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Centrality dependence of isospin effect signatures in ?*Sn+%Ni and '2Sn+58Ni reactions
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Signatures of isospin effects were investigated for neutron-rich (**Sn+%Ni) and neutron-poor (*'?Sn+¥Ni)
systems at 35 MeV/nucleon for noncentral collisions. The centrality dependence of these signatures was tested
for several impact parameter estimators. Our main observations are (i) the yields of 'H and *He particles in the
neutron-poor system are strongly enhanced with respect to the neutron-rich system, and the yields of *H, ®He,
and "8Li are suppressed at all impact parameters, (ii) the yields of >H, “He, and °Li particles are almost the same
for both systems, (iii) the N /Z ratio of intermediate mass fragments is correlated with the neutron richness of the
system and is weakly dependent on the centrality of the collision, and (iv) the neutron richness of the detected
fragments increases strongly with decreasing rapidity in the range from that of the projectile-like fragment to
the c.m. region. The gross features of experimental data are reproduced by quantum molecular dynamics model
calculations. A comparison between model calculations and the data indicates that the fragments produced in the
c.m. regions are weakly excited.
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I. INTRODUCTION strongly influence (i) nuclear structure studies [4,5], e.g., the
stability boundaries of neutron-rich nuclei and determination
of neutron skin, (ii) nuclear reaction models, and (iii) the
mechanism of nuclear multifragmentation. The interest in the
properties of neutron-rich matter has also an astrophysical
aspect, e.g., the mechanism of type II supernova explosions
and the formation and structure of neutron stars.

Several approaches have been proposed to obtain informa-
*Corresponding author: ufplanet@if.uj.edu.pl tion on the symmetry energy term Egy,(0) of the NEOS. For

The isospin dependence of the nuclear equation of state
(NEOS), is among the most important but poorly known
properties of nuclear matter [1-3]. The knowledge of the
density dependence of the symmetry energy term in NEOS
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the case of low densities of nuclear matter, they include (i)
the n/ p ratio of fast preequilibrium nucleons [6], (ii) *H/*He
ratios, (iii) isospin diffusion [7-9], (iv) isospin distillation and
isoscaling in nuclear multifragmentation [10], (v) neutron-
proton differential flow [11], and (vi) neutron-proton and
proton-proton correlation functions at low relative momenta
[12].

Simulations of reaction dynamics showed [13] that colli-
sions of asymmetric nuclei (in N/Z) could provide important
information on the symmetry energy term of the NEOS. It
was shown that the main reaction mechanisms, from fusion
to deep inelastic and fragmentation, appear quite sensitive to
the density dependence of the symmetry energy term in the
nuclear equation of state. The calculations of Baran et al. [3]
show evidence of characteristic patterns of behavior of the
N/Z ratios for the intermediate mass fragment (IMF) as
a function of the reaction centrality. In peripheral binary
collisions, the IMF will be emitted in a statistical way from the
excited projectile-like fragment (PLF) and target-like fragment
(TLF) sources close to the stability line. For semiperipheral
ternary events, the neck-fragmentation mechanism will form
more neutron-rich IMFs. For central collisions, the neutron
distillation will take place, and the fragments will again be
much more symmetric with respect to the N/Z ratio. The
relevance of such behavior is related to the stiffness of the
symmetry term at subnuclear densities.

In our investigations, we focus on semiperipheral collisions.
The formation of the fragments in the region between
interacting nuclei has already been studied for a number of
systems (see, e.g., Refs. [14—19]). Recently, the theory and
experimental surveys of phenomena related to neck dynamics
were presented by Di Toro ez al. [20]. The formation of clusters
in a dilute asymmetric matter but in contact with the regions of
the PLF and TLF almost at normal densities reveals different
isotopic effects and gives one an opportunity to study the
mechanism of fragment formation for systems with different
neutron richness.

The present analysis is performed using the experimental
data for '**Sn+%Ni and '"?Sn+>%Ni systems measured at
35 MeV/nucleon. For these systems, central collisions were
previously studied by Geraci et al. [21]. The isoscaling analysis
based on the ratios of the isotopic yields was performed.
It was shown that the results are consistent with the effect
of isospin distillation. For the same systems, the class of
ternary events involving the PLF, TLF, and one IMF was
also investigated. The information about the time sequence
and time scale of the IMF formation process was extracted
[22,23]. For this class of events also the isoscaling analysis
was performed [24]. These results were compared with those
obtained for central collisions, as investigated by Geraci
etal.

