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Abstract

The experimental signature of the formation of an intermediate-velocity rem-
nant, with a velocity between that of the projectile-like emitter and that of the
target-like emitter, is investigated with the same beam and experimental setup
for targets lighter than, comparable to, and heavier than the projectile. Ex-
perimental evidence for the dynamical production of intermediate mass frag-
ments (IMF) and light charged particles from such a remnant is presented for
the three reactions, **Cl + 12C, Mg and '®Au at 43 MeV /nucleon. Particle
velocity distributions are compared with filtered 1- and 2-source statistical
simulations. The production of IMF from the intermediate-velocity remnant
occurs in less than 40% of the detected events, representing an estimated 10%
of the reaction cross section. In the second part of the paper, different dy-
namical and phenomenological models are discussed and their predictions are
compared to the experimental results. In particular, dynamical model simula-
tions for the 3°Cl 4 '2C system with the formation of an intermediate-velocity
remnant are presented. Finally some hypotheses for the reaction mechanism

leading to the formation of an intermediate-velocity remnant are discussed.

PACS number(s): 25.70.Mn, 25.70.Pq




I. INTRODUCTION

There is strong evidence that reaction dynamics play an important role in the multi-
fragmentation process of heavy ions at intermediate energy [1-9]. In particular, persistence
of final-state configurations having a binary character well into the Fermi energy range (10
MeV /nucleon< Egearn <100 MeV /nucleon), even for very central or violent collisions, has
been confirmed in several recent experiments [10-15]. However, this penomenon still evades
proper theoretical explanation. It has been shown that for reactions involving light heavy
ions (Z<20), the fusion cross section is only 4% or less [14,15] of the total reaction cross
section. Another observed phenomenon, still not well understood, is the formation of a neck-
like structure, recently evidenced in reactions between very heavy ions [16-18] in the Fermi
energy range. The concept of a “neck” in configuration space between the projectile and the
target might be related to the velocity space concepts of mid-rapidity source, participant-
spectator phenomena or “fireball” models commonly used for higher-energy heavy-ion re-
actions [19-23]. In a study of the Kr + Au reaction at 43 MeV/nucleon, Stuttgé at al.
[24] concluded, based on velocity distributions, that intermediate-velocity fragments (Z>9)
might come from a participant zone. |

In this paper we present experimental evidence for the formation of an intermediate-
velocity remnant, probably through a dynamical process, dissociated from the projectile-like
and target-like emitters and responsible in part for intermediate-mass fragmeﬁt (IMF, here
defined as 3<Z<9) production in the Fermi energy range. Three different targets (12C, Mg
and '®"Au) have been used with a 3Cl projectiles at 43 MeV /nucleon in order to assess the
similarities between nearly symmetric and very asymmetric systems. In the three cases,
noticeable differences have been observed between the experimental results and simulations
of the statistical decay of two-source systems.

The second half of the paper discusses possible theoretical explanations for the formation
of an intermediate-velocity remnant for the systems studied. Dynamical models such as

Boltzmann-Uehling-Uhlenbeck (BUU) [25] and Quantum Molecular Dynamics (QMD) [6,26]




are briefly introduced and simulations for the *Cl + '2C system presented. Although the
formation of an intermediate-velocity remnant from dynamical fluctuations is predicted by
the QMD model, this process has a very low cross section and most collisions result in
compound nucleus formation or deep-inelastic binary systems.

Another interesting model developed in recent years is the alpha-cluster molecular dy-
namics model of Mohring et al. [27]. Although it should be compatible with our small
A/Z = 2 systems, it failed to reproduce the dissipative bin!ary dynamics and intermediate-
velocity remnant formation observed experimentally for mid-peripheral or central reactions.
A different approach to alpha-cluster molecular dynamics is also briefly presented in this
section.

The low-energy di-nuclear orbiting model [28-34] is reviewed and the possibility of the
formation of a third source is assessed. Nuclear transparency (nucleon mean-free path) in
a Fermi gas is discussed along with its implication for binary mechanisms. Finally recent
results on hollow configurations in expanding nuclear matter by Borunda and Lopez [35]
are presented. This last approach could give some insights on the origin of the dissipative

binary collision mechanism and the formation of an intermediate-velocity remnant.




II. EXPERIMENTAL SETUP

The experiment was performed at the Tandem Accelerator SuperConducting Cyclotron
(TASCC) at Chalk River. A beam of %Cl at 43 MeV /nucleon bombarded successively a 2.2
mg/cm? thick carbon target, a 1.9 mg/cm? magnesium target and a 2.9 mg/cm? gold target.
The reaction products were detected in an array of 83 detectors covering polar angles from
3.0° to 46.8°. The 80 detectors of the Laval-Chalk River forward array [37,38] are mounted in
five concentric rings around the beam axis and cover nearly 100% of the solid angle between
6.8° and 46.8° (see fig. 1). The first three rings are made of plastic phoswich detectors with
a detection threshold of 7.5 (22.5) MeV /nucleon for Z=1 (17) particles. The two outer rings
are composed of CsI(T1) crystals which achieve isotopic resolution for Z=1 and 2 ions with a
threshold of 2 MeV /nucleon and element identification for Z=3 and 4 ions with a threshold of
5 MeV /nucleon. For the 3*Cl + Mg experiment, three Si-CsI telescopes sampled the most
forward angles, 3.0° to 5.0°, and provided charge identification with a detection threshold of
2 (5) MeV /nucleon for Z=2 (17) particles. More details on the experimental setup can be
found in ref. [9,15,36]. Between 10° and 10¢ events were recorded for each projectile-target
combination in both “minimum-bias” and central triggering conditions (charged-particle
multiplicities > 2 and > 6, respectively).

Since the effects of the detectors’ energy thresholds are different on each system, because
of the different system sizes and center-of-mass (c.m.) velocities, a careful selection of events
for each experiment must be made before investigating the formation of an intermediate-
velocity remnant. Figure 2 shows the c.m. velocity, reconstructed from all detected particles,
of the events considered in the present analysis. For the lightest system, 3*Cl 4 2C, 2x10°
completely detected events (¥Z=23) are retained. The reconstructed c.m. velocity of the
system is narrow and centered at the calculated value. For the nearly symmetric system,
35C1 + Mg, completely detected events (£Z=29) represent only a small fraction of the data,
mainly because the phoswich detectors’ threshold is closer to the c.m. velocity. All events

with at least 80% or more of the charge (£Z>23) detected were included in the analysis.




