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ABSTRACT

We have experimentally studied small impact parameter heavy-ion collisions in the
(nearly) symmetric entrance channels 12C4+12C, 2®Ne+27 Al, °Ar4458¢, 4 Kr+%3Nb,
and 1#°Xe+!3%La, each at many intermediate beam energies. Several analysis strategies
based on the “shapes” of the experimental events are used toinvestigate the relative effi-
ciencies of various experimental methods for the selection of the most central collisions,

and to search for possible beam energy-dependent transitions from sequential binary
disassembly to multifragmentation in the central events. Comparisons to dynamical
and hybrid model code calculations will be discussed. The average shapes of subsets
of the central events, in particular the intermediate mass fragments (IMFs, for which
3<Z520), are presented. Critical behavior, attributed to a transition from sequential
binary disassembly to multifragmentation, is observed in all of these analyses. The
transitional beam energies for the central °Ar4+#58¢, 3*Kr4+-93Nb, and 2°Xe+!3%La
reactions are near -55, -40, and -40 MeV /nucleon, respectively.

1. Introduction

It is possible to form excited nuclear systems in the laboratory by colliding atomic
nuclei. The impact parameter, as well as the predominant reaction mechanisms at
each impact parameter, can be inferred from the experimentally measured character-
istics of the particle emission. Given an efficient experimental selection of the most
central collisions, beam energies from -10 to -150 MeV /nucleon can result in the
formation of single nuclear systems with excitation energies from several to tens of
MeV/nucleon. In such a range of excitation energies, previous experiments have in-
dicated possible transitions between sequential binary (SB) disassembly mechanisms
and multifragmentation (MF) (see Ref. 1 for a recent review). Detailed theoreti-
cal calculations?=® have predicted that the equivalent of a proper liquid-gas phase
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transition in finite nuclear systems occurs at excitation energies on the order of 10
MeV/nucleon for systems of mass ~100. The possibility that transitions in disas-
sembly mode from SB to MF are an artifact of such a liquid-gas phase transition is,
however, only one of many. Systematic experimental studies of the system mass and
excitation energy dependence of the predominant disassembly mechanisms and the
applicability of the various theoretical descriptions are therefore necessary. In this
contribution, such studies based on event shape analyses of a comprehensive set of
experimental data are described.

The experimental data was collected using the MSU 47 Array® at the National
Superconducting Cyclotron Laboratory. Reactions in the entrance channels 12C+12C,
ONe+27Al, “°Ar+%Sc, #Kr+%Nb, and 1#Xe+1%La were measured with a minimum
bias trigger in 5-10 MeV/nucleon steps in beam energy, up the maximum energy
available from the K1200 Cyclotron for each projectile: 155, 140, 115, 75, and 60
MeV /nucleon, respectively. A detailed description of the data collection can be found
in Ref. 7.

The analyses of these data will proceed via the study of the average event shapes,
which summarize aspects of the three-dimensional average patterns of the parti-
cle emission as viewed from the center of momentum (CM) frame. The cartesian
components of the CM frame particle momenta, p(¥), are used to fill a tensor,®

F; =5V [pgk)pgk) / 2my], in each event. The normalization of the eigenvalues of
this tensor, t;, via ¢; = 2/ T2, 12, allows the calculation of the sphericity® using
S = %(l — ¢3), where g3 is the largest normalized eigenvalue. All shape observ-

ables extracted from Fj;, e.g. S, depend strongly'? on the number of particles, N,
included in the sum in Fj;. For a given value of N, particle emission patterns that are
isotropic in a momentum space coordinate system that spatially coincides with the
CM frame have the largest possible sphericities, while otherwise deformed emission
patterns have smaller sphericities.

Given methods to remove the dependence of S on N, it is possible to extract infor-
mation concerning the impact parameter and the characteristics of the predominant
reaction mechanisms from shape analyses. The sensitivity of the sphericity to the im-
pact parameter is provided by the increasing probability for the emission of particles
from spectator-like sources as the impact parameter is increased. Particles emit-
ted from such sources have relatively large momenta and forward/backward focussed
emission angles when viewed from the CM frame, and hence strongly suppress the
sphericity. Also, in the most central collisions, SB disassembly of the system at rest
in the CM frame results in emission patterns that are more elongated in momentum
space than those expected for MF reactions.®! The finite values of the multiplicities,
N, and inefficiencies in the central event selection conspire to suppress (S}, and to
decrease the distinctions in average shape between SB and MF events.

