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Introduction

In nature, there are many phenomena in which it seems that independent
objects can naturally aggregate into more complex structures, giving rise to a
collection of smaller sub-units. This phenomenon is generally referred to as
clustering, and, although this concept will be explored, in the context of this
work, only in Physics, similar effects also exist in biological, social, human
and animal contexts. Its attraction in the eyes of the research scholar lies espe-
cially in the fact that phenomena of this type occur at all physical scales, from
the microscopic to the macroscopic, from nuclear scales and sub-nuclear par-
ticles to planetary, stellar and galactic structures. The dynamical evolution of
such many-body systems arises mainly from the attempt to obtain a higher
internal stability, gained from the reduction of the potential energy of the sys-
tem. In astrophysics for example, from galaxy filaments to galaxy superclusters,
these structures arise from the natural aggregation of galaxies subjected to
the gravitational field. Even the formation of stellar systems like our own or
planets within them are further immediate proofs of these phenomena. On
a microscopic scale, even the cells of the human body, i.e. eukaryotic cells,
may have formed at the eve of life by endosymbiosis, a type of evolution in
which prokaryotic cells incorporated other cells creating substructures, and
established reciprocal cooperative relationships. In this way each cell can
be seen as an ensemble of many sub-structures, each of which covers a very
specific task. Finally to molecular to subatomic scales, atoms form molecules,
both in liquid and gas phase, while they form crystals in the solid state with
well-established internal symmetries, some even of extreme complexity. Al-
though some present structures with extreme complexity, their formation is
regulated by the same principles and laws, aggregating into structures regu-
lated by the reduction of a chemical potential. On subatomic scales, quarks
are confined, since the early stages of life of the universe, to form hadrons,
like mesons or baryons, made of 2-3 constituents.
Furthermore, in the case of atomic nuclei there are characteristics common to
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this phenomenon. Unlike the early liquid drop model, in which protons and
neutrons were considered to be in a spherical symmetry inside the nucleus,
behaving like molecules in a drop of liquid, we now know that the nucleus
is a dynamic agglomeration of its constituents governed by quantum effects,
which exert fields around them from which correlation forces arise. Unlike
bosons, fermions are subjected to the Pauli Exclusion Principle, for which
orbitals can be occupied at most by a pair of the same nucleon, with oppo-
site spins. In this context, the nucleus of 4He, or α particle, being formed by a
pair of neutrons and one of protons, is an important nucleus with a very high
binding energy per nucleon among the light nuclei, of about 7 MeV/A. Its
great internal stability, in conjunction with the initial studies of the α decay,
led to think that this structure could coexist relatively unperturbed within
the nucleus for a significant amount of time. As in the cases of clustering
mentioned above, it was supposed that the nucleus could therefore be con-
stituted, under certain conditions, by such α sub-units, free to form inside
the nucleus, offering a greater advantage in terms of binding energy of the
system. This clustering phenomenon of α-particles is nowadays one of the
most advanced research topics of modern heavy ion nuclear physics. Many
lines of research around the world aim to investigate this phenomenon both
from a theoretical stand, through the study of models to characterize the nu-
cleus and predict its energy levels of cluster states, and from the experimental
point of view, with the use of detectors and of increasingly advancing tech-
niques for the characterization of reactions of interest. Moreover, the topic of
α-clustering has also remarkable involvements in several other fields, such
as in astrophysics, where this model can be used to explain phenomena con-
cerning the nucleosynthesis of heavier elements. This is the case of the fa-
mous Hoyle state of 12C, which clarified the process of carbon formation in
stars.
In this thesis, the topic of clustering will be addressed in particular in the
context of the research carried out at the Laboratori Nazionali del Sud (LNS)
of the Italian Instituto Nazionale di Fisica Nucleare (INFN), and in partic-
ular inside the scientific program of the CHIRONE group. Numerous re-
sults on cluster physics of international relevance have been obtained here,
over the last 20 years. Furthermore, the primary object of the thesis will also
regard the discussion of the results obtained from the data analysis of the
CLIR (Clustering in Light ion Reactions) experiment, conducted at the LNS
with the CHIMERA and FARCOS detectors. In particular, in Chapter 1 the
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phenomenon of clustering in light ions will be explored, from the dawn of
this line of studies to the most recent results, giving a general vision of the
phenomenon and the importance of its study. Furthermore, the main pur-
pose of the CLIR experiment will be detailed more carefully, starting from
some promising results obtained during previous works, which constituted
the main motivation for the experiment. This in particular concerned the
study of such cluster states in neutron-rich radioactive nuclei. In fact, it has
already been known for some time in the literature that such nuclei can ex-
hibit exotic configurations in which the substructures of α particles are bound
together by so-called valence neutrons, much like chemical molecular bonds,
so that they are defined as molecular states.
Subsequently, in Chapter 2, the experimental apparatus employed will be
discussed, in particular starting from the FRIBs facility used to produce a ra-
dioactive beam containing various isotopes of interest. After explaining the
production method of the cocktail beam used, the tagging system used in the
identification of the ions in the beam will be explored in greater detail. Then,
the experimental apparatus used to study projectile break-up reactions will
be described, namely the 4π CHIMERA multidetector and the FARCOS ar-
ray, detailing their main identification techniques and features.
Finally, in Chapter 3 the results obtained for the analysis carried out will be
discussed, starting from the calibration method used depending on the detec-
tor, and the results obtained for the study of the 10Be cluster break-up for the
4He + 6He decay channel. In particular, the analysis carried out on FARCOS
was of fundamental importance in this case. FARCOS is a detector consist-
ing of 3 different stages, two Double Sided Silicon Strip Detectors (DSSSD)
followed by four CsI(Tl) scintillators, providing great angular and energetic
resolution. After having calibrated the 3 stages of FARCOS and identified the
fragments of the various reactions through the ∆E-E method, the 10Be excita-
tion spectrum of the 4He + 6He decay channel was reconstructed, showing
the presence of different peaks of interest, associated with cluster states and
molecular configurations. Finally, the conclusions will be shown, in partic-
ular indicating the future prospects of the CLIR experiment, the analysis of
which will continue by increasing the statistics, refining the resolution of the
experimental data, and evaluating the background.
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Chapter 1

Cluster in light nuclei

1.1 Nuclear clustering in N = Z conjugated nuclei

The study of clustering phenomena in nuclei is one of the most fascinating
research topics in modern nuclear physics, since it connects properties of the
nuclear force with the structure of light nuclei, allowing to congregate in in-
ternal sub-structures. This study has its roots back to the beginning of the
last century, even prior to the discovery of the neutron. Since the discovery
of the proton, of the α decay and of the nucleus, various models were cre-
ated to characterize the atomic nucleus and its properties. One of the most
traditional models that describes the nucleus and its components is the liquid
drop model. This essentially describes the atomic nucleus as a drop of liquid,
in which protons and neutrons behave like molecules, treating the whole
structure as an incompressible fluid of high density. Therefore, according to
this model the nucleus is held together by the strong nuclear force, conceiv-
able as a volumetric force, mediated by various other contributions such as
the Coulomb repulsive force of the protons, the surface tension of the "drop
of liquid", the fermionic behavior of the nucleons and spin coupling. This
model is able to predict the atomic mass and binding energy of nuclei, as
well as to explain radioactivity phenomena and nuclear fission. However,
the model fails to explain the structure of light ions, where clustering effects
can occur.
Although the concept of clustering in nuclear physics is relatively modern,
the first idea of a similar phenomenon dates back much further than one
might actually think. In fact, although the concept of clustering has been ex-
plored just recently in the nuclear field in the last 50 years, a model based
on α particles was already hypothesized since the 1920s, with the study of α
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decay. In fact, it was thanks to Bethe and Becher that a nuclear model with α

particles began to be concretely hypothesized. This was mainly due to some
major premises, first of all the high binding energy per nucleon of 4He (about
7 MeV) and the presence of a first excited state at about 20.21 MeV. Moreover,
it was also thought that α particles could coexist within the nucleus itself
for a fairly long time. This was mainly thanks to Gamow and his pioneer-
ing work in 1928, which, applying the quantum theory for the first time to
nuclei, demonstrated the emission of the α particle by the tunneling effect.
Finally it was seen how some light nuclei, such as 8Be, 12C and 16O had ener-
gies of bonding much higher than neighboring nuclei, and that such species
could be imagined as an agglomeration of multiple α sub-structure, bonded
together. It was this initial work that led Hafstad and Teller to develop a de-
scription of such nuclei with A = 4n with n = 2, 3, 4, . . . and equal number
of protons and neutron, which binding energy can be described as a function
of the number of possible α− α bonds within the nucleus. They therefore
developed a "van der Waals" potential between two α particles, according
to the previous work of Bethe and Becher, i.e. repulsive at short and long
distances but attractive at medium distances. In this way they found that
these α particles inside the nucleus could arrange themselves into ordered,
symmetrical and almost "crystalline" structures, depending on the number
of possible bonds, minimizing the configuration space between the α parti-
cles. Furthermore, they observed that the binding energy of such light self-
conjugated ions showed a linear trend with the number of possible α − α

bonds within the nucleus (Fig. 1.1). As a direct consequence, it was possible
to obtain ordered and symmetric structures made up of α particles, for ex-
ample triangular geometries for 12C and tetragonal for 16O.
This model however fails to distinguish clustering phenomena at ground or
excited states, underlining that α-clustering was therefore possible even at
the ground state. However, as it was later discovered, such α cluster states
can generally be found only when the ground state is very close to the clus-
ter decay threshold (or Q-value), which is generally much higher than the
ground state. Moreover, this model was in complete contrast with the liquid-
drop model, which does not contemplate the existence of possible agglome-
rates of nuclides inside the nuclear structure. A big step forward occurred in
the 1950s, following the study of the existence of possible other cluster states.
One of these, for example, was the possible 3α state of 12C, hypothesized by
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FIGURE 1.1: Binding energy for A = 4n with n = 2, 3, 4, . . .
versus the number of possible α− α bonds. A clear law of pro-
portionality can be observed, as studied by Hafstad and Teller.

Figure adapted from [1, 2].
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Hoyle in 1954 [3]. The Hoyle state was initially hypothesized for astrophys-
ical reasons related the nucleosynthesis of carbon in stars, but it was found
that this state can exhibit features consistent with a cluster state of three α

particles. In particular, this state will be discussed in more detail in Sect. 1.3.
Furthermore, in 1956 Morinaga suggested the possible presence of exotic
spatial configurations for such cluster states, with previously discussed nu-
clei that could assume linear chain configurations. This interpretation, which
would give rise to structures with angular momentum values very different
from the ground state configurations, will in fact be fundamental. Although
such linear structures logically should seem energetically disfavored, Mori-
naga hypothesized that, with the right excitation energy, such configurations
would be possible. Finally, the idea that these α particle cluster states could
not appear at the ground state was consolidated: a cluster state could then
manifest only at certain precise energy levels, such that the interaction be-
tween nucleons and nuclear potential energy can allow the rearrangement
of the nucleons. Thanks therefore to the research by Ikeda et al. [4], who
transferred this concept into a diagram shown in Fig. 1.2, the formation of
various other structures was also predicted for a large variety of light ions.
For each structure the energy required to liberate the cluster constituents was
also calculated, emphasizing its connection with the excitation energy of the
system. Many of these predictions have also been confirmed experimentally,
whereby cluster states have been found with energy levels close to the cluster
decay thresholds.

