
HAL Id: in2p3-03832816
https://hal.in2p3.fr/in2p3-03832816v1

Submitted on 28 Oct 2022 (v1), last revised 24 Jan 2023 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Experimental study of the isospin transport with
40,48Ca+ 40,48Ca reactions at 35 MeV/nucleon

Q. Fable, A. Chbihi, J.D. Frankland, P. Napolitani, G. Verde, E. Bonnet, B.
Borderie, R. Bougault, E. Galichet, T. Génard, et al.

To cite this version:
Q. Fable, A. Chbihi, J.D. Frankland, P. Napolitani, G. Verde, et al.. Experimental study of the
isospin transport with 40,48Ca+ 40,48Ca reactions at 35 MeV/nucleon. Physical Review C, 2023, 107
(1), pp.014604. �10.1103/PhysRevC.107.014604�. �in2p3-03832816v1�

https://hal.in2p3.fr/in2p3-03832816v1
https://hal.archives-ouvertes.fr


Experimental study of the isospin transport with 40,48Ca+40,48Ca reactions at 35
MeV/nucleon

Q. Fable,1, ∗ A. Chbihi,2 J.D. Frankland,2 P. Napolitani,3 G. Verde,1, 4 E. Bonnet,5 B. Borderie,3 R. Bougault,6

E. Galichet,3, 7 T. Génard,2 D. Gruyer,6 M. Henri,2 M. La Commara,8 A. Le Fèvre,9 J. Lemarié,2

N. Le Neindre,6 O. Lopez,6 M. Pârlog,6, 10 A. Rebillard-Soulié,6 E. Vient,6 and M. Vigilante11, 12

(INDRA collaboration)
1Laboratoire des 2 Infinis - Toulouse (L2IT-IN2P3),

Université de Toulouse, CNRS, UPS, F-31062 Toulouse Cedex 9 (France)
2GANIL, CEA/DRF-CNRS/IN2P3, Bvd. Henri Becquerel, F-14076 Caen CEDEX, France

3Université Paris-Saclay, CNRS/IN2P3, IJCLab, 91405 Orsay, France
4Istituto Nazionale di Fisica Nucleare, Sezione di Catania, 64 Via Santa Sofia, I-95123, Catania, Italy
5SUBATECH UMR 6457, IMT Atlantique, Université de Nantes, CNRS-IN2P3, 44300 Nantes, France

6Normandie Univ, ENSICAEN, UNICAEN, CNRS/IN2P3, LPC Caen, F-14000 Caen, France
7Conservatoire National des Arts et Métiers, F-75141 Paris Cedex 03, France

8Dipartimento di Farmacia, Università Federico II and INFN Napoli, Napoli, Italia
9GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany

10National Institute for Physics and Nuclear Engineering, RO-077125 Bucharest-Măgurele, Romania
11Dipartimento di Fisica, Università degli Studi di Napoli FEDERICO II, I-80126 Napoli, Italy

12Istituto Nazionale di Fisica Nucleare, Sezione di Napoli,
Complesso Universitario di Monte S. Angelo, Via Cintia Edificio 6, I-80126 Napoli, Italy

(Dated: October 28, 2022)

We investigate the isospin transport with 40,48Ca+40,48Ca reactions at 35 MeV/nucleon, measured
with the coupling of the VAMOS high acceptance spectrometer and the INDRA charged particle
multidetector. Using the quasi-projectile remnant measured with VAMOS and carefully selected
light-charged-particles measured in coincidence with INDRA, a reconstruction method is applied
to estimate the excited quasi-projectile (QP) on an event-by-event basis. The isospin diffusion is
investigated using the isospin transport ratio with the asymmetry δ = (N − Z)/A of the projectile
as an isospin-sensitive observable and the total transverse energy of Z ≤ 2 nuclei for experimental
centrality sorting. The experimental isospin transport ratios present, for both the reconstructed QP
and its remnant, a clear evolution towards isospin equilibration with increasing dissipation of the
collision while the full equilibration is not reached. A smoother evolution with less discrepancies
between the two mixed systems in the case of the reconstructed QP is also observed. The isospin
migration is investigated using the neutron-to-proton ratio of the light-charged-clusters and the
velocity of the QP remnant as a sorting parameter. More particularly, we focused on an angular
region centered around the mid-rapidity of the reaction so as to characterize the low-density neck
emissions. A systematic neutron-enrichment is observed and interpreted as a consequence of isospin
migration, more particularly for the symmetric systems which present no isospin gradient between
the projectile and the target. We also noticed that the 2H and 4He particles exhibit very close
multiplicities independently of the sorting variable for the symmetric systems.

