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NUCLEAR DATA RELEVANT TO SHIELD DESIGN OF FMIT FACILITY 

L .  L. Car te r ,  R. J. Morford,  and A. D. Wi lcox 

Hanford Eng ineer ing Development Laboratory  
Richland, Washington 99352, U.S.A. 

ABSTRACT 

Nuc lear  data  requirements a re  reviewed f o r  t h e  
des ign 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  Tes t  (FMIT) 
f a c i l i t y .  T h i s  acce lera tor -based f a c i l i t y ,  now i n  t h e  
e a r l y  stages o f  c o n s t r u c t i o n  a t  Hanford, w i l l  p rov ide  
h i g h  f l uences  i n  a f u s i o n - l i k e  r a d i a t i o n  environment f o r  
t h e  t e s t i n g  o f  m a t e r i a l s .  The nuc lea r  da ta  base r e -  
q u i r e d  encompasses t h e  e n t i r e  range o f  neu t ron  ene rg ies  
f rom thermal t o  50 MeV. I n  t h i s  review, we cons ide r  
neu t ron  source terms, c ross  sec t i ons  f o r  thermal and 
b u l k  s h i e l d  design, and neut ron a c t i v a t i o n  f o r  t h e  
f a c i l i t y .  

INTRODUCTION 

The FMIT f a c i l i t y  [I] w i l l  p r o v i d e  t h e  o n l y  h igh - f l uence  da ta  
f o t  d Fus ion - l l ke  r a d i a t i o n  environment d u r i n g  t h e  n e x t  decade. 
Groundbreaking ceremonies were h e l d  February 22, 1980 t o  s t a r t  
c o n s t r u c t i o n  o f  t h i s  acce lera tor -based f a c i l i t y  a t  Hanford w i t h  
comple t ion  scheduled f o r  1984. 

The neut ron source, produced by a 0.1 Amp beam o f  35 MeV 
deuterons i n c i d e n t  upon a f l o w i n g  l i t h i u m  t a r g e t ,  i s  h i g h l y  an iso-  
t r o p i c  w i t h  a r a p i d  s p e c t r a l  v a r i a t i o n  w i t h  angle.  The spectrum 
i n  t h e  forward d i r e c t i o n  i s  cha rac te r i zed  by a broad peak around 
~ 1 4  MeV w i t h  a h i g h  energy t a i l  ex tend ing t o  -50 MeV. Whi le t h e  
broad peak p rov ides  the  major  p o r t i o n  o f  t h e  source f o r  m a t e r i a l  
damage s tud ies ,  t h e  c o n t r i b u t i o n  f rom somewhat h ighe r  energy 
neutrons i s  a l s o  impor tan t  and t h e  extreme h i g h  energy p o r t i o n  o f  
t he  t a i l  impacts s h i e l d  design.  

An adequate des ign o f  t h e  f a c i l i t y  r e q u i r e s  knowledge o f  t h e  
( d  ,L i  ) neu t ron  source d i s t r i b u t i o n ,  neut ron cross  s e c t i o n  da ta  
f rom 20 t o  50 MeV ( i n  a d d i t i o n  t o  l i b r a r i e s  such as ENDFIB below 
20 MeV) f o r  t h e  major  i s o t o p i c  c o n s t i t u e n t s  o f  t h e  sh ie lds ,  exten- 
s i v e  neut ron a c t i v a t i o n  cross  s e c t i o n  data,  and deuteron a c t i v a -  
t i o n  cross  s e c t i o n s  a long w i t h  beam l o s s  c r i t e r i a  w i t h i n  t h e  



a c c e l e r a t o r .  I n t e g r a l  measurements o f  neut ron and deuteron a c t i -  
v a t i o n  a l s o  p l a y  an impor tan t  r o l e .  General nuc lea r  da ta  r e q u i r e -  
ments were cons idered d u r i n g  t h e  p rev ious  symposium [2] f o r  (d,Be) 
and (d ,L i )  based neut ron sources. T h i s  sess ion o f  t he  c u r r e n t  
symposium w i l l  focus s p e c i f i c a l l y  upon the  FMIT f a c i l i t y .  I n  t h i s  
rev iew  paper, nuc lea r  data  r e l a t i v e  t o  s h i e l d  des ign w i l l  be con- 
s i d e r e d  w h i l e  t h e  n e x t  rev iew  paper [3] w i l l  focus upon i r r a d i a t i o n  
damage. 

NEUTRON SOURCE CHARACTERISTICS 

Both s h i e l d  des ign and a  proper  unders tand ing o f  t he  m a t e r i a l  
damage o f  i r r a d i a t e d  t e s t  specimens r e q u i r e  an 'exper imenta l  
de te rm ina t i on  o f  t h e  neut ron source spectrum r e s u l t i n g  f rom 35 MeV 
deuterons i n c i d e n t  upon l i t h i u m .  From a s h i e l d l n g  p o i n t  o f  view, 
t h e r e  was an e a r l y  i n t e r e s t  i n  t h e  shape o f  t h e  h i g h  energy t a i l  
q ince  t h e r e  were t h e o r e t i c a l  reasons t o  b e l i e v e  t h a t  t h e  
' ~ i ( d , n ) ' B e  r e a c t i o n  w i t h  a  Q va lue o f  I 5  MeV cou ld  'lead t o  neu- 
t r o n s  w i t h  energ ies  up t o  6 0  MeV. T ranspor t  c d l c u l a t i o n s  [4,5] 
i n d i c a t e d  t h a t  such neutrons would seve re l y  impact s h i e l d  des ign 
even i f  source s t reng ths  were down by two orders  o f  magnitude f rom 
t h e  peak around 14 MeV. 

The (d ,L i )  source has been cha rac te r i zed  by t h i c k  t a r g e t  
measurements [6]  f o r  t e n  d i f f e r e n t  angles us ing  t i m e - o f - f l i g h t  

. techniques and the  c y c l o t r o n  a t  t he  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.  The spec t ra  a t ' t h e  f o u r  angles o f  F igu re  1  (measured data 
[6] w i t h o u t  smoothing) a re  shown t o  i l l u s t r a t e  neut ron energy 
regimes t h a t  impact va r ious  aspects o f  s h i e l d  design.  P a r t i c u -  
l a r l y  s i g n i f i c a n t  i s  t h e  shoulder f rom 30 t o  45 MeV a t  e i g h t  
degrees a r i s i n g  f rom t h e  Q va lue o f  15 MeV. T h i s  shou lder  i s  
prominent f rom about s i x  t o  twenty  degrees. 

The 35 MeV deuterons impinge upon a  f l o w i n g  l i t h i u m  t a r g e t  
p o s i t i o n e d  w i t h i n  a  5 ' x 8 ' x 6 '  t e s t  c e l l  [see F igu res  2a & 2b): The 
shou lder  i n  the  neu t ron  spec t ra  beyond 30 MeV a t  f o rward  angles i s  
impor tan t  f o r  a  de te rm ina t i on  o f  t h e  s h i e l d  th i ckness  o f  t h e  back 
w a l l  o f  . the t e s t  c e l l  s i nce  these source neutrons a re  t h e  dominant 
neutrons t h a t  pene t ra te  t h e  s h i e l d .  For s i d e  w a l l s ,  t h e  source 
neutrons between 20 and 40 MeV dominate. Th i s  i s  n o t  t o  say, 
however, t h a t  t h e  lower  energy p o r t i o n  o f  t he  spectrum can be i g -  
nored i n  a l l  aspects o f  s h i e l d  design.  The lower  energy neutrons 
must be cons idered i n  t h e  des ign o f  t h e  thermal s h i e l d  and i n  
nuc lea r  h e a t  d e p o s i t i o n  w i t h i n  t h e  t e s t  c e l l  s i nce  a  low energy 
neut ron has t h e  p o t e n t i a l  f o r  d e p o s i t i n g  ~8 MeV o f  energy v i a  
capture .  The e n t i r e  neut ron energy regime i s  p o t e n t i a l l y  impor- 
t a n t  f o r  neut ron a c t i v a t i o n  and must be p r o p e r l y  t r e a t e d  t o  de te r -  
mine s h i e l d  requirements f o r  p o s i t i o n i n g  and removal of t e s t  . 

specimens, maintenance o f  t h e  a c c e l e r a t o r  system, and a c t i v a t i o n  
o f  coo lan ts  and atmospheres. 

The neu t ron  source w i t h i n  t h e  L i n e a r  Acce le ra to r  (LINAC) and 
beam t r a n s p o r t  areas a r i s e s  f rom s t r a y  deuterons inc. ident upon 



m a t e r i a l s  such as Fe, Cu, Au and A1 . Whi le t h e  neut ron source 
s t r e n g t h  per  u n i t  o f  deuteron c u r r e n t  i s  l e s s  f o r  these m a t e r i a l s  
than f o r  l i t h i u m ,  t h e  general  neut ron energy regime of F i g u r e  1  i s  
s t i l l  a p p l i c a b l e  a t  t h e  h i g h  energy p o r t i o n  o f  t h e  a c c e l e r a t o r .  
U n c e r t a i n t i e s  i n  dose l e v e l s  w i t h i n  the  LINAC, due t o  bo th  neu t ron  
and deuteron a c t i v a t i o n ,  a re  c u r r e n t l y  dominated by  u n c e r t a i n t i e s  
i n  deuteron losses r a t h e r  than by  (d,X) source da ta  o r  by neu t ron  
a c t i v a t i o n  cross  sec t i ons .  

BULK SHIELD DESIGN 

Transpor t  c a l c u l a t i o n s  have v a l i d a t e d  t h e  concept presented 
by a  s imple  removal- theory model o f  h i g h  energy (20-50 MeV) neu- 
t r o n  t r a n s p o r t  th rough s h i e l d s .  A s imple model enables f i r s t -  
o rde r  comparisons o f  s h i e l d s  - b o t h  modular and homogeneous - and 
g i ves  some i n s i g h t s  i n t o  s e n s i t i v i t i e s  o f  t h e  dose through t h e  
s h i e l d  t o  c ross  s e c t i o n  data.  O f  course, r i g o r o u s  t r a n s p o r t  ca l - .  
c u l a t i o n s  a re  made t o  v e r i f y  t h e  more c r u c i a l  conc lus ions.  

I n  t h e  f o l l o w i n g  d i s c u s s i o n  t h e  o u t e r  p o r t i o n  o f  t h e  s h i e l d  
i s  assumed t o  c o n t a i n  enough hydrogenous m a t e r i a l  so t h a t  once 
the  neut ron energy i s  reduced below about one MeV i t  i s  r a p i d l y  
the rma l i zed  and captured.  A s i m p l i f i e d  p i c t o r i a l  o f  t h e  penet ra-  
t i o n  o f  a  h i g h  energy neut ron source through t h e  s h i e l d  i s  shown 
i n  F igu re  3. Most o f  t h e  neutrons t h a t  e v e n t u a l l y  emerge f rom t h e  
s h i e l d  e i t h e r  have a  ve ry  l ong  f i r s t  f l i g h t ,  which takes them 
n e a r l y  th rough t h e  s h i e l d ,  o r  e l s e  s u f f e r  one o r  more smal l -ang le  
e l a s t i c  c o l l i s i o n s  ( t y p i c a l l y  w i t h  l o n g  f l i g h t  paths  between c o l -  
1  i s i o n s )  be fo re  p e n e t r a t i n g  through most ( o r  a1 1 ) o f  t.he s h i e l d .  - 
111 c o n t r a s t ,  neut rons which s u f f e r  wide ang le  c o l l i s i o n s  p r i o r  t o  
deep p e n e t r a t i o n  must t r a v e l  many more mean f ree paths  o r  s c a t t e r  
back i n t o  t h e  app rop r ia te  smal l  s o l i d  angle.  The neut rons t h a t  
s u f f e r  n o n e l a s t i c  c o l l i s i o n s  u s u a l l y  l ose  enough energy so t h a t  
t h e i r  p r o b a b i l i t y  o f  p e n e t r a t i n g  t h e  s h i e l d  i s  s u b s t a n t i a l l y  
reduced i r r e s p e c t i v e  o f  s c a t t e r i n g  angle.  

The microscop ic  removal c ross  s e c t i o n  i s  d e f i n e d  as 

where anon(E) i s  t he  n o n e l a s t i c  c ross  sec t i on ,  ue (E) i s  t h e  e l a s -  
t i c  c ross  sec t i on ,  and o i s  t he  f r a c t i o n  o f  t h e  e l a s t i c a l l y  s c a t -  
t e r e d  neutrons s u f f e r i n g  a  wide ang le  (:25O) d e f l e c t i o n .  Such a  
removal c ross  s e c t i o n  i s  compared i n  F igu re  4 f o r  i r o n  w i t h  two 
d i f f e r e n t  c ross  s e c t i o n  eva lua t i ons .  The removal c ross  sec t i on '  
l a b e l e d  "MCNP" was c a l c u l a t e d  w i t h  Eq. ( 1 )  us ing  as a  da ta  base 
t h e  po in tw ise  cross  s e c t i o n  l i b r a r y  t h a t  i s  c u r r e n t l y  be ing  used 
f o r  s h i e l d  des ign  w i t h  the  Monte C a r l o  code; MCNP [7,8]. The 
lower  curve was obta ined by  f o l d i n g  exper imenta l  'data [9,10] and 
a  p r i o r i  da ta  us ing  a  genera l i zed  l e a s t  squares procedure.  

Both removal c ross  s e c t i o n  e v a l u a t i o n s  o f  F igu re  4 decrease 
mono ton ica l l y  w i t h  i n c r e a s i n g  neu t ron  energy. Al though t h e  



decrease i s  smal l ,  i t  i s  important s ince the macroscopic removal 
cross sec t ion  i s  app l ied  exponen t ia l l y :  the  dose through a 
homogeneous s h i e l d  o f  thickness x i s  approximately 

where S(E) i s  the  energy dependent source and C i s  a  constant f o r  
a  g iven s h i e l d  mate r id l .  The exponent ial  enhances the worth o f  
the h igher  energy source neutrons (E>30 MeV) i nc i den t  upon the 
back wa l l  so t h a t  they are the dominant i ~eu t r ons  t h a t  penetrate 
the  t h i c k  back w a l l  sh ie ld .  Th is  i s  i l l u s t r a t e d  by the curves i n  
F igure 5 f o r  neutron t ranspor t  through an e i g h t  f o o t  s lab o f  h igh 
dens i t y  magnet i te concrete. 

The s o l i d  (importance) curve i n  F igure 5 was generated w i t h  
Monte Car lo  ca l cu l a t i ons  [4,11]. A p o i n t  on the curve gives, the 
dose through e i g h t  f e e t  o f  h igh  dens i t y  concrete due t o  a  one 
neutron per  cm2 normal ly  i n c i den t  source w i t h  k i n e t i c  energy 
g iven by the  abscissa. For example, a  40 MeV source neutron i s  
~ 2 6 0  times as import.ant as a 20 MeV source neutron. Fo ld ing t h i s  
curve w i t h  the FMIT spectrum i nc i den t  upon the back wa l l  r e s u l t s  
i n  the fu tu re  con t r i bu t i on  [12] (sometimes c a l l e d  con t r ibu ton  
cu r ren t )  curve o f  Figure 5; l . e . ,  the  product o f  the  dose through 
the  s lab f o r  u n i t  monoenergetic sources w i t h  the source i n t e n s i t y .  
For the r e l a t i v e l y  t h i n  e i g h t  f o o t  sh ie ld ,  the con t r ibu ton  cu r ren t  
a t  40 MeV i s  about seven times t h a t  o f  20 MeV. 

Transport  ca l cu l a t i ons  have v e r i f i e d  the removal theory i n -  
t e r p r e t a t i o n  t h a t  the none las t i c  cross sec t ion  above 20 MeV i s  the 
most sens i t i ve  o f  the nuc lear  data f o r  b u l k  sh ie ld ing .  Somewhat 
l e ss  important i s  the e l a s t i c  cross sec t ion  and i t s  associated 
angular d i s t r i b u t i o n .  Even though the e l a s t i c  cross sec t ion  i s  
very  forward peaked above 20 MeV, t r e a t i n g  i t  as s t r a i g h t  ahead 
r e s u l t s  i n  an overconservatism o f  a t  l e a s t  two orders o f  niagnitude 
i n  the dose f o r  the  back w a l l  s h i e l d  thicknesses o f  i n t e r e s t .  

The dose through b ~ l ~ s h i e l d s  i s  n o t  very  sens i t i ve  t o  the 
energy- and angu la r - d i s t r i bu t i on  o f  neutrons from none las t i c  
events; however, ca l cu l a t i ons  o f  neutron f l u x  f i e l d s  w i t h i n  t e s t  
assemblies could be sens i t i ve  t o  these d i s t r i b u t i o n s .  Previous 
s tud ies [5 ]  have shown t h a t  gamma product ion cross sect ions f o r  
neutron energies above i lU MeV may be rreylecLeJ i n  tho dcsign o f  
b u l k  sh ie lds.  Fur ther  con f i rmat ion  o f  t h i s  i s  des i rab le .  

The most important elements f o r  the bu l k  s h i e l d  analys is  are 
b a s i c a l l y  the cons t i tuen ts  o f  concrete and i r o n  sh ie lds .  F i r s t  
p r i o r i t y  i n  nuc lear  data needs i s  assigned t o  i r o n  and oxygen w i t h  
second p r i o r i t y  g iven t o  s i l i c o n ,  calcium, and carbon. Recent 
measurements have been made o f  the  t o t a l ,  none las t i c ,  and removal 
cross sect ions a t  40 and 50 MeV [9]. The experimental data po i n t s  
shown i n  Figure 4 f o r  i r o n  aided i n  ob ta i n i ng  an updated evalua- 
t i o n  o f  the  removal and none las t i c  cross sect ions and assignment 
o f  unce r t a i n t i e s  i n  the energy range 20-50 MeV. Be t t e r  agreement 



between t h e  po in tw ise  l i b r a r y  be ing used i n  t h e  MCNP Monte C a r l o  
code and new eva lua t i ons  based upon the measurements was obta ined 
f o r  oxygen, calc ium, and carbon. Hence our  conf idence i n  t h e  
nuc lea r  da ta  f o r  these elements has been improved, b u t  much work 
remains t o  be done t o  o b t a i n  o v e r a l l  s a t i s f a c t o r y  agreement 
between nuc lea r  model codes and exper imenta l  data.  

TRANSPORT CROSS SECTION LIBRARIES FOR FMIT 

The two cross  s e c t i o n  l i b r a r i e s  t h a t  a re  be ing  used i n  t h e  
t r a n s p o r t  c a l c u l a t i o n s  f o r  FMIT are  summarized i n  F i g u r e  6. The 
po in tw ise  Monte Car lo  l i b r a r y  i s  based upon ENDF/B-IV below 20 MeV. 
Cross sec t i ons  f rom 20 t o  60 MeV were appended t o  t h i s  l i b r a r y  [4, 
131 f o r  t he  elements H, C, '0, S i ,  Ca, C r ,  Fe, and N i  us ing  a v a i l -  
ab le  nuc lea r  data.  None las t i c  c ross  sec t i ons  f rom 20 t o  60 MeV 
were taken d i r e c t l y  as those recommended by  Wi lson [14]. I n t r a -  
nuclear-cascade p l u s  Evaporat ion  (IC+E) model c a l c u l a t i o n s  [I 51 a t  
Oak Ridge Na t iona l  Laboratory  (ORNL) were used f o r  t h e  number o f  
secondary neutrons f rom n o n e l a s t i c  s c a t t e r i n g  events and t h e i r  
energy and angu lar  d i s t r i b u t i o n s .  O p t i c a l  model c a l c u l a t i o n s  a t  
Hanford Eng ineer ing Development Laboratory  (HEDL) , checked a g a i n s t  
a v a i l a b l e  exper imenta l  data ,  were used t o  o b t a i n  t h e  e l a s t i c  sca t -  
t e r i n g  cross  sec t i ons  and t h e i r  angu lar  d i s t r i b u t i o n s .  An excep- 
t i o n  i s  hydrogen, which i s  based e n t i r e l y  upon exper imenta l  
measurements. 

The coupled neutron-gamma mu l t i g roup  cross  s e c t i o n  l i b r a r y  i s  
c u r r e n t l y  be ing  used p r i m a r i l y  i n  one-dimensional d i s c r e t e  o r d i -  
nates c a l c u l a t i o n s .  Th i s  1  i b r a r y  [I 61 was cons t ruc ted  by A l s m i l  l e r  
and Bar i sh  a t  ORNL by appending mu l t i g roup  cross  sec t i ons  between 
14.9 and 60 MeV t o  an e x i s t i n g  RSIC f u s i o n  1  i b r a r y  [17] f o r  ener-  
g ies  below 14.9 MeV. The cross  sec t i ons  above 14.9 MeV a re  P g  and, 
hence, i n c l u d e  an adequate expansion f o r  deep p e n e t r a t i o n  c a l c u l a -  
t i o n s .  The n o n e l a s t i c  and e l a s t i c  c ross  sec t i ons  above 14.9 MeV 
were based upon 0pt ica. l  model c a l c u l a t i o n s  checked a g a i n s t  a v a i l -  
ab le  measurements, w h i l e  the  n o n e l a s t i c  energy and angu lar  d i s t r i -  
b u t i o n s  were based upon t h e  IC+E model c a l c u l a t i o n s  [15]. The 
fus ion  cross  s e c t i o n  l i b r a r y  below 14.9 MeV was f o r  i n f i n i t e  d i l u -  
t i o n .  Resonance s e l f - s h i e l d i n g  c o r r e c t i o n s  have been made a t  HEDL 
t o  o b t a i n  another 0-60 MeV l i b r a r y  f o r  i r o n .  

NUCLEAR HEAT DEPOSITION 

Nuc lear  hea t  d e p o s i t i o n  f rom neut ron and gamma i n t e r a c t i o n s  
i s  impor tan t  w i t h i n  the  m a t e r i a l  t e s t  modules, t h e  thermal s h i e l d  
w a l l s  o f  t he  t e s t  c e l l  (see F igu re  2 b ) ,  and t h e  b u l k  s h i e l d  beyond 
t h e  thermal shield. .  C a l c u l a t i o n s  o f  hea t  d e p o s i t i o n  a r e  s e n s i t i v e  
t o  neut ron t r a n s p o r t ,  neut ron KERMA f a c t o r s ,  and gamma p r o d u c t i o n  
cross  sec t i ons .  Nuc lear  da ta  l i m i t a t i o n s  have been exper ienced 
f o r  a l l  t h r e e  o f  these ca tego r ies .  The most impor tan t  e lement i s  



i ron ,  although n i c k e l ,  chromium, calcium, s i l i c o n ,  oxygen, and 
hydrogen impact var ious ca l cu l a t i ons .  

Unfor tunate ly ,  energy balances i n  ENDF/B cont inue t o  have 
shortcomings f o r  the  generat ion o f  cross sec t ion  l i b r a r i e s  and f o r  
the  c a l c u l a t i o n  o f  KERMA fac to r s  [18]. Correct ions i n  the MCNP 
l i b r a r y  have been made over var ious energy reg imes , fo r  the more 
impor tant  elements. Los A1 amos S c i e n t i f i c  Laboratory (LASL) has 
improved gamma product ion and energy balances i n  a new cross sec- 
t i o n  eva lua t ion  f o r  i r o n  [19]. Th is  i s  c u r r e n t l y  being processed 
f o r  i n c l us i on  i n  the MCNP master l i b r a r y .  

I n t e g r a l  t e s t s  o f  the neutron t ranspor t  are necessary t o  es- 
t a b l i s h  confidence i n  the heat depos i t i on  ca lcu la t ions .  An 
impor tant  example i s  the back wa l l  o f  the t e s t  c e l l .  The cu r ren t  
design o f  t he  thermal s h i e l d  requ i res  about 24 inches o f  i r o n  and 
g raph i te  and an inch  o r  two o f  Bora l .  Interspaced i n  t h i s  -26 
inches are some channels f o r  gas coo l ing  o f  the wa l l .  The bu l k  
s h i e l d  o f  concrete i s  beyond t h i s  thermal sh ie ld ,  and an impor tant  
parameter i s  the heat depos i t i on  w i t h i n  the concrete. Th is  heat 
depos i t i on  i s  reduced t n  an acceptable l e v e l  by an appropr ia te  
thermal s h i e l d  design. 

The heat  depos i t i on  w i t h i n  the concrete I s  sensi lSve t o  the 
proper treatment o f  the  h igher  energy ($14 Mev) neutrons w i t h i n  
the thermal sh ie ld .  This inc ludes (n,2n) and (n  ,3n) i n t e rac t i ons .  
An i n t e g r a l  measurement o f  the  transmission o f  (d,Li)  neutrons 
through an i r o n  b lock  has r ecen t l y  been made by HEDL t o  check 
ca l cu l a t i ona l  capabi15t ies [20]. 

NEUTRON STREAMING 

Penetrat ions through the  t e s t  c e l l  wa l l s  and through t he  wa l l s  
o f  the  acce le ra to r  r equ i r e  assessments o f  neutron streaming. Ex- 
perience t o  date ind ica tes  t h a t  ca l cu l a t i ons  o f  streaming a re  
l i m i t e d  more by geometry models and the two- and three-dimensional 
aspects o f  the  problem than by nuclear data [Ill. The energy 
regime above 20 MeV has l ess  o f  an impact upon the r e s u l t s  than 
i s  t r u e  f o r  bu lk  s t~ ie lc l s .  

ACTIVATION 

Approach 

Both neutron and deuteron induced a c t i v a t i o n  must be inc luded 
i n  the  o v e r a l l  assessments f o r  the  FMIT f a c i l i t y .  Deuteron i n -  
duced a c t i v a t i o n  i s  p r i m a r i l y  d e a l t  w i t h  exper imenta l ly  as 
descr ibed i n  a paper o f  t h i s  session 1201. The broader area of 
neutron a c t i v a t i o n  i s  t r ea ted  c a l c u l a t i o n a l l y  and, as the calcu- 
l a t i o n s  i nd i ca te  sens i t i ve  areas, w i l l  inc lude some i n t e g r a l  
measurements. 

The nuc lear  data base, along w i t h  computer codes and l inkages, 
i s  used t o  t r e a t  neutron a c t i v a t i o n  problems w i t h . t he  general 



problem f low shown i n  Figure 7. The a c t i v a t i o n  problem o f  concern 
i s  f i r s t  defined. These inc lude the LINAC acce le ra to r  w i t h  hands- 
on mai-ntenance being h i g h l y  des i rab le ,  the  beam t ranspor t  area, 
and a c t i v a t i o n  o f  the t e s t  c e l l  equipment, t e s t  c e l l  wa l l s ,  t e s t  
assemblies, and the atmosphere w i t h i n  the  acce le ra to r  and the t e s t  
c e l l .  A f t e r  an area o f  concern i s  def ined, the  dozens o f  poss ib le  
reac t ions  are s i f t e d  through t o  i s o l a t e  t he  most impor tant  reac- 
t i o n s  based upon ha l f - l i ves ,  the decay energies o f  the gamma-rays, 
and conservat ive est imates o f  the r e l evan t  cross sect ions.  I f  
cross sect ions f o r  the  most impor tant  reac t ions  are n o t  inc luded 
i n  the FMIT neutron mul t igroup a c t i v a t i o n  l i b r a r y ,  the l i b r a r y  i s  
updated. Most o f  the data i n  the FMIT a c t i v a t i o n  l i b r a r y  has been 
generated us ing ENDF/B-V data (when i t  e x i s t s )  along w i t h  a  modi- 
f i e d  ve rs ion  o f  THRESH [21]. The mod i f i ca t i on  made a t  HEDL 
extends the  output  o f  THRESH t o  40 MeV w i t h  nnrmal izat ion t o  the 
CNDF/B-V data a t  2U MeV whenever poss ib le .  

The energy dependent neutron f l u x  i s  fo lded  w i t h  the cross 
sect ions i n  the a c t i v a t i o n  l i b r a r y  t o  ob ta i n  gamma-ray source 
terms. The r e s u l t i n g  gamma f l u x  f i e l d  i s  i n v a r i a b l y  dominated by 
on ly  a  few o f  the neutron r eac t i on  modes f o r  the coo l ing  t imes o f  
i n t e r e s t .  Cross sect ions f o r  these r eac t i on  modes are examined t o  
determine whether there i s  a  need f o r  f u r t h e r  refinements. Re- 
f inements inc lude the u t i l i z a t i o n  o f  more exact  numerical ca lcu la -  
t i o n s  o f  the  cross sect ions, w i t h  codes such as HAUSER [22], 
and/or i n t e g r a l  measurements o f  neutron ac t i va t i on .  

The a c t i v a t i o n  ca l cu l a t i ons  summarized i n  the f o l l ow ing  sec- 
t i o n s  u t i l i z e d  the  atom dens i t i e s  shown i n  Table I and are based 
upon a one year  i r r a d i a t i o n  a t  a  0.1 Amp deuteron cur ren t .  A 
summary o f  important react ions i s  given i n  Table 11. 

Neutron Ac t i va t i on  o f  S ta in less  Steel  Wi th in  Test Ce l l  

S ta in less  s t ee l  i s  a  very important mate r ia l  s ince i t  w i l l  be 
used both s t r u c t u r a l l y  and as a major component f o r  the mate r ia l  
t e s t  modules. Ca lcu la t ions  o f  s t a i n l ess  s t ee l  neutron a c t i v a t i o n  
have been made f o r  t a rge t s  loca ted  w i t h i n  the  prime t e s t  reg ion  
and f o r  var ious o ther  pos i t i ons  w i t h i n  the  t e s t  c e l l .  

The summary i n  Table I 1 1  g ives the  volume averaged a c t i v a t i o n  
f o r  a  5.5 x  4.0 x  5.0 cm pa ra l l e l ep i ped  o f  s t a i n l ess  s t ee l  placed 
w i t h i n  the p r i s t i n e  f l u x  f i e l d  o f  the prime t e s t  reg ion  (see F ig-  
ure 2b f o r  l o c a t i o n  and Table I f o r  s t a i n l ess  s t ee l  composit ion).  
The most important rad ionuc l ide  f o r  s h i e l d  design i s  56Co because 
o f  i t s  hard 3.26 MeV gamma rays and i t s  h a l f - l i f e  o f  77 days. 
This leads t o  a  requirement f o r  ~ 1 2  inches o f  lead i n  the cask f o r  
t r anspo r t i ng  the i r r a d i a t e d  t e s t  modules. 

The most important reac t ions  f o r  a c t i v a t i o n  o f  s t a i n l ess  
s t ee l  w i t h i n  the prime t e s t  reg ion  are 5eNi(n, t )56Co and 
58Ni  ( r ~ , n d ) ~ ~ C o .  For coo l ing  t imes l ess  than a few hours, 
5 6 ~ e ( n , p ) 5 6 ~ n  w i l l  a l so  be important i n  some sh i e l d i ng  appl ica-  
t i ons .  A t  wide-angle pos i t i ons  w i t h i n  the t e s t  c e l l ,  the spectra 
i s  s o f t e r  and the concentrat ion o f  56Co r e l a t i v e  t o  the  o ther  



i so topes  w i l l  decrease by nomina l l y  a  f a c t o r  o f  f o u r  f rom t h a t  o f  
Tab le  111. 

Neutron A c t i v a t i o n  o f  Impor tan t  Elements W i t h i n  Prime Test  Volume 

The volume averaged p r i s t i n e  neu t ron  f l u x  f i e l d ,  w i t h i n  a  5.5 
x  4.0 x  5.0 cm para' l  l e l e p i p e d  p o s l t l u r ~ r c l  w i l l r i n  the pr imc t c s t  
r e g i o n ,  was a l s o  f o l d e d  w i t h  a c t i v a t i o n  cross  sec t i ons  f o r  va r ious  
elements o f  i n t e r e s t .  The r e s u l t s  summarized i n  Tab le  I V  were ob- 
t a i n e d  u s i n g  the  t h e o r e t i c a l  atom d e n s i t i e s  of  Table I. Since t h e  
a c t i v i t i e s  o f  Tables I 1 1  and I V  were generated us ing  t h e  p r i s t i n e  
f l u x  f i e l d ,  e x t r a p o l a t i o n s  t o  c o n f i g u r a t i o n s  w i t h  enough m a t e r i a l  
t o  s i g n i f i c a n t l y  p e r t u r b  t h e  f l u x  shou ld  be made w i t h  care.  

Neutron A c t i v a t i o n  o f  Aluminum Beam Tube 

Neutron streaming back down t h e  beam tube f rom t h e  l i t h i u m  
t a r g e t  i s  t h e  dominant mode o f  neut ron a c t i v a t i o n  o f  t h e  beam tube 
near  the  t e s t  c e l l  where access t o  t h e  magnet i s  e s s e n t i a l .  An 
a n a l y s i s  was made t o  determine t h e  p o s s i b l e  advantage o f  u t i l i z i n g  
aluminum r a t h e r  than  s t a i n l e s s  s t e e l  f o r  t h e  beam tube. The 
measured neut ron spectrum [6] a t  150° f o r  a  (d,Li )  source was used 
t o  compare these a c t i v a t i o n s .  

The most impor tan t  r a d i o n u c l i d e s  f o r  t h e  aluminum bear11 tube 
were found t o  be 24Na, 65Zn, 4 6 S ~ ,  6 0 C ~ ,  and 4eSc. The major  r e -  
a c t i o n  modes a re  g i ven  i n  Table 11. About one week a f t e r  shutdown 
t h e  24Na w i l l  decay t o  t h e  p o i n t  where t h e  l onger  l i v e d  n u c l i d e s  
w i l l  dominate. O f  these, o n l y  4 8 S ~  w i l l  decay app rec iab l y  f o r  t h e  
maintenance t imes o f  concern. 

The o v e r a l l  conc lus ion  i s  t h a t  t h e  aluminum does have advan- 
tages ove r  s t a i n l e s s  s t e e l ,  f rom an a c t i v a t i o n  v iewpoin t ,  f o r  
c o o l i n g  t ime  beyond t h e  f i r s t  few days. 

Neutron A c t i v a t i o n  Along LINAC 

Even though deuteron losses are  g r e a t e r  a t  t h e  lower  energy 
end o f  t h e  acce le ra to r ,  neu t run  d c l i v a t i o n  problems a re  more a c l i t ~  
a t  t he  h i g h e r  energy end because t h e  genera t i on  r a t e  of neut rons 
p e r  l o s t  deuteron increases r a p i d l y  w i t h  i nc reas ing  deuteron 
energy. Roughly t h e  same neut ron energy regime i s  o f  concern 
a long  t h e  h i g h  energy p o r t i o n  o f  t h e  a c c e l e r a t o r  and beam t r a n s -  
p o r t  a rea as i n  t h e  t e s t  c e l l .  However, because o f  t h e  r a p i d  
decrease i n  t h e  neut ron source s t r e n g t h  beyond %20 MeV, a c t i v a t i o n  
a t  ene rg ies  above ~ 3 0  MeV may u s u a l l y  be neg lec ted.  For wide 
angles,  such as s ide-on a t  90 degrees, a  20 MeV l i m i t  i s  u s u a l l y  
adequate. 

Neutron f l u x  l e v e l s  w i t h i n  t h e  LINAC were determined f rom a 
Monte C a r l o  c a l c u l a t i o n  [ll] w i t h  a  model o f  t h e  geometry t h a t  i n -  
c luded t h e  l a s t  t e n  d r i f t  tubes.  The r e s u l t s  o f  f o l d i n g  t h e  cross  
s e c t i o n s  o f  t h e  FMIT a c t i v a t i o n  l i b r a r y  w i t h  t h e  neut ron f l u x  a t  
t h e  h i g h  energy end o f  t h e  a c c e l e r a t o r  a re  g i ven  i n  Tables V and 



V I  f o r  t he  a c c e l e r a t o r  t unne l  concre te  w a l l s  and f o r  t h e  LINAC, 
r e s p e c t i v e l y .  

The most impor tan t  gamma-ray source w i t h i n  t h e  conc re te  i s  
f rom 2 4 ~ a  f o r  c o o l i n g  t imes beyond a  few hours;  56Mn i s  a l s o  im- 
p o r t a n t  f o r  s h o r t  c o o l i n g  t imes. Since most o f  t h e  '"Na and 56Mn 
n u c l i d e s  are  generated by  thermal neutrons,  a  r e d u c t i o n  o f  t h e  
gamma f i e l d  w i t h i n  t h e  a c c e l e r a t o r  tunne l  i s  ob ta inab le  by s imp ly  
b o r a t i n g  the  concre te  o f  t h e  LINAC w a l l s .  

The neut ron a c t i v a t i o n  summary o f  Table V I  i nc ludes  m a t e r i a l s  
w i t h i n  t h e  d r i f t  tubes and t h e  o u t e r  t ank  w a l l  o f  t h e  a c c e l e r a t o r .  
P o i n t  ke rne l  c a l c u l a t i o n s ,  u s i n g  app rop r ia te  volume weighted 
source terms f o r  t h e  va r ious  m a t e r i a l s ,  were made t o  o b t a i n  r a d i a -  
t i o n  f i e l d s  a long the  h i g h  energy p o r t i o n  of t h e  a c c e l e r a t o r  
t unne l .  A  dose r a t e  o f  4  mrem/hr, a t  a  d i s tance  o f  one f o o t  f rom 
t h e  tank,  was obta ined f o r  a  c o o l i n g  t ime o f  one day. T h i s  does 
n o t  i n c l u d e  t h e  c o n t r i b u t i o n  f rom t h e  concre te  w a l l s  of %5 mrem/hr. 
T h i s  component f rom the  concre te  w a l l s  can be reduced n e a r l y  an 
o r d e r  o f  magnitude by b o r a t i n g  t h e  concre te .  The dose r a t e  sca les  
l i n e a r l y  w i t h  t h e  deuteron l o s s  - assumed t o  be 3uAmp/m on go ld .  

T h i s  i t e r a t i o n  d i d  n o t  i n c l u d e  t h e  water  c o o l a n t  o f  t h e  d r i f t  
tubes i n  t h e  model o f  t h e  geometry f o r  t he  Monte C a r l o  c a l c u l a t i o n  
o f  neut ron f l u x  l e v e l s .  An i n c l u s i o n  o f  t h e  water  i s  expected t o  
increase the  thermal f l u x  w i t h  a  cor responding i nc rease  f rom low 
energy r e a c t i o n  modes. The 2.6 hour h a l f - 1  i f e  r a d i o n u c l  i d e  56Mn, 
f rom 5 5 M n ( n , y ) 5 6 ~ n ,  i s  expected t o  increase s i g n i f i c a n t l y  w i t h  an 
app rop r ia te  t reatment  o f  t h e  thermal f l u x .  

A i r  W i t h i n  Acce le ra to r  Tunnel 

P r e l i m i n a r y  assessments have been made o f  t h e  a c t i v a t i o n  o f  
a i r  w i t h i n  the  a c c e l e r a t o r  t u n n e l .  The r a d i o n u c l i d e s  o f  most con- 
ce rn  f rom a  maximum p e r m i s s i b l e  concen t ra t i on  (MPC) s t a n d p o i n t  a re  
1 3 ~ ,  16N, 1 4 C ,  39Ar ,  and " 'Ar. The impor tan t  r e a c t i o n s  are  
summarized i n  Table 11. 

Exper imenters Side Wall 

A c t i v a t i o n  assessments a r e  sometilnes s e n s i t i v e  t o  t h e  neu t ron  
t r a n s p o r t  c a l c u l a t i o n s .  An example i s  t h e  t e s t  c e l l  s i d e  w a l l  
c o n t a i n i n g  p lugs  f o r  exper imenta l  access. Nuc l i de  a c t i v a t i o n  
beyond.the f i r s t  %4 f e e t  o f  t h i s  i ron-dominated s h i e l d  a re  of con- 
cern.  Here the  f l u x  l e v e l s  depend upon an approp r ia te  c a l c u l a t i o n  
o f  t h e  t r a n s p o r t  and s lowing down o f  t h e  h i g h e r  energy neut rons 
and the  subsequent t r a n s p o r t  o f  t h e  lower  energy neut rons.  There 
i s  a  wea l th  o f  exper imenta l  and c a l c u l a t i o n a l  [13] r e s u l t s  f o r  
neut ron t r a n s p o r t  w i t h i n  t h e  i r o n  resonance r e g i o n  (20 keV t o  
2 MeV). An i n t e g r a l  measurement [20] o f  t he  t ransmiss ion  o f  (d ,L i )  
neut rons through an i r o n  b l o c k  has now p rov ided  exper imenta l  da ta  
a t  h i g h e r  energ ies .  



SUMMARY 

D i s c r e t e  o r d i n a t e s  and Monte Car lo  codes, developed f o r  ap- 
p l i c a t i o n s  i n  n u c l e a r  r e a c t o r s ,  f u s i o n  systems, and weapons phys ics ,  
are  a p p l i c a b l e  f o r  s o l v i n g  neu t ron  and photon t r a n s p o r t  problems 
r e l a t i v e  t o  t h e  FMIT f a c i l i t y .  Ex tens ion o f  t h e  nuc lea r  da ta  base 
i s  a  c h a l l e n g i n g  problem. T h i s  encompasses t h e  a p p r o p r i a t e  c ross  
s e c t i o n s  f o r  t he  neu t ron  t r a n s p o r t  f o r  t h e  energy range 0  t o  50 MeV 
and neut ron a c t i v a t i o n  c ross  s e c t i o n s  f o r  dozens o f  r e a c t i o n  modes 
over  the  energy range 0  t o  ~ 3 0  MeV. 

A  p o i n t w i s e  l i b r a r y  and, a  mu1 t l g r o u p  1  i b r a r y  have been deve l -  
oped f o r  t h e  Monte C a r l o  and d i s c r e t e  o r d i n a t e s  c a l c u l a t i o n s .  
These neu t ron  and gamma-ray t r a n s p o r t  l i b r a r i e s  i nc lude  t h e  neut ron 
energy regime 0  t o  60 MeV f o r  t h e  most impor tan t  elements used i n  
the  FMIT f a c i l i t y .  Both l i b r a r i e s  i nc lude  adequate angu la r  reso- 
l u t i o n  t o  serve as da ta  bases f o r  deep p e n e t r a t i o n  c a l c u l a t i o n s .  
S e n s i t i v i t y  c a l c u l a t i o n s  have i s o l a t e d  t h e  n o n e l a s t i c  c ross  sec- 
t i o n  between 20 and 50 MeV as t h e  most impor tan t  c ross  s e c t i o n  f o r  
t h e  b u l k  s h i e l d  design.  Next i n  importance i s  t h e  e l a s t i c  scat -  
t e r i n g  cross  s e c t i n n  f o r  t h e  same energy range w i t h  i t s  correspond- 
i n g  angu la r  d i s t r i b u t i o n .  Cross s e c t i o n  measurements a t  40 and 
50 MeV f o r  i r o n ,  oxygen, calc ium, and carbon have enabled improved 
n o r m a l i z a t i o n s  o f  o p t i c a l  model c a l c u l a t i o n s .  

A  m u l t i g r o u p  neut ron a c t i v a t i o n  l i b r a r y  f o r  FMIT has beer1 
c rea ted  a t  HEDL. Because o f  t h e  many r e a c t i o n  modes p o s s i b l e  a t  
t h e  h i g h  neu t ron  energ ies ,  t h e  completeness o f  t h e  l i b r a r y  i s  ex- 
amined p r i o r  t o  each c a l c u l a t i o n  i n v o l v i n g  new i so topes .  The dozens 
o f  p o s s i b l e  r e a c t i o n  modes a re  s i f t e d  through t o  i s o l a t e  t h e  most 
impor tan t  r e a c t i o n s  by examining h a l f - l i v e s ,  decay ene rg ies  o f  t h e  
gamma-rays, and conse rva t i ve  es t ima tes  o f  t h e  r e l e v a n t  c ross  
sec t i ons .  Most o f  t h e  data  i n  t h e  FMIT a c t i v a t i o n  l i b r a r y  has 
been generated u s i n g  ENDFIB-V da ta  (when i t  e x i s t s )  a long w i t h  a 
m o d i f i e d  v e r s i o n  o f  t h e  THRESH code. The m o d i f i c a t i o r ~  extends t h e  
o u t p u t  o f  THRESH t o  40 MeV w i t h  n o r m a l i z a t i o n  t o  t h e  ENDFIB-V da ta  
a t  20 MeV whenever poss ib le .  More e x a c t  t reatments ,  w i t h  codes 
such as HAUSER, a r e  u t i l i z e d  f o r  a  l i m i t e d  number o f  reac t i ons .  A 
few measurements o f  neut ron a c t l v a t i u r ~  dr'e be ing  p lanncd t o  p r o v i d e  
i n t e g r a l  da ta  f o r  d i r e c t  a p p l i c a t i o n s  and f o r  v e r i f y i n g  c a l c u l a -  
t i o n a l  techniques.  

The c u r r e n t  s t a t u s  o f  c a l c u l d L . i u ~ ~ s  have been summarized f o r  
a c t i v a t i o n  o f  s t a i n l e s s  s t e e l  and o t h e r  m a t e r i a l s  w i t h i n  t h e  pr ime 
t e s t  volume, a c t i v a t i o n  o f  t h e  beam tube near t h e  l i t h i u m  t a r g e t ,  
a c t i v a t i o n  a long t h e  LINAC, and a c t i v a t i o n  o f  a i r  w i t h i n  t h e  
a c c e l e r a t o r  t unne l .  The more impor tan t  r e a c t i o n s  were d isp layed.  

The c a l c u l a t i o n  o f  nuc lea r  heat  d e p o s i t i o n  cont inues t o  be a  
problem due t o  i naccu ra te  energy balances i n  ENDFIB and u n c e r t a i n -  
t i e s  i n  c ross  s e c t i o n  da ta  a t  h i g h e r  energ ies .  An impor tan t  s tep  
has been made i n  a  r e e v a l u a t i o n  o f  i r o n  by  LASL w i t h  improved en- 
e r g y  balances and gamma p r o d u c t l o n  cross  sec t i ons .  A  measurement 
o f  neut ron t ransmiss ion  through an i r o n  b lock ,  due t o  a  (d ,L i )  
source, w i l l  improve our  understanding a t  t he  h i g h e r  energ ies .  



Th ick  t a r g e t  measurements o f  t h e  (d ,L i )  neu t ron  source have 
e s t a b l i s h e d  t h e  energy spectrum and y i e l d  a t  t e n  angles f o r  35 MeV 
i n c i d e n t  deuterons. Monte Car lo  techniques f o r  model i n g  t h i s .  
a n i s o t r o p i c  source, a long w i t h  three-dimensional  models o f  t h e  
test; c e l l  geometry, have been used t o  determine b u l k  s h i e l d  ' t h i c k -  
nesses, neut ron streaming through pene t ra t i ons  i n  t h e  t e s t  c e l l  
w a l l s ,  neu t ron  a c t i v a t i o n ,  and nuc lea r  hea t  d e p o s i t i o n  w i t h i n  t h e  
thermal s h i e l d .  

Source terms due t o  deuteron l o s s  w i t h i n  t h e  a c c e l e r a t o r  and 
beam t r a n s p o r t  areas a re  n o t  ve ry  w e l l  def ined. T h i s  i s  p r i m a r i l y  
due t o  u n c e r t a i n t i e s  rega rd ing  t h e  magnitude o f  t h e  deuteron l o s s  
r a t h e r  than  u n c e r t a i n t i e s  i n  deuteron a c t i v a t i o n  and neut ron 
p r o d u c t i o n  f rom deuterons i n c i d e n t  upon m a t e r i a l s .  
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TABLE I 

MATERIAL CONSTITUENTS FOR ACTIVATION STUDIES 

Density 
Isotope (atorns/barn-cm) 

Ordinary Concrete 

H 1 .42184-002 
0 16 .37482-001 
Na 23 :10774-002 
Mg 24 .16782-002 
Mg 25 .20504-003 
Mg 26 .21484-003 
A1 27 .30626-002 
Si 28 .96644-002 
S i  29 .47081-003 
S i  313 -31 475-003 
P 31 .38919-004 
S 32 .35784-004 
S 33 .35915-006 
S 34 .17696-005 
K 39 .21484-003 
K 41 .14692-004 

S ta in less  Steel  

C r  50 .70009-003 
C r  52 ,12971-001 
C r  53 .I451 7-002 
C r  54 .35906-003 
Mn 55 .17266-002 
Fe 54 .35305-002 
Fe 56 .53773-001 

A l u m i n u ~ ~  Beam Tube 

A1 27 .58003-01 
Mg 24 -52984-03 
Mg 7'1 .63732-.0/1 
Mg 26 .69732-04 
S i  28 .32005-03 
S i  29 .20264-04 
S i  30 .I01 32-04 
T i  46 .41720-05 
T i  47 .41720-05 
T i  48 .38144-04 
T i  49 .29800-05 
T i  50 .29800-05 
C r  50 .47680-05 
C r  52 .91784-04 

Isotope 

Ca 40 
Ca 42 
Ca 43 
Ca 44 
Ca 46 
Ca 48 
T i  46 
T i  47 
T i  48 
T i  49 
P i  50 
Mn 55 
Fe 54 
Fe 56 
Fe 57 
Fe 58 

Fe 57 
Fe 58 
Co 59 
N i  58 
N i  60 
N i  61 
N i  62 
N i  64 

C r  53 
C r  54 
Mn 55 
Fe 54 
Fe 56 
Fe 57 
Fe 58 
Cu 63 
Cu 65 
Zn 64 
Zn 66 
Zn 67 
Zn 68 
Zn 70 

Densi ty  
latoms/barn-crn) 



TABLE I (continued) 

Isotope 

Iron 
Fe 54 
Fe 56 

Aluminum 

A1 23 

Copper 

Cu 63 

Titanium 

Ti 46 
Ti 47 
Ti 48 

Sod i um 

Na 23 , 

Cobalt 

Co 59 

Density Density 
(atoms/barn-cm)  soto ope (atoms/barn-cm) 



TABLE I 1  

IMPORTANT NEUTRON ACTIVATION REACTIONS 

Target Material 

Stainless Steel 
(Test Module) 

Aluminum 
(Beam Tube) 

Ordinary Concrete 
(Accelerator Tunnel ) 

Air 
(Accelerator Tunnel ) 

Drift Tube and Tank Wall 
(LINAC) 

Major Reactions 



TABLE I 1 1  

NEUTRON ACTIVATION OF STAINLESS STEEL WITHIN PRIME TEST VOLUME 

(One Year I r r a d i a t i o n  w i t h  Target  D i r e c t l y  i n  F ron t  of Beam) 

Decay Rate Dominant 
Percentage (Curies/cm3) Gamma 

Major C o n t r i b u t i o n  A t  7 Days Energies H a l f - L i f e  
React ions To T o t a l  Shutdown (MeV) Cool ing (Days) 

" ~ e ( n , p )  " ~ n  9 7 1.81 (29%) 
T o t a l  56Mn 23.3 dl. 2.11(15%) 0.108 

5 8 N i ( n , p ) 5 8 ~ o  98 0.8.1 (99%) 
T o t a l  58Co 22.7 21.2 1.67(0.6%) 71. 

55Mn(n,2n154Mn 25 
54Fe(n,p) 'Mn 5 5 
56Fe(n, t j54Mn 12 

T o t a l  '#n 9.65 9.50 0.84(100%) 300. 

"Ni ( n , r ~ d ) ~ ~ ~ o  10 2.02(11%) 
5eNi(n , t )56Co 90 2.60(17%) 

T o t a l  5 6 ~ o  0.169 0.150 3.26(132) I / .  

6 0 N i  (n,p)60Co 9 2 1.17(100%) 
T o t a l  60Co 0.22 0.21 1.33(100%) 1934.' 

5 8 N i  ( n , ~ ) ~ ' C o  68 
I 8 N i  (n,dj5'Co 30 

T o t a l  7 ~ o  1.94 . 1.91 0.69(14%) 270 

5eNi(n,2n)57Ni 100 1 .37 (86%) 
T o t a l  57Ni  1.12 0.039 1.89(14%) 1.5 

50Cr(n,nd)48V 20 
S°Cr(n, t )4eV 80 1.31 (97%) 

T o t a l  '+'V 0.260 0.193 2.24(3%) 16.2 

54Fe(n,nd)"2Mn 26 
5 4 F e ( n , t ) 5 2 ~ n  73 0.94(84%) 

T o t a l  52Mn 0.263 0.111 1.43(100%) 5.6 



TABLE I V  

NEUTRON ACTIVATION OF ELEMENTS WITHIN PRIME TEST VOLUME 

(One Year I r r a d i a t i o n  w i t h  Target D i r e c t l y  i n  Front  o f  Beam) 

Decay Rate . Dominant 
Percentage (Curies/cm3 ) Gamma 

Ma.i o r  Con t r ibu t ion  A t  7 Davs Enerqies H a l f - L i f e  
~ e i c t i o n s  To To ta l  Shutdown ~ o o l > n g  (MeV) (Dpys)- 

"Fe(n ,pj5'Mn 98 1.81 (29%) 
To ta l  6Mn 3?.6 'LO. 2.11(15%) 0.108 . 

54Fe(n,nd 52Mn 
'"Fe(n,t)"Mn 

To ta l  "Mn 

58Fe(n,y15gFe 
To ta l  ' ~ e  

ALUMINUM 

27A l  ( n , ~ ) ' ~ M g  
To ta l  "Mg 

7Al  (n ,a) 4Na 
To ta l  '"Na 

COPPER 

b5Cu(n,2n j o c i u  
To ta l  6"Cu 

"CU(II,P)~~PI~ 
To ta l  6 5 N i  

63Cu(n,a)60Co 
To ta l  6oCo 

SO0 IUM 

23~a(n ,2n)22Na 
To ta l  22Na 

' 3Na(n,y)24Na 
To ta l  "Na 

0.84(70%) 
28.6 'LO. 1.01(30%) 0.007 

1 :12(16%) 
8.08 'LO. 1.48(25%) 0.106 



TABLE IV (continued) 

Decav Rate Dorni nant 
Percentage (curies/crn3 ) Gamma 

Major Contribution At 7 Days Energies Half-Life 
Reactions To Total Shutdown Cooling ( M ~ v )  (Days) 

NICKEL 

5eNi (n,r~d)~~Co .lo 2,02(11%) 
5eNi(n,t)56Co .90 2,60(17%) 
Total 56Co . 1.48 . . ,1.39 3,26(13%) 77. 

60Ni (n,~)~Oco 9 3 1.17(100%) 
Total 60Co . 2.02 2.02 1.33(100%) 1934. 

60~i(n,2p)59~e' 55 . 

62Ni(n,a)59~e . 45 1.10(56%) 
Total 59Fe 0.91 0.81 1 .29 (44%) 45. 

58Ni (n ,p) 58Co 100 0.81 (99%) 
Total 58Co 210.7 197.0 1.67(0.6%) 71. 

TITANIUM 

"'Ti ( n , n ~ ) ~ ~ ~ c  18 
46Ti ( n , ~ ) ~ ~ S c  65 
"'Ti (r~,t)~~Sc 1 1  
Total 4 6 S ~  

"'Ti (~,P)"~sc 87 
Total "'SC 

"'Ti(n,2p)"'Ca 62 
50Ti(n,a)47Ca 3 3 
Total "'Ca 

COBALT 

59Co(n,2n)58Co ,100 
Total 58Co 

59Co(n,p)59Fe 100 
Total 59Fe 

59Co(n ,a) 56Mn 100 
Total " ~ n  

59Co(n,y)60Co 100 
Total 60Co 

1 -81 (29%) 
9.49 'LO. 2.11(15%) 0.108 



TABLE V 

NEUTRON ACTIVATION WITHIN CONCRETE WALLS OF ACCELERATOR TUNNEL 

(For 3 pA/m Deuteron Loss) 

Decay Rate Dominant 
Percentage (Curies/cm3 la Gamma 

Ma.i o r  C o n t r i b u t i o n  A t  24 Hours Energies H a l f - L i f e  
~ e i c t i o n s  To To ta l  Shutdown Cool i n g  ( ~ e v )  (Days) 

23Na(n,y)24Na 83.2 
24Mg(n ,p)'"Na 10.2 

7Al  (n ,a )  "Na 5.8 1.37 (1 00%) 
T o t a l  ""Na 3 . 5 ~ 1 0 - ~  1 . 2 ~ 1 0 - ~  2.75(100%) 0.630 

55Mn(n,y)56Mn 96.3 0.85(99%) 
56Fe(n,p) 56Mn 3.6 1.81 (29%) 

T o t a l  56Mn 3 . 0 ~ 1 0 - ~  4 . 9 ~ 1 0 " ~  2.11 (15%) 0.108 

5"Fe(r~,p)5kMn 60.8 
56Fe(n,t)54Mn 21.6 

T o t a l  54Mn 7.8~10'" 7 . 8 ~ 1 0 ' ' ~  0.84(100%) 312. 

24Mg(n,t)22Na 53.7 
3Na(n,2n)22Na 41.5 0.51 (180%) 
T o t a l  22Na 2 . 6 ~ 1 0 - l 1  2.6~10'" 1.28(100%) 956 ,  

a Near sur face o f  concrete a t  h i g h  energy end o f  LINAC. 



TABLE V I  

NEUTRON ACTIVATION WITHIN DRIFT TUBE AND TANK OF LINAC 

(For  3 pA/m Deuteron Loss) 

Decay Rate 
A f t e r  24 Hours  Coo l i ng  

D r i f t  ~ u b e  a Tank Wall a 
(Cur ies )  (Cur ies )  

Dominant 
Gamma 

Energ ies  
(MeV 

A c t i v a t i ' o n  
Nuc l ides 

H a l f - L i f e  
(Days 

312. 

Oco 

"cu 

5 8 ~ ~  

6 c 0  

a A c t i v a t i o n  o f  m a t e r i a l  a long a 69.7 cm l e n g t h  a t  h i g h  energy 
end o f  LINAC. The FMIT a c t i v a t i o n  l i b r a r y  has been updated 
s i n c e  t h i s  t a b l e  was generated. 



Fig. 

NEUTRON ENERGY (MeV) 

, 1. Neutron spectra from a 0.1 Amp current o f  35 MeV deuterons 
incident  upon l i th ium.  



FMIT TEST CELL 
IINCLUDES HORIZONTAL TEST ASSEMBLIES) 

F ig .  2a. Conceptual arrangement o f  four horizontal  t e s t  assemblies and 
a  ve r t i ca l  t e s t  assembly i n  the FMIT t e s t  c e l l .  

Fig. 2b.. Plan view o f  empty t e s t  c e l l .  



Fig.  3.  Penetratinn of neutrons through a shle ld  fo r  a 20 t o  50 MeV 
incident  source. 
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Fig.  4. Removal cross section for two evaluations of iron. 
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POINTWISE CROSS SECTIONS FOR 
MCNP MONTE CARL0 CODE 

SOURCE OF NUCLEAR DATA 

<20 MeV neut ron energy i n c l u d i n g  
photon p roduc t i on  ENDF/B-IV 

2 0  MeV t o  60 MeV 
(H, C, 0, S i ,  Ca, C r ,  Fey N i )  

None las t i c  Ref.  14; based upon 
o p t i c a l  model a 

None las t i c  energy-angle Ref. 15; based upon 
d i s t r i b u t i o n  IC+E 

Elas tSc O p t i c a l  model b 

E l a s t i c  angu lar  d i s t r i b u t i o n  O p t i c a l  model b 

Gamma p roduc t  . .  i,on R a t i o  o f  gamma produc- 
t i o n  t o  t o t a l  assumed 
cons tan t  above 20 MeV 

MULTIGROUP P5 COUPLED NEUTRON-GAMMA 

(Elements H, 'OB, "B,.C, 0, S i ,  Ca, 
C r ,  Fey N i )  

~ 1 4 . 9  MeV neut ron energy . RSIC f u s i o n  c ross  sec- 
. t i o n  l i b r a r y ;  Ref. 17 

14.9 MeV t o  60 MeV 

None las t i c  . Ref.  16; o p t i c a l  model 

Nonelas t ic '  energy-angle Ref.  15, 16; based 
d i s t r i b u t i o n  upon ICtE 0 
E l a s t i c  Ref.  16; o p t i c a l  model 

E l a s t i c  angu lar  d i s t r . i b u t i o n  Ref. 16; o p t i c a l  model 

Gamma p r o d u c t i o n  None above 14.9 MeV 

a The n o n e l a s t i c  c ross  s e c t i o n  f o r  Ca was based upon t h e  
IC+E model. 

Hydrogen cross  sec t i ons  above 20 MeV based upon measured va lues.  

47 neu t ron  groups and 21 gamma groups. 

Fig. 6. Cross section libraries for FMIT. 

- 457 - 



1 DEFINE AN AREA OF CONCERN I 

DETERMINE NEUTRON SOURCE - 
EUTRON TRANSPORT CALCULATIO 

OF FMlT  ACTIVAT ION CROSS 
LIBRARY. IF  NECESSARY 

NEUTRON FLUX 

REFINE CROSS 

NECESSARY TO REFINE MORE IMPOR- 

-- 
INTEGRAL ACTIVATION 
MEASUREMENTS 

Fig. 7. Calculation o f  neutron d C r i v a ~ l u ~ ~ .  
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ABSTRACT 

The o b j e c t i v e s  o f  t h i s  paper a re  ( 1  ) t o  p rov ide  back- 
ground i n f o r m a t i o n  on t h e  U. S. Magnetic Fusion Reactor 
M a t e r i a l s  Program, ( 2 )  t o  p rov ide  a  framework f o r  e v a l u a t i n g  
nuc lea r  data needs assoc ia ted  w i t h  h i g h  energy neut ron 
i r r a d i a t i o n s ,  and ( 3 )  t o  show t h e  c u r r e n t  s t a t u s  o f  r e l e v a n t  
h i g h  energy neut ron s tud ies .  Since t h e  l a s t  symposium, t h e  
g r e a t e s t  s t r i d e s  i n  cross s e c t i o n  development have been 
taken i n  those areas p r o v i d i n g  FMIT des ign data,  e.g., 
source d e s c r i p t i o n ,  s h i e l d i n g ,  and a c t i v a t i o n .  I n  a d d i t i o n ,  
many dosimetry c ross  sect ions.have been t e n ' t a t i v e l y  e x t r a -  
p o l a t e d  t o  40 MeV and i n t e g r a l  t e s t i n g  begun. Extens ive  
t o t a l  he l i um measurements have been made i n  a  v a r i e t y  o f  
neut ron spect ra .  A d d i t i o n a l  c a l c u l a t i o n s  a r e  needed t o  
a s s i s t  i n .  determin ing energy dependent c ross  sect ions.  

M a t e r i a l s  i r r a d i a t i o n s  w i t h  h i g h  energy neut rons a re  
c u r r e n t l y  c e n t e r e d a t  RTNS-11, w i t h  emphasis on ach iev ing  
t h e  h i g h e s t  p r a c t i c a l  f luences.  It has been found poss ib le ,  
g e n e r a l l y  speaking, t o  c o r r e l a t e  t h e  v e r y  low f l  uence data  
ob ta ined  t o  da te  w i t h  14 MeV, d-Be, and f i s s i o n  neut rons 
by we igh t i ng  f l  uences w i t h  simp1 e  spectrum s e n s i t i v e  para- 
meters. The d e f i n i t i o n  o f  bo th  t h e  i r r a d i a t i o n  environment 
and t h e  assoc ia ted  de r i ved  damage parameters s t i l l  s u f f e r  
f rom a  se r ious  l a c k  o f  data and c a l c u l a t e d  cross  sec t i ons  
a t  h i g h  energ ies .  



INTRODUCTION 

L e t  us beg in  t h i s  rev iew by cons ide r ing  what t e c h n i c a l  areas 
a r e  common t o  t h i s  conference and t o  t h e  Fusion M a t e r i a l s  Program 
o f  t h e  O f f i c e  o f  Fus ion Energy. C lea r l y ,  t h e  purpose o f  t h e  l a t -  
t c r  i s  tn d ~ v ~ l n p  m a t e r i a l s  f o r  use i n  f u s i o n  r e a c t o r s .  Assuming 
t h a t  such r e a c t o r s  a re  shown t o  be f e a s i b l e  i n  t h e  r ~ e x l  r t lw years ,  
t h e i r  convers ion f rom a  s c i e n t i f i c  wonder t o  an impor tan t  n a t i o n a l  
resou rce  wi  11 depend 1  a rge l  y  on development o f  improved m a t e r i a l s  . 
One o f  t h e  major  cnns ide ra t i ons ,  o f  course, i s  t h e  e f f e c t  o f  t h e  
neu t ron  environment on t h e  m a t e r i a l .  Since t h e  f i r s t  fuss  i on  reac- 
t o r s  w i l l  employ t h e  D-T r e a c t i o n ,  we must determinc t h e  e f f e c t s  of 
neut rons o f  energ ies  up t o  and i n c l u d i n g  14 MeV on m a t e r i a l s .  The 
f i r s t  planned f u s i o n  dev i ce  w i t h  p r o v i s i o n s  f o r  m a t e r i a l s  s t u d i e s  
i s  t h e  Eng ineer ing Tes t  F a c i l i t y  (ETF) [I]. Such s t u d i e s  a r e  n o t  
p lanned u n t i l  t h e  f a c i l i t y  has been i n  o p e r a t i o n  f o r  severa l  years,  
hence n o t  expected b e f o r e  about 1993. I n  t h e  i n t e r i m ,  t h e  o n l y  
f a c i l i t y  t h a t  w i l l  produce h i g h  energy neut rons a t  h i g h  damage r a t e s  
f o r  m a t e r i a l s  s t u d i e s  i s  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  Tes t  
(FMIT) F a c i l i t y  [2], cxpected on l i n e  i n  1984. 

To b u i l d  and use such a  f a c i l i t y  r e q u i r e s  h i g h  energy neut ron 
cross  sec t i ons  f o r  f a c i l i t i e s  design,  environmental  d e f i n i t i o n ,  and 
damage c a l c u l a t i o n s .  Because t h e  FMIT w i l l  produce a  broad range 
of neu t ron  energ ies ,  these cross  s e c t i o n s  a re  r e q u i r e d  w e l l  above 
t h e  14 MeV o u t p u t  of t h e  D-T r e a c t i o n .  

L e t  us be somewhat more s p e c i f i c .  FMIT f a c i l i t y  des ign r e q u i r e s  
neu t ron  cross  s e c t i o n  data  i n  f o u r  areas: source d e s c r i p t i o n ,  
s h i e l d i n g ,  energy depos i t i on ,  and component a c t i v a t i o n .  A  paper i n  
t h e  f i r s t  sess ion o f  t h i s  symposium desc r ibed  t h e  c u r r e n t  s t a t u s  of 
neu t ron  y i e l d s  f rom t h e  D-Li r e a c t i o n  [3]. The s t a t u s  o f  neut ron 
cross  sec t i ons  f o r  s h i e l d i n g  des ign o f  FMIT was d iscussed i n  t h e  
p rev ious  r cv iew  paper by C a r t e r  [4]. 

A  pr imary  concern, because o f  t h e  l a r g e  impact on f a c i l l ' t y  
cos ts ,  i s  t h e  degree t o  which main t2 inence must be done remotely.  
T h i s  i s  determined by t h e  a c t i v a t i o n  o f  va r ious  components by deu- 
t rons ,  t h e  s l ~ h j p c t  o f  a subsequent paper i n  t h i s  sess ion [5], and 
hy neutrons.  Neutron a c t i v a t i o n  i 5  a l s o  a concern i n  1t1e design o f  
t h e  exper imenta l  t e s t  c e l l  and o f  assoc ia ted  equipment which must 
be removed frnm t h e  t e s t  c e l l  such ds neu t ron  d e t e c t o r s  and e x p ~ r i -  
mental  modules. Another use f o r  a c t i v a t i o n  cross s e ~ l . i u n s  i s  i n  
e s t i m a t i n g  t h e  a c t i v a t i o n  o f  t e s t  specimens themsel ves, a  n o n - t r i v i a l  
concern o f  t h e  exper imenters.  

A  by-product  o f  t h e  h i g h  energy neu t ron  f l u x e s  i n  FMIT i s  a  
h i g h  r a t e  o f  energy d e p o s i t i o n  i n  t e s t  specimens and t e s t  equ ip-  
ment. The h i g h  abso lu te  va lues coupled w i t h  s t r o n g  g r a d i e n t s  mean 
t h a t  energy d e p o s i t i o n  c a l c u l a t i o n s  a r e  ve ry  impor tan t  i n  des ign ing  
t h e  t e s t  modules. 

Car te r  has discussed neut ron a c t i v a t i o n  and energy d e p o s i t i o n  
c a l c u l a t i o n s  f o r  FMIT i n  some d e t a i l  [4]. I n  p a r t i c u l a r ,  he has 
presented a  summary o f  i m p o r t a n t  a c t i v a t i o n  r e a c l i o n s .  

The da ta  ana lys t ,  on t h e  o t h e r  hand, i s  concerned w i t h  t h e  
d e f i n i t i o n  a f  t h e  r a d i a t i o n  environment t o  which t h e  specimens a r e  



exposed. T h i s  i n c l u d e s  t h e  a c t u a l  dos imet ry  and d i a g n o s t i c s  needed 
t o  determine f l u x - s p e c t r a  and f l uences  and t h e  convers ion o f  these 
data  t o  damage parameters needed i n  damage c o r r e l a t i o n  c a l c u l a t i o n s .  
The s t a t u s  of  dos imet ry  c ross  s e c t i o n s  f o r  FMIT [6]  and a  d e s c r i p t i o n  
o f  t h e  FMIT environment i n  terms o f  damage parameters [7 ]  a re  descr ibed 
i n  subsequent papers i n  t h i s  session.  

Most damage c a l c u l a t i o n s  have been f o r  meta ls .  However, s ince  
t h e  l a s t  BNL conference t h e r e  has been s i g n i f i c a n t  work done on 
damage c a l c u l a t i o n s  f o r  i n s u l a t o r s .  

Before go ing i n t o  more d e t a i l  r ega rd ing  h i g h  energy s tud ies ,  
l e t  us cons ide r  b r i e f l y  t h e  f u s i o n  m a t e r i a l s  program t o  which they 
a r e  be ing app l i ed .  

THF FllSION REACTOR MATERIALS PROGRAM 

Program 
Changes i n  Program Emphasis 

The US Fusion Program has undergone some changes s i n c e  t h e  t i m e  
o f  t h e  l a s t  B.NL conference. The l o g i c  f o r  t h e  magnet ic confinement 
p o r t i o n  o f  major  dev ide development i s  i n d i c a t e d  i n  F igu re  1  [I]. 
The Tokamak Fusion Test  Reactor (TFTR), c u r r e n t l y  under c o n s t r u c t i o n ,  
i s  t o  be i n  o p e r a t i o n  i n  1982. I t  i s  expected t o  be t h e  f i r s t  dev i ce  
t o  demonstrate energy breakeven. The n e x t  major  f u s i o n  f a c i l i t y  w i l l  
be t h e  Eng ineer ing Test  F a c i l i t y  (ETF) c u r r e n t l y  be ing designed a t  
ORNL. The t a r g e t  date  f o r  ETF o p e r a t i o n  i s  1990. T h i s  i s  i n tended  
t o  be a  mu l t i pu rpose  machine. A f t e r  a  few yea rs  o f  o p e r a t i o n  as an 
eng ineer ing t e s t  f a c i  1  i ty  t o  qua1 i f y  techno logy and components f o r  
f i r s t  genera t i on  power reac to rs ,  i t  w i l l  a l s o  become a 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 .  The ETF i s  t o  be f o l l o w e d  by one o r  more. 
demonst ra t ion  r e a c t o r s ,  then on t o  a  commercial r e a c t o r .  I t  shou ld  
be added t h a t  c o n c u r r e n t l y  w i t h  t h e  development o f  t h e  ETF the  U.S. 
i s  p a r t i c i p a t i n g  i n  an i n t e r n a t i o n a l  program t o  des ign t h e  ve ry  
s i m i l a r  INTOR machine [8]. The r e c e n t  c o n c e n t r a t i o n  o f  e f f o r t  on 
the  ETF has had an impact on t h e  f u s i o n  m a t e r i a l s  program as m igh t  
be expected. 

Task Group Reorgan izat ion  

The Fusion M a t e r i a l s  Program i s  c a r r i e d  o u t  th rough seve ra l  
t ask  groups. Since t h e  f i r s t  BNL conference f o u r  Program Plans [9] . 
have been completed and implementa t ion  of  these has begun. The 
Damage Ana lys i s  and Fundamental S tud ies  (DAFS) and A1 1  oy Development 
f o r  I r r a d i a t i o n  Performan (ADIP) t a s k  groups have undergone some 
r e o r g a n i z a t i o n  s i n c e  t h e  f i r s t  conference [10.11]. The c u r r e n t  
s t r u c t u r e  i s  shown i n  F igures  2 and 3. The r e o r g a n i z a t i o n  was i n  
p a r t  t o  h e l p  s t r e s s  near- term o b j e c t i v e s ,  p a r t i c u l a r l y  those per -  
t a i n i n g  t o  ETF and t o  FMIT. The c a l l  f o r  increased and improved 
nuc lea r  data  i s  f rom t h e  DAFS Subtask Group on Dosimetry and Damage 
Panameters, under L. R. Greenwood. T h i s  group i s  respons ib le  f o r  
seeing t h a t  t h e  i r r a d i a t i o n  environments assoc ia ted  w i t h  f u s i o n  
m a t e r i a l s  exper iments a r e  adequate ly  and s y s t e m a t i c a l l y  cha rac te r i zed .  



A  rev iew  o f  t h i s  work i s  i n c l u d e d  i n  t h e  syniposium [12]. 

M a t e r i a l s  P r i o r i t i e s  

As m igh t  be a n t i c i p a t e d ,  t h e r e  have been some changes i n  t h e  
p r i o r i t i e s  assigned p a r t i c u l a r  m a t e r i a l s  i n  t h e  f u s i o n  m a t e r i a l s  
program [ l o ] .  The c u r r e n t  m a t e r i a l s  emphases i n  t h e  ADIP program 
a r e  i n c l u d e d  i n  F i g u r e  3. The major  changes r e l a t i v e  t o  1977 are  
1 )  n iob ium has been pushed t o  a  back burner ,  2)  t h e  number o f  t i t a -  
nium a l l o y s  has been decreased, and 3) a  general  c l a s s  o f  f e r r i t i c  
s t e e l s  (9-12% Cr) has been added (new Path E) .  Whi le i t  has been 
known f o r  some t ime t h a t  thermal s t resses  i n  a  f e r r i t i c  s t e e l  f i r s t  
w a l l  a re  s i g n i f i c a n t l y  lower  than i n  an a u s t e n i t i c  s t e e l  w a l l ,  and 
t h a t  f e r r i  t i c  s t e e l s  e x h i b i t  cons ide rab le  r a d i a t i o n  resistance f o r  
c e r t a i n  p r o p e r t i e s ,  these s t e e l s  were e l i m i n a t e d  f rom t h e  f u s i o n  
m a t e r i a l s  program e a r l y  on because i t  was b e l i e v e d  t h a t  t h e i r  
fe r romagnet i  sm prec luded t h e i r  use i n  a  magnet ic f u s i o n  r e a c t o r .  
Recent s t u d i e s  have concluded t h a t ,  because t h e  a p p l i e d  magnet ic 
f i e l d  i s  w e l l  above t h e  s a t u r a t i o n  value,  t h i s  concern i s  n o t  w e l l -  
founded and these m a t e r i a l s  a r e  now under i n t e r ~ b e  . i nves t i ga t i on  [13]. 

F a c i l i t i e s  

R o t a t i n g  Target  Neutron Source (RTNS-11) 

D e s c r i p t i o n  
The RTNS-I I f a c i  1  i t y  comprises two independent sources of 

14 MeV neutrons [14]. One i s  c u r r e n t l y  ope ra t i ng  and i s  t h e  w o r l d ' s  
most i n t e n s e  14 MeV source.  The design,  based on exper ience w i t h  
RTNS-I, c a l l s  f o r  a  1  cm diameter,  150 ma beam o f  400 keV deuterons 
i n c i d e n t  on a  water-cooled,  t i t a n i u m  t r i t i d e  t a r g e t  r o t a t i n g  a t  
5000 rpm. The t a r g e t ,  cons t ruc ted  o f  a  copper a1 l o y ,  i s  t o  be 50 
cm i n  d iameter and expected t o  l a s t  f o r  about 100 hours. The 
des ign  y i . e l d  i s  4 x  1013 n/s. The major  comporler~ts o f  one source 
a r e  shown i n  F igu re  4  and a  schematic of  t h e  t a r g e t  and a  photograph 
o f  an i r r a d i a t i o n  capsule i n  p lace  a r e  shown i n  F i g u r e  5. The method 
o f  c o o l i n g  t h e  t a r g e t  i s  i l l u s t r a t e d  i n  F i g u r e  6. 

Fac i  1 i t y  Sta tus  
One source I s  c u r r e r ~ t l y  o p e r a t i n g  80 hours per  week. A  

23 cm diameter t a r g e t  ( t h e  s i z e  used i n  RTNS-I) i s  i n  use w i t h  a  
40 ma deuteron beam which produces a  neut ron y i e l d  o f  about 1  x 1013 
n/s (peak neu t ron  f l u x  o f  about 2.5 x  1012 n/cm2-s). Target  l i f e  
i s  about 80 hours. D i f f i c u l t i e s  i n  f a b r i c a t i n g  t h e  50 cm t a r g e t s  
a r e  expected t o  be reso lved  soon, b u t  l a r g e  t a r g e t  ope ra t i on  i s  n o t  
expected t o  beg in  be fo re  A p r i l  1981. 

I r r a d i a t i o n  began a t  RTNS-I1 i n  March 1979; t h e  i r r a d i a -  
t i o n s  c a r r i e d  o u t  t o  da te  a r e  summarized i n  Tab le  I. These e x p e r i -  
ments can be d i v i d e d  i n t o  severa l  ca tego r ies :  

(1 )  P o s t i r r a d i a t i o n  Stud ies  o f  Meta ls  and A l l o y s  
Two types o f  specimens have been i r r a d i a t e d  a t  RTNS-11. 

One i s  d i s k s  f o r  TEM examinat ion and t h e  o t h e r  i s  w i res  f o r  t e n s i l e  
t e s t i n g .  Only a  smal l  f r a c t i o n  o f  these specimens have been t e s t e d  
t o  date.  Very l ow  f l uence  i r r a d i a t i o n s  o f  pu re  elements and s imp le  



a l l o y s  have been f o r  t h e  purpose o f  comparison w i t h  model c a l c u l a -  
t i o n s  o f  damage p roduc t i on .  The i r r a d i a t i o n s  o f  more complex 
m a t e r i a l s  a r e  in tended t o  be compared w i t h  f i s s i o n  r e a c t o r  i r r a d i a -  
t i o n s  o f  t h e  same m a t e r i a l s  t o  i n f e r  t h e  e f f e c t s  o f  h i g h  energy 
neutrons.  I n  o rde r  f o r  these comparison s t u d i e s  t o  be made a t  s i m i l a r  
damage r a t e s ,  t h e  Omega-West r e a c t o r  a t  Los Alamos w i l l  be employed, 
f o r  t h e  f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  These i r r a d i a t i o n s  a r e  t o  
beg in  t h i s  summer. 

( 2 )  I n - S i t u  Stud ies  o f  Meta ls  and A l l o y s  
The i n i t i a l  change i n  r e s i s t i v i t y  o f  pure  meta ls  i r r a d i a t e d  

near 4°K has been measured a t  RTNS-11. These exper iments a r e  c u r r e n t l y  
be ing analyzed t o  i n f e r  t h e  number o f  de fec ts  produced f o r  comparison 
w i t h  models. A  second t y p e  o f  i n - s i t u  exper iment concerns t h e  e f f e c t  
o f  h i g h  energy neutrons on creep, f rom which i n f e r e n c e  of f r e e  defec t  
p roduc t i on  r a t e s  w i 11 be at tempted. A  f e a s i  b i  1  i t y  exper iment was 
completed; more i r r a d i a t i o n s  a r e  planned. 

( 3 )  P o s t i r r a d i a t i o n  Stud ies  o f  I n s u l a t o r s  
P o s t i  r r a d i a t i  on examinat ion o f  i n s u l a t o r s  i n c l u d e s  measure- 

ments o f  mechanical p r o p e r t i e s ,  as w i t h  meta ls ,  p l u s  de te rm ina t i on  
o f  changes i n  e l e c t r i c a l  p r o p e r t i e s .  

(4 )  P o s t i r r a d i a t i o n  Examinat ion o f  Eng ineer ing M a t e r i a l s  
Al though t h e  f l u x  a v a i l a b l e  a t  RTNS-I1 i s  much lower  than  

t h a t  o f  a  f u s i o n  r e a c t o r ,  i t  i s  never the less  p o s s i b l e  t o  g e t  
eng ineer ing data  on some m a t e r i a l s  t h a t  w i l l  be exposed t o  low l i f e -  
t ime  f 1  uences . Recent examples i n c l  ude wi  ndow and i n s u l a t i n g  
m a t e r i a l s  f o r  TFTR and components o f  superconduct ing magnets. The 
l a t t e r  i nc ludes  bo th  t h e  superconductor i t s e l f  and t . h ~  aluminum o r  
copper* 111atr1 x ma te r i  a  I .  

Fusion M a t e r i a l s  I r r a d i a t i o n  Test  (FMIT) Fac i  1  i t y  

F a c i l i t y  D e s c r i p t i o n  
The FMIT f a c i l i t y  i s  t o  comprise b a s i c a l l y  1 )  a l i n e a r  

deuteron acce le ra to r ,  2 )  a  f l o w i n g  1 i t h i u m  t a r g e t ,  and 3)  t e s t  c e l l s  
i n  which specimens can be i r r a d i a t e d  under a  v a r i e t y  o f  c o n d i t i o n s .  
Neutrons a re  produced predominant ly  by a  s t r i p p i n g  r e a c t i o n  as t h e  
100 ma beam o f  35 MeV ( o r  20 MeV) deuteron * i s  stopped i n  t h e  2 cm 
t h i c k  l i t h i u m  t a r g e t .  The r e s u l t i n g  neut ron f i e l d  i s  s t r o n g l y  
fo rward peaked. The f l o w i n g  l i t h i u m  serves a l s o  as a  heat  dump. 
The c o n f i g u r a t i o n  o f  t h e  major.components i s  shown i n  F i g u r e  7. 

The source s t r e n g t h  o f  t h e  FMIT f a c i l i t y  i s  expected t o  
be about 3  x  1016 neut rons pe r  second w i t h  a  beam area o f  1  x  3  cm 
(fwhm values o f  Gaussian d i s t r i b u t i o n s  i n  b o t h  t h e  v e r t i c a l  and 
h o r i z o n t a l  d i r e c t i o n s ) .  Average f l u x  values o f  1015 n/cm2-s a re  
c a l c u l a t e d  f o r  a  volume o f  16 cm3, lo1'+ n/cm2*s f o r  n e a r l y  1000 cm3. 
Put  another  way, a  t e s t  volume o f  140 cm3 w i l l  p r o v i d e  displacement 
r a t e s  g r e a t e r  than t h a t  f o r  a  w a l l  l o a d i n g  o f  about 1  MW/m2; i n  6  
cm3, t h e  r a t e  w i l l  exceed t h a t  f o r  about 5  MW/m2. 

The f a c i l i t y  i s  designed t o  have two i d e n t i c a l  t a r g e t /  
t e s t  c e l l s  i n  o r d e r  t o  reduce outage t ime  d u r i n g  exper iment se tup 



o r  t a r g e t  maintenance. Each c e l l  p rov ides  f o r  r o u t i n e  t a r g e t  access 
f rom t h e  s i d e  v i a  h o r i z o n t a l  t e s t  assemblies and access f o r  s p e c i a l  
equipment f rom t h e  top.  The h o r i z o n t a l  t e s t  assembly nea res t  t he  
t a r g e t  prov ides f o r  s imul  taneous i r r a d i a t i o n s  a t  t h r e e  temperatures 
i n  capsules coo led by f l o w i n g  NaK. 

The t e s t  c e l l  p rov ides  f o r  l i m i t e d  a c t i v e  neut ron dos imet ry .  

Fac i  1  i t y  S ta tus  
C o n s t r u c t i o n  o f  FMITwas i n i t i a t e d  on February 22, 1980 a t  

HEDL. The development o f  t h e  a c c e l e r a t o r ,  t h e  r e s p o n s i b i l i t y  o f  t h e  
Los Alamos S c i e n t i f i c  Laboratory ,  i s  proceeding on schedule. An 
exper imenta l  l i t h i u m  system f e a t u r i n g  a  f u l l  s i z e  mock-up o f  t h e  
f ree - f l ow ing  1  i th ium t a r g e t  i s  about t o  commence opera t i on .  Hydrau- 
l i c  s t u d i e s  w i t h  water  have been completed. Ttie FMIT f a c i l i t y  i s  
a t  t h e  T i t l e  I 1  o r  f i n a l  des ign stage, and i s  scheduled f o r  comple- 
t i o n  i n  1984. 

C h a r a c t e r i z a t i o n  o f  FMIT 
The c h a r a c t e r i z a t i o n  o f  t h e  FMIT t e s t  volume has been 

c a r r i e d  o u t  as w e l l  as car1 be done w i t h  a v a i l a b l e  c ross  sr?ct.inns 
i n  terms o f  f l  ux-spectra,  damage parameters, and energy depos i t i on .  
The c u r r e n t  s t a t u s  o f  t h e  damage parameter c h a r a c t e r i z a t i o n  i s  
descr ibbd i n  d e t a i l  i n  a  l a t e r  paper [7]  i n  t h i s  session,  and w i l l  
n o t  be repeated here. The energy d e p o s i t i o n  c a l c u l a t i o n s ,  descr ibed 
b r i e f l y  by C a r t e r  i n  t h e  preced ing paper, have y i e l d e d  h e a t i n g  r a t e s  
as h i g h  as 15 w/g c l o s e  t o  t h e  source, about t h r e e  q u a r t e r s  o f  which 
i s  due t o  neutrons and one q u a r t e r  due t o  gammas. These hea t iny  
r a t e s  have been used i n  des ign ing  t h e  temperature c o n t r o l  dev ices 
f o r  t h e  h o r i z o n t a l  t e s t  assemblies t h a t  w i l l  h o l d  t h e  specimens. 

T e s t  M a t r i x  
A p r e l i m i n a r y  t e s t  m a t r i x  has been developed f o r  t h e  f i r s t -  

few years  o f  FMIT o p e r a t i o n  [15]. The purpose o f  t h i s  m a t r i x  i s  t o  
gu ide  t h e  des ign o f  exper imenta l  t e s t  f a c i l i t i e s ,  and t o  a i d  i n  t h e  
e v a l u a t i o n  o f  c e r t a i n  des ign fea tu res .  A p o r t i o n  o f  t h e  m a t r i x  i s  
shuwr~ ill Tdb le  11. 

nns imet ry  
The f o r m u l a t i o n  o f  a p p r o p r i a t e  dos imet ry  p rucedur t s  fa- 

FMIT has been a  l i v e l y  t o p i c  f rom t h e  ou tse t .  One reason f o r  t h i s  
has been ~ ~ n c e r t a i n t y  as t o  how w e l l  t h e  neut ron source can be 
d e f i n e d  by deuteron beam d iagnos t i cs .  Beam s tab1 1 l t y  ,i r~ Ijo Lh speee 
and t ime, as w e l l  as t h e  a b i l i t y  t o  c h a r a c t e r i z e  these v a r i a t i o n s  
on t h e  deuteron s i d e  o f  t h e  t a r g e t ,  a r e  i n  quest ion .  Hence, i t  has 
been f e l t  necessary t h a t  t h e  neut ron source be c h a r a c t e r i z a b l e  
d i r e c t l y  i n  terms o f  neu t ron  ou tpu t .  Furthermore, t h e r e  a r e  dos i -  
me t ry  systems t h a t  c o u l d  be accommodatedin t h e  des ign o f  t h e  
f a c i l i t y  t h a t  c o u l d  a i d  i n  i t s  f u t u r e  u t i l i z a t i o n ,  b u t  which add t o  
cos ts  and which may.not  be e s s e n t i a l  f o r  t h e  m a t e r i a l s  i r r a d i a t i o n s  
f o r  which i t  i s  be ing  b u i l t .  A  p r imary  source o f  dos imet ry  da ta  
w i l l  he pass ive  mon i to rs  i n c l u d e d  w i t h  t h e  exper iments.  A c t i v e  
systems a r e  be ing developed f o r  s p a t i a l  and temporal  source charac- 
t e r i z a t i o n  and abso lu te  spectrum de te rm ina t i on .  The s t r a t e g y  and 



systems a r e  descr ibed i n  d e t a i l  by R. Gold, e t  a l .  i n  a  paper [6]  
i n  t h i s  session.  

MATERIALS STUDIES WITH HIGH ENERGY NEUTRONS 

Purpose 

The RTNS-I1 i s  t h e  o n l y  h i g h  energy neut ron i r r a d i a t i o n  f a c i l i t y  
ded icated t o  f u s i o n  m a t e r i a l s  research.  U n t i l  FMIT begins o p e r a t i o n  
i n  1984, m a t e r i a l s  i r r a d i a t i o n  a t  RTNS-I1 w i l l  have t h r e e  o b j e c t i v e s .  
One i s  t o  a i d  i n  deve lop ing ~ l ~ o d e l s  f o r  f us ion / f i ss ion /cha rged  p a r t i c l e  
c o r r e l a t i o n s .  A second o b j e c t i v e ,  which has become more s i g n i f i c a n t  
w i t h  t h e  advent o f  t h e  ETF p r o j e c t ,  i s  t o  b u i l d  up f luences as h i g h  
as p r a c t i c a l  f o r  d i r e c t  c o r r e l a t i o n  w i t h  f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  
Whi le  p r a c t i c a l l y  a t t a i n a b l e  f l uences  a r e  l e s s  than 1020 n/cm2 (0 .3  
dpa i n  i r o n ) ,  t h i s  i s  s u f f i c i e n t ,  a t  temperatures below about 200°C, 
t o  produce l a r g e  changes i n  s t r e n g t h  and d u c t i l i t y  o f  cand idate  
a l l o y s  f o r  ETF. S a t u r a t i o n  p r o p e r t y  l e v e l s  a r e  expected t o  be reached 
i n  some cases. A t h i r d  o b j e c t i y e  i s  t o  a c t u a l l y  ach ieve l i f e t i m e  
exposures a t  RTNS-I1 f o r  c e r t a i n  r e a c t o r  components such as super-  
conductors.  

S ta tus  

High energy neut ron i r r a d i a t i o n s  t o  da te  have n e c e s s a r i l y  been 
l i m i t e d  t o  ve ry  low f luences,  hence have been concerned p r i m a r i l y  
w i t h  damage p roduc t i on  and t h e  onset  of t h e  e v o l u t i o n . o f  a  damage 
m ic ros t ruc tu re .  The p r i n c i p a l  d i a g n o s t i c  t o o l s  have been r e s i s t i v i t y  
measurem~nts,  t e n s i l c  t e s t s ,  t ransmiss ion  e l e c t r o n  microscopy. 
A p r imary  o b j e c t i v e  has been t o  c o r r e l a t e  observed e f fec ts ,  on a  
p h y s i c a l  bas is ,  w i t h  those produced i n  f i s s i o n  r e a c t o r  spect ra .  

The q u a n t i t a t i v e  c o r r e l a t i o n s  t o  da te  have a l l  been i n  t h e  form 
o f  a  s imple  spectrum dependent f a c t o r  w i t h  which t o  s c a l e  neut ron 
f luence. The u n i v e r s a l l y  used procedure i s  t o  conve r t  f luences t o  
"damage energy" or ,  e q u i v a l e n t l y ,  t o  d isplacements pe r  atom (dpa) . 
The damage energy i s  t h a t  p o r t i o n  o f  t h e  energy depos i ted i n  a  
m a t e r i a l  which i s  a v a i l a b l e  t o  produce displacement damage. I t s  
va lue  per  neu t ron  increases w i t h  neut ron energy. The common expo- 
su re  u n i t ,  dpa, i s  p r o p o r t i o n a l  t o  the  damage energy. 

I n  rev iew ing  t h e  r e s u l t s  o f  t h e  dozen o r  so room temperature 
c o r r e l a t i o n  exper iments which had been completed i n  September 1976, 
W i f fen  and S t i e g l e r  [16] summarized as f o l  lows : "The q u a n t i t a t i v e  
response o f  a  p r o p e r t y  change t o  14 MeV neut ron i r r a d i a t i o n  (as 
compared t o  f i s s i o n  r e a c t o r  i r r a d i a t i o n )  depends on t h e  s e n s i t i v i t y  
o f  t h a t  p r n p e r t y  t o  va r ious  d e f e c t  c o n f i g u r a t i o n s .  P r o p e r t i e s  
dependent on t h e  t o t a l  number o f  d e f e c t s  sca le  d i r e c t l y  w i t h  damage 
energy. P r o p e r t i e s  which depend on t h e  type and d i s t r i b u t i o n  o f  
c l u s t e r e d  d e f e c t s  wi  11 r e q u i r e  more complex a n a l y s i s  o f  t h e  damage 
d i s t r i b u t i o n . "  Now t h a t  t h e  a v a i l a b l e  data  base has more than 
doubled and has been extended t o  Illore complex m a t e r i a l s  and t o  b o t h  



elevated and cryogenic temperatures, t h e i r  summary i s  s t i l l  appropr ia te .  
Table 111 summarizes the  q u a n t i t a t i v e  f i s s i o n - f u s i o n  c o r r e l a t i o n  

experiments which have been completed s ince Wi f fen and S t i e g l e r ' s  review. 
Also inc luded  are a  number o f  comparisons between i r r a d i a t i o n s  w i t h  
14 MeV and D-Be (30-40 MeV deuterons) neutrons. Progress has beeti 
made i n  a number o f  areas. 

To ta l  de fec t  product ion ra tes,  as measured by e l e c t r i c a l  r e s i  s- 
t i v i  ty a t  4.2 K, are p ropor t iona l  t o  damage energy f o r  Nb, V, Mo, Cu 
and Pt.  The r e s u l t s  f o r  Cu a re  a l so  i n  q u a n t i t a t i v e  agreement w i t h  
t he  work o f  Averback, e t  a1 [40] on Cu i n  which i o n  bombardment was 
used t o  study de fec t  product ion over a  wide range o f  r e c o i l  energies. 

Free ( i  . e. , mobi 1  e) de fec t  product ion r a t es  near room tempera- 
t u r e  a re  a lso  found t o  sca le  d i r e c t l y  w i t h  damage energy i n  the  case 
o f  i n t e r s t i t i a l s  i n  Cu and vacancies i n  a-brass. 

Clustered de fec t  s i z e  d i s t r i b u t i o n s  and number dens i t i es  are 
s t i  11 found t o  show some d,i f ferences when compari sons are made a t  
equ iva len t  damage energy l e v e l s  i n  h i gh  p u r i t y  Cu and Nb. I n  316 
<t.ainless s t ee l ,  on the  o ther  hand, t he  c l u s t e r  dens i t y  scales more 
c l o s e l y  w i t h  damage energy. Y i e l d  b l ress  measurements on pure V, 
Cu and Nb do no t  sca le  w i t h  damage energy; h i gh  enerqy neutrons a re  
found t o  be 1.6 t o  2 t imes more e f f e c t i v e  than f i s s i o n  r eac to r  neu- 
t rons  i n  inc reas ing  the  y i e l d  s t ress.  Measurements on Nb-1% Zr 
a l l o y ,  on the  o the r  hand, sca le  we l l  w i t h  damage energy, w h i l e  
measurements on 316 s t a i n l ess  s t ee l  seem t o  sca le  b e t t e r  than those 
on pure metals. Fur ther  evidence o f  d i f fe rences  i n  de fec t  d i s t r i -  
bu t ions  are ev ident  f rom f l u x  p inn ing  e f f e c t s  i n  Nb3Sn and NbTi 
superconductors, annealing s tud ies  i n  platinum, and pos i t r on  t r ap -  
p ing  experiments i n  Pt.  

D isorder ing by co l  1  j s i o n  cascades i n  superconducti nq Nb3Sn, 
which 1  eads t o  decreases i n  c r i t i c a l  temperature and cur ren t ,  
appears t o  sca le  w i t h  damage energy. F lux p inn ing e f f e c t s ,  which 
lead  t o  i n i t i a l  increases i n  c r i t i c a l  cu r ren t ,  do not .  

Two experiments on nonmetals a re  inc luded i n  Table 111. 
Po in t  defect prnduct ion (as measured by o p t i c a l  absorpt ion) i n  
Al,O? i s  cons is ten t  w i t h  damage energy scaliny, d b  w&s found 
e a r l i e r  i n  MgO, al though unce r t a i n t i e s  i n  both f i s s i o n  reac to r  
exposure and damage enerqy ca l cu l a t l ons  a re  high. Only estimate5 
of t he  damage energy cross sec t i on  f o r  g raph i t e  a re  ava i lab le .  
Recent cxpcriments shnw t h a t  they a l l  underpredic t  14 MeV neutron 
damage r e l a t i v e  t o  f i s s i o n  neutron damage (as indicated I J ~  changes 
i n  the  basal plane shear modulus). 

I n  summary, t o t a l  de fec t  product ion i n  a  wide range of mate r ia l s  
i r r a d i a t e d  by both f i s s i o n  and f us i on  energy neutrons i s  d i r e c t l y  
p ropor t iona l  t o  damage energy. l 'here i s  some evidence tha t ,  i n  
mid-atomic number mate r ia l s  a t  l e a s t ,  f r e e  de fec t  product ion a lso  
scales w i t h  damage energy. Furthermore, there i s  an i n d i c a t i o n  
t h a t  the amount o f  d i so rde r  scales s i m i l a r l y .  

There i s  c l e a r  evidence o f  s i g n i f i c a n t  d i f fe rences  i n  t he  
number dens i t i e s  and smal ler  d i f fe rences  i n  the  s i z e  d l  s t r i  bu- 
t i o r ~ s  o f  de fec t  c l us te r s  i n  f i s s i on - f us i on  c o r r e l a t i o n  exper i -  
ments i n  pure mate r ia l s .  These d i f fe rences  may be due i n  p a r t  t o  



t h e  25-30°C d iscrepanc ies  i n  ambient temperatures.  I n  most cases, 
however, t h e  p r o p e r t y  changes can be sca led w i t h  damage energy i f  a  
lower  c u t - o f f  i n  r e c o i l  energy o f  about 10 keV i s  employed, cons is -  
t e n t  w i t h  t h e  expec ta t i on  t h a t  h i g h  energy cascades a r e  more e f f e c -  
t i v e  i n  produc ing defec t  c l u s t e r s .  I n  Nb-1Zr and, t o  a  l e s s e r  e x t e n t  
i n  316 SS, damage energy s c a l i n g  p r e v a i l s  w i t h o u t  i n v o k i n g  a  low 
energy c u t - o f f .  An assessment o f  p o s s i b l e  d i f f e r e n c e s  i n  t h e  deve l -  
opment o f  i r r a d i a t i o n  m i c r o s t r u c t u r e s  i n  pure  meta ls  and a l l o y s  w i l l  
have t o  a w a i t  t h e  a n a l y s i s  o f  r e c e n t l y  completed i r r a d i a t i o n s ,  and 
t h e  performance o f  h i g h e r  f l u e n c e  exper iments a t  e leva ted  tempera- 
t u r e s .  

Fu tu re  Plans 

R o t a t i n g  Target  Neutron Source (RTNS-I I )  

Operat ion  o f  RTNS-I1 a t  80 hours pe r  week i s  expected t o  con- 
t i n u e  i n  1981 ; t h e  f a c i l i t y  shou ld  reach des ign neu t ron  y i e l d s  by 
mid-1981. The major  emphasis w i l l  be on o b t a i n i n g  f l uences  up t o  
3  x  loi9 o r  h i g h e r  a t  temperatures rang ing  f rom 50-500°C. 

FMIT 

FMIT w i l l  n o t  produce m a t e r i a l s  data  u n t i l  about 1985. By 
then a  c o r r e l a t i o n  methodology [41] w i l l  have been developed f o r  
a p p l y i n g  da ta  ob ta ined  i n  f i s s i o n  r e a c t o r s  t o  f u s i o n  environments. 
The f i r s t  exper iments i n  FMIT w i l l  be designed t o  v a l i d a t e  t h a t  
methodology, t o  f i l l  i n  v i t a l  ho les  t h a t  w i l l  undoubtedly e x i s t ,  
and t o  o b t a i n  t h e  f i r s t  goal  exposure data  w i t h  h i g h  energy neu- 
t r o n s  on 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  program. Alt.hough 
, i L  i s  expected t h a t  some types o f  FMIT data  w i l l  be d i r e c t l y  
a p p l i c a b l e  t o  f u s i o n  r e a c t o r s  th rough a  s imple  f l u e n c e  no rma l i -  
za t i on ,  t h i s  i s  n o t  expected t o  be t r u e  i n  general .  C o r r e l a t i o n  
models w i l l  be needed f o r  t h i s  t rans fe rence  o f  data.  The d i s -  
placement r a t e  o b t a i n a b l e  a t  RTNS-I1 i s  one-to- two o rde rs  o f  
magnitude below t h a t  expected i n  a  f u s i o n  r e a c t o r  f i r s t  w a l l .  
E a r l y  low exposure exper iments i n  FMIT w i l l  be compared w i t h  
exper iments performed i n  RTNS-I1 t o  see i f  f l u x  e f f e c t s  a r e  as 
p red ic ted .  

NUCLEAR DATA FOR MATERIALS STUDIES 

Damage C a l c u l a t i o n s  

D e s c r i p t i o n s  o f  d isplacement damage i n  i r r a d i a t e d  m a t e r i a l s  
beg in  w i t h  t h e  c a l c u l a t i o n .  o f  p r imary  knock-on spect ra .  For 
h i g h  energy neutrons,  t h i s  r e q u i r e s  knowledge o f  t h e  cross  sec- 
t i o n s  o f  e s s e n t i a l l y  a l l  n u c l e a r  r e a c t i o n s  because they  a l l  r e s u l t  
i n  s u f f i c i e n t  energy t r a n s m i t t e d  t o  t h e  t a r g e t  nucleus t o  d i s p l a c e  
i t  f rom i t s  normal l a t t i c e  s i t e .  Required i n f o r m a t i o n  i s  
d i f f e r e n t i a l  angu la r  c ross  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 t h e  energy and angu la r  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 .  Damage energy cross  sec t i ons  a r e  t h e  r e s u l t  o f  



combining pr imary knock-on atom spectra w i t h  an energy p a r t i t i o n  
model t h a t  designates the  f r a c t i o n  o f  r e c o i l  energy ava i l ab l e  t o  
cause f u r t h e r  displacements. 

Damage energy and displacement cross sect ions have been stan- 
dard ized as ca lcu la ted  from ENDF/B-IV, a l though these w i l l  be up- 
dated s h o r t l y  t o  ENDF/B-V. Therefore, they extend on l y  t o  20 MeV. 
Recently, Greenwood [42] has added some approximations t o  h i gh  ener- 
gy cross sect ions developed by Alsmi l  l e r  and Bar ish [42] and extended 
the  damage energy cross sect ions f o r  Fe, C r ,  and Ni t o  50 MeV (see 
Figure 8).  S t i l l  l a ck i ng  are s u f f i c i e n t  experimental data t o  t i e  
down t h e  ca lcu la ted  nuc lear  cross sect ions a t  h i gh  energies. 

I n  the f i r s t  BNL conference, the  need f o r  eva lua t ing  the  usual 
assumption o f  i s o t r o p i c  emission o f  secondary p a r t i c l e s  was discussed 
[Ill. This need s t i l l  ex is ts .  

The program t o  make t o t a l  hel ium measurements i n  a v a r i e t y  of 
neutron spectra i s  con t inu ing  a t  Rockwell I n t e rna t i ona l .  It has 
a two fo ld  ob jec t i ve :  1 )  hel ium product ion r a t es  must be known f o r  
experiment design and analys is ,  and 2) once t he  cross sec t ions  a re  
known, t o t a l  he1 i um product ion measurements i n  var ious mate r ia l s  
prov ide a good measure o f  neutron fluence. Papers on bulh top ics 
are inc luded i n  t h i s  conference. Measurements a t  14.8 MeV have 
been made on C, A l ,  T i ,  V, Fe, Ni,  Cu, Zr, Nb, Mo, P t ,  Au, and 316 
SS [44]. Measurements i n  a Be (30 MeV d, n) f i e l d  have been made 
f o r  A l ,  Fe, Ni,  and Cu [45]. The hel ium product ion cross sec t i on  
f o r  copper has been extended t h e o r e t i c a l l y  t o  h iqh  energies by Mann 
us ing the  code HAUSER *5 [46]. Good agreement w i t h  experiment i s  obtained 
a t  14 MeV; f u r t he r  comparisons w i l l  be made w i t h  measurements made 
i n  D-Be spectra when t he  spec t ra l  d e f i n i t i o n  i s  completed. Calcula- 
t i o n s  are needed f o r  many o the r  mate r ia l s .  

No attempt has y e t  been made t o  extend the  cross sect ions 
needed t o  ca l cu l a t e  o the r  t ransmutat ion products i n  FMIT spectra.  

I t  i s  expected t h a t  ceramic i r l su la to rs  t ha t  w i l l  be exposed t o  
t he  plasma i n  a magnetic fus ion  reac to r  w i l l  be tes ted  a t  FMIT. 
Relevant cross sect ions have no t  been extended above 20 MeV. However, 
a s i g n i f i c a n t  new development i s  the extension t o  polyatomic insu-  
l a t o r s  o f  t he  methodology f o r  c a l c u l a t i n g  damage energy cross sect ions 
C471. 

A b r i e f  summary o f  nuclear data needs f o r  damage ca l cu l a t i ons  
I s  g iven i r l  Fiy1~r.e 9. 

Dosimetry 

The s ta tus  o f  nuc lear  data f o r  the  cha rac te r i za t i on  of the FMIT 
t e s t  environment i s  descr ibed i n  d e t a i l  i n  o t he r  papers i n  t h i s  sym- 
posium [6,12]. Three complementary approaches t o  FMIT dosimetry have 
been i d e n t i f i e d ,  v i z . ,  passive, ac t i ve  and ca l cu l a t i ona l .  As shown 
i n  the  paper by Greenwood [12], a good s t a r t  has been made on deve- 
l op i ng  rad iomet r i c  monitors f o r  passitie, i n - s i t u  dosimetry. He has 
had g r a t i f y i n g  success i n  ex t r apo la t i ng  cross sect ions above 20 MeV 
and i n t e g r a l l y  t e s t i n g  them i n  h igh  energy neut ron spectra [48,49]. 
The s e t  of cross sect ions used i s  given i n  Table I V  and the  good 
agreement obta ined w i t h  t i m e - o f - f l i g h t  measurements i n  a d-Be spec- 



trum i s  shown i n  F igure 10. 
Other cross sect ions a lso  need b e t t e r  d e f i n i t i o n  a t  h igh  energy 

f o r  dosimetry app l i ca t ion .  Two examples are t o t a l  hel ium cross 
sect ions and f i s s i o n  cross sect ions.  The former prov ide s t ab l e  pro- 
duct  monitors f o r  measuring h i gh  f luences. The l a t t e r ,  f o r  use w i t h  
t r a c k  recorders, prov ide h igh ene rgy th resho lds fo r  spec t ra l  d e f i n i -  
t i o n .  

While the  most obvious nuc lear  data need i s  h igh  energy cross 
sec t ion  data and associated nuc lear  parameters, the re  i s  a  cont inu-  
i n g  need f o r  b e t t e r  monitors below 1 MeV. This reg ion  i s  impor tant  
f o r  damage product ion i n  mixed spectrum reac to rs  and i n  f u s i o n  reac- 
t o r s  f o r  components outboard o f  the sh ie ld ing .  As po in ted  ou t  by 
Gold, e t  a1 [6], such monitors w i l l  be needed i n  FMIT because 
the  r ea r  o f  the  t e s t  c e l l  w i l l  be usefu l  f o r  t e s t i n g  mate r ia l s  f o r  
such cnmponents. 

A number o f  systems are being considered f o r  a c t i v e  dosimetry 
i n  FMIT; the  associated nuc lear  data needs a re  discussed by Gold, 
e t  a1 [6]. 

The nuclear data needs f o r  neut ron ic  ca l cu l a t i ons  are essen t ia l  l y  
the  same as discussed by Car ter  f o r  sh i e l d i ng  ca l cu l a t i ons  [4,6]. 

For i n  depth discussions o f  the  a p p l i c a t i o n  o f  dosimetry tech- 
niques i n  the  f us i on  mate r ia l s  program, see the  recen t  reviews by 
Greenwood [50] and Smi t h  [51]. 

Neutron Ac t i va t i on  

Neutron a c t i v a t i o n  ca l cu l a t i ons  f o r  FMIT have been descr ibed i n  
d e t a i l  by Car ter  [4]. A neutron a c t i v a t i o n  l i b r a r y  has been esta- 
b l i shed  a t  HEDL [52]. The cross sect ions a re  t i e d  t o  ENDFIB-V below 
20 MeV, and extended t o  h igher  energies us ing THRESH. As c r i t i c a l  
reac t ions  are i d e n t i f i e d ,  more accurate ca l cu l a t i ons  w i l l  be made. 

Source/Shielding f o r  F a c i l i t y  Design 

I n  ca l cu l a t i ons  needed f o r  FMIT design, use has been made of a l l  
a va i l ab l e  h igh  energy neutron data. I n  some cases, data were deue- 
loped w i t h  FMIT i n  mind. The most extens ive data are the t o t a l  
neutron cross sec t ion  measurements made a t  Oak Ridge Nat ional Labora- 
t o r y  on many mate r ia l s ,  i n c l ud i ng  C, 0, Al ,  S i ,  Ca, C r ,  Fe, N i ,  Cu, 
Au, and Pb [53]. To ta l  and none las t i c  cross sect ions f o r  C, 0, 
Ca and Fe have a lso  been made a t  UC-Davis [54]. These data and 
t h e i r  a p p l i c a t i o n  t o  FMIT have been discussed by Car ter  [4]. 

Nuclear Model s  

A d iscuss ion o f  developments i n  nuclear modeling i s  beyond t he  
scope o f  t h i s  paper. Some re l evan t  work i s  descr ibed i n  a  recent  
review paper by Haight [55]. A product ive approach i s  t o  search 
fo r  systematics t h a t  can be used t o  extend data from one mate r ia l  
t o  another. Considerable success has been achieved f o r  (n, x )  
reac t ions  [56]. 



SUMMARY 

We have at tempted t o  desc r ibe  b r i e f l y  t h e  c u r r e n t  s t a t u s  o f  
h i g h  energy neu t ron  s t u d i e s  w i t h i n  t h e  framework o f  t h e  f u s i o n  
m a t e r i a l s  program. M a t e r i a l s  i r r a d i a t i o n  exper iments a r e  centered 
on RTNS-11, t h e  o n l y  h i g h  energy neut ron f a c i l i t y  dcd i ca ted  t o  f u s i o n  
m a t e r i a l s  research.  Nuc lear  data  development, on t h e  o t h e r  hand, i s  
focused on FMIT. Th is  does n o t  imply ,  however, t h a t  a l l  da ta  needs 
a re  i n ' t h e  10-50 MeV range addressed e x p l i c i t l y  by this.symposium. 
Some progress has been made on meet ing nuc lea r  data needs s i n c e  t h e  
l a s t  symposium. Much o f  t h i s  was ob ta ined  under t h e  pressure  o f  
des ign  m i les tones  f o r  FMIT. Whi le  some o f  these data a r e  a p p l i c a b l e  
t o  damage c a l c u l a t i o n s ,  most o f  t h e  needs descr ibed a t  t h e  1977 
symposium s t i l l  e x i s t .  Wi th  respec t  t o  dos imet ry  needs, e a r l y  
t e s t i n g  o f  some r a d i o m e t r i c  mon i to rs  has met w i t h  cons ide rab le  
success and s i g n i f i c a n t  progress has been made i n  deve lop ing he l i um 
accumula t ion  f l u e n c e  mon i to rs  s u i t a b l e  f o r  use i n  FMIT spec t ra .  
As p lans f o r  FMIT c h a r a c t e r i z a t i o n  progress,  however, new nuc lea r  
da ta  needs a r e  su r fac ing ,  and accuracy requirements a re  becoming 
b e t t e r  de f i ned .  

I t  i s  c l e a r  t h a t ,  as v i t a l  as some key measurements' a re ,  a 
sus ta ined  e f f o r t  must be mounted t o  eva lua te  e x i s t i n g  and f o r t h -  
coming data and t o  i n c o r p o r a t e  such data  i n t o  c a l c u l a t i o n s  o f  

.necessary n u c l e a r  q u a n t i t i e s .  
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I r r a d i a t i o n  Experiments Performed a t  RTNS-I1 

DATE ' MAXIMUM FLUENCE 
STARTED 'MATERIALS. IRRADIATED MEASUREMENT LA30RATORY n/cm2 

3/19/79. N i ,  Nb & SS Mechanical p r o p e r t i e s  PNL 3.4 k 1017 

311 9/79 TFTR Glass Dens i ty  & O p t i c a l  
P roper t i es  ANL 

3/19/79 A1 5 Superconductors Trans i  s i o n  Temperature 
I C r i t i c a l  F i e l d  & Cur ren t  BNLILLL ~ 9 . 0  x 1017 
* 
4 
~n 3/19/79 Nb Sn C r i t i c a l  c u r r e n t  LLL ~ 8 . 0  l 0 l 7  

I 31 1 9 1  79 Ni ,  Nb & SS, Mechanical p r o p e r t i e s  PNL 2.0 x 1018 

4/03/79 Au TEM F o i l s  Sub-cascade S t r u c t u r e  AN L 4.9 l 0 l 5  

4/03/79 TFTR SS Hydrogen Trapping SANDIA 1.4 x 1016 

4/05/79 Cu, Ni ,  v, Nb, T i  .& M i c r o s t r u c t u r e /  
SS TEM Disks Microhardness HEDLIUCSB 3.9 x l 0 l 7  

6/06/79 Cu, N i ,  V, Nb, T i  & 
SS TEM Disks 

6/06/79 Ni-A1 & N i -S i  
TEM Disks 

M i c r o s t r u c t u r e /  
Microhardness 

Nuclleation Stud ies  

7/02/79 Z r .  A1 TEM Disks  Cascade S ize  & S t r u c t u r e  UWILLL 6.5 l 0 l 5  

811 4/79 Nb I n - S i t u  Creep 400'-600°C LLL 7.5 x 1016 



TABLE I 
( c o n t ' d )  

MACOR C e r ~ m i  c  
(TFTR I n s ~ ! l  a t o r s )  LASL ' 

G lass-Boxed Mica 
(TFTR I n s u l a t o r s )  LASL 

MACOR C e ~ m i c  
(TFTR I n s u l a t o r s )  LASL 

B ina ry  A l l o y s  B ~ s e d  
on Ni  and Cu 

M i c r o s t r u c t u r e /  
Microhardness HEDL 

U.Va 

HEDL 

LLL 

SS S t r i p s  Micros t ruc ture /Tens i - e  

316 SS, Ni, T i 4  
T i  -6A1-4k 

F iber .  O p t i  c  Cables - 

M i  c ros  t r u c  t u r e /  
M i  crohardnessITensi  1  e  

O p t i c a l  A t tenua t ion  <2E k rad  - 

-1 ..o x 1017 

NbTi C r i t i c a l  Cur rent .  
4OK Magnetoresi stance and 
I n i t i a l  Damage Rates 
( R e s i s t i v i t y  ) 

LLL Cu, A1 



HIGH FLUX 

TEM (Chemical Var ia t ion,  
Micro, Rate) 

Creep (Rate E f f ec t )  

TABLE I 1  

A Sample of the  -Proposed FMIT Test Ma t r i x  

# MATERIALS REDUNDANCY FLUENCEZ SUBTOTAL # TEMPS 
\ 

30 4 (5, 10, 20, 50, 100 dpa) 600 4 

5 2 ( I n t e r i m  t o  100) 10 3 

I 

* MODERATE FLUX 
u 
u 

1 
TEM [Micro, Rate) 15 

Creep/Rupture 15 

Stress Relax ( In-Si  t u )  .1 5 

I n -S i t u  Cyc l i c  Flux (Specimen ' 

Osci 11 ated) b 10 

LOW FLUENCE 

TEM (Seed Mic ros t ruc tu re )  

Creep (Rate E f f e c t )  

10 (2, 5, 10 dpa) 

5 ( I n t e r i m  t o  50) 

2 . (3  Pre i r rad ia ted:  

6 (0.2, 0.5, 2) 

2 . ( I n t e r i m  t o  5 dpa) 



High Energy Neutron Co r re l a t i on  St ~ d i  es 

Re la t i ve  
Maxi mum Response 

Property Neutron F l  uence Per Un i t  
Mate r ia l  Ref. Measured . S e n s i t i v i t y  Spectrum (n/cm2). , Damage  comment,^ 

Enerq y 

Cu (17) R e s i s t i v i t y  T'otal : BSR 3 x 1017 1.0 Anneal i ng t o  300K 
a t  4.2K defects  40MeV d-Be 4.5 x 1017 0 . 9 2 . 2  s i m i l i a r .  

