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Block 2

2019 — 58,64 Nj + 58.64 Nj at 32 and 52 MeV/u
2022 —36Ar + %8Ni , %8N + °8Nj at 74 MeV/u

* 2002-2010 - R&D Phase GANIL years l i ABOVE and
INEN-LNS 4444 12 FAZIA blocks coupled BEYOND
- with the INDRA 41 detector
From 4 to 6 Blocks 2025 — 70Zn + 288, 79Zn, 208Pb at 35 MeV/u
P 2015 — 80Kr + 4048Ca at 35 MeV/u - ISOFAZIA 2025 — 12C + 12C at 8 MeV/u
b 2016 — 4048Ca+ 4048C3 at 35 MeV/u - FAZIASYM (see llham Dekhissi’s talk)
b 2017 — 4048Ca+ 12C at 25 and 40 MeV/u — FAZIAPRE Constraining the equation of state parameters
and explore the nuclear matter properties

P 2018 — 2C + '2C at 62 MeV/u - FAZIAZERO

Investigation of the HIC dynamics by accessing
the isospin degree of freedom



Heavy-lon collision and the nuclear Equation of State

The nuclear Equation of state is the basis of the isospin dynamics theory

E (p ]) _ E (p) n Esym (p)]2 V. Baran et al., Physics Reports 410 (2005) 335 — 466
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Heavy-lon collision and the nuclear Equation of State

The nuclear Equation of state is the basis of the isospin dynamics theory
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Peripheral Central

Isospin transport
phenomena

E E A Isospin Drift:
Jn — Jp X M(p)VI + M Vp > ® driven by the density gradient.

A 8p induces a net neutron flux towards low density regions

Isospin Diffusion: ‘/’ ’
®  driven by the isospin gradient ‘

®  tends to equilibrate neutron—proton imbalance.
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Heavy-lon collision and the nuclear Equation of State

The nuclear Equation of state is the basis of the isospin dynamics theory
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Isospin transport
phenomena

Isospin and breakup

As the centrality increases, projectile
and target may undergo through
dynamical breakup. The hot deformed
source is expected to be enriched
towards mid-velocity. A second re-
equilibration occurs before the splitting

A. Jedele et al., Phys. Rev. Lett. 118, 062501 (2017)



Heavy-lon collision and the nuclear Equation of State

The nuclear Equation of state is the basis of the isospin dynamics theory
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Isospin transport

phenomena Isospin and breakup Cluster production

A compressed nuclear subsystem may form which then
expands considerably.

At low densities, the nuclear matter may no longer be
described in terms of only neutrons and protons, and light
cluster formation plays a key role.



The FAZIA detector

The state of the art of ion identification in the Fermi energy domain

° Detectors

1 block = 16 telescopes

telescope - three layers with active area 20x20 mm?2:
Si (300 pm) - Si (500 pm or 750 pm) - CsI(TI) (10 cm)

read out
electronics

FAZIA “recipe” for Si detectors: —>
o Doping uniformity within + 3% f,';f{;‘iffs ->
o Thickness uniformity within £1 um >
o “random cut” of the Si wafers to avoid channeling - -
o  “reverse mounting” configuration (305()"11@ (SOSOIﬁm) (le)'(c'r';'))
o monitoring of the silicon reverse current and compensation
Block ‘0

e Electronics: digital read-out electronics placed under
vacuum close to the detectors

The combination of PSA and AE-E allows for an excellent
identification from protons to Z=25 in a broad energy range
with low thresholds.
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The FAZIA detector
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The INDRA-FAZIA coupling

FAZIA:

12 blocks covering from 2° to 14°.

Charge discrimination up to uranium, mass
discrimination up to Z ~ 25.

INDRA:
12 rings covering from 14° to 176°
O 6-9:Si+ Csl(Tl)
O 10-17: Csl(TI)
Charge discrimination up to uranium, mass
discrimination up to Z ~ 10.

Large solid angle coverage (80%) with high
granularity (more than 400 modules)

e INDRA — Global events variable
e FAZIA — Isotopic properties of ejectiles
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A comprehensive view on diffusion C. Ciampi tal. Phys, Rev. C 106, 024603 (2022)

C. Ciampi et al., Phys. Rev. C 108, 054611 (2023)

The first investigation point has been dedicated to isospin diffusion:

58,64Nj + 58.64Ni @ 32 and 52 MeV/u

isospin sensitive

observable _
evaporative channel Despite the effect of statistical emission, the data clearly show
) 32MeV/nucl. the phenomenon of isospin diffusion.
—— - . .
= -o- 64Ni+64Ni S
~  H-e B4Ni+58Ni ® QP-QT equilibration in mixed systems:
L+ 58Ni+B4Ni O peripheral: similar <N/Z> for reactions induced by same
. . projectile
1.15H -+ 58Ni+58Ni O more central: <N/Z> depends on target

@) the N/Z values for the asymmetric systems tend to approach
each other

= evidence of isospin diffusion

® Decreasing behaviour with centrality

1.1 = Evaporation Attractor Line (EAL)
j L 1 L i L | L L " 1 I j I | . QPr
0.4 0.6 0.8 .l — Ordering . — Pz
re .
< variable Ppeam

centrality 10



A comprehensive view on diffusion

The first investigation point has been dedicated to isospin diffusion.

