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Influence of fast emissions and statistical de-excitation on the isospin transport ratio
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Isospin transport ratio is a powerful method to estimate the neutron-proton (n-p) equilibration in heavy-ion
collisions, and extensively used to obtain information on the asy-stiffness of the nuclear equation of state. In fact
such a ratio is expected to bypass any perturbations introducing a linear transformation of the chosen observable.
In particular, it is supposed to overcome contributions due to emission, either of dynamical or statistical nature,
from the primary fragments formed during the collisions. In this paper we explore the validity of this assumption,
looking at the quasiprojectile n-p ratio (N/Z) in peripheral and semiperipheral events for Ca + Ca reactions at
35 MeV/nucleon, simulated via the antisymmetrized molecular dynamics transport model, coupled to different
statistical decay codes. The statistical de-excitation of the primary fragments introduces a linear transformation at
relatively high excitation energies (above 2 MeV/nucleon) when the residue approaches the evaporation attractor
line, while some effect is produced at lower excitation energies due to the occurrence of some nonlinearities. As
for fast emissions after the end of the projectile-target interaction it is shown that they introduce a nonlinear
transformation too.

DOI: 10.1103/PhysRevC.102.044607

I. INTRODUCTION

The isospin transport ratio (also known as imbalance ratio)
has been introduced by Rami et al. [1] in order to extract from
experimental data the degree of charge equilibration in heavy-
ion collisions in a model-independent way. Such a technique
exploits combined information from (at least) three systems
differing in the neutron-proton (n-p) ratio N/Z: two symmetric
reactions, a neutron-rich (NR) and a neutron-deficient (ND)
one, and an asymmetric system with a neutron content in
between that of the two symmetric reactions (Mix). Thus, the
isospin transport ratio is defined as:

R(X ) = 2X Mix − X NR − X ND

X NR − X ND
, (1)

*alberto.camaiani@fi.infn.it

where X is an isospin sensitive observable evaluated in
the three systems. For the two symmetric systems R(X ) is
normalized to +1 and −1 for the n-rich and n-deficient sys-
tem, respectively. Moreover, if the chosen observable linearly
depends on the isospin, R = 0 represents the full n-p equili-
bration [1].

Such a method has been frequently used in heavy-ion
reactions in the Fermi energy domain exploiting different
isospin-sensitive observables. For instance Ref. [2] exploited
the A = 7 mirror nuclei ratio as a function of the rapidity,
assessing the transport of isospin asymmetry in Sn + Sn col-
lisions at 50 MeV/nucleon. This technique is used in the
investigation of the asy-stiffness of the nuclear equation of
state (nEoS), because the charge equilibration degree is in-
fluenced by the symmetry energy term [3]. For instance, the
isoscaling parameter and A = 7 isobaric ratio were used as X
and the experimental results were compared with Boltzmann-
Uehling-Uhlenbeck calculations (BUU) [4] or with improved
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quantum molecular dynamics (iQMD) transport models [5,6].
Although many efforts have been made to extract the density
dependence of the symmetry energy of the nEoS, we are still
far from a reliable determination of the first- and higher-order
coefficients of its Taylor expansion [7]. In such a scenario
it could be useful the direct detection of the isospin content
of the quasiprojectile (QP) remnant itself [8,9], instead of
limiting to its decay products as done in most experiments.
An example in this direction is a recent publication, where
May et al. accessed the isospin of the QP remnant, though
they reconstruct it from the produced fragments detected both
in charge and mass by means of the NIMROD multidetector
[10].

The use of the isospin transport ratio to estimate the isospin
equilibration presents many advantages. According to Rami
et al [1], if the three reactions are investigated under identical
experimental conditions, the ratio is insensitive to systematic
uncertainties due to the apparatus; the errors are essentially
statistical. Isospin transport ratio is also expected to largely
remove the sensitivity to fast dynamical emissions, secondary
decays, and Coulomb effects [2,4,5,11]. More generally, this
method bypasses any effect, which introduces a linear trans-
formation FL on the adopted observable X , i.e., R(FL(X )) =
R(X ). For this to be possible, the transformation FL must be
applied to all the reactions but it can depend on the ordering
variable, used to follow the evolution of R with the impact
parameter or on the phase space subset under investigation. In-
stead, nonlinear transformations FNL introduce a deformation
of the isospin transport ratio, therefore R[FNL(X )] �= R(X ).