(18) 
11 I# CP-5(VT53) . . :> l 0 l B  Oi9 2 .2 

, (19) Modulus Free -14.1 MeV l o l l - .  :012* -1.0 Mono-enerpt i c 
changes i n t e r s t i t i a l s  1.9 " 11 1.6 2 .4 neutrons. 
froin 1 3.9 " I 1  1.2 + .6 
p i  nni  ng 5.9 " 11 1.1 T .4 
a t  330K 23.4 " I# 0.9 T .2 - 

.(20) TEM Defects BSR 1.0 x 1018. 1.0 Comparable s i ze  and 
"et ai ned RTNS .1.8 x 101' 1 number d i s t r i b u t i o n s .  
I n  c l us te r s  40MeV d-Be 1.8 x 1017 1 , 

(21) X-ray 3ef ec t  BSR 1 . 0 x 1 0 1 8  see Some d i f fe rences  i n  
d i f f u s e  c luster ,  s i  z& RTNS 1.8 x 1017 Comments s i  ze .and ,lumber 
sca t t e r i ng  d i s t r i b u t i o n  40MeV d-Be 2.0 x 1017 d i s t r i b u t i o n s .  

(22) Y ie ld  s t ress  Defect L PTR 5 x 1018 1.0 Two stage hardening 
a t  ambi e r t  c l  uscers RTNS 7 x 1017 2.0 2 .2 a t  480K f o r  LPTR. 
and 480K 30MeV d-Be 1.2 x 1018 2.0 2 .2 



TABLE I I I. (cont i nued) 

Re la t i ve  
Maximum Response 

Property Neutron F l  uence Per Un i t  
Mate r ia l  Ref. Measured S e n s i t i v i t y  Spectrum (n/cm2). Dama ge Comments 

Energy 

Nb (23) R e s i s t i v i t y  Total  BSR 2.6 x l 0 l 7  1.0 Nb-. 0 3 Z r  
(24) .at  4.2K defects LPTR(FN1F) 8.4 x 1014 1.2 + .2 Nb-.03%Zr 
(25) 

11 I 1  30MeV 'd-Be 1.3 x 1016 0.9 Z .2 Nb-.O3%Zr 
I 1  I 1  RTNS 8.6 x 1015 0.9 + .2 Nb-.03%Zr 

(17) 
11 11 BSR > 1017 1.1 7 .2 
11 I 1  40MeV d-Be 3.7 x 1015 0.9 Z .2 

(18) 
11 11 CP-5 (VT53) > 1018 0.8 2 .2 

(22) Y ie ld  s t ress , Defect LPTR 5 x 1018 1.0 
I& c l us te r s  RTNS 1.2 x 10 l 7  1.6 2 .3 

30MeV d-Be 9 x 1017 1.6 2 .3 

(26) Y i e l d  s t ress Defect RTNS 2 x 1017 see Two stage hardeni ng, 
(27) and TEM c l us te r s  40MeV d-Be 1 x 1018 Comments l e v e l s  d i f f e r .  

(28) Creep Clustered and 30MeV d-Be 2.0 x 1012/s - See Qua1 i t a t i  ve l  y 
(29) 750-900~ f r e e  defects  RTNS-I1 1.2 x 1012/s Comments s i m i l i a r  response. 

Mo (23) R e s i s t i v i t y  Total  BSR 2.4 x 1017 1.0 Mo- .03%Zr 
(30) a t  4.2K defects LPTR(FN1F) 8.4 x 1014 1.1 2 ;2 Mo-.03%Zr 

(25) 
I 1  11 30MeV d-Be 1.3 x 1016 0.9 2 .2 Mo-.03%Zr 
I 1  I 1  RTNS 8.6 x 1015 1.0 2 .2 Mo-.03XZr 

(18) 
11 I 1  CP-5 (VT53) > 1018 0 . 7 2 . 2  



TABLE I I I. (cont i nued) 

Re la t i ve  
Maximum Response 

Property Neutron F l  uence Per Un i t  
Mate r ia l  Ref. Measured S e n s i t i v i t y  Spectrum (n/cm2) Damage Comments 

Energy 

V (23) R e s i s t i v i t y  Tc ta l  BSR ' 5.2 x 1017 1.0 V-. 03%Zr 
(24) a t  4.2K defects  LPTR(FN1F) 8.4 x 1014 1.2 t .2 V-.03%Zr 
(25) 

I 8  I 1  30MeV d-Be 1.3 x 1016 0.9 T .2 V-.03%Zr 
Il 1 1  RTNS 8.6 x 1~115 1.0 - T .2 V-.03%Zr 

I 

c. 
OD 

(22) Y i e l d  s t ress Defect LPTR 4 x 1018 1.0 
0 

II c l us te r s  RTNS 3 x 1017 2.1 t .2 
I 30MeV d-Be 1 x 1017 2.1 T. - .2 

Pt (17) Res i s t i v i t y '  Tc ta l  BSR > lcl17 1.0 Less anneal ing a t  
a t  4.2K def ecas 40MeV d-Be 4.1 x 1015 0.8 + .2 300K f o r  d-Be. 

(18) 
1 1  1 1  CP-5 (VT53) > 1018 0 . 9 T  - .2 

(31) Pos i t ron Vacancy-1 i ke HFBR > 1018 1.0 
t r a p p i  ng defects  30MeV d-Be 3.4 x 1016 0.8 - + .2 

Au (20) TEM " Defects. i n  BSR 1.0 x 1018 1.0 
I 1  c l us te r s  40MeV d-Be 6.0 x 1016 5 

N i (26') Y i e l d  s t ress Defect RTNS 2 x 1017 1.0 , 

(27) and TEM c l us te r s  40MeV d-Be 1 x 1018 1.0 - + .3 



.TABLE I I I. (cont inued) 

Re la t i ve  -p ~p 

Maximum Response 
Property Neutron F l  uence Per Un i t  

Mate r ia l  Ref. Measured S e n s i t i v i t y  Spectrum (n/cm2) Damage Comments 

Nb-1%Zr (22) Y i e l d  s t ress  Defect LPTR 5 x 1018 1.0 
I1 c l us te r s  RTNS 7 x l 0 l 7  1 . 3 t . 1 ,  -. . 

a-Brass (32) R e s i s t i v i t y /  Free LPTR 2 x 1017 1.3 
SRO vacancies RTNS 7 x 1016 1.1 - + .2.  

Y i e l d  s t ress Defect 
d u c t i l i t y  c l us te r s  
and TEM 

Trans i t  i on  D i  sorder i  ng 
temperature 

~ r i  t i  ca l  F luxo id  
current  p inn ing 
4.2K-6K II 

Opt ica l  Point  
absorbt i  on defects  

LPTR 
RTNS 
30MeV d-Be 

HFBR 
RTNS 

NRLR 
RTNS 

2.6 x l 0 l 9  1.0 S im i l . i a r  s ca l i ng  
2;2 x 1017 1.1 + .3 f o r  a l l  t h ree  
3.8 x 1018 1.i - . 3  proper t ies .  

7 x 1 0 1 6  l . C  Corrected t o  same 
7 x 1017 1.6 -1.6 temperature and 
2 x 1018 0.6 - + .2 t ransverse f i e l d  

Graphite (38) Basal plane Defect 3NLR 1.2 x 1017 1.0 Rat ios based on 
and shear p inn ing  RTNS 1.1 x 1017 1.5 + . 3  ENDFIIII-B damage' 
(39) modulus 5.5MeV d-Be 4.6 x 1016 2.0 - .4 analysis.  



TABLE I V  

R a t i o  of Measured-to-Calculated A c t i v i t i e s  
Using T i m e - o f - F l i g h t  Spect ra  

R e l a t i v e  e r r o r s  a r e  1.5%, abso lu  Le rr.l.ul s 110!%, 
except  as noted. 

90% ~ n e r ~ y ~  R a t i o  a t  On R a t i o  a t  15' 
REACT1 ON Range (MeV) (-3.5O) (%1 7 O )  

(0' Spectrum) 

7.6-3 - 25.0 
1.6"' - 22.7 

2.5;" - lY.5 

4.3-4 - 4.2 

0.6 - 29.7 

5.0 - 30.8 

1.8 - 23.1 

9.0 - 33.0 

12.0 - 33.0 

9.9 - 26.6 

6.0 - 33.0 

0.6 - 23.5 

8 , l  - 24.2 

4.4 - 23.4 

7.9 - 23.0 

9.0 - 21.5 

9..5 - 28.0 

9.3 - 24.4 

13.9 - 27.5 

12.8 - 26.6 

14.8 - 28.2 

14.1 - 28.1 

11.2 - 22.0 

10.4 - 23.3 



TABLE I V  
( c o n t  ' d )  

Std. DeV. (%) 

T o t a l  F lux  . -  6.26 x . 1 0 ~ 0  3.21 x  101° 
. . 

(n/cm2 - sec) 

*Reactions n o t  i nc luded  i n  s tandard d e v i a t i o n .  , . . 

o f  t he  a c t i v a t i o n  i n t e g r a l  f a l l s  w i t h i n  t h i s  energy range. 7.6-3 
means 7.6 x  The range a t  15' i s  o n l y  s l i g h t l y  changed. 

b(n,y) r a t i o s  are  somewhat a r b i t r a r y  s i n c e  t h e  t i m e - o f - f l i g h t  da ta  
s tops a t  2  MeV. A smooth e x t r a p o l a t i o n  was chosen t o  g i v e  a  
reasonable f i t  t o  t h e  data.' . 

'14 MeV f i s s i o n  y i e l d s  were used. ' 

/ 
d ~ a t i o s  n o t  i n  parentheses were c a l c u l a t e d  assuming mono- iso t rop ic  

p roduc t i on  [e.g. 54Fe(n,p)]; r a t i o s  i n  parentheses i n c l u d e  p roduc t i on  
from h i g h e r  mass i so tops  based on THRESH c a l c u l a t i o n s .  Energy l i m i t s  
a re  f o r  t o t a l  p roduct ion .  

e ~ r o s s - s e c t i o n  f rom ENDFIB-IV and LASL; values i n  parentheses from 
ENDFIB-IV on l y .  



FUSION FACILITY DEVELOPMENT 

TOKAMAK 
7 

DESIGN OPER. 

MIRROR 

FMlT EPR 

BASE 1987 - -  

DATA RTNS-II 

FISSION REACTOR CONTRIBUTION 
CJ 
Y 

EBR-II n 
HFlR FFTF 
ORR 

KEY ETF EPR 
MILESTONES OPERATION DECISION 

EPR 
OPERATION 

F i g .  1. Magnetic Fusion F a c i l i t y  Development. 



ORGANIZATION OF DAFS PROGRAM 

Task Group 

D. G. Doran, Chairman 

M, M. Cohen, DOE/OFE 

L. R. Greenwood, Chairman, Subtask Group A,' Dosimetry and Damage 
Parameters 

R. H. Jones, Chairman, Subta ik  Group B, Fundamental Mechanical 
Behavior 

G. R. Odette, Chairman, Subtask Group C, C o r r e l a t i o n  Methodology 

W. G. Wolfer ,  Consuqtant 

Program P a r t i c i p a n t s  

OFE programs i n  t h e  t h r e e  areas c u r r e n t l y  e x i s t  a t :  

Subtask Group A 

AN L 
BNL 
HEDL 
LASL 
LLL 
ORNL 
R I  

Subtask Group B 

AN L 
HEDL 
MIT ' 

NRL 
PNL 
UCSB 
U.Va. 
U.Wisc. 
W-R&D , - 

Subtask Group C 

ANL 
HEDL 
LLL 
MIT 
PNL 
USCB 
U.Wisc. 
W-R&D - 

There i s  s i g n i f i c a n t  p a r t i c i p a t i o n  f rom o u t s i d e  t h e  OFE programs. 

~i 5. 2. Organization of Damage Analysis and Fundamental Studies (DAFS) Program. 



. _. . 

ORGANIZATION OF THE ADIP PROGRAM 

Task Group . . 

E. E. Bloom, Chairman 

T. C. Reuther, DOEIOFE 

R. E. Gold, Chairman;Subtask Group A, A l l o y  Development f o r  Near 
Term A p p l i c a t i o n  

F. W.  iffe en, Chairman, Subtabk Group B, ~ 1 1 0 ~  Developmerit f o r  konq 
Term A p p l i c a t i o n  

J. J. Holmes, Chai rman, Subtask Group C, Ana lys i s  and Eva1 u a t i o n  

M a t e r i a l s  o f  Pr imary  I n t e r e s t  

Subtask Group A  - S o l i d  s o l u t i o n  s t rengthened a u s t e n i t i c  s t a i n l e s s  
s t e e l s  (Path  A  a l l o y s ,  i .e . ,  A IS I  316 and m o d i f i -  
c a t i o n s  t h e r e o f )  . . . . . .. 

. - F e r r i  t i c  s t a i n l e s s  s t e e l s  (Path  E  a l l o y s ,  ,e;g., HT-9) 

Subtask Group B  - P r e c i p i t a t i o n  hardened d e v e l o p ~ ~ ~ e n t a l  a u s t e n i ' t i c  
s t e e l  a l l o y s  (Path 'B) 

- Vanadi urn and ti t a n i  um a1 l o y s  (PdtR C) 
' - I n n o v a t i v e  m a t e r l a l s  (Path D) , c.g., long-range-order 

a1 1  oys 

Fig .  3. Organization of the A1 loy Uevelopment for Irradiation Performance (ADIP) 
Progras~. 



RTNS-II SOURCE 

Fig. 4. Major Component. o f  a Single Neutron Source a t  the RTNS-I1 Facility. 



Fig. 5. Cylindrical Spedinen.Capsule Positioned Close t o  the Rota;'ng Target a t  
RTNS-11. 



CHANNEL PATTERN FOR COOLING WATER IN TARGET 

Fig. 6. A Sectton s f  the Etchin Mask .Used to Produce WatecCwltng 
Channel1& W h i p  a f@?.at& TlPgeI. The dark Hnes are 
etched f q t ~  a .sheet of capper   all^, vrtrfch i s  then covered 
by df+fus'ion $ondTng a second sheet to  the f i r s t  to produce 
convoluted chailnel s . 



Fig. 7 .  W o r  Ccw~poaents o f  the Fusion Materials Irradiation Test (FMIT) Faci l i ty .  
dUPS = #lgh Voltage Power Supply; RFQ = Radio Frequency Quadrupole; HEBT = 
HSgh Energy Beam Tunnel. 



Fig. 8. Damage. Energy Cross Sections f o r  Fe, Cr, and Ni  Extended t o  High Energies 
by Greenwood. 
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BRIEF SUMMARY OF 
NUCLEAR DATA NEEDS FOR 

DAMAGE CALCULATIONS 

Mate r i  a1 s  

Fe, N i ,  Cr, Al ,  Cu, M,  V, Nb, T i  

Energy Range 

15-35 MeV 

Data Needed 

D i f f e r e n t i a l  angu lar  c ross  s e c t i o n s  f o r  a1 1  r e a c t i o n s .  

Angular and energy 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  ( e s p e c i a l l y  
f i r s t  p a r t i c l e  o u t ) .  

T o t a l  he l i um cross sec t i ons .  

T o t a l  hydrogen c ross  s e c t i o n s .  

N0t.e -- 
Some work done on some m a t e r i a l s  - see t e x t .  

Fig .  9. Brief Summary o f  Nuclear Bdld Meeds for Damage Calculations, 



ENERGY, MeV 

Fig.10. Comparison of a Time-of-Flight ( i n p u t )  Be (d,n) Spectrum w i t h  the  Spectrum 
Adjusted Using Extrapolated Reaction Cross Sections i n  t h e  SAND-I1 Code. 





MEASUREMENTS AND EVALUATIONS OF NUCLEAR 
DATA TO SUPPORT EARLY DESIGN NEEDS 

OF THE FMIT FACILITY 

D.L. Johnson,  F.M.Mann, and ~ . ~ . ~ c h e n t e r  

Hanford Engineer ing  Development Labora to ry  
Richland,  Washington 99 35 2 

ABSTRACT 

The F ~ l s i o n  M a t e r i a l  I r r a d i a t i o n  T e s t  (FMIT) f a c i l i -  
t y  i s  c u r r e n t l y  b e i n g  des igned  f o r  u se  i n  t h e  s t u d y  of  
neu t ron  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 .  
Th i s  f a c i l i t y  w i l l  make use  of t h e  i n t e n s e  s o u r c e  of  
h igh  energy n e u t r o n s  produced by a  beam of  35 MeV deu- 
t e r o n s  i n c i d e n t  upon a  t h i c k  t a r g e t  of l i q u i d  l i t h i u m .  
I n  t h e  forward d i r e c t i o n ,  t h e  neu t ron  spec t rum from t h i s  
sou rce  peaks  n e a r  14 MeV a s  i n  a  f u s i o n  dev ice .  However, 
t h e  n e u t r o n  energy spec t rum i n  t h e  FMIT f a c i l i t y  w i l l  b e  
b roade r  and t h e r e  w i l l  b e  a  s i g n i f i c a n t  number of  neu- 
t r o n s  e m i t t e d  w i t h  e n e r g i e s  up t o  about  30 MeV. A smal l  
f r a c t i o n  w i l l  b e  e m i t t e d  wi th  even h i g h e r  e n e r g i e s ,  up 
t o  a  maximum of  50 MeV. Since  ENDFIB e v a l u a t i o n s  of  
neu t ron -c ros s  s e c t i o n  d a t a  ex tend on ly  t o  20 MeV (wi th  
l i t t l e  d a t a  above 15 MeV) t h e r e  is  a  g r e a t  need f o r  neu- 
t r o n  d a t a  from 15 t o  50 MeV f o r  t h e  FMIT f a c i l i t y .  
Fur thermore ,  n u c l e a r  r e a c t i o n  c r o s s  s e c t i o n s  induced by 
deu te rons  up t o  35 MeV a r e  a  v i t a l  p a r t  of  des ign  and 
o p e r a t i o n  c o n s i d e r a t i o n s ,  and a r e  even l e s s  w e l l  under- 
s t o o d  t h a n  t h e  neu t ron  d a t a .  The t ime s c a l e  of t h e  
des ign  o f  t h e  FMIT f a c i l i t y  h a s  been s o  r a p i d  t h a t  i t  
h a s  p rec luded  l a r g e  amounts of new n u c l e a r  d a t a  coming 
from o u t s i d e  t h e  p r o j e c t .  Th i s  r e p o r t  o u t l i n e s  work 
c a r r i e d  o u t  w i t h i n  t h e  FMIT p r o j e c t  t o  supp ly  t h e  most 
immediate n u c l e a r  d a t a  needs .  Nuclear  d a t a  needs  f o r  
remaining d e s i g n  c o n s i d e r a t i o n s  and f o r  l ong  te rm opera-  
t i o n a l  u s e s  w i l l  b e  d i s c u s s e d .  



INTRODUCTION 

The Fusion M a t e r i a l s  I r r a d i a t i o n  Tes t  (F'MIT) f a c i l i t y  i s  
b e i n g  des igned f o r  c o n s t r u c t i o n  a t  t h e  Hanford Engineer ing  Deve- 
lopment Labora tory  (HEDL) wi th  a c c e l e r a t o r  des ign  by Los Alamos 
S c i e n t i f i c  Labora tory  (LASL). F igu re  1 shows a schemat ic  diagram 
of t h e  g e n e r a l  l a y o u t  of t h e  f a c i l i t y .  Deuterons a r e  a c c e l e r a t e d  
i n  a  l i n e a r  a c c e l e r a t o r  t o  an energy of 35 MeV. The des ign  spec- 
i f i e s  a  beam c u r r e n t  o f  100 mA on t a r g e t .  The beam w i l l  be t ra i l s -  
p o r t e d  t o  one o r  t h e  o t h e r  01 two t a r g e t s  v i a  a  s e r i e s  of bending 
and focus ing  lnagnets a s  shown. 

Those f a m i l i a r  w i th  a c c e l e r a t i o n  of deu te rons  know t h a t  a  
major des ign  c o n s i d e r a t i o n  i s  t h e  enormous q u a n t i t i e s  of  prompt 
neu t ron  and gamma r a d i a t i o n ,  and a l s o  r e s i d u a l  gallma r a d i a t i o n ,  
t h a t  w i l l  h e  a s s o c i a t e d  wi th  even t i n y  f r a c t i o n a l  l o s s e s  of t h e  
deu te ron  beam which w i l l  occur  du r ing  a c c e l e r a t i o n  and t r a n s p o r t  
t o  t h e  t a r g e t .  

Tlie beam w i l l  h~ normal ly  i n c i d e n t  upon a  t a r g e t  o f .  l i q u i d  
l i t h i u m . ( %  2 Cm t h i c k )  w i t h i n  which t h e  d e u t e r o m  a r e  s topped 
( r ange  % 1 . 5  cm), t h e  neu t rons  a r e  produced,  and t h e  depos i t ed  
h e a t  i s ' c a r r i e d  away. A s t a i n l e s s  s t e e l  p l a t e ,  (about 0.16 cm 
t h i c k )  backs  t h e  l i t h i u m  and s e p a r a t e s  i t  from t h e  t e s t  c e l l  where 
neu t ron  i r r a d i a t i o n  exper iments  w i l l  be  conducted.  In  t h e  v i c i n i t y  
of t h e  t a r g e t  and l i t h i u m  sys tems,  major des ign  c o n s i d e r a t i o n s  a r e  
a s s o c i a t e d  wi th  t h e  huge y i e l d  of ve ry  e n e r g e t i c  neu t rons  from t h e  
L i (d ,xn )  r e a c t i o n .  Also impor t an t  i s  deu te ron  induced a c t i v a t i o n  
of t h e  l i q u i d  t a r g e t  m a t e r i a l .  

The major o b j e c t i v e  of t he .work  desc r ibed  h e r e  was t o  provide  
d a t a  f o r  immediate des ign  needs .  There is  c o n s i d e r a b l e  ove r l ap  
between des ign  needs  and needs  f o r  o p e r a t i o n  and a n a l y s i s  of  i r r a -  
d i a t i o n  exper iments .  However, because  o f  t h e  s h o r t  t ime s c a l e  w e  
have gone 110 f u r t h e r  t han  was a b s o l u t e l y  requi.red f o r  des ign  pur- 
poses .  

A p re l imina ry  des ign  ( T i t l e  1) f o r  t h e  FMIT f a c i l i t y  was com- 
p l e t e d  i n  l a t e  1379 and c o s t  e s t i m a t e s  were based on t h a t  des ign .  
S ince  f i n a l  d c s i y ~ l  ( T i t l c  11)  i s  nnw heing done and w i l l  b e  com- 
p l e t e  i n  e a r l y  1981, r e l a t i v e l y  l i t t l e  new d a t a  can b e  incorpor-  
a t e d  beyond what i s  d e s c r i b e d  h e r e .  Data a s s o c i a t e d  wi th  opera- 
t i o n  and in t e rp reLaLicn  s f  i r r a d i a t i n n  exper iments  is u o t  r equ i r ed  
a s  u r g e n t l y ,  however, much of t h a t  d a t a  should  be  a v a i l a b l e  b e f o ~ r  
i n i t i a l ,  o p e r a t i o n  of t h e  f a c i l i t y  , which i s  c u r r e n t l y  scheduled  
f o r  l a t e  1984. 

There a r e  t h r e e  g e n e r a l  c a t e g o r i e s  of  n u c l e a r  d a t a  t h a t  w i l l  
b e  d i scussed  i n  t h e  body of t h i s  r e p o r t .  They a r e  (1)  sou rces  of 
prompt neu t ron ,  gamma r a y ,  and charged p a r t i c l e  r a d i a t i o n  induced 
by deu te rons ;  (2)  neu t ron  and gamma r a y  t r a n s p o r t  and r a d i a t i o n  
h e a t i n g  d a t a ;  and (3) neu t ron  and deuteron induced a c t i v a t i o n  d a t a .  
P a r t i c u l a r  d a t a  t h a t  have been emphasized w i l l  b e  desc r ibed .  P l a n s  
f o r  o b t a i n i n g  d a t a  f o r  remaining des ign needs w i l l  b e  d i scussed  a s  
w e l l  a s  d a t a  needs  f o r  o p e r a t i o n  and i n t e r p r e t a t i o n  of i r r a d i a t i o n  
exper iments .  



Sources of Prompt Rad ia t ion  Induced by ~ e d t e r o n s  

A. Deuterons on Li th ium 

Neutron source  d a t a  were r e q u i r e d  t o  (1) a l low maximizin t h e  
volume w i t h i n  t h e  test c e l l  having a neu t ron  f l u x  of 1015n/cmq-s 
o r  g r e a t e r  r e s u l t i n g  from a lOOmA beam of 35 MeV deu te rons  i n c i -  
den t  on a t h i c k  t a r g e t  of  l i t h i u m ,  and (2) provide  t h e  sou rce  f o r  
use  i n  e v a l u a t i o n s  of s h i e l d i n g  requi rements ,  r a d i a t i o n  h e a t i n g ,  
a c t i v a t i o n ,  e f f e c t s  on i n s t r u m e n t a t i o n  and dos ime te r s  and esti-  
mates o f  r a d i a t i o n  damage i n  i r r a d i a t i o n  exper iments  and f a c i l i t y  
components i n  t h e  v i c i n i t y  of t h e  t e s t  c e l l .  

The d a t a  r e q u i r e d  f o r  e v a l u a t i n g  t h e  h igh  neu t ron  f l u x  r e g i o n  
(% 1 0 ~ ~ n / c m ~ - s )  i n  t h e  t e s t  c e l l  a r e  t h e  double d i f f e r e n t i a l  neu- 
t r o n  product ion  c r o s s  s e c t i o n s  (d0(Ed) /dRd~,) a s  a f u n c t i o n  of 
deuteron energy up t o  35 MeV. These d a t a  a r e  needed ( r a t h e r  t han  
t h i c k  t a r g e t  d a t a )  t o  t a k e  e x p l i c i t  account of  t h e  s p a t i a l  d i s t r i -  
b u t i o n  of sou rce  neu t rons  f o r  d i s t a n c e s  ve ry  c l o s e  t o  t h e  t a r g e t .  
The s p a t i a l  d i s t r i b u t i o n  i s  about  3 cm wide because  of t h e  need 
t o  sp read  t h e  beam t o  reduce l i t h i u m  flow requi rements .  Such 
d i f f e r e n t i a l  d a t a  a r e  n o t  d i r e c t l y  a v a i l a b l e  e i t h e r  from expe r i -  
ment o r  t heo ry .  The approach t h a t  h a s  been taken is  t o  o b t a i n  t h e  
needed d i f f e r e n t i a l  d a t a  by f i t t i n g  a s imple  model of  t h e  micro- 
s c o p i c  d i f f e r e n t i a l  c r o s s  s e c t i o n  t o  i n t e g r a l  d a t a  ob ta ined  from 
measurements w i th  t h i c k  l i t h i u m  t a r g e t s  ( i n  which an i n t e g r a l  ove r  
deu te ron  energy i s  ob ta ined ) .  Th i s  approach i s  desc r ibed  more 
f u l l y  i n  r e f e r e n c e s  [I] and [2]. 

To p a r t i a l l y  meet t h e  need f o r  expe r imen ta l  d a t a  a t  t h e  F'MIT 
energy,  moacurements were conducted a t  t h e  U n i v e r s i t y  of C a l i f o r n i a  
a t  Davis of  t h e  neu t ron  y i e l d  and s p e c t r a  from 35 MeV,deuterons on 
a 2 cm t h i c k  t a r g e t  of n a t u r a l  l i t h i u m .  The s p e c t r a  covered a 
range  of emiss ion  ang le s  from O 0  t o  150°and an energy range  from 
% 1 MeV t o  50 MeV, t h e  maximum k i n e m a t i c a l l y  al lowed energy.  Addi- 
t i o n a l  measurements were made t o  s t u d y  t h e  ve ry  low energy p o r t i o n  
of t h e  s e c t r a  (%< 1 MeV) and a l s o  wi th  a t a r g e t  en r i ched  i n  t h e  
i s o t o p e  [Li. The measurements and r e s u l t s  a r e  d e s c r i b e d  i n  more 
d e t a i l  i n  reference[3] .  F igu re  2 shows t h e  s p e c t r a  a s  a f u n c t i o n  
of emis s ion  ang le  a s  ob ta ined  from t h e s e  measurements. 

The double  d i f f e r e n t i a l  neu t ron  product ion  c r o s s  s e c t i o n s  were 
then  ob ta ined  a s  a func t ion  of deuteron energy by f i t t i n g  t o  t h e  
measurements desc r ibed  above and i n  r e f e r e n c e  [3] f o r  35 MeV deu- 
t e r o n s  and a l s o  t o  d a t a  ob ta ined  a t  o t h e r  e n e r g i e s  from deu te rons  
on t a r g e t s  of t h i c k  l i t h i u m .  The r e s u l t s  of  t h i s  procedure  and 
c a l c u l a t i o n s  of t h e  neu t ron  f lux - spec t r a  a t  v a r i o u s  p o s i t i o n s  
(unperturbed by the  preselicr  of test samples)  w i t h i n  t h e  FMIT t e s t  
c e l l ,  based  on t h i s  model, a r e  desc r ibed  i n  r e f e r e n c e  [I] ( e a r l i e r  
v e r s i o n s  a r e  desc r ibed  i n  r e f e r e n c e s  [2] and [4]. 

Measurements of t h e  prompt gamma r a y  y i e l d s  and s p e c t r a  were 
made s imul t aneous ly  wi th  t h e  neu t ron  measurements d e s c r i b e d  above 
and i n  r e f e r e n c e  [3]. The i n k r e s t  i n  t h e s e  d a t a  was p o t e n t i a l  
gamma h e a t i n g  i n  t h e  FMIT t e s t  samples.  Only p re l imina ry  a n a l y s i s  



has  been performed s o  f a r ,  l a r g e l y  because i t  was observed t h a t  
t h e  gamma product ion cons i s t ed  of very  weak product ion of low 
energy gamma rays .  The dominant gamma ray  i s  Q, 0.5 MeV and i s  
emi t t ed  approximately i s o t r o p i c a l l y .  The most l i k e l y  cand ida tes  
f o r  t h i s  a r e  the  .478 MeV gamma ray  from deuteron i n e l a s t i c  sca t -  
t e r i n g  t o  t h e  f i r s t  e d c i t r d  aLatc of 'I.: and p o s s i b l y  t h e  0.428 
MeV decay of t h e  f i r s t  e x c i t e d  s t a t e  of 7 ~ e  formed by bo th  the  
7 ~ i ( d , 2 n )  and 6 ~ i ( d , n )  r e a c t i o n s .  Both of t h e  candidate  gamma 
decays a r e  i s o t r o p i c .  

Ca lcu la t ions  of t h e  proton emiss ion from deuterons  on l i t h i u m  
have been made with t h e  assumption t h a t  i t  i s  i d e n t i c a l  t o  t h e  neu- 
t r o n  emiss ion excepk f o r  the  high energy shoulder  p o r t i o n  of . the 
spectrum (neutrons  > 30MeV i n  Figure  2), which, f o r  protons ,  i s  
l i m i t e d  t o  40MeV. The concern was t h a t  a l a r g e  f l u x  of protons  
could s ignif icant1 .y  i n c r e a s e  t h e  r a t e  of h e a t i n g  and damage t o  t h e  
s t a i n l e s s  s t e e l  backing p l a t e  o r  even p e n e t r a t e  t o  t h e  t e s t  samples. 
Protons  having e n e r g i e s  up t o  40 MeV can be  produced from deuterons  
on l i t l ~ i u m  ( t h e  6 ~ i ( d , ~ )  r e a c t i o n  h a s  t h e  h i g h e s t  p o s i t i v e  Q- va lue  
of about  5 MeV). For tuna te ly  t h e  protons  a r e  r ap id ly  Jegradod i n  
t h e  l i t h i u m  and a f l u x  only about 1% o r  l a s s  of t h o  neutron f l u x  
i s  expected t o  h i t  t h e  backing p l a t e ,  i f  one assumes t h e  proton 
y i e l d  i s  i d e n t i c a l  t o  the  neutron y i e l d .  Hence no s i g n i f i c a n t  
i n c r e a s e  i n  h e a t i n g  o r  damage i s  expected from t h e  proton f lux .  
Furthermore,  t h e  maximum proton energy enierging from a 2 cm l i t h -  
ium t a r g e t  w i l l  be only  about 24 MeV which i s  i n s u f f i c i e n t  t o  pene- 
t r a t e  the  backing p l a t e .  

B. Deuterons on Acce le ra to r  and Beam Transpor t  System M a t e r i a l s  

Sources of prompt r a d i a t i o n  a r e  r equ i red  a s  i n p u t  t o  ca lcu la -  
t i o n s  t o  determine ( 3 )  s h i e l d i n g  requirements  when t h e  beam is  on, 
and (2) neutron and gamma r a d i a t i o n  f i e l d s  which e f f e c t  beam diag- 
n o s t i c  and c o n t r o l  ins t rumenta t ion  when t h e  beam i s  on, ( 3 )  radia-  
t i o n  damage t o  a c c e l e r a t o r  and beam t r a n s p o r t  components, (4) neu- 
t r o n  a c t i v a t i o n  of t h e  a c c e l e r a t o r ,  beam t r a n s p o r t  system, and 
surrounding m a t e r l a l e ,  autl (5) r n d i a t i n n  induced gas product ion 
which a f f e c t s  t h e  a c c e l e r a t o r  vacuum. 

Prompt neutron and gamma product ion w i l l  be d i r e c t l y  dependent 
upon the  smal l  Losses UE t h c  beam which w i l l  occur  a long t h e  l i n e a r  
a c c e l e r a t o r  dur ing a c c e l e r a t i o n  and throughout the  system used Lu 
t r a n s p o r t  i t  t o  t h e  t a r g e t .  A f t e r  beam tuneup, i t  i s  expected 
t h a t  t h e  l o s s e s  w i l l  b e  g r e a t e s t  a t  t h e  low energy end and w i l l  
d iminish  t h e  f a r t h e r  t h e  beam t r a v e l s  toward t h e  high energy end. 
Neutron f l u x  l e v e l s  a r e  expected t o  b e  much h i g h e r  a t  t h e  high 
energy end than a t  t h e  low energy end, however, d e s p i t e  t h e  reduc- 
t i o n  i n  l o s s e s  a s  t h e  beam i s  t r a n s p o r t e d  through t h e  machine. 
Th i s  i s  because neutron product ion r a t e s  i n c r e a s e  d ramat ica l ly  wi th  
i n c r e a s i n g  deuteron energy and they a r e  emi t t ed  predominantly i n  
forward d i r e c t i o n s .  

No measurements of (d,xn) y i e l d s  and . s p e c t r a  from a c c e l e r a t o r  
m a t e r i a l s  have been done f o r  the  FMIT p r o j e c t  and very  l i t t l e  eval -  



ua t ion  h a s b e e n  done. This is pr imar i ly  because t h e r e  i s  some d a t a  
a l ready  i n  t h e  open l i t e r a t u r e ,  and because t h e  t r e n d s  i n  t h e  c r o s s  
s e c t i o n s  and s p e c t r a  a s  a  funct ion of deuteron energy and t a r g e t  
mass a r e  f a i r l y  w e l l  understood and reasonably smooth f o r  t h e  
energ ies  of importance. For example, the Serber  model of deuteron 
breakup r e a c t i o n s  [5] can be used here. t o  provide a  method f o r  
i n t e r p o l a t i n g  and/or e x t r a p o l a t i n g  experimental  da ta .  Current ly ,  
t h e  primary source  of (d,xn) y i e l d s  and s p e c t r a  t h a t  i s  being.used 
f o r  FMIT design i s  the  exper imental  da ta  of Meulders e t  a l , [6 ]  
which is  f o r  deuterons of 16, 33,  and 50 MeV inc iden t  on t h i c k  
t a r g e t s  of Be, C ,  Cu, Mo, Ta, and Au. The choice of these  t a r g e t s  
i s  f o r t u n a t e  s i n c e  t h e  l i n e a r  a c c e l e r a t o r  w i l l  have l a r g e  quan- 
t i t i e s  of copper. Furthermore, t h i n  p ieces  of gold and tantalum 
a r e  under cons ide ra t ion  a s  m a t e r i a l s  t o  prevent t h e  beam from h i t -  
t i n g  copper o r  f o r  bea~rl co l l ima t ion .  This is  because the  (d,xn) 
y i e l d s  from gold and tantalum a r e  smal le r  than l i g h t e r  mass mater- 
i a l s  such a s  copper and t h e i r  a c t i v a t i o n  may be acceptably  low. 
The cur ren t  f e e l i n g  i s  t h a t  f o r  s teady s t a t e  opera t ion ,  the  uncer- 
t a i n t y  i n  the  neutron sources  due t o  deuteron beam l o s s e s  is  dom- 
ina ted  by u n c e r t a i n t i e s  i n  p r e d i c t i n g  the  beam l o s s e s  r a t h e r  than 
by u n c e r t a i n t i e s  i n  (d,xn) d a t a .  I n  s i t u a t i o n s  where t h e  beam 
l o s s  i s  b e t t e r  def ined,  (e .g .  while tuning a  known beam c u r r e n t  
i n t o  a  co l l ima tor  o r  b'eam s t o p ) ,  then more accura te  (d,xn) d a t a  
may be d e s i r a b l e .  

There i s  a  g r e a t  need f o r  (d,xy) y i e l d s  and s p e c t r a  f o r  
m a t e r i a l s  i n  the  FMIT a c c e l e r a t o r  and beam t r a n s p o r t  system. The 
main a p p l i c a t i o n  i s  t o  d e f i n e  prompt gamma r a d i a t i o n  f i e l d s  t h a t  
w i l l  e f f e c t  ins t rumenta t ion  used f o r  beam d iagnos t i cs  and con t ru l .  
In  p a r t i c u l a r ,  cur-rrnr: p lans  a r e  t o  observe t h e  gamma r a d i a t i o n  
produced by deuteron l o s s  dur ing a c c e l e r a t o r  tuning (e.g. on a  
co l l ima tor )  i n  o rder  t o  minimize beam l o s s  and maximize t r ans -  
mission. It i s  be l i eved  t h a t  observat ion of prompt gamma radia-  
t i o n  w i l l  be a  much b e t t e r  i n d i c a t i o n  of l o c a l  beam l o s s e s  than 
observat ion of neutrons .  Unfor tunate ly ,  t h e r e  i s  very l i t t l e  
(d,xy) d a t a .  In  f a c t  we a r e  unaware of any exper imental  d a t a  i n  
the  l i t e r a t u r e  which could be app l ied  d i r e c t l y  t o  FMIT needs a s  
(d,xn) d a t a  can be.  No measurements o r  c a l c u l a t i o n s  of (d,xy) 
d a t a  have been done i n  support  of t h e  FMIT p r o j e c t  t o  d a t e ,  however 
plans  a r e  being developed t o  f i l l  t h i s  important need. 

There may a l s o  be a  need f o r  d a t a  on product ion of gases  
wi th in  the  FMIT a c c e l e r a t o r  and vacuum system. For example, nuc- 
l e a r  r e a c t i o n s  such a s  (d ,a)  and (n ,a)  on m a t e r i a l s  wi th in  t h e  
FMIT vacuum system could generate  q u a n t i t i e s  of helium and o t h e r  

, 

gases t h a t  would be d i f f i c u l t  t o  pump with conventional. vacuum 
pumping systems. Scoping c a l c u l a t i o n s  have n o t  y e t  been made t o  
eva lua te  t h i s  quest ion.  

Neutron and Gamma Ray Transport  and Radiation Heating Data 

Data f o r  c a l c u l a t i o u s  of neutron and gamma t r a n s p o r t  and 
r a d i a t i o n  hea t ing  a r e  requ i red  f o r  t h e  same reasons a s  l i s t e d  i n  



t h e  p ~ e v i o u s  s e c t i o n .  which descr ibed sources  o f  prompt r a d i a t i o n  
induced by deuterons .  

The types  of d a t a  inc lude  c r o s s  s e c t i o n s  f o r  d i f f e r e n t i a l  
e l a s t i c  s c a t t e r i n g ,  n o n e l a s t i c  s c a t t e r i n g ,  neutron emission spec- 
t r a ,  charged p a r t i c l e  emiss ion s p e c t r a ,  gamma ray  emission s p e c t r a ,  
and KERMA f a c t o r s .  I\TeuLi'rjn t o t a l  r r n s s  s e c t i o n s  a r e  of use t o  a i d  
i n  e v a l u a t i o n  of t h e  d a t a  above. 

Data were needed f o r  e n e r g i e s  up t o  50 MeV because,  a s  shown 
i n  Figure  2 ,  t h e  s p e c t r a  from t h e  Li(d ,xn)  r e a c t i o n  extend t h a t  
h igh .  Furthermore, a l though t h e  f r a c t i o n  of neutrons  emi t t ed  i n  
t h e  Li(d ,xn)  s p e c t r a  wi th  e n e r g i e s  g r e a t e r  than  30 MeV is only 
about 1% of t h e  t o t a l ,  t h e  t r a n s p o r t  p r o p e r t i e s  of t h e s e  h i g h e s t  
energy neutrons  a r e  extremely important because they dominate the  
p e n e t r a t i o n  of t h i c k  s h i e l d s  made of o rd ina ry  and h igh  d e n s i t y  
concrete .  This  is expla ined i n  more d e t a i l  by Car te r  and Morford 
i n  r e fe rence  [7]. 

A major e f f o r t  h a s  been expended by t h e  FMIT p r o j e c t  t o  mini- 
mize thc  r o q u i r ~ m e n t s  and hence t h e  c o s t  f o r  s h i e l d i n g ,  p a r t i c u l a r -  
l y  nea r  t h e  test c e l l  where t h e  source  i s  l a r g e s t ,  t h e  s h i e l . d i n ~  is 
t h i c k e s t  and u n c e r t a i n t i e s  due t o  ueutron t r a n s p n r t  d a t a  a r e  l a rg -  
e s t :  

I n i t i a l  c a l c u l a t i o n s  f o r  s h i e l d i n g ,  r a d i a t i o n  h e a t i n g ,  and 
a c t i v a t i o n ,  were made wi th  a  cu~iibination of t r a n s p o r t  d a t a  p r i -  
mar i ly  from t h e  fol lowing sources :  (1) ENDFIB-IV d a t a  f o r  neutron 
e n e r g i e s  l e s s  than 15 MeV, (2)  Opt i ca l  model c a l c u l a t i o n s  of e l a s -  
t i c  s c a t t e r i n g s  f o r  E,>15 MeV, (3)  Nonelas t ic  c r o s s  s e c t i o n s  a ~ l d  
neutron emiss ion s p e c t r a  and d i s t r i b u t i o n s  from e v a l u a t i o n s  by 
Wilson [81 and Alsmi l l e r  and Bar ish  [ 9 ]  f o r  En>15-20 MeV. The 
d e t a i l s  of t h e  d a t a  used and i t s  a p p l i c a t i o n  a r e  g iven i n  r e f .  [7]. 

Most of t h e  t r a n s p o r t  d a t a  used f o r  neutron e n e r g i e s  g r e a t e r  
than 15 MeV were based on some nuc lea r  model c a l c u l a t i o n  wi th  very  
l i t t l e  exper imental  d a t a  a v a i l a b l e  f o r  comparison and e s t a b l i s h -  
ment of u n c e r t a i n t i e s .  Data on neutron t o t a l  c r o s s  s e c t i o n s  were 
t h e  no tab le  excep t ion  t o  t h i s  genera l i za t ion .  Unfor tunate ly ,  i t  
i s  t h e  coulponents of t h e  t o t a l  c r o s s  s e c t i o n  ( e l a s t i c  and nonelas- 
t i c  c r o s s  sect lur ls )  which a r c  a r . tua l ly  used and t h e  d i v i s i o n  be- 
tween t h e  two is o f t e n  uncer t a in .  It was de te ru~ ined  thaL unccr- 
t a i n t i e s  i n  t r a n s p o r t  d a t a  f o r  neutrons  on t h e  c o n s t i t u e n t s  of 
o rd ina ry  and hlg11 density concre te  were l a r g e  enough t h a t  s i g n i f i -  
can t  c o s t  i n c r e a s e s  would r e s u l t  from designing conservaLively t o  
account f o r  such u n c e r t a i n t i e s .  

A c o l l a b o r a t i v e  program was i n i t i a t e d  wi th  t h e  neutron physics  
group a t  t h e  Unive r s i ty  of C a l i f o r n i a  a t  Davis t o  measure some of 
t h e  most important  c r o s s  s e c t i o n s  f o r  concre te  i n  t h e  energy reg ion  
of 20 - 50 MeV. The primary goa l  was t o  measure n o n e l a s t i c  c r o s s  
s e c t i o n s  a t  a  few e n e r g i e s  f o r  t h e  important  s h i e l d i n g  m a t e r i a l s  
C ,  0, Ca, and Fe. I n  a d d i t i o n ,  the  removal c r o s s  s e c t i o n  was 
d e s i r e d  f o r  "back of t h e  envelope" c a l c u l a t i o n s  of neutron penetra- 
t i o n  i n  t h i c k  s h i e l d s .  This  c r o s s  s e c t i o n  is  t h e  sum of t h e  non- 
e l a s t i c  c r o s s  s e c t i o n  p l u s  t h e  f r a c t i o n  of t h e  e l a s t i c  s c a t t e r i n g  
c ross  s e c t i o n  which l e a d s  t o  s c a t t e r i n g  t o  ang les  g r e a t e r  than 25' 



(see  r e f .  [7] f o r  f u r t h e r  d e s c r i p t i o n ) .  An accura te  knowledge of 
the  neutron t o t a l  c r o s s  s e c t i o n  was needed a t  each energy t h a t  
the  n o n e l a s t i c  c r o s s  s e c t i o n  was measured. For t a r g e t s  of Ca and 
Fe i t  was necessary  t o  measure t h e  t o t a l  c r o s s  s e c t i o n s  i n  o rde r  
t o  determine them with  s u f f i c i e n t  accuracy. The n o n e l a s t i c  c r o s s  
s e c t i o n s  were measured a t  e n e r g i e s  of about 40 and 50 MeV and t h e  
t o t a l  c r o s s  s e c t i o n s  were measured a t  about 35, 40, and 50 MeV. 
The experiments and r e s u l t s  a r e  r epor ted  i n  another  c o n t r i b u t i o n  
t o  t h i s  symposium [ lo] .  

The d a t a  obta ined from the  measurements descr ibed above were 
then used t o  a i d  i n  updat ing t h e  e v a l u a t i o n  of t h e  t o t a l ,  non- 
e l a s t i c ,  e l a s t i c ,  and removal c r o s s  s e c t i o n s  over t h e  energy 
range of 20 - 60 MeV f o r  neutrons  on C ,  0 ,  S i ,  Ca, and Fe. Addi- 
t i o n a l  exper imental  d a t a ,  which were .obta ined from the  CSISRS 
f i l e  a t  Brookhaven Nat ional  Laboratory,  were a l s o  used i n  t h e  
eva lua t ion .  Other new t o t a l  c r o s s  s e c t i o n  d a t a  by ORNL [ I11  were 
only i n  pre l iminary form a t  t h e  time of t h i s  eva lua t ion .  

An example of the  updated e v a l u a t i o n  i s  shown i n  Figure  3  of 
t h e  n o n e l a s t i c  c r o s s  s e c t i o n  f o r  neutrons  on i r o n .  The dashed 
curve is the  c r o s s  s e c t i o n  used i n  i n i t i a l  Monte Car lo  ca lcu la -  
t i o n s  and corresponds t o  t h e  eva lua t ion  of Wilson [8]. The s o l i d  
curve i s  t h e  new e v a l u a t i o n  which i s  t h e  r e s u l t  of a  genera l i zed  
l e a s t  squares  f i t  t o  t h e  exper imental  d a t a  and t h e  a  p r i o r i  d a t a  
us ing t h e  code FERRET [12]. Note t h a t  t h e  previous  e v a l u a t i o n  i s  
o u t s i d e  the  e r r o r  b a r s  of the  new d a t a  and i s  about 13% h i g h e r  
than t h e  new eva lua t ion .  Therefore ,  use of t h e  o l d e r  eva lua ted  
d a t a  f o r  t h e  i r o n  i n  h igh d e n s i t y  concre te  would have l e a d  t o  
wa l l  th i cknesses  t h a t  would be t o o  thi.n t o  reduce the  dose suIEi-  
c i e n t l y .  Fur the r  updates of these  d a t a  a r e  planned i f  time i s  
a v a i l a b l e ,  t o  t ake  i n t o  account such t h i n g s  a s  o p t i c a l  model sys- 
t emat ic s ,  proton d a t a ,  and new neutron d a t a .  A r e c e n t  e v a l u a t i o n  
by LASL [I31 f o r  neutrons  up t o  40 MeV on i r o n  may be s u f f i c i e n t  
f o r  c u r r e n t  needs.  

A s  noted by Car te r  and Morford 5x1 r e fe rence  [7], c a l c u l a t i o n s  
of h e a t  depos i t ion  a r e  s e n s i t i v e  t o  neutron t r a n s p o r t ,  neutron 
KERMA f a c t o r s ,  and gamma product ion c r o s s  s e c t i o n s .  The shor t -  
comings and improvements i n  KERMA f a c t o r s  have been noted i n  r e f .  
[7 & 141. Data on (n,xy) r e a c t i o n s  f o r  many m a t e r i a l s  a r e  reason- 
ab ly  w e l l  understood below 20 MeV. Recent t h e o r e t i c a l  e v a l u a t i o n s  
have provided some (n,xy) d a t a  f o r  h igher  e n e r g i e s  ( see  r e f .  [13]). 
Experimental  d a t a  i s  extremely spa rce  f o r  e n e r g i e s  above 20 MeV. 

One a r e a  where an i n t e g r a l  measurement h a s  been employed t o  
understand a  des ign ques t ion  i s  r e l a t e d  t o  h e a t  depos i t ion  i n  the  
FMIT t e s t  c e l l  w a l l s .  An e a r l y  des ign of the  w a l l s  had t h i c k  
i r o n  surrounded by concre te  wi th  gas  coo l ing  channels pass ing  
through. A major concern was whether the  coo l ing  des ign was ade- 
quate  t o  remove t h e  h e a t  deposi ted  i n  the  concre te .  Transpor t  
c a l c u l a t i o n s  i n d i c a t e  t h a t  the  source  s p e c t r a  a s  i n  Figure  2  i s  
degraded i n  t h i c k  i r o n  (Q 30 cm (12") o r  more) such t h a t  most of 
t h e  neutrons  emerging have e n e r g i e s  l e s s  than 1 MeV. The t r a n s -  
p o r t  d a t a ,  KERMA f a c t o r s ,  and (n,xy) d a t a  f o r  such low energy 



neutrons  a r e  f a i r l y  w e l l  understood f o r  t h e  c o n s t i t u e n t s  of con- 
c r e t e  [14]. Therefore,  a primary uncer ta in ty  t h a t  remains i n  
c a l c u l a t i o n s  of h e a t i n g  i n  t e s t  c e l l  w a l l s  i s  i n  the  t r a n s p o r t  
of t h e  high energy source  neutrons  through the  t h i c k  i r o n .  

An experiment was conducted. a t  the Univers i ty  of C a l i f o r n i a  
a t  Davis t o  measure the  t ransmiss i6n of FPIIT-likc ncutronn 
through t h i c k  i r o n .  The neutrons  were produced by a beam of 35 
MeV deuterons  inc iden t  upon a l i th ium t a r g e t  t h a t  was 2.5 cm 
diameter x 2 cm th ick .  The same t a r g e t  was used f o r  measurements 
of t h e  Li(d ,xn)  da ta  shown i n  Figure 2,and the  cvs lua t ion  i.n r e f .  
[ I ]  has  provided source  d a t a  s u i t a b l e  f o r  t r a n s p o r t  c a l c u l a t i o n s .  
Tlie source  was placed approxil~lately a t  the  cen te r  of a n e a r l y  
cub ica l  b lock of s o l i d  i r o n  t h a t  was about 60 cm (2 f e e t )  on a 
s i d e .  

Neutron s p e c t r a  were measured with d e t e c t o r s  placed about 
10 cm (4 i n . )  ou t s ide  t h e  block a t  0' and 90' with respec t  t o  the  
beam d i r e c t i o n .  Proton r e c o i l  spectrometers  were used t o  observe 
the  por t ion  o 1  each s p c c t r n  from % I n  KeV t o  1 . 5  MeV, where 
ulost of t h e  neutrons  were expected. An NE213.liqui.d s c i n t i l l a t o r  
was used t o  observe the  high energy por t ion  of t h e  s p e c r r a  wllicli 
overlapped with the  proton r e c o i l  s p e c t r a l  da ta .  Addi t ional  da ta  
on gamma dose f i e l d s  were obtained with thermoluminescent dosi-  
meters  (TLD's). Also a few s o l i d  s t a t e  t r a c k  recorders  (SSTR'S) 
and nuc lea r  emulsions were exposed t o  observe the  neutron spec t ra .  

This experiment i s  s i m i l a r  t o  measurenrents and c a l c u l a t i o n s  
of t h e  t ransmiss ion of 14 MeV neutrons  through a 76 cm diameter 
sphere  of i r o n  a s  descr ibed i n  re fe rence  [15]. I n  t h a t  work, 
d i sc repanc ies  between experiment and c a l c u l a t i o n  i n  the  low 
energy por t ion  of t h e  leakage neutron spectrum were found. When 
the  d a t a  from the  p resen t  experiment have been analyzed, they 
will .  be compared t o  p r e d i c t i o n s  by t h e  same code used f o r  calcu- 
l a t i o n s  of hea t  depos i t ions .  Adjustments in such c a l c u l a t i o n s  
may then be  necessa ry ,  depending upon t h e  magnitude of a poss ib le  
discrepancy. 

Neutron and Deuteron Induced Act iva t ion  Data 

Ac t iva t ion  d a t a  i s  needed t o  e s t a b l i s h  gamma r a d i a t i o n  
l e v e l s :  (1) When the  beam 1s on i l l  p laces  whcre such l e v e l s  a r e  
dominated by decay r a d i a t i o n  r a t h e r  than prompt radiati'on;and 
(2) During shutdown a f t e r  opera t ion .  

A. Ac t iva t ion  Data f o r  Radiat ion Levels During Operation 

There w i l l  be l o c a t i o n s  wi th in  t h e  FMIT f a c i l i t y  where 
access  is l i m i t e d  o r  excluded dur ing opera t ion  because of high 
l e v e l s  of  decay r a d i a t i o n  r a t h e r  than prompt r a d i a t i o n .  Short- 
l i v e d  n u c l i d e s  a r e  of most importance and both deuteron and neu- 
tron-induced a c t i v a t i o n  a r e  s i g n i f i c a n t .  



Examples where a c t i v a t i o n  d a t a  p lays  a  r o l e  a r e  a s  follow: 

(1) Rooms con ta in ing  l i t h i u m  p ip ing  and nearby spaces  w i l l  ex- 
per ience l a r g e  gamma r a d i a t i o n  f i e l d s  due t o  decay of shor t -  
l i v e d  i so topes  produced i n  t h e  l i q u i d  l i t h i u m  pr imar i ly  by 
deuteron induced r e a c t i o n s  i n  the  l i t h i u m  and i t s  contami- 
nan t s .  An example would be  2 % l g ( ~  %ll s )  produced by a  
r e a c t i o n  on a  contaminant 23 ' 23 

( Na(d,2n> Mg). 

(2) Rooms con ta in ing  coo l ing  water  piped from t h e  a c c e l e r a t o r  
and beam t r a n s p o r t  system w i l l  have l a r g e  decay gamma f i e l d s  
due t o  shor t - l ived  rad io i so topes  produced by neutron-induced 
a c t i v a t i o n  of t h e  water  and i t s  contaminants. For example, 
a  l a r g e  c o n t r i b u t o r  t o  t h i s  r a d i a t i o n  i s  due t o  decay of 
16N, which has  a  h a l f  l i f e  of %7 sec .  and emi t s  very  pene- 
t r a t i n g  famma r a y s  of 2, 6 MeV. It i s  produced v i a  t h e  
160(n ,p)  6~ r e a c t i o n .  

(3) Spaces con ta in ing  an atmosphere which has  been exposed t o  
t h e  neutron f l u x  i n  e i t h e r  the  a c c e l e r a t o r  tunne l  ( a i r )  o r  
t e s t  c e l l  (n i t rogen) .  

B. Ac t iva t ion  Data f o r  Radia t ion Levels a f t e r  Shutdown 

A major goa l  of the  FMIT p r o j e c t  is  t o  minimize maintenance 
time i n  o rde r  t o  maximize a v a i l a b i l i t y  of t h e  f a c i l i t y  f o r  i r r a -  
d i a t i o n  exposures.  An a v a i l a b i l i t y  of 80% i s  d e s i r e d  bu t  w i l l  be 
chal lenging t o  meet because of t h e  h igh  a c t i v a t i o n  l e v e l s  t h a t  
can be  expected from both  deuteron and neutron induc.~.rl r cac t iono .  
Current p l a i ~ s  art! for remote maintenance of t h e  components i n  t h e  
t e s t  c e l l  and hands-on maintenance, wherever p r a c t i c a l ,  elsewhere.  
Here t h e  problem i s  long- l ived rad ionuc l ides .  

Examples of cases  where a c t i v a t i o n  d a t a  a r e  important a r e  a s  
fo l low : 

(1) Maintenance of t h e  l i t h i u m  system where rad ionuc l ides  such 
a s  7 ~ e  (from 7Li(d,2n) and 6 ~ i ( d , n )  r e a c t i o n s )  and 2 2 ~ a  

(from t h e  contaminant 2 3 ~ a ( d ,  t )  r e a c t i o n )  w i l l  remain on t h e  
w a l l s  of t h e  p ip ing  even a f t e r  d ra in ing .  Reference [16] 
d e s c r i b e s  e v a l u a t i o n  of s h i e l d i n g  requirements f o r  mainten- 
ance of t h e  l i t h i u m  system. 

(2) Maintenance of t h e  a c c e l e r a t o r  and beam t r a n s p o r t  system 
where l a r g e  q u a n t i t i e s  of r a d i o a c t i v e  nuc l ides  w i l l  be pro- 
duced d i r e c t l y  from deuteron induced a c t i v a t i o n  and a l s o  
from a c t i v a t i o n  by the  secondary neutrons  t h a t  a r e  p r o l i f i -  
c a l l y  produced whenever a  high energy deuteron h i t s  any 
m a t e r i a l .  It is  d e s i r e d  t o  minimize the  r a d i a t i o n  dose t h a t  
r e s u l t s  from t h e  sum of both  deuteron and neutron induced 
c o n t r i b u t i o n s  t o  a c t i v a t i o n  l e v e l s  f o r  a  p a r t i c u l a r  l o c a t i o n  
i n  t h e  f a c i l i t y .  This  would tend t o  discourage the  use  of 
some m a t e r i a l s  which might o therwise  be  use fu l .  An example 
i s  t h e  use of g r a p h i t e  (carbon) a s  a  beam co l l ima to r .  A l -  



though the  deuteron induced a c t i v a t i o n  of g raph i te  i s  known 
t o  be very low, the  deuteron induced neutron product ion from 
such a  l i g h t  m a t e r i a l  i s  high compared t o  h e a v i e r  mate r ia l s .  
Hence, the  neutron induced a c t i v a t i o n  of components surround- 
ing  t h e  g r a p h i t e  could be p r o h i b i t i v e l y  high. 

(3) Maintenance i n  spaces  con ta in ing  an a ~ l u u s ~ l l i r c  which has  h ~ ~ n  
exposed t o  the  neutron f l u x  i n  e i t h e r  t h e  a c c e l e r a t o r  tunne l  
( a i r )  o r  t h e  t e s t  c e l l  (n i t rogen)  and r e l e a s e  of t h i s  atmos- 
he re  t o  o u t s i d e  of containment. A few r e a c t i o n s  such a s  

f4N(n ,nTu) 7 ~ e  ,, 1 4 ~  (n,?) 14c, and 4 0 ~ r  (n, 2n) 3 9 ~ r  l ead  t o  verv 
long- l ived  products  and have c r o s s  s e c t i o n s  l a r g e  enough f o r  
concern. 

C. Deuteron Induced Act iva t ion  Data 

In  g e n e r a l  t h e r e  i s  l e s s  d a t a  a v a i l a b l e  on deuteron ac t iva -  
t i o n  a t  t h e  high energ ies  of i n t e r e s t  than on neutron a c t i v a t i o n .  
On the  o t h e r  hand, only those  m a t e r i a l s  d i r e c t l y  exposed t o  deu- 
t e r o n s  can be a c t i v a t e d ,  which considerably  l i m i t s  t he  number of 
male .~ . i a l s  t h a t  must be considered. Those m a t e r i a l s  a r e  (1) t h e  
l i t h i u m  t a r g e t  p l u s  contaminants (Na, Ca, K,  e t c . )  and cor rus iun  f 

products  (Fe,  N i ,  C r ,  e t c . )  t h a t  may be i n  i t ,  and (2)  t h e  mater- 
i a l s  nea r  the  beam c e n t e r l i n e  i n  t h e  a c c e l e r a t o r  and beam trans-  
p o r t  system. The l i n e a r  a c c e l e r a t o r  has  l a r g e  q u a n t i t i e s  of 
coppe,r h u t  cons ide ra t ion  i s  being given t o  coa t ing  those  p a r t s  ex- 
posed t o  deuterons  with a  m a t e r i a l  such as gold o r  tantalum i n  
o r d e r  t o  reduce a c t i v a t i o n .  The high energy beam t r a n s p o r t  system 
h a s  no t  y e t  been f i n a l i z e d ,  however m a t e r i a l s  t h a t  have been con- 
s i d e r e d  f o r  t h e  beam tube a r e  s t a i n l e s s  s t e e l  and aluminum. Fur- 
thermore, beam s c r a p e r s  o r  co l l ima tors  made from m a t e r i a l s  such 
a s  carbon, tantalum o r  gold a r e  under cons ide ra t ion .  

One f e a t u r e  of a c t i v a t i o n  i n  the  FMIT f a c i l i t y  t h a t  may n o t  
be  widely apprec ia ted  is  t h a t  the  q u a n t i t y  of deuteron induced 
a c t i v a t i o n  can f a r  exceed t h a t  produced by the  secondary neutrons  
t h a t  a r e  a s s o c i a t e d  with  the  inc iden t  deutcrons .  For example, 
wi th  35 MeV deuterons  on a  t h i c k  l i t h i u m  ta rge- t ,  only about 5 neu- 
t r o n s  a r e  emit ted f o r  every 100 i n c l d e ~ ~ t  deutcrons .  T h ~ r t z  are 
even fewer neutrons  emit ted when deutcrons  h i t  h e a v i e r  mass t a r -  
ge t s .  Hence t h e  deuterons  have a much g r e a t e r  chance f o r  inducing 
a c t i v a t i o n  reac t ions .  The preponderal~ce of deuteron j n d i ~ c e d  a c t i -  
v a t i o n  would n o t  n e c e s s a r i l y  remain i n  a s i t u a t i o n  where the  neu- 
t r o n  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  much l a r g e r  (e.g.  f o r  thermal- 
i z e d  neu t rons ) ,  o r  where the  q u a n t i t y  of m a t e r i a l  t h a t  neutrons  
a r e  exposed t o  is very much l a r g e r  than deuterons  a r e  exposed to .  
However, t h a t  i s  n o t  be l i eved  t o  be the  case  n e a r  the  a c c e l e r a t o r  
o x  beam t r a n s p o r t  system. Ac t iva t ion  from t h e  secondary neutrons  
w i l l  of course be more s p a t i a l l y  d i f f u s e  than from t h e  deuteron 
induced a c t i v a t i o n  and w i l l  dominate r a d i a t i o n  dose l e v e l s  i n  some 
l o c a t i o n s .  

There was some d a t a  i n  the  l i t e r a t u r e  on c r o s s  s e c t i o n s  f o r  
deuteron induced a c t i v a t i o n  t h a t  l ead  t o  medium.and long-lived 



products.  Very l i t t l e  d a t a  is a v a i l a b l e  on production of very 
shor t - l ived  i so topes  t h a t  a r e  of i n t e r e s t  f o r  t h e  l i th ium system 
when t h e  beam i s  on. 

The i n i t i . a l  design of the  s h i e l d i n g  around t h e  l i t h i u m  sys- 
tem i s  based upon rough e s t i m a t e s  of upper l i m i t s  of a c t i v a t i o n  
c r o s s  s e c t i o n s  p l u s  a measurement of the  7 ~ e  production. This 
was necessary because of the  l a r g e  number of r e a c t i o n s  and l i m i t -  
ed  exper imental  d a t a  and time. The d i f f e r e n t i a l  c r o s s  s e c t i o n  
f o r  each unknoyn deuteron induced a c t i v a t i o n  r e a c t i o n  was assumed 
t o  be a cons tan t  0.5 ba rns  f o r  deuteron energ ies  above t h e  
Coulomb b a r r i e r  o r  threshold energy, which ever  i s  g r e a t e r .  Thick 
t a r g e t  y i e l d s  were then evaluated using such c r o s s  s e c t i o n s  f o r  
each r e a c t i o n  t h a t  could occur wi th  35 MeV deuterons  on a t a r g e t  
of t h i c k  l i t h i u m  p l u s  e ~ t i m a t e d  t r a c e  contaminants. Measured 
d a t a  f o r  product ion of 'Be ( t h e  most abundantly produced radio-  
nuc l ide )  were used i n s t e a d  of an es t imate .  Furthermore, compari- 
sons were made t o  some d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  t o  v e r i f y  
t h a t  under-estimates of t h e  a c t i v a t i o n  were n o t  being made. This 
procedure is  expected t o  r e s u l t  i n  a very conserva t ive  design 
s i n c e  such 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  n o t  genera l ly  a s  l a r g e  
a s  0.5 barns .  

I n i t i a l  scoping eva lua t ion  of deuteron induced a c t i v a t i o n  of 
a c c e l e r a t o r  and beam t r a n s p o r t  m a t e r i a l s  was done using a simple 
extension of the  THRESH code ( r e f .  [17]) which i s  used f o r  e s t i -  
mation of neutron induced a c t i v a t i o n  c r o s s  sec t ions .  .Comparisons 
were made with  a v a i l a b l e  experimental  a c t i v a t i o n  d a t a  such a s  
given by Fulmer and Williams f o r  deuterons up t o  40 MeV on copper 
[18]. The comparison ind ica ted  t h a t  the  model c i i lcula t fons  were 
only accura te  enough f o r  o rder  of magnitude scoping s t u d i e s .  
Figure 4 shows the  dose a s  a func t ion  of decay time c a l c u l a t e d  
from t h e  es t imated a c t i v a t i o n  c r o s s  s e c t i o n s .  The r e l a t i v e  doses 
ca lcu la ted  f o r  a c t i v a t i o n  of C,  A l ,  Fe, Cu, and 'Fa tend t o  agree  
roughly wi th  previous dose c a l c u l a t i o n s  [19] f o r  t h e  same elements 
which were based upon experimenLa1 a c t i v a t i o n  da ta .  

A program t o  measure deuteron induced a c t i v a t i o n  was begun 
f o r  the  following reasons: (1) There were no r e l i a b l e  d a t a  ava i l -  
ab le  f o r  some elements of known importance f o r  e n e r g i e s  of i n t e r -  
e s t .  For example, t h e  production of 7 ~ e  by deuterons  on l i t h i u m  
had no t  been measured up t o  35 MeV; ( 2 )  Previous experiments may 
have missed some weakly produced rad ionuc l ides  having long h a l f  
l i v e s  which could be important f o r  dose cons ide ra t ions  because of 
t h e i r  bui ldup i n  long i r r a d i a t i o n s .  For example, we a r e  nn t  aware 
of ptevious  observat ion of t h e  long l i v e d  i s o t o p e s  5 8 ~ 0 ,  6 0 ~ o ,  
and 5 9 ~ e  produced by deuterons on copper, however, f o r  35 MeV deu- 
t e rons  thev a r e  e n e r g e t i c a l l y  allowed v i a  such r e a c t i o n s  a s  
6 3 C u ( d , a ~ ) ~ ~ ' C o ,  6 3 ~ u ( d , a p ) 6 0 ~ o ,  and 6 5 ~ u ( d  ,2a) 5 9 ~ e ;  (3)  There i s  
a need t o  f i n d  m a t e r i a l s  having very low deuteron a c t i v a t i o n  doses 
f o r  s p e c i a l  a p p l i c a t i o n s  such a s  f o r  beam s c r a p e r s  o r  c o l l i m a t o r s ,  
beam tube l i n e r s ,  and low a c t i v a t i o n  coa t ings  of a c c e l e r a t o r  p a r t s  
t h a t  a r e  exposed t o  deuterons .  

Measurements were conducted on s tacked f o i l  t a r g e t s  using 



a beam of 35 MeV deuterons  from t h e  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  at  Davis. Ta rge t s  included L i ,  C ,  A l ,  Fe, N i ,  Cu, Mo, 
Ta, Au and Pb. Other measurements a r e  planned on t a r g e t s  of Na, 
K ,  Ca, C r ,  and Mn and poss ib ly  o t h e r  m a t e r i a l s  e s t ima ted  t o  have 
IQT.? a r t i v i t . v  f o r  s p e c i a l  a p p l i c a t i o n s .  

An example of p re l iminary  r e s u l t $  f r u u ~  L l ~ i s  program i s  shnwn 
i n  Figure  5  which i l l u s t r a t e s  t h e  t h i c k  t a r g e t  a c t i v a t i o n  of 
copper a s  a  func t ion  of deuteruli energy. Note t h a t  t h e  long-lived 
i s o t o p e s  5 8 ~ 0 ,  bOco, and 59Fe were indeed observed a t  35 MeV with  
product ion r a t e s  t h a t  a r e  l a r g e  enough t o  be s i g n i f i c a n t  f o r  dose 
cons ide ra t ions .  

D. Neutron Induced Ac t iva t ion  Data 

The major need f o r  neutron a c t i v a t i o n  c r o s s  s e c t i o n s  i s  f o r  
e n e r g i e s  above 20 MeV. There a r e  e x t e n s i v e  s e t s  of neutron a c t i -  
v a t i o n  c r o s s  s e c t i o n s  up t o  20 MeV i n  ENDFIB and o t h e r  l i b r a r i e s ,  
a l though no t  a l l  acLivat ion C r O E E  s e c t i n n s  t h a t  might be  important  
are i l lcluded, 

Scoping s t u d i e s  of neutron induced a c t i v a t i o n  have bee11 done 
f o r  such v a r i e d  m a t e r i a l s  a s  a i r ,  wa te r ,  concre te ,  i r o n ,  copper,  
and aluminum i n  s p e c t r a  t h a t  have s i g n i f i c a n t  p o r t i o n s  of t h e  
s p e c t r a  above 20 MeV. This  work i s  desc r ibed  more f u l l y  i n  r e f .  
[7] and w i l l  only  be  o u t l i n e d  he re .  

F i r s t ,  t h e  most important r e a c t i o n s  a r e  s e l e c t e d  by c a l c l ~ l a -  
t i n g  t h e  dose f o r  a  p a r t i c u l a r  neutron flux-spectrum exposure,  
i r r a d i a t i o n  time and decay time using es t ima ted  upper l i m i t s  t o  
t h e  a c t i v a t i o n  c r o s s  s e c t i o n s  a s  a  func t ion  of energy. Then i m -  
proved dose c a l c u l a t i o n s  a r e  made us ing c r o s s  s e c t i o n s  e s t ima ted  
by t h e  THRESH code ( r e f .  [17]) which was extended t o  40 MeV. These 
c r o s s  s e c t t o n s  were jo ined a t  20 MeV t o  ENDFIB-V a c t i v a t i o n  c r o s s  
s e c t i o n s  when they  were a v a i l a b l e .  Next, improved c a l c u l a t i o n s  
of a  few s e l e c t e d  r e a c t i o n  c r o s s  s e c t i o n s  have been made us ing t h e  
code HAUSER*5 [20] which t r e a t s  the  r e a c t i o n s  i n  t h e  formalism of 
Hauser-Feshbach s t a t i s t i c a l  r e a c t i o n  theory wi th  pre-equi l ibr ium 
emission.  

Some neutron induced acLivat ion r e a c t i o n s  a r e  n o t  expected t o  
h e  r e l i a b l y  c a l c u l a t e d  by any of t h e  methods desc r ibed  above and 
they have nuL been measured. An exa111ple i s  the  p r o d ~ . ~ c t i o n  of 7 ~ e  
from neutrons  on 1 4 ~ .  Nitrugen w i l l  be i n  t h e  t e s t  c e l l  and 
a c c e l e r a t o r  tunne l .  A l i k e l y  path  f o r  t h i s  r e a c t i o n  invo lves  the  
fol lowing cascade,  1 4 N ( n , n ~ a )  7 ~ e  which has  a  th resho ld  of Q 32MeV. 

P lans  a r e  be ing  considered f o r  i n t e g r a l  measurements of such 
neutron a c t i v a t i o n  c r o s s  secLions i n  s p e c t r a  t h a t  w i l l  be  proto- 
t y p i c  of t h e  FMIT f a c i l i t y .  Note t h a t  measurements i n  Be(d,xn) 
s p e c t r a  wi th  35 MeV deuterons  would not  be s u i t a b l e  f o r  t h e  1 4 N  
r e a c t i o n  descr ibed above, s i n c e  t h e  d,Be spectrum extends  only  t o  
Q 40 MeV and i s  no t  p r o t o t y p i c  of the  Li(d ,xn)  s p e c t r a  which ex- 
t ends  t o  50 MeV. A l i t h i u m  t a r g e t ,  which w i l l  be cooled t o  a l low 
high deuteron beam c u r r e n t s  and corresponding high neutron f l u x  
l e v e l s  is being designed f o r  poss ib le  use i n  a c t i v a t i o n  measure- 



ments a t  the  Unive r s i ty  of C a l i f o r n i a  a t  Davis. 

Remaining Needs and P lans  

There i s  much nuc lea r  d a t a  t h a t  i s  s t i l l  needed f o r  comple- 
t i o n  of design.  Plans  a r e  be ing  developed w i t h i n  t h e  FMIT p r o j e c t  
t o  provide f o r  immediate needs a s  much a s  p o s s i b l e  w i t h i n  t h e  time 
l i m i t s  a s  s t a t e d  e a r l i e r .  Primary a r e a s  where work i s  be ing  con- 
s ide red  a r e :  . 

(1) ~ e a s u r e m e n t s  and e v a l u a t i o n  of (d,xy) and (d,xn) d a t a  f o r  
a c c e l e r a t o r  arid beam t r a n s p o r t  m a t e r i a l s .  

(2) Fur the r  c a l c u l a t i o n s  and p o s s i b l e  i n t e g r a l  measurements of 
neutron a c t i v a t i o n  c r o s s  s e c t i o n s .  

( 3 )  Completion of measurements and e v a l u a t i o n s  of deuteron induc- 
ed a c t i v a t i o n  c r o s s  s e c t i o n s .  

(4) Updating e v a l u a t i o n  of neutron t r a n s p o r t  and h e a t i n g  d a t a  f o r  
EMIT s t r u c t u r a l  m a t e r i a l s .  

(5) Providing d a t a  f o r  e v a l u a t i o n  of neutron r a d i a t i o n  damage f o r  
key FMIT s t r u c t u r a l  components. 

(6) Providing d a t a  on deuteron and neutron induced product ion of 
gases  i n  m a t e r i a l s  exposed t o  t h e  FMIT vacuum system. 

For opera t ion  of t h e  FMIT f a c i l i t y  and i n t e r p r e t a t i o n  of 
i r r a d i a t i o n  exper iments ,  n u c l e a r  d a t a  needs a r e  l a r g e l y  r e l a t e d  t o  
neutron dosimetry and damage p r e d i c t i o n  i n  i r r a d i a t i o n  experimento. 
De ta i l ed  diccu3sioi1s of rhese  needs a r e  given i n  o t h e r  contr ibu-  
t i o n s  t o  t h i s  conference [21 & 221. Important needs inc lude  t h e  
fol lowing : 

(1) Neutron a c t i v a t i o n  c r o s s  s e c t i o n s ' f o r  dosimetry a p p l i c a t i o n s .  

(2) Neutron t r a n s p o r t  d a t a  f o r  p r e d i c t i o n  of neutron f lux-spec t ra  
i n  exper imental  samples. 

( 3 )  Neutron d a t a  f o r  p r e d i c t i o n  of displacement damage, gas  pro- 
duc t ion ,  and t ransmutat ion i n  exper imental  samples. 

(4) Neutron KERMA f a c t o r s  and gamma product ion d a t a  f o r  predic-  
t i o n  of r a d i a t i o n  h e a t i n g  i n  exper imental  samples. 

A more complete l i s t  of needs i s  given i n  r e fe rence  [23]. 
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NEUTRON ENERGY (HEVI NEUTRON ENERGY INEV) 

F i e .  2 Measu~ed neutron y i e l d  spectra a s  function of emission angle 
ir. the laboratory for  35 MeV deuterons on thick natural lithium. 



Fig. 3 Updated evaluation of the non-elast ic  cross  sec t ion  for  
neutrons between 20 and 60 MeV on iron. A pr ior i  data 
were from the previous evaluation by Wilson 181. 



Cool,ing T i m e  Chrl 

37g. 4 Resijual unshielded gamma ray doses a t  3 distance of 1 meter 
f ~ r  deuteron induced activation of v a r i ~ u s  thi.ck targets .  
I r r d i a t i o n  was with a 1 mA current of 35 MeV deuterons 
for a period of 1 year. Activation :ross sect ions were 
estimated using an extension of the kHRESH code [17]. 



Fig.  5 Rates measurea f o r  production o f  various gamma decaying 
radionucl ides  from deuterons up t o  35 MeV inc ident  upon 
a thick copper target .  
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NEUTRON ENVIRONMENT I N  d + L i  FACILITIES 

F. M. Mann and F. Schmit t ro th  
and L. L. C a r t e r  

Hanford Engineering Development Laboratory 
Richland, washington 99352 

ABSTRACT 

A microscopic d + L i  neutron y i e l d  model has  been 
developed based upon c l a s s i c a l  models and e x p e r i ~ l ~ r r ~ t a l  
d a t a .  Using equa t ions  suggested by t h e  Serber  and evap- 
o r a t i o n  models, a genera l i zed  l e a s t  squares  adjustment 
procedure generated angular  y i e l d s  f o r  Ed t o  40 MeV using 
t h e  a v a i l a b l e  exper imental  da ta .  The HEDL-UCD experiment 
a t  Ed=35 was used t o  a d j u s t  parameters desc r ib ing  t h e  neu- 
t r o n  s p e c t r a .  The model i s  used t o  p r e d i c t  y i e l d s ,  spec- 
t r a ,  and damage responses i n  t h e  FMIT Test  Ce l l .  

I .' INTRODUCTION -- 
With t h e  cont inuing progress  toward breakeven fus ion f a c i l i -  

t i e s ,  more thought is  being d i r e c t e d  toward t h e  m a t e r i a l s  t h a t  
w i l l  be used i n  power-producing fus ion  r c a c t u ~ s .  Unfor tunate ly ,  
rhe re  p r e s e n t l y  does no t  e x i s t  any f a c i l i t y  capable  of producing 

2 very l a r g e  peak f luxes  n/cm -s) of high energy neutrons  
(c14 MeV) o r  of l a r g e  f l u x e s  (>1014 n/cm2-s) of h igh energy neu- 
t r o n s  over l a r g e  volumes (500 cm3). Because of t h e  severe  l i m i -  
t a t i o n  of producing dense t a r g e t s  of deuteron o r  t r i t i u m ,  t h e  RTNS 
(Rotat ing Target Neutron Source) o r  any o t h e r  d+t source  i s  r e s t r i -  
c t ed  t o  much lower f l u x e s  (%lo13 n/cm2-s) i n  smal l  volumes ( c l  cm3). 

Such high f l u x e s  a r e  necessary  a s  can be  seen from previous  
m a t e r i a l  programs. Mate r i a l s  must be t e s t e d  t o  end-of- l i fe  con- 
d i t i o n s  because m a t e r i a l  p roper ty  changes a r e  no t  only non l inea r  
wi th  neutron dose,  bu t  a l s o  can be nonmonotonic. Thus, d i sp lace -  
ments of 75 t o  300 dpa (displacements p e r  atom) and helium produc- 
t i o n s  of 500 t o  2500 appm (atomic p a r t s  p e r  m i l l i o n )  must be  
achieved be fo re  the  f i r s t  fus ion  engineer ing t e s t  r e a c t o r  i s  con- 
s t r u c t e d .  F i s s i o n  r e a c t o r s  can produce t h e  d e s i r e d  displacements 
bu t  cannot match the  helium product ion t o  displacement r a t e .  Ion 
bombardment is  a l s o  suspect  because of i t s  concen t ra t ion  of damage 
nea r  t h e  s u r f a c e .  



High f l u x e s  of h igh energy neu t rons  can be  produced from 
d+Li r e a c t i o n s .  The Fusion M a t e r i a l  I r r a d i a t i o n  Test  F a c i l i t y  
(FMIT) [ I ]  now being designed a t  t h e  Hanford Engineering Deve- 
lopment Laboratory f o r  t h e  U.S.Department of Energy w i l l  produce 
high energy neutrons  wi th  s u f f i c i e n t  f l u x e s  i n  l a r g e  volumes. This  
paper d e s c r i b e s ,  us ing r e l a t i v e l y  simple y e t  accura te  models, t h e  
neutron environment ( inc lud ing  expected displacement and helium 
product ion r a t e s )  of such d+Li f a c i l i t i e s  [2,3] with p a r t i c u l a r  
a t t e n t i o n  t o  t h e  nominal opera t ing  parameters of FMIT. The 
e f f e c t s  of changing va r ious  EXIT design parameters w i l l  a l s o  b e  
desc r ibed  a s  w e l l  a s  the  pe r tu rb ing  e . f f ec t s  of samples. A pre- 
l iminary  r e p o r t  has beer1 publ ished elsewhere 641. 

11. BACKGROUND 

FMIT w i l l  have 35 MeV deuterons  s t r i k i n g  a flowing l i q u i d  
l i t h i i ~ m  t a r g e t  1.9 cm t h i c k .  I n  o r d e r  t o  reduce h e a t i n g  problems 
i n  t h e  l i t h i u m  j e t ,  t h e  beam w i l l  be d i sbursed  with p resen t  de- 
s i g n s  be ing  Gaussian i n  s l ~ a p e  wi th  f u l l  widths  a t  h a l f  maximum 
va lues  (FWHM) of 3 cm i n  width and 1 cm i n  h e i g h t .  Over 99.9X of 
the  beam w i l l  h i t  t h e  L i  j e t .  A s t a i n l e s s  s t e e l  backing p l a t e  of 
Q.16 cm w i l l  c o n t r a i n  t h e  L i  and w i l l  s e p a r a t e  the  t a r g e t  space  
from the  exper imental  volume i n  t h e  t e s t  c e l l .  

,Since the peak f l u x e s  of g r e a t e r  than 1015 n/cm2-s w i l l  occur 
w i t h i n  3 cm of the  r e a r  of the  backing p l a t e ,  the  source  01 neu- 
t r o n s  cannot be  modeled a s  a p o i n t .  P e r s i a n i  [5] h a s  analyzed t h e  
neutron environment us ing the  experim5ntal  d a t a  of Daruga e t  a l . ,  
[6], and of Saltmarsh e t  a l . ,  [7 ]  b u t  t r e a t i n g  the  source  a s  a 
p o i n t .  For a more accura te  d e s c r i p t i o n ,  t h e  c r o s s  s e c t i o n s  f o r  
producing neutrons  a r e  needed a s  a func t ion  of d i s t a n c e  i n t o  t h e  
l i t h i u m  and of the angle  between t h e  i n c i d e n t  beam d i r e c t i o n  and 
t h e  neu t ron ' s  path .  Since t h e  p o s i t i o n  w i t h i n  the  l i t h i u m  5s re- 
l a t e d  t o  t h e  deuterons '  i n s t an taneous  energy ( ignor ing smal l  s t r a g -  
g l i n g  c f f e c t s ) ,  t h e  dependence of c r o s s  s e c t i o n  on p u s i t i o n  can be 
converted i n t o  a dependence on deuteron energy. I n  a d d i t i o n ,  
s i n c e  most m a t e r i a l  p roper ty  changes w i l l  depend on tlie energy 
d i s t r i b u t i o n  of t h e  neutrons  s t r i k i n g  t h e  m a t e r i a l ,  t he  dependence 
o f  i l ~ r  CL-093 oec t ioa  on neutron energy must a l s o  be known. Thus, 
t h e  unperturbed energy dependent neutron f l u x  a s  a I u l ~ c t i o n  of 
neutron energy a t  a po in t  i n  t h e  t e s t  c e l l  can be found from 

2 
where d o/dRdEn i s  t h 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  f o r  producing 
neu t rons ,  Ed-gnc i s  t h e  i n c i d e n t  deuteron energy, d ~ d l d x  is  t h e  
r e l a t i o n s h r p  etween energy l o s s  and t h c  p o s i t i o n  p a r a l l e l  t o  
t h e  beam (x) , I ( y  ,z) i s  the  deuteron c u r r e n t  d i s t r i b u t i o n ,  and r 
is  the d i s t a n c e  between t h e  neutron source  po in t  and the  p o i n t  of 
i n t e r e s t  i n  t h e  t e s t  volume. Note t h a t  Equation 1 i g ~ i o r e s  sca t -  



t e r i n g  (both neutron and deuteron) w i t h i n  t h e  . t a r g e t  a s  w e l l  a s  
neutron s c a t t e r i n g  o u t s i d e  t h e  t a r g e t .  The equat ion a l s o  ignores  
the  s l i g h t  l o s s  of deuteron i n t e n s i t y  ( l e s s  than 5%) a s  they pass  
through the  l i t h i u m  due t o  n u c l e a r  r e a c t i o n s  and the  extremely 
s l i g h t  divergence of the  deuteron beam. 

111. NEUTRON SOURCE TERM 

a .  In t roduc t ion  

A l l  t h e  q u a n t i t i e s  i n  Equation 1, except  t h 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 s ,  a r e  known from geometry, t a r g e t  des ign,  o r  w e l l  
e s t a b l i s h e d  physics .  Unfor tunate ly ,  t h e r e  i s  n o t  enough exper i -  
mcntnl d a t a  Lu determine these  c r o s s  sect ions . .  I n s t e a d ,  models 
t e s t e d  a g a i n s t  experiment must be used. 

The d+Li i n t e r a c t i o n  can be  modeled i n  four  L a y s ,  s t r i p p i n g  
of the  deuteron 's  proton,  formation of a compound nucleus  followed 
by t h e  evaporat ion of neu t rons ,  t h e  breaking up of the  deuteron 
by t h e  long range Coulomb p o t e n t i a l ,  and t h e  i n t e r a c t i o n  of the  
deuteron wi th  only one of t h e  neutrons  i n  the  l i t h i u m  nucleus .  
For tuna te ly ,  because of t h e  low atomic number of l i t h i u m  and the  
r e l a t i v e l y  low deuteron e n e r g i e s  used i n  FMIT, the  l a t t e r  two 
processes  a r e  r e l a t i v e l y  unimportant.  [8] However, over 40 reac- 
t i o n s  a r e  p o s s i b l e  f o r  the  deuteron e n e r g i e s  of i n t e r e s t ,  t hus  
r e q u i r i n g  a s i m p l i f i e d  approach. The approach taken h e r e  i s  t o  
use two semi -c lass i ca l  models, t h e  Serber s t r i p p i n g  model and t h e  
evaporat ion model, and a d j u s t  t h e i r  parameters t o  o b t a i n  agreement 
w i L 1 1  experiment. 

b. Angular Yields  

Although f o r  most a p p l i c a t i ? n s  the  energy dependent neutron 
f l u x  i s  needed, t h e r e  a r e  s e v e r a l  important a p p l i c a t i o n s  where 
only t h e  energy i n t e g r a t e d  f l u x  (o r  angular  y i e l d )  i s  needed, such 
a s  t o t a l  neutron y i e l d  e i t h e r  of t h e  source a s  a whole o r  a t  
p o i n t s  i n  the  FMIT Test  C e l l .  Also i t  is  e a s i e r  t o  i n c o r p o r a t e  
exper imental  d a t a  i n t o  angular  y i e l d  models s i n c e  these  a r e  t h e  
q u a n t i t i e s  exper imenters  normally r epor t .  

Using t h e  l e a s t  squares  adjustment computer code FERRET [9] 
t he  energy dependence of 5 angular  func t ions  forming t h e  angular  
y i e l d s  were determined us ing a l l  t he  exper imental  d a t a  f o r  deut- 
erons  on l i t h i u m  with  14< Ed < 45 MeV. A major problem i n  us ing 
exper imental  d a t a  is  t h a t  the  d a t a  do not  span a l l  neu t ron  ener- 
g i e s ;  r a t h e r  o111y neutrons  above some. th resho ld  energy a r e  ob- 
served.  Therefore ,  us ing a pre l iminary ve r s ion  of t h e  model and 
the  energy dependence from the  very  low energy measurement of the  
HEDL-UCD ( th resho ld  = .4 MeV a t  Ed = 35 MeV), a l l  t h e  d a t a  were 
co r rec ted  t o  ze ro  neutron energy. 

I n  a d d i t i o n ,  i a  o r d e r  t o  compare the  exper imental  d a t a ,  t h e  



d a t a  were p u t  o n t o  a  common a n g l e  and deu te ron  energy g r i d  ( 0  = 0 ,  
4 ,  7 ,  12 ,  20,  30, 45 ,  70, 90' and Ed = 5 ,  1 0 ,  1 5 ,  1 9 ,  22,  25,  30, 
35,  and 40 MeV. For measurements where no u n c e r t a i n t i e s  were g iven  
a  n o r m a l i z a t i o n  u n c e r t a i n t y  of 20% and a  s t a t i s t i c a l  u n c e r t a i n t y  
of 10% were used.  Other  expe r imen ta l  u n c e r t a i n t i e s  were i n c r e a s e d  
by u n c e r t a i n t i e s  because  of d a t a  m o d i f i c a t i o n s  t o  t h e  s t a n d a r d  
g r i d .  The u n c e r t a i n t i e s  due t o  t h e  use  of a  s t a n d a r d  g r i d  were 
unimpor tant ,  h u t  the c o r r e c t i o n s  f o r  n e u t r o n  energy t h r e s h o l d s  
were impor t an t ,  e s p e c i a l l y  a t  l a r g e  a n g l e s .  The i n p u t  d a t a  i s  
summarized i n  Table  I and F igu re  1. The d a t a  of Goland, e t  a 1 ,  [ I s ]  
were n o t  used  because  t h e i r  i n c l u s i o n  caused a  l a c k  of  convergence 
i n  t h e  adjus tment  proced1.1re. For t h e  d a t a  of Sa l tmar sh ,  e t  a l ,  [ '  71 
t h e  t ime-o f - f l i gh t  d a t a  were used i n s t e a d  of t h e  dos ime t ry  co r r cc -  
t e d  d a t a  a s  i t  i s  now thought  t h a t  t h e  c o r r e c t i o n  is  wrong. [ l 6 ]  

To e x p l a i n  t h e  n e u t r o n  y i e l d  and s p e c t r a  from 160 MeV deu- 
t e r o n  bombardment o f  t h i n  t a r g e t s ,  Se rbe r  [17] i n  1947 c r e a t e d  t h e  
deu te ron  a s  ve ry  weakly bound wi th  t h e  ene rgy  and a n g l e  of t h e  
s p e c t a t o r  n e u t r o n  b e i n g  de termined by t h e  ave rage  i n t e r n a l  motion 
of  t h e  t a r g e t  nuc l eus .  Although s l i g h t  d i f f e r e n c e s  e x i s t  depend- 
i n g  upon whether  t h e  t a r g e t  nuc l eus  i s  opaque u r  transparent, thoce  
d i f f e r e n c e s  a r e  r e l a t i v e l y  minor. The r e s u l t i n g  formula  i s  

where Bs  = (5720/Ed).  'I2 However, t h e  t heo ry  presupposes  th 'at  
Ed >> EB, ' the  deu te ron  b i n d i n g  energy (a2 .2  MeV). Thus i t  i s  n o t  
s u r p r i s i n g  t h a t  a  s l i g h t l y  d i f f e r e n t  formula was more s u c c e s s f u l  
i n  t h e  p r e l i m i n a r y  model. 

where A p  = (1.800/Ed). 1/2 For an 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  i n  
t h e  c e n t e r  of mass sys tem f o r  a  g iven  n e u t r o n  ene rgy ,  t h e  labora-  
t o r y  ang1.1lar d i s t r i b u t i o n  would be  a  l i n e a r  combination of u n i t y  
and cos ine  ( 8 ) .  However, an a n a l y s i s  of t h e  HEDL-UCD d a t a  f o r  
En = 1 t o  2 MeV shows a 1 + cos  58 dependence. The re fo re ,  maxi- 
mum ( ~ 0 ~ 5 8 ~ 0 )  was added t o  form t h e  f i v e  a n g u l a r  f u n c t i o n s .  Func- 
t i o n s  peaking  a t  a20° and 90' were a l s o  t r i e d  b u t  t h e i r  pa rame te r s  
were t o o  ~ ~ n c e r t a i n  t o  be  meaningful .  

So a s  n o t  t o  presuppose  t h e  deu te ron  energy dependence of 
each  of t h e  s i x  a n g u l a r  f u n c t i o n s ,  t h e  ene rgy  range was broken 
i n t o  9 g roups ,  0  - 5 MeV, 5  - 10 M e V ,  10 - 1 5 ,  15 - 1 9 ,  19 - 22, 
22 - 25, 25 - 30,  30 - 35, and 35 - 40 MeV. Thus 45 parameters  
w e r e  a d j u s t e d  by FERRET, which a t  t h e  same t i m e  .kept t r a c k  of t h e  
32 d a t a  p o i n t s .  By r e q u i r i n g  a  smooth v a r i a t i o n  a s  a  f u n c t i o n  of  
deu te ron  ene rgy ,  t h e  pa rame te r s  and t h e i r  cova r i ance  m a t r i x  were 
found . 



The most impor t an t  r e s u l t  of t h i s  a n a l y s i s  i s  t h e  t o t a l  
number of  n e u t r o n s  produced i n  t h e  d  + L i  r e a c t i o n .  For example, 
t h e  volume hav ing  f l u x  g r e a t e r  than  1015 n/cm2-s f o r  t h e  c u r r e n t  
FMIT des ign  i s  7.6 + 1 . 8  cm3, wh i l e  t h e  volume hav ing  an ave rage  
f l u x  of  1015 n/cm2 i s  2 1  + 4 cm3. F igu re  2 shows t h e  volume wi th  
f l u x  g r e a t e r  t h a n  @ a s  a  f u n c t i o n  of @ a s  w e l l  a s  t h e  volume wi th  
an average  f l u x  of @. Since  f l u x  i s  l i n e a r l y  r e l a t e d  t o  deu te ron  
c u r r e n t ,  F igu re  2  can be  used t o  de termine  such r e l a t i o n s  a s  a' 
f u n c t i o n  of deu te ron  c u r r e n t  a s  w e l l .  Not on ly  may t h e  deu te ron  
c u r r e n t  be d i f f e r e n t  when t h e  FMIT f a c i l i t y  b e g i n s  o p e r a t i o n ,  b u t  
o t h e r .  d e s i g n  v a r i a b l e s  may a l s u  change. 

c .  Neutron S p e c t r a  

Thc d e t e r ~ ~ ~ l n a r f o n  of  t h e  n e u t r o n  s p e c t r a  i s 'much  more d i f f i -  
c u l t  because  s o  much more d a t a  a r e  r e q u i r e d .  Even i f  experimen- 
t a l  neu t ron  s p e c t r a  were a v a i l a b l e ,  t h e  magnitude of t h e  q u a n t i t y  
of t h e  d a t a  and t h e  need t o  use  non- l i nea r  pa rame te r s  make t h e  
use  of  a  code l i k e  FERRET unadvisable .  I n s t e a d ,  s imple  models f o r  
s t r i p p i n g  and f o r  e v a p o r a t i o n  a r e  used wi th  t h e i r  pa rame te r s  b e i n g  
a d j u s t e d  t o  f i t  t h e  HEDL-UCD exper iment  a t  Ed = 35 MeV. 

The model f o r  s t r i p p i n g  r e l i e s  mainly on t h e  Se rbe r  model. A s  
noted  above,  t h e  Se rbe r  model p i c t u r e s  t h e  deu te ron  a s  weakly 
bodnd wi th  t h e  energy and a n g u l a r  dependence of t h e  emerging neu- 
t r o n  dependent  on t h e  average  motion of nuc l eons  i n  t h e  t a r g e t  
nuc l eus .  August, e t  a 1 ,  [18] have shown t h a t  t h i s  model which was 
developed t o  e x p l a i n  r e s u l t s  u s i n g  160 MeV deu te rons  g i v e s  t h e  
p rope r  shape  of t h e  h igh  energy d i s t r i b u t i n n  (E,, E d / 2 )  a L  0" f o r  
a t h i c k  ta rge t  l o r  i n c i d e n t  deu te ron  e n e r g i e s  of i n t e r e s t  a t  FMIT. 
The e q u a t i o n s  used a r e  



f ( E  ,Ed) = M I N  
n 2 

where d o / d ~ l  Serber i s  de f ined  i n  Equation 2, d o / d ~ l ~ , ,  is  de f ined  

in Equat ion  3 ,  E i s  t h e  b i n d i n g  energy of t h e  deuteron.  The 
S 

f~mct. i .ons a (E  ) and b(E ) come from smoothing t h e  r e s u l t s  from 
d d i t h e  angu la r  y l e l d s  a n a l y s l s  and are n u t  p a r t  of t he  Se rbe r  model 

which assumes a c r o s s  s e c t i o n  independent of  deuteron energy.  
N e i t h e r  i s  t h e  f u n c t i o n  f ( E  ,L ) which ens l i rcs  t h a t  t h e  c r o s s  

n d 
s e c t i o n  f o r  ze ro  o r  n e g a t i v e  energy n e u t r o n s  i s  ze ro ,  n o t  f i n i t e  
a s  p r e d i c t e d  by t h e  Se rbe r  model. Remember t h a t  t h e  Se rbe r  model 
assumed E >EB. The form of f  was chosen t o  match t h e  low energy 

e: E 127 p a r t  of  HEDL-UCD d a t a .  The no rma l i za t ion  c o n s t a n t  N 
(En d 
i~ chnsen s o  t h a t  

For r h e  h i g h e s t  neu t ron  e n e r g i e s  (En> E, ) t h e  Se rbe r  .model 
d 

b r e a k s  down f o r  d + Li .  Here t h e  dominant r e a c t i o n  i s  t h e  s t r i p -  
p ing  of 7 ~ i  t o  t h e  ground and f i r s t  e x c i t e d  s t a t e s  of ' ~ e .  
Because on ly  two s t a t e s  a r e  involved (and bo th  a r e  unbound), t h e  
c l a s s i c a l  p i c t u r e  f a i l s  and one must r e s o r t  t o  a quantum mechan- 
i c a l l y  t r ea tmen t  o r  t o  exper iment .  The l a t t e r  cho ice  is  t aken  
wi th  a deu te ron  energy independent  microscopic  c r o s s  s e c t i o n  o(O) 
used f o r  each s L a t e  f o r  E < E < Ed + Q(0). 

d n 
The evapora t ion  p a r t  of  t h e  model is  a l s o  i n  two p a r t s .  The 

f i r s t  p a r t  is  t h e  c l a s s i c a l  evapora t ion  model. [I91 which p r e d i c t s  
t h e  energy spect rum 01 t h e  neu t rons  which a r e  b o i l e d  o f f  a s  t h e  
f i r s t  p a r t i c l e  o u t  a k t e f  a cu~~~p~r# . ind  nuc leus  5,s f n m e d .  The second 
p a r t ,  a  l i n e a r  term i n  neu t ron  energy,  r e p r e s e n t s  a l l  succeeding 
evapora t ions .  Thus t h e  formulas  t h a t  r e s u l t  a r e  



d(Ed) = K6 * M I N  (125. , 105. +Ed) * (06.191) 

d.  Comparison w i t h  Experiment 

F igu re  3 p r e s e n t s  a  comparison b e t w e e n ' t h e  model r e s u l t s  ' 

( c o r r e c t e d  f o r  t h e  expe r imen ta l  neu t ron  d e t e c t i o n  t h r e s h o l d )  and 
t h e  measurements between 15  and 40 MeV. The c a l c u l a t i o n  p a s s e s  
through t h e  d a t a  of  Nelson,  e t  a l .  , [ l l ]  Daruga, e t  a l .  , [6] ' 

e t  a l . ,  [13] Johnson,  e t  a l . ,  [14] and Sal tmarsh ,  e t  a l .  [ 7 ]  -The  
c a l c u l a t i o n s  a r e  lower t h a n  t h e  measurements of Lone, e t  a l . , [ 1 0 ]  
and Weaver, e t  a1 .  , [ I21  b u t  h i g h e r  than  those  of  Goland e t  a l .  
It shou ld  be  no ted  t h a t  t h e  d a t a  of Lone, e t  a l . ,  show a  ve ry  
l a r g e  y i e l d  f o r  low ene rgy  n e u t r o n s  (E < 2 ) ,  which is  ve ry  un- 

D c e r t a i n  due t o  u n c e r t a i n t i e s  i n  d e t e c t i o n  e f f i c i e n c y .  I f  t h e  2 .3  
MeV d e t e c t i o n  t h r e s h o l d  of  Lone, e t  a l . ,  i s  used i n s t e a d  of t h e i ~  
0 . 3  MeV t h r e s h o l d ,  tlie C / E ' S  change t o  . 89 ,  .92 ,  .85 r e s p e c t i v e l y .  
The d a t a  of Goland, e t  a l . ,  on t h e  o t h e r  hand,  show a  d r a s t i c  f a l l  
o f f  f o r  n e u t r o n s  below 5  MeV, maybe e x p l a i n i n g  why t h e  model pre-  
d i c t s . m o r e  n e u t r o n s  t han  t h e y  observed.  O v e r a l l ,  t h e r e  seems t o  
be  l i t t l e  deu te ron  energy dependence o r  a n g u l a r  dependence i n  t h e  
d i f f e r e n c e s  between t h e  model and t h e  measurements. 

Tlie HEW-UCD exper iment  i s  t h e  most d e t a i l e d  and p r e c i s e  e x - .  
per iment  f o r  t h e  deu te ron  ene rgy  of FMIT. F igu re  4 shows a  com- 
p a r i s o n  of t h e  neu t ron  spec t rum f o r  t h e  12' HEDL-UCD measurements .  
u s i n g  a  l o g a r i t h m i c  a x i s .  Table I d i s p l a y s  a  summary of t h e  
comparisons f o r  t h e  HEDL-UCD measurements. I t ' s h o u l d  be  no ted  
t h a t  t h e  0  - 1 MeV expe r imen ta l  v a l u e  is  assumed t o  be  (1 .5  + 1 .5 )  
of t h e  v a l u e s  between 1 and 2  MeV i n  agreement w i th  t h e  t r e n d  of 
t h e  HEDL-UCD d a t a  below 1 M e V .  I n  g e n e r a l ,  t h e  model a c c u r a t e l y  
d e s c r i b e s  t h e  measurement. 

1 V . e  APPLLCATIONS 

a .  Unperturbed Neutron S p e c t r a  

Two d i f f e r e n t  methods a r e  used t o  de termine  t h e  unper turbed  
n e u t r o n  s p e c t r a  i n  t h e  FMIT t e s t  c e l l .  The f i r s t  method which 



t r e a t s  t h e  s o u r c e  volume a s  a  set of d i s c r e t e  s o u r c e s  i s  ve ry  
f a s t  and f l e x i b l e ,  a l l owing  n o t  on ly  s p e c t r a ,  b u t  a l s o  d i s p l a c e -  
ment r a t e s ,  he l ium p roduc t ion  r a t e s ,  and volumes i n v o l v i n g  such 
q u a n t i t i e s ,  t o  be i nexpens ive ly  c a l c ~ ~ l a t e d .  The o t h e r  method, 
based  on t h e  Monte Ca r lo  t echn ique  [20 la l l ows  a n  e a s y  e x t e n s i o n  
t o  t h e  c a l c u l a t i o n  01 pe r tu rbed  f l l l x ~ s .  The d i f f e r e n c e  i n  t h e  
c a l c u l a t e d  unpe r tu rbed  f l u x e s  by t h e  two methods i s  l e s s  t han  1 Z .  

The d i s c r e t e  method u s e s  p l anes  co r r e spond ing  t o  e q u a l  AE 
s t e p s ,  w i th  s u r f a c e  e l emen t s  on t h e  p l a n e s  chosen t o  have equa? 
beam d e n s i t y .  The s o u r c e  is assumed t o  h e  c o n c e n t r a t e d  a t  t h e  
midpoin t  of t h e  s u r f a c e  e lement .  T y p i c a l l y  35 p l a n e s  (AE =lMeV) 

d  p l a n e s  w i th  80 s u r f a c e  clelllents a r e  used t o  e v a l u a t e  t h e  i n t e g r a l  
i n  Equat ion  1. Exper ience  h a s  shown t h a t  t h e  c a l c u l a t e d  i l u x  
v a l u e s  a r e  n o t  s e n s i t i v e  i f  t h e  number of s o u r c e  e l emen t s  i n  each  
p l ane  i s  above 50 b u t  a r e  ve ry  s e n s i t i v e  i f  on ly  one d i r e c t i o n  i n  
t h e  p l ane  i s  used.  The c a l c u l a t i o n s  of volumes having  f l u x  
g r e a t e r  t han  a  g iven  va lue  a r e  i n s e n s i t i v e  t o  t h e  t r e a t m e n t  of  t h e  
v e r r l c a l  ( lcm FIJHM) d i r e c t i o n ,  wh i l e  t h e  v a l u e  of  f l u x  a t  a  g iven  
p o i n t  i s  q11it.e s e n s i t i v e .  

The s o u r c e  f o r  t h e  Monte Ca r lo  n1eL11od i o  t r e a t e d  a s  6 sepa- 
r a t e  volumes co r r e spond ing  t o  E  =O t o  15MeV, 15MeV t o  20MeV, 20 
t o  2 5 ,  25 t o  30, 30 Lo 33, and 9 3  t o  35MeV, whose s o u r c e  s t r e n g t h  
was c a l c u l a t e d  u s i n g  t h e  d i s c r e t e  nludel. Neutrons a r e  assumed t o  
be  bo rn  uni formly  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  beam and 
acco rd ing  t o  t h e  beam p r o f i l e  i n  d i r e c t i o n s  p e r p e n d i c u l a r  t o  t h e  
beam. Both p l ane  and p o i n t  d e t e c t o r s  have been  used.  However, 
g r e a t  c a r e  must be  e x e r c i s e d  i n  t h e  use  of p l a n a r  d e t e c t o r s  n e a r  
t h e  source. because  of  t h e  r a p i d  v a r i a t i o n  of t h e  f l u x  n e a r  t h e  
sou rce .  

F igu re  5 shows t h e  p r e d i c t e d  unpe r tu rbed  s p e c t r a  f o r  f o u r  
r e p r e s e n t a t i v e  p o i n t s ,  t h e  p o i n t  of  t h e  h i g h e s t  f l u x ,  a  p o i n t  
f u r t h e r  a l o n g  t h e  a x i s  of  t h e  deu te ron  beam, a p o i n t  on t h e  back- 
i n g  p l a t e  which i s  o f f - a x i s ,  b u t  i n  t h e  midplane ,  and f i n a l l y  a  
p o i n t  on t h e  back ing  p l a t c  b u t  o f f  midplane.  The shapes  of t h e  
s p e c t r a  above 15MeV a r c  remarkably s i m i l a r .  Also t h e r e  i s  a  
s i g n i ' f i c a n t  number ol: ~rrcrtrono below lOMeV f o r  p o i n t s  neaf t h e  
backing  p l a t e  r e s u l t i n g  from nel l t rons  from wide-angle e f k e c t s .  

Although much a t t e n t i o n  i s  p a i d  t o  f l u x ,  t h e  e x p e r i m e n t a l i s t s  
who w i l l  use  F'MIT w i l l  be more i n t e r e s t e d  i n  p r e d i c t i n g  damage 
r a t e s ,  such  a s  d i sp l acemen t  and he l ium p roduc t ion .  

U n f o r t u n a t e l y ,  t h e  n u c l e a r  d a t a  needed f o r  such  c a l c u l a t i o n s  
a r e  i n  ve ry  poor  shape .  Data i s  needed p a s t  40MeV, b u t  E N D F / B , [ ~ ~ ]  
t h e  main U.S.  n u c l e a r  d a t a  l i b r a r y ,  e x t e n d s  on ly  t o  20MeV. There- 
f o r e ,  d a t a  f o r  i s o l a t e d  m a t e r i a l s  b u t  n o t  f o r  i r o n  o r  s t a i n l e s s  
s teel ,  have been  ob ta ined  ove r  t h e  des i - red  energy range .  To pro- 
v i d e  an i d e a  of t h e  u s e f u l n e s s  of  FMIT, damage pa rame te r s  f o r  Cu, 
t h e  evaluated m a t e r i a l  c l o s e s t  t o  i r o n .  have been used.  The d i s -  
placement c r o s s  s e c t i o n s  a r e  from O R N L [ ~ ~ ]  w i th  Edamagc = 30eV. 



Because t h e  ORNL c a l c u l a t i o n s  f o r  he l ium p roduc t ion  do n o t  ag ree  
w i th  measured values[?3,2*] and do n o t  i n c l u d e  p r o c e s s e s  such a s  
( n , 2 n a ) ,  new c a l c u l a t i o n s  u s i n g  t h e  computer code HAUSER*5[25] 
were performed.  

S ince  t h e  main r ea son  f o r  t h e  FMIT f a c i l i t y  is  t o  expand t h e  
damage d a t a  b a s e  from f i s s i o n  r e a c t o r s  t o  f u s i o n  r e a c t o r s ,  t h e  
damage response  i n  F'MIT shou ld  peak around 14MeV. F i g u r e s  6 and 
7 show t h e  p r e d i c t e d  damage r a t e s  (d isp lacement  and he l ium produc- 
t i o n s ,  r e s p e c t i v e l y )  f o r  t h e  f o u r  p o i n t s  of F igu re  5 .  A s  can b e  
s een ,  t h e r e  i s  r e l a t i v e l y  1 i t t l e . r e s p o n s e  a t  l o w , e n e r g i e s  and t n a t  
t h e  dnmngc r a t e s  do  peak i n  t h e  r eg ion  of i n t e r e s t .  

V .  CONCLUSION 

The unper turbed  neu t ron  s p e c t r a ,  d isp lacement  r a t e ,  and h e l -  
ium p roduc t ion  i n  t h e  FMIT t e s t  c e l l  have been c a l c u l a t e d  u s i n g  a  
sou rce  t e r m  which a g r e e s  w e l l  w i t h  expe r imen ta l  r e s u l t s :  The pre-  
d i c t e d  v a l u e s  show t h a t  t h e r e  e x i s t s  s i g n i f i c a n t  volumes hav ing  
damage r a t e s  g r e a t e r t h a n  t h a t  of  t h e  f i r s t  w a l l  of a  f u s i o n  
r e a c t o r .  



REFERENCES . 

1. E. W. P o t t m e y e r ,  J r . ,  "The F u s i o n  M a t e r i a l s  1 r r a d i a t . i o n  T e s t  
F a c i l i t y  a t  Hanford ,"  p r e s e n t e d  a t  t h e  1st T o p i c a l  Meet ing  on 
F u s i o n  R e a c t o r  M a t e r i a l s ,  Miami Beach ,- Fla. .  , J a n .  1979;  
J o u r n a l  o f  N u c l e a r  M a t e r i a l s ,  85 & 86 (1979) 463. -- 

2 .  M. J. S a l t m a r s h  and R. E. Worsham, "INGRID - a n  I n t e n s e -  Neu- 
t r o n  G e n e r a t o r  f o r  R a d i a t i o n - I n d u c e d  Damage S t u d i e s  i n  t h e  CTR 
M a t e r i a l  Program," ORNL-TM-5233, Oak Ridge N a t i o n a l  L a b o r a t o r y  
Oak R i d g e ,  Terlll. (Jai l .  1976) . 

3. F. Grand and A. N .  Goland ,  "An I n t e n s e  Neut ron  Source  Based 
' . Upon t h e  Deute r ium - S t r i p p i n g ,  R e a c t i o n , "  Nucl .  I n s t l .  Meth. 

145 (1977) 49. P. Grand ( e d . ) ,  " ~ c c e l e r a t o r  - Based N e u t r o n ,  - 
G e n e r a t o r , "  BNL-20159 and addendum,BNL-2048,,Brookhaven N a t ' l '  
T,abnratory,  Upton. WY ( J a n .  1975 and J a n .  1 9 7 6 ) .  

4. J. 0.  s c h i f f g e n s ,  R. L. Simons,  F. M.  Mann, and L.  L. C a r t e r ,  
" S p a t i a l  V a r i a t i o n s  o f  Damage P a r a m e t e r s  on FMIT and t h e i r  
I m p l i c a t i o n s , "  p r e s e n t e d  a t  t h e  1st T o p i c a l  M e e t i n g  on F u s i o n  
R e a c t o r  M a t e r i a l s .  Miami Beach,  F l a . ,  J a n .  1977;  
J o u r n a l  o f  N u c l e a r  M a t e r i a l s ,  85 & 86 (1979) 491.  

F. S c h m i t t r o t h  and F. M. Mann, "Flux-Volume Review f o r  t h e  
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  T e s t  F a c i l i t y  (FMIT)," TC-1375 
Hanford E n g i n e e r i n g  Development L a b o r a t o r y ,  R i c h l a n d ,  WA.,  
(May 1 9 7 9 ) .  

5 .  P. J. P e r s i a n i ,  W. B e c k e r ,  and J.  Donahue, "Neut ron  S p e c t r a  
f o r  t h e  40-MeV Deute ron  L i t h i u m  S o u r c e  System," T r a n s  Am Nucl  
SOC (1977) 795. 
P. J .  P c r s i n n i ,  W .  B e c k e r ,  and J.  Donahue, "Neutron Spec . t ra  
and B a s i c  D a t a  Requi rements  f o r  ( d , L i )  and  (d ,Be)  T a r g e t  Sys- 
tems ," i n  BNL-NCS-50681, Brookhaven N a t i o n a l  L a b o r a t o r y ,  
Upton, NY (1977) .  

6 .  V .  K. Daruga and  N .  N .  Krasnov ,  " P r o d u c t i o n  o f  S t r o n g ,  High- 
Energy Neut ron  F l u x e s  by  a  C y c l o t r o n  b y  I r r a d i a t i n g  T h i c k  
L i t h i u m  and B e r y l l i u m  T a r g e t s  w i t h  22-MeV D e u t e r o n s , "  Atomic 
Energy 30 (1971) 493 ,  t r a n s l a t e d  from t h e  R u s s i a n  Atomnaya 
E n e r g i y a  30 (1971) 399.  



M. J .  Sa l tmar sh ,  C.  A. Ludemann, C.  B .  Fulmer,  and R. C.  
S t y l e s ,  "Neutron Y i e l d s  and Dosimetry f o r  Be (d ,n )  and L i  
(d ,n )  Neutron Sources  a t  Ed = 40 MeV," i n  NBSIR 77-1279, 
N a t i o n a l  Bureau of S t a n d a r d s ,  Washington,  DC,  ( J u l y  1977) .  

G .  W.  Schweimer, " F a s t  Neut rons  P roduc t ion  w i th  54 MeV 
Deuterons ,"  Nucl. Phys.  - A100 (1967) 537. 

F. S c h m i t t r o t h ,  "Genera l ized  Leas t -Squares  f o r  Data Analys is"  
HEDL-TME 77-51, Hanford Eng inee r ing  Development Labo ra to ry ,  
R ich l and ,  W A .  , (March 1978) .  

N. A. Lone, "Neutron S p e c t r a l  D i s t r i b u t i o n s  from P r o t o n  and 
Deuteron Bombardment of Thick  L i  & Be T a r g e t s  ; a t  1 4 . 8 ,  1 8 ,  
Cu 23  PleV," i n  NHSlK 11-'lZ/Y, N a t i o n a l  Bureau of  S t a n d a r d s ,  
Washington,  D C ,  ( J u l y  1977) .  

C .  E .  Nelson ,  F. 0.  P u r s e r ,  P.  Von Behren,  and H. W. Newson, 
"Neutron S p e c t r a  from Deuteron and P ro ton  Bombardment o f  Thick 
L i th ium T a r g e t s , "  i n  BNL-NCS-50681, Brookhaven N a t i o n a l  Lab- 
o r a t o r y ,  Upton, NY (1977) .  

