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I. INTRODUCTION 

T h i s  r e p o r t  summarizes t h e  work c a r r i e d  o u t  by The 

U n i v e r s i t y .  of Texas a t  A u s t i n  a t  t h e  Los Alamos C l i n t o n  P. 

Anderson Meson P h y s i c s  F a c i l i t y  (LAMPF) d u r i n g  t h e  p e r i o d  1  A p r i l  

1979 t o  31 March 1980, under  c o n t r a c t  DE-ASU5-76EK05224 between 

The U n i v e r s i t y  of Texas a t  A u s t i n  and t h e  Uni ted  S t a t e s  

Department of Energy. 

One of our  f a c u l t y  members was on s i t e  a t  LAMPF d u r i n g  e a c h  

o f  t h e  s p r i n g  and f a l l  s e m e s t e r s ,  and bo th  were on s i t e  d u r i n g  

t h e  summer p e r i o d .  Seven g r a d u a t e  s t u d e n t s  were  a s s o c i a t e d  w i t h  

t h e  program, most b e i n g  i n  r e s i d e n c e  a t  LAMPF t h e  e n t i r e  yea r .  

One t e c h n i c a l  s u p p o r t  pe r son  was a l s o  on s i t e  d u r i n g  most of t h i s  

p e r i o d .  

T h e  r e s e a r c h  a c t i v i t i e s  involved exper iments  done w i t h  t h e  

E n e r g e t i c  P ion  Channel and Spec t romete r  (EPICS) and t h e  E x t e r n a l  

P r o t o n  Beam (EPB). H i g h l i g h t s  of  t h i s  r e s e a r c h  a r e  i n c l u d e d  i n  

t h i s  r e p o r t .  

The r e s e a r c h  c i t e d  i n  t h i s  r e p o r t  i s ,  i n  many c a s e s ,  t h e  

c o l l a b o r a t i v e  e f f o r t  of many g roups  a s s o c i a t e d  w i t h  r e s e a r c h  a t  

LAMPF . C o l l a b o r a t i o n  w i t h  LASL, Northwestern ,  Colorado,  



V i r g i n i a ,  Minneso ta ,  New Mexico S t a t e ,  and  F l o r i d a  A  & M i s  

acknowledged.  

Two PhD's were  g r a n t e d  by The U n i v e r s i t y  of Texas  a t  A u s t i n  

d u r i n g  t h i s  c o n t r a c t  p e r i o d  based  on e x p e r i m e n t a l  r e s e a r c h  d o n e  

a t  LAMPF, b r i n g i n g  t h e  t o t a l  number of  PhD's g r a n t e d  t o  Texas  

s t u d e n t s  i n  medium e n e r g y  p h y s i c s  t o  f i v e .  D r .  R i c h a r d  J. J o s e p h  

i s  p r e s e n t l y  a n  a s s i s t a n t  p r o f e s s o r  a t  t h e  A i r  F o r c e  Academy i n  

Co lo rado  S p r i n g s  and D r .  David B. Holtkamp i s  a  pos t -doc  w i t h  t h e  

Minneso ta  g r o u p '  h e r e  a t  LAEIPF. 
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A Pion  Double Charge Exchange (-Te-xas-,-NMSU,-and--LAW 
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Pion  Double Charge Exchange (DCX) f i r s t  e x c i t e d  i n t e r e s t  i n  

t h e  e a r l y  1960's, s i n c e  which t ime  i t  h a s  i n s p i r e d  c o n s i d e r a b l e  

t h e o r e t i c a l  e f f o r t  1'6 P i o n s  comprise  a n  i s o b a r i c  t r i p l e t  

(TZ = -1,0,+1) and,  t h e r e f o r e ,  can  e x c i t e  Double I s o b a r i c  Analog 

s t a t e s  . (DIAS). I n  a  s i m p l e  example of a  d o u b l e  i s o b a r i c  a n a l o g  

t r a n s i t i o n ,  ''0 (IT+, m-) ' ~ e ,  t h e  p i o n  undergoes  a  doub le  c h a r g e  

exchange w i t h  t h e  two v a l e n c e  n e u t r o n s  o u t s i d e  t h e  c l o s e d  n u c l e a r  

c o r e .  I n  f i r s t  o r d e r ,  DCX p roceeds  by a  s i m p l e  two-step 

mechanism whereby t h e  v a l e n c e  n e u t r o n s  would undergo s e q u e n t i a l  

c h a r g e  exchange passing th rough  a n  i n t e r m e d i a t e  I s o b a r i c  Analog 

S t a t e  w i t h  l i t t l e  o r  no i n t r u s i o n  on t h e  p a r t  of t h e  c l o s e d  core .  

I n  thCs  model of DCX, t h e  c r o s s - s e c t i o n  i s  p a r t i c u l a r l y  s e n s i t i v e  

t o  c o r r e l a t i o n s  between t h e  v a l e n c e  nuc leons .  Some c a l c u l a t i o n s  

have i n d i c a t e d  t h e  p r o c e s s  t o  b e  more compl ica ted  and s t r o n g l y  

dependent  on d e t a i l s  of  t h e  n u c l e a r  s t r u c t u r e ,  t h e  n u c l e a r  

s u r f a c e ,  and t h e  r e a c t i o n  mechanism. 4 9  6 9  79 
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The t a r g e t s ,  16,180,  were chosen f o r  s t u d y  i n  l i g h t  of 

e x t e n s i v e  t h e o r e t i c a l  and e x p e r i m e n t a l  DCX t r e a t m e n t s  p r e v i o u s l y  

made w i t h  them. The n u c l e u s  180 i s  a  p a r t i c u l a r l y  i n t e r e s t i n g  

t a r g e t  because  t h e  (n+, n') r e a c t i o n  l e a d s  t o  a  d o u b l e  i s o b a r i c  

a n a l o g  s t a t e  i n  t h e  ground s t a t e  of 1 8 ~ e .  Comparison w i t h  DCX on 

t h e  c l o s e d  s h e l l  n u c l e u s ,  160, shou ld  o f f e r  some i n s i g h t  i n t o  t h e  

r e l a t i v e  s t r e n g t h s  of  i s o b a r i c  a n a l o g  v e r s u s  n o n - i s o b a r i c  a n a l o g  

t r a n s i t i o n s .  Another p a i r  of  t a r g e t s ,  2 4 *  2 6 ~ g ,  were chosen 

l i k e w i s e  because  of t h e  p o s s i b l e  DIAS t r a n s i t i o n  i n  2 6 ~ g  and i t s  

n o n e x i s t e n c e  i n  2 4 ~ g .  S y s t e m a t i c  e f f e c t s  i n  t h e  DCX r e a c t i o n  may , 

b e  looked f o r  when t h e  Oxygen p a i r  i s  compared t o  t h e  Magnesium 

p a i r .  

Throughout t h e  1960 's ,  a t t e m p t s  were  made t o  i s o l a t e  
% .  

two-body f i n a l  s t a t e s  formed i n  t h e  DCX r e a c t i ~ n . ~ , ~ ~ , ~ ~  The 

l i m i t e d  c a p a b i l i t i e s ,  n o t a b l y  poor  r e s o l u t i o n  and low p i o n  f l u x ,  

of  t h e  e x i s t i n g  e x p e r i m e n t a l  f a c i l i t i e s  o b l i t e r a t e d  any s t r u c t u r e  

i n  t h e  d a t a  and on ly  upper  l i m i t s  were  e s t a b l i s h e d  on DCX 

c r o s s - s e c t i o n s  f o r  a  few n u c l e i .  I n  r e c e n t  y e a r s  exper iments  

performed a t  LAMPF, SIN, and TRIUMF obse rved  t h e s e  e l u s i v e  

t r a n s i t i o n s ,  b u t  c o n t i n u e d  poor  r e s o l u t i o n  p r e v e n t e d  a n  

unambiguous i d e n t i f i c a t i o n  of t h e s e  much s o u g h t - a f t e r  f i n a l  

s t a t e s .  



During t h e  summer of  1979, a  Texas - New Mexico - LASL 

c o l l a b o r a t i o n  r e d e s i g n e d  EPICS t o  a l l o w  measurements of (a+,  a-) 

s c a t t e r i n g  a t  f a r  forward a n g l e s  (5O-35O i n  t h e  l a b ) .  A c i r c u l a r  

bending magnet p o s i t i o n e d  a f t e r  t h e  s c a t t e r i n g  t a r g e t  s e l e c t e d  

p i o n s  w i t h  a n  o p p o s i t e  p o l a r i t y  from t h a t  of t h e  i n c i d e n t  p i o n  

beam. T h i s  magnet e l i m i n a t e d  most of t h e  p a r t i c l e s  w i t h  t h e  

wrong s i g n  of c h a r g e ,  t remendously  r e d u c i n g  c o u n t i n g  r a t e s  i n  t h e  

s p e c t r o m e t e r ' s  e n t r a n c e  d r i f t  chamber. The s c a t t e r i n g  chanber  

was r e d e s i g n e d  t o  e n a b l e  vacuum c o u p l i n g  between t h e  t a r g e t  and 

t h e  s p e c t r o m e t e r ,  r e s u l t i n g  i n  a  s u b s t a n t i a l  improvement i n  

r e s o l u t i o n  (6150 keV). 

The exper iment  measured t h e  energy  e x c i t a t i o n  f u n c t i o n  of 

t h e  f o u r  n u c l e i ,  - 16'180 and 2 4 9 2 6 ~ g ,  a t  5' and a  r ange  of p i o n  

e n e r g i e s  e x t e n d i n g  from -80 t o  -300 MeV. , Angular d i s t r i b u t i o n s  

were t a k e n  u s i n g  180 a t  164 MeV and 292 MeV, and u s i n g  2%lg a t  

0 292 M e V  f o r  5O < O < 35 . The l a r g e r - a n g l e  180 d a t a  t a k e n  st 

164 MeV a r e  i n  agreement w i t h  a  p r e v i o u s  measurement made by 

K. K. S e t h ,  l 2  which was t a k e n  w i t h  t h e  EPICS s p e c t r o m e t e r  

o p e r a t i n g  i n  i t s  o r d i n a r y  mode. 

Peaks were  observed f o r  b o t h  t h e  d o u b l e  i s o b a r i c  a n a l o g  

s t a t e  ( g . s . , ~ + )  and t h e  f i r s t  e x c i t e d  s t a t e  (1.88 MeV, 2+) i n  

181ie ( F i g u r e  1 ) .  F i g u r e  2  i s  a n  a n g u l a r  d i s t r i b u t i o n  f o r  



180(n+,n') 18Ne (g.s. ,  DIAS) a t  a n  i n c i d e n t  p i o n  energy  of 164 MeV 

'and 291 MeV. F i g u r e  3  i s  an e x c i t a t i o n  f u n c t i o n  f o r  b o t h  

1 8 0 ( n + , n - ) 1 8 ~ e  (g .s . )  and 160(n+,n-) 16Ne ( g a s . ) ,  a t  Olab = 5'. 

