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Recent results from studies of the 1.8 - 4.8 GeV 3He + "'Ag, 197Au reaction*
at LNS with the ISiS detector array have shown evidence for a saturation in de-
position energy and multifragmentation from a low-density source. The collision
dynamics have been examined in the context of intranuclear cascade and BUU
models, while breakup phenomena have been compared with EES and SMM mod-
els. Fragment-fragment correlations support a model in which multifragmentation
is a time-dependent phenomenon that occurs on a short < 100 fm/c time scale.
Isotope-ratio temperatures exhibit features of the "caloric curve" of Pochodzalla
et al., but these are dependent on angle of observation and selection of fragment
energy gates.

1 Introduction

The heating of finite nuclear matter to temperatures in the vaporization regime
can be achieved via two primary pathways. Most common-and the subject of
most papers at this conference-involves compressional heating in heavy-ion
collisions. Alternatively, high temperatures can also be reached in central
light-ion-induced reactions on heavy nuclei as a consequence of hard N-N col-
lisions, supplemented by the excitation of multiple delta resonances and pion
reabsorption. The latter approach is the subject of this report.

Recently, our group has conducted a series of light-ion studies with the
Indiana Silicon Sphere Air charged-particle detector array.1 The objectives of
these studies have been to investigate transport phenomena and the disinte-
gration of the hot residues formed in these collisions, as well as the important
nonequilibrium processes that link the initial and final stages of the reaction.
Particular attention has been devoted to characterizing the thermal properties
of the disintegrating systems. This experimental program has spanned the
intermediate-energy region, extending from (1) the Fermi-energy domain at
IUCF (E375: 130 - 270 MeV p and 3He beams) to (2) reactions in the vicinity
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of the A resonance at LNS (E228: 1.8 - 4.8 GeV 3He) to (3) the limiting frag-
mentation region at AGS (E900: 5.0 - 14.6 GeV/c p, «•"). The lower-energy
studies have focussed on nonequilibrium processes and those at higher energies
on multifragmentation and its relation to the nuclear equation of state. This
report will emphasize the results from LNS,2'3 which were obtained with 1.8 -
4.8 GeV 3He incident on silver and gold nuclei.

Simulations of the 3He reaction dynamics with both intranuclear cascade
(INC)4 and BUU models5"7 predict that energy deposition occurs on a time
scale of 20 - 30 fm/c and that by 40 fm/c, the entropy per nucleon is nearly
constant, indicating the residue has entered the chaotic regime. At this time,
the maximum deposition energy is predicted to be E* ~ 10 —12 MeV/nucleon.
In addition, both INC8 and BUU calculations7 indicate that for central colli-
sions, a region of depleted density develops in the center of the nucleus as a
consequence of the fast cascade. When fluctuations are folded in, this provides
a mechanism for destabilization of the system and subsequent multifragmen-
tation.

2 Energy Deposition

In order to gauge the deposition energy in these reactions, we have examined
several experimental variables. One of the most important of these is the mul-
tiplicity of intermediate-mass fragments (IMF: 3 < Z ~20), which is believed
to be strongly correlated with excitation energy.9"11 The experimental mul-
tiplicity distributions scale systematically with target mass and bombarding
energy.2 However, for the 3.6 and 4.8 GeV 3He + natAg reactions, the multiplic-
ity distributions are identical, suggesting that a saturation of deposition energy
has been achieved. This is predicted by both INC and BUU calculations7 and
is understood in terms of the forward-focussing and increased momentum of
the secondary pions, which reduce their absorption probability.

In contrast to the IMF multiplicities, the light-charged-particle (LCP) dis-
tributions extend to higher values at 4.8 GeV than at 3.6 GeV for the natAg
target. To understand this, we have examined the fragment energy spectra.
In Fig. 1, energy spectra for He, Li and C fragments observed at 14° - 22* are
shown for events with two or more IMFs. The significant yields of energetic
LCPs and IMFs are apparent and demonstrate that even for high deposition-
energy events, nonequilibrium processes compose an important fraction of the
yield. The dashed lines in Fig. 1 indicate the maximum contributions from
equilibrium-like emission, as determined from two-source fits to the data at all
angles.
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Figure 1: Spectra of He, Li, and C fragments for MIMP = 2 events at 14* - 22s. Data are
from 4.8 Gev 3He + " ' Ag system. Solid lines are two-component moving source fits to the

Li and C spectra; dashed lines represent the corresponding slow component.

To investigate the effect of nonequilibrium emission on excitation-energy
gauges, we have schematically separated all spectra into thermal and fast com-
ponents. For each Z value, thermalized charged particles are defined as those
ejectiles with energies t\h below a cutoff energy,

,m&X
(1)

where Co is a parameter corresponding to the peak of the inclusive energy
spectrum for each fragment charge, Z/, and <o = 31 MeV. All £th values are
calculated in the moving-source reference frame and the cutoff energy e$f*
corresponds approximately to the discontinuity in the slope of the spectra tails
in Fig. 1.

