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ABSTRACT

Nuclear fragmentation processes are simulated in the nucleation—-evaporation
picture, with charge and energy conservations. The impact parameter and exci-
tation energy per particle are parametrized as a linear function of the effective
interaction radius Rine. The calculated IMF multiplicity and the charge distri-
butions as well as the energy spectra are compared with recent 4w experimental
results.
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1. INTRODUCTION

Recently, nucleation model was used by several authors to simulate the
breakup of a hot nuclear system into many pieces [1,2,3]. In particular, it was
shown that the fragment mass and charge distributions of nuclear fragmentation
can be reasonably reproduced, if the “critical” value of the effective interaction
radius Rjn; is adopted within the scheme of the nucleation model [3].

However, it should be noted that the energy spectra are left out in all the
previous nucleation work. The main reason is that the nucleation model, just
like the percolation models [4,5,6], treats the (dis)assembly of nucleons as a cold
process, without any mention to excitation energy and, in consequence, it can
not be expected to cover the two—dimensional phase diagram of the fragment-
ing nuclear system. Of course, a realistic description of nuclear fragmentation
processes requires the introduction of a new ingredient, namely, the temperature
of the system, which, for this purpose, is assumed in thermodynamical equilib-
rium for simplicity. This assumption is indeed consistent with recent experiments
performed by Louvel et al. [7].

In the other hand, nucleation can produce quite exotic configurations, such
as filamented or hole-endowed or very ramified structures. Once again, this is
the same case than in percolation models. Naturally, all of these clusters can not
be identified with final state nuclear fragments, but only with excited primordial
ones. As a matter of fact, this idea is supported by position-sensitive hodoscope
measurements {8]. So, it is mandatory to include evaporation or other secondary
decays, if comparison with experimental data is to be done.

In this paper, we present a simple model which incorporates explicitly the
evaporation process in the nucleation description of the nuclear fragmentation.
Doing that, we expect to be able to describe more realistically some recent 47
experimental results, namely, the fragment kinetic energy spectra, the charge and
IMF multiplicity distributions. '

First of all, the temperature is introduced indirectly by a simple ansatz, re-
lating the effective interaction radius R;n¢ and the excitation energy per particle
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¢* which, with the help of the thermal droplet model [9], can be expressed as
function of the temperature T. It should be noted that the present work takes
into account the isospin degrees of freedom and, in every event, the computation
obeys charge and energy conservations. Furthermore, a simple parametrization
of the impact parameter as function of Rint is also included. We consider only the
main evaporation channels, namely, the evaporation of neutron, proton and light
composites like deuteron, triton, 3He and alpha particles [10]. The relative prob-
abilities are calculated by using the Weisskopf statistical theory of evaporation
[11].

The scheme of this paper is the following: in section 2, we outline the main
points of the nucleation-evaporation model and the Coulomb expansion following
the breakup. In section 3, we discuss both the dependence of the effective inter-
action radius upon the impact parameter and the ansatz, relating Rin¢ and the
excitation energy €*. In section 4, for completeness, we address the evaporation
rates. At last, results and discussion are given in section 3.

2. NUCLEATION AND COULOMB EXPANSION

The main idea of nucleation is that each constituent of the nuclear system
can be involved by an effective interaction sphere of radius Ring, and that each
nucleon will interact with another only when the interdistance is less or equal to
2Rin:. In this case, one nucleon is trapped by another and then the nucleons are
said connected.

The multifragment formation is simulated by a conventional Monte Carlo
method, where the position r; of every nucleon of the nuclear compound system
is randomly chosen inside a sphere of radius R, corresponding to the volume
of the expanding system right before it breaks-up into many pieces. Nucleon
interdistances less than the hard-core radius R, = 0.4fm are prohibited. Nuclear
surface effects are taken into account, by randomly selecting the magnitude of
each r; according to a trapezoidal distribution for the nuclear density. Then, a
simple algorithm is used to classify the clusters, which are defined in a standard
way as a subset of connected nucleons such that there is a continuous path linking
every nucleon of the cluster but there is no path connecting nucleons located in
different clusters. As mentioned in the Introduction, this definition does not
prevent the appearance of quite exotic clusters, or still worse, of completely
pathological structures, with a disconnected topology like two interlaced rings.

The actual simulation of the breakup of a system formed by A, nucleons,
with Z, protons and N, = 4, — Z, neutrons, assumes the initial system, due to
the compression heating, to expand from the initial radius R, to the final value
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R, such that R = aR,, where « is the expansion factor. It is very reasonable to
consider a to lie between 1.44 and 2.00, which corresponds to a final density be-
tween 1/3 and 1/8 of the normal nuclear density pg = 0.153 fm 2. This scenario
seems to be most suitable to central nucleus-nucleus collisions at intermediate
beam energies (E/nucleon 2 30MeV). In fact, it is expected that, in this case,
thermal pressure may arise and lead hot nuclear systems to expand until density
fluctuations grow exponentially, provoking ultimately the total desintegration of
the nuclear system.

