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CONTRACT EY -76 -S -02 - 3246 . 

ABSTRACT 

The experimental research emphasizes t he  detect ion and measurement o f  l i g h t  

charged p a r t i c l e s  emitted i n  react ions  between heavy ions and complex nuc le i .  
.o 

The program involves a col laborat ion between Carnegie-Mellon Universi ty and SUNY 

I ,* 

a t  Stony Brook and u t i l i z e s  the'.SuperHILAC and 88" Cyclotron acce le ra to r  f a c i l i t i e s -  

I of the  Lawrence Berkeley Laborat0 . r~.  Correlat ions .between l i g h t  charged p a r t i c l e s  

and heavy fragments provide de ta i l ed  i n s igh t s  i n t o  the dynamics of  t h e  r eac t i on  

mechanism. The 1,ight charged p a r t i c l e s  evaporated from . f u l l y  accelera ted 

I fragments y i e ld  information on the  exc i t a t i on  energies and spins  of t he  e q u i l i -  

brated r eac t i on  products, whereas those p a r t i c l e s  which a r e  emitted. pr ior  t o  

thermal equ i l i b r a t i on  give us a view of the  e a r l y  stages of the  reac t ion ,  

Experimental r e s u l t s  of fusion and charged p a r t i c l e  emission cross  s ec t i ons  a r e  
I 

I 

discussed f o r  a va r i e ty  of heavy ion  react ions ,  p a r t i c u l a r l y  those induced by 

4 0 ~ r  ions .  The theore t ica l  development of the s t a t i s t i c a l  model a s  appl ied t o  
I 
I 

p a r t i c i e  evaporation i s  reviewed and semiempirical methods fo r  f a c i l i t a t i n g  I 

I 

comparisons with experimental data  a re  presented. Current r e s u l t s  f r o m  s ing l e s  

and coincidence experiments a re  given i n  d e t a i l  f o r  reac t ions  of 340-MeV 4 0 ~ r  

with Au, and analyses of average spins and energy sharing among p a r t i c l e s  a r e  

discussed. 

Morton Kaplan 
. . , Principal  I nves t i ga to r  



(U. S. Department of Enerpy--Carnegie-Mellon University) 

Annual Report: October 1979 

I. INTRODUCTION 

The experimental research program supported by Contract EY-76-S-02-3246 

is concerned primarily with nuclear reactions between complex nuclei and heavy 

ion projectiles. Such systems are currently of considerable interest because 

of the diversity of reaction mechanisms which participate in heavy ion collisions 

and because they provide an opportunity for probing the behavior of nuclear 

matter at extremes of temperature, pressure, and angular momentum. We have 

concentrated on studies of charged particle emission from heavy ion induced 

reactions as sensitive indicators of nuclear dynamics, and have been carrykng 

out a multipronged approach involving (1) deeply inelastic reactions of very 

heavy ions; (2) model compound nuclei synthesized with appropriate excitation 

energies and spins; and (3) theoretical calculations via the statistical model 

using experimental data to help improve parameterization within the model, The 

basic ideas underlying this philosophy and its Setailed application in our 

research program have been described in previous Annual Reports, particularly 

COO-3246-18 dated October 1978. We continue the successful and productive 

collaboration with Professor J. M. Alexander's group from the State University 

of New York at Stony Brook. Over the past few years, a very close interaction 

+- has developed between our two groups and the combined programs have been able 

to carry the commitments and responsibilities of the planning, execution, and 
* 

analysis phases associated with research in the User Group mode, 

During the past contract year, we have continued with our planned programs 



a t  the  SuperHILAC and 88" Cyclotron acce le ra to r  f a c i l i t i e s  of the  Lawrence 

Berkeley Laboratory. The Program Advisory Committees of t h e  two a c c e l e r a t o r s  

have favorably reviewed our research proposals, and acce l e r a to r  time h a s  been 

a l located fo r  carrying out the  proposed experiments. This year  we have a l s o  

made considerable progress i n  the ana lys i s  and assembling o f  a l a rge  backlog 

of experimental data,  and we are  op t imis t i c  t h a t  most of ou r  r e s u l t s  a r e  i n  

(or  c lose  t o )  the  publ icat ion d r a f t  s tage.  The remainder of  t h i s  r e p o r t  

descr ibes  i n  some d e t a i l  several  of the  p ro jec t s  which have r ecen t ly  been 

completed. 

The exce l len t  performance of the LBL acce le ra to rs  ha s  been an important  

f ac to r  i n  the success of our program, and we g r a t e f u l l y  acknowledge t h e  LBL 

s t a f f  fo r  t h e i r  dedicated e f f o r t s  and t h e i r  hosp i t a l i t y .  The power and versa-  

t i l i t y  of the  ModComp data  acquis i t ion  systems a t  both t he  SuperHILAC and t h e  

Cyclotron Laboratories have been invaluable f o r  our experiments, and f u l l  

c r e d i t  a s  wel l  as our appreciat ion goes t o  D r .  Creve Maples and h i s  s t a f f  f o r  

pers is tence,  ins igh t ,  and commitment t o  a noble cause. The p r i n c i p a l  i n v e s t i -  

ga tor  on t h i s  research project ,  Professor Morton Kaplan, devoted one-half t i m e  

tu the  program during the academic year and f u l l  time f o r  two summer months. 

D r .  Douglas Logan was a f u l l  time research assoc ia te  i n  t h e  experimental  program 

t h i s  year, and D r .  Ludwik Kowalski from Montclair S t a t e  College worked with  us 

fo r  the summer. Our col laborators  i n  the  research program were Professor  J. M. 

Alexander, D r .  M. Rajagopalan, D r .  H. Delagrange, D r .  M-F Rivet,  and M r .  E. ~ u e k  

from Stony Brook, and D r .  M. S. Zisman from LBL. D r .  G. L. Catchen o f  Columbia 

University has completed h i s  Ph.D. d i s s e r t a t i o n  under the  j o i n t  superv i s ion  of + 

the  Stony ~rook/~arnegie-  ell on co l labora t ion  and has  now moved on t o  a new 

I posi t ion.  

I 

I 
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1 FUSION AND EMISSION OF H and 4 ~ e  IN REACTIONS 

BETWEEN COMPLEX NUCLEI AT HIGH ENERGIES 

a H. Delagrange 
Department of Chemistry, State University of New York at Stony Brook 

Stony Brook New York 11794 

D. Logan 
Department of Chemistry, Carnegie-Mellon University 

Pittsburgh, Pennsylvania 15213 

b M. F. Rivet , M. Rajagopalan, and John M. Alexander 
Department of Chemistry, State University of New York at Stony Brook 

Stony Brook, New York 11794 

M. S. Zisman 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

Morton Kaplan and Jane W.   all' 
Department of Chemistry, Carnegie-Mellon University 

Pittsburgh, Pennsylvania 15213 

ABSTRACT 

We have measured cross sections for evaporation residues, fission, 

4 4 0 
direct and evaporative 'H and He in reactions of 222-340- MeV Ar with 

116 
Sn, 

154 Sm, 164~y and lg78u. Fusion cross sections are also presented 

for 77-167 MeV 12c + 18'W and 187 MeV 40~r + '16sn. m e  Z dependence of 

the evaporative H/He indicates a breakdown of phase-space models for 

fission-evaporation competition. The large cross sections observed for 

direct H/He emission force serious consideration of energy dissipation 

by H/He ejection during the initial impact. 



4 
Since 1960, 'H and He have been found t o  be  emi t t ed  w i t h  l a r g e  c r o s s  

s e c t i o n s  i n  many r e a c t i o n s  between complex nuc le i .  Forward-peaked ( d i r e c t )  

2 
emission seems t o  dominate f o r  p r o j e c t i l e s  of 12c, 1 4 ~  and 160 and 

evaporative emission3 (symmetric about 0 
c.m. 

= go0) f o r  4 0 ~ r  + 7 7 ~ e .  F i r s t  

i n t e r p r e t a t i o n s  were t h a t  the  d i r e c t  H / H ~  came from p r o j e c t i l e  breakup,  b u t  

4 more recen t  evidence i s  f o r  massive t r a n s f e r  o r  incomplete f u s i o n  (cap tu re  

of t h e  p r o j e c t i l e  r e s idue) .  Current ly  t h e r e  is g r e a t  i n t e r e s t  i n  g a i n i n g  a n  

understanding of complete f u s i o n  a t  h igh energ ies ,  and i t  i s  n a t u r a l  t o  a s k  4 

about the  poss ib le  r o l e  of the  incomplete-fusion e;ents. Exper imenta l ly ,  

can one adequately d i s t i n g u i s h  complete from incomplete f u s i o n  i n  t h e  measure- 

ments, and correspondingly,  do t h e  r e a c t i o n  models t a k e  adequa te  account  o f  

t h e  f a s t  e j e c t i o n  of H / H ~  dur ing t h e  impact processes?  Models c u r r e n t l y  i n  u s e  

assume t h a t  complete f u s i o n  occurs  p r i o r  t o  s i g n i f i c a n t  l o s s  of  energy o r  

angular  momentum from t h e  composite system. Our new r e s u l t s  a long  w i t h  o t h e r  

d a t a  s t rong ly  suggest t h a t  t h i s  assumption i s  not  v a l i d .  W e  d i s c u s s  t h e  t r e n d s  

of a body of new d a t a  on f u s i o n  c r o s s  s e c t i o n s  f o r  s e v e r a l  r e a c t i o n s  induced by 

'*c and 4 0 ~ r .  Also, w e  show a p a t t e r n  of new r e s u l t s  i n  t h e  emiss ion of H/He 

i n  4 0 ~ r  reac t ions .  Extensive d i r e c t  and evapora t ive  emiss ion are observed. 

We d i s c u s s  the  poss ib le  r e l a t i o n s h i p s  between d i r e c t  emiss ion and f u s i o n  c r o s s  

s e c t i o n s  and between evaporat ive  emission and f i s s i o n ,  

The experimental  arrangement is descr ibed e l s e ~ h e r e ' ' ~  s o  we s h a l l  g i v e  

only a ske tch  here.  Beams of 12c and 4 0 ~ r  were ob ta ined  from t h e  Lawrence 

Berkeley Laboratory 88" Cyclotron and SuperHILAC, r e s p e c t i v e l y .  S e l f  suppor t -  

i n g  t a r g e t s  of l l 6 s n ,  
154 164 

Sm, Dy, 1 8 2 ~  and l g 7 ~ u  w e r e  used.  Three member .i 

s o l i d  s t a t e  te lescopes  (Si  of 45 pm, 500 urn, 5 mm a t  s o l i d  a n g l e s  2 8 m s r )  

i d e n t i f i e d  and measured H / H e ;  gas  i o n i z a t i o n  t e l e s c o p e s  (methane a t  2 20 t o r r  

wi th  stopping d e t e c t o r  of 500 pm S i  a t  0.2 o r  1 msr)' determined evapora t ion  

r e s i d u e s  (ER) and f i s s i o n .  Data were recorded event-by-event on magnetic t a p e ,  



and we now repor t  some of the  r e s u l t s  taken i n  the s i n g l e s  mode. 

I n  F i g .  1 we show angular  d i s t r i b u t i o n s  a t  two inc iden t  ene rg ies  f o r  

'Hl4He and f i s s i o n - l i k e  events  f o r  a  1 6 4 ~ y  t a r g e t .  Also, w e  show the  angular  

dependence of the  e f f e c t i v e  temperatures obtained by f i t t i n g  t h e  s p e c t r a  t o  

the  equat ion  P(€) a (E-B) exp (-€/T), with  b a r r i e r  parameters B from Ref. 8 .  

Resu l t s  f o r  the  1 5 4 ~ m  and l l 6 s n  t a r g e t s  a r e  s i m i l a r .  I n  c o n t r a s t  wi th  t h e  

7 7 
da ta3  f o r  4 0 ~ r  + Se, t h e r e  i s  a c l e a r  foward-peaked component w i t h  a 

high e f f e c t i v e  temperature. We have attempted t o  r e so lve  the  d i r e c t  and 

evapora t ive  components by f i t t i n g  t o  the  function, W ( 8 )  = A exp (-ye) + B + 
2 

C cos 8. We ass ign t o  evapora t ive  processes the  i n t e g r a l  of t h e  symmetric 

2 
? a r t  (B + C cos 0) and the  r e s t  t o  d i r e c t  processes. The symmetric emissicn 

could be the  r e s u l t  of evaporat ion from the  composite nuc lea r  system o r  

perhaps from f i s s i o n  fragments wi th  symmetric d i s t r i b u t i o n s .  A s  can be seen 

from F i g .  1, the d i r e c t  processes a t  222 MeV so  dominate the  in teg ra ted  

c r o s s  s e c t i o n s  t h a t  the  evaporat ion c ross  sec t ions  can be assigned only wi th  

l a r g e  u n c e r t a i n t i e s .  

The angular  d i s t r i b u t i o n s  f o r  f i s s i o n - l i k e  events  (as taken from AE-E 

9 
coctour nsps ) a r e  not q u i t e  symmetric ~ b o u t  0 = 90 ". This i s  probably c .m. 

due t o  the  d i f f i c u l t i e s  of sepa ra t ing  the  so c a l l e d  " f i s s ion"  and "deeply 

9 
i n e l a s t i c "  r eac t ions  . Near Bc .m = 90" one f i n d s  t h a t  the  heavy fragment 

energy s p e c t r a  resolve  i n t o  th ree  well-defined groups t h a t  one i s  tempted.to 

c a l l  p r o j e c t i l e - l i k e ,  t a r g e t - l i k e  and f i s s i o n - l i k e  fragments. Therefore we 

2 
a s s i g n  t o  the  f i s s i o n  c ross  s e c t i o n  th& value o = 2~ ( d o l a )  

f  c  .m. ( a t  

0 = 90"). These values  provide upper l i m i t s  t o  t h e  symmetric p a r t  of 
c  .m. 

t he  f i s s i o n  cross  sec t ions .  

I n  F ig .  2 we present  the  c r o s s  sec t ions  f o r  4 0 ~ r  r e a c t i o n s  a t  two 

e x c i t a t i o n  energies  a s  funct ions  of Z of the  composite system. A s  the  



i nc iden t  ene rg ies  a r e  w e l l  over the  b a r r i e r ,  the  fus ion  c r o s s  s e c t i o n s  

( f i s s i o n  plus ER) a r e  r e l a t i v e l y  cons tant  (w 0 . 6  t o  = 1.0 b ) .  However, w i t h  

increas ing Z the  f r a c t i o n  of ER drops dramat ica l ly  (lower curve).  The 
cN' 

1 4  
d i r e c t  component of H /  He emission i s  r e l a t i v e l y  cons tan t  (with Z ) a t  

CN 

x 120 mb and x 200 mb f o r  e x c i t a t i o n s  of 100 and 140 MeV, r e s p e c t i v e l y .  

Presumably, d i r e c t  H/He e j e c t i o n  occurs much f a s t e r  than t h e  subsequent 

f i s s i o n  o r  evapora t ive  decays and i s  unaffec ted  by them. By c o n t r a s t  t h e  

evaporat ive component of H/He must compete wi th  f i s s i o n  and i t s  c r o s s  s e c t i o n  
d 

decreases d r a s t i c a l l y  from Z = 52 t o  84. However, from Z = 84 t o  97 t h e r e  
CN 

are a c t u a l l y  inc reases  i n  the  evaporat ive H / H ~  while the  ER c r o s s  s e c t i o n s  

have been reduced tremendously by f i s s i o n .  These i n c r e a s e s  are con t ra ry  t o  

s t a t i s t i c a l  model expecta t ions  f o r  evaporat ion p r i o r  t o  f i s s i o n .  I n  Ref. 6 

we show t h a t  even f o r  the  very f i s s i l e  system wi th  Z = 97 t h e  bulk o f  t h i s  
CN 

evaporat ive H/He component must be emi t ted  p r i o r  t o  s c i s s i o n  and cannot  be 

a t t r i b u t e d  t o  emission from the f i s s i o n  fragments. One must conclude t h a t  

i t  comes from the  composite system with i n t r i n s i c  r a t e  comparable t o  f i s s i o n  

rega rd less  of the  r ap id  dependence of the  number of  open f i s s i o n  channels  on Z .  

It would thus appear t h a t  the f i ss ion-evapora t ion  compet i t ion  is  determined + 

pr imar i ly  by the  r e a c t i o n  dynamics r a t h e r  than the  a v a i l a b l e  phase space.  