2. The Selection of Central Events -

The selection of the most central experimental collisions constrains the mass of
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the excited nuclear system via the projectile and target masses and results in a mono-
tonic relationship between the beam energy and the excitation energy in this system.
Software cuts on global observables, i.e. centrality variables, that are assumed to be
correlated with the impact parameter are used to select samples of the most central
events. One must ensure, however, that the specific cut used to select these events
is relatively inefficient at selecting larger impact parameter events with significant
topological fluctuations, and does not autocorrelate with subsequent stages of the
analysis.

The relative efficiencies of various cuts for small impact parameter events were
evaluated under the assumption that particle emission from projectile and target-
like sources severely elongates that shape of the event in the CM frame.! For each
entrance channel and beam energy, five different samples of events were produced
for which the value of a given centrality variable was in the maximal ~10% of it’s
minimum bias spectrum. For the actual thresholds placed on the different centrality
variables for this study (see Ref. 13), impact parameters {(b)/[Rp+Rz] ~ 0.26-0.32 are
expected in each sample from (approximate) geometrical arguments. In each sample
separately, the average sphericity (S) versus the total charged particle multiplicity
was extracted. At a specific total charged particle multiplicity in these samples of
selected events, the most(least) efficient small impact parameter cut is assumed to
result in the largest(smallest) (.S).

'To more cleatly depict the relative efficiencies of different centrality variables stud-
led with these data, these average sphericities are “reduced” in a way that preserves
the insensitivity of the present comparisons to the finite multiplicity distortions. At
each total charged particle multiplicity, the values of {S) are divided by the semi-
inclusive average sphericities, (S;,.}, which are obtained for each entrance channel,
beam energy, and multiplicity without a centrality cut. These ratios are then aver-
aged over the multiplicity in each sample of selected events, using weights for each
multiplicity obtained from the number of counts in each bin.

These “multiplicity-averaged reduced (central) event-averaged sphericities” are
shown versus the beam energy for all five entrance channels in Figure 1. The central-
ity variables compared are the total charged particle multiplicity, Nhga (solid), the
total proton multiplicity, N, (long dashed), the total charge of hydrogen and helium
isotopes, Zrcp (dot dashed), the total charge in a software gate centered at mid-
rapidity, Zuyg (short dashed), and the total transverse kinetic energy, K Er (dotted).
The variables Zyp and K Er are defined as described in Ref. 14.

In the two lightest entrance channels, 2?C+'2C and ?Ne+?"Al, centrality cuts
on the variables K Er and N, lead to the largest average reduced sphericities, and
hence are thus the most efficient for the selection of small impact parameters in
these reactions. The results for the *° Ar+43Sc reactions are similar to those from the
2C+12C and *Ne+27Al reactions for the same range of beam energies. However, for
©Ar+45Sc reactions at beam energies below about 45 MeV /nucleon, small impact
parameter cuts based on the multiplicities of light particles, i.e. on Zrcp and Ny,
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Fig. 1: The average reduced sphericity versus the beam energy for separate samples of events passing
~10% cuts on the different centrality variables listed in the text.

are apparently the most efficient. These light particle multiplicity variables are also
the most efficient for beam energies below ~40 MeV/nucleon in the 129Xe+13%[a
entrance channel. In the #Kr+%Nb and *Xe+'%,a reactions above about ~45
MeV /nucleon, the most efficient centrality variables are K Ey and ZumR, although the
efficiencies of all of the centrality variables compared in Figure 1 become similar for
increasing entrance channel mass.

The wiggles in these lines are related to that noted in Ref. 13. Autocorrelations
between the average sphericity and the different centrality variables were checked via
the study of AS = (/(5?) — (S5)? in the different samples of selected events. If, at
a speciic multiplicity, an increasingly strict cut results in an increasing suppression
of the width AS, it is assumed that a significant autocorrelation biases the observed
values of (S} in the events selected by that cut. Significant suppressions of these
widths relative to that obtained with lower thresholds on each centrality variable
were observed for cuts generally stricter than ~1-3%, and were negligible for the
~10% cuts!® used herein. :

The beam energy-dependent transitions in the most efficient means of selecting
the central events seen in Figure 1 are assumed to be related to similarly beam
energy-dependent transitions in the predominant reaction mechanisms at these impact
parameters. Copious light particle emission is expected from excited systems decaying
by a sequential binary mechanism, due to the importance of the Coulomb and angular



momentum barriers during such decays. Thus, the most central collisions for an
entrance channel and beam energy for which SB disassembly dominates would be
those for which the largest light particle multiplicities were observed. The extent to
which the transitions apparent in Figure 1 are an artifact of transitions from SB to
MF disassembly in the small impact parameter collisions is further investigated in
the following Sections. Events were generated using SB and MF model codes and an
accurate software replica of the apparatus, and direct comparisons to the experimental
central events were made.