In this work, the isospin effects observed for these two
reactions are studied. The properties of the forward part of
the CHIMERA detector (see Sec. II) that was used in these
measurements (the REVERSE experiment) and the reverse
kinematics of studied reactions make it possible to detect and
resolve isotopically light fragments originating in most cases
from a PLF or from an intermediate velocity source (IVS), for
a wide range of noncentral collisions.
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Section II gives short information on the REVERSE
experiment. The codes used in the model calculations are
introduced in Sec. III. The procedure applied for the events
selection is presented in Sec. IV. The results are discussed in
Sec. V, and the conclusions are presented in Sec. VI.

II. REVERSE EXPERIMENT AND DATA

The experiment was performed at the Laboratori Nazionali
del Sud in Catania, Italy, using the forward part of the
CHIMERA 47 multidetector array [25]. In this experimental
setup, a total of 688 Si-CsI(Tl) detectors were used, covering
the polar angle range between 1° and 30° with full azimuthal
symmetry around the beam axis. Reverse kinematics of
124,112 64.58N]j reactions at 35 MeV/nucleon allowed the
use of this setup as a nearly 4 device.

To identify the reaction products, several identification
methods were used [25,26]. The mass of the fragments stopped
in the silicon detectors was extracted by using the time of flight
technique (TOF). The A E-E technique was applied to identify
the charge of particles that punch through the silicon detectors.
Isotopic identification was achieved for fragments with charge
up to 9 in the angular range 11.5°-30°. The light charged
particles (LCP) that lose only a small part of their energy in
silicon and are stopped in CsI(T1) detector were identified by
applying the pulse shape discrimination method to the signals
delivered by a 18 x 18 mm photodiode, optically coupled to
the crystal.

Thanks to very good performance of the detectors, the
identification of the atomic numbers up to Z = 50 was
achieved with good resolution (i.e., better than one unit for
Z < 40) in the full dynamical range of the experiment. For
charged particles up to A ~ 30, the TOF technique was used
for mass identification of particles stopping in the Si detector.
Further details of particle identification and energy calibration
can be found in Ref. [26].

During the REVERSE experiment, data were collected
requiring charged-particle multiplicity, M > 2 or 3 (depending
on the run), as a trigger. More extensive description of the
experimental conditions can be found in Ref. [21].

III. MODEL CALCULATIONS

A. Quantum molecular dynamics approaches

To interpret our experimental results, the predictions of two
microscopic models of nuclear reactions quantum molecular
dynamics (QMD) [27,28] and constrained molecular dynamics
(CoMD-II) [23,29], were used. The CHIMERA code [27] is
based on a quantum molecular dynamics (QMD) approach
[28] with features of quasiparticle dynamics [30]. In the
CHIMERA code, the effective nuclear potential includes the
Pauli momentum dependent term. The Pauli potential sim-
ulates the fermionic nature of nucleons; i.e., it introduces
repulsion between nucleons of the same kind that are too
close in phase space. The two-body effects are taken into
account by a nucleon-nucleon (NN) scattering term, and
we use the experimental energy- and isospin-dependent N N
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cross section [31], oyy. If the final states after collision
are already occupied, the collision is not allowed (Pauli
blocking), and the two nucleons continue their motion in the
effective potential. In the CoMD-II approach, the fermionic
nature of many-body problem is simulated by constraining
the nucleon equations of motion to fulfill the Pauli principle
on phase space by means of multiscattering processes. On
average, good ground state properties of nuclei are obtained
by coupling the Pauli principle request with a cooling-warming
procedure. This method allows one to obtain ground state
configurations with a time stability of several hundred fm/c.
The values of the potential parameters correspond to a
soft equation of state (EOS) (K =~ 200 MeV). Both models
contain a density-dependent symmetry energy term. For the
CHIMERA code calculations, the symmetry energy strength
coefficient was parametrized as ASY-STIFF and ASY-SOFT
according to the prescriptions of Ref. [32]. Additionally,
to simulate in-medium effects, the NN cross section was
parametrized as (1 — 0.2p/po)onn. The calculations with this
reduced nucleon-nucleon cross section were executed for the
ASY-STIFF parametrization. In the CoMD-II calculations, the
density dependence of the symmetry energy coefficient was
described according to Ref. [29].

In the present analysis, an extensive comparison is made
for the QMD model. For the CoMD-II model, the comparison
is limited to observables related to fragment emission and is
presented at the end of Sec. V.

B. CHIMERA code calculations

The calculations with the CHIMERA code were performed
up to 300 fm/c; after that time, all nucleons separated in
configuration space by less than 3 fm were assumed to
form a cluster. For each cluster, the atomic number, mass
number, position, momentum, spin, and binding energy were
determined. The binding energy values were used afterward to
calculate the excitation energies of hot fragments.

