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The FAZIA project
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International collaboration (MoU 2018-2022) 
 5 countries (Italy, France, Poland, Spain, Korea)

 ~30 physicists & ~10 students


Scientific goal  
 Detailed understanding of the nuclear Equation of State (EOS) and constraining the nuclear symmetry 
energy for both microscopic (nuclei) and macroscopic (neutron stars) objects


Technical goal 
 Improving Z and A identification on a large scale for isospin physics

 “Lower” energy identification thresholds (by means of pulse shape analysis)

 Modular, versatile and transportable apparatus


Main phases 
 R&D on detectors and electronics (2002-2012): finished

 Commissioning phase (2013-2018): finished

 Construction of a demonstrator (12 blocks, with 16 telescopes per block): finished

 Experiments with stable and unstable heavy-ion beams (2019 ~ ): ongoing

 Feasibility study of the upgrade: ongoing

Forward A and Z Identification Array
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FAZIA apparatus
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12 blocks, 192 telescopes Si-Si-Csl

 Wall configuration at a distance of one meter from the target  
 Covering the forward polar angles (1.4°< θ < 12.6°) 
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The FAZIA telescope
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One Fazia block is 16 telescopes Si1-Si2-CsI 20x20 mm²

16 Si1 ntd 300 μm

16 Si2 ntd 500 μm

16 CsI (Tl) 10 cm

Connectors

Front-end cards

FAZIA Detectors: Florence, Orsay, Caen, Legnaro, Bucharest
Mechanics: Bologna, Napoli, Caen
FEE: Orsay, Napoli
Slow control: Napoli, Ganil, Florence
DAQ: Florence, Napoli, Krakow

CsI(Tl)

Faster/lighter ions

ΔE1 ΔE2

Si SiSlower/heavier ions

300μm 500 μm
100 mm

 Conventional concept:  Si-Si-CsI telescope 

 special features for   detectors and electronics.   

 silicons used in reverse configuration

A B C

Only A Particles are identified through Pulse Shape Analysis

comments

Lower threshold
Delicate technique

 A vs. B Particles are identified through ΔE-E method
higher threshold
Robust technique

 A+B vs. C Particles are identified through ΔE-E method
Optimum for medium 
mass framents
Robust technique

 C Particles are identified through PSA from scintillation pulses Restricted to Z<5 
Only for very energetic 
particles

Identification methods 

Custom Ph Diode

One FAZIA block consists of 16 Si1 + Si2 + CsI 
telescopes with a cross-sectional area of 2 x 2 cm2 

 Si1 (nTD): 300 μm thick

 Si2 (nTD): 500 μm thick

 CsI: 10 cm thick, photodiode readout

 Dedicated digital electronics with optical fiber 
outputs

 8 FEE cards cooled under vacuum

Identification by (ΔE1+ΔE2) - E3

Identification by PSA on 1st Si

Identification by ΔE1 - E2

E3
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FAZIA PID performance

5

Eur. Phys. J. A (2014) 50: 47 Page 7 of 20

Fig. 6. (Colour on-line) PSA identification via energy vs.
charge rise-time plots obtained with the detector in chan-
neled (a) and random (b) configuration. From [18].

is shown, both for channeling (a) and random (b) configu-
rations. The full-range of the used preamplifier+digitizer
combination was 4.2GeV for the ∆E detector and 1.3GeV
for the E one. A clear improvement of the particle iden-
tification performance can be easily seen in the random
orientation, and in particular an important boost of the
isotopic separation. In fig. 6 PSA identification via “energy
vs. charge rise-time” method is shown, again with a com-
parison between channeling (a) and random (b) configura-
tions. Once again a much better particle identification for
the “random” configuration is obtained. This confirms the
importance of controlling the channeling effects in PSA
applications. In order to minimize orientation-related ef-
fects on PSA, FAZIA Si detectors are now produced from
wafers cut from the ingots at carefully chosen angles with
respect to the ingot axis.

3 PSA and ∆E-E identification results

Identification results (∆E-E and PSA) are now presented
using what could be termed “the FAZIA recipes”, as listed
in the preceding section.

A 35MeV/nucleon 129Xe beam was used for bombard-
ing thin targets of natNi and Au. All results presented
in this section refer to the reaction products obtained by
adding up the data of both reactions, in order to obtain
larger statistics.

Fig. 7. (Colour on-line) ∆E-E correlation using two 300 µm
silicon detectors. The two insets are expansions around Z = 4
and Z = 20. From [15].

Fig. 8. Distributions of the PID parameter obtained for the
data of fig. 7. From [15].

3.1 ∆E-E identification method

The ∆E-E technique is based on the measurement of
the energies deposited in two detectors. Therefore, to
be identified a particle should at least punch through
one detector layer. As FAZIA consists of Si1(300µm)-
Si2(500µm)-CsI(10 cm) telescopes, two ∆E-E matrices
can be drawn using the energy of the impinging nuclei:
Si1-Si2 for ions stopped in the Si2 or (Si1+Si2)-CsI for
those reaching the CsI.

In fig. 7 the ∆E-E correlation for Si1-Si2 is presented
for particles stopped in Si2 (in this case a 300µm n-TD sil-
icon detector). Charge identification for all ions produced
in the collisions, from hydrogen to xenon ions, are clearly
visible. The two insets in fig. 7 are expansions for light
particles and intermediate mass fragments, respectively.
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Sometimes they are complementary => cross check

ΔE1 ΔE2 Eres

Si1 Si2 CsI(Tl)
Charged
particle 

ΔE1 ΔE2 Eres

Si1 Si2 CsI(Tl)
Charged
particle 

ΔE1 ΔE2 Eres

Si1 Si2 CsI(Tl)
Charged
particle 

ΔE1 ΔE2 Eres

Si1 Si2 CsI(Tl)
Charged
particle 

Pulse shape for stopped particles ΔE-E method 

ΔE-E method Pulse shape for energetic particles

Summary of identification methods for FAZIA

Reasonable isotopic resolution  up to Z~25

For Z = 6
- charge identification from 2 MeV/u 
- isotopic discrimination from 5 MeV/u 

Eur. Phys. J. A (2014) 50: 47 

 During the R&D phase, the ∆E-E charge identification capability has been successfully tested up to Z ∼ 54 
 Isotopic discrimination has been achieved up to Z ∼ 25 with the ∆E-E technique and up to Z ∼ 20 with PSA in silicon 
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FAZIA commissioning phase
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FAZIA May 2013
1 block + telescopini
84Kr at 35A MeV
FAZIA December 2014
2 blocks horizontal plane 10 UTs
84Kr + 58Ni, 93Nb & 112-124Sn at 24.75 A MeV
ISOFAZIA June 2015 
4 blocks horizontal plane 25 UTs
40Ar at 35 A MeV  &  80Kr + 40-48Ca at 35 A MeV
FAZIASYM December 2015
4 blocks wall configuration
40-48Ca + 40-48Ca at 35 A MeV
FAZIACOR March 2017
4 blocks wall configuration
20Ne & 32S + 12C at 25 & 50 A MeV
FAZIAPRE test October 2017 experiments in February & May 2018
4 blocks wall configuration, plus 2 lateral blocks
40-48Ca + 12C at 25 & 40 A MeV + few runs with 27Al & 40Ca
FAZIAZERO July 2018
4 blocks wall configuration, plus 1 lateral bloc & one at 0°
12C + 12C & (CH2)n at 62 & 80 A MeV

FAZIA commissioning phase at LNS Catania 2013-2018

Courtesy of Nicolas Le Neindre, LPC CAEN

1st physics oriented experiment

ISOSPIN DIFFUSION MEASUREMENT FROM THE DIRECT … PHYSICAL REVIEW C 103, 014605 (2021)

θ=2°

θ=8°

φ

FIG. 1. Schematic polar representation of the apparatus geome-
try. The beam axis passes through the symmetry center. View from
the target.

II. INVESTIGATIVE APPROACH

We performed the experiment using beams of 40,48Ca
at 35 MeV/nucleon, delivered by the Superconducting Cy-
clotron of INFN-LNS with an average current of 0.1 pnA,
impinging on 40,48Ca targets with a thickness of 500 µg/cm2.
Approximately 110 million, 70 million, and 15 million
events have been collected for 48Ca + 48Ca, 48Ca + 40Ca, and
40Ca + 40Ca, respectively. The vacuum inside the scattering
chamber was 2 × 10−5 mbar during the whole experiment.

In order to avoid Ca oxidation during the mounting of the
targets, the Ca layers were sandwiched between two carbon
foils of about 10 µg/cm2 on both sides of each target. Data
on both 40,48Ca beams impinging on 12C (300 µg/cm2 thick)
have been collected in order to estimate the carbon reaction
background in the main reaction data. As observed in a previ-
ous analysis where the same Ca targets were used [34], no
significant contribution of reactions on a carbon target has
been found, thus we conclude that the background due to
reaction on carbon negligibly affects the present results [35].

Data have been collected with four FAZIA blocks [28,36]
arranged in a wall configuration around the beam axis cover-
ing polar angles from 2◦ up to approximately 8◦, 80 cm from
the target. A schematic of the apparatus geometry is shown in
Fig. 1. The main features and performances of the FAZIA
multitelescope array are fully described elsewhere [28,36–
38]. Here, we recall that each block consists of 16 2 × 2
cm2 Si-Si-CsI(Tl) telescopes, where the thickness of different
layers is 300 µm, 500 µm, and 10 cm, respectively. The tele-
scopes are directly coupled to “custom” FEE cards, featuring
the preamplifiers and the fast digital sampling stages, also
allowing online extraction of the energy parameters from the
signals [36]. Each FAZIA telescope allows identification of
the isotope charge and mass up to Z ≈ 25 with the !E -E
technique [39] and up to Z ≈ 20 via pulse shape analysis in

silicon detectors [37] for fragments stopped in the first silicon
layer with the identification energy threshold depending on
the ion charge [37]. The data presented in this paper refer
to the QP phase space; as in most other experiments, energy
thresholds do not allow access to the QT phase space, which
remains almost undetected.

As anticipated, from the theoretical side, data are com-
pared with the predictions of the AMD model, belonging
to the quantum molecular dynamics family [40,41], due
to its well-assessed capability to describe nuclear collision
characteristics in a various range of energy and impact pa-
rameters [42]. In brief, this model describes a many-body
nuclear system by means of a Slater determinant of Gaus-
sian wave packets and the equation of motion is obtained
via the time-dependent variational principle [43]. The ver-
sion of the AMD code used in this work implements the
mean field via the effective interaction Skyrme SLy4 [44],
using Ksat = 230 MeV for the incompressibility modulus of
the nuclear matter and ρ0 = 0.16 fm−3 for the saturation
density. Two parametrizations of the symmetry energy can
be tested within the AMD model: an asym-soft one, with
Esym = 32 MeV and Lsym = 46 MeV; and an asym-stiff one,
with Lsym = 108 MeV and the same value for Esym, obtained
by changing the density-dependent term in the SLy4 force
[43]. Such recipes are compatible with the reported values
for realistic parametrizations [15]. Nucleon-nucleon collisions
are taken into account by implementing test particles which
are randomly generated at every time step [42,45]. The tran-
sition probability depends on the in-medium nucleon-nucleon
cross section, which can be considered, within some limits,
a free parameter of the model. In the version of the code
used, the parametrization proposed in Ref. [17] has been used,
i.e., σ = σ0 tanh (σfree/σ0), with σ0 = yρ−2/3, where y is a
screening parameter, set at y = 0.85 (according to [17]). In
order to take into account cluster correlations arising during
the dynamics, cluster states are included among the possible
achievable final states [42,45–47].

We produced about 40 000 events for each system and
symmetry energy parametrization, stopping the dynamical
calculation at 500 fm/c, a time when the dynamical phase
is safely concluded and the Coulomb interaction among QPs
and QTs can be considered negligible [45]. Impact param-
eters up to the grazing values bgr (10.4, 10.1, and 9.7 fm
for the n-rich, mixed, and n-deficient systems, respectively)
have been randomly sorted, with a triangular distribution.
For each primary event, 2000 secondary events have been
generated by means of the GEMINI++ [33] statistical Monte
Carlo code. The simulated data were then filtered through a
software replica of the apparatus, which takes into account
the geometrical efficiency and the identification thresholds, in
order to consistently compare the simulation output with the
experimental results.

