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Abstract

Multifragment disintegrations have been measured for central Au+Au colli-
sions at E/A = 35 MeV. Fragment emission occurs predominantly at low cen-
ter of mass energies of about E/A ~5 MeV, consistent with a Coulomb domi-
nated breakup 6f a single source. Mean fragment multiplicities of < Nyyr >=
10.8 are extracted after correction for the detection efficiency. The fragment
charge distributions decrease much more gradually than expected from scaling
laws recently applied to the extraction of critical exponents for the nuclear

liquid-gas phase transition from nuclear collisions.
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Very highly _charged nuclear systems are fundamentally unstable. At low excitation en-
ergies this instability manifests itself by the binary fission of heavy (Z > 90) nuclei (1],
and at higher excitation energies, by the binary disintegration of highly charged systems
(184 > Z > 92) formed momentarily in central, near Coulomb barrier collisions [2]. Coulomb
[3] and isospin effects {4] are also predicted to strongly modify the characteristics of low den-
sity phase transitions in nuclear matter, and to significantly alter the collision dynamics,
increasing the likelyhood of a multifragment disintegration {5,6,8,7]. The predicted conse-
quences of Coulomb instabilities include the formation of bubble-like multifragment breakup
configurations in central collisions at Epem/A = 30 MeV [8] , and a monotonic increase in
the fragment admixtures with decreasing excitiation energy {5,6]. If true, this latter predic-
tion could obviate present techniques for the extraction of critical exponents from fragment
>charge distributions [9-11] and complicate the extrapolation of present measurements of the
limit of infinite nuclear matter [6].

Even though the Coulomb interaction is known to strongly modify nuclear properties,
little is experimentally known about Coulomb driven multifragment decays. Collisions be-
tween highly charged Au nuclei at incident energies of E/A = 100 MeV, are characterized
by a very large collective expansion of the com;;ressed central region formed during the early
stages of the collision [12,13]. For such violent collisions, Coulomb instabilities may play
only a minor role. A few measurements of the multifragment disintegration of very highly
charged systems (Z:; > 130) have been performed at low incident energies (E/A ~ 30
MeV) which suggest that bulk multifragmentation processes contribute little to a total reac-
tion cross section dominated by strongly damped binary collisions [14,15]. In this letter, we
present measurement of very central Au+Au collisions at a slightly higher energy, E/A = 35
MeV which strongly suggest a Coulomb driven multifragment decay. Consistent with recent
molecular dynamics calculations of highly charged systems [5], we observe remarkably flat
elemental distributions that are predicted to be a consequence of the destabilizing Coulomb
interaction and are inconsistent with the assumptions of recent extractions of critical expo-

nents for the nuclear liquid-gas phase transition [9-11]}.
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The experiment was performed at the National Superconducting Cyclotron Laboratory of
Michigan State University. Beams of Au ions at £/A = 35 MeV incident energy, accelerated
by the K1200 cyclotron, were used to bombard Au foils of approximately 5 mg/cm? areal
density. Light charged particles and intermediate mass fragments (IMF’s: 3 < Zpyr < 20)
were detected at 23° < Oy, < 160° by 158 phoswich detector elements of the MSU Miniball
[16] and fragments with 3 < Z < 79 at 3° < 4 < 23° by 44 gas-Si-Si(Li)-CsI detectors of
the INFN Multics Array [17]. The charge identification thresholds were about 2, 3, and 4
MeV /nucleon in the Miniball for Z=3, 10, and 18, respectively, and about 1.5 MeV /nucleon
in the Multics Array independent of fragment charge. To achieve higher precision in the
Miniball energy calibrations, however, a higher energy threshold of E/A = 5 MeV was
imposed upon the analysis of particles detected in the miniball. The geometric acceptance
of the combined array was greater than 87% of 4~.

For the analysis reported here, impact parameters were selected via constraints upon
the total charged-particle multiplicity detected in the combined system. Assuming that the
charged-particle multiplicity decreases monotonically with impact parameter, a “reduced”

impact parameter, b = b/byax, for each event was determined according to 18]

oo 1/2 .

s b

bza;—;zN/ chP(Nc) y (1)
c(b)

Here, P (N¢) is the probability distribution for the charged—particle multiplicity for Ng >2,
and wb2,, is the cross s;ection for collisions with N¢ > 2.

