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The neutron-proton equilibration process in “®Ca+°Ca at 35 MeV /nucleon bombarding energy
has been experimentally estimated by means of the isospin transport ratio. Experimental data
have been collected with a subset of the FAZIA telescope array, which permitted to determine Z
and N of detected fragments. For the first time, the QP evaporative channel has been compared
with the QP break-up one in a homogeneous and consistent way, pointing out to a comparable n-p
equilibration which suggests close interaction time between projectile and target independently of
the exit channel. Moreover, in the QP evaporative channel n-p equilibration has been compared with
the prediction of the Antisymmetrized Molecular Dynamics (AMD) model coupled to the GEMINI
statistical model as an afterburner, showing a larger probability of proton and neutron transfers in

the simulation with respect to the experimental data.

I. INTRODUCTION

Since the end of the ’80s some experiments, mostly
focused on dissipative collisions below 20 MeV /nucleon,
investigated how a colliding system with projectile and
target with different “chemical” composition, evolves to-
wards the charge equilibration [1-4]. Later on, the so-
called isospin dynamics, namely the neutron-proton (n-
p) exchange between two interacting nuclei, gained much
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attention at Fermi energies (20-100 MeV /nucleon), where
nuclear subsystems relatively far from the saturation
value of the baryon density can be explored; this, in turn,
allows to investigate how the nuclear Equation of State
(nEoS) rules the dynamics [5, 6]. In the Fermi energy
domain, interesting signals have been found mainly in
binary semi-peripheral collisions, mosrly the clear evi-
dence of a neutron enrichment of the fragments emit-
ted from the phase-space region between the two main
reaction products (also labeled mid-velocity or neck re-
gion) [7—10]. A theoretical interpretation was proposed
and timely developed in the framework of nuclear reac-
tion models, in order to describe the isotopic composi-
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tion of the emerging excited Quasi-Projectile (QP) and
Quasi-Target (QT) after the collision: the n-p equilibra-
tion is largely due to the initial different concentration
of neutrons and protons between projectile and target
(isospin diffusion) while the neutron enrichment of the
mid-velocity zone is ascribed to the density gradient,
which arises between the different regions of the colliding
systems (isospin drift) [11-13]. In this paper, we discuss
about isospin diffusion and how it guides the system to-
wards the n-p equilibration.

The degree of charge equilibration is strictly related
both to the driving force which rules the n-p exchange
and to the interaction time. In particular, the isospin dif-
fusion is sensitive to the symmetry energy term Fgyp, of
the nEoS [11, 13], and it has been used, in the past, to put
some constraints on that and on the whole parametriza-
tion [5, 6, 14]. However, to date, a clear knowledge of
the symmetry energy is still lacking, namely the Taylor
expansion coefficients are known with large uncertainties
(first order term, Lgyy,) or not at all (second order, Kgym,
and higher order coefficients) [15]. Concerning the inter-
action time, for a given restoring potential, the longer
the interaction time the more equilibrated in isospin the
system [5]. In this sense, different effects contribute to
the equilibration, such as in-medium effects which sig-
nificantly reduce the nucleon-nucleon cross section with
respect to the nucleon-nucleon value [16], or cluster cor-
relations that arise during the collision [17]. Therefore, a
characterization of the collision as a function of the reac-
tion centrality is mandatory in order to explore different
interaction times.

During the years the experimental investigations fol-
lowed two main paths. The first one exploited detection
arrays covering a large part of the solid angle in order to
globally characterize the acquired events, although with
limitations in terms of isotopic separation (typically be-
low Z ~ 8) [18-20]. As a consequence, in such stud-
ies [5, 6, 14, 21-23] only the lightest QP decay products
could be used to extract information on the isospin equi-
libration. The second one adopted mass spectrometers,
in order to directly access to the neutron-proton ratio
(N/Z) of the QP remnants, at the expense of covering
a small part of the solid angle and detecting only the
main fragment of the event. Consequently, no informa-
tion on break-up events or Intermediate Mass Fragments
(IMFs) and/or Light Charged Particles (LCPs) accom-
panying the QP could be obtained in typical configura-
tions [24, 25]. On the other hand, according to the litera-
ture [13, 26], the experimental determination of the N/Z
content of the QP remnant could be a good probe to put
constraints on the symmetry energy. In such a scenario,
it could be useful to directly detect the isospin content of
the QP remnant, together with the accompanying par-
ticles or fragments. An example in this direction is the
recent paper of the NIMROD collaboration where the au-
thors reconstructed the isospin of the QP remnant [27].

The present work fits with this panorama, aiming at
the investigation of the isospin diffusion in peripheral

and semi-peripheral reactions and trying to overcome the
limitation of previous detectors. In fact we investigated
the asymmetric reaction *Ca+*°Ca at 35 MeV /nucleon
by means of the FAZIA multi-telescope array, mainly
for two reasons. Firstly, Ca isotopes allow to stress the
isospin unbalance of the entrance channel, moving from
(%)4SCCL =14 to (%)400(1 = 1. Secondly, for such reac-
tions the FAZIA array allows a mass resolution compa-
rable with that of a spectrometer [28], allowing to fully
access the isotopic content of the QP remnant. Moreover,
thanks to the good granularity of the detector, we can
investigate also the break-up channel in order to isotopi-
cally reconstruct the QP from the detected pair [29]. In
light of this, we measured the n-p equilibration in the QP
evaporative channel, directly accessing the QP remnant;
this will be compared for the first time, in a homoge-
neous and coherent way, with the QP break-up channel,
where the QP can be reconstructed from the daughter
fragments.