III. EVENT SELECTION AND REACTION
CHARACTERIZATION

In order to show the criteria adopted for selecting events we
focus on the 48Ca + 48Ca reaction for the sake of brevity. The
same selection criteria have been applied to the other systems.

014605-3
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FAZIA block ToF technique ToF ID Synchronization Conclusions

ISOFAZIA experiment at LNS

block 0

block 1

block 3

block 2

17.2° 2.4°

80 cm
80Kr beam @ 35 MeV/u

target

First physics oriented experiment with FAZIA
Fully calibrated with mass ID up to Z ≥ 24
In many events we have at least a fully identified particle
which permits to recover t0

Access to the isospin sharing between 
QP decay and/or fission fragments and 
its dependence on the target composition, 
and this can give information on the 
isospin transport process.

Isospin transport in heavy ion collisions at Fermi energies 

80Kr+40-48Ca @ 35 A MeV IsoFazia experiment, June 2015, LNS Catania

Same projectile with different isospin targets

FAZIA commissioning phase at LNS Catania 2013-2018FAZIA commissioning phase at LNS Catania 2013-2018
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FAZIA commissioning phase: stable 84Kr beam
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FAZIA May 2013
1 block + telescopini
84Kr at 35A MeV
FAZIA December 2014
2 blocks horizontal plane 10 UTs
84Kr + 58Ni, 93Nb & 112-124Sn at 24.75 A MeV
ISOFAZIA June 2015 
4 blocks horizontal plane 25 UTs
40Ar at 35 A MeV  &  80Kr + 40-48Ca at 35 A MeV
FAZIASYM December 2015
4 blocks wall configuration
40-48Ca + 40-48Ca at 35 A MeV
FAZIACOR March 2017
4 blocks wall configuration
20Ne & 32S + 12C at 25 & 50 A MeV
FAZIAPRE test October 2017 experiments in February & May 2018
4 blocks wall configuration, plus 2 lateral blocks
40-48Ca + 12C at 25 & 40 A MeV + few runs with 27Al & 40Ca
FAZIAZERO July 2018
4 blocks wall configuration, plus 1 lateral bloc & one at 0°
12C + 12C & (CH2)n at 62 & 80 A MeV

FAZIA commissioning phase at LNS Catania 2013-2018
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Isospin transport in 84Kr + 112,124Sn collisions at Fermi energies
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Isotopically resolved fragments with Z ! 20 have been studied with a high-resolution telescope in a test run
for the FAZIA Collaboration. The fragments were produced by the collision of a 84Kr beam at 35 MeV/nucleon
with a neutron-rich (124Sn) and a neutron-poor (112Sn) target. The fragments, detected close to the grazing
angle, are mainly emitted from the phase-space region of the projectile. The fragment isotopic content clearly
depends on the neutron richness of the target and this is direct evidence of isospin diffusion between projectile
and target. The observed enhanced neutron richness of light fragments emitted from the phase-space region
close to the center of mass of the system can be interpreted as an effect of isospin drift in the diluted neck
region.

DOI: 10.1103/PhysRevC.87.054607 PACS number(s): 25.70.Lm, 25.70.Mn

I. INTRODUCTION

The production of many fragments with different sizes is
one of the main features of heavy-ion reactions at bombarding
energies higher than 15–20 MeV/nucleon. The mechanisms
governing their production have been extensively investigated
in the past. When the primary fragments produced in the
interaction are sufficiently excited, their detection occurs after
a deexcitation phase that may strongly alter their original
identity. Various deexcitation processes are indeed possible
and they depend both on the initial conditions and on the
internal structure of the nuclei involved in the deexcitation
path.

In recent years many experimental and theoretical (see
[1–5] and references therein) efforts have been devoted to the
investigation of the neutron-to-proton ratio N/Z (often called
isospin) degree of freedom and to unraveling its influence on
the reaction dynamics and on the subsequent decay processes.
This was obtained either by using reaction partners with
different isospin content or by comparing data from reactions
involving different isotopic combinations of the projectile
and/or of the target [6–14]. From an experimental point of
view, this kind of investigation requires detectors capable of

*Corresponding author: olmi@fi.infn.it

good isotopic identification of the reaction products over an
extended Z range.

The study of the isospin content of the emitted fragments
and light particles, possibly complemented by a characteriza-
tion of their emitting source [14–16], gives clues on different
processes of isospin transport. One, called isospin “diffusion,”
is related to the isospin asymmetry of a system in which projec-
tile and target have different N/Z values [4–6,10–12,17–19];
the other, called isospin “drift” (or “migration”), is related to
the density gradient which is expected to exist in the “neck”
region, even between two identical nuclei [3,16,17,20–22].
In both cases the experimental observables associated with
the isospin content of the reaction products can be used
to extract information on the symmetry energy term of the
nuclear equation of state, via comparison with theoretical
models [1,3–5,9–11,14,17–19,23–27].

Many experiments have provided evidence of isospin
transport in dissipative collisions both at low energies (see for
instance [28,29]) and at Fermi energies [2,10–15,19,20,30]. In
this paper we show some results obtained by bombarding with
a 84Kr beam at 35 MeV/nucleon two targets with different
isospin: 112Sn and 124Sn. In the following we will often use
“n-poor” and “n-rich” system to refer to the collision of
the Kr beam with these two different targets. Although the
light complex fragments detected in our experiment originate
mainly from the quasiprojectile source, their isospin content
shows a clear dependence on the N/Z of the target.

054607-10556-2813/2013/87(5)/054607(7) ©2013 American Physical Society
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II. EXPERIMENT

The data presented in this paper have been collected by the
FAZIA Collaboration [31] at the Superconducting Cyclotron
of the Laboratori Nazionali del Sud (LNS) of INFN, in
Catania, during a recent test experiment [32]. A pulsed beam
[δt ≈ 1 ns full width at half maximum (FWHM)] of 84Kr at
35 MeV/nucleon impinged on isotopically enriched targets
of 112Sn (415 µg/cm2) and 124Sn (600 µg/cm2). The N/Z
of the beam was 1.33, intermediate between that of the two
targets of 112Sn (N/Z = 1.24) and 124Sn (N/Z = 1.48). In
the past these systems (and other similar Kr- or Sn-induced
reactions, in direct or reverse kinematics) have been the subject
of extensive investigation at comparable bombarding energies
by other groups [9–15,19,24], so that they represent a good
benchmark for a test experiment.

Here we analyze the data from a three-element telescope
[Si1-Si2-CsI(Tl)] located at an angle of 5.4◦ and at 100 cm dis-
tance from the target. The silicon detectors (manufactured by
FBK [33]) were of the ion-implanted neutron-transmutation-
doped (n-TD) type, with bulk resistivity values in the range
3000–4000 " cm and good doping uniformity (of the order
of 3% FWHM [34]). The silicon layers were obtained from
“random” cut wafers (about 7◦ off the 〈100〉 axis) to minimize
channeling effects [35]. They were in transmission mounting,
with dead layers on both sides of ∼500–800 nm, and had
an active area of 20 × 20 mm2. The thickness of Si1 and
Si2 was 305 and 510 µm, respectively, with a measured
nonuniformity of the order of 1 µm. The CsI(Tl) crystal
(manufactured by Amcrys [36]) was 10 cm thick, with an
excellent doping uniformity (of the order of 5%, with the
nominal Tl concentration being about 1500 ppm), and it was
read out by a photodiode. The telescope was equipped with
custom-built high-quality electronics. More details on the
characteristics of the setup and on the obtained performances
are given elsewhere [32,34,35,37–40]. Here we briefly reiterate
that the charge and current signals produced in low-noise
preamplifiers [41], mounted in vacuum next to the detectors,
are sampled by fast digital boards purposely built by the FAZIA
group. For each detector, the sampled signals are then stored
for off-line analysis. Energy information from the two silicon
detectors was obtained by means of trapezoidal shaping of the
digitized signals (see [38] for details). For energy calibration,
the “punch-through energies” [42] of light identified ions were
used, as described also in [38].

In this work we concentrate on identified fragments (Z ! 3)
that are stopped in the second silicon layer or in the CsI(Tl).
The kinetic energy of fragments stopped in Si2 is the sum
of the two silicon energies, E sum = E1 + E2. When the
fragment reaches the CsI(Tl) crystal, its full kinetic energy
E is estimated from E sum (which is now the energy loss over
the known total thickness of the two silicon detectors) with
the help of range-energy tables [43–45], whose proper use
requires knowledge of Z and A of the ion.

The particle identification is given by the ridges in the
correlations E1-E2 between the energies of the two silicon
layers or E sum-LO between the silicon energy and the light
output of the CsI(Tl). The linearization of the ridges gives the
particle identification (PI). The high quality of the detectors
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FIG. 1. (Color online) (a) PI spectrum for fragments passing the
first silicon detector and stopped in the second one or in the CsI(Tl)
crystal, for the reaction 84Kr + 124Sn; the inset is an expansion of
the region Z = 11–15. (b) PI spectra for carbon isotopes in the
reactions 84Kr + 124Sn (black histogram) and 84Kr + 112Sn (dashed
red histogram); the spectra are normalized to the same total number
of counts of C. (c) Same as (b), but for Mg isotopes.

and of the dedicated electronics allows isotopic resolution up
to Z ≈ 20 (close to the limit reported in [38]), as shown in
Fig. 1(a) by the PI spectrum for the n-rich target. Figures 1(b)
and 1(c) are the PI spectra for C and Mg isotopes, respectively.
The black solid histograms correspond to the n-rich target
and the red dashed ones to the n-poor target. For each element,
the two histograms are normalized to the same number of
counts. One sees at first glance that the isotopic composition is
different in the two reactions. For each element, mass values
are assigned to the PI peaks by comparing the isotopic ridges
in the already mentioned correlations with the theoretical
lines calculated from energy-loss tables.

III. RESULTS

The telescope spanned the angular range from about 4.8◦

to 6◦, just beyond the grazing angles of the two reactions
(estimated to be about 4.1◦ and 4.0◦ for the n-poor and
n-rich systems, respectively); therefore its position was well
suited for a good sampling of a large variety of fragments,
mainly originating from the quasiprojectile (QP) phase space.
We want to stress that the beam and the setup are the
same, the kinematics is very similar, and the only relevant
difference between the two systems is the neutron number of
the target nucleus. Since we are mainly dealing with fragments
originating from the QP phase space, any substantial difference
between the two sets of data has to be attributed to a transport
of isospin between projectile and target.

From the large number of experiments performed during
many years of investigation of heavy-ion collisions in the
Fermi energy regime, we now know that (a) in peripheral and
mid-central collisions we mainly deal with binary dissipative

054607-2

identified fragments (Z >= 3) that are stopped in the second silicon layer or in the CsI(Tl), isotope resolution up to Z ~ 20 

ISOSPIN TRANSPORT IN 84Kr + 112,124Sn . . . PHYSICAL REVIEW C 87, 054607 (2013)

〈N
〉/Z

1.1

1.2

1.3
Z=3

Sn124Kr+84

Sn112Kr+84

1.1

1.2 Z=6

1.1

1.2 Z=9

1.1

1.2 Z=12

1.1

1.2 Z=15

40 60 80 100

1.1

1.2 Z=18

Z=4

Z=7

Z=10

Z=13

Z=16

40 60 80 100

Z=19

Z=5

Z=8

Z=11

Z=14

Z=17

vlab (mm/ns)
40 60 80 100

Z=20

FIG. 6. (Color online) 〈N〉/Z as a function of the laboratory
velocity for the reaction 84Kr + 124Sn (black points) and 84Kr + 112Sn
(red points). Each panel refers to a different element from Z = 3 to
Z = 20. Error bars combine statistical errors and uncertainties in the
isotope identification.

to the 84Kr + 124Sn reaction. Similar differences with target
isospin have been observed in the reactions 84Kr + 92,98Mo at
22 MeV/nucleon [60]. However, those data are not included
in Fig. 5(b), because it is not specified which isotopes were de-
tected. In contrast, in the reactions 86Kr + 27Al, 86Kr + 103Rh,
and 86Kr + 197Au at 44 MeV/nucleon, apparently no clear
target dependence was observed [61].

