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Abstract

The same hot nuclear system (£Z=18) has been studied for two different
entrance channels with reaction products detected in a forward array of scin-
tillators: central collisions of 2*Mg on a '2C target at 254 and 354 MeV
and peripheral pick-up reactions of **Cl on a ®"Au target at 434 MeV.
The detection-efficiency-corrected charge distributions, multiplicity of charged
particles and cross sections as a function of excitation energy are compared.
The reaction mechanism is investigated, through comparison to simulations
with statistical observables. The central reaction 2¢Mg+'2C at 354 MeV
is well characterized by a dissipative binary collision scenario. Data at 254
MeV show less evidence of such dynamical characteristics. The IMF (3<Z<8)
production for each reaction is compared to model calculations for different
values of excitation energy. The systems formed in the central collision at
25A MeV and the pick-up reaction at 434 MeV show similar source charac-
teristics, both statistically and in momentum space. However, the yields of
the various exit channels, from evaporation /fission to multifragmentation and

vaporization, differ for the two reactions.

PACS number(s): 25.70.Gh, 25.70.Kk, 25.70.Mn, 25.70.Pq
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I. INTRODUCTION

The multifragmentation [1-4] of hot nuclear systems formed by the collision of heavy ions
in the intermediate energy range (between 10A and 100A MeV) has usually been considered
in the context of a thermalized, equilibrated emitting source. Recently. however, there
has been an increasing interest in the effects of reaction dynamics on the production of
intermediate-mass fragments (IMF, 3<Z<8) and light charged particles (LCP, Z=1 or 2)
[5-14]. In this paper we compare emission from sources of the same mass and charge, in
this case A = 36 and Z = 18, produced by two different reaction mechanisms and detected
with the same experimental apparatus. The first system is formed in the central collision of
Mg with '2C at 254 MeV and 354 MeV, where the total charge of the system is detected
and could be reconstructed in the center of mass (CM) frame of the reaction. The second
system is produced in the peripheral reaction of **Cl with %7 Au at 434 MeV, with pick-up
of one proton. The same total charge (£Z=18) is identified as coming from a fast-moving
source associated with the moving frame of the quasi-projectile (QP).

Much effort has already been devoted to the projectile break-up reactions observed in
peripheral collisions of a relatively light nucleus with a heavier target. These reactions
involve the pick-up, exchange or stripping of nucleons [14-26]. Several trends have been
identified from these analyses, assuming a thermalized source for the emission of particles.

Of particular interest are:
o the statistical and sequential nature of such multifragmentation events [23,26,27],

e the increase of IMF yields with increasing excitation energy of the emitting source

[24], and

e the decrease of emission time for LCP with the increase of excitation energy [28,29].

The present paper will deal with similar topics but with special emphasis on the entrance
channe] and the early stage of the reaction and their effects on the subsequent multifrag-

mentation phenomena. The experimental set-up is described and the calibration methods
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presented in Section 2. In Section 3, we make an analysis of the instrumental bias imposed
on the data. We also explore the corrections made to permit comparison of experimental
yields from different data sets and predicted yields from various models. The cross sections
for charge distributions. charged-particle multiplicities, and excitation energy (assuming
compound-nucleus formation) are presented. Possible reaction mechanisms are investigated
in Section 4, by means of global observables and filtered statistical simulations. In Sec-
tion 5, the IMF production and exit channel yields for four types of exit channels (heavy
residue production, dissipative evaporation/fission, multifragmentation and vaporization)
are compared for specific values of excitation energy. Finally, in Section 6, the results are
summarized and conclusions are presented concerning the dependence of IMF production

on the entrance channel of the reaction.



II. EXPERIMENTAL SETUP AND CALIBRATION
A. The **Mg+1?C experiments

The experiments were performed at the TASCC facility of Chalk River Laboratories,
with beams of 2*Mg at 254 and 354 MeV incident on a 2.4 mg/cm? C target. The inverse-
kinematics conditions focussed reaction products into the 80-detector CRL-Laval Array,
shown in Fig. 1. The most forward part of the array is composed of three rings of 16 plastic
phoswich detectors, covering polar angles from 6.8° to 24° with respect to the beam axis.
Each phoswich detector consists of a thick, slow-plastic E detector and a 0.7-mm AE layer
of fast plastic scintillator, heat-pressed to the front of the E detector [30 . These allowed
identification of charged fragments from Z=1 to 12. The set-up is completed with two
additional rings, each with 16 CsI(Tl) scintillators, covering the angular range from 24° to
46° for particles of Z=1 and 2. Typical spectra can be found in Ref. [31].

Energy thresholds varied from 7.5A4 to 19.6A4 MeV for Z=1 to Z=12 in the phoswich
detectors and were approximately of 24 MeV in the CsI(Tl) detectors. Identification of
Z=3 particles, with a threshold of less than 54 MeV, and isotopic resolution for Z=1, were
achieved by the CsI(T1) detectors in the 254 MeV experiment. At 354 MeV the masses of
Z=1 particles were randomly assigned as 1,2, 3 in 60%, 30%, 10% ratios, respectively, based
on the isotopic yield ratios measured at 254 MeV. For all other fragments the mass was
given as 27.

To minimize accidental coincidences, only particles arriving within one cyclotron period
(25 ns) were included in an event. Events with two particles striking the same detector were
largely eliminated by means of restrictive gates on the charge identification spectra for all
the detectors and by a special gate on the a-particle double hit band, which was counted
as two a-particles with identical energies, coming from the ground-state dissociation of *Be.
The calculated grazing angles in these reactions are 2.6° and 1.8° for experiments at 254

and 354 MeV respectively (see Ref. [32]).



B. The **Cl+1%"Au experiment

The experimental setup used in the **Cl+!97Au is very similar to the one for 2*Mg+2C
but with some different experimental conditions and additions to the setup. The charge
resolution in the CsI(Tl) detectors allowed identification up to Z=4. The phoswich detector
gains were adjusted in order to achieve identification up to Z=17. The grazing angle in this
reaction is 6.3, very close to the inner ring of phoswich detectors.

