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ABSTRACT 

. . 
200  G e V / c  p i - n e o n  i n t e r a c t i o n s  a r e  s t u d i e d  i n  t h e  Permi- 

l a b  30 i n c h  b u . h b l e  c h a m b e r  w h i c h  was f i l l e d - w i t h  a n e o n  - 
.. h y d r o g e n  m i x t u r e  (31 m o l a r  % n e o n ) .  S c a n  r e s u l t s  a n d  mea-. 

s u r e m e n t s  of a  . r e p r e s e n t a t i v e  e v e n t  s a m p l e  y i e l d  p r o t o n ,  

gamma a n d  p i o n  m u l t i p l i c i t i e s  a .nd '  s i n g . l e  p a r t i c l e  s p e c t r a .  

R w a s  m e a s u r e d  t o  b e  1. 2 1  5 0 . 0 5  f o r  b o t h  p i +  a n d  p i o .  

N e a r l y  i d e n t i c a l  t o  l o w e r  e n e r g y  m e a s u r e m e n t s ,  R i s  

s t r o n g l y  d e p e n d e n t  o n  t h e  n u m b e r  o f  o b s e r v e d  p r o t o n s  i n  t h e  

e v e n t .  KNO s c a l i n g  i s  o b s e r v e d  f o r  t h e  c o r r e c t e d  m u l t i p l i c -  

i t y  d i s t r i b u t i o n s .  S c a l i n g ,  h o w e v e r ,  a p p e a r s  v i o l a t e d  i f  

e v e n t s  w i t h  a f i x e d  n u m b e r  of p r o t o n s  are c o n s i d e r e d .  

S t u d y  o f  t h e   ion s i n g l e  p a r t i c l e  s p e c t r a  show t h e  e x c e s s  

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

is  l a r q e s t  i n  t h e  t a r g e t  f r a g m e n t a t i o n  r e g i o n  a n d  n e a r l y  

c o n s t a n t  ( 1.28+ 0 . 0 2 )  i n  t h e  c e n t r a l  p r o d u c t i o n  r e g i o n .  

T h e  d e p e n d e n c e  o f  the p i o n  r a p i d i t y  d i s t r i b u t i o n  o n  t h e  num- 

b e r  o f  p r o t o n s  i s  c o n s i s t e n t  v i t b  c o l l i s i o n s  on e i t h e r  o n e  

o r  two n u c l e o n s .  

T h e  s-1/2 d e p e n d e n c e  of t h e  p  s p e c t r a  i s  v e r y  s i m i l a r  t o  I I 
that s e e n  i n  h y d r o g e n ,  w i t h  l i m i t i n g  f r a g m e n t a t i o n  r e a c h e d  

t o n l y  f o r  beam e n e r g i e s  much g r e a t e r  t h a n  2 0 0  G e V / c .  T h e  

- i -  



k 
p r o t o n  momentum d i s t r i b u t i o n  is  e n e r g y  i n d e p e n d e n t  w i t h  the 

' p r o t o n s  c a r r y i n g  p r o p o r t i o n a l l y  l ess  of t h e  bombard.ing . 

e n e r g y  a s  s i n c r e a s e s ,  
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C h a p t e r  1 

I N T R O D U C T I Q N  

Most o f  t h e  r e c e n t  a d v a n c e s  im s t r o n g  i n t e r a c t i o n  t h e o r y  

h a v e  b e e n  f o c u s s e d  on t h e  p r o p e r t i e s  o f  t h e  q u a r k  c o n s t i -  

t u e n t s  of h a d r o n  matter, No t h e o r y ,  h o u e v e r ,  b a s  made s u c -  

cessf u l  q u a n t i t a t i v e  p r e d i c t  i o n s  f o r  s t r o n g  i n t e r a c t i o n s  

i n v o l v i n g  many f i n a l  s t a t e  p a r t i c l e s .  The  area o f  m u l t i p a r -  

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

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

i n t e r a c t i o n  a r e  e x t r a p o l a t e d  i n t o  p r e d i c t i o n s  o f  t h e  f i n a l  

s t a t e  p a r t i c l e  d i s t r i b a t f o n s .  E x p e r i m e n t a l  a c t i v i t y  i n  t h e  

area c o n c e n t r a t e d  on p r e s e n t i n g  t h e  l a r g e  a m o u n t s  of i n f o r -  

m a t i o n  o b t a i n e d  i n  t h o s e  i n t e g r a t e d  forms w h i c h  Mere t h o u g h t  

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

I n  t r a d i t i o n a l  h a d r o n - n u c l e o n  i n t e r a c t i o n s  o n l y  t h e  

a s y m p t o t i c  f i n a l  s t a t e  p a r t i c l e s  ace available for s t u d y .  

It h a s  b e e n  s u g g e s t e d  (1,2) t h a t  t h e  s p a c e - t i m e  d e v e l o p m e n t  

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

collisions- If t h e  beam h a d r o n  c a n  b e  a s s u m e d  t o  i n t e r a c t  

s u c c e s s i v e l y  w i t h  s e v e r a l  of t h e  n u c l e o n s  i n  the n u c l e u s ,  

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

c o l l i s i o n  s a m p l e  t h e  p r o d u c t s  o f '  t h a t  i n i t i a l  i n t e r a c t i o n .  

T h e s e  s u b s e q u e n t  i n t e r a c t i o n s  s h o u l d  b e  r e f l e c t e d  i n  t h e  

f i n a l  s t a t e  p a r t i c l e  d i s t r i b u t i o n s .  

- 1 -  



I n  t h i s  e x p e r i m e n t  t h e  p r o p e r t i e s  o f  200 G e V / c  p i - n e o n  

i n t e r a c t i o n s  a r e  i n v e s t i g a t e d  t h r o u g h  i n c l u s i v e  s t u d y  of the 

final state  p a r t i c l e s .  C o m p a r i s o n s  w i t h  200 G e V / c  p i - p r o t o n  

a n d  10.5 G e V / c  p i - n e o n  d a t a  should y i e l d  i n s i g h t s  into t h e  

time d e v e l o p m e n t  of t h e  p a r t i c l e  p r o d u c t i o n  p r o c e s s .  



1 - 1  ImJCLUSIvE STUDIES OF R A I ) g N  = NUCLEON COLLISIONS 

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

h i g h  e n e r g i e s  i s  t h e  l a r g e  number  o f  p a r t i c l e s  i n  t h e  f i n a l  

s ta-te.  P o r  c e n t e r  o f  mass e n e r g i e s  (s*) a b o v e  20 G e V  r e s o -  

n a n c e  p r o d u c t i o n  does not  seem t o  a c c o u n t  f o r  more t h a n  a  

smal l  f r a c t i o n  o f  t h e  f i n a l  s t a t e  p a r t i c l e s ,  A n a l y s i s  of 

s p e c i f i c  f i n a l  s t a t e s  a r e  o f t e n  i n h i b i t e d  by . t h e  e x p e r i m e n -  

t a l  d i f . f  i c u l t p  of i d e n t i f y i n g  a l l  f i n a l  s t a t e  p a r t . i c l e s  a n d  

by  c o m b i n a t o r i a l  p r o b . l e m s  i f  t h e  f i n a l  s t a t e  h a s  more t h a n  a 

few p a r t i c l e s .  Such d i f f i c u l t i e s  h a v e  s t i m u l a t e d  i n t e r e s t  

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

s t r o n g  i n t e r a c t i o n  a s  s e e n  i n  s e l e c t e d  v a r i a b l e s  ( c r o s s  sec- 

t i o n ,  momenta, etc.) t h a t  h a v e  b e e n  summed o v e r  a l l  p o s s i b l e  

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

I n  t h e  i n c l u s i v e  r e a c t i o n  

a + b - - > c + X  

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

s t a t e  p a r t i c l e  c . a n d  a n y t h i n g  else, The s i n g l e  p a r t i c l e  

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

n a t u r e  o f  t h e  c o l l i s i o n  a n d  s h o u l d  p o s e  a test f o r  a n y  

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

T h e  s i m p l e s t  c h o i c e s  for i n c l u s i v e  v a r i a b l e s  a r e  t h e  

t o t a l  cross s e c t i o n  (c) f o r  t h e  r e a c t i o n  a + b ---> a n y t h i n g  

a n d  t h e  t o p o l o g i c a l  c r o s s  s e c t i o n  (cr ) fo r  t h e  r e a c t i o n  n 

a + b --> n  c h a r g e d  p a r t i c l e s  



T h e  t o t a l  c r o s s  s e c t i o n  i n c r e a s e s  l o g a r i t h m i c a l l y  a s  s 

( c e n t e r .  o f  mass e n e r g y  s q u a r e d )  r i ses  from. s e v e r a l  h u n d r e d  

(GeV) 2 t o  2 0 0 0  (GeV)2.  T h e  a v e r a g e  c h a r g e d  m u l t i p l i c i t y  

< n > is a l s o  s e e n  t o  i n c r e a s e  a s  I n  ( s )  . T h e  ( c  ) d i s t r i b u -  n 
t i o n  b r o a d e n s  w i t h  i n c r e a s i n g  s a n d  t h e  m o s t  p r o . b a b . l e  m u l t -  

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

A m o d e l  f r e e  p a r a m e t e r i z a t i o n  o f  the cn d i s t r i b u t i o n  was 

d e v e l o p e d  by  Koka, , N i e l s e n  a n d  O l s o n  ( 3 ) .  U s i n g  F e y n m a a 8  s 

h y p o t h e s i s  o f  s c a l i n g  ( 4 )  i n  t h e  s i n g l e  p a r t i c l e  s p e c t r a  a t  

l a r q e  s f  i t  w a s  shown  t h a t  t h e  Cn d i s t r i b u t i o n  was g i v e n  by 

f o r  l a r g e  s. c ( s )  i s  g i v e n  by a n  e n e r g y  i n d e p e n d e n t  f u n c -  n 
t i o n  9 o f  t h e  s c a l e d  n u m t e r  of p a r t i c l e s .  I m p r e s s i v e  

a g r e e m e n t  w i t h  t h e  K N O  law h a s  b e e n  f o u n d ,  e v e n  a t  low e n e r -  

g i e s  ( F i g u r e  1 ) .  

T h e  l o g a r i t h m i c  e n e r g y  d . e p e n d e n c e  of < n >. is  p o s s i b l y  

r e l a t € d  t o  a n o t h e r  well e s t a b l i s h e d  f e a t u r e  o f  h i g h  e n e r g y  

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

momenta  ( P T )  s p e c t r a  o f  t h e  f i n a l  s t a t e  p a r t i c l e s .  F o r  PT > 

0 . 2  GeP/c a n d  < 1.0 G e V / c  t h e  t r a n s v e r s e  momentum d i s t r i b u -  

t i o n  c a n  h e  d e s c r i b e d  by a u n i v e r s a l  f u . n c t i o n  

( p .  P )  = A exp(-B*PT)  

w i t h  h  Y 6 ( G e V / c )  -1.  D e v i a t i o n s  from t h i s  s i m p l e  b e h a v i o r  

ex i s t  a t  l a rqe  v a l u e s  o f  PT a n d  i n  t h e  d e p e n d e n c e  of b o n  



Figure 1: KNO scding  for pp interactions. Data a re  from 
reference (5). 



the mass o f  the f i n a l  s t a t e  ~ a r t i c l e s .  However ,  a s  g r e a t e r  

t h a n  80% o f  t h e  f i n a 1 , s t a t e  p a r t i c l e s  a r e  p i o n s ,  t h i s  PT 

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

I f  t h e  p h a s e  s p a c e  f o r  p a r t i c l e  p r o d u c t i o n  d o e s  n o t  i n c r e a s e  

l i k e  s1/2 a s  a l l o w e d  b y  e n e r g y  c o n s e r v a t i o n  b u t  is res- 

t r i c t e d  t o  PT damped p h a s e  space,  t h e n  t h e  i n c r e a s e  o f  p a r -  

t i c l e  p r o d u c . t i o . n  w i t h  s c o r r e s p o n d s  t o  t h e  g r o w t h  o f  p ' h a s e  

s p a c e  ( p r o p o r t i o n a l  t o  I n  ( s )  ) .  

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

m a t i c  p r o p e r t i e s  o f  t h e  f i n a l  s t a t e  p a r t i c l e s .  T h e  L o r e n t z  

- i n v a r i a n t  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  p a r t i c l e  c i s  

g i v e n  ky 

f ( F ~ s )  = E - d C  
d 3 p  

w h e r e  E i s  t h e  e n e r g y  of t h e  p a r t i c l e  i n  t h e  rest  frame 

w h e r e  p  was m e a s u r e d .  I f  t h e  beam a n d  t a r g e t  a re  u n p o l a r -  

i z e d  t h e  cross s e c t i o n  s h o u l d  o n l y  d e p e n d  o n  PT a n d  p  ( t h e  
I1 

l o n g i t u d i n a l  momentum o f  t h e  p a r t i c l e  a l o n g  t h e  beam momen- 

t u m ) .  The scaling hypothesis of Feynman ( 4 )  W ~ S  t h d t  i l l  

s o m e  k i n e m a t i c  r e g i o n s  a t  l a r g e  s ,  t h e  cross s e c t i o n  w o u l d  

d e p e n d  o n  $ a n d  s o n l y  t h r o u g h  t h e  v a r i a b l e  x = 2 * p I I / s l  

( F i g u r e  2)  

T h e  Feynman x r u n s  f r o m  -1.0 t o  1.0 and h a s  t r a d i t i o n a l l y  

b e e n  b r o k e n  i n t o  s e v e r a l  k i n e m a t i c  r e g i o n s  w h e r e  q u a l i t a -  



Figure 2: Feynman scaling 'in x for pi'p interactions. Data 
a r e  from reference (6). 



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

p a r t i c l e s .  C r o s s  s e c t i o n s  f o r  p a r t i c l e s  w i t h  x > 0.8 a r e  

v e r y  s r r a l l  u n l e s s  t h e  p a r t i c l e  is i d e n t i c a l  w i t h  t h e  beam o r  

t a r g e t  ( l e a d i n g  p a r t i c l e ) .  Pa r t i c l e s  w i t h  x < 0.1  ( p i o n i -  

z a t i o n  r e g i o n )  a r e  s l o w  i n  t h e  c e n t e r  o f  mass a n d  s h o u l d  b e  

r o u g h l y  i n d e p e n d e n t  o f  t h e  beam a n d  t a r g e t  p a r t i c l e s .  P a r -  

t i c l e s  w i t h  i n t e r m e d i a t e  x  (0 .1  < x ( 0.6 , t h e  f r a g m e n t a -  

t i o n  r e g i o n )  a r e  g e n e r a l l y  c o n s i d e r e d  r e l a t e d  t o  o r  f r a g -  

m e n t s  o f  t h e  beam o r  t a r g e t  p a r t i c l e .  A l t h o u g h  t h e  e n e r g i e s  

s h o w n  i n  F i g u r e  2 a r e  s t i l l  f a i r l y  l o w ,  a p p r o x i m a t e  s c a l i n g  

i n  x is s e e n  i n  m o s t  r e g i o n s .  

A n o t h e r  u s e £  u l  k i n e m a t i c  o a r i a k l e  is t h e  r a p i d i t y  

T h e  i n v a r i a n t  c r o s s  s e c t i o n  c a n  b e  e x p r e s s e d  i n  terms o f  PT 

a n d  y a s  

T h e  r a p i d i t y  o f  a particle is t h e  b o o s t  pdKdIUekei  01 the 

L o r e n t z  t r a n s f o r m a t i o n  t o  t h e  frame w h e r e  t h e  l o n g i t u d i n a l  

momentum o f  t h e  p a r t i c l e  is z e r o .  R a p i d i t y  d i s t r i b u t i o n s  

r e t a i n  t h e i r  s h a p e  u n d e r  Lcren t z  t r a n s f o r m a t i o n s  w i t h  t h e  

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

U n l i k e  t h e  x v a r i a b l ~  t h e  l e n g t h  of t h e  r a p i d i t y  a x i s  

g r o w s  a s  I n  ( s )  . P a r t i c l e  m u l t i p l i c i . t y  a . l s o  g r o w s  w i t h  I n  ( s )  



a s  p r e v i o u s l y  m e n t i o n e d .  . I f  t h e  i n c r e a s e d  p a r t i c l e  p r o d u c -  

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

t e a u  w i l l  3 c v e l o ~  i n  t h e  r a p i d i t y  s p e c t r u m  a t  h i g h  e n e r g i e s .  

T h e  maximum v a l u e  a t  t h e  c e n t e r  o f  t h e  p l a t e a u  w i . 1 1  ' be  

e n e r g y  i n d e p e n d e n t  ( 2 p a r t i c l e s  p e r  u . n i t  r a p i d i t y ) ,  b u t  t h e  

widt .h  of t h e  d i s t r i b u t i o n  w i l l  g row a s  In (s). . T h i s  p a r a m e t -  

e r i z a t i o n  is q u i t e  c l o s e  t o  t h e  k e h a v i o r  o b s e r v e d  i n  F i g u r e  

A ~ o p u l a r  v a r i a n t  o f  t h e  r a p i d i t y  u s e d  b y  emu1s io .n  a n d  

c o u n t e r  e x p e r i m e n t s  i n  w h i c h  t h e  momentum is  u n m e a s u r e d  is 

t h e  p s e u d o  - r a p i d i t y  

7 = -1" ( t a n ( 0 / 2 )  ) 

w h e r e  8 i s  t h e  a n g l e  b e t w e e n  t h e  beam a n d  t h e  o u t g o i n g  

t r a c k .  7 i s  a g o o d  a p p r o x i m a t i o n  of y when PT a n d  m a s s  

are s m a l l .  



.- 
a , ! :  

Figure  3: Rapidity plots fo r  pi' p interactions. 
a. pi' final s ta te  
Is. pif final state 

Data are f r o m  reference  (6). 
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T.he t o t a l  c r o s s  s e c t i o n  f o r  h a d r o n  n u c l e u s  c o l l i s i o n s  i s  

p r e d i c t e d  r e m a r k a k l y  well  b y  t h e  G l a u b e r  m u l t i p l e  s c a t t e r i n g  

m o d e l  u s i n g  t h e  b a d r o n  - n u c l e o n  c r o s s  s e c t i o n  a n d  a Wood - 
S a x o n  n u c l e a r  d e n s i t y  a s  i n p u t  (8)  . 

= 28.5 A -75 

T h e  c l o s e n e s s  of t h e  e x p o n e n t  t o  2/3 (0.69 i n  p  - . n u c l e u s  

c o l l i s i o n s )  i n d i c a t e s  t h a t  t h e  n u c l e u s  r e p r e s e n t s  a n  a l m o s t  

t o t a l l y  a b s o r p t i v e  t a r g e t  t o  t h e  i n c o m i n g  h a d r o n .  

I f  t . h e  beam h a d t o n  r e t a i n e d  its i d e n t i t y  a n d  c o n t i n u e d  

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

u n d e r g o  a n  a v e r a g e  21 c o l . l i s i o n s  w i t h  n u c l e o n s  inside t h e  

n u c l e u s .  

- 
2.l = A C ( h - p ) / C ( h - A )  = 1.56 n e o n  

- 
T h u s  t h e  p a r a m e t e r  I/ i s  a m e a s u r e  o f  t h e  t h i c k n e s s  o f  t h e  

n u c l e a r  t a r g e t  a s  s e e n  by t h e  heam h a d r o n .  

T h e  mast s ~ l r p r i s i n g  f e a t u r e  o f  h a d r o n  - n u c l e i  i n t e r a c -  

tions i s  t h e  s l o w  g r o w t h  o f  t h e  a v e r a g e  m u l t i p l i c i t y  v i t h  A 

( a t o m i c  mass )  . N a i v e  e x p e c t a t i o n s  of l a r g e  c a s c a d e s  d u e  t o  

t h e  o u t g o i n q   articles a r e  u n s u p p o r t e d ,  If we c o n s i d e r  t h e  

i n i t i a l  c o l l i s i o n  a s  f o r m i n g  a r e s o n a n c e  o f  l i f e t i m e  T , 
t h e n  t h e  r e s o n a n c e  d e c a y s  o u t s i d e  the n u c l e u s  i f  Y T  c > d  

( t h e  nuclear d i a m e t e r )  . The h a d r o n i c  s t a t e  p r o d u c e d  b y  t h e  

i n i t i a l  i n t e r a c t i o n  is t h u s  e x p e c t e d  t o  b e h a v e  a p p r o x i m a t e l y  

@ a s  a s i n g l e  p a r t i c l e  i o  t r a v ~ r s i n q  t h e  rest o f  the n u c l e u s .  



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

- n u c l e u s  c o l l i s i o n  i s  

R ( 4 )  = < n  > h a d r o n  - n u c l e u s  
< n > h a d r o n  - n u c l e o n  

< n > is '  t h e  a v e r a g e  m u l t i p l i c i t y  o f  f a s t  c h a r g e d  t r a c k s  

(p> 0.7)  with e l a s t i c  a n d  d i f f r a c t i v e  e v e n t s  r e m o v e d .  R ( A )  

is a s l o w l y  g r o w i n g  f u n c t i o n  o f  A ( F i g u r e  4) r e a c h i . n g  .a max- 

imum o f  a b o u t  2 f o r  . l e a d .  Hhen v i e . n e d  a s  a f u n c t i o n  o f -  

R ( A )  = 1 / 2  + 1 / 2  

R i s  s e e n  t o  b e  i n s e n s i t i v e  t o  e n e r g y  o r  p a r t i c l e  t y p e .  

E m u l s i o n  a n d  c o u n t e r  c h a m l e r  e x p e r i m e n t s  h a v e  e s t a b l i s h e d  

t h a t  t h e  b u l k  of t h e  m u l t i ~ l i c i t y  i n c r e a s e  o c c u r s  i n  tse 

t a r g e t  f r a g m e n t a t i o n  r e g i o n .  S t u d i e s  of p s e u d o  - r a p i d i t y  

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

- t i o n  r e q i o n  g r o w s  s l o w l y  w i t h  i n c r e a s i n g  A ( s e e  F i g u r e  5) .  

C o n v e r s e l y  t h e  h i g h e s t  p s e u d o - r a p i d i t y  v a l u e s  s h o w  l i t t l e '  

o r  n o  t a r q e t  d e p e n d e n c e ( l 1 ) .  

T h e  n u m b e r  o f  n u c l e o n s  e j e c t e d  f r o m  the n u c l e u s  can b e  

l a r q e ,  r e a c h i n g  1 / 2  A f o r  l i g h t  . n u c l e i ,  A c o r r e l a t i o n  b e t -  

ween  t h e  number  o f  p r o t o n s  o k s e r v e d  a n d  t h e  a v e r a g e  m u l t i p l -  

i c i t y  o f  t h e  e v e n t  h a s  b e e n  well d o c u m e n t e d  b y  e m u l s i o n  a n d  

' b u b b l e  c h a m b e r  work  ( 1 1 1 2 )  S u g g e s t i o n s  t h a t  t h e  n u m b e r  o f  

o b s e r v e d  p r o t o n s  i s  i n t i m a t e l y  r e l a t e d  t o  t h e  e f f e c t i v e .  t a r -  

get m a s s  i s  a n  i n t e g r a . 1 ,  p a r t  of s e v e r a l  t h e o r i e s  

( 1 3 , 1 4 , 1 5 , 9 ) .  S u p p o r t  f o r  is s e e n  i n  t h e  p o s i t i v e  c o r r e l a -  



Figure  4: R(A) f o r  p nucleus and pi nucleus interactions. 
Inser t  shows ene q y  dependence of R(A) found in emulsion 
experiments  A b 6 0 .  Data a r e  f r om reference  (8). 
See text (page 12) f o r  details. 



Figure 5: Pseudo-rapidity for different targets at 37.. 5 GeV/c. 
Data a re  from reference (9). 



I 
t i o n  b e t w e e n  <n> a n d  NP a n d  i n  t . h e  c o r r e s p o n d i n g  s h i f t  i n  

t h e  c e n t e r  of t h e  r a p i d i t y  ' d i s t r i h u t i 0 . n ~  towards small y a s  

NP i n c r e a s e s  ( s e e  F i g u r e  6 ) .  



Figure 6: Rapidity distributions vs. NP .  Combined pi* rapidity 
distributions for 10. 5 GeV/c pi'neon events with NP=O,l; NP=2,3;4; 
and N P  5 . 0  events. & 1 2 3 is the respective center of mass. Curves 
are  fi ts  to the data usin4 t;be model of reference (13). 



