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Abstract. The recently coupled INDRA-FAZIA apparatus offers unique opportunities to
investigate heavy ion collisions at Fermi energies by combining the optimal identification
capabilities of FAZIA and the large angular coverage of INDRA. We present a selection of
the results of the analysis of the first experimental campaign performed with INDRA-FAZIA,
in which the four reactions *®®*Ni+5854Ni have been studied at two different beam energies
(32 and 52 MeV /nucleon) in the intermediate energy regime. The present work is focused
on the isospin diffusion effects in semiperipheral and peripheral collisions. A stronger isospin
equilibration is found at 32 MeV /nucleon than at 52 MeV /nucleon, as expected due to a shorter
projectile-target interaction time in the latter case.

1. Introduction

The Nuclear Equation of State (NEoS), describing the behavior of nuclear matter as a function
of thermodynamic variables, has been a widely investigated topic since many years. More
specifically, many efforts are being made in order to constrain the values of the parameters
defining the nuclear density dependence of the symmetry energy term of the NEoS. The interest
in this topic is manifold, ranging from astrophysics (for the description of neutron stars) to
nuclear physics. Heavy ion collisions in the intermediate energy regime (20 — 100 MeV /nucleon)
provide a tool to study the properties of nuclei far from equilibrium conditions of temperature
and density, in view of extrapolating the information to infinite nuclear matter [1]. Among other
topics, they allow to investigate the isospin transport phenomena (drift and diffusion) [2], i.e.
the nucleon exchange processes between projectile and target taking place during the dynamical
phase of the reaction. The isospin diffusion is driven by the presence of an isospin gradient
and induces the isospin equilibration of the system, the isospin drift takes place whenever a
density gradient is present and is responsible for the neutron enrichment of low density regions.
These processes are governed by the symmetry energy of the NEoS and could therefore provide
constraints on its parametrization.

2. The INDRA- FAZIA experimental apparatus

The investigation of such phenomena requires a very good isotopic identification capability
in a wide range of charge number Z and energy of the reaction products, as that provided
by the recently coupled INDRA-FAZIA apparatus, located in GANIL (Caen, France). The
setup exploits the optimal mass identification performance of FAZIA [3,4] for the isotopic
discrimination of quasiprojectile-like fragments (QP), together with the large angular coverage
provided by INDRA [5]. Both these telescope arrays, that have been developed separately, are
optimized for the detection and identification of the ejectiles produced in heavy ion collisions at
Fermi energies. In order to couple the two setups, the first 5 INDRA rings have been removed
and replaced by 12 FAZIA blocks, covering the most forward polar angles where the heaviest
fragments belonging to the QP phase space are mostly focused; more details on the apparatus
are given in Ref. [6]. The first INDRA-FAZIA experiment [6] has been carried out in 2019, right
after the coupling of the two detection arrays: here, all the four possible combinations of the
two reaction partners ®®Ni and %4Ni have been studied, in order to compare the results obtained
for the two asymmetric systems with those of the two symmetric ones. The four reactions have
been investigated at two different incident beam energies, 32 and 52 MeV /nucleon.

3. Data analysis

We present a selection of the first results of the analysis of the experimental data described
above, focusing on the outcome of semiperipheral and peripheral collisions for which a generally
binary exit channel is expected, with the production of a QP and a quasitarget (QT) together
with lighter emissions.
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Figure 1. Experimental charge Z vs velocity vy"" correlations for the QP remnant of the
events falling in the QP evaporation channel selection, obtained for the reaction °8Ni+?®Ni
at 32 MeV /nucleon (a) and 52 MeV /nucleon (b). Similar results are obtained for the other
reactions. The plots are normalized to their integral.