One may wonder whether there is a difference in the isospin
content of the fragments produced in the 84Kr + 124Sn and
84Kr + 112Sn reactions, depending on the phase-space region
they belong to. For this purpose, Fig. 6 shows the evolution
of 〈N〉/Z for each element (from Z = 3 up to Z = 20) as
a function of the laboratory velocity of the fragments. The
most evident effect is that, again, the black open dots (n-rich
system) are always above the red full dots (n-poor system).
This can be interpreted as an effect of the isospin diffusion,
due to the interaction of the projectile with targets of different
isospin content. The second clear observation is that for light
ions 〈N〉/Z rapidly decreases with increasing velocity, while
it displays a rather flat behavior for heavier ions. The third point
worth noting is that the highest values of 〈N〉/Z of fragments
with Z = 3–4 are reached at the smallest laboratory velocities
(close to that of the center of mass).

Given the experiment geometry (4.8◦ ! θlab ! 6◦), the
fragments with large velocities (of the order of that of the

beam) are likely to be emitted in the forward direction from
an excited QP, while those with lower velocities are expected
to be emitted by the same QP in the backward direction, with
possible contributions from mid-velocity (or neck) emissions
[46,62,63]. In fact, at Fermi energies, fragments may be
produced not only by a fissionlike equilibrated decay of the
QP (or QT) but also by the breakup of an elongated necklike
structure [64] formed between the QP and the QT. It has been
shown [65,66] that these fragments present a kind of “hierarchy
effect”: lighter fragments originating from the thinner central
part of the rupturing neck have small velocities in the center-
of-mass frame, while heavier fragments produced in thicker
zones of the neck possess larger velocities, closer to (but still
smaller than) that of the QP (or QT). Therefore, in this picture
the low-velocity lightest fragments (Z = 3, 4, and partially 5)
of Fig. 6 are probing the most central part of the neck and
thus their higher values of 〈N〉/Z could be an indication
of isospin drift, namely, a neutron enrichment of the more
diluted central region of the neck [17]. In contrast, heavier
fragments with Z " 12 have a low 〈N〉/Z (around 1.15) with
practically no dependence on the emission velocities, which
however span a rather narrow range of about 20–30 mm/ns
around vlab ≈ 70 mm/ns.

It is interesting to compare the data of Fig. 6 with the results
[14] of the similar system 124Sn + 64Ni at 35 MeV/nucleon.
In [14] the assumed neck emissions and the more equilibrated
decays of the QP have been selected on the basis of an angular
correlation of the observed fragments. In our case, since we
have only a single detected fragment, the selection is made
on the basis of the laboratory velocity. In Fig. 7, the ratio
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Isotopically resolved fragments with Z ! 20 have been studied with a high-resolution telescope in a test run
for the FAZIA Collaboration. The fragments were produced by the collision of a 84Kr beam at 35 MeV/nucleon
with a neutron-rich (124Sn) and a neutron-poor (112Sn) target. The fragments, detected close to the grazing
angle, are mainly emitted from the phase-space region of the projectile. The fragment isotopic content clearly
depends on the neutron richness of the target and this is direct evidence of isospin diffusion between projectile
and target. The observed enhanced neutron richness of light fragments emitted from the phase-space region
close to the center of mass of the system can be interpreted as an effect of isospin drift in the diluted neck
region.

DOI: 10.1103/PhysRevC.87.054607 PACS number(s): 25.70.Lm, 25.70.Mn

I. INTRODUCTION

The production of many fragments with different sizes is
one of the main features of heavy-ion reactions at bombarding
energies higher than 15–20 MeV/nucleon. The mechanisms
governing their production have been extensively investigated
in the past. When the primary fragments produced in the
interaction are sufficiently excited, their detection occurs after
a deexcitation phase that may strongly alter their original
identity. Various deexcitation processes are indeed possible
and they depend both on the initial conditions and on the
internal structure of the nuclei involved in the deexcitation
path.

In recent years many experimental and theoretical (see
[1–5] and references therein) efforts have been devoted to the
investigation of the neutron-to-proton ratio N/Z (often called
isospin) degree of freedom and to unraveling its influence on
the reaction dynamics and on the subsequent decay processes.
This was obtained either by using reaction partners with
different isospin content or by comparing data from reactions
involving different isotopic combinations of the projectile
and/or of the target [6–14]. From an experimental point of
view, this kind of investigation requires detectors capable of

*Corresponding author: olmi@fi.infn.it

good isotopic identification of the reaction products over an
extended Z range.

The study of the isospin content of the emitted fragments
and light particles, possibly complemented by a characteriza-
tion of their emitting source [14–16], gives clues on different
processes of isospin transport. One, called isospin “diffusion,”
is related to the isospin asymmetry of a system in which projec-
tile and target have different N/Z values [4–6,10–12,17–19];
the other, called isospin “drift” (or “migration”), is related to
the density gradient which is expected to exist in the “neck”
region, even between two identical nuclei [3,16,17,20–22].
In both cases the experimental observables associated with
the isospin content of the reaction products can be used
to extract information on the symmetry energy term of the
nuclear equation of state, via comparison with theoretical
models [1,3–5,9–11,14,17–19,23–27].

Many experiments have provided evidence of isospin
transport in dissipative collisions both at low energies (see for
instance [28,29]) and at Fermi energies [2,10–15,19,20,30]. In
this paper we show some results obtained by bombarding with
a 84Kr beam at 35 MeV/nucleon two targets with different
isospin: 112Sn and 124Sn. In the following we will often use
“n-poor” and “n-rich” system to refer to the collision of
the Kr beam with these two different targets. Although the
light complex fragments detected in our experiment originate
mainly from the quasiprojectile source, their isospin content
shows a clear dependence on the N/Z of the target.
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The neutron-proton (n-p) equilibration process in 48Ca + 40Ca at 35 MeV/nucleon bombarding energy is
experimentally estimated by means of the isospin transport ratio. Experimental data are collected with a subset
of the FAZIA telescope array, which permits us to determine the Z and N of detected fragments. For the first
time, the quasiprojectile (QP) evaporative channel is compared with the QP breakup one in a homogeneous
and consistent way, pointing to comparable n-p equilibration, which suggests a close interaction time between
projectile and target independently of the exit channel. Moreover, in the QP evaporative channel n-p equilibration
is compared with the prediction of the antisymmetrized molecular dynamics model coupled with the GEMINI

statistical model as an afterburner, showing a higher probability of proton and neutron transfers in the simulation
with respect to the experimental data.
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I. INTRODUCTION

Since the end of the 1980s some experiments, mostly
focused on dissipative collisions below 20 MeV, have investi-
gated how a colliding system with projectile and target with
different “chemical” compositions, evolves towards charge
equilibration [1–4]. Later, the so-called isospin dynamics,

*alberto.camaiani@fi.infn.it

namely, the neutron-proton (n-p) exchange between two in-
teracting nuclei, gained much attention at Fermi energies
(20–100 MeV/nucleon), where nuclear subsystems relatively
far from the saturation value of the baryon density can be
explored; this, in turn, allows investigation of how the nu-
clear equation of state (nEoS) rules the dynamics [5,6]. In
the Fermi energy domain, interesting signals have been found
mainly in binary semiperipheral collisions, mostly the clear
evidence of a neutron enrichment of the fragments emitted
from the phase-space region between the two main reaction
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(20–100 MeV/nucleon), where nuclear subsystems relatively
far from the saturation value of the baryon density can be
explored; this, in turn, allows investigation of how the nu-
clear equation of state (nEoS) rules the dynamics [5,6]. In
the Fermi energy domain, interesting signals have been found
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channel as a function of pred between the experimental results and
the AMD + GEMINI++ simulation, using asym-stiff and asym-soft
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partially incorrect description of the dynamics (reaction times
and/or nuclear potential terms ruling the isospin transfer) or to
a somehow incorrect evaporation scheme. In this respect, we
must stress that the isospin transport ratio has been introduced
[5,30] just to bypass any perturbation which introduces a
linear transformation of the isospin variable in use [Eq. (1)].
This behavior has recently been investigated in a specific work
[31], in a full model framework, for the systems discussed
here. In this paper it is demonstrated, by means of the AMD
simulation coupled with statistical models, that the charge
equilibration process measured via the isospin transport ratio
is indeed affected by perturbations introduced by the dynam-
ical and statistical emissions from the fragments after their
separation. In particular, the statistical emission (described
by the GEMINI code) tends to introduce spurious nonlinear
distortions at low excitation energies (where structural ef-
fects are well known to affect particle emission [67–69]),
i.e., for large impact parameters, while the distortion becomes
smoother and linear with increasing excitation. Instead, at
least for the considered systems, the contribution of emissions
occurring during the interaction phases and predicted by the
AMD model increases with centrality but remains relatively
scarce and negligibly affects the R variable. As a consequence,
we checked that despite some residual distortions related to
emissions, the variable R is robust and retains memory of
the primary isospin history; this suggests that the observed
discrepancy between the measured and the predicted R can be
safely ascribed to the dynamical modelization.

By analyzing the evolving output of the model, we can
access to the end of the projectile-target interaction phase
(labeled as tDIC), by means of the procedure described in
Refs. [31,34]. In order to pin down the mechanism responsible
for the observed discrepancies with experiments, we applied
some special conditions on the analyzed events, as follows.
The n-p equilibration obtained at tDIC, for the asym-stiff sim-
ulation, is shown in Fig. 9 as the black line; for the sake of
comparison also the experimental trend in Fig. 8 is reported
here. For each system (i.e., the asymmetric and the symmetric
references), we start allowing only the net neutron transfers

red
p0.4 0.6 0.8 1

R
(<

N
/Z

>)

0

0.2

0.4

0.6

0.8

1

1.2
No Equilibration

Full Equilibration

EXP
DICAMD at t

: only p transf.DICAMD  at t
: only n transf.DICAMD  at t

DICModified AMD  at t

FIG. 9. Comparison of the experimental isospin transport ratio
with the equilibration obtained at the projectile-target separation time
(tDIC), for the asym-stiff parametrization; the isospin transport ratios
due only to a net charge (red line) and neutron (green line) number
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(green line): this corresponds to retaining only the reaction
channels where the QP emerges as a Ca isotope. Vice versa,
we allow only the net proton exchanges (red line), i.e., events
where the QP retains the neutron number of the projectile.
As expected, limiting the n-p exchange produces a lower
equilibration. More interestingly, we observe that the equili-
bration obtained via only charge change lies close to the total
one, pointing to an important role of proton transfers in the
isospin equilibration mechanism. This can be quantitatively
understood by taking into account that, in order to restore
the N/Z unbalance, a proton transfer is more effective than
a neutron transfer, since the former counts as 1/20 and the
latter as 1/28.

Starting from the indication that nucleon transfer in the
AMD may be too frequent, we now aim to quantify the degree
of overestimation of the transfer probability. We introduce
a multiplying factor ( f ) depending on the net number of
transferred neutrons and protons, !n and !p, respectively.
Assuming that nucleon transfers in the same event are inde-
pendent of each other, we model a parametrization as f =
α|!n|β |!p|, where α and β are parameters to suppress (or
enhance) the net transfer probability of single neutrons and
single protons, respectively. The probability of the nontransfer
channel (at tdic) is adjusted for total probability conservation.
For each system, we then proceed to classify the various
channels as functions of the net p/n changes at tDIC: we
modify these initial populations via a change in the (α,β ) pair
and thus obtain different average isospin values. The isospin
transport ratio is then computed via Eq. (1), adopting the
〈N/Z〉(α,β ) as the X variable [RAMD(α,β )]. The parameters
α and β are selected by means of a fit procedure on the
experimental data Rexp. Specifically, we look for the minimum
of an M2 variable defined as

M2 =
N∑

i=0

[
Ri

exp − Ri
AMD(α,β )

]2

σ 2
exp(i) + σ 2

AMD(i)
, (2)
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FIG. 8. Comparison of the isospin transport ratio for the QPE

channel as a function of pred between the experimental results and
the AMD + GEMINI++ simulation, using asym-stiff and asym-soft
parametrizations. Statistical errors are smaller than the symbol size
(line width).

partially incorrect description of the dynamics (reaction times
and/or nuclear potential terms ruling the isospin transfer) or to
a somehow incorrect evaporation scheme. In this respect, we
must stress that the isospin transport ratio has been introduced
[5,30] just to bypass any perturbation which introduces a
linear transformation of the isospin variable in use [Eq. (1)].
This behavior has recently been investigated in a specific work
[31], in a full model framework, for the systems discussed
here. In this paper it is demonstrated, by means of the AMD
simulation coupled with statistical models, that the charge
equilibration process measured via the isospin transport ratio
is indeed affected by perturbations introduced by the dynam-
ical and statistical emissions from the fragments after their
separation. In particular, the statistical emission (described
by the GEMINI code) tends to introduce spurious nonlinear
distortions at low excitation energies (where structural ef-
fects are well known to affect particle emission [67–69]),
i.e., for large impact parameters, while the distortion becomes
smoother and linear with increasing excitation. Instead, at
least for the considered systems, the contribution of emissions
occurring during the interaction phases and predicted by the
AMD model increases with centrality but remains relatively
scarce and negligibly affects the R variable. As a consequence,
we checked that despite some residual distortions related to
emissions, the variable R is robust and retains memory of
the primary isospin history; this suggests that the observed
discrepancy between the measured and the predicted R can be
safely ascribed to the dynamical modelization.