For the present analysis, events with £Z=18, identified as coming from breakup of a
quasi-projectile according to systematics from Ref. [33], were used for comparison. More
information on projectile break-up event selection can be found in Ref. [34]. In order to
minimize the experimental bias in the comparison with the **Mg+!2C data, events with a
fragment of Z>12 in a phoswich or Z>3 in a CsI(T]) detector were rejected. Events with
“electronic multiplicity” (number of discriminators triggered) >2, >4 and >6 were used
for the 3°Cl+'97Au data. In the case of the 2*Mg+!2C reaction, only triggers on electronic
multiplicity >6 were used, mainly because most of the events with £Z=18 analyzed from

data of electronic multiplicity >2 contained six or more charged particles.

C. Calibration and center-of-mass reconstruction

Energy calibration points were obtained from elastically scattered ?*Mg ions and sec-
ondary beams of Z=1 through 11 scattered on ?"Au targets mounted at various distances
from the detectors. The phoswich detectors were calibrated with the relation given in Ref.
[35] and the CsI(Tl) detectors with the energy-light relation from Ref. [31]. The intrinsic
resolution of the detectors was better than 5% and the precision of the energy-light relation
close to 5% for both types of detectors.

For the #Mg+!2C data, the velocity of the center-of-mass (CM) frame for the reaction
products of an event was reconstructed from all the charged particles detected. In the case

of the **C1+!°"Au data, the moving frame was reconstructed by the same procedure, but



only with particles identified as coming from the decay of the quasi-projectile. As a test of
the energy calibration and event characterisation, Fig. 2 shows the reconstructed velocity of
the moving source for all three reactions, for completely and incompletely detected events
in the central-collision data, and for peripheral collision events in which the total charge
of the QP is equal to 18. Two observations can be made from these plots: (i) the bias
in the momentum space can be important for incompletely detected events, because they
present large fluctuations in the measured CM velocity, and (ii) the velocity of the moving
frame of the QP in the peripheral-collision data is higher than the system’s CM velocity in
the 2*Mg+'2C data. This last point will be important when considering the effect of the
detectors’ energy threshold on the analysis. In this work, only events with ¥Z=18 will be

retained for the subsequent analysis.



III. EXPERIMENTAL RESULTS
A. Angular distributions and cross section calculations

In order to compare the absolute cross sections from the three reactions, we perfomed a
least-squares fit of the angular distributions for each charge, as measured over the detection
range (7° to 46° for 1 < Z < 3 and 7° to 24° for 4 < Z < 12). The distributions were then
extrapolated to 0° and 180°. assuming a constant (log scale) slope. The detection efficiency
factor for each charge was obtained from the integral of the distributions over the region of
detection, divided by the integral over all angles. The detection efficiency for one particular

charged-particle exit channel is then defined as

M
€gC = I_I€(Zz') : (1)

where ¢(Z;) is the detection efficiency for each particle.

Table I gives the detection efficiencies for charge 1 to 12 in events with ¥Z=18 for both
central and pick-up reactions. The efficiency factors used for *Mg+12C are the same at
both energies, except for Z=3, which are not identified in the CsI(Tl) for the 354 MeV

experiment.

B. Experimental bias corrections (EBC) for **Cl+!°"Au data

Two important biases affect the relative detection rates for complete events from the three
reactions: the beam exit port (0°-6.8°) and the energy thresholds for fragment detection in
the moving frame of the reaction products. Since the CM of the ?*Mg+12C system moves
at 0° in the laboratory frame with a velocity of 0.15¢ (254 MeV) and 0.18c (354 MeV)
and the center of mass of the quasi-projectile breakup products from the peripheral pick-up
reaction moves, based on our analysis, at an average velocity of 0.23c and an angle of 6° in

the laboratory frame, the 0° to 6.8° forward cone (beam hole) has a very different effect on



the two data sets. This effect can not be corrected for the central data, since this would
involve generating events which had not been detected.

Instead, we choose to reject that portion of the 3*Cl+'°"Au data which would not have
been detected, had it come from a “central collision” source trajectory. We do this by
means of an “artificial” beam hole put in the QP trajectory for the **Cl+'%“Au data, with
an angular aperture chosen to reflect the same bias as for the 2*Mg+12C data. The condition

imposed on each particle is

Vier

6 = tan™*
MVt Vem(Mg + O)

> 6.8°, (2)

where V,,, and V. are the velocity components parallel and perpendicular to the QP
trajectory in the QP frame and Vo (Mg + C) is the CM velocity of the 2#Mg+!%C at 254
MeV system in the laboratory frame.

To take into account the effective energy-threshold differences in the CM frame of each
system, the velocity thresholds for all Z values in their respective moving frames were raised
to match those for the central data at 254 MeV. With these two corrections, about 60%
of the 33Cl+¥7Au events with ¥Z=18 were rejected. These corrections to the peripheral
pick-up data will henceforth be referred to as EBC (experimental bias corrections). The
inverse correction, for those complete events detected in a central reaction that would not
have been detected if their CM frame were moving at QP velocity, was also considered;
however, tests showed no additional experimental bias on the analysis in this case.

By integrating the exit-channel cross section yields, one can get a rough estimate of the
effiency-corrected cross section of the detected events. The results are about 20 mb for the
24Mg+12C at 254 MeV data and 40 mb for the 2#Mg+'2C at 35A MeV data, which is a
small percentage of the geometric total reaction cross-section (o.[barn] = (0.14)2W(A;1,£§j +
A}({fget)Q), estimated at 2 barn. The cross-section increase between 254 MeV and 354 MeV
may be due to the increased detector acceptance for higher velocities. The same integration
gives 800 mb for the **Cl+'9"Au at 434 MeV data with the EBC, still a modest fraction

of the total cross-section, estimated at 5 barn. Table II gives the cross sections of selected
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exit channels for the three experiments.