K .  W. Weaver, J. D. Anderson, H. H. B a r s c h a l l ,  and J. C. 
Daves, "Neutron S p e c t r a  from Deuteron Bombardment of  D ,  L i ,  
Be, and C," Nucl. S c i .  Eng. ,  52 (1973) 35. 

H. I. Amols, J. F. D i c e l l o ,  M. Awschalon, L. Coulson,  S. W. 
Johnson,  and R. B.' Theus,  " P h y s i c a l  C h a r a c t e r i z a t i o n  of  
Neucron Beams Producted  by  P r o t o n s  and Deuterons  of  Va r ious  
Ene rg i e s  Bombarding Be ry l l i um and L i th ium T a r g e t s  of  S e v e r a l  
Th i cknes se s , "  Med. Phys.  4 (1977) 486. 

D. L. Johnson,  F. M.  Mann, J. W.  Watson, J.  Ullmann, and W. G. 
Wyckoff, "Measurements and C a l c u l a t i o n s  of  Neutron S p e c t r a  
from 35 MeV Deuterons  on Thick  Li th ium f o r  t h e  FMIT F a c i l i t y "  
p r e s e n t e d  a t  t h e  1st Top ica l  Meeting on Fus ion  Reac to r  Mater- 
i a l s ,  Miami Beach, F l a .  , ( J an  1979) ; 
J o u r n a l  o f  Nuclear  M a t e r i a l s ,  85 & 86 (1979) 467. 

A. N .  Goland,  C.  L. Snead,  J r . ,  D. M. P a r k e r ,  and R. B. 
Theus,  "Use o f  L i  ( d ,n )  Neut rons  f o r  S i m u l a t i o n  o f  R a d i a t i o n  
E f f e c t s  i n  Fus ion  Reac to r s , "  I E E E  T r a n s a c t i o n s  on Nuclear  
Sc i ence ,  NS-22 (1975) 1776. Also s e e  f i r s t  a r t i c l e  under  
Reference  2 .  

L. R. Greenwood, R. R. H e i n r i c k ,  M. J .  Sa l tmar sh ,  and C. B .  
Fulmer,  " I n t e g r a l  T e s t s  of  Neutron A c t i v a t i o n  Cross  S e c t i o n s  
i n  a  9 ~ e  (d ,n )  F i e l d  a t  Ed = 40 MeV,"Nucl. Sci .&Eng.  72 (1979) 
175. 



R. S e r b e r ,  "The P r o d u c t i o n  o f  High Energy Neut rons  by  S t r i p -  
p ing ,"  Phys.  Rev. 72 (1947) 1008.  

L. S. Augus t ,  F. H .  A t t i p ,  G .  H. H e r l i n g ,  P. S h a p i r o ,  and 
R. B. Theus ,  Phys.  Med. Bio.  5 (1976) 931. 

See ,  f o r  example ,  P. Marmier and E. She ldon ,  P h y s i c s  o f  
N u c l e i  and P a r t i c l e s ,  Vol .  2 ,  p .  1233 ,  Academic P r e s s  I n c . ,  
New York  (1970) . 
LASL Group TD-6, "MCNP - A G e n e r a l  Monte C a r l o  Code f o r  Neu- 
t r o n  and Photdn  T r a n s p o r t  , I 1  LA-7396-M, Los Alamos Sci.en t i f  i c  
L a b o r a t o r y ,  Los Alamos, NM, ( J u l y  .1978). 

. , 

The E v a l u a t e d  N u c l e a r  D a t a  F i l e ,  m a i n t a i n e d  a t  t h e  N a t i o n a l  
N u c l e a r  D a t a  C e n t e r ,  Brookhaven N a t i o n a l  L a b o r a t o r y ,  Upton, 
NY. The c u r r e n t  v e r s i o n  is  ENDFIB-V. 

C.  Y .  Fu and F. G.  P e r e y ,  J o u r n a l  of N u c l e a r  M a t e r i a l ,  
(1976) 153.  

S. M. G r i m e s ,  R. C. H a i g h t ,  J. D. Anderson,  K. R. A l v a r ,  and 
R. R. B o r c h e r s ,  "Development o f  a  S p e c t r o n l r t e r  f o r .  t h e  Mea- 
surement  o f  ( n , x p ) ,  ( n , x d )  and ( n , x a )  C r o s s  S e c t i o n s ,  Angula r  
D i s t r i b u t i o n s ,  and s p e c t r a  a t  En = 1 5  MeV," i n  BNL-NCS-50681, 
Brookhaven N a t i o n a l  L a b o r a t o r y ,  Upton,  NY. (May 1 9 7 7 ) .  

H.  F a r r a r  I V ,  D. W.  K n e f f ,  R. A .  B r i t t e n ,  and R. R. H e i n r i c k ,  
"F luence  Mapping o f  RTNS-I b y  Helium Accumulat ion and F o i l  
A c t i v a t i o n  Methods," i n  BNL-NCS-50681, Brookhaven N a t i o n a l  
L a b o r a t o r y ,  Upton,  NY, (May 1 9 7 7 ) .  

F. M. Mann, "HAUSER*5, A Computer Code t o  C a l c u l a t e  N u c l e a r  
R e a c t i o n  C r o s s  S e c t i o n s , "  HEDL-TME 78-83, Hanford E n g i n e e r i n g  
Development L a b o r a t o r y ,  R i c h l a n d ,  WA (1979) .  



TABLE I 

SEUTRON YIELDS FRON d + Li 

As bkasurcd 

Experimenter A- a k!S 
Lone, et al. 14.8 0.3 0 3.1 

18.0 0.3 , ' 0 4.9 

2 3 ~ 0  0.3 0 10.3 

Nelson, et al. 15.0 1 .O 0 2.5 

15.0 1.0 10 2.0 

15.0 1.0 20 1.3 

15.0 1.0 30 .82 

15.0 1.0 ' 45 .58 

As Used in Fit 

& B valuee' 
15 0 5.70") 
19 . .O 5.87") 

22 0 9.20~) 

Heaver, et 31. 16.0 3.0 3.5 3.62.6 15 4 1.9~) 
19.0 3.0 3.5 5.82.9 19 4 . 7 . ~ ~ 1  
19.0 3.0 10 4.32.7 19 12 5. ob) 
19.0 3.0 18 2.9t.S 19 20 3.7b) 
19.0 3.0 25 2.02.3 19 20 3. sh) 

. 19.0 3.0 32 1.52.2 19 30 2.db) 

Saltmarsh. et al. 40 2.0 0 56.725.5 . 4o 
(TOP data) 0 39.11~' 

40 2.0 7 24.723.7 40 7 ~ 6 . 6 ~ )  
40 2.0 15 11.421.7 40 12 15.~" 
4 0 2.0 30 6.282.9 40 30 7. 5sc' 

40 , 2.0 45 5.61t.S' 40 45 4.~7~' , 
40 2.0 60 2.412.4 40 70 . 2.83" 
40 2.0 90 1.452.22 40 90 2.0lc) 

*)yield from 0-1 Lk\' a s s ~ m d  1.5' Yield 1-2 PkV 

a)~mllization uncertainty - ZOI, statistical uncertah~ty = 101 

b't&mlirition uncertainty - 16%. staiisrical uncertainty - 10% 
C)Nornalitation tncertainty = 15:. statistical uncertainty = 5: 

d)t&lnulization uncertainty - 151, statistical uncertainty 6.5: 

eluncertainties due to corrections are 100% of En-min correction For 5 2.0 LW. 501 for 
En 1 2.0 &V. 10% of and 
0 correction arr added to nbove u~cerraintics 



TABLE I1 

Comparison of HEDL-UCD Experiment and Model 

y i e l d a  (1016n/sec-A) 

- - 

6 
Maximum 

Angle b ,c 
Exp . Model R a t i o  -- Devia t ion  

a  
The y i e l d  is f o r  En >1 MeV. 

b ~ h e r e  i s  a 15% norma l i za t ion  u n c e r t a i n t y  i n  t h e  exper imenta l  d a t a .  

C 
h l y  t h a t  energy range  hav ing  Y i e l d  (0) >.05* MhY Y i c l d  (0 )  i s  
considered .  
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Fig. 3 Comparison between Model and Measurement 
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Fig. 5 Pred ic t ed  Unperturbed Neutron s p e c t r a  E-d=35 MeV, I-dcO.1 A 
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Fig. 6 Predicted Displacement Response for Copper E-d=35 MeV, 
I-d=O.l A 
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Fig .  7 Predlcced Helium Product ion Response E-d=35 MeV, I-d=O.l A 
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( n ,  x )  REACTIONS INDUCED BY 3 0  MeX. d  ( g e l  BREAK-UP 

NEUTRONS ON LR.T WALL A N D  S T R ~ C T U R A Z  MATERIALS 
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S.M. Qai.m, S .  K h a t u n *  a n d  R .  W o l f l e  

I n s t i t u t  f u r  C h e m i e  1  ( N u k l e a r c h e m i e )  
K e r n f o r s c h u n g s a n l a g e  J u l i c h  GmbH, 5 1 7  J i i l i c h ,  FRG 

ABSTRACT 

I n t e g r a l  c r o s s  s e c t i o n s  w e r e  m e a s u r e d  b y  
the  a c t i v a t i o n  t e c h n i q u e  f o r  some  3 0  M e V  
d  ( B e )  b r e a k - u p  n e u t r o n  i n d u c e d  ( n ,  2 n )  , ( n ,  3x1) , 
( n  ) , [ ( n , n V p )  + ( n , d )  1, ( n , a ) ,  ( n , n l a )  a n d  
( n l P H e )  r e a c t i o n s  o n  i s o t o p e s  o f  t h e  e l e m e n t s  

A l ,  T i ,  V ,  C r ,  Mn, F e ,  C o ,  N i ,  C u ,  Nb a n d  Mo. 
T r i t i u m  f o r m a t i o n  c r o s s  s e c t i o n s  w e r e  d e t e r -  
m i n e d  f o r  t h e  e l e m e n t s  A l ,  C r ,  Mn, F e ,  C o ,  N i  
a n d  SS b y  v a c u u m  e x t r a c t i o n  a n d  g a s  c o u n t i n g  
o f  t r i t i u m .  T h e  i n t e g r a l  c r o s s  s e c t i o n  d a t a  
a g r c c  w i t h i n  2 0 8  w i t h  t h e  a v e r a g e ,  c r o s s  
s e c t i o n  v a l u e s  d e d u c e d  f r o m  t h e  known , e x c i t a t i o n  
f u n c t i o n s  o f  a  f e w  r e a c t i o n s .  Some p r e l i m i n a r y  
s y s t e m a t i c  t r e n d s  o b s e r v e d  i n  t h e  c r o s s  s e c -  
t i o n  d a t a  a r e  d e s c r i b e d .  A c o m p a r i s o n  o f  t h e  
3 0  MeV d ( B e )  n e u t r o n  c r o s s  s e c t i o n s  w i t h  
t h o s e  a v a i l a b l e  a t  1 4 . 5  MeV i s  g i v e n  a n d  
some  o f  t h e  p o s s i b l e  c o n s e q u e n c e s  o f  t h e  u s e  
o f  a  3 0  MeV d ( B e )  n e u t r o n  s o u r c e  f o r  r a d i a t i o n  
d a m a g e . s t u d i e s ,  i n s t e a d  o f  a  1 4  M e V  d - t  s o u r c e ,  
e s p e c i a l l y  w i t h  r e g a r d  t o  h y d r o g e n  a n d  h e l i u m  
g a s  p r o d u c t i o n  i n  w a l l  a n d  s t r u c t u r a l  m a t e r i a l s , .  
a r e  d i s c u s s e d .  

* I A E A - F e l l o w ,  o n  l e a v e  from B a n g l a d e s h  A t o m i c  E n e r g y  
C o m m i s s ' i o n ,  D a c c a ,  B a n g l a d e s h  



INTRODUCTION 

I n  v i e w  o f  t h e  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  t h e  
c o n s t r u c t i o n  o f  h i g h  i n t e n s i t y  d - t . n e u t r o n  s o u r c e s  f o r  
r a d i a t i o n  d a m a g e  s t u d i e s  o n  f u s i o n  r e a c t o r  w a l l  a n d  
s t r u c t u r a l  m a t e r i a l s ,  t h e  p r o p o s a l  o f  u s i n g  d ( B e )  a n d  
d ( L i )  i n t e n s e  n e u t r o n  s o u r c e s  i s  g a i n i n g  i n c r e a s i n g  
i m p o r t a n c e .  H o w e v e r ,  f o r  a n  i n t e r p r e t a t i o n  o f  t h e  
r a d i a t i o n  damage  e f f e c t s  b r o u g h t  a b o u t  b y  d e u t e r o n  
b r e a k - u p  n e u t r o n  s p e c t r a  a n  e x t e n s i v e  k n o w l e d g e  o f  f a s t  
n e u t r o n  i n d u c e d  r e a c t i o n  c r o s s  s e c t i o n s  u p  t o  a b o u t  
4 0  MeV w i l l  b e  r e q u i r e d .  Some r e c e n t  s u r v e y s  [ I - 3 1  h a v e  
s h o w n  t h a t  t h e  c r o s s  s e c t i o n  d a t a  b a s e  a t  e n e r g i e s  
a b o v e  1 5  MeV i s  v e r y  w e a k .  C r o s s  s e c t i o n  m e a s u r e m e n t s  
a t  d i s c r e t e  n e u t r o n  e n e r g i e s  r e q u i r e  c o n s i d e r a b l e  
e f f o r t  b u t  w o u l d  y i e l d  v a l u a b l e  i n f o r m a t i o n  f o r  t e s t i n g  
r ~ i i c l e a r  m o d e l s  a n d  d e v e l o p i n g  c o m p u t a t i o n a l  c o d e s ,  
e s p e c i a l l y  i n  t h e  e n e r g y  r e g i o n  a b o v e  3U M e V .  F U L  
i m m e d i a t e  u s e ,  i n t e g r a l  cross s e ~ l i o n  m c a c u x e m e n t q  w i t h  
d e u t e r o n  b r e a k - u p  n e u t r o n  s p e c t r a  c o u l d  y i e l d  i n f o r m a -  
t i o n  u s e f u l  f o r  v a r i o u s  c a l c u l a t i o n s .  

I n  c o n n e c t i o n  w i t h  our f u n d a m e n t a l  s t u d i e s  o n  t h e  
e m i s s i o n  o f  3~ a n d  3 ~ e  p a r t i c l e s  i n  f a s t  n e u t r o n  i n -  
d u c e d  r e a c t i o n s ,  u s i n g  a c t i v a t i o n ,  t r i t i u m  c o u n t i n g  
a n d  m a s s  s p e c t r o m e t r i c  t e c h n i q u e s ,  we c a r r i e d  o u t  
e x t e n s i v e  i n t e g r a l  c r o s s  s e c t i o n  m e a s u r e m e n t s  w i t h  a  
5 3  MeV d ( B e )  n e u t r o n  s o u r c e  [ 4 - 6 1 .  T h e  p r e s e n t  p a p e r  
d e s c r i b e s  i n t e g r a l  c r o s s  s e c t i o n  m e a s u r e m e n t s  o n  
s e v e r a l  p o t e n t i a l  FRT m a t e r i a l s  w i t h  a  3 0  M e V  d ( B e )  
n e u t r o n  s o u r c e .  

NEUTRON SPECTRUM AND IRRADIATIONS 

F a s t  n e u t r o n s  w e r e  p r o d u c e d  b y  b o m b a r d i n g  a  1 c m  
t h i c k  B e  t a r g e t  w i t h  30 M e V  d e u t e r o n s  a t  t h e  J i i l i c h  
i s o c h r o n o u s  c y c l o t r o n  ( J U L I C )  . The  e jZpeuiuie l iLa1 
a r r a n g e m e n t  i s  g i v e n  s c h e m a t i c a l l y  i n  F i g .  l ( A ) .  

T h e  h i g h  e n e r g y  p a r t  o f  t h e  n e u t r o n  s p e c t r a  p r o -  
d u c e d  i n  t h e  i n t e r a c t i o n s  o f  h i g h  e n e r g y  d e u t e r o n s  ( E d >  
3 0  MeV) w i t h  Be i s  known [ 7 , 8 ] .  I n  t h e  l o w  e n e r g y  r e -  
g i o n  o f  t h e  n e u t r o n  s p e c t r u m ,  h o w e v e r ,  t h e r e  a r e  some  
d i s c r e p a n c i e s .  F o r  c h a r a c t e r i z i n g  t h e  3 0  MeV d ( B e )  n e u -  
t r o n  s p e c t r u m  i n  t h e  f o r w a r d  d i r e c t i o n ,  N e t h a w a y  e t  a 1  
[ 9 ]  u s e d  t h e  m u l t i p l e  f o i l  a c t i v a t i o n  t e c h n i q u e  a n d  r e -  
p o r t e d  t h e  s p e c t r u m  g i v e n  i n  F i g .  1 ( B ) .  By a p p l y i n g  t h e  
s a m e  t e c h n i q u e  o f  s p e c t r u m  u n f o l d i n g  t h r o u g h  t h e  u s e  o f  
t h r e s h o l d  r e a c t i o n s  a n d  c o r r e c t i n g  Tor t h e  a n g l e  d e p e n d e n t  



i n t e n s i t y  o f  t h e  n e u t r o n s  [ 8 , 1 0 )  i n c i d e n t  a t  o u r  i r r a -  
d i a t i o n  p o s i t i o n  a s  w e l l  a s  f o r  t h e  d e c r e a s e  i n  t h e i r  
i n t e n s i t y  due t o  p a s s a g e  t h r o u g h  b e r y l l i u m ,  c o p p e r  and  
t h e  i r r a d i a t i o n  s a m p l e s  we o b t a i n e d  t h e  s h a p e  o f  t h e  
s p e c t r u m  a t  t h e  B e - c o n v e r t e r  which was v e r y  s i m i l a r  t o  
t h a t  g i v e n  i n  F i g .  1 ( B ) .  Some s m a l l  d e v i a t i o n s  o b s e r v e d  
a r e  b e i n g  i n v e s t i g a t e d ' f u r t h e r  b u t  f o r  c r o s s  s e c t i o n  
measu remen t s  t h e  s p e c t r u m  g i v e n  i n  F i g .  1 ( B )  was 
a d o p t e d .  The n e u t r o n  s p e c t r u m  h a s  a  s t r o n g  low e n e r g y  
component .  I t s  e x a c t  o r i g i n  i s  n o t  known. P re sumab ly  
some c o n t r i b u t i o n  i s  f u r n i s h e d  by s e c u n d a r y  e f f e c t s .  
The s p e c t r u m  can  b e  d i v i d e d  r o u g h l y  i n t o  t h r e e  g r o u p s  
w i t h  e n e r g y  r e g i o n s  and  r e l a t i v e  i n t e n s i t i e s :  2  t o  8  
MeV ( 3 9 . 5 % ) ,  8  t o  13 .5  MeV ( 2 5 . 5 % )  and 1 3 . 5  t o  30 M e V  
( 3 5 . 0 % ) .  

I r r a d i a t i o n s  were  c a r r i e d  o u t  a t  a  d i s t a n c e  o f  
a b o u t  6 cm f rom t h e  B e - c o n v e r t e r .  F o r  measu remen t s  
i n v o l v i n g  B-coun t ing  o r  y - r a y  s p e c t r o s c o p y  a b o u t  0 . 1  g  
o f  t h e  h i g h  p u r i t y  t a r g e t  m a t e r i a l ,  g e n e r a l l y  i n  t h e  
form o f  an e n r i c h e d  i s o t o p e ,  was s andwiched  be tween  two 
a lumin ium f o i l s  ( e a c h  1 . 0  x  1 . 0  x 0 . 0 3  cm) and  i r r a -  
d i a t e d  f o r  p e r i o d s  v a r y i n g  be tween 2  min and 5  h ,  
d e p e n d i n g  on t h e  h a l f - l i f e  o f  t h e  a c t i v a t i o n  p r o d u c t .  
Beam c u r r e n t s  were a r o u n d  2 . 5  V A .  The 2 7 ~ l ( n , Q ) 2 4 ~ a  
r e a c t i o n  s e r v e d  a s  a  m o n i t o r  on t h e  e x p e r i m e n t a l  con-  
d i t i o n s  d u r i n g  e a c h  i r r a d i a t i o n .  I n  measu remen t s  i n -  
v o l v i n g  t r i t i u m  c o u n t i n g ,  f o r  e a c h  i n v e s t i g a t e d  m e t a l  
a b o u t  10 f o i l s  ( e a c h  1 . 0  x  1 . 0  x 0 . 1  cm) were  s t . a c k e d  
t o s e t h e r ,  w i t h  an a luul in ium f o i l  s e p a r a t i n g  e a c h  m e t a l  
f o i l ,  and  t h e  i r r a d i a t i o n  was done  f o r  a b o u t  10 h .  

CROSS SECTION MEASUREMENTS 

C r o s s  s e c t i o n s  were  measu red  by a c t i v a t i o n  and  
i d e n t i f i c a t i o n  o f  t h e  r a d i o a c t i v e  p r o d u c t s  a s  d e s c r i b e d  
i n  s e v e r a l  p u b l i c a t i o n s  from t h i s  I n s t i t u t e  [ c f .  11-13]. 
I n  t h e  c a s e  o f  s o f t  r a d i a t i o n  e m i t t e r s  a s  w e l l  a s  low- 
y i e l d  r e a c t i o n  p r o d u c t s  r a d i o c h e m i c a l  s e p a r a t i o n s  were  
p e r f o r m e d  L11,14].  The r a d i o a c t i v i t y  o f  t h e  a c t i v a t i o n  
p r o d u c t  was g e n e r a l l y  d e t e r m i n e d  by G e ( L i )  d e t e c t o r  y- 
r a y  s p e c t r o s c o p y  o r  S i ( L i )  d e t e c t o r  X-ray g p e c t r o s c o p y .  
I n  some c a s e s ,  l o w - l e v e l  a n t i c o i n c i d e n c e  I3 - c o u n t i n g  
a s  w e l l  a s  4 1 ~ 8 y - c o i n c i d e n c e  method was a l s o  u s e d .  C r o s s  
s e c t i o n s  were  o b t a i n e d  by a p p l y i n g  t h e  u s u a l  c o r r e c t i o n s  
l i k e  t h o s e  f o r  d e c a y ,  B and  y - r a y  b r a n c h i n g  r a t i o s ,  
c o u n t i n g  e f f i c i e n c y ,  g e o m e t r y ,  a b s o r p t i o n ,  e t c .  



The t r l t i u m  f o r m a t i o n  c r o s s  s e c t i o n s  w e r e  d e t e r -  
m i n e d  by vacuum e x t r a c t i o n  o f  t r i t i u m  f r o m  t h e  i r r a -  

0 
d i a t e d  m e t a l  f o i l s  a t  1000  C f o l l o w e d  by  g a s  p h a s e  
c o u n t i n g  u s i n g  a n  a n t i c o i n c i d e n c e  s y s t e m  [ 4 ] .  

RESULTS A N D  DISCUSSION 

C r o s s  S e c t i o n  D a t a  a n d  S y s t e m a t i c s  

The m e a s u r e d  a c t i v a t i o n  c r o s s  s e c t i o n s  £05 some o f  
t h e  r e l a t i v e l y  s t r o n g  r e a c t i o n  c h a n n e l s  ( n , 2 n ) ,  ( n , p ) ,  
( n , a )  a n d  [ ( n , n l p )  + ( n , d )  ] a r e  p l o t t e d  i n  F i g .  2  a s  a  
f u n c t i o n  o f  t h e  a s y m m e t r y  p a r a m e t e r  (N-Z)/A. The c r o s s  
s e c t i o n  d a t a  a n d  t h e  p r e l i m i n a r y  t r e n d s  d e s c r i b e d  h e r e  
f o r  ?fl M e V  d ( B e ) - b r e a k - u p - n e u t r o n s  h a v e  b e e n  o b s e r v e d  
f o r  t h e  f i r s t  t i m e .    he t r e n d s  afc ~ o m a w h a t  s i m i l a r  t o  
t h o s e  a t  1 4  MeV [1,3]. A s  i o  e v i d e n t .  i n  t h e  l i g h t  mass  
r e g i o n  t h e  r e a c t i o n s  i n v o l v i n g  t h e  e m i s s i o n  o f  c h a r g e d  
p a r t i c l e s  c o m p e t e  s t r o n g l y  w i t h  t h e  ( n , 2 n )  p r o c e s s .  
W i t h  i n c r e a s i n g  a s y m m e t r y ,  h o w e v e r ,  t h e  c r o s s  s e c t i o n  
o f  t h e  ( n , 2 n )  p r o c e s s  i n c r e a s e s  a n d ,  a s  a  g e n e r a l  
f e a t u r e ,  t h o s e  o f  p r o c e s s e s  i n v o l v i n g  t h e  e m i s s i o n  o f  
c h a r g e d  p a r t i c l e s  d e c r e a s e .  F o r  a  d e t a i l e d  a n a l y s i s  
o f  t h e  s y s t e m a t i c  t r e n d s  more  d a t a  a r e  n e e d e d .  

C r o s s  s e c t i o n s  f o r  some o f  t h e  o t h e r  h i g h  t h r e s -  
h o l d  p r o c e s s e s  l i k e  ( n ,  3 n )  , ( n , n t a )  a n d  ( n ,  3 ~ e )  i n -  
v e s t i g a t e d  by  t h e  a c t i v a t i o n  t e c h n i q u e  a r e  g i v e n  i n  
Tab1.e I .  A s  y e t  t h e  d a t a  a r e  t o o  few t o  d i s c e r n  a n y  
s y s t e m a t i c  t r e n d s .  

T h e  t r i t i u m  f o r m a t i o n  c r o s s  s e c t i o n s  o f  some o f  
t h e  c o n s t i t u e n t s  o f  p o t e n t i a l  f i r s t  w a l l  a n d  s t r u c t u r a l  
m a t e r i a l s ,  d e t e r m i n e d  by  t r i t i u m  c o u n t i n g ,  a r c  g i v e n  
i n  T a b l e  11. I t  s e e m s  w o r t h  m e n t i a n i ~ l g  t h a t  t h e  t r i t i u m  
f o r m a t i o n  c r o s s  s e c t i o n  f o r  s t a i n l e s s  s t e e l  d c t c r m i n e d  
c x p e r i m e n t a l l y  a g r e s s  w e l l  w i t h  t h a t  e s t i m a t e d  f r o m  t h e  
e r l t l 1 1 1 n  f ~ r m a t i o n  c r o s s  s e c t i o n s  o f  t h e  i n d i v i d u a l  
c o n s t i t u e n t s  o f  SS.  

I n t e g r a l  D a t a  a n d  A v e r a g e  C r o s s  S e c t i o n  V a l u e s  d e d u c e d  
f r o m  t h e  E x c i t a t i o n  F u n c t i o n s  

F o r  a  few c u c l e a r  r e a c t i o n s  we o b t a i n e d  a v e r a g e  
c r o s s  s e c t i o n s  0 ( e f f e c t i v e  f o r  t h e  n e u t r o n  s p e c t r u m  
g i v e n  i n  F i g .  1 )  by a n  i n t e g r a t i o n  o f  t h e  known , e x c i -  
t a t i o n  f u n c t i o n s  [ I S - 1 7 1 .  The v a l u e s  a r e  g i v e n  i n  T a b l e  
I11 a n d  a r e  c o m p a r e d  w i t h  o u r  e x p e r i m e n t a l  d a t a  ob.- . 
t a i n e d  by i n t e g r a l  m e a s u r e m e n t s .  B o t h  se ts  o f  d a t a a g r e e  
w i t h i n  a b o u t  2 0 % .  T h i s  may b e  c o n s i d e r e d  a s  r a t h e r  g o o d  



s i n c e  i n  t h e  e n e r g y  r e g i o n  a b o v e  20 MeV some o f  t h e  
e x c i t a t i o n  f u n c t i o n s  h a v e  l a r g e  e r r o r s .  T h i s  a d d s  c o n -  
f i d e n c e  t o  o u r  e x p e r i m e n t a l  d a t a ,  e s p e c i a l l y  i n  t h o s e  
c a s e s  w h e r e  t h e  e x c i t a t i o n  f u n c t i o n s  a r e  n o t  known. 

C o m p a r i s o n  o f  30 MeV d ( B e )  a n d  1 4 . 5  MeV D a t a  

The r a t i o s  o f  c r o s s  s e c t i o n s  f o r  30 MeV d ( B e )  n e u -  
t r o n s  m e a s u r e d  i n  t h i s  work t o  t h o s e  r e p o r t e d  f o r  1 4 . 5  
MeV n e u t r o n s  [ 1 8 ]  a r e  shown a s  a  f u n c t i o n  o f  t h e  asym- 
m e t r y  p a r a m e t e r  ( N - Z )  /A i n  F i g .  3 :  ( A )  f o r  ( n , 2 n )  r e a c -  
t i o r l s ,  (B) f o r  [ ( n , n t p )  + ( n , d )  ] r e a c t i o n s ,  ( C )  f o r  ( n , p )  
r e a c t i o n s  a n d  ( D )  f o r  ( n , a )  r e a c t i o n s .  W h e r e a s  f o r  
( n , a )  r e a c t i o n s  t h e  r a t i o  i s  p r a c t i c a l l y  c o n s t a n t ,  i n  
t h e  c a s e  o f  ( n . 2 n )  a n d  ( n , p )  r e a c t i o n s ,  w i t h  i n c r e a s i n g  
( N - Z ) / A  t h e  r a t i o s  d e c r e a s e ,  a p p a r e n t l y  d u e  t o  i n -  
c r e a s i n g  c o m p e t i t i o n  f r o m  t h e  ( n , 3 n )  a n d  ( n , n ' p )  p r o -  
c e s s e s ,  r e s p e c t i v e l y .  The r a t i o s  f o r  t h e  [ ( n ,  n ' p )  + ( n  ,d)] 
r e a c t i o n s  i n c r e a s e  w i t h  i n c r e a s i n g  ( N - Z ) / A .  

From F i g .  3  i t  i s  a p p a r e n t  t h a t ,  d u e  t o  t h e  
g e n e r a l l y  l o w e r  ( n , 2 n )  c r o s s  s e c t i o n s  o f  p o t e n t i a l  
s t r u c t u r a l  m a t e r i a l s  w i t h  30  MeV d ( B e )  n e u t r o n s  t h a n  
w i t h  1 4 . 5  MeV n e u t r o n s ,  t h e  n e u t r o n  m u l t i p l i c a t i o n  
f a c t o r  w i l l  b e  s l i g h t l y  l o w e r  i n  t h e  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  t e s t  f a c i l i t y  (FMIT) t h a n  i n  t h e  c a s e  o f  
i n t e n s e  14 MeV n e u t r o n  s o u r c e s .  T h i s  w i l l ,  h o w e v e r ,  b e  
p a r t l y  c o m p e n s a t e d  by  t h e  ( n , 3 n )  p r o c e s s  ( c f .  T a b l e  I )  
w h i c h  a t  1 4 . 5  MeV i s  e n e r g e t i c a l l y  n o t  p o s s i b l e .  

A s  f a r  a s  h y d r o g e n  p ~ u d u e t i o n  i n  s t r u c t u r a l  
m a t e r i a l s  i s  c o n c e r n e d ,  a t  1 4 . 5  MeV t h e  m a j o r  c o n t r i -  
b u t i o n  i s  f u r n i s h e d  by  ( n , p )  r e a c t i o n s  ( w i t h  t h e  
e x c e p t i o n  o f  some l i g h t  m a s s  n u c l i d e s  w h i c h  h a v e  h i g h  
( n , n ' p )  c r o s s  s e c t i o n s ) .  W i t h  t h e  3 0  MeV d ( B e )  n e u t r o n s ,  
h o w e v e r ,  b o t h  ( n , p )  a n d  '[ ( n , n l p )  + ( n , d )  ] r e a c t i o n s  w i l l  
c o n t r i b u t e  a l m o s t  e q u a l l y .  

He l ium p r o d u c t i o n  i n  s t r u c t u r a l  m a t e r i a l s  c o n -  
s t i t u t e s  a  v e r y  s e r i o u s  p r o b l e m  f r o m  t h e  p o i n t  o f  v i e w  
o f  r a d i a t i o n  damage .  A t  1 4 . 5  MeV t h e  m a j o r  s o u r c e  o f  
h e l i u m  p r o d u c t i o n  i s  t h e  ( n , a )  r e a c t i o n  ( w i t h  a b o u t  2.0% 
c o n t r i b u t i o n  f r o m  t h e  ( n , n l a )  p r o c e s s  [ 3 ] ) .  W i t h  t h e  
30 MeV d ( B e )  n e u t r o n s  t h e  ( n , a )  c r o s s  s e c t i o n  i s  o n l y  
a b o u t  h a l f  o f  t h e  1 4 . 5  MeV v a l u e .  On t h e  o t h e r  h a n d ,  t h e  
t w o  ( n , n l a )  c r o s s  s e c t i o n s  r e p o r t e d  ( T a b l e  I )  show t h a t  
t h e  ( n , n l a )  c o n t r i b u t i o n  i n  t h e  c a s e  o f  30 MeV d ( B e )  
n e u t r o n s  i s  c o m p a r a b l e  t o  t h a t  o f  ( n , a )  r e a c t i o n s .  

The ( n , t )  a n d  ( n ,  3 ~ e )  r e a c t i o n  c r o s s  s e c t i o n s  w i t h  
30 MeV d ( B e ) . n e u t r o n s  a r e  a p p r e c i a b l y  h i g h e r  t h a n  t h o s e  
w i t h  1 4 . 5  MeV n e u t r o n s .  I n  t e r m s  o f  a b s o l u t e  m a g n i t u d e s ,  
h o w e v e r ,  t h e s e  r e a c t i o n s  c o n s t i t u t e  o n l y  weak r e a c t i o n  
c h a n n e l s  e v e n  a t  h i g h  e x c i t a t i o n  e n e r g i e s .  



From t h e  a b o v e  d i s c u s s i o n  i t  a p p e a r s  t h a t  t h e  
t o t a l  r a d i a t i o n  d a m a g e  c a u s e d  i n  FRT m a t e r i a l s  v i a  
h y d r o g e n  a n d  h e l i u m  g a s  p r o d u c t i o n  may b e  t h e  s a m e  
w h e t h e r  3 0  MeV d ( B e )  n e u t r o n s  o r '  1 4 . 5  MeV n e u t r o n s  a r e  
u s e d .  F o r  a  d e t a i l e d  i n t e r p r e t a t i o n  o f  t h e  e n d  e f f e c t s ,  
h o w e v e r ,  ~n the Iorrner c a s e  a much s t r o n g e r  c r o s s  
s e c t i o n  d a t a  b a s e  i s  n e e d e d .  

ACKNOWLEDGEMENTS 

I t  i s  a  p l e a s u r e  t o  t h a n k  P r o f .  G .  S t o c k l i n  f o r h i s  
a c t i v e  s u p p o r t  o f  t h i s  r e s e a r c h  p r o g r a m m e .  A c k n o w l e d g e -  
m e n t  i s  made t o  t h e  I s o c h r o n o u s  C y c l o t r o n  G r o u p  f o r  
t h e i r  c o u n s e l  a n d  h e l p  i n  t h e  c o n s t r u c t i o n  o f  t h e  Be- 
t a r g a t  a n d  t o  t h e  m a c h i n e  o p e r a t o r s  f o r  p e r f o r m i n g  
n u m e r o u s  i r r a d i a t i o n s .  M r .  H .  O l l i g  d u d  Mrs. A .  
S c h l e u t e r  a s s i s t e d  a p p r e c i d l l y  i n  t h e  e x p e r i m e n t a l  
r n e a s u r e m c n t s .  O n e  o f  u s  ( S  . K . )  t h a n k s  t h e  IAEA f o r  a  
f e l l o w s h i p  a n d  t h c  B a n g l a d e s h  A t o m i c  E n e r g y  C o m m i s s i o n  
f o r  g r a n t i n g  l e a v e  o f  a b s e n c e .  

REFERENCES 

1 .  S.M. Q A I M ,  "A S u r v e y  o f  F a s t  N e u t r o n  I n d u c e d  R e a c -  
t i o n  C r o s s  S e c t i o n  D a t a " ,  i n  P r o c - C o n f .  o n  N u c l e a r  
C r o s s  S e c t i o n s  a n d  Technology, W a s h i n g t o n ,  D.C.  
( 1 9 7 5 )  , NBS S p e c i a l  P u b l i c a t i o n  4 2 5  ( 1 9 7 5 )  p .  6 6 4 .  

2 .  R.C.  HAIGHT, " R e v i e w  o f  N e u t r o n  D a t a :  16 Lo 40 
MeV", i n  Proo .Sympns i ,um o n  N e u t r o n  C r o s s  S e c t i o n s  
f r o m  1 0  t o  4 0  MeV, B r o o k h a v e n  ( 1 9 7 7 ) ,  BNL-NCS-50681 
( 1 9 7 7 ) ,  p .  2 0 1 .  

3 .  S.M. QAIM, " R e c e n t  A d v a n c e s  111  L l l e  Ckud\r 1 l . f  snmc 
N e u t r o n  T h r e s h o l d  R e a c t i o n s " ,  i n  P r o c . I n t . C o n f .  o n  
N e u t r o n  P h y s i c s  a n d  N u c l e a r  D a t a  f o r  R e a c t o r s  a n d  
o t h e r  A p p l i e d  P u r p o s e s ,  H a r w e l l  ( 1 9 7 8 ) ,  OECD- 
N u c l e a r  E n e r g y  A g e n c y ,  P a r i s  ( 1 9 7 9 )  , p .  1 0 8 8 .  

4 .  S.M. QAIM, R .  wOLFLE a n d  G .  STOCKLIN, " F a s t  Neu- 
t r o n  I n d u c e d  [ ( n , t ) + ( n , n l t ) ]  R e a c t i o n  C r o s s  S e c -  
t i o n s  in t h e  Medium a n d  Heavy Mass  R e g i o n s " ,  
J .  I n o r g  . N u c l  . Chem. , 36, 3 6 3 9  ( 1 9 7 4 )  . 



5 .  S.M. QAIM a n d  R .  WOLFLE, " T r i t o n  E m i s s i o n  i n  t h e  
1 n . t e r a c t i o n s  o f  F a s t  N e u t r o n s  w i t h  N u c l e i " ,  
N u c l . P h y s . ,  e, 1 5 0  ( 1 9 7 8 ) .  

6 .  C .H .  W U ,  R .  WOLFLE a n d  S.M. QAIM, " A c t i v a t i o n  a n d  
Mass  S p e c t r o m e t r i c  S t u d y  o f  3 ~ e  P a r t i c l e  E m i s s i o n  
i n  t h e  I n t e r a c t i o n s  o f  F a s t  N e u t r o n s  w i t h  Medium 
M a s s  N u c l e i " ,  N u c l . P h y s . ,  A 3 2 9 ,  6 3  ( 1 9 7 9 ) .  

7 .  G . W .  SCHWEIMER, " F a s t  N e u t r o n  P r o d u c t i o n  w i t h  5 4  
MeV D e u t c r o n s " ,  N u C l . P h y s . ,  A 1 0 0 ,  5 3 7  ( 1 9 6 7 )  

8 .  J . P .  MEULDERS e t  a l . ,  " F a s t  N e u t r o n  Y i e l d s  a n d  
S p e c t r a  f r o m  T a r g e t s  o f  V a r y i , n g  A t o m i c  Number 
B o m b a r d e d  w i t h  D e u t e r o n s  f r o m  1 6  t o  5 0  MeV", 
P h y s . M e d . B i o l . ,  20, 2 3 5  ( 1 9 7 5 ) .  

9 .  D . R .  NETHAWAY e t  a l . ,  " N e u t r o n  S p e c t r a  f r o m  3 0  MeV 
D e u t e r o n s  o n  a    hick B e r y l l i u m  T a r g e t " ,  i n  P r o c .  
Sympos ium o n  N e u t r o n  C r o s s  S e c t i o n s  f r o m  1 0  t o  4 0  
MeV, B r o o k h a v e n  ( 1 9 7 7 ) ,  BNL-NCS-50681 ( 1 9 7 7 ) ,  
p .  1 3 5 .  

1 0 .  M . A .  LONE, " I n t e n s e  F a s t  N e u t r o n  S o u r c e  R e a c t i o n s ' :  
i n  P r o c . S y m p o s i u m  o n  N e u t r o n  C r o s s  S e c t i o n s  f r o m  
1 0  t o  4 0  MeV, B r o o k h a v e n  ( 1 9 7 7 ) ,  BNL-NCS-50681 
( 1 9 7 7 ) ,  p .  7 9 .  

1 1 .  S.M. QAIM a n d  G .  STOCKLIN, " A  S y s t e m a t i c  I n v e s t i g a -  
t i o n  o f  ( n , t )  R e a c t i o n s  a t  1 4 - 1 5  MeV o n  Medium a n d  
Heavy Mass  N u c l e i " ,  J . I n o r g . N u c l . C h e m . ,  35, 1 9  
( 1 9 7 3 )  . 

1 2 .  S.M. QAIM, " T o t a l  ( n , 2 n )  C r o s s  S e c t i o n s  a n d  I s o -  
m e r i c  C r o s s  S e c t i o n  R a t i o s  a t  1 4 . 7  M e V  i n  t h e  
R e g i o n  o f  R a r e  E a r t h s " ,  N u c l . P h y s . ,  A224 ,  3 1 9  
( 1 9 7 4 )  . 

1 3 .  N . I .  MOLLA a n d  S.M. QAIM, "A S y s t e m a t i c  S t u d y  o f  
( n , p )  R e a c t i o n s  a t  1 4 . 7  MeV", N u c l . P h y s . ,  A 2 8 3 ,  
2 6 9  ( 1 9 7 7 )  . 

1 4 .  S.M. QAIM, R .  W ~ L F L E  a n d  G .  sTOCKLIN, " R a d i o c h e m i -  
c a l  M e t h o d s  i n  t h e  D e t e r m i n a t . i o n  o f  N u c l e a r  D a t a  
f o r  F u s i o n  R e a c t o r  T e c h n o l o g y " ,  J - R a d i o a n a l y t .  
Chem. ,  30, 3 5  ( 1 9 7 6 ) .  

1 5 .  D . I .  GARBER a n d  R . R .  KINSEY, " N e u t r o n  C r o s s  S ~ C -  
t i o n s ,  Vo lume  11, C u r v e s " ,  BNL 3 2 5  ( 1 9 7 6 ) .  



1 6 .  A .  PAULSEN, " S t a t u s  R e p o r t  a b o u t  some  A c t i v a t i o n ,  
H y d r o g e n  a n d  H e l i u m  P r o d u c i n g  C r o s s  S e c t i o n s  o f  
S t r u c t u r a l  M a t e r i a l s " ,  i n  P r o c . S p e c i a l i s t  M e e t i n g  
o n  N e u t r o n  D a t a  o f  S t r u c t u r a l  M a t e r i a l s  f o r  F a s t  
R e a c l - . o r s ,  G e e 1  ( 1 9 7 7 ) ,  P e r g a m o n  P r e s s ,  O x f o r d  
( 1 9 7 9 1 ,  p .  2 6 1 .  

1 7 .  D . R .  NETHAWAY, " T h e  "Nb ( n ,  2x1) 9 2 m ~ b  C r o s s  S e c t i o n t o r  ' 

J . l n o r g , N u c l . C h e m . ,  40, 1 2 8 5  ( 1 9 7 8 ) .  

1 0 -  S.M. Q A T M ,  " 1 4  M e V  N e u t r o n  A c t i v a t i o n  C r o s s  S e c -  
t i o n s " ,  i n  H a n d b o o k  o f  S p e c t r o s c o p y ,  V o l .  111, CRC 
P r e s s ,  P a l m  B e a c h ,  i n  p r e s s .  



TABLE I 

C r o s s  S e c t i o n s  o f  s o m e  w e a k  R e a c t i o n  C h a n n e l s  
i n d u c e d  b y  F a s t  N e u t r o n s  

a  
N u c l e a r  R e a c t i o n  Q - v a l u e  C r o s s  S e c t i o n  C r o s s  S e c t i o n  

(MeV) f o r  30 M e V  a t  1 4 . 5  ~ e ~ b  
d ( B e )  n e u t r o n s  Exp. o r  

(mb)  [ ~ ~ s t e m a t i c s ]  
(mb)  

4 7 ~ i  ( n ,  31-11 4 5 ~ i  2 2 . 0 7  1 . 1 0  ?r 0 . 2 5  

5 0 ~ r  ( n ,  3 n )  4 8 ~ r  2  3.. 5 8  0 . 0 7  2 0 . 0 3  

5 3 ~ r  ( n ,  3 n )  5 1 ~ r  2 0 . 1 1  1 0 . 5 6  + 1 . 6  

5 9 ~ o  ( n ,  3 n )  5 7 ~ o  1 9 . 0 3  1 1 . 2 2  + 1 . 8  

5 8 ~ i  ( n ,  3x1) 5 6 ~ i  2 2 . 4 6  0 . 0 2  t 0 . 0 1  

6 3 ~ u ( n , 3 n )  6 1 ~ u  1 9 . 7 4  4.7.6 + 1 . 2 1  

5 1  V ( n ,  3 ~ e )  "Sc 1 2 . 5 0  0 . 2 5 '  + 0 . 0 8  

5 3 ~ r  ( n ,  3 ~ e )  5 1 ~ i  1 2 . 4 1  0 . 2 6  + 0 . 0 8  

a A l l  Q - v a l u e s  a r e  n e g a t i v e .  

F r o m  m e a s u r e m e n t s  a n d  s y s t e m a t i c s  d e v e l o p e d  a t  J i i l i c h  
[ c f .  3 1 .  



TABLE I1 

T r i t i u m  F o r m a t i o n  C r o s s  S e c t i o n s  o f  some 
C o n s t i t u e n t s  o f  P o t e n t i a l  F i r s t  Wal l  M a t e r i a l s  i n  

t h e  T n t e r a c t i o n s  w i t h  30 M e V  d ( B e )  n e u t r o n s  
\ 

9 
T a r g e t  

a  
C r o s s  S e c t i o n  T a r g e t  C r o s s  S e c t i v r i  

(mb) (mb) 

a  
A l l  c r o s s  s e c t i o n s  h a v e  e x p e r i m e n t a l  e r r o r s  of 
a b o u t  2 2 0 % .  

S t s i n l e s s  s t e e l  V 2 A  ( D I N  10 C r  N i  T i  18  9 )  h a s  t h e  
c o m p o s i t i o n :  C r  ( 1 8 . 0 0 % )  , N i  (lO.UU% J , M n  ( 2 2  . O o % )  , 
F1=17n.00%) . 

C 
T h i s  experimentally d e t e r m i n e d  c r o s s  s e c t i o n  i s  
c o m p a r a b l e  t o  t h e  v a l u e  o f  0 . 3 8  mb o b t a i n e d  by 
t a k i n g  i n t o  a c c o u n t  t h e  v a r i o u s  c o n s t i t u e n t s  of  SS. 



TABLE I11 

C o m p a r i s o n  o f  C r o s s  S e c t i o n  D a t a  o b t a i n e d  b y  
I n t e g r a l  M e a s u r e m e n t s  w i t h  V a l u e s  d e d u c e d  f r o m  some  

known E x c i t a t i o n  F u n c t i o n s  

N u c l e a r  r e a c t i o n  5 o b t a i n e d  b y  '3 d e d u c e d  f r o m  
i n t e g r a l  t h e  known 
m e a s u r e m e n t a  e x c i t a t i o n  

f u n c t i o n b  

2 7 ~ 1  ( n , Q )  2 4 ~ a  4 5  f 8  4 9 . 2  

4 6 ~ i  ( n , p )  4 6 ~ c  1 2 6  + 24 . . 1 4 3 . 5  

6 0 w i  ( n , p )  6 0 ~ o  8 2  f 1 6  6 6 . 8  

6 5 ~ u  ( n , p )  6 5 1 g i  1.2 f . 3  9 . 2  

93Nb ( n ,  21-11 9 2 m ~ b  1 7 8  f 24 1 7 8  

a  V a l u e s  o b t a i n e d  i n  t h i . s  w o r k .  

E x c i t a t i o n  f u n c t i o n  t a k e n  f r o m  t h e  l ' i t e r a t u r e  
[ 1 5 - 1 7 1 .  



Irradiation sample 
Cu-backing 

- 
  hick' Be- target " 

(A)  

d (Be) neutron source 
(Ed =30 MeV,OO) 

Neutrons -- 

Neutron energy (MeV) --, 

F i g .  1 ( A )  Experimental  s e t - u p  f o r  neutron i r r a -  
d i a t i o n s .  

(B) Y i e l Q s  o f  l ~ r u t r o n o  ( n / s r .  PA s e c .  MeV) 
produced i n  t h e  forward d i r e c t i o l ~  by 
bombarding a  t h i c k  b e r y l l i u m  t a r g e t  w i t h  
3 0  MeV d e u t e r o n s .  



Cross section data 

( n,2n) reactions 
o (n,nlp)+(n,d) reactions 
A ( n,p) reactions 
A ( n,a) reactions 

Asvmmetrv parameter ( N-Z ) /A - 
F i g .  2  S y s t e m a t i c  t r e n d s  i n  c r o s s  s e c t i o n s  o f  ( n , 2 n ) ,  
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ABSTRACT 

The F u s l o n  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 ,  c u r r e n t l y  u n d e r  c o n s t r u c t i o n ,  i s  d e s i g n e d  t o  
p roduce  a  h i g h  f l u x  o f  h i g h  e n e r g y  n e u t r o n s  f o r  i r r a -  . 
d i a t i o n  e f f e c t s  e x p e r i m e n t s  on f u s i o n  r e a c t o r  m a t e r i a l s .  
C h a r a c t e r i z a t i o n  o f  t h e  f l u x - f l u e n c e - s p e c t r u m  i n  t h i s  
r a p i d l y  v a r y i n g  n e u t r o n  f i e l d  r e q u i r e s  a d a p t a t i o n  and e x t e n -  
s i o n  o f  c u r r e n t l y  a v a i l a b l e  d o s i m e t r y  t e c h n i q u e s .  T h i s  c h a r -  
a c t e r i z a t i o n  w i l l  be c a r r i e d  o u t  b y  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 goa l  i s  
t o  p r o v i d e  t h e  e x p e r i m e n t e r  w i t h  a c c u r a t e  n e u t r o n  f l u x -  
f l u e n c e - s p e c t r a  a t  a l l  p o s i t i o n s  i n  t h e  t e s t  c e l l .  P l a n s  
have been c o m p l e t e d  f o r  a  number o f  e x p e r i m e n t a l  dosim- 
e t r y  s t a t i o n s  and p r o v i s i o n  f o r  t h e s e  f a c i l i t i e s  has 
been i n c o r p o r a t e d  i n t o  t h e  FMTT d e s i g n .  O v e r a l l  r ~ e e d s  
o r  Ltle FMI l i r r a d i a t i o n  damage p rogram d e l i n e a t e  g o a l  
a c c u r a c i e s  f o r  d o s i m e t r y  t h a t ,  i n  t u r n ,  c r e a t e  new 
r e q u i r e m e n t s  f o r  h i g h  e n e r g y  n e u t r o n  c r o s s  s e c t i o n  d a t a .  
Recommendations based on t h e s e  needs have been d e r i v e d  
f o r  r e q u i r e d  c r o s s  s e c t i o n  d a t a  and a c c u r a c i e s .  

INTRODUCTION 

I n  s u p p o r t  o f  m a t e r i a l s  development  f o r  t h e  M a g e n t i c  F u s i o n  
Energy (MFE) program, t h e  U n i t e d  S t a t e s  Depar tment  o f  Energy i s  
c o n ' s t r u c t i n g  an i n t e n s e  n e u t r o n  s o u r c e  known as t h e  F u s i o n  Mate- 
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 .  [1,2] The FMIT f a c i l i t y  
w i l l  g e n e r a t e  an i n t e n s e  s o u r c e  o f  h i g h  e n e r g y  n e u t r o n s  f o r  t h e  
s y s t e m a t i c  s t u d y ,  e v a l u a t i o n  and development  o f  f u s i o n  r e a c t o r  
m a t e r i a l s .  The L i ( d , n )  r e a c t i o n  w i l l  he used t o  p roduce  t h i s  
i n t e n s e  n e u t r o n  s o u r c e .  A  p r o t o t y p e  1  i n e a r  a c c e l e r a t o r  w i l l  ' p r o -  
v i d e  a  h i g h  c u r r e n t  d e u t e r o n  beam (%100mA, 15-35 MeV) t h a t  w i l l .  
imp inge  on a  t a r g e t  o f  f l o w i n g  l i q u i d  l i t h i u m .  The o b j e c t i v e  f o r  



FMIT i s  a  maximum f l u x  i n t e n s i t y  o f  1015 neut rons/ (cm2-sec)  w i t h  
a  mean energy o f  14 MeV. The unper turbed s teady s t a t e  neu t ron  
vo lume/ f lux  goa ls  a r e  approx imate ly  10 cm3 a t  1  015 n/ (cm2.sec) and 
500 cm3 a t  1014 n / (cm2-sec) .  

Wi th  these c a p a b i l i t i e s ,  FMIT w i l l  p rov ide  e n t r y  i n t o  a  new 
rea lm o f  f u s i o n  r e a c t o r  m a t e r i a l  t e s t i n g .  No i r r a d i a t i o n  f a c i l -  
i t y  y e t  b u i l t  approximates t h e  i r r a d i a t i o n  environment planned 
i n  FMIT, and f u l l  e x p l o i t a t i o n  o f  t h i s  unique f a c i l i t y  demands 
c h a r a c t e r i z a t i o n  o f  t h e  i r r a d i a t i o n  environment t o  a  degree 
c o n s i s t e n t  w i t h  MFE m a t e r i a l s  t e s t i n g  program o b j e c t i v e s .  For 
proper  c h a r a c t e r i z a t i o n  i n  t h e  r e q u i r e d  10 t o  30% ( l a )  accuracy 
range, FMIT f a c i l i t y  des ign must be f l e x i b l e  enough t o  i n c l u d e  
bo th  present  and f u t u r e  dos imet ry  needs. These neut ron and gamma 
r a y  dos imet ry  needs, i n  t u r n ,  impact on t h e  design o f  t h e  FMIT 
t e s t  c e l l  and assoc ia ted  f a c i l i t i e s .  

To t h i s  end, des ign e f f o r t s  have gone fo rward  and o v e r a l l  
dos imet ry  needs have been inco rpo ra ted  i n t o  fo rmal  FMIT des ign 
p lans  and s p ~ r i f i c a t i o n s .  [3,4] Whi le adequate f a c i l i t i e s  a re  
obviously necessary f o r  dos imet ry  e f f o r l b  d t  TMIT, attainable 
c h a r a c t e r i z a t i o n  accuracy a1 su depends i n  good measure upon t h e  
genera l  n u c l e a r  data  base. I n  p a r t i c u l a r ,  t h e  accuracy of se- 
l e c t e d  h i g h  energy neut ron cross  sec t i ons  i s  c r u c i a l  i n  d e f i n i n g  
t h e  l i m i t i n g  accuracy o f  neu t ron  dos imet ry  a t t a i n e d  a t  FMIT. 

Wherever p o s s i b l e ,  methods developed and used f o r  f i s s i o n  
r e a c t o r  envirorlrrlents w i l l  be re1  i e d  upon f o r  FMIT dos imet ry .  How- 
ever ,  t h e  dos imet ry  t a s k  f o r  FMIT i s  cons ide rab ly  more complex. 
C h a r a c t e r i z a t i o n  o f  t h e  FMIT t e s t  volume i s  compl ica ted by t h e  
f o l  l ow ing  f a c t o r s :  

( 1 )  Large f l u x  component o f  ve ry  h i g h  energy neut rons.  

( 2 )  Steep f l u x  and energy spectrum g r a d i e n t s  w i t h i n  t h e  
t e s t  volume. 

( 3 )  H i g h l y  d i r e c t i o n a l  neut ron f l u x ,  as opposed t o  t h e  
e s s e n t i a l l y  i s o t r o p i c  f l u x  i n  a  f i s s i o n  r e a c t o r .  

( 4 )  I r r e g u l a r  p r o d u c t i o n  o f  secondary neut ronz w i t h i n  
the. t e s t  assembly. 

(6) Grpat  s e n s i t i v i t y  o f  t h e  preced iny  f a c t o r s  t o  source 
i n s t a b i l i t i e s .  

As a  resu1.t o f  ex tens i ve  p lann ing  and reviews,[3,5-9) and 
c u r r e n t  ASTM recommended p r a c t i c e s ,  [ l o ]  i t  has been conc l  uded 
t h a t  present  s t a t e - o f - t h e - a r t  a c t i v e ,  pass ive  and c a l c u l a t i o n a l  
neut ron dos ime t ry  methods have s i g n i f i c a n t  shortcomings i f  i n d i -  
v i d u a l l y  a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  o f  t h e  FMIT t e s t  volume 
environment. For  example, except f o r  t h e  hydrogen (n  ,p) r e a c t i o n ,  
c ross  sec t i o r i  da ta  a r e  b a r e l y  adequate i n  t h e  2-28 MeV energy 
range and t h e r e  i s  v i r t u a l l y  no data  above 28 MeV. Fu r the r ,  
convent iona l  a c t i v e  d e t e c t o r s  may n o t  be r e l i a b T e ,  cons ide r ing  
t h e  h i g h  f l u x  l e v e l s  and l a r g e  angu lar ,  s p a t i a l ,  and l o c a l  



temporal  v a r i a t i o n s  o f  t h e  neu t ron  energy spectrum. Passive de- 
t e c t o r s ,  w h i l e  more s u i t a b l e  f o r  h i g h  f l u x  environments, do n o t  
p rov ide  t h e  necessary r e a l  t ime  i n f o r m a t i o n  such as temporal 
v a r i a t i o n s  o f  t h e  (d,  L i )  neut ron source. F lux  g rad ien ts ,  
d i r e c t i o n a l i t y  and source i n s t a b i l i t y  m i l i t a t e  a g a i n s t  a charac- 
t e r i z a t i o n  based l a r g e l y  on a c a l c u l a t i o n a l  approach. Whi le i t  
i s  reasonable t o  expect  t e c h n i c a l  advances tend ing  t o  improve 
t h i s  s i t u a t i o n  ove r  t h e  l ong  term, i t  i s  n o t  reasonable t o  assume 
t h a t  these advances w i l l  e l i m i n a t e  t h e  need f o r  a m u l t i f a c e t e d  
approach f o r  FMIT dos imet ry .  It has, t h e r e f o r e ,  been concluded 
t h a t  c h a r a c t e r i z a t i o n  o f  t h e  FMIT r a d i a t i o n  environment w i l l  be 
accomplished by a prudent combinat ion o f  t h r e e  general  approaches, 
name1 y :  

( 1 )  pass ive  dos imc t ry  (PD) 

( 2 )  a c t i v e  dos imet ry  (AD) 

( 3 ) .  c a l c u l a t i o n a l  dos imet ry  (CD) 

These t h r e e  general  approaches must be supported by eva lu-  
a t i o n  and benchmarking i n  l ow  i n t e n s i t y  neut ron f i e l d s  [11-151 as 
w e l l  as by l o n g e r  range e f f o r t s  t o  improve t h e  accuracy o f  general  
nuc lea r  data ,  such as cross  sec t i ons , tha t  have a v i t a l  impact upon 
neut ron exposure and damage c o r r e l a t i o n  parameter accurac ies .  

Each general  approach, namely Passive Dosimetry (PD), A c t i v e  
Dosimetry (AD), and C a l c u l a t i o n a l  Dosimetry (CD), c a l l s  f o r -  - 
spec ia l  program elements. The general  r e l a t i o n s h i p  amongst PD, 
AD, and CD program elements i s  shown by b lock  diagram i n  F i g u r e  
1. To implcmcnt these pi.oyr.dlll e l e ~ ~ ~ e r i t s ,  a number o t  experimen- 
t a l  s t a t i o n s  have been recommended f o r  s p e c i f i c  dos imet ry  purposes 
a t  FMIT. These dos imet ry  s t a t i o n s  a r e  summarized i n  Table I. 
S p e c i f i c  FMIT dos imet ry  a c t i v i t i e s  which a r e  assoc ia ted  w i t h  these 
dos imet ry  s t a t i o n s ,  have been i d e n t i f i e d .  To p rov ide  some i n s i g h t  
i n t o  t h e  range o f  these s p e c i a l i t i e s ,  these dos imet ry  a c t i v i t i e s  
a re  b r i e f l y  summarized i n  Table 11. 

C l e a r l y  t h i s  range o f  a c t i v i t i e s  encompasses a need f o r  
General Nuclear Data (GND) which extends beyond h i g h  energy neut ron 
cross  sec t i ons .  These more genera l  requ i rements  can be e a s i l y  
demonstrated by c i t i n g  some o f  t h e  more apparent examples. Use 
o f  r a d i o m e t r i c  mon i to rs  (RM) f o r  i n - s i t u  t e s t  assembly dos imet ry  
(PD-2) demands t h e  a p p l i c a t i o n  o f  decay scheme branching r a t i o s  
and h a l f - l i v e s  i n  abso lu te  nuc lea r  met ro logy.  F i s s i o n  product  
y i e l d s  a r e  a p a r t i c u l a r l y  s i g n i f i c a n t  example, a1 though these 
r e a c t i o n s  can be regarded as p a r t i a l  neu t ron  cross  sec t i ons .  
C h a r a c t e r i s t i c s  o f  (d,  L i )  neut ron p roduc t i on  must be adequate ly  
d e f i n e d  i n  o r d e r  t o  develop FMIT l i t h i u m  t a r g e t s  o f  h i g h  y i e l d  
(GND-1). I n  p a r t i c u l a r ,  t h i s  a c t i v i t y  i n c l u d e s  knowledge o f  t h e  
s t r a g g l i n g  d i s t r i b u t i o n  o f  deuterons i n  l i q u i d  l i t h i u m .  A p p l i -  
c a t i o n  o f  t h e  l i t h i u m  f l o w  dos imet ry  s t a t i o n  (AD-4) f o r  a v a r i e t y  
o f  FMIT dos ime t ry  r e l a t e d  tasks [3 ]  r e q u i r e s  knowledge o f  s p e c i f i c  



charged p a r t i c l e  c ross  sec t i ons  as w e l l  as c e r t a i n  decay scheme 
branching r a t i o s  and h a l f - l i v e s .  

Benchmark f i e l d  t e s t i n g  (AD-7 and PD-4) w i l l  .be employed 
t o  eva lua te  cand idate  a c t i v e  and pass ive  FMIT dos imet ry  tech-  
n iques.  The pragmat ic u t i l i t y  o f  benchmark f i e l d s  can n o t  be 
over-emphasized. [6-151 S t a t e - o f - t h e - a r t  dos imet ry  techn iques a r e  
as o f t e n  l i m i t e d  by sys temat ic  e f f e c t s  as by l a c k  o f  neut ron cross  
s e c t i o n  data.  I n  benchmark f i e l d  c a l i b r a t i o n  exper iments,  these 
sys temat ic  e f fec ts  a r i s e  i n  a  n a t u r a l  way, i . e .  i n  t h e  same 
e f f e c t i v e  way which occurs i n  t h e  a c t u a l  a p p l i c a t i o n  o f  t h e  g i ven  
dos imet ry  technique. Consequent1 y ,  t h e  va lue  o f  such ca l  i b r a t i o n  
exper iments i s  t h a t  t h e y  can e m p i r i c a l l y  account f o r  ve ry  complex 
sys temat ic  e f f e c t s  and can' s i g n i t i c a n t  ly reduce o r  e l  IIII i r ~ d l e  the 
need f o r  p r e c i s e  knowledge o f  t h e  abso lu te  lliagni tude o f  many 
secondary dos imet ry  c ross  sec t i ons .  As opposed t o  t h e  abso lu te  
sca le ,  t he  shape o f  these cross  s e c t i o n s  becomes t h e  dominant 
u n c e r t a i n t y .  

I n  v iew o f  t h e  s p a r s i t y  o f  h i g h  i n t e n s i t y  f u s i o n  neut ron 
f i e l d s ,  FMIf w i l l  be used as a  benchmark. Curre111 i l l - s i t u  pass ive  
dos imet ry  e f f o r t s  f o r  f i s s i o n  r e a c t o r s  emphasize t h e  need f o r  such 
benchmark f i e l d  re fe renc ing .  [16-171 Because t h e  f u s i o n  r e a c t o r  
dos imet ry  d a t a  base i s  n o t  comparable w i t h  t h e  f i s s i o n  r e a c t o r  
dos imet ry  data  base, benchmark r e f e r e n c i n g  i s  even more e s s e n t i a l  
f o r  FMIT i n - s i t u  pass ive  dos imet ry  e f f o r t s .  Rabbi t  tubes a r e  
planned a t  a  number o f  key l o c a t i o n s  i n  t h e  FMIT f a c i l i t y  (see 
t h e  s e c t i o n  on Passive Dosimetry)  i n  o r d e r  t o  implement benchmark 
f i e l d  c a l i b r a t i o n  work. 

Required neut ron cross  s e c t i o n  data  generated by AD, PD, and 
CD a c t i v i t i e s  f o r  FMIT are  reviewed i n  t h e  n e x t  t h r e e  sect ions,  
r e s p e c t i v e l y .  Time and space r e s t r i c t i o n s  pe rm i t  i n c l u s i o n  o f  t h e  
needs o f  o n l y  t h e  more r e l e v a n t  dos imet ry  a c t i v i t i e s ,  as enumer- 
a t e d  i n  Table 11. Recommendations a r e  summarized i n  t h e  l a s t  
s e c t i o n  f o r  t h e  h i g h  energy neut ron c ross  s e c t i o n  da ta  needs of 
FMTT dosimetry,  

ACTIVE DOSIMETRY 

A c t i v e  dos imet ry  p lans t o r  I -Ml ' I  Rave bee11 se l~dr .a led  i l l t o  s i x  
d i s t i n c t  a c t i v i t i e s  (see Table I 1  ). Those a c t i v i t i e s  impac t i ng  
most on n u c l e a r  data  requ i rements  and s i n g l e d  o u t  f o r  emphasis 
here  are  A c t i v e  Radiography (AD-1 ) , D i f f e r e n t i a l  Dosimetry (AD-2), 
I n t e g r a l  Dosimetry (AD-3), and t h e  L i t h i u m  Flow Dosimetry S t a t i o n  
(AD-4). 



A c t i v e  Radiography 

A c t i v e  two dimensional  ( 2 ~ ) .  neut ron rad iography i s  p lanned 
f o r  t h e  0" dos imet ry  s t a t i o n .  The 0" p o r t  w i l l  c o n t a i n  a  p i n h o l e  
c o l l i m a t o r  t o  produce a  v e r y  narrow neut ron leakage beam. The 
general  l a y o u t  o f  t h i s  0' p o r t  i s  shown i n  F igu re  2  and a  more 
d e t a i l e d  v iew o f  a  t y p i c a l  p i n h o l e  c o l l i m a t o r  can be found i n  
F igu re  3. The equipment v a u l t  and access p lugs shown i n  
F igu re  2  p rov ide  necessary space f o r  t h e  2D p o s i t i o n  s e n s i t i v e  
d e t e c t o r  and accessor ies .  A c t i v e  d i f f e r e n t i a l  dos imet ry  can be 
s imul taneous ly  conducted i n  t h e  0' dos imet ry  s t a t i o n ,  as  
descr ibed be1 ow. 

The a c t i v e  rad iography systems p rov ide  t h e  p o t e n t i a l  f o r  
ex t remely  impor tan t  o n - l i n e  FMIT dos imet ry  i n fo rma t ion ,  such as:  

( 1 )  A s low response t o  pe rm i t  feedback f o r  de te rm in ing  
f l u x  t i m e  h i s t o r y  i n f o r m a t i o n  and i n t e g r d t e d  f l u e n c e  
f o r  most t e s t  assembly i r r a d i a t i o n s .  

( 2 )  A moderate ly  f a s t  response (1-2 seconds) t o  p e r m i t  
feedback f o r  ope ra to r  c o n t r o l  o f  f ocus ing  and beam 
spot  p o s i t i o n ,  i f  requ i red .  

( 3 )  A  ve ry  f a s t  t ime  response t o  a l s o  pe rm i t  t h e  genera t i on  
o f  s i g n a l s  f o r  an i n t e r l o c k  c o n t r o l  system which c o u l d  
p r o t e c t  both  t h e  t a r g e t  and a c c e l e r a t o r ,  i f  requ i red .  

It has a l ready  be.en emphasized i n  t h e  i n t r o d u c t i o n  t h a t  t h e  
i n t e n s i t y  d i s t r i b u l i u r ~  o f  t h e  source term p lays  a  c r u c i a l  r o l e  i n  
c a l c u l a t i o n s  o f  neut ron f l  u x - f l  uence-spectra throughout  t h e  t e s t  
c e l l .  

S p a t i a l  r e s o l u t i o n  o f  a c t i v e  neutron- imaging systems i s  
determined l a r g e l y  by t h e  d i s t a n c e  t r a v e l e d  o r  ranqe o f  t h e  
nuc lea r  r e a c t i o n  p roduc ts  used t o  i n f e r  t h e  d e t e c t i o n  o f  a  neu- 
t r o n .  Near l y  a l l  a c t i v e  p o s i t i o n - s e n s i t i v e  d e t e c t o r s  f o r  
r a d i a t i o n  a r e  g a s - f i l l e d  i o n i z a t i o n  de tec to rs .  Q u i t e  h i g h  gas 
pressure  i s  r e q u i r e d  t o  ach ieve p o s i t i o n  r e s o l u t i o n  i n  a neu t ron  
d e t e c t o r  approaching one m i l l i m e t e r .  Recent ly,  a  one dimensional  
p r o p o r t i o n a l  counter  neut ron d e t e c t o r  w i t h  a  s p a t i a l  r e s o l u t i o n  
i n  t h e  1-2 mm range has been developed. [ l 8 ]  

The e x i s t i n g  1-D p o s i t i o n - s e n s i t i v e  d e t e c t o r  cou ld  be s u i t -  
a b l y  adapted f o r  t h e  FMIT environment by f i l l i n g  t h e  tube  w i t h  
neon gas a t  modest pressure.  The i n t e n t  would be t o  d e t e c t  t h e  
energy f rom Ne r e c o i l s ,  b u t  t o  make t h e  gas f i l l i n g  low enough 
so t h a t  a lpha p a r t i c l e s ,  pro tons,  e t c .  f rom t h e  w a l l s  c o u l d  be 
b iased o u t .  I n  t h i s  manner, temporal  and s p a t i a l l y  dependent data  
cou ld  be generated f o r  FMIT dos imet ry  c h a r a c t e r i z a t i o n .  Such a  



system may a l s o  be s u f f i c i e n t l y  s e n s i t i v e  t o  d e t e c t  abnormal FMIT 
beam behav ior  f o r  t h e  purpose o f  s h o r t  response a c c e l e r a t o r  shut-  
down. Based on t h e  exper ience and successfu l  use o f  t h i s  1-D 
d e t e c t i o n  system, a  2-D p r o p o r t i o n a l  counter  system f o r  FMIT 
appl i c a t i o n  i s  a1 ready under development. [I 9-20] 

The use of  a  2D p r o p o r t i o n a l  counter  us ing  h i g h  pressure  neon 
r e q u i r e s  accu ra te  knowledge o f  t h e  Ne(n,nl)  c ross  s e c t i o n  f o r  both  
e l a s t i c  and i n e l a s t i c  processes. Presumably, en r i ched  2 0 ~ e  would 
be used i n  t h e  f i l l i n g  gas. O f  secondary importance would be 
knowledge o f  data  f o r  h i g h  energy neut ron r e a c t i o n s  i n  o t h e r  
p o s s i b l e  c o n s t i t u e n t s  o f  t h e  f i l l i n g  gas ( C ,  0, Xe) as w e l l  as 
c o n s t i t u e n t s  of t h e  counter  w a l l s  (e.g., Fe).  

The use of 3 ~ e  i s  l i m i t e d  due t o  i n t e r f e r e n c e  o f  t h e  3 ~ e  
( n , n ' )  3 ~ e  r e c o i l s  w i t h  t h e  pr imary  r e a c t i o n  products  f rom t h e  
3He(n,p) 3H r e a c t i o n  a t  energ ies  above about 2.3 MeV. The use 
o f  r e c o i l s  i n  h i g h  pressure  '+He i s  a l s o  prec luded by t h e  l ong  
range o f  t h e  '+He r e c o i l s  which i n  t u r n  w i l l  l i m i t  s p a t i a l  reso- 
l u t i o n .  S i m i l a r l y ,  ope ra t i ona l  exper ience may d i c t a t e  t h e  use o f  
a  heav ier  nob le  gas o t h e r  than Ne (such as  Ar.urs Kr,) t o  improve 
t h e  s p a t i a l  r e s o l u t i o n .  I n  s u c l ~  dn event,  ltnowledge o f  t h e  (n,n' ) 
c ross  s e c t i o n  and angu la r  d i s t r i b u t i o n  data  f o r  these heav ie r  
r loble gases becomes necessary. 

D i f f e r e n t i a l  Dosimetry 

Neutron energy d i f f e r e n t i a l  dos ime t ry  i s  p lanned f o r  t h e  0' 
p o r t  us ing va r ious  c o n f i g u r a t i o n s  o f  e x - t e s t  c e l l  d e t e c t o r s  w i t h  
s i g n a l  o u t p u t  r e l a t e d  t.o i n c i d e n t  neut ron energy. The energy 
spectrum of neut rons passing through t h e  0' c o l l i m a t o r  would be 
measured i n  near r e a l  t ime. Even though t h e  0" c o l l i m a t o r  would 
be conf igured p r i m a r i l y  f o r  0" rad iography ( s p a t i a l  d i s t r i b u t i o n  
measurements), i t  W O I J ~ ~  be adequate f o r  a c t i v e  d i f f e r e n t i a l  spec- 
t romet ry  w i t h o u t  m o d i f i c a t i o n .  

The s p e c i f i c  d e t e c t o r  system(s) t o  be employed f o r  a c t i v e  
d i f f e r e n t i a l  dos imet ry  have n o t  as y e t  been se lec ted .  Indeed, 
such systems can be expected t o  change ove r  t h e  l i f e  o f  t h e  
f a c i l i t y .  The goa l  parameters o f  t h e  spectrometer s y s t t i l ~ ~  a re  
summarized as:  

dynamic range: suh-MeV t o  40 MeV 

energy r e s o l u t i o n  : ~ 1 0 %  

e f f i c i e n c y :  

background s e n s i t i v i t y  ( t o  gamma r a d i a t i o n )  : 

o p e r a t i o n  i n  1-10 R/hr f i e l d s  

l i f e t i m e  > 9 months 



Several cand idate  systems a r e  under cons ide ra t i on .  They i n -  
c l  ude: 

(1 )  3 ~ e  (n,p) 3H gas p r o p o r t i o n a l  counters  

(2 )  'H and 4He r e c o i l  p r o p o r t i o n a l  counters  

(3 )  Organic s c i n t i l l a t o r s  

( 4 )  (n ,p) magnet ic spectrometer 

( 5 )  6 L i  (n,a) 3H c o i n c i d e n t  spectrometer 

( 6 )  (n ,p) t h i n  r a d i a t o r  t e l  escope[21] 

( 7 )  Two-detector, s h o r t  pa th  t i m e - o f - f l  i gh t [22 ]  

The r ~ l a t i v e  advantages d r ~ d  disadvantages o f  each o f  these sys- 
tems a re  summarized i n  Table 111. 

Al thouqh 3He gas p r o p o r t i o n a l  counters  can make unambiguous 
use of t h e  He (n,p) 3H r e a c t i o n  o n l y  up t o  about 2.3 MeV, s u f f i -  
c i e n t  knowledge of r e a c t i o n  cross  sec t i ons  f o r  t h i s  and o t h e r  
e n e r g e t i c a l l y  p o s s i b l e  r e a c t i o n s  as w e l l  as knowledge o f  3 ~ e  
(n,nl )  c ross  sec t i ons  can extend t h e  usefu lness o f  t h i s  techn ique 
t o  somewhat h ighe r  energies.  S i m i l a r l y ,  6 L i  (n,a) 3H c o i n c i d e n t  
spectrometers would be l i m i t e d  by competing r e a c t i o n s  un less  
adequate data a re  a v a i l a b l e  a t  h ighe r  energ ies .  A t  h i g h e r  
energ ies  such as those expected f o r  FMIT, t h e  3He (n,p) and L i  
(n,a) r e a c t i o n s  decrease r a p i d l y ,  enhancing t h e  importance o f  
knowing t h e  cross  sec t i ons  f o r  competing charged p a r t i c l e  
e m i t t i n g  reac t i ons .  A  summary o f  expected cross  s e c t i o n  needs 
f o r  FMIT d i f f e r e n t i a l  dos lmet ry  i s  conta ined i n  Table I V .  

Many cand idate  leakage neut ron spectrometers a re  based on 
(n  ,p) s c a t t e r i n g  i n  hydrogen by i n c o r p o r a t i n g  a  hydrogenous r a d i -  
a t o r  f o i l  i n  t h e  leakage beam. The th i ckness  o f  such r a d i a t o r  
f o i l s  i s  d i c t a t e d  by a  t r a d e - o f f  between e f f i c i e n c y  and energy 
r e s o l u t i o n .  I n  a d d i t i o n  t o  hydrogen, such r a d i a t o r  f o i l s  
i n v a r i a b l y  c o n t a i n  carbon and o f t e n  c o n t a i n  oxygen. Consequently 
t h e  12C(n,p) and 160(n,p) r e a c t i o n s  can produce background i n  such 
spect rometry  systems. Proper c o r r e c t i o n  o f  these background con- 
t r i b u t i o n s  r e q u i r e s  a  knowledge o f  t h e  12C(n,p) and 160(n,p) c ross  
sec t i ons  over  t h e  e n t i r e  energy domain o f  t h e  spect rometer  system. 
S i m i l a r  concerns have a l ready  been noted f o r  h i g h  energy neut ron 
spect rometry  w i t h  nuc lea r  research emu1 s ions.  [23] These needs 
a re  b r i e f l y  touched upon i n  t h e  Passive Dosimetry sec t i on .  

I n t e g r a l  Dosimetry 

I n - c e l l  dos imet ry  assemblies a r e  planned t h a t  i n c o r p o r a t e  
a c t i v e  i n t e g r a l  d e t e c t o r s  t o  p rov ide  t ime-dependent neut ron i n t e n -  
s i t y  as w e l l  as f l u e n c e  data  d u r i n g  t e s t  i r r a d i a t i o n s .  I n  
a d d i t i o n ,  neu t ron  and gamma heat ing w i l l  be measured w i t h  c a l o r i -  
meters.  



Detec to rs  cons idered f o r  a c t i v e  i n t e g r a l  dos imet ry  i n c l u d e  
t h e  f o l l o w i n g :  

( 1 )  Long Counters - I n  a  l ong  counter[24], a  d e t e c t o r  
s e n s i t i v e  t o  thermal neut rons i s  surrounded by s u f f i -  ' 

c i e n t  moderator t o  the rma l i ze  t h e  f a s t  neut rons.  Long 
counters  have been used as r e l i a b l e  a c t i v e  i n t e g r a l  
mon i to rs  f o r  many years;  however, t hey  have n o t  u s u a l l y  
been employed where t h e  neut ron energy i s  g r e a t e r  than 
14 MeV. T y p i c a l l y ,  t h e  neut ron d e t e c t o r s  have been BF3 
and 3He p r o p o r t i o n a l  counters .  [25] The FMIT env i ron-  
ment w i t h  i t s  h i g h  gamma f l u x e s  and h i g h  energy neut rons 
may n e c e s s i t a t e  some v a r i a t i o n  i n  moderator des ign o r  
some a l t e r n a t e  d e t e c t o r  such as a  f i s s i o n  chamber. Such 
des ign parameters can be reso lved  i n  benchmark f i e l d  
t e s t s .  

(2 )  F i s s i o n  Chambers - These a r e  i o n i z a t i o n  chambers coated 
i r l t e r r ~ a l l y  w i t h  7 3 W  o r  2381J, *35U coated chambers a r e  
p r i m a r i l y  s e n s i t i v e  t o  l ow  energy neut rons w h i l e  
chambers a re  more s e n s i t i v e  t o  f a s t  neutrons.  F i s s i o n  
chambers have h i g h  e f f i c i e n c y ,  f a s t  response t ime  and 
by us ing  235U  and 238U chambers toge the r ,  some degree 
o f  s p e c t r a l  i n f o r m a t i o n  can be obta ined.  The need f o r  
gamma compensation and t h e  e f f e c t  o f  charged p a r t i c l e s  
produced i n  t h e  chamber w a l l s  by h i g h  energy neutrons 
w i l l  be determined by benchmark f i e l d  t e s t i n g .  

( 3 )  Self-Powered Neutron De tec to rs  - I n  a  sel f -powered neu- 
t r o n  d e t e c t o r ,  charged p a r t i c l e s  produced when a  neut ron 
i n t e r a c t s  w i t h  t h e  e m i t t e r ,  a r e  c o l l e c t e d  t o  produce a  
c u r r e n t  p r o p o r t i o n a l  t o  t h e  r a t e  o f  neut ron absorp t ion .  
Scl  f-powered neut ron d e t e c t o r s  a r e  ve ry  smal l  i n  s i ze ,  
s imple  t o  opera te  and, by use o f  va r ious  e m i t t e r  
~ ~ ~ a t e r i a l s ,  p rov ide  some degree o f  s p e c t r a l  i n fo rma t ion .  
Al though t h e  smal l  s i z e  o f  t h e  d e t e c t o r  causes t h e  
e f f  ic'iency t o  bc low, t h e y  a r e  a v i a b l e  candidate '  f o r  
t e s t  assembly " s t e e r i n g "  de tec to rs .  As " s t e e r i n g "  
d e t e c t o r s  they  would be mounted i n  p a i r s ,  one t o  e i t h e r  
s i d e  d i d  one above and below t h e  t e s t  assenlbly. T h e i r  
response can the re fo re  be used t o  " s t e e r "  t h e  t e s t  
assembly so as t o  a t t a i n  maximum exposure f l u e n c e  ove r  
an i r r a d i a t i o n  cyc le .  The exper imental  t e s t  assembly 
would be move? t o  m a i n t a i n  a  cons tan t  r a t i o  o f  t h e  
d e t e c t o r  p a i r  s i g n a l  d i f f e r e n c e  t o  t h e  d e t e c l u r  p a i r  
s i g n a l  sum. Th is  techn ique normal izes  t h e  d e t e c t o r  ou t -  
p u t  v a r i a t i o n s  f o r  changes i n  d e t e c t o r  s e n s i t i v i t y ,  
energy spectrum, and i n t e n s i t y  t o  g i v e  a  f i r s t  o rde r  
o u t p u t  o f  p o s i t i o n .  



The use of these i n t e g r a l  d e t e c t o r  systems impacts on data  
needs p r i m a r i l y  i n  t h e  area o f  f i s s i o n  cross  sect ions.  A  m i n i -  
mum requirement i s  t h a t  t he  t o t a l  f i s s i o n  cross  sec t i ons  f o r  
235U(n, f )  and 238U(n, f )  be known over  t h e  e n t i r e  r a n  e  o f  FMIT 
neut ron energ ies .  Other f i s s i o n  reac t i ons ,  such as q32Th(n, f )  
and p o s s i b l y  h ighe r  t h r e s h o l d  f i s s i o n  r e a c t i o n s  such a ~ ~ ~ ~ R a ( n , f )  
cou ld  a l s o  prove usefu l .  The usefulness o f  h igh  t h r e s h o l d  ( n , f )  
r e a c t i o n s  i s  d iscussed f u r t h e r  i n  t h e  s e c t i o n  on Passive Dosimetry. 

L i t h i u m  Flow Dosimetry S t a t i o n  

A  l i t h i u m  f low dos imet ry  s t a t i o n  i s  be ing  cons idered f o r  FMIT 
t h a t  u t i l i z e s  e i t h e r  h i g h  r e s o l u t i o n  Ge de tec to rs  o r  h i g h  e f f i c i e n c y  
NaI s c i n t i l l a t o r s  t o  measure r a d i o a c t i v a n t s  i n  t h e  f l o w i n g  
l i t h i u m .  Tile r u l e  o f  t h i s  l i t h i u m  f l o w  s t a t i o n  i s  s i g n i f i c a n t  
f o r  FMIT dos imet ry  i n  t h a t  i t  prov ides:  

(1 )  Time h i s t o r y  i n f o m a t i o n  on t h e  t o t a l  neut ron y i e l d .  

( 2 )  Source neut ron spectrum s t a b i l i t y  i n f o r m a t i o n .  

( 3 )  L i  t a r g e t  i m p u r i t y  i n fo rma t ion .  

( 4 )  L i  f l o w  s t a b i l i t y  i n fo rma t ion .  

A t  t h e  L i - f l o w  dos imet ry  s t a t i o n ,  as shown i n  F igu re  4, gamma 
d e t e c t o r s  v iew t h e  l i t h i u m  t r a n s p o r t  p ipe  through a p p r o p r i a t e  
gamma-ray c o l l i m a t o r s  a t  se lec ted  d i s tances  downstream o f  t h e  
t a r g e t .  The need f o r  two spaced c o l l i m a t o r s  i s  d i c t a t e d  by t . h ~  
comp lex i t y  nf t h e  FMIT systenl. The I n t e n s i t y  a t t a i n e d  by a  
p a r t i c u l a r  r a d i o a c t i v a n t  depends p r i n c i p a l l y  upon severa l  f a c t o r s ,  
name1 y  : 

( a )  To ta l  neut ron y i e l d  

db) L i t h i u m  i m p u r i t i e s  

( c )  L i t h i u m  f l o w  r a t e  

(d )  Deuteron beam c h a r a c t e r i s t i c s *  

Since d i f f e r e n t  r a d i o a c t i v a n t s  can be se lec ted  f o r  s p e c i f i c  pur -  
poses by t h e  o n - l i n e  a n a l y s i s  o f  gamma-ray s p e c t r a l  data,  t h i s  
system possesses cons ide rab le  power and v e r s a t i l i t y .  The funda- 
mental  u t i l i t y  o f  t h e  L i  f l o w  s t a t i o n  f o r  FMIT dos imet ry  w i l l  be 
i 11 u s t r a t e d  us ing  some t y p i c a l  r a d i o a c t i v a n t s .  However, an 
exhaust ive  s tudy o f  t h i s  system has n o t  as y e t  been performed, 
i r ~ c l  ud ing L i  f l o w  c h a r a c t e r i s t i c s  downstream f rom t h e  . t a r g e t .  

* I n  p a r t i c u l a r ,  abso lu te  beam i n t e n s i t y  and beam energy d i s t r i -  
b u t i o n  a r e  t h e  most p e r t i n e n t  c h a r a c t e r i s t i c s .  



Consequently, t h e  examples presented here cannot be r i g o r o u s l y  
defended, b u t  r a t h e r  serve as o n l y  i l l u s t r a t i o n s  o f  o v e r a l l  
system capabi 1  i t y .  

A. "i A c t i v i t y  - The d i r e c t  i n t e r a c t i o n  o f  t h e  FMIT deu- 
t e r o n  beam i n  t h e  f l o w i n g  l i q u i d  l i t h i u m  t a r g e t  w i l l  produce 
0.844 sec 8L i  a c t i v i t y .  T h i s  n u c l i d e  possesses an e x c e p t i o n a l l y  
s t r o n g  8- decay, Emax '+ 13 MeV. Hence through h i g h  energy brem- 
s t r a h l i n g  p roduc t i on ,  ~t i s  a  s u i t a b l e  cand idate  f o r  t i m e - h i s t o r y  
t o t a l  neut ron y i e l d  mon i to r i ng .  The upper end o f  observed gamma 
spec t ra  say Ey :10 MeV, can be used t o  i s o l a t e  t h e  8L i  a c t i v i t y  
w i t h  improved s~gnal-to-background-ratio. 

Cor rec t i ons  due t o  v a r i a b l e  l i t h i u m  f low r a t e  can be r e a d i l y  
performed, s ince  such c o r r e c t i o n s  depend o n l y  on t h e  response 
r a t i o  of t h e  two de tec to rs .  The 0.844 sec h a l f - l i f e  of t h e  8 L i  
decay i s  a lmost i d e a l  f o r  two c o l  1  imators  spaced approximate1 y 
one meter apa r t .  The upper c o l l i m a t o r  should o b v i o u s l y  be l o -  
ca ted  as c l o s e  as p o s s i b l e  t o  t h e  e x t e r n a l  f ace  o f  t h e  t e s t  c e l l  
f l o o r ,  d s  i n d i c a t e d  i n  F igu re  4. A c t u a l l y  t h e  r a t i o  o f  these 
I-esponses supp l i es  t h e  l i t h i u m  f l o w  r a t e  i n  terms o t  t h e  kr~uc~n 
8L i  ha l f -1  i f e .  Th i s  observed f l o w  r a t e  can the11 be used as a 
n o r m a l i z a t i o n  f a c t o r  f o r  t h e  t i m e - h i s t o r y  t o t a l  neut ron y i e l d  
data.  As opposed t o  m o n i t o r i n g  f rom t h e  f i x e d  i n - c e l l  dos imet ry  
assembl ies as p r e v i o u s l y  descr ibed, t h i s  method i s  e s s e n t i a l l y  
independent o f  beam l o c a t i o n  and e f f e c t i v e l y  i n t e g r a t e s  ove r  t h e  
e n t i r e  4a so l  i d  ang le  subtended by t h e  source. 

B. 16N A c t i v i t y  - The i n t e r a c t i o n  o f  t h e  FMIT neut ron source 
w i t h  oxygen i m p u r i t y  i n  t h e  l i t h i u m  w i l l  produce 7.13 sec - 16N 
a c t i v i t y  th rough t h e  160(n,p) r e a c t i o n .  Th i s  n u c l i d e  has an ex- 
t reme ly  e n e r g e t i c  8- decay, E ,, '2 10.4 MeV, and possesses ve ry  
e n e r g e t i c  gamyas a t  6.13 MeV 7100%) and 7.1 1  MeV (7%).  The 16N 
a c t i v i t y  observed a t  e i t h e r  c o l l i m a t o r  w i l l  o b v i o u s l y  depend upon 
f a c t o r s  ( a i - ( d ) ,  above. Factors  ( a )  and ( c )  can be accounted f o r  
u s i n g  t h e  L1 da ta  as descr ibed above. I n  o r d e r  t o  a s c e r t a i n  
f a c t o r s  ( b )  and ( d ) ,  one can measure a c t i v i t i e s  t h a t  a r i s e  f rom 
a l t e r n a t i v e  r e a c t i o n s  i n  t h e  oxygen i m p u r i t y .  

The (n,2n and (r1,3n) r e a c t i o n s  on 160 produce 122 sec - ''0 1 and 70.6 sec 0, r e s p e c t i v e l y .  Both these n u c l i d e s  possess B+ 
decay, w i t h  Emax = 1 - 7 2  and 1.81 MeV, r e s p e c t i v e l y .  However, 
150 does n o t  possess any c h a r a c t e r i s t i c  gamma t r a n s i t i o n s  whereas 
140 has an i n t e n s e  gamma a t  2.31 MeV (99%).  The th resho lds  of 
these t h r e e  r e a c t i o n s  on 160, namely ( n a p ) ,  (n,2n) and (n,3n) a r e  
approx imate ly  11 MeV, 18 MeV, and 29 MeV, r e s p e c t i v e l y .  Hence 
obse rva t i on  o f  t h e  r e l a t i v e  i n t e n s i t i e s  o f  140 t o  1 6 ~  a t  e i t h e r  
o r  bo th  gamma-ray c o l l i m a t o r s  would p rov ide  i n f o r m a t i o n  on t h e  
s p e c t r a l  s t a b i l i t y  o f  t h e  source, independent of long- term 
f l u c t u a t i o n s  i n  oxygen impur i  t y .  



I n  o rde r  t o  determine abso lu te  oxygen i m p u r i t i e s ,  t h e  abso- 
l u t e  e f f i c i e n c y  o f  t h e  gamma d e t e c t o r s  must be measured and c ross  
sec t i ons  f o r  t h e  above mentioned r e a c t i o n s  must be known. It 
would be p r e f e r a b l e  t o  measure t h i s  e f f i c i e n c y  over  t h e  e n t i r e  
gamma energy r e g i o n  o f  a p p l i c a b i l i t y  t o  FMIT, a0.1-13 MeV. A 
s imple  a1 t e r n a t i v e  f o r  oxygen i m p u r i t y  obse rva t i ons  would be t o  
sp i ke  t h e  l i t h i u m  w i t h  a  known a d d i t i o n  o f  160 and observe t h e  
increases i n  140 and 16N a c t i v i t i e s .  

I n  many cases, o n l y  r e l a t i v e  counts a r e  r e q u i r e d  between t h e  
two de tec to rs ,  coup1 ed w i t h  accura te  know1 edge o f  t h e  ha1 f - 1  i f e .  
However, t o  determine f low c h a r a c t e r i s t i c s  and re1 a t i v e  source 
i n t e n s i t y ,  a  minimum requ i rement  f o r  abso lu te  source c h a r a c t e r i -  
z a t i o n  i s  t o  know t h e  p roduc t i on  cross  sec t i ons  f o r  a l l  
e n e r g e t i c a l l y  p o s s i b l e  r c a c t i o l ~ s  uT deuterons on l i t h i . um t h a t  w i l l  
r e s u l t  i n  de tec tab le  a c t i v a t i o n  products.  The h a l f  l i v e s  o f  t h e  
products  o f  these r e a c t i o n s ,  which a r e  summarized i n  Table V 
must a1 so be known. 

PASSIVE DOSIMETRY 

Passive dos imet ry  p lans f o r  FMIT have been separated i n t o  
t h r e e  d i s t i n c t , a c t i v i t i e s  (See Table 11).  The comp lex i t y  o f  FMIT 
c h a r a c t e r i z a t i o n  as descr ibed i n  t h e  i n t r o d u c t i o n  makes exten- 
s i v e  use o f  i n - s i t u  pass ive  neut ron dos imet ry  e s s e n t i a l .  The 
adap ta t i on  and ex tens ion  o f  c u r r e n t l y  used m u l t i p l e  f o i l  tech-  
n iques f o r  t h i s  environment a re  impor tan t  e f f o r t s  because o f  t h e  
need t.n determine neut ron f 1  u x - f  1  uen~e-bpec tra over  a  ve ry  1  arge 
reg ion .  The s p e c i f i c  need, however, w i l l  depend on t h e  a p p l i c a -  
t i o n ;  'i .e., i n t e r p r e t a t i o n  o f  dos imet ry  r e s u l t s ,  c a l c u l a t i o n  o f  
damage exposure va lues and u n i t s ,  and f a c i l i t y  ope ra t i on .  Passive 
dos imet ry  w i l l  be used bo th  i n  s h o r t  term exposures, such as w i t h  
i n d i v i d u a l  f o i l  benchmark f i e l d  c a l i b r a t i o n s  assoc ia ted  w i t h  t h e  
r a b b i t  tube system, and l o n g  term t e s t  assembly exposures l a s t i n g  
f rom weeks t o  months t o  years.  

Mu1 t i p l e  Fo i  1  F l  ux-Fl  uence-Spectra Determinat ion 

The mu1 t i p l e  f o i l  dos imet ry  techn ique u t i l i z e s  a  group o f  
r e a c t i o n s  which s e l e c t i v e l y  sample neutrons o f  d i f f e r e n t  energ ies .  
A w e l l  chosen s e t  w i l l  p rov ide  da ta  s e n s i t i v e  t o  t h e  neu t ron  f l u x -  
f luence-spectrum over  t h e  e n t i r e  energy range o f  i n t e r e s t .  I n  t h e  
case o f  FMIT t h e  energy range extends f rom thermal t o  40-50 MeV. 
The measure'd r e a c t i o n s  o r  r e a c t i o n  r a t e s  a re  then used, t oge the r  
w i t h  a  c a l c u l a t i o n  o r  bes t  es t ima te  o f  t h e  neut ron spectrum (see 
t h e  Sec t i on  on C a l c u l a t i o n a l  Dosimetry), t o  determine a  s o l u t i o n  
t h a t  i s  s e l f - c o n s i s t e n t  w i t h  t h e  a v a i l a b l e  data .  

The energy range over  which a  g i ven  r e a c t i o n  possesses a  
neut ron response i s  one o f  t h e  more impor tan t  c h a r a c L e r i s t i c s  used 
i n  t h e  s e l e c t i o n  o f  m u l t i p l e  f o i l  dos imet ry  se ts .  



I f  we d e f i n e  Ef us ing  t h e  equat ion 

f = @(E)  .(E)dE. 

"ot 0  

where f i s  t h e  f r a c t i o n  o f  energy s e n s i t i v i t y  below Ef f o r  a  
g i ven  reac t i on ,  

"ot i s  t h e  t o t a l  f l u x ,  and 

then we can c a l c u l a t e  E  in as t h e  energy above which 95% o f  t h e  
s e n s i t i v i t y  1 i e s   US')', Emid ds Ltie llredian s e n s i t i v i t y  (f=.5n). 
and tmax as t h e  upper. energy f o r  96% o f  t h e  s ~ n z i t i v i t v  ( f= .95 ) .  
I n  n r d e r  t o  c a r r y  o u t  these c a l c u l a t i o n s ,  t h e  cross  s e c t i o n s  and 
f l u x e s  must be known w i t h i n  reasonable accurac ies  ove r  t h e  
e n t i  r e  ener.yy range o f  importance. 

A l i m i t e d  number o f  h i g h  energy neut ron induced r e a c t i o n  
c ross  sec t i ons  have been e x p e r i m e n t a l l y  measured i n  recen t  
years .  [5-9, 26-30] Some have been r e p o r t e d  a t  t h i s  conference[31]. 
The cross  s e c t i o n s  used i n  t h e  f o l l o w i n g  s tudy  a r e  f rom Green- 
wood. [26] Improved i n t e g r a l  and d i f f e r e n t i a l  c ross  s e c t i o n  
measurement r e s u l t s  w i l l  be used, a long w i t h  b e t l e r  c a l c u l a t e d  
c ross  sec t i ons ,  as they  become a v a i l a b l e .  Extens ion o f  ENDFIB-V 
da ta  t o  a  h i g h e r  energy range (up t o  about 50 MeV) i s  p r e s e n t l y  
r p q l l i r e d  f o r  FMIT  a p p l i c a t i o n s .  

The neu t ron  f l u x  spectrum has been c a l c u l a t e d  us ing  Montp 
C a r l o  programs [32-341 f o r  va r ious  p o s i t i o n s  w i t h i n  t h e  FMIT t e s t  
c e l l ,  bo th  w i t h  and w i t h o u t  s imula ted t e s t  modules i n  p lace.  
I n  s p e c t r a l  reg inns  of r e l a t i v e l y  low f l u x  t h e  e r r o r s  i n  these 
c a l c u l a t i o n s  a r e  l a r g e .  Th i s  proble111 i s  p a r t i c u l a r l y  1111pur.Ld1lt 
f o r  t h e  l ow  f l u x  t e s t  p o s i t i o n s  i n  t h e  r e a r  o f  a loaded t e s t  c e l l  
where s i g n i f i c a n t  amounts o f  f l u x  a r e  below 1  KeV. 

S e n s i t i v i t y  c a l c u l a t i o n s  have been c a r r i e d  our  usirlcj 
Equations (1)  and (2) w i t h  c ross  sec t i ons  and neu t ron  spec t ra  
taken f rom t h e  re fe renced  sources. The r e s u l t s  a r e  presented i n  
Table V I  f o r  s e n s i t i v i t y  l i m i t s  i n  t h e  neut ron spectrum a t  t h e  
p o s i t i o n  c l o s e s t  t o  t h e  f r o n t  o f  t h e  fo rward  H o r i z o n t a l  Test  
Assembly (HTA), which i s  Monte Car lo  Zone 1. T h i s  t a b l e  
a l s o  i nc ludes  t h e  r e a c t i o n  product  h a l f - l i v e s  which a r e  discussed 
below. 

Table V I T  g i v e s  c h a r a c t e r i s t i c s  o f  t h e  t o t a l  f l u x  and neut ron 
spec t ra  a t  va r ious  p o s i t i o n s  c a l c u l a t e d  f o r  a  p a r t i a l l y  ludded 
t e s t  c e l l .  As descr ibed i n  Table V I I ,  Zone 1  i s  a t  f r o n t  and cen- 
t e r ,  Zone 5  i s  s l i g h t l y  above t h e  beam spo t  (FWHM 1x3 cm), Zone 51 i s  



a t  t h e  r e a r  o f  t h e  second HTA, and Zone 108 i s  a t  t h e  r e a r  o f  t h e  
t e s t  c e l l  w i t h  a  s u b s t a n t i a l  amount o f  m a t e r i a l  (assumed t o  be 
s t a i n l e s s  s t e e l )  between i t  and t h e  l i t h i u m  t a r g e t .  s p e c t r a l  
averaged cross  sec t i ons  f o r  these f o u r  l o c a t i o n s  a re  g i v e n  i n  
Table V I I I .  

Some examples of p l o t s  o f  s e n s i t i v i t y  vs.  energy a r e  shown 
i n  F igu re  5. These examples a re  o n l y  f o r  t h e  neut ron spectrum 
i n  Zone 1; s e n s i t i v i t y  p l o t s  a t  t h e  r e a r  o f  t h e  t e s t  space i n  
t h e  c e l l  a r e  n o t  presented due t o  t h e  u n c e r t a i n t i e s  noted above. 
However, i t  i s  expected t h a t  t h e  dos imet ry  techniques which have 
been .developed by Greenwood e t  a1. [5-81 f o r  MFR programs and 
o the rs  f o r  LWR and FBR appl  i c a t i o n s [ l . l - 1 7 1  wi 11 be s u f f i c i e n t ,  
f o r  t h e  most p a r t ,  t o  c h a r a c t e r i z e  t h e  f lux- f luence-sPectrum a t  
such ' pos i t i ons .  

For s i m i l a r  reasons, one should be cau t i ous  o f  seve ra l  o f  t h e  
(n,y) r e a c t i o n s  which seem t o  show s e n s i t i v i t y  1  i m i t s  o f  20 MeV o r  
so. The c ross  sec t i ons  f o r  (n,y) r e a c t i o n s  on 23Na, 4 5 ~ ~ ,  . S 9 C 0 ,  
63Cu, and e s p e c i a l l y  58Fe show s u b s t a n t i a l  e x c i t a t i o n  o f  t h e  g i a n t  
d i p o l e  resonance a t  about 20 MeV; however, t h e  f l u x  averaged cross  
sec t i ons  a r e  r e l a t i v e l y  low. Thus, any thermal component cou ld  ve ry  
1  i k e l y  overshadow t h i s  e f f e c t .  

The goal  o f  FMIT dos imet ry  i s  t o  p rov ide  t h e  exper imenter  w i t h  
accura te  neut ron f l u x - f l  uence-spectra a t  a1 1  p o s i t i o n s  i n  t h e  t e s t  
c e l l .  Passive r a d i o m e t r i c  mon i to rs  (RM), s o l i d  s t a t e  t r a c k  r e -  
corders  (SSTR) , and he1 ium accumulat ion f 1  uence mon i to rs  (HAFM) 
w i l l  be used t o  p rov ide  measured i n t e g r a l  r e a c t i o n  and r e a c t i o n  
r a t e  i n p u t  data  f o r  SAND[35-371, STAYSLl38J. FERRET[39] or uther 
codes t.o determi ne a t s o l  u t e  va l  ues of  f 1  ux-f 1  uence-spectra . Since 
these adjustment codes do n o t  y i e l d  unique r e s u l t s ,  and t o  para- 
phrase a  recen t  rev iew  by 0. L. Smith[9], "it i s  reasonable t o  
ask how one can deduce f rom i n - s i t u  pass ive  dos imet ry  t h e  most 
l i k e l y  spectrum rep resen ta t i on  and es t ima te  i t s  u n c e r t a i n t y  f rom 
a v a i l a b l e  i n t e g r a l  ' d a t a  and eva luated d i f f e r e n t i a l  dos imet ry  c ross  
sec t i ons " .  Perey[38] and Schmi t t ro th [39]  addressed t h i s  problem 
and developed l e a s t  squares procedures which answer t h i s  ques t i on  
i n  a  r i g o r o u s  manner. A v a r i a t i o n  o f  t h e  FERRET l e a s t  squares 
approach has been used f o r  e r fo rm ing  eva lua t i ons  o f  i r o n  dosim- 
e t r y  c ross  s e c t i o n  data.  [40? 

The l e a s t  squares approach uses m a t r i x  a legbra  techniques 
and covar iance ma t r i ces  must be p rov ided  f o r  t h e  t r i a l  spectrum, 
f o r  t h e  d i f f e r e n t i a l  c ross  sec t i ons ,  and f o r  t h e  i n t e g r a l  r e a c t i o n  
ra tes .  To aga in  paraphrase 0. L. Smith f o r  f l ux - f l uence -spec t ra  
d e t e r m i n a t i o n , " t h i s  requirement i s  bo th  a  source o f  s t r e n g t h  and 
of weakness i n  t h i s  approdch. The s t r e n g t h  l i e s  i n  t h e  f a c t  t h a t  
a l l  u n c e r t a i n t i e s  i n  t h e  u n f o l d i n g  procedure a r e  cons idered and 
t h e  unfolded spectrum i s  t h e  bes t  es t ima te  ( i n  t h e  least -squares 
sense) which t h e  a v a i l a b l e  i n f o r m a t i o n  can prov ide.  The weakness 
i s  t h a t  i t  i s  ve ry  d i f f i c u l t  t o  p rov ide  r e a l i s t i c  covar iance 



m a t r i x  elements ( e s p e c i a l l y  o f f  d iagona l  elements rep resen t ing  
c ross  c o r r e l a t i o n  e f f e c t s ) .  Use o f  inadequate m a t r i x  elements 
can t h w a r t  t h e  process and l e a d  t o  unreasonable r e s u l t s .  It i s  
g e n e r a l l y  accepted t h a t  t h i s  f o rma l i sm i s  t h e  l o g i c a l  way t o  
procccd, a t  leazt . ,  f o r  t h e  l ong  run.  Steps a re  being taken t o  
implement i t  (e.g. i n c l u s i o n  o f  covar iance ~ l ~ d l t ' i c e s  i n  ENDF/B-V). 
Exper ience ga ined ove r  t h e  n e x t  few yea rs  should e s t a b l i s h  whether 
i t  i s  a  p r a c t i c a l  approach f o r  r o u t i n e  dos imet ry .  I n  t h e  mean- 
t ime,  i t  i s  1  i k e l y  t h a t  many o t h e r  methods w i l l  con t i nue  t o  be 
used. " 

The ad jus ted  f l u x - f l u e n c e - s p e c t r a  which such codes produce 
have u n c e r t a i n t i e s  and e r r o r s  f rom severa l  sources:  measured 
RM,SSTR, and HAFM t o t a l  r e a c t i o n s  o r  r e a c t i o n  r a t e s ,  c ross  
sect ions,  and t h e  non-uniqueness assoc ia ted w i t h  s o l v i n g  a  s e t  
o f  r e a c t i o n  ( o r  r e a c t i o n  r a t e )  equat ions.  Goal accurac ies  f o r  
neut ron f l uence -spec t ra  have been e s t a b l i s h e d  i n  suppor t  o f  FMIT 
d ~ s i g n . a c t i v i t i e s  and a r e  l i s t e d  i n  Table I X .  

I n  o r d e r  t o  meet these y u d l  f l u e n c e  accurac ies ,  c ross  sec t i ons  
must be known t o  d r ~  accuracy approx imate ly  as good as t h e  bes t  
goa l  accuracy f o r  f l u e n c e  de te rm ina t i on  a t  energ ies  a t  whlch t i l ey  
have a  s i g n i f i c a n t  s e n s i t i v i t y .  Required accurac ies  and p r i o r i t i e s  
have been c a l l e d  o u t  i n  Table V I .  I t should be noted t h a t  these 
requ i rements  b a s i c a l l y  r e f e r  t o  r e l a t i v e  accuracdes; s u i t a b l e  
i n t e g r a l  measurements i n  h i g h  i n t e n s i t y  benchmark f i e lds . ,  t oge the r  
w i t h  v a l i d a t i o n  o f  c a l c u l a t i o n a l  techniques,  can p rov ide  t h e  r e -  
q u i r e d  abso lu te  and r e l a t i v e  c o r r e l a t i o n s  necessary f o r  FMIT dosim- 
e t r y  and m a t e r i a l s  damage s tud ies .  

Using ENDFIB-V, an ENDFIA ad jus ted  dos imet ry  c ross  s e c t i o n  
f i l e  w i l l  be e s t a b l i s h e d  f o r  RM, SSTR, and HAFM sensors f o r  FMIT 
Passive Dosimetry. The procedures t h a t  w i l l  be used f o r  a d j u s t -  
ment a r e  d iscussed e l  sewhere, [ l l -151 and i t  i s  a n t i c i p a t e d  t h a t  
codes such as SAND 11, FERRET, and STAYSL w i l l  be used f o r  making 
t h e  adjustments and deve lop ing a  c o n s i s t e n t  u n c e r t a i n t y  and e r r o r *  
f i l e  t oge the r  w i t h  t h e  bas i c  energy dependent c ross  s e c t i o n  f i l e .  

Passive React ion and React ion Rate Measuremer~lb 

Passive r e a c t i o n  and r e a c t i o n  r a t e  measurements can be made 
u s i n g  seve ra l  techniques which w i  11 be descr  i /:led below. These 
measurements depend on l o c a t i n g  mon i to rs  a t  p o s i t i o n s  i n  t h e  
neu t ron  f i e l d ,  removing t h e  m o n i t o r  a f t e r  t h e  i r r a d i a t i o n ,  sec- 
t i o n i n g ' t h e  m o n i t o r  as requ i red ,  and measuring t h e  number o f  
r e a c t i o n s  t h a t  occured. 

*Uncer ta in t y  i n  t h e  sense t r e a t e d  here i s  a  s c i e n t i f i c  cha rac te r -  
i z a t i o n  o f  t h e  r e l i a b i l i t y  o f  a measurement r e s u l t  and i t s  s t a t e -  
ment i s  t h e  necessary premise f o r  us ing  these r e s u l t s  f o r  a p p l i e d  
i n v e s t i g a t i o n s  c ' la iming h i g h  o r  a t  l e a s t  s t a t e d  accuracy.  The term 
e r r o r  w i l l  be reserved t o  denote a  known d e v i a t i o n  o f  t h e  r e s u l t  
f rom t h e  q u a n t i t y  t o  be measured. E r r o r s  a r e  u s u a l l y  taken i n t o  
account by  c o r r e c t i o n s .  [41] 



Techniques t h a t  can be a p p l i e d  i n c l u d e  r a d i o m e t r i c ,  s o l i d  
s t a t e  t r a c k  recorders ,  and he l i um accumulat ion f luence mon i to rs .  
These techniques possess complementary capabi  1.i t i e s  and s e l e c t i o n  
c r i t e r i a  f o r  a  p a r t i c u l a r  a p p l i c a t i o n  i nc lude :  

(1 )  S e n s i t i v i t y  

( 2 )  Time response 

( 3 )  Energy response 

( 4 )  S p a t i a l  r e s o l u t i o n  

( 5 )  Abso lu te  accuracy and p r e c i s i o n  

The s e n s i t i v i t y  i s  o f  p a r t i c u l a r  importance f o r  s h o r t  ( o r  
low f l u e n c e )  i r r a d i a t i o n s  where d e t e c t i o n  of r e a c t i o n s  may be 
d i f f i c u l t .  These measurements can be made us ing  s h o r t  h a l f - 1  i f e  
r e a c t i o n  products  o r  SSTR. For  l onger  i r r a d i a t i o n s ,  s e n s i t i v i t y  
i s  n o t  u s u a l l y  a  problem b u t  l o n g  h a l f - l i f e  o r  s t a b l e  products  
must be used t o  p r o v i d e  a  good i n t e g r a t i o n  ove r  t h e  exposure. 
SSTR a r e  p a r t i c u l a r l y  va luab le  f o r  measurement o f  long,  low- 
f l  uence exposures, w h i l e  HAFM wi 11 be va luab le  f o r  h i g h - f l  uence. 

To determine neut ron f l u x -  o r  f luence-spect ra ,  i t  i s  neces- 
s a r y  t o  use severa l  r e a c t i o n s  t o  measure neut rons o f  var.ious 
energ ies .  I n  c o n t r a s t  t o  f i s s i o n  r e a c t o r s  where a  few (as l i t t l e  
as two o r  t h r e e )  r e a c t i o n s  can, i n  some cases, p rov ide  a  reason- 
a b l e  response t h a t  p rov ides  broad range adjustments o f  t h e  f l u x -  
spectrum, t h e  r a p i d l y  changing spectrum i n  FMIT and t h e  need t o  
a t t a i n  h5gher s p a t i a l  r e s ~ l l a t i n n  w i l l  necessitate us,ing a  l a r g e r .  
number o f  Peact ions.  

Radiometr ic Techniques 

Measurements o f  r e a c t i o n s  us ing  r a d i o m e t r i c  techn iques 
depend on p roduc t i on  o f  an uns tab le  product  t h a t  decays w i t h  a  
convenient  h a l f  1  i f e .  Shor t  ha1 f - 1  i v e s  a r e  use fu l  t o  o b t a i n  
h i g h  s e n s i t i v i t y  ( l a r g e  number o f  d i s i n t e g r a t i o n s  per  second). f o r  
s h o r t e r  i r r a d i a t i o n s  whereas l o n g  h a l f - l i f e  products  p r o v i d e  
b e t t e r  i n t e g r a t i o n s  ove r  l ong  exposures. The optimum l i f e t i m e  
i s  t h e r e f o r e  about t h e  same as t h e  run  d u r a t i o n .  Table V I  l i s t s  
h a l f - l i v e s  f o r  a  number o f  cand idate  reac t i ons .  From t h i s  l i s t ,  
f o i l  se ts  can be se lec ted  t o  p rov ide  complete neut ron energy 
coverage (as dep ic ted  i n  F igu re  5 ) .  

It has been noted above t h a t  t h e r e  i s  a  p a u c i t y  o f  very  h i g h  
energy cross  s e c t i o n  data, e s p e c i a l l y  a t  s h o r t  and l ong  h a l f - l i v e s .  
Bay t~u rs t ,  e t  a1 ,[27] and Vesser, e t  a1 ,[28] present  c ross  s e c t i o n  
data  up t o  28 MeV and 24 MeV f o r  severa l  (n,xn) r e a c t i o n s  l e a d i n g  
t o  products  w i t h  r e l a t i v e l y  l o n g  h a l f - 1  i v e s  (Tab le  X ) .  However, 
these cross  sec t i ons  need t o  be extended t o  s t i l l  h ighe r  energ ies .  
Two r e a c t i o n s  which m i g h t  be u s e f u l  f o r  ve ry  l o n g  term ( s e r v i c e  
l i f e  , o f  FMIT) exposures would be l59Tb (n,2n) 158Tb and lo9Ag  
(n,2n) loSmAg. 



The t e s t  c e l l  dos ime t r y  systems f o r  FMIT w i l l  i n c l u d e  p r o v i s i o n  
f o r  a  r a b b i t  system f o r  r a p i d  t r a n s f e r  o f  mon i to rs  f rom re fe renced  
(benchmark f i e l d )  i r r a d i a t i o n  p o s i t i o n s  t o  a  s e r v i c e  c e l l  and 
i n -  and e x - s e r v i c e  c e l l  coun t i ng  systems. A few o f  t h e  p o s s i b l e  
cand idates  f o r  i n v e s t i g a t i n g  h i g h  energy neu t ron  f l u x e s  a t  s h o r t  
h a l f - l i v e s  a r e  shown i n  Table X. 