For this system, the reconstructed c.m. velocity is still close to the entrance channel c.m.
velocity, but slightly shifted toward the beam velocity, showing that the missing charges are
emitted at backward c.m. angles. In the case of the ésymmetric system 33Cl 4 197 Au, the
array threshold limits contribution from the target to a few light charged particles (LCP),
and the reconstructed c.m. velocity for events with minimum bias (15< £7<20) is very
close to the beam velocity. A contribution from the quasi-elastic scattering of the projectile
can be observed at the beam velocity (9.12 cm/ns). However, as shown in section IL.B,
experimental bias does not exclude the detection of LCP and light IMF (Z=3,4) from a

neck-like structure for this system.




III. RESULTS AND ANALYSIS
A. The 3Cl+12C, 3Cl+4+2*Mg experiments

The formation of a remnant in an intermediate energy heavy-ion reaction should not nec-
essarly be considered as the appearance of a new “emitting source” in the system. Rather
it can be thought of as a hot remnant likely produced via both direct nucleon-nucleon
interaction and collective mean-field behaviour occurring near the c.m. velocity of the sys-
tem. The presence of such an intermediate-velocity remnant in a reaction would mean that
this 1s a “ternary” event, where reaction products have three different possible origins: the
projectile-like emitter (PLE), the target-like emitter (TLE) and the intermediate-velocity
remnant. The persistence of the dissipative binary character in the Fermi range and the
formation of an intermediate-velocity remnant at c.m. velocity are signs that the incom-
plete fusion mechanism [39-47] is likely in competition with a dynamical mechanism for the
production of IMF.

To extract an experimental signature from an intermediate-velocity remnant, one must
first account for the experimental bias of the data. The c.m. velocities of the systems are
6.8 cm/ns for 3*Cl+'2C and 5.4 cm/ns for *Cl+24Mg, close to the forward array phoswich
thresholds of 5.1 (6.3) cm/ns for Z=6 (Z=12). Because the energy threshold increases with
particle charge, detected heavier fragments are likely to be faster on average than lighter
ones. In order to properly assess threshold effects and to avoid experimental artifacts, every
experimental distribution will be compared to simulations from the code EUGENE [48],
filtered for both the detector’s energy threshold and geometry. This code produces two-
source events that are realistic in kinematics, excitation energy (equal temperature limit
approximation) and angular momentum sharing between the nuclei. Complete fusion is
predicted for small impact parameters, allowing the treatment of single- and two-source
simulations with the same code.

As shown in ref. [14,15] for light systems, a small portion of the reaction cross section




in this energy range leads to single-source events. It is important to separate those events
from the data before making a comparison to binary simulations. To do so an event-shape

tensor analysis was performed using the quadratic momentum tensor [49):

Piz,j _ ENCPPi(n)Pj(n); i,j=1,2,3 (1)

n=1

where 13;-("), Pj(") are the i** or j** Cartesian c.m. components of the particle momentum
and N, is the total number of charged particles in the event. The three eigenvalues and
eigenvectors calculated from this tensor define the shape of the event. The angle between
the major axis of the event in momentum space (the eigenvector with the largest eigenvalue)
and the beam axis is Oy, the flow angle.

Figure 3 shows the experimental flow angle distributions for the two systems and corre-
sponding simulations. Based on perpendicular versus parallel velocity spectra, it has been
demonstrated in ref. [15] that a cut on the flow angle is a better criterion than transverse
energy for isolating binary (or ternary) events. Furthermore, distributions of flow angle for
single-source events plotted in the figure show that a majority of these events do correspond
to the highest values of ©y;,. The Z=3 perpendicular versus parallel velocity spectra for
specific ranges of the flow angle are shown in fig. 4 for 3Cl + '2C, where the cut for binary
(or ternary) is set at O, < 65° and in fig. 5 for **Cl + 2*Mg, where the cut for binary
(or ternary) is set at @y, < 50°. It is clear from the velocity maps that the two-source
events are selected by this cut on ©yy,, and single-source events, where the IMF emission
is isotropic in the center of mass, are largely eliminated. The single-source events thus
eliminated from the analysis for both systems represent 10% or less of the total yield.

As in previous analyses [9,13,15], the anisotropy ratio [50] is used to compare data and
simulations that have the same elongation in the momentum space. This anisotropy ratio

is defined as

RA — 22&1 |}Jic.m.L|
n Z{Zl lPic.m.lll ’

where 127 is a geometric normalisation constant, M is the charged-particle multiplicity, and

(2)

Picmls Picon.. are momenta of the i** particle in the c.m. frame, parallel and perpendicular
(E p p
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to the beam axis. Figure 6 shows that in order to reproduce the anisotropy distribution of
the £Z=23 data in ¥Cl + 2C, EUGENE simulations of two-source events with an impact
parameter of 4.0 fm or greater are required. For events with £Z>23 detected in 35Cl +
Mg, the value used in the simulations is 3.8 fm. Single-source events have on the average
a mean value of anisotropy ratio higher than that of the data.

To properly assess the difference between binary and ternary events, we inspect the
particle velocity distributions. Figure 7 shows perpendicular versus parallel velocity for
LCP in the **Cl + '2C c.m. system with @y, <45° (corresponding to the events where
the sources are very well separated) and %°Cl + ?*Mg system with ©,,, <30°. These cuts
on Oy, are used for the remainder of the analysis. As previously, velocity maps are shown
where the parallel axis is the beam axis (left side) or the major axis of the event (right side).
Because of the large velocity range of such particles, it is difficult to isolate the sources
of emission. Another difficulty with LCP is the pre-thermalization emission (for example,
see refs. [39,46,51-54]), which further blurs identification of their point of origin. For these
reasons our source analysis focuses on IMF.

Figure 8 is a similar plot of the c.m. velocity distributions for ions of Z=4 to 6 in the 3Cl
+ 12C system with Oyi0,, <45° and the 35Cl + 2*Mg system with © ;,,, <30°. A small range
of IMF charge was chosen in order to eliminate bias induced by the Z-dependent energy
thresholds for different detectors. The distribution in velocity space shows the presence of
IMF from both the PLE at high parallel velocity, and the TLE (in the CsI(T1) rings). There
is also an important contribution at c.m. velocity, that is not related to either emitter. This
is especially apparent from the spectra with the major axis as the parallel axis, but also on
the left side where the detector energy thresholds are clearly outlined.

