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ABSTRACT 

- ' We present preliminary results from o sample of 
127 proton-nucleon inelastic interactions found by 
following 271 meters of track length in nuclear 
emulsions which were exposed to 200 GeV proton 
beam at N.A.L. Castagnoli's method of determining 
the primary energy from angular distribution of the 
secondary particles is checked. The multiplicity 
distribution parameters, i.e., (rich), D and f, 
are calculated. The prong distribution from 2 to 
20 tracks is found to be broader than a Poisson's 
distribution. 

INTRODUCTION 

12 
High energy work (-10 eV) has been done with cosmic rays 

where the identity and the energy of the primary particles are not 
known and hence it is hard to understand the mecl~anjsm tl?roug'!l 
which the secondary particles are produced. For the determination 
of the primary energy of cosmic ray particle the-only method 
applicable with the emulsion technique has been based on the 
angular distributions and has been used by Castagnoli who assumes 
that the particles are emitted, in the c.m. system, symmetrically 
with respect to the plane normal to the direction of the incoming 
particle. We want to test this Castagnoli's method for detecting 
the energy of individual events produced by 200 GeV proton beam. 
We want to find out the average charged-particle multiplicity, 
the charged-particle multiplicity distribution and the angular 
distribution of the secondary particle in the c.m. system. We are 
also interested in the study of rapidity distribution of the 
secondary particles at 200 GeV and to compare it with different 
primary energies. 

EXPERIMENTAL PROCEDURE 

A small stack of 20 pellicles of G-5 Ilford emulsion of 
dimensions 20 cm x 10 cm x boathick was exposed to 200 CcV proton 
beam with a flux density 2 x 10" patticlcs/crn2 at N.A.L. Thc 
protons enLer through ttlc stack (10 cm) edj;a, parallel to the plane 
of t h e  emulsions. Emulsions were scanned by t w o  tncthods: (i) area 

, scanning ( i i )  along the track scanning. We 11:lvc :acnnncd 271 t n c B t t * r s  
of track l cngth find h ; ~ v c  found 822 intcrac t i ons by scnnrii rig n l  oil!; 
t i le  track method w h i c h  gives a mt*on free prttl~ of A t o t u 3 4 . 2 ' 1 . 4  Cnt* 

In calculnting thc 
tot wc cxclur1r:d cvidcnt elcc trc~mn~nc t i c 
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pheno~llcnn (knock-on c l e c  t r o n ,  t r i d e n t ) ,  and i n c  ludcd p- f . p e I n s  t i c  
' s c a t t e r i i i g  and a  double  number o f  p-bp e l a s t i c  s c a t t e r i n g  i n  ttrc 

hypothesis t h a t  s c a t t e r i n g s  wi th  bound p ro tons  and ncu t rons  a r c  
e q u a l l y  probable.  Our speed f o r  fo l lowing  thc! t r a c k s  avernj;cd 
about  23 cmlhour. Th i s  has  been inc reased  by us ing  a  semialltonlatic 
scanning  dev ice  where t h e  image of the  pr imary t r a c k  i s  displnycvl 
on t l i c a  t e l e v i s i o n  sc reen .  The mean f r e e  pa ths  f o r  col lcrent  even t s  

is "3 coh 919 .45 .8  cm and X 
5 cdl  = 42.7 2 19.2 cm) 

By a r e d  scanning  we have found rioout 2000 interactions and each of 
t h e s e  i n t e r a c t i o n s  were followed backward a long  t h e i r  pr imary 
t r a c k  f o r  about  1 cm. This  was done s o  t h a t  we could check whettrcr 
t h e  t r a c k  i s  p a r a l l e l  t o  one of t he  neighboring pr imary t r a c k s  o r  
n o t .  By f o l l o w i ~ l g  a long  t h e  t r a c k ,  we have found 161 e v e n t s  w i t h  
Nh=O (no b l ack  o r  grey  t r a c k )  34 even t s  w i th  Nh=l (one g r e y  o r  
b l ack  prong) and 627 e v e n t s  w i t h  Nh71. For wh i t e  s t a r s  (w i th  
Nh=O o r  1) we s h a l l  accep t  a n  event  w i t h  ~ ~ = l " j i -  the  g r e y  o r  t he  
b l a c k  t r a c k  i s  i n  t h e  forward hemisphere i n  t h e  l a b o r a t o r y  system. 
The nomenclature f o r  b lack ,  g r e y  o r  l i g h t  t r a c k  was e s t a b l i s h e d  
as fol lows:  

