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A relativistic Monte Carlo model for high-energy heavy-ion colhsions is presented. The interaction process is
described as a sequence of classical, binary, on-shell baryon-baryon collisions. Pion production is taken into account
by allowing 8 resonance formation. The latter are given a definite mass and a lifetime larger than the collision time.
They are, however, allowed to scatter or disappear by collisions with the nucleons. The results of the calculations are
compared with'experimental results for the inclusive proton and pion cross sections and two-proton correlations in
the "C+"C, "Ne+Nap, and ' Ar+KC1 systems at 800 MeV per nucleon. The predictions of the model agree
fairly well with the experimental measurements, except for the low-energy pion cross section, which is
underestimated. The relation of this feature to the zero-width mass spectrum of the 8 resonances is briefly
discussed. The model is used to separate the direct knockout and the thermal contributions to the proton inclusive
cross section. Attention is drawn to the fact that these two contributions are not unambiguously defined.

NUCLEAR REACTIONS High-energy heavy-ion collisions; Monte Carlo simu-
lation; calculated proton and pion spectra for C+ C, Ne+ NaF, and Ar

+KCl at E/A =800 MeV.

I. INTRODUCTION

The recent availability of accelerators capable
of providing heavy ion beams with a kinetic energy
of a few hundreds of MeV to a few GeV per nucleon
has opened a new chapter of nuclear physics, where
the atomic nuclei are studied under quite unusual
conditions. It was believed that such high energy
reactions possibly were the site of exotic pheno-
mena such as shock wavh, ' pion condensation, '
or density isomers. ' At present, the situation is
rather disappointing. The evidence for these
exotic phenomena (or any others) is rather weak.
The detection of their occurrence is difficult for
the following two reasons: (i) in some cases, at
least, one does not know very well what is the
signature of the exotic phenomena, and (ii) this
signature, if any, is superimposed on a huge back-
ground due to "conventional" nuclear processes.
It is then highly desirable to calculate this back-
ground accurately. A calculation based on a fully
quantum mechanical theory, if it exists, is not
to be expected in the near future. As a conse-
quence, one has been forced to rely on models,
based on suitable simplifying assumptions. Among
these, the fireball~ or firestreak model, ' the hy-
drodynamical models, "and the direct knockout
model' have been particularly successful in cal-
culating the main features of the inclusive proton
and pion cross sections. In our opinion those
models contain strong (and contradictory) hypo-
theses concerning the number of binary nucleon-
nucleon collisions occurring during the nucleus-
nucleus interaction process. As an alternative
a certain class of models has been devised which

takes into account the contribution of ariy number
of successive nucleon-nucleon collisions; these
are the classical equations of motion approach,
the "rows on rows" model, "and the intranuclear
cascade model. ""All of these models constitute
a substantial effort to construct an accurate pic-
ture of the interaction as a sequence of independent
nucleon-nucleon collisions.

Our work is a contribution to this effort. %e
present the results of a Monte Carlo calculation
for relativistic heavy-ion collisions. The nuclei,
both target and projectile, are described initially
as free Fermi gases. The projectile is boosted
against the target with the appropriate velocity.
The nucleons are made to scatter, by criteria
explained below, according to the experimental
nucleon-nucleon cross sections. In this way, we
take full account of the multiple collision sequence
in a classical, relativistic picture. Pion produc-
tion is introduced via the formation of 4 reso-
nances.

W'e distinguish between a Monte Carlo calculation
and the existing intranuclear cascade models be-
cause, as we explain below, the former inctudes
compression and decompression effects, even if
these do not markedly change the observables we
calculate.

In Sec. II, we describe our model in detail. In
Sec. III, we present the results for the inclusive
proton and pion cross sections in collisions of "C
on ' C, Ne on Ne, and Ar on Ar at 800 MeV
per nucleon incident kinetic energy in the labora-
tory system. Section IV displays some results for
two nucleon correlations. In Sec. V, we attempt
to assess the relative importance of the knockout
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process, where nucleons escape the system after
making a single. collision. Section VI contains our
conclusion.