In this paper we aim at investigating, in binary dissipative
collisions, the effects that particle emissions (fast or evap-
orative) from primary fragments introduce on the isospin
transport ratio itself through model calculations. The influence
of quantities more related to the nuclear interaction such as
mean field, in-medium cross section, and dynamical cluster
production has been studied in Ref. [11], where an investiga-
tion via BUU model is reported; indeed, to our knowledge,
clear information on the effects of the statistical de-excitation
of the fragments and fast emission is still lacking.

In the framework of models used to simulate nuclear col-
lisions, it is quite common and convenient [12–17] to assume
a two-step process: a dynamical phase, described by a trans-
port model, and the following statistical de-excitation of the
produced hot fragments performed by means of a statistical
decay code. In this work we chose to adopt the antisym-
metrized molecular dynamics (AMD) model [18] to describe
the dynamical evolution, since it has been shown to be able
to predict in a reliable way the main features of the collisions
in the Fermi energy domain [19], also in semiperipheral col-
lisions [14,16,17,20,21]. Three different decay models have
been used as afterburner, i.e., two different versions of GEMINI

statistical code (GEMINI++ [22] and GEMINIF90 [23]), and
SIMON [24], the afterburner associated with the HIPSE event
generator [25,26]. In particular, differences between GEM-
INIF90 and GEMINI++ were recently observed when used
as afterburner of the same dynamical code [14,21]; on the
other hand, differently from GEMINI, SIMON takes into account
Coulomb trajectories during the decays [24]. Concerning the
investigation of fast emission (predicted within AMD), we

adopt a time back-tracing procedure, presented in Ref. [21],
in order to characterize the events as a function of the colli-
sion time; this allows us to directly access the produced hot
quasiprojectile and quasitarget (QT) nuclei just after the end
of the interaction phase.

This paper is organized as follows. In Sec. II the exper-
imental context and the simulation codes will be presented.
Section III is dedicated to the investigation of the effects of the
statistical de-excitation on the isospin transport ratio, while
Sec. IV will focus on fast emission contributions. Finally in
Sec. V conclusions are drawn.

II. EXPERIMENTAL CONTEXT AND
SIMULATION CODES

As test bench we chose a set of reactions involving Ca ions,
which present a rather wide range of stable isotopes and thus
are usable in conventional experiments. In fact the present
study was motivated by recent experimental data obtained
by our groups in particular those of the INDRA+VAMOS
campaign [27–29] and one of the first FAZIA experiment ded-
icated to the investigation of isospin effects in reactions with
Ca ions [20,30]. Consequently in this paper we considered
the following systems: the symmetric n-rich and n-deficient
48,40Ca + 48,40Ca reactions, used as references for the isospin
transport ratio, and the asymmetric one 48Ca + 40Ca, where
isospin diffusion acts. All the calculations have been done
at 35 MeV/nucleon. We chose to select the N/Z of the QP
as isospin sensitive observable, since it is expected to be a
good tool to investigate the asy-stiffness of the nEoS [8,9]
and the N/Z of the QP remnant can be also measured by
means of detectors as FAZIA [31,32] and VAMOS [33,34]
characterized by high isotopic separation capability. For this
reason we will focus on binary reactions, i.e., peripheral and
semiperipheral events (bred = b/bgr � 0.4, where bgr is the
grazing impact parameter).

