r g e t s  C and 1 5 ~ ,  but  w i t h  l e s s  success  than 
f o r  g ~ e  because one must work around t h e  cons ide rab le  resonance 
s t r u c t u r e  p resen t  i n  t h e s e  c a s e s .  The novel a spec t  i n  t h e  Lane 
model a n a l y s e s  a t  TUNL i s  t h e  i n c l u s i o n  of p o l a r i z a t i o n  d a t a  i n  
t h e  s e a r c h  and t h e  i n s e r t i o n  of t h e  i s o s p i n  s p i n - o r b i t  term i n t o  
a n  o p t i c a l  model sea rch  code. This  term h a s  never been s a t i s f a c -  
t o r i l y  i n v e s t i g a t e d ,  and i t s  s t r e n g t h  i s  a n  unknown q u a n t i t y .  

In  t h e  Lane approach, one cons ide r s  t h e  neutron and proton 
merely t o  be d i f f e r e n t  i s o s p i n  p r o j e c t i o n s  of a  nucleon. Then, by 
in t roduc ing  i s o s p i n  dependent terms one can c a l c u l a t e  but11 (p,p) 
and (n,n) s c a t t e r i n g ,  a s  we l l  a s  t h e  q u a s i - e l a s t i c  (p,n) r e a c t i o n ,  
from a  s i n g l e  p o t e n t i a l .  

The l a t e s t  a n a l y s e s  incorporated c ross - sec t ion  and ana lyz ing  
ower d a t a  f o r  9 ~ e ( p , p ) ,  9 ~ e ( p , n )  and c ross - sec t ion  d a t a  f o r  

'Be(n,n) between 11 and 1 5  MeV. The q u a l i t y  of t h e  f i t s  a r e  
i l l u s t r a t e d  i n  F i g .  9  where A(0) i s  t h e  ana lyz ing  power f o r  t h e  
r e a c t i o n s  induced wi th  po la r i zed  protons .  The t r e n d s  of a l l  t h e  
d a t a  a r e  reproduced wi th  t h e  model. The o p t i c a l  model parameters  
were permit ted  t o  v a r y  wi th  energy, bu t  t h e  v a r i a t i o n  was r e -  
s t r i c t e d  t o  be  n e a r l y  l i n e a r .  

A t  t h e  t ime of t h i s  a n a l y s i s ,  no 'Be(n,n) p o l a r i z a t i o n  d a t a  
e x i s t e d .  A t  TUNL we have r e c e n t l y  obta ined t h i s  d a t a  s e t  f o r  t h i s  
energy range  Ll0land i t  w i l l  be incorporated i n t o  an  extension of 
t h e  Lane a n a l y s i s .  A t  t h e  p resen t  t ime t h e  parameters do n o t  pre-  
d i c t  t h e  9 ~ e ( n , n )  p o l a r i z a t i o n  f u n c t i o n  e x a c t l y .  It i s  hoped t h a t  
t h e  model w i l l  even tua l ly  d e s c r i b e  t h i s  d a t a  a l s o ,  and t h a t  i n  t h e  
process  of doing s o ,  t h e  s t r e n g t h  o r  even t h e  need f o r  t h e  i s o s p i n  
( ~ l - s )  i n t e r a c t i o n  w i l l  b e  e s t a b l i s h e d .  It i s  a l s o  intended t o  ob- 
t a i n  d a t a  on heav ie r  n u c l e i  t o  permit  comparable s t u d i e s  of o t h e r  
complete s e t s  of d a t a  f o r  nucleon-nucleus s c a t t e r i n g .  

ANALYZING POWER MEASUREMENTS FOR NEUTRON SCATTERING 

Over t h e  l a s t  few yea r s  t h e  neutron p o l a r i z a t i o n  group has  
been involved i n  a c c u r a t e l y  measuring t h e  analyzing -power Ay (0) 
f o r  t h e  hydrogen and helium i s o t o p e s  i n  o r d e r  t o  provide  an  exac t  
unders tanding of t h e s e  s c a t t e r i n g  p rocesses .  A c a r e f u l  measure- 
ment f o r  t h e  n-p system gave ana lyz ing  powers wi th  an  accuracy t o  
T0.002, t h e  b e s t  ever achieved wi th  neutron beams i n  any ana lyz ing  
power measurement [ll] . This  d a t a  complements h igh accuracy 
c ross - sec t ion  d a t a ,  and t h e  combination sugges t s  t h a t  t h e  n-p phase 



Fig.9. Results of Lane model calculations for 9 ~ e .  

. s h i f t s  need some r e a d j u s t i n g  i n  t h e  r e g i o n  around 1 5  MeV. A r e -  
a n a l y s i s  should h e l p  l i m i t  t h e  n-p c r o s s - s e c t i o n  u n c e r t a i n t i e s ,  
and t h i s  i n  t u r n  should provide  b e t t e r  c a l i b r a t e d  neu t ron  d e t e c t o r s  
and moni to r s .  

The arrangement f o r  t h e  n-p and n-He p o l a r i z a t i o n  measurements 
involved s c a t t e r e r s  . tha t  were a l s o  s c i n t i l l a t o r s .  This  permit ted  
t h e  u s e  of co inc idence  requirements  t o  reduce  neu t ron  backgrounds 
which a r e  a  problem i n  doub le - sca t t e r ing  a  d  t r i p l e - s c a t t e r i n g  9 
experiments.  The technique a l s o  used t h e  H+d r e a c t i o n  induced 
by a  po la r i zed  deuteron beam t o '  g i v e  a  h i g h l y  po la r i zed  neutron 
beam a t  O0 r e a c t i o n  a n g l e  where t h e  c r o s s  s e c t i o n  i s  s t r o n g l y  
peaked. The deuteron beam was n o t  pulsed however and so  normal 
t ime-of- f l ight  s c a t t e r i n g  techniques  could  no t  be  employed t o  
s tudy  o t h e r  t a r g e t s .  

However, du r ing  t h e  p a s t  year we have had a  major breakthrough 
w i t h  t h e  po la r i zed  deuteron beam. By a  c l e v e r  method [12] of 



ramping and double-bunching t h e  p o l a r i z e d  deu te ron  beam b e f o r e  
i n j e c t i o n  i n t o  t h e  tandem, about  75% of t h e  DC beam can b e  com- 
p res sed  i n t o  2  n s  wide b u r s t s  a t  t h e  t a r g e t .  These d e u t e r o n s ,  
which a r e  abou t  70% p o l a r i z e d  t h e n  produce 2  n s  b u r s t s  of  63% 
p o l a r i z e d  n e u t r o n s  a t  t h e  Q0 ' ~ ( d , n )  r e a c t i o n  a n g l e .  Th i s  system 
pe rmi t s  u s  t o  measure ana lyz ing  powers u s i n g  s t anda rd  neu t ron  t i m e -  
o f - f l i g h t  c r o s s - s e c t i o n  t echn iques .  ( R e c a l l  t h a t  t h e  ana lyz ing  
powcr i s  t h e  r a t i o  nf  t h e  d i f f e r e n c e  a+-'aS t o  t h e  sum a++aS where 
a, i s  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  spin-up neu t rons  and a, i s  
t h e  c r o s s  s e c t i o n  f o r  spin-down neu t rons . )  

The s i g n i f i c a n c e  of t h i s  development becomes appa ren t  when 
one r e c o g n i z e s  t h a t  v e r y  l i t t l e  a c c u r a t e  p o l a r i z a t i o n  d a t a  e x i s t  
f o r  n e u t r o n  e n e r g i e s  above a  few M e V .  Because t h e  compound 
nuc leus  c o n t r i b u t i o n s  a r e  q u i t e  l a r g e  a t  low e n e r g i e s ,  i t  h a s  n o t  
been p o s s i b l e  i n  t h e  p a s t  t o  make a  good d e t e r m i n a t i o n  of t h e  sp in-  
o r b i t  i n t e r a c t i o n  f o r  n e u t r o n s ,  a  te rm t h a t  i s  p r e s e n t  i n  a l l  
o p t i c a l  models t oday .  A t  t h e  p r e s e n t  t i m e ,  one u s u a l l y  j u s t  
c a r r i e s  over  t h e  ((lss) t e r m  from (p ,p)  s c a t t e r i n g  i n t o  t h e  neu t ron  
o p t i c a l  model. 

Our t echn ique  h a s  been used f o r  t h e  t a r g e t s  ?BE, 1 2 c ,  4 0 ~ a 9  
5 4 ~ e ,  58~ i ,  6 5 ~ u ,  and 2 0 8 ~ b .  More exper iments  a r e  planned i n  
o r d e r  t o  comple te  t h e  d a t a  s e t .  Three t o  t e n  ana lyz ing  power 
d i s t r i b u t i o n s  i n  t h e  r a n g e  7 t o  17  MeV have been obta ined f o r  t h e  
f i r s t  t h r e e  n u c l e i  l i s t e d .  The n u c l e i  5 4 ~ e  and 6 5 ~ u  have been 
s t u d i e d  a t  10 and 14  MeV, and 5 8 ~ i  and 2 0 8 ~ b  a t  1 0  MeV. Much of 
t h e  d a t a  have been c o r r e c t e d  f o r  m u l t i p l e  s c a t t e r i n g  a l r e a d y .  T h i s  
c o n t r i b u t i o n  can  account  f o r  80% of  t h e  d e t e c t e d  neu t rons  i n  t h e  
c r o s s - s e c t i o n  minima. Large s t a t i s t i c a l  u n c e r t a i n t i e s  on t h e  
d a t a  canno t  b e  avoided a t  t h e s e  a n g l e s .  Examples of t h e  d a t a  f o r  
t h e  medium-weight n u c l e i  a r e  shown i n  F i g s .  1 0  and 11 [13] . The 
a n a l y z i n g  powers a r e  seen  t o  e x h i b i t  c o n s i d e r a b l e  s t r u c t u r e  and 
l a r g e  magni tudes  a t  some a n g l e s .  

We i n t e n d  t o  combine t h e  neu t ron  ~ o l a r i z a t i o n  d a t a  w i t h  
c r o s s - s e c t i o n  d a t a  t o  p rov ide  a  b e t t e r  d e t e r m i n a t i o n  of o p t i c a l -  
model pa rame te r s .  I n  t h e  more d i s t a n t  f u t u r e  we w i l l  i n c o r p o r a t e  
p ro ton  p o l a r i z a t i o n  and c r o s s - s e c t i o n  d a t a  i n t o  t h e  s e a r c h  a l s o .  
P r e s e n t l y ,  we a r e  j u s t  beginning t o  look a t  some op t i ca l -mode l  
s e n s i t i v i t i e s .  Some i n t e r e s t i n g  a s p e c t s  a r e  beginning t o  s u r f a c e  
a l r e a d y .  

I n  F i g s .  1 0  and 11 we compare t h e  d a t a  t o  c a l c u l a t i o n s  
u s i n g  t h e  g l o b a l  parameters  of  Rapaport  e t  a l .  [43 . The model 
i n c l u d e s  a  Bechet t i -Greenlees  . sp in-orbi t  term [14] . The main 
s t r u c t u r e s  i n  t h e  ana lyz ing  power f u n c t i o n  A(@) a r e  reproduced 
w i t h  t h e  c a l c u l a t i o n .  Cursory s ingle-energy sea rches  on t h e  
c ros s - sec  t i o n  and A(9) s imul t aneous ly  gave t h e  r e s u l t s  shown i n  
F i g s .  1 0  and 11. The o p t i c a l  model parameters  d i d  n o t  change a  
g r e a t  d e a l  t o  o b t a i n  t h e s e  f i t s ,  b u t  t h e  chi -square  f o r  t h e  f i t s  
a r e  s t i l l  v e r y  l a r g e  and l l~~provernents must b e  p o s s i b l e .  Pre-  
l i m i n a r y  conc lus ions  a r e  t h a t  t h e  s p i n - o r b i t  p o t e n t i a l  dep th  f o r  
n e u t r o n s  is  n e a r  t o  t h a t  of p ro tons ,  t h a t  i s ,  6  MeV, and adding 
a n  imaginary  s p i n - o r b i t  term makes a  s i z e a b l e  improvement i n  t h e  



. Fig .10 .  Analyiing power measurements for  5 4 ~ e .  
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q u a l i t y  o f  the  f i t .  L a s t l y ,  none of t h e  searches  t h i s  f a r  have 
g iven  u s  a good f i t  t o  our forward a n g l e  d a t a .  These d a t a  have 
been measured t o  a n  accuracy of about  '0.003 and t h e r e  i s  l i t t l e  
chance of experimental  e r r o r  i n  t h e  method we employ i n  t h e s e  
measurements. We a r e  aware of t h e  l a r g e  A(0) produced i n  Mott- 
Schwinger s c a t t e r i n g  a t  forward a n g l e s ,  bu t  i t  i s  n o t  of s u f f i -  
c i e n t  importance t o  a f f e c t  our c a l c u l a t i o n s  i n  t h e  20' t o  40' 
r e g i o n  L15). To reproduce t h e  e f f e c t  t h a t  we observed w i t h  a  c a l -  
c u l a t i o n  may r e q u i r e  a  d e p a r t u r e  from t h e  s tandard Thomas-type 
i n t e r a c t i o n  f o r  t h e  sp in -o rb i t  r e a l  term. 

RADIATIVE CAPTURE REACTIONS 

A major e f f o r t  of t h e  r e s e a r c h  program a t  TUNL invo lves  
(n ,y )  and (p ,y)  c a p t u r e  r e a c t i o n  s t u d i e s .  The program u t i l i z e s  a  
h igh  r e s o l u t i o n  25 cm long x 25 cm diameter NaI d e t e c t o r  w i t h  an 
an t i - co inc idence  annular  d e t e c t o r  f o r  suppress ion of Compton 
s c a t t e r e d  gamma r a y s .  A unique a s p e c t  of t h e  r e s e a r c h  invo lves  
t h e  s tudy  of t h e  ana lyz ing  power func t ion  A(8) f o r  t h  c a p t u r e  of 9 po la r i zed  neutrons .  A s  i n  t h e  previous  s e c t i o n ,  t h e  H(d,n) 
r e a c t i o n  induced w i t h  po la r i zed  deu te rons  provides  t h e  po la r i zed  
neutron beam. 

The neutron s t u d i e s  focus  on g i a n t  d i p o l e  and quadrupole 
r e sonances ,  and t h e  s t r u c t u r e s  t h e r e i n .  I n  comparison t o  p ro tons ,  
neu t rons  a r e  a  p a r t i c u l a r l y  b e a u t i f u l  probe f o r  s e p a r a t i n g  t h e  
GQR e f f e c t s  from t h e  GDR. I n  proton c a p t u r e  d i r e c t  E2 radPa t ive  
c a p t u r e  i s  normally q u i t e  l a r g e .  However, t h e  (uncharged) neutron 
has a  small E2 e f f e c t i v e  cha rge  and t h e  d i r e c t  E2 c r o s s  s e c t i o n s  
a r e  diminished.. 

I n  t h e  ( n , ~ )  s t u d i e s  e x c i t a t i o n  f u n c t i o n s  a t  90' a r e  u s u a l l y  
taken i n  about 200 keV s t e p s  f o r  neutron energ ies  between 6  and 
1 4  MeV. - This corresponds  t o  resonances  between 1 5  t o  30 MeV i n  
h e  r e s i d u a l  nu l e i .  Stud s u n t i l  now have involved t h e  n u c l e i  

'He, 13c, 14., "Ca, and 26BF'b. For s e v e r a l  of t h e  n u c l e i  angular  
d i s t r i b u t i o n s  of t h e  y-rays have been obta ined a t  f i v e  t o  e i g h t  
e n e r g i e s .  

To i l l u s t r a t e  t h e  q u a l i t y  of t h e  d a t a  and t h e  s t r u c t u r e  i n  
t h e  c r o s s  s e c t i o n ,  we show t h e  r e c e n t  r e s u l t s  [16] f o r  t h e  r e -  
a c t i o n  1 3 ~ ( n , y ) 1 4 ~  i n  F i g .  1 2 .  The curve i s  a gu ide  t o  t h e  eye.  
The c ross - sec t ion  d a t a  and ana lyz ing  power d a t a  around 1 0  MeV 
have been compared t o  a  d i r e c  t - semid i rec t  c a l c u l a t i o n  and t h e  
agreement i s  q u i t e  good. Pre l iminary a n a l y s e s  a l s o  u s e  a  T-matrix 
approach which permits  one t o  determine t h e  r e l a t i v e  ampl i tudes  
t h a t  c o n t r i b u t e  t o  t h e  resonance s t r u c t u r e s .  I n  t h i s  r e a c t i o n  t h e  
d3/2 ampl i tude was found t o  account f o r ' a l m o s t  a l l  of t h e  El c r o s s  
s e c t i o n  a t  10 MeV. 

One can o b t a i n  c r o s s  s e c t i o n s  f o r  (n ,y)  r e a c t i o n s  by us ing 
(y,n) measurements and t h e  d e t a i l e d  ba lance  p r i n c i p l e .  However, 
t h e  n a t u r e  of (y ,n) experiments make a c c u r a t e  measurements ve ry  
d i f f i c u l t .  One of t h e  r e c e n t  TUNL (n ,y )  measurements, 



Fig. 1 2 .  Cross section measurements for 1 3 ~ ( n , y )  

Fig. 13. Cross section measuramants for 4 ~ e ( y  , n 1 3 ~ e .  
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4 3 ~ e ( n , y )  He, i n d i c a t e  another  s i g n i f i c a n t  a spec t  of the  use  of the  
system. Shown i n  Fig .  1 3  a r e  t h e  r e s u l t s  of f i v e  s e p a r a t e  exper i -  
ments f o r  t h e  t o t a l  c r o s s  s e c t i o n  f o r  t h e  pho tod i s in tegra t ion  of 
4 ~ e ,  i . e . ,  4 ~ e ( y  , I I , , ) ~ H ~ .  The TUNL d a t a  have been'  included through 
d e t a i l e d  balance methods [17]. C l e a r l y ,  t h e  ( c a l i b r a t e d )  TUNL 
d a t a  h e l p  reso lve  t h e  confusion e x i s t i n g  i n  t h i s  puzzling s e t  of 
d a t a .  The s i g n i f i c a n c e  of t h e  new d a t a ,  which confirms a  lower 
c ross - sec t ion  v a l u e ,  l i e s  i n  t h e  f a c t  t h a t  t h e  (y,p) c r o s s  s e c t i o n  
appears  t o  be twice  a s  l a r g e  a t  t h e  (y ,n)  c r o s s  s e c t i o n .  This 
sugges t s  t h a t  t h e r e  i s  s i g n i f i c a n t  i s o s p i n  mixing p resen t  i n  4 ~ e .  
Analyzing power measurements should provide a d d i t i o n a l  c l u e s  on 
t h e  n a t u r e  of t h i s  e f f e c t .  

SUMMARY AND ACKNOWLEDGEMENTS 

In summary, t h e r e  i s  a  d i v e r s e  neutron program a c t i v e l y  
being pursued a t  'IUNL. Many of t h e  measurements on ly  a f f e c t  small  
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ORELA MEASUREMENTS TO MEET FUSION ENERGY 
NEUTRON CROSS SECTION NEEDS 

D. C. Larson ' 

Oak Ridge Nat ional  Laboratory 
Oak .Ridge, Tennessee 37830, U.S.A. 

ABSTRACT 

Major neutron cross sec t ion  measurements made a t  the  
Oak Ridge E lec t ron  L inear  Accelerator  (ORELA) t h a t  are 
use fu l  t o  the  f u s i o n  energy program are reviewed. Cross 
sect ions f o r  product ion o f  gamma rays w i t h  energies 
0.3 < Ey < 10.5 MeV have been measured as a func t ion  of 
neutron energy over the range 0.1 < En < 20.0 MeV f o r  L i ,  
C, 14, 0, F, iia, Mg, Al, S i ,  Ca, T i ,  V, C r ,  Mn, Fe, Ni, 
Cu, Zn, Nb, Mo, ,Ag, Sn, Ta, W ,  Au, Pb and Th. Neutron 
emi ss ion  cross sect ions have been measured f o r  'Li, A1 , 
Ti ,  Cu and Wb f o r  1  < En < 20 MeV. Some r e s u l t s  o f  
recen t  neutron t o t a l  cross sec t ion  measurements from 2-80 
MeV f o r  eleven mate r ia l s  (C, 0, Al ,  Si, Ca, C r ,  Fe, Ni,  
Cu, Au and Pb) o f  i n t e r e s t  t o  the  FMIT p r o j e c t  w i l l  be 
presented. F i n a l  l y ,  f u t u r e  d i r ec t i ons  o f  t he  ORELA pro- 
gram w i l l  be ou t l i ned .  

INTRODUCTION 

During t he  past f ou r  years a number o f  programs a t  the  Oak 
Ridge E lec t ron  L inear  Accelerator  (ORELA) have provided data which 
a re  o f  use i n  the  design o f  f us i on  energy devices. The purpose of 
t h i s  paper i s  t o  rev iew these measurements, and t o  c o l l e c t  i n  one 
p lace a l i s t  o f  references which document these measurements. I n  
add i t i on ,  r e s u l t s  a re  presented f o r  some neutron t o t a l  cross sec- 
t i o n  measurements r ecen t l y  completed from 2-80 MeV. F i n a l l y  the 
f u t u r e  d i r e c t i o n s  of t he  ORELA fus ion energy program are out1 ined. 
Besides the  l a r g e r  measurement programs discussed below, o ther  
measurements o f  i m  ortance made a t  ORELA inc lude  cross sect ions 
f o r  the  reac t ions  P4N(n,charged p a r t i c l e )  [I], 6Li(n,a) [2] and 
7L i  (n,nly) [3]. 



( n  ,xy ) MEASUREMENTS 

One major  area i n  which ORELA has p rov ided  t h e  b u l k  of  t h e  
a v a i l a b l e  c ross  s e c t i o n  da ta  i s  t h e  p roduc t i on  o f  gamma rays  
r e s u l t i n g  from neut ron- induced i n t e r a c t i o n s .  Cross sec t i ons  f o r  
t h e  p r o d u c t i b  o f  gamma rays  w i t h  energ ies  o f  0.3 < EY < 10.5 MeV . 
were measured as a  f u n c t i o n  o f  neut ron energy over  t h e  range 
0.1 < En < 20.0 MeV. D e t a i l s  o f  t h e  exper imenta l  method a r e  g i ven  
i n  r e f s .  4 and 5. The measurements were made us ing  a  h e a v i l y  
s h i e l d e d  NaI d e t e c t o r  i n  c o n j u n c t i o n  w i t h  t h e  w h i t e  neut ron spec- 
t rum f r o m  ORELA. I n c i d e n t  neut ron energ ies  were determined by t h e  
t i m e - o f - f l i g h t  techn ique ove r  a  47-111 f l i g h t  path,  w h i l e  t h e  gamma- 
r a y  energy d i s t r i b u t i o n s  were obta ined fro111 pu lse -he igh t  un fo ld ing  
techn iques us ing  t h e  code FERD [6]. The da ta  have pnor energy 
r e s o l u t i o n  compared t o  r e s u l t s  us ing  Ge(L i )  de tec to rs ;  however, 
t hey  have t h e  advantage o f  i n c l u d i n g  t h e  numerous weak t r a n s i t i o n s  
which appear as a  continuum, a  f e a t u r e  e s p e c i a l l y  impor tan t  f o r  
t h e  h e a v i e r  n u c l e i .  Since t h e  da ta  span t h e  neut ron energy regi 'on 
o f  i n t e r e s t  t o  ENDF/B, L l ~ e  da ta  have frequently been used r l i r ~ c t l y  
i n  eva lua t i ons .  I n  a d d i t i o n ,  s i n c e  they  o f t e n  p r o v i d e  cross  sec- 
t i o n  i n f o r m a t i o n  f o r  energy reg ions  where few data  e x i s t ,  t hey  a re  
used t o  gu ide nuc lea r  model c a l c u l a t i o n s .  Tab le  1  l i s t s  t h e  e l e -  
ments on which da ta  have been taken, t h e  ang le (s )  a t  which data  
were acqu i red,  whether o r  n o t  t h e  da ta  have been u t i l i z e d  i n  t h e  
ENDF/B-V e v a l u a t i o n  f o r  t h e  m a t e r i a l ,  and t h e  ORNL r e p o r t  number 
i n  which t h e  measurement i s  descr ibed and numerical  values of t h e  
da ta  a r e  given. Much o f  t h e  e a r l i e r  da ta  was ob ta ined  under 
resea rch  sponsored by  t h e  Defense Nuc lear  Agency, w i t h  t h e  more 
r e c e n t  measurements made f o r  t h e  Basic Energy Sciences program t o  
p r o v i d e  data  u s e f u l  f o r  f u s i o n  energy problems. T h i s  s e r i e s  o f  
measurements was c a r r i e d  o u t  by G. L. Morgan, J .  K. Dickens, G. T. 
Chapman, T. A. Love, E. Newman, D. C .  Larson and F. G. Perey. 

(n, xn ) AND (n  ,xy ) MEASUREMENTS 

, The second major  measurement program which i s  underway i s  
t h c  s imul taneous measurement o f  (n,xn) and (n,.xy) c ross  sec t i ons  
produced by neu t ron  i n t e r a c t i o n s  w i t h  m a t e r i a l s  o f  i n t e r e s t  t o  
t h e  f u s i o n  communi t y  .Deta i  1s o f  t h e  exper imenta l  techn ique a r e  
documented i n  refs.. 7  and 8. Using ORELA as t h e  neut ron source, 
an.nu,lar s c a t t e r i n g  samples l o c a t e d  47 m from t h e  neut ron source 
a r e  viewed' by  a  NE-213 s c i  n t i l  l a t i o n  d e t e c t o r .  .The average 
s c a t t e r i n g  ang le  i s  determined by  t h e  p o s i t i o n  o f  t h e  d e t e c t o r  
a long t h e  a x i s  pe rpend icu la r  t o  t h e  p lane o f  t h e  sample. Neutron- 
gamna d i s c r i m i n a t i o n  i s  used t o  c l a s s i f y  a  g i ven  event,  which i s  
then s t o r e d  i n  one o f  two pu lse -he igh t  versus t i m e - o f - f l i g h t  two 
parameter a r r a y s  (one f o r  neutrons,  one f o r  gamma r a y s ) .  Secon- 
dary  neu t ron  and gamma-ray s p e c t r a  a r e  determined by u n f o l d i n g  t h e  
pu l se -he igh t  d i s t r i b u t i o n s  w i t h  t h e  code FERD [6]. These measure- 
ments p r o v i d e  data  t h a t  have t h e  g l o b a l  t e s t i n g  power o f  i n t e g r a l  



experiments whi le.  r e t a i n i n g  enough d i f f e r e n t i a l  character  t o  l o c a l -  
i z e  the  source o f  discrepancies w i t h  evaluated data. They are 
usefu l  i n  p rov id ing  a means o f  checking evaluated cross .sect ions 
over wide ranges' of i n c i den t  and secondary ene'rgies, i n  add i t i on  
t o  a i d i n g  i n  t he  development o f  advanced nuc lear  model codes. The 
gamma-ray-production cross sect ions obtained from these measure- 
ments are i n  good agreement w i t h  the  sodium i od i de  r e s u l t s  d i s -  
cussed p rev ious ly .  Results o f  these measurements are ava i l ab l e  
f o r  f i v e  elements t o  date and are l i s t e d  i n  Table I 1  along w i t h  
the  ORNL r e p o r t  number. G. L. Morgan and F. G. Perey i n i t i a t e d  
and c a r r i e d  ou t  the  measurements l i s t e d  i n  Table 11. 

