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Abstract

Multifragmentation studies induced by GeV light-ion beams permit in-
vestigation of the influence of intrinsic thermal properties of hot nuclear
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matter, with minimal interference from the compression/decompression
cycle and rotational instabilities. We summarize recent results obtained
with 3He, proton and pion beams up to 15 GeV/c and present the ini-
tial results from a recent experiment with 8 GeV/c antiproton and pion
beams. The results are compared with INC simulations coupled to EES
and SMM models and the caloric curve for the 3He data will also be
discussed.

1 Introduction

Studies of nuclear multifragmentation have exposed a rich source of challeng-

_ing new physics questions during recent years. Motivated by the desire to
define the parameters of the nuclear equation of state, experimentalists have
sought to resolve several crucial issues relevant to the properties of hot nuclear
matter. Can equilibrated systems be clearly identified? Is there evidence for
a liquid-gas phase transition, and if so, is it first or second order? What can
the data tell us about nuclear compressibility? Is it possible to relate data
from finite systems observed in the laboratory to the infinite systems that
presumably occur in neutron stars? Many different physical effects - tem-
perature, the compression/decompression cycle, rotational and shape degrees
of freedom - can influence the probability for multifragmentation. Isolation
of the thermal character of the multifragmentation process can be achieved
most transparently via studies conducted with GeV light-ion beams, ideally
hadrons. Both BUU[1] and INC|2] calculations indicate that such beams heat
heavy target nuclei rapidly (7 < 20 fm/c), while at the same time providing
minimal compression and imparting low average angular momenta ({£) < 20%)
to the residue. Thus, the good news is that hadron-like beams suppress the ef-
fects of the compression/decompression cycle, rotational effects and the shape
degree of freedom. The bad news is that the highly interesting phenomena
associated with these effects, e.g., radial flow and neck emission, are not acces-
sible via this approach and are pursued much more profitably with heavy-ion
beams.

For hadron-like beams above about 3-4 GeV incident on heavy nuclei and
INC[2, 3] calculations predict cross-sections of order 100 mb for residues with
excitation energies in excess of the multifragmentation threshold, subsequently
verified experimentally [4, 5, 6]. In addition, BUU[1] calculations indicate that
the average entropy per nucleon becomes approximately constant after ~ 30
fin/c, permitting a schematic separation of the reaction into fast cascade and
subsequent decay stage(s). This serves as a rationale for the use of hybrid



two-step calculations(7] for describing these reactions - although a unified the-
oretical description remains a highly desirable goal.

From an experimental point of view, hadron-like beams create only a single
source of multifragmentation reactions. One of the remarkable features of these
studies at GeV energies is that the multifragmentation events with the high-
est multiplicities are characterized by nearly isotropic IMF emission patterns.
Fragment spectra for such events are concentrated at very low kinetic energies
(E/A < 5 MeV/A), resembling a “soft explosion”. Longitudinal source ve-
locities are typically ~ 0.01c, thus minimizing the kinematic distortion of the
spectra and event patterns, as well as exposing nonequilibrium components in
the observed yield. These features require a 47 symmetric detector with very
low energy thresholds (E/A < 1 MeV) and good energy resolution. In the
experiments reported here we have used the Indiana Silicon Sphere (ISiS) 4n
detector array, which consists of 162 gas-ion chamber/500 pm silicon/28 mm
Csl telescopes aranged 'in a spherical geometry and covering 74% of 4n(8].

2 The Case for Thermalization and Expansion

The initial experimental test for equilibration, a necessary condition for a
nucleus undergoing a phase transition, is that the fragments must be emitted
isotropically in the source frame. In Fig. 1 we show constant invariant cross
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observes that for the least violent events (Njpr = 1), the rapidity distributions
are consistent with a low source velocity, but are somewhat forward-focussed,
suggesting contributions from nonequilibrium processes. As the observed mul-
tiplicity increases, there is little change in the source velocity, while the rapidity
pattern shifts increasingly towards greater isotropy and lower fragment veloc-
ities. This behavior is a general feature of all IMFs with Z > 6 and has been
observed in several similar systems with GeV *He and proton beams|6, 9.
While this confirms that the momenta of the nucleons in the hot residue are
randomized, the question of equilibration, of course, remains open. Nonthe-
less, it is apparent in Fig. 1 that these highly relativistic beams produce a
class of events that decay isotropically and are characterized by unusually soft
(sub-Coulomb) energy spectra.

