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Selected aspects of the classical molecular dynamics fparticles in strong interaction
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Selected results of a classical simulation fparticles in strong interaction are presented. The static
properties of such classical systems are qualitatively similar to the known properties of atomic nuclei. The
simulations of collisions show that all observed reaction mechanisms in nucleus-nucleus collisions are present
in this numerical simulation. The first studies of such collisions are in qualitative agreement with experimental
observations. This simulation could shed new light on energy deposition in heavy ion collisions: the excitation
energy of each cluster is found to be lower than the energy of the least bound particle in the cluster. Finally, the
similarities of fragmentation pattern with those obtained with a statistical code indicate that an unambiguous
link can be established between the statistical and the dynamical descriptions of reaction mechanisms.
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Over the last decades, heavy ion collisions have beeis the link between the incompressibility modulus of nuclear
widely used and intensively studied experimentally to determatterK,, and the nucleon-nucleon cross sectigp? Is the
mine the equation of state of nuclear matter. Many reactiorstatistical description still justified when the thermalization
mechanisms have been identified and a lot of theoreticaime is close to or longer than the lifetime of excited nuclei?
works have been induced. Schematically, the incident energy The present status results mainly from the impossibility to
domain has been divided in three parts: the low energwolve the full nuclear many-body problem. To solve it, ap-
range, up to 10-2@& MeV, where fusion and deep inelas- proximations are made, depending on the energy range and
tic processes are dominant; the high energy range, abow the reaction time. Even after simplifications, the resulting
100A MeV, where the nucleonic and subnucleonic degrees oéquations do not have analytical solutions and they are often
freedom start to play a significant role; and the intermediatesolved numerically. It seems hard nowadays to connect these
energy range, from 20MeV to 100AMeV, where binary different models to have a global description of the processes
processes and multifragmentation take place. At each energgvolved in nucleus-nucleus collisions.
range, the reaction is schematically described as a two-step Nevertheless, some attempts were made to describe glo-
process: an entrance channel during which the excited nucléially nucleus-nucleus reactions at intermediate energies by
are formed, and a decay stage where the excited fragmentsing (semjclassical molecular dynamics codgs6—27.
cool down by particle or fragment emissions. The main advantage of these codes is that the classical many-

Theoretically, the entrance channel of the reaction idody problem can be solved numerically with a high accu-
mainly described by dynamical models. At low energy, theracy without any assumption. The main drawback is that the
attractive character of the interaction is dominant and thejuantum character of the system is ignored. A lot of work
entrance channel is described mainly by mean-field aphas already been done with the help of such codes to study
proacheq1]. At high energies, the repulsive part of the in- the mechanism of fragment formation in multifragmentation.
teraction and its nucleon-nucleon character are dominant arfdould these codes do better by describing the whole reaction
cascade models are mainly used to describe the first mgrocess, from the very beginning of the reaction up to the
ments of the collisior{2]. At intermediate energies, the at- decay stage? Are they able to make a link between the dif-
tractive part and the repulsive part of the interaction interferent energy ranges? Which processes are accessible with
fere. Transport models are widely used to describe thé¢he simplest hypotheses?
entrance channel at this energy rafge9]. They contain a This paper will show that classical molecular dynamics
mean-field part through the one-body evolution of the syssimulations are interesting tools to establish the links be-
tem, and a nucleon-nucleon part through the collision termtween the different approaches used in nucleus-nucleus col-
At all energy ranges, the decay stage is mainly described blsions. There will be no attempt to reproduce experimental
statistical decay modelGGEMINI [10], SIMON [11], SMM  data of nucleus-nucleus collisions since essential physical
[12], MMMC [13], QSM[14], EES[15], etc) which assume ingredients are missing in the presented simulation. The pur-
that the nuclei formed during the first dynamical step arepose of this paper is to see what can be obtained with the
equilibrated. simplest hypotheses. To have a quantitative reproduction, the