In order to extract the equilibration degree in
48Ca+19Ca system, referred in the following as the mixed
one, we adopted the isospin transport ratio (also known
as imbalance ratio) [30], which normalizes an isospin
related observable measured in the asymmetric system
to that measured for two symmetric reactions, where
the isospin diffusion is absent by definition. For this
reason, *¥Ca+*8Ca and *°Ca+%°Ca reactions, both at
35MeV /nucleon, have been also measured and used as
reference. The isospin transport ratio is defined as fol-
lows [30]:

2X — X4848 _ X404O
R(X) = (4848 _ 4040 (1)

where X is an isospin sensitive observable evaluated
for the three systems. For the two symmetric systems
48Ca+*8Ca and 1°Ca+*°Ca, R(X) assumes the value of
41 and -1, respectively. Such a method allows to en-
hance the equilibration signal due to the isospin diffu-
sion [5, 21, 27], reducing the effects of any unwanted
overlapping process, and effectively cancelling those in-
troducing a linear transformation of X [31]. Moreover,
we note that if the chosen variable linearly depends on
the isospin of the system, R(X) = +1 represents the “No
Equilibration” limit, while R(X) = 0 the “Full Equili-
bration” value [30]. As done in the past [1-4], in this
paper, the n-p equilibration is followed as a function of
the reaction dissipation. Since the impact parameter is
not directly accessible as an experimental observable, as
usual, we used a reaction centrality estimator whose ef-
fectiveness to follow the impact parameter order has been
tested by means of the Antisymmetrized Molecular Dy-
namics (AMD) [32] model coupled with GEMINI++ [33]
as an afterburner.

This paper is organized as follows. In Section II the ex-
perimental apparatus and the adopted theoretical mod-
els are presented. Section III describes the event se-
lection criteria; also the gross properties of the stud-
ied systems are presented. The adopted method to esti-
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Figure 1. Schematic polar representation of the apparatus ge-
ometry. The beam axis passes through the symmetry center.
View from the target.

mate the reaction centrality is presented in Section IV.
The n-p equilibration in both the QP evaporative and
QP break-up channels is presented in Section V, while
the comparison of the QP evaporative channel with the
AMD+GEMINI++ prediction is reported in Section VI.
Summary and conclusions are given in Section VII.

II. INVESTIGATION APPROACH

We performed the experiment using beams of 40:48Ca
at 35MeV /nucleon, delivered by the Superconducting
Cyclotron of INFN-LNS with an average current of
0.1pnA, impinging on #0*8Ca targets with a thickness
of 500 ug/cm?.  Approximately 110, 70 and 15 mil-
lions of events have been collected for the *3Ca+*8Ca,
48Ca+49Ca and 4°Ca+*°Ca, respectively. The vacuum
inside the scattering chamber was 2x1075 mbar during
the whole experiment.

In order to avoid Ca oxidation during the mounting of
the targets, the Ca layers were sandwiched between two
Carbon foils of about 10 ug/cm? on both sides of each
target was used. Data of both ***8Ca beams impinging

n 12C (300 pg/cm? thick) have been collected in order to
estimate the carbon reaction background in the main re-
action data. As observed in a previous analysis where the
same Ca targets have been used [34], no significant con-
tribution of reactions on Carbon target has been found,
thus concluding that the background due to reaction on
Carbon negligibly affects the present results [35].

Data have been collected with four FAZIA blocks [28,
36] arranged in a wall configuration around the beam axis
covering polar angles from 2° up to 8° approximately,
80 cm far from the target. A schematic representation of
the apparatus geometry is shown in Fig. 1. The main

features and performances of the FAZIA multi-telescope
array are fully described elsewhere [28, 36-38]. Here,
we remind that each block consists of 16 2x2cm? Si-
Si-CsI(T1) telescopes, where the thickness of different
layers is 300 pm, 500 ym, and 10cm, respectively. The
telescopes are directly coupled to “custom” FEE cards,
featuring the preamplifiers and the fast digital sampling
stages, also allowing the on-line extraction of the en-
ergy parameters from the signals [36]. Each FAZIA tele-
scope allows to identify iostopes in charge and mass up to
Z =~ 25 with the AE-E technique [39] and up to Z =~ 20
via Pulse Shape Analysis in Silicon detectors [37] for frag-
ments stopped in the first Silicon layer with identification
energy threshold depending on the ion charge [37]. The
data presented in this paper refer to the QP phase-space;
as in most other experiments, energy thresholds do not
allow to access the QT phase-space, which results almost
undetected.

As anticipated, from the theoretical side, data are com-
pared with the predictions of the AMD model, belonging
to the Quantum Molecular Dynamics family [40, 41], due
to its well assessed capability to describe nuclear collision
characteristics in a various range of energy and impact
parameters [42]. In brief, this model describes a many-
body nuclear system by means of a Slater determinant
of Gaussian wave packets and the equation of motion is
obtained via time dependent variational principle [43].
The version of the AMD code used in this work imple-
ments the mean-field via the effective interaction Skyrme
SLy4 [44], using K.+ = 230 MeV for the incompressibil-
ity modulus of the nuclear-matter and py = 0.16 fm =3 for
the saturation density. Two parametrizations of the sym-
metry energy can be tested within AMD: an asym-soft
one with Egy,, = 32MeV and Ly, = 46MeV, and an
asym-stiff one with Ly, = 108 MeV and the same value
for Esym, obtained by changing the density dependent
term in the SLy4 force [43]. Such recipes are compat-
ible with the reported values for realistic parametriza-
tions [15]. Nucleon-nucleon collisions are taken into ac-
count by implementing test particles which are randomly
generated at every time step [42, 45]. The transition
probability depends on the in-medium nucleon-nucleon
cross section, which can be considered, within some lim-
its, as a free parameter of the model. In this used code
version, the parametrization proposed in Ref. [17] has
been used, i.e. ¢ = o tanh (ogee/00), With oo = yp~2/3
where y is a screening parameter, set at y = 0.85 (accord-
ing to [17]). In order to take into account cluster corre-
lations arising during the dynamics, cluster states are in-
cluded among the possible achievable final states [42, 45—
47].