YODELS ------ 
?lumerous'phencmenoloqical m o d e l s  h a v e  b e e n  p r o p o s e d  a s  

! 

d e s c r i p t i o n s  ' o f  h a d r o n  - n u c l e u s  i . n t e r a c t i o n s .  C o n s t r a i n e d  

by  t h e  weak A d e p e n d e . n t  r ise i n  t h e  a v e r a g e  m u l t i p l i c i t y ,  

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

i n t r a  - n u c 1 e a . r  c a s c a d e s .  T h e  m o d e l s  v a r y  w i d e l y  i n  t b e i r  

a p p r o a c h  t o  t . h e  p r o b l e m .  A s h o r t  d e s c r i p t i o n  o f  s o m e  . r e p r e -  

s e n t a t i v e  m o d e l s  f o l l o v s . .  

The C o h e r e n t  T u b e  Model  (CTN) h a s  g a . i n e d  many a d ' h e . r e n . t s  

(1 3 , 1 4 )  s i n c e  i t s  o r i g i n a l  i n t r o d u c t i o n  (15,9) ,  I f  the 

i n t e r a c t i o n  time b e t w e e n  t w o  h a d r o n s  i s  l o n g  e n o u g h ,  t h e n  

t h e  beam h a d r a n  w i l l  c o l l i d e  w i t h  a l l  of t t he  . n u c l e o n s  i n  i t s  

f l i g h t  p a t h  s i m u l t a n e o u s l y .  T h e  e f f e c t i v e  t a r g e - t  i n  a beam 

n u c . l e u s  c o l l i s i o n  is  t h e . n  , t h e  i n u c l e o n s  i n s i d e  a t u b e  of 

cross s e c t i o n  C c e n t e r e d  a l o n g  . t h e  keam l i n e  o f  f l i g h t .  

A s s u m i n g  t h a t  t h e  t u b e  b e h a v e s  l i k e  a s i n g l e  h e a v y  

n u c l e a n  (mass i* p r o t o n  mass), s is g i v e n  by  

s ( i )  = 2 i m E (lscain) P 
The i n t e r a c t i o n  is a s s u m e d  e q u i v a l e n t  t o  a beam - n u c l e o n  

c o l l i s i o n  w i t h  s = s ( i ) .  T h e  n u m b e r  o f  n u c l e o n s  i n s i d e  the 

t u b e  v a r i e s  w i t h  t h e  i m p a c t  p a r a m e t e r  o f  t h e  beam. T h e  

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

a v e r a g e  o v e r  a l l  i m p a c t  p a r a m e t e r s  ( e q u i v a l e n t l y  a l l  p o s s i -  

b l e  t u b e  s i z e s ) .  



S i n c e  t h e  beam - t u b e  c o l . l i s i o n  i s  e q u i v a l e n t  t o  a h i g h e r  

e n e r q y ' b e a m  - h a d r o n  c o l l i s i o n  s o m e  p r e d i c t i o n s  of t h e  CTH 

are :  

1. K N O  s c a l i n g  o f  Cn i n  e n e r g y .  

2.  T h e  same KNO s c a l i n g  f u n c t i o n  as  beam - h a d r o n  

c o l l i s i o n s .  

3. A s t r o n g  r e l a t i o n  b e t w e e n  t h e  n u m b e r  o f  o b s e r v e d  

p r o t o n s  a n d  < n  > 

R (NP) = (A/Z) NP I / *  

S e v e r a l  v a r i a t i o n s  o f  t h e  CTM ( 1 3 , 1 4 )  d i f f e r  f r o m  t h e  

a b o v e  by  r e s t r i c t i n g  t h e  a r g u m e n t s  a n d  p r e d i c t i o n s  t o  k i n e -  

m a t i c  r e g i o n s  o u t s i d e  t h e  beam f r a g m e n t a t i o n  r e g i o n .  

I n  t h e  G o t t f r i e d  E n e r g y  F l u x  C a s c a d e  m o d e l  (1 )  it i s  

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

b e s t  d e s c r i b e d  by  c o l l e c t i v e  v a r i a k l e s  f o r  times i m m e d i a t e l y  

a f t e r  t h e  c o l l i s i o n ,  U s i n g  r e . l a t i v i s . t i c  h y d r o d y n a m i c s  a s  a 

g u i d e  the s u h s e q u e x r t  r e i n t e r a c t i o n  p r o p e r t i e s  of t h i s  c o l -  

l e c t i v e  s t a t e  a-re p r e d i c t e d ,  V iewed  i n  t h e  rest f r a m e  of 

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

l i s i o n  is  a n  e x c i t e d  h a d r o n i c  s t a t e  i n i t i a l l y  c o n f i n e d  t o  a 

t h i n  d i s c .  The e n e r g y  flux o f  t h e  m a t t e r  i n s i d e  t h e  d i s c  i s  

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

h a d r o n  - n n c l e o n  c a l l i s i o n s ,  The d i f f e r e n t  e n e r g y  compo-  

. n e n t s  i n  t h e  d i s c  d i s p e r s e  i n  t ime f o r m i n g  a c y l i n d e r  a l o n g  



t h e  beam d . i r e c t i 0 . n .  Th.e l a r g e  r a p i d i t y  c o m p o n e n t s  f o r m  t h e  

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

t r a i l i n g .  T h e  c e n t r a l  a s s u m p t i o n  o f  t h e  m o d e l  is t h a t  whe- 

n e v e r  a s l ice  of t h e  c y l i n d e r  h a s  t h e  s a m e  t h i c k n e s s  a s  a 

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

a s  a s i n g l e  h a d r c n .  

I f  t h e  n u c l e o n s  i n  t h e  n u c l e u s  a r e  t h o u g h t  of a s  f o r m i n g  

a l i n e a r  a r r a y  o f  s e p a r a t i o n  1 , t h e  s e c o n d  n u c l e o n  i s  h i t  

by  s e v e r a l  s l i c e s  o f  t h e  e n e r g y  f l u x .  For beam e n e r g i e s  

a r o u n d  200 G e V  o n l y  two s l i c e s  ( c o r r e s p o n d i n g  t o  two p a r t i -  

cles) i n t e r a c t  w i t h  t h e  s e c o n d  n u c l e o n .  T h e  f i r s t  p a r t i c l e  

h a s  t h e  e q u i v a l e n t  of t h e  f u l l  beam e n e r g y  B. T h e  s e c o n d  

p a r t i c l e  h a s  e n e r q y  ( E )  1/3 ( 1 ) .  The  low e n e r g y  sl ice 

g i v e s  r i se  t o  only a s l i g h t  a m o u n t  o f  c a s c a d i n g ,  b e c a u s e  o f  

i t s  l o w  e n e r g y .  S u b s e q u e n t  i n t e r a c t i o n  of t h e  e n e r g y  f l u x  

w i t h  a  t h i r d  n u c l e o n  w o u l d  te e q u i v a l e n t  t o  t h e  i n t e r a c t i o n  

of a h a d r o n  o f  e n e r g y  E a n d  two h a d r o n s  o f  e n e r g y  E1/3. 

T h e  E n e r g y  F l u x  ?lode1 p r e d i c t s  t h a t  t h e  e x c e s s  p a r t i c l e  

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

r a p i d i t i e s  s m a l l e r  t h a n  t h e  r a p i d i t y  of t h e  c e n t e r  o f  mass, 

T h e  m o d e l  p r e d i c t s  a n  e n e r g y  i n d e p e n d e n t  v a l u e  o.f R 

R (z  ) = 1+ 0.38(F - 1) 

= 1.21 ( n e o n  i7 = 1 - 5 5 )  



A t h i r d  m o d e l  ( 1 6 )  i s  b a s e d  o n  Itwee p a r t o n "  i n t e r a c t i o n s  

( 1 7 ) .  E a c h  . n u c l e o n  i n  t h e  n . u c l e u s  a n d  t . h e  beam h a d r 0 . n  a r e  

c o n s i d e r e d  t o  h a v e  i . n d e p e n a e n t  p a r t o n  d i s t r i b u t i o n s .  T h e  

wee p a r t o n s  of t h e  beam i n t e r a c t  w i t h  t h e  wee p a r t o n s ' . o f  t h e  

n u c l e c n s .  E a c h  n u c l e o n  i n t e r a c t s  a t  m o s t  o n c e  w i t h  t h e  

beam,  w h i l e  t h e  beam u n d e r g o e s  an  a v e r a g e  of c o . l : l i s i o n s  

p e r  h a d r o n  - n u c l e u s  i n t e r a c t i o n .  The c e n t e r  of mass g i  of 

e a c h  p a r t o n  - p a r t o n  c o l l i s i o n  i s  d i s t r i b u t e d  u n i f o r m l y  i a  

t h e  c e n t r a l  r e g i o n .  T h e  p a r t c n s  of t h e  beam ma te r i a l i z e  i n t o  

h a d r o n s  with g > y i  a n d  t h e  n u c l e o n  p a r t o n s  ma t e r i a l i z e  

w i t h  g < v . T h e  beam f r a g m e n t a t i o n s  a re  s p r e a d  o u t  i n  

r a p i d i t y  f r o m  t h e  beam r a p i d i t y  t o  t h e  smallest y.  w i t h  
L 

u n i f o r m  d e n s i t y .  S p e c i f i c  p r e d i c t i o n s  of t h i s  m o d e l  a r e  

( 1 6 )  

- 
R (?) = U  T a r g e t  f r a g m e n t a t i o n  

r e g i o n  

fi (Y) = 1 
r e g i o n  

B e a n  f r a g r n e n t a  t i o n  

- 
R (Y) = c f 1  - y/YC 1 + C . 1  - ( 1  - Y / Y ~ ) ~  I Cen tra.1 

r e g i o n  

w h e r e  PC is  t h e  l e n g t h  of  t h e  cen t sa l  r a p i d i t y  r e g i o n .  F o r  

c o . l l i s i o n s  a t  200 G e V / c  t h e  p ' r e d l c t e i l  # a v e r a g e d  o v e r  a l l  

r e g i o n s  i s  

= 1 .34  n e o n  



C h a p t e r  I1 

EXPERIHEHT AL PROCEDURE 

A 50,000 p i c t u r e  e x p o s u r e  o f  2 0 0  G e V  p i -  i n c i d e n t  o n  t h e  

P e r m i l a b  3 0  i n c h  b u b b l e  c h a m b e r  was t a ' k e n  i n  J u n e ,  1974. 
, . 

T h e  c h a m b e r  was f i l l e d  w i t h  a h y d r o g e n  - aeon m i x t u r e  ( 3 1  2 

1 molar 74 n e o n )  a t  a d e n s i t y  of 0.255 gm/cc. T h e  beam o f  

a n s e p a r a t e d  n e g a t i v e  p a r t i c l e s  was p r o d u c e d  b y  c o l l i s i o n s  of 
..., .. . 

3 0 3  G e V / c  p r o t o n s  o n  a t a r g e t  1 k i l o m e t e r  u p s t r e a m  o f  . t h e  

b u b b l e .  c h a m b e r ,  The  beam u a s  momentum s e l e c t e d  w i t h  a n  a v e r -  
... . 

a g e  v a l u e  o f  200.0,0,2 G e V / c .  An earl ier  e x p e r i m e n t  i n  t h e  
.,. \ ,. .. 

same beam l i n e ( l 8 )  f o u n d  t h e  beam t o  b e  p r e d o m i n a n t l y  p i -  
. .. 

w i t h  2.6% mu- a n d  1.4% K- c o n t a m i n a t i o n .  
. .. 

T h e  f i l m  was s c a n n e d  f o r  p i -  i n t e r a c t i o n s  o n  e i t h e r  

h y d r o g e n  o r  (neon. T h e  c h a r g e d  t r a c k  m u l t i p l i c i t y ,  o b s e r v e d  

n e u t r a l  c o n v e r s i o n  multiplicity a n d  o t h e r  c h a r a c t e r i s t i c s  o f  
. .. 

t h e  e v e n t s  were r e c o r d e d .  A b o u t  5091 of t h e  : i n t e r a c t i o n s  
-.., . , 

f o u n d  i n  t h e  i n i t i a l  s c a n  were chosen f o r  m e a s u r e m e n t .  

T h r e e  p a s s e s  were n e c e s s a r y  t o  m e a s u r e  9 0 %  of t h e s e  e v e n t s .  

T h e  t r a c k  m e a s u r i n g  e f f i c i e n c y  mas 92%- T h e  m e a s u r e m e n t s  

were p r o c e s s e d  t h r o u g h  s u i t a b l y  ' a l t e r e d  v e r s f  oms of HATCH 

a n d  TVGP (19).  Event w e i g h t s  were c o n s t r u c t e d  t o  a o r m a l i z e  

t h e  m e a s u r e d  m n f t i p l i c i t y  d i s t r i b u t i o n  t o  t h e  s c a n n e d  d i s -  

t r i b u t i o n .  T r a c k  w e i g h t s  were a s s i g n e d  to  correct f o r  mea- 



s u r i n g  i n e f f i c i e n c i e s  and b i a s e s ,  A f i n a l  event weight  was 

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

a n d  n e o n i c  c a t e g o r i e s .  



S c a n n i n g  f o r  t h i s  e x p e r i m e n t  was done  i n  s e v e r a l  p a s s e s  

o v e r  t h e  f i l m ,  The i n i t i a l  s c a n  l o c a t e d  t h e  i n t e r a c t i o n s  o f  

i n t e r e s t ,  S u b s e q u e n t  p a s s e s  s t u d i e d  t h e  e v e n t s  i n  more 

d e t a i l  o r  examined  v a r i o - u s  b a c k g r ~ u ~ n d s .  Three v i e w s  o f  e a c h  
. . 

frame were t a k e n ;  however ,  f o r  s c a n n i n g  p u r p o s e s ,  o n l y  v i e w s  

1 a n d  2 were used.  T h e  p h o t o g r a p h s  v e r e  p r o j e c t e d  o n  t h e  

s c a n  t a b l e  i n  1 - 4  l i f e s i z e  m a g n i f i c a t i o n .  The o p t i c s  o f  . t h e  

t a b l e  were s u f f i c i e n t l y  d i s t o r t i 0 . n  f r e e  t o  p e r m i t  a c c e p t a b l e  

s c a n  t a b l e  t e m p l a t e  measurement  o f  t . r a c k s  which  v e r e  n o t  

a d e q u a t e l y  measu red  on  the digitizer. 

flIJlTIPLICITY SCAN: Found i n t e r a c t i o n s ,  r e c o r d e d  
c h a r g e d  a n d  n e u t r a l  m u l t i p l i c i t y .  

E D I T  SCAN: Recorded  n e u t r a l  v e r t e x  p o s i t i o n  a n d  
number  of p o s i t i v e ,  n e g a t i v e ,  a n d  s t r a i g h t  
t r a c k s ,  

99 SCAN: E s t i , m a t e d  m u l t i p l i c i t y  o.f e v e n t s  w i t h  
v e r y  c l o s e  s e c o n d a r y  i n t e r a c t i o n s .  

HEASUREMENT EDIT SCAN: S e l e c t e d  e v e n t s  f o r  mea- 
s u r e m e n t .  E v e n t s  w i t h  c o n f u s i n g  s e c o n d a r y  i n t e r -  
a c t i o n s  o r  n e a r b y  beam t r a c k s  were n o t  c h o s e n ,  

SPECIAL SCANS: Double  checked s c a n n i n g  e f  f i c i -  
e n c y  f o r  gammas on l o w  m u l t i p l i c i t y  e v e n t s ,  Pound 
e v e n t s  w i t h  p i o n s  o f  l e s s  t h a n  200 E e V / c  l a b  
momentum. 

REMEASUREMENT EDIT SCAN: P r e p a r e d  d r a w i n g s  o f  
e v e n t s  f o r  u s e  by t h e  m e a s u r e r s ,  A c lose  rexami- 
n a t i o n  o f  t h e  e v e n t s  was d o n e  a t  t h e  s ame  time 
with p a r t i c u l a r  attention on l o c a t i n g  gammas con- 
v e r t i n g  n e a r  t h e  v e r t e x .  



2 1 1  M u l t i ~ l i c i t y  s c a n  

O n l y  a smal l  p e r c e n t a g e  of t h e  ~ h o t o g r a p h s  c o n t a i n e d  u s e -  

f u l  e v e n t s .  T h e  e x p o s u r e  was u n t r i g g e r e d  s o  many frames h a d  

o n l y  n o n i n t e r a c t i n g  beam tracks,  O t h e r  f r a m e s  were s p o i l e d  

by u p s t r e a m  i n t e r a c t i o n s  w h i c h  f l o o d e d  t h e  c h a m b e r  w i t h  sec- 

o n d a r y .  t r a c k s ,  Even frames w i t h  i n t e r a c t i o n s  were n o t  a l v a y s  

u s e d  a s  a minimum t r a c k  l e n g t h  w a s  n e e d e d  f o r  b o t h  t h e  beam 

t r a c k  a n d  t h e  o u t g o i n g  t r acks ,  To s a t i s f y  t h e s e  c r i t e r i a  a 

beam i n t e r a c t i o n  r e g i o n  was d e f i n e d ,  O n l y  f r a m e s  w i t h  a 

s i n g l e  i n t e r a c t i o n  i n  t h i s  r e g i o n  v e r e  u s e d ,  

T h e  i n t e r a c t . i o n  r e g i o n  i s  shown in F i g u r e  7, A frame v a s  

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

f r o n t  o f  . t h e  c h a m b e r .  Frames were a l s o  d i s c a r d e d  if beam 

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

i n t e r a c t i o n  o c c u r e d  u p s t r e a m  o f  t h e  r e g i o n .  Af.ter t h e s e  

e x c l u s i o n s  a p p r o x i m a t e l y  29,000 f r a m e s  r e m a i n e d .  T h e s e  g o o d  , 

frames were t h e n  i n s p e c t e d  f o r  s i n g l e  h a d r o n i c  e v e n t s  i n  t h e  

i n t e r a c t i o n  r e g i o n .  E v e n t s  of e l e c t r o m a g n e t i c  o r i g i n  ( d e l t a  

r a y s  o r  d i r e c t  p a i r s )  were n o t  i n t e n t i o n a l l y  i n c l u d e d  a n d  

were removed  i n  l a t e r  check s c a n s ,  F o r  e a c h  e v e n t  t h e  f o l -  

l o w i n g  i n f o r m a t i o n  w a s  r e c o r d e d :  

1, G r i d ( X  a n d  Y) o f  t h e  p r i m a r y  v e r t e x  

2, Number o f  i d e n t i f i e d  p r o t o n s  (NP) 

3, Number o f  minimum i o n i z i n g  t r a c k s  ( N M I N )  . I n  p r a c -  
t ice minimum t r a c k s  i n c l u d e d  a l l  c h a r g e d  t r a c k s  
e x c e p t  i d e n t i f i e d  p r o t o n s  and e l e c t r o n s ,  



4  Number o f  minimum t r a c k s  i n s i d e  a f o r w a r d  2 2 0  
c o n e  (NFF) 

5. Number o f  p i o n s  w i t h  momentum (150 MeV/c (NSP) 

6. 'Number o f  a s s o c i a t e d  gammas (NG) 

7. Number o.f a s s o c i a t e d  710's (KO a n d  A )  ( N V )  

T h e r e  was a s m a l l  s a m p l e  o f  e v e n t s  f o r  w h i c h  a n  e x a c t  c o u n t  

of t h e  number  o f  minimum t r a c k s  was  u n r e l i a b l e .  F o r  t h e s e  

e v e n t s  NM1?1=99 w a s  r e c o r d e d ,  

2 . 1 , 2  E d i t  scqq 

A f t e r  t h e  i n t i a l  p a s s  s c a n n e r s  r e e . x a m i n e d  t h e  e v e n t s  i n  

g r e a t e r  d e t a i . 1 .  I n  a d d i t i o n  t o  c h e c k i n g  t h e  p r e v i o u s 1  y 

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

e v e n t s  w h e r e  r e c o r d e d .  T h e  number  c f  p o s i t i v e  a n d  n e g a t i v e  

minimum t r a c k s  were c o u n t e d .  I f  a t r a c k  h a d  no p e r c e p t i b l e  

c u r v a t u r e  i t  w a s  r e c o r d e d  a s  a s t r a i g h t  t r a c k .  I f  t h e  e v e . n t  

h a d  o n l y  o n e  p r o t o n  i t s  a n g l e  r e . l a t i v e  t o  . t h e  beam a.nd t r a c k  

l e n g t h  were r e c o r d e d  i n  t w o  v i e w s .  A l s o ,  t h e  g r i d  1 o c a t i o . n ~  

o f  t h e  gammas a n d  Vows were r e c o r d e d  i n  two v i e w s .  S e v e r a l  

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

w h i c h  m i g h t  c a u s e  d i f f i c u l t y  d u r i n g  m e a s u r e m e n t .  T h e y  were: 

1.  B a n y  beam t r a c k  c l o s e  to  t h e  i n t e r a c t i n g  beam 

2. D D a l i t z  p a i r  ( n o t  c o u n t e d  i n  NHIN) 

3. L qamma c o n v e r s i o n  w i t h  v e r t e x  o b s c u r e d  by  o t h e r  
t r a c k s .  

4 .  T a s e c o n d a r y  t r a c k  i n t e r a c t e d  w i t h i n  a 10 cm 
r a d i u s  cf  t h e  p r i m a r y  v e r t e x  



Figure 7: Eearn interaction region as  seen in view 2. Scan 
grid coordinates ( 1 inch in space) for the center and edges 
of the chamber a re  also shown. 



5. X a s e c o n d a r y  t r a c k  i n t e r a c t e d  b e y o n d  10 cm b a t  
i n s i d e  a f o r w a r d  2 2 0  c o n e  

2.1.3 99 s c a n  

As d e s c r i b e d  e a r l i e r ,  s c a n n e r s  r e c o r d e d  NHIN=99 f o r  a n  

e v e n t  i f  t h e y  were u n a b l e  t o  d e t e r m i n e  t h e  e x a c t  number  o f  

minimom i o n i z i n g  t r a c k s .  S u c h  e v e n t s  i n v a r i a b l y  r e s u l t e d  

from t h e  s e c o n d a r y  c o l l i s i o n  o f  a n  o u t g o i n g  t r a c k  making  i t  

i m p o s s i b l e  t o  s e p a r a t e  t h e  t r a c k s  p r o d u c e d  by t h e  s e c o n d a r y  

i n t e r a c t i o n  f r o m  t h o s e  of t h e  p r i m a r y  i n t e r a c t i o n ,  I n  o r d e r  

t o  d e t e r m i n e  t h e  c h a r a c t e r i s t i c s  o f  t h e  99 t y p e  e v e n t s  a  

s p e c i a l  s c a n  u a s . p e r f o r m e d  t o  estimate t h e i r  m u l t i p l i c i t i e s ,  

The d i s t r i b u t i o n  f o u n d  i s  i n  T a b l e  1. 

- . I 
- - 

I 
I TABLE 1 
I 
1 SCAN EVENT POPUIATION 
I 
I NRIN 0-2 3-5 6-10 11.-15 . 16-20 , .>20 
1 
I . 99 TYPE 0 33 93  86 38 23  
I .  
1 SCAN 464 1053 1799 1094 417 172 
1 
1 w e i g h t  1.0 1.03 1 .05  7.08 1-09 1- 1 3  
I 
1 

Events w i t h  BHINf99 ( l a b e l e d  SCAN) a r e  a l s o  f o u n d  ia  
.. . 

T a b l e  1. T o  correct f o r  t h e  loss of t h e  9 9  e v e n t s  i n  s c a n -  
. . 

n e d  a n d  measured d i s t r i b u t i o n s  a w e i g h t  :as a f u n c t i o n  o f  

- 27 - 



m u l t i p l i c i t y  was c o n s t r u c t e d  (WT99) a n d  a p p l i e d  t o  t h e  

r e a a i n i n g  e v e n t s .  #T99 f o r  a c e r t a i n  m u l t i p l i c i t y  r a n g e  was 

g i v e n  by: 

WT99 = (SCAN + 99TYPE)/ SCAN 

T h e  w e i g h t e d  B H I N  s c a n  d i s t r i b u t i o n  is s h o v n  i n  f i g u r e  8- 

2. 1 M e a s u r e m e a t  s c a n  

T h e  n e x t  s t e p  i n  t h e  ' s c a n n i n g  s e q u e n c e  w a s  t h e  p r e p a r a -  
. . .  . 

t i o n  o f  a list of e v e n t s  t o  be measured .  T h e  l a r g e  number  o f  

s e c o n d a r y  i n t e r a c t i o n s  c a u s e d  b y  t h e  h y d r o g e n - n e o n  mix o f t e n  
. .. 

made a c c u r a t e  m e a s u r e m e n t s  of t h e  o t h e r  n o n - i n  t e r a c t i n g  

t r a c k s  i n  t h a t .  e v e n t  i m p o s s i b l e ,  A l s o  s e c o n d a r y  i n t e r a c t i o n s  
. ., .. 

p r o d u c e  n e u t r a l  p a r t i c l e s  t h a t  a r e  o f t e n  n n r e s o l v a b l e  f r o m  
.i . . 

n e u t r a l s  p r o d u c e d  b y  t h e  p r i m a r y  v e r t e x ,  T o  a v o i d  t h e s e  core- 

p l i c a t i n g  f ac to r s  a l l  e v e n t s  w i t h  s e c o n d a r y  i n t e r a c t i o n s  

w i . t h i n  a k e y h o l e  t e m p l a t e (  a l O c m  circle p l u s  a 30cm c o n e  

5 2 0 )  v e r e  n o t  m e a s u r e d ,  E v e n t s  with beam . t r a c k s  very c l o s e  
. . 

to t h e  i n t e r a c t i n g  beam t r a c k  were a l s o  n o t  m e a s u r e d ,  T h e s e  

c u t s  r e s t r i c t e d  t h e  number  of e v e n t s  o n  w h i c h  m e a s u r e m e n t s  

were a t t e m p t e d  t o  a b o u t  2700. 