PACS numbers: 21.65.Ef, 25.70.-z, 25.70.Lm, 25.70.Mn, 25.70.Pq

I. INTRODUCTION

The equation of state (NEoS) of bulk nuclear matter
over a wide range of densities, temperatures and neutron-
to-proton asymmetries remains a major issue in modern
nuclear physics and astrophysics. Indeed, the NEoS plays
a key role in describing nuclear systems probed in labo-
ratory experiments, as well as in modeling neutron stars,
core-collapse supernovae (CCSN) and mergers of com-
pact binary stars [1]. Heavy-ion collisions (HIC) are the
unique tool to probe the NEoS at finite temperature un-
der laboratory controlled conditions, over a wide range
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of density and energy, depending on the beam energy,
the size of the colliding systems and the impact param-
eter of the collisions. Such experiments allow to con-
strain the isoscalar (same proton, ρp, and neutron, ρn,
densities) and isovector (ρp 6= ρn) contributions to the
energy density of nuclear matter away from saturation
density, ρ0 ' 0.17 fm [2]. At intermediate beam ener-
gies (20−100 MeV/nucleon), temperatures and densities
similar to those reached in the neutrinosphere of CCSN
matter are expected, allowing the experimental study of
in-medium effects of light clusters at high temperature
[3]. At higher beam energies, NEoS constraints for sym-
metric nuclear matter [4] and symmetry energy [5] are
probed at densities in the range of roughly ρ0-to-3ρ0 and
ρ0-to-2ρ0, respectively. In particular, a recent interdisci-
plinary analysis from Huth et. al demonstrated the inter-
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est of combining astrophysical multi-messenger observa-
tions from gravitational-wave astronomy [6], electromag-
netic observations of neutron stars [7] and HIC results
to provide complementary information on the NEoS at
intermediate densities [8].

As the NEoS cannot be measured directly, it can
only be inferred from comparisons of model predictions
with carefully selected collision observables. For exam-
ple, transport models are used to predict the dynam-
ics of HIC by numerical resolution of equations based
on semi-classical mean-field approximations, including
correlations via nucleon-nucleon collisions and a given
parametrization of the NEoS via effective interactions.
Peripheral and semi-peripheral reactions around Fermi
energy (30 − 60 MeV/nucleon) are of particular interest
to study the transport of nuclear matter and N/Z equi-
libration effects. Indeed such reactions are dominated by
binary-like collisions, where projectile and target nuclei
interact by exchanging nucleons before re-separating into
a quasiprojectile (QP) and a quasitarget (QT), with kine-
matic properties respectively close to the projectile and
the target, but also by the production of lighter ejec-
tiles like light-charged particles (LCPs, Z = 1, 2) and
intermediate-mass fragments (IMFs, 3 ≤ Z ≤ 6 in the
present work) [9–11]. As QP and QT can be moderately
deformed and excited, they are expected to undergo se-
quential decays by emitting LCPs and gamma rays, lead-
ing to a projectile-like (PLF) and a target-like (TLF)
fragment as remnants.

If the reaction partners present a different initial
neutron-to-proton ratio N/Z, they are expected to un-
dergo isospin equilibration which will be reflected in the
N/Z of the outgoing nuclei. This phenomenon, called
isospin diffusion, is driven by the isospin gradient be-
tween the two colliding participants, which is propor-
tional to the symmetry energy term of the NEoS. In addi-
tion, various transport model calculations suggest a neu-
tron enrichment of the neck region developing between
the QP and the QT and characterized by sub-saturation
densities (ρ < ρ0) [2, 12–17]. This phenomenon, called
isospin migration (or drift), is driven by the density gra-
dient between this neck region and the QP-QT remnants,
which is proportional to the derivative of the symmetry
energy term: a larger neutron enrichment of the neck is
expected for a stiffer symmetry energy [17]. One can thus
expect the degree of charge and mass equilibration occur-
ing during the collision mainly to depend on the strength
of the symmetry energy and the interaction time between
the two reaction participants. Exploiting large angular
acceptance detector arrays with different projectile and
target combinations, it is possible to study the competi-
tion between isospin diffusion and migration while char-
acterizing the dissipation of the collision. Of course, the
time scales for each collision cannot be measured exper-
imentally but only be inferred from measured final state
observables. To draw conclusions, it is also necessary to
consider the role of evaporation and prompt-emitted par-
ticles that possibly modify the experimental observables.

This work presents the experimental investigation of
the isospin transport in 48,40Ca+48,40Ca reactions at 35
MeV/nucleon measured with the INDRA-VAMOS cou-
pling and follows our previous study reported in [18].

The experimental setup is described in Section II. Sec-
tion III presents the results on isospin diffusion and
isospin migration, along with a comparison between the
PLF measured in VAMOS and the reconstructed QP.
Summary and conclusions are finally presented in Sec-
tion IV.

