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Hadron production in hadron-nucleus and nucleus-nucleus collisions is studied by a Monte Carlo

version of the dual multichain fragmentation model. The model takes into account leading-order

corrections due to the secondary interactions of low-energy secondaries inside the target nucleus.

An empirical formation time parameter is introduced and used to decide which secondaries interact

again inside the target. Data for the multiparticle production in proton-nucleus and oxygen-nucleus

interactions at 200 GeV/nucleon from difFerent experiments are well described by the model and

consistent with a formation-time parameter of ~c =2+1 fm.

I. INTRODUCTION

In this paper high-energy nucleon-nucleus and
nucleus-nucleus collisions will be studied within one and
the same model.

High-energy collisions of heavy ions offer the possibili-
ty to discover experimentally the quark-gluon plasma, ' a
new state of matter. Experimental studies using nuclei ac-
celerated up to energies of 200 GeV per nucleon started
in 1986 at the CERN Super Proton Synchrotron. First
experimental results have become available. '

Experiments on inelastic hadron-nucleus collisions
have been performed for many years. There exist
numerous models which -try to describe and understand
the data, see Ref. 4, where the experimental and phenom-
enological situation is reviewed.

In order to understand which signatures of heavy-ion
collisions point to the formation of a quark-gluon plasma,
we should study such collisions within conventional mod-
els of hadron physics for soft-particle production.
Scattering events predicted by such conventional models
are the background against which the effects of the
quark-gluon plasma have to be found.

The Monte Carlo version of the dual multistring frag-
mentation model has been applied successfully to
hadron-hadron collisions, ' hadron-nucleus collisions, '

and nucleus-nucleus collisions. ' The same models have
also been studied using different techniques. "

In Sec. II the dual multistring fragmentation model for
hadron-nucleus and nucleus-nucleus collisions will be
defined. In Sec. III leading-order corrections to this
model are introduced. These corrections concern secon-
dary interactions of some of the low-energy hadrons
created in the collisions inside the nucleus. The concept
of a formation time' is used in order to decide under
which conditions such secondary interactions are possi-
ble. In Sec. IV details about the Monte Carlo model are
given and in Sec. V the model is compared to experimen-
tal data and discussed.

II. THE DUAL MONTE CARLO MULTICHAIN
FRAGMENTATION MODEL

The dual Monte Carlo multichain fragmentation model
has been applied before to hadron-nucleus collisions '

and to nucleus-nucleus collisions. ' These models corre-
spond closely to models studied by other groups, "' '
mainly with non-Monte Carlo methods.

Here we implement the model both for nucleon-
nucleus and nucleus-nucleus collisions. In nucleon-
nucleus and nucleus-nucleus collisions many elementary
interactions occur. In Fig. 1 we give an example for a
nucleon-nucleus collision. The collision is characterized
by a total of n elementary collisions. In each elementary
collision particles are produced via two multiparticle
chains; therefore, the total number of chains is 2n. In
each inelastic nucleon-nucleus collision the projectile nu-
cleus (n~= 1) and n, =n target nucleons take part. The
multiparticle chains have either valence quarks and di-
quarks at their ends or sea-quark-antiquark pairs. n —1

sea-quark pairs of the projectile nucleon are needed to
form the chains. The elementary collisions can be
classified as valence-valence and valence-sea collisions.

In nucleus-nucleus collisions the situation is quite simi-
lar. In Fig. 2 we give an example for the chain structure
of a nucleus-nucleus collision. There are altogether n ele-
mentary collisions with n~ projectile and n, target nu-
cleons involved For n~ (n, . we have (i) 2n~ valence-
valence chains [q'-(qq)", ] and [(qq)" q,'], (ii) 2(n, n-)—
valence-sea chains [q~ (qq),") and -(qr' q,'), and (iii)-

2(n n, ) sea-s—ea chains (qz q,') and (q~ q,'). T-he q', q', -

q', and (qq)' stand here for sea quarks, sea antiquarks,
valence quarks, and valence diquarks.

