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An event generator, HIPSEheavy-ion phase-space explorajiodedicated 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 effects, in particular, of the fast early processes which could
THE PRESENT WORK eventually lead to the formation of equilibrated systems. In

For several decades now, nuclear collisions in thdParticular, the phase space explored during the collision is
intermediate energy range(say between 20 and expected to be sensitive to the initial conditions of the reac-
100 MeV/nucleohhave been used to explore the fundamen-tion. Such a point is addressed in microscopic transport mod-
tal properties of nuclei under extreme conditions of pressuregls [11-16. These models provide a suitable framework for
temperature, and/or angular mome(gae, for instance, Ref. the description of nuclear collisions at intermediate energies
[1]). From an experimental point of view, large detectionand are able to describe dynamical effects. Unfortunately,
facilities—the so-called # detectors—have been developed although nucleon-nucleon collisions are included, one could
to detect almost all emitted charged particlsse, for in- not determine if the system has reached a complete thermal
stance, Ref[2]). Hence, complex events are recorded with,equilibrium. Moreover, there is not a direct link in such ap-
for instance, high multiplicities in central collisions. In view proaches between the outputs of the simulations and the ther-
of the complexity of the processes occurring during the reimodynamical properties of the excited species produced in
action, there are some difficulties to “reduce” the “raw” ob-the course of the reaction. As a consequence, these models
servables[these are mainly multiplicities, atomic numbers do not give unambiguously important quantities required for
(sometimes mass numbgrenergies, and/or velocities of statistical model calculations. For instance, internal excita-
emitted charged products and/or neutijoitdo some well tion energies of the created fragments cannot be easily ob-
defined global characteristics of the collision. Neverthelesstained in current microscopic calculations.
this reduction(if possible is a prerequisite to extract, for =~ We believe that in between the two extreme approaches
instance, the thermodynamical properties of the system urlescribed above, namely, the statistical approach based on
der study. The problem very often arises from the fact thathe reduction of the reaction to a few important parameters
there are strong dynamical effects taking place at least in thend the microscopic approach based on the transport theory,
first instants of the reaction. there is room for macroscopic-microscopic “phenomenol-

As an example, let us take multifragmentation, defined a®gy.” This is the motivation for the work presented here in
the emission in a short time scale of several species ofvhich we describe a phenomenological event generator al-
atomic number larger than[3] as compared to other decay lowing a detailed comparison with experimental data and
mechanisms such as the formation of heavy residues or fi&counting for both dynamical and statistical effects.
sion. Such a phenomenon is expected to be the ideal tool to The paper is organized as follows. First, the main hypoth-
study the transition from a liquidlike statauclei at normal eses of this work are outlined and the event geneijéere-
density towards a gaslike state associated with the vaporizaafter called the HIPSEheavy-ion phase space exploradipn
tion of the systenj4]. The quest for the signals of a nuclear is described in Sec. Il. A detailed comparison with experi-
phase transition of the liquid-gas type has led to rather somental data is developed in Sec. Ill. Conclusions and per-
phisticated analyses. Such recent experimental analysépectives are drawn at the end of the paper.
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 mod¢&9] to prove

Il. THE HIPSE EVENT GENERATOR: HYPOTHESIS
AND DESCRIPTION

the existence of thermal equilibriufd0]. Following the hypothesis discussed above, we describe
There are however some uncertainties in using statisticahe reaction with help of three steps.
models. This is due to the lack of knowledge of dynamical (@ 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 particleghereafter called the partitiprac-
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 0
distributions keeping a strong memory of the entrance
channel.

(c) The exit channel and after-burner phase up to the FIG. 1. Evolution of the nuclear potentialy 5, as a function

de_tectors: The par_tition is propagated taking into account €Xs¢ the relative distance for th&%e +1295n system for,=0, 0.1,
plicitly reaggregation effects due to the strong nuclear angnq o.2.

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 evapp-,
ration code.

We now describe in detail these three stages.
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In view of these points, we do not expect a unique poten-

. 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
A. The entrance channel dependence of the potential in a phenomenological way. In
the following, we use a simple approximation for the con-
(?truction of the potential. First, it is assumed thatTAP de-
pends onr uniquely even for small relative distances. In
order to obtain the potential far<R;+Rp, we interpolate
Yhe potential between=0 andr =R;—Rp using a third-order
polynomial and assuming continuity of the derivative of the
potential at each point. The value retained a0 is conve-
niently expressed as

For a given beam enerdys, a classical two-body dynam-
ics during the phase of approach of the collision is assume
Noting Vaa,(r=|rr=rp|) the interaction potential between
the target and the projectile, we consider the evolution ass
ciated with the HamiltonianEg=p?/2pu+Va 2 (1), where
Eo=[Ar/(Ar+Ap)]Eg is the available energy in the center of
mass whilep is the relative momentum and=mymp/M is
the reduced mass witm; and mp the target and projectile
mass, respectivelj18]. The concept of nuclear potential is
rather unambiguously defined when the two nuclei are well V(r=0) = a,Vix (r=0),
separated. Then we use the proximity poterti&,2Qq with
the parametrization of Refl7]. The promimity potential is ) i . .
not well suited for small relative distances Ry+Rp, where ~ Where aa is a parameter to be fixed by comparison with
Ry and Re are radii of, respectively, the target and the pro-&XPerimental datavi, x (r=0) is the energy of the system
jectile. In this case, there is thus a need for another prescrif@ssuming that the two densities of the system overlap com-
tion defining nuclear potential between two strongly overlap-Pletely in the frozen density approximation. In practice, we
ping nuclei. have tabulated once and for Mﬁ;‘,’é(r=0) for all valuesA,

