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Multifragmentation is observed with an improved Boltzmann-Uehling-Uhlenbeck model for
10Ar4+3'V and °2Mo+ °2Mo collisions. For 2C induced reactions, however, a single residue is
observed up to energy E/A =200 MeV. By investigating the dependence on the masses of the pro-
jectile and target and on the equation of state, we demonstrate that the dynamics of compression
and expansion, rather than the thermal excitation energy, plays the dominant role in causing the

observed multifragmentation.
PACS number(s): 25.70.Pq, 21.65.+f

Experimental investigations on the decay of hot nuclei
have reported striking observations. For Ar induced reac-
tions, cross sections for evaporation and fission residues
appear to vanish at energies in excess of E/A =~ 35-40
MeV (1, 2]. In contrast, for carbon induced reactions,
fission has been observed up to energies as high as E/A
= 84 MeV [3]. More recently, multifragment emission
is observed for Ar, Ca, and Xe [4-7] induced reactions
and the average number of intermediate-mass fragments
is larger for Xe than that for Ar or Ca induced reactions.

At present, the underlying mechanism for multifrag-
ment emission is still not clear and scenarios based on sta-
tistical decay, both sequential [8,9] and simultaneous [10,
11], as well as dynamical instabilities [12-25], have been
modeled. For example, based on systematics of incom-
plete fusion, Auger et al. argued that the observed mass
dependence of decay channels could be interpreted as
a manifestation of the maximum excitation energy that
hot nuclei could sustain [2]. In contrast, based on time-
dependent Thomas Fermi and percolation models [14], as
well as molecular dynamics and restructured aggregation
models [22], Nemeth et al. showed that the compres-
sion energy was more efficient than the thermal energy
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with the lattice Hamiltonian method of Lenk and Pand-
haripande [30]. In Eq. (1), %%as and v;p are the in-
medium cross section and relative velocity for the col-
liding nucleons, and U is the total mean-field potential
consisting of the Coulomb potential and a nuclear po-
tential with isoscalar and symmetry terms [26-28] In our
calculations, we use two parameter sets [29] for the EOS
which correspond to values of nuclear compressibility at
K =200 MeV (soft EOS) and K=375 MeV (stiff EOS), re-
spectively. For simplicity, onn = [ ‘%ﬁﬂdﬂ is chosen to
be isotropic and energy independent [29]. The mean-field
and the Pauli-blocking factors in the collision integral are
averaged over an ensemble of 80 parallel simulations.
Typical examples of our calculations are shown in Figs.
1 and 2 for 92Mo+92Mo, 12C+51V, and #°Ar+51V colli-
sions. For ®2Mo+°2Mo collisions at E/A=75 MeV, b = 0
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in causing the nuclei to disintegrate. Similar results were
also obtained from the time-dependent Hartree-Fock [15]
and Landau-Vlasov [16-19)] calculations. Recently, based
on the Landau-Vlasov model, Garcias et al. [24] were
able to explore the parameter space of energy and angular
momentum, and they observed all the decay channels in-
cluding evaporation, fission, and multifragmentation. In
these previous calculations, however, the entrance chan-
nel leading to the formation of the hot nuclei has not
been followed.

To study the mass dependence of multifragment dis-
integration and the dependence on equation of state
(EOS), we have performed improved Boltzmann-Uehling-
Uhlenbeck (BUU) calculations [26-28]. We find that the
decay channel of a hot nucleus depends strongly on the
mass asymmetry of the projectile and target. We show
that this dependence is mainly caused by the dynamics of
compression and expansion, rather than the thermal in-
stability. The predicted decay channel is also sensitive to

the EOS at the later expansion stages. Systems governed
by softer EOS are more likely to break up.