C. Charge and velocity distributions

Charged-particle cross sections are given in Fig. 3 for central reactions of **Mg+'2C
and also the *Cl peripheral data with and without the EBC. Four remarks can be made
from those distributions. First. the cross section yield of the peripheral reactions is about
two orders of magnitude larger than that for the central data; however, these are the
Y Z(detected)= 18 yields and should not be confused with the “singles” cross sections.
Secondly, the **Cl+!°7Au cross sections with EBC are much closer in general shape to the
#Mg+12C yield at 254 MeV than the **Cl4+'7Au cross sections without corrections, and
show a relative enhancement in IMF production. The Z=2 yield is higher for the central
reaction, possibly because of the dominant alpha-cluster structure in Mg and 2C [36,37].
Finally we note that the slope of the 354 MeV Z distribution may differ from that at 254
MeV, due in part to the higher energy dissipation at this beam energy and in part to the
lack of Z=3 detection in the CsI(T1) in that experiment.

Figure 4 shows the cross section yields of the laboratory velocity of all charged particles
as a function of their charge. The experimental bias due to the detectors’ energy threshold
can be seen in the plots, especially in the 254 MeV and 354 MeV central data where they
are close to the CM velocity. With the EBC applied to the 3*Cl+'%7Au data, the velocity

distributions are similar for both reactions.

D. CP multiplicity and excitation energy distributions

The multiplicity of charged products and the excitation energy of the emitting source are
two valuable observables characterizing a hot nuclear system. Before comparing the reaction
mechanisms for the different systems, let us examine these observables.

Cross sections of charged-particle multiplicity for the three data sets are displayed in

Figure 5. Again, the corrected data set for the peripheral pick-up reaction is closer to the
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central 254 MeV data, averaging a charged-particle multiplicity of 7. The low vield of
charged-particle multiplicity of 5 or less in the central-collision data can be explained by the
fact that only runs of “electronic multiplicity” >6 were used for this analysis.

To extract the excitation energy ( £*) for each event, the velocity of the moving frame of
the reaction products is reconstructed and the relative velocites, v;, of the particles are used
to obtain the relative kinetic energy K, in the CM frame of the reaction products. The
Q value (Qo < 0) of the reaction channel is calculated from the experimental particle mass
and assuming an **Ar* entry channel, the excitation energy is given by E* = K, — Q. If
the total reconstructed mass is less than 36, a correction for neutrons is then caculated, as
in Ref. [15].

The resulting excitation energy distributions are displayed in Figure 6. For the central
data, the distribution are peaked near the CM fusion value of 200 MeV for the 254 MeV
reaction and 280 MeV for the 354 MeV reaction. The large width of the E* spectra around
the mean value is mainly due to the detector acceptance and incorrect estimates of particle
mass and energy. This broadening is reproduced by “filtered” simulations with a unique
excitation energy input value, as discussed in the next section.

For the peripheral data. the EBC procedure selects exit channels of higher excitation
energy, yielding more intermediate-mass fragments (Fig. 3) and higher multiplicities (Fig.
5). The similarities, for those observables, between peripheral data with EBC and central
data suggest possible comparisons between the different data sets. The excitation energy
spectrum of the 3*C14+'°" Au system with EBC covers a large range of energies, as one would
expect for a peripheral collision [23,24,26]. It peaks around the same value as the narrower
distribution of ?*Mg+!?C at 254 MeV (about 200 MeV, or 5.6A MeV), and still has a
large yield around 300 MeV, or 8.34 MeV, which corresponds to the region covered by the
distribution for the 2*Mg+'2C reaction at 35 MeV. This large range will be useful, allowing

us to make cuts on E* for comparison with the other sets of data and with simulations.
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IV. REACTION MECHANISMS
A. GEMINI simulations

The events selected with £Z=18 were compared to simulations generated with the sta-
tistical code GEMINTI [38] and filtered by the detector acceptance. The angular momentum
input to the code was determined from a comparison between experimental data and simula-
tions made for different values of angular momentum. For the limiting case corresponding to
the complete fusion of projectile and target, we examined an angular momentum observable
[33], which gives the angle between each particle velocity and the reaction plane normal (de-
duced from the trajectory of the heaviest fragment), for Ar* with angular momentum values
of 0, 8, 17 or 25 A. The angular momentum observable showed that the best agreement
with the data was obtained for the calculated maximum angular momentum that can be
sustained by the nucleus (25 /4 for argon), as determined from formulations in Ref. {39]. A
single angular momentum value was used for all generated events in a given simulation.

Four such simulations were generated. In each case the excited nucleus was 3®Ar, corre-
sponding to the two **Mg+'?C experiments assuming fusion, and to two excitation ranges
for the peripheral >*Cl+'9"Au data. Table III gives the details on the excitation energy and
kinematic properties of the argon nucleus in the simulations. The disintegrations simulated
with GEMINI were transformed into the laboratory frame and were then passed through
the experimental filter reproducing the geometry and energy thresholds of the multidetector
array and eliminating neutrons. The filtering also took into account the angular uncertainty
due to the solid angle of each detector. The mass assigned to each particle was equal to 2Z,
except for hydrogen where it was randomly distributed as 1, 2, or 3 in a 6:3:1 ratio.

EBC corrections were performed on simulations B and D (®*C1+!%7Au at 434 MeV) in
order to compare all simulations and experimental data with the same bias. Z=3 particles
were accepted in the CsI(TI) detectors for simulations A and B but not for simulations C

and D, as was the case in the actual *Mg+!?C at 354 MeV experiment. The same cut
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was made on the **Cl+'*"Au at 434 MeV data only when comparing distributions in this
energy range. In this range. the cut affects 13% of all the experimental events and 28% of
the events with one or more Z=3 particles. In all simulations, the number of events was
chosen in order to get filtered statistics similar to those of the experimental data (at least
5000 events). This represents simulations of more than 1000000 events for cases A and C
(3*Mg+'2C) and 100000 events for cases B and D (**Cl+'*"Au). The simulated cross section
distributions were renormalized to the experimental results for a scale in mb.