Such a potential is to a large extent unknown and shoul@ndA, using the double folding approximati¢@l] with the
normally depend on different parameters describing the corsimplified Skyrme interaction of Ref23] for the nuclear
figurations of the system: shape, internal excitation energypart of the interaction.
as well as the initial relative energy of the two partnjgrg]. Examples of the potential obtained feg=0, and 0.1, and
In particular, the energy dependence can be understood i)2 are displayed in Fig. 1 for ti&%e+12°Sn system. The
considering the two limiting approximations generally usedevolution of the potential energy as a functionagfgives the
to describe the nucleus-nucleus potential in fusion reactiorhardness of the potential in the phase of approach. According
i.e., theadiabatic and thesuddenapproximationgsee dis- to our understanding of nuclear potential for the reactions
cussion in Ref[21] and more recently in Ref22]). At very  close to the fusion barriety, would be interpreted as a mea-
high relative energy, neglecting the influence of two-bodysure of the degree of reorganization of internal degrees of
collisions, we do expect that the internal degrees of freedorfreedom during the reaction. However, more complex effects
have no time to reorganize and that the system has a strorsge expected in the beam energy regime we are considering.
memory of the initial conditions. In our model, we will considet, as a free parameter which
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represents the absence of knowledge of nucleus-nucleus pprojectile and target ones. This effect can be taken into ac-
tential at large overlap. 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 fractiog of the nucleons coming
initially from the target(projectile and belonging to the

1. Sampling of the nucleons overlap region are transferred to the projectiarge.

At the minimum distance of approach, the two partners 01Again, we dq expect that the number of transferred nucleons
the reaction overlap more or less according to the impaciecreases with the beam energy and thusxthatepends on

parameter and the value of the parameterAt this point, 1€ initial energy.
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- We now consider the nucleons located inside the overlap
ingly, the spatial and momentum distributions of tg,Z;) region. They constitute a reservoir for building clusters at
and (Ap,Zp) nucleons constituting the target and the projec-midrapidity. Experimentally, it is observed that a large num-
tile are not expected to differ significantly from the ones theyber of detected nucleons and light particles at midrapidity are
do have in the initial ground state of the two partners. In ourissued from the deexcitation of sources initially produced in
model, we explicitly use this approximation, correspondingthe overlap zone. However, when the beam energy increases
to the frozen density limit, to sample the positions and mo<{above the Fermi energyanother contribution sets in corre-
menta of the nucleons in the center of mass of each partneponding to the preequilibrium emission of light particles
of the reaction. with large transverse momenta. These particles are generally
In order to have realistic density ground-state distribu-assigned to promptly emitted particles induced by hard
tions, a semiclassical approximatif24] has been used. For nucleon-nucleon collisions. Guided by this observation, we
a given nucleus, assuming spherical symmetry, the Thomasssume that a percentage of nucleon-nucleon collisions
Fermi energy is minimized under the constraint of proton(notedx.,) occurs. Thus, some nucleons in the overlap re-
and neutron number conservation. In practice, we have useglon encounter collisions. For simplicity, we separate explic-
the numerical method developed in RET5] adapted to the itly the formation of fragments built from nucleons that have
Seyler-Blanchard parametrization of the force derived in Refsuffered no collisions from the formation of fragments pro-
[26]. Using a Metropolis algorithm, a set ¢f\;,Z;) and duced with collided nucleons. Let us first consider the
(Ap,Zp) nucleons is sampled. In addition, the Pauli principlemethod used to create fragments starting from the nucleons
is roughly taken into account in each nucleus by imposinghat have experienced no hard collisions. In order to create
that Ar Ap, =%, whereAr, andAp, are the relative position fragments from nucleons, we use the following coalescence
and momentum of two nucleons with same isospim or p algorithm. First, one of the nucleons is chosen at random and
belonging to the same nucleus. This procedure ensures a uiii-constitutes acoalescence poirfrom which a fragment is
form arrangement of the nucleons in each nucleus. At thi®uilt. Let A;=1 be its mass numbeR; its position, andP;
stage, a set oA+Ap nucleons with positior(x;,y;,z) and its momentum. Another nucleonin the overlap region is
mome”tum(pxi-pyivpzi) in the center-of-mass frame of the chosen at random. The_ nucledncan be captured_ by_ the
reaction is obtained. A finglsmall) correction is applied to cluster labeled 1 according to the two following criteria.
the position and momentum of the nucleons in order to keep (1) Existence condition: We first test if the composite

the position and momentum of the center of mass constantUcleus is knowrtin particular, its binding energyoy 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 finite impact parameters, our approach is mainlyfor which a nucleon in a nuclear medium can be absorbed by
based on geometrical hypotheses: Those nucleons which (g)fragment are p00r|y known. However, a Simp|e phenom_
not lie inside the overlap region constitute the so-called quaenological criterion can be introduced as follows. If we take
siprojectile(QP) and quasitargetQT) fragments. The over- r, andp; as the position and momentum of the nucleon with

lap region is defined as follows: for a nucleon initially in the respect to the fragment, the following condition is used:
target, we assume that it is in the overlap regiofrifr |

B. Building the partition

3. Building clusters from nucleons

2. Defining the quasiprojectile and the quasitarget
fragments

<Rp, Whererp is the position of the projectile in the center p_,2 + Veut <0 1)
of mass frame, whil& is the equivalent sharp radius taken 2m (r; = dy) ’
from Ref. [27]. For nucleons initially in the projectile we 1 -

used the same criteria with respect to the target.

