
Ioo0' 7 ~ i ( ~ , a - )  B (2.32 MeV) 
t h e  (p,n-) r e a c t i o n ,  but  t h e  r e s u l t s  sugges t  t h a t  

i n t e rmed ia t e  A format ion  may not  play a  dominant r o l e  

i n  t h e  7 ~ i ( p ,  X-)*B r e a c t i o n  a t  t he se  ene rg i e s ,  which 

a r e  f a r  below t h e  i soba r  resonance.  
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4)  R.D. Bent, J.S. Conte and M. D i l l i g ,  t h i s  r e p o r t  
p. 30. 

5 )  P.W.F Alons, R.D. Bent, J .S.  Conte, M. D i l l i g ,  
and E.R. S i c i l i a n o ,  t h i s  r e p o r t  p. 37. 

F igure  7. Ca l cu l a t ed  d i f f e r e n t i a l  c r o s s  s e c t i o n s  
and ana lyz ing  powers assuming admixtures of two 
con f igu ra t i ons  ( s o l i d  curves)  and only t h e  
dominant con f igu ra t i on  (dashed curves  ) f o r  
' ~ ( 2 . 3 2  MeV). The d a t a  were taken a t  IUCF i n  
1984. 
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I n  t h e i r  1979 review a r t i c l e 1  on t h e  ( p , ~ )  r e a c t i o n ,  we have begun t o  i n v e s t i g a t e  t h e  s e n s i t i v i t y  

r e a c t i o n ,  Measday and M i l l e r  s t a t e d  t h a t :  "The use  of of our two-nucleon model2 (p ,x )  c a l c u l a t i o n s  t o  d e t a i l s  

t h e  (p ,x )  r e a c t i o n  t o  provide  c o n s t r a i n t s  on t h e  of t h e  pion-nucleus o p t i c a l  p o t e n t i a l .  

pion-nucleus o p t i c a l  p o t e n t i a l  may become i t s  most A c h a r a c t e r i s  t i c  f e a t u r e  of t h e  A(p, x)A+1 r e a c t i o n  

ou t s t and ing  c o n t r i b u t i o n  t o  knowledge of meson-nucleus is t h e  l a r g e  momentum t r a n s f e r  t o  t h e  nucleus ,  which is 

dynamics". To exp lo re  t h i s  p o s s i b l e  use  of t he  (p ,x)  more than  twice t h e  f e rmi  momentum of nucleons.  I n  a  



s imple  p i o n i c  s t r i p p i n g  model, t h i s  momentum i s  c a r r i e d  

i n t o  t h e  nuleus  by a  s i n g l e  neu t ron ,  and t h e  c r o s s  

s e c t i o n  p rov ide s  a  d i r e c t  measure of t h e  h igh  momentum 

t a i l  of t h e  bound s t a t e  wave f u n c t i o n  of t h e  cap tu r ed  

neut ron .  I n  t h e  DWBA s t r i p p i n g  model, momentum i s  a l s o  

t r a n s f e r r e d  t o  t h e  nucleus  v i a  i n i t i a l  and f i n a l  s t a t e  

i n t e r a c t i o n s  of t h e  i n c i d e n t  p ro ton  and outgoing  p ion ,  

r e s p e c t i v e l y .  This  reduces  t h e  s e n s i t i v i t y  of t he  

c a l c u l a t i o n s  t o  h igh  momentum components of t he  bound 

s t a t e  wave f u n c t i o n s  wh i l e  i n t r o d u c i n g  a  s e n s i t i v i t y  t o  

d e t a i l s  of t h e  pro ton  and p ion  n u c l e a r  o p t i c a l  

p o t e n t i a l s .  It has  been found t h a t  DWBA ( p , n )  

c a l c u l a t i o n s  a r e  ex t remely  s e n s i t i v e  t o  p ion  

d i s t o r t i o n s ,  which p lay  a  dominant r o l e  i n  t h e  

p roduc t i on  process .  

I n  t h e  two-nucleon model of pion p roduc t i on  t h e  

bulk  of t h e  momentum s h a r i n g  is i nco rpo ra t ed  

mic ro scop i ca l l y ,  bu t  h ighe r  o rde r  r e s c a t t e r i n g  e f f e c t s  

s t i l l  must be i nc luded  and t h e  c a l c u l a t i o n s  remain 

s e n s i t i v e  t o  d e t a i l s  of t h e  p ion  o p t i c a l  p o t e n t i a l .  

