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The 6 ~ i ( 6 ~ i ,  2a)a react ion may proceed by e i t h e r  
- 

d i r e c t  capture of a deuteron c l u s t e r  i n  the 6 ~ i  nucleus 

by the other  6 ~ i ,  with the a-cluster of the former 

ac t ing  as  a spectator ,  o r  sequent ia l  decay of an 

intermediate exci ted 8 ~ e  level .  The separat ion i n  the 

coincidence energy spec t ra  of groups per ta ining t o  

these two processes increases  as the  bombarding energy 

r i ses .  

Studies1 of t h i s  react ion a t  bombarding energies  

of 2 t o  13 MeV were sa id  t o  show the dominance of the 

s i n g l e  spectator  process (SSP); however, because of Figure 1. Absolute coincidence cross  sec t ions  f o r  the 

6 ~ i ( 6 ~ i ,  2a)a reac t ion  a t  97.5 MeV, p lo t t ed  versus the 
kinematical ambiguities,  much of the yield could l a b  energy of one detected p a r t i c l e .  Solid (dash-dot) 

curve shows normalized spec ta to r  model predict ion 
instead have resu l ted2  from sequent ia l  decay of the u t i l i z i n g  Hulthen (harmonic o s c i l l a t o r )  wave function. 

Dashed curve shows energy (right-hand sca le )  of 
2.94 and 11.4 MeV * ~ e  levels .  At 36 t o  46 MeV, the SSP undetected a -par t i c le .  Arrows show loca t ions  of 

possible  enhancements due t o  sequen t ia l  decay of 
y ie ld  was never more than one t h i r d  of t h a t  due t o  l e v e l s  near 20, 22, and 25 MeV. 

sequent ia l  decay;2 even with the improved separat ion a t  

t h i s  energy, ex t rac t ion  of the spectator  peak was of lower-lying l e v e l s  is  s t i l l  f u r t h e r  removed. The 

d i f f i c u l t .  SSP peak cross sect ion,  4.5mb/sr*, is th ree  times the 

We have now m d e  measurements a t  97.5 MeV a t  the l a r g e s t  SSP cross  sec t ion  measured2 near 40 MeV. 

Indiana University Cyclotron Fac i l i ty .  Coincidence a-a The cross  sect ion f a l l s  dramatical ly ,  as predicted 

spec t ra  were obtained with two 2-counter telescopes by the spectator  model, f o r  de tec to r  angles 91 = 92 342' 

coplanar with, and a t  equal angles on opposite s ides  and 44"; a t  these geometries, the minimum spec ta to r  

of the beam. Optimum conditions f o r  the spectator  energies  a r e  about 0.5 and 1 MeV, respect ively.  I n  

process a r e  a t  91 = 92 = 38", where the undetected Table I observed cross  sec t ions  ( in tegra ted  from Ea=48 

a-par t ic le  may be l e f t  a t  r e s t  i n  the laboratory. The t o  71 MeV) a r e  compared with spec ta to r  model predict ions 

spectrum, shown i n  Fig. 1, is well f i t t e d  by spec ta to r  u t i l i z i n g  four  c l u s t e r  wave funct ions used3 f o r  

model predict ions2 which assume t h a t  a harmonic i n t e r p r e t i n g  6 ~ i ( 6 L i ,  aa)dd data. A l l  predict ions a r e  

o s c i l l a t o r  po ten t ia l  binds the a- and d-clusters i n t o  normalized t o  the 38" yield.  Sequent ia l  decay 

an s-s ta te .  Sequential decay from the l e v e l s  near 20 contr ibut ions increase with increasing angle, and so  the 

MeV is w e l l  separated from the spec ta to r  peak, and tha t  spec ta to r  cross  sec t ions  would drop even more 



Table I. Predic ted  and measured c ross  s e c t i o n s  
(mb/sr2) f o r  6 ~ i ( 6 ~ i  ,aa)dd a t  97.5 MeV. 

Harmonic O s c i l l a t o r  4.45 0.32 0.52 0.23 

E x t e r i o r  square we l l  4.45 0.10 0.03 0.005 

Tang-Wildermuth 4.45 1.28 0.25 0.003 

Hul t hen 4.45 0.89 0.04 0.03 

Measured 4.45 0.36 0.18 0.41 

E3 ,min(MeV) .001 0.49 1.08 2.63 

sha rp ly  wi th  angle  i f  t hese  con t r ibu t ions  could be 

removed. 