Such a definition corresponds to the so-called participantwherem is the nucleon mass. The parametdfsand V.
spectator picture. However, it is experimentally observed thatorrespond to cuts in space ang space. The distana® is
strong deviations from such a simplified approach have beea direct cutoff inr space. It is written ag;=R;+r,, where
observed in the energy regime considered here. In particulaR; is the equivalent sharp radius of the fragment whilgis
guasitarget and/or quasiprojectile fragments have kinetic era parameter kept constant throughout the paper. The param-
ergies which are slightly reduced with respect to the initialeterV is a cutoff in momentum space independent of the
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considered nucleus. In practice, we adjusted the values tof r.,, taken equal to 7 fm, is retained for the “link” condi-

reproduce experimental data, we obtaimgd=2.5 fm. Us-  tion in Eq.(1). This large value in our model could be inter-

ing Ve,.=-p2/2m, we obtainedp,,=500 MeV/c and a preted as a larger correlation between nucleons after collision

diffuseness parameter fixed arbitrarily #=0.6 fm. in forming a cluster compared to the case without collisions.
If the two preceding conditions are fulfilled, the nucleon It is also possible that other more complex effects such as

is absorbed by the fragment and the position and momentumirect knock-out of preformed light clusters occur. Therefore,

of the cluster of mas#é\,=2 is recalculated according to the it may be that this large value is an artificial way to mimic

positions and momenta of its constituents. If one of the consuch complex phenomena.

ditions is not met, the nucleon serves as a m@alescence

point. A new nucleon is then chosen from the remaining 5. Summary

nucleons and the procedure is iterated. The position, momen- Considering these different steps, we end up with a set of

tum, mass, and charge of the chosen fragment are then upi; . . )

dated at each step. The aggregation procedure stops when ng?g fraggﬁonrt_]s(lnzlqli)dr:]negmtgri QPaﬁr;d %IWEP rmafns ?nunr:t m

available nucleons have been considered. If at a given step”’ P ' L gular - momentu
+,R¢,Ps,Ls) by considering the characteristics of the

there is more than one possibility for the aggregation, th d . . ,

nucleon is absorbed by one of the fragments which is ran.['UCIeonS belonging to_each fragment. At that point, a .CIOCk
is started corresponding t=0 fm/c for the forthcoming

domly chosen. X . .
dynamics. Note that the number of fragments is not fized

4. Nucleon-nucleon collisions priori at variance with the work described in RE80]. These

) o . fragments constitute a partition. They are created in a high

An increase of the effect of nucle_on-nucleon collisions ISgensity region and are initially strongly overlapping. This is
expected when the beam energy increases. In the Preséftgely in contrast with the standard assumption made in
model, a percentage, of nucleon-nucleon collisions is as- {hermal models stating that fragments are created at low den-

sumed. NotingA,.e; the number of nucleons in the overlap gty following a thermal or mechanical expansigh9].
region, the number of collisions is thus defined Ny,

=XcoPover Such collisions tend to wash out the memory of _ _ _ _
the entrance channel and may eventually lead to the forma- C. Final state interaction and the reaggregation phase

tion of a compound nuclear state. Thus, we do expect that The ifficulty to produce partitions at high density lies in
these collisions distort more or less the initial Fermi distri-ihe need to treat as well as possible strong nuclear final state
bution of the nucleons and lead to a slight modification of thgnteraction. Indeed, because fragments can overlap during
properties of promptly emitted particles and light clusters. {imes comparable to the reaction tirfigpically a few tens of

A full treatment of nucleon-nucleon collisions either in fy/c) there is a need to propagate the partition before

the weak28] or strong coupling regime such as intranuclearfreeze-out is reached. This is first achieved during a time of
cascadg29] is clearly out of the scope of the present work. 50 fm/c according to the Hamiltonian

In our model, we use the following simplified procedure. )
In the course of a two-body collision, the two particles P;
exchange momentum, while irspace, a complete loss of H :2 2mA * 2 VAiAj(|Ri ~Rjl). (@)
the memory of the positions before collisions is explicitly ' =
assumed. The new positions of the two particles are sup-or the sake of continuity and consistency, the same interac-
posed to be randomly distributed inside a sphere of radiuson potentials as for the entrance channel part of the reaction
RCO|,:1.2A(1)(;°(;r+rCO|,. The parameter,, is taken sufficiently —are used. However, for protons or neutrons interacting with
large to enable the particles to escape rapidly the dense matuclei, we used standard Woods-Saxon potential for the
ter. We used a value af,,;=4 fm to reproduce the experi- nuclear part of the interaction.
mental data. Note, however, that, due to the Pauli exclusion At that time an important reorganization in spatial and
principle, not all the sphere of radilg,, is accessible. We momentum configuration may have occurred. It leads gener-
have treated roughly this effect by restricting the accessiblally to less compact configurations. It however may happen
phase space of the nucleons after collisions and assumirtbat two fragments cannot separate because their relative en-
that they could not be placed inside the quasitarget and quargy is lower than the fusion barrier. In that case, the two
siprojectile. This assumption is essential to correctly repronuclei fuse and the properties of the fused system are calcu-
duce the experimental data and, in particular, the excess ddted accordingly. This possibility of fusion is important for
particles at large transverse momenta. two reasons. First, it avoids that two fragments orbit in their
After the Ng collisions, we use a separate coalescencenutual field up to the final steps of the propagation. Second,
algorithm following the same procedure as the one describeil allows one to explore a variety of reaction mechanisms
in the preceding section. However, it appears, in practicethat are beyond the modified participant-spectator picture
that two modifications are required in order to correctly re-that is used in the first stage of the model. For instance, at
produce the experimental rate of particles and light fragvery low incident energy, most of the fragments produced in
ments. First, after the coalescence of a nucleon by a fradiighly fragmented partition will fuse possibly producing a
ment, the position of the new fragment is not deduced fronsingle composite system. Thus according to the incident en-
the one of its constituent but is also chosen randomly as wergy, the reaggregation phase implemented in our approach
did for the particles after a collision. Second, a larger valueallows one to smoothly explore mechanisms between com-
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plete or incomplete fusion up to the pure participant-of excitation energy have been tested. In the first one,

