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ABSTRACT 

New 1.029 GeV P - ~ H ~  d a t a  f =om an  Argonne-UCLA-Minnesdta c o l l a b o r a t i o n  

are i n  e x c e l l e n t  agreement w i t h  e x i s t i n g  m u l t i p l e  d i f f r a c t i o n  t h e o r y  p re -  

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

o f  t h e  A i n t e r m e d i a t e  s ta te  p r o c e s s  t h a t  f i l l s  t h e  f i r s t  d i f f r a c t i o n  minimum; 

The r e c e n t l y  n o r m i i i z e d  S a c l a y  d a t a  and t h e  a l d e r  Brookhaven d a t a  d i s a g r e e  

w i t h  o u r  c a l c u l a t i o n  and t h e  new d a t a .  I NOTICE 
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The theo ry  of m u l t i p l e  d i f f r a c t i o n  s c a t t e r i n g  developed i n i t i a l l y  by 

1 2 3 
Glauber and extended and modified by o t h e r s ,  makes an unambiguous. 

p r e d i c t i o n  f o r  hadron-nucleus m u l t i p l e  s c a t t e r i n g  - i f  one knows i n  advance 

t h e  nucleon-nucleon s c a t t e r i n g  ampli tudes and t h e  n u c l e a r  wave func t ions .  

I n  t h i s  L e t t e r  w e  compare t h e  p r e d i c t i o n  of m u l t i p l e  d i f f r a c t i o n  theo ry  

2 
inc lud ing  l ead ing  e ikona l  c o r r e c t i o n s  t o  four  s e t s  of p - 4 ~ e  e l a s t i c  

s c a t t e r i n g  d a t a  n e a r  1 GeV (Figure  1 )  and show t h a t  t h e  ve ry  r e c e n t  Argonne- 

UCLA-Minnesota da t a4  a t 1 . 0 2 9  GeV a r e  i n  e x c e l l e n t  agreement wi th  t h e  theory.  

Three experiments  4 ' 5 9 6  t o  d a t e  have measured 1 OeV proton-Helium 

e l a s t i c  d i f f e r e n t i a l  s c a t t e r i n g  inc lud ing  t h e  sma l l  a n g l e  range. I n  

a d d i t i o n ,  l a r g e r  angle  helium-proton s c a t t e r i n g  has  been measured7 a t  Saclay 

5 
- v e r y  near  t h e  same c m  momentum. The 1967 Brookhaven r e s u l t s  . a t ' . l . O  GeV 

2 
showed a  d i f f r a c t i o n  minimum a t  t=0.24 ( ~ e V / c )  which was g iven  a n a t u r a l  

t h e o r e t i c a l  explana t ion8  i n  Glauber ' s  m u l t i p l e  d i f f r a c t i o n  theo ry  u s ing  a  

4  
s imple ~ a u s s i a n  d e n s i t y  f o r  H e ,  and s imple  Gaussian approximations f o r  

nucleon-nucleon s c a t t e r i n g  ampli tudes.  However, t h e  1973 Sac lay  d a t a  
6  

. . 

a t  1 .05 G e V  ( r e f e r r e d  t o  a s  Saclay-A) d i f f e r e d  s u b s t a n t i a l l y  i n  i t s  t- 

dependence, p a r t i c u l a r l y  i n  t h e  r eg ion  of t h e  f i r s t  d i f f r a c t i o n  minimum 

and beyond. The Saclay-A d a t a  were r epo r t ed  w i th  an a r b i t r a r y  normali-  

z a t i o n  and hence, i t  was n o t  c l e a r  whether t h e  disagreement w i t h  

Brookhaven d a t a  was a t  small-  o r  l a rge - t .  However, t h c  f i l l i n g  of . . 

t h e  f i r s t  d i f f r a c t i o n  minimum was no t  unan t i c ipa t ed .  A paper by 

9  M. Ikeda showed t h a t  p roduct ion  of A i n t e r m e d i a t e  s t a t e s  could f i l l  i n  t h e  

minimum:. I n - t h i s  p roces s ,  t h e  f a s t  nucleon becomes a  A i n  one c o l l i s i o n  and 