I t  has been s t a t e d  t h a t  t h e r e  w i l l  be cons ide rab le  damage t o  
t h e  magnets i n  a  MFE power p l a n t  r e s u l t i n g  f rom l o n g  te rm ex- 
posures o f  ene rq ies  between 0.1 and 1  MeV.[42] For  t h i s  reg ion ,  
boron sh ie lded  RM, SSTR, HAFM, dnd i r ~ e l a s t i c  s c a t t e r i n g  r e a c t i o n s  
l e a d i n g  t o  i somer i c  s t a t e s  would be v e r y  use fu l .  React ions 
o f  t n i s  t y p e  a r e  c h a r a c t e r i z e d  by a  r a t h e r  l ow  t h r e s h o l d  energy. 
A cand ida te  r e a c t i o n  used i n  f i s s i o n  r e a c t o r s  i s  9 3 ~ b ( n , r l ' ) ~ 3 " ' ~ b .  
93mNb has a  h a l f - 1  i f e  o f  13.6 yea rs  and a  t h r e s h o l d  energy 
o f  30 KeV. Many o t h e r  r e a c t i o n s  o f  t h i s  t y p e  e x i s t  w i t h  v a r y i n g  
t h r e s h o l d  energ ies .  Some o f  these a r e  l i s t e d  i n  Table X.  I t w i l l  
be noted t h a t  many o f  these have v e r y  s h o r t  h a l f - l i v e s  and thus  
a r e  good c a r ~ d i d a t e s  f o r  use w i t h  t h e  p r e v i o u s l y  ment ioned r a b b i t  
system. Dur ing  FMTT i r r a d i a t i o n  cyc les ,  t h e  r a b b i t  tube w i l l  
u s i ~ a l l y  be used i n  t h e  r e a r  o f  t h e  t e s t  c e l l  where l l ~ e  neu t ron  
spectrum w i l l  be s u b s t a n t i a l l y  moderated by  t h e  fo rward  t e s t  
assembl ies as w e l l  as w a l l  r e t u r n  neut rons .  I t  i s  j u s t  such a  
spectrum as t h i s  where neut rons  o f  l ower  ene rg ies  can bcyvery 
impor tan t  i n  produc ing damage t o  magnets and s t r u c t u r a l  compo- 
nents .  

S o l i d  S t a t e  Track Recorders 

S o l i d  S t a t e  Track Recorder (SSTR) dos i l i ie te rs  c o n s i s t  of an 
a p p r o p r i a t e  d i e l e c t r i c  m a t e r i a l  such as mica o r  q u a r t z  c r y s t a l  
p laced i n  f i r m  c o n t a c t  w i t h  a  d e p o s i t  o f  f i s s i o n a b l e  m a t e r i a l  as 
shown i n  F i g u r e  6. I n  t h e  case o f  SSTR dos imeters ,  t h e  t o t a l  
f i s s i o n  c ross  s e c t i o n  i s  t h e  q u a n t i t y  o f  i n t e r e s t .  I n  a d d i t i o n  
t o  c ross  s e c t i o n  da ta  f o r  c o n v c n t i o n a l l y  used thermal  and t h r e s -  
h o l d  reactions, such as 23%(n , f ) ,  cadium and boron covered 
235U(n,f),  237Np(n,f),  238U(n , f) ,  and 232Th(n,f), c ross  sec t i o r l  
da ta  f o r  h i g h e r  thresh01 d  f i s s i o n  r e a c t i o n s  w i l l  undoubted ly  be 
o f  va lue  i n  t h e  FMIT spectrum. 

226Ra w i t h  an a p p r o x i ~ ~ ~ d t e  f i s s i o n  t h r e s h o l d  o f  about 3  MeV i s  
a  good cand ida te  f o r  f u r t h e r  and more accu ra te  c ross  s e c t i o n  
measurements. The a v a i l a b l e  data  f o r  neu t ron  induced f i s s i o n  of  
n u c l i d e s  l i g h t e r  than 226Ra i s  sparse. F i s s i o n  b a r r i e r  sys te-  
mat ics [43]  i n d i c a t e  t h a t  209Po(109y) and 210Po(138d) have f i s s i o n  
t h r e s h o l d s  of 13 MeV and 15 Mev, r e s p e c t i v e l y .  The h a l f - 1  i v e s  o f  
these t a r g e t  n u c l i d e s  l i m i t s  t h e i r  use t o  a l l  b u t  t h e  h i g h e s t  
f l u e n c e  a p p l i c a t i o n s .  Table X I  c o n t a i n s  f i s s i o n  t h r e s h o l d  da ta  
f o r  a  number o f  conven ient  t a r g e t  n u c l i d e s .  These f i s s i o n  t h r e s -  
ho lds  were es t ima ted  by us ing  mass data and Z2/A t r e n d s  i n  t h e  



h e i g h t  of t h e  f i s s i o n  b a r r i e r .  A l though t h e  use o f  these t h r e s -  
h o l d  r e a c t i o n s  wi 11 be 1  im' i ted by a n t i c i p a t e d  l ow  c ross  s e c t i o n s  
and concomitant  problems f rom con tam ina t i on  o f  dos imeters  w i t h  
more f i s s i o n a b l e  n a t u r a l l y  o c c u r r i n g  nucl ides,  such as 232Th and 
i so topes  of uranium, da ta  on any o r  a l l  o f  these r e a c t i o n s  would 
undoubted ly  be o f  va lue .  

Helium Accumulat ion Fluence Mon i to rs  

A l though HAFM have o n l y  been used t o  a  l i m i t e d  e x t e n t  i n  
f i s s i o n  r e a c t o r s ,  increased a p p l i c a b i l i t y  has been f o r e c a s t e d  f o r  
h i g h  energy neu t ron  f i e l d s .  A p p l i c a t i o n s  have a l r e a d y  been made 
and measurements i n  a  Be(d,n) neu t ron  f i e l d  a r e  r e p o r t e d  a t  t h i s  
conference.  [44]  

Appl i e a t i u ~ ~  u f  the  HAtM techn ique i n v o l v e s  measurement of 
t o t a l  he l ium produced i n  a  sample. I n  c o n t r a s t  t o  he l ium pro-  
d u c t i o n  c ross  s e c t i o n s  i n  f i s s i o n  spect ra ,  c ross  s e c t i o n s  i n  FMIT 
w i l l  be n e a r l y  t h e  same i n  magnitude. Th i s  s i m p l i f i e s  t h e  need 
t o  have such h i g h  p u r i t y  m a t e r i a l s  ( e x p e c i a l l y  low i n  boron)  b u t  
l i m i t s  t h e  use o f  capsules f o r  he l i um containment s i n c e  gene ra t i on  
i n  t h e  capsules may be comparable t o  t h e  sample. However, bare 
w i r e  sampJes can be used, p rov ided  they  can be shown t o  r e t a i n  
t h e  he l i um a t  i r r a d i a t i o n  temperatures.  The o u t e r  l a y e r s  o f  t h e  
w i r e ,  f rom which he1 ium i s  l o s t  t~ o r  imp lan ted  from, t h e  sur -  
round ings must be e tched away p r i o r  t o  measurement. 

Helium p r o d u c t i o n  c ross  s e c t i o n s  a r e  p o o r l y  known a t  h i g h  
energ ies .  A  v a r i e t y  o f  r e a c t i o n s  must be i n c l u d e d  t o  determine 
t h e  t o t a l  he l i um produced, e.q. (n.a) ,  (n,na), (n,?s) ,  e t i .  Mucl~ 
o f  t he  i r . u b 5  s e c t i o n  e v a l u a t i o n  i n  t h e  FMIT energy r e g i o n  w i l l  
depend on i n t e g r a l  measurements u s i n g  HAFM. 

F l u x  Contour Mapping 

As s t a t e d  above, t h e  r a p i d  v a r i a t i o n  o r  f l u x  and spectrum i n  
FMIT makes mapping a  p a r t i c u l a r  cha l lenge.  A l l  o f  t h e  techn iques 
d iscussed above (RM, HAFM, and SSTR) w i l l  be used. React ions  w i l l  
be s e l e c t e d  which a r e  l e s s  s e n s i t i v e  t o  s p e c t r a l  changes f o r  
f l u e n c e  measurements and r e a c t i o n s  o f  h i g h e r  e f f i c i e n c y  can be 
used t o  m o n i t o r  beam v a r i a t i o n s .  

I n  t h e  h i g h e s t  f l u x  t e s t  assembly, volume f o r  m a t e r i a l s  
t e s t i n g  w i l l  be s e v e r e l y  l i m i t e d  as w i l l  t h e  space f o r  a v a i l a b l e  
dos imet ry .  There fore ,  s i n g l e  dos imeters  t h a t  can p r o v i d e  m u l t i p l e  
r e a c t i o n s  w i l l  be p a r t i c u l a r l y  va luab le .  Examples a r e  197Au(n,u), 
( n , ~ ) ,  (n,2n), (n,3n),  (n,4n), (n,a) and 59Co(n,a), ( n , ~ ) ,  (n,2n), 
(n,3n),  and (n,4n). S e n s ~ t i v i t y  p l o t s  f o r  t h e  g o l d  r e a c t i o n s  a r e  
presented i n  F i g u r e  7. 

Pass ive  f l u x  con tou r  maps o f  t h e  FMIT neu t ron  source w i l l  be 
needed f o r  max imiz ing  t e s t  assembly exposure f l uences .  These 
pass ive  techn iques w i l l  complement a c t i v e  dos ime t r y  methods t h a t  
have a l r e a d y  been descr ibed.  RML61 and HAFM[44] have been used t o  



p r o v i d e  neu t ron  i n t e n s i t y  con tou r  maps o f  h i g h  energy neu t ron  
sources.  SSTR can a l s o  be employed t o  t h i s  end. Indeed, these 
t h r e e  pass ive  techn iques possess compl imentary c a p a b i l i t i e s  f o r  
mapping neu t ron  source i n t e n s i t y  contours .  I n  f a c t ,  o f  these 
compl imentary a t t r i b u t e s  perhaps t h e  most impor tan t  f o r  con tou r  
mapping a r e  those genera l  s e l e c t i o n  c r i t e r i a  a l r e a d y  c i t e d  f o r  
pass i ve  r e a c t i o n  r a t e  measurements. 

While these neu t ron  i n t e n s i t y  con tou r  maps a r e  u s e f u l ,  what 
i s  a c t u a l l y  needed f o r  FMIT c a l c u l a t i o n a l  dos ime t r y  i s  t h e  dngu lar  
f l u x ,  $(c,g,E), e m i t t e d  f rom t h e  source. I n  t h i s  c o n t e x t ,  a  neu- 
t r o n  source i n t e n s i t y  con tou r  map rep resen ts  a  complex f o l d i n g  o f  
t h i s  angu la r  f ' lux ove r  t h e  geometry and energy s e n s i t i v i t y  o f  t h e  
p a r t i c u l a r  pass ive  m o n i t o r .  

An impor tan t  example o f  SSTR con tou r  mapping i s  t h e  use o f  
i so topes  such as 2 2 6 ~ a  f o r  neu t ron  a c t i v a t i o n  a lpha a u t o r a d i o -  
graphy.  I n  t h e  FMIT neu t ron  f i e l d ,  t h e  f o l l o w i n g  r e a c t i o n s  w j l l  
be induced i n  226Ra: 

The 2 2 5 ~ ~  a lpha p a r t i c l e s  w i t h  an energy o f  5;83 MeV can be e a s i l y  
d i s c r i m i n a t e d  f rom 226Ra 4.78 MeV a p a r t i c l e s  by d i f f e r e n t i a l  
e t c h i n g  of  t h e  SSTR o r  t h e  use o f  absorbers.  Furthermore,  t h e  
induced a lpha  a c t i v i t y  becomes g r e a t e r  t han  t h e  226Ra a lpha  a c t i v -  
i t y  a f t e r  about f i v e  hours. A f t e r  exposure t o  FMIT neut rons ,  t h e  
f o i l  c o n t a i n i n g  226Ra would be p laced i n  f i r m  c o n t a c t  w i t h  a  s u i t -  
a b l e  SSTR (e.g. ,  CR-39 polymer, c e l l u l o s e  n i t r a t e ,  o r  mak ro fo l  E ) ,  
and 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  r e s u l t a n t  a - t r a c k  d e n s i t y  can 
be r e l a t e d  t o  t h e  source neu t ron  i n t e n s i t y  d i s t r i b u t i o n .  Usable 
t r a c k  d e n s i t i e s  can be o b t a i n e d  from t h e  FMIT source i n  as l i t t l e  
as 30 ~ni inutes.  

For cxposure pe r i ods  g r e a t e r  than about 10 days, s e n s i t i v i t y  
decreases due t o  t h e  f a c t  t h a t  an i n c r e a s i n g l y  l a r g e r  f r a c t i o n  o f  
t h e  a c t i v i t y  r e s u l t s  f r om t imes  near  t h e  end o f  t h e  exposure. For  
these cases, t h e  f o l l o w i n g  r e a c t i o n  becomes most u s e f u l :  

T h i s  r e a c t i o n  p rov ides  t h e  necessary s e n s i t i v i t y  f o r  i r r a d i a t i o n  
p e r i o d s  from days th rough t h e  t o l d 1  l i f e t i m e  o f  FMIT. , 

A l though t h e  use o f  SSTR i s  p lanned t o  g i v e  an a u t o r a d i o -  
g r a p h i c  image o f  the neu t ron  source contours ,  an a p p r o p r i a t e  
s c i n t i l l a t o r  coupled t o  a  v idecon c o u l d  be used t o  g i v e  a  more 
r a p i d  readou t  f r om t h e  autorad iography f o i l  f o r  bo th  dos ime t r y  and 



d i a g n o s t i c  purposes. Source movement (due t o  beam d r i f t )  o r  
s e r i o u s  source a n i s o t r o p i e s  c o u l d  be r a p i d l y  de tec ted  , u s i n g  2 2 5 A ~  
autorad iographs and t h i s  i n f o r m a t i o n  can then be used f o r  c o r r e c t -  
i n g  c a l c u l a t i o n a l .  dos ime t r y  codes. It c o u l d  a l s o  be s u p p l i e d  t o  
FMIT ope ra t i ons  i n  o rde r  t o  c o r r e c t  such undes i rab le  e f f e c t s ;  

For l onge r  te rm ope ra t i on ,  233U c o n t a i n i n g  f o i l s  c o u l d  be , 

p laced on a l l  a v a i l a b l e  sur faces o f  t e s t  assembl ies t o  p r o v i d e .  
i n t e n s i t y  contours  f o r  t h e  neut rons  t h a t  a r e  e n t e r i n g  and l e a v i n g  
t h e  t e s t  assembl ies.  Th i s  i n f o r m a t i o n  w i l l  a i d  i n  i n t e r p r e t i n g  
t h e  da ta  ob ta ined  f rom pass ive  i n - s i t u  dos imeters  t h a t  a r e  con- 
t a i n e d  i n s i d e  t h e  t e s t  assembl ies.  

Abso lu te  neu t ron  f l u x  de te rm ina t i ons  us ing  2 2 5 A ~  au to rad io -  , 

graphy wi 11 r e q u i r e  accu ra te  know1 edge o f  bo th  t h e  226Ra ( n  ,2n) 
and 226Ra(n,pn) c ross  s e c t i o n s  (a  de te rm ina t i on  o f  t h e  sum o f  
these two c ross  se'ct ions w i l l  s u f f i c e  I n  t h i s  case) as w e l l  as 
accu ra te  knowledge o f  t h e  h a l f - 1  i v e s  f o r  B- decay o f  225Fr  and 
225Ra and f o r  a decay of 2 2 5 A ~ .  S i m i l a r l y ,  t h e  233U(n,2n) c ross  
s e c t i o n  must be a c c u r a t e l y  known a long w i t h  t h e  232U h a l f - l i f e .  

Passive Spectrometry 

Passive spect romet ry  can be . c a r r i e d  o u t  us ing  t h e  w e l l  known 
c ross  s q c t i o n  f o r  neut ron s c a t t e r i n g  f rom hydrogen. Emu1 s i o n  
techn iques f o r  obse rva t i ons  o f  h i g h  energy angu la r  neu t ron  f l u x  
have a1 ready been reviewed a t  t h e  , f i r s t  o f  these sympos.ia. [23]  .: 
I nc luded  i n  t h a t  rev iew  were emuls ion c ross  s e c t i o n  requ i rements  
f o r  charged p a r t i c l e  r e a c t i o n s  u s e f u l  i n  h i g h  energy neut ron 
spect romet ry  as w e l l  as f o r  r e a c t i o n s  which produce background 
i n  cmuls ion  o b s e r ~ v d l i u r ~ s .  TO date ,  t h e  s t a t u s  o f  these needs have . 
n o t  changed. 

The p o t e n t i a l  uses of CR-39 polymer SSTR f o r  FMIT pass ive  
dos imet ry  a r e  d iscussed i n  d e t a i l  i n  a  companion paper a t  t h i s  
conference. [45]  I n  a d d i t i o n  t o  H(n,p) c ross  sec t i on ,  s p e c i f i c  
SSTR a p p l i c a t i o n s  may make use o f  o t h e r  charged p a r t i c l e  e m i t t i n g  
r e a c t i o n s  such as 6L i (n ,a )3H  and l O B ( r ~ , a ) ~ L i .  The need f o r  b e t t e r  
6L i (n ,a )  and 1°B(n,a) c ross  sec t ions .  and data  f o r  o t h e r  a lpha pa r -  
t i c l e  e m i t t i n g  r e a c t i o n s  has a l r e a d y  been c i t e d  f o r  HAFM a p p l i c a t i o n s .  

CALCULATIONAL DOSIMETRY 

C a l c u l a t i o n a l  dos ime t r y  p lans  f o r  FMIT have been separa ted 
i n t o  f o u r  d i s t i n c t  a c t i v i t i e s  (see Table 11).  The methods t o  be 
used i n  c a l c u l a t i o n a l  dos ime t r y  w i l l  be ve ry  s i m i l a r  t o  those used 
i n  t h e  des ign o f  FMIT.[46] There are ,  however, t h r e e  impor tan t  
d i f f e r e n c e s :  

(1 ) t h e  need f o r  increased accuracy,  

( 2 )  t h e  need t o  i n c l u d e  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  
source, 

( 3 )  t h e  v a r i e d  con ten ts  of  t h e  t e s t  modules. 



The needs o f  des ign,  c h i e f l y  s h i e l d i n g ,  a re  m a i n l y  met w i t h  
conse rva t i ve  assumptions. I n  c o n t r a s t ,  f o r  c a l c u l a t i o n a l  dosim- 
e t r y  a l l  assumptions must be as accu ra te  as poss ib le .  Actua l  
deuteron beam d i s t r i b u t i o n s  and a c t u a l  sample compo.sit ions must 
be i nc luded .  The methods a r s  i n  p lace  f o r  such c a l c u l a t i o n s ;  
t h e  main u n c e r t a i n t i e s  l i e  i n  nuc lea r  data.  

The samples w i l l  be ve ry  near t h e  neut ron source (%0.7 t o  10 
cm) which i t s e l f  i s  d i s t r i b u t e d  i n  space (s1.5 cm t h i c k  x  %3 cm 
wide x  sl cm h igh ) .  Thus t h i c k  t a r g e t  y i e l d s  a t  one bombarding 
energy are  n o t  s u f f i c i e n t ,  r a t h e r  t h e  neut ron spec t ra  f o r  t h i n  
t a r g e t  th icknesses a r e  needed. Th is  need has been met f o r  des ign 
pl lrposes by t a k i n g  t h e  a v a i l a b l e  t h i c k  t a r g e t  measurements 
(Ed=15 t o  40 MeV) and f i t t i n g  c l a s s i c a l  models t o  t h e  resu l t s . [ 47 ]  
The accuracy o f  t h i s  procedure awa i t s  t h i n  t a r g e t  measurements 
and/or f l u x  measurements near t h e  d i s t r i b u t e d  source. 

The l a s t  major  d i f f e r e n c e ,  t h e  need t o  a c c u r a l e l y  i n c l u d e  t h e  
compos i t ion  o f  t h e  t e s t  modules, i s  p robab ly  t h e  most s i g n i f i c a n t .  
Cu r ren t  designs i n d i c a t e  t h a t  t h e  volume f r a c t i o n s  w i l l  be 39% Na, 
25% samples, 25% vo id ,  11%K. Since t h e  b u l k  o t  t h e  samples wi l l  
be i r o n  o r  n i c k e l  based a l l o y s ,  t h e  r~euLr.ur~ t r ' & ~ ~ S p ~ r t  el-055 
s e c t i o n s  f o r  Na, Fe, K, and Ni  w i l l  be t h e  most impor tan t .  The 
i r o n  cross  s e c t i o n s  a re  t h e  bes t  known, hav ing t o t a l  e l a s t i c  
c ross  sec t i ons  over  t h e  main enerayy range o f  i n t e r e s t  (s1 Mev t o  
s30 MeV). The s i t u a t i o n  i s  much worse f o r  Na and K  where no such 
da ta  e x i s t s  above 20 MeV, and t h e  da ta  above f a s t  breeder r e a c t o r  
energ ies  i s  skimpy. Much work i s  needed f o r  these i so topes  as 
w e l l  as f o r  n o n - e l a s t i c  c ross  sec t i ons  f o r  a l l  i so topes .  It i s  
ve ry  l i k e l y  t h a t  model c a l c u l a t i o n s [ 3 1 ]  v e r i f i e d  by a  few exper i -  
ments w i l l  form t h e  b u l k  o f  t h e  nuc lea r  da ta  base. I n  p a r t i c u l a r ,  
r e c e n t  d e s c r i p t i o n s  based on p r e e q u i l i b r i u m  angu lar  d i s t r i b u t i o n  
w i l l  g r e a t l y  a i d  t h i s  task.[48] 

As recommended above, c h a r a c t e r i z a t i o n  o f  t h e  neut ron f i e l d  
i n  FMIT r e q u i r e s  dos imet ry  r e a c t i o n  cross  s e c t i o n  data  a t  
se lec ted  ene rg ies  i n  t h e  1  t o  50 MeV range. Data a r e  needed as 
soon as p o s s i b l e  t o  improve t h e  accuracy o f  des ign c a l c u l a t i o n s  
and p lann ing  f o r  dos imet ry  systems and by 1983 t o  suppor t  i n i t i a l  
FMIT opera t i on .  Requests f o r  some o f  these da ta  have a l ready  been 
tabu la ted .  [49-501 Tables I V ,  V I ,  and X p resen t  updated i n fo rma t ion  
r e l a t e d  t o  such requests .  

To meet va r ious  measurement requ i rements  ( s e n s i t i v i t y ,  h a l f -  
1  i f e ,  e t c .  ) c ross  s e c t i o n  data  on a  r a t h e r  l a r g e  number o f  r e a c t i o n s  
must be developed. I n  a d d i t i o n ,  s ince  a l l  t h e  requested cross  
s e c t i o n  d a t a  accurac ies  w i l l  n o t  be a t t a i n e d ,  redundancy i s  
r e q u i r e d  t o  reduce t h e  e r r o r s  i n  f 1  u x - f l  uence-spectral u n f o l d i n g .  
To maximize the  da ta  value,  a  p lan  f o r  c ross  s e c t i o n  measurements 
shou ld  be developed. Th is  p l a n  shou ld  i n c l u d e  p r o v i s i o n  f o r  
combining d i f f e r e n t i a l  measurements w i t h  i n t e g r a l  r e a c t i o n  r a t e s  



i n  t h e  bes t  c h a r a c t e r i z e d  (benchmark) h i g h  energy neut ron f i e l d s  
t o  produce a s e l f - c o n s i s t e n t  c ross  s e c t i o n  s e t  w i t h  w e l l  d e f i n e d  
accurac ies  (covar iances) .  I n  t h i s  way a r e l a t i v e l y  few w e l l -  
planned measurements coupled w i t h  c a l c u l a t i o n s  cou ld  produce 
t h e  d e s i r e d  c ross  s e c t i o n  i n f o r m a t i o n  and accurac ies .  
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Dosimetry S t a t i o n  

TABLE I 

Act i ve  and Passive FYIT Dosimetry System S t a t i o n s  

Category 

Ex-Test C e l l  Neutron PD ,AD 
Radiography S t a t i o n  - 180' 

Ex-Test..Cell  Neutron AD, PD 
Radiography S t a t i o n  and D i f f e r -  
e n t i a l  Dosimetry - 0" 

I In -Tes t  .Gel 1 A c t i v e  Dosimetry AD 
VI Assemblies ( F i s s i o n  and/or 
u 
\O I o n i z a t i o n  Chamber Sensors) 

I 

I n -Tes t  C e l l  Passive Dosimetry PD 
Assemblies ( F i s s i o n  and Non- 
f i s s i o n  React ion Sensors: 
Rad iometr ic  Mon i to rs  (RM) 
Sol i d  S ta te  Track Recorders 
(SSTR), and He1 ium Accumula- 
t i o n  F l  uence Mon i to rs  (HAFM) 

L i t h i u m  Flow Dosimetry P6 D 

Serv i ce  C e l l  Counting S t a t i o n s  PD 
( P r i m a r i l y  f o r  Passive Sensors) 

CANDIDATE DETECTORS 
A c t i v e  Passive 

To Be Determined SSTR 

( a )  ' Charged P a r t i c l e  Telescope SSTR 
( b )  Assoc ia ted -Par t i c l e  TOF System 
( c )  P o s i t i o n  Sens i t ' i ve  P ropor t i ona l  

Counter o r  Spark C ~ u n t e r  

(a )  Long Counters N/A 
( b )  F i s s i o n  Chambers - Current  and 

Pulse Mode 
( c )  Neutron and Gamma Ray Calor imeters  
( d )  Gamma I o n i z a t i o n  Chambers ! 

( e )  S e l f  -Powered Detec tors  

N/A RM, SSTR, 
HAFM 

G e - I n t r i n s i c  

Ge- I n t r i n s i c  



TABLE I I 

FMIT Dosimetry A c t i v i t i e s  

Dosimetry A c t i v i t y  
~ e s i ~ n a t i o n ~  T i t l e  

AD- 1  

AD- 2 

AD- 3 

AD- 4 

AD- 5 

AD-6 

I'D.- 1 

PD- 2 

PD- 3 

AD-7 and PD-4 

CD- 1  

CD- 2 

CD- 3 

CD- 4 

GND-1 

GN D- 2 

A c t i v e  Radiography 

D i f f e r e n t i a l  Dosimetry 

I n t e g r a l  Dosimetry 

L i t h i u m  Flow Dosimetry S t a t i o n  

Data A c q u i s i t i o n  

Neutron and Gamma Hea t ing  

Passive Radiography 

T e s t  C e l l  Dosimetry 

Tn-Si tu Dosimetry 

Benchmark F i e l d  T e s t i n g  

Source Spectrum Cal c u l a t i o n s  

T ranspor t  C a l c u l a t i o n s  

Spec t ra l  M o d i f i c a t i o n  Codes 

S e n s i t i v i t y  S tud ies  

L i  Target  S tud ies  

Dosimetry, Damage Analys is ,  and S h i e l d i n g  
Crnss Sec t ions  

a ~ c t i v e  Dosimetry (AD), Passive Dosimetry (PD), C a l c u l a t i o n a l  
Dosimetry (CD), and General Nuclear Data (GND). 



TABLE I 1 1  

System 

Summary of  Advantages/Disadvantages o f  Candidate A c t i  ve Spectrometer Sys tems 

1. 'He(nYp) t p r o p o r t i o n i l  
counters  

2. Recoi 1 p r o p o r t i o n a l  
counters  

1 
VI 3. Organ ic  s c i n t i l l a t o r s  
00 
P (0s )  

4. ( n  ,p) '  magnet ic spect ro-  
meters 

5. 6 ~ i  ( n Y a ) t  c o i n c i d e n t  
spectrometer 

.High e f f i c i e n c y  

.Inexpensive 

.Long h i s t o r y  o f  use 

04He usable t o  15 MeV 
.Self-contained, smal l  s i z e  
.Pulse shape d i s c r i m i n a t i o n  o f  

gamma rays  

.Very f a s t  

.Pulse shape y d i s c r i m i n a t i a n  
p o s s i b l e  

.Sel f -contained 

.High energy sp f  c t rome t ry  
(>50 NeV) s t r a i g h t f o r w a r d  

.High e f f i c i e n c y  

.Good r e s o l u t i o n  p o s s i b l e  
based on we1 1-kmown hydrogen 
a(n,p)  

.Good h i g h  energy response 

*High Q r e a c t i o n ,  good p o t e n t i a l  
f o r  y - ray  d i s c r i m i n a t i o n  

.Geometry adds a d d i t i o n a l  back- 
ground suppression 

Cisadvantages 

.Dynamic range: thermal  t o  
1-2 MeV ( l i m i t e d  b y  e l a s t i c  
s c a t t z r  i n t e r f e r e n c e )  

wMicro3honi c 

.'H l i n i t e d  t o  energy c3 MeV 

.Resol j t i o n  p robab ly  > lo-15% 

.Requires development work 

.Very h i g h  vo l t age  b i a s  r e q u i r e d  

.High gamma r a y  e f f i c i e n c y  

.Large s i z e ,  i nc reased  expense 

.Cumbersome design 

.L imi ted t o  low energy p o r t i o n  
o f  spectrum due t o  low e f f i -  
c i e n c y  as w e l l  as l a c k  o f  know- 
ledge o f  a and charged p a r t i c l e  
angu lar  d i s t r i b u t i o n ,  and 
competing r e a c t i o n s  



TABLE I11 . [Cont ld)  

System 

6. (n,p) t h i n  r a d i a t o r  
I te lescopes 

VI 
c) 
10 

I 

7. Two-detector TOF 

Advantages 

~ B E S ~ C  method we1 1  developed 
05% r e s o l u t i o n  p l a u s i b l e  
..Gcod h i g h  energy response 

.Would use OS ( # 3  above) 
OW-de dynamic range: 1-500 MeV 

w -  t h  s h o r t  .fl i g h t  pa th  ( < I 0  m) 
.Real t ime c o r r e c t i o n  f o r  i n e l a s -  

t i c  s c a t t e r i n g  . . i n  C p o s s i b l e  

Disadvantages 

.Correct ion f o r  i n e l a s z i c  C 
i n t e r a c t i o n s  cumbersome 

.Dynamic range - r e s o l  r ti on 
1  i m i t e d  by r a d i a t o r  t ~ i c k n e s s  

*Low e f f i c i e n c y  

.Resolution poor  

.Probably n o t  f e a s i b l e  t o  p u t  
f i r s t  d e t e c t o r  i n  bean 



TABLE I V  

Cross Sect ion Requirements f o r  D i f f e r e n t i a l  Dosimetrya 

TABLE' V 

Reactions o f  Deuterons on L i t h i um  Which Result  i n  Detectable 
Ac t i va t i on  Products a t  t he  L i th ium Flow Dosimetry 'S ta t i ona  

7 ~ i  (d,p) 8 ~ i  (0.844 sec) 

7 ~ i ' ( d , 2 p n )  6 ~ e  (0.805 sec) 

7~ i  (d,2n) 7 ~ e  (53.28d) 

a ~ e s i r e d  , react ion cross sec t ion  accuracy l e v e l  i s  10 percent ( l a ) .  



TABLE V I  

REACTION 

R e a c t i o n s  f o r  F M I T  P a s s i v e  RM and SSTR ~ o s i r n e t r ~ ~  

A G 1 0 7 ( ~ 2 ~ ) A G 1 0 6 ~  
A L 2 7 ( N  A ) N A 2 4  
A U 1 9 7 ( N 2 N ) A U 1 9 6  
A U 1 9 7 ( N 3 N ) A U 1 9 5  
A U 1 9 7 ( N 4 N ) A U 1 9 4  
A U 1 9 7 ( N  G ) A U 1 9 8  
C 0 5 9 ( N  P )  F E 5 9  
C 0 5 9 ( N  A)MN56 
C 0 5 9 ( N  2 N ) C 0 5 8  
C 0 5 9  (N 3N)  C 0 5 7  
C 0 5 9 ( N  4N)  C 0 5 6  
C 0 5 9 ( N  G) C 0 6 0  
CU63(N A )  C 0 6 0  
CU63(N G) CU64 
CU65 ( N  2N)  CU64 
FE ( N  X)MN54 
F E 5 4 ( N  A ) C R 5 1  
F E 5 6 ( N  P)MN56 
F E 5 8 ( N  ti) I-ESY 
I N 1 1 5 ( N  N ) I N 1 1 5 M  
I N 1 1 5 ( N  G ) I N 1 1 6  
I R 1 9 1  (N3N)  I R 1 8 9  
I R 1 9 1  ( N 2 N ) I R 1 9 0  
L U 1 7 5 ( N  G ) L U 1 7 6  
~ t i 2 4 ( ~  P I N A 2 4  
N A 2 3 ( N  G ) N A 2 4  
N B 9 3 ( N  2N)NB92M 
N I 5 8 ( N  P ) C 0 5 8  
N I 5 8 ( N  3 N ) N I 5 6  
N I 5 8 ( N  2 N ) N I 5 7  
N I 6 0 ( N  P)  C 0 6 0  
N P 2 3 7 ( N  G ) N P 2 3 8  
N P 2 3 7 ( N  F )  FSPR 
PU239(N F )  FSPR 
SC45(N A ) K 4 2  
SC45 (N 6)  SC46 
SC45(N 2 N ) S C 4 4  
T A 1 8 1  ( N  G ) T A 1 8 2  
T H 2 3 2 ( N  F )  FSPR 
T I  ( N X ) S C 4 7  
T I  ( N  X ) S C 4 6  

P R I O R I T Y &  H A L F L I  FE 
ACCURACY 



TABLE V I  (Con t ' d )  

REACTION 

TI48(N P)SC48 
TL203(N3N)TL201 
TL203(N2N)TL202 
TM169(N3N)TM167 
TM169(N2N)TM168 
U235(N F) FSPR 
U238(N G) U239 
U238(N 2N)U237 
U238(N F) FSPR 
W186(N G)W187 
Y89(N 3N)Y87 
Y89(N 2N)Y88 
ZR (N X)ZR89 

PRIORITY / 
A C C U R A C Y ~  

HALFLIFE 

s e c t i o n  data  used are from. Greenwood, Reference 7. 

b ~ l  1 r e q u i r e d  accurac ies  are 10% ' ( l a )  except  those h i g h  energy 
r e a c t i o n s  i n d i c a t e d  by (*) f o r  which t h e  r e q u i r e d  accurac ies  a r e  
20%(10). Those r e a c t i o n s  i n d i c a t e d  by a (1 ) should be g i ven  t h e  
h i g h e s t  p r i o r i t y .  



TABLE V I I  

Ca lcu la ted  F lux  Charac te r - i s t i cs  a t  Several  P o s i t i o n s  i n  t h e  FNIT Test  c e l l a  

Zone 1 Zone 5 Zone 51 .Zone 108 

Dis tance f rom L i t h i u m  t a r ~ e t  0 . 2 5 ~ 1 1  0 .25~11 14.5cm 147.0cm 

H o r i z o n t a l  d i s tance  f rom beam cenxer 0.30cm 0 .30m 0.5cm O.Ocm 

V e r t i c a l  d is tance f rom beam cente- 0.25cm 1. 75an 1 .Ocm O.Ocm 

I T o t a l  f l u x  ( n  /cm2-sec) 1.83x1Ol5 5.7Ox10l4 3.5Ox10l3 1:49x1012 
Cn 
03 
01 ' R e l a t i v e  f l u x  g r e a t e r  than 0.1101 MeV 1.00 1 .OC.  1 .OO 0.94 

.00 Me1 1.00 1 .OC 0.98 

.1 MeV 0.99 0.9s 0.84 , 

1.3 MeJ 0.91 0.84 0.67 

3.3 Meil 0.75 0.60 0.46 

10.0 E V  0.40 0.23 0.096 

20.0 k V  0.083 0.025 - - 

3C.O k V  0.006 0.009 - - 



TABLE V I I I  

F l  ux-Averaged Cross Sect ions  a t  Several  P o s i t i o n s  

i n  t h e  EMIT Test  c e l l a  

REACT I ON 

AG107(N2N)AG106M, 
AL27(N A)NA24 
AU197(N2N)AU196 
AU197(N3N)AU195 
AU197(N4N)AU194 
AU197(N G)AU198 
C059(N P) FE59 
C059(N A)MN56 
C059(N 2N)C058 
C059.(N 3N) C05 7 
C059(N 4N) C056 
C059 (N G) C060 
CU63(N A) C060 
CU63(N G) CU64 
CU65 (N 2N) CU64 
FE (N X)MN54 
FE54(N A)CR51 
FE56(N P)MN56 
FE58(N G) FE59 
IN115(N N)IN115M 
IN115(N G)IN116 
IR131(N3M)IR109 
IR191 (N2N)IR190 
LU175(N G)LU176 
MG24(N P)NA24 
NA23(N G)NA24 
NB93(N 2N)NB92M 
NI58(N P )  C058 
NI58(N 3N)NI56 
NI58(N 2N)NI57 
NI6O(N P)C060 
NP237(N G)NP238 
NP237(N F) FSPR 
PU239(N F) FSPR 
SC45(N A)K42 
SC45(N G)SC46 
SC45 (N 2N) SC44 
TA181 (N G)TA182 
TH232(N F) FSPR 
T I  (N X)SC47 
T I  (N X)SC46 
TI48(N P)SC48 
TL203(N3N)TL201 

SIG AVG(B) 
ZONE 1 ZONE 5 ZONE 51 ZONE 108 



TABLE V I I I ( C o n t l  d) 

REACT I ON 

TL203(N2N)TL202 . 
TM169(N3N)TM167 
TM169(N2N)TM168 
U235 (N F) FSPR 
U238(N G) U239 
U238(N2N)U237 
U238(N F) FSPR 
W186(N G)W187 
Y89(N 3N)Y87 
Y89(N 2N)Y88 
ZR (N X)ZR89 

SIG AVG(B) 
ZONE 1 ZONE 5 ZONE 51 ZONE 108 

.6664 .4066 .7622 . OUSb 

. I716 .0488 .2179 .0019 

.6160 .3848 .6960 .005 1 
1.6723 1.4970 1.7350 1.8210 

.0263 .0434 .0419 .2973 
-4474 .3533 .3545 .0039 
.8419 .6414 .8179 .0364 
.0149 .0228 .02 35 . I776 
.0162 .0151 .0174 .0002 
.2883 . I248 .3781 . 00 31 
.2695 . I 136  .3544 .0030 

a The p o s i t i o n  and f l u x  c h a r a c t e r i s t i c s  a r e  g i ven  i n  Table V I I .  



TABLE I X  

Neutron 
Energy 
Range 
(MeV) 

FMIT Dosimetry Goal Accuracy Requirements 

Est imated Percent  
C o n t r i b u t i o n  t o  

Displacements f o r  
35 MeV LIeuteronsa 

Broad Group 
F l  uen ce 

Accu rac ies% 

a ~ a s e d  on Copper. 



TABLE X 

A d d i t i o r a l  Reactions Required f o r  FMIT RM arid F F M  Dosimetry 

Observed Meximum H a l f 1  i f€' 
F r i o r i t y  k d  Thresho ld  Me3sured ~ -S ta te-  

Radiometr ic (n,x) Accuracy Energy (MeV) Energy (MeV) Ground Metastable 

Na23 (n,2n) Na22 
Fe54 (n , t )  Mn52 
Mn55 (n,2n) Mn54 
Y89 (n,p) Sr89 
Zr90 ( n a p )  Y90 
Zr90 (n,3n) Zr88 
Rh103 (n,2n) Rh102 
Rh103 (n,3n) RhlOl 
Ag107 (n,3n) Ag105 
Ag109 (n,2n) Ag108 
Eu151 (n,3n) Eu149 
Eu151 (n,4n) Eu148 
Tb159 (n,2n) Tb158 
Tm169 (n,4n) Tm166 
Tm169 (n,5n) Tm165 
Lu175 (n,2n) Lu174 
Lu175 (n,3n) Lu173 
Lu175 (n,4n) Lu172 
Ta181 (n,2n) Ta180 
Ta182 (n,3n) Ta179 
I r 1 9 1  (n,4n) I r 1 8 8  
I r 1 9 3  (n,2n) I r 1 9 2  
TI203 (n,4n) TI200 
Bi209 (n,2n) B i208 
B i  209. ,(n ,3n) Bi207 

2.6Y 
5.6D 
31 2D 
50.50 
3.2H 
83.4D 
2070 

3Y 
41 D 
2.4M 
930 
54D 
150Y 
7.7H 
30H 
3.3Y 
1.4Y 
6.7D 

S tab le  
1.8Y 
41.4H 
74.20 
7.4H 

3.7x105Y 
38Y 



TAELE X (Con t ' d )  

Observed- Maximum H a l f l i f e  
P r i o r i t y  &d Thresho ld  Measured -S ta te -  

Radiometr ic (n,nl ) Accuracy Energy (MeV) Energy (MeV) Ground Metastab le  

I HAFM ( T o t a l  Helium) 

b ~ r o k  ~ e e s e r ,  e t  . a l .  , Reference 28. . .. 

'From Bayhurst ,  e t  a1 . , Reference 27. 

' ~ 1 1  r e q u i r e d  accurac ies  are  10% ( l o )  except  thbse h i g h  ene,rgy r e a c t i o n s  i n d i c a t e d  w i t h  (*)  f o r  which 
t h e  r e q u i r e d  accurac ies  a re  20% ( l a ) .  Those r e a c t i o n s  i n d i c a t e d  by a  (1 ) should be g i ven  t h e  h ighest  . . p r i o r i t y .  



TABLE X I  

Calcu la ted Neutron-Induced F iss ion  Thresholds f o r  

Selected Nucl ides f o r  SSTR Ilo.simetrya 

F iss ion  Thresh01 d  
Target F iss ion ing  B a r r i e r  Neutron Binding Energy 
Nucl i de  Nucl i de  (MeV) Energy (MeV) . (MeV) 

a ~ h e  f i s s i o n  thresholds l i s t e d  represent t heo re t i ca l  est imates 
on ly .  Cross sec t ion  measurements on as many o f  the l i s t e d  thresh-  
o l d  react ions as poss ib le  are des i rab le  t o  cover the FMIT energy 
range. Cross sect ions f o r  those react ions found t o  have thresh- 
o lds  less than 20 MeV should be measured t o  an accuracy o f  about 
+ lo% whereas those w i t h  thresholds h igher  than 20 MeV should be 
measured t o  an accuracy o f  220%. 
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Figure 1:  Re la t ionsh ips  Amongst FMIT Dosimetry Program Elements. 
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O0 DOSIMETRY STATION 

DEUTERON 
BEAM 

Figure 2: Side View o f  t h e  O 0  Dosimetry S t a t i o n  Showing the  Neutron 
P inho le  Co l l ima to r  and Access f o r  RadiographylSpectrometry 
A c t i v i t i e s .  

COLLIMATOR DETAIL 

Figure  3: De ta i l ed  View o f  t he  P inho le  Neutron Co l l ima to r .  

- 594 - 



Figure  4: L i t h i u m  Flow Dosimetry S t a t i o n  ( E )  w i t h  C o l l i m a t o r  Plugs ( F ) .  



- MULTIPLE K I I L  
I 

SEWS I TI VI T Y  
- 

h 
b 
H 

- > 
H 

b 
H 

in - 
z 
W 
v, 

' F i g u r e  5: P l o t s  o f  S e n s i t i v i t y  as a Function o f  Neutron Energy For A Candidate Set o f  Reactions w i t h  Long Hal ' f  
L ives  Using th.elFlux C a l c ~ l a t e d  f o r  Zone 1 o f  Tab le  V I I .  The Arrows I n d i c a t e  S e n s i t i v i t y  L i m i t s  o f  5%. 
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ABSTRACT 

CR-39 Polymer, a new s o l i d  s t a t e  t r a c k  reco rde r  w i t h  
unprecedented s e n s i t i v i t y  t o  l i g h t l y  i o n i z i n g  p a r t i c l e s  
(such as p ro tons )  i s ' b e i n g  developed f o r  cven tua l  n e u l r o n  
dosimetry a p p l i c a t i o n s  i n  the  Fusion 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  and elsewhere. The diameters of p r o -  
t o n  t r a c k s  have been found t o  va ry  smoothly and rep ro -  , 

d u c i b l y  as a f u n c t i o n  o f  energy f rom 0.20 t o  18.0 MeV. 
P r e l i m i n a r y  r e s u l t s  on t h e  response o f  CR-39 polymer t o  
p r o t o n  t r a c k s  as a f u n c t i o n  o f  angle show a r a p i d  
decrease o f  t h e  r e g i s t r a t i o n  e f f i c i e n c y  f rom 100% t o  0 
f o r  angles of inc idence l e s s  t h a n  75". P ro ton  r e c o i l  
t r a c k  s i z e  d i s t r i b u t i o n s  i n  CR-39 polymer i r r a d i a t e d  
w i t h  monoenergetic neutrons o f  v a r y i n g  energy a re  p re -  
sented. Some proposed h i g h  energy neu t ron  dos imet ry  and 
rad iography systems us ing  CR-39 polymer a r e  discussed. 

INTRODUCTION 

Since t h e  recen t  d iscovery  o f  t h e  t r a c k  r e c o r d i n g  p r o p e r t i e s  
o f  CR-39 polymer [l', 21, t h i s  s o l i d  s t a t e  t r a c k  reco rde r  (SSTR) 



has been shown t o  have a  number o f  unique and usefu l  p r o p e r t i e s  
n o t  found p r e v i o u s l y .  Among these p r o p e r t i e s ,  those most 
advantageous f o r  neut ron a p p l i c a t i o n s  are :  

( 1 )  H igh s e n s i t i v i t y  t o  l i g h t l y  i o n i z i n g  p a r t i c l e s .  A 
measure o f  t h i s  s e n s i t i v i t y  i s  t h e  broad energy 
range o f  p r o t o n  t r a c k  r e g i s t r a t i o n  [3]. 

( 2 )  Homogeneous b u l k  e t c h  r a t e .  Samples o f  CR-39 p o l y -  
mer SSTR may be e tched  f u r  p e r i o d s  o f  t ime 
r e s u l t i r ~ g  i n  tens  o f  microns o f  su r face  removal, and 
t h e  su r face  o f  t h e  SSTR r e t a i n s  i t s  e x c e l l e n t  o p t i -  
c a l  q u a l i t y .  

( 3 )  H igh r e s i s t a n c e  t o  B and y  rad ia t ion . .  Samples o f  
CR-39 polymer have been exposed t o  a  t o t a l  B-y dose 
o f  l o 7  Rads and were s t i l l  found t o  r e c o r d  d i sce rn -  
i b l e  t r a c k s  f rom a  l i t h i u m  f o i l  [4]. 

( 4 )  The response t o  l i g h t l y  i o n i z i n g  particles can be 
changed by  a l t e r i n g  t h e  e t c h i n g  c o n d i t i o n s  [5]. I n  
neu t ron  f i e l d s ,  f o r  example, t r a c k s  f rom a lpha p a r -  
t i c l e s  and h e a v i e r  i ons  can be revea led  w h i l e  a t  
t h e  same t ime  d i s c r i m i n a t i n g  a g a i n s t  neut ron induced 
p r o t o n  r e c o i l  t r a c k s .  

These p r o p e r t i e s  make CR-39 polymer an e x c e l l e n t  SSTR candi-  
date f o r  neu t ron  a p p l i c a t i o n s .  The h e r e t o f o r e  u n a v a i l a b l e  capa- 
b i l i t y  f o r  p r o t o n  t r a c k  r e g i s t r a t i o n  ove r  a  wide energy range 
makes p o s s i b l e  many dos imet ry  a p p l i c a t i o n s  which r e l y  on t h e  
H(n,p) r e a c t i o n .  Th i s  i s  a  p a r t i c u l a r  advantage, s ince  t h e  
~ ( n , p )  c ross  s e c t i o n  dnd angu lar  d i s t r i b u t i o n  a re  q u i t e  w e l l  
known o v e r  a  broad energy range ( i n c l u d i n g  t h e  e n t i r e  neu t ron  
energy spectrum range 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  Tes t  
[FMIT l  Fac i  1 i t y )  . 

The response o t  CK-39 p o l y ~ ~ ~ e i '  i s  be ing  c a l i b r a t e d  f n r  even- 
t u a l  neu t ron  dos imet ry  i n  FMIT and a l s o  f o r  o t h e r  a p p l i c a t i o n s  i n  
IJ. S. n u c l e a r  r e a c t o r  energy programs. 

EXPERIMENTAL 

CR-39 polymer SSTR have been exposed t o  p r o t o n  beams us ing  
90" s c a t t e r i n g  through a  t h i n  (100pg/cm2) g o l d  f o i l .  For  p ro tons  
o f  energy g r e a t e r  t han  10 MeV, p ro tons  s c a t t e r e d  forward a t  45" 
have been analyzed u s i n g  a  magnet ic spectrometer t o  a v o i d  contami - 
n a t i o n  due t o  i n e l a s t i c a l l y  s c a t t e r e d  p ro tons  and r e a c t i o n  p ro -  
ducts.  



For pro tons,  t h e  CR-39 polymer i s  e tched i n  6.25N NaOH so lu -  
t i o n  t o  which 0.5 mole % Dowfax S u r f a c t a n t  has been added. The 
temperature o f  t h e  e t c h a n t  i s  main ta ined a t  70.0+0.1°C and t h e  
SSTR are  t y p i c a l l y  e tched f o r  16 hours.  

Track  d e n s i t i e s  and t r a c k  s i z e  d i s t r i b u t i o n s  are  ob ta ined  w i t h  
the  a i d  of  a  computer ized Quant imet 720 system coupled t o  an o p t i -  
c a l  microscope. 

RESULTS AND DTSCUSSION 

Resu l t s  on t h e  response o f  CR-39 polymer t o  p ro tons  i n  t h e  
energy range from 0.2 t o  6  MeV and t o  alpha p a r t i c l e s  i n  t h e  
energy range from 3.2 t o  6.1 MeV have been r e p o r t e d  p r e v i o u s l y  [3]. 
The diameters o f  r ~ u r m a l l y  i n c i d e n t  t r a c k s  were measured as a  . 
f unc t i on  o f  energy, r e s u l t i n g  i n  an i n t e g r a l  response f o r  a lpha 
p a r t i c l e s  and a  r a p i d l y  v a r y i n g  response f o r  p ro tons .  The p r o t o n  
r e s u l t s  have s ince  been extended t o  an energy o f  18 MeV. F igu re  
1  shows microphotographs o f  no rma l l y  i n c i d e n t  p r o t o n  t r a c k s  w i t h  
energ ies  o f  9.0, 12.0, 15.0, and 18.0 MeV. The mean diameters o f  
these t racks ,  measured w i t h  t h e  a i d  o f  t h e  Quant imet,  a r e  
p l o t t e d  as a  f u n c t i o n  o f  energy i n  F igu re  2. The 1  i n e  i n  F igu re  
2 i s  a  r e s u l t  o f  a  computer code which s imu la tes  e t c h i n g  i n  CR-39. 
CR-39 polymer cont inues t o  show a  d i f f e r e n t i a l  energy response as 
a  f u n c t i o n  o f  p r o t o n  energy up t o  18 MeV. Experiments are  i n  
progress t o  ex tend t h i s  c a l i b r a t i o n  t o  h i g h e r  p ro ton  energ ies .  

Experiments have been i n i t i a t e d  t o  c a l i b r a t e  t h e  p r o t o n  
response o f  CR-39 polymer as a  f u n c t i o n  nf angle o f  p r o t o n  i n c i -  
dence. CR-39 polymer SSTR have been exposed t o  s c a t t e r e d  p r o t o n  
beams a t  inc idence angles o f  90°, 85", 80°, 75", 70°, 65", and 
60". Microphotographs o f  5 MeV p ro tons  i n c i d e n t  a t  90°, 85", 80°, 
75", and 70" a re  shown i n  F igu re  3. A t  80" and 75" t h e  t r a c k  
p r o f i l e s  become more e l  i p s o i d a l  and a t  70" t h e  t r a c k s  become ve ry  
f a i n t .  A t  65" and 60", t h e  p r o t o n  t r a c k s  were n o t  v i s i b l e .  Pre- 
l i m i n a r y  r e s u l t s  on t h e  e t c h i n g  e f f i c i e n c y  as a  f u n c t i o n  o f  angle 
are  shown i n  F igu re  4. The t r a c k  f a d i n g  a t  70' i s  accompanied by 
a  50%' r e d u c t i o n  i n  r e g i s t r a t i o n .  For  angles g r e a t e r  than o r  equal  
t o  75O, t h e  response i s  e s s e n t i a l l y  u n i t y ,  whereas f o r  ang les  l e s s  
than  65", t h e  response i s  zero.  The response a t  a l l  angles has 
been normal i z e d  t o  u n i t y  a t  ,90°. Normal ly  i n c i d e n t  p ro tons  
r e g i s t e r  w i t h  100% e f f i c i e n c y  up t o  a t  l e a s t  5  MeV [3]. The 
angu lar  response o f  CR-39 polymer SSTR t o  8 MeV p ro tons  has been 
found t o  be q u i t e  s i m i l a r  t o  t h e  response a t  5  MeV. T h i s  s i m i l a r -  

' i t y  i s  t o  be expected, s ince  f o r  a  16 hour e t ch ,  t h e  cone angles 
f o r  5 and 8  MeV p ro tons  a r e  n e a r l y  t h e  same. T h i s  r a t h e r  s imple ,  
"s tep f u n c t i o n "  angu lar  response shou ld  s i m p l i f y  t h e  use o f  CR-39 
Polymer under c o n d i t i o n s  o f  i s o t r o p i c  t r a c k  inc idence.  On. t h e  
o t h e r  hand, i t  may be p o s s i b l e  t o  use t h i s  response t o  p rov lde  some 
angu lar  i n f o r m a t i o n  i n  n o n - i s o t r o p i c  neut ron f i e l d s .  

F u r t h e r  angu lar  response measurements a re  i n  progress.  



APPLICATIONS OF CR-39 POLYMER 
SSTR IN NEUTRON DOSIMETRY 

Several  a p p l i c a t i o n s  o f  CR-39 polymer SSTR f o r  neut ron dos i -  
me t ry  i n  FMIT have been proposed. I n  t h e  s imp les t  o f  these, 
CR-39 polymer cou ld  be used t o  r e c o r d  p r o t o n  r e c o i l s  f rom a hydro- 
genous r a d i a t o r  exposed t o  neut rons as shown i n  F igu re  5. The 
response o f  CR-39 polymer above 18 MeV i s  s t i l l  under i n v e s t i g a -  
t i o n ,  b u t  by  us ing  a l a r g e  s c a t t e r i n g  angle f rom t h e  r a d i a t o r ,  t he  
range o f  expected r e c o i l  p r o t o n  ene rg ies  can be compressed from 
t h e  40 MeV range o f  neu t ron  energ ies  down t o  l e s s  than 18 MeV. 
The r e s u l t i n g  p r o t o n . r e c o i 1  diameter spectrum can be conver ted 
i n t o  an energy spec t ru~ i i  us ing  t h e  c a l i b r a t i o r l  cu rve  i n  F igu re  1, 
and t h e  p ro ton  energy spectrum can be un fo lded  t o  revea l  t h e  i n c i -  ; 
den t  neut ron energy spectrum. 

Other r e a c t i o n s  may o f f e r  unique advantages f o r  FMIT neu t ron  
spectrometry.  Among these are  t h e  6L i (n ,a )  and 1°B(n,a) reac- . 
t i o n s  [6,7]. CR-39 polymer SSTR have been shown t o  p rov ide  an/ '  
i n t e g r a l  response (cons tan t  d iameters)  t o  a lpha p a r t i c l e s  i r ' ~  >he 
range from 3-6 MeV [3]. For t h e  b L i  (11,a) t .eact ion,  an i n t e g r a l  
response would be expected f o r  t h e  alpha p a r t i c l e s  whereas t h e  
p roduc t  t r i t o n s  would r e s u l t  i n  s m a l l e r  t r a c k s  w i t h  d i f f e r e n t i a l  
energy response. When e tched  under l e s s  s e n s i t i v e  chemical con- 
d i t i o n s ,  p r o t o n  t r a c k s  a re  n o t  revea led  i n  CR-39 and t h e  a lpha 
p a r t i c l e  energy response becomes d i f f e r e n t i a l  [5]. Th l~s ,  w i t h  
p rope r  c a l i b r a t i o n  alpha spect rometry  measurements can be made i n  
h i g h  energy neut ron f i e l d s  t h a t  would o the rw ise  r e s u l t  i n  a 
background o f  p ro ton  r e c o i l s  f rom neut ron i n t e r a c t i o n s  w i t h  
t h e  hydrogen atoms i n  t h e  CR-39 polymer.  

The concept o f  neu t ron  p i n h o l e  rad iography has been advanced 
f o r  FMIT [8] and c a l c u l a t i o n s  have shown t h a t  adequate s p a t i a l  
r e s o l u t i o n  can be ob ta ined  w i t h  such a device [9]. Passive 
r a d i o m e t r i c  f o i l s  can be p l a c e d  i n  t h e  image p lane o f  t h e  c o l l i -  
mator and 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  r e a c t i o n  p roduc ts  can 
be determined t o  map t h e  image o f  t h e  neut ron source. A l t e r n a -  
t i v e l y ,  SSTR may be p l a c e d  i n  t h e  image p lane,  and t h e  r e s u l t a n t  
t r a c k  d e n s i t i e s  can be r e l a t e d  t o  neu t ron  f l uence  a t  a g i ven  
p o i n t .  F i g u r e  6 shows a sample o f  CR-39 polymer t h a t  was exposed 
u s i n g  a U-I' 14 MeV r ~ e u l r o n  sourcc. It i s  e n c o ~ ~ r a g i n g  t o  note  
t h a t  most o f  t h e  p r o t o n  r e c o i l  t r a c k s  have c i r c u l a r  p r o f i l e s  i n d i -  
c a t i n g  t h a t  t hey  a re  i n c i d e n t  n e a r l y  normal t o  t h e  su r face  (as i s  
expected from angu la r  c a l i b r a t i o n  da ta )  and t h a t  most o f  t h e  
t r a c k s  have smal l  d iameters cor responding t o  ene rg ies  near  14 MeV 
(compare w i t h  F i g u r e  1 ) .  The unexpected s i m p l i c i t y  o f  t h i s  14 MeV 
neut ron induced p r o t o n  r e c o i l  response augers w e l l  f o r  t h e  
prospects  o f  u n f o l d i n g  t h e  p r o t o n  r e c o i l  spectrum t o  determine the  
i n c i d e n t  neu t ron  energy spectrum. A d d i t i o n a l l y ,  t h e  s p a t i a l  d i s -  
t r i b u t i o n  o f  p r o t o n  r e c o i l  t r a c k s  shou ld  be p r o p o r t i o n a l  t o  the  



i n t e n s i t y  of i n c i d e n t  neut rons so t h a t  a  two dimensional  i n v e r s e  
image o f  t h e  neut ron source i s  obta ined.  

An a l t e r n a t i v e  t o  in-beam p i n h o l e  neut ron imaging as 
desc r ibed  above i s  t o  use t h e  arrangement shown i n  F i g u r e  7. A 
p ro ton  r a d i a t o r  o f  some s u i t a b l e  m a t e r i a l  such as po l ye thy lene  
( [CH2In) i s  p laced i n  t h e  image p lane o f  t h e  p i n h o l e  c o l l i m a t o r  
and t h e  r e s u l t a n t  p r o t o n . r e c o i l s  a r e  viewed through a  p r o t o n  p i n -  
h o l e  c o l l i m a t o r  u s i n g  CR-39 polymer. I n  o rde r  t o  o b t a i n  normal 
i nc idence  f o r  t h e  r e c o i l  p ro tons,  t h e  CR-39 i s  p laced a t  an 
ang le  t o  t h e  p ro ton  image plane, so t h a t  c o r r e c t i o n s  f o r  p r o j e c -  
t i o n  ang le  and smal l  geometr ic e f f i c i e n c y  d i f f e r e n c e s  must be 
made t o  o b t a i n  an i n v e r t e d  image o f  t h e  p ro ton  r e c o i l  d i s t r i b u t i o n  
which i s ,  i n  t u r n ,  an i n v e r t e d  image o f  t h e  source neut ron d i s t r i -  
bu t i on .  

I n  t h e  event  t h a t  t h e  background caused by neut ron induced 
p ro ton  r e c o i l s  i n  t h e  CR-33 polymer becomes a  problem, 6L i  o r  
1 ° B  c o u l d  be used as an alpha r a d i a t o r  and an a lpha p a r t i c l e  image 
can be ob ta ined  w i t h  t h e  SSTR. A l t e r n a t i v e l y ,  t h e  r e c o i l  p ro tons 
can be degraded t o  l ower  energ ies  (which a r e  n o t  p resen t  i n  g r e a t  
abundance f rom d i r e c t  i n t e r a c t i o n s  o f  neut rons w i t h  t h e  CR-39 
polymer)  and t h e  l a r g e r  d iameter  t r a c k s  f rom t h e  low energy p ro -  
tons can be e a s i l y  d i s t i n g u i s h e d  f rom t h e  sma l le r  neut ron induced 
p ro ton  r e c o i l  background t r a c k s  i n  t h e  polymer. 

T h i s  l a t t e r  method has r e s u l t e d  i n  t h e  concept o f  a  r a d i o -  
g raph ic  neut ron camera. [ l o ]  A p r o t o t y p e  model o f  t h i s  r a d i o g r a p h i c  
neu t ron  camera i s  shown i n  F igures  8 and 9. The p r o t o t y p e  camera 
w i l l  be used t o  exp lo re  neu t ron  source imaging us ing  benchmark 
f i e l d s  and low i n t e n s i t y  mockups. The camera i s  shown i n  p o s i t i a n  
n e x t  t o  a  sealed t.ube D-T 14 McV neu t rwr~  generator .  Protons p ro -  
duced i n  a  p ro ton  r a d i a t o r  p laced n e x t  t o  t h e  neut ron source w i l l  
be degraded by passing through p ressu r i zed  gas and a  p i n h o l e  image 
o f  t h e  degraded p ro ton  r e c o i l s  w i l l  be p r o j e c t e d  on a  CR-39 p o l y -  
mer t r a c k  reco rde r .  

A  Fresnel  zone p l a t e [ l l , l 2 ]  cou ld  a l s o  be used i n  p lace  o f  t h e  
p i n h o l e  c o l l i m a t o r  t o  p rov ide  h i g h e r  e f f i c i e n c y .  The t h r e e  dimen- 
s i o n a l  Fresnel  shadowgraph image would, i n  t h i s  case, o n l y  p r o v i d e  
an image o f  t h e  two dimensional  image from t h e  p ro ton  r a d i a t o r .  
Through benchmark t e s t i n g  and o p t i m i z a t i o n ,  t h e  p r o t o t y p e  r a d i o -  
g raph ic  camera w i l l  evo l ve  i n t o  a  neut ron imaging dev i ce  s u i t a b l e  
f o r  use a t  FMIT and o t h e r  f u s i o n  environments.  

. The encouraging response f o r  14 MeV p r o t o n  r e c o i l s  i n  CR-39 
polymer shown i n  F igu re  6 has l e d  t o  a t tempts  t o  q u a n t i f y  t h e  re -  
sponse t o  i n c i d e n t  neut rons.  The p r o t o n  t r a c k  diameter d i s t r i b u -  
t i o n s  as ob ta ined  by  t h e  Quant imet are  shown i n  F igu re  10 f o r  i n c i -  
dent  neu t ron  energ ies  o f  0.57, 2.1, 5.3, and 15.1 MeV. A 1  mm 
t h i c k  h i g h  d e n s i t y  po l ye thy lene  r a d i a t o r  was used i n  surface con- 
t a c t  w i t h  the  CR-39 f o r  these exposures. Fo r  t h e  t h r e e  h i g h e r  
energy exposures, peaks a re  found a t  d iameters corresponding t o  
s l i g h t l y  l e s s  than  the  d iameter  expected f o r  a  d i r e c t  knock-on p ro -  
ton.  T h i s  apparent s h i f t  t o  h i g h e r  energy i s  caused by  e t c h i n g  o f  



p r o t o n  r e c o i l s  formed w i t h i n  t h e  CR-39 polymer.  These t r a c k s  are  
n o t  exposed t o  t h e  e t c h a n t  f o r  t h e  f u l l  16 hours r e s u l t i n g  i n  
s m a l l e r  d iameters.  The increase i n  i n t e n s i t y  o f  these peaks w i t h  
i n c r e a s i n g  neu t ron  energy corresponds t o  an i nc rease  i n  e f f e c t i v e  
th i ckness  o f  t he  r a d i a t o r  due t o  t h e  l a r g e r  range o f  t h e  r e c o i l  
proton;. The absence o f  a peak near t h e  maximum p r o t o n  energy i n  
t h e  0.57 MeV neu t ron  i r r a d i a t i o n  i s  p robab ly  due t o  a combinat ion 
of t h e  decreased e f f e c t i v e  th i ckness  o f  t h e  r a d i a t o r  f o i l  and 
l a c k  o f  c o n t r a s t  f o r  t h e  sha l l ow  p r o t o n  r e c o i l  t r a c k s  r e s u l t i n g  
i n  a l o s s  of  o p t i c a l  e f f i c i e n c y  f o r  d e t e c t i o n  o f  t h e  t r a c k s .  
T h i s  l a t t e r  e f f e c t  i s  enhanced by t h e  f a c t  t h a t  t h e  r e c o i l  p ro -  
tons are  e m i t t e d  i s o t r o p i c a l l y  ( i n  t h e  c e n t e r  o f  mass system) 
r e s u l t i n g  i n  sha l l ower  t r a c k s  w i t h i n  t h e  angu lar  range o f  r e g i s -  
t r a t i o n .  A lso ,  Lhe dominant source o f  p r o t o n  r e c o i l s  a t  t h i s  
energy i s  t h e  hydrogen atoms i n  t h e  CR-39 polymer so t h a t  a l l  
t r a c k s  w i l l  n o t  be e tched f o r  t h e  f u l l  16 hours.  T h i s  l o s s  of 
e f f i c i e n c y  a t  low energy i s  a l s o  apparent i n  t h e  h i g h e r  energy 
exposures where low energy i n c i d e n t  t r a c k s  are  expected due t o  
p r o t o n  r e c o i  i eneryy degl-adation i n  t h ~  r a d i a t o r .  

A 111djor peak a t  approx imate ly  3pm i s  p resen t  i n  a1 1 o f  ehe 
diameter spec t ra .  T h i s  peak i s  due t o  e i t h e r  i ncomp le te l y  e t ched  
low energy p ro tons  o r  t o  carbon o r  oxygen r e c o i l s  f rom neu t ron  
i n e l a s t i c  s c a t t e r i n g  w i t h i n  t h e  CR-39 polymer. 

On t h e  b a s i s  o f  these r e s u l t s ,  f u r t h e r  exposures are  be ing  
conducted w i t h  14  MeV neut rons t o  a t tempt  t o  simp1 i f y  t h e  charac- 
t e r i s t i c s  o f  t h e  diameter spec t ra  by  o p t i m i z i n g  t h e  r a d i a t o r  
t h i ckness  and e t c h  t ime.  I t i s  l i k e l y  t h a t  t h e  optimum r a d i a t o r  
may be no r a d i a t o r  a t  a l l  i n  t h e  case o f  h i g h  i n t e n s i t y ,  h i g h  
energy r leutron exposures. 

CONCLUSIONS 

CR-39 polymer i s  an ex t remely  promis ing m a t e r i a l  f o r  use . i n  
h i g h  energy neu t ron  dos imet ry  appl  i c a t i o n s .  I t 5  unpr-ecedentcd wide 
energy respur~se for protons,  v a r i a b l e  response c h a r a c t e r i s t i c s ,  
r a d i a t i o n  res i s tance ,  and h i g h  o p t i c a l  q u a l i t y  make i t  Idea9 Tur 
t h i s  purpose. Because o f  these unique c h a r a c t e r i s t i c s ,  a p p l i c a t i o n s  
o f  CR-39 polymer i n  t h e  FMIT, as w e l l  as o t h e r  Magnetic Fusion 
Energy, L i g h t  Water Reactor, and Fast  Breeder Reactor-.environments 

: a r e  c u r r e n t l y  be ing developed. 
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Figuw 1 .  Tracks from normally incident protons in CR-39 polymer solid 
state track recorders. 
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Figure 2.  Proton track diameter as a function of energy for CR-39 polymer 
solid state track recorders etched in 6.2N NaOH for 16 hours 
at 70°C. 



figure 3. Ricrophotographs o f  tracks i n  CR-39 polymer from 5.00 &i protons 
-#-.< wi th  the indicated incidence angles. The arrows lndlcate f a i n t  

t racks  a t  75" and 70" incidence. 



INCIDENCE ANGLE (DEGREES) 

Figure 4. Relative track response o f  CR-39 polymer as a function 
o f  incidence angle f o r  5.00 MeV protons. 
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Figure 5.  CR-39 polymr neutron-induced proton recoil spectrometry using 
large angle scattering. 



Figure 6. Proton recoil tracks resulting from 14 bleV neutrons. The extremely large 
track near the center of the field i s  probably an a partick track pro- 
duced by the decay of 222Rn Or one of its daughters. 
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Figure 7. Double pinhole radiography using ncutron and proton pinhole 
collirnaturs. 



Figure E .  Radle~rapiic neutron camera showing helders for mounting of radiators, 
collftrators, and CR-39 polymer track recorders. 



Figure 9. Radiographic Neutron Camera. Camera (foreground) i s  placed 
adjacent t o  a 14 MeV (D-T) neutron generator. 



TRACK DIAMETER I r m )  ' 

F igure 10a. Diameter d i s t r i b u t i o n  f o r  t r acks  produced i n  CR-39 polymer 
i r r a d i a t e d  w i t h  0.57 MeV neutrons. The curve represents a smooth 
f i t  t o  a histogram w i t h  a b i n  s i ze  o f  0.25~m. The CR-39 polymer 
was etched f o r  16 hours a t  70.0°C i n  6.25 NaOH. The diameter 
corresponding t o  the  maximum p ro ton  r e c o i l  energy i s  i n d i c a t e d  w i t h  
an a,rrow. 

Figure .lob. Track diameter d i s t r i b u t i o n  f o r  CR-39 polymer i r r a d i a t e d  w i t h  2.1 
MeV neutrons. 



TRACK DIAMEIER(um) 

F igure  10c. Track diameter d i s t r i b u t i o n  f o r  CR-39 polymer i r r a d i a t e d  w i t h  

- \ 5 . 3  MeV neutrons.  

/ 

Figure 10d. Track diameter d i s t r i b u t i o n  f o r  CR-39 polymer i r r a d i a t e d  w i t h  
1 5 . 1  MeV neutrons.  
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DAMAGE PARAMETERS FOR NON-METALS IN A HIGH ENERGY NEUTXON ENVIRONMENT 

G. F. Dell, H. C. Berry, 0. W. Lazareth, and A. N.' Goland 

Brookhaven National Laboratory* 
Upton, New York 11973, U.S.A. 

Simulation of radiation damage induced in monatomic 
and binary non-metals 'by FMIT and fusion nPIJtrons io 
Jrscrlbed. Uamage produced by elastic scattering of 
recoil atoms and by ionization-assisted processes has 
been evaluated using the damage program DON. Displace- 
ment damage from gamma rays has been evaluated by using 
the technique of Oen and Holmes. A comparison of damage 
for an anticipated EMIT radiation environment generated 
by a coupled n-y transport calculations and a fusion 
spectrum is made. Gamma-induced displacement damage is 
sufficiently small that it is dominated by neutron- 
induced recoil processes. Ionization-assisted displace- 
ments may be important depending upon the ionization 
cross section of the particular non-metal under 
consideration. 

INTRODUCTION 

A realistic materials development program for fusion reactors 
requires the ability to expose samples to environments similar to 
that in a fusion reactor. The EMIT.facility at HEUL will provide 
a means for performing needed irliadiations. However, the volume 

. in FMIT over which the neutron flux exceeds 1.0 . 10'' n/cm2-s will 
be modest (%lo cm3), whereas the number of samples to be irradiated 
will be large and many samples will have to be exposed to a high 
fluence n/cm2). Even in the highest flux region of the EMIT, 
irradiations lasting a year will be required, and there will most 
likely be a backlog of samples to irradiate. Therefore it is 
desirable to expedite the test program by identifying promising 
materials prior to irradiation. It is also desirable to compare 
anticipated results from materials exposed to an FMIT radiation 
cnvironn~ent with the corresponding anticipated results for materials 
*Supported by the U.S. Dept. of Energy. 



exposed to a fusion reactor environment in order to ascertain 
whether the results are equivalent. The diffcrent nature of the 
flux spectra coupled with the reasons previously stated justifies 
a program to calculate expected damage to materials exposed to 
high fluences of neutrons'and gamma rays. 

The understanding of processes governing radiation damage in 
non-metals is an important aspect of the special materials develop- 
ment program for fusion reactors. Some typical uses of non-metals 
include use in the first wall, as insulators for neutral beam 
injectors, as insulators in power supplies, and in magnets. In 
this papcr the status of our program in simulating damage in insu- 
lator materials is reported. Evaluations have been made for a 
hypothetical first-wall spectrum as well as for the neutron-gamma 
ray environment anticipated for the FMIT facility. Similarities 
and differences are noted as are limitations introduced by incom- 
plete knowledge of cross sections and displacement energies. 

m1IT FLUX CIIARACTERIZA'l'LUN 

The FMIT radiation environment was generated by using the 
MORSE Monte-Carlo transport code to perform coupled n-y transport 
calculations for a problem having geometry similar to that of an 
'FMIT test facility. This geometry is shown in Fig. 1. A test 
module containing samples is positioned immediately downstream of 
a lithium target. The test module is 30 cm wide, 20 cm high, and 
20 cm deep, and it is filled uniformly with quarter-density iron. 
These dimensions were selected arbitrarily and differ somewhat fron 
the 15 cm depth of half-density iron used in calculations at HEDL. 
The fluxes are slightly different for the two geometries, but the 
conc1.1.1sions we reach are unaffected by these flux differences. 

Neutrons are. generated in a volume 3 c.m wide, 1 cm high, and 
2 cm thick that corresponds to the dimensions of the lithium 
target. The deuteron beam is assumed to have uniform intensity 
along the 3 cm width of the target and to have a gaussian profile 
in the vertical direction. Neutrons are generated randomly with 
depth in the target. The energy of the deuteron at the point of 
interaction is obtained from the range-energy relation for 35 MeV 
deuterons in lithium. The initial direction and energy of each 
neutron is generated randomly using Serber's [I] transparent . 
nucleus model as well as the evaporation model. The ratio between 
stripping and evaporation neutrons was adjusted to give a 
reasonable fit to the neutron spectra measured by Saltmarsh 
et al. [2] 

The high-energy neutron cross sections of Alsmiller and 
Barish [3] were used in performing the transport calculations. 
These cross sections extend to 60 MeV, but only eleven materials, 
including high-density concrete, are included in the set. As 
lithium is not among them, the lithium target was assumed to be 
transparent to neutrons. 



The neutron and gamma ray fluxes were determined at several 
points along the central axis of the test module. 'Flux characteri- 
zations were performed for the test module located within a 
5' x 6' x 8' cave having 1 m thick walls of high density concrete. 

The fluxes generated by MORSE have units of flux per primary 
neutron. Conventional units are obtained by multiplying the MORSE 
fluxes by the neutron yield from 35 MeV deuterons in a thick 
lithium target. A value of 2.75 1017 n/Coulomb has been deduced 
by interpolating between the yield at 40 MeV measured by Saltmarsh 
et al. [2] and the yields at lower energies [4]. The EMIT spectrum 
at a distance of 4 cm from the lithium target and the fusion spec- 
trum used in the present evaluations appear in Fig. 2. 

DAMAGE ANALYSIC 

The high-energy neutron cross sections of Alsmiller and Barish 
were used for characterizing the radiation environment in the test 
module, and then ENDFIB-V cross sections were used with the damage 
program DON [5] to evaluate damage parameters in various materials. 
For the EMIT neutron spectrum used in the present evaluation, 
38% of the neutrons have energy greater than 14.9 MeV, and 21% have 
energy above 20 MeV. For those neutrons having energy above 20MeV, 
a high-energy extrapolation of the cross section is made by the 
DON program. 

The neutron and gamma-ray flux spectra generated during the 
transport calculation were used to evaluate neutron-induced recoil 
atom damage, gas production rates, recoil damage initiated by . 
energetic electrons g r n d u r ~ d , b y  gamma-rays, and damage induced by 
a particular ionization process involving L shell ionization of 
atoms by primary knock-on atoms. These types of damage are dis- 
cussed below. 

Neutron-Induced Recoil Damage 

For monatomic materials we have used the Robinson [6] form of 
the Lindhard function L(T) to relate recoil energy T to damage 
energy in the DON program, and we have used the Kinchin-Pease 
relation to relate damage energy to displacements v(T) 

where Ed is the displacement threshold energy. 
For multicomponent materials the division of damage energy 

between the different species of atoms is complicated, and dif- 
ferent atomic species can have different displacement energies. 
Parkin and Coulter [7] have obtained numerical solutions to the 
integro-differential equation of Lindhard [8] for several binary 
materials of interest to us. They have generated tables of 
displacement functions for A1203, Si3N4, and CaO. These tables 



have been incorporated in the damage program DON and serve as 
lookup tables for relating displacements to PKA energy. 

Evaluation of displacement cross sections for. a binary 
material requires four separate calculations; displacements of 
each species of atom by each species of PKA must be evaluated. As 
an eicampJe, f o r  AllO1, it is necessary to determine the number of 
oxygen atoms displaced by aluminum PKH'S, 11(A1,0), nc ~a!.rnll as by 
oxygen PKA's, n(0,O). The results -are then combined according to 
the atomic fraction of each species of PKA: 

The spectrum-averaged displacement cross sections for A1203 
and Si3N4 have been evaluated for the FMIT and fusion reactor first 
wall spectra of Fig. 2, and the results are listed in Table I. 

The large difference in displace men^ c ~ u s s  3ections fnr aluminum 
and oxygen in A1203 is a direct result of the different displace- 
ment energies used in the evaluation. The displacement energies 
were measured by Pells and Phillips [9] with a HVEM, and were 
found to be 18 and %75 eV for aluminum and oxygen, respectively. 
A displacement energy of 60 eV was used for both silicon and 
nitrogen in Si3N,+ in the absence of experimental values. 

TABLE I 

Spectrum Averaged Displacement and Gas Production 
Cross Sections for A1203 and Si3N,, 

Gas Production 

Spectrum-averaged cross secLions for hydrogen and helium pro- 
duction are evaluated by the damage program DON. The spectrum- 

A1203 S i 3N4 

Zd(Al) (blatom) 

Ed (0) (blatom) 

GH (mblotom) 

irlIo (mblatom) 

H/dpa(Al) (appm) 

He/dpa(Al) (appm) 

Gd(Si) (b/atom) 

ad(N) (blatom) 

aH (mhlatuln) 
ZHe (mblatom) 
~/dpa(Si) (appmj 

H e / c l p d ( N )  (appm) 

FMIT 

1111.5 

428.8 

39.0 

53.6 

35.1 

53.6 

FMIT 

392.9 

452.4 

156.0 

151.0 

397.0 

384.3 

FUSION 

723.6 

280.1 

18.5 

33.0 

25.5 

45.6 

FUSION 

220.1 

255.0 

75.2 

61.1 

341.7 

277.6 



averaged gas cross sections for A1203 and Si3N4 have been obtained 
by weighting the contribution from each species according to its 
atomic percentage in the compound. 

The He/dpa ratio can vary with position in the test module. 
In Fig. 3 the dependence of the ~e/dpa ratio in silicon upon depth 
in the module and upon average density of the module is compared 
to the He/dpa ratio for the fusion spectrum. The decrease of the 
Heidpa ratio with increasing material thickness results from a 
decrease in the average energy of the neutron spectrum. As there 
are many high-energy neutrons in the high flux region near the 
lithium target, neuLrvn cross sections above 20 MeV are needed 
for calculations of He/dpa ratios in this important region. 

Gamma Ray-Induced Displacements 

Displacement cross sections for recoil atom damage initiated 
by energetic electrons that are produced during gamma-ray inter- 
actions have been evaluated using the method of Oen and Holmes [lo] 
for Compton and photoelectric processes and of Cahn.[ll] for the 
pair-production process. Their calculations, made for gamma-ray 
energies up to 5 and 7 MeV, respectively, have been extended to 
15 MeV. The displacement functions of Parkin and Coulter were used 
to obtain the displacement cross sections for aluminum and oxygen 
in A1203 exposed to the FMIT gamma-ray spectrum shown in Fig. 4. 
This spectrum was generated for a point 0.5 cm from the lithium 
target and represents the most intense gamma-ray flux in the test 
module. The gamma-ray flux, average energy, and spectrum averaged 
displacement cross sections for aluminum and oxygen in A1203 are 
listed in Table 11. 

The spectrum-averaged cross sections for gamma-ray initiated 
recoil-atom damage in the test module is insignificant compared 
with neutron-initiated recoil-atom damage [9] while the gamma 

TABLE I1 

Gamma-ray Induced Damage in A1203 

Y-FIUX (Y/C~~.S) 

(MeV) 
Y 

odY (~1) barnslatom 
- 
o (0) barnslatom 
d 

3.0. 1014 

1.83 

0.90 

0.57 

-. 



heating at this position is 1.25 . 1013 MeV1g.s. It is to be 
stressed that our present gamma-ray fluxes are probably low. The 
Alsmiller-Barish cross sections do not include gamma-ray production 
or gamma-ray downscatter for neutrons whose energies are above 
14.9 MeV. Since nearly 40% of the neutrons in the E'MIT spectrum 
of Fig. 2 have s ~ i r h  energies. they have not contributed. to the 
calculated spectrum of gamma rays. It is anticipated that inclu- ' 

sion of gamma production and downscatter for neutrons above 14.9 
MeV would substantially increase the gamma-ray flux sad the 
average energy of the gamma-ray spectrum. Moreover, the spectrum- 
averaged displacement cross section could easily increase due to 
this effect, although gamma-ray initiated displacements induced by 
energetic electrons should still be much smaller than neutron- 
induced recoil-atom displacements. 

Ionization-Assisted Displacement Processes 

A displacement mechanism involving ionization of atoms by a 
PICA, and subsequent repulsion between the PKA and L l ~ r  i o n i z e d  atom 
has been described by Yarlagadda and Robinson [12]. 

The role of such ionization-assisted damage processes invol- 
ving L-shell ionization of carbon and A1203 has been evaluated for 
the fusion spectrum and for the E'MIT spectrum of Fig. 2. These 
calculations require a knowledge of the cross section for L-shell 
ionization of an atom by the recoil atom. Unfortunately, few 
experimental data exist for L-shell ionization in ion-atom colli- 
sions. Consequently, we have used the model of Fortner et al. [I31 
to evaluate cross sections of interest to us. The experimental 
data of Fortner et al. for L-shell ionization in Ar-Ar interactions 
were used to estimate the values of the parameters needed to 
evaluate L-shell ionization cross sections for A1-A1, A1-0, 0-Al, 
and 0-0 interactions. 

The ionization-assisted stopping cross section SI(T) was 
~xpressed by k'grlagadda and Robinson as: 

where ~=L(T) is the L-shell ionization cross section at energy T, 
and AEd i s  t h ~ .  energy lost in displacing an atom. 

The importance of the ionization-assisted mechanism was 
assessed by constructing functions, L1(T), similar to the 
Lindhard function, expressing the fraction of the total energy 
that is lost through ionization-assisted processes. 



where Sn(T) and Se(T) are the Lindhard nuclear stopping cross 
section and the electronic stopping cross section, respectively. 

The functions L1(T) were'in~or~orated in DON, and the dis- 
placement cross section was evaluated for each ion-atom combination. 

The ionization-assisted displacement cross sections for carbon 
as well as for aluminum and oxygen in A1203 are listed in Table I11 
along with the corresponding cross sections for neutron-induced 
damage. 

Based on these values it is concluded that ionization-assisted 
damage can be important in non-metals. At present our estimates of 
this type of damage are crude due largely to uncertainties in 
ionization cross sections and displacement energies, but these 
initial results indicate that further consideration of this 
mechanism is warranted' for nonmetals. 

' 

CONCLUSIONS 

Neutron-initiated recoil atom damage and ionization-assisted 
damage are coupled.to the neutron cross sections through the 
primary knock-on atom. Gas production depends directly 'upon the 
hydrogen and helium production cross sections, and gamma-ray 
initiated damage depends upon gamma-ray production and downscatter. 
probabilities. Hence any extensions of the neutron cross sections 
to energies above 20 MeV will have direct impact on our simula- 
tions. In addition, ionization cross sections for ion-atom . 

TABLE I11 

Comparison of Spectrum Averaged Displacement Cross Sections 
for Ionization-Assisted and Neutron-Induced Recoil Atom 

Damage in A1203 and Carbon . 

a (barns/atom) 
d 

Ionization 
Assisted 

Recoil Atom 

dpa (Ion) 
dpa(Recoi1) 

CARBON A1203 

FMIT 

1200 

730 

1.64 

FUSION 

548 

64 2 

0.854 

FMIT 

A1 

79 

1112 

0.071 

FUSION 

- 0 

201 

429 

0.469 

A1 

37 

724 

0.051 

0 

94 

280 

0.336 



interactions are needed as are displacement threshold energies for 
multicomponent materials,. . 
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l o a d i n g  and h a s  a  t o t a l  f l u x  cif 3.81 1014 n/cm2.s.  
The "FMI?" spect rum cor re sponds  t o  t h e  n e u t r o n  f l u x  a t  a  
p o i n t  o n  t h e  beam a x i s  4  cm from t h e  l i t h i u m  t a r g e t .  
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SOURCE IMAGING FOR m_T, USING 
A NEUTRON PIN-HOLETAMERA 

R .  G. Johnson, J.  W. Behrens, and C. D. Bowman 

Na t iona l  Bureau o f  Standards 
Washington, D.C. 20234, U.S.A. 

ABSTRACT 

'A p i n - h o l e  camera techn ique has been used t o  measure 
t . h ~  v a r i a t i o n  i n  neut ron elll'iss ion  l n t e n s i  t y  over  t h e  
area o f  t h e  neut ron-produc ing t a r g e t  o f  t h e  NBS E l e c t r o n  
L inac.  The method uses a  1  i n e a r  p o s i t i o n - s e n s i  t i v e  p ro -  
p o r t i o n a l  counter  (PSPC) w i t h  an i n t r i p s i c  s p a t i a l  reso- 
l u t i o n  o f  1 . 0  mm. The p i n  ho le  i s  made i n  a  t h i c k  sheet 
o f  cadmium and neut ron energy ( <  0 .3  eV) s e l e c t i o n  i s  
achieved by t i m e - o f - f l i g h t .  Both one-dimensional and 
two-dimensional d e t e c t o r s  'are now a v a i l a b l e  f o r  t h i s  
work. I n  a  comple te ly  separate exper iment t h e  neut ron 
cone ob ta ined  f rom t h e  ( d , t )  r e a c t i o n  us ing  t h e  asso- 
c i a t e d - p a r t i c l e  techn ique was imaged by a  two-dimen- 
s i o n a l  PSPC. Th is  second measurement demonstrated t h e  
use o f  t he  two-dimensional d e t e c t o r  f o r  imaging h i g h  
energy (14 MeV) neut rons.  

INTRODUCTION 

The Fusion M a t e r i a l s  I r r a d i a t i o n  Test  (FMIT) Faci  1  i ty  be ing 
cons t ruc ted  a t  t h e  Hanford Eng ineer ing Development Laboratory  i s  
p r o v i d i n g  some unique cha l lenges i n  eng inee r ing  and phys ics .  An 
avera e  beam power o f  3  MW i s  p lanned f o r  a  f l o w i n g  L i  t a r g e t  w i t h  9 10-cm area. The e f f e c t i v e  and sa fe  use o f  t h i s  f a c i l i t y  w i l l  r e -  
q u i r e  accura te  r e a l - t i m e  beam i n t e n s i t y  and p o s i t i o n  i n f o r m a t i o n  
f o r  use i n  a c c e l e r a t o r  ope ra t i on .  A lso  accura te  measurements o f  
neut ron f 1  uence [I 1 and s p e c t r a l  i n f o r m a t i o n  wi 11 be f a c i  1  i t a t e d  
w i t h  r e a l - t i m e  measurements o f  t h e  neut ron source term f rom the  
t a r g e t .  T h i s  i n f o r m a t i o n  cou ld  be ob ta ined  by ope ra t i on  o f  a  
neut ron p in -ho le  camera a t  a  back angle and perhaps a l s o  i n  t h e  
fo rward  d i r e c t i o n .  



The NBS Neutron Measurements and Research Group has had f o r  
t he  p a s t  severa l  years  an i n t e r e s t  i n  deve lop ing and u s i n g  neut ron 
d e t e c t o r s  which can p rov ide  p o s i t i o n  s e n s i t i v i t y  w i t h  a  1-2 mm 
r e s o l u t i o n .  Such d e t e c t o r s  can be used i n  a  v a r i e t y  o f  measure- 
ments i n c l u d i n g  neut ron p i n - h o l e  camera systems, thermal and 
resonance neut ron rad iography r21, smal l  angle s c a t t e r i n g  measure- 
ments, e t c .  As p a r t  o f  t h i s  program i n  us ing  s p a t i a l l y - r e s o l v e d  
neu t ron  de tec to rs ,  t h e  p resen t  paper descr ibes two exper iments i n  
t h i s  area. I n  the  f i r s t  exper iment the  v a r i a t i o n  i n  neut ron 
emiss ion i n t e n s i t y  ove r  the  area o f  t h e  neut ron-produc ing t a r g e t  
o f  t h e  NBS E l e c t r o n  L inac  us ing  t h e  p i n - h o l e  carnerd techn ique i s  
descr ibed.  I n  t h e  second exper iment the neut ron cone f rom t h e  
(d, t )  r e a c t i o n  as d e f i n e d  by the  a s s o c i a t e d - p a r t i c l e  techn ique and 
imaged by a  two-dimens iuna l  pos i  t i o n - s e n s i  t i v e  p r o p o r t i o n a l  
coun te r  (PSPC) i s  descr ibed.  Th i s  measurement was performed a t  t h e  
NBS P o s i t i v e  Ion  Van de G r a a f f  Acce le ra to r .  

EXPERIMENT I 

I n  F ig .  1  t h e  exper imenta l  se t -up f o r  t h e  f i r s t  measurement I s  
i l l u s t r a t e d .  Th i s  neut ron-produc ing t a r g e t  o f  t he  NBS E l e c t r o n  
L inac  c o n s i s t s  o f  water -coo led tungsten p l a t e s  f o l l o w e d  by a  5 cm 
by 18  cm by 20 cm r e c t a n g u l a r  c o n t a i n e r  f i l l e d  w i t h  water  f o r  
neu t ron  moderat ion.  The l i n a c  which was operated a t  a  r e p e t i t i o n  
r a t e  o f  360 Hz, an e l e c t r o n  pu l se  w i d t h  o f  1  p s ,  and an e l e c t r o n  
energy o f  106 MeV d e l i v e r e d  4 kW o f  power on t h e  t a r g e t .  The 
evacuated t i m e - o f - f l i g h t  tube was pe rpend icu la r  t o  one o f  t h e  l a r g e  
f l a t  faces o f  t h e  water  c o n t a i n e r  and was c o l l i m a t e d  t o  v iew a  
13-cm d iameter  c i r c l e  a t  t h e  t a r g e t .  A t  a  d i s tance  o f  4.0 m f rom 
t h e  neut ron t a r g e t  a  1.6-mm t h i c k  Cd sheet w i t h  2.0-mm ho le  i n  t h e  
c e n t e r  was p laced t o  serve as t h e  p i n  ho le .  The one-dimensional 
p o s i t i o n - s e n s i t i v e  p r o p o r t i o n a l  coun te r  was o r i e n t e d  f o r  h o r i z o n t a l  
p o s i t i o n  s e n s i t i v i t y .  

The PSPC, designed and b u i l t  i,n c o l l a b o r a t i o n  w i t h  Oak Ridge 
Na t iona l  Laboratory ,  has a  s e n s i t i v e  l e n g t h  o f  50 mm and a s p a t i a l  
r e s o l u t i o n  o f  1.2 mm. P o s i t i o n  s e n s i t i v l t y  i b  ob ta ined  by RC- 
encoding [ 3 ] .  The d e t e c t o r  con ta ins  3 atm 3 ~ e ,  7.5 atm Xe, and 
0,5 atm C Q 2 .  To o b t a i n  s p a t i a l  i n f o r m a t i o n  i n  t h e  v e r t i c a l  d i r e c -  
t i o n  the d e t e c t o r  c o u l d  be remote ly  p o s l t ~ l u r ~ e d  i n  t h a t  d i r e c t i o n .  
The d e t e c t o r  was t h e r e f o r e  moved i n  1.6-mm steps w i t h  separate runs 
taken a t  each step.  

Since Cd was used t o  d e f i n e  t h e  p i n  ho le ,  on1 y  neut rons wi t h  
energy below t h e  Cd c u t - o f f  were used t o  produce t h e  image. 
Neutron-energy s e l e c t i o n  was ob ta ined  by p l a c i n g  a  ga te  on t h e  
neut ron t i m e - o f - f l i g h t  t o  accept  neut rons w i t h  energy below 0.3 eV. 

A t o t a l  o f  11 v e r t i c a l  s teps o f  t h e  d e t e c t o r  were taken t o  
image t h e  neut ron t a r g e t .  The h o r i z o n t a l  i n f o r m a t i o n  f rom t h e  
PSPC was c o l l e c t e d  by a  256-channel p u l s e - h e i y h t  ana lyze r .  Analy-  
s i s  o f  these pu lse -he igh t  d i s t r i b u t i o n s  was q u i t e  s imple .  A smal l  
background (approx imate ly  5% o f  t h e  s i g n a l ,  ob ta ined  i n  separate 



runs w i t h  Cd cove r ing  the  neut ron t a r g e t )  was subt rac ted.  The 
data were then grouped i n  four-channel  sums and p l o t t e d  bo th  i n  a  
three-dimensional  r e p r e s e n t a t i o n  and i n  a  grey-sca le  representa-  
t i o n  as shown i n  F i g .  2. I n  the  grey-sca le  r e p r e s e n t a t i o n  o f  F ig .  
2  t h e  number o f  d o t s  per  p i x e l  i s  p r o p o r t i o n a l  t o  t h e  counts i n  the 
r e s p e c t i v e  channel o f  t he  pu l se -he igh t  d i s t r i b u t i o n .  The c i r c l e  
represents  the  f i e l d - o f - v i e w  imposed by the  f l i g h t - p a t h  c o l l i m a -  
t i o n .  A lso  shown i n  F i g .  2  a re  the  p i x e l  s i z e  and r e s o l u t i o n .  The 
p i x e l  s i z e  was 0.8 mm by 1.6 mm a t  t h e  d e t e c t o r .  The r e s o l u t i o n  i n  
t h e  h o r i z o n t a l  d i r e c t i o n  was 1.5 mrn and was determined by t h e  
1.2-mm r e s o l u t i o n  o f  t he  PSPC and t h e  1  .O-mm r a d i u s  o f  t he  p i n  hole. 
The v e r t i c a l  r e s o l u t i o n  was a 1.7 mm a t  t he  PSPC, determined p r i -  
m a r i l y  by t h e  1.6-mm displacement of each s tep.  R e c a l l i n g  t h e  
o b j e c t  d i s tance  (4 .0  m) and image d i s tance  (0.5 m) o f  t he  e x p e r i -  
mental set-up, t he  m a g n i f i c a t i o n  o f  t h e  p i n - h o l e  camera i s  1/8.  
Th is  then i m p l i e s  a  r e s o l u t i o n  a t  t h e  neut ron t a r g e t  o f  a 1.3 cm i n  
e i t h e r  d i r e c t i o n .  For t h i s  i n i t i a l  exper iment t h e  m a g n i f i c a t i o n  
was kep t  sma l le r  than u l t i m a t e l y  necessary i n  o rde r  t h a t  t h e  back- 
ground o u t s i d e  the  f i e l d - o f - v i e w  o f  t h e  p in -ho le  camera cou ld  be 
r e a d i l y  assessed. A  f a c t o r  o f  t h ree  l a r g e r  m a g n i f i c a t i o n  ( w i t h  
approx imate ly  the  same improvement i n  r e s o l u t i o n )  can be ob ta ined  
w i t h  no l o s s  i n  f i e l d - o f - v i e w .  

Several improvements i n  t h i s  type o f  measurement are  now 
p o s s i b l e  and f u r t h e r  s tud ies  a r e  planned. A  two-dimensional PSPC 
i s  now a v a i l a b l e  and i t s  use would bo th  shor ten t h e  beam t ime  
necessary f o r  t h i s  measurement (obv ious l y  e l i m i n a t i n g  t h e  need f o r  
s tepp ing  i n  the  v e r t i c a l  d i r e c t i o n )  and improve the  r e s o l u t i o n  i n  
the  v e r t i c a l  d i r e c t i o n .  To reach h ighe r  neut ron energ ies  w i l l  
r e q u i r e  a  more cnmpl i c a t e d  p i n - h o l c  c o l l  imator .  Deslgn s t u d i e s  
f o r  such a  c o l l i m a t o r  are  now underway. 

EXPERIMENT I 1  

Recent ly  t h e  Neutron Measurements and Research Group a t  NBS 
has been working on a  measurement o f  the. 235U(n, f )  c ross  s e c t i o n  a t  
14 MeV. To per form t h i s  measurement an a s s o c i a t e d - p a r t i c l e  system 
us ing  t h e  ( d , t )  r e a c t i o n  has been s e t  up a t  t h e  3-MV P o s i t i v e  I o n  
Van de Graa f f  Acce le ra to r  a t  NBS. The exper imenta l  arrangement i s  
shown i n  F ig .  3. Mo lecu la r  deuter ium i o n s  acce le ra ted  by the  Van 
de Graa f f  s t r i k e  a  t r i t i a t e d  T i  t a r g e t .  Alpha p a r t i c l e s  a re  
de tec ted  by a  s u r f a c e - b a r r i e r  d e t e c t o r  a t  an ang le  o f  82.5O r e l a -  
t i v e  t o  the  i n c i d e n t  deuteron beam. Neutrons (En = 14 MeV) . i n  
co inc idence w i t h  these alpha p a r t i c l e s  a re  t h e r e f o r e  k i n e m a t i c a l l y  
d e f i n e d  t o  a  cone centered a t  90° r e l a t i v e  t o  t h e  i n c i d e n t  beam 
and w i t h  a  h a l f  angle de f i ned  by the  c o l l i m a t i o n  o f  t h e  a lpha 
d e t e c t o r .  

A  two-dimensional PSPC was p laced i n  t h e  p o s i t i o n  no rma l l y  
occupied by t h e  f i s s i o n  chamber. Al though t h e  o r i g i n a l  i n t e n t  was 
t o  use a  high-pressure ( a  15 at.m) d e t e c t o r  f i l l e d  w i t h  '+He, Xe, 
and C02, e l e c t r o n i c s  problems f o r c e d  replacement of t h i s  d e t e c t o r  



w i t h  one o f  t he  same des ign b u t  f i l l e d  w i t h  1 .0  atm 3He, 1.5 atm 
Xe, and 0.1 atm C02. Th is  l a t t e r  d e t e c t o r  was designed f o r  low- 
energy neut rons and consequent ly had s i g n i f i c a n t l y  l a r g e r  r e s o l u -  
t i o n  a t  14 MeV than t h e  des i red  d e t e c t o r .  Nevertheless,  t h e  
r e s u l t s  o f  t he  measurement show a p r o o f - i n - p r i n c i p a l  f o r  t h e  con- 
ccp t .  

The two-dimensional  PSPC, aga in  designed and developed i n  
c o l l a b o r a t i o n  w i t h  ORNL, has an a c t i v e  area o f  50 mm by 50 mm. 
Three crossed w i r e  a r r a y s  a re  conta ined w i l t ~ i n  the  coun t ing  gas 
volume. The cen te r  p lane i s  t h e  anode w h i l e  t h e  o u t e r  p lanes o f  
m u t u a l l y  pe rpend icu la r  w i res  a re  the  cathodes. P o s i t i o n  s e n s i t i v -  
i t y  i s  ob ta ined  by RC-encoding [31.  The th i ckness  o f  t h e  a c t i v e  
volume o f  t h e  d e t e c t o r  i s  10 mm. 

To d e f i n e  a v a l i d  event  a t h r e e - f o l d  co inc idence between t h e  
a lpha d e t e c t o r  and t h e  two cathodes o f  t h e  PSPC was demanded. A 
co inc idence r e s o l v i n g  t ime of 400 ns was al lowed. V a l i d  events 
were then c o l l e c t e d  i n  a 64 channel by 64 channel a r r a y  through a 
two-parameter da ta  c o l l e c t i o n  system. The r e s u l t s  o f  t he  measure- 
ment are  shown d l r e c t l y  i r ~  F i g .  4 bo th  i n  a three-dimensional  
r e p r e s e n t a t i o n  and i n  a g rey -sca le  r e p r e s e n t a t i o n .  The neut ron 
cone o f  t h e  a s s o c i a t e d - p a r t i c l e  system i s  r e a d i l y  apparent.  

The r e s o l u t i o n  o f  t h e  l ow  pressure  PSPC used i n  t h i s  measure- 
ment was es t ima ted  f rom the  range o f  3He r e c o i l s  and t h e  yeomet- 
r i c a l  l i m i t s  o f  t h e  d e t e c t o r  t o  be 8 mm. Th is  compares very  w e l l  
w i t h  the measured r e s o l u t i o n  as determined by t h e  known f u l l  angle 
o f  t h e  neut ron cone and the  w i d t h  o f  t h e  peak i n  F i g .  4, i . e . ,  a 
r e s o l u t i o n  o f  approx imate ly  9 mm. 

CONCLUSIONS 

I n  t h e  two measurements descr ibed i n  t h i s  r e p o r t ,  t h e  concept 
o f  a c t i v e  neut ron dos imet ry  us ing  a p in -ho le  camera technique and 
a two-dimensional pos i  t i o n - s e n s i  t i v e  p r o p o r t i o n a l  counter  f o r  h i g h  
o r  low energy neut rons has been Bernonstrdled. 111 the f i r s t  o c p c r i  
m ~ n t  lnw-energy neut rons f rom an extended neut ron source were 
imaged through a p i n - h o l e  camera arrangement. The r e s u l u l i u ~ ~  a t  
t h e  d e t e c t o r  was % 1.6 mm. Al though i n  t h i s  p r e l i m i n a r y  measure- 
m p n t  a smal l  m a q n i f i c a t i o n  was chosen i n  o rde r  t o  observe t h e  back- 
grounds, so t h a t  t he  r e s o i u t i o n  a t  t h e  source was r d l t l e r  poor, i t  
i s  c l e a r  t h a t  t h e  r e s o l u t i o n  a t  t h e  source can e a s i l y  be made t o  
approach t h a t  o f  t h e  d e t e c t o r .  

I n  t h e  second exper iment t h e  use o f  a two-dimensional PSPC f o r  
t h e  measurement o f  p o s i t i o n a l  i n f o r m a t i o n  f o r  h igh-energy (14 MeV) 
neut rons was demonstrated. Al though non-fundamental exper imenta l  
problems caused a r a t h e r  poor p o s i t i o n a l  r e s o l u t i o n  t o  be obta ined,  
t h e  c a l c u l a t e d  r e s o l u t i o n  f o r  h igh-pressure  '+He f i  1 l e d  PSPC i s  
2.1 mm. 



The o n l y  major  m iss ing  element r e q u i r e d  f o r  a  high-energy p i n -  
ho le  camera system i s  t h e  p i n - h o l e  c o l l i m a t o r .  A  p r e l i m i n a r y  
des ign which can p rov ide  a  1-2 mm p i n - h o l e  has been made and no 
major  problems i n  i t s  c o n s t r u c t i o n  are  foreseen. Once t h e  c o l l i -  
mator i s  c o n s t r u c t e d  t h e  whole system w i l l  be t e s t e d  a t  the.NBS 
P o s i t i v e  I o n  Van* de G r a a f f  Acce le ra to r .  
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BORON-LOADED POLYETHYLEUE r rLEAD 
-CADMIUM 

FIG. 1 . Exr-er i l l~enta l  arrangeit lent f o r  i l l ~ a g i n g  t h e  n e u t r o n  e111i s s i o n  
frmi t h e  n e u t r o n - p r o d u c i n g  t a r g e t  s f  t h e  NBS E l e c t r o n  L i n a c .  



PIXEL RESOLU~ION 

2. Pin-hole camera image o f  the 1 inac  neutron-producing t a r g e t .  
Both a three-dimensional r e w e s e n t a t i o n  and a qrev-scale 
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FIG. 3.  Schematic diagram o f  t he  imaging system us ing  the  a s s o ~ i a t e d -  
p a r t i c l e  technique and two-dilnensional PSPC. 
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Image o f  t he  assoc ia ted -pa r t i c l e  neut ron cone. Both a th ree-  
dimensional r ep resen ta t i un  and a  grey-scale rep resen ta t i on  
a re  shown. 
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ABSTRACT 

A  b r i e f  rev iew  i s  g i ven  of some r e c ~ n t  developments 
I n  t h e  f i e l d s  o f  o p t i c a l  model potent i 'a ls;  l e v e l  dens i -  
t i e s ;  and s t a t i s t i c a l  model, precompound, and d i r e c t  
r e a c t i o n  codes and c a l c u l a t i o n s .  S i g n i f i c a n t  develop- 
ments have occurred i n  a1 1  o f  these f i e l d s  s i n c e  t h e  pre- 
v ious conference . in  1977, which w i l l  g r e a t l y  enhance our  
a b i l i t y  t o  c a l c u l a t e  high-energy neutron- induced r e a c t i o n  
cross  s e c t i o n s  i n  t h e  n e x t ' f e w  years. 

INTRODUCTION 

S e l e c t i n g  sub jec ts .  and m a t e r i a l  f o r  t h i s  rev iew  paper has pre- 
sented c e r t a i n  d i f f i c u l t i e s .  A t  t h i s  conference we a1 ready have 
had t h e  o p p o r t u n i t y  t o  be exposed t o  many e r . ce l l en t  s t a t u s  r e p o r t s  
bn' high-energy c ross  sect ions,  on va r ious  da ta  bases r e l a t e d  t o  
dosimetry,  s h i e l d i n g  design,  and on o t h e r  nuc lea r  da ta  needs o f  t h e  
f u s i o n  community. At t h e  recen t  I n t e r n a t i o n a l  Conference on Nucle- 
a r  Cross Sect ions f o r  Technology, K n o x v i l l e ,  Oct. 1979, R. C. 
Ha ight  reviewed t h e  sub jec t  o f  neut ron cross  sec t i ons  f o r  f u s i o n  
[I], P. G. Young, E. D. A r thu r ,  and D. G. Madland spoke on t h e  use 
o f  nuc lea r  models and c a l c u l a t i o n s  t o  supplement ou r  va r ious  eval  u- 
a ted  data l i b r a r i e s  [Z], and D. L. Smith [3]  covered neut ron d o s i -  
met ry  f o r  r a d i a t i o n  damage i n  f i s s i o n  and f u s i o n  reac to rs .  I n  
a d d i t i o n ,  M. R. Bhat has made an ex tens i ve  rev iew  o f  eva luated 
nuc lea r  c ross  sec t i ons  f o r  f u s i o n  r e a c t o r  c a l c u l  a t i o n s  C41. And, 
as Haight  [I] p o i n t s  out ,  i t  i s  de r i g u e u r  t o  i n c l u d e  i n  rev iews a  
summary o r  a t  l e a s t  a  t a b l e  o f  a n  p e r t i n e n t  p rev ious  reviews. 

To avo id  t h e  p i t f a l l  o f  merely summarizing p rev ious  reviews, I 
w i l l  avo id  any d i scuss ion  o f  da ta  needs o r  data  bases. Ins tead,  I 
w i l l  t r y  t o  concen t ra te  e i t h e r  on t o p i c s  which were n o t  covered i n -  
t h i s  sess ion o f  t h e  1977 Conference on Neutron Cross Sect ions f rom 
10 t o  40 MeV, o r  where s i g n i f i c a n t  advancements have occurred. I f '  



t h e  person making such an advancement has c o n t r i b u t e d  a  paper t o  
t h i s  session, I w i l l  d e f e r  and l e t  t h e  exper t  speak f o r  (h im lhe r )  
s e l f .  The t o p i c s  t h a t  I w i l l  t ouch  upon, s u b j e c t  t o  t h e  above r e -  
s t r i c t i o n s ,  are: t h e  o p t i c a l  model, l e v e l '  d e n s i t i e s ,  some aspects 
o f  s t a t i s t i c a l  model codes and c a l c u l a t i o n s ,  some aspects o f  precom- 
pound and d i r e c t  r e a c t i o n s ,  and suggest ions f o r  new da ta  l i b r a r i e s .  

THE OPTICAL MODEL 

For those  o f  us i n v o l v e d  i n  making d e t a i l e d  Hauser-Feshbach 
(HF) c ross -sec t i on  c a l c u l a t i o n s ,  one o f  our  pr imary  sources o f  
exaspera t i on  i n v o l v e s  t h e  search f o r  an adequate se t  o f  o p t i c a l  
model parameters f o r  use i n  c a l c u l a t i n g  t ransmiss ion  c o e f f i c i e n t s .  
We r e q u i r e  a  neut ron o p t i c a l  model p o t e n t i a l  t h a t  i s  v a l i d  n o t  o n l y  
a t  t h e  maximum i n c i d e n t  p a r t i c l e  energy o f  i n t e r e s t ,  b u t  f o r  a l l  
l o w e r  energies,  u s u a l l y  down t o  t h e  tens  o f  keV region.  H o p e f u l l y  
t h e  p o t e n t i a l  i s  adequate a t  l e a s t  f o r  several  ne ighbor ing  n u c l e i ,  
such as ad jacent  i so topes  o f  a  g i ven  element, and t he  more y luba l  
t h e  parameter s e t  i s ,  t h e  g r e a t e r  ,Is . iLs convenience. 

On t h e .  o t h e r  hand, i f  one i s  i n t e r e s t e d  o n l y  i n  a  rough survey 
o f  a  l a r g e  number o f  reac t i ons ,  o r  i f  t h e  i n c i d e n t  p a r t i c l e  energy 
i s  h i g h  enough so t h a t  t h e  c o s t  o f  d e t a i l e d  HF c a l c u l a t i o n s  becomes 
p r o h i b i t i v e ,  t h e n  perhaps c a l c u l a t i o n s  o f  t h e  Weisskopf-Ewing type, 
where o n l y  i n v e r s e  cross  s e c t i o n s  a r e  i n v o l v e d  and angu la r  momentum 
i s  no t  e x p l i c i t l y  considered, may be adequate. I n  t h i s  case i t  i s  
q u i t e  acceptab le  t o  patch t o g e t h e r  i n v e r s e  c ross -sec t i on  s e t s  c a l -  
c u l a t e d  i n  d i f f e r e n t  energy reg ions  w i t h  d i f f e r e n t  o p t i c a l  model 
parameters. Fo r  example, one might c r e a t e  such a c ross -sec t i on  se t  
f o r  i n c i d e n t  neut rons by  u s i n g  t h e  parameters o f  Moldauer [51 f o r  
neutrons up t o  about 2 MeV, t h e  parameter s e t  of Wilmore and 
Hodgson [6] t o  span t h e  range f rom 2 t o  25 MeV, and f i n a l l y ,  one 
o f  t h e  o p t i c a l  models descr ibed by Becche t t i  and Greenlees C7.1 t o  
c a r r y  one up t o  50 o r  60 MeV. It has been suggested t h a t  t h e  
p r o t o n  p o t e n t i a l  o f  Becche t t i  and Greenlees, w i t h  t h e  Coulomb te rm 
removed f rom t h e  r e a l  p o t e n t i a l  and t h e  s igns  o f  t h e  i s o s p i n  terms 
reversed, may be p r e f e r a b l e  t o  t h e i r  neut ron p o t e n t i a l  i n  c e r t a i n  
cases. 

Perhaps t h e  s i n g l e  most impor tant  qua1 i f i c a t i o n  f o r  any o p t i -  
c a l  model i s  t h a t  i t  reproduce w e l l  t h e  t o t a l  c ross  s e c t i o n  over  
t h e  e n t i r e  energy range. I n  a  paper by T. W. P h i l  l i p s  and H. 
Camarda, i n  t h i s  session,  we w i l l  hear about t h e i r  t o t a l  cross- 
s e c t i o n  measurements f o r  neutrons up t o  50 MeV on a  number o f  
elements i n  t h e  mass range f rom Ba t o  Nd, t oge the r  w i t h  t h e  r e s u l t -  
i n g  o p t i c a l  model parameters. I would l i k e ,  i n  a d d i t i o n ,  t o  d i r e c t  
y o u r  a t t e n t i o n  t o  recen t  rev iews i n  t h i s  area. One by 0. Wilmore 
and P. E. Hodgson [8] d iscusses a  number o f  t h e  o l d e r ,  more common- 
l y  used neu t ron  p o t e n t i a l s ,  i n c l u d i n g  t h e i r  own [6], and those o f  
Mol dauer [5], Becchett i -Green1 ees [7], and Eng lebrecht  and 
F iede ldey  C93. T h i s  l a s t  i s  o f  p a r t i c u l a r  i n t e r e s t  as i t  was 



designed t o  extend Moldauer 's  neut ron r e s u l t s  beyond 1 o r  2 MeV, 
i n  f a c t ,  up t o  200 MeV. Furthermore, Ref. 8 a l s o  1 i s t s  a l a r g e  
number o f  o p t i c a l  model and s t a t i s t i c a l  model codes which have 
been used i n  recen t  years. 

Delaroche, Lagrange and Sa lvy  [ l o ]  g i v e  an e x c e l l e n t  rev iew  o f  
t h e  o p t i c a l  model w i t h  p a r t i c u l a r  emphasis on t h e  coup1 ed-channel 
model , and desc r ibe  t h e  "SPRT" method used a t  Bruysres-1 e-Ch2tel 
f o r  t h e  de te rm ina t i on  of neut ron o p t i c a l  model parameters t h a t  f i t  
exper imental  da ta  over  a wide range o f  energies.  The "S" and "P" 
r e f e r  t o  s-wave and p-wave neut ron s t r e n g t h  func t i ons ,  t h e  " R "  i s  
t h e  p o t e n t i a l  s c a t t e r i n g  rad ius ,  w h i l e  t h e  "T" comes f rom t h e  t o t a l  
c ross -sec t i on  data  used i n  t h e  ana lys i s .  Two more recen t  rev iews 
a r e  those o f  Lagrange [ll] and Rapaport, K u l k a r n i ,  and F i n l a y  C121. 
The l a t t e r  descr ibes a g loba l  parameter s e t  f o r  neutrons i n  t h e  
energy range 7-26 MeV, and f o r  s p h e r i c a l  n u c l e i  i n  t h e  mass range 
24 t o  209. I n  t h e  former  paper, Lagrange i s  p a r t i c u l a r l y  concerned 
w i t h  t h e  energy and i s o s p i n  dependence o f  t h e  p o t e n t i a l .  The i s o -  
s p i n  dependence i s  necessary f o r  t h e  c o n s t r u c t i o n  o f  a general  
nucleon-nucleus p o t e n t i a l  t h a t  w i l l  f it b o t h  neu t ron  and p r o t o n  
data,  as s p e c i f i e d  i n  t h e  Lane model [13]. 

The paper i n  t h i s  session by Hansen, Grimes, Pohl, and Wong 
w i l l  desc r ibe  an at tempt t o  o b t a i n  a "Lane-cons is tent "  p o t e n t i a l  
f o r  neutrons and pro tons i n  t h e  heavy mass r e g i o n  around Th and U. 
The general  approach i s  mentioned i n  t h e  above rev iew  papers o f  
Delaroche [ lo ] ,  Lagrange [ll], and Rapaport [12]. One o f  t h e  f i r s t  
a t tempts  t o  ge t  such a g loba l ,  nucleon-nucleus o p t i c a l  p o t e n t i a l  was 
descr ibed by  Pat terson,  Doering, and Galonsky [14]. They added an 
imaginary  su r face  energy~i lependent i s o v e c t o r  t e rm t o  t h e  Coulomb- 
c o r r e c t e d  p r o t o n  parameter s e t  o f  Becche t t i  and Greenlees [7], and 
m o d i f i e d  t h e  parameters t o  f i t  some (p,n) i s o b a r i c  analog s t a t e  
( IAS) data. The r e s u l t i n g  p o t e n t i a l  p rov ided  reasonable f i t s  t o  
neut ron s c a t t e r i n g  data,  and was s t a t e d  t o  be u s e f u l  f o r  t h e  e n t i r e  
mass range from A1 t o  B i  and f o r  energ ies  i n  t h e  7-24 MeV range. 

O f  a l l  t h e  work mentioned above, o n l y  t h a t  o f  t h e  Bruysres- 
le -Chate l  group [10,11] has addressed i t s e l f  t o  p r o v i d i n g  poten- 
t i a l s  t h a t  span a wide enough energy range and a r e  v a l i d  down t o  
t h e  10 keV reg ion ,  t o  be f u l l y  use fu l  t o  those o f  us making s t a t i s -  
t i c a l  model c a l c u l a t i o n s .  A f u r t h e r  example o f  t h e  SPRT method 
combined w i t h  t h e  Lane-model a roach was g i ven  by Lagrange [ I 5 1  
f o r  nucleons i n t e r a c t i n g  w i t h  @Nb, i n  t h e  energy range o f  10 Lev 
t o  50 MeV. I n  F ig .  1, I show some o f  Lagrange's c a l c u l a t i o n s  f o r  
pro tons near 50 MeV. The t o p  dashed l i n e  was ob ta ined  u s i n g  a 
p o t e n t i a l  t h a t  was d e r i v e d  f rom 18-MeV (p,n) da ta  f o r  a pure  su r -  
face imaginary  p o t e n t i  a1 and energy independent i sovec to r  terms. 
The improvement shown i n  t h e  dash-dot curve r e s u l t e d  f rom t h e  
i n c l u s i o n  o f  a volume imaginary term, w h i l e  t h e  bes t  f i t  ( s o l i d  
curve)  r e q u i r e d  t h e  f u r t h e r  a d d i t i o n  o f  an energy dependence i n  
t h e  i s o v e c t o r  component o f  t h e  r e a l  p o t e n t i a l .  Reca l l  t h a t  
Pa t te rson  6141 had a l s o  i n t roduced  an energy dependence i n  one o f  
t h e  i s o v e c t o r  terms, bu t  he chose t h e  imaginary p o t e n t i a l  ins tead.  



