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Cross s e c t i o n s  f o r  t he  a(a,pn) 6 ~ i ,  a ( a B p )  7 ~ i  and 

a ( a , n ) 7 ~ e  r eac t ions ,  a s  we l l  a s  a + a e l a s t i c  

s c a t t e r i n g ,  have been measured a t  198.4 MeV. These 

measurements a r e  r e l evan t  t o  the  understanding of 

l ight -e lement  nucleosynthes is  i n  g a l a c t i c  cosmic ray  

i n t e r a c t i o n s  with the  i n t e r s t e l l a r  medium. The 

experiments were performed a t  t he  Indiana Univers i ty  

Cyclotron F a c i l i t y  with a beam of 198.4-MeV 4 ~ e  ions.  

A gas  t a r g e t  c e l l  s i m i l a r  i n  des ign t o  t h a t  used i n  

Ref. 2 was operated a t  a pressure  of 267 t o r r .  A 

four-element d e t e c t o r  te lescope was employed f o r  mass, 

charge  and energy i d e n t i f i c a t i o n  of 4 ~ e ,  6 ~ e ,  6 ~ i ,  7 ~ i  

and 7 ~ e  ions.  This  te lescope cons i s t ed  of th ree  

su r face -ba r r i e r  s i l i c o n  d e t e c t o r s  of th icknesses  50 pm, 

1 mm and 2 mm, followed by a 51nm S i (L i )  d e t e c t o r ,  

t i l t e d  a t  60 deg i n  order  t o  s t o p  e l a s t i c a l l y  s c a t t e r e d  

4 ~ e  ions.  

The center-of-mass d i f f e r e n t i a l  c ross  s e c t i o n  f o r  

t he  two-body f i n a l  s t a t e  r e a c t i o n s  a r e  shown i n  Fig. 

1, along with curves  r ep resen t ing  experimental  da t a  

obta ined a t  lower ene rg ie sO2  The measured t o t a l  c ross  

s e c t i o n s  f o r  a l l  processes  leading t o  the  formation of 

A = 6 and 7 i soba r s  a r e  l i s t e d  i n  Table I. These 

values  a r e  combined with lower-energy da ta ,  summarized 

i n  Ref. 3, t o  y i e l d  the  e x c i t a t i o n  func t ions  f o r  6 ~ i ,  

7 ~ i  and 78e production i n  the  a + a r e a c t i o n  shown i n  

Fig. 2. Of p a r t i c u l a r  s i g n i f i c a n c e  t o  the  o b j e c t i v e s  

of t h i s  research,  i t  i s  observed t h a t  t he  a ( a , p n ) 6 ~ i  

r e a c t i o n  cont inues  t o  dominate 6 ~ i  production a t  high 

ene rg ie s ,  but t h a t  t h i s  c ross  s e c t i o n  decreases  wi th  

inc reas ing  energy, a s  ind ica t ed  by the  d a t a  of Ref. 2. 

This  r e s u l t  suggests  t h a t ,  un l ike  r e a c t i o n s  on more 

complex l i g h t  nuc le i ,  t he  three-body f i n a l  s t a t e  
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Figure  1. Center-of-mass angular  d i s t r i b u t i o n  of 7 ~ i  and 7 ~ e  (ground s t a t e  p lus  f i r s t  exc i t ed  s t a t e )  and 
a(a ,d)  b ~ i  (ground s t a t e )  from the  a + a r e a c t i o n  a t  198.4 MeV. So l id  po in t s  r e f e r  t o  forward (c.m.) hemisphere 
and open po in t s  t o  backward hemisphere data .  So l id  l i n e s  summarize lower-energy da ta  from Ref. 2 except  lower 
l i n e ,  which i s  t o  guide the  eye through the  present  data .  



Table  I 

T o t a l  c r o s s  s e c t i o n s  f o r  A = 6 and 7 i s o b a r s  from the  a  + a  r e a c t i o n  a t  
198.4 MeV. 

( a , 2 p ) 6 ~ e  ( a , d ) 6 ~ i  ( a , p n ) 6 ~ i  t o t a l  6 ~ i  (asp )  7 ~ i a  ( a , ~ ) ~ B e ~  

~ ( m b )  < 0.2 0.6 + 0.2 2.8 + 0.7 3.4 + 0.8 0.25 + 0.06 0.35 + 0.08 

a  - Ground s t a t e  + f i r s t  e x c i t e d  s t a t e  

r e a c t i o n  i n  a  + a  c o l l i s i o n s  fo l l ows  t h e  same 

e x p o n e n t i a l  dec rea se  a t  h igh  e n e r g i e s  a s  do  t h e  two- 

body f i n a l  s t a t e s .  

Also shown i n  Fig. 2  a r e  f i t s  t o  t h e  high-energy 

p o r t i o n  of each  e x c i t a t i o n  f u n c t i o n  (dashed l i n e s )  

l e a d i n g  t o  A = 6 and 7  format ion .  These a r e  g iven  by: 

u ( ~ H ~ )  = 20 e-0*025Emb; (E > 100 MeV) ( 1  

~ ( ~ L i ~ - b o d ~ )  = 59 e-0*025E~b; (E > 60 Mev) ( 2 )  

a ( 6 ~ i p n )  = 500 e-O*O25Emb; (E > 140 MeV) and (3) 

u ( ~ L ~  , 7 ~ e )  = 260 e-o*035Emb; (E > 60 MeV), ( 4 )  

where E i s  t h e  bombarding energy f o r  4 ~ e  i n  t h e  

l a b o r a t o r y  system. 

