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ABSTRACT

We have experimentally studied small impact parameter heavy-ion collisions in the (nearly)
symmetric entrance channels 2C+12C, 20Ne+27Al, 40Ar+45Sc, #4Kr+%3Nb, and 129Xe+1%La,
each at many intermediate beam energies. The results from a number of analyses based on
a projection of the “shapes’ of the experimental events called the sphericity are presented.
Comparisons of the relative efficiencies of various experimental methods for the selection of
central events are made. The importance of autocorrelations between the sphericity and the
various impact-parameter variables is evaluated. Searches for possible beam energy-dependent
transitions from sequential binary disassembly to multifragmentation in the central events are
described. Comparisons to dynamic and hybrid model code calculations will be discussed.
The average sphericities of the intermediate mass fragments (IMFs, for which 3<Z£20), are
presented. The possibility that the IMF emission occurs following the formation of transient
toroidal or disk-like geometries in the central events in explored. Critical behavior, attributed
to a transition from sequential binary disassembly to multifragmentation, is observed. The
transitional beam energies for the centra “°Ar+%5Sc, 54Kr4°3Nb, and ?°Xe+!3°La reactions
are near -50, -40, and -40 MeV/nucleon, respectively.
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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 characteristics 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 indicated possible transitions between
sequential binary (SB) disassembly mechanisms and multifragmentation (MF) (see Ref.
[1] for recent reviews). Detailed theoretical calculations [2] [3] [4] have predicted that the
equivalent of a proper liquid-gas phase transition in finite nuclear systems occurs at exci-
tation energies on the order of 10 MeV /nucleon for systems of mass ~100. The possibility
that transitions in disassembly 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
total mass and excitation energy dependence of the predominant disassembly mechanisms
and the applicability of the various theoretical descriptions are therefore necessary. In this
paper, 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 [5] at the National Super-
conducting Cyclotron Laboratory. Reactions in the entrance channels 2C+12C, 2Ne+2?7Al,
0Ar4+48c, #4Kr+4-2Nb, and 2°Xe+'%*La were measured with a minimum bias trigger in
5-10 MeV /nucleon steps in beam energy, up to the maximum energy available from the
K1200 Cyclotron for each projectile: 155, 140, 115, 75, and 60 MeV /nucleon, respectively.
The lowest beam energies measured in each entrance channel were 55, 55, 15, 85, and 25
MeV /nucleon, respectively. Detailed descriptions of the data collection have already been
published [6] [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 particle 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, [8] F}; = oy [p,(-k)pgk) /2my], in
each event. The normalization of the eigenvalues of this tensor, ¢, via ¢; = /Y3, #,
allows the calculation of the sphericity [9] using § = 2(1 - ¢3), where g3 is the largest
normalized eigenvalue. All shape observables extracted from F};, e.g. S, depend strongly
[10] on the number of particles, N, included in the sum in F};. 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 informa-
tion concerning the impact parameter and the characteristics of the predominant reaction
mechanisms from this observable. The sensitivity of the sphericity to the impact parame-
ter is caused by the increasing probability for the emission of particles from spectator-like
sources as the impact parameter is increased [11]. Particles emitted 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 excited system results in emission patterns that are more
elongated in momentum space than those expected for MF reactions (9] [12]. In a region of
excitation energy and mass for which the first decay step involves an (a)symmetric fission,
the particles in the final state kinematically reflect the back-to-back trajectories of the two
excited pre-fragments produced following the fission step.

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 sphericity between
SB and MF events. Concerning the former, we will therefore only present results following
the placement of some constraint on the multiplicity of particles used in the calculation
of the sphericity for each event. To limit the latter, we begin by investigating the relative
efficiencies of various experimental methods for selecting the central collisions, which is
described in Section 1. We present evidence for a beam energy dependent change in the
predominant reaction mechanism in the central events in Section 1. Additional evidence
for such a transition is described in Sections 2 and 3. Section 2 describes comparisons
to the average sphericities of the filtered events from a number of SB and MF models,
while Section 3 presents “subset sphericities”. The possibility of the formation of tran-
sient toroidal or disk-shaped freeze-out configurations is also explored in Section 3. The
summary and conclusions are presented in Section 4.

