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ABSTRACT 

Results from a study of p-nucleus interac~ns, in emulsion, at an 

incident energy of 300 GeV are presented. The observed events were se

parated into those belonging to the light (C,N,O) and the heavy (Ag,Br) 

groups of target nuclei. Some characteristics of the fast.charged 

(shower) particle multiplicity and angular distributions for the light 

and heavY groups, as well as for emulsion, are reported and compared with . " 

the results from our previous experiment at 200 GeV. The average number 

of shower particles, <ns >' ~a? the values, <ns>CNO = 12.1 ± 0.5, <ns>AgBr= 

l6.!± 0.5 and <ns>em = 15.1 ± 0.2. The quantity RA, defined as the 

ratio of created charged particles in p-nucleus and p-p collisions, is 

consistent with the relation RA = AO. 19 While the width of the shower 

particle distribution as measured by the dispersion D is greater at 300 

Gey than at 200 GeV, the value of <ns>/D is about 1.68 at both energies. 

The average number of slow charged particles resulting from the evapora

tion of the target nucleus remains virtually unchanged at the two ener

gies. 

The angular distributions of shower particles plotted in terms of 

n = -In tg e/2 show that, for a given nucleus, there are more parti

cles at smaller angles at the higher energy, while there is no change 

in the distribution at large angles. In addition, for a given energy, 

the munber of shOloJer particles at larger angles increases \.'ith increa

sing si ze of the target nucleus .. 
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I. Introduction 
-'. 

Nuclear targets have gained wide acceptance as tools for probing' 
. ./" 

the multiparticle production process at high energies. In recent years, 

emulsion experiments with FNAL hadron beams have stimulated considerable 

theoretical activity, which has resulted in the development of new models 

of particle production and also in the revival of older models, such as 

the hydrodynamical model. The theories, successful in describing some 

of the gross ~features of hadron-nucleus collisions, can be divided into 

two classes: those requiring an intermediate stage, such as the forma

tion of "hadronic matte;", preceding particle production, and those not 

requiring any such intermediate stage. In order to differentiate 

between the predictions of the two t)~es of model (coherent and incohe

rent production models), extensive experimental data are required for 

different target elements over a wide range of energies. Indeed, it is 

instructive to use target nuclei differing greatly in their atomic 

weights. Nuclear emulsions provide such targets, since they contain a 

light group fA ~ 14) and a heavy group (A;~ 94) of nuclei. Although se

paration of events into these two groups is not exact, one can still 

obtain qualitative information regarding the dependence of the production 

mechanism on the size of the target nucleus. 

In this paper, we review some general characteristics of proton-

nucleus interactions in emulsions at an incident proton energy of 300 

GeY and compare them with the results obtained at 200 GeV. Preliminary 

results at 300 GeY from the analysis of a smaller sample of events have 

already been publishedl ,2. 



II.� Experimental Details 

Stacks of Ilford K-S emulsion were ex~os~ to the 300 GeV proton .....- . 

beam at the Fermi National Accelerator Laboratory. Two stacks, each 

containing 24 pellicles of dimensions lScm X Scm X 600 urn, were exposed 

horizontally, i.e. with the beam direction parallel to the emulsion sur

face. In addition, four small stacks, each containing 6 pellicles of 

dimensions Scm X S em X 600 urn, were exposed vertically, i.e. with the 

beam direction normal to the emulsion surface. The vertical exposure has 

the following interesting features: Firstly, it gives an overall picture 

of the beam flux distribution; secondly, it permits precise measurements 

of angles in a shorter time; and thirdly, higher beam flux can be chosen 

(~ 106 protons/cm2 compared with ~ 2 X 104 protons/cm2 for the ho;i

zonta1 exposure) without confusing the secondary tracks with the primary 

tracks, thus reducing scanning time. 

The 2633 events observed, while scanning the plates, were subjected 

to a rigorous depth c~t-off criterion. In the horizontally exposed 
.. 

plates, events occurring.in the top or bottom 50 Vffi of the emulsion were 

rejected, while in the vertically exposed plates, events within the top 

90 ~m or the bottom 140 pm of the emulsion were disregarded. The final 

number of accepted events was 1971, out of which 388 were from the ver

tically exposed plates. 

The tracks associated with each one of the interactions were classi

fied as shower, grey or black tracks depending on the ionization, I, caused 

by the passage of the charged particle through emulsion. If 1
0 

is the 

ionization due to an extremely relativistic Charged particle, then the 

tracks with a) I < 1.4 1 are shower tracks b) 1.4 1 < I ~ 41 are grey
0� 0 0 
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tracks and c) I > 41" are black tracks. The number of shower"tracks 
o 

'<!" 
observed in an interaction is denoted by n .. These tracks are due pris ....... 

marily to charged pions, although the incident proton and fast secondal-y 

protons may also be included, along with some kaons etc. Less energetic 

protons ejected from the target nucleus appear mainly among grey tracks 

as do some slow charged pions. The black tracks are attributed mainly 

to the evaporation or fragmentation of the target nucleus. The grey and 
. 

black tracks ~ogether are" referred to as heavy tracks or dense tracks. 