isospin transport ratio

F. Rami et al., Phys. Rev. Lett. 84, 1120 (2000)

2 xMix_ NR_,.ND
R(x) = NR_  ND

X —X
° R(x) =+ 1 — non equilibrated cond.
° R(x)=0 — complete equilibrium

bypass effects acting similarly on the four
systems (apparatus acceptance or physical
processes e.g. statistical decay)

g 32MeV/nucl.
eet® NN
f « SN+ 5N
« SNi+5Ni
« “Ni+*Ni

breg VS Preg COrrelation
by AMD+GEMINI++
simulations

58,64Nj + 58.64Ni @ 32 and 52 MeV/u

evaporative channel

= |
N |
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ro5- ¢
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0__ —+- 58Ni+64Ni 32MeV/nucl.
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C. Ciampi et al., Phys. Rev. C 106, 024603 (2022)
C. Ciampi et al., Phys. Rev. C 108, 054611 (2023)

The two asymmetric
branches are driven
towards the equilibration
by isospin diffusion as
reaction centrality
increases

The higher the contact
time (i.e. the lower the
bombarding energy) the
more effective the
diffusion
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A comprehensive view on diffusion

going model independent

do/dM (mb)
2

107

Thanks to INDRA we can access ordering variable, such as
multiplicity.

Following the method proposed by Frankland, we can associate to
each multiplicity a probability density function in terms of impact
parameter and perform a model-independent evaluation of isospin
equilibration as a function of centrality.

P(X) = f h P(X,b)db = f b P(b) P(X|b) db,
0 0

Model independent reconstruction of impact parameter distributions
for intermediate energy heavy ion collisions

J. D. Frankland et al., Phys. Rev. C 104, 034609 (2021)

Model-independent measurement of isospin diffusion
in Ni-Ni systems at intermediate energy

C. Ciampi al., Phys. Rev. C 111, 044601 (2025)

E

g 140 _ m:g A
(b) = M=12

T 120 — M=15

£ —

-
(=]
(=]

@
o

N+ *Ni at 32 MeV/nucl.
o INDRA

~
=)

@
(=]
UL R R R L B L R TR R

| —INDRA-FAZIA
- P(M) fit result
20 _
e P | Ll o . e
5 1 15 20 25 30 0 2 7 s




A comprehensive view on diffusion

From HI equilibration to EoS

Constrains on the EoS may be extracted from the experimental
equilibration path, profiting of the better b estimation.

Extract information on symmetry energy term of nuclear EoS:

INDRA-FAZIA experimental data
BUU@VECC-McGill calculations

Constraining the nuclear symmetry energy with Fermi-energy heavy ion

collisions C. Ciampi al., Phys. Lett. B 868, 139815 (2025)

) 40 I T | T T I I T |
>
NEoS parametrizations from ab initio and phenomenological approaches: § i
o Ab initio: two extreme x-EFT interactions from C. Drischler et al., Phys. Rev. C 93, 054314 (2016) . — 35—
o Phenomenological approaches: a”
] SAMI (Skyrme), X. Roca-Maza., PRC 86, 031306(R) (2012) :E_i__ § 1
[] SGIl (Skyrme), Nguyen Van Giai, PLB 106, 379 (1981) ©“1 30 —
n NL3 (RMF), G. A. Lalazissis, PRC 55, 540 (1997) | )
=~ 1 R B e LA [ A A A S o e ) ) 25 —
N © [ JExperimental data 1 confidence interval for the + E
Z 08 -+ Abinitio 1 (80.9) B .
& | - Abinitio7 (8.8) 1 symmetry energy as a function 20 ]
0.6~ -+ SAMI (9.4) - ; ;
SGIL(15.7) ] of the density reached during L ]
04 -+ NL3(118.1) . the collisions. 15H EFT
B ] o good agreement with ab initio L i HIC isodiff i
0.2 . o “ HIC n/p
L - calculations pointing towards
L | . : 10~ Q, —
0 a relatively soft behaviour of B Mass (Skyrme)
—oal N the symmetry energy. i @ Mass (DFT)
- _ o good agreement with 5 A IAS —
0.4~ 8 symmetry energy constraints L ¥ PREX-II
—0.6L N available in the literature. ob— v [
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~0.8 - PP,
o 2 4 6 10 13
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Exploring the isospin drift

In order to highlight the isospin drift, a comparative analysis of the isotopic composition of the midvelocity and

evaporative emissions was performed.