As already anticipated for the simulation of the dynam-
ical phase of such reactions we adopted the AMD model.
A complete description of the AMD transport code can be
found elsewhere [18,19,35–38]. Here, we remind that AMD is
based on molecular dynamics where a system of nucleons is
described by a Slater determinant of Gaussian wave packets.
The time evolution of the system is obtained by means of a
time-dependent variational principle, taking into account both
mean-field contribution and two-nucleon collision processes.
The mean field is described via the effective interaction
Skyrme SLy4 [39], using Ksat = 230 MeV for the incompress-
ibility modulus of the nuclear matter and ρ0 = 0.16 fm−3 for
the saturation density. Two different parametrizations for the
symmetry energy can be selected. A soft symmetry energy
corresponds to a symmetry energy term (zero order term) of
Esym = 32 MeV and to a first-order parameter L = 46 MeV;
a stiff symmetry energy (L = 108 MeV) can be obtained by
changing the density-dependent term in the SLy4 force [38].
Such recipes are compatible with the reported values for
realistic parametrizations [7]. In this work we focus on the
asy-stiff parametrization, except where otherwise stated. Two-
nucleon collisions are implemented as stochastic transitions
within AMD states under the constraint of momentum and
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energy conservation and the strict fulfillment of the Pauli prin-
ciple. The transition probability depends on the in-medium
nucleon-nucleon cross section, which can be considered,
within some limits, as a free parameter of the model. In this
work we adopted the parametrization proposed in Ref. [40],
with a screening factor of y = 0.85. In order to take into ac-
count cluster correlations arising during the dynamics, cluster
states are included among the possible achievable final states
[14,37]. It is important to note that the present investigation
is not focused on the fine tuning of the parameters within
the AMD model. We remind that the aim of this work is
to understand how fast emissions and statistical evaporation
act on the isospin transport ratio, thus affecting (or not) the
estimation of the n-p equilibration degree.

For each system we produced approximately 40000 events
with a triangular distribution of the impact parameter up to
the grazing value, stopping the AMD code at 500 fm/c from
the onset of the interaction: this is a sufficiently long time to
assure that the dynamical phase is concluded, when the pri-
mary ejectiles have reached the thermodynamical equilibrium,
and to ensure that the fragment mutual Coulomb repulsion is
negligible [14].

The hot QP nuclei produced at 500 fm/c have been used
as inputs to different statistical decay codes. For each pri-
mary event, 100 secondary events have been produced for
GEMINI++ (GEM++), GEMINIF90 (GEMF90), and SIMON, in
order to estimate the effects on the n-p equilibration produced
by different statistical codes.

The event selection is performed at the end of the statistical
stage, as for the experimental data; the QP and QT remnants
from binary collisions are selected as Z � 12, only accompa-
nied by neutrons, light charged particles (H and He ions), and
intermediate mass fragments, produced during the decay path.
The selected sample represents 62% of the whole statistics,
and 98% of the events in the selected range of centrality
(bred � 0.4).

III. STATISTICAL DE-EXCITATION EFFECTS

In this section we explore the effects of the statistical emis-
sion on charge equilibration evaluated via isospin transport
ratio. In this sense, in order to distinguish the effect of the
statistical decay from that of a more prompt emission, we can
compare the equilibration degree obtained at the end of the
afterburner with that from primary QP at 500 fm/c (the end of
the dynamical phase according to our modelization). In this
way any difference is attributable to the statistical decay only.
However, we stress that the true charge equilibration degree
is pertaining to the system at the end of the projectile-target
interaction and any subsequent emission may perturb it, what-
ever its nature.

Figure 1(a) shows the evolution of the average n-p ratio
〈N/Z〉 of the QP as a function of its excitation energy per
nucleon (E∗/A) evaluated at 500 fm/c. For each bin of E∗/A,
containing M fragments, the 〈N/Z〉 is calculated as follows:

〈
N

Z

〉
=

∑
j

∑
i

Ni ( j)
Z j

Yi( j)∑
j

∑
i Yi( j)

, (2)
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FIG. 1. (a) Evolution of the neutron-to-proton ratio of the QP
as a function of the QP excitation energy per nucleon calculated at
500 fm/c. Solid symbols refer to the QP at 500 fm/c, open symbols
to the QP remnant, i.e., at the end of the statistical de-excitation.
(b) Isospin transport ratio, of the 48Ca + 40Ca, QP as a function of
its excitation energy per nucleon measured at 500 fm/c. Solid circles
refer to primary QP at 500 fm/c, open circles correspond to the QP
remnant after the statistical de-excitation. Lines are drawn to guide
the eye.