HIGH ENERGY TOTAL CROSS SECTION MEASUREMENTS 

The f i n a l  se t  o f  experiments t o  be discussed are the  recent  
h igh  energy transmission measurements done a t  ORELA t o  he lp  meet 
sh i e l d i ng  design data needs f o r  the  FMIT p ro j ec t .  Table I 1 1  l i s t s  
the  elements which have been measured, the  sample thicknesses, and 
the  sample t ransmiss ion i n  percent a t  40 MeV. Two sets  o f  measure- 
ments were done; t he  f i r s t  s e t  inc luded data f o r  H, C, 0 and Fe 
from 0.5 t o  60 MeV and i s  documented i n  r e f .  9. The second se t  o f  
measurements cover the  energy range from 2 t o  80 MeV and w i l l  be 
discussed b r i e f l y  here. The f l i g h t  path was 80 my w i t h  a NE-110 
s c i n t i l l a t o r  used t o  de tec t  the  neutrons. Correct ions were made 
f o r  deadtime and background e f f ec t s .  Samples o f  CH,, C and Fe 
were re run  as checks f o r  the  H, C and Fe cross sect ions, and were 
found t o  be i n  good agreement w i t h  r e s u l t s  f rom the  f i r s t  measure- 
ment [9]. The r e p e t i t i o n  r a t e  was dropped from 10001sec t o  
800/sec f o r  t h i s  run, s ince more peak power could then be app l ied  
t o  the  k l ys t rons ,  which r esu l t ed  i n  h igher  energy e lect rons,  thus 
inc reas ing  the  number o f  h i gh  energy neutrons above ~ 5 0  MeV. 
Since ample data a re  ava i l ab l e  up t o  2 MeV f o r  t he  mate r ia l s  meas- 
ured i n  t h i s  run, t h e  b ias c u t o f f  was ra ised  t o  2 2 MeV neutron 
energy t o  f u r t h e r  reduce any low energy gamma-ray backgrounds 
which may be present.  The average run t ime f o r  each mate r ia l  was 
27 hours. I n t e g r a t i n g  the  area under our  data from 2-20 MeV and 
comparing w i t h  the  i n t e g r a l  obta ined from the  ENDFIB-V evaluat ions 
f o r  these ma te r i a l s  y i e l d e d  agreement t o  b e t t e r  than 1% f o r  a l l  
elements except A1 (1.2%) and Au (1.8%). A s i m i l a r  comparison f o r  
hydrogen from 2-80 MeV compared w i t h  the  l a t e s t  r e s u l t s  o f  Arndt 
[ l o ]  from h i s  nucleon-nucleon phase s h i f t  ana lys is  shows agreement 
t o  b e t t e r  than 1%. 

F igure  1 shows a comparison o f  our hydrogen t o t a l  cross sec- 
t i o n  data from bo th  runs, compared w i t h  the r e s u l t s  o f  Arndt  [ l o ]  
f rom 2-80 MeV. F igure 2 compares our  data f o r  chromium from 15-80 
MeV w i t h  a l J  data c u r r e n t l y  ava i l ab l e  from the  CSISRS data repos i -  
t o r y  a t  BNL. The data have been s u i t a b l y  averaged t o  reduce the  
number o f  po i n t s  f o r  comparison purposes. The f o u r  data po i n t s  o f  
Peterson e t  aZ. [I 11 from 18 t o  29 MeV are i n  good agreement w i t h  
t he  present r esu l t s .  The data o f  Perey e t  aZ. [ I 2 1  were a l so  



taken a t  ORELA us ing t he  same sample, bu t  a  d i f f e r e n t  f l i g h t  path, 
detector ,  data a c q u i s i t i o n  method and neutron t a rge t .  These data 
extend t o  29 MeV and ar.e genera l l y  i n  good agreement w i t h  our 
r esu l t s .  The data of C ie r jacks  e t  aZ. [ I 3 1  extend t o  32 MeV, and 
a re  sys temat i ca l l y  lower than our  data near 21 MeV by %4%. 

I n  t h e  absence o f  experimental  data, t o t a l  cross sect ions 
have o f ten  been obtained from t he  o p t i c a l  model. Two o f  the  'more 
common o p t i c a l  model parameter sets  used a re  those o f  Wilmore and 
Hodgson [14], and Becchet t i  and Greenlees [15]. We have compared 
t h e  p red i c t i ons  of these parameter se ts  w i t h  our data [16], and a 
t y p i c a l  r e s u l t  i s  shown i n  F ig .  2  f o r  chromium; i n  general, we 
found t h a t  cross sec t ions  p red ic ted  by the Wilmore-Hodgson se t  are 
b e t t e r  a t  lower energies, wh i l e  the  Becchetti-Green1 ees parameters 
a re  somewhat b e t t e r  f o r  h igher  energies. 

F igure  3 compares our  data f o r  i r o n  w i t h  data ava i l ab l e  from 
CSISRS from 15 t o  80 MeV, a long w i t h  the  recent  data of Zane l l i  e t  
aZ. [17] from the Un i ve r s i t y  o f  C a l i f o r n i a  a t  Davis. Again the  
var ious data se ts  have' been averaged. The data of Perey e t  al. 
[18], Peterson e t  aZ. [I 11 and Hi ldebrand and L e i t h  [ I 9 1  are 
gene ra l l y  i n  good agreement w i t h  our  present r esu l t s .  The data 
o f  C ie r jacks  e t  al. [ I33 are sys temat i ca l l y  low near 21 MeV and 
h i gh  above 24 MeV. The data p o i n t  o f  Deconninck e t  aZ. [20] l i e s  
above ou r  averaged data wh i l e  t he  data o f  Ragent [21] are genera l l y  
low w i t h  the  except ion o f  the  two p o i n t s  near 36 MeV. 

F igure  4 shows a comparison o f  our  data f o r  n i c ke l  w i t h  o t he r  
r e s u l t s  ava i l ab l e  from CSISRS. The data o f  Perey .e t  aZ. [12] and 
Peterson e t  aZ. [I 11 a re  i n  good agreement w i t h  our r esu l t s .  The 
data of C ie r jacks  e t  aZ. [ 13 j  appear t o  be s l i g h t l y  l a r g e r  than 
t h e  general t rend  o f  our  data above 20 MeV, and the data p o i n t  o f  
Hi  ldebrand and Le i  t h  [ I 9 1  i s  s l  i g h t l  y  smal l e r  than .the t rend  o f  
our  data. 

The data f o r  t he  elements 1 i s t e d  i n  Table I 1 1  prov ide a con- 
s i s t e n t  extens ion o f  t he  data base t o  h igher  energies where very 
few data are p resen t l y  ava i l ab l e .  A compl.ete r e p o r t  desc r ib ing  the  
measurement and r e s u l t s  f o r  a1 1 the elements w i l l  be pub1 ished 
elsewhere. The t o t a l  cross sec t ion  work was done, by D. C. Larson, 
J. A. Harvey, D. M. He t r i c k  and 14. W. H i l l .  

FUTURE DIRECTIONS 

Current  plans f o r  f u t u r e  experimental work a t  ORELA inc lude  
more simulfaneous measurements o f  (n,xn) and (n,xy) on mate r ia l s  o f  
i n t e r e s t  t o  the  f us i on  energy program, a con t inua t ion  o f  the  h i gh  
energy t o t a l  cross sec t ion  measurements and an exp lo ra to ry  program 
t o  determine the  f eas i  b i  1  i t y  o f  measuring (n,charged p a r t i c l e )  
r eac t i ons  over a  wide range o f  i n c i den t  neutron energies and 
secondary charged p a r t i c l e  energies t o  complement the  work going 
on a t  Livermore and Ohio Un ive rs i t y .  
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TABLE I 

ORNL ( n  ,xy ) Measurements 
- 

Used i n  ORNL 
El  emen t 90" 125" ENDF/B-V Report  



TABLE I1 

ORNL (n,xn) Measurements 

ORNL 
Flbmczn t Angl P Report  

TARLE 111 

ORNL T o t a l  Cross Sec t i on  Measurements 

Energy Sample Transiii i s s i  url 
Element Range (MeV) Thickness a t  40 MeV ( % )  

( a t / b )  



+ ORELR Run 1 
o ORECR Run 2 - R r n d t  (19791 

F i g u r e  1. Comparison o f  hydrogen t o t a l  cross sect ion  data  
f o r  Run 1 (2-60 MeV) and Run 2 (2-80 MeV) w i t h  r e s u l t s  o f  a 
nucleon-nucleon phase-sh i f t  a n a l y s i s  o f  r e f .  10. 
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F i g u r e  3. Comparison o f  present t o t a l  cross sect ion  data  
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Figure  4 .  Comparison o f  present  t o t a l  cross sect ion  data  
- f o r  n i c k e l  w i t h  r e s u l t s  o f  r e f s .  11-13., 19. . ' 
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HELIUM GENERATION CROSS SECTIONS FOR FAST NEUTRONS 

D. W. Knef f ,  B. M. O l i v e r ,  M. M. Nakata, and Har ry  F a r r a r  I V  

Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 
Canoga Park, C a l i f o r n i a  91304, U.S.A. 

ABSTRACT 

Fast-neutron- induced t o t a l  he l ium p roduc t i on  cross  
sec t i ons  a re  an impor tan t  source o f  i n f o r m a t i o n  f o r  t h e  
develop~i ient  o f  m a t e r i a l s  f o r  f us ion  r e a c t o r s .  These 
cross  sec t i ons  a re  p r e s e n t l y  be ing measured a t  Rockwell 
I n t e r n a t i o n a l ,  w i t h  t h e  measurements based on h igh -  
s e n s i t i v i t y  gas mass spectrometry.  Cross sec t i ons  a r e  
g i ven  f o r  he l i um p roduc t i on  i n  A l ,  T i ,  Cr, Fe, Ni ,  Cu, 
Au, and t h e  separated i so topes  o f  N i  and Cu, f o r  -14.8- 
MeV neut rons f rom t h e  T(d,n) r e a c t i o n .  A d e t a i l e d  
f l uence  mapping o f  t h e  i r r a d i a t i o n  volume was r e q u i r e d  
t o  r e l a t e  he l i um genera t i on  measurements t o  c ross  sec- 
t i o n s ,  emphasizing t h e  importance of comprehensive 
pass ive  dos imet ry  i n  a l l  f a s t - n e u t r o n  i r r a d i a t i o n  
exper iments.  

INTRODUCTION 

Hel ium produced by f a s t  neutrons i s  a  major  c o n s i d e r a t i o n  i n  
t h e  development o f  ma te ' r i a l s  f o r  f us ion  reac to rs .  Th i s  helium, 
combined w i t h  neut ron damage and t ransmutat ion ,  w i l l  a f f e c t  t h e  
mechanical and phys i ca l  p r o p e r t i e s  o f  t h e  r e a c t o r  components. I t  
i s  thus impor tan t  t o  measure t h e  neutron- induced t o t a l  he l i um 
genera t i on  cross  sec t i ons  o f  a  broad range o f  pure  elements and 
t h e i r  i so topes.  These measurements have d i r e c t  a p p l i c a t i o n  t o  t h e  
des ign and assessment of cand idate  fus ion  r e a c t o r  m a t e r i a l s ,  and 
p r o v i d e  impor tan t  comparisons w i t h  t h e o r e t i c a l  he l i um genera t i on  
cross  s e c t i o n  p r e d i c t i o n s .  

The fas t -neut ron- induced he1 ium genera t i on  cross  sec t i ons  o f  
severa l  pure  elements and i so topes  a r e  p r e s e n t l y  be ing measured a t  
Rockwell I n t e r n a t i o n a l  f o r  neu t ron  environments produced by t h e  
T (d  ,n) and Be(d,n) . r e a c t i o n s .  These measurements a r e  made by 
i r r a d i a t i n g  a.  capsule c o n t a i n i n g  a  l a r g e  number o f  samples i n  t h e  
neu t ron  environment o f  i n t e r e s t ,  and subsequent ly ana lyz ing,  by 
h igh-sens i  t i v i  t y  gas mass spectrometry',  t h e  t o t a l  amount o f  he1 ium 



generated i n  each sample C11. A comprehensive s e t  o f  f o i l  a c t i v a -  
t i o n  and he l ium accumulat ion neut ron dosimeters i s  a l s o  inc luded,  
t o  c h a r a c t e r i z e  t h e  neut ron i r r a d i a t i o n  environment over  t h e  
capsu le  volume. The he l i um genera t i on  measurements a re  then 
combined w i t h  t h e  neu t ron  f luence data  t o  deduce cross  sec t i ons .  
These c ross  s e c t i o n s  a r e  t o t a l  i n t e g r a l  he l ium genera t i on  cross  
s e c t i o n s  f o r  t h e  i n c i d e n t  neut ron energy spectrum, i n c l u d i n g  
he1 ium produced f rom a1 1 neutron- induced reac t i ons .  

T h i s  paper p resen ts  t h e  r e s u l t s  o f  t h e  r e c e n t  h e l i u ~ ~ i  produc- 
t i o n  c ross  s e c t i o n  measurements made f o r  t h e  pure  elements A l ,  T i ,  
Cr, Fe, N i ,  Cu, and Au, and t h e  separated i so topes  o f  n i c k e l  and 
copper, f o r  -14.8-MeV neut rons f rom t h e  T(d,n) r e a c t i o n .  The 
d e t a i l e d  f luence mapping of  t h e  i r r a d i a t i o n  volume i s  a l s o  des- 
c r i b e d ,  because i t  p layed an impor tan t  r o l e  i n  t h e  accura te  c ross  
s e c t i o n  determinat ions.  The s t a t u s  o f  c ross  s e c t i b n  measurements 
i n  t h e  Be(d,n) neut ron environment i s  reviewed i n  another  paper i n  
t h i s  symposium C21. 

EXPERIMENT DESCRIPTION 

The T(d,n) he1 ium p roduc t i on  cross  sec t  iori nieasurements were 
made u s i n g  t h e  R o t a t i n g  Target  Neutron Source-I  (RTNS-I) f a c i l i t y  
a t  Lawrence L ivermore Labora to ry  (LLL). The i r r a d i a t i o n  assembly 
i s  shown i n  F i g .  1. T h i s  assembly was s i m i l a r  t o ,  b u t  more ex ten-  
s i v e  than, t h a t  used i n  a prev ious RTNS-I i r r a d i a t i o n  C31. The 
assembly cons i s ted  of  a smal l  s t a i n l e s s  s t e e l  capsule c o n t a i n i n g  
two l a y e r s  o f  pure  elements, separated i so topes ,  and pure  element 
he1 ium accumula t ion  dos imet ry  r i n g s ,  sandwiched between l a y e r s  o f  
t h i n  r a d i o m e t r i c  dos imet ry  f o i l s .  The r a d i o m e t r i c  f o i l s ,  p rov ided  
by Argonne N a t i o n a l  Labora to ry  (ANL) , inc luded  t h i n  d i s c s  of  Nb, 
Au, Co, Fe, N i ,  and Zr .  

The assembly was mounted on t h e  f i x e d  o u t s i d e  cover o f  t h c  
RTNS-I r o t a t i n g  t r i t i u m  t a r g e t  assembly, and i r r a d i a t e d  f o r  76.7 h. 
The measured t o t a l  neut ron f luence rece ived  by t h e  dsselllbly ranged 
from 0.3 t o  2.6 x 1017 neutrons/cm2. The assembly was approx i -  
ma te l y  centered on t h e  deuteron beam ax1 s by us lng  autordd iuyr.dpt15 
taken immedia te ly  be fo re  t h e  i r r a d i a t i o n .  The average energy o f  
t h e  neut rons i n c i d e n t  upon t h e  he l ium genera t i on  m a t e r i a l s  was 
c a l c u l a t e d  t o  be 14.8 2 0 .1  MeV, based on r e a c t i o n  k lnel l ldt ic5 f o r  
400-keV deuterons s lowing down i n  t h e  t r i t i a t e d  t i t a n i u m  t a r g e t  
C41, and based on approximate numerical  i n t e g r a t i o n s  performed 
ove r  t h e  l a r g e  t a r g e t  s o l i d  angle. The spectrum f u l l - w i d t h - a t -  
half-maximum was determined t o  be -0.6 MeV. 

Three days a f t e r  t h e  end o f  t h e  i r r a d i a t i o n ,  t h e  exper imental  
capsu le  was disassembled, and t h e  r a d i o m e t r i c  f o i l s  were c u t  i n t o  
segments f o r  coun t ing  a t  ANL and LLL. The he l ium genera t i on  
samples and r i n g s  were subsequent ly etched, segmented, weighed, 
and ana lyzed f o r  he l i um us ing  t h e  h i g h - s e n s i t i v i t y  gas mdss spec- 
t romete r  system C l l .  E t ch ing  removed t h e  e f f e c t s  o f  he l i um 
r e c o i l i n g  i n t o  o r  o u t  of each sample. 



NEUTRON FLUENCE DETERMINATION 

A d e t a i l e d  three-dimensional  neu t ron  f l uence  map was r e q u i r e d  
f o r  t h e  capsu le  i r r a d i a t i o n  volume, because o f  t h e  steep f l uence  
g r a d i e n t s  present .  T h i s  mapping was p a r t i c u l a r l y  impor tant ,  
because t h e  f l u e n c e  de te rm ina t i on  i s  t h e  l a r g e s t  source of uncer -  
t a i n t y  i n  t h e  cross  s e c t i o n  measurements, and i r r e g u l a r i t i e s  i n  
t h e  f l  uence p r o f i l e  can cause s i g n i f i c a n t  c ross  s e c t i o n  e r r o r s .  
The f l u e n c e  mapping f o r  t h i s  i r r a d i a t i o n  i s  presented here  i n  some 
de ta . i l ,  t o  emphasize t h e  importance o f  comprehensive pass ive  
dos imet ry  i n  fas t -neu t ron  i r r a d i a t i o n  exper iments.  

The mapping procedures used were s i m i l a r  t o  those used f o r  a 
p rev ious  RTNS-I i r r a d i a t i o n  exper iment [3,5]. An average map was 
f i r s t  cons t ruc ted  us ing  t h e  f o i l  a c t i v a t i o n  coun t ing  r e s u l t s .  
D e t a i l e d  adjustments were then  made t o  t h e  map us ing  t h e  r e s u l t s  
f rom t h e  he l i um accumulat ion neu t ron  dos imet ry  r i n g s .  The abso- 
l u t e  f l u e n c e  n o r m a l i z a t i o n  f o r  t h i s  map was based on t h e  n iob ium 
r a d i o m e t r i c  f o i l  r e s u l t s ,  f o r  which t h e  9 3 ~ b ( n , 2 n ) g ~ ~ ~ b  cross  
s e c t i o n  was assumed t o  be 463 * 19 mb C6.1. 

The mapping was i n i t i a t e d  by e s t i m a t i n g  t h e  i r r a d i a t i o n  
assembly o f f s e t  f rom t h e  neut ron source ax i s ,  us ing  t h e  r a d i o -  
m e t r i c  f o i l  da ta  and autoradiographs o f  an unsegmented f o i l .  A 
s e r i e s  of leas t -squares f i t s  was made t o  t h e  measured f o i l  segment 
average f luences,  f o r  severa l  d iagona ls  across each o f  severa l  
f o i l s ,  t o  determine t h e  coo rd ina tes  o f  t h e  f luence maximum. These 
c a l c u l a t i o n s  y i e l d e d  an assembly o f f s e t  o f  1.6 mm from t h e  neu t ron  
source a x i s .  The autorad iographs gave a s i m i l a r  r e s u l t ,  b u t  d i s -  
p layed  l i m i t e d  f l uence  s e n s i t i v i t y .  

The average r a d i a l  neut ron f luence p r o f i l e  f o r  each r a d i o -  
m e t r i c  f o i l  ( i )  was then assumed t o  be o f  t h e  form: 

where R i s  t h e  r a d i a l  d i s tance  f rom t h e  neut ron source a x i s .  The 
cons tan ts  were eva lua ted  f o r  each f o i l  by n u m e r i c a l l y  i n t e g r a t i n g  
@(R) ove r  t h e  area o f  each f o i l  segment, w i t h  o f f s e t  c o r r e c t i o n s ,  
and pe r fo rm ing  a m u l t i p l e  reg ress ion  ana lys i s .  

A s i n g l e  three-dimensional  express ion was then cons t ruc ted  
t h a t  reproduced t h e  f l uence  p r o f i l e s  of t h e  i n d i v i d u a l  Nb and Au 
dos imet ry  f o i l s :  

Here A Z  i s  t h e  a x i a l  d i s tance  from t h e  f r o n t  face o f  t h e  capsule,  
a i s  t h e  n o r m a l i z a t i o n  o f  t h e  r a d i a l  p r o f i l e  as a f u n c t i o n  o f  AZ, 
and p i s  a c o r r e c t i o n  f a c t o r  f o r  t h e  changing r a d i a l  shape o f  t h e  
f l u e n c e  cu rv  as a f u n c t i o n  o f A Z .  The n o r m a l i z a t i o n  f a c t o r  a = 
[A / (A  +AZ)15 ,  where A = constant ,  was determined by a l e a s t -  
squares f i t  t o  t h e  a x i a l  f l uences  c a l c u l a t e d  f o r  t h e  niobium and 
g o l d  f o i l s  [ f rom Eq. (I)]. F igu re  2 shows a contour  map o f  t h e  
f luence p r o f i l e  c a l c u l a t e d  f o r  t h e  midplane o f  t h e  upper (upstream) 



specimen 1 ayer of the  i r r a d i a t i o n  capsule, as generated from t he  
average f luence map defined by Eqt (2 ) .  

Th is  i n i t i a l  f luence map was then combined w i t h  91 i n d i v i d u a l  
hel ium measurements f o r  the  n ine finely-segmented A l ,  T i ,  Fe, N i ,  
and Cu hel ium accumulation dosimetry r ings .  Var ia t ions  i n  the 
normal ized he1 ium concentrat ion r e s u l t s  w i t h  p o s i t i o n  i n  the  
capsule f o r  each element provided a very sens i t i ve  measure o f  t he  
i rregular ' i  t i e s  i n  the  neutron fluence p r o f i l e .  The s e n s i t i v i t y  o f  
these l a t t e r  measurements fo l lows from t he  f a c t  t h a t  the  hel ium 
generated i n  each segment was measured w i t h  an absolute uncer- 
t a i n t y  o f  +I-2%. Add i t i ona l l y ,  because the  r i n g s  were approxi-  
mately concen t r i c  about the  neutron source ax is ,  and the  average 
neutron energy was near l y  constant over the  sample i r r a d i a t i o n  
volume, t he  hel ium generat ion cross sect ions were a lso  e f f e c t i v e l y  
constant  over th. is volume. Combining t he  helium data w i t h  the 
i n i t i a l  map revealed l a r g e  va r i a t i ons ,  r e f l e c t i n g  a nonsymmetric 
f luence p r o f i l e  about the  neutron source ax is ,  and an i r r a d i a t i o n  
assembly o f f s e t  (3.27 mm) s i g n i f i c a n t l y  l a r g e r  than t h a t  deter -  
mined f rom t h e  radiomet\- ic data  alone. 

The rev ised  assembly o f f s e t  was used t o  re-evaluate the 
constants  i n  Eqs. (1 )  and (2) .  Fur ther  ad j us t i ng  the  map w i t h  
t h e  he l ium data produced a neutron p r o f i l e  w i t h  an elongated shape 
and a steep g rad ien t  on one side. Th is  shape, no t  r e a d i l y  d i s -  
cernable from the  less  d e t a i l e d  rad iomet r i c  data, appears t o  have 
produced the  i n i t i a l  underestimate o f  the  assembly o f f s e t .  It 
appears t h a t  t h i s  i r r e g u l a r  shape resu l t ed  from a t tenua t ion  o f  one 
edge of t he  time-averaged deuteron beam by a beam-line co l l ima to r .  
Equat ion (2) was modi f ied t o  incorpora te  t h i s  i r r e g u l a r  shape, 
producing the  f o l  lowing three-dimensional f luence p r o f i l e :  

Here Oc I s  t he  p o l a r  angle about t he  i r r a d i a t i o n  assembly ax is ,  Rc 
i s  the r a d i a l  d is tance from t h i s  ax is ,  and K = 1 (Rc > 4.5)  o r  0 
(Kc 5 4.5 ) .  

F igure  3 i s  the  f i n a l  contour p l o t  o f  t he  f luence p r o f i l e  map, 
represented by Eq. (3) ,  f o r  t he  midplane of the  i r r a d i a t i o n  cap- 
s u l e ' s  upper specimen layer .  Comparison of F ig .  3 w i t h  F ig .  2 
shows t h a t  the  deuteron beam p r o f i l e  i r r e g u l a r i t i e s  produced 
f l  uences s i g n i f i c a n t l y  d i f f e ren t  from those ca lcu la ted  by i n i -  
t i a l l y  assuming a symmetric f luence p r o f i l e .  For example, the 
rad iomet r i ca l  l y  determined average p r o f i l e  ( ~ q .  ( 2 )  and Fig.  2) 
gave a f l uence  maximum 9% lower than t h a t  obtained w i t h  the f i n a l  
map (Eq. (3)  and Fig.  3). Although the  f i n a l  map had nonsymmetric 
d e t a i l s  t h a t  were obta ined from t he  hel ium accumulation dosimetry 
data, t h i s  map was a lso  found t o  be more cons is ten t  w i t h  the 
rad iomet r i c  dosimetry r esu l t s .  Th is  a l l  demonstrates the impor- 
tance of i n c l ud i ng  t h i s  s o r t  o f  comprehensive passive dosimetry i n  
neutron i r r a d i a t i o n  experiments. A f u r t h e r  demonstration i s  



prov ided  by t h e  f a c t o r - o f - f o u r  v a r i a t i o n  i n  f l uence  over t h e  
2-cm2 area represented by F ig .  3. 

I n f o r m a t i o n  on t h e  r e l a t i v e  c ross  sec t i ons  o f  t h e  r a d i o m e t r i c  
dos imet ry  r e a c t i o n s  can a l s o  be ob ta ined  f rom t h e  f l uence  mapping. 
F i g u r e  4  shows t h e  c a l c u l a t e d  neu t ron  source a x i s  f luences [Cia, 
Eq. (I)] f o r  most o f  t h e  segmented r a d i o m e t r i c  f o i l s ,  p l o t t e d  as a 
f u n c t i o n  o f  t h e  f o i l  d i s tances  f rom t h e  f r o n t  f ace  o f  t h e  i r r a d i a -  
t i o n  capsule.  The s o l i d  curve i s  a, as d e f i n e d  i n  Eq. (2) .  
Examinat ion o f  t h e  data  shows t h a t  a  number o f  i n c o n s i s t e n c i e s  
e x i s t  between these r e a c t i o n  cross  sect ions.  The assumed cross  
s e c t i o n  f o r  t h e  197Au(n,2n)196Au r e a c t i o n  (2110 mb) i s  i n  exce l -  
l e n t  agreement w i t h  t h e  93Nb(n,2n)Y2mNb cross s e c t i o n  used f o r  
n o r m a l i z a t i o n  (as r e v i o u s l y  demonstrated i n  Ref. 3) ,  bu t  t h e  

43 
!8 assumed 5 9 ~ 0  n,2n) Co cross  s e c t i o n  692 mb) i s  about 12% low 6 r e l a t i v e  t o  Nb(n,En), and t h a t  f o r  Ozr(n,2n 89zr  (760 mb) i s  

about 5% low. The assumed cross  sec t i ons  f o r  4 4 F e ( n , a ) ~ l C r  
(95 mb) and 5 4 ~ e ( n , p ) 5 4 ~ n  (306 mb) bo th  appear t o  be h i g h  r e l a t i v e  
t o  niobium, b u t  each of t h e  two i r o n  f o i l s  analyzed was c u t  i n t o  
o n l y  f i v e  segments, g i v i n g  i n s u f f i c i e n t  i n f o r m a t i o n  f o r  accura te  
f l u e n c e  p r o f i l e  c a l c u l a t i o n s .  The data f o r  i r o n  i n  F ig .  4  a re  
thus  es t imates  on l y .  

The abso lu te  f luence u n c e r t a i n t y  f o r  t h e  f i n a l  p r o f i l e  map of 
t h e  i r r a d i a t i o n  capsule volume, g i ven  by Eq. (3 ) ,  i s  es t imated t o  
be +7%. T h i s  i nc ludes  an es t imated 25% r e l a t i v e  u n c e r t a i n t y  f rom 
t h e  map i t s e l f ,  due i n  p a r t  t o  smal l  i r r e g u l a r i t i e s  n o t  i nco rpo -  
r a t e d  i n  t h e  map, and +2% and +4% abso lu te  u n c e r t a i n t i e s  f rom t h e  
r a d i o m e t r i c  coun t ing  r e s u l t s  and f rom t h e  93Nb(n,2n) c ross  sec- 
t i o n ,  r e s p e c t i v e l y .  

