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Our charged-part icle s ing l e su  and p a r t i c l e  y-ray 

coincidence measurements2)have indica ted  t h a t  fragment 

t r a n s f e r  accounts f o r  only about 10  t o  13% of t he  pro- 

duction of f a s t  a p a r t i c l e s  and deuterons.  I n  an ef-  

f o r t  t o  a s c e r t a i n  o the r  r e a c t i o n  mechanisms which w i l l  

account f o r  t he  rest of t h e  c ros s  s ec t ion ,  we have ex- 

tended our measurements t o  p a r t i c l e - p a r t i c l e  coinci-  

dences. These measurements were performed i n  the  IUCF 

163-cm s c a t t e r i n g  chamber wi th  two (200 um and AE and 

5000 pm E) s i l i c o n  sur face-barr ie r  de t ec to r  telescopes.  

Angular co r r e l a t i ons  were measured f o r  the  75-MeV 6 ~ i  

bombardment of lg7Au by loca t ing  one te lescope  a t  25' 

( lab)  and moving the  second over a v a r i e t y  of angles 

varying from 120' (95' back of t h e  f ixed  de t ec to r )  t o  

-90' (on the  oppos i te  s i d e  of t he  beam from t h e  f ixed  
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Figure 1. a-d correlation pattern from the 75-MeV 6 ~ i  
bornbardnent o f  7 ~ ~ .  The b Zack dots represent the 
deuteron intensi ty  come Zated with a particZes detected 
a t  25'; the open cirlces represent the a particle in- 
tensi ty  correZated with deuterons a t  25O. The gating 
particle direction (25') and the beam axis (0') are 
indicated for clari ty .  

telescope).  I n  Figure 1 i s  shown t h e  a-d c o r r e l a t i o n  

p a t t e r n  which e x h i b i t s  a pronounced double peaking on 

e i t h e r  s i d e  of  t he  ga t ing  de t ec to r  angle  (25'). The 

b lack  dots  correspond t o  a-d coincidences f o r  which the  

a p a r t i c l e  was de tec ted  a t  25' and t h e  deuterons a t  

var ious  o t h e r  angles (a-gated c o r r e l a t i o n ) .  The open 

c i r c l e s  correspond t o  a d-a coincidences with t h e  

deuteron de t ec to r  f i xed  a t  25' (d-gated c o r r e l a t i o n ) .  

Both c o r r e l a t i o n s  were taken simultaneously and so r t ed  

l a t e r  i n  t he  o f f - l i ne  ana lys i s .  Coincidences w i th in  

approximately 13' of  t h e  ga t ing  de t ec to r  a r e  dominated 

by events from t h e  s equen t i a l  breakup of t h e  6 ~ i  through 

i t s  2.18-MeV 3' f i r s t  exc i ted  s t a t e .  This type of break- 

up has  s eve ra l  d i s t i ngu i sh ing  c h a r a c t e r i s t i c s ,  t h r e e  of 

which a r e  indica ted  i n  F igures  2 and 3. The ga t ing  

spectrum i n  t h e  i n s e t  of  Figure 2 shows the  t y p i c a l  

double-peaking i n  t h e  a -pa r t i c l e  and deuteron s p e c t r a  

c h a r a c t e r i s t i c  of t h e  kinematics of t he  b inary  d i s soc i -  

a t i o n  of a nucleus wi th  a d e f i n i t e  p o s i t i v e  Q va lue  

(0.71 MeV i n  t h i s  caae) .  The f i g u r e  a l s o  i l l u s t r a t e s  

t h a t  t h e  high-energy a -pa r t i c l e  group is co r r e l a t ed  wi th  

t h e  low-energy deuteron group and v i c e  versa .  I n  Figure 

3 we s e e  the  coincidence p a r t i c l e  s p e c t r a  a s  a funct ion  

of t h e  angular  s epa ra t ion  (eL2) of t h e  two te lescopes .  

It is c l e a r  t h a t  t he  energy sepa ra t ion  of t h e  a -pa r t i c l e  

peaks and a l s o  of  t h e  deuteron peaks decreases a s  9 
12 

increases .  Furthermore t h i s  dua l  peaking c h a r a c t e r i s t i c  

surv ives  only u n t i l  O I 2  equals  approximately 13O, beyond 

which sequen t i a l  breakup a+d coincidences a r e  absent .  