Figure 1 presents the QMD model predictions (before
evaporation) for the case of noncentral collisions (b = 6-8 fm).
The upper left panel shows the location of PLF, TLF, and
IVS sources in the plane defined by parallel velocities of
the fragments in the laboratory reference frame and their
charges. The PLF source is located at velocities close to the
beam velocity and a charge around the projectile charge. The
TLF fragments are observed with small velocities and charges
around 20. The fragments belonging to the IVS source are
much smaller, and their parallel velocities distribution is very
broad, centered at a velocity corresponding approximately to
the nucleon-nucleon c.m. reference frame.

The upper right panel shows the location of the sources
in the velocity space. We observe that the velocities of PLF
and TLF fragments are well defined, whereas the velocities
of IVS fragments are distributed in the region between PLF
and TLF. The bottom left panel presents the charge distribution
corresponding to the observed sources. The bottom right panel
presents the asymmetry parameter for observed fragments as
a function of their charge.
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FIG. 1. (Color online) QMD model predictions for noncentral
(b = 6-8 fm) collisions of '**Sn+%Ni reaction at 35 MeV/nucleon.
Upper left panel: location of PLF, TLF, and IVS sources in the
Z vs parallel (beam) velocity of the fragment plane; upper right
panel: location of sources in the velocity space projected on the
reaction plane (the impact parameter vector chosen to be in the
x direction); bottom left panel: the charge distribution; bottom right
panel: asymmetry parameter / = (N — Z)/A of fragments as a
function of their charge. Dotted blue, solid green, and dashed red
lines correspond to the asymmetry parameter of projectile, target,
and compound nucleus, respectively.

Information about the centrality dependence of isospin
effects predicted by the model is given in Fig. 2. Here the
average N /Z ratios of the primary TLF, primary PLF, and
primary IVS fragments (Z = 4-8), for neutron-rich (upper
red lines) and neutron-poor (lower blue lines) reactions, are
shown. As can be seen, the N/Z ratio of PLF shows a
weak tendency to decrease with decreasing impact parameter
b for the neutron-rich reaction, while the opposite and less
pronounced tendency is seen for the neutron-poor one. For
the fragments created in the IVS source, the model predicts
that their N/Z ratio for the neutron-rich system is larger
than for the neutron-poor system. One observes an increase
of the N/Z ratio moving from peripheral collisions to the
midcentral collision, where the ratio reaches its maximum.
One can also notice that for the IVS source, the N/Z ratio
of the fragments is well below the ratios corresponding to the
projectile, target, and compound nuclei. For the neutron-rich
system, this observation is related to the fact that the emission
of neutrons in the primary phase of the reaction is two times
higher than the emission of protons. The model predictions for
ASY-STIFF, ASY-SOFT, and ASY-STIFF+in-medium effects
parametrizations are also shown. Notice that the differences
in the N/Z ratios between model parametrizations are weak.
This behavior is consistent with the fact that the maximum of
nuclear matter in the initial phase of the reaction is predicted
to be 30% higher than the density of the cold nucleus.
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FIG. 2. (Color online) Results of QMD calculations for
124Sn+%Ni (upper red lines) and '">Sn+°®Ni (lower blue lines)
systems: average N/Z ratio of the primary TLF, PLF, and IVS
fragments (Z = 4-8) as a function of impact parameter b for the
ASY-STIFF (solid lines), ASY-SOFT (dashed lines), and ASY-STIFF
(dotted lines) parametrizations and nucleon-nucleon cross-section
reduced to (1 — 0.2p/pp)oyy- Lines labeled T, P, and CN correspond
to target, projectile, and compound nucleus N /Z ratios, respectively.

The hot fragments decay afterward via sequential decay
which is simulated by the GEMINI code [33]. In the present
calculations, the dynamical version of the GEMINI code was
used. This version considers the time sequence of the excited
fragment decay, using the appropriate decay time constants
[34], and the equations of motion of all charged fragments
moving in the mutual Coulomb field are integrated numeri-
cally. Such an approach presents an extension of the QMD
in heavy-ion reactions. All simulation results were “filtered”
by the software replica of the CHIMERA multidetector [35].
In the following sections, the comparison between the model
predictions and experimental data is discussed.

We also assess the influence of the decay process of hot PLF,
TLF, and IVS fragments on the observed isospin effects using
the statistical model code MECO [36] in which the LCP and IMF
emissions are treated consistently using the Hauser-Feshbach
formalism. The results of the mentioned model calculations
are discussed in the following sections.