HELIUM PRODUCTION CROSS SECTIONS 

The 4 ~ e  generated i n  t h e  i r r a d i a t e d  samples measured t o  da te  
f rom t h i s  exper iment ranged from 3 x  1011 atoms ( f rom -0.5-mg 
samples) t o  1.2 x  109 atoms ( f rom -5-mg samples). Th i s  c o r r e -  
sponds t o  4 ~ e  concen t ra t i ons  rang ing  f rom 25.7 appb (atomic p a r t s  
p e r  b i l l i o n ,  10-9 atom f r a c t i o n )  i n  aluminum, t o  0.072 appb i n  
go ld .  Abso lu te  lu u n c e r t a i n t i e s  f o r  most o f  t h e  4 ~ e  measurements 
wereS+2%. The p a r t i c u l a r l y  low he l ium concen t ra t i ons  i n  t h e  g o l d  
samples were measured t o  average u n c e r t a i n t i e s  o f  -23%-10%. 3 ~ e  
measurements were a l s o  made f o r  severa l  samples, i n c l u d i n g  a l l  o f  
t h e  separated iso topes,  b u t  none was detec ted i n  each case. The 
3 ~ e  c o n c e n t r a t i o n  upper l i m i t  f o r  t h e  n i c k e l  and copper i so topes  
was 0.05 appb. 

The t o t a l  he l ium p roduc t i on  cross  sec t i ons  determined f o r  
these m a t e r i a l s  a r e  presented i n  Table I. They were ob ta ined  by 
combining t h e  measured he l ium concen t ra t i ons  w i t h  t h e  neut ron 
f l uences  ob ta ined  f rom t h e  map. The cross  sec t i ons  f o r  t h e  i n d i -  
v i d u a l  i so topes  were determined by f i r s t  e v a l u a t i n g  t h e  cross  
sec t i ons  f o r  t h e  a v a i l a b l e  i s o t o p e  enrichments, and then s o l v i n g  a  
m a t r i x  o f  equat ions f o r  each l s o t o p i c  m a t e r i a l  t o  c o r r e c t  f o r  t h e  



small concentrat ions of each of the  o ther  isotopes i n  t he  mate- 
r i a l .  The cross sec t ion  values obtained f o r  each mate r ia l  from 
samples a t  d i f f e r e n t  l o ca t i ons  w i t h i n  the i r r a d i a t i o n  capsule were 
general 1  y  i n  very  c lose agreement (524%). This r e f l e c t s  the 
reproduci  b i l  i t y  of the he1 ium measurements (<+2%), and a1 so demon- 
s t r a t e s  the  v a l i d i t y  o f  the  f i n a l  f luence map. 

Table I a lso  compares the  present cross sect ion determina- 
t i o n s  w i t h  those made f o r  the  same mate r ia l s  i n  a  previous RTNS-I 
i r r a d i a t i o n  C7,83. The values f o r  the  pure elements Al,  T i ,  Fe, 
N i ,  and Cu are i n  exce l l en t  agreement w i t h  those determined pre- 
v i ous l y .  The except ion i s  gold, f o r  which the  h igh  hel ium concen- 
t r a t i o n s  measured p rev ious ly  are a t t r i b u t e d  almost e n t i r e l y  t o  
a r e c o i l s  i n t o  the  t h i n  f o i l s  from nearby mate r ia l s .  Also shown 
i n  Table I are  t he  corresponding charged-par t ic le  measurements o f  
Grimes, e t  a1 . [9,103. Comparison of these measurements w i t h  the 
hel ium generat ion r e s u l t s  shows t h a t  the  cross sect ion measure- 
ments o f  Grimes e t  a l .  are genera l l y  lower, bu t  agree w i t h i n  the 
quoted unce r t a i n t i e s .  

A cu~l lpdr lson between the  hel ium product ion cross sect ions f o r  
t h e  i n d i v i d u a l  isotopes and t h e i r  associated pure elements pro-  
v ides a good consistency check of the  measurements. The sums o f  
t h e  i s o t o p i c  cross sect ions fo r  n i c ke l  and copper, respect ive1 y,  
weighted by the  na tu ra l  i s o t o p i c  abundances, are 102 + 7 mb and 
52 + 4 mb. These values are i n  exce l l en t  agreement w i t h  the 100 + 
7 mb and 51 + 3 mb pure element cross sect ions, respec t i ve ly .  

It i s  a lso  o f  i n t e r e s t  t o  compare the  previously-measured 
hel ium product ion cross sect ion of Type 316 s t a i n l ess  s tee l ,  a  
pr imary candidate s t r u c t u r a l  mate r ia l  f o r  f i r s t - gene ra t i on  fusion 
reac to rs ,  w i t h  t he  weighted sum of the  cross sect ions o f  the 
component elements. The measured s t a i n l ess  s tee l  cross sec t ion  i s  
57 + 4 mb C73. The weighted sum of the  cons t i tuen t  elements Fe, 
C r ,  N i  , Mo, and C (Mo and C from a previous experiment C71) i s  
52 4 3 rnb. The small d i f f e rence  i s  g rea te r  than expected from 
t h e  var ious uncer ta in t ies ,  and may be due i n  p a r t  t o  a  minor 
stainless s tee l  component w i t h  a  r e l a t i v e l y  h igh he1 ium produc- 
t i o n  c ross  sect ion.  

FUTURE WORK 

Several mate r ia l s  o t he r  than those l i s t e d  i n  Table I were 
a l s o  i r r a d i a t e d  i n  t h i s  experiment, and w i l l  be analyzed s h o r t l y  
t o  determine t h e i r  hel ium generat ion cross sect ions. These 
inc lude  C ,  V ,  Zr, Nb, Mo, and the separated isotopes of B, Fe, and 
Mo. A t h i r d  T(d,n) experiment, now being prepared f o r  i r r a d i a t i o n  
a t  the Ro ta t ing  Target Neutron Source-I1 (RTNS-11) f a c i l  i t y  a t  
LLL, w i l l  expand t h i s  measurement se t  f u r t he r  t o  inc lude  Be, 0, F, 
S i ,  Mn, Co, Sn, W, Pb, and most of the  separated isotopes of T i ,  
C r ,  Sn, W, and Pb. 

The present T(d,n) experiment a lso  provides cross sec t ion  
in format ion r e l evan t  t o  a c t i v a t i o n  reac t ions  and f o i l  a c t i v a t i o n  



dosimetry. An example i s  the  comparison between the  rad iomet r i c  
dosimetry cross sect ions i l l u s t r a t e d  i n  Fig.  4. . I n  add i t i on ,  a 
number o f  the  Fe, Cu, T i ,  Ni ,  and Mo pure element and separated 
i so tope  hel ium generat ion specimens were r ad i ome t r i ca l l y  counted 
a t  ANL before hel ium analys is .  The cross sec t ion  data obta inable 
by combining t h i s  in fo rmat ion  w i t h  t he  i r r a d i a t i o n  f luence p r o f i l e  
map w i l l  be evaluated j o i n t l y  w i t h  ANL and LLL personnel. 

ACKNOWLEDGEMENTS 

The i r r a d i a t i o n  was a j o i n t  experiment w i t h  M. W. Guinan 
(LLL) and L. R. Greenwood (ANL), who prov.ided the  rad iomet r i c  
f o i l s  and the  count ing. The he lp o f  the s t a f f  o f  the  RTNS-I 
f a c i l i t y  i n  performing the. i r r a d i a t i o n  and o f  J. F. Johnson 
(Rockwell I n t e rna t i ona l  ) . i n  the  preparat ion o f  the i r r a d i a t i o n  
package i s  g r a t e f u l . 1 ~  acknowledged, as are t he  cont inued encourage- 
ment and support  of t h i s  work by K. M. Zwilsky, M. M. Cohen, 
T. C. Reuther, J r . ,  and S. L. Whetstone (DOE). This work was 
supported by t he  U.S. Department o f  Energy's O f f i c e  o f  Fusion 
Energy and O f f i c e  of Basic Energy Sciences, under Contract Nos. 
DE-AT03-76ET52015 and OE-AT03-79ER10388, respec t i ve ly .  

REFERENCES 

1. H. FARRAR I V ,  W. N. McELROY, and E. P. LIPPINCOTT, "Helium 
Produc.tion Cross Sect ion of Boron f o r  Fast-Reactor Neutron 
Spectra," Nucl . Techno1 . , 25, 305 (1975). 

2. D. W. KNEFF, H. FARRAR I V ,  L. R. GREENWOOD, and M. W. GUINAN, 
"Charac te r i za t ion  o f  the  Be(d,n) Neutron F i e l d  by Passive 
Dosimetry Techniques," t h i s  Symposium. 

3. H. FARRAR I V ,  D. W. KNEFF, R. A. BRITTEN, and R. R. HEINRICH, 
"F l  uence Mapping o f  RTNS-I by He1 ium Accumulation and F o i l  
A c t i v a t i o n  Methods," i n  Symposium on Neutron Cross-Sections 
from 10 t o  40 MeV, .BNL-NCS-50681, Brookhaven Nat ional Labora- 
t o r y  (1977), p. 175. 

4. J. D. SEAGRAVE, " ~ ( d  , n ) ~ e ~  and ~ ( d , n ) ~ e 4  Neutron Source Hand- 
book," LAMS-2162, Los Alamos S c i e n t i f i c  Laboratory (1958). 

5. D. W. KNEFF and H. FARRAR I V ,  "Helium Accumulation Fluence 
Dosimetry f o r  Fusion Reactor Mate r ia l s  I r r ad i a t i ons , "  J. Nucl. 
Mater. , 85 and 86, 479 (1979). 

6. D. R. NETHAWAY, "The 93~b(n ,2n)92m~b Cross Section," J. Inorg. 
Nucl. Chem., 40, 1285 (1978). 



7. H. FARRAR I V  and D. W. KNEFF, "He1 ium Generation i n  Twelve 
Pure Elements by 14.8-MeV' Neutrons," Trans. Am. Nucl . Soc. , 
28, 197 (1978). - 

8. D. W .  KNEFF, H. FARRAR I V ,  F. M. MANN, and R. E. SCHENTER, 
"Experimental and Theoret ica l  Determinat ion o f  Helium Produc- 
t i o n  i n  Copper and Aluminum by 14.8-MeV Neutrons," Nucl . 
Techno1 . ( t o  be publ ished).  

9. S. M. GRIMES, R. C. HAIGHT, K. R. ALVAR, H. H. BARSCHALL, and 
R. R. BORCHERS, "Charged-Part ic le Emissions i n  Reactions o f  
15-MeV Neutrons w i t h  Isotopes o f  Chromium, I ron ,  N icke l ,  and 
Copper," Phys. Rev. C, 19, 2127 (1979). 

10. R. C .  HAI.GHT and S. M. GRIMES, "Experimental Studies o f  (n, 
charged p a r t i c l e )  Cross Sections, Angular D i s t r i b u t i o n s  .and 
Spectra w i t h  a Magnetic Quadruple Spectrometer," UCRL-80235, 
Lawrence Livermore Laboratory (1977). 



TABLE I 

Total He1 ium Generation Cross Sections f o r  
-14.8-MeV Neutrons 

a ~ a r r a r  and Kneff , Ref. 7. 

Material 

A1 

T i  
C r  

Fe 

N i 
58~i 

6 0 ~  i 

6.1~i 

62~i 

64~i 

Cu 
6 3 ~ u  
6 5 ~ u  

Au 

b~r imes.  e t  al., Ref. 9. 10. 

' ~ i ~ h  value a t t r i bu ted  t o  helium reco i l  i n t o  the t h i n  Au 
samples ava i l  able for  analysis. 

Cross Section (mb) 

Charged-Particl e 
~easurementsb 

121 k 25 
34 * 7 

38 6 
43 * 7 

97 * 16 
106 * 17 

76 % 12 - 
- 
- 

42 * 7 
56 * 10 

13 * 3 
- 

Present 
Work 

145 * 10 
37 +- 3 

34 * 4 
48 * 3 

100 + 7 
116 * 8 

79 + 6 
53 -+ 4 

18 * 6 

61 k 4 

51 * 3 

67 + 5 
17 * 2 

0.72 + 0.09 

Previous 
Experimenta 

143 + 7 
38 +- 3 

- 
48 * 3 
98 * 6 

- 
- 
- 
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Figure 1. Cross Sectional View o f  the lrradiation Capsule 
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F igu re  2. Contours o f  Constant Neutron Fluence f o r  t he  Midplane of 
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F igu re  3. Contours o f  Constant Neutron Fluence f o r  t h e  Midplane of. 
t h e  I r r a d i a t e d  Capsule 's Upper Helium Specimen Layer, 
Based on Radiometr ic Plus He1 ium Accumulation Dosimetry 
( ~ q .  (3); U n i t s  o f  1017 n/cm2) 
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ABSTRACT 

The Weapons Neutron Research F a c i  1  i t y  has been used 
t o  o b t a i n  modera te - reso lu t i on  t o t a l  neut ron c ross  s e c t i o n  
da ta  f o r  H, C, 2 0 8 ~ b ,  2 3 2 ~ h ,  2 3 8 ~ ~  and 2 4 2 ~ u  over  
t h e  energy ' range 5  t o  200 MeV. Neutrons were produced b y  
bombarding a 2.5-cm diam by  15-cm long  Ta t a r g e t  w i t h  an 
800 MeV pu lsed  p r o t o n  beam f rom LAMPF. A  10.2-cm diam b y  
15.2-cm t h i c k  NEllO p r o t o n  r e c o i l  d e t e c t o r  was used a t  a 
f . l i g h t  p a t h  o f  32 meters, g i v i n g  a  t i m e - o f - f l i g h t  r e s o l u -  
t i o n  o f  60 ps/m. The t o t a l  c ross  s e c t i o n  r e s u l t s  a re  
compared t o  ENDF/BV e v a l u a t i o n s  and t o  p rev ious  data  
where poss ib le .  , 

INTRODUCTION 

The Weapor~s Neutron Research F a c i  1  i t y  (WNR) has r e c e n t l y  be- 
come o p e r a t i o n a l  as a  pu lsed wh i te -neu t ron  source [I]. A t  UNR, a  
p o r t i o n  of t h e  800-MeV p r o t o n  beam f rom t h e  Los Alamos Meson 
Phys ics  F a c i l i t y  (LAMPF) i s  used t o  produce neut rons by s p a l l a -  
t i o n  r e a c t i o n s  on va r ious  heavy-metal t a r g e t s .  P ro ton  pu l ses  o f  
v a r i a b l e  w i d t h  may be p rov ided  along w i t h  s u i t a b l e  t a r g e t s  and 
moderators . to give. a  t i m e - o f - f l i g h t  c a p a b i l i t y  cove r ing  t h e  
energy range f rom a  few meV t o  seve ra l  hundred MeV. 

Of i n t e r e s t  t o  t h i s  conference i s  t h e  f a c t  t h a t  t h e  neu t ron  
f l u x  a t  WNR i s  p a r t i c u l a r l y  s u i t e d  f o r  measurements i n  t h e  10- t o  
50-MeV energy range. T h i s  i s  because t h e r e  i s  s i g n i f i c a n t l y  more 
neu t ron  i n t e n s i t y  a t  WNR ' i n  t h a t  energy range than  a t  any o t h e r  
wh i te-source f a c i l i t y  and because t h e  y - ray  b u r s t  i s  many o r -  
ders  o f  magnitude sma l le r  than a t  an e l e c t r o n  machine, p e r m i t t i n g  
d a t a  t o  be ob ta ined  n e a r l y  up t o  t i m e  t = 0. 



We g i v e  he re  a  d e s c r i p t i o n  o f  t h e  techn ique used i n  t o t a l  
c r o s s  s e c t i o n  measurements and t h e  r e s u l t s  f o r  H, C, 2 0 8 ~ b ,  
2 3 2 ~ h ,  2 3 8 ~ ,  and 2 4 2 ~ u  f o r  energ ies  f rom 5  t o  200 Mev. 

FXPERIMENTAL PROCEDURE 

Neutrons were produced by  s p a l l a t i o n  r e a c t i o n s  u s i n g  an 
800-MeV p r o t o n  beam i n c i d e n t  on a  water -coo led aluminum-clad tan -  
t a l u m  t a r g e t  (2.5-cm diam. by  15-cm h i g h ) .  The p r o t o n  beam was 
pu lsed  a t  an average r a t e  o f  about ,1500 sec- and had a  t i m e  
spread l e s s  t h a n  0.5 ns. Fo r  t h e  f a s t - n e u t r o n  measurements 
r e p o r t e d  here, nu.moderator was used. 

A - f i d u c i a l  s i g n a l  ( t o )  was ob ta ined  f rom a  c a p a c i t i v e  p l c k -  
o f f  l o c a t e d  upstream of t h e  t a r g e t  i n  t h e  p r o t o n  beam l i n e .  T h i s  
s i g n a l  p r o v i d e d  b o t h  a  s t a r t  p u l s e  f o r  t h e  t i m e - o f - f l i g h t  e lec -  
t r o n i c s ,  and a measure o f  t h e  r e l a t i v e  p r o t o n  i n t e n s i t y  and i n -  
t e n s i t y  v a r i a t i o n  u s i n g  an i n t e g r a t i n g  a n a l o g - t o - d i g i t a l  con- 
v e r t e r .  

I h e  t o t a l  c ross  s e c t i o n  measurements were performed on a  
31.78-111 f l i g h t  path .  About 30-m o f  t h e  f l i g h t  pa th  was evacuated 
t o  min imize any s t r u c t u r e  i n  t h e  neu t ron  f l u x  caused by  reson- 
ances i n  a i r .  

- A  main  c o l l  ima to r  l o c a t e d  approx imate ly  16-m f rom the.  WNR 
t a r g e t  was used t o  d e f i n e  t h e  neu t ron  beam a t  t h e  samples). 
T h i s  c o l l i m a t o r  was composed of s e c t i o n s  o f  brass, i r o n  and l e a d  
w i t h  a  l e n g t h  o f  80 cm. A  brass scraper  c o l l i m a t o r  29-cm l o n g  
w i t h  a  3-cm-diam opening was p laced  a f t e r  t h e  samples t o  remove 
neu t rons  which pene t ra ted  t h e  aluminum a l i g n i n g  s leeve around t h e  
main c o l l  imator .  

A n e u t r o n  f l u x  mon i to r  was p laced  i n  t h e  neut ron beam a f t e r  
t h e  main c o l l i m a t o r .  Because t h e r e  a re  a  s i g n i f i c a n t  number o f  
charged p a r t i c l e s  i n  t h e  neu t ron  beam, a  two-detec tor  veto- 
mon i to r  system was used. T h i s  techn ique e l i m i n a t e d  t h e  
c h a r g e d - p a r t i c l e  c o n t r i b u t i o n  which was a c t u a l l y  g r e a t e r  than t h e  
neut ron c o n t r i b u t i o n  due t o  t h e  much h ighe r  e f f i c i e n c y  f o r  de- 
t . ec t i ng  charged p a r t i c l e s .  

The t ransmiss ion  samples were p laced i n  a mo to r i zed  changer 
l o c a t e d  about 0.5-m downstream o f  t h e  main c o l l i m a t o r .  T h i s  sam- 
p l e  chanqer was c o n t r o l l e d  by t h e  da ta  c o l l e c t i o n  computer u s i n g  
a  CAMAC i n t e r f a c e  and s tepp ing  motors. O p t i c a l  encoding was used 
t o  p r o v i d e  p o s i t i o n i n g  accuracy t o  about 0.03 mm. 

The cont inuous d i s t r i b u t i o n  of charged p a r t i c l e s  was removed 
f r o m  t h e  neu t ron  beam us inq  a  sweep maqnet a f t e r  t h e  sample 
chanaer. Tes ts  u s i n g  a  t h i n  f a s t - p l a s t i c  d e t e c t o r  p laced a t  t h e  

a) The 2 4 2 ~ ~  measurement used a  setup which v a r i e d  somewhat 
from t h a t  descr ibed he re  due t o  t h e  smal l  (6-mm diam) sample 
s i ze .  Reference 2  p rov ides  more d e t a i l .  



main d e t e c t o r  l o c a t i o n  demonstrated t h a t  t h e  charged p a r t i c l e s  
were comp le te l y  removed b y  t h e  magnet. 

Two d i f f e r e n t  neut ron d e t e c t o r s  were used. F o r  t h e  2 4 2 ~ u  
data, a  10.2-cm diam by  3;1-cm t h i c k  c y l i n d e r  o f  NE110, viewed b y  
an RCA 8854 p h o t o m u l t i p l i e r  was used. Fo r  t h e  o t h e r  measure- 
ments, t h e  d e t e c t i o n  e f f i c i e n c y  f o r  h i g h  energy neutrons was i n -  
creased b y  r e p l a c i n g  t h e  s c i n t i l l a t o r  by one 15.2-cm t h i c k .  

The neu t ron  beam was stopped beyond t h e  main d e t e c t o r  i n  a  
beam dump l o c a t e d  a t  t h e  end of  an evacuated p i p e  approx imate ly  
30-m long. 

The e l e c t r o n i c s  cons i s ted  o f  a  complete TOF system f o r  t h e  
main d e t e c t o r  and a  f a s t - s c a l e r  system f o r  t h e  neu t ron - f l ux  
moni tor .  T ime-o f - f l i gh t  spec t ra  f rom t h e  main d e t e c t o r  were c o l -  
l e c t e d  u s i n g  an EG&G TDC-100 d i g i t a l  c l o c k  operated i n  s i n g l e -  
s t o p - p e r - s t a r t  mode. The p r o t o n  to s i g n a l  was used t o  s t a r t  
t h e  c l o c k .  An Or tec  934 c o n s t a n t - f r a c t i o n  d i s c r i m i n a t o r  p r o v i d e d  
t h e  s top  s i g n a l .  Data were s t o r e d  a t  f o u r  b i a s  s e t t i n g s  rang ing  
f rom - 2 MeV t o  - 10 MeV a t  a  t ime-channel w i d t h  o f  0.5 
ns. Main d e t e c t o r  dead-t ime c o r r e c t i o n s  were l e s s  than  about 30% 
f o r  a l l  t h e  data.  

The o u t p u t  o f  t h e  neu t ron - f l ux  mon i to r  system was t ime-gated 
t o  o n l y  count  neu t ron  events o c c u r i n g  a f t e r  t h e  y -bu rs t .  The 
r e s u l t i n g  pu l ses  were counted by a  f a s t  s c a l e r .  Dead-time losses  
f o r  t h i s  system were n e g l i g i b l e  as t h e  r a t e  f rom t h e  gated 
mon i to r  d e t e c t o r  was o n l y  about 0.1 coun ts /bu rs t .  

Backgrounds were measured by  r e p l a c i n g  t h e  sample w i t h  a  
1.9-cm diam by  46-cm long  tungsten rod.  These spec t ra  were meas- 
u red  seve ra l  t imes  and had a  shape approx imate ly  t h a t  expected 
f o r  t h e  t ransmiss ion  o f  h igh-energy neut rons throuah t h e  c o l l i -  
ma t ing  system. The backgrounds were l e s s  than  0.6% below 60 MeV, 
0.8% below 100 MeV, and 2% a t  200 MeV. 

A  Modcomp/IV computer and .CAMAC i n t e r f a c e  were used t o  accum- 
u l a t e  t h e  data .  T i m e - o f - f l i g h t  spec t ra  o f  4096 channels were 
recorded f o r  each b i a s  along w i t h  va r ious  s c a l e r  read ings f o r  
d i a g n o s t i c  purposes. The computer a l s o  c o n t r o l l e d . t h e  sample 
changer, moving va r ious  samples i n  and o u t  o f  t h e  beam a t  i n t e r -  
v a l s  o f  about 15.minutes,  based on a  p r e s e t  mon i to r -de tec to r  
count .  A  t y p i c a l  c o u n t i n g  t i m e  f o r  each sample was 20 hours. 

The d a t a  were reduced u s i n g  t h e  c e n t r a l  computing f a c i l i t y  a t  
Los  Alamos S c i e n t i f i c  Laboratory .  A f t e r  c o r r e c t i n g  a l l  s p e c t r a  
f o r  dead-t ime losses,  a  normal ized background spectrum was sub- 
t r a c t e d  f rom bo th  sample- in and sample-out data.  A smal l  
r e s i d u a l  t ime-unco r re la ted  background, t y p i c a l l y  l e s s  than  1%, 
was a l s o  subt rac ted.  

F o r  da ta  below 60 MeV, t h e  l owes t  b i a s  da ta  were used. Above 
60 MeV o n l y  t h e  h i g h e s t  b i a s  d a t a  were used b o t h  t o  a v o i d  any 
c o n t r i b u t i o n  f rom t i m e  s lewing o f  t h e  prompt y - ray  peak pro-  
duced when t h e  beam s t r u c k  t h e  t a r g e t  and t o  lower t h e  t ime-  
u n c o r r e l a t e d  background. 



Data f o r  i n d i v i d u a l  t i m e  channels were combined i n t o  b i n s  o f  
cons tan t  energy r e s o l u t i o n  and t h e n  conver ted t o  t o t a l  c ross  sec- 
t i o n  as a  f u n c t i o n  o f  neu t ron  energy. 

SAMPLES 

A l l  o f  t h e  samples were r i g h t  c i r c u l a r  c y l i n d e r s  approx- 
i m a t e l y  2.1-cm i n  diameter.  Measurements of t h e  mass and diam- 
e t e r  o f  each sample were used t o  o b t a i n  th icknesses.  Po ly -  
e t h y l e n e  and carbon samples matched t o  b e t t e r  t han  0.1% were used 
t o  o b t a i n  t h e  hydrogen c ross  s e c t i o n  data.  Where poss ib le ,  t h e  
samples were analyzed f o r  i m p u r i t i e s .  Only  t h e  tho r ium sample 
was found t o  c o n t a i n  an app rec iab le  contaminant m a t e r i  a1 (0.36 
wt.% oxygen). The 2 0 8 ~ b ,  2 3 8 ~ ,  and 2 ' 2 ~ u  samples were 
i s o t o p i c a l l y  en r i ched  t o  99.8% o r  g r e a t e r .  Tab le  I g i v e s  a  sum- 
mary o f  t h e  sample th icknesses.  

RESLII. T.I; AND DISCUSSION 

W i t h  t h e  excep t ion  o f  2 * 2 ~ u ,  t o t a l  c ross  s e c t i o n  da ta  i n  
t h e  MeV r e g i o n  f o r  each o f  t h e  m a t e r i a l s  i n v e s t i q a t e d  here  have 
been presented before .  Below about 15 MeV t h e r e  a re  cons ide rab le  
da ta  as w e l l  as t h e  ENDF eva lua t i on ,  which extends t o  20 MeV. 
Between 15 and 200 MeV d a t a  a re  sparse, b u t  t h e r e  are  seve ra l  
r e s u l t s  f rom d i f f e r e n t  l a b o r a t o r i e s  f o r  comparison. 

The hydroqen t o t a l  c ross  s e c t i o n  i s  used as a  s tandard f o r  
measurements up t o  about 20 MeV. Above t h a t  energy, measurements 
b y  seve ra l  groups show d i f f e r e n c e s  o f  n e a r l y  3%. Our da ta  qener- 
a l l y  agree t o  w i t h i n  1% w i t h  t h e  ENDF/B-V e v a l u a t i o n  and w i t h  
d a t a  of Brady et a l .  [3] (25 t o  60 MeV), Groce and Sowerby [4], 
(20 t o  80 MeV), a 2  Measday and P a l m i e r i  [ 5 ]  (90 t o  150 MeV). 
The d a t a  o f  Bowen e t  a l .  [6 ]  a re  2-3% below our  values f r o m  30 t o  
about 100 MeV. F l ~ r s h o w s  ou r  d a t a  compared t o  t h e  semi- 
e m p i r i c a l  f i t  o f  Game1 [7] ,  chosen because i t  extends t o  40 MeV 
and agrees w i t h  our  r e s u l t s  n e a r l y  as w e l l  as ENDFIB-V. 