The e x c i t a t i o n  f u n c t i o n  f o r  180 r i s e s  t o  a  l o c a l  maximum around 

120 MeV and e x h i b i t s  a  minimum i n  t h e  v i c i n i t y  of t h e  ( 3 , 3 )  

resonance.  Th is  is  t h e  f i r s t  e x c i t a t i o n - f u n c t i o n  measurement of 

DCX a c r o s s  t h e  ( 3 , 3 )  n-nucleon resonance.  The e x c i t a t i o n  

f u n c t i o n  f o r  160 has  a  d r a m a t i c a l l y  d i f f e r e n t  behav ior  from, t h a t  

of 180 i n  t h a t  i t  c o n t i n u e s  t o  f a l l  a s  t h e  i n c i d e n t  p i o n  energy 

i s  i n c r e a s e d  beyond resonance.  

~ 0 h n s o . n ~ ~  c a l c u l a t e s  t h a t  i n  t h e  r e g i o n  of t h e  . ( 3 , 3 )  

resonance ,  a n g u l a r  d i s t r i b u t i o n s  of DCX t r a n s i t i o n s  i n v o l v i n g  

double  i s o b a r i c  ana log  s t a t e s  a r e  s e n s i t i v e  t o  d i f f e r e n c e s  i n  t h e  

n e u t r o n  and p ro ton  compos i t ions  of t h e  n u c l e a r  s u r f a c e .  The 

a n g u l a r  d i s t r i b u t i o n s  s h o u l d  appear  d i f f r a c t i v e  i n  n a t u r e  
- 

r.harar.teri.zed hy a nur,l.sar r ad i l l s  R. marking t h e  10-20% dcansity 

p o i n t  and g i v i n g  a  z e r o  i n .  J o ( q r ) ,  where q i s  t h e  momentum 

t r a n s f e r .  A s  s e e n  by s e t h 1 2  a t  164 MeV, t h e  minimum i n  t h e  180 

a n g u l a r  d i s t r i b u t i o n  a t  164 MeV i s  l o c a t e d  a t  t o o  s m a l l  an  a n g l e  

(20~-25O) t o  reproduce t h e  accep ted  s t r o n g  a b s o r p t i o n  r a d i u s  - 

i t  would be f a r  t o o  l a r g e .  However, t h e  180 a n g u l a r  d i s t r i b u t i o n  

a t  292 MeV ( s e e  F i g u r e  2 ) ,  w i t h  a  minimum s l i g h t l y  g r e a t e r  i n  

a n g l e  t h a n  ' a t  164 MeV, i s  c o n s i s t e n t  w i t h  t h e  d i f f r a c t i ~ r e  
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behav io r  of a n u c l e u s  t h e  s i z e  of 180. These  d a t a  s u g g e s t  t h e  

doub le  i s o b a r i c  a n a l o g  t r a n s i t i o n  i s  more dominant a t  292 MeV 

t h a n  a t  164 MeV. 

A c o i n c i d i n g  s t u d y  conducted on t h e  p a i r  2 4 9 2 6 ~ g  ( F i g u r e s  4  

and 5) shows s t r i k i n g  s i m i l a r i t i e s  t o  16' 180, t h e  o n l y  immediate 

d i f f e r e n c e  b e i n g  t h e  r e l a t i v e  magni tudes  of  t h e  e x c i t a t i o n  

f u n c t i o n s .  ~s i n  t h e  180 d a t a ,  t h e  292 MeV a n g u l a r  d i s t r i b u t i o n  

o f  2 6 ~ g ,  w i t h  a minimum around 28O, is  c o n s i s t e n t  w i t h  t h e  

expec ted  n u c l e a r  s i z e .  

I n  summary, t r a n s i t i o n s  t o  t h e  Double I s o b a r i c  Analog S t a t e  

(DIAS) a p p e a r  t o  dominate t h e  r e a c t i o n  mechanism a t  i n c i d e n t  p ion  

e n e r g i e s  s u b s t a n t i a l l y  above t h e  ( 3 , 3 )  resonance ,  e.g. 291 MeV. 

T h i s  c o n c l u s i o n  r e s t s  on two b o d i e s  of d a t a :  (1) I n  Oxygen and 

Magnesium a t  so, t h e  c r o s s  s e c t i o n  f o r  a  t r a n s i t i o n  t o  a DUS i s  

20 t o  100 t i m e s  s t r o n g e r  t h a n  t h e  non-analog t r a n s i t i o n s ,  and ( 2 )  

Near 291 MeV, a n g u l a r  d i s t r i b u t i o n s  from t a r g e t s  o f  180 and 2614g 

a r e  each c o n s i s t e n t  w i t h  a  s i m p l e  d i f f r a c t i o n  s h a p e  u s i n g  

a p p r o p r i a t e  s t r o n g  a b s o r p t i o n  r a d i i .  



EXCITATION ENERGY (MeV) 
10 F i o u r e  1.  ?le s n e c t r a  showing t h e  Double 1sobari.C l n a l o g  s t a t ?  (g .  s: 3') and t h e  f i r s t  e x c i t e d  

s t a t e  (1.88 MeV Zt). 



Figure  2. Angular- d i s t r i b u t i o n  o f  t he  e x c i t a t i o n  f u n c t i o n  f o r  the  
reac t i on ,  180(a+,a-)18~e,  a t  an i n c i d e n t  energy o f  291 and 164 MeV. 
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L B y i s o s p i n  Mixing i n  ' 2 ~  &I.. and 160 
-L 5 

The c o e x i s t e n c e  of two i s o s p i n  e i g e n ~ r a l u e s  d i s c o v e r e d  i n  

a o u b l e t s  of n u c l e a r  s t a t e s  has  b r o u g h t  up t h e  p o s s i b i l i t y  of 

measur ing c h a r g e  dependence i n  t h e  s t r o n g  i n t e r a c t i o n  u s i n g  

s e l e c t e d  n u c l e a r  r e a c t i o n s .  The s i z e  of t h e  o f f - d i a g o n a l ,  c h a r g e  

dependent  m a t r i x  e lement ,  H l O ,  between t h e  two s t a t e s  may n o t  b e  

f u l l y  accoun ted  f o r  by r e s i d u a l  Coulomb i n t e r a c t i o n s .  I n  

p r e v i o u s  work, t h e  o n l y  t h r e e  documented c a s e s  of i s o s p i n  mixing 

between two d i s t i n c t  n u c l e a r  s t a t e s  a r e :  t h e  'a lmost '  maximally 

mixed 2' s t a t e s  i n  8 ~ e  n e a r  16.5 MeV, 14* l 5  t h e  p a r t i a l l y  mixed 1+ 

s t a t e s  i n  12c a t  12.7 and 15.1 M e V ,  16$ 179 l 8  and t h e  2- s t a t e s  i n  

160 around 13  MeV. l 9  

i. 12c (Texas ,  LASL) 

Measured v a l u e s  f o r  t h e  of £ -d iagona l ,  charge-dependent 

m a t r i x  e lements  f o r  12c v a r y  roughly  from 100 keV t o  300 keV. 

C a l c u l a t i o n s  of r e s i d u a l ,  two-body' Coulomb m a t r i x  e lements  

g e n e r a l l y  y i e l d  v a l u e s  l e s s  t h a n  100 keV a l t h o u g h  more r e c e n t  

c a l c u l a t i o n s  by S a t o  and ~ a m i c k ,  2 0  ~ a w s o n ,  21 and ~ a r k e r ~ ~  have 

produced v a l u e s  r a n g i n g  from 60 t o  240 keV. 
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Comparison of n+ t o  n- i n e l a s t i c  s c a t t e r i n g  f o r  p a i r s  of 

i sospin-mixed s t a t e s  i n  s e l f - c o n j u g a t e  n u c l e i  i s  a  new method t o  

measure  i s o s p i n  mixing.  When two n u c l e a r  s t a t e s  a r e  s u f f i c i e n t l y  

c l o s e  i n  energy  s o  t h a e  t h e  two s t a t e  theorem a p p l i e s ,  t h e  

wavefunc t ions  of t h e  two s t a t e s  c a n  b e  w r i t t e n  a s :  

w i t h  a2 + B 2  = 1. The charge  dependent  m a t r i x  e lement  i s  t h e n .  

g i v e n  by: 

w i t h  Eo and E l  b e i n g  t h e  unper tu rbed  e n e r g i e s  of  t h e  T=O and T=l 

s t a t e s ,  r e s p e c t i v e l y .  

Transforming t o  a p a r t i c l e - h o l e  b a s i s ,  t h e  two s t a t e s  

become: - 



Using the  ampli iude r a t i o  of 3: 1 f o r  ~r+ + p  : n- + p  and 

m- + n  : IT+ + n  f o r  pion-nucleon s c a t t e r i n g  on t h e  (3,3)  

resonance, one can o b t a i n  t h e  fol lowing r a t i o s :  

I n  t h e  case  of no i s o s p i n  i m p u r i t i e s  ( e l ,  B=O), t h e  c ross -sec t ion  
C 

r a t i o  f o r  populat ing t h e  T=O s t a t e  [ A >  ve r sus  popula t ing  t h e  T=l 

s t a t e  IB> i s  4:l  wh i l e  t he  "+ t o  ~r- r a t i o s  f o r  each a r e  un i ty .  

P o s i t i v e  and nega t ive  pions a r e  s c a t t e r e d  equa l ly  by e i g e n s t a t e s  

6f i so sp in .  A t  maximal mixing ( a  = B = 1/4T),  I A >  becomes a  pure 

pro ton  s t a t e  and I B >  becomes a  pure neut ron  s t a t e .  A p ro ton  

s t a t e  has  t h r e e  t imes the  amplitude f o r  s c a t t e r i n g  'II' than does a  

neut ron  s t a t e  and the  r eve r se  holds  t r u e  f o r  . A s  a  

consequence, f o r  maximal mixing, t h e  II+ t o  IT- cross-sec t ton  

r a t i o s  become 9 : l  f o r  s c a t t e r i n g  t o  s t a t e  IA> and 1:9 f o r  
- 

s c a t t e r i n g  t o  s t a t e  IB> a s  i n  f r e e  a-nucleon s c a t t e r i n g .  These 
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s i m p l e  c a l c u l a t i o n s  i n d i c a t e  t h e  u s e f u l n e s s  of p i o n s  , a s  a  t o o l  

f o r  d i s c o v e r i n g  i s o s p i n  mixing i n  TZ = 0  n u c l e i .  