We simulate the Boltzmann-Uehling-Uhlenbeck equa-
tion [29]
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(Fig. 1), and calculated with the soft EOS, a compressed
state is formed at ¢t ~ 30 fm/c. This compressed state
expands nearly isotropically and develops quickly into
what appears to be a genuine multifragmentation, with
fragments of similar sizes distributed on the surface of
an expanding hollow sphere. To see the dependences on
the equation of state, we show in Fig. 2 the top view of
40 Ar+51V collisions (left-hand panels) at E/A=75 MeV,
b =0, t = 240 fm/c, for both the soft EOS (central two
panels, with different initializations) and the stiff EOS
(bottom panel). For the soft EOS at this energy one
always observes 3 or 4 fragments. For the stiff EOS,
however, one sees a well-defined single residue in the fi-
nal state. The right-hand panels of Fig. 2 show the
top view of head-on collisions for an even lighter system,
12C451V, calculated with the soft EOS, but at higher
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energies, E/A =75 (second panel from top), 150 (third),
and 200 (bottom) MeV. For this system, one always see a
well-defined residue up to the highest energy calculated.
The dependence on the EOS and on the masses of the
colliding systems immediately suggests that it is the dif-
ferent dynamics of compression and decompression (or
expansion), rather than the thermal excitation or rota-
tion, that causes the multifragmentation. Since 2C+51V
collisions at E/A =~ 120 MeV have approximately the
same available excitation energy per nucleon as that for
40Ar 151V collisions at E/A ~75 MeV, the fact that the
systems for C induced reactions do not multifragment
at much higher energies suggests that the dynamics of
compression and expansion must have played a role.

To see this more clearly, we show in Fig. 3 the
evolution of the average density, defined as (p) =
[p P2 d3r/(fp pd®r) [19], as a function of time. Here D
indicates regions of p > 7%po. The top panel shows
the comparisons at a given incident energy, E/A =75
MeV. For 2C+5'V collisions (dotted lines), the sys-
tem exhibits a behavior similar to a damped monopole
oscillation [18], with negligible maximum compression,
(P)max < 1.1(pg), at t =~ 25 fm/c and modest maximum
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FIG. 1. BUU calculations with the soft EOS for

92Mo+°?Mo collisions at E/A=75 MeV, b = 0. From top
to bottom are time steps of 0, 60, 120, 240 fm/c, respectively.
The top and front views are shown in the left and right panels,
respectively.
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expansion, {(p)min =~ 0.5(po), at t = 60 fm/c. In contrast,
for “0Ar+51V collisions calculated with the soft EOS
(dashed lines), where multifragmentation is observed, the
system is first compressed t0 (0)max =~ 1.25(po) at t =~ 25
fm/c. It then expands substantially to very low densi-
ties, (0)min < 0.15(po), at t =~ 100 fm/c. Afterwards, the
density increases gradually, reflecting the condensation
from a dilute system into several individual fragments.
Hence the onset of multifragmentation could be viewed
as a result of the gradual disappearance of damped oscil-
lations when compression and expansion are increased.
Indeed, if the system is stressed to beyond its limits to
restore to a single system, it will break up into several
fragments. This is clearly illustrated in the central panel
of Fig. 3, where we display calculations for the same sys-
tem, 4°Ar+51V, but at different energies E/A= 35 (dot-
ted lines), 55 (solid lines), and 75 (dashed lines) MeV, re-
spectively. As the energy is increased, compression, and,
particularly, expansion become larger. As a result, the
oscillation mechanism shown at low energies disappears
when the system expands to (p)min < 0.15(pg) at ener-
gies E/A=75 MeV. This result is further supported by
calculations for 2C+51V collisions shown in the bottom
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FIG. 2. The top view of BUU calculations for “°Ar+5V
(left panels) and 2C+%'V (right panels) collisions. Details
are discussed in the text.
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panel of Fig. 3, where oscillations persist up to energy
E/A = 200 MeV for which no fragmentation is observed.
It is tempting to ask whether there is a critical com-
pression or expansion for which multifragmentation chan-
nel opens up. To answer this question, we show in the
top panel of Fig. 3 calculations for “°Ar+ 51V collisions
with the stiff EOS (solid lines), where single residues are
formed at E/A=75 MeV. Although the final states are
completely different (see Fig. 2), similar maximum den-
sities are reached for both the stiff and the soft EOS’s.
The difference, however, becomes noticeable during the
later expansion stages which lead to completely different
final configurations. Thus it is mainly the property of
EOS at the later expansion stages that determines the
final multifragmentation. Stiffer EOS has a larger sur-
face tension and therefore its tendency for a system to
break up becomes less [26]. Although it appears too early
to determine a critical compression, it may nevertheless
be possible to determine a critical maximum expansion
since the major dynamical process is already over when
the system reaches the maximum expansion. For such
purpose, we have performed extensive calculations with
the soft EOS for 4°Ar + 51V collisions at different ener-
gies. We find that the critical minimum density for the
system to break up appears to be very low, p = 0.15p¢.
Further calculations indicated similar values for 12C451V
and 9?Mo+?2Mo systems. It is interesting to note here
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FIG. 3. The average density as a function of time. For
each set of parameters, four trajectories corresponding to dif-
ferent initializations are displayed. For details, see the text.
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that this critical value is consistent with the standard
value of -(1; po used to reproduce multifragmentation data
[6] using the statistical fragmentation model [11].

