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Abstract 

. - .  . . 
We present the results of in international collaboration on protc 

-nucleus interactions using nuclear emulsions cxposed to a 200 Ge 

proton beam at the National Accelerator Laboratory, Batavia. A 
large number of interactions have been analysed including el-ents 
with heavily-ionizing tracks and therefore distributions are give 

with all final nuclear states included in the data. 

The mean-free path measured does not deviate from the values 

obtained at lower energies. The average-charge multiplicity was 

found to be <ns> = 12.9 * 0.4 andthcaverage number of heavy 
prongs <Nh> = 7.4 k 0.2. These results are inrpossible to inter- 
pret with any simple intranuclear cascade model. The shape of 

the angular distribution of particles produced'and its variation 
with the number of heavy prongs Nh has been analysed. 

1. Introduction and experimental details 
Three stacks of Ilford K5 emulsions were exposed to the NAL 

. 200 GeV proton beam in September 1972. Two stacks (40  pellicles 

each, 2 0 ~ 5 ~ 0 . 0 6  cm3) were exposed horizontally (beam parallel to 
the emulsion surface) and the third stack (20 pellicles, 
SxSx0.05 cm3> uas exposed vertically (beam perpendlcplar to the 

emulsion surface). 

The horizontal stacks were scanned by two different methods, 

along-the-track scanning and area scanning. Only area scanning 

was used in the case of the vertical stack. 

2. The inelastic mean-free path 
Table 1 summarizes *he results using along-the-track scanning'anc 

Table I area scanning. Within thc 
Scanning Direction of Nuabsr of lrnlrh  of 
u t h 0 d  th. be.. r c r r t  =rack (o)  I I B ~ I ( ~ ~ ~  statistical errors, the 
track-ac.nain, parallel 1741 611.16 ss.11o.a mean free paths measured c 
.?*a-xcmnlag parallel 1841 U.Sl1.1 

mrO~-Ic.MIn~ v ~ r c l ~ a l  I09 SS.1al.S . not dev ia te  from the valuc 

obtained at lower energie: 

3..General characteristics of proton-nucleus interactions 
at 200 GeV 

The mean charged ----- multi~licity ----- of shower particles c,ns> is 1 2 . 9 + 0 .  

Dar and Vary (1) have shown that particle-nucleus collisions at 
high energies could be a sensitive test 



of t h e  mechanism of  m u l t i p a r t i c l e  product ion  i n  pa r t i c l e -nuc leon  

c o l l i s i o n s  a t  h i g h  energy .  They have c a l c u l g t e d  the  expected 

v a l u e s  of  t h e  m u l t i p l i c i t i e s  assurairtg two d i f f e r e n t  modcls, t h e  
. i n t r a n u c l e u s  cascading  nlodel and the  q d i f f r a c t i v c  e x c i t a t i o n  model --------------------- ------ ................................ 

In  Table I1 we compare t h e  exper imenta l  m u l t i p l i c i t i e s  with those  

Table 11 p r e d i c t e d  by Dar and Vary. I t  
is ev iden t  t h a t  t h e  i n t r a n u c l e -  

u s  cascade model g i v e s  v a l u e s  

q u i t e  d i f f e r e n t  from t h e  expe- 

r i m e n t a l  r e s u l t  a t  200 GeV and 
EDII)~ 

27 t e V  

100 CoV 
4 

t h a t  t h e  model does no t  exp la in  

t h e  observed m u l t i p l i c i t i e s .  

In Fig .  1, cn,> i s  compared 

gas' p-w - 
"'ct.' p-p 

w i t h  m u l t i p l i c i t i e s  a t  lower e n e r g i e s  and w i t h  i n t r a n u c l e a r ' c a s -  

E x ~ . r i n m t  

1.4 r 8.1 

1.7 t 0.1 

cade c a l c u l a t i o n s  assuming many p a r t i c l e  i n t e r a c t i o n s  ( 2 ) .  Even 

if these '  c a l c u l a t i o n s  g i v e  t h e  c o r r e c t  v a l u e  of t h e  m u l t i p l i c i t i e s  
they f a i l  i n  p r e d i c t i n g  the 

thmry 

' D ~ L j  Nh-values a t  Z O O  GeV. The 

I.tr~necleur 
cascading model 

1.14 

2.8? 

