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F-31062 Toulouse Cedex 9 France
(10) INFN, Laboratori Nazionali di Legnaro - 35020 Legnaro, Italy
(11) Center for Extreme Nuclear Matters, Korea University - Seoul 02841, Republic of Korea
(12) Department of Physics, Korea University - Seoul 02841, Republic of Korea
(13) Center for Exotic Nuclear Studies, IBS - Daejeon 34126, Republic of Korea
(14) Heavy Ion Laboratory, University of Warsaw - 02-093 Warszawa, Poland
(15) Marian Smoluchowski Institute of Physics Jagiellonian University

30-348 Krakow, Poland
(16) Department of Physics, Inha University - Incheon 22212, Republic of Korea
(17) INFN, Sezione di Catania - 95123 Catania, Italy
(18) Dipartimento di Fisica e Astronomia, Università di Catania - via S. Sofia 64,
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Summary. — The coupled INDRA-FAZIA apparatus is operating in GANIL since
2019, when its first experiment has been carried out. In this experiment, the four
reactions 58,64Ni+58,64Ni at 32 and 52MeV/nucleon have been investigated in order
to highlight the isospin transport effects on the neutron content of light and heavy
fragments, particularly those belonging to the QP phase space which are collected
by FAZIA. Here, we give an overview of the characteristics and performances of the
coupled apparatus, as well as a summary of the most recent results and observations
on this first rich dataset.

1. – Introduction

Heavy ion collisions allow to access transient nuclear environments where a wide
variety of phenomena can take place, depending on conditions such as the bombarding
energy and the reaction centrality [1]. The observation of the behavior of the interacting
nuclei allows to collect information on multiple aspects and properties of nuclear forces.

Among the plethora of mechanisms that characterize the collision dynamics at in-
termediate energies, a widely studied one is isospin transport [2]. The interest in such
phenomena stems from the fact that in the framework of the nuclear Equation of State
(nEoS) they can be described as governed by the nEoS isovector term, called symmetry
energy Esym, expressing its dependence on isospin asymmetry. Two main contribu-
tions to isospin transport are generally distinguished: the isospin drift, leading to a net
neutron flux towards lower density areas, and the isospin diffusion, that tends to re-
equilibrate any isospin imbalance in the system. An experimental observation commonly
ascribed to the former contribution is the neutron enrichment of midvelocity emissions
possibly originating from a diluted neck area connecting projectile and target during
non-central collisions. On the other hand, the latter contribution is considered responsi-
ble of the isospin equilibration observed on the quasiprojectile and quasitarget emerging
from asymmetric reactions.

The experimental investigation of isospin transport phenomena requires detection
setups capable of identifying the fragments produced in the reaction both by charge and
mass, ideally over the widest possible range in energy and atomic number. Another
desirable feature of the experimental apparatus is the ability to provide a good global
event reconstruction, which can be achieved thanks to a large angular coverage with high
granularity. In this context, the coupling of the INDRA and FAZIA setups was planned in
order to collect the most comprehensive information on an intermediate-energy reaction
by exploiting the best characteristics of the two apparatuses [3], as explained in the
following.

2. – The INDRA-FAZIA apparatus

INDRA and FAZIA are two detection arrays both optimized to detect and identify
charged products of heavy ion collisions at intermediate energies, but they nevertheless
present some complementary features.
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FAZIA [4, 5] is a new generation setup able to provide an optimal ion identification
in the Fermi energy domain. The basic module is the block, i.e., a 4 × 4 matrix of Si1
(300μm) - Si2 (500μm) - CsI (10 cm) telescopes. Each block incorporates the electronics
required for the readout of all of its telescopes, including FPGAs carrying out the digital
treatment of the signals and extracting from them most of the relevant quantities in real
time. With this three-stage telescope configuration different identification techniques can
be applied depending on the stopping layer for each particle. Isotopic discrimination can
be achieved up to Z ∼ 25 with the ΔE−E method, and up to Z ∼ 22 with pulse shape
analysis in the first silicon detector. Pulse shape analysis is also applied to CsI signals for
the identification of the most energetic light particles produced. A recent example of the
identification performance of FAZIA can be visualized in the experimental nuclear chart
shown in fig. 1 (right). The performance in terms of ion identification of FAZIA is crucial
to access the isotopic characteristics of the heaviest fragments, such as the QP remnants
produced in more peripheral collisions: for this reason, in the coupled apparatus, the
twelve FAZIA blocks currently available are arranged in a wall configuration (shown in
fig. 1 (left)) and placed at forward polar angles to identify the fragments belonging to
the QP phase space, but the angular coverage is limited to θ � 14◦ (depending on the
distance from target).