Hence the  energy s p e c t r a  of H / H ~  should r e f l e c t  t h e  tempera tures  and b a r r i e r s  

of the composite system p r i o r  t o  f i s s i o n  and l a r g e l y  unmindful o f  i t .  The 

experimental s p e c t r a  a r e  cons i s t en t  wi th  t h i s  argument. Thus, i t  would appear  
I 

t h a t  these emissions of H / H ~  a r e  very powerful, i f  n o t  unique, r e f l e c t o r s  of  
C 

1 the  e a r l y  l i f e  of the  composite system. They may a l low t e s t i n g  of many 

I i n t e r e s t i n g  ques t ions  such a s  the  poss ib le  p e r s i s  tance  o f  she  11 e f f e c t s  t o  
-4 

very high e x c i t a t i o n s .  
10 

I I n  F i g .  3 our  new da ta  f o r  ER and f i s s i o n  c r o s s  s e c t i o n s  a r e  compared t o  

o the r  s i m i l a r  da ta  5 j  6, 9 j  l1 and t o  ca lcu la ted  curves  from t h e  semiempirical  



sys t ema t i c s  of Ref.  12.  These curves simply provide a  common re fe rence  and 

a r e  n o t  intended a s  s o p h i s t i c a t e d  models f o r  the  f u s i o n  p roces s  a t  h igh  

e n e r g i e s .  Le t  u s  summarize t h e  p a t t e r n  i n  F ig .  3 .  (1) A l l  the  d a t a  approach 

the  r e f e r e n c e  curves a t  low e n e r g i e s  simply because t h e  c a l c u l a t i o n s  were 

taken  from empi r i ca l  f u s i o n  b a r r i e r s .  (2)  With i n c r e a s i n g  energy, t h e  d a t a  

seem t o  f l a t t e n  ou t  compared t o  t h e  r e f e rence  cu rves .  Th i s  tendency i s  

40 . e s p e c i a l l y  c l e a r  f o r  1 2 ~  and 14N p r o j e c t i l e s  and f o r  A r  + Sn, Sm, Dy and Au. 

(3)  For  4 0 ~ r  + Pd, Ag and Sb, t h e r e  a r e  only  small  d e v i a t i o n s  from t h e  
Y 

r e f e r e n c e  curves,  w h i l e  ou r  new measurements f o r  '16sn f a l l  below the  curve 

a t  222 and 274 MeV, bu t  ag ree  with t he  curve a t  187 MeV. I n  the  model of 

Ref.  12, and o t h e r s  presented  s o  f a r ,  t he  f u s i o n  d e c i s i o n  i s  presumed t o  

precede s i g n i f i c a n t  p a r t i c l e  emiss ion .  However, p a r t i c l e  e j e c t i o n  dur ing  

impact and from a band of A-waves near  2 would p re sen t  a n  element s o  f a r  
c r i t  

unaddressed i n  t he  models f o r  complete fu s ion .  
I 

b Our purpose h e r e  i s  t o  emphasize the  p o s s i b l e  importance of energy 

d i s s i p a t i o n  by H / H ~  e j e c t i o n  du r ing  the  impact s t a g e .  F i r s t  cons ider  r e a c t i o n s  

w i t h  t h e  l i g h t e r  p r o j e c t i l e s  12c and 148. For e n e r g i e s  w e l l  over  t h e  b a r r i e r  

we know t h a t  forward-peaked H / H ~  emission i s  very  l a r g e .  2 ~ 4  ~ l s o ,  we now 

b e l i e v e  t h a t  t he  p r o j e c t i l e  r e s i d u e  o f t e n  fuses  w i t h  t h e  t a r g e t  .4  Fo r  ER 

measurements nea r  t h e  d e t e c t i o n  th re sho ld  of a gas t e l e s c o p e  (e .g .  r e c o i l s  of 

a few MeV from r e a c t i o n s  such a s  - 100 MeV 12c + 1 8 2 ~ ) ,  t h e  heavy r e s i d u a l s  

a f t e r  forward-peaked d i r e c t  4 ~ e  emission may n o t  be d e t e ~ t e d . ~  A s  t h e  p r o j e c t i l e  

energy i s  increased ,  however, such r e s i d u a l  n u c l e i w i l l  o f t e n  be d e t e c t e d  and 
A 

I 
I 
1 

p o s s i b l y  inc luded  i n  t h e  i n t e g r a t e d  c r o s s  s e c t i o n  a s s igned  t o  ER. One poss ib l e  

1 r 14 exper imenta l  compl ica t ion  of t h e  t r ends  i n  F i g .  3 f o r  the  12c and N r e a c t i o n s  

(and f o r  most publ i shed  d a t a )  is  as fo l lows .  For e n e r g i e s  nea r  t h e  c a l c u l a t e d  

c r o s s - s e c t i o n  maximum, t h e  observed ER c r o s s  s e c t i o n s  could  s u f f e r  from 



competi t ion wi th  incomplete fus ion r e a c t i o n s  t h a t  a r e  l a r g e l y  unde tec ted .  

For h igher  ene rg ies  the  observed ER c r o s s  s e c t i o n s  could i n c r e a s e  due t o  an 

increased d e t e c t i o n  e f f i c i e n c y  f o r  the  incomplete f u s i o n  r e s i d u e s .  I n  t h e  

4 0 case  of A r  induced reac t ions ,  the  experiments probably inc lude  most 

incomplete fus ion r e a c t i o n s  along wi th  the  complete fus ion ;  a t  h l g h  e n e r g i e s  

the re  may a l s o  be some confusion of f i s s i o n  w i t h  deeply i n e l a s t i c  r e a c t i o n s .  
9 

What do we a c t u a l l y  want t o  inc lude  i n  the  experimental  f u s i o n  c r o s s  

sec t ion?  This c l e a r l y  depends on the  r e a c t i o n  model t h a t  we want t o  t e s t .  13 

Refs. 4 and 6 give evidence t h a t  the  p r o b a b i l i t y  f o r  d i r e c t  4 ~ e  emiss ion  is  

g r e a t e s t  f o r  A-waves near  t o  o r  g r e a t e r  than the  high R c u t o f f  f o r  f u s i o n  

('cri t )  
. Therefore a model c a l c u l a t i o n  of Rcri t  must cons ider  i n  d e t a i l  bo th  

the  nucleon t r a n s f e r s  and the  p a r t i c l e  emissions f o r  A nea r  A - Energy c r i t  

d i s s i p a t i o n  by nucleon t r a n s f e r  a l t e r s  both the  energy and a n g u l a r  momentum of 

the r e l a t i v e  motion and therefore  the  c a l c u l a t e d  va lues  of 1 f 4 
Experiments 

c r i t  - 
show t h a t  the  c r o s s  sec t ions  f o r  d i r e c t  H / H ~  emission a r e  o f t e n  q u i t e  l a r g e  

( 1000 mb f o r  126 MeV 1 2 C  + B i ;  - 200 rnb each f o r  H / H ~  f o r  274 M e V  4 0 ~ r ) ,  and 

could thus  pe r tu rb  c o l l i s i o n  t r a j e c t o r i e s  f o r  many A values .  Therefore ,  t h e  

r o l e  of the  incomplete fus ion res idues  v i s -a -v i s  a "fusion" c r o s s  s e c t i o n  of  . , _  

-1000 mb has  obvious importance. To our knowledge no c u r r e n t  r e a c t i o n  model 

f o r  fus ion inc ludes  t h i s  aspect ;  i . e .  energy d i s s i p a t i o n  and p e r t u r b a t i o n  of 

the assumed p o t e n t i a l  b a r r i e r  due t o  d i r e c t  p a r t i c l e  e j e c t i o n  d u r i n g  t h e  impact .  

This  work was supported by the  U. S .  Department of  Energy. 
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Figure Captions 

' 1  4 
Figure 1. Measured angular dependence of (do/dR) and . . T for H, He and 

164 
(dold8) for fission-like events from 40Ar + Dy- The open 

~ points are for 274-MeV and the filled points .are for 222-~e~, 

154 
Results for l l 6 s n  and Srn targets are similar; for Au see 

Ref. 6. 

~ Figure 2. Integrated cross sections at two excitation energies for fusion, 

l k  1 4  
I fission, H, He and ER vs. charge of the composite nucleus, 

77 
'CN 

. Data for a target of Se are from Ref. 3. 

Figure 3. Excitation functions for fusion (a), fission (F) and ER 
(open symbols as indicated) from this work a and other studies 
A V 0 (Refs. .5, 9, 11). 



Fig I 



Fig 2 

I . - . - 



Fig 3 



SEMIEMPIRICAL METHODS FOR ESTIMATING FRAGMENT 

4 1 
SPINS FROM STUDIES OF EIe AND H EMISSION 

Gary L. Catchen 

Department of Chemistry 

Columbia university, New York, NY 10027 

Morton Kaplan 

Department of Chemistry 

Carnegie-Mellon University, Pittsburgh, PA 15213 

John M. Alexander and M. F, Riveda) 

Department of Chemistry 

State University of New York at Stony Brook 

Stony Brook, New York 11794 

Abstract 

The statistical model provides equations that relate the angular correla- 

tions of evaporated particles to the angular momenta of the emitters. We 

discuss the relationships between several theoretical approaches and their 

application to experimental measurements. Available calibration data are 

* 
collected from studies of the compound nuclei 7 5 ~ r  and 'l7~e*. Semiempirical 

use of the theory and these calibrations provides a very interesting possibility 

for determining fragment spins in deeply inelastic reactions. A further 

possibility is provided by empirical use of the emission multiplicity ratios 

4 1 
for He to H. These methods are used to estimate the rootmean-square spin 

. of the projectile-like fragments produced in deeply inelastic reactions of 

8 6 724 MeV Kr + Au. 

NUCLEAR REACTIONS: Synthesis of theoretical equations that relate 

anisotropies in particle evaporation to spin of the emitter. Semi- 

empirical correlations presented with data from the literature on 

1 4 both anisotropies and multiplicities of H and He. 1 
". 



I. Introduction. 

It is currently of great interest to extract experimental information 

on the spins of heavy fragments formed in nuclear reactions. 1n particular, 

for deeply inelastic reactions between complex nuclei there are a number of 

i lines of investigation in progress and their initial results have provided I 
some very interesting tests of the reaction models. Lefort and N ~ $  have . 
recently reviewed both the reaction models and the experimental methods that 

are being used. 
2 

Several groups have made neasurenents of angular distributions of fission 

products with respect to the reaction plane and the direction of recoil of the 

fissile nucleus. 
3 -6 

The utilization of these angular correlations as a 

reflection of the spins of the fissile nucleus depends on independent measures 

or estimates of the effective moments of inertia and nuclear temperatures. As 

our knowledge of nuclear properties is not yet well enough developed to make 

absolute calculations of these quantities, one must use experimental studies 

of fission after compound-nucleus formation to build up a systematic pattern 

of the relevant parameters. 
7 

The probability of sequential fission following deeply inelastic collisions 

provides another probe of the spins of the fissile product. 8-11 Similarly, the 

I interpretation of these fission probabilities depends on a systematic knowledge 

I of fissionability as a function of atomic and mass number (Z,A), excitation . 

* 
energy (E ), and spin (J). Very few of the fission probability measurements 

I that have so far been made are for systems that have all important variables 

* 
(Z,A,E and J) very near to those of fissile nuclei produced in deeply 

inelastic reactions. 899 

The measurement of y-ray multiplicities and angular correlations are also 

potentially powerful probes of the spins of fragment nuclei. A number of 



experiments are in progress to obtain the basic calibration information needed 

for this approach (see for example Refs, 12-15). 

Our concern in this paper is the utilization of measurements of angular 

1 4 
distributions of H and He as probes of the spin distribution of the emitting 

fragments. The situation here is parallel to that for fission studies. 

Namely, a basic theoretical treatment has been worked out in the context of 

the statistical model. 16-18 Also, a number of experiments have been reported 

on emission probabilities and angular distributions after compound-nucleus 

f~rmation.'~-~~ The theory depends on a knowledge of the transmission 

coefficients T the effective moments of inertia 3, and the temperatures T, 
A' 

Unfortunately, the experimental papers rarely come to clear conclusions on 

~ how well the separate roles of these parameters can be established. Several 
I 4 
I 

experimental studies of He emission in deeply inelastic reactions have 

already been interpreted in terms of the spins of the emitters. 26'27 ~hese 

1 interpretations depend on absolute estimates of the values of 3 and T. 
I 

In this paper we have several objectives. Firstly, we discuss the 

relationships between the various theoretical equations needed to describe 

angular distributions of evaporated particles. Some graphs and tables are 

also presented-that can simplify their utilization. Secondly, we organize 

in this context the experimental data on angular distributions of H/H~ from 

, several compound nuclei. Then we show, for one example, how the estimate of 
I 

emitter spin can be made on the one hand from empirical correlations and on 

the other from absolute estimation of 3 and T. Finally, we show some calcu- 

4 1 
lated trends for the ratio of He to H in evaporation reactions. An 

1 
associated empirical correlation of measured 4He/ H ratios suggests that these 

I 
ratios also may provide information concerning the spins of the emitting nuclei, 



11. Theoretical background and some numerical generalizations. 

I 

Some years ago Ericson and Strutinski (ES) derived equations for the 

angular distributions of evaporated particles with respect to the angular 

momenta of the emitting nuclei. l6 Similar, but not identical relations, 

2 8 
were also worked out by Halpern. Recently, ~dssinghas elaborated on these 

early works and has discussed the relationships between them. l8 In this ' 

section we give some of the important equations in D#ssingfs format, and we - 
give some tables and figures that might be useful for numerical evaluations. 

A l l  the equattons begin with a simple approximation to the nuclear level 

density p of the residual nucleus in the region of (E,J) space near (E',J'): 

(2 J+1) 1 
~ ( ~ 9  J)' ( 2  J I + ~ )  p(~l,~f) expfT (E-E') - - > (1) 

where 3 and T are the moment of inertia and the temperature of the residual 

nucleus. The derivations are classical;29 that is, they assume that particle 

emission is strictly confined to a plane perpendicular to the orbital angular 
1 

momentum of the emitted particle, ( A  -iz)A. 
Following ES, for the evaporation of a particle of energy c there is a 

correlation of emission probability W(8) with the angle Q between the emitted 
1 

particle and the angular momentum of the emitter, (J +z))t: 
0 

where I. is themodified Bessel function of zero order. (The specification o f z T  

* 
requires selection of particular emissions (e.g. E , e,etc.) and a knowledge 

of the level density.) For an ensemble of compound nuclei with angular momenta 



uniformly distributed perpendicular to the beam axis, particles are expected to 

be emitted at angles O with respect to the beam 

where j is a spherical Bessel function of order 2k. These two relations depend 2k 
2 3. 1 only on the parameter B = h (Jo+F )(A+? )/2 3T. On expansion of Eqs. (2) and 

I - 1 
I 2 (3) the first term is of order PI : 

1 1 
and therefore the root-mean-square values of (J +:) and (A+:) are of primary 

0 

importance. For small values of J one has 
0 

L 

where B is the emission barrier, p is the reduced mass of the emitted particle 

and R and T the radius and temperature of the residual nucleus. For J values 
0 

of any practical interest Eq. (5) is not adequate and DQssing has given the 

following relation for the distribution of .P, values 
18 
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2 
where 3' = J +  pR . He has used the sharp cutoff approximation for the 

I 

transmission coefficients, 
T.4 

for c < B  + 

for c 2 B + 

Note that B and pR2 refer to the coulomb-nuclear and centrifugal barriers 

respectively for evaporation. From the principle of detailed balance the 

evaporation barrier is identified with that for the inverse reaction. 
17 

Xefs. 30 and 31 discuss complete fusion as our best approximation to the 

2 
inverse reaction and the related choice of parameters for B and pR , We 

have found that the Gaussian approximation to Eq. (6) (result of the neglect 

of the exponential in the last bracket) is not adequate for the purposes of 

this paper. It is, however, useful for getting a rough idea of the qualitative 

features of the distribution so we include it here 

where J $ ~  is an approximation to the mean value of for the first emitted particle, 

Eq. (9) expresses the oft-used classical approximation of exit channel spinoff d 

of a particle of reduced mass p from the equator of the rotating system. This 

approximation to Eq. (6) is only valid at very high spins beyond the range of 

most practical applications. 



