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Abstract: We present results  of ll]easurenlents on photoproduction of pO mesons. 
Analysis of 10 5 measured 77-1mirs on protons ill the energy region 2 .6-  6.8 GeV 
using various assumptions of rho production, indicates that d(L/dl(l 0) decreases 
with increasing energy s imi lar  to77N scattering, Analysis of 10 6 meqsurcd 77- 
pairs from 13 complex nuclei in a four-dimensional data matrix 
dg/d~dm(A.m.p. l~_) with dimensions 13, 20. 6 itnd 20. yields precise information 
on nuclear density distributions determined by p-production. We obtain for the 
Woods-Saxon radiiR(A) (1.12,:0.02)A~ fro. and using the vector-dominance 
model. OpN= 26.7~:2.0 mb and)/3/47r 0.57 ~ 0.10. 

1. INTRODUCTION 

We p r e s e n t  r e s u l t s  on the pho top roduc t ion  of n e u t r a l  p m e s o n s  [1-4] 

y + A ~ A + p O  , pO_ .  ~+~- , (1) 

f r o m  14 e l e m e n t s :  h y d r o g e n  (A--1) ,  b e r y l l i u m  (9), c a r b o n  (12), a l u m i n i u m  
(27), t i t a n i u m  (47.9), coppe r  (63.5), s i l v e r  (107.9) c a d m i u m  (112.4), i nd ium 
(114.7), t a n t a l u m  (181), t u n g s t e n  (183.9), gold (197), l ead  (207.2) and 
u r a n i u m  (238.1). 

The  h y d r o g e n  da ta  w e r e  m e a s u r e d  at f o r w a r d  p r o d u c t i o n  a n g l e s  with i n -  
c iden t  photon e n e r g i e s  be tween  2.6 and 6.8 GeV and  in the d ip ion  m a s s  (m) 
r e g i o n  f r o m  500 to 1000 MeV c 2. A t o t a l o f  100000 e v e n t s  were  de t ec t ed  in 
o r d e r  to m e a s u r e  the c r o s s  s e c t i o n s  in e n e r g y  i n t e r v a l s  of ~xE)/= 0.6 GeV 
and  in m a s s  i n t e r v a l s  of A rn = 30 M e V ' c  2. 

The  p u r p o s e s  of the hyd rogen  m e a s u r e m e n t  were :  
(i) to s tudy the de t a i l ed  p r o d u c t i o n  m e c h a n i s m  of p ion  p a i r s  f r o m  p r o -  

t o n s  with no t h e o r e t i c a l  a s s u m p t i o n s  by a c c u r a t e l y  m e a s u r i n g  the dipion 
s p e c t r u m  as  a func t ion  of both m a s s  and ene r gy ,  

(ii) to s tudy the e n e r g y  dependence  of the f o r w a r d  p - p r o d u c t i o n  c r o s s  
s ec t i on  by f i t t ing  the e x t e n s i v e  data  with v a r i o u s  a s s u m p t i o n s  for  the p r o -  
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duction m e c h a n i s m ,  m a s s ,  width, and a gene ra l  po lynomia l  background  in 
all  i ts  dependent v a r i a b l e s .  

The complex  nuclei  m e a s u r e m e n t s  were  made at f o r w a r d  angles  and 
c o v e r e d  twenty i n t e rva l s  in the dipion m a s s  region f r o m  400 to 1000 
MeV c 2, six i n t e rva l s  in the dipion m o m e n t u m  (p) f r o m  4.8 to 7.2 G e V c ,  
and twenty in t e rva l s  in the t r a n s v e r s e  m o m e n t u m  t r a n s f e r  to the nucleus  
(l±) f r o m  0.0 to -0 .04  (GeV/c)  2. These  m e a s u r e m e n t s  fo rm a f o u r - d i m e n -  
sional  data m a t r i x  (A, re ,p ,  t± )=(13 ,  20, 6, 20) containing a p p r o x i m a t e l y  one 
mil l ion m e a s u r e d  ~ - p a i r s .  The high s t a t i s t i c s  of this  e x p e r i m e n t  (between 
102 and 103 t i m e s  m o r e  events  than p r e v i o u s  works)  toge the r  with the l a r g e  
v a r i e t y  of e l e m e n t s  used  (twice that of p r ev ious  e x p e r i m e n t s  [3, 4]) enables  
us  to make  an a c c u r a t e  study of the following: 

(i) The nuc lea r  densi ty  d is t r ibut ions .  Fo r  a given A, the f -dependence  
y ie lds  a c c u r a t e  in format ion  on the nuc lea r  r ad ius  R(A) seen by the p - m e s -  
on. 

(ii) The absolu te  and r e l a t ive  f o r w a r d  p -p roduc t ion  c r o s s  sec t ions  
d~r"d~d~l (A, /~ ,p , / l ) .  F o r  f ixed A, p and t j_, m e a s u r e m e n t  of the dipion 
s p e c t r a  as  a function of m a s s  alone p rov i de s  a unique de t e rmina t ion  of the 
p line shape and the background  and hence an accu ra t e  de te rmina t ion  of the 
c r o s s  sect ion.  

(iii) The p-nuc leon  c r o s s  sec t ion  gpN and the yp coupling constant  y 2 4 ~ .  
M e a s u r e m e n t  of the n u c l e a r - d e n s i t y  d i s t r ibu t ions  and the product ion  

c r o s s  sec t ions  f r o m  the th i r t een  e l em en t s  d e t e r m i n e s  the r a t e  of r e a b s o r p -  
tion of p - m e s o n s  by nuc lea r  m a t t e r  and the ef fec t ive  f o r w a r d  product ion  
c r o s s  sect ion p e r  nucleon I fol  z. Th is  y ie lds  ~pN and y ~ ' 4 n  = ( ~ N ' 6 4 ~  Ifoi  2 
in a s e l f - c o n s i s t e n t  manner .  Since the or ig ina l  work  of Lanze ro t t i  et al. 
[1], s e v e r a l  e x p e r i m e n t s  have been done [3, 4] to inves t iga te  r eac t ion  (1) in 

to d e t e r m i n e  ~pN and y 2 4 ~ .  They have obtained di f ferent  r e s u l t s  o r d e r  
and some  of the r e s u l t s  a r e  d i f ferent  f r o m  the p r ed i c t i ons  of the v e c t o r -  
dominance  model  [5]. 

2. THE EXPERIMENT 

The p r e s e n t  e x p e r i m e n t  was c a r r i e d  out at the 7.5 GeV DESY e lec t ron  
synchro t ron .  A b r e m s s t r a h l u n g  beam in t e rac t ed  in the t a rge t  and the pho-  
toproduced  p a i r s  we re  de tec ted  by a l a rge  a p e r t u r e  magnet ic  s p e c t r o m e t e r  
[6] shown in fig. la .  F o r  hydrogen the t a r g e t  length was 60 cm. 

This  s p e c t r o m e t e r  cons i s t s  of dipole magne t s  (MD, MA, MB), sc in t i l l a -  
t ion coun te r s  (L1, L2, L3, L4, R1, R2, R3, R4) , t h r e sho ld  Cerenkov coun te r s  
(LC, RC, HL, HR), and sc in t i l l a t ion -coun te r  hodoscopes  (TL,  TR, QL, QR, 
VL, VR). The magne t  MD ( m a x i m u m  f ie ld  18 kG ove r  an ef fect ive  vo lume  
1.0 × 1.5 × 0.3 m 3) s e p a r a t e s  cha rged  p a r t i c l e s  f r o m  the y - b e a m  and a lso  
sweeps  v e r y  l o w - e n e r g y  p a r t i c l e s  out of the sy s t em.  P a r t i c l e s  with a cen-  
t r a l  s p e c t r o m e t e r  m o m e n t u m  a r e  bent  an angle of 15 ° - 0+ by MD, where  
~± is the hor i zon ta l ly  p r o j e c t e d  produc t ion  angle with r e s p e c t  to the beam.  
To i so la te  the b e a m  and a s s o c i a t e d  l o w - e n e r g y  p a r t i c l e s  f r o m  the a p e r t u r e  
of the s p e c t r o m e t e r ,  cons ide rab l e  shielding is p l aced  within the f ie ld r e -  
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Fig. 1. (a) P l an  v iew of the s p e c t r o m e t e r .  (b) S p e c t r o m e t e r  a c c e p t a n c e  l imits .  The  
locus of the l imiting trajectories is shox~l~ as a function of Ap/po and A0 as defined 
in the t ex t .  The  c e n t r a l  s p e c t r o m e t e r  ang le  0 o is  7 ° . (e) The  y ie ld  of pion p a i r s  as  

a function of target thickness,  

g ion  of MD. H o w e v e r ,  the  s h i e l d i n g  i s  in a l l  c a s e s  at l e a s t  5 c m  away f r o m  
the  l i m i t i n g  t r a j e c t o r i e s  of a c c e p t e d  p a r t i c l e s  and thus  i s  n e v e r  a s o u r c e  
of s c a t t e r e d  background.  Af ter  p a s s i n g  through MD, the  c e n t r a l  m o m e n t u m  
p a r t i c l e s  are  bent  - 8 ° by the MB (1.029 x 0 .30 × 0 .106 m 3 e f f e c t i v e  f i e ld  
v o l u m e )  l o c a t e d  2 .18 m d o w n s t r e a m  f r o m  the c e n t r e  of MD. 

The  targe t  p o s i t i o n  and the f i e l d  of MD are  c h o s e n  such  that the t r a j e c -  
t o r y  of the  c e n t r a l  ray  ( c e n t r a l  m o m e n t u m  Po and ang le  0 o) a f ter  it e n t e r s  
the  MB m a g n e t s  i s  i d e n t i c a l  for  a l l  s e t t i n g s  of the  s p e c t r o m e t e r .  The  MA 
m a g n e t s ,  5 .39 m fur the r  d o w n s t r e a m ,  then bend the c e n t r a l  ray  a cons tant  
ang l e  - 12.93 ° .  _(The MA m a g n e t s  have  an e f f e c t i v e  f i e l d  v o l u m e  of 1 .30 × 
0 .488  x 0 .166  m~).  T h i s  a r r a n g e m e n t  ha s  the fo l l owin g  p r o p e r t i e s  e s s e n t i a l  
to the  e x p e r i m e n t :  

(i) The  a c c e p t a n c e  of the  s p e c t r o m e t e r  i s  not l i m i t e d  by the e d g e s  of 
m a g n e t s  or  by s h i e l d i n g ,  be i ng  de f ined  i n s t ead  by the s c i n t i l l a t i o n  t r i g g e r  
c o u n t e r s  L 2 - L4,  R 2 - R 4. A l l  c o u n t e r s  are  l o c a t e d  such  that t h e i r  s u r -  
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f a c e s  a r e  not  d i r e c t l y  e x p o s e d  to the  t a r g e t .  The  i n s t a n t a n e o u s  r a t e  in L 2 
and  R2,  the  " h o t t e s t "  of the  t r i g g e r i n g  c o u n t e r s ,  i s  a l w a y s  1 .5MHz;  in a l l  
o t h e r  c o u n t e r s  i t  i s  a l w a y s  < 100 kHz.  

(ii) The  s p r e a d  in p o s i t i o n  and  a n g l e  of the  p a r t i c l e s  a s  they  p a s s  
t h r o u g h  a l l  the  t h r e s h o l d  c o u n t e r s  i s  n e a r l y  i n d e p e n d e n t  of the  s p e c t r o m -  
e t e r  s e t t i ng .  T h e r e f o r e ,  any  s l i gh t  i n e f f i c i e n c y  of t h e s e  c o u n t e r s  canno t  
l e a d  to a m o m e n t u m - t r a n s f e r - d e p e n d e n t  e f fec t .  

( i i i )  T h e  s p e c t r o m e t e r  r e c o m b i n e s  r a y s  of c o n s t a n t  p+0+ ~ m and t h e r e -  
f o r e  h a s  a l a r g e  a c c e p t a n c e  and  at  the  s a m e  t i m e  a good  m a s s  r e s o l u t i o n .  
F o r  a g i v e n  s p e c t r o m e t e r  s e t t i n g ,  the  a c c e p t a n c e  i s  Ap po ~ ~=0.18, 
A 0 ' 0  o ~ + 0 . 1 4 ,  A m " m  ~ +0 .10 ,  a n d A ~  ~ +10mr:~,d,  w h e r e  ~ i s  the  p r o -  
j e c t e d  v e r t i c a l  p r o d u c t i o n  ang le .  F ig .  l b  s h o w s  a t y p i c a l  0p a c c e p t a n c e  
window f o r  one of the  s p e c t r o m e t e r  a r m s  f o r  0 o = 7 °. The  c u r v e  shows  the  
l i m i t i n g  t r a j e c t o r i e s .  V a c u u m  p i p e s  and  h e l i u m  f i l l e d  b a g s  w e r e  p l a c e d  
i n s i d e  the  s p e c t r o m e t e r  to r e d u c e  m u l t i p l e  s c a t t e r i n g  and n u c l e a r  a b s o r p -  
t ion  of p i o n s ,  so t ha t  the  22500 h o d o s c o p e  c o m b i n a t i o n s  de f i ne d  an even t  to 
an  a c c u r a c y  of 5~.~ =+ 15 M e V / c  2, 5,o =+ 150 M e V / c ,  and  5 /~  - + 0 . 0 0 1  
(GeV c )  2. 

D u r i n g  the  e x p e r i m e n t  m a n y  p r e c a u t i o n s  w e r e  t a k e n  to e n s u r e  tha t  the  
s p e c t r o m e t e r  b e h a v e d  a s  d e s i g n e d  and  tha t  a l l  s y s t e m a t i c  e f f e c t s  w e r e  un -  
d e r s t o o d .  We l i s t  the  fo l lowing  10 e x a m p l e s :  

(i) To e n s u r e  tha t  the  d a t a  a r e  not  s e n s i t i v e  to  s e c o n d - o r d e r  e f f e c t s  
in the  t a r g e t ,  such  a s  pho ton  b e a m  a t t e n u a t i o n  and  p ion  a b s o r p t i o n ,  we 
m e a s u r e d  the  y i e l d  of e - p a i r s  a s  a func t ion  of t a r g e t  t h i c k n e s s  f r o m  0 to 
5 g / c m  2 of c a r b o n .  A s  s e e n  in f ig.  l c ,  wi th in  an a c c u r a c y  of 1%, the  c o r -  
r e c t e d  coun t ing  r a t e  i n c r e a s e d  l i n e a r l y  with t a r g e t  t h i c k n e s s .  