The systematic shift in the spectra toward lower energies as a function of
increasing total observed charge Zg, is shown in Fig. 2 for carbon fragments
emitted in the 4.8 GeV 3He + !97Au reaction. The observed evolution of
the spectra suggests that expansion may play an important role in producing
the disintegration mechanism. To investigate this possibiliby, two-component
moving-source fits[10] have been applied to the data for Z > 5 fragments as
a function of observed IMF multiplicity. From the Coulomb parameters, k.,
derived from such fits, it is possible to estimate the corresponding relative
volume V and density p, since k. & 1/V1/3 « p'/3. In performing these fits, it
was recognized that in a sequential decay scenario, the charge of the emitting
source decreases at each step, thus lowering the Coulomb field and producing
less energetic fragments. Thus, it was assumed that the observed fragment was
the final step in a de-excitation chain and that the charge of the corresponding
residue was the difference between that of the !%7Au target and all remaining
observed charge, Zu,, in the reaction; i.e. Zyource = 79 - Zobs + ZimF. In this
way the extracted values of k. are maximized, producing an upper limit on the
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This analysis vields decreasing values of p/p, with increasing Ny r that
become constant near p/p, < 0.3-0.4 for Nyyp > 4, corresponding to an
excitation energy of about 750 MeV[4]. This provides a direct rationale for
a breakup density of p/p, ~ 1/3 and is consistent with the breakup densities
~required to fit the data with EES[11] and SMM][12, 13] multifragmentation
model simulations. This is indicated by the qualitative trends of the solid
lines in Fig. 2, which are based upon EES calculations. Sequential statistical
models cannot reproduce this effect. |

3 The Breakup Mechanism(s): Time Scales

Another issue central to the identification of a phase transition in hot nuclei is
the time evolution of the hot residue. To what extent are the residue mass and
energy depleted by pre-breakup phenomena such as coalescence and preequi-
librium emission? Are the observed high multiplicity, sub-Coulomb events the
product of a sequential or a simultaneous disintegration? In order to address
these questions, both large- and small-angle IMF-IMF velocity correlations
have been performed on the 4.8 GeV 3He + '®"Au data. Large-angle relative
velocity correlations are sensitive to the size and temperature of the emit-
ting source and can be used to trace the time-temperature evolution of the
residue[14). Small-angle reduced velocity correlations probe the breakup time
scale. Details of the analyses reported here are contained in [15, 16).
In Fig. 3 the average relative velocities are shown as a function of IMF
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charge for the large-angle correlations. Only fragments emitted at angles
greater than 32° and with kinetic energies E/A < 10 MeV were included in the
data set. In the top frame of Fig. 3 the data are compared with predictions of
fission kinetic-energy systematics|[17] to provide a baseline for Coulomb effects
from highly stretched nuclear matter. The solid line shows the systematics for
a residual nucleus at T=0 and the upper curve for T=5 MeV. For the heavier
fragments the calculation for a hot residue describes the data relatively well.
However, for fragments with Z < 6, the fission systematics underpredict the
data, which is also true of statistical model simulations described below.

In the bottom frame of Fig. 3, relative velocity results are compared with
two hybrid simulations; both of which use the residue mass and excitation en-
ergy distributions predicted by intranuclear cascade calculations as input[18].
‘The solid line shows the results of an INC/EES simulation based on the time--
dependent expanding emitting source model and the dashed line gives the pre- -
diction for an INC/SMM model that employs instantaneous breakup. Both
models assume a breakup density of p/p, ~ 1/3 and describe the data for
heavier IMF's relatively well. However, for the lighter IMFs, only the INC/EES
model, which includes emission during expansion, accounts for the data. The
effect of expansion is also shown by the dotted line in Fig. 3, where the case of
no expansion (p/p, = 1) in the INC/EES model is seen to be in strong disagree-
ment with the data. Thus, the large-angle correlations are consistent with a
scenario in which, on average, light IMF's are emitted in a time-dependent fash-
ion from a hotter, more dense source during expansion, whereas heavy IMF's
originate from a dilute source with p/p, ~ 1/3 later in the time evolution of
the reaction.