By analyzing the evolving output of the model, we can
access to the end of the projectile-target interaction phase
(labeled as tDIC), by means of the procedure described in
Refs. [31,34]. In order to pin down the mechanism responsible
for the observed discrepancies with experiments, we applied
some special conditions on the analyzed events, as follows.
The n-p equilibration obtained at tDIC, for the asym-stiff sim-
ulation, is shown in Fig. 9 as the black line; for the sake of
comparison also the experimental trend in Fig. 8 is reported
here. For each system (i.e., the asymmetric and the symmetric
references), we start allowing only the net neutron transfers
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FIG. 9. Comparison of the experimental isospin transport ratio
with the equilibration obtained at the projectile-target separation time
(tDIC), for the asym-stiff parametrization; the isospin transport ratios
due only to a net charge (red line) and neutron (green line) number
change are shown. The equilibration obtained after a rescaling of the
proton and neutron transfer probabilities is shown by the magenta
line. See text for details. Errors are statistical.

(green line): this corresponds to retaining only the reaction
channels where the QP emerges as a Ca isotope. Vice versa,
we allow only the net proton exchanges (red line), i.e., events
where the QP retains the neutron number of the projectile.
As expected, limiting the n-p exchange produces a lower
equilibration. More interestingly, we observe that the equili-
bration obtained via only charge change lies close to the total
one, pointing to an important role of proton transfers in the
isospin equilibration mechanism. This can be quantitatively
understood by taking into account that, in order to restore
the N/Z unbalance, a proton transfer is more effective than
a neutron transfer, since the former counts as 1/20 and the
latter as 1/28.

Starting from the indication that nucleon transfer in the
AMD may be too frequent, we now aim to quantify the degree
of overestimation of the transfer probability. We introduce
a multiplying factor ( f ) depending on the net number of
transferred neutrons and protons, !n and !p, respectively.
Assuming that nucleon transfers in the same event are inde-
pendent of each other, we model a parametrization as f =
α|!n|β |!p|, where α and β are parameters to suppress (or
enhance) the net transfer probability of single neutrons and
single protons, respectively. The probability of the nontransfer
channel (at tdic) is adjusted for total probability conservation.
For each system, we then proceed to classify the various
channels as functions of the net p/n changes at tDIC: we
modify these initial populations via a change in the (α,β ) pair
and thus obtain different average isospin values. The isospin
transport ratio is then computed via Eq. (1), adopting the
〈N/Z〉(α,β ) as the X variable [RAMD(α,β )]. The parameters
α and β are selected by means of a fit procedure on the
experimental data Rexp. Specifically, we look for the minimum
of an M2 variable defined as

M2 =
N∑

i=0

[
Ri

exp − Ri
AMD(α,β )

]2

σ 2
exp(i) + σ 2

AMD(i)
, (2)
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FAZIA physics phase: E789 experiment
 Study isospin transport and the density dependence of the symmetry energy 
 Measure energy & impact parameter dependence of isospin (N/Z) transport around Fermi energy 
 58-64Ni + 64-58Ni @ 32 - 52 MeV/nucleon 
 INDRA + FAZIA: 1st coupled campaign 
-  Good A & Z resolution for FAZIA → N/Z ratios

-  Full 4𝛑 angular coverage with INDRA+ FAZIA → centrality criteriaFIRST RESULTS FROM THE INDRA-FAZIA APPARATUS … PHYSICAL REVIEW C 106, 024603 (2022)

momenta. Taking advantage of such a complete set of data,
we can study the isospin equilibration between asymmetric
projectile and target by exploiting the isospin transport ratio
method proposed by Rami et al. [36]. Let A and B be two
nuclides (in our case, A = 64Ni and B = 58Ni) and AA, AB,
BA, and BB the possible combinations of colliding systems;
the isospin transport ratio is defined as

R(Xi ) = 2Xi − XAA − XBB

XAA − XBB
, (1)

where i = AA, AB, BA, BB and X is an observable which is
somehow sensitive to the effect of isospin diffusion (for exam-
ple, the 〈N/Z〉 of the projectilelike fragment); by construction,
for the two symmetric systems i = AA, BB, R(Xi ) takes values
+1 and −1, respectively. Since data for both asymmetric
reactions i = AB, BA are available, two different “branches”
of the isospin transport ratio can be built, using symmetric
reactions as references. The limit of the fully nonequilibrated
condition corresponds to R(Xi ) = ±1, while, as the projectile
of the AB reaction is the target of the BA reaction, in the case of
isospin equilibration between A and B in these two reactions
(which are really just the same in the center-of-mass frame)
we should have XAB = XBA and therefore R(XAB) = R(XBA).
If the experimental conditions are similar for the four reac-
tions, we can expect that by exploiting Eq. (1) the systematic
uncertainties related to the apparatus are strongly reduced. In
general, the isospin transport ratio technique allows to bypass
any perturbation introducing a linear transformation on the
considered isospin observable X [37]. The ratio R is expected
to be largely unaffected by the statistical deexcitation of the
products [38,39], provided that it is similar for all systems;
in Ref. [37] slight distortions of the isospin transport ratio
due to statistical evaporation were evidenced only for low
excitation energies of the primary fragments. This technique
has been widely adopted in the past [9,10,15,19,38,40], and
it is expected to help constrain the density dependence of the
symmetry energy of the NEoS by enhancing the differences
due to the assumption of different parametrizations [41]. In
this paper, the isospin equilibration observables are presented
as a function of an order parameter whose correlation to the re-
action centrality was tested by means of simulations based on
the antisymmetrized molecular dynamics (AMD) [42] model
coupled to GEMINI++ [43] as afterburner (see Sec. III B),
similarly to Ref. [19]. The isospin transport ratio is evaluated
here using two different probes, namely, the isospin content
of the detected QP remnant (Sec. III C) and the chemical
composition of the QP decay particles (Sec. III D). To our
knowledge, this is one of the first works where the experi-
mental investigation of the isospin equilibration is performed
using such a complete set of reactions at two different beam
energies, studying the evolution of observables for both the
QP residue and the evaporation particles as a function of the
reaction centrality.

II. THE EXPERIMENT

In this section, we briefly describe the main characteristics
of the two detection arrays composing the INDRA-FAZIA
apparatus, located in the D5 experimental hall at GANIL. The

FIG. 1. Rendering of the INDRA-FAZIA mechanical coupling,
with INDRA on the left side and FAZIA on the right side. The
target holder, not visible in the picture, is located inside the INDRA
apparatus.

two devices have been coupled together as shown in Fig. 1
in order to exploit both the large angular coverage of INDRA
and the optimal (Z, A) identification provided by FAZIA.

FAZIA [44,45] is a multidetector array that represents the
state of the art of nuclear fragment identification in the Fermi
energy domain. The basic module of FAZIA is the block, con-
sisting of 16 three-stage 2 × 2 cm2 !E-E telescopes. The first
two layers are highly homogeneously doped Si detectors, 300
(Si1) and 500 µm (Si2) thick, respectively, and the third layer
is a 10-cm-thick CsI(Tl) scintillator read out by a photodiode.
Each FAZIA block is equipped with the readout electronics
for all of its telescopes [45], including preamplifiers, sam-
pling analog-to-digital converters, and FPGAs dedicated to
the online digital treatment of the signals. Thanks to the digital
signal processing implemented on the FPGAs, most of the
relevant information is extracted in real time from the detector
signals. The ion identification is obtained by applying the
!E-E method and the pulse shape analysis (PSA, both for Si1
and CsI(Tl) detectors). During the research and development
phase, the !E-E charge identification capability has been
successfully tested up to Z ≈ 54 [46]; isotopic discrimination
has been achieved up to Z ≈ 25 with the !E-E technique [46]
and up to Z ≈ 20 with PSA in silicon [47], as demonstrated in
the first FAZIA experiments [13,18,19,48]. For the present ex-
periment, 12 FAZIA blocks are placed in a wall configuration
at a distance of 1 m from the target, covering the forward polar
angles (1.4◦ < θ < 12.6◦), as shown in Fig. 2, to exploit the
performances of FAZIA for the identification of QP-like frag-
ments. An example of the identification performance achieved
by FAZIA in this experiment can be viewed in the nuclear
chart in Fig. 3, obtained via the Si1-Si2 !E-E method.

The polar angles between 14◦ and 176◦ (≈80% of the
4π solid angle) are covered by 12 INDRA detection rings
(i.e., rings 6 to 17 of the original INDRA configuration
[49,50]), with cylindrical symmetry with respect to the beam
axis. Each detection ring is divided into several independent
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FIG. 2. Forward view from the target (left) and polar plot (right) of the INDRA-FAZIA apparatus,

showing the 12 FAZIA blocks in a wall configuration. The polar plot is obtained by reporting the

polar coordinates (✓ sin', ✓ cos') of all the detected particles, where ✓ and ' are the polar and

azimuthal angles in the laboratory reference frame, respectively.

INDRA detection rings (i.e., rings 6 to 17 of the original INDRA configuration [43, 44]),

with cylindrical symmetry with respect to the beam axis. Each detection ring is divided into

several independent modules, providing a high granularity that allows for the reconstruction

of high multiplicity events. The modules have di↵erent configurations depending on the

ring [43]; in the present experiment, the ionization chambers of INDRA have not been used.

For the particles collected in INDRA rings 6 to 9, featuring a Si detector and a CsI, both

�E-E and CsI PSA techniques could be applied: isotopic identification is achieved up to

Z ⇠ 4� 7. For INDRA rings 10 to 17, only the CsI information was available, and therefore

the CsI PSA method was used. Moreover, INDRA CsI detectors belonging to rings 10 to 17

(corresponding to ✓ > 45°) could not be calibrated, and hence serve mainly as multiplicity

counters, still providing isotopic identification for the collected LCPs.

The E789 experiment has been carried out at GANIL using 58Ni and 64Ni beams at the

two bombarding energies of 32MeV/nucleon and 52MeV/nucleon, provided by the GANIL

cyclotrons, impinging on a target of 58Ni (64Ni) with thickness 0.3mg/cm2 (0.4mg/cm2).

The trigger condition for FAZIA was M � 2, while triggers M � 1 could also be acquired,

8

Forward view from the target

FAZIA INDRA

(spring , 2019)
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FAZIA physics phase: E789 experiment
 Relaxation of the initial isospin imbalance with increasing centrality has been clearly evidenced. 
 The isospin equilibration appears stronger for the reactions at 32 MeV/nucleon, as expected due to 

the longer projectile-target interaction time than at 52 MeV/nucleon.

