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ABSTRACT

.\/.f'

Results from a study of p-nucleué interactions, in emulsion, at an
incident energy of 300 GeV are presented. The observed events were se-
parated into those belonging to the liéht (C,N,0) and the heavy (Ag,Br)
groups of target nuclei. Some characteristics‘qf the fast.charged
(shower) particle multiplicity and angular distributions for the light
and heavwy groups, as well as for emulsion, are reported and compared with
‘the results from our préfious experiment at 200 GeV. The average number
of shower particles, <ﬁs>, has the values, N >eyg = 12.1 2 0.5, <ns>AgBr=
16.7 £ 0.5 ahd <ns>em = 15.1 + 0.2. The quantity R,, defined as the
ratio of created charged particles in p-nucleus and p-p collisions, is
consistent with the rglation RA = A0.19. While the width of the shower
particle distribution as ﬁeasured by the dispersion D is greater at 300
GeV 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
m = -1n tg 6/2 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 number of shower particles at larger angles increases with increa-

sing size of the target nucleus..
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I. Introduction
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Nuclear targets have gained wide acceptance as tools for probing’
the multiparticle production process at high enérgies. In recent years,
emulsion experiments with FNAL hadron beams have stimulated considerable
theofetical activity, which has resulted in the development of new models
of particle production and also in the revivgl of older models, such as
the hydrodynamical model. The theories, successful in describing Some
of the gross Eeatures of hadron-nucleus collisions, can be divided into
two élasses: those requiring an intermediate stage, such as thg forma-
tioﬁ of "hadronic matter", preceding particle production, and those not
requiring any such intermediate stage. In order to differentiate
between the predictions of the two types of model (coherent and incohe-
rent production models), extensive experimental data are required for
different target elements over é 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 (A.% 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
GeV and compare them with the results obtained at 200 GeV. Preliminary
results at 300 GeV from the analysis of a smaller sample of events have

already been publishedl’z.



I1. Experimental Details '

Stacks of Ilford K-5 emulsion were‘exbogga to the SOd-GeV proton
beam at the Fermi National AcceleratoflLaboréto;;; Two stacks, each
containing 24 pellicles of dimensions 15cm X 5cm X 600 um;.were éxpoééd
horizbntally, i.e. with the beam direction parallel to the emulsion sur-
~ face. In addition, four small stacks, each containing 6 peilicles of
dimensions 5cm X 5 cm X 600 um, were exposed vertically, i.e. with the
beam direction normal to the emulsion surface. The vertical exposure has
the following interesting featuies: Firstly, it gives an overall picture

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

of angles in a shorter time; and thirdly, highéf beam flux can be chosen
6 )

protons/cm2 compared with ~ 2 X 104 protons/cm2 for the hori-

(R 10
zontal exposure) without confusing the secondary tracks with the primary
tracks, thus reducing scanning time.

Tﬁe 2633 events observed, while scanning the plates, were subjected
to a rigorous depth cut-off criterion. In the horizontally exposed
plates, events occurring.in the top or bottom 50 ﬂm of the emulsion were
rejected, while in the vertically exposed plates, events within the top
90 um or the bottom 140 um 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 Id is the
ionization due to én extremely relativistic charged partigle, then the

tracks with a) I < 1.4 Io are shower tracks b) 1.4 Io <I 5_410 are grey



tracks and ¢} I > tlI.0 are black tracks. The number of shower tracks
7 ’ Co

N i
observed in an interaction is denoted by n_. These tracks are due pri-

—
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marily to charged pions, although the incident ﬁroton and fast secondary
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 %ogéther 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 pfoton.

Nh maf also be ﬁsed as a criteribn for separating the target nuclei in
emulsion into two groups: a light group (H,C,N,0) and a heavy group
(Ag, Br). Interactions in a iight nucleus are not likely to resuit in
the emission of more than six fragments. Hence,‘the events attributed
to the light group of nuclei are found amdngst the stars with Nh < 6 and
have to be separated from the peripheral interactions in silver and bro-
mine. The characteristics of the two types §f events are not very diffe-
rent, but the presence of a heavy recoiling nucleus (a black track, 1-2
pym 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 rgcoil or
an electron track at the vertex, were carefully examined for two reasons.
Such events, having ng = 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



number of shower tracks may be coherently produced. Elimination of cohe-

rent events from the rest of the white starssproved to be difficult,
. n .
s

since the angular criterion for coherénée i§1 sin ei <0.3 (ei being the
angle between the directions of the ith shower track and the incoming
protdn) was equally well satisfied by ﬁény non-coherently produced events.
However, the contribution of the coherently produced events to the inelas-
tic mean free path is small (about 1.5-2%)3. |
I11. - Results

The inelastic mean free path for proton-nucleus collisions in emul-
sion at 300 GeV is found to be 34.9 % 0.7 cm; which is essentially the
same as the value méasured at 200 Gev??>.