(ii) A c c i d e n t a l  c o i n c i d e n c e s  w e r e  m o n i t o r e d  by a s e r i e s  of d u p l i c a t e  
l o g i c  c i r c u i t s  of d i f f e r e n t  r e s o l v i n g  t i m e s  and  w e r e  k e p t  b e l o w  2% by c o n -  
t r o l l i n g  the  b e a m  i n t e n s i t y .  

( i i i )  The  d e a d  t i m e  of t he  e l e c t r o n i c s  w a s  m o n i t o r e d  by c o n t i n u o u s l y  
r e c o r d i n g  the  s i n g l e  r a t e s  in the  c o u n t e r s .  The  b e a m  i n t e n s i t y  was  a d -  
j u s t e d  such  tha t  the  d e a d  t i m e  w a s  l e s s  than  2%. 

(iv) N u c l e a r  a b s o r p t i o n  of p i o n s  by m a t e r i a l  in the  s p e c t r o m e t e r  was  
i n v e s t i g a t e d  by i n t r o d u c i n g  a d d i t i o n a l  m a t e r i a l  and  by v a r y i n g  the  g a s  p r e s -  
s u r e  in the  C e r e n k o v  c o u n t e r s .  The  m e a s u r e d  l o s s  of p a i r s  a g r e e d  with  c a l  
c u l a t i o n s  b a s e d  on p u b l i s h e d  d a t a  [7]. 

(v) To a v o i d  any  p o s s i b l e  e f f e c t s  f r o m  s p e c t r o m e t e r  a s y m m e t r y ,  ha l f  
t he  d a t a  was  t a k e n  a t  e ach  p o l a r i t y  of the  s p e c t r o m e t e r .  The  r a t e s  f r o m  
the  two s p e c t r o m e t e r  p o l a r i t i e s  w e r e  i d e n t i c a l .  

(vi) A l l  c o u n t e r  v o l t a g e s  w e r e  kep t  c o n s t a n t  to + 5 V and  a l l  m a g n e t i c  
f i e l d s  w e r e  kep t  s t a b l e  to 3 p a r t s  in 104. 

(vi i)  To e n s u r e  tha t  l o w - m a s s  ~ - p a i r s  f r o m  high Z e l e m e n t s  a r e  not  
c o n t a m i n a t e d  by e l e c t r o n  p a i r s ,  ~ e r e n k o v  c o u n t e r s  w e r e  u s e d  to count  and  
to r e j e c t  e l e c t r o n s .  T h e y  i n d i c a t e d  the  m a x i m u m  c o n t a m i n a t i o n  was  l e s s  
t han  1 p a r t  in 104. 

(vi i i )  To e n s u r e  the  r e p r o d u c i b i l i t y  of the  da t a ,  m o n i t o r  r u n s  w e r e  m a d e  
on c a r b o n  e v e r y  few h o u r s  at  a f i x e d  s p e c t r o m e t e r  s e t t i n g  of (~o = 5"5°, 
Po = 3.35 G e V / c .  O v e r  the  e n t i r e  r unn ing  p e r i o d  the  s y s t e m  was  r e p r o d u c -  
ib l e  to + 1%. 
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(ix) To k e e p  e r r o r s  f r o m  i n e l a s t i c  c o n t r i b u t i o n s  to r e a c t i o n  (1) s m a l l ,  
a l l  the  d a t a  were  t a k e n  with  p c l o s e  to the  p e a k  pho ton  e n e r g y  lCm,~ x 

(/~max P ~ 1.2). 
(x) The  p u r i t y  of the  t a r g e t s  was c h o s e n  to be  b e t t e r  t han  99.9%. The  

t h i c k n e s s  of the  t a r g e t s  was c h o s e n  such  tha t  the  c o r r e c t i o n s  fo r  b e a m  a t -  
t e n u a t i o n  and  fo r  p ion  a b s o r p t i o n  w e r e  s i m i l a r  fo r  each  e l e m e n t  and  tha t  
the  t a r g e t - o u t  r a t e s  w e r e  s m a l l .  

3. THE DATA 

The  da t a  w e r e  c o r r e c t e d  fo r  s m a l l  s y s t e m a t i c  e f f e c t s  such  a s  b e a m  a t -  
t e n u a t i o n  in the  t a r g e t ,  t a r g e t  out ,  n u c l e a r  a b s o r p t i o n  of p i o n s  in the  t a r g e t  
and  in the  c o u n t e r s ,  d e a d  t i m e ,  a c c i d e n t a l s ,  e tc .  A l l  of t h e s e  c o r r e c t i o n s  
w e r e  c h e c k e d  by m e a s u r e m e n t  in the  s a m e  s p e c t r o m e t e r  to be  a c c u r a t e  to 
1%. 

The  a c c e p t a n c e  was  c a l c u l a t e d  by  a M o n t e - C a r l o  me thod .  A su f f i c i en t  
n u m b e r  of M o n t e - C a r l o  e v e n t s  was  g e n e r a t e d  so tha t  the  e r r o r s  in the  
m e a s u r e d  c r o s s  s e c t i o n s  a r e  due only to e x p e r i m e n t a l  s t a t i s t i c s  and  s m a l l  
s y s t e m a t i c  u n c e r t a i n t i e s .  E s s e n t i a l  to the  M o n t e - C a r l o  i n t e g r a t i o n  was the  
a c c u r a t e  d e t e r m i n a t i o n  of the  m a g n e t - t r a n s p o r t  e qua t i ons .  B e c a u s e  of the  
a c c u r a c y  n e e d e d ,  n e i t h e r  f i r s t - o r d e r  n o r  s e c o n d - o r d e r  t r a n s p o r t  t h e o r y  
c o u l d  be  u sed .  I n s t e a d ,  the  e q u a t i o n s  we re  d e t e r m i n e d  by n u m e r i c a l l y  i n -  
t e g r a t i n g  a f a m i l y  of 100 t r a j e c t o r i e s  t h rough  a g r i d  of the  m e a s u r e d  f i e l d  
v a l u e s  of e ach  magne t .  The  t r a n s p o r t  c o e f f i c i e n t s  w e r e  then  o b t a i n e d  f r o m  
the  t r a j e c t o r i e s  by a l e a s t - s q u a r e s  me thod .  The  t r a n s p o r t  e q u a t i o n s  in-  
c l u d e d  a l l  t e r m s  l i n e a r ,  b i l i n e a r ,  and  p u r e  q u a d r a t i c  in x,  x ' ,  z ,  z ' and  
~P  'Po ( excep t  t h o s e  e x c l u d e d  by s y m m e t r y )  and  t e r m s  up to fou r th  o r d e r  in 
(~PPo) (1 + ~ Po). T r a j e c t o r i e s  o b t a i n e d  f r o m  t h e s e  c o e f f i c i e n t s  a g r e e d  
in p o s i t i o n  and ang le  to t h r e e  p a r t s  in 103 with  t h o s e  o b t a i n e d  f r o m  e x a c t  
n u m e r i c a l  i n t e g r a t i o n .  The  e f f e c t s  of m u l t i p l e  s c a t t e r i n g  and of n - d e c a y  in 
f l igh t  a long the s p e c t r o m e t e r  w e r e  a l s o  c o n s i d e r e d  in the  M o n t e - C a r l o  c a l -  
cu l a t i on .  

3.1. Hydrogen data 
T a b l e  1 shows  the  m e a s u r e d  h y d r o g e n  c r o s s  s e c t i o n s  at  f o r w a r d  a n g l e s  

a s  a func t ion  of m f r o m  5 0 5 - 9 5 5  MeV c 2 and o f p f r o m  2 . 9 - 6 . 5 G e V  c. 
In ob t a in ing  t h e s e  c r o s s  s e c t i o n s  at  f o r w a r d  p r o d u c t i o n  a n g l e s  (.: 1 °) the  
e f f e c t s  of the  t v a r i a b l e  ([ tj_ i ~ 0.01 ( G e V / c ) 2 )  and d e c a y  a n g u l a r  d i s t r i b u -  
t i on  have  b e e n  f o l d e d  into the  a c c e p t a n c e  [1]. We  have  u s e d  a t - d e p e n d e n c e  
of exp (St) and  a d e c a y  a n g u l a r  d i s t r i b u t i o n  in the  c e n t r e  of m a s s  of 

s i n 2 0 c . m . .  F ig .  2a shows  the  h y d r o g e n  d a t a  in t h r e e  d i m e n s i o n s  with 
the  m e a s u r e d  e ~ p e r i m e n t a l  c r o s s  s e c t i o n s  d i s p l a y e d  a s  a func t ion  of the  
v a r i a b l e s  m and  p.  T h e s e  d a t a  e n a b l e  d i r e c t  c o m p a r i s o n  to v a r i o u s  m o d e l s  
in a s t r a i g h t f o r w a r d  way. Two p r i n c i p a l  f e a t u r e s  a p p e a r  in fig.  2a. 

(it The  s p e c t r a  a r e  d o m i n a t e d  by the  p. 
(ii) F o r  e v e r y  m a s s  b in  f r o m  505 to 955 M e V / c  2, the  s p e c t r u m  e ~ h i b i t s  

a d e p e n d e n c e  of the  t ype  dcr,/d~dm a= p2(1 + M/p)2 with M > 0, r a t h e r  than  a 
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T a b l e  1 
Hydrog( ,n  da t a  m a t r i x  ( Icr / ( t~ im in u n i t s  of /.Lt)/sr .MeV/c 2 as a f u n c t i o n  of p (GeV/'cl, 
t he  l a l ) o r a h ) r y  m o n a t , n t u m  of t h e  ( l ip ions ,  and  m (MeV/ ' c2 ) ,  t he  i n v a r i a n t  m a s s  of t h e  

pion p a i r .  

" "  P l  

955 .51 + .13 

925 .57 + .10  

895 1 ,06 + .11 

805 1 .32  + .14 

835 2 .55  + .16 

805 4 . 0 8  + .19  

775 6 . 8 6  + .21 

745 8.21 + .Z5 

715 7 .26  + .22 

083 6 . 2 9  + . 23  

655 5 . 2 3  + .25  

025 4 . 1 8  + .32  

595 3 . 1 3  + .25 

505 3 .44  + .21 

533 2 ,82  + .2(,  

505 5 .17  + ,80  

6 . 5  5 . 9  5 . 3  4 . 1  3 .5  

,29  + .06  

.42 + .08 

.59 + .08 

1 .24 + .09 

2 , 2 0  ÷ ,11 

3 ,62  + .15 

6 . 0 9  ÷ .17 

7 .42  + .18  

7 .07  ÷ .17  

5.88  + ,17 

4.84 + .18  

4.50 + .16  

4 . 0 5  ÷ .23  

3.21 + .22 

3 .17  ÷ .15 

2 .96  + .17  

.38 + 

.$5 ÷ 

.64 + 

1 .16  + 

2 .11 + 

3 , 2 0  ÷ 

5.23 + 

6.17 + 

6 , 0 8  + 

5.45 ÷ 

4.59 ÷ 

3.84 * 

3 .49  + 

3.$6 ÷ 

3.24 + 

2.77 + 

4 . 7  

.12 .25  + .11 

. I 0  .52 + .11 

.09 . 60  + .09  

. I 0  .87  ÷ ,09  

.12 1 .43 + .09  

.14 2 .63  + . I I  

.18 4 . 3 3  + .13  

.20 S.07 + .17 

.18 5.11 + .19  

.17 3 .96  + .17 

.18  3 .65  ÷ .16  

.17  2 .68  ÷ .18  

.16 2 .34  + .14 

.ZO 2 ,15  + .13 

.30 2 .26  + .15  

.18 1 .33  + ,28 

,17 + .12 

,53 + .11 

.62 + .09  

1.39 + .13  

2,34 + .14 

3,67 + .16  

4,24 + .16 

4,54 + .18 

3,47 + , 20  

3,19 + . 20  

3,02 + .19  

2,23 ÷ .18  

1,67 + .14 

2,1Z ÷ .18  

2.07 + .16  

1 .02 ÷ .48 

.38 * . 09  

.92 ÷ .12 

1.43 * ,15  

2.80 + .19  

3.42 + .23  

2.79 + .19  

2.73 + .25 

3.20 + . $ I  

1.08 + ,85  

1,49 ÷ .38 

2.78 ÷ .69 

2.21 + .44 

1.28 ÷ .34 

2.9 

.26  + .13  

.49 + . 1 0  

1.09  + . 20 

1.70 ÷ .29  

2.17 + .20  

2.14  + .18  

2.17 ÷ .22  

1.13 ÷ .21 

1.17 + .14  

,73  + . 3 3  

.70 * ,18  

.81 + .09 

.95 ÷ .17  

p2 dependence (fig. 2b). This behaviour shows that the forward dipion pro- 
duction cross section dcr dldm decreases with increasing energy, similar 
to the case of ~,N scattering [8]. 

3.2. Comp/c.v m~clci dala 
To facilitate analysis and to be able to study the dependence of these 

cross sections on all dynamic variables we have grouped the data into a 
four-dimensional data matrix (A. m, p, ! i) = (13, 20, 6, 20). Due to space 
limitations, these 31200 cross sections cannot all be presented here; we 
present some of the data and the results of a complete analysis. 

Table 2 shows a typical subset of data for /5=5.8, 6.2, 6.6 GeV c and 
/±=0.0 to -0.01 (GeV c) 2, kma x=7.4 GeV, inthe mass region of 480-1020 
MeV c 2 for the 13 elements. 