II. THE MONTE CARLO MODEL

We list here the main features of our model and
point out the basic difference between our model
and a typical intranuclear cascade model. "

(1) The initial positions of the nucleons are
. generated randomly, both in the projectile and the
target rest frames, according to a uniform spheri-
cal distribution of radius A=1. 12A' ' fm. For the
"C nucleus, however, we take a radius parameter
of 1.3 fm, a value which fits the experimental rms
charge radius.

(2) The nucleons are given an initial momentum
in the target or projectile rest frame according to
a free Fermi gas law with the Fermi momentum
Pz 270 Me—V—j'c.

(2) We neglect the binding energy of the nucleons
in the nuclei. We prefer this prescription rather
than introducing a potential well because the latter
involves the unpleasant feature of nucleons collid-
ing off their mass shell. Moreover, the coherence
of the average field is most probably quickly de-
stroyed, at least in central collisions. Binding
corrections are, however, compulsory. In some
cases, their gross effect is easy to predict. For
example, protons escaping at large angles in the
c.m. frame will have less kinetic energy than we
predict, by an amount equal to the average poten-
tial energy, say -25 MeV. Th~8 would change our
results only slightly (see Figs. 1, 2, 4, and 6).
The real correction is hard to apply since it de-
pends upon the way the average field is modified
during the collision process.

The absence of a potential mell in our calcula-
tion prevents our describing correctly the produc-
tion of composite particles as well as the projec-
tile fragmentation. In the eases me investigated
below, composite particle production is a sizable
correction at small angles only and becomes pro-
gressively negligible at large angles (see Sec. III).

Another consequence of the lack of potential
wells is that the nuclei can expand, evep in the
absence of nucleon-nucleon collisions, just be-
cause of Fermi motion. This effect is, however,
not important because of short collision times
(see below).

(4) The projectile is boosted with the incident
ion velocity. The positions and the momenta of
the nucleons are changed by the appropriate
Lorentz transformation. Relativistic kinematics
are used everywhere. All the calculations re-
ported here are performed in the target rest
frame.

N+N- N+N, N+N N+ 6,
N+6 X+6, X+6 %+X,
6+6 6+6.

(2. 1)

The nucleon-nucleon cross section is taken from
experiment. "' The other elastic cross sections
are assumed to be equal to the nucleon-nucleon
elastic cross section at the same c.m. energy.
This assumption is not a drastic one, the results
being fairly insensitive to the precise value of the
elastic cross sections involving 4 particles, as

. shown in Ref. 14. The cross section for 4
formation is taken as the experimental inelastic
nucleon-nucleon cross section, "and the recom-
bination (N+ 6 N+N) cross section is obtained
by detailed balance. At the end of the mu'tiple
collision process, the b particles are allowed to
decay isotropically into a pion and a nucleon.

(7) When for a pair of baryons (nucleon or del-
ta) the minimum distance at approach (d) is at-

(5) The nucleons travel along straight line tra-
jectories until the relative distance between two of
them in their c.m. frame reaches a minimum. "
They are then made to scatter according to the
scenario of point (7). Free motion is resumed
until the relative distance is minimum for another
pair. These are then made to scatter, and so on.
The chain of binary collisions is followed up to a
time where the number of nucleon-nucleon colli-
sions per unit time becomes negligible. This
happens quite abruptly as shown in Ref. 14, where
the properties and the assumptions of the model
are studied in detail. In all the systems considered
below, it always occurs before t=14 fm/c, where
we stop the process. (The origin of the time scale
corresponds to the 'configuration where the nuclei
are touching before the collision. )

(6) The pionic degrees of freedom are taken into
account by introducing the possibility of creating
4 resonances. The behavior of the 4 resonance in
nuclear matter is rather poorly known, especially
for nonequilibrium situations. We have chosen to
introduce 4 resonances with a definite mass of
m~ = 1232 MeV, and a lifetime longer than the in-
teraction time (they are therefore called & parti-
cles hereafter). The existence of LL particles in
nuclear matter with a rather long lifetime against
pion emission is supported by some theoretical
investigations. "" Moreover, it is shown in Ref.
1V that, in the context of a model similar to the
present one, the m multiplicities can be repro-
duced only with long-lived 4 particles.