1.2 Cluster states in neutron-rich nuclei

Subsequent to their work on light self-conjugated nuclei, Hafstad and Teller
continued to apply the method they developed also on other nuclei, in par-
ticular such that A = 4n + 1, in a similar way to what was previously ex-
plained, by studying neutron-rich isotopes of beryllium, carbon, oxygen,. . . .
They discovered that the binding energy of such systems did not depend
only on α− α interactions, but also on the presence of the added neutron.
In this way, α+ n bonds could then be established, showing the presence of
clustering effects. Over the years, this discovery proved to be decisive as the
interest of the international community began to shift also to neutron-rich
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FIGURE 1.2: Ikeda diagram showing threshold energies pre-
dicted for cluster decay in MeV. The identified cluster structures
can undergo cluster decay at energy levels close to the derived

energies. Figures adapted from [5].

and exotic weakly-bounded nuclei, which could exhibit clustering phenom-
ena enhanced by the presence of extra neutrons. The main concept behind
these clustering effects is that the added neutron(s) is exchanged between the
α cores, increasing the stability of the cluster structure. This phenomenon
was therefore described in analogy to the basic concepts of molecular bonds
in chemistry between atoms and molecules, in which electrons are covalent-
ly exchanged between the molecule ions. In this case the neutrons, also
called valence neutrons, exchanged between the cluster particles, allow co-
valent bonds in order to stabilize these unstable multi-cluster states.
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FIGURE 1.3: Ikeda diagram extended for neutron-rich isotopes.
Molecular structures are shown, including the energy contribu-
tion (in MeV) considering also the additional valence neutrons.

Figure adapted from [5].

The addition to clustering effects of the contribution of neutrons allows to ob-
tain a multitude of interesting case studies. Some of these can be observed,
in a similar fashion to what was previously shown, from the modified Ikeda
diagram represented in Fig. 1.3. Similar to the original Ikeda diagram in Fig.
1.2, this one shows the possible cluster structures for a series of neutron-rich
nuclei, reporting the cluster decay threshold considering the neutron contri-
bution. In particular, some remarkable examples concern those obtainable
from beryllium and carbon isotopes. In fact, these, being made up of two
or three α particles plus valence neutrons, can exhibit exotic configurations,
with high angular momentum. Moreover, the presence of multiple neutrons
allows also configurations in which the valence neutrons can couple and in-
crease the complexity of the excitation energy levels of the states.
A key example in this context is the case of 9Be which, unlike 8Be, is stable at
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the ground state, thanks to the presence of an additional neutron. Its struc-
ture can therefore be thought of as a nuclear dimer of α particles, which can
reach even very high degrees of deformation, depending on the excitation
energy of the system. A very similar situation also occurs for the case of 10Be
structure, which instead can be represented as a dimer held together by a pair
of valence neutrons. It is in fact the presence of this valence neutron couple
that makes this a very interesting nucleus, with a great variety of molecular
states of interest. The 10Be case will be addressed in more detail in Sect. 1.5.1.
Valence neutrons, in a coherently similar way to the case of molecular bonds,
in the nuclear case can produce different molecular orbitals depending on the
separation plane between the two bonded α particles: in the case of beryl-
lium isotopes for example, but also in that of carbon and oxygen, covalent
bonds can be arranged in different orientations depending on the excitation
energy of the cluster state, for example perpendicularly, forming π-type or-
bitals, and in parallel (σ-type orbitals), to the separation axis. In the case of
9Be, a π bond was predicted for the ground state, typical of a more compact
dumbbell-like structure, while also a σ-type orbital configuration is possible
for higher energies, leading to a greater spatial separation between the two
cores [6, 1]. Moreover, as one can see from the extended Ikeda diagram, clus-
ter states can even be formed by asymmetric cores, leading to the formation
of more complicated structures for which further studies are currently neces-
sary. More example cases are that of neon, magnesium and argon isotopes,
which can present dimer cluster structures formed by α cores and a 16O core,
held together by possible valence neutrons depending on the atomic num-
ber, generally enabled by the stability of the 16O nucleus. Another interesting
possibility in this case is the asymmetric cluster structure of 13B, theorized to
present a 9Li +α exotic cluster state. More details about this specific case will
be addressed in Sect. 1.6.2.
Generally, this type of cluster structure can be studied through different the-
oretical approaches, which can possibly predict, to a degree, both the cluster
structure and the excitation energy necessary for its formation. One of the
models that has allowed to produce a multitude of successful results is the
Antisymmetrized Molecular Dynamics (AMD) model [7, 1]. The AMD ap-
proach, by simply constructing the wave function of the system, including
all the different degrees of freedom of the nucleons, is able to prove the pres-
ence of core clusters without imposing them in the calculation. This method
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is therefore able to give a description of the cluster structure of a system, sim-
ply making it emerge naturally from the nucleon-nucleon interaction, obvi-
ously accounting also for the Pauli exclusion principle. The AMD approach
has been applied on many case studies, including in particular those of the
lithium, beryllium, boron and carbon isotopes, allowing to reproduce the
bond energies, transition rates, radii and momenta in accordance to a certain
degree with those obtainable experimentally.

1.3 Importance of clustering phenomena in astro-

physics

The cluster structure of light nuclei can also have important implications in
the field of nuclear astrophysics. An important factor that can influence the
nucleosynthesis of elements in stars is in fact the nuclear structure, which,
depending on the ion, can be decisive. The main aspect that influences these
nucleosynthesis processes is the great stability of 4He, which, thanks to its
≈ 7 MeV/u binding energy, is also stable enough to form, through fusion,
heavier elements, such as 6,7Li, through the channels 4He + d or 4He + t.
Another key example in this context is the aforementioned Hoyle state for
12C, hypothesized by the British physicist in 1954 [3], linked to the carbon
formation in stars. The abundance of carbon within stellar processes is im-
portant and non-trivial, due to a series of factors, from the nucleosynthesis
of heavier elements in Red Supergiant stars, to the abundance of carbon in
star systems, and therefore looking at our star, also for life on earth. At the
time, the main reaction mechanism that was known to allow the produc-
tion of carbon was when a star, in the final phase of its life, started to burn
helium, producing heavier elements. Normally the carbon production pro-
cess occurs in two different steps, i.e. the aggregation of two α particles in
8Be, with the subsequent integration of a third α nucleus. However, one of
the most striking questions related to this process was about the subsequent
abundance of carbon, which cannot be explained simply by this process. The
8Be nucleus in fact possesses, as can be seen from the Ikeda diagram reported
previously in Fig. 1.2, a cluster state exactly at the ground state: the two 4He
particles remain technically unbound at the ground state and the 8Be nucleus
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subsequently decays after very short times of the order of 10−16 s into its con-
stituents. This can be seen also by a calculation of the structure of the ions,
revealing at the ground state a classic dumbbell-like shape of two α particles
having a rotational band consistent with a 2:1 symmetric deformation. Hoyle
realized that this process alone could not have accounted for the whole abun-
dance of carbon and heavier elements in stars: the 8Be production represents
a sort of bottleneck for the production of 12C, which, according to calcula-
tions, allowed reaction rates approximately 8 orders of magnitude smaller if
the whole process undergoes only through direct capture.
For this reason, Hoyle hypothesized a different process of formation of 12C,
in which he proposed the capture of the third α particle through an s-wave
(l = 0) resonance. This state would have a momentum Jπ = 0+, in order
to favor the formation of carbon as a cluster state, presenting a structure of
3 resonant α nuclei, or equivalently a 8Be + α system. The excited state also
required an energy higher than the cluster decay threshold at 7.27 MeV (from
Ikeda diagram), later found at 7.65 MeV. The 12C ions thus produced in this
state have a large probability, about 99.96% of decaying back to the 8Be + α

system, allowing to reach a sort of equilibrium between formation of 12C and
the decay into three α particles. However, only for approximately one event
over 2500, the 12C produced at the Hoyle state is allowed to decay at the
ground state, first by reaching the first excited state at 4.44 (2+) MeV, emit-
ting a first 3.21 MeV γ ray, and subsequently decaying again at the ground
state (with Jπ = 0+) emitting a second γ ray. In this way, 12C ions, now sta-
ble after the emission of two γ rays, are actually produced, which can then be
subsequently used for the production of heavier elements. The whole pro-
cess is also depicted on Fig. 1.4. Other than this double-γ decay channel,
since the spin of both Hoyle and g.s. are 0+, there are two other possible
ways for 12C to decay: undergoing E2 transition to the 4.44 (2+) intermediate
state, or electric monopole transition E0, by emitting a electron-positron pair.
This last E0 process, important for the complete calculation of the radiative
width of the Hoyle state, however has a very low branching ratio of the order
of ≈ 6.7 × 10−6 [8], therefore very difficult to identify.
In the context of the Hoyle state, given the total reversibility of the 12C pro-
duction reaction, it is also interesting to study the exact dynamics of ion pro-
duction, starting from α particles: in fact, recent works have shown how the
reaction of three α particles is more commonly a sequential process, there-
fore forming in two different steps: first the 8Be ion at the ground state, with
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FIGURE 1.4: Schematical graph of the triple α process for the
production of 12C. From the plot it is possible to note the vari-
ous states and processes involved in the de-excitation from the

Hoyle state. Figure adapted from [9].

a subsequent interaction of a third 4He particle. This process differs from
a much more unlikely direct process, in which three α particles bypass the
production of 8Be at the ground state to directly produce 12C.
Some investigations also have been performed on the existence of a possible
Efimof-like state for 12C [10, 11, 12]. An Efimov state is a bound state born
from quantum mechanical effects of three identical bosons when the attrac-
tion of the two particles however is too weak to allow two bosons to pair. In
this case, all the 3 couples of α particles have the same center of mass energy
of the 8Be ground state, thus allowing to predict it at an excitation energy for
12C of 7.458 MeV, slightly different from the energy of the Hoyle state and
from its behaviour.
Another important case, relevant for astrophysics, is the formation of 16O in-
volved in the burning phase of helium of Red Giant stars, from the 12C + α

reaction channel. The abundance of 16O is crucial especially for the determi-
nation of the final stages of the life of a star, as the relative ratio between the
quantities of carbon and oxygen determine, as well as the time scale of the
last phase of the star, the chemical composition of the material emitted by
type Ia Supernovae [13].
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1.4 CLIR: Clusters in Light Ion Reactions

