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Abstract

Multifragment disintegrations following 129)(e+197'Au collisions at E/A=50 MeV
have been measured with a multidetector system covering 88% of 46 in solid
angle. The average number of intermediate mass fragments (Z=3-20) increases
strongly as a function of charged particle multiplicity and reaches values
slightly larger than six for the most violent collisions. Comparisons to
statistical model calculations show that such multifragment final states are
consistent with the breakup of sources at densities significantly less than

normal nuclear density.

PACS index: 25.70.-s, 25.70.Gh, 25.70.Np



The disintegration of highly excited nuclear systems iﬁto nucleons and
bound clusters is predicted both by statistical [1~5] and dynamical theories
[6-8]. Multifragment decays are of particular intereat since they may repre-
sent a new mode of nuclear disassembly, Several possible mechanisms may be
responsible for this process. The system might, for example, evol¥e into
strongly oblate or prolate shapes where Rayleigh instabilities could lead to
multifragmentation [9]. The expansion of an initially hot and possibly com-
pressed system can lead to high temperatures and low densities in which
density fluctuations can cause instabilities or a phase change [5,10-12].
Statistical emission mechanisms for complex fragments may bé enhanced under
the extreme conditions reached by the system. Some of these processes are

governed by the equation-of-state of hot dilute nuclear matter.

Recent. calculations [5] of the statistical decay of an expanding nuclear
system predict a dramatic increase in fragment multiplicity when the thermal
pressure becomes sufficient to cause an expansion to 0.4 times normal nuclear
density. This prediction is largely untested by experimental data since very
few experiments have been performed with sufficient phase space coverage to
allow for the extraction of intermediate mass fragment multiplicities [13-18].
In order to test various fragment production models, we have measured charged
particle and intermediate mass fragment (IMF, Z=3-20) miltiplicities for the
129Xe+197Au reaction at Ecm=3'9 GeV, using a low-threshold 4n charged-particle
detector [18].

s 129

Xe beam with intensity of 107 particles/s and energy of E/A=49.8 MeV,

extracted from the K1200 cyclotron of the NSCL at Michigan State University,



impinged upon a 1.05 ng/cn2 gold target. Reaction products were detected with
171 elements of the MSU Miniball phoswich detector array [18] which covered
polar angles of 16°<€6£160°, corresponding to approximately 87% of 4f. More
forward angles were covered by a hodoscope consisting of 16 telescopes, each
containing two position-sensitive solid-state detectors (300 km and 5 =m
thick) and a 7.6 cm thick plastic scintillator [20). This forward hodoscope
covered approximately 64% of the solid angle at 2°40416° or 1.2% of 4v,
Fragments were identified by element for Z®1-20 in the Miniball with repre-

~ sentative detection thresholds of 2, 3, and 4 MeV/nucleon for Z=3, 10, and 18
fragments, respectively. Element identification was achieved for Z=1-54 for
particles punching through the 300 um silicén AE-elements of the forward hodo-~
scope; representative detection thresholds were 6, 13, 21, and 27 MéV/nucleon

for 2=2, 8, 20, and 54 ffagnents, respectively.

Meésured multiplicity distributions (not corrected for detector accept-
ance) are shown in Fig., 1. The upper panel shows the probability distribution
for NC’ the detected charged particle multiplicity. We include, for orienta-
tion, rough estimates of the impact parameter, following ref. [21], and of the
excitation energy of a fully thermalized nucleus consisting of 300 nucleons
using the statistical model of ref. [5]. The lower panel shows probability
distributions of the number of detected intermediate mass fragments (3£2£€20),
NIMF’ for various gates on charged particle multiplicity. The average number
of detected intermediate mass fragments increases with charged particle multi-
233. This

C
is the largest average fragment multiplicity so far observed in any nuclear

plicity, reaching a value of <NIMF>=6.0 for the most central gate, N



collision, (This value is reduced to <NEMF>=4'7 when Z=3 fragments are ex-
cluded.} Collisions are observed with up to 14 intermediate mass fragments in

the final state.

In Fig. 2, we present Zsum, the total charge of all identified particles
detected at 5.6°£0£160° for different gates on charged particle multiplicity
[22]. For the highest multiplicity gate, Nc§33, the average value of zsu-=84
corresponds to 63X of the total charge of the composite system, and a number
of events were observed with a detected charge larger than 90% of the total
charge. In these latter collisions virtually no fragments with Z>20 were re-
corded. Our measurements are qualitatively consistent with the observation
[23] of a nearly complete disintegration of the composite system into light

208, 197

particles and intermediate mass fragments for central Pb+"" Au collisions

at Ecmﬁs GeV.

We have performed calculations to test whether comparable multiplicities
are predicted by the microscopic quasi-particle dynamics (QDP) model of ref.
[8]. Most calculations were followed out to times of t=300 fm/c when fast non-
equilibrium emission has ceased [24]. In collisions leading to a total
nultiplicity of 36-45, these calculations predict average multiplicities less
than one for fragments with 342420 and, in addition, the formation of a single
heavy residue. These predicted IMF multiplicities are much smaller than those
observed experimentally. The predicted residual nuclei are still highly ex~
cited (E:Otxl.5 GeV) and a few exploratory calculations were performed to much
longer times, t=3000 fa/c, to investigate whether the calculations would

predict the emission of additional fragments. Instead, the calculated number



of intermediate mass fragments decreased slightly due to particle decays of

fragments formed at the earlier stages of the reaction.