II. EXPERIMENTAL SETUP AND QP
RECONSTRUCTION

The INDRA-VAMOS coupled setup was used at the
GANIL facility to measure 48,40Ca+48,40Ca collisions at
35 MeV/nucleon.

The VAMOS high acceptance spectrometer [19] cov-
ered the forward polar angles from 2.56◦ to 6.50◦, so as to
detect a single fragment emitted slightly above the graz-
ing angle of the reaction. Focal plane detection capabil-
ities consisted of a 7-modules ionization chamber, a 500
µm thick Si-wall (18 independent modules) and a 1 cm
thick CsI(Tl)-wall (80 independent modules), allowing
the measurements of the time of flight, energy loss (∆E)
and energy (E) parameters. Two position-sensitive drift
chambers were used to determine the trajectories of the
reaction products at the focal plane. Around twelve mag-
netic rigidity (Bρ0) settings, from 0.661 to 2.220 T m,
were measured for each system to cover the full veloc-
ity range of the fragments and identify isotopically the
forward-emitted PLF.

INDRA covered polar angles from 7◦ to 176◦ with de-
tection telescopes arranged in rings centered around the
beam axis. The forward rings (7◦−45◦) consisted each of
three-layers detection telescopes: a gas-ionization cham-
ber, a 300 or 150 µm silicon wafer and a CsI(Tl) scintil-
lator (14 to 10 cm thick) read by a photomultiplier tube.
The backward rings (45◦−176◦) included two-layers tele-
scopes: a gas-ionization chamber and a CsI(Tl) scintilla-
tor (5 to 8 cm thick). INDRA allowed charge and isotope
identification up to Be-B and only charge identification
for heavier fragments.

Further details of the setup, trajectory reconstruction,
normalization procedure and QP reconstruction can be
found in [18], where the analysis allowed us to also esti-
mate how to account for the undetected neutrons emitted
by the QP.

III. ISOSPIN TRANSPORT

The stochastic, differential exchange of nucleons be-
tween two colliding nuclei with different N/Z, usually
referred to as isospin transport, is expected to depend
mainly on the difference in composition of the two nuclei,
the interaction time of the collision, and the symmetry



3

energy term of the NEoS. In a hydrodynamic approxima-
tion, the isospin transport can be described by means of
the local neutron and proton currents jn and jp , such as
[10, 17]:

jn,p = Dρ
n,p∇ρ−Dδ

n,p∇δ (1)

where ρ = ρn + ρp is the local density of nuclear mat-
ter, δ = (ρn − ρp) /ρ the neutron-to proton asymmetry
(isospin) and Dρ,δ

n,p are the density and isospin-dependent
transport coefficients for neutrons and protons [10].

According to Eq.1:

jn − jp =
(
Dρ
n −Dρ

p

)
∇ρ︸ ︷︷ ︸

Isospin Migration

−
(
Dδ
n −Dδ

p

)
∇δ︸ ︷︷ ︸

Isospin Diffusion

(2)

The first term of Eq.2, called isospin migration (or
isospin drift) can be related to the density dependence
of the symmetry energy, as:

Dρ
n −Dρ

p ∝ 4δ
∂εsym
∂ρ

(3)

The second term of Eq.2, called isospin diffusion can be
related to the value of the symmetry energy (at a given
local density), as:

Dδ
n −Dδ

p ∝ 4ρεsym (4)

During a collision, a rearrangement of the neutron-to-
proton ratio of the colliding nuclei is expected to take
place under the combined effect of (i) isospin migration
(drift) leading to an increase in neutron richness of low-
density regions and (ii) isospin diffusion leading to a bal-
ance in neutron-richness of different isospin (δ) regions.
Equations 3 and 4 hence suggest that one can use the
measurements of N/Z-sensitive observables to probe the
derivative and strength of εsym, respectively.

A. Isospin diffusion

Quantitative signals of the isospin diffusion phe-
nomenon can be deduced from the isospin transport ra-
tio (also known as imbalance ratio) introduced by Rami
et. al [20]. This technique is based on combining isospin-
sensitive observables measured with four systems differ-
ing in their initial neutron-to-proton ratio. Two symmet-
ric neutron-rich (NR) and neutron-deficient (ND) reac-
tions are used as reference values, while the two mixed
reactions (M) reach a neutron content in between these
two references.

The isospin transport ratio is defined as:

Rx =
2xM − xNR − xND

xNR − xND
(5)

where x is an isospin-sensitive observable expected to be
univocally related to theN/Z of the systems under study.

