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First results from the INDRA-FAZIA apparatus on isospin diffusion
in 3%Ni 4+ 6Ni systems at Fermi energies
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An investigation of the isospin equilibration process in the reactions >%*Ni 4 64Ni at two bombarding
energies in the Fermi regime (32 and 52 MeV /nucleon) is presented. Data have been acquired during the
first experimental campaign of the coupled INDRA-FAZIA apparatus in GANIL. Selecting from peripheral
to semicentral collisions, both the neutron content of the quasiprojectile residue and that of the light ejectiles
coming from the quasiprojectile evaporation have been used as probes of the dynamical process of isospin
diffusion between projectile and target for the asymmetric systems. The isospin transport ratio technique has been
employed. The relaxation of the initial isospin imbalance with increasing centrality has been clearly evidenced.
The isospin equilibration appears stronger for the reactions at 32 MeV /nucleon, as expected due to the longer
projectile-target interaction time than at 52 MeV /nucleon. Coherent indications of isospin equilibration come
from the quasiprojectile residue characteristics and from particles ascribed to the quasiprojectile decay.

DOI: 10.1103/PhysRevC.106.024603

I. INTRODUCTION

Heavy ion collisions in the Fermi energy regime (20—100
MeV /nucleon) are a widely employed tool to collect informa-
*ciampi @fi.infn.it tion on the properties of nuclear matter [1,2]. The theoretical
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description of the reactions in this transition regime between
the low and the high energies requires both the mean field
contributions and the nucleon-nucleon collisions to be taken
into account. A variety of outputs can be observed, mostly
depending on the centrality of the reaction [3]. In particular,
in semiperipheral and peripheral reactions, a binary exit chan-
nel, characterized by the production of two heavy fragments,
namely, the quasiprojectile (QP) and the quasitarget (QT), is
generally observed. Together with the two heavy fragments,
lighter ejectiles such as light charged particles (LCPs; Z =
1,2) and intermediate mass fragments (IMFs; in this work
we refer to Z = 3, 4) are also produced. The latter are mostly
emitted at midvelocity, i.e., at a typical velocity between those
of the QP and the QT, supposedly before, during, or after
the rupture in the two main bodies of the deformed transient
system [4].

Many efforts have been dedicated to the study of the iso-
topic composition of the products of heavy ion reactions,
looking for details of the microscopic mechanisms not entirely
washed out by the statistical evaporation. Such studies assume
that nucleon exchange processes taking place during the in-
teraction phase of the reaction between the entrance channel
nuclei are at the origin of the kinetic energy dissipation into
internal degrees of freedom and of the evolution towards their
equilibration. Among these latter, a special focus has been put
on the isospin transport phenomena [5]. Two main experimen-
tal observations in the field of isospin dynamics have been
widely recognized by the scientific community: the process of
isospin equilibration between reacting nuclei having different
initial neutron-to-proton ratio N/Z [6-20], and the neutron
enrichment of the midvelocity emissions [4,12,13,16—18,21—
23]. An interpretation of these two phenomena can be found
in the framework of the nuclear equation of state (NEoS). The
isospin equilibration between asymmetric projectile and target
can be ascribed to the isospin diffusion mechanism, which is
driven by an isospin gradient and depends on the contact time
between the two colliding nuclei [9,24], which in turn varies
as a function of the bombarding energy and of the impact
parameter of the collision [25]. For a long enough interaction
time, a full isospin equilibration, i.e., a homogeneous distribu-
tion of the isospin content among the reaction products, could
be expected. However, the neutron enrichment at midvelocity
has been associated with the isospin drift (or migration), an
effect driven by the presence of a nuclear density gradient,
leading to a net neutron flux towards low-density regions [2].
A neutron enrichment can be therefore expected for the di-
luted intermediate neck region, formed in the separation of the
projectile-target system, and hence for the midvelocity species
there originated. The neutron enrichment of the IMFs coming
from the neck can, however, be partially counterbalanced by
the isospin fractionation mechanism, which tends to produce
neutron rich gas and neutron poor fragments [20,26-28].
The two aforementioned processes of drift and diffusion act
simultaneously during the projectile-target interaction, with
the exception of symmetric reactions, in which the diffu-
sion contribution is absent and only the isospin drift takes
place. However, the drift process, being started by density
variations, is basically absent or strongly reduced for too low

beam energies and/or too small systems. The strength of the
isospin transport processes depends on the symmetry energy
term Egyp (o) of the NEoS [5,29]. Therefore, such effects are
studied to gather information on the NEoS parametrization
by comparing the experimental observations with the predic-
tions of theoretical models. In particular, in the framework of
transport models, the isospin diffusion has been interpreted as
related to the value of Egyp,, and the isospin drift to the first
derivative of Ey,, with respect to the nuclear density [30].

To perform this kind of study, it is mandatory to access the
information on the chemical composition of fragments and
particles produced in the reactions. Therefore, experimental
apparatuses capable of detecting and isotopically identifying
the ejectiles over the largest possible range in Z and energy
are required. In this paper, we focus on the experimental ob-
servation of isospin diffusion in semiperipheral and peripheral
reactions by analyzing the isotopic composition of the QP. The
isospin content of the QP can be probed either by inspecting
the characteristics of its deexcitation emissions [12,14,18] or
by the direct isotopic identification of its remnant [18,19].
Common experimental apparatuses generally access only QP
evaporation or, less frequently, only the isotopic composition
of the QP residue. The former can be obtained by means of
arrays with large angular coverage, providing a good recon-
struction of the global event, often with serious limitations in
terms of isotopic discrimination beyond Z = 6-8. However,
the direct investigation of the isospin of the QP remnant can
be performed, e.g., by using mass spectrometers [16,31,32],
which provide a precise mass identification for a wide range of
heavy fragment isotopes, albeit for only one product per event
collected within their angular acceptance. The recently cou-
pled INDRA-FAZIA apparatus [33] combines the excellent
isotopic identification performance of FAZIA, exploited for
the QP phase space, and the large angular coverage of INDRA
in order to collect the most comprehensive information on the
event.! A description of the apparatus can be found in Sec. II.