With relation to the cluster charges, we assume in a very naive manner the
N,/Z, ratio to be almost invariant under the clusterization process. Especifically,
for each cluster with A nucleons, we select randomly Z protons, such that the
N/Z ratio be approximately equal to N,/Z,. For very light clusters, however, we
impose N/Z =1 for A =2 and 4, and equal 2 for A = 3. For isolated nucleons,
the charge is simply attributed by chance. However, a strict charge conservation
for every partition {Nz 4} is assured, i.e.,

ZZ’ANz,AZ = Z,. (1)

Right after the break-up of the hot nuclear system, the Coulomb forces begin
to dominate and lead the excited clusters to repeal each other.

During the Coulomb expansion the fragments may undergo one or more
particle evaporation processes before the dynamical asymptotic state is attained.
However, for simplicity, we assume that the Coulomb expansion timescale is
much smaller than the evaporation timescale. This allows us to treat the latter
processes only after the whole Coulomb expansion is completed.

We assume the following initial conditions for the Coulomb expansion: The
position r; of the cluster i is taken as the center-of-mass of all the nucleons
belonging to the cluster. The momenta p; are randomly chosen, according to a
Maxwell-Boltzmann distribution, at the temperature of the partition. For the
sake of simplicity, we have assumed afterwards that each cluster has a spherical
shape with the center coinciding with the center of the cluster, and the radius
given by the usual relationship R = ro A%, with ro = 1.16fm. Furthermore, the
cluster masses are given by the semi-empirical nuclear mass formula, so that the
binding energy effects are taken into account, at least roughly.

The equations of motion are integrated numerically and it proceeds until
the kinetic energy of each fragment ceases to show significant changes. At this
point, the excited fragments are allowed to evaporate particles (Section 4). The
final momenta of all the fragments are Lorentz transformed by the velocity of the
center-of-mass of the projectile and target nuclei.
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After each sampling, the fragments are stored and the procedure is repeated
untill the statistics is considered satisfactory.

III. IMPACT PARAMETER AND TEMPERATURE

One possible way to introduce the impact parameter b dependence in the
nucleation simulation is allowing the effective interaction radius R;,: to depend
upon b. However, this dependence can not be deduced, but has to be assumed.
In this work, we adopt the simplest one, namely, a linear parametrization:

b
Rint(b) = Rc + ‘f(l + E)! (2)

where R, is the hard-core radius and £ is found, averaging R;n¢(b) over a number
of randomly chosen values of b, such that the final result reproduces the “criti-
cal” effective interaction radius R{Y,, with RS, being obtained in cold and b= 0
calculations [3]. Eq.(2) is somewhat arbitrary, but it is restricted to reproduce
qualitatively general features in the limiting cases, namely, for central collisions
(b — 0) where the compression-expansion effect is larger, the fragment multiplic-
ity is also larger and this means that Rin¢ has to be smaller than in the case of
peripheral collisions (6 — Rp). In addition, as the peripheral eollisions are more
probable than central ones, the impact parameter values are chosen according to
a triangular distribution.

In the other hand, to introduce temperature, we allow the excitation energy
per particle ¢* to depend upon Ri:. This relationship is very hard to work out
from fundamental processes. However, a naive parametrization can be guessed
by using very general considerations. As a matter of fact, in the limit Rin¢ — R,
all the constituents of the system are isolated and it is reasonable to associate
this configuration to a parent one with highest excitation energy. In the opposite
case, for Rint — R, only one cluster is formed and this corresponds to a lowest
excitation energy parent configuration. Between these two limits, once again, a
linear parametrization is assumed for simplicity, i.e.,

€* = (R — Rint)/(R — R.), ' (3)

where ¢} is the value of ¢* for Rine = R., a situation which corresponds, as
mentioned above, to completely dissolved nucleons. In this case, it is natural
to assume ¢} to have the same value of the nuclear binding energy per particle
(8MeV). Then, the thermal droplet model will provide the desired relationship
between R;n; and T'.
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In this point, the energy conservation requires every partition {Nza} to
satisfy:

Euwui=E{™" + Ao =) NzaEza, 4
ZA '

where ES™*"* stands for the groundstate energy of the fragmenting system and
Ez 4, the total energy of the fragment (Z, A). However, we follow Ref.[9] which
projects out the Coulomb contribution due to a homogeneously charged sphere
of charge Zpe and volume V = %wR“, ie.,