The 4 particles are, however, allowed to be
destroyed or scattered by colliding with the nu-
cleons. More precisely, the following reactions
are explicitly taken into account:
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tained, their motion is perturbed only if

Vt g(V S)
7r

(2. 2)
i04- I

~ ~ ~
30'

I I I

4OAr + 4oar —p+ X
E/A = 800 Mev

where o„,(v s) is the total cross section corre-
sponding to the state of the incoming pair of
baryons at the c.m. energy Ws. The final state
is chosen randomly according to the relative
weights of the different reaction cross sections.
The momenta of the outgoing baryons are'gene-
rated randomly according to the angular distribu-
tion and in agreement with the energy-momentum
conservation laws. Conservation of angular mo-
mentum is, however, destroyed by this procedure.
For elastic scattering, the angular distribution
has a slope e ', where t is minus the square mo-
mentum transfer and B is a smooth function of
energy fitted to the experimental values. For
4 formation and recombination, we take an iso-
tropic angular distribution, in view of the small
kinetic energy in the production channel.

(8) We suppress soft collisions.
'

lf the c.m.
kinetic energy of a pair of nucleons (not 6's) is
less than 50 MeV, they do not scatter. This
partly accounts for Pauli principle, since colli-
sions between nucleons within a Fermi sphere with
an equlibrium value of the Fermi momentum are
partly suypressed by this prescription. We have
checked in a typical example that the main fea-
tures of the results are insensitive to the precise
cutoff value.

(9) The isospin degrees of freedom are not taken
into account explicitly. Thus we only deal with one
sort of nucleon, one sort of 4, and one sort of
pion. The main feature which distinguishes our
calculation from intranuclear cascades is embodied
in point (5). We picture the process as a suc-
cession of baryon-baryon collisions while intra-
nuclear cascade codes rather consider interac-
tion of the incident nucleons with a piece of matter
providing them with a. random mean free path (this
procedure is symmetrized between target and pro-
jectile). Obviously, in our model the matter den-
sity at a given point can vary more widely. "
Moreover, the interaction between cascading par-
ticles, often neglected by intranuclear cascade
codes, is automatically included in our model.

III. INCLUSIVE CROSS SECTIONS

Figure 1 shows the results of the calculation for
the invariant proton inclusive cross section for a
typical system. The measurements are those of
Nagamiya et a/. ,"who bombarded a KC1 target
with 800 MeV per nucleon 4'Ar ions. To compare
with this rather unusual system, we considered the
symmetric system 'Ar+ "Ar. We use this name
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to make later identification easier, but recall that
we consider one type of nucleon. The histogram
represents half of the calculated nucleon inclusive
cross section. The agreement with the experi-
ment is quite good. It should, however, be kept
.in mind that Fig. 1 only covers a fraction of the
region that can be reached by the nucleons in the
transverse momentum (P,)-rapidity (y) plane.
Figure 2 displays a much wider zone in this
plane. To give an idea, a laboratory kinetic en-
ergy of 600 MeV corresponds to a momentum

p„b= I.2 GeV/c.
The huge peak in the calculated yiel, d at 10 is

from the spectator part of the projectile, which
travels as an almost undisturbed Fermi sphere.
It appears at small laboratory angles and with the
beam velocity. This object is counted in our cal-
culation as a collection of individual nucleons,