1 THE SELECTION OF CENTRAL COLLISIONS

The selection of the most central experimental collisions constrains the mass of the
excited nuclear system and results in a monotonic 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.

In peripheral collisions, the kinetic energy and polar angle dependence of particle emis-
sion can be approximately parameterized as that from two independent thermal sources
which move through the CM frame with projectile-like and target-like velocities. In such
a picture, increasingly more central collisions result in larger cross sections for particle
emission from a source at rest in the CM frame. The relative velocities of the specta-
tor source frames and the CM frame lead to the appearance of large kinetic energies and
strong forward-backward focussing of the particles emitted from spectator sources, when
such emission is viewed from the CM frame. Particle emission from spectator-like sources
thus elongates the shape of the event in the CM frame, and leads to severe suppressions
of the sphericity that are related directly to the impact parameter.

The experimental selection of the most central collisions proceeds by the selection of
those events with specific values of a global observable that is assumed to be monotonic
with the impact parameter [13] [14]. Examples of such global observables (“centrality
variables”) are the measured total charged particle multiplicity N.uzq, the total charge



detected in a software gate centered at mid-rapidity, Zpg, the proton multiplicity, N,
(which is complementary to the total charge bound in fragments, Zyound ), the total detected
charge, Z,;.,, and the total transverse kinetic energy, K Er. In the present study, all of these
variables are defined as described in Refs. [13] and [14], with the exception of the variable
complementary to Zy,una. The proton multiplicity, N,, is used herein as the complement
to the total charge in fragments with 4 > 2 (previously, the requirement Z > 2 was
used, and the complement was the hydrogen multiplicity). For each of these observables,
maximal values are assumed to occur in the smallest impact parameter collisions. From
(approximate) geometrical arguments, the selection of the ~10% [15] most central events
results in average impact parameters of (6)~0.3bn0z. The quantity bn., is the largest
impact parameter satisfying, on average, the trigger condition that was used during the
data collection, which was two charged particle hits for these data.

The average sphericities of the ~10% [15] most central events selected by cuts on each
of the different centrality variables is indicative of the relative strengths of the correla-
tion between each centrality variable and the impact parameter. Two methods allowing
the removal of the finite multiplicity distortions [10] to the average sphericities will be
described.

The experimental semi-inclusive average sphericity, (Si..), as a function of the total
charged particle multiplicity is shown in Figure 1 for the reactions 2C412C, PNe+27Al
©Ar+%8Sc, #Kr+%Nb, and *Xe+13La. Each frame in this Figure contains the experi-
mental dependence of the average semi-inclusive sphericity for many representative beam
energies, including two extreme values, that were collected for each entrance channel. All
of these curves exhibit sharp increases of the average sphericity for increasing multiplicities
that result primarily from the finite multiplicity distortions.

A first method for investigating the relative efficiencies of the different centrality cuts
starts with the measurement of these semi-inclusive average sphericities versus the charged
particle multiplicity, (Sin.)(M), in a first pass through the data. Then, in a second pass, the
charged particle multiplicity in each event, M, is used to locate the appropriate average
semi-inclusive sphericity. A “reduced” sphericity is then defined for each event using
Sred(M) = S(M)/(Sin.)(M), where S is the measured sphericity of the event. The values
of these reduced sphericities averaged over the multiplicity, M, are, on the average, free
from the finite multiplicity distortions by definition. Thus, the average reduced sphericities
obtained by cuts on the different centrality variables imply the relative efficiencies by which
these cuts minimize the impact parameters in the selected events.

