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Multifragment emission in **Ar+ '’ Au and '**Xe+ '°’Au collisions.

Percolation model
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Relative abundances of intermediate mass fragments and light particles measured for **Ar+'*’Au collisions a1 E/4=50. 80
and 110 MeV lie within the range of percolation model predictions. but for '*Xe + '*’Au collisions at £/.4 =50 MeV, the perco-
lation model predicts too small admixtures of intermediate mass fragments among the emitied charged particles.

Multifragment disintegrations of highly excited
nuclear systems might carry information about the
equation of state and the liquid-gas phase transition
of low density nuclear matter (see refs. [1-5] and
references given therein). A number of theoretical
investigations of phase transitions in finite nuclear
systems have been based on percolation models [6-
101. Percolation models are attractive, since they ex-
hibit a well-defined phase transition for infinite sys-
tems and since they allow straightforward generali-
zations to finite systems. They have been rather
successful [6] in describing the observed [2] power-
law behavior of measured fragment mass distribu-
tions and in developing techniques to extract critical
exponents. During the last year, a number of new ex-
perimental results on multifragment reactions have
been reported [11-17] which allow more detailed
comparisons with model calculations. In this letter
we compare predictions of the bond-percolation
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model [6] to fragment yields measured [16,17] with
a low-threshold 4x detector for the reactions
129%e+'"7Au at £/.4=50 MeV and *¢Ar+'"’Au at
E£/4=50, 80,110 MeV.

The experiments were performed with beams from
the K1200 cyclotron of the NSCL at Michigan State
University. Reaction products were detected with the
MSU Miniball phoswich detector array [ 18] which
consists of 11 azimuthally symmetric rings subtend-
ing polar angles of 6,,=9°-160°. Each phoswich
detector consisted of a 40 um thick plastic scintilla-
tor foil backed by a 2 cm thick CsI(TI) crystal. (For
detectors in Ring 1, the scintillator foil was 50 um
thick.) For the '**Xe+'%"Au reaction, the most for-
ward angles were covered by a l6-element hodo-
scope, each element of which consisted of two posi-
tion-sensitive solid-state detectors (300 um and 5 mm
thick) and a 7.6 cm thick plastic scintillator [19].
Fragments dectected in the Miniball were identified
by element for Z~ 1-20; representative detection
thresholds were 2. 3, and 4 MeV /nucleon for Z=3,
10, and 18 fragments, respectively. Fragments de-
tected in the forward array were identified by ele-
ment for Z=1-54; representative detection thresh-
olds were 6, 13, 21, and 27 MeV /nucleon for Z=2,
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8, 20, and 54 fragments, respectively. Additional
technical details can be found in refs. [16-19].

For a given event, we define the charged particle
multiplicity N as the number of detectors in which
at least one charged particle 1s recorded, including low
energy fragments stopped in the plastic scintillator
foils. Slightly different from previous analyses, the
multiplicity of intermediate mass fragments (IMF,
Z=3-20) excludes low energy heavy fragments
stopped in the scintillator foils. As a result, the IMF
multiplicities are slightly lower than reported in refs.
[16.17].

Calculations were performed with the bond perco-
lation model of ref. [6]. In this model, the nucleus is
considered to be a cubic lattice, the sites of which are
randomly occupied by protons and neutrons. Ini-
tially, all nucleons are connected in one cluster. The
bonds between the sites are randomly broken with a
probability p. Each nucleon is assigned a random
momentum consistent with the momentum distri-
bution of a Fermi gas of temperature 7 calculated [6]
from the bond-breaking probability as 7=1 l.7\/;)
MeV. Emitted fragments are defined in terms of con-
nected clusters. Initial fragment energies are calcu-
lated from the total momenta of the clusters. Final
kinetic energies are calculated by incorporating the
final state Coulomb repulsion between the frag-
ments. For this purpose a given fragment partition is
translated into a spatial distribution of clusters char-
acterized by an average freeze-out density p=0.2p,,
where po=0.17 fm~2 is the density of normal nuclear
matter. (Different choices of the freeze-out density
lead to slightly different shapes of the low energy por-
tion of the energy spectrum due to changes in the
Coulomb repulsion between the fragments. Such
changes are of minor importance for the present in-
vestigation.) As a final step, all energies are trans-
formed via galilean transformations from the center-
of-mass system into the laboratory rest frame. To al-
low meaningful comparisons with our data, we pres-
ent calculations filtered by the response of the exper-
imental apparatus. To illustrate the magnitude of
instrumental distortions we also show unfiltered
calculations.