This is cons i s t en t  wi th  kinematic l i m i t s  on t h e  expected 

s i z e  of  t h e  s equen t i a l  breakup cone f o r  d i s s o c i a t i o n  from 

t h e  2.18-MeV 3+ s t a t e  i n  6 ~ i .  There a r e  a l s o  numerous 

coincidences beyond t h i s  s equen t i a l  cone, and we 
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Figure 2. Schematic of  the coincidence rezationships among the sharp peaks i n  the  coincidence deuteron and 
a-particte spectra. Inset  a t  the  Zeft  shows positions o f  detector tezescopes i n  the scattering 
chamber. 
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Figure 3. QwZi ta t i ve  view o f  the characteristics of  the  particZe coincidence spectra for various values o f  the 
anguZar separation of  the detector teZescopes (el  = 82 -8 The dual peaking feature, characteristic 
o f  sequentiat breakup o f  the  6 ~ i  through i t s  2.18 MeV s tute ,  i s  seen t o  disappear for e12 > 1 3 9  con- 
s i s ten t  with the expected ZMt imposed by the kinematics for t h i s  type o f  decay. 
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Figme 4.  Correlated Ea - E spectra for the 75-MeV 
6 ~ i  bombanhent o f  lg7~u. ( a f  For 012 = 10' the dual- 
peaked character i s  evident, along wzth some in tens i t y  
a t  high i n e l a s t i c i t y .  ( b )  For 8 12 = 15' the dual peak- 
ing has degenerated i n t o  a single peak around beam- 
veloci ty  values, and a d e f i n i t e  ine las t i c  group i s  
evident, corresponding to 1 7- 27 MeV exci tat ion i n  the 
residual system. The l ine  Ea + Ed = 72.5 MeV corre- 
sponds to a kinematic locus equal t o  the beam energy 
reduced b y  the a+d binding energy (1.47 MeV), average 
beam degradation i n  the target  (0.5 MeV), and average 
recoi l  energy loss  (0.5 MeV). 

a t t r i b u t e  these  events t o  d i r e c t ,  non-sequential d is -  

soc i a t i on ,  because the  a p a r t i c l e s  and deuterons in- 

volved e x h i b i t  k i n e t i c  energies  grouped i n  s i n g l e  peaks 

centered approximately a t  t he  beam ve loc i ty .  I n  

Figure 4 a r e  shown two co r r e l a t ed  a-d energy spec t r a  

f o r  e12 = 10' (wi th in  t he  s equen t i a l  cone) and e I 2  = 

15' (outs ide  t he  s equen t i a l  cone). The dual  peaking a t  

812 = 10' is evident  i n  Figure 4a, and i ts  degenerat ion 

i n t o  a single-peaked group a t  e I2  = 15' is c l e a r  i n  

Figure 4b. In t eg ra t ion  of t h e  a-gated a-d c o r r e l a t i o n ,  

assuming azimuthal symmetry about t he  f ixed  a -pa r t i c l e  

d i r e c t i o n ,  y i e l d s  a d i f f e r e n t i a l  c ros s  s e c t i o n  da /dfl 
ad a 

of  143 + 22 mb/sr f o r  production of a p a r t i c l e s  a t  25' 

which a r e  co r r e l a t ed  wi th  deuterons.  Thus, t h i s  cor- 

r e l a t e d  a-d production accounts f o r  approximately 25% 

of t he  s i n g l e s  y i e l d  of a p a r t i c l e s  a t  25' (570 + 62  

mblsr) .  I n t eg ra t ion  of t h e  same a-d c o r r e l a t i o n  over 

5 13O gives duad/dfla : 70 mblsr a t  8, = 25O, o r  

approximately h a l f  o f  t he  a-d y i e l d  a t  t h i s  geometry. 

It is i n t e r e s t i n g  t o  no te  t h a t  approximately 25% of 

t he  a-d coincidence events  e x h i b i t  l a r g e  i n e l a s t i c i t y ,  

corresponding t o  e x c i t a t i o n s  i n  t h e  r e s i d u a l  system up 

t o  approximately 30 MeV (see  Figure 4) .  Especia l ly  

i n t e r e s t i n g  is an apparent  l o c a l i z a t i o n  of t h i s  exc i t -  

a t i o n  a t  17-27 MeV (Figure 4b) f o r  812 = 15'. The 

present  da t a  were no t  s u f f i c i e n t  t o  explore any f e a t u r e s  

of t h e s e  i n e l a s t i c i t i e s  such a s  t h e i r  beam-energy de- 

pendence o r  angular  d i s t r i b u t i o n .  