In this paper, we present the first results obtained from the
E789 experiment in GANIL, which is the first one exploiting
the INDRA-FAZIA setup: the four reactions >3*Ni 4 3-¢4Ni
at two bombarding energies (32 and 52 MeV /nucleon) were
investigated. We compare the products of the two asymmetric
reactions with those of both the neutron rich (**Ni+ ®*Ni)
and the neutron poorer (**Ni 4 3¥Ni) symmetric systems, thus
gathering information on the isospin equilibration. More-
over, the use of two different incident energies allows to test
the evolution of the isospin transport with variations of the
dynamical conditions, namely, the reaction timescales, the
nuclear densities, and the possible deformations and angular

'Some first examples of experiments in which the isospin diffusion
phenomenon has been evidenced both on the QP remnant and on the
QP light emissions can be found in Ref. [34], for reactions at energies
below 20 MeV /nucleon, and in Ref. [18], though with a limited
angular coverage and only for a tail of the QP charge distribution.
Moreover, among the rare setups providing both large angular cov-
erage and isotopic identification also for heavy fragments, we recall
the NIMROD array [35].
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momenta. Taking advantage of such a complete set of data,
we can study the isospin equilibration between asymmetric
projectile and target by exploiting the isospin transport ratio
method proposed by Rami et al. [36]. Let A and B be two
nuclides (in our case, A = %Nj and B = 58Ni) and AA, AB,
BA, and BB the possible combinations of colliding systems;
the isospin transport ratio is defined as

R(X;) = m, (1)

Xaa — Xpp

where | = AA, AB, BA, BB and X is an observable which is
somehow sensitive to the effect of isospin diffusion (for exam-
ple, the (N/Z) of the projectilelike fragment); by construction,
for the two symmetric systems i = AA, BB, R(X;) takes values
+1 and —1, respectively. Since data for both asymmetric
reactions { = AB, BA are available, two different “branches”
of the isospin transport ratio can be built, using symmetric
reactions as references. The limit of the fully nonequilibrated
condition corresponds to R(X;) = %1, while, as the projectile
of the AB reaction is the target of the BA reaction, in the case of
isospin equilibration between A and B in these two reactions
(which are really just the same in the center-of-mass frame)
we should have X, = X4 and therefore R(Xs5) = R(Xpa).
If the experimental conditions are similar for the four reac-
tions, we can expect that by exploiting Eq. (1) the systematic
uncertainties related to the apparatus are strongly reduced. In
general, the isospin transport ratio technique allows to bypass
any perturbation introducing a linear transformation on the
considered isospin observable X [37]. The ratio R is expected
to be largely unaffected by the statistical deexcitation of the
products [38,39], provided that it is similar for all systems;
in Ref. [37] slight distortions of the isospin transport ratio
due to statistical evaporation were evidenced only for low
excitation energies of the primary fragments. This technique
has been widely adopted in the past [9,10,15,19,38,40], and
it is expected to help constrain the density dependence of the
symmetry energy of the NEoS by enhancing the differences
due to the assumption of different parametrizations [41]. In
this paper, the isospin equilibration observables are presented
as a function of an order parameter whose correlation to the re-
action centrality was tested by means of simulations based on
the antisymmetrized molecular dynamics (AMD) [42] model
coupled to GEMINI++ [43] as afterburner (see Sec. IIIB),
similarly to Ref. [19]. The isospin transport ratio is evaluated
here using two different probes, namely, the isospin content
of the detected QP remnant (Sec. IIIC) and the chemical
composition of the QP decay particles (Sec. III D). To our
knowledge, this is one of the first works where the experi-
mental investigation of the isospin equilibration is performed
using such a complete set of reactions at two different beam
energies, studying the evolution of observables for both the
QP residue and the evaporation particles as a function of the
reaction centrality.

II. THE EXPERIMENT

In this section, we briefly describe the main characteristics
of the two detection arrays composing the INDRA-FAZIA
apparatus, located in the D5 experimental hall at GANIL. The

FIG. 1. Rendering of the INDRA-FAZIA mechanical coupling,
with INDRA on the left side and FAZIA on the right side. The
target holder, not visible in the picture, is located inside the INDRA
apparatus.

two devices have been coupled together as shown in Fig. 1
in order to exploit both the large angular coverage of INDRA
and the optimal (Z, A) identification provided by FAZIA.

FAZIA [44,45] is a multidetector array that represents the
state of the art of nuclear fragment identification in the Fermi
energy domain. The basic module of FAZIA is the block, con-
sisting of 16 three-stage 2 x 2 cm? AE-E telescopes. The first
two layers are highly homogeneously doped Si detectors, 300
(Sil) and 500 pm (Si2) thick, respectively, and the third layer
is a 10-cm-thick CsI(T1) scintillator read out by a photodiode.
Each FAZIA block is equipped with the readout electronics
for all of its telescopes [45], including preamplifiers, sam-
pling analog-to-digital converters, and FPGAs dedicated to
the online digital treatment of the signals. Thanks to the digital
signal processing implemented on the FPGAs, most of the
relevant information is extracted in real time from the detector
signals. The ion identification is obtained by applying the
AE-E method and the pulse shape analysis (PSA, both for Sil
and CsI(Tl) detectors). During the research and development
phase, the AE-E charge identification capability has been
successfully tested up to Z ~ 54 [46]; isotopic discrimination
has been achieved up to Z ~ 25 with the AE-E technique [46]
and up to Z =~ 20 with PSA in silicon [47], as demonstrated in
the first FAZIA experiments [13,18,19,48]. For the present ex-
periment, 12 FAZIA blocks are placed in a wall configuration
at a distance of 1 m from the target, covering the forward polar
angles (1.4° < 6 < 12.6°), as shown in Fig. 2, to exploit the
performances of FAZIA for the identification of QP-like frag-
ments. An example of the identification performance achieved
by FAZIA in this experiment can be viewed in the nuclear
chart in Fig. 3, obtained via the Sil-Si2 AE-E method.