The average reduced sphericity, {S,s), as a function of the “severity” of cuts on the
different centrality variables for four representative beam energies in the “*Ar+%Sc en-
trance channel is depicted in Figure 2. The horizontal axis is defined as the probability
that an event is selected versus a lower limit cut on each centrality variable separately,
which corresponds to the fraction of the total trigger cross-section accepted by the cut. In
each frame, the average sphericities at the far left thus correspond to the impact param-
eter inclusive values, and proceeding horizontally to the right implies increasingly larger
thresholds, i.e. increasingly strict cuts on the largest values of each centrality variable. The
centrality cuts which are compared are those placed on the variables Nenga (solid lines),



Zur (short dashed), Z,.; (dot dashed), N, (dots dashed), and K Er (dotted). We further-
more define as a centrality variable the total charge in hydrogen and helium fragments,
Zrcp (long dashed). Cuts placed on the centrality variable N, (solid lines) result in
average reduced sphericities equalling unity by definition.

For the 15 and 35 MeV /nucleon beam energies shown in Figure 2, the largest reduced
sphericities are obtained for cuts in the centrality variables N, and Zrop. Relative to
cuts on the other centrality variables, cuts on these variables lead to the most spherical
events. At larger beam energies in this entrance channel, cuts on the total transverse
kinetic energy, K E7, lead to the largest sphericities.

Cuts on the variable K Er which are stricter than ~10% generally result in significantly
lower average reduced sphericities than those when more moderate, i.e. ~10% [15], cuts
are used. This behavior is independent of the entrance channel mass and the beam energy,
and is attributed to a significant autocorrelation [7] between the transverse kinetic energy,
K E7, and the sphericity, §, which becomes important when events with extreme values
of KEr are selected via very strict cuts. Of all of the centrality variables studied here,
strict K Er cuts have the most direct effect on the flow tensor, and hence the sphericities
that are obtained, as the tensor is calculated using the cartesian components of the kinetic
energies of the particles in the event.

A significant autocorrelation [7] between a given centrality variable and the spheric-
ity is also indicated by a relative suppression of the widths of the reduced sphericities,
ASres = /[(S24) — (Srea)?], at specific multiplicities. These widths depend strongly on
the multiplicity, but are independent of the centrality variable upon which the cut is made
for each entrance channel and beam energy when ~10% [15] cuts are used. Autocorrela-
tions between (Sy.q) and the various centrality variables are thus negligible for the present
small impact parameter cuts. Stricter cuts (~1%) were seen to lead to larger differences
between the widths of the sphericities of the events accepted by cuts on each of the different
centrality variables (especially K E7), and hence significant autocorrelations between (Sreq)
and the various centrality variables. Such autocorrelations bias significantly suppresses the
average sphericities in the selected events.

An alternative method for extracting the relative efficiencies of the various centrality
variables for the selection of the central events is now described. The average sphericities of
the events passing the one dimensional ~10% [15] cuts described above is depicted in Fig-
ure 3 versus the charged particle multiplicity. The different line styles correspond to cuts
on each of the different centrality variables that were shown in Figure 2, while the semi-
inclusive average sphericities, i.e. Figure 1, are given by the crossed points. Four repre-
sentative entrance channels and beam energies are shown: ®Ne+?7Al at 55 MeV /nucleon,
“Ar+*Sc at 75 MeV/nucleon, #Kr+%Nb at 55 MeV/nucleon, and 2°Xe+1¥La at 55
MeV/nucleon. Significant differences between the average sphericities at specific multi-
plicities obtained from cuts on the different centrality variables are apparent.

To clarify these differences by removing the large variation resulting primarily from
the finite multiplicity distortions, the ratios of the average sphericities in each sample
of selected events (lines) and the semi-inclusive average sphericities (crossed points) are
formed at each experimental multiplicity. Figures 4 through 8 depict these ratios for



four representative beam energies each in the 12C++12C, *Ne+2"Al, “*Ar+%5Sc, $4Kr+9Nb,
and '*Xe+'%°La entrance channels, respectively. By definition, the ratios of the average
sphericities from an N, cut and the semi-inclusive average sphericities is unity. The cuts
on the other centrality variables generally allow events extending to lower multiplicities
than those selected by cuts on Nenga. The statistical error bars in these ratios are not
plotted for every curve and each multiplicity for clarity. Only the statistical errors for the
Nenga cuts (solid) and the errors for the lowest multiplicity accepted by each of the other
centrality cuts are drawn.