The average numbers of collisions n and participating
nucleons n and n, depend only weakly on the collision
energy. However, at low collision energies the invariant
masses of many sea-sea chains turn out to be below the
masses of the mesons, which could be formed out of the
quarks and antiquark at the end of the chains. The kine-
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valence and valence-sea chains.
The distributions of the numbers n, n„, and nB in col-

lisions of the nuclei A and B follow from Glauber theory.
%'e follow here the formulation and Monte Carlo algo-
rithms of Zadorozhnyi, Uzhinskii, and Shmakov. ' The
total inelastic collision cross section of the nuclei A and
B is given as an integral over the impact parameter b:

T2

T3

1- xT"
2

XT

Ts(rj )
X g d =f d bI'(b).

j=l
1- xT3

FIG. 1. Example of a triple-scattering diagram in a proton-
nucleus interaction. P represents the incoming proton and T~,
T2, and T3 are three target nucleons taking part in the interac-
tion. x" and x" are valence- and sea-quark momentum frac-
tions.

matics at low collision energies forces the suppression of
many sea-sea chains.

If the invariant masses of q-q chains are between the
masses of the pseudoscalar mesons and vector mesons
with the appropriate quark composition we replace the
chains by the pseudoscaiar mesons and correct the kine-
matics correspondingly. If the invariant mass of the
chains is between the masses of the vector mesons m „and
m„+6 (5=300 MeV!c ), we replace the chains by the
vector mesons and correct the kinematics in such a way
that energy and momentum conservation remain
satisfied. In the case of quark-diquark chains we proceed
similarly with the octet and decuplet baryons. Chains
with masses below the masses of pseudoscalar mesons
and octet baryons are suppressed and energy and momen-
tum of the suppressed chains are given to the valence-

AB
inel

&AB = Ov
v=1

with

( ~)v dv A 8g„=, fdb ff g(1—O'P;)
der' i=1 j=l

(3)

A and B designate here also the number of nucleons in
the nuclei A and B. The vectors s; and ~, give the posi-
tions of the nucleons i and j in the two nuclei. oP; is
given by

OPi oP(b s;——+r; )—
=y(b —s, +r, )+y'(b —s, +r, )

—y(b —s;+r, )y'(b —s, +~, ),
where y(b) is the elastic N-N scattering amplitude as a
function of the impact parameter b.

The expression for the total inelastic cross section can
be written as a sum over cross sections with v inelastic
nucleon-nucleon interactions:

Ts(r, )

j=l
(4)
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From this expression Zadorozhnyi, Uzhinskii, and
Shmakov' work out the algorithm for sampling the
events characterized by n, n „,and nB and by the indivi-

dual nucleons between which the collisions occur.
In particular, for v= 1 collision one obtains, from (4),

FIG. 2. Example of a nucleus-nucleus scattering process with
n =5 interactions and n„=2 contributing nucleons from the
projectile nucleus A and nz ——3 contributing nucleons from the
target nucleus B. This gives rise to four valence-valence chains,
two valence-sea chains, and four sea-sea chains.

For v=2 collisions one obtains terms where one nucleon
of A interacts with two different nucleons of 8, where

one nucleon of B interacts with two different nucleons of
A, and finally where two different nucleons of A interact
with two different nucleons of 8:
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The contributions to any number v of collisions can be
constructed and envisaged in a graphical way as indicat-
ed in Fig. 3 for v=1 and 2.

In Fig. 4 we plot the number of participating projectile
nucleons obtained from the Monte Carlo algorithm for
collisions of oxygen and sulfur ions with different nuclei.

Central collisions can be defined as collisions where all
nucleons of the projectile nucleus interact. (It is assumed
that the projectile nucleus is lighter than the target nu-
cleus A~ & A, .) It is visible from Fig. 4 that a rather
large fraction of all collisions is central, provided the tar-
get nuclei are heavy enough.

