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Multifragment disintegration of finite systems with toroidal and bubble-shaped configurations is studied within the framework
of a bond-percolation model. Calculations for these finite systems predict enhanced fragment production for less compact decay
configurations. Power law fits to the predicted mass distributions reveal a strong sensitivity of the extracted critical exponents on

the geometry of the decaying system.

The copious production of intermediate mass frag-
ments (IMF: 3<Z<20) in intermediate-energy
heavy-ion collisions and its possible relation to a lig-
uid-gas phase transition in nuclear matter is a sub-
ject of great current interest [1-5]. While current
microscopic models fail to reproduce the observed
large IMF multiplicities [6], significant insight has
been gleaned from statistical treatments of fragment
production [5-21]. Percolation models have been
particularly useful [15-21] because they exhibit a
well-defined phase transition for infinite systems and
allow a straightforward assessment of finite-size ef-
fects [17,21]. They have been rather successful [15-
17] in describing the observed [2] power-law behav-
ior of measured fragment mass distributions, and in
developing techniques to extract critical exponents
[18] and test for critical behavior via scaling law ap-
proaches originally derived for infinite systems. A re-
cent investigation [20] of fragment admixtures pre-
dicted by the standard bond-percolation model found
rather good agreement with fragment admixtures
measured for **Ar+'97Au collisions; larger fragment
admixtures measured for '>°Xe+ '*’Au collisions, on
the other hand, were found to be inconsistent with
the model. In previous bond-percolation calcula-
tions, the disintegrating systems were assumed to have
compact spherical configurations. Recent micro-
scopic transport calculations [22,23] indicate how-
ever, that multifragment decays may proceed via
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more complex toroidal or bubble-shaped decay con-
figurations. In this paper, we employ a bond-perco-
lation model to investigate how multifragment dis-
integrations might be affected by the occurrence of
ring- and bubble-shaped decay configurations.

All calculations presented in this paper were per-
formed for a system consisting of A=N+Z=250 nu-
cleons, with Z=102. The decaying system is repre-
sented by those points on a simple three-dimensional
cubic lattice which fall within the specified decay vol-
ume. Each site represents a nucleon that is ’bonded™
to its nearest neighbors. Each bond has a uniform
probability p to be broken. For each bond a random
number is generated between 0 and 1; if this number
is smaller than p, the bond is broken, otherwise the
bond remains intact. After the status of each bond
has thus been determined, connected sites (nu-
cleons) are identified as clusters and assigned their
appropriate mass and atomic number. Further de-
tails of the model can be found in ref. [17].

In the following discussion of non-compact breakup
geometries, instrumental distortions will be ignored
since we wish to outline some general trends without
trying to fit a specific set of data. Nevertheless, it is
useful to provide a reference which allows the reader
to gauge the magnitude of various effects. For this
purpose, the solid points in figs. 1 and 2 show the
fragment admixtures (i.e. the mean number of de-
tected intermediate mass fragments, {( Nyjyg), as a
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Fig. 1. Relation between average IMF and charged particle mul-
tiplicities. Solid points represent values measured for
129%e+!°"Au at E/4A=50 MeV. Thin (thick ) solid line shows the
raw (efficiency corrected) percolation calculation for a solid
sphere. The hatched area shows the range of average IMF and
average charged particle multiplicities predicted by percolation
calculations for toroidal breakup configurations.
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Fig. 2. Relation between average IMF and charged particle mul-
tiplicities. Solid points represent values measured for
1295 e +197Ay at E/A=50 MeV. Thin (thick) solid line shows the
raw (efficiency corrected) percolation calculation for a solid
sphere. The hatched area shows the range of average IMF and
average charged particle multiplicities predicted by percolation
calculations for bubble-shaped breakup configurations.

function of the detected charged particle multiplic-
ity, Nc) measured [6] for the '*Xe+ '°7Au reaction
at E/A=50 MeV. The solid lines in the figures show
previous calculations with the bond percolation
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model for a compact spherical breakup configuration
using a near-critical bond-breaking parameter p=0.7.
These calculations represent the maximum fragment
admixtures predicted by the bond-percolation model
for a compact spherical geometry; they underpre-
dicted the measured fragment multiplicities [20].
The difference between the thin and thick lines illus-
trates the magnitude of instrumental distortions. The
thin line represents the “raw” calculation (not cor-
rected for the acceptance of the experimental appa-
ratus), and the thick line represents the calculation
filtered by the acceptance of the experimental
apparatus.

The hatched area in fig. 1 shows fragment admix-
tures predicted for toroidal breakup configurations.
In these calculations, the bond breaking probabilities
were varied between p=0.5-0.8 and the central radii
of the toroids were varied between R, = (2.0-4.5) Xa
where a=p,'/3~ 1.8 fm denotes the spacing between
adjacent lattice sites (see insert in the figure for a def-
inition of the geometry ). Because of volume conser-
vation, the thickness 4 of the toroid is defined by R,
and the nucleon number: A~ in2R,d? For 4=250,
the toroid has a hole in the center only for R,> 2.5 Xa.
The upper boundary of the hatched area is deter-
mined by the breakup of a toroid of radius R, =4.5X a,
and the lower boundary represents the breakup of an
oblate object of R,=2.0Xxa. Over the range of
Nc=30-50, the percolation model can produce sig-
nificantly larger fragment multiplicities for toroidal
than for spherical breakup configurations. Qualita-
tively such an effect may be expected since the sur-
face of a toroid is larger than that of a sphere.