In the *C4+'2C reactions at 55, 75, 115, and 155 MeV /nucleon (Figure 4), dramatically
different average reduced sphericities are obtained from small impact parameter cuts on
the different centrality variables. The average reduced sphericities from the K Er cuts
are generally the largest for all of the beam energies shown. Similar trends are visible in
the **Ne+2"Al (Figure 5), and the ©Ar+4Sc (Figure 6) reactions for the same range of
beam energies. However, at the lower beam energies in the ©Ar+%5Sc entrance channel,
the largest reduced sphericities are obtained from the cuts on the proton multiplicity, N,.
As the entrance channel mass increases, i.e. for the #Kr+%Nb and 129X e+1%91 5 reactions
(Figures 7 and 8), the differences between the average reduced sphericities obtained from
the different centrality cuts decreases, as compared to the lighter entrance channels at the
same beam energies. The relative efficiencies of the different centrality variables therefore
becomes similar as the entrance channel mass is increased.

To summarize the results of Figures 4 through 8 in a way that accounts for the dif-
ferent weighting of each of these curves by the different spectra of total charged particle
multiplicities selected using each cut, the averages over each of these curves are formed
using weights given by the number of counts in each bin of this selected multiplicity. As
the finite multiplicity distortions have already been removed on the average from Figures
4 to 8, this weighted averaging over these curves is not affected by these distortions. The
relative ordering of the weighted averages of the curves shown in Figures 4 to 8 is therefore
indicative of the relative efficiencies of the various centrality variables for the selection of
small impact parameter events.

These weighted averages are shown in Figure 9 as a function of the beam energy for all
five entrance channels. All of the available beam energies were included in this Figure. In
the two lightest entrance channels, *C+"2C and *Ne+27Al, the largest weighted averages
are obtained from cuts on KEr and N, for all of the available beam energies ( E,,.,;>55
MeV /nucleon). Transitions in the ordering of the relative efficiencies of the various central-
ity cuts are observed as a function of the beam energy in the % Ar+4Sc, 34Kr+93Nb, and
129Xe+'%La reactions. In each of these entrance channels, the smallest impact parameter
events for beam energies below about 45 MeV /nucleon are most efficiently selected using
cuts on the variables N, and Zyop. Above this beam energy, the most efficient pairs of
centrality variables are (K Er, N,), (KEr, Zyg), and (Zyn, KEr), for the 40Ar4+458e,
SKr+%Nb, and *Xe+'*La reactions, respectively.

The beam energy-dependent transitions in the most efficient means of selecting the cen-
tral events seen in Figure 9 are assumed to be related to similarly beam energy-dependent
transitions in the predominant reaction mechanisms at small 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 dur-
ing such decays. Thus, one would expect that 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. A generally different reaction mecha-
nism, i.e. one exhibiting distinct topological differences relative to SB events, might best be
classified using centrality variables differing from those that best classify reactions leading
to SB disassembly. The extent to which the transitions apparent in Figure 9 are indeed 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.

It is noted, however, that topological fluctuations in the events result in the allowance
of some range of impact parameters for a specific value of an experimentally measured
centrality variable. Events in which such fluctuations result in an underestimation of the
impact parameter are a clear source of bias for one-dimensional centrality cuts. The use
of two-dimensional centrality cuts would limit the contributions of such events [14]. Such
a cut will henceforth be applied. These cuts select events in which the two most efficient
centrality variables (from Fig. 9) exceed the ~10% [15] thresholds used above. Generally,
~4-8% of the minimum bias events ({b)/[Rp + Rz] ~ 0.2~0.28 geometrically) are accepted.

