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Dependence of multiplicity and rapidity distributions on the number
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Interactions of 200-CxeV/c protons on hydrogen, neon, argon, and xenon were studied with a
streamer-chamber spectrometer. The number of projectile collisions inside the nucleus and the num-
ber of secondary collisions in the intranuclear cascade were estimated. The dependence of multipli-
city and rapidity distributions on the number of projectile collisions was analyzed. The predictions
of the additive quark model were found to be in qualitative agreement with the results of the experi-
ment.

I. INTRODUCTION

Most models describing interactions of hadrons with
nuclei are based on the hypothesis of multiple collisions of
a projectile inside the target nucleus. In these models the
production of particles occurs in the process of the in-
dependent collisions of a beam particIe or its constituents
with the nucleons of the target nucleus. ' One of the
simplest of this type of model is the additive quark model
(A@M). In this model the interactions take place be-
tween the valence quarks of the projectile and the nu-
cleons inside the nucleus. Each quark may pass through
the nucleus without any collision or may collide once or
several times independently of what happens to the other
valence quarks. In any particular event a definite number
of collisions v occurs. This v is the basic, natural parame-
ter of the model, the knowledge of which is of great im-
portance for checking the predictions. A very crude esti-
mate of this number is the average

calculated for a given nucleus where oI,& and uI, & are the
cross sections for a hadron h interacting with a nucleon or
a nucleus of atomic number A, respectively. This V, how-
ever, is an average of v over a presumably very broad

probability distribution m~(v). A better determination of
the number v of projectile collisions is very desirable. In
the present analysis we have made an attempt to extract
this number from the data on proton interactions with hy-
drogen, neon, argon, and xenon nuclei at 200 GeV/c.

The data were collected in the NA5 experiment at the
CERN SPS using a streamer-chamber spectrometer. Our
present study is based on a sample of 5900 nuclear in-
teractions with three or more charged particles in the final
state which separate into reactions on four nuclear targets
as shown in Table I. The details of the experimental con-
figuration and the reconstruction procedure can be found
in our earlier publication. "

In our experiment there was no identification of parti-
cles beyond that based on the ionization and the charge of
tracks observed in the streamer chamber. Thus we could
identify slow protons, i.e., of momenta below 600 MeV/c.
All other tracks were treated as pions and are referred to
as produced particles in the following. The use of track-
insensitive targets in our experiment (Mylar tubes filled
with liquid Hq or Ar or Xe gas) limits the momenta of
visible protons to be greater than about 100 MeV/c. Thus
in the momentum interval 100 to 600 MeV/c we have
rather good identification of knocked out protons. Heavy
nuclear fragments have little chance of leaving the gas
target in our experimental setup.

29 2476 1984 The American Physical Society



DEPENDENCE OF MULTIPLICITY AND RAPIDITY. . . 2477

TABLE I. Number of events used in the analysis.

Reaction

pp
pNe
pAr
pXe

Number of events
with three or more

charged particles

3340
270
929

1362

II. ESTIMATION OF THE NUMBER
OF PROJECTILE COLLISIONS

INSIDE THE NUCLEUS

Several methods of estimating v have been proposed.
Most of them exploit the expected correlation between the
number of protons knocked out of the nucleus during the
passage of the projectile and the number of projectile col-
lisions. In our analysis we have adopted the method pro-
posed by Andersson, Otterlund, and Stenlund. In this
method it is assumed that an incident hadron or its con-
stituents (for simplicity referred to henceforth as "a pro-
jectile") on their passage through a nucleus strike the tar-
get nucleons, which have a good chance of leaving the nu-
cleus without further interaction. If these struck nucleons
are protons they can be observed as highly ionizing, posi-
tively charged particles. However, such protons can also
be knocked out in the collision of a secondary particle
coming from the projectile collision, while it propagates
through the nucleus. This process is known in the litera-
ture as a "cascade." Thus, in order to relate the number
of projectile collisions v to the number of observed pro-
tons nz, one has to disentangle these two types of process-
es.