+ - 
F i g u r e  6  d e m o n s t r a t e s  a n  and an s p e c t r a  f o r  p i o n  i n e l a s t i c  , 

s c a t t e r i n g  from 12c a t  162 MeV. The most s t r i k i n g  f e a t u r e  of  

p i o n  s c a t t e r i n g  a t  h i g h  momentum t r a n s f e r  is t h e  s t r o n g  

e x c i t a t i o n  of a  g roup  of s t a t e s  n e a r  19.5 MeV. The d i f f e r e n c e  

spec t rum {a(n') - a (n+) ,  i n s e t )  e x h i b i t s  a  s t r o n g  b i p o l a r  peak 
t 

around 19.5 MeV, e x a c t l y  what one would e x p e c t  i n  t h e  c a s e  of 

s t r o n g  i s o s p i n  mixing.  A p r o t o n  s t a t e  p r e s e n t  a t  19.25 M e V  i s  

s e e n  c l e a r l y  o n l y  w i t h  n+ and a  n e u t r o n  s t a t e  a t  19.65 MeV i s  

s e e n  o n l y  w i t h  n'. C o n t r i b u t i o n s  from s t a t e s  of p u r e  i s o s p i n  

s u b t r a c t  t o  z e r o  w i t h i n  s t a t i s t i c a l  e r r o r s .  C a l i b r a t i o n  of t h e  

EPICS sys tem u s i n g  t h e  4- s t a t e s  of  160 a t  17.79, 18.98, and 

19.80 MeV i n s u r e  t h a t  t h e  energy  of t h e  19.25 M e V  s t a t e  i n  12c is 

known t o  2 .05 MeV ( s t a n d a r d  d e v i a t i o n )  and t h a t  t h e  s e p a r a t i o n  

nf t h e  two s t a t e s  i s  known t o  f .04 McV- 

Some t ime  ago,  ~ i c i l i a n o ~ ~  s u g g e s t e d  t h a t  t h e  19.5 MeV group 

was t h e  long  s o u g h t  4-, T=O (P;:2, d g I 2  ) ) s t r e t c h e d  s t a , t e  and t h e  

measured a n g u l a r  d i s t r i b u t i o n  f o r  n+ s c a t t e r i n g  i s  c o n s i s t e n t  

w i t h  t h i s  i n t e r p r e t a t i o n .  However, t h e  s t r o n g e s t  argument f o r  

t h e  4' ass ignment  comes. from 180' e l e c t r o n  s c a t t e r i n g .  24 From 

+ - 
t h e  p r e s e n t  d a t a  we c o n s e r v a t i v e l y  e s t i m a t e  t h e  an  / an  t o  be  



g r e a t e r  t h a n  2: 1 f o r  t h e  19.25 M e V  s t a t e  and less than  1: 2  f o r  

t h e  19.65 MeV s t a t e .  Applying t h e  two-s ta te  mixing theorem t o  

t h e  r a t i o s  o b t a i n e d  f o r  t h e  lower  s t a t e  and assuming t h a t  t h e  

p h y s i c a l  o v e r l a p  between t h e  two s t a t e s  can b e  n e g l e c t e d  g i v e s  

B > 0.32 and H10 > 120 keV. 

Recent  p r o t o n  t r a n s f e r  d a t a  from Colorado (J .  Shepard,  et 

a1. 2 5 ) ,  u s i n g  t h e  "B( ' ~ e , d )  r e a c t i o n ,  i n d i c a t e s  R=2 s t r e n g t h  - 

i n  t h e  19.25 MeV r e g i o n  which i s  c o n s i s t e n t  w i t h  two a s p e c t s  of 

our  p r e s e n t  work: (1 )  our  i d e n t i f i c a t i o n  of t h e  4- s t a t e  a s  

t h e  s t r e t c h e d  con£ i g u r a t i o n  I P;i2,d 5,2> is  c o n s i s t e n t  w i t h  272 

s t r e n g t h  s e e n  i n  t h e  p r o t o n  t r a n s f e r  d a t a ,  and ( 2 )  our  

measurement of a v 6 r y  s t r o n g  i n e l a s t i c  enhancement of t h e  

19.25 M e V  s t a t e ,  i n d i c a t i n g  t h i s  s t a t e  t o  b e  a  near ly -pure  p r o t o n  

p a r t i c l e - h o l e  s ta te ,  i s  c o n s i s t e n t  w i t h  p r o t o n - s t r i p p i n g  hav ing  

s i g n i f i c a n t  s t r e n g t h  a t  13.25 M e V  e x c i t a t i o n .  

An examina t ion  of t h e  and. n- d a t a  a t  s m a l l  momentum 

t r a n s f e r  (25O, 180 MeV) t u r n s  up a n o t h e r  p a i r  of i s o s p i n  mixed 

s t a t e s  i n  12c. A  s t a t e  500 keV i n  wid th  a p p e a r s  s t r o n g l y  a t  

+ 18.35 MeV i n  the n d a t a .  I n  t h e  n' d a t a  t h e  18.35 MeV peak  i s  

2rea t l .y  d imin i shed  w h i l e  a 19.35 MeV peak  a p p e a r s .  W e  a s s o c i a t e  

t h e  19.35 MeV s t a t e  a s  t h e  2-, T=l s t a t e  i d e n t i f i e d  i n  e l e c t r o n  

s c a t t e r i n g  and t h e  18.35 MeV s t a t e  a s  i t s  p a r t i a l l y  isospin-mixed 
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2', T=O p a r t n e r  ( F i g u r e  7 ) .  A minimum e s t i m a t e  of t h e  

i sosp in -mix ing  m a t r i x  e lement  f o r  t h e  2- d o u b l e t  is 200 keV u s i n g  

t h e  two-s ta te  f o r m u l a t i o n  d e s c r i b e d  above. 

An o f f - d i a g o n a l ,  c h a r g e  dependen t  m a t r i x  e lement  of 

H1O = 134 2 4 3  keV h a s  been e x t r a c t e d  f o r  t h e  p a r t i a l l y  mixed 1+ 

d o u b l e t  of s t a t e s  a t  12.7 and 15.1 MeV, u s i n g  t h e  new method of 

comparing n+ v e r s u s  n- i n e l a s t i c  s c a t t e r i n g . .  Th i s  r e s u l t  i s  i n  

s u b s t a n t i a l  agreement w i t h  t h e  r e c e n t  e l e c t r o m a g n e t i c  measurement 

of H10 = 110 f 30 keV r e p o r t e d  by Ade lburger ,  e t  a1. l 6  and t h e  

r e c e n t  n u c l e a r - r e a c t i o n  based measurement of  H10 = 179 2 70 keV 

r e p o r t e d  by L ind ,  e t  a1.18 F i g u r e  8 i s  a n  energy  spect rum f o r  

b o t h  n+ and n- i n e l a s t i c  s c a t t e r i n g  from 12c,  where t h e  s o l i d  

l i n e s  a r e  t h e  b e s t  f i t  t o  t h e  peaks  a t  12.7 and 15.1 .MeV u s i n g  

exper imenta l ly -de te rmined  l i n e  shapes .  

ii. 160 (Texas ,  Minnesota ,  LASL) 

A s t u d y  of 160 a t  l a r g e  momentum t r a n s f e r s  was c a r r i e d  o u t  

a t  EPICS u s i n g  p i o n s  of b o t h  charged  s p e c i e s  which were  i n c i d e n t  

on i c e  t a r g e t s  (160 and 320 mg/cm2 t h i c k n e s s )  formed and 

c o n t a i n e d  between 1 m i l  copper  f o i l s ,  which were coo led  w i t h  

conventiorial  r e f r i g e r a t i o n  u n i t s .  t o  a  t e m p e r a t u r e  of -60'~. The 



i n c i d e n t  p i o n  energy was chosen t o  b e  164 MeV, and t h e  a n g u l a r  

range  was from 45O t o  89' ( l a b ) .  S tandard  EPICS s p e c t r o m e t e r  and 

channe l  s e t t i n g s  were used w i t h  t h e  a d d i t i o n  of a  27.9 cm s l a b  of 

g r a p h i t e  i n  t h e  f o c a l  p l a n e  of t h e  s p e c t r o m e t e r  fo l lowed  b y  a 

v e t o  s c i n t i l l a t o r .  T h i s  v e t o  r e j e c t e d  muons which r e s u l t e d  from 

t h e  decay of p i o n s  i n  f l i g h t  a t  t h e  f r o n t  of t h e  s p e c t r o m e t e r .  

T y p i c a l  energy r e s o l u t i o n  ranged from 300 t o  400 keV (FWHM). 

S p e c t r a  o b t a i n e d  from n+ and n- s c a t t e r i n g  a t  a  l a b  a n g l e  of 

77O a r e  shown i n  F i g u r e  9. A  number of i n e l a s t i c  s t a t e s  are 

r e s o l v e d  i n  160, among them a r e  t h r e e  s t a t e s  n e a r  1 9  MeV,  which 

e x h i b i t  l a r g e  n+/n' asymmetr ies  i n  t h e  c r o s s  s e c t i o n s  f o r  

e x c i t a t i o n  of t h e  4  T=O) s t a t e s .  From t h e  a n g u l a r  

d i s t r i b u t i o n s  one may o b t a i n  t h e  f o l l o w i n g  r a t i o s  of t h e  y i e l d s  

f o r  n+ VS. IT, averaged o v e r  t h e  a n g u l a r  range  i n  which t h e s e  

s t a t e s  were  v i s i b l e  ( 53' G Qlab < 89'): ( 1 )  1.7.79 MeV (4-, T=O) , 

(2 R(&/T-) = 1.62 2 0.14; 18.98 M e V  (4-, T = l )  , 

R(++/a') = 0.974 + 0.081; and (3 )  19.80MeV 4 T=O), 

R(n+/n-) = 0.595 2 0.074. At an  i n c i d e n t  p ion  energy  n e a r  t h e  

( 3 , 3 )  resonance  where and a ( ~ - + n )  i s  favored  o v e r  ~(m++n) 

and a(n'+p) by 9 : l .  D e s p i t e  t h i s  s t r o n g  asymmetry i n  t h e  

i n t e r a c t i o n  between i n c i d e n t  p ion  and v a l e n c e  nuc leon ,  one would 

n o t  e x p e c t  a l a r g e  n+/n- asymmetry i n  s c a t t e r i n g  from a  s e l f  
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c o n j u g a t e  nuc leus  such a s  160 s i n c e  p r o t o n s  and n e u t r o n s  s h o u l d  

p a r t i c i p a t e  e q u a l l y  i n  t r a n s i t i o n s  t o  p u r e  i s o s p i n  s t a t e s .  

These s t a t e s  i n  160, which a r e  b e l i e v e d  t o  be  of a  

(P;:2,d5,2) c o n f i g u r a t i o n ,  have been s e e n  p r e v i o u s l y  i n  

one-nucleon t r a n s f e r  r e a c t i o n s  and i n  i n e l a s t i c  p r o t o n  s c a t t e r i n g  

a t  medium e n e r g i e s . 2 6  Our i n t e r p r e t a t i o n  of t h e  asymmetr ies  f o r  

p i o n  e x c i t a t i o n  of  t h e s e  s t a t e s  i s  t h a t  t h e y  a r e  s u b s t a n t i a l l y  

mixed i.n i s o s p i n .  I n  p r e v i o u s  c a s e s  of t w o - s t a t e  i s o s p i n  mix ing ,  

t h e  T< s t a t e  becomes mos t ly  a  p r o t o n  s t a t e  (n+ enhanced) and t h e  

T, s t a t e  i s  predominant ly  a  n e u t r o n  s t a t e  (n- enhanced) .  I n  t h e  

c a s e  of  160 t h r e e  4- s t a t e s  occur  w i t h i n  2 MeV s o  t h a t  ' 

t h r e e - s t a t e  mixing has  t o  b e  cons ide red .  The q u a l i t a t i v e  p i c t u r e  

o f  t h e  mixing i n  160 i s  t h a t  t h e  two T=O s t a t e s  mix th rough  t h e  

T=l  s t a t e  w i t h  n e a r l y  e q u a l  magni tudes .  The lower  T=O s t a t e  

mixes w i t h  t h e  T=l s t a t e ,  r e s u l t i n g  i n  t h e  T=O s t a t e  becoming 

predominant ly  p r o t o n  s t a t e  and t h e  T=l  c t o t c  bccoming 

p redominan t ly  a  n e u t r o n  s t a t e .  However, when t h e  T=l s t a t e  mixes  

w i t h  t h e  upper  T=O s t a t e ,  t h e  energy denominator  of t h e  mixing 

changes  s i g n ,  which r e s u l t s  i n  t h e  T=O s t a t e  above becoming 

p r i m a r i l y  n e u t r o n  i n  compos i t ion  w h i l e  t h e  T=l s t a t e  g a i n s  i n  

p r o t o n  s t r e n g t h  from t h i s  second mixing.  Th i s  c a n c e l l a t i o n  due 

t o  mixing w i t h  b o t h  upper and lower T=O, 4- s t a t e s  r e s u l t  i n  a  

n e a r l y  i s o s p i n  p u r e  T=l midd le  s t a t e  a s  i t  r e t a i n s  n e a r l y  e q u a l  
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p r o t o n  and n e u t r o n  t r a n s i t i o n  a m p l i t u d e s ,  which i s  i n d i c a t e d  by 

t h e  symmetric e x c i t a t i o n  of t h i s  s t a t e  w i t h  n+ and n-. The n e t  

r e s u l t  i s  t h a t  t h e  lower  T=O s t a t e  becomes mos t ly  a p r o t o n  s t a t e  

and t h e  upper  T=O l e v e l  becomes mos t ly  a  n e u t r o n  s t a t e .  

