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An event generator, HIPSE(heavy-ion phase-space exploration), dedicated to the description of nuclear
collisions in the intermediate energy range is presented. Based on the sudden approximation and on geometri-
cal hypothesis, it can conveniently simulate heavy-ion interactions at all impact parameters and thus can
constitute a valuable tool for the understanding of processes such as neck emission or multifragmentation in
peripheral or/and central collisions. After a detailed description of the ingredients of the model, first compari-
sons with experimental data collected by the INDRA Collaboration are shown. Special emphasis is put on the
kinematical characteristics of fragments and light particles observed at all impact parameters for Xe+Sn
reactions at 25 and 50 MeV/nucleon and Ni+Ni at 82 MeV/nucleon.
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I. INTRODUCTION: MOTIVATION OF
THE PRESENT WORK

For several decades now, nuclear collisions in the
intermediate energy range(say between 20 and
100 MeV/nucleon) have been used to explore the fundamen-
tal properties of nuclei under extreme conditions of pressure,
temperature, and/or angular momenta(see, for instance, Ref.
[1]). From an experimental point of view, large detection
facilities—the so-called 4p detectors—have been developed
to detect almost all emitted charged particles(see, for in-
stance, Ref.[2]). Hence, complex events are recorded with,
for instance, high multiplicities in central collisions. In view
of the complexity of the processes occurring during the re-
action, there are some difficulties to “reduce” the “raw” ob-
servables[these are mainly multiplicities, atomic numbers
(sometimes mass numbers), energies, and/or velocities of
emitted charged products and/or neutrons] into some well
defined global characteristics of the collision. Nevertheless,
this reduction(if possible) is a prerequisite to extract, for
instance, the thermodynamical properties of the system un-
der study. The problem very often arises from the fact that
there are strong dynamical effects taking place at least in the
first instants of the reaction.

As an example, let us take multifragmentation, defined as
the emission in a short time scale of several species of
atomic number larger than 2[3] as compared to other decay
mechanisms such as the formation of heavy residues or fis-
sion. Such a phenomenon is expected to be the ideal tool to
study the transition from a liquidlike state(nuclei at normal
density) towards a gaslike state associated with the vaporiza-
tion of the system[4]. The quest for the signals of a nuclear
phase transition of the liquid-gas type has led to rather so-
phisticated analyses. Such recent experimental analyses
based on nuclear calorimetry have claimed evidence for a
liquid-gas phase transition through the study of various sig-
nals[5–7]. Some of these analyses make extensive use of the
thermal multifragmentation statistical models[8,9] to prove
the existence of thermal equilibrium[10].

There are however some uncertainties in using statistical
models. This is due to the lack of knowledge of dynamical

effects, in particular, of the fast early processes which could
eventually lead to the formation of equilibrated systems. In
particular, the phase space explored during the collision is
expected to be sensitive to the initial conditions of the reac-
tion. Such a point is addressed in microscopic transport mod-
els [11–16]. These models provide a suitable framework for
the description of nuclear collisions at intermediate energies
and are able to describe dynamical effects. Unfortunately,
although nucleon-nucleon collisions are included, one could
not determine if the system has reached a complete thermal
equilibrium. Moreover, there is not a direct link in such ap-
proaches between the outputs of the simulations and the ther-
modynamical properties of the excited species produced in
the course of the reaction. As a consequence, these models
do not give unambiguously important quantities required for
statistical model calculations. For instance, internal excita-
tion energies of the created fragments cannot be easily ob-
tained in current microscopic calculations.

We believe that in between the two extreme approaches
described above, namely, the statistical approach based on
the reduction of the reaction to a few important parameters
and the microscopic approach based on the transport theory,
there is room for macroscopic-microscopic “phenomenol-
ogy.” This is the motivation for the work presented here in
which we describe a phenomenological event generator al-
lowing a detailed comparison with experimental data and
accounting for both dynamical and statistical effects.

The paper is organized as follows. First, the main hypoth-
eses of this work are outlined and the event generator[here-
after called the HIPSE(heavy-ion phase space exploration)]
is described in Sec. II. A detailed comparison with experi-
mental data is developed in Sec. III. Conclusions and per-
spectives are drawn at the end of the paper.

II. THE HIPSE EVENT GENERATOR: HYPOTHESIS
AND DESCRIPTION

Following the hypothesis discussed above, we describe
the reaction with help of three steps.

(a) The approaching phase of the collision ending
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when the two partners of the reactions are at maximum over-
lap. This phase is considered by solving the classical equa-
tion of motion of the two partners in their mutual interaction
potential. At that time, using the sudden approximation, the
two nuclei in interaction are described by a collection of
nucleons whose momentum and space distributions corre-
spond to their ground-state boosted by the relative momen-
tum and distance associated with maximum overlap between
the two incoming nuclei.

(b) The partition formation phase: This phase corre-
sponds to the rearrangement of the nucleons into several
clusters and light particles(hereafter called the partition) ac-
cording to the impact parameter of the reaction. The partition
is built following coalescence rules in momentum and posi-
tion spaces. The main consequence of this approximation is
that the characteristics of the species produced in highly
fragmented collisions will exhibit kinetic energy and angular
distributions keeping a strong memory of the entrance
channel.

(c) The exit channel and after-burner phase up to the
detectors: The partition is propagated taking into account ex-
plicitly reaggregation effects due to the strong nuclear and
Coulombic interactions among the various species of the par-
tition. Since these latter are produced in excited states, sec-
ondary decays are taken into account by means of an evapo-
ration code.

We now describe in detail these three stages.