Perhaps a l l  t h a t  i s  necessary i s  a  r e d i s t r i b u t i o n  o f  t h e  i s o v e c t o r  
s t r e n g t h  between t h e  r e a l  and imaginary p o t e n t i a l s ,  and t h i s  may 
be parameter ized e f f e c t i v e l y  by a  l i n e a r  energy dependence i n  
e i t h e r  one o f  t h e  i s o v e c t o r  terms. 

The parameter se ts  o f  Lagrange and co l leagues o f t e n  show a  
su r face  imaginary  p o t e n t i a l  t h a t  increases w i t h  energy up t o  about 
10 MeV, a t  which p o i n t  t h e  p o t e n t i a l  e i t h e r  remains cons tan t  o r  
decreases w i t h  energy as a  volume imaginary  component grows in .  As 
Del aroche [ l o ]  p o i n t s  out ,  imaginary  p o t e n t i a l s  t h a t  c o n t i n u a l l y  
decrease w i t h  i n c r e a s i n g  energy, such as Wilmore-Hodgson C61 and 
Becchet t i -Green lees [7] s imp ly  do no t  work w e l l  a t  ve ry  l ow  ener- 
gies. T h i s  has a l s o  been r e p o r t e d  r e c e n t l y  b  F i t z g e r a l d ,  e t  a l .  
1161 i n  a  s tudy o f  (p,n) IAS measurements on Yl9Sn. Here t h e  
imaginary  p o t e n t i a l  f o r  t h e  neut rons was observed t o  i nc rease  f o r  
a t  l e a s t  6  MeV b e f o r e  l e v e l i n g  o f f  o r  p o s s i b l y  decreasing. T h e i r  
r e s u l t s  a r e  shown i n  F ig .  2. Th i s  t y p e  o f  imaginary  p o t e n t i a l ,  
a l though n o t  common, has been used a  number o f  t imes i n  t h e  pas t  
f o r  n e l ~ t r o n s ,  and Del a roche ' s  [ l o ]  paper g i ves  f o u r  a d d i t i o n a l  
re fe rences  besides those  ' l i s t e d  here. The work t h a t  I ' v e  c i t e d  
rega rd ing  t h e  Lane-type p o t e n t i a l  i s  r e l e v a n t  f n r  t h i s  conference 
because much o f  t h e  neut ron o p t i c a l  model i n f o r m a t i o n  r e q u i r e d  f o r  
t he  s tudy o f  r e a c t i o n s  I I ~  t o  50 MeV may be d e r i v e d  f rom p ro ton  
r e a c t i o n  s tud ies .  

I f  t h e  s i t u a t i o n  i s  u n s a t i s f a c t o r y  f o r  g loba l  s p h e r i c a l  
o p t i c a l  -model se ts ,  t h e  s i t u a t i o n  f o r  coupled-channel c a l c u l a t i o n s  
i s ,  o f  course,  much worse. Recent e f f o r t s  o f  severa l  l a b o r a t o r i e s  
t o  o b t a i n  parameter s e t s  f o r  deformed p o t e n t i a l s  have been d i s -  
cussed by Delaroche, e t  a l .  [ lo] .  One impor tan t  problem always has 
been how t o  determine t h e  proper  deformat ion parameters, say €32 and 
$4, t o  use f o r  r o t a t i o n a l  n u c l e i .  A thorough rev iew  o f  t h i s  p ro -  
blem was g i ven  r e c e n t l y  by Haouat [17], who p o i n t s  o u t  t h a t  de- 
f o rma t ion  parameters d e r i v e d  f rom d i f f e r e n t  exper imenta l  methods 
can have d i f f e r e n t  values. Q u i t e  a  few s e t s  o f  exper imenta l  and 
t h e o r e t i c a l  l y - ca1  c ~ l l  a ted  parameter values a r e  compared i n  h i s  
paper. 

I ' d  l i k e  t o  make t.wn more comments b e f o r e  l e a v i n g  t h e  sub jec t  
o f  coup1 ed-channel c a l  c u l  a t  ions. The f i r s t  concerns t h e  cletel-rnina- 
t i o n  o f  an i n i t i a l  o r  t r i a l  s e t  o f  deformed w e l l  parameters. 
M dlond and Young [ I 8 1  made a s tudy  o f  s i x  a c t i n i d e  elements f rom 
2Q2Th t o  239~11 ,  and developed a   letho hod of d e r i v i n g  p a r d n e t r r r  f o r  
a  deformed p o t e n t i a l  f rom a  l o c a l  , energy and i s o s p i  n  dependent 
s p h e r i c a l  p o t e n t i a l .  They observed t h a t  t h e  geometr ic parameters 
remained unchanged f rom t h e  spher i ca l  f i t ,  and t h a t  t h e  imaginary  
su r face  p o t e n t i a l  r e q u i r e d  by t h e  deformed w e l l  was about 70% o f  
t h e  s p h e r i c a l  imaginary  depth. The r e a l  w e l l  depth was increased 
by about 3% ove r  t h e  s p h e r i c a l  case. L a n i e r  [ I 9 1  a t  L ivermore 
r e p o r t s  success w i t h  t h e  same approach i n  t h e  Ta mass reg ion.  At 
f i r s t  g lance t h c  r e s u l t s  a r e  somewhat s u r p r i s i n g ,  because one might  
expect  o f fhand  t h a t  t h e  d i r e c t  i n e l a s t i c  s t r e n g t h  i n  t h e  cuupled- 
channel c a l c u l a t i o n  would come ma in l y  f rom t h e  shape e l a s t i c  c ross  
sect ion .  It would be Impor tan t  t o  know i f  t h e  method works i n  



o t h e r  deformed mass reg ions,  because o f  t h e  g r e a t  savings i n  t i m e  
a  spher i ca l  search code has over  a  deformed code. 

My l a s t  comment concerns t h e  c a l c u l a t i o n  o f  t ransmiss ion  co- 
e f f  i c i e n t s  w i t h  a  deformed p o t e n t i  a l .  Several  coup1 ed-channel 
codes w i l l  p rov ide  such t ransmiss ion  c o e f f i c i e n t s ,  b u t  not  when 
they  a re  run  under t h e  a d i a b a t i c  approximat ion.  Recent ly  V. Madsen 
of Oregon S t a t e  U n i v e r s i t y  so lved t h i s  problem, and h i s  r e s u l t s  
w i l l  be pub l i shed  i n  t h e  near f u t u r e  C203. Again, a  g rea t  savings 
i n  computer t i m e  w i l l  be t h e  r e s u l t .  

LEVEL DENSITIES 

S t a t i s t i c a l  model c a l c u l a t i o n s  r e q u i r e ,  i n  a d d i t i o n  t o  t r a n q -  
m iss ion  c o e f f i r i e n t s ,  l c v c l  densily I n fo rma t ion  f o r  t h e  r e s i d u a l  
nuc le i .  Many o f  us use t h e  G i l  bert-Cameron f o r m u l a t i o n  [21], w i t h  
t h e  updated parameters o f  Cook, e t  a l .  [22], which we f u r t h e r  ad- 
j u s t  t o  f i t  t h e  l a t e s t  d i s c r e t e  l e v e l  and resonance in fo rma t ion .  
The Cook parameters have r e c e n t l y  been reexamined C231, bu t  t h e  
s p i n  c u t - o f f  express ion used by G i l b e r t  and Cameron has been re -  
t a i n e d :  

where t h e  mean square s p i n  p r o j e c t i o n  was taken  as 

Here 3 i s  t h e  l e v c l  d e n s i t y  parameter and U i s  t h e  e x c i t a t i o n  ener- 
gy above t h e  p a i r i n g  gap. R e f f o  [241 and o t h e r  i n v e s t i g a t o r s  have 
suggested t h a t  a  b e t t e r  average r e p r e s e n t a t i o n  f o r  <m2> would be: 

I have exd~rl ined a  number o f  cases i n  t h e  mass 90 reg ion ,  and a  few 
o t h e r  cases where t h e  sp ins  o f  t h e  f i r s t  25 t o  30 l e v e l s  were 
known. The s p i n  c u t - o f f  parameter may be c a l c u l a t e d  f rom t h e  
sp ins  o f  d i s c r e t e  l e v e l s  w i t h  t h e  express ion 

. , 

Fig.  3  g i ves  t h e  resu  t s  f o r  9 3 ~ b .  We a r e  p l o t t i n g  i n  t h e  h i s t o -  
gram t h e  c a l c u l a t e d  oJ ,  t h a t  a r i s e s  f rom t h e  summing o f  a d d i t i o n a l  
l e v e l s  i n  groups o f  f i v e ,  a g a i n s t  l e v e l  energy. A lso  shown a r e  
t h e  values c a l c u l a t e d  f rom Eqs. 2 and 3. The p a i r i n g  gap and t h e  
energy o f  t h e  l a s t  l e v e l  a r e  i n d i c a t e d  on t h e  f i g u r e .  Th i s  i s  
perhaps a  more s e n s i t i v e  t e s t  t han  comparing t h e  shape o f  a  ca l cu -  
l a t e d  s p i n  d i s t r i b u t i o n  w i t h  t h e  exper imental  d i s t r i b u t i o n  o f  t h e  
l o w - l y i n g  l e v e l s .  My l i m i t e d  exper ience suppor ts  t h e  o p i n i o n  o f  
Reffo. Since t h e  s p i n  c u t - o f f  p a r a ~ r ~ e t e r  comes. i n t o  t h e  expres- 
s i o n  f o r  t h e  s t a t e  d e n s i t y  as w e l l  as t h e  l e v e l  dens i t y ,  t h e  new 



parameters o f  Cook [23] t h a t  a re  used t o  c a l c u l a t e  t h e  l e v e l  den- 
s i t y  parameter would have t o  be mod i f i ed  t o  compensate f o r  t h e  
approx imate ly  28% decrease i n  t h e  l e v e l  d e n s i t y  which r e s u l t s  f rom 
t h e  cho ice of Eq. 3  r a t h e r  t h a n  Eq. 2. 

The use o f  ad hoc pa ramete r i za t i ons  o f  l e v e l  d e n s i t i e s ,  such 
as t h a t  o f  G i l b e r t  and Cameron, have proved r a t h e r  successfu l  f o r  
n u c l e i  near t h e  l i n e  o f  s t a b i l i t y ,  p a r t i c u l a r l y  beg inn ing a  few MeV 
above t h e  p a i r i n g  gap. There i s  no good s u b s t i t u t e  f o r  knowledge 
o f  t h e  f i r s t  20 o r  30 d i s c r e t e  l e v e l s  above t h e  ground s t d t e ,  par-  
t i c u l a r l y  when t h e  l e v e l  s  t end  t o  f a v o r  one p a r i t y  s t a t e  o r  i f  t h e  
nucleus i s  deformed and r o t a t i o n a l  bands a re  i n  evidence. I w i l l  
r e t u r n  t o  t h i s  p o i n t  i n  a  l a t e r  s e c t i o n  o f  t h i s  paper. As one 
depar ts  f rom t h e  l i n e  o f  s t a b i l i t y ,  l a r g e  u n c e r t a i n t i e s  develop i n  
o u r  knowledge o f  t h e  l e v e l  d e n s i t i e s .  Another problem a r i s e s  w i t h  
r e a c t i o n s  induced by 50 MeV neutrons. Not o n l y  can you produce 
n u c l e i  f a r  f rom s t a b i l i t y ,  b u t  you must t r u s t  y o u r  l e v e l  d e n s i t y  
express ion up t o  h i g h  energ ies ,  u s u a l l y  way above any d i r e c t  ex- 
per imenta l  mea%urements. There now appears t o  be hope t h a t  we may 
have. i n  t h e  no t  t o o  d i s t a n t  f u t u r e ,  a  b e t t e r  ~ n e t l ~ o d  t o  es t ima te  
these  1  eve1 d e n s i t i e s .  

A t  a  recen t  conference r251  devoted t o  s p e c t r a l  d i s t r i b u t i o n  
t h e o r y  C261, t h e  a p p l i c a t i o n  o f  t h i s  approach t o  t h e  de te rm ina t i on  
o f  nuc lear  l e v e l  d e n s i t i e s  was explored.  Many problems t h a t  a r i s e  
i n  t h e  Fermi gas model, such as t h e  ad hoc i n c l u s i o n  o f  p a i r i n g ,  
she1 1, and c o l l e c t i v e  e f f e c t s ,  a r e  due t o  t h e  neq lec t  o f  t h e  two- 
body force. Spec t ra l  d i s t r i b u t i o n  theo ry  a l l ows  one t o  i n c l u d e  t h e  
f u l l  two-body fo rce  i n  t h e  moment c a l c u l a t i o n  o f  l e v e l  d e n s i t i e s .  
The l e v e l  d i s t r i b u t i o n  i n  a f i n i t e  bas i s  se t  i s  assumed t o  be 
Gaussian, and can be cha rac te r i zed  i n  terms o t  t h e  t o t a l  number o f  
s t a t e s  N, t h e  average energy o f  t h e  s t a t e s  <H>, and t h e  average 
energy squared o f  t h e  s t a t e s  <Hz>. The f i r s t  moment o f  t h e  d i s t r i -  
b u t i o n  i s  i t s  c e n t r o i d ,  w h i l c  t h e  second molllent de f i nes  i t s  width.  

2  112 where o,, = [ c H ~ > - < H >  1 . 
The l e v e l  d i s t r i b u t i o n  may be expanded f i r s t  i n  terms o f  eneryy, 
and then, a t  each s p e c i f i e d  energy, expanded aga in  i n  terms o f  t h e  
angu lar  momentum p r o j e c t i o n  Jz,  o r  t h e  d i s t r i b u t i o n  expansion can 
be  done f i r s t  i n  J Z  and t h e n  i n  energy. Prev ious work by R a t c l i f f  
[27] and Grimes, e t  a l .  [28] has shown t h a t  t h e  assumption o f  a  
Gaussian fo rm f o r  t h e  d i s t r i b u t i o n  i s  approx imate ly  c o r r e c t ,  bu t  
t h a t  h i g h e r  moments w i l l  be r e q u i r e d  t o  achieve t h e  d e s i r e d  accur-  
acy, p a r t i c u l a r l y  a t  1  ow energies. 

As an example o f  t h e  method, I present  i n  t h e  next  f i g u r e  some 
r e s u l t s  f rom r e p o r t  by Grimes [29]. Here 2 1 ~ e  i s  cons idered t o  
c o n s i s t  o f  a  160 co re  w i t h  f i v e  valence p a r t i c l e s  i n  t h e  d  s  
and d312 o r b i t a l s .  T h i s  generates 8580 s t a t e s  w i t h  sp ins  ?/a; 116 



t o  19/2. Fig. 4  shows a  Gaussian expansion o f  t h e  energy d i s t r i b u -  
t i o n  f o r  a l l  sp ins ,  compared t o  t h e  exact  values ob ta ined  f rom 
d i a g o n a l i z a t i o n .  Also shown i s  t h e  expansion ob ta ined  w i t h  moments 
as h i g h  as t h e  e ighth .  The improvement appears modest bu t  i t  i s  
impor tant  a t  l o w  energies.  F u r t h e r  t e s t s  a r e  now underway t o  
determine t h e  importance o f  such h i g h e r  moments i n  much l a r g e r  
bas i s  spaces. 

C u r r e n t l y  a  c o l l a b o r a t i v e  e f f o r t  between S. M. Grimes and co- 
workers a t  L ivermore,  and B. J. D a l t o n  o f  Iowa S t a t e  U n i v e r s i t y  i s  
underway t o  t e s t  t h e  v a l i d i t y  o f  va r ious  expressions f o r  t h e  two- 
body f o r c e  used i n  t h e  c a l c u l a t i o n s .  As i t s  s t r e n g t h  and fo rm i s  
b e t t e r  determined th rough  comparison o f  c a l c u l a t i o n s  w i t h  e x p e r i -  
ment, e x t r a p o l a t i o n  t o  n u c l e i  o f f  t h e  s t a b i l i t y  l i n e  may be made 
w i t h . i n c r e a s e d  conf idence. Level  d e n s i t i e s  . f o r  deformed n u c l e i  
can thus  be c a l c u l a t e d  w i t h o u t  p r i o r  knowledge o f  t h e  deformat ion 
parameter, and o t h e r  i n fo rma t ion ,  such as t h e  s p i n  c u t - o f f  param- 
e t e r  and i t s  energy dependence, w i l l  come f rom t h e  c a l c u l a t i o n .  
I f  h i g h  enough moments can be inc luded,  i t  i s  p o s s i b l e  t o  cons ide r  
s p i n  p r o j e c t i o n  expansions f o r  each p a r i t y  s t a t e ,  and so t h e  p a r i t y  
r a t i o  as a  f u n c t i o n  o f  energy may become ava i l ab le .  Once t h e  de- 
t a i l e d  c a l c u l a t i o n  i s  made f o r  a  g i ven  nucleus,  t h e  r e s u l t s  may be 
parameter ized, i n  t h e  G i  1  bert-Cameron approach f o r  exarnpl e, t o  
a l l o w  ease o f  use i n  s t a t i s t i c a l  model codes. It appears t h a t  we 
can l o o k  forward t o  e x c i t i n g  developments i n  t h e  f i e l d  o f  l e v e l  
d e n s i t i e s  i n  t h e  near f u t u r e !  

THE STATISTICAL MODEL 

There a re  t h r e e  papers i n  t h i s  sess ion  concerned w i t h  c ross -  
sect  i o n  eva lua t i ons ,  and one w i t h  aspects o f  f i s s i o n  b a r r i e r s .  
These i n c l u d e  t h e  work o f  A r t h u r  and co-workers on neut ron c ross  
sec t i ons  up t o  40 MeV f o r  5 4 , 5 6 ~ e  and 5 9 ~ 0 ;  t h e  e v a l u a t i o n  t o  20 
MeV o f  B i  c ross  sec t i ons  by Smith, e t  al.; and t h e  p r e d i c t i o n  o f  
heavy element f i s s i o n  b a r r i e r  f e a t u r e s  by Cusson, e t  a l .  O p t i c a l  
model and s t a t i s t i c a l  model cons ide ra t i ons  have p layed an impor t -  
ant  r o l e  i n  t h i s  work. At  t h e  p rev ious  Conference i n  1977, t h i s  
sess ion was ma in l y  concerned w i t h  d e s c r i p t i o n s  o f  Hauser-Feshbach- 
t y p e  codes and examples. o f  t h e i r  c a l c u l a t i o n s .  I n  t h i s  rev iew  I 
w i l l  l i m i t  myse l f  t o  some remarks on two codes c u r r e n t l y  under 
development, on t h e  r e s u l t s  f rom t h e  in tercompar ison o f  t h e  t h r e e  
codes c u r r e n t l y  i n  use a t  L ivermore and Los Alamos, and about some 
recen t  comparisons o f  c a l c u l a t i o n s  w i t h  experiments. 

The f i r s t  code I w i l l  ment ion i s  a  v e r s i o n  o f  t h e  ALICE code 
[30], which i s  c u r r e n t l y  under development a t  L ivermore by Blann 
and co l l eagues  [31]. The new code i s  c a l l e d  "RECOIL ALICE: a  Code 
f o r  E s t i m a t i n g  R a d i a t i o n  Damage." It i s  a  s t a t i s t i c a l  model code 
which has been m o d i f i e d  t o  i n c l u d e  r e c o i l  energy spec t ra  and t o  
produce r a d i a t i o n  damage curves f o r  i n c i d e n t  p a r t i c l e s  up t o  50 
MeV. The code cons iders  precompound decay, m u l t i p l e  p a r t i c l e  
(n,p,a) emiss ion f o l l  owing precompound decay, and i s  c u r r e n t l y  



be ing  mod i f i ed  t o  i n c l u d e  t h e  r e c o i l l r a d i a t i o n - d a m a g e  spec t ra  
from t h e  e l a s t i c  channel. The code uses a  forward-peaked angu lar  
d i s t r i b u t i o n  f u n c t i o n  f o r  t h e  precompound c o n t r i b u t i o n ,  which i s  
based on (p,n) data ,  w h i l e  i s o t r o p i c  angu lar  d i s t r i b u t i o n s  were 
assumed f o r  a l l  compound decay modes. The ou tpu t  i nc ludes  t h e  
r e c o i l  energy spec t ra  and t h e  r a d i a t i o n  damage spec t ra  f o r  each 
nuc l  ide. A d d i t i o n a l l y ,  a  t o t a l  d l  t t e r e n t i a l  damage spec.l;ru~l~ over 
a l l  p roduc t  n u c l i d e s  i s  g iven, as w e l l  as a  runn ing  sum o f  t h e  
t o t a l  r a d i a t i o n  damage. It i s  hoped t h a t  t h e  code w i l l  be com- 
p l e t e d  and debugged t h i s  year.  

Most o f  us do ing  c ross -sec t i on  c a l c u l a t i o n s  have been f r u s -  
t r a t e d  a t  t imes by no t  hav ing  a  s i n g l e  code o r  system t h a t  w i l l  do 
a l l  o f  t h e  types o f  c a l c u l a t i o n s  des i red ,  ove r  t h e  e n t l r e  energy 
range o f  i n t e r e s t ,  c o r r e c t l y  and i n  an e f f l c i e n t  manner. U s u a l l y  
we must patch t o g e t h e r  r e s u l t s  ob ta ined  i n  d i f f e r e n t  energy ranges 
f rom severa l  codes t h a t  were runn ing  n o t  q u i t e  t h e  same problem. 
A  code t h a t  has been designed t o  address these inadequacies i s  
c u r r e n t l y  under development by M. Uhl [32]. It was begun i n  1978 
a t  L ivermore and t h e  work has cont inued i n  Vienna. The general  
s p e c i f i c a t i o n s  o f  t h e  code a r e  l i s t e d  i n  Tab le  I, w h i l e  t h e  opera- 
t i o n a l  sequence i s  g i v e n  i n  Table 11. The m a t e r i a l  i n  Tables I and 
I 1  was k i n d l y  supp l i ed  by Dr. Uhl. Besides encompassing e s s e n t i -  
a l l y  a l l  o f  t h e  f e a t u r e s  one would want i n  a  c ross -sec t i on  code, 
another  a t t r a c t i v e  f e a t u r e  i s  t h a t  i t  w i l l  be a  s i n g l e  code t h a t  
can be r u n  a t  v a r i o u s  l e v e l s  o f  s o p h i s t i c a t i o n .  For example, i t  
w i l l  be r u n  r o u t i n e l y  i n  t h e  Weisskopf-Ewing mode t o  supp ly  a  
rough survey o f  a l l  p o s s i b l e  r e a c t i o n s  t h a t  may occur  w i t h  a  g i ven  
i n c i d e n t  p a r t i c l e  and i n c i d e n t  energy. Then one may s p e c i f y  p a r t i -  
c u l a r  daughter p roduc ts  o r  c e r t a i n  r e a c t i o n  paths,  and do a  f u l l -  
blown HF c a l c u l a t i o n .  Other approximat ions t h a t  may be chosen 
i n c l u d e  t h e  neg lec t  o f  p a r i t y  s e l e c t i o n  r u l e s ,  and t h e  use o f  
approximate forms o f  gamma-ray c o m p e t i t i o n  i n  those cases where 
gamma-ray spect ra  o r  isomer popu la t i ons  a r e  no t  des i red.  A  non- 
l i n e a r  i n t e g r a t i o n  scheme i s  employed, so t h a t  t h e  r e s t r i c t i o n  of 
d i v i d i n g  t h e  energy range i n t o  equa l -s ized energy b i n s  i s  avoided. 
Every e f f o r t  i s  be ing  made t o  make t h e  numerical  procedures as 
e f f i c i e n t  as possib ' le,  so t h a t  computer t l m e  w i l l  be rr~.ir i in~ired. 
I'm sure  t h a t  we a re  a l l  l o o k i n g  fo rward  t o  t h e  comp le t i on  o f  t h i s  
code. 

Once Uhl ' s  master code i s  completed, i t  wi l I r'equi re  Pxten-  
s i v e  t e s t i n g  th rough  comparisons w i t h  e x i s t i n g  codes. Three such 
codes, two  a t  L ivermore and one a t  Los Alamos, were c a r e f u l l y  com- 
pared d u r i n g  t h e  summer o f  1978. A t  L ivermore these codes were t h e  
1  a  t e s t  ve rs ions  o f  COMNUC-CASCADE [331 and STAPRE [34], whi 1 e  t h e  
Los Alamos code was GNASH C351. The comparison was en1 igh ten ing ,  
because unsus ec ted  e r r o r s  were d iscovered i n  each code. The 
problem was 9  Z r  + n, f o r  neutrons i n  t h e  energy range f rom 3 t o  
25 MeV. The c a l c u l a t i o n s  were made w i t h o u t  precompound evapora- 
t i o n ,  b u t  bo th  w i t h  and w i t h o u t  gamma-ray compet i t ion .  The com- 
p l e t e  s e t  o f  r e a c t i o n s  c a l c u l a t e d  i s  g i ven  i n  Tab'le 111, a l t hough  



each code d i d  no t  n e c e s s a r i l y  c a l c u l a t e  a1 1  o f  them. A t  L ivermore 
we found t h a t  w i t h o u t  gamma-ray compe t i t i on  our  two codes produced 
e s s e n t i a l  l y  i d e n t i c a l  r e s u l t s ,  w h i l e  w i t h  gamma-ray compe t i t i on  
t h e  r e s u l t s  agreed t o  b e t t e r  t h a n  5-10% i n  a l l  cases except f o r  
t h e  (n,nl )  r e a c t i o n  a t  energ ies  above 20 MeV. Figs.  5, 6, and 7  
show some o f  t h e  L ivermore r e s u l t s .  A r t h u r  [36] a t  Los A1 amos 
f i n d s  t h e  same s o r t  of agreement. He says "Th is  rep resen ts  one o f  
t h e  most s t r i n g e n t  comparison t e s t s  made [among] s t a t i s t i c a l  codes 
and t h e  agreement i s  g r a t i f y i n g  i n  l i g h t  o f  t h e  d i f f e r e n t  t e c h n i -  
ques used f o r  i n t e g r a t i o n ,  t rea tmen t  o f  cascades, e tc . "  E f fo r t s  
a re  now underway, between t h e  two l a b o r a t o r i e s ,  t o  compare t h e  
GNASH and STAPRE codes when precompound evapora t i on  i s  al lowed. 

There a re  a  number o f  ve ry  s o p h i s t i c a t e d  HF codes now i n  use, 
and we a l l  know how we l l  they  can reproduce c ross  sec t i ons  C23, a t  
l e a s t  f o r  s t a b l e  Largets  where t h e r e  i s  a  l o t  o f  da ta  t o  compare 
wi th .  But what about uns tab le  t a r g e t s ,  o f f  f r om t h e  s t a b i l i t y  
l i n e ?  How w e l l  can t h e i r  c ross  sec t i ons  be c a l c u l a t e d ?  T h i s  i s  
an impor tant  ques t i on  f o r  t h i s  Conference, bu t  one t o  which t h e r e  
i s  no unique answer. I ' v e  i n d i c a t e d  above t h e  progress t h a t  has 
been made i n  o b t a i n i n g  good o p t i c a l  model and l e v e l  d e n s i t y  param- 
e ters .  One t e s t  o f  our  conf idence i n  t h e  codes and i n  our  methods 
f o r  o b t a i n i n g  good i n p u t  data  might be s i t ed .  M. Gardner C371 a t  
L ivennore and E. A r t h u r  C381 a t  Los Alamos have r e c e n t l y  completed 
c ross -sec t i on  l i b r a r i e s  f o r  neutron- induced r e a c t i o n s  on a  number 
o f  s t a b l e  and uns tab le  Z r  isotopes.  Fig.  8  show two o f  A r t h u r ' s  
(n,2n) c a l c u l a t i o n s ,  f o r  t h e  uns tab le  Zr  n u c l e i  a8Zr and 89~r .  
The p r e l i m i n a r y  exper imental  measurements, shown p r i o r  t o  p u b l i c a -  

on, were made by Nethaway, Sm'th, Rego, and Prestwood [39] on 
BAZr, and l, Delucch l  [4O] on 04.Zr. The agreement can c e r t a i n l y  
be viewed as s a t i s f a c t o r y .  

Z i rcon ium has been used on occasion, i n  t h e  past ,  t o  measure 
t h e  neut ron f l u e n c e  i n  thermonuclear f u e l s .  I n  t h i s  s i t u a t i o n  o f  
ex t remely  i n t e n s e  f i e l d s  o f  neutrons t h a t  e x i s t  f o r  r e l a t i v e l y  
s h o r t  l eng ths  o f  t ime,  t h e  p o p u l a t i o n  o f  i somer i c  s t a t e s  and t h e  
subsequent r e a c t i o n s  on such i somer i c  s t a t e s  becomes impor tant .  
For example M. Gardner [37] has es t imated t h a t  as much as 20% o f  
t h e  t o t a l  9dzr  (n,2n) B9zr r e a c t i o n  can occur f i r s t  by produc ing 
t h e  0.81 sec., ( 5 - )  isomer o f  gOzr  by i n e l a s t i c  neut ron s c a t t e r i n g ,  
f o l l o w e d  by an (n,2n) r e a c t i o n  on t h a t  isomer. Th i s  i s  o b v i o u s l y  
an extreme s i t u a t i o n ,  bu t  t h e  p roduc t i on  and d e s t r u c t i o n  o f  l onger -  
l i v e d  isomers must be cons idered when r a d i a t i o n  e f f e c t s  on r e a c t o r  
m a t e r i a l s  a re  est imated. 

A number o f  codes a re  a v a i l a b l e ,  such as STAPRE [341 and 
GNASH [35], t h a t  do a  d e t a i l e d  gamma-ray cascade and can be used 
t o  c a l c u l a t e  i sonier popu la t ions.  However, t h e  n e c e s s i t y  o f  us ing  
s u f f i c i e n t  d i s c r e t e  l e v e l  i n f o r m a t i o n  i s  no t  always appreciated.  
An i n t e r e s t i n  example i s  a  Livermore c a l c u l a t i o n  o f  t h e  r e a c t i o n  
1 7 5 ~ u  (n,2n) y74Lum,9, where m  r e f e r s  t o  t h e  140-day, (6- )  isomer, 
and g  corresponds t o  t h e  3.6-year, ( I - )  ground s ta te .  I n  o rde r  
f o r  t h c  c a l c u l a t e d  isomer r a t i o  t o  agree w i t h  exper iment [41], i t  
was necessary t o  use about 90 d i s c r e t e  s t a t e s  i n  1 7 4 ~ ~ .  The 



nucleus i s  deformed, and t h e r e  a re  e i g h t  o r  so r o t a t i o n a l  bands 
t h a t  have band heads i n  t h e  f i r s t  severa l  hundred keV of e x c i t a -  
t i o n ,  i n  a d d i t i o n  t o  t h e  ground-s ta te  band and t h e  band b u i l t  on 
t h e  '(6-) i somer i c  s ta te .  It proved necessary t o  r u n  each band up 
t o  about s p i n  12 o r  13, i n  o r d e r  t h a t  each band might  f a i r l y  sample 
t h e  s p i n  d i s t r i b u t i o n  t h a t  developed i n  1 7 4 ~ u  f o l l o w i n g  t h e  (n,2n) 
reac t i on .  F ig .  9 shows t h e  exper imenta l  va lue  o f  t h e  m/g r a t i o ,  
t o g e t h e r  w i t h  t h e  r e s u l t s  o f  a  number o f  c a l c u l a t i o n s  w i t h  va r ious  
numbers o f  1 7 4 ~ u  l e v e l s .  The h i g h - s p i n  isomer would always r e c e i v e  
an u n f a i r l y  l a r g e  p r o p o r t i o n  o f  t h e  c ross  s e c t i o n  u n t i l  t h e  ground 
s t a t e  and o t h e r  bands were a l lowed t o  have h i g h - s p i n  members them- 
selves.  Th i s  i m p l i e s  t h a t  t h e  h igh -sp in  s t a t e s  a re  f a i r l y  pure, 
and t h a t  once a gamma-ray cascade s t a r t s  duwrl d hiid t h e r e  will be 
l i t t l e  i n te rband  c r o s s i n g  u n t i l  l e v e l s  near t h e  bot tom o f  t h e  band 
a re  reached. . 

It might  appear s t range t o  ment ion i s o s p i n  a t  a  neut ron cross-  
s e c t i o n  conference, bu t  I b e l i e v e  i n f o r m a t i o n  r e q u i r e d  f o r  neut ron 
c a l c u l a t i o n s  w i l l  come i n  s u b s t a n t i a l  measure f rom t h e  a n a l y s i s  o f  
p ro ton  r e a c t i o n  data. The o p t l c a l  11ude1 cl isci lssed above i s  an 
example. Level  d e n s i t i e s ,  gamma-ray s t r e n g t h  f u n c t i o n s ,  and t h e  
importance o f  precompound r e a c t i o n s  a r e  o t h e r  examples. The 
a n a l y s i s  o f  p ro ton  spec t ra  f rom i n e l a s t i c  s c a t t e r i n g  exper iments 
o r  gamma-ray t r a n s i t i o n  probabi  1  i t i e s  f o l l  owing (p,pl ) r e a c t i o n s  
a r e  among t h e  t ypes  o f  measurements p a r t i c u l a r l y  s e n s i t i v e  t o  i s o -  
s p i n  cons idera t ions.  F ig .  10 shows c a l c u l a t i o n s  made by Koopman 
[42] us ing  t h e  STAPRE code, compared w i t h  two s e t s  o f  exper imenta l  
data  f o r  t h e  62~ i  (p ,p l )  reac t i on .  I n  t h e  t o p  p o r t i o n  o f  t h e  
f i g u r e  t h e  s o l i d  1  i n e s  a r e  t h e  c a l c u l a t i o n s ,  w h i l e  i n  t h e  l ower  
p o r t i o n  t h e  c a l c u l a t i o n s  a re  shown as dashed l i n e s .  The c a l c u l a -  
t i o n s  i g n o r i n g  i s o s p i n  a re  g r o s s l y  i n  e r r o r ,  w h i l e  those  w i t h  i s o -  
s p i n  comple te ly  conserved a r e  somewhat t o o  high. S tud ies  such as 
these can be used t o  determine t h e  s y s t e ~ r ~ d t i c s  o f  i s o s p i n  m i x i n g  
o f  t h e  T> s t a t e s  i n t o  t h e  T <  st'ates. Even f o r  r e a c t i o n s  l e s s  sen- 
s i t i v e  t o  i s g s p i n ,  one might  as w e l l  i n c l u d e  t h e  s imp le  i s o s p i n  
Clebsch-Gordon c o e f f i c i e n t s  g iven by Grimes, e t  a l .  C431 I n  bo th  
t h e  s t a t i s t i c a l  and t h e  precompound p o r t i o n s  o f  one 's  c ross -sec t i on  
c a l c u l a t i o n s .  

PRECOMPOUND AND DIRECT REACTIONS 

I t ' s  i n t e r e s t i n g  t o  me t h a t  t h e  t h r e e  papers i n  t h i s  sess ion  
r e l a t e d  t o  precompound models (by Fu, Kal bach and Mann, and 
Gruppel aa r )  and t h e  mu1 t i s t e p  d i r e c t  r e a c t i o n  model (Ta~ilurd) a1 1  
emphasize t h e i r  model ' s  capab i l  i ty t o  c a l c u l a t e  angu lar  d i s t r i b u -  
t i o n s .  To me t h i s  i s  i n d i c a t i v e  o f  t h e  r a p i d  advances t h a t  seem 
t o  be o c c u r r i n g  i n  these areas. 

I t ' s  q u i t e  p o s s i b l e  t o  combine t h e  r e s u l t s  f rom separate  s t a -  
t i s t i c a l  model and precompound model c a l c u l a t i o n s  and f i t  e x p e r i -  
mental c ross  sec t i ons  and p a r t i c l e  spec t ra  r a t h e r  w e l l ,  i n  s p i t e  
of t h e  many i n h e r e n t  i n c o n s i s t e n c i e s  invo lved.  Th i s  can even be 



done w i t h  t h e  ~eisskopf- wing model f o r  t h e  s t a t i s t i c a l  p a r t ,  and 
s imple,  c losed- form approximat ions f o r  t h e  precompound p a r t .  I f  
you wish o n l y  t o  f i t  o r  i n t e r p o l a t e  exper imental  data ,  t h e r e  i s  
1  i t t l e  need f o r  a  more s o p h i s t i c a t e d  approach. The problem i s  
t h a t  t h e  parameters so ob ta ined  probab ly  have l i t t l e  phys i ca l  
meaning, and cannot be depended upon f o r  use where exper imental  
data  a r e  scarce o r  absent. Thus, i t  becomes ve ry  impor tant  t o  
s t rengthen and en la rge  t h e  phys ics  o f  t h e  precompound model and t o  
a t tempt  t o  j o i n  i t  i n  a  c o n s i s t e n t  manner t o  a  s t a t i s t i c a l  model 
where angu lar  momentum i s  conserved. 

A major  advance occur red i n  precompound c a l c u l a t i o n s  i n  1975, 
be fo re  t h e  f i r s t  conference i n  t h i s  se r ies ,  w i t h  t h e  work o f  
Mantzouranis e t  a1 . [44], who general  i z e d  t h e  master -equat ion model 
f o r  f a s t  nucleons i n c i d e n t  on a  nucleus. The nuc lea r  s t a t e s  were 
c h a r a c t e r i z e d  as a  f u n c t i o n  o f  t i m e  by an e x c i t o n  number n  and an 
angle o r  d i r e c t i o n  R o f  t he -  f a s t  p a r t i c l e .  I n  a  s e r i e s  o f  b i n a r y  
s c a t t e r i n g  events t h e  f a s t  p a r t i c l e  g r a d u a l l y  looses energy and 
d i r e c t i o n a l  c o r r e l a t i o n .  When a  nucleon i s  e m i t t e d  f rom a  g i ven  
e x c i t o n  s t a t e  formed by t h e  s c a t t e r i n g  event, i t  i s  assumed t o  
have t h e  d i r e c t  i o n  R. The lower  energy, r e c o i l  nucleon i s  n o t  con- 
sidered. The i n t e r n a l  t r a n s i t i o n  r a t e  between e x c i t o n  s t a t e s  i s  
assumed t o  be f a c t o r a b l e  i n t o  a  product  o f  t h e  usual  t r a n s i t i o n  
r a t e  and an angle-dependent p a r t  t h a t  i s  n o t  a  f u n c t i o n  o f  e x c i t o n  
number. 

Here G i s  supposed t o  be p r o p o r t i o n a l  t o  t h e  d i f f e r e n t i a l  f r e e  
nucleon-nucleon s c a t t e r i n g  cross  sec t i on .  Th i s  r e s u l t s  i n  a  com- 
p l i c a t e d  genera l i zed  master equat ion,  t h a t  Mantzouranis so l ved  
numer ica l ly .  Recent ly  Akkermans [451 and co-workers 1461 s i m p l i -  
f i e d  t h e  mathematical f o r m u l a t i o n  and have g r e a t l y  eased t h e  com- 
p u t a t i o n a l  d i f f i c u l t i e s .  The general i z e d  master equa t ion  now 
inc ludes  changes o f  e x c i t o n  number An = O,22, and t r e a t s  t h e  pre- 
compound and t h e  compound p a r t s  i n  a  c o n s i s t e n t  way. However, t h e  
model does no t ,  as y e t ,  i n c l u d e  angu lar  momentum e f f e c t s ,  d i s c r e t e  
l e v e l  s, gamma-ray compe t i t i on ,  o r  mu1 t i p a r t i c l e  emission. 

An i n t e r e s t i n g  s i d e  l i g h t  o f  t h e  above work [ 4 6 ]  i s  r e l a t e d  
t o  i n e l a s t i c  neut ron s c a t t e r i n g .  They found t h a t  t hey  c o u l d  get  
good o v e r a l l  f i t s  (even a t  back angles) t o  t h e  Hermsdorf [ 4 7 ]  
angular  d i s t r i b u t i o n  da ta  f o r  34 n u c l e i  us ing  o n l y  two f r e e  g loba l  
parameters. The angul a r  d i s t r i b u t i o n s  a re  somehow r a t h e r  s imple.  
A s i m i l a r  obse rva t i on  has been made by Kal bach 1481, who s t u d i e d  a  
wide range o f  exper imenta l  da ta  f o r  i n c i d e n t  p a r t i c l e s  i n c l u d i n g  
p, d, t, and a p a r t i c l e s .  She observed t h a t  t h e  angu la r  d i s t r i b u -  
t i o n s  were n o t  ve ry  s e n s i t i v e  t o  i n c i d e n t  p a r t i c l e  energy o r  t a r g e t  
mass, and t h e  r e s u l t s  f o r  d i f f e r e n t  outgo ing p a r t i c l e s  c o u l d  be 
c o r r e l a t e d  i f  t h e y  were compared a t  t h e  same ou tgo ing  energy 
( r a t h e r  than momentum). The end r e s u l t  was a  Legrendre expansion 
where t h e  c o e f f i c i e n t s  o f  t h e  polynomial  a r e  g i ven  by s imple  



expressions i n v o l v i n g  t h e  energy o f  t h e  outgo ing p a r t i c l e .  No 
a d j u s t a b l e  parameters a r e  i n v o l  ved. A recen t  unpubl i shed s tudy 
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 ,  Dav is  [49] o f  t h e  (p,n) r e a c t i o n s  
on i so topes  o f  N i  and Z r  conf i rmed t h e  accuracy o f  t h i s  t y p e  o f  
parameter iza t ion .  

The p r o h l  em o f  i n c l u d i n g  angu la r  momentum conserva t i on  i n  
precompound c a l c u l a t i o n s  has been under s tudy i n  recen t  yea rs  by 
C. Y. Fu and others.  The successfu l  r e s u l t s  o f  Fu were summarized 
i n  a  recen t  r e p o r t  [SU]. I n  i t  i s  descr ibed how t h e  rr~dsler-equa- 
t i o n  e x c i t o n  model i s  m o d i f i e d  such t h a t  i t  a u t o m a t i c a l l y  reduces 
t o  t h e  Hauser-Feshbach f o r m u l a t i o n  a f t e r  e q u i l i b r i u m  has been 
reached. Th is  removes many o f  t h e  shortcomings o f  t h e  p rev ious  
t rea tmen ts  because, i n  a d d i t i o n  t o  angu lar  momentum conserva t i o r~ ,  
one may now have d i s c r e t e  l e v e l s ,  gamma-ray compe t i t i on  and mu1 1 i- 
p l e  p a r t i c l e  emission. Another f e a t u r e  i s  t h a t  t h e  compound 
nucleus l e v e l  d e n s i t i e s  a r e  ob ta ined  f rom d i r e c t  summation o f  t h e  
p a r t i c l e - h o l e  s t a t e  d e n s i t i e s  used f o r  t h e  precompound component. 
When angu lar  d i s t r i b u t i o n s  have been inc luded  i n t o  t h e  t reatment ,  
and I understand t h a t  t h i s  i s  c u r r e n t l y  underway [51], t h e  r e s u l t  
w i l l  represent  a  remarkable achievement. 

I n t e r n u c l e a r  cascade c a l c u l a t i o n s  were descr ibed a t  t h e  p r e v i -  
ous Conference i n  1977, b u t  I ' m  n o t  aware o f  any r e c e n t  work. 
However, A1 smi 11 e r  and B a r i  sh [52] desc r ibe  t h e  c o n s t r u c t i o n  o f  a  
mu l t i g roup  neutron-photon c ross -sec t i on  l i b r a r y  i n  which prev ious-  
l y  made i n t e r n u c l e a r  cascade c a l c u l a t i o n s  were used t o  i n f e r  non- 
e l a s t i c  s c a t t e r i n g  c ross  sec t i ons  f o r  neut ron ene rg ies  f rom 15 t o  
60 MeV. The i n t e r n u c l e a r  cascade model has, o f  course, prov ided 
angu la r  d i s t r i b u t i o n s  f o r  many years  when t h e  e a r l y  precompound 
models cou ld  not. It appears, however, t o  be l e s s  successfu l  a t  
l o w  and medium energ ies ,  p a r t i c u l a r l y  a t  backward angles [53,541, 
and I 'm n o t  aware o f  i t s  use below 15 MeV. 

The l a s t  t o p i c  t h a t  I would l i k e  t o  ment ion i n  t h i s  s e c t i o n  
i s  t h e  mu1 t i  s tep  d i r e c t  r e a c t i o n  (MSDR) approach o f  T. Tamura and 
T. Udagawa t h a t  was descr ibed a t  t h e  1977 Conference. I under- 
s tand [55] t h a t  t h e  development work on t h e  ORION code should be 
completed t h i s  summer, and t h e  code i t s e l f  shou ld  be a v a i l  ab le  i n  
t h e  f a l l .  The r e s u l t s  f rom two a d d i t i o n a l  s tud ies  o f  t h e  method 
have been pub l i shed  C56, 571 s i n c e  t h e  p rev ious  Conference. 

You may r e c a l l  t h a t  t h e  MSDR approach cons idered one-step and 
two-step d i r e c t  r e a c t i o n s  t o  s i n g l e - p a r t i c l e  shel  I-model s t a t e s  
grouped i n  r a t h e r  l a r g e  energy bins.  A  b a s i c  assumption was rnade 
t h a t  one c o u l d  use an average o r  " c o l l e c t i v e "  fo rm f a c t o r  t h a t  was 
independent of t h e  j values o f  t h e  shel  1-model o r b i t a l s .  The model 
was a p p l i e d  o n l y  t o  t h e  high-energy end o f  t h e  continuum p a r t i c l e  
spectrum, w i t h  t h e  suggest ion t h a t  t h e  l ower  energy p o r t l o n  o f  t h e  
spectrum would more a p p r o p r i a t e l y  come f rom a  HF c a l c u l  a t i on .  

F u r t h e r  s tudy  C581 has i n d i c a t e d  t h e  need f o r  c e r t a i n  improve- 
ments i n  t h e  approach. For example, t h e  (p,pl) d i f f e r e n t i a l  c ross  
sec t i ons  p r e v i o u s l y  c a l c u l a t e d  were o f t e n  t o o  small a t  ve ry  smal l  
angles, and a l s o  a t  a l l  angles f o r  those e m i t t e d  p a r t i c l e s  which 
were low i n  energy and which thereby gave r i s e  t o  r e s i d u a l  n u c l e i  



a t  h i g h  e x c i t a t i o n  energy Ex. It has s ince  been found t h a t  some 
o f  t h e  f i r s t  d i f f i c u l t y  c o u l d  be removed i f  (p,2p) and (p,np) 
r e a c t i o n s  were added t o  t h e  (p,pl) c a l c u l a t i o n ,  bu t  i t  was neces- 
sa ry  t o  s c a l e  t h e  c a l c u l a t e d  p i ck -up  c ross  sec t i ons  by an a r b i t r a r y  
f a c t o r .  T h i s  i s  shown i n  Fig.  11 f o r  p ro ton  r e a c t i o n s  on 208~b .  
The p i ckup  c ross  s e c t i o n  i s  c a l l e d  aq,f, and r e q u i r e d  s c a l i n g  by a  
m u l t i p l i c a t i v e  f a c t o r  o f  2.5 t o  ge t  agreement w i t h  t h e  exper imenta l  
measurements. 

The disagreement found when Ex was h i g h  might  have been due 
t o  t h e  approx imat ion o f  a  " c o l l e c t i v e "  fo rm f a c t o r .  To check t h i s  
a  number o f  c a l c u l a t i o n s  were made w i t h  microscopic form f a c t o r s  
t o  a  v a r i e t y  o f  o n e - p a r t i c l e  one-hole s ta tes .  The end r e s u l t  was 
t h a t ,  f o r  a  g i ven  L value, t h e  shape o f  t h e  angu lar  d i s t r i b u t i o n s  
produced by t h e  microscop ic  and t h e  " c o l l e c t i v e "  fo rm f a c t o r s  were 
r a t h e r  s i m i l a r ,  b u t  t h e  abso lu te  magnitude o f  t h e  cross  sec t i ons  
d i f f e r e d  f o r  t h e  h i g h e r  L  values. The " c o l l e c t i v e "  fo rm f a c t o r s  
tended t o  underest imate  t h e  magnitude o f  t h e  c ross  sect ions.  
F u r t h e r  progress on these and o t h e r  problems i s  a n t i c i p a t e d  b e f o r e  
t h e  code i s  re leased  t h i s  year. 

POSSIBLE NEW DATA LIBRARIES 

As my f i n a l  t o p i c ,  I would l i k e  merely t o  r a i s e  t h e  q u e s t i o n  
as t o  whether eva luated 1  i b r a r i e s  o f  parameters and/or data  requ i  r- 
ed by code c a l c u l a t i o n s  be produced and made a v a i l a b l e  1  i ke ENDF? 
A  number o f  examples .come t o  mind -- such as s e t s  o f  l e v e l  d e n s i t y  
parameters, p a r t i c u l a r l y  f o r  n e u t r o n - d e f i c i e n t  species.  A  1  i b r a r y  
o f  t e s t e d  i n v e r s e  c r w s  sec t i ons  r e q u i r e d  f o i .  We lsskopf-Ewing c a l -  
c u l a t i o n s  might  be o f  i n t e r e s t  t o  people who d i d  no t  r e q u i r e  
d e t a i l e d  c a l c u l a t i o n s  a t  h i g h  energies.  Another va luab le  1  i b r a r y  
would c o n t a i n  eva lua ted  s e t s  o f  nuc lea r  l e v e l s ,  i n c l u d i n g  informa- 
t i o n  on energy, sp in ,  p a r i t y ,  gamma-ray decay branch ing r a t i o s ,  
and h a l f  l i v e s  ( i n  p a r t i c u l a r  f o r  isomers). We would need t h e  
complete s e t  o f  l e v e l s ,  no t  j u s t  those access ib le  t o  exper iment,  
and so t h e  exper imenta l  decay and r e a c t i o n  data  would have t o  be 
supplemented by theory.  I b e l i e v e  such da ta  bases would be o f  
g r e a t  va lue  f o r  h igh-energy c a l c u l a t i o n s ,  which o f t e n  r e q u i r e  an 
enormous amount o f  i n p u t  i n fo rma t ion .  
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TABLE I 

S p e c i f i c a t i o n s  o f  t h e  Uhl Code 
Purpose 
C a l c u l a t e  nuc lea r  r e a c t i o n  c ross  sec t i ons  f o r :  

p r o j e c t i l e :  a r b i t r a r y  
energy range: (50 MeV 
decay modes: emiss ion o f  n,p,a,d,t,3~e,y, and f i s s i o n  
end products:  a1 1  n u c l e i  popul ated,by a1 1  r e a c t i o n  paths 

w i t h  up t o  s i x  em i t ted  p a r t i c l e s  chosen 
among ( r ~ , ~ , a , d , t , ~ ~ e )  

Ca lcu la ted  Cross Sect ions 

A. For F i r s t  chance Processes 

1. D i f f e r e n t i a l  and t o t a l  c ross  sec t i ons  f o r  e x c i t i n g  
i n d i v i d u a l  l e v e l s :  

au 
- ( E ~  ,R) , a ( E i  ) ( i n c l u d i n g  e l a s t i c  s c a t t e r i n g )  aR 

2. D i f f e r e n t i a l  and t o t a l  c ross  sec t i ons  f o r  e x c i t i n g  t h e  
c o n t i  nuum: 

B. For  Higher-Chance Processes ( f o r  a l l  end products)  

1. ~ c t i v a t i o n  c ross  sect ions.  

2. Isomeric s t a t e  p roduc t i on  cross  sect ions.  

3. Product ion  cross  sec t i ons  f o r  gamma-ray t r a n s i t i o n s  
between d i s c r e t e  1  eve1 s. 

4. Spectra o f  p o p u l a t i n g  p a r t i c l e  and gamma-rays (no angu lar  
d i s t r i b u t i o n s ) .  

5. M u l t i p l e  f i s s i o n  cross  sect ion .  

C. T o t a l  P roduc t i on  Spectra:  o f  p a r t i c l e s  and gamma r a y s  

Model s  

A. Coupled Channels o r  S i  ngle-Channel O p t i c a l  Model 

e l a s t i c  s c a t t e r i n g .  
i n e l a s t i c  s c a t t e r i n g  e x c i t i n g  r o t a t i o n a l  bands and v i b r a -  
t i o n a l  l e v e l s .  
t ransmiss ion  c o e f f i c i e n t s .  



TABLE I (Continued,) 

B. P r e e q u i l i b r i u m  Model 

1. F i r s t  chance on ly ,  h y b r i d  or , e x c i t a t i o n  model, s imp le  fo rm 
f o r  angul.ar d i s t r i b u t i o n .  

2.  Higher  chance p r e e q u i l i b r i u m  decay. 
DWBA - o r  m u l t i s t e p  d i r e c t  r e a c t i o n s  i n t o  continuum. 

C. S t a t i s t i c a l  CN Model 

Angu lar  momentum and p a r i t y  conse rva t i on  ( i n  .genera l  ). 

Level dens1 t y  : I. parameter ized 1 eve1 d e n s i t y  fo rmul  a  
2. microscop ic  c a l c u l a t i o n  

F i r s t  chance processes: 1. c o r r e c t i o n  f o r  w i d t h  f l u c t u a t i o n  
2. i s o s p i n  conse rva t i on  (+ m ix ing )  

P a r t i c l e  emission:  o p t i c a l  model t ransmiss ion  c o e f f i c i e n t :  
T j ( € )  

Gamma-ray emission:  t ransmiss ion  c o e f f i c i e n t s  r e l a t e d  t o  
t o  gamma-ray s t r e n g t h  f u n c t i o n s :  

t - i ss ion :  S ing le -  o r  double-humped b a r r i e r  t r a n s i t i o n  s t a t e s :  
1. d i s c r e t e  ( r o t a t i o n a l  bands) 
2. cont inuum 

For  a  doubl e-humped b a r r i e r :  
1. complete damping f o r  h i g h e r  chance f i s s i o n  ' 

2. p a r t i a l  damping f o r  f i r s t  chance f i s s i o n  

Gamma-ray cascades: cons idered f o r  a l l  r e l e v a n t  n u c l e i .  

L i b r a r i e s  

nuc lea r  masses 

i n v e r s e  c ross  sect  i ons  (Weisskopf-Ewi ng, preequ i  1  i br ium)  

nuc lea r  decay schemes 

g l o b a l  o p t i c a l  p o t e n t i a l s  

gamma-ray s t r e n g t h  f u n c t i o n  parameters 

l e v e l - d e n s i t y  parameters 

s i n g l e - p a r t i c l e  s t a t e s  (microscop ic  l e v e l  d e n s i t y )  



TABLE I 1  

Operat iona l  Sequence o f  t h e  Uhl Code 

Three sec t i ons  
. . L  

1. Set up problem and c r e a t e  i n p u t  f i l e .  
2. Prepare CN-model c a l c u l a t i o n s .  
3. C a l c u l a t e  c ross  sect ions.  \ 

master c o n t r o l  u n i t  
( i n t e r a c t i v e )  

1. Set up problem and c r e a t e  i n p u t  f i  1  e. 

Set u  a  roh lem * 
C a l c u l a t e  f o r  each r e l e v a n t  
nucleus 

th resho lds  
a maximum e x c i t a t i o n  energy 

Tables o f :  

a r e s i d u a l  n u c l e i  
a r e a c t i o n  paths  

n u c l e a r  mass 1  i b r a r y  1 

Create  i n p u t  f i l e ' :  
( i n t e r a c t i v e )  

Consu l t  1 i b r a r i e s  

INPUT- f i le  ( 

/ . 
, . 
, . 
, . 
, . 

L i b r a r i e s  : 

leve l  schemes 
l e v e l  d e n s i t y  

parameters 
a s i n g l e  p a r t i c l e  

s t a t e s  
o p t i c a l  model 

parameters 
y - ray  s t r e n g t h  func- 

t i o n  parameters 



TABLE I1  (Cont inued) 

2. Prepare CN-model c a l c u l a t i o n s  . 

INPI.IT f i l e  Ca lcu la te :  f o r  a1 1  r e l e v a n t  
( sequen t ia l  ) n u c l e i  

-- 
1 eve1 d e n s i t i e s  
p a r t i c l e  t ransmiss ion  

c o e f f i c i e n t s  

i n,verse cross  

1  i b r a r y  

y - ray  t ransmiss ion  
c o e f f i c i e n t s  

t r a n s i t i o n  s t a t e s  f i l e  DATA 
d e n s i t i e s  (random access) 

w r i t e  r e s u l t s  t o  f i l e  

f i l e :  DATA Ca lcu la te :  f o r  a l l  assigned 
n u c l e i  

Hauser-Feshbach 
denomi n a t o r  

Branching r a t i o s  f o r  f i l e :  DATA 
popu la t i ng  assigned (random access) 
n u c l e i  be1 ow 1  owest 
thresh01 d  

f i s s i o n  p r o b a b i l i t i e s  
w r i t e  r e s u l t s  t o  f i l e  



TABLE I I (Cont inued) 

3. C a l c u l a t e  c ross  sec t i ons  

Set up l o o p  over  i n c i d e n t  energies.  

I 
I i n v e r s e  cross-  ( - Ti1 e DATA 
I s e c t i o n  1  i b r a r y  I (random access) 

\ I  

1 . * *-I 
( i n t e r a c t i v e )  

\ I  

t 

c l  ose 1 oop ove r  i n c i d e n t  energ ies  

p r i n t  and d i s p l a y  r e s u l t s  I 

f i l e  POPL 

CN-model (1 s t  
chance on ly )  

I 

. i t e r a t i v e  c a l c u l a t i o n  o f  
m u l t i p l e  p a r t i c l e  and y- ray  

emission and f i s s i o n  
f i 1  e  DATA 

. . 
o p t i e s l  model 
s i n g l e  n r  

. , 

. p r e e q u i l  i b r i u m  , model 

coup1 ed channel 
\I . . - 
\ I  

. . + 
combine 1  s t  chance f i l e :  POPL 

c o n t r i b u t i o n s  (random access) 



TABLE I11 

React ions Stud ied i n  Code Comparison 

t o t a l  

r e a c t i o n  

shape e l a s t i c  

compound e l  a s t i c  

capturc ,  compound ' 

( nsvn ' )  
capture ,  d i r e c t  

(n,2n) 

(n,3n) 

( ~ Y P )  

(n,np) 

(n,pn) 

(ny2np)  

(n, a lpha)  

(n,n a lpha )  

(n,  a lpha n )  



Ep= L9.L MeV 
5.0 1 

. : (4 ~ x p  60:ty et c!] 
\ 

F i g .  1. From Ref. 15. Comparison o f  coup led  channel  c a l c u l a t i o n s  w i t h  
(p,n)  IAS d i f f e r e n t i a l  c r o s s - s e c t i o n  data.  See t e x t  f o r  
d e t a i l s .  



F i g .  2. From Ref. 16. ( a )  Values o f  t h e  n e u t r o n  imag inary  p o t e n t i a l  
s c a l i n g  f a c t o r  F, r e q u i r e d  t o  f i t  da ta .  ( b )  Volume i n t e g r a l  
o f  t h e  n e u t r o n  . imag inary  p o t e n t i a l  ve rsus  c.m. n e u t r o n  energy.  



pairing 
- gap 6 

I 
--- _-_---- 

a /- Eq. 2 
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0 .  4 .8 1.2 1.6 2.0 

E (MeV) 

F i g .  3. Sp-n c u t - o f f  f a c t o r  de te rmined  f rom d i s c r e t e  l e v e ' s  o f  9 2 ~ h  
(h-stogra.11, compared w i t h  c a l c u l a t i o n s  f rom Eq. 2 and 3. 



F i g .  4 .  From Ref. 29. Expansions o f  t h e  energy l e v e l  d i s t r i b u t i o n s  
f o r  2 l ~ e ,  corn a red  w i t h  d iagona l  i z a t i o n  values.  E n e r g i e s  
r e l a t i v e  t o  180. 



F ig .  5 .  Comparison o f  c r o s s  s e c t i o n s  f o r  some r e a c t i o n s  o t  f a s t  neu- 
t r o n s  w i t h  9 0 ~ r  c a l c u l a t e d  w i t h  t h e  two  codes COMNUC and 
STAPRE. Gamma-ray compet i t i o n  w a r  i n c l l l d ~ d ,  b u t  n o t  precom- 
pound c v ~ p o r ~ t i o n .  

10 E- 
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- Z r + n  - 
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- n,2n 
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h 
Y 
Y 
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.1 - - - - - 

.01 

- 
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- - COMNUC 

I l l l l l l l l l l J  

8 12 16 20 
En(MeV) 
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8 12 16 20 
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F i g .  6. Comparison o f  c r o s s  s e c t i o n s  f o r  some r e a c t i o n s  o f  f a s t  neu- 
t r o n s  w i t h  9 0 ~ r  c a l c u l a t e d  w i t h  t h e  two codes COMNUC and 
STAPRE. Gamma-ray c o m p e t i t i o n  was i n c l u d e d ,  b u t  n o t  precom- 

. pound evapora t ion .  



Fig . 7.  Comparison o cross sections for some reactions of fast neu- X trons with 9 Zr calculated with the two codes COMNUC and 
STAPRE. Gamma-ray competition was included, but not precom- 
pound evaporation. 
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NEUTRON ENERGY ( M e V  ) 

F i g .  8. From Ref. 38. Comparison o f  c a l c u l a t e d  and e x p e r i m e n t a l  
~ a 1 u ~ ) ~ ~ o r  t h e  (n.2n)  r e a c t i o n  on the  ~ ~ n s t a h l e  t a r g e t s  q R z r  
and . 



F i g .  9. ~ a l ~ l a l a t i o n s  o f  t h e  i . j o e e r  r a t i o  i n  1 : 7 3 ~ ~ 1  f o l l o w i n g  t h e  
(n,2n) r e a c t i o n  on 1 7 3 ~ ~ 1 ,  u s i n s  v c r i c u s  numbers o f  d i s c r e - e  
l e v e l s  i n  1 7 4 ~ u ,  compared w i t h  e x r e r i l n l n t a l  va lues.  
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Fig. 10. From Ref. 42. Comparison of ca l cu l a t ed  proton energy spec t r a  
from the  6 2 ~ i  ( p , p l )  r eac t ion  with experimental da ta  a t  two 
inc ident  energies .  I n  t h e  top  f i g u r e  t he  experimental da ta  
a r e  t he  f i l l e d  c i r c l e s ,  while in t he  bottom f i g u r e  t he  s o l i d  
curve r ep re sen t s  t he  data .  The ca l cu l a t ions  show t h e  e f f e c t  
of conserving i sospin .  



kig. 11.  From ReT. 58. Comparison of experimental angular d i s t r i b ~  
tions for- the reaction Znnllb ( p , p o )  with incident 61.7-Me\ 
protons (o,A.x) with calculations fro111 !he MSDR approach. 



DEVELOPMENT AND APPLICATIONS OF MULTI-STEP 
HAUSER-FESHBACH/PRE-EQUILIBRIUM MODEL THEORY 

Oak Ridge Na t iona l  Laboratory  
Oak Ridge, Tennessee 37830, U. S.A. 

ABSTRACT 

A  r e c e n t l y  developed model t h a t  combines compound 
and precompound r e a c t i o n s  w i t h  conse rva t i on  o f  angu lar  
momentum i s  d iscussed. T h i s  model a l l ows  a  c o n s i s t e n t  
d e s c r i p t i o n  o f  i n te rmed ia te  e x c i t a t i o n s  f rom which 
t e r t i a r y  r e a c t i o n  cross  sec t i ons  can be c a l c u l a t e d  f o r  
t r a n s i t i o n s  t o  t h e  continuum as w e l l  as t o  t h e  d i s c r e t e  
r e s i d u a l  l e v e l s  w i t h  known sp ins  and p a r i t i e s .  Pre- 
d i c t e d  neutron,  pro ton,  and a l p h a - p a r t i c l e  p roduc t i on  . 
cross sec t i ons  and emission spec t ra  f rom 14-MeV neut ron- .  
induced r e a c t i o n s  a r e  compared f a v o r a b l y  w i t h  angle- 
i n t e g r a t e d  exper imental  data  f o r  12 nuc l i des .  The model 
i s  f u r t h e r  developed t o  i n c l u d e  angu lar  d i s t r i b u t i o n s  o f  
ou tgo ing  p a r t i c l e s .  The random phase approx imat ion used, 
f o r  t he  compound stage i s  p a r t i a l l y  removed f o r  t h e  pre-  
compound stages,  a l l o w i n g  o f f -d iagona l  terms o f  t h e  
c o l l i s i o n  m a t r i x  t o  produce bo th  odd and even terms i n  
t h e  Legendre polynomial  expansion f o r  t h e  angu lar  d i s -  
t r i b u t i o n .  Ca lcu la ted  double d i f f e r e n t i a l  c ross  sec t i ons  
f o r  t h e  14.6-MeV 23Na(n,n'x) r e a c t i o n  a re  compared w i t h  
exper imenta l  data.  

I. INTRODUCTION 

Development o f  f u s i o n  energy technology c a l l s  f o r  s u b s t a n t i a l  
improvement i n  t h e  knowledge o f  neut ron cross  sec t i ons  i n  t h e  
energy range f rom a  few MeV t o  about 40 MeV [I]. I n  t h i s  energy 
range, t h e  m u l t i - s t e p  Hauser-Feshbach model w i t h  precompound 
e f f e c t s  i s  t h e  most v e r s a t i l e  and i s  cons idered an i n d i s p e n s i b l e  
t h e o r e t i c a l  t o o l  f o r  c ross -sec t i on  eva lua t i ons  [Z]. I n  ana lyz ing  
cross  sec t i ons  such as hydrogen and he l ium p r o d u c t i o n  from 14-MeV 
neutron- induced reac t i ons ,  we showed [3]  t h a t  s p i n  and p a r i t y  
e f f e c t s  a r e  more impor tan t  i n  t h e  second s t e p  ( t e r t i a r y  r e a c t i o n )  
o f  t h e  c a l c u l a t i o n  than  i n  t h e  f i r s t  step,  r e q u i r i n g  conse rva t i on  



o f  angu la r  momentum i n  t h e  precompound stages i n  a  manner cons is -  
t e n t  w i t h  t h e  Hauser-Feshbach model used f o r  t h e  compound stage. 

We have r e c e n t l y  developed a  model [4]  t h a t  t r e a t s  compound 
and precompound r e a c t i o n s  c o n s i s t e n t l y  w i t h  conservat ion  o f  angu- 
l a r  momentum. The main f e a t u r e s  o f  t h i s  development a r e  summa- 
r i 7 ~ r l  i n  S ~ r t i o n  11 

The f a c t  t h a t  angu la r  momentum i s  conserved i 'n bo th  t h e  pre-  
compound stages and t h e  compound stage o f  ou r  c a l c u l a t i o n  prov ides 
t h e  p o s s i b i l i t y  o f  c a l c u l a t i n g  angu lar  d i s t r i b u t i o n s  o f  outgo ing 
p a r t i c l e s .  Progress i n  t h i s  respec t  i s  repo r ted  i n  Sect ion  111. 

Our aim i s  t o  develop a  model code, w i t h  ever - improv ing phys- 
i c s  content ,  t h a t  can be used t o  c a l c u l a t e  a  l a r g e  v a r i e t y  of  
nuc lea r  c ross  sec t i ons  ove r  a  wide energy range. Much work needs 
t o  be done, b u t  i n  t h e  meantime many uses o f  t h e  code have been 
made. Some examples o f  a p p l i c a t i o n s  a r e  b r i e f l y  d iscussed i n  
Sec t i on  I V .  

11. THE CONSISTENT COMPOUND AND PREC0Mk)UND MODEL 
WITH COIISERVATIO1.I OF ANGULAR MOMENTUM 

D e t a i l e d  d e r i v a t i o n  o f  t h e  model w i l l  be pub l i shed  e l s e -  
where [4.]. Here we p resen t  t h e  f i n a l  fo rmula  and summarize i t s  
e s s e n t i a l  fea tures .  The c ross -sec t i on  formula  f o r  ou tgo ing  p a r t i -  
c l e  of t y p e  b  and energy E i s  g iven by 

' o ~ ( E , E ) ~ E  = n f i 2  5 gJ 1 T~ 
J  1 T s t R ,  Rb(I,E,U), ( l a )  

n SR SR D ~ v  SIP,' 

where 

Equat ion ( l a )  has a  form muc-h l i k e  t h e  Hauser-Feshbach formula  
except t h e  q u a n t i t y  Rb(I,E,U) def ined i n  Eq. ( l b ) .  E  i s  t h e  e x c i -  
t a t i o n  energy o f  t h e  composite nucleus.  The q u a n t i t y  I [summed 
i m p l i c i t l y  i n  Eq. ( l a ) ]  i s  t h e  s p i n  o f  a  group o f  r e s i d u a l  l e v e l s  
a t  e x c i t a t i o n  energy U. The e f f e c t i v e  e x c i t a t i o n  energy U' i s  
r e l a t e d  t o  U by  U' = U - Up,h where U h  accounts f o r  t h e  p a i r i n g  
e f f e c t s .  The r i g h t h a n d  s i d e  o f  Eq. (86) con ta ins  two terms, t h e  
f i r s t  corresponds t o  t h e  precompound component and t h e  second the  
compound. Occupat ion p r o b a b i l i t i e s  P and P f o r  t h e  p a r t i c l e - h o l e  ! p a i r s ,  (p,h), a t  t i m e  t a r e  obta ined rom a s e t  o f  new master 
equat ions which ensures cons is tency between t h e  precompound and 



t h e  compound stages o f  t h e  c a l c u l a t i o n .  The e q u i l i b r a t i o n  t i m e  T  
i s  t h e  t i m e  when a l l  a l lowed s t a t e s  a re  e q u a l l y  populated.  The 
l e v e l  d e n s i t y  pb(p-1 ,h,I ,U) and the  s t a t e  d e n s i t y  wb(p-1 ,h, I ,U) 
a re  r e l a t e d  by ob(p-1 ,h,I,U) = (21+1) pb(p-1 ,h,I,U). 

The f o l l o w i n g  f e a t u r e s  o f  Eq. ( 1 )  may be noteworthy.  
1 .  Equat ion (1 )  reduces t o  t h e  Hauser-Feshbach formula  i f  

ins tantaneous e q u i l i b r a t i o n  i s  assumed. 
2. The occupat ion p r o b a b i l i t i e s ,  P  , f o r  t h e  precompound 

stages depend on t h e  r e l a t i v e  d i  s t r i b u t i  kn  o f  neutrons,  pro tons,  
and a l p h a - p a r t i c l e s  i n  t h e  exc i tons .  Th i s  dependence i s  p a r t i c u -  
l a r l y  s t r o n g  f o r  t << T  when t h e  i n c i d e n t  p a r t i c l e  c o n t r i b u t e s  
predominant ly  t o  t h e  p a r t i c l e - t y p e  d i s t r i b u t i o n .  On t h e  o t h e r  
hand, t h e r e  i s  no such dependence i n  t h e  occupat ion p r o b a b i l i t y ,  
P, f o r  t h e  compound stage. 

3 .  The s p i n  dependences i n  w, Pb, and P  a r e  assumed t o  be 
s i m i l a r  and t h e r e f o r e  cancel i n  t h e i r  r a t i o s  i n  Eqs. ( l c )  and 
( I d ) ,  a l l o w i n g  t h e  use o f  spin- independent master equat ions f o r  
s o l v i n g  Pb and P. T h i s  assumption needs t o  be examined, b u t  we do 
n o t  expect  i t  t o  cause a  se r ious  problem f o r  nucleon- induced 
r e a c t i o n s  above a  few MeV. 

4. The l e v e l  d e n s i t y  used f o r  t h e  compound s tage o f  t h e  c a l -  
c u l a t i o n  i s  obta ined f rom summing those used f o r  t h e  precompound. 
stages, removing a  l a r g e  source o f  u n c e r t a i n t y  i n  d e f i n i n g  t h e  
r a t i o s  o f  t h e  precompound t o  compound cross  sec t i ons  o f t e n  found 
i n  t h e  1  i t e r a t u r e .  

5. Because (p,h) s t a t e s  have fewer h igh -sp in  stages than 
(p+l  ,h+l ) s ta tes ,  conserv ing angu lar  momentum i n  t h e  precompound 
c a l c u l a t i o n  r e s u l t s  i n  s p i n  popu la t i ons  d i f f e r e n t  f rom those of  
t h e  compound c a l c u l a t i o n ,  changing c a l c u l a t e d  cross  sec t i ons  
accord ing1 y .  

C a l c u l a t i o n s  o f  neutron,  proton,  and a l p h a - p a r t i c l e  produc- 
t i o n  spec t ra  f o r  14.6-MeV neutrons i n c i d e n t  on t h i r t e e n  i so topes  
have been compared w i t h  exper imenta l  da ta  [4]. Our c a l c u l a t e d  
r e s u l t s  f o r  56Fe a r e  compared i n  F i g .  1  w i t h  t h e  (n,xn) spectrum 
measured by  Hermsdorf e t  aZ. [ 5 ]  and t h e  (n,xp) and (n,xa) spec t ra  
measured by Grimes e t  aZ. [6]. The histograms i n  t h e  c a l c u l a t e d  
(n,xn) spectrum i n  F i g .  1  rep resen t  DWBA c a l c u l a t i o n s  f o r  some 
d i s c r e t e  1  eve1 s  [7]. These c ross  sec t i ons  correspond t o  r o t a t i o n a l  
and v i b r a t i o n a l  e x c i t a t i o n s  which a re  very  weakly taken i n t o  
account by t h e  compound and precompound c a l c u l a t i o n s .  The dashed 
curves i n  F ig .  1  i n c l u d e  c a l c u l a t e d  r e s u l t s  f rom t h e  b i n a r y  s tep  
o n l y .  Twelve o t h e r  comparisons s i m i l a r  t o  t h a t  shown i n  F i g .  1  
can be found i n  reference 4. 

111. ANGULAR DISTRIBUTIONS 

The use o f  Eq. ( 1 )  i n  ou r  m u l t i - s t e p  Hauser-Feshbach code f o r  
t h e  c a l c u l a t i o n  o f  angu lar  d i s t r i b u t i o n s  y i e l d s  f ron t -back  symmetry 
i n  t h e  center-of-mass coord inates .  Th is  i s  o f  c w r s e  i n c o r r e c t  



because t h e  random phase approx imat ion used f o r  t h e  compound s tage 
i s  i n v a l i d  f o r  t h e  precompound stages.  

We know t h a t  an i n c i d e n t  p a r t i c l e  e n t e r s  a  nucleus as a 
s i n g l e  p a r t i c l e .  A f t e r  i n i t i a t i n g  a  c e r t a i n  number of c o l l i s i o n s ,  
c r e a t i n g  h ho les ,  . t h e  i n c i d e n t  p a r t i c l e  as w e l l  as any e x c i t e d  
p a r t i c l e s  w i l l  have l o s t  a l l  t r a c e s  o f  t h e  incoming s i n g l e -  
p a r t i c l e  coherent mot ion and t h e  random phase approx imat ion be- 
comes v a l i d .  On t h e  o t h e r  extreme, i f  an i n c i d e n t  p a r t i c l e  t r a -  
verses t h e  nucleus w i t h o u t  s u f f e r i n g  a  c o l l i s i o n ,  f u l l y  c o r r e l a t e d  
phases f o r  any connected p a i r s  o f  t h e  c o l l i s i o n  m a t r i x  elements 
shou ld  be assumed ins tead.  

Knowing t h e  two extremes a t  h  = 0 and h  = h ,  we may be a b l e  
t o  guess what happens i n  between by examining some exper imenta l  
data .  T h i s  i s  done i n  two s teps.  F i r s t  we d e r i v e  a  formula  f o r  
d i f f e r e n t i a l  c ross  sec t i ons  t h a t  assumes random phases f o r  t h e  
compound stage b u t  f u l l y  c o r r e l a t e d  phases f o r  t h e  precompound 
stages.  Then a  we igh t i ng  f u n c t i o n  t h a t  depends on t h e  number o f  
c o l l i s i o n s  i s  used t o  r e q u i r e  t h e  formula  t o  s a t i s f y  t h e  two 
extreme cases. We o b t a i n  t h e  f o l l o w i n g :  

where 



Here t h e  Z ' s  a r e  t h e  Z  c o e f f i e n t s  de f i ned  by Biedenharn, B l a t t ,  
and Rose [8]. The phase c o r r e c t i o n  due t o  Huby [9]  c o r r e c t s  an 
e r r o r  i n  t h e  d e r i v a t i o n  g i v e n  by B l a t t  and Biedenharn [ l o ] .  The 
c o l l i s i o n  m a t r i x  elements i n  t h e  formula  g i ven  by B l a t t  and 
Biedenharn [ l o ]  have been rep1 aced by t ransmiss ion  c o e f f i c i e n t s  i n  
t h e  manner descr ibed by S a t c h l e r  [ll]. The f i r s t  te rm i n  Eq. (2a) 
produces even Legendre c o e f f i c i e n t s  L  = 0, 2, 4, .... The second 
term g i ves  L  = 1, 2, 3, 4, . .. and i s  present  f o r  h  < fi and t < T. 
For  h  > fi and t > T, t h e  random phase apprex imat ion i s  v a l i d  and 
t h e  second term approaches zero.  Th i s  i s  achieved by us ing  t h e  
we igh t i ng  f u n c t i o n  Y(h) which we t e n t a t i v e l y  assume t o  take  t h e  
form o f  Fq .  (26) .  

Ca lcu la ted  r e s u l t s  u s i n g  Eq. ( 2 )  f o r  t h e  14.6-MeV 23Na(n,n 'x)  
a re  compared i n  F ig .  2  w i t h  t h e  data o f  Hermsdorf e t  a l .  [5]. For 
t h i s  c a l c u l a t i o n ,  fi was taken t o  be t h e  most probab le  h o l e  number 
i n  t h e  e x c i t e d  composite nucleus and i s  equal t o  2.7 f o r  24Na. 
Th is  number o f  course increases w i t h  i n c r e a s i n g  e x c i t a t i o n  energy 
and i n c r e a s i n g  mass number o f  t h e  composite nucleus.  The parame- 
t e r  y was determined t o  be 2.0 f rom f i t t i n g  t h e  da ta  b u t  can prob- 
a b l y  be d e r i v e d  f rom a  t h e o r e t i c a l  model. From F ig .  2  i t  i s  c l e a r  
t h a t  t h e  model d i d  what we wanted i t  t o  do - a forward peaking 
t h a t  increases w i t h  i n c r e a s i n g  outgo ing p a r t i c l e  energy and a  
backward peaking t h a t  e x h i b i t s  angu lar  momentum e f f e c t s .  Such 
backward peaking cannot be ob ta ined  from c a l c u l a t i o n s  t h a t  i g n o r e  
angu lar  momentum e f f e c t s .  

Extens ive  t e s t s  o f  t h e  model a re  planned. Refinements o f  t h e  
model a r e  a n t i c i p a t e d .  

I V .  APPLICATIONS 

Whi le development o f  o u r  model t heo ry  and code cont inues,  
many a p p l i c a t i o n s  have been made. A  summary o f  r a t h e r  broad 
a p p l i c a t i o n s  was g i ven  p r e v i o u s l y  [3]. Here we desc r ibe  o u r  
l a t e s t  e f f o r t s .  

A  c r i t i c a l  rev iew  o f  neut ron emission spec t ra  induced by  14- 
MeV neutrons f rom ENDFIB-V f i l e s  was made by H e t r i c k  e t  aZ. [12]. 
It became c l e a r  f rom t h i s  rev iew why advanced n u c l e a r  model codes 
need t o  be developed and a p p l i e d  t o  c ross -sec t i on  eva lua t i ons .  I n  
14-MeV neutron- induced r e a c t i o n s ,  severa l  neut ron-produc ing reac- 
t i o n s  compete. These r e a c t i o n s  u s u a l l y  i n c l u d e  (n,nly) ,  (n,2n), 
(n,np), (n  ,na), (n,pn) , and (n ,an). B a r r i n g  a  sudden advancement 
i n  exper imenta l  techniques,  c ross  sec t i ons  o f  these competing 
r e a c t i o n s  as w e l l  as t h e  secondary p a r t i c l e  and gamma-ray energy 
d i s t r i b u t i o n s  can o n l y  be eva luated i n  a  c o n s i s t e n t  f ash ion  
through t h e  use o f  m u l t i - s t e p  Hauser-Feshbach codes w i t h  precom- 
pound e f f e c t s .  The f a c t  t h a t  such codes were n o t  a v a i l a b l e  
severa l  yea rs  ago e x p l a i n s  t h e  poor agreement o f  many EIiDFlB-V 



neut ron emiss ion spec t ra  w i t h  a v a i l a b l e  exper imenta l  da ta  shown i n  
t h e  rev iew.  

We have s t a r t e d  t o  redo some o f  ou r  eva lua t i ons  f o r  ENDF/B-V 
t h a t  were made w i t h o u t  t h e  a i d  o f  an advanced nuc lea r  model code. 
An example i s  g i v e n  here f o r  t h e  r e e v a l u a t i o n  of neut ron and 
gama- ray -p roduc t i on  cross  s e c t i o n s  f o r  ca l c ium f rom 8  t o  20 MeV 
[13J. The o r i g i n a l  e v a l u a t i o n  [14] made ex tens i ve  use o f  a  m u l t i -  
s tep  Hauser-Feshbach code t h a t  had no precompound e f fec ts .  For 
t h i s  reason, t h e  neut ron emiss ion spectrum shown i n  t h e  rev iew 
[12] i s  t y p i c a l  o f  a  pure  compound component. We have made new 
c a l c u l a t i o n s  u s i n g  ou r  present  model f o r  a l l  r e a c t i o n  cross  sec- 
t i o n s  o f  '+OCa f rom 8  t o  20 MeV. The same parameters as determined 

, , 
p r e v i o u s l y  were used. Ihe  parameters r e q u i r e d  f o r  t h e  precompound 
mode o f  c a l c u l a t i o n  were those determined i n  re fe rence  4. Our 
c a l c u l a t e d  14.6-MeV '+OCa(n,xn) spectrum i s  compared i n  F i g .  3 w i t h  
t h e  data measured by Hermsdorf e t  a l .  [5]. The c a l c u l a t i o n  i s  i n  
much b e t t e r  agreement w i t h  t h e  exper iment than those used f o r  
ElrlDF/B-V. 

Simultaneous c a l c u l a t i o n s  o f  neut ron and gamma-ray-production 
c ross  s e c t i o n s  w i l l  ensure cons is tency between t h e  two and ensure 
energy ba lance between t h e  i n c i d e n t  neut ron and t h e  outgo ing pa r -  
t i c l e s  and gamma rays .  For  t h i s  reason, gamma-ray-production 
c ross  s e c t i o n s  and spec t ra  need a l s o  be c a l c u l a t e d  a t  t h e  same 
t ime  and be used f o r  t h e  new eva lua t i on .  Two such c a l c u l a t i o n s ,  
induced by 8.75- and 15.5-MeV neutrons r e s p e c t i v e l y ,  were compared 
i n  F igs .  4  and 5 w i t h  t h e  data  measured by Dickens [15]. These 
c a l c u l a t e d  r e s u l t s  d e v i a t e  somewhat f rom those ob ta ined  p r e v i o u s l y  
f o r  EMDF/B-V b u t  remain i n  good agreement w i t h  t h e  exper imenta l  
data  . 

V .  SUMMARY AND COilCLUSIONS 

A  model t h a t  t r e a t s  compound and precompound r e a c t i o n s  con- 
s i s t e n t l y  w i t h  conse rva t i on  of  angu lar  momentum i s  summarized. 
T h i s  model was extended, a l s o  i n  a  c o n s i s t e n t  manner, t o  c a l c u l a t e  
angu lar  d i s t r i b u t i o n s  o f  ou tgo ing  p a r t i c l e s  f rom combined compound 
and precompound r e a c t i o n s .  The importance o f  i n c l u d i n g  sp ins  i n  
t h e  precompound mode o f  c a l c u l a t i o n  became apparent f rom t h e  agree- 
ment between t h e  c a l c u l a t e d  and t h e  observed backward peaking i n  
t h e  angu la r  d i  s t r i  bu t i ons .  The p r a c t i c a l  need o f  advanced nuc lea r  
model t heo ry  and code was r e i t e r a t e d .  

F u r t h e r  developments i n  bo th  theo ry  and code a r e  needed. 
Tests  o f  t h e  angu la r  d i s t r i b u t i o n  method should be made f o r  (n,xp) 
and (n,xa) r e a c t i o n s  and more (n,xn) r e a c t i o n s .  A scheme i s  
needed t o  e x t r a p o l a t e  t h e  precompound e f f e c t s  i n  t h e  angu lar  d i s -  
t r i b u t i o n s  f rom t h e  continuum t o  t h e  d i s c r e t e  l e v e l s .  R a d i a t i v e  
capture  should be i nco rpo ra ted  i n  a c o n s i s t e n t  manner as one of  t h e  
competing precompound reac t i ons .  i 



ACKNOWLEDGEMENT 

Research sponsored by t h e  D i v i s i o n  o f  Bas ic  Energy Sciences, 
U. S. Department o f  Energy, under c o n t r a c t  W-7405-eng-26 w i t h  t h e  
Union Carbide Corpora t ion ;  

REFERENCES 

1.  M. R. BHAT and S. PEARLSTEIN, e d i t o r s ,  "Symposium on Neutron 
Cross Sect ions f rom 10 t o  40 MeV," i n  RNL-NCS-50681, Brook- 
haven Na t iona l  Laboratory ,  Upton, New York (1977). 

2. L .  STEWART and E. D. ARTHUR, "Neutron Cross-Sect ion Evalua- 
t i o n  a t  H igh Energies - Problems and Prospects," i b i d . ,  435 

3. C. Y .  FU, "Mu l t i -S tep  Hauser-Feshbach Codes w i t h  Precompound 
E f f e c t s :  A B r i e f  Review o f  Cur ren t  and Required Developments 
and A p p l i c a t i o n s  up t o  40 MeV," i b i d . ,  453. 

4. C .  Y .  FU, "A Cons is ten t  Nuc lear  Model f o r  Compound and' Pre- 
compound React ions w i t h  Conservat ion o f  Angular Momentum," 
ORlIL/TM-7042 (1980) and submi t ted t o  Phys ica l  Review C .  

5. D. HERMSDORF, A. MEISTER, S. SASSONOFF, D. SEELIGER, K. 
SEIDEL, and F. SHAHIN, Z e n t r a l i n s k i t u t  f iur Kernforschung, 
Rossendorf Bei  Dresden, ZfK-277 (U), (1975).  

6. S. M. GRIMES, R.  C. HAIGHT, K. R. ALVAR, H. H. BAKSCHALL, and 
R. R. BORCHERS, Phys. Rev. a, 2127 (1979).  R.  C. HAIGHT 
and S. M. GRIMES, Lawrence Livermore Laboratory  Report  UCRL- 
80235 (1977) and p r i v a t e  communication. 

7. C .  Y. FU, i n  Nuc lear  Cross Sect ions and Technology, Proceed- 
i n ~ s  o f  a Conference. Vol .  I. D. 328. N a t i o n a l  Bureau of  
standards Spec ia l  pub1 i c a t i o n  SP-425; Washington, DC (1975).  

8. L. C. BIEDENHARN, J. M. BLATT, and M. E. ROSE, Rev. Mod. 
Phys. 24, 249 (1952). 

9. R. HUBY, Proc. Phys. Soc. (London) K, 103 (1954). 

10. J. M. BLATT and L. C. BIEDENHARN, Rev. Mod. Phys. 24, 258 
(1952).  

11. G. T. SATCHLER, Phys. Rev. 94, 1304 (1954); 104, 1198 (1956); 
111, 1747 (1958). - 

12. D. M. HETRICK, D. C .  LARSOII, and C. Y .  FU, i n  Proc. Conf. on 
iJucl . Cross Sect ions f o r  Technology, K n o x v i l l e ,  Tennessee, 
October 22-26, 1979. 



13. C. Y. FU and D. M. HETRICK, "Reevaluat ion o f  Neutron and 
Gamma-Ray-Production Cross Sect ions f o r  Calc ium from 8 t o  20 
MeV," ORNL/TM ( t o  be pub1 i shed) .  

14. C. Y .  FU, Atomic Data and Nucl .  Data Tables 17, 127 (1976). 

15. J. K. Dickens, Nucj .  Sc i .  tng .  48, 78 (1972).  



F i g .  1. C a l c u l a t e d  and e x p e r i m e n t a l  a n g l e - i n t e g r a t e d  n e u t r o n .  
p r o t o n ,  and a l p h a - p a r t i c l e  p r o d u c t i o n  s p e c t r a  f rom 14.6-MeV n e u t r o n s  
on 56Fe. The s o l i d  c u r v e s  a r e  c a l c u l a t i o n s .  The dashed c u r v e s  
i n c l u d e  c a l c u l a t e d  c o n t r i b u t i o n s  f r o m  t h e  b i n a r y  s t e p  o n l y .  The 
h is tograms r e p r e s e n t  DWBA c a l c u l a t i o n s  o f  (n,n l )  c r o s s  s e c t i o n s  
f o r  15 d i s c r e t e  l e v e l s .  
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F i 0 .  2 .  C a l c u l a t e d  and e x p e r i m e n t a l  doub le  d i r l r r e n t i a l  
c r o s s  S e c t i o n s  o f  Llte 14.G-MeV "'Na(n,nlx) r e a c t i o n .  The  ddLd d1.e 
due t o  Hermsdorf  e t  aL. [5]. Bdckwat-d peak ing  i n  t h c  c a l c u l a t e d  
and observed  a n g u l a r  d i s t r i b u t i o n s  e x h i b i t s  a n g u l a r  momentum 
e f f e c t s .  
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F i g .  3.  The sum o f  p a r t i a l  neutron emission spectra calcu-  
l a t e d  from various competing r e a c t i o n s  f o r  calcium i s  compared 
w i t h  the  data  measured by Hermsdorf e t  a l .  [5] .  Correct ion  due t o  
DWBA c a l c u l a t i o n s  f o r  t h e  d i s c r e t e  l e v e l s  has been a p p l i e d .  
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F i g .  4. Comparison o f  c a l c u l a t e d  and experimerlLa1 [15]  
gamna-ray p r o d u c t i o n  s p e c t r a  f r o m  8.75-MeV n e u t r o n s  on  c a l c i  um. 
The c a l c u l a t i o n  was done f o r  "OCa w h i l e  t h e  observed 1.158-MeV 
gamna r a y  was produced i n  44Ca(n,n 'y)  r e a c t i o n .  
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F i g .  5. Comparison o f  c a l c u l a t e d  and e x p e r i m e n t a l  [15]  
gallma-ray p r o d u c t i o n  s p e c t r a  from 15.5-MeV n e u t r o n s  on c a l c i u m .  
Some o f  t h e  observed d i s c r e t e  ganma r a y s  have n o t  y e t  been i d e n t i f i e d .  
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PHENOBENOLCGY OF P B E E Q U I L I B R I U H  ANGULAR D I S T S I B U T I O N S  
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H a n f  o r d  E n g i n e e r i n g  D e v e l o p a e n  t L a b o r  a to r  y 
R i c h l a n d  R A  99352 

ABSTRACT 

T h e  s y s t e m a t i c s  o f  c o n t i n u u m  a n g u l a r  
d i s t r i b u t i o n s  f r o m  a  v i d e  v a r i e t y  of l i q h t  
i o n  n u c l e a r  r e a c t i o n s  h a v e  b e e n  s t u d i e d .  To 
first o r d e r ,  t h e  s h a p e s  of t h e  a n s u l a r  
d i s t r i k u t i o n s  h a v e  h e e n  f o u n d  t o  d e p e n d  o n l y  
o n  t h e  e n e r g y  of t h e  o u t g o i n g  p a r t i c l e  a n d  o n  
t h e  d i v i s i o n  o f  t h e  c r o s s  s e c t i o n  i n t c  m u l t i -  
s t e p  d i r e c t  a n d  a u l t i - s t e p  c o m p o u n d  p a r t s .  
T h e  a n q o l a r  d i s t r i t u t i o n s  c a n  h e  d e s c r i b e d  i n  
terms o f  L e g e n d r e  p o l y n o m i a l s  w i t h  t h e  
r e d u c e d  p o l y n o m i a l  c o e f f i c i e n t s  e x h i b i t i n g  a 
s i m p l e  d e p e n d e n c e  o n  the  o u t g o i n g  p a r t i c l e  
e n e r g y .  Tvo  i n t e g e r  a n d  f o u r  c o n t i n u o u s  
p a r a m e t e r s  w i t h  u n i v e r s a l  v a l u e s  a r e  n e e d e d  
to d e s c r i b e  t h e  c o e f f i c i e n t s  f o r  o u t g o i n g  
e n e r g i e s  of 2 t o  60 MeV i n  a l l  t h e  r e a c t i o n  
t y p e s  s t u d i e d .  T h i s  p a r a m e t e r i z a t i o n  
c o m b i n e d  w i t h  a m o d i f i e d  G r i f f i n  m o d e l  
c o m p u t e r  c o d e  p e r m i t s  t h e  c a l c u l a t i o n  o f  
3 o u h l e  d i f f e r e n t i a l  cross sect i o n s  f o r  l i q h t  
i o n  c o n t i n u u m  r e a c t i o n s  w h e r e  n o  d a t a  is 
a v a i l a t  le. 

I N I R O D U C T I C U  

I n  r e c e n t  y e a r s  work  h a s  b e g u n  o n  e x t e n d i n g  m o d e l s  
f o r  p r e e q u i l i b r i u m  p a r t i c l e  e m i s s i o n  i n  n u c l e a r  



r e a c t i o n s  t o  t h e  c a l c u l a t i o n  o f  a n q u l a r  d i s t r i b u t i o n s .  
T h e  a p p r o a c h e s  p r o p o s e d  s o  f a r  [I-101 a r e  q u i t e  
d i v e r s e .  9 1 1  i n v o l v e  s o m e  s e r i o u s  a p p r o x i m a t i o n s  
a n d / o r  c o r ~ u t a t i o n a l  c o m p l e x i t y .  T h e y  d i s a g r e e  a s  t o  
t h e  i m p o r t a n t  p h y s i c a l  q u a n t i t i e s  i n v o l v e d  i n  
d e t e r n i n i n q  t h e  s h a p e s  of  t h ~  a n g u l a r  d i s s t r i b u t i o n s ,  
a n d  n o n e  h a s  b e e n  s h c w n  t o  r e p r o d u c e  d a t a  u n d e r  a  
s u f f i c i e n t l y  v a r i e d  set o f  r e a c t i o n  c o n d i t i o n s  t n  h e  
u s e f u l  i n  a p p l i e d  a reas  w h e r e  many u n m e a s u r e d  a n g u l a r  
d i s t r i b u t i o n s  m u s t  be  p r e d i c t e d .  

I n  l i g h t  o f  t h i s ,  we h a v e  c h o s e n  t o  a p p r o a c h  t h e  
p r o b l e m  ~ h e n c m e n o l o g i c a l l y .  A b r o a d  r a n q e  o f  d a t a  h a v e  
b e e n  s t u d i e d  t o  i d e n t i f y  t h e  r e a c t i o n  p a r a m e t e r s  
g o v e r n i n g  t h e  s h a p e s  o f  c o n t i n u u m  a n g u l a r  
d i s t r i b u t i o n s .  This k n o w l e d g e  h a s  t h e n  b e e n  u s e d  i n  
d e v e l o p i n q  a  s i m p l e  p a r a m e t e r i z a t i o n  w h i c h  c a n  be 
i n c o r p o r a t e d  i n t o  e x i s t i n g   ree equilibrium m o d e l  c o d e s  
s u c h  a s  PRECQ. S u c h  c o d e s  t r a d i t i o n a l l y  c a l c u l a t e  o n l y  
a n g l e  i n t e g r a t e d  c r o s s  s e c t i o n s .  

THE DATA 

T h e  d a t a  [ 11-17] u s e d  i n  t h i s  w o r k  are l i s t e d  i n  
T a b l e s  T a n d  T I .  T h o s e  s y s t e m s  a b o v e  t h e  d a s h e d  l i n e s  
were u s e d  i n  d e t e r m i n i n g  t h e  s y s t e m a t i c s .  T h o s e  b e l o v  
t h e  d a s h e d  l i n e s  were u s e d  t o  c h e c k  t h e  p r e d i c t i v e  
a b i l i t y  o f  t h e  f i n a l  p a r a m e t e r i z a t i o n .  T h e y  c o v e r  a 
v i d e  r a n g e  o f  t a r q e t  m a s s ,  i n c i d e n t  a n d  o u t g o i n g  
e n e r q y ,  a n d  r e a c t i o n  m e c h a n i s m .  C n l y  l i g h t  i o n  ( A < 4 )  
r e a c t i o n s  a r e  c o n s i d e r e d .  I n  s e v e r a l  cases, 
p a r t i c u l a r l y  f o r  i n e l a s t i c  s c a t t e r i n g ,  d a t a  from 
e x t r e m e  f o r w a r d  a n g l e s  were r e j e c t e d  b e c a u s e  of 
e x p e r i m e n t a l  d i f f i c u l t i e s ,  Zp a d d i t i n n ,  d a t a  f t n s  
d i f f e r e n t  l a b o r a t o r i e s  m i g h t  be e x p e c t e d  t o  s h o w  
s l . i g h t l y  d . i f f e r e n t  b e h a v i o r  d u e  t .o d i f f e r e n t  e s t i m a t e s  
of b a c k g r o u n d  c o n t r i b u t i o n s .  T h i s  is a  common p r o b l e m  
i n  c o n t i n u u m  d a t a .  
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C o n t i n u u m  a n g u l a r  d i s t r i b u t i o n s  t e n d  t o  b e  
s m o o t h l y  v a r y i n g  w i t h . a n g l e ,  a n d  t h e  a m o u n t  of f o r w a r d  
 faking f o r  a  g i v e n  r e a c t i o n  i n c r e a s e s  r e g u l a r l y  w i t h  
t h e  e n e t q y  o f  t h e  o u t g o i n g  p a r t i c l e .  B e c a u s e  o f  t b e s e  
q u a l i t a t i v e  s i m i l a r i t i e s ,  t h e  d e t a i l e d  r e a c t i o n  
m e c h a n i s m  w o u l d  seem n o t  t.o p l a y  a n  i m p o r t a n t  ro le .  On 
t h e  c t h e r  h a n d ,  t h e r e  m u s t  he s o m e  s m o o t h  way of g o i n g  
f r o m  t h e  s t r  c n g l y  f o r w a r d  p e a k e a  a n g u l a r  d i s t r i b u t i o n s  
c h a r a c t e r i s t i c  o f  d i r e c t  r e a c t i o n s  t o  t h e  n e a r l y  



i s o t r o p i c  o n e s  a s s o c i a t e d  w i t h  compound  n u c l e u s  
F r o c e s s e s .  

T o  a c c o u p l i s h  t h i s  t r a n s i t i o n  we h a v e  c o n s i d e r e d  
t h e  i d e a s  s u q g e s t e d  b y  F e s h b a c h  g& g 1 1 0 1  a n d  a d a p t e d  
t h e m  f o r  u s e  i n  t h e  G r i f f i n  ( o r  e x c i t o n )  p r e e q u i l i b r i u m  
mode l .  T h e y  d e f i n e  a s  s t a t i s t i c a l  m u l t i - s t e p  d i r e c t  
(MSD) t h c s e  p r o c e s s e s  i n  w b i c h  t h e r e  i s  a t  l e a s t  o n e  
p a r t i c l e  i n  t h e  c o n t i n u u m  a t  e a c h  s t a g e  o f  t h e  
r e a c t i o n .  T h i s  d e f i n i t i o n  h a s  b e e n  r e t a i n e d .  T h e  HSD 
r e a c t i o n s  a r e  e x p e c t e d  t o  e x h i b i t  f o r v a r d  p e a k e d  
a n g u l a r  4 i s t r i b o t i o n s .  T h e  o t h e r  c lass  o f  r e a c t i o n s ,  
s t a t i s t i c a l  m u l t i - s t e p  compound  (HSC), are e x p e c t e d  t o  
y i e l d  a n q u l a r  d i s t r i b u t i o n s  w h i c h  a r e  s y m m e t r i c  a b o u t  
90 d e g r e e s .  T h e y  have b e e n  d e f i n e d  [ 101 as  t h o s e  i n  
w h i c h  a l l  o f  t h e  p a r t i c l e s  a r e  b o u n d  i n  e a c h  s t a g e  o f  
t h e  r e a c t i o n .  I n  t h e  G r i f f i n  m o d e l ,  h o w e v e r ,  o n l y  
s t a t e s  w h i c h  h a v e  c o n t i n u u m  p a r t i c l e s  a r e  c o n s i d e r e d  t o  
u n d e r q o  p a r t i c l e  e m i s s i o n ,  a n d  t r a n s i t i o n s  f r o m  b o u n d  
t c  u n b o u n d  c o n f i g u r a t i o n s  a r e  a l l o w e d .  ~ h o s  HSC 
F r o c e s s e s  h a v e  b e e n  redefines t o  i n c l u d e  a l l  r e a c t i o n s  
i n  w h i c h  t h e  s y s t e m  p a s s e s  a t  d i f f e r e n t  s t a g e s  t h r o u g h  
b o t h  b o u n d  a n d  u n b o u n d  c o n f  i g n r a t i o n s .  

T h e  G r i f f i n  m o d e l  h a s  t e e n  e x t e n d e d  by d e r i v i n g  
t h e  r a t e s  f o r  p a r t i c l e - h o l e  p a i r  c r e a t i o n  a n d  
a n n i h i l a t i o n  i n  a f o r m a l i s m  i n  w h i c h  b o u n d  a n d  u n b o u n d  
c o n f i g u r a t i o n s  a r e  c o n s i d e r e d  s e p a r a t e l y .  (An u n b o u n d  
c o n f i q o r a t i o n  i s  o n e  i n  w h i c h  a t  l e a s t  o n e  p a r t i c l e  
d e q r e e  of f r e e d o m  is i n  t h e  c o n t i n u u m . )  T h u s ,  f o r  
e x a m p l e ,  i n  p l a c e  of t h e  a v e r a g e  p a i r  c r e a t i o n  r a t e ,  
? ,+(p ,h ,E) ,  f o r  a s t a t e  w i t h  p p a r t i c l e  a n d  h  b o l e  
d e g r e e s  of f r e e d o m  a t  e x c i t a t i o n  e n e r g y  E, we now h a v e  
t h e  f o u r  p a i r  c r e a t i o n  r a t e s  (p,h,E) 8 

A ( C U ~ )  ( P , h r E )  r atbb) ( ~ 8 h t E )  8 hSbu' ( P V ~ P E )  Here t h e  
s u p e r  s c r i p t s  u  a n 4  b d e n o t e  t h e  b o u n d  a n d  u n b o u n d  
c h a r a c t e r  o f  t h e  i n i t i a l  a n d  f i n a l  s t a t e s  o f  t h e  
i n t e r a c t i o n .  Tn  g e n e r a l  i t  is f o u n d  t b a t  

P a r t . i c l e  e m i s s i o n  r a t e s  m u s t  a l s o  b e  m o d i f i e d .  I f  
c3(p8h,E) i s  t h e  d e n s i t y  of s t a t e s  s p e c i f . i e d  b y  p ,  h ,  
a n d  E, a n a  a(&) ( p ,  h ,  E) is t h e  d e n s i t y  o f  s u c h  s t a t e s  
w i t h  a t  l e a s t  o n e  c o n t i n u u m  p a r t i c l e ,  t h e n  we f i n d  t b a t  
t h e  a v e r a g e  e m i s s i o n  r a t e  f o r  p a r t i c l e s  o f  t y p e  b a n d  
e n e r g y  r f r o m  u n b o u n d  s t a t e s  is 



Here W,, (F, h  , r )  is  t h e  c o n v e n t . i o n a 1  e m i s s i o n  r a t e  
a v e r a g e d  o v e r  b o u n d  a n d  u n b o u n d  s t a t e s  a l i k e .  I t  is 
a s s u m e d  t h a t  e m i s s i o n  r a t e s  f o r  b o u n d  s t a t e s  a r e  z e r o .  

A l l  r e a c t i o n  c a l c u l a t i o n s  are p e r f o r m e d  i n  t h e  
c l o s e d   for^ a p p r o x i m a t i o n  u s i n g  PRECO-D [ 1 8 1 ,  a new 
v e r s i o n  o f  t h e  G r i f f i n  m o d e l  c o d e  PYECO. A l l  i n p u t  
p a r a m e t e r s  a r e  t h e  same a s  i n  e a r l i e r  v e r s i o n s .  O u t p a t  
i n c l u d e s  t h e  e n e r a  y 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  f o r  
 ree equilibrium VSD, p r e e q u i l i t r i u m  flSC a n d  f i r s t  c h a n c e  
e v a ~ o r a t  i o n  ( a l s o  MSC) c o m ~ a n e n t s ,  S u b r o u t i n e s  a r e  
a v a i l a b l e  t.o c a l c u l a t e  d i r e c t  n u c l e o n  t r a n s f e r  c r o s s  
s e c t i o n s  a n d  c r o s s  s e c t i o n s  f o r  i n e l a s t i c  a n d  k n o c k o u t  
F r o c e s s e s  i n v c l v i n q  c l u s t e r  d e g r e e s  o f  f r e e d o m ,  An 
i m r r c v e d  v e r s i o n  o f  a s e m i - e m p i r i c a l  f o r m a l i s m  1 1 9 1  i s  
u s e d  f o r  these  d i r e c t  r e a c t i o n s .  T h e i r  c r o s s  s e c t i o n s  
a r e  i n c l u d e d  i n  t h e  o v e r a l l  RSD c o m p o n e n t .  Where  l a t e r  
c h a n c e  e v a p o r a t i o n  o c c u r s ,  t h e s e  c o m p o n e n t s  s h o u l d  b e  
i n c l u d e d  i n  t h e  MSC c r o s s  s e c t i o n .  T h e y  a r e  n o t  
c a r r e n t . 1 ~  c a l c u l a t e d  i n  PRECC but .  h a v e  b e e n  i n c l u d e d  i n  
t h i s  w o r k  w h e n e v e r  t b e y  were a v a i l a b l e .  

A N G T J L A R  DSPENCENCF 

I t  was  d e c i d e d  a t  t h e  o u t s e t  t o  d e s c r i b e  t h e  
a n q u l a c  d i s t r i b u t i o n s  i n  terms o f  L ~ q e n d r e  p o l y n o m i a l s  
b e c a u s e  we were c o n f i d e n t  of h e i n g  a h l e  t o  o b t a i n  g o o d  
f i t s  t o  t h e  d a t a  u s i n g  a  r e l a t i v e l y  small  n u m b e r  of  
p a r a m e t . e r s .  T h e  s y s t e m a t i c s  o f  t h e  d a t a  w o u l d  b e  
q u a n t i t a t i v e l y  d i s p l a y e d  i n  t h e  s y s t e m a t i c s  o f  t h e  
L e g e n d r e  ~ c l v n o m i a l  c o e f f i c i e n t s .  

S i n c e  e x i s t i n g  m o d e l s  p r e d i c t  t h e  m a g n i t u d e  o f  t h e  
c r o s s  s e c t i c n s ,  t h e  p r e s e n t  work  c e n t e r s  o n  t h e  ~m_e 
of. the e x p e r i m e n t a l  a n q u l a r  d i s t . r i b u t i o n s .  T h e s e ,  i n  
t u r n ,  a r e  q i v e n  n o t  by  t h e  u s u a l  L e g e n d r e  c o e f f i c i e n t s ,  
a 4 ,  b u t  b y  t h e  r e d u c e d  c o e f f i c i e n t s ,  .bt=at /a,. T f  t h ~  
d i s t i n c t i o n  b e t w e e n  NSD a n d  HSC p r o c e s s e s  is a o t  
i m p o r t a n t  t h e n  t h e  d o u b l 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  
f o r  t h e  r e a c t i o n  A ( a , b )  is q i v e n  by 

w h e r e  a, (TC?) i s  t h e  e n e r g y  d i f f e r e n t i a l  cross s e c t i o n  
d i v i d e d  k g  Ud. We h a v e  a s s u m e d  i n  t h i s  work  t h a t  i f  
t h e  YSD/NSC d i s t i n c t i o n  is m e a n i n g f u l ,  t h e n  t h e  s a m e  bL 
s v s t e m a t i c s  w i l l  a p p l y  f o r  b o t h  p r o c e s s e s  b u t  w i t h  o n l y  
t h e  e v e n  o r d e r  p o l y n o m i a l s  c o n t r i b u t i n q  t o  t h e  YSC 
cross  s e c t i o n .  " h e  d o u b l e  d i f f e r e n t i a l  cross section 



w i l l  t h e n  k c c o m e  

w h i c h  r e d u c e s  t o  eq. ( 3 )  i n  t h e  l i m i t .  o f  p u r e  "SD. T h e  
c h o i c e  b e t w e e n  t h e  two e q u a t i o n s  w i l l  b e  made  b a s e d  o n  
t h e  d a t a .  

All o f  t h e  s y s t e m s  a t o v e  t h e  d a s h e d  l i n e s  i n  
T a b l e s  I a n d  I1 were r u n  t h r o u q h  a L e g e n d r e  p o l v n o m i a l  
f i t t i n q  r o u t i n e ,  w i t h  a l l  f i t s  d o n e  i n  t h e  c e n t e r  of 
mass. E i e c a u s e  o f  t h e  s m a l l  n u m b e r  o f  a n q l e s  a t  w h i c h  
Z a t a  were m e a s u r e d  f o r  s o m e  o f  t h e  r e a c t i o n s ,  o n l y  
~ c l y n o n i a l s  u p  t h r o u g h  o r d e r  4 were c o n s i d e r e d .  . A 
d e p e n d e n c e  o f  t h e  form of ea. ( 3 )  is a s s u m e d  i n  t h e  
c o d e .  

P i q u r e  1 s h o w s  t h e  r e d u c e d  c o e f f i c i e n t s  f o r  (p ,pW)  
a n d  ( p , * A e )  r e a c t i o n s  p l o t t e d  a s  a f r r n c t i o n  o f  t h e .  
s q u a r e  r o c t  of t h e  o u t q o i n g  e n e r g y .  I n i t i a l l v  o n l y  
s y s t e m s  w i t h  a t  l e a s t  95% of t h e i r  cross s e c t i o r ~  
p r e d i c t e d  t o  come from MSD p r o c e s s e s  a t e  c o n s i d e r e d  
s i n c e  i n  t h i s  l i m i t  e q s .  ('3) a n d  ( 4 )  b e c o m e  i d e n t i c a l .  
I n  t h e  p u r e  N S D  l i m i t  we see from t h e  f i g u r e  t h a t  t h e  
i n c i d e n t  e n e r g y  a n d  t h e  t a r g e t  m a s s  d o  n o t  seem t o  
a f f e c t .  t h e  s h a p e  of t h e  a n q u l a r  d i s t r i b u t i o n s .  
C o m p a r i s o n  o f  t h e  ( p , p 8 )  a n d  ( p , 4 H e )  r e s u l t s  s h o w s  t h a t  
t h e  r e d u c e d  c o e f f i c i e n t s  agree well w h e n  c o m p a r e d  f o r  
t h e  same e n e r g y  ( o r  ~ l / t )  r a t h e r  t h a n  f o r  t h e  same 
mc m e n t u m .  T h e s e  o b s e r v a t i o n s  a r e  g e n e r a l l y  s u p p o r t e d  
b y  t h e  o t h e r  d a t a .  

T h e  ( c c m ~ l e x , p )  r e s u l t s  a r e  s h o w n  i n  F i q .  2 a n d  
h a v e  more s c a t t e r  t h a n  t h e  p o i n t s  i n  F i g .  1 f o r  p r o t o n  
i n d u c e d  r e a c t i o n s .  T h i s  i s  due p a r t l y  t o  t h e  s m a l l e r  
c r o s s  s e c t i o n s  a n d  p a r t l y  t o  t h e  s m a l l e r  n u m b e r  o f  d a t a  
p o i n t s  i n  many of t h e  a n g u l a r  d i s t r i b u t i o n s .  T h e  
r e d u c e d  c o e f f i c i e n t s  a p p e a r  t o  h e  s o m e v  h a t  l a r q e r  t h a n  
t h o s e  f o r  p r o t o n  i n d u c e d  r e a c t i 0 . n ~  a t  t h e  s a m o  o u t g o i n g  
e n e r q y ,  a n d  t h e  p o s s i b i l i t y  c f  a  p r o j e c t i l e  d e p e n d e . n c e  
is i n v e s t i g a t e d  i n  t . h e  ~ a r a r n e t e r i z a t i o n  s t e p .  



I n  s e e k i n g  t o  p a r a m e t e r i z e  t h e  s v s t e m a t i c s  
o b s e r v e d  a k o v e  f o r  t h e  r e d u c e d  L e g e n d r e  c o e f f i c i e n t s ,  
t h e  e n e r a y  d e p e n d e n c e  w a s  a s s u m e d  t o  b e  t h a t  o f  
t r a n s m i s s i o n  c o e f f i c i e n t s  f o r  a  p a r a b o l i c  h a r r i e r  1 2 0 3 .  
By a a a l o q y  t o  ( 2 P + 1 )  T, we d e f i n e  

w h e r e  A t  a n d -  P a r e  free v a r i a b l e s .  
l e v  ~ e g e n t r e  p o l y n c a i a l  f i t s  were d o n e  o n  t h e  6 2  

H e V  ( p , p 8 )  d a t a  o f  B e r t r a n a  a n d  P e e l l e  ( 1 3 1 ,  v a r y i n g  
t h e  maximum o r d e r  o f  t h e  f i t s  f r o m  2 t o  12. T h e s e  d a t a  
a r e  i n d i c a t e d  i n  T a b l e  I i n  t h e  c o l u m n  l a b e l l e d  " s t a q e  
1". T h e  c o e f f i c i e n t s  f r o m  t h e  f i t s  w i t h  t h e  l o w e s t  
r e d u c e d  c h i - s q u a r e  v a l u e s  were s e l e c t e d  a n d  t h o s e  
c o r e e s p o a i l i n g  t o  a t  l e a s t  98% MSD v e r e  a n a l y z e d  
g r a p h i c a l l y  t o  d e t e r m i n  E p r e l i m i n a r y  v a l n e s  f o r  AL a n d  
0,. T h e  maximum o r d e r  p o l y n o m i a l  a c t u a l l y  n e e d e d  w a s  
P=8, b u t  A t  a n d  v a l u e s  c o u l d  o n l y  be e s t i m a t e d  f o r  
1.51 t o  5. 

T h e s e  ~ r e l i m i n a r y  v a l u e s  were u s e d  t o  i n v e s t i g a t e  
t h e  m i x e d  FSD a n d  MSC r e q i o n .  A n g u l a r  d i s t r i b u t i o n s  
f o r  s y s t e a s  i n  t h i s  r e g i o n  were c a l c u l a t e d  u s i n q  b o t h  
eqs. (3) a n d  ( 4 ) .  T h e  r e s u l t s  shown i n  F i g .  3 i n d i c a t e  
t h e  v a l i d i t y  o f  d i s t i n q u i s h i n q  b e t w e e n  USD a n d  MSC 
p r o c e s s e s ,  a n d  eq. ( 4 )  h a s  been a d o p t e d  i n  t h e  res t  o f  
t h i s  w o r k .  

The At a n d  Bp v a l u e s  t h e m s e l v e s  seem to s h o w  a 
s i m ~ l e  v a r i a t i o n  w i t h  1 .  D e p e n d e n c e s  of t h e  f o r m  

Rl . = k3 + kq C 1 (L+ 1) PJ2 
h a v e  b e e n  i n v e s t i q a t e d  u s i n q  a l e a s t  square . f i t t i n g  
r o u t i n e  o n  a  s u b s e t  o f  t h e  d a t a  . i n c l n d i n q  b o t h  p r o t o n  
a n d  a l p h a  . p a r t i c l e  i n d u c e d  r e a c t . . i o n s . '  T h e  d a t a  u s e d  
a r e  i n d i c a t e d  u n d e r  " s t a g e  2"  i n  T a b l e s  I a n &  11. 
V a l u e s  of m,  = 2 a n d  ma = -1 were f o u n d .  The f i n a l  
f o r m s  f o r  t h e  A a n d  B p a r a m e t e r s  a r e  



T h e  tf v a l u e s  o b t a i n e d  f r o m  u s i n q  e g .  ( 6 )  i n  e q .  ( 5 )  
a r e  s h o w n  i n  f i g .  4 a l o n q  w i t h  t h e  v a l u e s  d e t e r m i n e d  
f r c m  L e g e n d r e  f i t t i n g  o f  t h e  f2 M e V  ( p , p e )  d a t a .  

