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Abstract

The INDRA multidetector has been used to study multifragmentation processes
in central collisions for the Xe+Sn reaction at 50 A.MeV. A single isotropic source
formed at an excitation energy of 12 A.MeV exhausting most of the emitted charged
products has been isolated in such collisions. The fragment kinetic energy spectra
indicate a fast disintegration of the system with a radial collective motion of about
2 A.MeV. The light charged particle characteristics within this scenario are also
discussed.
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The predominant decay mode of highly excited nuclei is the disassembly into
several intermediate sized fragments [1]. The understanding of this multifrag-
mentation process has triggered a blooming of theoretical works which differ
in the degrees of freedom involved [1,2], but the physics which drives the
phenomenon is not yet well delineated. In this context, exploration of multi-
fragmentation in very central nucleus-nucleus collisions is fundamental since
compressed matter is expected to be created early on in the collision. Therefore
such investigations might reveal whether compression induces a specific pat-
tern for multifragmentation and help to disentangle true dynamical mechan-
isms from trivial phase-space effects [3]. Recent analyses of the kinetic energy
of fragments or light particles [4-9] [10-16] have suggested that a significant
part of the available energy is converted into collective motion of matter. In
this letter we present evidence for radial collective motion of the fragments
emitted during the multifragmentation of a single source formed in central
collisions of the quasi-symmetric Xe+Sn system at 50 A.MeV.

The experiment was performed using a 50 A.MeV ?°Xe beam with an intens-
ity of 5.107 pps delivered by the GANIL facility. This beam impinged on a
350 pug/cm? thick self-supporting "**Sn target. Charged products were detected
with the INDRA detector which covers the laboratory angles 2° < ©),, < 176°
and has a geometrical acceptance of 90% of 47. Charged particles were iden-
tified in atomic number with a resolution better than one unit up to Z ~ 60;
isotopic separation for Z < 4 was achieved up to about 200 A.MeV. Absolute
energy calibrations are estimated to be accurate to within 5%. Identification
thresholds evolve from 0.7 A.MeV to 1.7 A.MeV as the atomic number in-
creases from 1 to around 60. More details can be found in refs. [17-19]. Dur-
ing the experiment, events were recorded when at least four INDRA detector
elements were triggered. Some data were registered with a triggering level of
one. A comparison between the two sets of data indicates no influence of the
trigger on the class of events discussed here.

To ensure a better control of the origin of the reaction products, only almost
complete events are selected. This is done by imposing for each event two
criteria : (i) the sum of the detected charges exceeds 80% of the charge of the
combined system (charge conservation); (ii) the sum of the products of the
charge and the parallel-velocity of each particle exceeds 80% of the product of
the projectile charge and its velocity (pseudo linear momentum conservation).
Events satisfying such requirements represent about 6% of the reaction cross-
section and correspond to collisions producing the largest number of charged
reaction products.

* Experiment performed at Ganil
! present address : Texas A&M University, College Station, USA.
2 present address : AECL, Chalk River Laboratories, Chalk River, Canada.



As we want to address multifragmentation processes of nuclear systems formed
in very central collisions, an obvious but crucial prerequisite is to isolate a
data sample for which contributions from noncentral collisions are strongly
suppressed. Moreover, we know from previous studies [20,21] that the dom-
mant reaction process for symmetric and nearly symmetric systems around
the Fermi energy are binary dissipative collisions accompanied by a dynam-
1cal (mid-rapidity) emission of particles. To gain more insight on the topology
of the selected events we have performed an event by event shape analysis
based on the 3-dimensional kinetic energy tensor [22-24] calculated in the
center of mass (c.m) reference frame. In order to minimize possible secondary
emission and preequilibrium perturbation, only fragments with Z > 3 were
included in the calculation of the tensor. The kinetic energy event shape is
approximated by an ellipsoid, the orientation of which in space is given by
the three eigenvectors extracted from the diagonalization of the tensor. In the
present case, we have chosen as the centrality selector the value of the angle
Ot (defined between 0 and 90 degrees) between the beam axis and the eigen-
vector associated with the largest eigenvalue. For an isotropic emission from a
single source there is no privileged direction for the major axis of the ellipsoid,
thus the do/d(cosO¢) distribution is flat and independent of the multiplicity
involved. On the other hand, the deexcitation pattern from binary collisions
induces an elongated shape of the event with a finite value of Of, with the
major axis close to that of the beam direction for noncentral collisions.

