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Interactions between cascade particles were included in our intranuclear cascade calculation for high energy heavy
ion collisions. This leads to better agreement between the calculated and experimental results for the inclusive pion
cross sections and for two-nucleon correlations, without changing appreciably the calculated inclusive proton cross
sections. The “single knockout” nucleons are shown to be a small fraction of the inclusive spectra.

NUCLEAR REACTIONS Calculated effect of interactions between cascade parti
cles in the intranuclear cascade model of high-energy heavy-ion reactions, In-
clusive proton and pion cross sections and two-particle correlations. E =400-
1050 MeV/nucleon, 12C +12C, 4%Ar +40Ca, 49Ar +40Ar, 20Ne + 238y, 40Ar +208pp,

I. INTRODUCTION

In a recent paper' the intranuclear cascade
(INC) model of high-energy hadron-nucleus re-
actions was applied to relativistic heavy-ion re-
actions. The approach was a direct generaliza-
tion of the VEGAS calculation.? The calculation
strives to treat fairly accurately the multiple
collision processes in nuclei, but disregards
completely the nucleon-nucleon correlations.

It is based on concepts of relativistic classical
mechanics, i.e., the momenta and coordinates
(trajectories) of particles are treated classically.
Both target and projectile are assumed initially
to be cold Fermi gases in their respective po-
tential wells. The nucleon-nucleon cross sec-
tions in the calculation are “on the mass shell,”
free nucleon-nucleon cross sections. The only
quantum mechanical concept incorporated is the
Pauli principle. The pions are produced and
absorbed via A, formation, decay, and capture.

The simulation process uses a “timelike basis”
Monte Carlo procedure.? This procedure follows
the states of all the cascade particles as a function
of time. One advantage of using the timelike basis
is the possibility of changing the global proper-
ties of the system as the interaction proceeds.
Thus, the density of the relevant Fermi seas is
depleted after each interaction.! Another advan-
tage is the possibility of including interactions
between the cascade particles, i.e., between any
two particles both of which have already under-
gone one or more interactions during the cas-
cade. Previous calculations!-? neglected such
interactions and included only collisions between
particles of which at least one had not undergone
any previous interaction. In the case of high-
energy reactions between heavy ions' this led
to some disagreements with the experiment. The
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present work deals mainly with the effects of
these “cascade-cascade” (CC) interactions on
the predictions of the intranuclear cascade model.
Section II describes our method of treating the
CC interactions. In Sec. III some proton and pion
inclusive cross sections are compared with ex-
perimental results. Section IV deals with two-
particle correlations. A number of systematic
studies are discussed in Sec. V. Our conclusions
are presented in Sec. VI.

II. THE CASCADE-CASCADE INTERACTIONS

The interaction of a single particle (proton,
pion) with a nucleus via an intranuclear cascade
involves a relatively small number of cascade
particles. The evolving particle density outside
the target Fermi sea in such an interaction is
small, and the relative distances between the
energetic particles are in general quite large.
Thus the model neglected the scattering between
any pair of cascade particles. In our earlier
version of the intranuclear cascade model for
nucleus-nucleus collisions' we made the same
approximation, although this approximation is
much less justified in this case. In the present
paper we discuss the results of calculations in
which CC interactions are included.

For the purpose of calculating interactions
between the (discrete) cascade particles and the
Fermi sea particles of the projectile or target
the latter distributions are considered continuous.
Thus the calculation of the interactions involves
one discrete particle and one continuous density.
We preferred to keep this method also for the
calculation of the CC interactions. This was
achieved by assuming a continuous cascade part-
icle density. Each cascade particle is represen-
ted, in its rest frame, by a spherical Gaussian
density distribution p(») centered at its discrete
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position with a standard deviation of 1 fm. Each
cascade particle may thus interact with the con-
tinuous Fermi sea distributions of the target and
projectile and the continuous distribution of its
fellow cascade particles. The only restriction

is that two given cascade particles cannot interact
more than once, until at least one of them inter-
acted with a third particle. The procedure con-
serves energy and momentum but does not con-
serve angular momentum in each CC interaction.

III. PROTON AND PION INCLUSIVE SPECTRA

AsinRef. 1, our present calculation doesnot in-
clude complex particle production in the cascade pro-
cess. We count the individual protons and neu-
trons leaving the system and disregard the fact
that they may actually be constituents of d, ¢, «,
etc. Therefore our proton spectra should be com-
pared with the experimental “summed charge”
spectra including both “free” protons and those
bound in complex clusters.