E q u a t i o n s  ( 4 )  - ( 6 )  h a v e  k e e n  u s e d  t o  c a l c u l a t e  t h e  
a n q u l a r  d i s t r i b u t i o n s  f o r  a l l  t h e  r e a c t i o n  s y s t e m s  
s h o w n  i n  T a b l e s  I a n d  11. T h e  sum a ,  (YSD) + a o  (MSC) i s  
a d j u s + e d  t o  f a c i l i t a t e  c o m p a r i s o n s  t e t w e e n  t h e  s h a p e s  
of m e a s u r e d  a n d  c a l c u l a t e d  c u r v e s  w h i l e  t h e  r a t i o  
a .  (HSDl / a o ( P S C )  is t a k e n  f r o m  t h e  o u t p u t  o f  PRPCO-D. 
T h e  d a t a  f a l l  i n t o  t h r e e  c a t e g o r i e s :  

(i) d a t a  n s e d  i n  o ~ t i m i z i n q  p a r a m e t e r  v a l u e s ,  
( i i )  d a t a  u s e d  i n  s t u d y i n g  s y s t e m a t i c s ,  a n d  

(iii) d a t a  i n c l u d e d  j u s t  t o  test t h e  p r e d i c t i v e  
a b i l i t y  o f  t h e  p a r a m e t e r i z a t i o n .  

T y p i c a l  r e s u l t s  f o r  t h e  t h r e e  c a t e g o r i e s  a r e  s h o w n  i n  
F i q s .  5, 6 a n d  7, r e s p e c t i v e l y .  More e x a m p l e s  a re  
s h o w n  f o r  h i g h  e m i s s i o n  e n e r q i e s  s i n c e  t h e s e  a r e  
g e n e r a l l y  h a r d e r  t o  r e p r o d u c e  t h a n  t h e  m o r e  n e a r l y  
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  a t  low e m i s s i o n  
e n e r g i e s .  

I n  a l m o s t  a l l  c a s e s  t h e  a g r e e m e n t  i s  q u i t e  g o o d  
a n d  i s  c o m p a r a b l e  f o r  t h e  t h r e e  c a t e g o r i e s  o f  d a t a .  
T h e  g r e a t e s t  e x c e p t i o n  t o  t h i s  is t h e  h i q h e r  e m i s s i o n  
e n e r g v  d a t a  f r o m  1 1 4 1  w h e r e  t h e  e x p e r i m e n t a l  
d i s t r i b u t i o n s  show more f o r w a r d  p e a k i n g  t h a n  t h e  
c a l c u l a t e d  o n e s .  B e c a u s e  of t h e  s u c c e s s  o f  t h e  
p a r a m e t e r i z a t i o n  w i t h  s i m i l a r  da t a  f r o m  o t h e r  
l a b o r a t o r i e s ,  a n  e x p e r i m e n t a l  d i f f i c u l t y  i n  t h e  d a t a  o f  
[ l U ]  is s u s p e c t e d .  T h e  r e a c t i o n  2 3 c ~ h  ( d , d l )  [ 1 7 1  is  
a l s o  a  p r o b l e m ,  b u t  t h e  o t h e r  ( d , d g )  d a t a  from t h e  same 
r e f e r e n c e  is a d e q u a t e l y  r e p r o d u c e d .  

A s i d e  f r o m  t h e s e  d a t a  t h e r e  a p p e a r s  t o  be  n o  
e v i d e n c e  t h a t  d i f f e r e n t  s y s t e m a t i c s  a r e  n e e d e d  f o r  
c o m p l e x  a n d  n u c l e o n  p r o j e c t i l e s .  T h e  p a r a m e t e r i z a t i o n  
seems q u i t e  g e n e r a l  v i t h i n  t h e  r a n g e  o f  d a t a  i n c l u d e d  
i n  t h e  t a b l e s .  T h e  f u n d a m e n t a l  l i m i t a t i o n  ccmes a t  
h i q h  e m i s s i o n  e n e r q i e s  w h e r e  t h e  cross s e c t i o n  may d r o p  
b v  s e v e r a l  o r d e r s  o f  m a g n i t u d e  i n  g o i n g  f r c m  f o r v a r d  t o  
b a c k w a r d  a n q l e s .  A t  € 2 5 0  NeV t h e  f o r w a r d  a n g l e  d a t a ,  
r e p r e s e n t i n q  m o s t  o f  t h e  c r o s s  s e c t i o n ,  i s  well 
r e ~ r o d u c e d ,  b u t  a t  t h e  m o r e  b a c k w a r d  a n g l e s ,  b e g i n n i n g  
a t  l e v e l s  o f  a  few p e r c e n t  of  t h e  p e a k  c r o s s  s e c t i o n ,  
t h e  a q r e e m e n t  b r e a k s  down. l h i s  is n o t  v e r y  i m ~ o r t a n t  
f o r  m o s t  p r a c t i c a l  a p p l i c a t i o n s  b u t  s u g q e s t s  t h a t  f o r  
6>60 l e v  s c m e  m a t h e m a t i c a l  f o r m  o t h e r  t h a n  L e g e n d r e  
p o l y n o m i a l s  w o u l d  be  m o r e  a p p r o p r i a t e  to  d e s c r i b e  
c o n t i n u u m  a n g u l a r  d i s t r i b u t i o n s .  
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T h i s  work  s h o w s  t h a t  t o  f i rst  o r d e r  t h e  s h a p e s  o f  
c c n t i n u u m  a n g u l a r  d i s t r i h u t  i o n s  f o r  l . i q  h t  i o n  i n d u c e d  
r e a c t i o n s  d e p e n d  on t h e  e n e r g y  o f  t h e  o u t g a i n q  p a r t . i . d e  
a n d  on t h e  p e r c e n t  o f  t h e  c r o s s  s e c t i o n  w h i c h  is MSD. 
T a r g e t  m a s s ,  p r o j e c t i l e  m a s s  a n d  e n e r g y ,  a n d  t h e  
d e t a i l e d  r e a c t i o n  m e c h a n i s m  ( ~ g .  s t r i p p i n g  vc k n o c k o u t . )  
seem n o t  t o  be i m p o r t a n t .  

? h e  a n g u l a r  d i s t . r i h u t . i c n s  can b e  d e s c r i b e d  i n  
terms of L e g e n d r e  p a l y a o m i a l s  w i t h  t h e  reduce? 
c o e f f i c i e n t s  b e i n g  a s i m p l e  f u n c t i o n  o f  t h e  o u t g o i n g  
e n e r g v  a n d  t h e  o r d e r ,  9, of t h e  p o l y n o m i a l  a s  s h a v n  i n  
e q s .  ( 4 )  - ( 6 )  . 

The € r e s e n t  s y s t e m a t i c s ,  w h i l e  q u i t e  g e n e r a l ,  seem 
t o  d o  b e s t .  a t  e x p l a i n i n g  d a t a  f o r  r e a c t i o n s  w h e r e  o n l y  
n u c l e o n s  a n d  a l p h a  p a r t i c l e s  a r e  i n v o l v e d .  O n l y  p r o t o n  
a n d  a . l p h a  p a r t i c l e  i n d u c e d  r e a c t i o n s  h a v e  b e e n  s t u d i e d  
bere, but the r e s u l t s  h a v e  now b e e n  c o n f i r m e d  [ 2 1 ]  f o r  
( n , p )  d a t a  a t  U. C. r a u i s .  For reactions i n v o l v i n g  
mass 2  a n d  m a s s  3 p a r t i c l e s ,  t h e  d e g r e e  . o f  f o r w a r d  
p e a k . i n q  i n  t h e  d a t a  .is s o m e t i m e s  s l i g h . t l y  
u n d e r e s t i m a t e d .  T h e  s y s t e m a t i c s  seem t o  w o r k  f o r  
t a r g e t s  r a o g . i n g  i n  m a s s  f .rom 12 t o  200  a n d  f o r  
b o m k a r d i n q  e n e r g i e s  o f  f r o m  18 M e V  u p  t o  a t  l e a s t  8 0  
!lev. T h e y  d o  we.11 f o r  e m i s s . i o n  e n e r g i e s  u p  t o  a b o u t  Y O  
o r  4 5  ?lev. F o r  e m i s s i o n  e n e r g i e s  o f  59 t o  60 M e V  t h e y  
d o  well o n l y  a t  f o r w a r d  a n g l e s  w h e r e  t h e  hill k o f  t h e  
c r o s s  s e c t i o n  is l o c a t e d .  A t  s t i l l  h i g h e r  e m i s s i o n  
e n e r g i e s ,  w h e r e  t h e  c r o s s  s e c t i o n  v a r i e s  o v e r  many 
o r d e r s  o f  m a g n i t u d e ,  a d i f f e r e n t  m a t h e m a t i c a l  f o r m  f o r  
t h e  a n ~ u l a r  d i s t r . i h u t i o n s  w o u l d  seem . t o  b e  n e e d e d .  

I n  s u m m a r y ,  t h i s  c o r k  h a s  g . i v e a  e x p e r i m e n t a l i s t s  
a n d  ~ e o p . 1 ~  i n  a p p l i e d  a r e a s  a ~ s e f u l  way t n  c a l c r o ? a t e  
u n m e a s u r e d  a n g u l a r  d i s t r i b u t i o n s  f o r  l i g h t .  i o n  
reactions ~ c p u l a t i n u  a  s t a t i s t i c a l  n u m b e r  of f i n a l  
s t a t e s .  
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D a t a  f o r  V u c l e o n  I n d u c e d  n e a c t i n n s  

F ~ a c t  inn P r o j .  Eiec. p of .# of  Fef. S t a g e  
. . B n c r .  Ener. Yner. Anq. 1 2  

( M e V )  (UeV) ....................... -------------------------------- 
1 0 3 R h  ( p ,  n )  19 5.5-12.5 4 13 1 1  Y 

l a 7 A q  (p, n )  1 H u.~-I?.L, 4 13 1'2 x 
' O ' A Q  ( p , n )  2 5 0.5-19.5 ' 5 16 12 x 
5 4 F e ( p , ~ * )  3 5, 5 - 2 F! 7 7 13 
5 * F e  ( P , P ' )  6 2 4-53 13 19 1 3  x 
1ZOSn ( p ,  p * )  6 2 R-55 1 1  19 13 X J .  

S * F e  ( p , d )  , 35, 7-16 4 7 1 3  
5 * F e  ( p , d )  6 3 5 - 3 5  7 2 1 13 
1 2 o S n  ( p , d )  62 8-42 1 0 2 4, l ?  

3 4 10-12 2 7 5 * F e  ( P ,  t )  13 
5 * F e  (P ,  t )  6 2 10-35 6 2 1 13 
l + O S n  ( p ,  t )  6 2 8-42 8 2 0 13 . 
5 * F e  ( p , S H e )  6 2 14-33 6 2 1 13 

5 7 S * P e  ( p , * Y e )  3 9  8-24 1'3 . 
2 1 5 * F e  ( p ,  * H e )  6 2  13-48 1 :! 13 

1 2 0 S n  (p, *He) 6 2 12-55 10 2 1 ! 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
"C ( F ~ P ' )  . 6 2 30-40 2 1 A 13 
2 7 ~ 1  ( P ~ P ' )  6 2 39-50 2 17 13 
"Fe ( F v P ' )  2 4 4-20 5 4 13 
l q 7 A u { ~ , ~ ! )  2 9 7 0 1 4 1.3 

q7Au ( P ,  P') 6 2 20-40 2 5 13 
2 0 9 9 i  (P, P ' )  6 2 20 -.59 2 17 13 
5 4 F e ( ~ , d )  . 2 9 U-7 2 5 13 
1 *C ( p  , * H e )  6 2  30 1 18 13 
2 7 A  1 ( p ,  H e )  fj 2 30 1 17 1 7  
5 * F e  (p,*He) 2 9 8-20 4 5 1 -! 
1 9 7 A u  ( p ,  *He) 2 0 2 2 1 4 13. , 
1 9 7 A u  ( p ,  *He) 6 :! 2 5 1 6 13 
Z O 9 B i  (p, * H e )  6 2 20-40 2 15 17 . . 



D a t a  f o r  C o m p l e x  E a r t i c l e  I n d u c e d  Reactions 

Beact ion Pro- j .  Ejec. # o f  
E n e r .  E n e r .  Ener. 
(MeV) (YeV) ------------------------------------- 

6 3 C ~  ( ~ , P I  2 5 4.3-2U.8 3 
63Cu ( d , d e )  2 5 5.3-18.e 3 
6 3 c u ( a , t )  25 s . n - i ~ . 3  3 
6 3Cu (d ,  * H e )  25  10.3-27.8 3 
6 2 N i ( 3 H e , ~ )  2 4 4.3-24.9 3 
6 2 N i ( J H e , d )  2 4  ' 5.3-19.P 3 
OzNi ( JHe ,  1) 2 4 5.5-11.3 2 
6 2 N i ( J H ~ , 3 H o @ )  2 4  9.3-15.3 3 
6 * N i ( 3 H e ,  *Re)  2 4  10.3-27. @ 3 
g * P e  (*He ,p )  5 9 6 - 4 0 1 0  
S*Co  ( * ~ e ,  p) 4 2 10-32 5 
6 t N i  (*He,p)  3 6 4.3-24.e 3 
l O 3 R n  ( '!ie,p) 4 2 10-32 5 
5 4 F e  (*He ,d)  59 6-33  8 
6 1 N i  ( * H e e d )  3 6 5.3-18.P 3 
5 * P e  (*He, t )  59 8 - 3 1  5 
6 1 N i ( * H e , t )  3 6 5.8-18.2 3 
s*Qe (*Ye ,*Hee)  59 7 - 4 5  0 
6 l N i  (*Re,  * H e e )  36  10.3-27. P 3 - - - - - - - - - - - - - - - - - - -  
Z 7 A l ( d , p )  . 80 60 1 
~ ' ~ l ( d , d * )  8 0  5 3 1 
S a N l  ( d , d c )  80 j Cl 1 
2 0 ~ P b ( d , d c )  70 50 1 
2 S t T h  (d, d ' )  70 40 I 
2 7 A l  ( d , t )  80 2 0 1 
s a N i  (a, t) 80 4 3 1 
Q O E r ( d , L )  , 7 3 10 4 .  
* J z T h  ( a ,  t )  7 0 40 1 
2 7 A l ( d , * H e )  80  40 1 
S e N i  ( d , * H e )  8 0 6 n 1 
9 o Z  r ( d ,  4 H e )  7 r) 50 1 
'OePb (a, *He) 7 0 5 0 1 
"Cf4He, P) 5 9 20 1 
l * C ( * H e , * H e e )  59 20 - 1 

# of Aef. S t a g e  
An q. 1 2  
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P i q .  1 .  Experimental  reduced Leqendre c 0 e f f i c i e n . t ~  f o r  
F C O t O n  induced r e a c t i o n  5 .  



Fi?. 2. Ex~'?rimental reduced L e g e n d r e  c f~ t r f f i c i cn t s  for 
c c m ~ l e x  particle induced reactions. 
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F i q .  3 .  I m F . o r t n n c e  o f  d i s t i n g u i s h i n q  F S D  a n d  OSC 
p r o c e s s e s .  h p o i n t s  r e p r e s e n t  d a t a  f o r  t h e  
s b F e ( p , p g )  r e a c t i o n  a t  6 2  !lev incident. e n e r q y  a n d  t h e  
i n d i c a t e d  c u t g o i n q  c c . e r q i e s .  T h e  d a s h e d  a n d  s o l i d  
c u r v e s  a r e  c a l c u l a t e l  w i t h  eqs. ( 3 )  a n d  ( U ) ,  
r e s p e c t i v e l y .  

100: 

- 
> 

10- 

1 1 I I I I I 1 _ 
- - 
- - 

4 MeV 
--- a - - - ---------- 

- 
- 

- 
I 
cn 
\ 
- 0 .  

€ 
d 

10- 

- - 

- 7MeV - 
------ -- 

-*-a- k 
w - - ----- ------- 

L - .  - 
0' - 

n 
- 

UJ 
-0 

c: 
n 10: 
\ 

CU 
b 

m 
U 

1 

- - 

--- - --- 1OMeV T 
- % - a>. - --- ---------. 

- - 

.I I 1 I I 1 I I 1 



Piq. *. S y s t e m a t i c s  of t h e  r e d u c e d  L e q e n d r e  c o e f f i c , i e n t s .  
 he p o i n t s  r a s u l t  f r o m  f i t t i n g  t h e  6 2  Raw ( p r p a )  d a t a  w i t h  ~ o l y a o m i d s  
o f  o r d e r  u p  t h r c o q h  1 2 ,  a s s u m i n g  e g .  ( 3 ) .  'I h e  c a r v e s  show t h e  s y s t e m -  
a t i c s  d e r i v e d  her .2  a n d  g i v e n  t v  e q s .  ( 5 )  a n d  ( 6 ) .  T h e r  a r e  t o  b e  used 
in e q .  (4) . Pot o d l  L t h e y  a r e  d i r e c t l y  c c a ~ a r a b l e  to t h e  p o i n t s  o n 1 7  
i n  the p a c e  uSb 1Imit. 



F i a .  5a .  S a m ~ l e  a n q u l a r  d i s t r i t u t i o n s  f o r  d a t a  s y s t e m s  
u s e d  i n  t h e  l e a s t  s q ~ ~ a r e s  f i t t i n q  t o  d e t e r m i n e  
p a r a m e t e r  v a l l l e s .  T t e  p o i n t s  show t h c  d a t a  w h i l e  t h e  
c u r v e s  a r c  c a l c u l a t e d  u s i n q  t h e  f i n a l  p a r a m e t e r i z a t i o n  
d e r i v e d  h e r e .  T h e  t l ~ r e e  n u a t c r s  h e n e a t h  t h e  r e a c t i o n  
d e s i q n a t i o n s  f o r  e a c h  c u r v e  q i v e  t h e  i n c i d e n t  ( l a b )  
e n a r q y ,  t b e  e m i s s i o n  ( C Q )  e n e r q y ,  b o t h  i n  YaV, a n d  t h e  
'RUSD. 
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Yia. 5b. S a n ~ l e  a n ~ u l a r  l i s * r i t u t i o n s  f ~ r  d a t a  s y s t e m s  
u s e d  i n  t b e  l e a s t  s q l r s r c s  f i t t i n q  t o  d e t e r m i n e  
p a r a m e t e r  v a l ~ ~ e s .  The p o i n t s  s h o w  t h e  d a t a  w h i l e  t h e  
c u r v e s  a r c  c a l c u l a t e 1 3  u s i n q  t h e  f i n a l  ~ . * r a m e t e r i z a t i o n  
d e r i v e d  h e r e .  T h e  t h r e e  n u a t e r s  b e n e a t h  the  r e a c t i o n  
d e s i q n a t i u n r  f o r  e a c h  c u r v e  q i v e  t h e  i n c i d e n t  ( l a b )  
e n e r q y ,  t b e  e m i s s i o n  ( c a )  e n e r a y ,  b o t h  i n  !lev, a n d  t t e  
SrYSD. 
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~ i q i  6a. S a m p l e  a n g u l a r  d i s t r i k u t i o n s  for d a t a  s y s t e m s  
u s e d  i n  t h e  d e t e r m i n a t i o n  c f  t h e  a e n e r a l  s y s t e m a t i c s  
b u t  not  i n  t h e  s e t t i n o  of  p a r a m e t e r  v a l u e s .  P o i n t s  a n d  
c u r v e s  h a v e  t h e  same c i g n i f i c a t ~ r c :  a s  i n  F i q .  5 .  
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Fiq. kb. S a m p l e  a n y u l a r  r l i s t r i t u t i o n r ;  f ?r  d a t a  s v s t s n l s  
used  i n  t h e  determination cf t h e  a ~ n c r a l  : ? v s t e m a t i c s  
b u t  no t  i n  t t e  s e t t i n o  cf p a r a m e t e r  v a l u e s .  P o i n t s  an? 
c u r v e s  h l v e  t h e  s a m e  s i g n i f i c a n c e  a s  i n  F i q .  5 .  
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ABSTRACT 

Experimental and calculated neutron emission spectra 
and angular distributions have been intercompared for 
14.6 MeV neutron-induced reactions. The experimental data, 
measured by Hermsdorf et al., cover 34 elements in a large 
mass range. To calculate the differential neutron scat- 
tering cross sections a unified model of preequilibrium 
neutron emission was used, in which the generalized master 
equation of Mantzouranis et al. was solved with a fast 
exact matrix method, recently introduced by Akkermans. For 
the scattering kernel a three-term Legendre polynomial re- 
presentation was adopted, which was either derived from the 
differential free nucleon-nucleon scattering cross section 
or fitted to obtain optimal agreement with the set of ex- 
perimental data of Hermsdorf et al. The results of the 
last-mentioned calculation are quite acceptable in view of 
the fact that only two global parameters have been used to 
describe the angular distributions of all experimental data. 
It is further shown that improvements in the energy and 
angular distributions could be obtained by means of ad- 
justment of the level-density parameters of the individual 
residual nuclei. Finally a short discussion is devoted to 
the problems of fitting angular distributions at backward 
angles by varying the model parameters or the specification 
of the initial condition. 
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1 .  INTRODUCTION 

In this paper the results of an intercomparison between experi- 
tal and calculated neutron emission spectra and angular distributions 
of neutron-induced reactions at about 14.6 MeV are discussed. The 
experimental data were taken from the work of Hermsdorf et al. [I] ,  
who have measured emission spectra at several angles for 3 4  elements, 
spanning the mass range from Beryllium to Bismuth. The calculations 
were performed with the code PREANG r2], which is based upon a sta- 
tistical model predicting both equilrbrium and preequilibrium con- 
tributions. In this model the generalized master equation, intro- 
duced Ly Mantzouranis. et al. [3] is solved according to the e x a c t  
nla~rix method given by Akkermans r4)  . The method is a generalization 
of the solution of Luider 5 for the angle-integrated master equation, 
which has been introduced 11 6 into the code of ~ z t C k  [7]. 

Our adopted model and initial-condition specifications differ 
from those of Mantzouranis et al. [ 3 ]  in the following aspects [8] : 
- a fast and exact calculation method is used to compute both 

cncrgy and angular dis t~ibu~iu11s ; 
- Legendre coefficients of angular distributions are directly 
calculated; 

- a unified description of both preequilibrium and equilibrium 
emission is followed; 

- transitions with An=O have been accounted for; 
- a rough estimate for refraction effects of the incident wave has 
been included. 

In all our calculations we have assumed that the angular distri- 
bution of the initial condition and that of the internucleon scat- 
~ering kernel are the same. We have used a three-term Legendre 
polynomial representation for.this distribution, which was either 
derived from the differential free nucleon-nucleon scattering cross 
section [ 3 ]  or fitted to obtain optimal agreement with the set of 
experi~~iental data of Hermsdorf et al. 

In Ref. r8la rather extensive discussion of this "unified model ,. a 

of preequilibrium and equilibrium neutron emission" has been given, 
tugether with some examples of comparisons between calculated and 
experimental data. A large number of tables and graphs of these 
cumparisons is given in a laboratory report r 9 ] .  In this paper the 
results of this systematic inttrcomparison are-summarized and dis- 
cussed with emphasis on backward-angle scattering. 

2. CALCULATIONS 

The experimental data of Hermsdorf et al. [I] have been used 
to calculate Legendre coefficients (R=0,1 and 2) by means of a 
least-squares fitting procedure. The experimental coefficients, 
summed over outgoing neutron energies in the range h ~ = h  to 1 1  MeV are 
given in the first columns of Tables I to 111. The coefficients 
have been defined as follows: . 



Theoretical coefficients were calculated with the code PREANG 21 
using neutron-optical model parameters of Wilmore and Hodgson [lOj 
and the usual value for the average internal transition matrix 
element: M~ = 1 9 0 1 ~ ~ ~  [I I]. A more detailed description of the ad- 
opted parameters has been given in Refs. [8,9] . Here we only sum- . 
marize the various calculations of which the results are given in 
Tables I to 111. 

In CaZcuZation 1 we have used standard global parameters, i.e. 
g =A113 MeV-I for the single-particle level-density parameters [I I], 
pairing energy shifts from Gilbert and Cameron LIZ] and the follo- 
wing Legendre coe£ficients describing the initial angular distri- , 

bution and scatterins kernel [8,9] : yo = I, p l  = 213 - 612 - 2 ~ ~ / 1 5  
and p2 = 114 - 4B/5 + f3 14, where 6 = I /A. These coefficients have been 
derived by assuming that the nucleon-nucleon scattering cross 
section inside the nucleus is is0tropi.c in the nucleon-nucleon c.m. 
system [3J. 

In CaZcuZation 2 the same parameters were used, except that 
An=O and An=-2 transitions were neglected in the calculation of 
angular distributions by inserting the simple closed-form expressi~n 
of Ref. [4pssuming isotropic contributions from states with n 2  n, 
where ;= 2.gE denotes the equilibrium exciton number. 

The results of CaZcuZation 3 were obtained by multiplying p 1  and 
p2 with constants cl =0.87 and c2=1.74, which were obtained from a 
least-squares procedure giving the minimum value of X2 for the 
coefficients fl and f2. All other parameters were the same as in 
CaPc. 1. 

Shell effects were investigated in CaZculation 4 by modification 
of level-density parameters according to g= 6. (0.0091 7s + 0.142)A 
[12]; other model parameters were the same n2 as those of Calc. 1 .. 

In CaZcuZation 5 the same parameters were used as in Calc. 1, 
except that no pairing energy shift was assumed in the final-state 
level-density formula and that the parameter gr was adjusted to'fit 
unnt and fl for each individual element. It was not possible to 
obtain agreement also for f2. 

Therefore, in CaZcuZation 6 the parameter p2 was multiplied with 
a constant c2= 1.95 to fit the experimental £2-values in a global 
fashion. 

3. COMPARISON WITH EXPERIMENTAL DATA 

CaZcuZation 1 (standard global parameters) gives a surprisingly 
good overall result for the integrated cross sections, although the 
fl- and f2-coefficients are systematically too high and too low, 
respectively (see Table IV). It has to be noted that in all our cal- 
culations the contribution of secondary emitted neutrons has been 
neglected. This contributionwould lead to increased values of angle- 
integrated spectra [8] and to less-pronounced angular distributions 



at low emission energies ( € 5  6 MeV). The largest discrepancies in 
£1 occur for the elements in the mass range A=60 to 80. 

CuZcuZation2 (simple closed-form expression) shows larger dis- 
crepancies with experimental fl- and f2-coefficients (Table IV), 
mainly.because the neglect of An= 0 and An=-2 transitions leads to 
further underestimation of backward-angle scattering. The mass- 
dependence of the calculated values for fl and f2 turns out to be 
much weaker than in Calc. 1; especially for light masses (A,< 90) 
the results are quite different (Tablps I1 and 111). A possible ex- 
planation is given in Sec. 5(c). 

The results of CalcuZation 3 were obtained by fitting only two 
, global parameters (cl and c2), to minimize deviations between cx- 
perimental and calculated fl- and f2-coefficients. The overall com- 
parison (Table IV) looks qulte good and is completely in line with 
the present status of preequibibrium theory where effective para- 
meters are used to describe the angle-integrated spectra. Since 
the f ,- and' f 2-coefficients differ almost constant factors with 
those'of calcT 1 the largest discrepancies are also found at 
A =GO to 80. 

From graphs showing the energy dependence.of the Legendre 
coefficients (e.g., Fig. I ;  see further ~ e f .  19J) it follows that for 
many nuclides fl and f2 are calculated within the range of their 
experimental uncertainties, matching the experimental energy depen- 
dence surprisingly well. In fact, the fits of the angle-integrated 
cross sections (fo) are often less satisfactory than those of £ 1  
and £2, particularly at the highest emission energies for light 
even-mass nuclides. This could be ascribed to a faulty level-den- 
sity description at the lowest excitation energies, cf. Sec. 4. 
Inspecting the angular distributions (graphs given in Ref. [g]), 
it follows that the largest improvements could be obtained by small 
renormalizations of the angle-integrated cross sections. Only for 
some nuclei (e.g. with A=60 to 80) the actual angular dependence 
needs significant improvement. In the next section we demonstrate 
that many of these remaining discrepancies in annf, fl and f2 could 
he 'ascribed to level-density effects. 

4. LEVEL DENSITY EFFECTS 

The adopted level-density formula [I 3,141 and the .parameter 
choice g = ~ / 1 3  M~v-I, with pairing energy corrections of Gilbert 
and Cameron gives a rather poor description of the experimental 
level-density, e.g. because: 
- shell corrections have not been introduced; 
- pairing-energy corrections have been included in a very rough 
way, leading to vanishing high-energy tails in the spectra (see 
graphs in Ref. [9] ) ; 

- the level-density parameters have not been fitted to match ex- 
perimental data (level schemes, neutron resonance spacings); 

- a Fermi-gas type formula badly reproduces the observed energy de- 
pendence of low-lying levels [12], probably leading to unsatis- 



f a c t o r y  r e p r e s e n t a t i o n s  of t h e  s p e c t r a .  
I n  CaZcuZation 4 an a t tempt  was made t o  in t roduce  s h e l l  correc-  

t i o n s .  However, t h e  r e s u l t s  (Table IV) f o r  the  angle- in tegrated 
c r o s s  s e c t i o n s  a r e  no t  very  encouraging, mainly because i n  pre- 
e  u i l i b r i u m  theory t h e  va lue  of t h e  t r a n s i t i o n  mat r ix  element 
Mq = 1 9 0 , ~ ~ ~  has  been determined empi r i ca l ly  [I IJ  by assuming t h a t  
t h e  l eve l -dens i ty  parameter g  equals  A113 M ~ v - I .  Because of t h e  
i n t i m a t e  connect ion between t h e  compound-state l eve l -dens i ty  para- 
meter gc and M ~ ,  i t  was decided t o  l eave  these  parameters unchanged, 
assuming t h a t  t h e r e  a r e  no s h e l l  e f f e c t s  i n  t h e  i n t e r n a l  t r a n s i t i o n  
r a t e s .  

Thus, t h e  uext s t e p  was t o  vary  t h e  l eve l -dens i ty  parameters of 
t h e  r e s i d u a l  nucleus  only .  These parameters occur i n  t h e  emiss ion 
r a t e s  and d i r e c t l y  a f f e c t  t h e  spectrum shapes.  Because i n  previous  
c a l c u l a t i o n s  t h e  high-energy t a i l s  of the  cal r .1~1ated s p e c t r a  wcre 
s t r o n g l y  reduced f o r  many nuc l ides  a s  a  r e s u l t  of pairing-energy 
c o r r e c t i o n s ,  i t  was decided t o . d r o p  Pr whi le  a d j u s t i n g  gr.  I n  t h i s  
way i t  was t r i e d  i n  CaZcuZation 5 t o  f i n d  f i t s  f o r  annr and £1 
wi thoutus ing t h e  g loba l  c o r r e c t i o n  f a c t o r s  c l  and c2 in t roduced 
be fo re .  The r e s u l t s  g iven i n  Table  I V  show s tandard d e v i a t i o n s  of 
about 30% f o r  annr and f l .  Fur,thermore, t h e  mass-f luctuat ions  i n  
f l  a r e  reproduced q u i t e  we l l  (Table 11) and the  energy dependence 
of annr and f l ,  f 2  i s  s i g n i f i c a n t l y  improved (e .g . ,  f o r  Fe, see  
Flg .  2 ) .  Drawbacks of t h i s  c a l c u l a t i o n  a r e  t h a t  t h e  l eve l -dens i ty  
parameters seem not  ve ry  r e a l i s t i c  ( s e e  Table I ) ,  whereas a l s o  
t h e  a b s o l u t e  va lues  of f2.  could not  be  f i t t e d .  

From t h e  above-mentioned exper ience it i s  concluded t h a t ,  a l -  
though l eve l -dens i ty  parameters c e r t a i n l y  a f f e c t  angular  d i s t r i b u -  
t i o n s ,  t h e  p resen t  model does n o t  reproduce the exper imental  data  
by adj.ustment of l eve l -dens i ty  parameters only .  Therefore ,  i n  
CaZcuZation 6 t h e  parameter c2 was f i t t e d  t o  match t h e  exper imental  
f 3 - c o e f f i c i e n t s  ( s e e  Table IV).The r e s u l t s  show s i g n i f i c a n t  impro- 
vements compared wi th  Calc.  3,  r ega rd ing  bo th  energy and angular  
d i s t r i b u t i o n s . '  S t r i k i n g  examples a r e  g iven i n  Ref. [9] f o r  those  
elements where t h e  p a i r i n g  energy c o r r e c t i o n  i s  l a r g e  (e .g . ,  f o r  
S,  Ca and Se) .  For o t h e r  elements t h e  s p e c t r a l  shape of f l  was. 
l a r g e l y  improved f  o r  Fe(Fig .  2) , N i ,  B r  , ~ r ]  . I n  some c a s e s  
t h e  improvements r e f e r  both  t o  t h e  ang le - in tegra ted  c r o s s  s e c t i o n  
( fo )  and f  ( e .g . ,  f o r  C r ,  Fe, N i ,  Ta and Hg). 

I t  has  t o  be noted,  t h a t  t h e  e x e r c i s e s  presented i n  t h i s  
s e c t i o n  were only  performed t o  s tudy t h e  p o s s i b l e  in f luence  of 
l eve l -dens i ty  e f f e c t s  and should no t  b e  taken a s  s e r i o u s  a t t empts  
t o  improve t h e  model. For t h a t  purpose i t  might be  b e t t e r  t o  i n t r o -  
duce a  more r e a l i s t i c  l eve l -dens i ty  formula i n t o  the  model i n  com- 
b i n a t i o n  wi th  r e f i t t e d  g loba l  parameters c l  and c2 .  



5 .  DISCUSSION ON BACKWARD SCATTERING 

From a l l  c a l c u l a t i o n s  w i t h  t h e  adopted model i t  has  become very  
c l e a r  t h a t  w i thou t  adjus tment  of t h e  parameters  ~1 and p 2  t h e  back- 
ward-angle s c a t t e r i n g  i s  s e r i o u s l y  underes t imated.  This  1s i l l u s t r a -  
ted i n  F ig  3 ,  where t h e  angu la r  d i s t r i b u t i o n  of t h e  adopted s c a t t e r -  
i ng  k e r n e l  ( f u l l  l i n e ) ,  i t s  three- term Legendre polylluulidl i ep rcocn t -  
a t i o n  (dashed-dotted l i n e )  and t h e  a d j u s t e d  Legendre r e p r e s e n t a t i o n  
used i n  Calc.  3 (do t t ed  l i n e )  have been p l o t t e d .  The last-mentioned 
curvc  shnwq a  s t r o n g  enhancement a t  backward ang les .  Although t h i s  
adjus tment  of t h e  s c a t t e r i n g  k e r n e l  i s  n o t  based upon p h y s i ~ a l  a r -  
guments, i t  i n d i c a t e s  t h a t  t h e  p r e s e n t  angu la r  d i s t r i b u t i o n  theory  
needs f u r t h e r  improvement. Some e f f e c t s  which uay enhance l a rge -  
ang le  s c a t t e r i n g  a r e  suuunarized i n  t h i s  s e c t i o n ;  assuming t h a t  t h e  
concept of " fo l lowing only  t h e  f a s t  p a r t i c l e "  i s  j u s t i f i e d  ( c . f .  
~ e t . [ 1 5 ] ) .  

a. Refraction e f f e c t s  

I n  our v e r s i o n  of t h e  gene ra l i zed  model we have made a  c rude  
a t t empt  t o  inc l i lde  r e f r a c t i o n  of t h e  incident  wave through s imple  
q u a s i - c l a s s i c a l  c o n s i d e r a t i o n s ,  which a r e  i n  f a c t  r a t h e r  si .milar  t o  
t h e  procedure  used i n  t h e  VEGAS-code o t  t h e  in t r anuc lea r -cascade  
model [16] f o r  a  squa re  p o t e n t i a l  w e l l .  I n  a d d i t i o n  we have taken 
t h e  l i m i t  of a l a r g e  r e f r a c t i v e  index; t h i s  l e a d s  t o  a  simple r e -  
s u l t  and i s  more j u s t i f i e d  a t  t h e  considered low i n c i d e n t  energy 
(14.6 MeV) than  n e g l e c t i n g  r e f r a c t i o n  complete ly .  S t r a igh t fo rward  
geometr ica l  c o n s i d e r a t i o n s  then y i e l d  t h a t  r e f r a c t i o n  a c t s  l i k e  a n  
a d d i t i o n a l  c o l l i s i o n  ( i n  a d d i t i o n  t o  t h e  i n k a n u c l e a r  c o l l i s i o n  
t h a t  forms t h e  2p-lh c o n f i g u r a t i o n ) .  Thus by t a k i n g  n o = l  ( i n s t e a d  
of n o = 3 )  and suppress ing  e l a s t i c  s c a t t e r i n g  t h e  e f f e c t  of re-  
f r a c t i o n  a t  t h e  ni.lclear s u r f a c e  i s  s imula ted ,  whereas t h e  angle-  
i n t e g r a t e d  s p e c t r a  a r e  not  a f f e c t e d .  F ig .  4 i l l u s t r a t e s  t h i s  e f f e c t  
f o r  1271, from which i t  i s  seen t h a t  t h e  backward s c a t t e r i n g  i s  
s i g n i f i c a n t l y  enhanced. The e t t e c t s  of r e f 1 e c ~ i " n  and r o f r a c t i n n  of 
t h e  nii tening wave have no t  been accounted f o r  i n  t h i s  s imple  model. 

b. Finite-size e f f e c t  

Another geometry e f f e c t  neglected  i n  t h e  model i s  due t o  t h e  
f i n i t e  s i z e  of t h e  nucleus  which l i m i t s  t h e  angu la r  momentum of t h e  
f a s t  p a r t i c l e .  Mantzouranis e t  a l .  [15] have proposed a n  empi r i ca l  
formula f o r  t h e  i n i t i a l  c o n d i t i o n  t o  account f o r  t h i s  e f f e c t ,  which 
compensates t h e  e f f e c t s  of t h e  P a u l i  exc lus ion  1JKinciple. I n  our  model 
t h e s e  e f f e c t s  a r e  n o t  e x p l i c i t l y  considered.  It may w e l l  be,  however, 
t h a t  t h e  proposed f i t t e d  g loba l  parameters of Calc.  3 p a r t i a l l y  re-  
s u l t  from f i . n i t e  s i z e  e f f e c t s .  A d i f f e r e n c e  w i t h  t h e  empi r i ca l  
formula of Mantzouranis e t  a l .  i s  t h a t  t h e i r  formula depends on t h e  
mass of t h e  t a r g e t  nuc leus ,  whereas our a d j u s t e d  s c a t t e r i n g  kernel .  
i s  almost independent of t h e  nuc lea r  mass. 



c. An = 0 and An = -2 transitions 

It has been shown before [4J that ?,'-transitions (An= 0) expli- 
citly appear in the generalized master equation. The numerical in- 
fluence of neglecting AO- and A--transitions follows from the dif- 
ferences between Calcs. 1 and 2. This is illustrated in Fig. 5 for 
2 7 ~ 1  and 1271, where we have also indicated the effect of neglecting 
Ao-transitions only (dashed curve). If the equilibrium exciton 
number n is close to no (which occurs for light nuclides or at low 
energies), the system would reach without having reached isotropy, 
as a result of the "never come back" hypothesis. This clearly leads 
to a too much forward-peaked "preequilibrium part" of the spectrum. 
Therefore, for light nuclides (or low energies)inclusion of XO- and 
A--transitions gives rise to strongly enhanced backward scattering, 
although the experimental data are still underestimated. 

d. Deviations from isotropy of nucleon-nucleon cross section 

A fundamental quantity in the model is the scattering kernel 
describing the angular distribution of an intranuclear collision. 
This kernel is supposed to be equal to the differential free 
nucleon-nucleon cross section normalized to unity, which in the 
model is taken to be isotropic in the nucleon-nucleon c.m. system. 
However, it is experimentally known that the free nucleon-nucleon 
scattering is not quite isotropic, in particular at higher energies 
and for n-p scattering. It is straightforward to show that small 
deviations from isotropy may enhance p2 and thus backward 
scattering [9]. 

e. Clustering effects 

The overestimation of the forward peaking could be reduced due 
t.n I-.lustering effects in the nucleus, or due to assigning a some- 
what higher effective mass to the target nucleons as a result of 
effective intranuclear forces (in reality they are not free parti- 
cles). Assuming for simplicity that the scattering cross section 
is isotropic in the c.m. system, it follows from geometrical con- 
siderations that increasing the mass of the target particles leads 
to a strong decrease of p1, although p2 is also decreased 191. The 
total effect, however, is an enhancement of the emission into the 
backward hemisphere. Therefore we expect that clustering effects 
could be important, although they are not able to account for the 
underestimation of the second-order coefficients. 

f. "Multi-step direct and "multi-step compound" emission 

According to the ideas of Feshbach et al. El71 the observed 
forward-peaked angular distribution originates from a "multi-step 
direct" reaction type, to be distinguished from a "multi-step 



compound" reaction type, which leads to angular distributions 
0 

symmetric about 90 . 
In preequilibrium theory one commonly utilizes two time scales: 

a fast (preequilibrium) time scale in which the energy is not yet 
statistically distributed over all nucleons and which produces the 
high energy tails, and aslow(equi1ibrium) time scale which com- 
prises the evaporational stage of the reaction. One might ask whether 
this picture must be changed when considering angular distributions: 
another time scale enters, viz. the time scale on which isotropy is 
reached. Considering the eigenvalues of the operators of the general- 
ized master equation we conclude [I81 that there are three rather 
than two time scales: 
1 .  A very fast anisotropic preequilibrium time scale; this is the 

first part of the preequilibrium phase in which most 05 the pre- 
equilibrium spectrum is emitted and the angular distributions are 
strongly forward-peaked. 

2. An isotropic preequilibrium time scale; this is the second part 
of the preequilibrium phase in which angular distributions are 
essentially isotropic but the energy is not .yet statistically 
distributed over all nucleons. 

3. The statistical evaporation phase. 
In this picture, the so-called preequilibrium phase is to be 

divided in two parts. However, according to the present model the 
contribution of the second phase is quite small. Therefore this dis- 
tinction may not be very practical. To a certain extent of the pro- 
posed dichotomy of the preequilibrium phase reminds of the proposed 
multi-step direct and multi-step compound emission mechanisms [ 1 7 ] .  

6. CONCLUSION 

The generalized exciton model is able to describe the global 
characteristics of 'experimental preequilibrium angular distributions 
and emission spectra. However, the model shows underestimation of the 
angular distriburions at backward angles. In this respect it re- 
sembles the semi-classical intranuclear cascade model (with which ' 

it has many physical ideas in common), although the generalized 
exciton model is reported to do much better in describin backward- 
angle scattering than the intranuclear cascade model, ~ l 9 f .  

We have demonstrated that a good fit ot all angular distribu- 
tions can be obtained within the present model by adjustment of 
only two global parameters. We believe, therefore, that the defects 
of the model are mainly due to a not very correct specification of 
initial condition and scattering kernel, which at present is . 1 .  

essentially based upon classical considerations. 
In view of this, the effects of the nuclear geometry seem to 

be very important (refraction and reflection at the nuclear sur- 
face; the finite size of the nucleus). A very simple estimate for 



the refraction of the incident wave already leads to considerable 
improvement. Secondly, the description of the intranuclear col- 
lision process could be improved. For instance, the existence of 
correlated clusters of nucleons within the nucleus might enhance 
the predicted backward scattering. Another suggestion could be 
to use for the scat_tering kernel the expressions derived by 
Kikuchi and Kawai 1201 for collisions in nuclear matter. 

It has also been shown that the description of level densities 
in the exciton model is not very realistic and needs to be im- 
proved. Much of the observed structure in the first-order Legendre 
coefficient as a function of mass might be ascribed to level- 
density effects. 
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T a b l e  I 

E x p e r i m e n t a l  and c a l c u l a t e d  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  

i n t e g r a t e d  from 6  t o  l l  M ~ v ~ .  

a ~ e e  S e c t .  2  f o r  meaning o f  v a r i o u s  c a l c u l a t i o n s .  

b ~ a s c  number assumed i u  calculations. 

Element  

Be 
C 
Na 
~g 
A1 
S i  
P  
S  
Ca 
T i  
V 
Cr 
Mn 
Fe 
Co 
N i 
C u  
Zn 
Ga 
Se 
Br 
Zr 
Nb 
Cd 
I n  
Sn 
S b 
I 
Ta 
W 
Au 
Hg 
Pb 
Bi 

C ~ x t r a p o l a t i o n s  h a v e  been used  t o  o b t a i n  v a l u e s  a t  t h e  h i g h e s t  e m i s s i o n  
e n e r g i e s ,  due t o  l a r g e  p a i r i n g  e n e r g y  c o r r e c t i o n s .  F o r  Be a n d  C  
p a i r i n g  e n e r g y  c o r r e c t i o n s  o f  2 .5  MeV and  5 . 0  MeV h a v e  b e e n  assumed,  
r e s p e c t i v e l y .  

A~ 

9  
12 
2 3  
~4 
27 
28 
31 
32 
40 
48  
51 
52 
55  
56 
59 
5 8  

Exp. 

21 If16 
1 4 6 i  6  
192k 8  
181+ 5 
1672 3  
141f 4  
199f10 
180f13 
263225 
183f 6  
146f 7  
Z I 2 f 8  
1542 9  
132f 5  
95f 4  

1 1 4 f 3  
131f 7  
1 2 3 + 6  
206+10 
233 t16  
193+ 8  
198221 
1 8 0 i  7  
1852 4  
217f 6  
236* 8  
189216 
247f 7  
21 I t 1 7  
301f13  
2 3 9 t  9  
347*29 
350f21 
356f23 

C a l c .  1-3 

0 . 6 9  
0 . 9 2  
1.77 
1.05 
2 .08  
2 .  15 
2 .38  
2 .46  
3 . 0 8  
3 .69  
3 .92  
4 . 0 0  
4 . 2 3  
4 .31  
4 .54  
4 .46  
4 . 8 5  
4 .92  
5.31 
6 .  IS 
6 . 0 8  
6 . 9 2  
7.  15 
8 . 6 2  
8 .85  
9 . 2 3  
9 .31  
9 . 7 7  

13.9 
14.2 
15.2 
15.5 
16.0 
16. 1 

g, (MeV-') 

C a l c .  4  

0 . 7 8  
1 .04  
2 . 5 8  
2 . 3 2  
2 .56  
2 . 3 3  
2.52 
2 .47  
3 . 3 0  
4.21 
3.89 
3.74 
4.05 
3.86 
4 .29  
3.31 

onnt  

C a l c .  1-3 

172' 
182' 
176 
102' 
196 
133C . 

- 199 
125 
100 
141 
211 
162 
212 
162 
207 
142 
192 
159 
194 
165 
183 

. I 9 0  
227 
201 
218 
209 
219 
222 
280 

2 8 7  
251 
257 
386 
369 

C a l c  5.6 

0 . 4 1  
0 . 7 6  
1.02 
i .ZO 
1.46 
1.01 
1.86 
1.99 
2 .50  
2.97 
7 . 5 3  
3 .07  
2 .67  
1.87 
2 .88  
2 .25  

4 .72  
4 . 8 8  
6 . 2 1  
1 . 2 3  
7 .59  
5 . 9 3  
6 . 6 2  

10.50 
10.60 
9 . 8 5  

10.4 
10 .3  
15 .3  
15 .3  
12.1 
8 . 7 0  
4 . 0 2  
5 . 3 8  

(6-  1 1 MeV) 

C a l c .  4  

162' 
166' 
8  2  
48' 

122 
102' 
145 
9  5  
56 

l I0 
19 1 
169 
187 
167 
198 
214 
169 
132 
113 
126 
9  7  

2  59 
224 

9  8 
121 
195 
175 
22 1 
214 
227 
61 1 

1014 
109 1 
1025 

mb 

C a l c .  5 , 6  

237 
258 
259 
2 5 7  
237 
198 ' 

2  39 
231 
2  39 
247 
209 
23 1 
208 
151 
202 
143 
203 
155 
191 
2 35 
174 
178 
181 
187 
170 
177 
177 
180 
2  30 
302 
20 1 
307 
406 
355 

2 .54  ( 6 3  
2 .47  1 64 
3.21 69 
4.45, 1 80 
3 .14  I 79 
3 . 1 5  , 9 0  
5.50 1 9 3  
5 . 0 0  112 
6 . 0 0  1 I 5  
5 . 0 0  120 
6 . 7 9  
7.44 

11.7 
12.4 
12.5 
14.0 
14.2 
15.1 

121 
127 
181 
184 
197 
202 
208 
209 



Table 11 

Experimental and calculated first-order Legendre coefficients of angular 

distributions of inelastic scattering cross sections integrated from 

6 to l l M C V ~  

a ~ e e  Sect. 2 for meaning of various calculations. 

Element 

Be 
C 
Na 
Mg 
A1 
Si 
P 
S 
Ca 
Ti 
V 
C r 
Mn 
Fe 
Co 
N i 
Cu 
Zn 
Ga 
S e 
Br 
Zr 
Nb 
Cd 
I n .  
Sn 
Sb 
1 
Ta 
W 
Au 
Hg 
P b 
B i 

I 
1 

b~xtrapolations .have been used co obtain values at the highcst emission 
energies, due to large pairing energy corrections. For Be and C 
pairing energy corrections of 2.5 MeV and 5.0 MeV have been assumed, 
respectively. 

f l  (6-11 MeV) 

Exp . 

0.21k0.03 
0 .  19k0.02 
0.13k0.02 
0.25f0.01 
0.18+0.01 
0 .  16k0.02 
0.23+0.02 
U.3Z+U.04 
0 .28 i0 .04  
0.34k0.02 
0.24+0.03 
0.25k0.02 
0.19*0.02 
0.14k0.02 
0.16+0.03 
0.18+0.01 
0 .09f0 .03  
0.19+0.02 
0.17*0.03 
0 .  1720.04 
0.16k0.02 
0 .  17i0.05 
0.36kU.u2 
0.22+0.01 
0.22fU.U2 
0.21k0.02 
0.32k0.04 
0.24k0.02 
0.38k0.04 
0.32k0.02 
0 .  15+0.02 
0.31k0.04 
0.27k0.03 
0.26+0.03 

Calc. 4 

0 . 2 6 ~  
O. lbb  
0 .  15 
0.17' 
0.20 
0 . ~ 5 ~  
U.28 
0.29 
0.31 
0.32 
0.33, 
0.33 
0 .3  1 
0 .33  
0.32 
0.37 
0.32 
0.34 
0.32 
0 .37  
0.34 
0 .38  
0.36 
0 .38  
0.37 
0.39 
0.37 
0 .38  
0 .38  
0 .38  
0.39 
0 .43  
0 .43  
0.42 

Calc. 5,6 

0 .23  
0.29 
0 .13  
0 .22  
0 .18  
0 .13  
0.21 
0.27 
0.29 
0.29 
0.20 
0 .28  
0.19 
0.16 
0.19 
0 .17  
0 .13  
0.18 
0.19 
0.31 
0 .14  
0.15 
0.32 
0.26 
0.30 
0.25 
0 .33  
0.3L 
0 .38  
0 .37  
0 .38  

- 0 . 3 8  
0 .37  
0.37 

Calc. 3 

0 .21b  
0 . 1 4 ~  
0 .18  
0 . 1 8 ~  
0.20 
0 . 1 9 ~  
0.20 
0.22 
0.24 
0.24 
0.24 
0.25 
0.24 
0.25 
0.24 
0.25 
0.25 
0.26 
0 .25  
0 .28  
0.26 
0.28 
0.27 
0.29 
0 .20  
0.29 
0.28 
0 .28  
0.28 
0 .28  
0 .28  
0.29 
0 .28  
0 .27  

Calc. I 

0 . 2 8 ~  
0 . 2 0 ~  
0.25 
0 . ~ 4 ~  
0.27 
0 . 2 6 ~  
0.27 
0.30 
0.32 
0 .33  
0 .33  
0 .33  
0 .33  
0.34 
0 .33  
0.34 
0 .33  
0.35 
0.34 
0.37 
0.35 
0.37 
0.36 
0 .38  
U.37 
0.38 
0 .38  
0 .38  
0 .38  
0.39 
0.39 
0 .39  
0 .38  
0.37 

Calc. 2 

0 .  37b 
0.39 
0 .38  
0.41b 
0 .38  
0 . 4 0 ~  
0.37 
0.39 
0.40 
0.. 39 
0 .38  
0.39 
0 .38  
0.39 
0 .38  
0.39 
0 .38  
0.39 
0.38 
0.40 
0.39 
0.40 
0.39 
0.40 
0.39 
0.40 
0.39 
0.39 
0.39 
0.40 
0.39 
0.40 
0.39 
0 .38  



T a b l e  111 

E x p e r i m e n t a l  and c a l c u l a t e d  s e c o n d - o r d e r  Legendre  c o e f f i c i e n t s  o f  

a n g u l a r  d i s t r i b u t i o n s  o f  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  i n t e g r a t e d  

from 6 t o  l l )leva .. 

a ~ e e  S e c t .  2  f o r  meaning o f  v a r i o u s  c a l c u l a t i o n s .  

Element  

.Be 
C  
Na 
Mg 
A1 
S i  
P 

s . 
Ca 
T i  
V 
Cr 
Mn 
Fe 
Co 
N i  
Cu 
Zn 
Ga 
Se 
B r  
Zr 
Nb 
Cd 
I n  
SII 
Sb 
I 
Ta 
W 
Au 
Hg 
Pb 
Bi 

b ~ x t r a p o l a t i o n s  have  been  u s e d  t o  o b t a i n  v a l u e s  a t  t h e  h i g h e s t  e m i s s i o n  
e n e r g i e s ,  due t o  l a r g e  p a i r i n g  e n e r g y  c o r r e c t i o n s .  For  Be and C  
p a i r i n g  e n e r g y  c o r r e c t i o n s  o f  2 .5  MeV and 5 . 0  MeV have heen  assumed,  
r e s p c c t i v e l y .  

Exp. 

0 .10f0 .04  
0 . 1 4 t 0 . 0 2  
0 , 0 9 + 0 . n 3  
0 . 1 2 t 0 . 0 1  
0 . 0 7 f 0 . 0 1  
0.06+0.02 
0 .  11 t0 .03  
0 . 0 3 i 0 . 0 4  
0 .  1820.07 
0 . 0 7 f 0 . 0 2  
0 .  18 t0 .02  
0 .08f0 .02  
0 . 0 9 t 0 . 0 3  
0 . 0 6 f 0 . 0 2  
0 . 0 6 f 0 . 0 2  
0 .07f0 .02  
0 .  1250.03 
0 . 0 5 t 0 . 0 2  
o .nq+n.o?  
0 .  13f0.04 
0 .  11*0.02 
0 .  10 i0 .05  
0 .  11t0.02 
0 . 0 9 t 0 . 0 1  
0 .  l l f O . O 1  
0 .  11+0.02 
0 .07f0 .04  
0 .  12 i0 .02  
0 .  10 t0 .05  
0 .  14t0.02 
0 .04f0 .02  
0 .  13t0.05 
0 .  13t0.04 
0 . 1 4 t 0 . 0 4  

C a l c .  l a )  

0 . 0 1 7 b  
0 . 0 1 3 b  
0 . 0 2 8  
0 . 0 2 3 ~  
0.027,, 
0.027 
0 .028  
0.032 
0.036 
0 . 0 3 8  
0.037 
0 . 0 3 8  
0 .037  
0 .040  
0 . 0 3 8  
0.040 
0.039 
0.041 
0.040 
0 .045  
0 .042  
0 .045  
0.042 
0 .047  
0 .045  
0 .047  
0 .045  
0 .045  
0 .045  
0 .046  
0.046 
0 .048  
0 .045  
0.044 

C a l c .  6 

0 .053  
0 ,086  
0.050 
0.087 
0.0'74 
0 .055  
0 .090  
0 .  l l 
0 . 1 3  
0 . 1 3  
0 .090  
0 . 1 3  
0 . 0 8 8  
0 .075  
0.090 
0.081 
0.060 
0.08.5 
0.088 
0 .15  
0 .070  
0 .072  
0 . 1 5  
0 . 1 3  
0 .  I >  
0 .12  
0.16 
0 .17  
0 . 1 8  
0 . 1 8  
0 .  19 
0 . 1 8  
0 . 1 8  
0 . 1 8  

f 2  (6-1 1 MeV) 

C a l c .  2 

0.027; 
0 .034  
0.O3Bb 
0 . 0 4 5  
0 .03Sb 
0 . 0 4 3  
0 . 0 3 8  
0 . 0 4 3  
0 .045  
0 .045  
0 .042  
0 .045  
0 .042  
0.046 
0 . 0 4 3  
0 .045  
0 . 0 4 3  
0.046 
0.044 
0.049 
0 .045  
0 . 0 4 8  
0 .045  
0 .050  
0.047 
0.050 
0.047 
0 . 0 4 8  
0 .047  
0 .048  
0.049 
0 .050  
0.047 
0 .045  

Calc' .  3  

0.054; 
0 . 0 4 3  
0.u77 
0 . 0 7 5 ~  
0 . 0 8 6 b  
0.086 
0.090. 
0.099 
0 .  I I  
0 . 1 2  
0 . 1 2  
0 . 1 2  
0 . 1 2  
0 .  13 
0 . 1 2  
0 .  13 
0 . 1 2  
0 . 1 3  
u. 13 
0.14 
0 . 1 3  
0.14 
0 .  14 
0 . 1 5  
0 .  14 
0 .  15 
0 .  14 
0 .  14 
0 . 1 5  
0 . 1 5  
0 .15  
0 . 1 5  
0 .  15 
0 .14  

C a l c .  4 

b 
0 . 0 1 5 b  
0.011 
O.OISb 
0 .017  
0 . 0 2 0 b  
0 .025  
0.024 
0.030 
0 .034  
0.037 
0.036 
0 .038  
0 .036  
0.039 
0.037 
0.044 
0.037 
0.040 
0 .037  
0 .045  
0 .040  
0.046 
0 . 0 4 3  
0.046 
0.044 
0 .047  
0.045 
0.045 
0 .045  
0 .046  
0 . 0 4 8  
0.057 
0.058 
0.056 

C a l c .  5 

0 . 0 1 3  
0.021 
0.0'12 
0 .021  
0 . 0 1 8  
0 .014  
0.022 
0 . 0 2 8  
0.031 
0 .032  
0 .022  
0 .031  
0.022 
0.019 
0.023 
0.021 
0 .015  
0.022 
0 .022  
0.037 
0.018 
0.018 
0 .038  
0 . 0 3 3  
0.036 
0.031 
0 .040  
0 .042  
0 .045  
0 .044  
0.047 
0 .045  
0 .043  
0 .043  



Overall comparison of experimental and calculated data for 34 nuclides 

a ~ e e  Sect. 2 for meaning of various calculations. 

b~rithmetic mean value. 
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distribution. 
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Fig. I .  Experimental and ca lcu la ted  Legendre c o e f f i c i e n t s  a s  a  
func t ion  of neutron emission energy (c.m. system) f o r  
neutron s c a t t e r i n g  a t  n a t u r a l  P. The c o e f f i c i e n t s  f o = o n n ~ ,  
f l  and f 2  have been defined i n  Eq .  ( I ) .  The v e r t i c a l  s c a l e  
represen ts  mblMeV f o r  £0; f l  has been mul t ip l ied  with 10 t o  
avoid i n t e r f e r e n c e  with f 2 .  The f u l l  curves represen t  
Calc. 3 ( f i t t e d  global  parameters c l  and c 2 ) .  
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Fig.  2 .  Experimental and calculated Legendrc c o e f f i c i e n t s  for 
neutron scat ter ing  a t  natural Fe. The f u l l  curves represent 
the r e s u l t s  of Calc. 3;  the dashed curves were obtained by 
f i t t i n g  the f i n a l - s t a t e  level-density parameters (Calcs, 5, 
6 ) .  See further caption of F ig .  1 .  



F i g .  3 .  Angular d i s t r i b u t i o n  of adopted s c a t t e r i n g  k e r n e l s .  The 
f u l l  curve g ives  the  angu la r  d i s t r i b u t i o n  of f r e e  nucleon- 
nucleon s c a t t e r i n g  a s  a f u n c t i o n  of t h e  ang le  i n  t h e  l a b .  
system; the  dashed-dotted curve is  i ts  three-term Legendre 
polynomial r e p r e s e n t a t i o n  wi th  110 = I ,  p1  = 2 / 3  and p2 = 1 / 4  
( B = O ) .  The d o t t e d  curve was obtained by mul t ip ly ing  111 
and p2 wi th  0.87 and 1.74, r e s p e c t i v e l y ,  a s  used i n  Calc.  3.  



~ / 2  T 
I )  crn 

Fig .  4 .  Simulat ion of e f f e c t  of r e f r a c t i o n  of t h e  i n c i d e n t  wave a t  
t h e  nuc lea r  s u r f a c e  by t ak ing  no = I f o r  1271. The f u l l  
s o l i d  curve r e p r e s e n t s  Calc.  1 ( i . e . ,  n o =  I and suppressed 
e l a s t i c  s c a t t e r i n g ) ,  whereas t h e  dashed curve was c a l c u l a t e d  
wi th  t h e  same parameters  and t h e  usua l  assumption n o = 3 .  
Also i n d i c a t e d  a r e  t h e  exper imental  d a t a  and t h e i r  th ree -  
term Legendre polynomial f i t  ( f u l l  cu rve) .  A l l  d i s t r i b u t i o n s  
have been i n t e g r a t e d  over  emission energ ies  from 6 t o  I 1  MeV. 



Fig. 5. Effect of "never come back" assumption on angular distrl- 
butions for 2 7 ~ 1  and 1271. The full solid curves represent 
Calc. I ,  taking into account all possible transition rates 
A+, X0 and X-. The dashed-dotted curve was obtained from 
Calc. 2, neglecting XO- and X--transitions, The dashed curve 
was calculated by solving the generalized master equation 
with XO= 0. See caption of Fig. 4 for further explanation 
of symbols. 
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EVALUATION OF NEUTRON CROSS SECTIONS 
TO 40 MeV FOR 5 4 , 5 6 ~ e *  
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ABSTRACT 

Cross  s e c t i o n s  f o r  neu t ron- induced  r e a c t i o n s  on  
5 4 3 5 6 ~ e  were c a l c u l a t e d  employing s e v e r a l  n u c l e a r  mod- 
e l s - - o p t i c a l ,  Hauser-Feshbach,  p r e e q u i l i b r i u m ,  and DWBA-- 
i n  t h e  e n e r g y  r a n g e  between 3  a n d  40. MeV. A s  a  p r e l u d e  
t o  t h e  c a l c u l a t i o n s ,  t h e  n e c e s s a r y  i n p u t  p a r a m e t e r s  were  
d e t e r m i n e d  o r  v e r i f i e d  t h r o u g h  a n a l y s i s  of  a  l a r g e  body 
o f  e x p e r i m e n t a l  d a t a  b o t h  f o r  n e u t r o n -  and  pro ton- induced  
r e a c t i o n s  i n  t h i s  mass and  e n e r g y  r e g i o n .  T h i s  t e c h n i q u e  
a l s o  l e d  t o  c r o s s  s e c t i o n s  i n  which t h e  s i m u l t a n e o u s  i n -  
f l u e n c e  of  a v a i l a b l e  d a t a  t y p e s  added t o  t h e i r  c o n s i s t e n c y  
and r e l i a b i l i t y .  C a l c u l a t e d  c r o s s  s e c t i o n s  a s  w e l l  a s  
n e u t r o n  and gamma-ray e m i s s i o n  s p e c t r a  were  i n c o r p o r a t e d  
i n t o  a n  ENDF e v a l u a t i o n  s u i t a b l e  f o r  u s e  t o  40 MeV. 

INTRODUCTION 

A s  p a r t  of  a n  e f f o r t  t o  s a t i s f y  n u c l e a r  d a t a  n e e d s  f o r  t h e . 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  T e s t  F a c i l i t  we performed comprehen- 
s i v e  nuc lear -model  c a l c u l a t i o n s  on 54 9 5g;e be tween .3  and 4 0  MeV. 
The r e s u l t s  were combined and j o i n e d  t o  t h e  e x i s t i n g  ENDFIB-V i r o n  
e v a l u a t i o n  a t  3  MeV t o  produce  a  new e v a l u a t i o n  a p p l i c a b l e  t o  40 
MeV t h a t  was e s s e n t i a l l y  f r e e  of  e n e r g y  b a l a n c e  problems.  

S i n c e  l i t t l e  e x p e r i m e n t a l  d a t a  e x i s t  f o r  . n e u t r o n  r e a c t i o n s  a t  
h i g h e r  e n e r g i e s  ( t o t a l  c r o s s  s e c c i o n s  a r e  a n  e x c e p t i o n ) ,  we r e l i e d  
upon n u c l e a r  models--Hauser-Feshbach [ I ] ,  p r e e q u i l i b r i u m ,  o p t i c a l ,  
and  d i r e c t  r e a c t i o n - - t h a t  d e s c r i b e  t h e  main mechanisms .govern ing  
n e u t r o n  r e a c t i o n s  i n  t h i s  mass and e n e r g y  r e g i o n .  A s  a  f i r s t  s t e p  
towards  p r o p e r  u ~ e  o f  t h e s e  models ,  we d e t e r m i n e d  i n p u t  p a r a m e t e r s  

*work s u p p o r t e d  by t h e  U.S. Depar tment  of  Energy.  



valid for this calculation. With these parameters we then employed 
the models in a simultaneous analysis 'of a large body of available 
neutron reaction data for iron--cross sections and,emission spectra 
for neutrons, charged particles, and gamma rays. This effort was 
further aided by the calculation of p + 54,56~e reaction data at 
higher energies using these same parameters. In this approach, the 
many types of available data produce constraints on the calculated 
results, providing in the end a set of consistent calculated cross 
sections as well as input parameters tcstcd under varied and strin- 
gent conditions. This approach can allow discrepant or inconsist- 
ent data sets to be ascertained since it uses, simultaneously, in- 
formation from several reaction types available at a given incident 
energy. Thus, unphysical calcularions or parameter6 resulting fro111 
the isolated analysis of a given cross section, data type, or cx- 
perimental result can be largely avoided. 

PARAMETERS 

We determined values for optical model parameters a n d  gamma- 
ray strength functions, while for level density or preequilibrium 
parameters we relied on published results that were generally de- 
termined through systematic analysis of a substantial amount of ex- 
perimental data. We did verify (or modify as needed) these parame- 
ters where pertinent data were available, but we did not attempt 
large-scale or systernatic adjustments because of the complexities 
involved. 

We devoted an appreciable effort to determination nr verifaca- 
rion of optical-model and gamma-ray strength function parameters 
since values were sometimes lacking or were not appropriate to the 
range of int'erest in our calculations. Neutron optical parameters 
received the greatest effort since such parameters must produce re- 
alistic formation cross sections for a wide range of energies while 
providing a reasonable behavior of low-energy transmission coeffi- 
cients needed in the calculation of reactions such as (n,Zn). We 
determined optical parameters through simultnneous fits to the fol- 
lowing neutron data: (1) total cross sections between 2 and 40 
MeV, (2) s- and p-wave strength  function^ and values for tile poten- 
tial scattering radius, (3) elastic scattering angular distribu- 
tions between 6 and 14 MeV, and (4) reaction cross sections be- 
tween 5 and 30 MeV. The resulting parameters appear in Table I, 
while in Figs. 1 and 2 comparisons are made to the total cross sec- 
tion and elastic-scattering angular distributions. Although rea- 
sonable agreement was obtained to the quantities listed above, the 
predicted nonelastic cross section overestimates new results [21 at 
40 MeV that were not available for inclusion in our fit. This 
overprediction led us to renormalize our calculated Hauser-Feshbach 
cross sections downward by about 10Z in this energy region. 



Proton and alpha-particle transmission coefficients were cal- 
culated from optical parameters based on'published sets [3,4] ob- 
tained from data fits in this mass and energy range. We adjusted 
them to better fit low energy data [(p,n) and (a,n) cross sections] 
and higher energy information (generally, reaction cross sections) 
that were available. The modification usually took the form of an 
energy dependence added to the real and/or imaginary well depths. 
The modified proton and alpha particle parameters also appear in 
Table I. 

Gamma-ray reactions can be important competitors to particle 
emission, particularly around thresholds. We chose to normalize 
gamma-ray transmission coefficients (assumed to be of the Brink- 
Axel [5] giant dipole resonance form) throu h determination of 
gamma-ray strength functions by fits to 54,96Fe (n,y) data. This 
method avoids problems occurring when this normalization is deter- 
mined directly from the ratio of the average gamma width, <r,>, and 
spacing <D>, for s-wave resonances as is often done for each'com- 
pound nucleus in these types of calculations. Such <ry> and <D> 
values are not always reliable, particularly where information for 
compound systems away from the line of stability must be inferred 
from their systematic behavior. Gamma-ray strength functions 
should be more reliable since they vary slowly between-nearby nu- 
clei. In fact, the strength function determined for "Fe and 
5 7 ~ e  were essentially identical, differing only by about 5%. 

Parameters for the Gilbert-Cameron [6 1 level density model 
used in these calculations were taken from the values of Cook [7] 
for the level density constanr, a, and the p a l ~ i u g  energy, A .  At 
lower excitation energies a constant temperature expression was 
used, the parameters of which we adjusted to agree with the cumula- 
tive number of discrete levels while joining smoothly to the 
Fermi-gas form used at higher energies. 

For preequilibrium corrections, we applied the master 
equations model of Kalbach [8] that employs a matrix element for 
residual two-body interactions whose absolute square depends upon 
the excitation energy available per exciton as well as the mass of 
the compound system [9]. The normalization constant was taken to 
be 160 M ~ v ~ ,  which is about 20% higher than the value recommended 
by Kalbach. 

Since the preequilibrium and Hauser-Feshbach models do not 
ade uately describe the excitation of collective states in 
54,26 Fe through neutron inelastic scattering, we performed DWBA 
calculations for 24 such states. We used deformation parameters, 
BE, determined by Mani [lo] from 40 MeV inelastic proton scattering 
on 54,56~e along with the neutron optical parameters appearing in 
Table I. 



RESULTS AND COMPARISONS TO DATA 

Calculations were performed using three nuclear-model codes-- 
(1) DWUCK [ll] for DWBA calculations, (2) COMNUC [12] for low en- 
ergy Hauser-Feshbach calculations with width-fluctuation correc- 
tions, and (3) GNASH 1131 for higher energy Hauser-Feshhnrh ralcu- 
lations where preequilibrium corrections were necessary and complex 
decay chains were followed. In the next few paragraphs, we will 
compare a portion of the 26 reaction types calculated to experimen- 
tal data, showing in many cases cross-section values up to 40 MeV. 

With the use of evaluated data far shielding and other ncu- 
Liol~lcs  purposes, a realistic representation of neutron-emission 
CP6Ss sections, spectra, and angular distributions is of particular 
importance. Several cross-section types provide the opportunity to 
evaluate and verify the neutron (and other) parameters used in the 
calculations as well as indicate features of the data that should 
be a part of the evaluation if accurate representations are de- 
sired. Figure 3 compares the calculated neutron emission spectrum 
(after incorporation of an appropriate resolution function) to data 
of Kammerdiener [14]. The lower end of the spectrum consists of 
evaporation neutrons [mostly from (n,2n) processes] while the mid- 
dle and upper portions contain preequilibrium neutrons. At the up- 
per part of the spectrum, contributions from discrete levels ex- 
cited by direct-reaction inelastic scattering are evident both in 
the data and calculations. 

At higher incident energies such emitted neutrons generally 
become more forward-peaked--not only those resulting from inela'stic 
scattering from discrete levels but also those appearing in the 
middle and upper continuum regions of the spectrum. Such energy- 
angle correlations must therefore be incorporated into the evalu- 
ated data. Figure 4 compares the DWBA calculated angular distribu- 
tion to data [15 161 for inelastic scattering f rom t h ~  f i . r s t  vx- 
cited state of 5 B ~ e  by 14.1 MeV neutrons. The agreement indi- 
cates the applicability of both the n~ntron-optical psramctcrn and 
the 82 value used as obtained from proton scattering results. 

To represent angular distr.ih~it.ions o f  continuum ncutrong, we 
used rhe phenomological expressions recently determined by Kalbach 
and Mann [17 1 from fits to particle-induced reaction data. These 
expressions rely on information concerning the cross-section frac- 
tion resulting from multistep direct and multistep compound pro- 
cesses. We approximated these through use of total preequilibrium 
and evaporation fractions, respectively. The double-differential 
cross sections thereby obtained at 14 MeV agree reasonably well 
with the Hermsdorf angular distribution data [18] measured for 
natural iron. 

Neutron inelastic scattering and emission results on iron are . 
complemented by (n,2n) data measured using large liquid scintilla- 



tor tanks. The comparison to such data [19,20] as shown in Fig. 5 
provides the opportunity to evaluate several facets of the calcula- 
tions. To fit the sharp rise near threshold of the (n,2n) cross 
section accurately, considerable constraint is placed upon the low- 
energy neutron transmission coefficients as well as the parameters 
needed to describe competing gamma-ray and charged-particle 
emission. 

Charged-particle production cross sections and spectra result- 
ing from neutron reactions on iron are required for radiation dam- 
age calculations and for use in dosimetry applications. An example 
of the latter data type is the 54~e (n,p) cross section to which 
we compare our calculations in Fig. 6. For this nucleus,proton 
emission accounts for a significant portion of the total reaction 
cross section (particularly from this reaction), and the agreement 
indicates the suitability of the proton optical parameters in a 
case where competition from neutron emission is small. 

New opportunities to evaluate calculated (n,np) and (n,pn) 
cross sections occur from comparison to recently measured proton- 
production s ectra induced by 15-MeV neutrons [21] as shown in 
Fig. 7 for '%Fe. The agreement at the low energy end of the 
spectrum indicates a correct calculation of the (n,np) contribution 
while the agreement for higher secondary energies indicates a prop- 
er preequilibrium fraction, particularly with regard to the rela- 
tive number of protons and neutrons emitted. 

Meastlrements of alpha-production cross sections on iron have 
been relatively few, consisting mainly of several values of the 
5 4 ~ e  (n,a) cross section at 14 MeV. Recently measurements by 
Paulsen [22] of the 5 4 ~ e  (n,a) reaction below 10 MeV and b Grimes 
et al. [21] of 15-MeV neutron-induced alpha production on r4956Fe 
have improved this situation considerably. Our calculations of the 
5 4 ~ e  (n,a) cross section from threshold to 40 MeV are compared to 
experimental results in Fig. 8. Since total charged-particle pro- 
duction cross sections are needed for radiation damage calcula- 
tions, we illustrate in Fig. 9 the total production of protons and 
alphas on 54,56~e up to 40 MeV. The arrows indicate thresholds 
for (n,xnp) and (n,xm) reactions. Comparisons are made to (n,p) 
or (n,a) data occurring below the first arrow and to the 15-MeV to- 
tal production cross sections now available. 

Gamma-ray production data also play an important role in ap- 
plications such as shielding calculations. To accurately calculate 
such data, a detailed gamma-ray cascade model was included and all 
residual nuclei populated by major reactions were allowed to gamma 
decay. Quite a large amount of data exist up to 20 MeV, both spec- 
tral and production cross sections for discrete lines, that allow 
the calculations to be further verified. Figures 10 and 11 compare 
calculations to two such data types--(l) gamma-ray production spec- 
tra induced by 14-MeV neutrons as measured by Drake [23] and (2) 



t h e  e x c i t a t i o n  f u n c t i o n  f o r  p r o d u c t i o n  o f  t h e  1.238 MeV gamma-ray - 
i n  5 6 ~ e .  

As a supplement t o  neut ron- induced  r e a c t i o n  d a t a  on i r o n ,  we 
u s e d  p r o t o n  d a t a  t o  p r o v i d e  f u r t h e r  checks  on parameter  sets i n  en- 
e r g y  r e g i o n s  where n e u t r o n  d a t a  a r e  l a ck ing .  F i g u r e  1 2  shows t h e  
measured 5 6 ~ e  (p ,n )  and (p ,2n )  c r o s s  s e c t i o n s  [24 ,25]  t o  which we 
compare o u r  c a l c u l a t e d  r e s u l t s .  Through such  compar isons ,  t h e  
b e h a v i o r  o f  p r o t o n  and n e u t r o n  t r a n s m i s s i o n  c o e f f i c i e n t s ,  l e v e l  
d e n s i t y  pa rame te r s ,  and  p r e e q u i l i b r i u m  c o r r e c t i o n s  c a n  be  t e s t e d  a t  
h i g h e r  i n c i d e n t  e n e r g i e s .  

C ros s  s e c t i o n s  f o r  major  r e a c t i o n s  and p r o d u c t i o n  s p e c t r a  f o r  
n e u t r o n  a n d  gamma-ray emis s ion  o b t a i n e d  from t h e s e  c a l c u l a t i o n s  
were  i n c o r p o r a t e d  i n t b  a n  ENDF-like e v a l u a t i o n  ex t end ing  t o  40 
MeV. Dosimet ry  f i l e s  were provided  f o r  5 4 9 5 6 ~ e  w h i l e  a  comple te  
e v a l u a t i o n  was provided  f o r  n a t u r a l  i r o n .  Below 20 MeV, s t a n d a r d  
f o r m a t s  and  r e p r e s e n t a t i o n s  were u sed ,  making t h i s  p o r t i o n  
c o m p a t i b l e  w i t h  e x i s t i n g  p r o c e s s i n g  and o t h e r  a p p l i c a t i o n s  codes. 
ALuve 20 M e V ,  new f o r m a t s  had t o  be d e v i s e d  t o  accomodate 
energy-angle  c o r r e l a t i o n s  a s  w e l l  a s  t o  simpl.iSy p r e s e n t a t i o n  of  
d a t a  f o r  e n e r g i e s  where many r e a c t i o n  c h a n n e l s  were open. 
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Optical Parameters 

Above 6 MeV 

Protons 

V(MeV) = 58.384 - 0.55E 
WsD(MeV) = 13.5 - 0.15E 

Alphas 

V(MeV) = 193 - 0.15E 1.37 0.56 

wVol(~ev) = 21 9 0.25E 1.37 0.56 

rc(fm) = 1.4 
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Fig. 1. Total cross-section data and values calculated using the 
neutron optical parameters of Table I. 
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Fig. 2. Experimental and theoretical elastic scattering angular 
distributions. 



Fig. . 3 .  The calculated neutron emission spectrum induced by 14.9 MeV 
neutrons is compared to results measured by ~ammerdiener.'~ 
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4 .  The theoretical and experimental (closed and open circles are 
references 15 and 16, respectively) an cJar distributions for 
excitition of the 0.846 MeV level in %r by 14 MeV neutrons. 
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Fig. 5. Calculated and experimental values (circles, Ref. 19; 
triangles, Ref. 20) for the (n,2n) cross section on natural 
iron. 



Fig. 6. Theoretical and experimental 5 4 ~ e  (n,p) cross sections. 



Fig. 7.  - Calculated values f o r  the proton emission spectrum~induced by 
15-MeV neutrons on 5 6 ~ e  are compared to the ~ r i n e s ~ l  data. 
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40 MeV. 
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Fig.  9 .  Total proton- and alpha-production cross sect ions calculated 
for  5 4 ~ e  and 56~e, The arrows indicate thresholds for (a,xnp) 
and (n,xna) reactions. 
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Fig. 10. The calculated gamma-ray production spectrum induced by 14.2 
MeV neutrons i s  compared to  data measured by   rake.^^ 



~ i g .  11. Theoretical and experimental values for excitation of the 
1.238-MeV gamma ray by neutron interactions with iron. 



Fig. 12. Calculated and experimental cross sections for 5 6 ~ e  (p,xn) 
reactions. (Circles are Ref. 24; triangles are Ref. 25.) 
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ABSTRACT 

Knowledge of the 5 9 ~ 0  (n,p), (n,a), and (n,xn) cross 
sections up to 50 MeV are necessary to satisfy priority 
dosimetry data needs of the FMIT facility. Since experi- 
mental data extend only to 25 MeV in the case of (n,xn) 
reactions (and lower for the others), we calculated these 
cross sections as well as those from competing reactions 
for neutron energies between 3 and 50 MeV. Neutron opti- 
cal parameters were determined that were valid from several 
hundreds of keV to 50 MeV. Other parameters were deter- 
mined or verified through analysis of various experimental 
data types, thus providing the basis for complete and con- 
sistent nuclear model calculations of n + 5 9 ~ 0  reactions. 

INTRODUCTION 

To characterize the neutron environment of samples irradiated 
in the neutron flux of the Fusion Materials Irradiation Test Facil- 
ity, dosimetry reaction cross sections must be known to neutron en- 
ergies of 50 MeV. Since the 59~o (n,p), (n,a), and (n,xn) cross 
sections represent priority candidates for dosimetryreactions span- 
ning the energy range of interest to materials damage studies, we 

"work supported by the U.S. Department of Energy and EURATOM. 



performed calculations of neutron reactions on 5 9 ~ 0  between 3 and 
50 MeV. In contrast to our earlier work [l] in which cross sec- 
tions were calculated to 40 MeV using global optical parameter 
sets, we have devoted a large effort to the determination and veri- 
fication of parameters suitable for calculations over this energy 
range. The constraints placed by the data used in this process 
should result in an improvement in the reliability of the calcu- 
lated crnss sections. 

PARAMETER DETERMINATIONS 

Our efforts to determine or verify neutron or charged-particle 
optical arameters generally follow the steps employed in our re- 
cent 54~56Fe calculations. [2] That is, quite a large effort has 
been made through fitting techniqes to find neutron optical param- 
eters valid over the entire energy range between several hundred 
keV and 50 MeV (in this instance). For proton and alpha emission 
we have generally modified existing parameter sets and t h e n  veri- 
fied their applicability through comparison to independent data 
types. 

To determine our neutron optical parameters, we used 5 9 ~ 0  to- 
tal cross-section data between 0.5 and 30 MeV, supplemented at 
11igher energies by estimates based on iron total cross sections to 
50 MeV. Constraints on the low energy behavior of the parameters 
were achieved through use of s- and p-wave strength functions as 
well as values for the potential scattering radius. elastic- 
scattering angular distribution data were included for neutron en- 
ergies of 8, 11, and 15 MeV, along with 14-MeV reaction cross sec- 
tions. Around 40 MeV, an estimate for the reaction cross section 
was included based on recent data (31 from n + Fe reaction cross- 
section measurements. For the fit, two energy regions were used 
with the boundary chosen at 6 MeV. The resulting parameters are 
shown in Table I. To fit the data, a surface derivative Woods- 
Saxu~i puLe11Llal was used having a positive energy coefficient at 
low energies with a negative coefficient for energies above 6 MeV. 
A volume imaginary potential was also used that became dominant for 
neutron energies ahove 25 MeV. The calculated total and elastic 
cross sections are compared to experimental data in Figs. 1-a and 
1-b, respectively. 

For protons and alphas we used modifed forms, respectively, of 
the Perey [4] and Lemos [5] global parameter sets that were derived 
during our n + 54956Fe calculations (see contribution to these 
proceedings). To further verify them for this roblem, we made 
Hauser-Feshbach calculations of 57Fe (p,n) and 95Mn (a,n) cross 
sections (with the neutron parameters of Table I) that are compared 
to data [6-81 in Figs. 2 .and 3. 



Other quantities required for these calculations consisted 
mainly of gamma-ray transmission coefficients, level density param- 
eters, and parameters needed for preequilibrium corrections. The 
latter two parameter types were taken from published values since 
these result generally from the examination.of systematic behavior 
of pertinent data. We employed the Gilbert-Cameron [9] level dens- 
ity expressions along with the Cook [lo] values for Fermi-gas pa- 
rameters and adjusted constant temperature parameter values to fit 
(for each nucleus in the calculation) information pertaining to the 
cumulative number of levels occurring up to a given excitation en- 
ergy. Since constant-temperature level-density expressions were 
often employed up to fairly high excitation energies, uncertainties 
in the level-density expressions, occurfing mainly in the Fermi-gas 
po+ti.ons, cau1.d he! mtnimi.sed. 

The matrix normalization constant needed to fix transition 
rates in the master equations preequilibrium model was taken from 
the value recommended by Kalbach [ll]. The form of the absolute 
square of this residual two-body matrix element was assumed to be 
dependent on both the excitation energy available per exciton and 
the compound system mass [12]. 

Gamma-ray transmission coefficients were calculated assumi.ng a . 
giant dipole resonance form and were normalized through determina- 
tion of the gamma-ray stength function by fits to 5 9 ~ 0  (n,Y) data. 
This method eliminates much of the uncertainty occurring from n o r  
malization to 2r<ry>/<D> ratios especially for nuclei where no 
such data are available. The 6 d ~ o  gamma-ray strength function was 
very similar in magnitude to values we determined for 5 5 ~ e  and 
57~e. [Z] 

CALCULATIONS AND RESULTS 

The above parameters, along with discrete-level information, 
were used with three nuclear models--Hauser-Feshbach, preequilibri- 
um, and direct-reaction--that describe the main features of most 
neutron reactions occurring in this mass and energy region. The 
main nuclear model codes used for the calculations were COMNUC, 
[I31 GNASH, (141 and DWUCK. [15] In addition to Hauser-Feshbach 
calculations to which width fluctuations (COMNUC) and preequilibri- 
um corrections (GNASH) were applied, a small direct-reaction com- 
ponent was determined for the first several inelastic levels 
through DWBA calculations (DWUCK). A weak coupling model for 59~o 
consisting of a spin 7/2 hole outside a 6 0 ~ i  core was used along 
with the assumption of !L = 2 transfer and a value of 82 = 0.2. 
That this model was adequate to represent 5 9 ~ o  direct cross sec- 
tions was verified by examination of the relative magnitude and 
shape of 11 MeV proton inelastic scattering data [16] to several 
low- lying levels. 



Figure 4 presents a general overview of the calculated cross 
sections. Since alpha decay chains were not followed individually 
except off the main neutron branch, contributions to (n,na), 
(n,2na), etc. cross sections were not ascertained for all compo- 
nents at higher incident energies. However, the effect of this ap- 
proximation on total alpha production is very small. Also, reac- 
tions involving multiple proton emission such as (n,xnyp) (y 2) 
were not included since tests performed at 40 MeV indicated that 
proton emission comprised less than a few pqrcent of the total 
cross section for decay of a given compound nucleus occurring along 
the proton branch included in the calculations. 

With reference to these cross sections, several general fea- 
tures are noteworthy. At higher energies, reactions involving pro- 
ton emission such as (n,3np) dominate because of the multiple reac- 
tion paths that can produce the final nucleus. Also the compound 
systems produced along the main neutron decay chain tend to be more 
proton,rich, resulting in less neutron emission. Thus, the (n,4n) 
reaction that has been suggested for dosimetry uses at higher neu- 
tron energies may suffer from a low cross-section value. Reactions 
such as (n,p), (n,2n), and (n,3n) maintain their cross-section mag- 
nitudes without rapid decreases after competing channels become 
available at higher energies. This results from preequilibrium ef- 
fects and is well documented from the behavior of (p,xn) and 
(p,pxn) cross sections in this energy region. 

Calculated vaiues for 5 9 ~ 0  neutron reactions of dosimetry 
interest are compared to data in the next several figures. Figure 
5 illustrates calculated (n,xn) cross sections with available data 
[17-211 [(n,2n) and (n,3n) measurements shown here were made using 
scintillator tanks]. Similarly, in Fig. 6 comparisons are made to 
5 9 ~ o  (n,2n) data measured by activation techniques. Both the 
(n,2n) and (n,3n) threshold energy regions provide an opportunity 
to verify the low-energy neutron transmission coefficients since 
emission to discrete states in the residual nucleus dominates here. 

The slope of the calculated cross sections, particularly 
around the (n,2n) threshold, depends strongly upon competition from 
gamma-ray and charged-particle emission. The fact that the calcu- 
lations fit the steeply rising cross section around the (n,2n) 
threshold provides verification of the normalization used for 
gamma-ray transmission coefficients since the (n,nly) reaction c o w  
petes most strongly there. In the (n,3n) threshold region, such 
effects are reduced because of increased competition from particle 
emission through the (n,np) or (n,2n) reactions. 

Figure 7 illustrates calculated and experimental values for 
the 5 9 ~ o  (n,p) reaction. At lower energies, the behavior of the 
proton transmission coefficients calculated using the modified 
Perey optical parameters plays an important role in the agreement 
obtained with the data of Smith [22] (closed circles). At 14 MeV 



the calculations fall somewhat lower than the experimental data, 
most of which cluster around cross-section values of approximately 
50-60 mb. Attempts to increase the calculated values in this ener- 
gy region through adjustment of level density parameters for 5 9 ~ e  
began to disturb the agreement achieved at lower energies. In mak- 
ing such adjustments, the (n,pn) cross section was also increased, 
adding to the competition to the (n,p) reaction. These two fact0.r~ 
made it difficult to adjust these parameters to achieve an increase 
in the calculated (n,p) values. Potential problems may exist in 
the relative amounts of proton and neutron emission predicted by 
the preequilibrium model. However, comparisons of our calculations 
to available proton emission spectra and (n,p) cross sections for 
nearby nuclei have resulted in good agreement, particularly between 
15 and 20 MeV. 

Although (n,np) + (n,pn) reactions are not of interest witti 
respect to dosimetry cross sections, competition from them indi- 
rectly affects the calculated (n,2n) and (n,p) cross sections. 
Figure 8 illustrates our calculated (n,np) and (n,pn) cross section 
(solid line) and the portion of the reaction leading to the 0.811- 
MeV gamma ray in 5 8 ~ e  (dashed line). Also shop are the data of 
Corcalciuc et a1 [23] for the production of this gamma ray. The 
shoulder around 11-13 MeV results from the (n,np) reaction since in 
the 59~0 compound system the proton binding energy is about 3 MeV 
less than that of the neutron. In this region, the sub-Coulomb 
barrier behavior of the proton transmission coefficients is impor- 
tant, which led us to compare to low energy 5 7 ~ e  (p,n) cross sec- 
tions as shown earlier in Fig. 2. Above 13-14 MeV, the (n,pn) re- 
action becomes the main contributor to this cross section. Our 
values (dashed line) agree well with the Corcalciuc data at higher 
energies but over-estimates it at 16 and 18 MeV. Some problems may 
exist in these measurements since their results for other reactions 
[56~e (nS2ny) and 5 9 ~ 0  (n,2nr)] appear to be systematically low 
when compared at these energies to other available data. 

Figure 9 illustrates calculated and measured (n,a) cross sec- 
tions available between 6 and 21 MeV. Although improvements. may 
result from optical parameter -adjustments at lower energies, the 
agreement is reasonable over this wide energy range. In addition 
to compound and pre-compound processes, we also included pickup and 
knockout contributions based on empirical expressions developed by 
Kalbach. [ll] The agreement obtained at higher energies provides 
some verification of these parameterfzations. 

CONCLUSIONS 

Independent data types have been used to determine or verify 
input parameters for use in com rehensive nuclear-model calcula- 

55 tions of neutron reactions on Co between 3 and 50 MeV. Results 
obtained in this manner generally produced good agreement when corn- 



pared to experimental data, particularly for (n,2n) and (n,3n) re- 
actions up to 22 MeV. calculated (n,2n) and (n,3n) cross sections 
should retain significant values at higher energies principally be- 
cause of preequilibrium effects while the (n,4n) cross section is 
predicted to be significantly smaller because of competition from 
reactions involving proton emission. Uncertainty exists for the 
behavior of the (n,p) cross section above neutron energies of 10-11 
MeV since some data are underpredicted by the calculations at 14 
MeV. More experimental data (excitation functions) in the energy 
range from 10 to 20 MeV would be valuable towards solution of this 
problem. At higher energies, the (n,p) cross section is dominated 
by preequilibrium effects so that its magnitude remains relatively 
constant. Finally, the calculated (n,a) values agree reasonably 
with data up to 21 MeV indicating the reliability of the non- 
statistical reaction mechanisms used at higher energies. 
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I TABLE I I 
I n + 5 9 ~ 0  Opt i ca l  Model Parameters I 

) Wvol(HeV) = -0.072 + 0.14751 1.3448 0 .473  

1 vs0(nev) - '6.2 1.12 0 .47  

I w s D ( M e v ) = 8 . 0 4 7 , + 0 . 0 8 0 5 E  1.3448 0.473 1 
I Above 6 MeV 

( WsD(~eV) = 8 .53  - 0.2509(E-6) 
I 
I 
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Fig. l-a. Calculated and experimental values for the n + S9co total cross 
section. 



~ i g ,  1-b. Calculated a ~ ~ d  ex  erimental cross sect ions f o r  neutron s l a s t  
scat ter ing  from 5 8 ~ o .  





E, (MeV) 

Fig. 3. The Leldos a1 ha-optical parameters are tested by comparison of 
calcutated 5~~ (o ,n )  values to experiment?l data (Ref. 8). 



En (MeV) 

Fig. 4. Trends in cross sections calculated for 59~o. 



Fig. 5 .  Calculated and experimental (n,xn) values. For ( n , n ' )  reactions,  
the s o l i d  diamond, square, and triangle represent data from Refs. 
17-19.  . The open tr iangles  are (n,2n) data of Prehaut (Kef. 2 0 )  
while the closed and open c i r c l e s  arc (n,2n) and (n,3n) data of 
Veeser (Ref. 21) .  



Fig. 6 .  Results from activation measurements of the 5 9 ~ 0  (n,2n) cross 
section are compared to the theoretical curve. 
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F i g .  7 .  Calculated and experimental values  f o r  the  5 9 ~ 0  ( n , p )  react ion.  



En (MeV)  

Fig. 8. The total 5 9 ~ o  (n,np) + n,pn) cross section (solid line) and that 
leading to the 0.81-MeV 18Pe gamma ray (dashed line) are compared 
to measurements (Ref. 23) of the production cross section for that 
gamma ray. 



Fig. 9. Calculated and experimental 5 9 ~ o  (n,a) values. 
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ABSTRACT 

We have begun a s tudy  o f  t h e  neut ron o p t i c a l  poten- 
t i a l  on n u c l e i  near mass-140. I n  t h i s  s tudy  we a re  ex- 
t end ing  t h e  energy range and improv ing t h e  p r e c i s i o n  o f  
prev ious neut ron t o t a l  c ross  s e c t i o n  measurements, The 
extended energy range o f  t h i s  measurement revea ls  maxima 
and minima i n  the  t o t a l  c ross  s e c t i o n  which a r e  evidence 
o f .  t h e  n u c l e a r  Ramsauer e f f e c t .  We employ t h e  100-MeV 
l i n e a r  a c c e l e r a t o r  t o  produce a continuum o f  neut ron en- 
e r g i e s  f rom a Ta-Be convers ion ta rge t .  We use t h e  250- 
meter f l i g h t  path  and measure neut ron energ ies  by the 
t i m e - o f - f l i  h t  method. We have ob ta ined  t ransmiss ion  8 data f o r  14  Ce and t ransmiss ion  r a t i o s  f o r  1 4 2 ~ e ,  1 4 1 ~ r ,  
and 1 3 9 ~ 8  r e l a t i v e  t o  14O~e. The 1 4 0 ~ e  data have a 
p r e c i s i o n  o f  1-3% and t h e  r a t i o s  a r e  ob ta ined  w i t h  a 
p r e c i s i o n  o f  about .3%. To ana lyze these t o t a l  c ross  
s e c t i o n  data  a computer code has been developed t o  c a l -  
c u l a t e  the  t o t a l  e l a s t i c ,  r e a c t i o n ,  and d i f f e r e n t i a l  
e l a s t i c  s c a t t e r i n g  cross  s e c t i o n s  o f  a neu t ron  i n t e r -  
a c t i n g  w i t h  a nucleus.  The i n t e r a c t i o n  i s  represented 
by a s p h e r i c a l l y  symmetric complex p o t e n t i a l  which i n -  
c ludes sp in -o rb i  t coup1 ing.  The parameters o f  h i s  po- 
t e n t i a l  have been a d j u s t e d  t o  approximate t h e  li0Ce 
t o t a l  c ross  ove r  the  energy range f rom 2.5 t o  60 MeV. 
The energy .dependence o f  these parameters wi  11 be de- 
scr ibed.  

INTRODUCTION 

Nuc lear  c ross  s e c t i o n s  which have n o t  been measured a r e  o f t e n  
r e q u i r e d  t o  p r e d i c t  t h e  behav io r  o f  neutrons i n  t h e  m a t e r i a l s  o f  
f us ion  o r  f i s s i o n  reactors .  I n  many cases t h e  o p t i c a l  model i s  



c a l l e d  on t o  p r e d i c t  these cross  sec t i ons  o r  model t h e  nucleon- 
nucleus i n t e r a c t i o n  i nvol  ved i n  produc ing an unmeasured nuc lea r  
reac t i on .  An improved unders tand ing o f  t h e  v a r i a t i o n  o f  o p t i c a l  
model parameters w i t h  energy and nuc leon number w i l l  i nc rease  
o u r  conf idence i n  these p r e d i c t i o n s .  As p a r t  o f  a  s tudy o f  t h e  
neut ron o p t i c a l  model p o t e n t i a l  we have measured t h e  neut ron 
t o t a l  c ross  s e c t i o n  o f  1 4 0 ~ e  and the  t o t a l  c ross  s e c t i o n  r a t i o s  
f o r  142Ce, 141 pr ,  and 1 3 9 ~ a  r e l a t i v e  t o  140Ce. These measurements 
were made over  an extended energy range w i t h  h i g h  p r e c i s i o n  t o  
t e s t  the  p r e d i c t i o n s  o f  t h e  o p t i c a l  model. The l e v e l  o f  p r e c i -  
s ion ,  1-3% i n  c ross  s e c t i o n  and .3% i n  r a t i o ,  was chosen a f t e r  
u s i n g  c u r r e n t  o p t i c a l  model p r e d i c t i o n s  f o r  n u c l e i  i n  t h i s  mass 
r e g i o n  t o  p r e d i c t  t h e  d i f f e r e n c e  f o r  ad jacen t  iso topes.  The 
energy range was chosen t o  cover  two n u c l e a r  ~ a m s a u e r l  minima i n  
t h e  cross  sec t i on .  The nuc lea r  Ramsauer e f f e c t  i s  due t o  dest ruc-  
t i v e  and c o n s t r u c t i v e  i n t e r f e r e n c e s  between neu t ron  waves t rans -  
m i t t e d  through t h e  nucleus and those d i f f r a c t e d  around it. Wi th  
t h i s  energy range and p r e c i s i o n  we expect  t o  p r o v i d e  a  s t r i n g e n t  
t e s t  o f  t h e  o p t i c a l  model. I f  i t  performs we1 1  we hope t o  ex- 
t r a c t  i n f o r m a t i o n  on the  n u c l e a r  m a t t e r  d i s t r i b u t i o n .  Since these 
measurements were o n l y  r e c e n t l y  completed and the o p t i c a l  model 
a n a l y s i s  i s  s t i l l  i n  progress,  o n l y  p r e l i m i n a r y  conc lus ions can be 
drawn on these po in ts .  

EXPERIMENT 

Considerable ca re  was taken w i t h  a l l  f a c e t s  o f  exper imental  
techn ique t o  ach ieve h i g h  p r e c i s i o n  ove r  a  wide range i n  energy. 
The 100 MeV LLL 1  i n a c  p rov ided  a  c o n t i  uum o f  neu t ron  energies 
which a l l owed  us t o  measure t h e  neu t ron  t ransmiss ion  a t  a l l  ener- 
g i e s  s imul  taneous.ly, Th is  source was pu lsed a t  1440 pps f o r  10 
nanoseconds du ra t i on .  Neutron energ ies  were determined b y  the  
t i m e - o f - f l i g h t  technique ove r  a  250 meter f l i g h t  pa th  which gave 
more than adequate energy r e s o l u t i o n .  Th is  l o n g  f l i g h t  path  was 
used p r i m a r i l y  t o  min imize t h e  background c o n t r i b u t i o n  a t  h i g h  
energies ( i  .e. s h o r t  f l  i ght - t imes)  produced by  the  d e t e c t o r  r e -  
sponse t o  the  gamma-flash i n  t h e  neut ron t a r g e t .  T h i s  background 
as w e l l  as the  energy o f  t he  a c c e l e r a t o r  s e t  t he  upper l i m i t  o f  
o u r  energy range. 

The d e t e c t o r  des ign was chosen t o  min imize i t s  response t o  
t h e  gamna f l a s h  and maximize i t s  e f f i c i e n c y  f o r  h i g h  energy neu- 
t rons.  Th i s  des ign cons i s ted  o f  16 independent p l a s t i c  s c i n t i l -  
l a t o r s  (each 25 cm x  25 cm x  5  cm) s tacked two (2 )  h i g h  and e i g h t  
(8)  deep. A v iew o f  t h e  t i m e - o f - f l i g h t  f a c i l i t y  i s  shown i n  Fig.  
1. The neut ron produc ing t a r g e t  was made o f  water-cooled b e r y l -  
l i u m  p l a t e s  f o l l o w i n g  a  tan ta lum r a d i a t o r  which conver ted the  
e lec t ron  f l u x  t o  photons. Th is  t a r g e t  was shown t o  produce a  
f a c t o r  o f  s. ix ( 6 )  improvement i n  h i g h  energy ( > I 0  MeV) neut ron 
f l u x  i n  comparison w i t h  a  tan ta lum neut ron t a r g e t  used i n  o t h e r  
measurements. A s tudy  was a1 so made o f  f i  1  t e r s  used t o  reduce t h e  



gamma f l a s h  response i n  t h e  neut ron de tec to r .  ~ o r l 4 0 c e / ~  measure- 
ments a  3 cm tungsten f i l t e r  was requ i red.  I n  t h e  case o f  t he  
r a t i o  measurements o n l y  1  cm was necessary. The a v a i l a b i l i t y  o r  
l i m i t e d  q u a n t i t i e s  o f  separated i so topes  made i t  necessary t o  use 
t i g h t  ( 1  cm dia.) c o l l  i m a t i o n  o f  t he  neut ron beam a t  t h e  sample 
posi  t i o n .  Powdered ox ide  t a r g e t s  were prepared by weigh ing the 
samples a c c u r a t e l y  and pack ing them i n  ho l l ow  a1 uminum rods m i l l e d  
t o  p r e c i s e l y  the  same i n s i d e  diameter.  The 140ce t o t a l  c ross  
s e c t i o n  was ob ta ined  by measuring i t s  t ransmiss ion  r e l a t i v e .  t o  
hydrogen us ing  an Hz0 sample. I n  a l l  cases t h e  r a t i o  o f  t a r g e t  
th icknesses was chosen t o  e x a c t l y  cancel  t h e  oxygen c o n t r i b u t i o n  
i n  t h e  t ransmiss ion r a t i o .  The t a r g e t  th icknesses were chosen t o  
g i v e  a  t ransmiss ion  o f  %e-1. Th is  cho ice minimizes the  t ime  
needed t o  achieve a  g iven s t a t i s t i c a l  accuracy a t  a  f i x e d  data  
r a t e .  

Data r a t e s  were 1  i m i  t e d  t o  one count  i n  t e n  beam b u r s t s  t o  
,minimize u n c e r t a i n t i e s  i n h e r e n t  i n  l a r g e  dead t ime  c o r r e c t i o n s .  
The samples i n  each r a t i o  measurement were a1 t e r n a t e l y '  c y c l e d  i n t o  
t h e  neu t ron  beam under computer c o n t r o l .  The exposure p e r i o d  was 
determined by the  number o f  neutron events observed i n  a  mon i to r  
d e t e c t o r  on a  separate  neut ron f l i g h t  path as shown i n  Fig.  1  
Th is  c y c l e  l e n g t h  was ad jus ted  t o  be about 10 minutes t o  average 
o u t  sys temat i c  v a r i a t i o n s  i n  t h e  neut ron p roduc t i on  r a t e  a t  t h e  
source which were n o t  accounted f o r  on the  neut ron moni tor .  Neu- 
t r o n  f l i g h t  t imes were measured by a  t ime  d i g i t i z e r  w i t h  minimum 
t ime r e s o l u t i o n  s e t  a t  4  nanoseconds per  channel. T i m e - o f - f l i g h t  
spec t ra  and mon i to r  data were recorded i n  computer memory f o r  each 
sample f o r  one cyc le .  A f t e r  a l l  samples were exposed, t h e  spec- 
t r a  were recorded on d isk ,  memory was c lea red  and a  new c y c l e  
begun. A cumula t ive  spectrum f o r  each sample was a l s o  c o l l e c t e d  
t o  mon i to r  the  progress o f  t h e  experiment. Th is  method o f  data 
r e c o r d i n g  p e r m i t t e d  us t o  d i s c a r d  cyc les  which had neut ron o r  
mon i to r  r a t e s  s u b s t a n t i a l l y  o u t s i d e  t h e  normal s t a t i s t i c a l  f l u c -  
t ua t i ons .  

RESULTS 

These da ta  were co r rec ted  f o r  dead t i m e  losses and background 
events and ana lyzed t o  o b t a i n  t o t a l  c ross  s e c t i o n s  o r  c ross  
s e c t i o n  d i f f e rences .  The 14Oce /~  r a t i o  was analyzed t o  g i v e  t h e  
t o t a l  c ross  s e c t i o n  f o r  140ce by u s i n g  p rev ious  measurements o f  
t h e  H cross sect ion .2  A t  low neut ron ( < l o  MeV) energ ies  t h e  H 
c ross  s e c t i o n  i s  l a r g e  and c o n t r i b u t e s  about 1% t o  t h e  u n c e r t a i n t y  
i n  t h e  140ce t o t a l  cross sect ion .  T h i s  u n c e r t a i n t y  drops t o  .2% 
by 50 MeV and a t  these energ ies  t h e  u n c e r t a i n t y  i s  dominated by 
background and s t a t i s t i c s .  

I n  Fig. 2  t h e  unfo lded cross  s e c t i o n  o f  140ce i s  presented. 
The v e r t i c l e  bars  rep resen t  t h e  s t a t i s t i c a l  e r r o r  on ly .  Fig. 3 
presents  t h e  142ce-140ce cross s e c t i o n  d i f f e r e n c e .  I n  t h e  o v e r l a p  
r e g i o n  o f  t h e  low and h i g h  energy runs these d i f f e r e n c e  cross  



s e c t i o n s  o v e r l a p  w i t h i n  s t a t i s t i c s ,  Th is  rep roduc i  b i  1 i t y  g ives 
us increased conf idence i n t h i s  exper imental  technique. 

OPTICAL MODEL ANALYSIS 

A s p h e r i c a l l y  symmetric o p t i c a l  model a p p l i c a b l e  t o  these 
n u c l e i  near  a c losed  she1 1 (N=82) was used t o  desc r ibe  these r e -  
s u l  t s .  

Th form o f  t h e  p o t e n t i a l  chosen was t y p i c a l  o f  some o p t i c a l  
models,g'i.e. 

where -1 f l ( r ) =  1 + e  a 

and 

The c a l c u l a t i o n a l  procedures used i n  t h i s  s tudy  a r e  descr ibed 
e l  sewhere,'l 

Th i s  fo rm o f  t h e  o p t i c a l  model p o t e n t i a l  was used i n  the  
a n a l y s i s  o f  neut ron t o t a l  c ross  sec t i ons  f o r  a wide range o f  
nuc lea r  masses a t  14 MeV by Dukarevich e t .  a1.5 I n  ou r  case we 
cover  an extended range o f  neut ron energies which must be 
accounted f o r  by dependence i n  t h e  o p t i c a l  model parameters on 
energy. Th is  energy dependence comes i n  p a r t  f rom an i n t r i n s i c  
energy dependence i n t h e  nuc l  eon i n t e r a c t j o n  
and ~ ~ ~ k 6  and i n  p a r t  f rom t h e  approx lmat lon o f  a non- loca l  poten- 
t i a l  by an e q u i v a l e n t  1 oca l  p o t e n t i  a1 . The energy dependence 
ob ta ined  i n  o u r  p r e l i m i n a r y  f i t  t o  t h e  1 4 0 ~ e  t o t a l  c ross  s e c t i o n  
i s  

Real p a r t  

N- Z v = -49.9 + 0.32E + (17.-0.111E) f o r  E<25 MeV 
0 

V,= -45.88 + 0.159E + (15.58-0.054E) f o r  E>25 MeV 

Imaginary p a r t  

w,= -7.456 + 26 - 1.4 E f o r  ~ < 5  MeV 
A 

-E/2.3 
W = -16.32 (1-e ) + 26 f o r  E>5 MeV 

0 A 



The f i t  t o  o u r  t o t a l  c ross  s e c t i o n  da ta  i s  i l l u s t r a t e d  i n  Fig.  4. 
Th is  p o t e n t i a l  was a1 so used t o  p r e d i c t  t he  angu lar  d i s t r i b u t i o n  
f o r  e l a s t i c  s c a t t e r i n g  o f  neutrons a t  7  MeV from 1 4 2 ~ d .  Fig. 5 
compares ou r  p r e d i c t i o n  w i t h  r e c e n t  exper imental  r e s u l t s  o f  
G, Haout e t ,  a1,7 We a l s o  f i n d  ou r  p r e d i c t i o n  o f  t h e ' t o t a l  i n e -  
l a s t i c  c ross  s e c t i o n  t o  be i n  good agreement w i t h  t h e  measurements 
o f  Owens and ~ o w l e . 8  Th is  agreement i s  demonstrated i n  Table, I. 
However we must emphasize the p r e l i m i n a r y  n a t u r e  o f  t h i s  poten- 
t i a l .  I f  t h e  d i f f e r e n c e  between t h e  o p t i c a l  model r e d i c t i o n  f descr ibed above and ou r  data  i s  compared w i t h  t h e  1  2ce-140ce d i f -  
fe rence o f  F igu re  3 we f i n d  t h a t  t hey  a r e  about t h e  same magni- 
tude. Thus f u r t h e r  adjustment o f  t h e  o p t i c a l  model parameters 
w i l l  be necessary b e f o r e  conc lus ions can be drawn about i t s  
a b i l i t y  l o  p r e d i c t  t h e  p r e c i s i o n  r a t i o  data. I n  making such ad- 
justments we w i l l  app ly  c o n s t r a i n t s  d i c t a t e d  by r e c e n t  t h e o r e t i -  
c a l  s t u d i e s 9  and o t h e r  a v a i l a b l e  data. 

SUMMARY 

P r e c i s i o n  neut ron t o t a l  c ross  s e c t i o n  data  have been ob ta ined  
over  an energy ran e  f rom 2.5 t o  60 MeV f o r  1 4 0 ~ e .  Ra t ios  f o r  9 142Ce, 141 Pr, and 3 9 ~ a  r e l a t i v e  t o  have been analyzed t o  
determine t h e  d i f f e r e n c e s  i n  these cross sect ions.  A p r e l i m i n a r y  
f i t  t o  t h e  140ce has been made u s i n g  a  s p h e r i c a l l y  symmetric o p t i -  
c a l  model. F u r t h e r  re f inements  w i l l  be necessary t o  determine 
t h e  a b i l i t y  o f  t h e  o p t i c a l  model t o  p r e d i c t  t h e  cross  s e c t i o n  
r a t i o s  wi  t h i n  the  curls t r a i n t s  o f  t h e o r e t i c a l  l y  and exper imenta l  l y  
reasonable choices o f  o p t i c a l  model parameters. 
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NEUTRON SCATTERING CROSS SECTIONS FOR 2 3 2 ~ ~  AND 2 3 8 ~  
INFERRED FROM PROTON SCATTERING AND CHARGE EXCHANGE MEASUREMENTS 

L. F. Hansen, S. M. Grimes, B. A. Pohl ,  C. H. Poppe and C. Wong 

Lawrence L i  vermore Laboratory  
Livermore,  C a l i f o r n i a  94550 U.S.A. 

ABSTRACT 

D i f f e r e n t i a l  c ross  sec t i ons  f o r  t h e  p,n) reaggions i t o  t h e  i s o b a r i c  analog s t a t e s  ( IAS) o f  23 Th and U 
t a r g e t s  have been measured a t  26 and 27 MeV. The a n a l y s i s  
o f  t he  da ta  has been done i n  con 'unc t i on  w i t h  t h e  p ro ton  3 e l a s t i c  and i n e l a s t i c  (2+, 4+, 6  ) d i f f e r e n t i a l  cross 
sec t i ons  measured a t  26 MeV. Because c o l l e c t i v e  e f f e c t s  
a r e  impor tan t  i n  t h i s  mass reg ion ,  deformed coupled- 
channel c a l c u l a t i o n s  have been c a r r i e d  o u t  f o r  t h e  
s imul taneous a n a l y s i s  o f  t h e  p r o t o n  and neut ron ou tgo ing  
channels. 

We have s t u d i e d  the  s e n s i t i v i t y  o f  t h e  c a l c u l a t i o n s  
t o :  a) t h e  o p t i c a l  model parameters used i n  t h e  ca l cu -  
l a t i o n s ,  b )  t h e  shape o f  t h e  n u c l e a r  charge d i s t r i b u t i o n ,  
c )  t h e  t ype  o f  c o u p l i n g  scheme assumed among t h e  l e v e l s ,  
d  t h e  magnitude o f  t h e  deformat ion parameters and 
e  1 t h e  magnitude o f  t he  lsovectur .  p o t e n t i a l s ,  V1 and W1. 

A Lane model -cons is tent  a n a l y s i s  o f  t h e  da ta  has 
been used t 6  i n f e r  o p t i c a l  p o t e n t i a l  parameters f o r  6-7 
MeV neutrons.  The neut roh e l a s t i c  d i f f e r e n t i a l  cross 
sec t i ons  ob ta ined  f rom these c a l c u l a t i o n s  a r e  compared 
w i t h  measurements a v a i l a b l e  i n  t h e  l i t e r a t u r e ;  and w i t h  
r e s u l t s  ob ta ined  us ing  neut ron parameters f rom g l o b a l  
se ts  r e p o r t e d  a t  these energ ies .  

INTRODUCTION 

Neutron da ta  f o r  research app l . ica t ions d e a l i n g  w i t h  reac to rs ,  
m a t e r i a l  damage s tud ies ,  s h i e l d i n g  c a l c u l a t i o n s ,  e t c .  a r e  o f t e n  
ob ta ined  almost comple te ly  from o p t i c a l  model (OM) c a l c u l a t i o n s ,  
because o f  t he  l a c k  o f  sys temat ic  measurements o f  neut ron cross 
sec t i ons  f o r  many elements. I n  t h e  l a s t  coup le  o f  years  some 
good data  on neut ron e l a s t i c  s c a t t e r i n g  have become a v a i l a b l e  
[1,2]; however, most o f  t h e  measurements above 10 MeV a re  f o r  



s p h e r i c a l  n u c l e i ,  40 s A s 208, (due t o  l i m i t a t i o n s  i n  t h e  e x p e r i -  
mental  r e s o l u t i o n )  f o r  neut ron energ ies  about > 10 MeV. Only a  
few good r e s o l u t i o n  measurements e x i s t  [3,4] f o r  deformed n u c l e i  
and these a r e  f o r  neu t ron  energ ies  lower  than 4  MeV. 

The parameters needed t o  generate t h e  OM p o t e n t i a l s  a re  
ob ta ined  ma in l y  f rom "g loba l  " (smonth dependence nn mass number, 
energy and neu t ron  excess f o r  a  wide range o f  A and E) se ts  a v a i l -  
a b l e  i n  t h e  l i t e r a t u r e  [5,6,7]. These OM parameters (OMP) do a  
reasonable j o b  i n  p r e d i c t i n g  t h e  o v e r a l l  t r e n d  o f  t h e  neu t ron  
c ross  sec t i ons ;  b u t  when t h e  c a l c u l a t i o n s  a r e  compared w i t h  a v a i l -  
a b l e  measurements, f o r  a  g i v e n  A va lue and neu t ron  energy, En, i t  
i s  found t h d t  i n  o r d e r  t o  improve t h e  agreement, t h e  values of t h e  
para l t~c ters  need t o  be optimized. I n  o r d e r  t o  c o r r e c t  t h e  d e f i -  
c i e r l c i es  o f  t h e  "g loba l  se ts " ,  two more 1  i m i  t e d  s e t s  have been 
p u b l i s h e d  r e c e n t l y :  1 )  t h e  Ohio s e t  [I], where t h e  parameters have 
been f i t t e d  f o r  neut ron energ ies  between 7  and 26 MeV f o r  s p h e r i -  
c a l  n u c l e i  ( t o  min imize t h e  s t r o n g  c o u p l i n g  dependence o f  t h e  
parameters) ;  2)  t h e  Los Alamos s e t  [8], where t h e  parameters have 
bcen op t im ized  f o r  Lhe a c t i n l d e  reg ion ,  f o r  t h e  neu t ron  energy 
range o f  l n  keV 6 En c 10 McV. 