A projection of 2% of the data onto the three-dimensional (A, m, / ±) 
space for p-6.2+0.2 GeV c is shown in fig. 3a. One observes that these 
spectra are dominated by the p and that the p is diffractively produced off 
the nucleus. As seen, the mass profile varies drastically with A and t±, 
indicating that not all pion pairs  are from p-decay and that there must 
exist an appreciable non-resonant background which depends on A, m and 
t±. A projection of 5% of the data onto the (A, n0 plane for {p)=6.0 GeV c 
is shown in fig. 3b. In obtaining this figure, the experimental cross section 
dot df~dm was divided by/)2 (fc + finc) (see subsect. 4.3). We thus remove 
the p-production mechanism but not the background from the mass spectra. 
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d Q d /  10-- 

9 - -  

8 - -  

7 - -  

10-- 

9 - -  

8 - -  

7 - -  

6 - -  

5 - -  

4 - -  

3 - -  

2 - -  

1 - -  
_ _ 7 /  / / / , 

6 - -  

5 - -  

3 m 

! 
2 - -  z / 
1 - -  ,/I/~ / 

ii!' / , 

/" 

• ~p (GeV) 

/" m(MeV) 
• } / . F i g .  '2 (a) I £ x p e r i m e n t a l l y  m e a s u r e d  c r o s s  s e c t i o n s  d ~ / d ~ d m  in ~ ) / s r  M e V / c  2 of 

r e a c t i o n  (1) f o r  h y d r o g e n  a s  a f u n c t i o n  of the  v a r i a b l e s  m a n d  p .  T h e  c u r v e s  a r e  b e s t  
f i t s  to eq .  (2) ( the b a c k g r o u n d  i s  no t  shown). S i m i l a r  c u r v e s  w e r e  o b t a i n e d  fo r  f i t s  to 
e q s .  (3) and  (4). (b) P r o j e c t i o n  of f ig .  2a  on to  t he  ( p , d g / d ~ d n T )  p l a n e  f o r  f i x e d  v a l u e s  
of  n?. T h e  c u r v e s  a r e  b e s t  f i t s  to d c r / d ~ d m = p 2 ( l + M / p )  2. T h i s  s h o w s  e x p l i c i t l y  tha t  

t he  d a t a  f o r  f i x e d  m i n c r e a s e  m o r e  s l o w l y  t han  pZ (M> 0). 

In the a b s e n c e  of b a c k g r o u n d ,  a l l  s p e c t r a  should  be i den t i ca l .  As seen ,  the 
width and shape of the s p e c t r a  (full width hal f  m a x i m u m )  v a r i e s  c o n s i d e r -  
ab ly  f r o m  low A to high A e l e m e n t s .  T h i s  is  f u r t h e r  e v i d e n c e  that  the n o n -  
r e s o n a n t  b a c k g r o u n d  depends  s t r o n g l y  on A.  
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P l l O T O P I I O 1 ) U C T I O N  O F  N E U T I I A L  l l t t O  M E S O N S  

T a b t e  2 ( c o n t i n u e d )  
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TABLE 2 COVIINUI~) 

L d=o- in  ~ b / s r  MeV/c 2 v s  m(MeV/c2) .p (GeV/c )  and t i (GeV/c)  2 CARBON A d fl  d,1 

- g  : I 0 . 0 0 1  J 0 . 0 0 3  I 0 . 0 0 5  I O.DC)? 1 0 . 0 0 9  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

_£_5_}~B GEML5 
495 
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
q15 
945 
975 

1005 

1 0 . 9  4. 1 . 8  5 . 2  ÷ 3 . 4  5 . 0  + 2 . 6  6 . 2  4. 3 . 6  b . O  _+ 3 . 8  
1 4 . 9  ÷ 1 . 9  1 3 . 7  + 3 . 2  1 1 . 4  ~ 3 . 2  1 0 . 2  4 3 . 5  4 . 9  ~ 2 . 6  
13.1 ± 2 . I  10.8 ÷ 2.5 7 .4  t 2 .9  i L . l  4. 3.8 9 .4  ± 4.5 
17.1 ~ 2.0 I I . I  z 2.6 13.4 t 4.0 10.6 4. 5.1 12.0 4. 5.5 
1 6 . 8  + 1 . 5  1 3 . 1  4. 2 . 3  1 8 . 8  t ] . 8  1 1 . 3  _* 4 . 9  1 3 . 5  ± 5 . 0  
22.2 ~ 1.8 20.2 4. 2,5 14.2 4. 2.3 8.6 4. 5.2 12.5 + 3,8 
26.6 4. 1.7 25.3 4. 2,7 20.2 ~, 3.2 12.0 ~ 2.9 16.3 ÷ 5.0 
31.1 + 1.5 28.8 4. 2.4 27.0 4. 2.7 24.2 4. 3.3 lb.4 + 4.6 
60.8 "I" 1.6 31.3 4. 2,2 34.9 4. 3.1 31.5 4. 3.0 29.8 ~ 3.4 
39.8 ÷ 2.0 35.4 +_ 2,9 34.7 ÷ 3.6 23.0 4. 3.5 20.9 ÷ 3.4 
26.8 4. 2.0 23.8 • 3.8 13.8 + 3.8 17.9 4. 8.2 8.6 4.. 9. I 
16.2 ~ 1.8 17.7 Z 3.0 18.9 4- 4.5 10.9 4. 4.1 I0.7 + 4.0 
10,6 4. 1.6 4.0 *_ 2.1 7.1 Z 2.3 10.5 ÷ 4.2 0.2 _~ 1.8 
6.6  • 1.3 2.1 + 1.3 0 .3  t 1.4 1.9 Z 1.9 - 4 . 2  ~ 5 .9  
3 . 3  4. 0 . 8  4 . 0  + 1 . 2  1 . 9  * 1 . 2  3 . 2  + 1 . 9  3 . 1  * 2 . 8  
1.4 4. 0.6 1.2 + 0.6 2.0 ÷ I.I 2.g 4. 1.3 0.8 ~ 0.9 
0.3 ÷ 0.3 0.0 _~ 0.8 2.2 ~ 1.3 -0.4 _~ 2.2 2.0 _%* 1.6 
1.4 4. 0 .8  1.0 ÷ 1.3 

- - M  . . . . . . . . . . . . . . . . . . . . . . .  _~_.~. _~ 6 • ?.~_~ E )LL f.___ 
4.2 -3.8 * 8 , 7  98.9 ~ 79.b 5.4 495 14.4 + 

1 2 . 2  + 
14.4 + 
1 8 . 4  ÷ 
16.6 + 
22.9 + 
] 1 . 4  + 
3 7 . 5  + 
46.4 + 
4 6 . 6  + 
3 2 . 4  + 
1 7 . 6  ÷ 
8.8 ÷ 
5 . 6  + 
2.7 * 
2.9 + 
2.0 + 
0.9 * 

525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 
975 

1005 

+ 52.7 
2.5 13.5 4. 3.9 11.5 ÷ 3.8 19.I 4. 7.4 9.5 + 3.8 
2 . 0  1 4 . 2  4. 3 , 1  8 . 6  + 3 . 2  1 3 . 4  4. 3 . 6  2 . b  4. 4 . 8  
2 . 1  1 6 . 2  ÷ 3 , 6  1 7 . 3  ~ 4 . 5  1 8 . 0  4. 5 . 2  7 . 2  ~ 3 . 0  
1.9 18.8 _* 3,5 19.9 +_ 3.6 19.2 _~ 4 .9  9 .3  ~ 4 .5  
1 . 6  2 2 . 1  _* 2 , 7  1 4 . 2  Z 2 . 8  I I . 8  4. 3 . 2  1 5 . 8  ~ 4 . 1  
1.7 25.8 Z 2,6 23.5 ÷ 2.7 18.1 4. 3.3 15.b ÷ 2.6 
1.9 35.3 4. 2,9 33.5 4. 3.8 27.6 4. 3.5 34.5 + 6.8 
2 . 1  4 0 . b  + 2 , 9  3 3 , b  _~ 3 . 1  3 6 . 3  4- 3 . 6  3 ? . 4  ÷ 4 . 9  
1.9 47.3 4. 2,9 37.8 *_ 3.4 36.6 _~ 3.3 29.5 4. 2.9 
1.6 21.5 4- 2,0 25.9 4. 2.7 15.3 4. 2.7 18.2 + 2.9 
1.5 19.2 _~ 3,7 4.5 Z 1.7 1 6 . 6  Z 3.5 15.4 ÷ 4.3 
1.4 g.o 4. 1,9 12.6 • 3.2 13.5 4. 4.3 5.2 ~ 2.5 
1.2 6 . 1  4. 2 , 0  1 . 3  + 1.I 6 . 9  ~ 3 . 0  4 . 2  4. 3 . 4  
0.7 3.9 • 1,6 6.3 • 3.9 5.1 + 2.8 1.7 + 2.1 
0 . 8  0 . 5  * 0 , 8  1 . 5  *_ I . I  4 . 8  _* 2 , 4  5 . 5  + 3 . 7  
0 .8  1.9 +_ l ,O 0 .0  t. l . l  1.5 _* 0 ,9  1.7 _* 1.0 
0 . 4  0 . 0  _* 0 , 8  1 . 0  + 0 . 8  

__N] _ 
495 
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 
975 

IC05 

_ _ P _ = _ _ : ~ 6 _ G E y / £ ,  . . . . . . . . . . . . . . . . . . . . . . . . .  

16.5 4. 9.7 24.3 + 16.1 32.9 4. 17.2 13.0 _+ 17.9 
15.1 _+ 3.2 23.0 + 6.5 16.5 + 5.1 23.8 _~ 7.1 20.9 _+ 6.7 
2 2 . 5  ± 2 . 8  2 5 . 2  + 5 , 0  6 . 1  +_ 2 . 7  ? . b  ~_ 3 . 3  1 7 , 8  ÷ 6 . 2  
2 7 . 2  4. 3 . 0  1 3 . 7  _+ 4 , 1  2 0 . 1  *_ 5 . 1  4 . 6  ~ 5 . 8  8 . 8  + 5 . 3  
2 5 . 3  ÷ 2 . 3  2 4 . 3  4. 3 . 5  L 8 . 6  ~_ 3 . 7  1 8 . 1  ~ 3 . 8  1 1 . 5  ÷ 5 . 3  
32.5 + 2.0 32.7 _+ 3.2 25.1 _+ 3.5 24.8 4" 4.2 19.3 + 4.2 
4 7 . 5  + 2 . 3  4 0 . 9  ± 3 . 4  3 3 . 9  + 3 . 0  2 4 . 6  4. 3 . 7  22.8 + 3 . 6  
54.1 ± 2 .5  44 .4  *_ 3.6 42.0  t 4 . I  39.3 4. 3.9 31.4 ÷ 5.4 
4 6 . 1  ÷ 2 . 4  4 8 . 0  ~_ 3 . 2  4 0 . 4  ÷ 6 . 4  3 2 . 3  ~ 3 . 8  3 2 . 9  _%* 4 . 3  
3 4 . 0  ± 1 . 8  3 1 . l  4. 2 . 7  2 4 . 5  ÷ 2 . 7  2 5 . 5  ÷ 3 . 8  1 9 . 7  + 2 . 8  
1 7 . 6  ÷ 1 . 2  1 8 . 4  4- 2 . 1  1 7 . 8  4. 2 . 1  8 , 7  ± 1 . 8  8 . 8  .t 2 , 8  
8.6  ± 1.2 I I . 8  4. 1.8 6 .6  +_ 2.5 7.2 t 2.9 4 .0  4. 1.7 
6 .0  4. I . I  7 .5  + 1.9 1.2 4. 2.1 4 .0  4. 3 .6  4 .9  4. 3.3 
3.2 4- 0.9 5 .9  + 1.9 5.2 t 2.0 4.5 4" 2.0 3.6 + 2.2 
4 . 2  ÷ 1 . 0  2 . 6  ~ 1 . 2  3 . 2  4. 2 . 3  1 . 5  4. 1 . 6  6 . 0  + 4 . 6  
2 . 5  + 0 . 8  2 . 3  4" 1 . 1  0 . 7  4. 1 . 4  2 . 7  4. 2 . 8  - 1 . 5  _+ 3 . 1  
1.3 4. 0.6 1 . 2  *_ 0 .9  1.3 _+ I . I  
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3 4 4  

TABLE 2 EONTINIED 

COPPER A~-~m 

A. A I A  ] , N S I , I , I : , h N  c t  a l .  

T q b l e  2 ( c o n t i n u e d )  

i n  F b / s r  14eV/c 2 v s  m ( H e V / c  2 ) , p ( G e V / c )  and t z ( G e V / c )  2 

I - T  = J 0 . 0 0 1  I 0 . 0 0 3  I 0 . 0 0 5  I 0 . 0 0 7  I 0 . 0 0 9  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

___t~____1 £ __ -=__~ ,~__G/. Y Z[,_ . . . . . . . . . . . . . . . . . . . . . . . . .  
4 9 5  2 0 . 4  * 4 . 2  1 4 . 8  • 8 . 9  2 0 . 7  ÷ 8 . 0  4 . q  * 5 . 2  [ 3 . 5  * 9 . 8  
5 2 5  1 9 . 3  + 3 . 7  1 1 . 4  + 6 . 1  1 3 . 0  + 5 . 7  q . 3  + 6 . 6  2 . 4  * 2 . 4  
5 5 5  2 3 . 0  * 4 . 9  1 7 . 0  + 7 . 3  1 9 . 9  + 7 . 6  1 7 . 1  + 7 . 4  1 2 . 4  + 8 . 1  
585 27.1 + 5 .6  29 .8  _+ 6 . 4  16.7 +_ 7.1 - l . O  * 5 .3 7.5 + 5 .9  
0 1 5  3 4 . 8  + 3 . 9  2 2 . 3  _* 4 , 4  2 2 . 3  *_ 5 . 7  2 . 0  * 6 . 3  1 2 . 4  + 6 . 5  
b45 42.4 * 4.0 34.4 ± 4.8 28.0 * 4.5 14.0 • 9.5 13.b * 5.1 
6 7 5  5 7 . 2  + 3 . 6  4 3 . 0  _* 5 . 4  3 4 . 8  Z 6 . 2  2 0 . 6  * 5 . 3  3 3 . 8  * l O . l  
705 72.0 * 3.5 54.6 ± 5.2 38.5 ~ 5.2 20.7 * 5.I 33.9 ± 9.9 
735 95 .4  * 3 .9  69 .0  ~- 4 . 9  59 .5  + 6 .5  4 5 . 3  * 5 .6  20 .0  ~" 4 .6  
7 6 5  9 5 . 7  * 4 . 7  5 4 . 7  * 5 . 8  4 8 . 7  ", 6 . 8  2 2 . 1  ", 5 . 8  1 5 . 8  * 5 . 0  
7 q 5  6 8 . 7  ÷ 5.0 3 8 . 7  * 1.7 3 g . 6  +_ 8 . 7  2 0 . 8  * 14.9 2 2 . 8  t 2 1 . 6  
825 36.2 _~ 4.1 32.4 ~ 6.8 23.2 *_ 7.5 30.0 ± ii.1 17.3 ~ 8.5 
855 29.6 ± 4.1 18.3 ", 6.2 II.9 *_ 4.5 2.2 ~- 5.1 6.2 * 5.3 
8 8 5  5 . 7  * 2 . 5  1 6 . 9  * 5 . 2  3 . 2  * 3 . 8  7 . 7  4" 7 . 7  - 7 . 7  ÷ 1 0 . 9  
915 4 . 6  _~ 2 . 4  5 .8  _~ 3.2 1.4 +_ 2 .9  3 .2  * 5.1 
9 4 5  5 . 6  _* 3 . 2  6 . 8  t 3 . 4  5 . 2  _* 3 . 9  2 . 4  * 2 . 6  
975 2 .8  _+ 1.7 0 . 3  _~ 4.7 - 2 . 1  _+ 11.4 2.5 * 5.0 

1005 7 . 3  ± 4.3 
....................................................................... 