2.1-5 Specia l  s c a n s  

Two s c a n s  i n  a d d i t i o n  to  the n o r m a l  s c a n n i n g - m e a s u r i n g  

sequence were p e r f o r m e d ,  B o t h  s c a n s  measured crudely o n  t h e  

s c a n  t a b l e  q u a n t i t i e s  t h a t  l a t e r  would b e  m e a s u r e d  w i t h  

g r e a t e r  p r e c i s i o n  o n  t h e  m e a s u r i n g  m a c h i n e .  A slow p i  s c a n  
. . 



NMIN . 

Figure  8: Weighted NMlN distribution. See text (pages 28 and 29) 
fo r  definit ion of NMIN. 



m e a s u r e d  t h e  a n g l e  a n d  momentum o f  p i ' s  of less t h a n  200  

IYeV/c i n  t h e  l a b ,  A gamma r e s c a n  o f  e v e n t s  w i t h  l e s s  t h a n  

s e v e n  N n I N  t r a c k s  was a l s o  carr ied o u t .  The scans p r o v i d e d  

i n f o r m a t i o n  f o r  t h e  p r e l i m i n a r y  a n a l y s i s  of t h e  d a t a ,  b u t  

were l a t e r  s u p e r c e d e d  b y  t h e  m e a s u r e d  r e s u l t s ,  B o t h  s c a n s  

p r o v i d e d  n s e . f n l  c o n s i s t e n c y  c h e c k s  f o r  s c a n n i n g  a n d  . m e a s u r -  

i n g  e f f i c i e n c i e s .  

2.1 ,.6 Remeasuremnt e d i t  s c a n  

An e x a m i n a t i o n  o f  the e v e n t s  i n i t i a l l y  m e a s a r e d  a t  S U R Y  

s h o w e d  t h a t  a s i z a ' b l e  f r a c t i o n  o f  t h e  m e a s u r e d  NmTN t . r a c k s  

were p o s i t r o n s  a n d  e l e c t r o n s .  T h e s e  e l e c t r o n - p o s i t r o n  p a i r s  

c o u l d  o n l y  b e  t h e  p r o d u c t s  o f  u n r e c o g n i z e d  gamma c o n v e r -  
. .  . ... 

s i o n s .  An est imate of  t h e  number  of s u c h  u n s e e n  p a i r s  w a s  

made u s i n g  t h e  s c a n  g r i d  i n f o r m a t i o n  a n d  t ' h e  gamma c o n v e r -  
..: 

s i o n  l e n g t h  ( A p p e n d i x  A )  ' a v e r a g e d  o v e r  e n e r g y  '(<E> = 3 0 0 0  

H e V / c ) ,  F i g u r e  9 s h o w s  t h e  d i s t r i b u t i o n  i n  t h e  numb.er o f  

c o n v e r s i o n s  o b s e r v e d  a t  a r a d i u s  r f r o m  t h e  p r i m a r y  v e r t e x .  
. . . .. 

T h e  e s t i m a t e d  t r u e  d i s t r i b u t i o n  ( n o r m a l i z e d  t o  t h e  n u m b e r  of 
. .. 

c u ~ v e ~ s i u r r s  Letwee0 c ,= 10 'and r = 20 c m )  is a l s o  shown.  T h e  
. . .  . 

loss o f  gammas f a r  f r o m  t h e  p r i m a r y  v e r t e x  is t h e  e f f e c t  of 
. . 

t h e  f i n i t e  c h a m b e r  s ize ,  T h e  d i f f e r e n c e  b e t w e e n  t h e  o b s e r v e d  

a n d  e x p e c t e d  number of c o n v e r s i o n s  .is l a r g e  ( 7 5 0  gammas) f o r  

r less t h a n  1 0  cm from t h e  p r i m a r y  v e r t e x .  A p p r o x i m a t e l y  15% 

o f  t h e  s c a n n e d  e v e n t s  h a d  u n r e c o g n i z e d  gamma c o n v e r s i o n s ,  



Figure 9: Gamma conversion lengths. The heavy curve 
represents the expected number of gamma conversions. See.text 
(page 31) for details. 



T A E L E  2 

UNSEEN G A H E A S  

?ININ , E V E N T S  G A R B A S  N.OT 
SEEN 

X OF 
E V E N T S  

S i n c e  t h e  u n r e c o g n i z e d  c c n v e r s i o n s  p r o d u c e  p a i r s  w h i c h  

a r e  c o u n t e d  i n  t h e  N M I N ,  a  c o r r e c t i o n  .to t . he  N M I N  d i s t r i b u -  

t i o n  was n e c e s s a r y .  an e s t i m a t e  o f  t h e  n u m b e r  of '  u n s e e n  gam- 

mas f o r  e v e n t s  g r o u p e d  a c c o r d i n g  t o  m u l t i p l i c i t y  is s h o w n  i n  

T a h l e  2. A s t r o n g  c o r r e l a t i o n  b e t w e e n  t h e  p r o b a b i l i t y  f o r  a n  

u n s e e n  p a i r  a n d  t h e  m u l t i p l i c i t y  o f  . t h e  e v e n t  i s  a p p a r e n t .  I 

The N M I N  d i s t r i b u t i o n  was t h e n  c o r r e c t e d  a s  s h o w n  i n  F i g u r e  

10. 

A l t h o u q h  t h e  a b o v e  p r o c e d u r e  c o r r e c t e d  t h e  N M I N  d i s t r i b u -  

t i o n s  summed o v e r  a l l  e v e n t s ,  it w a s  n o t  useful i n  d e t e c t i n g  

gammas i n  s p e c i f i c  e v e n t s .  l o  g a i n  t h e  maximum i n f o r m a t i o n  

o n  e a c h  e v e n t  a r e s c a n  for gammas was c a r r i e d  o u t  i n  c o n -  

L j u n c t i o n  w i t h  ~ r e ~ a r a t i o n  o f  a  r e m e a s u r e m e n t  list. E l e c t r o n s  



NMIN 

Figure  10: Corrected NMIN distribution, 



a n d  ~ o s i t r o n s  h a v e  a h i g h  ~ r o b a D i 1 . i t . y  for s u f f e r i n g  ' h i g h  

e n e r g y  . l o s s e s  d u e  t o  b r e m s s t r a h l u n g  . r a d i a t i o n .  1.f t h e  e n e r g y  

l o s s  .is l a r q e  e n o u g h  a  c h a n g e  i n  t h e  c u r v a t u r e  of the elec- 

t r o n  i s  n o t i c a , b l e  o n  t . h e  s c a n  t a b l e .  C l o s e r  e x a m i n a t i o n  o f  

e v e n t s  b y  p h y s i c i s t s  f o u ' n d  many gammas . t h a t  were n 0 . t  s e e n  b y  

s c a n n e r s  i n  t h e  o r i g i n a l  s c a n s .  Not a l l  gammas  w e r e - f o u n d  i n  

t h i s  r e s c a n  a s  d e s c r i b e d  i n  A p p e n d i x  D ,  b u t  t h e  p e r c e n t a g e  

of e v e n t s  w i t h  u n s e e n  gammas was r e d u c e d  t o  7%. 



M E  A S U B I N G  2.2  - - - - - -  
T h e  m e a s u r i n g  o f  h i g h  mome'ntum t r a c k s  i n  small  b u b b l e  

c h a m b e r s  F o s e s  a s e v e r e  t e s t  t o  t h e  en t i r e  m e a s u r i n g  pro- 

cess. I n  a d d i t i o n  t o  t h e  i n h e r e n t  i m ~ r e c i s i o n  o f  t h e  m e a s u r -  

i n g  m a c h i n e ,  m e a s u r i . n g  e r ro r s  a r e  i n t r o d u c e d  by  t h e  d i f f i -  

c u l t y  cf  s e p a r a t i n g  t r a c k s  l y i n g  c l o s e  t o g e t h e r .  A t  2 0 0  

G e V / c  t h e  f o r w a r d  h e m i s p h e r e  o f  t h e . c e n t e r  o f  mass l i e s  i n  a 

50 c o n e  a b o u t  t h e  beam d i r e c t i o n  i n  t h e  l a b .  T h u s  t h e  p r o b -  

a b i l i t y  f o r  h a v i n g  many t r a c k s  i n  t h i s  r e g i o n  is  h i g h .  Also, 

ma'nv n e u t r a l  p a r t i c l e s  c o n v e r t  i n  t h i s  f o r w a r d  area.  E v e n  

i f  a t r a c k  i s  c l e a r l y  v i s i b l e  i n  i t s  e n t i r e  l e n g t h  momentum 

m e a s u r e m e n t s '  a r e  1 i m i . t e d  i n  a c c u r a c y  b y  p u r e l y  g e o m e t r i c  

c o n s i d e r a t i o n s .  A 5 0  G e V / c  . t r a c k  i n  a  25 K i l o g a u s s  field ' h a s  

a r a d i u s  o f  c u r v a t u r e  of 6 5 0 0  cm. T h e  d e v i a t i o n  of s u c h  a 

t r a c k  f r o m  a s t r a i q h t  l i n e  is 480 m i c r o n s  i n  50 cm o f  t r a c k  

l e n g t h .  S i n c e  t h e  m e a s u r i n g  p r e c i s i o n  o f  t h e  m a c h i n e s  a v e r -  

a g e s  b e t u e e n  100 a n d  3 0 0  m i c r o n s  t h e  m e a s u r i n g  e r r o r  is > 

2 5 %  a t  t h i s  e n e r g y .  A d d i t i o n a l  m e a s u r e m e n t  e r r o r s  were 

c a u s e d  b y  turbulence i n  t h e  c h a m h e r .  T h i s  t u r b u l e n c e  was 

s m a l l  a n d  was s i g n i f i c a n t  f a r  o n l y  t h e  f a s t e s - t  t r a c k s  f o r  

w h i c h  i t  c o u l d  c a u s e  a s y s t e m a t i c  u n d e r e s t i m a t i o n  of momen- 

T h r e e  m e a s u r i n g  p a s s e s  m e a s u r e d  a b o u t  90% of t h e  e v e n t s  
' 3  

o n  t h e  m e a s u r e m e n t  list. T h e  i n i t i a l  m e a s u r i n g  p a s s  

t 
a t t e m p t e d  . t o  m e a s u r e  a l l  n e u t r a l   articles a n d  a l l  c h a r g e d  

t r a c k s  o u t s i d e  a f o r w a r d  2 2 0  c o n e .  P o o r  t r a c k . s e l e c t i o n  b y  

0 . . 



t h e  m e a s u r e r s  r e s u l t e d  i n  a  s u b s t a n t i a l  n u m b e r  of e+ ,e- a n d  

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

m e a s u r i n g  p a s s  was n e c e s s a . r  y t o  el . imiaate  i n c o r r e c t l y  mea- 

s u r e d  t r a c k s  a n d  t o  m e a s u r e  a n y  t r a c k s  m i s s e d  i .n  t h e  o r i g i -  

n a l  p a s s .  T h i s  s e c o . n d  m e a s u r i n g  pass was d o n e  o n  o n e  of t h e  

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

n i q u e  was l i m i t e d  .it was a c c u r a t e  t o  w i t h i n  1 0 %  i n  r a p i d i t y  

a n d  mcmentum f o r  t h e  k i n e m a t i c  r e g i o n s  of g r e a t e s t  i n t e r e s t ,  

A t h i r d  a n d  f i n a l  m e a s u r i n g  p a s s  m e a s u r e d  a 1 . l  t h e  e v e n t s  

t h a t  were p o o r l y  m e a s u r e d  i n  t h e  f i r s t  two . p a s s e s .  As t h e s e  

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

c i a l  p r o c e d u r e s  were a p p l i e d  t o  i n s u r e  p r o p e r  t r a c k  i d e n t i -  

f i c a t i o n  b y  t h e  m e a s u r e r s .  

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

p r o c e s s  a  p h o t o g r a p h  of o n e  o f  t h e  e v e n t s  is s h o w n  i n  F i g u r e  

1 1 .  T h e  e v e n t  i s  o f  m o d e r a t e  m u l t i p l i c i t y ( W H I N = l . 3 ,  NP.=2) , 
b u t  w i t h  a  l a r g e  n u m b e r  of gammas ( 7 ) .  Two of t h e  qamma c o n -  

v e r s i o n s  a r e  l e s s  t h a n  1 0  crn f r o m  t h e  p r i m a r y  v e r t e x  a n d  

c o u l d  b e  e a s i l y  m i s t a k e n  f o r  minimum t r a c k s .  S e v e r a l  

b r e m s s t r a h l u n g  gammas  m u s t  b c  s e p a r a t e d  f r o m  gammas o r i g i -  

n a t i n g  a t  t h e  p r i m a r y  v e r t e x .  A n e a r b y  heam t r a c k  m u s t  n o t  

b e  c o n f u s e d  w i t h  t h e  minimum t r a c k s  d o w n s t r e a m ,  F i n a l l y  t h e  

t w o  F r o t c n s  m u s t  b e  recognized and t r e a t e d  s e p a r a t e l y  from 

t h e  minimum t r a c k s .  



Figure 11: Typical event. 



2.2.1 SUVY yauorgments 

T h e  i n i t i a l  m e a s u r i n g  p a s s  was d o n e  a t  t h e  S t a t e  U n i v e r -  

s i t y  o f  N e w  Y o r k  a t  A l b a n y ( S U N Y ) .  The f i l m  was m e a s u r e d  o n  a 

m a n g i a - s p a g o  d e v i c e  w h i c h  h a d  a p o i a t  s e t t i n g  e r r o r  of  .I5 

m i c r o n s  . o n  f i l m .  T h e  m e a s u r e r s  a t t e m p t e a  t o  m e a s u r e  o n l y  

t h o s e  t r a c k s  which l a y  o u t s i d e  a 2 0  c o n e  a b o u t  t h e  beam 

d i r e c t i o n .  N e u t r a l  v e r t i c e s  u e r e  a l s o  m e a s u r e d  a t  t h i s  time, 

T h e  S U Y Y  m e a s u r e m e n t s  u e r e  p r o c e s s e d  t h r o u g h  HATCH a n d  TVGP 
- 

c o m p u t e r  p r o g r a m s  t o  ' . r e c o n s t r u c t  t h e  t r a c k s '  m o m e n t a .  T h e  

FRMS ( c h i s q u a r e d  d e v i a t i o n  of  t h e  m e a s u r e d  p o i n t s  from t h e  

r e c o n s t r u c t e d  t r a c k )  is a  m e a s u r e  o f  t h e  a c c u r a c y  of t h e  

t r a c k  m e a s u r e m e n t .  T h e  maximum a l l o w e d  FRMS was 40. T h e  PRlYlS 

of t h e  S U N Y  m e a s u r e m e n t s  

i s  s h o w n  i n  F i g u r e  1 2  a. 

2 . 2 . 2  S c a n  t a b l e  m e a s u r e m e n t s  , 

T h e  m e a s u r i n g  e f f i c i e n c y  f o r  t h e  SUNY e v e n t s  was r e d u c e d  

hy s e v e r a l .  e f f ec t s .  T r a c k s  o f t e n  w o u l d  l i e  i n  t h e  c o n e  o n l y  

i n  one  v i e w  a n d  c o n s e q u e n t l y  w o u l d  n o t  be  m e a s u r e d  i n  t h a t  

v i e w .  R e c o n s t r u c t i o n  w o u l d  f a i l  i f  a v i e w  was m i s s e d .  A s  

m e n t i o n e d  e a r l i e r  g a m m a s  were o f t e n  h a r d  t o  s e p a r a t e  f r o m  

t h e  o t ~ t g o i n g  charged t r a c k s  a n d  many were m i s t a k e n l y  

i n c . l u d e d  i n  t h e  c h a r g e d  t r a c k  s a m p l e .  T o  correct t h e s e  d e f . i -  

c i e n c i e s  a r e m e a s ' u c e m e n t  p a s s  a t  D u k e  m e a s u r e d  a l l  t r a c k s  

n o t  c o r r e c t l y  m e a s u r e d  a t  SUNY, c h e c k e d  c a r e f u l l y  f o r  e x t r a -  



n e o u s  t r a c k s ,  a n d  m e a s u r e d  a l l  t r a c k s  i n  t h e  f o r w a r d  2 0  

c o n e ,  T h e s e  m e a s u r e m e n t s  were c a r r i e d  o u t  on  o n e  o f  t h e  

s c a n  t a b l e s .  This t a b l e  h a d  1 - 0 4  l i f e s i z e  p r o j e c t i o n  a n d  u a s  

almost d i s t o r t i o n  free (<. 5 % ) .  The m e a s u r i n g  t e c h n i q u e  c o a -  

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

v e r t e x  t h e r e b y  f i x i n g  t h e  v e r t i c a l  a x i s  o.f t h e  t e m p l a t e ,  A t  

101cm i n t e r v a l s  o n  t h e  v e r t i c a l  a x i s  t h e  o f f s e t  o f  t h e  t r a c k  

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

p r e c i s i o n  v a s  l m m  on  t h e  t a b l e  o r  a p p r o x i m a t e l y  5 0  m i c r o n s  

o n  f i l m ,  T h e  m e a s u r e r s  v i s u a l l y  m a t c h e d  t h e  t r a c k s  i n  a l l  

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

i d e n t i f y  t r a c k s ,  T h e  m e a s u r e m e n t s  were r e c o r d e d  o n  c a r d s  

a n d  p r o c e s s e d  t h r o u g h  TVGP, 'The  FRRS of t h e s e  t r a c k s  i s  

s h o w n  i n  F i g u r e  12 b, 

C l e a r l y  t h e  r e l a t i v e l y  l a r g e  pcint s e t t i n g  e r r o r  of t h e  

s c a n  t a b l e  m e a s u r e m e n t s  i m p l i e s  t h a t  momentum m e a s u r e m e n t s  

of h i g h  momentum t r a c k s  are i m p r e c i s e ,  F o r  t r a c k s  o f  less  

t h a n  6 G e V / c  l a b  momentum t h i s  m e t h o d  is a c c u r a t e  t o  10%- 

The error i n  r a ~ i d i t y  is also less t h a n  10% f o r  t r a c k s  w i t h  

l a b  r a p i d i t i e s  less t h a n  fonr. T h e s e  m e a s u r e n t s  are t h u s  o f  

a d e q u a t e  p r e c i s i o n  i n  t h e  k i n e m a t i c  r e g i o n s  o f  most i m p o r -  

t a n c e .  



Figure 12: FRMS of charged tracks. 



2 . 2 . 3  Duke g g m g a s u r e m e n t s  

The SUNY a n d  s c a n  t a b l e  m e a s u r i n g  p a s s e s  s u c c e s s f u l l y  

m e a s u r e d  60% o f  t h e  e v e n t s ,  The  f a i l u r e  r a t e  f o r  e v e n t s  w i t h  

a l a r g e  number  o f  minimum t r a c k s  o r  gammas was h i g h .  T h e  

m e a s u r e d  e v e n t  s a m p l e  was t h u s  s e r i o u s l y  b i a s e d  t o w a r d s  low 

m u l t i ~ l i c i t v  e v e n t s .  T o  c o r r e c t  t h e s e  b i a s e s  a n d  t o  i n c r e a s e  

s t a t i s t i c s  a t h i r d  m e a s u r i n g  p a s s  was. .carried o u t  a t  Duke. 

T h e  r e m e a s u r e m e n t  p a s s  was  d o n e  o n  t h e  Duke s e m i - a u t o -  

ma t i c  m e a s u r i n g  m a c h i n e  (RIPPLE) w h i c h  h a s  b e e n  d e s c r i b e d  

e l s e w h e r e ( 2 0 ) .  S e v e r a l  m o d i f i c a t i o n s  t o  t h e  n o r m a l  RIPPLE 

m e a s u r i n g  p r o c e d u r e  were n e c e s s a r y  b e c a u s e  o f  t h e  c o m ~ l e x  

n a t u r e  o f  t h e s e  e v e n t s .  T h e  a u t o m a t i c  t r a c k  r e c o g n i t i o n  

p r o c e d u r e  w a s  u n a b l e  t o  r e s o l v e  l a r g e  n u m b e r s  o f  t r a c k s .  

T r a c k s  were s e t  u p  b y  o p e r a t o r s  m a n u a l l y .  RIPPLE n s e d  t h i s  

i n f o r m a t i o n  t o  p a r a m e t e r i z e  t h e  t r a c k ' s  c u r v a t u r e  a n d  t h e n  

m e a s u r e d  o t h e r  ~ c i n t s  on t h e  t r a c k  u n a s s i s t e d .  

O n l v  a s i n g l e  v i e w  o f  a n  e v e n t  was a v a i l a b l e  t o  t h e  mea- 

s u r e r  v i a  t h e  TV m o n i t o r  a t  a n y  g i v e n  time. T h i s  o f t e n  p r o -  

v i d e d  i n s u f f i c i e n t  i n f o r m a t i c n  f o r  t h e  m e a s u r e r  t o  p r o p e r l y  

s e t  u p  t h e  t r a c k s .  Nany p o s s i b l e  a r e a s  o f  c o n f u s i o n  were 

c a u s e d  b y  m u l t i p l e  o v e r l a p p i n g  t r a c k s  o r  gamma c o n v e r s i o n s .  

D e t a i l e d  d r a w i n g s  o f  e a c h  e v e n t  i n  v i e w s  1 a n d  2 were p r e -  

p a ~ e d  w i t h  a l l  minimum t r a c k s  a n d  p r o t o n s  identified a s  

well  a s  a l l  s e c o n d a r y  v e r t i c e s .  K i n k s  o r  s e c o n d a r y  i n t e r a c -  



s i t u a t i o n  w h i c h  c o u l d  c a u s e  t h e  m e a s u r e r  c o n f u s i o n .  W i t h  

t h . e s e  s t e p s  t ' h e  r e m e a s u . r e m e n t s  were h i g h l y  s u c c e s s ~ f u . l  a n d  

a p p r o x i m a t e l y  90'3 o f  t h e  e v e n t s  were m e a s u r e d .  T h e  FRHS d i s -  

t r i b u t i o n  o f  t h e  c h a r g e d  t r a c k s  i s  f o u n d  i n  F i g u r e  1 2  c. 

T h e  a c c u r a t G  m e a s u r e m e n t  o f  n e u t r a l  p a r t i c l e s  r e q u i r e s  

t h e  mamenturn m e a s u r e m e n t  o f  t h e  c h a r g e d  d e c a y  or  i n t e r a c -  

t i o n  p r o d u c t s  ( e-e+, p i + p i - ,  0.r  pi-) a s  w e l l  a s  t h e  s p a c e  

a n g l e  b e t w e e n  t h e  s e c o n d a r y  v e r t e x  a n d  t h e  m a i n  i n t e r a c t i o n  
\ 

v e r t e x .  T h e  v e r t e x  m e a s u r e m e n t  p o s e s  n o  p r o b l e m s  i f  t h e  v e r -  

t e x  i s  v i s i b l e  i n  a l l  t h r e e  v i e w s .  T h e  momentum m e a s u r e m e n t  

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

t h e  c h a r g e d  p r o d u c t s .  