In order to evaluate the time scale for breakup in the final stages of the
reaction, small-angle reduced-velocity correlations have been performed on the
4.8 GeV 3He + !®"Au data.- Since the strongest evidence for expansion and
thermal multifragmentation is provided by the high yield of sub-Coulomb IMF's
found in the spectra of the most violent events[6, 10], we have focused our
analysis on those events with energies, Ejprr/A < 3 MeV per nucleon. These
results are shown in Fig. 4 for high multiplicity events from the 4.8 GeV 3He
+ 197 Au reaction. Data are for Z=>5-9 fragments, which account for about 50
mb of total cross section. Also shown in Fig. 4 are simulations based on the
N-body Coulomb-trajectory code of Glasmacher[19]. Here we assume p/p,=
0.25, a value of Z=12 for the heaviest residue in the ensemble, and random
placement of the heaviest residue in the breakup volume. With values of the
lieaviest residue greater than Z > 20, it is not possible to describe the shape of
experimental data. These assumptions account for the fragment multiplicity,
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charge and kinetic energy distributions. Breakup time scales of 20, 50, 100 and
200 fm/c are indicated on the figure. The comparisons strongly favor a very
short breakup time, 7 ~ 20 - 50 fm/c, thus supporting a near-simultaneous
origin of these multifragment events. Thus, the picture that is suggested by the
IMF-IMF correlation data and simulations contains both time-dependent and
simultaneous emission phases. Light fragments appear to be emitted during
the early stages of the reaction from an expanding cooling source. For those
residues formed at sufficiently high temperatures, expansion then leads to si-
multaneous breakup of the system when a density of p/p, < 1/3 is reached.
These latter events then represent the most likely candidates for a phase tran-
sition.

4 Excitation Energy: Enhancement with Antiprotons

The thermal character and short apparent breakup times associated with the
multifragmentation events observed in these studies suggest a possible inter-
pretation in terms of a phase transition. To investigate this possibility, we
have constructed the “caloric curve” [20] for the 4.8 GeV 3He-induced reac-
tions on "*'Ag and '®"Au. Excitation energies were derived event-by-event for
the thermal component of the spectra, following procedures described in{4].
The distribution of E*/A values extends up to E*/A ~ 10 MeV /nucleon for
both systems. Comparison with predictions of an INC calculation(18] show
that the simulation overpreducts the extracted excitation energies by about
15% at the upper end of the distribution. However, if nonequilibrium emission
is included in the energy sum (E/A < 30 MeV), the agreement with INC im-




proves significantly ~ which is consistent since the INC code does not account
for equilibrium emission.

Temperatures have been derived using the double-isotope ratio method,
with the *3H/3*He isotopes serving as the thermometer(22]. The resultant -
“caloric curve” is shown in Fig. 5. The heating curves for both "**Ag and
197 Au are nearly identical and no plateau is seen in the data, although a distinct
slope change is indicated near E*/A ~ 2-3 MeV. The data are compared with
the EES model in the left frame and the SMM model on the right, as well as
the simple thermal expectations based on a level density parameter a=A/11
MeV~! (dotted line). The full model calculation is given by the dashed line and
the model filtered through the ISiS detector acceptance by the solid line. Both
models, which assume a phase transition near E¥*/A ~ 5 MeV, are in relatively
good accord with the data based on thermal ejectiles only. It should be noted,
however, that model isotope-ratio temperatures do not necessarily coincide
with the thermodynamic temperatures for a glven excitation energy/nucleon
(dot-dashed line in SMM calculatlon) : : -
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Fig. 5. Caloric curve for 4.8 GeV 3He + "**Ag, 1®"Au reactions. Temperatures
are detéermined from 23H/3*He double isotope ratios and excitation energy per
residue nucleon from reconstructed events. Left frame compares with EES model;

right curve compares with SMM model with detector cuts imposed on theory (solid
lines).