where Ni( j) and Yi( j) represent the neutron number and the
yield of the ith isotope of the jth element with charge num-
ber Zj ; in particular M = ∑

j

∑
i Yi( j). We used E∗/A as

order variable since it is one of the main parameters, which
govern the statistical decay of a nucleus; we underline that
E∗/A scales as a function of the impact parameter; moving
from lower to higher values, the events are ordered from
peripheral to more central events. The 48Ca + 48Ca reaction is
represented by green triangles, 48Ca + 40Ca by black circles
and 40Ca + 40Ca by red squares. Solid symbols refer to the
primary QP at 500 fm/c and open symbols correspond to the
QP remnant. As the excitation energy increases (i.e., from
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FIG. 2. GEMINI++ simulation for two different sets of nuclei, A = 40 (solid black diamond) and A = 48 (solid red crosses). In the picture
correlations between the neutron-to-proton ratio obtained at the end of the evaporation [F (N/Z )] and that of the input nuclei (N/Z ) are shown,
for three different values of E∗/A as quoted. Black and red dashed lines represent the value predeicted by the EAL [41], for the A = 40 and
A = 48 nuclei, respectively.

peripheral to more central collisions) the 〈N/Z〉 of the primary
QP moves from the projectile value (1.4 and 1 for 48Ca and
40Ca, respectively), decreasing in the n-rich and mixed reac-
tions, slightly increasing in the n-deficient one. The systems
present a clear hierarchy. The effect of the isospin diffusion
can be seen as the differences of the 〈N/Z〉 values in the
48Ca + 40Ca system with respect to the symmetric n-rich one
[13]. The afterburner strongly modifies the values of 〈N/Z〉
but the system hierarchy survives.

Figure 1(b) shows the corresponding isospin transport ratio
obtained using as X the values of 〈N/Z〉 presented in Fig. 1(a).
Both at 500 fm/c and at the end of the statistical decay,
the system evolves from R = 1 (no equilibration) downwards
as the E∗/A increases. As expected, the system evolves to-
wards the charge equilibrium once the collision becomes more
dissipative [3,8,11]. However, some differences between the
values at 500 fm/c and those at the end of the de-excitation
appear. We observe a discrepancy of about 0.1 in the range
0.6/2.2 MeV/nucleon. Such finding may suggest a nonlinear
effect introduced by GEMINI++, otherwise its contribution
should be removed by the isospin transport ratio.

By means of GEMINI++ we tested this hypothesis. Let us
define as F the transformation of N/Z representing the effects
of the evaporation. F is a function of the neutron number
N , atomic number Z , angular momentum J , level density
parameter a, and excitation energy per nucleon E∗/A, i.e., the
inputs that rule the statistical decay of a nucleus [22,23]. We
produced two sets of GEMINI++ simulations for several spe-
cific hot nuclei fixing their mass: the first with A = 40 nuclei,
the second with A = 48 nuclei. The chosen nuclei are labeled
in the central panel of Fig. 2(b). The spin of such nuclei is
fixed at 6 h̄, according to the average value predicted by AMD
at 500 fm/c. In order to test the nature of the transformation
introduced by GEMINI++ we show the N/Z of the input nuclei
versus that obtained (on average) from the evaporation residue
at the end of the decay [F (N/Z )]. Solid black diamonds are for
the A = 40 nuclei, solid red crosses for the A = 48 nuclei. For
each nucleus we computed 10000 events.

Results are reported in Figs. 2(a)–(c), for three values of
E∗/A as quoted in the panels. It is likely true that the effect
of the secondary decay is nonlinear below 2.5 MeV/nucleon.
The curvature of these relations is consistent with the differ-
ences of the isospin transport ratio in Fig. 1(b): a positive

curvature produces a decrease of R, while a negative one an
increase (see Sec. IV). However, the transformation tends to
be linear with increasing excitation energy. Such behavior can
be interpreted taking into account the evaporation attractor
line (EAL) [41], i.e., the locus in the Z-N plane, which is ap-
proached by the nuclear residues after the evaporation decay
and which runs close to the β-stability line. In particular, the
higher the excitation energy of the parent nucleus, the closer
the final value residue to the EAL. The N/Z values predicted
for the EAL for the tested input nuclei are quite similar and are
represented with a dashed red (black) line for A = 48 (40).
As expected, F (N/Z ) approaches the EAL values as E∗/A
increases. Consequently, using the EAL as a reference locus,
the following conclusions can be drawn. The transformation
F introduced by the evaporation is linear once the evaporation
residues are close to the EAL; differently, for low values
of E∗/A, F has a nonlinear behavior. Such nonlinearity is
reflected in the isospin transport ratio of Fig. 1(b), causing
a discrepancy between the ratios calculated at 500 fm/c or
for postevaporative fragments. It follows that (at least for this
region of nuclei close to Ca) for E∗/A � 2 MeV/nucleon, the
obtained isospin transport ratio is affected by the statistical
decay.