The analysis focused upon central events with N, > 28 corresponding to b < 0.1. For such
events, approximately 53% of the total charge is detected in the experimental apparatus,
and a surprisingly large fraction, 58%, of this detected charge is bound in intermediate mass
fragments IMF’s, defined here by 3 < Zmqg < 20. Using the inherent symmetry of the
Au+Au reaction [19], the detection efficiency was determined and an efficiency corrected
mean IMF multiplicity < Npyr >= 10.8 £ 1 was obtained. The corresponding efficiency

corrected charge distribution, shown by the solid points in Fig. 1, is surprisingly flat. A
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similarly flat cilarge distribution, shown by the open points, is also observed for fragments
emitted at center of mass angles of 0., = 90° + 20° suggesting that the large abundance of
heavier fragments do not originate from the decay of projectile- and target-like remnants.
(Differences between the two sets of data are comparable to the systematic uncertainties
in the efficiency correction.) For comparison, we show the charge distribution measured
for central collisions at E/4 = 100 MeV (solid squares) for the same system [20] , and
the charge distribution measured in peripheral collisions at E/A = 1000 MeV for the same
system (open squares) [20]. Both of these charge distributions measured at higher energies
decrease much more steeply with fragment charge.

Early investigations of high-energy hadron-nucleus collisions, revealed a power-law be-
havior, p(4) oc A7, of the inclusive mass distributions [21], similar to that observed for
the distributions of droplets for near-critical, macroscopic systexhs exhibiting a liquid and
a gaseous phase [22]. Consistent with this macroscopic analogy, values for the “critical pa-
rameter” of 7 have been extracted [9,10] from analyses of charge distributions measured
for smaller systems containing 80-200 nucleons. After correction for finite size effects and
detection efficiency values for 7 & 2.2 are obtained for peripheral collisions in the domain
of limiting fragmentation; one such example is provided by the data for slowly expanding
systems produced via peripheral collisions at £/A = 1000 MeV shown in Fig. 1. Similar
data have been interpreted [9-11] as evidence for near critical behavior.

Such attempts to extract critical exponents [9-11] from scaling laws have relied heavily
upon the assumption that the charge or mass distributions of systems at thermal equilibrium
display minimum values for T at the critical point. The charge distribution in Fig. 1 for
E/A = 35 MeV can be described in the range of 3 < Z < 20 by a y2-fit of a powerlaw
with values for 7 of 7 = 1.22 + 0.05. This value is much smaller than the value 7 ~ 2.2
expected from scaling laws at the critical point of the liquid gas phase diagram. Compared
to this difference, finite size corrections to 7, deduced from percolation model calculations
for systems with A ~ 400 [10], are negligible. This prompts more detailed consideration of

other factors that could enhance the production of heavier fragments.
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Angular momentum [23,24], Coulomb interactions {3,25] , non-equilibrium effects [26],
and non-compact decay configurations [27] have been raised previously as important issues
but have not been taken into account during the extraction [9-11] of critical exponents.
Before focusing upon Coulomb effects, it is worthwhile considering some of these other
possibilities. In particular, the selection of events with impact parameters b < 0.1 used in
the construction of Fig. 1 could imply nonnegligible total angular momenta and possible
contributions from strongly damped reactions, due toithe finite resolution of the impact
parameter filter. One may assess the importance of the ;;atistical decay of rapidly rotating
projectile- and target-like residues with enhanced bra.néhing ratios for fragment emission
[23,24,28] by examining the fragment velocity distributions, shown as a typical example for
Z=T7 in Figure 2 for peripheral (b > 0.7; ﬁpper pane}) gnd central collisions (b < 0.1; lower
panel), respectively [19]. Distributions ij IMF's fer peripheral and central collisions both
have a major component centered about the center of mass velocity vem.; ring-like emission
patterns, centered about the projectile- and target-like residue velocities and characteristic
of the statistical decay of projectile- §nd target-like residues, are only weakly observed.
Consistent with previous observations:;{gf‘)], fra.gmeﬁt&:a.re primarily formed in peripheral
collisions by the fragmentation of a ”neck” that 'momenta.rily connects projectile and target-
like residues. This "neck” forms a pa:t)&pa.nt” @aurea‘  that grows in size and importance
with decreasing impact parameter umll ;,t gncomgqges tﬁe entire system. The assumption of
a constant rms fragment velocity of Urmy = (< v ’ >)ﬂl/ 2 2 0.1 ¢, extracted for fragments
emitted in central collisions at 70° < @lc,m, < 110° and shown as the circle in Fig. 2, is
approximately correct for the participant source at other angles [30]. Such a low value for
Vyms is Toughly consistent with the Coulomb disintegration of a single spherical source at a
constant density of about 0.25 — 0.3po. This conclusion is supported by other more detailed
investigations of single and multifragment observables [30]. .