In order to follow the evolution of the system towards
the N/Z equilibration, the Rx ratio is studied as a func-
tion of an ordering parameter directly related to the
dissipation. By construction, Rx = ±1 in the limit of
fully non-equilibrated conditions (isospin transparency).
Moreover, Rx = 0 represents full isospin equilibration
conditions of a mixed reaction if x presents a linear de-
pendence on the isospin, whereas more generally equi-
libration is signalled by both mixed reactions achieving
the same value for the ratio [20].

In particular, under identical experimental conditions,
this ratio is expected to reduce the sensitivity to dynami-
cal (fast emissions, Coulomb) and sequential decay effects
while the associated errors remain statistical. According
to the original work of Rami, Rx is expected to bypass
any perturbation introducing a linear transformation of
x. The validity of this assumption was recently studied
in the framework of the Antisymmetrized Molecular Dy-
namics (AMD) transport model [21] coupled to different
statistical decay codes [22]. A conclusion of that work
was that the statistical de-excitation of the QP intro-
duces a linear transformation of the N/Z of the projectile
for an excitation energy E∗/A & 2 MeV/nucleon, while
a non-linearity is developed at lower excitation energies.

We also address this issue in the next sections with a
comparison of the isospin transport ratio obtained from
the PLF directly measured in VAMOS and the recon-
structed QP with the evaporated neutron estimation.

1. Estimation of experimental centrality

In the present study we will use the total transverse
energy of LCP, Et12, as a measure of the violence of the
collisions in order to estimate their centrality. Et12 is
defined as:

Et12 =
∑
i:Zi≤2

Ei sin2 θi (6)

where in the sum i runs over the detected products of
each event with Zi ≤ 2, laboratory kinetic energy Ei and
laboratory polar angle θi. This global variable has often
been used in previous analyses, as it is particularly well-
suited to the performances of the INDRA array for which
LCP are detected with a close-to-geometrical (90%) ef-
ficiency [23–26]. In the context of the present analysis
it is also worth noting that the PLF properties are com-
pletely independent of this quantity, avoiding possible
trivial bias due to auto-correlation with the event sort-
ing for the study of the isospin transport ratio presented
in Section IIIA 3.

The inclusive Et12 distributions for the four systems
under study are shown in Fig.1. The distributions are
presented with a logarithmic y-axis scale in order to
emphasize the differences in the high-Et12 tails, which
to a first approximation can be associated with the



4

most central collisions. We observe that for the system
40Ca+40Ca higher Et12 values are explored in the tail
compared to the neutron-rich 48Ca+48Ca one, while the
two “crossed” systems, 40Ca+48Ca and 48Ca+40Ca, reach
intermediate values. This means that Et12 values for the
different systems are not directly comparable, and data
for the different systems with similar Et12 values cannot
be assumed to have similar centrality.

In order to remove the trivial system-dependence of the
Et12 distributions, P (Et12), we will sort data according
to the experimental centrality, cEt12 , defined as

cEt12 ≡
∫ +∞

Et12

P (Ẽt12) dẼt12 (7)

which is nothing but the complementary cumulative
distribution function or tail function of the distribution
P (Et12). By construction, cEt12 decreases from 1 to 0
as Et12 goes from its minimum (∼ 0) to its (system-
dependent) maximum value, therefore in the following we
will associate large (∼ 1) cEt12 values with the most pe-
ripheral collisions recorded for each system, while smaller
values (cEt12 → 0) indicate increasing centrality i.e.
smaller average impact parameters. It should be noted
that a further advantage of sorting according to central-
ity as defined in Eq. 7 is that cEt12 bins of fixed width
contain the same number of events or fraction of the to-
tal recorded cross-section, and therefore have the same
statistical significance, whatever the centrality.
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Figure 1: (Color online) Total transverse energy distributions
of light charged particles (normalized to their integral) for
40,48Ca+40,48Ca collisions at 35 MeV/nucleon.

2. N/Z asymmetry of the projectile

In this section we present the general features of the ex-
perimental observable used to compute the isospin trans-
port ratio from Eq.5.

The asymmetry δ = (N − Z)/A of the PLF or the
QP was chosen as an isospin sensitive observable as it
is proved to be a suitable tool for investigation of the
stiffness of the NEoS [17, 27]. It should be noted that
the results and conclusions presented hereafter can also
be drawn using the neutron-to-proton ratio N/Z.