The polar angles between 14° and 176° (=80% of the
47 solid angle) are covered by 12 INDRA detection rings
(i.e., rings 6 to 17 of the original INDRA configuration
[49,50]), with cylindrical symmetry with respect to the beam
axis. Each detection ring is divided into several independent
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FIG. 2. Forward view from the target (left) and polar plot (right)
of the INDRA-FAZIA apparatus, showing the 12 FAZIA blocks in a
wall configuration. The polar plot is obtained by reporting the polar
coordinates (0 sin ¢, 6 cos ¢) of all the detected particles, where 6
and ¢ are the polar and azimuthal angles in the laboratory reference
frame, respectively.

modules, providing a high granularity that allows for the re-
construction of high multiplicity events. The modules have
different configurations depending on the ring [49]; in the
present experiment, the ionization chambers of INDRA have
not been used. For the particles collected in INDRA rings 6
to 9, featuring a Si detector and a Csl, both AE-E and Csl
PSA techniques could be applied: isotopic identification is
achieved up to Z ~ 4-7. For INDRA rings 10 to 17, only
the CsI information was available, and therefore the CsI PSA
method was used. Moreover, INDRA CslI detectors belonging
to rings 10 to 17 (corresponding to 6 > 45°) could not be
calibrated, and hence serve mainly as multiplicity counters,
still providing isotopic identification for the collected LCPs.
The E789 experiment was carried out at GANIL using Ni
and **Ni beams at the two bombarding energies of 32 and 52
MeV /nucleon, provided by the GANIL cyclotrons, impinging
on a target of 8Ni (**Ni) with thickness 0.3 mg/cm? (0.4
mg/cm?). The trigger condition for FAZIA was M > 2, while
triggers M > 1 could also be acquired, downscaled by a factor
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FIG. 3. Experimental nuclear chart obtained via the Sil-Si2
AE-E method with a FAZIA telescope during the E789 experiment.

of 100 (the recorded trigger pattern of FAZIA for each event
allows to separate the two in the offline analysis), whereas for
INDRA a minimum bias M > 1 trigger was used but, due to
an order of magnitude difference in the dead time of INDRA
and FAZIA, INDRA events were only accepted if a coincident
FAZIA trigger occurred within a predefined time window
(note that FAZIA could trigger alone, as long as INDRA was
not in dead time). Each event was given a 10-ns-resolution
time stamp using a GANIL VXI CENTRUM module [51]
which then permitted the online merging of coincident events
in order to be written to file. In the offline analysis, the dif-
ference in the recorded time stamps of each merged INDRA
and FAZIA event allows to control the background of ran-
dom coincidences and select well-correlated INDRA-FAZIA
coincidence events. A total of about 3 x 107 events have been
acquired for each measured reaction.

II1. DATA ANALYSIS AND RESULTS

As already cited, for semiperipheral and peripheral reac-
tions, most of the cross section is associated with a binary
exit channel. Experimentally, we can expect the detection
of one heavy fragment, i.e., the QP remnant, together with
lighter emissions (the QT remnant being in most cases lost
due to the detection energy thresholds). The capabilities of the
INDRA-FAZIA apparatus allow for an efficient selection and
an exclusive analysis of the experimental events compatible
with the QP evaporative channel.

In the following analysis, only the events with a trigger
pattern M > 2 in FAZIA have been considered in order to
exclude the elastic scattering, not relevant for our purpose.
The charge identification of at least two particles is also
required. Moreover, a preliminary selection based on global
variables has been performed. A few events related to spu-
rious coincidences (about 1% of the total statistics) have
been excluded by discarding events not satisfying charge and
momentum conservation laws. Finally, since we are inter-
ested in the events in which a large fraction of the reaction
products has been detected, the most incomplete events have
been discarded by imposing a total detected charge Z;,, > 12
(considering all charge identified particles both in INDRA and
FAZIA). The events satisfying these preliminary conditions
are about 46% (57%) of the total statistics for the reactions
at 32 (52) MeV/nucleon: the analysis described in the fol-
lowing is carried out on this dataset. Figure 4 shows the
experimental Z vs v correlations for all the identified and
calibrated fragments in the events thus selected in the case
of the reactions ¥Ni+ %Ni at 32 MeV /nucleon [Fig. 4(a)]
and at 52 MeV/nucleon [Fig. 4(b)], taken as examples. The
velocity of each fragment is calculated from its measured
kinetic energy exploiting the mass identification provided by
the setup; when only the charge identification is available, a
mass number based on the evaporation attractor line (EAL)
prediction [52] is assumed. The area associated to the QP
phase space is evident in each correlation, focusing towards
the original projectile velocity vy, , indicated in each plot
with a black arrow. However, more exclusive event selection
conditions are introduced in the following.
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FIG. 4. Experimental Z vs v correlations for the fragments in
the events selected by the preliminary conditions for the reactions
3Ni +38Ni at (a) 32 MeV /nucleon and (b) 52 MeV /nucleon. The
plots are normalized to their integral. The black arrows indicate the
original projectile velocity for each reaction.