In the model of Andersson et al. one assumes that each
projectile collision inside a nucleus of a mass number A
leads to an identical probability distribution of knocked
out protons P„" &(nz) (the notation is that of Andersson
et al. ). This distribution, however, may depend on the
nucleus A. In the paper by Andersson et aI. it was
parametrized on the basis of the emulsion data as

the projectile collides v times inside the nucleus of mass
A. Using ~z(v) and formulas (2) and (3) one obtains the
average number of projectile collisions, v(n~), for a class
of events with a given number nz of knocked-out protons

v(np)=
gvm~(v)P„"(np)Ignis(v)P

(np) . (4)

The result of this calculation for Xe and Ar nuclei is
shown in Fig. 1.

In order to check if the parametrization (2) is also suit-
able for our data we have attempted to select that sample
of events corresponding to single projectile collisions.
Such events should have (i) at least one energetic particle,
presumably coming from the projectile and (ii) multiplici-
ty below the average since multiple projectile collisions
lead to large average multiplicities.

With a cut of multiplicity at 18 for Xe and 15 for Ar
and the requirement of at least one particle with rapidity
y & 5 for both nuclei we get distributions of the number of
visible protons shown by the full circles in Figs. 2(a) and
2(b). These distributions are well reproduced by the
parametrization (2) (full curves ) and do not depend criti-
cally on either cut. The distributions of nz for all events
P(nz) are shown in Figs. 2(a) and 2(b) by open circles.
They can also be calculated

P(n~)= g~„(v)P„"(n~) .

The result of this calculation is shown by the dashed
curves in Figs. 2(a) and 2(b) and agrees qualitatively with
the data. We thus conclude that v(nz) as calculated from
formula (4) can be used as an approximation to the real
number of projectile collisions.

As shown in Fig. 1, the dependence of v(nz) on nz is
not linear. For a class of events with a given number n~
of knocked-out protons, v(nz) according to formula (4) is
the average of the number of projectile collisions v, i.e.,
the first moment of the distribution of the number v of
projectile collisions for this class of events. In an analo-
gous way any higher moment of this distribution can be
calculated. In particular the dispersion 6 is of interest as
it measures the broadness of the distribution. The depen-

P„" ~(nz)=(1 —x)x ~,
where

x =(&n~)p/vp)/(1+ &n~)p/vg)

(2)

(1—x)"x ~ .P (n~)=
np

Knowing the total inelastic cross sections it is possible to
calculate in the Cxlauber model the probability m&(v) that

and & nz )~ /Vz is the average number of knocked out pro-
tons in one collision. One may attempt to determine
P" &(nz) separately for any nucleus A by analyzing
events which result from a single projectile collision. By
making suitable cuts on the data one can isolate such a
sample of events. The overall probability distribution of
nz for v projectile collisions in a nucleus 3 is a convolu-
tion of v independent distributions:

r

np+v —1

0 2 0 6 8 10

n&

FIG. 1. Average number v(n~) of projectile collisions versus
the number n~ of knocked-out protons calculated from Eq. (4)
for pAr (x =0.446, solid curve) and pXe (x =0.541, dashed
curve) reactions.
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FICx. 2. Probability P(n~) for producing n~ visible protons in
(a) pXe and (b) pAr collisions. The open circles and the full cir-
cles show the data for all collisions and for those producing at
least one charged particle with rapidity y & 5, respectively.
Solid and dashed curves were calculated from Eqs. (2) and (5),
respectively.

0
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FIG. 3. The dispersion 5 of the distribution of the number v
of projectile collisions calculated for a class of events with a
given number n~ of knocked-out protons is plotted versus v(n~)
(full line). The dashed line shows the value of the dispersion of
the distribution of v for all values of n~.

dence of 6 on v(nz) is shown by the full curve in Fig. 3.
It is seen to be smaller than the dispersion for all events
(all nz, dashed line in Fig. 3), i.e., of the distribution
rr~ (v). This indicates that v(nz ) is a better measure of the
number of the projectile collisions than the commonly
used quantity vz.