With this scheme, it is very hard to have a global andquantum effects, the Coulomb interaction, and a momentum
consistent description of nucleus-nucleus collisions. Al-dependent interaction should be added. There are, of course,
though the nucleon-nucleon interaction is the same, whatevassential differences between quantum and classical systems
the incident energy and whatever the reaction time, differentsee, for example[23]). These differences will not be ad-
models are used depending on the energy range and the i@ressed in this paper, since its main aim is to see what can be
action time. The links between these different models are natbtained with the simplest simulation. In the first section, the
obvious. For example, how can the liquid-drop parametrizaclassicalN-body dynamics code will be briefly described.
tion used in the statistical decay code be deduced from th&he static properties of stabhebody systems will be studied
parameters of the interaction used in a transport code? Whit Sec. Il. Some examples of reaction mechanisms and some
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~ 100 , : 0.001%. This simulation has five free parameters: four linked
= V() | | to the physicgthe interactionand one linked to the numeri-
;’j 80 j : cal algorithm ).
g : : Since one wants to study the simplest case, neither long
> g0l ! E range repulsive interaction nor quantum corrections like a
[ Pauli potential have been introducf2b]. Additionally, no
401 | I'in 1 14 statistical decay code is applied on the excited fragments

formed during the collision. The final products have to be
regarded as “primary” products that will decay afterwards.

20 5 ! In order to avoid any confusion with nuclear physics, the
o units used here are arbitrary. The distances will then be in
i V \_/ distance simulation unit§DSU), the energies in energy
P mmn v simulation units(ESU), the time in time simulation units
0 2 4 6 8 1012 14 16 18 20 (TSU) and the velocities in DSU/TSU. We will only be in-
I'(D.S.U.) terested in the relative evolutions of the observables and in
their link to the properties of the stable systems. The main
FIG. 1. Shape of the interaction used in theBD simulation. goal of the present work is not to reproduce the experimental

data of nucleus-nucleus collisions, but rather to see to what
analyses of cluster-cluster collisions are given in Sec. Illextent this simple simulation is qualitatively similar, or not,

Finally, conclusions will be drawn. to experimental data.
|. DESCRIPTION OF THE CODE Il. STATIC PROPERTIES OF “GROUND STATES”
Let us start by describing the classi¢ddbody dynamics Once the basic ingredients are defined, one can build

code(labeledcNBb) used in this paper. The basic ingredientsstable systems. Since the two-body potential only depends on
of such a code are very simple. The system consistsl of the distance between the two particles, such systems are
identical pointlike particles in mutual interaction. The dy- small crystals. The ground states of such systems are defined
namical evolution of each particle of the system is driven byas the configuration in position space that minimizes their
the classical Newtonian equations of motion. The two-bodytotal energy. This is obtained by using a Metropolis simu-
potential used in the present work is a third degree polynolated annealing metho®4]. The locations of particles ob-
mial. The depth value i¥,,;, and the value at=0 is finite tained in this way are very close to those obtained by using a
and equal toV,. It reads basin-hopping algorithm for Lennard-Jones clusfe&.
In the upper left panel of Fig. 2 is displayed the energy
per particleEg;,q/N of these ground states as a function of
_ (1) the numberN of particles in the clustefsolid ling). The
0 ifr>ry, dashed and dotted line corresponds to a fit using a liquid-
drop formula. The dashed line corresponds to the energy of
where the parameteis b, andc are determined such that the least bound particl&, ¢astgoungin the cluster. This en-
V(r min) = Vmin and thatgV(r)/dr is null forr=r,;, and for ~ ergy is defined as follows:
r=r, . The shape of the two-body potential is shown in Fig.
1. This potential has the basic properties of the Lennard-
Jones potential used in other workal,22: a finite range ELeastBound:.maX
attractive part and a repulsive short range part. To follow the J=1N
dynamical evolution of the system an adaptative step size
fourth-order Runge-Kutta algorithm is usg24]. The main  wherer;; is the relative distance between the particlesd
difference with other works is that the time st&pcan vary:  j andV(rj;) is the value of the two-body potential. It will be
if the potential varies stronglyAt is small and when the seen thaE, ¢,sigoungS€EMS to play a particular role in the
potential varies gentlyAt becomes larger. This allows a very Simulated cluster-cluster collisions. The overall dependence
high accuracy with shorter CPU time than for fixed time stepof Eginq/N with N is very similar to what is seen in nuclear
algorithms. It requires an additional simulation accuracy paphysics. The main difference is seen for high valuesNof
rameter e, which is adjusted to ensure the verification of because of the absence of a Coulomb-like interaction:
conservation lawgenergy, momentum, angular momentum Eging/N continues to decrease withh whereas it increases
with a reasonable simulation time. For arvalue of 10°°,  for nuclei. These values are close to those found by using the
typical CPU times for a collision of two clusters each with basin-hopping algorithri26].
50 particles and for a total time equal to 200 time simulations The dependence withl of the root mean square radius
units on a Compaq DS20 computer under the UNRUE64  r(N)=/<r?> of N-body clusters is shown on the upper
operating system ranges from30 to ~400 s, depending right panel of Fig. Asolid line). The dashed and dotted line
mainly on the impact parameter. The total energy difference&orresponds to a fit using B3 term. Here again, this is
between the initial and the the final times is lower thansimilar to what is known for nuclei. The main difference is