Another quantity which shows no appreciable change from 200 GeV to
300 GeV is the avergge number of dense tracks, <Nh>.' In fact,A<Nh> Tre-
mains constant from 27 GeV6 (<Nh> 7.5 £ 0.4) up to present FNAL ener-

gies. The values of <Nh> are 7.4 * 0.2 at 200 GeV and 7.1 * 0.2 at
300 GeV. Also, the average numbers of black and grey tracks, separately,
show little change from 200 to 300 GeV, the valﬁes being, respectively,
<N$> ~ 5.4 and N> % 1.8. |

Employing the criteria proposed by’Lohrman and Teucher7, a sub-
sample of ~ 400 events was separated into interactions occurring in the
light group (C, N, 0) and the heavy group (Ag, Br) of emulsion nuclei.
The values of <Nh
the light-and the heavy group, respectively. Within experimental

> from this analysis are 2.9 * 0.2 and 9.9 * 0.5 for

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

200 GeV data.

RS



The frequency distribution of the heavy prongs in the 1971 events
analysed at 300 GeV is shown in Fig. 1, in which the average values oﬁ
Nh for the light gfoup, for the heavy group,'anédfor emulsion are indi-

cated by arrows.

fhe charged shower particle distribution, shown in Fig. 2, is wider
than the 200 GeV distribution, as was to be expected. The ;verage number
of shower particles, <n 3 is 15.1 * 0.2, as compared with 13.2 sz at
200 GeVS. Some of the characteristics of the multiplicity distribution
along with the yalues of <n > for the light and the heavy groups of nuclei,
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 = (<n§> - <ns>2)%.
In thé enexrgy range from 6.2 GeV to 300 GeV, a simple relationship,éxists
between D and <n_>, expressed by D = (0.60 * 0.04)<ns> (see Ref. 2).
This expression is similar in form to that given by Wroblewski® for
proton-proton interactions. In the latter case, <n_> is replaced by
N4> - 1, where <nch>is the charged-particle multiplicity in proton-proton
collisions. The correspondence between <n > and < 4,> - 1 has an impor-
tant bearing on the comparison of multiplicities in proton-nucleus and
proton-proton collisions. Since <n > is not equivalent td <n 4>, as has
been generally assumed, it follows that the multiparticle production
process is not correctly deséribed by the commonly used ratio, R =

<ns>/<nch>. The reason is that, whereas the quantity <@ 4> includes all

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



the charged particle having 8 > 0.7 contribute to the value of <ns>.

If we consider the ratio of only_the éharggd particles creatediin
the interactions, it can be shown that this ratio for ¢mu}sion i;

Rem = <n > - 1.2/<nch> ~ 2]()This expression is found to have essentially
the same value as a ratio calculated on the basis of comparing 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, Rem’ (unlike the previously used ratio) is found to be
energy independent in the 30-300 GeV energy rangé. The values of Rem
are 2.12 + 0.10 and 2.14 % 0.07 at 200 GeV and 300 GeV, respectively.
The constanconf this ratio has an important implicatioﬁ concerhing the
atomic weight dependence of the multiparticle production process. For

a target of atomic weight A, we can write, RA = Aa, wﬁere the value 6f
the éprnent a ﬁas to be calculated from the expression, Rem ='§piAg .
P; being - the'probability of an inelastic encounter in a target nucleus
of atomic weight, Ai‘ The experimental values of Rem leaqv to the
result that o = 0.19 + 0.01. This value of the exponent « isAin excel-

lent agreement with the prediction of the hydrcdynamical modelll.

Iv. Anguiar Distribution

Angular distribution data from a sample of 887 events have been ana-
lysed in terms of the pseudo-rapidity variable, n =-2n tg 6/2, where 6
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



i) the target size, and ii) the star size, i?ﬂicated by the number of

[l

heavy prongs. —

The n-plots 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 particlés in
the case of éhe heavier target appears at 1arge-ahg1es, shifting the
center of the distribution towards smaller values of n. The data, al—
though insufficient to determine whether or not the angle at wﬁich the
excegs of particles appears'depénds 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. 5a. A similar comparison for the
heavf group is given in Fig. 5b. It is evident that, in each case, the
n-distribution in the target fragmentation region is independent of ener-
gy, the exceés 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 thé two groups were very similar}2 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.