We produced about 40000 events for each system and
symmetry energy parametrization, stopping the dynam-
ical calculation at 500fm/c, a time when the dynamical
phase is safely concluded and the Coulomb interaction
among QP and QT can be considered negligible [45].
Impact parameters up to the grazing values by (10.4,
10.1 and 9.7 fm for the n-rich, mixed and n-deficient sys-
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Figure 2. (Color online) Experimental data for the **Ca+*®Ca reaction. Panel a-b) Charge vs. parallel velocity correlation in
laboratory frame of BF ejectiles. a): events with Mpp = 1, the rectangle shows the QPg selection; b) events with Mpr = 2.
Beam (vpeqam) and c.m. system (vem) velocity are pointed out by the arrows. Panel ¢) 0y.c; vs. vre correlation between the two
BFs of the same events as in panel b); the rectangle points out the QP selection. Each correlation is normalized to unitary

integral.

tem, respectively) have been randomly sorted, with a
triangular distribution. For each primary event, 2000
secondary events have been generated by means of the
GEMINI++ [33] statistical Monte Carlo code. The sim-
ulated data have then been filtered through a software
replica of the apparatus, that takes into account the ge-
ometrical efficiency and the identification thresholds, in
order to consistently compare the simulation output with
the experimental results.

III. EVENT SELECTION AND REACTION
CHARACTERIZATION

In order to show the criteria adopted for selecting
events we focus on the “8Ca+*8Ca reaction for the sake
of brevity. The same selection criteria have been applied
to the other systems. First of all, due to pile-up events,
events with the total detected charge Zror greater than
the total system charge are rejected, as well as events
with a total parallel momentum greater than the beam
momentum (less than 2%). Only events with isotopically
identified ejectiles have been considered in the present
work, which represents more than 80% of the total events.

The event selection is based on a detected multiplicity
(M) condition. We define as Big Fragments (BF's), any
ejectile with Z > 5, and as IMF's only Lithium and Beryl-
lium ions. This choice is motivated by the fact that most
particles with Z < 5 come from statistical emission ac-
cording to the AMD+GEMINI++ predictions. Accord-
ing to our goal, we want to select two main channels, i.e.
the evaporative channel, and the break-up one. In the
evaporative channel the primary QP de-excites emitting
IMFs and LCPs, thus only a BF is expected. Differently,
in the break-up channel, the primary QP splits in two
BF's, possibly excited above the energy threshold for par-
ticle decay and thus undergoing subsequent evaporation.
Consequently, the first class is identified by the presence

of one BF (Mpp = 1), while the second one includes
two BF (Mgr = 2). It is worth mentioning that these
classes correspond to 65% and 2% of the total number
of acquired events, respectively; the remaining part, due
to the limited solid angle coverage, contains events with
only LCP and/or IMF detected and it is discarded.

Fig. 2(a,b) shows the BF charge vs. the parallel ve-
locity (along the beam axis, vpq,) correlation in the lab-
oratory frame for events with Mgr = 1 and Mgpr = 2,
respectively. Beam (Upeqm) and center of mass (vern,) ve-
locities are pointed out by the arrows. Panel a) shows a
quite intense spot in the charge region 12 < Z < 22, with
parallel velocity between 60 and 80 mm/ns (i.e. BF's that
preserve down to the 75% of the projectile velocity). The
BFs whose charge is greater than the projectile charge
are ascribable to a charge transfer from the target to the
projectile during the interaction phase. Both charge and
velocity are compatible with a BF that is the QP rem-
nant after the de-excitation through the emission of LCP
and/or IMF. The observed spot corresponds to a projec-
tile that retains down to 60% of its initial charge: such
charge range complies with analogous selections adopted
in literature [22, 48]. As a consequence, we select as QP
evaporative channel (QP g) those events containing a QP
remnant (labeled as QPg), i.e. a BF forward emitted
with Z = 12 + 22), as pointed out by the red contour
in Fig. 2(a). QPg events represent 52% of the total col-
lected data.

Fig. 2(b) shows the Z — vy, correlation for events that
we mostly ascribe to QP break-up. Indeed four loci are
mainly filled: according to the quadrants defined by the
dashed lines, we verified that BF's with Z > 10 emit-
ted at vper > 70mm/ns “Heavy-Fast”) are mainly cor-
related with lighter BF's with vy, < 70mm/ns “Light-
Slow”); BF's with Z > 10 emitted at vpe, < 70mm/ns
(“Heavy-Slow”) are correlated with lighter BF's at vpq, >
70mm/ns (“Light-Fast”). Such observation is compati-
ble with the well known QP break-up scenario [49-52].
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Figure 3. (Color online) Experimental (symbols) and simulated (lines) properties of the QP in the QPg (black) and QPg
(red) channels, for the **Ca+*¥Ca (a-c) and *°Ca+*°Ca (d-f) reactions. Panel a,d): charge distributions. Panel b,e): parallel
velocity in the laboratory frame. Panel c,f): polar angle in the c.m. system. Each distribution is normalized to unitary integral.
QP distributions are scaled by a factor 0.5 for sake of clarity. Statistical errors are smaller than the marker size (line width).