__M P_~__ 612 GEVZC .......................... 
495 25 .4  * 9.1 - 1 1 , 2  _* 24 .2  - 5 5 . 7  +_ i i1 .3  
525 31.5 ~ 6 . 7  36 ,4  +_ I 0 .  I 15.7 + 7.8 16 .5  + l l . b  8 .8  _+ 5.3 
555 28 .4  _+ 5 .0  19.2 _+ 6 .5  17.6 + 7 .9  21. c~ _+ 7.2 1.0 _+ 10.9 
585 43.7 ± 5.2 24,6 +_ 7.7 20.2 _* 8.5 7.4 _* 6.8 10.6 _+ 6.0 
615 28 .3  * 3 .9  24.2 + 6.1  37.2 *_ 7.2 12.5 + 6.1 - 0 . 6  * 3.7 
6 4 5  5 2 . 8  ', 3 . 4  3 4 . 4  * 4 . 8  1 8 . 4  +. 4 . 6  1 4 . 8  ~ 5 . 3  1 7 . 8  ± 8 . 3  
675 6 6 . 0  ± 3 .4  4 1 . 9  +_ 4 . 6  31.7 +_ 4 . 4  24 .7  _+ 5.3 10.3 _* 3 . !  
705 90.I ± 4.3 61.2 * 5.6 45.9 * 6.2 33.g _* 5.4 20.6 ± 7 . ~  
735 I I 0 . 5  ! 4 . 9  84 .7  _* 5 .8  53.5 +_ 6 . [  38 .9  _+ 6 .2  10.2 + 5.1 
7 6 5  1 1 0 . 5  ÷ 4 . 5  8 0 . 0  * 5 . 8  5 5 . 8  *_ 6 . 3  4 1 . 5  + 5 . 5  2 6 . 4  + 4 . 6  
795 74 .9  + 3 .9  4 7 . 7  + 4 .7  36.6 +_ 5.1 3 [ , 8  _~ 5.8 19.7 ! 4 .6  
825 45 .2  _+ 3 .7  11.4 + 5 .0  b .6  +_ 3 .7  9 , 9  + 3.6 l l . O  _+ 5.4 
855 25.9 + 3.6 16.5 * 4.0 20.9 *. 6.7 0.0 ± 5.3 12.7 ± 6. I 
885 13.9 ± 2.8 16.7 ± 4.8 4.5 • 4.7 6.0 _+ 4.2 -0.5 + 1.5 
915 8.7 * 2.2 2.4 * 2.3 2.8 • 2.~ 11,0 _~ 7.2 1,4 ± 6.2 
945 8.4 * 2 . 7  7 .3  * 4.4 b . l  Z 4.9 8.4 * 10.6 
9 7 5  2.8 ± 2.0 2 . 1  ± 2.3 2.9 _* 3.5 

1005 3.4 ~+ 1.8 -0.7 ± 3.8 2.7 +_ 2.8 4.4 + 4.5 
....................................................................... 

__~__ P =_a_~,~ _fz~L; ......................... 
495 
525 21.3 • 17.8 41 .7  _+ 33.1 13.5 Z 17.3  55.5 _* 60 .3  
555 [5.2 Z 6.2 38.6 _* 14.1 10.2 Z 6.5 31.4 ~ 13.3 13.7 * 9.0 
585 46.9 + 6.6 31.I _~ 9.6 28.7 * 8.3 17.2 ± 7.9 17.1 * 8.8 
bl5 42.4 + 6.2 22.5 ", 9.8 17.7 Z 8.g lb.b Z 15.3 -1.2 _* 9.7 
645 57.3 • 5.1 30.7 +_ 6.1 21.2 • b.1 22.2 ~" 6.4 16.4 * 10.7 
675 68.1 Z 4 . 1  46.0 _+ 5.5 4 3 . 1  ~ 6.7 29.9 ± 7.0 2 1 . 7  * 8.4 
705 9b.4 Z 4.6 78.1 _* 6.5 47.5 Z 5.0 43.0 Z b.b 30.6 _+ 6.1 
735 117.0 * 5.1 83.9 _+ 7.0 61.I +_ 6.9 42.2 Z 5.8 32.6 _* 7.6 
7/,5 116.7 Z 5.6 86.2 _* 6.4 50.1 Z 7.5 44.7 ~ 6.9 46.5 Z 6.g 
795 87.7 * 4.4 62.6 _* 5.7 46.7 Z 5.5 27.5 _* 6.2 24.9 * 5.5 
825 43.4 Z 2.8 34.1 Z 4.3 30.3 Z 4.4 16.3 Z 3.8 4.4 Z 4.0 
855 25.3 I 3.1 21.8 * 3.b 5.8 i 4.6 2.8 ± 3.9 8.8 _* 3.9 
885 1 7 . 7  ~ 2.8 9.2 Z 3.4 6 . 0  K 5°6 9.6 Z 7.0 2.6 ~ 6 . 0  
915 7.4 Z 2.1 6 . 1  Z 3.2 3.7 Z 2.g 1.2 _* 2.2 7.5 + 4.9 
9 4 5  6 . 8  ± 2 . 1  6 . 8  _* 3 . 0  - 0 . 7  Z 1 . 4  6 . 1  _* 4 . 8  5 . 6  %* 4 .  l 
975 4.5 + 1.9 4.4 _* 2.7 11.2 ~ 6.7 7.4 ~" 6.0 -8.7 ", 17.3 

1005 4.4 _* 4.5 3.9 +_ 3.0 10.2 +_ 12.0 



l # 1 + l + l e l i l e l e l e l e l e l + l e l e l i l i l e l e  

, , , , , , , , + l , , o , , * ,  

I + l + l O l + l + l i l + l + l i l + l + l + l + l + l l l + l +  

; .... ; .... ; . . . . .  

I + 1 + 1 + 1 + 1 + 1 + 1 ~ 1 + 1 + 1 + t + 1 + 1 + 1 + 1 + 1 +  

t + 1 + 1 + 1 ~ 1 + 1 + 1 + 1 + 1 + 1 + 1 + 1 ~ 1 + t + 1 + 1 +  

l + l + l + l , l + l + l + J + l # l + l + l + l +  

l l i  

I.  
I0 '  

f 7  

" I 

I 
I+ I+ 11. I+ I+ I~. I+ I+ I~" 11- I.I. I+ I+ i+ I+ I+ I+ I+ I 

l i "  l +  l +  I I .  I +  I+  I +  l +  l +  l +  1+ I+  J+ l +  1+ 

I+  I+  I+  I +  I+  I I '  I+  I+ II" I+  14" I+  I+ I+ l e  I i '  

im 

P 

I+  I+ I"1" Pi' I+  t+  I+ I"I' I+  I' i ' I #  I+  1'I' t"i" I I"  I #  

I +  I +  I'+' I +  I +  I +  14,. I +  I +  I +  I +  I +  I ÷  I +  I +  

o ~ ~ o ~ ~  

• + o , , , , , , , , , , , , , , *  I 

+ l # 1 + l + l i l + l + l + l + l + l i l + l + l + l i l + l # l # i  
I 

• , , * , , , 0 , , + , , , , + . l  1 

I 

) 
l *  l +  I+  l *  I *  I+  I+ I +  I+  I+  l #  I #  I+  I+  I *  I+  l i  l 

I 
I 

t 

l i  I+  I +  I+  I *  I+  I+  I#  I #  I +  I #  I+  1+ I+  I#  I+  I+  I 

I 

~ N O ~ N ~ N I  
I 

0 o l l e e O O * l i l O l e  I 

I 

• e * o * e e e e + e e e o +  I 

I 

I 

I 

0 
• 7 

- ~ 

3 O ~ 

o ~ 

- ~ 

O ~ 

M Q- 

2 

O ~ 
• r ' o  

,ID 

© Z 

<-- 

t "  



I I I l l t l l l  

I 

I÷1÷1~1~1~1÷1÷1~1~1÷1~1÷1÷1+1÷~~~oo~ 

~ O ~ M M ~ O O O ~  r 

I÷  I ÷ l ~ l + l ÷ l ~ l ~ l O l ÷ l ~ l ~ l ÷ l ÷ l +  

~ 0 ~ ~ ~  I ~ 0 ~ 0 ~ 0 ~ ~ ~ I  

~ 0 ~ 0 ~ ~ ~  ~ ~ ~ o ~  I 

I I 

. . . . . . . . . . . . . . . . . .  ' "'' ~ ~ "  ~ ; ~ L ; ; t  
I 

I 

I 
I÷  I~1, I'1" II" I,~. I I ,  I ÷  I ÷  I~" I÷  I~" I ÷  I ÷  I+  l e  I~" ~* I~" I 

I 

• • , • • • • • • • • • • • ° 

0 O" r~ ~ 0 q, ~ 4) O, P~a -.4 %n .~ O u~ p 

I *  t ÷  I~" I÷  I'l" I÷  I ÷  I+ I ÷  I ÷  I+ I ÷  I ÷  I,~ I ÷  I 0  

N 

• • • • • • 0 • • • • , , , • 

I 

l e e l l , l l i * e l e 0 * * l  I 

I 

. o e . l o l , o l , j * * , , ,  

~ O 0 0 0 0 ~ O ~ ~  I 

I 

I i i  I I  I i i l l  I 

I 
I 

I 

I 
I 

I 
I ÷  I +  I #  I +  1~  I #  I ÷  I +  I ÷  I ÷  I ÷  I +  I ÷  I ÷  I ÷  } 

I 

I 

- -"  C r~3 

.o ~F" ~ 

o ° ~ =  

0 -~ 
• t .  o 

n 
r~ 

.o 

o o 

< 

o 

o o 

n 
r~ 

0 

o o 

< 

~o 2: 

o 



' = "  I ~ ' '  I ~ '  

. . . . . . . .  = = -  . . . . . . . . . .  = =  . . . . . . . .  

l e l ~ l e l e l @ l @ l @ i @ l @ l @ l e l ÷ l @ i @ l ÷ l @ | @  l~i@l@l@Io~*I@l@i@l÷i@J@l÷l@ie|@l@l÷} 

l e l ~ I o l e l e l e l e l e l O l @ l ÷ I @ l ÷ l ÷ I @ I @ l ÷  

I ÷ l e l e l ~ l ÷ l e l e l e l ~ l ÷ l ÷ l e l ~ l ~ l e l ÷ l ~  

l e l ÷ l O l e l e l e l @ l ÷ l e l g l e l e l e l ÷ 1 9  

I ÷ l ÷ l ÷ l e l ÷ l @ l @ l ÷ l e l e l @ l ÷ l e  

I 
, - - ' i  

I 

~ , , ~ l  

i ÷  l e  l e  i~' i'e I÷  I÷  l e  l e  l ÷  I *  I÷  i ÷  I÷  I÷  i ~  ~ 

l e  l e  I'e l e  p,I. I"l" l"~ |+  l +  ~+ t,e 14- I'e I'~' I 'e 

. . . . .  ;t~'~ . . . . . . .  

l e  I,,I- I÷  Iq, I"I" t,,I, I,,i. 14" 14. I.I. I,e I÷  I÷  I~l. I ÷  I.I, 

I 

I 
I 

l e l e l ÷ l ÷ l ÷ l ÷ l ~ l e l ÷ l ÷ l ~ l ÷ l ÷ l e l ~ l e l ~  I 

I 

l÷lelele|÷leleI~lelelelelelelel 

I ÷ l e l ~ l ÷ l ÷ l ÷ l ÷ l e l ÷ l ~ l e l ÷ l e l ÷  

" I~1'¢ '  

0 ~ 

r ~  

- ~ 

N 

r o  

" o  

- ~ 

_ ~ 

g 

"c 
,_., 

0 

0 

0 

,.-] 

~ Z 

g 

© 

r ~  



34~ A .  A L V E N S L E B E N  e t  a l .  

T a b l e  2 ( c o n t i n u e d )  

TABLE 2 C~NTINUED 
TANTALUM ] -  ~dzO- in ~ub/sr MeV/c 2 v s  m(HeV/c2),p(geV/c) and tz  (GeV/c) 2 

- I  = I 0.001 I 0 . 0 0 3  I 0.005 I 0 . 0 0 7  I 0.009 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

__~ . . . . . . . . . . . . . . . . . . . . .  _P_= ~, ~_~E~(L~__ 
495 20 .7  ", 5 .5  11.4  • 7 .4  c;.O • 6.6 - 4 . 0  
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 

+ 5.7  7 . 7  * 7 . 6  
27.5 ", 4 . 7  I I . 1  _* 6 .4  6 .5  +_. 4 .9  4.1  _+ 3.2  2 .4  + 1.9 
30.9 * 4.6 26.4 + 5.4 14.0 * 5.0 4.1 + 3.8 3.4 ± 2.T 
39.6 • 4.5 19.1 + 5.8 7.5 + 6.3 5.3 * 4.9 2.6 +_ 2.2 
43.8 • 3.4 20.2 _+ 4.2 13.6 ~ 4.4 1.5 + 1.9 2.1 ~ 2.8 
5 4 . 3  + 3 . 9  2 3 . 7  "- 4 . 1  1 0 . 3  * 2 . 6  2 . 2  _* 4 .4  1 . 1  _* 1 , 5  
59.3 * 3.8 20.1 Z 4.3 21.9 i 4.0 9.I * 3.4 0.5 _+ 2.4 
83.0 • 4.0 40.0 • 4.7 12.1 • 3.6 11.6 + 3.8 4.9 + 4.8 

105.2 + 4.2 53.3 • 4.5 31.6 * 4.7 16.1 + 2.9 10.1 * 2.7 
97.0 * 5.0 55.4 _+ 5.8 26.0 z 5.2 10.3 i 4.3 4.0 + 2.2 
69.0 + 5.0 2 7 . 8  • 5.6 19,8 • 5.1 23.4 + 8.8 -3.3 • 6.6 
41.1  • 3 .7  25.1 + 5 .5  12.7 * 6 .1  7 .3  • 3.2 4 .6  + 2.2 
20.7 + 2.9 9.I 4- 3.8 8.6 + 2.8 4.9 __+ 3.8 2.6 * 2.3 
12.6 __* 3.0 5.1 __+ 2.6 0.3  t 2.3 -3.4 __.+ 9.5 
6.6 • 2.3 5.7 * 3.2 
6.6 ~ 2.8 4.2 + 2.9 