IV. SELECTION OF NONCENTRAL COLLISIONS

In the Fermi energy range (20 < E/A < 100 MeV/
nucleon) of heavy-ion collisions, the reaction cross section is
dominated by the contribution of dissipative binary reactions,
which involves the formation of well-defined projectile- and
target-like fragments [37], showing similarity with what is
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FIG. 3. (Color online) Left column: total charge Zyor vs heaviest
fragment charge Zyvax (top) and energy per nucleon eyax of the
heaviest fragment normalized to the projectile kinetic energy per
nucleon &, vs. its charge Zyax (bottom). Right column: Zror vs
total parallel momentum normalized to the projectile momentum,
Pyror/ P, (top-no conditions, bottom-conditions described in the
text).

observed at low bombarding energies (in, e.g., Ref. [38]).
In the following, we focus our analysis on noncentral col-
lisions (NCC), that is, collisions in which the PLF and the
TLF are created. Such a definition covers a wide range of
impact parameters and does not exclude the existence of an
intermediate-velocity source [39—41] (see, e.g., Fig. 1).

The class of events corresponding to the NCC can be
selected using different conditions placed on the experimental
data. For example, one may use the correlation between the
total detected charge, Ztor, and the heaviest fragment charge,
Zmax- Such a selection is shown in the upper left panel of
Fig. 3 for the '**Sn+%Ni system. Here we can distinguish
two regions located above and below the solid line. The region
below the line corresponds to very incomplete events, where
Ztor represents a small fraction of the total charge of the
system and the heaviest fragment has a charge well below the
projectile charge. The region above the line is characterized
by a large Ztor and detection of the PLF decay remnant.

With increasing excitation energy, the detected PLF charge
(Zmax) decreases. On the other hand, higher energy dissi-
pation (excitation energy) is correlated with smaller kinetic
energy of the PLF [37]. Such a correlation is presented for
experimental data in the bottom left panel of Fig. 3 for the
124Sn4+-%Ni reaction. To elucidate the energy dissipation,
the plot was made for the kinetic energy per nucleon for
the heaviest fragment, epax, divided by the projectile kinetic
energy per nucleon, ¢p. The region below the thick solid line
corresponds to events where the heaviest fragment is the TLF
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FIG. 4. (Color online) Charge spectra (top panels), mass spectra
(isotopic and TOF mass identification), total and IMF (Zpr =
4-8) multiplicity distributions for the '**Sn+%Ni and !''2Sn+*Ni
systems. The IMF multiplicity is calculated for fragments visible with
isotopic identification in the angular range of 11.5°-30°. Black thick
lines represent experimental data; blue thin lines, QMD/GEMINI
calculations. The data and the model predictions are normalized to
the respective number of events.

residue (the PLF remnant was not present) and is excluded
from our analysis. Because of the very low thresholds, some
of the TLF residues were detected in this experiment (note
that TLF residues have much lower energy than PLF ones).
The distinct correlation between the PLF energy per nucleon
and the heaviest fragment charge (above the thick solid line)
confirms that we have really selected the noncentral collisions
with well-defined projectile-like and target-like fragments.

As across-check of our selection procedure, the dependence
between the total detected charge, Zrtor, and the total parallel
momentum is presented in the right column of Fig. 3. The upper
panel shows this dependence for all recorded events, and the
bottom panel for events selected by the conditions set in the
left column. In the following, the analysis of NCC collisions
presented in this work is restricted to the class of well-defined
events selected with the above-described conditions.

A comparison between the selected experimental data and
the QMD/GEMINI predictions is shown in Fig. 4. Simulated
reaction events were selected using the same conditions as in
the case of the experimental data. As can be seen, the model
overestimates the multiplicity of charged particles for both
systems. However, the IMF multiplicities are underestimated
in both systems. The same conclusions can be drawn from the
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FIG. 5. (Color online) Impact parameter v selected estimators
for 2#Sn+%Ni reaction at 35 MeV/nucleon (QMD/GEMINI predic-
tions).

comparisons between the experimental and calculated charge
and mass distributions.

To study the NCC with respect to the centrality of the
collision, it is necessary to use impact parameter related
variables. Such variables allow us to analyze the reaction
evolution with respect to excitation energy, energy dissipation,
entrance channel angular momentum, etc. [42]. We tested
several variables as impact parameter estimators for the class
of the NCCs. Figure 5 shows a correlation between the impact
parameter b and the multiplicity of charged particles M, the
transverse momentum py., the charge of the heaviest fragment
Zmax, the velocity of the heaviest fragment in units of
the projectile velocity in the c.m. system V& / V™, the
charge collected in the midvelocity region Z.;, and the
transverse energy of light particles Ey;j». All these correlation
plots were predicted by the QMD/GEMINI calculations for the
NCCs. As one can see, the correlation is distinct for all tested
impact parameter estimators with the only exception being the
Zmiq variable.