We can strenghten this selection by means of the cor-
relation between the relative angle of the two detected
fragments 6,; (in the system center of mass) and their
relative velocity v,.;. Indeed, in such a correlation QP
break-up events settle at low 6,..; and at a v,.; compatible
with that of a Coulomb-driven split [34]. On the contrary,
coincidence between QP and QT lies at 6,..; values close
to 180°. Results are shown in Fig. 2(c). Consequently,
the QP break-up (QPpg) channel events are selected re-
quiring Mppr = 2 and the two BF's in the phase-space
region within the red contour of Fig. 2(c). In addition, we
require that the total charge of the two BF's is within the
aforementioned defined QP charge range (i.e. 12 — 22).
Events selected as described are the 1.5% of the total
events (corresponding to the 75% of the Mpp = 2 sam-

ple).

A. Evaporative and break-up channel
characterization

Since both selected channels could contain partially
detected events of higher multiplicity, the study of
their gross properties is mandatory in order to vali-
date the selections. For such purpose, we exploited the

AMD+GEMINI++ model, which has shown to be able
to reproduce the gross properties of heavy-ion collisions
in a large range of ions and bombarding energies [34, 45—
47].

Preliminary, the percentages predicted by the simula-
tion for QPg and QP g events are 65% and 1.5%, i.e. in
agreement with the values observed in the experimental
dataset. Moreover, the amount of QP g events within the
QP g selection is below 2% (due to the limited geometri-
cal acceptance), thus allowing to go further in the event
characterization.

The measured distributions of the QP g charge, paral-
lel velocity in the laboratory frame, and diffusion angle
in the system center of mass are reported in Fig. 3(a, b,
c), for the *¥Ca+*¥Ca reaction, respectively; results for
the 4°Ca+9Ca reaction are shown in fig Fig. 3(d, e, f).
Both QP g and QP channels are shown. Each distribu-
tion is normalized to unity for a better shape comparison
with the model prediction; QP g distributions are further
scaled by a factor 0.5 for sake of clarity. We underline
that in the QP g channel, the QP is reconstructed from
the two detected BF's.

For the experimental case, we observe that both the
parallel velocity (vpq,) and the diffusion angle (6.,,) show
typical features of binary dissipative collisions. Indeed,



for QP g events extends downwards starting from beam
velocity, while the 6., is peaked at angles slightly larger
than the grazing angle [45]. Similar characteristics are
also found in the QPp distributions. However, some
differences arise. The larger widths of the three distri-
butions observed for QPp are consistent with the ex-
pected broader phase-space region for QP g, and the lab-
oratory velocity tends to be on average smaller than for
QPpg events. The AMD+GEMINI4++ simulation is in
global agreement with the observed distributions, as also
shown in a recent investigation on Kr+Ca reactions at
35 MeV /nucleon with four FAZIA blocks [34, 53]. We re-
mind that the simulation was subjected to the same con-
straints as the experimental data. For the QP g channel,
the simulation follows the experimental trend, especially
in the 4°Ca+%°Ca reaction, while some slight discrepan-
cies appear for the *8Ca+%8Ca reactions. Such differ-
ences could be related to a different dissipation degree
between the experimental and the simulated data. In-
deed, the model seems to favor more dissipative events,
i.e. lighter QPg (panel a), lower parallel velocity (panel
b), and with larger diffusion angle. Similar findings
have been found also in the Kr+Ca comparison with the
AMD+GEMINI++ predictions [34, 53].

As a final note of this section we observe that the QP
distributions for the asymmetric 48Ca+4°Ca system are
very similar to those of the symmetric “3Ca+48Ca case
(fig. 3(a,b,c)). This is reasonable since we are observing
very similar QP g and none of the characteristics shown so
far take into account the detailed isotopic composition of
the ejectiles. In conclusion, as also in the recently inves-
tigated Kr+Ca reactions with four FAZIA blocks[34, 53],
the AMD+GEMINI++ simulation offers a reasonable de-
scription of both the QP g and QP p channels, thus con-
firming the validity of the adopted selection criteria.

IV. REACTION DISSIPATION AND
CENTRALITY

In this section, we aim at extracting an experimen-
tal observable which can be used to order the events as
a function of the reaction dissipation, to quantify the
isospin diffusion from peripheral to more central events.
The chosen observable is based on the momentum of the

detected (or reconstructed) QPr. We define the reduced
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momentum (p,eq), defined as preq = ie.

the QP remnant (or reconstructed) parallel momentum
(pga’;) normalized to the beam momentum (p®¢*™), both
of them in the c.m. frame.

We first verify, for the experimental data, that the re-
duced momentum scales as a function of the reaction
dissipation. We report the results from the *¥Ca+4°Ca
reaction as a representative case. We focus on the QPg
channels since no significant amount of LCPs are de-
tected in the QPp channel due to the limited angular
setup. For such purpose we exploited the LCPs for-

ward emitted with respect to the QPg, that more re-
liably can be attributed to the QP decay, being less af-
fected by other contributions. However, in this phase-
space other contributions could be present, as LCPs as-
sociate to pre-equilibrium emissions. One expects that
the LCP coming from the statistical decay of the QP
present a Maxwellian-like kinetic energy spectra: the ap-
parent temperature increases with the reaction dissipa-
tion. Fig. 4(a) shows the experimental invariant pro-
ton kinetic energy spectra, in the QPg frame, for the
48Ca+19Ca system: each distribution refers to a differ-
ent bin of p,.q, according to the legend, and is normal-
ized to unitary area for better shape comparison. We
observe that each distribution presents two slopes, corre-
sponding to two apparent temperatures 77 and T5, and
this deserves some comments. The QP g is the matching
source only for protons that contribute to the low energy
tail (1), i.e. the thermal-part of the distributions [54];
the high energy tail (T3) could be due to different mecha-
nism, such as pre-equilibrium emission from the neck [54]
or from the deformed QP [55-57], i.e. due to protons
emitted from different sources. For what is relevant to
the present discussion, a two-temperature fit can be used
in order to disentangle the thermal part from the non-
thermal one, thus obtaining a crude indication on the
excitation scale of the QP source.