975 - 0 . 5  ± 
IC05 9 .6  * 

495 

l . l  
5 .8  

L-:_~,,L_~VIi 

525 
555 
585 
615 
645 
675 
705 
735 
765 
7 9 5  
825 
855 
885 
915 
945 
975 

1005 

10.4 ', I I . 6  44 .5  + 23.1 
32 .6  -t ? .0  0 .9  __~ 7 .2  10.8 * 8 .4  6 .2  ,, 6 .8  3 . 4  t 3.2 
38.8 • 5.7 17.7 + 6.8 15.0 + 6.4 8.0 • 4.3 -2.7 + 4.9 
37.6 __~ 5.7 28.6 + 6.2 9.0 Z 6.0 8.4 * 4.9 2.1 + 2.0 
43.5 • 4.4 30.5 + 5.4 16.0 • 4.8 14.5 • 5.0 -0.5 + 1.6 
60.5 i 3.7 25.1 _+ 4.7 14.5 i 4.3 -0.3 _+ 2.6 4.2 _+ 2.0 
75.2 _+ 3.8 45.5 _+ 4.8 26.5 + 3.9 7.8 + 3.3 3.1 _+ 1.4 

106.4 _+ 4.7 52.8 _+ 5.2 29.I +_ 5.2 14.4 * 3.7 4.8 + 3.5 
129.1 • 5.4 62.3 * 5.3 36.1 t 5.5 10.6 * 3.8 3.9 + 3. I 
122.5 • 4.9 57.0 + 5.3 34.4 + 5.4 12.5 + 3.1 6.8 • 2.3 
85.6 ± 5.9  41 .1  * 4.4 22.8  Z 4.0 7.7  __+ 3 .4  4 . 7  • 1.9 
51.3  + 3 .7  17.1 __+ 7 .6  5 .0  + 3 .0  6 .8  __+ 2 .4  5.1 __* 2 .7  
32.5 * 3.4 14.9 + 4.1 12.7 + 3.6 5.4 + 3.0 0.3 + 3.7 
16.1 ", 2.5 7.3 ± 3.6 4.6 t 2.7 1.5 + 1.4 1.7 + 1.4 
8.5 _+ 1.7 5.5 _~ 2.4 3.8 + l.g 6.9 _+ 3.8 0.6 _+ 3.1 
7 . 0  __+ 3.4 2.7  Z 2.2 2.2 Z 2.7 
8 . 5  * 4 . 7  1 0 . 4  • 5 . 7  0 . 1  + 5 . 6  
1 . I  + 1.2 4.8 • 3.4 0.2 + 4.5 

495 
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 
975 

1005 

P _ -  6 • gL.G.£ 3LLg,_ . . . . . . . . . . . . . . . . . . . . . . . . .  

01.0 + 39.6 
31.4 _+ 9.0 33.0 _~ 16.0 1.6 + 6.2 13.8 _+ 10.4 
53.0 + 7.8 36.2 + 9.5 16.7 +_ 6.1 16.5 _+ 6.6 -2.6 _+ 3.0 
56 .4  _* 7 .6  33 .9  + 9 .4  21.1 t 8 .0  5 .0  _.+ 6 . 7  - 0 . I  _* 2.0 
72.9 + 5.9 41.2 _+ 6.6 18.2 + 6.6 7.5 _+ 3.7 1.2 _+ 2.7 
90.I * 5.0 48.4 + 6.0 20.5 ± 4.3 3.5 _+ 3.9 3.6 4" 2.0 

118.6 _* 5 .5  57 .6  _+ 6 . 2  24 .7  +_ 4 .1  14.5 +_ 4 .0  5.1 .f 2 . ]  
L59.7 * 6 . 4  75 .3  ~- 6 .9  54 .9  z 6 .7  16.0  + ] . 6  1.o _%+ 2.5  
149.8 _+ 6.5 80.7 _+ 6.5 39.4 * 7.4 11.8 _+ 4.2 9.9 4- 2.6 
106.1 • 5.1 60.4 _+ 5.8 21.7 ~_ 3.9 9.8 ~ 4.2 1.7 _+ 1.8 
64.8 + 3.5 28.3 _~ 3.9 13.3 +_ 3.2 6.3 _+ 2.3 -0.2 _* 1.5 
29.5 _+ 3.3 21.2 +_% 3.4 4.4 +_ 3.2 2.9 _+ 2.7 0.4 _~ l.l 
21.4 Z 3.0 9.1 _+ 2.8 4.3 ~_ 2.6 6.9 _+ 2.8 1.1 ~ 2.0 
12.1 • 2.5 6.2 + 2.5 3.6 +_ 1.9 0.4 _+ 0.9 0.8 4- 1.3 
7.8 * 1.7 6.1 _+ 2.1 0.4 +_ 2.0 1.6 Z 2.3 
6.0 + 1.9 2.8 + 3.0 2.7 + 2.9 
4 . 1  ~ 3 . 5  3 . 9  __+ 4 . 0  5 2 . 1  ~__ 9 4 . 2  
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T a b l e  2 ( c o n t i n u c d l  

3'4, (} 

TA~IF 20}ITINIED 
TUNGSTEN A-~ d~- in ~b/sr.MeV/c 2 vs m(MeV/c 2),p(GeV/c) and tz (GeV/c) 2 

- T  = I 0 . 0 0 1  I 0 . 0 0 3  I 0 . 0 0 5  I 0 . 0 0 7  I 0 . 0 0 9  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

_ ~ p__~ 5.~ GEVlC . . . . . . . . .  

495 30.5 _* 8.4 i 1 . 3  ± I0 .7  -0 .6  ~_ 7.4 - I . 0  _~ 12 . I  11.0 _~ 10.8 
30.3 * 6.5 5.0 ÷ 8.7 12.0 ~_ 7.8 5.5 ÷ 4.6 5.1 _+ 3.2 
25.6 + 5.7 21.9 _.~ 5.6 6.7 ÷ 4.5 8.1 ± 5.9 2.6 ± 2.7 
3 5 . 8  ± 5 . 2  2 2 . 7  ~ 7 . 7  1 . 2  + 7 . 5  0 . 4  * 6 . 2  2 . 3  _+ 2 . 1  
4 8 . 4  ± 3 . g  2 1 . 1  ~ 5 . 2  3 . 8  + 3 . 8  9 . 4  ~ 5 . 3  2 . 2  _+ 3 . 0  
57.7 ± 4.7 35.5 _~ 5.7 11.5 • 3.4 I . I  _~ 5.9 3.1 _+ 2.5 
6 6 . 9  ± 4 . 8  3 7 . 4  • 6 . 4  2 7 . 0  +_ 5 . 1  6 . 7  _~ 4 . 2  5 . 0  _* 4 . 2  
8 8 . 7  * 5 . 0  4 3 . 8  ÷ 6 . 4  2 9 . 8  * 6 . 2  8 . 1  *_ 5 . 0  3 . 1  _* 5 . 5  

105.7 ÷ 5.2 56.7 • 5.7 29.5 ÷ 5.8 24.5 * 4.7 8.7 + 3.4 
1 0 1 . 3  _~ 6 . 1  4 7 . 2  • 7 . 2  2 g . 0  +_. 7 . 1  3 . 3  _~ 5 . 5  8 . 3  + 3 . 8  
74.9 * 6.5 31.8 _* 7.6 18.4 • 6.6 22.9 + 9 .7  0.9 ± 13.4 
3 8 . b  ± 6 . 4  2 6 . 3  • 9 . 5  2 2 . 8  ~_ 6 . 9  9 . 3  ~ 5 . 3  7 . 5  _* 4 . 2  
2 7 . 3  ± 5 . 7  2 1 . 0  ± 7 . 3  1 6 . l  t 5 . 9  4 . 1  _~ 3 . 7  2 . 7  ± 2 . 8  
1 0 . l  ± 6 . 3  8 . 7  + 4 . 6  - 1 . 3  _~ 2 . 6  6 . 1  _+ 6 . 8  
5.9 ± 3.5 1.6 ÷ 3.1 6.0 ± 6.6 4.8 ÷ 9.6 9.2 ± 7 . 7  
1.6 ± 1.6 3.3 ~_ 3.3 4 . 7  • 4.9 4 . 8  ~ 5.2 
4.0 ± 3 . 7  

8 . 0  ÷ 9.5 

525 
555 
585 
615 
645 
675 
705 
735 
165 
795 
825 
855 
885 
915 
g45 
975 

1005 

_ _ B _ ~  P ~ - -  ~ ,  2_GEyZC 
495 lO.1 _* 15.5 3 2 . 4  _~ 2 3 . 9  2 7 0 . 2  
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 
q75 

1005 

÷_242.7 
4 4 . 8  * 10.4 5.2 ~__ I I . 8  0.9 ~__ 10.9 26.6 * 16.8 
2 7 . 7  ± 6 . 8  1 0 . 9  ~ 8 . 7  l O . g  ~__ 7 . 7  1 1 . 7  + 6 . 1  - 3 . 3  ± 8 . 6  
4 2 . 1  * 7 . 8  3 2 . 7  * 7 . 6  1 6 . 2  ÷ 9 . 4  8 . 3  ÷ 6 . 4  7 . 2  ± 3 . 2  
42.4 ± 5.6 36.0 ± 6.8 17.4 _~ 5.4 14.6 ÷ 5.4 - 0 . 3  _+ 2.6 
62.2 + 4.4 18.7 ~ 5.4 10.3 ~ 5.0 2.0 __+ 4.0 2.9 ± 1.9 
7 9 . 3  __~ 4 . 5  4 2 . 7  ± 5 . 6  2 3 . 8  ÷ 4 . 3  1 3 . 1  ÷ 4 . 6  5 . 3  ± 2 . 0  

102.3 __* 5.4 49.5 * 6.2 13.7 +__. 5.2 8.6 ± 4.1 6 . I  __* 4.6 
130.6 __* 6 . 4  71.8 ± 6.9 29.4 t 6.9 17.3 __* 5.4 - 0 .5  __+ 4.0 
1 2 8 . 7  ± 6 . 0  6 8 . 6  __* 7 . 1  3 0 . 8  ~ 6 . 6  1 6 . 1  ± 4 . 5  8 . 4  __* 3 . 3  

8 9 . 6  + 5 . 2  4 2 . 2  * 5 . 6  1 8 . 1  + 5 . 0  1 2 . 6  ± 5 . 2  2 . 0  _* 2 . 3  
5 7 . 9  ± 4 . 7  2 4 . 0  __~ 1 0 . 6  1 7 . 6  ~ 5 . 5  7 . 0  ~ 2 . 5  8 . 7  ÷ 3 . 9  
23.3 __* 5.7 9.0 ± 7.4 9.8 +__. 4.1 7.7 __~ 4.8 - 0 . 4  ~ 5.7 
1 2 . 5  ± 5 . 1  3 . 6  * 1 3 . 7  2 . 0  +. 2 . 8  5 . 8  ± 3 . 2  
1 2 . 0  ± 3 . 3  2 . 2  + 2 . 3  9 . g  + 6 . 4  2 . 4  ± 2 . 7  
- 3 . 9  ~ 7 . 8  - 1 . 6  ~ 3 . 2  4.6 ± g . 2  

0 . I  __+ 4.3 0.1 *__ 8.9 3.4 + 3.5 
1.8 __+ 1.8 9.7 ~ 7 . 0  6.0 ± 6.0 

__M__ 
495 
525 
555 
585 
615 
645 
675 
705 
735 
765 
795 
825 
855 
885 
915 
945 
975  

1005 

~._ -=._.~.I~_G E v L ~  

19.8 _+ 23.3 37.9 _~ 40.8 
37.6 ± 13.0 9.6 ± 1g.4 lO.O _~ 10.7 l l . O  _~ 9.g 
47.7 _* 10.2 32.0 ± 11. I  12.2 ~ 7.6 11.0 +_ 7.1 - 3 .6  _~ 4.1 
63.3 * lO.1 53.6 ~_ 13.8 15.8 + 8.1 10.5 ± 10.3 2.1 ± 3.6 
69.1 ± 7 . I  35.1 ÷ 7.5 24.q ~ 9.8 6.3 * 4.4 g.9 ± 6.6 
80.6 + 5.7 35.0 ± 6.6 16.7 + 5.1 6.0 * 5.9 4.7 _* 2.7 

109.3 • 6.2 62.1 _+ 7.2 30.3 ~- 5.3 12 . I  Z 4.5 2.3 _+ 2.7 
143.0 ~ 7.0 80.7 ± 8.3 44.5 +_ 6.8 14.3 _~ 4.5 - 0 . 9  _~ 3.4 
154.8 ± 7.7 84.6 ± 8.2 39.1 t 9 .4  1.2 _* 5.5 14.2 ± 3.4 
106.7 _~ 6.1 64.5 + 7.0 2g.0 + 5.4 8.1 _* 5.8 3.9 ± 3.2 
52.6 ± 3.8 32.7 * 5.1 5.q + 4.0 3.1 ~ 2.9 2.9 ± 2.9 
3 1 . 6  ± 4 . 4  1 8 . 2  _~ 3 . 6  1 . 8  * 3 . 8  1 . 6  • 4 . 1  1 . 4  ± 2 . 3  
2 2 . 0  ± 5.1 I 0 . I  ± 5.1 4.3 +_ 3.5 0 . 8  _* 1.7 

6 . 5  ~ 6 . 3  1 0 . 0  • 5 . 2  2 . 7  ÷ 2 . 9  3 . 2  ~ 2 . 6  1 . 2  ± 2 . 3  
9.0 ~ 2.? 1.4 + 1.6 0.1 +_ 6.0 1.6 ± 1.9 

1 0 . 5  + 5 . 0  8 . 2  * 6 . 3  
8 . 9  ± 5 . 5  
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F i g .  3. (a) T h e  c r o s s  s e c t i o n  Z=d(r/dg~drn~b/sr. M e V / c 2  - n u c l e o n )  a s  a f u n c t i o n  of 
rn ( M e V / c  2) and  t±  in  u n i t s  of  - 0 .001  G e V 2 / c  2 f o r  p = 6 .2  ± 0 .2  G e V / c .  T h e  c u r v e s  
a r e  t h e  b e s t  f i t s  to  eq .  (8) wi th  R l ( r n  ). T h e  b a c k g r o u n d  i s  no t  d r a w n .  T h i s  f i g u r e  
s h o w s  a b o u t  2% of  t h e  d a t a .  (b) M a s s  s p e c t r a  a f t e r  r e m o v a l  of  p r o d u c t i o n  m e c h a -  
n i s m .  (Note t h a t  in  t h e  a b s e n c e  of  b a c k g r o u n d ,  a l l  s p e c t r a  wou ld  be  i d e n t i c a l .  ) 



354 It. ALVENSLEBEN e t a ] .  

4. ANALYSIS  AND R E S U L T S  

The  a n a l y s i s  of r e a c t i o n  (1) in t e r m s  of p - p r o d u c t i o n  is  c o m p l i c a t e d  b e -  
c a u s e  t h e r e  i s  no un ique  t h e o r y  f o r  wide  r e s o n a n c e s  and the f o r m  of the  
b a c k g r o u n d  i s  not known. It i s  fo r  t h e s e  r e a s o n s  tha t  we have  p r e s e n t e d  the  
e x p e r i m e n t a l  d a t a  in t a b l e  1 and  t a b l e  2 f r e e  f r o m  t h e o r e t i c a l  a s s u m p t i o n s .  