The investigation of the causes behind the nonlinearity at
low E∗/A is out of the scope of this paper. A possible contri-
bution could be due to structure effects, since is well known
that they affect the particle emission at low excitation energy
[42–44]. In this sense, the isoscaling analysis [4,5] could be
more suited as it divides out many structure effects to the first
order.

We tested the robustness of the previous results changing
the afterburner either using a different version of GEMINI

[23], or using a completely independent code (SIMON) [24].
Results are reported in Fig. 3(a); also results of Fig. 1(b) are
shown for sake of comparison. The difference with respect to
the degree of equilibration measured at 500 fm/c (R500 − Ri,
where i represents the various afterburners) is presented in
Fig. 3(b). The obtained trends for GEMINIF90 and SIMON statis-
tical codes are comparable with that obtained for GEMINI++.
Each afterburner introduces similar distortions of the isospin
transport ratio, in a similar range of E∗/A, with respect to the
charge equilibration evaluated at the start of the afterburner
application. However, a closer look shows that GEMINIF90
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FIG. 3. (a) Isospin transport ratio for the AMD primary QP at
500 fm/c (solid circles) and at the end of the statistical de-excitation.
(b) Differences in the equilibration degree of the QP remnant with
respect to that obtained at 500 fm/c (open symbols). Statistical errors
are smaller than the marker size. Lines are drawn to guide the eye.

gives results closer to the n-p equilibration at 500 fm/c. Above
2 MeV/nucleon, the linearity seems to be recovered, and the
differences fluctuate around zero.

Therefore, the conclusion of this section can be summa-
rized as follows. At high excitation energies, the decaying
nuclei approach the EAL and the transformation introduced
by the evaporation on the N/Z is practically linear; instead,
for lower excitation energies, nonlinearities develop and cause
distortions of the isospin transport ratio. This is confirmed for
the three used decay models although the effects produced by
GEMINIF90 are weaker. In future, such a study can be extended
to other isospin sensitive observables used as X [Eq. (1)], as
the α isoscaling parameter.

IV. FAST EMISSION EFFECTS

We move now to investigate the influence of the emissions
before 500 fm/c, i.e., those predicted by the dynamical code,
on the isospin transport ratio. In particular we focus on the
emissions that occur between the QP and QT reseparation
time (tDIC) and 500 fm/c. As anticipated in Sec. III, we want to
stress that n-p exchanges between projectile and target stops at
tDIC and any subsequent emission may produce a distortion on
the correct estimation of the equilibration degree reached by
the system at tDIC. In order to access to QP at tDIC we adopted
the same procedure described in Ref. [21]. For each event
selected at the end of the statistical stage, we applied the AMD

time [fm/c]
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FIG. 4. AMD predictions for the 48Ca + 40Ca system: excitation
energy per nucleon as a function of time, for three bins of centrality
according to the legend. Each line starts at the average QP-QT
separation time in the selected range of impact parameters.

fragment recognition algorithm every 20 fm/c from 500 fm/c
to the onset of the interaction; two wave packets (nucleons)
are taken as belonging to the same fragment if the distance
between their centers is within 5 fm. We go back in time until
a unique system with a mass and charge comparable with the
interacting projectile-target system is found, thus defining the
splitting time tDIC. For better accuracy and consistency, going
back in time we require that for each step the size of the
identified QP be not less than that at the previous time step.
In particular, since in this paper we are dealing with binary
events, the fragments at tDIC correspond to the QP residues at
the end of the statistical stage.

