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INDRA-FAZIA
The experimental apparatus

INDRA and FAZIA: multi-detector apparatuses, designed for the detection of
nuclear fragments produced in heavy ion collisions at Fermi energies.

[95pou, 14bou, 19val]

During the first months of
2019, the coupling between
INDRA (rings 6 to 17) and
FAZIA (12 blocks) was
completed in GANIL.

The complete setup allows to exploit both the large angular coverage of the
INDRA apparatus and the optimal (Z,A) identification provided by FAZIA at
forward angles, for QP-like fragments.
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The E789 experiment
New insights on the symmetry energy term of the Nuclear Equation of State

The E789 experiment (april-may 2019) is the first campaign to exploit the
coupled INDRA-FAZIA apparatus:

All of the four possible combinations of the two reaction partners 58Ni
and 64Ni have been studied
⇒ compare the products of the two asymmetric reactions with those of both the
neutron rich and neutron deficient symmetric systems
Two different incident beam energies 32AMeV and 52AMeV
⇒ different timescale of the interaction process and different inspected nuclear
density range

The aim is to investigate the very active subject of the symmetry energy term
of the Nuclear Equation of State [13li, 21ree], by studying the isospin transport
phenomena:

isospin equilibration between QP and QT in semiperipheral collisions
(binary output channel) in asymmetric reactions→ isospin diffusion
neutron enrichment in the neck region→ isospin drift

→ A comparison with AMD+GEMINI++ simulations (filtered according to the actual
apparatus acceptance) will be presented in the following
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The E789 experiment
Breakup of the QP

adapted from [17rod]

In the present work we extend the study to an additional reaction channel, i.e.
the breakup or dynamical fission: fast, asymmetric and anisotropic fission
process, with a time scale of the order of 200 − 300 fm/c: [95ste, 93cas, 00boc, 20pia]

different from the statistical fission, which is a de-excitation process
competing with the evaporation, characterised by a longer time scale and
an isotropic angular emission
after their separation, the QP and QT can feature a strong deformation→
the deformation can lead to a subsequent prompt breakup
the observation of an IMF (Z � 3, 4) in the midvelocity region can be
interpreted as the most asymmetric case of QP (or QT) breakup
the isospin equilibration can be also studied between the two breakup
fragments (HF, LF) [17jed, 17rod]
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The E789 experiment
Acquired data

A total of about 30 · 106 events
was acquired for each
measured reactions

identification procedures
completed
calibration procedures
completed for FAZIA and
INDRA rings up to 9
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Selection of the reaction channels
QPr: QP evaporation channel

QP remnant: Mbig � 1, with Zbig ≥ 15 and θCM
big < 90°(vCM

z > 0)
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Selection of the reaction channels
QPb: QP breakup channel selection

QP breakup: events with Mbig � 2

binary events where both the QP
and (a fragment of) the QT are
detected,
we separate the two kinds of
Mbig � 2 events by studying the
correlation of the angle between
the directions of the two
fragments (in the CM) θrel and
their relative velocity vrel

θrel > 120°: QP+QT
θrel < 90°:
QP breakup
conditions also on the vrel
depending on the reaction
energy, and on ZH + ZL ≥ 15
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Selection of the reaction channels
QPb: QP breakup channel characteristics (I)

Z vs vCM of the two breakup fragments and of the reconstructed QP:
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Selection of the reaction channels
QPb: QP breakup channel characteristics (I)

Characteristics of the reconstructed QP:
Z, vCM and θCM distributions show a good agreement between
experimental data and AMD+GEMINI++ simulations
Same selection→ slightly more dissipative collisions in the simulated
events than in the experimental ones

We can also study the characteristics of the two breakup fragments...
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Selection of the reaction channels
QPb: QP breakup channel characteristics (II)

Charge asymmetry between H and L:
η �

ZH−ZL
Zrec

three η intervals:

η ≤ 0.2→ symmetric
0.2 < η ≤ 0.4
0.4 < η ≤ 0.6→ asymmetric

Caterina Ciampi XXII colloque GANIL September, 30th 2021 9



Selection of the reaction channels
QPb: QP breakup channel characteristics (II)

Charge asymmetry between H and L:
η �

ZH−ZL
Zrec

three η intervals:
η ≤ 0.2→ symmetric
0.2 < η ≤ 0.4
0.4 < η ≤ 0.6→ asymmetric

Caterina Ciampi XXII colloque GANIL September, 30th 2021 9



Selection of the reaction channels
QPb: QP breakup channel characteristics (II)

Charge asymmetry between H and L:
η �

ZH−ZL
Zrec

three η intervals:
η ≤ 0.2→ symmetric
0.2 < η ≤ 0.4
0.4 < η ≤ 0.6→ asymmetric

α angle between the QP-QT separation
axis (®vQPrec ) and the breakup axis (®vrel):

in the asymmetric configuration the
backward emission of the LF is
favoured, as expected
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Reaction centrality estimation
Reduced QP momentum along the beam axis pred