58Ni + 58Ni @ 32,52,74 MeV/u

evaporative channel

M =eay — 32 AMeV
i %ﬁ id — 52 AMeV
CELTRL AL Amd — 74 AMev
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Centrality P 4

E. Galichet, PRC 79, 064614 (2009)

isospin ratio for complex particles: (N)/(Z)cp =) Y Ni/Y > Z

o  complex particles: d, t, He, “He, ®He, SLi, "Li, &Li, °Li, 'Be, °Be, and '°Be

o  free protons and neutrons are excluded

the neutron enrichment of the
neck is clearly observed
midvelocity component: the N/Z is
essentially independent on the
beam energy.

evaporative component: an
interesting dependence on the

beam energy emerges.

o different isospin contents of the QP*
source are reflected in the
evaporated particles

o as the energy increases, the growing
midvelocity contribution leaves the
QP* slightly more neutron poor

a4 -
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Insight into the QP breakup

A. Jedele et al., PRL 118, 062501 (2017)

e QP break-up: fast, asymmetric and anisotropic fission process
e In the deformed emerging QP, a diffusion mechanism can establish after a
neutron enrichment due to isospin drift
e The arotation angle as a “clock” for the breakup .
— (N=Z
80Kr + 48Ca @ 35 MeV/u at INFN-LNS n = Zy—Z1, (&) = <N+Z)
~ ZutZi =0.6 Z  =25-27
v" Aligned and oriented configuration ~ 50-15————— PO A =06 Z,.° .5, —
with the LF emitted towards the QT £ * Exp1=0.15 i @) |
is favoured S (@ ©Expn=065  o5i1 Vg4 =
a 01 Sim n=0.15 .5---'.§ .
= i =0. ey
v’ LF more neutron rich, with a slight L i Simn=0.65 0® @
neutron-depletion of the LF as a 0.05.2 _',.quécf"" 1
i - | ieragasiTTl : "-:'.; _' E'" ii | T | ~d7
increases . .E,::,._.:.g.,,_,__‘,z,,__. 1 0.05- - Exp = | ]
X The AMD simulation does not clearly _,-' | | | ] . EXP Z, _20 22° gm% -30_22'
support the interpretation of the a 0 o5 0 05 1 . —— H™
angle as a clock for the QP splitting cos o 0 50 100 1?3‘99)
o

S. Piantelli et al., PRC 101, 034613 (2020)

15



Insight into the QP breakup

Impact of projectile-target size asymmetry on the isospin equilibration rate
. extracted from quasiprojectile breakup reactions
7OZn + 288',702" ,208Pb @ 35 MeVIu C. Ciampi and J. D. Frankland
—_ Grand Accélérateur National d'lons Lourds (GANIL), CEA/DRF-CNRS/IN2P3, Boulevard Henri Becquerel, F-14076 Caen, France
(N/Z_‘I '00’ 1 '33’ 1 '54) for the INDRA-FAZIA collaboration !
Investigation of isospin transport mechanisms in QP breakup events 3% 7. 26 1=0.77
- rec== [V
. . B ® Z =23
e correlation between the a angle and the time scale of the P N 273
breakup 0120
o S.Piantelli, PRC 101, 034613 (2020) -
o  B.Harvey, PRC 102, 064625 (2020) e
e the role of the target 008
o K. Brown, PRC 87, 061601(R) (2013) - 00es.oe
o A. Rodriguez Manso, PRC 95, 044604 (2017) 005l . Cesvesncoe
— investigation of the QP breakup features with a more advanced 004 AMDGEMINI &
apparatus in conjunction with a well-controlled characterization of the C * §

reaction centrality

III|III|III|IIIIIII|III|III|III|III|I
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o {deg)
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Facing the cluster problem

124Xe+1128n @ 32 MeV/u reaction with INDRA: chemical
equilibrium constants including in-medium corrections evaluated for
mid-rapidity source.

EXTENDING OUR KNOWLEDGE OF WARM DENSE NUCLEAR
MATTER IN THE LOW DENSITY REGION.

R. BOUGAULT', G. CASINI?
FOR THE FAZIA COLLABORATION
AND
F. GULMINELLI', H. PAIS'?, C. PROVIDENCIA'?

o data compared with a relativistic mean-field model using a
phenomenological modification in the scalar cluster-meson
coupling.

o reproduction of the experimental data by the model is in tension for

extreme masses.

36Ar + 58Ni @ 74 MeV/u

10™ 0.43
%,=0.92+0.02 —= . . .

P cluster properties in the warm and low-density nuclear matter

N » *He o  toextend the in-medium measurements to heavier clusters by

o 10 . selecting the vaporisation source

I o FAZIA+INDRA apparatus to improve the isotopic resolution.

@ 107

Te) = . -
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g E 10 H He Li Be B C N (0] F >F
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o St : )
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T 10* 030 H He Li Be B C N O F
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2
" Ne Na Mg Al Si P S Cl Ar
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What's next?

INDRA-FAZIA @ GANIL

e experiment approved for
2026/2027

a-clustering in neutron-rich oxygen isotopes.

J. Benlliure and A. Chbihi
For the INDRA-FAZIA collaboration

FAZIA @ RAON

New rare-isotope beam accelerator

complex under construction in

South Korea

e First phase: testing and
experiments with low energy
beams (<20 MeV/u)

e Second phase (>2030): very
preliminary programs for high
energy beams

FAZIA @ FRIB

participation in an already
approved experiment (K.
Brown and Z. Chajecki) with a
FAZIA block

internal discussion to propose
experiments at FRIB with
FAZIA blocks or with
dedicated new detectors




Thank you
for your attention
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