III. THE INTRANUCLEAR CASCADE CORRECTION

6'1 A

Q'2 A

B

At energies well above 3-5 GeV per nucleon the dual
multichain fragmentation model provides a picture of
multiparticle production in hadron-nucleus and nucleus-
nucleus collisions, which is superior to the intranuclear
cascade model. ' In contrast with this, at energies below
3-5 GeV the intranuclear cascade model provides a good
description of inelastic nuclear collisions. At these ener-
gies the dual multichain fragmentation model is difficult
to apply since most of the quark-antiquark and quark-
diquark chains have masses below the masses of the had-
rons with the same quark composition. Therefore, at
these energies this model would mainly be determined by
the particular way used to implement the kinematical
suppression of the chains.

The physical picture, which explains the absence of the
intranuclear cascade at high energies, is the concept of
the formation zone. ' Secondary hadrons in the col-
lisions are not formed instantaneously. In their rest
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frame they need a certain time distributed exponentially'
with the average v, which we call the formation time, be-
fore they are present as complete hadronic states. Before
this time we might understand them in the quark model
as states consisting only out of valence quarks, without
the full system of sea quarks, antiquarks, and gluons.
These hadrons have a reduced probability for hadronic
interactions inside the nucleus because of the absence of
the soft components in the hadronic state.

In this picture it appears to be quite natural that most
of the fast secondaries created in nuclear collisions have
no possibility for secondary interactions inside the nu-
cleus. Because of the relativistic time dilation they are
created at positions where the secondary hadronic system
is already outside the nucleus. This explains the absence
of the intranuclear cascade at high energies.

The argument for the absence of secondary interac-
tions inside the nucleus applies only to high-energy
secondary hadrons, not to particles with low energies,
which are created inside the target nucleus. This is also
consistent with phenomenological observations. For
secondary particles with rapidities below y =2 in the tar-
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FIG. 3. Graphical representation of some of the contribu-
tions to the cross sections with n =1, 2, and 3 elementary
scatterings. For n =2 and 3 there are contributions with rnulti-
ple interactions of one target or projectile nucleon.

FIG. 4. Distribution in the number of projectile nucleons
taking part in collisions of oxygen and sulfur ions with different
nuclei. The peaks at no ——16 and ns ——32 correspond to central
collisions: (a) 0-A collisions, (b) S-A collisions.
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get rest frame the model predictions were found to be too
low compared to the data in our previous study of the
dual multichain fragmentation model as applied to
hadron-nucleus collisions. Starting from these qualitative
and phenomenological arguments we propose here a
leading-order correction to slow secondary particle pro-
duction in asymmetric collisions (A « A, ) in the dual
multichain fragmentation model. We introduce an
empirical parameter ~, which we call the hadronic forma-
tion time.

In the dual Monte Carlo multichain fragmentation
model as formulated above we know for each collision
event the positions s; and v of all interacting nucleons in
the rest frames of the two nuclei as well as the impact pa-
rameter b of the collision. We know also which nucleons
are engaged in the elementary collisions. In the model we
determine the energies and momenta of the secondary
particles created. This information gives us the full
space-time history of the collisions. In any particular
Lorentz frame we can follow the trajectories of the secon-
daries created in space and time. We choose, in particu-
lar, the target rest frame, which seems to be the natural
frame to describe asymmetric collisions of projectile nu-
cleons or light projectile nuclei with heavy target nuclei.
In this frame we can trace the trajectory of each secon-
dary hadron with mass m l, energy El, momentum p and
Lorentz parameters y =E Imc and Py =p/mc:

I=Xo+ Xt, I=PC

We assume that the secondary hadron starts to interact
hadronically in its rest frame after the formation time r
or after the time ~, =y~ in the target rest frame. Assum-
ing a target nucleus with fixed radius R we get the time
tl2 when the secondary particle leaves the target nucleus
from

(xo+xt) =R

or

interactions differ if we go into different Lorentz frames,
for instance, into the projectile rest frame. In this situa-
tion we apply the scheme only to highly asymmetric col-
lisions such as hadron-nucleus collisions or nucleus-
nucleus collisions with light projectiles as studied in
present experiments. ' We leave for the future the gen-
eralization of this scheme to collisions of heavy projec-
tiles and targets and the construction of a full intranu-
clear cascade for the soft hadrons.