.3 

r e k r n s  t o  a  nuc leon  s t a t e  i n  a  l a t e r  c o l l i s i o n  thereby  r e - en t e r ing  t h e  
" 

e l a s t i c  channel.  The ~ k e d a  r e s u l t  was n o t  compelling10 because i t  ignored 

t h e  s t r o n g  s p i n  and i s o s p i n  dependence of A product ion  ampli tude which 

suppresses  t h e  e f f e c t  i n  nuc l ea r  e l e a s t i c  s c a t t e r i n g .  However, t h e  Saclay-A 

d a t a  ob ta ined  l a t e r  were i n  q u i t e  good agreement w i t h  t h e  Ikeda   re diction. 
. . 

While t h e o r e t i c a l  exp lana t ions l1  of t h e  Saclay-A d a t a  were advanced 

(which d i d  no t  i nc lude  t h e  A i n t e rmed ia t e  s t a t e s ) ,  normalized v e r s i o n s  of 

t h e  d a t a  a l s o  b e g a n . t o  appear  l2 which c a s t  cons ide rab l e  doubt on b o t h .  
+ 

t h e  o r i g i n a l  d a t a  and t h e o r e t i c a l  f i t s  t o  i t .  I n  1976, t h e  f i n a l  normalized 

14 d a t a ,  he re in  r e f e r r e d  t o  a s  Saclay-B, were conununicated i n  t a b u l a r  form . 
The Saclay-B d a t a  a r e  q u i t e  s i m i l a r  t o  t h e  e a r l i e r  Brookhaven d a t a  except  

12 i n  t h e  r eg ion  of t h e  f i r s t  minimum , however, they  a r e  a t  va r i ance  w i th  

t h e  c a l c u l a t i o n s  mentioned above. 

This  puzz l lng  s i t u a t i o n  is n o t  r e c t i f i e d  by a  numberbf  improvements 

i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  A high energy expansion method2 f o r  nuc l ea r  

m u l t i p l e  s c a t t e r i n g  was developed which showed t h a t  t h e  l ead ing  non e ikona l  

-1 . .  
c o r r e c t i o n s  t o  Glauber ' s  m u l t i p l e  d i f i r a c t i o n  theo ry  i n  a  k expansion , ' 

were irideed s m a l l  ( t y p i c a l l y  l e s s  than  15%) and t h a t  t h e i r  inc lus ior i  should 

i n  p r i n c i p l e  l ead  t o  accuracy t o  about 5% i n  t h e  8 =O t o  60' range. Corn- 
cm 

pa r i son  of t h e  m u l t i p l e  s c a t t e r i n g  approaches 1 * 2 s 3  w i th  exac t  r e s u l t s  1s 

v e r i f i e s  t h e s e  e s t ima te s .  Using t h e  Glauber t heo ry  p l u s  l ead ing  c o r r e c t i o n s  

4 formalism, we have performed second gene ra t i on  p- He 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  

based on exist in^ phase s h i f t s 1 6  f o r  t h e  pp ampl i tudes  and ve ry  s i m p l e  . 

assumptions f o r  ' t h e  p-n ampli tudes.  . Our c a l c u l a t i o n s  i nc lude  a  kinematic  

t ransformat ion  of  s i n g l e  s c a t t e r i n g  ampl i tudes  similar t o  t h a t  d'eveloped i n  
,-. 

r e f e r ence  3 and shown t o  be p a r t l y  r e s p o n s i b l e  f o r  f i l l i n g  of t h e  second 
'1 ' 

2 
i . d i f f r a c t i o n  d i p  ( a t  t = l.O(GeV/c) ). The f u l l  s p i n  and i s o s p i n  dependence 

of t h e  NN ampli tudes has  been included but we  f i n d  t h a t  only t h e  s c a l a r  (A) 



and s p i n - f l i p  (C)  ampli tudes p lay  a  s i g n i f i c a n t  r o l e .  Coulomb e f f e c t s  a r e  

included a s  a r e  t h e  e f f e c t s  o,f center-of-mass c o r r e l a t i o n s .  The nuc l ea r  