FIG. 1. Invariant proton inclusive cross section for
the Ar+ Ar system at 800 MeV incident kinetic energy
per nucleon in the laboratory system. The cross section
is plotted as a function of the kinetic energy of the emit-
ted proton in the laboratory system. The dots are the
experimental data from Ref. 20 for the Ar+ KCl sys-
tem. The histograms are the results of our Monte Carlo
calculation. Typical error bars for the calculation are
shown. A vertical arrow means that no proton is detect-
ed beyond that energy. The data are not corrected for
composite particle emission. The magnitude of the cor-
rection is smaller than or comparable to the uncertain-
ties of the calculation (see the text).
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whereas in the experiment, it is observed as one
or several heavy fragments. It is a straightfor-
ward consequence of our neglect of a potential
well. It can be disregarded by considering the
broken line, which interpolates smoothly the cal-
culated curve over the peak region.
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FIG. 2. Invariant proton cross section for the Ar
+ Ar system at 800 MeV incident kinetic energy per
nucleon in the laboratory system, as a function of the
emitted proton momentum. The histograms are the re-
sults of our Monte Carlo calculation. Typical error
bars for the calculation are shown. The vertical arrows
mean that no proton is observed beyond that energy. The
data (from Ref. 20) are corrected for deuteron emission
(see text).

A similar correction has to be applied for the
deuterons that are emitted by the participant part
of the system. For this reason, we have com-
pared our theoretical histograms with the experi-
mental proton cross section, corrected for the
protons contained in the deuterons. This correc-
tion is essentially the experimental deuteron
cross section, scaled to account for the fact that
the momentum of the proton is half the deuteron
momentum. Table I shows the magnitude of this
correction. It is sizable at 10' and 20' only. In-
cidentally, we note that the deuteron emission
modifies Fig. 1 only slightly and actually improves
the agreement a bit at 30'.

We did not include the correction for tritons,
'He, 4He. . . , because we had no experimental
information at our disposal for the systems we
investigated. However, measurements on a simi-
lar system, "Ar+ Ca (at higher energy, how-
ever), "and systematics of Ref. 23 seem to indi-
cate that the relative importance of composite
particle production increases when (i) the energy
decreases, (ii) the mass of the system increases,
and (iii) the observation angle decreases. From
these pieces of information, one can rather
safely conclude that for the cases we study here,
the emission of tritons, 'He, and 4He contribute,
at most, 10/g in the most favorable case, i.e. ,

Ar+ Ar at 10 . Their contribution is negligible
for 8„~ larger than 30'. We draw attention to the
fact that the emission of composite particles plays
a more important role in larger systems at smal-
ler energy. "

Qne can see from Fig. 2 that we get fairly good
agreement with the experimental measurements.
There are, however, two systematic discrepancies.
At small angles, the calculated cross section is a
little bit too large, while at large momenta, the
theoretical cross section drops off too rapidly.
The first disagreement can be attributed, at least
partly, to the emission of other light particles
(tritone, 'He, ~He) by the participant part of the

TABLE I. Average values of the scaled deuteron cross section (Ref. 21) in the 4 Ar +4 Ar
system at 800 MeV per particle (see text). They are given in mb csGeV-2sr-&.

Lab angle
p= 0.5

g'= 125 Mev)

Proton lab momentum (GeV/c)
p= 1.0 p= 1.5

(8= 432 MeV) (8=830 MeV)
p= 1.9

(~=1180 MeV)

10'
20'
30'
40'
60'
80'

110'

8 x10
7 x 103
6 x 103
4.5 x1p
1.6 x103
4 x10
30

8 x10
5 x 103
1.2 x10

x ].0~

8

3.2 xlp
10

1.6 x10
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system. However, it is hard to know whether the
second discrepancy is due to a lack of statistics
or to a kinematical limitation of high energy
nucleon production.