For t h r e e  4' s t a t e s  t o  a p p e a r  s o  c l o s e  i n  energy ,  i t  is  

r e a s o n a b l e  t o  conclude t h a t  t h e y  a r e  s u b s t a n t i a l l y  c o n f i g u r a t i o n  

mixed a s  w e l l .  P r e l i m i n a r y  , a n a l y s i s  of  t h e  i s o s p i n  mixing,  
) 

i n c l u d i n g  t h e  c o n f i g u r a t i o n  mixing,  i n d i c a t e s  t h a t  b o t h  t h e  lp - lh  

o f f - d i a g o n a l '  c h a r g e  dependent  mixing m a t r i x  e lements  a r e  about 

210 keV, when c o n s t r a i n e d  t o  t h e  same v a l u e ,  and a r e  188 -+ 29 and 

140 2 21 keV when a l lowed t o  v a r y  i n d e p e n d e n t l y  i n  a  s l i g h t l y  

d i f f e r e n t  f o r m u l a t i o n  of. t h e  problem. The c o n f i g u r a t i o n  mixing 

p a r a m e t e r s  o b t a i n e d  from f i t s  t o  t h e  d a t a  a r e  i n  rough agreement  

2 7 , w i t h  t h e  wavefunc t ions  of M i l l e n e r  and Kurath .  

iii. Summary 

Charge dependent  mixing of n u c l e a r  s t a t e s  h a s  been s t u d i e d  

i n  a  comparison between n+ and n- i n e l a s t i c  s c a t t e r i n g .  I n  12c,  

t h e  known 1+ T=O and T=l d o u b l e t s  have shown mixing c o n s i s t e n t  

w i t h  p r e v i o u s  measurements,  and two new s t r o n g l y  mixed i s o s p i n  

d o u b l e t s  { w i t h ~ " = 2 - &  4-1 have been d i s c o v e r e d .  I n  160, 



t h r e e - s t a t e  mixing f o r  t h e  known J~ = 4' s t a t e s  h a s  been 

s u c c e s s f u l .  F i v e  c h a r g e  dependen t  m a t r i x  e l e m e n t s  exceed ing  

100 keV have been e x t r a c t e d  from t h e s e  p i o n  d a t a .  Four of t h e s e  

m a t r i x  e lements  a r e  new measurements of l a r g e  H whereas one,  
10' 

H 1 0  f o r  l 2 c ( l + ) ,  i s  i n  agreement w i t h  p r e v i o u s  work. Taken w i t h  

p r e v i o u s l y  measured l a r g e  v a l u e s  f o r  H10 u s i n g  d o u b l e t s  i n  

' ~ e ( 2 + ) ,  1 2 c ( 1 + ) ,  and 160(2'), r e s u l t s  i n  . a  t o t a l  of s e v e n  

e x p e r i m e n t a l l y  de te rmined  charge-dependent m a t r i x  e l e m e n t s  

exceed ing  100 keV. A s  a  g roup ,  t h e s e  a r e  c o n s i s t e n t l y  l a r g e r  

than  expec ted  from e a r l y  c a l c u l a t i o n s  u s i n g  r e s i d u a l  Coulomb 

i n t e r a c t i o n s  a lone .  Recent  c a l c u l a t i o n s ,  s p u r r e d  by p r e v i o u s  

measurements of  t h r e e  l a r g e  v a l u e s  f o r  H l O ,  have r e s u l t e d  i n  

c o r r e s p o n d i n g l y  -1arge.r c a l c u l a t e d  v a l u e s  f o r  H1 w i t h o u t  

employing any s h o r t - r a n g e  charge  dependende i n  t h e  n u c l e a r  f o r c e .  

However, a l l  t h e s e  d a t a  and c a l c u l a t i o n s  have been c o n f i n e d  t o  a  

narrow mass range '  ( ~ = 8 - 1 6 ) .  At p r e s e n t ,  t h e  s i g n  of  each of t h e  

seven (measured) H 1 0  m a t r i x  e lements  is  c o n s i s t e n t  w i t h  a  

e 2 / r i j  mixing i n t e r a c t i o n ,  u s i n g  a  s i n g l e  c o n f i g u r a t i o n  
P 

p a r  t i c l e - h o l e  d e s c r i p t i o n  of each n u c l e a r  s t a t e .  'Lf s h o r t - r a n g e  

c h a r g e  dependence p l a y s  a  s i g n i f i c a n t  r o l e  i n  t h e  n u c l e u s ,  a  s i g n  

r e v e r s a l  might occur  i n  H f rom t h a t  e x p e c t e d  u s i n g  t h e  r e s i d u a l  
1 0  

+ + Coulomb i n t e r a c t i o n ,  when f u t u r e  (n-,n-)  d a t a  i s  t a k e n  o v e r  a n  

i n c r e a s e d  mass range.  The p r e s e n t  n' v e r s u s  n' i n e l a s t i c  

s c a t t e r i n g  method f o r  e x t r a c t i n g  {H } i n  a  t e s t  of s h o r t - r a n g e  
10 



charge  dependence is  e s p e c i a l l y  p romis ing  f o r  two r e a s o n s :  ( 1 )  I n  

t h i s  p r e l i m i n a r y  e f f o r t  u s i n g  o n l y  two t a r g e t s ,  12c and 160, t h e  

number of measured H m a t r i x  e l e m e n t s  exceed ing  100 keV h a s  more 10 

than  doub led ,  { i n c r e a s e d  from 3 t o  71, and ( 2 )  t h e  a v a i l a b l e  mass 

r a n g e  f o r  measur ing b o t h  t h e  s i z e  and s i g n  of H1O i s  

s i g n i f i c a n t l y  i n c r e a s e d  a s  t h e  n+ v e r s u s  n- i n e l a s t i c  s c a t t e r i n g  

comparison method may be used i n  a  s y s t e m a t i c  s t u d y  of a l l  t h e  

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



EXCITATION ENERGY ( M ~ v )  
+ .  Figure 6 .  n- ~ n e l a s t i c  sca t t e r ing  f r o m  '*c near 70' a t  

162 MeV. The i n se t  shows the subtracted y i e ld ,  Yn--Yn+. 



EXCITATION ENERGY ( M ~ V )  
+ 

F igu re  7. n- i n e l a s t i c  s c a t t e r i n g  spec t ra  f rom 12c a t  25' and 180 MeV. 
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+ 
Figure 9. n- inelastic scattering on ''0 near 70' at 164 MeV. 



e;/ 
'C. The Pion I n e l a s t i c  S c a t t e r i n g  React ion Mechanism '(-Texzis5 

/ 

LASL )- 

We f e l t  i t  important  t o  examine t h e  r e a c t i o n  mechanism of 

pion i n e l a s t i c  s c a t t e r i n g  due t o  i t s  importance i n  i n t e r p r e t i n g  

our r e s u l t s  i n  Carbon, Oxygen, Calcium, I r o n ,  and Lead. Several  

s e t s  of d a t a  have been s t u d i e d ,  each of which sugges ts  a  s imple 

one-step i n t e r a c t i o n  between t h e  i n c i d e n t  pion and t h e  va lence  

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

I n e l a s t i c  s c a t t e r i n g  of IT+ from 12c a c r o s s  t h e  (3,3)  

resonance i n d i c a t e s  l a r g e  d i f f e r e n c e s  i n  t h e  e x c i t a t i o n  func t ion  

f o r  s t a t e s  up t o  25 MeV i n  e x c i t a t i o n .  The g ros s  f e a t u r e s  of t h e  

observed energy dependence may b e  understood by remembering t h a t  

a t  l e a s t  a  v e c t o r  opera tor  i s  requi red  t o  e x c i t e  unna tu ra l  p a r i t y  

s t a t e s ,  whereas, t h e  e x c i t a t i o n  of normal p a r i t y  s t a t e s  may 

procced through a s c a l a r  a s  w e l l  as a v e c t o r  ope ra to r .  I n  a  

one-step process  t he  v e c t o r  ope ra to r28  i s  t h e  aoL p a r t  of t h e  

pion-nucleon i n t e r a c t i o n .  This  ope ra to r  l e a d s  t o  a  s i n 0  

dependence of t h e  r-nucleus ampli tude,  which a t  f i xed  momentum 

t r a n s f e r  w i l l  decrease wi th  i n c i d e n t  energy. I n  c o n t r a s t ,  normal 

p a r i t y  s t a t e s  e x h i b i t  i nc reas ing  s t r e n g t h  with inc reas ing  

i n c i d e n t  energy due to  a  cosO dependence, ' assuming t h ~  s c a l a r  

ope ra to r  dominates. The f i r s t  2+, 0' and 3- normal p a r i t y  s t a t e s  
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and t h e  2- and 4- non-normal p a r i t y  s t a t e s  show r e a s o n a b l e  

agreement ( F i g u r e  10) .  