'wave func t ions  used a r e  based on sums of Gaussian terms which provide  an 

4  a c c u r a t e  f i t  t o  t h e  measured He form f a c t o r  whi le  ma in t a in ing  p o s i t i v i t y  

of t h e  ,co.ordinate space dens i ty .  The nucleon-nucleon ampli tudes f o r  s i n g l e  

16 s c a t t e r i n g  a r e  based d . i r ec t l y  o n , t h e  pp phase s h i f t  ampli tude and on a 
. , 

17 f i t  t o  t h e  pn d i f f e r e n t i a l  c r o s s  s e c t i o n  measurements . Double, t r i p l e ,  

e t c .  s c e t t e r i n g  terms of t h e  m u l t i p l e  s c a t t e r i n g  expansion i r e  based on 

Gaussian approximations t o ' t h e  NN ampli tudes v a l i d  a t  t h e  smal l  t range. 

r e l e v a n t  f o r  m u l t i p l e  s c a t t e r i n g .  We assume t h a t  t h e  pn s p i n  f l i p  ampli tude 

is  U.7 times t h e  pp s p i n  f l i p  ampli tude ( c o n s i s t e n t  w i th  observed pn 

p o l a r i z a t i o n s )  and w e  a l s o  'assume t h a t  t h e  r a t i o  o f .  t h e  r e a l  and imaginary p a r t s  

oE t h e  pn s c a l a r  ampli tude i s  -.5. - 

F i n a l l y ,  t h e  ampli tude f o r  A i n t e rmed ia t e  s t a t e s  between s c a t t e r i n g s  

has  been eva lua ted  i n  a  s p i n  and i s o s p i n  dependent model which r e s u l t s  

i n  a  f a c t o r  114 suppress ion  compared t o  t h e  pp+NA c r o s s  s e c t i o n w h i c h i n v o l v e s  

averaging over  i n i t i a l  s p i n s  and summing over f i n a l  s p i n s  and i s o s p i n s .  

Because e a r l i e r  s c a l a r  e s t i m a t e s  
4 

'"18 of B e f f e c t s  i n  p- H e  s c a t t e r i n g  
. . 

contained an i n c o r r e c t  f a c t o r  1 / 2  and a  s p i n  count'ing f a c t o r  2 -'I2 from d e t a i l  

ba lance  cons . idera t ions ,  t h e  n e t  suppress ion  o f  t h e  A e f f e c t s  r e l a t i v e  t o  t h e  

e a r l i e r  s c a l a r  e s t i m a t e  i s  j u s t  2-'12. Based on a  s t r e n g t h  corresponding t o  

u(pp+NA) ='20 mb, t h e  sp in- i sosp in  dependent A i n t e rmed ia t e  s t a t e  p roces se s  

a r e  now found t o  have e s s e n t i a l l y  t h e  same c r u c i a l  r o l e  i n  f i l l i n g  t h e  f i r s t  

d i f f r a c t i o n  minimum a s  i n  t h e  e a r l i e r  e s t ima te s .  D e t a i l s  of our  r e s u l t s  
. 

w i l l  be '  g iven i n  another  paper.  

A l l  of t h e e e  re f inements  l e a d  t o  a t h e o r e t i c a l  p r e d i c t i o n  i n  s u b s t a n t i a l  *' 

disagreement. w i th  t h e  Saclay-B d a t a  - and t h e  Brookhaven d a t a  bu t  i n  q u i t e  good 



:. a . . .  . 
agreement wi th  t h e  Saclay-A r e s u l t s .  This  s i t u a t i o n  was i n i t i a l l y  r epo r t ed  1 8  

. .? . i n , t h e  f a l l  of 1975 and has  no t  changed s i g n i f i c a n t l y  a s  re f inements  have 

been made t o  t h e  ' t h e o r e t i c a l  c a l c u l a t i o n s  t o  e l i m i n a t e  sou rces  of u n c e r t a i n t y .  
U 

Our theoretical p r e d i c t i o n w a s  r epo r t ed  by G. J. 1~0"  i n  1976 based on 

s l i g h t l y  d i f f e r e n t  nucleon-nucleon s p i n  dependent ampli tudes and a  s c a l a r  
. . 
es t ima te  of A i n t e rmed ia t e  s t a t e " e f f e c t s .  