Experimental nuclear chart obtained via the Si1-Si2 ΔE-E method Isospin transport ratio calculated with the ⟨N⟩/⟨Z⟩cp of the complex particles 
forward emitted with respect to the QP remnant, as a function of bred
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FIG. 10. Isospin transport ratio calculated with the 〈N/Z〉 of the
QP evaporation residue, reported as a function of bred, obtained
from the plot in Fig. 9 by rescaling pred into bred by exploiting
their correlation obtained within AMD + GEMINI++. The results
for the asymmetric reactions 64Ni + 58Ni and 58Ni + 64Ni at 32
MeV/nucleon (52 MeV/nucleon) are plotted as black (red) symbols.
The vertical error bars, often smaller than the marker size, correspond
to statistical errors.

possible role of this difference in the experimental data in-
terpretation, in Fig. 10 we present the same isospin transport
ratio plots of Fig. 9 after rescaling the x axis from the pred
variable to bred. The rescaling was performed by exploiting
the AMD + GEMINI++ predictions on the bred vs pred corre-
lations (see Fig. 7). In Fig. 10, we can compare the degree
of equilibration for the same (or a similar) impact param-
eter; also after the rescaling operation, it appears that the
equilibrium condition is more closely approached in the reac-
tions at 32 MeV/nucleon than at 52 MeV/nucleon, and such
observation emerges much clearer than just as a function
of pred.

So far, no distinction has been made on the basis of the
particles detected in coincidence with the QP remnant, which,
in a large majority of events, are only LCPs. However, we
also checked whether a different behavior is found for the
QP evaporation events in which at least an IMF (Z = 3, 4)
is found in coincidence with the QP remnant; the main ob-
servations are here described without showing further graphs
to avoid redundancy. In the subset of QP evaporation events
with at least an IMF (about 10–15 % of the total events in
the evaporation class), the 〈N/Z〉 of the QP remnant is slightly
lower than that obtained for the more populated subclass, i.e.,
the one with only LCPs in coincidence with the QP remnant.
A possible interpretation of this effect lies in the occurrence
of some isospin drift; in fact, the accompanying IMF, which,
as expected, is generally emitted at midvelocity, is likely to
be generated from the neck region, showing its characteristic
neutron richness and leaving behind a more neutron defi-
cient QP remnant. As expected, the neutron enrichment of
the backward emitted IMFs has been observed in this dataset
[56]. Alternatively, the reason for the lower 〈N/Z〉 for the QP
remnants with coincident IMF can be that the IMF sets a bias
towards slightly more excited events, for a given pred. Inde-
pendently of the origin, however, by exploiting the isospin

transport ratio technique, the same results are obtained for
both subclasses of the QP evaporation selection. This confirms
the capability of the method to isolate the equilibrating action
of the isospin diffusion between projectile and target, bypass-
ing those effects acting similarly in the four reactions. As for
the isospin drift, a more specific investigation is planned in the
near future with a dedicated analysis.

D. Isospin characteristics of the QP ejectiles

The rich information collected by the INDRA-FAZIA ap-
paratus also allows us to inspect the isospin equilibration
phenomenon from a complementary point of view with re-
spect to that presented in the previous section. In fact, also the
lighter ejectiles (LCPs and IMFs) convey rich information on
the isospin dynamics related to the collision event. In partic-
ular, since the isospin characteristics of the decay products of
the QP are related to its isotopic composition, they can be used
as tracers for the isospin diffusion between the two reaction
partners. This is the approach that has been adopted in the
past by various authors [11,12,14].

As commonly done in the literature [18,23], we study
the QP decay emissions by considering the particles forward
emitted with respect to the QP remnant (collected by FAZIA
and by the first rings of INDRA); in fact, this selection can
be expected to feature less contamination from dynamical
contributions (e.g., neck emission) and from the QT sta-
tistical evaporation with respect to the backward emission.
Various isospin-sensitive observables can be built to inspect
the characteristics of the light emissions, such as their 〈N/Z〉
or selected isobaric and isotopic yield ratios; we studied the
behavior of some of them, obtaining results leading to similar
observations [56]. For brevity, in the following, we show
the results for one observable, the isospin ratio for complex
particles, defined as [11]

〈N〉/〈Z〉CP =
∑

i

∑

ν

Ni
ν/

∑

i

∑

ν

Zi
ν, (4)

where the ν index numbers the different complex particles in
the ith event, and the outer sum runs over all the events in the
selected pred bin. Free protons are excluded (as well as free
neutrons, which are not detected), while d , t , 3He, 4He, 6He,
6Li, 7Li, 8Li, 9Li, 7Be, 9Be, and 10Be are taken into account
as complex particles. Ni

ν (Zi
ν) is the number of neutrons (pro-

tons) bound in the νth complex particle forward emitted with
respect to the QP remnant. Figure 11 shows the 〈N〉/〈Z〉CP of
the complex particles forward emitted with respect to the QP
remnant for the four reactions at 32 MeV/nucleon [Fig. 11(a)]
and at 52 MeV/nucleon [Fig. 11(b)], as a function of pred.
We point out that our result for the system 58Ni + 58Ni at
52 MeV/nucleon is quite comparable to what has been ob-
tained for the same reaction in Ref. [57]. Complementarily to
the behavior observed for the isospin of the QP remnant, in
all systems a smoothly increasing neutron content is found
for forward emissions with increasing centrality. A similar
behavior is also obtained for other observables that include
the contribution of free protons. This observation is consistent
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FAZIA physics phase: E818 experiment

 Extending our knowledge of warm dense nuclear matter in the low density region 
-  Modification of the ground state properties of light atomic nuclei in the nuclear and 
stellar medium (low density)


 INDRA → limited set of clusters: 2H, 3H, 3He, 4He, 6He 
 Essential to be able to confront the calculation with a larger set of masses up to 

12,13,14C  
 INDRA + FAZIA: 2nd coupled campaign 
-  Use FAZIA muti-detector (A,Z) identification up to Z~20

suppression is less pronounced than the one obtained with
the previous analysis, with important consequences on the
present estimation of in-medium effects for theoretical
applications in the astrophysical context, as we now discuss.
In Ref. [17], a novel approach for the inclusion of in-

medium effects in the equation of state for warm stellar
matter with light clusters was introduced. This model
includes a phenomenological modification in the scalar
cluster-meson coupling, and includes an extra term in the
effective mass of the clusters, which acts as an exclusion-
volume effect. The scalar coupling acting on nucleons
bound in a cluster of mass A is defined as gsðAÞ ¼ xsAgs,
with gs the scalar coupling of homogeneous matter, and xs a
free parameter. A constraint on this parameter was obtained
in the low-density regime from the virial EOS, but a precise
determination of xs needs an adjustment at densities close
to the Mott density corresponding to the dissolution of
clusters in the medium. The parameter xs measures how
much the medium affects the binding of the cluster. The
smaller the xs, the stronger the in-medium effect, and the
smaller the dissolution density of the cluster.
The chemical equilibrium constants obtained with this

model were compared with the NIMROD results [12]
obtained assuming an ideal gas expression for the deter-
mination of the nuclear density [17,20], and a satisfactory
agreement was obtained for all clusters but the deuteron
using xs ¼ 0.85$ 0.05.
The prediction of this model is shown, for the thermo-

dynamic conditions explored by the Xeþ Sn systems, in
the bottom panel of Fig. 1. We can see that the calculation
can reproduce the INDRA data only if these latter are
analyzed using the same hypotheses as in Ref. [12] (lower
set of points). This suggests that the two sets are compat-
ible, which points toward the validity of the statistical
equilibrium hypothesis for both of them. However, it is also
clear that the estimation xs ¼ 0.85$ 0.05 overestimates
the in-medium effects, once the consistent inclusion of the
CAZ is accounted for.
To estimate the effect of the correction, and, at the same

time, determine the value of the in-medium parameter xs
in a consistent way, we have compared the model of
Refs. [17,20] with this new analysis.
In order to make this comparison, we fix the temperature

in each ðρB; ypÞ point by imposing that the isotopic
thermometer THHe evaluated in the theoretical model
correctly reproduces the measured THHe value. A small
difference between the input temperature of the theory and
the one estimated in the same calculation via the double
ratios is obtained, which does not exceed 10% at the highest
temperature. Indeed, the Albergo thermometer [21] used to
estimate the temperature is only valid under the assumption
that the in-medium corrections to Eq. (2) cancel in double
isobar ratios, which is, in principle, not the case, if the
correction does not scale linearly with the particle numbers.
The resulting chemical constants are compared to the

experimental ones in Fig. 2. As we can observe, the
deuteron chemical constant behavior is now reproduced,
and the chemical constants of 3He and 3H are almost
superposed. Very similar results are obtained for the other
two experimental entrance channels (not shown).
In Refs. [17,20], we used xs ¼ 0.85 in order to reproduce

the results of Qin et al. [12]. With this improved analysis, a
higher value xs > 0.85 is needed, corresponding to smaller
corrections and a larger dissolution density. An optimal
value can be extracted as xs ¼ 0.92$ 0.02. This value
seems to reproduce reasonably well the whole set of
experimental constants, and we have checked that it is
still within the virial EOS limits. This can be understood
from the fact that the virial limit only concerns very low
densities, where the predictions with the two different
values of xs are very close (see Fig. 1).
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FIG. 2. System 136Xeþ 124Sn. The equilibrium constants as a
function of the density. The full lines join the 1 − σ uncertainty
intervals. The gray bands are the equilibrium constants from a
calculation [20] where we consider homogeneous matter with
five light clusters, calculated at the average value of (T, ρexp,
ypgexp ), and considering cluster couplings in the range of
xsi ¼ 0.92$ 0.02. The color code represents the global proton
fraction.

PHYSICAL REVIEW LETTERS 125, 012701 (2020)

012701-4

System 136Xe + 124Sn. The equilibrium 
constants as a function of the density. 

under the unique condition that the volume associated to
the thermal motion of each cluster species should be the
same, which is a necessary (even if not sufficient) condition
to be able to interpret the experimental sample in terms of
thermodynamic equilibrium.
The new chemical constants evaluated from the INDRA

data [18] using this improved data analysis are then com-
pared to the relativistic mean-field model of Ref. [17], in
order to extract the in-medium modifications. We show that
a single parameter, expressing a universal reduction of
the scalar attractive field to the nucleons bound in clustered
states, can be tuned so as to obtain a reasonably good
description of the chemical constants. The suppression effect
is smaller than the one obtained from the comparison to the
equilibrium constants of Ref. [12], where ideal gas expres-
sions were used to extract the thermodynamical parameters,
but still corresponds to important in-medium modifications
of the binding energies.
Under well-defined thermodynamic conditions, as given

by the temperature T, total baryon density ρB, and proton
fraction yp, equilibrium chemical constants KcðA; ZÞ of a
cluster of mass (charge) number A (Z) are defined in terms
of the number of clusters per volume, i.e., the particle
densities ρAZ, or of mass fractions ωAZ, as

KcðA; ZÞ ¼
ρAZ

ρZ11ρ
A−Z
10

¼ ωAZ

AωZ
11ω

A−Z
10

ρ−ðA−1ÞB : ð1Þ

An experimental measurement of such constants requires
the detection of particles and clusters from a statistical
ensemble of sources, and an estimation of the associated
thermodynamic parameters ðT; ρB; ypÞ.
Under the assumption that chemical equilibrium holds at

the different time steps of the emission from the expanding
source produced in central 136;124Xeþ 124;112Sn collisions,
the Coulomb corrected particle velocity vsurf in the source
frame can be used to select statistical ensembles of particles
corresponding to different emission times, and therefore
different thermodynamic conditions [12]. A detailed com-
parison between the four reactions was performed in
Ref. [19], verifying the statistical character of the emission.
A strong argument confirming the crucial hypothesis of
chemical equilibrium as a function of time was given in
Ref. [18], observing that the extracted thermodynamic
parameters as a function of vsurf are independent of the
entrance channel of the reaction.
The detected multiplicities YAZðvsurfÞ allow a direct

experimental determination of the mass fractions ωAZ ¼
AYAZ=AT , as well as of the total source mass ATðtÞ as a
function of the emission time, but the measurement of the
baryonic density ρBðtÞ ¼ AT=VT additionally requires an
estimation of the source volume, at the different times of
the expansion. This latter is given by the free volume Vf
with the addition of the proper volume VAZ of the clusters
which belong to the source at a given time, VT ¼ VfþP

AZ VAZωAZAT=A, with VAZ ¼ 4πR3
AZ=3, where RAZ is

the experimental radius of each cluster.