The agreement of t h e  d a t a  w i t h  such  a  s i m p l e  p i c t u r e  

s u g g e s t s  t h e  a p p r o p r i a t e n e s s  of a  s ingle-body o p e r a t o r  

r e p r e s e n t a t i o n  f o r  t h e  pion-nucleon i n t e r a c t i o n .  A s  a  f u r t h e r  

test  t h a t  t h e  reaction-mechanism is  r e l a t i v e l y  s t r a i g h t f o r w a r d ,  

o p t i c a l  model c a l c u l a t i o n s  f o r  l2c o v e r  t h e  energy r a n g e  of 120 

t o  280 M e V  have  been performed. The c a l c u l a t i o n s  u t i l i z e  o n l y  a  

K i s s l i n g e r  p o t e n t i a l ,  f r e e  pion-nucleon phase  s h i f t s ,  harmonic 

o s c i l l a t o r  p a r a m e t e r s  from e l e c t r o n  s c a t t e r i n g  and f i r s t  o r d e r  

c o r r e c t i o n s  f o r  v a r i o u s  n u c l e a r  e f f e c t s  and p o i n t  i n t e r a c t i o n  of 

t h e  K i s s l i n g e r  p o t e n t i a l .  The d a t a  and c a l c u l a t i o n s  a r e  shown i n  

F i g u r e  11. The l a c k  of agreement a t  back  a n g l e s  i s  presumably 

due t o  e i t h e r  t h e  f a i l u r e  o f  t h e  appr.oximation used i n  t h e  

pion-nucleon t o  pion-nucleus  c e n t e r  on mass a n g l e  t r a n s f o r m a t i o n  

o r  t h e  f a i l u r e  of t h e  harmonic o s c i l l a t o r  model t o  a d e q u a t e l y  

d e s c r i b e  t h e  t a i l s  of t h e  ' d e n s i t y  d i s t r i b u t i o n .  However t h e  

agreement of t h e  c a l c u l a t i o n  t o  t h e  d a t a  o v e r  t h e  e n t i r e  energy  

r e g i o n  i s  s u r p r i s i n g l y  good and much b e t t e r  t h a n  had been 

expec ted  . 
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F i g u r e s  12 and 13 a r e  a n g u l a r  d i s t r i b u t i o n s  f o r  n + 

s c a t t e r i n g  t o  t h e  f o l l o w i n g  e x c i t e d  s t a t e s  i n  12c: (2+, 

4.44 MeV), (0+, 7.66 MeV), (3-, 9.64 MeV), (2-, 11.83 MeV), ( I+,  

12.71 MeV), 2  13.35MeV), (4+. 14.08MeV), ( I+,  15.11 MeV), 

(2+, 16.11 MeV), 2 18.36 MeV), ( 4 ,  19.25 M e V ) ,  (3-, 
. . 

20.68 MeV), (2+, 21.50 MeV), and ( I - ,  21.88 MeV). I n  each c a s e ,  

t h e  a n g u l a r  d i s t r i b u t i o n s  were t aken  a t  t h e  f o l l o w i n g  i n c i d e n t  

e n e r g i e s :  LOO,  116, 140, 160, 180, 200, 230, 260, and 291 MeV. 

These i n e l a s t i c  a n g u l a r  d i s t r i b u t i o n s  show t h e  c o n s i s t e n t  f e a t u r e  

of '  t h e  f i r s t  a n g u l a r  minimum'decreasing i n  angLe a s  t h e  i n c i d e n t  

/ 

energy  i s  i n c r e a s e d ,  c o n s i s t e n t  w i t h  s i n g l e - s t e p  

d i r e c t - i n e l a s t i c - e x c i t a t i o n  of t h e s e  ' e x c i t e d  s t a t e s .  

S i c i l i a n o  h a s  c a l c u l a t e d  a n g u l a r  d i s t r i b u t i o n s  ( F i g u r e s  14, 

15, and 16)  f o r  f o u r  p ion  i n e l a s t i c  t r a n s i t i o n s  i n  12c { ( o + , ~ . s . )  

+ (2+, T=0,1) and ( o + , ~ . s . )  + ( I+ ,  T=O, l ) }  a t  t h r e e  d i f f e r e n t  

i n c i d e n t  e n e r g i e s :  116, 180, and 260 MeV. These D i s t o r t e d  Wave 

Impulse Approximation (DWIA) c a l c u l a t i o n s  employ microscop ic  

one-body dens i ty -mat r ix  e lements  (obdme's) i n  a c l e a r  s e p a r a t i o n  

of t h e  n u c l e a r  s t r u c t u r e  from t h e  r e a c t i o n  mechanism.29 The 

c a l c u l a t e d  a n g u l a r  d i s t r i b u t i o n s  reproduce  q u i t e  w e l l  both  t h e  

shapes  and t h e  magni tudes  of t h e s e  f o u r  i n e l a s t i c  t r a n s i t i o n s  a t  

a l l  t h r e e  e n e r g i e s ,  e s p e c i a l l y  c o n s i d e r i n g  t h e s e  a r e  

pa ramete r - f ree  c a l c u l a t i o n s .  The s u c c e s s . o f  t h e s e  comparisons of 

, 
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d a t a  wi th  DWIA c a l c u l a t i o n s  provides f u r t h e r  evidence f o r  a  

s imple,  one-step r e a c t i o n  mechanism f o r  pion i n e l a s t i c  

s c a t t e r i n g ,  n o t  only on the  ( 3 , 3 )  resonance, bu t  above and below 

a s  wel l .  



ENERGY (MeV) 
F i g u r e  10. E x c i t a t i o n  f u n c t i o  a t  f i x e d  monlentum 
t r a n s f e r  f o r  nf on 1 2 ~  and on "C. The momentum 
t r a n s f e r  was chosen t o  maximize t h e  y i e l d  f o r  cach 
s t a t e .  





LAB ANGLE (DEG) L A B  ANGLE (DEG) 
12 + + F i g u r ~  12A. Angular  d i s t r i b u t i o n s  f o r  C f o r  n s c a t t e r i n g  t o  0 

and 2 e x c i t e d  s t a t e s .  



Figure 12B. ~ngu la r  distributions for 1 
and 2- excited states.  



LAB ANGLE (DEG) L A B .  ANGLE (DEG) 
t F i g u r e  12C. Angu la r  d i s t r i b u t i o n s  f o r  12c f o r  n 

to it excited states.  
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Figurp 13A. Angular distributions for ''c for n scattering t o  2- 
and 4 e x c i t e d  s t a t e s .  



F i g u r e  13B. Angular  d i s t r i b u t i o n s  
and 2- e x c i t e d  s t a t e s .  



' LAB ANGLE (DEG) LAB ANGLE (DEG) 
t 

Figure 13C. Angular distributions for "C for n scattering t o  4- 
and 3- excited states.  
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F i g u r e  13D. Angu la r  d i s t r  
and 1  e x c i t e d  s t a t e s .  
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F i g u r e  14.  D i s t o r t e d  Wave Impul se Approxi ma t i  on 
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F i g u r e  15. D i s t o r t e d  Wave Impu lse  Approx ima t ion  
c a l c u l a t i o n s .  



F i g u r e  16. D i s t o r t e d  Wave Impul se Approx imat ion 
c a l c u l a t i o n s .  



D. Q u a s i e l a s t i c  P ion  S c a t t e r i n g  (Texas ,  V i r g i n i a ,  New 

Mexico S t a t e ,  LASL) 

A p r i n c i p a l  medium-energy s c a t t e r i n g  mechanism i s  t h e  

q u a s i e l a s t i c  p r o c e s s  i n  which a  nuc leon  i s  knocked ou t  of a  

n u c l e u s  w i t h o u t  t h e  remaining nuc leons  a c t i v e l y  p a r t i c i p a t i n g  i n  

t h e  p r o c e s s .  I n  t h e  p a s t ,  q u a s i e l a s t i c  s c a t t e r i n g  h a s  been 

r i g o r o u s l y  b u t  e x c l u s i v e l y  i n v e s t i g a t e d  w i t h  p r o t o n s  and 

e l e c t r o n s .  The q u a s i e l a s t i c  r e a c t i o n  i n v o l v i n g  p i o n s  i s  though t  

t o  proceed i n  t h e  same manner. For p i o n  e n e r g i e s  n e a r  t h e  ( 3 , 3 )  

r e sonance ,  m u l t i p l e  s c a t t e r i n g  and d i s t o r t i o n  e f f e c t s  due  t o  t h e  

s t r o n g  meson-nucleon i n t e r a c t i o n  a r e  expec ted  t o  i n f l u e n c e  p i o n s  

more s t r o n g l y  t h a n  t h e  d i s t o r t i o n  e f f e c t s  w i t h  p r o t o n s ,  s i n c e  t h e  

c a l c u l a t e d  mean f r e e  p a t h  of  p i o n s  th rough  n u c l e a r  m a t t e r  i n  t h i s  

e n e r g y  r e g i o n  i s  s h o r t e r .  M u l t i p l e  s c a t t e r i n g  e f f e c t s  have 

a l r e a d y  been n o t i c e d  i n  t h e  d a t a  t a k e n  by Ingram, e t  a l .  3 0  

We a r e  r e p o r t i n g  t h e  r e s u l t s  of  a  one-arm measurement of t h e  

+ 
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 2 a / d Q d ~ ,  for TT- s c a t t e r i n g  from 12c 

and 4 0 * 4 4 9 4 8 ~ a  i n  t h e  q u a s i e l a s t i c  r e g i o n  u s i n g  a magnet ic  ' 

s p e c t r o m e t e r ,  t h e  EPICS f a c i l i t y ,  t o  d e t e c t  t h e  p i o n s .  Data  was 

t a k e n  a t  180 MeV (60') and 291 MeV (60° and 1 2 0 ~ ) .  E l a s t i c  d a t a  

on Hydrogen was t a k e n  a t  each  s p e c t r o m e t e r  s e t t i n g  t o  measure t h e  

a b s o l u t e  c r o s s  s e c t i o n  a s  w e l l  a s  the background. The 



c a l i b r a t i o n  measurements were made w i t h  CH and g r a p h i t e  s o  t h a t  
2 

t h e  12c background cou ld  be  d i r e c t l y  s u b t r a c t e d  t o  y i e l d  t h e  

Hydrogen peak and i t s  a s s o c i a t e d  background, a  background due 

p r i n c i p a l l y  t o  muons produced by p i o n s  decay ing  i n  t h e  

s p e c t r o m e t e r  d i p o l e s .  Pub l i shed  c r o s s  s e c t i o n s  f o r  p ion-proton 

s c a t t e r i n g  were used t o  n o r m a l i z e  t h e '  d a t a    owe, e t  a1 .  31) .  

The r e s u l t i n g  c r o s s  s e c t i o n s  w i t h  e r r o r s  a r e  p l o t t e d  i n  

F i g u r e s  17, 18,  and 19. The c u r v e s  t r a c e d  i n  t h e  f i g u r e s  a r e  

p r e d i c t i o n s  based  on a Fermi g a s  model. To f i r s t  o r d e r ,  

q u a s i e l a s t i c  s c a t t e r i n g  can b e  d e s c r i b e d  by p i o n s  s c a t t e r i n g  from 

a  c o l l e c t i o n ' o f  p r o t o n s  and n e u t r o n s  having a Fermi momentum 

d i s t r i b u t i o n ,  r e s u l t i n g  i n  p ion-nucleon c r o s s  s e c t i o n s  

approach ing  t h e i r  f r e e  v a l u e s  ( f r e e  c r o s s  s e c t i o n  model) .  A more 

invo lved  c a l c u l a t i o n  u s i n g  t h e  Fermi g a s  approx imat ion  employed 

i n  e l e c t r o n  q u a s i e l a s t i c  ~ c a t t e r i n ~ ~ ~ , ~ ~  was done f o r  p i o n  

e c a t t e r i n g  uoing Monte C a r l o  methods. Z p r o t o n s  and N n e u t r o n s  

were assumed t o  b e  un i fo rmly  d i s t r i b u t e d  th roughout  a s p h e r e  of  

r a d i u s  r o ~ l I 3  and t o  have a Fermi momentum d i s t r i b u t i o n  w i t h  t h e  

maximum Fermi momentum v a l u e  t a k e n  from t h e  f i t s  t o  e l e c t r o n  

s c a t t e r i n g  d a t a .  3 3  The d i r e c t i o n  of mot ion of t h e  n u c l e o n s  was 

t a k e n  t o  b e  i s o t r o p i c .  The i n t e r a c t i o n  p r o b a b i l i t i e s  and a n g u l a r  

d i s t r i b u t i o n s  used were  t h e  f r e e  t o t a l  and d i i f e r e b t i a l  

pion-nucleon c r o s s  s e c t i o n s .  Binding e f f e c t s  and p i o n  c h a r g e  



-48- 

exchange .  were  i n c l u d e d  i n  t h e  c a l c u l a t i o n  b u t  Coulomb e f f e c t s  

were  n e g l e c t e d .  Neutrons  and p r o t o n s  were  t r e a t e d  s e p a r a t e l y .  
8 

The program recorded  t h e  energy  d i s t r i b u t i o n  of p i o n s  emerging 

w i t h i n  s p e c i f i e d  a n g l e s  and g e n e r a t e d  t h e  c o r r e s p o n d i n g  c r o s s  

s e c t i o n s  p e r  nucleon f o r  b o t h  s i n g l e  and m u l t i p l e  s c a t t e r i n g .  . 