2 COMPARISONS TO MODEL EVENTS

In this Section, events generated by a number of different model codes which embody
either SB or MF disassembly are filtered through a detailed software replica of the MSU
4m Array and compared directly to the data. The event generation was performed in
both dynamic (FREESCO [9]) and hybrid approaches, for which BUU [16] and QMD [17]
calculations were used to describe the initial stages of the reactions. The “after-burners”
used in the hybrid event generation were the Berlin [18] and Copenhagen [2] [19] MF codes,
as well as the SB codes GEMINI [20] and SEQUENTIAL [21].

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 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 [16]. 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. These are in the range from ~45h to
~80%h, depending on the reaction.

The particle emission patterns from the MF models follow the assumption of an initially
expanded and spherical freeze-out volume, and depend on the available phase space and
the strong inter-particle Coulomb repulsion. Those from the SB models are relatively
more elongated [9] [12], due to the assumed series of momentum conserving two-body



decay steps. Given means to remove the finite multiplicity distortions [10], the average
sphericity of MF events exceeds that for events proceeding via SB disassembly [12].

For a given excited nucleus and at a specific final state multiplicity, the values of (S}
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 ~10% level.
Thus, for clarity in the Figures below, only the results using the MF code Berlin [18] and
SB code SEQUENTIAL [21] will be plotted. The average sphericities from the dynamic MF
model FREESCO, and the hybrid MF models QMD+Copenhagen, and BUU+Copenhagen
also agree to within ~10% at specific multiplicities, implying a relative insensitivity of the
present shape comparisons to the model chosen for the description of the initial stages of
the reactions.

As opposed to the analyses in the previous Section, the finite multiplicity distortions
to the average sphericities are removed from all of the following results graphically. The
sphericities from the data and the model calculations will be plotted as a function of the
number of particles included in the calculation of this observable. Comparisons between
the experimental and model results are thus performed at specific values of this multiplicity,
and are hence free from the finite multiplicity distortions [10].

By assumption, the average sphericities of the selected experimental events cannot be
below the predictions of the SB model calculations, or above the predictions of the MF
models. An increase in the average sphericity, relative to the predictions of the SB models,
towards the predictions of the MF models with increases in the beam energy is indicative
of an evolution of the reaction mechanism from SB disassembly to MF.

The average sphericities of the central experimental(generated) events are plotted ver-
sus the measured(filtered) total charged particle multiplicity in Figures 10, 11, and 12
for the **Ar4+%8c, #Kr+2Nb, and and 12Xe+1%La reactions, respectively. The crossed
points depict the results for the central experimental events, while the solid(dashed) lines
are the results from the filtered MF(SB) model events.

The average sphericities of the central ©Ar+%Sc reactions at beam energies near and
below 45 MeV /nucleon are in agreement with those predicted by the SB codes. The data
jump from the SB to the MF predictions for multiplicities 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 present event generation for these
high multiplicity events in this entrance channel. This suppression is further investigated
in the next Section.

In the central **Kr+%Nb and ?*Xe+'*La reactions, the average sphericities from the
data are always between the predictions of the filtered SB and MF models for all available
beam energies. For the central 1%Xe+1%La reactions (Figure 12), the average sphericities
increase, relative to the SB predictions, with the increases in the beam energy. For beam
energies near and above ~40 MeV /nucleon, the experimental average sphericities are in
remarkable agreement with the MF model predictions over the entire range of multiplicities.
Similar increases in the average sphericities of the central #Kr+%Nb events (Figure 11)
are also observed, although the model calculations tend to overpredict the total charged



particle multiplicities for these reactions.