spectator picture. Moreover, since fragments are producesimilar to light nuclei, we assume that the excitation energy

with nucleons whose characteristics have a strong memorg proportional to the mass number of the fragment,

of the entrance channel, preequilibrium effects can be dethus leading tcE; =E,,A;/A. The second method is based on

scribed in the framework of our model. the assumption thatE; should be related with the
After this first propagation at high density and the re-internal motion of the nucleons inside the fragments. Thus,

aggregation phase, we end up with a partitiorNgfg frag- ~ for each fragment, we have calculated the mean internal ki-

ments whose kinematical characteristics have been updatedetic energy of the nucleons:

The procedure described above ensures that no recombina- )

tions of clusters are possible after this stage. From now on, = M

the interaction between the fragments is purely Coulombic. nt ot 2m

However, it is expected that the fragments emerge from the ) f y ) i

reaction with a sizable excitation energy. It is then assumed e auantityx;=(Ei./A;)/2¢(Eiy/A;) is defined for each

that the thermalization of the nucleons inside each fragmerffagment(the sum runs over aZ=6) and the following

occurs on a time scale of the order of a few tens ofdrfter ~ Prescription has been used to sha&tg among the frag-

the reaggregation. Further decay of such excited fragments [8€NtS:E; =X{E,,. '

described by means of a statistical evaporation code. Since It is interesting to note that although very different, the

the thermalization is not described at the microscopic leveltWo procedures lead to very similar results.

the estimation of the excitation energy can only be obtained

with help of a global energy balance of the reaction. E. The after-burner phase: The evaporation stage

At this stage, the partition is ready for the after-burner
D. Determining the excitation energy of the fragments inside ~ phase, which consists in propagating the fragments in the
the partition overall Coulombic field and considering secondary decays.
he decay is achieved using the SIMON event generator
1]. In particular, the decay in flight of excited species is
considered in order to preserve space-time correlations. It is
Eo=Q+Ex+Epot E +Egq (3)  important to note that the SIMON code takes into account all
possible decay channels from neutron evaporation up to
. i _ symmetric fission. Therefore, in our approach, fragments and
and potential energies of the fragmert, is the sum of ;51 particles are produced at all time scales from the very
their rotational energies, ardis the mass energy balance o, instants of the collisiotbefore 50 fmé) up to several
between the entrance channel and the considered partitiof, ;sand fmé.
In our calculation, the rotational energy is estimated by  gyamples of partition in space configuration for different

assuming rigid spheres for the fragments. ___impact parameters and time of the reaction from peripheral
Finally, the quantityE" corresponds to the total excitation , cenirg| collisions are shown in the left part of Fig. 2. In the

energy. Note that, if the quantify is negative, the partition  iqgie panel of the figure, the nuclei partition before and
is rejected since it then corresponds to unaccessible phagge, the reaggregation is shown. This figure testifies that a
space according to the initial available energy. The total eXjyrqe fraction of light nuclei is issued from the very first
citation energy must be shared among fragments. Due 10 thggiant of the collision in the overlap region. It is also clear
very dls.cre.te hature of excited states in Ilght_nucle| atleast §h 4 final state interactions play a significant role. Finally, in
low excitation energy, these latter are considered separatefy, right side of Fig. 2, an intermediate stage during the
from medium and heavy nuclei. The following procedure hasjeeycitation is presented, illustrating the possible in-flight

been used. , o . statistical emissions of different species.
(1) For light nuclei(Z;<6), the excitation energy is first

estimated by assuming proportionality to the number of

nucleons in the considered fragmelﬁi; E"A¢/A, whereA is

the total mass number. For light fragments, a table of discrete The schematic model we are presenting here contains

excited state energies and the associated decay channels hasny inputs such as proximity potentiglis/] or fission bar-

been used. If the estimated excitation energy of the fragmenmiers [32] for the deexcitation part of the model. All these

is below the highest experimentally known discrete excitednputs represent the status of our actual macroscopic knowl-

state, a discrete state is populated statistically with help of @dge of nuclei adjusted to reproduce at best properties of a

Boltzmann factor according to the estimated temperafure large variety of nuclei. In our model, we took the same pa-

using E;:aT2 with a=A/10. In opposite, the estimated ex- rameters as those of the original works.

citation energy is taken as the “true” value if it lies above the  Conjointly, we have introduced phenomenological param-

last known discrete state. In such a case, all possible decaters, such as range inspace andp space for fragment

channels are considered during its deexcitation. formation which are supposed to mimic a fast reorganization
(2) After considering all light fragments, an amoug}l,  of the nucleonic degrees of freedom leading to fragmenta-

of excitation energy remains to be shared among mediurtion. These parameters have been adjusted at once and are

and heavy fragments. For those, two methods of repartitiobeing kept fixed in all applications. After that, we end with a

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

whereEy andE, are, respectively, the sum of the kinetic

F. Discussion on the inputs of the model
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t=0 fm/c t=50 fm/c t=300 fm/c

Before agg. After agg.
T T T T T T T 100 T T T
20 + .