To assess the role of thermal excitation, we have de-
composed the transverse excitation energy approximately
into three components: energy associated with compres-
sion or expansion, EZ,, [31], collective energy, EZ [32],
and thermal energy, E; ., respectively, using a technique
similar to that outlined in Ref. [18], but considering only
the transverse components [33]. In this decomposition,
E¢yp represents the energy change when the density dis-
tribution of the system is changed away from that of a
ground state nucleus (e.g., the creation of surfaces due to
fragmentation). As shown in Fig. 4, both the collective
energies, E7 ), /Ares (central panel), and the thermal ener-
gies, E}; . /Ares (bottom panel), reach maximum values at
t ~40-50 fm/c. As a result, the systems expand and the
energies stored in density, Ep /Ares (top panel), reach
maximum values at slightly later times. Clearly, the max-
imum energies per nucleon associated with collective ex-
pansion, both EZ, , /Ares and E? .} /Ares, are much larger
for the 4°Ar+51V system than that for the 12C+5!V sys-
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FIG. 4. The decomposition of transverse excitation en-
ergy into energies associated with expansion (top panel), col-
lective (center), and thermal (bottom) energies for 4°Ar4-3'V
collisions with both the stiff (solid lines) and the soft (dashed
lines) EOS’s and for 2C+5'V collisions with the soft EOS
(dotted lines). For details, see the text.
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tem, independent of equations of state. In contrast, simi-
lar maximum thermal excitation energies per nucleon are
reached for both !2C and “°Ar induced reactions at t ~
40-50 fm/c. This suggests that the dynamical and collec-
tive expansion, rather than the thermal excitation, plays
the dominant role for multifragmentation processes. In
fact, the oscillating nature of reactions is also reflected in
the thermal excitation energy (bottom panel), for which
systems that suffer larger compression and expansion re-
store back at later times.

In conclusion, with an improved BUU model, we have
studied effects of mass asymmetry in nuclear multifrag-
mentation processes. By following the entrance channel
which leads to the formation of a hot nucleus, we find that
the decay pattern of a hot nucleus depends strongly on
the mass asymmetry of the projectile and target. For C
induced reactions, we find that the evaporation residue is
the dominant reaction channel and this channel persists
up to energies as high as £/A =~ 200 MeV. In contrast,
for Ar or Mo induced reactions, multifragmentation in-
deed occurs at modest energies. We demonstrate that
this dependence on the mass asymmetry is caused by the
dynamics of collective compression and expansion, rather
than the thermal instability. This result of compression
and expansion, which is particularly important for heav-
ier systems, is consistent with earlier studies [14-16,22]
of the decay of hot nuclei where the entrance channel
leading to their formation was not followed. It is also
consistent with recent observations that statistical mod-
els that include expansion [5-8] or assume occurrence of
multifragmentation at low densities [6,11] provide bet-
ter agreement with experimental data, and thus provides
additional support for such treatments. The predicted
decay patterns are sensitive to the EOS during the later
expansion stages. Systems governed by the soft EOS
tend to break up more easily than those governed by the
stiff EOS. Based on our calculations, we propose that, in
addition to multifragmentation studies, measurements of
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evaporation residues in light nuclei (e.g., 12C,14N, etc.)
induced reactions at high incident energies would provide
an additional tool to pin down the roles of compression
and thermal energies.

Obviously our results are based on a BUU model
(mean-field + two-body collisions) and could suffer from
its effective truncation by ignoring higher-order many-
body dynamics, particularly when real fragmentation
sets in due to large many-body correlations and fluctua-
tions. Because of the lack of such correlations and fluc-
tuations, the fragments formed in the BUU calculations
after the onset of multifragmentation (onset =~ 120 fm/c)
may not be viewed literally as realistic fragments. How-
ever, like other effective equations of motion for reduced
observables, if conditions are met, the model can signal
the instabilities, even if small perturbations [34] are pro-
vided. Because BUU has been proved to provide good
descriptions for average properties in the entrance chan-
nel before the system runs into instabilities, we thus be-
lieve our results of the dependence on the average proper-
ties, i.e., density, mass asymmetry and equation of state,
which lead to the onset of multifragmentation, carry re-
liable information for such processes. Further efforts to
include explicit correlations and fluctuations into BUU
type models may provide more stringent test on the rel-
ative importance of thermal and dynamical instabilities.
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