Figure 7 shows the reconstructed excitation energy spectra for all four simulations, done
in the same way as for the experimental data, as described in section III D. In all cases, even
when a single starting value of £* was used in the simulations, the filtered E* distributions
are as broad as the experimental ones. It has been verified, by bypassing the experimental
filter, that this broadening was a consequence of the detector acceptance and the procedure

for deducing particle mass and energy.

B. Anisotropy ratio

Since the deexcitation mechanism in the simulations is based on the sequential and statis-
tical decay of a single, thermalized emitting source, we have to look for similar characteristics
in the experimental data before attempting to compare the reaction mechanism and the IMF
production for different channels (section V). The first step in the analysis is to determine
the characteristics of that source, whether it be a compound nucleus or a quasi-projectile,
for all different entrance channels.

A mid-rapidity charge parameter (Z..) [40] was used to evaluate the centrality of the
detected 2*Mg+'2C events. At 254 MeV, 69% of the events had Z,,, greater than 15 and
at 35A MeV the corresponding fraction was 62% , indicating the violence of the majority of
the (XZ=18) events. Another way to probe the violence of a collision is to extract the ratio
between the total transverse energy of a given event and the total energy available in CM

frame of the reaction, for each beam energy. For the completely detected events, that ratio
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averaged 0.28 at 254 MeV and 0.27 at 354 MeV, indicating that for the majority of these
events more than 25% of the CM energy is transverse to the beam.

The high energy thresholds of the phoswich detectors for heavy fragments (Z>6) excludes
the use of forward /backward asymmetry as a criterion to discriminate between the different
reaction mechanism scenarios. On the other hand, the elongation of an event in momen-
tum space can be used for distinguishing between binary and compound-nucleus reaction
mechanisms. Quantitatively. a global variable can be constructed from a comparison of the
longitudinal and transverse momentum components of the event’s constituent particles [41).
This anisotropy ratio, Ry, is defined as

25M \p
Ry — _ZZA-J_H_w_Ll , 3)
T 3 =1 | Piemy|

where % is a geometric normalisation constant, M is the charged-particle multiplicity, and
Picay» Picmy are momenta of the it* particle in the CM frame, parallel and perpendicular
to the beam axis. This global variable does not require a determination of the reaction
plane, which can be a difficult procedure for such a light system.

Fig. 8 and 9 show anisotropy ratio distributions compared to filtered simulations, for both
beam energies of the central *Mg+'?C reactions and for the peripheral 3*Cl+'°7 Au collisions.
When restricted to events with E*=170-230 MeV (Fig. 8), the central 254 MeV *Mg+'2C
and peripheral 3*Cl+'*"Au data sets and simulations are quite similar, though there is some
discrepancy between experiment and simulation in the “central fusion” scenario. For events
with E*=250-310 MeV (Fig. 9), the central 354 MeV data are different from both the
projectile breakup data and the simulations. This may indicate that complete fusion is not

an important component of the reaction mechanism for 354 MeV 2*Mg+12C collisions.

C. Anisotropy ratio and charged-particle multiplicity

In this section, the possibility of a dissipative binary mechanism is investigated for the

?*Mg+'2C reaction, by looking at the correlation between two global observables, R, and
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charged-particle multiplicity. Two extreme excitation scenarios were considered: complete
fusion, in which the projectile and the target form a thermalized compound nucleus, and
binary dissipative collisions, in which a two-source system is produced, composed of a quasi-
projectile and a quasi-target with different kinematic and energetic characteristics. In the
simulations of dissipative binary collisions, the excitation energy and scattering angle of both
the quasi-projectile and the quasi-target were provided by a semi-classical coupled-channels
(nucleon exchange) code, TORINO [42].

Anisotropy distribution are plotted in Fig. 10 as a function of charged-particle multi-
plicities for experimental events with ¥Z=15, 16 or 17, and for experimental and simulated
events with ¥Z=18 at 254 and 35A MeV. The effect of the experimental acceptance on
the anisotropy ratio distributions can be compared to the horizontal lines representing the
R4 distributions for unfiltered simulations, averaged over all multiplicities. Isotropic events
should have a mean R4 value of 1.0 for events of very large multiplicity, but for the low mul-
tiplicities typical of these reactions, intrinsic fluctuations produce slightly different values of
R4 [43] for nearly isotropic events, such as those expected from the complete fusion simu-
lations. It is important to note that the R4 distributions are skewed about their centroids
and that the widths of the distributions vary. Consequently, the experimental acceptance
may highlight the difference between two distributions having similar unfiltered centroids,
as is the case in the 254 MeV simulations.

The anisotropies as a function of multiplicity are found to be similar for the incompletely
detected (¥£Z=15, 16, or 17) and completely detected (£Z=18) events. For the complete
events the anisotropy ratios lie close to the values predicted by the dissipative binary simu-
lation at all multiplicities. Of particular interest is the dependence of K4 upon beam energy.
Clearly, at 35A MeV, the anisotropy values deviate more from the fusion predictions than at
25A MeV. This suggests that, as beam energy increases, the two sources become increasingly
separated in velocity space.

The code TORINO requires an impact parameter value as input, from which it deduces

the subsequent evolution of the reaction. For systems as light and energetic as those reported
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here, this should not necessarily be taken as the geometric trajectory of the entrance channel,
but rather as a relative scale for the violence of the interaction. The impact parameter that
best reproduces the anisotropy ratios at 254 MeV gives excitations of 95 and 81 MeV and
velocities of 74% and 57% of the projectile velocity for the projectile-like and target-like
sources, respectively. At 354 MeV, the best agreement corresponds to excitation energies
of 145 and 98 MeV, and velocities of 76% and 51% of the projectile velocity. Although the
binary scenario is a better fit with this observable for both experiments, the central data
at 254 MeV are still very close to the fusion scenario; the difference is more important at
35A MeV. Similar conclusions were drawn from the analysis of source-velocity ratios when

investigating the 9-He exit channel of this reaction at the same energies [44].

