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Coulomb-induced multifragmentation is looked for in the study of the system Gd+U
at 36 Me V/u with the 4^ INDRA detector. Fof^-eentrai-e&lUsionsj-d^fiitmieal calculation*
predict th&fwmati&nof-a-veryheavy unstable system (Am 4OQJ., Coulomb-inatabUitiea
can then indttee~mullifrugriientution -ofsueh-asyatem at relatively low excitation energy :
a very gentle eompre*sion-phase—is--needed comparedrwith lighter-system*-. Exotic-shape*,
auek-as-huhbtti\ ordunuts-, ur&^xpee4ed-4or-suGh-heamf-syatcma and thea^-shapes--arE-ch>sely
linked-to-the-equution of state-parameters.

Events corresponding to fragment emission from a single source were selected in the
system Gd+ U using global variables. Different kinematical correlations between the emit-
ted fragments tttt&pte discussed. Comparisons with simulations are fc used to extract the
shape of the system which decays by multifragmentation, and also to obtain quantitative
information about possible expansion effecta.
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INTRODUCTION

The knowledge of what kind of instabilities could cause a nuclear system to multi-
fragment is important for the understanding of the dynamics of heavy ion collisions in the
energy range 10-100 MeV/u [1]. For the lightest systems, one can invoke an expansion
phase following the initial compression [2], associated or not with the spinodal decompo-
sition [3]. For heavy systems at lower incident energies, Coulomb instabilities [4] can be
responsible for the complete dissociation of the system. From a theoretical point of view,
static Hartree Fock calculations have predicted that competition between surface tension
and Coulomb repulsion can lead, for very heavy systems, to the formation of exotic con-
figurations, like bubbles [5]. Borderie et al. [6] have then confirmed such conclusions by
performing dynamical Landau-Vlasov calculations for the system Gd+U at 36 MeV/u.

From an experimental point of view, very heavy ion beams at ~30 MeV/u are now
available and so the study of the formation and de-excitation of such exotic pieces of nuclear
matter is possible. We will present here some results obtained for Gd+U at 36 MeV/u
at the GANIL facility. The experiment was performed with the Arr INDRA detector of
charged products[7], which allowed the detection of quasi-complete events, for which at
least 80% of the initial charge [Ztot = Zproj + ^target = 156) has been measured. Such
completeness is very important since we are looking for the multifragmentation of a very
heavy composite system comprising almost all the nucleons (A ss 400). Detection of all
fragments emitted during this de-excitation stage is then crucial.

SELECTION OF SINGLE-SOURCE EVENTS

as

In order to classify our events, we have used the so-called "energy tensor" [8], defined

2m(u)

where the sum runs over all fragments u[Z > 5). p.- and pj denote the Cartesian momentum
components of the fragment of mass m(u) in the centre of mass (CM) frame of the system
(note that the velocity of the fragment CM, averaged over all the events, is the same as the
CM of the system). Diagonalization of this tensor permits the construction of an ellipsoid
in energy space. Its three axes are defined by the tensor's eigenvectors (e*,), its shape by the
eigenvalues (A3 > A2 > Aj; these values are normalized to their sum). The angle between
the main axis (defined by e*3) and the beam direction (i.e. the direction of the velocity
of the CM) will be called in the following 9CM- This angle is related to the rotation of
the whole system, before it separates into two sources and/or undergoes de-excitation by
evaporation or multifragmentation. When the total measured CM kinetic energy (TKE)
is plotted as a function of 9CM, we obtain the diagram of Fig. 1. We obtain the same
behaviour as for a Pb+Au collision at 29 MeV/u studied in [9]. It is very reminiscent of the
"Wilczynski plot" [10]. Peripheral reactions correspond to high TKE and small 9CM (Tl).



The decrease of TKE is linked to increasing dissipation; only when maximum observed
dissipation is reached (T2) does the system start to significantly rotate (from T2 to T3).