A. Event selection: QP remnant and decay particles

The selection criterion for the QP evaporation channel re-
quires the presence of only one heavy fragment, accompanied
only by LCPs and, at most, IMFs (Z = 3, 4). To be recognized
as a QP remnant, the fragment must be forward emitted in
the center-of-mass (c.m.) reference frame. Moreover, a lower
limit for its charge range is imposed: the QP remnant is
required to have Z > 14, corresponding to a maximum pro-
jectile charge loss AZ = 13, i.e., about 46% of the original
projectile charge. This choice is slightly lower but never-
theless consistent with what can be found in the literature
(see, e.g., Refs. [18,19]); however, the results presented in
this paper are not substantially modified by setting a different

2 o EXP32AMeV| 2
= m EXP52AMeV| 'S,
[ — SIM 32AMeV
ol — SIM 52AMeV 04 58Ni64Ni
[ 58Ni58Ni
i (a) (b)
0.05F 0.05
9% 20 30 7 ') 20 30 7
o o
g i .l\l/ o i 1l
0.1 58Ni58Ni 0.1 58Ni64Ni
0.05 0.05
20 40 vgm (m/ns) 20 40 vem (m/ns)

lower limit on the QP remnant charge, within a reasonable
interval (we tested a variation of £3 charge units with respect
to the chosen value). No condition is imposed a priori on
which array detects the QP remnant; however, due to the
kinematics of the reactions, the QP remnant is collected by
FAZIA in all cases for both beam energies. With the selected
condition, around 40% (30%) of the events surviving the
preliminary conditions are assigned to the QP evaporation
channel selection for the four reactions at 32 MeV /nucleon
(52 MeV /nucleon). In the Z vs v{" correlations of Fig. 4, the
area associated with the QP remnants selected with the cuts
described above is evidenced with a red rectangle. It can be
noticed that within this area, the two plots present a different
population of the v{"™ ~ Omm/ns region: for the reaction
at 32 MeV /nucleon, some heavy fragments are produced in
a process that is compatible with an incomplete fusion, a
possible outcome of central collisions, while for the reaction
at 52 MeV /nucleon this region is only populated by lighter
fragments. However, since these events correspond to more
central collisions, they will be efficiently discarded by our
following analysis as a function of the reaction centrality.

In Fig. 5 the distributions obtained for the charge Z (top
row) and the velocity component along the beam axis, v{™
(bottom row), of the QP remnant are shown for all the reac-
tions. Experimental data are plotted with solid markers. The
main features are compatible with the class of events we aim
to select, with both charge and velocity distributions starting
from the original beam values and extending towards lower
values, as expected for increasingly dissipative collisions.
Moreover, by comparing the charge histograms associated
with the different systems in Figs. 5(a)-(d), it can also be

o
-

o1 64Ni58Ni o1 64Ni64Ni
(c)
0.05- 0.05
% 2 %o z
ko]
'q_>)~ \L-\l'
| 64Ni58Ni

FIG. 5. Charge distributions (top) and velocity distributions (bottom) of the QP remnant for all the studied reactions: [(a), (e)] the system
38Ni 4 38N, [(b), ()] BNi+ %N, [(c), (2)] **Ni +3Ni, and [(d), (h)] *Ni 4+ *Ni. The reactions at 32 MeV /nucleon (52 MeV /nucleon) are
plotted in black (red). Experimental data are plotted with solid markers, while AMD + GEMINI++ predictions are drawn with a line. The same
legend is valid for all the plots. The plots are normalized to their integral. In plots (e)—(h), the black (red) arrows indicate the original projectile

velocity v, for each reaction at 32 MeV /nucleon (52 MeV /nucleon).
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observed that the QP remnant produced in the reactions
induced by the neutron poorer *®Ni projectile generally
preserves a lower nuclear charge Z than that from the ®Ni-
induced reactions; a similar observation can be found in
Ref. [19] for Ca+Ca reactions. This can be interpreted as
a result of the higher proton content of the emissions from
the excited primary QP produced by the ®Ni projectile with
respect to %*Ni. A charge distribution shifted towards slightly
lower Z values is generally found for all the reactions at
52 MeV /nucleon with respect to the same systems at 32
MeV /nucleon, most likely as a consequence of a stronger
dynamical emission and/or a higher primary fragment excita-
tion energy achievable at the higher bombarding energy. The
charge histograms also reveal the presence of the well-known
odd-even staggering phenomenon [53,54], with a higher pro-
duction yield for the even-Z QP remnants with respect to
the neighboring odd-Z ones, particularly noticeable for low-Z
values. As already recognized in Refs. [53,54], also in the
present case the effect is more evident in the neutron deficient
system.

On each plot of Fig. 5 also the distributions obtained ac-
cording to the AMD + GEMINI++ predictions are shown.
This simulated dataset has been generated by producing, for
each reaction, about 20 000 primary events with the AMD
code [42] in the version described in Ref. [55], using the asy-
stiff parametrization of the NEoS, corresponding to a slope
parameter of the symmetry energy’ L = 108 MeV, with the
standard value of the symmetry energy at saturation density
So = 32 MeV; for simplicity’s sake, the asy-soft predictions
are not shown since they are comparable to the asy-stiff
ones at this level of investigation. The impact parameter in
the AMD simulations follows a triangular distribution up to
b =11.6 fm, which is greater than the grazing impact pa-
rameter of all the studied reactions. The calculations have
been stopped at 500 fm/c [55]. Then, the statistical code
GEMINI++ [43] was applied as an afterburner: for each pri-
mary event, 100 secondary events were produced to increase
the statistics. The secondary events were then filtered accord-
ing to the apparatus acceptance (in terms of angular coverage,
energy and identification thresholds, and working status of
the telescopes) in order to directly compare them to the ex-
perimental data. The same event selection criteria have been
applied to both experimental and simulated data: the result-
ing charge and velocity distributions for the QP remnant are
those drawn as continuous lines in the plots of Fig. 5. A
reasonable overall agreement between the model predictions
and the experimental results can be appreciated, generally
slightly better for the reactions at 52 MeV /nucleon. However,
some minor differences between the model predictions and
the experimental observables can be noticed in the Z distribu-
tions: in addition to the experimental odd-even staggering not
completely reproduced by the simulations, the QP remnants
in the experimental events tend to be heavier than those in

>The symmetry energy term of the NEoS can be expanded around
the saturation density pp as E‘X"‘ (p) =S8y + L% + 0[(%)2].
The value of the slope parameter L determines whether the NEoS

parametrization is asy-stiff or asy-soft.
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FIG. 6. Correlation between b,eq and prq of the QP remnant in
the AMD + GEMINI++ simulated events belonging to the QP evap-
oration channel for the reactions **Ni 4+ %Ni at (a) 32 MeV /nucleon
and (b) 52 MeV /nucleon. The plots are normalized to their integral.
Black markers indicate the average b4 for each p.q bin. Vertical
lines indicate the minimum p,4 value (0.4) above which the correla-
tions are considered reliable in the following analysis.

the simulated events. A similar consideration can be done
on the velocity distributions, with the simulations predicting
slightly slower QP remnants. This discrepancy has already
been highlighted in the literature for other systems simulated
with AMD + GEMINI++ [18,19].