The angular distributions classified according to star size (diffe-
rent N groups) are shown in Fig. 6 for incidént proton energies of

300 GeV and 200 GeV. For each N, group, the n-distributions in the tar-

h

get fragmentation region are the same at the two energies. This feature
of the distributions is readily apparegt if we compare the avefage numbers
of shower particles having values of n < N,» wher¢ 3% is géken to be

equal to 3 ( the centre-of-momentum rapidity of‘proton-proton collisions
at 200 GeV).. This comparison is made in Table Ila. A similar compari-
son, presented in Table Iib, for n > 3 (small angles) shows that
the average shower particle multiplicity increases with increasing ener-
gy. The averagévangle of emission of the central particle decreases

from (0.61 * 0.04)° at 200 GeV to (0.42 * 0.03)° at 300 GeV.

These features of the angular disfributions may also be observed by
plotting the integral disﬁribution of ns(ﬁ, Nhf, defined as the total
nunber of shower paiticles with n less than some particular value, n,>
for allythe events with a fixed number of heavy prongs;~ The linear de-
pendence of ng (n, Nh) on N, , represented by

n.(n, N) = a(n) + B(nJNh,
is illustrated in Fig. 7a. The values of a(n) and B(n), displayed in
Fig. 7b, are obtained from the angular distributions of events with
2 <Ny <17 . Events with Nh < 2 were omitted since they contain cohe-
rent events and‘proton-proton interactions, while the exclusion of
events with Nh > 17 eliminates the effects due to the total break-up of
the target nucleus. The best fit values of a = @ in 2T 10.2 # 0.6 and

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



proton-proton interactions excluded) are 10.5 * 0.6 at 300 GeV and
- . o .

9.2 * 0.4 at 200 GeV, in perfect agreement with the values of pin

EN

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

From Fig. 7, we conclude that, for small angles, the number of
showér particies ns(n, Nh) is insensitive to the value of Nh’ In other
words, ns(n, Nh) is independent of the path {ength of the leading parti-
cle in nuclear matter. However, for small values of n, i.e. for Iafge
angles, the shower multiplicity depends on the path length, The critical
values of n separating the two effects are n é 5 (8 % 0.8°) and n Q 4.3
(6 & 1.6°) at 300 GeV and 200 GeV, respectively.

The coefficients a(n) and B(n) may be interpreted as meaning that
the differential distribution do/dn mainly describes the angular distri-
bution of shower particles from the leading particle, while dB/dn descri-
bes the‘angular distribution of pions emitted in consecutive collisidns:

do/dn is strongly energy dependent, whereas dB/dn is essentially indepen-

dent of energy.



V. Conclusions
o<

The characteristics of p—nucleus.interactﬁﬁﬁs show no apparent
éhange as the incident energy is increased from 200 to 300 GeV, with
the exception of the average shower-paéficle multiplicity which increa-
‘ses only slowly with increasing enexgy. The angular distributions of
the shower particles indicate that the excess of particles at tﬁe higher
enexgy is fognd in the projectile fragmentation region. The average
number of pafticles emitéed 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
multiparticlevproduction requires more experimental data, covering a
wider range of energies and a greater number of different target elements.
prevef, 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 (Gév)

200
300

Table I

Characteristics of the mu1t1p1ic1ty distribution

<n_>
nS em

13.2 + 0.2
15.1 + 0.2

7.8 + 0.2
9.0 + 0.2

<ns>/D

1.69 + 0.07
1.68 + 0.06

LI )

<n >

s CNO

10.7 + 0.5
12.1 + 0.5

<n_>

s AgBr

14.7 + 0.5
16.7 + 0.5



Table II a
Shower particle multiplicities in the pseudo-rapidity region -« n< 3.0 (e> 5.7°)
v <ns>
N, - range _ e :
300 GeV 200 GeV
2-5 5.9 + 0.3 . 5.8+0.4
6-10 8.0 + 0.6 8.0 + 0.7

>10 13.7 + 0.8 13.6 + 1.0



Table II b

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

. <n_>
S
Nh -range
300 GeV 200 GeV
2-5 . 7.1 + 0.4 4.7 + 0.3
6-10 7.7+ 0.6 5.6 + 0.5

>10 9.3 + 0.5 6.4 + 0.4 .



FIGURE CAPTIONS
- & |
Fig. 1. Frequency distribution of heavy traecks at 300 GeV incident
energy. The arrows indicate the average values of heavy

tracks for CNO, AgBr and emulsion samples.

Fig. 2. Frequency distribution of shower tracké at 300 -GeV incident
energy. '
Fig. 3. The dependence of the average number of shower particles

oh}the averagé number of heavy tracks.

Fig. 4. Pseudo-rapidity distributions of shower particles from
-a) 300 GeV and b) 200 GeV proton interactions in CNO and
AgBr.  The evenfs are normalized to 1. Typical errors are
shbwn 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 ére_norma]ized 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).

Fig. 7.  a) The effect of the star size on the number of shower
particles emitted at various angles.
b) The coefficients a and B as functions of n . a is

energy dependent, while B 1is essentially energy independent.
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