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I n  t h i s  annual  r e p o r t  we p r e sen t  t h e  f i r s t  microscopic  models i nvo lve  a good d e a l  of 

a p p l i c a t i o n s  of our microscopic ,  meson exchange model phenomenology, and numer ica l  c a l c u l a t i o n s  a r e  

f o r  n u c l e a r  pion product ion ,  which has been under t e c h n i c a l l y  r a t h e r  complicated.  On t h e  o t h e r  hand, a 

development a t  IUCF and Er langen f o r  a number of complex model which is reasonable  complete and a l s o  

yea r s .  l Based on e f f e c t i v e  Lagrangians , it i nc ludes  f l e x i b l e ,  a l lows  one t o  add re s s  i n  a c o n s i s t e n t  manner 

p ion  s t r i p p i n g  from t h e  incoming pro ton  ( t h e  so - ca l l ed  a v a r i e t y  of i n t e r e s t i n g  ques t i ons ,  such a s  t h e  r o l e  of 

one-nucleon term) a s  w e l l  a s  s-wave and both resonant  mesonic and baryonic  degrees  of freedom, and t h e  

and non-resonant p-wave r e s c a t t e r i n g  ( t h e  two-nucleon importance of coope ra t i ve  or  c o l l e c t i v e  phenomena i n  

te rm) .  I n i t i a l  s t a t e  i n t e r a c t i o n s  and c o r r e c t i o n s  f o r  n u c l e i .  D e t a i l e d  i n fo rma t ion  about  such  q u e s t i o n s  w i l l  

h ighe r  o rde r  r e s c a t  t e r i n g  of t h e  outgoing  p ion  a r e  emerge only  from s y s t e m a t i c  and c o n s i s t e n t  ana ly se s  of 

i nc luded  v i a  proton-nucleus and pion-nucleus o p t i c a l  a  l a r g e  amount of d a t a  w i th  a microscopic  model which 

p o t e n t i a l s .  We summarize h e r e  t h e  philosophy and main has  t h e  f l e x i b i l i t y  t o  be ex tended,  wi th  minor 

f e a t u r e s  of t h e  model. mod i f i c a t i ons ,  t o  o t h e r  medium energy ,  l a r g e  momentum 

Most p r ev ious  t h e o r e t i c a l  approaches  have focused t r a n s f e r  p roce s se s .  It is c r u c i a l  f o r  t h e  p r a c t i c a l  

on s p e c i f i c  a s p e c t s  of t h e  p roduc t i on  p roce s s ,  i n  o rde r  a p p l i c a t i o n  of any model t o  keep t h e  t e c h n i c a l i t i e s  

t o  avoid  t h e  computa t iona l  d i f f i c u l t i e s  a s s o c i a t e d  w i th  simple.  

a  comprehensive microscopic  model. Only r e c e n t l y  have Guided by t h e  above phi losophy,  we s t a r t  ou t  w i th  

s y s t e m a t i c  and comprehensive t h e o r e t i c a l  ana ly se s  of what we expect  t o  be a sound though s t i l l  r a t h e r  

t h e  (p ,x )  r e a c t i o n  been a t tempted .  Whereas K e i s t e r  and t r a n s p a r e n t  microscopic  model and apply  i t  i n i t i a l l y  t o  

~ i s s l i n g e r , ~  a s  w e l l  a s  I q b a l  and ~ a l k e r , ~  focused  on low-energy p ion  product ion .  A f t e r  developing  a 

s c a t t e r i n g  e n e r g i e s  c l o s e  t o  t h e  33-resonance ( t o  s t udy  q u a l i t a t i v e  unde r s t and ing  of t h e  impor tan t  phys i c s  

p r i m a r i l y  A-isobar e x c i t a t i o n  and propagat ion  i n  i n p u t  and t h e  v a r i o u s  parameters  of t h e  model, i t  is 

n u c l e i ) ,  t h e  p r e sen t  approach c o n c e n t r a t e s  on e n e r g i e s  p lanned t o  ex t end  t h e  model s t e p  by s t e p  t o  h ighe r  

c l o s e  t o  t h e  p ion  product ion  t h r e s h o l d ,  where e x t e n s i v e  e n e r g i e s  and t o  t h e  s t udy  of s p e c i f i c  q u e s t i o n s  such  a s  

d a t a  on both t h e  c r o s s  s e c t i o n  and t h e  an l ayz ing  power t hose  mentioned above. The aim is t o  o b t a i n  not  only a 

of t h e  (p ,  x )  r e a c t  i o n  a r e  a v a i l a b l e .  d e t a i l e d  unde r s t and ing  of proton-induced 

For ene rg i e s  c l o s e  t o  t h r e s h o l d ,  t h e  complexity of pion-production,  but  u l t i m a t e l y  a coherent  d e s c r i p t i o n  

t h e  e lementary  xN ampl i tude  imp l i e s  a f a i r l y  of exc lu s ive  high-momentum t r a n s f e r  r e a c t i o n s  i n  

compl ica ted  microscopic  model f o r  t h e  nuc l ea r  (p ,  x) gene ra l .  