B. Centrality estimation

Our aim is to follow the isospin equilibration between
projectile and target in asymmetric reactions as a function
of the collision centrality. Since the impact parameter is not
measurable, an experimentally observable order parameter is
needed to follow the isospin equilibration as a function of
the collision centrality. The order parameter employed in this
work is the reduced QP remnant momentum [19]:

OPr
p
Pred = ( - ) (2)
Pbeam
cm.
QOPr

where pZ™" is the component along the beam axis of the
momentum of the fragment identified as QP remnant and
DPbeam 1S the original projectile momentum, both evaluated
in the c.m. reference frame. More peripheral collisions are
in fact expected to be associated with lower kinetic energy
dissipation and smaller scattering angle of the QP, and there-
fore to a prqg value closer to 1. In Ref. [19], the correlation
of preq With centrality has also been directly tested on the
experimental data by inspecting the kinetic energy spectra
of LCPs attributed to the QP decay for different p.q4 bins.
Encouraged by the agreement between the experimental data
and the model predictions just observed on the charge and
velocity characteristics of the QP remnant, we also exploit
the AMD + GEMINI++ simulations to test the behavior of
Pred With centrality; the aim is to check whether a different
behavior is found for the two beam energies and to verify the
system independence for our projectile-target combinations,
which are heavier than those studied in Ref. [19].

Figure 6 shows the correlation between b4 (the reduced
impact parameter, defined as b/b,,, where b,, represents the
grazing impact parameter) and p.q obtained according to the
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FIG. 7. Comparison between the AMD + GEMINI++ predictions of the average b4 as a function of p,4 for (a) different energies and for
different systems at (b) 32 MeV /nucleon and (c) 52 MeV /nucleon. Statistical errors are smaller than the marker size.

AMD + GEMINI++ predictions for the QP evaporation events
for the reactions *®Ni +°®Ni at 32 MeV /nucleon [Fig. 6(a)]
and 52 MeV /nucleon [Fig. 6(b)], as examples. Very similar
correlations are found for the other reactions. The average
breq as a function of p.q is also plotted as black symbols. A
clear correlation between the two variables is visible in both
plots, particularly well defined for more peripheral reactions.
Judging from the correlations of Fig. 6, the p.q sorting pa-
rameter can be considered reliable (i.e., well correlated with
the impact parameter) at least for values >0.4 (vertical line in
the plots, corresponding on average to byeq =, 0.6). Therefore,
Pred 18 Well suited for studying semiperipheral and peripheral
collisions. The b.q VS preq correlations obtained for the two
bombarding energies are qualitatively similar, except for the
lack of statistics for the most dissipative collisions (10w preq)
at 52 MeV/nucleon: in fact, for such collisions, there is a
higher probability of a multifragmentation-like outcome, with
a consequent exclusion from the QP evaporative channel gate,
due to the Z > 14 condition on the QP remnant.

To compare the pq behavior among the different reac-
tions in a more quantitative way, in Fig. 7(a) we show the
superposition of the average b, as a function of p.4 ob-
tained according to the AMD + GEMINI++ predictions for
the reactions *Ni +®Ni at the two beam energies: only a
relatively small difference can be observed between the two
plots. However, the behavior at a given energy is almost inde-
pendent of the system, as can be seen in Fig. 7(b) [Fig. 7(c)]
for the reaction at 32 MeV/nucleon (52 MeV /nucleon).
The fact that each pyeq bin corresponds to a comparable aver-
age impact parameter value for the four reactions at the same
energy justifies our use of the isospin transport ratio technique
as expressed by Eq. (1). Due to its good sorting capability and
the similar behavior obtained for all the inspected reactions,
the pr.q Observable will be adopted as an order parameter to
highlight the evolution of the isospin equilibration between
projectile and target with centrality.

C. Isospin characteristics of the QP remnant

In this section, we exploit the average neutron to proton
ratio (N/Z) of the QP remnant as isospin related observable
to investigate the isospin equilibration between projectile and
target as a function of peq [19]. For the isospin analysis, the

isotopic identification of the QP remnant is required. About
55% (40%) of the QP evaporation events previously selected
fulfill this requirement for the reactions at 32 MeV /nucleon
(52 MeV /nucleon). The experimental results are reported in
Fig. 8 for the four reactions at 32 MeV /nucleon [Fig. 8(a)]

[ 32MeV/nucl.
Z  [|-e 64Ni+64Ni
~ I e 64Ni+58Ni
H 4+ 58Ni+64Ni
1.151 + 58Ni+58Ni
1.1~
L | L L | L L | L L |
0.4 0.6 0.8 p 1
red
N [[ 52MeV/nucl.
Z  [|-e 64Ni+64Ni
>~ I e 64Ni+58Ni
-+ 58Ni+64Ni
1.15 + 58Ni+58Ni
1.1~
L | L L | L L | L L
0.4 0.6 0.8 p 1
red