IV. THE MONTE CARLO MODEL

The first step in the generation of each event is the
sampling of the positions of all nucleons in the two collid-
ing nuclei, the sampling of the impact parameter, and, us-

ing the Glauber theory, sampling the number of elemen-
tary collisions n and participating nucleons n and n, .
All this is described in Sec. III and in the paper of Za-
dorozhnyi, Uzhinskii, and Shmakov. ' In an earlier ver-
sion of the model we did use the distribution' for sam-

pling the number of collisions. This formulation is
equivalent to the one used here. However, the method'
allows a more efficient Monte Carlo sampling and pro-
vides at the same time a detailed model for the nucleons
of the projectile at certain positions hitting definite target
nucleons also at known positions.

From the n, n, and n, the chain structure of the event
is fixed and we sample next the Aavors and momentum
fractions x of the valence quarks, diquarks, and sea-
quark-antiquark pairs at the end of the chains. It is to
be noted, that the x values of the valence and sea quarks
to be used in a model for soft-particle production are not
constrained by the data from deep-inelastic lepton-
hadron interactions or by other hard hadronic processes.
This model cannot be derived from perturbative QCD.
Nevertheless, one finds phenomenologically these distri-
butions to look quite similar to the familiar structure
functions. We use for valence quarks the distribution

Xo X

. 2 +
X

Xp'X

. 2
X

'2 1/2
Xo—R

. 2
X

(9)
q "(x)= —(1—x )v'x

A particular secondary particle has the chance to interact
again inside the nucleus for

(10)

Since we are only interested in the leading-order correc-
tions to the multistring fragmentation model we consider
such secondary collisions only for hadrons produced in
the primary collision. We do not go on to follow the in-

tranuclear cascade for all low-energy hadrons created in
turn in the secondary collisions, and so on.

It has to be recognized that the scheme proposed is in
no way Lorentz invariant. The conditions for secondary

and, for sea quarks and antiquarks,

q'(x)= (1—x)' . (12)

More important than the powers in (1—x) in these distri-
butions is the small x behavior, which is obtained by
dual-Regge arguments. ' What we really need are the ex-
clusive quark distributions for a11 valence quarks and di-
quarks and the k sea-quark —antiquark pairs at the end of
the chains originating from a given nucleon:

k k
f(xv",x~,x',x', . . . ,x~,x' )=q "(x")q"(x~~) g q'(x' )q*(x* )5 1 x~ x~~ —g (x~ +x* )——

i=1 i=1
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dn —&E
=Ne ', E~= y p~+m

Px~P x

(15)

with average transverse rnomenta in the order of 0.4
GeV/c. The exponential distribution in the transverse
energy gives for hadrons automatically the mass depen-
dence of the transverse-momentum distribution and the
average transverse momenta as found in experiment. For
our model this distribution is mainly significant for these
strings, which at low invariant mass degenerate into sin-
gle hadrons. For these hadrons Eq. (15) is the only
source of transverse momentum. For hadrons resulting
from string decay the transverse momentum obtained
from the string decay is more important. Therefore, the
model as a whole is rather insensitive to the shape of (15)
and the corresponding average chain transverse mornen-
tum. The transverse rnomenta of the two chains which
belong to each elementary collision are chosen to be op-
posite to each other.