The f r a c t i o n  of p i o n s  undergoing many s u c c e s s i v e  s c a t t e r i n g s  

was found t o  b e  f a i r l y  l a r g e  (abou t  502) .  Events  having as h i g h  

a s  a t e n - f o l d  ' s c a t t e r i . n g  b e f o r e  emerging were  n o t  uncommon. 

M u l t i p l e  s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  t h e  s o l i d  c u r v e s  drawn i n  

t h e  f i g u r e s .  ~ a s h e d  l i n e s  r e p r e s e n t  s i n g l e  s c a t t e r i n g  

p r e d i c t i o n s  ( 12C o n l y ) .  A m u l t i p l e  s c a t t e r i n g  d e s c r i p t i o n  does  

n o t  c o i n c i d e  e x a c t l y  w i t h  t h e  d e t a i l s  of t h e  e x p e r i m e n t a l  c u r v e s ,  

b u t  i t  d o e s  s u b s t a n t i a l l y  b e t t e r  t h a n  i t s  s i n g l e  s c a t t e r i n g  

c o u n t e r p a r t  . P a r t  of  t h e  d a t a  unmatched by t h e  m u l t i p l e  

s c a t t e r i n g  c u r v e  ( t h e  smal l -energy- loss  p o r t i o n  on t h e  60' 

d i s t r i b u t i o n )  we b e l i e v e  i n c l u d e s  i n e l a s t i c  s c a t t e r i n g  l e a d i n g  t o  

n u c l e a r  e x c i t a t i o n s ;  i . e .  t h e  r e s i d u a l  n u c l e u s  p l a y s  a n  a c t i \ r e  

r o l e  i n  t h e  i n t e r a c t i o n .  For t h e  n-/n+ r a t i o s ,  b o t h  t h e  Monte 

C a r l o  c a l c u l a t i o n s  and t h e  f r e e  c r o s s  s e c t i o n  model f o l l o w  t h e  

e x p e r i m e n t a l  t r e n d .  A few s t a r t l i n g  f a c t s  emerge from t h e  

exper iment .  I n  t h e  n- r e s u l t s ,  . t h e  4 4 ~ a  c r o s s  s e c t i o n s  a t  60' 

a r e  g r e a t e r  t h a n  t h e  4 8 ~ a  c r o s s  s e c t i o n s ,  and t h e  4 4 ~ a  and 4 8 ~ a  

c r o s s  s e c t i o n s  a t  120° ( 2 9 1  MeV) a r e  n e a r l y  e q u a l ,  i n  d i r e c t  



o p p o s i t i o n  t o  p r e v i o u s  t h e o r e t i c a l  models. The nT c r o s s  s e c t i o n s  

a r e  p r e d i c t e d  t o  incr .ease  w i t h  n e u t r o n  number and n+ . c r o s s  

s e c t i o n s  s h o u l d  l i k e w i s e  p r e f e r  p r o t o n s  ( a s  s e e n  i n  f r e e  

n-nucleon s c a t t e r i n g ) .  For  t h e  n+ r e s u l t s ,  4 8 ~ a  c r o s s  s e c t i o n s  

a r e  s m a l l e r  t h a n  4 4 ~ a  c r o s s  s e c t i o n s ,  a s  e x p e c t e d ,  b u t  t h e  4 4 ~ a  

c r o s s  s e c t i o n s  a r e  l a r g e r  t h a n  t h o s e  f o r  4 0 ~ a .  

The Monte C a r l o  m u l t i p l e  s c a t t e r i n g  method reproduces  o t h e r  

f e a t u r e s  o f  t h e  d a t a  w i t h  some s u c c e s s ,  such  a s  t h e  i n c r e a s e d  

0 c r o s s  s e c t i o n  a t  120 , i n  comparison w i t h  t h e  60' v a l u e s  - a  

p o i n t  a t  which t h e  f r e e  c r o s s  s e c t i o n  model and s i n g l e  s c a t t e r i n g  

u t t e r l y  f a i l .  M u l t i p l e  s c a t t e r i n g ,  b e i n g  a n g l e  independen t ,  

. a p p e a r s  t o  b e  e s s e n t i a l  i n  d e s c r i b i n g  t h e  l a c k  of  a n g u l a r  

coherence  i n  t h e  291 M e V  d i s t r i b u t i o n .  An a c c u r a t e  s e p a r a t i o n  of 

t h e  e x p e r i m e n t a l  d a t a  i n t o  m u l t i p l e  and s i n g l e  s c a t t e r i n g  

c o n t r i b u t i o n s  i s  u n f e a s i b l e  due t o  t h e  a lmos t  complete  o v e r l a p  

and t h e  u n c c r t a i n t i e o  i n h c r c n t  i n  t h e  c a l c u l a t i o n s .  The d a t a ,  

howelrer, do  v e r i f y  t h e  l a r g e  n u c l e a r  c r o s s  s e c t i o n  a t  a  p i o n  

energy  of 180 MeV, a n  energy  computed t o  b e  a minimum of t h e  p i o n  

mean f r e e  p a t h  i n  n u c l e a r  matter. 

I n  c o n c l u s i o n ,  many q u a l i t a t i v e  f e a t u r e s  of t h e  d a t a  a r e  

r e a s o n a b l y  w e l l  reproduced by a  model of i n c o h e r e n t  m u l t i p l e  

s c a t t e r i n g  by p i o n s  from a  Fermi g a s  of  n u c l e o n s  w i t h  a  uniform,  



-50- 

s p h e r i c a l  d i s t r i b u t i o n  and t h e  u s e  of  f r e e  pion-nucleon 

s c a t t e r i n g  p r o b a b i l i t i e s .  Successes  of  t h e  m u l t i p l e  s c a t t e r i n g  

p i c t u r e  a r e :  r e p r o d u c i n g  g e n e r a l  e x p e r i m e n t a l  t r e n d s ,  c o r r e c t l y  

p r e d i c t i n g  m+/n- r a t i o s  and t h e  compara t ive  magni tudes  of  4 4 ~ a  

and 4 8 ~ a  c r o s s  s e c t i o n s  t o  t h o s e  of 4 0 ~ a ,  and t h e  dominance of 

12u0 s c a t t e r i n g  over  60' s c a t t e r i n g  a t  291 MeV. S i n g l e  

s c a t t e r i n g  and f r e e  c r o s s  s e c t i o n  d e s c r i p t i o n s  a r e  c o n s i d e r a b l y  

l e s s  s u c c e s s f u l .  M u l t i p l e  s c a t t e r i n g  remains  t h e  most i m p o r t a n t  

i n g r e d i e n t  of p i o n  s c a t t e r i n g  i n  t h e  q u a s i e l a s t i c  r eg ion .  
' 
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+ 
F i g u r e  17. r- s c a t t e r i n g  f r o n  ca l cu i t i i  i s o t o p e s  'and carbon.  s o l  i d  c u r v e s  
a r ?  m u l t i p l e  s c a t t e r i n g  c r o s s  s e c t i o n s  based on a  Fermi gas model. Dashed 
l i i e s  a r e  s i n g l e .  s c a t t e r i n g  c a l c u l a t i o n s .  



291 Mev, 

4 8 ~ 0  

T - ,  291 Mev, GOo 

I 6 O r  if 

5 Figure 18. n sca t t e r ing  from calcit~m isotopes and carbon. Solid curves 
a r e  mul t ip le  sca t t e r ing  c ross  sec t ions  based on a  Ferni gas model. Dashed 
l i n e s  a r e  s ing le  sca t t e r ing  ca lcu la t ions .  



+ 
F i g u r e  19. ~ r -  s c a t t e r i n g  f rom c a l c u i m  i s o t o p e s  and carbon,  S o l i d  c u r v e s  
a r e  mu1 t i p l e  s c a t t e r . i n g  c r o s s  s e c t i o n s  based on  a  F e r ~ i l i  gas model. Dashed 
l i n e s  a r e  s i n g l e  s c a t t e r i n g  c a l c u l a t i o n s .  



E. Mass Measurements w i t h  P i o n  Double Charge Exchange (Texas ,  

New Mexico S t a t e ,  LASL) 

To f i r s t  o r d e r ,  t h e  masses  of i s o b a r i c  m u l t i p l e t s  f i t  t h e  

I s o b a r i c  M u l t i p l e t  Mass Equa t ion  (IMME) : 34 

D e v i a t i o n s  from t h i s  s imple  q u a d r a t i c  form a r e  expec ted  i f  t h e  

n u c l e a r  Hamil tonian i n c l u d e s  three-body c h a r g e  dependent  f o r c e s  - 

o r  i f  s u f f i c i e n t  i s o s p i n  mixing o c c u r s  w i t h  a s t a t e  o f  lower  T. 

The q u a d r a t i c  form h a s  been  v e r i f i e d  f o r  i s o s p i n  q u a r t e t s ,  

a c c u r a t e l y  a s s e s s i n g  t h e  masses of 21 o u t  of 22 known q u a r t e t s ,  

t h e  e x c e p t i o n  be ing  A=9. 35  

S i n c e  t h e  p i o n  double  c h a r g e  exchange r e a c t i o n  h a s  

s i g n i f i c a n t  c r o s s  s e c t i o n  f o r  t r a n s i t i o n s  t o  non-analog s tates,  

(A+,A-) can  b e  used t o  measure ground s t a t e  masses i n  i s o s p i n  

q u i n t e t s .  Grouna s t a t e  masses of i s o s p i n  q u i n t e t s  i n  t h e  1P and 

S-D s h e l l s ,  120, '%e, 24~ i ,  and 3 2 ~ r  were measured u s i n g  t a r g e t s  

of 12c,  2 4 ~ g 0 ,  and 3 2 ~ .  



Data  were t a k e n  a t  a  l a b  a n g l e  of 5O and a n  i n c i d e n t  p i o n  

energy  of 180 MeV. Ground s t a t e s  of 'C and 130,  whose masses a r e  

well-known, 36  were. used t o  c a l i b r a t e  t h e  m i s s i n g  mass s p e c t r a  

u s i n g  t a r g e t s  of  9 ~ e  and 3 ~ .  The s p e c t r o m e t e r  r e s o l u t i o n  

o b t a i n e d  w i t h  a l l  t a r g e t s  was -300 keV ( i n t r i n s i c  r e s o l u t i o n ,  

-150 keV). The s t a t i s t i c a l  e r r o r s  f o r  a l l  mass measurements were  

l e s s  t h a n  40 keV. 