Two f a c t o r s  l i m i t  t h e  c h a r g e d  t r a c k  l e n g t h .  T r a c k s  c o n -  

v e r t i n g  n e a r  t h e  e d g e  of t h e  c o n v e r s i o n  v o l u m e  a r e  v e r y  

c l o s e  t o  t h e  c h a m b e r  w a l l  a n d  a r e  t h u s  v i s i b l e  for o n l y  s e v -  

e r a l  c e n t i m e t e r s .  O t h e r  s h o r t  t r a c k s  are c a u s e d  by i n t e r a c -  

t i o n s  of uue a 1  t h e  t r a c k s  . i n  the c h a m b e r  l i q u i d .  T h i s  

e f f e c t  i s  s m a l l  f o r  h a d r o n s , '  b u t  e l e c t r o n s  h a v e  a  l a r g e  

p r o k a b i l i t y  f o r  a  b r e m s s t r a h l u n g  c o l l i s i o n .  T h e  p r o b a b i l i t y  

p e r  cm f o r  a n  e l e c t . r o n  o f  e n e r g y  2000 fleV/c . t o  emit a gamma 

i n  a b r e m s s t r a h l u n g  i n t e r a c t i o n  is p l o t t e d  i n  F i g u r e  13 a s  a 

f u n c t i c n  o f  t h e  gamma e n e r g y .  L a r g e  b r e m s s t r a h l u n g  l o s s e s  

a r e  i d e n t i f i a b l e  on t h e  s c a n  t a b l e  a n d  t h e  t r a c k  m e a s u r e m e n t  

is t h e n  l i m i t e a  t o  t h e  i n i t i a l  p o r t i o n  o f  t r a c k .  



Figure 13: Probability per  cm for bremsstrahluny collisions. 



A m o r e  s e r i o u s  p r o b l e m  w i t h  t h e  e l e c t r o n s  i s  c a u s e d  b y  

t h e  l a r q e  n u m b e r  o f  s m a l l  b r e m s s t r a h l u n g  losses. S i n c e  n o  

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

p r o g r a m s  f i t  a s i n g l e  c u r v e  t o  t h e  e n t i r e  m e a s u r e d  t r a c k .  

T h e  e l e c t r o n  momentum is t h u s  s y s t e m a t i c a l l y  u n d e r e s t i m a t e d .  

A c o r r e c t i o n  p r o c e d u r e  d u e  t o  E l l i o t t  (2  1) was a p p l i e d  i n  

T V G P  w h i c h  o p t i m i s e d  t h e  e l e c t r o n  t r a c k  l e n g t h  a n d  i n c r e a s e d  

t h e  m e a s u r e d  e n e r g y  b y  a b o u t  15%. 

T h e  n e t  e f f e c t  o f  t h e  r e s t r i c t i c n s  o n  t r a c k  l e n g t h  was 

t h a t  c e r t a i n  c lasses  o f  n e u t r a l s  c o u l d  a t  b e s t  b e  m e a s u r e d  

o n l y  a p p r o x i m a t e l y .  T h e r e f o r e  f u l l  e n e r g y  m e a s u r e m e n t s  were 

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

l e n g t h  f o r  a n  a c c u r a t e  momentum m e a s u r e m e n t .  T h e  r e m a i n i n g  

n e u t r a l s  were m e a s u r e d  o n l y  a s  s e c o n d a r y  v e r t i c e s .  T h e  F a r -  

t i a l l y  u n m e a s u r a b l e  g a m m a s  were t h o s e  w i t h  o n e  o r  b o t h  

c h a r g e 3  t r a c k s  h a v i n g  a t r a c k  l e n g t h  of less t h a n  10 cm. 

O t h e r s  were qammas c o n v e r t i n g  i n  t h e  f o r w a r d  2 0  c o n e  w h o s e  

c h a r g e d  t r a c k s  were f a s t e r  t h a n  3 G e V / c  a s  m e a s u r e d  c r u d e l y  

o n  t h e  s c a n  t a b l e .  T h e  yduiua momentum m c a f u r e m e n t s  a r e  t h u s  

o n l y  v a l i d  f o r  g a m m a s  i n  t h e  . r a n g e  o f  50 - to  3000 H e V / c ,  



G i v e n  t h e  c o , m p l e x i t ~  of . t h e s e  e v e n t s  i t  i s  n o t  s u r p r i s i n g  

t h a t  a number o f  t r a c ' k s  o r  e v e n t s  r e m a i n e d  u n m e a s u r e d  a f t e r  
.. ,, . . . 

t h e  t h r e e  m e a s u r i n g  p a s s e s ,  C o n t i n u e d  m e a s u r i n g  was i m p r a c -  
.. I. . 

t i c a l .  A w e i g h t  was  a s s i g n e d  t o  e a c h  e v e n t '  a n d  t r a c k  t o  corn- 

p e n s a - t e  f o r  t h e  a n m e a s u r e d  e v e n t s ,  T h e  w e i g h t e d  i n c l u s i v e  

d i s t r i b u . t i o n s  a p p r o x i m a t e  t h e  t r u e  d i s t r . i b u t i o n s  t h a t  would 
- . .. 

h a v e  b e e n  o b t a i n e d  i f  a11 t r a c k s  a n d  e v e n t s  h a d  b e e n  mea- 
.. .. . .. 

s u r e d ,  

I f  t h e  s c a n n i n g  a n d  m e a s u r i n g  p r o c e s s e s  were u n b i a s e d  

t h e n  t h e  w e i g h t s  would  b e  t h e  the r e c i p r o c a l  o f  t h e  o v e r a l l  
.. . a  .. . . . 

m e a s u r i n g  a n d  s c a n n i n g  e f f i c i e n c y ,  O f t e n ,  however ,  t h e  mea- 
I 

.... 

s u r i n g  p r o c e s s  d i s c r i m i n a t e s  a g a i . n s t  e v e n t s  w i t h  c e r t a . i n  

cha r ac t e r i s t i c s  ( h i g h  m u l t i p l i c i ~ t y  f o r  e x a m p l e )  , T h e  w e i g h t  
:.. . . 

t h e n  is n e c e s s a r i l y  a f u n c t i o n  of t h e  e v e n t  o r  t r a c k ' s  p ro - '  

p e r t . i e s ,  Mucli e f f o r t  was d e v o t e d  t o  t h e  s t u d y  o f  m e a s u r e m e n t  

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

t h o s e  biases. 

T h e  e v e n t s  i n  t h i s  e x p e r i m e n t  are  eit.her p i -  p r o t o n  

( h y d r o g e n )  o r  p i -  neon ,  A l t h o u g h  mahy e v e n t s  .are r e a d i l y  
. . .  

i d e n t i f i e d  a s  neon,  a large class o f  e v e n t s  a r e  s e p a r a b l e  
. .. 

I i n t o  h y d r o g e n i c  a n d  neon1 c groups by s t a t i s t i c a l  methods 
...... . 

11 o n l y ,  T h i s  s e p a r a t i o n  is a c c o m p l i s h e d  b y  a w e i g h t  w h i c h  is a 

f u n c t i o n  o f  t h e  number of minimum t r a c k s  a n d  t h e  number  of . 
. . - . .  . 

p r o t o n s ,  It is  d i s c u s s e d  l a t e r  i n  t h i s  s e c t i o n .  A h e l p f u l  



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

p i -  p i n t e r a c t i o n  h a s  b e e n  m e a s u r e d  p r e v i o u s l y  by t h i s  g r o u p  

a n d  o t h e r s  (18)  i n  h y d r o g e n  b u b b l e  c h a m b e r s ,  T h e  h y d r o g e n  

s i n g l e  p a r t i c l e  d i s t r i b u t . i o n s  o b t a i n e d  i n  t h i s  e x p e r i m e n t '  

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

m e a s u r i n g  e f f i c i . e . n c i e s .  A s s u m i n g  t h a t  t h e  h y d r o g e n  a n d  n e o n  

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

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

t o  t h e  n e o n  e v e n t s .  A flow c h a r t  o f  t h e  w e i g h t . i n g  s c h e m e s  

c a n  b e  f o u n d  i n  F i g u r e  74. 

2 . 3 . 1  E v e n t l g l g & t s  

A s  d e s c r i b e d  e a r l i e r  o n l y  50% cf t h e  e v e n t s  were s e l e c t e d  

f o r  m e a s u r e m e n t .  O f  t h e s e  a b o u t  9 0 %  h a d  more t h a n  three- 

f o u r t h s  o f  t h e i r  t r a c k s  s u c c e s s f u l l y  m e a s u r e d .  T h e  c o m b i n e d  

e f f e c t  of t h e  s c a n n i n g  a n d  ~ e a s u r i n g  b i a s e s  was a d i s c r i m i -  

n a t i o n  a g a i n s t  e v e n t s  w i t h  l a r g e  N M I N .  T a b l e  3 s h o w s  t h e  

s c a n  e v e n t  p o p u l a t i o n .  T a b l e  4 s h o w s  the e v e n t  p o p u l a t i o n  

of t h e  e v e n t s  o n  t h e  m e a s u r e m e n t  l i s t ( M t ) .  Each event i n  

t h e  m e a s u r e m e n t  l ist w i t h  N N I N  (minimum i o n i z i n g  t r a c k s )  a n d  

N P  ( p r o t o n s )  c a r r i e d  a w e i g h t  g i v e n  by: 

W (NF,NMIN)= Numher s c a n  e v e n t s  w i t h  WP a n d  N d I N  ------------------------------------ 
Number ML e v e n t s  w i t h  NP a n d  N M I N  

A 1 1  e v e n t s  w i t h  N M I N  g r e a t e r  t h a n  20 minimum t r a c k s  were 

g r o u p e d  t o g e t h e r  f o r  b e t t e r  s t a t i s t i c s ,  



-- 
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Figure 14: Weight flow chart. 
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A c o m p l i c a t i o n  o f  t h i s  scheme is t h a t  t h e  N P l I N  a n d  NP o f  

t h e  e v e n t s  were s o m e t i m e s  a l te red  d u r i n g  t h e  r e s c a n .  T h e  

weights had t o  be  remappea . i n t o  f u n c t i o n s  o f  .the new s c a n  
. . 

v a r i a b l e s .  The HT99 w e i g h t  was a l s o  i n c l u d e d  a t  t h i s  time. 

The  f i n a l  v e i g h t s  f o r  t b e  e v e n t s  on t h e  measurement  l ist a r e  

shown i n  Table 5 ,  

~. 

S i n c e  o n l y  90% of t h e  e v e n t s  o n  the measurement  list v e r e  
.. . !  

measured ,  a n  a d d i t i o n a l  i e i g h t  was o e e d e d  t o  c o r r e c t  f o r  

t h i s  l o s s .  T h e  e v e n t  w e i g h t s  f o r  e v e n t s  w i t h  c h a r g e d  t r a c k  

measu remen t s  were c o n s t r u c t e d  e x a c t l y  a s  d e s c r i b e d  in t h e  

p r e v i o u s  p a r a g r a p h ,  



N H I N  

TABLE 3 

R A W  SCAN EVENTS 



r 1 

1 I 
1 TABLE 4 1 
1 I 
1 HEASUREaENT L I S T  EVENTS I 
I I 
1 I 
1 NRIB BP=O NP= 1 NP12 1 
4 .  1 
I 0 0 1 1 I 
1 1 6 198 2 1 I 
I 2 44 19 20 I 
1 3 136 100 30 I 
1 4 8 3' 2 1 25 I 
1 5 87 80 49 I 
1 6 118 33 49 1 
I 7 57 57 56 1 
1 8 105 28 62 1 
1 9 4 5  50 5 2  I 
1 10 97 29 48 I 
I 1 1  33 24 39 . I 
1 12 64 23 33 I 
I 13 14 13 28 1 
1 14 36 18 23 i 
1 15 12 7 25 1 
1 16 19 10 2 1 I 
1 17 3 5 2 1 I 
1 18 8 5 16 1 
I .I9 2 7 1 1  I 
1 20 4 1 13 1 
1 21 1 1 10 I 
I 22 1 4 4 1 
1 >23 1 3 1 1  I 
t I 
1 J 



TABLE 5 

EVENT WE.IGHTS 



2 .3 -2  Hvdroqen-neon s e v a r a . t i o q  

T h e  e v e n t s  i n  t h i s  e x p e r . i m e n t  a r e  d u e  t o  p i -  i n t e r a c t i o n s  

v i t h  a p r o t o n  ( h y d r o g e n )  or w i t h  a n e o n  n u c l e u s .  I n  many 
.< . 

cases t h e  s c a n  i n f o r m a t i o .  w i l l  i d e n t i f y  t h e  n e o n  e v e n t s .  

-. However  some n e o n  i n t e r a c t i o n s  a re  v e r y  s imi lar  t o  h y d r o g e n  

i n t e r a c t i o n s  a n d  c a n  b e  s e p a r a t e d  from t h e  L a t e r  o n l y  b y  
. . 

s t a t i s t i c a l  means ,  

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

h a v e  a n  e v e n  number  o f  c h a r g e d  t r a c k s  w i t h  a n e t  c h a r g e  of 
- . . .  . 

. a. zero. Hydrogen  e v e n t s  h a v e  n o  more t h a n  o n e  v i s i b l e  p r o t o n .  

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

be c o m p a t i b l e  w i t h  momentum c o n s e r v a t i o n ,  T h e  n e o n  ioterac- 
. ... , 

. . t i o n  c a n  o c c u r  o n  a s i n g l e  p e r i p h e r a l  p r o t o n  o r  n e u t r o n  o r  

. 
, . v i t h  s e v e r a l  n u c l e o n s  a t  o n c e .  The  n e t  c h a r g e  of t h e  n e o n  

,. -. 

e v e n t s  r a n g e s  f r o m  -1 t o  +9, n e g l e c t i n g  a n y  s e c o n d  o r d e r  
. ._ 1. 

p r o c e s s e s .  The number of p r o t o n s  a n d  t h e i r  p r o d u c t i o n  
. I  

a n g l e s  v a r y  widely d e p e n d i a y  o n  the e x k e n t  o f  t h e  nuclear 
... _. . . 

b r e a k u p  d u r i n g  t h e  i n t e r a c t i o n ,  

The e v e n t s  were d i v i d e d  i n t o  h y d r o g e n i c  a n d  n e o n i c  c a t e -  

g o r i e s .  T h e  h y d r o g e n i c  e v e n t s  h a d  a l l  t h e  s c a n  c h a r a c t e r i s -  
. .. . . 

t i c s  of p i -  p c o l l i s i o n s .  The aeuaic events were t h o s e  

e v e n t s  which c o u l d  o n l y  h a v e  occured o n  n e o n ,  The B H I N  d . i s -  

t r i b u t i o n  of t h e  h y d r o g e n i c  e v e n t s  is shown i n  F i g u r e  15. I n  
. .. 



A p p e n d i x  B t h e  n u m b e r  o f  e x p e c t e d  h y d r o g e n  e v e n t s  i s  c a l c u -  

l a t e d .  U s i n q  t h e  well m e a s u r e d  h y d r o g e n  m u l t i p l i c i t y  d i s t r i -  

b u t i o n  ( T a b l e  9 )  t h e  p r e d i c t e d  n u m b e r  of h y d r o g e n  e v e n t s  a s  

a f u n c t i o n  o f  MIIN a n d  NP. was c a l c u l a t e d  ( F i g u r e  15  ) . T h e  

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

n e o n  i n t e r a c t i o n s .  

T h e  h y d r o g e n i c  n e o n  i n t e r a c t i o n s  a r e  t h o u g ' h t  t o  come  

m a i n l y  f r o m  ~ o l l i s . i o n s  w i t . h  a  p e r i p h e r a l  p r o t o n .  S i n c e  s u c h  

a p r o t c n  is  only 1 o o s e . l ~  bound  ( o n  t h i s  e n e r g y  s c a l e )  it i s  

a s s u m e d  t h a t  t h e s e  events  a , r e  c o m ~ l e t e l y  s i m i l a r  i n  a l l  

d e t a i l s  t o  p i -  h y d r o g e n  i n t e r a c t i o n s  o f  t h e  same m u l t i p l i c -  

i t y .  E y  c o m p a r i n g  t h e  n u m b e r  of w e i g h t e d  h y d r o g e n i c  e v e n t s  

t o  t h e  e x p e c t e d  number  o f  h y d r o g e n  e v e n t s  o f  a g i v e n  N H I N  

a n d  NP,  a p r o b a b i l i t y  c a n  be  a s s i g n e d  f o r  e a c h  e v e n t  t o  b e  

o n  h y d r o g e n  o r  n e o n ,  E a c h  h y d r o g e n i c  e v e n t  i s  a d d e d  t o  t h e  

h y d r o g e n  g r o u p  w i t h  t h e  t o t a l  e v e n t  w e i g h t  b e i n g  m u l t i p l i e d  

by t h e  p r o b a b i l i t y  t h a t  t h e  e v e n t  i s  o n  h y d r o g e n .  T h e  

r e m a i n i n g  h v d r o g e n i c  e v e n t s  Ire a d d e d  t o  t h e  n e o n  s a m p l e .  

T h e  v a l i d i t y  o f  t h i s  s e p a r a t i o n  c a n  b e  c h e c k e d  b y  c o m p a r -  

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

w i t h  t h o s e  o f  p r e v i o u s  e x p e r i m e n t s  o n  h y d r o g e n ( 1 8 , 2 2 ) .  No 

s i q n i f  i c a n t  d i f f e r e n c e s  b e t w e e n  t h e  d a t a  a r e  e x h i b i t e d  ( P i g -  

u r e  16 a n d  1 7 ) .  



NMIN 

F i y  ulie 15; Hydrogen a ~ d  l~ydrogenic multiplicity distributions. 



2 . 3 . 3  C h a r g e d  trpc& w e i q b f ~  

T h e  t r a c k  m e a s u r i n g  e f f i c i e n c y  f o r  e v e n t s  h a v i n g  m o r e  

t h a n  t h r e e  q u a r t e r s  o f  t h e i r  t r a c k s  m e a s u r e d  was 92%. T h e  

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

d i s c u s s e d  p r e v i o u s l y .  I n  ' a d d i t i o n  a  t r a c k  w e i g h t  f o r  e a c h  

m e a s u r e d  t r a c k  was . n e c e s s a r y  t o  c o r r e c t  f o r  the u n m e a s u r e d  

t r a c k s .  A c o m p a r i s o n  o f  t h e  ~ i +  a n d  p i -  r a p i d i t y  ( y )  d i s t r i -  

b u t i o n s  o f  t h i s  e x p e r i m e n t  w i t h  t h o s e  f o u n d  i n  h y d r o g e n  bub-  

b l e  c h a m b e r  e x p e r i m e n t s  a t  t h e  s a m e  e n e r g y  ( F i g u r e  1 6  a n d  

1 7 ) ,  s h o w  t h a t  t h e  u n m e a s u r e d  t r a c k s  a r e  p r e d o m i n a n t l y  f a s t .  

T h i s  l c s s  o f  h i q h  r a p i d i t y  t r a c k s  is a l s o  c a u s e d  by m e a s u r e -  

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

r a p i d i t y  o f  h i g h  r a p i d i t y  t r a c k s ,  Ee low y=4.5 t h e  r a p i d i t y  

distributions a r e  c o n s i s t e n t  w i t h  a n  u n b i a s e d  t r a c k  e x c e s s  

o f  2%.  T h i s  v a l u e  is c o n s i s t e n t  w i t h  t h e  e x p e c t e d  e+ e- c o n -  

t a m i n a t i o n  o f  t h e  minimum t r a c k s ,  By n o r m a l i z i n g  t h e  r a p i d -  

i t y  s p e c t r u m  t o  t h a t  o f  p r e v i o u s  e x p e r i m e n t s  a t r a c k  w e i g h t  

w h i c h  is a  f u n c t i o n  o f  y is c o n s t r u c t e d  f o r  t h e  h y d r o g e n i c  

e v e n t s .  

'1.n p r i n c i p a l  t h e  t r a c k  m e a s u r i . n g  e f f i c i e n c i e s  f o r  h y d r o -  

g e n i c  a n d  n e c n i c  e v e n t s  s h o u l d  t e  e q u a l  a s  n o  a t t e m p t  a t  

s e p a r a t i o n  was made u n t i l  a f t e r  t h e  m e a s u r i n g  p r o c e s s .  T h e  

t r a c k  m e a s u c i n g  ef f icicncy, h o w e v e r ,  decreases a s  NMIN 

i n c r e a s e s .  C o n s e q u e n t l y ,  the t r a c k  m e a s u r 5 n g  e f f i c i e n c y  was 

l o w e r  f o r  n e o n i c  e v e n t s .  Even f o r  e v e n t s  w i t h  the same 

N M I N ,  h o w e v e r ,  t h e  n e o n i c  e v e n t s  h a d  a l o w e r  m e a s u r i n g  e f f i -  



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

c o m ~ l e x i t y  o f  t h e  neonic events. The r a p i d i t y  d e p e n d e n t  

t r a c k  w e i g h t s  found i n  t h e  h y d r o g e n i c  e v e n t s  were m o d i f i e d  

for  t h e  s l i g h t l y  g r e a t e r  b i a s  a g a i n s t  low e n e r g y  t r a c k s  

found i n  t h e  neon e v e n t s .  This w e i g h t  was t h e n  multiplied 

by a c o n s t a n t  t o  c o r r e c t  for t h e  lower measuri.ng e f f i c i e n c y  

f o r  t h e  neonic t r a c k s .  



Figure 16: Pi- rapidity distribution of hydrogen events. 



Figure 17: pif rapidity distribution of hydrogen events. 



N e u t r a l  l a r t i c l e  w e i q h t s  2 -  7.4 ------ ------- --- -- 
O n l y  c h a r g e d  p a r t i c l e s  a r c  d i r e c t l y  v i s i b l e  i n  t h e  b u b b l e  

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

i n t e r a c t  w i t h i n  t h e  b u b . b l e  cha.ml?er w h i c h  p r o d u c e  c h a r g e d  

, t r a c k s .  S e q e r a l  n e u t r a l  p a r t i c l e s  w h i c h  are o f  i n t e r e s t  i .n  

t h i s  e x p e r i m e n t  a r e  

lT- Y Y  

A .* -p rr 

A s  c n l y  a  f r a c t i o n  o f  t h e  n e u t r a l  p a r t i c l e s  a r e  o b s e r v e d  i n  

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

s e e n  $0 t h a t  t h e  i n c l u s i v e  d i s t r i b u t i o n s  a r e  ~ r o p e r . 1 ~  n o r -  

m a l i z e d .  T h e  p . r o b a b i l i t y  o f  a n e u t r a l  d e c a y  o r  i n t e r a c t i o n  

can b e  c a l c u l a t e d .  T h e  w e i g h t  is  t b e - n  t h e  i n v e r s e  o.f t h e  

p r o k a b i l i t y .  

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

d e n t  q u a n t i t i e s  a n d  of t h e  p o t e n t i a l  p a t h  l e n g t h  i n  t h e  bub-  

b l e  c h a m b e r .  T h e  p a t h  l e n g t h  i s  d e t e r m i n e d  by  the p o s i t i o n  

o f  t h e  p r i m a r y  v e r t e x  a n d  t h e  p r o d u c t i o n  a n g l e  o f  t h e  n e u -  

t r a l  p a r t i c l e .  A c o m p u t e r  s u b r o u t i n e  ( R A Y )  was w r i t t e n  t o  

c a l c u l a t e  t h e  p o t e n t i a l  l e n g t h  from .the v e r t e x  t o  t h e  s u r -  
v 

face  o f  a g e o m e t r i c .  - f . i d u c i a l  r e g i o n .  T h i s  s u r f a c e ,  d e p i c t e d  

i n  F i g u r e ,  1 8 ,  c o n s i s t s  o f  a c y l i n d e r  a l i g n e d  a l o n g  t h e  Z r 



a x i s  i n t e r s e c . t i n g  w i t h  p l a n e s  of c o n s t a n t  X a n d  9 ,  T h e  e x a c t  

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

effects of i i d u c . i a 1  v o l u m e  c h a n g e s  on s c a n n i n g  e f f i c i e n c y ,  

T h e  v a l u e s  d i s p l a y e d  i n  F i g u r e  18 were t h e  f i n a l  set u s e d  

f o r  t h i s  e x p e r i m e n t ,  

A s  d i s c n s s e d  i n  A p p e n d i x  A t h e  i n t e r a c t i o n  l e n g t h  ( I L )  
. . 

f o r  gammas u a s  c a l c u l a t e d  f o r  e a c h  gamma e n e r g y ,  O n l y  p a P r  

c o n v e r s i o n s  were s c a n n e d  a n d  m e a s u r e d  i n  t h i s  e x p e r i m e n t ,  

The p r o b a b i l i t y  of a gamma c o n v e r t i n g  t o  a p a i r  b e t w e e n  t w o  

p o i n t s  S t  a n d  S 2  is 

cr ( p a i r )  
P = - * [ e x p ( - S l / I L ) - e x p ( - S Z / I L ) )  

.. . cr ( t o t a l )  
. .  . . . 