3 SUBSET SHAPES

In this Section, the sphericity of particular subsets of an event will be distinguished
from the sphericity of all of the particles in the event. This will allow more stringent tests
of the accuracy by which the present model calculations reproduce the average sphericities
of the experimental events. It is important to note that the sphericities of such event
subsets are affected to some degree by the fact that the total momentum of a particular
subset need not be conserved. Another source of bias to the subset sphericities would
clearly contribute if the subset was defined on the basis of some kinematical aspect of the
event. The simulations described in the previous Section indicate, however, that reasonably
general definitions of subsets based on the particle charges do not suffer from significant
bias from either of these effects. Examples of two such subsets are the LCPs and IMFs,
Light particle emission is probable throughout the reaction, including that from the pre-
equilibrium stages as well as in secondary decays of excited fragments far from the collision
zone and long after freeze-out. The emission of IMF's, on the other hand, is more a reflection
of the excited composite system and its expansion to low densities, so we concentrate on
the average sphericities of the IMFs in this Section.

The previous Section noted that the average sphericities of the largest multiplicity
central events in the “°Ar+5Sc (and lighter) reactions were significantly below the predic-
tions of the present SB model calculations. 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 [7]. As depicted in Figure 13, the average IMF
sphericities, (Siar), are generally well below the those predicted by the filtered SB model
calculations for all IMF multiplicities. As the emission of IMFs js the most important
at the largest charged particle multiplicities, these suppressed IMF sphericities effect the
suppression at large charged particle multiplicities seen in Fig. 10. A similar suppression
of the IMF sphericities to below the SB model predictions was also observed for the central
2C+'2C and *Ne+27Al reactions. We will return to a discussion of this suppression of
the IMF sphericities for these (light) entrance channels near the end of this Section.

The IMF sphericities in the central #*Kr+Nb reactions are in good agreement with
the SB model predictions for the 35 MeV/nucleon data. They increase, relative to the SB
model predictions, with increases in the beam energy, coming to quantitative agreement
with the MF model predictions for beam energies near and above 65 MeV /nucleon. For
the central '2*Xe+13%La reactions, the average IMF sphericities are always between the SB
and MF model predictions. Good agreement between the experimental IMF sphericities
and the MF model predictions are observed for beam energies above ~40 MeV /nucleon.

The beam energy dependence of the average IMF sphericities are shown in Figure 16 for
specific IMF multiplicities in the central ®Ar+45Sc, #Kr+%Nb, and 29Xe+1%La reactions.
Some points in the upper frame of Figure 16 have been vertically offset by the amounts
shown for clarity, while the solid lines in all three frames 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 multiplicities. A similar
increase of the IMF sphericities is also observed in the central 129X e+1%La, reactions at
beam energies near 40 MeV/nucleon. In the 3*Kr+%Nb entrance channel, the average
IMF sphericity for each value of Nyyp increases when going from 35 to 45 MeV /nucleon
in beam energy, and is constant for beam energies from 45 to 75 MeV /nucleon. Similar,
although less pronounced, maxima in the average sphericities of all of the particles in the
selected events were also observed at the same beam energies that lead to maximal IMF
sphericities.

As noted above, the IMF emission patterns in the 12C412C, 9Ne+27Al and 4°Ar+458c¢
entrance channels are far more deformed 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 in 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 18 decreased. In
those collisions for which the equilibration of the excited composite system is particularly
incomplete, some knowledge of the initial trajectories of the projectile and target nuclet
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 of selected central events from more peripheral
collisions.

The third possibility assumes the formation of non-compact geometries other than
bubbles, e.g. toroids, [23] at freeze-out. In the context of shape analyses, these freeze-out
configurations should result in coplanar IMF emission patterns with the IMF flow angles
0; =cos™'(t2-2) and 85 = cos™(t3-2) near 90°, where % is the incident beam axis and ta(ts)
is the IMF eigenvector corresponding to the second largest(largest) eigenvalue. The average
IMF coplanarity, Cipp = ?(qz — ¢1), and flatness, Fipyp = lgé(tg —11)/(%3, t:), should
exceed that from an isotropic IMF emitter. One would furthermore expect that Crarr and
Fiymp would increase both with the IMF flow angle, 85, and the sum 65 + 6, (for specific
values of Nyyr).