The carbon t o t a l  c ross  s e c t i o n  shown i n  F ig .  2  agrees w i t h  
t h e  ENDF/B-V e v a l u a t i o n  t o  b e t t e r  t han  0.6% below 8.5 MeV i n  t h e  
r e l a t i v e l y  smooth reg ions  between resonances where energy r e s o l u -  
t i o n  i s  un impor tant .  Above 8.5 MeV, o u r  da ta  agree b e t t e r  w i t h  
t h e  da ta  o f  Heaton e t  a l .  [8]  and Auchampaugh e t  a l .  [9]  t h a n  -- w i t h  t h e  ENDF/B-V e z l z t i o n .  A t  h i g h e r  energies,  ou r  r e s u l t s  
t e n d  t o  agree w i t h  t h e  da ta  o f  Auman e t  a l .  [ l o ]  (24 t o  60 MeV) 
t o  b e t t e r  than I%, and w i t h  Meadsday Ff  X. [Ill (80 t o  150 MeV) 
t o  about 2%. Data  o f  Bubb e t  a l .  [127-(;?6 t o  45 MeV) a re  sys- 
t e m a t i c a l l y  h ighe r  than o u r T e G i 1 t s ;  t h e  da ta  of Bowen e t  a l .  ( 15  
t o  120 MeV) a r e  c o n s i s t e n t l y  lower  t h a n  ou r  da ta  b e l o w B b o 3  90 
MeV. Above 150 MeV, t h e r e  e x i s t  no r e c e n t  data; however, 



Dejuren and Moyer [13], and M o t t  e t  a l .  [14] have r e s u l t s  which 
compare w e l l  w i t h  ou r  d a t a  b e t w e e n T 5 T a n d  220 MeV: 

O f  t h e  remain ing s e t s  o f  c r o s s  s e c t i o n  data, o n l y  2 3 8 ~  and 
2 3 2 ~ h  can c o n v e n i e n t l y  be compared w i t h  o t h e r  da ta  s i n c e  a l l  
o t h e r  Pb da ta  were ob ta ined  w i t h  a  n a t u r a l  sample and no o t h e r  
fas t -neut ron da ta  a t  a l l  e x i s t s  f o r  2 4 2 ~ u .  

The p resen t  r e s u l t s  f o r  '08pb, 2 3 2 ~ h ,  and 2 3 8 ~  a re  com- 
pared t o  t h e  ENDFIB-V r e s u l t s  i n  F ig .  3. Al though t h e  ENDFIB-V 
e v a l u a t i o n  was f o r  n a t u r a l  lead, t h e  agreement w i t h  t h e  p resen t  
2 0 8 ~ b  da ta  i s  remarkably good, except a t  t h e  ENDFIB-V d i p  near 
16 MeV. 

The 2 3 2 ~ h  da ta  were c o r r e c t e d  f o r  an oxygen contaminant 
us ing  da ta  measured a t  WNR i n  a  separate  experiment. Agreement 
w i t h  ENDFIB-V and w i t h  t h e  d a t a  ' o f  F o s t e r  and Glasgow [ I 5 1  i s  
reasonable  below - 14 MeV, t h e  upper end o f  t h e  a v a i l a b l e  
data. Above 10 MeV, however, t h e  eva luated da ta  i s  sys temat i -  
c a l l y  t o o  low, d i sag ree ing  by  as much as 4% a t  20 MeV. 

The 2 3 e ~  da ta  aqree w i t h  t h e  ENDFIB-V e v a l u a t i o n  t o  w i t h i n  
about 1%. w i t h  t h e  g r e a t e s t  d i f f e r e n c e s  be ing near 4 MeV and 19  
MeV. The most r e c e n t  2 3 8 ~  d a t a  o f  Schwartz e t  a l .  [16] (0.5 t o  
15 MeV) and Hayes e t  a l .  [ I 7 1  (0.8 t o  30 M e T a F e e  w i t h  o u r  d a t a  
w i t h i n  t h e  quoted e r r o r s ,  except f o r  t h e  da ta  o f  Hayes near 30 
MeV where t h e  e r r o r s  a re  q u i t e  l a r g e .  The da ta  o f  Schneider and 
McCormack [18] (100 t o  150 MeV) p rov ide , . t he  o n l y  h i g h  energy 
23ell da ta  f o r  comparison, and again, agreement i s  g e n e r a l l y  
b e t t e r  t han  1.5%. 

The 2 4 2 ~ ~  t o t a l  c ross  s e c t i o n  .values a re  shown i n  F ig .  4, 
compared t o  a  recen t  e v a l u a t i o n  b y  Madland and Young.[19]. As 
was p o i n t e d  o u t  e a r l i e r ,  t h e  2 4 2 ~ u  d a t a  were ob ta ined  u s i n g  t h e  
same f l i g h t  p a t h  b u t  w i t h  a  d i f f e r e n t  geometry due t o  t h e  ve ry  
l i m i t e d  amount o f  sample m a t e r i a l  a v a i l a b l e .  These data  were, i n  
f a c t ,  ob ta ined  us ing  a  neut ron beam c o l l i m a t e d  t o  5  mm a t  t h e  
sample. 

CONCLUSIONS 

The techn ique used t o  o b t a i n  neu t ron  t o t a l  c ross  s e c t i o n  d a t a  
f r o m  5  t o  200 MeV a t  t h e  WNR has been descr ibed and demonstrated 
t o  y i e l d  accura te  r e s u l t s  w i t h  hydrogen and carbon as t e s t  
cases. I n  a d d i t i o n ,  h i g h  energy da ta  f o r  2 0 e ~ b ,  2 3 2 ~ h ,  
2 3 8 U, and 2 ' 2 ~ u  have been prov ided.  
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Fig.  1. Present results for the hydrogen total cross section. The 
solid curve was calculated from a fit to previous data by 
Gammel . 



Fig.  2 .  Present r e s u l t s  f o r  the  carbon t o t a l  c r x s  sect ion .  The 
s o l i d  curve i s  from t h e  ENDF/B-V e v a l u a t i o n .  
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F i g .  3.  The t o t a l  cross s e c t i o n  f o r  2 0 B ~ b ,  2 3 2 T h ,  and 2 3 8 U .  
The s o l i d  curve represents  t h e  ENDFIB-V e v a l u a t i o n .  
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F ig .  4 .  The t o t a l  cross s e c t i o n  for  2 4 2 P u  from 0 . 7  t o  170 MeV. The 
s o l i d '  curve represents  an ENDF/B-V e v a l u a t i o n  by Madland 
and Young. 
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ABSTRACT 

Neutron total cross sections for Ca and Fe at 
35.3, 40.3, and 50.4, and for C at 50.4 MeV have been 
measured using nearly mono-energetic neutron beams. 
The overall total cross section uncertainties are (3%. 
Total non-elastic cross sections for C, 0, Ca, and Fe 
were measured for incident neutrons of 40.3 and 
50.4 MeV using a transmission technique with a nearly 
mono-energetic beam. The overall uncertainties average 
about 8% for the non-PI-astic crooo sections. 

INTRODUCTION 

Neutron cross section data are not abundant at energies above 
14 MeV and this is particularly true above 25 MeV. This is in 
marked contrast to the situation for proton data. As a conse- 
quence, most theoretical and applied needs for neutron cross 
sections at energies higher than 25 MeV must be met with estimates 
based on proton data or extrapolations of lower energy neutron 
cross sections at energies above 25 MeV for both theoretical and 
applied purposes. 

Neutron total and total non-elastic cross sections are 
important as basic'measurements which can be related to other 

*Permanent address : California State university, 
Sacramento, CA 95819 



nuclear measurements and to nuclear models. In particular, the 
optical model (OM) predicts both total shape elastic and total 
reaction cross sections, whose sum is the total cross section. At 
these higher energies the compound-elastic cross section is small 
so these OM predictions are very closely the total elastic and 
non-elastic cross sections. 

One of the original motivations for these measurements was to 
fill the need for accurate neutron cross sections for elements 
which form major constituents of shielding. Jn particular accu- 
rate cross sections allow shielding thickness to-be optimized for 
facilities which produce copious energetic neutrons. The Fusion 
Materials Irradiation Test facility under construction at Hanford, 
will use the d + '~i reactio~~ to produce neutrons having energies 
up to 50 MeV, even though the peak inLensity will be near 14 MeV. 
Neutron cross sections are also important in calculating neutron 
dosimetry, as in neutron cancer therapy, and form the basis of 
neutron detector efficiency codes. 

In our method of measuring total non-elastic cross sections 
it is imporLal~L to hovc good vall~~s for the total cross sections. 
For light elements sllch measurements are available (11 in the 
30-60 MeV range. However, for Ca and Fe there existed large un 
certainties in available data in this energy range. Only at lower 
encrgies are good data available.[2-51 Hence the total cross 
sections for Ca and Fe measured here were necessary for the usc in 
the non-elastic analyses. 

We present here measurements of the neutron total cross 
sections for Ca and Fe at 35.3, 40.3, and 50.4 MeV, and measure- 
ments of the total non-elastic cross sections for C, 0, Ca, and Fe 
at 40.3 and 50.4 MeV. 

EXPERIMENTAL METHODS 

Total Cross Sections 

Neutron beams of energy width I.1 MeV were produced via the 
7~i(p,n) reaction utilizing the U. C. Davis cyclotron. Prnt-ons 
were swept into a faraday cup by a clearing magnet and the 
neutrons were the11 collimatcd into a 15 mm x 15 mm beam spot by a 
1.5 meter long iron channel.[6] 

The experimental co~~figuration for total cross section measu- 
rements is shown in Fig. 1. The shadow bar was used for back- 
ground determinations and was normally out of the beam. .The col- 
limated neutron beam passes in sequence through a front (incident- 
flux) detector telescope, the sample, and back (transmitted-flux) 
detector telescope. Each telescope contained a El mm thick veto 
NE102 scintillator, a CH2 converter, and two more thin (Zl mm) 
NE102 scintillators separated by a copper absorber. The CH2 
converter was 1.5 mm thick for the front detcctor telescope and 
3.0 mm for the back one. The discriminator thresholds of the last 



two s c i n t i l l a t o r s  i n  each d e t e c t o r  t e l escope  were s e t  i n  t h e  
middle of t h e  coincidence coun t - ra te  p la teaus  produced by t h e  
r e c o i l  protons  from the  CH2. This rendered t h e  t e lescopes  insen-  
s i t i v e  t o  gain  o r  th resho ld  s h i f t s  i n  t h e  ind iv idua l  d e t e c t o r s .  
The th resho lds  were such t h a t  t h e  t e lescopes  were i n s e n s i t i v e  t o  
y-rays and e l e c t r o n s .  Their  neutron d e t e c t i o n  e f f i c i e n c y  i s  about 
1%. 

Rou h l y ,  60% of t h e  neutrons  produced i n  t h e  r e a c t i o n  5 7 ~ i ( p , n )  Be f a l l  wi th in  a  well-defined high energy peak, determin- 
ed by t h e  7 ~ i  t a r g e t  th ickness  t o  be Z1 MeV wide [ l o ] ,  correspond- 
i n g  t o  t r a n s i t i o n s  p r i n c i p a l l y  t o  t h e  ground s t a t e  of 7 ~ e .  The 
remaining neutrons a r e  spread over a broad, lower-energy t a i l .  
Only neutrons i n  t h e  narrow, high-energy peak - s e l e c t e d  by time- 
o f - f l i g h t  - were used i n  t h e  t ransmiss ion measurements. The 
0.15 mm copper absorber  i n  t h e  back d e t e c t o r  t e l escope  e l imina ted  
r e c o i l  protons  due t o  lower-energy neutrons from e a r l i e r  b u r s t s .  

To ta l  Non-Elastic Cross Sec t ions  

The t o t a l  non-e las t i c  measurements were c a r r i e d  ou t  wi th  
neutron beams s i m i l a r  t o  those  used f o r  u t o t '  The back d e t e c t o r  

t e l escope  i s  replaced by a  l a r g e ,  8" diameter by 3" t h i c k ,  NE213 
p l a s t i c  s c i n t i l l a t o r .  See F ig .  2. A s  shown, t h e  d e t e c t o r  i s  
placed c l o s e  t o  t h e  t a r g e t  subtending a  l a r g e  ang le ,  22O-38O, and 
i n t e r c e p t i n g  t h e  pa ths  of E85% of t h e  e l a s t i c  f l u x .  Time-of- 
f l i g h t  (TOF), neutron p u l s e  he igh t  (NPH), and p u l s e  shape (PSD) 
s i g n a l s  a r e  recorded f o r  each event  i n  t h e  s c i n t i l l a t o r .  For most 
of t h e  a n a l y s i s  a  f a i r l y  high threshold (8  MeV e l e c t r o n  energy) i s  
s e t  on t . h ~  NPB so t h a t  evcnto from the luw-euergy r a i l  wrapping 
around from e a r l i e r  proton beam b u r s t s  (per iod of 3 0  ns )  a r e  
e l imina ted .  

For  both t o t a l  and non-e las t i c  measurements n a t u r a l  t a r g e t s  
were used with  H20 se rv ing  a s  t h e  0  t a r g e t .  The e f f e c t s  of H were 
removed using t h e  known H c ross  s e c t i o n s .  [7]  The t a r g e t  th ick-  
nesses  were such t h a t  t ransmiss ions  averaged about 75%. I n  some 
non-e las t i c  measurements d i f f e r e n t  t a r g e t  th icknesses  and d i f f e r -  
e n t  d i s t a n c e s  from t h e  NE213 were used. 

ANALYSES AND RESULTS 

T o t a l  Cross Sect ions  

Time-of-fl ight s p e c t r a  f o r  both t h e  f r o n t  ( inc iden t - f lux)  and 
back ( t r ansmi t t ed- f lux)  d e t e c t o r  t e l escopes  were recorded over  
pe r iods  of about 10 minutes f o r  both  t a r g e t - i n  and t a r g e t - o u t  
arrangements. (This  was a l s o  done wi th  t h e  shadow bar  i n  t h e  
beam, and t h e  backgrounds were e s s e n t i a l l y  n e g l i g i b l e . )  About a  
dozen cyc les  of t a r g e t  i n  and t a r g e t  ou t  were recorded f o r  each 
target-energy combination. For each one t h e  i n t e g r a t e d  TOF peak 



yield for the incident (I) and transmitted (T) intensity is 
calculated. The transmission ratio R is defined as T/I for the 
target-out case divided by T/I for the target-in. Then 

where N is the number of target nuclei per cm2. 
Corrections due to impurities, air displacement, and harden- 

ing were essentially negligible. The correction due to the finite 
solid angle of the transmitted flux detector is 

and for the worst case, 50.4 MeV, amounted to 10, 7, and 2 mb for 
Fe, Ca, and C. 

Figure 3a and b shows the resulting values of u plotted tot 
vs energy, along with previous measurements of u in this energy 

tot 
range, and shows t .he significant improvement in the knowledge of 
atot in this energy range. The present measurements give for 

carbon otot(C) = 922 + 24 mb. Extrapolation of previous measure- 

ments[l] gives o (C) = 938 k 4 mb at 50.4 MeV, in agreement with 
tot 

the present measurement. 

Total Non-elastic Cross Sections 

The first stages of analysis are similar to the case of o 
tot' 

The yield of neutron counts in the TOF peak of Lhe neutron detect- 
or is normalized to the incident flux and denoted Y and Yout for 

in 
the cases of target.-in and -out. A measured cross section is 
defined : 

'meas depends on a and on the elastic ditferenrial cruss tot 
section, u (9), as well as on target thickness (via attenuation el 
and multiple-scattering effects). It also depends on r-he variat- 
ion of detector efficiency with detector radius and angle of 
incidence of the neutrons relative to the detector axis. 

The approach used in our analysis is to obtain an expression 
relating umeas to utot and u (9). The optical model is used to e 1 
provide the relative elastic differential cross section. The 
experimental measurements, yielding u determine the average 

meas ' 
absolute normalization, 11, of the optical model predictions, 
OM 
0 (9), for the elastic cross section. The total elastic cross e 1 



section for a given nucleus is determined from 

Then the total non-elastic cross section can be calculated from 

The results for a and a are not very sensitive to the optical 
e 1 non 

model used. The variation in a is typically a few percent, e 1 
while the variation in the values of q as determined here ranges 
up to.40% for the different potentials of a given nucleus. 

The experimental technique and method of analysis are, detail- 
ed elsewhere.[8] The most difficult part of the analysis is 
dealing with multiple-scattering effects, and incorporating them 

into the target-in yield, Yin. The contributions to Y. form a in 
series of terms Yo, Y!, Y2, etc., where Y is the term containing n 
n scatterings in the target. Using a forward scattering approxim- 
ation we have shown [8] that the magnitude of Y falls off 

n 
rapidly, approximately as Y /Y E N a /(n+l) for n > 0 and n+l n el 
that the contribution to a of the term Y2 is 2 10% and of 

meas 
terms beyond Y2 is *l%. Here No Z 0.2. Instead of doing the 
lengthy and tedious five-fold integration which the calculation 
of Y2 entails, we include the effects of Y2 and higher-order 
terms through the choice of ameas as the attenuation cross 

section in Y1. The physical reason for this choice is discussed 
in ref. 8 and there it is also shown that the results of the 
forward scattering approximation support the choice of 0 meas 
in Y1. The calculation and parameterization of the detector 
efficiency is also discussed and illustrated in ref. 8. 

The resulting values of u are given in Fig. 4, which non 
also illustrates the accuracy of the method. Values of onon 

together with their estimated uncertainties are plotted for thick 
and thin targets, "close" and "far" geometries, and for various 
OM parameter sets. In no case are the variations in a larger non 
than the statistical uncertainties. The lack of dependencc on 
target thickness indicates that our estimate of the target atten- 
uation is good. The lack of dependence on "close" or "far" 
geometry and on OM parameters indicates that this method is OM 
independent as long as most of the elastic scattering cross 
section lies within the angle subtended by the neutron detector. 
Our largest source of uncertainty was in fact the statistical 
uncertainty in the nilmher of monitor counts in the incident-flux 
detector telescope. 



Insufficient time resolution plus the kinematic shift of 
elastic neutrons prevent us from eliminating all inelastic scaL- 

tering contributions to qooM But based on (p,pt ) [13] and 
el' 

(n,nt)[14] data we estimate the inelastic cross section contri- 
butions to be less than 2% of the elastic cross section integrated 
out to the largest angles subtended. This correction is consider- 
ably less than our statistical uncertainties and was not included. 

The experimental values for u and their uncertainties are non 
given in Table I. They are weighted averages of the data irl 
Fig. 4. Uncertaint-ies shown are primarily statistical. In add- 
ition to thesc there are est.imated uncertainties of 2-4% in the 
method due largely to the approximations used in relating u to 

meas 

Otot and uel. 

At these particular energies there are no neutron data to 
compare Lu. A mcnsurcmcnt[l5] of D on C at 55 MeV, yielded 

no0 
Onon = 278 2 26 mb, and aL lower encrgicc values o f  450 L 40 for 

C and 1210 2 70 mb for Fe at 29.2 MeV have been published.[l6] 
All these appear to be consisLent with our values. 

Comparison with OM Calculations 

The literature on OM potentials for single nucleon scattering 
is extensive[l7]. Many single nucleon OM potentials have been 
obtained.from global fits to large numbers of proton elastic 
scattering angular distributions, polarizations, total cross 
sections, (p,n) data, and a more limited body of neutron elastic 
scattering data[11,12,18]. The resulting parameter sets are 
semi-empirical in that energy and isospin dependencies of the 
parameters are incorporated. The present data allow us to judge 
how well various single-nucleon OM parametrizat.ians apply to 40 
and 50 MeV neuLron data. Comparison can ha made in two ways: via 
the normalization, q, of the forward angle elastic scatteringll91, 
and through the total non-elastic cross sections, Onon. 

Table 2 gives values of the normalization, q, for various OM 
sets[20]. If an OM set correctly predicts uel(8), t') should be 

close to 1. It can be seen that q can vary considerably from one 
OM potential set to another. However the renormalized total 

OM elastic cross sections, quel, are not very dependent on the OM set 

Figure 5 shows the present u data (closed circles) non 
compared with OM calculations (solid lines) based on various OM 
sets. Also shown are proton non-elastic cross sections and proton 
OM calculations. Within errors u is the same for protons ar~d 

non 
neutrons on the same nucleus and at or near the same energy. 



( a )  Parameters  o f  WSS [9 ]  
Watson, S ingh,  and S e g e l [ 9 ]  ob ta ined  t h e i r  parameters  from 

f i t t i n g  p ro ton  e l a s t i c  s c a t t e r i n g  and p o l a r i z a t i o n  d a t a  on l i g h t  
e lements  a t  e n e r g i e s  up t o  50 MeV and neu t ron  e l a s t i c  s c a t t e r i n g  
a t  14 MeV. C a l c u l a t i o n s  of u based on WSS a r e  shown f o r  C and 

non 
0  a r e  seen  n o t  t o  d e s c r i b e  e i t h e r  neu t ron  o r  p ro ton  d a t a  a s  we l l  
a s  c a l c u l a t i o n s  based on o t h e r  parameter  s e t s ,  WSS be ing  system- 
a t i c a l l y  h igh.  Our d a t a  i n d i c a t e s  t h a t  q > 1 f o r  t h e i r  f i t s  t o  
C and 0 .  This  has  been v e r i f i e d  by examining t h e i r  p l o t s  of  OM 
p r e d i c t i o n s  v s  e l a s t i c  p ro ton  d a t a .  

(b)  Parameters  of  BH[10] 
Basse l  and Her l ing  [ l o ]  ob ta ined  t h e i r  parameters  by f i t t i n g  

p ro ton  and neu t ron  e l a s t i c  and,  when a v a i l a h l e ,  i n e l a s t i c  d a t a  
on 12c and lCO s p e c i f i c a l l y .  The a v a i l a b l e  neu t ron  d a t a  were 
a t  e n e r g i e s  l e s s  t h a n  20 MeV. I t  i s  n o t  s u r p r i s i n g  t h a t  t h e  BH 
parameters  p r e d i c t  bo th  neu t ron  and p ro ton  c r o s s  s e c t i o n s  more . 
a c c u r a t e l y  t h a n  t h e  o t h e r  s e t s  s i n c e  t h e  BH parameters  a r e  n o t  
g l o b a l ,  nor  do t h e y  use  t h e  same p a r a m e t r i z a t i o n  f o r  C and 0 .  

( c )  Parameters  of  BG [12] 
B e c c h e t t i  and Greenlees  [12] p ro ton  " b e s t  f i t "  and neu t ron  

parameters  s e t s  a r e  used h e r e  t o  produce t h e  v a l u e s  o f  o which non 
a r e  compared t o  measured v a l u e s  f o r  Ca and Fe i n  F i g .  3.  BG [12] 
ob ta ined  t h e i r  parameters  by f i t t i n g  p ro ton  and neu t ron  e l a s t i c  
s c a t t e r i n g  and a d a t a  f o r  A 1 4 0 .  With t h e  excep t ion  of ou r  

non 
40 MeV neu t ron  d a t a  f o r  Fe ,  t h e  BG parameters p r e d i c t  t h e  .values 
of  Onon r a t h e r  w e l l  and b e t t e r  on t h e  average  t h a n  t h e  o t h e r s .  

An i s o s p i n  dependence was observed by BG i n  bo th  t h e  r e a l  and 
imaginary w e l l  dep ths  and i n  t h e  imaginary d i f f u s e n e s s .  

(d)  Parameters of  M [ l l ]  
Menet e t  a l .  [ l l ]  ob ta ined  t h e i r  parameters  by f i t t i n g  a  

l a r g e  body of d a t a  f o r  12 6 A I 2 0 8  and p ro ton  e n e r g i e s  of 30 t o  
61 MeV. Inc luded i n  t h e i r  f i t s  were p ro ton  and neu t ron  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 b u t i o n s  and a  l a r g e  number of n o n - e l a s t i c  
c r o s s  s e c t i o n s .  Menet e t  a l .  [ l l ]  were looking s p e c i f i c a l l y  t o  
improve upon t h e  BG parameter  s e t s  and t o  f i r m  up t h e  " t rue"  
i s o s p i n  dependence of t h e  OM pa rame te r .  By " t r u e "  i s o s p i n  depend- 
ence one g e n e r a l l y  means t h a t  t h e  s i g n  of any E = (N-Z)/A term i n  
t h e  p o t e n t i a l s  w i l l  be  p o s i t i v e  when t r e a t i n g  p ro tons  and nega t ive  
when neu t rons .  Menet e t  a l . [ l l ]  observed a  " t rue"  i s o s p i n  depend- 
ence  i n  t h e  r e a l  and imaginary we l l  d e p t h s ,  a s  d i d  B e c c h e t t i  and 
Greenlees  [12 ] .  They a l s o  examined t h e  &-dependence of t h e  imagin- 
a r y  d i f f u s e n e s s  p r e v i o u s l y  observed by B e c c h e t t i  and Greenlees  [61 
and found t h e  s i g n  of t h e  E term i n  t h e  imaginary d i f f u s e n e s s  t o  
work b e s t  when it i s  t h e  same f o r  p ro ton  and neu t ron  s c a t t e r i n g .  

Our r e s u l t s  u s i n g  t h e  parameter  s e t  M Lend t o  confirm t h e  
obse rva t ions  of Menet e t  a l l 1  and can be  seen i n  F i g .  5 f o r  Fe .  



+ 
The s o l i d  and dashed l i n e s  l abe led  M and M- r e s p e c t i v e l y  a r e  f o r  
a  p o s i t i v e  E term and a  negat ive  E term i n  t h e  imaginary d i f f u s e -  
ness .  As was a l s o  observed by Menet e t  a l .  [ll] use of t h e  minus 
s i g n  produces smal le r  and l e s s  s a t i s f a c t o r y  r e s u l t s  than  a  
p o s i t v e  s i g n .  

( e )  Parameters of P  [18] 
P a t t e r s o n  e t  a l .  (181 obtained t h e i r  parameters by f i t t i n g  

proton and neutron e l a s t i c  s c a t t e r i n g  da ta  and ( p , n )  r e a c t i o n  
d a t a .  The r e s u l t i n g  parameters do an equa l ly  good, though no t  
s l lper ior  job of p r e d i c t i n g  u f o r  Ca and Fe a s  do those  of non 
BG [ 6 ] .  P a t t e r s o n  e t  a l .  [18] s t a r t e d  t h e i r  searches  us ing t h e  
parameter s e t s  of BG. 

( f )  General Observations 
I n  a l l  c a s e s ,  except  f o r  parameter s e t  M f o r  Fe, t h e  OM 

p r e d i c t s  lower va lues  of uoM f o r  protons  than neutrons .  I t  
non 

should he  pointed o u t  t h a t ,  i n  genera l ,  proton and neutron da ta  
should be compared a t  s l i g h t l y  d i f f e r e n t  energ ies  s i n c e  t h e  
Coulomb f o r c e  slows t h e  proton and it t h e r e f o r e  has l e s s  energy 
when i n t e r a c t i n g  with  t h e  nucleus than does t h e  neutron.  However, 
t h i s  cannot be t h e  source  of d i f f e r e n c e  i n  OM c a l c u l a t i o n s  s ince  
using a  higher  energy f o r  t h e  protons  by t h e  amount of t h e  
Coulomb b a r r i e r  would f u r t h e r  decrease  t h e  ca lcu la ted  values  of 

u:rn f o r  protons .  Because of t h e  s i r e  of t h e  e r r o r  ba r s  of the  

p r e s e n t  neutron da ta  we cannot judge whether t h e  lower values  of 

uoM f o r  protons  a r e  c o r r e c t  o r  an a r t i f a c t  of t h e  a v a i l a b l e  OM 
non 

paramet r i za t ions .  
Although somc OM parameters seLs p r e d i c t  u more accura te ly  

non 
than nthers.  no obvious c o r r e l a t i o n  of t h e  depth,  shape o r  volume 
i n t e g r a l  of t h e  imaginary p o t e n t i a l  t o  Unon predlcLiutis i s  
apparent.. ' 

CONCLUSIONS 

Improved va lues  of t o t a l  neutron c r o s s  s e c t i o n s  f o r  Ca and 
Fe have been obtained a t  35.3,  40.3,  and 50.4 MeV. A method f o r  
measuring t o t a l  non-e las t i c  c r o s s  s e c t i o n s ,  onon, has been 

developed (81 and used t o  ob ta in  values  of onon f o r  neutrons on C ,  

0, Ca, and Fe a t  40.3 and 50.4 MeV. The experimental  values  of 

'non f o r  neutrons a r e  t h e  same, wi th in  experimental  u n c e r t a i n t i e s ,  

a s  those  f o r  p ro tons .  



The OM s e t  BH [ l o ]  bes t  p r e d i c t s  u f o r  C and 0 while the  
s e t s  of BG (121, M [ I l l ,  and P [18] worRO%out equa l ly  wel l  f o r  
Ca and Fe. 
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TABLE I 
. . 

Experimental Values for a and u i n  ~ i l l . * a r n s  
t o t  non 

4 0 . 3  MeV 

(Jtot . . a non - 

5 0 . 4  MeV 

a. Rei. 1. 

b .  This work. 