The u t i l i z a t i o n  of Eqs. (2), (3) and ( 6 )  i s  somewhat t ed ious  so  we have 

developed some computational a ids .  The f i r s t  terms i n  the expansion of 

2 
Eqs. (2) and (3) a re  of order P1 so the most important average r e l a t e d  t o  

2 
'.Jo, 3~ (A) i s  ( (A + 2.1 > From Eq. (6) one can obtain an exac t  expression 

f o r  t h i s  average : 

where 

and 

1 l+(:/2)] e r f  (y/2) + ( y l n )  exp ( 2 
( ( $ + a 2 )  = I  -y / 4 )  

2b e r f  (y/2) , 

L. 2 
Hence the  quant i ty  b [ ( ( ~ + ~ )  ) ]  i s  a function of J f o r  each value of v. In 

0 

Fig. 1 we give a family of curves calcula ted from Eq. (10) from which one can 

1 2  
obta in  ((A+F) ); i f  g rea te r  p rec i s ion  i s  needed one can use Eq. (10) d i r e c t l y ,  

Then i n  Table I we give numerical values of the  functions from Eqs. (2) and (3) 

1 2 112 
t h a t  depend on B and hence ((A+T) ) . 1 

Equations (2) and (3) a r e  s t r i c t l y  applicable f o r  one value  of 

2 a 1 
p1 - h ( J ~ + F )  ($+5)/23T and therefore  for  d i s t r i bu t i ons  of  J A and/or j T  one 

0' 

should take the  most appropriate average or  spec i f i c a l l y  perform the  summations 
I 

of i n t e r e s t .  The approach given above i s  t o  est imate 

and use i t  i n  E q s .  (2) and (3).  A second and more a t t r a c t i v e  approach i s  t o  

weight Eqs. (2) and (3) appropriately and sum over the spectrum of A and c fo r  



the evaporated p a r t i c l e s .  D6ssing has used the  approximations of Eqs. (1) and ~ 
( 7 )  t o  perform these  i n t eg ra l s  over E and 1 of the  emitted part icle.18 Analogous 

t o  E q .  (2,) he obta ins  

and analogous t o  Eq. (3)  he obtains  

w, ,3T(Q) a Iexp (-P2 s i n 2 0 / 2 ) ] 1 ~ ( 8 ~  
2 

s i n  0/2) , (16 
- - I 

0 I 
where 

A r e s u l t  very s imi la r  t o  Eq, (15) was obtained e a r l i e r  by Halpern by a d i f f e r e n t  

AS t he  u t i l i z a t i o n  of Eqs. (15) and (16) i s  a l s o  somewhat t ed ious  w e  

have included numerical values i n  Table I, along with those  from Eqs. (2)  and (3 ) .  

For experimental planning o r  rough evaluat ions  it i s  h e l p f u l  t o  es t imate  

anisotropy values.  I n  Fig. 2(a) w e  show anisotropies  5rom Eqs. (2) and (15) f o r  

angular co r r e l a t i ons  with respect  t o  a sp in  vector .  These funct ions  a r e  u se fu l  

f o r  in te rpre t ing  angular co r r e l a t i on  measurements i n  which a n  evaporated p a r t i c l e  

1 4  
(n, H, He, e tc . )  i s  detected i n  coincidence with a heavy r e a c t i o n  product 

(from f i s s ion ,  deeply i n e l a s t i c  reaction,  e tc . ) .  The d i r e c t i o n  of t h e  s p i n  

vector w i l l  be c lo se  t o  t he  normal t o  the  reac t ion  plane (defined by t h e  d i r e c t i o n  

of the  beam and the  heavy reac t ion  product). I n  Fig. 2(b) we show an iso t rop ies  

from Eqs. (3 )  and (16) f o r  angular d i s t r ibu t ion ;  with respec t  t o  t h e  beam i n  

compound-nucleus experiments, I n  these experiments no unique r eac t i on  plane I 

i s  defined and t he  spin  vectors  of the  compound nuc le i  a r e  uniformly d i s t r i b u t e d  

i n  (or c lose  t o )  a plane perpendicular t o  the  beam d i r ec t i on .  

Ei ther  Eq. (2)  o r  Eq. (15) can be used t o  i n t e r p r e t  angular c o r r e l a t i o n  



I measurements i n  deeply i n e l a s t i c  r eac t ions  (with a t t e n t i o n  t o  the  appropr ia t e  

choice of p1 and p2). I f  one assumes t h a t  t h e  s p i n  of the  e m i t t e r  i s  

perpendicular  t o  t h e  r e a c t i o n  plane then the  out-of-plane c o r r e l a t i o n  ( i n  a  

coincidence experiment) i s  given by these  equations.  I n  Fig. 3 w e  show 
1 * 

and p a s  a  func t ion  of  J +F f o r  one s p e c i f i c  case  Z = 42, A = 101, E = 86 
2 

MeV. The cons t ruc t ion  of  such curves r e q u i r e s  absolute  e s t ima tes  of p,R2, 3 
2 

and T which we have made a s  fol lows:  For pR w e  use p (ro~1/3 + R o r  Ra) 2 
P 

f o r  complete fus ion fol lowing Refs. 30 and 31. ~ o r y  we use  

with M t he  mass of  the  nucleus and r = 1 .2*lj3 £m ( f a r  t h e  m a t t e r  r ad ius ) .  

The temperature i s  r e l a t e d  t o  the  average energy ava i l ab le  f o r  thermal 

e x c i t a t i o n :  I 

- 1 
with  "a" = ( ~ / 1 0 )  MeV and 

The separa t ion  energy of the  emi t tea  p a r t i c l e  i s  S and i t s  average k i n e t i c  I 
energy i s  (s), 

(a )  = B + 2T 

where E a n d 3  r e f e r  t o  the  r o t a t i o n a l  energy and moment of i n e r t i a  o f  t h e  
r o t  

emi t t ing  nucleus and B t o  the  e x i t  channel b a r r i e r ,  
3 1 

These es t ima tes  of 3 and T assume f i r s t  chance emission from a s p h e r i c a l  

nucleus of  known radius.31 Confidence i n  the  r e s u l t s  can be g r e a t l y  improved 

i f  one can c a l i b r a t e  these  parameters from compound-nucleus s tud ies .  Th i s  i s  

the t a s k  of the  next  sec t ion .  



111. Semiempirical use of the angular cor re la t ions .  

Of the  many experimental s tud ies  t h a t  have been published f o r  H/He 

emission i n  compound-nucleus reactions,  we have se lec ted  two t h a t  r e p o r t  

extensive data  on angular d i s t r i bu t i ons  a s  functions of energy and spin .  I 
Reedy e t  a1  .24 give r e s u l t s  f o r  the  reac t ions  

leading t o  75Br* a t  exc i t a t i on  energies  of 49 and 88 MeV. S imi l a r l y  Gal in  

e t  a1.25 give r e s u l t s  f o r  the react ions  

I t ha t  give 'l7Te* a t  71 and 107 MeV. I n  t h i s  sec t ion  we w i l l  use t h e i r  da t a  on I 
angltlar d i s t r i bu t i ons  and i n  the noxt sec t ion  t h e i r  r e l a t i v e  c ross  sec t ions .  

4 I n  Fig. 4 we show some samples of t he  da ta  f o r  He emission from Refs. 24 

and 25 with f i t s  t o  Eq. (3). The measured parameter B can be determined wi th  good 
1 m  

I 
precis ion from such f i t s ,  a s  can 0 from s imilar  f i t s  of Eq. (16). With 

2m I 

Eqs. (6), (10) and (17)-(22) we can ca l cu l a t e  t heo re t i c a l  va lues  o f  B1 and B .  
2 ~ i f  we assume t h a t  a l l  H / H ~  emission occurs a t  the  f i r s t  s t e p  of the evaporat ion 

chain. We give some calcula ted values of p and D2 i n  Table I1 a long  wi th  
1 

ErOt,  ( (Q+4l2  and the k i n e t i c  energy (above t he  b a r r i e r )  from spinoff  5 
I 

, 17 
I p lus  thermal motions, where : 

5 = 4 E  p , ~ ~ / 3 g .  
r o t  



I n  Fig. 5 we reproduce the anisotropy values vs exit-channel energy a s  measured 

by Reedy e t  The qua l i t a t i ve  features  of these data follow the  t rends  of 

the  ca lcu la ted  values of B l  and B2 from Table I1 and Fig. 2: (1) Anisotropies 

4 
f o r  He a r e  about twice those f o r  'H. (2) Anisotropy fo r  H / H ~  increases  with 

mass of p r o j e c t i l e  (and presumably with the spin of the  emit t ing compound 

4 nucleus).  (3)  Anisotropy increases  with energy of the  detected He following 

1 
the  calcula ted trend of 5+2T. (4) Anisotropy for  H va r ies  l e s s  s t rongly  with 

4 
energy than f o r  He. (The opposite sense of t h i s  va r i a t i on  i s  not  accounted 

1 
f o r  by the  calcula t ions  given i n  Table 11, and presumably ind ica tes  t h a t  H 

I emission i s  not confined t o  the f i r s t  s t ep . )  
I 

I 

It would be desi rable  t o  use these data  t o  f i x  the  individual  parameters 

i n  the  s t a t i s t i c a l  model and then adopt the  cal ibra ted model i n  i t s  e n t i r e t y .  

This would require  an evaporation code t o  follow the  emission p robab i l i t i e s  i n  

c and O f o r  each s tep i n  the deexci ta t ion chain. An extensive data base of the  

p a r t i a l  r eac t ion  cross sect ions  and possibly addi t ional  data would a l s o  be 

required t o  unravel the  separate e f f e c t s  of 3, "a" and the  transmission 

coe f f i c i en t s .  We w i l l  follow the more l imi ted objective of developing an 

empirical  co r r e l a t i on  between the data  and the  theore t ica l  parameters calcu- 

l a t ed  f o r  f i r s t  s t ep  emission only. Table I11 lists  the  experimental values  

'lm 
and B f o r  each react ion along with est imates of some other  quan t i t i e s  

2m 

t h a t  appear i n  Eqs. (14)-(18). Our object ives  with these da t a  a r e  two fo ld :  

(1) t o  t e s t  the  simple t heo re t i c a l  es t imates  i n  an absolute way and (2) t o  

achieve a semiempirical co r r e l a t i on  t h a t  can avoid the  necess i ty  o f  t h e  
I 

determination of 3 or  T or  t h e i r  cor rec t  averages over the  whole evaporation 

chain.  For t h i s  end we must t r e a t  the  spins  of the  emit ters  a s  known quan t i t i e s .  

We there fore  assume the v a l i d i t y  of the sharp cutoff  approximation f o r  P(J) 



1 
(J+F) fo r  J 5 Acr 

and therefore 

(We use the symbol J when a d i s t r ibu t ion  of angular momenta i s  involved, a s  

1 2  
opposed t o  J which r e f e r s  t o  a unique value.) Then t o  eva lua te  ((J+Y) ) 

0 

we take Jcr values from the equations and empirical systematics of Vaz and 

3 0 
Alexander. These values of Acr are  given i n  column 3 of  Table 111. As  we 

want t o  reduce the mass and temperature dependence of our c o r r e l a t i o n  we divide 

the measured parameter Blm by 8' 
1 

and the measured parameter B by 02' 2m 

L 2 112 
Now i n  Table I11 and Fig. 6 we give (B /B  ' ) and ( B  /D ' )'I2 vs ( (J+2)  } . 

l m  1 2m 2 

I f  we have calculated !.3 ' and p '  cor rec t ly  (i .e.  a s  na tu re  s e l e c t s  them) then 
1 2 

I we expect from Eqs. (4) and (17) 

and 

I f  a l l  pa r t i c l e s  a re  evaporated i n  the f i r s t  s tep and i f  our parametrizations 

I of Eqs. (18)-(22) a r e  correct  then a l l  the  points should l i e  on a 45 degree l i n e  



a s  i n  Eqs. (30) and (31) above. Nature i s  not  qu i t e  t h i s  accommodating, how- 

ever,  and t h e  ac tua l  r e s u l t s  r equ i re  two separa te  l i n e s ,  one f o r  75Br* and one 

117 * 
f o r  Te . (The l a t t e r  i n d i c a t e s  a d i s t i n c t  s a t u r a t i o n  f o r  t h e  h ighes t  spin,  

but  t h i s  i s  beyond our range of i n t e r e s t ) .  These l i n e s  can be used a s  r e f e r -  

ences f o r  es t imat ing  the  spins  of emi t t e r s  from measured v a l u e s  of 13 o r  P2m. l m  

To i l l u s t r a t e  t h i s  procedure we take an example from t h e  work of  Catchen 

I - 
8 6 197 

e t  a 1  .27 f o r  t h e  r e a c t i o n  724 MeV K r  + Au. They have measured the  out-of  - I 

4 
plane c o r r e l a t i o n  of  He from a c o l l e c t i o n  of deeply i n e l a s t i c  products  wi th  

Js 
es t imated  values  of (z) = 42, (A) = 101 and (E ) = 86 MeV. From f i t s  of  Eqs. 

(2) and (15) t o  t h e i r  da ta ,  Olm i s  repor ted  t o  be 1.3 and P t o  be 1.25. We 
2m 

wish t o  es t imate  the  root-mean-square sp in  of the  e m i t t e r s  from t h e  d a t a  i n  

1 2  1 2 1/2  
Fig. 6 .  A s  T and ((A+= ) i n  13; and T i n  8; depend on ( ( J + z )  ) we must 

use an i t e r a t i v e  (or  t r i a l  and e r r o r )  approach. 

The q u a n t i t i e s  r e l evan t  t o  t h i s  t r i a l  and e r r o r  technique a r e  given i n  Table 

1 
I V .  Suppose we wish t o  ob ta in  J+T from a measured value of  P and an absolute  

l m  

e s t ima te  of 13 ' from Eqs. ( l o ) ,  (18-22), and (28).  F i r s t  we assume a va lue  of  
1 

1 
Jo+F (e.g. 1 0 ) ;  then we c a l c u l a t e  131' and we ob ta in  i3 /B  ' = 33.  From Eq. (30), 

lm 1 
1 

13 /f3 ' should give back our i n i t i a l l y  assumed value  of 10 f o r  J+', bui: a s  10 # 33 
l m  1 

1 
we must t r y  again. Next we assume J +z = 20 and r e c a l c u l a t e  13 / B  ' = 28; b e t t e r  

0 l m  1 
1 

but  not  y e t  t h e  same. Then success ively  f o r  i n i t i a l l y  assumed va lues  of J$z of 

30, 40 and 50 we c a l c u l a t e  plm/O; = 22, 17 and 11. From t h e  t r e n d s  of columns 1 

1 
and 2 i n  Table I V  we see  t h a t  an i n i t i a l l y  assumed J +y cy 25 w i l l  g ive  back a 

0 
L 1 

value  of J+F = 25 f o r  13 / ' . Therefore J+T e 25 i s  our e s t i m a t e  of  the  sp in  
l m  1 

of the  e m i t t e r  by t h i s  path.  From the  path of  13; from Eqs- (18-22) and (29) w e  
1 

would es t ima te  J+y e 28 (columns 1 and 3 of Table I V ) .  

For the  above es t ima tes  we have not invoked any o f  the  empi r i ca l  information 
J. 

from the  da ta  f o r  758,* and ' l 7 ~ e n  i n  Fig. 6. For t h i s  purpose we can r e f e r  t o  

1 
columns 1, 2 and 4 i n  Table I V .  F i r s t  we assume a value of J +F = 10, then 

0 

- -- - 



1 
ca l cu l a t e  D 18 ' = 33 and then from Fig. 6 f o r  75Br*, we read J+F = 47. A s  l m  1 

1 
47 # 10, we t r y  again and f o r  an i n i t i a l l y  assumed J +y = 20 we ob t a in  (from 

0 
75 * 1 

Fig. 6 f o r  B r  ) J+F = 40. Now from the trends of columns 1 and 4 i n  Table IV 
1 

we est imate  J+F = 31 from 75Br* and 21 from '17~e*.  Similar  use of  D ID ' 
a- 

2m 2 

leads  t o  ((.J+*)' )'I2 of 32 from 7 5 ~ r n  and 22 from '17~e*. Thus it seems t h a t  

one ob ta ins  consis tent  r e s u l t s  from e i t h e r  the  Er icson-Strut inski  Eqs. (2) and 

(3) )  o r  t he   alpe ern-~Qssing Eqs. (15) and (16). For Z = 42, A = 101, one would 

r 2 112 
probably take the  mean o r  ( ( J + ~ )  ) - 26. 

- - 
It i s  i n t e r e s t i n g  t o  compare the r e s u l t s  from t h i s  semiempirical analys is-  

2 
t o  t h a t  from Fig. 3 and absolute es t imates  of 3, pR and T from Eqs. (18-22). 

As shown i n  Fig. 3 and Table I V  the  measured value B y i e l d s  a s p i n  o,£ 25 
l m  

and t h a t  f o r  B gives 28. These es t imates  of the  sp in  from abso lu te  ca lcu-  
2m 

l a t i o n s  a r e  very c lose  t o  those from empirical  ana lys i s .  To some e x t e n t  t h i s  

i s  probably fo r tu i t ous  f o r  the  following reasons:17 (a)  The abso lu te  va lues  

2 4' 
of , pR o r  "a" may be i n  e r ro r .  (b) The He emission may occur f o r  s eve ra l  

s t eps  i n  the  evaporation cascade and thus T may be i n  e r r o r .  (c)  For smal l  T 

values t he  approximations of Eq. (1) and/or (7) may become inadequate. (d) Our 

es t imates  of A from Ref. 30 may be i n  e r ro r .  (e)  Spin f r a c t i o n a t i o n  may occur c r  
1 2  1 2  

i n  t he  reference compound nucle i  such t h a t  ((J+T) ) d i f f e r s  from ( a  +F) 12. c r  

E f f ec t s  from (a, b, c and e )  could a l t e r  the  r e s u l t s  obtained by use of t h e  

theory i n  an a p r i o r i  way. However, a l l  these a r e  cancelled ou t  t o  a l a r g e  

ex ten t  by t he  semiempirical use of the  theory v i a  Fig. 6 .  The mis takes  made 
1 

i n  ca l cu l a t i ng  13 ' and P; fo r  the  construct ion of Fig. 6 a r e  l a r g e l y  repeated 
1 

f o r  our system of unknown spin  and there fore  a re  cancelled ou t ,  I n  f a c t ,  i f  

1 . 2  L 2 
( 4 )  12 = ( ( J + 2 )  ) f o r  our reference systems 758r* and ' l 7 ~ e *  and i f  they  

a r e  represen ta t ive  of the  unknown group then a l l  these  e r r o r s  a r e  cancel led.  