The ( p , n )  c a l c u l a t i o n s  r e q u i r e  knowledge of t h e  p ion  

wave f u n c t i o n  i n  t h e  nuc l ea r  i n t e r i o r ,  and hence may be 

a b l e  t o  provide  new in fo rma t ion  about  meson-nucleus 

dynamics i n  a  r eg ion  not  probed by pion e l a s t i c  

s c a t t e r i n g .  The problem is compl ica ted  by t h e  f a c t  

t h a t  t h e r e  is some ove r l ap  between t h e  p ion  

r e s c a t t e r i n g  i nco rpo ra t ed  i n  t h e  b a s i c  two-nucleon 

i n t e r a c t i o n  o p e r a t o r  and t h e  r e s c a t  t e r i n g  i nc luded  v i a  

d i s t o r t i o n s  of t h e  outgoing  p ion  c a l c u l a t e d  i n  an  

o p t i c a l  p o t e n t i a l .  One should  e i t h e r  c o r r e c t  f o r  t h i s  

o r  show t h a t  t h e s e  double counted p a r t s  a r e  sma l l .  

At e n e r g i e s  near  t h e  p ion  p roduc t i on  t h r e s h o l d ,  

t h e  (p ,n )  r e a c t i o n  mechanism can be ~ o m ~ l i c a t e d . ~  I n  

c o n t r a s t  t o  e n e r g i e s  i n  t h e  33-resonance r eg ion  where 

t h e  A-isobar dominates t h e  nuc l ea r  dynamics, a t  low 

e n e r g i e s  t h e r e  is  no c l e a r l y  ou t s t and ing  agency i n  t h e  

r e a c t i o n  mechanism; both s-wave and non-resonant p-wave 

r e s c a t t e r i n g  can be impor t an t ,  and t h e r e  is evidence3  

f o r  very l i g h t  n u c l e i  t h a t  both t h e  one-nucleon and 

two-nucleon mechanisms a r e  impor tan t  i n  t h e  (p,n+) 

r e a c t i o n .  I n  a d d i t i o n  t o  t h e  r e a c t i o n  mechnanism 

complex i t i e s  , t h e  ( p ,  n) r e a c t  i o n  i s  s e n s i t i v e  t o  t h e  

bound s t a t e  nuc l ea r  wave  function^.^ So, i n  g e n e r a l ,  

t h e r e  a r e  l o t s  of unknowns. 

C l e a r l y ,  t h e  r e a c t i o n  dynamics and n u c l e a r  

s t r u c t u r e  must be pinned down i f  one is t o  l e a r n  

any th ing  about  t h e  pion-nucleus o p t i c a l  p o t e n t i a l  from 

t h e  ( p , n )  r e a c t i o n .  We need a  c a se  f o r  which t h e  

r e a c t i o n  mechanism is s imple  and t h e  nuc l ea r  wave 

f u n c t i o n s  a r e  r e l a t i v e l y  pure.  The (p,x-) r e a c t i o n  is 

s imp le r  t han  (p  , n+) because t h i s  double-charge-exchange 

p roce s s  must i nvo lve  two nucleons  and hence t h e r e  is no 

one-nucleon ( s t r i p p i n g )  c o n t r i b u t i o n  t o  worry about .  

Experiments a t  I U C F ~  have shown t h a t  t h e  1 4 ~ ( p , n - ) 1 5 ~  

r e a c t i o n  a t  183 MeV bombarding energy popu l a t e s  

s t r o n g l y  t h e  7/2+ s t a t e  a t  7.3 MeV e x c i t a t i o n  energy i n  

150. S h e l l  model c a l c u l a t i o n s  made w i th  t h e  code 

OX BASH^ g i v e  t h a t  t h e  14C ground s t a t e  and t h e  150 7/2+ 

s t a t e  c o n f i g u r a t i o n s  a r e  - 90% pure.  P r e l im ina ry  

a p p l i c a t i o n s  of our microscopic  model t o  t h i s  r e a c t i o n  

have shown t h a t  t h e  s t r o n g  1 4 ~ ( p , n ) 1 5 0  (7.3 MeV, 7/2+) 

t r a n s i t i o n  is reasonably  w e l l  de sc r i bed  by a  s imple  

two-nucleon r e a c t i o n  mechanism invo lv ing  i n t e r m e d i a t e  A 

f o rma t ion  and pure  i n i t i a l  and f i n a l  s t a t e  

c o n f i g u r a t i o n s  .7 Thus, t h i s  appears  t o  be a  f a v o r a b l e  

c a se  f o r  e x p l o r i n g  t h e  s e n s i t i v i t y  of t h e  ( p , n )  

r e a c t i o n  t o  d e t a i l s  of t h e  pion-nucleus o p t i c a l  

p o t e n t i a l .  