Enhanced fragment admixtures can also be ob-
tained for bubble-shaped breakup configurations, see
fig. 2. The hatched area shows the range of average
IMF multiplicities predicted for bond breaking prob-
abilities of p=0.5-0.8 and inner bubble radii of
R,=(0.0-4.0) X a (see insert in the figure for a defi-
nition of the geometry). For 4=250and R,>4.0Xa,
the bubble has a thickness less than 1.0 X a, and the
simulation models the breakup of a thin sheet. The
upper rising boundary of the hatched area corre-
sponds to calculations with a fixed bond breaking
probability of p=0.5 and varying inner radii,
R,=1(0.0-4.0) xXa. The falling part of the upper
boundary represents calculations for an inner radius
of R,=4.0Xa and varying bond breaking probabili-
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ties p=0.5-0.8. For {N¢) <70, the lower boundary
is given by the breakup of a sphere with varying bond
breaking probabilities, p=0.5-0.8.

The results in figs. 1 and 2 demonstrate that ob-
jects with larger surfaces can produce more frag-
ments than objects with smaller surfaces. Hence, geo-
metrical considerations may play an important role
for multifragment disintegrations. A relatively cool
object (small bond breaking probability ) with a large
surface may decay into more fragments than a hotter
object (larger bond breaking probability) with a
smaller surface. For noncompact breakup geome-
tries, the large fragment multiplicities observed for
the '>°Xe+ '°7Au reaction can be reconciled with pre-
dictions of the bond percolation model.

A number of investigations have aimed at obtain-
ing information of near-critical behavior from the
shape of fragment mass- or charge-distributions
[5,24-27]. Near the critical region, scaling theory of
large systems predicts mass distributions of the form:

ny(p)=A"f(4°(p—p.)) . (N

Here, 7 and o are critical exponents and f(4°(p—p.))
is a scaling function that modulates the power law be-
havior near the critical bond-breaking probability,
p=p., above which the “infinite” percolation cluster
ceases to exist.

In practice, the mass or charge distributions are
often fit {24-26] by a simple power law,

Y(A)ocA~*, (2)

where / is treated as a fit parameter, and the critical
exponent 7 is identified with the extracted minimum
value of 4 [15].

We will now show that this empirical approach can
lead to misleading results if the geometry at breakup
is not compact. For this purpose, we performed power
law fits to the mass distributions predicted by the
bond percolation model over a broad range of pa-
rameters and geometrical configurations. The results
of these calculations are summarized in figs. 3 and 4
for toroidal and bubble-shaped geometries, respec-
tively. In both cases, the best fit-parameter A exhibits
a clear valley as a function of the bond-breaking (p)
and geometry (R, and R, ) parameters. In this valley,
smaller values of A occur for less compact breakup
geometries.

The strong geometry-dependence of the relation
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toroid, A=250

Fig. 3. Extracted power law exponents A fit to mass distributions
predicted by the bond percolation model for the breakup of to-
roidal systems as a function of R, and p.

bubble, A=250

05 Rb

Fig. 4. Extracted power law exponents A fit to mass distributions
predicted by the bond percolation model for the breakup of bub-
ble shaped systems as a function of R, and p.

between the power law exponent A and the bond-
breaking parameter p is depicted more clearly in fig.
5 for three representative breakup configurations, a
solid sphere (solid circles), a toroid of central radius
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Fig. 5. 1 as function of p for a solid sphere (circles), a toroid of
radius R,=3.0Xa (diamonds), and bubble with inner radius
R,=3.0Xa (squares).

R,=3.0Xa (open diamonds), and a bubble with in-
ner radius R,=3.0Xa (solid squares).

Microscopic transport calculations [22,23] pre-
dict a strong dependence of the breakup geometry
upon beam energy, impact parameter, and projec-
tile~target combination. Indeed, under favorable
conditions, the formation of unstable bubbles and
rings has been predicted [22,23]. The present model
calculations for finite systems indicate a strong de-
pendence of extracted “critical” parameters (7 and
p.) on the geometrical configuration of the system at
breakup. Compilations of power law exponents A de-
termined from data for different entrance channels
[24], for different impact parameters [26], or for
excitation functions covering broad ranges of ener-
gies [24,25,27] may contain samples representing
sufficiently different geometrical configurations to
render a minimum in A difficult to interpret. For in-
finite systems, critical exponents govern the scaling
laws near critical points. We suspect that the appli-
cation of scaling laws to finite systems of potentially
complex breakup geometries is much less straightfor-
ward than originally surmised [28].

In conclusion, we have explored the multifragment
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breakup of different geometrical configurations by
means of a simple bond-percolation model. Our cal-
culations indicate enhanced fragment production
from systems with larger surfaces and a strong ge-
ometry-dependence of the power law exponents which
characterize the shapes of mass distributions. Of
course, the existence of such non-compact breakup
configurations is not yet established. This question
still remains to be answered.
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