Therefore, we performed our analyses by using the
Zmax, Eqi2, and Vo / Vpc'm variables as impact parameter
estimators. The observed reaction characteristics are very
similar in these three sorting procedures. The results presented
in this paper are relative to the V7L /V ™ estimator, with

Z max
which the best sensitivity to the impact parameter is observed.

V. IMPACT PARAMETER DEPENDENCE OF
ISOSPIN EFFECTS

Figure 6 presents the yield per event of different isotopes
for Z = 1,2, and 3 particles as a function of the V7. / V™

Z max
impact parameter estimator for both studied systems. As one
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FIG. 6. (Color online) Yield per event of light particles and frag-
ments as a function of velocity of the heaviest fragment normalized to
the projectile velocity Vz.. / V™ for 1248n+54Ni (thick solid lines)
and '"2Sn+8Ni (thick dashed lines) systems. In the cases of *H and
3He, the energy thresholds typically of the order of 2-3 MeV/nucleon,
as determined in the calibration procedure, were increased up to a
value of 10 MeV/nucleon in order to avoid the contamination of
more abundant ejectiles. For ®He and ®Li the statistical errors are
quoted for the points marked by solid and open circles. Thin solid
and dashed blue lines show the results of QMD/GEMINI calculations.
Model predictions for ®*He are not quoted because of the very poor
statistics obtained in the calculations.

can see, the multiplicity of the LCP emission increases with
the centrality of the collision. One observes that the proton
and *He yields are higher for the neutron-poor system than
are the 3H, ®He, and 7-®Li particles, which are emitted more
abundantly from the neutron-rich system. Yields of particles
with equal numbers of protons and neutrons, 2H, “He, °Li, are
practically identical for both investigated systems. One can
also notice that the ratio of the yield of 3H to the yield of
*He particles is of the order of 5 for the neutron-rich system,
whereas for the neutron-poor system this ratio is close to unity.
However, these ratios depend somewhat on the applied energy
threshold due to the different shapes of energy spectra for *H
and 3He ejectiles (see Fig. 6 caption).

The predictions of the QMD/GEMINI simulations are close
to the experimentally observed yields for the most peripheral

collisions (large V7. / V™). With an increase of collision
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FIG. 7. (Color online) Ratio of « particle to proton yields per
event as a function of Vg /Vs™ for '**Sn+%Ni (solid lines) and
1128n4-°8Ni (dashed lines) systems. Experimental data are shown with

thick black lines, and QMD/GEMINI calculations with thin blue lines.

centrality (decrease of Vzi. / V™), the model overestimates
the emission rates, especially for hydrogen isotopes and
®Li ions.

Figure 7 presents the ratio of the o particle to proton
yield per event as a function of reaction centrality. One can
see that the number of emitted o« particles is larger than the
number of emitted protons. This effect is more pronounced
for the neutron-rich system and is more important for the
more central collisions. These dependences might be partially
due to the enhancement of cluster emission in the neutron-
rich reaction. Since the “building” of clusters requires both
neutrons and protons, more protons in the neutron-rich reaction
are “used” for cluster emission than in the neutron-poor case.
Consequently, in the neutron-rich system, the emission rate
of protons decreases and the « emission rate increases. The
model underestimates the observed ratio for both systems.
The discrepancy between the model predictions and the data
increases with the centrality of the collisions.

Besides light-particle analysis, the information about the
dependence of the reaction mechanism on the isospin degrees
of freedom is investigated by the isotopically resolved IMFs.
The present analysis includes fragments with Z = 4-8 with
isotopic identification in the angular range 11.5°-30°. The
average N/Z ratio of these IMFs is drawn in Fig. 8 as
a function of Vz L /V;™. The N/Z ratios are presented
for particles emitted by all sources and by PLF source,
respectively. One observes that the average N/Z ratio is
correlated with the neutron richness of the system. In the
neutron-rich system, the observed ratio is, however, much
smaller than the ratio corresponding to the composite system.
This significant difference may be due to neutrons escaping
the interaction region in a primary phase of the reaction. This
behavior is not observed for the neutron-poor system. When
no source selection is applied, a slight decrease of the average
N/Z ratios with the centrality of the collision is observed for
both reactions. This tendency is reversed for IMFs emitted in
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FIG. 8. Average N/Z ratio of IMFs (Zjr = 4-8) visible with
isotopic identification in the angular range of 11.5°-30° as a function
of the heaviest fragment velocity normalized to the projectile velocity
(Vg / V™), for 2*Sn+%Ni (solid circles) and '*Sn+->*Ni (open
circles) systems. The upper panel presents the ratios for all observed
particles, while the bottom panel presents the results for particles
observed in the forward hemisphere of PLF source (PLF FH). Only

experimental data are shown.