Vo+ar+bre+crd® ifr<ry
V(r)=

> vmn}, )

1#]
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FIG. 2. Energy per particleupper left pangland root mean square radiugper right panglof N-body clusters as functions &f. For
these two panels, the full lines correspond to the obtained values and the dashed and dotted lines to a fit. On the left panel, the dashed line
corresponds to the energy of the least bound patrticle in the cluster. Lower row: zero temperature equation of state folNaifferéht
=20, N=35, N=50, N=65, N=80, andN=290 (left) and incompressibility moduluk(N) as a function oiN (right).

ther i, term, which is due to the large si_ze of the repul_sive:[gZ(E/N)/apgﬁ]peff:l of the system. Its variations witK are
core compared to the range of the attractive part of the 'nterdisplayed on the lower right panel of Fig. 2. One can see on

action. these two plots that the “equation of state” akdN) are

Since a size can be defined, an effective density can b§trong|y dependent oN for values ofN below 20—30 and
calculated. One can stretch and squeezeNtmdy cluster  inen Jess dependent d¥ for larger systems. One could, in

and build an effective zero temperature equation of stateyinciple, define an equation of state of infinite matter by

This is displayed on the lower left panel of Fig. 2 for various computing the asymptotic limits of these evolutions for very
system sizes. The densipy; on this abscissa is the density |arge values oN.

relative to the density for the ground state. The curvature of This first study shows that static properties of the classical
this equation of state at ground state density can be conN-body clusters have strong similarities with those of atomic
puted and defined as the compressibility moduki&\) nuclei. This suggests that all the parametrization used to de-
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Nproj=50, Ntarg=50, V=4, b=5, t=200 Nproj=50, Ntarg=50, V=4, b=30, t=90
Fusion Particle(s) exchange
®
‘ &
® FIG. 5. Particles exchange reaction. The particle captured by the

projectile is in light gray in the top of dark gray system. The particle
captured by the target is in dark gray in the bottom of light gray
€ system.
FIG. 3. Fusion reaction. the question of the statistical description of this dynamical

model will be briefly addressed.
scribe these systemgliquid-drop parametrization, radii,