I n  terms of L i  nuc l eosyn thes i s  t h e s e  r e s u l t s  

r e i n f o r c e  t h e  previous  conc lus ion  t h a t  beyond 4 ~ e  

e n e r g i e s  of about  250 MeV, t h e  a  + a  r e a c t i o n  does no t  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  6 ~ i  and 7 ~ i  syn thes i s . l b2  

F u r t h e r ,  t h e  e x c i t a t i o n  f u n c t i o n s  of Fig. 2 demonst ra te  

t h a t  any non-thermal mechanism which employs 

conven t iona l  H/H~/CNO abundances cannot  reproduce  t he  

7 ~ i / 6 ~ i  abundance r a t i o  of 12.6. The excep t ion  t o  t h i s  

would be a  monoenergetic f l u x  spectrum wi th  a  ve ry  

narrow energy window ( 6  1 MeV) nea r  t h e  a  + a  

t h r e ~ h o l d . ~  

These measurements a l s o  p rov ide  e l a s t i c  s c a t t e r i n g  

d i f f e r e n t i a l  c r o s s  s e c t i o n  d a t a  f o r  t h e  a  + a  system. 

These d a t a  have been f i t  wi th  a  nine-parameter o p t i c a l  

F i r u r e  2. E x c i t a t i o n  f u n c t i o n s  f o r  A = 6 and 7  model which, i n  a d d i t i o n  t o  s t anda rd  r e a l  and imaginary - 
produc t ion  i n  t h e  a  + a  r e a c t i o n .  Symbols a r e  a s  
fo l lows:  A - 7 ~ i ;  A - 7 ~ e ;  o  - cr(a,2p); - a (a ,d ) ;  p a r t s ,  i n c l u d e s  a  second r e a l  p a r t  (V2) t o  a l l ow  more 
x  - a(a ,pn) ,  and - t o t a l  A = 6. Dashed l i n e s  a r e  
Eqs. ( 1 ) - ( 4 ) ,  r e s p e c t i v e l y .  S o l i d  l i n e s  a r e  t o  gu ide  f l e x i b i l i t y  i n  t h e  shape of t h e  p ~ t e n t i a l . ~  These 
t h e  eye. 



parameters  a r e  l i s t e d  i n  Table X I ,  where they a r e  

compared w i th  parameters  der ived  i n  Ref. 5 f o r  

158.2-MeV a + a e l a s t i c  s c a t t e r i n g .  Given t h e  lower 

s t a t i s t i c a l  q u a l i t y  of t h e  p r e sen t  r e s u l t s  and t h e  

absence  of d a t a  between center-of-mass ang l e s  

70 t o  90 degrees ,  t h e  va lues  

a r e  i n  good agreement, except  f o r  t h e  i nc rea sed  

magnitude of t h e  imaginary p o t e n t i a l  a t  198.4 MeV. A 

chi-squared va lue  of  2.0 pe r  po in t  was ob t a ined  f o r  t he  

b e s t  f i t .  

Also t a b u l a t e d  i n  Table I1 a r e  t h e  va lues  of t h e  

volume i n t e g r a l s  f o r  t he  r e a l  and imaginary p o t e n t i a l s .  

Based on Ref. 5, i t  was sugges ted  t h a t  both  volume 

i n t e g r a l s  e x h i b i t e d  a l i n e a r  dependence on  bombarding 

energy,  t h e  r e a l  i n t e g r a l  dec rea s ing  and t h e  imaginary 

i n t e g r a l  i n c r e a s i n g  w i th  energy.  The p re sen t  r e s u l t s  

a r e  more c o n s i s t e n t  w i th  a r e a l  volume i n t e g r a l  t h a t  is  

c o n s t a n t  i n  t h e  range  of J R / 4 ~  = 420-fm3 over  t he  

l a b o r a t o r y  energy range  from 100 t o  200 MeV. I n  

c o n t r a s t  , t h e  imaginary volume i n t e g r a l  ob t a ined  a t  

198.4 MeV suppor t s  a cont inued l i n e a r  i n c r e a s e  w i th  

energy f o r  t h i s  q u a n t i t y  w i th  a s l o p e  of "1.7 + 0.2 

~ e ~ - f m ~ / ~ e ~ .  This  s l o p e  is somewhat l a r g e r  than  t he  

va lue  of 1.2 + 0.2 ~ e ~ - f m ~ / ~ e ~  quoted  i n  Ref. 5 and 

1.3 + 0.7 i n  Ref. 6. 

Table  I1 

Optical-model paramters  used t o  f i t  a + a e l a s t i c  s c a t t e r i n g  d a t a  compared 

w i t h  va lues  f o r  158.2 Mev, as quoted i n  Ref. 5. P o t e n t i a l s  V and W a r e  i n  MeV 

and h a l f - r a d i i  r and d i f f e r e n c e  parameters  a a r e  i n  fm. 
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