The results of the fitting procedure using two
Maxwellian contributions are depicted in Fig. 4(a), su-
perimposed to the experimental spectra. The values of
the fitted parameter T; are shown in Fig. 4(b) as a func-
tion of p,.q for all the systems. The obtained T} scaling
as a function of the reduced momentum confirms that, on
average, we are indeed selecting collisions with increasing
dissipation when p,..q decreases from 1 to 0.3.

Within the AMD+GEMINI+4 model, on the other
hand, we can directly verify the relationship between p;.cq
and the reduced impact parameter b,.q (b/bg). Fig. 4(c)
shows the b,.q vs. preq correlation predicted by the
AMD+GEMINI++ simulation, filtered with the detec-
tor response: the correlation is narrow for peripheral col-
lisions and tends to broaden for low b,..4. For this reason,
we restrict the following analysis only to the upper-right
region indicated by the dashed lines in the figure. Here,
the correlation is relatively narrow and permits to reli-
ably explore the range b,.q ~ 0.5 — 1. These findings
are quite the same for the three studied Ca reactions as
evidenced in Fig. 4(d) by the evolution of the average
reduced impact parameter ({b.cq)) as a function of preq.

Finally, the QP r average charge (Z) and the rms width
o of the charge distribution are reported as a function of
Pred in Fig. 4(e). Panel f) is for the average QP g neutron
number distribution (N). In particular, the experimen-
tal data are shown in black, with the bars indicating the
+1 o values. The model results are in magenta and the
+1 o values are drawn as a contour. As p,.q decreases,
(Z) and (N) decrease starting from values very close to
the projectile ones. The average trends as a function
of preq are well reproduced by the simulation and, to a
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Figure 4. (Color online) Experimental data for the 48Ca+*°Ca system: panel a) proton kinetic energy spectra in the QP g frame
for different bins of preq, normalized to unitary area; panel b) average kinetic temperature 71 as a function of preq extracted
from the Maxwellian fit (shown in panel a)) for the proton kinetic energy spectra; the results for the three systems are presented
with symbols according to the legend; only statistical errors of the fit are shown. Simulated data (filtered AMD+GEMINI++
simulation): panel c¢) reduced impact parameter b,.q vs. reduced momentum p,.q; panel d) average reduced impact parameter
(bred) vs. Drea for each system. Comparison between experimental and simulated data for the 8Ca+19Ca system: panel e)
average QPr charge and sigma of the charge distribution as a function of p,eq; panel f) same as e) for the neutron number

distribution. Symbols according to the legend.

lower extent, also the o of both distributions. The global
agreement between the experimental results and simula-
tion strengthens the use of p,..q as an order variable, in
order to explore neutron-proton equilibration as a func-
tion of the reaction centrality.

V. NEUTRON-PROTON EQUILIBRATION:
EVAPORATIVE AND BREAK-UP CHANNELS

The n-p equilibration can be now explored using
the average neutron-proton ratio ((N/Z)) of the vari-
ous sources as a function of the reduced momentum.
Fig. 5(a,b) shows the evolution of (N/Z) vs. ppeq for
the three systems for both the QP g and the QP g chan-
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Figure 5. (Color online) Average neutron-proton ratio as a
function of preq. Panel a) QP g channel; panel b) QP chan-
nel. Magenta and cyan dashed arrow point out the EAL [58]
value for Ca and Mg nuclei. Statistical errors are smaller than
the marker size. Lines are drawn to guide the eyes.

nel, respectively. In particular, in the QP g channel, the
values refer to the QPg, while in the QP channel to
the reconstructed (from the two BF's) QP. For sake of
clarity, we remind that the accompanying LCPs and/or
IMFs are not taken into account.

As suggested in Sec. III, we observe that the break-up
channel is detectable at lower p,.q. Apart from this, we
observe comparable trends in the two channels. Namely,
the bound neutron abundances of the *8Ca and *°Ca de-
tected (or recontructed) ejectiles are very different as ex-
pected, with much larger values for the n-rich case. Such
effects are in agreement with studies at lower bombard-
ing energies, mainly dedicated to the investigation of the
initial neutron-proton unbalance effects in fusion reac-
tions [59-61]. Moreover, the (N/Z) ratios evolve with
dissipation in a different way depending on the initial
neutron abundance. *®Ca projectiles we observe a siz-
able decrease of (N/Z) with centrality, while for the *°Ca
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Figure 6. Isospin transport ratio for the QP g and QP p chan-
nels as a function of preq. Statistical errors are smaller than
the marker size. Symbols according to the legend. Lines are
drawn to guide the eyes.

case the n-p ratio is essentially constant after a slight in-
crease in peripheral events. These different trends can
be interpreted in the light of a dominating statistical de-
cay process for n-rich or n-deficient excited nuclei. In-
deed, the steep decrease of the average (N/Z) with re-
spect to the projectile values (1.4 and 1 for the n-rich
and n-deficient system, respectively) is mainly due to the
statistical decay [31]. As explained in [58], excited nuclei
follow an average path in the N — Z plane during the
decay and, with increasing initial excitation, tend to ap-
proach a specific region of that plane, called Evaporation
Actractor Line (EAL) [58], described by a N/Z ratio, de-
pending on the nuclear size. In Fig. 5, just for reference,
the EAL N/Z ratios indicated with dashed arrows for
ion charges Z = 12,20 representing relevant values for
our QP remnant selection. We see that, with increasing
dissipation, QP from 48Ca and from °Ca have (N/Z)
values that move towards the EAL predictions, although
coming from different sides.