A. The entrance channel

For a given beam energyEB, a classical two-body dynam-
ics during the phase of approach of the collision is assumed.
Noting VATAP

sr = ur T−r Pud the interaction potential between
the target and the projectile, we consider the evolution asso-
ciated with the HamiltonianE0=p2/2m+VATAP

srd, where
E0=fAT/ sAT+APdgEB is the available energy in the center of
mass whilep is the relative momentum andm=mTmP/M is
the reduced mass withmT and mP the target and projectile
mass, respectively[18]. The concept of nuclear potential is
rather unambiguously defined when the two nuclei are well
separated. Then we use the proximity potential[19,20] with
the parametrization of Ref.[17]. The promimity potential is
not well suited for small relative distancer øRT+RP, where
RT and RP are radii of, respectively, the target and the pro-
jectile. In this case, there is thus a need for another prescrip-
tion defining nuclear potential between two strongly overlap-
ping nuclei.

Such a potential is to a large extent unknown and should
normally depend on different parameters describing the con-
figurations of the system: shape, internal excitation energy,
as well as the initial relative energy of the two partners[17].
In particular, the energy dependence can be understood by
considering the two limiting approximations generally used
to describe the nucleus-nucleus potential in fusion reaction,
i.e., theadiabatic and thesuddenapproximations(see dis-
cussion in Ref.[21] and more recently in Ref.[22]). At very
high relative energy, neglecting the influence of two-body
collisions, we do expect that the internal degrees of freedom
have no time to reorganize and that the system has a strong
memory of the initial conditions.

In view of these points, we do not expect a unique poten-
tial. As the beam energy increases, the internal degrees of
freedom have less time to reorganize and the potential is
expected to be sharper. We have included the possible energy
dependence of the potential in a phenomenological way. In
the following, we use a simple approximation for the con-
struction of the potential. First, it is assumed thatVATAP

de-
pends onr uniquely even for small relative distances. In
order to obtain the potential forr ,RT+RP, we interpolate
the potential betweenr =0 andr =RT−RP using a third-order
polynomial and assuming continuity of the derivative of the
potential at each point. The value retained atr =0 is conve-
niently expressed as

Vsr = 0d = aaVATAP

Froz sr = 0d,

where aa is a parameter to be fixed by comparison with
experimental data.VATAP

Froz sr =0d is the energy of the system
assuming that the two densities of the system overlap com-
pletely in the frozen density approximation. In practice, we
have tabulated once and for allVA1A2

Frozsr =0d for all valuesA1

andA2 using the double folding approximationf21g with the
simplified Skyrme interaction of Ref.f23g for the nuclear
part of the interaction.

Examples of the potential obtained foraa=0, and 0.1, and
0.2 are displayed in Fig. 1 for the129Xe+120Sn system. The
evolution of the potential energy as a function ofaa gives the
hardness of the potential in the phase of approach. According
to our understanding of nuclear potential for the reactions
close to the fusion barrier,aa would be interpreted as a mea-
sure of the degree of reorganization of internal degrees of
freedom during the reaction. However, more complex effects
are expected in the beam energy regime we are considering.
In our model, we will consideraa as a free parameter which

FIG. 1. Evolution of the nuclear potentialVATAP
as a function

of the relative distance for the129Xe+120Sn system foraa=0, 0.1,
and 0.2.
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represents the absence of knowledge of nucleus-nucleus po-
tential at large overlap.

B. Building the partition

1. Sampling of the nucleons

At the minimum distance of approach, the two partners of
the reaction overlap more or less according to the impact
parameter and the value of the parameteraa. At this point,
the two nuclei are at maximum overlap. It is assumed that
the reaction is fast compared to the time scale of reorganiza-
tion of nucleonic single-particle degrees of freedom. Accord-
ingly, the spatial and momentum distributions of thesAT,ZTd
and sAP,ZPd nucleons constituting the target and the projec-
tile are not expected to differ significantly from the ones they
do have in the initial ground state of the two partners. In our
model, we explicitly use this approximation, corresponding
to the frozen density limit, to sample the positions and mo-
menta of the nucleons in the center of mass of each partner
of the reaction.

In order to have realistic density ground-state distribu-
tions, a semiclassical approximation[24] has been used. For
a given nucleus, assuming spherical symmetry, the Thomas-
Fermi energy is minimized under the constraint of proton
and neutron number conservation. In practice, we have used
the numerical method developed in Ref.[25] adapted to the
Seyler-Blanchard parametrization of the force derived in Ref.
[26]. Using a Metropolis algorithm, a set ofsAT,ZTd and
sAP,ZPd nucleons is sampled. In addition, the Pauli principle
is roughly taken into account in each nucleus by imposing
that DrtDptù", whereDrt andDpt are the relative position
and momentum of two nucleons with same isospint=n or p
belonging to the same nucleus. This procedure ensures a uni-
form arrangement of the nucleons in each nucleus. At this
stage, a set ofAT+AP nucleons with positionsxi ,yi ,zid and
momentumspxi

,pyi
,pzi

d in the center-of-mass frame of the
reaction is obtained. A final(small) correction is applied to
the position and momentum of the nucleons in order to keep
the position and momentum of the center of mass constant.

2. Defining the quasiprojectile and the quasitarget
fragments

For finite impact parameters, our approach is mainly
based on geometrical hypotheses: Those nucleons which do
not lie inside the overlap region constitute the so-called qua-
siprojectile(QP) and quasitarget(QT) fragments. The over-
lap region is defined as follows: for a nucleon initially in the
target, we assume that it is in the overlap region ifur i −r Pu
øRP, wherer P is the position of the projectile in the center
of mass frame, whileRP is the equivalent sharp radius taken
from Ref. [27]. For nucleons initially in the projectile we
used the same criteria with respect to the target.