FIG. 8. Experimental neutron to proton ratio (N/Z) of the QP
evaporation residue as a function of p.q for the four reactions at
(a) 32 MeV /nucleon and (b) 52 MeV /nucleon. Statistical errors are
plotted on the y axis (generally smaller than the marker size), while
the horizontal error bars are set equal to the p.q bin width. The black
dotted line represents the N/Z value of the EAL calculated according
to the parametrization of Ref. [52] assuming the (Z) obtained for
each p,.q bin considering all the four systems.
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and at 52 MeV/nucleon [Fig. 8(b)]. In the latter case, the
four (N/Z) plots extend only up to lower p;eq values than for
the reactions at 32 MeV /nucleon: at the higher beam energy,
more QP residues are stopped in FAZIA Csl detectors and
are therefore identified by exploiting the Si2-CsI AE-E cor-
relation. This technique features a worse mass identification
with respect to the Sil-Si2 correlation (predominantly used
at the lower beam energy) and hence it does not allow for
the isotopic identification of heavy QP residues, related to
high p.q values. However, at both energies, the QP remnants
produced in the reactions induced by **Ni (solid circles) fea-
ture a (N/Z) sensibly lower than that of the original projectile
(1.29) and, in the asymmetric reaction, also lower than the
average value of the whole system (1.18). For the reactions
induced by *®Ni (solid crosses), the (N/Z) of the QP residue
is generally slightly larger than that of the projectile (1.07),
albeit always lower than that obtained with the neutron rich
projectile. Moreover, a declining trend of the isospin content
with decreasing preq, i.€., increasing centrality, can be gen-
erally noticed, more evident for the reactions induced by the
neutron rich projectile. These features, quite similar to those
reported in Fig. 5 of Ref. [19], can be mainly ascribed to the
statistical emission. In fact, for increasing collision centrality,
more energy is dissipated in the internal degrees of freedom,
resulting in the production of more excited fragments. As
pointed out in Ref. [52], the evaporation of these hot frag-
ments decreases their atomic and mass number, and tends to
move the residues towards a locus of the nuclide chart known
as evaporation attractor line (EAL); the final position of the
residue depends both on the parent nucleus as produced in the
primary phase and on its initial available excitation energy.
The behavior of (N/Z) of the QP remnant with increasing cen-
trality reflects that of the EAL with decreasing atomic number
Z. As a reference, in Fig. 8 we have drawn with a black
dotted line the N/Z value of the EAL prediction calculated
as [52]

N/Z =1.07242.32 x 1073(Z), 3)

assuming the (Z) averaged over all four systems for each prq
bin.

However, despite the effect of statistical emission, the data
clearly show the phenomenon of isospin diffusion. In fact,
at both energies, a clear ordering of the four systems is re-
spected: for each pq value, the (N/Z) of the QP remnants
produced in the asymmetric reactions are located between
those of the two symmetric reactions. For the most peripheral
collisions the isospin content of the QP residues produced in
the reactions with the same projectile and different targets
is quite similar, but a gap between the two develops and
increases with centrality, more clearly visible for the lower
beam energy. This gap due to the only change in the target
isospin is a net consequence of the isospin diffusion, although
with a sensitivity reduced by the evaporative decay. Moreover,
the (N/Z) values for the asymmetric systems tend to approach
each other, revealing the trend toward isospin equilibrium
between projectile and target, with a higher degree of equi-
libration achieved for more central collisions.

—
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FIG. 9. Isospin transport ratio calculated with the (N/Z) of the
QP evaporation residue as a function of p.q (experimental data). The
results for the asymmetric reactions Ni + >*Ni and **Ni 4 *Ni at 32
MeV /nucleon (52 MeV /nucleon) are plotted as black (red) symbols.
The vertical error bars, often smaller than the marker size, correspond
to statistical errors.

As said, the details of the isospin equilibration can be
further inspected by exploiting the isospin transport ratio tech-
nique [36]. In Fig. 9, the isospin transport ratio, as defined
by Eq. (1), evaluated for X = (N/Z) of the QP remnant is
reported as a function of pq. The results for the reactions
at 32 MeV /nucleon (52 MeV /nucleon) are plotted as black
(red) symbols. For both energies, the same symbols are as-
sociated with the different projectiles as in Fig. 8. For the
most peripheral reactions, the obtained values of R({N/Z))
are close to £1, with an absolute value always smaller than
unity; in fact, since mass identification is achieved only up
to Z =~ 24-25, the events featuring the heaviest QP remnants,
generally resulting from the most peripheral reactions, are
not included. For increasing centrality, the two R({N/Z))
branches are driven towards each other, an evidence of evo-
lution towards isospin equilibration. The full equilibration
condition R((N/Z)ap) = R({N/Z)p4) is not reached, but we
remind that we are not investigating the most central colli-
sions (pred < 0.4). The behavior of the ratio as a function
of prq shows a very clear and regular trend, smoother at
32 MeV /nucleon. These findings are in general agreement
with observations reported in the literature at comparable
energies [9,14,15,40]. Moreover, as previously observed in
Ref. [7] by means of isobaric ratios, a different degree of
isospin equilibration is achieved for the reactions at the two
bombarding energies, with the two R({N/Z)) branches closer
to each other at 32 MeV /nucleon with respect to those ob-
tained at 52 MeV /nucleon. In fact, a stronger effect of isospin
equilibration in the reactions at 32 MeV /nucleon than at 52
MeV /nucleon could be expected, taking into account, for in-
stance, longer projectile-target interaction times at lower beam
energy. The plots presented in Fig. 9 are model independent
since they are obtained by exploiting only the information
provided by the experimental data. However, as already ev-
idenced, within the AMD + GEMINI4+ predictions a slightly
different behavior of p.q with the reaction centrality is found
for the two bombarding energies. To take into account the
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FIG. 10. Isospin transport ratio calculated with the (N/Z) of the
QP evaporation residue, reported as a function of b4, obtained
from the plot in Fig. 9 by rescaling p.q into b, by exploiting
their correlation obtained within AMD + GEMINI++. The results
for the asymmetric reactions **Ni+¥Ni and *Ni+*Ni at 32
MeV /nucleon (52 MeV /nucleon) are plotted as black (red) symbols.
The vertical error bars, often smaller than the marker size, correspond
to statistical errors.

possible role of this difference in the experimental data in-
terpretation, in Fig. 10 we present the same isospin transport
ratio plots of Fig. 9 after rescaling the x axis from the preq
variable to bq. The rescaling was performed by exploiting
the AMD + GEMINI++ predictions on the beq VS preq COITE-
lations (see Fig. 7). In Fig. 10, we can compare the degree
of equilibration for the same (or a similar) impact param-
eter; also after the rescaling operation, it appears that the
equilibrium condition is more closely approached in the reac-
tions at 32 MeV /nucleon than at 52 MeV /nucleon, and such
observation emerges much clearer than just as a function
of Pred-