4.1. Analys is  of hydrogen dala 
To a n a l y z e  the  h y d r o g e n  d a t a  we have  f i t  the  c r o s s  s e c t i o n s  in t a b l e  1 

wi th  the  fo l lowing  e q u a t i o n s  

d~ 
d ~ d m  - Cg'(p)2mR1 (m) + BG(m, p) , (2) 

do" 
d~2dm - Cg(p)2mR2(m) + BG(p, m) , (3) 

wi th  

do- 
d ~ d m  - Cg(p)2mR3(m) + BG(p, m) , (4) 

mp 4 

R l ( m )  : r ( m ) i u - ~ - )  ' R2(m)  : r ( m )  + I(m) , 

R3(m ) : r(m) + I(m) , 

r(m, to(m)) = r(m) - 

1 mpFp(m) 

v (m2p_ m2)2+ m2F2(m)p P 

/ 2 2 ~, 
mp (m,,2) - m  ] 

M 2  F o , giP) = -  " p 2 ( l + ~ )  , 

D 
I ( m )  - 2m 

2 2 
Y f l  - m 

P 
2 m 2 ) 2 + m 2 F 2 ( m )  ' 

(rap- P p 

4 4 
: > / 0 ,  

w h e r e  g(p) i s  the  e n e r g y  d e p e n d e n c e  of the  f o r w a r d  p r o d u c t i o n  c r o s s  s e c -  
t ion .  If g(p)=p2 (M= 0) we have  c l a s s i c a l  d i f f r a c t i o n  s c a t t e r i n g  with a c o n -  



I)HOTOPlIODUCTION ()F Nti UTI{AL IlttO MESONS 355 

s t an t  to ta l  c r o s s  sec t ion .  When q(p) _p2 (1 + M/p) 2 and  M :  0. then 
d~ d / ( / - 0 )  d e c r e a s e s  with i n c r e a s i n g  p energy .  The  b a c k g r o u n d  func t ion  
BG(J~l ,p) i s  the p roduc t  of two g e n e r a l  t h i r d - o r d e r  p o l y n o m i a l s  in J~l and p. 
The fi~nctio~ I(m) is a~l empi~'ical i~te~:ference lilee lcYm d(t'ferc~tt f~'om the 
one st~ggesled by Soedi~zg [9]. The  t e r m s  ~-(/tz) and Fp(m) a r e  the r e l a t i v i s -  
t ic  p - w a v e  r e s o n a n c e  f o r m u l a e  p r o p o s e d  by J a c k s o n  T lO]. 

Eq. (2) r e p r e s e n t s  the f i t t ing  of the dipion s p e c t r u m  to a p - p r o d u c t i o n  
t e r m  where  the r e s o n a n c e  f o r m u l a  is  mod i f i ed  by a p h e n o m e n o l o g i c a l  
" R o s s - S t o d o l s k y "  t e r m  [11] ( ~ p  //~) 4 p lus  a g e n e r a l  backg round .  The f ac to r  
(l~p j~)4 a l so  a p p e a r s  in a model  by K r a m e r  and U r e t s k y  [11] and has  been  
u s e d  at DESY and SLAC [1] to account  for  the shift  and shape d i s t o r t i o n  of 
the pho top roduced  p - s p e c t r u m .  Eq. (3) r e p r e s e n t s  a no t he r  c o m m o n l y  a c -  
cep ted  p r o c e d u r e  to fit the s p e c t r u m  with the m a s s  shift  and shape d i s t o r -  
t ion  a c c o u n t e d  for  by an e m p i r i c a l  t e r m  I(m) whose ma gn i t ude  D is  d e t e r -  
m i n e d  by the fit. Eq. (4) a s s u m e s  both m e c h a n i s m s  can  be p r e s e n t .  

F i t t i ng  was  done in two ways.  F i r s t l y ,  each of f unc t i ons  (2), (3) and (4) 
was  fit to the data  of t ab le  1 us ing  the CERN f i t t ing  p r o g r a m  MINUIT [12 I. 
The  fo l lowing q u a n t i t i e s  were  f r ee  p a r a m e t e r s  in the fits', a.z, b.j. C, ~ p ,  Fo, 
M and D. A lower  cu t -o f f  l i m i t  m o, u s e d  in f i t t ing  the data  was chosen  in 
the fo l lowing way: fig. 4a shows two m a s s  s p e c t r a  f r o m  460 to 1000 
MeV c 2. One was  t aken  with a peak b r e m s s t r a h l u n g  e n e r g y  at 7.4 GeV and 
the o the r  at 7.0 GeV. Both had a c e n t r a l  s p e c t r o m e t e r  m o m e n t u m  of 6.0 
GeV c. Since the two s p e c t r a  a r e  in a g r e e m e n t  above 610 MeV c 2 one c o n -  
c l u d e s  that  the i n e l a s t i c  c o n t r i b u t i o n  above th i s  m a s s  is  sma l l .  The  s a m e  
r e s u l t  was  found for  s p e c t r a  at ]~m,-Lx = 5.55 GeV ,'rod 5.25 GeV. T h e r e f o r e ,  
~ o  was  chosen  to be 610 MeV c 2. Checks  were  made  by v a r y i n g  
610-  m o .  760 MeV~c 2 and the v a l u e s  of rap, Fo, C, M, D and the b a c k g r o u n d  
w e r e  found to be i n s e n s i t i v e  to t hese  changes .  S tudies  we re  a l so  made  on 
the b a c k g r o u n d  func t ion  BG(J~,P) and it was found that  the r e s u l t s  of a 
p roduc t  of s e c o n d - o r d e r  p o l y n o m i a l s  we re  c o n s i s t e n t  with those  of the 
h i g h e r  o r d e r  func t ion  d e s c r i b e d  above.  The  v a l u e s  of ~J~p and F o ob t a ined  
f r o m  al l  f i t s  done in th i s  m a n n e r  we re  c o n s i s t e n t  with ~J~p 765± 10 MeV c 2 
and F o 1 4 5 ± 1 0  M e V , c  2. 

Secondly ,  u s ing  the v a l u e s  mp = 765 MeV ;c 2 and F o = 145 MeV c 2 ob-  
t a i n e d  above ,  the m a s s  s p e c t r u m  for  each m o m e n t u m  was fit s e p a r a t e l y  to 
f u n c t i o n s  (2), (3) and  (4). In th i s  way the c r o s s  s e c t i o n s  and the b a c k g r o u n d  
w e r e  left with an a r b i t r a r y  m o m e n t u m  dependence  in c o n t r a s t  to the f i r s t  
me thod  whe re  both the c r o s s  sec t ion  and the b a c k g r o u n d  w e r e  r e q u i r e d  to 
be smooth  func t i ons  of the m o m e n t u m .  The  c r o s s  s e c t i o n s  ob ta ined  f r o m  
t h e s e  f i t s  we re  found to be i n s e n s i t i v e  wi thin  the l i m i t s  of m p =  765± 10 
MeV c 2 and F o = 145+ 10 MeV c 2 quoted  above.  Fig.  4b shows the v a l u e s  
of dot dr(/= 0) ob t a ined  in th i s  way and they a r e  s een  to be i n s e n s i t i v e  to 
a s s u m p t i o n s  (2), (3) o r  (4). Fig.  4b a l so  i n c l u d e s  the r e s u l t s  of o the r  ex -  
p e r i m e n t s  where  the b a c k g r o u n d  has  been  t r e a t e d .  As seen ,  t hese  data  a r e  
in good a g r e e m e n t  with the p r e s e n t  e x p e r i m e n t .  
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F i g .  4, (a) C o m p a r i s o n  of m a s s  s p e c t r a  f o r  h y d r o g e n  f o r  d i f f e r e n t  p~,ak b r e m s s t r a h  
l u n g  e n e r g y  wi th  t he  s a m e  c e n t r a l  s p e c t r o m e t e r  m o m e n t u m .  T h e  a g r e e m e n t  of  t he  
s p e c t r a  a b o v e  610 M e V / c  2 i n d i c a t e s  t he  i n e l a s t i c  c o n t r i b u t i o n  to the  s p e c t r a  a b o v e  
t h i s  m a s s  i s  s m a l l .  (b) C o m p a r i s o n  to o t h e r  e x p e r i m e n t s  and  r e s u l t s  of  o u r  m e a s -  
u r e m e n t s  on h y d r o g e n  o b t a i n e d  by f i t t i n g  t he  d a t a  m a t r i x  ( tab le  1) wi th  eq .  (2). (3) 
and  (4). In o b t a i n i n g  dG/dt (l = 0) f r o m  d o / d ~ d m  the  n o r m a l i z a t i o n  u n c e r t a i n t y  of 
~: 10(} due  to t h e  m a s s  s p e c t r u m  f u n c t i o n s  u s e d .  i s  no t  s h o w n .  A l s o  s h o w n  i s  a c o r n -  
p a r i s o n  of t he  b e s t  f i t s  to o u r  c r o s s  s e e t i o n s  a s  a f u n c t i o n  o f p .  and  the  rrN c r o s s  

s e c t i o n  a s  a f u n c t i o n  of p n o r m a l i z e d  to t he  s a m e  s c a l e .  
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4.2. Concl~tsions f rom the hydrogen data 
(i) The c r o s s  sec t ions  d~ d t ( t :  O) obtained f r o m  the fi ts  to e x p r e s s i o n s  

(2), (3) and (4) exhibit  the following c h a r a c t e r i s t i c s :  
(a) The va lues  for  d~/dt(t = 0) obtained by fitting eq. (2) (Ross -S todolsky  

fac tor)  show a behaviour  

1 . 0 i 0 . 3 2  da [ o: (1+ ) (5) 
~ - [ t : 0  p • 

(b) When eq. (3) (empir ica l )  is used  in the fit, we o b s e r v e  

d~l-~ t ( 1 " 3 + 0 " 3 )  2 
=0 ~ 1 + p . (6) 

(c) For  f i ts  using eq. (4) (both Ross -S todo l sky  and empi r i ca l )  the ob- 
s e rved  dependence is 

d ~ t  cc (1+1"0+0"4)2  J 
: 0  P . (7) 

This  is to be c o m p a r e d  to the m om en t um  dependence of ~+p and ~-p c r o s s  
sec t ions  in the energy  region f r o m  3.0 to 7.0 GeV [8]. 

dcrJ 2 2 ( 1 . 1 + 0 . 1 )  2 
dTIt :0  ~ + p ( 1 + 9 ) ~  I+ P , 

d~ cc~ 2 o~ ( 1 " 2 ~ 0 " 1 )  2 1 +  t=O ~-p (1+92) p ' 

where  p is in GeV/c  and/3~ = rea l  pa r t  imag ina ry  pa r t  for  ~+p sca t te r ing .  
T h e r e f o r e ,  independent of our a s sumpt ions ,  the energy behaviour  of p - p r o -  
duction is found to be v e r y  s i m i l a r  to ~N sca t t e r ing  in the s ame  energy  
region.  

(ii) The m a s s  of the rho m e a s u r e d  f r o m  p -~ ~+~- is about the s ame  as  
m e a s u r e d  by p ~  e+e - ,  but the width of the rho is about 30 MeV/c 2 h igher  
D3]. 

4.3. Analysis of complex nuclei data 
Following the conclus ions  drawn d rom fig. 3, that  the dipion s p e c t r a  a r e  

dominated  by p-product ion  and that the background cannot be neglected,  the 
complex  nuclei  data were  analyzed in the following manner .  

The fou r -d imens iona l  data m a t r i x  d~/d~2dm(A, re,p, t±) was fit by a 
theo re t i ca l  function of the f o r m  

d(~ 1 
(A, m, [, t L) = ~ p22mRn(m) (fc  + f inc) + BG(A, m, P, t±) d~dm 

I (8) 

The f i r s t  t e r m  r e p r e s e n t s  the main  contr ibut ion f r o m  p-photoproduct ion  
and the second t e r m  the contr ibut ion due to a non - re sonan t  background.  
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: 2 /oJ' bdbJ'  
I 0 - ~ 

x e x p ( i z ~ ' l [ , , l ) p ( z , b ) e x p  -~c r ' ( 1 - i f l )  J' p ( z ' , 5 ) d z '  [2 
z 

or' - ~1  - r ]~)  , 1 
167~a J'exp (- b 2 J4a)g~z. b)d2bdz . 

q 7I(cr) f e x p ( - ½ ~ T ( b ) )  Q(b)d2l~ Jexp( -½(~T(b) )  T(b)d2b , 

Q(b) = .,f p2(z ,b)dz  . T(b) = J p(z ,b )dz  , 

= ~rpN . a = 8(GeV c )  -2 . 