The comparison between the (N/Z) of QP from 48Ca
of the symmetric and asymmetric reactions reveals the
trend to isospin equilibration. Focusing on the QPg
case (Fig. 5(a)), a clear hierarchy is observed: a re-
duced neutron content is detected for the asymmetric
case (black solid circles in fig. 5(a)) with a gap with re-
spect to the symmetric reference (green solid triangles in
fig. 5(a)) increasing towards central collisions, as the re-
sult of the interaction with a n-deficient partner so that
the two colliding nuclei tend to equilibrate their N/Z ra-
tios [51, 62, 63]. Remarkably, very similar observations
can be repeated for the QPpg channel, where the same
hierarchy and evolution are evident.

In order to more quantitatively establish the isospin
equilibration process we show in Fig. 6 the isospin trans-
port ratio R(X) built with X = (N/Z) (Eq.1) as a func-
tion of the reaction dissipation represented by peq. Con-



cerning the evaporative channel, we observe the expected
trend. The equilibration degree smoothly and monoton-
ically evolves from R =~ 1 for preq = 1 to R =~ 0.6 for
DPred = 0.3, which, according to the AMD average pre-
diction (Fig. 4(d)), corresponds to a range of central-
ity (brea) € [1,0.5]. Also the experimental result for
the same Ca+Ca collision [64-66] obtained with the IN-
DRA+VAMOS experimental apparatus points out in this
direction : the n-p equilibration for such experiment is
compatible, as discussed in [35], with that here reported.
The isospin diffusion sets in for the asymmetric reactions
and makes the QP and QT to approach a common N/Z
values. Since the QP size selection is somewhat arbitrary
(Sec. 3), we tested the result by changing the adopted QP
charge range. In particular, we increased and decreased
the lower limit of two units with respect to our previous
“standard” (Z = 12) value (as done in [22, 48]), taking
into account other reasonable choices reported in the lit-
erature. For instance Ref. [9] fixes as a lower limit of the
QP charge the 36% of the projectile charge. By using the
ranges Z9F € [14,22] or Z9F € [10,22], we found that
the trend of R is negligibly affected in the studied range
of prea [35].

An important point of this work, as anticipated, is the
access to the isospin diffusion process looking at the QP g
channel, in a manner that - to our knowledge - has not
been yet attempted before. In Fig. 6 the open dots show
the (N/Z) for QP reconstructed from the break-up frag-
ments. As a first comment we can say that the general
trend is the same, with slight differences: for the QP 5 we
find a weak process at least for the less dissipative acces-
sible bins. It is very difficult to judge and conclude about
these small differences which, in any case, are out of sta-
tistical errors. Such an observation suggests a heavier
primary source in the QP channel, which can lead the
system to a lower n-p equilibration for the most explored
peripheral events. For instance, the average charge and
neutron number of the reconstructed QP in the QPp
channel are on average 2 units larger than the values of
the QPR in the evaporative channel. On the other hand,
the differences can be also related to subtle effects asso-
ciated to the different evaporation paths followed by the
excited break-up fragments (before and after the split)
with respect to the case without break-up.

Such a topic will be further investigate in the IN-
DRA+FAZIA experimental campaign at GANIL, thus
combining with the isotopic capabilities of the FAZIA
multi-telescope array the large angular coverage of the
INDRA detector, in order to more precisely select the
reaction centrality. Here, we can only conclude that this
roughly common trend of the two geometrical loci in fig.6
suggests that, irrespective of the final state channel, the
isospin diffusion acts in a similar way. In other words, it
appears that the isospin equilibration process acts before
any de-excitation process. This observation is rather in
line with some old results [1] for lower energy collisions.
There, a general conclusion was suggested that the n-p
degree of freedom tends to relax rather quickly during the

interaction. The complete equilibrium could be reached
only for rather central impacts, not accessible here ac-
cording to the AMD centrality estimation of Fig. 4(c,d),
associated with relatively long interaction times.

VI. NEUTRON-PROTON EQUILIBRATION:
COMPARISON WITH THE SIMULATION

In this section, we aim at comparing the isospin evo-
lution extracted from experimental data with that pre-
dicted by the transport model AMD, coupled with GEM-
INI++ as an afterburner. We will focus on the evapo-
rative channel, as it corresponds to 65% of the collected
data. The break-up channel is experimentally around 35
times less abundant and since also the model predicts a
similar event partition, the simulation statistics results
to be to low for a reliable comparison. For sake of clar-
ity, we remind that the simulated data have been treated
as the experimental ones.