To i l l u s t r a t e  t h e  degree  t o  which our  two-nucleon 

model c a l c u l a t i o n s  a r e  s e n s i t i v e  t o  p ion  d i s t o r t i o n s ,  

we show t h e  r e s u l t s  of t h r e e  p r e l im ina ry  c a l c u l a t i o n s  

i n  F ig .  1. Curve ( a )  was c a l c u l a t e d  w i th  p ion  
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Fin .  1. Ca l cu l a t  
ana lyz ing  powers 
t r a n s i t i o n  a t  T, 

:ed d i f f e r e n t i a l  c r o s s  s e c t i o n s  and 
f o r  t h e  14~(p,n-)150(7.3 MeV, 712') 
= 183 MeV. The c a l c u l a t i o n s  were made 

w i th  p ion  d i s t o g t e d  waves de r i ved  from t h r e e  d i f f e r e n t  
pion-nucleus o p t i c a l  p o t e n t i a l s  ( s e e  t e x t )  t o  
i l l u s t r a t e  t h e  s e n s i t i v i t y  of t h e  ( p , ~ )  r e a c t i o n  t o  
d e t a i l s  of t h e  p o t e n t i a l .  The d a t a  a r e  from Ref. 5. 

d i s t o r t e d  waves de r i ved  from a  r e a l i s t i c  p ion  nuc l eus  

o p t i c a l  p o t e n t i a l  t h a t  i nc ludes  P a u l i  b locking ,  Skyrme 

I11 d e n s i t i e s  and second o r d e r  i s o s c a l a r  and i s o v e c t o r  

parameters  ob t a ined  from a  complete,  phenomenological ,  

energy dependent a n a l y s i s  of p ion  nuc l eus  e l a s t i c  and 

s ingle-charge  exchange da t a .  The f i r s  t -order  

parameters  were c a l c u l a t e d  from t h e  FP85 pion-nucleon 

phase s h i f t s  .9 Thi s  p o t e n t i a l ,  i n  which t h e  

parameters  have a  w e l l  e s t a b l i s h e d  energy dependence, 

g i v e s  e x c e l l e n t  f i t s  t o  n+ and x' e l a s t i c  d a t a  f o r  

e n e r g i e s  between 0  and 80 M ~ v ) . ~  Curve ( b )  was 

c a l c u l a t e d  u s ing  t h e  MSU pion  o p t i c a l  w i th  

parameter  s e t  C of Table I V  i n  r e f .  10. Th i s  p o t e n t i a l  

has  t h e  same s t r u c t u r e  a s  t h a t  used f o r  curve  ( a )  bu t  

d i f f e r e n t  f i r s t  and second o r d e r  parameters .  Th i s  

p o t e n t i a l  a l s o  produces a  r e a sonab l e  f i t  t o  p ion  

e l a s t i c  da ta .  Curve ( c )  shows what happens when a  

3  9 

badly behaved p ion  wave f u n c t i o n  is used. For t h i s  

c a se ,  a  K i s s l i n g e r  p o t e n t i a l  was employed wi th  

parameters  de termined  from a  f i t  t o  n+ and n - e l a s t i c  

d a t a  a t  40 MeV. I n  s p i t e  of t h e  " e f f e c t i v e "  parameters  

used,  t h i s  p o t e n t i a l  s t i l l  s u f f e r s  from t h e  w e l l  known 

K i s s l i n g e r  d i s e a s e . l l  

As is s een  from Fig .  2, t h e  t h r e e  p o t e n t i a l s  used  

f o r  t h e  ( p , n )  c a l c u l a t i o n s  shown i n  F ig .  1 g i v e  s i m i l a r  

r e s u l t s  f o r  n- e l a s t i c  s c a t t e r i n g .  With r ega rd  t o  t h e  

d i f f e r e n c e s  s een  i n  F ig .  2, p o t e n t i a l s  ( a )  and ( c )  a r e  

both  best f i t  p o t e n t i a l s  a t  40 MeV; but  whereas t h e  

energy  dependence of p o t e n t i a l  ( a )  has  been w e l l  

e ~ t a b l i s h e d , ~  f o r  p o t e n t i a l  ( c )  i t  is unknown and t h e  

40 MeV parameters  were used a t  37.48 MeV. P o t e n t i a l s  

( a )  and (b )  have t h e  same mathemat ica l  s t r u c t u r e  but  

d i f f e r e n t  f i r s t  and second o r d e r  parameters .  The 

( p , ~ )  c a l c u l a t i o n s  do not  seem t o  be more s e n s i t i v e  t o  

t h e s e  d i f f e r e n c e s  t han  t h e  p ion  e l a s  t i c  c a l c u l a t i o n s .  