(i) l i g h t  t r a c k  gs <1.5go - 
(ii) g r e y  t r a c k  1.5go <gs 5 2.53, 

(iii) b l a c k  t r a c k  gs>2.5go 

Where go and gs a r e  t h e  g r a i n  den 's i ty  f o r  t h e  primary end 
secondary  t r a c k s  r e s p e c t f u l l y .  Also, f o r  p-p i n t c r a c t i o n  and 
p-n i n t e r a c t i o n  we s h a l l  accep t  a n  i n e l a s t i c  even t  i f  t h e r e  i s  no 
r e c o i l ,  b l o b  o r  Auger e l e c t r o n  a t  t he  ve r t ex .  

RESULTS AND DISCUSSION 

(a) Angular D i s t r i b u t i o n  and Ye 
For proton-nucleon i n t e r a c t i o n s ,  logye d i s t r i b u t i o n  i s  shown i n  

F ig .  1 f o r  even as w e l l  a s  f o r  a l l  whi te  s t a r s .  For i n d i v i d u a l  
e v e n t s  t h e  energy of t h e  primary pro ton  i s  g iven  by Ep= (2YA -1)F1, 
where log  = - ( l o s t a n e L )  . The va lues  of Yi vary  by a f a c t o r  of 
10. Thus, C a s t a g n o l i ' s  method f o r  de te rmining  Lhe energy of the 
primary p a r t i c l e  from tne  emiss ion  angle  u;of t he  charged sccontlary 
p a r t i c l e  i s  very  u n r e l i a b l c ,  bu t  i f  we t ake  an o v e r a l l  average  for 

, then one g e t s  t h e  r i g h t  va lue  f o r  t h e  primary cncrgy.  The? 
main d i f f i c u l t y  l i e s  i n  t he  b a s i c  assumptions of tile C c ~ s t n ~ n o l i  

method which a r e  n o t  met i n  some of t h e  i n d i v i d u a l  even t s .  The 
assunlptions a r c  L 

( f )  spectrum independence Pi/pc a m = 1 

( i i )  forwnrd-backwnrd sgmnetry 



.L 

+xrnn C?, - tan Q / 2  
llcrc di and oL are thc respective c.m. vclocity arid en~issiol~ angle 
of tile ith shower particle and $c is the vclocity of t h c  c.m. 
system. In some of thc individuctl cvtlnts, these assuml~tions arc 
not met. This ollc can see from the target diagram (in a plnnc 
perpendicular to the primary proton) as shown in Fig. 2 for a few 
events of different multiplicities. The primary proton is normal 
to the planc and passes through the origin. QL and c/= arc the 
projectcd and dip angles, respectively, for the secondary 
particles. Those tracks which lie outside tile dotted circle will 
fall in the backward hcmispherc'in the c.?. system. 

In Fig. 3 is sliown the angular (cos Q) distribution in the 
c.m. system of the secondary particles for various p-p and p-n 
multiplicities. In both cases we see that an anisotropy of the 
angular distribution decreases with increasing multiplicity and 
also the forward;backward symmetry about the planc passing through 
the center (cos@= 0) increases as the multiplicity increases. 

(b) Multiplicity distribution 
In Table I is shown the multiplicity distribution for 126 

white stars. In Table I1 is shown the multiplicity parameters for 
p-nucleon interaction in nuclear emulsion at 200 GeV and these 
values are compared with p-p interactions at 100, 200 and 300 GeV 
in the bubble chamber. We see that our values from the nuclear 
emulsion are very close to the bubble chamber data at 200 GeV. 