The number of heavy tracks, Nh, resulting from a collision is indicative 

of the energy imparted to the target nucleus by the incoming proton. 

Nh may also be used as a criterion for separating the target nuclei in 

emulsion into two groups: a light group (H,C,N,O) and a heavy group 

(Ag. Br). Interactions in a light nucleus are not likely to result in 

the emission of more than six fragments. Hence, the events attributed 

to the light group of nuclei are ~O\md amongst the sta~s with Nh ~ 6 and 

have to be separated from the peripheral interactions in silver and bro

mine. The characteristics of the two types of events are not very diffe

rent, but the presence of a heavy recoiling nucleus (a black track, 1-2 

~m long), is a useful criterion for selecting the interactions in the 

heavy nuclei. 

Clean white stars, i.e. events with Nh = 0 and no nuclear recoil or 

an electron track at the vertex, were carefully examined for two reasons. 

Such events, having ns = 2 or 3 may be due to energetic knock-on elec

trons or lepton pairs directly produced by the incoming proton and should 

be removed from genuine events. Secondly, this type of star with an odd 
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number of shower tracks may be coherently produced. Elimination of cohe

rent events from the rest of the white stars~roved to be difficult, 
ns 

since the angular criterion for coherence .r·l s~n e. < 0.3 (e. being the 
1= 1 -� 1 

angle between the directions of the i th shower track and the incoming 

proton) was equally well satisfied by many non-coherently produced events. 

However, the contribution of the ccllerently produced events to the inelas

tic mean free path is small (about 1.5-2%) 3 • 

III. . Results 

The inelastic mean free path for proton-nucleus collisions in emul

sion� at 300 GeV is found to be 34.9 ± 0.7 em, which is essentially the 
. ·45 

same as the value measured at 200 GeV ' • 

Another quantity which shows no appreciable cllange from 200 GeV to 

300 GeV is the aver~ge number of dense tracks, <Nh>. In fact, <Nh> re

mains constant from 27 GeV6 «Nh> = 7.5 ± 0.4) up to present FNAL ener

gies. The values of <N are 7.4 ± 0.2 at 200 GeV and 7.1 ± 0.2 ath> 

300 GeV. Also, the average numbers of black and grey tracks, separatelY, 

show little change from 200 to 300 GeV, the values being, respectively, 

<Nb> ~ 5.4 and <N > %1.8.g

Employing the criteria proposed by Lohrman and Teucher7, a sub-

sample of ~ 400 events was separated into interac~ions occurring in the 

light group (C, N, 0) and the heavy group (Ag, Br) of emulsion nuclei. 

The values of <N from this analysis are 2.9 ± 0.2 and 9.9 ± 0.5 forh > 

the light and the heavy group, respectively. Within experimental 

errors the same values were obtained from a similar analysis of the 

200 GeV data. 



The frequency distribution of the heavy prongs in the 1971 events 

analysed at 300 GeV is sho\m in Fig. 1, in-w~h the average values o~ 

N for the light group, for the heavy group, .ana"for emulsion are indi
h 

cated by arrows. 

The charged shmV'er particle distribution, shmm in Fig. 2, is \'lider 

than the 200 GeV distribution, as was to be e~~ected. The average number 

of shower particles, <ns~ is 15.1 ± 0.2, as compared with 13.2 ± 0.2 at 

200 GeV8• Some of the characteristics of the mUltiplicity distribution 

along with the values of <n > for the light and the heavy groups of nuclei, . s 

are listed in Table I. The nearly linear relationship which exists be

tween the number of shower tracks and the number of heavy prongs is illus

trated in Fig. 3. 

A characteristic of the shower-particle multiplicity distribution 

which is of considerable interest is the dispersion, D = «n2> _ <n >2)~. 
s s 

In the energy range from 6.2 GeV to 300 GeV, a simple relationship exists 

between D and <n >' expressed by D = (0.60 ± O.04)<n > (see Ref. 2).s s 

This expression is similar in form to that given by Wroblewski9 for 

proton-proton interactions. In the latter case, <n > is replaced by
s 

<nch> - 1, where <nch>is the charged-particle multiplicity in proton-proton 

collisions. The correspondence between <n > and <n ch> - 1 has an impors 

tant bearing on the comparison of multiplicities in proton-nucleus and 

proton-proton collisions. Since <ns > is not equivalent to <nch>' as has 

been generally assumed, it follows that the rnultipartic1e production 

process .is not correctly described by the commonly used ratio,R = 

<ns>!<n >. The reason is that, whereas the quantity <ncb> includes allch

the created charged particles plus the incident and target protons, only 



the charged particle having ~ > 0.7 contribute to the value of <n >. 
- - <t' s 

If we consider the ratio of only the charged particles created in 
."" 