While the statistical decay of equilibrated projectile- and target-like residues or of an
equilibrated compound nucleus is unlikely for central collisions, it is possible, that for a phase

space dominated decay mechanism, collective rotation could dictate large branching ratios

IV



for non-compound fragment emission (23,24,28]. Since such general considerations would
also dictate the focusing of decay patterns into the plane perpendicular to the total angular
momentum [28,31], the importance of collective rotation can be tested by constructing a —a

azimuthal angular correlation functions 1 + R(Adaa), defined by

3 Yia (51, B2) = (1 + R(Adaa)] - Y1 (B1) - Y2 (2) - (2)

Here, Y;2 (71, 72) is the coincidence yield, ¥ (51) and Y3 (p2) are the singles yields for the
particles 1 and 2 at momenta Py and p , and Adaa = Po; — da, is the relative azimuthal
angle between the two alpha particles about the beam axis. Both sides of Eq. 2 are summed
over momenta Py and pq, for fixed Agqq. For systems rotating collectively, emission occurs
preferentially at relative azimuthal angles of daa = 0° and 180° corresponding to coplanar
emission of the o ‘particles in directions perpendicular to the total angular momentum..

Impact parameter selected correlation functions are shown in Figure 3 for an energy gate
of Ecm./A > TMeV and an angular gate of 70° < O.m. < 110°. Correlation functions for
larger impact parameter collisions, 0.7 < b < 1.0, display large azimuthal anisotropies cop-
sistent with either a collective rotation of such residues or significant refractive “rotational”
flow of nucleons along the surfaces of the combined system. In contrast, correlation func-
tions of central collisions b < 0.1 are nearly isotropic, indicating that anisotropies induced by
rotational effects are comparatively negligible at such small impact parameters. No strong
preference for the alignment of the angular momenta of the two alpha particles parallel to the
total angular momentum is observed. This strongly suggests that the influence of rotation
upon the fragment charge distributions will likewise be small.

There are a number of theoretical investigations that predict the observation of unusu-
ally flat fragment charge distributions. Reduced values of the extracted "effective” critical
parameter 7 & 1.7 have been attributed to the existence of a non-equilibrium mixture
of fragments and a supersaturated nucleonic gas at freezeout [9]. Within microcanonical
fragmentation models [3,25], the Coulomb interaction causes significantly larger fragment

admixtures [3] and a preference for bubble-like fragment spacial distributions [25]. Within -
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bond percolation models [27], such non-compact bubble-like decay configurations can display
values for the critical parameter 7 that are 20% smaller than those for compact spherical
systems. Classical molecular dynamical simulations of neutral, initially thermalized liquid
drops predict a non-equilibrium fragmentation within the region of adiabatic instability
[26,7], and a reduction in the effective critical exponent 7 in heavy systems to values of
about 7 &~ 1.6. Only when the Coulomb interaction is introduced, however, do the 7 values
for the multifragment decay configurations of the molecular dynamics calculations decrease
monotonically as the excitation energy is lowered and attain values of order unity as exper-
imentally observed [5,6]. Thus the available information suggests that the most likely cause
for the extreme flatness of the charge distribution is the destabilizing Coulomb interaction.

In summary, multifragment disintegrations have been measured for central Au+Au col-
lisions at E/A = 35 MeV. Fragment emission occurs predominantly at low emission energies
of about E/A =5 MeV, consistent —with a Ceulomb dominated breakup of a silngle source.
Mean intermediate mass fragment multiplicities of < Npyp >=¢ 10.8 are extracted. Fragment
charge distributions are observed that decrease much more gradually than would be consis-
tent with recent extractions of critical exponents for the nuclear liquid-gas phase transition.
These observations are qualitatively consistent with trends predicted for Coulomb driven
multifragment decays of highly charged systems. Additional experimental and theoretical
work is required to quantitatively understand the present observations.
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FIGURE 1

Efficiency corrected and angular integrated elemental probability distribution for frag-
ments emitted in central collisions (b < 0.1) for the reaction Au+Au at E/A = 35 MeV
(solid points). The corresponding differential distribution at ©cm = 90° & 20°, normalized
to the angular integrated data, is shown as open points. Elemental yields for central colli-
sions at E/A = 100 MeV and peripheral collisions at E/A = 1000 MeV from ref. [20] are
normalized to the lithium yield at E/A = 35 MeV and are shown by the solid and open

squares respectively.

FIGURE 2

Velocity distribution dv:ﬁ) — for Z = 7 fragments emitted in peripheral collisions (13 > 0.7,

upper panel) and central collisions (i) < 0.1, lower panel). The velocity axes are in units
of the speed of light and the intensity scale is logarithmic. The circle corresponds to a
fixed velocity of 0.1c in the center of mass. (In this figure, the efficiency corrected velocity
distributions at v > v, have been reflected about the center of mass velocity vem. to obtain
a thresholdless distribution for all velocities.)

FIGURE 3

a — a azimuthal correlation functions [32] for peripheral (open points) and central (solid

points) collisions. The relevant énergy and angular gates'are given in the text.
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