Such a definition corresponds to the so-called participant-
spectator picture. However, it is experimentally observed that
strong deviations from such a simplified approach have been
observed in the energy regime considered here. In particular,
quasitarget and/or quasiprojectile fragments have kinetic en-
ergies which are slightly reduced with respect to the initial

projectile and target ones. This effect can be taken into ac-
count by the exchange of particles between the two partners
during the reaction. In our model, this is introduced “by
hand” by assuming that a fractionxtr of the nucleons coming
initially from the target (projectile) and belonging to the
overlap region are transferred to the projectile(target).
Again, we do expect that the number of transferred nucleons
decreases with the beam energy and thus thatxtr depends on
the initial energy.

3. Building clusters from nucleons

We now consider the nucleons located inside the overlap
region. They constitute a reservoir for building clusters at
midrapidity. Experimentally, it is observed that a large num-
ber of detected nucleons and light particles at midrapidity are
issued from the deexcitation of sources initially produced in
the overlap zone. However, when the beam energy increases
(above the Fermi energy), another contribution sets in corre-
sponding to the preequilibrium emission of light particles
with large transverse momenta. These particles are generally
assigned to promptly emitted particles induced by hard
nucleon-nucleon collisions. Guided by this observation, we
assume that a percentage of nucleon-nucleon collisions
(notedxcoll) occurs. Thus, some nucleons in the overlap re-
gion encounter collisions. For simplicity, we separate explic-
itly the formation of fragments built from nucleons that have
suffered no collisions from the formation of fragments pro-
duced with collided nucleons. Let us first consider the
method used to create fragments starting from the nucleons
that have experienced no hard collisions. In order to create
fragments from nucleons, we use the following coalescence
algorithm. First, one of the nucleons is chosen at random and
it constitutes acoalescence pointfrom which a fragment is
built. Let A1=1 be its mass number,R1 its position, andP1
its momentum. Another nucleoni in the overlap region is
chosen at random. The nucleoni can be captured by the
cluster labeled 1 according to the two following criteria.

(1) Existence condition: We first test if the composite
nucleus is known(in particular, its binding energy) by check-
ing its presence in an experimental mass table.

(2) Position and momentum conditions: It is expected
that only nucleons that are close enough in phase space to the
considered fragment can be absorbed. The exact conditions
for which a nucleon in a nuclear medium can be absorbed by
a fragment are poorly known. However, a simple phenom-
enological criterion can be introduced as follows. If we take
r i andpi as the position and momentum of the nucleon with
respect to the fragment, the following condition is used:

pi
2

2m
+

Vcut

1 + expF sr i − dfd
a

G , 0, s1d

where m is the nucleon mass. The parametersdf and Vcut
correspond to cuts inr space andp space. The distancedf is
a direct cutoff inr space. It is written asdf =Rf +rcut, where
Rf is the equivalent sharp radius of the fragment whilercut is
a parameter kept constant throughout the paper. The param-
eterVcut is a cutoff in momentum space independent of the
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considered nucleus. In practice, we adjusted the values to
reproduce experimental data, we obtainedrcut=2.5 fm. Us-
ing Vcut=−pcut

2 /2m, we obtainedpcut=500 MeV/c and a
diffuseness parameter fixed arbitrarily toa=0.6 fm.

If the two preceding conditions are fulfilled, the nucleon
is absorbed by the fragment and the position and momentum
of the cluster of massA1=2 is recalculated according to the
positions and momenta of its constituents. If one of the con-
ditions is not met, the nucleon serves as a newcoalescence
point. A new nucleon is then chosen from the remaining
nucleons and the procedure is iterated. The position, momen-
tum, mass, and charge of the chosen fragment are then up-
dated at each step. The aggregation procedure stops when all
available nucleons have been considered. If at a given step
there is more than one possibility for the aggregation, the
nucleon is absorbed by one of the fragments which is ran-
domly chosen.

4. Nucleon-nucleon collisions

An increase of the effect of nucleon-nucleon collisions is
expected when the beam energy increases. In the present
model, a percentagexcoll of nucleon-nucleon collisions is as-
sumed. NotingAover the number of nucleons in the overlap
region, the number of collisions is thus defined byNcoll
=xcollAover. Such collisions tend to wash out the memory of
the entrance channel and may eventually lead to the forma-
tion of a compound nuclear state. Thus, we do expect that
these collisions distort more or less the initial Fermi distri-
bution of the nucleons and lead to a slight modification of the
properties of promptly emitted particles and light clusters.

A full treatment of nucleon-nucleon collisions either in
the weak[28] or strong coupling regime such as intranuclear
cascade[29] is clearly out of the scope of the present work.
In our model, we use the following simplified procedure.

In the course of a two-body collision, the two particles
exchange momentum, while inr-space, a complete loss of
the memory of the positions before collisions is explicitly
assumed. The new positions of the two particles are sup-
posed to be randomly distributed inside a sphere of radius
Rcoll=1.2Aover

1/3 +rcoll. The parameterrcoll is taken sufficiently
large to enable the particles to escape rapidly the dense mat-
ter. We used a value ofrcoll=4 fm to reproduce the experi-
mental data. Note, however, that, due to the Pauli exclusion
principle, not all the sphere of radiusRcoll is accessible. We
have treated roughly this effect by restricting the accessible
phase space of the nucleons after collisions and assuming
that they could not be placed inside the quasitarget and qua-
siprojectile. This assumption is essential to correctly repro-
duce the experimental data and, in particular, the excess of
particles at large transverse momenta.

