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In this Letter of Intent, we describe the experimental program that we want to perform with the  FAZIA
demonstrator coupled to the INDRA detector at GANIL. This scientific program concerns the exploration of
the  N/Z  (isopin  ratio)  dependence  of  the  dynamics  in  dissipative  collisions,  from evaporation  towards
vaporization processes. The experimental program requires a charged particle detector array that covers as
much as possible of the whole 4π solid angle with high efficiency and also requires the determination of the
atomic number Z as well as the atomic mass A for the reaction products. The idea is to initiate a new Physics
program focused on the N/Z degree of freedom during the commissioning phase of the FAZIA demonstrator,
using incident  beams available  at  GANIL in  the  Fermi  energy domain.  Indeed,  the  good performances
obtained with the FAZIA prototypes [1] during the R&D phase, already allowed us to investigate some
aspects of isospin physics, in particular the isospin transport and odd-even staggering [2,3].
In this letter, we will first describe the FAZIA demonstrator specifications and its mechanical coupling with
INDRA [4]. Then, the second part will present four physics cases : 
a- Isospin and density dependence of the nuclear Equation of State;
b- Measurement of vaporization event properties to constrain symmetry energy at low density;
d- Density dependence of the symmetry energy;
c- Reconstruction of decay chain of excited Quasi-Projectile.

I- FAZIA-INDRA coupling

The FAZIA demonstrator currently under construction will be composed of 12 blocks, ready for 2016. In 
2015, 4 blocks will be used to perform 2 experiments at LNS Catania. Each block is made of 16 20x20mm2 
Si(300µm)-Si(500µm)-CsI(Tl) telescopes. The ∆E-E technique is used to identify the charge and mass of 
fragments reaching the second Si or the CsI while Pulse-Shape Analysis (PSA) is used to identify the charge 
of particles stopped in the first Si. Fig 1 shows the improvements in ∆E-E and PSA capabilities during the 
R&D phase of the FAZIA project [1].

 

Figure 1: On the left: ∆E-E correlation using  two 300 µm silicon detectors. The two insets show in detail 
the region around Z=3 and Z=20; on the right: energy vs charge rise-time for particles stopped in the 
second silicon detector. Insets : zoom on lightest particles and in the region of the elastic scattering.

The demonstrator will be ready to take beam at GANIL in 2016. After removing the first five rings of 
INDRA, the 12 blocks of the demonstrator will be located downstream of the target inside the INDRA 
chamber. Within this mechanical integration (fig 2.a), the distance between FAZIA and the target can vary 



between 80 and 100 cm with an angular resolution varying between 1.42° and 1.12° and a geometrical 
efficiency between 82.2% and 77.2%. As an example, the response of the FAZIA demonstrator located at 80 
cm from the target, inside INDRA is shown on fig 2.b. FAZIA telescopes will provide much higher isotopic 
resolution (up to Z=20) than possible with INDRA telescopes (up to Z=4) and will also increase by a factor 
of 2 the granularity at forward angles improving the multi-hit reduction and the angle determination. The 
high angular resolution is especially useful for correlation function measurements. For instance, 
Fragment-Fragment correlations can provide space-time characterization of the emitting source [5]. Thus it 
can give an estimation of the source density which is a key observable for the presented physics cases.

 

Figure 2: On the left: FAZIA demonstrator coupled to INDRA multidetector; on the right: Response of the 
FAZIA demonstrator located at 80 cm from the target, inside INDRA. Only angular range from 14 to 27° of 
INDRA is presented in this figure.

The other important point is the need of angular coverage close to 4π to allow a good event reconstruction 
and characterization including the determination of impact parameter, reaction plane and global variables.

To summarize FAZIA telescopes will bring essential high resolution detection capabilities at forward angles 
while INDRA will provide additional coverage up to 4π. This LoI corresponds to the Item 29 of Annexe B.3 
(construction schedule and milestones) of the FAZIA demonstrator MOU signed in 2011.