Figure 2 presents the evolution of the average asymme-
try of the PLF and of the reconstructed QP as a function
of the experimental centrality cEt12 . The PLF distribu-
tions, shown in Fig.2(a), exhibit an ordering according
to the neutron-richness of the projectile and to a lesser
extent of the target, similarly to the charge distributions
reported in our previous work [18]. In addition, we ob-
serve an increase (respectively a decrease) of the asym-
metry with increasing cEt12 for the 48Ca (respectively
40Ca) projectile reactions. We also notice that the ini-
tial asymmetries (δ4040 = 0, δ4048 = δ4840 = 0.091 and
δ4848 = 0.167, represented with dotted-dashed lines) of
the colliding nuclei is not reached, even for the less cen-
tral collisions (cEt12 ' 1). It is worth noting that for
the most peripheral collisions a mean neutron excess of
4 (δ = 0.091 = δ4840) is measured for Ca isotopes with
48Ca projectile reactions, while a mean neutron deficit of
1 is obtained for the 40Ca projectile. The average loss
of four neutrons for neutron-rich projectile systems can
be prevalently associated to neutron evaporation from
the excited projectile residue. An additional contribu-
tion from neutron transfer should reflect in an enhanced
shift of the isotopic content towards the residue corridor
for the asymmetric systems. Less neutron rich than the
β-stability line, the residue corridor, or evaporation at-
tractor line (EAL, represented here in dashed lines for the
symmetric systems and extracted from [28]), is a region
of the nuclear chart where proton and neutron emissions
have equal probability. It is reached when enough ex-
citation energy feeds the decay, rather than other more
violent decay mechanisms. For the 48Ca projectiles, this
effect even counterbalances the fact that the asymmetric
system should correspond to less excitation energy avail-
able for the secondary decay (due to the smaller target)
so that, in absence of diffusion and relying on a sim-
ple sequential-decay picture, the residues produced with
the 48Ca+48Ca system should approach the EAL more
closely than the 48Ca+40Ca system. The opposite is ob-
served in the present case, likely due to isospin diffusion
contributions. For the 40Ca projectiles, the two effects
should on the other hand act in phase. It is interest-
ing to mention that the opposite effect was observed at
relativistic energies in [29, 30], where a prevalent con-
tribution from multifragmentation was taking excitation
away from the secondary decay process, preventing the
system from reaching the EAL. A quantitative descrip-
tion of the distributions of Fig. 2(a) should also involve
the emission of light clusters, in particular for the 40Ca
system and the side related to larger centrality, as more
excitation energy would feed cluster emission.

Concerning the reconstructed QP asymmetry pre-
sented in Fig.2(b), the same trend and hierarchy than



5

for the PLF distributions are observed. As expected,
the reconstructed δ are further away of the EAL than
in the case of the PLF with higher gaps between the
distributions. We remark that the 48Ca projectile reac-
tions present systematically higher values than the initial
asymmetry of the asymmetric reactions (δ4048 = δ4840 =
0.091) with lower values than the neutron rich system
(δ4848 = 0.167). For the most peripheral collisions a
mean neutron excess of 6 (δ = 0.130) is measured for
Ca isotopes with 48Ca projectile reactions, while a mean
neutron deficit of 0.5 is obtained for the 40Ca projec-
tile. Finally, it is worth noting that a tendency to reach
the initial asymmetry with decreasing cEt12 (more central
collisions) is observed for the asymmetric systems.
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Figure 2: (Color online) Distribution of the average asymme-
try δ as a function of the experimental centrality cEt12 for (a)
the PLF and (b) the reconstructed QP for the four systems
under study. The initial asymmetries of the colliding systems
and the EAL extracted from [28] (using the average charge of
the symmetric systems for each bin of cEt12) are represented
in dotted-dashed and dashed lines, respectively.

3. Isospin transport ratio

For each bin of experimental centrality cEt12 , the
isospin transport ratio Rδ was computed from Eq.5 using
the average asymmetry 〈δ〉 = 〈(N−Z)/A〉 as the isospin-
sensitive observable, with 40Ca+48Ca or 48Ca+40Ca as
mixed systems (M), 48Ca+48Ca as neutron-rich system
(NR) and 40Ca+40Ca as neutron-deficient system (ND).
The results are presented in Fig.3 for the PLF (open sym-
bols) and the reconstructed QP (full symbols). For both,
an evolution of the isospin transport ratio is observed,
with decreasing values from about Rδ = ±0.75 to about
Rδ = ±0.3 when moving from the most peripheral col-
lisions (high cEt12 values) to the most central collisions
(low cEt12 values). Moreover the value at halfway be-
tween the mixed reactions points (represented in dashed
line) is very small (Rδ = 0.04±0.05 for the reconstructed
QP and Rδ = 0.04±0.07 for the PLF), demonstrating the
linear dependence of δ. The data thus suggest a contin-
uous evolution towards an N/Z equilibration condition,
while a full equilibration condition is not reached even in
the most central collisions. It is worth noting that indi-
rect indications, obtained from mirror nuclei yield ratios,
of such an evolution of the isospin transport ratio with
centrality were already reported in [31]. However, the re-
sults reported in the present article are a direct estimate
of the N/Z of both the PLF and the QP performed with
the coupled INDRA-VAMOS device.
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Figure 3: (Color online) Isospin transport ratios computed
from the asymmetry δ of the QP remnant (open symbols)
and the reconstructed QP (full symbols) as a function of the
experimental centrality cEt12 . The dashed line correspond to
the value (Rδ = 0.04) at halfway between the 40Ca+48Ca and
48Ca+40Ca experimental points.