=) NzaEz, )
y _
In this case, the internal fragment energy is given by:

(A-2Z)
T4

4

T? dg
Eza=(Wo+ )4+ (8T 5) 4" +

(6)
3 Z3¢2
5 Rza

1 3
1- -a-) + 3 T
where 8 = fo {(T? — T*)/(T? + T}/

The coefficients Wy = ~16MeV, By = 18MeV and v = 25MeV are the
usual droplet model parameters; ¢¢ = 16MeV, the level-density parameter at
normal nuclear matter density; T. = 16MeV, the critical temperature and Rz 4,
the fragment radius. The last term in the righthand side of Eq.(6) accounts for
the kinetic energy of the fragment. See Ref.[9] for more details.

IV. EVAPORATION RATES

The de-excitation of the hot clusters can be treated by using the Weisskopf’s
statistical theory of the evaporation [11], if the clusters, right after the break-
up, are assumed in thermodynamical equilibrium. In the following, we outline
the procedure used in Ref.[10]. First, as usual, the probability per time unit
for emission from a nucleus A of a particle j with kinetic energy between £ and

E + dE can be calculated by
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P;(E)E = v;0Eexp(Sy — Si) dE (M

where: v; = g;m;/7*h®, and 0 = oo (1 — V;/E)8(E — V;), with oo denoting
the cross section for the inverse reaction; é the step function; Sy, the entropy
of the final (initial) nucleus; V; the Coulomb barrier corrected for the nuclear
temperature; and g; and m; the number of spin states and the mass of the
particle j, respectively.

However, since the time evolution of the evaporation probabilities is not
relevant, the relative probabilities have been used, i.¢.,

Pi _7riEia e
P~ mEra ezp|2{ /a;E} — /a1 E} (8)

where the a;’s are defined by the statistical model level density formula, :.e.,
p; x ezp[2(a_,-E;)1/ %] and E} is the excitation energy of the nucleus after evap-
orating a particle j. The coeficientes a;’s have been parametrized according to
the procedure proposed by LeCouter [12].

After each evaporation process, it is assumed that the residual nucleus
reaches the equilibrium immediately. The evaporation procedure is repeated,
until the excitation energy of the residual nucleus decreases below the threshold
for particle evaporation.

V. RESULTS AND DISCUSSION

In what follows, we consider the nuclear system formed by the projectile
and target nuclei. Two specific reactions are focused here, namely, 3¢ Ar 4 1°7 Ay
(110 MeV/nucleon) and 2 Xe + 197 Au (50 MeV/nucleon of bombarding en-
ergy). These reactions have been analysed by the MSU 47 Miniball detector, and
we have in mind three types of outcome: charge distribution, IMF (3 £ Z < 20)
multiplicity and kinetic energy spectrum for fixed angle and charge.

In our simulation (4000 runs in the case of Ar + Au and 6000 runs in Xe +
Au system), we have neglected the incomplete geometrical coverage and finite
detection thresholds of the experimental apparatus. These effects are expected
not to change our results qualitatively.

First of all, we assume the expansion factor a = 1.71, or what is the same,
p = po/5. This value seems to be consistent with several statistical and hydro-
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interest here, have been ckecked and the results show that the qualitative features
are essentially the same.

The “critical” effective interaction radius, in this case, is calculated to be
R{z, = 1.3fm for both systems [3]. Central collisions events were selected by the
same criterion adopted in Fox et al. [13], namely b/bmas < 0.2 (Ar + Au), and
in Bowman et al. [14], namely b/bp.. < 0.3 (Xe+ Au), with bp,.. taken as the

sum of the target and projectile nucleus radii.

In Fig.1, we display the calculated charge distributions (squares) and the
experimental data (triangles) for central events in the case of Ar + Au (top
panel) and Xe + Au (bottom panel) reactions with data taken from Phair et al.
[15]. For Ar + Au system, the agreement is very nice, which is observed in almost
the whole range of Z, but for Xe + Au, the model calculation overpredicts the
Z =1 fragment population. However, the qualitative behaviour of the data is
reproduced.

In Fig.2, the calculated energy spectra for boron (Ar + Au) and carbon
isotopes (Xe + Au) are displayed for 81,5 = 19.5°, 27° and 35.5° (squares) and
are compared with the experimental data from Fox et al. [13] and Bowman et
al. [14] (balls), respectively, for central events. The Maxwellian behaviour of the
experimental distributions seems to be very well reproduced in the case of Ar +Au
reaction. For X e+ Au, however, the present simulation underestimates the energy
spectrum for 19.5° and overestimates the number of very high energetic carbon
isotopes for less forward angles.