After the Ncoll collisions, we use a separate coalescence
algorithm following the same procedure as the one described
in the preceding section. However, it appears, in practice,
that two modifications are required in order to correctly re-
produce the experimental rate of particles and light frag-
ments. First, after the coalescence of a nucleon by a frag-
ment, the position of the new fragment is not deduced from
the one of its constituent but is also chosen randomly as we
did for the particles after a collision. Second, a larger value

of rcut, taken equal to 7 fm, is retained for the “link” condi-
tion in Eq. (1). This large value in our model could be inter-
preted as a larger correlation between nucleons after collision
in forming a cluster compared to the case without collisions.
It is also possible that other more complex effects such as
direct knock-out of preformed light clusters occur. Therefore,
it may be that this large value is an artificial way to mimic
such complex phenomena.

5. Summary

Considering these different steps, we end up with a set of
Nfrag

ini fragments(including the QP and QT) with mass num-
ber, position, momentum, and angular momentum
sAf ,R f ,Pf ,L fd by considering the characteristics of the
nucleons belonging to each fragment. At that point, a “clock”
is started corresponding tot=0 fm/c for the forthcoming
dynamics. Note that the number of fragments is not fixeda
priori at variance with the work described in Ref.[30]. These
fragments constitute a partition. They are created in a high
density region and are initially strongly overlapping. This is
largely in contrast with the standard assumption made in
thermal models stating that fragments are created at low den-
sity following a thermal or mechanical expansion[8,9].

C. Final state interaction and the reaggregation phase

The difficulty to produce partitions at high density lies in
the need to treat as well as possible strong nuclear final state
interaction. Indeed, because fragments can overlap during
times comparable to the reaction time(typically a few tens of
fm/c), there is a need to propagate the partition before
freeze-out is reached. This is first achieved during a time of
50 fm/c according to the Hamiltonian

H = o
i

Pi
2

2mAi
+ o

i, j

VAiAj
suRi − R jud. s2d

For the sake of continuity and consistency, the same interac-
tion potentials as for the entrance channel part of the reaction
are used. However, for protons or neutrons interacting with
nuclei, we used standard Woods-Saxon potential for the
nuclear part of the interaction.

At that time an important reorganization in spatial and
momentum configuration may have occurred. It leads gener-
ally to less compact configurations. It however may happen
that two fragments cannot separate because their relative en-
ergy is lower than the fusion barrier. In that case, the two
nuclei fuse and the properties of the fused system are calcu-
lated accordingly. This possibility of fusion is important for
two reasons. First, it avoids that two fragments orbit in their
mutual field up to the final steps of the propagation. Second,
it allows one to explore a variety of reaction mechanisms
that are beyond the modified participant-spectator picture
that is used in the first stage of the model. For instance, at
very low incident energy, most of the fragments produced in
highly fragmented partition will fuse possibly producing a
single composite system. Thus according to the incident en-
ergy, the reaggregation phase implemented in our approach
allows one to smoothly explore mechanisms between com-

LACROIX, VAN LAUWE, AND DURAND PHYSICAL REVIEW C 69, 054604(2004)

054604-4



plete or incomplete fusion up to the pure participant-
spectator picture. Moreover, since fragments are produced
with nucleons whose characteristics have a strong memory
of the entrance channel, preequilibrium effects can be de-
scribed in the framework of our model.

After this first propagation at high density and the re-
aggregation phase, we end up with a partition ofNfrag frag-
ments whose kinematical characteristics have been updated.
The procedure described above ensures that no recombina-
tions of clusters are possible after this stage. From now on,
the interaction between the fragments is purely Coulombic.
However, it is expected that the fragments emerge from the
reaction with a sizable excitation energy. It is then assumed
that the thermalization of the nucleons inside each fragment
occurs on a time scale of the order of a few tens of fm/c after
the reaggregation. Further decay of such excited fragments is
described by means of a statistical evaporation code. Since
the thermalization is not described at the microscopic level,
the estimation of the excitation energy can only be obtained
with help of a global energy balance of the reaction.

D. Determining the excitation energy of the fragments inside
the partition

After the reaggregation phase described above, the total
energy balance in the center-of-mass frame reads

E0 = Q + EK + Epot + E* + Erot, s3d

whereEK andEpot are, respectively, the sum of the kinetic
and potential energies of the fragments,Erot is the sum of
their rotational energies, andQ is the mass energy balance
between the entrance channel and the considered partition.
In our calculation, the rotational energy is estimated by
assuming rigid spheres for the fragments.

Finally, the quantityE* corresponds to the total excitation
energy. Note that, if the quantityE* is negative, the partition
is rejected since it then corresponds to unaccessible phase
space according to the initial available energy. The total ex-
citation energy must be shared among fragments. Due to the
very discrete nature of excited states in light nuclei at least at
low excitation energy, these latter are considered separately
from medium and heavy nuclei. The following procedure has
been used.

(1) For light nucleisZf ,6d, the excitation energy is first
estimated by assuming proportionality to the number of
nucleons in the considered fragment:Ef

* =E*Af /A, whereA is
the total mass number. For light fragments, a table of discrete
excited state energies and the associated decay channels has
been used. If the estimated excitation energy of the fragment
is below the highest experimentally known discrete excited
state, a discrete state is populated statistically with help of a
Boltzmann factor according to the estimated temperatureT
using Ef

* =aT2 with a=A/10. In opposite, the estimated ex-
citation energy is taken as the “true” value if it lies above the
last known discrete state. In such a case, all possible decay
channels are considered during its deexcitation.

(2) After considering all light fragments, an amountEH
*

of excitation energy remains to be shared among medium
and heavy fragments. For those, two methods of repartition

of excitation energy have been tested. In the first one,
similar to light nuclei, we assume that the excitation energy
is proportional to the mass number of the fragment,
thus leading toEf

* =EH
* Af /A. The second method is based on

the assumption thatEf
* should be related with the

internal motion of the nucleons inside the fragments. Thus,
for each fragment, we have calculated the mean internal ki-
netic energy of the nucleons:

Eint
f = o

iPf

spi − Pf/Afd2

2m
.