A long experimental campaign has been carried out over the last 20 years
at the Laboratori Nazionali del Sud (LNS) of the Istituto Nazionale di Fisica
Nucleare (INFN), aimed to study the physics behind the phenomena of clus-
ters in light ions. Thanks to the availability of beams and energies at LNS,
since the early 2000s, it was possible to carry out studies in the context of
clustering on both stable and radioactive nuclei, especially aimed to point
out the fundamental role played by α-correlations in light nuclei. Special at-
tention has been devoted by the CHIRONE group [14] during the years to
the physics of the Hoyle state [12, 15], already discussed before in Sect. 1.3,
through reactions 4He + 12C (64 MeV) and p + 12C (24 MeV), by simulta-
neously detecting the scattered projectile, carbon target and the two γ rays
from the decay of excited carbon ions. Furthermore, some experiments were
dedicated to the investigation of clustering in 13B or 14C through the Reso-
nance Elastic Scattering method, showing the presence of some interesting
states possibly associated with exotic clusters [16]. Moreover, thanks to the
FRIBs@LNS (In-Flight Radioactive Ion Beams at LNS) facility, which will be
discussed in Chapter 2, the opportunity of studying such phenomena even
expanded to non-conjugated and radioactive nuclei.
In this context, the CLIR (Clustering in Light Ion Reactions) campaign was
started in 2015, with experimental and theoretical investigations conducted
with the aim of studying clustering and molecular states in light radioactive
ions. The experiment was primarily intended to study the decay channels as-
sociated to cluster decomposition break-up channels of radioactive isotopes
of beryllium, boron and carbon, through the FARCOS hodoscope, which was
used for the first time, and with the aid of the CHIMERA 4π multidetector.
More details about the features of the detectors employed and on the facility
FRIBs will be later given in Chapter 3.
As discussed previously in Chapter 1, neutron-rich light isotopes can present
clustering effects leading to the formation of "molecular" structures inside the
nucleus, due to the rearranging of nucleons into clusters of α particles, held
together by so called "valence" neutrons. Moreover, for a given element, as
the number of neutron number increases, approaching the neutron drip-line,
other exotic clustering effects start to appear, leading to the formation of pair
effects in valence neutrons, in which the nuclear molecule is held together
by "covalent" bonds. One typical example is the discussed configuration
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α-2n-α-2n-α of 16C, theorized by von Oertzen [17, 18], which can assume
different shapes, such as the extremely deformed linear chain with a 3:1 con-
figuration.
A relatively simple way to investigate clustering effects in light ions concerns
the study of ejectiles compatible with cluster decomposition in break-up de-
cay channels in reactions at intermediate energy on light targets. In fact, by
detecting the reaction products, one could calculate the excitation energy E∗

of the incident nucleus from the relative energy of the reaction products Erel

and Q-value or threshold of the selected break-up channel Qgg by the for-
mula:

E∗ = Erel − Qgg (1.1)

In the case of a binary emission channel, given m, E, θ and ϕ, indicating
respectively the masses, energy and emission angles of the break-up products
given with respect to the vertical plane and the beam axis, one can calculate:

q1 = (p1x, p1y, p1z, E1 + m1); (1.2)

q2 = (p2x, p2y, p2z, E2 + m2); (1.3)

the four-momenta of the two break-up products. Then, the relative energy
Erel, can be calculated from the formula:

Erel = m12 − m1 − m2;

=
√
(q1 + q2)2 − m1 − m2; (1.4)

where m12 is the invariant mass of the two break-up products. Therefore,
through a statistical evaluation of the excitation energy E∗, obtainable through
the Q-value of the break-up reaction, it is possible to obtain an energy spec-
trum from which to obtain energies and energy levels for the chosen reaction
channel. Moreover, if the state is characterized by a deformed shape, as in
the case of linear, chain-like molecules, predicted for some state of 10Be or
16C, rotational bands with large moment of inertia can be observed.
The CLIR experiment was then proposed to study the break-up decay chan-
nels of neutron-rich isotopes of beryllium, boron and carbon, thanks to the
availability of the FRIBs facility, which could have been obtained only by a
single primary beam fragmentation. This had the great advantage of pro-
ducing a variety of RIBs at the same time, by fragmenting a primary beam
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of 18O7+ on a 9Be target. For this purpose, the identification of the isotopes
arriving in the experimental hall was also crucial, both online and off-line, to
better discriminate the reaction product for the correct decay channel, so a
tagging system was needed, coupled with the experimental hall acquisition.
Details about the FRIBs facility and the production and tagging of the cock-
tail beam will be given in Chapter 2. To trigger break-up fragmentation of the
projectiles and excite levels associated to cluster states, a light reaction target
is required. In this case the main plan was to use two thin targets, of CH2

and 12C. The analysis mainly involves the study of the reactions of interest
on the polyethylene target, and in particular on the hydrogen ions, as will be
subsequently described in Chapter 3.
Moreover, the experiment was also used to prove the capabilities of the FAR-
COS detector, which was used in this kind of experiment with heavy ions
for the first time. In this experiment, the FARCOS array aims to further im-
prove the angular resolution of the data gathered in the forward part and
reconstruct the emission angles θ and ϕ with a better resolution than the one
achievable with the CHIMERA 4π multidetector. Correlations between emis-
sion angles in fact show periodic structures that, if interpreted by using Leg-
endre polynomials, can give insight to the angular momentum of the excited
level, allowing to extract the moment of inertia of deformed clustering struc-
tures. Moreover, the use of the 4π CHIMERA array could be used to refine
the data, not achievable with the only FARCOS telescopes. This can be done
for example by gathering the recoil target nucleus, which is usually excited
by the collision with the projectile, or its de-excitation products in the case
of 12C targets. The last ones in particular can be usually recognized by ana-
lyzing their parallel velocity, not compatible with the projectile decay. This
technique generally allows to select with a good accuracy the true break-up
decay channels from a spurious background, including compound-nucleus
formation or quasi-elastic transfer phenomena.

1.5 Previous cluster investigations at LNS: the UN-

STABLE experiment

As already indicated in Sect. 1.4, cluster physics has been studied at Labo-
ratori Nazionali del Sud for a long time: many experiments and theoretical
investigations have been conducted on the study of clusters, both in stable
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nuclei, such as 12C [[12, 15, 19, 20] and ref. therein], and in neutron-rich
isotopes, with the study of molecular cluster structures [[16, 21, 22] and ref.
therein]. The LNS are an ideal place for the study of such phenomena, thanks
to the presence of various experimental apparatus, such as the already men-
tioned CHIMERA 4π multidetector and FARCOS array, and to the possibil-
ity to produce radioactive beams at the Fermi energies (10 MeV/u ≤ E/A ≤
100 MeV/u). Furthermore, thanks to the the new FRAISE facility, currently
under construction (App. A), it will be possible to further expand the variety
of available beams, and also to push towards the production of isotopes next
to the neutron drip-line.
One of the most promising results was obtained by the UNSTABLE experi-
ment, carried out by the EXOCHIM group with the CHIMERA 4π multide-
tector. In fact, results obtained on the spectroscopy of 10Be and 16C above the
clustering emission threshold, allowed to set the basis for the planning of the
CLIR experiment, here discussed, and aimed to further improve the quality
of the gathered data, by increasing the resolution and to expand the analy-
sis even to other nuclei. In this case, the CHIMERA multidetector was used
to gather data, while break-up reactions were induced by both a polyethy-
lene CH2 (50 µm) and deuterated polyethylene CD2 (28 µm) targets. More
details about the CHIMERA multidetector will be given in 2.4. The exper-
iment, performed in 2011, used a radioactive ion beam produced by the
FRIBs facility, fragmenting a 18O primary beam, accelerated by the CS at 55
MeV/u, on a thin 9Be target, 1.5 mm thick. Fragments were then selected
with the In-Flight technique, with a rigidity Bρ ≈ 2.8 Tm and momentum
acceptance ∆p/p ≈ 0.01. The cocktail beam produced was then identified in
its components by a tagging system, made by a Micro-Channel Plate (MCP)
and a double-sided Silicon Strip Detector DSSSD (140 µm), ≈ 12.9 m apart,
through the ∆E-ToF technique. The state of the cocktail beam was verified
and currents calculated, finding a high intensity for 16C at 49.5 MeV/u (≈ 105

pps), 13B (≈ 5 × 104 pps) and 10Be at 56 MeV/u (≈ 4 × 104 pps). Since the
projectile break-up cross-section is generally forward-focused, a large variety
of fragments coming from break-up decay channels was expected in the most
forward part, around the beam axis, so particular importance for the analy-
sis was covered by the first three rings of CHIMERA. Fig. 1.5 shows a typical
identification plot for the cocktail beam produced, identified through the ∆E-
ToF technique, while Fig. 1.6 shows a ∆E-E spectrum obtained for forward
telescopes, through which identification in charge and mass was performed.
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1.5.1 Study on 10Be clustering: from UNSTABLE to CLIR

The excitation energy of the nuclear states cluster was obtained by analyzing
the couple correlations between decay products coming from 10Be. The exci-
tation energy Ex was obtained with the Invariant Mass technique, explained
in Sect. 1.4, adding the energy threshold for the 4He + 6He decay channel
(−Qgg = 7.409 MeV) to the relative energy of the two components. Details
on the same technique can be found in Sect. 1.4. Fig. 1.7 shows the spectrum
of the reconstructed excitation energy, with vertical arrows indicating the
positions of known peaks in literature. Background was estimated through
event-mixing procedures (green dashed line), showing no substantial shapes
or structures. On the other hand, the red and yellow dashed lines correspond
to the simulated detection efficiencies, obtained by performing Monte-Carlo
simulations for the CHIMERA apparatus, assuming respectively hydrogen
or carbon recoil atoms for the CH2 target. Simulations of the reaction kine-
matics between 10Be and target nuclei in fact show that in the range of the
excitation energy of interest, the limit angle for scattering on hydrogen is
about 5.77◦, while there is no limit angle for scattering on carbon. In this
way, because of the more forward-focused kinematics, by using a polyethy-
lene target, the forward detectors around the beam axis become more impor-
tant, leading to higher detection efficiency.
Many internal structures can be identified in the excitation energy spectrum,

FIGURE 1.5: ∆E-ToF plot obtained for the cocktail beam pro-
duced during the UNSTABLE experiment. Several isotopic

species can be observed. Figure taken from [21].
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FIGURE 1.6: ∆E-E spectrum obtained for the ring covering θ =
3.1◦ for Si-Csi(Tl) telescopes, showing the energy loss on the Si
detector (∆E) and residual energy on the corresponding CsI(Tl).

Figure taken from [21].

with at least 4 peaks reported in literature, and still objects of studies. Be-
tween these, two peaks stand out for their interest: the 10.2 MeV (2+) and
13.5 MeV (6+), belonging to the 10Be molecular rotational band [21, 23]. As
reported in [23], the 10Be molecular rotational band is made of a 6.179 MeV
(0+) state, under the threshold emission, and a 7.542 MeV (2+) state just
above it, with a ≈ 10.2 MeV state for a possible 4+ state of the same band.
Moreover the 13.5 MeV, particularly interesting because not reported at that
time, was identified with reasonable accuracy as also a possible candidate for
the missing 6+ state of the same molecular rotational band. Spin and parity
was estimated by angular correlation analysis in terms of Legendre polyno-
mials (Fig. 1.8), for both the 11.8 MeV and 13.5 MeV peaks. For the first one,
it was found a value of Jπ = 4+, in agreement with past works and theoreti-
cal calculations, while for the 13.5 MeV peak, several values have been fitted,
showing the best match with χ2 analysis with experimental data for Jπ = 6+

with reasonably good agreement.
The CLIR experiment starts from this standpoint in order to improve the
analysis conducted, not only through a new, more intense radioactive beam,
but above all also using the FARCOS array. In fact, one of the main prob-
lems detected during the previous experiment was the relatively poor angu-
lar resolution, which in turn translated into a not entirely excellent energy
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FIGURE 1.7: 10Be excitation spectrum obtained for the 4He +
6He decay channel obtained during the UNSTABLE experi-
ment. The vertical markers indicate the position of known
states for the nucleus. The dashed lines represent the detection
efficiency obtained assuming hydrogen recoil (red) and carbon
recoil (orange). Background obtained through event mixing

procedures is shown (green line). Figure taken from [21].