In order to limit the selection of larger impact parameter collisions with signif-
icant topological fluctuations, a two-dimensional centrality cut will be used for all
that follows. For each entrance channel and beam energy, this cut selects events
in which the two most efficient centrality variables (from Fig. 1) exceeded the
~10% thresholds® used above. This generally allowed ~4-8% of the minimum
bias events ({b)/[Rp + Ry| ~ 0.2-0.28 geometrically). The comparisons to software
events described in the next Section will also provide a means of evaluating whether
(6)/[Rp + Ry is really in the range 0.2-0.28 in the selected events.

3. Comparisons to Model Code Events

, In this Section, events generated by a number of different model codes which
- embody either SB or MF disassembly are filtered through an detailed software replica
of the MSU 4# Array and compared directly to the data. The event generation was
performed in both dynamic (FREESCO®) and hybrid approaches, for which BUU6
and QMD'7 calculations were used to describe the initial stages of the reactions. The
“after-burners” used in the hybrid event generation were the Berlin'® and Copen-
hagen?'® MF codes, as well as the SB codes GEMINI®® and SEQUENTIAL.?!

All of these codes were run with the default parameters with the exception of the
charge, mass, and excitation energy in the composite system, which was extracted
_from the BUU calculations in the same manner as described in Ref. 22. A soft -

L equation of state was assumed, and the calculations were terminated when the radial

density profile of the composite system most closely resembled that of a ground state
nucleus.'® The Berlin and GEMINI codes also require a cut-off angular momentum,
which was taken as the maximum angular momentum that can be supported by the
predicted composite system formed for each entrance channel and beam energy.

According to the BUU and QMD calculations for the impact parameters predicted
geometrically for the present two-dimensional cuts, some fraction of the nucleons in
the entrance channel are not found in an excited residue at rest in the CM frame. In
the present event generation, these particles are thermally emitted from projectile and
target-like sources, using reasonable assumptions for the velocities and temperatures
of these spectator-like sources for each reaction.

For a given excited nucleus and at a specific final state multiplicity, the values of
(5) for the events generated using the SEQUENTIAL(Berlin) code should agree with
those from the GEMINI(Copenhagen) codes, and this was found to be true to about the
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~10% level. Thus, for clarity in the Figures below, only the results using the MF code
Berlin'® and SB code SEQUENTIAL?! will be plotted. The average sphericities from
the dynamic MF model FREESCO, and the hybrid MF models QMD4Copenhagen,
and BUU+Copenhagen also agree to within ~10% at specific multiplicities, implying
a relative insensitivity of the present shape comparisons to the method chosen for the
specification of the input parameters to the decay codes. By assumption, the average
shapes of the selected experimental events cannot be below the predictions of the SB
mode] calculations, or above the predictions of the MF models.

The average sphericities of the central experimental(generated) events are plotted
versus the measured(filtered) total charged particle multiplicity in Figure 2 for the
“Ar+%Sc and 2Xe+'*La reactions. The crossed points are the results from the

central experimental events, while the solid(dashed) lines are the results from the
filtered BUU+MF(BUU+SB) events.
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Fig. 2: The average sphericity versus the total charged particle multiplicity for the central experimen-

tal events (crossed points), the fillered BUU+SB events (dotted lines), and the filtered BUU+MF

events (solid lines), for *Ar+*Sc and 12°Xe+!%°La reactions at the noted beam energies.

The average sphericities of the central “°Ar+%5Sc reactions at beam energies near
and below 45 MeV /nucleon are in agreement with those predicted by the BUU+SB
codes. The data jump from the BUU+-SB to the BUU+MF predictions for multiplic-
ities on the order of eight between the beam energies of 45 and 65 MeV /nucleon. At
larger multiplicities in this entrance channel, a dramatic suppression to below the SB
model predictions is visible. This implies a failure in one or more of the assumptions
used in the event generation described above, and is further investigated in the next
Section.

In the central "®Xe+!3°La reactions, the average sphericities from the data are
between the predictions of the filtered SB and MF models for all available beam
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energies. The average sphericities increase, relative to the SB predictions, with the
bean energy up to ~40 MeV/nucleon, above which they are in agreement with the
MF model predictions.

4. Subset Shapes

The previous Section noted that the average sphericities of the largest multiplicity
central events in the “’Ar+*Sc (and lighter) reactions were significantly below the
predictions of the SB model calculations. In this Section, the sphericity of particular
subsets of an event, i.e. the IMFs, will be distinguished from the sphericity of all of
the particles in this event.