4 - - <nr>H=<~>p-pAa p -  p r e d i c t e d  va lue  i s  l a r g e r  
C 

than  12.6. The mean va lue  

of Nh i s  7.4 * 0:2 which i s  

<Nh> = 7.2 2 0.2 ob ta ined  

a t  2 7  GeV ( 3 ) .  The depen- 
b W N 7 R W U U R W U S E  

OLCVU~IONS ~v+(.z) dence on t h e  s i z e  of t h e  

diffractlvr 
txclc.clun modcl 

1.88 

. 1.88 

1 6 * I # 8 t .  lilt I I 1  

5 10 lo 50 loo m t a r g e t . i s  a l s o  shown. The 
WEHI LAB. HOHENTUH. GrVIc 

most s t r i k i n g  proper ty  is 
Fin. 1 the comparat ively low mul- " 
Mean nuntber o f  shower p a r t i c l e s  
.<n-> observed i n  oro ton-nucleus  t i p l i c i t i e s  observed i n  p-H 

i n b r a c t  i ons  versbs l a b .  momen- i n t e r a c t i o n s .  
turn of t h e  i n c i d e n t  pro ton .  

F igure  2 shows t h e  dependenc 

between <ns> and N h .  The r e s u l t s  ob ta ined  from area-scanned i n -  
t e r a c t i o n s  a r e  i n  e x c e l l e n t  agreement with t hose  obtained frcm 

i n t e r a c t i o n s  scanned a long  t h e  t r a c k .  We observe  an almost li- 

n e a r  r e l a t i o n s h i p  be tween <nS> and N h .  The mean m u l t i p l i c i t y  

i n  i n t e r a c t i o n s  wi-th Nh = 0  i s  7.72 - t 0.54, which i s  i n  good a g r r (  

ment w i th  t h e  valud. 7.65 r 0.17 ob ta ined  w i t h  a ,hydrogen bubble 
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Fig.  2 . 
Mean number of shorier 
p a r t i c l e s  <n,z v e r s u s  
t h e  number o t  hezvy 
prongs Nh. The f i -  
gure  a l s o  shows t h e  
r a t i o  between t h e .  
m u l t i p l i c i t i e s  i n  
pro ton-nucleus  znd . 
proton-pro ton  i n t e r -  
a c t i o n s  v e r s u s  t h e  
nhmber of heavy 
prongs.  

chamber ( 4 ) .  The l a r g e s t  m u l t i p l i c i t y  ob ta ined  i n  an event  i s  

ns = S3(Nh = 2 2 ) .  We a l s o  compare w i t h  m u l t i p l i c i t i e s  a t  CERX- 

- ene rg i e s  (5 ) .  There i s  a  compara t ive ly  smal l  i n c r e a s e  i n  t he  

r a t i o  between the m u l t i p l i c i t i e s  i n  pro ton-nucleus  and proton-pro-  

ton i n t e r a c t i o n s  wi th  t h e  energy of t h e  i n c i d e n t  pro ton  and wi th  

Nh. Table I 1 1  shows t h e  percentage  of  s t a r s  i n  v a r i o u s  Nh groups 

a t  NAL and CERN e n e r g i e s .  The i n t e r a c t i o n s  u c r e  a l l  i d e n t i f i e d  
. . by scanning  a long- the - t r ack  and 

h b l e  I l l  

eerc.at.8. of stars la  vartour N,, groups a r c  t h e r e f o r e  d i r e c t l y  comparable 

b a r s y  M, 1 2 : Y,, : 1 s e ub I t  i s  i n t e r e s t i n g  t o  no te  t h e  

aeo CeV Z).S t 1.6 2 I .  0.1 1 2.1  l a r g e  pe rcen tage  of  s t a r s  with 
1 .  r 1 .  1.7 2 2 .  49.4 : 2.9 Nh = 0 and 1 i n  i n t e r a c t i o n s  a t  
2 V 6 . 1  a 1 .0  28.I:  1.4 SS.7 1 2 . 2  

200 GeV. A t  l e a s t  30 3 o f  t h e s e  a: 

i n t e r a c t i o n s  wi th  a p e r i p h e r a l  
nucleon i n  ilg o r  Br. The i n c r e z s l  