FIGURE 1.8: Angular correlation distribution obtained for 10Be
for the 4He + 6He decay channel obtained during the UNSTA-
BLE experiment for the two states at 11.8 MeV and 13.5 MeV

excitation energy. Figure taken from [21].
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resolution. For this reason CLIR, with the aid of FARCOS telescopes posi-
tioned at small angles, where most of the break-up fragments are emitted,
with its three different detection stages, promises to be an excellent tool to
obtain even better results.

1.6 Case studies on clustering in CLIR

The promising results obtained, especially in the context of the UNSTABLE
experiment, led to the proposal of the new CLIR experiment, with the aim
of prosecuting the studies still in progress, while addressing the problems
encountered in the past. The first among these is the need to improve the
statistics, which is possible both through reproducing the experiment and by
improving the experimental apparatus. For this purpose, it was therefore
decided to use, for the first time in a real experiment, the FARCOS detectors,
still under development at the LNS. FARCOS, thanks to its high granularity
and energetic resolution, as it will be described in Sect. 2.5, represents a pow-
erful tool for this kind of study. Moreover, given the small spatial aperture of
the kinematic emission cone of the break-up fragments, the detectors would
allow us to obtain more accurate information on the reaction spectroscopy,
while placed at small angles around the beam axis. For this reason, it would
also be very powerful even for other case studies, further from the stability
valley, and much harder to investigate. Other than the 10Be case described
above in Sect. 1.5.1, for which analysis is ongoing and will be presented in
Chapter 3, here in this section some interesting case studies will be indicated.

1.6.1 The 16C case

Clustering in carbon isotopes has always been an interesting topic in the con-
text of molecular states, thanks to its nature as a 3−α cluster. The Hoyle state
for 12C represents perhaps one of the most studied examples, as previously
described in Sect. 1.3. As what regards studies about radioactive isotopes of
carbon at LNS, such as for the 16C, its cluster states have already been inves-
tigated with the UNSTABLE experiment, with results however still prelimi-
nary and in need of further experimental confirmation, due to the insufficient
statistics.
On the international scene, both theoretical and experimental work has been
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carried out on the nature of neutron-rich isotope clustering, as well as re-
search on possible neutron skin effects. For example, recent theoretical calcu-
lations show spectroscopic factors and neutron-skin thickness of even-isotopes
(12,14,16,18C) [24], while several experiments performed at GSI investigate the
matter radii for neutron-rich isotopes, while other pointed out the presence
of neutron skin halos for 15C and neutron skins for 16,17C [25, 26].
One of the possible cases to be investigated through the CLIR experiment
revolves around the case of 16C, produced together with other species from
the same cocktail beam. In this case, many studies have mainly focused on
the possible existence of a linear cluster structure of α particles. From a the-
oretical point of view, AMD calculations [27] show the presence of possible
molecular states with high moment of inertia around 16.81 MeV (0+), with
molecular orbitals possibly coherent with the decay channel 4He + 12Be(2+).
Moreover, in a subsequent work, the possible presence of a linear chain state
with excitation energy at around 30 MeV was investigated, which neutrons
could occupy orbitals (1/2−σ )2(1/2+σ )2 with a high moment of inertia. From
the experimental point of view, sequential decay of 16C for the (4He + 12Be)
and (6He + 10Be) decay channels was investigated [28, 29], showing the pres-
ence of a 16.5 MeV (0+) state, in agreement with AMD calculations. More-
over, observation of excited states at 27.2 MeV could be in agreement with
the AMD calculations stated above, of linear chain with valence neutron oc-
cupying the (1/2−σ )2(1/2+σ )2 orbitals.

1.6.2 The 13B case

The case studies of α clusters bound together by valence neutrons, like in
isotopes of beryllium or carbon mentioned earlier, are not the only ones pos-
sible to be studied in the context of the CLIR experiment. In fact, there are
many other exotic cluster states with unstable configurations, theoretically
predicted but surely more difficult to produce. This is the case for example
of the exotic clusters of the 13B nucleus, which case study is quite peculiar,
having a magic number (N = 8) of neutrons. While for 12Be, the neighbor-
ing nucleus with just one proton of difference to 13B, many clustering states
have been predicted, both in ground states and excited states, the situation is
not yet well understood with the isotonic counterpart of boron. Unlike other
boron isotopes (15,17B), for which cluster states were predicted in the ground
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state using AMD models, 13B presents a 3/2− ground state with a closed neu-
tron p-shell configuration, especially due to the magic number of neutrons.
On the other side however, AMD calculations made by Kanada-En’yo et al.
[30], show largely deformed states with highly excited configurations or clus-
ter states, appearing in energy regions compatible with the normal excited
states. Some well-developed exotic cluster structures like 9Li + α are sug-
gested, for states Jπ = 1/2− and Jπ = 1/2+, with energy threshold emission
at about 11 MeV, researchable with 13B radioactive beams. Moreover, clus-
ter states with 12Be + p, 10Be + t and 7Li + 6He decay channels have been
predicted, but further investigations are needed. Among light nuclei, per-
haps the case of clustering structures in boron is possibly the less known one:
while some theoretical studies have been produced during the years with dif-
ferent models, mainly AMD, there is still much need for experimental proof
to validate models, as the interpretation of their results is still approximate
and should be detailed. The presence of 13B in the cocktail beam species for
the CLIR experiment could be of considerable importance in the international
scenery of cluster physics. Moreover, the new CLUB experiment, specifically
dedicated to the investigation of these 13B cluster states has already been ap-
proved within the CHIMERA 4π multidetector activity research. The CLUB
experiment, postponed in the next years due to the pandemic, will make use
the CHIMERA multidetector coupled with the FARCOS array, positioned at
small angle, and the new facility of radioactive ion beams FRAISE, currently
under construction and discussed in Appendix A.
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Chapter 2

Experimental apparatus of the
CLIR experiment

In this Chapter, the experimental setup of the CLIR experiment will be de-
scribed. As already mentioned in Chapter 1, the CLIR experiment was per-
formed at INFN-LNS in Catania in 2015 [31], at the FRIBs@LNS (in-Flight
Radioactive Ion Beams at LNS) facility. In this chapter details on the experi-
mental setup of the fragment separator will be given, explaining the method
of production of RIBs, employing the In-Flight technique. Moreover, the tag-
ging system employed for the identification of the radioactive isotopes pro-
duced will be described, while also explaining the technique used for the
selection of the beams. Finally, the detectors employed for the study, the
CHIMERA 4π multidetector and the FARCOS arrays, will be described, ex-
plaining their detection features and techniques of identification, as well as
the electronics.

2.1 General setup of the experiment

A Radioactive Ion Beam (RIB) was produced by the FRIBs@LNS (in-Flight
Radioactive Ion Beams at LNS) facility through the In Flight technique [32,
33]. A primary beam of 18O7+ was accelerated at 55 MeV/u by the Supercon-
ducting Cyclotron (CS), and fragmented on a 9Be target, 1.5 mm thick. Iso-
topes resulting from the fragmentation were then inserted into the fragment
separator FRIBs, selecting ions with a rigidity of ≈ 2.8 Tm. For the purpose of
the CLIR experiment, the same primary beam was used as a pilot beam to set
up the magnetic fields of the dipoles of the spectrometer, for the optimization
of the transport of the isotopes of interest (10Be and 16C). The cocktail beam
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produced was then sent to the CHIMERA experimental hall. More details
about the FRIBs facility and about the behavior and usage of fragment sepa-
rators will be given in Sect. 2.2.
Before arriving at the hall, the beam passes through a tagging system, cru-
cial for this setup, allowing the identification, event-by-event, of the isotopic
components of the RIB. The tagging system used was the standard one de-
veloped for the CHIMERA beam line, consisting of a Micro-Channel Plate
detector and a Double Sided Silicon Strip Detector (DSSSD) [34]. The iden-
tification method for the ions of the cocktail beam is based on the ∆E-ToF
technique: in this case the start of the time-of-flight is given by the MCP de-
tector, while the stop of the ToF is measured by the DSSSD, placed ≈ 12.9
meters apart. The DSSSD is also used for the measurement of the energy loss
and spacial distribution for each isotope of the cocktail beam. More details
on the specifics of the tagging system will be given in section 2.3.
Inside the experimental hall, the CHIMERA (Charged Heavy-Ion Mass and
Energy Resolving Array) multidetector was housed [35]. CHIMERA is a
multidetector of 1192 ∆E-E telescopic units, divided into a forward part (688
detection units) and a sphere (504 units), covering the backward angles. For
this experiment, two different reaction targets were used: a polyethylene
CH2 and a 12C target. The target was placed at about 2 m after the DSSSD tag-
ging detector, in the centre of the sphere of CHIMERA. Moreover, CHIMERA
was coupled with four FARCOS (Femtoscope ARray for COrrelations and
Spectroscopy) telescopes [36, 37] placed at small polar angles between the
forward part and the sphere. FARCOS is an array of detectors expanding the
basic concept of a ∆E-E telescope, made of three different stages. In this case,
due to the high angular and energetic resolution, the FARCOS array proved
to be crucial for this analysis. More details on the detectors employed with
this measure will be given in section 2.4 and 2.5.

2.2 The FRIBs facility at LNS

At Laboratori Nazionali del Sud of INFN (INFN-LNS) in Catania, since al-
most 25 years it has been possible to produce Radioactive Ion Beams (RIBs)
for research purposes and exotic nuclear physics experiments. Initially, the
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production of RIBs began with the EXCYT (EXotics with CYclotron and Tan-
dem) project [38], exploiting the ISOL method1 [39, 40]. This was done by
using the Superconducting Cyclotron (CS) K800 of the LNS to accelerate pri-
mary beams, and a TANDEM linear accelerator to post-accelerate the ra-
dioactive ions produced on a thick fragmentation target. Since the early
2000s, the In-Flight technique was also developed at the LNS: the FRIBs@LNS
(In Flight Radioactive Ion Beams at LNS) project was set in motion, thanks
to the pioneering work of G. Raciti and collaborators [41], following the re-
configuration of the extraction line of the Superconducting Cyclotron as a
fragment separator. The project aimed in particular to the production of RIBs
at intermediate energies (10 MeV/u ≤ E ≤ 100 MeV/u), through the In-Flight
fragmentation technique, by employing primary beams produced by the CS
and impinging on a target placed on the beam line. More details on the pro-
duction of radioactive beams through the In-Flight technique will be given
in 2.2.1.
During its time of activity, FRIBs has been capable of producing many ra-
dioactive ion beams [19, 21, 42] by using stable primary beams as 12C, 18O,
20Ne, 40Ar, 58Ni and 70Zn with intensity up to 500 nA and power to 100 W.
Nowadays the LNS are undergoing intense upgrade work, involving in par-
ticular the CS, the locale infrastructures, but above all the construction of the
new FRAISE fragment separator [32, 33, 43] whose details will be explored
in more detail in Appendix. A.
The fragment separator of the FRIBs@LNS facility is featured in the scheme
of Fig. 2.1. It is made of two 45° dipoles, in the extraction line of the CS, as
shown in the map of Fig. 2.2, downstream of the fragmentation target. On the
beamline, three series of three quadrupoles are also present: between the pro-
duction target and the first dipole (Q1 − Q3), after the first dipole (Q4 − Q6),
and before the second dipole (Q7 − Q9).
After being produced, the ions of the cocktail beam are horizontally sepa-
rated and selected depending on their rigidity Bρ. The momentum accep-
tance ∆p/p in the case of FRIBs, determined by the opening of the dipoles,

1The ISOL (Isotope Separation On-Line) technique [39, 40] consists in the production
of radioactive ions through the collision between a stable beam, generally protons or light
ions, accelerated by a primary accelerator, on a thick target, with the subsequent production
of a multitude of isotopes which remain blocked inside the target itself. Isotopes are then
extracted from the target through a chemical-physical processes and subsequently acceler-
ated by a secondary accelerator, to be sent to the experimental halls to obtain RIBs also with
energy in the order of MeV/u.
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FIGURE 2.1: Scheme of the standard layout for the FRIBs frag-
ment separator at LNS. The two 45° dipoles (D1, D2) are shown,
with triplets of quadrupoles (Q1−3, Q4−6, Q7−9) placed on the

beamline to focus the beam [44].

is of ≈ 1%. This implies that when producing a cocktail beam, many beam
components with approximately the same m/q ratio can be transmitted. On
one hand, while this can be a disadvantage due to the presence of impurities
other than the desired component, on the other hand, it can prove to be an
advantage since it would be possible to work simultaneously with different
radioactive beams, and so conducting more than one analysis with the same
cocktail beam.