Reduced momentum along the z-axis:
pred �

pQP
z

pbeam

realiable for pred & 0.3
its correlation with bred � b/bgr is
similar among the different reactions
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Reaction centrality estimation
Reduced QP momentum along the beam axis pred

Reduced momentum along the z-axis:
pred �

pQP
z

pbeam

realiable for pred & 0.3
its correlation with bred � b/bgr is
similar among the different reactions
and between the two selected reaction
channels
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Isospin equilibration
QPr channel

QP-QT isospin equilibration in mixed
systems:

visible in the 〈N/Z〉 of the QP vs
pred

can be highlighted by using the
isospin transport ratio:
[09tsa, 21cam]

R �
2XAB − XAA − XBB

XAA − XBB
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Isospin equilibration
QPb channel

The isospin equilibration is clearly
visible also from the characteristics of
the QP reconstructed from the two
breakup fragments in the QPb channel:
→ R(〈N/Z〉) vs pred
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Isospin equilibration
Comparison between the QPr and QPb channels

We can compare the isospin equilibration phenomenon between the two
selected reaction channels
At both energies, for the same pred value (⇒ same reaction centrality) a
higher degree of isospin equilibration is obtained for the QP
reconstructed from the two breakup fragments in the QPb channel with
respect to that obtained in the QPr channel.
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Summary and future perspectives
Summary:

INDRA-FAZIA E789 experiment: 64,58Ni+64,58Ni at 32AMeV and
52AMeV
Selection of QP evaporation and QP breakup channels
We studied the phenomenon of the QP-QT isospin equilibration in the
two reaction channels: a stronger equilibration has been found in the QP
breakup channel with respect to the QP evaporation channel.

Future perspectives:
These results are preliminary: the data analysis is still in progress
Further investigations on the isospin transport ratio:

studied as a function of other centrality related observables
calculated exploiting other isospin related observables

Study of the isospin of the two QP breakup fragments H, L
Detailed comparison between experimental data and model predictions,
in order to obtain informations on the symmetry energy term of the
NEoS:

Dynamical code: AMD
Statistical code: GEMINI, with comparisons among different afterburners
[19pia]
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Nuclear Equation of State (NEoS)
Asymmetric nuclear matter

We can separate the symmetric and the asymmetric term of the NEoS:
E
A
(ρ, δ) � E

A
(ρ) +

Esym
A
(ρ)δ2

1st term: binding energy for symmetric nuclear matter
2nd term: includes all the dependence from isospin asymmetry. Can be
expanded around ρ ∼ ρ0:

Esym
A
(ρ) � Jsym + Lsym

( ρ − ρ0
3ρ0

)
+

1
2Ksym

( ρ − ρ0
3ρ0

)2
+ . . .

Jsym ∼ 30MeV is the symmetry energy at ρ � ρ0
Lsym is the slope and Ksym the curvature (isovector
incompressibility) of the asymmetric term, not
known with precision (Ksym particularly)
Theoretical models→ two possible NEoS
parametrisations: asy-stiff and asy-soft.
Many efforts have been made in order to narrow
down the uncertainty on the estimation for the
NEoS parameters.
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Nuclear Equation of State (NEoS)
Symmetry energy parameters

B. A. Li et al., Phys. Lett. B 727, 276 (2013)
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Nuclear Equation of State (NEoS)
Symmetry energy parameters: some latest news

B.T. Reed et al., PRL 126, 172503 (2021)

PREX-2 measurement of the neutron
skin thickness of 208Pb (2021), which is
correlated to the the slope of the
symmetry energy:

Rskin � Rn − Rp � (0.283 ± 0.071) fm

↓
Jsym � (38.1 ± 4.7)MeV
Lsym � (106 ± 37)MeV

The result is considerably different
from the current understanding of the
NEoS.
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Nuclear Equation of State (NEoS)
Isospin transport phenomena

During peripheral and semiperipheral collisions, the symmetry energy
term governs the isospin transport phenomena, i.e. the nucleon
exchange between projectile and target
It can be expressed as the difference between the neutron and proton
currents between the two nuclei during the collision:

jn − jp ∝
Esym

A
(ρ)∇δ + δ

∂
Esym

A (ρ)
∂ρ

∇ρ

We expect to see the effects of two contributions on the isospin related
observables:

isospin diffusion: driven by the presence of an isospin gradient in the
system (asymmetric systems), leading to the isospin equilibration.
Sensitive to Esym(ρ)/A → QP-QT isospin equilibration
isospin drift (or isospin migration): associated to the presence of a density
gradient (e.g. neck, where ρ . ρ0). Can be isolated by choosing a symmetric
system.
Sensitive to ∂Esym(ρ)/A

∂ρ . → neutron enrichment of the neck region
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