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The dissocia t ion of 6 ~ i  i n  the  f i e l d  of a 

t a rge t  nucleus has been invest igated i n  many 

kinematically complete 9 2) and incomplete 3, 

experiments i n  an e f f o r t  t o  a sce r t a in  the  react ion 

mechanisms present.  Processes such a s  (a) 

sequent ia l  breakup of 6 ~ i  from i ts  2.18-MeV 3' 

s t a t e  i n t o  a+d, (b) non-sequential breakup i n t o  

a+d, (c) breakup of 5 ~ i  i n t o  a+p, following 

neutron t r ans fe r ,  and (d) breakup of 8 ~ e  i n t o  

a+a following a deuteron pickup have been found 

t o  play r o l e s  of varying importance depending 

upon the  6 ~ i  bombarding energy1). From t h e  

6 va r i a t ion  with L i  energy of the  inclus ive  

production c ross  sect ions  of c e r t a i n  isotopes 

observed through in-beam y-ray s tud ies  following 

6 ~ i  bombardment of lg78u4) and 104-106pd5), 

i t  appeared a s  i f  some of the  isotopes were 

produced by a mechanism whereby one of the  pro- 

j e c t i l e  fragments in teracted with the  t a r g e t  i n  

the manner of a (fragment, w )  react ion subsequent 

t o  the  a+d dissocia t ion of the  6~ i .  We have 

performed charged-particle-y-ray coincidence 

measurements the  r e s u l t s  of which support the  

existence of such a mechanism. 

The measurements were made using 75-MeV 

and 100-MeV 6~i"+ IUCF beams and consisted of 

(a) observation of the  charged-particle energy 

spectra  and angular d i s t r ibu t ions  over an angular 

range of 10' t o  60' i n  2 t o  5-degree s t eps  and 

(b) spect ra  of y-rays i n  prompt coincidence 

with se lected charged pa r t i c l e s .  The t a r g e t s  

chosen were 5 6 ~ e  and lg7Au f o r  which the  

inclus ive  y-ray spectra  had been obtained i n  

t h i s  laboratory 6, ' 7, and elsewhere4). The 

charged p a r t i c l e s  were detected by means of a 

three-element AE-E telescope,  employing a 150 

pm AE and a 5.0 ~l rm and 3.0 mm E s i l i c o n  

surface-barrier detectors .  The y rays  were 

observed with a 30-cm3 coaxial  G e ( ~ i )  detector  

with the  detector  a x i s  or iented i n  the  react ion 

plane and a t  90° with respect t o  the  beam 

direct ion.  Particle-Y-ray coincidence events 

were defined a s  prompt coincidences between the  bE 

and Y-ray detector  s ignals ,  with a time 

resolut ion of approximately 10 ns. Both the  

angular d i s t r ibu t ion  and par t ic le-y  coincidence 

data  were recorded event-by-event on magnetic 

tape, and d i g i t a l  ga tes  on quan t i t i e s  of 

i n t e r e s t  were imposed during playback of the  

event tapes. 

The discussion presented below emphasizes 

our particle-y coincidence r e s u l t s  from the  

bombardment of lg7Au. I n  t h i s  case, charged- 

6 p a r t i c l e  emission channels in t h e  t o t a l  L i  

fusion-emission react ion a r e  not s ign i f i can t  

because of t h e  l a rge  Coulomb bar r i e r .  Our 

coincidence data  with the  5 6 ~ e  t a r g e t  a l s o  

show very d e f i n i t e  f ea tu res  s imi lar  t o  those 



presented f o r  the  1 9 7 ~ ~  target .  However, 

unambiguous in te rp re ta t ion  of the  5 6 ~ e  r e s u l t s  is 

more d i f f i c u l t  because of the  stronger presence of 

the  evaporation and pre-equilibrium emission of 

charged p a r t i c l e s  and the  particle-y coincidence 

events they generate. 