The above separation permits calculation of an energy sum that minimizes
nonequilibrium contributions and is directly related to the excitation energy
of each multifragmentation event. This quantity is defined as the total ther-
malized energy

4 (2)
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Figure 2: Lower frames: Distributions of observed total thermalized energy per event for 3He
+ 19TAu (left) and 3He + "'Ag (right); upper frames: Correlation between total themalized
energy and transverse energy. Error bars indicate standard deviations of distribution widths

(± <r) and are representative of data. Systems are denned on figure.

The Eth distributions shown in Fig. 2 exhibit the same features as the
IMF multiplicity distributions; i.e. Eth scales with target mass and projectile
energy-except the 3.6 and 4.8 GeV 3He + Ag systems give identical results.
This provides an independent confirmation of the saturation in deposition en-
ergy for the 3He + Ag reaction. At the 10~6 probability level, the maximum
observed values of Eth translate into maximum deposition energies of the order
of 950 MeV for Ag residues and 1600 MeV for 197Au, when corrected for solid
angle, neutron emission and binding energies. Allowing for mass loss during
the fast cascade,4 these deposition energies correspond to E*/A ~ 12 MeV for
the Ag target and E*/A ~ 10 MeV for Au. These values are in good agreement
with predictions of the INC model.4



In summary, two classes of reaction observables emerge from the above
analysis, one related to the excitation energy of the thermalized source and
the other more characteristic of projectile energy dissipation, which includes
nonequilibrium processes. In the former group, the multiplicities of IMFs and
thermalized particles, the total thermalized energy, and the total observed
charge all behave similarly and appear to be reliable deposition energy gauges.
In contrast, significant nonequilibrium contributions are included in observ-
ables such as the LCP and total charge-particle multiplicities and the trans-
verse energy distribution (shown in Fig. 2).

3 Breakup Dynamics

The breakup dynamics of the highly excited residues formed in GeV 3He-
induced reactions have been examined in several contexts. Both rapidity anal-
yses and moving-source fits to the spectra of all IMFs indicate the presence of
two sources: a dominant equilibrium-like source and a smaller nonequilibrium
source.3*3 The equilibrium-like source appears to involve isotropic emission and
kinetic energy spectra with peaks that broaden and shift to lower energies with
increasing collision violence. This latter result has been interpreted3'13 as di-
rect evidence for emission from a source expanded to a density p/po < 1/3.
In addition, both small-angle correlations and coplanarity-sphericity analyses
lead to the conclusion that the breakup mechanism is fast; the former favors a
simultaneous breakup scenario3 and the latter yields emission times < 50 fm/c
for the most violent events.13

In an effort to understand the time evolution of the breakup process we
have examined large-angle correlations (0 = 180° ± 40°) for fragments with
identical charges. These distributions are sensitive to the Coulomb field of the
emitting source, and thus reflect its size and charge.

In Fig. 3 the relative velocity distributions are shown for several identical
fragment pairs, along with those for all possible fragment pairs. The results
show a systematic evolution toward lower relative velocities as the fragment
charge increases. For the heaviest fragments, the relative velocites are in good
agreement with fission systematics, for which a value of r<j ~ 1.8 fm accounts for
the separation distance between binary fragments. [When compared to a value
of r0 for nuclei of 1.2 fm, this would correspond to a density of p/p0 ss 1/3].
With decreasing IMF charge, the centroids of the relative velocity distriubtion
diverge significantly above the Coulomb energy for fission.

The relative velocity results have been compared with predictions based on
two different models: the expanding emitting source model (EES) of Friedman,9

and the statistical multifragmentation (SMM) model of Botvina.13 The EES
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Figure 3: Relative velocity distribution for IMF pairs with Zi = 1?. Data are for 4.S GeV
3 He + l97Au reaction. Upper curve is for all IMF pairs.



assumes time-dependent emission from an expanding source prior to breakup,
whereas the latter describes a source undergoing simultaneous breakup. In or-
der to emphasize the possible influence of time-dependent emission, the default
conditions of both codes have been employed; i.e. K=144 MeV for EES and
p/po ~ 1/3 aQd Q° prequilibrium emission for SMM. In order to account for the
distribution of residue masses and excitation energies, identical INC results4

for these systems were used as input to the EES and SMM calculations.
The INC/EES and INC/SMM calculations are compared with the data in

Fig. 4. For the INC/EES model there is generally good agreement with the
data, especially for the 197Au target. In contrast, the slope of the INC/SMM
model diverges well below the data for low-Z IMFs. The difference between
the model predictions can be understood as follows. If the emission process
is time-dependent, IMFs emitted early in the expansion phase will be more
energetic due to the larger temperature, charge and density of the source, plus
any expansion boost the fragment may receive. The results are consistant
with a model in which light fragments are emitted early in the expansion
stage. This "preequilibrium IMF" aspect of the disassembly mechanism is
present in the EES model, but not in SMM. [While a prequilibrium option
can be implemented in the SMM code of Ref. 13, it accounts only for LCPs
and hence would not affect the present results.] For the heaviest fragments
both models and the data are in general agreement, suggesting that the final
breakup stage of the reaction can be satisfactorily described by both the SMM
and EEs models.