D. Anisotropy and kinetic energy ratio

A global observable that can be used as a statistical decay signature of a reaction is the

kinetic energy fraction ratio (Rg) [45,46]. It is given by

_ I(rel _ [(rel (4)
B ]{rel - QO B E~ .

Ry

For the mass range of the systems in analysed in this paper, the approximation
< —Qo >=2T is reasonable. Based on the relation < K,,; >= 2\/E_*/‘$35 =2T, Rk
should average 0.5 for events involving a statistical decay process.

Fig. 11 and 12 show two-dimensional plots of anisotropy versus kinetic energy ratio for
events in the excitation energy range of the central 254 MeV reaction (Fig. 11) and of the
central 354 MeV reaction (Fig. 12). For each excitation energy range, the **Mg+2C and
3 Cl4+'°7Au data are shown, along with the “central”, “peripheral”, and “unfiltered” GEMINI
simulations. As expected, the unfiltered GEMINI simulations average 0.5 at both energies.
Table IV gives the mean value and variance, 02, of the R4 and Rx distributions for all sets
of data and simulations. Figure 13 shows the differences between the mean values of the

data and the simulations. For clarity, the difference is given in x? units, where
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< Rezp > — < Rgim >
X°=( P : - 2. (5)
\/ Uexp + Tsim

The deviations from the statistical simulations are more important for the central reaction

(open and filled circles). The difference goes up to x?*=0.5 for R4 and x?=1.3 for Rx in
the central reaction at 354 MeV. Again this is the sign of a different, non-statistical or
dynamical reaction mechanism for the 2*Mg+12C reaction, especially at 354 MeV, while the
quasi-projectile breakup reactions are clearly statisical, both in their isotropy and in their

chemical equilibrium.

E. Incomplete fusion and GENEVE simulations

Incomplete fusion reactions are largely eliminated from our analysis on central reactions
by the £Z=18 requirement. It has been shown [47,48] that in incomplete fusion reactions
produced in reverse kinematics, the pre-equilibrium emission of target-like spectators is not
forward-peaked in the laboratory frame. Since the probability is very low that all pre-
thermalisation, target-like charged particles are emitted forward of 46° and above detector
thresholds, we do not detect incomplete fusion reactions as complete events. Similarly, pre-
equilibrium emission of projectile-like spectators, though rare in reverse kinematics reactions,
would be very forward-peaked, and mostly lost in the beam-exit port of the array.

Simulations of incomplete fusion reactions were done with the code GENEVE [49] for
the *Mg+12C system at 354 MeV. The first stage of the code deals with pre-equilibrium
emission of projectile-like and target-like protons and neutrons. In the dissipation stage, for
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, it shares the excitation energy between the projectile-
like fragment (PLF) and the target-like fragment (TLF), according to their relative masses.
The deexcitation phase is similar to that followed by the code GEMINI.

Fig. 14 shows the parallel versus perpendicular velocity of pre-equilibrium (target-like
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and projectile-like) proton emission for such a mechanism. As seen in the figure, most pre-
equilibrium particles are eliminated by the geometric and energy thresholds of the detector
arrays. Since Fig. 14 shows that some incomplete fusion events can be detected, an analysis
of Ry versus charged-particle multiplicity has been done. The results are compared to
*Mg+'2C at 354 MeV data and presented in Fig. 15. The detected incomplete fusion
events are very similar to the complete fusion simulations done with GEMINI in section IV
C. The events with one PLF and one TLF are closer to the experimental data. The total
GENEVE simulation results in a correlation between charged-particle multiplicity and R4
that have a trend opposite to that of the data. The unfiltered incomplete fusion simulations
average R4=0.85, a lower anisotropy ratio than that for the complete fusion simulations
in Fig. 10. The difference is a result of the pre-equilibrium proton emission. From these
results, we conclude that incomplete fusion does not appear to be the explanation for the

anomaly in the reaction mechanism of **Mg+!2C at 354 MeV.
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V. IMF PRODUCTION MECHANISMS
A. Exit channels and IMF cross sections

In Table II, cross sections for 25 exit channels, selected out of a possible 354 for *Ar with
Z=1 to 12, are compared for the different sets of data. Since the cross sections differ by up
to two orders of magnitude between central and peripheral data, no direct comparisons can
be made between the two reaction mechanisms; however, the ratio of cross sections between
two exit channels within the same set of data can be compared. Such ratio comparisons
show some similarities between the different sets of data but also large differences that
should not appear when two similar thermalized systems are formed in the same excitation
energy range. For example, taking the exit channel C + 5He + 2H as a reference (since it
has one of the highest cross sections for all the reactions investigated here), we find the cross
section ratio for the exit channel F + 4He + H is 1:5 for central data at 254 MeV and 1:4
for peripheral data at 434 MeV. However the ratio for the channel C + B + 3He 4+ H is 1:9
for central data at 254 MeV and 1:2 for peripheral data at 43A MeV. For the 9He channel,
the difference is even more extreme: 1:6 for central data at 254 MeV and 1:70 for peripheral
data at 43A MeV. These variations in relative yields of specific exit channels for systems
of the same size and excitation energy point toward an influence of the early dissipative
stage of the reaction on the production of intermediate-mass fragments and light charged
particles.

Instead of comparing cross sections for specific exit channels, another measure of the
IMF production mechanism involved in a reaction decay is to extract the average number of
fragments, (<Mjapr >), for all exit channels. Figure 16 shows this observable as a function
of excitation energy (within a specific range) for the 2*Mg+!'2C and 3*Cl+'*7Au reactions
and the corresponding GEMINI simulations.