2.2.1 Radioactive beams production with In-Flight technique

As said previously, the production of RIBs at the FRIBs@LNS facility is based
on the In-Flight fragmentation technique. According to this method, Ra-
dioactive Ion Beams are produced through the fragmentation of an accel-
erated heavy ion beam, after reacting with a thin target. The produced beam
(so called cocktail beam) is therefore composed of different species travelling
at approximately the same velocities as the ions of the primary beam, thus no
re-acceleration is necessary. In order to trigger fragmentation reactions, the
In-Flight technique involves the use of a primary beam with at least E > 30
MeV/u, impinging on a light target, generally made of beryllium or carbon.
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FIGURE 2.2: Map of the INFN-LNS. The positions of the frag-
ment separator FRIBs (with its two 45° dipoles shown in red

cycle) and the fragmentation target are shown.

At LNS, this is done by using the Superconducting Cyclotron K800, capable
of accelerating ions between 20 MeV/u for heavier isotopes like 238U38+ and
to 80 MeV/u for lighter ones, like protons or 4He. The highest magnetic field
that can be produced inside the accelerator is around 4.8 T, by two series
of superconductive bobbins Nb-Ti, kept at 4.2 K while immersed in a liquid
helium bath. Ions are generally produced by two ECR (Electron Cyclotron
Resonance) plasma sources SERSE and CAESAR, which produce positively
charged ions that are then injected inside the CS where they travel along a
spiral trajectory with ever-growing radius, till they are finally emitted [32].
A fundamental component for the production cocktail beam is the fragmen-
tation target, which is generally made of light ions, such as beryllium or
carbon. The choice of such a light material is due to the fact that the frag-
mentation products, produced in inverse kinematics, are forward-focused in
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a narrow cone, in order to reduce the amount of ions that are transmitted on
the inside walls of the beam line. Not only the choice of the material, but also
the thickness of the target influence the production of the cocktail beam. In
particular, for intermediate energies, the thickness can vary from even just
100 µm up to a few mm, depending on the wanted production. The target
in fact has to be thick enough to be able to produce a higher yield of the iso-
topes of interest, but thin enough to not stop the fragments produced or to
not slow them considerably. In the case of FRIBs, the fragmentation target
is a thin foil of beryllium, for which different thicknesses are available (250,
500, 1000, 1500 µm), mechanically inserted inside the beamline whenever a
radioactive beam has to be produced. Moreover, due to high beam currents,
the fragmentation target is also cooled, to avoid its damage due to heat.
Impinging ions are then fragmented and inserted inside the fragment separa-
tor, in which magnetic fields and mechanical devices are used to separate un-
wanted components from the cocktail beam of interest or to focus the beam
produced [45, 46]. Magnetic dipoles are essential for the transport of the
beam, being able to select and transmit only ions with p/q within a momen-
tum acceptance ∆p/p, given by the width of the aperture of the magnetic
dipoles. In general, a charged particle in motion with velocity v⃗ and charge
q in an electromagnetic field, experiences a Lorentz Force given by the equa-
tion:

F⃗L =
dp⃗
dt

= q
(

E⃗ + v⃗ × B⃗
)

; (2.1)

from which it is possible to obtain the trajectory of the ion. If the electric field
E = 0 and a homogeneous magnetic field is applied with B⃗ ⊥ v⃗, the ion
follows a circular path with radius ρ given by the equation:

Bρ =
p
q

; (2.2)

with Bρ defined as the magnetic rigidity. By setting the correct value of the
magnetic field for the dipoles, or, in terms of beam transmission, the correct
Bρ value, it is possible to select only the charged particles that equal this
value within the acceptance ∆p/p of the dipole. To obtain the best condi-
tions for the separation of ions, a required feature for the fragment separator
is the achromaticity. This is obtained when the spectrometer is made of two
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different branches, symmetrical to each other with respect to a central axis.
While the ions of the cocktail beam are separated, due to their different p/q
ratio, in the first half of the spectrometer, they are recomposed in the sec-
ond half, obtaining the most horizontal dispersion at the symmetry plane
and mirror image of the incoming beam. In this case, then, selecting a spe-
cific rigidity of the dipoles Bρ0, only the ionic species with rigidity inside
the interval of acceptance ∆p/p will pass through the fragment separator, re-
sulting in an automatic filtering of unwanted ions. Other magnetic elements
used in a fragment separator are magnetic quadrupoles or poles of higher
order, necessary to focus the beam, also symmetrically arranged as the mag-
netic dipoles between the branches of the fragment separator. However, this
method, depending on the radioactive beam to be produced, may sometimes
not be entirely sufficient, for which the use of degraders is also sometimes em-
ployed. Since different ions lose energy inside the same material differently
by their charge and mass, a material can be used to slow down the ions of
the cocktail beam and change their p/q ratio. Then, setting the rigidity of the
dipoles after the degrader accordingly, a better separation of the ion can be
obtained, improving the selection of desired species. This comes however at
the cost of a worse energy resolution of the desired beam, since at this point
straggling effects occur on the material of the degrader, which can be more
or less thick.

2.3 The tagging system

In the context of a fragment separator, the tagging system is a device neces-
sary to identify the ions of a cocktail beam produced by fragmentation tech-
nique. It has a double importance, whereas during the experimental phase
it is used as a diagnostic tool to identify the products in-flight and verify the
quality of the radioactive beam, while during the analysis it can be employed
to identify, event-by-event, the ion reacting with the target in the experimen-
tal hall, and so allowing the selection of a particular beam of the cocktail
produced. One of the methods employed in the context of the FRIBs facility
is the ∆E-ToF technique. This technique exploits the fact that different ionic
species, therefore ions with different mass A and charge Z, have different
Time of Flight (ToF) through the same beam line and energy losses through
the same material.
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FIGURE 2.3: Map of the CHIMERA beam line. The position of
the tagging system is shown: the MCP detector, gathering the
start of the ToF, and the DSSSD, 12.9 m apart, gathering both

the stop of the ToF and energy loss ∆E.

The tagging system of FRIBs, used for the CHIMERA beam line, is made of
a Micro Channel Plate (MCP) detector and a Double Sided Silicon Strips De-
tector (DSSSD), allowing the identification of the cocktail beam ions through
the ∆E-ToF technique. Fig. 2.3 shows the positions on the beam line of the
tagging system detectors.
The MCP detector (Fig. 2.4) produces the signal of the start of the time-of-
flight (ToF). It consists of a 700 µm thick micro-channel glass of 43 × 63 mm2,
mounted on a chevron configuration. A 2 µm aluminized mylar sheet coated
with a LiF film serves the function of electron source. The electrons, emitted
when the beam passes through the material, are driven by an electric field to
the upper part of the MCP glass. The electron drift region consists of a metal
box, which supports a grid biased at the same voltage of the upper surface of
the MCP, having a lateral opening to allow the passage of the beam. The bias
voltages are provided by a resistive divider, in particular to the emitting foil
(Vf ≈ −4200V), the grid (Vg ≈ −2300V) and rear side (Vr ≈ −300V). Fig.
2.4 shows the MCP detector, mounted on its custom support on an ISO-DN
flange, equipped with a mobile piston to extract it from the beam line if nec-
essary. Moreover, the MCP detector is also able to sustain a rate of up to 106

pps, without degrading its efficiency or resolution.
The Double Sided Silicon Strip Detector (DSSSD) is a silicon detector mounted
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FIGURE 2.4: Picture of the Micro Channel Plate detector
mounted on its dedicated ISO-flange. It is also equipped with a
piston system to extract the detector from the beamline. Photo-

graph from [34].

just 2 m before the reaction target in the CHIMERA hall, and approximately
12.9 m after the MCP detector. It provides both the stop of the ToF and the
energy loss ∆E of the ions of the cocktail beam. It is made of a monocrystal of
silicon, with two layers of electrodes, forming a grid of 32 × 32 strips on the
front and back sides, 2 mm wide, with a thickness of 156 µm. For the mea-
surement of the time-of-flight, signals are gathered by TDCs working with
a common stop mode for both the start of the MCP and stop of the DSSSD,
therefore working with an inverted logic by using the MCP signal to stop
the TDCs. The whole system shows a good ToF resolution of about 500 ps
FWHM.
For the identification of the ions of the cocktail beam a simulation of the
whole FRIBs facility from the fragmentation target to the experimental hall
and the tagging system has been developed by means of the LISE++ soft-
ware2 [47]. Fig. 2.5 shows a ∆E-ToF plot produced from a simulation of the
production of a cocktail beam by reproducing the experimental setup and

2LISE++ is a software designed for the simulation of the production of radioactive beams
produced and collected in fragment separators. Thanks to its many features, from calcu-
lations of cross sections, reaction kinematics, effects of energy loss and trajectories through
electromagnetic fields, it allows to simulate the full production of RIBs and can be used both
for the planning of an experiment and for the tuning or the calibrations of real devices.
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FIGURE 2.5: ∆E − ToF plot obtained by simulation on LISE++
software, reproducing the experimental settings of the FRIBs

facility. Several isotopes can be recognized.

the beam condition for the CLIR experiment. The simulation was then used
to calibrate the tagging system: this was done by performing linear calibra-
tions for both the ∆E and ToF, by plotting the corresponding values for the
centroids in energy loss and time-of-flight obtained from the simulations (in
MeV) as function of the experimental values (in channel). Fig. 2.6 shows
an example of a linear calibration obtained for the strip 15 of the DSSSD for
both ∆E (Left) and ToF (right). Moreover, in Fig. 2.6 (bottom) the relative
errors of each point from the intercept line are plotted. By performing a lin-
ear regression for each strip, in both energy loss and ToF, a calibration set of
parameters was obtained for each strip, allowing to obtain a general ∆E-ToF
plot, shown in Fig. 2.7. Several species can be identified, i.e. 6He, 7,8,9Li,
9,10,11,12Be, 12,13,14,15B and 16,17C.
The DSSSD can be also used to produce distribution plots for each ion of the
cocktail beam. This is done by developing cuts for each vertical front strip of
the detector and for each ion of the beam, allowing to produce distributions
of the ions per strip as the one shown in Fig. 2.8.
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FIGURE 2.6: Top: Linear calibration plot for ∆E (left) and ToF
(right) for the strip 15 of the DSSSD. Each point in the plot cor-
responds to the position in channel and in energy loss or time-
of-flight, obtained by simulation, for many ions of the cocktail
beam. Bottom: Relative error for each point of the plots shown
on top side, respectively for the energy loss (left) and time-of-

flight (right) of the strip 15 of the DSSSD.
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FIGURE 2.7: ∆E-ToF calibrated plot obtained for each strip of
the DSSSD.