In Figs. 1 and 2 summed charge spectra of Ref.
3 are compared with our new calculation. (In the
following we use the “slow rearrangement” version
of density depletion.') Evaporation particles are
not included in our calculation.
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FIG. 1. The inclusive double-differential cross section
for the emission of nucleon charges in the reaction 2'Ne
+2%y at a bombarding energy of E/A =400 MeV. The
dots represent the experimental results of Ref, 3, The
histograms show the calculated results including the
CC interactions.

For the two systems shown, “*Ne+ ***U at E/A
=400 MeV and *°Ar+ *°Ca at E/A =105 GeV, the
agreement with experiment is of similar quality
to that of the proton inclusive spectra of Ref. 1.
The comparison with the summed charge experi-
mental spectrum reveals a serious underestimate
of the low-energy part (E <80 MeV) of the spectra.
This discrepancy is larger for forward angles
and is more pronounced in the heavier system.

A part of thisdiscrepancy (although probably not
all of it) may be due to our neglect of the evapor-
ation particles.

The lack of sensitivity of the inclusive proton
cross sections to the CC rescattering may be
understood in terms of following considerations:
In peripheral collisions there is little CC re-
scattering due to the low density of the cascade
particles. On the other hand, “central” colli-
sions leading to a relatively high density of cas-
cade particles undergo appreciable “thermali-
zation” even without the CC rescattering, and
therefore this rescattering has little effect on
the outgoing spectrum.

The situation is quite different for the pion in-
clusive cross sections. In Fig. 3 the calculations
including and excluding the CC rescatterings are
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FIG. 2. The inclusive double-differential cross section
for the emission of nucleon charges in the reaction 4°Ar
+40Ca at a bombarding energy of E/A=1050 MeV. The
dots represent the experimental results of Ref, 3, The
histograms show the calculated results including the CC
interactions.
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FIG. 3. The inclusive double-differential cross section
for emission of r* in the reaction *’Ar +4°Ca at a bom-
barding energy of E/A=1050 MeV, The dots represent
the experimental results of Ref, 4, The solid line histo-
grams are the calculated results including the CC inter-
actions, and the broken-line histograms are calculated
results excluding the CC interactions.

compared with the experimental results.* Here
the CC rescatterings cause a reduction of the
number of emitted pions. Although this leads
to an underestimate of the low-energy forward-

angle part of the spectrum, there is a signifi-
cant improvement for 6 >50°, The lower pion
inclusive cross sections are probably the result
of the increased pion capture probability via the A
+N = 2N reaction® due to the increased particle
density seen by the A resonances as a result of
the inclusion of the cascade particles in the cal-
culation.

In Fig. 4 the calculated invariant cross section
for 7* emission in the *°Ar+ *°Ca reaction at E/A
=1.05 GeV is shown on a P, vs rapidity plot. In
addition to forward-backward peaking, which
is characteristic of p +p reactions,* there is some
enhancement of the pion yield at the midrapidity,
i.e., at the center of mass of the target-projec-
tile system, and at a perpendicular momentum
of about 0.7m_. Experimentally* the invariant
cross section shows a more pronounced peak
at the mid-rapidity at a perpendicular momen-
tum of 0.4m . The effect has been interpreted®
in terms of collective hydrodynamic flow, It is
therefore of interest to note that qualitatively
the effect is also reproduced by the INC model.
It should be noted that the present calculation
neglects the deflection of the outgoing pions in
the Coulombic field of the target, projectile, and
the other emitted charged particles.

IV. TWO-PARTICLE CORRELATIONS

The measurement of two-particle correlations
in high-energy heavy-ion collisions yield informa-
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FIG. 4. Contours of constant Lorentz-invariant 7 *cross sections d%c/pd2dE in units of b/(sr GeVZ/c) as a function of
perpendicular pion momentum P, in units of m,c and rapidity y, for the reaction WAr +4Ca at a bombarding energy of
E/A =1050 MeV, The target rapidity is y, =0, the projectile rapidity yp=1.4, and the center of mass rapidity is ¥,

=>(,7, Areas of higher cross sections are shaded.
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tion on the relative amount of single collision
processes versus multiple collision processes.
The intranuclear cascade model is well suited

to deal correctly with such a mixture of processes.

The information about the relative importance

of the two components of the nucleus-nucleus
reaction is of interest for evaluating the more
simplistic models—the “fireball-firestreak”
models® 7 which assume total thermalization

(only multiple collision processes) and the “single
knockout” model which assumes only single col-
lisions.?