Exper imenta l  mass e x c e s s e s  and t h e i r  e r r o r s  a l o n g  w i t h  known 

q u i n t e t  members a r e  g i v e n  i n  T a b l e  I. Mass e x c e s s e s  f o r  120 and 

6 ~ e  r e p r e s e n t  improvements o v e r  p r e v i o u s  v a l u e s  and t h e  masses 

of 2 4 ~ i  and 3 2 ~ r  a r e  t h e  f i r s t  ' r e p o r t e d  measurements f o r  t h e s e  

i s o t o p e s .  These v a l u e s  were f i t  w i t h  a  l e a s t  s q u a r e s  program t o  

a l l  o r d e r s  i n  TZ. The r e s u l t a n t  Chi-squared v a l u e s  f o r  second 

o r d e r  f i t s  ( T a b l e  1 1 )  a r e  adequa te  w i t h o u t  i n c l u d i n g  h i g h e r  o r d e r  

( d ~ ~  and e ~ ~ " .  . ) te rms.  

The ground s t a t e  masses  f o r  120 and 1 6 ~ e  p l u s  t h e  mass 

d e t e r m i n a t i o n s  of 2 4 ~ i  and 3 2 ~ r  a r e  c o n s i s t e n t  w i t h  t h e  q u a d r a t i c  

n a t u r e  of t h e  ' IMME. Two o t h e r  q u i n t e t s  have been measured 

(A=8,20) w i t h  s u f f i c i e n t  a c c u r a c y  t o  t e s t  t h e  IMME. For A=8, 

s i g n i f i c a n t  h igher -o rder  terms, d~~~ + e ~ , ' ,  a r e  r e q u i r e d  t o  f i t  

t h e  d a t a .  These terms p robab ly  a r i s e  from energy  l e v e l  s h i f t s  of 
\ 

two q u i n t e t  members due t o  i sosp in -a l lowed  p a r t i c l e - d e c a y  w i d t h s .  
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Measured v a l u e s  f o r  t h e  A=20 q u i n t e t  which i s  bound t o  such  decay 

show e x c e l l e n t  agreement w i t h  t h e  q u a d r a t i c  form of t h e  IMME. 



TABLE I . p r o p e r t i e s  o f  T=2 l e v e l s  o f  i s o s p i n  q u i n t e t s  i n  t h i s  s t u d y .  

A J" T, Nuc leus  E x ( ~ e v )  Mass E x c e s s ( ~ e V )  Ref. 

12 O+ 2  2Be g . s .  25078 (15 )  11  

1  B 1271 O(20)  26080 (20 )  1 2  

0  1 2 C  27595.0(24)  27595.0(24)  1 3  

- 1  1 2 ~  unknown unknown 

- 2  l 2 0  9.5.  32059(48 ) t h i s  

1 6  0' 2  1 6 C  g . s .  1 3 6 9 5 ( 7 )  1 0  

1  N 9928 (7 )  1561 O(7 )  1 4  

0  6 O  22721 ( 3 )  1 7 9 8 4 ( 3 )  14  

- 1  1 6 ~  unknown unknown 

- 2  16Ne g .s .  24051 ( 4 5 )  t h i s  

24 0' 2  ' 2 4 ~ e  9.5. - 5949 (10 )  1 0  

1  24Na 5969.0(16)  -2448.5(18)  1 5  

0  2 4 ~ g  15436.4(6)  1 5 0 5 . 8 ( 9 )  1 5  

- 1  24A1 5595 (10 )  5903 (9 )  1 6  

- 2  2 4 S i  g . s .  1  0682 (52 ) t h i s  

32 0' 2  . . 3 2 S i  g . s .  - 24092 (7 )  1 5  

1  3 2  P 5073.1 ( 9 )  -19231.6(12)  1 5  

0  3 2 ~  12050 (4 )  -1  3 9 6 5 ( 5 )  1 5  

- 1  3 2  C1 5033 (10 )  -8295.6(52)  17  

- 2  3 2 ~ r  g.s.  -2181 ( 5 0 )  t h i s  



TABLE I 1  . C o e f f i c i e n t s  o f  t h e  It.lI1E and r e d u c e d  x 2  f r o m  l e a s t - s q u a r e s  f i t .  



F. P ion  I n e l a s t i c  S c a t t e r i n g  on 4 0 , 4 2 9 4 4 9 4 8 ~ a  and 5 4 ~ e  
f3 t, 

A comparison has  been made of 180 MeV n+ v e r s u s  n- i n e l a s t i c  

e x c i t a t i o n  of low-lying c o l l e c t i v e  s t a t e s  i n  t h e  ca lc ium 

i s o t o p e s ,  Z=20 s e r i e s ,  4 0 9 4 2 * 4 4 9 4 8 ~ a ,  and i n  t h e  N=28 s e r i e s ,  

4 8 ~ a  and 5 4 ~ e .  A p r e f e r e n c e  i s  expec ted  f o r  v a l e n c e  p r b t o n s  t o  

b e  e x c i t e d  i n  3- s t a t e s  and f o r  v a l e n c e  n e u t r o n s  t o  b e  e x c i t e d  i n  

+ 2  s t a t e s  a s  t h e  neugron l f  7 / 2  s h e l l  c l o s u r e  p roceeds  f rom 'Oca 

t o  4 8 ~ a  l e a d i n g  t o  t h e  " P a u l i  b lock ing"  of v a l e n c e  n e u t r o n  

t r a n s i t i o n s .  T h e . o p p o s i t e  p r e f e r e n c e  is  e x p e c t e d  a s  t h e  p r o t o n  

l f 7 / 2  s h e l l  c l o s u r e  p roceeds  from 4 8 ~ a  t o  5 4 ~ e  l e a d i n g  t o  t h e  

" P a u l i  b lock ing"  of v a l e n c e  p r o t o n  ~ r a n s i t i o n s .  

R a t i o s  of a(n ') /a(n+) f o r  p i o n  i n e l a s t i c  s c a t t e r i n g  t o  t h e  

t h r e e  l o w e s t  3- s t a t e s  i n  *'ca a t  Olab = 33O a r e  0.85, 0.90 and 

1.4, r e s p e c t i v e l y .  Blocking due t o  t h e  f i l l e d  l f 7 / 2  n e u t r o n  

s u b s h e l l  i s  s e e n  i n  t h e  two lowes t  3- s t a t e s .  Simple sum-rule 

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

s t a t e s  which i s  s e e n  i n  t h e  d a t a  f o r  t h e  t h i r d  3- s t a t e .  Both 

Blocking and Sum-rule e f f e c t s  may b e  s e e n  i n  F i g u r e  20, t h e  n' 

and n+ s p e c t r a  f o r  i n e l a s t i c  s c a t t e r i n g  on 4 8 ~ a  a r e  summed o v e r  

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



- F i g u r e  21 and 22 a r e  p l o t s  of t h e  i n e l a s t i c  n+ and n 

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  f o r  t h e  2: and 3; s t a t e s  i n  

4 2 9 4 4 9 4 8 ~ a ,  and 5 4 ~ e ,  r e s p e c t i v e l y .  As can  be s e e n ,  t h e r e  i s  a 

marked p r e f e r e n c e  of n- over  IT+ t r a n s i t i o n s  f o r  t h e  2+ s t a t e s  i n  
1 

t h e  Z=20 s e r i e s ;  whereas ,  f o r  t h e  3; s t a t e s ,  t h e r e  i s  a  

d i s c e r n a b l e  a l t h o u g h  n o t  a s  marked p r e f e r e n c e  of  n+ over  n- 

t r a n s i t i o n s .  T h i s  d i f f e r e n c e  can b e  i n t e r p r e t e d  q u a l i t a t i v e l y  

from t h e  i n t e r a c t i o n  between t h e  s h e l l  and c o l l e c t i v e  models of 

n u c l e a r  s t r u c t u r e .  F i n a l l y ,  f o r  t h e  2; s t a t e s  i n  t h e  N-28 

s e r i e s ,  t h e  p r e f e r e n c e  of n' over  n+ t r a n s i t i o n s  i s  s u b s t a n t i a l  

i n  4 8 ~ a  w h i l e  t h e  p r e f e r e n c e  i s  a lmos t  i n d i s t i n g u i s h a b l e  f o r  t h e  

a lmos t  comple te ly  c l o s e d  p r o t o n  If s h e l l  i n  5 4 ~ e .  
71 2 



Figure820. n.+ and n- spectra for ?.ion inelastic scattering 
to the  three l i k e s t  states in 48Ca 

. . .. .. . _.. _ - - . ._.. - . ._._ _.,.<. ..- -...... C - .... -. --. . - - -. -.-. . _. . . . ... , 



BCM (Deg) 
Bcu (Deg) 

+ 
Figure 2l+and 2 2 .  Inelast ic  n a n d  n- different ial  cross sections 
for  the 2, and 3; states  in 429449a8~a and 5 4 ~ ~ .  
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The v i r t u a l  meson s t r u c t u r e  of t h e  nucleon-nucleon f i e l d  

m a t e r i a l i z e s  i n t o  real,  o b s e r v a b l e  p a r t i c l e s  when s u f f i c i e n t  

e n e r g y  i s  a v a i l a b l e .  For a lmos t  30 y e a r s ,  t h e o r y  and exper iment  

have been s t u d y i n g  t h e  meson p r o d u c t i o n  r e a c t i o n :  pp+dn+. T h i s  

r e a c t i o n  n o t  o n l y  f u r n i s h e s  i n s i g h t  i n t o  t h e  fundamental  

nucleon-nucleon i n t e r a c t i o n ,  b u t  a l s o  p r o v i d e s  i n f o r r i a t i o n  

concern ing  meson-nucleus i n t e r a c t i o n s .  

The r a n g e  of t h e  p ion-nucleon i n t e r a c t i o n  i s  though t  t o  be  

l e s s  t h a n  t h e  Compton wavelength  of t h e  meson involxred. Assuming 

t h a t  t h e  d e B r o g l i e  wavelength  o f  t h e  p i o n  is  on t h e  o r d e r  of 

magni tude of t h e  range  o f '  t h e  meson-nucleon f i e l d ,  a  200 MeV p i o n  

is  r e s t r i c t e d  t o  a n  a n g u l a r  momentum of 2  o r  l e s s ;  i . e .  ( a  d  

p a r t i a l  wave. Gell-Mann and watson1 were  t h e  f i r s t  t o  a t t e m p t  t o  

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

c r o s s - s e c t i o n  f o r  t h i s  r e a c t i o n .  S e v e r a l  y e a r s  l a t e r  bland1 and 

~ e ~ ~ e ~  u s i n g  a  s t a t i s t i c a l  . o p e r a t o r  approach  submi t t ed  t h e  

f o l l o w 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  f o r  s ,  p,  and d-wave p i o n s :  



. d o  - 1 - - -  {y0+y2 c o s 2 0  + y4 COS*O - p  s i n  o 
do 32n 

Each c o e f f i c i e n t  g e n e r a l l y  r e f l e c t s  t h e  i n t e r f e r e n c e  of two o r  

more p a r t i a l  waves. ~ i s k a n e n ~ ,  u s i n g  a  coupled channe l  

c a l c u l a t i o n ,  produced numbers f o r  t h e  Mandl-Regge p a r a m e t e r s ,  yi 

and X i ,  f o r  p r o t o n  e n e r g i e s  up t o  -750 M e V .  An e x t r a p o l a t i o n  was 

performed on h i s  d a t a  t o  p e r m i t  a  compar ison between our  

e x p e r i m e n t a l  d a t a  and h i s  numbers. 