The most important assumption i n  t h i s  procedure i s  t h a t  the  d i s t r i b u t i o n  of 

evaporation probabi l i ty  i n  (E1,J ' )  space i s  comparable f o r  unknown and 



reference systems. For example, the  neutron def ic ien t  reference nucleus 75Br* 

could poss ibly  give a d i f f e r en t  weighting t o  evaporation of M o r  He near the  

end of i t s  deexci ta t ion chain compared t o  neutron r i c h  products from 86Kr + l g 7 ~ u u .  

Studies s imi la r  t o  those of Refs. 24 and 25 fo r  more neutron? r i c h  compound nuc le i  

can provide a way t o  evaluate t h i s  assumption. Also important a re  the  values 

'cr 
f o r  the  compound nucle i  used fo r  reference. Fusion c r o s s  sec t ions  have 

not been measured for  75~r*  and '17~e* and thus we have had t o  r e so r t  t o  

systematics.  These systematics a r e  f a r  from secure a t  p resen t  f o r  the  higher 

energies  of i n t e r e s t  here.  
30 

Exactly p a r a l l e l  problems e x i s t  f o r  the  ca l i b r a t i on  of 3 and T fo r  

sequent ia l  f i s s i o n  s tudies .  For the H/He emission discussed i n  t h i s  paper 

the  c a l i b r a t i o n  s tudies  of 75~r*  and 'l7'Ie* have been made f o r  compound nucle i  

* 
with E and J very s imilar  t o  those of the  deeply i n e l a s t i c  fragments. For 

the  f i s s i o n  s tud ies  most angular d i s t r i bu t i on  ca l ib ra t ions  have been made with 

4 
incident  He p ro j ec t i l e s  t h a t  form f i s s i l e  nuclei  with much smal ler  exc i ta t ions  

and Thus, a t  present,  the  ca l ib ra t ions  must be moire severely extrapo- 

l a t ed  f o r  the  f i s s i on  s tudies .  Also, only a few f i s s i o n  p robab i l i t y  ca l ib ra t ions  

have been made f o r  nuclei  with Z, E and J very near t o  those studied i n  deeply 

i n e l a s t i c  react ions .  8 9 9  

4 1 
I V .  Empirical use of the  ~ e /  H r a t i o .  

 horna as^^ and Gila t  and   rover^^ have given very nice  discuss ions  of the  

1 4  
expected sp in  dependence fo r  the  emission p robab i l i t i e s  of n.1 H/ He. The 

1 
evaporation theory predic ts  t h a t  the  r a t i o  of 4He t o  H (or n) emission w i l l .  

4 

increase  with the  spin 'of the  emit ter .  Some quant i ta t ive  ca.1culations have . , 

78 *- 84Kr* and 86Kr* 
been made by Galin e t  a1  .25 fo r  'l7Te* and by ~u~~ f o r  Kr , . 
Some of t h e i r  r e s u l t s  a r e  shown on the  r i g h t  s ide  of Fig. 7. The very steep 



4 1 dependence of the  ~ e /  H r a t i o  on JCN suggests t ha t  t h i s  r a t i o  can pos s ib ly  

be developed a s  another t oo l  f o r  r e f l e c t i n g  spins  of the  fragments. The 

* 
ca lcu la t ions  of Lu fo r  several  i sotopes  of K r  ind ica te  s t rong  v a r i a t i o n s  with 

1 4 mass number f o r  the expected m u l t i p l i c i t i e s  of both H and He. A s  an acc iden t  

4 1 of the  binding energies, however, Lu f inds  t ha t  the r a t i o  of  He t o  H emission 

* 
depends only s l i g h t l y  on mass fo r  K r  . Calculations have no t  been made f o r  t h e  

expected dependence on exc i t a t i on  energy so we must use t he  measurements a s  

a guide. 

On the l e f t  s ide  o f  Fig. 7 we show the o ~ e a s u r e d ~ ~  m u l t i p l i c i t y  ( o r  c ross  

4 1 75 Ji 117Te* 
sect ion)  r a t i o s  f o r  He t o  H evaporated from B r  and . The d a t a  a r e  

1 2 112 
p lo t t ed  against  ((J-t:) ) and Acr, obtained a s  discussed above and g iven  i n  

Table 111. The ca lcu la t ions  ( r i gh t )  were made fo r  ind iv idua l  sp in  va lues  ( J  ), 
CN 

but the  measurements a r i s e  from a d i s t r i b u t i o n  of sp ins  (as f o r  example i n  

Eqs. (26) and (27)). Therefore the  increase  of the measured m u l t i p l i c i t y  r a t i o  

2- 2 112 
with ((J+z) ) i s  l e s s  rapid than t h a t  ca lcula ted f o r  J 

CN ' Nevertheless,  

1 2 112 Jx 
t he r e  i s  a marked co r r e l a t i on  with ((J+T) ) and no c l e a r  dependence on E . 

4 1 
This r e s u l t  suggests t h a t  measurments of the  ~ e /  H r a t i o  i n  deeply i n e l a s t i c  

c o l l i s i o n s  can provide a probe of the  fragment spins.  Such measurements have 

been made i n  Refs. 27 and 36, and w i l l  be discussed there .  For t h e  example 

* 
10IElo with E = 86 MeV, Ref. 27 repor t s  4 2 %,/$ = 0.5; from Fig. 7 we would 

deduce ((J m 33 or  Lcr ~ - i  47. It i s  c l ea r  t h a t  we can b o l s t e r  our  
0 

confidence i n  t h i s  t o o l  by more extensive evaporation ca l cu l a t i ons  and by more 

c a l i b r a t i o n  measurements of R f o r  o ther  compound nucle i .  
c r 

5 

It should be emphasized t h a t  the  m u l t i p l i c i t y  r a t i o  (or  indeed each value  

of %e and %) w i l l  depend on the  magnitudes of the  sp ins  only  and no t  on t h e i r  

d i rec t ions .  The angular cor re la t ions  a s  discussed i n  Sect ions  I1 and I11 w i l l  



depend on their alignment also. Thus, in principle, the combination of these 

two types of measurement can provide evidence on both the spins and their 

degree of alignment. To exploit these possibilities, good precision is needed 

both for the calibration measurements of compound nuclei and for the angular 

correlation measurements in deeply inelastic reactions. 

V . Conclusions 
16 

(1) The equations of Ericson and Strutinski, ~ a l ~ e r n , ~ ~  and Dlssing 18 

give a consistent set for discussing angular correlations in compound-nucleus 

reactions and in deeply-inelastic reactions, provided care is taken to use the 

1 k 
appropriate averages of (A+z) and (J+z)  . 

(2) A priori use of these equations to estimate fragment spins requires 

2 absolute calculation of appropriate averages of 3, pR and T or the calculation 

of sums over an evaporation chain. 

( 3 )  Semiempirical estimates of fragment spins can be made by use of 

experimental data on angular distributions of H/H~ in compound nucleus reactions. 

This approach circumvents the absolute determination of 8 or T. 
4 1 

(4) Semiempirical use of multiplicity ratios for ~ e /  H can also provide 

information concerning spins of the fragments. 

(5) The combination of (3) and (4) above can, in principle, also give a 

probe of the alignment of the angular momenta. 

Appendix 

4 
In experiments where one measures light particles (e.g. He) in coincidence 

with a heavy reaction fragment, it is frequently important to carry out an 

integration of the data over the "light-particle space" to obtain a multiplicity 

or cross section. The theoretical angular correlations of such light particle 

emission with respect to the spin axis of the emitter are given by Eqs. (2) and 



(15)) above. I n  the  course of our work, we have performed the  requ i red  

in tegra t ions  of these theore t ica l  re la t ionsh ips ,  and it may be u s e f u l  t o  

present t he  r e s u l t s  here. 

The coincidence experiment measures the  double d i f f e r e n t i a l  c r o s s  s ec t i on  

(dLOi/dq.&), where the  subscr ipts  denote the  l i g h t  and heavy de t ec t ed  p a r t i c l e s ,  

respect ively ,  and we want t o  i n t eg ra t e  over t he  l i g h t - p a r t i c l e  space t o  y i e l d  

the  cross  sec t ion  (dq/dC&). The angle 0 i s  measured wi th  respec t  t o  t he  s p i n  

a x i s  (general ly  0 = 90° i s  i n  the reac t ion  plane), and we assume t h a t  t h e  

angular co r r e l a t i on  W(8) i s  independent of the angle O i n  t h e  r e a c t i o n  plane.  

Then we have 

d2% ( 437 ( %?L ) d z = ~ : ' d @ ~ ' W ( ~ ) r i n Q d 8  0 

= rtn J*'~w(B) s i n  ode. ( ~ 1  
0 

Using the  Ericson-Strutinski  expression, Eq. (2):  

we have 

where C i s  a normalization constant .  Eq. (A2) cannot be i n t e g r a t e d  i n  c losed 

form; however, a standard power s e r i e s  expansion and i n t e g r a t i o n  term-by-term 

leads  t o  t he  r e s u l t :  

The constant  C corresponds t o  t he  magnitude of t h e  double d i f f e r e n t i a l  c ro s s  

s ec t i on  i n  t he  spin  d i rec t ion  (0 = 0). While somewhat l abo r ious  t o  use, 



Eq. (A3) can be programmed for a computer without much difficulty. 

It turns out that the DBssing- alpe ern expression, Eqo (15) 

2 
W~ , 3 T  (8) a exp(p sin 61, 2 (15) 
0 

has a practical advantage in the present context, namely that the required 

integration can be carried out in closed form. Analogous to Eq. (82) we write 

..a 12 2 
= 4f iC  J exp(P2 sin 0) sin ed0, 

DH 0 

which integrates (by change of variable and several substitutions) to: 

The normalization constant C has the same significance as in Eq. (A3). It is 

interesting to note that a relation completely equivalent to Eq. (AS) (but less 

convenient) can be derived from Eq. (A4) by series expansion and integration as 

was done in deriving Eq. (A3) .  The result is 

which demonstrates once again the similarity of the E-S and D-H approaches. 

In terms of Eq. ( A 5 ) ,  the analysis of out-of-plane coincidence data is 

straightforward and simple: 

1) Fit the out-of-plane correlation data to the function 

2 W(8) = C exp(p sin 8) to 'evaluate the parameters C and P 2 -  (This is very easy . 
2 

to do graphically.) C is the intensity at 0 = 0 (the spin axis) and is easily 

obtained. as C = ~(90~)/ex~(p~), where W(90°) is the in-plane measurement. 



2) Look up e r f  (P2 'I2) i n  standard t a b l e s .  

3)  S u b s t i t u t e  C, P2, and e r f  (B2 'I2) i n t o  Eq. (AS) t o  o b t a i n  t h e  c r o s s  

s e c t i o n  i n t e g r a t e d  over the  " l i g h t  p a r t i c l e  space",, 
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Theoretical angular dependence of evaporation probabili t ies.  

Correlation with respect t o  
a unique spin vector 
(coincidence experiment ) 

Eq. (15) 

0.746 0.813 

0,556 0,662 

0.415 0.538 

0.309 0,438 

0.231 0.356 

0. goo 
0.860 

Distribution with respect 
t o  beam axis, spin vectors L 

perpendicular t o  the beam 
I i 

(singles experiment) 



1 4 Absolute calculations for H and He evaporated 

, . from 7 5 ~ r  excited t o  88, MeV, 



TABLE I11 

4 1 bicnsurcd and c a l c u l a t e d  q u a n t i t i e s  r e l a t e d  to,  e v a p o r a t i o n  o f  He and H, 
:k 3 

E b c d  
7: e  

React ion (MeV) 2 
C r J ~ ( 1 8 0 ~ )  /w(goO) - rms (MeV) 

4 ~ e  - IH - '~e - - 
llg + 6 4 ~ n  4  9 2 4 17 1 .49  1 .23  1 . 9  2.0 

a Cross e x c i t a t i o n  energy without sub t rac t ion  of E rot' 
b Estimated zccording t o  Ref,  30. 
e J~~~ = < ( , j t$)2> 112 = [ (acr++)  2 / 2 ] 1 / 2  * 
d  Fron Refs. 2 A  and 25 ;  ve e s t i a a t e .  u n c e r t a i n t i e s  t o  be M 5 10%. The da t a  vere f i t  t o  Eq. ( 3 ) ; f o r  7 5 ~ r  i n  Ret  24 t h e  fitting curve inc luded  only P2(cos 0). 

I c E q s *  (18-20) and (22) with ( c )  t aken  from exper imenta l  data .  
1 E E ~ S .  (10-14) 

6 From Eics t o  neasurenc!nts as i n  Fig,  4 ,  1 /2 h I f  the  cqua:iona are : i l l  absolutely correct (D1,/8';)" (D2,/~;) = Jms; see E q s .  (28-31). 
3 I 



1 I n i t i a l l y  
assumed 
J~ 4 

Estimation of <(.J+*)~>'/~ by t r i a l  and error fir one case 

* 
l:$o, E = 86 MeV, plm = 1.30, @a = 1.25. 

Calculated Reestimated from Fig. 6 fro 
! B ~ / , / B ~  '1 ( B ~ ' B ~  '1 172 

c 75B,* 117Te* 75,; 117Te* 



+Figure Captions 

1 'I2 b1I2 vs. (J +z) for various values of 71.  From Eq. (10) Fig. 1. ((A+y) ) 
0 ' b112 is a universal function of J and 7 for all emitters, ( ( L + z )  ) 

2 2 2 2 112 
where b = ( A  ?L/2LL~3T) and q=(2h pR /3JI~) . 

Fig. 2. Anisotropy with respect to the angular momentum vector vs. p1 from 

Eq. (2) and vs. D2 from Eq. (15). A coincidence requirement is needed 

to specify the direction of the spin vector. 

(b) Anisotropy with respect to the beam axis in compound nucleus - 
reactions vs. pl from Eq. (3) and vs. B from Eq, (16). This 2 

representation corresponds to angular distributions measured in the 

singles mode. 

1 * 
Fig. 3. p and P vs. J +F for one nuclide (Z = 42, A = 101, E = 86 MeV). 

1 2 0 

Eqs. (4, 17-22). The crosses (+) indicate measured values of ft and 
lm 

2m 
(Ref. 27). 

4 
Fig. 4. Sample fits of Eq, (3) to some of the He data from Refs. 24 and 25. 

Values of film frcm the fits are as in2icated. 

1 
Fig. 5. W(180°)/W(900)-1 vs. exit channel energy for 4He and H from the three 

75 J; 
reactions forming Br compound nuclei at gross excitation energy 

88 MeV (after Ref. 24). See Table I1 and Fig. 2 for comparisons to . 

theory. 

4 
Symbols are for the reactions indicated; filled for He (left scale), 

1 117 * 75 * 
open for H (right scale). The lines - .- . ( Te ) and - - - ( Br ) 

were drawn from the origin to the experimental data points. 



Fig. 7, Right: Mul t ip l i c i ty  r a t i o  
4 1 

f o r  ~ e /  H ca lcu la ted  from evapo- 

r a t i on  theory (Refs. 25 and 3 4 )  fo r  individual  i n i t i a l  sp in  values  

J~~ 

. For ' 1 7 ~ e  only f i r s t  s t ep  emission i s  considered; f o r  75Br 

the  complete deexci ta t ion was followed. 

4 1 
Left  : Measured r a t i o s  of ~ e /  H evaporated from 75Br* and 117Te* 

> 

Refs. 2 4  and 25.  A correct ion was made f o r  the  unobserved pa r t  of 

the  spectra f o r  Ref. 24.  
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ABSTRACT 

? Energy and angular distributions have Seen measured for H and He both in I 
singles and in coincidence with a heavy fragment. Large cross sections have 

been observed for both a low-temperature component at backward angles and a 

I high-temperature component at forward angles. Both the preequilibrium and I 
I evaporation-like components are apparently emitted prior to scission, pre- 
I I 
I 

1 dominantly in coincidence with fragments of Z > 27. The angular anisotropy I ~ and out-of-plane correlation for 4 ~ e  are not consistent with emission from the 

composite systems of highest spin (w 190 h) but are consistent with emission 

from the 237Bk composite with average spin = 70 h. Extensive energy sharing 

and H/H~ emission occur in many reactions so rapidly as to precede fission 

which is heavily favored by energetic and phase space considerations. 