4 
A very  r e c e n t  experiment a t  Argonne Nat iona l  Laboratory by an Argonne- 

UCLA-Minnesota c o l l a b o r a t i o n  has  provided a new exper imenta l  d i f f e r e n t i a l  

c r o s s  s e c t i o n .  The new d a t a  provide  an e x c e l l e n t  f i t  t o  t h e . t h e o r e t i c a 1  

p r e d i c t i o n ,  w h i c h . i s  e s s e n t i a l l y  t h e  same a s  r epo r t ed  i n  r e f e r e n c e  19. 

F igure  1 'summarizes t h e  correspondence of  our  p r e d i c t i o n  ( s o l i d  l i n e s ) . w i t h  
. . 

each of t h e  .four d a t a  sets. The e f f e c t  of no t  i nc lud ing  t h e  A i n t e rmed ia t e  - 
s t a t e s  i s  shown by t h e  dashed l i n e  and one s e e s  t h a t  t h i s  p rocess  i s  respons i -  

b l e  f o r  f i l l i n g  t h e  f i r s t  d i f f r a c t i o n  minimum. 

The new Argonne-UCLA-Minnesota measurements a r e  quoted t o  15% ac.curacy. 

The agreement w i th  t h e  m u l t i p l e  d i f f r a c t i o n  theo ry  p r e d i c t i o n  i s  wi th in  10% 

wi th  t h e  except ion  of some p o i n t s  a t  very  smal l  t .  A ve ry  c l e a r  t h e o r e t i c a l  

p re fe rence  f o r  t h e  new Argonne-UCLA-Minnesota d a t a  is  ev iden t  from t h i s  work. 

The disagreement of our  c a l c u l a t i o n  and t h e  Saclay-B d a t a  i s  50% i n  normali-  

z a t i o n ,  t h e  shapes being n e a r l y  i d e n t i c a l .  

I n  conc lus ion  w e  mention two a d d i t i o n a l  sets of c a l c u l a t i o n s  whose 

d e t a i l s  w i l l  be publ ished elsewhere: 

1. The e f f e c t  of s h o r t  range  c o r r e l a t i o n s  has  been found t o  be 

q u i t e  sma l l ,  n e i t h e r  improving t h e  exp lana t ion  of t h e  r e c e n t  d a t a ,  no r  a i d i n g  

t h e  understanding of prev ious  r e s u l t s .  

, 2 .  The a n a l y s i s  of t h e  A i n t e rmed ia t e  s t a t e  and our  aesumptions 

regard ing  t h e  nucleon-nucleon ampl i tudes  a r e  f u r t h e r  t e s t e d  i n  c a l c u l a t i n g  

t h e  p - 4 ~ e p o l a r i z a t i o n ,  where q u a l i t a t i v e  agreement w i t h  t h e  p re l imina ry  d a t a  



. h a s  been obtained. � in or r e f  in iments  of t h e  phase of t h e  NN ampli tudes 

C 
t o  o b t a i n  q u a n t i t a t i v e  agreement are .  i n  progress.. We n o t e  t h a t  simple choices  

of NN phases do. not  even q u a l i t a t i v e  agreement wi th  t h e  p o l a r i z a t i o n  
*i 

d a t a  without  t h e  i n c l u s i o n  of t h e  A con t r ibu t ion .  

Computations supported by t h e  Un ive r s i t y  of Maryland Computer Science ' cen ter .  



Figure  Caption 

. . 

. 2' Figure  1 Comparison of a  s i n g l e  t h e o r e t i c a l  1 GeV p - 4 ~ e  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  p r e d i c t i o n  ( s o l i d  l i n e s )  w i t h  f o u r  s e t s  of expe r i -  

mental  d a t a ;  Argonne-UCLA-Minesota ( r e f .  4 ) ,  Salclay-B ( r e f .  14) .  

Saclay-A ( r e f .  .6), Brookhaven ( r e f .  5). The dashed l i n e  shows 

, the  r e s u l t  when A i n t e rmed ia t e  s t a t e s  a r e  absent .  
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