In order to find the kinematic origin of the particles emitted during the reaction, an
exclusive analysis is performed based on the heaviest fragments of each event. Results from
filtered EUGENE two-source simulations indicate that detected fragments originating from
the TLE are mostly found in CsI(T1) detectors (between 24° and 47° in the laboratory). Most

of those coming from the PLE are found in the plastic phoswich array and Si-Csl telescopes
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(together covering angles between 3° and 24°). Based on these results, the following method
is used to brobe the emission sources: the two forward heaviest fragments (detected in
phoswiches or telescopes) and the backward heaviest one (detected in CsI(T1)) were identified
for each event. Individual and total velocity distributions of these three groups of fragments
are presented in fig. 9 for the **Cl 4 '*C system. Since an intermediate-velocity remnant
would be better characterized kinematically by the presence of an IMF, only these particles
(3< Z < 9) are plotted in this figure. It should be observed that the forward heaviest
fragment travels with an average velocity of 2.3 cm/ns (in c.m. reference frame). There are
two major contributions of the second-heaviest forward fragment, found close to the heaviest
and near the c.m. velocity (-1.5 cm/ns). The backward heaviest fragment has an average
velocity of -4 cm/ns.

Because the phoswich energy threshold increases with the charge, the second observed
heaviest fragment is often slower. For a better evaluation of bias, two-source simulations are
analysed in the same way for comparison. Figure 10 shows the same velocity distributions
as fig. 9, but for the filtered *Cl 4+ 2C EUGENE two-source simulation. Here, the average
velocity of the forward heaviest fragment is estimated at 1.6 cm/ns. This is a lower value
than the 2.3 cm/ns of the data, even though the momentum anisotropy of the data is well
reproduced by the simulations, as shown in fig. 6. Also, there is no depletion between the
heaviest and second heaviest fragments. These differences with data could be explained by
the presence of a faster and lighter PLE in the data and the formation of an intermediate-
velocity remnant travelling near the c.m. velocity.

Figure 11 and 12 show velocity spectra, from experimental data and EUGENE filtered
simulations respectively, obtained with the same procedure as previuosly, but for the 3°Cl +
?*Mg system. Here again three sources can be identified on the experimental plot (fig. 11):
The PLE, TLE and intermediate-velocity remnant with c.m. frame velocities of 3, -3 and
0 cm/ns respectively. Again, EUGENE simulations (fig. 12) do not reproduce the ternary
nature of the data. -

It is interesting to compare the three source velocities extracted from the IMF to the LCP
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velocity map of fig. 7. Remarkably there is no important contribution from light particles
above 3 cm /ns where the heaviest fragment, corresponding to the PLE, has been observed.
Also there are LCP’s just below the c.m. velocity where the IMF count is very low, because
of the phoswich threshold. These LCP emission characteristics could be explained by the
fact that the PLE did not gain much excitation energy during the collision, rather acting
as a “spectator”. The intermediate-velocity emission probably also contributes to the LCP
intermediate velocity spectra. Recently, in a similar system, for a slightly higher energy range
(**Ar + ?"Al from 55 to 95 MeV /nucleon), Péter et al. [14] observed a pre-thermalization
source at mid-rapidity contributing to the LCP velocity maps.

From the velocity observables, the assumption can be made that the intermediate-velocity
remnant is a moderately excited residue of a dynamical process, and as such a source of
LCP’s. Based on the flow angle (©y;,,) cuts made for the velocity maps, the presence
of an intermediate-velocity remnant can be observed in a maximum of 40% of the detected
events for the **Cl + **Mg system, and 50% for the **Cl + '2C system. These percentages are
upper limits since there is a condition on the total detected charge for both experiments, and
since the identification of the intermediate-velocity remnant was not made on an event-by-
event basis. To obtain a rough estimate of the cross section for dynamical IMF production
(assuming no more than one intermediate-velocity IMF per event) for the %3Cl + 2¢Mg
system, the number of IMF in frame b) of the fig. 11 related to an intermediate-velocity
fragment remnant was evaluated. The number of IMF in that frame corresponds to 20% of
the total number of all detected events, without selection on the flow angle. Because of the
suppression of small angles in the experimental setup, and based on calculations in ref. [15],
the actual cross section for the process can be estimated to be half that amount, or about
10% of the total cross section.

The contribution of intermediate-velocity IMF from one-source events should be negligi-
ble because of the cut on ©yj,,. From the filtered 1-source EUGENE simulations, we know
that the flow angle distribution is approximately sinusoidal (see fig. 3). By comparing to the

experimental distribution, the contribution of 1-source events to the intermediate-velocity
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IMF map can be estimated to less than 1% of detected events with the cuts on the flow

angle for both systems.

B. The 3Cl+*"Au experiment

For an asymmetric collision of a light projectile with a heavy target, the analysis must
be done differently, mainly because the energy threshold of the experimental apparatus
only permits the detection of projectile residues and of fast light particles from the target.
While the formation of an intermediate-velocity remnant in such an asymmetric system has
never been observed directly, the signature of intermediate-velocity emission in low-Z energy
spectra at large angles and “quasi-free nucleon knock-out” at more forward angles has been
presented by Awes et al. [55] for the 180 +Au system. This model failed to reproduce data
for a more symmetric system. Even with threshold-less detectors, the kinematics involved in
a very asymmetric collision makes it difficult to select particles emitted from an intermediate-
velocity remnant since the c.m. ’velocity of the system would be extremely close to the target
velocity. However, the intermediate-velocity source identified in asymmetric collisions was
often_found to be close to half the projectile velocity [7], even in the intermediate energy
range of our experiment [56], leading to the conclusion that this intermediate system could
be formed by nucleon-nucleon scattering between the projectile and the target [57].

For the analysis of the **CI+'"Au reaction at 434 MeV, the code GENEVE [58] was
used for comparison with the data instead of EUGENE. It also evaluates the early stage
of the reaction with respect to excitation energy sharing and angular momentum, but it
has provisions to include projectile-like and target-like preequilibrium emission of protons
and neutrons. In the dissipation stage, at small impact parameters, the code assumes a
complete damping of the initial relative motion between the two nuclei and the formation
of a thermalized compound nucleus (incomplete fusion). For larger impact parameters, the
excitation energy is shared between the PLE and the TLE, according to their relative masses.

The deexcitation phase is similar to that followed by the code EUGENE. Simulations leading
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to incomplete fusion were not retained for the present analysis.