It should be also highlighted that the reconstructed QP
presents a smoother evolution, with less disparities and
a slower evolution to the full equilibration, compared to
the case of the PLF. As demonstrated in [27, 32], for a
given sorting parameter, the experimental isospin trans-
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port ratio can present variations in its absolute values
depending on the isospin-sensitive probe, while the trend
towards isospin equilibration was nonetheless observed.

In order to study the effect of the QP reconstruction
on the experimental isospin transport ratio, we present
in Fig.4 the average PLF asymmetry, 〈δ〉PLF , as a func-
tion of the QP asymmetry, δQP , for three ranges of cEt12
values, namely 0.05 < cEt12 < 0.1 (central collisions, left
panel), 0.45 < cEt12 < 0.5 (mid-central collisions, central
panel) and 0.85 < cEt12 < 0.9 (peripheral collisions, right
panel. In particular, 〈δ〉PLF was computed for each bin
of δQP for the most abundant nuclei (those which con-
tribute the most to the computation of the isospin trans-
port ratio). The corresponding average excitation energy
for each domain of cEt12 is also reported on the figure.

Concerning the 48Ca+40Ca system (blue open trian-
gles), we observe a behaviour similar to the one reported
in [22]: the higher the average excitation energy of the
QP, the closer the final QP remnant is to the EAL
(dashed horizontal line). Futhermore, we observe that
the reduced chi-squared χ2 obtained from a linear fit to
the 48Ca+40Ca data (continuous line) increases with de-
creasing average excitation energy, showing more partic-
ularly that the correlation is not linear for the less dissi-
pative collisions where 〈E∗/A〉 = 1.3 MeV/nucleon.

Concerning the 40Ca+48Ca system (red open dots),
the interpretation is not straight-forward as a clear lin-
earity of the correlation between 〈δ〉PLF and δQP is not
verified. We observe nonetheless a general evolution of
the asymmetry to higher values for both the QP and the
PLF with increasing average excitation energy, so that
the values increasingly cross the EAL.

According to the aforementioned observations, we be-
lieve the reconstructed QP asymmetry to be more rel-
evant in order to directly estimate the transport coeffi-
cients [10].

B. Isospin migration

As previously discussed, a possible indication for the
isospin migration is a neutron-enrichment in the neck re-
gion induced by a local density gradient in the portion of
nuclear matter formed during the collision.

To study this phenomenon experimentally, we focus
on the average neutron-to-proton ratio 〈N/Z〉CP of the
clusters isotopically identified with INDRA and defined
as:

〈N/Z〉CP =

∑
νMν

Nν
Zν∑

νMν
(8)

where Mν , Nν and Zν are respectively the multiplicity,
neutron number and proton number of each cluster ν,
where ν corresponds to 2,3H, 3,4,6He, 6,7,8,9Li or 7,9,10Be
isotopes (free protons and - undetected - neutrons are ex-
cluded). Thus, by construction, a neutron-richness would
be indicated by 〈N/Z〉CP > 1.

In particular, we studied the clusters emitted (i) for-
ward with respect to the PLF and (ii) in an angular re-
gion centered around the mid-rapidity of the reaction.
The forward domain of the PLF, corresponding to clus-
ters with a positive parallel velocity in the PLF reference
frame (V zνPLF > 0), is expected to be mostly populated
by the decay emissions of the QP, minimizing contami-
nation by the QT and neck (dynamical) emissions. The
mid-rapidity domain, corresponding to an angular region
centered around mid-rapidity in the reaction center of
mass frame (85◦ < θνCM < 95◦) is expected to be domi-
nated by neck emissions.

The reduced velocity of the PLF, defined as V PLFred =
V zPLF /V proj were V zPLF and V proj are respectively
the parallel velocity of the PLF and the projectile veloc-
ity in the laboratory, was chosen as a surrogate for the
measure of the degree of dissipation of the collisions. It
also presents the advantage of being independent of the
〈N/Z〉CP computed with the LCP identified with IN-
DRA, avoiding trivial bias due to autocorrelation with
the event sorting. It should be noted that the results
and conclusions presented hereafter can also be drawn
using various N/Z ratios for complex particles described
in the literature, such as the one defined in [25, 33].