Typical a-par t ic le ,  deuteron, ' ~ e ,  and t r i t o n  

energy spectra  a r e  characterized by a broad (10- 

15 MeV FWHM) peak centered a t  an energy correspond- 

ing t o  the  beam veloci ty  (see Figure 1) .  These 

"beam-velocity" p a r t i c l e  groups exh ib i t  angular 

d i s t r ibu t ions  which appear t o  peak a t  an angle 

s l i g h t l y  forward of the  6 ~ i - t a r g e t  Rutherford 

I g 7 ~ u  ( 6 ~ i ,  X )  
E ( ~ L ~ ) =  100 MeV 
charged particles 

Figure 1. Typical se lected charged p a r t i c l  
spect ra  from the  bombardment of f97Au 
with 100 MeV 6~ i ,  the p a r t i c l e s  
being observed a t  a l a b  angle of 20'. 

I g 7 ~ u  ( 6 ~ i , ~ )  

E ( ~ L ~ ) =  75 MeV 8, = 25' 
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$=2S0 
A 8,=30° 
- - (a,2n) Proetl, r;t d. 
..----- (d,3n) Dracoulis, d d .  

Figure 2. Spectra of y rays  i n  prompt coincidence 
with (a) beam-velocity deuterons and (b) 
beam-velocity a-par t ic les ,  detected a t  
25' (lab) from a 75-MeV 6 ~ i  bombardment 
of 1 9 7 ~ ~ .  (c) Comparison of 1 9 6 ~ g  
cascade y-ray i n t e n s i t i e s  measured i n  the  
present work from the  75-MeV bombardment 
with t h e i r  counterparts a s  measured by 
(a ,  2n) 11) and (d ,3n)12) . 



grazing angle,  Bg,  and which f a l l  o f f  smoothly and 

quickly a s  t he  labora tory  charged-part icle angle  in-  

c reases  beyond Bg. The grazing-angle peaking i s  

much l e s s  apparent a t  100 MeV than a t  75 MeV. 

In t eg ra t ion  of t he  75 MeV angular  d i s t r i b u t i o n s  

y e i l d s  t he  t o t a l  '!beam v e l o c i t y  p a r t i c l e  production" 

cross  s e c t i o n s  from which it  appears t h a t  the  r e l a -  

t i v e  y i e l d s  of  a l l  of t h e  beam-velocity fragments 

a r e  independent of t he  t a r g e t  used. This suggests  

t h a t  these  y i e l d s  a r e  determined more by the  pro- 

p e r t i e s  of t h e  p r o j e c t i l e  than of  t he  t a r g e t .  

The c e n t r a l  f e a t u r e  of t h i s  experiment is the  

measurement of  t he  s p e c t r a  of y rays  i n  coincidence 

wi th  these  beam-velocity charged p a r t i c l e s .  I n  

Figures 2a and 2b a r e  shown t h e  y-rays i n  prompt 

coincidence wi th  t he  beam-velocity deuterons and 

a p a r t i c l e s ,  de tec ted  a t  t he  6 ~ i - t a r g e t  Rutherf ord  
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Figure 3. (a) y r ays  i n  prompt coincidence wi th  t he  50-60 MeV por t ion  of  t he  beam v e l o c i t y  a -pa r t i c l e  
group from the  75 MeV 611 bombardment of 1 9 7 ~ ~ .  (b) y r ays  i n  prompt coincidence wi th  t h e  
40-50 MeV po r t i on  of  t he  same beam-velocity a -pa r t i c l e  group. (c) Schematic o f  t h e  subdiv is ion  
of  t h e  ga t ing  beam v e l o c i t y  a -pa r t i c l e  group f o r  t he  d isp lay  of t h e  "exc i t a t i on  function" i n  
F igure  d. (d) Measured r e l a t i v e  production c ros s  s e c t i o n  f o r  1 9 5 , 1 9 6 , 1 9 7 ~ ~  cascades i n  coinci-  
dence wi th  s p e c i f i c  ene r  groups i n  t he  beam-velocity a -pa r t i c l e  spectrum and comparison wi th  
measured (d, 2n)8) (d, 3n)67, and (d, 4n)lO) e x c i t a t i o n  functions.  The "deuteron energy" a t  which 
the  d a t a  po in t s  were p l o t t e d  corresponds t o  (75 - Ea) MeV, where Ea is the  c e n t r a l  energy of t h e  
ga t ing  a -pa r t i c l e  subgroup. 



grazing angle  (25O) f o r  75-MeV 6 ~ i  bombardment of 

l g 7 ~ u .  The prominent y r a y s  i n  t h e  coincidence 

s p e c t r a  belong t o  lg71.1 and lg6Hg r e spec t ive ly .  