the forward hemisphere of the PLF source for both systems.
Here for the peripheral collisions the forward hemisphere of
the PLF source is well separated from the midrapidity source,
and the observed fragments are emitted in a statistical way. For
more central collisions, the contribution from the midrapidity
source is significant even in the forward hemisphere of the
PLF source, and the N/Z ratios in this case are much larger
than in peripheral collisions.

More information about the IMF production can be ob-
tained from the dependence of the average N /Z ratio of IMFs
on the parallel velocity of the fragment in the laboratory system
for both investigated reactions (upper left panel of Fig. 9).
Here different curves correspond to different centrality regions
selected by impact parameter estimator V. / V™. One can
observe a significant evolution of the N /Z ratio as a function
of the parallel velocity. Fragments having velocities close to
the c.m. velocity are more neutron rich than the fragments
located in the PLF velocity region. One can also see that the
curves corresponding to the neutron-rich system are located
higher than those corresponding to the neutron-poor system.
There is no significant dependence on the impact parameter

5 c.m. c.m.
estimator V7L / V™.
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FIG. 9. (Color online) Upper left: average N/Z ratios of IMFs
(Z = 4-8) for the '**Sn+%Ni (solid lines) and ''2Sn+Ni (dashed
lines) reactions as a function of parallel velocity of the fragment in the
laboratory reference frame. The red, black, and blue lines correspond
to different windows of V7 ./ V™ (experimental data). The light
blue lines represent the N/Z ratio of secondary fragments Z = 4-8
originating from the decay of hot PLF, TLF, and IVS (QMD/GEMINI
prediction); upper right: the corrected average N/Z ratio of IMFs
under investigation; bottom left: the number of IMFs per event as a
function of parallel velocity of the fragment.

Because the angular range of isotopically resolved frag-
ments was limited, we made an attempt to correct the observed
N /Z ratios. The upper right panel of Fig. 9 shows the N/Z
ratios corrected for this limitation. For each bin of parallel
velocity, the corrected value of N/Z ratio is given by

8 UIN/Z)s X,
<N/Z>m=zz"§§ / X>Z’ =, (1)
Zi=4 X Zi

where (N/Z) 7, is the mean ratio estimated for a given charge
value, and X, is the number of Z; fragments observed with
charge identification in the full angular range of the apparatus.
One observes that the corrected values of N/Z are somewhat
smaller, and their dependence on the parallel velocity of the
fragment is almost unchanged.

The lower left panel of Fig. 9 shows the number of observed
IMFs per event as a function of parallel velocity of the
fragment. One observes here that the number of fragments
emitted in an event is larger for the neutron-rich system for all
impact parameter windows. For both systems, the number of
fragments decreases with the centrality of the collision.

The information about the isospin effects can be also
extracted from the ratios of light fragments yields plotted as a
function of parallel velocity of the fragment in the laboratory
system (Fig. 10). One observes an important increase of
neutron-rich isotope production (relative to neutron-poor
isotopes) in the midrapidity region as compared with the PLF
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FIG. 10. (Color online) Ratios of isotope yields for Be, B, and
C ions for '2#Sn+%Ni (solid circles) and '?Sn+*Ni (open circles)
systems as a function of parallel velocity of the fragment in the
laboratory reference frame. The solid and dashed lines correspond
to ratios calculated for evaporations from hot !"°In and !®In nuclei
using the statistical model code MECO.

region. One can also notice that the ratios for the neutron-rich
system are generally larger than those for the neutron-poor
system. We checked that the ratios presented in this figure
do not show any significant dependence on impact parameter
estimators.

To understand the origin of fragments observed in the
midrapidity region, we look more closely to the IVS source
predicted by the QMD model (see Fig. 1). The upper panel of
Fig. 11 shows the N /Z ratio for primary fragments belonging
to the IVS source (Z = 4-8) predicted for neutron-rich and
neutron-poor systems (solid and open squares).

The bottom panel presents the N/Z ratio for secondary
fragments (Z = 4-8) originating from the decay of hot PLF,
TLF, and IVS (solid and open squares). One observes a weak
dependence on the parallel velocity of the detected fragment
and on the system neutron richness. One can also notice that
the N/Z ratio of these secondary fragments is much smaller
than the N /Z ratio of primary IVS source.