equation of state, efccould be directly deduced from the
parameters of the two-body interaction. Since the interaction
remains unchanged whatever the cluster, the differences seenFigures 3—9 display pictures of cluster-cluster collisions
for different cluster sizes have to be attributed only to thein the center of mass frame obtained after a fixed time. In
number of particle®N and to the geometrical configuration of each picture, the particles that were originally belonging to
the particles in the clusters. the projectile are in dark gray and those that were belonging
to the target are in light gray. The projectile velocityis in
DSU/TSU, the impact parametbrin DSU and the time in
TSU. The horizontal arrow corresponds to the projectile ve-
After studying the static properties of stathebody sys- locity direction. The vertical arrow corresponds to the direc-
tems, collisions between clusters can be investigated to sé®n perpendicular to the projectile velocity in the reaction
what kind of reaction can be obtained. Roughly 20 000 colPlane. The most striking observation is that all kinds of re-
lisions have been generated for different system sizes, diffe@ction mechanisms observed in nucleus-nucleus collisions
ent entrance channel asymmetries, and different impact pg&eem to be present in this very simple simulation. One can
rameters. For each collision, the orientation of the inertiaS€€ low energy processes such as the fusion/evaporation pro-
axis of clusters are randomly chosen. This avoids performingess(Fig. 3), pure binary collision(Fig. 4), stripping/pickup
the same collision twice if the impact parameter, target andnechanism(Fig. 5), and deep inelastic collision§ig. 6).
projectile size, and the incident energy are the same for twétermediate energy processes, like neck formation and
different collisions. The simulations have been performed foPreakup(Fig. 7) and multifragmentatior{Fig. 8), are seen.
the following systems: 1813, 34+34, 50+50, 100 Finally, high energy processes like the participant/spectator
+100, and 18 50. The incident energies have been choserProcessFig. 9 are also seen.
in such a way that the available energy in the center of mass This similarity can also be seen on the so-called Wilczyn-
frame ranges from an energy far below the binding energy o$ki plots[27] shown in Fig. 10. These plots display the cor-
the fused system~30 ESU) to an energy well above the relation between the flow angléy,,, and the total kinetic
binding energy of the fused system¥ {20 ESU). As it will  energy of the cluster§y;,=2;E;, whereE,;, is the kinetic
be shown, these collisions can be studied in the same way &sergy of cluster in the center of mass framéy,,, is the
the experimental data of nucleus-nucleus collisions. Thesangle of the main axis of the event relative to the projectile
collisions can be seen as numerical experiments. Only fewelocity direction. This axis is the principal axis of the ki-
examples of such analyses will be shown. More detailedietic energy tensofl;;==,P,Pl/Ny, where P, i=x,y,z
analyses will be made in forthcoming papers. First, a smalare the coordinates of the momentum in the center of mass
list of reaction mechanisms obtained will be given. Second,
the excitation energy stored in excited clusters will be stud- Nproj=50, Ntarg=50, V=4, b=20, t=400
ied and a link to the static properties will be made. Finally,

A. Reaction mechanisms

lll. CLUSTER-CLUSTER COLLISIONS

Deeply
Inelastic

Nproj=50, Ntarg=50, V=5, b=30, t=180 Cellision

Binary collision

& L )
® L7

FIG. 4. Binary reaction. FIG. 6. Deeply inelastic collision.
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Nproj=>50, Ntarg=50, V=4, b=20, =80 Nproj=50, Ntarg=50, V=6, b=20, t=175
Neck Participant/Spectator
5 e
L % 5 l- . e
oS e

FIG. 7. Neck formation. . )
FIG. 9. Participant-spectator reaction.

frame of clustetkk and N, its number of particles. Two par-
ticles are assumed to belong to the same cluster if they are interaction is dominant. For the loweB};, values, all pos-
interaction, i.e., if their relative distance is below the rangesible values oféy,, are covered: this corresponds to the
r, of the interaction(see Fig. 1 This algorithm of cluster fusion/evaporation process. AE.,/N=60 ESU (upper
recognition is the simplest one and is called minimum spanright pane), the picture is changed and the rangeégf,,
ning tree algorithm in other worki22,28. The most dissi- values is smaller than for the previous energy: the repulsive
pative collisions correspond to the small&sf, values: the  part starts to act. The fusion/evaporation afsmall Ey;,,
available energy is converted into internal energy of clustersyalues, allé;,,,, values is still present. For the two highest
These plots were built for &= 34 projectile colliding aN  energieglower panely the picture is roughly the same. For
=34 target at four available energiEs,, /N in the center of  the less dissipative collisions, the attractive part is still domi-
mass, whereN=Np,;+Niag IS the total number of par- nant (negative 6, values. But when the dissipation in-
ticles: E.n/N=60 ESU, E;,/N=90 ESU, E.,/N  creases, the repulsive part becomes dominant and the projec-
=120 ESU andE.,,/N=30 ESU, which correspond re- tile and the target bounce on each othgpsitive 6o,
spectively, to the energy of the least bound particle for thealueg. For the most dissipative collisions, only positive
fusedN=68, cluster, to the binding energy per particle for g, . values are seen, which indicates the disappearance of
N=68, to the energy of the most bound particle k68,  the fusion/evaporation process. These evolutions are qualita-

and to an energy below the energy of the least bound particlgvely similar to what is seen in nucleus-nucleus collisions
for N=68. The relative velocity ., between the projectile (see, for exampld,29)).