The t r a n s i t i o n s  which lead  t o  t h e i r  production 

a r e  depic ted  i n  t he  energy l e v e l  diagrams i n  t h e  

i n s e t  next  t o  each spectrum. 

Another f e a t u r e  of  t h e  par t ic le -y  coincidence 

d a t a  i s  shown i n  Figure 3. I n  Figures 3a and 3b 

we show spec t r a  of Y r ays  i n  coincidence wi th  

s e l ec t ed  energy "bins" of t he  beam-velocity 

a -pa r t i c l e  d i s t r i b u t i o n  f o r  75-MeV bombardment of 

l g 7 ~ u  (bins a r e  indica ted  schematical ly i n  Figure 

3c). To t h e  ex t en t  t h a t  y r ays  gated on an  

a -pa r t i c l e  of energy Ea can be a s soc i a t ed  wi th  t h e  

depos i t ion  of a (75-E,)-MeV deuteron i n  t h e  r e s idua l  

system, this subdivision of t he  a -pa r t i c l e  

ga t ing  spectrum is tantamount t o  t he  observat ion  

of a (d,xn) e x c i t a t i o n  funct ion  i n  t he  r e s i d u a l  

system. Carrying this view one s t e p  f u r t h e r ,  we 

show i n  Figure 3d t h e  normalized r e l a t i v e  

production c r o s s  s ec t ion  f o r  lg5 ,1969 1 9 7 ~ ~  

i so topes  a s  a funct ion  of  t h i s  deposited energy, 

where t h i s  c r o s s  s ec t ion  is  defined a s  t h e  absolu te  

cascade i n t e n s i t y  per  u n i t  a -pa r t i c l e  f l u x  i n  

t h e  energy b i n  i n  quest ion.  The energy dependence 

of  t h e  production c r o s s  s ec t ions  is  a l s o  compared 

w i t h  t h e  measured (d, 2n) 8), (d, 3n) and (d ,4n) l o )  

e x c i t a t i o n  funct ions  i n  Figure 3d. 

We have in t eg ra t ed  t h e  y-ray coincidence 

y i e l d s  a t  f i xed  p a r t i c l e  de t ec to r  angle,  €ID a Q, 

and have assumed y-ray i so t ropy  i n  t h e  labora tory .  

I n  t he  case  of t h e  a-y coincidence spectrum shown 

i n  Figure 2b, t h e  measured coincidence y i e l d  pe r  

u n i t  p a r t i c l e  s o l i d  angle  amounts t o  t he  production 

of Hg i so topes  with a c ross  s e c t i o n  of 70 mb/sr, 

a s  compared t o  t h e  s i n g l e s  y i e l d  of beam-velocity 

a p a r t i c l e s  a t  8, = 250 of 661 mb/sr. (All  c ros s  

s ec t ions  a r e  quoted wi th  a 15% uncer ta in ty ,  a r i s i n g  

mainly from s t a t i s t i c a l  e r r o r s  and unce r t a in t i e s  i n  

i n t eg ra t ed  beam charge). 

The above f ea tu re s ,  namely (a) the  occurrence of 

beam-velocity p a r t i c l e  groups, (b) t h e i r  forward- 

peaked angular  d i s t r i b u t i o n s ,  (c)  t he  coincidence 

y-ray y i e l d s  of s p e c i f i c  nuc l e i  and (d)  t he  p a t t e r n  

of coincidence y-ray y i e l d  wi th  d i f f e r e n t  energy b ins  

of the  ga t ing  p a r t i c l e  can b e s t  be understood i n  terms 

of a non-sequential breakup model. Here one imagines 

t h a t  t he  i nc iden t  6 ~ i  breaks up i n t o  a+d fragments 

under t he  inf luence  of t he  t a r g e t  nuclear  f i e l d .  

Subsequently one of t h e  fragments r e a c t s  wi th  the  

t a r g e t  nucleus.  P a r t  of t he  time t h i s  i n t e r a c t i o n  

l eads  t o  a (fragment, m y )  r eac t ion ,  and one then 

observes t he  y-ray s p e c t r a  such a s  described above. 