In order to select the QP evaporation channel we require the presence of a single heavy
fragment (the QT being below the detection threshold of the setup), with Z > 15, forward
directed in the CM reference frame, accompanied only by light charged particles (LCPs, Z = 1,2)
or intermediate mass fragments (IMFs, Z = 3,4) [6]. Figure 1 shows the correlation between
the charge Z and the component along the beam axis of the CM velocity v&M of the biggest
fragment (identified as QP remnant) in the events thus selected, obtained for a sample reaction at
32 MeV /nucleon (a) and 52 MeV /nucleon (b). In both plots, a strongly populated area is evident,
extending towards the original projectile charge Z,,,; = 28 and velocity (vlf’;%n, indicated with
a black arrow on each plot): these characteristics are therefore compatible with those of a QP
remnant. The correlation in Fig. 1(a) for the reaction at the lower bombarding energy also
shows the presence of some heavy fragments in the v¢™ ~ 0 mm/ns region, compatible with the
outcome of more central events resulting in an incomplete fusion process. These are not present
at 52 MeV /nucleon due to the more multifragmentation-like character of central collisions, as
expected for a higher beam energy. However, these central events will not be considered in
the isospin analysis presented in the following, thanks to the cuts that will be imposed on the
reaction centrality. Similar observations can be done on the correlations obtained for the other
three reactions. The experimental charge and velocity distributions for the QP remnant have
also been compared to the predictions of simulations with the dynamical transport model AMD
(antisymmetrized molecular dynamics [7]) coupled to GEMINI4+ [8] as afterburner, filtered
according to the apparatus acceptance, generally showing a good agreement [6].

In view of studying the evolution of the isospin equilibration effect with the reaction
centrality, we select the reduced QP remnant momentum as order parameter [9], defined
as pred = (LT /Pveam)cnr, where p@T is the beam axis component of the QP remnant
momentum and ppeqn, 1S the original projectile momentum, both in the CM reference frame.
The AMD+GEMINI++ simulations have been exploited to test the correlation of this centrality
estimator with the reduced impact parameter br.q = b/by. (bg being the grazing impact
parameter): the results are reported in Fig. 2 for a sample reaction at 32 MeV /nucleon (a) and
52 MeV /nucleon (b). A clear correlation is visible at both energies, well defined for p,eq values
down to ~ 0.4: the p,.q variable can be therefore considered reliable to study semiperipheral
and peripheral collisions. Similar b,..q Vs preq correlations are obtained for the other reactions.
More specifically, in Ref. [6] we have shown by superimposing the plots of the average b,.¢q as
a function of p,.q that the behavior of the correlation is only slightly dependent on the beam
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Figure 2. AMD+GEMINI++ prediction of the correlation between b,.q and p,eq for the
events in the QP evaporation channel for the reaction **Ni+%8Ni at 32 MeV /nucleon (a) and
52 MeV/nucleon (b). Similar results are obtained for the other reactions. The plots are
normalized to their integral. The average b,..q for each p,.q bin is indicated with a black line.
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Figure 3. Experimental average neutron-to-proton ratio (N/Z) of the QP residue as a function
of preq for the four reactions at 32 MeV /nucleon (a) and 52 MeV /nucleon (b). Vertical error
bars represent statistical errors, while horizontal error bars are equal to the p,.q bin width.

energy and almost independent of the system.

Taking advantage of the optimal isotopic identification provided by FAZIA for the QP phase
space, we exploit the average neutron-to-proton ratio (N/Z) of the QP remnant as isospin
related observable. Figure 3 shows the (N/Z) of the QP remnant as a function of p,eq for the
four reactions at 32 MeV /nucleon (a) and 52 MeV /nucleon (b). In both plots, a clear hierarchy of
the four reactions is present, with the (N/Z) of the asymmetric systems always between those of
the symmetric systems: the gap between the (IN/Z) obtained for the asymmetric and symmetric
reactions sharing the same projectile (same marker shape in Fig. 3) reveals a dependence of the
isospin content of the QP remnant on the isospin of the target of the reaction, and represents an
evidence of the dynamical effect of isospin diffusion surviving the action of statistical evaporation.
This gap also tends to increase for decreasing p,eq, i.e., for less peripheral collisions.