TABLE I1 

OM Normalization Factors r l  and Normalized Total Elastic 
Cross Sections in Millibarns. Parameters set are 

W S S ~ ,  BH'O, M" 1 and B G ~ ~ .  

4 0 . 3  MeV 

OM set 

C WSS 
HB 
M 

0 WSS 
BH 

. M 

5 0 . 4  MeV 

C WSS 
BH 
M 

0 WSS 
BH 
M 
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WINDOW I 1 1 . 1  

107cm 

6 0  mil CH* 

~ o ~ ~ I N E I o ~ < ~ ~ ~  -. . +  1 7 9  cm 

SHADOW BAR ffl 

TARGET :;t.*O - -  -- L I  
40 mil NE 102 OET - 
120 mil CH2 

I 
CON\/ = - - - . -x 

3 0  mil N E ~ O Z  OET - 
6 mil FOIL Cu ---- 

3 0  mil NE 102 DET - 
F i e . .  1, Experimental s e t -up  f o r  Lotal c r o s s  s e c t i o n  measurements. 

Both t a r g e t  and shadow bar could Lt rcmotcly moved i n  
and o u t  o f  L11r beam.. 



Fig. 2. The experimental configuration for the non-elastic 
measurements with an expanded view of the target. 



Fig.  3 .  Available t o t a l  cross sec t ions  for  calcium (a)  and iron 
(b)  i n  the energy region 20 t o  60 MeV, showing data from 
t h i s  experiment. Data source i s  i d e n t i f i e d  i n  the 
f igure by the f i r s t  author's  name and year ( r e f s .  2 ,  3 ,  
4 ,  5,, 21, 22) .  

2.8 . ~ r . , T , . , l , . , , ,  
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v Cierjacks (68)  - 
o Hildebrand ( 5 0 )  . 
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1.4 - T h i s  work 
( b)  
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Energy (MeV 



Fig. 4. Experimental values of onon for thick and thin targets, 

1200 

I0O0- 

800- 

n 

5 600- 
2 .  
0 .  

b' 
' 400- 

200- 

0 

close and far geometries, and various OM parameter sets 
showing the model and geometry independence of the 
analysis technique. OM sets are WSS [ 9 ] ,  BH [ l o ] ,  
M [ l l ] ,  and.BG [ 1 2 ) .  C stands for close geometry, F 
fnr far genmet.ry. 

C  0 Ca Fe C. 0 C a ' ,  Fe 

. . 
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(111b) 
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F i g .  5 .  Comparison o f  a d a t a  and OM c a l c u l a t i o n s .  F i l l e d  
non 

- t M t 
n P n P n P n P 
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- 
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I 

-- - -- 

c i r c l e s  a r e  p r e s e n t  neu t ron  d a t a .  For  p r o t o n  d a t a ,  
A i s  Ref .  14 ,  0 i s  Ref .  11 ,  x i s  Ref.  23. The p r o t o n  
d a t a  p o i n t s  l a b e l e d  50 MeV on 0  and Ca were t a k e n  a t  
48 MeV r a t h e r  t h a n  5 0  MeV and t h e  p ro ton  d a t a  p o i n t  
l a b e l e d  50 MeV on Fe i s  a n  i n t e r p o l a t i o n  between d a t a  
a t  40 and 60 MeV, hence t h e  l a r g e r  e r r o r  b a r  which 

. ,  

i n c l u d e s  i n t e r p o l a t i o n  u n c e r t a i n t i e s .  OM s e t s  a r e  
WSS ( 9 1 ,  BH [ l o ] ,  M [ l l ] ,  BG (121,  a n d P  [ l a ] .  
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ABSTRACT 

Continuum differential cross sections for neutron- 
induced reactions on light elements have been measured 
at the Crocker Nuclear Laboratory of the University of 
California at Davis. The neutrons are produced via the 
7~i(p,n) reaction and the beam is collimated at O0 to 
deliver a flux of cl~~/cm*/sec at the experimental area. 
Charged particles ranging from protons through alphas 
are detected with three-element charged-particle-detect- 
ion telescopes. The measurements were made at incident 
neutron energies of 27.4 MeV, 39.7 Mev, and 60.7 MeV and 
for wide angular range covering 15O through 150'. Some 
of these continuum cross sections obtained for Carbon, 
Oxygen, and Nitrogen are presented. Where possible, . 
comparisons are made for.both differential and angle 
integrated cross sections, with corresponding charge- , . 
syu~etric reaction cross sections from data published 
from ORNL with protons as projectiles. Model predict- 
ions are also presented for comparison with angle- 
integrated spectra. 

INTRODUCTION 

Differential cross-section measurements for charged particles 
arising from neutron-induced reactions at neutron energies above 
the d-t generator energies are virtually nonexistent. These 
higher energy ranges (up to about 50 MeV) have recently drawn a 
closer attention because neutrons of these energies are realized 
in configurations such as the d-Li irradiation facilities and the 
d-Be medical therapy facilities. These cross sections, where 
available, help to,evaluate the performance of a given element as. 

"Present address: Lawrence Berkeley Laboratory, Berkeley, 
California 



a constituent of a reactor structure or human tissue. In addition 
the charged-particle cross sections for carbon for instance, are 
relevant to the evaluation of neutron detection efficiencies of 
plastic scintillators, or for use in neutron spectrum tailoring. 
Similarly, the cross sections for oxygen are relevant to reactor- 
shielding calculations. Combining the cross sections for hydrogen 
(elastic proton), oxygen, carbon and nitrogen, one can obtain 
quantities relevant to neutron dosimetry, such as KERMA in tissue. 
Some of these cross sections, particularly limited to the light 
elements, carbon, nitrogen, and oxygen, have been measured at the 
Crocker Nuclear Laboratory in Davis. 

EXPERIMENTAL FACILITY 

The unpolarized neutron beam line at the Crocker Nuclear 
Laboratory is designed to provide nearly monoenergetic neutron 
beams in the 20-60 MeV range via the 7~i(p,n)7~e reaction [l-31 
Fig. 1 )  The neutron spectrum conslsts of a monochromaLlc peak 
containing 60% of the 11euLruas; the remaining 40% sprcod out in 
the flat low energy tail region. For a typical 40 MeV, 10 pA 
proton beam incident on a Li target, the neutron flux at 3 q is 
5 x 10' (cm sec) in a 1 MeV FWHM peak. A scattering chamber 
housing the target and the triple-element, charged-particle 
detector telescopes under vacuum has been incorporated in the beam 
line. This facility has been used to measure the differential 
cross sections for neutron-induced charged particles from light 
elements, such as carbon, nitrogen, and oxygen [4-61. 

Target Selection and Normalization 

Polysteyrene (CH) was chosen as a target for carbon instead 
of pure carbon sheets. The overwhelming reason for such a choice 
is the ease of direct normalization to the concurrently measured 
n-p elastic scattering, whose cross section is well known. Since 
solid targets help minimize low energy cut-offs in the measured 
charged-particle spectra, particularly those of alphas, foils 
containing N and 0 were used for their respective targets: 
Melamine (C3H6N6) for nitrogen and Kodacel plastic (C3H4O2) for 
oxygen. The N and 0 cross sections were obLained by subtracting 
out the contributions from carbon in the respective targets. 
Again, the absolute normalization was obtained by referring to the 
concurrently measured n-p elastic peaks. The targets so used were 
typically 5 mg/cm2 thick. The cross sections presented here have 
been corrected for (alpha) particle and energy loss in targets 
(71 .  

Differential Cross Sections 

Typical spectra of deuterons, tritons, 3 ~ e  and alphas meas- 
ured from oxygen for an incident neutron beam of 60.7 MeV are 



shown in Fig. 2. Charge symmetric proton-induced neutron cross 
sections of Bertrand and Peelle [8] have been compared as histo- 
grams in the same figure. The error bars in our data do not 
include normalization errors; they are only indicative of the 
statistics. Figure 3 presents such a comparison for carbon at 
39.7 MeV, and the data for nitrogen obtained at 27.4 MeV is 
presented in Fig. 4. 

Angle Integrated Spectra 

The differential cross sections have been obtained at nine 
different angles in the range between 15O and 150'. For those 
sets of data with all nine' angles covered, the integration is 
obtained via Gaussian quadrature by assuming that the cross- 
section levels off on either end of the measured angular range. 
For sets of data deficient in larger angles, an extrapolation is 
done first to obtain cross sections for the next missing angle, 
and then the integration is performed. The errors shown in the 
plot are purely 'statistical. The additional uncertainties assoc- 
iated with the angle integrals are estimated to be 5% for the 
cases where 9 angles were measured and 20% when only 6 angles were 
measured. Such ,angle-integrated spectra are presented in the 
bottom row of each of the figures 2-4. Again, charge symmetric 
(p, xz) cross sections of Bertrand, et al. are compared as histo- 
grams where available. 

Model Predictions 

Predictions from calculations, using the code TNG with pre- 
equilibrium effects included, have been compared for protons and 
alphas [9]. Predictions for Oxygen at 60.7 MeV, for Carbon at 
39.7 MeV and for Nitrogen at 27.4 MeV have been presented as solid 
curves in Figures 5, 6, and 7 respectively. 

SUMMARY 

Differential cross sections for charged particle continua 
arising from neutron induced reactions on C, N, and 0 have been 
measured at CNL at neutron energies of 27.4, 39.7, and 60.7 MeV. 
The selection of neutron beam energies for this study was guided 
by the proton-induced reaction measurements of Bertrand and Peelle 
at Oak Ridge. Since the elements chosen are all self conjugate, 
it is immensely reassuring to see the similarity in charge 
symmetric cross sections as expected. The model predictions 
presented here for comparison are the outcome of an effort express- 
ly undertaken to interpret our data. These calculations are 
absolute; they have not been normalized to experiment. The 
predictions for prntnns have a scope for improvement at the high 
energy end by the inclusion of transitions to analogs of giant 



resonances. As for the alphas, the major hurdle seems to be the 
handling of kinematics for the multi-particle exit channels. 
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The unpolarized neutron beam line and the associated 
scattering chamber at the Crocker Nuclear Laboratory. 
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Fig. 2 Typical spectra of differential  cross sections for 
charged particles obtained from Oxygen a t  60.7 MeV. 
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Fig. 3 Typical spectra of d i f ferent ia l  cross sections for 
charged particles obtained from Carbon a t  39.7  MeV. 
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Fig. 4 Typical spectra of differential cross sections for 
charged particles obtained from Nitrogen at 27.4 MeV. 
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E,, = 27.4  MeV. 
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MEASUREMENT OF THE ANGLE-INTEGRATED SECONDARY 
NEUTRON SPECTRA FROM INTERACTION OF 14 MEV 
NEUTRONS WITH MEDIUM AND HEAVY NUCLEI %I-'' 

H. Vonach, A. Chalupka, F. Wenninger, G. Staffel 

Institut fur Radiumforschung und Kernphysik der 
dsterr. Akademie der Wissenschaften, Wien, Austria. 

ABSTRACT 

.The angle-integrated secondary neutron 
spectra from interactions of 14.1 MeV neutrons 
with 17 elements in the range Ti to Bi were 
measured over the secondary- neutron energy 
range 0.25 - 6 MeV with special emphasis on ob- 
taining reliable and accurate neutron pro- 
duction cross-sections in the low energy 
region .(0.25 - 1 MeV). An overall accuracy of . 

,,5 - 7% was obtained over most of the investiga- 
ted energy ranges. The results are i.n good 
agreement with the predictions of statistical 
model calculations and in the neutron energy 
range above 1.5 MeV also with most other 
recent measurements; in the low energy range 
there are still large discrepancies between 
the results of different measurements. 

INTRODUCTION 

Secondary neutron spectra from the interactions of 
14 MeV neutrons with nuclei have been investigated in 
a considerable dumber of experiments (1 - 7) and 
reasonable agreement on both the form of the spectra 
and the absolute neutron emission cross-sections have 
been obtained in the neutron energy range above about 
1.5 MeV. The low energy parts of the secondary spectra, 
however, are rather poorly known in most cases due to 
experimental difficulties especially with n-y-dis- 
crimination,background and multiple scattering at low 
secondary neutron energies. An excess of low energy 
neutrons compared with the theoretical predictions has 
been observed by a number of authors [I - 41 whereas 



Salnikov and co-workers 161 found much smaller neutron 
production cross-sections and.also a measurement on 
iron at our institute [71 did not show any indication 
for abnormally high low-energy neutron-production 
cross-sections. Therefore,new measurements have been 
performed at our institute to determine those spectra 
for a large number of elements. 

EXPERIMENTAL PROCEDURE 

Fig, 1 shows the experimental set-up. Pulsed 
neutrons are produced by means of the 250 keV Cockroft 
Walton accelerator of the institute 171  in an extreme- 
ly small low-mass TIT target construction. The scatter- 
ing samples (hollow cylinders of about 6 cm3) sur- 
rounded the target and the neutron time-of-flight 
spectrum is measured at a distance of 1 m by means of 
a NE213 (1.5"~ 0.5") scintillator coupled to a low 
dark current 56 DVP multiplier. The  scintillator ic 
operated at a very low threshold (equivalent to about 
135 keV proton recoil energy) and a pulse-shape (PSD) 
method is usea to discriminate between neutrons and 
photons. As reported earlier [8] the application of 
the PSD method is possible down to this very low 
threshold. Time of flight, recoil proton energy and 
pulse-shape detector output for each event is recorded 
on disc in order to enable optimal off-line analysis 
with respect to n-y-discrimination and background re- 
duction. 

In order to save disc space the count-rate in'the 
region of the 14.7 MeV peak from direct source 
neutrons was reduced by a factor of ten by means of a 
gate system. Accordingly the time spectra show a 
corresponding discontinuity at about channel 680. The 
stability of the whole electronic system was checked 
continuously by means of pulser peaks both in the time 
of flight spectra and especially in the low-energy 
part of the proton recoil spectrum and continuous 
monitoring of all important single count-rates. 

The time resolution was about 1.5 nsec (FWHM) for 
the 14.7 MeV neutron peak in spite of the very large 
dynamic range (1:200) of pulses admitted for the 
proton recoil energy (s. Fig. 4 - 5). Apertures needed 
to collimate the deuteron beam onto the 3 mm @ TiT- 
targets were positioned in such a way that DD neutrons 
produced there arrived at the detector at times out- 
side the time range actually used for the measurements 
(s. Fig. 4 and 5). 

3 to 4 separate measurements were performed for 
each'element and background measurements after each 



sequence of 3 sample-in measurements. 
The efficiency of the neutron detector for the se- 

condary neutrons (0.25 - 6 MeV) and for the primary 
14 .7  MeV neutrons was determined in two additional ex- 
periments. 

The detector calibration for 0.25 - 6 MeV neutrons 
was done by replacing the target assembly b a fast 

2 5Y low-mass ionisation chamber containing a Cf source 
[9]. Using the fission product pulses of the ionisation 
chamber (which detects the fragments with an efficiency 
of about 98% and time resolution of better than 1 nsec) 
as start signals the 2 5 2 ~ f  neutron time-of-flight 
spectrum is measured in exactly the same way as des- 
cribed above. In this way the problem of absolute 
measurement of the secondary neutron spectra induced by 
14 MeV neutrons is essentially reduced to a measurement 
relative to the known 2 5 2 ~ f  spectrum, which in addi- 
tion has a form quite similar to evaporation spectra 
produced by the scattering samples and thus systematic 
errors e.g. because of room scattering and others will 
tend to cancel to a large extent in this calibration 
method. 

The efficiency for theprimary 14.7  MeV neutrons . 
was determined by an experiment in which the target 
assembly was surrounded by an aluminum sample identical 
in shape to the scattering samples and observing both 
the intensity of the 14 .7  MeV peak in the time of 
flight spectrum and the amount of 2 4 ~ a  formed in the 
aluminum sample by means of the 27~l(n,a) reaction, 
the cross-section of which is known very accurately. 

DATA ANALYSIS 

The raw 3 parameter data were analyzed and trans- 
formed to energy differential neutron production 
spectra in the following way: 

A) Derivation'of the net (background subtracted) time- 
of-flight spectra. 

1) The effect of small electronic drifts (1-2 channels) 
was eliminated by address-shifting of every data 
set deviating by at least one channel in the 
positions of either the pulser peak in the proton 
recoil spectrum, the y-peak in the pulse shape (PSD) 
spectrum or the 14 .7  MeV neutron peak in the time- 
of-flight (TOF) spectrum from the average values. 
In this way it is assured that the time scales of 
all measurements agree within + 0.15 nsec, the 
recoil energy thresholds within 2 4  keV, and the 



p o s i t i o n s  of t h e  y- and neutron peaks i n  t h e  PSD 
s p e c t r a  wi th in  a few % of t h e  peak separa t ion .  
TOF-spectra were generated from t h e  d a t a  using t h e  
fol lowing c r i t e r i a  f o r  acceptance af events:  
a )  y-induced events  were e l iminated  with minimum 

l o s s  of neutron events  by admit t ing  only  pu l ses  
from an appropr ia t e  region of  t h e  Erecoil-PSD 

plane .  A l l  s p e c t r a  inc luding t h e  2 5 2 ~ f  c a l i -  
b r a t i o n  s p e c t r a  w e r e  t r e a t e d  i n  e x a c t l y  t h e  same 
way. Thus t h e  e f f i c i e n c y  determined wi th  t h e  
252Cf measurement t akes  c a r e  of any neutron l o s s  
r e s u l t i n g  from t h e  y - re jec t ion  procedure. A s  on 
t h e  o t h e r  hand inc lus ion  of y-induced events  
c o n s t i t u t e s  a  source of sys temat ic  e r r o r  which i s  
d i f f i c u l t  t o  c o r r e c t  f o r ,  cons iderable  l o s s  of 
neutrons was admitted i n  t h e  low-energy region 
i n  o rde r  t o  g e t  s u f f i c i e n t  y - re jec t ion  down t o  
the  lowest  s e o o i l  pulco hcighto included.  
The q u a l i t y  of  n-y d i sc r imina t ion  obtained i n  
t h i s  way i s  shown i n  f i g .  2 and 3 which show t h e  
PSD s p e c t r a  f o r  a  pure y-spectrum ( 6 0 ~ o  source)  
and an almost pure neutron spectrum (neutron 
p a r t  of  2 5 2 ~ f  time spectrum s e e  f i g .  7 )  f o r  - 
d i f f e r e n t  pulse-height  b i n s  i n  t h e  region bet -  
ween 50 and 100% of t h e  59 keV Americium y-peak; 
a l s o  shown a r e  PSD th resho lds  used f o r  t h e  
va r ious  pulse-heightbins.  A s  apparent  from t h e  
f i g u r e s  it was poss ib le  t o  measure t h e  neutron 
s p e c t r a  with very l i t t l e  y-contamination even a t  
t h e  lowest  proton r e c o i l  ene rg ies .  I n  a d d i t i o n  
it has t o  be kep t  i n  mind t h a t  t h e  n e t  (back- 
ground sub t rac ted)  s p e c t r a  con ta in  only  a very 
smal l  y-contamination i n  t h e  i n t e r e s t i n g  time 
range.  Thus t h e  r e s i d u a l  y-contr ibut ion  t o  t h e  
n e t  s p e c t r a  can be  completely neglected.  

b)  Only pu l ses  from t h a t  region of  t h e  Erecoil -TOF 

plane  were admitted which i s  phys ica l ly  allowed 
f o r  neutrons o r i g i n a t i n g  from t a r g e t  and 
s c a t t e r i n g  sample. Espec ia l ly  i n  t h e  low neutron 
energy region a background reduct ion  o f  about a  
f a c t o r  of 2 could be obta ined i n  t h i s  way. 

Time-of-flight s p e c t r a  were generated f o r  a l l  events  
admiss ib le  according t o  c r i t e r i a  a )  and b )  with proton 
r e c o i l  pulse  he igh t s  l a r g e r  than t h e  chosen threshold  
o f  0.5 of t h e  pulse  h e i g h t  o f  t h e  59 keV Am y-peak 
(corresponding t o  approx. E r e c o i l  % 135 keV). The 

th resho ld  was chosen a s  t h e  lowest  poss ib le  value com- 
p a t i b l e  with t h e  cond i t ions  of n-y d i sc r imina t ion  
and n e g l i g i b l e  l o s s  of pu l ses  i n ' t h e  cons tan t  f r a c t i o n  



trigger. 
3) Background subtraction: 

After execution of step 1 and 2 on all measured 
(sample-in and sample-oue) spectra background sub- 
traction is performed by subtracting from each 
sample-in spectrum an average of the background 
spectra measured before and after the respective 
measurement. In this way the effect of build-up of 
DD neutrons in the target is essentially eliminated. 
Background spectra are normalized relative to the 
sample-in spectra by means of the intensity in the 
14 MeV time of flight peak taking into account the 
small (1 - 3%) contribution of elastically 
scattered neutrons to the 14 MeV peaks in the 
sample-in spectra. The above procedure assumes that 
the background can be obtained from sample-out 
measurements; this is certainly not exactly true as 
neutron interactions with the sample will to some 
extent modify the neutron spectrum hitting the 
walls of the target-room and thus also the general 
room background. However, it could be checked ex- 
perimentally that the possible change of the back- 
ground by the.sample amounts to only a few percent. 
In the time range beyond the time of flight of the 
slowest detectable neutron (channel 100 - 200 in 
Fig. 4 and 5) one expects only background in both 
sample-in and sample-out spectra. Thus these parts 
of the spectra were used to check the possible de- 
pendence of the background on the presence of the 
scattering samples and in all cases this change was 
found to be less than 3%. Therefore actually an 
average of the two possible background normali- 
zations (by means of the 14.7 MeV neutron peaks and 
by means of the intensity in the pure background 
region) was used and an error of 1.5% was assigned 
to the normalization factors obtained in this way. 

As an example of the effects of the procedures 
described above Figures 4a and 5a show the raw TOF- 
spectra for both a sample-in (Fe) and a background 
measurement, Fig. 4b and 5b show the same spectra 
after elimination of the y-induced and kinematical- 
ly forbidden events and Fig. 6 shows the net Fe-TOF 
spec- derived from the spectra of Fig. 4b and 5b. 
The s-shaped structure in Fig. 6 at the positions 
of the 14.7 MeV primary neutron peak is due to a 
small shift of a few tenth of a channel in the peak 
positions in the sample-in and sample-out spectra. 



B) Efficiency determination of the neutron detector 

1 ) Low energy range (0.25 - 6 MeV) 
As already mentioned,in the low energy range (0.25- 
6 MeV) the detector efficiency was calibrated by 
means of a 2.52~f source. For this purpose the TOF- 
s ectrum measured with the neutron detector and the 
2P2Cf ionisation chamber was treated in exactly the 
same way as described in. A) in order to ensure 
identical efficiency in the calibration experiment 
and the rest of the measurements. The 2 5 2 ~ f  TOF- 
spectrum obtained in this way is shown in Fig. 7. 
Then the known 2 5 2 ~ f  neutron spectrum (segment-ad- 
justed Maxwellian according to [101) was trans- 
formed into a TOF-spectrum and the efficiency of 
the detector was calculated directly as the ratio 
of the measured to the calculated spectrum. The 
absolute neutron emission rate of the source was 
obtained from the fission product count-rate, the 
known efficienay of.the ionisation c h e e r  (38.2%) 
and the average neutron multiplicity v = 3.736k0.01 
[ I l l  of 252~f. 

2) Efficiency for the 14.7 MeV source neutrons. 
This efficiency' was determined by simultaneous 
measurement of the TOF-spectrum with the NE213 de- 
tector and activation of an aluminum sample at the 
position of the scatterer and subsequent measure- 
ment of the 2 4 ~ a  activity produced in the sample. 
From the measured 2 4 ~ a  activity, the source sample- 
geometry, the known angular distribution of the 
DT source neutrons and the accurately known 
27~l(n,a)24~a cross-sections 1121 we could derive 
the total neutron source strength with an accuracy 
of about 3% and therefrom and from the number of 
counts in the 14 MeV TOF peak accumulated during 
the Al-irradiation the efficiency of the detector 
for 14 MeV neutrons was determined as 4.41%+0.15%. 

C) Calculation of the absolute neutron emission cross- 
sections am(En8) from the net time of flight 

spectra. 

The net time of flight spectra n(t) were first 
transformed into energy spectra N(Enl) and therefrom 

the am(En') values were obtained for our geometry 

(s. Fig. 1 )  by means of the relation 



with N(Enl)AEnl = total number of counts between En1 
and En'+AEnl 

N(14.7) = total number of counts in 14.7 MeV 
peak 

~(14.7),~(E~') = detector efficiencies for 
neutrons of 14.7 MeV and En' resp. 

n = atomic density of sample 
The integration has to extend over the whole volume 
of the scattering sample. 

(%) (oO) = ratio of zero degree to average 
neutron emission rate for DT source 
neutrons 

fabs(Enl) = average attenation factor for secon- 
dary neutrons in the scattering 
sample 

(En ' ) = correction factor for contrihi1t.ion 
of double scattered neutrons in 
measured spectrum 

'elast = relative contribution of neutrons 
elastically scattered in sample to 
14.7 MeV peak. 

dV = volume element in scattering sample 
r = distance from source to dV 

dabs = distance from source to dV traversed 
in sample 

The absorption correction factor fabs(Enl) was calcu- 

lated assuming absorption by nonelastic events only 
and an average path length of one half of the'sample 
height (1 cm) for the scattered neutrons as 

1 
fabs(Enl) = exp [ -  unon(~nl) .l11 

values range from 0.9 - 1.0. 
The elastic scattering,fraction to the 14 MeV 

peak was calculated by integration over all value 
elements of the sample using elastic scattering cross- 



sections derived by optical model calculations using 
the Perey-Buck [I31 potentialivalues range from 0.9 to 
4%. 

The multiple scattering corrections were cal- 
culated approximately by means of the following re- 
lation considering only double scattering. 

- .  

and 
.llam(14 +Eng') am(Eni'+E n ' )  .n.a.d~~" 

Ndouble .- - - En 
N single a ( 1 4 + E 1 )  . nM n 

with 5 clvcrsgc path length. of single-snat.trercd 
neutrons in the sample = 8.4-8.6 mm as de- 
rived by numerical averaging over all 
points of.origin in sample and all 
emission directions 

and cnM(Enl1 + E ' )  = cross-sections of neutrons with n 
energy En" for emission of neutrons with 

. En' . Values of am (Enn1 + En' ) as functim 

of both En" and En1 were calculated by 

means of the statistical model of nuclear 
reactions as described in the Appendix 
values of Ndouble INs ingle range from 0.5 
to 11%. 

.RESULTS AND DISCUSSION 

The results, that is the angle-integrated neutrm 
emission spectra am(En1) for all elements investi- 
gated, are listed in Table 1. The neutron emission 
spectra are averages over the incident neutron energy 
range 13.5 - 14.7 MeV because of the angle-dependence 
of the DT source neutrons and the chosen scattering 
geometry (see Fig. 1). However, due to the rather 
weak dependence of the secondary spectra on the prima- 
ry neutron energy the cross-sections correspond to . 
good approximation to a neutron energy of 14.1 MeV. 

The errors given were obtained by quadratic 
addition of the statistical errors estimated la 
errors for all identified sources of systmatic errors 



and thus correspond to effective la errors. The follo- 
wing contributions are included in our error estimates. 

1) The total statistical error including the error of 
the 2 5 2 ~ f  calibration measurement 

2) The uncertainty in the form of the 2 5 2 ~ f  spectrum 
according to [I01 

3) The error in the absorption correction factor fabs 

for the secondary neutrons. According to the general 
status of non-elastic cross-sections an uncertainty 
of 15% in unOn(En was assumed for the error esti: 
mate. 

4) The error for the multiple scattering correction 
was calculated assuming errors of 30%,for the 
neutron emission cross-sections unM(Enl'+En') from 

the statistical model calculations. 
5) An uncertainty of 1.5% was assumed for the norma- 

lization factors used in the background subtraction 
as already discussed in section two. 

6).The efficienc error for the 14.7 MeV m c e  neutxpns (3%). 
Errors due flo werght, dimensions and posslble lfn- 

purities of the samples, time calibration and residual 
electronic shifts (see section 3) were estimated to be 
small compared to the total errors due to 1 - 6 and 
were neglected. 

Fig. 9 shows the size of the various error contri- 
butions and the total errors for the case of iron whi& 
is typical for most of the elements investigated. 