The quantityxf =sEint
f /Afd /o fsEint

f /Afd is defined for each
fragmentsthe sum runs over allZù6d and the following
prescription has been used to shareEH

* among the frag-
ments:Ef

* =xfEH
* .

It is interesting to note that although very different, the
two procedures lead to very similar results.

E. The after-burner phase: The evaporation stage

At this stage, the partition is ready for the after-burner
phase, which consists in propagating the fragments in the
overall Coulombic field and considering secondary decays.
The decay is achieved using the SIMON event generator
[31]. In particular, the decay in flight of excited species is
considered in order to preserve space-time correlations. It is
important to note that the SIMON code takes into account all
possible decay channels from neutron evaporation up to
symmetric fission. Therefore, in our approach, fragments and
light particles are produced at all time scales from the very
early instants of the collision(before 50 fm/c) up to several
thousand fm/c.

Examples of partition in space configuration for different
impact parameters and time of the reaction from peripheral
to central collisions are shown in the left part of Fig. 2. In the
middle panel of the figure, the nuclei partition before and
after the reaggregation is shown. This figure testifies that a
large fraction of light nuclei is issued from the very first
instant of the collision in the overlap region. It is also clear
that final state interactions play a significant role. Finally, in
the right side of Fig. 2, an intermediate stage during the
deexcitation is presented, illustrating the possible in-flight
statistical emissions of different species.

F. Discussion on the inputs of the model

The schematic model we are presenting here contains
many inputs such as proximity potentials[17] or fission bar-
riers [32] for the deexcitation part of the model. All these
inputs represent the status of our actual macroscopic knowl-
edge of nuclei adjusted to reproduce at best properties of a
large variety of nuclei. In our model, we took the same pa-
rameters as those of the original works.

Conjointly, we have introduced phenomenological param-
eters, such as range inr space andp space for fragment
formation which are supposed to mimic a fast reorganization
of the nucleonic degrees of freedom leading to fragmenta-
tion. These parameters have been adjusted at once and are
being kept fixed in all applications. After that, we end with a
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model where only three important parameters remain: the
percentage of nucleons transferred,xtr, between the projectile
and target, the parameteraa which describes the hardness of
the potential, and the percentage of nucleon-nucleon colli-
sions,xcoll.

In the following, the values of the parameters have been
adjusted by comparing the results of the calculation with
experimental data. The data used for the study have been
collected by INDRA Collaboration near the GANIL facility
[33] (and references therein) for Xe+Sn collisions at
25 MeV/nucleon and 50 MeV/nucleon and Ni+Ni at 32,
52, and 82 MeV/nucleon[34]. Calculations were also per-
formed for Xe+Sn at 80 MeV/nucleon and compared with
data taken by INDRA-ALADIN Collaboration at the SIS fa-
cility [35]. Results will be published elsewhere[36]. We
present in Fig. 3 the evolution of the parameters as a function
of the beam energy. As expected,aa andxcoll increase with
EB while the number of transferred nucleons decreases. It is
worth noting that a similar set of parameters was used for
Xe+Sn and Ni+Ni and a clear systematic evolution of the
parameters observed, which approximately scales with the
size of the colliding nuclei for symmetric systems. In the
following, we will only show comparisons between the re-
sults of the model and data for Xe+Sn at 25 MeV/nucleon
and 50 MeV/nucleon and Ni+Ni at 82 MeV/nucleon. For
other energies, similar agreement has been found.

III. COMPARISON WITH EXPERIMENTAL DATA

A. “Raw” outputs of the model

Before going on with a detailed comparison of the model
outputs with experimental data, it is worth having an over-
view of the characteristics of the reaction as simulated by
HIPSE. To this end, we show in Fig. 4, the bidimensional
atomic numberZ vs the reduced parallel velocityv// /vproj for

the reaction129Xe+120Sn at 50 MeV/nucleon displayed as a
function of the reduced impact parameterbred defined as
b/bmax. Note that only nuclear species withZù3 are shown
in the figure. The first panel corresponds to all events and, as

FIG. 2. Example of nuclear
dynamics obtained for the reaction
129Xe+120Sn at E
=50 MeV/nucleon. From top to
bottom, the initial impact param-
eters b=9 fm, b=6 fm, and b
=2 fm are presented. In each case,
from left to right figures corre-
spond to the initial cluster con-
figuration st=0 fm/cd, the con-
figuration before and after the
reaggregation st=50 fm/cd, and
during the deexcitation st
=300 fm/cd.

FIG. 3. Values of the different parameters of the model as a
function of the beam energy for the reaction129Xe+120Sn (filled
circles) and 58Ni+ 58Ni (squares). From top to bottom, we present,
respectively, the evolution of the parameter associated with the po-
tential hardnessaa, the rate of exchange of particles between the
target and projectile,xtr (in percent), and the percentage of nucleon-
nucleon collisions in the overlap region,xcoll (in percent).
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such, is dominated by large impact parameters. Thus, two
large contributions associated with the QP and the QT close
to the loci of the projectile and target are evidenced with a
slight velocity damping asZ decreases. This is followed by a
contribution centered around midrapidity dominated by
IMF’s
(Z between 3 and 10). The evolution as a function ofbred
displayed in the other panels testifies the geometrical nature
of the reaction as simulated by HIPSE. At largebred (until
bred.0.8d, the reaction remains essentially binary, dominated
by the contribution of the QP and the QT with a(small)
contribution limited toZ=3 in the overlap region. Around
bred.0.7, the symmetric fission channel opens up with a
rather low probability. Gradually, the size of the QP and of
the QT decreases withbred as a consequence of the geometri-
cal assumption used in the model. Their contribution van-
ishes almost completely forbredø0.3. In parallel, the contri-
bution of the overlap region increases to become dominant.
Note however that even for central collisions, the parallel
velocity distribution is very large, extending up to the beam
and target velocities. In our model, parallel velocity fluctua-
tions may have two origins. Part of the fluctuations are due
to the inherent kinetic energy fluctuations occurring from the
statistical decay of hot clusters. However, in our model, most
of the fluctuations arise from those of the initial partition
after reaggregation. This is indeed illustrated in Fig. 5 where
the reduced parallel velocityv// /vproj before the deexcitation
phase is presented for the same reactions as in Fig. 4. In this
figure, we clearly see that the initial fluctuations are large
and already contain most of the fluctuations displayed in Fig.
4.