The isospin equilibration can be further highlighted by exploiting the isospin transport ratio
technique, first introduced in Ref. [10] and defined as:

_ 2X; — Xaa— XBB
Xaa— XBB

R(X;) (1)

where X is an isospin sensitive observable, such as the (N/Z) of the QP residue, A and B are
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Figure 4. Experimental isospin transport ratio calculated exploiting the (N/Z) of the QP
residue as a function of p..q shown in Fig. 3. The results for the asymmetric reactions at
32 MeV /nucleon (52 MeV /nucleon) are plotted in green (magenta). Statistical errors are plotted
on the y-axis.

the two nuclear species employed in the reactions (A being the more neutron rich one), and 7 is
one of their four possible combinations. By definition, if the ratio is calculated for the symmetric
reactions a value of +1 (—1) is obtained for the neutron rich (deficient) one. For the asymmetric
reactions, the limit of the non-equilibrated condition corresponds to R(X;) = +1, while for a fully
isospin equilibrated outcome R(X4p) = R(Xpa). The isospin transport ratio can evidence the
effect of equilibration in an asymmetric system by taking the information on the corresponding
neutron rich and neutron deficient symmetric reactions as a reference, thus largely bypassing
most of the effects acting similarly on the four systems (e.g. statistical de-excitation [11]). In
Fig. 4 the isospin transport ratios obtained for the two asymmetric systems %*Ni+°®Ni and
98Ni+%4Ni are plotted as a function of pyeq, using different marker shapes depending on the
projectile of the reaction as in Fig. 3. The results at 32 MeV /nucleon (52 MeV /nucleon)
are plotted in green (magenta). At both energies, more peripheral collisions correspond to
R((N/Z) ap,Ba) values closer to £1, while for decreasing p,.q (i.e., increasing centrality) the two
“branches” of the ratio tend towards each other, indicating the equilibrating effect of isospin
diffusion. By comparing the results for the two beam energies, it can be noticed that a different
degree of isospin equilibration seems to be achieved: indeed, the plots of R((N/Z)ap.pa) are
closer to each other for the reactions at 32 MeV /nucleon than for those at 52 MeV /nucleon.
This difference can be explained, for instance, with a longer interaction time between projectile
and target at the lower bombarding energy. These results and observations are based only on
experimental data and are therefore model independent. However, in Ref. [6] we have also
taken into account the slightly different p,.q vs b,eq correlation found for the two beam energies
according to AMD+GEMINI++, by reporting the isospin transport ratio as a function of b,..g,
and the different degree of isospin equilibration in the two cases is still evident.

4. Conclusions

In this work the first experiment carried out exploiting the recently coupled INDRA-FAZIA
apparatus has been analyzed. The reactions °%94Ni+5%64Ni have been investigated for two
different bombarding energies, 32 and 52 MeV /nucleon, both belonging to the Fermi energy
regime. We have presented a selection of the results concerning the evidence of isospin diffusion
effects taking place in the two asymmetric reactions of the dataset, focusing on semiperipheral
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and peripheral collisions. An exclusive analysis of the binary exit channel, with the produced QP
undergoing statistical de-excitation, has been set by exploiting the selection power provided by
the experimental setup. The information on the isospin content of the QP remnants isotopically
identified by FAZIA has been used to highlight the isospin diffusion between asymmetric
projectile and target. A clear evolution of the phenomenon with the reaction centrality (studied
using the reduced QP momentum along the beam axis p,.q as centrality related parameter)
has been found, with a stronger equilibration for more central collisions. By exploiting the
isospin transport ratio technique, we have also been able to compare the results obtained for
the two beam energies, observing a higher degree of isospin equilibration for the reactions at
32 MeV /nucleon. The latter finding can be explained by a longer projectile-target interaction
time at the lower beam energy.

The result presented here is part of a more extensive analysis that takes advantage of the
rich information provided by the INDRA-FAZIA apparatus [6]. In an upcoming paper [12]
we are extending the analysis presented here to an additional, less-populated output channel,
namely the breakup or dynamical fission of the QP: this latter is a fission process taking place
in shorter time scales with respect to statistical fission, and characterised by an anisotropic
emission pattern of the two products in case of mass-asymmetric splits, with the lighter fragment
generally emitted towards the CM [9,13-15]. By studying the isospin content of the fissioning
QP, “reconstructed” from the two daughter nuclei by considering the sum of their charge and
mass numbers and the velocity of their CM, a stronger action of isospin diffusion in the reactions
at the lower beam energy is again observed. Further analyses on this dataset, taking into account
also other physics phenomena (e.g. those related to the isospin drift [16]), are also foreseen in
the near future, together with the forthcoming experiments planned in the scientific program of
the INDRA-FAZIA collaboration.
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