For the 254 MeV %*Mg+!2C data and the **Cl14+'*"Au data in the E* range of 170 to

230 MeV (Ecm(Mg+C)=200 MeV), the average number of intermediate-mass fragments for
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the two simulations, including the effects of filtering, is very close at <M yp >=1.6. The
experimental results for the central and peripheral reactions are also close to <M IMF >=1.6
but differ from each other by somewhat more than statistical fluctuactions.

For the 354 MeV **Mg+'*C data and the ®*Cl4+1°"Au data in the E* range of 250 to
310 MeV (Eca(Mg+C)=280 MeV), the difference between the two reactions mechanisms
1s noticeably larger. The underprediction of multifragmentation by the code GEMINI in
comparison to the *Cl+!%"Au at 434 MeV data has been observed for heavier systems
in the same beam-energy range and linked to the absence of dynamical expansion in the
calculation [50]. The difference between the two sets of experimental results suggest a

dependence of the IMF production rate on the reaction mechanism.

B. Yields of exit channels for heavy residues, evaporation /fission,

multifragmentation and vaporization

A more detailed comparison of the decay channels for the different reaction mechanisms
was achieved by grouping the exit channels in four basic categories, rather than referring to

the channels for specific elements:

1. Heavy residue production, where one heavy fragment (Z> 8) or one heavy fragment

and one IMF are detected along with light charged particles (Z=1 or 2).

2. Evaporation from products of a dissipative collision or fission, where one or two IMF

are detected with no heavy residue.
3. Multifragmentation, where more than two IMF are detected.
4. Vaporization, where the entire system disintegrates into light charged particles.

Figure 17 shows the cross sections for these different sub-groups for the central 25A4-MeV
?*Mg+'2C data and the peripheral **C14+197Au data at 434 MeV with EBC, for 170 < E* <
230 MeV, along with the corresponding filtered and unfiltered GEMINI simulations. The
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effect of the experimental bias can be evaluated in a comparison the filtered and unfiltered
simulations. The central 2*Mg+!?C data show a higher yield of vaporization events than the
simulations or the 3*Cl1+!°"Au data. On average, an experimental ”vaporization” event is
composed of 20% Z=1 and 80% Z=2 particles. In the case of the peripheral pick-up data, the
relative yields are remarkably close to the statistical simulations. Thus, even if the analysis
in section IV shows that the emitting source closely resembles a thermalized argon nucleus
for both reactions, the reaction mechanism in the **Mg+!2C data has a definite influence
on the IMF production.

In the case of the central 2*Mg+'2C data at 354 MeV, with 250 < E* < 310 MeV, Figure
18 shows a very high yield of vaporization, composed of 30% Z=1 and 70% Z=2 particles,
compared with the filtered fusion simulations. This is also much higher than the vaporization
observed in the 3Cl-+®7Au quasi-projectile breakup data for the same excitation.This may
be taken as another sign of the dynamical or binary nature of the **Mg+!?C data. As
discussed previously, in this excitation energy range, the peripheral data also tend to deviate

from the GEMINI simulations and show a higher yield of multifragmentation.
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VI. CONCLUSION

In this paper, we have investigated the dependence of the final breakup process upon the
entrance channel dynamics of a reaction. On the technical side, we have demonstrated, by
means of reconstructed source velocity distributions, the validity of our energy calibration
and the importance of using only completely detected (¥Z=18) events. The need for exper-
imental bias corrections to the peripheral 3*C14+!%"Au data before comparison with central
24Mg+12C was explained and evaluated. From the analysis of various distributions, it is
clear that the experimental bias for reverse kinematics reactions and the experimental bias
correction (EBC) for projectile break-up reactions serve to select multifragmentation events.
The similarities in charged-particle cross sections, multiplicities, and excitation energies be-
tween Z=18, A=36 nuclei formed in **Cl+'*"Au reactions at 434 MeV (after EBC) and in
2*Mg+'2C reactions at 254 MeV were used as a basis for comparisons in the subsequent
analysis.

We have assessed the statistical aspects of the 2*Mg+*2C reactions at 254 and 354
MeV and the *Cl+!°"Au reaction at 434 MeV by comparing global observables such as
anisotropy and kinetic energy ratios to simulations of a thermalized compound nucleus.
The peripheral **Cl+'9"Au at 434 MeV pick-up data show clear statistical characteristics.
Apparently, no thermalized compound nuclei are formed in the **Mg+'2C at 354 MeV
reaction and a dissipative binary mechanism is present. The same reaction at 254 MeV
displays less dynamical characteristics. We have demonstrated the statistical nature of the
IMF production in *Cl4+'*"Au at 434 MeV with E* around 200 MeV (5.6 MeV /nucleon).
The discrepancy in IMF production cross sections between *Mg+'2C at 254 MeV and
corresponding statistical simulations was attributed to the reaction mechanism. At higher
excitation energy, around 280 MeV (7.8 MeV /nucleon), reaction dynamics, such as binary
mechanisms and possibly also compression/expansion, seem necessary to characterize the
IMF production for both the central and the peripheral pick-up reaction.

Remaining questions concern the determination of the nature of the non-statistical and
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binary reaction mechanism in the **Mg+'2C data, possibly through comparisons with a
model that treats the dynamics of source formation as well as pre-equilibrium emission and
the subsequent statistical decay. New experiments with heavier systems and total charge
detection might shed new light on the phenomena. Finally we think there is a need for more
experimental results to investigate the entrance-channel dependence of the formation and
deexcitation of hot nuclear system and the production of intermediate-mass fragments over

a large range of masses and energies.
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TABLES

TABLE L. Detection efficiency for Z=1-12 ions for 2*Mg+2C reaction at 254 and 354 MeV

and for 35Cl+197 Au reaction at 434 MeV.

TABLE II. Calculated cross sections and Qg value, with mass = 27 (except for Z=1 particles
which are all considered as protons), for a subset of 25 exit channels for the 24Mg+12C reaction at
25A and 354 MeV and for the 33Cl+'%7" Au reaction at 434 MeV with EBC.