Figure 4 shows the evolution of the average excitation
energy per nucleon (〈E∗/A〉) of QP as a function of time for
three different bins of centrality for the 48Ca + 40Ca system.
For the investigated system, AMD predicts a split time of ap-
proximately 50–150 fm/c, of course depending on the impact
parameter. Each line starts at the average QP-QT separation
time according to the selected range of centrality

Once the excited QP emerges after the collision it un-
dergoes a series of particle emissions, which continues up
to 500 fm/c. The nature of the particle emissions mod-
eled by AMD after the interaction is not clearly assessed.
Just after tDIC, the QP is not yet equilibrated, e.g., having
largely deformed shape and large-amplitude collective mo-
tions. Consequently, some emissions can be ascribable to
nonequilibrium effects. On the other hand, as the time in-
creases, the primary fragments tend to the thermodynamical
equilibrium and part of the observed emissions may have a
more statistical nature. Indeed, the properties of such emis-
sions can be consistent with a statistical description [45–48],
even if they are calculated within a dynamical model and not
in the typical Hauser-Feshbach scheme.

Figure 4 also shows that the emissions after the resepara-
tion increase with the violence of the collisions. This indeed
is demonstrated by the decrease of E∗/A starting from the
maximum value around tDIC. We see that the excitation energy
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FIG. 5. Percentage of neutrons (solid square) and protons (open
square) emitted in the whole phase space between tDIC and 500 fm/c
in the 48Ca + 40Ca system. The neutron (proton) number of the sys-
tem has been chosen as normalization factor.

negligibly decreases for peripheral collisions while it varies of
about 1 MeV/nucleon for the most central considered events.

In this sense, Fig. 5 shows the evolution as a function of
E∗/A of the number of neutrons (protons) emitted between
tDIC, and 500 fm/c, normalized to the number of neutrons
(protons) of the whole 48Ca + 40Ca system with solid (open)
symbols. Below 2 MeV/nucleon the percentage of fast emit-
ted nucleons is relatively small, while it becomes significant
at higher excitation energy.

The comparison between the degree of equilibration (eval-
uated from the isospin transport ratio) at 500 fm/c and tDIC is
finally reported in Fig. 6(a), with solid black circles and open
stars, respectively; for sake of comparison also the charge
equilibrium at the end of the AMD + GEMINI++ calculation
is reported. Figure 6(b) shows the differences with respect to
the equilibration degree at the end of the interaction phase
(RtDIC ). For sake of homogeneity with the previous section we
chose again E∗/A as ordering variable, keeping in mind that it
also reflects the centrality of the collision, from peripheral to
more central events as E∗/A increases. The trend as a function
of E∗/A is very similar between the equilibration degree at
tDIC and at 500 fm/c, and some slight differences arise for
E∗/A > 2 MeV/nucleon [see Figs. 6(a), 6(b)].

Again, this result suggests a nonlinear transformation in-
troduced by the fast emissions between tDIC and 500 fm/c.
With respect to the previous section, here it is not possible
to select a single source at tDIC and correlate it with the cor-
responding value at 500 fm/c. However, the average trend of
the transformation can be calculated correlating the 〈N/Z〉 of
the QP at 500 fm/c [F (〈N/Z〉)] with the original value at tDIC:
each panel of Fig. 7 shows the obtained trend for three bins
of E∗/A. As the excitation energy per nucleon increases, fast
emissions introduce nonlinear distortions that cannot be fully
recovered by the isospin transport ratio. Indeed, for peripheral
collisions corresponding to lower excitation energy, the fast
emission contributions is negligible (see. Fig. 5).
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FIG. 6. (a) Isospin transport ratio for the AMD primary QP at
500 fm/c (solid circles), at the end of the statistical de-excitation
(empty circles), and at the end of the interaction tDIC (empty crosses).
Lines are drawn to guide the eyes. (b) Differences in the equilibration
degree of the QP at 500 fm/c (solid circle) and at the end of the
statistical de-excitation (empty circle) with respect to that obtained
at the end of the interaction. Statistical errors are smaller than the
marker size.