Mean multiplicities of charged products evolve from 6.3 in Tl up to 33.1 in T3, which
indicates increasing violence of the collision when we go from Tl to T3. At the same time,
it seems that the fragment multiplicity saturates at low TKE since all its distributions
remain the same, whatever the value of OCM- The mean value < Mfrag >= 3 in Tl
increases upto 6.4 for all low TKE events. It can be seen in Fig. 2 that in Tl the value
< Mfrag >= 3 corresponds to a quasi-Gadolinium (Z ~ 60) and the two fission fragments
of the Uranium (Z ~ 30) while in T3 a monotonically decreasing ^-distribution is found.
The persistence of essentially binary reactions can be seen on the invariant velocity plots
for the a-particles (Fig. 3) : in Tl, two well-separated sources of emission are present,
while it is only in T3 that one cannot any more distinguish two emission sources. The
construction of the same plot for the fragments shows the evolution towards a single source
which emits isotropically.

The shape (in the energy space) of this single source can be studied with sphericity-
coplanarity plots [8] as shown in Fig. 4. From the eigenvalues of the ellipsoid may be
constructed two quantities : the sphericity 5 = | (1 — A3), and the coplanarity C —
2 (̂ 2 — Ai). We clearly see an evolution from rod-shaped (Tl) to spherically-shaped

events (T3). The small mean number of fragments explains the fact that the value of
S — 1 is not reached for T3.

We have classified our "complete" events and shown that events located in the zone
T3 correspond to a single source of emission, of Z ~ Ztot, which de-excites with emission of
6.4 fragments on the average. Moreover, these events have a spherical shape in the energy
space. They correspond to a cross-section of 22. mb, value to be compared with the total
reaction cross-section of 8.1 b.

SHAPE OF THE MULTIFRAGMENTING SINGLE SOURCE

In order to study these events and to know if exotic shapes like bubbles have been
formed, it can be useful to examine velocity spectra in the centre of mass of the system
(remember that, on the average, the CM of the fragments is the same). If the source
has a spherical form, and deexcites simultaneously, then fragments formed near to the
centre should have small CM velocities, for reasons of symmetry. Conversely, for a bubble
configuration, the evacuation of the central region should lead, by the same arguments, to
a lack of small CM velocities, and to a narrower distribution of these velocities in general.
This effect will be emphasized if we look at the cross-section weighted by ^-, as in Fig. 5
[11]. In the first zone, Tl, there are no fragments with low velocities as expected from a
binary collision with two emission sources. On the other hand, the population of this low
velocity range in T3 is a clear experimental indication that the selected events correspond
to a spherical system and not to a bubble-shaped one. Fig. 6 shows the mean kinetic
energy (in MeV) of each fragment as a function of its charge. The bell shape clearly



indicates that heavier fragments are emitted with lower energies as compared to lighter
ones, as if heavier fragments were located closer to the centre of a nuclear system emitting
isotropically.

In order to get more quantitative information, we have used the simulation code
SIMON [12] with different hypotheses and we have compared its results with the experi-
mental data. The results of this simulation are not yet filtered by the detector acceptance.
The code starts from a given excited nuclear system composed of a certain number of
pre-fragments (hypothesis of freeze-out volume). Their mass and charge distributions
are chosen at random. These fragments are then arranged according to a chosen shape.
Momentum is assigned to each of them, respecting conservation laws and taking into ac-
count thermal motion and a possible collective expansion (the latter being implemented
by means of a self-similar motion of matter: the expansion velocity is proportionnal to the
fragment's radial distance from the barycentre, the nominal value of the expansion energy
quoted being the energy of fragments located at the mean radial distance < R >). Coulomb
trajectories are then solved and secondary decays (evaporation of particles and fragments,
and fission) are considered, including discrete excited states for Z < 5. Sequential (one
pre-fragment corresponding to the source) or simultaneous (more than one pre-fragment)
decays can be computed. Experimental data has led us to put the following ingredients in
the simulation, at least as a first step in this study : the initial nuclear system has the total
charge and mass of the experimental entrance channel (A — 393, Z = 156) because up to
now, very few pre-equilibrium effects have been found in our data; for the same reason,
the initial excitation energy, E*, is the difference between the total energy available in the
centre of mass and the Q-value for the formation of the compound system — this value
of E* — 6.7MeV/u is then an upper limit; the number of pre-fragments is 5, and their
masses have a minimum value of 20; as suggested by experimental data, pre-fragments are
arranged in a sphere.