I n  c o n t r a s t ,  t h e  (p ,  n )  c a l c u l a t i o n s  wi th  p o t e n t i a l  ( c )  

a r e  n o t i c e a b l y  d i f f e r e n t  from t h e  o t h e r  two ca se s ,  

whereas t h e  e l a s t i c  s c a t t e r i n g  c a l c u l a t i o n s  a r e  not .  

15 
0(7r-,,-) 

T, =37.48 MeV 

8 
Fig .  2. C a l c u l a t e d  p ion  e l a s t i c  d i f f e r e n t i a l  c r o s s  
s e c t i o n s  u s i n g  t h e  same pion nuc l eus  o p t i c a l  p o t e n t i a l s  
a s  i n  F igu re  1. 



This  shows t h a t  t h e  ( p , n )  r e a c t i o n  can d i s t i n g u i s h  

between mathemat ica l ly  d i s s i m i l a r  o p t i c a l  p o t e n t i a l s  

t h a t  g ive  t h e  same e l a s t i c  s c a t t e r i n g .  Thus, t h e  ( p , ~ )  

r e a c t i o n  may provide  u s e f u l  c o n s t r a i n t s  on t h e  pion 

nucleus  o p t i c a l  p o t e n t i a l  beyond t hose  provided  by pion 

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

We emphasize t h e  p r e l im ina ry  na tu r e  of t h e s e  

r e s u l t s .  More d e t a i l e d  s t u d i e s ,  which w i l l  i nc lude  an  

i n v e s t i g a t i o n  of r e l a t i v i s t i c  e f f e c t s  i n  t h e  i n c i d e n t  

pro ton  channel ,  a r e  i n  p rog re s s .  
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EXPLORATION OF ( p , n O )  AS A  WAY OF STUDYING PIONIC ATOMS 

S.M. Aziz,  A.D. Bacher,  L.C. Bland, J. Breeden, Q. Chen, G.T. Emery, C.C. F o s t e r ,  B. Raue, and J. Templon 
Ind i ana  U n i v e r s i t y  Cyclo t ron  F a c i l i t y ,  Bloomington, I nd i ana  47405 

The 1 s  l e v e l  of p i o n i c  atoms i s  not known f o r  The c r o s s  s e c t i o n  can be e s t ima t ed  from t h e  f r e e  c r o s s  

e lements  beyond aluminum. I n  conven t i ona l  s t u d i e s  of s e c t i o n  above t h r e s h o l d  and t h e  p r o p e r t i e s  of p i o n i c  

p i o n i c  atoms t h e  p ion  i s  c ap tu r ed  i n t o  an  o u t e r  a tomic  at0ms.l  Th i s  i s  an  example of a  t h r e s h o l d  phenomenon 

l e v e l  and cascades  down. But a l r e a d y  f o r  Z about t e n  w i th  an  a t t r a c t i v e  Coulomb f i e l d . 2  Some r e l a t e d  

a b s o r p t i o n  from t h e  2p l e v e l  i s  a p p r e c i a b l e ,  and it p o s s i b i l i t i e s  have been d i s cus sed  by ~ i l i a n . ~  

i n c r e a s e s  r a p i d l y  w i th  Z. No r e s u l t s  a r e  a v a i l a b l e  f o r  De t ec t i on  of t h e  p i o n i c  atom resonance  is  t h e  

Z g r e a t e r  t han  12. One would l i k e  t o  know t h e  s t r ong -  primary d i f f i c u l t y .  The dominant decay mode i s  

i n t e r a c t i o n  s h i f t s  and widths  i n  t h e  I s  s t a t e s  f o r  presumably by emiss ion  of two f a i r l y  f a s t  nuc leons  o r  

l a r g e r  Z. c l u s t e r s ,  fo l lowed by evapo ra t i on ,  and is d i f f i c u l t  t o  

I t  is p o s s i b l e  t o  make p i o n i c  atoms i n  a  d i f f e r e n t  p u l l  ou t  of t h e  g e n e r a l  background of proton-induced 

way, a s  en t  rance-channel  resonances  i n  proton-nucleus r e a c t i o n s  a t  t h e  nece s sa ry  pro ton  e n e r g i e s  of about  140 

c o l l i s i o n s .  At an  a p p r o p r i a t e  energy below t h e  MeV. Some i n i t i a l  a t t emp t s  made i n  t h i s  l a b  have not  

t h r e s h o l d  f o r  making f r e e  nega t i ve  p ions  i n  a  (p,n-)  been encouraging.4 For l i g h t  t a r g e t s  t h e  resonance  may 

r e a c t i o n ,  t h e  p ion  can be c r e a t e d  i n  an  a tomic  l e v e l .  be s een  i n  pro ton  e l a s t i c  s c a t t e r i n g  a t  backward 