It should be stressed at this point that within the ap-
proach described above the data on collisions with nuclei
of fixed mass A supply information on interactions with
different numbers of projectile collisions v(n~). For Xe
V(nz) reaches values above S (in an experiment with
higher statistics this value could be even higher), whereas
even for the heaviest nucleus (uranium), vz is only 4 ac-
cording to Eq. (1). The averages of V(nz ) over nz
(2.84+0.32 for Xe and 2.33+0.26 for Ar) are close to the
value of V~ (Ref. 8) as expected.

III. ANALYSIS OF THE DATA IN TERMS
OF THE PARAMETER v(n~ )

A. Multiplicity distribution of charged particles

D'=a +bv and (n ) =c +dv, (6)

and (ii) an increase of D due to the fact that events with a
different number of projectile collisions v contribute.

Rapidity

B. Rapidity distributions

3' = ' »[(E +Pl. ) /(E Pl. )j—
and pseudorapidity

of the multiplicity distribution and D/(n ). Their depen-
dence on v(nz ) is shown in Figs. S and 6. We observe that
D/(n ) decreases with v(nz ) in the same way for Ar and
Xe. In contrast D/(n ) of the total multiplicity distribu-
tion (all n~) was found to be constant for various nuclei, '

i.e., independent of vz. One can qualitatively understand
this effect as an interplay of two mechanisms (i) the
variation of D and (n ) with the number of projectile col-
lisions v like

The commonly adopted measure of the overall multipli-
cation of particles in the interaction with a nucleus is the
ratio R = ( n )~~ /( n )~z where ( n )h~ and ( n )zz are the
average charged multiplicities of produced particles in
collisions with a nucleus and a proton, respectively. The
dependence of R on the number of projectile collisions
was found to be linear. In the literature one usually plots
R vs V~ with the maximum value of Vz ——4 for uranium.
In our analysis we have been able to extend this range by
using v(n~) instead of vz. As seen from Fig 4the rel.a-
tion between R and v(n~ ) remains linear over this extend-
ed range of v(nz). The relation is the same as that found
using the variable v~. The linear increase of R with
v(nz) is consistent with the natural expectation that the
average charged multiplicity should increase with the
number of projectile collisions.

We have also analyzed the dispersion

FICr. 4. The ratio R =(n )~~/(n )~z versus the average num-
ber v(n~) of projectile collisions for pXe (circles), pAr (trian-
gles), and pNe (squares) collisions. A line of the form
R =0.5[v(n~ )+ I] is shown for comparison.
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FIG. 5. Dispersion D of the distribution of the number of
produced particles versus v(np) for pXe (circles) and pAr (trian-
gles) collisions. The curve is a fit of the form (6).

0.1

g =ln tanO/2

have been commonly used as variables in the description
of the kinematics of hadron-nucleus collisions. We were
able to use rapidity since the momenta of all observed par-
ticles were measured and most slow protons were identi-
fied. The rapidity interval can be divided into three re-
gions where one believes that different production mecha-
nisms dominate: (i) the target fragmentation region,
y &2.0; (ii) the central production region, 2.4&y &3.6;
(iii) the beam fragmentation region, y & 5.0.

This particular choice of rapidity regions was motivat-
ed by Fig. 7 in which the multiplication ratio

R (y) =(d tr/dy)~~ /(d tr/dy)»

for Ne, Ar, and Xe targets is shown. It should be noted
that the rapidity regions were chosen noncontiguous in or-
der to remove the transition regions. In the following
analysis we will now discuss the behavior of R(y) and
D/(n) in these three regions as a function of v(nz),
where n is now the number of produced particles within
each rapidity region.

0.7

0.6

FICs. 7. The particle multiplication ratio R (y):( do /dp)pp /(do /dp)pp for pXe (circles), pAr (triangles}, and
pNe (squares) collisions versus the rapidity y.