I n  Figure 5 we show the  measured a-proton angular  

co r r e l a t i on .  The b lack  do t s  r ep re sen t  t he  measured 

r e s u l t  wi th  t he  a -pa r t i c l e  de t ec to r  f i xed  a t  25' and 

the  proton de t ec to r  angle  varying,  and the  open c i r c l e s  

represent  t he  p-a c o r r e l a t i o n  wi th  t h e  proton de t ec to r  

f ixed .  A dramatic f e a t u r e  of t h e  r e s u l t  is t h e  pro- 

nounced asymmetry i n  t h e  a-gated c o r r e l a t i o n  namely t h e  

s t rong  preference  f o r  t he  emission of  protons between 

t h e i r  co r r e l a t ed  a -pa r t i c l e ' s  d i r e c t i o n  and t h e  beam 

ax i s .  

Shown i n  Figure 6 a r e  co r r e l a t ed  a+p energy spec t r a  

f o r  0 = 15' and 25'. The co r r e l a t ed  spec t r a  f o r  8 = 
"P CrP 

15' show dual  groups of proton and a -pa r t i c l e  energies  

s i m i l a r  t o  t h e  s equen t i a l  6 ~ i  breakup energy d i s t r i bu -  

t i o n s  (cf. Figure 4a) ;  however t he  groups a r e  no t  very  

h ighly  l oca l i zed  i n  t he  a-p case.  I n  add i t i on ,  t h i s  

grouping is d e f i n i t e l y  absent  f o r  8 =25'. 
aP 

Correlated protons and a p a r t i c l e s  can b e  produced 

i n  a v a r i e t y  of  ways. F i r s t  t he  6 ~ i  could undergo a 

3-body breakup i n t o  a+p+n. However, a+p+n decay of 6 ~ i  

has  never been observed from any exc i t ed  s t a t e  below 25 

Mey3 and t h e  neces sa r i l y  s t a t i s t i c a l  shar ing  of energy 
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Figure 6.  Correlated E -E spectra for the 75-MeV 6 ~ i  
bombarhent of 7 ~ u .  qrh&diagoml lines represent 
l imits  on Ea+E imposed by the kinematics of the v&- 
ous reaction &chanisms noted (see t ex t ) .  (a )  For 8, = 
15' dis t inc t  double grouping of the events i s  ev idenz  
characteristic of the kinematics of 5 ~ i  breakup. (b)  
For 8, = 25' t h i s  double grouping has degenerated into 
a singve group centered a t  the beam velocity. 

Figure 5. a-proton correlation pattern for the 75-MeV 
6 ~ i  bombardnent of 9 7 ~ u .  The symbols have the same 
meaning as i n  Figure I ,  except proton rather than 
deuteron intensi ty  i s  being considered. 

among the  t h r e e  fragments r equ i r e s  t h a t  t he  energy 

ca r r i ed  by a l l  t he  co r r e l a t ed  a+p events l i e  below the  

kinematic l i m i t  shown a s  curve i n  Figure 6 ( t h i s  and 2, r e spec t ive ly  i n  Figure 6. The co r r e l a t ed  energy 

da t a  a r e  much more cons i s t en t  wi th  t h e  5 ~ i  formation curve being determined by t h e  minimum allowed l a b  

energy f o r  t h e  neutron i n  a 3-body s t a t i s t i c a l  break- mechanism, wi th  a preference f o r  t he  t r a n s f e r  a t  t he  

optimum Q-value . The +l. 97-MeV 5 ~ i  breakup Q-value up). Second, a+d breakup could be  followed by deuteron 

combines w i th  t h e  beam energy t o  give a maximum opening d i s soc i a t i on ,  whose kinematic l i m i t  f o r  Ea + E is  
P 

given by curve 2 i n  Figure 6. The co r r e l a t ed  Ea + E 
P 

angle 8 of  23.8 degrees f o r  co r r e l a t ed  a+p event  from 
aP 

5 ~ i  breakup. The dual  energy groups evident  i n  Figure events a r e ,  i n  f a c t ,  concentrated beyond these  l i m i t s ,  

6a f o r  8 = l S O  occur a t  energies  cons i s t en t  with t h e i r  
aP 

which tends t o  r u l e  out  both of the  above mechanisms. 

production from 5 ~ i  decay, and t h e  absence of t h i s  A more p l aus ib l e  mechanism is t h e  s i n g l e  neutron t rans-  

f e r  t o  t he  t a r g e t ,  forming par t ic le -uns table  5 ~ i ,  which f e a t u r e  a t  8 * 25' agrees wi th  t h e  kinematic l i m i t s  
aP 

decays t o  a+p wi th  a 1.97 MeV Q va lue  and a l i f e t i m e  

of approximately 4.4 x 1 0 - ~ ~ s e c .  3, The kinematic l i m i t s  

expected f o r  t h i s  type of breakup. 