@ O . FIG. 2. Example of nuclear
] or O T O ] o o < dynamics obtained for the reaction
E _sob ] 1294 @+1205 at E
20 T 7 =50 MeV/nucleon. From top to
I I I I I I I ~100 b bottom, the initial impact param-
20 + 7 " eters b=9 fm, b=6fm, and b

o S S o o L =2 fm are presented. In each case,
4 o @ T d@ g oF o0l © from left to right figures corre-

spond to the initial cluster con-

P T 7 ' figuration (t=0 fm/c), the con-
i I { I I i i -100 breereed figuration before and after the
. 2or T E . . reaggregation (t=50 fm/c), and
© e e ] during the deexcitation (t
] °r - @ T o 0F ey =300 fm/c).

—20 - -

_20 1 1 1 1 1 1 1 1 1 ~100 1 1 1
-20 -10 O 10 20 -20 0 20 -20 0 20 -100 -50 © 50 100

(a) Y (fm) (b) Y (fm) Y (fm) (© Y (fm)

model where only three important parameters remain: théhe reactiont??xXe +12°Sn at 50 MeV/nucleon displayed as a
percentage of nucleons transferrgg,between the projectile function of the reduced impact parameteg, defined as
and target, the parameteg which describes the hardness of b/b,,,,. Note that only nuclear species wit= 3 are shown

the potential, and the percentage of nucleon-nucleon colliin the figure. The first panel corresponds to all events and, as
sions, Xol!-

In the following, the values of the parameters have been 0.5 T l T
adjusted by comparing the results of the calculation with 04F ® Xe + Sn =
experimental data. The data used for the study have been 03b 0 Ni+ Ni E
collected by INDRA Collaboration near the GANIL facility s «
[33] (and references therginfor Xe+Sn collisions at S o2f « E
25 MeV/nucleon and 50 MeV/nucleon and Ni+Ni at 32, 01F e o 3
52, and 82 MeV/nucleon34]. Calculations were also per- 605 o
formed for Xe+Sn at 80 MeV/nucleon and compared with F ' ' '
data taken by INDRA-ALADIN Collaboration at the SIS fa- ~ °0F E
cility [35]. Results will be published elsewhef86]. We T o .
present in Fig. 3 the evolution of the parameters as a function >f 30E & o 4
of the beam energy. As expected, and X, increase with ; °
Eg while the number of transferred nucleons decreases. It is —_0F 3
worth noting that a similar set of parameters was used for 15 e
Xe+Sn and Ni+Ni and a clear systematic evolution of the —_
parameters observed, which approximately scales with the B 10fF « -
size of the colliding nuclei for symmetric systems. In the § [
following, we will only show comparisons between the re- >< 5F « 5
sults of the model and data for Xe+Sn at 25 MeV/nucleon [ o
and 50 MeV/nucleon and Ni+Ni at 82 MeV/nucleon. For 0—e ) . )

other energies, similar agreement has been found. 50 40 60 80

E/A (MeV
Ill. COMPARISON WITH EXPERIMENTAL DATA /A )
A. “Raw” outputs of the model FIG. 3. Values of the different parameters of the model as a

) _ ] _ function of the beam energy for the reactiét?Xe +2%Sn (filled
Before going on with a detailed comparison of the modelgjrcies) and 5&Ni+58Ni (squares From top to bottom, we present,

outputs with experimental data, it is worth having an over-respectively, the evolution of the parameter associated with the po-
view of the characteristics of the reaction as simulated byential hardnessy,, the rate of exchange of particles between the

HIPSE. To this end, we show in Fig. 4, the bidimensionaltarget and projectilex, (in percen}, and the percentage of nucleon-
atomic numbeZ vs the reduced parallel velocity,/v,for  nucleon collisions in the overlap regiox, (in percent.
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60 allby 08<b_,<10 | 07<b_,<08 08<b_<10 | 07<b_<08
40 @
&
20 A 8
_______ I I o R oo
<07 | 05<b_,<06 | 04<b_,<05

60| 0.6<b

red —
2

<04 | 02<b_,<03 0<b_ <02

red —

v,V

Proj

FIG. 4. BidimensionalZ-v, /vy for the reaction'?*Xe+12%Sn
at 50 MeV/nucleon as given by the HIPSE event generator. Eac
panel is associated with a reduced impact parameter range indicat
on top of the panel. For the sake of clarity, orly=3 have been rather abrupt transition from a distribution dominated by the
considered. QP and the QT alb,.4=0.6 towards a monotonous distribu-

tion for b,.q=<0.5. The charge distribution before deexcita-

such, is dominated by large impact parameters. Thus, tw8on (light gray) has also been superimposed. Notice that,
large contributions associated with the QP and the QT closgven in central collisions, heavy fragments are produced be-
to the loci of the projectile and target are evidenced with a0re secondary decay. However, while at large impact param-
slight velocity damping aZ decreases. This is followed by a €ters, heavy nuclgmainly QP and QT survive to the after-
contribution centered around midrapidity dominated byPurner stage, in more central collisions, they are
IMF’s systematically disintegrated into lighter nuclei or particles.
(Z between 3 and 10 The evolution as a function dfeq T_h|s_ is due _to the |n|t|all internal exc!tat|on energy _whlch
displayed in the other panels testifies the geometrical naturdddnificantly increases with the centrality of the reaction.
of the reaction as simulated by HIPSE. At largg, (until The mean evolution oE /A as a function obyeq is dis-
b..q=0.8), the reaction remains essentially binary, dominated®'@yed in Fig. 7. As expected, the excitation energy deposited
by the contribution of the QP and the QT with(amall
contribution limited toZ=3 in the overlap region. Around
b,eq=0.7, the symmetric fission channel opens up with a
rather low probability. Gradually, the size of the QP and of
the QT decreases with.qas a consequence of the geometri-