The influence of the detection efficiency of the CHIMERA
detector on the N/Z dependence shown in bottom panel of
Fig. 11 is also tested. The upper left panel of Fig. 9 presents
the results after applying the experimental limitations to the
simulation (the solid and dashed light blue lines). One observes
that the simulated average N/Z values after filtering are
practically unchanged. One can also notice that the model
predictions are in disagreement with experimental values in
the c.m. region. The disagreement is also observed for the
average masses of fragments. In the c.m. region, the masses
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FIG. 11. Upper panel: the average N/Z ratio of primary frag-
ments belonging to the IVS source for the '24Sn+%Ni (solid squares)
and '"2Sn+Ni (open square) reactions as a function of parallel
velocity of the fragment in LAB reference frame (QMD model
prediction); bottom panel: the N/Z ratio of secondary fragments
(Z = 4-8) originating from the decay of hot PLF, TLF, and IVS
(QMD/GEMINI prediction).

predicted by QMD/GEMINI calculations are smaller than the
experimental ones.

For the PLF region, the experimental data presented in
Fig. 10 are also compared with statistical model predictions
using the MECO code. The ratios for individual isotopes are in
agreement with the ratios calculated assuming the evaporation
from hot ''°In and '°In nuclei (solid and dashed straight lines
in Fig. 10). These two hot nuclei correspond to the centroid
of the PLF distribution predicted by the QMD model for
noncentral collisions for both studied systems.

The disagreement between experimentally observed N/Z
ratios and the QMD/GEMINI model predictions for the midra-
pidity region indicates that excitation energies of IVS frag-
ments predicted by the QMD model are too high. Such a hy-
pothesis is also supported by the statistical model predictions
(MECO code) shown in Fig. 12. The upper panel shows the N/Z
ratios of light fragments which might be produced in the IVS.
The calculations were performed assuming 5 MeV/nucleon
excitation energy (solid lines in middle and bottom panels),
3 MeV/nucleon (dashed lines), and 1 MeV/nucleon (dash-
dotted lines). The highest value corresponds to the mean value
of the excitation energy predicted by the QMD model for IVS
fragments in noncentral collisions. Calculations at the lower
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FIG. 12. (Color online) Statistical model predictions of the MECO
code for evaporation from hot fragments which might be present
in the IVS. The upper panel shows the N/Z ratios of these hot
fragments (75%10Be, %101L12B 121314150 14I51617N | 161718190
and 3233:3435p) The calculations were performed assuming that their
excitation energy equals 5 MeV/nucleons (solid lines in middle and
bottom panel), 3 MeV/nucleon (dashed lines), and 1 MeV/nucleon
(dash-dotted lines). The middle panel presents the corresponding
average N /Z ratios for distribution of emitted fragments (Z = 4-8)
for each primary hot object. The bottom panel gives us the probability
values that for a hot object we observe secondary fragments in
the Z =4-8 range. Calculations were performed for the spin
of 3h.

energies test the assumption that the IVS fragments might be
colder. The middle panel presents the corresponding average
N/Z ratios of the emitted fragments of Z = 4-8 for each
primary hot object. In these calculations the secondary decays
from particle-unbound states were taken into account. The
bottom panel shows the probability that for a given primary
fragment we observe a secondary fragments with Z in the
range of Z = 4-8.

The curves in the middle panel of Fig. 12 show that the
evaporation process smears out the strong isospin effects
observed for hot fragments. Calculations indicate that the
secondary nucleon emission from particle unbound states is
dominant in the smearing process. One observes that for
primary nuclei, with an excitation energy of 5 MeV/nucleon,
the average N/Z of secondary fragments exceeds 1.2 only
in the case of "B nuclei. Making the assumption that the
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excitation energy is equal to 3 MeV/nucleon, we observe that
the corresponding N/Z values exceed 1.2 for *'°Be and '°B
fragments. For the lowest excitation energy, the average N/Z
values are higher than 1.3 for '’Be and '3C ions. For fragments
as heavy as P ions, the N/Z values are below 1.2, and the
probability to produce secondary fragments with Z = 4-8
decreases with increasing mass of P ion.

Comparing experimental N/Z values of IVS fragments
observed in the midvelocity region and the MECO code pre-
dictions, one can conclude that the fragments produced in the
region between the projectile and the target are relatively small.
Their excitations energies are smaller than those predicted by
the QMD model.

This observation may indicate that the formation of neutron-
rich fragments in the midvelocity region has a dynamical
character, while the fragments in the PLF region are produced
in an evaporation process. Similar observations were reported
earlier (see, e.g., Ref. [16]).