In Fig. 3, we have plotted the pion inclusive
cross section in the same system. The heavy
dots represent the negative pion cross section
measurements of Ref. 20. Since we disregard
isospin in the calculation, we have plotted one
third of the inclusive cross section for the single
sort of pions we have (the ratio of one third is
consistent with 4 resonance dominance). Hence
the histogram describes the m' as well as the m

yield. Although we obtain .the right order of mag-
nitude, there is a substantial discrepancy between
the predictions of the model. and the experiment.
This discrepancy reduces with increasing angle
and can be characterized in this way: The average
yield is a little bit too high and too few low energy
pions are produced at small angles. In other
words, pion production with low energy in the
c.m. system is underestimated. This can be
traced back to our simplifying assumption of a
constant 4 mass. Indeed, if the 4 particles

have a thermal spectrum, they will produce very
few low energy pions, because a 4 particle of
1232 Me7 mass at rest decays by producing a pion
with a momentum of roughly 250 MeV/c. Allow-

ing for a wider spectrum for the 4 mass would

generate a better pion spectrum at low energy.
Results for lighter systems are shown in Figs. 4

to V. The proton inclusive cross sections are
very well reproduced even at large angles. Cor-
rections for deuteron emission are not included.
They wi11 improve the agreement at smaQ angles.
The calculated pion inclusive cross sections get
closer to the experimental values when going to
lighter systems, but still suffer from the same
defects as in the "Ar+ "Ar system.

In Figs. 8 and 9, we present inclusive results
which explore the y-P, plane in a different and

complementary way. They are shown in the total
c.m. frame. Qne can see, in Fig. 8, that the

proton yield at 90' c.m. is correctly reproduced
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FIG. 3. Invariant pion inclusive cross section for the
Ar+4 Ar at 800 MeV per nucleon. The dots represent

the negative pion data of Ref. 20 for the Ar+ KCl sys-
tem. Error bars for the results of our Monte Carlo
calculation . stograms) are shown.

FIG. 4. Ne+ ONe system. Invariant proton cross
section at 800 MeV incident kinetic energy per nucleon
in the laboratory system, as a function of the proton
kinetic energy. The dots- are the experimental data of
Ref. 20 for the Ne+NsF system. The results of our
calculation are shown by histogram. Typical uncertain-
ties are displayed. The data are not corrected for com-
posite particle emission. Corrections are expected to
lie within the uncertainty of the calculation (see text).
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FIG. 5. Invariant pion inclusive cross sections for
20Ne+ t Ne at 800 MeV per nucleon. The dots are nega-
tive pion data of,Ref. 20 for the Ne+ NaF system.
Error bars for the results of our Monte Carlo calculation
(histograms) are shown.

FIG. 6. Invariant proton inclusive cross section for
the ~2C+ ~2C system at a beam energy of 800 MeV per
nucleon. Data (dots) are from Ref. 20. The histograms
show the result of our calculation. The data are not cor-
rected for the composite particle emission. This cor-
rection is expected to be smaller than the uncertainty of
the calculation {shown by the error bars). See the text
for the discussion.

even at high energy. Figure 9 shows that we ob-
tain a good agreement for the c.m. angular dis-
tributions. The agreement deteriorates at 600
MeV kinetic energy, most probably because the
statistics are poor in this region. The inclusive
quantities displayed in the last bvo figures are
often considered as possibly containing informa-
tion about the reaction mechanism. We will come
back to this point in Sec. V.

IV. TWO-NUCLEON CORREL''IONS

There has been an extensive experimental effort
to perform correlation measurements' "which
are expected to shed some light on the reaction
mechanism. We have calculated the two-nucleon
correlation coefficient for several cases. The
definition of this coefficient is given in Ref. 25.
Let us, however, describe briefly the experi-
mental configuration to make the following figures
understandable. The experiment involves four
counters: T, U, R, and D, the last three being
positioned at a polar angle of 40'. The polar
angle 8 of T can be varied. Their azimuthal angles