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

' all b, 0.8<b_,<1.0] 0.7<b_,<038

red —

ishes almost completely fdy,.q<0.3. In parallel, the contri- Q
bution of the overlap region increases to become dominant.Q
Note however that even for central collisions, the parallel

velocity distribution is very large, extending up to the beam = 10 “l T ‘

ultip

and target velocities. In our model, parallel velocity fluctua- &
tions may have two origins. Part of the fluctuations are dueg bl
to the inherent kinetic energy fluctuations occurring fromthe @ | | 0.3<b,_,
statistical decay of hot clusters. However, in our model, most2 '

of the fluctuations arise from those of the initial partition

after reaggregation. This is indeed illustrated in Fig. 5 where ~ 1°
the reduced parallel velocity; /v, before the deexcitation

phase is presented for the same reactions as in Fig. 4. Inthi 1o

<04 <02

i initi i 25 50 25 50 25 50
figure, we clearly_see that the initial flyctuat_lons are_large Alomienumber

and already contain most of the fluctuations displayed in Fig.

4 FIG. 6. Same as Fig. 4 but for the atomic number distribution. In

The evolution of the charge distribution after deexcitationlight gray, we present the initial charge distribution while dark gray
as a function of the impact parameter, Fig. 6, shows theorresponds to the distribution after deexcitation.
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FIG. 7. Mean total initial excitation energgiven by Eq.(3)] vs
reduced impact parameteb,q for Xe+Sn at 25, 50, and
80 MeV/nucleon. Pt e o
10 20 30 40 50 60 70 80 90
in fragments increases with the initial available energy reach- 0y, (degrees)
ing values(E")/A=3, 5, and 8 MeV/nucleon, respectively,
for central collisions (bq<0.4 at 25, 50, and FIG. 8. Distributions of experimentafull circles) and calcu-
80 MeV/nucleon. lated (histogram 6, for 12°Xe+120Sn  reactions at
25 MeV/nucleon(top), 50 MeV/nucleon(middle), and Ni+Ni at
B. Survey of the experimental data 82 MeV/nucleon(bottom). Data have been selected with help of

The model described above is now compared with expericfiterium (b) (see text

mental data taken by INDRA Collaboration at the GANIL -
50 MeV/nucleon andP®Ni+%8Ni at 82 MeV/nucleon after

facility. In order to test the model at various impact param->~ " . . )
eters, three different cuts have been applied to the datdiltering of the calculation with help of the software filter of

These cuts are more and more severe and, as such, th@’&? INDRA detect0|1_38]. Thes_e distributions are (_:ompared
sample more and more central collisions. with the corresponding experimental dgtdack pointg. A
(2) Minimum bias events: these are events where afeasonable agreement with the data is obtained although a

least 10% of the total charge and total linear momentunsiZzable deviation appears for the highest incident energy con-

along the beam axigfor charged particlgshave been de- Sidered in this work.

tected. This selection is dominated by large impact parameter 1 he overall agreement of the model with the data as far as
collisions. the flow angle distribution is concerned allows us to consider

(b) “Complete” events: the second selection of thesafely the event selection used in this work and provides a
data has been performed using the completeness criteriuf@nvenient framework for a detailed comparison between the

that has been mostly used by INDRA Collaboration. It re-Model and the experimental data. Figure 9 shows the impact
quires that at least 80% of the total charge and total linegParameter distributions associated with the three selections in

momentum(for charged particlesbe detected. This corre- 4000
sponds to midcentral and central collisions for which frag- E/A= 50 Me
mentation is a dominant decay mechanism.

(c) “Complete central” events: in addition to the pre- .@3000
ceding completeness criterium, a sorting is applied by means g
of an additional global variable. A momentum tensor analysis S
is developed. The diagonalization of the tensor gives three 52000 5..‘(a)
eigenvalues on the basis of which several sorting variables =)
may be defined. Here, we have used the so-called flow angle A~ e

Oq0w that corresponds to the angle between the main axis of
the tensor and the beam axis. For more details, see/ B&f.

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 withf,,, > 30°.

g

2 6 8 10
Impact Parameter (fm)
FIG. 9. Impact parameter distributions for the reactid®Xe
_ +1205n at 50 MeV/nucleon as given by the model. Unfilled histo-
the fho, selection gram: all simulated events. Other histograms are labeled according
We first show in Fig. 8 the simulateé,,, distributions to the selection discussed in the text. Note that, in césesnd(c)
for complete events fot?%Xe+12°Sn reactions at 25 and the distributions have been multiplied by a factor 4.