In Fig. 10 - 13 the present results are compared 
to existing measurements and statistical model cal- 
culations for 4 of the elements studied, and in Fig.14 
the ratio between our measured and calculated cross- 
sections is given for all elements investigated. ' <  

All calculations were performed by means of the . 
code STAPRE [14] using global parameter sets. Thus'the 
calculations did not involve adjustments of any para- 
meter to'the individual elements. 

Numerical data for the results of Hermsdorf et al. 
[S] and Salnikov et al. [61 were taken from the EXFOR 
file * ) ,  the data of Schectman and Anderson [I] were 
read from the figures in their'publication. 

Although the figures for the different elements 
do show some differences with respect to the comparisai 
of the various data the following general statements 
can be made: 

- 

*) for Hermsdorf's data revised values are used, ob- 
tained by private communication from the authors 



1) Above about 1.,5 MeV there is reasonable agreement 
between all measurements. 

2) Below 1.5 MeV our data do not confirm the high 
neutron production cross-sections found in ref. [ I ]  
- 143, but show in all cases that the spectra do 
have the theoretically expected form; in general 
they are in fair agreement with the results of Sal- 
nikov et al. /61 although for some elements (not 
shown in fig. 10 - 13) the data of ref. 163 seem to 
be somewhat too low at the lowest energies. 

3) Our data for Fe are in excellent agreement with the 
results measured previously at our institute [7] 
using a quite different experimental set-up and all 
of our spectra do show a very smooth behaviour as 
function of A resp. Z, confirming the consistency 
of our measurements. 

4) As shown in fig. 14 there is a good overall agree- 
ment between our measured neutron production cross- 
sections and the results of the STAPRE calculations 
using no free parameters for all elements investi- 
gated indicating that such calculations may be used 
to predict unmeasured neutron production cross- 
sections with an accuracy of better than 20%. 
In detail it can be noted that there is almost per- 
fect agreement between calculated and measured 
cross-sections in the range Ti - Ni, whereas for 
heavier elements our measured production cross- 
sections for low energy neutrons are consistently 
by about 10 - 20% higher than the calculated values. 
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APPENDIX 

Statistical model calculations 

The calculations were performed by means of the 
computer code STAPRE 1141. This code is designed to 
calculate cross-sections for reactions with multiple 
particle and y-ray emission. Conservation of angular 
momentum and parity is taken into account. At low ex- 
citation energies all 1evels.of the relevant residual 



nuclei are. considered; when, with increasing exci- 
tation energy, the information about the levels is no 
longer complete the density of levels is calculated by. 
means of the backshi.fted Fermi gas model. For emission 
of the first particle of a given.evaporation sequence 
a preequilibrium decay contribution - calculated in 
the framework of the exditon model - is included. 

Transmission coefficients for neutrons, protons 
and a-particles were calculated by means of global 
potentials by Perey and Buck [ 13]., Becchetti et dl. [I51 
and Huizenga and Igo 1161, respectively. 

The y-ray transmission coefficients TXL(~) for 

multipole-type XL and transition energy E are related 

to the y-ray strength function fXL(~) [I71 by TiL = 

= 211~ 2L+1 fXL ( E ) . For the energy dependence of the 
strength function fE1 (€1 for the dominant El radiation 

the Brink-Axel model [18] was employed while 
fM1 (€1 , fE2(~), ... fM3(~) were assumed to be constant 
and normalized to fE1 (E = Bn) by Weisskopf"s estimate, 

where Bn represents the neutron binding energy. The 

normalization of fE1 (E is achieved by the demand that 
the calculated total average radiation width 
agrees with neutron resonance data [191. 

The level density parameters a and A were taken 
from the compilation of Dilg et al. [20], either 
directly or if necessary by interpolation. 

The preequilibrium emission rates for nucleons 
were corrected for charge conservation as described in 
refs. [21] and [22]. The exciton state densities were 
calculated by means of the formula of Williams [231 
with single particle state densities g = (6/n2)~/8 
and no pairing corrections. 
For the internal transition rates the expressions of 
Williams [24] were employed with a matrix element M 
which depends on excitation energy E of the composite 
system, as proposed by Kalbach-Cline [251 : I M (  = 

= FMA-~E-' and the matrix elements FM chosen in such a 
way that the A -  = 2 decay rates for the three exciton 

lL + 
configuration x (3) at E = 19 MeV amounts 5 .I021 sc-' 
for all nuclides. 
Calculations were performed for all isotopes of each 
element with abundances of more than a few percent and 
elemental cross-sections obtained therefrom. 



n-,p-,a- and y-decay was considered for the elements 
up to Ba, whereas p- and a-decay was ne lected for 
the heavier elements. For the nuclides g8NiI 3 ~ u  and 
6 4 ~ n  the contribution to urn from the (n,pn) reaction 

is also,~~included; for the other nuclides only, the 
(n,nx) and .(n,2n) contributions wer,e taken into 
account. 
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Table 1. Angle i n t e g r a t e d  secondary neutron-production 

cross-sec t ions  da for 14 .I MeV neutrons.  
dEn 



Table '1 . c0n.t . 

. . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I .  Pb.. Bi. 

E ' (MeV) n .  . . . . .  
(mb/MeV) . . . . . . . . . . . . . . . . . . ' n ~ . . . . . . . . . . . . . . . . . . . . .  
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Fig. 1.. Experimental set-up for measurement of the angle 
integrated low-energy part of the secondary 
neutron spectra from interaction of 14 MeV 
neutrons.with nuclei (schematic, 1: scattering 
sample, 2: Ti-Target on 0.1 mm Cu-backing, 
3 :  target assembly (0.2 mm Al), 4: Ne 213 scin- 
tillator (1.5"d x U . j l ' ) ,  5: 5 5  UVP photomulti- 
plier, 6: 2 mm leadshield, 7: Apertures for 
d+ .beam 



Channel --@ 

Fig.  2 .  Fulse-shape spectra o f  the NE 2\13 detector for  6 0 ~ o  source. 
Spectra 1 - 3 correspond t o  d i f ferent  pulse heigth b ins  a s  
indicated i n  the  f igure .  Also indicated are the  thresholds 
a ,  b ,  c used f o r  those energy b i r s  in  the analys i s  o f  a l l  
neutron spectra.  



0 20 40 60 80 100 120 140 160 ' 180 200 220 240 
Channel --b 

Fig. 3 .  Pulse-shape s p e c t r a  o f  t h e  NE 213  d e t e c t o r  f o r  t h e  neutrbn p a r t  
of t h e  2 5 2 ~ f  t ime spectrum(channe1s 200 - 700 i n  Figure  7) and 
t h e  S ~ ~ e . p u l s e  h e i g h t  b i n s  a s  i n  Fig .  2. Also i n d i c a t e d  a r e  t h e  
th resho lds  a ,  b,  c  csed f o r  t h o s e  e n e r g y b i n s  i n  t h e  a n a l y s i s  o f  
a l l  neutron s p e c t r a .  
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Fig .  4 .  Time spec'tra observed with Fe scat terer  around TIT target:  

a) rav t i n e  spectrum: 1 :  DD-neutrons from target ,  2 :  only every 
tenth pulse was recorded i n  region above edge ( s .  s e c t . 2  1 ,  
3 :  ~ ~ - n e u t r o n s ,  411 prompt y-peak, 5 :  ~ u l s e r  peak, 6: DD-neutrons 
from a s r t u r e  upstream o f  target  ( s e e  Fig.  1 )  , . 



Fig. 4. Time spectra ohserved with Fe scatterer aroundTll' target: 

b) same spectrum after elimination of y-induced and 
. . .. kinematically forbidden events. 
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Fig. 5. Eackground time spectra: 

a) raw time spectrum, peaks 1 - 6 as in Fig. 4a 



Fig. 5. Background time spectra: 

b) same spectrum after elimination of y-inaucea 
and kinemtically forbidden events.. 
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Fig. 7. Time-of-flight spectrum of the 2 5 2 ~ f  Source 
(with standard sorting conditions in TOF- 

Erecoil and ' Erecoil 
-PSD planes (see section 3A) 

. . . - . . 



NEUTRON ENERGY [MEV] 

F i g .  6. E f f i c i e n c y  o f  neutron d e t e c t o r  d e r i v e d  from 
2 5 2 ~ f  spectrum of F i g .  6 .  ;wi th  Eth = 0 . 5  Ameri- 

A 
cium = 135  keV Eprot) 
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Fig. 9. Error cont r ibu t ions  and t o t a l  e r r o r  i n  t he  determination of t he  neutron 
emission c ro s s - s ec t i ons  of i r on  f o r  1 4 . 1  MeV neutrons. 1 :  t o t a l  e r r o r ,  
2: s t a t i s t i c a l  e r r o r ,  3:  e r r o r  hue t o  uncer ta in ty  i n  background 
normalization f ac to r ,  4: e r r o r  i n  1 4 . 7  MeV e f f i c i ency ,  5: e r r o r  of fom 
of 2 5 2 ~ f  spectrum, 6: e r r o r  of absorbt ion cor rec t ion ,  7 :  e r r o r  of 
mult iple  s ca t t e r i ng  cor rec t ion .  
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Fig.  1 0 .  Angle-integrated secondary neutron spectrum from interact ions  
cf 1 4 . 1  &V neutrons with iron:  + present r e s u l t ;  o Hernsdorf 
,et a l .  I51 ;.o Salnikov e t  a l .  161; x Qayeu [41; x Schect- 
m n  [ I  I; (3 Stengl e t  a l .  171; x s t a t i s t i c a l  model ca lcu lat ion .  



Fig. 1 1 .  Angle-integrated secondary neutron spectrum from interactions 
of 1 4 . 1  MeV neutrons with niobium: + present result; o Hemsdorf 

, et al. I 5 1  o Salnikov et al. [ 6 ] ' ; . x  statistizal model calculation. 



Fig.  1 2 .  Angls-integrated secondary neutron spectrum.from interact ion  of 
1 4 . 1  MeV neutrons with tantalum: + presznt r e s u l t ;  Q Xermsdorf 
e t  a l .  [ S ] ;  x s t a t i s t i c a l  model ca lcu lat ion .  
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Fig. 13. Angle-integrated secondary neutron spectrum from interactions 
of 14.1 MeV neutrons with lead x present result; + Schectman 
111; 6 Clayeux [ 4 ] ; w  Hermsdorf et al. [5]; G. statistical model 
calculation. 



Fig. 14. Ratio of measured to calculated neutron emission 

.cross-sections for all elements investigated. 



DIFFERENTIAL SCATTERING CROSS SECTION 
MEASUREMENTS ABOVE 20 MeV* 
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R.W. F i n l ay  and 3 .  Rapaport 

Ohio Un i ve r s i t y  
Athens,- Ohio 45701 U.S.A. 

ABSTRACT 

The s ta tus  o f  d i f f e r e n t i a l  e- last ic,  and i n e l a s t i c  
neutron sca t t e r i ng  data i s  reviewed i n  t he  energy 
reg ion  above 20 MeV from t he  t ime o f  the  May 1977 
Brookhaven Conference t o  the  present.  Substant ia l  
progress has been made i n  t h i s  area, and new i n f o r -  
mat ion about the  o p t i c a l  -model desc r i p t i on  o f  t he  
nucleon-nucleus i n t e r a c t i o n  has been obtained. Quan- 
t i t a t i v e  in fo rmat ion  about i sovec to r  e f f e c t s  i n  the  . 
o p t i c a l  model and i n  nuclear t r a n s i t i o n  amplitudes i s  
beginning t o  emerge. Technical 1 i m i t a t i o n s  i n  the  
areas o f  source i n t e n s i t y ,  r e s o l u t i o n  and sample 
q u a l i t y  have . r es t r i c t ed  the  domain o f  t he  measurements 
t o  nuc le i  w i t h  w ide ly  separated exc i t ed  s ta tes  and 
l a rge  na tu ra l  abundances. Although several  o f  these 
easily-measured cases remain t o  be studied, many o f  
the  nuc le i  t h a t  a re  most impor tant  t o  t he  f us i on  
energy program remain inaccess ib le  t o  present-day ' 

techniques. 

INTRODUCTION 

I n  May 1977, R.C. Haight  [I] reviewed t he  s t a t us  o f  d i f f e r -  
e n t i a l  e l a s t i c  and i n e l a s t i c  neutron sca t t e r i ng  data and con- 
cluded that ,  f o r  En > 15 MeV and Z > 6, t he  f i e l d  has on ly  
r e c e n t l y  been at tacked and much remains t o  be done. While i t  
i s  s t i l l  t r u e  t h a t  much remains t o  be done, i t  i s  encouraging t o  
r e p o r t  t h a t  considerable progress has a l ready been made. The 
t o t a l  number o f  d i f f e r e n t i a l  s ca t t e r i ng  cross sec t ion  measurements 
f o r  En > 20 MeV has increased by about one order  o f  magnitude 
s ince  t h a t  t ime. 

*Supported by a g ran t  f rom the  Nat ional  Science Foundation 



I n  Table I we present a  survey o f  new in fo rmat ion  on d i f f e r -  
e n t i a l  s ca t t e r i ng  [2-121. The survey i s  no t  intended t o  be 
exhaust ive. I t  was obtained by consu l t i ng  the two supplements 
t o  CINDA-A (up t o  October 1979), t h e  proceedings o f  the  Knoxv i l l e  
conferences (November 1979), the  Washington meeting o f  t he  
American Physical  Society,  and recen t  issues o f  Physical  Review 
and Nuclear Physics. We have also'added two p rev ious ly  unre- 
ported measurements from our own labora to ry .  The survey inc luded 
29 d i f f e r e n t i a l  e l a s t i c  s ca t t e r i ng  angular d i s t r i b u t i o n s  and 
22 i n 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  t o  reso lved o r  
near ly-  reso lved f i n a l  s ta tes.  I n  about one h a l f  o f  these cases 
the  measurements have appeared i n  t he  l i t e r a t u r e  i n  f i n a l  pub- 
1  ished form and t h e  cross sec t ion  values have been deposited a t  
the  Nat ional  Nuclear Data Center. Some very  recent  r e s u l t s  a re  
repor ted  i n  Table I 1  i n  the  form o f  angle- in tegrated cross 
sect ions.  

ELASTIC SCATTERING MEASUREMENTS 

The measurement o f  e l a s t i c  neutron sca t t e r i ng  a t  energies 
we l l  above the  reg ion  o f  compound nucleus format ion provides 
extremely va luable in fo rmat ion  toward t he  understanding o f  the  
nucleon-nucleus' i n t e r a c t i o n  i n  terms o f  an o p t i c a l  model poten- 
t i a l .  A t  the 1977 Brookhaven symposium, Rapaport e t  a l .  [13] 
out1 ined  the  goals o f  the  program. Sca t te r ing  from T = 0  nuc l e i  
i s  used t o  eva luate t he  r e a l  p a r t  Coulomb co r rec t i on  term i n  the  
o p t i c a l  p o t e n t i a l  [4 ] .  Comparison o f  neutron and proton scat-  
t e r i n g  from nuc l e i  w i t h  T # 0 leads t o  an eva lua t ion  o f  t he  
i sovec to r  p o t e n t i a l  s t reng th  [14]. Energy dependence o f  the  
p o t e n t i a l  parameters--in p a r t i c u l a r  the  energy dependent form o f  
t he  imaginary po ten t ia l - - can  be i n f e r r e d  from neutron e l a s t i c  
s c a t t e r j n g  over a  wide range o f  energy [%,Ill. A g loba l  s e t  o f  
o p t i c a l  model parameters has been developed f o r  s i ng l y -  and 
doubly-closed s h e l l  nuc l e i  [15], and t he  extension o f  such a 
potent i .a l  i n t o  regions o f  s t rong  nuc lear  de ormation has been f i nves t iga ted  [4,8]. The usual ly-accepted A' dependence o f  the  
geometr ical  parameters i n  t he  model has been s tud ied by measuring 
e l a s t i c  s ca t t e r i ng  over a  long  i s o t o p i c  sequence [ l o ] .  

Recent measurements from Michigan S ta te  Un i ve r s i t y  a t  
En = 30 and 40 MeV [2,16] have genera l l y  confirmed and extended 
t he  energy dependence o f  t he  p o t e n t i a l  parameters repor ted  by 
e a r l i e r  i n ves t i ga to r s .  Moreover, the  v a r i a t i o n  o f  t h e  volume 
i n t e g r a l  o f  the imaginary p o t e n t i a l  f o r  "OCa g ives empir ica l  
evidence o f  the  p red ic ted  [17]  bu t  e l us i ve  imaginary p a r t  o f  t he  
Coulomb co r rec t i on  term [18]. 

I n  general, t he  recen t  work on e l a s t i c  neutron sca t t e r i ng  
a t  En > 20 MeV can be w e l l  descr ibed i n  terms o f  an o p t i c a l  
model p o t e n t i a l  w i t h  parameters which vary  smoothly w i t h  energy, 
i sosp in  and mass number. However, there a re  several  major gaps 



i n  t he  data. The odd-A nuc l e i  have n o t  been studied, and the  
deformed nuc l e i  have n o t  rece ived adequate a t t e n t i o n  i n  t h i s  
energy reg ion.  Furthermore, t h e  l i g h t  nuc l e i  need t o  be examined 
i n  much g rea te r  d e t a i l .  I n  F ig .  1 we present  some recent  measure- 
ments o f  e l a s t i c  s c a t t e r i n g  f rom 160 and '$0 a t  24 MeV [3 ] .  The 
s o l i d  l i n e s  a re  o p t i c a l  model f i t s  t o  t h e  data which a re  reason- 
ab l y  good except i n  t he  backward d i r e c t i o n .  When t h i s  p o t e n t i a l  
model i s  used t o  f i t  14 MeV data from each isotope, t he  energy 
dependence o f  the  best- f  i t parameters i s  cons iderably  f a s t e r  
than we have observed w i t h  heav ier  nuc l e i .  

F i n a l l y ,  i t  should be mentioned t h a t  l i t t l e  o r  no p o l a r i -  
za t i on  data e x i s t s  f o r  En > 20 MeV. Consequently, parameters f o r  
the  s p i n - o r b i t  p o t e n t i a l  a re  borrowed from proton sca t t e r i ng .  A 
few we1 1 -se lected p o l a r i z a t i o n  measurements would be needed t o  
e s t a b l i s h  t he  correctness o f  t h i s  p rac t i ce .  

.I-NELASTIC SCATTERING ' 

I n e l a s t i c  s c a t t e r i n g  o f  nucleons from nuc l e i  tends t o  
populate s e l e c t i v e l y  those f i n a l  s ta tes  which have s t rong c o l l e c -  
t i v e  p roper t ies .  For c losed shel  1  nuc l e i ,  the  c o l l e c t i v e  s t a t es  
a re  most s imply  descr ibed as v i b r a t i o n s  o f  the  nuc lear  dens i t y  
about t h e  spher i ca l  e q u i l i b r i u m  shape, and the  t r a n s i t i o n  
s t rengths a r e  character ized i n  terms of deformation parameters. 
A microscopic desc r i p t i on  o f  these t r a n s i t i o n s  would seek t o  
un fo l d  t he  separate con t r i bu t i ons  of t he  t a r g e t  neutrons and 
t a r g e t  protons t o  t h e  c o l l e c t i v e  v i b ra t i on .  These con t r i bu t i ons  
can be parameterized i n  terms of i sosca la r  and i sovec to r  de fo r -  
mat ion parameters, B and 81, o r  i n  terms o f  the  reduced proton 
and neutron ma t r i x  e  ? ernents, Mp and Mn. A complete desc r i p t i on  
o f  t h e  process must take i n t o  account t h e  competing e f f e c t s  o f  
shel 1  c losure  and core po l a r i za t i on .  

In fo rmat ion  about i sovec to r  deformations has been d i f f i c u l t  
t o  obta in ,  b u t  a  c a r e f u l  comparison o f  t h e  d i f fe rences  between 
p ro ton  and neutron s c a t t e r i n g  t o  t he  f i r s t  2+ s t a t es  i n  s i ng l e -  
c losed-shel l  nuc l e i  has y i e l d e d  a cons is ten t  p i c t u r e  o f  t he  
process [19]. I n  F ig .  2 we compare neutron [3] and proton [20] 
i n e l a s t i c  s ca t t e r i ng  t o  t he  2+ s t a t e  a t  1.98 MeV i n  "0. Both sets  of 
data a re  descr ibed i n  terms o f  an i sosp in -cons is ten t  o p t i c a l  
model p o t e n t i a l  which f i t s  t h e  e l a s t i c  s ca t t e r i ng  data o f  F ig .  1. 
I n  F ig .  3 we show i n e l a s t i c  s c a t t e r i n g  cross sect ions t o  the  
f i r s t  2+ and 3' s ta tes  i n  " ~ i  and 60~i  [7].  The cor res  onding 
e l a s t i c  s c a t t e r i n g  i s  shown i n  F ig .  4. For t he  nucleus "0 as 
w e l l  as f o r  t he  N i  isotopes t he  deformation parameters a re  
l a r g e  enough t h a t  t h e  coupled-channel Born Approximation (CCBA) 
should be considered as we1 1 as t he  D i s t o r t ed  Wave Born Approxi-  
mat ion i n  c a l c u l a t i n g  t he  d i r e c t  r e a c t i o n  cross sect ion.  Both 
ca l cu l a t i ons  f i t  t h e  data r a t h e r  w e l l  i n  a l l  cases, b u t  s l i g h t l y  
d i f f e r e n t  parameters a re  requ i red  f o r  t h e  d i f f e r e n t  ca l cu l a t i ons .  



Comparisons o f  t he  type shown i n  Fig.  2 have been c a r r i e d  ou t  
f o r  quadrupole-v ibrat ional  s ta tes  i n  seven closed-proton-shel l  
nuc le i  ( Z  = 8,28,50) w i t h  t he  general r e s u l t  t h a t  the  i sovec to r  
deformation parameter i s  s u b s t a n t i a l l y  l a r g e r  than the  i sosca la r  
parameter: 280 2 81 680. For closed-neutron she l l  nuc le i  [21]- 
the  i sovec to r  parameter i s  smal ler  than the  i sosca la r  p a r a m ~ t ~ r  
and o f  opposi te  s i gn  (81 2 -0.680). Both. o f  these r e s u l t s  a re  
i n  good accord w i t h  t heo re t i ca l  expectat ions 119,221. 

W t ~ i l e  these r e s u l t s  i n d i c a t e  t h a t  neutron i n e l a s t i c  
s c a t t e r i n g  cross sect ions cannot be accura te ly  pred ic ted from 
proton sca t t e r i ng  data alone, the  e f f e c t  i s  n o t  l a r g e  i n  some 
cases. For example, w i t h i n  t he  accuracy o f  p resen t l y -ava i lab le  
measurements, no s i g n i f i c a n t  d i f f e rence  between t he  deformation 
parameters der i ved  from neutron and p ro ton  sca t t e r i ng  has been 
found f o r  3' s ta tes  f o r  e i t h e r  t he  N = 50 o r  Z = 50 nuc le i  [23].  
O f  course, f o r  T = 0 nuc l e i  (160, 40Ca), and perhaps a l so  f o r  
doubly-closed-shel l  nuc le i ,  neutron- and proton-induced de fo r -  
mat ion should be t he  same; as f a r  as we now know, they a re  [12]. 

Not a l l  o f  t he  spectroscopic in fo rmat ion  discussed above was 
obta ined a t  En > 20 MeV. I n  f a c t  the re  a re  exce l l en t  reasons [9] 
f o r  s tudy ing neutron i n e l a s t i c  s c a t t e r i n g  a t  En < 15 MeV no t  t he  
. l e a s t  o f  which i s  the  b e t t e r  energy r e s o l u t i o n  o f  a t ime-of-  , 

f l i g h t  spectrometer. For l i g h t  nuc l e i ,  however, freedom from 
t he  compound-nucleus r eac t i on  mechanism i s  n o t  obtained a t  lower 
energies. For 160 t he  neutron i n e l a s t i c  s ca t t e r i ng  measurements 
a t  24 MeV shown i n  F ig .  5 a r e  probably a more r e l i a b l e  source o f  
deformation parameters than any o f  the  pub1 ished (p,pl ) measure- 
ments which were performed a t  energies a t  which compound nuclear 
resonances a re  prominent. 

PROBLEMS AND PROSPECTS 

Examination o f  Table I ind i ca tes  t h a t  experimental s tud ies 
o f  neutron sca t t e r i ng  a t  En > 20 MeV has been sharp ly  focussed 
un those few t a r g e t  nuc l e i  t h a t  a re  no t  too  d i f f i c u l t  t o  study. 
The Ohio Un i ve r s i t y  Tandem Van de Graaf f  produces an exce l l en t  
pulsed beam w i t h  bu r s t  du ra t i on  of about 600 picoseconds FWHM, 
y e t  i t  i s  d i f f i c u l t  t o  ob ta i n  an o v e r a l l  spectrometer r ~ q n l ~ t t ' i n n  
6 f  much b e t t e r  than 700-800 keV (FWHM) f o r  26 MeV neutrons. 
Since t h e  f i r s t  i n e l a s t i c  peak. i n  t he  spectrum i s  r a r e l y  more 
than a f o o t h i l l  next  t o  the  e l a s t i c  s ca t t e r i ng  peak, a statement 
o f  AE ( F W ~ M )  migh t  be more appropr ia te .  I n  p rac t i ce ,  the  
measurement o f  i n e l a s t i c  s ca t t e r i ng  t o  t he  s t rong 2+ s t a t e  a t  
1.33 MeV i n  60Ni  i s  c l ose  t o  t h e  l i m i t  o f  our present technology. 

For nuc lear  spectroscopy o f  t he  heavy nuc le i  i t  makes good 
sense t o  lower t h e  neutron energy t o  10-11 MeV and enjoy an 
energy r e s o l u t i o n  o f  200-300 keV. For t he  data needs o f  the  
f us i on  energy program and t h e  neutron rad io therapy program and 
fo r  the  spectroscopy o f  l i g h t  nuc le i ,  t h i s  s o l u t i o n  i s  unaccept- 
able.  The nuc l e i  o f  many impor tant  s t r u c t u r a l  mate r ia l s  



( 2 7 A l ,  4 6 y 4 8 T i ,  56Fe, 6 3 ' 6 5 C ~ )  have e x c i t e d  s t a t e s  t o o  c l o s e  t o  
t h e  ground s t a t e  t o  be s t u d i e d  by p r e s e n t l y  a v a i l a b l e  techniques.  

A  new t i m e - o f - f l i g h t  spectrometer i s  be ing  developed a t  Ohio 
U n i v e r s i t y  which shou ld  p r o v i d e  a  workable s o l u t i o n  t o  t h e  
ene rgy - reso lu t i on  1  i m i t a t i o n .  The system i s  based on t h e  M i c h i  - 
gan S t a t e  Univers i ty .Beam Swinger Magnet which was used t o  o b t a i n  
t h e  30 t o  40 MeV da ta  c i t e d  i n  Table I. A s i n g l e ,  w e l l - s h i e l d e d  
neut ron d e t e c t o r  can be l o c a t e d  a t  f l i g h t  paths  between 4  and 
30 meters.  D i f f e r e n t i a l  c ross  sec t i ons  a r e  measured by v a r y i n g  
t h e  d i r e c t i o n  o f  t h e  i n c i d e n t  beam w h i l e  l e a v i n g  t h e  p o s i t i o n  o f  
t h e  d e t e c t o r  f i x e d .  Reso lu t i on  should improve by a  f a c t o r  o f  
t h r e e  t o  f i v e ,  and new d e t e c t o r  designs shou ld  h e l p  t o  keep t h e  
data  r a t e  c l o s e  t o  p resen t  values.  Nonetheless, an exper iment 
such as 63Cu(n,n ' )  w i l l  r e q u i r e  about  300 hours o f  data  a c q u i s i -  
t i o n  t ime. I t  i s ,  t h e r e f o r e ,  ve ry  impor tan t  t h a t  a  c l e a r  
statement o f  p r i o r i t i e s  emerge f rom meet ings such as these. 
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P a r t i a l  Survey o f  New 0 i f fe;ent ia l  Scattering 
Measurements Since 1977 
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TABLE I 1  

Angl e- Integrated Scat ter ing Cross Sections 
f o r  Resolved Final States 

Nuclide En J" E x c i t a t i o n E n e r a y .  2 n / o ( B ) S i n B d B  Uncertainty 
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F i g .  1 E l a s t i c  s c a t t e r i n g  o f  24 MeV neutron from 160 and ''0. 
Tihe s o l i d  l i n e s  a r e  o p t i c a l  model c a l c u l a t i o n s .  The 
dashed l i n e  f o r  ''0 shows the  e f f e c t  o f  coupl ing  t h e  
f i r s t  i n e l a s t i c  s c a t t e r i n g  channel. 