Considering the  y-ray spectrum i n  Figure Zb, one can 

i n f e r  t h a t  these  y r ays  a r i s e  from the  absorption by 

the  t a r g e t  of  a beam-velocity deuteron, s t r i pped  

from the  6Li, r e s u l t i n g  i n  a (d,3n) r eac t ion .  In- 

deed, i n  a 75-MeV 6 ~ i  bombardment, a beam-velocity 

deuteron fragment would ca r ry  an energy of approxi- 

mately 25 MeV, and t h e  1 9 7 ~ ~  (d,3n) r eac t ion  cross  

s ec t ion  is observed [9]  t o  peak a t  approximately 21 

MeV (see Figure 3d). Our measured i n t e n s i t i e s  of  

these  coincident  1 9 6 ~ g  y rays a r e  compared with 

l g4p t  (a,  2n) i n t e n s i t i e s  of  P roe t l ,  e t  a l .  [ l l ]  and 

t h e  recent  l9 ' ~ u ( d ,  3n) r e s u l t s  of Dracoulis  , e t  a l .  

[12] i n  Figure l c .  The s i m i l a r i t y  of  these  i n t e n s i t y  



p a t t e r n s  sugges ts  a s i m i l a r i t y  between the  mechan- 

i s m  w i th  which the  1 9 6 ~ g  y rays  p re sen t ly  obser- 

ved a r e  produced and t h a t  f o r  t he  c i t e d  ( ,xn) 

r eac t ions ,  wi th  poss ib ly  t he  absorbed deuteron 

i n  the  present  measurements br inging  i n  somewhat 

l e s s  angular  momentum than the  (a,2n) r eac t ion  

and somewhat more than the  id,3n) reac t ion .  It 

is i n t e r e s t i n g  t o  n o t e  t h a t  t he  1 9 6 ~ g  y ray  in-  

t e n s i t y  p a t t e r n  observed i n  coincidence wi th  a 

p a r t i c l e s  de tec ted  a t  8, = 30' ( a l so  shown i n  

Figure 2c) sugges ts  t h a t  s l i g h t l y  lower average 

angular  momentum is brought i n t o  t he  compound 

system by those  deuteron-absorption events  than 

by the  events  where t he  a p a r t i c l e  is detec ted  a t  

250. This is cons i s t en t  wi th  t he  f a c t  t h a t  a 

l a r g e r  p a r t i c l e  s c a t t e r i n g  angle corresponds ( i n  

a c l a s s i c a l  Rutherford s c a t t e r i n g  p i c t u r e )  t o  

a smal ler  e f f e c t i v e  impact parameter and 

suppor ts  t he  hypothesis  t h a t  i n  such a coinci-  

dence measurement i t  may be poss ib l e  t o  view (d,xn) 

r eac t ion  events  associa ted  wi th  a s e l e c t a b l e  

range of angular  momenta. I n  Figure Za, t h e  

dominance by lg711 l i n e s  i n  t he  spectrum of y 

rays  i n  coincidence wi th  beam v e l o c i t y  deuterons 

would correspond t o  an (a,4n) r eac t ion  i n  t h i s  non- 

s equen t i a l  breakup model. The 197Au(a, 4n) reac- 

t i o n  is known [13] t o  peak a t  E, = 50 MeV, con- 

s i s t e n t  w i th  dominance by i ts  product  i n  t he  

75-MeV 6 ~ i  bombardment. 

F ina l ly ,  t he  r e l a t i v e  production c ros s  sec-  

t i o n s  of var ious  i so topes  of Hg a s  a funct ion  of 

the  mean deuteron ene rg i e s  a s soc i a t ed  wi th  b ins  

A, B, C, and D of the  beam-velocity a - p a r t i c l e  

energy d i s t r i b u t i o n s  (Figs.  3c and 3d) seem t o  

be genera l ly  s i m i l a r  t o  t he  corresponding measured 

(d,xn) e x c i t a t i o n  functions.  The energy depen- 

dence seen i n  t he  p re sen t  measurements is n o t  a s  

sharp  a s  t he  measured (d,xn) r e s u l t s ,  probably 

due i n  p a r t  t o  t h e  ten-MeV energy average i n  each 

datum point. However, t he  ev iden t  s i m i l a r i t i e s  o f  

t he  two r e s u l t s  do lend credence t o  t h e  view t h a t  

t he  y-rays i n  quest ion a r e  produced predominantly 

by beam-velocity deuteron absorption.  Approxi- 

mately 25% of t he  t o t a l  deuteron-induced r e a c t i o n  

cross  s e c t i o n  is observed [8,9,10] t o  r e s i d e  i n  

t he  (d,xn) channels f o r  25-MeV deuterons on lg7Au. 