C. Impact parameter sorting and relation with
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FIG. 10. Three-dimensional plot& log scale vj/vy-Z. Top R
panels are for experimental data while bottom panels are for simu- 10~
lated data. Event selection corresponds to ¢agésee text Only s by I8 e N SR

L |
fragments with atomic numbers larger than or equal to three are 2 00 Cﬁ 500 1020
included in the figure. arge

. FIG. 11. Experimentaiblack point$ and calculatedfilled his-
the 50 MeV/nucleon case. As expected, select@nis as- togramg atomic number multiplicity per event for the reactions

socigted with the full range of impact para'meters up to thengicated on top of each panel. Top, event selectan middle,
grazing angle although, there, the geometrical acceptance g{ent selectiortb); bottom; event selectiofc).

the

INDRA detector is limited and thus reduces strongly they,e jnternal motion of the nucleons and the final state inter-
number of events. Samplgb) and (c) are associated with 5 vion induce large fluctuations in the final velocities of the
more central collisions. Note also that the completeness Criragments originating from the overlap region. In addition,

terium induces a rather strong reduction factor in the eve”fragments withZ=3—6 may be evaporated by the QP and
acceptance. the QT: this is the contribution located aroumg/vyy;
=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 point§ compared to the results

A convenient observable to address the kinematics and thef the calculation(solid line) after filtering. The three selec-
topology of the reaction is the bidimensional correlation be-ions are presented at different beam energies. Although far
tween the atomic number and the parallel velocity of allfrom perfect, a correct agreement between the model and the
emitted fragments as displayed in Fig. 10. The general trenddata is reached. In particular, the evolution of the shape of
of the experimental data are reproduced by the simulatiorthe distributions as a function of the centrality of the colli-
Fragments with atomic numbers close to the projectile exsion is correctly reproduced. However, deviations are ob-
hibit velocities close to the beam velocity as expected. Theerved in the case of minimum bias détep of the figure
slight slowing down of the quasiprojectile as its atomic num-concerning fragments with large atomic numbers associated
ber decreases is correctly accounted by the model. As alreadyith the most peripheral collisions. There, the results of the
discussed, this effect is considered by transferring nucleonsalculation are very sensitive to the geometry of the detec-
from the participant zone towards either the QP or the QTtors. In particular, a small variatiaia fraction of a degreedn
However, as beam energy increases, nucleon exchange athee emission angle of the projectilelike can drastically
final state interaction effect decrease. This is the transitiomhange the charge distribution.
between fully damped reactions at low energy towards the Figure 12 shows the mean kinetic energy of fragments as
pure participant-spectator picture at relativistic energiesa function of the atomic numbét. For different beam ener-
Note the lack of symmetry between the kinematics of the QRjies and selections, the kinetic energy distribution is nicely
and the QT, which is due to experimental threshold effectseproduced over the whole atomic number range. For selec-
that prevent the detection of slow heavy fragments. A sizabl¢ion (a), which is dominated by peripheral collisions, the
amount of matter is emitted near midrapidity. This is due tokinetic energy of heavy fragmentg = 20) corresponds es-
the production of fragments in the overlap region of the resentially to the QT and QP dynamics after deexcitation. In
action as already discussed before. Since they are producedr calculation, it appears that the mean kinetic energy is
by a random mixing of nucleons originating both from the sensitive to the initial nucleon exchange as well as to the
target and the projectile, their distribution is centered athardness of the potential. Indeed, the valuesvofFig. 3)
midrapidity since we deal with symmetric systems. Howeverand x,, retained for the simulations have been mainly ad-

D. Atomic number and kinetic energy distributions
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FIG. 12. Mean kinetic energy in the center-of-mass as a function F|G. 13. Mean kinetic energy in the center of mass as a function
of the chargeZ: experimental datablack pointg, simulated data  of the center of mass emission angle. Black points are experimental
(filled histogramg Reactions are indicated on top of each panel.data while filled histograms are for calculated data. The considered
Selections ar¢a), (b), and(c), respectively, from top to bottom.  particles and the system under study are indicated in each panel.

Events have been selected with the criteri(on For E/A=50 and
justed to reproduce Fig. 12. Here, the main effect explaining2 mev, we also present in light gray the proton amcparticle
the kinetic energies is the coupling of the intrinsic motion of distributions obtained when nucleon-nucleon collisions are omitted
the nucleons with the relative velocity between the two part-(x.,,=0%).
ners of the reaction. Since the latter is very close to the initial
relative velocity even for central collisions, rather large ki- “memory” of the entrance channel. For light particles, such
netic energies may be reached. In particular, at low incidenan anisotropy is also observed. This can be understood be-
energy, the phase of reaggregation is important because tltause those particles are produced either in the early instants
relative velocity between the nascent fragments may be naif the collision and, as such, keep a memory of the beam
large enough to overcome the nuclear potential. There is thudirection or by evaporation on longer time scales. In this last
a delicate balance between the two energies and it may bmse, they are emitted by “source@xcited fragmenis
that the model is not accurate enough to properly describehose angular distributions are forward/backward peaked
this phase in detail. Note that since the kinetic energy is to@nd thus they also keep a memory of the entrance channel.
large, the excitation energy and thus light charged particldherefore, even for those collisions which are associated
multiplicities are underestimated. with low impact parameters, there is no full stopping of the

We now address the kinematics of light particle and frag-matter. In our model, there is almost no damping of the
ment emission by considering more specifically completenucleon momentum distribution although final state interac-
eventg[selection(b) and(c)]. Let us consider event selection tions (the reaggregation phasean lead to a strong rear-
(c). These events are associated with central collisions asmngement of the fragment velocity and angular distributions
testified by the results of Fig. 9. at low incident energy. Therefore, in our picture, fragmenta-

However, the angular distributions of protomss, as well  tion is a fast off-equilibrium proces@ truly transient pro-
as those of IMF's and heavier fragments are anisotrgpi¢t ~ ces$ developing on time scales of the order of the reaction
shown herg All in all, the model is able to reproduce the time.
global trends of the data. However, as the incident energy increases, the mean ki-

