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Several experiments seem to indicate that highly excited nuclei can break up into
several pieces. It is important to understand why nuclei disassemble and under which
conditions this happens. Multifragmentation is observed in heavy ion collisions at
sufficiently high bombarding energies and in high energy proton induced reactions.
We shall be concerned here with heavy ion collisions. In a central collision, the
projectile and the target merge in a single system which is out of equilibrium. During
the contact phase, the system evolves towards thermal equilibration although it is
not clear that this situation is completely reached. The hot and compressed system
then expands. Because this expansion is almost isentropic, it cools down. For some
situations, the expansion is large enough and the density becomes so low that clusters
are formed due to the short range of the nuclear forces. This leads to a break up of
the system in several pieces.

In this work, we shall focus our attention on an initial hot and compressed
spherical nucleus in thermal equilibrium. Although this is a very crude description
of what really happens in a central heavy ion collision, it has the advantage of
allowing us to use a model which includes some of the important quantum features.
The main point we shall address is the following : does a nucleus breaks up uniformly
or not ?

The reason why we rise this question is that a nucleus is not a system of constant
density. Indeed, the density drops down at the surface. Consequently, one may
expect that, during the expansion, the surface cracks first. If this is the case, light
clusters are emitted in a first step leaving a heavy core in the center. This later may
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f
subsequently also break up if the conditions are fulfilled, or remain as a residue.
Multifragmentation processes in which the nuclear surface first breaks up will be
called surface multifragmentation in contrast to volume multifragmentation where
the whole system cracks at the same time.

Surface multifragmentation may not happen for all events but only for some of
them. Therefore, it is worth to check this idea. One of the questions is to get an
experimental signature of surface multifragmentation. If the surface first breaks up,
one expects that the clusters created at the surface have a kinetic energy which is
different from those formed subsequently if the core disassembles. Since the kinetic
energy of the fragments is dominated by Coulomb forces, one would then expect two
groups of fragments with different kinetic energies. This means that if one plots in the
UIJ-U1 plane (u|| is the parallel velocity and v± the perpendicular one) the velocity of
each of the fragments in the center of mass frame of the multifragmentation system
for each multifragmentation event, one would get two families which are grouped
close to circles centered at the origin. Such a pattern has been indeed observed in
emulsion experiments [I].

1 Model

Our aim is to study the dynamical evolution of an initial hot and compressed
spherical nucleus. For simplification we shall restrict ourselves to spherical symmetry
in the course of the evolution of the system. We shall investigate multifragmentation
as proposed in ref.[2]. Namely, we describe the dynamical evolution of the nucleus
using a mean field approach to which we couple a restructured aggregation model [3]
in order to evaluate the fluctuations of the mean field. If these latter become large,
it indicates that the nucleus becomes unstable with respect to multifragmentation.
In this case the mean field calculation is stopped, clusters are formed according to
the restructured aggregation model and their trajectories are followed up to very
large distances in order to get their asymptotic velocities. A similar, although more
simplified, method has been already used in ref.[4]. The mean field approach was a
time dependent Thomas Fermi model and disassembly was described by a side-bond
percolation model on a cubic lattice.

The mean field approximation provides a good description of the evolution of
the nuclear density of the system as a function of time as long as the fluctuations
of the mean field remain small enough. This is the case before the system breaks
up. The mean field description we use here is based on the time dependent Hartree
Fock approximation at finite temperature. It is an extension of the model proposed
by Vautherin et al [5] for A0Ca. Compared to classical approaches, like kinetic
equations of the Landau-Vlasov type, it has the advantage to be a quantum one body
density approach and in particular to provide a better treatment of the dynamical
evolution of the nuclear surface. This approach is coupled to a chromatic restructured
aggregation model to estimate the fluctuations of the mean field. The denomination
chromatic comes from the fact that we distinguish neutrons and protons. We shall
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I not describe this later model since it has been published elsewhere [6] but just say
I a few words about the TDHF approach at finite temperature.