V. SUMMARY AND CONCLUSIONS

In this paper we investigated the effects on the isospin
transport ratio of all particle emissions occurring after the
end of the interaction within a model scheme. We performed
our calculation in Ca + Ca systems at 35 MeV/nucleon, thus
scanning a large range of the neutron-proton ratio, from 1.0
for the 40Ca + 40Ca system, up to 1.4 in the 48Ca + 48Ca. The
choice of the reactions is strictly related to the experiment
performed by the FAZIA Collaboration aiming at a detailed
study of the isospin equilibration in the 48Ca + 40Ca system
by means of the isospin transport ratio. We chose to adopt a
standard two-step approach: a first dynamical phase followed
by a statistical de-excitation of the primary fragments. The
AMD transport model [19] describes the dynamical evolution
of the collision up to 500 fm/c, and then different statistical
codes have been used as afterburners: GEMINI++ [22], GEM-
INIF90 [23], and SIMON [24]. As isospin sensitive observable
used to calculate the isospin transport ratio we exploited the
neutron-proton ratio of the quasiprojectile, since it is expected
to be a good probe to test the asy-stiffness of the nuclear
equation of state [8,9]. As a consequence, we focused on
peripheral and semiperipheral reactions (bred > 0.4).
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FIG. 7. Average transformations on 〈N/Z〉 due to the emission between tDIC and 500 fm/c for three bins of E∗/A. The selection on E∗/A
has been done at 500 fm/c.

The main findings of this work are the following. The sta-
tistical de-excitation produces a transformation of the QP N/Z
values, which tends to be linear at relatively high excitation
energies when the residues approach the evaporator attractor
line [41]. In the present case this corresponds to excitation
energies above 2 MeV/nucleon. The nonlinearity developed
at lower E∗/A causes a perturbation in the N/Z that cannot be
fully canceled by the isospin transport ratio. These variations
are almost the same within the three tested statistical codes,
being weaker using the GEMINIF90 version.

The particle emission just after the QP-QT separation
are still described by the AMD code itself. They occur all
along before the (arbitrary fixed) end of the dynamical phase
(500 fm/c) when the pure statistical code is switched on as
afterburner. In this time interval the nucleon exchange process
between projectile and target is exhausted but such emissions
may distort the isospin equilibration signal. These emissions
produced by the AMD code are not purely statistical, i.e.,
not calculated following the Hauser-Feshbach approach. As a
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-R
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FIG. 8. AMD calculations for 48Ca + 40Ca system at 35 MeV/

nucleon. Differences in the n-p equilibration between the asy-stiff
and asy-soft recipes via isospin transport ratio. Results at 500 fm/c
and at the end of the statistical decay performed via GEMINIF90
are shown. Bin number has been reduced, with respect to previous
figures, to prevent fluctuations.

matter of fact they perturb the real n-p equilibration degree at
an extent that increases with the collision violence (decrease
of the impact parameter). In particular, their effect on the
isospin transport ratio becomes significant for semicentral
events, approximately for 〈bred〉 < 0.8. For more peripheral
reactions, at least for these reactions, the fast emissions are
negligible (and thus their effect on the isospin transport ratio).

In conclusion, the investigation presented in this paper
has shown that both the statistical de-excitation of primary
fragments and the fast dynamical emissions can influence the
observed n-p equilibration via isospin transport ratio. The
overall effects can be seen comparing the equilibration degree
at the separation time with that at the end of the statistical
stage [see Figs. 6(a) and 6(b)]. They introduce a nonlinear
distortion on the 〈N/Z〉 of the QP in two distinctive range of
centrality, approximately above and below 〈bred〉 ≈ 0.8 for the
statistical and dynamical emission, respectively. Both effects
have to be taken into account once a comparison with exper-
imental data, aiming at constraining the asy-stiffness of the
nEoS, is performed. In fact, the expected differences in the
isospin transport ratio between asy-stiff and asy-soft recipes
might be small due to the presence of counteracting effects
[11] as for instance the development of cluster correlations
during the dynamical phase [38]. Consequently, they could be
of the same order of the distortion introduced by secondary
decays and fast dynamical emissions. For the considered Ca-
system, this is shown in Fig. 8, where the differences of the
n-p equilibration between the asy-stiff (Rstiff ) and asy-soft
(Rsoft) recipe are shown, both at the end of the interaction
(tDIC), at 500 fm/c and at the end of the statistical stage via
GEMINIF90.
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