In Fig. 5 we compare the two-proton correla-
tions calculated with CC scattering with the ex-
perimental results of Nagamiya et al.? for E/A
=800 MeV '2C +'2C, “°Ar +*°Ar, and *°Ar + 2Pb
reactions. Our definition of the two-particle
correlation follows here that of Ref. 9: If in a
given cascade a particle (“trigger particle”) is
emitted in the laboratory polar angle 0eescope
(“telescope angle”), the particles in the polar
angular range 35°<0 <45° (“tag counter angle”)
are examined and their azimuthal angles with
respect to the trigger particle determined. C
is defined as the ratio of the number of such part-
icles in the azimuthal range ¢ =180°+ A¢ (A¢
=10°) to the average number of particles in the
azimuthal ranges ¢ = +90°+A¢. The azimuthal
angle of the trigger particle is ¢ =0. C is large
(>1) if the number of interactions per particle
in the collision is small, whereas C=1 for a
thermal distribution.

In the calculation presented in Fig. 5 the trig-
ger particles are protons with energy E,>100
MeV and charged pions of any energy. For '2C
+!2C both the experimental and calculated results
show C>1 and both peak at 0 teiescope =40°. The
calculated maximum value of C is C=1.7, a little
higher than the experimental one C=1.5. Still,
within the statistical errors the agreement with
experiment is satisfactory.

As expected, the introduction of the CC rescat-
terings has a significant effect on the two-particle
correlations. Comparing our present'2C+2C re-
sults withthose of Ref. 1 (see Fig. 5) shows alarge de-
crease of the C function. Inthe?C+*2C reactionthe
CC collisions are only 26% of all collisions, yet
they suffice to wash out a significant portion of
the correlations.

The results for *°Ar+%°Ar agree very well with
experiment. Both experiment and calculations
show a slight positive correlation. For “°Ar+2%Pb
the experimental results seem to give a somewhat
negative C, indicating perhaps a slight shadowing.’
The calculated results are consistent with the
value C =1 (no correlation). Comparison with
Fig. 11 of Ref. 1 does not reveal an appreciable
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FIG, 5. The racio C of “in plane” (A¢ =180°) to “out of
plane” (A¢=+90°) two-particle correlations as a function
of the polar angle (telescope angle) of one of the parti-
cles. The second particle is detected at a polar angle of
40+ 5°. A¢ is the difference in azimuthal angle between
the two particles. The figure shows the data for 2C
+12¢, OAr + 40Ar (exp. 4%Ar + KC1), and 4°Ar +208pp at a
bombarding energy of E/A =800 MeV. The dots repre-
sent the experimental results of Ref, 9, The solid-line
histograms are the calculated results including the CC
interactions and the broken-line histograms are the cal-
culated results excluding the CC interactions,

effect of the CC rescatterings on the C function
for ®*Ar+%°Ar or *°Ar+2°®Pb since C is already
close to 1 even without the inclusion of CC re-
scattering.

V. SYSTEMATIC STUDIES

In Ref. 1 we have addressed ourselves to the
question of the dependence of proton multiplicity
on the impact parameter, and found that multi-
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FIG, 6. The ratio of the multiplicity- selected proton
inclusive cross section to the total proton inclusive
cross section as a function of impact parameter, The
solid line represents the o,,,50/04o ratio for ¥Ne + 238y
at E/A =400 MeV and the dashed line represents the ra-
tio 0,, <¢/Otot for the same reaction. The dash-dotted
line represents the ratio o, 4¢/0to for 4°Ar +49Ca at
E/A =1050 MeV and the dotted line represents the ratio
0, <5/ 010t for the same reaction.

plicity selection is a reasonable procedure for
selecting specific impact parameter intervals.
Figure 6 shows this point when CC rescattering
is included. For 2°Ne +2%U at E/A =400 MeV and
Ar +%°Ca at E/A =1050 MeV the probabilities of
the occurrence of extremely high proton multi-
plicities (m = 20) and extremely low proton multi-
plicities (m =5 for 2°Ne +2°®*U and m = 6 for “°Ar
+%°Ca) are shown as a function of impact para-
meter. For both systems there is a clear separa-
tion of the impact parameters contributing to the
two classes of multiplicities.

Figures 7 and 8 show the impact parameter dis-
tribution of events triggered by a proton of E> 200
MeV for different scattering angles of the trigger
particle for two systems: *°Ne+2®U at E/A =400
MeV and *°Ar+%°Ca at E/A =1050 MeV. In the
2°Ne+ 238U case a slight preference for lower im-
pact parameters by triggering with more back-
ward protons is seen, No significant effect of
this kind is seen in the *°Ar+%°Ca case. A simi-
lar analysis of *°Ar+%°Ca case, with a charged
pion serving as a trigger (Fig. 8), shows a more
pronounced preference for small impact para-
meters for events triggered with backward pions.