The next step in the Monte Carlo calculations is the
fragmentation of all chains with masses above the masses
of the vector mesons and decuplet baryons. These chains
are fragmented using the chain decay code BAMJET, '

which was originally constructed to describe quark-
antiquark chains found in hadronic electron-positron
events. BAMJET fragments quark-antiquark, quark-
diquark, and diquark-antidiquark chains into pseudosca-
lar and vector mesons and octet and decuplet baryons.
Subsequently, all hadronic resonances decay; this is sam-
pled using the code DECAY.

Besides the primary elementary collisions of the dual
chain fragmentation model we have also to sample the
events corresponding to secondary interactions of had-
rons with nucleons inside the nucleus as described in Sec.
III. These collisions are at rather low energies, often
below 1 GeV. Therefore, it is not practical to sample
them using again the multichain fragmentation model.
We use instead the code HADRIN, ' which samples inelas-
tic hadron-hadron collisions at energies below 5 GeV in
good agreement with experiment. HADRIN samples in-
elastic collisions via quasi-two-body reactions and subse-
quent resonance decay. In our present, not fully
developed, intranuclear cascade we do not sample the
formation zones from the exponential distribution. In
doing so we would need to sample some of these secon-
dary collisions at energies above the range where HADRIN
is applicable. Without th'is approximation we expect the

We satisfy this distribution by sampling first the x values
of all valence and sea quarks from the distributions (11)
and (12) and giving at the end to the diquark the x value

k

x~'~=1 —x"—g (x' +x' ) . (14)
i=1

In our rejection method we have to reject all events
where the sum over all x values becomes larger than 1.
Therefore, the input distributions (11) and (12) are
modified by the sampling procedure. The output distri-
butions will, for instance, depend on the number of col-
lisions. We give also to each multiparticle chain a trans-
verse momentum sampled from the distributions

formation-zone parameter to become slightly larger than
the ones found here.

The complete hadron-nucleus or nucleus-nucleus
events are checked by the conservation laws for energy,
momentum, and additive quantum numbers such as
charge, strangeness, and baryon number. All those con-
servation laws are satisfied by the individual events sam-
pled.

All distributions presented in this paper are obtained
by sampling between 1000 and 2000 events. Depending
on the reaction, between 2 and 20 min CPU time on a
IBM 3090 computer are needed to create these events.

V. RESULTS AND COMPARISON WITH DATA
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FIG. 5. Multiplicities of secondary protons, m. +, charged
hadrons, and all produced particles in p-Pb and 0-Pb collisions
as function of the formation-time parameter ~e.

The model without the intranuclear cascade correction
was already compared to data from oxygen-lead col-
lisions at 200 GeV (Ref. 10). Here we want to continue
these comparisons and to study the influence of the for-
mation time parameter v.. The ~ parameter will be deter-
mined from comparison with experiments.

The global effect of the formation time correction can
be seen from Fig. 5 where we plot the multiplicities of
secondary protons, ~+, charged particles, and all secon-
daries in p-Pb and 0-Pb collisions as function of vc. The
multiplicity of secondary protons (and the multiplicity of
neutrons, which behaves quite similarly) shows the
strongest variation with v. Most of the additional parti-
cles produced by the intranuclear cascade corrections are
nucleons. This is consistent with the expectations.

We compare different calculated distributions in
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dN~ " dX~gA( )
df dg

(16)

nucleon-nucleus collisions with experimental data in or-
der to determine the formation-time parameter ~.

(i) In Ref. 8 rapidity distributions and rapidity ratios

(ii) The transverse-energy distribution
der�/dEt

was
measured by the HELIOS (NA34) Collaboration at the
CERN Super Proton Synchrotron in proton-lead col-
lisions. The data are taken in the pseudorapidity range
0.6 (q (2.4. In this rapidity range the intranuclear cas-

are calculated in the dual multichain fragmentation mod-
el and compared to data in p-Xe collisions at 200 GeV
(Ref. 22). A disagreement is found at low rapidities in the
target rest frame. Above rapidities y =2 the agreement
of the model and the measured rapidity distributions and
rapidity ratios was rather good. At rapidities below y =2
the measured rapidity ratios were bigger than the calcu-
lated ones.