The 42" and 44" d a t a  sample the  c l u s t e r  momentum 

wave func t ion  @(p) a t  l a r g e  momentum p, and the  

p r e d i c t i o n s  a r e  s e n s i t i v e  t o  the  i n t e r a c t i o n .  Thus, 

t h e  Tang-Wildermuth and Hulthen wave func t ions  

s i g n i f i c a n t l y  ove rp red ic t  t he  y i e ld .  The harmonic 

o s c i l l a t o r  o r  square we l l  p red ic t ions  may be best, 

depending upon the  amount of s equen t i a l  decay 

contamination. Experiments a t  150 MeV o r  above would 

y i e l d  d a t a  f r e e  of s e q u e n t i a l  decay f o r  s p e c t a t o r  

p a r t i c l e  ene rg ie s  up t o  a t  l e a s t  5 MeV, and would 

s e n s i t i v e l y  t e s t  t he  c l u s t e r  wave func t ion  @(p) f o r  

large p. 

The 6 ~ i  ( 6 ~ i ,  2a)2d and 6 ~ i  ( 6 ~ i ,  2d) 2a r e a c t i o n s  

were s tud ied  t o  sea rch  f o r  double s p e c t a t o r  pole  (DSP) 

events .  I n  such an event two n u c l e i ,  each con ta in ing  

two c l u s t e r s ,  c o l l i d e  wi th  one c l u s t e r  from each 

nucleus r e t a i n i n g  i ts  i n i t i a l  momentum. Weak evidence4 

f o r  DSP behavior i n  the  3 ~ e ( 3 ~ e , d d ) p p  r e a c t i o n  was 

r epor t ed ,  and *H(*H,pp)nn d a t a  were i n t e r p r e t e d 5  by a 

DSP model but l a t e r  shown6 t o  be b e t t e r  f i t t e d  by a 

double-f inal -s ta te- in teract ion model. More r e c e n t l y  

anomalously sharp  peaks were observed3 i n  both a-a and 

d-d  coincidence s p e c t r a  from 6 ~ i  + 6 L i  double breakup a t  

Eo - 40 MeV, with t h e i r  c e n t e r s  a t  those  ene rg ie s  where 

t h e  DSP is expected. St ra ightforward improvements of 

t he  PWBA - DSP model - i nc lud ing  symmetry under boson 

exchange, Coulomb c l u s t e r  wave func t ions ,  deuteron 

s t r u c t u r e ,  and a f in i t e - r ange  p a r t i c i p a n t  i n t e r a c t i o n  

p o t e n t i a l  - f a i l e d  t o  change the  p red ic t ed  widths of 

t h e s e  peaks, which t y p i c a l l y  were f i v e  times a s  g r e a t  a s  

those  observed. 

Figure  2 shows our a-a coincidence s p e c t r a  from 

the  6 ~ i ( 6 ~ i , 2 a ) 2 d  r e a c t i o n  a t  97.5 MeV. The s p e c t r a  

a r e  f o r  Eal = Ea2, i .e.  from the  t o t a l  a v a i l a b l e  phase 

space,  a cu t  is taken along the  45" l i n e  i n  t h e  Eal = 

Ea2 plane. The d e t e c t o r  angles  a r e  unce r t a in  by about 

lo,  a s  was found while performing an energy c a l i b r a t i o n  

wi th  the  2 ~ ( 6 ~ i ,  2a) react ion.  The DSP-model 

p red ic t ions  have been s h i f t e d  by amounts up t o  2 MeV, 

Eat  = EaZ (MeV) 

Figure  2. Measured a-a abso lu te  coincidence c ross  
s e c t i o n s  f o r  t h e  6 ~ i ( 6 ~ i , 2 a )  m l t i b o d y  f i n a l  s t a t e ,  and 
p r e d i c t i o n s  f o r  t h e  double s p e c t a t o r  model us ing the  
Hulthen wave funct ion.  Numbered arrows i n d i c a t e  * ~ e  
s e q u e n t i a l  decay l o c a t i o n s ,  and "L" shows the  4-body 
kinemat ic  l i m i t .  



t o  a l i g n  them with the  observed peaks. Such s h i f t s  a r e  

commensurate with the  d e t e c t o r  angle uncer ta inty .  

At t h i s  bombarding energy, the  widths and shapes 

of the observed peaks a r e  cons i s t en t  with the  

p red ic t ions  of the  DSP model. Moreover, these  peaks 

contain  v i r t u a l l y  a l l  t he  y i e l d  between the  de tec to r  

threshold energy (-20 MeV) and the  four-body kinematic 

l i m i t  (-45 MeV). Their  s t r eng ths  a r e  comparable t o  

those  observed3 a t  Chalk River;  t h e i r  widths a r e  about 

10 times and t h e i r  amplitudes about 0.1 t imes, a s  g r e a t  

a s  i n  the  40 MeV data .  

Cross sec t ions  f o r  d-d q u a s i - e l a s t i c  s c a t t e r i n g  

(QFS) were found t o  be much smal ler  than those f o r  a-a 

QFS, and the re  was l e s s  evidence f o r  peaks having the  

DSP shape. This probably r e f l e c t s  a dominance of d+d 

breakup over e l a s t i c  s c a t t e r i n g  a t  these  bombarding 

energies .  
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