Fig .  2 I n e l a s t i c  s c a t t e r i n g  o f  24 MeV neutrons 'and 2 4 . 5  MeV 
protons from the  2+ s t a t e  a t  1.98 MeV i n  180. S o l i d  
l i n e s  a r e  DWBA c a l c u l a t i o n s  and dashed l i n e s  a r e  CCBA 
c a l c u l a t i o n s .  Proton and neutron o p t i c a l  model 
p o t e n t i a l s  a r e  i d e n t i c a l  apar t  from the  Coulomb 
c o r r e c t i o n  term and t h e  s ign o f  the  isovector term. 



F i g .  3 I n e l a s t i c  s c a t t e r i n g  o f  24 MeV neutrons t o  t h e  f i r s t  
2+ and 3- s t a t e s  i n  5 8 ~ i  and 60N' .  Lines i n d i c a t e  
t h e  r e s u l t s  o f  DWBA and CCBA c a l c u l a t i o n s .  
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F i g .  4 E l a s t i c  s c a t t e r i n g  o f  24 M ~ V  neutrons from "N6 and 
  ON^. The s o l i d  l i n e s  a r e  o p t i c a l  model c a l c u l a t i o n s  
w i t h  t h e  p o t e n t i a l s  which were used i n  F i g .  3 .  



F i g .  5 I n e l a s t i c  s c a t t e r i n g  o f  24 MeV neutrons from t h e  f i r s t  
and second e x c i t e d  s t a t e s  i n  160 .  The angular  range 
of t h e  d ~ t a  i z  l i m i t e d  because of t h e  presence o f  
hydrogen s c a t t e r l n g  i n  t h e  H20 sample. 
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ABSTRACT 

We desc r ibe  t h e  T r i p l e t  Quadrupole Spectrometer 
now i n  u s e  a t  Ohio Univers i ty ,  emphasizing p a r t i c u l a r l y  
those  f e a t u r e s  which d i s t i n g u i s h  it from t h e  s i m i l a r  
device  a t  Lawrence ~ i v e r m o r e  Laboratory. We a l s o  
review t h e  (n,  charged p a r t i c l e )  r e a c t i o n s  p r e s e n t l y  
under i n v e s t i g a t i o n .  

INTRODUCTION 

A l a r g e  s o l i d  ang le   ripl let Quadrupole Spectrometer (TQS) i s  
now i n  s e r v i c e  a t  Ohio Univers i ty .  Combined with  t h e  pulsed beam 
from our  tandem Van de Graaff ,  it provides  a means to' s tudy 
charged p a r t i c l e s  emitted from m a t e r i a l s  under neutron bombard- 
ment. The two major projects under way a t  p r e s e n t ' a r e  t h e  s tudy 
of b i o l o g i c a l l y  important elements f o r  t h e  National Cancer 
I n s t i t u t e  and t h e  s tudy  of  s t r u c t u r a l  m a t e r i a l s  f o r  f u s i o n  
r e a c t o r s  with support  from t h e  U.S. Department of Energy. We a r e  
a l s o  consider ing ways t o  use  t h e  TQS i n  more fundamental s t u d i e s  
of nuclear  s t r u c t u r e  and r e a c t i o n  mechanisms. 

APPARATUS 

The design of  our  spectrometer  was i n s p i r e d  by t h e  successful 
opera t ion  of  a s i m i l a r  instrument a t  t h e  RTNS f a c i l i t y  a t  
Lawrence Livermore Laboratory [ I ] .  The general  p r o p e r t i e s  o f  
t h e s e  devices  and t h e i r  experimental  uses  have been r e c e n t l y  
reviewed by Laurent and Schapira  [ 2 1 .  The e s s e n t i a l  purpose of  
our TQS i s  t o  t r a n s p o r t  charged p a r t i c l e s  emit ted from a t a r g e t  
bombarded by neutrons t o  a d e t e c t o r  t e l escope  loca ted  a t  t h e  
f o c a l  p o i n t  3 . 4  meters  away. 



We a r e  presen t ly  using telescopes with e i t h e r  two o r  t h r ee  
elements. A t h r e e  element te lescope i s  shown i n  Fig. 1. The 
second and t h i r d  elements comprise a  t r a d i t i o n a l  AE + E t e l e -  
scope; t y p i c a l l y  a  30 pm s i l i c o n  de t ec to r  followed by a  1000 pm 
stopping de tec tor .  The f i r s t  element i s  an electron-emit t ing 
f o i l  and microchannel p l a t e  device more f ami l i a r  t o  heavy ion 
research [3] .  The f o i l  i s  a  6 pg/cm2 Formvar f i lm [4] supported 
on a  97 percent  transmission tungsten g r i d  which i s  mounted over 
an aper ture  i n  a  cy l i nd r i ca l  segment e lec t rode .  The f o i l  i s  
held a t  -4 kV and a  second cy l i nd r i ca l  g r i d  0.5 cm away i s  
biased t o  -2 kV. The 2 kV acce le ra t ing  vol tage d i r e c t s  t he  
e l ec t rons  emitted from t h e  f o i l  r a d i a l l y  inward t o  a  chevron 
channel e lec t ron  mu l t i p l i e r  ( t ia l i leo Elec t ro  Optics Model 3025). 

Signals  from the  te lescope a r e  amplified by standard NIM 
e l ec t ron i c s  and then analyzed by t he  OUAL minicomputer [5 ] .  
Electronic  l og i c  requi res  t h a t  s i gna l s  be present i n  t he  AE 
de tec tor  AND i n  e i t h e r  t h e  channel p l a t e  o r  t he  stopping detector.  
This l og i c  allows an automatic switch-over of t he  gat ing de tec tor  
depending on whether t he  p a r t i c l e  has long o r  shor t  range. 
Gating qignals  a r e  generated with e s sen t i a l l y  100 percent e f f i -  
ciency f o r  long range p a r t i c l e s ,  whereas those p a r t i c l e s  which 
s top  i n  t h e  AE de tec tor  can s t i l l  be detected but a t  a  lower 
e f f ic iency .  The e f f ic iency  i s  l imited by t he  small number of 
e lec t rons  kinematically emitted by l i g h t  ions.  A beryllium- 
copper a l l o y  salvaged from the  dynodes of a  damaged phototube 
was evaporated on t he  i n s ide  surface of t h e  f o i l  t o  enhance 
e lec t ron  emission. No improvement i n  e f f ic iency  was obtained 
f o r  severa l  o the r  surface treatment beyond the  use of about .  
1 2  pg/cm2 of t h e  Be-Cu a l l oy .  

For each event, t he  minicomputer c a l cu l a t e s  a  number pro- 
por t iona l  . t o  t h e  . p a r t i c l e  mass using t he  energy s igna ls  and .time 
of f l i g h t  measured r e l a t i v e  t o  a  capact ive beam pick off  i n  
t h e  formula: 

M = (E + AE) * (TOP - T ~ ) ~  

where T i s  t he  time corresponding ro rhe a r r i v a l  u 1   leul lions a t  
0 t he  sample. An example of t he  mass i d e n t i f i c a t i o n  spectrum f o r  

a  th ick  t a r g e t  of enriched 6 ~ i  metal i s  shown i n  Fig. 2 .  The 
peaks s h i f t  l e s s  than 0.5  channels a s  t he  spectrometer Landpass. 
f o r  t he  protons i s  var ied from 1 .0  t o  23 MeV.. The excel lent  
mass reso lu t ion  i s  not needed t o  separa te  r e a l  events from each 
o ther  but  t o  reduce t he  background from neutron events f o r  which 
t he  energy i n  t he  d e t e c t o r s , i s  not  equal t o  t he  neutron energy. 
Dig i ta l  ga tes  a r e  s e t  on each peak and separate  spec t ra  a r e *  , 

simultaneously accumulated f o r  each mass number. 
The energy dependence of t h e  spectrometer so l i d  angle i s  

measured together with t he  neutron f l ux  using t he  th ick- ta rge t  
y ie ld  from polyethylene. The proton stopping power and H(11,p) 
cross  s ec t i on  a r e  unfolded from t h e  polyethylene measurement t o  



obtain an acceptance funct ion which i s  used t o  analyze spectra  
from t h e  t a rge t s  of i n t e r e s t .  

MEASUREMENTS 

The f i r s t  measurements completed on t he  TQS were f o r  
reac t ions  from neutron bombarding deuterium [ 6 ] .  E l a s t i c  s ca t -  
t e r i ng  angular d i s t r i bu t i ons  were measured a t  9 and 11 MeV by 
observing t he  r eco i l i ng  deutrons. Protons from deuterium 
breakup by 11 and 25 MeV neutrons were a l so  measured i n  t he  
region, o,f enhancement by t he  f i n a l  s t a t e  i n t e r ac t i on  of t he  
(unobserved) neutrons, Analysis of t he  proton spec t ra  us ing '  
three-body Faddeev equations i s  nearly complete. 

Measurements f o r  DOE sponsored study of s t r u c t u r a l  mater ia l s  
f o r  fusion r e a c t o r s . a r e  i n  progress.  One of t he  i n t e r e s t i ng  
r e s u l t s  from the  Livermore TQS was t he  observation of l a rge  
c ross  sec t ions  f o r  t he  production of low energy protons from, 
nuclei  which have a neutron separat ion energv grea te r  than t h a t  
f o r  protons [!,I]. For these  nuc le i  it i s  ~ o s s i b l e  f o r  i n e l a s t i c  
s ca t t e r i ng  t o  exc i t e  s t a t e s  f o r  which proton emission,competes 
only with gamma-ray emission. We a r e  presen t ly  studying, one of 
those nuc le i ,  namely " N i ,  i n  t he  region where t he  (n,np) channel 
i s  j u s t  opening. Preliminary spec t ra  of protons and alpha p a r t i -  
c l e s  observed a t  120° from 11 MeV neutrons on 5 8 ~ i  a r e  shown i n  
Fig. 3. Spectra have a l s o  been obtained a t  8 MeV and a t  0°, 60° 
and 120". A t  8 MeV, which i s  below-the threshold f o r  (n,np),  t he  
excess of low energy protons observed a t  14 MeV i s  not  seen. A t  
11 MeV, which i s  above t he  threshold, low energy protons are 
present but a r e  strongly. forward peaked--a surpr i s ing  r e s u l t  i f  
t he  p a r t i c l e s  r e s u l t  from two s t eps  of nuclear evaporation. I t  
i s  poss ib le  t h a t  t h e  low energy protons r e s u l t  from 5 8 ~ i  (n,p) 
induced' by low energy neutrons from deutron breakup i n  D.(d,n) 
source reac t ion .  Alternat ively,  they a r e  due t o  quas i -e las t ic  
( n , ~ )  s ca t t e r i ng  o r  another d i r e c t  Drocess. These p o s s i b i l i t i e s  
w i l l  be examined i n  our ,next  run using a.dummy gas t o  produce a 
breakup sDectrum without t he  monoenergetic ~ e a k  [8].  

Another ~ r o i e c t  which i s  ongoing i s  t he  studv of charged 
p a r t i c l e s  emitted f rom~b io log i ca l l y  important mater ia l s  under 
t he  sponsorship of  t he  National Canceq , Ins t l tu te .  The aneular  
d i s t r i bu t i on  of the, ' 2 ~ ( n ' , a 0 )  g ~ e  has been mgasured a t  9 .3 MeV 
t o  compare with t h e  inverse reac t ion .  We have a l s o  observed t he  
continuum from .12c(n,n'3a) from outgoing alpha p a r t i c l e  energies 
down t o  1 MeV a s  shown f o r  example from 10.5 MeV neutrons i n  
Fie.  4.  w 

.We a r e  presen t ly  attempting t o  extend both t he  5 8 ~ i  and 12c 

measurements above 20 MeV. We w i l l  r e f i n e  our low energy 
measurements and extend them t o  other  nuclei  of i n t e r e s t  t o  DOE 
and NCI . . . - .  
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ABSTRACT 

Cross sections for the (n,2n) reactions have been 
measured between threshold and 15 MeV for about 50 ele- 
ments and separated isotopes using the.large gadolinium- 
loaded-liquid scintillator method and the 7 MV tandem Van 
de Graaff accelerator of BruySres-le-ChZtel as a pulsed . ' 

neutron source. The (n,2n) cross sections have been nor- 
malized to the fission cross section of 2 3 8 ~  ; they are 
obtained with.a relative accuracy of 4% to 10%. 

The systematic trends of the data obtained on series 
of separated isotopes are discussed, and some comparisons 
with statistical model calculations are presented. 

INTRODUCTION 
. . 

The large gadolinium-loaded liquid scintillator method has 
been used for several years at Bruygres-le-Chztel to measure the 
(n,2n) cross sections in the energy range from threshold to 15 MeV. 
It relies on the direct detection of the emitted neutrons, and 
therefore it can be used for any natural element or separated iso- 
tope, whereas the.more common activation method is limited to nu- 
clides which leave a suitably active residual isotope. 

The aim of.this paper is to give a general outline of the ex- 
perimental method and to present a complrehensive view of the data 
obtained for more than 50 natural'elements or separated isotopes. 

EXPERIMENT 

The method used to make the measurements is described in de- 
tail in ref. [I]. A schematic of the experiment is shown in fig..l. 
A pulsed beam of neutrons was collimated and allowed to irradiate 



a sample placed at the center of a large gadolinium-loaded liquid 
scintillator. A (n,2n) event occuring during a pulse was identi- 
fied by two separate delayed pulses from the liquid scintillator. 

Incident neutrons in the energy range from 6 to 15 MeV were 
produced by the ~ ( d , n ) ~ ~ e  reaction in a 10 cm long gaseous target 
containing deuterium at a pressure of 1 atm. The deuteron beam was 
provided by the 7 MV Van de Graaff tandem at Centre d'Etudes de 
BruyPres-le-Chztel. The neutron beam was collimated onto t.he.sample 
placed at the center of the detector, a distance of 2.5 m from the 
neutron so1lrc.e. 

The neutron detector is a large spherical tank containing 250 
liters of a gadolinium-loaded liquid scintillator and surroundedby 
12 photomultiplier tubes. Neutrons emitted hy the sample enter the 
liquid where they are moderated and then captured by thegadolinium 
nuclei. The neutrons spend an average time of 1 1  us in the scintil- 
latos before capture, and 95% of the captures occur within 30 us. 
The scintillations caused by the resulting capture y-rays are 
viewed by the photomultiplier tubes. The dead time of the elec- 
tronics was 1ZU ns, so that the captures could be counted individ- 
ually. A (~1,211) event occuring during a neutron pulse was identi- 
fied by the presence of two capture pulses within the fol.1.owing 
30 us. 

In the particular case of fissionable materials, fissions can 
also be induced during the neutron pulses, yielding a number of 
neutrons from 1 to about 10, which cannot be experimentallydistin- 
guished from those of (n,2n) or (n,3n) reactions. 

However, events with more than 3 neutrons can only result from 
fission in the incident neutron energy range below 15 MeV consid- 
ered here. The total number of fissions can thus be calculatedfrom 
the distributions of events with more than 3 neutrons, by using the 
fission neutron multiplicity distributions previously measured [2]. 
The number of fissions giving 2 or 3 neutrons can then be detennin- 
ed and subtracted from the observed rate, to give the true number 
of (n,2n) and (n,3n) events. 

The principle of the measurement limits the repetition period 
of the neutron beam pulsing to 60 ps in order to avoid problems 
with overlaps. This requirement was met by chopping the deuteron 
beam already pulsed conventionally at a repetition rate of 2.5 MHz 
in suchaway as to keep 3 bursts 2 ns wide 400 ns apart every 6 0 ~ s .  
This fine structure allows one to measure the incident neutron en- 
ergy spectrum, and at the same time to maintain a sufficiently high 
neutron flux. 

The incident neutron energy spectrum measurement is necessary 
to separate the monoenergetic neutrons from the ~ ( d , n ) ~ ~ e  reaction 
whichinduces the (n,2n) events from the low energy neutrons re- 
sulting from the deuteron break up or (d,n) reactions on target 
materials. In the case of fissionable materials, fission events are 
also induced by the non-monoenergetic neutrons, and the apparent 
fission neutron multiplicity distributions as well as the apparent 
fission cross sections are determined using the measured energy 
spectrum. 



The spectrum was measured by the time-of-flight technique 
(fig.l), using a small 1iquid.scintillator associated with a fast 
photomultiplier tube located I m behind the large liquid scintil- 
lator tank (4 m from the neutron target). The relative detection 
efficiency was'measured between 0.4 and 8 MeV relative to the 252~f 
spontaneous-fission energy spectrum and extrapolated to 15 MeV 
using a Monte Carlo code- calculation. 

No attempt was made to measure absolutely the incident neutron 
flux. In the case of fissionable materials, the method employed 
gave directly the ratio of the (n,2n) or (n,3n) cross section to 
the fission cross section.. For the other nuclei, a run with a 2 3 8 ~  
sample was included in every sequence, and the data were normal- 
ized to the 2% fission cross section using the relative flux mea- 
surement. 

DATA REDUCTION 

Details on the corrections and cross section derivation are 
given in ref. [I]. The experimental data recorded for each run 
consisted of the distribution of the number of events as a function 
of the number of pulses counted. Five corrections were applied to 
obtain the multiplicities of neutrons emitted by the sample : 

- Subtraction of the detector background, measured with the 
accelerator beam off. 

- Correction for the detection dead time losses (dead time 
120 ns) . 

- Multiple event corrertion : in some cases, the number of 
scattered.neutrons was large enough that the probability uf 
two single neutron events produced by the same incident neu- 
tron burst was not negligible compared to the number of 
(n,2n) events. 

- Efficiency.correction. The detection efficiency ( % 75%) was 
measured relative to the average number of prompt neutrons 
for the spontaneous fission of 252~f (3 = 3.732 [ 3 ] ) .  The 
measured efficiency was corrected for tRe difference in 
energy spectra between the fission neutrons and the neutrons 
from the (n,2n) reactions. 

- Correction for events not induced in the sample, obtained 
from a run with the sample out. 

For 238~ the resulting multiplicity d,istribution was used to 
determine the number of fissions and of (n,2n) events as discussed 
previously. For other nuclei, events with a multiplicity of 2 cor- 
respond'ed to the number of (n 2n) events and the cross section was 
determined relative to the 23hJ fission cross section using the 
relative incident neutron flux measurement. 

UNCERTAINTIES 

Two sources of uncertainties have been considered. The first 



one results from the statistical uncertainty in the measured dis- 
tributions, which has been transmitted at each step of the correc- 
tions. The statistical uncertainty in mea6uring the efficiency has 
been included, but not the uncertainty in for the 252~f standard. 
An uncertainty of 10% has been assumed in tKe correction for the 
difference in energy spectra for 252~f fission neutrons and those 
for (n, 2n) reactions. 

The second source of uncertainty is connected to the normal- 
ization procedure and results mainly from the uncertainties in the 
fission neutron multiplicities for the neutron induced fission of 
238~-used to determine the number of fission events. This part rep- 
resents about 60% of the quoted uncertainties below 13 MeV.incident 
neutron energy, and up to 809, at 15 MeV, and therefore i~ltroduces 
strong correlations between the measured cross sections. The uncer- 
tainty in the reference 238~ fission cross section [4] has not been 
included. 

KESULTS DISCUSSION 

More than 50 nuclei have been measured in the energy range 
between threshold and 15 MeV since the first measurements in 1973. 
Partial results have been published [5-81. The whole data have now 
been reanalysed on a common basis for.-corrections and normalization. 
Complementary measurements were made on several nuclei. The resul- 
ting (n,2n) and (n,3n) cross sections, normalized to the 2 3 8 ~  fis- 
sion cross section as evaluated by SOWERBY et al. 141, are presen- 
ted in tables I to XI. 

The.(n;2n) data on the natural elements.Ti,.V, Cr, Be, Cu, Ga, 
Zr, Mo, W,'Pt and Pb are given in tables I and 11. For such direct 
measurements on non monoisotopic elements, it is necessary to use 
a method based on the direct detection of the em5 tted neutrons, 
such as the large liquid scintillator method. As far as we.know, 
the only published data are from LASL and were obtained for Ti, V, 
Cr, Fe, Ni and Cu in the energy range from 14.7 to 21 MeV using a 
technique very similar to the one presented here [9]. 4 5 

The (n,2n) data on the natural monoisotopic elements Sc, 
59~o, 89y, 93~b, I03~h, 169~m, 175~u, I8l~a, 397811 and 209~i are 
given in tables I11 and IV. ,751,~ and 181~a arc only tlla lnajur 
components of the natural elements. The measurements were made on 
natural elements and slightly corrected for the contribution ofthe 
other isotopes. The (n,2n) and (n,3n) cross sections for these 
nuclei have now been measured on the wide energy range from thresh- 
old to 24 MeV (28 MeV in several cases), using both the liquid 
scintillator and the activation method. All the data tend to agree 
quite well. A comparison of the most recent measurements is given. 
in ref. [lo]. 

The (n,2n) data for the even isotopes of Se, Nd ~ m , f o e ~ ~ ' ~ ~ ,  
for the main isotopes of Gd, W, ~ 1 .  and Pb, and for 2 3 8 ~  are given 
in tables V to X. These measurements were made on separated iso- 
topes and bring appreciable information on the multiple neutron 



emission mechanism. The data obtained for the Nd, Sm, Gd, W, Teand 
Pb isotopes and for 209~i are plotted as a function of the mass 
number A for different values of the excess energy UR above thres- 
hold in fig. 2. 

For a given value of UR, a(n,2n) is on the average an increa- 
sing function of A for each series of isotopes. For these nuclei, 
which have generally an excess of neutrons relative to the valley 
of stabi.lity, the binding energy of the last neutron decreaseswith 
increasing N-Z. Thus for constant UR, the relative fraction of 
phase space available for the primary neutron emission leading to 
unbound states of the residual nucleus (secondary emission allowed) 
versus that leading to bound states (secondary emission not al- 
lowed) increases with N-2, which qualitatively can explain the 
observed behaviour. However this behaviour,seems to be.also strong- 
ly influenced by the level density distributions. 

In fig. 2 are also plotted the results of a statistical model 
calculation for the Nd and Sm isotopes [8]. The level density for- 
malism from GILBERT and CAMERON [ l l ]  was adopted for the Nd isoto- 
pes, giving a satisfactory overall fit to the experimental data. 
However the same formalism failed in reproducing the experimental 
data for the Sm isotopes, and in that case the formalism of 
IGNATWK et al. [12] seems to be more appropriate (fig. 2). Thus 
the (n,2n) cross sections on series of isotopes appear to be very 
sensitive to the local behaviour of the level density distribu- 
tions. . . .,. . 

For a given value of UR, the cross sections measured for the 
isotopes having an odd number of neutrons (I55~d, 157~d, 1 8 3 ~  and 
207~b) are generally lower than those measured,for. the neighbouring 
even. isotopes (fig. 2). A similar behaviour was obtained irr the 
calculations. on Nd and Sm isotopes [.8] . 

Strong shell effects are also observed for the. Te and Pb iso- 
.topes, and to a lesser extent for, 209~i, at excess energies lower 
than 5 MeV. 
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Experimental (n,2n) cross sections for the natural 
elements Ti, V, Cr, Fe. Cu and Ga. 

TABLE I1 

i 

~xperimental (n,2n)cross sections for the natural 
elements Zr, Mo, W, Pt and Pb. 

En (MeV) 

9.93 t 0;IlO 
10.19 f 0.105 
10.42 t Oil00 
10.74 f 0.095 
10.91 t 0.095 
11.40 t 0.090 
11.88 t 0.085 
12.12 t 0.085 
12.36 t 0.085 
12.60 t 0.080 
12.85 2 0.080 
13.33 t 0.075 
13.80 t 0.075 
14.28 t 0.070 
14.76 t 0.065 

~i(mb) 

1 1  t I 

18 t 4 

35 t 3 
48 f 4 
60 t 5 
89 t 7 
129 t 10 
163 t 13 
239 + 19 
316 t 26 
3.66 t 28 
440 t 35 

t 
En (MeV). 

7.41 t 0.165 
7.93 t 0..150 
8.18 t 0.145 
8.44t0.135 
8.69 t 0.130 
8.94 t 0.125 
9.44 t 0.115 
9.93 t 0.110 
10.19 t 0.105 
10;42 t 0.100 
10.74 t 0.095 
10.91 t 0..095 

Zr 
(mb) 

18 t 10 

6 5 . t  9 

92 t I 1  
177 t 14 
259 t 14 
287 .t 15 

347 t 19 

V(mb) 

15 t 2 
70 t 7 

145 t 12 

242 t 19 
345 t 28 
433 t 36 
499 t 35 
558 t 44 

Mo 
(mb) 

18 t 7 

4 1 t  7 

104 t 1 1  
165 t 10 
305 t 17 
382 t 21 

. 
530 t 30 

W 
(mb) 

208 t 2'7 
385 t 22 
588t 46 
7582 41 
911 t 55 
1214 t 89 
1417 t 93 

1479 t 93 

1618 4 94 

Pt 
. (mb) 

183 2 26 
t '  

3592 36 
, 

533 t 47 
858 2 67 
1102 t 93 

1274 t 83 

1458" 85 

Cr (mb) 

26.2 2 

31 t 3 

51 t 3 
65 t 5 

68 t 6 
loot 8 
I28 t 10 
201 t 16 
273 t 22 
344 + 25 
406 t 32 

Pb 
(mb) 

42 t 31 
104 t 15 

2992 23 

530 t 36 
835 t 44 
1044 t 54 
1148 t 59 

1386 2 72 

Fe (mb) 

48 t 6 

100 2 9 

188 i 14 
271 t 20 
342 t 23 
392 t 32 
470 t 36 

Cu (mb) 

9 +  2 

19 t 5 

7 6 t  5 
145 t 1 1 .  

228 t 18 

336 t 26 
436 t 33 
502 t 40 
550.t 40 
628 t 48 

Ga (mb) 

17 t 7 

2 7 2  12 

83 -2 9 
180 + 12 
303 t 13 

431 t 34 

546 t 42 
672 Y 52 
743 t 56 
829 t 63 
854 t 65 



TABLE I11 

TABLE IV 

. .' 
kxperimental (n,2n) cross sections for 45~c, 59~o, 

75~s, 8 9 ~ ,  93~b, and "03Rh. 

Experimental (n.2n) cross sections for 169Tm, 1 7 5 ~ u ,  

I8'l'a,, 1 9 7 ~ u ,  and 'P9Bi. 

En (MeV) 

9.44 + 0.115 
9.93 L 0.110 
10.42 2 0.100 
10.91 + 0.095 
11.40 t 0.090 
11.88 + 0.085 
12.36 2 0.085 
12.85 + 0.080 
13.33 + 0.075 
13.80 2 0.075 
14.28 + 0.070 
14.76 2 0.065 

4 5 ~ c  
(mb) 

53 + 7 
90 + 10 
149 + 14 
211 t 17 
250 2 21 
309 + 25 

5 9 ~ 0  

(mb) 

16 + 6 
110 + I0 
216 + 17 
326 2 24 
453 2 30 
539 + 36 
640 + 41 
- 
734 2 50 

7 5 ~ s  
(mb) 

59 2 13 
191 2 17 
356 + 25 
554 + 45 
707 + 55 
839 2 65 
909 t 70 
997 + 77 
1091 t 83 

93Nh 
(mb) 

. 4 4 2  17 
319 + 25 
493 t 37 
694 t 45 
794 + 52 
976 + 64' 
1042 2 63 
1122 + 69 
1195 + 69 
1168.2 70 
1270 + 98 
1313 + 99 

8 9 ~  
(mb) 

49 2 8 
188 + 13 
395 + 21 
585 2 41 
7 4  + 36 
829 + 43 
914 + 73 

103Rh 
(mb) ' 

82 i 12 
293 + 23 
513 + 31 
703 2 46 
871 2 57 
1022 + 62 
1094 + 67 
1187 + 65 
1223.' 72 
1311-+ 99 
1340 + 99 



~xperiiental (n.2n) cross sections for 
the selenium isotopes. 

TABLE VI 

Experimental (n,2n) cross sections for 
the neodynium isotopes. 