~ L E A R  REACTIONS : lg7~u( 40 Ar, fission and H/H~), E = 340 MeV,I 

1 measured energy and angular distributions for and He I 
in singles mode and coincidences between H/H~ and one fission- 

like fragment . 



I . INTRODUCTION 
Studies of light charged particle emission have provided many very interest- 

ing views of reactions between complex nuclei. In most cases, both an evaporative 

component and a direct component have been identified by their characteristic 

angular and energy distributions. '-I5 The energy distributions of the evaporative 

component give information on nuclear temperatures and effective barriers to 

emission. 3' 7-9y 16-19 Their angular distributions give information on the 

1,5,7-9,18,20-22 angular momenta involved. 

The direct emission can involve a significant fraction of the reaction cross 

section. For light projectiles of Z up to 10 this contribution has been observed 

3,9,12-15 to increase rapidly with incident energy. In reactions such as 

209 4 
160 + Bi, Britt and Quinton found direct He emission to be favored near the 

grazing angle and with velocities close to that of the projectile.3 On this 

basis they argued that projectile break-up may be responsible for such reactions, 

14 By contrast, for 15'~b( N, mm) reactions, Inamura et a1 .lo observed similar 

foward peaked 4He angular distributions and cross sections but found that the 

resulting projectile residue fused with the target. Both studies however have 

indicated that such reactions are associated with the higher angular momenta. 

I Recently, coincidence measurements have been made between y-rays and high energy 

4He at forward angles. 11y13y14 These studies also confirmed that large cross 

sections for (H1,axny) reactions via direct mechanisms are associated with the 

larger partial waves in the entrance channel. 

4 The high-energy H and He emission at forward angles was found by Galin 

et a1.' to be strong for 1411 + Rh but totally absent for 40~r + 77~e. This 

I result is suggestive of the idea that only the lighter projectiles give rise 

to the direct ejection of H and He. By contrast however, recent coincidence 

studies have indicated such direct processes in high-energy quasi-elastic 



and deeply- inelas t ic  react ions  ( 3 2 ~  + Au and 86Kr + Au). 15y23 I n  both of  these  

reac t ions  d i r e c t  4He e j ec t i on  was i den t i f i ed  a t  forward angles poss ibly  focused by 

the  Coulomb f i e l d s  of the  separating fragments. I n  the 86Kr induced react ion,  

p resc i ss ion  H and He emission were found i n  addit ion a t  backward angles  and with 

r a the r  low temperatures (w 3 MeV). 
24 

Very i n t e r e s t i ng  angular cor re la t ions  both i n  and out of the  reac t ion  

plane have a l s o  been reported f o r  the reactions (160, 12Cu) with Al, N i  

and Pb. 
25 -2 7 4 

For both A 1  and N i ,  d i r e c t  He emission is s t rongly  favored i n  

the  reac t ion  plane. Apparently the  spin  vector of the  composite system i s  

4 
d i c t a t i n g  t h i s  cor re la t ion  even f o r  the  very rapidly  e jec ted  He. An unexpected 

preference fo r  out-of-plane emission has been observed fo r  H i n  deeply i n e l a s t i c  

8 6  
reac t ions  of K r  with Au. 

2  4 

These coincidence s tud ies  f o r  deeply i n e l a s t i c  reac t ions  a re  very i n t e r e s t -  

i ng  indeed. I n  order t o  understand them, however, we need t o  improve our back- 

ground understanding fo r  angular cor re la t ions  i n  more simple react ions .  A t  

present,  our knowledge i s  l imi ted t o  anisotropies  i n  compound nucleus 

reac t ions  1-9y21y22 and t o  the  angular corre la t ions  of long-range p a r t i c l e  

emission i n  f i s s i ~ n . ~ * ' ~ ~  For the compound nucleus s tudies ,  c l e a r  separa t ion  

1-9,21 
of  the  ro l e s  of temperature and spin  has r a r e ly  been achieved, and f o r  I 
f i s s i o n  we only have data a t  exc i ta t ions  up t o  w 40 MeV. 

3  0  

197 
We have chosen t o  study H and He emission i n  the reac t ion  4 0 ~ r  + Au 

a t  340 MeV; here s izable  cross  sect ions  have been observed f o r  fragments of 

Z < 30 (forward-peaked) and a l so  fo r  heavier products t ha t  a r e  emitted with 

( l / s i n  0) angular d i s t r i bu t i ons .  31-34 The l a t t e r  react ions  seem t o  have a l l  

t h e  c h a r a c t e r i s t i c s  of f i s s i o n  although the  liquid-drop f i s s i o n  b a r r i e r  i s  

35 
ca lcu la ted  t o  vanish even f o r  ra ther  low spins. Some workers have chosen . 

t o  i den t i fy  the  cross sec t ion  f o r  30 2 Z 2 67 with a  "slow" f i s s i o n  process 



and to use this cross section to define a value of the critical A for fusion 

2 
(0 = fiCk (Acr + I)~) .36 Others have argued that the distinction between 

3 1 
fission and deeply inelastic reactions is not clear and thus the meaning 

of such a value of Acr is obscure. Therefore this reaction system is of 
I 

special interest as an intermediate between those for very heavy reactants 
I 

I (e .g. 86Kr + 209~i) where no complete fusion is clearly identifiable and those 
I 182 
I for lighter reactants (e .g. 12c + W) where the fusion cross section (and 

~ Acr) is identified by fission plus evaporation-residue formation. Our hope 

I 
I is that the characteristics of emission of direct and/or evaporative H/H~ for 

I the 40Ar + lg7*u system will help to provide a link between the information 

~ from fission and evaporation studies at medium energies and the deeply 

inelastic reactions between heavier nuclei. 

~ The specific questions we ask are as follows: 

I (1) What is the nature of the H/H~ emission and with what reaction 

products is it associated? 

1 (2) Does emission of H/H~ precede or follow the scission of the 

composite nuclear system? 

(3)  To what extent has the translational energy of the entrance channel 

been damped in these processes? 

( 4 )  What information do the H/He energy spectra give regarding the energy 

sharing among particles in the composite system? 

( 5 )  What can be inferred about the angular momenta involved from the 

angular distributions of H/H~? 

(6) Can one account for the cross sections for fission and H/H~ emission 

(at back angles) by an equilibrium statistical model? 

(7) What are the characteristics of H/H~ emission at forward angles and 

how do they compare with those in other reaction systems? 



11. EXPERrnNTAL ARRANGEMENT 

The 340 MeV 4 0 ~ r  beam from the  Lawrence Berkeley Laboratory SuperHILAC was 

defined by two four-jaw co l l imators (2  nun x 2  mm) and an a n t i s c a t t e r i n g  shie ld .  

Beam in t ens i t y  was measured by a Faraday cup and two fixed monitor de t ec to r s  

2 
a f t e r  t r ave r sa l  of t he  Au t a r g e t  of thickness 1.25 mg/cm . Fiss ion- l ike  and 

p ro j ec t i l e - l i ke  fragments were detected with a gas ion iza t ion  te lescope (GT) 
3 7 

2 
operated with methane gas a t  15 t o r r  and a polypropylene window of 35 lLg/cm . 
The angle of t h i s  telescope with respect  t o  the  beam i s  denoted 0 The 

G 

d i r ec t i on  from t a rge t  t o  GT and the beam l i n e  define the  reac t ion  plane fo r  

l i g h t  p a r t i c l e s  detected i n  coincidence with heavy fragments. The 500 pm S i  

stopping detector  i n  the  GT was ca l ib ra ted  fo r  energy and pulse-height defect  

with f i s s i o n  fragments from 252Cf and the  e l a s t i c a l l y  sca t te red  beam. 
38 

Atomic numbers ( Z )  f o r  the  fragments were determined r e l a t i v e  t o  the  e l a s t i c a l l y  

s ca t t e r ed  4 0 ~ r  by reference t o  the  Northclif fe-Schi l l ing tab les .  39 For the  

main emphasis of t h i s  study we divide the fragments i n to  two groups (a) Z 5 27 

and (b) Z > 27. Ear l i e r  work has shown tha t  the former group has a d i s t i n c t l y  

forward-peaked angular d i s t r ibu t ion ,  while fo r  248 MeV 4 0 ~ r ,  the latter group 

seems t o  be symmetric about 90 deg c.m. 
31-34 

The H and He p a r t i c l e s  were detected by two three-member so l i d - s t a t e  

te lescopes  (SST) (45 pm, 500 pm, 5 mm S i  detectors)  mounted on an out-of-plane 

arm. We describe the  telescope posi t ions  by an angle i n  t h e  react ion plane 

(8 ) (0-360 deg) and an angle with respect  t o  the  reac t ion  plane (y). This 
S 

out-of-plane angle should not be confused with the azimuthal angle i n  a 

spher ica l  coordinate system. The telescopes were separated by Acp = 2 8  deg 

and each had FZ 10 msr s o l i d  angle acceptance. The c.m. angle with r e spec t  t o  

the  beam 8c,m and the  c.m. energy E a r e  functions of both 8 and C+I as well a s  
S 

the  measured lab-system energy. With the GT f ixed a t  8 = 40" and 60" we swept 
G 



the light particle telescopes from 100" < 8 < 339". We used a Ni foil 
S 

2 (51 mg/cm ) to stop the scattered beam for 8 = 320" and 339"; for more back- s 
2 

ward angles only a thin cover foil was used (0.2 mg/cm Au). Energy thresholds 

for detection and identification of H and He were 2 and 8 MeV for the thin 

cover foil and 5 and 20 MeV for the thick one. Events were recorded simultaneously 

from each telescope in the singles mode and in the coincidence mode between the 

GT and each SST. In the computation of absolute cross sections we assumed a charge . 
40 

state of +18 for the Ar beam collected in the Faraday cup. 

111. RESULTS AND BRIEF DISCUSSION 

The purpose of this section is to make a brief presentation of the body 

~ of experimental data that has been collected. In Section IV we will discuss 

the implications of the results in terms of the reaction mechanisms, Repre- 

sentative c.m. energy spectra for He and H in the singles mode are shown in 

I Figs. 1 and 2 and parametrized for comparative purposes in Table I. Some 

technical problems could have flawed the energy measurements for particles 

that barely entered the third member of the solid state telescopes. There- 

1 fore we are doubtful of the reality of the minima shown in the speetra at 

forward angles. However, the more important reatures are unmarred: the 

evaporation-like spectra at back angles and the increasing quantity of high- 

energy H and He at forward angles. Angular distributions for He and H in the 

singles mode are shown in Figs. 3 and 4. Each particle distribution shows 

prominent forward peaking characteristic of direct mechanisms. For c.m. 

angles greater than 100 deg. the production of 'H becomes isotropic and that 

4 
for He shows a modest backward peaking, both of which could characterize 

2 3 
statistical nuclear evaporation from an equilibrated system. For H and H 

the forward peak comprises a greater fraction of the total emission probability 



and d i r e c t  mechanisms could contr ibute  s i gn i f i c an t l y  even f o r  8 c.m. - 100 deg, 
1 

I n  Fig. 5 we compare typ ica l  back-angle spectra  f o r  4He and H observed here 

194 
with corresponding spectra  from Hg compound nuclei  formed i n  severa l  

react ions .  12'19 The general shapes of the spectra  a re  very s imilar  and appear 

t o  be typ ica l  evaporation spectra  from systems of comparable temperature (high 

19 7 4 1 
energy s lopes) .  For the  4 0 ~ r  + Au reaction,  both the He and H spec t ra  i n  

Fig. 5 a r e  somewhat broader and sh i f t ed  t o  higher energies,  compared t o  the  

lg4Hg data.  These s i gn i f i c an t  d i f ferences  w i l l  be discussed more f u l l y  i n  

Section I V .  

I n  Fig. 3 we have decomposed the angular d i s t r i b u t i o n  of 4He p a r t i c l e s  

i n t o  a "direct" component ( labeled D) and an "evaporative" component ( labeled C), 

making use of the  t heo re t i c a l  requirement of symmetry about 8 = 90 deg fo r  c .m. 

emission from an equ i l ib ra ted  system. I n  the  theory of nuclear  evaporation, 18,20-22 

the  devia t ions  from angular isotropy a re  r e l a t ed  t o  angular momentum e f f e c t s  
I 

associa ted with the p a r t i c l e  emission and depend on t he  s p i n  of the  emit ter  

( I ) ,  the  o r b i t a l  angular momentum of the  emitted p a r t i c l e  (ti-&), and the  

1 spin-cutoff  f ac to r  2 i n  the nuclear l eve l  density.  Ue have co l lec ted  i n  

4 
Table I1 a s e t  of relevant parameters calcula ted f o r  He evaporation from 

! 237 
equi l ib ra ted  Bk systems of various assumed spins  ( I  4). The d e t a i l s  of 

I 

0 
I 

t he  ca lcu la t ions  and the inferences t o  be drawn from the  r e s u l t s  i n  Table I1 
I I 

w i l l  be described i n  Section I V .  i 
I 

I n  t h i s  study we have made an i n i t i a l  survey of the  co r r e l a t i ons  between 
P ~ 

I H / H ~  emission and one heavy fragment detected a t  40' o r  60' i n  the  laboratory.  

I " 

As our object ive  was t o  get  an overa l l  view of the  coincidence pa t te rn ,  the  

I angular coverage was r a the r  extensive but the  number of de tec ted  events was 

qui te  modest. A complete summary of the cha rac t e r i s t i c s  of  the  
1 4  
H/ He p a r t i c l e s  



detected i n  the  coincidence mode i s  given i n  Tables 1 1 1 - V I  and Figs.  6 and 7, 

Table 111 presents  the  basic coincidence da ta  f o r  each angular conf igurat ion.  

For each measurement we have computed the  average c.m. energ ies  ( E ~ . ~  ) f o r  

1 2 
4 ~ e  and H and the  double d i f f e r e n t i a l  cross  sect ions  (d o/dR dn ), and these  

S G 

a r e  l i s t e d  i n  Table 111. The coincidence angular d i s t r i b u t i o n s  a r e  displayed 

i n  Fig. 6 and the  energy spectra,  grouped by angular region, a r e  shown i n  

Fig. 7. These f i gu re s  together with the  numbers of ind iv idua l  coincidence 

events i n  Table 111 give a fee l ing  f o r  the  s t a t i s t i c a l  u n c e r t a i n t i e s  i n  t h e  

measurements. Yet wi thin  the  l i in i ta t ions  imposed by the  s t a t i s t i c s ,  i t  i s  

apparent t h a t  the  angular and energy d i s t r i b u t i o n s  of t he  coincidence events  

4 1 
are  consis tent  with the  measurements of He/ H i n  t h e  s i ng l e s  mode (Figs ,  1,3 

and 4 ) .  These observations suggest t h a t  the  bulk o f  the  l i g h t  p a r t i c l e s  

detected i n  the  s i ng l e s  mode are  a l s o  associa ted with t h e  nuclear  even ts  

detected i n  t he  coincidence mode. 

For any coincidence study one must assess  the  kinds  of r eac t i on  processes  

I t ha t  are  se lec ted  by the  posi t ions  and thresholds of t h e  de t ec to r s ,  For example, 

the study of Gamp e t  a l .  (373 MeV 3 2 ~  + Au) se lec ted  high energy 4 ~ e  (> 25 MeV) 

i n  coincidence with high energy p ro j ec t i l e - l i ke  fragments o f  Z 2 23. l5 neir 

integrated coincidence cross sect ions  cons t i tu ted  a small  but  ve ry  i n t e r e s t i n g  

4 
f r ac t i on  of t he  800 mb of He observed i n  s ingles .  I n  t h i s  work we  have used 

a gas telescope which could record f ragaents  with Z 2 1 5  and energ ies  a s  low 

I as e 20 MeV. The t r i gge r  angle 0 = 60" was wel l  a f t  of t h e  grazing angle  
G 

I and therefore  i t  emphasized f i s s i on - l i ke  fragments of  27 < Z < 70. For the 

smaller t r i g g e r  angle BG = 40' a large  number of p r o j e c t i l e - l i k e  fragments was 

I observed i n  s i ng l e s  from both quas i -e las t i c  and very i n e l a s t i c  processes .  