In fig. 13, the distributions of velocity parallel to the beam in the laboratory reference
frame for particles with Z=1,2,3 and 4 is compared to filtered GENEVE projectile break-up
simulations. For both the data and the simulations the only event selection criterion has
been that at least 15 charges were detected and that one fast heavy fragment (Z>5), corre-
sponding to the PLE evaporation residue, was detected in the phoswich forward array. The
‘ma,in characteristic of the spectra is the “shoulder” present in the data below the main peak
of the distributions seen above the detector threshold and absent in the simulations. The
thresholds in the simulations are lower than for the data because they take into account only
the detection threshold but not the additional threshold imposed by charge identification
gating. These “shoulders” in the lower part of the light-particle and IMF velocity spectra
were observed in other projectile break-up analysis done with completely different exper-
imental setups [59,60], and were not attributed as a contribution from the heavy target.
Also interesting is the difference between the experimental peak position and that of binary
simulations. The experimental maximum is at a systematically higher velocity, especially
for the heavier Z=3 and Z=4 particles, indicating a faster velocity for the PLE. The same
trend had been observed for the lighter nearly-symmetric system detailed in the last section.
Nucleon-nucleon scattering at mid-rapidity could produce LCP at the c.m. velocity, but not
the heavier fragments. On the other hand, the trend in the data is compatible with the
formation of an intermediate-velocity remnant, resulting in a greater kinematic separation
between the PLE and TLE, or in this case the light PLE and the heavy target.

To further explore the effects of detector bias and the contribution from the target and/or
preequilibrium emission to the velocity spectra, fig. 14 shows the filtered GENEVE Z=1
parallel velocity distribution and the relative contribution from the PLE (top panel), TLE
(middle panel) and projectile-like preequilibrium (bottom panel). From these plots, it can
be concluded that the experimentally observed shoulders do not arise from either TLE or
from preequilibrium LCP emission, which is centered on the PLE velocity. This represents

additional evidence of the formation of an intermediate-velocity remnant, or possibly a
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neck-like structure due to the neutron-rich nature of the heavy target in the asymmetric
35C1+197 Ay reaction.

This effect is even stronger when looking at isotopic ratios outside the normal emission
range of the PLE. Based on systematics put forward by Lleres et al. [61] to isolate the
PLE, the emission range of an excited **Cl is set at +/- 4cm/ns around the PLE residue.
Figure 15 shows the proton, deuteron and triton ratios to the corresponding total number
of hydrogens for parallel velocities lower and higher than 4 cm/ns to that of the heavy
PLE residue. The ratio distribution for forward emission is well reproduced by GENEVE
simulations. However, although there is a small change in the simulation, the backward
ratios are dramatically different for the experimental data, showing many more neutron-rich
deuterons and tritons. This is further evidence for the formation of an intermediate-velocity
remnant (or neck-like structure), richer in neutrons than the PLE because of a contribution

to its composition from the neutron-rich target.
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IV. REACTION MECHANISM HYPOTHESES

Statistical codes such as EUGENE and GENEVE (and the combinations of TORINO
[62] with GEMINI [63] or SOS [64] as used in refs. [9,13]) are based on excitation mecha-
nisms involving nucleon exchange or excitation energy sharing as a function of the impact
parameter, and on sequential evaporation of a statistical nature. Moreover, they do not pre-
dict the formation of an intermediate-velocity remnant, as shown in the previous section. In
this section, we analyze different dynamical calculations and reaction mechanism scenarios
which could shed some light on the experimental results, especially on the persistence of

binary dynamics and the formation of an intermediate-velocity remnant.

A. Dynamical Models: BUU and QMD

Boltzmann-Uehling-Uhlenbeck (BUU) and Quantum Molecular Dynamics (QMD) mod-
els are frequently used to describe heavy-ion collisions at intermediate energy. The BUU
model [25] is based on one-body theory, which is described in the model by a calculation
of the one-body phase-space density function. However, it is difficult to treat correlations
and fragmentation in heavy-ion collisions with BUU. The QMD model [26] incorporates the
important quantum features of BUU theory, explicitly treating the nucleon correlation in-
formation through the time evolution of the collision. It is able to describe the fluctuations
that lead to the final fragmentation of the nuclear system. This is a major improvement over
BUU. The QMD model is quite successful in describing collective effects such as bounce-off
and squeeze-out. However, it fails in reproducing the fragment multiplicities observed ex-
perimentally. Nevertheless, the QMD and BUU models describe the initial non-equilibrium
stage of the collision in reasonable detail and should predict the pre-thermalization nucleon
emission and the formation of highly excited pre-fragments.

To investigate the persistence of a binary character, even for central collisions, and the

formation of intermediate-velocity remnant in light heavy-ion collisions, we have performed
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BUU calculations for **Cl+'*C at 43MeV /nucleon. The BUU equation has been solved with
the parallel ensemble method [65]:

8121 +v-rfi =V U - Vof1 =

don,

kde 012[f3f4(1 - 1)1 = f2) = Lf(1 - )1 - fa)) (3)

In equation (2), f = f(r,p,t) is the Wigner transformation of the one-body density
matrix, do,,/d) and v;; are the in-medium cross section and the relative velocity for the
colliding nucleons respectively, and U is the total mean-field potential which consists of the
Coulomb potential and the nuclear potential with isoscalar and symmetry terms. During our
calculations, we used parameters for the equation of state (EOS) which correspond to values
of nuclear compressibility at K=380 MeV (stiff EOS). For simplicity, 0 (8,6) is chosen to
be isotropic and energy-independent. The mean-field and the Pauli-blocking factors in the
collision integral are averaged over an ensemble of 200 parallel simulations.

Figure 16 shows the time evolution of density profiles on the reaction plane for three
impact parameters with a BUU model. For the calculation at b = 3.0 fm, a single deformed
residue is still present at t = 220 fm/c. In contrast, the separated projectile-like and target-
like fragments begin to show at slightly larger impact parameter b = 3.5 fm and become
distinct at b = 4.0 fm. So, in this calculation, the critical impact parameter is 3.5 fm for
the transition from the one body to the two body process. However, the calculation cannot
produce neck fragments or an intermediate-velocity remnant in semi-peripheral collisions
(between 2 and 4 fm). BUU simulations using a lower value of nuclear compressibility (soft
EOS) were similar.