II Physics cases 

a- Isopin and density dependence of the nuclear Equation of State 

   The isospin (I=N/Z) and density (ρ) dependence of the nuclear equation of state can be addressed by the
study of central collisions, especially by estimating experimentally the radial flow connected to the densities
reached in such collisions, but also by exploring the isotopic distributions obtained for fragments emitted in
semi-peripheral reactions. We present in details these two aspects in the following. 

Radial flow from central collisions

   Multifragmentation in heavy-ion induced collisions in the Fermi energy domain is well known to exhaust
an important part of the cross section for the production of intermediate mass fragments (IMF, defined as
Z≥3),  especially  when  looking  at  the  most  dissipative  and  central  collisions  [6,7].  Theoretically,
multifragmentation is foreseen as the possible signature associated to the liquid-gas phase transition in nuclei
[8,9], and then allows to pin down the thermodynamical properties of hot and compressed nuclear systems.
Beside the accurate determination of excitation energies and temperatures reached in such central collisions
(the  so-called  caloric  curves),  it  is  mandatory  to  study  the  entrance  channel  dependence  on  the  decay
properties of those excited and compressed nuclear sources. This can be done by measuring the c.m. kinetic
energies of the reaction products in dissipative collisions, made of several energy contributions: thermal,
Coulomb and radial flow. This latter contribution is proportional to the fragment mass in a hydrodynamical



picture [10] while the others are not. Measuring masses for IMFs in central collisions therefore paves the
way to an experimental determination of the radial flow. Moreover, radial flow is strongly connected to the
incompressible nature of nuclear matter (incompressibility term of the equation of state) and thus provides
important  constraints on the densities reached in such collisions,  strongly required for thermodynamical
studies [11]. 

Figure  5  :  Systematics  of  the  radial  energy  as  a  function  of  the  total  c.m.  available  energy  both  in
MeV/nucleon. From [9].
   
For the moment, the radial flow component is mainly extracted by comparison with statistical models like
the Statistical Multifragmentation Model SMM [12], and is then considered as an ad hoc parameter coming
from the dynamical part of the collision, not described in such approaches. Figure 5 presents the systematics
obtained for the radial flow component in central collisions for symmetric and asymmetric systems in the
Fermi  energy range [9].  We observe  a  threshold  for  radial  flow around 5 AMeV,  followed by  a  linear
behavior as a function of the total available c.m. energy, compatible with dynamical calculations using a
Stochastic Mean-field approach [13].  The Ni+Au system (solid  triangles,  [14])  at  the  highest  total  c.m.
energy is clearly outside this systematics while the Zn+Au system (open triangles, [15]), with almost the
same mass asymmetry, is inside. We plan to investigate this discrepancy by looking at another asymmetric
system, Xe+Ca, with the same mass asymmetry as Ni+Au and within the same total c.m. energy range. We
will then use reverse kinematics in order to benefit from the maximum isotopic resolution provided by the
coupled setup INDRA+FAZIA and therefore to get an experimental estimate for the radial flow. We also
foresee to connect these results with the ones obtained for the Ca+Ca systems also proposed in this letter (see
section II.b). 

Isospin transport in dissipative reactions

Isospin (I=N/Z) transport in semi-peripheral collisions originate from the fact that neutrons and protons
experience different forces [16-18]. In particular, the difference between the neutron and proton currents 
jn−jp  that develop in presence of asymmetry ( I∇ ) and/or density ( ρ∇ ) gradients is strictly connected to the 
strength of the symmetry energy S and of its derivative. In fact, within a simple hydrodynamical picture, one 
can write: jn-jp  S(ρ) I + ∂S(ρ)/∂ρ I ρ. Hence, in presence of asymmetry gradients (diffusive processes), ∝ ∇ ∇
we test essentially the strength of the symmetry energy while, when density gradients are encountered along 
the dynamical path, we observe “isospin migration” toward the low-density regions, ruled by the derivative 
of the symmetry energy [19]. From this statement and looking at isospin transport in peripheral and 
semi-peripheral (dissipative) collisions, we will study simultaneously isotopic distributions of 
quasi-projectiles and neck-emitted IMF produced in ternary reactions to extract information on the symmetry
energy and  its dependence with density [19,20].