I Studies of e l a s t i c  s ca t t e r i ng  give an es t imate  of M 2.5 b f o r  t h e  r eac t i on  

I cross  s e ~ t i o n , ~ ' ~ ~  and our r e s u l t s  show t h a t  F; 1.4 b o r  = 56% give f i s s i o n - l i k e  



fragments of 27 < Z < 70. In Table IV we give the integrated cross sections 

for the forward and symmetric components of H/H~ detected in singles and the 

symmetric components detected in coincidence with a heavy fragment. Despite 

considerable uncertainties associated with the coincidence cross sections, it 

is clear that the symmetric components in singles and in coincidence are of 

comparable magnitudes. This result is strongly supportive of the suggestion 

that the coincidence experiments have been recording dominant processes for 

H/H~ production. Furthermore, the Z determinations from the gas telescope 

( g G  = 40' and 6 0 " )  indicate that a 90% of the fragments in coincidence with 

H/He have 27 < Z < 70. Thus the major mechanisms for H/H~ emission involve 

fission-like reactions rather than quasi-elastic or deeply inelastic reactions 

that lead to projectile-like fragments. 

Table V presents the coincidence data from Table 111 grouped to maximize 

the statistical significance and reveal differences between forward and back- 

ward emissions and between in-plane and out-of-plane coincidence events. 

Table VI gives the characteristics of the energy distributions for H/H~, 

grouped by emission direction as in Table V. From these tables, it appears 

1 
that the cross sections and energies for 4 ~ e  and H emitted out of the reaction 

plane (y = 28 and 42 deg) are significantly different from the in-plane emissions 

(y  = 0 and 14 deg). We will discuss these correlations and the inferences to 

be drawn from them later in this paper. It can also be seen, particularly 

from Fig. 6 but also from Table V, that the major parts of the forward peaking 

in the H/H~ singles angular distributions are also reflected in the coincidence 

cross sections. Hence we conclude that the predominant fraction of the H / H ~  

recorded in the singles mode is emitted in coincidence with a heavy fragment 

and that fi: 90% of these have 27 < Z < 70. Only = 10% of the coincidence events 



were found t o  be associated with a p r o j e c t i l e - l i k e  fragment: of Z < - 27. L i t t l e  . 
i f  any cross  sec t ion  remains fo r  H/He emission from r e s i d u a l  nuc l e i  t h a t  

survive f i s s i on - l i ke  breakups. 

The large  p robabi l i ty  f o r  coincidence between H / H ~  and f i s s i o n - l i k e  

237 
products does not d i s t ingu ish  between H / H ~  emitted from t h e  Bk composite 

system o r  from the separat ing products. The shapes of t h e  energy s p e c t r a  i n  

s i ng l e s  give us one of several  means f o r  d i s t i nc t i on .  In  Fig.  8 we show 

r e s u l t s  of a Monte Carlo simulation4' of H / H ~  emission from f u l l y  acce l e r a t ed  

f i s s i o n  fragments. I n  the  ca lcu la t ion  we have assumed a Gaussian m a s s  d i s t r i -  

bution of standard devia t ion 30 mass u n i t s  centered about A = 237/2. Evapo- 

r a t i o n  of H / H ~  was assumed t o  be equal ly  probable from each fragment. The 

4 
ca lcu la ted  curves f o r  He i n  Fig. 8 a r e  much wider than t h e  measured s p e c t r a  

a t  corresponding angles i n  Fig. 1; thus t h i s  mechanism i s  c l e a r l y  n o t  dominant. 
I 

I 1 
For H the calcula ted curGes a r e  s teeper  a t  high energies  than  t he  experimental  ~ 
ones and t h e i r  angular dependence (Fig. 8 )  i s  a l s o  not r e f l e c t e d  i n  t h e  observed 

~ da ta .  Therefore we a r e  led t o  the  i n t e r e s t i n g  conclusion t h a t  most H / H ~  

emission precedes f u l l  fragment acce le ra t ion .  A more d e t a i l e d  d i s cus s ion  of  

t h i s  matter  i s  given i n  the  next sect ion.  

I V .  MECHANISTIC IMPLICATIONS OF THE RESULTS 

I n  the  l a s t  sec t ion  we considered the  general  f e a tu r e s  of t h e  H / H ~  emission 

and the  nature  of the  react ion products with which i t  i s  associa ted.  We shoved 

t h a t  FZ 90X of the  coincident H / H ~  emission i s  cor re la ted  wi th  f i s s i o n - l i k e  

products of 27 < Z < 70. I n  addit ion,  the  mean Z values  f o r  fragments de tec ted  

i n  s ing les  and i n  coincidence d i f f e r  by l e s s  than t h r ee  charge u n i t s ,  I n  t h e  

present work, we w i l l  focus on these prominent f i s s i on - l i ke  processes .  The 

e a r l i e r  work of Ref. 15 (373 MeV 3 2 ~  + Au) dea l t  with t he  smal l  f r a c t i o n  



of high energy 4He i n  coincidence with p ro j ec t i l e - l i ke  fragments ( 2  5 23). 

We would now l i k e  t o  discuss  i n  more d e t a i l  the  question of whether the  

H / H ~  emission precedes o r  follows sc i s s ion  and f u l l  acce le ra t ion  of the  

fragments. There a r e  four experimental observations t h a t  ind ica te  t h a t  such 

emission precedes s i gn i f i c an t  fragment accelera t ion:  ( I )  t h e  average energies  

of H/He i n  coincidence a r e  not  enhanced i n  t he  d i rec t ion  of e i t h e r  fragment 

(Table 111). (2) The coincidence cross  sect ions  show no enhancement i n  the  

d i r ec t i on  of e i t h e r  fragment (Table 111 and Fig. 6 ) .  (3) The shape of the  

s ing les  ecergy spectra  f o r  8 > 100" (Figs. 1 and 5) a r e  qui te  d i f f e r en t  c .m. 

from those expected f o r  i so t rop i c  emission from f u l l y  accelera ted fragments 

(Fig. 8) .  (4) The shapes of the  H/He energy spectra  observed i n  the 

coincidence mode are s imi la r  t o  those observed i n  the  s ing les  

mode (Figs. 1 and 7). Two more observations suggest t ha t  H / H ~  emission occurs 

even before the  a c t  of sc i s s ion :  (5) The average energies a r e  cons i s ten t  with 

evaporation from a composite of t o t a l  Z w 97 (Tables I, 111, and V I  and Figs, 

5, 7).19 I n  Fig. 5 the  back-angle energy spec t ra  a r e  compared t o  those 

observed f o r  the  react ions  1 2 C  + 182W and 40Ar + 1 5 4 ~ m  leading t o  lg4Hg 

exci ted t o  98 and 142 MeV. The peak energies can be seen t o  be cons i s ten t  

with the  Z r a t i o  of 97/80. (For the  lg4Hg system a t  98 MeV l e s s  than 10% of 

12 
H / H ~  emission was found t o  be i n  coincidence with f i s s i on , )  (6) The r a t i o  

of He t o  H cross  sect ions  i s  = 0.9 ( fo r  0 > 100°), This r a t i o  would be c .m. 

expected t o  be w 0.2 f o r  a fragment of mass 78-117 with sp in  w 20. 
8.9,21,22 

For such a fragment a sp in  of = 60 would be implied by t h i s  H ~ / H  r a t i o  of 0.9, 

Such la rge  spins a re  wel l  above est imates from the  "s t icking model". By 

con t r a s t  t h i s  r a t i o  i s  consis tent  with t h a t  of a compound nucleus lg4Hg (and I 
237 

by impl icat ion Bk) of mean sp in  w 6 0 . l ~ ' ~ ~  We conclude t h a t  the  predominant 



f r ac t i on  of H/He emission precedes s c i s s ion  of 237Bk even f o r  t h i s  h igh ly  

exci ted composite system which must have a very shor t  l i f e t i m e .  
42 

(The 

abundance of H/He with energies  below t h e i r  most probable value  may s i g n i f y  

emission from a very deformed composite system, but d e t a i l e d  ca l cu l a t i ons  of 

the  spec t ra l  shapes must be made t o  explore t h i s  point.19) 

To what extent  has energy damping or  re laxa t ion  occurred i n  t he  e x i t  

I channels associated with H / H ~  emission? In  Ref. 15 (373 MeV 325 + Au) i t  was 
I 

4 
I 

shown t h a t  forward-peaked high energy He emission occurs  i n  coincidence wi th  

quas i -e las t i c  reac t ions  giving p ro j ec t i l e - l i ke  residues.  I n  t he  present  work 

we have shown tha t  R 90% of the coincident H / H ~  emission i s  wi th  f i s s i o n - l i k e  

products (27 < Z < 70).  The energies of these f i s s i o n - l i k e  fragments are 

typ i ca l  o f  the  gross f i s s i o n  product d i s t r i b u t i o n  with average c.m. energ ies  

% 90 MeV. I n  short ,  the e x i t  channel heavy fragment ene rg i e s  a r e  f o r  t h e  

most par t ,  completely damped. Hence we can i n f e r  t h a t  f o r  these  fragments 

the  memory of the entrance channel was l a rge ly  erased by complex processes 

of energy, charge and mass exchange. 

What information do the  H/H@ energy spec t ra  give regard ing  the  energy 

shar ing among p a r t i c l e s  i n  the composite system? We have seen t h a t  t h e  H / H ~  

I emission precedes a f i s s i on - l i ke  breakup with complete energy damping i n  a 

composite system which must not  l i v e  longer than s eve ra l  nanopico-seconds. 
42 

The energy spec t ra  of H / H ~  a t  forward angles have many h i g h  energy p a r t i c l e s  

with v e l o c i t i e s  near those of t he  p r o j e c t i l e  (Figs. 1, 2 and 7). Presumably 

these emissions r e f l e c t  a memory of the  p r o j e c t i l e ' s  speed and r e l a t i v e l y  

l i t t l e  energy mixing with other  cons t i tuen ts  of t he  in te rmedia te  complex. 

I It i s  convenient t o  discuss  the energy mixing more g e n e r a l l y  i n  terms of 

e f f ec t i ve  temperatures a s  a function of angle.'' We have made f i t s  of t h e  



spec t ra  i n  Figs.  1 and 2  t o  the  functional  form: 

P ( E )  = (E-B) exp (-€IT) (1) 

where B and T are  the  e f f ec t i ve  ba r r i e r  and temperature, r espec t ive ly .  These 

f i t s  a r e  not useful  f o r  the  lower energies but  can provide a  parameter T t o  

charac te r ize  the high energy t a i l  of each spectrum. The va lues  of T a r e  given 

i n  Table I along with "peak" energy and width parameters to character ize  the 

spectrum a t  each angle. We see t h a t  these spec t ra l  parameters become independent 

of angle fo r  Qc.m 
I 4 1 > - 100" fo r  H and -127'. for  H e .  The T values fo r  H and 

4 ~ e  a r e  both = 2.5 MeV, a  value very c lose  t o  t h a t  observed fo r  lg4Hg compound 

nuc le i  exci ted t o  100-140 MeV. l2,l9 (See Fig. 5.) Such l o w  tempe;atures imply 

e s s e n t i a l l y  complete energy mixing among the H and He p a r t i c l e s  i n  the  i n t e r -  

mediate complex. Similar ly  the  "peak" energy i s  = 15% g r e a t e r  than t ha t  

observed fo r  the system lg4Hg. This i s  as expected from t h e  re levant  Coulomb 

b a r r i e r  r a t i o  fo r  the two systems. I n  short,  these  H / H ~  emissions a t  back 

angles  have energy and angular d i s t r i bu t i ons  t ha t  are cons i s ten t  with an 

equ i l i b r a t ed  compound nucleus, a  remarkable r e s u l t  f o r  a system of such high 

charge, energy and spin  (Figs.  3-8). 
.I- 

McMahan and Alexander have shown tha t  f o r  the  lg4Ilg system (E^ = 98 MeV) 

the  b a r r i e r  t o  evaporation i s  w 10% lower than the b a r r i e r  t o  fusion.'' The 

widths (EWHM) of the p a r t i c l e  energy spectra  from the  237~k composite a re  

R 12 MeV compared t o  about 8  MeV fo r  lg4Hg (see Fig. 5). This add i t iona l  

4 1 
width fo r  He and the low-energy shelf  f o r  H (Fig. 1 )  could  imply s i gn i f i c an t  

emission from a  very deformed complex o r  from a neck between fragments. This 

could then o f f e r  a very i n t e r e s t i n g  pos s ib i l i t y  f o r  studying the composite 

system a t  an ea r ly  stage i n  i t s  evolution toward sc iss ion.  



The spectra  a t  forward angles a r e  character ized by a h igh  temperature 

component t h a t  seems t o  r e f l e c t  a memory of the  p r o j e c t i l e ' s  speed. I n  

addit ion,  however, the re  a r e  many H / H ~  p a r t i c l e s  with nea r -ba r r i e r  energ ies  

a t  the  forward angles.  Their abundance i s  s i gn i f i c an t l y  l a r g e r  than t h a t  

obtained by r e f l e c t i o n  synmetry of the back-angle spec t r a  about Beam = 90". 

4 
This may be i l l u s t r a t e d  i n  the case of He. I f  one imagines t h a t  t he se  

forward-peaked p a r t i c l e s  can be decomposed i n t o  low (L) and high (H) temper- 

a tu r e  components, then the  curves i n  Fig. 3 labeled L and H give  a f e e l i n g  

f o r  t h e i r  r e l a t i v e  magnitudes. Al ternat ively ,  of course, t h e  processes  of 

H / H ~  emission may r e s u l t  from a continuum of e f f ec t i ve  temperatures and l i f e -  

times of the  composite system t h a t  a r e  almost completely thermalized f o r  

- 100°, but only p a r t i a l l y  thermalized fo r  0 < - 100". 
43 

0 c .m. c .m. 

As a l a rge  f r ac t i on  of the  H / H ~  emission appears t o  be c h a r a c t e r i s t i c  

of evaporation from an e s s e n t i a l l y  equ i l ib ra ted  system, it i s  o f  i n t e r e s t  t o  

consider the  observed angular d i s t r i bu t i ons  and c o r r e l a t i o n s  a s  probes of t h e  

angular momenta. To do t h i s  we s h a l l  f i r s t  make some es t imates  o f  t h e  

t heo re t i c a l  angular and energy cor re la t ions ,  using t he  r e l a t i o n s h i p s  derived 

from the s t a t i s t i c a l  model f o r  nuclear evaporation. 18' 20-22 Following t he  

20 
treatment given by Ericson and S t ru t i n sk i  (but using s emic l a s s i ca l  approxi-  

mations f o r  the magnitudes of the  various angular momenta * ' J ~ ~ ) ,  t he r e  i s  a 

* * 
co r r e l a t i on  of emission probabi l i ty  W(cp ) with the  angle CQ between the  - 

~ emitted p a r t i c l e  of energy E and o r b i t a l  angular momentum ( j i - $ ) h  and the  

angular momentum of the emit ter  ( I  & ) A :  
0 

* (i (lo++) (~-4-1 
'I o , A , ~ T  ( c P ) " J ,  L 

B 2 
s i n  c}. 



I n  t h i s  equation J [x] i s  the  zero-order Bessel function of argument x and 
0 

2 
0 i s  the  spin-cutoff f ac to r  i n  the  nuclear l eve l  densi ty  g iven  by 

where f and T a r e  the moment of i n e r t i a  and the temperature o f  the  r e s idua l  

nucleus. One must recognize t ha t  Eq. (2) appl ies  when the  angular momentum 

of the  emit ter  has a unique o r i en t a t i on  i n  space, as might be se lected by the 

requirements of a coincidence experiment. Our experimental out-of-plane angle 

* 
cp can be r e l a t ed  t o  r.p i n  E q .  ( 2 )  i f  we iden t i fy  the s p i n  of  t h e  emi t te r  with 

the  normal t o  the  react ion plane. I n  t h i s  case, ( ~ / 2  - c p )  transformed t o  the 

* 2 
c.m. system i s  cp . The spec i f ica t ion  of f~ or  0 i n  Eq. (2) requ i res  s e l ec t i on  

* 
of pa r t i cu l a r  emissions (e.g. E , E ,  e t c . )  and a knowledge o f  the  l e v e l  densi ty .  

For an ensemble of nuclei  with angular momenta uniformly d i s t r i b u t e d  perpendicular 

t o  the  beam ax i s  (as might be expected i n  observations with a s ing le  de tec tor  i n  

a compound nucleus react ion) ,  p a r t i c l e s  w i l l  be emitted a t  ang les  0 with respect  

t o  the  beam: 

where j2k and P are,  respect ively ,  a spher ical  Bessel f unc t i on  and Legendre 
2k 

polynomial of order 2k. Equations (2) and (4) depend only on t h e  parameter 

2 
D l  = (1~i+)(ht+)/2a . On expansion of Eqs. (2) end ( 4 )  the f i r s t  term i s  of 

2. order pl . 