I n  t h e  absence o f  good neu t ron  data which w i l l  a l l o w  a  t e s t  o f  
t h e  OM c a l c u l a t i o n s ,  S t  has been proposed [9,10,11], hased on t h e  
Lane-model [12] o f  t h e  nucleon-nucleus OM p o t e n t i a l ,  t h a t  on1 
measurements o f  p r o t o n  s c a t t e r i n g  and charge exchange ( p  ,n f 
r e a c t i o n s  t o  i s o b a r i c  ana log s t a t e s  ( IAS),  a t  t h e  a p p r o p r i a t e  
energy, a r e  needed t o  generate neu t ron  OMP f o r  a  g i ven  nucleus.  
T h i s  approach has proved t o  be ve ry  success fu l  when a p p l i e d  t o  
l i g h t  [9]  and i n t e r m e d i a t e  [10,11] n u c l e i .  Schery e t  a l .  [13] 
extended t h l s  t echn i  ue t o  heav ie r  n u c l e i ,  Au, Ph, B i ,  and Th; 
t hey  analyzed t h e i r  qp,n) IAS measurements w i t h  a  Lane-model OP, 
u s i n g  p r o t o n  s c a t t e r i n g  parameters ob ta ined  f o r  Pb. The d i f f e r -  
e n t i a l  e l a s t i c  neu t ron  cross  s e c t i o n s  i n f e r r e d  f rom t h e i r  a n a l y s i s  
were i n  poo re r  agreement w i t h  neu t ron  measurements a v a i l a b l e  f o r  
these n u c l e i ,  than s i m i l a r  comparisons ob ta ined  e a r l i e r  f o r  l i g h t e r  
n u ~ l e  i [10,1 I]. Several  p o s s i b l e  exp lana t ions  were g i ven  by t h e  
authors  [13] t o  account f o r  t h e i r  poor  r e s u l t s :  hrenkdown of  t h e  
l s o s p i n  symmetry o f  t h e  Lane-po ten t i a l  f o r  h i g h e r  Z values;  t h e  
inadequacy o f  t h e  p r o t o n  parameters f o r  p r e d i c t i n g  OMP a t  t h e  low 
e q u i v a l e n t  neut ron energ ies  r e s u l t i n s  for  these n ~ r c l e i  ( f o r  these 
A values,  t h e  Coulomb displacement energy i s  c lose  t o  Q 20 MeV); 
t h e  p o s s i b l e  ex i s tence  o f  resonances i n  t h e  p ro ton  s c a t t e r i n g  da ta  
f o r  Pb ( f r o m  which t h e  p r o t o n  OMP were ob ta ined )  a t  t h e  energ ies  
o f  t h e i r  (p,n) measurements, 25.8 MeV, which would i n v a l i d a t e  
t h e  smooth energy dependence o f  t h e  p r o t o n  OMP used i n  t h e i r  
ana lys i s .  

We have r e c e n t l y  measured t h e  (p,n) IAS cross s e c t i o n s  f o r  
1 9 7 ~ u ,  2 0 9 ~ i ,  2 3 2 ~ h  and 2 3 8 ~  a t  26 and 27 MeV; f o r  2 3 2 ~ h  

and 2 3 8 ~ ,  we a l s o  have measurements [14] nf  e l a s t i c  and i n e l a s t i c  
p r o t o n  s c a t t e r i n g  a t  26 MeV. Acco rd ing l y ,  i n  t h i s  paper we w i l l  
d i scuss  o n l y  t h e  r e s u l t s  f o r  these two n u c l e i ,  A t  a  l a t e r  da te  1 we w i l l  r e p o r t  on the  a n a l y s i s  o f  Ta, 1 9 7 ~ ~  and 09g i  which i s  i n  



progress. )  We have c a r r i e d  o u t  a  Lane model -cons is tent  a n a l y s i s  
o f  t h e  p ro ton  s c a t t e r i n g  and (p,n) IAS da ta  u s i n g  a  deformed 
channel -coupled c a l c u l a t i o n ,  which i nc ludes  t h e  pro ton,  (p,n) , 
and neu t ron  channels s imul taneous ly .  

The neut ron e l a s t i c  d i f f e r e n t i a l  c ross  sec t i ons  f o r  2 3 2 ~ h  and 
2 3 8 ~  a t  7 MeV, c a l c u l a t e d  w i t h  t h e  OMP ob ta ined  f rom t h i s  a n a l y s i s  
o f  t h e  measurements, agree q u i t e  w e l l  w i t h  t h e  e x i s t i n g  neut ron 
measurements [15,16], as w e l l  as w i t h  c a l c u l a t i o n s  c a r r i e d .  o u t  
w i t h  neu t ron  parameter s e t s  [8] which have been op t im ized  f o r  t h i s  
mass and energy reg ion .  We f e e l  t h a t  t h e  main reason f o r  t h e  d i f -  
ference i n  t h e  q u a l i t y  o f  t h e  agreemcnt ob ta ined  between ou r  
r e s u l t s  and those o f  Schery e t  a1 . [13], r e s u l t s  f rom t h e  f a c t  
t h a t  these authors ,  i n  t h e i r  DWBA type c a l c u l a t i o n s ,  d i d  n o t  take 
i n t o  a c c n ~ ~ n t  the importance o f  c o l l e c t i v e  e f f e c t s  i n  t h i s  mass 
reg ion .  

Our r e s u l t s  seem t o  con f i rm :  f i r s t ,  t h a t  t h e  charge inde-  
pendence o f  t h e  nuc lea r  o p t i c a l  p o t e n t i a l ,  p o s t u l a t e d  by Lane, 
ho lds  e q u a l l y  w e l l  a t  these h i g h e r  Z values as i n  t h e  lower  mass 
reg ions  [9,10,11]. Secondly, t h a t  coup1 i n g  e f f e c t s  a re  ve ry  im- 
p o r t a n t  th rough most o f  t h e  p e r i o d i c  t a b l e  and cannot be l e f t  o u t  
o f  t h e  c a l c u l a t i o n a l  a n a l y s i s  w i t h o u t  a  p e n a l t y  i n  t h e  q u a l i t y  o f  
t h e  r e s u l t s .  

EXPERIMENTAL METHOD 

The measurements o f  t h e  (p,n) r e a c t i g n s  were done w i t h  26 and 
27 MeV pro tons,  acce le ra ted  by t h e  Lawrence Livermore Labora to ry  
c y c l o g r a a f f .  The e m i t t e d  neut rons were de tec ted  us i r iy  t h e  neu t ron  
t i m e - o f - f l i g h t  f a c i l i t y  [17], where s i x t e e n  NE 213 s c i n t i l l a t o r  
d e t e c t o r s  (11.4 cm diam. by 5.1 cm long ) ,  cove r ing  t h e  angu la r  
r e g i o n  f rom 3" t o  159" p e r m i t t e d  a  s imul taneous measurement o f  t h e  
complete neut ron angu la r  d i s t r i b u t i o n  between these angles.  Pu lse 
shape d i s c r i m i n a t i o n  was employed t o  reduce the  t ime- independent 
gamma background, and a  f l i g h t  p a t h  o f  10.8 m was used. 

The t a r g e t s  were s e l f - s u p p o r t i n g  f o i l s  o f  15.0 mg/cm2 t h i c k -  
ness and 2.54 cm diameter.  No separa t i on  between t h e  ground s t a t e  
analog neutrons and those f rom t h e  2+ and 4' c o l l e c t i v e  l e v e l s  was 
poss ib le .  The poor r e s o l u t i o n  was n o t  n e c e s s a r i l y  t h e  r e s u l t  o f  
t he  exper imenta l  parameter c o n d i t i o n s ,  t a r g e t  t h i ckness  (a t h i n n e r  
t a r g e t  cou ld  have been used) and beam wid th ,  b u t  r e s u l t e d  f rom t h e  
i n t r i n s i c  w i d t h  o f  t h e  ground s t a t e  analog, %250 keV which i s  
l a r g e r  than t h e  e x c i t a t i o n  energy o f  2' and'4+ e x c i t e d  s t a t e s .  
The e x t r a c t i o n  of  t he  cross  s e c t i o n s  was done by computer f i t s  t o  
t h e  peaks u s i n g  a  Gaussian shape. The cho ice o f  a  Gaussian versus 
a  B re i t -W igner  shape i s  j u s t i f i e d  i n  t h i s  case due t o  t h e  l a r g e  
c o n t r i b u t i o n  t o  t h e  peak w i d t h  f rom t h e  t a r g e t  th icknesses and 
beam w i d t h  (%2 ns) .  The presence o f  a  l a r g e  background r e s u l t i n g  
f rom f i s s i o n  neutrons,  makes e x t r a c t i o n  o f  t h e  peak areas r a t h e r  
d i f f i c u l t .  Th i s  accounts f o r  t h e  l a r g e  e r r o r s  i n  t h e  measured 
cross  sec t i ons ,  e s p e c i a l l y  so  a t  t h e  l a r g e s t  angles.  The inc rease  



o f  1  MeV i n  t h e  i n c i d e n t  p ro ton  energy, from 26 t o  27 MeV increased 
t h e  r a t i o  o f  analog t o  f i s s i o n  neut rons i n  t h e  measured spectrum, 
f a c i  1  i t a t i n g  somewhat t h e  e x t r a c t i o n  o f  t h e  peaks f rom t h e  f i s s i o n  
neutrons.  (The shape o f  t h e  background ad jacen t  t o  t h e  peaks was 
assumed t o  be l i n e a r . )  Th i s  e f f e c t ,  t oge the r  w i t h  much longer  
runn ing  t imes f o r  t h e  27 MeV da ta  (28000 I I C  were c .n l lec ted i n  16- 
hour  runs ) ,  e x p l d i n s  t h e  sma l le r  e r r o r s  ob ta ined  f o r  these data.  

CALCULATIONAL METHOD 

The p ro ton  e l a s t i c  s c a t t e r i n g ,  t h e  i n e l a s t i c  d i f f e r e n t i a l  
c ross  s e c t i o n s  t o  t h e  2+, 4+ and 6' c o l l e c t i v e  l e v e l s ,  and t h e  
charge exchange (p,n) data, were analyzed u s i n g  t h e  s tandard 
Tamura [18] coupled-channel (CCOM) formal  ism. It was assumed t h a t  
t h e  Th and U t a r g e t s  a r e  r i g i d  r o t a t o r s  w i t h  permanent ly deformed 
mass and charge d i s t r i b u t i o n s .  The deformed OM p o t e n t i a l s  were 
generated by r e p l a c i n g  t h e  r e a l ,  imaginary and Coulomb r a d i i  by 

where t h e  symbols have s tandard d e f i n i t i o n s  [18]. 
The c a l c u l a t i o n s ,  performed w i t h  t h e  Oregon S t a t e  coupled- 

channel code [19], were done i n  t h r e e  stages : 1) A CCOM ca lcu-  
l a t i o n  was c a r r i e d  o u t  f o r  t he  e l a s  t i c  and i n e l a s t i c  p ro ton  
measurements a t  26 MeV, which p rov ided  t h e  b e s t  s e t  o f  p r o t o n  OMP. 
2) The (p,n) IAS d i f f e r e n t i a l  c ross  s e c t i o n s  measured a t  26 MeV 
were analyzed i n  con junc t i on  w i t h  t h e  p r o t o n  data  t o  determine t h e  
b e s t  values f o r  t h e  i s o b a r i c  p o t e n t i a l s  V1 and W1. The neut ron 
p o t e n t i a l s  used i n  these c a l c u l a t i o n s  were generated f rom t h e  
p r o t o n  p o t e n t i a l s  ob ta ined  i n  stage 1, ( c o r r e c t e d  by t h e  values 
found f o r  V1 and Wl), i n  a  Lane-cons is tent  manner. The (p,n) 
angu la r  d i s t r i b u t i o n s  t o  t h e  IAS were a l s o  c a l c u l a t e d  w i t h  neut ron 
parameters ob ta ined  from p resc r ibed  g loba l  s e t s  [I ,8] f o r  t h e  pur -  
poses o f  comparison. 3) A COM c a l c u l a t i o n  f o r  t h e  neu t ron  6 s c a t t e r i n g  from 2 3 2 ~ h  and z3  U a t  %7 MeV was c a r r i e d  o u t  u s i n  t h e  
neu t ron  p o t e n t i a l s  de r i ved  f rom stages 1  and 2. The 2' and 4 9 
i n e l a s t i c  l e v e l s  were i nc luded  i n  t h i s  c a l c u l a t i o n  and t h e i r  c ross  
s e c t i o n s  were added t o  t h e  ground s t a t e  values f o r  comparison w i t h  
t h e  measured neu t ron  s c a t t e r i n g  angu lar  d i s t r i b u t i o n s  [15,16]. 
(These measurements d i d  n o t  r e s o l v e  t h e  c o n t r i b u t i o n s  f rom t h e  low 
l y i n g  i n e l a s t i c  l e v e l s . )  The cross sec t i ons  f o r  t h e  2+, and i n  
l e s s  degree, f o r  t h e  4+ l e v e l s  become comparable i n  magnitude t o  
t h e  e l a s t i c  c ross  s e c t i o n  f o r  angles 8 2 60". 



DISCUSSION OF RESULTS 

Proton C a l c u l a t i o n s  

D e t a i l s  o f  t h e  CCOM a n a l y s i s  f o r  t he  p r o t o n  da ta  a t  26 MeV 
a r e  g i ven  elsewhere [14]. Here o n l y  t h e  main fea tu res  o f  t h e  c a l -  
c u l a t i o n s  w i l l  be p o i n t e d  ou t :  a )  Two se ts  o f  OM parameters were 
t r i e d  i n  these c a l  c u l  a t i  ons , Becche t t i  -Greenlees (BG) [7] and 
Menet e t  a l .  [20]. Th is  l a s t  se t ,  ob ta ined  f o r  h i g h  energy pro tons 
30 6 Ep "0 MeV gave a  b e t t e r  f i t  t o  t h e  data  a t  t h e  backward 
angles,  and f o r  t h i s  reason was p r e f e r r e d  ove r  t h e  BG se t .  The 
values of t h e  parameters f o r  these two se ts  a r e  r a t h e r  c l o s e  
(Tab le  I ) ,  except  i n  t h e  dependence o f  t h e  imaginary  p o t e n t i a l  on 
energy ( t h i s  i s  expected, s i n c e  BG values were ob ta ined  f o r  an 
energy range o f  10 s Ep s 50 MeV). b )  The c a l c u l a t i o n s  i n c l u d e d  
a l l  quadrupole (62) ,  hexadecapole (Q), and sex tupo le  ( ~ 6 )  
coup l ings f o r  l e v e l s  up t o  J = 8. c )  The va lue  o f  t h e  imaginary  
p o t e n t i a l  used i n  t h e  CC a n a l y s i s  was 70% o f  t h e  one g i ven  i n  
Table I, i n  o rde r  t o  reproduce t h e  magnitude o f  t h e  n o n - e l a s t i c  
c ross  sec t i on ,  ob ta ined  f rom t h e  s p h e r i c a l  OM c a l c u l a t i o n  us ing  
t h e  f u l l  va lue o f  W. d )  The values o f  t he  deformat ion parameters 
B2, 64, and 66 (Tab le  11) were taken f rom t h e  l i t e r a t u r e  [21,22], 
w i t h  minor  adjustment t o  account f o r  d i f f e r e n c e s  i n  t h e  values of  
r R  and aR. 

F igures  1  and 2 s  ow t h e  measured and c a l c u l a t e d  cross  sec- I] t i o n s  f o r  2 3 2 ~ h  and 23 U r e s p e c t i v e l y .  I n  these c a l c u l a t i o n s ,  t h e  
charge d i s t r i b u t i o n  was assumed t o  be g i ven  by a  homogeneous d i s -  
t r i b u t i o n  w i t h  rc = 1.25, and t h e  Coulomb deformat ion parameters 
were taken t o  be equal  t o  t h e  n u c l e a r  deformat ion parameters. A 
Fermi d i s t r i b u t i o n  f o r  t h e  charge, w i t h  t h e  values of  t h e  geo- 
m e t r i c a l  and deformat ion parameters taken f rom Bemis e t  a l .  [23], 
gave s l i g h t l y  b e t t e r  agreement wi t h  t h e  measurements, e s p e c i a l l y  
f o r  t h e  2+ l e v e l  where t h e  s lope  o f  t h e  angu lar  d i s t r i b u t i o n  from 
forward t o  backward angles i s  b e t t e r  reproduced [14]. 

C a l c u l a t i o n s  o f  t h e  (p,n) r e a c t i o n s  t o  t h e  IAS 

The CCOM a n a l y s i s  i n c l u d e d  a l l  t h e  c ~ u p l i n g s  among the  l e v e l s  
up t o  J = 4  f o r  t h e  t a r g e t  and f i n a l  nucleus (because o f  l i m i t a -  
t i o n s  of  t h e  code, o n l y  8 l e v e l s  c o u l d  be inc luded;  f o r  t h i s  
reason, J has t o  be lowered f rom 8 t o  4 ) .  F i g u r e  3  shows t h e  
c o u p l i n g  scheme among t h e  l e v e l s  used i n  t h e  c a l c u l a t i o n s .  

From t h e  comparison between t h e  c a l c u l a t e d  and measured (p,n) 
c ross  sec t i ons ,  i t  was e v i d e n t  t h a t  t h e  values o f  t h e  i s o b a r i c  
p o t e n t i a l s ,  V1 = 26.4 and W1 = 15.5 MeV, i n  t h e  Menet s e t  were t o o  
l a rge .  A b e t t e r  agreement w i t h  t h e  measurements was ob ta ined  
u s i n g  BG values, V1 = 24 and W1 = 12 (an a d d i t i o n a l  r e d u c t i o n  of  
10 t o  15% i n  these values would b r i n g  t h e  c a l c u l a t i o n s  and 
measurements i n  much b e t t e r  agreement, as i n d i c a t e d  by t h e  27-MeV 
measurements). The BG values f o r  V1 and W1 were used w i t h  t h e  
Menet p o t e n t i a l s ,  V and WD; t h e  magnitude o f  t h e  Vo and WDO terms 



were co r rec ted  a c c o r d i n g l y  i n  o rde r  t o  conserve the  t o t a l  s t r e n g t h  
o f  t h e  Menet p o t e n t i a l s  g i ven  by t h e  expressions i n  Tab le  I. 

The OMP f o r  neutrons o f  energ ies  between 6  and 7  MeV, were 
de r i ved  f rom Menet's p o t e n t i a l .  Beca'use t h i s  p o t e n t i a l  was ob- 
t a i n e d  f o r  pro tons w i t h  energ ies  E a 30, t h e  r a t i o  o f  volume t o .  
su r face  imaginary  p o t e n t i a l s  and t R e i r  energy dependence was n o t  
adequate t o  c a l c u l a t e  c ross  sec t i ons  f o r  these low energy neutrons.  
F o r  t h i s  reason, t h e  magnitudes o f  W V  and W were .obta ined f rom BG 
express ions f o r  these p o t e n t i a l s .  F igures  1 and 5  show a  compari- 
son between t h e  measured and c a l c u l a t e d  (p,n) IAS angu la r  d i s t r i -  
b u t i o n  a t  26 and 27 MeV. S ince the  (p,n) measurements d i d  n o t  
r e s o l v e  t h e  2+ and 4' f r om t h e  ground s t a t e  t r a n s i t i o n ,  t h e  ca l cu -  
l a t e d  curve represents  t h e  sum o f  t h e  cross s e c t i o n s  t o  these 
t h r e e  l e v e l s .  I n  Table I 1 1  a r e  l i s t e d  t h e  magnitude o f  t h e  c a l -  
c u l a t e d  cross  s e c t i o n s  a t  27 MeV f o r  t h e  (p,n) t r a n s i t i o n s  t o  t h e  
O1., 2' and 4' ana log s t a t e ;  t h e i r  sum i s  compared w i t h  t h e  e x p e r i -  
mental  va lue ob ta ined  f rom a  Legendre po lynomia l  f i t  t o  t h e  
measured (p,n) IAS angu la r  distribution. No comparison i s  made 
f o r  t he  26-MeV da ta  because o f  t h e  l a r g e  exper imenta l  e r r o r s .  
C a l c u l a t i o n s  c a r r i e d  o u t  w i t h  t h e  neu t ron  p o t e n t i a l s  ob ta ined  by 
Madland and Young [8], which have been op t im ized  f o r  these mass 
and energy reg ions,  a re  a l s o  shown i n  F igs .  4 and 5  and t h e  i n t e -  
y r a t e d  cross  sec t i ons  a r e  l i s t e d  i n  Tab le  111. 

Neutron S c a t t e r i n g  C a l c u l a t i o n s  

CC c a l c u l a t i o n s  f o r  7  MeV neutrons s c a t t e r e d  f rom 2 3 2 ~ h  and 
23% were done u s i n g  t h e  OMP d e r i v e d  f rom t h e  a n a l y s i s  o f  t h e  
p r o t o n  s c a t t e r i n g  and (p,n) data  i n  Sect ions I and 11. I n  F ig .  6 
t h e  c a l c u l a t i o n s  a r e  compared w i t h  t h  measurements o f  Ba tche lo r  5 e t  a l .  [15], a t  7 MeV f o r  2 3 2 ~ h  and 2  a ~ .  As d iscussed e a r l i e r ,  
t h e  c a l c u l a t e d  curves correspond t o  t h e  sum o f  t h e  values o f  t he  
e l a s t i c  d i f f e r e n t i a l  c ross  sec t i ons  and t h e  values o f  t h e  i n e l a s t i c  
c ross  sec t i ons  f rom t h e  2' and 4'. The c a l c u l a t i o n s  w i t h  t h e  Los 
Alamos OMP s e t  a r e  shown f o r  comparison purposes. Both  ca l cu -  
1  a t i  ons reproduce the  measurements f a i r l y  we1 1  w i t h  t h e  m o d i f i e d  
Menet p o t e n t i a l s  g i v i n g  s l i g h t l y  b e t t e r  f i t s .  

To u n d e r l i n e  t h e  need f o r  c a r r y i n g  o u t  coupled-channel c a l -  
c u l a t i o n s  when c a l c u l a t i n g  e l a s t i c  s c a t t e r i n g  cross  s e c t i o n s  f rom 
deformed n u c l e i ,  F ig .  7 shows t h e  c a l c u l a t e d  angu la r  d i s t r i b u t i o n s  
f o r  2 3 2 ~ h ,  ob ta ined  f rom a  s p h e r i c a l  OM c a l c u l a t i o n s .  The agree- 
ment between the  measurements and c a l c u l a t i o n s  f o r  each o f  t h e  
neut ron p o t e n t i a l  s e t s  used (Menet, LASL and OHIO), i s  worse than 
t h e  one ob ta ined  w i t h  t h e  CC c a l c u l a t i o n s  (F ig .  6 ) .  

CONCLUSIONS 

I n  ' t h e  p resen t  work we have d  r ' v e d  o p t i c a l  model parameters 
f o r  *.7 MeV neut rons f o r  2 3 2 ~ h  and 83Qll, f rom t h e  a n a l y s i s  o f  t h e  
p r o t o n  s c a t t e r i n g  da ta  a t  26 MeV, and t h e  charge exchange (p,n) 



measurements a t  26 and 27 MeV f o r  these n u c l e i .  (The Coulomb d i s -  
placement energy, A,, i s  about 20 MeV.) A  coupled-channel o p t i c a l  
model c a l c u l a t i o n  (CCOM) has been c a r r i e d  o u t  f o r  t h e  (p,p), (p,n) 
and ( n  ,n) r e a c t i o n s  us ing  c o n s i s t e n t  Lane-model o p t i c a l  p o t e n t i a l s  
i n  t h e  s imul taneous a n a l y s i s  o f  t h e  coupled p ro ton  and neut ron 
channels. The neut ron e l a s t i c  s c a t t e r i n g  c a l c u l a t e d  w i t h  t h e  
above parameters compared q u i t e  we1 1  w i t h  measurements, and w i t h  
c a l c u l a t i o n s  c a r r i e d  o u t  w i t h  OP from g l o b a l  s e t s  [I ,8] f o r  
neut ron s c a t t e r i n g .  These l a t t e r  parameters have been op t im ized  
a f t e r  an ex tens i ve  search t o  f i t  neut ron da ta  o v e i  a  l a r g e r  range 
o f  mass and energy. 

The p resen t  r e s u l t s  suppor t  t h e  t h e o r e t i c a l  assumption t h a t  
t h e  i s o s p i n  symmetry o f  t h e  Lane-model p o t e n t i a l  works as w e l l  a t  
h igh  7 v a l ~ ~ e s ,  as i t  does [10,11] f o r  n u c l e i  w i t h  Z c 50. 

I t  must be p o i n t e d  o u t  t h a t  i n  t h e  p resen t  ana lys i s ,  no e f f o r t  
was made t o  opt imize,  through search o f  t h e  parameters, t h e  
neut ron o t e n t i a l  de r i ved  f rom t h e  c a l c u l a t i o n s  f i t  t o  the  (p,p) 
and (p,n P measurements. The neut ron p o t e n t i a l  was ob ta ined  
d i r e c t l y ,  f rom Menet's p ro ton  p o t e n t i a l s  f o r  2 3 2 ~ h  and 2 3 8 ~ ,  u s i n g  
the  Lane formal ism. Two c o r r e c t i o n s  were necessary: 1 )  From t h e  
f i t s  t o  t h e  (p,n) da ta  i t  was found t h a t  t h e  values f o r  t h e  
i s o b a r i c  p o t e n t i a l s ,  V1 = 26.4 MeV and W1 = 15.5 MeV, g i ven  by 
Menet were too  l a rge .  Becche t t i  and Greenlees [7]  values f o r  
V1 = 24 and W1 = 12 MeV, were s u b s t i t u t e d  i n  t h e  Menet express ions 
f o r  t h e  r e a l  and su r face  abso rp t i on  p o t e n t i a l s ,  a d j u s t i n g  accord- 
i n g l y  t h e  values o f  V o  and WOD, t o  m a i n t a i n  cons tan t  t h e  va lue  o f  
t he  p o t e n t i a l s  VR and Wg, as g i ven  by  Menet. ( I n  s p i t e  o f  t h e  
r a t h e r  l a r g e  errnrq n f  n l l r  (p,n) data.  t he  o v e r a l l  t r e n d  o f  t h e  
c a l c u l a t i o n s  i n d i c a t e  t h a t  a  f u r t h e r  r e d u c t i o n  o f  ~ 1 0  t o  20% i n  
the  values o f  V1 and W1 cou ld  g i v e  a  b e t t e r  f i t  t o  t h e  da ta ) .  
2) For t h e  low energy neutrons,  t h e  energy dependence o f  t h e  
imaginary p o t e n t i a l  was n o t  adequate (Menet's p o t e n t i a l  s e t  was 
ob ta ined  f rom pro tons f o r  energ ies  30 s 60) and the  values o f  
WD were c a l c u l a t e d  f rom OG r e l a t i o n s  f o r  . 

The o v e r a l l  good agreement ob ta ined  i n  t h e  f i t s  t o  t h e  p ro ton  
s c a t t e r i n g  measurements [14] a t  26 MeV, t h e  p resen t  (p,n) da ta  a t  
26 and 27 MeV, and t h e  (n,no) data  [15,16] a t  7  MeV i s  t h e  r e s u l t  
o f  t a k i n g  i n t o  account t h e  s t r o n g  c o u p l i n g  e f f e c t s  among t h e  
l e v e l s ,  by a  CC c a l c u l a t i o n  w i t h  deformed OM p o t e n t i a l s .  The 
p r o t o n  and neut ron p o t e n t i a l s  used i n  t h e  c a l c u l a t i o n s  were con- 
s i s t e n t  w i t h  t h e  Lane model. 

.To t e s t  f u r t h e r  t h e  v a l i d i t y  o f  the  Lane.mode1 f o r  p r o t o n  and 
neut ron s c a t t e r i n g  f o r  these h i g h  Z n u c l e i ,  we have performed a  
CCOM c a l c u l a t i o n  ( n o t  shown i n  t h e  p resen t  work) f o r  t he  e l a s t i c  
and i n e l a s t i c  p r o t o n  measurements [ I 4 1  a t  26 MeV, w i t h  p ro ton  
p o t e n t i a l s  de r i ved  f rom t h e  neut ron s e t s  g i ven  by Ohio [I] and 
LASL [8]. The c a l c u l a t i o n s ,  c a r r i e d  o u t  w i t h  p o t e n t i a l s  ca l cu -  
l a t e d  f o r  an e q u i v a l e n t  energy o f  ~ 7  MeV (E = Ep - A,), d i d  a  
r a t h e r  poor job i n  f i t t i n q  t h e  data. By r e c a l c u l a t i n g  t h e  magn i i  
tude o f  t h e  imaginary  p o t e n t i a l s ,  w i t h o u t  t h e  Coulomb c o r r e c t i o n  
term as suggested by  Rapaport [24], t h e  agreement w i t h  t h e  



measurements improves no t i cab ly ,  b u t  i s  y e t  poorer than the one 
obta ined w i t h  t h e  proton p o t e n t i a l s  o f  the  Menet se t .  Fur ther  
ca l cu l a t i ons  a re  i n  progress t o  determine i f  t he  CCOM ca l cu l a t i ons  
w i t h  t he  imaginary po ten t i a l s ,  obta ined f o r  an " in termediate 
energy" between the 7 and 26 MeV (equ iva len t  t o  assuming t h a t  
Coulomb co r rec t i on  term i n  the  absorbing p a r t  o f  the  p o t e n t i a l  i s  
on l y  a f r a c t i o n  o f  the Coulomb displacement energy) cou ld  r e s u l t  
i n  b e t t e r  agreement. w i t h  t he  data. A b e t t e r  understanding o f  the 
energy dependence o f  t he  imaginary p a r t  o f  the  o p t i c a l  p o t e n t i a l  
may be requ i red  t o  answer t h i s  quest ion d e f i n i t i v e l y .  
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Pararne t e r s  

V [MeV] 

W V  CMevl 

W,, [MeV1 

VSOIMeVl 

R 

a R 

I 

a I 

r~~ 

r C 

- 

TABLE I 

Proton Global Po ten t i a l s  f o r  10 c Ep c 100 

Bechetti-Greenlees Menet e t  a l .  

54.0-0.32~t0.47/1\~~~+24~ 19.9- 0 . 2 2 ~ + 0 . 4 ~ / ~ ' ~ ~ . r 2 6 . 4 ~  

0.22E-2.7 1.2+0.09E 

11.8-0.25E-I 125 4.2-0.05E+15.5< 

6.20 6.04 

1.17 -1.16 

0.75 0.75 

1.32 1.37 

0.51+0.7[ 0.74-0.008E+1.0< 

1-01 1.064 

0.75 0.78 

1.25 1.25 



TABLE I1  

Deformation Parameters Used i n  the CC Ca lcu la t ions  

(A c a l c u l a t i o n  o f  the  mu1 t i p o l e  moments o f  the  p o t e n t i a l  
d i s t r i b u t i o n  are g iven i n  Ref. 14.) 

TABLE I11 

Calcu la t ion  Measurement 
Target [mb 1 [mb] 

a) The neutron p o t e n t i a l s  have been der ived from Menet e t  a1 
(see t e x t ) .  

b) The neutron p o t e n t i a l s  a re  from Ref. 8. 
c) The neutron p o t e n t i a l s  are from Ref. 1. 



I- measurements 
coupled-channel calc 

F i g u r e  1. Measurements and coupled-channel  c a l c u l a t i o n s  f o r  
26-MeV p r o t o n s  s c a t t e r e d  f rom 2 3 2 ~ h  (Re f .  14) .  



F i g u r e  2 .  Measurements and coupled-channel  c a l c u l a t i o n s  f o r  
26-MeV p r o t o n s  s c a t t e r e d  f rom 23811 (Ref. 1 4 ) .  



Neut ron  channels 

P ro ton  channels 

F i g u r e  3. C o u p l i n g  scheme used . in  t h e  CC c a l c u l a t i o n s , f o r  t h e  
r o t o n  s c a t t e r i n g  and charge  exchange r e a c t i o n s  f r o m  

5 3 2 ~ h  and 2 3 8 ~ .  



F i g u r e  4. Comparison between t h e  measurements and C c a l c u l a t i o n s  S f o r  t h e  (p ,n )  I A S  r e a c t i o n  i n  2 3 2 ~ h  and 3~ a t  26 MeV. 
The n e u t r o n  p o t e n t i a l s  a r e  those  o b t a i n e d  from t h e  
c o n s i s t e n t  Lane a n a l y s i s  o f  t h e  p r o t o n  s c a l l e r i n g  and 
(p,n) I S A  measurements. 
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F i g u r e  6. C C  c a l c u l a t i o n s  o f  t h e  n e u t r o n  s c a t t q c j n g  f o r  232 fh  .ahd ,: 

23% a t  7 MeV. - - - -  n e u t r o n  p ~ t e n t i a ~ l s  d e r i v e d  from, 
t h e  (p,p) and (p,n)  I A S  da ta .  n e u t r o n  p o t e n t i a i s  
from Ref. 8. The measurementst . f iCe~frhni:~e$s .: 15 and 16. 



Batchelor et. al. 

- . -. -. - Ohio Neut Pot. 
---- "Proton" Pot. 

F i g u r e  7. S p h e r i c a l  OM c a l c u l a t i o n s  f o r  t h e  n e u t r o n  e l a s t i c  
s c a t t e r i n g  f rom 2 3 2 ~ h  and 2 3 8 ~  a t  7 MeV. - - - -  n e u t r o n  
p o t e n t i a l s  d e r i v e d  from t h e  (p .p )  and (p ,n )  I A S  d a t a .  
- - -  . . . rreutrun p o t e n t i a l s  f rom Ref .  1 .  - n e u t r o n  
p o t e n t i a l s  f rom Kef .  8. Measurements f r o m  Ref .  15.  
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ABSTRACT 

A comprehensive e v a l u a t e d  n u c l e a r  d a t a  f i l e  f o r  
e l emen ta l  bismuth i s  p re sen ted  i n  t h e  ENDF format.  
Th i s  f i l e  i s  p a r t i c u l a r l y  t a i l o r e d  t o  t h e  needs  of 
t h e  f u s i o n - f i s s i o n  hybr id  des igne r .  The f i l e  i s  based 
upon t h e  p r e s e n t  measurements and model, t o g e t h e r  w i t h  
t hose  p r e v i o u s l y  r e p o r t e d  i n  t h e  l i t e r a t u r e .  The 
measured 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  extend from 1.2- 
4.5 MeV w i t h  a c c u r a c i e s  of -1%. Neu t ron -d i f f e r en t i a l -  
e l a s t i c - s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  measured from 1.5- 
4.0 MeV a t  energy i n t e r v a l s  of 10 .2  MeV ove r  t h e  a n g u l a r  
range  20-160 deg. Concur ren t ly ,  d i f f e r e n t i a l  c r o s s  sec-  
t i o n s  f o r  t h e  i n e l a s t i c - n e u t r o n  e x c i t a t i o n  of s t a t e s  a t  

-895+15, 1606'14, 2590'15, 2762229, 3022221 and 3144'15 keV 
a r e  determined.  The expe r imen ta l  r e s u l t s  a r e  used t o  
develop  a n  o p t i c a l - s t a t i s t i c a l  model d e s c r i p t i v e  of  t h e  
measured v a l u e s  and forming a  founda t ion  f o r  t h e  e v a l u a t i o n .  

INTRODUCTION 

It h a s  been sugges ted  t h a t  t h e  f u s i o n - f i s s i o n  hybr id  concept  
r e p r e s e n t s  a  nuclear-energy system of c o n s i d e r a b l e  p o t e n t i a l  [2 ] .  

* A d e t a i l e d  d e s c r i p t i o n  of t h i s  work i n c l u d i n g  a ' n u m e r i c a l  l i s t i n g  
of t h e  f i l e  i s  g iven  i n  Ref. 1. 
%'his work suppor t ed  by t h e  U.S. Department of Energy. 



One aspect of the strategy of such systems is the production of 
fissile fuel for subsequent burning in LWR or other conventional 
fission reactors. In this concept the hybrid itself is largely 
free of fission products with their attendent problems while, at 
the same time, it provides a rich source of fissile material. 
With this concept neutron economy is essential and means to multi- 
ply the intensity of the primary fusion-neutron source are sought. 
It has been suggested that one alternative is a bismuth blanket 
about the primary fusion source as the very large bismuth (n;2n) 
cross section provides an effective "eta" approaching that of a 
fissionable multiplier [ 3 ] .  In addition, bismuth and its alloys 
have attractive low-melting.ppints and heat-transfer properties. 

The above concepts have not been widely examined due to the 
unavailability of a generally-accepted bismuth evaluated data file 
for use in neutronic calculations. The provision of such a file 
is impeded by the sparsity of microscopic nuclear data upon which 
to base it. The present work was undertaken with the objective of 
providing the requisite comprehensive evaluated data file in the 
widely-used ENDF format. As a part of this effort, basic micro- 
scopic nucleardata measurements and associated interpretations 
were undertaken in order to strengthen the,essential physical 
foundation. Subsequent portions of this paper outline the experi- 
mental and analytical portions of this work and the derivation of 
the evaluated file. A detailed discussion is given in Ref. 1. 

EXPERIMENTAL METHODS 

The measurement samples were machined into right circular 
cylinders from ingots of chemically pure elemental bismuth. Two 
transmission samples were used, each having a diameter of 2.5 cm. 
The lengths were 2 cm and 4 cm. Neutrons passed through the sam- 
ples in the axial direction. The scattering samples were 2 cn 
in diameter and 2 cm long with neutrons incident upon the lateral 
surface. 

The neutron total cross sections were deduced from the meas- 
ured transmissions of approximately monoenergetic neutrons through 
the measurement samples in a conventional manner. Concurrent 
measurements of the neutron total cross sections of elemental car- 
bon assured the fidelity of the measurement system. The details 
of the method and the particular apparatus have been described ex- 
tensively elsewhere [ I ] .  

The neutron scattering measurements were made using the 
pulsed-beam time-of-flight technique and the lo-angle scattering 
apparatus at the Argonne Fast Neutron Generator. Scattered-neutron 
flight paths were 5.0 to 5.5 m. Relative sensitivities of the hy- 
drogenous neutron detectors were determined by observation of neu- 
trons emitted at the spontaneous fission of 252~f [ 4 ] .  The nor- 
malization of the relative detector sensitivities was determined 
by the observation of neutrons scattered from hydrogen in a poly- 
ethylene sample. Thus all of the measured neutron-scattering 



c r o s s  s e c t i o n s  were determined r e l a t i v e  t o  t h e  w e l l  known H(n,n) 
c r o s s  s e c t i o n s  [5] .  Concurrent  w i th  t h e  bismuth measurements, 
ca rbon- sca t t e r ing  c r o s s  s e c t i o n s  were determined i n  o r d e r  t o  ver- 
i f y  t h e  performance of t h e  measurement system. The exper imenta l  
r e s u l t s  were c o r r e c t e d  f o r  p e r t u r b a t i o n s  due t o  beam a t t e n u a t i o n ,  
m u l t i p l e  e v e n t s  and t h e  angu la r  r e s o l u t i o n  of t h e  a p p a r a t u s  us ing  
a  combination of monte-carlo and a n a l y t i c a l  computa t ional  tech- 
niques.  

EXPERIMENTAL RESULTS 

Neutron T o t a l  Cross S e c t i o n s  

The measurements extended from -1.2 t o  4.5 MeV i n  s t e p s  of 
550 keV. Inc ident -neut ron energy r e s o l u t i o n s  were 35-50 keV. The 
measurements were made i n  a  redundent manner wi th  r epea ted  sweeps 
over  t h e  expe r imen ta l  energy range us ing  t h e  two measurement sam- 
p l e s  o u t l i n e d  above. The s t a t i s t i c a l  a c c u r a c i e s  of t h e  i n d i v i d u a l  
measured v a l u e s  were i n  t h e  range of 1-3%. Sys temat ic  unce r t a in -  
t i e s  a r e  be l i eved  t o  be much sma l l e r .  The r e s u l t s  were averaged 
over  i n t e r v a l s  of t h e  100 keV t o  o b t a i n  t h e  f i n a l  r e s u l t s  shown 
i n  Fig. 1. 

The p r e s e n t  measured v a l u e s  a r e  i n  good agreement wi th  t h e  
p rev ious ly  r e p o r t e d  r e s u l t s  of Refs. 6-9 a s  i l l u s t r a t e d  by t h e  
comparisons i n  Fig. 1. The d i f f e r e n c e s  between e q u i v a l e n t  aver-  
ages  c o n s t r u c t e d  from t h e  v a r i o u s  d a t a  sets i s  52% throughout  
t h e  range of t h e  p re sen t  experiment.  

Neutron'Elastic-scattering Cross S e c t i o n s  

Data, measured over t h e  inc ident -energy range -1.5 t o  4.0 M e V ,  
were s o r t e d  i n t o  inc ident -energy i n t e r v a l s  of 9 0 0  keV and com- 
b ined t o  o b t a i n  composite a n g u l a r  d i s t r i b u t i o n s  a t  t h e  mean energy 
of t h e  s o r t i n g  i n t e r v a l .  Th i s  procedure assumed t h a t  t h e  c r o s s  
s e c t i o n s  d i d  no t  va ry  s i g n i f i c a n t l y  over  t h e  100 keV i n t e r v a l s .  
The assumption i s  v e r y  good a t  t h e  h ighe r  measured e n e r g i e s  but  
somewhat l e s s  s u i t a b l e  a t  t h e  lowest  measured e n e r g i e s  where f l u c -  
t u a t i o n s  a r e  c l e a r l y  e v i d e n t  i n  t h e  t o t a l - n e u t r o n  c r o s s  s e c t i o n  
(Fig.  1 ) .  The inc iden t -neu t ron  r e s o l u t i o n s  v a r i e d  from -20 t o  
50 keV and t h e  s c a t t e r e d  neu t ron  r e s o l u t i o n s  were s u f f i c i e n t  t o  
c l e a r l y  d i s t i n g u i s h  t h e  e l a s t i c - n e u t r o n  group from a l l  known 
i n e l a s t i c - n e u t r o n  components. The i n d i v i d u a l  measurements in-  
volved t h e  concur ren t  de t e rmina t ion  of t e n  o r  twenty d i f f e r e n t i a l  
v a l u e s  d i s t r i b u t e d  over  t h e  a n g u l a r  range -20 t o  160 deg. The. 
r e l a t i v e ' s c a t t e r i n g  a n g l e s  were known t o  20.5 deg a n d . t h e   absolute^' 
a n g u l a r  s c a l e  was determined t o  ~ 1 . 0  deg. The a c c u r a c i e s  of t h e  
i n d i v i d u a l  d i f f e r e n t i a l  v a l u e s  v a r i e d  depending upon t h e i c a r e  t aken  
du r ing  t h e  p a r t i c u l a r  measurement. I n  t h e  b e s t  c a s e s  t h e  d i f f e r e n t i a l -  
c ros s - sec t ion  u n c e r t a i n t i e s  were ~ 5 %  and i n ~ t h e  poor c a s e s  -10%. 
A measure of t h e  v a l i d i t y  of t h e s e  u n c e r t a i n t i e s  was t h e  c o n s i s t e n c y  



of t h e  r e s u l t s  obta ined over a  several -year  per iod wi th  va r ious  
exper imental  conf igura t ions .  

The exper imental  r e s u l t s  a r e  summarized i n  Fig. 2. I n  some 
of t h e  lower-energy c a s e s  t h e r e  appeared t o  be sys temat ic  d i f -  
f e rences  between d i s t r i b u t i o n s  obta ined a t  widely separa ted  t imes 
and subsequently combined t o  form t h e  composite d i s t r i b u t i o n s  of 
Fig. 2. These d i f f e r e n c e s  could e a s i l y  be expected from t h e  f luc -  
t u a t i o n s  ev iden t  i n  t h e  neutron t o t a l  c r o s s  sec t ions .  Even so, 
t h e  r e s u l t s  a r e  g e n e r a l l y  c o n s i s t e n t  t o  we i l  wi th in  t h e  r e s p e c t i v e  
u n c e r t a i n t i e s .  The angle- in tegrated neutron 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  were obta ined from f i t t i n g  an  e ight-order  Legendre- 
polynomial s e r i e s  by l eas t - squares  t o  t h e  measured d i f f e r e n t i a l  
values .  The r e s u l t i n g  angle- in tegrated c r o s s  s e c t i o n s  a r e  bel ieved 
known t o  ~ 5 % .  They were c o n s i s t e n t  wi th  t h e  measured neutron t o t a l  
and i n e l a s t i c - s c a t t e r i n g  c r o s s  s e c t i o n s  t o  we l l  w i t h i n  t h e  respec- 
t i v e  exper imental  u n c e r t a i n t i e s .  

The p resen t  measured va lues  can be compared wi th  the  few 
previously-repor ted r e s u l t s .  The agreement wi th  t h e  r e l a t i v e l y -  
ex tens ive  s e t  of d a t a  repor ted by Tanaka e t  a l .  [ l o ]  i s  g e n e r a l l y  
ve ry  good. The lower-energy ( i . e .  1.5 MeV) va lues  of t h e  p resen t  
work e x t r a p o l a t e  very n i c e l y  t o  t h e  somewhat lower-energy va1ue.s 
(E= 1.45 MeV) of Smith e t  a l .  [6].  There i s  good agreement wi th  the  
s i n g l e  d i s t r i b u t i o n s  of Beyster e t  a l .  1111, Gordov e t  a l .  [12],  
and Becker e t  a l .  [13]. The r e s u l t s  of Pasechnik e t  a l .  [14] ,  
Popov [15] ,  Brugger e t  a l .  [16] and Snowdon e t  a l .  1171 a r e  not 
p a r t i c u l a r l y  c o n s i s t e n t  wi th  those  of t h e  present  work. - 
Neut ron- ine las t i c - sca t t e r ing  Cross Sec t ions  

D i f f e r e n t i a l - i n e l a s t i c  c ross - sec t ion  measurements were made 
over the  scat tered-neutron angular  range of ~20-160  deg. A t o t a l  
of s i x  i n e l a s t i c a l l y - s c a t t e r e d  neutron groups was observed a t  a  
number of i n c i d e n t  e n e r g i e s  and s c a t t e r i n g  angles .  The corre-  
sponding e x c i t a t i o n  e n e r g i e s  were determined from t h e  measured 
f l i g h t  t imes,  f l i g h t  pa ths  and i n c i d e n t  neutron energies .  
Average e x c i t a t i o n  e n e r g i e s  were determined from t h e  i n d i v i d u a l  
measured va lues  and t h e  corresponding u n c e r t a i n t i e s  def ined a s  
t h e  RMS d e v i a t i o n  of t h e  i n d i v i d u a l  va lues  from the  average. The 
r e s u l t i n g  e x c i t a t i o n  e n e r g i e s  a r e  895215, 1606214, 2590215, 2762229, 
3022221 and 3144215 keV. A comparison of these  measured va lues  
w i t h  t h e  l e v e l s  repor ted i n  t h e  l i t e r a t u r e  [18] i n d i c a t e d  t h a t  
t h e  f i r s t  two e x c i t a t i o n s  corresponded t o  d i s c r e t e  l e v e l s  whi le  
t h e  remainder were the  r e s u l t  of c o n t r i b u t i o n s  from a  number of 
p rev ious ly  repor ted  l e v e l s .  

A l l  of t h e  observed d i f f e r e n t i a l - i n e l a s t i c - n e u t r o n  d i s t r i b u -  
t i o n s  were e s s e n t i a l l y  i s o t r o p i c .  The angle  i n t e g r a t e d  i n e l a s t i c -  
neutron c r o s s  s e c t i o n s  corresponding t o  t h e  va r ious  e x c i t a t i o n s  
were determined by l eas t - square  f i t t i n g  t h e  observed d i f f e r e n t i a l  
d i s t r i b u t i o n s  w i t h  low-order legendre-polynomial expansions (e.g. 
w i t h  second-order +xpansions).  The r e s u l t i n g  angle- in tegrated 
c r o s s  s e c t i o n s  are 'shown i n  Fig. 3. The r e s p e c t i v e  u n c e r t a i n t i e s  



were governed by t h e  same f a c t o r s  a p p l i c a b l e  t o  t h e  e l a s t i c -  
s c a t t e r i n g  measurements. I n  a d d i t i o n ,  t h e  expe r imen ta l  r e so lu -  
t i o n  was n o t  complete i n  t h o s e  c a s e s  where t h e  observed neu t ron  
group c o n s i s t e d  of a  number of c lose ly-spaced components. I n  t h e  
b e s t  c a s e s  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  wi th  t h e  a n g l e - i n t e g r a t e d  
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  were i n  t h e  5-10% range  wi th  
t h e  l a r g e r  u n c e r t a i n t i e s  i n  t h o s e  c a s e s  where t h e  d e f i n i t i o n  of 
t h e  i n e l a s t i c a l l y - s c a t t e r e d  neu t ron  groups  was l e s s  s u i t a b l e .  . 
Beyond t h e  expe r imen ta l  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  t h e  measure- 
ments t h e r e  may be some r e s i d u a l  e f f e c t s  from t h e  p h y s i c a l  f l u c -  
t u a t i o n s  e v i d e n t ,  f o r  example, i n  h igh - r e so lu t ion  neu t ron  t o t a l  
c r o s s  s e c t i o n  measurements. 

There a r e  a  few p rev ious ly - r epo r t ed  expe r imen ta l  r e s u l t s  
t h a t  can  be compared w i t h  t h e  p r e s e n t  expe r imen ta l  va lues .  The 
p r e s e n t  work e x t r a p o l a t e s  r ea sonab ly  w e l l  t o  t h e  lower-energy 
r e s u l t s  of Smith e t  a l .  [61 and of Tanaka e t  a l .  [ l o ]  and t o  t h e  
h i g h e r e n e r g y  v a l u e s  of Weddell [19].  The p r e s e n t  work i s  i n  
r e l a t i v e l y  good agreement w i t h  t h e  v a l u e s  of Degtyarev e t  a l .  [ 20 ]  
and, t o  a  l e s s e r  e x t e n t ,  w i t h  t h e  r e s u l t s  of Cranberg and Levin  
[21].  The p r e s e n t  r e s u l t s  a r e  no t  c o n s i s t e n t  w i th  t h e  r e s u l t s  
of  E l i o t  e t  a l .  [22].  

OPTICAT-.-STATISTICAL MODEL 

A s imp le  s p h e r i c a l  model was assumed. Th i s  assumpt ion  i s  
r ea sonab ly  j u s t i f i e d  a s  *09gi  c o n s i s t s  of on ly  one p ro ton  added 
t o  t h e  doubly-closed s h e l l  a t  A=208. Throughout t h e  ene rgy  range  
o f  t h e  p r e s e n t  expe r imen t s  compound-nucleus p r o c e s s e s  were a  con- 
s i d e r a t i o n .  These were c a l c u l a t e d  u s i n g  t h e  p rocedures  of Moldauer 
[23].  I n  doing  s o  t h e  e x c i t a t i o n  of s t a t e s  t o  e n e r g i e s  of z3.0 MeV 
was e x p l i c i t l y  t r e a t e d  u s i n g  t h e  s p i n  and p a r i t y  a s s ignmen t s  of 
Ref. 18. Where no e x p l i c i t  ass ignment  was g iven ,  e s t i m a t e s  were 
made. The e x c i t a t i o n  of higher-energy l e v e l s  was t r e a t e d  a s  a  
s t a t i s t i c a l  continuum f o l l o w i n g  t h e  concep t s  of G i l b e r t  and Cameron 
[24] .  The c a l c u l a t i o n s  were c a r r i e d  o u t  u s i n g  t h e  computer pro- 
gram ABAREX-2 [23].  The c h o i c e  of model parameters  was e n t i r e l y  
based upon x i -square  f i t t i n g  t h e  measured d i f f e r e n t i a l - e l a s t i c -  
s c a t t e r i n g  d i s t r i b u t i o n s  a s  d e s c r i b e d  i n  Ref. 1. The r e s u l t i n g  
p o t e n t i a l  pa rame te r s  a r e  g i v e n  i n  Tab le  I. They a r e  s i m i l a r  t o  
t h o s e  r e p o r t e d  e lsewhere  i n  t h e  l i t e r a t u r e .  The p o t e n t i a l  p rov ides  
a  q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  measured d i f f e r e n t i a l  e l a s t i c -  
s c a t t e r i n g  c r o s s  s e c t i o n s  a s  i l l u s t r a t e d  i n  Fig.  2. There a r e  
some d e v i a t i o n s  between measured and c a l c u l a t e d  v a l u e s  a t  a few 
and,  p r i m a r i l y ,  lower  ene rg i e s .  Th i s  i s  no5 s u r p r i s i n g  a s  t h e  
t o t a l  c r o s s  s e c t i o n  shows f l u c t u a t i n g  s t r u c t u r e  i n t o  t h e  s e v e r a l  
M e V  r e g i o n  t h a t  was n o t  c l e a r l y  averaged i n  t h e  e l a s t i c - s c a t t e r i n g  
measurements. The c a l c u l a t e d  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  a g r e e  
w i t h  t h e  measured v a l u e s  throughout  t h e  p r e s e n t  expe r imen ta l  range  
t o  w i t h i n  9%. The l a r g e s t  d i f f e r e n c e s  a r e  i n  t h e  r e g i o n  of 2.5 
t o  3.0 MeV where t h e  c a l c u l a t e d  v a l u e s  a r e  s y s t e m a t i c a l l y  lower  



t h a n  t h e  measured q u a n t i t i e s  by 3 % .  Th i s  i s  a  p e c u l i a r  energy 
r e g i o n  where t h e  neu t ron  t o t a l  c r o s s  s e c t i o n ,  a s  observed i n  t h r e e  
e n t i r e l y  independent  measurements d i s p l a y s  a n  unusual  and broad 
s t r u c t u r e  w i th  a  p e r i o d i c i t y  of s e v e r a l  hundred keV a s  shown i n  
Fig .  1. The p r e s e n t  model cannot  reproduce  such  s t r u c t u r e  and i t  
i s  i n  t h e  same energy r e g i o n  where t h e  measured and c a l c u l a t e d  
e l a s t i c - s c a t t e r i n g  d i s t r i b u t i o n s  a r e  somewhat d i f f e r e n t .  

I n  view of t h e  above, t h e  p r e s e n t  p o t e n t i a l  was acccp tcd  as 
a n  adequate  b a s i s  f o r  subsequent  i n t e r p r e t a t i o n s  of neu t ron  in-  
e l a s t i c  s c a t t e r i n g  and f o r  t h e  e x t r a p o l a t i o n s  and i n t e r p o l a t i o n s  
r e q u i s i t e  t o  t h e  comprehensive e v a l u a t i o n .  

The c a l c u l a t i o n  of 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  c r o s s  sec- 
t i o n s  u s i n g  t h e  above model was i n h i b i t e d  by a  l a c k  of knowledge 
of  t he  s p i n s  and p a r i t i e s  of tlfe l e v e l s  involved .  Given t h i s  
s i t u a t i o n  only  t h e  e x c i t a t i o n  of t h e  f i r s t  f o u r  observed groups 
was e x p l i c i t l y  c a l c u l a t e d  and t h e  h i g h e r  energy e x c i t a t i o n s  were 
lumped i n t o  t h e  continuum c o n t r i b u t i o n .  The r e s u l t s  of t h e  c a l -  
c u l a t i o n s  a r e  compared wi th  t h e  measured v a l u e s  i n  Fig. 3. Gen- 
e r a l l y  t h e  c a l c u l a t e d  r e s u l t s  a g r e e  w i t h  t h e  measured v a l u e s  t o  
w i t h i n  a t  l e a s t  10-20% and i n  some c a s e s  t h e  agreement i s  much 
b e t t e r .  Again, t h e  i n c i d e n t  energy r e g i o n  2.5-3.0 MeV, t h a t  
where t h e  neu t ron  t o t a l  c r o s s  s e c t i o n  i s  somewhat anomolous, t e n d s  
t o  be a  problem a r e a .  The e x c i t a t i o n  of t h e  t h i r d  group i s  some- 
what ove r -p red ic t ed ,  p o s s i b l y  s u g g e s t i n g  some u n c e r t a i n t y  i n  t h e  
r e p o r t e d  s p i n s  and p a r i t i e s  of t h e  unde r ly ing  l e v e l s .  However, 
t h e  c a l c u l a t e d  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  were cons ide red  
a c c e p t a b l e  and s u i t a b l e  f o r  subsequent  u se  i n  t h e  e x t r a p o l a t i o n s  
r e q u i s i t e  t o  t h e  e v a l u a t i o n .  

Throughout t h i s  e v a l u a t i o n  t h e  emphasis  was on a n  e v a l u a t e d  
d a t a  f i l e  f o r  high-energy (e.g. f u s i o n - f i s s i o n  h y b r i d )  a p p l i c a -  
t i o n s .  The re fo re ,  w h i l e  a t t e n t i o n  was g iven  t o  low-energy res-  
onance p r o p e r t i e s ,  t hey  were no t  d e a l t  w i t h  i n  g r e a t  d e t a i l  and,  
i n  p a r t i c u l a r ,  t h e  resonance  r e g i o n  i s  d e s c r i b e d  by point-wise 
d a t a  r a t h e r  t h a n  resonance  parameters .  Those p a r t i c u l a r l y  in-  
t e r e s t e d  i n  resonance  pa rame te r s  should  c o n s u l t  Ref. 25. ,The 
f i l e  i s  i n  t h e  ENDF format  and has  been t r a n s m i t t e d  t o  t h e  
Na t iona l  Nuclear  Data Center ,  Brookhaven Na t iona l  Labora tory .  

, . 
Neutron T o t a l  Cross  S e c t i o n s  . L 

Below I 0 0  keV t h e  a v a i l a b l e  good- re so lu t ion  d a t a  i s  l a r g e l y  
con f ined  t o  t h e  work of t h e  Columbia Group, i.e. Singh e t  a l .  [26].  
From 0.1 t o  0.2 M e V  t h e  expe r imen ta l  d a t a  base  c o n s i s t e d  o f t h e  
good r e s o l u t i o n  r e s u l t s  of S ingh e t  a l .  [ 25 ]  and of N t c h o l s ' e t  a l .  
[27] .  From 0.2 t o  1.0 M e V  t h e  d a t a  base  c o n s i s t e d  of t h e  h igh  
r e s o l u t i o n  r e s u l t s  of C i e r j a c k s  e t  a l .  [ 7 ] .  The e v a l u a t e d  neu- 
t r o n  t o t a l  c r o s s  s e c t i o n s  from 1.0 t o  20.0 MeV were based upon t h e  



present results, those of Cierjacks et al. (71 ,  of Carlson and 
Barschall [9] and of Foster and Glasgow. [8 ] .  The final eval- 
uated total cross sections are outlined in Fig. 4. 

Neutron Elastic-scattering Cross Sections 

For neutron energies of 3.0 MeV the elastic-scattering 
cross sections were dictated by the differences between evaluated 
neutron total cross sections and the non-elastic cross sections. 
At higher energies not all of the partial cross sections are well 
known and thus the evaluated elastic-scattering cross sections were 
based upon the predictions of the above model, slightly adjusted to 
bring exact agreement with the evaluated neutron total cross sec- 
tions and to improve the agreement with the measured differential 
elastic-scattering distributions reported at higher energies. 

Neutron Inelastic-scattering Cross Sections 

The discrete neutron-evaluated-inelastic-scattering cross 
sections were based upon the present six observed neutron groups. 
The evaluation followed the eye-guides of Fig. 3 which are con- 
sistent with the experimental data base as outlined above. Model 
calculations were used to extrapolate the measured results from 
4-5 MeV to 10 MeV where the individual excitation cross sections 
were assumed to be zero. 

The magnitude of the continuum-inelastic-scattering component 
was derived from the difference between the measured neutron-total 
cross sections and the other partial cross sections (largely elas- 
tic scattering, (n;2n) and (n;3n) cross sections) with guidance 
from the systematics derived from the results of the LLL pulsed 
sphere measurements. 

The relative magnitudes of the various inelastic components 
are indicated in Fig. 5. 

Neutron Radiative-capture Cross Sections 

A notable feature of the neutron interaction with bismuth is 
the generally very small radiative capture cross section. The 
thermal value is only 33 mb and the resonance integral 0.19 b.1251. 
As a consequence of this fact, the lack of experimental resonance 
information, and the high-energy motivation of this evaluation, no 
attempt was made to give detailed capture resonance parameters. 
The small cross section values are approximated only with broad 
energy-averaged values. The evaluation follows the thermal value 
of Ref. 25 and assumes a l/v behavior at low energies. This low- 
energy region is matched to the higher-energy experimental results 
as summarized in Ref. 28. 



The (n;2n1) Reaction 

The present evaluation is based primarily on the experimental 
data of Frehaut and Mosinski [29] and Vesser et al. [30] (see 
Fig. 6). The evaluated 14 MeV cross section of Body and Csikai [31] 
is plotted on Fig. 6 and lies very close to our evaluated curve. 
Another weighted average of 14 MeV data, reported by Kondaiah [32] 
lies -10% above our curve. Other reported results shown in Fig. 6 
are described in Ref. 1. 

The above reaction and the following (n;3nV) reaction essen- 
tially dominate the non-elastic cross section above approximately 
14 MeV. Using these two components, as independently evaluated 
in these two sections, an unusual "bump" would appear in the non- 
elastic cross section at about 17 MeV suggesting that the com- 
posite contributions of (n;2n1) and (n;3n1) cross sections are 
too large by about 10% over a several MeV region. Therefore the 
comprehensive evaluation renormalizes the individual evaluated 
(n;2n1) and (n;3nV) components downward by approximately 10% near 
14 MeV so as to give a reasonably smooth non-elastic cross section. 
The source of the anomolous "bump" appears to be in the measured 
results of Ref. 30. A systematic error in that set of measure- 
ments of approximately 10% in this narrow energy region would 
easily account for the observed anomaly. 

The (n; 3n' ) Reaction 

The (n;3n1) reaction on 209~i leads to 207~i with a half 
life of 38 y and has a Q-value of -14.36 MeV. Nearly 100% of all 
207k3i decays produce a 0..570 MeV gamma ray; in fact, calibrated 
207~i sources can be obtained from the U.S. National Bureau of 
Standards. Nevertheless, no activation data are available for 
tliis reaction. The only experimental data available are the 
values from Vesser et al. [30]. 

(n;X) Reactions 

Elemental bismuth consists of only one quasi-stable isotope, 
209~i (t = 2 x 1018y). There arc a number of neutron-induced 
charged-bb?ticle-emitting reactions that are energetically pos- 
sible, over the neutron energy range of the present evaluation. 
Most of these reactions are uncertain but very probably of .small 
cross section. 

There are four reported (n,p) reaction cross sections for 
209~i. All of these were measured at -14 MeV. The weighted av- 
erage of these data corresponds to 0.89 mb at 14.5 MeV. There 
are no data on bismuth at other energies; however, there are ex- 
perimental data defining the excitation function for the 
197~u(n,p) lg7pt reaction. Since the mass and atomic number for 
gold are not far removed from bismuth, and the (n,p) reaction 
Q-values are similar, we decided to use the shape for gold from 
BNL-325 [28] and normalize it to our average 14.5 MeV point for 



bismuth t o  rovide  an  e s t i m a t e  of the  e x c i t a t i o n  f u n c t i o n  f o r  t h e  
2 o g ~ i ( n ,  p)  $09Pb r e a c t i o n  up t o  -20 .MeV. 

Some d a t a  from a c t i v a t i o n  measurements of t h e  ( n l , a )  r e a c t i o n  
a r e  a v a i l a b l e  f o r  t h e  r eg ion  around 14 MeV. The ( n ; a )  c r o s s  sec- 
t i o n s  f o r  heavy elements a r e  known t o  be anomalously l a r g e  when 
viewed from t h e  po in t  of view of the  s t a t i s t i c a l  theory of nuc lea r  
r eac t ions .  This  e f f e c t  i s  expla ined by t h e  d i r e c t  r e a c t i o n  mech- 
anism. S h e l l  e f f e c t s  a r e  a l s o  c l e a r l y  ev iden t  i n  sys temat ic  sur- 
veys of 14 MeV (n ;a )  r e a c t i o n  data .  Our eva lua t ion  i n  t h i s  region 
i s  a  weighted average of t h e  a c t i v a t i o n  d a t a  w h i c k g i v e s  0.64 mb 
a t  14.7 MeV. 

From t h e  compila t ions  of C h a t t e r j e e  [33] and JAERI-1252 [34],  
i t  i s  apparent  t h a t  t h e  ( n ; n l , p )  c r o s s  s e c t i o n  i s  considerably  
< 1 mb i n  t h i s  mass region. For t h i s  reason, we make no a t tempt  
t o  provide a n  e v a l u a t i o n  f o r  t h i s  r eac t ion .  

Data on o t h e r  ( n ; n l , a )  r e a c t i o n s  f o r  heavy nuc le i ,  a v a i l a b l e  
from JAERI-1252 [34],  a r e  g e n e r a l l y  c o n s i s t e n t  wi th  t h e  p resen t  
eva lua t ion ,  though i t  must be kept  i n  mind t h a t  t h e r e  a r e  pro- 
nounced s h e l l  e f f e c t s  which in f luence  t h e  Q-values and c r o s s  
s e c t i o n s  f o r  t h i s  process.  

Very few d a t a  a r e  a v a i l a b l e  on t h e  ( n ; t ) ,  ( I I ; ~ H ~ ) ,  (n ;d) ,  
( n ; n l , d ) ,  ( n ; n l ,  3 ~ e )  and ( n ; n l ,  t )  r e a c t i o n s  f o r  any elements 
l e t  a lone 209~i .  I n  view of t h e  l i m i t e d  a v a i l a b l e  d a t a  on these  
e x o t i c  r e a c t i o n s ,  and t h e  f a c t  t h a t  the  c r o s s  s e c t i o n s  a r e  smal l ,  
we have not at tempted t o  e v a l u a t e  them and consider  them t o  be 

, 

n e g l i g i b l e  i n  t h e  present  work. 

Photon-Production 

For i n c i d e n t  neutron e n e r g i e s  l e s s  than  t h e  th resho ld  f o r  
i n e l a s t i c  s c a t t e r i n g  t h e  only photon producing process  i s  t h e  
neutron cap tu re  r eac t ion .  For t h i s  lower energy range photon 
product ion was d e a l t  wi th  by us ing a  m u l t i p l i c i t y  and spectrum 
a s  measured by Rasmussen e t  a l .  [35] The m u l t i p l i c i t y  was s e t  
t o  ze ro  a t  0.9 MeV. The photons produced by t h e  cap tu re  r e a c t i o n  
were subsumed i n t o  t h e  (n,Xy) process  f o r  i n c i d e n t  neutron ener- 
g i e s  g r e a t e r  than 0.9 MeV. 

For i n c i d e n t  neutron e n e r g i e s  equal  ' t o  o r  g r e a t e r  than  0.9 MeV, 
t h e  method of Perkins ,  Haight and Howerton [361 was used t o  calcu- 
l a t e  c r o s s  s e c t i o n s  and s p e c t r a  f o r  t h e  (n,Xy) process.  I n  t h e  
absence of d e t a i l e d  exper imental  da ta  t h i s  method has  t h e  advantage 
of conserving energy on t h e  average between secondary neutrons  and 
photons. 

ACKNOWLEDGEMENTS 

The a u t h o r s  a r e  indebted t o  a  number of i n d i v i d u a l s  a t  Lawrence 
Livermore Laboratory and Argonne Nat ional  Laboratory f o r  t h e i r  con- 
t r i b u t i o n s  t o  va r ious  a s p e c t s  of t h i s  work. The a u t h o r s  a r e  p a r t i c -  
u l a r l y  a p p r e c i a t i v e  of t h e  a s s i s t a n c e  provided by D r .  E. Pennington. 



REFERENCES 

A. SMITH e t  a l . ,  Argonne Nat l .  Lab. Repor t ,  ANL/NDM-51 
(1980) ,  i n  p r e s s .  

F i n a l  Repor t  of  Ad-Hoc E x p e r t s  Group on  Fus ion ,  J. F o s t e r ,  
Chairman, DOE Repor t ,  DOE/ER-0008 (1978). 

Fus ion-Fiss ion  Hybrid S tudy Summary Repor t ,  Argonne Na t iona l  
Labo ra to ry  Repor t  (1978) ,  .unpubl i shed .  

A. SMITH, Y. GUENTHER and R. SJOBLOM, Nucl. I n s t r .  and 
Methods, 140, 397(1977). 

J. HOPKINS and G. BREIT, Nucl. Data, g, 137(1971).  

A. SMITH e t  a l . ,  Nucl. Sc i .  and Eng., 41, 63(1970).  

S. CIERJACKS, e t  a l . ,  Kernforschungzentrum K a r l s r u h e  Repor t ,  
WK-IUUU (1Yb8), a s  r ev i s ed .  

D. FOSTER and D. GLASGOW, Phys. Rev., z, 576(1971). 

A. CARLSON and H. BARSCHALL, Phys. Rev., 104, 131.9(1956). 

S. TANAKA e t  a l . ,  Nucl. Phys., 179, 513 (1972).  T h i s  d a t a  
and t h e  p r e s e n t  r e s u l t s  appea r  c o n s i s t e n t  w i t h  t h o s e  of 
M. A. Eternad, N a t i o n a l  Bureau of S t anda rds  Pub., NBS-425, 
Vol. 11, 871(1975).  

J. R. BEPSTER, M. WALT add W. SALMT, Yhys. Rev., 104, 1319 
(1956).  

G. GORDOV, N. LEBEDEVA and V. MOROZOV, Doklady Akad Nnuk 
(USSR) -9 158 574(1964). 

R. BECKER, W. G U I D O N  and G. SMITH, Nucl. Phys., 89, 154(1966).  

M. Pa sechn ik  e t  a l . ,  I n t e r .  Conf. on Atoms f o r  Peace,  Geneva 
(1958) Vol. 15, Uni ted  Na t ions  P re s s .  

V. POPOV, Atomnaya Energ iya ,  2, 498(1957). 

H. BRUGGER e t  a l . ,  Helv. Phys. Acta,  28331 (1955). j 

S. C. SNOWDON and W. D. WHITEHEAD, Phys. Rev., 94, 1267(1954). 

Nuclear  Data S h e e t s  f o r  A = 209, M. J. M a r t i n  Compiler  (1970).  

J. B. WEDDELL, Phys. Rev., 104, 1069(1956). 

YU. G. DEBTYAREV and  A. PROTOPOPOV, Atomnaya Energ iya ,  2, 
568(1967). 

L. CRANBERG and J. LIVIN, Phys. Rev., 103, 343(1956). 



E. ELIOT e t  a l . ,  Phys,. Rev., 94, 144(1954).  

P. A. MOLDAUER, P r i v a t e  Communication (1979) .  

A. GILBERT and  A.G.W. CAMERON, Can. Jou r .  Phys., 3, 
1446(1965).  

Neut ron  Cros s  S e c t i o n s ,  Vol - 1, S. Mughabghab and D. Garber ,  
Brookhaven N a t i o n a l  L a b o r a t o r y  Repor t ,  BNL-325, 3rd.  Ed., 
(1973) .  

U. N. SINGH, Phys. Rev., G, 124(1976). 

P. NICHOLS, E. BILPUCH and  H. NEWSON, Ann. Phys., 8, 250(1959).  

Neut ron  Cros s  S e c t i o n s ,  Vol. 2, D. Ga rbe r  and R. Kinsey,  
Brookhaven N a t i o n a l  Labo ra to ry  Repor t ,  BNL-355, 3 r d  Ed. 
(1973) .  

J. FREHAUT and  G. MOSINSKI, Proc.  Conf. on Nucl. C ros s  Sec- 
t i o n s  and  Tech., N a t i o n a l  Bureau of  S t a n d a r d s  P u b l i c a t i o n ,  
NBS-425, 855(1975).  

L. VEESER, E. ARTHUR and  P. YOUNG, Phys. Rev., e, 
1792(1977) ,  A l so  E. Ar thu r ,  P r i v a t e  Communication (1979).  

Z. BODY and  J. CSIKAI, Atom. Energy Rev., 11, 153(1973).  

E. KONDAIAH, J. Phys. Ap. Math. Nucl. Gen., 1, 1457(1974). 

A. CHATTERJEE, Nucleonics ,  2, 112(1965).  

"Table  of  Nuc l ea r  R e a c t i o n s  and  Subsequent  R a d i o a c t i v e  Decays 
Induced  by 1 4  PleV ~ e u t r o n s , "  J a p a n  Atomic Energy Research  
I n s t i t u t e  Repo r t ,  JAERI-1252, Ed. K. Yamamoto, (1977) .  

N. C. RASMUSSEN, e t  a l . ,  "Line  and Continuum Gamma-Ray Y i e l d s  
f rom Thermal-Neutron Cap tu r e  i n  75  Elements , "  GA-10248 (1970).  

S. T. PERKINS, R. C. HAIGHT, and  R. J. HOWERTON, Nucl. Sc i .  
and  Eng., 57, l ( 1975 ) .  



TABLE I. 

S p h e r i c a l  Optical-Model Pa rame te r s  

a  
Rea l  P o t e n t i a l  

S t r e n g t h  (V) = 43.296 MeV 

Radius  (R:)~ = 1.300 F 

D i f f u s e n e s s  ( a V )  = 0.58 F 

noZ = 73.17 MeV F* 

S t r e n g t h  (W) = 11.91 MeV 

Radius  (R:) = 1.320 F 

D i f f u s e n e s s  ( a W )  = 0.20 F 

waW = 2.382 MeV F 

d  
Sp in -o rb i t  P o t e n t i a l  

S t r e n g t h  ( V  ) = 4.35 MeV 
s 0 

a  
Saxon form. 

113 
A 1 a d .  g iven  in t h e  form R = RoA . 
'saxon d e r i v a t i v e  form. 

' d ~ h o m a s  form. 



Fig. 1. Measured 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  of e l emen ta l  b i s -  
muth. .The p r e s e n t  r e s u l t s  a r e  i n d i c a t e d  by c i r c u l a r  and squa re  
d a t a  po in t s .  Curves i n d i c a t e  p r e v i o u s l y  r e p o r t e d  v a l u e s  a s  f o l -  
lows; A = Ref. 6, B = Ref. 7 ,  C = Ref. 8 and D = Ref. 9. 

Fig.  2. D i f f e r e n t i a l  e l a s t i c - s c a t t e r i n g  c r o s s  s e c t i o n s  of e l e -  
menta l  bismuth. The p r e s e n t  measured v a l u e s  a r e  i n d i c a t e d  by 
d a t a  po in t s .  Curves deno te  t h e  r e s u l t s  of model c a l c u l a t i o n s  
a s  d i s c u s s e d  i n  t h e  t e x t .  



Fig. 3. Inelastic-neutron excita- 
tion cross sections of bismuth. 
The prcscnt experimental rcsults 
are indicated by circular data 
points. The corresponding ob- 
served excitation energies are 
given in each section of the 
figure in keV. The heavy curves 
are "eye-guides" constructed 
through the available experi- 
mental information. The light 
curves indicate the result of 
model calculations as described 
in the text. rreviously reported 
experimental values are dcnotcd 
by symbols referenced as follows: 
D = Ref. 20, + = Ref. 19, X = 
Ref. 21, a n d o - R e f .  10 

.. .-L 
Fig. 4. Evaluated neutron 
total cross sections of 
elemental bismuth. 



Fig. 5. Evaluated neutron-inelastic-scattering cross sections of 
elemental bismuth. 

En,  MeV 

Fig. 6. Experimental, evaluated and calculated cross sections for 
the 209~i(n;2n')208~i reaction. Solid curve is present evaluation, 
dashed curve calculations of Ref. 30. Data symbols are defined in 
Ref. 1. 
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ABSTRACT 

A s t a t e  o f  t h e , a r t  c a l c u l a t i o n  o f  
even ,  odd,  and  even-odd  heavy n e u t r o n -  
r i c h  e lement  f i s s i o n  b a r r i e r s  and 
n e u t r o n  b i n d i n g  e n e r g i e s  i,s d e s c r i b e d .  
The r a n g e  76 5 Z 5 1 0 0 ,  118 j N 5 184 
i s  s e l e c t e d  f o r  a p p l i c a t i o n s  t o  ICF 
burnup .  Some t e c h n i q u e s  f o r  e x p l o r i n g  
m u l t i - d i m e n s i o n a l  p a r a m e t e r  s p a c e s  on 
t h e  computer  a r e  d i s c u s s e d .  Con tour  
maps of  f i s s i o n  b a r r i e r s  and n e u t r o n  
b i n d i n g  e n e r g i e s  a r e  shown. 

Heavy e lement  p r o d u c t i o n  c a l c u l a t i o n s  v i a  
n e u t r o n  c a p t u r e  p r o c e s s e s  i n  l a s e r  f u s i o n  p e l l e t s  o r  
underground t h e r m o n u c l e a r  e x p l o s i o n s  r e q u i r e  
e x t e n s i v e  knowledge o f  t h e  n u c l e a r  p r o p e r t i e s  o f  a  
b road  range  o f  n e u t r o n - r i c h  heavy e l e m e n t s .  Such 
knowledge i s  a l s o  needed f o r  t h e  burnup  o f  r a d i o -  
a c t i v e  w a s t e s  i n  ICF p e l l e t s  by  a  n e u t r o n  s p e c t r u m  
c e n t e r e d  n e a r  14 MeV and e x t e n d i n g  t o  20 MeV, a  
p r o c e s s  which h a s  r e c e n t l y  been c o n s i d e r e d  1 1  I f o r  
n u c l e a r  w a s t e  management. 

For  t h e s e  h i g h l y  n e u t r o n - r i c h  n u c l e i ,  t h e  
n e u t r o n  e m i s s i o n  t h r e s h o l d  d e c r e a s e s  t o  a  few MeV, 
s o  t h a t  up t o  f o u r t h  o r  h i g h e r  chance  f i s s i o n  



c o m p e t i t i o n  may be  r e q u i r e d ,  i n  t h e  above  bombarding 
energy  r a n g e .  These  c a l c u l a t i o n s  u s e  s t a t i s t i c a l  
t h e o r y  methods  a s  implemented i n  t h e  TNG code  o f  Fu.[ 21 
One o f  t h e  more i m p o r t a n t  i n p u t s  f o r  t h e s e  c o d e s  i s  
a  s e t  o f  c o n s i s t e n t  n e u t r o n  b i n d i n g  e n e r g i e s  and 
m u l t i p l e  b a r r i e r  h e i g h t s  f o r  t h e  r e l e v a n t  e l e m e n t s  
u f  a  c h a i n .  

We have c a l c u l a t e d  f i s s i o n  b a r r i e r s  and ground 
s t a t e  masses  f o r  some 2000 e l e m e n t s  w i t h  7 6  5 Z c 100 
and 118 < N 2 184 ( f o r  e v e n ,  odd,  and odd-even  n u c l e i )  
u s i n g  t h e  wel l -known macroscop ic -  m i c r o s c o p i c  model.  
The s i n g l e - p a r t i c l e  e n e r g i e s  and p a i r i n g  c o r r e l a t i o n s  
come f rom t h e  m o d i f i e d  o s c i l l a t o r  p o t e n t i a l  w h i l e  
t h e  d r o p l e t  model s u p p l i e s  t h e  macroscop ic  e n e r g y .  
The c a l c u l a t i o n  c l o s e l y  f o l l o w s  t h e  c o r r e s p o n d i n g  
one d i s c u s s e d  i n  R e f e r e n c e s  3  and 4,  where a d d i t i o n a l  
r e f e r e n c e s  c a n  be  f o u n d .  The p r e s e n t  e f f o r t  i n c l u d e s  
a  z e r o - p o i n t  e n e r g y  o f  a b o u t  0 .5  MeV, € 2 ,  € 3  Y € 4 ,  

and E,  d e g r e e s  o f  freedom a n d y  d e g r e e s  o f  f reedom when 
a p p r o p r i a t e  and t o  t h i s  e x t e n t  r e p r e s e n t s  t h e  s t a t e  
o f  t h e  a r t  f o r  t h i s  t y p e  o f  f i s s i o n  b a r r i e r  m o d e l i n g .  
T h i s  t e c h n i q u e  was found  [ 3 , 4 ]  t o  p r e d i c t  f i s s i o n  
b a r r i e r s  i n  good agreement  w i t h  t h e  a v a i l a b l e  d a t a .  
Here ,  however,  we must keep  i n  mind t h a t  we a r e  
e x t e n d i n g  t h e  c a l c u i a t i o n  t o  a  wide  r a n g e  of  n u c l e i  
n o t  a v a i l a b l e  t o  o r d i n a r y  e x p e r i m e n t .  Some c a u t i o n  
w i l l  t h e r e f o r e  be i n  o r d e r  when i n t e r p r e t i n g  t h e  
r e s u l t s  o f  a c t i n i d e  burnup  p r e d i c t i o n s .  

One major  u n c e r t a i n t y  i n  t h i s  c a l c u l a t i o n  of  
f i s s i o n  b a r r i e r s  and p a r t i c l e  e m i s s i o n  t h r e s h o l d s  
f o r  n e u t r o n - r i c h  heavy e l e m e n t s  i s  t h e  v a l u e  o f  t h e  
s u r f a c e  asymmetry t e rm i n  t h e  e x p r e s s i o n  f o r  t h e  
macroscop ic  e n e r g y ;  t h a t  i s ,  how r a p i d l y  t h e  s u r f a c e  
energy  i s  r e d u c e d  a s  a  f u n c t i o n  o f  i n c r e a s i n g  n e u t r o n  
number. For  t h e  c a l c u l a t i o n s  r e p o r t e d  h e r e ,  we c h o s e  
t h e  d r o p l e t  model f o r  t h e  macroscop ic  e n e r g y .  A 
r e c e n t  e v a l u a t i o n  employing a  "new macroscop ic"  model 
[ 5 ] f i n d s  t h a t  t h e  s u r f a c e  e n e r g y  i s  r e d u c e d  much l e s s  
r a p i d l y  a s  a  f u n c t i o n  o f  i n c r e a s i n g  n e u t r o n  number 
t h a n  p r e d i c t e d  by t h e  d r o p l e t  model.  T h i s  e f f e c t  
w i l l  mean t h a t  t h e  f i s s i o n  t h r e s h o l d s  may d e c r e a s e  
l e s s  r a p i d l y  a s  a  f u n c t i o n  o f  n e u t r o n  number t h a n  
o u r  c a l c u l a t i o n s  s u g g e s t .  A new c a l c u l a t i o n  o f  
f i s s i o n  b a r r i e r s  employing t h i s  m a c r o s c o p i c  model i s  
underway. 

A s  i n  R e f e r e n c e s  3 , 4 ,  we f i r s t  d e t e r m i n e  t h e  
s a d d l e  p o i n t s  and minima by c o n s i d e r i n g  symmetr ic  
e l o n g a t i o n  and n e c k i n g  c o o r d i n a t e s  o n l y  ( E ,  E E , ) .  
F o r  E, < 0.65 we n e x t  d e t e r m i n e  t h e  d e c r e a s e  i n  t h e  
c a l c u l a t e d  f i s s i o n  b a r r i e r  h e i g h t s  a r i s i n g  from t h e  



mass-asymmetr ic  ( E ~  & E ~ )  d e f o r m a t i o n s .  I n  t h e  
lower  r e g i o n  0  5 E 5 0 .60  t h e  d e c r e a s e  o f  t h e  
(E ,  , E ~ )  f i s s i o n  b a r r i e r s  comes m o s t l y  from t h e  y 
d e g r e e  o f  freedom r a t h e r  t h a n  t h e  ( E ~ ,  E ~ )  o n e s ;  
o n l y  t h e  y d e f o r m a t i o n s  a r e  t h e r e f o r e  c o n s i d e r e d  
t h e r e .  S t i l l ,  we s e e  t h a t  f o r  e a c h  n u c l e u s  t h r e e  
two-d imens iona l  p o t e n t i a l  ene rgy  s u r f a c e s  a r e  
c a l c u l a t e d .  S i n c e  t h o u s a n d s  o f  n u c l e i  h a v e  been  
c o n s i d e r e d ,  i t  was n e c e s s a r y  t o  d e v e l o p  compute r  
codes  u s i n g  n o v e l  t e c h n i q u e s  f o r  f i n d i n g  s a d d l e  
p o i n t s  and minima and f o r  merging t h e  r e s u l t s  from 
t h e  t h r e e  s u r f a c e s  i n t o  a  s i n g l e  o n e - d i m e n s i o n a l  
f i s s i o n  b a r r i e r  c u r v e .  These  codes  a r e  now b r i e f l y  
d e s c r i b e d .  

The n ~ i n i m a  and s a d d l e  p o i n t s  a r e  t o  be d e t e r -  
mined from a  10  x  10  t a b l e  c o n t a i n i n g  e n e r g i e s  v s .  
€ 2  and E ,  . A f i n e  g r i d  o f  abou t  50 x  120 p o i n t s  i s  
g e n e r a t e d  by i n t e r p o l a t i o n  o f  t h e  s t a r t i n g  t a b l e .  
A t  each p o i n t  on t h e  g r i d  one l o o k s  a t  t h e  e i g h t  
n e a r e s t  n e i g h b o r s  t o  d e t e r m i n e  t h e  s i g n  o f  t h e  change 
i n  t h e  f u n c t i o n  from t h e  chosen  p o i n t  and i t s  n e i g h -  
b o r s .  Some t y p i c a l  r e s u l t s  a r e  shown i n  F i g u r e  1. 

( l a )  ( l b )  ( 1 ~ )  ( I d )  ( l e )  

F i g u r e  1 

The c o n f i g u r a t i o n  ( l a )  shows t h a t  o u r  c u r r e n t  
p o i n t  i s  a  maximum p o i n t ,  w h i l e  ( l b )  i n d i c a t e s  a  
minimum. Next ( l c )  and ( I d )  r e p r e s e n t  s a d d l e  p o i n t s  
w h i l e  ( l e )  i s  a  p o i n t  on a  s l o p e  and i s  t h e r e f o r e  
d i s c a r d e d .  By i d e n t i f y i n g  t h e  p a t t e r n s  i n  t h i s  
manner,  a l l  minima and s a d d l e  p o i n t s  were  f o u n d .  The 
r e q u i r e d  p a t h  c o n s i s t s  o f  t h o s e  p o i n t s  o r d e r e d  by 
i n c r e a s i n g  v a l u e  o f  E , ,  f o r  t h e  ( E , ,  E , )  c a s e ,  and s o  
on f o r  t h e  o t h e r  s u r f a c e s .  

To merge t h e  r e s u l t s  from t h e  t h r e e  s u r f a c e s  we 
s t a r t  w i t h  t h e  f i s s i o n  p a t h  i n  t h e  symmet r i c  ( E , ,  E , )  
s u r f a c e .  Then f o r  E, 5 0 .60  we n e x t  r e p l a c e  t h e  
symmetric peaks  and minima by t h e  c o r r e s p o n d i n g  
s a d d l e s  and minima i n  t h e  (y ,. (E,, E,,  ( E ~ ) )  ) p l a n e ,  
p r o v i d e d  t h e y  have lower  e n e r g y .  For  E, 5 0 . 6 5  a  
s i m i l a r  p r o c e d u r e  f o r  t h e  ( E , ,  E ,  (E,,!, ) ) , ( E 2 ,  E,, 

( E , ) )  p l a n e .  Here  t h e  independen t  v a r i a b l e s  o f  t h e  
p l a n e  a r e  E ,  and E , ;  E ,  depends  on E ,  a s  i n  t h e  f i r s t  



m i n i m i z a t i o n  and E~ i s  t a k e n  t o  be  t h e  one  which 
minimizes  t h e  e n e r g y  f o r  t h e  g i v e n  E ,  E ,  p a i r s .  When 
one adds  d e t a i l s  p e r t a i n i n g  t o  f i l e  and t a b l e  
g e n e r a t i o n  t h e  merging programs r e p r e s e n t s  some 1000 
FORTRAN s t a t e m e n t s .  S i n c e  o u r  o r i g i n a l  aim was t o  
f i n d  t h e  minimal p a t h  i n  t h e  f i v e - d i m e n s i o n a l  E , ,  Y ,  
E ~ ,  E , , ,  c 5  s p a c e ,  a  t a s k  which c o u l d  e a s i l y  g e t  o u t  
o f  hand,  t h e  p r e s e n t  s o l u t i o n  i s  r e l a t i v e l y  f a s t  and 
s imple  t o  a p p l y .  

The r e s u l t s  t o  b e  p u b l i s h e d  [61 i n c l u d e  two 
d e t a i l e d  t a b l e s .  One t a b l e  g i v e s  t h e  f i s s i o n  b a r r i e r  
h e j g h t ,  p a r t i c l e  s e p a r a t i o n  e n e r g i e s ,  and t h e  b e t a  
decay  e n e r g i e s  f o r  each n u c l e u s .  The second  t a b l e  
g i v e s  t h e  s t r u c t u r e  o f  t h e  n u c l e a r  p o t e n t i a l  e n e r g y  
s u r f a c e  f o r  e a c h  n u c l e u s ,  i n c l u d i n g  t h e  e n e r g y  and 
shape f o r  e a c h  maximum and minimum. These  r e s u l t s  
a r e  summarized i n  F i g u r e s  2  and 3.  

F i g u r e  2  i s  a  c o n t o u r  p l o t  o f  t h e  n e u t r o n  
s e p a r a t i o n  e n e r g y  f o r  even  n u c l e i  i n  t h e  r e g i u ~ l  76 
< Z < 100 and 140 5 N 5 1 8 4 .  Thc number o n t h e  c o n t o u r  
l i n e  i s  t h e  s e p a r a t i o n  e n e r g y  i n  MeV. One o b s e r v e s  
t h e  s t a n d a r d  d e c r e a s e  i n  n e u t r o n  b i n d i n g  e n e r g y  a s  a  
f u n c t i o n  o f  i n c r e a s i n g  n e u t r o n  number. An u n u s u a l  
f e a t u r e s  o f  t h i s  p l o t  i s  t h e  p r e s e n c e  o f  l o c a l  maxima 
and minima n e a r  Z = 96 and N = 1 6 6 ,  170 and 1 7 6 .  
These f e a t u r e s  a r e  due t o  l a r g e  ground s t a t e  shape  
changes  upon e m i s s i o n  o f  a  s i n g l e  n e u t r o n .  

F i g u r e  3 i s  a  c o n t o u r  p l o t  o f  t h e  f i s s i o n  
b a r r i e r  h e i g h t  ( i n c l u d i n g  0 . 5  MeV z e r o - p o i n t  e n e r g y )  
f o r  even  n u c l e i  i n  t h e  r e g i o n  76 5 Z 5 100 and 140 

. 5 N 5 1 8 4 .  Again t h e  d i s t a n c e  between c o n t o u r s  i s  
0 . 5  MeV and t h e  i n t e g e r  c o n t o u r s  a r e  l a b e l l e d  i n  MeV. 
One o b s e r v e s  t h e  wel l -known "Bay o f  P i g s "  f e a t u r e s  
a t  A = 92 and 160 2 N 2 1 7 6 .  T h i s  a r i s e s  a s  a  r e s u l t  
o f  t h e  chang ing  N i l s s o n  e n e r g y  l e v e l s  c o n f i g u r a t i o n s  
i n  t h i s  r e g i o n ,  and c a n  have a  p ro found  e f f e c t  on t h e  
p r o d u c t i o n  o f  heavy n e u t r o n - r i c h  e l e m e n t s  i n  a  thermo- 
n u c l e a r  e n v i r o n m e n t ,  a s  w e l l  a s  on burnup i n  ICF, t h u s  
u n d e r s c o r i n g  t h e  i m p o r t a n c e  o f  u n d e r s t a n d i n g  t h e  
d e t a i l e d  s t r u c t u r e  o f  t h e s e  heavy e l e m e n t s .  

A d d i t i o n a l  d e t a i l s  and t h e  f u l l  t a b l e  o f  r e s u l t s  
w i l l  b e  p u b l i s h e d  161 i n  Atomic and N u c l e a r  Da ta  
T a b l e s .  M u l t i p l e  c h a n c e  fissioncalculationTiiFing 
t h e s e t a b l e s  a r e  c u r r e n t l y  i n  p r o g r e s s  .[ 71 
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Figure  2 .  Contour P l o t  of t h e  Neutwn Sepa ra t i on  
Energy f o r  Even Nuclei  i n  t h e  .Region 
76i.Zc100 and 1402N,$i84 



Figure 3. Contour Plot of the Fission Barrier 
Height (Including 0.5 MeV Zero-Point Energy) 
for Even Nuclei in the Region 
76<Z5100 and 1405N5184. 
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Element Quant i ty  Energy (eV) Type Dccumentation Lab ' Comments 
S A Min Max Ref Vol Page Date 

H 001 'TOTAL XSECT 5.0+6 2.0+8 Expt 80ENL 301 780 LAS Liso'wsl.:i+TOF, TRNS. GRPH ..CFD OTHS , ENDF 

H 001 ' TOTAL XSECT 5.'0+5 6.017 Revw 80ENL 277 780 ORL Larson.2 EXPTS.GRPH.CFD OTHS. 

H 002 DIFF ELASTIC' 9.0+6 1 .1+7 Revw. 80ENL 389 780 OH0 Randers-Pehrson+ANAL P. SPEC TBC. NDG. 

HE '003 N ,  GAMMA . ' 6.0+6 1 .4-7 Expt 80ENL 259 780 TNL Walter+ANGDISTS 90 DEG.NDG 

HE 004 GAMl4A.N 6.0+6 1.4-7 Expt 80ENL 259 780 TNL Wal ter+FROM ( N ,  G )  MEAS. GRPH, CFD OTHS 

' LI 006 NEUT EMISSN 1.0+7 Revw 80ENL 21 5 780 LAS Browne+REVIEW.REFS GVN.GRPH FOR 2ANG 

LI 007 INELST GAMMA 1 .0+5 2.0+7 

LI 007 NEUT.EMISSN 1.4+7 

LI '007 NEUT EMISSN 1 .0+6 2.0+7 

LI 007 N , N PROTON 1 .4+7 1 .5+7 

LI 007 N , DEUTERON 1 .4+7 

'LI 007 N, N TRITON 4.0+6 1.6+7 

LI 007 N, N TRITON I .  4+7 

" BE 909 DIFF ELASTIC 1 . 1  +7 1 .5+7 

BE 009 POLAR'IZATION I . I  +7 1 .5+7 

Revw 80E.NL 

Revw 80ENL 

Revw '80ENL 

Expt 8OE.NL 

Expt 80E.NL 

Revw 80E.NL 

Expt 80EeNL 

Revw 80ENL 

Revw 80ENL 

780 ORL Lar son.  REVIEW. NDG. SEE ORNL REPORT. 

780 LAS Browne+REVIEW . REFS GVN . GRPH FOR 2ANG 

780 ORL Larson.REVIEW.NDG.SEE ORNL REPORT 

780 LRL Haight+PRELIMINARY MEAS. NDG. 

780 LRL Haight+MEAS TBC. NDG. 

780 LAS Browne+REVIEW.REFS GVN.GRPH OF REFS. 

780 LRL Haight+MEAS TEC.NDG. 

780 TNL Walter+LANE MDL CALCS.GRPHS.TBC. 

780 TNL Walter-LANE MDL CALCS.GRPHS.TBC. 



Element Quant i ty  Energy ( e ~ :  Type Documentation Lab Comments 
S A Min MBX Ref Vol Page Date .................................................................................................. 

BE 009 POLARIZATION 7.0+6 I .7+7 Revw 80BBL 259 790 TNL Walter+ANAL PWR DISTRIB.NDC. TBC. 

BE 009 DIFF INELAST 1.5+7 Theo 80B6L 711 790 RCN Gruppelaar+SFEC,ANGDIST.C4LC VS EXPT 

BE 009 NEUT EMISSN 1.0+7 1 .4+7 Revw 80BNL. 21 5 780 LAS Browne+REVIEW. REFS GVN. ND.2. 

BE 009 NEUT EMISSN 1.5+7 Theo 80BKL 71 1 750 RCN Gruppelaar+EMISSION SPEC IALC VS EXP 

BE 009 N,PROTON 1 .4+7 ~ x ~ t '  80BNL 245 780 LRL Haight+MEAS TBC.NDC. 

BE 009 N,TRITON 1.3+7 1 .5+7 Expt 80BNL 41 3 780 TOH Bino+6ES.0.478 MEV CS. TBL, SPEC, GRPHS 

BE 009 N,ALPHA REAC NDC Ex p t  80BNL 289 780 A 1  Kneff*CS MEAS TO BE ANALYZED.NDG. 

BE 009 N ,  ALPHA 'REAC 1 .4+7 Expt 80Bh;L 245 780 LRL Haight+MEAS TBC.NDG. 

B N , N  PROTON 1.4+7 Expt 80BNL 245 780 LRL Haight+MEAS TBC. NDG. 

E 01'0 DIFF ELASTIC 8.0+6 1 .4+7 Revw 8OBNL. 259 730 TNL Walter+CRPH.E.WT MEAS CFD OPTMDL. 

B 01 0 NONEL GAMMA 5.0+5 1 .4+7 Revw 80BNL. 21 5 780 LAS Browne+REVIEW . REFS CVN. ND3. 

B 01 0 NEUT EMISSN 1.0+7 1 .4+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW .REFS GVN. NDiG. 

ti 010 N ,  ALPHA REAC NDG Expt 8OBKL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

B 01 1 DIFF ELASTIC 9.0+6 1.4+7 Revw WBNL 259 730 TlKL Walter+GRPH. EXPT MEAS CFD 0PTMDL.TBC 

B 011 NONEL GAMMA 7.0+6 1.4+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW .REFS GVN . NDG . 



Element Quant i ty  Energy ( e ~ )  Type Documentation Lab Comnents 
S A Min Max Ref Vol Page Date .................................................................................................. 

B 01 1 NEUT EHISSN 1.0+7 1 .4+7 Revw BOBML 215 780 LAS Browne+REVIEW.REFS CVN.NDG. 

B 01 1 N,PROTON 1 4+7 Expt 80BNL 245 780 LRL Haight+MEAS TBC.NDG. 

B 01 1 N,DEUTERON 1.4+7 Expt 80Bm 245 780 LRL Haight+MEAS TBC.NDG. 

B 01 1 N ,  ALPHA REAC NDG Expt 80BNL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

B 01 1 N ,  ALPHA REAC 1 .4+7 Expt 80BhL 245 780 LRL Haight+NEA'S TBC.NDG. 

C 01 2 TOTAL XSECT 5.0+7 Expt 80BFL 313 780 DAV Zanelli+TOF,TRNS.50.4 MEV CS. 

C 01 2 TOTAL XSECT 1 .0+7 5 . 0 6  Revw 80B6L 215 780 LAS Browne+P.EVIEW.MEAS DO NOT AGREE.GRPH 

C 012 TOTAL XSECT 5.0+6 2.0+8 Expt 8OBh-L 301 780 LAS Lisowski+TOF, TRNS. GRPH. CFD OTHS , ENDF 

C 012 TOTAL XSECT 5.0+5 8.0+7 Revw 80BKL 277 780 ORL Larson.ORELA. TRNS AT 40 MEV GVN. 

C 012 DIFF ELASTIC 4.0+7 Revw 80B6L 21 5 780 LAS Browne+l?EVIEW. PRELIM MEAS. NDG. 

C 012 DIFF ELASTIC 4.0+7 Revw 80BICL 375 1780 OH0 Finlay+STATUS SINCE MAY 77.REFS GVN 

C 01 2 POLARIZATION 7.0+6 1.7+7 Revw BOBEL 259 780 TNL Walter+LNAL PWR DISTRIB.NDG.TBC. 

C 01 2 DIFF INELAST 1.5+7 Theo 80BEL 711 780 RCN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

C 01 2 NONELASTIC 4.0+7 5.0+7 Expt 80BICL 313 780 DAV Zanelli+2ES.TRANS.GRPH.CFD OPTMDL. 

C 012 NONELASTIC 4.0+7 5.0+7 Revw BOBNL 215 780 LAS Browne+F:EVIEW.NDG.GT 15PC PRECISION 



Elsment Quantity 3nergy (e~') Type Documentation Lsb Comments 
S A i n  Max Ref Vol Page Date 

--------------------.------------------------------------------------------------------------------ 

'C 012 INEBT GAMMA 1.0+5 2.0+7 Revw 80BNL 277 780 O3L Larson.REVIEW.NDG.SEE ORIL REPORT. 

'C 01 2 INELST GAMMA D.3+7 1 .5+7 Expt 80BNL 41 3 780 T3H Hino+6ES. 4.43 MEV CS. TBL, SPEC, GRPHS 

C 01 2 NEUT ENISSN 1.4+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW.REFS GVN. NDG. 

C 01 2 NEUT EMISSN 1.5+7 Theo 80BNL 711 780 RClN Gruppelaar+EHISSION SPEC CALC VS EXP 

C 01 2 N, DEUTERON '1 .4+7 1.5V 

C 012 N,N DEUTERON 2.7+7 6.lr7 

C 012 N,TRITON 2.7+7 6.147 

C 012 N,N TRITON .2.7+7 6.14-7 

C 012 N,HE3 REACTN 2.7+7 6.1+7 

C 012 N,ALPHA REAC NDG 

C 012 N,ALPHA REAC 2.7+7 6.1-7 

Expt 8OBNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BHL 

Expt 80BhZ 

Expt 80BhZ 

Expt 80BNL 

Expt 80BNL 

Ex pt 80BNL 

Expt 80BNL 

Ex pt 80BNL 

780 DAV Subramanian+3ES.DIF.ANGIBTEG CFD MDL 

780 LWL Haight+PRELIMINARY MEAS. IJDG. 

780 DAV Subramanian+3ES.DIF.ANGI6lTEG CFD MDL 

780 DAV Subramanian+3ES.DIFF SPECTRA 39.7MEV 

780 LRL Haight+PRELIWINARY KEAS. NDG.TBC. 

780 CAV Subramanian+3BS. DIFF SPECTRA 39.7MEV 

780 EAV Subramanian+3ES.DIFF SPECTRA 39.TMEV 

780 rAV Subramanian+3ES.DIFF SPECTRA 39.7MEV 

780 DAV Subramanian+SES.DIFF SPECTRA 39.3EV 

780 4.1 Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 6AV Subramanian+3ES.DIF.ANGINTEG CFD MDL 



Element Quantity Energy ( e ~ )  
S A I;in Max ................................ 

C 01 2 N, ALPHA REAC 4.0+7 

C 01 2 N, ALPHA REAC 9.0+6 4.0+7 

C 01 2 N, ALPHA REAC 1 .4+7 1 .5+7 

C 012 N,ALPHA REAC 9.3+6 

C 012 N,N ALPHA 1.1+7 

C 013 N,GAMMA 6.0+6 1.4+7 

N 014 N,GAMMA 6.0+6 1.4+7 

N 01 4 NONEL GAMMA 1.0+5 2.0+7 

N 01 4 N,PROTON 2.7+7 6.1+7 

N 014 N,PROTON 1 .4+7 

N 014 N,N PROTON 2.7+7 6.1+7 

N 01 4 N ,DEUTERON 2.7+7 6.1 +7 

N 01 4 N,DEUTERON 1 .4+7 

N 014 N,N DEUTERON 2.7+7 6.1+7 

N 014 N,TRITON 2.7+7 6.1+7 

Type Documentation Lab Comments 
Ref Vol Page Date 

.------------------------------------------------------------------ 

Revw 80BNL 215 780 LAS Browne+REVIEW.INITIAL MEAS.NDG.TBC. 

Revw 80BIL 215 780 LAS Browne+REVIEW.?tEFS GVN.NDG. 

Expt 80BNL 245 780 LRL Haight+PRELIMINARY MEAS. NDG. TBC. 

Revw 80BNL 389 780 OH0 Banders-Pehrson+ANGDIST.NDG.TBC. 

Revw 80BNL 389 780 OH0 Randers-Pehrson+CONTINUUM GRPH.TBC. 

Expt 80BNL 259 780 TNL Walter+ANGDISTS 90 DEG.GRPH 

Expt 80B-YL 259 780 TNL Walter+ANGDISTS 90 DEG.NDG 

Revw 80Bm 277 780 ORL Larson.BEVIEW .NDG. SEE ORNL REPORT. 

Expt 80BNL 331 780 DAV Subramanian+3ES. DIF . ANGINTEG CFD MDL 
Expt 80B.n 245 780 LRL Haight+MEAS TBC.NDG. 

Expt 8OBNL 331 780 DAV Subramanian+'JES. DIF. ANGINTEG CFD MDL 

Expt 80BNL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 

Expt 80BYL 245 780 LRL Haight+MEAS TBC.NDG. 

Expt 80BNL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 

Expt 80BYL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 



Element Quantity Energy (ep) Type Documentation Lab Comments 
9 A Min Mar Ref Vol Page Date 

------------------------------------------------------------------------------.-------------------- 

N 01 4 N, N TRITON 2.7+7 86.1-7 Expt 80BNL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 

N 01 4 N, HE3 REACTN 2.7+7 '6.1 *7 Expt 80BNL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 

N 01 4 N, ALPHA REAC 2.7+7 :6.1-7 Expt 80BNL 331 780 DAV Subraman\ian+3ES.DIF.ANGINTEG CFD MDL 

N 01 4 N, ALPHA REAC 1 .4+7 Expt 80BNL 245 780 LRL Haight+MEAS TBC.NDG. 

0 01 6 TOTAL XSECT 1.0+7 5.0+7 'Revw 80BNL 21 5 770 LAS Browne+REVIEW.MEAS DO NOT AGREE.GRPH 

0 01 6 TOTAL XSECT 5.0+5 6.0+7 

0 01 6 DIFF ELASTIC 2.0+7 2.6+7 

0 01 6 DIFF ELASTIC 2.4+7 

0 01 6 .DIFF INELAST 2.4+7 

0 01 6 NONELASTIC 4.0+7 5.0'7 

0 01 6 NONELASTIC 4.0+7 5 -0'7 

0 01 6 NONEL GAMMA 1.0+5 2.0+7 

0 01 6 N,PROTON 2.7+7 .6.177 

0 01 6 N, PROTON 1 4+7 

0 016 N,DEUTERON 2.7+7 6.1+7 

Revw. 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

780 CRL Larson.ORELA.TRNS AT 40 REV GVN. 

780 LAS Browne+REVIEW. 10-1 5PC PRECISION. NDG 

780 GHO Finley+GRPH.MEAS CFD O m D L  CALCS. 

780 GHO Finlay+GRPH.FIRST,SECOND EXC STATES. 

780 IJAV.Zanelli+2ES.TRANS.GRPH.WD OPTMDL, 

780 LAS Browne+REVIEW.lO-l5PC PRECISION.NDG 

780 6RL Lar son .REVIEW. NDG. SEE O W L  REPORT. 

780 DAV Subramanian+3ES.DIF.ANGINTEG CFD MDL 

780 LRL. Haight+MEAS TBC. NDG. 

780 DAV Subramanian+SES. DIF SPEC AT 60.7MEV. 



Element Quan t i ty  Energy (eV) Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

0 01 6 N ,  DEUTERON 1 .4+7 Expt 80BIL 245 780 LRL Haight+MEAS TBC.NDC. 

0 01 6 N,TRITON 2.7+7 6.1+7 'Expt 80BhL 331 780 DAV Subramanian+3ES.DIF SPEC AT 60.7MEV. 

0 01 6 N ,  HE3 REACTN 2.7+7 6.1 +7 ~ x p t  80BhL 331 780' DAV Subramanian+3ES. DIF SPEC AT 60.7MEV. 

0 01 6 N,ALPHA REAC NDG Expt 80BFL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDC. 

0 01 6 N ,  ALPHA REAC 2.7+7 6.1 +7 Expt 80B6L 331 780 DAV Subramanian+3ES. DIF. ANCINTEC CFD MDL 

0 01 6 N ,  ALPHA REAC 1.4+7 Expt 8OBhZ 245 780 LRL Haight+#EAS TBC.NDG. 

0 018 DIFF ELASTIC 2.4+7 

0 01 8 DIFF INELAST 2.4+7 

F 01 9 NONEL GAMMA 1 .0+5 2.0+7 

F 01 9 N ,PROTON 1 .4+7 

F 01 9 N ,  DEUTERON 1 .4+7 

F 01 9 N,ALPHA REAC NDC 

F 01 9 N ,  ALPHA REAC 1 .4+7 

NA 023 DIFF INELAST i .5+7 

NA 023 NONEL GAMMA 1.0+5 2.0+7 

Revw 80BNL 

Revw WBhl 

Revw 80BNL 

Expt 80BEL 

Expt 8OBHL 

Expt 80BhX 

Expt 80BhX 

Theo 80BhT 

Revw WBKL 

780 OH0 Finlay+CRPH.MEAS CFD OPTMDL CALCS. 

780 OH0 Finlay+CRPH. MEAS CFIJ DWBA , CCBA MDLS . 
780 ORL Larson.REVIEW.NDC.SEE ORNL REPORT. 

780 LRL Haight+MEAS TBC.NDG. 

780 LRL Haight+MEAS TBC. NDG . 
780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 LRL Haight+NEAS TBC.NDC. 

780 RCN Gruppelaar+SPEC,ANCDIST.CALC VS EXPT 

780 ORL Larson.REV1EW.NDC.SEE ORNL REPORT. 



Elsment Quant i ty  3nergy (eV) Type Documentation Lib Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

. . 
NA 023 NEUT EMISSN 1.5+7 

NA 023 NEUT EMISSN 1 .5+7 

MG DIFF INELAST 1.5+7 

HG INELST GAMMA 1.0+5 2.0+7 

MG NONEL GAMMA 1.0+5 2.0+7 

MG NEUT EMISSN 1.5+7 

AL 027 TOTAL XSECT 2.0+5 8.0+7 

AL 027 DIFF ELASTIC 3.0+7 2.6+7 

AL 027 DIFF INELAST 1.5+7 

AL 027 NONEL GAMMA 1.0+5 2.0+7 

AL 027 NEUT EMISSN 1.0+5 2.0+7 

Theo 80BNL 

Theo 80BNL 

Theo 80BNL 

Revw 80BNL 

Revw 80BNL 

Theo 80BNL 

Revw 80BNL 

Revw 80BNL 

meo 80BNL 

Revw 80BNL 

Revw 80BNL 

780 03L FU .MULTI-STEP H-F CALC CFD EXPT. GRPH 

780 Ra2N Gruppelaar+EMISSION SPEC CALC VS EXP 

780 R I ~ N  Gruppelaar+SPEC, ANGDIST. CALC VS EXPT 

780 O3L Lar son.  REVIEW. NDC . SEE ORLL REPORT. 

780 03L Lar son. REVIEW. NDC . SEE ORLL REPORT. 

780 R.2N Gruppelaar+MISSION SPEC CALC VS EXP 

780 O3L Larson.ORELA. TRMS AT 40 EEV GVN. 

780 L-49 Browne+REVIEW .5-1 OPC PRECISION .NDG. 

780 R Z N  Gruppelaar+SPEC, ANGDIST. CALC VS EXPT 

780 O3L Larso3.REVIEW.NDG.SEE ORIL REPORT. 

780 LAS Broune+REVIEW.REFS GVN.NDG. 

AL 027 NEW EMISSN 1 .0+6 2.0+7 Revw 80BNL 277 780 03L Lar son. REVIEW. NDG . SEE ORRL REPORT 

AL 027 NEW EMISSN 1.5+7 Theo 80BNL 71 1 780 R C N  Gruppelaar+EMISSION SPEC CALC VS EXP 

AL 027 N,PRGTON I 5+7 Revw 80BNL 215 780 LA9 Browne+REVIEW.SPEC,ANGDISTS.NDG.REFS 

AL 027 N ,  DEUTERON 1 .5+7 Revw 80BNL 21 5 780 LIS Browne+REVIEW .SPEC, ANGDISTS. NDG.REFS 



Element Quantity Energy ( e v )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date 

AL 027 N,TRITON 3 0+7 Expt 80BNL 539 780 JUL Qaim+CS GVN.20 PCT ERROR 

AL 027 N,ALPHA REAC 1.5+7 Expt 80BL 289 780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

AL 027 N ,  ALPHA REAC 1.5+7 Revw 80B= 215 780 LAS Browne+REVIEW.SPEC,ANGDIST.CS TBL. 

AL 027 N ,  ALPHA REAC 3.0+7 Expt 80BNL 539 780 JUL Qaim+INTEG MEAS CFD CS FROM EXCIT FN 

S I  TOTAL XSECT 1.0+7 5.0+7 Revw 80BK 21 5 780 LAS Browne+REVIEW.MEAS DO NOT AGREE.GRPH 

S I TOTAL XSECT 2.0+6 8.0+7 

SI  DIFF ELASTIC 2.0+7 2.6+7 

SI  DIFF ELASTIC 2.0+7 2.6+7 

SI  DIFF INELAST 2.0+7 2.6+7 

S I DIFF INELAST 7.5+6 1 .2+7 

S I DIFF INELAST 1.5+7 

S I  NONEL GAMMA 1.0+5 2.0+7 

S I  NEUT EMISSN 1.5+7 

S I N ,  ALPHA REAC NDG 

S I  028 DIFF ELASTIC 2.0+7 4.0+7 

Revw 80BN; 

Revw 80BN; 

Revw 80BK 

Revw 80BN; 

Revw 80BML 

Theo 80BL 

Revw 80BN; 

Theo 80BN; 

Expt 80BL 

Revw 80BNL 

277 780 ORL Larson.OBELA. TRBS AT 40 MEV GVN. 

21 5 780 LAS Browne+REVIEW. 10-1 5PC PRECISION. NDG 

21 5 780 LAS Browne+REVIEW .5-1 OPC PRECISION .NDG. 

21 5 780 LAS Browne+R%VIEW .NDG.BIB REFS. 

259 780 TNL Walter+C3NTINUUH EMISSION SPEC TBD. 

71 1 780 R C N  Gruppelasr+SPEC ,P.NGDIST. CALC VS EXPT 

277 780 ORL Larson.REV1EW.NDG.SEE ORNL REPORT. 

71 1 780 RCN Gruppelasr+EMISSION sPE'c CALC VS EXP 

289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

375 780 OH0 Finlay+STATUS SIICE MAY 77.REFS GVN 



Element Quant i ty  Energy ( e ~ )  
S A Min Max 

--------------------.------------ 

S I  028 DIFF ELASTIC '1.0+7 

SI  028 DIFF INELAST '2.6+7 

' S I  028 DIFF INELAST I .0+7 

P 031 DIFF INELAST ' .5+7 

? 031 NEUT EMISSN ' .5+7 

S DIFF INELAST ' .5+7 

S NEUT EMISSN 1 5+7 

3 032 DIFF ELASTIC 2.0+7 4.0+7 

S 032 DIFF INELAST 2.2+7 2.6+7 

C A TOTAL XSECT 3.5+7 5.0+7 

C A TOTAL XSECT 1 .0+7 5 0+7 

C A TOTAL XSECT 2.0+6 8.0+7 

C A DIFF ELASTIC 2.0+7 2.6+7 

C A DIFF INELAST 1 .5+7 

C A NONELASTIC 4.0+7 ?.0+7 

Type Documentation Lab Comments 
Ref Vol Page Date .................................................................. 

Expt 80BNL 421 780 TUD Pilz+TOF.GIiPH ANGDIST CFD MDL CALCS. 

Revw 80BNL 375 780 OH0 Finlay+STP.TUS SINCE MAY 77.REFS GVN. 

Expt 80BXL 421 780 TUD Pilz+TOF.GRPH ANGDIST CFD MDL CALCS. 

Theo 80BNL 71 1 780 R C N  Gruppelaar+CS CALC VS EXPT.LEG COEFS 

Theo 80BNL 711 780 R C N  Gruppelaar+EFISSION SPEC CALC VS EXP 

Theo 80BNL 71 1 782 RCN Gruppelaar+SPEC, ANGDIST. CALC VS EXPT 

Theo 80BNL 71 1 780 RnZN Gruppelaar+EMISSION SPEC CALC VS EXP 

Revw 80BNL 375 780 0:40 Finlay+STATUS SINCE MAY T7.REFS GVN 

Revw 80BNL 375 780 O J G  Finlay+STATUS SINCE MAY 77.REFS GVN. 

Expt 80BNL 313 7@0 DAV Zanelli+TOF,TRNS. 3E.TBL.CRPH. CFD. 

Revw 80BNL 21 5 7@0 U S  Browne+REVIEW.MEAS DO NOT AGREE.GRPH 

Revw 80BNL 277 780 ORL Larson.OREL4. TRNS AT 40 HEV GVN. 