q are such that if we assume T to be at y=0,
then U, R, and D are located at p =90', 180, and
270', respectively. The protons are counted in
U, R, and D, if, and only if, a proton is detected
by the counter T. The correlation coefficient
C(8) is essentially twice the ratio of the counting
rate in R to the sum of the counting rates in U and
D. The angle of 40' corresponds roughly to 90'
in the c.m. system for the kinematics we are
considering here. The quantity C(8) is expected
to have a sharp peak at 8=40' in the case where
the collision proceeds via the single knockout
mechanism only. On the other hand, C(8) will be
equal to 1, independent of angle, if the multiple
collision (thermal) mechanism dominates. In Fig.
10, we show our results at 800 MeV per nucleon
along with the experimental values. " One can
see that we reproduce these data in the average.
For the 40Ar + 4oAr system, however, we predict
a little more correlation than is indicated by the
experiment, while for the "C+"C system, the
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FIG. 7. Invariant pion inclusive cross section for the
C+ C system at a beam energy of 800 MeV per nu-

cleon. Data (dots) from Ref. 20. The histograms are
the results of our calculation.

FIG. 8. Invariant inclusive proton cross section at
90' c.m. for different systems plotted as a function of
the proton kinetic energy in the c.m. frame.

calculated peak is located at a somewhat larger
angle than the experimental one. It is difficult to
assign the origin of these discrepancies to a par-
ticular feature of our model. For "Ne+ "Ne, we
had only the E/A = 400 MeV data at our disposal.
This part of the figure is therefore only indicative,
although the E/A =800 MeV data are not expected
to be very different. '4

More precise information can be gained if the
counters R, U, and D count protons, if, and only
if, the telescope T detects a proton of a given en-
ergy. The quantity C is then a function of both 8
and the energy of the particle or, equivalently, 'of

its parallel and perpendicular momentum compo-
nents (p„or p, ) in the c.m. system. The quantity
C is shown in Fig. 11 for the "C+"C system.
The shaded area indicates the domain of energy for
the protons detected in the R counter. Once again,
although the statistics are not good, we are in
overall agreement with. the experiment. There is,
however, a slight deviation in that the ridge is not
exactly positioned. The maximum value is located
at too low a momentum. This situation is corro-
borated by Fig. 12, mhich displays the values of
the coefficient C(Pg Pe) for a laboratory angle of

40', i. e. , for a cut in the (P„P„)plane. Once
again, there is rather good agreement between
theory and experiment, but the peak is too high
and occurs at too low a value of P,.

V. SINGLE KNOCKOUT VERSUS MULTIPLE
COLLISIONS

The first inclusive data had been explained
successfully by the fireball model, in which the
so-called participant nucleons suffer so many
collisions that they are thermalized. On the other
hand, Koonin and Hatch' have shown that the 800
MeV/A data can be explained by a single knockout
process. In this picture, the nucleons of the pro-
jectile collide once, at most, with the target nu-
cleons. Since that time, there has been intensive
effort to try to discriminate between the two pro-
cesses. Before discussing this point in connection
with our results, we mould like to draw attention to
the fact that the two processes are not defined un-
ambiguously. In the fireball model, the quantity
which is not precisely defined is the number of
participant nucleons. In the knockout model, the
flexible parameter is associated with the tail of
the nucleon momentum distribution.
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The first and simple analysis would consist of
comparing the predictions of both models, as
they have been developed, with the experiment. In
this respect, the data considered in Figs. j.
through 7 are useless, because they are repro-
duced equally well by almost any of the models
which have been proposed. The inclusive cross
section at 90' c.m. and especially the angular dis-
tribution in the c.m. frame provided a more sen-
sitive test. The data suggest that the physical
reality lies somewhere between the two. extreme
models: In the fireball model, the protons are
emitted isotropically, while the knockout model
predicts angular distribution more forward peaked
than observed experimentally. It would then be
interesting to determine the relative weight of the
two processes. The two-particle correlation
could be considered as suitable for that purpose.
They show definite departure from pure therm. al
process. An extended analysis of the data" leads
to the conclusion that the knockout process con-
tributes up to 50/z, fairly independently of the mass
of the system. Unfortunately, this analysis is
slightly complicated by the existence of Fermi
motion, which broadens the correlation peaks and