The free volume can be extracted from the differential
cluster spectra ỸAZðp⃗Þ ¼ YAZðvsurfÞ=ð4πp2ΔpÞ, which can
be related to differential cluster densities as fAZðp⃗Þ ¼
ỸAZðp⃗Þ=Vf [12,18]. Supposing an ideal gas of classical
clusters with binding energies BAZ in thermodynamic
equilibrium at temperature T in the grand-canonical
ensemble, the differential mass densities read:

fidAZðp⃗Þ¼
gAZ
h3

exp
!
1

T

"
BAZ−

p2

2MAZ
þZμpþNμn

#$
; ð2Þ

withMAZ ¼ Am − BAZ, gAZ ¼ 2SAZ þ 1 the mass and spin
degeneracy of cluster ðA; ZÞ, m the nucleon mass, and the
superscript stands for “ideal.” In-medium effects are
expected to suppress the cluster densities [14], with respect
to Eq. (2), ρAZ ¼ CAZρidAZ, where the in-medium correction
CAZ < 1 can depend on the thermodynamic conditions, the
cluster species, and their momentum [14]. If we normalize
the cluster spectrum by the proton and neutron spectra at
the same velocity, the unknown chemical potentials μn;p
cancel, and the free volume Vf can be independently
estimated from the different cluster species as

Vf ¼ h3RðA−ZÞ=ðA−1Þ
np CAZ

× exp
!

BAZ

TðA − 1Þ

$"
gAZ
2A

ỸA
11ðp⃗Þ

ỸAZðAp⃗Þ

#
1=ðA−1Þ

; ð3Þ

where the free neutron-proton ratio Rnp is estimated from
the multiplicities of the A ¼ 3 isobars, Rnp ¼ ðY31=
Y32Þ exp ½ðB32 − B31Þ=T&, and BAZ are the experimentally
known vacuum binding energy of the clusters.
The presence of in-medium corrections is clearly con-

firmed by the experimental data, as shown by Fig. 1, which
displays the value of the free volume obtained from Eq. (3)
for the 124Xeþ112 Sn system, using different particle
species. A clear hierarchy is observed as a function of
the cluster mass if CAZ ¼ 1 is assumed, corresponding to
the ideal gas limit. It is clear from Eq. (3) that to have
consistent estimations of the volume, the deuteron requires
a larger correction with respect to the heavier He isotopes.
The volume splitting increases with decreasing vsurf ,
showing that the in-medium effects additionally depend
on the thermodynamic conditions. Fully compatible results
are obtained from the other three datasets (not shown).
The correction factors CAZ are, therefore, introduced as a

modification of the cluster binding energies due to the
presence of the medium. We introduce a very general four-
parameters expression as

CAZðρB; yp; TÞ ¼ exp
!
−
a1Aa2 þ a3jIja4
THHeðA − 1Þ

$
; ð4Þ

where the temperature is estimated through the isobaric
double isotope ratioAlbergo formula [21], and it is indicated

PHYSICAL REVIEW LETTERS 125, 012701 (2020)

012701-2

INDRA data

New data are needed
It is essential to be able to confront the calculation with a larger set of masses…ideally up to  12,13,14C
The previous mid rapidity source-based study is limited in terms of cluster diversity.
 We propose to extend the in medium measurements to:
• Projectile vaporization like sources where nuclear matter state is compatible with a 

gaseous phase composed only of clusters
• Using FAZIA multi detector for (A,Z) identification up to Z~20

Previous analysis
Mid velocity source

Xe projectile

Sn target

Low density region

32 A MeV
74 A MeV

Ni projectile

Ni target
Low density regions

New analysis
Vaporization like sources

E818 experiment GANIL 2021
Beam Target BTU

58Ni at 74 A MeV 58Ni 30 Uts-10 days
36Ar at 74 A MeV 58Ni 10 Uts-3,3 days
12C at 13 A MeV 197Au 3 Uts-1 day

Same experimental set-up as E789, full 4π coverage

Interesting regions 
to study exp.

Interesting regions  
to study experimently

Previous analysis 
Mid velocity source 

→limited cluster diversity

New analysis 
Vaporization like source  

→nuclear matter state is compatible with a 
gaseous phase composed only of clusters

(spring , 2022)
PHYSICAL REVIEW LETTERS 125, 012701 (2020) 
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FAZIA: other opportunities - R&D for the future detector upgrade
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 Future 
-  Extended identification capability, better granularity

-  Flexible installation in the limited space (vacuum chamber)

-  Application of the modern technology to detectors and FEE

-  Larger acceptance: Plan to increase the number of FAZIA blocks in difference places (Europe and Korea) to 
benefit from any opportunities to perform more comprehensive measurements 


 Opportunities under R&D 
- Thicker (750 μm) silicons detectors (Korean initiative) 
‣  Interesting for higher energy physics (better A resolution)

‣  Probing the high density dependence of symmetry energy of the EoS, thus with heavy ions at high E beam


- Thinner silicons detectors 
‣  For lower energy physics

‣  High intensity radioactive beams are in development around the world Spiral 2 (Ganil), SPES (Legnaro), 
RAON (Korea)... which will start with low energy beams

‣100 μm chip under investigation in Korea & 30-40 μm chip under discussion with Micron Semicon UK 


- Exploring the possibility of future production of FEE boards in Korea 

Selective slides mainly 

showing Korea-side R&D
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Foglio1

Pagina 1

quartetto batch wafer pad date of test

7501 401778 7 6 13,5 III 7-1-2021 300 12 r 8.2 3131,7 16,2 5,17E-01

7501 401778 7 8 0 II 7-1-2021 300 10 r 7.7 3135,4 13 4,15E-01

7501 401778 7 5 10,5 IV 7-1-2021 300 10 r 8.6 3135,9 13,1 4,18E-01

7501 401778 7 5 10,5 IV 7-1-2021 330 11 r 8.6 3140,2 13,3 4,24E-01

7501 401778 7 7 13,4 I 7-1-2021 300 2000 r 0 0 0 -

-

7503 401778 1 7 45,1 I 8-1-2021 300 24 r 0 3129,8 13,7 4,38E-01

7503 401778 1 7 45,1 I 8-1-2021 330 25 r 8.9 3133,3 13,1 4,18E-01

7503 401778 1 5 48 II 8-1-2021 330 26 r 13.2 3127 17 5,44E-01

7503 401778 1 5 48 II 8-1-2021 300 25 r 13.1 3123,9 16,7 5,35E-01

7503 401778 1 8 36,2 IV 8-1-2021 300 20 r 9.2 3127,6 13,5 4,32E-01

7503 401778 1 6 46 III 8-1-2021 0 noisy r 0 0 0 -

-

7504 401778 1 3 200,5 III 8-1-2021 300 125 r 17,2 3114,7 20,4 6,55E-01

7504 401778 1 3 200,5 III 8-1-2021 330 126 r 19,4 3120,5 22,5 7,21E-01

7504 401778 1 1 45,5 IV 8-1-2021 330 28 r 10,4 3131,3 14,6 4,66E-01

7504 401778 1 1 45,5 IV 8-1-2021 300 27 r 10,8 3127,3 14,8 4,73E-01

7504 401778 1 4 50,3 I 8-1-2021 300 30 r 9 3125,2 13,8 4,42E-01

7504 401778 1 2 233,2 I I 8-1-2021 300 141 r 24 3119 26 8,34E-01

7504 401778 1 2 233,2 I I 8-1-2021 330 171 r 30 3128 23 7,35E-01

7504 401778 1 4 50,3 I 8-1-2021 330 38 r 9,3 3130,7 13,6 4,34E-01

7504 401778 1 4 50,3 I 11-1-2021 330 31 r 8,6 3136 13,2 4,21E-01

r -

7502 401778 7 2 0 iV 11-1-2021 330 8 r 9,6 3128,4 13,8 4,41E-01

7502 401778 7 4 10,5 II 11-1-2021 0 2000 r 0 0 0 -

7502 401778 7 3 13,3 I 11-1-2021 330 6 r 8,4 3135,3 13,2 4,21E-01

7502 401778 7 1 11,6 III 11-1-2021 330 9 r 8,5 3107,7 13,7 4,41E-01

7502 401778 7 1 11,6 III 11-1-2021 300 9 r 8,6 3105 13,5 4,35E-01

7502 401778 7 1 11,6 III 11-1-2021 300 9 d 8,7 3138,2 11,7 3,73E-01

7502 401778 7 1 11,6 III 11-1-2021 330 9 d 8,9 3141 11,9 3,79E-01

7502 401778 7 2 0 iV 11-1-2021 330 12 d 9,4 3166,3 11,9 3,76E-01

rev curr. 
@340V  

CIS

internal 
reference 
(neglect)

bias 
voltage

rev current 
Florence

geometry 
Reverse o 

Direct

pulser 
width (ch)

241Am 
peak pos 

(ch)

241Am 
peak width 

(ch)

Resolution 
%

 750 μm thickness chip
○ wafer investigation: 750 μm wafer was supplied from Korea
○ chip processing was done in Germany and tested by FAZIA team

○ Assembled by the Italian (INFN @ Florence) group & included for the beam test during E818 Exp.

 1 mm thickness chip
○ produced & tested in Korea → doesn’t satisfy the goal

 150 μm thickness chip
○ produced & tested in Korea → doesn’t satisfy the goal

 Restarted from the design to produce thicker chip

National Institute for Nanomaterials Technology(NINT) 57

- Dicing 최종 공정 후 관찰 사진

• DE-no 1-1~4 (ea) : base
• DE-no 2-1~4 (ea) : 550C, 90s RTA 적용

National Institute for Nanomaterials Technology(NINT) 56

- 최종 공정 후 웨이퍼 관찰 사진

1 mm 

Probe station

Analyzer

FKPPL in FAZIA
● Development of new Si detectors

− Collaboration produced 750 𝜇m thick detectors 
− Wafers supplied by the Korean group
− Processed by CiS, the private company in Germany 

(The cost was shared by France, Italy, and Korea.)
− Assembled by the Italian (INFN @ Florence) group
− Installed by French (GANIL) group in the inner most modules for 

the beam test during the E818 experiment

16-18 May 2022 FKPPL-TYL/FJPPL 2022 9



MinJung Kweon, Inha University EMIS 2022 at RAON

S

14

Leakage current simulation based on the final design

~40nA/cm2

(calibrated & converted considering the dimension)

Reverse bias voltage

Leakage current

 (sign reversed)

Achieved 𝒪(10 nA) leakage current

To produce 750 μm thickness sensor in Korea

Sensor design was finalized 
based on it
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Sensor fabrication

#3 active

7

Flow charts prepared Mask designed

Run sheet for the fabrication was finalized → submitted this week! 
(ETRI & National Nanofab Center (NNFC) for the future in Korea) 

The production is to be done by the end of this year. 

PR

3

N-type silicon

N+

n+ n+

p+ p+

PR PR

N-type silicon

N+

n+ n+
p+ p+

PR PR
p+

18. PR develop 19. P+ implant
[active]

N-type silicon

N+

n+ n+
p+ p+p+

20. PR strip

N-type silicon

N+

n+ n+
p+ p+p+

22. Oxidation
[1700Å]

N-type silicon

N+

n+ n+
p+ p+p+

PR

N-type silicon

N+

n+ n+

p+ p+

PR

17. PR coating

23. PR coating

N-type silicon

N+

n+ n+
p+ p+p+

24. PR develop
[oxide etch]

N-type silicon

N+

n+ n+
p+ p+p+

N-type silicon

N+

n+ n+
p+ p+p+

21. activation[2] 25. oxide etching

N-type silicon

N+

n+ n+
p+ p+p+

26. PR strip

N-type silicon

N+

n+ n+
p+ p+p+

27. metal deposit
[10000Å]

N-type silicon

N+

n+ n+
p+ p+p+

28. PR coating

N-type silicon

N+

n+ n+
p+ p+p+

29. PR develop
[GRD metal]

N-type silicon

N+

n+ n+
p+ p+p+

30. metal etching

N-type silicon

N+

n+
p+ p+

16. activation[1]
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 Two prototype boards were produced by the company NOTICE
○ Design from the current FAZIA
○ Out-of-date digital parts → replaced
○ New FPGA chips → new VHDL software developed

 Tested at GANIL; no major issue, under further commissioning

 Discussion ongoing for the next version of the board with ‘one 
FPGA chip’, ‘reduced board size’, & ‘separation of the preamp 
stage from the rest of the digitizers’ (together with NOTICE)

7

Reminder: two FEE boards were produced by NOTICE

1. FAZIA board - Korea

Kintex-7 model were installed in FEE card for FPGA chip.