The results achieved are shown in Fig. 7. The sequential de-excitation (Fig. 7a) does
not reproduce the data, even if the bell shape of the curve is obtained. In a simultaneous
decay, mean energies of the lighter fragments (Z < 30) can be reproduced with a self-
similar expansion energy of 1.5 MeV/u (Fig. 7b, 7c), whilst the energies of the heavier
ones are out of range. In fact, in this simulation, the constructed initial sphere is as
compact as possible : the pre-fragments are placed at each corner of a pyramid and then
at the face centres. Another way to construct a sphere is to locate all the pre-fragments
around the heaviest one. The latter is then close to the centre of the sphere due to a
new determination of the barycentre of the pre-fragments. With such a procedure, one
can see in Fig. 7d that experimental data are quite well reproduced. Moreover, total and
fragment multiplicities, charge distribution and fragment relative velocity spectra (average
value and width) are well predicted by the simulation with the latter assumptions (Fig.8).
Therefore the depletion at the center of the nuclear system predicted if Coulomb effects
were dominant in inducing the multifragmentation process are not observed here.



CONCLUSION

Experimental study of the Gd+U system at 36 MeV/u with the 4*- INDRA detector
has allowed us to evidence the multifragmentation of a single source of nearly 400 nucleons.
These selected events correspond to 22. mb, as compared to 8.1 b for the total reaction cross
section. A spherical shape, with the heaviest pre-fragment close to the centre, and with
a self-similar expansion energy of 1.5 MeV/u is the only way to reproduce experimental
data with the SIMON code. Such a value has to be compared with the smaller one of
< 0.5 MeV/u obtained when Coulomb repulsion is the only cause of expansion (this value
is deduced from [6]). It seems that 36 MeV/u is too high an energy to induce a pure
Coulomb multifragmentation : compression-expansion effects seem to be non-negligible at
such a bombarding energy, which is in disagreement with the Landau-Vlasov model using
a local force and no isospin effects [6].

It should be noted that a toroid shape has been observed in the Pb+Au system at 29
MeV/u [11]. This difference raises the question of the importance of the incident energy
and of the asymmetry of the entrance channel in the dominance of Coulomb instabilities
in inducing multifragmentation of very heavy systems.
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FIGURE CAPTIONS

Figure 1 : Total kinetic energy measured in the centre of mass of the reaction as a function of
OCM > the angle between the main axis of the energy ellipsoid and the beam direction
(see text).

Figure 2 : Charge distributions for the three different zones defined on fig. 1. The line corre-
sponds to the total charge distribution.

Figure 3 : Invariant velocity diagrams for a particles and Z > 5. Parallel and perpendicular
velocities are expressed in cm/ns and are considered with respect to the beam axis.

Figure 4 : Sphericity - Coplanarity plot.

Figure 5 : Velocity spectrum for Z > 30 weighted by -^ (see text).

Figure 6 : Evolution of the mean kinetic energy in MeV as a function of Z. Points indicate the
mean values while bars reflects the a of the CM energy distribution.

Figure 7 : For each plot, points indicate experimental data (same as fig. 6), while histograms
present results of the SIMON simulation witth the following hypotheses : 7a, sequen-
tial de-excitation; 7b (resp. 7c), simultaneous de-excitation with 0 MeV/u (resp. 1.5
MeV/u) expansion energy of a compact sphere; 7d, simultaneous de-excitation with
1.5 MeV/u expansion energy of a spherical source with the heavier fragment in the
center.

Figure 8 : Comparison between experimental data (points) and simulation code (histogram) with
the assumption of a spherical source with the heavier fragment in the center and 1.5
MeV/u expansion energy.
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