The INDRA array was designed for the identification of charged products in the
same energy regime. INDRA [6] is characterized by a large solid angle coverage with
high granularity, allowing for a good reconstruction of events up to high multiplicities.
INDRA detection modules are arranged in rings with cylindrical symmetry with respect
to the beam axis. Each module is a multi-stage identification telescope, with different
configurations depending on the ring. Charge discrimination can be achieved up to
uranium, and mass discrimination up to Z ∼ 4−5. Recently, the INDRA electronics
for data acquisition and power supply has been fully replaced [7]: thanks to this major
upgrade, the identification performance has sensibly improved, allowing now for mass
discrimination up to Z ∼ 10. In the actual coupled configuration, the polar angles for
θ > 14◦ are covered by 12 INDRA rings (out of the 17 original rings), which alone provide
80% of the 4π solid angle coverage.

Fig. 1. – Left: photo of the 12 FAZIA blocks presently mounted in the D5 experimental hall in
GANIL. Right: experimental nuclide chart obtained during the first INDRA-FAZIA experiment
by applying the ΔE−E method on a typical Si1-Si2 FAZIA telescope.
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3. – Recent results on isospin transport

The first INDRA-FAZIA experiment has been carried out in 2019, right after com-
pleting the coupling of the two apparatuses. In this experiment, the four reactions
58,64Ni+58,64Ni at 32 and 52 MeV/nucleon have been studied: the aim was to compare
the products of the two asymmetric reactions with those of both the neutron rich and
neutron deficient symmetric systems, in order to highlight the differences introduced in
the output channel by the action of isospin diffusion.

3
.
1. Comparison between different bombarding energies . – We first focus on the out-

come of semiperipheral and peripheral collisions, for which a binary channel is generally
observed, with the production of the remnants of the QP and the quasitarget (QT) to-
gether with light emissions. We select the QP evaporation channel by requiring a single
heavy fragment (Z ≥ 15) in the forward hemisphere in the center-of-mass (CM) reference
frame. We have verified that this cut selects events in which the only heaviest fragment
has charge and velocity characteristics compatible with those of a QP remnant [8].

In order to follow the evolution of the isospin content of such heavy fragment with
the reaction centrality, we select as centrality related observable the reduced momen-
tum of the QP remnant pred = (pQP

z /pbeam)CM , pQP
z being the QP remnant momen-

tum component along the beam axis and pbeam the original projectile momentum. Its
correlation with the reduced impact parameter bred = b/bgrazing has been tested with
AMD+Gemini++ simulations [9,10], resulting suitable for semiperipheral-to-peripheral
collisions, almost independent of the system and only slightly dependent on the bom-
barding energy [8, 11].

Finally, thanks to the isotopic discrimination provided by FAZIA, we can study the
evolution of the 〈N/Z〉 of the QP remnant as a function of our centrality observable
pred. The result for the four reactions at 32MeV/nucleon is shown in fig. 2 (left).
A clear evidence of the dynamical effect of isospin diffusion is found in the increasing
gap that develops for increasing centrality between the 〈N/Z〉 results for the asymmet-
ric and symmetric reactions sharing the same projectile, that makes the results of the
two asymmetric reactions tend towards each other. Similar observations can be done
for the reactions at 52MeV/nucleon [8]. The isospin equilibration in the asymmetric

Fig. 2. – Left: experimental 〈N/Z〉 of the QP remnant in the evaporation channel as a function
of pred for the four reactions at 32MeV/nucleon. Right: comparison between the experimental
isospin transport ratio obtained with the 〈N/Z〉 of the QP remnant in the evaporation channel
as a function of pred, for the reactions at 32 and 52MeV/nucleon.
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systems can be better visualized by calculating the isospin transport ratio [12], defined
as R(Xi) =

2Xi−X6464−X5858

X6464−X5858
where i represents the two asymmetric systems and X an

isospin sensitive observable such as the 〈N/Z〉 of the QP remnant in our case. By using
the two symmetric reactions as references for normalization, the isospin transport ratio
largely reduces the impact of the effects acting similarly on the four systems, including
those associated to the experimental limitations or to the statistical de-excitation [13,14].
Figure 2 (right) shows the experimental isospin transport ratio R(〈N/Z〉) vs. pred ob-
tained for the asymmetric systems at the two beam energies. The evolution towards
equilibration for increasing centrality is clear in both cases, with the two branches tend-
ing towards the same value for decreasing pred. Moreover, by comparing the results for 32
and 52MeV/nucleon, we note that a higher degree of isospin equilibration is achieved for
the lower beam energy, as could be expected, e.g., from the longer interaction timescale in
that case. This different behavior remains clearly visible also after taking into account the
small difference between the pred vs. bred correlations predicted by AMD+Gemini++,
and it has been coherently found also by employing a different observable, associated
to the light emissions from the QP, as isospin probe to compute the isospin transport
ratio [8].