Fig.7(a,b) shows the simulated (N/Z) vs. preq trend
(lines), compared with that obtained experimentally
(same points of Fig. 5(a)) for the asym-stiff and asym-soft
parametrization of the symmetry energy, respectively. As
for the experimental data, we observe the clear hierarchy
among the three systems, and the tendency to approach
(N/Z) values around the EAL loci (magenta and cyan
arrows for Z = 20 and Z = 12, respectively) with in-
creasing dissipation. The agreement with the (N/Z) of
the 49Ca data is excellent while, as noticed for the gross
properties of the QPg (see. Sec. 3), there are some dif-
ferences for the **Ca case. Weak differences between the
two calculations can be seen, in particular, the asym-stiff
choice predicts a more neutron-rich QP z with respect to
the asym-soft one, as expected [11, 26].

The corresponding isospin transport ratio are shown in
Fig. 8 as a function of p,.q, with dot-dashed and dotted
line for the asym-stiff and asym-soft parametrizations, re-
spectively. We first underline that the R variable depends
on the gap between the asymmetric and the symmetric
references. The way how the gap evolves vs. ppeq dic-
tates the shape of the R as a function of the dissipation,
thus a precise reproduction of the (N/Z) values is not
mandatory. However, Fig 8 shows a sizable disagreement
between experiment and model predictions concerning
the isospin diffusion process. In particular, the model
predicts an initial fast relaxation followed by a slower
trend, whereas the experiment suggests a smoother evo-
lution. As for the asym-stiffness, we can see that the very
small differences in the two model results for (N/Z) give
a quite small gap in the equilibration degree; however, as
expected, the asym-soft assumption slightly favors the
isospin relaxation.

Some comments and arguments on the possible ori-
gin of the observed disagreement are in order. A first
comment deals with the role of the emissions from the
primary QP, i.e. the fragment emerging just at the end
of the interaction which we would like to access in or-
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Figure 7. Comparison of the measured average neutron-

proton ratio for the QP g channel as a function of p,eq with
the AMD+GEMINI++ simulation. Panel a) AMD asym-stiff
parametrization; panel b) AMD asym-soft parametrization.
Magenta and cyan dashed arrow point out the EAL [58] for
relevant nuclei. Symbols according to the legend. Statistical
errors are smaller than the marker size (line width).

der to measure the isospin diffusion. Indeed, any par-
ticle or fragment emission before the detection perturbs
the final isotopic distribution. One can thus wonder if
the found disagreement is related to a partially wrong
description of the dynamics (reaction times and/or nu-
clear potential terms ruling the isospin transfer) or to
a somehow wrong evaporation scheme. In this respect,
we must stress that isospin transport ratio has been in-
troduced [5, 30] just to bypass any perturbation which
introduces a linear transformation of the isospin variable
in use (Eq. 1). Such behavior has been recently investi-
gated in a specific work [31], in a full model framework,
for the systems here discussed. In this paper one demon-
strates, by means of the AMD simulation coupled with
statistical models, that the charge equilibration process
measured via isospin transport ratio is indeed affected
by perturbations introduced by the dynamical and sta-
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Figure 8. Comparison of the isospin transport ratio for the
QPE channel as a function of p,.q between the experimental
results and the AMD+GEMINI++ simulation, using asym-
stiff and asym-soft parametrizations. Statistical errors are
smaller than the marker size (line width).

tistical emissions from the fragments after their separa-
tion. In particular, the statistical emission (described by
GEMINI++ code) tends to introduce non-linear spurious
distortions at low excitation energies (where structure
effects are well known to affect the particle emission [67—
69)), i.e. for large impact parameters, while the distortion
becomes smoother and linear with increasing excitation.
Instead, at least for the considered systems, the contribu-
tion of emissions occurring during the interaction phases
and predicted by the AMD model, increases with central-
ity but remains relatively scarce and negligibly affects the
R variable. As a consequence, we checked that despite
some residual distortions related to emissions, the vari-
able R is robust and keeps memory of the primary isospin
history; this suggests that the observed discrepancy be-
tween measured and predicted R can be safely ascribed
to the dynamical modelization.

By analyzing the evolving output of the model, we
can access to the end of the projectile-target interaction
phase (labeled as tprc), by means of the procedure de-
scribed in refs. [31, 34]. In order to pin down the mech-
anism responsible for the observe discrepancies with ex-
periment, we applied some special conditions on the an-
alyzed events, as follows. The n-p equilibration obtained
at tprco, for the asym-stiff simulation, is shown in Fig. 9
as a black line; for sake of comparison also the experi-
mental trend of Fig. 8 is here reported. For each sys-
tem (i.e. the asymmetric and the symmetric references),
we start allowing only the net neutron transfers (green
line): this corresponds to retain only the reaction chan-
nels where the QP emerges as a Ca isotope. Vice versa,
we allow only the net proton exchanges (red line), i.e.
events where the QP retains the neutron number of the
projectile. As expected, limiting the n-p exchange pro-
duces a lower equilibration. More interesting, we observe
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Figure 9. (Color online) Comparison of the experimental

isospin transport ratio with the equilibration obtained at the
projectile-target separation time (tprc), for the asym-stiff
parametrization; the isospin transport ratios only due to a
net charge (red line) and neutron (green line) number change
are shown. The equilibration obtained after a re-scaling of
the proton and neutron transfer probabilities is shown with
magenta line. See text for details. Errors are statistical.

that the equilibration obtained via only charge change
lies close to the total one, pointing out to an important
role of the p transfers in the isospin equilibration mecha-
nism. This can be quantitatively understood keeping into
account that, in order to restore the N/Z unbalance, a
p transfer is more effective than a n transfer, since the
former counts as 1/20 whereas the latter as 1/28.