D l 2  = (5) 
(2B2 ) 2  

and therefore  the  root-mean-square values of ( I  e) and (@) a r e  of primary 
0 

importance. For I values of any p rac t i c a l  i n t e r e s t ,  one must consider the  
0 



d i s t r i b u t i o n  of 1 values and we may use the  r e l a t i o n  given by ~ d s s i n g :  2 1 

I 
I 

where p i s  the reduced mass of the emitted p a r t i c l e  and R and T a r e  the  rad ius  L 

2 
and temperature of the res idual  nucleus. Also, f L  = f' + yR , and one should 

2 
note t ha t  p R  r e f e r s  t o  the cen t r i fuga l  ba r r i e r  f o r  evaporation.  Because of 

Eq. (5), the  most i m ~ o r t a n t  average re la ted  t o  P ( A )  i n  Eq, ( 6 )  i s  the  
I0 , f '~  

2 2 2 
quant i ty  ( ( 4 4 )  ). Catchen, e t  a l .  have derived an exac t  express ion  f o r  

t h i s  average : 

where 

and 

2 
( ( Q 4 ) 2 )  = j l+(y2/2)1 e r f (y l2 )  + (y lA /T)  exp(-y 14) 

2b e r f  (y12) J 

I From these equations, one can see t h a t  the  quant i ty  ( ( ~ i - & ) ~ ) * b  i s  a func t ion  

only of I. f o r  a given value of 7 .  

Equations (2) and (4)  a r e  s t r i c t l y  applicable f o r  one value of 

2 
B1 = h(1~-t-$)(4+&)/2f~ and therefore  fo r  d i s t r i bu t i ons  of I I and/or f~ one 

0 ' 

I should take the most appropriate average o r  s p e c i f i c a l l y  perform t h e  summations 

of i n t e r e s t .  Our approach here i s  t o  est imate 



and use i t  i n  Eqs. (2) and ( 4 ) .  A second approach i s  t o  weight Eqs. (2) and 

(4) appropr ia t e ly  and sum over the  spectrum of R and E f o r  t h e  evaporated 

p a r t i c l e s .  Using s tandard  approximations ~ d s s i n g  has  c a r r i e d  ou t  such 

in tegra t ions .21  Analogous t o  Eq. (2)  he ob ta ins  

and analogous t o  Eq. (4)  he f i n d s  

2  2  
'1 o , f ~  (9) a [exp(-8 2  s i n  012 ) ] J ~ { ~ P ~  s i n  e l l ] ,  

where 

E i t h e r  E q .  (2) o r  Eq. (11) can be used t o  i n t e r p r e t  angular  c o r r e l a t i o n s  

o f  emi t ted  p a r t i c l e s  with r e spec t  t o  a  unique s p i n  vec to r ,  Correspondingly, 

Eqs. (4) o r  (12) should apply t o  angular  d i s t r i b u t i o n s  measured wi th  r e s p e c t  

t o  t h e  beam i n  compound-nucleus experiments, s ince  he re  no  unique r e a c t i o n  

p lane  i s  defined and the  s p i n  vec to r s  of the  emi t t ing  n u c l e i  a r e  uniformly 

d i s t r i b u t e d  i n  (or  c lose  t o )  a  plane perpendicular  t o  the  beam d i r e c t i o n .  I n  

e i t h e r  case,  a t t e n t i o n  must be given t o  the  appropr ia te  choice  of t h e  parameters  

B and B 2  . These parameters may be computed t h e o r e t i c a l l y  a s  func t ions  of  
1 

(I,+$) using the  equations given above. I m p l i c i t  i n  such a c a l c u l a t i o n  i s  the  

assumption t h a t  the  p a r t i c l e  emission occurs a t  the  f i r s t  s t e p  of  t h e  evapo- 

2 
r a t i o n  chain.  We a l s o  requ i re  absolute  es t imates  of f , ~ ,  and pR which we 

have made i n  the  following manner. For we use 11(1.42 £m + R o r  R ) 
2 

P a 



a s  discussed i n  Ref. 19. The moment of i n e r t i a  4 we take as 

with M the  mass of the  nucleus and r = 1.2 f, ( fo r  t h e  mat te r  rad ius ) .  

The temperature i s  r e l a t ed  t o  the  average energy ava i lab le  f o r  thermal 

exc i t a t i on :  

with "a1' = (*/lo) M~v- '  and 

J- 

U = E" - ( E )  - S - 
Ero t  

The separat ion energy of the  emitted p a r t i c l e  i s  S and i t s  average k i n e t i c  

energy ( r )  i s  taken t o  be (B+2T) where B i s  the  e x i t  channel barrier.'' The 

r o t a t i o n a l  energy E and moment of i n e r t i a  ,f r e f e r  t o  t h e  emi t t ing  nucleus 
r o t  

and a r e  r e l a t ed  by 

E 
r o t  

We present i n  Table I1 a calcula ted s e t  of the  r e l evan t  parameters f o r  

4 197 
He evaporation from the  system of i n t e r e s t  here,  340 MeV 4 0 ~ r  + Au -* 2 3 7 ~ k .  

For se lec ted  values of the  emit ter  spin  (I +$-) l i s t e d  i n  t h e  f i r s t  column, we 
0 

give values of the  quan t i t i e s  E 
2 2 1 /2  

rot, U, T, 2 0 ,  ((~4) ) , D l  and B 2  i n  columns 

2-8 respect ively .  The l a s t  column i n  Table I1 represents  t h e  average t o t a l  

k i n e t i c  energy (above the  b a r r i e r )  of an evaporated p a r t i c l e ,  cons i s t i ng  of 

the  average thermal energy 2T and a cen t r i fuga l  par t  5 from t h e  r o t a t i n g  

emi t t e r  



Severa l  po in t s  should be noted from the  r e s u l t s  i n  Table 11. For s p i n s  near-  

ing  the  maximum entrance channel sp in  (1 = 190 h ) ,  the  r o t a t i o n a l  energy 
max 

of  a s p h e r i c a l  nucleus would be very large  and i t s  temperature would be very 

4 
small .  An evaporated He p a r t i c l e  would have energy and a n g u l a r  c o r r e l a t i o n s  

dominated by c e n t r i f u g a l  s p i n o f f .  For sp ins  (I~+$) - < - 100 h t h e  r o t a t i o n a l  

2 2 1 /2  
ene rg ies  a r e  more modest and the  values  of T, 2 a ,  and ((A+&) ) a r e  

r a t h e r  s t a b l e  f o r  var ious  va lues  of ( I  4). I n  t h i s  r eg ion  of  sp ins  t h e  
0 

v a r i a t i o n  i n  t h e  angular c o r r e l a t i o n  parameters P and 0 is dominated by t h e  1 2 
2 1 / 2  s p i n  of the  emi t t e r  and hence may be used  a s  i t s  s ignature .  Both {(A+) ) 

2 
and o a r e  dependent on the  s i z e  and shape of the  r e s i d u a l  nucleus,  which a r e  

unknown. We make es t imates  wi th  spher i ca l  shapes but a g e n e r a l i z a t i o n  o f  

Eqs. (14)-(17) t o  o the r  shapes may lead t o  p a r t i a l l y  compensating changes i n  

2 4 
t h e  r a t i o  ((l?G) )/a . The average energy (5+2T) (over the  b a r r i e r )  i n  Table I1 

i s  only  slowly increas ing wi th  sp in  (I i-$) and provides no s t r o n g  s igna tu re  
0 * 4 

un less  E approaches E . Perhaps the  higher energy H e  p a r t i c l e s  observed 
r o t  

a t  9 < 60 deg could r e f l e c t  such large  spins .  c .m. 

Let  us  now consider  the  measured angular d i s t r i b u t i o n s ,  For t h e  H 

i so topes  t h e  angular  d i s t r i b u t i o n s  i n  s i n g l e s  ( a t  back a n g l e s )  a r e  e s s e n t i a l l y  

I i s o t r o p i c  and no d e f i n i t i v e  information can be ex t rac ted  (on ly  a r a t h e r  

4 
u n i n t e r e s t i n g  upper l i m i t ) .  For the  He emission, however, we may use the  

experimental  da ta  t o  o b t a i n  e s t ima tes  of p and P2. F i r s t  we have f i t t e d  
1 

Eqs. ( 4 )  and (12)  t o  t h e  angular  d i s t r i b u t i o n  i n  s ing les  (F ig .  3, Oc.m. > 100 

deg).  This  y i e l d s  the  va lues  p = 1.0 and B 2  = 0.73. Comparison wi th  the  
1 

t h e o r e t i c a l  es t imates  a s  given i n  Table I1 r e s u l t s  i n  the  s p i n s  ( ( 1 4 ) ~ ) ~ ' ~  = 65 h 

2 112 
from p and ((I+$) ) = 68 h from B 2 .  Each of these  has a probable u n c e r t a i n t y  

1 

of .v 10% a r i s i n g  from the  experimental f i t s  alone.. ~ u i t e  independently,  we 



could obtain additional estimates by fitting Eqs. (2) and (11) to the out-of- 

plane coincidence correlation data from Table V. Unfortunately, the quality 

of these da,- is relatively poor, and even though we have grouped the data in 

Table V to maximize the statistical significance, the uncertainty in derived 

parameters will be large. Using Eq. (11) we estimate P2 EJ 1.1 + -. 0.4, which 

translates into spins ( ( 1 ~ ) ~ ) ~ ~ ~  82 + - 15 h .  This result, while imprecise, is 

not inconsistent with the analysis of the singles dara, Thus we can conclude 

4 that a typical initial spin associated with equilibrium He evaporation is 

4 
((1i-&j2)1'2 B 70 h. It is rather clear that He evaporation does not occur 

predominantly from initial spin states very,near to zero or very near to 

=190h. 
max 

4 
This discussion is all based on the assumption of He emission early in 

4 the deexcitation cascade. Our evidence is clear that most observed He 

emission does precede full fragment acceleration, and even scission itself. 

4 
In addition the total multiplicity of He emission is less than unity, Thus 

one would expect that each deexcitation chain would usually give zero or one 

4 
He particle. An extension of this reasoning to include prescission neutron 

and H emission (next paragraphs) would indicate prescission cascades of one 

to five particles. For average initial spins of - < 100 for the 237~k, such 
I 

I cascades would not be expected to bring the system very near to the Yrast 

line. Thus we do not expect H/H~ emission from near-Yrast states to greatly 

alter the above analysis. 

If we grant that the energy and angular distributions for H/H~ emission 

(at back angles) imply emission from an essentially equilibrated system, then 

it is natural to ask if an equilibrium model can account for the ratio of 

particle emission to fis~ion(I'~/r /r 3/11) Quite simply the answer is 
P 



negative.  The calculated f i s s i o n  ba r r i e r  f o r  237Bk i s  N 2 MeV f o r  I = 0 and 

i s  reduced t o  near zero f o r  spins  of several  tens.35 The sum of proton o r  

alpha binding energy plus Coulomb ba r r i e r  i s  w 14 MeV (see Table VII ) .  Thus 

ICI 

f o r  T w 2.5 MeV we can-expect  r /Sf or  r /r  w exp (-14/2.5) = 0.004. Clear ly  
a P f 

t he  composite nucleus i s  not choosing i t s  decay p r o b a b i l i t i e s  by counting open 

channels a s  i n  the  Boltzmann equation. We i n f e r  t h a t  the  energy sharing among 

p a r t i c l e s  must be very f a s t  and even a f t e r  t h i s  extensive mixing the  i n t r i n s i c  

p a r t l c l e  decay r a t e s  must be f a s t  enough fo.r  s i gn i f i c an t  evaporation 

t o  occur p r io r  t o  s c i s s ion  (about one proton and & per 3 f i s s i o n s ) .  42,43 This 

e f f e c t  may 'simply r e f l e c t  non-part icipation of the  f i s s i o n  channels i n  t h e  

equil ibrium model ra ther  than i t s  complete demise. 12,43-45 

It i s  i n t e r e s t i n g  t o  d igress  b r i e f l y  from our major t r a c k  t o  explore 

more f u l l y  the implications of the Boltzmann equation fo r  emission of neutrons, 

protons and alphas. I n  Table V I I  we l is t  the  p a r t i c l e  separa t ion  energies  
46 

237 
and emission. Coulomb ba r r i e r s  f o r  the nucleus ,Bk and f o r , ,  some t yp i ca l  

f i s s i o n  products. I f  we assume tha t  the most probable charge t o  ma.ss r a t i o  

8 6 of  the  primary fragments i s  971237 then B r ,  '18cd and : l5'.9m would be t yp i ca l  

primary fragments (T w 2.5 MeV) . 78Br, 'l0cd and 141~m would then correspond 

t o  products near the end of the neutron evaporation cascade (T a 1  MeV). For 

237Bk one would estimate rn/r /r  = l /exp[-(S +B -S ) / T ] / ~ x ~ I - ( s  +B -s,)]T] = 
P .  a P P n  a -  a 

-2 -3 
l / e  /e  or  w 5 neutrons per (H+He). This est imate i s  not  expected t o  be -. 

very precise  but  it does suggest s ign i f ican t  emission.of p r e sc i s s ion  neutrons 

i n  add i t ion  t o  presciss ion H / H ~ .  86 11aCd 44y45 For the primary fragments B r ,  

and l5'Sm one might est imate r /r t o  be . respect ively  0.036, 0.064, and 
H+He n 

78 
0.044. For the cooler fragments B r ,  l l0cd and 14'!3m t h e s e  r a t i o s  may be 

respec t ive ly  0.048, 0.014, and 0.037. Thus fo r  a pos t - f i s s i on  evaporation 



cascade of 8-10 emission steps, a significant amount of H/H~ emission 

should occur. We infer that these processes are masked by the apparently more 

abundant prescission emissions. 

Let us turn now to the forward-peaked or direct component of the particle 

emission. For the system 40~r + 77Se + ll'Te, Galin et al. observed no direce 

components for H or ~e.' This suggests that either the direct component for 

'l7Te was masked by the evaporation (and escaped detection) or that for our 

23 7 
~k system the high charge, excitation and/or spin gives rise to more 

promineat direct emission. Further, for 237Bk the Z distribution of the heavy 

products in coincidence with these direct emissions is indistinguishable from 

that for the evaporation component (90% of emissions have 27 < Z < 70 and the 

values of (z) are equivalent). Thus it appears that many of these direct 

reactions are accompanied by fusion of the projectile residue with the target 

47 
and a subsequent fission-like breakup. Such a process is very similar to 

that reported in Refs. 10, 11, 13, 14 and 48 and termed massive transfer or 

transfert trks inelastique. 

4 The out -of -plane correlation for the forward-peaked He ejections is even 

stronger than for the evaporation-like component (Fig, 6 and Table V). In 

Table V and VI we give a summary of the out-of-plane data, grouped in such a 

way as to separate forward and backward emissions and to show the statistical 

4 
significance. The coincidence cross sections for He decrease strongly as one 

moves away from the reaction plane which would seem to reflect very large 

entrance-channel spins. Surprisingly the coincidence cross sections for 'H 

seem to increase as one moves out of the reaction plane, This increase is 

only about two standard deviations and could, of course, be only an illusion 

of the counting statistics. However the first and second moments of the 



1 observed energies ( ( E )  and o ) a l so  indicate  a t rend reversa l  between H and 
E 

4 
He. I n  Table V I  one can see t ha t  the values of (E) and a ( 8  E c.m. 

< 60° ) a r e  

4 1 
grea te r  f o r  He i n  the  reac t ion  plane and for  H out  of t h e  plane. This i s  

4 
consis tent  with a l a rger  presence of d i r e c t  emission i n  t h e  plane f o r  He and 

1 
out of the  plane f o r  H (see Fig. 6 as  wel l ) .  This p a t t e r n  seems t o  u s  t o  be 

very i n t e r e s t i ng  and surpr i s ing  and should be invest igated fu r the r  with much 

b e t t e r  s t a t i s t i c s .  

I n  the  Appendix we describe one poss ible  mechanism f o r  the strange behavior 

1 4 
of the H emissions. As the  He d i r ec t  emission decreases with increasing cp 

we suspect t h a t  i t s  major driving force i s  a large  spin  of  t he  composite system 

perpendicular t o  the reac t ion  plane. Eqs. (2) o r  (11) based on equil ibrium consider-  

a t i ons  must f a i l  i n  d e t a i l  f o r  the out-of-plane cor re la t ion .  Nevertheless, one 

might consider t h i s  suggestive t h a t  the d i r e c t  emissions a r i s e  from l a rge r  

p a r t i a l  waves. I f  the p ro j ec t i l e - l i ke  fragments a r e  formed f o r  140 < R < 190 

4 
then possibly the  forward peaked He i s  formed f o r  ~3 waves approaching 140. 

Centrifugal  e f f e c t s  could enhance t h e i r  out-of-plane co r r e l a t i on  and t h e i r  

average energies .  