In Fig. 6 we compare this rapidity ratio calculated with
different rc parameters again with the data. The rapidi-
ty ratio calculated in Ref. 8 corresponds in the present
model to the limit ~~ oo', practically, as seen from the
multiplicities in Fig. 6 this means ~c =6-10 fm. Now we
find a good agreement down to laboratory rapidities of
y =0. The optimum formation-time parameter in this
comparison is

re= 1 —2 fm (rapidity ratios in p-Xe collisions} .

(17)
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FIG. 6. Rapidity ratios R (y) = [dN/dy (p-Xe)]/[d)V/
dy (p-p)] for all charged particles at proton energies in the labo-
ratory frame phb ——200 GeV/c. The Monte Carlo results
represented by histograms are compared to data from Ref. 22.
The lowest histogram corresponding to r~ ap was already cal-
culated in Ref. 8.

FIG. 7. Transverse-energy distributions da/dE, for protons
interacting on Pb nuclei. The calculations given by histograms
are compared to data (points) from the HELIOS Collaboration
(Ref. 23) measured in the pseudorapidity range 0.6(g(2.4.
The calculation was done with different formation-time parame-
ters rc: (a) rc = 1 fm, (b) rc =2 fm, (c) rc = 3 fm, (d) rc = 8 fm.
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FIG. 8. Transverse-energy distributions do /dE, for protons
interacting on Au nuclei. The calculations given by histograms
are compared to data (points) from the NA35 Collaboration'
measured in the rapidity range 2.2 & g & 3.8. The Monte Carlo
results are presented for two different values of the formation-
time parameter v.

cade corrections to the model are significant. In Fig. 7
we compare the transverse-energy distribution for
different ~ values with the data. We find the best agree-
ment for

ac=2 —3 fm (der/dE~ in p-Pb collisions) . (18)

(iii) Transverse-energy distributions in p-Au collisions
were also measured by the NA35 Collaboration at the
CERN Super Proton Synchrotron. This experiment is
sensitive for laboratory rapidities 2.2&y &3.8. In this
rapidity range we do not expect significant changes of the
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FIG. 9. The transverse-energy distribution in 0-Pb collisions
with 200 GeV per nucleon. The results of the model (histo-
gram) are compared with experimental data (points) from the
NA35 Collaboration (Ref. 2).

FIG. 10. Transverse-energy distributions in 0-Ag and 0-W
collisions with 200 GeV per nucleon. The results of the Monte
Carlo calculation (histograms) are compared with experimental
data (points) of the HELIOS Collaboration (Ref. 3). The model
results are given for two values of the formation-time parameter

der IdEj distributions with the r parameter. In Fig. 8 we
find indeed a good agreement of the model for ~c =1 frn
as well as for rc =6 fm with the data. It is not possible to
determine the ~ parameter from this experiment. The
model agrees well with the data.

We conclude from these three comparisons that the
model agrees well with data in nucleon-nucleus collisions.
The optimum formation-time parameter is around ~e =2
frn.

Next we compare the model with transverse-energy
distributions measured in oxygen-nucleus collisions at en-
ergies of 200 GeV per nucleon. In Fig. 9 we compare the
model with 0-Pb data from the NA35 Collaboration at
the CERN Super Proton Synchrotron. The data are
again for the rapidity range 2.2 &y & 3.8. In this rapidity
region the model is practically independent on the forma-
tion time parameter ~. We find a good agreement of the
model with the data.