Target fragmenta-tion region

In this part of phase space the bulk of produced parti-
cles comes from a cascade process. ' It is believed that in
such a process the particles produced in the primary col-
lision of the projectile, while propagating through the nu-
cleus, can collide and produce the next generation of par-
ticles. This happens when the formation zone L/ of the
particle [L/=p/m (Ref. 11) where p is the momentum
and m is the mass of the particles] is smaller than its po-
tential path inside the nucleus and smaller than the nu-
clear radius rz. Such a process can be repeated several
times depending on the size of the formation zone and the
size of the nucleus. Thus fast multiplication of slow par-
ticles occurs, since such particles can meet the condition
L/&r„. In Figs. 8(a) and 9(a) we show for the target
fragmentation region the dependence of R [the average of
R (y) in this rapidity interval] and D/(n ) on V(nz) for
Ne, Ar, and Xe nuclei. We observe the same behavior for
all nuclei, i.e., R and D/(n ) depend only on v(nz). The
expected increase of R with v(n~ ) is to a good approxima-
tion linear, while D/(n ) decreases like 1/[v(nz)]'i [the
curve in Fig. 9(a) is a fit of the form (6)]. These results
are consistent with the picture of independent multiple
collisions of an object inside the nucleus.

2. Central production region

0.5

0.0

0.3

Il

il

In the central production region direct production of
particles dominates and contributions from cascading are
negligible. Many models predict a plateau of R(y) in
this region, which, for example, in the AQM is propor-
tional to the average number of interacting quarks for a
given nucleus. Our measurements in this region are

V (n~)

FIG. 6. Ratio D/(n ) of the distribution of the number of
produced particles versus v(np ) for pXe (circles) and pAr (trian-
gles) collisions. The curve is a fit of the form (6).

R ':R ':R '=(1.84+04):(1.58+04):(1.30+06) .

They agree well with the prediction

R '.R ':R '= 1.93:1.59:1.49 .
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FIG. 8. Average R of R(y) in (a) the target fragmentation, (b) the central production, and (c) the beam fragmentation regions
versus V(np) Data for pXe, pAr, and pNe reactions are shown by circles, triangles, and squares, respectively. Predictions of the
AQM and the dual parton model are shown by the solid and dashed curves, respectively.

Plots of R and D/(, n ) vs v(nz) are shown in Figs. 8(b)
and 9(b). One observes that R increases more slowly with
V(n~) than in the target fragmentation region. In fact, R
may saturate at large V(n~ ) at a level of about 3. As seen
from Fig. 9(b), D/(n ) initially decreases with increasing
V(n&) but then also seems to level off. This behavior of
both R and D/(n ) for large values of V(n~) could be in-
terpreted as evidence that only a small number of initial
collisions of a projectile are "effective" in producing parti-
cles in the central region. This number is consistent with
3 expected, e.g., by the AQM. It is interesting to note
that the distinction between different models, e.g., the ad-
ditive quark model (full curves' in Figs. 8 and 9) and the
dual parton model' [dashed curve in Fig. 8(b)] is possible
only for a number of projectile collisions greater than 4.
For large values of V(nz) the AQM seems to reproduce
the data better.

3. Beam fragmentation region

In this region our experiment has the largest uncertain-
ties. Produced particles are fast and therefore their mo-
menta are measured less accurately and they cannot be
identified. As seen from Fig. 7, R (y) falls below unity for
large y confirming earlier indications. ' The dependence
of the average R on V(n~) is shown in Fig. 8(c). It seems
that the number of produced particles in the beam frag-
mentation region decreases with increasing number of col-
llslons v(np ).

Intuitively one expects that the more collisions occur,
the more energy is dissipated for the production of parti-
cles. As a consequence any surviving projectile particle
and the produced particles are less energetic. The AQM
follows the trend of the data also in the beam fragmenta-
tion region as seen from the curves in Figs. 8(c) and 9(c).'