The results are presented in Fig.5, where the average
〈N/Z〉CP is plotted as a function of V PLFred .

Concerning the forward emission region, we remark
that the 〈N/Z〉CP tends to follow the hierarchy of the
asymmetry δ observed in Fig.2. This suggests that the
measured N/Z ratio for complex particles can also be
exploited as an alternative probe to evaluate the isospin
transport ratio in peripheral collisions with the INDRA-
VAMOS coupling.

Concerning emissions at mid-rapidity, we observe
higher 〈N/Z〉CP values compared to the foward domain,
independently of the dissipation. This suggests a system-
atic neutron enrichment of the mid-rapidity region, which
is dominated by the density drop at mid-rapidity rather
than by the isotopic content of the colliding partners, in
particular when they are symmetric. Such observation
can be interpreted as a consequence of isospin migra-
tion. Furthermore, free protons, most of which originate
from prompt out-of-equilibrium emissions, are in fact ex-
cluded in the computation of 〈N/Z〉CP . Finally, an over-
all smoother increase of 〈N/Z〉CP is observed with in-
creasing dissipation for the mid-rapidity region compared
to the forward region.

In order to further investigate the individual contri-
butions to the mid-rapidity region, we present in Fig.6
the average multiplicities of the LCP that contribute the
most to the computation of 〈N/Z〉CP , as a function of
the reduced velocity of the PLF. For the sake of conci-
sion, the proton multiplicities are also represented here
but we remind that they are not included in Eq.8.

As expected, the multiplicities increase with decreas-
ing V PLFred , reflecting an increase of cluster production
with increasing dissipation as more excitation energy is
available. We observe that for the protons and neutron-
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Figure 4: (Color online) Correlations between the asymmetry obtained from the QP remnant measured with VAMOS and the
reconstructed QP for the mixed systems and different domains of cEt12 , for the most abundant nuclei. The continuous and
dashed lines represents the linear fits and values predicted by the EAL for the 48Ca+40Ca system, respectively.
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Figure 5: (Color online) Average 〈N/Z〉CP (see Eq.8) for each bin of PLF reduced velocity, for the clusters emitted forward
with respect to the PLF (full circles) and in the angular region centered around the mid-rapidity (full triangles). Center of
mass reduced velocity is represented with a dotted line.

poor 3He particles, the multiplicities mostly reflect the
total (projectile and target) neutron content of the ini-
tial colliding system, leading to close distributions for the
mixed 40Ca+48Ca and 48Ca+40Ca systems in the case of
more dissipative collisions. We would like to highlight
that this pattern is very different from the one obtained
for the forward domain (see Fig.8 from [18]) where a hi-
erarchy related, first, to the neutron richness of the pro-
jectile and, to a lesser extent, of the target is observed.
Concerning the neutron-rich tritons and 6He particles,
we notice that the distributions mostly depend on the
projectile neutron-richness. Finally, in the case of the
deuterons and 4He particles, having the same N/Z, we
observe that the multiplicities depend much less on the
system, similarly to the forward domain, with a notice-
able difference for the 48Ca+40Ca system. Surprisingly,
we also remark that the absolute values are close for the
symmetric systems independently of the centrality.

As a conclusion, the trends observed in Fig.6 sug-
gest that the behaviour of 〈N/Z〉CP , thus the neutron-
enrichment of the mid-rapidity domain, is mainly driven

by the A = 3 LCP isobars. Indeed, contrary to what
we observe for the forward velocity domain, the 3He
and 3H multiplicities mainly depend on the neutron-
richness of the total system or the projectile, respec-
tively. Thus, for the symmetric system, the behaviour
is straightforward and independent of the dissipation as
the neutron-richness of the total system and the projec-
tile act in phase, leading to higher values of 〈N/Z〉CP for
the 48Ca+48Ca reaction. For the asymmetric systems,
the effect is more complex as the 3He multiplicities tend
to converge with increasing centrality, leading to values
of 〈N/Z〉CP ' 1.1 for both systems.

The above observations suggest that the experimental
isotopic ratios reflect a neutron enrichment in the mid-
rapidity velocity region. This can be interpreted as conse-
quence of isospin migration, confirming that the density
at mid-rapidity is lower than the saturation density ρ0,
leading the neutrons to be attracted towards this zone.
Also, similarly to the study given in [34] for heavier part-
ners 136,124Xe+124,112Sn reactions, we believe that com-
parisons of the triton and 3,6He particles production with
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Figure 6: (Color online) Average LCP multiplicities detected
in INDRA as a function of the QP remnant reduced velocity
for the mid-rapidity domain (see text).

filtered transport model calculations, more specifically
for peripheral collisions, could lead to a better under-
standing of isospin-dependence of the NEoS.