We also explored the multiplicities of fragments predicted by statistical
model calculations of compound nucleus decay. Since detailed predictions of
statistical model calculations depend on the initial mass, charge, and excita-
tion energy of the excited nucleus, calculations were performed for a variety
of initial conditions. Even though the excitation energies used in some of
these calculations may exceed the region of applicability of these models,
such calculations may, nevertheless, provide useful information about the
population of final states due to phase space considerations and may, there-

fore, provide instructive comparisons to dynamical treatments.

The open circles and crosses in Fig. 3 provide the multiplicities
predicted by the statistical model code GEMINI [25] for the decay of highly
excited and equilibrated Xe and Au nuclei, respectively, with excitation
energies of E*¥(Xe)=0.5, 1.0, 1.5, and 2.0 GeV and E*(Au)=1.0, 1.5, 2.0, and
2.5 GeV. In this code, all binary mass divisions from light particle evapora-
tion to symmetric fission are considered, and sequential decays of particle
unstable primary fragments are incorporated. For each calculation, a level
density parameter of a=A/(8.5 MeV) was used and initial angular momenta of
I{(Xe)=87 K and I{Au)=80 K were assumed (these are the maximum angular momenta
for which barriers exist for all decay channels);_For large charged particle
multiplicities, N033O,Athe calculatéd average fragment multiplicities,
<NIMF>£2, are much smaller than those observed experimentally (solid points).

The calculations underpredict the observed large IHF multiplicities for a



broad range of scenarios considering the statistical decay of highly excited
projectile-like and target-like fragments, including scenarios in which the
available excitation energy is shared equally or in proportion to the masses

of these fragments [26].

Comparably small fragment multiplicities are predicted by the statistical
evaporation model of ref. [4]. The many different dashed curves in Fig. 3
depict the temperature dependence of multiplicities predicted for a variety of
initial masses {A=275-326) and charge-to-mass ratios (Z/A=0,367-0.433). The
results are qualitatively similar to the GEMINI calculations [2B]); too few in-
termediate mass fragments are predicted for charged particle multiplicities

greater than 30,

In the preceding statistical model calculations, the nuclei were con-
strained to remain at normal nuclear density by an implicit model assumption.
Such a constraint could arise for nuclei characterized by an extremely stiff
equation of state. Drastically different results are obtained for statistical
model calculations [5] for a heated nucleus with a finite-nucleus COmpres-
sibility coefficient K=144 MeV which is allowed to expand under the influence
of thermal pressure. These calculations are shown by the solid curves for the
same range of masses, charges and temperatures used in the calculations for
the non-expanding systems [4]. Not only are significantly larger IMF multi-
plicities predicted, but the trend with increasing charged particle number is
in reasonable agreement with the data. The calculations suggest that many of
the fragments may be emitted from a system at reduced dengity. The solid

curves represent heated systems which expand, without initial collective



kinetic energy, from normal density. As a consequence of compression prior to
the decay process, the systems may possese a collective expansion energy as
they pass through normal density. The model predicts even larger fragment mul-
tiplicities for non-zero collective expansion energies., For example, an
initial expansion kinetic energy of about 50 MeV increases the predicted IMF

multiplicities by roughly one unit,

To illustrate the possible influence of detection thresholds and incom-
plete solid angle coverage on the measured charged particle and IMF
multiplicities, we have filtered representative theoretical results by the
response of our experimental apparatus. In Fig. 3, the open diamonds represent
the original model predictions and the star-shaped points show the correspond-
ing values after taking the response of our experimental apparatus into
account. Once the acceptance of our apparatus is taken into account (star
shaped points), excellent agreement between the raw data (solid points) and
the statistical calculations for expanding nuclear systems is obtained.
Instrumental uncertainties do not affect our qualitative conclusions.

129y 419704 at E/A=50 Mev

In summary, we have investigated collisions of
with a low-threshold 4w detectipn system. We have examined the multifragment
decays of the system as a function of the multiplicity of charged particles.
In collisions with more than 35 emitted charged particles, an average number

of <NIMF>é6 intermediate mass fragments was detected, and events with N...=14

IMF
were observed. For such central collisions, intermediate mass fragments con-
stitute 16-17% of all detected charged particlea. Statistical nodels, based on

the decay of nuclear systems at normal density, produce many fewer fragments



than observed. Similarly small fragment multiplicities are predicted by the
quasi-particle dynamics model of ref., {8]. The observed relation between
charged particle and intermediate mass fragment multiplicities can be roughly
reproduced by calculations of the evaporative decay of an expanding nuclear

system characterized by a soft equation of state at low density.
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Figure Captions

Fig, 1: Upper panel: Measured charged particle multiplicity distribution, N

129Xe+197Au reaction at E/A=50 MeV. Lower panel: Measured IMF multi-

C’
for the

plicity distributions, NIMF’ for the indicated gates on Nc. All distributions

have been normalized to unit area.

Fig. 2: Summed charge of particles detected at Blab~5.6'-160' for various

gates on charged particle multiplicity.

Fig, 3: Relation between average IMF and charged particle multiplicities.
Solid points represent measured values. Curves, crosses and open circular
points represent calculations discussed in the text. Diamond and Qtar—shaped
points illustrate instrumental distortions: open diamonds represent assumed
primary distributions, and star shaped points depict corresponding values fil-

tered by the response of the experimental apparatus.
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