Fig. 1 provides approximate scales between the
“reduced” impact parameter / and the charged par-
ticle multiplicity N, obtained from the simple geo-
metric prescription [20]
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Fig. 1. Relation between charged particle multiplicity Nc and re-
duced impact parameter, = b/ bpa. as determined from eq. (1).
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6(N<‘)=7‘0_=(”z a(N'c)) , (1)
R \NE=AC

where g(N ) is the cross section for events with de-
tected charged particle multiplicity N¢ and oy is the
reaction cross section for N> 2.

Elemental multiplicity distributions measured for
central (5<0.3) 3°Ar+'"7Au and '¥*Xe+""Au col-
lisions are shown (as points) in the top and bottom
panels of fig. 2. These distributions were obtained by
integrating all identified fragments over all detectors.
The cuts on N are indicated in the figure. All ele-
mental distributions exhibit qualitatively similar
shapes. For the **Ar+!°’Au system, they become
slightly steeper with increasing bombarding energy.
Multiplicities of heavier IMFs are larger for the
129X e+ '"7Au system than for the **Ar+'"’Au sys-
tem. Due to incomplete geometrical coverage and fi-
nite detection thresholds, only a fraction of the total
charge is detected. The N--dependence of the de-
tected charge has been presented in refs. [17,18]. In
central collisions, the average detected charge is
slightly less than 40% of the total charge for
Ar+'*7Auat E/4 =50 MeV, and of the order of 60%
for **Ar+'"Auat E/4=110 MeV and '**Xe+'"Au
at E/4=50 MeV [17,18]

The curves in fig. 2 depict elemental multiplicities
predicted by the bond percolation model of ref. [6].
The dashed, solid, and dotted curves show the results
of filtered calculations for bond-breaking probabili-
ties p=0.6, 0.7, and 0.8, respectively; the dot-dashed
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Fig. 2. Elemental multiplicity distributions detected in
Ar+197Au and '**Xe+ '*’Au collisions at the indicated ener-
gies. The curves represent results from percolation calculations
for the indicated bond-breaking probabilities p. Details are given
in the text.

curves represent unfiltered calculations for p=0.7. In
the percolation model, the critical point at p=0.7
marks a second order phase transition: for p<0.7, a
heavy percolation cluster (or fusion-residue) exists,
but for p> 0.7, the system breaks up completely. Cal-
culations performed for bond-breaking probabilities
much larger or smaller than the critical value predict
Z-distributions which are too steep. For the **Ar+
97 Au reactions, the overall magnitudes and shapes of
the experimental Z-distributions are in reasonable
agreement with predictions of the percolation model
when the bond-breaking parameter is taken close to
the critical value. However, for the ?°Xe+!"’Au re-
action, the percolation model underpredicts the yield
of heavier fragments (Z= 6-~20) for any choice of the
bond-breaking parameter.

Representative angular distributions of emitted
particles are shown in fig. 3. The top and bottom
panels show results for the °Ar+ '"7Au reaction at
E/A4=110MeV and for the '**Xe+ '°’Au reaction at
E/A=50 MeV, respectively. The angular distribu-
tions are shown for three different ranges of element
numbers, Z=1-2 (circles), Z=3~5 (squares), and
Z=6~12 (diamonds). For both systems, the angular
distributions become more forward peaked with in-
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Fig. 3. Angular multiplicity distributions of light particles (Z=1,
2: circles), and intermediate mass fragments of Z=3~5 (squares)
and Z=6-12 (diamonds) detected in **Ar+'°’Au and
129X e+ '""Au collisions at the indicated energies. Solid and dashed
curves show filtered and unfiltered percolation calculations, re-
spectively. Details are given in the text.

creasing fragment charge. Angular distributions for
the '*Xe+"""Au system are more forward peaked
than those for the **Ar+'°’Au system. These effects
are largely due to kinematics. Differences between the
angular distributions of the two reactions arise pri-
marily from the larger velocity of the emitting source
of the '*Xe+"""Au system.