Therefore i n  the  context  of  t he  non-sequential 

breakup model described above, t h e  a-y coin- 

cidence y i e l d  accounts f o r  approximately 50% 

of t he  observed y i e l d  o f  beam-velocity a- 

p a r t i c l e s .  The rest of t he  y i e l d  must come from 

o the r  r eac t ions  of  t h e  type mentioned i n  t h e  

in t roductory  comments. 

A second model i n  terms of which some of t h e  

f e a t u r e s  mentioned above can be understood is t h a t  

of  a fragment t r a n s f e r  a t  t h e  optimum Q-value, 

g iv ing  rise t o  processes such a s  1 9 7 ~ u ( 6 ~ i , a )  

lg9Ilg* and 7 ~ u ( 6 ~ i ,  d)  201~1. * I n  t hese  cases ,  

t he  equa l i t y  of  t he  Z/A f o r  t h e  a ,d ,  and 6 ~ i  

causes t h e  optimum Q-value i n  a simple model 1141 

t o  be such t h a t  t h e  maximum t r a n s f e r  p r o b a b i l i t y  

is  f o r  t h a t  of an a o r  d fragment a t  t h e  beam 

ve loc i ty .  The exc i t ed  n u c l e i  199~g* and 201~1* 

s o  produced would subsequently decay f i r s  t through 



neutron evaporat ion and then through y-ray emis- 

s ion ,  producing the  par t ic le -y  ray  s p e c t r a  ob- 

served i n  t he  present  measurements. I f  t h e  a-y 

coincidence channel were dominated by t h i s  

process then our observed a-y coincidence y i e l d  

of  70 mb/sr a s  compared wi th  t he  t o t a l  beam ve- 

l o c i t y  a y i e l d  i n  s ing l e s  of  661 mb/sr, would 

fo rce  t he  conclusion t h a t  only about 12% of t he  

beam-velocity a y i e l d  is  due t o  t h i s  optimum Q- 

value process.  Furthermore, from t h i s  mechanism 

one should no t  expect  any a-d coincidences, except  

i n  the  unl ike ly  event  t h a t  lg911g* and 201~1* decay 

occas ional ly  by emission of deuterons and a 

p a r t i c l e s ,  respect ive ly .  I n  a non-sequential break- 

up p i c tu re ,  however, coincidences between beam ve- 

l o c i t y  deuterons and a p a r t i c l e s  wi th in  a kine- 

matic breakup cone would be p l e n t i f u l .  P a r t i c l e -  

p a r t i c l e  coincidence measurements a r e  now being 

ca r r i ed  ou t  a t  t h i s  l abo ra to ry  t o  check t h i s  poin t  

s p e c i f i c a l l y  . 
I n  summary, t he  observed f e a t u r e s  of  t h e  

par t ic le -y  coincidence measurements repor ted  here  

can be most r e a d i l y  understood i n  terms of t he  

breakup of t he  6 ~ i  i n  the  t a r g e t  nuclear  f i e l d ,  

followed by a nuclear  r eac t ion  i n i t i a t e d  on the  

same nucleus by one of t he  p r o j e c t i l e  fragments. 

However, t he  importance of t he  optimum Q-value 

t r a n s f e r  process cannot be ru led  out  s o l e l y  on 

the  b a s i s  of t he  par t ic le -y  measurements. I n  any 

event ,  i t  is  c l e a r  t h a t  a s u b s t a n t i a l  f r a c t i o n  of 

t he  beam-velocity a p a r t i c l e s  and deuterons a r e  

produced without  e x c i t a t i o n  of  e i t h e r  t he  t a r g e t  

o r  a compound system. The p a r t i c l e - p a r t i c l e  corre- 

l a t i o n  measurements should al low us t o  determine how 

much cross  s ec t ion  is  associa ted  with t he  production 

of t he  co r r e l a t ed  "beam-velocity" fragments; and so  

these  measurements show the  most promise f o r  charac- 

t e r i z i n g  the  na tu re  of t h e  par t ic le -y  channel. 
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