Recently, Sobotka [66] has performed BUU calculations for !*Xe+2%®Bi system at 28
MeV /nucleon considering a simple asymmetry-dependent term in the potentials which con-
spired to create reasonable neutron "skins” for heavy nuclei. Compared to calculations done
with more commonly used equation of state, the calculations produced neutron-rich neck
regions with higher probability. Neutron skin effects were shown to be a possible origin

of neck-like structure in heavier systems. These effects cannot be considered in “neutron-
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poor” systems such as 3°*Cl+2C studied here. A possible origin of neck-like structure for
light heavy;ion systems is dynamical fluctuations. Colonna et. al [67] have implemented a
fluctuating term into the BUU equation, arising from consideration of the random nature
of the nucleon-nucleon collision integral. Their calculations predicted the existence of an
intermediate neck region and the direct emission of intermediate mass fragments from the
region.

To study the important role of mean field instabilities which originate from dynamical
fluctuations in the reaction dynamics, we have performed QMD calculations for the 33Cl+12C
system at 43 MeV /nucleon. Details about the code may be found in ref. [68]. Here we
summarize briefly the relevant properties. In the model, each nucleon of two colliding nuclei

is described by a Gaussian in momentum and coordinate space:

fitrpt) = menn{—-— 22Ok Sy, (@

where ;o and p;o are the centroids of the ith particle in coordinate and momentum space and
2L is the characteristic width of the wave packet. The nucleons interact via a potential during
the collision. The interaction used here consists of a local Skyrme two- and three-particle
interaction, a Coulomb and a Yukawa interaction. Neutrons and protons are distinguished
in the interaction.

With these Gaussian nucleon distributions, the interactions lead to the following Hamil-

tonian:
2
H = } :QP;n + Vloc + VYuk + Vcoul. (5)

The short-range interaction is taken into account in the same way as in the BUU models
via a stochastic scattering term: two nucleons can scatter if the spatial distance of the
centroids of their Gaussians is smaller than {/oy.:/7. The free nucleon-nucleon cross section
is modified in the medium by the Uehling-Uhlenbeck blocking factors. The Pauli blocking
probability of the final states is determined by the overlap of the two nucleons in phase space

with all other nucleons. If a collision is blocked, the momenta of the scattering parameters

17




prior to the scattering are restored. We define the fragments at the end of the reaction using
a common minimum spaning tree procedure. If the centroids of their wave packets have a
spatial relationship dy < 3fm, two nucleons are considered to be bound in a fragment.

For the nuclear ground state, Fermi motion generated by the Pauli exclusion principle has
been simulated by a momentum-dependent repulsive potential. The parametrized gaussian

Pauli potential [69] is defined as:

Bpou = 3 S Vol Preapl= T — P, 5 ©)
2 T oo 2¢8  2p5 TV

where 0;,7; denotes the spin and isospin index of nucleon i. With such a potential the total
energy of the “free” Fermi gas is given by EEC=FE};,+E,,,. The parameters for the equation
of state (EOS) and Pauli potential used in the calculation are taken from Ref [70], which
correspond to a stiff EOS parameter of K=380 MeV.

The implementation of the Pauli potential into the dynamical QMD model yields two
major improvements relative to earlier models [70]. Firstly, the ground states are well
defined; this yields stable initial nuclei. This is very important for QMD model to be used
in the Fermi energy region, Ej.; = 30 MeV /nucleon [71,72]. Secondly, the excitation energy
of the pre-fragments can be determined with respect to the true ground state and used
to describe the long-term behavior of those fragments in an independent model such as a
statistical decay model.

For a systematic study, we generated several thousand events, with the number of events
contained in a given domain of impact parameter proportional to the cross section. For
each time step, the momenta and the position of all nucleons were stored and the spatial
distribution of the nucleons was investigated to examine the formation of the fragments.

After the collision has taken place, the system will continue to emit particles both in
the pre-thermalization and the quasi-thermalization processes. Therefore the masses and
excitation energies of pre-fragments are sensitive to the freeze-out time at which observables
are evaluated. During the calculation, we switched off the QMD calculations at a time of 120

fm/c after the first contact of two colliding nuclei (at t=0 the projectile and target surfaces
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are separated by approximately 2.0 fm). At this time the fast pre-thermalization processes
are terminated (the time for pre-thermalization emission is nearly 70 fm/c) and the mass
and excitation energies of the pre-fragments do not change rapidly with time, which can be
seen as evidence that the nuclear system is approaching thermal equilibrium before breakup.

Figure 17 shows the impact parameter b versus mass distribution of pre-fragments for
*Cl+'*C at 43 MeV /nucleon reaction with QMD calculations at t=120 fm/c. In the case of
a head-on collision, we see clearly that the fragment mass distribution is composed of a heavy
fragment Ay &~ 41 and a few nucleons. This means that the reaction mechanism is complete
or incomplete fusion (one-source events). With a slight increase of impact parameter, in
addition to the incomplete fusion process, we can observe two-fragment events in the mid-
central region. From the time evolution of the spatial distribution of nucleons, we observe
such events originating from incompletely fused system reseparated into two fragments, from
which nucleons and/or clusters continue to escape (two-source events). The process is similar
to asymmetric fission at lower energy heavy-ion reaction. In the semi-peripheral region b ~
3.5 fm, in addition to one- and two-fragment events, we also observe three-fragment events
(three-source events). For peripheral region, b> 6.0 fm, we see clearly that the fragment
mass distribution is composed of two heavy fragments A; =~ 34 and A; ~ 10 respectively,
which could be attributed to target-like fragment (TLF) and projectile-like fragment (PLF).
Here, the collision process is just a dissipative binary process as in deep-inelastic collisions.

In fig. 18, we show the differential cross section do/db for one, two and three IMF as
a function of impact parameter b for **Cl4+2C reaction at 43 MeV /nucleon as predicted
from our QMD calculations. The IMF are defined here as fragments with Z > 3. The cross
section of one-IMF events, which approximately correspond to the incomplete fusion at small
impact parameter, is 15% of the reaction cross section. It is still larger than the 4% from
experimental results [15]. Dissipative binary collisions (two-IMF events) are the dominant
reaction process; they account for about 80% of the cross section and occur almost at all
impact parameters, even in central collisions. The cross section for three-IMF events is only

of the order of 3% of the cross section. At b=3.5 fm, the cross section of one-IMF events is
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equal to that of two-IMF events. This prediction is consistent with the BUU calculations.
To search for the formation of an intermediate-velocity remnant, we produced a contour
plot of the IMF velocity components (v.) versus position z on beam direction for three IMF
events, as shown in fig. 19. An interesting result is that the IMF can be classified into
three groups. A first group is in the region of z >12 fm and v, >3 cm/ns, representing
fragment with a mass Ay ~ 31, and it could be attributed to the PLF. A second group
is in the region of z <2.0 fm and v, <0 cm/ns, A; =~ 7, and could be attributed to the
TLF. For the remaining group, its velocity is near to 0.5 fm/c and z ~ 6, Ay =~ 7. Because
its character is similar to what is called the participant-spectator process in higher energy
heavy-ion collision, we consider it as an intermediate-velocity remnant. It is concentrated in
mid-peripheral collisions as shown in fig. 18. In summary, the BUU model fails to yield any

indication of an intermediate source, while QMD appears to predict a small such component