PIC chip is installed in red box.


PIC

FPGA FPGA
CPLD

Flash memory

- CPLD chip coding was done. 

- VHDL software for Kintex-7 chip was loaded via flash memory (using PIC)

- There are still issues related to the communication. Hope to be debugged within a month.

- Plan to send one board once all the issued are solved out. 

- Reminder: two FEE boards were produced by NOTICE 

Test setup prepared at Korea
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Quartetto production in Korea

11

750 um quartetto produced by MEMSPACK

Nicely done!

Chip mounting & wire-bonding by the company MEMSPACK 
Quartetto frame from FRANCE
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Source test setup in Korea

Constructing lab. test system for Silicon sensor characterization

Cooling machine Vacuum chamber Vacuum chamber interior

Vacuum pump

Cooling plate Feed-through

Special boards with preAmp ONLY were produced for the source test.
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Summary and outlook
 FAZIA has a good isotopic resolution for charged particles produced in heavy ion collisions at 

intermediate energy (from 15 to 100 A MeV): up to Z(A) ~ 54 (25) 

 FAZIA was coupled with INDRA for the 2019 & 2022 campaigns with the successful data taking  

 The results of commissioning and physics campaigns are providing constraints on the symmetry E of 
the EoS of nuclear matter for both microscopic and macroscopic physics (from nuclei to the stars).  

 In the future, the goal is to improve its capability and increase the number of FAZIA blocks available in 
different places to benefit from any opportunities to perform excellent measurements → R&D is ongoing!

Conclusions

Ganil-Spiral2
LNS Legnaro-SPES

RISP-RAON RIKEN

GSI-FAIR

HRIB-USA

FAZIA has a good isotopic resolution for charged particles produced in heavy ion collisions 

at mid energy (from 15 to 100 A MeV).

Which is mandatory for radioactive ion beam experiments in the future.

It will bring constraints of the symmetry E of the EoS of nuclear matter for both

microscopic and macroscopic physics (from nuclei to the stars).

But also it can also improve the detection set-up of various nuclear structure experiments.

 In the future, the goal is to increase the number of FAZIA blocks available in different 

places to benefit from any opportunities to perform great measurements.

LNS Catania
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Thank you for your attention!
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Extra Slides
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Nuclear Dynamics  
At GANIL 

84th MEETING GANIL  
October 2015 

R. Bougault INDRA/FAZIA collaboration 

The FAZIA-INDRA in vacuum chamber
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FAZIA May 2013
1 block + telescopini
84Kr at 35A MeV
FAZIA December 2014
2 blocks horizontal plane 10 UTs
84Kr + 58Ni, 93Nb & 112-124Sn at 24.75 A MeV
ISOFAZIA June 2015 
4 blocks horizontal plane 25 UTs
40Ar at 35 A MeV  &  80Kr + 40-48Ca at 35 A MeV
FAZIASYM December 2015
4 blocks wall configuration
40-48Ca + 40-48Ca at 35 A MeV
FAZIACOR March 2017
4 blocks wall configuration
20Ne & 32S + 12C at 25 & 50 A MeV
FAZIAPRE test October 2017 experiments in February & May 2018
4 blocks wall configuration, plus 2 lateral blocks
40-48Ca + 12C at 25 & 40 A MeV + few runs with 27Al & 40Ca
FAZIAZERO July 2018
4 blocks wall configuration, plus 1 lateral bloc & one at 0°
12C + 12C & (CH2)n at 62 & 80 A MeV

FAZIA commissioning phase at LNS Catania 2013-2018

2 S. PIANTELLI et al.

Summary. — Recent results concerning isospin transport phenomena on the sys-
tems 80Kr + 40,48Ca at 35 MeV/nucleon are presented. An investigation of the
isospin content of both fission fragments coming from the QuasiProjectile is also
shown. Data were collected with four FAZIA blocks (ISOFAZIA experiment). A
comparison with the predictions of a transport model (AMD) is also reported.

1. – The experiment

ISOFAZIA was the first physics experiment performed by the FAZIA Collaboration
after the R&D phase [1]. A 80Kr beam (N/Z = 1.22) at 35 MeV/nucleon, delivered
by the superconducting cyclotron CS of INFN-LNS (Catania, Italy), and two different
targets, a neutron-rich 48Ca (N/Z = 1.40) and a neutron-poor 40Ca (N/Z = 1.00) were
used, in such a way that the N/Z of the projectile was intermediate between those of
both targets. The experimental setup consisted of 4 complete blocks, each one including
16 silicon (thickness: 300 µm) - silicon (thickness: 500 µm) - CsI (thickness: 10 cm, read
out by a photodiode) telescopes, located in a belt configuration, covering the polar angles
in the range 2.3◦–16.6◦ and symmetrically located with respect to the beam axis.

2. – Event sorting

The collected events were sorted in two classes on the basis of the correlation ZTOT

vs. ϑcm
flow, where ZTOT is the total detected charge and ϑcm

flow is the c.m. flow angle built
including all the detected products coming from various reactions: incomplete fusion or
multifragmentation reactions on the one side (50◦ ≤ ϑcm

flow) and Deep Inelastic Collision
(DIC) type on the other (8◦ ≤ ϑcm

flow ≤ 30◦). More details on the adopted selections are
reported in [2].

Among the events belonging to the DIC class those with two fragments were fur-
ther separated in QP-QT (QuasiProjectile-QuasiTarget) events and QP fission events
by means of the correlation ϑcm

rel (relative angle in the centre of mass between the two
fragments) vs. vrel (relative velocity), as shown in fig. 1 (left side for the experimental
data), where the two classes are identified by black and red rectangles, respectively.

The adopted selections were checked by means of a simulation based on the AMD
code [3, 4] followed by GEMINI++ [5] as afterburner. The dynamical calculation was
stopped at 500 fm/c; a stiff (L = 108 MeV) and a soft (L = 46 MeV) parametrizations [4]
of the symmetry energy term of the nuclear equation of state were tested. In order to
take into account the geometrical coverage of the setup and the identification thresholds,
a software replica of the setup was applied to the simulated data before comparing them
to the experimental results.

The simulation proved to be able to reproduce in a reasonable way the main features
of the reactions over the entire impact parameter range. For example, in the right part
of fig. 1 the simulated correlation between ϑcm

rel and vrel for peripheral events with two
fragments is shown, to be compared with the measured one (on the left). Besides, the
average light fragment multiplicities detected in DIC events are quite well reproduced by
the simulation, with the possible slight overestimation of Z = 1, as shown in fig. 2.

4 S. PIANTELLI et al.
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Fig. 3. – 〈N〉/Z vs. Z for the QP. Full red circles: 80Kr+48Ca reaction. Full black circles:
80Kr+40Ca reaction.

shown in fig. 5, where full squares (corresponding to the stiff simulation) better follow
the experimental trend.

Concerning the QP fission, in the experimental data set there is a prevalence of asym-
metric splittings, as shown in fig. 6, left side, where the correlation between the charge
of the two fragments is shown. The asymmetry η is calculated in terms of charge of
the fragments as η = Zbig−Zsmall

Zbig+Zsmall
, where Zbig(small) is the charge of the biggest (small-

est) fragment of the couple. Referring to the α angle as done in [17], defined as the
angle between the QP splitting axis and the QP-QT separation axis, it is interesting
to investigate the dependence of the cos α distribution on η, as shown in fig. 6, right
side. From the picture it clearly emerges that symmetric break-ups present a rather flat
cos α distribution, while the more asymmetric the fission the more forward peaked the
cos α distribution. cosα = 1 corresponds to collinear splits, with the smaller fragment
emitted towards the QT. In the hypothesis that the α angle is correlated to the splitting
time [17] (the faster the splitting the smaller the α angle, because the QP has a shorter
time to rotate before fissioning), this plot says that asymmetric fissions tend to be fast
and aligned, with the smaller fragment emitted towards the QT, as found also in [13,18].

According to a well-known scenario emerging from transport models, the isospin drift
mechanism [6, 7] generates a neutron enrichment in the neck zone; as a consequence,
the part of the QP closer to the neck region should be more neutron rich than the
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Fig. 4. – Left: d/p multiplicity ratio as a function of the parallel component of the centre-of-
mass velocity of the LCP with respect to the QP direction. Right: the same for t/p. Data refer
to 80Kr+48Ca. Full circles: experimental data. Squares: simulation with stiff (full) and soft
(open) parametrization.
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Fig. 5. – First (left) and second (right) moment of the IMF isotopic distribution vs. the IMF
charge. Data refer to 80Kr+48Ca. Full circles: experimental data. Squares: simulation with
asystiff (full) and asysoft (open) parametrization.

remaining part of the fragment. If the QP fissions on long time scale, the isospin degree
of freedom has enough time to equilibrate before the splitting. On the contrary if the
fission process is fast, the two fission fragments have not enough time to completely
equilibrate their isospin, with the degree of equilibration depending on the splitting
time. This effect can be put in evidence looking at the average isospin of the big and the
small fission fragments as a function of the α angle and for different η windows, as done
in [17, 19]. At small η values (left side of fig. 7) the big (full red squares) and the small
(full red circles) fission fragments have the same average isospin asymmetry (measured as
∆ = 〈N−Z

A 〉 [17]), independently of α. Therefore symmetric breakups should correspond
to slow timescales, as evidenced also from the flat distribution of cos α (right side of
fig. 6). On the contrary, at larger η, (right side of fig. 7), when α is small (i.e., when
the fission is fast), a wide difference in the isospin of the two fragments is observed, with
the smaller one more neutron rich than the bigger one. Such difference tends to decrease
with increasing α, i.e., when the slower fission dynamics allows the two fission partners
to reach an isospin equilibration. The observed trend, which is consistent with the results
presented in [17, 19], is also qualitatively reproduced by the model (full and open black
symbols in fig. 7), although the latter systematically underestimates the values of ∆.
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Fig. 6. – Experimental data for the system 80Kr+48Ca. Left: charge correlation between the two
fission fragments coming from the QP. Lines corresponding to different η windows are shown.
Right: cos α distribution for different η windows.

FAZIA commissioning phase: stable 40Ar, 84Kr beams 
FAZIA commissioning phase at LNS Catania 2013-2018FAZIA commissioning phase at LNS Catania 2013-2018
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○ Joined FAZIA detector upgrade project in 2019
○ Development of 750 μm thickness chips
○ New FEE board R&D and prototype production including test

○ R&D for RAON: targeting producing one FAZIA-type block
○ Development of 1 mm & 150 μm thickness chips
○ New FEE board R&D
○ Production of supporting structures with the help of FAZIA 

team

1st visit in May/2019

Korean participating Institutes: 
Inha, Korea, Ewha university
supported by CENuM

2/21

FAZIA block ToF technique ToF ID Synchronization Conclusions

The FAZIA block

Block is mounted on a copper base in which
water flows to provide cooling
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Leakage current of 750 μm vs. 1 mm

3

Reminder: Leakage current of 750 μm vs. 1 mm

Note for the red line (for prof. Hong): the currents were measured larger due to the light leakage of the probe station 
used in Inha (done in dark room but no cover on the probe station), but the trend and magnitude (in order) are similar.

Under 20 nA

Under 400 μA

750um CIS production 1mm Pohang Nanofab production

Please ignore red
Please ignore red

	○  1 mm chips were tested (0 ~ 400 V)

• 750um nominal chip: < 25 nA leakage current up to 400 V 

• 1mm nominal chip: 0.1 mA~1 mA between 50 V ~ 400 V

• Quite some debugging was done, but couldn’t find the solution 

(plan in the coming slides)

S

3

Reminder: Leakage current of 750 μm vs. 1 mm

Note for the red line (for prof. Hong): the currents were measured larger due to the light leakage of the probe station 
used in Inha (done in dark room but no cover on the probe station), but the trend and magnitude (in order) are similar.