The c o n v e r s i o n  v e i g b t  is t h e n  1,O/p, 

C o n v e r s i o n  w e i g h t s  f o r  s t r a n g e  p a r t . i c l e s  were c a l c u l a t e d  

s i m i l a r l y  v i t h  t h e  i n t e r a c t i o n  l e n g t h  IL b e i n g  r e p l a c e d  b y  

the mean d e c a y  l e n g t h  DL o f  t h a t  s t r a n g e  p a r t i c l e ,  F u r t h e r  

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

A p p e n d i x  C, 

I n  a d d i t i o n  t o  the c o n v e r s i o n  w e i g h t s ,  a  w e i g h t  m u s t  b e  

a p p l i e d  t o  the m e a s u r e d  n e u t r a l s  to  c o r r e c t  f o r  t h e  n e u t r a l  

p a r t i . c l e s  Ins t ,  i n  t h e  m e a s u r i n g  p r o c e s s .  Tho  neutral p a r t i -  

c le d e t e c t i o n  a n d  measnring e f f i c i e n c y  i s  d i s c n s s e d  i n  

A p p e n d i x  D. It is shown t h a t  i n s i d e  t h e  c o n v e r s i o n  r e g i o n  

t h e  d e t e c t i o n  e f f i c i e n c y  i s  u n b i a s e d ,  



Figure  18: Gamma conversion region. Only gammas converting 
in th is  region and fur ther  than 10 cm from the ver tex  were  used 
in data xialysis. +: . 



C h a p t e r  IT1 

DATA ANALYSIS 

Frcm t h e  o r i g i . n a 1  s c a n  a n d  e d i t e d  s c a n  N H I N  d i s t r i b u t i o n s  

t h e  n e o n  NYIW d i s t r i b u t i 0 . n  is e x t r a c t e d .  A v e r a g e  c h a r g e d  

t r a c k  a n d  n e u t r a l  p a r t i c l e  m u l t i p l i c i t i e s  a re  c a l c u l a t e d  

w i t h  c o r r e c t i o n s  f o r  u n r e c o g n i s e d  gamma c o n v e r s i o n s  a n d  

minimum . i o n i z i n g  p r o t o n s .  Cr, is f o u n d  t o  o b e y  KBO s c a l i n g  

when c c m p a r e d  t o  10.5 G e V / c  p i - n e o n  a n d  209 G e V / c  p i - p  d a t a .  

C o m p a r i s o n s  o f  t h e  a v e r a g e  p i o n  m u l t i p l i c i t y  i n  n e o n  t o  

h y d r o g e n  d a t a  a r e  made  t h r o u g h  t h e  v a r i a b l e  R and c o m p a r e d  

t o  s i m i l a r  s t u d i e s  a t  10.5 GeV/c, C o r r e l a t i o n s  b e t w e e n  t h e  

a v e r a g e  p i o n  m u l t i p l i c i t y  < ~ i >  a n d  t h e  n u m b e r  o f  s c a n n e d  

p r o t o n s  a re  i n v e s t i g a t e d .  
* 

W e i g h t e d  gamma d a t a  a r e  u s e d  t o  est imate t h e  a v e r a g e  p i 0  

m u l t i p l i c i t y  < p i O >  a s  a f u n c t i o n  o f  N M I N .  C o r r e l a t i o n s  b e t -  

ween <pie> and t h e  number of scanned protons a t e  a l s o  exa- 

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

c h a r g e d  ~ i o n s .  C t h e r  p i 0  momen t s  a r e  f o u n d  and c o m p a r e d  t o  

h y d r o g e n  d a t a .  T h e  gamma r a p i d i t y  d i s t r i b u t i o n  of n e o n  

e v e n t s  i s  c o m p a r e d  t o  t h a t  o f  h y d r o g e n .  P r o d u c t i o n  c h a r a c -  

t e r i s t i c s  o f  t h e  p i 0  are i n v e s t i g a t e d  t h r o u g h  M o n t e  C a r l o  

s i m u l a t i o n s  o f  p i t  a n d  p i -  d c c a y s  t o  gammas. 



II 

S t r u c t u r e  f u n c t i o n s  fo r  t h e  c h a r g e d  t r a c k s  a r e  p l o t t e d ,  

PT* d i s t r . i b u t i o n s  o f  p i o n s  f r o m  n e o n  i n t e r a c t i o n s  a r e  s i m i -  

lar t o  e q u i v a l e n t  d i s t r i b u t i o n s  f rom h y d r o g e n ,  The i n c r e a s e  
. . . .  . . 

i n  a v e r a g e  p a r t i c l e  m u l t . i p l i c i t y  d u e  t o  t h e  n e o n  t a r g e t  is 
. I I 

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

z a t i o n  r e g i o n s ,  D e p e n d e n c e  o f  t h e  p i o n  s t r u c t u r e  . f u n c t i o n s  
- .  ., 

on t h e  p r o t o n  m u l t i p l i c i t y  are i n v e s t i g a t e d .  E n e r g y  d e p e n -  
. . 

d e n c e  o f  t h e  p  a n d  y d i s t r i b u t i o n s  a r e  s t u d i e d  by c o m p a r i -  
.. . I I 

s o n  w i t h  10i5  G e V / c  d a t a .  



3 . 1 . 1  Chqgqge P i o n s  

A f t e r  t h e  e d i t e d  N M I N  distribution h a d  b e e n  p r o p e r l y  

w e i g . h t e d , ,  e s t i m a t e s  .of . n o n - p i o n  c o m F o n e n t s  o f  t h e  minimum 

i o n i z i n g  t r a c k s  were made. T h e  K+ , c o n t a m i n a t i o n  h a d  b e e n  

e s t i m a t e d  a t  4 %  ( 1 2 )  a n d  was i g n o r e d .  A s  m e n . t i o n e d  p r e v i -  

o u s l y  gammas c o n v e r t i n g  c l o s e  t o  t h e  p r i m a r y  v e r t e x  .were 

s o m e t i m e s  i n c l u d e d  i n  t h e  N l I N  c o u n t ,  ' I n  A p p e n d i x  D t h e  

p r o c e d u r e  f o r  e s t i m a t i n g  t h e  n u m b e r  o f  gamma c o n v e r s i o n s  5 

10 cm f r o m  t h e  p r i m a r y  v e . r t e x  is d i s c u s s e d .  When t h e  p . r e d -  

i c t e d  a n d  o b s e r v e d  n u m b e r  o f  gammas a re  c o m p a r e d  f o r  e a c h  

M M I M ,  t h e  e s t i m a t e d  number  of u n s e e n  gammas c a n  b e  c a l c u -  

l a t e d .  A s s u m i n g  t h a t  a t  m o s t  o n e  gamma i s  u n s e e n  p e r  e v e n t ,  

e a c h  u n s e e n  gamma i s  a s s o c i a t e d  w i t h  a n  e v e n t  o f  t r u e  mul- 

t i p l i c i t y  N M I N  - 2.  An i t e r a t i v e  s u b t r a c t i o n  s t a r t i n g  a t  

l o w  m u l t i p l i c i t y  c o r r e c t e d  t h e  N H I N  d i s t r i b u t i o n  f o r  t h e s e  

u n s e e n  gammas. 

T h e  e x p e c t e d  h y d r o g e n  e v e n t s  were s u b t r a c t e d  f r o m  t h e  

c o r r e c t e d  s c a n  s a m p l e .  Scan m u l . t i p l i c i t . . i . ~ s  frore 200  G e V / c  

p i -  p  d a t a  ( 1 8 , 2 2 )  were u s e d  a f t e r  m o d i f i c a t i o n  f o r  t h e  

lower p r o t o n  s c a n n i n g  e f f i c i e n c y  of this % e x p e r i m e n t .  T h e  

N P l I ? ?  d i s t r i b u t i o n  is s h o w n  i n  F i g u r e  19.  T h e  m o s t  p r o m i n e n , t  

f e a t u r e  o f  t h e  d a t a  i s  t h e  d i f f r a c t i v e  p e a k s ' a t  NYIN = 3,  5 ,  

o r  7. 



NMON 

Figure 19: Neon topological cross sections, 



T h e  n e o n  N M I M  d a t a  s t i l l  c o n t a i n s  a s u b s t a n t i a l  n u m b e r  o f  

.minimum i o n i z i n g  p r o t o n s ,  In A p p e n d i x  E t h e  e s t i m a t e d  n u m b e r  

of s u c h  f a s t  p r o t o n s  i s  c a l c u l a t e d ,  T h e s e  minimum i o n i z i n g  

p r o t o n s  are ( l i k e l y  a s s o c i a t e d  w i t h  h i g h e r  m u l t i p l i c i t y  

e v e n t s ,  h o w e v e r ,  n o  p r o c e d u r e  f o r  e s t i m a t i n g  t h e  n u m b e r  o f  

f a s t  p r o t o n s  a s  a f u n c t i o n  o f  NMIN was f o u n d  r e l i a b l e .  T h e  

f a s t  p r o t o n s  c o n s t i t u t e  a 5% c o n t a m i n a t i o n  o f  t h e  min imun  

t r a c k s  i n  F i g u r e  19.  

T a b l e  6 c o n t a i n s  t h e  a v e r a g e  n u m b e r  of  minimum i o n i z i n g  

t r a c k s  p e r  e v e n t  w i t h  t h e  e s t i m a t e d  n u m b e r  of p r o t o n  

t r a c k s .  T h e  a v e r a g e  n u m b e r  o f  p i ?  ,was f o u n d  f o r  a l l  n e o n  

e v e n t s  a n d  fo r  a l l  n o n - d i f f r a c t i v e  n e o n  e v e n t s .  T h e  r a t i o  R 

d e f i n e d  p r e v i o u s l y  as: 

R = < p i + >  p i -  n e o n  
< p i ? >  p i -  p r o t o n  

was ' c a l c u l a t e d  f o r  e a c h  s a m p l e  o f  n e o n  e v e n t s ,  

A l s o  p r i n t e d  i n  T a h l e  6 a r e  t h e  c o r r e s p o n d i n g  m u l t i p l i c -  

i t i e s  f o r  p i -  n e o n  a t  10.5 G e V / c  ( 12 ) .  A l t h o u g h  t h e  a v e r a g e  

m u l t i p l i c i t y  m o r e  t h a n  d o u b l e s  bctween t h e  t w o  e n e r g i e s ,  R 

s h o w s  n o  s i g n i f i c a n t  c h a n g e ,  R is a p p r o x i m a t e l y  t h e  same f o r  

e v e n t  s a m p l e s  i n c l u d i n g  o r  e x c l u d i n g  t b e  d i f f r a c t i v e  e v e n t s  , 

a t  200 GeV/c .  C o f i v e r s e l y  B a t  10.5 G e V / c  i n c r e a s e s  i f  the 

d i f f r a c t i v e  events are r e m o v e d  from t h e  s a m ~ b c ,  

F o r  c o m p a r i s o n  t h e  v a l u e s  o f  R p r e d i c t e d  by s e v e r a l  

? 
m o d e l s  a r e  l i s t e d  b e l o w .  
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i 
1 TABLE 6 
3 
I A V E R A G E  CHARGED TRACK 6UZTIPLICITY 
1 
I 
1 P i -  n e o n  200.0  G e V / c  10.5 G e V / c  
1 
I <minimum t r a c k s >  9-47? 0.21 3,915 0.03 
1 
f < s c a n  p r o t o n s >  1.772 0.10 1.50+ 0.08 
1 
I < f a s t  p r o t o n s >  0.442 0.14 0,462 Q,12 
I 
I < p r o t o n s >  2-21? 0.17 1,95+ 0.14 

I 1 
1 A l l  n e o n  e v e n t s  I 
1 * A l l  n o n - d i f  f r a c t i v e  n e o n  e v e n t s  I 
I D C a l c u l a t e d  f o r  n o n - d i f f r a c t i v e  e v e n t s  u s i n g  N M I N  I 
I u n c o r r e c t e d  f o r  f a s t  p r o t o n s  f 
4 
I - 1 

J 



R = 1.21  E n e r g y  Flux C a s c a d e  ( 1 )  

ti = 1 .34  P a r t o n  ( 1 6 )  

R = 1.33 C o h e r e n t  l u b e  R o d e 1  (9 )  

? h e  d i s p e r s i o n  

D = ( < p i ? * >  - < p i + > 2 )  

i s  a m e a s u r e  o f  the w i d t h  o f  t h e  On d i s t r i b u t i o n ,  As 

e x p e c t e d  D i n c r e a s e s  w i t h  i ' n c r e a s i n g  < p i + > .  T h e  r a t i o  

< p i + - > / D  is c l o s e l y  r e l a t e d  t o  K N O  s c a l i n g . .  I f  K N O  s c a l i n g  

i s  v a l i d  < p i z > / D  s h o u l d  b e  e n e r g y  i n d e p e n d e n t ,  a s  is well 

s u ~ ~ o r t e d  by  t h e  v a l u e s  s e e n  i n  T a b l e  6. T h e  s c a l e d  On 

d i s t r i b u t i o n  i s  s e e n  i n  F i g u r e  20  w i t h  d i s t r i b u t i o n s  f r o m  

200  G e V / c  p i -  p a n 3  10.5 G e V / c  p i -  n e o n .  S i g n i f i c a n t  d e v i a -  

t i o n s  f r o m  K N 3  s c a l i n g  a r e  s e e n  f o r  N M I N  = 3, 5 a n d  7 (domi -  

n a n t e d  by  d i f f r a c t i v e  e v e n t s )  . H i g h e r  m u l t i p l i c i t i e s  

s a t . i s f y  t h e  K N q  f o r m  except f o r  t h e  w i d e r  d i s t r i b u t i o n  s h o w n  

b y  t h e  n e o n  e v e n t s  when c o m p a r e d  t o  h y d r o g e n ,  



0 10.5 GeV/c T -  Neon 

A 200 GeV/c T-  Neon 

x 200 GeV/c T-  p 

Figure 20: KNO scaling in pi-neon interactions. All inelastic events. 
Hydrogen multiplicities were modified by assuming U. 6 protons per event. 



3. 1 .2  g?oto.ns 

T h e  w e i g h t e d  p r o t o n  m u l t i p l i c i t y  d i s t r . i b u t . i o n  is  s h o w n  i n  

F i g u r e  2 1  a. B v e n t s  w i t h  u p  t o  9 o r  1 0 ' p r o t o . n ~  c o r r e s p o n d i n g  

t o  t h e  c o m p l e t e  b r e a k u p  o f  t h e  n u c l e u s  a r e  o b s e r v e d .  S i n c  e 

t . h e  n e o n  n u c l e u s  c o n t a i n s  e q u a l  n u m b e r s  o f  p r o t o n s  a n d  neu -  

t r o n s  t h e  p r o t o n s  a re  p r o . b a b l y  a s s o c i a t e d  w i t . h  e - q u a 1  n u m b e r s  

o f  n e u t r o n s .  

P r o t o n  i d e n t i f i c a t i o n  was b e t t e r  t h a n  95% f o r  p r o t o n s  

w i t h  l a b  momenta b e t w e e n  0 . 2  a n d  0.8 G e V / c ,  Below 0 . 2  G e V / c  

p r o t o n s  were m i s s e d  d u e  t o  s h o r t  t r a c k  l e n g t h  (< 5mm) a n d  

t h e  g e n e r a l  c o n f u s i o n  o f  t r a c k s  a k o u t  t h e  v e r t e x .  P r o t o n s  

a b o v e  0 . 4  G e V / c  were i d e n t i f i e d  b y  s c a n n e r s  o n  t h e  b a s i s  o f  

t r a c k  d e n s i t y .  B e c a u s e  of t h e  u n u s u a l  b u b b l e  c h a m b e r  o p e r a t -  

i n q  c c n d i t i o n s  c a u s e d  ky t h e  n e o n  f i l l ,  t r a c k  d e n s i t i e s  were 

f o u n d  t o  v a r y  t h r o u g h o u t  t h e  e x p o s u r e .  C o n s e q u e n t l y ,  i d e n t i -  

f i c a t i o n  o f  t h e  f a s t e r  p r o t o n s  ( t r a c k  d e n s i t y  less t h a n  

twice minimum) was u n c e r t a i n .  A l t h o u g h  some p r o t o n s  were 

i d e n t i f i e d  w i t h  momenta u p  t o  1.4 G e V / c  o t h e r  p r o t o n s  of  

s i m i l a r  e n e r g y  were m i s c l a s s i f i e d  a s  minimum t r a c k s .  T h e s e  

p r o t o n s  were i d e n t i f i e d  b y  t h e  s a m e  p r o c e d u r e  u s e d  t o  f i n d  

the f a s t  (minimum i o n i z i n g )  F r o t o n s .  

A p r o c e d i l r e  f o r  e s t i m a t i n g  t h e  number  of f a s t  p r o t o n s  i s  

t d i s c u s s e d  i n  A p p e n d i x  E. T h e  same ~ r o c e d u r e  was u s e d  t o  f i n d  



Figure  21: P r o t  on multiplicity distributions. 
a) Scan distributions were  correc ted  for fas t  protons. 
b) 10. 5 and 200 GeV/c proton multiplicity distributions. 
All distributions a r e  normalized to  10000 events. 



t h e  n u m b e r  o f  f a s t  p r o t o n s  a s  a f u n c t i o n  o f  NP. No 

d e p e n d e n c e  o n  NP was f o u n d .  ~ h e ' s c a n  NP d i s t r i b u t i o n  was 

t h e n  c o r r e c t e d  by a s s u m i n g  a n  a v e r a g e  of  , 4 4  f a s t  p r o t o n s  

p e r  e v e n t ,  T h e  c o r r e c t e d  p r o t o n  m u l t i p l i c i t y  d i s t r i b u t i o n  

is a l s o  shown  i n  F i g u r e  2 1  a a n d  h .  

T h e  c o r r e c t e d  p r o t o n  d . i s t r i b u t i o n  i s  c o m p a r e d  t o  . t h a t  

f o u n d  a t  10.5 G e V / c .  A.s s e e n  i n  T a b l e  6 a n d  F i g u r e  2 1  b, 

t h e  a v e r a g e  n u m b e r  of p r o t o n s  h a s  i n c r e a s e d  s l i g h t l y  w i . t  h 

e n e . r q y .  F o r  RP>4 t h e  d i s t r . i b u . t i o n n  a r e  i d e . n t i c a l .  F a r t h e r  

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

s u b s e c t i o n  3.2 -2 .  



3. 1.3 Gammas 

A s  d e s c r i b e d  i n  C h a p t e r  I1 t h e  t h e  number o f  gammas c a n  

be  e s t i m a t e d  f rom t h e  o b s e r v e d  gamma c o n v e r s i o n s  and  t h e  

gamma c o n v e r s i o n  p r o b a b i l i t y .  C o r r e c t i o n s  f o r  s e v e r a l  s m a l l  

s o u r c e s  of e r r o r  were t h e n  made. Gammas w i t h  e n e r g y  5 0  

M e V  were n o t  measured  a n d  were a l s o  e a s i l y  missed d a r i n g  t h e  

i n i t i a l  scan .  Us ing  Monte C a r l o  s i m u l a t i o n s  o f  t h e  . p i 0  d e c a y  

( d e s c r i b e d  i n  s u b s e c t i o n  3.2.3) i t  was e s t i m a t e d  t h a t  2-4 - + 

0.59  of t h e  gammas were 50 . . f l e V .  B r e n s s t r a h l u n g  

mere e l i m i n a t e d  d u r i n g  . t h e  r e s c a n  w i t h  p o s s i b l e  error +0 ,0  2 

0 %  Very f a s t  n e u t r a l  s t r a n g e  p a r t i c l e s  c o u l d  h a v e  b e e n  

m i s c l a s s i f i e d  a s  gammas a t  l e v e l  of -0.5 2 1.O%, The t o t a l  

gamma l o s s  was  t h u s  2.2 2 1.5%. The w e i g h t e d  number o f  g a i -  

mas was c o r r e c t e d  f o r  t h e s e  e f f e c t s  and  f o r  l o s s  o f  gammas 

d u r i n g  measurement.  

I n  a l l  s u b s e q u e n t  d i s c u s s i o n  i t  is assumed t h a t  a l l  gam- 

mas o r i g i n a t e  .from . p i 0  decays .  T h i s  i m p l i e s  t h a t  

The  a v e r a g e  number of gammas for  a e o n  is f o u n d  i n  T a b l e  7 ,  

The r a t i o  of th ' e  a v e r a g e  gamia o u l t i p l i c i t y  i n  neon  t o  t h a t  

of hydrogen  B(Y ) was a l so  c a l c u l a t e d ,  R ( Y )  has i n c r e a s e d  

s l i g h t l y  when compared t o  d a t a  a t  1 0 - 5  G e V / c  b u t  i s  

e x t r e m e l y  close to  the r a t i o  f o o a d  f o r  charged  tracks. 
. . 

A common p a r a m e t e r i z a t i o n  o f  t h e  gamma d a t a  a t  h i g h  e n e r -  

g i e s  i s  
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< p i 0  > = 1 / 2  < p i ?  > 

T h i s  i s  i n  c o n t r a s t  w i t h  l o w  e n e r g y  d a t a  w h e r e  l i t t l e  o r  n o  

c o r r e l a t i o n  h e t w e e n  < p . i o >  a n d  < p i ? >  is f o u n d .  T h e  d e p e n -  

d e n c e  o f  < 7 > o n  N M I N  is s h o w n  i n  F i g u r e  22.  h l s o  s h o w n  

a r e  t h e  d a t a  f r o m  t h e  h y d r c 9 e . n  e v e n t s  o f  t h i s  e x p e r . i m e n t .  

T h e  a v e r a g e  q a m s a  m u l t i p l i c i t y  f o r  b o t h  t a r g e t s  rises 

l i n e a r l y  w i t h  i n c r e a s i n g  N N I N  b e f o r e  l e v e l l i n g  o f f  t o  a c o n -  

s t a n t  v a l u e  f o r  N M I N  2 1 4 .  T h e  a s y m p t o t i c  v a l u e  f o r  t h e  

n e o n  e v e n t s  i s  a b o u t  4.5 t i m e s  t h a t  f o r  t h e  h y d r o g e n  e v e n t s .  

F o r  N M I N  < 7 a n  e v e n  - o d d  d e p e n d e n c e  i n  <Y> is  s e e n  i n  

b o t h  h y d r o g e n  a n d  n e o n .  Events w i t h  N M I N  o d d  a re  c o n s i s t e n t  

w i t h  d i f f r a c t i v e  p r o d u c t i o n  o n  h y d r o g e n  a n d  c o h e r e n t  d i f -  

f r a c t i o n  o n  n e o n .  I f  t h e  n c n - C o h e r e n t  n e o n  e v e n t s  a r e  p r o -  

d u c e d  b y  e i t h e r  p i - p  or  p i - n ,  d i f f r a c t i v e  e v e n t s  w o u l d  h a v e  

? N M I N  o d d  o r  e v e n .  A g r e a t e r  p r o p o r t i o n  o f  n e o n  e v e n t s  w i t h  



I8IN o d d  a r e  d i f f r a c t i v e  t h a n  w i t h  N H I B  e v e n .  S i n c e  

d i f f r a c t i v e  e v e n t s  a r e  g e n e r a l l y  a s s o c i a t e d  w i t h  l o w  < Y>,  
. . 

t h e  e v e n  - o d d  d e p e n d e n c e  i n  < Y>(NMIN) c a n  b e  a . t t r i b u t e d  t o  

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

o d d  N N I N ,  

It h a s  b e e n  p r o p o s e d  ( 2 5 )  t h a t  t h e  < Y>,qMI ,,, d i s t r i b u t i o n  
. . . . . _. 

f o r  b o t h  h y d r o g e n  a n d  n e o n  c a n  be u n d e r s t o o d  i n  terms o f  a 

two c o m p o n e n t  mode l  o f  part icle p r o d u c t i o n .  P a r i c l e s  are 

p r o d u c e d  i n  a d i f f r a c t i v e  p r o c e s s  ( d o m i n a n t  a t  low NdIN) o r  

by  a n  u n s p e c i f  i e d  n o n - r e s o n a n t  p r o c e s s  ( d o m i n a n t  a t  h i g h  

N f l I N )  . D i f f  r a c t i v e  e v e n t s  a r e  a s s o c i a t e d  w i t h  l o w  < Y >. 
The <. Y> f o r  t h e  n o a - r e s o n a n t  p r o d u c t i o n  i s  a l m o s t  i n d e p e n -  

d e n t  of N H I R  a n d  is p r i m a r i l y  a f u n c t i o n  o f  s o r  t h e  a v a i l a -  

b l e  e n e r g y  i n  t h e  c e n t e r  o f  mass. T b e  o b s e r v e d  l i n e a r  rise 

i n  < )'> 
N MIN is  c a u s e d  by t h e  s t e a d i l y  d e c r e a s i n g  f r a c t i o n  of 

d i f  f r a c t i v e  e v e n t s .  