The transverse-energy distribution in oxygen-silver and
oxygen-tungsten collisions was measured by the HELIOS
Collaboration. This experiment is sensitive to pseudora-
pidities in the range —0. 1 & g & 2.9. In this range the re-
sults of the model depend strongly on the formation time
parameter ~. In Fig. 10 we compare the data with the
model calculations for ~c =2 and 3 fm. The calculation
with ~c =3 fm agrees better with the data than the one
with ~c =2 frn. This is slightly inconsistent with what we
found above from proton-nucleus collisions. We find in
both comparisons with oxygen-nucleus collisions present-
ed in Figs. 9 and 10 that the model overestimates some-
what the cross sections at the largest E, values. In order
to be more specific as to what is calculated we specify the
following. For m and K mesons we add for each individu-
al particle E~=+m +pj to the E~ histograms. For
protons and neutrons, which are not identified in the ex-
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periments, only the transverse momenta p~ are added to
the E~ histograms. Changes in the model predictions
could result from changes in the scattering amplitudes
entering in (2) or the nuclear density distributions in (1)
and (4). In spite of these small disagreements we tend to
conclude that the model agrees remarkably well with the
experimental data available so far for nucleus-nucleus
collisions. From this agreement it can be concluded that
these data cannot be interpreted as evidence for new

10-1

NorrnaI collisions

ntral
Islons

(a)
t I

Q-Pb ~ ...
200 GeV/nucleon

10 3—

I

70
I

140

E (GeV~

I

210

10

FIG. 12. Transverse-energy distributions as calculated for
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—0. 1 & g & 2.9 for 0-Pb collisions.
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physics such as the quark-gluon plasma.
After these comparisons we present some calculated

distributions which help us to understand the model. In
Fig. 11(a) rapidity distributions are given for hadrons
produced in oxygen-lead collisions. The distributions
refer to all charged particles, secondary protons, and ~
mesons. The secondary proton distribution (and the very
similar secondary neutron distribution) shows a remark-
able shape. There are two maxima. One maximum at
low rapidities corresponds to the fragmentation products
of the target nucleus; the second at large rapidity corre-
sponds to the projectile nucleons, which were involved in
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FIG. 11. Rapidity distributions of secondary protons, vr

mesons, and all charged particles in 0-Pb collisions with 200
GeV per nucleon as calculated by the model: (a) normal col-
lisions, (b) central collisions only.

FIG. 13. Transverse-momentum distributions of all charged
particles and ~ mesons as calculated for p-Pb and normal and
central 0-Pb collisions.
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the inelastic collisions. Such distributions of secondary
nucleons have been used to discuss the concept of the nu-

clear stopping power. ' The dual multistring fragmen-
tation model makes detailed predictions for this.

Central collisions are defined as collisions where all
projectile nucleons interact n = A . In Fig. 11(b) the ra-

pidity distributions resulting from central collisions are
presented. Except for the higher overall production no
striking qualitative changes are visible as compared to
the normal collisions.

In Fig. 12 we compare transverse-energy distributions
obtained in central collisions with the ones in normal col-
lisions. It can be concluded from this comparison, that
the tail of the normal E~ distribution results from central
collisions. Central collisions offer the best opportunities
to find evidence for the formation of the quark-gluon
plasma. Events with maximum E~ are therefore the most
interesting ones to look for the effects of the quark-gluon
plasma.

Finally we present in Fig. 13 transverse-momentum
distributions obtained in the model for p-Pb and for nor-
mal and central 0-Pb collisions. Ail p~ distributions look
rather similar. It should be stressed that the model does
not incorporate hard-hadronic collisions; therefore, we

expect the model distribution to remain below the data
above some sufficiently high transverse momentum. The
p~ distribution is mainly the result of the p~ distribution
used in the chain fragmentation model. ' Slightly below

p~ =1 GeV/c the slope of the p~ distribution of all
charged particles changes. This flattening of the p~ dis-
tribution is due to the secondary protons, which have a
larger average p ~ than pions. This effect is more
significant in nucleus-nucleus collisions because of the in-
creased fraction of secondary nucleons in these collisions
as compared to hadron-nucleus collisions.
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