B. Alpha Cluster Molecular Dynamics

The idea that the nuclear structure of a small nucleus with even Z and 4 = 2Z can be
approximated by clusters of o particles has been proposed since the 1950°s [73]. Recently
however there has been a renewed interest for this particular field in experiments below 10
MeV /nucleon (see Ref. [74] for a recent review). The study of nuclear clusters is ideal for
the intermediate energy range since an alpha structure driven collision is halfway between
the mean field effects of low energy reaction (<10 Mev/nucleon) and the quasi-exclusive
nucleon-nucleon interactions present at high energy (>100 MeV /nucleon). Both mechanisms
are known to be important in this energy range [75-77).

A dynamical alpha-cluster model for projectile break-up has been developed by Mohring
et al. [7,27]. It is based on two complementary assumptions: An a-a potential deduced from
ATDHF calculations [78] and an additional energy conserving random walk interaction used
to reproduce large angle scattering. Originally the model was used exclusively for projectile

break-up of light nuclei on heavier targets, modelled via surface friction, leading either to
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fragmentation of the alpha clusters or to incomplete fusion of the projectile and the target
[7]. In the analysis of the S+1%7Au system at 26 MeV /nucleon [5], comparison with the
alpha-cluster model leads to the conclusion that the branching ratios for channels with two
IMF coming from the projectile break-up are dominantly fed by a non-sequential production
mode.

The model was also used for a light symmetric system, 2C+412C, where both nuclei are
treated in the the alpha-cluster model [79]. In this study the energy spectra of alpha particles
cannot be reproduced by alpha-cluster dynamics alone and a contribution from a compound
nucleus had to be added to fit the experimental data. However, the forward-angle cross-
sections of alpha-particle energy were correctly reproduced without any free parameters.
Since the simplifications present in the model, such as neglecting nucleonic degrees of free-
dom, could be the cause of some of the discrepancies between data and simulations, improved
versions of the model may offer a better picture of reaction dynamics in the intermediate en-
ergy range. No intermediate source formation was apparent in either the projectile break-up
or central collision using Mdhring’s alpha-cluster molecular dynamics model.

Recently a new model of alpha-cluster molecular dynamics was developed by Lépez and
Robinson [80]. Using the alpha-alpha potential of Mohring et al. simulations of reactions of
325 4 2C and %S + 2*Mg were studied at energies of 5.4, 8.4, and 14.2 MeV/A. The selection
of projectile and targets was made to reproduce as closely as possible the reactions studied
experimentally in this work. The energies were selected to show where the transition from
a single-velocity source to two sources takes place. In contrast to the Mohring calculation,
Lépez and Robinson did not use the random interaction responsible for large-angle scattering
nor did they use interparticle friction.

The unfiltered velocity distributions obtained for the particles resulting from these sim-
ulations for alphas, beryllium (di-alphas), etc. show contributions of a single-velocity source
(for lower energies) and of a projectile-like source and a second, slower, target-like source, at
higher energies. Theése results indeed fail to indicate the existence of a third, intermediate-

velocity, source. Presumably the lack of alpha-alpha friction and angular momentum in the
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calculations are responsible for this behavior.

C. Di-nuclear orbiting

In the di-nuclear orbiting model [28~34] two colliding nuclei are trapped by the attractive
nuclear interaction and lose energy via friction while rotating one around the other. As the
deflection angle, given by grazing angle minus scattering angle (qualitatively similar to the
flow angle used in the experimental analysis) increases, the final kinetic energy of the system
decreases. This orbiting process is limited by two extreme values of angular momentum, /.,
where the scattering angle is very close to the grazing angle, and [..;; where the Coulomb
and centrifugal forces are balanced, and which usually leads to a fused system in the 5-10
MeV /nucleon energy range [28].

The surface friction model developed by Gross and Kalinowski [29,81] is a combination
of the optical model nucleon-nucleus potential and of the assumption that the two ions
move on a classical orbit under the presence of a friction force. The friction is modelled
by an anisotropic position-dependent tensor with a radial-radial component much larger
than the tangential-tangential component. The main achievement of the model is to give
an appropriate description of how the two ions undergo a very inelastic collision when the
reaction is peripheral, and fuse when it is more central. The model’s predictions of I
(fusion) are in good agreement with low energy experimental data. The same frictionnal
forces are used in the molecular dynamics calculations of Mohring et al. discussed in the
last section.

Di-nuclear orbiting was found to be an even more important contribution to the reaction
mechanism in lighter sytems. Shapira et al. [31] showed that while energy spectra in the 28Si
+ 12C reaction at around 4 MeV /nucleon indicate strong if not complete damping, there is
a large component in the angular distribution around ©,,, =180°, a feature typical of a fully
developed orbiting process. In other heavy-ion collisions experiment at low energy (below

10 Mev/nucleon), comparison of data to orbiting calculations and to compound nucleus
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formation clearly favors orbiting [33]. Such orbiting data of relatively light heavy ions (such
as 28Si + 12C and Mg + '2C) were interpreted as demonstrating a strong entrance channel
dependence at low energy [34]. However, no entrance channel effects were observed for other
slightly different heavy ion combinations (such as *Cl + *2C compared to 3'P + 160) and
the disappearance of the orbiting yield may be explained by the presence of quasi-molecular
resonance states [82-84] where orbiting occurs only for well-matched energetic and angular
momentum states [31]. The origin of the orbiting mechanism is still an open question,
though possibly related to the exchange of nucleons.

In a recent experiment in the Fermi energy range (30 MeV /nucleon) involving relatively
heavy ions (**Xe + 2°°Bi), Baldwin et al. [8] concluded that the reaction dynamics are sim-
ilar to what is expected from di-nuclear dissipative orbiting based on the strong correlations
between the deflection angle of massive fragments and various dissipation observables. The
analysis also shows possible experimental evidence for a “nuclear rainbow” [32] in the data,
where the balance between Coulomb and nuclear forces produces a local minimum. The over-
all reaction mechanism could not be reproduced quantitatively by either a nucleon-exchange
model or dynamical Boltzmann-Uehling-Uhlenbeck (BUU) simulations.