Revw 80BNL 215 760 LAS Browne+REVIEU.lO-15PC PR3CISION.NDG 

Theo 80BNL 711 780 RCN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

Iievw 80ENL; 21 5 780 LAS Brorne+REVIEW. 10-1 5PC PRECISION .RDG 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

C A NONEL GAMMA 1.0+5 2.0+7 Revw 8QBNL 277 780 ORL Larson.REVIEW.NDG.SEE ORNL REPORT. 

C A NEUT EMISSN 1.5+7 

CA 040 TC4TAL XSECT 8.0+6 2.0+7 

CA 040 DIFF ELASTIC 2.0+7 4.0+7 

CA 040 PGLARIZATION 7.0+6 1.7+7 

CA 040 NONELASTIC 4.0+7 5.0+7 

CA 040 N, GAMMA 8.0+6 2.0+7 

CA 040 N, GAMMA 6.0+6 1 .4+7 

CA 040 INELST GAMMA 8.0+6 2.0+7 

CA 040 NEUT EMISSN 8.0+6 2.0+7 

CA 040 N, PROTON 8.0+6 2.0+7 

CA 040 N,ALPHA REAC 8.0+6 2.0+7 

SC 045 N2N REACTION 1 2+7 1 .5+7 

TI DIFF INELAST 1 .5+7 

TI NONEL GAMMA 2.0+6 2.0+7 

Theo 80BNL 

Eval 80BNL 

Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Eval 80BNL 

Expt 80BWL 

Eval 80BNL 

Eval 80BNL 

Eval 80BNL 

Eval 80BNL 

Expt 80BNL 

Theo 80BNL 

Revw 80BNL 

780 RCN Gruppel.aar+EMISSION SPEC C A W  VS EXP 

780 ORL Fu .EVAb FOR ENDF REDONE..14. 6MEV GRPH 

780 OH0 Finlay+STATUS'SINCE MAY 77.REFS GVN. 

780 TNL Walter+ANAL PWR DISTRIB.NDG.TBC. 

780 DAV Zanelli+2ES.TRANS.GRPH.CFD OPTMDL. 

780 ORL Fu . EVAL FOR ENDF REDONE. 14.6MEV GRPH 
780 TNL Walter+ANGDISTS 90 DEG.NDG 

780 ORL Fu .ENDF EVAL REDONE. GRPHS FOR 2 ES. 

780 ORL Fu . EVAL FOR ENDF REDONE. 14.6MEV GRPH 
780 ORL Fu . EVAL FOR ENDF REDONE. 14.6MEV GRPH 
780 ORL Fu .EVAL FOR ENDF REDONE. 14.6MEV GRPH 

780 BRC Frehaut+TOF.NOSM REL U238 NF.CS TBL. 

780 RCN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

780 LAS Browne+REVIEW .REFS GVN. GRPH. 



Element Quant i ty  Energy (eV) Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

TI NONEL GAMMA ' .0+5 2.0+7 Revw 80BNL 277 ?80 ORL Lsrson .REVIEW. NDG. SEE ORNL REPORT. 

TI N2N REACTION 1.0+7 ; .5+7 Expt 80BNL 399 ?83 B3C Frehaut+TOF.NORM REL U23@ NF.CS TBL. 

TI NXN REACTION 1.0+6 2.0+7 Revw 80BNL 277 780 ORL Lsrson .REVIEW. NDG. SEE ORNL REPORT 

TI NEUT EMISSN 1.4+7 Ex p t  80BNL 343 783 I4K Vonach+ANGINTEG SPEC. TBL: GRPH. CFD. 

TI NEUT EMISSN 1 .5+7 Theo 80BNL 71 1 780 RCN Gruppelaar+EMISSION SPEC CALC VS EW 

TI N , PROTON 1.5+7 Revw 80BNL 21 5 780 LAS Browne+SPEC, ANGDISTS. NDG .REFS 

TI N,DEUTERON 1.5+7 Revw 80BNL 21 5 780 LIS Browne+SPEC ,ANGDISTS. NDG. REFS 

TI N, ALPHA REAC 1.5+7 Expt 80BNL 289 780 A 1  Kneff+CS FOR 13 UUCLIDES.TBL.CFD. 

TI N,ALF'HA REAC 1.5+7 Revw 80BNL 21 5 780 L.4S Browne+REVIEW .SPEC, ANGDIST. CS TBL. 

TI 046 N2N REACTION 3.0+7 Expt  80BNL 539 780 JJL, Qaim+ACT.CS VERSUS ASSYM PAR GRPH. 

TI 046 N,PROTON I .  5+7 Expt 80BNL 245 780 L3L Kaight+GRPH.SECOND CHANCZ P EMISSION 

TI 046 N ,PROTON 3.0+7 Expt 80BNL 539 780 J3L Qaim+INTEG MEAS CFD CS FROM EXCIT FN 

TI 046 N,ALPHA REAC YDG Expt 80BNL 289 780 A 1  Kneff+CS MEAS TBD.NDG. 

TI 046 N,ALPHA REAC A.5+7 Revw 80BNL 21 5 780 LAS Broune+REVIEW. FROD CS. TBL. 

TI 047 NXN REACTION 3.0+7 Expt 80BNL 539 7eO JUL Qaim+ACT. I N ,  3 ~ )  CS. SYSTEMATICS TBD. 



Element Quan t i ty  Energy ( e v )  
S A Min Max ................................ 

TI 047 N ,PROTON ' 3.0+7 

TI 047 N , N  PROTON 3.0+7 . 

TI 047 N ,  DEUTERON 3.0+7 

TI 047 N,ALPHA REAC NDG 

TI 048. N ,  PROTON 1.5+7 

TI 048 N,PROTON 3.0+7 

TI 048 N ,  N PROTON 3.0+7 

TI 048 N ,  DEUTERON 3.0+7 

TI 048 N,ALPHA REAC NDG 

TI 048 N ,ALPHA REAC 1 .5+7 

TI 049 N,PROTON 3.0+7 

TI 049 N , N  PROTON 3.0+7 

TI 049 N,DEUTERON 3.0+7 

TI 049 N,ALPHA REAC NDG 

TI 050 N,PROTON 3.0+7 

Type Documentation Lab Comments 
Ref Vol Page Date .................................................................. 

Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYMETRY PAR.GRPH. 

Expt 8OBNL 539 780 JUL  aim+ ( N  , D) + (N  , NP) . CS VS ASSYMETRY. 

Expt 80BNL 539 780 JUL  aim+ ( N ,  D)+ (N , NP) .CS VS ASSYMETRY. 

Expt 80BWL 

Expt 80BNL 

Expt 80BNL 

Expt 80BBJL 

Expt 80BUL 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

289 780 A 1  Kneff+CS MEAS TBD.NDG. 

245 780 LRL Haight'+GRPH.SECOND CHANCE P EMISSION 

539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

539 780 JUL  aim+ ( N ,  D) + (N  , NP) . cs VS ASSYMETRY. 

539 780 JUL   aim+ ( N ,  D)+ ( N  , NP) . cs VS ASSYMETRY. 

289 780 A 1  Kneff+CS MEAS TBD.NDG. 

21 5 780 LAS B - ~ O W ~ ~ + R E V I E W  .PROD CS.TBL. 

539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

539 780 JUL Qaim+ ( N ,  D)+ ( N ,  NP) .CS VS ASSYMETRY. 

539 780 JUL Q ~ ~ ~ + ( N , D ) + ( N , N P ) . c s  VS ASSYMETRY. 

289 780 A 1  Kneff+CS MEAS TBD.NDG. 

539 780 JUL Qaim+ACT. CS VS ASSm PAR. GRPH. 



Lab Elemen; Quan t i ty  Energy (eV) Type Documentation Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

TI 050N,N PROTON 3.0+7 Expt 80BNL 539 780 JUL ~ a i m +  ( N ,  D)+ ( N ,  NP) .CS VS .ISSYMETRY. 

TI 050 N ,  DEUTERON 3.0+7 Expt 80BNL 539 780 JUL Qaim+ ( N ,  D)+ ( N ,  NP) .CS VS .ISSYMETRY. 

TI 050 N ,ALPHA REAC NDG Expt 80BNL 289 780 A 1  Kneff+CS MEAS TBD.NDG. 

TI 050 N ,ALPHA REAC 3.0+7 Expt 80BhX 539 780 JUL Qaim+ACT.CS VS A:SSYK PAR GRPH. 

V 051 DIFF INELAST 1.5+7 Theo 80BhZ 71 1 780 RCN Gruppelaar+SPEC ,ANGDIST. 2ALC VS EXPT 

V 051 NONEL GAMMA 1 .0+5 2.0+7 Revw 8OBLL 277 780 ORL Larson.REVIEW .NDG. SEE 0R:iL REPORT. 

V 051 N2N REACTICN 1.1 +7 1 .5+7 Expt 80BhX 399 780 HRC Frehaut+TOF.NORM REL U238 'NF.CS TBL. 

V 051 NEUT EMISSN 1.5+7 Theo 8OBhX 71 1 780 RCN Gruppelaar+EMISSION SPEC CALC V S  EXP 

v 051 N ,  PROTON 1 5+7 Revw 80BNL 21 5 780 LAS Broune+REVIEW . SP3C , iNGDISTS. NDG .REFS 

V 051 N ,  PROTON 3.0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS vs ASSYM PAR GRPH. 

v 051 N ,  DEUTERON 1 .5+7 Revw 80BNL 215 780 LAS Browne+REVIEW.SPEC,ANGDISTS.NDG.REFS 

V 051 N,HE3 REACTN 3.0+7 Expt 80BNL 539 780 JvL Qaim+ACT. CS CVN..SYSTEMATICS TBIj. 

V 051 N ,  ALPHA REAC NDG Expt 80BNL 289 7E0 A.1 Kneff+CS MEAS TO 'BE ANAL?ZED.NDG. 

V 051 N ,  ALPHA REAC 1 :5+7 Revw 80BNL 21 5 780 GAS Browne+REVIEW. SPEC, ANGDIST. CS TBL. 

V 051 N ,  ALPHA REAC 3.0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

V 051 N,NALPHA 3.0+7 

CR TOTAL XSECT 2.0+6 8.0+7 

CR DIFF INELAST 1.5+7 

CR DIPF INELAST 7.5+6 1 .2+7 

CR DIFF INELAST 1.5+7 

CR NONEL GAMMA 1.0+5 2.0+7 

CR N2N REACTION 1 0+7 1 5+7 

CR NEUT'EMISSN 1.4+7 

CR NEUT EMISSN 1.5+7 

CR N , PROTON 1 5+7 

CR N, PROTON 1.5+7 

CR N, DEUTERON 1 .5+7 

CR N, DEUTERON 1 .5+7 

CR N , TRITON 3.0+7 

CR N,ALPHA REAC 1.5+7 

Expt 80BNL 

Revw 80BML 

Revw 80BHL 

Revw 80BEIL 

Theo 80BRL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Theo 80BNL 

Revw 80ML 

Revw 80BNL 

Revw 80ENL 

Revw 80ENL 

Expt 80ENL 

Expt 80BNL 

780 JUL Qaim+ACT. CS GVN. SYSTEMATICS TBD. 

780 ORL Larson.GRPH.CFD OTH MEAS. 

780 LAS Browne+REVIEW.NDG.BIB REFS. 

780 TNL Walter+CONTINUUM EMISSION SPEC TBD. 

780 RCN Gruppelsar+SPEC,ANGDIST.CALC VS EXPT 

780 ORL Lar son. REVIEW. m)G . SEE ORNL REPORT. 
780 BRC Frehaut+TOF. NORM REL U238 NF. CS TBL. 

780 IRK Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

780 LAS Browne+SPEC,ANCDISTS.NDG.REFS 

780 LRL Haight+CS TBL. REVIEW. 

780 LAS Browne+SPEC,ANGDISTS.NDG.REFS 

780 LRL Haight+CS TBL. REVIEW 

780 JUL Qaim+CS GVN.20 PCT ERROR 

780 A1 Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 



Element Quantity Energy (e'll) Type Documentation bib Comments 
S A Min Mar Ref Vol Page Date t .................................................................................................. 

CR N,ALPHA REAC 1.5+7 

CR N,ALPHA REXC 1.5+7 

CR 050 N2N REACTION 3.0+7 

CR 050 NXN REACTION 3.0+7 

CR 050 N,PROTON 1.5+7 

CR 050 N ,  DEUTERON 1 .5+7 

CR 050 N ,  ALPHA REAC NDG 

CR 050 N,ALPHA REAC 1.4+7 

CR 050 N ,  ALPHA REAL' - .5+7 

CR 052 N2N REACTION 3.0+7 

CR 052 N ,  PROTON 1.5+? 

CR 052 N,.PROTON 5. 0+7 

CR 052 N ,  DEUTERON 1 .5+7 

CR 052 N,ALPHA REAC WG 

CR 052 B, ALPHA REAC 1.5+7 

Revw 80BWL 

Revw 80BNL 

Expt 80BNL 

Expt 80BhiL 

Revw 80BNL 

Revw 80BNL 

Ex pt 80BNL 

.5+7 Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

780' LAS Browrie+REVIEW . SPEC, ANGDI'STS . NDG . REFS 

780 LRL Haigtt+CS TBL. REVIEW 

780 JUL Qaim+ACT.CS VS ASSYM PAR..GRPH. 

780 JUL Qaim+ACT. (N, 3 ~ )  CS. SYSTEYATICS TBD. 

780 LRL Haight+CS TBL.P SPEC GRP3.CFD CALCS. 

780 LRL Haight+CS TBL.REVIEW. 

780 A 1  Kneff+CS MEAS TBD. NDG. 

780 LAS Browne+REVIEW . ANG-INTEG SPEC. GRPH 

780 LRL Haight+CS TBL.A SPEC GRPB.CFD CALCS. 

780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

780 LPL Haight+CS TBL.P SPEC GRPk:.CFD CALCS. 

780 JUL Qaim+ACT.CS VS ASSYHETRY PAR.GRPH. 

780 LPL .3aight+CS TBL.REVIEW. 

780 A1 :(neff+CS MEAS TBC.NDC. 

780 LhS 3rowne+REVIEW. ANG-INTEG SPEC. GRPH 



Element Quantity Energy (eV) Type Documentation Lab Comments 
S .  A , Min Max Ref Vol Page Date .................................................................................................. 

CR 052 N, ALPHA REAC 1 .5+7 Revw 80E-NL 245 780 LRL Haight+CS TBL.A SPEC GRPH.CFD CALCS. 

CR 053 NXN REACTION 3.0+7 Expt 80ENL 

CR 053 N,PROTON 3.0+7 Expt 80BNL ' 

CR 053 N. N PROTON 3.0+7 Expt 80BNL 

CR 053 N ,  DEUTERON 3.0+7 Expt 80BNL 

CR 053 N ,  HE3 REACTN 3.0+7 Expt 801NL 

CR 053 N,ALPHA REAC NDG Expt 80BNL 

CR 054 N , N  PROTON 3.0+7 Expt 80BNL 

CR 054 N ,  DEUTERON 3.0+7 Expt 80BNL 

CR 054 N,ALPHA REAC NDG Expt 803NL 

CR 054 N,ALPHA REAC 3.0+7 Expt 80BNL 

CR 41 5 N,TRITON 3.0+7 Expt '8OBNL 

M N  055 CIFF INELAST 1.5+7 Theo 8mNL 

MN 055 NONEL GAMMA 1.0+5 2.0+7 Revw 80BNL 

780 JUL Qaim+ACT. ( N ,  3N) CS. SYSTEMATICS TBD. 

780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

780 JUL Qaim+ ( N  , D)+ (N,  NP) .CS VS ASSYMETRY. 

780 JUL Qaim+ (N, D)+ (N , NP) .CS VS ASSYMETRY. 

780 JUL Qaim+ACT. CS GW. SYSTEMATICS TBD. 

780 A 1  Kneff+CS MEAS. TBD. MIG. 

780 JUL Qaim+ (N, D)+ (N , NP) .CS VS ASSYMETRY. 

780 JUL Qaim+ (N , D)+ (N , NP) . CS VS ASSYMETRY. 

780 A 1  Kneff+CS MEAS TBD.MIG. 

780 JUL Qaim+ACT.CS VS. ASSYM PAR GRPH. 

780 JUL Qaim+STAINLESS STEEL CS.+-20PCT. 

780 RCN.Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

780 ORL Lar son. REVIEW. NDG . SEE ORNL REPORT. 

M N  055 N2N REACTION 3.0+7 Expt 80BNL ' 539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date 

M N  055 NEUT EMISSN 1.5+7 Theo 80BNL 71 1 780 RCN Gruppelaar+E#ISSION SPEC CAI& VS EXP 

PIN 055 N,PROTON 3.0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

M N  055 N ,  TRITON , 3.0+7 Expt 80BNL 539 780 lUL Qaim+CS GVN.20 PCT ERROR 

M N  055 N,ALPHA REhC NDG Ex pt  80BNL 289 780 A 1  Kneff+CS MEAS TO BE ANAMZED.NDG. 

MN 055 N ,  ALPHA REAC 3.0+7 Expt 80Eh'L 5 3 9 .  780 JUL Qaim+ACT.CS VS ASSm PAR GRPH. 

FE EVALUATION 3.0+6 4.0+7 Eva1 80BNL 731 780 LAS Arthur+3 #DL CALCS.GRPHS.CFD EXPTS. 

FE TOTAL XSECT 3.5+7 5.0+7 Expt 80BML 31 3 760 DAV Zanelli+TOF, TRNS .3E. TBL, GRPH. CFD. 

FE TOTAL XSECT I. 0+7 5.0+7 Revw 8OBNL 21 5 770 LAS Broune+REVIEW.MEAS DO NO? AGREE. GRPH 

FE. TOTAL XSECT 5.0+5 8.0+7 Revw BOBNL 277 780 O3L Larson.2 EXPTS.GRPH.CFD OTHS. 

FE DIFF ELASTIC 2.0+7 2.6+7 Revw 80BNL 21 5 780 LXS Browne+REVIEW. 10-1 5PC PRECISION.NDG 

FE DIFF ELASTIC 2.0+7 2.5+7 Revw 80BNL 21 5 780 LAS Brome+REVIEW. 5-1 OPC PRECISION. NDG. 

FE DIFF INELAST 7.5+6 1.2+7 Revw BOBNL 259 780 TI¶L Walter+SES. PRELIM GRPH EXIT FN. TBC. 

FE DIFF INELAST 1.5+7 Theo 8 0 B n  71 1 780 RCN Cruppelaar+CS CAI& VS EXFT.LEG COEFS 

FE NONELASTIC 4.0+7 5.0+7 Revw 80BNL 21 5 780 LXS 3rowne+REVIEW. 10-1 5PC PREZ ISION. NDG 

FE NONEL GAMMA 9 .0+5 2.0+7 Revw 80BNL 277 780 OIiL Larson.REVIEW.m)G. SEE ORNL REPORT. 



Element Quant i ty  Energy ( e ~ )  Type Dccumentation Lab Comments 
S A Min Max Ref Vol Page Date 

.................................................................................................. 

FE N2N REACTION 1.2+7 1 .5+7 Expt 80ENL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

FE NEUT EMISSN 1 .0+7 1 .2+7 Revw 80ENL 21 5 780 LAS Browne+REVIEW.REFS GVN.GRPH FOR 6ANG 

FE NEUT EMISSN 1.4+7 Ex p t  8OE.NL 343 780 I R K  Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

FE NEUT EMISSN 1.5+7 Theo 80E.NL 71 1 780 R C N  Gruppelaar+EMISSION SPEC CALC VS EXP 

FE N , PROTON 1 .5+7 Revw 80ENL 215 780 LAS Browne+SPEC,ANGDISTS.NDG.REFS 

FE N , PROTON 1 5+7 Revw 80ENL 245 780 LRL Haight+CS TBL.REVIEW. 

FE N ,  DEUTERON 1 .5+7 Revw 80ENL 21 5 780 LAS Browne+SPEC , ANGDISTS. NDG. REFS 

FE N ,  DEUTERON 1 .5+7 Revw 80ENL 245 780 LRL Haight+CS TBL.REVIEW 

FE N , TRITON 3.0+7 Expt 80ENL 539 780 JUL Qaim+CS GVN. 20 PCT ERROR 

FE N ,  ALPHA REAC 1 .5+7 Ex pt  80E NL 289 780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

FE N ,  ALPHA REAC 1 .5+7 Revw 80ENL 21 5 780 LAS Browne+REVIEW .SPEC, ANGDIST. CS TBL. 

FE N ,  ALPHA REAC 1 .5+7 Revw 8OE.NL 245 7'80 LRL Haight+CS TBL.REVIEW 

FE 054 EVALUATION 3.0+6 4.0-7 Eva1 80E.NL 1 780 LAS Arthur+3 MDL CALCS.GRPHS.CFD EXPTS. 

FE 054 DIFF ELASTIC 8.0+6 1.4+7 Revw WE.NL 259 780 TNL Wal ter+EXPT COMPLETED AT TNL. NDG. TBC 

FE 054 POLARIZATION 1 .0+7' 1 .4+7 Revw 80E.NL 259 780 TNL Walter+ANAL PWR DISTRIB.NDG.GRPH. CFD 



Element Q u a n t i t y  Energy ! e ~ )  Type Documentation Lab Comments 
S A Xin Max Re: Vol Page Date .................................................................................................. 

FE 054 N211 REACTION 3.0+7 Expt 80BNL 539 780 JUL. Qaim+ACT.CS VERSUS ASSYIr; PAR GRPH. 

FE 054 N,PROTON 1.2+7 1.7+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW .ACT. NDG . 
FE 054 N,PROTON 1.5+7 Revw 80BIiL 245 783 LRL Haight+CS TBL.P SPEC GRFH.CFD CAXS. 

FE 054 N ,  PROTON 3. 0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYMETRY PAR.GRPH. 

FE 054 N , DEUTERON '1 .5+7 Revw 80BIJL 245 783 LRL Haight+CS TBL. REVIEW. 

FE 054 N,ALPHA REAC NDG Expt 80BBL 289 780 X I  Kneff+CS MEAS TO BE ANALYZED.NDG. 

FE 054 N ,  ALPHA REAC 1.2+7 1 .7+7 Revw 80BRL 21 5 783 LAS Browne+REVIEW. ANG-IBTEG SPEC. GRPH 

FE 054 N ,  ALPHA REAC 1 .5+7 Revw 80BHL 245 783 LRL Haight+CS TBL.A SPEC GRW.CFD CA-KS. 

FE 054 N ,  ALPHA REAC 3.0+7 Expt 80BHL 539 780 JUL. QaimtACT-CS VS ASSYM PAIi GRPH. 

FE 056 EVALUATION 3.0-6 4.0+7 Eva1 80BIJL 731 780 LAS Arthur+3 MDL CALCS.GRPHS.CFD EXPTS. 

FE 056 DIFF ELASTIC 8.0+6 1.4+7 Revw 80BBL 259 780 TNL Walter+GRPH.EXPT MEAS CFD OPTMDL. 

FE 056 DIFF INELAST' 1.6'7 2.2+7 Revw 80BRL 21 5 783 LAS Browne+REVIEW .NEG.BIB REFS. 

FE 056 NONELASTIC 4.0+7 5.0+7 Expt 80Bm 313 780 DAV Zanelli+2ES.TRANS.GRPH.CFD OPTMDL. 

FE 056 NXN REACTION 1 .5+7 Theo 80Bm 675 783 ORL Fu.(N,xN) .MULTISTEP H-F CALC CFD EXP 

FE 056 N,PROTON 1 .5+7 Revw 80BnL 245 780 LRL Haight+CS TBL.P SPEC GRPH.CFD CALCS. 



Element Quant i ty  Energy ( e ~ )  Type Documentation Lab Comments 
S A i n  Max Ref .Val Page Date .................................................................................................. 

FE 056 N,PROTON 1 .5+7 Theo 80BNL 675 780 ORL Fu.(N,:P) .MULTISTEP H-F CALC CFD EXP 

FE 056 N,PROTON 3.0+7 Expt 8OBNL 539 780 JUL Q ~ ~ ~ + A c T . C S  VS ASSYMETRY PAR.CRPH. 

FE 056 N ,  DEUTERON 1.5+7 Revw 80BNL 245 780 LRL Haight-CS TBL.REVIEW. 

FE 056 N,ALPHA REAC NDC 

FE 056 N ,  ALPHA REAC 1.2+7 1 .7+7 

FE 056 N,ALPHA REAC 1.5+7 

FE 056 N,ALPHA REAC 1.5+7 

FE 057 N,ALPHA REAC NDC 

FE 058 N ,  ALPHA REAC NDG 

FE 41 5 N,TRITON 3.0+7 

CO 059 TOTAL XSECT 2.0+6 1.0+7 

Expt 80BNL 

Revw 80ENL 

Revw 80ENL 

Theo 80ENL 

Expt 80KNL 

Expt 80BNL 

Expt .80BIL 

Theo 80BNL 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDC. 

780 LAS Browne+REVIEW.ANG-INTEG SPEC.GRPH 

780 LRL Haight4CS TBL.A SPEC CRPH.CFD CALCS. 

780 ORL Fu . (N ,U)  .MULTISTEP H-F CALC CFD EXP 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDC. 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 JUL Qaim+STAINLESS STEEL CS.+-20PCT. 

780 LAS Arthur+OPTMDL CALC CFD EXPTS. GRPHS. 

CO 059 ELASTIC SCAT 8.0+6 4.0+7 Theo 80BNL 751 780 LAS Arthur+OPTMDL C A E  CFD EXPTS.GRPHS. 

CO 059 TOT INELAST 1.0+7 2.5+7 Theo 80BNL 751 780 LAS Arthur+3PTMDL CALC CFD EXPTS.GRPHS. 

CO 059 DIFF INELAST 1.5+7 Theo 80BNL 711 780 RCN Cruppelaar+SPEC,ANGDIST.CALC VS EXPT 

CO 059 N2N REACTION Tr 2.5+7 Revw 80BYL 21 5 780 LAS Browne+9EVIEW. 10-20PC PRECISION. NDG 



Element Quant i ty  Energy (eV) 
S A Min Max ............................... 

CO 059 N2N REACTION 1.1 +7 2.5+7 

CO 059 N2N REACTION 1 . 1 +7 1 .5+7 

CO 059 N2N REACTION 3.0+7 

C O  059 NXN REACTION Tr 2.r.+7 

CO 059 NXN REACTION 2.0+7 5.0+7 

CO 059 NXN REACTION '3.0+7 

CO 059 NEUT EMISSN 1.5+7 

CO 059 N ,  N PROTON 1.0+7 2 0+7 
. . 
co 059 N,TRITON 3.0+7 

CO 059 N ,ALPHA RZAC NDG 

CO 059 N ,  ALPHA REAC 3 - 0 6  5.0+7 

CO 059 N,ALPHA REAC 3.0+? 

Type Documentation Lab Comments 
Ref Vol Page Date .................................................................. 

Theo 80BNL 751 780 LAS Arthur+OPTMDL C A L C  CFD 3XPTS.GRPHS. 

Expt 80BNL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

Expt 80ENL 539 780 JU; Q ~ ~ ~ + A c T . C S  VS ASSm PA3 GRPH. 

Revw 80BNL 21 5 780 LAS B ~ O ~ ~ + R E V I B .  (N ,  3 ~ )  MEXS.NO (N, 4N) 

Theo 80BNL 751 780 LA8 Arthur+OPTKDL CALCS CFD EXPTS. GBPHS. 

Ex p t  80BNL 539 780 J U L  Q ~ ~ ~ + A c T .  ( N ,  3N) CS. SYS!IEMATICS TBD. 

Theo 80BNL 71 1 780 R C N  Cruppelaar+EMISSION S m  CALC VS EXP 

Revw &BNL 21 5 780 LAS Browne+REVIEW.MEAS CFD.TBL 14 MEV 

Theo 80BNL 751 780 LAS Arthur+OPTMDL CALCS CFI EXPTS.GRPHS. 

Expt 80BNL 539 780 JUiL Qaim+ACT.CS VS ASSYM PPR GRPH. ' 

Theo ~ O B N L  751 780 LAS A~~~~~+'(N,NP)+(N,PN).OETMDL VS EXPT. 

Expt 80BNL 533 780 JUL Qaim+CS GVN. 20 PCT ERRCtR 

Expt 803NL 289 780 A 1  Kneff+CS MEAS TO BE ANP.LYZED.NDG. 

Theo 80BNL . 751 .780  LP.S Arthur+OPTMDL CALCS CFD EXPTS.GRPHS.. 

Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 



Element Quantity Energy (eV) Type .Documentation Lab Comments 
S A Min Max Re,f Vol Page Date .................................................................................................. 

NI TOTAL XSECT 2.0+6 8.0+7 Revw 80BNL 277 780 ORL Larson.GRPH. CFD OTH MEAS. 

N I DIFF ELASTIC 2.0+7 2.6+7 R'evu 80BNL 21 5 780 LAS Browne+REVIEW. 5-1 OPC PRECISION. NDG. 

NI DIFF INELAST 7.5+6 1 .2+7 Revw 80BNL 259 780 TNL Walter+CONTINUUM WISSION SPEC-NDG. 

NI DIFF INELAST 1.5+7 Theo 80BNL 71 1 780 RCN Gruppelaar+SPEC, ANGDIST. CALC VS EXPT 

N I NGNEL GAMMA ' 1.0+5 2.0+7 Revw 80BNL 277 780 ORL Larson .REVIEW .NDG. SEE ORNL REPORT. 

N I NONEL GAMMA 1 .0+5 2.0+7 Revw 80BNL 277 780 ORL Larson.REVIEW.NDG.SEE ORNL REPORT. 

N I NEUT EMISSN 1 .0+7 1 .4+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW.REFS GVN. GRPH FOR lANG 

N I NEUT EMISSN 1 .4+7 Ex pt 80BNL 343 780 IRK Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

N I NEUT EHISSN 1.5+7 Theo 80BNL 711 780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

N I N ,PROTON 1 5+7 Revw 80ENL 215 780 LAS Browne+REVIEW.SPEC,ANGDISTS.GRPH. 

NI N , PROTON 1.5+7 Revw 80ENL 245 780 LRL Haight+CS TBL.P EMISSION SPEC. 

N I N, DEUTERON 1 .5+7 Revw 80ENL 215 780 LAS Browne+REVIEW.SPEC,ANGDISTS.NDG.REFS 

NI N , DEUTERON 1 .5+7 Revu 80ENL 245 780 LRL Haight+CS TBL.REVIEW . 

N I N, TRITON 3.0+7 Expt 80ENL 539 780 JUL Qaim+CS GVN.20 PCT ERROR 

NI N , ALPHA REAC 1 .5+7 Expt 80ENL 289 780 A1 Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 



Element @ e n t i t y  Energy (1'4) Type Documentation Lab Comments 
S A Min Mix Ref Vol Page Date .................................................................................................. 

N I N,ALPHA REAC 1.5+i 

N I  N ,  ALPHA REAC 1.5+7 

N I  058 DIFF ELASTIC 2.4+7 

N I  058 DIFF ELASTIC 9.O+i 1.4+7 

N I  058 POL4RIZATIOF 1.0+7 

N I  058 DIFF INELAST 2.4+7 

N I  058 DIFF INELAST 2.4+7 

N I  058 N2N REACTIOB 3.0+7 

N I  058 NXN REACTION 3.0+7 

N I  058 N ,PROTON 1.5+7 

N I  058 N ,PROTON 8.0+6 1 ..i +7 

N I  058 N,PROTON 3.0+7 

N I  058 N , N  PROTON 3.0+7 

N I  058 N ,  DEUTERON 1.5+7 . 

N I  058 N ,DEUTERON 3.0+7 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Bevw 80BNL 

Revw 80BNL 

Expt 8OBNL 

Expt 80BNL 

Revw 80BNL 

Expt 80ENL 

780 LAS Browne+REVIEW .SPEC, ANGTIST . CS TBL. 

780 LRL Haight+CS TBL.REVIM 
/ 

780 OH0 Finlay+GRPH.MEAS C9D OFTMDL CALCS. 

780 TNL Wal ter+EXPT COMPLETED AT TNL. NDG. TBC 

780 TNL Wal ter+ANAL PWR DISTRIE.NDG. TBC. 

780 LAS Browne+REVIEW . NDG .BIB mFS. 

780 OH3 Finlay+GRPH.NEAS CFD DWBA, CCBA MDLS. 

790 JUL Qaim+ACT.CS VERSUS ASSYM PAR GRPH. 

780 JUL Qaim+ACT. ( N ,  3lV) CS. SYSTEMATICS TBD. 

780 LRL Haight+CS TBL.P SPEC GRPH.CFD CALCS. 

780 OH3 Rand e r  s-Pehr son+PRELIM SPEC. TBC . 
780 JUL Qaim+ACT. CS VS ASSYMETRY PAR. GRPH. 

780 JUL Qaim+ (N  , D)+ ( N  , NP) .CS VS ASSYMETRY. 

780 LRL Haight+CS TBL.REVIEW. 

780 JU; Bairn+ (N, D)+ (N, NP) .CS VS ASSYMETRY. 



Element Quant i ty  Energy ( e v )  Type Documentation Lab Comn en ts 
S A Min Max . Ref V o l P a g e D a t e  

.................................................................................................. 

N I  058 N ,  ALPHA REAC 1 . 5+7 Expt 80BK 289 780 A 1  Kneff+CS FOR 1:. NUCLIDES.TBL.CFD. 

N I  058 N ,  ALPHA REAC 1 .5+7 Revw 80BKL 21 5 780 LAS Browne+REVIEW .ANG-INTEG SPEC. GRPH 

N I  058 N,ALPHA REAC 1.5+7 ~ e v w  80BE'L 245 780 LRL Haight+CS TBL.A SPEC GRPH.CFD CALCS. 

N I  058 N , ALPHA REAC 8.0+6 1 .1+7 Revw 80BbL 389 780 OH0 Randers-Pehrson+PRELIM SPEC.TBC. 

N I  060 DIFF ELASTIC 2.4+7 

N I  060 DIFF ELASTIC 8.0+6 1 .4+7 

N I  060 DIFF INELAST 2.4+7 

N I  060 DIFF INELAST 2.4+7 

N I  060 N,PROTON 1.5+7 

N I  060 N,PROTON 3.0+7 

N I  060 N ,DEUTERON 1.5+7 

N I  060 N ,  ALPHA REAC 1.5+7 

NI  060 N ,  A.LPHA REAC I .  5+7 

N I  060 N,ALPHA REAC 1.5+7 

N I  061 N ,  ALPHA REAC 1.5+7 

Revw 80BKL 

Revw 80BBL 

Revw 80BhZ 

Revw 80BNL 

Revw 80BNL 

Ex pt 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

Revw 80BK 

Expt 80BNL 

780 OH0 Finlay+CRPH.MEAS CFD OFTMDL CALCS. 

780 TNL Wal ter+EXPT COMPLETED AT TNL. NDG. TBC 

780 LAS Browne+F:EVIEW. NDG .BIB REFS. 

780 OH0 Finlay+C-RPH.MEAS CFD DWBA, CCBA MDLS. 

780 LRL Haight+C-S TBL.P SPEC GRPH. CFD CALCS. 

780 JUL Qaim+INTEG MEAS CFD CS FROM EXCIT FN 

780 LRL Haight+CS TBL. REVIEW. 

780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

780 LAS Browne+IiEVIEW .ANC-INTEG SPEC. GRPH 

780 LRL Haight+CS TBL.A SPEC GRPH.CFD CALCS. 

780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 



Element Quan t l ty  Energy ( e ~ )  Type Documentation ,Jab Comments 
S A Min Max Ref Vol Page Date 

-----------------------------------------------------------.--------------------------------------- 

N I  062 N ,  ALPHA REAC 1.5+7 Ekpt 80BNL 289 780 AI Kneff+CS FOR 13 KUCLIDES.TBL.CFD. 

NI 064 N ,  ALMA REAC 1.5+7 Ex p t  80BNL 289 780 A1 Kneff+CS FOR 13 6UCLIDES.TBL.CFD. 

N I  41 5 N ,TRITON 3 0+7 Ex p t  80BNL 539 780 JUL Qaim+STAINLESS STEEL CS. +-2OPCT. 

C U TOTAL XSECT P.0+6 8.0+,7 Revw 80BNL 277 780 03L Larson . ORELA .TRNS AT 40 MEV GVN. 

C U DIFF ELASTIC NDG Revw 80BNL 21 5 780 LXS Browne+REVIE'd .10 PC PRECISION .NDG. 

C U DIFF INELAST 7.5+6 1 .2+7 Revw 80BNL 259 780 T3L 'Walter+CONTINUUM EMISSION SPEC.NDC. 

C U DIFF INELAST 1.5+7 Theo 80BNL 71 1 780 R;'N Gruppelaar+SPEC, XNGDIST. CALC VS EXPT 

C U NONEL GAMMA 1.0+5 2.O+J Revw 80BNL 277 780 O3L Larson.REVIEd.NDG.SEE ORNL REPORT. 

C U N2N REACTION 1.0+7 1 .5+J Ekpt 80BNL 399 780 B3C Frehaut+TOF. NORM REL U238 NF.CS TBL. 

CJJ NXN REACTION '1.0+6 2.O+J Revw 80BNL 277 780 03L Lar son .REVITd. NDG . SEE ORNL REPORT 

C U NEUT EMISSN 1 .0+6 2.0+-7 Revw 80BNL 21 5 780 LAS Browne+REVIEif.REFS GVN.GRPH FOR 1 A N G  

C U NEUT ENISSN 1.4+7 Ex p t  80BNL 343 780 I 3 K  Vonach+ANCiNTEG SPEC. TBL,GRPH. CFD. 

C U NEUT EMISSN 1.5+7 Theo 80BNL 711 780 R2N Gruppelaar+E#ISSION SPEC CALC VS EXP 

C U  N ,  PRCTON 1.5+7 Revw 80BNL 21 5 780 LAS Browne+SPEC, ANGDISTS. NDG.REFS 

C U N , PRCTON 1.5+7 Revw 80BNL 245 780 L3L Haight+CS TBL. REVIEW. 



. . 
Element Quantity Energy (eV) Type Docmentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

c u N ,  DEUTERON 1 .5+7 

C U N , DEUTERON 1 .5+7 

C U  N ,  ALPHA REAC 1.5+7 

C U N,ALPHA REAC 1.5+7 

C U  N ,  ALPHA REAC 1 .5+7 

C U  063 DIFF ELASTIC 8.0+6 1.4+7 

C U  063 N2N REACTION' 3.0+7 

C U  063 N2N REACTION 3.0+7 

CU 063 NXN REACTION 3.0+7 

C U  063 N,PROTON 1 5+7 
\ 

CU.063 N,DEUTERON 1.5+7 

C U  063 N, ALPHA REAC 1.5+7 

C U  063 N ,ALPHA REAC 1.5+7 

C U  063 N, ALPHA REAC 1.5+7 

CU 065 DIFF ELASTIC 8.0+6 1.4+7 

Revw 80BNL 

Revw 80BNL 

Ex pt 80BNL 

Revw 80BN-3 

Revw 80BL 

Revw 80BNL 

Expt 8 0 ~ m  

Expt 80BNL 

Expt 8OBhZ 

Ex pt 80BNL 

Revw 80BllL 

Ex pt 80BNL 

Revw 80BNL 

Revw 80BNL 

Revw 80ML 

780 LAS B ~ O ~ ~ + S P E C ,  ANGCISTS. NDG. REFS 

780 LRL Haight+CS TBL. REVIEW 

780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

780 LAS Browne+REVIEW.SPEC,ANGDISTS.NDG.REFS 

780 LRL Haight+CS TBL. REVIEW 

780 TNL Walter+GRPH.EXPT MEAS CFD OPTWDL. 

780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

780 JUL Qaim+ACT.CS VS ASSYM PAR.GRPH. 

780 JUL Qaim+ACT. ( N ,  3N) CS. SYSTEMATICS TBD. 

780 LRL Haight+CS TBL. REVIEW. 

780 LRL Haight+CS TBL. REVIEW. 

780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

780 LAS Browne+REVIEW .XNG-INTEG. GRPH, TBL 

780 LRL Haight+CS TBL.A SPEC GRPH.CFD CALCS. 

780 TNL Wal ter+EWT COMPLETED AT TNL. NDG. TBC 



Element Quantity Energy (eV I Type Documentation Lab Cc,mmen t s 
S A Min Max Ref Vol Page Date .................................................................................................. 

CU 065 POLARIZATION 1.0+7 1.4+7 Rev-* 80BNL 259 780 TNL Wal ter+ANAL PWR DISTRIB.NDG. GRPH. CFD 

CU 065 N2N REACTION 3.0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

C U  065 W ,PROTON 1.5+7 Revw 80BNL 245 780 LRL Haight+CS TBL.P SPEC GRPH. CFD CALCS. 

C U  065 N,PROTON 3.0+7 Expt 80BNL 539 780 JUL Qaim+ACT.CS VS ASSYM PAR.GRPH. 

C U  065 N,PROTON 3.0+7 Expt 80BNL 539 780 JU5 Qaim+IBTEG MEAS CPD CS FRCM EXCIT FN 

r C U  065 N ,  DEUTERON 1.5+7 Revw !3OBNL 245 780 LRL Haight+CS TBL.RZVIEW. 

C U  065 N ,  ALPHA REAC 1.5+7 Expt 80BNL 289 780 A 1  Kneff+CS FOR 13 NUCLIDES.TBL.CFD. 

I 
C U  %5 N ,  ALPHA REAC 1.5+7 Revw 80BNL 21 5 780 LAS Brome+REVIEW . AliG-INTEG. GRPH , TBL 

C U  055 N,ALPHA REAC 1.5+7 Revw 80BNL 245 780 LRL Haight+CS TBL.A SPEC CRPH.CFD CALCS. 

CUO65N,NALF'HA 3.-3+7 Expt 80BNL 539 780 JUL Qaim+ACT. CS GVN . SYSTEMATICS TBD. 

ZN DIFF IWELAST 1.5+7 Theo 80BNL 71 1 780 R C N  Gruppelaar+SPEC, ANGDIST. CALC VS EXPT 

Z N NONEL GAMMA 1 .0+5 2.0+7 Revw EOBNL 277 780 ORL Lar son. REVIEW. NDG. SEE ORNL REPORT. 

ZN NEUT EMISSN 1.4+7 Ex pt 80BNL 343 780 I R K  Vonach+ANGINTEG SPEC. TBL, CEPH. CFD. 

ZN NEUT EMISSN 1.5+7 Theo 80BNL 71 1 780 BCN Gruppelaar+EMISSION SPEC CALC VS EXP 

G A DIPF INELAST i .5+7 Theo BOBNL 71 1 780 RCN Gruppelsar+SPEC, ANGDIST. CALC VS EXPT 



Element Quantity Energy (eV) Type Documentation Lab Comn en t s 
S A Min Max 'Ref Vol Page Date .................................................................................................. 

G A N2N REACTION 1.0+7 1 .5+? Expt 80BNL 399 780 BRC Frehaut-TOF.NORM REL U238 NF.CS TBL. 

G A NEUT EMISSN 1.5+7 Theo 80BNL 71 1 780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

AS 075 N2N REACTION 1.1 +7 1 .5+7 Expt 80BNL 399 780 BRC Frehaut-TOF.NORM REL U238 NF.CS TBL. 

SE DIFF INELAST 1.5+7 Theo 80BNL 71 1 780 RCN Gruppelaar+SPEC ,ANGDIST. CALC VS EXPT 

SE NEUT EMISSN 1 .5+7 Theo 80BK 711 780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

SE 076 N2N REACTION 1.2+7 1 .5+7 Expt 80BML 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

SE 078 N2N REACTION 1 .1+7 1 .5+7 Expt 80BIlL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

SE 080 N2N REACTION 1.0+7 1.5+7 Expt 80BHL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

SE 082 N2N REACTION 1.0+7 1.5+7 Expt 80BIYL 399 780 BRC Frehaut+TOF.NOBM REL U238 NF.CS TBL. 

BR DIFF INELAST 1.5+7 Theo 80BlfL 71 1 780 RCN G ~ U ~ ~ ~ ~ ~ ~ ~ + S P E C , A N G D I S T .  CAE VS EXPT 

BR NEUT EMISSN 1 .5+7 Theo 80BllL 711 780 RCN Gruppelaar+EMISSION SPEC C A E  VS EXP 

Y 089 N2N REACTION 1.2+7 1 .5+7 Expt 80Bm 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

ZR DIFF INELAST 1.5+7 Theo 8OBHL 711 780 RCN Gruppelaar+sPEc,~NGDIsT.cALC VS EXPT 

ZR N2N REACTION 8.0+6 1 .5+7 Expt 80BBL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

ZR NEUT EMISSN 1.4+7 Expt 80BFJL 343 780 IRK Vonach+ANGINTEG SPEC. TBL,GRPH. CFD. 



Element Quant i ty  Energy (eY) 
S A Min Max ................................ 

ZR NEUT EMISSN 1 .5+7 

ZR N ,  ALPHA REAC NDG 

ZR C88 N2N REACTION 1.2+7 2.0.+7 

ZI? 089 N2N REACTION 1.0+7 2.0+7 

ZR 090 TOT INELAST 1.2+7 2.0-7 

ZR 090 N2N REACTIOW 8.0+6 2.0-7 

ZR 090 N,PROTON 8.0+6 2.0-7 

ZR 090N,NPROTON 1.1+7 2.0-7 

ZR 090 N ,ALPHA REAC 1 .2+7 .2.4-7 

ZR 090 N ,  N ALPHA 1.2+7 2.4-7 

NB 093 DIFF INELAST 7.5+6 1 .2-7 

Type Documentation Lat Comments 
Ref Vol Page ga te  

.------------------------------------------------------------------ 

Theo 80Bm 711 780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

Ex pt 80BNL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

Revw 80BNL 641 780 LRL Gardner+CS C A E  CFD EXF'T. GRPH. 

Sevw 80BNL 641 7Xl LRL Gardner+CS CALC CFD EXF'T. GRPH. 

Revw 80BNL 641 780 LRL Gardner+COMNUC CALC VS 3APRE.GRPH. 

Revw 80BNL 641 780 LRL Gardner+COMWC C A E  VS SPAPRE.GRPH. 

Revw 80BNL 641 780 LRE Gardner+COMPNC CALC VS SCAPRE.GRPH. 

Revw 80BNL 641 780 LRL Gardner+COMNUC CALC VS SPAPRE-GRPH. 

Revw 80BNL 641 780 LRL Gardner+COMNUC CALC VS STAPRE. GRPH. 

Revw 80BNL 641 780 LRL Gardner+COMNUC CALC VS STAPRE.GRPH. 

Bevw 80BNL 259 780 'INL Walter+CONTINUUM ENISSIGN SPEC TBD. 

NB 093 DIFF INELAST 1.5+7 Theo 80BNL 711 780 R C N  Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

NB 093 NONEL GAMMA 1.0+5 2.017 Revw 80BNL 277 780 GRL Lar son .REVIEW. NDC. SEE ORNL REWRT. 

NB 093 N2N REACTION 9.4+6 1 .5+7 Expt 80BNL 399 780 WC Frehaut+TOF.NORM REL U23.3 NF.CS TBL. 

NB 093 N2N REACTION 3.0+7 Expt 80BNL 539 780 JUL Qaim+INTEG MEAS CFD CS FPOM EXCIT FN 



Element Quant i ty  Energy (eV) Type Do2umentation Lab Comments 
S A # i n  Max Ref Vol Page Date .................................................................................................. 

NB 093 N2N REACTION 3.0+7 Ex p t  80B NL 539 780 JUL Qaim+ACT. CS VS ASSYM PAR.CRPH. 

NB 093 NXN REACTION 1.0+6 2.0+7 Revw 80BNL 277 780 ORL Larson .REVIEW. NDC. SEE ORNL REPORT 

NB, 093 NEUT EMISSN 1.4+7 Expt 80BNL 343 780 I R K  Vonach+.ANCINTEG SPEC. TBL, GRPH. CFD. 

NB 093 NEUT EMISSN 1.5+7 

NB 093 N ,PROTON 1.5+7 

NB 093 N ,DEUTERON 1.5+7 

NB 093 N ,TRITON 3.0+7 

NB 093 N,ALPHA REAC NDC 

NB 093 N ,ALPHA REAC 1.4+7 1 .5+7 

NB 093 N,ALPHA REAC 3.0+7 

NB 093 LVL DENSITY NDC 

MO NONEL CAMMA 1 0+5 2.0+7 

MO N 2 N  REACTION 8.0+6 1.5+7 

Theo 80BNL 

Revw 80BNL 

Revw 80BNL 

Ex p t  80BNL 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Revw 80BNL 

Revw 80BNL 

Ex p t  80BNL 

780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 

780 LAS Browne+SPEC,ANGDISTS.NDG.REFS 

780 LAS Browne+SPEC,ANCDISTS.NDC.REFS 

,780 JUL Qaim+CS CVN.20 PCT ERROR 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780' LAS Browne+REVIEW .SPEC, ANCDIST. CS TBL. 

780 JUL Qaim+ACT. CS VS ASSYM PAR. CRPH. 

780 LRL Gardner+SPIN CUT OFF PARS.CRPH. 

780 ORL Lar son .REVIEW. NDC . SEE ORNL REPORT. 

780 BRC Frehaut+TOF-NORM REL U238 NF.CS TBL. 

MO NEUT EMISSN 1 .4+7 Revw 80BNL 21 5 780 LAS Browne+REVIEW .REFS CVN. NDG. 

MO NEUT EMISSN 1 .4+7 Expt 80BNL 343 780 I R K  V ~ ~ ~ C ~ + A N G I N T E C  SPEC. TBL, GRPH. CFD. 



Element Quant i ty  3nergy ( e ~ )  
S A Min Max. 

MO N ,  ALPHA REAC WCG 

MO 092 DIFE ELASTIC ,3.6+7 

MO 092 N ,  PROTON 1.4+7 : .5+7 

MO 092 N ,  DEUTERON ; .4+7 5+7 

MO 092 N,ALPHA REAC ZTDG 

MO 092 N ,  ALPHA REAC ' .4+7 1 .5+7 

MO 092 N,ALPHA REAC 5.0+7 

MO 092 N ,  ALPHA REAC 5.0+7 

NO 094 N,PROTON '.4+7 1.5+7 

NO 094 I, DEUTERON : .4+7 1 .5+7 

NO 094 N, ALPHA REAC EDG 

MO 094 N ,  ALPHA REAC 1.4+7 1 .5+7 

NO 095 N ,  PROTON 1.4+7 1.5+7 

MO 095 N, DEUTERON 1.4+? 1 .5+? 

NO 095 N ,  ALPHA REAC HDC 

Type Documentation Lab Comments 
Ref Vol Page Date 

.................................................................. 

Ex pt  80BNL 

Revw 80BNL 

Ex p t  80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNii 

Expt 80BNL 

Expt 80Bfi 

Expt 80BNL 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 O'iO Finlay+STkTUS SIKCE MAY "7. REFS GVN . 
783 L3L Haight+PRELIMINARY MEAS. EDG. 

783 L3L Haight+PRELIMINARY MEAS. NDG . 
780 A C  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 LRL Haight+PRELIMINAliY MEAS. M)C. 

780 JUL Qaim+ACT.CS VS ASSYM PAR GRPH. 

780 JUL Qaim+ACT. CS VS ASSYM PAR.GRPH. 

780 LRL Haight+P SPEC AT 90 DEG. 

780 LRL Haight+PRELIMINABY MEAS. NDG. 

780 A 1  Kneff+CS MEAS TO BE ANALPZED.NDG. 

Ex p t  80BXL 245 780 LRL Haight+PRELIMIgABY MEAS. NDG. 

EX pt  80BYL 245 780 LRL Aaight+PRELIMINAEY MEAS. HDG. 

Expt 80BNL 245 780 LBL Haight+PRELIMINAEY MEAS. NDG. 

Ex p t  80BNL 289 780 AX KnefF+CS MEAS TO BE XNALYZED.NDG. 



Element Quantity Energy ( e ~ )  
S A Min lax  ............................... 

MO 095 N ,  ALPHA REAC 1.4+7 1 .5+7 

MO 096 DIFF ELASTIC 2.6+7 

MO 096 N ,  PR~TON 1.4+7 1.5+7 

MO 096 N, PROTON 3.0+7 

MO 096 N ; N  PROTON 3.0+7 

MO 096 N ,  DEUTERON 1.4+7 1 .5+7 

MO 096 NPDEUTERON 3.0+7 

MO 096 N ,ALPHA REAC NDG 

MO 096 N ,  ALPHA REAC 1 .4+7 1 5+7 

MO 096 , N ,  A.LPHA REAC 3.0+7 

MOO97 N,N PROTON 3.0+7 

MO 097 N ,  DEUTERON 3.0+7 

MO 097 N,ALPHA REAC NDG 

MO 098 DIFF ELASTIC 2.6+7 

MO 098 N , N  PROTON 3.0+7 

I Type Documentation Lab Cornmen t s 
Ref Yo1 Page Date ................................................................... 

Expt 80BNL 245 780 LRL Haight+PRELIMINARY MEAS. NDG. 

Revu 80BNL 375 780 OH0 Finlay+STATUS SINCE MAY 77.REFS GVN. 

Expt 80BHL 245 780 LRL Haight+PRELIMINARY MEAS. NDG . 
Expt 80BNL 539 780 JUL Qairn+ACT.CS VS ASSYM PAR GRPH. 

Expt 80BNL 539 780 JUL Qaim+ (N , D)+ (N , NP) .CS VS ASSYMETRY. 

Expt 8 O B G  245 780 LRL Haight+PRELIMINARY MEAS. NDG. 

Expt 8OBBL 

Ex pt 8OBbL 

Expt 80BK 

Expt 80BHL 

Expt 80Bn  

Ex pt 80BW1 

Expt 80BBL 

Revw WBNL 

Expt 80BNL 

780 JUL Qairn+ (N , D)+ (N ,  NP) .CS VS ASSYMETRY. 

780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 LRL Haight+PRELIMINARY MEAS. NDC. 

780 JUL Qairn+ACT. CS VS ASSYM PAR. GRPH. 

780 JUL Qairn+ (N , D)+ (N, NP) .CS VS ASSYMETRY. 

780 JUL ~ai rn+ ( N ,  D)+ ( N  , NP) .CS VS ASSYMETRY. 

780 A 1  Kneff+CS HEAS TO BE ANALYZED.NDG. 

780 OH0 F ~ ~ ~ ~ ~ + S T A T U S  SINCE MAY 77. REFS CVN. 

780 JUL Q ~ ~ ~ + ( N , D ) + ( N , N P ) . C S  VS ASSYMETRY. 



Element Buantity. Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Kax Ref Vol Page Date .................................................................................................. 

MO 098 N ,  DEUTERON J. 0+7 

MO 098 N ,  ALPHA REAC 3.0+7 

MO 100 DIFF ELASTIC 2.6+7 

MO 100 N ,  ALPHA REAC ADG 

RH 103 N2N REACTION ' .0+7 1 .5+? 

AG NONEL GAMMA ; .0+5 2 . o + ~  

A G NEUT EMISSN 1.4+7 

C D DIFF INELAST 1.5+7 

C D NEUT EMISSN 1.5+7 

I N  DIFF INELAST 1 .5+7 

I N  NEUT EMISSN 1 .5+7 

SN DIFF INELAST 7.5+6 1 .2+7 

SN DIFF ZNELAST 1.5+7 

SN NONEL GAMMA ' .0+5 2- 0+7 

SN NEUT EMISSN ' .4+7 

Expt 80BNL 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNZ 

Revw 80BNL 

Expt 80BNL 

Theo 80BNL 

Theo 80BNL 

Theo -80BNL 

Theo 80BNL 

Revw 80BNL 

Theo 80Bm 

Revw 80BNL 

Revw 80BNL 

780 J'JL Claim+ (N , D)+ (N , NP) .CS VS BSYMETRY. 

780 JJL Qaim+ACT.CS VS ASSYM PAR GRPH. 

780 0:-10 Finlay+STATUS SINCE MAY 77. REFS GVN. 

780 A[ Kneff+CS MEAS TO BE ANALYZED.NDG. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 ORL Lar son .HEVIEW. NDC. SE3 ORbL REPORT. 

780 I R K  Vonach+ANGINTEG SPEC. TBL,GRPH. CFD. 

780 RCN Gruppelaar+SPEC , ANGDIST. CALC VS EXPT 

780 R C N  >ruppelaar+EMISSION SPEC CALC VS EXP 

780 RCN :ruppelaar+SPEC , ANGDIST. CAE VS EXPT 

780 RCN i2ruppelaar+EMISSION SPEC CALC VS EXP 

780 TNL Walter+CONTINUUM EMISSION SPEC TBD. 

780 RCN Gruppelaar+SPEC,ANCDIST.C9LC VS EXPT 

790 ORL Larson.REVIEW.NDG.SEE ORN; REWRT. 

780 LAS Browne+REVIEM .REFS GVN. NDG. 



Element Cjuantity Energy ( e ~ )  Type Dwumentation Lab Comments 
' S  A Min Max Rsf Vol Page Date .................................................................................................. 

SN NEUT EMISSN 1.4+7 Expt 803NL 343 780 I R K  Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

SN NEUT EMISSN 1.5+7 Theo 8 0 3 K  71 1 780 R C N  Gruppelaar+EMISSION SPEC CALC VS EXP 

SN N ,  ALPHA REAC NDG Expt 803NL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDC. 

SN 11 2 M,ALPHA REAC NDG Expt 80BNL 289 780 A 1  Kneff+:S MEAS TBD.NDG. 

SN 1 1 4 N,  ALPHA REAC NDG Expt 80BNL 289 780 A 1  Kneff+;S MEAS TBD. NDG. 

SN 11  5 N ,  ALPHA REAC NDG Expt 80BNL 289 780 A 1  Kneff+l;S MEAS TBD.NDG. 

SN 1 1 6 DIFF INELAST 2.4+7 Revw 80BNL 21 5 780 LAS Browne*REVIEW .NDG .BIB REFS. 

SN 1 1 6 DIFF INELAST 2.4+7 

SN 11  6 N ,ALPHA REAC NDG 

SN 11  7 N,ALPHA REAC NDG 

SN 118 DIFF ELASTIC 2.4+7 

SN 11 8 N ,ALPHA REAC NDG 

SN 11  9 N ,  ALPHA REAC NDG 

SN 120 N,ALPHA REAC NDG 

SN 122 N ,  ALPHA REAC NDG 

Revw 80BNL 

Expt 80BNL 

Ex pt 80BNL 

Revw BOBNL 

Expt 80BNL 

Expt 80BNL 

Expt 80E.NL 

Expt 80ENL 

780 OH0 FinlaytSTATUS SINCE MAY 77.REFS GVN. 

780 A 1  Kneff+CS MEAS TBD.NDG. 

780 A 1  Kneff+CS MEAS TBD.NDG. 

780 OH0 Finlay+STATUS SINCE MAY 77. REFS GVN . 
780 A 1  Kneff+CS MEAS TBD.NDG. 

780 A I .  Kneff+CS MEAS TBD.NDG. 

780 A 1  Kneff+CS MEAS TBD.NDG. 

780 A 1  Kneff+CS MEAS TBD. NDG. 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

SN 124 DIFF ELASTIC 2.4+7 Revw 80BNL 375 780 OH0 Finlay+STATUS SINCE MAY 17.REFS GW. 

SN 124 N ,  ALPHA REAC HDG Ex pt 80BNL 289 780 A: Kneff+CS MEAS TSD. NDG. 

SB DIFF INELAST ! .5+7 Tneo 80BNL 711 780 RCN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

SB NEUT EMISSN : .5+7 Theo 80BNL 71 1 780 R C N  Gruppelaar+EMISSION SPEC C A E  VS EXP 

I 127 DIFF INELAST 1.5+7 

I 127 NEUT EMISSN ' .5+7 

BA NEUT EMISSN ' .4+7 

LA 139 TOTAL XSECT 2.5+6 6.0+7 

CE 140 TOTAL XSECT 2.5+6 6.0+7 

CE 142 TOTAL XSECT 2.5+6 6.0+7 

PR 141 TOTAL XSECT 2.5+6 6.0+7 

ND 142 DIFF ELASTIC ?.0+6 

ND 142 TOT INELAST 5.0+6 ?.0+,5 

ND 142 N2N REACTION 1.0+7 ' .5+7 

ND 144 N2N REACTION 8.2+6 '. 5+7 

Theo 80BNL 

Theo 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Theo 80BNL 

Theo 80BNL 

Expt 80BNL 

Expt 80BNL 

780 R C N  Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

780 RCN Gruppelaar+EMISSION SPEC CAW VS EXP 

780 I R K  Vonach+ANGINTEC SPEC. TBL,GRPH. CFD. 

780 LRL Phillips+TRNS. REL CE-140 OPTKDL. NDG 

780 LRL Phillips+TRNS. CRPH. OFTMDL ANAL 

780 LRL Phillips+TRNS. REL CE-140 OFTMDL. GRPH 

780 L9L Phillips+TRNS.REL CE-140 oFTMDL.~G 

780 L3L Phillips+OPTMDL CALC CFD EXPT.GRPH 

780 L3L Phillips+OPTMDL CALC CFD EXPT. 3E.TBL 

780 B9C Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 B3C Frehaut+TOF.NORM REL U238 NF.CS TBL. 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

ND 146 N2N REACTION 8.0+6 1.5+7 

ND 146 NXN REACT1,ON 1 .5+7 1 .5+7 

ND 148 N2N REACTION 8.0+6 1 .5+7 

ND 148 NXN REACTION 1.4+7 1.5+7 

ND 150 NZN REACTION 8.0+6 1.5+7 

ND 150 NXN REACTION 1.3+7 1 .5+7 

SM 148 NEN REACTION 8.6+6 1 .5+7 

SM 150 N2N REACTION 8.6+6 1.5+7 

SM 152 N2N REACTION 8.6+6 1.5+7 

!3l 154 N2N REACTION 8.4+6 1 .5+7 

EU 151 N2N REACTION 8.4+6 1.5+7 

GD 155 N2N REACTION 6.9+6 1 .5+7 

GD 156 N2N REACTION 8.4+6 1 .5+7 

GD 157 N2N REACTION 6.9+6 1 .5+7 

GD 158 N2N REACTION 8.4+6 1 .5+7 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Ex pt 8OBNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC F ~ ~ ~ ~ U ~ + ( N , ~ N ) . ~ F . R E L  U238 NF.TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+ (N, 3N) .TOF.REL U238 NF.TBL. 

780 BRC Frehaut+TOF .NORM REL U238 NF .CS TBL. 

780 BRC Frehaut+(~,3~).wF.REL U238 NF.TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 



Element Quant i ty  Energy ( e ' J )  Type Documentation Lab Comments 
S A Min Ha:< Ref Vol Page Date 

-----------------------------,---------------------------------------------------------.------------ 

GD 160 N2N REACTION 7.9+6 1 . 5 ~ 7  Expt 80BNL 399 780 BRC Frehaut+TOF.NORM REL U2Z.8 NF.CS TBL. 

GD 160 NXN REACTION 1.4+7 1 .5+7 Expt 80BNL 399 780 BRC ~ r e h a u t +  ( N ,  3 ~ )  .TOF. REL L238 NF .TBL. 

TM 169 N2N REACTION 8.4+6 1 .5+7 

LU 175 N2N REACTION 8.0+6 1 .6+7 

LU 175 N2N REACTION 8.4+6 1 .5+7 

TA 181 DIFF ELASTIC NDG 

TA 181 DIFF INELAST 1 .5+7 

TA 181 NONEL GAMMA 1 .0+5 2.0+7 

TA 181 N2N REACTION 8.4+6 1 .5+7 

TA 181 NEUT EMISSN 1.4+7 

TA 181 NEUT EMISSN 1.5+7 

W DIFF ELASTIC NDG 

W DIFF INELAST 7.5+6 1 .2+7 

W DIFF INELAST 1.5+7 

W NONEL GAMMA 1.0+5 2.0+7 

Expt 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Theo 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Theo 80BNL 

Revw 80BNL 

Revw 80BNL 

Theo 80BNL 

Revw 80BNL 

780 BRC Frehaut+TOF.NORM REL U258 NF .CS TBL. 

780 LRL. Gardner+LU174 ISOMER RATIO CALC.CURV 

780 BRC Frehaut+TOF .NORM REL U2::8 NF.CS TBL. 

780 LRL. H ~ ~ s ~ ~ + ( P , N ) M E A s . D E L  FROM 0FTMDL.NDG 

780 RCN Gruppelaar+SPEC,ANGDIST.CALC V s  EXPT 

780 O R L  Larson .REVIEW. NEG. SEE OFNL REPORT. 

780 BRC Frehaut+TOF.NORH REL U238 NF.CS TBL. 

780 I R K  'Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

780 RCN Gruppelaar+EMISSION SPEC CAM VS EXP 

780 LAS Brome+REVIEW.10 PC PRECISION.NDC. 

780 TNL Walter+CONTINUUH EMISSIGN SPEC TBD. 

7e0 R C N  Gruppela~r+SPEC, ANGDIST. CALC VS EXPT 

780 ORL Larson.  REVIEW. NDG. SEE ORNL REPORT. 



Element Quantity Energy ( e ~ )  Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

W N2N REACTION 8.0+6 1 .5+7 Expt 80BNL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

W NEUT EMISSN 1.4+7 Revw 80BNL 215 780 LAS Browne+REVIEN.REFS GVN.NDG. 

W NEUT EMISSN 1 .4+7 Expt 80BHL 343 780 I R K  vonach+~NC1NTEG SPEC. TBL, CRPH. CFD. 

W NEUT EMISSN 1.5+7 Theo 80BllL 71 1 780 RCN Cruppelaar+EMISSION SPEC CALC VS EXP 

W N ,  ALPHA REAC NDC Expt 80BFn 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDC. 

W 182 N2N REACTION 8.2+6 1 .5+7 

W 182 N ,  ALPHA REAC NDC 

W 183 N2N REACTION 7.4+6 1 .5+7 

W 183 N ,ALPHA REAC NDC 

W 184 N2N REACTION 7.7+6 1.5+7 

W 184 NXN REACTION 1 .5+7 

W 184 N,ALPHA REAC NDC 

W 186 N2N REACTION 7.4+6 1 .5+7 

W 186 NXN REACTION 1.4+7 1 .5+7 

W 186 N,ALPHA REAC NDC 

Expt 80BNL 

Expt 80BYL 

Expt 80B3L 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Ex p t  80BNL 

Expt 80ENL 

780 BRC Frehaut*TOF.NORM REL U238 NF.CS TBL. 

780 A 1  Kneff+CS MEAS TBD.NDC. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 A 1  Kneff+CS MEAS TBD.NDC. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+(N,SN).TOF.REL U238 NF.TBL. 

780 A 1  Kneff+CS MEAS TBD.NDC. 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+ (N,  3 ~ )  .WF.REL U238 NF.TBL. 

780 A 1  Kneff+CS MEAS TBD. NDC. 



Element W a n t i t y  Energy. (eV) Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date 

PT N2N REACTION 8.0+6 1 .5+7 Expt 80BNL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

AU 197 TOTAL XSECT 2.0+6 8.0+7 Revw 80BNL 277 780 O3L Larson.0RELA.TRNS AT 40 MEV CVN. 

AU 197 DIFF ELASTIC RDC Expt 8 0 B n  781 783 L3L 'Hansen+ (P, N)MEAS. DEL FROM OFTMDL. NDC 

AU 197 DIFF INELAST 1.5+7 Theo 80BNL 71 1 ?80 RCN Oruppelaar+SPEC, AWCDIST. C A E  VS EXPT 

AU 197 NONEL GAMMA 1.0+5 2.0+" Revw 80BPIL 277 780 OBL Lar son. REVIEW. .NDG. SEE ORNL REPORT. 

A U  197 N2N REACTIOH &. 4+6 1.5+" Expt 80BNh 399 780 BBC Frehaut+TOF.NORM BEL U238 NF.CS T3L. 

AU 1 97 NEUT EMISSN 1 .4+7 

AU 197 NEUT EMISSN 1.5+7 

A U  1 97 N ,  ALPHA REAC 1 .5+7 

HC DIFF INELAST 1.5+7 

HG NEW EMISSN 1.5+7 

TL 203 N2N REACTION 8.4+6 1 .5+7 

TL 205 N2N REACTION 8.4+6 1 .5+7' 

PB TOTAL XSECT 2.0+6 8 .W7 

PB DIFF INELAST 7.5+6 1 .2+7 

Expt 80BNL 

Theo 80BNL 

Expt 80BNL 

Theo 80BhT8 

Theo 80BNL 

Expt 80BNL 

Expt 80BNL 

Revw 80BNL 

Revw 80BNL 

780 IEK Uonach+ANCINTEC SPEC. TBL, GRPH. CFD. 

780 RCN 2ruppelaar+EMISSION SPEC CALC VS EXP 

780 A1 :(neff+CS FOR 13 NUCLIDES.TBL.CFD. 

780 R C N  Cruppelaar+SPEC , A.NGDIST. CALC VS EXPT 

780 RCN Gruppelaar+EMISSION SPEC C A E  YS EXP 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Prehaut+TOF.NORM REL U238 NF.CS TBL. 

780 ORk Larson. ORELA. TRNS AT 40 MEV CVN. 

780 TNL Yalter+CONTINUUM WISSION SPEC.NDC. 



~ l e m e n t  ' Quant i ty  Energy ( e ~ )  
S A # i n  Max ................................ 

PB DIFF INELAST 1.5+7 

PB ' NONEL GAMMA 1.0+5 2.0+7 

PB N2N REACTION 7.4;6 1 .5+7 

PB NEUT EMISSN 1.0+7 1 .2+7 

PB NEUT ENISSN 1 .4+7 

PB NEUT EMISSN 1 .5+7 

PB N, ALPHA REAC NDG 

PB 204 N,ALPHA REAC NDG 

PB 206 N2N REACTION 8.4+6 1.5+? 

PB 206 N,ALPHA REAC NDG 

PB 207 N2K REACTION 7.4+6 1 .5+7 

PB 207 N ,ALPHA REAC NDG 

PB 208 TOTAL XSECT 5.0+6 2.0+8 

PB 208 DIFF ELASTIC 2.0+7 4.0+7 

PB 208 DIFF ELASTIC 1.0+7 

Type Documentation Lab Comments 
Ref Vol Page Date .................................................................. 

Theo 80BNL 71 1 780 RCN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

Revw 80BISL 277 780 ORL Larson.REVIEW.NDG.SEE ORNL REPORT. 

Expt 80BYL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

Revw 80BWL 215 780 LAS Browne+REVIEW.REFS GVN.GRPH FOR 1ANG 

Ex p t  80BllL 343 780 I R K  Vonach+ANGINTEG SPEC. TBL, GRPH. CFD. 

Theo ~ O B ~ L  711 780 R C N  Gruppelaar+EMISSION SPEC CALC VS EXP 

Expt 80BEL 289 780 A 1  Kneff+CS MEAS TO BE ANALYZED.NDG. 

Expt 80Bm 289 780 A 1  Kneff+CS MEAS TBD.NDG. 

Expt 8OBNL 399 780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

Expt 80BNL 289 780 A 1  Kneff+CS MEAS TBD.NDG. 

Expt 80BNL 399 780' BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

Expt 80BNL 289 780 A 1  Kneff+CS MEAS TBD.NDG. 

Expt 80BNL 301 780 LAS Lisowski+TOF, TRNS. GRPH. CFD OTHS, ENDF 

Revw 80BNL 375 780 OH0 Finlay+STATUS SINCE MAY 77.REFS GVN. 

Revw 80BNL 259 780 TNL Wal ter+EXPT COMPLETED AT TNL.NDG. TBC 



Element Quantity Energy ( e ~ )  
S A Min Max ................................ 

PB 208 POLARIZATION 1.0+7 

PB 208 DIFF INELAST 2.6+7 

PB 208 N ,  GAMMA 0+6 .I .4+7 

PB 208 N2N REACTION 7.9+6 1.5+7 

PB 208 N ,  ALPHA REAC NDG 

BI 209 EVALUATION 1.0-5 2.0+7 

BI 209 TOTAL XSECT 1.2+6 4 . 5 6  

BI 209 ELASTIC SCAT 1.5+6 4 . 0 6  

BI 209 DIFF ELASTIC 1.5+6 4.016 

BI 209 DIFF ELASTIC NDG 

BI 209 DIFF INELAST 1.0+6 .4.0-6 

BI 209 DIFF INELAST 1.5+7 

BI 209 N2N REACTION 8.0+6 1.5-7 

BI 209 NEUT EMISSN 1.4+7 

BI 209 NEUT EMISSN 1.5+7 

Type Documentation Lab Comments 
Ref Vol Page Date .................................................................. 

Revw 80BNL 259 780 TNL Wal ter+ANAL PWR DISTRIB . NDC . TBC . 
Revu 80BNL 375 780 O:4C Finlay+STATUS SINCE MAY "7.REFS GVN. 

Expt 80BNL 259 780 TNL Walter+ANGDISTS 90 DEG.NDG 

Expt 80BNL 399 780 BRC Frehaut+TOF.NORN REL U238 NF.CS TBL. 

Ex pt  80BNL 289 780 AI Kneff +CS M M  TBD. NDG. 

Eva1 80BML 799 780 ANL Smith+ENDF FORMAT. GRPHS. .=FD EXPTS. 

Expt 80BNL , 799 780 ANL Srnith+TRNS.SO KEV RSLN.GXPH.CFD OTHS 

Expt 80BNL 799 780 ANL Smith+TOF, XI-1 60DEG. INTE:. NDG. 

Expt 80BNL 799 780 ANL Smith+TOF, 20-1 60DEG. GRPH. CFD OTHS 

Expt 80BNL 781 780 LRL  ans sen+ (P, N)MEAS. DEL FRW OPl'MDL. NDG 

Expt 8OBlVL 799 780 ANL Smitk+20-160 DEG.ANGINTEG GRPHS.CFD. 

Theo 80BNL 711 780 ECN Gruppelaar+SPEC,ANGDIST.CALC VS EXPT 

Expt 80BNL 399 780 BRC Frehsut+TOF.NORM REL U239 NF.CS TBL. 

Expt 80BNL 343 780 I R K  Vonac h+ANGINl%G SPEC. TBL, GRPH. CFD. 

Theo 80BNL 71 1 780 RCN Gruppelaar+EMISSION SPEC CALC VS EXP 



Element Quantity Energy (eV) Type Documentation Leb Comments 
S A Min Max Ref Vol Page Date .................................................................................................. 

TH 232 TOTAL XSECT 5.0+6 2.0+8 Expt 80BNL 301 780 LAS Lisowski+TOF, TRNS. GRPH. CFD OTHS , ENDF 

TH 232 DIFF ELASTIC 7.0+6 Ex pt  80BNL 781 780 LRL ~ a n s e n + ( P ,  N)MEAS.OPPMDL DEL. TBL, GRPH 

TH 232 NONEL CAMHA 1 .0+5 2.0+7 

U 238 TOTAL XSECT 5.0+6 2.0+8 

U 238 DIFF ELASTIC 7.0+6 

I U 238 N2N REACTION 6.9+6 1 .5+7 
0, 
Q, 
4 U 238 NXN REACTION 1.2+7 1 .5+7 
I 

PU 242 TOTAL XSECT 5.0+6 2.0+8 

MANY DIFF ELASTIC 2.0+7 4.0+7 

MANY DIFF INELAST 2.0+7 4.0+7 

MANY N2N REACTION TR 1 .5+7 

MANY N2N REACTION 3.0+7 

MANY NXN REACTION 3.0+7 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

Revw 80BNL 

Revw 80BNL 

Expt 80BNL 

Expt 80BNL 

Expt 80BNL 

780 OR L Lar son. REVIEW. NDG . SEE ORNL REPORT. 

780 LAS Lisowski+TOF,TRNS.GRPH.CFD OTHS,ENDF 

780 LRL Hansen+ (P, N)MEAS.OFTMDL DEL.TBL,GRPH 

780 BRC Frehaut+TOF.NORM REL U238 NF.CS TBL. 

780 BRC Frehaut+(N', 3N) .TOF.REL U238 NF.TBL. 

780 LAS Lisowski+TOF , TRNS. GRPH. CFD OTHS , ENDF 

780 OH0 Finlay+PARTIAL SURVEY SINCE MAY 77 

780 OH0 Finlay+PARTIAL SURVEY SINCE MAY 77 

780 BRC Frehaut+SYSTEMATICS.50 ELEMENTS. 

780 JUL Qaim+SYSTENATICS FOR 11 ELEMENTS 

780 JUL Qaim+ (N ,3N)11 ELEMENT SYSTEMATICS 

MANY NEUT EMISSN 1.4+7 Expt 80BNL 343 780 I R K  Vonach+l7 ELEMENTS. TBLS, GRPHS. CFD. 

MANY N , PROTON 3.0+7 Expt 80BNL 539 780 JUL Qaim+SYSTMATICS FOR 11 ELEMENTS. 



Element Quantity Energy (eV) Type Documentation Lab Comments 
S A Min Max Ref Vol Page Date 

MANY N , N PROTON 'j.0+7 Expt 80BNL 539 780 JUL Qaim+ (N ,  D)+ (N ,  NP) .SYSTEMETICS 

MANY N , DEUTERON 3.0+7 Expt 80BNL 539 780 JUL  aim+ (N , D )  + (N , NP) . SYSTEMPTICS 

MANY N ,  HE3 REACTN 3.0+7 Ex ~t 80BNL 539 780 JUL Qaim+SYSTPIATICS FOR 11  ELEMENTS. 

HAKY N , ALPHA REAC 3.0+7 Ex pt 80BNL 539 780 JUL Qaim+SYSTENATICS FOR 11  ELEMENTS. 

HAKY N,NALPHA 3.0+7 Expt 80BNL 539 780 JUL Qaim+SYSTEMATICS FOR 11  ELEMENTS. 
I 



CHARGED PARTICLE REACTION INDEX, 

1. W .  Burrows. 





Be-9(p8x)n r e l a t i v e  t h i c k  t a r g e t  y i e l d ( E ; t h e t a )  
CRC Revw Conf 80BNL 1 147 80 1.0+1 2.5+1 Lone+ TBL. C U R V .  LOW-E N(0.3-2.3nEV). 

Be-9(p8 ine las t i c+n)Be-8  r e l a t i v e  t h i c k  t a r g e t  y i e l d ( E ; t h e t a )  
C R C  2evu Conf 80BNL 1 i 4 7  80 1.5+1 Lone+ APP. 30PilCNT OF LOW-E N YLD. 

Be-9(p , ine las t i c )Be-9  s igma(E; the ta )  
T N L  Revv Conf 80BNL 1 259 8C 1.1+1 1.5+1 Wal ter+ C U R V .  EXPT+LANE MODEL. 

Be-9 (.p, ine1as ' t i c )Be-9  p o l a r i z a t i o n  ( E ; t h e t a )  
TNL Revw. Conf 80BNL 1 259 80  1.1+1 1.6+1 Wal ter+ C U R V .  EXPT+LANE MODEL. 

Be-9(p,n)B-9 s igma(E; the ta )  

I 
T N L  Revu Conf 809NL 1 259 80 1.1+1 1.6+1 # a l t e r +  C U R V .  EXPT+LANE MODEL. 

00 
u C Be-9(prn)B-9 p o l a r i z a t i o n  ( E i t h e t a )  

I 
TML Revn Conf 80BNL 1 259 80 1.1t1 1.6+1 Idal ter+ C U R V .  EXPT+LANE MODEL. 

C-12(p , ine las t i c )C-12  sigma(E;Em; t h e t a )  
T N L .  Theo Conf 80BML 2 689 80 4.0+1 Kalbach+ CUdV. YSD A N D  MSC CFD EXPT.  

C - 1 3 ( p , i n e l a s t i c ) C - 1 3  s ig rna (Ei the ta1  
TNL Hevw Conf 80BNL 1 259 80 N D G  . Walter+ N D G .  L A N E  M O D E L  APPROACH. 

C-13(p,n)N-13 sigma(E; t h e t a ) .  
TNL Revv Conf 80BNL 1 259 80 K D G  Walter* N D G .  LANE MODEL A P P R O A C H .  

A- lS(p , ine las t i c )N-15  s igrna(E; theta)  
T N L  Revw Conf 80BNL 1 259 80 WDG Wal ter+ N D G .  L A N E  MODEL APPROACH. 

N-15(p,n)O-15 s igma(E; the ta )  
TKL Revv Conf 80BNL 1 259 80 N D G  salter+ N D G .  L A N E  MODEL APPROACH. 



0-18(p,inelastic)O-18 sigma(Ejtheta) 
OH0 Revu Conf 80BNL 1 375 80 2.4+1 Finley+ CURV. 1.9EMEV LVL. CFD (N,N'). 

Al-27(p8x)n sigma(E;theta) 
LAS Revu Conf AOBNL 1 169 80 5.0+0 8.0+2 Russell+ NDG. 

Fe-54(p,alpha)Mn-51 sigma(E;E ';theta) 
TNL Theo Conf 80BML 2 689 80 1.5+1 Kalbach+ CURV. MSD AND MSC CFD EXPT. 

Fe-54(p#He3)Mn-52 sigmaCE;E'; rheta) 
TNL Theo Conf 80BNL 2 689 80 2.4+1 KalSach+ CURV. HSD AND MSC CFD EXPT. 

Fe-54(p,inelastic)Fe-54 sigmaiE;E';theta) 
TNL Theo Conf 80BNL 2 689 80 :.O+l 6.2+1 Kalbach+ CURV. MSD AND YSC CFD EXPT. 

I 

OD Fe-54(p,inelastic)Fe-54 sigma(E;E';theta) Legendre coefficient expansion x sigma(E1 
h) 

I 
TNL Theo Conf 803NL 2 689 80 6.2+1 Ka.lbach+ CURV. MSD AND MSC CFD EXPT. 

Fe-56(p82n)Co-55 sigma(E1 
LAS Eva1 Conf 80aNL 2 731 80 1.5+1 4.0+1 Arthur+ CuRV. CALC. CFD E X P ~ .  

Fe-56(p8n)Co-56 sigma(E). 
LAS Eva1 Conf 80BNL 2 131 80 3.0+0 4.0+1 Arthur+ CURV. CALC. CFD EXPT. 

Fe-57(p8n)Co-57 sigma(E) 
LAS Theo Conf 808NL 2 751 80 1.8+0 5.0+0 .Arthur+ CURV. H-F CALC. CFD EXPT. 

Ni-62(prinelastic)Ni-62 sigmaiE;Ee) 
LRL Revw Conf 608NL 2 641 80 1.4+1 Gardner. CURV. CALC. CFD- EXPT(SPR1NZAK 

Ni-62(p,inelastic)Ni-62 sigmaiE;E';theta) 
LRL Revu Conf 80BNL 2 641 80 1.2+1 Gardner. CURV. 750EG. CALC. CFD EXPT. 



Cu-O(p,x)n s i gma(E ;  t h e t a )  
LAS Revu Conf 80BNL 1 1 6 9  5.0+0 8.0+2 

Nb- 93(p8n)Mo-93 s igma(E;  t h e t a )  
LRL Revw Conf 805NL 2 6 4 1  80 4.9+1 

Rh-103(p8n)Pd-103 s i g m a ( E ; E e ; t h e t a )  
TNL. Theo  Conf SOBNL 2 6 8 9  80 5.5+0 

~ g - 1 0 7  (p8n)Cd-107 s igma(E;EO; t b e t a )  
TML Theo Conf 80BNL 2 6 8 9  80 1.8+1 

In-O(e ,x)n  s i gma(&;  t h e t a )  

I 
LAS Revw Conf 80BNL 1 1 6 9  80 5.0+0 8 .0+2  

s n - 1 2 0 ( p 8 a l p h a ) I n - 1 1 7   sigma(^;^'; t h e t a j  
W 

I 
TNL Theo Conf 80BNL 2 6 8 9  80 5.0+1 

Sn -120 (p8 t )Sn -118  s i g m a ( E ; E e ; t h e t a )  
TNL Theo Conf 80BNL 2 6 8 9  80 3.6+1 

Sn-120(p8d)Sn-119  s igma(E;EO;  t h e t a )  
TNL Theo Conf 80BNL 2 089  83  4.0+1 

~n-120(p~inela~tic)Sn-120 s igma(E;E ' ; thz ta )  
TNL Theo  Conf 80BNL 2 689  8 3  2.5+1 5.5+1 

Ta-O(p8x)n t h i c k  t a r g e t  y i e l d ( E ; E O ; t h e t a )  
LAS Revu Conf 80BNL 1 169  80 8.0+2 

Ta-O(p8x)n t h i c k  t a r g e t  y i e l d ( E ;  t h e . t a )  
LAS Revw Conf 80BNL 1 1 6 9  80 5.0+0 4.0+2 

R u s s e l l  + NDG.  

Ga rdne r .  CURV.  C C  CALC. CFD. EXPT. 

K a l b a c h +  CURV.  NSD A N D  MSG CFD EXPT. 

K a l b a c h +  CURV. MSD A N D  MSC CFD E X P T .  

R u s s e l l +  N D G .  

Ka lbach+  C U H V .  MSD A N D  MSC CFD EXPT. 

K a l b a c h b  CURV. MSD A N D  MSC CFD EXPT. 

Ka lbach+  CURV. MSD A N D  WSC CFD EXPT. 

Ka lbach+  CURV. MSD A N D  MSC CFD EXPT. 

R u s s e l l +  C U R V .  90 DEG. EXPT+CALC. 

R u s s e l l *  MDG. 90 DEGREES. 



Ta-18l(p,n)W-181 s igma(E;  E ' ; t h e t a )  
L R L  E x t h  Conf 80BNL 2 781 80 2.6+1 2.7+1 

W-O(p,x)n t h i c k  t a r g e t  y i e l d  
LAS Revu Conf 80BNL 1 1 6 9  80 N D G  

w-O(p,xjn raw t h i c k  t a r g e t  y i e l d  
LAS Wevw Conf 808NL 1 1 6 9  80 8.0+2 

kf-O(p,x)n t h i c k  t a r g e t  yi ? l d ( E ; E ' : t h e t a )  
LAS Revu Conf 80BNL 1 169 80 R.0+2 ' 

Y-O(p,x)n t h i c k  t a r g e t  y i 2 l d ( E ; t h e t a )  
I LAS Revu Conf 8OBNL 1 1 6 9  80 5.0+0 4.0+2 

0) 

U-O(p,x)n p r o d u c t  y i e l d  
D A N L  E x p t  Abs t  - B O B N L  1 1 1 1  80 3.0+2 5.0+2 

Y-O(p,x)n p a r t i a l  t h i c k  t a r g e t  y i e l d  
LAS Revu Conf 80BNL 1 1 6 9  80 8.0+2 

Au-197(p,inelastic)Au-197 s igma(E ; .Ee ; t he t a )  
TNL Theo Conf 83BNL 2 689  80 2.0+1 

Au-197(p,n)Hg-197 s i g m a ( E ; E e ; t h e t a )  
LRL E x t h  Conf 80BKL 2 7 8 1  80 2.6+1 2.7+1 

Pb-O(p,x)n s i g m a ( E ; E e ; t h e t a )  
KFK Exp t  Conf 80BNL 1 2 0 1  83  5.9+2 

E x p t  Conf 800NL 1 201 BO TR 5.9+2 
Expt Conf 80BNL 1 201 80 S.9+2 

Hansen* NDG. I A R .  ANALYSIS I N  PROGRESS. 

R u s s e l l +  TBt. PRELIM. FERFICOM. 

R u s s e l l +  C U R V .  90 DEG, EXPT+CALC. 

R u s s e l l +  !JOG. 90 DEGREES. 

C a r p e n t e r +  WDG. Z I N G - P .  IBDIRECT. 

R u s s e l l +  TBL. C A L C .  EH L T  20 NEV.  

Kalbach+ C O R V .  MSD A N D  MSC CFD EXPT. 

Hanscn+ NDC. I A R .  ANALYSIS I N  PROGRESS. 

C i e r j a c k s +  C U R V .  5CW INTO TRGT. CFD LAS 
C i e r j a c k s +  C U R V .  VS. DEPTF IN TARGET. 
C i e r j a c k s +  N D G .  30-150DEG. VAR.  DEPTHS. 



Pb-O(p,x)n t h i c k  t a r g e t  y i e l d ( E ; E 0 ; t h e t a )  
KFI E x p t  Conf  80BNL 1 2 0 1  90 5 .9+2  C i e r j a c k s +  C U R V .  90026. 30CH DEPTH. 

E x p t  Conf 80BNL 1 2C11 30 1 .1+3  C i e r j a c k s +  N D G .  PLA:Jb:ED AT SATURN. 

pb-O.(p,x)n : r e l a t i v e  t h i c k  t a r g e t  y i e l d ( E ; E ' ; t h e t a )  
KFK ~ x p t  Conf  80BNL 1 2 0 1  30 5 .9+2 6 . 0 + 2 C i e r j a c k s +  C U R V .  CALC(PRZLIM)+EXPT. 

p b - 0 ( p 8 x ) n  t h i c k  t a r g e . t  y i e l d  
LAS Revu Conf BOBNL 1 1 6 9  . 80 NDG 4 u s s e l l +  S 3 G .  

P b - 0 ( p 8 x ) n .  s i g m a ( E ; t h e t a )  
LAS Revu Conf 80BNL 1 1 6 9  8 0  5 .0+0 8 . 0 + 2 R u s s e l l +  KDG. 

. . 
I p b - 0 ( p 8 x ) n  ram t h i c k  t a r g e t  y i e l d  

C R C  Revu Conf 809liL 1 1 5 5  80 4 .8+2 F r a s e r +  TPL.  FERFICON. H20 CAPT/PROTON. 2, Revu Conf 80i?iJL 1 1 5 5  8 0  5 . 2 + 2 . 9 . 5 + 2 F r a s e r +  CUuV. BNL COSMO. CRC CALC. 
I LAS , R e v u  Conf 90B?I,L 1 1 6 9  8 0  8 .0+2  R u s s e l l +  T B L .  PRELIM. FERFICON. 

Pb-O(p,x)n p a r t i a l  t h i c k  t a r g e t  y i e l d  
T O K  Z x p t  J o u r  NIP 1 5 1  4 9 3  7E 5 .2+1  Nakamura+XL.EXP.+RENI?M.FRWRD i4ENI.BN>5 
LAS Revu Conf 80BNL 1 i 6 9  8C 8 .0+2  R u s s e l l +  X L .  C A L C .  E N  LT 20 MEV. 

Pb-O(p8x)H-l  s l g m a ( E ; E ' ; t h e t a )  
KFK E x p t  Conf 80PNL, 1 2 9 1  80 5 .9+2 C i e r j a c k s +  C U R V .  90DEG.  5CM DEPTH. 

~ x p t  Conf 80BNL 1 2 0 1  8ii 5.9+2 C i e r j a c k s +  NDG.  30-150DEG. V A R .  DEPTHS. 

Pb-208(p8inelastic)Pb-208 s i g m a i E ; E e ;  t h e t a )  
LRL Revw Conf BOBNL 2  6 4 1  80 6 .2+1  G a r d n e r .  2UXV. MSDR APPROACH CFD EXPT 

81-209( .p , .a lpha)Pb-206 - s i g m a ( E ; E e ; t h e t a )  
TNL Theo  Conf 80BNL 2 6 8 9  80 4 .0+1  K a l b a c h +  CURV. MSD AND !4SC CFD EXPT. 



Bi-209(p,n)Po-209 sicma(E;E0;  t h e t a  
L R L  E x t h  Conf 80ENL 2 781 80 2.6+1 2 . 7 + l i i a n s e n +  N D G .  I A R .  ANALYSIS I N  PROGRESS. 

Th-232(p,x)n t h i c k  t ~ r g e t  y i e l d  
LAS Revu Conf 80ENL 1 1 6 9  80 iVDG R u s s e l l +  N D G .  

Th-232(p8x)n p a r t i a l  t h i c k  t a r g e t  y i e l d  
LAS Revw Conf 80ENL 1 169  80 N D G  2 u s s e l l +  N D G .  

Th-232(p,x)n raw t h i c k  t a r g e t  y i e l d  
C R C  Revw Conf 80eNL 1 155  80 4.8+2 F r a s e r +  T B L .  FERFICQN. H20 CAPT/PROTON. 
LAS Revu Conf 80ENL 1 169  80 8.0+2 R u s s e l l +  TBL.  P R E L I H .  FERFICON. 

I Tn-232(p8inelastic)Th-232 s igma(E)  
01 
21 

LRL E x t h  Conf 80ENL 2 781 80 2 .6+1 2 . 7 + l H a n s e x +  T B L .  EXPT. A N D  CC N O D E L .  
QI 

I Th-232(p,inelastic)Th-232 p a r t i a l  s igma(E1 
LRL E x t h  Conf 80ENL 2 7 8 1  80 2.6+1 2 . 7 t I  t lansen+ TBL. CC XODYL. 

Th-232(p,inelastic)Th-232 s i g m a ( E ; t h e t a )  
LRL Ex th  Conf 83ENL 2 781 80 2 .6 t1  Hansea t  T B L .  EXPT. A N D  CC MODEL. 

~ h - 2 3 2 ( p , ' e l a s t i c ) T h - 2 3 2  s i g n a ( E ; t h e t a )  
LRL Exth  Conf 80ENL 2 781 80 2.6+1 Hansen+ T B L .  EXPT. A N D  CC MODEL. 

Th-232(p8n)Pa-232 s i g m a ( E ; t h e t a )  
LRL E x t h  Conf 80ENL 2 781 80 2.6+1 2.7+1 Hansent  T E L .  EXPT. A N D  C C  MODEL. 

U-O(p,x)n t h i c k  t a r g e t  y i e l d ( ~ ; $ - ; t h e t a )  
KFK E x p t  Conf 80RNL 1 201 03 1.1+3 C i e r j 3 c k s +  NDG. PLANNED AT SATURN. 



U-0 ( p , x ) n  p r o d u c t  y i e l d  
ANL E x p t  A b s t  80BNL 1 111 80 3.0+2 5 . 0 + 2 C a r p e n t e r +  MDG. ZING-P. INDIRECT. 

U-238(p8x)n  t h i c k  t a r g e t  y i e l d  
LAS Revm Conf 80BNL 1 1 6 9  80  8.0+2 R u s s e l l +  TBL. CALC. E N  LT 20 MEV. 

U-238(p ,x)n  p a r t i a l  t h i c k  t a r g e t  y i e l d  
LAS Revu Conf 80BNL 1 1 6 9  80 8.0+2 R u s s e l l +  TBL. CALC. E N  LT 2 0  MEV. 

U-238(p,x)n 
CRC Revv 

Revu 
LAS Revm 

I 

u - 2 3 8 ( p r x ) n  
u 
.J LAS Revu 
I 

U - 2 3 8 ( p r ~ ) n  
CRC Revu 

r a u  t h i c k  t a r g e t  y i e l d  
Conf  80BNL 1 1 5 5  80 4.8+2 F r a s e r +  TBL. FERFICON. H20 CAPT/PitOTON. 
Conf 80BNL 1 1 5 5  80 5.2+2 9.5+2 F r a s e r +  CURV.  BNL COSMO. CRC CALC. 
Conf 80BNL 1 1 6 9  80 8.0+2 R u s s e l l *  TBL. PRELIM. FERFICON. 

s i g m a (  E ;  t h e t a )  
Conf 80BNL 1 1 6 9  80 5.0+0 8.0+2 R u s s e l l *  N D G .  

r e l a t i v e  t h i c k  t a r g e t  y i e l d ( E ; E O ; t h e t a )  
Conf 80l3KL 1 155  80 4.6+2 F r a s e r +  CURV.  NHTC CALC. CFD FISS.  SPEC 

U-238(p,x)n t h i c k  t a r g e t  y i e l d ( E ; E O )  
A N L  Revv Conf 83ANL 1 7 5  80  5.0+2 Greenwood. CURV. NOCKUP OF IPNS. 

U - 2 3 8 ( p , i n e l a s t i c ) U - 2 3 8  p a r t i a l  s i g m a ( E )  
LRL E x t h  Conf 80BNL 2 7 8 1  8C 2.6+1 2 .7+1Hansen+ TBL. CC MODEL. 

U - 2 3 8 ( p , i n e l a s t i c ) U - 2 3 6  s i g m a ( E 1  
LRL Exth  Conf 808NL 2 7 8 1  80 2 .6+1  Z . ' ?+ lHansen+ TBL. EXPT. AKD CC MODEL. 

U - 2 3 8 ( p , i n e l a s t i c ) U - 2 3 8  s i g m a ( E ; t h e t a )  
LRL E x t h  Conf 80BNL 2 7 8 1  80 2.6+1 Hansen+ T D L .  EXPT. A N D  CC YODEL. 



U - 2 3 8 ( p , e l a s t i c ) U - 2 3 8  s i g m a ( E ; t h e t a )  
L R L  E x t h  Conf , 80RNL 2 781 80 2.6+1 Hansen+ T B L .  EXPT. AND CC MODEL. 

~ - 2 3 6 ( p ' ~ n ) N p - 2 3 8  s i g m a ( E ; t h e t a )  
L R L  Ex th  Conf 808NL 2  7 8 1  80 2.6+1 2 .7+l I ia 'nsen+ T B L .  EXPT. A N D  CC MDDELI 

U - 2 3 8 ( p 8 f i s s i o n ) m a s =  d i s t r i b u t i o n  f i s s i o n  y i e l d  
BNL Theo Conf 808NL 1 1 3 3  80 3.0+2 T a k z h a s h i .  C U R V .  I N T R A N U C L .  CASCADE. CF 

U , - 2 3 8 ( p , f i s s i o n ) m a s s  d i s t r i b u t i o n  nu n  
R N L  Theo Conf 806NL, 1 1 3 3  80 3.0+2 T z k a h a s h i .  C U R V .  INTRANUCL. CASCADE. CF 

U-oxi (p ,x)n  raw t h i c k  t a r g e t  y i e l d  
C2C Revu Conf 80BNL 1 155 80 4.8+2 F r a s e r +  T B L .  FERFICON. HI0 CAPT/PROTON. 

I 

~ p - 2 3 8 ( p ~ f i s s l o n ) r n a s s  d i s t r i b u t i o n  p r i m a r y  f i s s i o n  y i e l d  
.I 
m BNL. Theo Conf 80BNL 1 1 3 3  80 9.9+0 3.0+2 T a k a h a s h i .  C U R V .  I N T R A N U C L .  CASCADE. CF 

I 

~ ~ - 2 3 8 ( p # f  i s s i o n ) m a s s  d i s t r i b u k i o n  f i s s i o n  y i e l d  
BNL Theo Conf 809NL 1 1 3 3  80 9.9+0 . 3 .0+2Takahash i .  CURW. I N T R A N U C L .  CASCADE. CF 

s y s t e m a t i c ~ ( p ~ i n e 1 a ~ t i ~ )  s i g a a ( E ; t h e t a )  Legendre  c o e f f i c i e n t  e . xpans ion  x  s i g r n a ~ ~ ) / 4 p i  
TNL Theo Conf 8OBHL 2 689  80 N D G  Ka lbach+  C U R V .  Y S D  AND MSC PROCESSES. 

s y s t e m a t i c s ( p , a l p h a )  s i g m a ( E ; t h e t a )  Legendre  c o e f f i c i e n t  e x p a n s i o n  x s i g m a ( E ) / 4 p i  
THL Comp Conf 8OBML 2  689 8C N D G  K a l b . ~ h +  CURW. MSD A N D  MSC PROCESSES. 

Li-O(d,x)gamma t h i c k  t a r g e t  y i e l d  
H E D  Revu Conf 80BNL 2 495 80 3.5+1 J o h n s o n +  N D G .  W E A K  LOY-E. DONE A T  DAVIS 

Li-O(d,x)gamma t h i c k  t a r g e t  y iePd(F;E ' ; the ta )  
'HZD Revv ~ o ' n f  800ML 2  495 80 3.5+1 J o h n s o n +  N D G .  W E A K  LOW-X. DONE AT DAVIS 



~ i - O ( d , x ) n  t h i c k  t a r g e t  y i e l d ( E ; Z * ; t h e ' t a )  
HED Theo Conf 80RNL 2  517 80 1 .5+1  4 .0+1 

Theo Conf 80BNL 2  517 80  3.5+1 
D A V  E x p t  Conf 8OBNL 1 99 80 3.5+1 

E x p t  Conf 80BNL 1 99 80 3.5+1 
H E D  Revw Conf 80BML 2  431 80 3.5+1 
H E D  Revw Conf 80BNL 2 495 80 3.5+1 

~ i - O ( d , x ) n  t h i c k  t a r g e t  y i e l d ( E ; t h e t a )  
D A V  E x p t  Conf 80BNL 1 99 80 3.5+1 

Expt  Conf 80BNL 1 99 a0 3.5+1 

Li-O(d,x)n t h i c k  t a r g e t  y l e l d  
DAV Exp t  Conf 80BNL 1 99 80 3.5+1 

I 

2 Li-O(d,x)H-1 t h i c k  t a r g e t  y i e l d ( E ; E m ; t h e t 3 )  
\O H E D  Revw Conf 8DBNL 2  4 9 5 .  80 3.5+1 
I 

L i - O ( d , x ) i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
H E D  Hevw Conf 8 O B N L  2 495 90 TR 3.5+1 

L i - O ( d r x ) i s o t o p i c  d i s t r i b u t i o n  s i g m a ( E )  
H E D  Revw Conf 808NL 2  495 80 TR 3.5+1 

~ i - 6 ( d , x ) n  t h i c k  t a r g e t  y i e l d ( E ; E * ; t h e t a )  
D A V  E x p t  Conf 80BNL 1 99 80 3.5+1 

Li-b(d,2p)He-6 s i g m a ( E )  
BED Revw Conf 80RNL 2  553 80 N D G  

Li-6(d,n)Be-7 s igma(E1  
H E D  Revu Conf 80BNL 2  553 80 N D G  

i4ann+ T B L .  C U R V .  D A T A  USED I N  FIT. 
Mann+ T B L .  SEMI-CLASS. MOD. CPD DAVIS 
Johnson+  C U R V .  0-150 DEGREES. 1-50 MEV. 
Johnson+  C U R V .  45  DEGREES. 0-2.5 M E V .  
C a r t e r +  CURV.FRM DAV.SH1ELD DESIGN IMP.  
Johnson+  C U R V .  8  ANGLES. FROM DAVIS. 

Johnson+  TBL. 0-150 DEGREES. 2 N THRESH 
Johnson+  C U R V .  0-150 DEGZEES. I N T E D .  

Johnson+  B E G .  C A L C U L A T E D .  

Johnson+  dDG. STACKZD-FOILS. AT DAVIS. 

J o h n s o n +  WDG.  STACKED-FOILS. A T  DAVIS. 

J o h n s o n +  30PERCENT LESS T H A N  NAT.(PREL) 

1 
Gold+ N D G .  FOR FMIT L I  FLOW DOSIMETRY. 

Gold+ N D G .  FUR FWIT L I  FLUS DOSIMETRY. 



Li-7(d,x)He-6 sigma(E) 
HED Revv Conf 80BNL 2 553 80 NDG Gold+ NDG. F O R  FYIT LI FLOW DOSINETRY. 

Li-7(d,p)Li-8 sigma(E) 
HED' Revn Conf 80BNL 2 ,353 80 NDG Gold+ NDG. FOR FMIT LI 'FLOW DOSIMETRY. 

Li-7(d12n)0e-7 sigma(E1 
HED Revu Conf 80BNL 2 553 80 NDG Gc.ld+ NDG. FOR FMIT L I  FLOW DOSIMETRY. 

~e-g(d,x)n relative thick target yield(E;theta) 
CRC Revw Conf 80BNL 1 147 80 1.0+1 2.5+1 Lone+ TBL. CURV. LOW-E Ni0.3-2.3MEF). 

Re-9(d,x)n thick target yield::E;E ';theta) 
CkC Revw Conf 808NL 1 147 80 1.2+1 Lcne+ CURV. THETA=O. E=l-16 MEV. 

I HED Revw Conf BOBNL 2 495 80 1.6+1 5.0+1 Johnson+NDG.FOR FMIT-FRM KEULDER+(1975) 
03 
01 RI Expt Conf 80BNL 1 L13 80 3.0+1 Kfieff+ CUHV. 0-60DEG. 30CK. RADIOMZTRIC 
0 HED Revv Conf 80ENL 2 459 80 4.0+1 Doran+CURV.15 DEG,ORIC.CFD UNFOLDED SPC 

I AKL Revu Conf 80BNL 1 75 80 4.0+1 Greenwood. CURV. 0-90 DES. ORNL. 
Hevn Conf 80BNL 1 75 80 3.0+1 Greenwood.CURV.ODEG. 3.4-15.6YM. DAVIS 

Be-9(d,x)n product yield(E;Ee; theta) 
CRC Revn Conf 8OBNL 1 147 80 1.2+1 Lcne+ CURV. THCKNSS=O.55 RANGE. THETA=O 

Be-9(d,x)n thick target yieldiE;:heta) 
HE0 Revu Conf 80BNL 2 395 80 1.6+1 5.0+1 Jchnson+NDG.FOR F#IT.FRM #EULDER+(1975) 
ANL Revw Conf 80BNL 1 75 80 4.0+1 Greenuood. TBL. TYPICAL FLUX ERR. ORNL. 

Be-9(dlinelastic+n)3e-8 relative thick target yield(E;theta) 
CRC Revn Conf 80BNL 1 947 80 1.5+1 Lone+ APP. 4PRCNT OF LOW-E N YLD. 

ae-9(d,inelastic+n)Be-8 partial thick target yield(2;E';theta) 
CRC Revu Conf 80aNL 1 147 80 5.0+0 2.4+1 Lane+CUHV.700KEV PK. GOOD SHAPE. LOW YL 



C-O(d,x)isotopic distribution sigina(E) 
HED Revu Conf 80aNL 2 495 80 TR 3.5+1 

C-O(d,x)isotopic distribution thick target yield 
HED Revu Zonf 80aNL 2 495 80 TR 3.5+1 

C-12(d,x)n thick target yield(E;theta) 
HED 2evu Conf ~ O B N L  2 495 e0 1.6+1 5.0+1 

C-12(d,x)n thick target yield(E;EW;theta) 
HEC Revw Conf 80Y!IL 2 495 80 1.6+1 5.0+1 

N3-23(d,x)isotopic distribution  sigma(^) 
HE9 R ~ V F  Conf eOBNL 

I 
2 495 80 TR 3. 5+1 

03 
03 ;i3-23(d,x)isoto~ic distribution thick target yield 
C HED Revw Conf ROBNL 
I 

2 495 80 TR 3.5+1 

Al-27(d,x)isotopic distribution thick target yield 
3 E U  Revw Conf SOaNL 2 495 80 TR 3.5+1 

Al-27(d,x)isotopic distribution sigma(E) 
HZD 2evw Conf 80RNL 2 495 80 TR 3.5+1 

~a-~(d,xjisotapic distribution thick target yield 
HED Revs Conf d O b N L  2 ,495 80 TR 3. 5+1  

Ca-O(d,x}isotopic distribution sigma(E) 
HED Revw Conf 808NL 2 495 80 TR 3.5+1 

Cr-C(d,x)isotopic distribution sigma(E1 
HED Revw Conf 8OBNL 2 495 80 TR 3 .5+1 

Johnson+ NDG. STACKED-FOILS. AT DAVIS. 

Johnson+ NDG. STACKED-FOILS. AT DAVIS. 

Johnson+KD3.FOR FXIT.FRM MEULDER+(1975 ) 

Johnson+NDi;.FO2 FMIT.FRM MEULDER+(1975) 

Johnson+ N3G. PLANNED AT DAVIS. 

Johnson+ NIG. PLANNED AT DAVIS. 

Johnson+ N3G. STACKED-FOILS. AT DAVIS. 

Johnson+ NDG. STACKED-FOILS. AT DAVIS. 

Johnson+ N3G. PLANNED AT DAVIS. 

Johnson+ KDG. PLANNED AT DAVIS. 

Johnson+ NDG. PLANNED AT DAVIS. 



C r - O ( d , x ) i s o t o p i c  d i s t r i b e t i o n  t h i c k  t a r g e t  y i e l d  
EED Revw Conf 80BNL 2 495 63 TR 3.5+1 

~ i - 5 5  ( d ~ x ) i s o t c p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
IiZD kevw Conf 89BNL 2 495 80 TR 3 . 5 + 1  

~ n - 5 5 ( d , x ) i s o t o p i c  d i s t r i t ~ t i o ~  s igmaCE)  
H E D  Hevli Conf .  8OBNL 2 495  8 0  T R  3 .5+1  

F e - O ( d , x ) i s o t o p i c  d i s t r . i b c t i o n  s i g m a ( E )  
HED Revw Conf 83ENL 2 495 80 T,9 3 . 5 + 1  

F e - O ( d , x ) . i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
HED Revv Conf SOaNL 2 495  80 TR 3.5+1 

N i - O ( d , x ) i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
H E D  R ~ V H  Conf 80BNL 2 4 9 5  d O  Ti? 3 .5+1 

N i - O ( d , x ) i s o t o p i c  d i s t r i b u t i o n  s.igrna(E) 
H E D  2 e v u  Conf 80ENL 2 4 9 5  80 Ti? 3 .5+1  

N i - S @ ( d , i n e l a s t i c ) N i - 5 8  s i g r n a ( E ; Z ' ; t h e t a )  
TNL Theo Conf 8OBNL 2 6 8 9  8 0  3 .0+1 

Cu-O(d,x)n t h i c k  t a r g e t  y i e l d ( E ; t h e t a )  
H E D  Kevu Conf 8CBNL 2 495  80 1 . 6 + 1  5 .0+1  

Cu-O(d,x)n t h i c k  t a r g e t  y i e l d ( E ; E 0 ; t h e t a )  
H E D  Revu Coni  POBNL 2 495 89 1 . 6 + 1  5.0+1 

C u - O ( d , x ) i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
H C D  2 e v u  Ccnf  806NL 2 495 8 3  1 . 5 + 1  4.0+1 

J o h n s o n +  NDG. PLAKNED A T  DAVIS.. 

J o h n s o n +  N D G .  PLANNED AT DAVIS. 

J o n ~ s o n +  N D G .  PL IHXLD AT D A V I S .  

Joh :nson+ N D G .  STACKED-FOILS. AT DAVIS. 

J o h . l s o n +  KDG. STACKED-FOILS. A T  DAVIS. 

J o h n s o n +  t;25. STACKED-FOILS. AT DAVIS. 

J o h n s o n +  N D G .  STACKED-FCILS. AT DAVIS. 

K a l b a c h +  C U H V .  XSD A:iD HSC CPD E X P T .  

Johnson+kDG.POR FKIT.FR9 MCULDER+(1975) 

JoiUlson+KDG.FOR FMIT.FRW:ZULDER+(i975) 

J o h n s o n +  C U R V .  9 PRODUCTS. PXfLIM(GAV1S 



Cu-O(d,x)isotopic distribution sigma(E) 
HED Revu Conf 808NL 2 495 80 TR 3.5+1 

CU-63(dralpha)Ni-61 sigma(E;E';theta) 
TNL Theo Conf 806NL 2 689 80 2.8+1 

NO-O(d,x)n thick target yield(E;theta) 
HED  rev^ Conf 83BNL 2 495 80 1.6+1 5.0+1 

MO-O(d,x)n thick target yie13(E;Eo;theta) 
HED Revw Ccnf 80BNL 2 495 80 1.6+1 5.0+1 

Mo-O(d8x)isotopic distribution thick target yield 
HED Revu Conf 83BNL 2 495 83 TR 3.5+1 

I 

03 Mo-O(3,x) isotc9ic distribution sigma(E) ca 
w HED 2evw Conf 692IiL 2 495 80 T? 3.5+1 
I 

Ta-18l(d,x)n thick target yield(E;Ee;theta) 
HED Revie Conf 80EML 2 495 80 1.6+1 5.0+1 

Ta-lal(d,x)n thick target yjeld(E;theta) 
HED Kevw Conf 83BNL 2 495 80 1.6+1 5.0+1 

~u-lgI(<,x)n' thick target yield(E;Eo;theta) 
HED Revw Conf 838NL 2 495 83 1.6+1 5.0+1 

Au-197(d,x)n thick target yield(Z; theta) 
HE3 Revs Conf BOBNL 2 495 80 1.6+1 5.0+1 

Au-137(d,x)isotopic distribution sigma(?) 
HED 2evw Conf 8OSNL 2 495 dil TR 3.5+1 

Johnson+ IJDG. STACKED-FOILS. AT DAVIS. 

Kalbach+ CURV. MSD AND MSC CFD EXPT. 

Johnson+!iDG.FOi? FMIT.FRM MEULDER+(1975) 

Johnson+NDG.FOR FMIT-FRM MEULDER+(1975) 

Johnson+ KDG. STACKED-FOILS. AT DAVIS. 

Johnson+ KDG. STACKED-FOILS. AT DAVIS. 

Johnson+YEG.FOR FM1T.FHM MEULDER+(1975) 

Johnson+NCG.FOR FMIT.FRM MEULDER+(1975) 

Johnson+NDG.FOR FMIT-FRM MEULDER+(1975) 

J O ~ ~ S O ~ + N D G . F O R  FMIT.FRM YEULDER+(1975) 

Johnson+ S D G .  STACKED-FOILS. AT DAVIS. 



A u - 1 Y 7 ( d 8 x ) i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
HE0 Revw Conf 806NL 2 435 80 TR 3.5+1 

P b - 6 ( d f x ) i s o t o p i c  d i s t r i b u t i o n  t h i c k  t a r g e t  y i e l d  
HE9 Revu Conf 80BNL 2 495 80 Ti? 3. 5 + 1  

P b - O ( d 8 x ) i s o t o p i c  d i s t r i b u t i o n  s igrna(E1 
H E D  Revw Conf 80ENL 2 495 80 TR 3.5+1 

p b - 2 0 8 ( d 8 a l p h a ) ~ 1 - 2 0 6  s igma(E;  E e ; t h e t a )  
TNL Theo Conf G O B N L  2 6 8 9  80 5.0+1 

Th-232(d8inelastic)Th-232 siqrna(.E;E';thet.a) 
T i i L  Theo Conf 80BML 2 6 8 9  80 4.0+1 

I 

B L i - 6 t t r x ) n  r e l a t i v e  sigma(E;.Z'; t h e t a )  
C R C  E x t h  Conf 80BNL 1 193 80 1.1+0 

I 

L i - 7 ( t f x ) n  r e l a t i v e  s i g n a ( E ; E ' ; t h e t a )  
C H C  E x t h  Conf aOBNL 1 193 83 1.1+0 

Ni-62(He3,d)Cu-63 s igrna(E;E ' ; the ta )  
TNL Theo Conf 806NL 2 6 8 9  80 1.1+1 

C-12(alpha8inelastic)C-12 s i g m a ( E ; E e ; t h e t a )  
TNL Theo Conf 80BNL 2 689  80 2.0+1 

Mn-55(alpha8n)Co-58 s igma(E)  
LAS Theo Conf 80BNL 2 751 80 8.0+0 1.8+1 

Fe-54(alpha8inelas ' t ic)Fe- .54 sigrna(E;E-';tt-ieta) 
TNL Theo  Conf 6OENL 2 689  80 1 .1+1 4.5+1 

J o h n s o n +  N D G .  STACKED-FOILS. AT DAVIS. 

J s h n s o n +  N D G .  STACKED-FOILS. AT DAVIS. 

Johrlson+ N D G .  STACKED-FOJLS. AT DAVIS. 

Kalbach+ C U H V .  YSD A N D  WC CFD EXPT. 

K a l b s c h t  C U R V .  MSD A N D  MSC CFD EXPT. 

Lone+ C U R V .  3 DEGREES. L I 6 F  TRGT. 

Lone+ C C R V .  O DEGREES. 

Ka lbach+  C U R V .  MSD A N D  P.SC CFD EXPT. 

Ka lbache  C U R V .  MSD A N D  NSC CFD EXPT. 

Arthur+ C U R V .  H-F C A L C m  CFD EXPT. 

Ka lbach+  CURV.  MSD A N D  t4SC CFD EXPT. 



Fe-54(alpha,t)Co-55 sigma(E;EO;theta) 
TNL Theo Conf 80BNL 2 689 83 2>6+1 Kalbach+ CUKW. MSD AND HSC C F D  EXPT. 

~e-54(alpha,p)Co-57 sigma(E;E0;theta) 
TNL Theo Conf BOBNL 2 689 80 1.7+1 4.0+1 Kalbacht CUHV. MSD AND MSC CFD EXPT.. 

Co-59(alpha,p)Ni-62 sigma(E;EO;theta) 
TNL Theo Conf 80BNL 2 689 80 3.2+1 Kalbach+ CURV.  MSD AND MSC C'FD EXPT. 

Ni-6l(alpha,p)Cu-64 sigma(E;EO; theta) 
TNL Theo Conf 80BNL 2 689 '80 2.5+1 Kalbach* CURV. MSD AND MSC CFD EXPT. 

Rh-103(alpha,p)Pd-106 sigma(E;EO;theta) 
TNL Theo Conf 80BNL 2 689 80 2.0+1 Kalbach+ CORY. MSD AND WSC CFD EXPT. 

I 