and the target is determined such t&at, /N corresponds to These two studies indicate that the description of the re-
the desired value: action mechanisms in terms of the mean field at low energies
and in terms of particle-particle collisions at high energies
- \/ZEC-rn-(’\‘prOPL Ntarg) 3) can be deduced from the properties of the two-body interac-

rel MoNprojNtarg tion alone. The similarities of this classichtbody simula-

tion with mechanisms observed in nucleus-nucleus collisions
Wheremp is the mass of a particle. Its value has been arbisuggest that, apart from quantum mechanical effects, an ef-
trarily fixed to 20 mass simulation units. For each energyfective and unified description of nucleus-nucleus collisions
1000 collisions have been computed assuming a flat impagfould be obtained with a reduced number of parameters. Pro-
parameter distribution ranging frolm=0 DSU to the sum vjding the interaction has a finite range attractive part and a
of the two cluster radii plus the range of the interactionshort range repulsive part, the overall behavior ofHeody
Bmax=T(Nproj) +1(Niarg) + 11, wherer, is the range of the systems seems to be independent of the values of the param-
two-body interaction In the analyses, each collision is eters of this interaction. Of course, for a more quantitative
weighted assuming a triangular impact parameter distribuagreement with nucleus-nucleus collisions, additional physi-
tion between 0 anthy,,, (weight<b). cal ingredients(quantum mechanics, Coulomb interaction,

At E¢ 1, /N=30 ESU(upper left panel the flow angle is  momentum dependent interactjdmave to be included.
always negative. This means that the projectile and the tar-

getlike clusters are deflected to the opposite direction relative
to their original one. At this energy, the attractive part of the B. Energy deposition in clusters

Let us now focus our study of cluster-cluster collisions on
selected topics. Of particular interest is the excitation energy
Multifragmentation stored in clusters. How can this energy be linked to the avail-

able energy and how is it linked to the properties of the
® ground-state characteristics of these clusters?

One can plot, for example, the correlation between the
excitation energ¥* /N of the cluster and its parallel velocity