4 The "Caloric Curve"

Recently, Pochodzalla et al.,1* have reported evidence for the existence of a
"caloric curve" in studies of peripheral 197Au + 197Au collisions at 600 MeV/A
bombarding energy. These results trace the temperature, determined by the
isotope-ratio technique,15 as a function of the excitation energy per nucleon of
the hot, fragmenting residues. A plateau is observed in this temperature/heat
content diagram, suggestive of a phase transition from the nuclear liquid to a
nucleon gas.

A similar curve16 has been constructed for the 4.8 GeV 3He + 197Au
system, using a JH/3H and 3He/4He thermometer, where

r - 1 4 - 3 M e V ,os
HHe [1.6R(H)/R(He)]' W

Here, R(H) = Y(2H)/Y(3H) and R(He) = Y(3He)/Y(4He). In this analysis, T
is calculated for two cases: (1) only thermal H and He isotopes are accepted,
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Figure 5: Temperatures determined from double isotope ratio* of thermal 3He/4He and d/t
plotted as a function of thermal energy. Left panel: temperatures determined using light-ion
double-isotope ratios, Tr4tU> > when only the thermal helium isotopes energy range (38 to 52
MeV) is used in the ratios for the reaction of 4.8 GeV 3He on gold. Right panel: T,»tio
determined as in the left panel except including the energy range of helium isotopes from 38

to 140 MeV. Circles are slope temperatures at 137* for thermal 4He.

and (2) the full H and He measured spectra are included; no corrections have
been made for sequential decay.

In Fig. 5, the isotope-ratio temperature TnHe for the 4.8 GeV 3He + 197Au
reaction is plotted versus the measured thermal energy, which is proportional
to the excitation energy of the system, as discussed above. For reference, an
observed thermal energy of 500 MeV corresponds to a total excitation energy of
E* « 1500 MeV or E'/Are,idue « 9 MeV/nucleon.2 Fig. 5 shows an approximate
plateau in the behavior of THHC as a function of Eth- However, the results
are sensitive to the acceptance region of the ejectile energy spectrum and the
angle of observation. When the full experimental H and He isotope spectra are
included in the analysis, the plateau occurs in the vicinity of T « 8 - 9 MeV.
For thermal ejectiles only, the plateau is near T « 6.5 - 7 MeV. Corrections
for sequential decay should decrease these values.17

The shape of the curve also depends on the angle of observation. At
backward angles, TnHe increases with Eth, consistent with expectations and
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the data of Ref. 14. However, at forward angles, the temperature actually
increases at low Eth values. This behavior is best understood as due to the
effects of nonequilibrium emission, which is most prominent at forward angles
and for low ECh values (i.e. peripheral collisions). Studies at lower bombarding
energies have shown that the 3He/4He ratio increases strongly with increasing
ejectile kinetic energy.18 This is illustrated for the 4.8 Gev -)- 197Au data in
Fig. 6, where the 3He/4He ratio is plotted as a function of fragment energy,
showing increases of a factor of 4 - 6 over the measured energy range. These
results emphasize the need to understand the emitting source fully in applying
isotope ratio thermometer analyses of such data.

Also plotted in Fig. 5 are slope temperatures calculated from the spectra
of 4He observed at backward angles. At relatively low values of Eth, these track
consistently with the data. A plateau is also observed, but over a narrower
range of thermal energy before the temperature begins to increase strongly for
the most violent collisions.

5 Summary

Studies of light-ion-induced multifragmentation have been performed on the
1.8 - 4.8 GeV 3He + Ag, Au systems with the ISiS 4i detector array. The
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data indicate a saturation in deposition energy near 4 GeV for the 3He + Ag
system and also illustrate the importance of nonequilibrium effects in evaluat-
ing the excitation energy of the source. Fragment-fragment correlations and
relative velocity distriubutions suggest a scenario in which multifragmenta-
tion is a rapid, <€ 100 fm/c, time-dependent phenomenon. Light fragments
are preferentialy emitted as the residue expands and cools, followed by near-
simultaneous breakup of the most highly excited residues. Examination of
isotope-ratio temperatures (and spectral slope temperatures) as a function of
thermal energy exhibit a plateau that is dependent on angle of observation and
the fragment energy acceptance.
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