Under 20 nA

Under 400 μA

750um CIS production 1mm Pohang Nanofab production

Please ignore red
Please ignore red

	○  1 mm chips were tested (0 ~ 400 V)

• 750um nominal chip: < 25 nA leakage current up to 400 V 

• 1mm nominal chip: 0.1 mA~1 mA between 50 V ~ 400 V

• Quite some debugging was done, but couldn’t find the solution 

(plan in the coming slides)

○ 1 mm chips were tested (0 ~ 200 V)
○ 750 μm nominal chip: < 25 nA leakage current up to 200 V
○ 1 mm nominal chip: 0.1 mA ~ 1 mA between 50 V ~ 200 V
➡ Doesn’t satisfy the qualification
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150 μm chip produced :), Jan/2022

4

150μm thickness chip production

	○  Pohang Nanolab produced 150μm thickness chips (Middle of Jan.)

•  One wafer with annealing, and another without annealing process.

•  300 wafer was thinned into 150μm after the fabrication.

•  The basic tests such as I-V measurements should be done this week.     

National Institute for Nanomaterials Technology(NINT) 5
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¾ 3. Wafer thinning결과: 150um target (111) NTD wafer

Wafer #4Wafer #3

Wafer #4Wafer #3

National Institute for Nanomaterials Technology(NINT) 6

¾ 4. Summary 

(525um: 6ea) (150um: 5ea) (150um: 5ea)
○ 300 μm wafer was thinned into 150 μm after the fabrication

○ 150 μm chips also don’t satisfy the qualification

Thin 150um wafer chips
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Chip design & TCAD simulation (Synopsys)

#2, GRD #3, ACT#1, channel stop

#5, cathode 2D simulation on a side region of the chip

Current density distribution from 2D simulation

Structure, dimensions 
Doping profile…. & ion-implantation energy, dose, incident angles ….

A lot of help by experts in the electrical engineering department at Inha
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Fig. 6. (Colour on-line) PSA identification via energy vs.
charge rise-time plots obtained with the detector in chan-
neled (a) and random (b) configuration. From [18].

is shown, both for channeling (a) and random (b) configu-
rations. The full-range of the used preamplifier+digitizer
combination was 4.2GeV for the ∆E detector and 1.3GeV
for the E one. A clear improvement of the particle iden-
tification performance can be easily seen in the random
orientation, and in particular an important boost of the
isotopic separation. In fig. 6 PSA identification via “energy
vs. charge rise-time” method is shown, again with a com-
parison between channeling (a) and random (b) configura-
tions. Once again a much better particle identification for
the “random” configuration is obtained. This confirms the
importance of controlling the channeling effects in PSA
applications. In order to minimize orientation-related ef-
fects on PSA, FAZIA Si detectors are now produced from
wafers cut from the ingots at carefully chosen angles with
respect to the ingot axis.

3 PSA and ∆E-E identification results

Identification results (∆E-E and PSA) are now presented
using what could be termed “the FAZIA recipes”, as listed
in the preceding section.

A 35MeV/nucleon 129Xe beam was used for bombard-
ing thin targets of natNi and Au. All results presented
in this section refer to the reaction products obtained by
adding up the data of both reactions, in order to obtain
larger statistics.

Fig. 7. (Colour on-line) ∆E-E correlation using two 300 µm
silicon detectors. The two insets are expansions around Z = 4
and Z = 20. From [15].

Fig. 8. Distributions of the PID parameter obtained for the
data of fig. 7. From [15].

3.1 ∆E-E identification method

The ∆E-E technique is based on the measurement of
the energies deposited in two detectors. Therefore, to
be identified a particle should at least punch through
one detector layer. As FAZIA consists of Si1(300µm)-
Si2(500µm)-CsI(10 cm) telescopes, two ∆E-E matrices
can be drawn using the energy of the impinging nuclei:
Si1-Si2 for ions stopped in the Si2 or (Si1+Si2)-CsI for
those reaching the CsI.

In fig. 7 the ∆E-E correlation for Si1-Si2 is presented
for particles stopped in Si2 (in this case a 300µm n-TD sil-
icon detector). Charge identification for all ions produced
in the collisions, from hydrogen to xenon ions, are clearly
visible. The two insets in fig. 7 are expansions for light
particles and intermediate mass fragments, respectively.
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Fig. 9. (Colour on-line) ∆E-E correlation using the summed
energy information (Si1+Si2) of the two 300 µm silicon detec-
tors vs. the Light Output (LO) of the rear CsI. The insets
present two expansions around Z = 2–6 and 12–16. From [15].

For particle identification a standard linearization pro-
cedure was applied to the ∆E-E correlation of fig. 7. Then
the Particle IDentification (PID) parameter was obtained
with a linear interpolation between adjacent Z-lines. The
histograms of fig. 8 show the distributions of PID inte-
grated over the whole energy range explored by the cor-
relation of fig. 7. Clear mass resolution is obtained up to
Z ! 26.

The ∆E-E correlation for particles stopped in the CsI
is shown in fig. 9.

In this case the two energies (Si1 and Si2) were
summed up to build the ∆E-E plot while the residual
energy E is obtained by the light output in the CsI. Ele-
ments are fully identified over the whole dynamic range.
The correlation of fig. 9 has been linearized and projected
to obtain the PID spectra shown in fig. 10.

A reasonable isotopic resolution is visible for pairs of
isotopes of Z ≤ 26.

One may wonder whether our identification capability
has arrived close to the physical limit imposed by energy
straggling. In fact, the unavoidable fluctuations caused by
energy straggling processes contribute to the overall res-
olutions of the measured ∆E and E, and hence also to
the overlap of the PID-distributions for neighbouring ions.
The comparison with simulations (like pure Bohr strag-
gling [15] for instance) indicates that the achieved PID
resolution is quite close (within 20%) to the physical limit
imposed by the straggling phenomena.

3.2 Pulse-shape identification method

As the PSA methods require information from only one
detector, all results presented in this section have been ob-
tained with a veto condition on the detectors behind. In
order to have large dynamic ranges, low amplification val-
ues were used in the present experiment. A consequence of
this choice was that no isotopic resolution with PSA could

Fig. 10. Particle IDentification (PID) spectra obtained with
the data of fig. 9. From [15].

Fig. 11. (Colour on-line) Left: correlation energy vs. charge
rise-time for nuclei stopped in the second 300 µm silicon de-
tector. The intensity is in logarithmic scale. Right: expansions
in the region of the lightest particles and in the region of the
elastic scattering. From [15].

be observed, at variance with other FAZIA experiments
using higher amplifications [18,19] as shown in fig. 6.

In fig. 11, the correlation “energy vs. charge rise-time”
is presented for the second silicon detector of a FAZIA
telescope. The high intensity area in the upper right part
of the figure corresponds to (quasi)-elastically scattered
Xe nuclei. Adjacent elements, indicated by the ridges of
the correlation, are separated up to the maximum value
of Z = 54. The left end of the identification ridges cor-
responds to particles traveling through the whole thick-
ness of the detector. At the opposite end, corresponding
to large rise-times, a kind of back-bending is clearly vis-
ible. With decreasing energy, the rise-time increases un-
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using higher amplifications [18,19] as shown in fig. 6.
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is presented for the second silicon detector of a FAZIA
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the correlation, are separated up to the maximum value
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Fig. 6. (Colour on-line) PSA identification via energy vs.
charge rise-time plots obtained with the detector in chan-
neled (a) and random (b) configuration. From [18].

is shown, both for channeling (a) and random (b) configu-
rations. The full-range of the used preamplifier+digitizer
combination was 4.2GeV for the ∆E detector and 1.3GeV
for the E one. A clear improvement of the particle iden-
tification performance can be easily seen in the random
orientation, and in particular an important boost of the
isotopic separation. In fig. 6 PSA identification via “energy
vs. charge rise-time” method is shown, again with a com-
parison between channeling (a) and random (b) configura-
tions. Once again a much better particle identification for
the “random” configuration is obtained. This confirms the
importance of controlling the channeling effects in PSA
applications. In order to minimize orientation-related ef-
fects on PSA, FAZIA Si detectors are now produced from
wafers cut from the ingots at carefully chosen angles with
respect to the ingot axis.

3 PSA and ∆E-E identification results

Identification results (∆E-E and PSA) are now presented
using what could be termed “the FAZIA recipes”, as listed
in the preceding section.

A 35MeV/nucleon 129Xe beam was used for bombard-
ing thin targets of natNi and Au. All results presented
in this section refer to the reaction products obtained by
adding up the data of both reactions, in order to obtain
larger statistics.

Fig. 7. (Colour on-line) ∆E-E correlation using two 300 µm
silicon detectors. The two insets are expansions around Z = 4
and Z = 20. From [15].

Fig. 8. Distributions of the PID parameter obtained for the
data of fig. 7. From [15].

3.1 ∆E-E identification method

The ∆E-E technique is based on the measurement of
the energies deposited in two detectors. Therefore, to
be identified a particle should at least punch through
one detector layer. As FAZIA consists of Si1(300µm)-
Si2(500µm)-CsI(10 cm) telescopes, two ∆E-E matrices
can be drawn using the energy of the impinging nuclei:
Si1-Si2 for ions stopped in the Si2 or (Si1+Si2)-CsI for
those reaching the CsI.

In fig. 7 the ∆E-E correlation for Si1-Si2 is presented
for particles stopped in Si2 (in this case a 300µm n-TD sil-
icon detector). Charge identification for all ions produced
in the collisions, from hydrogen to xenon ions, are clearly
visible. The two insets in fig. 7 are expansions for light
particles and intermediate mass fragments, respectively.
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Reasonable isotopic resolution  up to Z~26

for Z = 6
- charge identification from 2 MeV/u 
- isotopic discrimination from 5 MeV/u 

Eur. Phys. J. A (2014) 50: 47 
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CsI(Tl)

Faster/lighter ions

ΔE1 ΔE2

Si SiSlower/heavier ions

300μm 500 μm
100 mm

 Conventional concept:  Si-Si-CsI telescope 

 special features for   detectors and electronics.   

 silicons used in reverse configuration

A B C

Only A Particles are identified through Pulse Shape Analysis

comments

Lower threshold
Delicate technique

 A vs. B Particles are identified through ΔE-E method
higher threshold
Robust technique

 A+B vs. C Particles are identified through ΔE-E method
Optimum for medium 
mass framents
Robust technique

 C Particles are identified through PSA from scintillation pulses Restricted to Z<5 
Only for very energetic 
particles

Identification methods 

Custom Ph Diode

Giovanni Casini, INFN Firenze 
for the SiCilia Florence branch

SiC Workshop- LNS, 7-8 april 2016

R&D on silicon detectors within the FAZIA 
collaboration: results and perspectives
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Korea in FAZIA: Brief history

Before 2019

- The Korean group (part of LAMPS Collaboration) was designing the Si-CsI telescope detector for 

the low-energy (a few tens MeV per nucleon) nuclear collision experiments at RAON.

- The International Advisory Committee of RAON reviewed the status of the detector development 

and suggested us to collaborate with FAZIA in Europe, because it had been operating the most 
advanced Si-CsI detector system for nuclear physics. 


- Therefore, to join the Collaboration, we started the discussion with some FAZIA members in 
several Conferences & meetings


In 2019

- Even before officially joining the FAZIA Collaboration, a group of interested Korean researchers 

visited GANIL in May 2019 and participated in the E789 experiment. 

- Three professors (B. Hong @ Korea Univ., M. Kweon @ Inha Univ., I. Hahn @ Ewha Womans Univ.) 

attended the FAZIA Workshop at GANIL in September and presented the application to join the 
Collaboration.

Description of prof. Hong

Korea in FAZIA: Brief history
● Addendum of MOU for FAZIA, adding Korea with CENuM (Center for Extreme Nuclear Matters 

directed by B. Hong) the national representative, was signed by CENuM (Korea), INFN (Italy), 

CNRS/IN2P3 (France), GANIL (France), COPIN (Poland), UHU (Spain) on November 6, 2020. 

• COPIN: Consortium of Polish Governmental and 
Public Institutions, Polish Academy of Sciences

• UHU: University of Huelva 16-18 May 2022 FKPPL-TYL/FJPPL 2022 3

• COPIN: Consortium of Polish Governmental and 
Public Institutions, Polish Academy of Sciences

• UHU: University of Huelva 

Then, MOU in 2020


