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Abstract

Multifragmentation has been measured for 197Au + 197Ay collisons a E/A = 100,250 and
400 MeV. The mean fragment multiplicity increases monotonicaly with the charged
particle multiplicity at E/A=100 MeV, but decreases for central collisions with incident
energy, consistent with the onset of nuclear vaporization. Molecular dynamics caculations
follow some trends but underpredict the observed fragment multiplicities. Including the
datisticll decay of excited residues improves the agreement for periphera collisions but

worsens it for central collisons.
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Highly excited systems can be formed during energetic nucleus-nucleus collisions,
which expand due to thermal pressure[1,2] or via dynamical compression-
decompression cycles[3]. For systems which expand to low densities where bulk
nuclear matter is thermodynamically unstable, the growth of density fluctuations may
favor multifragment disintegrations[4,5,6], and such disintegrations have been
observed [7,8,9,10,11,12]). While definitive interpretations are premature, calculations
predict that the onset of multifragmentation and the transition from multifragmentation
into vaporization may be sensitive to the low density equation of state[2,13] and the

liquid-gas phase transition of nuclear matter[14,15,16,17].

The incident energy dependence of multifragmentation has been recently explored for
36Ar+197Au collisions between E/A=35 and 110 MeVI[7]. These investigations reveal
large fragment multiplicities for central collisions, which increase monotonically with
incident energy. Over a broader range of incident energies, however, calculations predict
a maximum in the fragment multiplicity for central collisions at E/A = 100 MeV[18], and
decreasing multiplicities thereafter, consistent with the onset of nuclear vaporization[4,5].
The availability of corresponding data is limited. Measurements of central 197Au +197Au
collisions at E/A = 150 and 200 MeV [8,9] displayed multifragmentation, but did not
indicate the incident energy dependence of the phenomenon. Measurements of
multifragmentation in peripheral collisions at higher incident energies[10,11}, suggested
declining fragment multiplicities with decreasing impact parameters, but lacked

sufficient phase space coverage to draw definitive conclusions about central collisions.

To investigate the evolution from multifragmentation towards vaporization for central

197 Au+197Au collisions, thin 3 and 5 mg/cm?2 197Au targets were bombarded with 197Au
ions of E/ A= 100, 250 and 400 MeV at the SIS facility at GSI. Three detection arrays were
combined to provide an efficient 4x multifragment detection capability. At polar angles of
14.5° £ O13p £160°, charged particles were detected in 215 plastic scintillator - CsI(T1)



phoswich detectors of the Miniball/Miniwall[19]. Intermediate mass fragments (IMF's:
Z=3-30) that penetrated the plastic-scintillator foils of the phoswich detectors were
distinguished from light particles (Z <2); particles were further identified by element for
Z<10 and isotopically for Z=1. For 25° <@, <160° 4 mg/cm?2 plastic scintillator foils
were used; the thresholds for particle identification in these detectors were E¢p,/A ~ 1.5
MeV (2.5 MeV) for Z=3 (Z=10) particles, respectively. For 14.5° £ @],p< 25°, 8 mg/cm?2
plastic foils were used; the corresponding thresholds were E¢, /A ~ 2.5 MeV ( 4.5 MeV)
for Z=3 (Z=10) particles, respectively. (Some lower energy particles were also detected but
not identified.) Beam rapidity fragments with 2 <Z <79, were detected with the Aladin
spectrometer system[20] , which covered |©j,}, |<10° in the horizontal (bend) plane and
I©1ap 1<£5° in the vertical plane. IMF's emitted to angles between the Aladin
spectrometer and the Miniball /Miniwall were detected in 84 elements of a Si-CsI(T1)
array, each consisting of 300 pm thick Si and 6 cm thick CsI(T]) detectors, with
representative thresholds of Eth/A ~ 7.5 MeV (14.5 MeV) for Z=3 (Z=10) particles,
respectively, Lithium ions that punched through the CsI(T]) crystals were not counted as

IMF's because they were not distinguished from light particles.

Fig. 1 shows the correlation between <Ny\F>, the mean IMF multiplicity measured in the
combined arrays, and N, the total charge particle multiplicity detected in the
Miniball/Miniwall, for three incident energies. The observed dependence of <Npp>
upon N reflects the dependence of both quantities upon the impact parameter. To allow
quantitative comparisons with fragmentation models, we assumed that the charged

particle multiplicity N¢ depends monotonically upon the impact parameter [21],
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and assigned a mean "reduced" impact parameter, b, to each data point using Eq. 1.
Here, P(N,) is the probability distribution for the charged particle multiplicity for N¢ 2

4, and b ax is the mean impact parameter with N = 4.

Fig. 2 shows the mean IMF multi‘plicities as a function of b. At E/ A=100 MeV, <NIME> is
largest for small impact parameters, consistent with increased multifragmentation for
collisions with increased compression and increased excitation energy. Contrary to the
incident energy dependence observed at lower incident energies[7], however, the
fragment multiplicities in central collisions decrease strongly with incident energy,
consistent with the onset of vaporization in systems that are too highly excited to produce
significant numbers of fragments. The comparison between the data at the lowest and
highest energies is most striking; multifragmentation is strongly suppressed for the
overheated systems produced in central collisions at E/ A=400 MeV. For the more weakly
excited systems produced in more peripheral collisions, multifragmentation persists, and
large fragment multiplicities, e.g. <N\E> = 5-6 for b~=0.67 and E/A=400 MeV, are

observed.