TABLE III. Input parameters for GEMINI simulations.

TABLE IV. Mean values of R4, and Rg and their variance for data and simulations. Input

parameters for the simulations are given in Table III.
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FIGURES

FIG. 1. Experimental set-up, the CRL-Laval Array. See text for description.

FIG. 2. Reconstructed center-of-mass velocity for exit channels with £Z=12 and £Z=18 from
the #Mg-+12C reaction at 254 MeV (top) and 354 MeV (middle) and reconstructed QP velocity
with £Z=18 for **CI+'%"Au at 434 MeV(bottom). The arrows indicate beam velocity and CM

velocity for the complete system of target and projectile.

FIG. 3. Charge distribution for exit channels with total charge detected (£Z = 18) in the
24Mg+12C reaction at 254 MeV (top left) and 354 MeV (bottom left) and 3°Cl+!97Au at 434

MeV with $Z(QP) = 18 with EBC (top right) and without EBC (bottom right).

FIG. 4. Cross sections for charged particles, plotted as a function of laboratory velocity and
element number, for exit channels with total charge detected in the 24Mg+'2C reaction at 254
MeV (top left) and 354 MeV (bottom left) and 3°Cl+!%7Au at 434 MeV with £Z=18 with EBC
(top right) and without EBC (bottom right). The dots represent the energy thresholds of the
detectors. Arrows show beam and CM velocity for 24Mg+12C data at 254 MeV (0.23c and 0.15¢

respectively) and 354 MeV (0.27c and 0.18¢) and beam velocity for 2*CI1+19" Au data at 434 MeV.

FIG. 5. Charged-particle multiplicity distribution for exit channels with total charge detected
in the 2¢Mg+12C reaction at 254 MeV (top left) and 354 MeV (bottom left) and 3°CI+'97Au at

43A MeV with £Z(QP) = 18 with EBC (top right) and without EBC (bottom right).
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FIG. 6. Cross sections for £Z = 18 events, as a function of excitation energy, corrected for
undetected neutrons in the **Mg+!2C reaction at 254 MeV (top left, < E* >= 190 MeV) and
35A MeV (bottom left, < E™ >= 248 MeV) and **CI+1"Au at 434 MeV with ©Z(QP) = 18
with EBC (top right, < E* >= 224 MeV) and without EBC (bottom right, < E* >= 192 MeV).
Arrows show CM energy for central reactions (200 MeV in 2#Mg+!2C at 254 MeV and 280 MeV
in ?*Mg+12C at 354 MeV).

FIG. 7. Cross sections (in arbitrary units) for simulated £Z (detected)=18 events, as a function
of excitation energy. The events are generated with the code GEMINI, filtered by the experimental
acceptance, corrected for undetected neutrons, and reconstructed in the same way as the experi-
mental events. Simulations of ®Ar* with E*=200 MeV in the central scenario for 24Mg;—i—12(3 at
25A MeV are plotted in the top left (mean < E* >= 198 MeV); those for the peripheral scenario
for 35CI1+1%7Au at 434 MeV with EBC are plotted in the top right (mean < E* >= 217 MeV).
Simulations of **Ar* with E*=280 MeV in the central scenario for 24Mg+12C at 354 MeV are at
the bottom left (mean < £* >= 261 MeV), and those the peripheral scenario for 3*Cl+1%7Au at
43A MeV with E*=280 MeV and with EBC are at the bottom right (mean < E* >= 261 MeV).

Arrows show the center-of-mass energies for the 24Mg+12C reactions at 254 MeV and 354 MeV.

FIG. 8. Anisotropy ratio distributions for events with excitation energy between 170 and 230
MeV, for central data at 254 MeV (full dots) and the corresponding filtered GEMINI simulation
(full line), peripheral data at 434 MeV with EBC (empty dots) and corresponding simulation
(dashed line). The yields of the distributions are in arbitrary units. The errors bars represent

statistical errors.

FIG. 9. Same as Fig. 8 but for data and simulations corresponding to 2*Mg+!2C at 354 MeV

and excitation energy between 250 and 310 MeV.
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FIG. 10. Centroids of the anisotropy ratios, R4 as defined in eq. (3), versus charged-particle
multiplicity for incompletely detected events (£7=15,16,17) at 254 MeV (top left) and 354 MeV
(bottom left). Completely detected experimental events (£Z=18) and the corresponding filtered
simulations are shown for 254 MeV (top right) and 354 MeV (bottom right). Filled circles
represent experimental data, open squares complete fusion simulations with GEMINI, and open
triangles dissipative-binary collision simulations with TORINO and GEMINI. Error bars are the
root-mean square divided by the square-root of the number of counts of the anisotropy distribution
for a given multiplicity. Distributions with less than 25 counts were rejected. The horizontal lines
represent R4 centroids averaged over all multiplicities for unfiltered simulations with the same

codes, for complete fusion (full lines) and dissipative binary collisions (dashed lines).

FIG. 11. Anisotropy ratio (R4) versus kinetic energy fraction ratio (Rg) for events with exci-
tation energy between 170 and 230 MeV, for central 2*Mg+12C data at 254 MeV (top left), the
corresponding filtered GEMINI simulation (middle left), peripheral 3°Cl+197Au data at 434 MeV
with EBC (top right), the corresponding simulation (middle right) and the unfiltered simulation

(bottom left). Arrows show the average Ry for each distribution.

FIG. 12. Same as Figure 11 but for events with excitation energy between 250 and 310 MeV

and central 2*Mg+12C data at 354 MeV (top left).

FIG. 13. Differences between data and simulations for mean values of R4 and Ry distributions.

The axes are in x? units: see text for details.