Other aspects of the average shapes of the IMFs in the central events were studied to
investigate these three possibilities. The IMF shapes in the selected “Ar+*5Sc events (and
in the lighter entrance channels) are manifestly prolate. For all values of N IMF, the central
event averaged probability that t; — ¢, > ¢, — ¢, corresponding to prolate IMF emission
patterns, increases significantly for decreasing entrance channel mass. These probabilities
are shown in Figure 17. The CM frame ratios (KE)/1.5(KEr) are shown versus the
particle charge in Figure 18. A prolate(oblate) pattern with the symmetry axis near the
beam axis will result in (K E)/1.5(K Er) >(<) 1, while a spherical pattern will result in



values near unity. The experimental values of this ratio in the selected events increase with
decreasing entrance channel mass.

These observations point to an increase in the probability that the IMF emission pat-
terns are elongated along the beam direction as the entrance channel mass is decreased,
despite the restrictive central event selection described in Section 1. This is taken to im-
Ply an increase in the importance of impact parameter fluctuations, and/or an increase
in the fluctuations in the initial stages of the reactions, as the entrance channel mass is
decreased. This observation makes remote the possibility that the IMF emission in these
data proceeds via a non-compact geometry that is oblate and expanding in the X-Y plane,
as suggested by various transport calculations [23] [24] [25].

Further evidence that the observed IMFs do not freeze-out from a toroidal (or disk)
shaped system is provided by Figures 14 and 15. Such geometries have been seen in
various BUU calculations [23] [24] [25] of central collisions in entrance channels that are
the same or similar to the *Kr+%Nb and 2*Xe-+1%La reactions studied here. However,
the IMF sphericities observed in these entrance channels are consistent with the predictions
of the present MF model calculations, which assume an expanded, but spherical, freeze-out
volume.

It has been noted [25] that an observed absence of such planar configurations and the
observation of spherical IMF emission is a statement that the nuclear equation of state is
“soft” (K., ~215 MeV). We note however that, if the IMFs that freeze-out of such a torus
or disk expand (in the X-Y plane) with a transverse energy less than a few MeV /nucleon
for beam energies above ~50 MeV /nucleon, then they would be more forward of the
acceptance of the 47 Array in its present configuration.

4 SUMMARY AND CONCLUSIONS

This work concentrated on a particular projection, called the sphericity, of the shapes
in momentum space of events from central heavy-ion reactions. A data set that is com-
prehensive both in the entrance channel mass and the beam energy was studied.

The relative efficiencies of many different methods for the selection of the small impact
parameter events was investigated first. The particular choice of the global observable
upon which centrality cuts are placed was shown to significantly affect the sphericities of
the events that are selected. The most efficient centrality variables were assumed to result
in the most spherical events, following the removal of the finite multiplicity distortions [10]
to the average sphericities. Two new methods were described that allow the removal, on
the average, of these distortions. This allowed a. ranking of the relative efficiencies of the
different centrality variables for the selection of small impact parameters to be experimen-
tally accessible, Transitions in the variables that best select the most central events were
observed in the three heaviest entrance channels, which is indicative of significant changes
in the topology of the central events. This was presumed to be indicative of changes in
the predominant reaction mechanism, and was further investigated in the remainder of
this paper. Autocorrelations [7] between the average sphericity and the various centrality
variables were also investigated, and were shown to be negligible for the ~10% [15] cuts



used in the present analyses,

The average sphericities of the entire events, and of a particular subset of the events
(the IMF's), were compared to those predicted by a variety of SB and MF model codes,
Unlike the studies of relative sphericities described in Section 1, these comparisons allowed
tests of the absolute scale of average sphericities from the data and the models. Transitions
from SB disassembly to MF were observed on the basis of these comparisons. However, the
IMF emission in the light entrance channels is prolate along the beam direction, despite the
restrictive selection of central events that wag performed. In the heavier entrance chanmels
and for beam energies above ~40 MeV /nucleon, the IMF emission is consistent with the
predictions of the MF models, which assume an expanded and spherical freeze-out config-
uration. This casts doubt on the transport model predictions of freeze-out configurations
that are tori or disks and expanding in the X-Y plane,