The evolution of the charge distribution after deexcitation
as a function of the impact parameter, Fig. 6, shows the

rather abrupt transition from a distribution dominated by the
QP and the QT atbredù0.6 towards a monotonous distribu-
tion for bredø0.5. The charge distribution before deexcita-
tion (light gray) has also been superimposed. Notice that,
even in central collisions, heavy fragments are produced be-
fore secondary decay. However, while at large impact param-
eters, heavy nuclei(mainly QP and QT) survive to the after-
burner stage, in more central collisions, they are
systematically disintegrated into lighter nuclei or particles.
This is due to the initial internal excitation energy which
significantly increases with the centrality of the reaction.

The mean evolution ofE* /A as a function ofbred is dis-
played in Fig. 7. As expected, the excitation energy deposited

FIG. 4. BidimensionalZ-v// /vproj for the reaction129Xe+120Sn
at 50 MeV/nucleon as given by the HIPSE event generator. Each
panel is associated with a reduced impact parameter range indicated
on top of the panel. For the sake of clarity, onlyZù3 have been
considered.

FIG. 5. Same as Fig. 4 for fragments created after the reaggre-
gation phase and before the deexcitation.

FIG. 6. Same as Fig. 4 but for the atomic number distribution. In
light gray, we present the initial charge distribution while dark gray
corresponds to the distribution after deexcitation.

EVENT GENERATOR FOR NUCLEAR COLLISIONS AT… PHYSICAL REVIEW C 69, 054604(2004)

054604-7



in fragments increases with the initial available energy reach-
ing valueskE*l /A.3, 5, and 8 MeV/nucleon, respectively,
for central collisions sbred,0.4d at 25, 50, and
80 MeV/nucleon.

B. Survey of the experimental data

The model described above is now compared with experi-
mental data taken by INDRA Collaboration at the GANIL
facility. In order to test the model at various impact param-
eters, three different cuts have been applied to the data.
These cuts are more and more severe and, as such, they
sample more and more central collisions.

(a) Minimum bias events: these are events where at
least 10% of the total charge and total linear momentum
along the beam axis(for charged particles) have been de-
tected. This selection is dominated by large impact parameter
collisions.

(b) “Complete” events: the second selection of the
data has been performed using the completeness criterium
that has been mostly used by INDRA Collaboration. It re-
quires that at least 80% of the total charge and total linear
momentum(for charged particles) be detected. This corre-
sponds to midcentral and central collisions for which frag-
mentation is a dominant decay mechanism.

(c) “Complete central” events: in addition to the pre-
ceding completeness criterium, a sorting is applied by means
of an additional global variable. A momentum tensor analysis
is developed. The diagonalization of the tensor gives three
eigenvalues on the basis of which several sorting variables
may be defined. Here, we have used the so-called flow angle
uflow that corresponds to the angle between the main axis of
the tensor and the beam axis. For more details, see Ref.[37].
It is generally expected that large values of the flow angles
correspond to more violent collisions and thus select smaller
impact parameters. In the following, we have considered
events withuflow .30°.

C. Impact parameter sorting and relation with
the uflow selection

We first show in Fig. 8 the simulateduflow distributions
for complete events for129Xe+120Sn reactions at 25 and

50 MeV/nucleon and58Ni+ 58Ni at 82 MeV/nucleon after
filtering of the calculation with help of the software filter of
the INDRA detector[38]. These distributions are compared
with the corresponding experimental data(black points). A
reasonable agreement with the data is obtained although a
sizable deviation appears for the highest incident energy con-
sidered in this work.

The overall agreement of the model with the data as far as
the flow angle distribution is concerned allows us to consider
safely the event selection used in this work and provides a
convenient framework for a detailed comparison between the
model and the experimental data. Figure 9 shows the impact
parameter distributions associated with the three selections in

FIG. 7. Mean total initial excitation energy[given by Eq.(3)] vs
reduced impact parameterbred for Xe+Sn at 25, 50, and
80 MeV/nucleon.

FIG. 8. Distributions of experimental(full circles) and calcu-
lated (histogram) uflow for 129Xe+120Sn reactions at
25 MeV/nucleon(top), 50 MeV/nucleon(middle), and Ni+Ni at
82 MeV/nucleon(bottom). Data have been selected with help of
criterium sbd (see text).

FIG. 9. Impact parameter distributions for the reaction129Xe
+120Sn at 50 MeV/nucleon as given by the model. Unfilled histo-
gram: all simulated events. Other histograms are labeled according
to the selection discussed in the text. Note that, in cases(b) and(c)
the distributions have been multiplied by a factor 4.
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the 50 MeV/nucleon case. As expected, selection(a) is as-
sociated with the full range of impact parameters up to the
grazing angle although, there, the geometrical acceptance of
the
INDRA detector is limited and thus reduces strongly the
number of events. Samples(b) and (c) are associated with
more central collisions. Note also that the completeness cri-
terium induces a rather strong reduction factor in the event
acceptance.