TABLE VII 

Experimental (n,2n) cross sections for the samarium 
isotopes and for 1 5 1 ~ ~ .  

TABLE VIII 

Experimental (n.2n) cross sections for the gadolinium 
isotopes. 

, 

15 1 
(mbYU 

2 2 t  14 

. 206t 17 
4832 37 
725f 48 
1007 t 59 
1176 1 74 
1340 t 78 
1476 C 86 
1585 t 120 
1623 t 122 
1665 1 125 

En (MeV) 

8.44 t 0.135 
8.59 t 0.130 
8.94 t0.12:. 
9.f1/1?0.115 
9.93fU.110 
10.42 t 0.100 
10.91 f 0.095 
11.40 t 0.090 
11.88 t 0.085 
12.36 t 0.085 
12.85 1 0.080 
13.33 f 0.075 

1751 f 132 
1702 t 130 

1840 t 143 

'152 
(mb 

31 t 14 
2782 17 
567 + 31 
933f 49 
1093 t 58 
1271 f 68 

1458 f 104 

1613 f 118 

13.80 t 0.075 
14.28 t 0.070 
14.76 t 0.065 

F.n (MeV) 

6.89 4 0.185 
7.41 + 0.165 
7.93 t 0.150 
8.44fU.135 
8.94 4 0.125 
9.44 + 0.115  
9.93 t 0.110 
10.42 f U;l00 
10.91 f 0.095 
11.40 f 0.090 
11.88 f 0.085 

154 
(mb 

122t 44 

492f 29 
843't 46 
10702 61 
1259 t 68 
1414 t 78 

1619 t 118 

1755 t 129 

148 
(mbP 

143 f 14 
318f 20 
6002 34 
916f 49 
1052 t 57 
1236 f 67 

1510::t 110 

1585 t 116 

157d 
imb 

104 f 19 
344 ? 26 
681 i 113 
976t 60 
1133 t 81 
1300 t 00 
1434 f 100 
1524 f 90 
1594 f 95 
1672 f 106 
1668 t 93 

150 
(mb 

158 t 15 
373t 24 
G371 37 
9902 57 
1086 f 60 
1243 t 69 

1418 f 104 

lbUU f 119 

1697 t 128 

1783 t 139 

llSr 
(mb 

30 t 19 
209 t 22 
513 2 33 
736t 48 
920 i 64 
1103 t 66 
1257 + 87 
1410 + 81 
1514 t 89 
1563 t 98 
1622 t 90 

1756 t 134 

1876 t 148 

158 
(mb 

8 9 t  14 
418 t 34 
775 t 52 
1079 t 80 
1233 + 76  
1380 t 99 
1504 t 98 
1557 t 130 

156d 
(mb 

16f 13 
37 t 12 
299 t 25 
649 t 53 
915 t 59 
1138 t 72 
1309 t 87 
1428 t 83 

I6U 
(mb 

109 .1 14 
5022 36 
857 f 66 
1146 t 74 
1363 + .  99 
1431 t 88 
1509 t 108 
1624 t 105 
1651 t 138 



Experimental (n,2n) cross sections for the tungsten 
isotopes and for 238~. 

TABLE X 

En (MeV) 

6.89 + 0.185 
7.41 i 0.165 
7.67 f 0.160 
7.93 f 0.150 
8.18 f 0.145 
8.44 f 0.135 
8. 69 f 0.130 
8.94 f 0.125 
9.44 f 0.115 
9.93 f 0.110 
10.42 f 0.100 
10.91 + 0.095 
11.40f0.090, 

Experimental (n,2n) cross sections for the thallium 
and lead isotopes. 

12.36 f 0.085 

184 
(mby 

76 f 24 
148f 15 
318 f 22 
509 f 28 
7255 40 
913 2 46 
1241 f 66 
1439 f 73 

1699 f 85 

182 
(mbr 

15 f 12 
61 f 12 

209 f 27 
342 f 21 
687 + 40 
1085 f 58 
1293 f 67 
1503 f 77 

. 

- 

183 
(mb 

597 f 30 

9 4 4 f . 4 4  
1086 f 54 
1241 f 56 

1432 f 63 
1535 f, 76 
1671 f 82 

1788.2 80 

186 
(mbr 

50 f 29 
134 f 17 
2852 20 
514 t 29 
691 t 37 
914f 48 
1112 t 56 
1321 f 69 
1549 f 78 

1722 f 86 

238 
(mby 

233 f 39 
604 f 54 
811 f 62 
8792 48 
999 f 41 
1072 f 52 
1029f 60 
1156 f 42 
1171 + 46 
1232 2 44 
1258 f 48 - 
1260 + 44 



TABLE XI 

Experimental (n.3n) cross sections . 

En (MeV) 

11.88 
12.36 
12.85 
13.33 
13.80 
14.28 
14.76 

18bW 

(mb) 

9 f 3 
58 f 5 
145 t 12 

238" 

(mb) 

30 t 9 
69 t 13 
172 t 24 
295 t 32 
389 t 36 
500 t 46 
568 t 50 

'Nd 
(mb) 

29 f 5 

4 8 ~ d  
(mb) 

2 6 ?  4 
64 f 6 
132 ? 1 1  

I>UNd 
(mb) 

9 2  3 

4 7 ?  5 

248 ? 18 

16UGd 
(mb) 

10 f 4 
53 + 6 

184" 

(mb) 

22 f 4 



liquid xintillator 

Fig .  1 - Experimental se t -up.  

.-. - 4 3 -  
flux monitor 

I 1 

0 R5 U) meter 

Fig .  2  - Experimental (n,2n) c r o s s  s e c t i o n s  f o r  t h e  Nd, Sm, 
Gd, W ,  Te and Pb i s o t o p e s  and f o r  2 0 9 ~ i  a s  a  f u n c t i o n  
of t h e  mass number A, f o r  v a l u e s  of t h e  excess  energy 
UR above th resho ld  of 1 ,2 ,3 ,4  and 6 MeV, r e s p e c t i v e l y  
from bottom t o  top f o r  each s e r i e s  of i s o t o p e s .  
The cu rves  wi th  s h o r t  dashes  f o r  Nd and Sm i s o t o p e s  
were c a l c u l a t e d  u s i n g  a  s t a t i s t i c a l  model. 
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CROSS SECTIONS FOR THE REACTIONS. OF gze(n,tl y ) 
AND 13(n,n1y) BETWEEN 13.0.AND 15.0 g MeV r: - d 

Y. Hino, S. Itagaki and K. Sugiyama 

Department of Nuclear Engineering 
Tohoku university 
'Aoba, Aramaki , ' Sendai , Japan 980 . . 

ABSTRACT . . . . 

The neutron induced cross sections of y-rays have. .: 
been measured for 0.478 MeV. from beryllium and 4.43 MeV' " 
from carbon in the region of neutron energies 13.0 to " 

15.0 MeV. The y-rays are observed  wit^' a Ge(Li) detector 
placed at an angle of 90'. In order.to produce neutrons, 
the T +  d reaction has been used. The 0.478 MeV y-rays ' '. 

from beryllium follows.the emission of triton leading to . ; 

the first excited state of 7~i. It is concluded that the- 
cross section of 9~e(n,tly) reaction shows a flat behavior ' 

over the neutron energies rather than the large resonance .. 

near 13 MeV. The result for the 4.43 MeV y-ray from 
carbon is in good agreement with previous data. 

. . . . 

The cross sections for thd g~e(n;t ) 7 ~ i  reaction is '  porta ant 
to estimate tlie tritium-breeding rate in the blanket of fusion 
reactors, but the detection of produced triton is very difficult 
because of the large negative Q-value. The portion of'this . cross . 

section, .which is expressed as g~e(n,t ly) ,. can be measured by 
detecting 0.478 MeV y-rays from the first excited state of 7~i. 
The previ'ously published data for this reaction have'shown a large 
discrepancy in the region of 14 MeV.neutron energy. ' A pronom-ced 
dip down to 10.mb near 14 MeV and a resonance peak of 21 mb .at 
13.5 .MeV. have beexi reported by Benveniste -et- &I.. [I]. On the other 
hand, Dietric?l et al. [2] have shorn. r.ather 'small and slight change 
of the cross"sections from 7.3 -to 4.8 mb for tbe neutron energies' 
of 13.3 to 15.0 MeV. Drake et ,al. [3]- and.Perroud et al. [4] have 
reported 8.8. mb at 14.2 MeV and 5..52 mb at 13.99 MeV, respectively. 
The present .measur&ent has been carried.out to solve this discrep 
ancy using a Ge(Li) detector with well defined geometry. 

.... . . . , 

.. . . . 

.. . 

. . 



The result for the 4,43 MeV y-ray producti~n cross section 
from carbon is also given for the sake of confirmation of present 
measurements. 

EXl?ERIMENTAL FROCEDURES 

Monoenergetic neutrons from 13.0 to 15.0 MeV were produced 
fEom the T( d,n ) ~ e  reaction .with accelerators of Tohoku University. 
The 4.5 MV Dynamitron accelerator was used to obtain 13.0 and 13.5 
MeV neutrons, and the 600 kV Cockcroft-Walton was used to generate 
13.5, 14.0, 14.5 and 15.0 MeV neutrons. The neutron flux at the 
sample position was monitored by a- NE-213 liquid scintillation 
detector with time-of-flight electronics at the Dynamitron, and 
was also.monitored by detecting associated alpha particles with a 
silicon surface barrier detector at the Cockcroft-Walton: Further 
details of these-systems have been reported elsewhere [5,6]. 

The sample of: high purity beryllium metal or reactor grade 
graphite,was 5 cm in height and 5 cm in dia. of. right cylinder, and 
was held with fine string. The y-rays due to the interactions of 
the neutrons were measured with a 70 cm3 Ge(Li) detector placed at 
an angle of 90°in respect to the beam. axis. The Ge(Li) detector 
was housed in a carefully designed shielding assembly consisting 
of lead, iron,.lithium-carbonate and water as shown in Fig.,l. 

. .  . , . .. 
RESULTS AND DISCUSSION 

The typical y-ray spectra for beryllium and carbon samples of 
interest energy regions are shown in Figs. 2 and 3. The peaks of 
0.478 and 4.43 MeV Y-rays are broadened by Doppler effect. Each 
sample produces a single line of y-ray, then y-ray spectra of the 
another sample give good estimations of background levels as shown 
in Figs. 2 and 3. 

Differential cross sections at go0 for the %e(n,tly) and 
12c(n,n'y) reactions have been obtained and listed in Table I. 
The details of the data analysis and error estimations have been 
presented elsewhere [5,6]. The 0.478 MeV y-ray from the first 
excited state of 7 ~ i  is emitted isotropically [l], so that the . 
total cross section for the 9~e(n,tly) reaction is obtained by 
multiplying 4~ to the above value. The total cross section is 
shown in Fig. 4 together with the previous results. The present 
results from two accelerators are connected smoothly at 13.5 MeV. 
The values of Dietrich et al.[2]and Perroud et al.[k]are in good 
agreement with the present data. The result of Benveniste et al. 
[l] is considerably large, and that of Drake et al. [3] is somewhat 
large in comparison with the present result. The cause of these 
discrepancies among previous data may be due to the inability to 
resolve the 0.511 MeV undesired background with N~I(T~) detectors, 
which have been used by Benveniste et al. and Drake et al.. It is 
reasoriable that the result of Perroud et al., which is obtained by .- 



detecting tritons with high resolution telescope counter, is in 
good agreement with those of the present and Dietrich obtained 
with ~ e ( ~ i )  detectors. . 

The present measurement covers the, excitation energy region 
from 18.5 to 20.3 MeV in 1°~e. It has been repoted [71 that a 
350-keV-wide broad excitation level is located at 18.55 MeV 
corresponding to the incident neutron energy of 13.04 MeV. The 
effect of this level appears clearly in the result of Benveniste 
et al.,'but is not clear in that of Dietrich et al.. The present 
result shows that the cross section for this reaction is uninflu- 
enced by this level. This fact reveals that the effect of this 
level is weak, and the cross'section curve would be decreased 
monotonously to the threshold energy of 12.13 MeV. 

The differential cross sections of y-ray production for the 
l2c(n,n1y) reaction at 90' are shown in Fig. 5. The. present result 
is in good agreement with the previous data [3, 8, 91 except for 
,those of Dickens et al. [lo] which has been obtained with white 
neutrons from an electron linac. 

As a conclusion, present result for the 9~e(n,tly) reaction 
shows a gently rising cross section curve with neutron energy, and 
is in good agreement with those of Dietrich et al. and Perroud et 
al.. The absolute value of the present result is confirmed by the 
measurement of 12c(n,n' y ) reaction cross section, which is in good 
agreement with those of previous. 

The authors are grateful to crew of the Eynamitron an8 the 
Cockcroft-Walton accelerators for the beam time. 

REFERENCES 

1. J. Benveniste et al.," Gamma Rays Srom the Interaction of 
14-MeV Neutrons with Beryllium," Nucl. Phys . , 2, 52 (1960). 

2. F. S. Dietrich et al., " Cross Sections for the 9~e(n,t y)'~i 
Reaction between 13.3 and 15.0 M~V," Nucl. Sci. Eng., h, 
267 (1976). 

3. D. M. Drake et al., " More l b - ~ e ~ ,  Neutron Induced Gamma-Ray 
Production Cross Sections ,'I LASL Rep. LA-5983-MS (1975). , 

4. J. P. Perroud and Ch. Sellem," (n,t) and (n,a) Reactions 
on 9~e," Nucl. Phys., w, 330 (1975). 

5. Y. Hino et al., "Gamma-Ray.Production Cross Sections for 
Aluminum and Copper at 5.3 MeV Neutron ~nergy," Jour. Nucl. 
Sci. Tech., 9, 85 (1978) 



6. T. Yamamoto et al.,"Gamma-Ray Production Cross Sections for 
Interactions of 14.8 MeV Neutrons with 0, Na, Al, C1, Cr, Fe, 
Ni, Cu and ~b," Jour. IVucl. Sci. Tech., s., 797 (1978). 

7. .F. AJzenberg-Selove and T. Lauritsen, " Energy Levels of Light 
Nuclei A = 5 - 10," Nucl. Phys . , H, 140 (1974) . 

8. F. C. Engesser and W. E. Thompson,"Gamma Rays Resulting from 
Interactions of 14.7 MeV Neutrons with Various Elements," 
Jour. Nucl. Energy, 2l, 487 (1967). 

9. D. T. Stewart and P. W.. Martj.n, " Gamma Rays from the Inter-- 
action of 14 MeV Neutrons with 12c and 24Mg," NucL. Phys., 
60, 349 (1964). - 

10. J. K. Dickens et al.," Cross Sections for Gamma-Ray Production 
by Fast Neutrons for 22 Elements Between Z=3 and Z=82,". 
Nucl. Sci. Eng. , 62, 515 (1977). 

TABLE I 

Differential y-ray production cross sections for 
the 9~e(n,tly) and 12~(n,n1y) reactions at 90'. 

9~e(n,tly) 
Energy 

a Measured wi'th the 4.5 MV Dynamitron accelerator 

Measured with the 600 kV Cockcroft-Walton accelerator 



70cm3 Ge(Li) 

I ~ r o n  9 y  
ti thium- h \  1 
Car 

En = 1 5 . 0  MeV 
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Fig.  1 Experimental arrangement. The c y l i n d r i c a l  sample i s  
h e l d  w i t h  f i n e  s t r i n g  a s  i t s  a x i s  coordinate  with t h a t  
o f  t h e  sh ie ld ing  co l l imator ,  which i s  loca ted  perpendicular 
t o  t h e  plane defined by t h e  deuteron beem a x i s  and t h e  
sample d i r e c t i o n .  

Fig.  2 y-ray s p e ~ t r a  of  lower energy region. The 0.478 MeV y-ray 
l i n e  i s  observed f o r  t h e  beryl l ium sample, and t h e  spectrum 

1 02 

from t h e  carbon i n d i c a t e s  t h a t  l i n e  s t r u c t u r e s  do not e x i s t  
100 

i n  t h e  background under 0.478 MeV p e a .  

200 

CHANNEL NUMBER 



400 500 600 . 700 

CHANNEL NUMBER 

Fig. 3 y-ray s p e c t r a  o f  higher  energy region.  The 4.43 MeV y-ray 
l i n e  and escape peaks a r e  observed. Peaks a r e  a l s o  broad- 
ened by Doppler ef, fect .  
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Fig. 4 . .  Cross sections for the '~e(n,t~~) reaction. The present 

result shows a gently rising curve, and a dip near 14 MeV 
or a resonance near 13 MeV is not found out. - 



Fig. 5 Differential y-ray production cross sections at 90' for 
the 12c(n,n'y) reaction. The present.result is in good 
agreement with those of previous which.obtained with 
monoenergetic neutrons. 



SCATTERING OF 10 MEV NEUTR~NS BY SILICON 
S %  

W. P i l z ,  D. Schmidt, D. Seel iger  and T. S t r e i l  

Technische Univers i  t a t  Dresden, Sekt. Physi k, Dresden, GDR 

ABSTRACT 

Angular d i s t r i b u t i o n s  f o r  several  neutron groups o f  
t h e  28-Si(n,nt ) r eac t i on  are measured a t  10 MeV bombard- 
i n g  energy. The experimental data are analyzed b y  a  
combined s t a t i s t i c a l  and d i r e c t  r eac t i on  model. The . 
t heo re t i ca l  desc r i p t i on  gives in fo rmat ion  about exc i -  
t a t i o n  modes and strengths. 

INTRODUCTION - 
A l l  i n ves t i ga t i ons  o f  t h e  28~i (n,nt ) r eac t i on  done u n t i l  now 

were r e s t r i c t e d  t o  a  narrow energy reg ion  between t he  energies 3 
and 14 MeL. These experiments d i f f e r  from each o the r  w i t h  respect  
t o  both t he  measuring technique and t he  model parameters o f  t he  
t heo re t i ca l  ana lys is  used. 

The present work has been s t a r t ed  w i t h  t h e  aim o f  analyz ing on 
a  un i form t h e o r e t i c a l  basis,  t he  r eac t i on  mentioned above i n  t he  
evergy range from 7 t o  14 MeV. This r eac t i on  i s  known t o  bc dc- 
sc r ibed  by an incoherent superpos i t ion o f  compound nucleus c o n t r i -  
bu t ion  ca lcu la ted  by  t he  Hauser-Feshbach formal ism and a  d i r e c t  
r eac t i on  p a r t  (1). It i s  we1 1  known t h a t  a  good agreement between 
experimental po in ts  and t heo re t i ca l  curves can be obtained e a s i l y  
f o r  one i nc i den t  energy by a  convenient choice o f  model parameters. 
But t he  t heo re t i ca l  desc r i p t i on  o f  experimental data, obtained 
under t he  same cond i t i ons  w i t h  a  cons is ten t  s e t  o f  parameters i n  a  
wide energy range, i s  more a t t r a c t i v e  because t h i s  a l lows one t o  
get  more in fo rmat ion  about t h e  r eac t i on  mechanism, Furthermore, 
such measurements a re  impor tant  f o r  nuclear data c o l l e c t i o n  and 
evaluat ion. 

The ob jec t i ves  o f  t he  present work are t h e  measurement and i t s  
t heo re t i ca l  desc r i p t i on  a t  10 MeV bombarding energy on ly .  A  more 
complex i n t e r p r e t a t i o n  f o r  t he  proposed energy range w i l l  be re -  
por ted 1  a te r .  



EXPERIMENTAL PROCEDURE 

The e l a s t i c  and i n e l a s t i c  d i f f e r e n t i a l  neut ron s c a t t e r i n g  
c ross  s e c t i o n s  were measured w i t h  t h e  tandem f a c i l i t y  i n  t h e  ZFK 
Rossendorf. A  deuter ium gas t a r g e t  (2 )  u s i n g  t h e  D(d,n) r e a c t i o n  
was employed. The measurements were c a r r i e d  o u t  w i t h  a  computer- 
coup led m u l t i - a n g l e  TOF-detector system c o n s i s t i n g  o f  e i g h t  detec- 
t o r s .  The experiment i s  c h a r a c t e r i z e d  by measuring angles between 
15 and 160 degrees, an energy spread o f  120 keV, average f l i g h t  
paths o f  3  meters and t h e  ang le  u n c e r t a i n t y  o f  3  degrees. F ig .  1 
shows t h e  complete system, a  more d e t a i l e d  d e s c r i p t i o n  i s  g i ven  I n  
Ref. 3. 

As moni tor ,  a  n ' i n th  TOF-detector was i nc luded  i n  t h e  system 
t o  reduce t h e  dead t i m e  c o r r e c t i o n .  Because t h e  efficiency r a t i o  
o f  m o n i t o r i n g  and measuring d e t e c t o r s  can be found w i t h  s u f f i c i e n t  
accuracy ( e r r o r  l e s s  t h a n  2%), f o r  de te rm ina t i on  o f  t h e  abso lu te  
c ross  sec t i ons ,  o n l y  t h e  r e l a t i v e  e f f i c i e n c y  f u n c t i o n  i s  necessary. 
The angu la r  d i s t r i b u t i o n s  were measured i n  two independent runs a t  
15, 30, 50,..150 and 20, 90, 60,..160 degrees. Tho abso lu te  c ross  
sec t i ons  f o r  each r u n  were determined independent ly  and a r e  shown 
i n  Fig.  2  

The s c a t t e r i n g  sample c o n s i s t s  o f  n a t u r a l  s i l i c o n  w i t h  a  cy- 
l i n d r i c a l  shape (3  x  3  cm2) and a  weight  o f  43.53 g. The measured 
c ross  s e c t i o n s  were c o r r e c t e d  f o r  f i n i t e  geometry and m u l t i p l e  
s c a t t e r i n g ,  which a r e  r a t h e r  l o w  f o r  t h e  chosen sample s i ze .  The 
background from e l a s t i c a l l y  s c a t t e r e d  non-monoenergetic neutrons 
o f  t h e  source (2 )  have been taken i n t o  account f o r  t h e  c a l c u l a t i o n  
o f  t h e  c ross  s e c t i o n s  o f  h i g h e r  i n e l a s t i c  neut ron groups us ing  a  
spec ia l  computer code. 

ANALYSIS OF THE. EXPERIMENTAL DATA 

The e l a s t i c  s c a t t e r i n g  i s  descr ibed as a  sum o f  shape and 
compound e l a s t i c  p a r t s  (see a l s o  Fig. 2). The c a l c u l a t i o n  o f  t h e  
shape e l a s t i c .  c o n t r i b u t i o n  was performed w i t h  t h e  s p h e r i c a l  o p t i -  
c a l  model (SOM) u s i n g  parameters f rom.Ref.  1 w i t h  a  s l i g h t l y  d i f -  
f e r e n t .  s p i n - o r b i t  term.. The parameters were chosen t o  desc r ibe  a l l  
exper imenta l  c ross  s e c t i o n s  i n  t h e  f u l l  energy range as w e l l  as 
poss ib le .  An o p t i c a l  parameter f i t  t o  o u r  da ta  a t  10  MeV bombard- 
i n g  energy agrees s a t i s f a c t o r i l y  w i t h  t h e  parameter va lues o f  
Ref. 1; 

The c a l c u l a t i o n  o f  t h e  compound r e a c t i o n  c o n t r i b u t i o n  f o r  . 
bo th  t h e  e l a s t i c  and i n e l a s t i c  s c a t t e r i n g  a r e  based on t h e  s t a t i s -  
t i c a l  model code ELIESE (4)  which i nc ludes  p- and alpha-channels. 
I n  t h i s  code, t ransmiss ion  c o e f f i c i e n t s  a r e  c a l c u l a t e d  w i t h  t h e  
same parameters as those used f o r  t h e  SOM. Th is  code takes i n t o  
account d i s c r e t e  1  eve1 s  on l y .  For h ighe r  energ ies ,  n o r m a l i z a t i o n  
w i t h  r e s u l t s  f rom s t a t i s t i c a l  model code STAPRE (5)  i s  necessary. 
The code STAPRE g i ves  angl  e - i n t e g r a t e d  cross  sec t i ons  on l y ,  b u t  i t  
takes  i n t o  account l e v e l  d e n s i t i e s  f o r  t h e  unknown h i g h e r  e x c i t e d  



l e ve l s .  The parameters used i n  t he  code STAPRE were ad justed t o  
reproduce t he  t o t a l  cross sect ions. 

Almost t he  same parameters were used f o r  ca l cu l a t i ons  o f  t he  
d i r e c t  r eac t i on  p a r t  w i t h  t h e  coupled channels method (CC)  i n  t he  
code CHUCK ( 6 ) .  Table I gives t h e  parameters used f o r  t he  SOM and 
CC ca lcu la t ions .  

The e l a s t i c  s c a t t e r i n g  i s  descr ibed i n  t h e  CC ana lys is  a lso.  
I n  t h i s  case the  i n f l uence  o f  t he  channel coupl ing on the  e l a s t i c  
channel i s  taken i n t o  considerat ion. 

I n  o rder  t o  descr ibe t h e  i n e l a s t i c  sca t te r ing ,  an incoherent 
superpos i t ion o f  compound and d i r e c t  r eac t i on  con t r i bu t i on  was 
c a r r i e d  out ,  where t he  second one i s  obtained from t he  c o l l e c t i v e  
model w i t h  t h e  coupled channels method. 

Table I 1  gives t h e  e x c i t a t i o n  modes and t h e i r  parameters used 
i n  t h e  CC-calculation w i t h  no ta t ion :  8  - monopole v i b ra t i on ,  82 - 
quadrupole v i b r a t i o n  etc. These param8ters r e s u l t  from t he  CC- 
c a l c u l a t i o n  t o  reproduce t he  shape and absolute magr~itude o f  t he  
angular d i s t r i b u t i o n s  as seen i n  Fig. 2, and they a re  i n  good 
agreement w i t h  r e s u l t s  from o ther  inves t iga t ions .  

The Hauser-Feshbach+contribution i s  seen t o  be h igh  f o r  t he  
h igher  exc i ted  l e v e l s  (3 and higher).  The reason f o r  t h i s  over- 
es t imat ion  could be f l u c t ua t i ons  i n  t h e  compound l e v e l  dens i t y  of 
29s i  (1).  
Some d e t a i l s  o f  these coup1 ed channels ca l cu l a t i ons  a re  o f  i n t e r e s t  : 

(1)  The d i r e c t  e x c i t a t i o n  o f  t he  4; s t a t e  from ground s t a t e  i s  
r a t h e r  small (o rder  o f  20%), i..e. mu1 t i . - s tep  processes 
must be taken i n t o  account. 

( 2 )  The e x c i t a t i o n  o f  the  3' non-normal p a r i t y  s t a t e  can be 
understood as s p i n - f l i p  process, t he  !A = 2 t r ans i t , i on  con- 
t r i b u t e s  main ly  t o  the  cross sec t ion  [order o f  90%). 

(3 )  The con t r i bu t i bn  of t he  2; s t a t e  i n  t he  second r o t a t i o n a l  
band t o  t he  cqoss sec t ion  i s  small, t h i s  l e v e l  i s  coupled 
on l y  t o  i t s  O3 "groundn s ta te.  

The ground' s t a t e  r o t a t i o n a l  band has obl.a.te deformation as 
compared t o  the  second r o t a t i o n a l  band which has a  p ro l a t e  ( " c i ga r "  
shape) deformation. 

F i na l l y ,  i t  shoyld be noted t h a t  by an extension o f  our inves- 
t i g a t i o n s  i n t o  t h e  energy range between 7 and 14 MeV, on a  un i form 
basis, more informati.on about t h e  behaviour o f  t he  r eac t i on  mech- 
anism can be expected. 
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TABLE I 

Opt ica l  Model Parameters 
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Exc i t a t i on  mode and parameters o f  t he  f i r s t  low- 
l y i n g  s ta tes  i n  28Si ( t he  group denotes those 
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Figure  1. The Computer-control led M u l t i - a n g l e  TOF-detector 
.System ( 3 ) .  



= 10.02 0.06 MeV 

Figure  2. Angular D i s t r i b u t i o n s  o f  E l a s t i c  and I n e l a s t i c  Neutron 
w i t h  10 MeV I n c i d e n t  Neutrons. The Experimental Cross 
Sect ions (4) a r e  shown w i t h  t h e i r  Absolute Errors.  (SOM- 
Spher ica l  O p t i c a l  Model, CC-Coupled Channel , HF-Hauser- 
Feshbach c o n t r i b u t i o n ) .  
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