O f  p a r t i c u l a r  i n t e r e s t  t o  t h i s  e x p e r i m e n t  is t h e  l a rge  

N P l I N  b e h a v i o r  p r e d i c t e d  b y  t h e  mode l ,  The  c Y> N M I N a t  l a r g e  

N M I N  i s  s t r o n g l y  s d e p e a d e n t .  Tbe  f a c t  t h a t  < Y > N M I N f ~ r  
- . . 

n e o n  i s  a p p r o x i m a t e l y  1.5 times < Y > m l $ y d r o g e o  ( N I X 1  

l a r g e )  s u p p o r t s  t h e  p r e m i s e  t h a t  s a n d  c o n s e q u e n t l y  t h e  

e f f e c t i v e  t a r g e t  mass are i n c r e a s e d  i n  h a d r o n - n u c l e u s  c o l l i -  
- .. . . 

sioils. S i m i l a r  b e h a v i o r  is also seen < Y >  F i g u r e  23. 
-N P 

T h e r e  e x i s t s  a n  almost l i n e a r  r i s e  b e t w e e n  < Y> aha NP. w h i c h  

c a n  b e  i n t e r p r e t e d  as  e v i d e n c e  f o r  i n c r e a s i n g  t a r g e t  Bass 

with NP. 

I 



Anothe r  s t r o n g l y  e n e r g y  d e p e n d e n t  f u n c t i o n  o f  t h e  gamma 

n n l t i p l i c i t y  i s  t h e  foe moment 
2 

E x p e r i m e n t a l  o b s e r v a t i o n s  (26)  a n d  t h e o r e t i c a l  p r e d i c t  i o n s  

(27 )  show that £ 0 0  i n c r e a s e s  s t r o n g l y  w i t h  s, Us ing  t h e  
2 

v e i g h t e d  gamma. d i s t r i b u t i o n  a n d  r e l a t i o n s  be tween  < p i 0  > 

a n d  < )'> (26) t h e  f o l l o w i n g  v a l u e s  were f onnd 
. . 

f , O O  = 2.4 +1.1 h y d r o g e n  

f j 0  = 3.8 2 . 1 - 2  neon  

Again  t h e  d i f f e r e n c e  be tween  t h e  hgdr0ge.n a n d  neon  e v e n t s  

c a n  b e  e x p l a i n e d ' b y  t h e  l a r g e r  e n e r g y  a v a i l a b l e  i n  h a d r o n  - 
n u c l e u s  c o l l i s i o n s ,  



Figure 22: Gamma multiplicity v s  NMIN for 200 GeV/c pi- neon 
and 2-iydlbogen. 

. . .  



3 .1 .4  C o r r e l p t i o n s  

P r e v i o u s  e m u l s i o n  a n d  b u b b l e .  cham'be r  e x p e r i m e n t s  

1 1 , 1 2 ,  1 0  h a v e  n o t e d  a  c ~ r r e l a t i o n  b e t w e e n  t h e  o b s e r v e d  

number  o f  p r o t o n s  (?lP) a n d  t h e  a v e r a g e  m u . l t i p l i c i t y  o f  t h e  

e v e n t  < p i + > ,  S e v e r a . 1  t h e o r i e s  ( 9 , 1 3 , 1 4 )  s u g g e s t  t h e  u s e  o f  

NP a s  a m e a s u r e  o f  t h e  e f f e c t i v e  t a r g e t  mass . i n  t h e  c o l l i -  

s i o n .  T h e  c e n t e r  o f  m a s s  e n e r g y  

s = 2 H ( t a r g e t )  E(kcarn) 

i n c r e a s e s  f o r  a  f i . x e d  e n e r g y  keam a s  . t h e  t a r g e t  m a s s  

i n c r e a s e s .  As n o t e d  i n  t h e  . I n t r o d u c t i o n  <pi?>  is  p r o p o r -  

t i o n a l  t o  l n ( s ) .  T h u s  e v e n t s  w i t h  s e v e r a l  o b s e r v e d  p r o t o n s  

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

i t y .  

The  a v e r a g e  p i o n  m u l t i p l i c i t y  was c a l c u l a t e d  a s  a f u n c -  

t i o n  o f  NP a s  shown i n  F i g u r e  23. A d e f i n i t e  i n c r e a s e  i n  

< p i + >  w i t h  l a r g e  NP is seen. The e v e n t s  w i t h  l a r g e s t  NP 

would  h a v e  R v a l u e s  o f  1 . 5 ,  I n  c o n t r a s t  t h e  NP = 0  e v e n t s  

w h i c h  a r e  d o m i n a t e d  by d i f f r a c t i v e  p r o c e s s e s  h a v e  a smaller 

a v e r a g e  m u l t i p l i c i t y  t h a n  h y d r o g e n  e v e n t s .  < p i z >  s h o w s  

- s i g n s  o f  l e v e l l i n g  o f f  a t  l a r g e  N P ,  p e r h a p s  i n d i c a t i n g  t h a t  

t h e  naximum number  o f  p r o t o n s  a r e  a l r e a d y  i n v o l w e d  i n  t h e  

c o l l i s i o n .  The  a v e r a g e  gam na m u l t i p l i c i t y  <Y) c o r r e s p o n d s  

well  t o  <pi?> i n d i c a t i n g  t h a t  t h e  < p i ( ' >  d e p e n d e n c e  o n  NP i s  

t h e  s a m e  a s  f o r  t h e  c h a r g e d  ~ i o n s ,  

- 7 R  - 





If < p i + >  a t  e a c h  NP i s  s c a l e d  k y  t h e  o v e r a l l  a v e r a g e  mnl- 

t i ~ l i c i t y ,  t h e  d a t a  a t  200 G e V / c  c a n  be c o m p a r e d  w i t h  d a t a  

a t  1 0 . 5  G e V / c  ( F i g u r e  2 4 ) -  S t r i k i n g  a g r e e m e n t  b e t w e e n  t h e  

d a t a  a r e  s e e n .  T h e  i n c r e a s e  i n  p a r t i c l e  p r o d u c t i o n  i n  p i  - 
n u c l e u s  c o l l i s i o n s  i s  s e e n  t o  d e p e n d  s t r o n g l y  o n  t h e  n d m b e r  

o f  o b s e r v e d  p r o t o n s  a n d  v e r y  l i t t l e  i f  a t  a l l  o n  t h e  beam 

e n e r g y .  Y o d e l s  o f  p i o n  n u c l e u s  i n t e r a c t i o n s  i n  w h i c h  t h e  

c o l l i s i o n  p a r a m e t e r s '  d e p e n d e n c e  o n  NP is e n e r g y  i n d e p e n d e n t  

w o u l d  b e  s u p p o r t e d  b y  t h e s e  data .  

F i g u r e  25 s h o w s  t h e  N M I N  d i s t r i b u t i o n  ( u n c o r r e c . t e d )  f o r  

s e v e r a l  c u t s  o n  t h e  n u m b e r  c f  p r o t o n s .  T h e  most p r o m i n e n t  

f e a t u r e  o f  t h e  NP = 0 or  1 e v e n t s  a r e  t h e  l a r g e  d i f f r a c t i v e  

p e a k s  a t  3,s a n d  7 N H I N .  T h e s e  d i f f r a c t i v e  p e a k s  a r e  a b s e n t .  

f o r  t h e  NP>1 e v e n t s  w h i c h  h a v e  b r o a d  c e n t r a l  r e g i o n s  s h i f t -  

i n g  t o  h i g . h e r  N H . I N  a s  NP i n c r e a s e s .  T h e  f r a c t i o n  o f  e v e a t s  

w h i c h  c a n  b e  a t t r i b u t e d  t o  d i f f r a c t i o n  p r o c e s s e s  d e c r e a s e s  

d r a m a t i c a l l y  a s  NP rises. 

T h e  d i s p e r s i o n  ( D )  f o r  e a c h  g r o u p  of e v e n t s  w a s  c a l c u -  

l a t e d  ( T a b l e  8 )  . As e x p e c t e d  t h e  d i s p e r s i o n  i n c r e a s e s  w i t h  

NP. T h e  r a t i o  o f  D t o  < p i ? >  is seen t o  d e c r e a s e  w i t h  NP. 

T h e  d e p e n d e n c e  o f  t h e  D / < p i z >  o n  NP i m p l i e s  t h a t  t h e  same 

K N O  s c a l i n g  f u n c t i o n  will not d e s c r i b e  e v e n t s  w i t h  d i f f e r i n g  

NP. When a v e r a g e d  o v e r  a l l  N E  KNO s c a l i n g  b e h a v i o r  was s h o w n  

i n  s e c t i o n  3.1.1.  E a r l y  v e r s i o n s  o f  the T u b e  l a o d e l  (9)  



Figure 24: Scaled pion multiplicity vs  NP.  Data sample was all 
inelastic everds . 



m 

Later v a r h t i o n s  (13,14) however ,  p r e d i c t  s c a l i n g  o n l y  i f  

averaged  o v e r  all NP v a l u e s ,  * 
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' ,  NMIN 

Y Figure  25: NMTN distributions vs  NP.  Data a r e  uncorrected f o r  
f a s t  proton a r  gamma contamination. 



S I N G L E  PARTICLE SPECTRA 3 - 2  ---- -------- ------- 
T h e  a v e r a g e  p i o n ,  qamma a n d  p r o t o n  m u l t i p l i c i t i e s  o f  n e o n  

e v e n t s  h a v e  b e e n  shown  t o  be s i g n i f i c a n t l y  l a r g e r  t h a n  t h e  

c o r r e s ~ o n d i n g  m u l t i p l i c i t i e s  o n  h y d r o g e n .  S t u d y  o f  t h e  s i n -  

gle p a r t i c l e  d i s t r i b u t i o n s  w i l i  d e f i n e  t h e  k i n e m a t i c  p r o p e r -  

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

T h e  s i n g l e  p a r t i c l e  s p e c t r a  o f  t h i s  e x p e r i m e n t 9 s  200 

G e V / c  p i -  n e o n  i n t e r a c t i o n s  a r e  c o m p a r e d  t o  s p e c t r a  from 

10.5 G e V / c  p i -  n e o n  a n d  200 G e V / c  p i -  p. I d e a l l y  c c m p a r i -  

s o n s  t o  the h y d r o g e n  d a t a  w o u l d  t e  s u p p l e m e n t e d  .by c o m p a r i -  

s o n s  t o  p i -  n e u t r o n  d a t a .  No s u c h  d a t a  e x i s t ,  h o w e v e r ,  a t  

c o m ~ a r a b l e  beam e n e r g i e s . .  C o m p a r i s o n s  of t h e  n e o n  d a t a  t o  

h y d r o g e n  d a t a  s h o w  a p r o n o u n c e d  d e p e n d e n c e  o.n , t h e  c h a r g e  of  

t h e  p i o n .  T h i s  d e p e n d e n c e  is d u e  i n  l a r g e  par,t  t o  t h o s e  - 
n e o n i c  i n t e r a c t i o n s  w h i c h  r e s e m b . l e  p i -  n e u t r o n  c o . 1 l i s i o . n ~ .  



3 . 2 . 1  ghqgqed ~ i g g s  

I n  F i g u r e  2 6  t h e  PT* d i s t r i b u t i o n s  of p i -  f r o m  2 0 0  G e V / c  

p i -  n e o n  a n d  h y d . r o g e n  a r e  c c m p a r e d .  T h e  d i s t r i b u t i o n s  a r e  

n o r m a l i z e d  b y  d i v i s i o n  of < p i -  >, No a p p r e c i a b l e  d i f f e r -  

e n c e  i s  s e e n  b e t w e e n  t h e  two d i s t r i b a t i o n s .  T h e  PTZ d i s t r i -  

b u t i o n  i s  i n s e n s . i t i v e  t o  t h e  e x a c t  n a t u r e  of t h e  . t a . r g e t  o r  

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

( h a d r o n  - n u c l e o n )  o r  n u l t i p l e  c o l l i s i o n s  ( h a d r o n  - 
n u c l e u s )  . 

F i g u r e s  27  a n d  28 show t h e  l o n g i t u d i n a l  momentum ( p I I  ) 

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

a t  2 0 0  G e V / c .  T h e  n e o n  p i +  d a t a  were c o r r e c t e d  f o r  f a s t  

p r o t o n s  ( A p p e n d i x  X ) .  B o t h  ~ i +  a n d  p i -  s h o w  a s t r o n g  e x c e s s  

m u l t i ~ l i c i t y  ( 1 .6  t o  2 .8  times) o v e r  t h e  c o t r e s p o n d i r l y  

h y d r o g e n  d a t a  f o r  p < 0 . 2  G e V / c .  F o r  p  > 0 . 2  G e V / c  t h e  
I I  - l I 

c o m p a r i s o n  h e t w e e n  n e o n  a n d  h y d r o g e n  is q u i t e  d i f f e r e n t  f o r  

p i +  a n d  p i -  f i n a l  s t a t e  p a r t i c l e s .  T h e  n e o n  p i -  a re  c o n s i s -  

t e n t l y  h i g h e r  t h a n  t h e  h y d r o g e n  p i -  ( p I I  2 0.2) .  a b o v e  p = 
I1 

1 G e V / c  t h e  p i +  h y d r o g e n  a n d  neon d a t a  a r e  v i r t u a l l y  i n d i s -  

t i n g u i s h a b l e .  T h e  r a t i o  R 

R = < p i +  > p i -  netin 
--------- 
< pi: > p i -  h y d r o g e n  

for t h e  r e q i o n  -0.6 3 p  < 9 . 8  G ~ V / C  

n 
I1 - 



Figure 26: PT**2 distributions of 200 GeV/c neon and hydrcgen. . 



was . found  t o  b e  1.132 0.02 f o r  p i + ,  1 , 4 2 5  0 .03  fo r  p i - ,  a n d  

1.262 0 - 0 2  a v e r a g e d  o v e r  a.11 c h a r g e s .  

F i g u r e  29 c o w p a r e s  t h e  p i -  
p I l  d i s t r i b u t i o n s  a t  .t,wo beam 

momenta, 200 G e V / c  a n d  10.5 G e V / c .  The ' r e  a re  more p i -  i n  

t h e  r e q . i o n ,  p 0.4 G e V / c  a t  10.5. G e V f c  t h a n  a t  2 0 0  G e V / c  

d e s p i t e  .the much h i g h e r  m u l t i p l i c i t y  of t h e  h i g h e r  e n e r g y  

e v e n t s .  T h e  i n c r e a s e d  m u l t i p l i c i t y  d o e  t o  i n c r e a s e d  e n e r g y  

is o n l y  a p p a r e n t  a b o v e  p  = 1.0 G e V / c .  
I I 

T h e  p  b e h a v i o r  w i t h  s e e n  i n  neon is v e r y  s i m i l a r  t o  t h a t  

f o u n d  f o r  p i +  a n d  p i -  p r o t o n  c o l l i s i o n s .  a h i t m o r e  e t  a l ,  

(23)  h a v e  shown t h a t  l i m i t i n g  f r a g m e n t a t i o n  i n  t h e  t a r g e t  

r e g i o n  i s  o n l y  v a l i d  a t  t h e  h i g h  e n e r g y  l i m i t  (s-'/2 = 0 ) .  

A t  beam e n e r g i e s  of 1 0 0  G e V  o r  l e ss  l i m i t i n g  f r a g m e n t a t i o n  

is o n l y  a p p r o x i m a t e l y  t r u e .  ( L i m i t i n g  f r a g m e n t a t i o n  i m p l i e s  

t h a t  t h e  p a r t i c l e  p r o d u c t i o n  i n  the t a r g e t  o r  beam f r a g m e n -  

t a t i o n  r e g i o n  i s  i n d e p e n d e n t  of t h e  e x a c t  qna.ntum n u m b e r s  of 

t h e  beam o r  t a r g e t , )  

If t h e  i n t e g r a t e d  crass section f o r  t h c  r a n g e  -0. Y 5 p ( 
i l 

0.2 

ICR = 
I1 

f o r  s e v e r a l  d i f f e r e n t  e x p e r i m e n t s  (23)  i s  p l o . t t e i 3  a g a i n s t  

s-1/2 ( F i g u r e  30)- A l i n e a r  d e p e n d e n c e  06 sl/2 is s e e n .  



Figure 27: Pi- longitudi~al momenta for  neon and hydrogen. 
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Figure 28: Pi+ longitudinal momenta for neon and hydrogen. 



Figure 29: Pi- longitudinal momenta at 200 and 10. 5 GeV/c neon. 



If t h e  c o . r r e s p o n d i n g  v a l u e s  f o r  n e o n  a t  200 G e V / c  a n d  

10 .5  G e V / c  a re  p l o t t e d  ( F i g u r e  3 0 )  s imi la r  b e h a v i o r  is s e e n .  

L i n e a r  e x t r a p o l a t i o n s  t o  s-1/2 = 0 show t h a t  n o t  o n l y  a r e  

t h e  c r o s s  s e c t i o n s  i n s e n s i t i v e  t o  t h e  c h a r g e  o f .  t h e  beam, 

b u t  t h e y  are  a l s o  e q u i v a l e n t  f o r  p i +  a n d  p i -  f i n a l  s t a t e s ,  

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

s t a t e s  h a v e  l a r g e r  c r o s s  s e c t i o n s  t h a n  p i - ,  T h i s  p r o b a b l y  

reflects t h e  e q u a l  n u m b e r s  o f  p r o t o n s  a n d  n e u t r o n s  i n  t h e  

n e o n  n u c l e u s .  

T h e  a s y m p t o t i c  v a l u e  ( s - & / 2  = 0 - 0 )  of t h e  i n t e g r a t e d  

cross s e c t i o n  i n  t h i s  p  . r a n g e  i s  0,072+ 0 .006  f o r  b o t h  p i +  
II 

a n d  pi - ,  The c o r r e s p o n d i n g  v a l u e s  f o r  hydrogen a r e  0.024+ 

0 , 0 0 2  f o r  p i -  a n d  0 ,042+  0 , 0 0 2  f o r  p i +  f i n a l  s t a t e  p a r t i -  

cles, As n o t e d  p r e v i o n s l y  t h e  h y d r o g e n  a s y m p t o t i c  v a l u e s  

r e f l ec t  t h e  p r e f e . r . r e d  f r a g m e n t a t i o n  o f  t h e  t a r g e t  p r o t o n  

i n t o  s l o w  p i t .  'If t h e  r a t i o  of t h e  a s y m p t o t i c  v a l u e s  i s  

c a l c u l a t e d  

= 3 - 0 2  0.4 pi-Ne --> p i -  
pi-Ne --> p i +  

pi-Ne --> p i +  
p i - p  --> p i +  

T h e  p r e d i c t i o n s  o f  t h e  E n e r g y  Flux C a s c a d e ( 1 )  a n d  t h e  P a r t o n  
- 

m o d e l s  ( 1 6 )  a r e  8 = v = 1.55 i n  - t h e  t a r g e t  f r a g m e n t a t i o n  

r e g i o n .  





Ci 
T h e  p i +  a n d  p i -  r a p i d i t y  ( l a b )  d i s t r i b u t i o n s  o f  b o t h  

h y d r o g e n  a n d  n e o n  a r e  s e e n  i n  F i g u r e s  31 a n d  32, T h e  n e o n  

p i +  d i s t r i b u t i o n s  a r e  c o n t a m i n a t e d  b y  minimum i o n i z i n g  p ro-  
. - 

t o n s  (20% of t h e  t r a c k s  w i t h  y  < 3 - 0 ) .  A s  i n  t h e  p  d i s -  
I I  

t r i b u t i o q s  t h e  p i *  a n d  p i -  c o m p a r i s o n s  d i f f e r  d r a m a t i c a l l y .  

A more  q n a . n t i t a t i v e  c o m p a r i s o n  o f  p . ion  p r o d u c t i o n  i n  n e o n  
. .... 

i n t e r a c t i o n s  a n d  h y d r o g e n  i n  t e r a c t : i o n  is made t h r o u g h  
I 

RfY) = q(hyd) d 
9 (neon) dv 

w h i c h  is p l o t t e d  i n  P i g u r e  33. A c h a r g e  d e p e n d e n c e  i n  R(y) 
-. . - 

is s e e n  e x c e p t  f o r  y 5 0 , 5  and  2 - 0  5 y 5 5.0, T h e  l a r g e  

I? ( y )  f o r  p 0.5 may be e v i d e n c e  f o r  c a s c a d i n g  o f  t h e  s l o w -  
.. . . . .  . 

est p i o n s .  The R (y)  f o r  p i +  a r e  s t i l l  c o n t a m i n a t e d  by  p r o -  

t o n s  w i t h  y  < 3 . 0 ,  T h e  p a r t o n  m o d e l  p r e d i c t s  t h e  R ( y )  f u n c -  

t i o n  i n  t h e  c e n t r a l  r a p i d i t y  r e g i o n  ( s e e  P i g u r e  33).  

A l t h o u g h  c l o s e  t o  t h e  p i -  v a l u e s  t h e  p r e d i c t e d  B(y) is t o o  

smal l  f o r  p > 4.0. 

T h e  p i -  r a p i d i . t y  d i s t r i b u t i o a s  a r e  c o m p a r e d  t o  p i -  r a p i d -  
. .. 

i t y  s p e c t r a  o f  10.5 G e V / c  p i -  neon i n t e r a c t i o n s  ( F i g u r e  3 5 ) .  

T h e  l a r g e  i n c r e a s e  i n  p a r t i c l e  m u l t i p l i c i t y  a t  t h e  h i g h e r  

e n e r q y  is e v i d e n t  a s  v e l l  a s  t h e  s h i f t i n g  of t h e  c e n t e r  of 
I 

., 

t h e  d i s t r i b u t i o n  t o  t h e  new c e n t e r  o f  mass. As i n  t h e  p  
i l 

d i s , t r i b u t i o n s ,  e n e r g y  i n d e p e n d e n c e  b a s  n o t  b e e n  r e a c h e d  . i n  

t h e  t a r g e t  f r a g m e n t a t i o n  r e g i o n .  Tbe  maximnra p a r t i c l e  d e n -  

s i t y  (in t h e  c e n t r a l  r e g i o n )  i n k s e a s e s  s l i g h t l y  w i t h  beam 

e n e r g y  a s  do ,  c o r r e s p o n d i n g  d a t a  f o r  p i - p  d a t a  ( F i g u r e  3) .  



Figure 31: Pi- rapidity 200 GeV/c neon and hydrogen. 



To corspare . t h e  R as a  f u n c t i o n  o f  r a p i d i t y  f o r  t h e  neon 

t a r g e t s  a t  t h e  two e n e r g i e s ,  t h e  r a p i d i t y  y is  t r a n s f e r r e d  

t o  t h e  c e n t e r  o f  mass f r a m e  a n d  s c a l e d  by t h e  maximum r a p i d -  
. . 

i t g  p (mar) (y (max) = y(beam) ). The r e s u l t i n g  R&) d i s t r i b u -  
. . ,  . 

- t i o n s  a r e  shown i n  F i g u r e  34. Eo th  ~ 6 )  h a v e  c o m p a r a b l e  
. . 

v a l u e s  i n  t h e  e x t r e m e  t a r g e t  f r a g m e n t a t i o n  r e g i o n  ( y  < 0.5). 
I 

A t  10.5 G e V / c  R(?) is a s m o o t h l y  f a l l i n g  f u n c t i o n  g o i n g  

t h r o u g h  l . O . a t  a  v a l u e  n e a r  t h e  c e n t e r  o f  mass b e - f o r e  
. -. 
:- 

l e v e l l i n g  o f f  i.n t h e  beam f r a g m e n t a t i o n  r e g i o n .  A t  200 

\- G e V / c  ~ ( 9 )  f a l l s  more q u i c k l y  w i t h  i n c r e a s i n g  $, b u t  r e a c h e s  

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

c r o s s i n g  1.0 i n  t h e  beam f r a g m e n t a t i o n  r e g i o n .  
. .. 



/ 

Figure 32: Pi+ rapidity at 200 GeV/c for hydrogen and neon. 



T b e  p i - .  r a p i d i t y  d . i s t r i b n t i o n s  o f  200 and 1 0 . 5  G e V / c  p i -  

n e o n  i n t e r a c t i o n s  a r e  s h o v n  i n  F i g u r e  35. The s h i f t  . i n  t h e  
.- . 

c e n t r a l  maximum i s  r e a d i l y  a p p a r e n t  (ycm = 1 - 5  a t  10.5; ' ycrn 
. -. .. . 