The calculated IMF multiplicity distribution, for the Ar + Au reaction, 1is
plotted in Fig.3 (upper left panel) for three different gates N.. It should be noted
that the gate N, defined here as the total charged fragment multiplicity exclud-
ing the number of isolated protons, is slightly different from the experimental
definition, which is given in Phair et al. [15] as the number of detectors in which
at least one charged particle is recorded.

Keeping this difference in mind, we assume to be allowed to display, in the
lower left panel of Fig.3, the experimental data of de Souza. et al. [16] for the same
ranges of N.. It can be seen that the qualitative features of the data are described
by the present calculation. As a matter of fact, the calculated curves display the
same behaviour than the experimental ones and the average number of IMFs also
increases with N.. However, the peak of the calculated curve corresponding to
the central events (N, > 32) is dislocated toward larger multiplicities. It should
be noted that the calculated mean IMF multiplicity for central collisions is 5.5,
while the measured value is 4.0.

Similarly, for the Xe + Au reaction, the upper right and the lower right
panels of Fig.3 show the calculated IMF multiplicities for the gates indicated
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in the diagram and the data from Bowman et al. [17], respectively. The curve
corresponding to central collisions have similar behaviour than the experimental
data. In this case, the mean value is 6.2, which is very close to the measured result
of 6.5. The curves for lower multiplicity windows, however, fail in reproducing
the data.

It is not clear for us yet why the calculated results reproduce so nicely
the Ar + Au data, but not the Xe + Au ones. It should be mentioned that this
difficulty, in the specific case of charge distributions, has been already detected in
percolation [15] and in nucleation {3] calculations. The inclusion of evaporation in
the nucleation computation has narrowed the discrepancies only slightly. Some
suggestions have been proposed, involving dynamical effects during the early
nonequilibrium stages of the reaction or incorporating the dynamics of collective
expansion or rotation [15]. This important question has to be investigated in
future works, including other suggestions, like symmetry and relativistic effects.

Now, it is worthwhile to investigate how the average IMF multiplicity
{M) ;M F in the nucleation-evaporation model changes with respect to the breakup
density. In Fig.4, we display (M) ar as function of the density p. It is seen that
(M) rmrF increases with the breakup density, at least in the density ranges con-
sidered here, and for 3 < p,/p < 8, it ranges from 4 to 7 (Ar + Au) and from 4 to
9 {Xe+ Au). This dependence is a direct consequence of the introduction of the
temperature and impact parameter degrees of freedom. Indeed, it is interesting
to remind that in the cold and b = 0 nucleation calculations; (M} is almost
insensitive to changes in density (3].

Finally, it is interesting to note that the average breakup temperature and
the power-law exponent of charge distributions, in this model calculation, are 3.5
MeV and 2.6 for Ar + Au reaction, and 4.3 MeV and 2.5 for Xe + Au reaction,
respectively. These figures are within the range of values assumed or obtained
by several other models.

In summary, we have tryed to show that the main outcomes of exclusive ex-
periments involving Ar + Au and X e+ Au reactions at 110 and 50MeV /nucleon,
respectively, can be satisfactorily described by the nucleation-evaporation model.
In particular, the charge distribution, the IMF multiplicity distribution and the
kinetic energy spectra have been simultaneously calculated by a model which is
based on very simple assumptions, namely, thermodynamical equilibrium, prob-
abilistic considerations, linear parametrization both for impact parameter and
excitation energy. It has been shown also that the whole computation was done,
by using only one free parameter — the expansion factor . As this nucleation-
evaporation model succeeds in reproducing several aspects of the experiments,
one suggestion seems to be in order, that this fact may be an indication that the

multifragment emission from hot nuclear system is basically a simple dice game.
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FIGURE CAPTIONS

Fig.1: Charge distributions for central collision events. The curves are normalized
inZ =1.

Fig.2: Kinetic energy spectra for boron (upper panels) and carbon fragments (lower
panels) in central collision events at 8153 = 19.5°,27° and 35.5°. The calcu-
lated curves are normalized to the maximum of the experimental spectra.

Fig.3: Calculated (upper panels) and measured (lower panels) IMF multiplicities
for different gates N, of the total charged fragment multiplicity. The distri-
butions are normalized to unit area.

Fig.4: Average IMF multiplicity as function of p,/p.
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NUCLEATION-EVAPORATION MODEL ... by K.C. Chung

Figure 1:
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NUCLEATION-EVAPORATION MODEL ... by K.C. Chung

Figure 2:
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NUCLEATION-EVAPORATION MODEL ... by K.C. Chung

Figure 3:
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NUCLEATION-EVAPORATION MODEL ... by K.C. Chung

Figure 4:
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