D. Atomic number and kinetic energy distributions

A convenient observable to address the kinematics and the
topology of the reaction is the bidimensional correlation be-
tween the atomic number and the parallel velocity of all
emitted fragments as displayed in Fig. 10. The general trends
of the experimental data are reproduced by the simulation.
Fragments with atomic numbers close to the projectile ex-
hibit velocities close to the beam velocity as expected. The
slight slowing down of the quasiprojectile as its atomic num-
ber decreases is correctly accounted by the model. As already
discussed, this effect is considered by transferring nucleons
from the participant zone towards either the QP or the QT.
However, as beam energy increases, nucleon exchange and
final state interaction effect decrease. This is the transition
between fully damped reactions at low energy towards the
pure participant-spectator picture at relativistic energies.
Note the lack of symmetry between the kinematics of the QP
and the QT, which is due to experimental threshold effects
that prevent the detection of slow heavy fragments. A sizable
amount of matter is emitted near midrapidity. This is due to
the production of fragments in the overlap region of the re-
action as already discussed before. Since they are produced
by a random mixing of nucleons originating both from the
target and the projectile, their distribution is centered at
midrapidity since we deal with symmetric systems. However,

the internal motion of the nucleons and the final state inter-
action induce large fluctuations in the final velocities of the
fragments originating from the overlap region. In addition,
fragments withZ.3–6 may be evaporated by the QP and
the QT: this is the contribution located aroundv// /vproj
.0.8−0.9 in the continuity of the QP and QT branches.

Figure 11 shows the experimental atomic number mean
multiplicity per event(black points) compared to the results
of the calculation(solid line) after filtering. The three selec-
tions are presented at different beam energies. Although far
from perfect, a correct agreement between the model and the
data is reached. In particular, the evolution of the shape of
the distributions as a function of the centrality of the colli-
sion is correctly reproduced. However, deviations are ob-
served in the case of minimum bias data(top of the figure)
concerning fragments with large atomic numbers associated
with the most peripheral collisions. There, the results of the
calculation are very sensitive to the geometry of the detec-
tors. In particular, a small variation(a fraction of a degree) in
the emission angle of the projectilelike can drastically
change the charge distribution.

Figure 12 shows the mean kinetic energy of fragments as
a function of the atomic numberZ. For different beam ener-
gies and selections, the kinetic energy distribution is nicely
reproduced over the whole atomic number range. For selec-
tion (a), which is dominated by peripheral collisions, the
kinetic energy of heavy fragmentssZù20d corresponds es-
sentially to the QT and QP dynamics after deexcitation. In
our calculation, it appears that the mean kinetic energy is
sensitive to the initial nucleon exchange as well as to the
hardness of the potential. Indeed, the values ofaa (Fig. 3)
and xtr retained for the simulations have been mainly ad-

FIG. 10. Three-dimensional plots(in log scale) v// /vproj-Z. Top
panels are for experimental data while bottom panels are for simu-
lated data. Event selection corresponds to case(a) (see text). Only
fragments with atomic numbers larger than or equal to three are
included in the figure.

FIG. 11. Experimental(black points) and calculated(filled his-
tograms) atomic number multiplicity per event for the reactions
indicated on top of each panel. Top, event selection(a); middle,
event selection(b); bottom; event selection(c).
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justed to reproduce Fig. 12. Here, the main effect explaining
the kinetic energies is the coupling of the intrinsic motion of
the nucleons with the relative velocity between the two part-
ners of the reaction. Since the latter is very close to the initial
relative velocity even for central collisions, rather large ki-
netic energies may be reached. In particular, at low incident
energy, the phase of reaggregation is important because the
relative velocity between the nascent fragments may be not
large enough to overcome the nuclear potential. There is thus
a delicate balance between the two energies and it may be
that the model is not accurate enough to properly describe
this phase in detail. Note that since the kinetic energy is too
large, the excitation energy and thus light charged particle
multiplicities are underestimated.

We now address the kinematics of light particle and frag-
ment emission by considering more specifically complete
events[selection(b) and(c)]. Let us consider event selection
(c). These events are associated with central collisions as
testified by the results of Fig. 9.

However, the angular distributions of protons,a’s, as well
as those of IMF’s and heavier fragments are anisotropic(not
shown here). All in all, the model is able to reproduce the
global trends of the data.

The kinematic properties are better evidenced by consid-
ering the mean kinetic energy as a function of the center of
mass emission angle as displayed in Fig. 13. As far as IMF’s
and heavy fragments are concerned, a good agreement is
achieved between the experimental and simulated data. In
particular, the increase of the mean energy for backward/
forward angles is reproduced. This trend is a measure of the

“memory” of the entrance channel. For light particles, such
an anisotropy is also observed. This can be understood be-
cause those particles are produced either in the early instants
of the collision and, as such, keep a memory of the beam
direction or by evaporation on longer time scales. In this last
case, they are emitted by “sources”(excited fragments)
whose angular distributions are forward/backward peaked
and thus they also keep a memory of the entrance channel.
Therefore, even for those collisions which are associated
with low impact parameters, there is no full stopping of the
matter. In our model, there is almost no damping of the
nucleon momentum distribution although final state interac-
tions (the reaggregation phase) can lead to a strong rear-
rangement of the fragment velocity and angular distributions
at low incident energy. Therefore, in our picture, fragmenta-
tion is a fast off-equilibrium process(a truly transient pro-
cess) developing on time scales of the order of the reaction
time.