I I l l I

40 60 80 l 00
8 (deg~)

FIG. 10. Variation of the correlation coefficient with
the polar angle of the telescope T (see text). The calcu-
lation is indicated by the small dots. The heavy dots are
the experimental data from Ref. 24. The incident kinetic
energy is 800 MeV per nucleon. However, the Ne+ Ne
data actually refer to the Ne+ NaF system at 400 MeV
per nucleon (see text).
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diminishes their magnitude. As a matter of fact,
the data of Fig. 12 is remarkably fitted by the cal-
culation of Hatch and Koonin (see Ref. 8).

In a multiple scattering model such as ours, in-
stead of defining knockout and thermal process,
it is more convenient to split the inclusive cross
sections into several contributions (0„), each of
which correspond to nucleons having undergone a
definite number of collisions (n). It is natural to
identify o, with the knockout process. However,
in our opinion, it would be misleading to compare
0, with the results of Ref. S. Indeed, taking a
large tail in the nucleon momentum distribution
is partly equivalent to assuming that the nucleons
make two collisions and that the first one has dis-
torted the Fermi spheres attached to the nuclei.
On the other hand, the thermal process is not de-
fined unambiguously either. Strictly syeaking, no
nucleon makes an infinite'number of collisions.
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FIG. 11. Variation of the two-nucleon correlation co-
efficient with pll and pJ the c.m. components of the
xnomentum of the proton detected in the telescope T (see
text). The system is 2C+ C at 800 MeV per nucleon in
the laboratory system. The dots P and T indicate the
xnoxnentum- (per particle) components of projectile and
target, respectively, in the c.m. systexn. The shaded
area indicates the doxnain covered by counter R (see
text). The experixnental data appear as contour plots in
the left part of the figure. The results of the calculation
are the numbers on the right side of the figure and cor-
respond to the boxes on the left side. The uncertainty
in the calculation runs from 0.10 in the upper left cor-
ner to 0.40 for the boxes in the lower right corner.
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FIG. 12. Same quantity as in Fig. 11, for 8g~=40 as
a function of nucleon laboratory momentum. This figure
corresponds to a cut in the plane of Fig. 11 along a.
curve starting from T and passing near the experimental
peak.

One can define the thermal process contribution
as the sum of the o„'s, with n larger than a given
value N, with of course, some arbitrariness in
choosing the value of N. In the following, we will
try to determine how our calculation distinguishes
between the knockout and the thermal process.
We will choose o', + cr, as the knockout or direct
process contribution and define the thermal pro-
cess contribution as the rest of the inclusive cross
sections. This seems to us to be a reasonable

b & 2.5fITI

40o

200 400 600
E„b (MeV)

60' b & 2.5 flTI

I I

800 l000

FIG. 13. Plot of the ratio of the calculated inclusive
proton cross section to the cross section for protons
having made three or more collisions. The system is

Ne+ Ne at 800 MeV per nucleon. The lower part of
the figure gives the same ratio for ixnpact parameters
c2.8 fm (twice the Ne radius is 8.08 fm).

definition, but we stress once again that it con-
tains a certain amount of arbitrariness.

In Figs. 13 through 15, we consider the ratio
R =de/da„c of the total inclusive cross section
to the one obtained by summing the nucleons which
have made three or more collisions. We try to
extract the gross variation of R, with angle, en-
ergy, and impact parameter. The excess of R
above unity is a measure of the direct process.