FIGURE 2.8: Distribution of the ions of the cocktail beam, ob-
tained by using graphical cuts on the calibrated ∆E-ToF plot for

each strip of the DSSSD tagging detector.
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2.4 The CHIMERA multidetector

The CHIMERA (Charged Heavy-Ion Mass and Energy Resolving Array) ap-
paratus is a 4π multidetector installed at INFN-LNS [35]. Since the early
2000s, the aim of the detector has been the study of the physics behind heavy
ion collisions and reaction mechanisms, mainly at Fermi energies (from 15
MeV/u to 100 MeV/u). Since then, a great multitude of experiments have
been performed, investigating reaction dynamics and isospin degree of free-
dom in specific reactions such as neck fragmentation [48, 49], exotic cluster-
ing formation [20, 22], fusion and fission reactions [49, 50, 51], making it a
lively and profitable tool.
The CHIMERA multidetector is made of 1192 telescopic units, arranged in
a 4π geometry. Each unit consists of a silicon detector, about 300 µm thick
(about 200 µm for the most forward part), followed by a CsI(Tl) scintillator
crystal, with a thickness ranging from 3 cm at backward angles to 12 cm for
the most forward angles, coupled to a photodiode. The whole detector is
divided in two main parts:

• The forward part, made of 688 telescopes, covers the polar angles θ

around the beam axis from 1° to 30°, with full 2π azimuthal symmetry.
Detectors are grouped into 9 wheels, arranged in conical geometry, and
each one of them is placed on horizontal supports that allow their inde-
pendent movement. Each wheel is divided in 2 rings, inner and outer,
with different granularity depending on the polar angle. Telescopes
are placed at a large distance (350 to 100 cm) from the reaction target,
in order to have a good time-of-flight measurement base.

• The backward part is made by 504 telescopes, arranged as a sphere of
40 cm radius, divided in 17 different rings, covering angles from 30° to
176°, with a full 2π azimuthal coverage. The reaction target is placed at
the centre of the sphere.

2.4.1 Identification techniques with CHIMERA

The CHIMERA multidetector uses various techniques for the detection of
ions and particles, to measure their energy and velocity and to identify them
in charge and mass. Here, the various methods employed from its creation
up to now are summarized:
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FIGURE 2.9: Photo of the CHIMERA multidetector installed at
INFN-LNS. The 9 forward rings and the sphere are clearly visi-

ble [14].

• The ∆E-E technique. This uses the signals from the Si (energy loss,
∆E) and CsI(Tl) (residual energy) detectors, to build a matrix. This
technique allows the charge and mass identification of the fragments
punching through the silicon detector;

• The Pulse Shape Discrimination (PSD) in CsI(Tl) detectors. In the case
of the CsI(Tl), by plotting the fast and slow components of the light
produced in the scintillator, it is possible to identify in charge and mass
the ions stopped inside the detector, with Z ≤ 4, as well as γ-rays with
an efficiency up to 60%.

• The PSD in Si detectors. In this case, the rise time of the signal can
be used to gain information on the particles and ions stopped in the Si
detector, to perform identification in charge and mass.

• The Time-of-Flight (ToF) technique. This technique, exploiting the time
employed from the particle to travel from the target to the detector, pro-
vides the direct measurement of the velocity of all the reaction products
and also the mass identification of ions stopped inside the Si stage.

Fig. 2.10 summarizes the different techniques, showing a ∆E-E plot, for Si-
CsI telescopes (full matrix on top, in which it is evident the charge identifica-
tion, and a zoom, on the bottom, on the part of the same plot where the light
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FIGURE 2.10: Various detection techniques for the CHIMERA
4π multidetector. On the left, two ∆E-E plots are shown respec-
tively for Low and High-gain for the 124Sn + 64Ni (35 MeV/u)
reaction. On the right, PSD identification in CsI(Tl) scintilla-
tors, allowing to identify Light Charged Particles (LCP) up to
Be, and ∆E-ToF identification. On the bottom, PSD technique
applied on CHIMERA Si detectors. Figure adapted from [14].

reaction products lie, in which it is possible to observe good mass discrimi-
nation), a PSD Fast-Slow plot for CsI(Tl) detectors, an E-Rise time plot for the
PSD technique in Si detectors, and a ∆E-ToF plot.

The ∆E-E method

The ∆E-E technique is an identification technique that can be applied when
a particle loses energy in the first stage of the telescope (the silicon detec-
tor) and the releases the residual energy in the scintillator (the fast compo-
nent of the CsI(Tl) signal). In this way, since different ions have different
stopping powers inside the same detector, the partition of the total energy
E0 = ∆E + Eres becomes different, producing a characteristic matrix like the
one shown in Fig. 2.10 (top left), for the reaction 124Sn + 64Ni at 35 MeV/u.
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From the example it is possible to see charge ridges clearly separated, for
which a charge identification technique can be applied. The procedure is
based on the Bethe-Block formula, used to fit correlations between the en-
ergy loss on Si (∆E) with the remaining energy (Eres) as a function of Z and
A. In the case of light ions, the specific energy loss dE/dx of a charged par-
ticle of mass A and charge Z depends on the characteristics of the absorbing
material, such as density and atomic number. This can be written as:

dE
dx

=
Z2

f (E/A)
(2.3)

From this equation, through analytic reductions and approximations, such as
that A = 2Z, N. Le Neindre et al. [52] obtained a much exploitable formula
to work with, parametrized by a 7 parameters functional, expressed in the
form:

∆E =

[
(gE)µ+ν+1 +

(
λZα Aβ

)µ+ν+1
+ ξZ2Aµ (gE)ν

]1/(µ+ν+1)

− gE. (2.4)

where µ, ν, λ, α, β and ξ are free parameters related to the characteristics and
non-linear effects of the telescope detectors, while the g parameter accounts
gain ratios of the ∆E and E signals. Moreover, two other parameters have
to be included in the fit, to take into account the offset values upon the ∆E
energy loss on the Si detector and the fast value on the CsI(Tl) one, for a
total of 9 parameters. Some discrepancies can be expected at higher masses,
for which the assumption A = 2Z is no longer valid, and at low values of
Eres, for which the non-linear response of the CsI(Tl) becomes more evident.
Therefore, by performing a multiparameter fit simultaneously over different
ridges for many isotopes of defined Z and A, a set of 9 parameters is obtained
for the whole matrix, allowing to identify with good resolutions the masses
of the ions. This procedure is performed on each used telescope, allowing
us to perform event-by-event identification, to finally obtain the charge and
mass of the impinging ion.

The ∆E-ToF method

The ∆E-ToF technique allows to determine the velocity of the fragments,
while also serving as a method to identify in mass the ions stopped inside



2.4. The CHIMERA multidetector 41

FIGURE 2.11: ∆E-ToF plot for a CHIMERA silicon detector,
placed at about 210 cm from target and covering polar angles in
the range 8.5◦ − 10◦, for the reaction 124Xe + 64Ni. Ridges corre-
sponding to different isobars can be distinguished. On the right
panel, same as left one, graphical cuts are used to indicate par-
ticles of atomic mass number A = 7, 9, 11, 13, 15. Figure taken

from [53].

silicon detectors [53]. Signals produced in CHIMERA’s silicon detectors are
treated by wide-dynamic-range fast Charge Sensitive preamplifiers (PACs) of
15-20 ns rise time. After passing through preamplifiers, the signal is sent to 16
channels NIM amplifiers, divided in two sections, the first one is dedicated
to the energy output, while the second one is dedicated to the timing and
multiplicity signals. The timing signal is differentiated with two different
Constant Fraction Discriminator set at two different fractions, 30% and 80%:
the first one, also delayed by 30 ns with a typical resolution of 250 ps/ch,
is used as start signal in Time-to-Digital Converters (TDCs) to evaluate the
Time-of-Flight with respect to the stop signal given by the Radio-Frequency
of the CS, in reverse logic; the second one, delayed by 150 ns and with the
same resolution of 250 ps/ch, is evaluated with respect to the same Radio-
Frequency signal to evaluate the rise-time of the signal, which provides the
time when the signal reaches the 80% of its maximum. The difference be-
tween the output signals from the two CFD is proportional to the rise time.
Fig. 2.11 shows a ∆E and ToF correlation plot for CHIMERA silicon detector
for the reaction 124Xe + 64Ni at 35 MeV/u. From Fig. 2.11 two different cases
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can be examined: particles stopped inside the detector, on the left region of
the plot with t ≲ 660 − 680 ns, and particles punching through the silicon
detector and arriving on the following CsI(Tl) detector. In particular, for the
first case, since the full energy is given by the silicon detector signal, by using
non-relativistic kinematics, it can be said that:

E =
1
2

Mv2 =
1
2

Ml2

(t0 − t)2 ; (2.5)

where M is the mass of the impinging ion, l is the distance travelled by the
ion in cm, t is the time measured in ns, while t0 is a value taking into account
the time delay due to the length of the cables and front-end electronics pro-
cessing the RF signal, and including the RF signal phase. From this equation,
the mass identification of the particles can be obtained from the formula:

M =
2(t0 − t)2E

l2 ; (2.6)

and so proving that the different ridges in the left region of Fig. 2.11 corre-
spond to different masses. The calculation of t0, in particular for particles
stopped in the silicon detector, requires the application of a special proce-
dure, well described in Ref. [53].