Considering once again t he  c o r r e l a t i o n  p a t t e r n  

f o r  Ea + $ under neutron t r a n s f e r  t o  t h e  ground s t a t e  shown i n  Figure 5 with t h e  b lack  do t s  (a-gated corre-  

of 9 8 ~ ~  and a t  t h e  optimum Q-value a r e  denoted by b l a t i o n ) ,  t h e  enhanced proton production between the  



beam a x i s  and the  ga t ing  a p a r t i c l e  can a l s o  be  under- 

s tood i n  t he  context  of t h e  neutron t r a n s f e r  mechanism. 

It is  reasonable t o  expect  t h a t  t he  s t r i p p i n g  of a neu- 

t ron  from the  6 ~ i  would tend t o  leave  t h e  odd proton i n  

5 ~ i  c l o s e r  t o  t h e  t a r g e t  than the  a p a r t i c l e .  Thus, 

because of  t h e  s h o r t  l i f e t i m e  of t he  5 ~ i  ground s t a t e ,  

t he  d i r e c t i o n  of  t h e  a+p decay products  would tend t o  

r e f l e c t  t h i s  o r i en t a t i on ,  thereby giving t h e  s t rong 

enhancement observed. 

F ina l ly ,  i n t e g r a t i o n  of t h e  a-gated a-p co r r e l a t -  

i on  (assuming azimuthal symmetry about t he  a p a r t i c l e  

d i r e c t i o n  f o r  8 > 25O and a r b i t r a r i l y  tak ing  25% of 
aP 

t h e  symmetric i n t e g r a t i o n  about t he  a -pa r t i c l e  d i r ec t -  

i on  f o r  8 < 25') i s  156 + 50 mblsr, which is  approxi- 
aP - 

mately 27% of t h e  s i n g l e s  a y i e l d  a t  25O. 

The p re sen t  measurements i n d i c a t e  t h a t  charged 

p a r t i c l e s  from 6~ i - induced  r eac t ions  on l g 7 ~ u  a r e  pro- 

duced from t h e  fol lowing mechanisms (percentage f i gu re s  

apply t o  t h e  con t r ibu t ion  t o  a p a r t i c l e  production a t  

8,-= 25'): 

Ca) c l u s t e r  t r a n s f e r  t o  t h e  t a r g e t  (approximately 

13%).  

(b) s equen t i a l  a + d breakup of 6 ~ i  through i t  

2.18-MeV f i r s t  exc i t ed  s t a t e  (approximately 

12%) 

(c)  d i r e c t  Cnon-sequential) 6 ~ i  + a + d d issoc ia-  

t i o n  Capproximat e l y  13%) 

(d) Neutron t r a n s f e r  t o  t h e  t a r g e t ,  forming 

(a + p)- unstable  S ~ i  (approximately 27%). 

Other mechanisms which may b e  p re sen t  bu t  which 

could no t  be observed i n  t he  present  measurements a r e :  

(e) Proton t r a n s f e r  t o  t h e  t a r g e t ,  forming 

(a + n)-unstable 5 ~ e  

(f) Deuteron pickup from t h e  t a r g e t ,  forming 

(a + a)-unstable * ~ e .  

I n  summary, we be l i eve  t h a t  most of t h e  p a r t i c l e -  

production c ros s  s e c t i o n  has been accounted f o r .  The 

widely-observed: excess of  a p a r t i c l e s  over deuterons 

i n  6 ~ i  induced r eac t ions  can be  understood a s  t h e  re-  

s u l t  of  t h e  presence of mechanisms which produce a ' s  

and no t  deuterons.  Furthermore, i t  is c l e a r  t h a t  t he  

s i n g l e s  spec t r a  and angular  d i s t r i b u t i o n s  a r e  compos- 

i t e s  of s eve ra l  r eac t ion  channels and a s  such a r e  of  

marginal use  a s  t h e  s o l e  source of information a s  t h e  

r eac t ion  mechanisms present .  Fur ther  d iscuss ion  of 

a l l  of  our  r e s u l t s  i s  g r e a t e r  d e t a i l  has  been sub- 

mi t ted  f o r  publ ica t ion .  
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