The u n p o l a r i z e d  p o r t i o n  of t h e  c r o s s - s e c t i o n  is: 

The remainder  of t h e  e q u a t i o n  is  t h e  a n a l y z i n g  power; 

1 
A ( 0 )  = - p  s i n  O { X o  + A2cos20 + (A1cosO + A ~ C O S ~ Q ) } .  

Y 32n 

The Y 4  t e rm i n  t h e  u n p o l a r i z e d  c r o s s - s e c t i o n  i s  t h e  u n i q u e  and 

s o l e  c o n t r i b u t i o n  of d-wave p ions .  The A 1  and X 3  terms found i n  

t h e  a n a l y z i n g  power arise  from s and d-wave i n t e r f e r e n c e .  To 

d a t e  low c o u n t i n g  r a t e s  and poor  r e s o l u t i o n  have hampered t h e  
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d e t e c t i o n  of a n y t h i n g  b u t  s and p-wave p ions .  In t h e  u n p o l a r i z e d  

c r o s s - s e c t i o n ,  t h e  c o s 4 0  f a c t o r  o b s c u r e s  o b s e r v a t i o n  of d - p a r t i a l  

waves e x c e p t  a t  ext reme forward and extreme backward s c a t t e r i n g  

a n g l e s ;  a  p o s i t i o n  d i f f i c u l t  t o  a c h i e v e  w i t h  e x p e r i m e n t a l  

hardware.  However, t h e  odd powers of cosO due t o  d-waves i n  t h e  

a n a l y z i n g  power a r e  asymmetric about  90' and,  g e n e r a l l y ,  l a r g e r  

0 i n  magnitude.  T h i s  asymmetry of t h e  a n a l y z i n g  power around 90 

p r o v i d e s  a more s e n s i t i v e  test f o r  d-waves t h a n  t r y i n g  t o  u n e a r t h  

a  c o s 4 0  dependence from t h e  u n p o l a r i z e d  c r o s s - s e c t i o n .  

The a n a l y z i n g  power is  d e f i n e d  a s  t h e  r a t i o  of t h e  

l e f t - r i g h t  asymmetry t o  t h e  beam p o l a r i z a t i o n .  When t h e  beam 

p o l a r i z a t i o n  r e v e r s e ' s ,  l e f t  and r i g h t  a r e  mere ly  i n t e r c h a n g e d  on 

a two-arm p o l a r i m e t e r .  The l e f t  and r i g h t  q u a n t i t i e s  a r e  formed 

by t a k i n g  t h e  g e o m e t r i c  mean of t ' h e  y i e l d s  from both  p o l a r i m e t e r  

arms. The two-arm p o l a r i m e t e r  a v o i d s  major  s o u r c e s  of  e r r o r  

in t l r renr :  in ppeviaiis exper iments .  W i t h  t h e  two-arm p o l a r i m e t e r ,  

beam i n t e n s i t y ,  t h e  f r a c t i o n  of p i o n s  which decay b e f o r e  r e a c h i n g  

t h e  d e t e c t o r ,  t h e  e f f i c i e n c y  of t h e  d e t e c t o r s ,  and t h e i r  f i n i t e  

s i z e  c a n c e l  o u t  i n  . t h e  a n a l y z i n g  power,, s l t h o u g h  t h e y  a r e  

r e t a i n e d  i n  t h e  c r o s s - s e c t i o n .  Consequent ly  t h e  a n a l y z i n g  power 

d a t a  from LAMPF i s  a n  o r d e r  of magni tude b e t t e r  t h a n  t h e  b e s t  

p r e v i o u s .  d a t a  which was t a k e n  a t  C E R N ~ .  CERN r e p o r t s  e r r o r  of 

'20-30% w h i l e  t h e  u n c e r t a i n t y  i n  t h e  LAMPF d a t a  r u n s  3-5%. The 
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u n c e r t a i n t y  i n  t h e  Mandl-Regge paramete rs  a r e  abou t  lo%, excep t  

f o r  A. which i s  about  4%. The v a l u e s  f o r  t h e  c o e f f i c i e n t s  A1, A 3 

and A 2 ,  A,, a r e  p l o t t e d  i n  F i g u r e s  1 and  2. , T h e  l a r g e  v a l u e s  

o b t a i n e d  f o r  and h 3  i n d i s p u t a b l y  demons t ra te  t h e  p r e s e n c e  of 

d-wave p ions  a t  t h i s  energy .  The l a r g e  v a l u e  of A,, s u g g e s t s  t h e  

r e l a t i v e  importance of £-wave p ions .  

The u n p o l a r i z e d  c r o s s - s e c t i o n  f o r  , t h i s  r e a c t i o n  h a s  been  

measured r e p e a t e d l y  and p r o v i d e s  a  c o n s i s t e n c y  check o n  our  d a t a  

( F i g u r e  3 ) .  0.ur c r o s s - s e c t i o n s  were found t o  b e  c o n s i s t e n t  w i t h  

t h o s e  of   elder^ ( F i g u r e  4 ) ,  . Richard-Ser re ,  e t  a l . ,  ( F i g u r e  5 )  

and ~ o l l a s ~ .  

With t h e  enhanced p r e c i s i o n  df our  measurements we conc lude  

t h a t  c u r r e n t  t h e o r e t i c a l  c a l c u l a t i o n s  a r e  n o t  i n  good agreement '  

w i t h  t h e  d a t a .  The s u r p r i s i n g  s t r e n g t h  o f  d-wave p i o n s  remains  

unexplained a l t h o u g h  t h e  s p i n  dependent  a s p e c t s  o f  t h e  r e a c t i o n  

have a s  y e t  n o t  been  t a k e n  i n t o  account .  Measuring t h e  a n a l y z i n g  

power of o t h e r  n u c l e a r  r e a c t i o n s  w i t h  t h e  two-arm p o l a r i m e t e r  

w a r r a n t s  f u r t h e r  e x p l o i t a t i o n .  



Figure 1 .  Polarization parameters XI and x ~ .  Sol id l ine :  
Gal 1 lean-invariant operator used; dashed 1 ine: non-Gal i lean; 
small dashes: higher par t ia l  waves excluding 1, = 3  or 1 ...= 3 .  

rr P P 



F i g u r e  2 .  Polar .- izat  iur~ paramete rs  x2 and A h .  Nota t ion  
and data as i n  F i g u r e  1.  



1.0 0.0 0.8 07  0.6 0.5 0 4  0.3 02 0.1 0.&0bO~0>0CO.M.60FObQ.Cl.O 
Cosine (8rm) 

F i g u r e  3. D i f f e r e n t i a l  c r o s s  s e c t i o n  da ta  
and f i t  f o r  t h i s  exper iment .  CERFJ d a t a  i s ,  
shown be1 ow. 



Figure  4. Data o f  Fe lder  w i t h  t he  f i t  t o  t h i s  data.  



Cosine (Ocm) 

F i g u r e  5. F i t  o f  Richard -Ser re  and t h i s  d a t a .  
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B. The Two-Arm P r o t o n . P o l a r i m e t e r  

A two-am p r o t o n  p o l a r i m e t e r  ( F i g u r e  6 )  was d e s i g n e d  t o  

measure t h e  a n a l y z i n g  power of  t h e  p ion-deuteron r e a c t i o n  

(Experiment 27).  It was performed by a  g roup  c o n s i s t i n g  of 

members from Case Western Reserve  U n i v e r s i t y , ' T h e  Los Alamos 

S c i e n t i f i c  L a b o r a t o r y ,  and Tne U n i v e r s i t y  of Texas a t  Aus t in .  

Although t h e  exper iment  was n o t  implemented w i t h  c r o s s - s e c t i o n s  

i n  mind, 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  were e x t r a c t e d  from t h e  d a t a  

a s  a  c o l l a t e r a l  measurement. 

Focused t o  a  beam s p o t  < 3mm i n  d i a m e t e r ,  0.8 G e V  p r o t o n s  

bombarded a  10 m i l  CH t a r g e t .  Beam p o l a r i z a t i o n  was -70% and 

beam c u r r e n t  -100 PA. P r e l i m i n a r y  and c o n j u g a t e  p a r t i c l e s  

s c a t t e r e d  from t h e  CH t a r g e t  a r e  d e t e c t e d  by p l a s t i c  

s c i n t i l l a t o r s  l o c a t e d  above,  below, and t o  t h e  l e f t  and r i g h t  of 

t h e  beam. L e f t - r i g h t  and up-down asymmetr ies  when d i v i d e d  by t h e  

a n a l y z i n g  power g i v e  t h e  beam p o l a r i z a t i o n s  p e r p e n d i c u l a r  and 

p a r a l l e l  t o  t h e  s c a t t e r i n g  p l a n e ,  r e s p e c t i v e l y .  The beam l i n e  

p o l a r i m e t e r  measured t h e  beam p o l a r i z a t i o n  u s i n g  t h e  a n a l y z i n g  

power of hydrogen a t  17'. Four p a i r s  of  X-Y m u l t i w i r e  

p r o p o r t i o n a l  c o u n t e r s  i n  a  two-arm arrangemen,t  d e t e c t e d  d e u t e r o n s  

and p o s i t i v e  p ions .  A s c i n t i l l a t o r  a t t a c h e d  t o  each X-Y c o u n t e r  . 

' .  
r e g i s t e r e d  t i m e  of f l i g h t  i n f o r m a t i o n  t o  a i d  i n  background 



r e j e c t i o n .  Major background e l i m i n a t i o n  took  p l a c e  by e x p l o i t i n g  

t h e  k i n e m a t i c s  of  t h e  p ion-deuteron sys tem.  The e l a p s e d  t i m e  

between when t h e  p i o n  and d e u t e r o n  a r r i v e  a t  t h e i r  r e s p e c t i v e  

chambers i s  p e c u l i a r  t o  t h e  k i n e m a t i c s  of t h e  r e a c t i o n  and d o e s  

n o t '  o v e r l a p  w i t h  p-p e l a s t i c  . k i n e m a t i c s .  Time of f l i g h t  

i n f o r m a t i o n  was implemented v i a  t h e  s o f t w a r e  t o  d i s c a r d  p-p 

e l a s t i c  e v e n t s .  Events  were p rocessed  by a  d a t a  a c q u i s i t i o n  

sys tem c . o n s i s t i n g  of a  chamber readou t  sys tem,  e l e c t r o n i c ' l o g i c ,  

and a PDP 11/45 which recorded  t h e  d a t a  on magne t i c  t a p e  f o r  

l a t e r  r e a n a l y s i s .  



TARGET I.C. 
- f 1 

800 MeV f P 4 
I 1 

F igu re  6. Exper imenta l  set-up. 
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