Beam request :
We plan to use 124,129,136Xe stable beams provided by GANIL at 30, 39 and 50 MeV/nucleon, impinging on a
lighter  target  of  40,48  Ca.  The  calcium target,  combined  with  the  xenon  projectile,  allows  a  quite  large
exploration of the isospin degree of freedom, (N/Z) tot=1.2-1.5. We also plan to use a natural tin target (Sn) in
order to cross-check with previously-measured INDRA data as reference, but also to provide a quantitative
benchmark for the FAZIA commissioning, in terms of identification and energy resolution. According to the
beam  intensities,  target  thicknesses  and  expected  cross  sections  for  central  collisions,  a  typical  data
collection time of 2 UT per system (2), beam (3) and energy (3) is planned, thus 4x3x3=36 UT for the total
demand concerning this part.

b- Measurement of vaporization event properties to constrain symmetry energy at low density.

Vaporization of hot nuclei can be described as their complete explosion into light particles (neutrons and 
hydrogen and helium isotopes). It has been observed and quantified in these terms by the INDRA 
collaboration [21]. The yields and the average kinetic energies of the different species emitted by the 
vaporizing sources have been compared with the predictions of a model describing the properties of a 
weakly-interacting quantum gas of nuclear species in thermal and chemical equilibrium [22]. The very good 
reproduction of experimental observables gives strong confidence in the fact that a reasonable degree of 
thermodynamical equilibrium has been reached even for these sources produced in very extreme conditions, 
and consequently that thermodynamics can be applied for such small systems at high temperature and small 
densities [23].

In the last decade, many improvements have been made from the theoretical side in order to describe the 
mixing of clusters in a low density nucleon gas at finite temperature. These developments have been 
motivated by the modeling of core-collapse supernova matter, particularly the composition of the 
neutrino-sphere which is the warm low-density neutron-rich matter region where the last scattering of 
neutrinos occurs. Since neutrinos carry most of the supernova energy and their dynamics is believed to 
trigger the supernova explosion, a precise understanding of the energetics and composition of matter at high 
temperature (~5 MeV) and low density (~ρ0/10) is of foremost importance for the astrophysics of dense 
objects. The energetics of low density neutron-rich matter is determined by the symmetry free energy far 
from saturation, i.e. the isovector part of the free energy. This part of the energy functional is poorly known 
and intensely studied in the recent literature [24]. From the experimental point of view, a recent experiment 
[25] at TAMU has studied the mid-rapidity region in 64Zn on 92Mo and 197Au collisions at 35 MeV/nucleon 
with the aim of constraining the low density part of the symmetry energy at finite temperature. The extracted 
symmetry energy was compared with a microscopic quasi-particle model [26] showing a very good 
agreement [27]. It is clear that this is only an exploratory study of this complex problem. First, the collision 
studied does not involve neutron-rich partners, and the deduction of the symmetry energy needs 
extrapolations. Second, no kinematical characterization of the system was performed and it is far from clear 
whether thermal equilibrium conditions were achieved. On the contrary, many different studies point towards
strong memory effects in the midrapidity emission.

The aim of this letter of intent is to couple high-energy neutron-rich beams and the performance of the 
FAZIA telescopes in terms of angular and isotopic resolution to extend vaporization measurements to 
neutron-rich sources. With the measurement of mass (A) and charge (Z) up to Ca, we will be able to study 
the continuous evolution between multifragmentation and vaporization and also generalize the definition of 
vaporization as a mixing of clusters in a low density nucleon gas at finite temperature without arbitrary limits
on the mass of those clusters.
The measurement of these isotopic yields in a large range of Z and the characterization of the temperature, 
density and symmetry energy of the corresponding sources will provide a unique set of experimental data to 
constrain theoretical descriptions such as the Quantum Statistical model which aim to make a bridge between
nuclear physics and astrophysics. In particular, we plan to perform dedicated calculations with the recently 
proposed extended NSE model, which is optimized to study equilibrium properties of sub-saturation exotic 
matter [28]. Realistic up-to-date energy functionals are implemented in the model and can be directly 
compared to experimental data. 