Nproj=34, Ntarg=34, V=6, b=0, t=90
[

. V| for Nproj=34 on N, q=34 collisions(Fig. 11) for the
*? whole impact parameter range. The excitation energy of each
t Y cluster is simply the difference between the total enépmy
tential plus kineti¢ and the ground-state energy of the clus-
FIG. 8. Multifragmentation reaction. ter. It reads
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D100 N 3y N 34 B N=30ES.U 2100 N 3y N 234, E.N=60 ES.U
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N promptly emitted clusters. The area corresponding to the
E* :E ELWHZ. V(rij) —Eging(N), (4)  fused system is well populated showing that a complete fu-
=1 = sion process occurs. A, /N=60 ESU, the distribution
, of points is roughly compatible with the pure binary process
whereE,;, is the kinetic energy of the particlen the cluster hypothesis except for cluster velocities that lead to excitation
center of mass frame;,; the relative distance between the energies per particle higher th& ¢astgounain the pure bi-
particlesi andj, V(r;;) the potential energy arflg,q(N) the ~ nary process picture. For these clustés/N is always
binding energy of the ground state of the cluster with  smaller thanE, ¢5sigoung The complete fusion process area,
particles. This excitation energy is determined at the end ofocated aboveE, ¢,stgoung 1S €mpty. For the two highest
the calculation corresponding te- 200 TSU. This energy is energies, this trend is enhanced. Around the projectile and
very close to that obtained at the separation time of the clushe target velocity the clusters have an excitation energy
ters (the smallest time at which clusters can be ident)fied compatible with the pure binary process hypothesis. Around
since in this time range the evaporation is very weak and théhe center of mass velocity, when this picture would give
clusters have no time to cool down significanfl32]. On  excitation energies per particle higher tHai. 2sigoung ONE
each panel of Fig. 11, the full line corresponds to the exd{inds clusters at small excitation energies. The energy of the
pected correlation betweeE*/N and V| for a pure binary least bound particle seems to be a limit to the excitation
scenario(the excitation energy is only due to the velocity energy, which can be stored in these clusters.
damping of each partngrthe horizontal dashed line to the  This can be more clearly seen when the excitation energy
energy of the least bound particle for the fused systém E*/N is plotted as a function of, as in Fig. 12. On each
=68 and the small circle is centered around the expecteganel, the full line corresponds to the energy of the least
values of velocity and excitation energy for the fused systembound particleE ¢,stgoungin the cluster and the dashed line
At E.,/N=30 ESU, the points are slightly below the to the binding energy per partickg,;,4/N. As in Fig. 11, the
full line. This means that the excitation energy is stronglysmall circle corresponds to the expected values for the fused
linked to the velocity damping. The small shift is due to masssystem. AtE.,,/N=30 ESU, the area corresponding to
transfers between the projectile and the target, and teomplete fusion is filled and all the available energy can be
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stored as excitation energy. But for higher energies, one cacluster collisions is limited byE, ¢asteoungOf Clusters. Once
clearly see that for each fragment siZ;/N never over- the available energy per particle in a cluster is greater than
comesE,| casisound At Ecm/N=60 ESU clusters with sizes the energy of its least bound particle, unbound particles
higher than the projectile size and the target size can be seeand/or clusters are rapidly emitted, leaving the remaining
This area corresponds to an incomplete fusion process. Fafuster with an excitation energy per particle below the en-
the two highest energiesE(,,/N=90 ESU andE, /N ergy of its least bound particle. As a consequence, the highest
=120 ESU), the plots are almost identical: there is no moreenergy deposition per particle can only be obtained at ener-
fusion and the clusters are smaller than the target and thagies close tdE  ¢ast80und FOr higher available energies, the
the projectile. One can notice thet /N never reaches the system fragments quickly, leaving rather “cold” clusters
binding energyE,;,q/N except for small clusters where around the center of mass velocity. Providing this is also true
Eping/N andE ¢astoung@re equal. for nucleus-nucleus collisions, this could be an explanation

This limitation of excitation energy can be understoodto the quite low excitation energies of fragments found in
quite easily. The least bound particle remains bound to theentral collisions of the Xer Sn system at 58MeV [30].
cluster only if its total energy is negative, i.e., its kinetic This subject will be more completely covered in a forthcom-
energy due to the excitation is below its potential one. If ongng paper.
assumes that the excitation energy is roughly equally shared
over all particles in the cluster, when the kinetic energy bal-
ances the potential energy of the least bound particle, this
particle is no more bound to the cluster and can escape. To be Let us end with fragment size analyses of cluster-cluster
observed for a long time, the excited cluster must have agollisions. In nucleus-nucleus collision studies, such analyses
excitation energy per particle below the energy of the leasare very often used to fix the parameters of statistical models
bound particle. and to verify the compatibility of statistical decay models

The mechanism of energy deposition in classddody  with experimental datésee, for exampld,31-33). The so-
clusters seems to be the following one: the excitation seemgalled Dalitz plots for central (8b/by,,4<0.1) N,;=34
to be mainly driven by the velocity damping of the two part- on Ni,,y=34 collisions are shown on Fig. 13. Each panel
ners and to a lesser extent by exchanges of particles betweenrresponds to a fixed available energy in the center of mass
them. Energy deposition ilN-body clusters via cluster- ranging fromE;,,/N=30 to 120 ESU. For this analysis,

C. Statistical description of collisions
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only the three heaviest clusters are taken into account. Eaatode(size of the source, excitation energy, deformation, ra-
event is associated to a point in this plot. The distance of ondial flow, freeze-out volume, efcand the parameters of the
point with respect to each edge of the triangle is proportionatlynamical ondéprojectile and target sizes, impact parameter,
to the size of each of the three clusters. The corners of thbombarding energy, parameters of the two-body interagtion
triangle correspond to events with one large cluster and twdhis could also allow to check under which conditions the
small ones(fusion/evaporation processan event in the statistical decay code can be applied. This study could finally
middle of an edge of the triangle corresponds to an evenallow us to have a consistent description of cluster-cluster
with two equal size clusters and one small dfigsion pro- collisions, where the parameters of the statistical decay
cess or binary collisionand the center of the triangle corre- model are deduced from the parameters of the dynamical
sponds to three equal size clustémsultifragmentation pro- simulation. In this case, the cluster-cluster collisions could be
cesg. One can see that when the available energy increasedescribed completely with a reduced number of parameters.
the reaction mechanism goes continuously from fusion/

evaporation to binary collisions and finally to multifragmen- IV. CONCLUSIONS

tation and/or vaporization.

