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Although the static properties of nuclear matter have been the subject of many

studies [1, 2], the nuclear equation of state and the nuclear phase diagram remain open

problems, because they can only be inferred from the understanding of the dynamics of

nuclear reactions and of the evolution of the formed hot systems. Indeed, it is commonly

believed that, during a collision, a wide zone of the nuclear matter phase diagram might

be explored [3] and that the nuclear system may deeply enter in the spinodal zone,

which is the region of the phase diagram where the system is mechanically unstable

against infinitesimal density fluctuations.

Nowadays, the reaction mechanism responsible for the multifragment production

experimentally observed in medium-energy heavy-ion reactions and its possible con-

nection with a spinodal decomposition or a critical phenomenon are largely debated.

Many models aiming to describe this multifragmentation are based on static (or equi-

librium) statistical approaches and do not take into account the dynamics of the phase

transition [4, 5, 6].

In the framework of mean field approaches, some studies of fragmentation induced

by volume or shape instabilities have recently been published [7, 8, 9, 10]. However, as

soon as instabilities are encountered in dynamical simulations, fragments are formed

through the growth of fluctuations and hence a good understanding of the fluctuation

sources is important to reach reliable conclusions. This is the reason why stochastic

mean field approaches have been developed [11, 12].

Since this study is based on stochastic mean field approaches, let us first briefly re-

call their essential features. In standard mean-field approaches the system is described
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in terms of its one-body density f(r,p,t). However, it is known that the neglected

rnany-body correlations may become of crucial importance when instabilities or bifur-

cations occur, like in the multifragmentation processes we are interested in. In such a

case, the mean-field trajectory is loosing its validity.

A possible way to take into account the feed-back of the unknown correlations onto

the evolution of the one-body density is to add a stochastic term in the mean field

equation, in analogy with the Langevin treatment of the Brownian motion. This leads

to the so-called stochastic one-body theories, in which the system may experience a

partly random evolution in response to the action of a source of fluctuations. Therefore,

one must now follow the evolution of an ensemble of one-body densities, {/^( rjP»*)}-

For example, the stochastic extension of the nuclear Boltzmann equation leads

to the Boltzmann-Langevin (BL) approach, in which the nucleon-nucleon collisions are

considered as random processes [11, 12]. The time evolution of each element / ^ ( r , p, t)

of the ensemble of one-body densities is therefore governed by the following equation:

where {.,.} represents the Poisson bracket. The main ingredients that enter this equa-

tion are: i) The actual self-consistent mean field potential ( / [ / ^ ] , introduced through

the effective Hamiltonian /i[/W] = p*/2m + U[f{n)}; ii) The average part of the colli-

sion integral K[f^], which represents the average effect of the Pauli-blocked nucleon-

nucleon collisions; iii) The Langevin term SK^[f^], which accounts for the fluctuating

part of the collision integral [11, 12]. Simplified methods to treat the stochasticity in-

troduced by the term 6K have been recently developed and tested, in order to be able

to afford 3D calculations [13, 14, 15, 16]. In the results we show here, the stochastic

mean-field method of ref. [16] has been used.

For infinite nuclear matter, the eigenmodes are plane waves and it has been shown

that the most unstable wave length is close to A « 10 fm in a wide part of the spinodal

region [14, 17]. The growth rate of the unstable modes are intimately connected with

the properties of the nuclear forces and in particular with the range of the attractive

part of the potential. In fact the finite range of the interaction which can be associated

with surface energy when fragments are formed, is responsible for the suppression of

the small wavelength instabilities and then for the ultra-violet cut-off in the dispersion

relation [1, 17] (see fig.2).

In finite systems we expect that some of these features to be preserved:the time

scales, the favoured partition in equal mass fragments and even the quenching of small
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Figure 7 - Fragments charge distribution associated to the central events in the reaction
Xe + Sn at 50 MeV/A. The points correspond to the experimental data [19], the
histograms to the results of the .simulations before (dashed) and after (solid) making the
same selection for the centrality as in the experimental data.

cluster production.

Some experimental data are already pleading in favour of the spinodal decompo-

sition scenario. However, before entering this discussion, we would like to stress that

it might be premature to conclude about the fact that some multifragmentation re-

action might be related to a spinodal decomposition because both the experimental

results might still present some ambiguities and it may be that modified versions of

the actual theoretical models describing the multifragmentation might also explain the

experimental data without involving spinodal instabilities. However, the fact that the

composite system should enter the spinodal zone is predicted by almost all the one-

body approaches and we will see that our "ab initio" stochastic mean-field simulations

of subsequent spinodal decomposition are able to describe correctly various aspects of

multifragmentation in central events.

The theoretical calculation have been performed as follow: i) the reaction is first

treated within a regular one-body approach using the BUU code based on a lattice

hamiltonien method as described in ref. [18]; This calculation is performed until the

system runs across instabilities; Starting from this point, the bare mean field approach

cannot be applied anymore and one should take into account correlations and fluctu-

ations; It should be noticed that during the first stage of the reaction the inclusion of
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Figure 6 - Cliarge distributions of the three largest fragments for the reaction Xc + Sn

at 50 MeV/A. The points correspond to the experimental data [19] and the histogram

to the simulation. Mean values are also reported.

the fluctuations was not crucial because the mean field dynamics complemented with

a collision term was representing a reasonable ensemble average; ii) The unstable dy-

namics is simulated using a stochastic mean-field approach, as described in reference

[16], which corresponds to the addition of specific noise to the BUU dynamics; This

simulation is followed until fragments are formed; iii) Finally, when the fragments are

formed they are still hot and their decay may take a very long time; However, this slow

process is well described by statistical decay approaches; Therefore, instead of simu-

lating this decay within the mean field approach, which is not able to predict correctly

the particle and fragments emission, we prefer to use a statistical model; This part,

that includes both the fragments classical trajectory and the evaporation process, is

simulated using the code SIMON developed by D. Durand.

We have also performed a comparison with the recent results of the 1NDRA collab-

oration [19] concerning events with the formation of a composite source in the Xe+Sn

reaction at 50 MeV per nucleon. Indeed, also in this case, our one-body approaches are

predicting the formation of a composite system diving deeply in the spinodal region.

Figure 7 presents the fragment charge distribution associated with these events while

Figure 8 displays the individual charge distributions of the 3 largest fragments. One

can see a rather good agreement between experiment and theory. In particular the

tail at large Z is well reproduced by the theory. We would like to recall that this tail
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is coming from both the mode beating and the final state interaction between frag-

ments. On the other hand, the charge distributions of the 3 largest fragments are well

reproduced both in centre position and in global shape (and width).

In conclusion, while more studies are certainly needed to compare detailed features

of the multifragmention events with the spinodal decomposition scenario, the presented

results are very encouraging. Stochastic mean-field approaches can be now applied for

realistic simulation in 3D. These dynamic approaches are now able to compete with

multifragmentation models and can be directly compared with experiments.
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