the interactions ,it can be shown that this ratio for emulsion is 

R = <n > - 1.2/<n > - 2~O This expression is found to have essentially
ern· s ch

the same value as a ratio calculated on the basis of compa~ing the total 

numbers of particles in the final state, including neutrals, but the 

latter ratio is less accurate on account of the number of corrections to 

be applied. 

This ratio, R (unlike the previously· used ratio) is found to beem' 

energy independent in the 30-300 GeV energy range. The values of R em 

are 2.12 ± 0.10 and 2.14 ± 0.07 at 200 GeV and 300 GeV, respectively. 

The constancy of this ratio has an important implication concerning the 

atomic weight dependence of the multipartic1e production process. For 

a target of atomic weight A, we can write, R
A 

~ -Aa , where the value of 

. a
the exponent a has to be calculated from the expression, Rem = fPiAi 

the probability of an inelastic encounter in a target nucleus 

of atomic weight, Ai' The experimental values of R lead to the em 

result that a = 0.19 ± 0.01. This value of the exponent a is in excel

lent agreement with the prediction of the hydrcdynamical model ll • 

IV. Angular Distribution 

Angular distribution data from a sample of 887 events have been ana-

lysed in terms of the pseudo-rapidity variable, n =-1n tg e/2, where e 

is the space angle of a shower particle with respect to the direction of 

the incident proton. The data were divided into two categories based on 
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i) the target size; and ii) the star siz~, indicated by the number of 
<T . 

heavy prongs. 

The n-p1ots for the light and the heavy groups of emulsion nuclei 

are presented in Fig. 4a and Fig. 4b for incident proton energies of 

300 GeV and 200 GeV, respectively. It is evident from the.figures that 

the angular distribution in the projectile fragmentation region is inde

pendent of the size of the target nucleus. The excess of particles in 

the case of the heavier target appears at large angles, shifting the 

center of the distribution towards smaller values of n. The data, al

though insufficient to determine whether or not the angle at \vhich the 

excess of particles appears depends on the target size, indicate that 

this angle is energy dependent, the angle decreasing as the energy 

increases. 

The angular distributions for the light group of nuclei at the two 

incident energies are compared in Fig. Sa. A similar comparison for the 

heavy group is given in Fig. Sb. It is evident that, in each case, the 

rrdistribution in the target fragmentation region is independent of ener

gy, the excess of particles at the higher energy appearing at smaller 

angles. 

While separating the data for events with Nh ~6 into a light and 

a heavy group of nuclei, it was noticed that the angular distributions 

for the two groups were very similar:Z This observation implies that 

the particle production process is influenced only by the number of col

lisions of the incident particle with the target nucleons and not by the 

size of the target. 
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The angular distributions classified according to star size (diffe

rent N groups) are sho\ffi in Fig. 6 for inci~nt proton energies of
h 

300 GeV and 200 GeV. For each Nh group, the' n-~istributions in the tar

get fragmentation region are the same at the two energies. This feature 

of the distributions is readily apparent if we compare the average numbers 

of shower particles having values of n < no' where ~ is taken to be 

equal to 3 ( the centre-of-momentum rapidity of proton-proton collisions 

at 200 GeV) .• This compat:,ison is made in Table Ira. A similar compari

son, presented in Table lIb, for n > 3 (small angles) shows that 

the average shower particle mUltiplicity increases with increasing ener

gy.The average angle of emission of the central particle decreases 

from (0.61 ± 0.04)0 at 200 GeV to (0.42 ± 0.03)0 at 300 GeV. 

These features of the angular distributions may also be observed by 

plotting the integral distribution of ns(~' Nh), defined as the total 

number of shower particles with n less than some particular value, n ,
o 

for all the events with a fixed number of heavy prongs. The linear de

pendence of ns (n, Nh) on Nh , represented by 

Ds(n, Nh) = a(n) + B(n)Nh, 

is illustrated in Fig. 7a. The values of a(n) and a(n), displayed in 

Fig. 7b, are obtained from the angular distributions of events with 

2 ~ Nh ~ 17. Events with Nh < 2 were omitted since they contain cohe

rent events and proton-proton interactions, while the exclusion of 

events with N > 17 eliminates the effects due to the total break-up of
h 

the target nucleus. The best fit values of a = a. are 10.2 ± 0.6 andm1n 

8.7 ± 0.3 at 300 GeV and 200, GeV, respectively. For events with Nh = 0,1 

the average shower particle multiplicities (possible coherent events and 
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proton-proton interactions excluded) are 10.5 ± 0.6 at 300 GeV and 
-<J" 

9.2 ± 0.4 at 200 GeV, in perfect agreement with the values of a .m1n 

obtained from Fig. 7b, using only events with Nh ~ 2. 