= 3 . 0 3  a.t 200 .GeV/c), T h e  t a r g e t  f r a g m e n t a t i o n  r e g . i o n  s h o v s  

s i g n s  o f  e n e r g y  d e p e n d e n c e  ( i n  contrast t o  p r e d i c t i o n s  o f  

e n e r g y  i n d e p e n d e n c e )  with more p i o n s  p r o d u c e d  .with y < 1 . 0  



Figure 33: .R(y) for  pi+ and pi- at 200 GeV/c. 



Figure 34: R as a function.of the scaled rapidity at 10. 5 and 
200 GeV/c. 



Figure 35: Pi- rapidity at 200 and 10. 5 GeV/c. 



3.2.2 P r o t o n s  

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

ries; t h e  s c a n  i d e n t i f i e d  p r o t o n s  a n d  t h e  minimum i o n i z i n g  
. . 

p r o t o n s .  T h e  s c a n  i d e n t i f i e d  p r o t o n s  are s e e n  w i t h  momenta 
. . .  

< 1.4 G e V / c  w i t h  t h e  p r o b a b i l i t y  f o r  s c a n  i d e n t i f i c a t i o n  - 
f a l l i n g  quickly above  0.8 G e V / c .  The s t a t i s t i c a l  method f o r  

. . 

o b t a i n i n g  t h e  m.i:nimum i o n . i z i n g  p r o t o n s  i s  c o v e r e d  i n  d e t a i l  
. . 

i n  Appendix E. T h i s  method e s t i m a t e d  t . b e  1 o n g . i t u d i n a l  

nomentun (P ) d i s t r i b u t i o n  of t h e  f a s t  p r o t o n s .  I n  o r d e r  t o  
. . I I 

c o m p a r e  t h e  , 200 G e V / c  d a t a  w i t h  t h e  10.5 G e V / c  d a t a ,  t h e  

l a b o r a t o r y  momentum distributions were needed.. The same 

s u b t r a c t i o n  p r o c e d u r e  was u s e d  a s  i n  Appendix  E b u t  w i t h  

p ( 1 a b )  a s  t h e  p a r t i c l e  v a r i a b l e .  The v a l i d i t y  o f  t h i s  

p r o c e d u r e  i s  s u p p o r t e d  by  t h e  f a c t  t h a t  b o t h  p r o c e d u r e s  

y i e l d  t h e  same number o f  f a s t  p r o t o n s .  
. .. . . , . 

I n  P i g u . r e  36a t h e  l a b o r a t o r y  momentum o f  t h e  s c a n  i d e n t i -  

f i e d  p r o t o n s  and .  t h e  t o t a l  p r o t o n  s a m p l e  a r e  p l o t t e d .  The 

s c a n n e d  p r o t o n  momentum d i s t r i b u t i o n  was c o r r e c t e d  f o r  mea- 

s u r i n g  l o s s e s  b y  a t r a c k  weight which d e c r e a s e d  .wi th  
. 

i n c r e a s i n g  momentum. The p r o t o n  momentum s p e c t r u m  is peaked  

1 a t  momenta < 4 Q 0  N e V / c .  P r o t o n s  o f  t h i s  o r  s m a l l e r  momenta 

a re  c o n s i s t e n t  w i t h  t h e  b r e a k u p  o f  t h e  neon  n u c l e u s  a f t e r  a n  
. . 

i n t e r a c t i o n .  



Figure 36: Proton momentum distribution. 
a) Scan prutorl nlolncnturn distribution was corrected for  

minimum ionizing protons. 
b) Proton distributions of 200 GeV/c and 10. 5 GeV/c are  

compared. 



I n  F i g u r e  36b t h e  p r o t o n  mamenturn d i s t r i , b u t i o . n s  o f  10.5 

a n d  200 . G e V / c .  p i -  n e o n  i n t e r a c t i o n s  are  compared,  Below 

0.4 G e V / c  t h e  number o f  p r o t o n s  a t  200 G e V / c  h a s  i n c r e a s e d  

by a f a c t o r  o f  two when compared  w i t h  t h e  l o w  e n e r g y  d a t a .  

Above 0.4 G e V / c  t h e  number o f  p r o t o n s  a t  200 G e Y / c  h a s  

d e c r e a s e d  by 203. G iven  t h e  e x p e r i m e n t a l  d i f f  i c n l t i e s  a s s o -  

c i a t e d  w i t h  t h e  p r o t o n  measu remen t s ,  i t  is p r o b a b l e  t h a t  t h e  

p r o t o n  momentum d i s t r i b u t i o n  is e n e r g y  i n d e p e n d e n t ,  The 

n e a r  e n e r g y  i n d e p e n d e n c e  of t h e  p r o t o n  d i s t r i b u t i o n s  con-  

t r a s t  s h a . r p l y  w i t h  t h e  e n e r g y  d e p e n d e n c e  s e e n  i n  t h e  p i +  and  

p i -  d i s t r i b u t i o n s .  The  e n e r g y  i n d e p e n d e n c e  i n  p r o t o n  mul- 

t i p l i c i t y  c o u l d  b e  e x p l a i n e d  i n  terms of t h e  CTH, however ,  

a n  e n e r g y  i n d e p e n d e n t  p r o t o n  momentum d i s t r i b u t i o n  is n o t  

c o m p a t i b l e  w i t h  t h e  a s s u m p t i a n s  o f  t b e  CTH. 



3.2.3 Gammas 

Gamma momentum m e a s u r e m e n t s  were o n l y  a t t e m p t e d  o n  gammas 

v h o s e  s c a n  t a k l e  e s t i m a t e d  e n e r g y  was g r e a t e r  t h a n  50 H e V  

a n d  less  t h a n  3 G e V .  Hornentom m e a s u r e ~ e n t s  of t h e s e  gammas 

were often of Foor q u a l i t y  d u e  t o  b r e m s s t r a h l n n g  r a d i a t i o n  

losses o f  t h e  ez. T h u s  t h e  momentum m e a s u r e m e n t s  were of 

l i m i t e d  r a n g e  a n d  u t i l i t y .  

F o r  p a r t i c l e s  of zero mass t h e  p s e u d o  - r a p i d i t y  

9 = - l n [ t a n ( 8 / 2 )  ] 

( w h e r e  8 is t h e  a n g l e  b e t v e e n  t h e  l i n e  of f l i g h t  a n d  t h e  

beam d i r e c t i o n )  i s  e q u a l  t o  t h e  r a p i d i t y .  T h e  a c c u r a t e  mea- 

s u r e m e n t  o f  t h e  a n g l e  8 is  well w i t h i n  t h e  c a p a b i l i t i e s  of 

t h e  m e a s u r i n g  s y s t e m .  T h e  p r e f e r r e d  v a r i a b l e  t h e r e f o r e  i s  

t h e  r a p i d i t y  f o r  gammas. 

T h e  gammas are a s s u m e d  t o  o r i g i n a t e  i n  t h e  d e c a y s  o f  p i o s  

a n d  it is  t h e  p r o p e r t i e s  of t h e  p i o s  t h a t  are 'of p r i n c i p a l  

i n t e r e s t ,  F o r  e x p e r i m e n t s  w i t h  s u f f i c i e n t  d a t a  t h e  p i 0  

s p e c t r a  c a n  b e  e x t r a c t e d  from t h e  qamma d a t a .  L a c k . i n g  t h a t  

p o s s i b i l i t y ,  t h e  most u s e f u l  p r o c e d u r e  is t o  c o n p a r e  t h e  

gamma d i s t r i b u t i o n s  t o  t h a t  of gammas g e n e r a t e d  b y  H o n t e  

C a r l o  s i m u l a t e d  d e c a y s  of known p i +  a n d  p i -  d i s t r i b u t i o n s .  

T h e  d e c a y  of t h e  p i 0  t o  t u o  gammas i s  i s o t r o p i c  i n  t h e  

p i 0  res t  frame. A p i 0  of r a p i d i t y  y w i l l  d e c a y  t o  gammas 

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



be f a i r l y  s h a r p l y  p e a k e d  a t  p, T h u s  t h e  s p e c t r u m  w i l l  b e  

g e n e r a l l y  s i m i l a r  t o  a  p i 0  s p e c t r u m  t h a t  h a s  b e e n  s m e a r e d .  

T h e  gamma r a p i d i t y  s p e c t r u m  o f '  n e o n  a n d  h y d r o g e n  e v e n t s  

a t  200 G e V / c  i s  shown i n  P i g u r e  37, T h e  n e o n  gammas a re  

more n u m e r o u s  i n  t h e  c e n t r a l  r e g i o n  a n d  i n  t h e  t a r g e t  f r a g -  

m e n t a t i o n  r e g i o n .  T h e  i n c r e a s e d  gamma p r o d u c . t i o n  is smaller 

i n  t h e  t a r g e t  h e m i s p h e r e  t h a n  o n e  would  n a i v e l y  e x p e c t  from 

t h e  c h a r g e d  t r a c k  d a t a ,  b u t  t h i s  is p r o b a b . l y  d u e  t o .  s m e a r i n g  

effect  o f  t h e  p i 0  d e c a y ,  

I n  F i g u r e  38 t h e  gamma r a p i d i t y  s p e c t r a  a r e  c o m p a r e d  t o  

H o n t e  C a r 1 0  g e n e r a t e d  gamma s p e c t r a  of p i +  a n d  p i -  d e c a y s  t o  

two gammas. Each  c h a r g e d  p i o n  was a l l o w e d  t o  d e c a y  t w e n t y  

times t o  gammas t o  m i n i m i z e  s t a t i s t i c a l  f l u c t u a t i o n s .  The 

r e a l  gamma r a p i d i t y  d i s t r i b u t i o n  is  b r a c k e t e d  by t h o s e  o f  

the Monte  C a r l o  gammas f o r .  a l l  s a p i d i t i e s  y  > 0 . 5 .  The 

gamma d a t a  b e l o w  y = 0.5 a re  c o n s i s t e n t  with t h e  a o n t e  C a r l o  

gammas i f  c o r r e c t i o n s  fo r  t h e  u n m e a s u r e d  gammas o f  e n e r g y  < 

50 M e V  a re  made. T h e  p i 0  r a p i d i t y  s p e c t r n m  is s imi la r  t o  

t h e  p i +  a n d  p i -  s p e c t r a  w i t h  m a g n i t u d e  c l o s e  t o  a n  a v e r a g e  

of t h e  c h a r g e d  p i o n  d a t a .  



Figure  37: Gamma rapidity 200 GeV/c neon and hydrogen. 





3.2.4 C o r r e l a f _ i = ~  

The s t r o n g  c o r r e l a t i o n  b e t w e e n  < p i + >  a n d  NP f o u n d  p r e v i -  

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

T h e  a v e r a g e  r a p i d i t y  of p i 2  a n d  gammas f o r  a l l  e v e n t s  w. i th  . 

NP p r o t o n s  <y>NP was c a l c u l a t e d  a n d  p l o t t e d  . i n  F i g u r e  40. 
. .. 

F o r  c o m p a r i s o n  t h e  a v e r a g e  r a p i d i t y  of < p i ? >  f o r  200 G e V / c  

p i - p  e v e n t s  was f o u n d  t o  b e  <y> = 3.30.   he l a b  r a p i d i t p  of  

t h e  c e n t e r  of m a s s  i n  200 - G e V / c  p i -  i n t e r a c t i o n s  is 

p i -  ( 2 p ) =  2.68 

p i -  ( 3 p ) =  2.48 

T h e  c e n t e r  of m a s s  r a p i d i t y  was a l s o  c a l c u l a t e d  f o r  t a r g e t s  

of e f f e c t i v e  mass d o u b l e  o r  t r i p l e  t h e  n u c l e o n  mass, The  

d e c l i n e  o f  <y> w i t h  NP i s  e v i d e n c e  t h a t  t h e  e f f e c t i v e  t a r g e t  

mass i s  i n c r e a s i n g  w i t h  NP as h a s  b e e n  p r e v i o u s l y  s u g g e s t e d .  

C o m p a r i s o n  of n e o n  a n d  h y d r o g e n  e v e n t s  of i d e n t i c a l  m u l t i p l -  
.. . 

i c i t p  show t h e  a v e r a g e  r a p i d i t y  o f  t h e  n e o n  e v e n t s  is  a l w a y s  

s m a l l e r  t h a n  t h a t  of h y d r o g e n ,  e v e n t s -  

I n  F i g u r e  39, the r a p i d i t p  d i s t r i b u t i o n  f o r  p i ?  'are p l o t -  
. -. -. . , 

t e a  f o r  e v e n t s ' w i t h  NP = 0 , l ;  NP = 2,3,4 a n d  IJP > 5 ,  T h e  
. .  . . 

c e n t e r  of t h e  r a p i d i t y  s p e c t r u m  is s e e n  t o  shift t o  l o w e r  y 

as NP i n c r e a s e s .  T h e  w . i d t b s  of t h e  y  d i s t r i b u t i o n s  a l s o  

seem t o  d e c r e a s e  a s  NP rises. T h e  c e n t e r  of t h e  r e s p e c t i v e  

? 
d i s t r i b u t i o n s  a r e  s.hown by t h e  arrows i n  F i g u r e  39 a n d  a r e  

shown beiow. 
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min p i 2 . 0  

The r a p i d i t y  d i s t r i b u t i o n s  c o n t a i n  minimum i o n i z i n g  p r o t o n s .  

<y> was  c a l c u l a t e d  for  a l l  minimum t r a c k s  a n d  t h e n  c o r r e c t e d  
. .  . .. . 

for .the f a s t  p r o t o n  c o n t a m . i n a t i o n  ( a s s u m i n g  0 . 4 4  p r o t o n  p e r  

'event w i t h  <y> = 1 . 5 ) .  The d i s t r i b u t i o n s  i n  F i g u r e  39 and 

40 are c o n s i s . t e n t  w i t h  i n c r e a s i n g  t a r g e t  mass  a s  NP rises,  

The  NP> 5 e v e n t s  are c o n s i s t e n t  with c o l l i s i o n s  o n  two or 
.. . 

t h r e e  n u c l e o n s .  



Fipre  39: Pion rapidity v s  NP. Pi* rapidity f o r  N P  = 0,l; N P  = 2,3,4; 
and NP  = 5. The y of each distribution is represented  by a r rows  
with N P  = 0, l  corresponding to  the rightmost arrow. 



Figure  40: Average rapidity v s  N P  (number of visible protons). 



C h a p t e r  IV 

CONCLUSIONS 

. . 

The : m u l t i p l i c i t y  d i s t r i b u t i o n s  o f  p i -neon  i n t e r a c t i o n s  

have b e e n  shown t o  b e  q u i t e  s i m i l a r  t o  hydrogen  i n t e r a c t i o n s  

a p a r t  f rom a  s l i g h t  i n c r e a s e  i n  t h e  a v e r a g e  m u l t i p l i c i t y .  

The R r a t i o  o f  1.21 f 0.05 :is a l m o s t  i d e n t i c a l  f o r  c h a r g e d  

a n d  n e u t r a l  p i o n s  a n d  is e n e r g y  i n d e p e n d e n t .  After c o r r e c -  

t i o n s '  f o r  u n d e t e c t e d  gamma c o n v e r s i o n s  a n d  m.inimnm i o n i z i n g  

p r o t o n s  were made, t h e  t o p o l o g i c a l  cross s e c t i o n s  e x h i b i t  

KNO s c a l i n g .  V i o l a t i o n s  o f  K N O  s c a . l i n g  a r e  s e e n  i f  o n l y  

e v e n t s  w i t h  a  f i x e d  number o f  p r o t o n s  a r e  c o n s i d e r e d .  

Uonte  C a r l o  s t u d . i e s  o f  p i +  --> YY a n d  p i -  --> yy show 
. . . . . -, 

t h a t  . t h e  p i 0  r a p i d i t y  s p e c t r a  h a v e  a p p r o x i m a t e l y  . t h e  same 
. . 

m a g n i t u d e  and  s h a p e  a s  t h e  c h a r g e d  p i o n s .  The < p i 0  > i s  

a b o u t  112 < pi: >. C o r r e l a t i o n s  between < p i 0  > a n d  < p i ?  > 

( N H I R )  s u p p o r t  t u o  component  mode l s  ( d i f f  r a c t i s e  a n d  non-re-  

s o n a n c e )  o f  p a r t i c l e  p r o d u c t i o n ,  F o r  l a r g e  N H I N  t h e  <Y> i s  

i n d e p e n d e n t  o f  N N I N  and a b o u t  1.5 times <Y> of hydrogen  

i n t e r a c t i o n s .  The neon £ 0 0  moment was c a l c u l a t e d  t o  be 3.8 
2 

+ 1.1. - Both  t h e  foe a n d  t h e  l a r g e  UHIN b e h a v i o r  o f  <Y> 2 
r e f l e c t  t h e  i n c r e a s e d  c e n t e r  of mass e n e r g y  a v a i l a b l e  t o  

pion - n u c l e u s  c o l l i s i o n s .  



I 
T h e  a s y m p t o t i c  b e h a v i o r  (s --> 0 0 )  of  p i o n  p d i s t r i b u -  

t i o n s  i n  t h e  r e g i o n  -0.4 5 F ,,( 0.2 was shown t o  be a n a l o -  

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

e f f e c t  i s  s i g n i f i c a n t  e v e n  f o r  heam e n e r g i e s  g r e a t e r  t h a n  

t h i s  e x p e r i m e n t ,  T h e  a s y m p t o t i c  r a t i o  ( R )  o f  t h e  n e o n  mul- 

t i p l i c i t y  t o  t h e  h y d r o g e n  m u l t i p l i c i t y  is i n  t h e  r a n g e  - 0 . 4 1  

p  5 0 - 2  i s  s t r o n g l y  c h a r g e  d e p e n d e n t  v i t h  a n  a v e r a g e  v a l u e  II 
of 2.2 2 0.4, 

I n  c o n t r a s t  t o  t h e  p i +  d i s t r i b u t i o n s  l i t t l e  e n e r g y  d e p e n -  
- -. 

d e n c e  is  e x h i b i t e d  by t h e  p r o t o n  mamenturn d i s t r i b u t i o n .  

S t u d i e s  o f  t h e  r a p i d i t y  d i s t r i b u t i o n  of t h e  i n c r e a s e d  

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

r a p i d i t i e s  5.0. For 2 < p < 5 ,  R (y) is c h a r g e  i n d e p e n -  

d e n t ,  C o m p a r i s o n s  w i t h  h y d r o g e n  a t  small y  show marked  d i f -  

f e r e n c e s  i n  p i +  a n d  p i -  p r o d u c t i o n  which c a n  b e  a t t r i b u t e d  

t o  t b e  n e u t r o n  - l i k e  n e o n  e v e n t s ,  

I n  t h e  c e n t r a l  r e g i o n  1 < y < 5 R(y)  b a s  a n  a v e r a g e  v a l u e  

o f  1.28 + 0.2 a n d  agrees well v i t h  a parfnn model w h i c h  

p r e d i c t s  R ( y ) =  1.27 a t  y=3,0. The d a t a  d i s a g r e e  w i t h  t h e  . 
. .- . 

m o d e l  p r e d i c t i o n  f o r  t h e  s h a p e  o f  t h e  R(y)  function. The 
.., . 

e x c e s s  p a r t i c l e  p r o d u c t i o n  . i n  the beam h e m i s p h e r e  w o u l d  seem 
. .. 

t o  r u l e  o u t  t h e  e n e r g y  f l u x  c a s c a d e  model .  T h e  l a c k  o f  seal- 

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

s i o n s  o f  t h e  CTH, C t m t s  w h i c h  restrict  p r e . d i c t i o n s  t o  

t 
r e g i o n s  o u t s i d e  t h e  t a r g e t  r e g i o n  a re  n o t  t e s t e d ,  However,  



rn t h e  CTI h a s  d i f f i c u l t i e s  i n  e x p l a . i n i n g  t h e  energy , 

i n d e p e n d e n c e  of the proton momentum distribution, 



A p p e n d i x  A 

I N T E R A C T I O N  LENGTHS 

U s i n g  t h e  c o m p o s i t i o n  o f  t h e  b u b b l e  c h a m b e r  l i q u i d  a .nd 

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

s p e c i f i c  p a r t i c l e s  u e r e  c a l c u l a t e d .  T h e s e  v a l u e s  u e r e  s o b s e -  

q u e a t l y  u s e d  f o r  c o n s t r u c t i n g  gamma w e i g h t s  o r  i n  p r e d i c t . i n g  

t h e  n u m b e r  of beam i . n t e r a c t i o n s .  

F o r  a beam of N p a r t i c l e s  t h e  number  of i n t e r a c t i o n s  i n  

a n  i n t e r v a l  d x  is  g i v e n  by: 

dN ( x )  =-~c*P*N ( x )  d x  

O h e r e  N(x)  i s  t h e  n u m b e r  of beam  articles a t  a p o s i t i o n  x ,  

P i s  t h e  d e n s i t y  o f  s c a t t e r i n g  c e n t e r s  p e r  u n i t  v o l u m e  a n d  

is t h e  cross s e c t i o n  ( d i m e n s i o n s  a r e a / s c a t t e r i n g  c e n t e r ) .  

I n t e g r a t i n g  t h e  a b o v e  e q u a t i o n  a n d  t h e n  t a k i n g  the e x p o n e n -  
- 

t i a l  on b o t h  s i d e s :  

In (N ( x ) )  =- U*P*X + c 

N {x)  = C*exp (-o*P*x) 

lf we set W(O)=NO t h e n  C = N o .  I l e f i p i n g  the i n t e r a c t i o n  l e n g t h  

I L  a s  

t h e n  

. ,  . N (x)  = N o  * e x p ( - x / I L )  
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IL h a s  t h e  c o r r e c t  d i m e n s i o n  o f  l e n g t h .  If a beam of N o  p a r -  

t i c l e s  t r a n v e r s e s  a t h i c k n e s s  I L  of material  t h e n  it i s  

reduced l/e i n  i n . t e n s i t y ,  The number  of i n t e r a c t i o n s  i n  a 
. . 

t h i c k n e s s  L i s  

I f  N o  i s  1 t h e n  (1.0 - e x p  ( - L / I L ) )  is t h e  p r o b a b i l i t y  t h e  

p a r t i c l e  w i l l  : i n t e r a c t  i n  t h a t  d i s t a n c e .  

F o r  t h i s  e x p e r i m e n t  we h a v e  a  m i x t u r e  of t w o  t y p e s  o f  
. ... . 

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

c *P = ~ ( H Y D )  *P (HID) + C { N E O N )  *P (NEON) 
- .  

Where P (RYD) a n d  P(NE0N) a r e  t h e  number o f  a toms /cc .  We 

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

n e o n ( 2 0 . 1 8  gm) a n d  h y d r o g e n  (2.016 gm) , t h e  d e n s i t y  o f  t h e  
. . 

m i x t u r e  (, 255gm) a n d  A v o g a d r o ' s  number (6,923*10*3 a t o m s  o r  

m o l e c u l e s  p e r  mole) .  One mole(?!) of  m i x t u r e  w e i g h s  

P(Hyd)  = 27.8 + - 1.8 * l o 2 1  a t o m s / c c  
-. . 