So far, no distinction has been made on the basis of the
particles detected in coincidence with the QP remnant, which,
in a large majority of events, are only LCPs. However, we
also checked whether a different behavior is found for the
QP evaporation events in which at least an IMF (Z = 3, 4)
is found in coincidence with the QP remnant; the main ob-
servations are here described without showing further graphs
to avoid redundancy. In the subset of QP evaporation events
with at least an IMF (about 10-15 % of the total events in
the evaporation class), the (N/Z) of the QP remnant is slightly
lower than that obtained for the more populated subclass, i.e.,
the one with only LCPs in coincidence with the QP remnant.
A possible interpretation of this effect lies in the occurrence
of some isospin drift; in fact, the accompanying IMF, which,
as expected, is generally emitted at midvelocity, is likely to
be generated from the neck region, showing its characteristic
neutron richness and leaving behind a more neutron defi-
cient QP remnant. As expected, the neutron enrichment of
the backward emitted IMFs has been observed in this dataset
[56]. Alternatively, the reason for the lower (N/Z) for the QP
remnants with coincident IMF can be that the IMF sets a bias
towards slightly more excited events, for a given preq. Inde-
pendently of the origin, however, by exploiting the isospin

transport ratio technique, the same results are obtained for
both subclasses of the QP evaporation selection. This confirms
the capability of the method to isolate the equilibrating action
of the isospin diffusion between projectile and target, bypass-
ing those effects acting similarly in the four reactions. As for
the isospin drift, a more specific investigation is planned in the
near future with a dedicated analysis.

D. Isospin characteristics of the QP ejectiles

The rich information collected by the INDRA-FAZIA ap-
paratus also allows us to inspect the isospin equilibration
phenomenon from a complementary point of view with re-
spect to that presented in the previous section. In fact, also the
lighter ejectiles (LCPs and IMFs) convey rich information on
the isospin dynamics related to the collision event. In partic-
ular, since the isospin characteristics of the decay products of
the QP are related to its isotopic composition, they can be used
as tracers for the isospin diffusion between the two reaction
partners. This is the approach that has been adopted in the
past by various authors [11,12,14].

As commonly done in the literature [18,23], we study
the QP decay emissions by considering the particles forward
emitted with respect to the QP remnant (collected by FAZIA
and by the first rings of INDRA); in fact, this selection can
be expected to feature less contamination from dynamical
contributions (e.g., neck emission) and from the QT sta-
tistical evaporation with respect to the backward emission.
Various isospin-sensitive observables can be built to inspect
the characteristics of the light emissions, such as their (N/Z)
or selected isobaric and isotopic yield ratios; we studied the
behavior of some of them, obtaining results leading to similar
observations [56]. For brevity, in the following, we show
the results for one observable, the isospin ratio for complex
particles, defined as [11]

(NY/(Z)ep =D D NI/ DD "7, )

i

where the v index numbers the different complex particles in
the ith event, and the outer sum runs over all the events in the
selected prq bin. Free protons are excluded (as well as free
neutrons, which are not detected), while d, f, 3He, “He, °He,
SLi, "Li, 8Li, °Li, "Be, °Be, and '°Be are taken into account
as complex particles. N! (Z') is the number of neutrons (pro-
tons) bound in the vth complex particle forward emitted with
respect to the QP remnant. Figure 11 shows the (N)/(Z)cp of
the complex particles forward emitted with respect to the QP
remnant for the four reactions at 32 MeV /nucleon [Fig. 11(a)]
and at 52 MeV/nucleon [Fig. 11(b)], as a function of pieq.
We point out that our result for the system “*Ni+®Ni at
52 MeV /nucleon is quite comparable to what has been ob-
tained for the same reaction in Ref. [57]. Complementarily to
the behavior observed for the isospin of the QP remnant, in
all systems a smoothly increasing neutron content is found
for forward emissions with increasing centrality. A similar
behavior is also obtained for other observables that include
the contribution of free protons. This observation is consistent
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FIG. 11. Experimental neutron to proton ratio (N)/(Z)cp of the
complex particles (see text) forward emitted with respect to the
QP remnant, as a function of p.4 for the four reactions at (a) 32
MeV /nucleon and (b) 52 MeV /nucleon. Statistical errors are plotted
on the y axis (generally smaller than the marker size), while the
horizontal error bars are set equal to the p.q bin width.

with the assumption that the trend found in the plots of Fig. 8
is certainly affected by the role of statistical decay. Further-
more, in Fig. 11, the ordering of the plots for the four systems
is again respected at both energies. The decay products of
the QP emerging from the reactions induced by the same
projectile on different targets (indicated by the same marker
shapes in Fig. 11) feature an evidently different chemical
composition, with a wider (N)/(Z)cp gap for more central
collisions; such difference is due to a different composition of
the primary QP, produced by the action of the isospin transport
process during the contact between the two reaction partners.
As a result, in Fig. 11, the trend of the two asymmetric
systems towards isospin equilibration for more damped col-
lisions (lower prq) is clear, particularly for the reactions at 32
MeV /nucleon. Such a clean evidence of isospin diffusion also
suggests that the possible contribution of prompt emission
within this selection of light fragments is small (as could be
expected since mostly neutrons and protons, here excluded,
contribute to such an emission); indeed, such a contribution of
early emitted particles could wash out the effect of the isospin
equilibration process.

The (N)/{Z)cp can also be exploited as an alternative
probe to evaluate the isospin transport ratio as a function of
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FIG. 12. Isospin transport ratio calculated with the (N)/(Z)cp

of the complex particles (see text) forward emitted with respect

to the QP remnant, as a function of p.4 (experimental data). The

results for the asymmetric reactions **Ni 4 **Ni and **Ni + **Ni at 32

MeV /nucleon (52 MeV /nucleon) are plotted as black (red) symbols.

The vertical error bars, often smaller than the marker size, correspond
to statistical errors.