dynamics. The unpleasant  consequences of t h i s  a r e  t h a t  The fo rmu la t i on  of our model is based on p r ev ious  



i n v e s t i g a t i o n s  of t h e  ( p , ~ )  r e a c t i o n  a s  w e l l  a s  t r u e  

p ion  a b s o r p t i o n  on n u c l e i  a t  low ene rg i e s .  Even though 

t h e  i n t e r p r e t a t i o n  of e a r l i e r  r e s u l t s  is not  

unambiguous, they  i n d i c a t e  t h a t  : 

-- a t  ene rg i e s  w e l l  below t h e  33-resonance, t h e  

p ion  is produced predominant ly  i n  a  s i n g l e  

"hard" nucleon-nucleon c o l l i s i o n  (F ig .  l a ) ,  

i. e., t h e  primary product ion  o r  ab so rp t i on  

p roce s s  i nvo lve s  dynamically only two nucleons ;  

-- t h e  mod i f i c a t i ons  from " s o f t "  proton-nucleus 

and pion-nucleus i n t e r a c t i o n s  be fo r e  and 

a f t e r  t h e  genuine p roduc t i on  process  can be 

i nc luded  i n  a  g l o b a l  f a s h i o n  v i a  l o c a l  

mean-field c o r r e c t i o n s ;  

-- t h e  bremss t rah lung p roce s s  (Fig.  l b ) ,  i n  

which t h e  p ion  is produced d i r e c t l y  from t h e  

p r o j e c t i l e  i n  a  s t r i p p i n g - l i k e  manner, 

supplements t h e  p roduc t i on  process  a s  a  

moderate c o r r e c t i o n  (except  f o r  very  l i g h t  

n u c l e i ) .  

These conc lu s ions  a r e  drawn from ana ly se s  of h igh  

momentum t r a n s f e r  r e a c t i o n s  i n  g e n e r a l ,  which 

c o n s i s  t e n t  l y  map out  t h e  two-nucleon subampl i tude  a s  

t h e  dominant dynamical  s u b s t r u c t u r e ,  and t h e  i n t e r p l a y  

of t h e  k inema t i c s  of t h e  (p ,n )  r e a c t i o n  a t  t h r e s h o l d  

w i th  t h e  s t r e n g t h  of t h e  nN i n t e r a c t i o n  a t  t h e s e  

e n e r g i e s  and t h e  momentum d i s t r i b u t i o n  of bound 

nucleons .  

S e p a r a t i o n  of t h e  ( p , n )  p roce s s  i n t o  ha rd  and s o f t  

c o l l i s i o n s  is favored  by both t h e  k inema t i c s  and t h e  7tN 

dynamics near  t h e  p ion  t h r e sho ld .  With a  t y p i c a l  

momentum t r a n s f e r  t o  t h e  r e s i d u a l  nuc l eus  of about 450 

MeV/c, momentum s h a r i n g  i n  a  ha rd  c o l l i s i o n  can b r i n g  

t h e  p ion  c l o s e  t o  i t s  mass s h e l l  w i th  a  momentum 

t r a n s f e r  t o  each p a r t i c i p a t i n g  n u c l e a r  wave f u n c t i o n  of 

only  150 MeV/c ( s e e  F ig .  2 ) ,  which is c l o s e  t o  t h e  

maximum of t h e  momentum d i s t r i b u t i o n  of a  bound 

nucleon.  Combined w i th  t h e  dominance of momentum 

components around 400 MeV/c i n  t h e  t e n s o r  p a r t  of t h e  

p ion  exchange p o t e n t i a l ,  t h i s  s t r o n g l y  f a v o r s  a  

two-nucleon mechanism. The weak nN i n t e r a c t i o n  a t  low 

e n e r g i e s  r e s u l t s  i n  a  l a r g e  mean f r e e  pa th  f o r  p ions  i n  

n u c l e i  (- 2 fm); consequen t l y  t h e  m u l t i p l e  s c a t t e r i n g  

s e r i e s  should  converge r a t h e r  r a p i d l y  f o r  p ions  c l o s e  

t o  t h e i r  mass s h e l l .  

F igu re  1. Decomposit ion of t h e  ( p , ~ )  ampl i tude  i n t o  a  F igu re  2. T y p i c a l  momentum s h a r i n g  i n  t h e  ( p , ~ )  
r e s c a t t e r i n g  ( a )  and a  bremss t rah lung (b )  ampl i tude .  r e a c t i o n  around t h e  p roduc t i on  t h r e s h o l d  i n  t h e  