There are no indications of such transitional behavior in the available central 12C+12C
and *Ne+27Al reactions (Epro;>55 MeV /nucleon). The qualitatively located beam ener-
gies at which the various analyses described in this paper indicated critical phenomena in
the central “°Ar4-4Se, Kr49Nb, and 12X e+1%La reactions are depicted in Figure 19,
Also included in this Figure is the critical beam energy observed by Cebra et al. for central
“Ar+51V reactions [21], and the critical beam energies observed in a charge correlations
analysis of the present data [26]. 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,
35+10, and 3245 MeV/nucleon in the “©Ar+%Sc, SKr+%Nb, and 2°Xe+'*La entrance
channels, respectively.

The various analyses indicate similar transitional beam energies for each entrance chan-
nel. The transitional beam energies observed for the central *Ar+*Sc reactions are sig-
nificantly larger than those observed for the central #Kr+%Nb and 12°Xe+13],5 reactions.

The most obvious possibilities for this trend concern the open questions raised in Section
2 and 3. These 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 mechanicsl 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. The model calculations described in Section 2 predict a significant decrease in
the transitional beam energy with an increase in the Coulomb energy of a nuclear system
of fixed total mass. Experiments in several entrance channels of constant total mass but
differing charge/mass ratios would be needed to verify this prediction.
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Figure 1: The experimental semi-inclusive average sphericity as a function of the charged
particle multiplicity for the reactions *C+!?C at 55, 75, 115, and 155 MeV /nucleon,
*Ne+2"Al at 55, 75, 95, 115 and 135 MeV /nucleon, **Ar4%Sc at 15, 35, 75, 95, and 115
MeV /nucleon, 3*Kr+%Nb at 35, 45, 55, and 75 MeV /nucleon, and **Xe+13%La at 25, 35,
45, and 55 MeV /nucleon.
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Figure 12: The same as Figure 10, but for the central 12®Xe+4!*La reactions at 25, 30, 35,
40, 45, and 55 MeV /nucleon.
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Figure 13: The average IMF sphericity versus the total IMF multiplicity for central
40Ar+*Sc reactions at beam energies of 25, 35, 45, 65, 75, and 85 MeV/nucleon. The
experimental values are shown as the crossed points, while the solid(dashed) lines depict
the predictions of the filtered MF(SB) models.
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Figure 14: The same as Figure 13, but for the 3*Kr+?°Nb reactions at 35, 45, 55, 65, and
75 MeV /nucleon.
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Figure 15: The same as Figure 13, but for the central 2Xe+%La reactions at 25, 30, 35,
40, 45, and 55 MeV /nucleon.
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Figure 16: The average IMF sphericity versus the beam energy for specific IMF multiplic-
ities in the central **Ar+*°Sc, 3*Kr+%Nb, and 12°Xe+'%°La reactions.
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Figure 17: The probability for prolate IMF emission versus the IMF multiplicity for the
central **Ne+2?"Al (solid circles), *°Ar+*5Sc (solid triangles), 3*Kr+%Nb (open triangles),
and '?*Xe+!%La reactions (open squares) at the beam energies listed in each frame. The
specific definition of this probability is described in the text.
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Figure 18: The ratio of the average kinetic energy and one and one half times the average
transverse kinetic energy of the particles in the selected central events; versus the particle
charge. The results for the *?Ne+27Al (solid circles), “°Ar+#Sc (solid triangles), 3*Kr+%3Nb
(open triangles), and '?Xe+'%La reactions (open squares) are shown.
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Figure 19: 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 collisions 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.