; i n  t h e  m u l t i p l i c i t y  i s  not  r e f l e c t e d  i n  any i n c r e a s e  i n  t he  cas -  

cade o r  i n  t h e  energy t r a n s f e r r e d  t o  t h e  t a r g e t s .  This  l a s t  s t a t e  

nent i s  supported by t h e  r e s u l t s  shown i n  F i g .  3 ,  where we compare 

the i n t e g r a l  frequency d i s t r i b u t i o n  o f  N,, wi th  t h e  r e s u l t s  ob ta ine ,  
-- 

a t  6-28 GeV ( 6 ) .  The exper imenta l  v a l u e s  a r e  0 b t a i n e d . b ~  area-  

-scanning and the  comparison is made i n  t h e  reg ion  Nh > 7 ,  i n  

which area-scanning i s  known t o  be unbiased .  



4. Some gross features of sin~le particle inclusjve angular . 
distributions 

We measured the polar angle O with respect to the incident par- 

ticle. In the analysis we chose the variable UL = loglOtg 0 ,  0<90C 
which is a good approximation to the rapidity y ( 7 ) .  In a high- 

-energy event for whi.ch the distribution of charged secondaries 

is symmetric in the centre-of- 

-mass system - <UL> = 
s - 'F. 1°gl oyc 

(the CastagnoIi formula). yc 

Fig. 3 
Integral'frequency distribu- as a function of Nh. In small 

tion of N,. Open circles re- stars, Nh = 0,1, the majority 
present mi.'asuremcnts at 200 GeV.  or particles are emitted in Dotted curve shows Droton acce- 

t 
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lerator data. the forward direction. Cohe- 

rent production of pions as 

well as the surviving incident protons in p-n interactions con- 
tribute to this asymmetry. Stars of medium size have roughly sym- 

metric shower particle distributions in the centre of mass system. 

4 
ns - 1 
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In these interactions only a small number of nucleon-nucleon in- 

is the Lorentz factor far lab. 
to c.m. transformations. 

Figure 4 shows the angular 

distributions for stars of dif- 
ferent size and Figure 5 shows 

- <UL> and a = 

teractions occur. ' Large stars have an excess of particles emit- 

ted backwards. A smooth transition between the two extreme cases 

L A A 4 b o A c k A A m  

can be seen and has beenrepresented by a curve drawn by hand. 
The changes in the asymmetry with increasing values of Nh indicate 

. . 

that secondary processes are involved. 

The anisotropy parameter a seems to increase slightly with Nh. 
In interactions with Nh = 0,1, the value of a is 0.61 5 0.01. 

In interactions with N h  > 10 a is 0.70 5 0.02. 

The small multiplicity and the relatively large number of stars 
with Nh = 0,l support an assumption that the leading particle is 



Fig. 4 
Differential angular distri 
butions in group8 characte- 
rized by Nh. 90 in the 
nucleon-nucleon CbiS is mar- 
ked by a dotted line. 

Fig. 5 
Variation of the mean angle 
<U > and a with the number of 

I hedvy prongs. 

Fig. 6 
Variation of the mean angle 
<U > with the number of nucleon- 
-nkclcon collisions in the targe 

most responsible for the production of secondaries and that se- 

condary particles have only a small probability of producing new 

particles and even small possibility to deliver energy to the 
targe t .  It is easy to calculate <UL> as a function of the nuxber 
of collisions between the incident (leading] particle and target 
nucleons. 

Figure 6 shows thc;results from calculations performed for proton- 

-nucleus interactions at 200 GcV. ~ulti~licitics from free pro- 



ton-proton interactions and a 
value 'of thc inelasticity K equal 

to 0.5 was used. The calculations 

seem to explain the gross feature 
of <UL> shown in Figure 5 .  

Figure 7 shows the integral angu- 

lar distribution. Most of the par- 
ticles are found at small UL, so 
that F(>UL) is a rapidly falling 
function. The arrows in the figure 

show the value of UL for which equal 
-numbers of particles are found to- 

the right and to the left. This 

value is not necessarily the UL va- 
lue associated with the centre of 

7 . .  

mass of either the p-nucleon or the 
Fig. 7 . p-nucleus systems. 
Multiplicity of shower 
particles with angles 
greater than U plotted 
a5 a function bf u ~ .  

. . 
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