In regards to the formation of an intermediate-velocity remnant, the orbiting mechanism
in rather peripheral heavy-ion collisions could be linked to the appearance of a neck-like
structure [16-18,32] between the two nuclei. It has been proposed that this neck structure is
caused by a neutron-skin effect and isopin dependance [66,85]. There are some discrepancies
between low-energy reactions, where central collisions involve the complete fusion of the
system, and reactions in the Fermi energy range, where the system appears to remain di-
nuclear even though a a huge amount of dissipation is involved [10,12,15]. However, the
orbiting model offers a simple macroscopic picture that covers the whole range of impact
parameters for energies of a few to a few tens of MeV /nucleon. Nevertheless, as discussed
in section IV.A, there is as yet no experimental evidence of di-nuclear orbiting for reactions
of light ions in the intermediate enery range and the formation of a neck is dubious in these

systems because of the generally “neutron-poor” character of the ions (33Cl, 2*Mg or '2C for
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example) when compared to heavier systems such as *®Pb+197Au or 136Xe+209B;.

D. Nuclear Tranparency in the Fermi energy range

The problem of nuclear transparency in the Fermi energy range was addressed in 1980
by Collins and Griffin [86]. In this calculation the mean free path (1)) of the nucleon in a
nuclear Fermi gas at finite temperature is obtained using free nucleon-nucleon cross section
with suppression according to the Pauli exclusion principle, thus increasing A. If this mean
free path can be considered “large” when compared to the nuclear radius, it has an important
effect on the organization of the nuclear structure in very excited states. Furthermore the
ensuing appearance of free nucleons with trajectories unhindered by the mean-field effect of
the nucleus bears a direct relation to the notion of preequilibrium emission of protons and
neutrons, commonly encountered in heavy ion reaction analyses [39,43].

Based on their calculations, the authors of ref. [86] conclude that for a temperature of
about 4.5 MeV, A is of the order of 10 fm, about the diameter of a Ax2125 nucleus. Below
that temperature the nucleus can then be considered a “small” object. These results under-
estimate the A calculated from the phenomenological optical-model. Since the temperature
attained in intermediate energy heavy ion collisions is of the order of 5 MeV [7,75,87-90],

we can assume that nuclear transparency is a factor to be considered.

However, from a macroscopic (or collective) point of view, the effects of nuclear trans-
parency in collisions between two nuclei with constant density would not lead to the for-
mation of an intermediate-velocity remnant in a dissipative binary scenario but would be
closer to the preequilibrium projectile-like and target-like emission in an incomplete fusion
reaction, a mechanism which has been shown to be at least partly incompatible with heavy

ion reactions dynamics in the Fermi energy range [9-12,14].
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E. Expansion and hollow configurations

As we hdve seen in the previous sections, neither dynamical simulations nor more clas-
sical macroscopic mechanisms offer a complete explanation of dissipative binary collisions
involving rather light ions and intermediate-velocity remnant formation in the Fermi energy
range. There is one common feature for all the theoretical predictions: they use, implicitly
or explicity, a standard nuclear density. This nuclear density is basically constant from the
center to the external radius of a spherical nucleus. It would also decrease uniformly through
isotropic expansion, because of heating or compression, after a heavy ion collision (see, for
example, Bertsch and Siemens [91)),

Introducing new expressions for density and temperature as a function of radius and time
with a generalization of the analytical hydrodynamical model of an expanding “fireball”
from previous work by Bondorf et al. [92], Borunda and Lépez [35] have investigated the
formation of hollow configurations following the expansion phase in heavy-ion collisions.
The hydrodynamical behavior of the hot and dense nucleus shows a rapid expansion of the
nuclear system. Remarkably this expansion is non-uniform spatially, producing a region of
subnormal density. The calculations also predict the appearance of a high-density region.
These intriguing configurations cannot yet be followed to the final freeze-out density and
actual fragmentation of the nucleus. However, they could offer new insight into dynamical
multifragmentation.

The appearance of such hollow configurations in the possibly expanding overlapping re-
gion of a di-nuclear system would provide a phenomenological explanation of the macroscopic
reaction dynamics in intermediate-energy heavy ion collisions. It could account for both the
persistence of the dissipative binary mechanism (possibly separated by a low density region)
and the formation of an intermediate-velocity remnant (high density region) producing most
of the IMF. It would also account for the observed low transverse velocity of IMF in the
intermediate zone, as they are not emitted from a thermal source but are rather remnants

of a dynamical reaction. The evolution of a “hot-zone” in nuclear matter following heavy
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lon collisions was examined by Jakobsson, Karlsson and Lépez [93]. Although it features
pre-thermaiization emission of light particles, it does not predict the formation of IMF in
the participant zone.

We thus see that due to numerical and other approximations, most models used in this
energy regime fail to predict the existence of a third source of IMF, with the notable exception
of the QMD approach, although the physical implications are hard to pinpoint in that
case. We think that the formation of hollow configurations, and possibly other expansion
mechanisms, should be investigated further in regards to the formation of intermediate-

velocity remnant and IMF production in general.
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V. CONCLUSION

We have investigated the formation of an intermediate-velocity remnant and neck-like
structure in intermediate energy reactions involving “light” heavy ions. For the two nearly-
symmetric systems (**Cl4+'2C and 35Cl+?*Mg), the presence of an intermediate-velocity
remnant, seen in the velocity maps of intermediate mass fragments, is evaluated to be a
maximum of 20% of the all analysed events in central/mid-central reactions. The actual
cross section for the process is lower and is roughly estimated at 10%. For bigger nuclear
systems (**Cl4+'%7Au), the appearance of a intermediate-velocity remnant and/or neck-like
structure has also been observed. For bigger nuclear systems, more than one IMF remnant
can be expected.

We have performed BUU and QMD calculations for the reaction 3*Cl+!2C at 43
MeV /nucleon. With our choice of input parameters, BUU calculations give a ‘critical im-
pact parameter of 3.5 fm for the transition from a one-body to a two-body process. The
model cannot produce intermediate-velocity remnants in semi-peripheral collisions as is ob-
served in the experimental results. QMD calculations which preserve dynamical fluctuations
through the time evolution of the collision can produce intermediate-velocity remnants at
b =4 fm for the *Cl+'2C reaction. With the QMD model, the most probable origin of a
neck-like structure for light heavy-ion system lies in dynamical fluctuations. The calculated
cross section for intermediate-velocity remnant events is less than 3% of cross section at
43 MeV /nucleon. For the systems studied, the calculations predict that binary dissipative
collisions are a dominant reaction process, occuring over a large range of impact parameters,
and even in central collisions.