For all of the available entrance channels and beam energies, the largest average
multiplicities of IMFs are found in the events with the largest total charged particle
multiplicities. This is depicted in Figure 3, where each point style corresponds to a

6 35 MeV/nucleon
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.- Fig. 3: The average number of IMFs versus the total charged particle multiplicity for 2°Ne+27Al
(stars), *°Ar+5Sc (circles), 3*Kr+°*Nb (triangles), and '29Xe+1%La (squares) reactions at four
_ representative beam energies. The Nenga values above a threshold set for each system and beam
" energy allowing the maximal ~10% of the events are depicted with the solid points.

particular entrance channel. The solid points for each system and beam energy are
those above a ~10% cut'® on the inclusive spectrum of N,,4. These solid points give
a rough indication of the IMF multiplicities in samples of events of similar centrality
for the different entrance channels and beam energies shown. A roughly universal
dependence of (Nimr) on Nepgq is noted for the more peripheral collisions (open
points).

As depicted in Figure 4, the average IMF sphericities, (Syarr), are generally well
below the those predicted by the filtered SB model calculations for all IMF multiplic-
ities. As the emission of IMFs is the most important at the largest charged particle
multiplicities (Fig. 3), these suppressed IMF sphericities effect the suppression noted



in Fig. 2. A similar suppression of the IMF sphericities to below the SB model
predictions was also observed for the central 12C+2C and **Ne+27Al reactions.

8 10 2 4 6 8 10 6
IMF Multiplicity IMF Multiplicity
Fig. 4: The average IMF sphericity versus the IMF multiplicity for the central experimental events
(crossed points), the filtered SB events (dotted lines), and the filtered MF events (solid lines), for
#0Ar+*8c and 12°Xe+13La reactions at the noted beam energies.

For the central '**Xe+1%La reactions, the average IMF sphericities are always be-
tween the SB and MF model predictions. Good agreement between the experimental
IMF shapes and the MF model predictions are observed for beam energies above ~40
MeV /nucleon.

The IMF emission patterns in the ®Ar443Sc entrance channel are far more de-
formed than that expected from the SB (or MF) model calculations. It is possible to
" imagine several possible causes for this effect. The first concerns impact parameter
. fluctuations. In the lightest entrance channels, there is simply not much information

_ available upon which to base a centrality cut. An (integer) centrality variable’s bin-
‘width may be a significant fraction of the maximum value in the spectrum populated
by the minimum bias events. As noted in Ref. 14, this leads to relatively larger
fluctuations in the impact parameters deduced for each event. If this were the only
possibility, a breakdown in the geometrical assumption that the maximal 4-8% of the
minimum bias events corresponds to (b}/[Rp + Rr] ~ 0.2-0.28 in the light entrance
channels would be evident. The second possibility assumes that fluctuations in the
initial stages of the reactions increase in importance as the entrance channel mass
is decreased. In those collisions for which the equilibration of the excited system
at mid-rapidity is particularly incomplete, some knowledge of the initial trajecto-
ries of the projectile and target nuclei could be retained by the particles in the final
state. Prolate shapes oriented along the beam direction would be expected for such
events, in similarity to that expected given significant contaminations to the samples
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of selected central events from more peripheral collisions. The third possibility as-
sumes the formation of non-compact geometries other than bubbles, e.g. toroids,? at
freeze-out. These result in coplanar IMF emission patterns with the IMF flow angles
03 =cos™!(t3-2) and 03 =cos™!(t3-2) near 90°, where % is the incident beam axis and
t(ta) is the IMF eigenvector corresponding to the second largest (largest) eigenvalue.

Other aspects of the average shapes of the IMFs in the central events were studied
to investigate these possibilities. The IMF shapes in the selected ©°Ar+%Sc events
(and in the lighter entrance channels) are manifestly prolate. For all values of N IMFs
the central event averaged probability that ts —t, > #,—1,, corresponding to prolate
IMF emission patterns, increases significantly for decreasing entrance channel mass.
The CM frame ratios (K E)/1.5(K Er), calculated for each particle species in the se-
lected events, also increase in this way. These observations point to an increase in the
probability that the IMF emission patterns are elongated along the beam direction as
the entrance channel mass is decreased, despite the event selection described in Sec-
tion 2. To search specifically for torcidal IMF freeze-out configurations, the average
IMF coplanarity, Cipyr = 3@(qg — ¢1), and flatness Frpr = 325(152 - 1)/ (XL, ),
were studied versus the IMF flow angle, 85, and the sum 03 + 8, for specific values of
Nimr. The average charge of the IMFs, the dispersion of the IMF charges, and the
average IMF kinetic energy was plotted versus the values of the IMF flow angles and
the shape observables Cyprr and Frasp. No strong signal for toroidal geometries was
seen using these observables, although these observables are, like S, strongly affected
by the finite multiplicity distortions. Further analyses along these lines are presently
underway.
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Fig. 5: The average IMF sphericity versus the beam energy for specific IMF multiplicities in central
0Ar445Sc and 129Xe+139La reactions,