The solid and dashed curves in fig. 3 show filtered
and unfiltered results of percolation calculations, re-
spectively. To facilitate a better comparison of shapes
between observed and predicted angular distribu-
tions, the calculated and filtered angular distribu-
tions were normalized to the experimental yields at
0=45°. The shapes of the experimental angular dis-
tributions are reasonably well reproduced by the cal-
culations. Some discrepancies between theoretical and
experimental angular distributions exist for lighter
fragments for which preequilibrium contributions
lead to somewhat more forward peaked angular dis-
tributions than predicted by our calculations. Similar
discrepancies exist for other treatments in which sta-
tistical equilibrium is assumed.
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Microscopic transport calculations [21] capable of
treating nonequilibrium fragment emission predict
fewer fragments [17,18] than observed experimen-
tally. Dynamics, as treated by these models, may not
play the decisive role in fragment production. In this
context, it is interesting to neglect dynamical effects
and explore whether fragment formation could be
dominated by the geometric considerations con-
tained in the percolation ansatz. For this purpose, the
calculated angular distributions may be sufficiently
realistic to assess the effects of instrumental distor-
tions on the energy- and angle-integrated particle dis-
tributions presented in figs. 2 and 4.

As was already evident from fig. 2, the percolation
model can reproduce the relative IMF abundance ob-
served in central **Ar+'*7Au collisions, but predicts
too small IMF admixtures for central '**Xe+'9’Au
collisions. This failure is depicted more clearly in fig.
4. Points in the figure [16,17] show the average IMF
multiplicity { MNyue) as a function of charged particle
multiplicity N¢; thick and thin curves represent re-
sults of filtered and unfiltered percolation calcula-
tions, respectively, using the critical bond-breaking
parameter, p=0.7. For the percolation model, these
calculations give upper bounds for the admixture of
IMFs among the emitted charged particles. Smaller
IMF admixtures can be obtained by using larger or
smaller bond-breaking parameters.
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Fig. 4. Points show the relation [16,17] between average IMF
and charged particle multiplicities for 3¢Ar+!'’Au and
129X e +17Au collisions at the indicated energies. Thick and thin
curves show the results of filtered and unfiltered percolation cal-
culations, respectively. Details are given in the text.
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The dashed curves in fig. 4 show percolation cal-
culations for the combined **Ar+'"’Au system. For
this system, filtered and unfiltered IMF admixtures
are very similar, and the relative abundance of IMFs
observed in central collisions can be reproduced by
the model calculations.

The solid curves in fig. 4 represent percolation cal-
culations for the combined '**Xe+!"’Au system.
Here, the filtered calculations represent slightly higher
IMF admixtures than the unfiltered calculations. This
effect is largely due to an increased IMF detection ef-
ficiency resulting from the larger center-of-mass ve-
locity of the Xe+Au center-of-mass system. How-
ever, both filtered and unfiltered calculations predict
too small IMF admixtures. This failure is most dra-
matic for central '**Xe+"""Au collisions for which
the comparison is most meaningful.

As an alternative scenario, we have also performed
percolation model calculations for the separate mul-
tifragment decay of projectile and target nuclei. The
unfiltered calculations, shown by the thin dot-dashed
curve, predict slightly higher IMF admixtures. The
thick dot-dashed curve illustrates the effect of filter-
ing for an extreme two-source scenario in which the
relative velocity of projectile and target was reduced
by only 50% from the initial value, taking total mo-
mentum conservation into account. Even in such an
extreme scenario, the major discrepancy remains.

High resolution coincidence experiments indicate
that a significant portion of primary fragments should
be produced in highly excited, particle unbound states
which decay by light particle emission [22]. Such se-
quential decay processes will result in secondary frag-
ment yields which are smaller and secondary light
particle yields which are larger than the correspond-
ing primary yields. The portion of primary fragments
may therefore be even larger than the portion of de-
tected particle-stable secondary fragments. This ag-
gravates the failure of the percolation model of pre-
dicting a sufficiently large admixture of IMFs among
the particles emitted in the '*°Xe+'°7Au reaction.

The inability of the bond-percolation model to re-
produce the large fraction of intermediate mass frag-
ments among the charged particles emitted in the
129% e+ 197 Au reaction is unexpected and represents,
to our knowledge, its first significant failure. The
model is only one representation of a large number
of phase transition models, which all belong to the
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same universality class and may therefore show sim-
ilar deficiencies. Our results raise a number of ques-
tions: Should one rule out related phase transition
models, or is this failure unique to purely geometric
approaches reflected by the percolation ansatz? Are
dynamical effects during the early nonequilibrium
stages of the reaction responsible for such enhanced
fragment yields or does it suffice to incorporate the
dynamics of collective expansion or rotation, both of
which occur on slightly slower time scales? These
questions cannot yet be answered with certainty.
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