The experimental do/d(cos©¢) distribution of the exclusive events is strongly
forward peaked and becomes roughly flat for ©; > 60°. For small Oy, the
overall properties of events are typical of those of a mechanism where the col-
liding system retains a strong memory of the entrance channel. In Fig. 1, we
present several clues which demonstrate that a selection of events for which
Of > 60° retains events from a unique source formed at small impact para-
meters. Fig. la shows the two-dimensional plot of the atomic number of each
fragment versus its velocity along the ellipsoid main axis. Since most of the
yield is located at the velocity of the c.m, a large part of the initial relative kin-
etic energy is transformed into other degrees of freedom. Furthermore, we have
checked the centrality of the selected events by means of the particle-particle
azimuthal correlations [25]. The correlation function for relative azimuthal
angles between two alpha particles emitted from Olab = 4.53° to O = 110°
(where the azimuthal angle acceptance of the INDRA moduli is constant)
is reported in Fig. 1b. The flatness of the correlation function is a strong
indication of small impact parameters. Furthermore, we have examined the
angular dependence of the emission of fragments and light charged particles
(Icp). The shape, as well as the intensity of the kinetic energy spectra, of the
detected fragments are independent of their angle, and so indicate that the
fragments are isotropically emitted. This is shown by the two oxygen energy
spectra presented in Fig. lc for a forward (c0sOum > 0.3) and a perpendic-
ular (-0.25 < 030, < 0.23) emission in the c.m. Similar conclusions are



obtained for the spectra measured in directions paralle] and perpendicular to
the main axis of the ellipsoid. For lcp, the do/d(cosO.m) distribution is fat
over the 60° < O, < 120° angular domain reflecting an isotropic emission
from a source moving at the ¢.m velocity. However, deviations from isotropy
are clearly observed for the lep emitted in forward and backward directions.
This is shown through a comparison of the kinetic energy spectra for alpha-
particles (Fig. 1d) measured at cosQOcm > 0.5 and —0.25 < c0sO., < 0.25.
This excess of particles at forward and backward angles corresponds to rem-
nants of the entrance channel dynamics. '

Since it is difficult to reject safely, on an event by event basis, the anisotropic
component, we have deduced the overall properties of the isotropic source by
taking into account all the fragments and twice the number of lcp emitted in
the range 60° < O, < 120° (Table 1). The measured isotropic component
exhausts 90% of the total detected charges. The size of the isotropic source
represents 79% of the charge of the combined system. Simulations have shown
that the missing charge is preferentially associated with the anisotropic com-
ponent. These features support the conclusion that events selected by means
of largest values of O; are strongly dominated by a mechanism where a single
source of fragments is formed in 50 A.MeV Xe+Sn central collisions. It is
remarkable that a substantial part of the 1sotropic source is observed as frag-
ments. With an average multiplicity of 7 fragments, the average size of the
largest three fragments is 15, 10 and 8. These features are strong indications
that the regime of multifragmentation has been reached. By means of the
calorimetry method [26] applied to all detected fragments and twice the lep
associated to the isotropic source, we have estimated that the stored excita-
tion energy is about 12 A.MeV. The measured cross-section is about 6§ mb for
cosO¢ < 0.5. This value should be multiplied by 2 to take into account flow
angles below 60°, yielding 12 mb. An estimate of the detector efficiency gives
a correction factor of about 2 to 3.

Table 1

Mean characteristics for the isotropic source and for the total detected species. The
light charged particle part of the isotropic source has been extrapolated.

Sum of charges for  Fragments H He Total
isotropic component 51 13 (6.5x2) 18 (9x2) 82
total 51 16 23 90

One important aspect is the nature of the excitation energy stored in the
system. We have addressed this question by means of the analysis of the kinetic
energy distributions of the charged products. In Fig. 2a we report, for collisions
with O¢ > 60°, the Z dependence of the mean values of the c.m kinetic energy
spectra < FE., >, of all the fragments with 3 < 7 < 23 (filled circles).
Beyond vanadium, the statistics are too poor to safely extract a mean value.