Investigations with other theoretical and phenomenological models, such as orbiting,
nuclear transparency and molecular dynamics, failed to reproduce the trends found in the
data. The possible expansion of an overlapping “hot zone” of contact between the nuclei,
and the formation of hollow configurations, were assessed as possible explanations for the

remnant formation.
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Another possible explanation for the presence of an intermediate-velocity remnant would
be deformafion, occuring during the collision, of the heaviest partner in asymmetric systems,
or both projectile and the target in symmetric systems. This deformation is not predicted
by actual dynamical models. Results from more complete experiments, possibly including
complete isotopic resolution, and more detailed dynamical simulations are needed before
the mechanisms can be definitively identified. However, from our results, it is evident that
along with statistical mechanisms, reaction dynamics play a major role in the production

mechanism of IMF.
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FIGURES

FIG. 1. The CRL-Laval Array. See text for description.

FIG. 2. Reconstructed c.m. velocity from detected ions for events with £Z=23 in 35Cl+12C
at 43 MeV /nucleon (top), £Z>23 in 3Cl+?*Mg at 43 MeV /nucleon (middle), and 15<¥XZ<20 in
35Cl+197Au at 43 MeV/nucleon (bottom). Arrows indicate the beam and c.m. velocity for the

reverse kinematics system and the projectile velocity for 35CI+!97Au.

FIG. 3. ©y0y distribution for the 3Cl+!2C and *Cl+2*Mg systems at 43 MeV /nucleon (full
line). Dotted and dashed lines are respectively from filtered 1- and 2-source EUGENE simulations

respectively.
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FIG. 4. Galilean invariant of Z=3 fragments from the 3Cl+!2C at 43 MeV/nucleon system
plotted as a function of perpendicular versus parallel velocity in the c.m. frame with cuts on
Oflow >65° (top panels) and © i, <65° (bottom panels). Parallel velocities are along the beam
axis (left) and the major axis of the momentum tensor (right). The count yield is in a logarithmic

scale.

FIG. 5. Same as fig. 4 but for the 3*Cl+2*Mg at 43 MeV /nucleon with the following cuts on

the flow angle: © 15, >50° (top panels) and © 4, <50° (bottom panels).

FIG. 6. Anisotropy ratio for **Cl+'2C and 3°Cl+2*Mg (full line) and EUGENE 1- and 2-source

simulations (dotted and dashed line respectively) with no selection on flow angle.

FIG. 7. Galilean invariant of Z=1 and 2 particles from *CI1+!2C (top panels) and 3*Cl+2¢Mg
(bottom panels) at 43 MeV /nucleon, plotted as a function of perpendicular versus parallel veloc-
ities. Parallel velocities are along the beam axis (left panels) and along the momentum tensor’s

major axis (right panels). The count yield is in a logarithmic scale.
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FIG. 8. Galilean invariant of fragments with Z=4,5,6 for the **Cl+'2C at 43 MeV /nucleon
system with © flow <30° (top) and 33CIl+2C at 43 MeV /nucleon system with © flow <30°(bottom)
plotted as a function of perpendicular versus parallel velocity in the c.m. frame. Parallel velocities

are along the beam axis (left) and the major axis of the momentum tensor (right). The count yield

is in a logarithmic scale.

FIG. 9. Galilean invariant perpendicular versus parallel velocity of IMF (3<Z<9) in the c.m.
frame for the 3°Cl+!2C at 43 MeV /nucleon system with © 15, <45° for the heaviest (top left) and
second heaviest (top right) ions detected in the phoswich detectors and heaviest ions detected in the
CsI(T1) scintillators (bottom left) and total of the three distributions (bottom right). Orientation

is relative to the major axis of the momentum tensor. The count yield is in a logarithmic scale.

FIG. 10. Same as figure 9 but for EUGENE 2-source **Cl+12C at 43 MeV /nucleon simulations

with b> 4.0 fm, with ©,,, <45°.

FIG. 11. Same as figure 9 but for the 33Cl+24Mg system at 43 MeV /nucleon with © 1., <30°.
The heaviest and second-heaviest forward fragment may also have been detected in the Si-Csi

small-angle telescopes.
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FIG. 12. Same as figure 11 but for EUGENE 2-source *Cl4+**Mg at 43 MeV /nucleon simula-

tions with b> 3.8 fm, with © 10, <30°.

FIG. 13. Parallel velocity of Z=1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right)
from the %3Cl+197Au system at 43 MeV /nucleon with £Z (detected)>15. Full lines are for data,

dashed line for 2-source GENEVE simulations.

FIG. 14. Parallel velocity of Z=1 from the PLE (dashed, top panel), TLE (dashed, middle
panel) and preequilibrium emission (dashed, bottom panel) compared to the total distribution

(full line) predicted by 2-source GENEVE simulations.

FIG. 15. Ratio of protons (mass=1), deuterons (mass=2) and tritons (mass=3) to the respec-
tive total number of hydrogens emitted forward of 4 cm/ns and backward of -4 cm/ns (see text
for details). Data are represented by full dots for forward emission and empty dots for backward
emission and the GENEVE simulation by a full line for forward emission and a dashed line for

backward emission.
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FIG. 16. Time evolution of density profiles on the reaction plane for 3°Cl+!2C at 43

MeV/ nucleo‘n reaction, at three impact parameters calculated with the BUU model (unfiltered).

FIG. 17. The mass distribution for pre-fragment emission, plotted against impact parameter b
for **Cl+!2C at 43 MeV /nucleon reaction at t=120 fm/c with QMD calculation (unfiltered). Each

contour represents a factor slightly higher than 2.

FIG. 18. Unfiltered QMD calculation of the differential cross section do/db for the production
of one, two, and three IMF plotted against impact parameters b for the 3°Cl+12C reaction at 43
MeV /nucleon at t=120 fm/c. The full line represents the impact parameters distribution used in

the simulation.

FIG. 19. Unfiltered QMD calculation of the IMF velocity components (v,) versus position
components z on the beam direction (z axis) for three-IMF events in the 3°CI+2C reaction at 43

MeV /nucleon at t=120 fm/c.
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FIG. 1. Y.Larochelle et al.
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