Qualitatively, the caloric curve of Fig. 5 is in agreement with both model
predictions and expectations of a liquid undergoing a phase transition. Two
questions immediately arise. First, are the isotope-ratios a valid gauge of the
temperature of the hot source? This remains an open question. Second, what




happens at higher excitation energies; i.e., can evidence for vaporization be
found? The use of light-ion and hadron beams to reach higher excitation
energies is limited due to the observed saturation in deposition energy that
occurs for beams above about 4-5 GeV kinetic energy(5, 23]. This saturation
is presumably linked to the loss of retained energy in the target nucleus due
to transparency effects as the beam energy increases.

In an effort to extend the heating curve to higher excitation energies,
we have recently studied antiproton-induced reactions with the ISiS array at
the Brookhaven AGS. INC calculations predict that for antiprotons above
about 5 GeV/c momentum, the excitation-energy distribution of the excited
residues extends to significantly higher values than for proton- a.nd pion-
induced reactions{3]. ”

The simulations suggest that a 20—40% enhancement is the upper values of
E*/A might be observed. The experiment was performed with a tagged beam
of 8 GeV 7~ (~98%), K~ (~ 1%) and 5 (~ 1%). Approximately 25,000 p
events and 2.5 x 1087~ events were observed with one or more IMFs. The
observed multiplicity distributions are shown for total charged particles (N¢p)
and IMFs (Npr) in the upper panels of Fig. 6. The data demonstrate a clear
enhancement of high multiplicity events for the p beam relative to the 7~ beam.
(It has previously been shown that the n~ and proton beams yield identical
multiplicity distributions{21)). More apparent is the ratio of probabilities for
the two beams, shown in the lower panels of Fig. 6. Here one sees a factor of at
least three increase in the probability for the highest IMF multiplicities with
the p beam. The total charged-particle multiplicities are even more enhanced,
in part due to more fast particles in those p-induced events
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In Fig. 7 the derived excitation energy and mass distributions are com-
pared with the INC predictions for 8 GeV/c n and § beams, respectively. Two
assumptions are shown for the values derived from the data. Open squares
include only thermal particles, which we define as protons with kinetic energy
E < 30 MeV and all other fragments with E < 9.0Z + 40 MeV (as indi-
cated by the area enclosed within the dotted line in Fig. 1). For the solid
squares the acceptance is relaxed to include all fragments with E/A < 30
MeV. Qualitatively, the INC calculation predicts the observed enhancement of
high excitation energies with p relative to the hadron beams. However, on an
absolute basis, the INC overestimates the maximum excitation energies signif-
icantly, although the agreement with the mass distributions derived from the
experiment is reasonable. This suggests that the reabsorbtion of secondary
pions during the cascade may be too strong in the code.
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In summary, studies of GeV antiproton, hadron- and *He-induced multifrag-
mentation reactions have led to the following interpretation of these reactions.
Initially, the nucleus is rapidly heated via hard N-N collisions, multiple bary-
onic resonance excitations and pion reabsorbtion, leading to deposition ener-
gies in excess of ~ 10 MeV/residue nucleon. During the latter stages of the
fast cascade and subsequent expansion/cooling phase, nonequilibrium LCPs
and IMFs are emitted from sources that are hotter and more dense that at
breakup. Examination of the sub-Coulomb part of the IMF breakup spectrum
suggests a “soft explosion” of the hot, expanded residue for which the breakup
time is 7 & 20-50 fm/c. The caloric curve derived from the thermal part of
the ejectile spectra exhibits a slope change near E*/A ~ 2-3 MeV, but contin-
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ues to increase gradually up to E*/A ~ 10 MeV. This behavior is consistent
with both EES and SMM multifragmentation models. Finally, recent studies
with 8 GeV/c p and 7~ beams indicate that antiprotons in this momentum

range may provide the optimum case for investigating thermal behavior in
multifragmentation reactions.
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