T h e  d e n s i t y  of h y d r o g e n  was s i m i l a r l y  c a l c u l a t e d ,  U s i n g  t h e  

p u b l i s h e d  c r o s s  s e c t i o n s  o f  2 0 0  G e O / c  p i -  o n  h y d r o g e n  a n d  

n e o n  



( h y d r o g e n ) =  24.01 m b  (18) 

( n e o n )  = 270 m b  (8) 

The i n t e r a c t i o n  l e n g t h  i s  c a l c u l a t e d  t o  be: 

IL = 4272 17 cm, 

Gammas u n d e r g o  s e v e r a l  e l e c t r o m a g n e t i c  i n t e r a c t i o n s ,  o n l y  

two o f  w h i c h  a r e  i m p o r t a n t  a t  e n e r g i e s  of i n t e r e s t .  Compton 

s c a - t t e r i n g  p r o d u c e s  a gamma of r e d u c e d  e n e r g y  and  a n  elec- 

t r o n  which  is v i s i b l e  i n  the b u b b l e  c h a m b e r ,  I n  p a i r  produc- 

t i o n  t h e  p o s i t r o n  a n d  e l e c t r o n  s h a r e  t h e  i n c i d e n t  gamma's 

e n e r q y .  C r o s s  s e c t i o n s  f o r  b o t h  p r o c e s s e s  are f u n c t i o n s  of 

t h e  gamma's energy, F o r  t h e  p u r p o s e s  of c a l c u l a t i n g  gamma 

w e i g h t s  t h e  t o t a l  i n t e r a c t i o n  l e n g t h  ( I )  t h e  Compton 

i n t e r a c t i o n  l e n g t h  (CL) , a n d  t h e  p a i r  c o n v e r s i o n  l e n g t h  (PL) 

a re  n e e d e d .  T h e  r e l a t i o n s h i p  betwee.n  them is e x p r e s s e d  by 

A s  b e f o r e  e a c h  c r o s s  s e c t i o n  h a s  c o n t r i b u t i o n s  f r o m  n e o n  a n d  

h y d r o g e n .  T h e  p a i r  a n d  t o t a l  i n t e r a c t i o n  l e n g t h s  a r e  shown 

i n  F i g u r e  41, 
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Figure 41: Gamma interaction lengths. Pair conversion and total 
interaction lengths for gammas in this experiment. 
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A p p e n d i x  E 

TOTAL CROSS SECTION 

U s i n g  t h e  i n t e r a c t i o n  l e n g t h  f o . r  2 0 0  G e V / c  p i -  t h e  

e x p e c t e d  number o f  beam i n t e r a c t i o n s  was c a l c u l a t e d ,  T h i s  

p r e d i c t e d  v a l u e  a g r e e s  w i t h i n  e r r o r s  t o  t h e  o b s e r v e d  n,umber 

f o r  e v e n t s  w i t h  g r e a t e r  t h a n  t w o  m.inimum t r a c k s .  T h e  s c a n -  

n i n g  e f f i c i e n c y  f o r  e v e n t s  w i t h  f e w e r  t h a n  two minimum 

t r a c k s  is s h o w n  t o  b e  a p p r o x i m a t e l y  85%. The o b s e r v e d  

e v e n t s  a re  n o r m a l i z e d  t o  t h e  p u b l i s h e d  c r o s s  s e c t i o n s  g i v i n g  

t h e  s e n s i t i v i t y  o f  t h i s  e x p e r i m e n t  as 6 3  e v e n t s / m b  f o r  

h y d r o g e n  a n d  1 4  e v e n t s / m b  for  neon.  The f r a c t i o n  o f  e v e n t s  

t h a t  a r e  a t t r i b u t a b l e  t o  h y d r o g e n  i s  c a l c u l a t e d  t o  b e  25% 

( i n e l a s t i c  o n l y ) ,  

The  d i s t r i b u t i o n  i n  t h e  number  o f  beam t r a c k s  p e r  f r a m e  

is shown i n  F i g u r e  42. T h e r e  were 28,850 f r a m e s  u . h i c h  s a t i s -  

f i e d  t h e  s c a n  c r i te r ia  o f  g o o d  q u a l i t y  beam t r a c k s  a n d  no  

i n t e r a c t i o n s  b e f o r e  t h e  i n t e r a c t i o n  r e g i o n .  T h e  i n t e r a c t i o n  
, 

r e g i o n  i s  25.4 2 . 2  cm, l o n g ,  The p r o b a b i l i t y  f o r  a  t r a c k  

i n t e r a c t i n g  i n  this length i s  

p  = 1.0 - e x p ( - 2 5 . 4 / 4 3 8 ) ,  

T h e  p r e v i o u s l y  c a l c u l a t e d  i n t e r a c t i o n  l e n g t h  f o r  p i -  ( 4 2 7  

P 
cm) was  c o r r e c t e d  f o r  beam c o n t a m i n a t i o n .  T h e  p r o b a b i l i t y  



of a f r a m e  w i t h  N beam t racks  h a v i n g  o n e  o r  more 

i n t e r a c t i o n s  i s  

P(N)  = N *  p 

However ,  o n l y  ' frames .wit.h a s i n g l e  i n t e r a c t i o n  were 

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

N! * p M  * ( - 1 ) M - f .  
P(N) = N * p - ------------------ 

M = 2  
(N-R)! * H!  : 

Summing o v e r  a l l  g o o d  frames t h e  e x p e c t e d  number  o f  i n t e r a c -  
..,.. 

t i o n s  i s  

T h e  o b s e r v e d  number  of e v e n t s  is 5252 somewhat  b e l o w  t h e  
... .. 

. . 
p r e d i c t e d  v a l u e .  As e v e n t s  w i t h  1 o r  2 minimam t r a c k s  a r e  

e a s i l y  m i s s e d  o n  t h e  s c a n  t a h l e  the e v e n t s  were d i v i d e d  i n t o  
.- .. 

t h o s e  v i t h  g r e a t e r  . t h a n  2 ainimunr t r a c k s  a n d  t h o s e  w i t h '  

less. The  h y d r o g e n  c r o s s  s e c t i o n  f o r  0 a n d  2 p r o n g s  b a s  b e e n  

well m e a s u r e d  ( T a b l e  9) .  T h e  n e o n  compo.nen.t h a s  b e e n  esti-  
. . I 

m a t e d  by  a s s u m i n g  K N O  s c a ' l i o g  fo r  e v e n t . s  w i t h  less t h a n  3 

Number of e v e . n t s  
.. . - , 

S c a n  P r e d i c t e d  

S i n c e  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  i n  t h e  p r e d i c t e d  number  

of e v e n t s  is l a r g e r  t h a n  t h e  e r r o r s  c a u s e d  by  s c a n  e f f i c i -  
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BEAM TRACKS 

Figure 42: Beam track distribution. Distribution in number of 
beam tracks for dl good frames. (See text.  ) 



e n c y  or s t a t i s t i c s  t h e  o b s e r v e d  d i s t r i b u t i o n  of e v e n t s  was 

n o r m a l i z e d  t o  p u b l i s h e d  cross s e c t i o n s  for  e v e n t s  w i t h  

g r e a t e r  t h a n  2 minimum t r a c k s .  T h e  s e n s i t i v i t y  o f  t h i s  

e x p e r i m e n t  i s  t h u s  

6 3 . 0 6  e v e n t s / m b  h y d r o g e n  

1 4 - 0 9  ev'ents/m'b n e o n  
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A p p e n d i x  C 

T h e  s t r a n g e  p a r t i c l e s  (KO, A ) d e c a y  by weak i n t e r a c t i o n s  

w i t h  w e l l  d e f i n e d  l i f e ~ t i m e s ( 1 L ) .  T h e  p r o b a b i l i t y  t h a t  a par- 

t i c l e  d e c a y s  b e t w e e n  t = t o  a n d  t is 

T h e  Y m u l t i p l y i n g  t h e  lifetime p r o p e r l y  a c c o u n t s  f o r  t h e  ' 

r e . l a t i v i s t i c  time d i l a t i o n  i f  . t h e  p a r t i c l e  i s  mov.i.ng i n  . t h e  

l a b  f r a m e .  T h i s  p r o b a b i l . i t y  is more  c o n v e . n i e n t 1 y  e x p r e s s e d  

i n  terms of t h e  d i s t a n c e  x t h e  pa . r t ic le  deecays f rom its Fro- 

d u c t i o n  ~ o i n t  a n d  t h e  mean d ~ c a y  l e n g t h  ( D L ) ,  

w h e r e  

DL = P(CleV/cl * dL 
rr ( n e v / c * )  

T h e  d e c a y  l e n g t h s  f o r  K O  a n d n a r e  p l o t t e d  i n  F i g u r e  43, 

T h e  c i a n v e r s i o n  w e i g h t  f o r  t h e  s t r a n g e  p a r t i c l e  is ' t h e n  

1 . 0 / p  times l.O/B,R,, t h e  b r a n c h i n g  r a t i o  f o r  t h e  d e c a y  of 

i n t e r e s t ,  S i n c e  o n l y  c h a r g e d  t r a c k s  a r e  v i s i b l e  i n  t h e  bab-  

b l e  chamber only decays t o  c h a r g e d  t r a c k s  a re  c o u n t e d ,  T h e  

two d e c a y s  s e e n  i n  t h e  bubble c h a m b e r  are;  
KO*T+T- - B.R. 69% 
A 4  p r- B.R. 65% 
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Figure .43: Strange particle decay lengths. 



A p p e n d i x  D 

N E U T R A L  PARTICLE SCANNING EFFICIENCY 

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

t i o n s  i s  n o t  c o n s t a n t  o v e r  t h e  c h a m b e r  vo lume .  T w o  e f f e c t s  

a r e  d o w i n a n t .  P a r t i c l e s  c o n v e r t i n g  n e a r  t h e  e d g e  o f  t h e  

c h a m b e r  o r  p h o t o g r a p h  a r e  m i s s e d .  T h e  c o n v e r s i o n  o r  i n t e r -  

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

o b s c u r e d  by c h a . r g e d  t r a c k s .  T h e  p r o d u c t s .  of  s u c h  c o n v e r -  

s i o n s  a r e  t h e n  asummed t o  come f r c m  t h e  p r i r n a . r y  v e r t e x  a n d  

a re  i n c l u d e d  i n  t h e  N M I N  c o u n t ,  T h e  l o s s  o f  n e u t r a l s  n o t  

on3.y c a u s e s  a u n d e r e s t . i m a t i o n  o f  t h e  . n e u . t r a l  c r o s s  s e c t i o n s  

b u t  i s  a l s o  1 . i k e l y  t o  d i s t o r t  . t h e  i n c l u s i v e  d i s t r i b u t i o n s .  

Huch e x p e r i m e n t a t i o n  w e n t  i n t o  d e f i n i n g  a n e u t r a l  c o n v e r -  

s i o n  r e g i o n  i n  w h i c h  t h e  d e t e c t i o n  e f f i c i e n c y  was h i g h  a n d  

no  t y p e  of p a r t i c l e  was p r e f e r e n t i a l l y  m i s s e d .  A v a l u a b l e  

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

Q d e f i n e d  a s  

e x p  ( S l / I L )  - e x p  ( x / I L )  
Q = ---------------------- 

e x p  ( S l / I L )  - e x p  (S2 / IL)  

W'here x i s  t h e  d i s t a n c e  o f  t h e  n e u t r a l  d e c a y  f r o m  t h e  p r i -  

m a r y  v e r t e x .  S 1  a n d  S 2  a r e  t b e  minimum a n d  maximum a l l o w e d  

c o n v e r s i o n  d i s t a n c e s ,  I L  i s  t h e  i n t e r a c t i o n  l e n g t h  . f o r  a 

- 1 2 6  - 



gamma of t h a t  e n e r g y ,  F o r  s t r a n g e  p a : r t i ' c l e s  IL is r e p l a c e d  

by DL t h e  mean d e c a y  l e n g t h  of t h e  p a r t i c l e ,  I f  t h e  d e t e c -  

t i o n  e f f i c i e n c y . i s  n n b . i a s e d  then i t  c a n  be shown t h a t  t h e  Q 

p l o t  w i l l  b e  u n i f o r m l y  p o p u l a t e d  b e t w e e n  0.0 a n d  1.0, A Q 

p l o t  of a l l  m e a s u r e d  gammas i n  t h e  c o n v e r s . i o a  r e g i o n  i s  

s h o v n  i n  F i g u r e  4 4  a. A l o s s  of gammas a t  s m a l l  v a l u e s  of Q 

is e v i d e n t ,  If t h e  a l l o w e d  c o n v e r s i o n s  a r e  r e s t r i c t e d  t o  

gammas c o n v e r t i n g  f a r t h e r  t h a n  1 0  cm f rom t h e  p r i m a r y  v e r t e x  

(S1=10.0y t h e  Q p . l o t  is  F i g u r e  .44 .be T h i s  p l o t  is c o n s i s t e n t  

w i t h  a n  u n b i a s e d  d e t e c t i o n  e f f i c i e n c y  o v e r  t h e  e n t i r e  c o n -  
. . .-. 

v e r s i o n  r e g i o n ,  

T h e  e x p e c t e d  number  of gamma c o n v e r s i o n s  510 c m  was c a l -  

c u l a t e d  f r o m  t h e  m e a s u r e d  gamma ~ o p u l a t i o n ,  The  e x p e c t e d  

number  o f  c o n v e r s i o n s '  is: 

1.0 -exp(-lO.O/IL) 
. . HG = --------------- 

. . e x p  (- 1Oe0/IL) - exp (- S2/IL)  .. 

. - 
w h e r e  t h e  sum is o v e r  a.11 gammas i .n  t h e  c o n v e r s i o n  r e g i o n ,  

. 

T h i s  e x p e c t e d  n u m b e r  of c o n v e r s i o n s  was c a l c u l a t e d  f o r  e a c h  
. ,  . 

s e t  u f  events of e q u a l  N H I N  (minimum i o n i z i n g  t r a c k s ) ,  T h e  

e x p e c t e d  a n d  t h e  o b s e r v e d  n u m b e r  of gamma c o n v e r s i o n s  510 cm 
... - .  . 

are  s e e n  i n  F i g u r e  45,  

T h e  number of  e v e n t s  w i t h  N I I N  s c a n n e d  t r a c k s  c a n  h e  - 

written as: 

S(NH1N) = R ( N B 1 W )  - X(NHIN) + X (NHIW - 2) 



R ( N N 1 N )  is t h e ,  t r u e  number  o f  e v e n t s  w i t h  N M I N  minimum 

t racks .  X ( N N 1 N )  a r e  t h e  e v e . n t s  w i t h  N B I N  minimum t r a c k s  

w h i c h  were s c a n n e d  a n d  m e a s u r e d  t o  h a v e  M I I N  + 2 minimum 

t r a c k s  b e c a u s e  of a n  u n s e e n  gamma c o n v e r s i o n .  I f  tbere i s  

a t  most o n e  u n r e c o g n i z e d  gamma p e r  e v e n t  t h e n  X ( N M 1 N )  i s  

e q u a l  t o  t h e  c u m b e r  of gammas  n o t  s e e n  f o r  t h e  s c a n  ' N P ~ I N  

s a m p l e .  T h e  t r u e  N M I N  d i s t r i b u t i o n  c a n  t h e n  b e  c a l c u l a t e d  

u s i n g  t h e  s c a n  N H I N  d i s t r i b u t i o n  a n d  . t h e  p r e d i c t e d  a n d  

o b s e r v e d  number  of gammas. 



Figure 44: Q plot for measured gammas. 
See page 126 for details. 

L 

1 i I I I I 1 I I 

a) All gammas inside conversiori region. 

b) All gammas inside conversion region and lurtl~er than 
10 cm from the primary vertex. 



N M I N  

Figure 45: Number of gamma convarsioas '- 10 cm. The niimher of '  
expected gamma conversions l e s s  than 10 cm from the primary vertex 
is compared with number of conversions observed. Discrepencies 
between the two values are  evidence for -unseen gamma conversions. 



A p p e n d i x  E 

FAST PROTCNS 

P r e v i o u s  e x p e r i m e n t s (  l 2 , 1 0 )  o n  n u c l e a r  t a r g e t s  h a v e  f o u n d  

l a r g e  n u m b e r s  o f  minimum i o n i z i n g  p r o t o n s ,  No m e t h o d  f o r  

i d e n t i f y i n g  t h e s e  p r o t o n s  e x i s t s  o n  a n  e v e n t  b y  e v e . n t  . b a s i s  

i n  ' t h e  b u b b l e  c h a m b e r ,  H o w e v e r ,  t h e  number  o f .  s u c h  f a s t  p r o -  

t o . n s  ( momentum > 0.8 GeVfc) can h~ e s t i m a t e d  by  s t a t i s t i c a l  

m e a n s .  T h i s  p r o c e d u r e  i s  b a s e d  o n  t h e  i n v a r i a n c e  o f  s t r o n g  
I 

i n t e r a c t i o n s  u n d e r  r o t a t i o n s  i n  . i s o s p i n  s p a c e  a n d  the i n s e n -  

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

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

T h e  . i n c l u s i v e  r e a c t i o n  

p i -  n e o n  -> p i -  

w i t h  i s o s p i n  v a l u e s  

I= 1  0 1 

I3= . -1  0  - 1 

b e c o m e s  

p i +  n e o n  -> p i +  

13=  +1 0  + 1 

u n d e r  r o t a t i o n  o f  1 8 0 0  a b o u t . t h e  I 2  a x i s . .  S i n c e  s . t r o . n g  

i n t e r a c t i o n s .  are  i n v a r i a n t  u n d e r  t h i s  r o t a t i o n  t h e  i n c l u s i v e  



d i s t r i b u t i o n s  of the p r o d u c e d  p i -  i n  r e a c t i o n  ( 1  s h o u l d  b e  

i d e n t i c a l  t o  t h o s e  o f  t h e  p r o d o c e d  p i +  i n  r e a c t i o n  (2) .  

( T h i s  is t r u e  i f  t h e  i n c i d e n t  p i  beams i n  r e a c t i o n s  1 a n d  2 

a r e  o f  t h e  same energy . )  I f  t h e  p o s i t i v e  minimum t r a c k s  o f  

r e a c t i o n  (2) h a v e  l a r g e r  cross s e c t i o n s  t h a n  t h e  c o r r e s p o n d -  
. . 

i n 9  n e g a t i v e  mi;nimum t r a c k s  of r e a c t i o n  (1) t h e n  t h a t  d . i f -  

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

i n c l u d e d  i n  t h e  ~ o s t i v e  s ample .  The same a rgumen t  h o l d s  f o r  

t h e  i n c l u s i v e  r e a c t i o n s  

a n d  

p i -  neon  -> p i +  

p i +  aeon  -> pi-. 

T h i s .  p r o c e d u r e  h a s  b e e n  u s e d  on neon d a t a ( l 2 )  a t  l o w e r  
. . . .  . . 

e n e r g i e s  t o  e s t i m a t e  t h e  p r o t o n  spec t rum.  

Tbe a b o v e  p r o c e d u r e  u t i l i z e s  e x p e . r i m e n t a 1  i n f o r m a t i o n  o f  
. . . . . . . . , . . 

b o t h  p i +  and  p i -  neon i n . t e r a c t i o n s .  T h i s  e x p e r i m e n t  is l i m -  
- .  

i t e d  t o  a p i -  beam. An e s t i m a t e  o f  p i +  n e o n  --> p i -  d a t a  i s  

n e c e s s a r y  i f  t h e  minimum i o n i z i n g  p r o t o n s  ' a r e  t o  b e  

e x t r a c t e d  from t h e  p o s i t i v e  minimum d a t a ,  Such  an e s t i m a t e  
. . 

( v a l i d  i n  t h e  . t a r g e t  f r a g m e n t a t i o n  r e g i o n )  c a n  b e  made u s i n g  

t h e  p i -  neon d a t a  and s e v e r a l  r e a s o n a b l e  a s s u m p t i o n s  a b o u t  
- .- . 

the b e h a v i o r  of h i g h  energy in t erac t ions . '  

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

f r a g m e n t a t i o n  r e g i o n  a r e  i n d e p e n d e n t  o f  t h e  beam c h a r g e  a t  

s-l/2 = 0 ( s  is c e n t e r  of mass e n e r g y )  h a s  b e e n  p r o p o s e d  b y  



0 

s e v e r a l  t h e o r i s t s  ( 2 4 ) .  Data a t  s e v e r a l  beam e n e r g i e s  w i t h  

p i +  a n d  p i -  beams a r e  c o n s i s t e n t  w i t h  t h i s  a s s u m p t i o n  ( s e e  

F i q u r e  30) .  C o m p l e t e  i n d e p e n d e n c e ,  h o w e v e r ,  a s  n o t  b e e n  

r e a c h e d  a t  t h e  e n e r g y  of t h i s  e x p e r i m e n t  ( s - a / =  = 0 .0516) .  

T h e  r e s i d u a . 1  d e p e n d e n c e  o n  t h e  c h a r g e  o f  the beam is demons- 
. 7.  

. t r a t e d  b y  t h e  s l i g h t l y  h i g h e r  cross s e c t i o n s  f o r  beam - l i k e  

p a r t . i c 1 e s  whe,n c o m p a r e d  t o  nonbeam - l i k e  p a r t i c l e s .  ' The 

e x c e s s  o f  beam - l i k e  p a r t i c l e s  was f o u n d  t o  be c o n s t a n t  

t h r o u g h  t h e  l o n g i t u d i n a l  momentum r a n g e  -0.4 t o  1.6 G e V / c  

f o r  p i + p  a n d  p i - p  i n t e r a c t i o n s  a t  100 G e V / c  b y  U h i t m o r e  et 

a l .  (23)  The  r e l a t i o n s h i p  b e t w e e n   ion p r o d u c t i o n  by p i +  a n d  

p i -  b e a m s  i n  t h e  t a r g e t  f r a g m e n t a t i o n  r e g i o n ,  is s h o w n  i n  

F i g u r e  46. 

A f e u  d e f i n i t i o n s  w i l l  a i d  . t h e  f o l l o w i n g  d . i s c n s s i o n s .  R e  

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

of p i +  a.nd p i -  p r o d u c e d  by p i . +  a n d  p i -  b e a m s  i n c i d e n t  o n  
.. . 

p r o t o n s .  

w i l l  refer t o  ~ i - 8 ~  p r o d u c e d  by a p i + p  i n t e r a c t i o n .  Also, 

w i l l  r e f e r  t o  p i - ' s  p r o d u c e d  by a. p.i-p . i n t e r a c t i o n .  T h e .  

r a t i o  of two s t r u c t u r e  f u n c t i o n s  w i l l  be w r i t t e n  a s  
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ee text. 
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ata are fro

m
 referen

ce (23). 



F o r  p i - ' s  p r o d u c e d  by p i *  on a  n e u , t r o n  o r  n e o n  t a r g e t  n f ( +  

- )  a n d  Nef (+ - )  w i l l  b e  u s e d ,  T h e  d a t a  of P i g a r e  46 show 

t h a t  t h e  r a t i o s  p f  (+  - ) / p f  (+ + )  a n d  p f  (- +) /pf  ( *  + j  are c o n -  

s t a n t  ' a n d  e q u a l  t o  e a c h  o t h e r  i n  t h e  l o n g i t u d i n a l  momentum 

r a n g e  -0.4 t o  1.6 G e V / c .  

T h e  a v e r a g e  v a l u e  of pf  (+ . - ) /p f  (- -) c a n  b e  t a k e n  from 

F i g u r e  30 w h e r e  

is p l o t t e d  v s  s-1/2, No e x p e r i m e n t a l  d a t a  f o r  p i + p  a t  200 

G e V / c  e x i s t ,  L i n e a r  o r  q u a d r a t i c  f i t s  were made t o  t h e  d a t a  

i n  F i g u r e  30 t o  c a l c u l a t e  

To e s t i m a t e  t h e  minimum i o n i z i n g  p r o t o n s  we n e e d  t o  c a l -  

c u l a t e  t h e  r e l a t i o n s h i p  b e t w e e n  Nef ( +  +) a n d  Nef ( -  +), A 

r e a s o n a b l e  a p p r o x i m a t i o n  is 

Our ea r l i e r  work  found 



A g a i n  no  e x p e r i m e n t a l  d a t a  e x i s t  f o r  p i + n  -> p i + .  BY 

i s o s p i n  s y m m e t r y  

n f  (+ + )  = p f  (- -) 

And 

Nef (+ +) c a n  t b e n  b e  g i v e n  by 

= - 1 * Nef (-  + )  
0 . 9 1  

The f i n a l  r e l a t i o n s h i p  i s  

NeS (- -) = Nef (- +) 
0 . 9 1  

Nef (- +) a n d  Nef (- -) a r e  p l o t t e d  i n  F i g u r e  47  The i n t e -  

g r a t e d  v a l u e  o f  Nef (+  +)/Nef ( -  -) k e t v e e n  -0.4 GeVIc a n d  0.2 

G e V / c  is 0.91 + 0 . 0 8  i.n e x c e l l e n t  a g r e e m e n t  w i t h  t h e  p r e d -  

i c t e d  v a l u e  o f  0.9, Above 0.2  GeV/c t h e  r a t i o  i s  g r e a t e r  

t h a n  0.91 i n d i c a t i n g  t h e  p r e s e n c e  o f  m~ia.imum i o n i z i n g  p r o -  

t o n s .  The e s t i m a t e d  l o n g i t u d i n a l  momentum d i s t r i . b u t i o n  o f  

t h e  p r o t o n s  i s  g i v e n  b y  

E ( p r o t o n s )  = Nef (- +)  - 0 - 9  1 :* Nef (- -) 

I n t e g r a t i n g  o v e r  t h e  e n t i r e  F r o t o n  e x c e s s  the a v e r a g e  

n u m b e r  o f  p r o t o n s  p e r  e v e n t  c a n  b e  c a l c u l a t e d  t o  b e  

<minimare i o n i z i n g  p r o t o n s )  = 0.44 + 0.14 

- 1 3 6  - 



2.0 4.0 6.0 

P,, (GeV/c)  

Figure 47: I$ momentum distribution of positive minimum tracks.. 
for positive minimum ionizing tracks compared to expected 

p distribution for pi+ = ( 0.91 dcr pi- ). The excess positive 
I I 

i d~~~ 
tracks are  attributed to minimum ionizing protons. 
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