The kinematic properties are better evidenced by considretic energy of the protons and thés at all emission angles
ering the mean kinetic energy as a function of the center ois modified by nucleon-nucleon collisions. Indeed, without
mass emission angle as displayed in Fig. 13. As far as IMF'such collisionglight gray areas for protons andparticles at
and heavy fragments are concerned, a good agreement B A=50 and 82 MeV in Fig. 18 the average kinetic energy
achieved between the experimental and simulated data. is somehow underestimated, in particular, in the transverse
particular, the increase of the mean energy for backwarddirection. This is particularly true for protons and also for
forward angles is reproduced. This trend is a measure of théeuterons, tritons, anéHe (not shown. When considering
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25 MVimleon 50 MeVimsleon 82 MoV/mucleon of light particle emission in the midrapidity region is ob-

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
FIG. 14. Experimentalblack point3 and calculatedfilled his- nearly normal density. As such, they keep a strong memory
togramg v, distributions calculated in the center of mass for differ- of the entrance channel. In particular, fragments emerge from
ent kinds of nuclear species for the three reactions indicated on toghe reaction highly deformed in momentum space. Then,
of each panel. Event selection: casg they decay sequentially to reach ground state by evaporation
on longer time scales by a rearrangement and emission of
nucleon-nucleon collisiongdark gray aregs a systematic nucleons and possibly other complex particles. The kinetic
increase of the kinetic energy is obtained: this is how theenergy and angular distributions of both fragments and light
parameterx,,; has been adjusted for each incident energycharged particles are well reproduced and testify to the
We therefore believe that the increase in kinetic energy in thetrong memory of the entrance channel and to the importance
transverse direction marks the onset of in-medium nucleonef the internal motion of the nucleons inside the two partners
nucleon collisions. Such collisions become more and moref the reaction. As such, in our picture, the origin of kinetic
probable as the incident energy increases because the ianergy fluctuations is to a large extent nonthermal. We would
medium nucleon phase space opens due to the increasitige to point out that this picture is very similar to the one
relative velocity between the two initial Fermi spheres. 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-
As a last comparison with experimental data, we nowergy and the deformation often claimed as being necessary to
focus on particles and fragments emitted at midrapidity. Foreproduce the data in the framework of thermal statistical
fragments withZ lower than 10(IMF's), a so-called neck models are “naturally” obtained.
emission corresponding to fragments located around midve- Our approach is presently limited around the Fermi-
locity is expected. This process has now been widely studiednergy range. Deviations between the model and the experi-
in the intermediate energy range. In the framework of themental data are expected when the incident energy increases
INDRA Collaboration neck emission has been studied for thavell above 100 MeV/nucleon. In particular, we do expect
same system but with a different selection of the datahat nuclear transparency decreases as the phase space for
[39,40. Midrapidity emissions have also been discussed irin-medium nucleon-nucleon collisions increases. Therefore,
Refs.[41,42. A convenient way to put in evidence such anthe two initial Fermi distributions should be progressively
effect is to explore rapidity distributions for various kinds of more and more relaxed on shorter and shorter time scales as
nuclear species as shown in Fig. 14 corresponding to ththe incident energy increases, thus invalidating the sudden
event selectior(b). A good agreement between the experi-approximation used in our approach. The effect of nucleon-
mental and the simulated data is obtained. In particular, thaucleon collisions is actually treated with simple approxima-
model can account for the transition between light fragmentsions. The complete understanding of two-body effects cer-
which are dominantly emitted around midrapidity andtainly requires more elaborated treatments.
heavier species which are essentially remnants of the qua- Although our model is able to reproduce most of the fea-
siprojectile and the quasitarget. In this figure, a large excessires of the INDRA data considered in this paper, this does

0.015 l served. In our method of initial phase-space sampling, many
proton : e ) -
0.01¢ particles and fragments are produced initially at midrapidity
due to the fact that clusters created during the coalescence
0.005 contain nucleons coming both from the target and the pro-
jectile.
0 =~ »
E;. 0.02 ¢ IV. CONCLUSIONS AND PERSPECTIVES
§ 0.01 In this paper, we have presented an event generator to
a describe nuclear collisions in the intermediate energy regime
= 0 SN, ¥ at all impact parameters. It is based on a few well-defined
'_5' 0.021 hypotheses that can be conveniently and easily tested by a
2 direct comparison with experimental data. In order to illus-
0.011} [ ] trate the outputs of the model, we have studied the kinemati-
cal characteristics of nuclear products emitted in central as
O S L well as peripheral collisions at intermediate energies for me-
0.04 Z>11 dium mass symmetric systems. Data were collected by the
[ ; 2 INDRA Collaboration at the GANIL facility.
0.02 ] i In peripheral and midcentral collisions, the onset of
: midrapidity emission of both fragments and light particles is
0 g | il I Y
0

02 -02 0 02 -02 0 02

V///c

E. Midrapidity emission
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not ensure a general agreement with the data collected in thedfects in nuclear collisions in the Fermi-energy range.
intermediate energy range. Indeed, the free parameters of the Finally, it is worth noting that the technique of exploration
model have been adjusted with help of a limited set of dataf phase space described in this paper is flexible enough to
and additional studies leading to the same values of thegest rapidly othefpossibly thermalizednucleon momentum

parameters are necessary to confirm the validity of our scedistributions to describe nuclear fragmentation.

nario.

In the near future, we plan to extend the model to mass
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