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The experimental observation of the abundant fragment production obtained
in violent heavy ion collisions has generated many theoretical efforts for under-
standing the mechanisms responsible for such an explosion of the nuclear systems.
It has been proposed that, because of the initial collisional shock, a large part
of the nuclear matter phase diagram may be explored and new states can be ac-
cessed, hence making it possible to enter the unstable region of the phase diagram
[1, 2, 3]. In such a context, fragment formation may take place through a rapid
amplification of dynamical instabilities in the spinodal region. In order to deal
with the dynamics of these large density fluctuations, stochastic semi-classical ap-
proaches of the Boltzmann — Langevin type, have been developed and applied
to investigate the spinodal decomposition of nuclear systems [4, 5). As far as the
early development of instabilities is concerned, useful information can be gained,
more easily, in the linear response framework of such approaches [6, 7]. Also, the
response of the system to small initial perturbations can be studied within the
Landau theory of Fermi liquid [8, 9]. It turns out that, clue to the finite range
of the nucleon-nucleon attraction, the small amplitude density inhomogeneities
need to have a relative large spatial extension (f» 5 — 7 fm) in order to grow [2, 6].
The fact that the corresponding most unstable wave numbers (k « 0.8 — 1 fm)
are of the same order of magnitude as the Fermi momentum of the dilute systems
suggests that quantal effects may have an important influence on the spinodal
decomposition process, and should be included into the treatment for a quanti- / /

tative description of the growth of instabilities. In a quantal RPA framework, '•* af( e

it has been shown in [10] that in unstable nuclear matter, the most important/
modes shift towards longer wave lengths (A f« 10 fm) due to quatftffit"effects:""^

In the calculations, we use ft- Skyrme-like parametrizationrfor the effective
mean-field potential and we-havyg&ke^ the instabilities of a dilute nucleusjin-
earizing the timellependent Hartree-Fock equations in the co-moving frame.

~Tn order to solve the dispersion relation first we need to determine the single-
particle representation of the constraint Hartree-Fock problem (CHF). We have
also followed a more schematic approach and solve the dispersion relation by
employing the harmonic oscillator wave functions and the wave functions of a
Wood-Saxon-like potential, instead of the CIIF wave functions. In order to obtain
accurate solutions of the dispersion relation, a sufficiently large number of orbitals
should be incorporated into the calculations. Here, we present calculations carried
out for sources containing A = 40 and A = 140 nucleons by including 100 and
120 orbitals, respectively.
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Figure 1: Minimum values of u2/\to\ for different multipole modes for A — 40
(left part) and A = 140 (right part) as a function of the root-mean-square-radius
ivith the Coulomb force (dashed lines) and without the Coulomb force (solid lines)
at zero temperature, calculated in the harmonic oscillator representation.

In figure 1, minimum values of the quantity w2/|w| for modes with multipo-
larity L = 0,2,3 are plotted for two source containing A — 40 and 140 nucleons
as a function of the root-mean-square-radius < ?"2 >1 '2 of the system at zero tem-
perature. These results are obtained by solving the dispersion relation employing
the harmonic oscillator representation.

When the minimum value of the quantity OJ2 j\u>\ is negative, the corresponding
mode becomes unstable. In this manner the CI1F calculations provide a good
basis for understanding transition between the stable and the unstable regions
. As seen from figure 1, for increasing root-mean-square-radius the collective
modes become softer and around < r2 >1 /2« 3.8 fm the octupole mode becomes
unstable.

As seen from the figure, the Coulomb force has a minor effect in the light
system, and in the case of the heavier system, the degree of the instability is
slightly decreased by the Coulomb force. Here, the fluctuating part of the mean-
field due to the Coulomb force is calculated according to [13].

Figure 2 shows the radial wave numbers associated with the quadrupole and
octupole modes as a function of the root-mean-square-radius of the density distri-
bution. These wave numbers correspond to the lowest mode in the stable region
and the most unstable mode in the unstable region. In the figure, the crossover
from stable to unstable regions is indicated by vertical lines. In the case of the
quadrupole mode, the crossover occur at < r2 >1/r2f« 4.2 fm, whereas the oc-
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Figure 2: The radial wave numbevs associated with the nnadrupole mode (top
panel) and the oct7ipole mode (bottom panel) as a function of the root-mean-
square-radius at zero temperature. The vertical lines indicate the crossover from
stable to unstable regions.

tupole mode becomes unstable already at < r2 >ll2m 3.7 fm. In both cases,
modes exhibit a rather rapid transition from surface character with small values
of k to volume character with large values of k at around < r2 >1/ '2« 4.0 — 4.5 fm.
It is also seen that the transitions from stable to unstable regions and from surface
to volume character occur at different stages.

In figure 3, the maximum value of the frequency \OJI\ obtained in the calcula-
tions using the harmonic oscillator representation is plotted as a function of L at
temperatures T = 0,3,5 MeV. These calculations correspond to a source with
the root-mean-square radius taken as 4.54/m for the small system and 6.21 fm for
the large system. It is seen that the instability in both systems decreases for in-
creasing temperature of the source as expected, and the octupole mode appears,
once again, as the most robust one. Also, in the large system, the dispersion
relation has a cut at a lower multipolarity for increasing temperature.

Due to the quantal and surface effects, the multipoles with L larger than 3
for A=40 and larger than 5 for A=140 are strongly suppressed. The maximum
value of the frequencies |u;k(A:)| is nearly equal for all the unstable multipoles
indicating that these modes can be excited, apart from the statistical weight
2L -f 1, with nearly equal probability [14]. These results are in agreement with
recent calculations based on a fluid dynamic approach to spinodal instabilities
[15]. It is interesting to note that the maximum of the growth rate for a typical
multipole mode in a finite source is comparable to the one obtained in nuclear
matter. In fact, we perform a calculation in a periodic box by solving eq.(12)
and determine the growth rates of the unstable modes as a function of the wave
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Figure 3: The maximum value of the frequency \U>L\ obtained in the harmonic
oscillator representation as a function of the multipolarity L for A = 40 (left
part) and for A — 140 (right part) at temperatures T = 0,3,5 MeV.

number. We find that the maximum growth rate at a given density is close to
the growth rate of a typical mode in a finite system at the same central density.

In order to investigate the early development of instabilities in a dilute nu-
clear source, we carry out finite temperature quantal RPA calculations for systems
with A = 40 and A — 140 nucleons. A parametrization of the transition density
in terms of its multipole moments leads to a simple dispersion relation for the
growth rates of. the unstable collective modes . We determine the growth rates
as a function of the radial wave number from the dispersion relation employing
a suitable single-particle representation. Under typical conditions, when the di-
lute system with A — 140 nucleons has an average density p = 0.05/m~3 and a
temperature range T = 3 — 5MeV the collective modes up to L = 5 — 6 become
unstable. Furthermore, as the source expands to lower densities, the unstable
modes exhibits a transition from surface to volume character. The maximum
growth rates of these unstable modes are nearly the same around 30 fm/c, in-
dicating that the system may develop into different fragmentation channels with
nearly equal probability. The results presented here are consistent with recent
calculations of spinodal instabilities in finite nuclear systems based on a fluid
dynamic approach.
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