H e r e  fc  is  the f o r w a r d - c o h e r e n t - p r o d u c t i o n  c r o s s  s ec t ion  [141 where  the 
p - m e s o n  p r o d u c e d  with an e f fec t ive  f o r w a r d - p r o d u c t i o n  c r o s s  s ec t ion  I fo l  2 

oO 

on a s ing le  nuc l eon  is a t t e n u a t e d  by exp (- ½or' f pdz) in n u c l e a r  m a t t e r  as  
Z 

it l e a v e s  the n u c l e u s .  (Got t f r i ed  has  shown that  c o r r e c t i o n s  a r i s i n g  f r o m  p 
i n s t a b i l i t y  wi thin  the n u c l e u s  a r e  n e g l i g i b l e  [15]. ) The  f a c t o r  
p ( z . b ) J o ( b v ' i l : i )  c o m e s  f r o m  the n u c l e a r  shape  and  the t e r m  
P = P o  ( l + e x p [ ( r - R ) ' s ] )  i s  the Woods -Saxon  dens i ty ,  w h e r e R  is  the n u c l e a r  
r a d i u s  and s =0.545 fm. The  d i f f e r e n c e  in i n i t i a l  and f ina l  m a s s  p r o d u c e s  a 
t e r m  exp ( izvrl l ,  I) and ¢ '  i s  the e f fec t ive  p - n u c l e o n  to ta l  c r o s s  s ec t ion  
where  we have t aken  into account  s e c o n d - o r d e r  c o r r e l a t i o n  e f fec t s  be tween  
n u c l e o n s  i n s ide  the nuc l eus .  

We u s e d  the mode l  of yon B o c h m a n n  et al. [16] to account  for  the c o r r e -  
l a t i on  length  ~ and  the c o r r e l a t i o n  wave func t ion  g(b,  z). The i n c l u s i o n  of 
c o r r e l a t i o n  c a u s e s  a 4% c o r r e c t i o n  to our  f ina l  r e s u l t s .  The r a t io  of the 
r e a l  pa r t  to the i m a g i n a r y  p a r t  of the s c a t t e r i n g  a m p l i t u d e  on a s ing le  
nuc l eon ,  fi, was t aken  to be - 0.2, fo l lowing the a n a l y s i s  of 7p c r o s s  s e c -  
t ion  m e a s u r e m e n t s  [17] at 6.0 GeV. T h i s  va lue  is  c o n s i s t e n t  with our  p r e -  
l i m i n a r y  r e s u l t s  ob t a ined  f r o m  i n t e r f e r e n c e  be t w e e n  p - e+e - and Be the -  
H e i t l e r  p a i r s  [17]. The  i n c o h e r e n t  p r o d u c t i o n  c r o s s  s ec t ion  f i n c  d e s c r i b e s  
the c a s e  where  the r e c o i l  n u c l e u s  is  left in an exc i t ed  or  f r a g m e n t e d  s ta te  
[18]. The  i n c o h e r e n t  c o n t r i b u t i o n  is  l a r g e s t  for  low A (~ 10%) and b e c o m e s  
n e g l i g i b l e  for  A > 100. The  b a c k g r o u n d  func t ion  BG(A, re ,p ,  l±) is  a g e n e r a l  
p o l y n o m i a l  in (A, re ,p ,  I j_) space.  

To keep the r e s u l t s  g e n e r a l ,  we t r i e d  v a r i o u s  c o m m o n l y  u s e d  f o r m s  for  
the B r e i t - W i g n e r  and  we l i s t  f ive e x a m p l e s :  R10~z) . . .  R5(~z), def in ing  
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R4(m) = r ( m ,  Fop , R 5 ( m ) = r ( m ) .  The  funct ion  R5(m) is the r e l a t i v i s t i c  p -  
wave r e s o n a n c e  f o r m u l a  p r o p o s e d  by J a c k s o n  [10] and R4(m) is R5(m) with 
a cons tan t  width. We have  d i s c u s s e d  R l ( m )  , R2(m 5 and R3(m) in the hy -  
d r o g e n  a n a l y s i s  above.  

C o m p a r i s o n  of the da ta  in the f o u r - d i m e n s i o n a l  m e a s u r e d  c r o s s - s e c t i o n  
m a t r i x  with the t h e o r e t i c a l  funct ion (8) enab le s  us  to d e t e r m i n e  d i r e c t l y  the 
p a r a m e t e r s  rap, Fo,  ~pN, R(A), i fol 2, d~n/dt(A ' 0 = 0°5. 

Again  the f i t t ing was  done with the CERN p r o g r a m  MINUIT. To r e d u c e  
the con t r ibu t ions  f r o m  the i ncohe ren t  t e r m  f i n c  and the backg round ,  we 
s e l e c t e d  data  in the r eg ion  I t±l < i t c l ,  tc = -  0.01 (CeV/c)  2, 4.8 <p < 7.2 
G e V / c  and m > m c with m c = 600 M e V / c  2. Thus  we r e s t r i c t e d  the data  to 
the r eg ion  whe re  m o s t  of the ~ - p a i r s  c o m e  f r o m  c o h e r e n t  p - p r o d u c t i o n .  
The  d e t e r m i n a t i o n  of the v a r i o u s  p a r a m e t e r s  can  be v i s u a l i z e d  s imp ly  in 
the fol lowing way: 

(i) To d e t e r m i n e  the b a c k g r o u n d  funct ion  BG(A, re, p, t~), f i t s  w e r e  made  
with and without  a b a c k g r o u n d  t e r m  of the f o r m  

l m n 

BG(A,m,p , t  ± ) :  (i=~=O ai(A)mi) (j~O: 5(ASpj) (~ :0  Ck(A)tk) " 

The  g o o d n e s s  of fit  i m p r o v e d  c o n s i d e r a b l y  fo r  l =2,  m =n =0 (see  fig. 3a). 
T h e r e a f t e r  no i m p r o v e m e n t  was  no t i ced  by i n c r e a s i n g  l, m o r  n. The  r e -  
su l t s  of the f i t s  w e r e  i n sens i t i ve  to c h a n g e s  in m c (± 100 M e V / c  2) o r  
I t c i <  0.01 (GeV/'c) 2. The  p e r c e n t a g e  b a c k g r o u n d  is c o n s i d e r a b l e  fo r  low A,  

but d e c r e a s e s  with i n c r e a s i n g  A and m, being sma l l  on u r a n i u m  (see  fig. 
3b). 

(ii) To d e t e r m i n e  R(A), the n u c l e a r  dens i ty  p a r a m e t e r s ,  the t± depen -  
dence  of the da ta  was  c o m p a r e d  with eq. (85. F o r  each  e l emen t ,  indepen-  
dent  f i t s  w e r e  m a d e  to the  t~ dependence  of each  of the six m a s s  i n t e r v a l s  
be tween  690 and 860 M e V / c  2. In th is  way s ix independent  d e t e r m i n a t i o n s  of 
the  r ad iu s  w e r e  made  fo r  each e l emen t ,  thus  avoid ing  the need  to s i m u l t a -  
neous ly  fit  f o r  R(A), rap, Fo, and a m a s s  dependent  backg round .  The  
we igh ted  a v e r a g e  of the s ix rad i i  d e t e r m i n a t i o n s  y i e l d s  a m e a s u r e m e n t  of 
the r a d i u s  and they a r e  shown in tab le  3 and fig. 5. 

The  rad i i  f o r  l ight  e l e m e n t s  (Be and C) a r e  s o m e w h a t  d i f fe ren t  f r o m  
one m a s s  bin to ano ther .  The  r ad iu s  m e a s u r e m e n t  f o r  t he se  e l e m e n t s  is 
t h e r e f o r e  sens i t i ve  to the  f o r m  of the n u c l e a r  dens i ty  d i s t r i bu t ion  and the 
f o r m  of the b a c k g r o u n d  func t ion  used.  F o r  th i s  r e a s o n ,  a l a r g e r  e r r o r  has  
been  as s igned .  

F o r  heavy  nuc le i  (A >t 27) the r ad i i  d e t e r m i n e d  f r o m  each  individual  
m a s s  bin a r e  c o n s i s t e n t  and a l so  in a g r e e m e n t  with the va lue  obta ined  when 
the r ad iu s ,  rap, Fo, and b a c k g r o u n d  a r e  all  v a r i a b l e s .  Therefore the radius 
determination of heavy nuclei is independent of rap, Fo, B r e i t - W i g n e r  mass 
distribution formula, the normalization and the vector-dominance model. 
In addi t ion  they a r e  i n se ns i t i ve  to s and/3. Being d e t e r m i n e d  f r o m  n e u t r a l  
m e s o n s  they a r e  f r e e  f r o m  c o m p l i c a t i o n s  of Cou lomb i n t e r f e r e n c e .  The  
da ta  y i e ld  R(A) = (1.12 ± 0.02) A~ fm which is  the m o s t  a c c u r a t e  d e t e r m i n a -  
t ion  of s t r o n g - i n t e r a c t i o n  n u c l e a r  r ad i i  to ~-~te [19]. Our  rad i i  a r e  to be 
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T a b l e  3 
S u m m a r y  of  m e a s u r e d  r a d i i  R(A).  t y p i c a l  . c r o s s  s e c t i o n s  ~ = d c r / d / ( 0 = 0  ° ,  t , , -  
- O.O0:z. p - 6 . 0 4 ) / ~ b / ( ( G e V / c )  2 n u c l e o n ) .  X ~ ( A ) / D F ( A ) .  ] fo]  ~2. O-oN a n d . / n / 4 7 r "  T h e  
c r o s s  s e c t i o n s  do not  h~clude an u n c e r t a i n t y  of~* 10~i/~ due  to t he  ~ o r m a l i ~ a t i o n  of  t he  
m a s s  d i s t r i b u t i o n  R n ( m  ). T h e  e r r o r s  i n c l u d e  u n c e r t a i n t i e s  in R ( A ) ,  rnp, I" o and  B G .  

A 

b c r ) ' i l l u m  

C a r b o n  

A l u m z n z u m  

l l t a n z u / n  

C o p p e r  

S i l v e r  

C a d m i u m  

I n d i u m  

f a n t a l u l a  

l u n g s t c n  

G o l d  

L e a d  

U r a n i u m  

R(A) fm ~1 ~2 z~ 3 Z4 ~5 

2 , 3 5  + 0 . 2 6  6 2 7  + 3 1  6 5 2  + SU 6 7 8  + 20  6 2 8  * 2 0  5 8 1  + 5 9  

2 , 5 0  * 0 . 2 5  7 7 2  * 5 2  SCO ÷ S0  8 2 2  + 4 0  7 6 7  ÷ 31 0 9 2  * I 0 1  

3 . 3 7  * 0 . 1 6  1 3 2 2  ÷ 6 3  1 2 7 9  ÷ S l  1 3 4 8  * 36  1 3 1 9  ~ 4 6  1 2 8 7  + 87  

3 . 9 4  + 0 , 1 0  1 7 9 0  + 7 8  1 7 0 6  ÷ 06 1 7 4 9  + 4 4  1 7 6 0  ÷ 1 0 2  1 6 2 2  ÷ 84 

4 . 5 5  + 0 . 1 1  2 0 9 9  ÷ 1 1 5  2 1 0 2  + 6 8  2 1 7 9  + 6 0  2 2 0 3  * 77 2 1 5 7  ÷ 1 9 6  

5 . 3 5  + 0 . 0 9  2 5 9 1  ÷ 79 2 5 8 5  + 7 3  2 6 3 1  ÷ 6 1  2 7 2 . 5  ÷ 1 3 9  259-1 ÷ 1 7 7  

5 . 4 0  + 0 . 1 4  2 6 3 0  + 9 3  2 5 8 3  * 74  2 6 0 2  ÷ 6 0  2 8 0 1  + 9 0  2 3 5 4  ÷ 1 1 3  

5 . 5 6  + 0 . 2 5  269(~ + 9 0  2 0 5 . 1  + 7,1 2 7 1 8  ÷ 5 0  2 8 0 1  + 1 5 7  2,q51 + 1 1 5  

0 . 5 0  * 0 . 1 5  2 9 3 8  + 15,1 2!)O0 * 131  2 9 : t 0  ~ 124  3 ) 4 ! )  * 13 : )  2 ' 1 ) 5  + 1 9 9  

6 . 5 0  ÷ 0 . 1 2  2 9 2 5  + 1 4 0  2 8 7 7  + 75  298!1 * 7 6  5 0 4 5  * 1 1 2  5 0 3 5  + 2 2 9  

6 . 4 5  + 0 . 2 7  2 9 4 6  + 1 2 8  2 9 0 6  + 1 4 7  3;}17 + 6 9  3 1 1 8  + 1 0 3  5 Q 2 5  ÷ 111 

6 . 8 2  + 0 . 2 0  3 1 1 2  + 9 3  5 1 0 7  + 7 6  323 , I  + 5 9  3 3 6 5  ÷ 174  3 1 ~ 5  + l O i  

6 . 9 0  ÷ 0 . 1 4  3 0 7 0  ÷ 93 3 0 3 5  + 3 8  3 1 4 4  ÷ ,15 3 2 3 5  ÷ 91  314 . I  * 114  

x~'.,a)/pC(a) 
m e ( M,:%/¢ ~) 

I fo a ~b/ / (Gcv, ,¢)2 

1 . 2  ~ 1 . 2  ~ 1 . 2  ~ 1 . 5  ~ 2 . 4  

7 0 5  * 10 7 7 5  + 10 7 6 5  + 1 0  7 4 3  ÷ 10  7 4 2  ÷ ! 0  

1 1 8  + 6 1 2 0  + 7 . 4  1 2 5 . 3  + 9 1 1 2  + 6 I 0 3  * 10  

2 0 . 7  ÷ 2 . 0  2 7 . 7  * 1 . 7  2 7 . 9  ÷ 2 . 4  2 4 . 5  ÷ 1 . 9  2 3 . 5  ÷ 2 . 5  

0 . 5 7  * U . l O  0 . 5 9  ÷ 0 . 0 8  0 . 5 8  + O . 1 1  O . 5 0  ÷ 0 . 0 9  0 . 5 0  ÷ O . l l  

10- 
9 -  
8 -  

7- 

6- 

rw 
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co  

2 3 -  
o 
< 

2- 

~" +A-~ .p  + A 

R = 1.12 A N ~  
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Ti Cu Ag \Cd/ln Ta W.4~J.Pb_U 
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F i g .  5. N u c l e a r  r a d i i  o b t a i n e d  f r o m  t h e  m e a s u r e d  t±  d e p e n d e n c e  of t h e  c r o s s  s e c -  
t i o n .  A l s o  s h o w n  i s  t h e  b e s t  f i t  to t h e  f o r m  R = R o A r .  
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c o m p a r e d  to t h o s e  d e t e r m i n e d  f r o m  e l e c t r o n  s c a t t e r i n g  [20] (R(A) = 
1.08 A~ fm).  A m o r e  c o m p l e t e  d e s c r i p t i o n  of ou r  d e t e r m i n a t i o n  of t h e s e  
r a d i i  w i l l  a p p e a r  in a l a t e r  p a p e r .  