Beam request :
We plan to use 48Ca beam at 50 and 65 MeV/nucleon and 40Ca beams at 50, 65 and 88 MeV/nucleon. We will
ask for 6 UT per beam and energy corresponding in total for this part to 30 UT.



c- Density dependence of the symetry energy

Isoscaling is an isotopic scaling law which expresses the ratio (R12(Z,N) ) between the production yields of a 
fragment (N,Z) for two reactions involving different isotopes. This scaling is characterized by parallel lines 
in a logarithmic plot of R12(Z,N) as a function of N or Z, whatever the fragment [30]. This scaling has been 
observed in various experiments [31]
It has been proposed to relate this experimental evidence for the isoscaling  to fundamental properties of the 
nuclear equation of state, namely the symmetry energy. Different parametrizations have been derived from 
macroscopic or microscopic approaches [32].
A theoretical study in the framework of a 3D Lattice-Gas Model (LGM) [33] demonstrates that the isotopic 
distribution of the largest cluster in each event is more sensitive to the symmetry energy of the fragmenting 
system as compared to previous studies using mostly Light or Intermediate Mass Fragments.
The goal of the experiment using two reactions at the same energy (40,48 Ca+40Ca) is 
- Measure the isoscaling law of the largest fragments for selected impact parameters
- Measure the density of the fragmenting system through fragment-fragment correlations for selected impact 
parameters
- Extract the density dependence of the symmetry energy as presented in fig. 3 of [33]

Beam request :
This physics case will be performed during the same beam time as the previous one (section II.b)

d- Reconstruction of decay chain of excited Quasi-Projectile.

The  odd-even  staggering  in  the  Z  and  N  distributions  of  emitted  products  in  heavy  ion  reactions  at
intermediate beam energies has received a lot of interest in recent years [3,34-38]. For example, the FAZIA
Collaboration exploited the extremely good isotopic resolution of a test telescope to investigate the Z and N
staggering of products mainly coming from the Quasi-Projectile (QP) decay in an inclusive measurement [3],
by means of a quantitative parameter able to evaluate the amount of staggering in different systems. 
In this Letter of Intent we propose a measurement involving projectiles of different isospin in the range of
medium-mass nuclei (e.g.  48,40  Ca, where the isospin of the stable isotopes ranges from 1. to 1.4) in direct
kinematics at Fermi energies. In this way, in peripheral and semiperipheral collisions, we will be able to
detect  in  charge  and  in  mass  all  the  products  coming  from  the  QP decay,  including  the  QP residue,
investigating the staggering phenomenon in Z and N for different isospin values of the projectile. Moreover,
exploiting the rather good granularity of the FAZIA modules it will also be possible to apply the correlation
technique, already successfully applied by the INDRA group and others [5,36,37] in order to trace back the
de-excitation chain of the QP and to investigate the staggering phenomenon at previous steps of the chain. In
this way it will be possible to obtain some hints on the question whether only the last step of the decay is
responsible for the staggering phenomenon or if it is also strongly influenced by the previous stages.

Beam request :
We plan to use 48,40  Ca beams at 35 MeV/nucleon. From our present knowledge, we will ask for 4 days per
system corresponding in total for this part to 24 UT.

II Summary of beam request

We plan to use :

- 124,129,136 Xe at incident energies 30, 39 and 50 MeV/nucleon
- 40,48 Ca at incident energies 35, 50, 65, and 88 (only for 40 Ca) MeV/nucleon
The beam intensity should be typically kept between 106-108 pps to avoid pile-up, and too high counting
rates at forward angles.

For all the physics cases described in this letter, we will need around 90 UT of beam time.
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