The mean kinetic energy increases steadily from about 60 NeV for lithium
up t0 a maximum value of about 110 MeV for aluminium and then stays
roughly constant. Integrating over the restricted domain 70° < @, < 110°
(open circles) does not affect this behaviour. Thus, the overall trend, visible
in Fig. 2a, stays remarkably stable regardless of the changes in the conditions
chosen for the analysis. To investigate to what extent the trend for < £, >
reflects the role of the largest fragment in each event we have built separate
spectra for them (Fig. 2b) and for other fragments (Fig. 2c). Whereas the
trend for the largest fragment does not depend on its own selection, the mean
kinetic energy < Ecr > increases with Z for the other fragments. It is worth
noting that for any given size, the mean kinetic energy is significantly smaller
when the fragment is the largest in the event. This is the frst time one sees
clearly the details of the kinetic properties of the fragments.

Seven fragments isotropically emitted from a 12 A.MeV source and the in-
crease of the mean kinetic energy as a function of the charges is certainly not
consistent with a statistical sequential emission scenario. Thus for a quantitat-
1ve interpretation of the experimental results we have performed calculations
with a phenomenoclogical model (SIMON) of fast disassembly [27]. In this
model, the initial source is sampled to give a fixed number (N) of primary
fragments (hereafter called prefragments) whose sizes are randomly chosen
with the constraint that they are greater than a given minimal value. These
prefragments are then distributed in space by imposing a spherical breaking
configuration as compact as possible with a 2 fm minimal distance between
their surfaces. This minimal distance leads to a mean density of about 1/3
normal nuclear matter density once a collection of initial configuration is con-
sidered. The initial momenta of the prefragments take into account, the Cou-
lomb and thermal motions and an eventual expansion effect is mimicked with
an initial selfsimilar velocity. The remaining amount of excitation energy is
dissipated through secondary deexcitation of the prefragments within a series
of sequential binary breakups [28]. The simulated events are filtered through
the experimental device and analyzed as data. The calculations, presented
here, correspond to a disintegration of an excited gold nucleus. The number
(N=6) and the minimal size (A=10) of the prefragments have been determined
to reasonably reproduce the experimental multiplicity and elemental distribu-
tions as well as the mean size of the largest three fragments.

In a first step of the analysis we compared the measured < Een > to the
prediction of the model without expansion effect. A calculation assuming a
12 A.MeV excitation energy as deduced from the experimental data is unable
to reproduce the features of the elemental distributions. To reproduce these
distributions, it is necessary to lower the excitation energy down to 10 A.MeV.
However this pure thermal scenario clearly fails to explain the kinematical ob.
servables. The calculated mean energies are systematically too low (Fig. 2a).
Furthermore, the shape of the £, spectra are not reproduced, as is shown



for Z = 8 in Fig. 2d. These disagreements illustrate the need for an additional
motion to be superimposed onto a thermal plus Coulomb scenario. Indeed
a clear improvement is observed when part of the total excitation energy is
stored in a collective radial mode (< E: >). The best agreement is obtained
when an average collective radial energy, < E: > = 2 A.MeV, is removed
out of the 12 A.MeV total excitation energy. The predictions are presented
in Fig. 2. For Z < 13 the < Ecr > and its Z dependence are remarkably re-
produced (Fig. 2a) as well as the shape of the energy distribution (Fig. 2d for
oxygen). However, the calculated < Ecr > continuously increases for Z > 13
In contradiction with the experimental saturation. As we know from the above
experimental event by event analysis that the largest fragment dominates the
mean energy profile for the highest Z, we have applied the unfolding procedure
to the simulated events (Fig. 2b and 2c). The calculation is now consistent
with the data regardless of the charge when the largest fragment in each event
is excluded (Fig. 2c). This result suggests a better sensitivity to the collective
motion when one concentrates on fragments excluding the largest one and the
simulation with < £, > =1 A.MeV (3 A.MeV) under- (over-) estimates the
experimental values by 25%. On the other hand, the average kinetic energy
of the largest fragments is overpredicted (Fig. 2b). This is presumably due
to a badly handled determination of the location of the largest fragment in
the simulated breaking configuration. Conversely, these details on the kinetic
properties of the fragments may provide valuable information on the distri-
bution of matter in the multifragmentating system. Finally, we have checked
that the value of < £, > remains valid against changes of the initial character-
istics of the source (size and excitation energy) giving reasonable agreement
for elemental and multiplicity experimental distributions.