( i i i )  To d e t e r m i n e  mp and Fo,  the  m a s s  and  width  of the  p, eq. (8) w a s  
c o m p a r e d  to the  m a s s  d e p e n d e n c e  of dG df~dm fo r  fLxed A , p ,  l 1. T h i s  
m e a s u r e d  d i r e c t l y  the  m a s s  and width of the  p. I n d e p e n d e n t  of the  f o r m  of 
t he  m a s s  d i s t r i b u t i o n  u s e d  the  width F o = 140 ± 5 M e V / c  2. T a b l e  3 shows  the  
f i t t e d  r e s u l t s  fo r  rap. The  m a s s  mp  v a r i e s  f r o m  740 MeV c 2 to 775 MeV c 2 
d e p e n d i n g  on the  e x a c t  f o r m s  of Rn(m) used .  The  b e s t  f i t  v a l u e s  f r o m  
R 1 , R 2 , R 3 ( m )  y i e l d  r a p =  765± 10 MeV ~c 2. 

(iv) To d e t e r m i n e  the  c o h e r e n t  c r o s s  s e c t i o n  d(~n/dl(A , 0 = 0 °) the  d a t a  
m a t r i x  was  c o m p a r e d  with eq. (8) i n s e r t i n g  the  m e a s u r e d  v a l u e s  of R(A),  
rap ,  F o and  BG. T a b l e  3 s u m m a r i z e s  s o m e  t y p i c a l  c r o s s  s e c t i o n s  
~--~ = d~/clt(0 = 0 ° ,  I t ,  I = 0 .002,  p : 6.54) ~b ' ( G e V / c )  2" nuc leon ,  with k m a  x : 
7.4 GeV. T h e  index  n r e f e r s  to the  m a s s  d i s t r i b u t i o n  Rn(m ) u s e d  to f i t  the  
da ta .  The  e r r o r s  in the  c r o s s  s e c t i o n s  inc lude  u n c e r t a i n t i e s  in R(A), rap, 
F o and BG. A l s o  l i s t e d  a r e  v a l u e s  fo r  the  r a t i o  of c h i - s q u a r e d  to d e g r e e s  
of f r e e d o m  x2(A)/DF(A) fo r  each  fit .  Bolh lhe " R o s s - S t o d o l s k y "  f o r , z  
R l ( r n  ) shown in f ig .  3a Ovilh x 2 ( A ) D F ( A )  ~ 1.2) and lhe empir ica l  f o r m s  
R2(m)  and R3(m ) y ie ld  dec is iue ly  be l ler  f i l s  lo lhe data and we choose lhem 
as our besl  resu l t s .  Fig .  6 shows  the  f i t t e d  c r o s s  s e c t i o n s  d e  df~dm(0 : 0 ° ,  
p =6.2  G e V / c )  f o r  R l ( m )  a s  a func t ion  of m fo r  a l l  e l e m e n t s .  The  b a c k -  
g r o u n d  i s  a l s o  shown and  a s  s e e n ,  i t s  c o n t r i b u t i o n  ( p e r  nuc leon)  i s  s i m i l a r  
f o r  a l l  e l e m e n t s ,  i n d i c a t i n g  tha t  it  i s  i n c o h e r e n t  in n a t u r e .  The  r a t i o  of t he  
b a c k g r o u n d  to the  c o h e r e n t  c r o s s  s e c t i o n  i s  c o n s i d e r a b l e  fo r  l o w - A  e l e -  
m e n t s  but  b e c o m e s  s m a l l  f o r  h i g h - A  e l e m e n t s .  F ig .  7 shows  the  f i t t e d  
c r o s s  s e c t i o n s  ~ 1  a s  a func t ion  of A.  

(v) To determine ~pN, i fol 2 and V2 4 ,  the  c r o s s  s e c t i o n s  w e r e  c o m -  
p a r e d  with  eq. (8) i n s e r t i n g  fi = - 0.2 and  ou r  m e a s u r e d  v a l u e s  of R(A). The  
r e s u l t s  c o r r e s p o n d i n g  to the  v a r i o u s  B r e i t - W i g n e r  f o r m s  Rn(m) a r e  l i s t e d  
in t a b l e  3. T h e s e  v a l u e s  a r e  s een  to  be  c o n s i s t e n t  wi th  each  o t h e r  and  we 
c h o o s e  r e p r e s e n t a t i v e  v a l u e s  b a s e d  on ~ 1  which  a r e  ( s e e  f ig.  7) 

( ton  = 2 6 . 7 ± 2 . 0  mb  i f o l  2 d(~l 0(A : 1 )  = 118J:6 p b , ( G e V  :c)2 ' 

and  

~2/ '4n = 0.57 +0 .10  . 

4.4. C o m m e n t s  on the data and the analys is  
We c o n s i d e r  the  fo l lowing  to be  i m p r o v e m e n t s  c o m p a r e d  to e a r l i e r  w o r k  

[ a , 4 ] :  
(i) T h i s  e x p e r i m e n t  h a s  such  good  s t a t i s t i c s  tha t  i t  e n a b l e s  us  to m a k e  a 

m o r e  d e t a i l e d  m e a s u r e m e n t  of the  b a c k g r o u n d ,  the  p l i ne  s h a p e ,  the  nu-  
c l e a r  p h y s i c s  p a r a m e t e r s ,  e tc .  than  was  p r e v i o u s l y  p o s s i b l e .  (ii) T h i s  e x -  
p e r i m e n t  u s e d  t w i c e  a s  m a n y  e l e m e n t s .  In p a r t i c u l a r ,  t h e r e  a r e  8 e l e m e n t s  
wi th  A > 100 c o m p a r e d  with 1 o r  2 e l e m e n t s  of p r e v i o u s  e x p e r i m e n t s .  T h e  
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Fitted cross sections (to Rl(m)) do'/d~dm(8 = 0 °. p : 6.2 GeV/c) and back- 
grounds as a function of m for all complex nuclei. 

l a r g e  a m o u n t  of h e a v y - n u c l e i  da ta  e n a b l e s  us  to ob ta in  r e l i a b l e  r e s u l t s  with 
the  M a r g o l i s  mode l  [14] which app l i e s  b e s t  to heavy  nuc le i .  (iii) The  e f fec t s  
of the r e a l  p a r t  fi and  n u c l e a r  c o r r e l a t i o n s  a r e  i nc luded  in the a n a l y s i s .  

4.5. Consistency checks 
We p r e s e n t  the fo l lowing e x a m p l e s  of checks  made  to the da ta  ( table  2) 

and  a n a l y s i s :  

(i) The  d i r e c t l y  m e a s u r e d  c r o s s  s e c t i o n s  d~/d~2dm a g r e e  with the v a l -  
u e s  by A s b u r y  et al.  [3]. 

(ii) To e n s u r e  tha t  ou r  r e s u l t s  a r e  not  s e n s i t i v e  to the n u c l e a r  p h y s i c s  
of l ight  nuc l e i ,  we have  a n a l y z e d  the A dependence  by e l i m i n a t i n g  the da ta  
of Be, C, and  A1. We a l so  a n a l y z e d  the  data  by s y s t e m a t i c a l l y  e l i m i n a t i n g  
each  e l e m e n t  in t u rn .  The  r e s u l t s  did not change.  

(iii) We have fi t  v a r i o u s  s e l e c t e d  s u b s e t s  of the da ta  with r e s t r i c t e d  
m,p and t± r a n g e s .  The  r e s u l t s  w e r e  in good a g r e e m e n t  with a l l  v a l u e s  
quoted.  

(iv) We a n a l y z e d  the da ta  with a l a r g e  se t  of B r e i t - W i g n e r  m a s s  d i s -  
t r i b u t i o n s  and  the r e s u l t s  w e r e  c o n s i s t e n t  with each o t he r  (five e x a m p l e s  
a r e  l i s t e d  in t ab le  3). 

(v) A change  in s (=0.545 fm) of ± 10% c h a n g e s  the r e s u l t s  by < 2%. 
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Fig. 7. The values f o r ~ l  together with the best fit to these resul ts  from which we 
obtain y~y/4rr = 0.57 ~: 0.10 and o D N TM 26.7 :t 2.0 mb. 

(vi) A change  in/3 of ± 50% c h a n g e s  72/'4~ by 10% and c h a n g e s  R(A) by 
< 1%. I 

(vii) The  m e a s u r e d  r a d i i  R(A)=(1.12±0.02)A ~ fm a r e  in a g r e e m e n t  
wi th  the  e o m m o n l y  u s e d  v a l u e s  of R(A)= 1.14A~ fm (the l a t t e r  be ing  a ±,10°70 
va lue )  [19]. 

(vi i i )  A change  in R(A) by 5% (to R(A) = 1.18 Ar fm) c h a n g e s  the  (~oN by 
1 mb. 

(ix) The  v a l u e  I fol  2 a g r e e s  with o u r  m e a s u r e d  h y d r o g e n  c r o s s  s e c t i o n  
d~/ 'd t ( t  = 0) = 119 ± 7~b/(GeV/c) 2 at 6.0 G e V / c  (fig. 4b). 

(x) T h e  v a l u e  T2,/47T iS c o n s i s t e n t  with the  i n d e p e n d e n t  d e t e r m i n a t i o n  
f r o m  m e a s u r e m e n t  6f t o t a l  h a d r o n i e  c r o s s  s e c t i o n s  ~7A f r o m  DESY [21], 
f r o m  the  a n a l y s i s  of o t h e r  v e c t o r  m e s o n  d a t a  f r o m  c o m p l e x  n u c l e i  by 
M a r g o l i s  [22] and  with  the  r e s u l t s  of A s b u r y  et  al .  [3]. (The  o r i g i n a l  v a l u e  
of A s b u r y  et  al .  was  0 . 4 5 + 0 . 1 0 .  T h i s  was  o b t a i n e d  u s i n g  a d i f f e r e n t  nu-  
e l e a r  m o d e l  and  d id  not  t a k e  into a c c o u n t / 3  and ~ - t hey  a r e  o p p o s i t e  e f -  
f e c t s  - whieh  c o u l d  p r o d u c e  m 15°7o e f fee t .  ) 
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4.6 .  Conclusions of  complex  nuclei d(~ta 
(i) T h i s  e x p e r i m e n t  p r o v i d e s  a m e a s u r e m e n t  of the s t rong  i n t e r a c t i o n  

n u c l e a r  d e n s i t y  p a r a m e t e r s .  (ii) The  m e a s u r e d  p - n u c l e o n  c r o s s  s e c t i o n  
a g r e e s  with the ~ - n u c l e o n  c r o s s  s e c t i o n  in the s a m e  e n e r g y  r e g i o n  

• 2 < (~  25 rob). ( i l l )  C o m p a r i n g  our  v a l u e s  for  ) p ' 4 ~  with the v a l u e  d e t e r m i n e d  
f r o m  p ~ e+e  - d e c a y  [13] of 0 . 5 2 ± 0 . 0 7  we  c o n c l u d e  that to an a c c u r a c y  of 

20%, the p - p h o t o n  coupl ing  s t rength  d o e s  not depend on m 7, the photon 
m a s s ,  in the range  0 •  m 7 < r a p .  (iv) The  r e s u l t s  on 7 '2 4 ~  and (rpN a r e  in 
good  a g r e e m e n t  with the p r e d i c t i o n s  of v e c t o r  d o m i n a n c e  m o d e l  [5 I" 
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NOTE ADDED IN P R O O F  

Af te r  the c o m p l e t i o n  of th i s  work we l e a r n e d  of a r e c e n t  e x p e r i m e n t  
f r o m  a S L A C - U C R L - T u f t s  g roup  (H. H. B ingham et a l . ,  S L A C - P u b - 7 2 7 )  on 
71o --" pp with l i n e a r l y  p o l a r i z e d  photons .  Tak ing  into accoun t  the u n c e r t a i n t y  
of - 10% in our  R o s s - S t o d o l s k y  s p e c t r a l  func t ion  n o r m a l i z a t i o n ,  t h e i r  r e -  
su l t  at 2.7 GeV for  dcr/dt ( t= 0) f r o m  a R o s s - S t o d o l s k y  fit a g r e e s  with our  
va lue .  At 4.7 GeV, they a r e  about  two s t a n d a r d  d e v i a t i o n s  away f r o m  our s .  

T h e i r  f i t ted  r e s u l t s  b a s e d  on the Soeding mode l ,  a r e  about 50 - 60 
~b/(GeV/c) 2 s m a l l e r  than  our  v a l u e s  ob ta ined  f r o m  the e m p i r i c a l  f i ts .  
T h i s  m o s t  p r o b a b l y  c o m e s  f r o m  the e n t i r e l y  d i f fe ren t  a p p r o a c h e s  u sed  in 
f i t t ing  the data.  Due to the t h e o r e t i c a l  d i f f i cu l t i e s  with the Soeding mode l ,  
such a s  double  coun t ing ,  gauge i n v a r i a n c e ,  r e a l  p a r t  of p r o d u c t i o n  and 
o m i s s i o n  of o the r  d i a g r a m s ,  e tc . ,  we have u s e d  a different model  which is  
a s i m p l e  e m p i r i c a l  i n t e r f e r e n c e - l i k e  t e r m  p lus  an i m p o r t a n t  t h i r d - o r d e r  
power  s e r i e s  in rn and p. (See sect .  4 ibid.  ) The  to ta l  t e r m  is  t - i n d e p e n d e n t  
and  does  not use  any of the p i o n - n u c l e o n  s c a t t e r i n g  i n f o r m a t i o n  or  any 
o the r  p h y s i c a l  quan t i t i e s .  The  t e r m  i t se l f  i s  i ndependen t  of any t h e o r e t i c a l  
a s s u m p t i o n s .  

In the r e g i o n  rn > 610 MeV/c  2, t ~ 0, the 9 f i t t ed  c o e f f i c i e n t s  of eq. (3) 
m a k e  it behave  l ike  a power  s e r i e s  in m and  p and y i e l d  an effect  l ike  the 
R o s s - S t o d o l s k y  fac to r .  T h i s  app roach  is  c o m p l e t e l y  d i f f e r en t  f r o m  the 
Soeding mode l  u s e d  by the S L A C - U C R L - T u f t s  group.  T h e i r  Soeding mode l ,  
among  o the r  t h ings ,  i s  t - i n d e p e n d e n t  and  u s e d  the p i o n - n u c l e o n  s c a t t e r i n g  
a m p l i t u d e  c a l c u l a t e d  f r o m  the p h a s e - s h i f t  data.  T h e i r  r h o - a m p l i t u d e  is  
a s s u m e d  to be h e l i c i t y  c o n s e r v i n g  in the s - c h a n n e l  c .m.  s y s t e m .  