Starting from the indication that the nucleon trans-
fer in AMD may be too frequent, we now aim at quan-
tifying the degree of the overestimation of the transfer
probability. We introduce a multiplying factor (f), de-
pending on the net number of transferred neutrons and
protons, A, and A, respectively. Assuming that nu-
cleon transfers in the same event are independent of each
other, we modelled a parametrization as: f = al®nl3l8»]
where a and (3 are parameters to suppress (or enhance)
the net transfer probability of single neutrons and sin-
gle protons, respectively. The probability of the non-
transfer channel (at tg.) is adjusted for the total proba-
bility conservation. For each system, we then proceed to
classify the various channels as function on the net p/n
changes at tpro: we modify these initial populations via
a change of the (o, #) pair and thus obtain different av-
erage isospin values. The isospin transport ratio is then
computed via eq.(1), adopting the (N/Z)(«, 5) as X vari-
able (Ranp(a, ). The parameters o and § have been
selected by means of fit procedure on the experimental
data Regp. Specifically, we looked for the minimum of a
M2 variable defines as follows:

. [Riwy = Risnip(es B)]°
M2: [ exp AMD ) 9
) WO E o R
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where R.,, and RY,, are the values of the experimental

and simulated R at the ith point along the p,.q axis;
02,,(i) and 0%, (i) the statistical errors of each point.
The fitted values of the parameters are: o = 0.60 4 0.05,
B =0.3£0.1. The equilibration degree obtained for such
values is shown in Fig. 9 with magenta line (Modified
AMD), which follows the experimental trend proving the
satisfactory quality of the fit. This show that the nucleon
transfer is overestimated in AMD by about a factor of
two. Moreover, it is likely that proton transfer is more
overestimated than neutron transfer.

In conclusion, this first attempt to compare the n-p
equilibration measured via the isospin transport ratio
built from the (N/Z) of the QPg has shown a faster
equilibration of the model prediction with respect to that
observed in the experimental sample. Such discrepancy
can be recovered acting on the transfer probability, re-
ducing it approximately of a factor two. It is not easy to
identify a reason behind this problem, as many factors
could contribute to it, e.g. the nucleon-nucleon cross sec-
tion or the nucleon effective masses or their interplay. For
instance, a simple variation of the screening paramenter
y of the nucleon-nucleon cross section from y = 0.42 up
to the free nucleon-nucleon cross section did not produce
significant variations of the isospin transport ratio. Such
topics will be investigated in future works.

VII. SUMMARY AND CONCLUSION

In this paper, we have presented the experimental re-
sults of an experiment dedicated to the investigation of
the n-p equilibration in *3Ca+%°Ca semi-peripheral re-
actions at 35 MeV /nucleon, performed with four blocks
of the FAZIA multi-telescope array at the INFN-LNS.
For the first time, thanks to the FAZIA identification
performances coupled to its good granularity, we could
study the isospin relaxation for the two main QP decay
channels, the evaporative and the break-up one.

The equilibration trend has been investigated by
means of the isospin transport ratio, which which im-
proves the sensitivity to the effect sought after and
normalizes the mixed system evolution with the limit-
ing values of the symmetric reactions **Ca+%3Ca and
40Ca+1Ca, investigated under the same experimental
conditions. Despite the relatively small coverage of the
setup (2 —8° in the laboratory frame), the main achieve-
ments have been proved not to be strongly affected by the
apparatus response: indeed we focus on the QP phase-
space for which we have reasonable acceptance. We have
introduced a reaction dissipation estimator (p,eq), which
has been linked with the reaction centrality by means of
the model.

The results reported in this paper are the following.
As expected, the relaxation of the isospin degree of free-
dom has been observed in the *8Ca+%°Ca, via the use of
the isospin transport ratio of the average neutron-proton
ratio ((N/Z)) of QP remnants.



The comparative analysis of the QP evaporative and
break-up channels has shown the typical signature of the
isospin diffusion: as the reaction centrality increases, the
system evolves to restore the charge equilibrium. The
similarity of the behavior for the two channels suggests a
comparable dynamical evolution before the decay, what-
ever it is. Specifically, this is consistent with an isospin
exchange mechanism that acts on a similar timescale
(that of the interaction phase) shorter than the evapo-
ration cascade or the QP split phase.

Concerning the comparison with the AMD model cou-
pled with the GEMINI++ statistical code, we observed
that the model globally reproduces the main features of
the QP in both the evaporative and break-up channels;
the agreement is better for the QP evaporation channel
than for the break-up one, where the model produces
lighter and slower fragments than the measured ones.
Also, the agreement is quite good for the “°Ca system
while for the #8Ca reactions it less nicely reproduces the
QP data. The detailed isospin distributions of the final
(post-evaporative) fragments are, again, less well repro-
duced for the n-rich systems; for the “°Ca reaction the
comparison is excellent.

The main difference between measured and model data
is observed in the evolution towards the charge equilibra-
tion for the evaporative exit channel. The model predicts
a faster relaxation of the initial neutron-proton unbal-
ance with respect to the experiment. This discrepancy
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seems to be associated with an overestimated probability
of nucleon transfers, mainly and more specifically for the
protons: in particular a reduction of about a factor two
accounts for the experimental path. However, a deeper
investigation on this point is in program. In this respect
we plan to extend the analysis of this paper to the data
obtained by the first recent INDRA-FAZIA experiment
on Ni+Ni reactions at comparable energies. Here, we
have the almost full isotopic identification of QP ejec-
tiles coupled with a much larger acceptance, allowing to
adopt and cross-check several variables, several variables,
to extend the analysis to the full panel of exit channels,
and to more precisely select the reaction centrality.
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