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



For t h e  p r a c t i c a l  formula t ion  of t h e  r e s c a t t e r i n g  

term, which involves  a t  low ene rg i e s  s-wave and both 

resonant  (A-dominated) and nonresonant p-wave p a r t s  of 

t h e  nN amplitude,  we a r e  immediately confronted  wi th  

t h e  complexi t ies  of isobar-dynamics i n  nuc l e i .  Recent 

s t u d i e s  i n  t h e  isobar-doorway approach have 

demonstrated c l e a r l y  t he  dominant r o l e  of t he  A-isobar 

i n  t h e  pion-nucleus i n t e r a c t i o n .  P a r t i c u l a r l y  f o r  pion 

s c a t t e r i n g  around t h e  33-resonance, medium c o r r e c t i o n s  

f o r  t h e  i s o b a r  a r e  an e s s e n t i a l  p a r t  of t he  nuc l ea r  

dynamics. To t r e a t  them p rope r ly  r e q u i r e s  t he  f u l l  

A-nucleus Greens-funct i on  i n s t e a d  of t he  convent ional  

c l o s u r e  approximation.  I nc lud ing  t h e  A-dynamics i n  f u l l  

g e n e r a l i t y  r e q u i r e s  - due t o  t h e  presence  of 

n o n l o c a l i t i e s  i n  t h e  i s o b a r  propagator  - a  r a t h e r  

s p e c i f i c  t e c h n i c a l  appara tus .  Its d e t a i l e d  

i nco rpo ra t i on  i n  t h e  p r e sen t  approach would very l i k e l y  

make t h e  code imprac t i cab l e  f o r  sy s t ema t i c  

a p p l i c a t i o n s .  Being i n t e r e s t e d  i n  ene rg i e s  w e l l  below 

t h e  33-resonance, we f e e l  t h a t  it is j u s t i f i a b l e  t o  

t r e a t  t h e  A-isobar i n  t h e  c l o s u r e  approximation,  

i nc lud ing  medium c o r r e c t i o n s  very q u a l i t a t i v e l y  a s  a  

l o c a l  s e l f  energy term. It is c e r t a i n l y  necessary  t o  

t e s t  t h i s  approximation by s tudying t h e  energy 

dependence i n  our model, by comparing wi th  o t h e r  

approaches2 3 which t r e a t  t h e  i s o b a r  Greens func t ion  i n  

t h e  l o c a l  l i m i t ,  and by comparing ( through charge 

symmetry and d e t a i l e d  ba lance)  wi th  a  very r ecen t  

c a l c u l a t i o n  of 4 ~ e ( ~ ' , n ) 3 ~  around t h e  resonance energy 

based on t h e  i soba r  doorway model.4 

Our model l a cks  t h e  s i m p l i c i t y  of t he  e a r l i e r  

bremss t r ah lung  models, but avoids  t h e  f u l l  

t e c h n i c a l i t i e s  of t h e  isobar-doorway approach. It is 

f a i r l y  complete and f l e x i b l e  enough t o  address  

ques t i ons  beyond those  r e l a t e d  t o  t h e  b a s i c  ( p , ~ )  

r e a c t i o n  mechanism. Keeping t h e  whole approach i n  

momentum space  a l lows a  convenient s tudy of r e c o i l  

e f f e c t s ,  n o n s t a t i c  c o r r e c t i o n s ,  t h e  i n f luence  of 

t ime-ordering,  e tc . .  S i m i l a r l y ,  t h e  i n f luence  of 

d i f f e r e n t  paramet r i z a t i o n s  f o r  t he  of f - s h e l l  

con t inua t ion  of t he  va r ious  v e r t i c e s  - such a s  d ipo l e  

form ve r sus  Bes se l  type  s t r u c t u r e s  - or  i t s  i n t e r p l a y  

w i th  o the r  poor ly  known i n g r e d i e n t s  i n  t h e  i n t e r a c t i o n  

(heavy meson exchanges, s h o r t  range c o r r e l a t i o n s )  can 

be e a s i l y  i n v e s t i g a t e d .  Furthermore,  i nc lud ing  a  

complete s e t  of time ordered  diagrams a l lows one t o  

s tudy the  i n f l u e n c e  of both r e a l  a s  w e l l  a s  v i r t u a l  

degrees  of freedom i n  nuc l e i .  For example, it is 

e a s i l y  r e a l i z e d  t h a t  t h e  ta rge t -emiss ion  diagram is 

d i r e c t l y  r e l a t e d  t o  t h e  content  of v i r t u a l  p ions  i n  t h e  

nuc l ea r  ground s t a t e  o r  e x c i t e d  s t a t e s .  S i m i l a r l y ,  t h e  

e x i s t e n c e  of v i r t u a l  A-isobar components i n  nuc l e i  is 

e a s i l y  t r a c e d  back t o  t h e  pre-emission p i ece  of t h e  

t a r g e t  emission diagram. Beyond t h a t ,  an ex t ens ion  of 

our  model t o  o t h e r  one-nucleon t r a n s f e r  r e a c t i o n s  o r  t o  

doubly coherent phenomena l i k e  p ion i c  fu s ion  induced by 

( l i g h t )  heavy ions  should  be f e a s i b l e .  We hope t h a t  i t  

u l t i m a t e l y  can provide  a  b a s i s  f o r  a  un i fy ing  

d e s c r i p t i o n  of high-momentum t r a n s f e r  r e a c t i o n s  i n  

g e n e r a l  around t h e  pion t h r e sho ld .  
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