1.5

a) 2 & y & 3.6 L) y & 5.0

1.0

0.5—

0 0

Q(n )

Flax. 9. Ratio D/(n ) of the distribution of the number of produced particles in (a) the target fragmentation, (b) the central pro-
duction, and (c) the beam fragmentation regions versus v(n~). Data for pXe, pAr, pNe, and pp reactions are shown by circles, trian-
gles, squares, and the cross, respectively. The solid curve in (a) is a fit of the form (6). Predictions of the AQM are shown by the
solid curves in (b) and (c).
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TABLE II. The average number v(n~) of projectile collisions and the average number v& of secon-
dary collisions in the intranuclear cascade as a function of the number n~ of visible protons in 200-
GeV/e pNe, pAr, and pXe collisions.

1.52
2.03
2.50
2.94
3.33
3.68

Argon

0.3+0.2
2.0+0.2
4.4+0.3
6.3+0.5
7.9+0.5
9.7+0.6

1.54
2.10
2.64
3.14
3.60
4.02
4.40
4.75
5.08
5.38

Xenon

—0.1+0.2
2.2+0.3
4.9+0.4
7.7+0.5

10.5+0.6
14.5+0.8
18.5+0.9
21.7+ 1.1
20.5+ 1.0
26.0+1.1

v(np)

1.8

Neon

1.4+0.1

IV. ESTIMATE OF THE NUMBER OF COLLISIONS
IN THE INTRANUCLEAR CASCADE

Whatever the nature of the object colliding with nu-
cleons inside the nucleus, it brings either an extra positive
charge when colliding with a proton, or no extra charge
when colliding with a neutron. Thus one should observe
an excess of positive charge, the value of which measures
the total number of all collisions v„, inside the nucleus.
Thus

Vx. v«, ——v(np—) .

Our results for vx. for Ne, Ar, and Xe nuclei are given in
Table II. The dependence of vx. on v(nz) is shown in Fig.
10. From both Table II and Fig. 10 one sees that there is
a strong correlation between these two numbers: the num-
ber of collisions of secondary particles increases rapidly
with the number of projectile collisions, roughly as
[v(nz)] . Moreover, this dependence is the same for dif-
ferent nuclei A. This may indicate that the formation
zone of the cascading particles is larger than the differ-
ences between the radii of the studied nuclei.

where (Q) is the average net charge of all observed
secondaries and A and Z are the mass and charge number
of the nucleus. In this way (Q) can be used to estimate
the total number of collisions inside the nucleus indepen-
dent of the number of knocked-out protons.

Knowing the total number v«, of collisions which have
occurred inside the nucleus, and having estimated the
number of projectile collisions v(nz) one can deduce how
many collisions on average v~ were due to secondary par-
ticles (i.e., cascading):

20-

10—

0—

v (nz)

FIG. 10. Average number V& of secondary collisions in the
intranuclear cascade versus the number v(n~) of projectile col-
lisions for pXe (circles), pAr (triangles), and pNe (squares) col-
lisions. The curve of the form (v' —1) is shown for compar-
ison.

V. CONCLUSIONS

We have studied 200-GeV/c pp, pNe, pAr, and pXe re-
actions in an experiment using a streamer-chamber spec-
trometer. Based on the hypothesis of independent con-
secutive collisions of a projectile inside the nucleus we
have extracted the number of projectile collisions v(nz)
from the data. Multiplicity and rapidity distributions
were analyzed in terms of this parameter. We obtained
the following results.

(i) The process of intranuclear cascading dominates in
the target fragmentation region. It is characterized by a
strong multiplication of particles, increasing linearly with
v(nz ) and by a ratio D/( n ) which decreases like
I/[v(n~)]'

(ii) In the central rapidity region direct particle produc-
tion from projectile collisions is expected to dominate.
The particle multiplicity saturates at about three times the
value observed in pp reactions. This indicates that the
maximum number of effective projectile collisions is
three.

(iii) In the beam fragmentation region the multiplicity
falls below the value observed in pp collisions. This de-
pletion is usually explained as a consequence of energy
and momentum conservation.

(iv) The number of secondary collisions in the intranu-
clear cascade was estimated. It was found to increase like
[v(n~ )] for all nuclei.

The predictions of the additive quark model are in
qualitative agreement with the results of this experiment.
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