Following Vautherin et al.[5], we study thr dynamical evolution of the initial
nucleus (-08Pb) within the framework of the TDHF approximation. Since TDHF
is a mean field theory, one replaces, at each time t. the exact density operator
by an uncorrelated one which can be parametrized by the single particle matrix :
pl}(t) = Tr D{t)a+ ai/Tr D(t) In terms of the basis | <j>a >, which diagonalizes

~~ p = YIa \oa> na <oa |, the TDHF equations reduce to :

~na=Q ih±\<j>a>=W \<p*> (1)
at at

where W is the mean field hamiltonian.
The constancy of the occupation numbers na implies entropy conservation. Eqs.(l)
also preserve the Hartree-Fock energy Tr H D(t).

In ref. [5], as well as in similar studies developped since then, the authors restrict
themselves to doubly closed shell nuclei with N = Z. This allows them to use a
simplified Skyrme-type interaction. This approximation is no more valid in lead.
For this reason, we have extended the original model to use a more elaborated
Skyrme interaction [T].

In our model we assume that, during the first stage of the collision, the residual
interaction thermalizes the single particle degrees of freedom. The initial occupation
probabilities are thus chosen to be given by a Fermi-Dirac distribution. For sake
of simplicity, we assume, as in ref.[5], the initial orbitals àa,q [q = n.p) to be pure

I oscillator wave functions. The oscillator parameter feQ = (hJmLj)1I2 is kspt constant
during the time evolution of the nucleus.

We have solved eqs.l by extending the code used in ref.[5]. For the calculation,
we use 56 orbitals and simulate the initial compression of the nucleus by taking an

w;, oscillator parameter leading to a root mean square value smaller than that of the
^ 208Po nucleus in his fundamental state (r<""> = 5.50 ftn).

2 Results

We have investigated two kinds of excitations : thermal excitation and compression.
The first one is studied by changing the initial temperature T of the lead nucleus.
The second one is related to the value of the oscillator parameter b. The smaller b
the larger the compression. We have followed the dynamical evolution of the nucleus
for each couple (T, b) using the TDHF model at finite temperature. At each time
step, lbs magnitude of the fluctuations of the mean field are evaluated with the
restructured aggregation model. If a percolation cluster is present (we define it as a
fragment with a mass larger than half the lead nucleus mass), the fluctuations of the
mean field are small and the nucleus is stable with respect to multifragmentation.
If there is no percolation cluster, the system disassembles. There is of course the
problem of defining the point where this instability becomes really effective since
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some time is needed for the instability to propagate. Several choices are possible :
One may choose the point where the percolation cluster disappears, the point where
the multifragmentation probability is maximum, etc. One may also sample a time
distribution which is centered at the points quoted just above. However, it turns out
that, within reasonable limits, it has only slight effects on the results and that it
does not change the physical content of the results.
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Figure 1: Velocity of the fragments emitted in 50 events ilotted in the v\\-v± plane. These
events correspond to a totai excitation energy f" = 12.5 AleV/u. The compressional part
of this excitation energy is £" = 4.5 MeV/u.

The most important result of the calculation is displayed in the figure for a
typical value of the couple [T. b) for which multifragmentation takes place. There.
we show, for several events (the figure is relative to 50 events), the velocity of
each fragment in the v\\-v±. plane. In order to obtain this figure, the point where
multifragmentation cakes place is not a fixed time but is sampled on a distribution.
A quick glance at the figure immediatly shows two families of particles. A first
one corresponds to particles and fragments located on the outside circle. They are
associated to the break up of the surface. Those located inside the inner circle
are coming from the interior of the nucleus. At the center of the plot, one may also
notice a group of fragments wh ich correspond to residual nuclei, i.e. to events which



have not undergone multifragmentation. It is interesting to note that the pattern
predicted by our model is observed in emulsion experiments [I]. It has also been
predicted using a schematic hydrodynamical model [S]. This supports the fact that,
in some cases, the surface of a nucleus breaks up before its volume.
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