An alternative description of the average N/Z for IVS
fragments as a function of the laboratory velocity is given by
the CoMD-II model. In this case, the dynamical calculations
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FIG. 13. (Color online) Corrected average N/Z ratios of IMFs
(Z = 4-8) for '*Sn+%Ni (solid lines) and ''>Sn+>8Ni (dashed lines)
reactions as a function of parallel velocity of the fragment in the
laboratory reference frame (experimental data). Different curves
correspond to different windows of V7. /V ™ (see Fig. 9). The
average N/Z ratio of fragments generated by the CoMD-II model
(solid and open circles) are presented for the ASY-STIFF (upper

panel) and ASY-SOFT (bottom panel) parametrizations.
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are performed up to 650 fm/c. At this time IMFs are basically
cold. However, the PLF and TLF nuclei still have an average
excitation energy of about 1.7-2 MeV/nucleon. Therefore, a
second stage representing the cooling of the biggest fragments
is applied to the primary events by using the GEMINI code.
For the ASY-SOFT and ASY-STIFF parametrizations, the
comparisons of the model predictions with experimental data
are shown in Fig. 13. As one can see, the model reproduces
relatively well the trends observed in experimental data even if
the average N /Z calculated for velocities near the PLF region
slightly underestimates the experimental value.

In particular, for the neutron-rich system, the different
parametrizations produce, on average, fairly different slopes
for laboratory velocities smaller or larger than the midrapidity
velocity. The calculations show also that the slopes are corre-
lated with the corresponding average IMF mass distribution.
As an example, for the '*Sn+%Ni system, the average IMF
mass values around 4.5 and 7 cm/ns are about 12.2 and 11
units, respectively; in comparison, the experimental values
are about 12.8 and 12. A deeper investigation of the IMF
production mechanism based on the CoMD-II calculations,
which is beyond the scope of this article, is in progress.

VI. CONCLUSIONS

The centrality dependence of the isospin effect signatures
for neutron-rich, '>*Sn+%Ni, and neutron-poor, ''2Sn+8Ni,
systems were studied at 35 MeV/nucleon. Several impact pa-
rameter estimators were tested, and the centrality dependence
of the observed isospin effects was found to be independent of
the selection of a specific impact parameter estimator. For the
class of light particles with Z = 1, 2, and 3, one can observe
that the yields of 'H and *He particles in the neutron-poor
system are enhanced with respect to the neutron-rich system,
while the yields of *H, ®He, and 7-8Li show the opposite
behavior for all impact parameters. One can also notice that
yields of symmetric H, *He, and ®Li particles are independent
of the neutron-richness of the system.

The N/Z ratio of the observed IMFs shows a correlation
with the neutron richness of the systems under investigation.
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However, in the case of the neutron-rich system, the observed
N/ Z ratio is much smaller than the ratio corresponding to the
composite system. This significant difference may be due to
neutrons escaping from the interaction region in the primary
phase of the reaction. One can also notice a small decrease of
the N/Z ratio with the centrality of the collision. This trend
is reversed for fragments observed in the forward hemisphere
of the PLF source indicating, a statistical evaporation from the
PLF source for peripheral collisions.

In both reactions, the neutron richness of the observed
fragments increases with the fragment’s decreasing parallel
velocity in the range from that of PLF region to the midrapidity
region.

The QMD calculations, presented in this contribution, were
performed with ASY-STIFF and ASY-SOFT parametriza-
tions of the symmetry energy strength coefficient. For the
ASY-STIFF parametrization, in-medium effects were also
simulated. One observes a weak sensitivity for different
parametrizations of the symmetry energy term in the nuclear
equation of state [3] for both the primary (before evaporation)
and secondary fragments. This conclusion might be related to
the fact that the maximum compression of nuclear matter in
the initial phase of the reaction is only 30% higher than the
density of the cold nuclei.

The most significant disagreement between QMD/GEMINI
predictions and experimental data is observed for the N/Z
ratio for IMFs. This disagreement may indicate that excitation
energies of the IVS fragments coming from the midrapidity
region predicted by the QMD model are too high. Experimental
data show that the production of neutron-rich fragments
is much more probable than predicted by the model. This
observation may be related to the fact that in the QMD model,
the excessive neutrons are emitted in the initial phase of the
reaction.

In the case of the CoMD-II model, the produced fragments
are cold and the predicted average N /Z ratios are qualitatively
in agreement with the experimental data. For the studied
systems, deeper investigations are in progress, mainly devoted
to a detailed description of the link between the rapidity
dependence of the IMF’s isotopic composition and the density
dependence of the isospin forces.
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