Pulse Shape Discrimination

Pulse Shape Discrimination (PSD) is a technique usually applied to discrimi-
nate between signals of different nature, to recognize the source of the radia-
tion. In the context of the CHIMERA multidetector, this technique is applied
in CsI(Tl) detectors, using the so called fast-slow technique, and in Si detec-
tors, for particles stopped on the detector, through the Energy vs. rise-time
analysis of the signals.
In the first case of CsI(Tl) scintillators, the technique is used especially to
identify light charged particles, with Z ≲ 3 for particles punching through
silicon detector and so with an energy loss relatively small of less of 20 MeV.
CsI(Tl) scintillators produce light through different physical processes, de-
pending on the energy, charge and mass of the incident particle. These can
be generally categorized into two different components, called fast and slow.
In this way, light can be parametrized by a simple combination of the two
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FIGURE 2.12: Fast–Slow identification plot obtained for a
CsI(Tl) of the CHIMERA multidetector for the reaction 124Xe +
64Ni (35 MeV/u) at 34◦. The red dots indicate the events la-

belled as 8Be, or 2α. Figure taken from [54].

components, expressed as decreasing exponentials with different time con-
stants, in the form of:

L(t) = A1e−t/τ1 + A2e−t/τ2 (2.7)

with A1 and A2 the two amplitudes of the two fast and slow components,
and τ1 and τ2 the decay time constants of the two different components. The
combination of the two yields in these fast and slow components depends on
the energy, charge, and mass of the incident particle, and is at the base of this
technique. Typically, the two time constants have values of τ1 ∼ 0.4 − 0.7 µs
and τ2 ∼ 3.2 µs, and the light output produced, collected by a photodiode
and related electronic chain, keeps the information of them allowing to recon-
struct the charge and mass of the detected particle. The light output is then
sent to an amplifier, shaping the signal with a time constant of about 1-2 µs,
thus maintaining the fast component unchanged while cutting off the slow
component, influencing only the tail of the shape. In the case of CHIMERA
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FIGURE 2.13: Energy and rise time scatter plot of particles de-
tected in the reaction 78Kr + 40Ca (10 MeV/u). Different ridges
can be associated with particles of different Z. In the insets:
(bottom) zoom around the lithium region with red dots indicat-
ing the expected position of 8Be ions (2α particles); (top) same
as below without the red dots to better highlight the area. Fig-

ure taken from [54].

and FARCOS in the CLIR experiment, however, the signal produced is sent
to two QDCs, and the single gate method is applied: while on one QDC the
signal is stretched when it reaches the maximum value, on the other QDC it
remains unchanged so by applying a cut on the tail of the signal it is possible
to obtain the two components with a single gate.
Plotting one signal against the other allow to obtain an identification scatter
plot, as shown in Fig. 2.12 in which several ridges can be observed, each
one belonging to a different isotopic species. The same technique can also be
employed for the detection of γ-rays, as they generate electrons in CsI(Tl) de-
tectors that collide onto the ions of the scintillator lattice produce light, again
with two different fast and slow components. Since these electrons have a
very low relative stopping power compared to light ions, at the same energy
of light ions they have a lower fast component and a bigger slow one, pro-
ducing a ridge on a fast-slow plot just under the one of proton ridge.
PSD techniques can be applied also to Si detectors, to identify the ions that
are not energetic enough to pass through the detector and are stopped. For
these ions in particular it is known that their current pulses are dependent on
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the mass A and charge Z of the stopped particle. In this case, the charge iden-
tification is obtained by correlating the energy of the detected particle with
the rise-time of the produced signal. Similarly to the ToF case, the rise-time
of the signal is calculated from the difference between the times obtained
through two Constant Fraction Discriminator filters, respectively at 30% and
80%. Correlating the obtained rise-time with the energy of the ion, it is possi-
ble to obtain a scatter plot, like the one shown in Fig. 2.13, from which charge
identification has been achieved for ions from helium to oxygen.

2.5 The FARCOS array

Over the years, the CHIMERA 4π multidetector allowed to obtain a long se-
ries of excellent results, especially in the field of multi-fragmentation and the
study of the reaction dynamics at Fermi energies. This was achieved also
thanks to a series of upgrades, aimed to satisfy primarily the experimen-
tal and physics needs that have constantly evolved over the past 20 years.
One of these for example is the already mentioned upgrade for Pulse-Shape
Discrimination for Silicon detectors, which has made it possible to lower the
threshold for the simultaneous identification of mass and charge in light frag-
ments, extending the use of the detector from multi-fragmentation to fusion
reactions. In the context of the study of the reaction dynamics in heavy ion
collisions, the characterization of events with 2 or more particles acquires
particular importance, thus requiring both high angular and energetic reso-
lutions.
For this purpose, the new FARCOS array was designed and created within
the CHIMERA collaboration [14] and financed by INFN-CNS3, in a joint
project among INFN-Section of Catania, LNS, INFN-Section of Milan, Uni-
versities of Catania, Milan, and with the participation of international re-
searchers. The FARCOS (Femtoscope ARray for COrrelations and Spectro-
scopy) correlator [36, 37, 55, 56, 57] is a detector designed as a compact high-
resolution array for the measurement of particle-particle correlations, spec-
troscopic and femtoscopic studies, and applications connected. In its final
project, the FARCOS array consists of 20 units, or telescopes, arranged in a
compact configuration. A detailed description of the performances of the
FARCOS detector will be the object of an article in preparation. Each tele-
scope is made of three different stages:
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FIGURE 2.14: Expanded 3D model scheme of the FARCOS de-
tector. Figure taken from [14].

• The first two are Double-Sided Silicon Strip Detector (DSSSD) respec-
tively 300 µm and 1500 µm thick, constituted by 32 strips on the front
side and 32 strips on the backward side, respectively in the horizontal
and vertical directions, each one 2 mm wide, for a total detection area
of 64 × 64 mm2. The total geometrical dead area of the DSSSD, due
to the inter-strip regions, where silicon oxide is deposited (25 µm on
the junction front side and 40 µm on the ohmic back side), amounts to
about 3% of the total area [58]. This, with a width per strip of 2 mm, is
considered as a good compromise between granularity and efficiency
loss.

• The third stage is made of four CsI(Tl) scintillators, of trapezoidal shape,
32 × 32 mm2 front surface, 39.5 × 39.5 mm2 back surface, 60 mm length.
The CsI(Tl) crystals are wrapped with a 0.12 mm thick white reflector
and a 50 µm aluminized Mylar, while the front face of the crystal is cov-
ered with only a 2 µm aluminized Mylar foil. The light produced by
each crystal is readout by a photodiode (Hamamatsu model S-3204-08,
18 × 18 mm2). This stage in particular serves the function of a calorime-
ter, needed to totally stop high-energy particles.

A single FARCOS telescope then requires 132 different readout channels. For
this reason, a versatile multichannel CMOS frontend was developed, with a
selectable full-scale energy range from 100 MeV up to 2.2 GeV. Moreover, in
collaboration with Politecnico di Milano, compact pre-amplifiers have been
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designed, with high channel density, based on ASIC technology. An energy
resolution of about 20 keV FWHM can be achieved on both the DSSSD stages,
as obtained in previous measurements [36], with an angular resolution at
1 m from the reaction target of about 0.1°. Due to the granularity of both
front and back strips of the silicon stages, it is possible to measure with a
good resolution the couples or triplets of particles emitted at small angles
with small relative impulses. Thanks to the presence of the different stages,
many techniques can be applied for the analysis of the fragments detected
by the array, which will be described in the next sections. Moreover, thanks
to its rather small size, a FARCOS telescope can be also used as a standalone
detector or coupled with other detector systems, as in the present case of the
CHIMERA multidetector.
The FARCOS telescopes show excellent characteristics, ideal for the study
of particle-particle spectroscopy, in which high precision is required for an
accurate reconstruction of the event of the reaction.

FIGURE 2.15: Photo of the four FARCOS telescopes during their
assembly for the CLIR experiment. For the bottom left tele-
scope, the four CsI(Tl) scintillators are still visible, covered by a

mylar protection sheet.
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FIGURE 2.16: Photo of the final configuration for the four
FARCOS telescopes, mounted on a support covering small az-
imuthal angles. The CHIMERA forward rings are also visible.

2.5.1 Characterization of FARCOS DSSSDs

During the experimental phase, both the 300 µm and 1500 µm stages have
been used to gather data. However, while the 1500 µm DSSSDs were equip-
ped with the full electronics, allowing to gather data for both the front and
back side strips of the detector, the 300 µm stages were equipped only with
the electronics for the front sides. In the case of the analysis developed for
the CLIR experiment, the energy loss value of the ion inside the detector is
assumed by the DSSSD front side. The back side of the second stage DSSSD
had a double purpose:

• It is required for the tracking of the incident ion. Given a matrix of 32
× 32 strips front and back, a DSSSD can be thought as a grid of 1024
"virtual" pixels, for which both θ and ϕ angles are known, empirically
calculated before the experiment. By firing both a front and a back strip,
the correct polar coordinates with respect to the reaction target can be
obtained, required for the calculation of the momentum of the incident
ion.

• It can be used to reject background noise events. In principle, when
a particle passes through the detector, the same energy loss signal is



2.6. The electronic chain 49

gathered by both the front and back strips. In practice, this is not always
true, since the difference Edi f f between the energy loss E f on the front
strip and Eb on the back strip is not 0 and depends on many factors,
mainly by the electronics. In this way, by comparing the energy loss
values between a front and a back strip, it is possible to understand if
the event is a real event or a noise one.

The back side of the detector also helps in the characterization of the event
when multiple strips are fired in the same DSSSD. The assignment of the
correct front strip to the back and vice-versa is in fact a common problem
to DSSSDs. When multiple ions hit the same detector inside the same trigger
window, multiple signals are produced on both the front and back side strips,
thus preventing to understand in which "virtual pixels" the particles have
passed through and therefore not being able to correctly identify the θ and ϕ

polar angles. For this reason an algorithm has been developed to solve the
assignment problem of front strip events to back strip events. From the E2

di f f
difference between the energy values acquired by the front and back strips,
the algorithm chooses the best possible configuration of association of strips
that minimize that value, by comparing all the various possible front/back
pairing.
Moreover, having two different sets of strips in the same DSSSD is also help-
ful to reconstruct interstrip events, i.e. events in which the electronic cloud
of the incident ion fires two adjacent strips, partially depositing its energy on
both of them. Through geometrical considerations, in the case of the FAR-
COS array DSSSDs, such events are at least ≈ 3% for both front and back
sides, which can be recognized and reconstructed through the other recipro-
cal strips.

2.6 The electronic chain

In this section the electronic chain used during the CLIR experiment will be
described. It should be however worth underlying that the configuration
used in this setting was especially preliminary for the FARCOS configura-
tion, as it was changed during the years. More details on the current config-
uration of the electronics, especially for the FARCOS arrays will be given in
2.6.1. The electronic chain used for FARCOS during the CLIR experiment is
essentially the same of the CHIMERA detector, with some small differences
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FIGURE 2.17: Scheme of the electronic chain used for the FAR-
COS array to process signals produced by the silicon detectors

and CsI(Tl) scintillators. Figure taken from [53]