The beam energy dependence of the average IMF sphericities are shown in Figure
3 for specific IMF multiplicities in the central ®Ar+**Sc and 2°Xe+1%9La reactions.
Some points in Figure 5 have been vertically offset by the amounts shown for clarity,



while the solid lines are included only to guide the eye.

In the central °Ar+%Sc reactions, a significant increase in the average IMF
sphericities is observed at beam energies near 55 MeV /nucleon for all IMF multi-
plicities. A similar increase of the IMF sphericities is also observed in the central
129X 64 139] o reactions at beam energies near 40 MeV/nucleon. In the 3*Kr-+**Nb
entrance channel, the average IMF sphericity for each value of Njyr increases by
~10-25% when going from 35 to 45 MeV /nucleon in beam energy, and is constant
(to <5%) from 45 to 75 MeV /nucleon. Similar, although less pronounced, maxima in
the average sphericities of all of the particles in the selected events are also observed
near the beam energies that lead to maximal IMF sphericities.

5. Conclusions

The beam energy dependence of various projections of the shapes of the small
impact parameter events in the available *°Ar+3Sc and '*Xe+'*La reactions in-
dicated critical phenomena at beam energies near 5510, and 40£10 MeV /nucleon,
respectively. The definition of a critical beam energy in the central 84K r+%Nb reac-
tions is made difficult by the lack of beam energies below 35 MeV /nucleon for this
entrance channel. However, there are indications that MF disassembly dominates in-
the central 3*Kr+2Nb reactions for beam energies near and above 45 MeV /nucleon.
No critical behavior was observed in the central *2C+'2C(**Ne+*"Al) reactions for
beam energies from 55 to 155(140) MeV /nucleon.

The beam energies at which the various analyses described above indicated critical
phenomena in the central events in each entrance channel are depicted in Figure 6.
Also included in this Figure is the critical beam energy observed by Cebra et al.
for central ©°Ar+51V reactions,?! and the critical beam energies observed in a charge
correlations analysis of the present data.?® In this analysis, a clear transition in the
relative sizes of the three largest fragments in central events is observed at beam
energies of 47£10, 35410, and 3245 MeV/nucleon in the **Ar+%Sc, 84K r+%Nb,
and 12°Xe+1%La entrance channels, respectively.

The various analyses indicate similar critical beam energies for each entrance
channel. The transitional beam energies observed for the central *°Ar+**Sc reactions
are significantly larger than those observed for the central *Kr+**Nb and 129K e+1%9La
reactions.

The most obvious possibilities for this trend concern the open questions raised in
Sections 3 and 4. These would involve an increasing importance of fluctuations in
impact parameter, or in the degree of equilibration of the excited systems formed at
one impact parameter, for decreasing entrance channel mass. Two other possibilities
are noted, which should not, however, be considered until the two above have been
fully explored. The third assumes an increase in the importance of quantum mechan-
ical finite-size effects for the excited systems formed in increasingly lighter entrance
channels. The fourth involves the fact that increasingly heavier entrance channels
result in excited systems that are increasingly more proton-rich.
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Fig. 6: A summary of the results of the present shape analyses indicating transitions in various
characteristics of the predominant reaction mechanisms for the systems formed in the central colli-
sions in the different entrance channels. Predictions of the BUU calculations for the approximate
excitation energies reached in the selected events are given for each entrance channel on the right
side axes. The dashed lines are included only to guide the eye.

The investigation of these open questions is possible only after the remeasurement
of these reactions with an improved experimental acceptance. More efficient impact
parameter selection and studies of the characteristics of pre-equilibrium particle emis-
sion would then be possible. A more sensitive search for non-compact geometries
would be feasible. Larger total event and subset multiplicities would be available for
event shape analyses. Recently, important upgrades to the MSU 4x Array were fin-
ished, which dramatically improve the forward acceptance and substantially lower
the overall particle kinetic energy thresholds. The entrance channels “°Ar+*Sc,
%Xe+'%La, and ¥7Au+'%"Au were recently (re)measured with the improved ap-
paratus, each for a systematic set of beam energies, while systematic experiments in
the entrance channels 2881427 Al, **Ni+58Ni, and 3Kr+23Nb are scheduled.
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