Nuclear Multifragmentation And The Onset of Radial Flow:
A Study of Au+ Au Collisions Between 40 and 100 MeV/A
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Abstract. The influence of radial flow on nuclear multifragmentation is studied using Au+Au central collisions for
incident energies between 40 and 100 MeV/A. Central collisions are selected via an impact parameter estimator defined
by the transverse energy of light charged particles. At all energies, the fragment size distributions are studied using the
Statistical Multifragmentation Model (SMM) in order to extract thermal excitation energies. The excess kinetic energies
are analyzed via the hypothesis of a radial, self-similar, but non-isotropic flow. At the lowest energy, this flow is small
with respect to the thermal energy whereas, at 100MeV/A thermal and radial energies are of the same order. The nature
and origin of the radial flow is discussed. A comparison with the predictions of the Quantum Molecular Dynamics code is
presented.

INTRODUCTION

Nuclear multifragmentation, i.e. the observation omany fragmenhreaction channel is one of the most
interesting aspects of heavy ion collisions in the Fermi energy domain (25-100 MeV/A incident energies fo
symmetric systems). Many facets of this process (moments of the fragment size distribution, kinetic energies,.
have led to associate it to the physics of phase transitions. The observatiowltgfragment configuratiorwould
correspond to a state of matter intermediate between a nuclear liquid (the nucleus close to its ground state) ar
nuclear vapor (an assembly of nucleons and light fragments at high temperature). The study of nucle
multifragmentation would be one of the rare possibilities of studymgroscopically a phase transition in a finite
size fluid.

Assuming that thermal and chemical equilibrium has been reached at some point in time during the nucle
reaction, the final products of the collision are usually compared to the predictions of statistical models whic
consider a hot gas of non-interacting fragments. In the nuclear physics community, these comparisons are dt
within the framework of the SMM or MMMC®! models.



This type of comparison generally leads to the conclusion that the final characteristics of the products (fragme
sizes and kinetic energies) are determined at a low-defns@ge-outpoint at which the short range nuclear force
ceases to act between the fragments. It is not clear however, whether these characteristics are uniquely determin
this freeze-out point or to what extent the dynamical evolution, from the initial thermalized configuration to the
freeze-out point, plays a role.

Indeed, closely associated to the process of multifragmentation has been the observation of a radial, self-simi
velocity flowt®”). This flow corresponds to an excess kinetic energy which fragments are seen to have whe
compared to the predicted thermal+Coulomb energies at the freeze-out point. The origin of this flow is not we
understood and several suggestions have been put forward: transparency effects, compression-decontpfession, ...

In order to study in more detail these questions, data of high quality and precision are necessary. To this end,
Au+Au collisions were studied for beam energies in the range between 40 and 150 MeV/A. These reactions we
studied at the SIS accelerator facility at GBlafmstadt, Germany) with the INDRAm4detector. A detailed
description of this detector can be foundliRouthas et df”. The work described in this contribution constitutes the
Ph.D. thesis oF.Lavaud. A more detailed description will be given in a forthcoming publication.

THE SELECTION OF CENTRAL EVENTS

Although multifragmentation is observed for non central collisions, it is for the smallest impact parameters the
these processes are more clearly identified. In order to select these central collisions, we use an impact param
estimato! that is related to the total transverse energy.{&) of light charged particles (LCP<2) :
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where k.« is determined from the total detected reaction cross-section. In the present study, this reaction cross
section corresponds to events with a minimum multiplicity of 4 charged particles.

The normalized cumulated cross-section as given by equation 1, shows a quasi-linear behavior. It is remarka
invariant with respect to the incident energy when the valuggfsmax is normalized with respect to the total
available center of mass energy.
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STATISTICAL ANALYSIS AND THERMAL ENERGIES

Selecting bins 7 and 8 (c.f. figure ,lWe have made the-priori hypothesis that they could be analyzed within
the statistical model. The SMM model has been used throughout all this study but very similar results were obtain
with the MMMC code. The system is defined by its sizg @), its density ) at freeze-out and its "thermal”
excitation energy & Because of pre-equilibrium effectsy, 2 and E are considered to be adjustable parameters



and will not correspond to the total available charge, mass and energy. In thip dtadybeen fixed at 1/3 of
normal nuclear densityp). Figure 2.shows the fragment size distributions measured at various incident energies
and the fits obtained with the statistical model. The data correspond to those products detected in the center of n
angles between’Gand 90 where the INDRA efficiency is highest. The size, density and thermal excitation energies
used in the calculations are given in the first columns of table 1 for the different incident energies. Figure 3. show
at 100 MeV/A, that these fragment size distributions are independent of the angle of observation, consistent with 1
statistical hypothesis. This isotropy has been observed at all energies.

Table 1. SMM parameters from a fit to the kinetic energies of fragments for a deformed freeze-out configuration.

Incident Energy Zo Ao Eo density = Deformation Radial flow Thermalized
(MeV/A) (MeV/A) (MeVIA) Energy
40 142 355 6.0 Po/3. 21 20 73%
60 125 312 7.8 Po/3. 20 45 65%
80 110 275 8.7 Po/3. 17 8.0 58%
100 95 237 9.1 po/3. 15 9.0 43%
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1.