From Fig. 7, we conclude that, for small angles, the nwnber of 

shower particles ns(n, Nh) is insensitive to the value of Nh • In other 

words, ns(n, Nh) is independent of the path length of the leading parti

cle in nuclear matter. However, for small values of n, i.e. for large 

angles, the shower multiplicity depends on the path length. The critical 

values of n separating the two effects are n ~ 5 (e :{; 0.80 ) and n ~ 4.3 

(e ~ 1.6°) at 300 GeV and 200 GeV, respectively. 

The coefficients a(n) and Sen) may be interpreted as meaning that 

the differential distribution da/dn mainly describes the angular distri

bution of shower particles from the leading particle, while dS/dn descri

bes the angular distribution of pions emitted in consecutive cOllisions: 

da/dn is strongly energy dependent, whereas d6/dn is essentially indepen

dent of energy. 

f 
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v. Conclusions 
........� 

The characteristics of p-nucleus interact~6ns show no apparent 

change as the incident energy is increased from 200 to 300 GeV~ with 

the exception of the average shower-particle multiplicity \"hich increa

ses only slowly with increasing energy. The angular distributions of 

the shower particles indicate that the excess of particles at the higher 

energy is found in the projectile fragmentation region. The average . 
number of particles emitted in the target fragmentation region is inde

pendent of energy and is determined by the number of repeated collisions 

of the leading particle. A comparison between the observed rapidity dis

tributions and the predictions of the various theoretical models of 

multiparticle production requires more experimental data~ covering a 

wider range of energies and a greater number of different target elements. 

However ~ the average number of charged pions created in 'proton-nucleus 

interactions is found to be in excellent agreement with the prediction 

of the hydrodynamical model. 
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Energy (GeV) 

200 

300 

Table I 

Characteristics of the multiplicity distribution 

. . 
<n > s em 

13.2 :t. 0.2 

15.1 + 0.2 

o 

7.8 + 0.2 

9.0 + 0.2 

<n >/0
S 

1. 69 :t. O. 07 

1.68 + 0.06 

<ns>CNO 

10.7 ~  0.5 

12.1 + 0.5 

<ns>AgBr 

14.7 + 0.5 

16.7 + 0.5 

.\ 
'\ 

l 
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Table II a 

Shower particle multiplicities in the pseudo-rapidity region-· n< 3.0 (0) 5.7°) 

Nh - range 

300 GeV 

<n > s 

200 GeV 

2-5 

6-10 

>10 

5.9 + 0.3 

8.0 + 0.6 

13.7 + 0.8 

5.8 + 0.4 

8.0 + 0.7 

13.6 + 1.0 

.\ 
'\ 

t 
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Table II b 

Shower particle multiplicities in the pseudo-rapidity region 
. . n > 3.0 (e <' 5.7°) 

Nh -range 
300 GeV 

<n > s 

200 GeV 

2-5 

6-10 

>10 

7.1 + 0.4 

7.7 + 0.6 

9.3 + 0.5 

4.7 + 0.3 

5.6 + 0.5 

6.4 + 0.4 I 

.\ 
'\ 



FIGURE CAPTIONS 

-4 

Fi g. 1. Frequency distribution of heavy tra,?"ks at 300 GeV incident 

energy. The arrows indicate the average values of heavy 

tracks for CNO, AgBr and emulsion samples. 

Fi g. 2. Frequency distribution of shower tracks at 300 ·GeVincident 

energy. 

Fi g. 3. The dependence of the average number of shower particles 

on the average number of heavy tracks. 

Fi g. 4. Pseudo-rapidity distributions of shower particles from 

a} 300 GeV and b) 200 GeV proton interactions in CND and 

AgBr~ The events are normalized to 1. Typical errors are 

shown for different regions of the plot. 

Fig. 5. Pseudo-rapidity distributions of shower particles for 

a) p-CNO and b) p-AgBr interactions at 300 GeV and 200 GeV. 

The events are normalized to 1. Typical errors are shown 

for different regions of the plot. 

Fig. 6. Pseudo-rapidity distributions of shower particles for 

different star sizes (i.e. different Nh groups). 

Fi g. 7. a) The effect of the star size on the number of shower 

particles emitted at various angles. 

b) The coefficients a and 8 as functions of n • a is 

energy dependent i while 6 is essentially energy independent. 
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