Pred- The result is shown in Fig. 12 for both asymmetric re-
actions (drawn with different markers) at both beam energies
(32 MeV /nucleon as black symbols, 52 MeV /nucleon as red
symbols), and we note the strong similarity with the comple-
mentary QP remnant results in Fig. 9. The effect of isospin
diffusion, driving the two systems towards equilibration for
more central collisions, is evident. By careful comparison of
Figs. 12 and 9, we also notice, common features aside, a
slightly different trend of the isospin transport ratio as a func-
tion of preq. The fact that different isospin probes can produce
different behaviors of the isospin ratio as a function of central-
ity has already been observed in Ref. [15]. Also by exploiting
this different isospin observable, the higher degree of isospin
equilibration achieved for the reactions at 32 MeV /nucleon is
confirmed, being the two branches of R({N)/(Z)cp) closer to
each other than at the higher bombarding energy. The effect is
more evident for less peripheral collisions.

As done for the study of the isospin content of the QP
remnant in the previous paragraph, we also present the same
isospin transport ratio R({(N)/(Z)cp) as a function of b4 in
Fig. 13, again obtained from Fig. 12 by an x-axis rescaling
based on AMD + GEMINI4-+. After the rescaling, the stronger
isospin equilibration effect on the reactions at lower beam
energy can be more easily noticed.

In conclusion, all of the plots here presented point to-
wards similar conclusions concerning the process of isospin
diffusion between asymmetric projectile and target. To our
knowledge, such rich and regular complementary results for
the isospin transport ratio based on both the (N/Z) of the QP
remnant and of the isospin content of the evaporated particles
are not common to find in the literature.

IV. SUMMARY AND CONCLUSIONS

We have presented an analysis of the first experimental
data collected with the coupled INDRA-FAZIA apparatus.
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FIG. 13. Isospin transport ratio calculated with the (N)/(Z)cp
of the complex particles (see text) forward emitted with respect to
the QP remnant, as a function of b4, obtained from the plot of
Fig. 12 by rescaling p;.q into b,q and exploiting their correlation
obtained within AMD 4 GEMINI++-. The results for the asymmet-
ric reactions *Ni+ *Ni and 3Ni + ®*Ni at 32 MeV/nucleon (52
MeV /nucleon) are plotted as black (red) symbols. The vertical error
bars, often smaller than the marker size, correspond to statistical

errors.

The four reactions >%%4Ni+%6Ni have been investigated
at two incident energies, 32 and 52 MeV /nucleon, to study
the isospin diffusion occurring during the interaction between
asymmetric projectile and target in two supposedly different
dynamics conditions related to two beam energies. With the
available dataset, we have been able to compare the properties
of the products of the two asymmetric reactions with those
of both the neutron rich and the neutron poorer symmetric
systems; we exploited the isospin transport ratio technique
to stress the signature of the isospin equilibration with re-
spect to other effects, such as fast emissions and statistical
deexcitation of the primary products, acting similarly in the
four systems but possibly spoiling the genuine sought after
effect.

The present analysis focuses on the peripheral and semipe-
ripheral events resulting in a binary exit channel. We have
selected the QP evaporation channel by requiring the presence
of a single heavy fragment accompanied only by LCPs and
IMFs. Though the main scope of this work is not an extensive
comparison of the model predictions with the experimental
data, the charge and velocity characteristics of the QP remnant
resulting from the AMD 4 GEMINI++ simulations, filtered
with a software replica of the experimental apparatus, have
been compared to the QP remnant in the collected events. The
AMD + GEMINIH-+ simulated data have also been exploited
to verify the reliability of the reduced QP momentum p,.q as a
centrality estimator. Within the model, p;.q results to be well
correlated with the impact parameter, almost independent of
the reaction and only slightly dependent on the beam energy.

Thanks to the wealth of information on each event
collected by the INDRA-FAZIA apparatus, the isospin equi-
libration has been followed by means of the average neutron

to proton ratio of the QP remnant, obtained from its direct
identification, and of the chemical composition of the com-
plex particles (LCPs and IMFs with A > 1) forward emitted
with respect to the QP residue, as messengers of the preced-
ing degree of equilibration achieved just at the end of the
interaction. Both these observables have been exploited to
build the isospin transport ratio, shown as a function of preq
and also as a function of b4, after rescaling the x axis by
exploiting the AMD+GEMINI++ predictions for the breq Vs
Pred correlations. A clear evidence of the relaxation of the
projectile-target isospin asymmetry towards the equilibrium
for increasing reaction centrality has been found equally sig-
naled by both the selected observables. Moreover, a stronger
trend towards isospin equilibration is observed at the lower
bombarding energy. This finding, in agreement with previ-
ous works at comparable beam energies, can be qualitatively
justified in terms of the longer timescales for the lower en-
ergy case, allowing for a more effective diffusion process.
The observations here reported refer to the QP evaporation
channel, which, according to the model, for the considered
breq interval constitutes the majority of the dataset selected by
the preliminary conditions. However, we aim to complete the
study by further extending the isospin diffusion analysis to
other output channels (e.g., the QP breakup channel for which
similar signals have already been evidenced for this dataset
[56D).

The analysis presented in this work is essentially model
independent, with the exception of the isospin transport ratio
plots reported as a function of b.y. However, we aim to
further investigate the simulated dataset in order to extract
more precise information on the dynamical processes taking
place in the selected events. In this respect, the good quality
data presented here are a bench test for further theoretical in-
vestigations in terms of sophisticated reaction models through
which information on the details of the NEoS and/or the rel-
evant timescales involved in the microscopic processes could
be extracted.

The rich information of the INDRA-FAZIA E789 dataset
is far from drained, and the analysis is still in progress with
the investigation of other topics, such as, for instance, the
study of the QP breakup and the particle correlations. Finally,
the performance achieved in the experiment presented in this
paper confirms the excellent capabilities expected from the
INDRA-FAZIA experimental apparatus and is promising in
view of the forthcoming experiments planned also at higher
energies.
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