The interpretation of the results relies on the fragment characteristics. There- -
fore, it could correspond to a snapshot of the disintegration process. Indeed,
a unique value of 2 A.MeV collective energy fails to reproduce correctly the
lep average kinetic energy (Fig. 3). The calculation predicts an increase of the
mean c.m energy with the mass of the lcp. On the contrary, the data (selected
over (0° < Q¢ < 110° ) present a roughly constant value for deuterons, tri-
tons and alpha-particles and a clear dependence on the isospin for A=3. Only
the c.m energy mean values of alpha-particles and tritons match with the cal-
culation. Since, in the calculation, the light particles are exclusively produced
by secondary emissions , the quoted discrepancies could reflect peculiar steps
of the whole disintegration process and the alpha-particles would be emitted
mainly in the final stage and the protons at the beginning. The difficulty of
unfolding the different emission steps out of the complex behaviour as shown
in Fig. 3 does not allow to conciliate the kinetic information from both lcp and
fragments. Due to this possibly complex disintegration a direct extraction of
an eventual compression energy is difficult and a comparison with published
results remains, at this time, problematic. Nevertheless, the very high kinetic
energy observed for *f/¢ in Fig. 3 (reported also in [12,13,30] and quoted as



the "*He puzzle") could probe the very first instant of the disassembly and
inform us of the density reached in the formed system.

In conclusion, we have isolated for very central 50 A.MeV Xe+Sn collisions,
a source which disintegrates isotropically (12 mb). This source corresponds
to roughly the whole system. A small number of light particles do not par-
ticipate in the source formation and correspond to a forward/backward an-
1sotropic process. The disintegration pattern of the 12 A MeV excited source
corresponds definitively to a multifragmentation process where half of the total
charge remains as fragments (Z > 3). By means of a phenomenological model,
we found evidence for an additional collective motion in order to explain the
kinematical observables for the fragments. A good sensitivity for the value of
this mean collective energy is obtained once the largest fragment in each event
is excluded. This mean collective energy corresponds to 17% of the total avail-
able kinetic energy. Moreover, it turns out that the measured kinetic energy
of the heaviest fragment imposes strong constraints on the geometry involved
in the multifragmentation process. Whether or not the measured collective
energy is directly connected to compression effects or partly due to a thermal
radial flow [5,29] needs further investigation. A quantitative analysis of all
features of the observed multifragmenting source, especially the light charged

particles, has to be done to study the possible role of the expansion in the
decay properties.

We are grateful to M. Mac Cormick for her careful reading of the manuscript.
The work of R.L. has been supported by NSERC-Canada,
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Fig. 1. Characteristics of very central events (©¢ > 60°).

a) Charge of each fragment versus its velocity along the ellipsoid mean axis.
The z-scale is logarithmic. b) Azimuthal correlation between alpha-particles emit-
ted in the angular range Oy = 4.5° to O, = 110°. ¢) Oxygen c.m energy
spectra for cos®., > 0.5 (histogram) and for —0.25 < c0sOcm < 0.25 (open

circles). d) Alpha-particle c.m energy spectra for cos@.,, > 0.5 (histogram) and
for —0.25 < co0s®_,, < 0.25 (open circles).

Fig. 2. Kinetic energy characteristics of the fragments for very central events
(®¢ > 60°) in the c.m. The experimental data are shown by circles (open and
filled, see text). The result of a phenomenological multifragmentation model with
(grey area for 2a,b,c) and without (white area for 2a) collective radial motion are
presented. The thickness of the areas represents the error on the mean value. a)
Average kinetic energies of the fragments as a function of their Z. b) Average kin-
etic energy of the largest fragment in each event. c) Average kinetic energy of the
fragments but the largest. d) Oxygen c.m energy spectrum. The calculated oxygen

spectra with (grey) and without (line) collective radial motion have been normalized
to the data.

Fig. 3. Average c.m kinetic energy of the light charged particles (black points) for
a perpendicular emission ( 70° < ©.,, < 110° ). The result of the calculation which
reproduces the associated fragment characteristics (< E: >=2 A.MeV) is shown
(grey points).
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