FIG. 14. Paraliel-versus-perpendicular velocity plot of pre-equilibrium proton emission in in-
complete fusion reactions of 2*Mg + '2C at 354 MeV, simulated with the code GENEVE. Lines
represent the geometric and energetic thresholds of the array of detectors for protons. Arrows show

projectile (0.27¢), CM (0.18c) and target (0.0c) velocities.
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FIG. 15. Centroids of the anisotropy ratios, R4 as defined in eq. (3), versus charged-particle
multiplicity for 2*Mg + '2C data at 354 MeV with £Z=18 (full circles) and filtered GENEVE
simulations of incomplete fusion (open squares), PLF-TLF events (open triangles), and their total
(stars). The unfiltered incomplete fusion anisotropy generated by GENEVE, averaged over all
charged-particle multiplicities. is shown as the full line. Error bars represent the root-mean square
of the anisotropy ratio distributions divided by the square-root of the number of counts of for a

given multiplicity.

FIG. 16. Average IMF multiplicity versus excitation energy for Mg + 2C data (full circles)
at 254 MeV (left) and 354 MeV (right) and the corresponding filtered GEMINI simulations (full
lines), and for peripheral *CI+'°7Au data at 434 MeV with EBC (open circles) and the corre-
sponding the GEMINI simulations (dashed lines). Arrows show the center-of-mass energies for the
24Mg 4+ !2C reactions. Error bars are the root-mean square of the IMF multiplicity distributions
for each bin of excitation energy, divided by the square-root of the number of counts, and are

displayed only when larger than the symbols.

FIG. 17. Yields for exit channels with a heavy residue (dots), dissipative evaporation and/or
fission (squares), multifragmentation (triangles) and vaporization (stars), for events with excitation
energy between 170 and 230 MeV, for central **Mg + 12C data at 254 MeV (top left) and the
corresponding filtered GEMINI simulation (middle left), peripheral 3Cl+!°7Au data at 434 MeV
with EBC (top right) and corresponding filtered simulation (middle right) and unfiltered simulation

{bottom left). Error bars represent statistic errors.

FIG. 18. Same as Figure 17 but for events with excitation energy between 250 and 310 MeV

and central Mg + !?C data at 354 MeV (top left).
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Charge Detection Efficiency ¢(Z) (¥Z=18) Detection efficiency ¢(Z) (£Z=18)

24Mg+12C at 254 and 354 MeV 3SCI4+197Au at 434 MeV
1 0.74 0.72
2 0.69 0.76
3 0.78 (254 MeV) 0.74
3 0.44 (354 MeV) 0.74
4 0.48 0.42
5 0.64 0.62
6 0.63 0.65
7 0.57 0.63
8 0.45 0.55
9 0.38 0.49
10 0.26 0.39
11 0.20 0.30
12 0.28 0.37

TABLE 1. Y.Larochelle et al.
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Exit channel Qo (MeV) o (mb) o (mb) o (mb)
36AT Mg+C(25) Mg+C(35) Cl+Au(43)
NeCHH -37.77 0.0013 0.00061 0.80
Mg He He H H -35.73 0.0038 0.020 0.18
N C He He H -45.23 0.0022 0.0013 5.69
FBHeHH -60.16 0.00043 0.0018 3.14
MgHeHHHH -47.88 0.00069 0.034 0.024
F He He He He H -48.09 0.18 0.24 4.38
C B He He He H -56.85 0.11 0.066 9.00
OLiLiHeHH -70.67 0.0085 0.0067 1.49
O He He He He H H -49.77 0.48 1.22 15.41
C Be He He He HH -57.02 0.39 0.53 19.32
FHeHe He HH H -60.25 0.082 0.58 8.55
B Li He He He He He -68.50 0.18 0.043 1.22
N Li He He He HH -69.03 0.26 0.28 11.51
Be Li Li He He He He -73.05 0.11 0.029 0.71
BBLiHeHHH -92.71 0.0039 0.0032 1.72
C He He He He He H H -56.93 0.98 1.96 17.38
O HeHeHe HHHH -61.93 0.085 1.15 14.18
CLiLiHeHHHH -89.99 0.0045 0.024 1.88
LiLiLiLiHeHe HH -106.00 0.0029 0.0056 0.16
He He He He He He He He He -52.06 0.17 0.18 0.26
CHeHeHe He HHHH -69.09 0.29 2.12 20.16
Be Li He He He He H H H -80.83 0.30 1.21 14.47
Li He He He He He He H H H -80.74 0.45 2.63 7.87
He He He He He He He H H H H -76.36 0.20 2.20 5.00
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He He He He He He HHH H H H -88.52 0.014 0.40 2.53

TABLE II. Y.Larochelle et al.
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Case Reaction E%4. Var 64, Angular Momentum
MeV] [c] [degree] [A]
A 24Mg+12C at 254 MeV central 200 0.15 0° 25
B 35C14-197Au at 434 MeV peripheral 200 0.23 6° 25
C 2 Mg4+12C at 354 MeV central 280 0.18 0° 25
D 35C14+197 Au at 434 MeV peripheral 280 0.23 6° 25

TABLE III. Y.Larochelle et al.
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Reaction E~ < R4z > Variance < Ry > Variance
(MeV] (o?] [o7]
Experiments
2Mg+12C at 254 MeV 170-230 1.1 0.1 0.57 0.003
3BCI+197Au at 434 MeV 170-230 1.2 0.2 0.58 0.004
24Mg+12C at 354 MeV 250-310 0.9 0.1 0.63 0.003
3BCI4+197Au at 434 MeV 250-310 1.1 0.2 0.60 0.003
Simulations with GEMINI
36Ar* B, =200 MeV central 170-230 1.3 0.2 0.50 0.003
36Ar* E%, =200 MeV peripheral 170-230 1.2 0.2 0.54 0.003
36Ar* E7,=280 MeV central 250-310 1.3 0.2 0.55 0.002
3Ar* E%,=280 MeV peripheral 250-310 1.2 0.2 0.55 0.002

TABLE 1IV. Y.Larochelle et al.
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