3
.
2. Comparison between different reaction channels . – The granularity provided by

FAZIA in the forward angle also allows us to investigate the output channel associated
with the QP breakup or dynamical fission [15]. In fact, both forward-emitted QP fission
fragments can be generally distinguished and mass-identified [11, 16]. To select this
reaction channel, we consider the events with a total multiplicity of heavy (Z ≥ 5)
fragments equal to 2. The events compatible with a QP breakup process are selected by
applying further conditions on the relative angle and relative velocity of the two breakup
fragment candidates [17]. The fissioning QP (Zrec, Arec) is thus “reconstructed” as the
sum of the two daughter nuclei, with a velocity equal to that of their CM.

An isospin analysis similar to that performed on the QP remnant in the evaporation
channel can also be applied to the reconstructed QP in the breakup channel. As for the
binary channel, also here we select the breakup events where the reconstructed QP is
forward emitted in the CM reference frame, with Zrec ≥ 15. The evolution of the 〈N/Z〉
of the reconstructed QP with centrality shows global features similar to those observed

Fig. 3. – Experimental isospin transport ratio obtained with the 〈N/Z〉 of the QP remnant in
the evaporation channel and of the reconstructed QP in the breakup channel, reported as a
function of pred, for the reactions at 32 (left) and 52 MeV/nucleon (right).
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Fig. 4. – Average contact time extracted from AMD+Gemini++ simulations for 58Ni+58Ni at
the two beam energies, reported as a function of centrality.

for the QP remnant in the evaporation channel [17], with a clear trend towards isospin
equilibration for less peripheral collisions, that we can again highlight by employing the
isospin transport ratio. Figure 3 shows the comparison between the experimental results
for the evolution with pred of the isospin transport ratio computed from the 〈N/Z〉
of the reconstructed QP in the breakup channel and that of the QP remnant in the
evaporation channel at the two beam energies: here, we have been able to observe an
unexpected stronger tendency towards equilibration for the breakup channel with respect
to the binary one. To possibly explain this experimental observation, we proposed an
interpretation linking the QP dynamical fission events to longer projectile-target contact
times during the interaction phase. These extended contact times allow for greater
equilibration and induce a stronger deformation of the dinuclear system, finally resulting
in a QP (or QT) breakup.

A similar observation regarding the differing degrees of equilibration in the two se-
lected channels is found in the AMD+Gemini++ simulations [9, 10] of the same Ni-Ni
systems. We therefore extracted the contact time information from the AMD calcula-
tions to test our hypothesis [17]. The results for 58Ni+58Ni at the two beam energies
are shown in fig. 4, where the average contact time is reported as a function of bred with
different colors associated with the two reaction channels. We note that 〈tcont〉 evolves
as expected with centrality and scales correctly with the beam energy, in support of the
reliability of the extracted times. A systematic 〈tcont〉 difference is found between the two
selected outputs in the simulation, with breakup events associated to averagely longer
interactions: according to the model, our hypothesis could at least partly explain the
observed phenomenon. Similar results are found for the other systems [17].

4. – Conclusion and perspectives

In this contribution, we have presented the most recent results from the INDRA-
FAZIA apparatus, focusing on its first experiment, which was devoted to the study of
isospin transport in intermediate-energy collisions. We have mostly focused on isospin
diffusion in semiperipheral to peripheral collisions, setting up an exclusive analysis with
well-defined output channels. In the more populated binary exit channels, we have been
able to highlight the different evolution towards equilibration associated with different
bombarding energies. Moreover, at both beam energies, an unexpectedly different degree
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of isospin equilibration has been observed between the QP evaporation and the QP
breakup output channels, that we have been able to link with different average interaction
timescales indirectly selected in the two cases.

Further analyses are being conducted on this rich first INDRA-FAZIA dataset: we
are currently testing the model independent impact parameter reconstruction method
proposed in ref. [18] in a less exclusive analysis to provide a more general result on the
behavior of isospin diffusion as a function of the impact parameter, easily comparable
with any simulation. Some very promising preliminary results have been obtained, and a
paper on a first comparison with BUU@VECC-McGill predictions [14] is in preparation.
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