In Fig. 13 (upper part), we consider the "Ne
+ Ne system. The quantity B takes a value
around 1.6 at low energy, fairly independent of the
angle (we did not plot R for backward angles be-
cause of the poor statistics there). But R decrease
with energy at a rate which becomes greater as
the angle increases. It thus seems difficult for the
direct process to produce high energy protons at
large angles. It is interesting to look at the values
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FIG. 14. Same quantity as in Fig. 13 for the C+ C
system.
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FIG. 15. Same quantity as in Fig. 13 at 90' c.m. for
the C+ C and the Ne+ Ne systems.

of R for central collisions (lower part of Fig. 18).
On the average, R is slightly smaller than for all
collisions, lying around 1.4, which is still a ra-
ther high value. Moreover, the energy dependence
of R at small angles is reversed. This can be
viewed as an indication of a shadowing effect. In-
deed, a proton which has just made a collision in
the c.m. region has to pass through the target in
order to emerge at 30', contrary to what happens
for a peripheral collision. It has more chance to
do that without a further binary collision if it has
a higher energy, since the total cross section is
smaller and the nucleon is less affected by the
agitation of the target nucleons.

Figure 14 contains the results of the calculation
of R for the ' C+' C system. As expected, R
reaches higher values, being of the order of 2. A
shadowing effect still shows at forward angles and
R still goes to unity as energy increases at larger
angles. Figure 15 gives a comparison between the
xaC+ x2C and 2owe + 2oNe systems for 90' c.m. We
see that R reaches its limiting value at a kinetic
energy of 400 MeV.

To summarize, our calculation shows that the
direct process contributes about 40% in the case
of the Ne+ Ne system (50% in the C+ C system)

at low energies. When the energy of the detected
particle increases, the direct process contribution
increases at small angles and decreases at larger
angles. For central collisions, the direct pro-
cess contributes less as a whole. We would like
to stress that increasing the bombarding energy
beyond 800 MeV/A would not necessarily yield an

increase of R since the nucleon-nucleon collisions
become highly inelastic and a large number of 4
particles can be produced. The nucleons from
their decay have less kinetic energy and thus can-
not escape easily from the system. The number
of collisions is not reduced and can even be in-
creased. These aspects are studied in Ref. 14.

VI. DISCUSSION AND CONCLUSION'

We have described a model for the interaction
of two nuclei at high energy, which is pictured
essentially as a sequence of baryon-baryon colli-
sions treated in a classical relativistic manner.
We have compared the predictions of the model
with experimental data. We successfully repro-
duced theproton inclusive cross sections in the
"C+"C, "Ne+ 'Ne, and toAr+ DAr systems at 800
MeV/A. The pion data are reproduced fairly well
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on the whole, but the model fails to give the right
yield at small momenta in the c.m. system. The
two-nucleon correlation data are reproduced very
satisfactorily by our model. We stress that all
agreement with experiment is obtained without
the help of any adjustable parameters. The model
does rely on certain assumptions, some of which
can be questioned, but calculations have been per-
formed without varying any parameters.

The very success of the model in predicting cor-
rectly a broad collection of data strongly suggests
that the nucleus-nucleus interaction process is
largely dominated by binary, classical, on-shell
nucleon-nucleon collisions. Quantum effects (off-
shell scattering, mean field), three-body (or
more) collisions, and exotic phenomena, if any,
are therefore expected to be very difficult to de-
tect in the observables investigated in this work.
This could no longer be the case for more exclu-
sive quantities. In the multiple scattering pro-
cess, we have found that the direct or knockout
process can contribute for 40 to 50% on the
average. However, this value can change with
energy and angle. In particular, high energy
protons at large angles can seemingly be produced
by multiple scattering only.

One disadvantage of Monte Carlo calculations is
that one does not have very much insight into the
way a specific assumption affects the final results.

The structures found in the calculated two proton
correlation coefficient provides a typical example.
Another illustration is provided by density effects.
In our model, at least, for small impact parame-
ters, the system undergoes a compression-de-
compression phase which does not seem to leave
any particular trace in the inclusive observables.
The detection of such a phenomenon would pro-
bably require a multipl'e particle correlation mea-
surement and a selection of central collision
events.

The most questionable assumption of our model,
in light of our results, is the introduction of 4
particles with a definite mass. We are currently
investigating this point.
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