IV. CONCLUSION

In this work we investigated the isospin trans-
port phenomena from 40,48Ca+40,48Ca reactions at 35
MeV/nucleon measured with the INDRA-VAMOS cou-
pling. This apparatus allows to reconstruct the hot
quasiprojectile source from the remnant (PLF) directly
identified with the VAMOS high acceptance spectrome-
ter and carefully selected light-charged-particles (LCPs)
measured in coincidence with INDRA, on an event-by-
event basis.

The isospin diffusion phenomena was studied from
the isospin transport ratio Rδ, using the asymmetry
δ = (N−Z)/A as the isospin sensitive observable and the
experimental centrality calculated from the total trans-
verse energy of the LCPs with Z 6 2, cEt12 , as a sort-
ing parameter to appraise the violence of the collision.
Both observables present the interest of being uncor-
related, avoiding any bias in δ from a bin selection in
cEt12 . For both QP and PLF, a deacrease of the isospin
transport ratio is measured with decreasing cEt12 , from
about Rδ = ±0.75 for the most peripheral collisions to
about Rδ = ±0.3 for the most central. Thus, the overall
isospin transport ratios present, for both the PLF and
the reconstructed QP, a clear evolution towards isospin
equilibration with increasing dissipation of the collision
(decreasing cEt12), while a full N/Z equilibration condi-
tion is not reached. Furthermore, a smoother evolution,
with less discrepancies between the two mixed systems,
is observed in the case of the reconstructed QP.

The effect of the reconstruction of the QP on the exper-
imental isospin transport ratio was also studied from the
correlations between the QP asymmetry δQP and the av-
erage PLF asymmetry δPLF . Concerning the 48Ca+40Ca
system, we noticed that the correlation is not linear
for the less dissipative collisions where 〈E∗/A〉 = 1.3
MeV/nucleon. We also observed that the higher the av-
erage excitation energy of the QP, the closer the final QP
remnant is to the EAL. Concerning the 40Ca+48Ca sys-
tem, we observe an evolution of the asymmetry to higher
values for both the QP and the PLF with increasing av-
erage excitation energy.

The isospin migration was studied from the aver-
age neutron-to-proton ratio 〈N/Z〉CP of 2,3H, 3,4,6He,
6,7,8,9Li or 7,9,10Be clusters isotopically identified with
INDRA (free protons excluded). We focused more specif-
ically on the clusters emitted in two distinct angular
domains: the one forward-emitted with respect to the
PLF (supposed to correspond to the decay emissions
of the QP) and the one in an angular region centered
around mid-rapidity in the reaction center of mass frame
(supposed to characterize the neck emissions). The re-
duced velocity V PLFred of the PLF measured with VA-
MOS, measured independently of the 〈N/Z〉CP observ-
able, was used as a sorting parameter to appraise the vi-
olence of the collision. A systematic neutron-enrichment
(〈N/Z〉CP > 1) of the mid-rapidity domain compared to
the forward domain was observed for all systems, inde-
pendently of the sorting parameter. The aforementioned
observation can be interpreted as a consequence of isospin
migration for the symmetric systems as they present no
isospin gradient between the projectile and the target.
Furthermore, the study of the Z = 1 and Z = 2 LCPs
multiplicity distributions allowed to highlight that the
behaviour of 〈N/Z〉CP is mainly driven by the A = 3
isobars for the mid-rapidity domain, while 3He and 3H
multiplicities mainly depend on the neutron-richness of
the total (projectile and target) system or the projectile,
respectively. Thus, if the behaviour of the symmetric sys-
tems is straightforward and (mostly) independent of the
centrality, the effect is more complex for the asymmetric
ones as the 3He multiplicities tend to converge with in-
creasing centrality, leading to values of 〈N/Z〉CP ' 1.1.
Finally, it must also be noted that the 〈N/Z〉CP of the
forward domain tends to follow the same hierarchy as the
asymmetry δ, suggesting that such observable can also be
exploited as an alternative probe to evaluate the isospin
transport ratio in peripheral collisions.

The results presented in this work demonstrate the rel-
evance of the data collected with the INDRA-VAMOS
coupling and its high potential to provide further infor-
mation and constraints on the study of the symmetry
energy term in the NEoS for peripheral HIC collisions.
Extensive comparisons of this dataset with various dy-
namical and statistical model calculations are foreseen,
in order to better understand and constrain isospin trans-
port phenomena and more generally the dynamical pro-
cesses at stake. In particular, it would be interesting to
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track the density evolution for such collisions within an
accurate mean-field description in the presence of dynam-
ical instabilities.
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