Over much of the incident energy domain spanned in this letter, both multifragmentation
and collective flow have been successfully modeled for central collisions via microscopic
molecular dynamics models[18,23,24]. It is interesting to explore whether such models can
also describe the observed decline of multifragmentation for central collisions. The open
squares in Fig. 2 are the IMF multiplicities predicted by the microscopic quantum
molecular dynamics (QMD) model of ref. [24]. The open circles in Fig. 2 are the IMF
multiplicities prédicted by the quasiparticle-dynamics (QPD) model of ref. [23]. Both
calculations were plotted at reduced impact parameters, b, scaled according to the QPD
calculations and the requirement that <N(>=4 at by, 5y, dictated by Eq 1. The actual
impact parameters are given at the top of Fig. 2. Both models predict enhanced fragment

multiplicities for central collisions at E/ A = 100 MeV, but they underpredict the measured



peak IMF muitiplicities, and they underestimate the shift in the peak fragment
muitiplicity to larger impact parameters with incident energy. These discrepancies are
acerbated when the QMD and QPD calculations are corrected (filtered) for the detection
efficiency; filtered calculations are indicated by the dashed and dashed-dotted lines in the

figure.

Failures of QMD and QPD calculations to reproduce large IMF multiplicities observed at
lower incident energies[7,22,25] and large impact parameters[10] have been attributed to
an inadequate treatment of statistical fluctuations that lead to the decay of highly excited
reaction residues[25]. Such residues are produced at b 2 4 fm in the present QMD and
QPD simulations, but are predicted to decay primarily by nucleon emission[24], not by
fragment emission as predicted by statistical models[4]. The suppression of statistical
fragment emission in QMD and QPD calculations is not fully understood, but it may be
related to the classical heat capacities[24,26,27], the suppression of Fermi motion[24] and

the neglect of quantum fluctuations within the hot residual nuclei, as modeled therein.

To illustrate such statistical decay effects, we have taken the masses and excitation
energies of bound fragments produced in the QMD and QPD calculations as the initial
conditions for statistical model calculations, using two different statistical models which
both predict a multifragment decay of sufficiently hot residues at low density[2,14]. For
the QMD model, the decays of all bound fragments with A>10 were calculated via the
statistical multifragmentation (SSM) model of ref. {14] which contains a "cracking” phase
transition at low density. Input excitation energies and masses for the SSM model
calculations were taken from the QMD calculations at an elapsed reaction time of 200
fm/c. For the QPD model, the decays of bound fragments with A>20 were calculated via
the expanding evaporating source (EES) model of ref. [2], which describes the evaporative

decay of a hot residue expanding self-consistently under its own thermal pressure. Here,



the residue properties are evaluated within 10 fm/c after the separation of the hot

projectile- and target-like residues.

The open squares and circles in Fig. 3b are the predictions from the hybrid QMD-SSM and
QPD-EES models, respectively, without correction for the detection efficiency of the
experimental apparatus. The dashed curve shows the QMD-SSM predictions after the
efficiency corrections for the experimental apparatus were applied. Including the
statistical decay of heavy (A>30) residues increases the peak values for <Npfg> in both
models to <N\p>=7-9 for E/ A=400 MeV and moves the peak to larger impact
parameters, consistent with experimental observations. Both hybrid models underpredict
the IMF multiplicity at small impact parameters. This reduction is even more evident in
the QMD-SSM model predictions at E/ A=100 MeV, see 3a. For su;:h collisions, IMF's are
either produced by the QMD model in insufficient quantities or are too highly excited to
survive the SSM statistical decay in numbers consistent with the experimental

observations.

In summary, we have investigated 197Au+197Au collisions at E/A=100, 250 and 400 MeV.
For central collisions at E/A=100 MeV, an average number of nearly 10 intermediate mass
fragments is detected, about 50% larger than the largest fragment multiplicities previously
observed. The onset of nuclear vaporization with incident energy is observed; mean IMF
multiplicities are reduced to less than 2 for central collisions at E/ A=400 MeV, and the
peak IMF multiplicity is shifted to larger impact parameters. Microscopic molecular
dynamics models generally underestimate the fragment yields and predict an incorrect
impact parameter dependence for the IMF multiplicity at the highest incident energy. The
description of peripheral collisions at E/A=400 MeV can be improved by including the
statistical decay of bound residues produced in the molecular dynamics simulations.

Including such effects, however, worsens the agreement for central collisions.
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Figure Captions :

Figure 1: Correlation between <Ny\g>, the mean fragment multiplicity, and N¢, the
multiplicity of charged particles detected in the Miniball/Miniwall.

Figure 2: The measured impact parameter dependence of the mean fragment multiplicity
is shown by the solid points. The open circles and open squares depict the unfiltered
predictions of the QPD and QMD molecular dynamics model, respectively. The dashed
and dashed-dotted lines depict the QPD and QMD calculations, filtered through the

experimental acceptance.

Figure 3: Comparisons with hybrid model calculations at E/A=100 and 400 MeV. The
solid points depict the data. The open circles and open squares depict the unfiltered
predictions of the QPD-EES and QMD-SSM models, respectively. The dashed lines depict
the QMD-SSM hybrid model calculations, filtered through the experimental acceptance.
The impact parameter scales, defined such that b/b = 11.1 fm (11.8 fm) for E/ A=100 MeV
(400 MeV), are consistent with the scales given in Fig. 2.
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