The question of the average number of inter-
actions of a particle before it leaves the interaction
region was alresady mentioned in the discussion
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FIG. 7. The probability of events in which a proton of
energy E,<200 MeV was emitted at 6 =10° upper
graph), at 6 =50° (middle graph), and at 6 =90° (lower
graph) as a function of the impact parameter. The reac-
tion is 2'Ne + 2%y at E/A =400 MeV.
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FIG. 8. The probability of events in which a trigger
particle was emitted at 6 =10° (upper row), at 6 =50°
(middle row), and at 90° (lower row) as a function of im-
pact parameter, The reaction is 40pp 4+ 40Cy at E/A
=1050 MeV. The trigger particle is a proton of energy
E,< 200 MeV at the left column and a charged pion of
any energy at the right column,
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of the two-particle correlations. We stated in
Ref. 1 that this is a somewhat ambiguous concept.
There is no simple way to generalize the definition
used in Ref. 1 to be useful in the present calcula-
tion which includes cascade-cascade rescattering.
Still, the proportion of “first generation” particles
among all the particles leaving the system is a
well-defined number. We define by first genera-
tion particles only pairs of particles for which
both partners underwent only a single elastic
collision which lifted them out of their respect-
tive Fermi seas. Neglecting Fermi motion these
particles obey strictly the two-body kinematics
of a nucleon of projectile velocity with a stationary
nucleon, and they are responsible for the bulk
of two-particle correlations discussed in Sec.
Iv.

Figure 9 shows the percentage of first genera-
tion protons and neutrons in the inclusive nucleon
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FIG. 9. Percentage of the first generation (see text)
nucleons as a function of impact parameter for the reac-
tions 12C +12C at E/A =400 MeV and E/A =800 MeV,

The solid lines denote the average values (1st moment)
and the broken lines denote the standard deviation (2nd
moment),
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spectrum as a function of impact parameter for
the 'C +!2C system at two energies, E/A =400
and 800 MeV. Even for this light system the pro-
portion of the first generation particles is quite
small at E/A=800 MeV; only 20% of pure two-
body scattering even at very large impact para-
meters. For central collisions of partly over-
lapping nuclei (the hard sphere radius of 'C is
2.15 fm) we have less than 10% of first generation
particles. This result was also indicated by the
lowering of two-particle correlations with the
addition of the cascade-cascade rescattering.
(Our energy cutoff! causes a small reduction of
the first generation particles. In a collision be-
tween a very energetic and an almost stationary
particle there is a large probability of small
momentum transfer. Thus one of the outcoming
particles may fall below our energy cutoff and
both partners are then removed from the first
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FIG. 10. Percentage of the first generation (see text)
nucleons as a function of impact parameter for the reac-
tions 2'Ne + 238U at E/A =400 MeV and “Ar +4Ca at E/A
=1050 MeV, The solid lines denote the average values
(st moment) and the broken lines denote the standard
deviation (2nd moment),
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generation spectrum.) The isobar production
also has a quenching effect on the pure two-body-
kinematics component of the spectrum. This

can be clearly seen by comparing the results

for 2C +'2C at E/A =800 and 400 MeV. We no-
tice a large decrease in the percentage of first
generation nucleons at the higher energy due

to the higher probability of isobar production

in the first collision.

Figure 10 shows the percentage of first genera-
tion nucleons in the nucleon inclusive spectrum
as a function of impact parameter for 2°Ne + 238U
at E/A =400 MeV and *°Ar+%°Ca at E/A =1.05
GeV. The low proportion in the “°Ar+%°Ca case
can again be attributed to the enhanced probabil-
ity of isobar production in the first interaction.

Integrating over impact parameter leads to a
fraction of first generation nucleons of 16.8%
for '2C+'*C at E/A =400 MeV, 4.5% for 2C+'2C
at E/A=800 MeV, 1.4% for *’Ar +%°Ca at E/A
=1.05 GeV, and 2.2% for *°Ne +2%®U at E/A =400
MeV.

VI. SUMMARY

The inclusion of CC rescattering in the INC
model generally improves the agreement with
experimental results. Whereas the proton in-
clusive cross sections are rather insensitive to
the CC rescattering, the pion inclusive cross
section is generally reduced, improving the agree-
ment with experiment at backward angles. The
two-particle correlations calculated with CC
rescatterings agree well with experiment even
for the light *2C +'2C system. The calculations
show that the choice of the trigger-particle (i.e.,
telescope) angle does not affect the impact para-
meter distribution of the collisions if the trigger
particle is a proton, and does affect it only
slightly if the trigger particle is a pion. The
investigation of the number of nucleons under-
going only a single collision before leaving the
interaction region indicates that multiple scat-
tering effects are important in both central and
peripheral interactions.
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