This picture is qualitatively very similar to that obtained ™ i _ : .
in SMM calculations|12], describing the decay of a single teristics and the reaction mechanismd\otlassical particles

source, as shown on Fig. 14. In this case, each panel corrdl strong interaction, there are strong qualitative similarities
sponds to an excitation energy. As in Fig. 13, the lowesPetween these systems and the atomic nuclei. The static

energies correspond to fusion/evaporationlike processeBroperties and the reaction mechanisms observed for the
with a continuous transition towards fission and multifrag-atomic nuclei and for these classical clusters are found to be

mentation when the excitation energy increases. very close to each other. This could mean that the experi-
The strong qualitative similarity between these two pic-mental observations made for nucleus-nucleus collisions are
tures suggests that it could be possible to build a statisticahainly governed by th&l-body character of the systems and
decay code that would give the same results as the dynamichy the overall shape of the two-body interactidinite range
simulation. Of particular interest would be the study of theattractive part and short range repulsive pavtore physical
relationship between the parameters of the statistical decapgredients(Coulomb interaction, quantum mechanics, mo-

As it has been seen in this brief overview of the charac-
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FIG. 13. Dalitz plots forcnep simulations for central (& b/bp,,x<0.1) Ny ;=34 0NN, = 34 collisions at different available energies
in the center of mass. On each plot, the darkest gray region corresponds to the highest cross section value.

mentum dependent interactjoare, of course, necessary if cesses dominatéfusion, deep inelastic and transfer reac-
one wants to have a quantitative agreement with experimertions, particles exchange~orE. ,, /N aboveE, ¢ stgoundthe
tal data. But it is surprising to achieve such a good qualitarepulsive two-body character of the interaction dominates
tive agreement while essential physical ingredients are misgpromptly emitted particles, participant spectator process,
ing in the simulation. multifragmentation The energy of the least bound particle
Since all kinds of reaction mechanisms are observed imf the cluster is also a limit for the energy deposition in the
these classical simulations, from the low energy fusionfkluster. No scaling between this simulation and nuclear data
evaporation processes to the high energy participanitan be easily made because many ingredients are missing in
spectator processes, they may also allow to connect in a cothis model. It is not obvious how the behavior of these clas-
sistent way the mean-field and the nucleon-nucleorsical systems is changed by the inclusion of the Coulomb
approaches. One could, for example, study the relation beerce, a momentum dependent interaction and quantum me-
tween the incompressibility modulus and the size of the rechanics. It would be interesting to check if the energy of the
pulsive part of the interactionK(, and o, in the nuclear last-populated level in nuclei could play the same role for
case. It is well known in transport calculations that one cannuclei asE, ¢.sigoundfor these classical systems.
“stiffen” the effective equation of state by just increasing the  Finally, such simulations may reconcile two approaches
value of the nucleon-nucleon cross sectigy, [34]. that were up to now often opposed in nuclear physics: the
For these classical systems, the energy of the least bourynamical description and the statistical description of frag-
particle E|casiBoung SEEMS to play a particular role. For ment production. Dynamical models are unique tools to es-
Ecm/N below E|casigound (=60 ESU), mean-field pro- tablish the link between the parameters of the interaction and

054614-9



D. CUSSOL PHYSICAL REVIEW C 65 054614

E*/A=1MeV

E*/A=4MeV E*/A =5 MeV E*/A =6 MeV
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FIG. 14. Dalitz plots obtained with SMM calculations for different excitation energies. The source has a Zka8ge a massA
=205, and the freeze-out densitygds, = py/3. On each plot, the darkest gray region corresponds to the highest cross section value.
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