RADIAL FLOW AND DEFORMATION

Although the distributions of fragments are observed to be isotropic (Fig. 3.), the study of the kinetic energies a
seen to deviate from what would be expected for a standard statistical emission. The kinetic energies are observe
be, at the higher incident energies, much larger than predicted by the statistical model which assumes a ther
(Maxwellian spectrum) part and a Coulomb repulsion calculated for the corresponding freeze-out density.

Figure 4. shows the kinetic energies, as a function of the charge Z of the detected ion for the different incide
energies and for different angular range. In order to reproduce these data, and following the suggestion
A.Le Fevre et a*® and B.Bouriquét” et al., two supplementary assumptions have been nipdedeformed,
ellipsoidal, shape for the freeze-out volume and ii) a self-similar radial flow. Because of the elliptic geometry of th
freeze-out configuration, the resulting kinetic energy distributions are non-isgtr@pithe mean kinetic energies
are larger at Othan at 90. The parameters obtained, via the fitting procedure, are given in the last 3 columns of
table 1. The partition functions are, in this calculation, not affected by the characteristics of the freeze-out geomet
The deformationparameter given in table 1 is the ratio of the longest axis (aligned with the beam direction) to the



length of the axis perpendicular to it (axial symmetry along the beam axis is assumed). Figures 4 and 5 compare
result of these calculations to the measured data.
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Figure 6 and 7 show the fits obtained for the spectra of some individual kinetic energy distributions.
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DISCUSSION

The parameters given in table 1 and which have been obtained from a fit to the data using a deformed freeze-
geometry associated with a self-similar radial flow reveal certain interesting features. As a function of beam energ
the size of the thermalized source decreases strongly from almost the whole system to close to half of it (two .
nuclei correspond to=158, Ax=394). This implies that pre-equilibrium effects increase strongly with incident
energy and that many LCP, and neutrons, escape the bulk of the matter before thermalization is achieved. ~
second feature is that although the available center of mass energy more than doubles (from 10 MeV/A
25 MeV/A), the extracted thermal energies increase only by 50%. A large part of the remaining energy goes in
radial flow, which evolves from 2 MeV/A (1/3 ofgEto 9 MeV/A (equal to B. Altogether, the energy fraction
convertednto the thermalized source represents 73% at 40 MeV/A and 43% at 100 MeV/A (see last column of tab
1). An inspection of the different figures shows the remarkable quality of the fits obtained. Although a number ¢
parameters are available to achieve this qiaity of the fits appear to give some credit to the underlying physical
picture.

The observation of radial flow associated to a deformed freeze-out suggests a number of remarks. It is fil
necessary to note that the flow energies quoted are analysis dependent. This is due to the fact that a given con
density po/3) has been assumed. The energy spectra, such as shown in figures 6 and 7, reflect the sum of i
thermal energy (assumed to be of Maxwellian shape with a temperature T), ii) a potential energy due to the Coulol
repulsion and iii) the extracted radial flow. However, the last two contributions cannot be distinguished if the flow i
assumed to be self-similar. This radial flow value could thus be lowered by increasing the freeze-out density. T
observation of an increasing radial flow cotidis reflect the increase of the "maximum density" that the system
reaches during its evolution. This, in turn, leads to the question of what regignspake the system is sensing and
which region determines its final structure, i.e. the observed fragment size distribluttampi, H.Krivine and
N.SatoF! have addressed this problem for a system of uncharged-classical particles. They conclude that t
fragment size distribution is mainly determined by the total energy of the system and not by its specific location |
T,p space. Work along these lines is in progress for high detisétygedsystems, showing that the initial (long
range)Coulomb potential energy is indeed transformed into kinetic energy at irffflignd not thermalizedThe
question of the temperature(s) that are relevant for the system is still not clearly understood and will be studied
this framework.

Another point that can be discussed is the meaning and values of the deformation parameter. The origin of t
deformation is unclear. It could result from the way that the system reaches its maximum densitynperimbryof
the incoming direction could well be preserved during the following expansion. It could also originate from a partic
transparency of the incoming ions. The fact that this deformation decreases with increasing beam energy co
indicate that the nucleon-nucleon cross-section becomes more efficient and hence the transparency less apparent.
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FIGURE 8. Comparison of the experimental fragment si FIGURE 9. Comparison of the experimental mean kina
distributions obtained for central collisions (bins 7 and 8, energy as a function of the charge of the fragment obtaine
text) with the predictions of the QMD code. central collisions (bins 7 and 8, see text) with the predict
of the QMD code.
A number of the questions raised above should be answered by the study of these collisions with a dynami
model. The QMDmodel* has often been used in this respect. R.Neubauet #ichelif'® have extensively



studied theXe+Sn collisions (INDRA data). N.Buecking addAichelid'”! have applied this model to Au+Au
central collisions (82fm) at 100 MeV/A beam energy.

Figure 8 and 9 compare the experimental data to the results of this code. Both the fragment size distribution &
the average kinetic energies (as a function of the fragment charge) are very well reproduced. This is also true
other variables such as the width of the rapidity distribution for individual fragments. A more detailed analysis of th
comparison between data and code results is in progress. At this moment, the authors of this study have obsel
that the fragments detected at mid-rapidity for central collisions reflect a mixing of projectile and target nucleons.
this is verified, the claim that the observed multifragmentation results from the decay of a thermalized source wot
be partially substantiated by this code. This would open up new and interesting ways to stiyshathiesof the
nuclear liquid-gas phase transition.
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