However, as the incident energy increases, the mean ki-
netic energy of the protons and thea’s at all emission angles
is modified by nucleon-nucleon collisions. Indeed, without
such collisions(light gray areas for protons anda particles at
E/A=50 and 82 MeV in Fig. 13), the average kinetic energy
is somehow underestimated, in particular, in the transverse
direction. This is particularly true for protons and also for
deuterons, tritons, and3He (not shown). When considering

FIG. 12. Mean kinetic energy in the center-of-mass as a function
of the chargeZ: experimental data(black points), simulated data
(filled histograms). Reactions are indicated on top of each panel.
Selections are(a), (b), and(c), respectively, from top to bottom.

FIG. 13. Mean kinetic energy in the center of mass as a function
of the center of mass emission angle. Black points are experimental
data while filled histograms are for calculated data. The considered
particles and the system under study are indicated in each panel.
Events have been selected with the criterium(b). For E/A=50 and
82 MeV, we also present in light gray the proton anda particle
distributions obtained when nucleon-nucleon collisions are omitted
sxcoll=0%d.
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nucleon-nucleon collisions(dark gray areas), a systematic
increase of the kinetic energy is obtained: this is how the
parameterxcoll has been adjusted for each incident energy.
We therefore believe that the increase in kinetic energy in the
transverse direction marks the onset of in-medium nucleon-
nucleon collisions. Such collisions become more and more
probable as the incident energy increases because the in-
medium nucleon phase space opens due to the increasing
relative velocity between the two initial Fermi spheres.

E. Midrapidity emission

As a last comparison with experimental data, we now
focus on particles and fragments emitted at midrapidity. For
fragments withZ lower than 10(IMF’s), a so-called neck
emission corresponding to fragments located around midve-
locity is expected. This process has now been widely studied
in the intermediate energy range. In the framework of the
INDRA Collaboration neck emission has been studied for the
same system but with a different selection of the data
[39,40]. Midrapidity emissions have also been discussed in
Refs. [41,42]. A convenient way to put in evidence such an
effect is to explore rapidity distributions for various kinds of
nuclear species as shown in Fig. 14 corresponding to the
event selection(b). A good agreement between the experi-
mental and the simulated data is obtained. In particular, the
model can account for the transition between light fragments
which are dominantly emitted around midrapidity and
heavier species which are essentially remnants of the qua-
siprojectile and the quasitarget. In this figure, a large excess

of light particle emission in the midrapidity region is ob-
served. In our method of initial phase-space sampling, many
particles and fragments are produced initially at midrapidity
due to the fact that clusters created during the coalescence
contain nucleons coming both from the target and the pro-
jectile.

IV. CONCLUSIONS AND PERSPECTIVES

In this paper, we have presented an event generator to
describe nuclear collisions in the intermediate energy regime
at all impact parameters. It is based on a few well-defined
hypotheses that can be conveniently and easily tested by a
direct comparison with experimental data. In order to illus-
trate the outputs of the model, we have studied the kinemati-
cal characteristics of nuclear products emitted in central as
well as peripheral collisions at intermediate energies for me-
dium mass symmetric systems. Data were collected by the
INDRA Collaboration at the GANIL facility.

In peripheral and midcentral collisions, the onset of
midrapidity emission of both fragments and light particles is
accounted for with help of a modified participant-spectator
picture in which nucleon transfers are introduced by means
of a single parameter. In our approach, as far as multifrag-
mentation is concerned, most clusters are produced rapidly at
nearly normal density. As such, they keep a strong memory
of the entrance channel. In particular, fragments emerge from
the reaction highly deformed in momentum space. Then,
they decay sequentially to reach ground state by evaporation
on longer time scales by a rearrangement and emission of
nucleons and possibly other complex particles. The kinetic
energy and angular distributions of both fragments and light
charged particles are well reproduced and testify to the
strong memory of the entrance channel and to the importance
of the internal motion of the nucleons inside the two partners
of the reaction. As such, in our picture, the origin of kinetic
energy fluctuations is to a large extent nonthermal. We would
like to point out that this picture is very similar to the one
proposed in Ref.[43]. We thus believe that our model is a
valuable alternative to thermal statistical approaches based
on shape and/or momentum equilibration in the matter at low
density. In particular, in our model, both the collective en-
ergy and the deformation often claimed as being necessary to
reproduce the data in the framework of thermal statistical
models are “naturally” obtained.

Our approach is presently limited around the Fermi-
energy range. Deviations between the model and the experi-
mental data are expected when the incident energy increases
well above 100 MeV/nucleon. In particular, we do expect
that nuclear transparency decreases as the phase space for
in-medium nucleon-nucleon collisions increases. Therefore,
the two initial Fermi distributions should be progressively
more and more relaxed on shorter and shorter time scales as
the incident energy increases, thus invalidating the sudden
approximation used in our approach. The effect of nucleon-
nucleon collisions is actually treated with simple approxima-
tions. The complete understanding of two-body effects cer-
tainly requires more elaborated treatments.

Although our model is able to reproduce most of the fea-
tures of the INDRA data considered in this paper, this does

FIG. 14. Experimental(black points) and calculated(filled his-
tograms) v// distributions calculated in the center of mass for differ-
ent kinds of nuclear species for the three reactions indicated on top
of each panel. Event selection: case(b)
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not ensure a general agreement with the data collected in the
intermediate energy range. Indeed, the free parameters of the
model have been adjusted with help of a limited set of data
and additional studies leading to the same values of these
parameters are necessary to confirm the validity of our sce-
nario.

In the near future, we plan to extend the model to mass
asymmetric systems. Note also that the calculation gives the
final charge to mass ratio of fragments created during the
reaction and could be a valuable tool to explore theN/Z

effects in nuclear collisions in the Fermi-energy range.
Finally, it is worth noting that the technique of exploration

of phase space described in this paper is flexible enough to
test rapidly other(possibly thermalized) nucleon momentum
distributions to describe nuclear fragmentation.
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