4 
The energy spectra  of the  forward peaked component f o r  He can be examined 

i n  more d e t a i l  by subtract ion of an assumed symmetric component. Such a sub- 

t r a c t i o n  reveals  two d i s t i n c t  aspects of these forward peaked emissions 

(Fig. 3 ) :  F i r s t  the high-temperature component (H) with T M 3-7 MeV i s  obvious 

(Figs. 1,2,7 and Tables I and VI), but a l s o  there  i s  s i g n i f i c a n t  forward peak- 

ing  i n  the near-barr ier  pa r t  of the  spectrum (L) with most probable E = 23 MeV 
. a 

and E = 12 MeV. The high-energy component may wel l  r e f l e c t  memory of t h e  
, H 

p r o j e c t i l e  ve loc i ty  a s  i n  Refs. 10, 11, 13, and 14. The low-energy component 

would seem t o  r e f l e c t  considerable energy sharing among p a r t i c l e s  even f o r  



these forward peaked emissions. 

As shown by the separation and Coulomb energies in Table VII, any phase 

space calculation would be expected to favor fission over H/H~ emission by 

much more than the observed ratios. We have been driven to the conclusion 

that the intrinsic rate of H/H~ emission is faster than the time of several 

nanopicoseconds required to arrive at the scission point.42 This is not 

surprising for the very high speed forward peaked emission of clearly pre- 

43 
equilibrium character. It surprising for the backward emission that 

shows temperatures and angular distributions consistent with evaporation, 

If both direct and evaporative H/H~ emission are bleeding away spin, charge 

and energy from the higher spin composite nuclei, this could strongly influence 

12 
the fission probability for lower Z systems. For a high Z system, such as 

23 7 
Bk, fission would be expected to occur even after He emission. For lg4Elg 

and lighter systems studied earlier, the fission process might be aborted by 

this phenomenon,29 and phase space interpretations may be led astray. 49,50 

The implications of this study are quite important for reaction phenomena 

between complex nuclei. Even prior to the very rapid fission and quasi-fission 

processes,51 "quasi-fusion" and "quasi-evaporation" must be taking place. 

These processes as well as their forward peaked preequilibrium cousins 5 2 

provide a means of studying the reaction process on a time scale comparable 

to that for energy damping in the entrance channel. 

V. SUMMARY AND CONCLUSIONS 

We now attempt to collect the various mechanistic suggestions that emerge 

from the literature and from this work. Of the B 2500 mb reaction cross section 

for 340 MeV 40~r + Au, m 1400 mb goes to totally relaxed fission-like products 
of 27 < Z < 70. The remaining w 1100 mb is presumed to lead to projectile- 

I 

target-like breakups via quasi-elastic and very inelastic reactions. Of the 
I 



F=: 190 reactive partial waves in the entrance channel, the latter reactions 

are expected to dominate the highest m 50 partial waves and the former 

probably dominate from 0 < 4 < - 140. The total cross section for H + He 
is w 1500 mb with emission predominantly preceding scission into fission- 

like fragments of 27 < Z < 70. Most of this H/H~ emission exhibits low 

+ temperatures (w 2.5 MeV) and seems to derive from an energy equilibrated 

system. However, significant forward peaking is observed for both a high- 

L temperature component (T F=: 3-7 MeV) and for H/He with near barrier energies. 

A strict statistical equilibrium model could not account for such high cross 

sections for evaporated H / H ~  in comparison to fission from 237Bk of relatively 

high spin and low fission barrier. It would appear that energy mixing among 

the particles and even quasi-evaporation must occur in times comparable to 

that for the scission time of several nanopicoseconds. If the Boltzmann 

Equation is applicable for the ratio of neutron to alpha quasi-evaporation, 

one would infer that several neutrons would usually be emitted prior to 

scission. From the analysis of the angular distributions, it appears that low 

4 
temperature He emission occurs from composite nuclei of ((14)2)112 % 70 h and 

higher temperature emission may come from even higher spin states. The back- I 
I 

1 I 

ward H emission seems to be nearly isotropic and, as the expected exit-channel I 

A values are small, no definite information on spins can be obtained from that 1 

source. The very fast H/H~ emissions seem to provide an interesting tool for 
I 
I 

I investigating the energy mixing in reactions between complex nuclei and thus 1 

the very early history of the composite system. 

APPENDIX 

As mentioned above the anisotropy for H emission (singles mode, 0 c .m. > 100") 

is not visible in Fig. 4; presumably it is small although it could have been 



masked by a gradual in t rus ion of forward peaked d i r e c t  processes.  The out-of-  

plane co r r e l a t i on  fo r  H seems t o  be s i gn i f i c an t  a s  shown i n  Fig, 6 and Table V. 

There i s  a suggestion of a preference f o r  out-of-plane emission. Although 

t h i s  suggestion i s  based on about two standard devia t ions  from i so t ropy  and 

should not be taken a s  a de f in i t i ve  observation i t  i s  cons i s t en t  wi th  a 

s imi la r  and somewhat stronger e f f e c t  t h a t  has been noted24 i n  t he  r e a c t i o n  

86Kr  + Au a t  724 MeV. 

These observations, t en t a t i ve  a s  they are ,  s t imula te  us  t o  search f o r  a 

poss ible  cause. Imagine t h a t  t h e  H emission takes place on a time s c a l e  slow 

enough fo r  extensive energy sharing but  considerably f a s t e r  t han  t h a t  f o r  t h e  

co l l ec t i ve  motions leading t o  s c i s s ion  and complete fragment acce l e r a t i on .  

I n  addit ion,  imagine t ha t  most H emission takes  place from a neck r eg ion  

between the  fragments, and t h e i r  Coulomb f i e l d s  focus the  H i n t o  a plane 

perpendicular t o  the  l i n e  between t he  fragment centers .  Subs t an t i a l  r o t a t i o n  

of t h i s  l i n e  of centers,  p r io r  t o  f u l l  acce le ra t ion  of  t h e  fragments, would 

give a s e t  of planes t h a t  share a common emission d i r e c t i o n  perpendicular  t o  

the reac t ion  plane. I n  the l i m i t  of long r o t a t i o n  times, emission p r o b a b i l i t y  

would follow l / s in (90°  - v) jus t  analogous t o  the  very f a m i l i a r  l / s i n  8 l i m i t  

fo r  f i s s i on .  

4 
Note,that, f o r  He emission, the  expected out-of-plane c o r r e l a t i o n  w a s  

observed; t h i s  c a l l s  f o r  composite-nucleus sp in  a s  a c o r r e l a t i n g  fo rce .  For 

40 
A r  + Au there  i s  apparently no p r e f e r en t i a l  emission of  H e  pe rpendicu la r  t o  

the  f i n a l  ax i s  of fragment separation (see Fig. 6 and Table 111). Therefore,  

i f  the  emission i s  from the  neck, it must occur over t he  time per iod  r equ i r ed  

t o  r o t a t e  w 180' o r  without much focusing by the nascent fragments. Th i s  

could imply t h a t  H and He may be emitted a t  d i f f e r e n t  ages of t h e  evo lv ing  

sys tem. 
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Table I. Parameters tha t  characterize the s ing le s  spectra 

(deg) (MeV) (MeV) (MeV) (W (MeV) (MeV) (m> 

(a)  The midpoint of the f u l l  width a t  ha l f  maximum; estimated uncertainty - 1 MeV. 

(b) FWHM e f u l l  width a t  ha l f  maximum; estimated uncertainty - 1 MeV. 

( c )  These values of T (temperature) a re  from f i t s  of the spec t r a  t o  the function 
4 

(F-B) exp(-€IT) with B = 23 MeV, 12 MeV, and 11 MeV fo r  He, 
3 

ly28, and H, 
4 

respect ively.  ( I f  B i s  reduced by 25%, then T fo r  He a t  160 deg and f o r  'H 

a t  150 deg are  both increased t o  2.9 MeV.) 



4 
Table 11. Parameters r e l a t ed  t o  the angular momenta f o r  He 

emission from an equ i l ib ra ted  2 3 7 ~ k  composite system. 

-. -* 

340 MeV 4 0 ~ r  + lg7*u + 2 3 7 ~ k  

* 2 
k = 190 h ;  E  = 160 MeV; h 12.f = 4.0 keV max 

( h )  (MeV) (MeV) (MeV) (A) 

(a )  Computed from E q .  (17). 

(b) Computed from E q .  (16). 

-1 
(c)  Computed from E q .  (15) with the l eve l  densi ty  parameter "a" = ( ~ 1 1 0 )  MeV . 
(d) A s  defined i n  E q .  ( 3 ) .  

(e)  Obtained from E q .  (7).  

( f )  Obtained from E q .  (5 ' ) .  

(g) Obtained from E q .  (13). 

(h) The average t o t a l  energy (above the b a r r i e r )  due t o  thermal motions p lu s  

cen t r i fuga l  spinoff  a s  i n  E q .  (18). 



Table 111. Summary o f  Coincidence Results. 

) Numb e r 
2 (b) 

Os cP ('c .m. (EC .m. ) d a/dnSdnG 

(deg) (deg) (deg) (MeV of events (a)  2 (mb/sr ) 

BG = 40 deg 

ec, = 60 deg 

(a)  Number of coincidence events recorded between l i gh t -pa r t i c l e  te lescopes  (SST) 
a t  angle BS and heavy fragment telescope (GT) a t  angle QG. SST 1 subtended 
9.1 rnsr and was used fo r  the 9 = 0 and cp = 14 deg measurements; SST 2 sub- 
tended 12.9 msr and was used a t  y ' =  28 and cp = 42 deg. . 

(b) These cross sect ions  have been transformed t o  the c,m. system only f o r  the  
l i g h t  p a r t i c l e  ( H / H ~ ) ;  no transformation has been made fo r  the  heavy fragment. 



Table I V .  I n t eg ra ted  l i g h t - p a r t i c l e  c ross  s e c t i o n s  (mb). 

S ingles  measurement Coincidence measurement 

Symmetric Forward Symmetric 

component ( a )  component (b)  

3~ (12 8.0 - .  

4 
( a )  For He the  c.m. angular  d i s t r i b u t i o n  was f i t t e d  t o  t h e  funct ion  

2 2 W(8) = C. exp(-ye) + B + C cos 0, and the  symmetric p a r t  (B + C cos  8) 

was in tegra ted .  For the  H i so topes  we assumed the  symmetric component: t o  be 

i s o t r o p i c ,  and m u l t i p l i e d  the  back-angle c r o s s  s e c t i o n s  (see  F ig . ' 4 )  by 4 ~ .  

(b)  These values  were obtained by i n t e g r a t i o n  a f t e r  s u b t r a c t i o n  of  the  symmetric 

component and l i n e a r  e x t r a p o l a t i o n  from 8 = 25 deg t o  zero deg. (If we 
c .me 

use an  exponent ia l  e x t r a p o l a t i o n  from 25 t o  zero  deg, we g e t  290 mb f o r  4 ~ e . )  

2 
( c )  The c ross  sec t ions  (d a/dR dl;;l ) from Table I11 a t  e = 60 deg and cp = 0 were 

S G G I 

averaged f o r  a l l  Qcem > 60 deg. Noting t h a t  8 = 60 deg  ( l a b )  corresponds 
G ~ 

t o  eG = 90 deg (c.m.), we transformed t h e  averaged c r o s s  sec t ions  t o  the  , 
- 

c .m. f o r  the  heavy fragment using an average f a c t ~ r  0.667 and then m u l t i p l i e d  

by n2 t o  include a l l  f i s s i o n  events .  These values  were then mul t ip l i ed  by 
1 4 

4n f o r  H and by 9.89 f o r  He t o  account f o r  t h e  apparent  i so t ropy i n  '8 
4 emission and s t rong  out-of-plane c o r r e l a t i o n  i n  H e  emiss ion a s  described 

i n  Ref. 22. 

(d)  Poor s t a t i s t i c s  l imi ted  the  determination of  an e f f e c t i v e  temperature for 
3 

H a t  back angles. Therefore t h i s  c ross  s e c t i o n  i s  more sub jec t  t o  the 

poss ib le  inc lus ion  of con t r ibu t ions  from high temperature emissions. 



Table V. Ratios of t o t a l  coincidence events and r e l a t i v e  

cross sect ions  fo r  C+Y = 28 and 42 deg t o  those 

fo r  cp = 0 and 14 deg. 

Span of c.m. (b) 

(a )  
(N28+42)1(No+14) (c28+42 ) / ('70+14) (') 

angles (deg) 

4 ~ e  - - 4 He - 

(a )  Range of angles covered by the SST's. 

( b )  Ratios of numbers of coincidence events f o r  8 of 40 deg and 60 deg 
G 

combined. 

(c) Ratios of summed numbers of events (corrected fo r  deadtime e f f e c t s )  

divided by the  respective so l i d  angles. These r a t i o s  a re  equivalent  

t o  average c ross  sec t ion  r a t i o s  from Table 111, with the  averaging 

being weighted-by the  number of observed events a t  each angular 

configuration.  



Table VI. First and second moments of the energy 
1 4 distributions for H and He detected in 

coincidence with heavy fragments. 

0 0 - (MeV) (MeV) - (MeV) (MeV) 

v QG = 40 deg 

< 60 0-14 16 9.2 2.8  93 28.3 8 .O 

OG = 60 deg 

10.6 3.7 54 

(a) Number of events observed. 

( b )  ( e )  and CJ - are respectively the first and second moments of the observed energy 
E 

distributions (c.m.). Note that the standard deviation of the mean ( e )  is - 
w a, /A /  N . 



Table V I I  . Separation energies(a)  S and Coulomb b a r r i e r s  (b) B 
X X 

( a l l  energies i n  MeV). 

1 4 
(a)  The subscr ip t s  "x" a re  n f o r  neutron, p f o r  H, and a f o r  He. Separation 

energies  were computed from Ref. 46 . 
(b) Coulomb b a r r i e r s  were estimated from Ref. 19. 



Figure 1: 

Figure 2 .  
I 

Figure 3 .  

1 

FIGURE CAPTIONS 

4 1 Singles  energy s p e c t r a  i n  the  c.m. f o r  He and H a t  va r ious  angles .  

The average c.m. angle  i s  indica ted .  Parameters d e s c r i b i n g  t h e  

spec t ra  a r e  given i n  Table I. 

2 3 
Energy spec t ra  f o r  H and H a s  i n  Fig. 1. 

4 Angular d i s t r i b u t i o n  f o r  He i n  the  s ing les  mode. Data a r e  shown 

a s  po in t s ;  the  symmetric component is  i n d i c a t e d  C;  t h e  forward- 

peaked component by D. The forward-peaked component i s  broken 

i n t o  a high-temperature p a r t  H and a low temperature p a r t  L, 

Figure 4. Angular d i s t r i b u t i o n s  f o r  1,2,3 H i n  the  s i n g l e s  mode. 

1 
Figure 5 : Energy d i s t r i b u t i o n s  f o r  4 ~ e  and H a t  (0  ) = 160° and 150°, 

c .m. 

respect ive ly .  These a r e  compared t o  s p e c t r a  from r e a c t i o n s  lead-  

i n g  t o  lg4Hg a s  shown ( ( 0  ) - 150-165 '). The lg4Hg d a t a  e r e  f rom 
c .m. 

Ref. 12. 

4 1 
Figure 6. Angular c o r r e l a t i o n s  f o r  He and H with r e s p e c t  t o  heavy fragments 

de tec ted  i n  the  gas te lescope.  The angle o f  t h e  gas t e l e scope  is 

OG 
. The da ta  f o r  out-of-plane angles  cp = 28O and 42O have been 

averaged and a r e  designated by spen p o i n t s  (0). The d a t a  f c r  

= 0" and 14" have l ikewise  been averaged and a r e  i n d i c a t e d  by f i l l e d  

po in t s  (e). Data f o r  OG = 40" have been normalized t o  t h a t  f o r  

= 60" by the  r e l a t i v e  f i s s i o n  c ross  s e c t i o n s  ( f o r  comparative 
G 

purposes).  The smooth curves represent  the  shapes of  t h e  correspond- 

ing  angular d i s t r i b u t i o n s  i n  the  s i n g l e s  mode, The d a t a  a r e  from 

Table I11 with severa l  p o i n t s  a t  s i m i l a r  c-m. angles  combined, 

continued -, 



Figure 

IV-40 

FIGURE CAPTIONS CONTINUED 

1 4 7. Energy distributions (c.m.) for H and He observed in the 

coincidence mode with 8 = 40' and 60'. All events observed 
G 

are included and grouped according to the value of 8 
c.m. for 

1 4 
H or He. 

4 
Figure 8. Energy spectra for 'H and He calculated by a Monte Car10 

simulation of evaporation from fission fragments (smooth curves), 

Gaussian distributions were assumed for the mass and total energy 

distributions in fission with standard deviations of 30 mass units 

and 15 MeV, respectively. Angular distributions (c .m.) for each 

fission product were taken to be l/sin 8 and isotropic for H/H~. 

The evaporation spectra were taken from Eq. (1) with barrier 

parameters B from Ref. 19 and T from Eqs, (15) and (16). Experi- 

mental spectra are shown as points. 
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