In Fig. 4 is shown the multiplicity distribution for all the 
white stars. It is already known that at low energy (-30 GeV) the 
experimental distribution is narrower than the corresponding 
Poisson form. At 70 GeV, the Poisson form gives an excellent fit. 
However, at 200 GeV, the data are flatter and broader than the 
corresponding shape predicted.by a Poisson d'stribution which has 

2 132 R width D defined by D =={<neh7 - (n,h> 3 . But Wroblevski 
has pointed out that for he analysis of charged multiplicity 
distribution in p-p interaction, the dispersion D appears to be a 
perfect linear function of (rich) the average charged multiplicity 
The line is a fit to D = a(nch) + b , yielding a = b = 0.59. In 
Fig. 5 is shown that such a form accomodates the data at 100, 200 
and 300 GeV extremely well. In this figure we have lso shown our f emulsion data points at 200 GeV as well as at 10 TeV which fit in 
very well. 

(c)  Rapidity distribution 
In Fig. 6 is shown the rapidity distribution for all thc 

white stars with evtan multiplicities only. For evcry event, thc? 
rapidity y is con~puted  from every rrack where y ln(E + P I ) /  
(1; - 1'1) = ln(1 4-& )/(l-- f i  ), i.e., y depends only on the 
long'i~trdinal velocity of particles. For P1 22 I' t 77 mr , 
y ~ +  l n ( 2 / t a n  eL )-> y, + l n ( 2  Yc ) where yc = -In ( ton (?L). Hcrc 
yc and yi, arc ttlc c.t:i. arid lab repiditier;, respectively. One call 
sce t h a t  the distribution at the ccntcr  is quite flat, One can 
c x p r c s s  < n ) a s  a n  integral over thc s in[; lc  p n r f , i c l c  i n c l u s i v e  c 11 



-t 

distribution 

and assuming   he existence at large cncrgy of a plateau in 
rapidity, one can also derive 

Explicitly, the plateau contribution to the multiplicity is given 
b Y 

<rich) = c Ins + const. (3) 

Thus the height of the plateau in y determines the coefficient oE 
the logarithmic term in the multiplicity. The value of c that we 
g e t  for 200 GeV proton is 1.38. The ISR value is between 1.3-1.7. 
The present ra idity distribution may be compared with our previous P data at 10 TeV which is shown in Fig.7. The value calculntcd for c 
in Fig. 7 is 1.4 which confirms the existence of scaling at these 
energies. 

In order to discriminate between broad classes of theoretical 
models, it appears very useful to investigate the structure of 
individual events. For fragmentation model, the basic concept is 
that the particles in the final state cluster strongly together 
with a large gap in rapidity separating clusters associated with 
target and projectile particles, respectively. For multiperipheral 
model, final state particles ordered more uniformly along the 
rapidity axis and large gaps are rare. In Fig. 8 we have displayed 
rapidity distribution, event by event, for a number of evcnts 
with different multiplicities. One can see the clustering as well 
as the lack of clustering in some of these events. The systematic 
studies of likc events with bcttcr statistics will probably throw 
some light on the mechanism of particle production at higher 
energies. 

We are very grateful to the mcmbers of N.A.L., and especially 
to Dr. L. Voyvodic, who helped us in this exposure. Partial 
financial help from the Research Corporation is gratefully 
acknowledgcd. 
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and add p r o n g s .  

-1 .o 0 LO 
COS 0' 

i n  thcc.tn. systcm for even 





Fig. 5 .  D i s t r i b u t i o n  of ( nc) and D n L  di f fcrcnt  proton 
cncrgies.  Tile  l irlcnr f i t  to tltc d a t a  i:1 DGO. 5 9 (  <nct1) - 1) 
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Fig. 8(b) .  R a p i d i t y  d i s t r i b u t i o n  i n  c.m. system for ... ' 

individual e v e n t s  for <nCl ,7  = 10, 12 and 14 .  