depending on the ring and on the type of detector, if a silicon one or a CsI(Tl).
Since FARCOS was the main detector analyzed for this analysis, whose pres-
ence in the CLIR experiment also represented a first test in a real experiment,
in this Section we will focus only on its electronics. A summary diagram of
the electronic chain is shown in Fig. 2.17.
From each strip of the silicon detector of FARCOS a single signal is extracted,
providing different information: the energy loss of the incident particle, the
time signal of the arrival of the particle, used as the start of the ToF. This
last information is just used for the best event selection. The electronic chain
starts from the detector, whether it is a silicon one or a CsI(Tl), which signals
are first processed by charge preamplifiers. These were made in collaboration
with INFN-Section of Milan, specifically for this test. The FARCOS pream-
plifiers had 16 channels, and were positioned inside the CHIMERA chamber,
under vacuum, at a short distance from the detector. The signal produced
by the silicon detector is then integrated by the preamplifier and outputs a
height signal independent on the capacitance, but proportional to the charge
produced on the detector. While the rise time is of the order of 50 ns, the fall
time is much slower, of the order of 200 µs. The output of these preamplifiers
is sent outside the CHIMERA chamber through flanges, directly connected
to the amplifiers. These consist of compact 16-channel NIM1568B modules
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manufactured by CAEN. These modules have three sections: one amplifier
and two Constant Fraction Discriminator set at two different fractions 30%
and 80%. In the CLIR experiment the information relative to the 80% fraction
signal is not present because of the missing of the TDC modules. The energy
signal, after it is shaped by the amplifier, is sent to Charge-to-Digital Con-
verters (QDCs), in order to be digitized and acquired. This is done however
only if the trigger of the event responds positively to the opening of the signal
acquisition gate. Moreover, two different output signals with different gain
values can be produced: a low gain (LG) and a high gain (HG) signals, the
latter one obtained by applying a factor ×8. On the other side, in the same
NIM1568B module, the same input signal is sent to the CFD. The 30% logical
output is sent to a Time to Digital Converters (TDCs). Another output, the
multiplicity signal, is sent to the trigger chain to a discriminator, which re-
jects or accepts the event depending on the conditions programmed for the
"OK EVENT". To the same discriminator the radiofrequency of the CS is also
sent, used to generate a gate for the QDCs of the silicon detectors, CsI(Tl)
detectors for the fast and slow components, and the stop signal to the TDCs
for the ToF. In the case of the TDCs, the start is given by the 30% CFD, while
the 80% signal is also provided for the PSD. In fact, if both the TDCs for the
30% and 80% fractions are provided, one could calculate for the given event
the rise time as Trise = T30% − T80%.
The electronic chain for CsI(Tl) is essentially very similar to the one used
for silicon detectors, although few changes need to be pointed out. Charge
preamplifiers are designed by INFN-Section of Milan and produced by MI-
CROTEL, while amplifiers are SILENA 16 channels NIM modules with 2 µs
shaping time. These have a double output for the processing of the two com-
ponents of the CsI(Tl) detectors, i.e. the fast and slow. Generally, the two
components, integrated from the same CsI amplified signal, can be obtained
by two gates, shifted to each other, integrating the peak and the tail of the
signal to calculate respectively the fast and slow components. The technique
used here however employs a common gate system for both components, re-
ducing the costs of the modules to be used. The amplifier output signal is
then split: one component remains unchanged, needed for the calculation of
the slow component, while the other is stretched when it reaches the maxi-
mum amplitude. Outputs are then sent to two different QDCs that process
the signal with a common gate enabled by the trigger chain, usually set for
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the silicon detectors. Therefore, if an "OK EVENT" signal is produced, a sin-
gle gate is produced for the integration of both components.

2.6.1 The new GET electronics

The electronics employed for the FARCOS array has undergone many changes
over the years after the CLIR experiment. The electronics used for the array
during the CLIR experiment were analog electronics, based on VME readout,
with initial preamplifiers built specifically for the experiment. On the other
side the electronic front-end of the CHIMERA CsI(Tl) detectors was becom-
ing obsolete within the last 10 years of successful runs, and so it was decided
to upgrade its electronics to a new system, capable of synchronizing with the
old VME readout still in use for CHIMERA Silicon detectors. This is based
on the new GET electronics. In this paragraph, the current FARCOS elec-
tronics will be briefly described, already in use for several years also for the
CHIMERA CsI(Tl) signals.

The GET (Generic Electronic for TPC) electronic is a generic, reconfigurable
electronics and compact data acquisition system, initially designed for gas-
filled detector applications in nuclear physics and Time Projection Cham-
bers (TPCs) [59]. It was initially developed to respond to the scientific com-
munity’s need for high-density front-end electronics, capable of managing
a large number of channels, even in the order of tens of thousands, capa-
ble of responding to external or internal triggers with low dead time and
high acquisition rates. Although in general the GET system of FARCOS and
CHIMERA responds to these canons, in our case the electronic chain has been
slightly modified to respond to certain needs, first of all, the synchronization
with the VME readout system, still in use for CHIMERA silicon detectors.
The integration of this electronics required the creation of new preamplifiers,
both for the DSSSD and for the CsI(Tl) of FARCOS, based on ASIC (Appli-
cation Specific Integrated Circuit) technology. These are integrated into a
single versatile board developed in collaboration with the Polytechnic of Mi-
lan, housing two ASICs with 16 channels plus a FPN channel (Fixed-Pattern
Noise, useful to determine the intrinsic noise level and baseline shapes in
order to improve the overall resolution), for a total of 32+2 read-out chan-
nels [60, 61]. Four of these motherboards are installed one for each side
plate, cooled through thermal pads, and connected to the output with a patch
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panel, carrying a total of 136 channels. In the case of CHIMERA, the signal
is then also sent to a Dual Gain module, designed by INFN-Catania, a multi-
channel digitally programmable gain amplifier. These modules produce two
copies of the input signal, with different programmable gain, allowing the
digitization of the input signal on two different scales. These are generally
required in order to overcome the problem of the limited dynamic range
of GET electronics, originating from the coupling between the VME read-
out and GET. The Dual Gain Boards are directly connected to AsAd boards
(ASIC plus ADC) hosting AGET chips, the very front-end of the GET system.
In the case of FARCOS, the Dual Gain modules are not needed, as the cus-
tom preamplifiers can interface directly with the AsAd boards. Each AsAd
consists of 4 AGET chips, the real core of the GET electronics, an FPGA and a
4-channel ADC. The AGET can process 64 independent channels plus 4 FPN,
each of them consisting of a preamplifier (with four different programmable
gain values), a filter, a discriminator, and can sample the frequency from 1
to 100 MHz. Each AsAd board can therefore process up to 256 different in-
put channels. A block of four AsAd is then read-out by a CoBo (Concen-
tration Board), thus processing data from up to 1024 channels. CoBos are
housed into a µTCA (MicroTCA) chassis, which can store up to 11 CoBos, for
a maximum of 11264 different channels. Up to 2 additional MicroTCA chas-
sis can be combined to achieve the maximum system size of 33792 different
channels. CoBos can both process the data coming from the AsAd boards
and send the multiplicity values to the trigger module, the MuTanT (Multi-
plicity Trigger and Time), to generate a master trigger decision. Moreover,
the data can be sent via Ethernet at 10 Gb/s through the MicroTCA back-
plane to computer farms for data analysis and storage. On the other side, the
external PCs can communicate via Ethernet with them to configure CoBos
and in turn configure AsAd boards communicating with them. The MuTanT
module, installed as well in the MicroTCA crate, handles the Global Mas-
ter Clock (GMC) and is able to synchronize all CoBos belonging to the same
crate at 100 MHz, managing also communications with the VME acquisition
for CHIMERA.





55

Chapter 3

Data analysis and experimental
results

Data analysis from the CLIR experiment showed promising results for 10Be
spectroscopy. The data analyzed using the FARCOS array allowed us to ob-
tain an excitation spectrum for the isotope examined, in which the energy
levels are in agreement with the ones theoretically predicted, and with other
case studies in literature. Furthermore, it is possible to compare this spec-
trum with the one obtained in a previous result achieved by the CHIMERA
collaboration [14] at LNS, in order to show differences and improvements in
the analysis, in particular especially with the results obtained for the spec-
troscopy of 10Be during the UNSTABLE experiment, previously discussed in
Sect. 1.5.1. In this Chapter, the techniques used for the calibration of the de-
tectors, for the identification of the fragments on the FARCOS detector will
be described and the main results of the analysis will be presented.

3.1 Calibration of FARCOS stages

As previously described in Sect. 2.1, CLIR was the first experiment involving
the FARCOS detectors, and therefore this study is important not only for the
physics case under study, but also for a full characterization of the FARCOS
performances. Telescopes were placed inside the CHIMERA chamber at a
small polar angle, covering 1.6◦ ≤ θ ≤ 8.2◦ polar range. As it will be under-
lined later on, it can be observed that, using a polyethylene CH2 target, at the
energies of the incident cocktail beam, most of the fragments are emitted at a
small angle. For example, as shown in Ref. [62], the 10Be break-up cross sec-
tion on hydrogen recoil target is focused forward, at small angles under 5.6◦,
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expecting most fragments in the range covered by the detectors. The analy-
sis for the reconstruction of the excitation energies of 10Be, however, is also
only possible by accurately measuring the energy of the participants in the
reaction, and more particularly of its decay products. The positioning of the
FARCOS telescopes at small angles, where most of the reaction products are
expected, was crucial, thanks above all to the pixelation of the DSSSD, which
improves the angular resolution and, as a consequence, the energy resolu-
tion of the collected events. As it was described previously, both FARCOS
DSSSDs and scintillators, with their electronic chains and QDCs, provide an
energy loss value in arbitrary units (channels), so an accurate calibration of
the stages is indispensable, and represents a crucial aspect for the success of
the analysis of the data. Furthermore, this experiment was actually the first
to use FARCOS detectors. Since then, during subsequent experiments, the
detector has evolved both in its structure and in its electronic chain, as better
explained in Sect. 2.6.1 with the GET electronics and the new preamplifiers
mounted on the body of the detector itself. For this reason, for the CLIR
analysis it was necessary to study and devise various techniques, especially
starting from calibration techniques, identification of the ions in charge and
mass, and most importantly data selection algorithms. However, the advan-
tage of the developed techniques lies in the fact that these, not depending on
the electronics used, can also be used in the future after being implemented
with the new electronics. In this section the various methods of calibration
of the three different stages of FARCOS will be described, starting from the
1500 µm stage DSSSD, and the following CsI(Tl).

Calibration of the FARCOS DSSSD stages

The energy lost by particles in the detector is provided by the QDCs, accord-
ing to the electronic chain described in Sect. 2.6. The Time of Flight ToF is the
time employed by the particle to travel from the target to the FARCOS detec-
tor. Calibrations for the DSSSDs stages of the FARCOS arrays was performed
with different methods for the 300 and 1500 µm stages. In this regard, it is
necessary to point out that the 300 µm stage was not provided with the elec-
tronics for the back side of the detector, so only data for the front side was
gathered. However, due to the high incident energies of the cocktail beam
ions, the 300 µm stages were actually only secondary for the complete infor-
mation on the incident energy of the fragments. In this way, the pixelisation
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of the event, i.e. the assignment of a specific front and back strip for the uni-
vocal calculation of the two angles θ and ϕ, is carried out starting from the
second DSSSD stage.
The 1500 µm stages of FARCOS were calibrated on both the front and back
sides, for which each strip was calibrated singularly. Through the simulation
software LISE++ [63], the energy loss on the tagging detector allowed us to
calculate the incident energy on the CHIMERA reaction target for each ion
of the cocktail beam. Therefore, a calculation of the elastic scattering of the
beam components was performed, obtaining the incident energy of each iso-
tope for every "virtual" pixel of the 1024 total for the second stage, given from
the intersection of the 32× 32 front and back strips. The elastic scattering was
calculated on the carbon ions of the polyethylene CH2 target, assuming the
scattering in the middle of it. In this way, it was possible to calculate the
energy loss on the 1500 µm stage for each component of the cocktail beam
and also considering the correct angle of the assigned pixel. Moreover, since
in this phase of the calibration the 300 µm stage was not yet calibrated, a
simulation of the energy loss on the first DSSSD was also taken into account.
Calculations of the energy loss on the 300 µm stage and on the reaction target
were performed thanks to the KaliVeda framework for heavy ion collisions,
developed at IN2P3 and based on ROOT [64].
Thus the calibration of this second stage of the detector was performed by
comparing the values calculated with the LISE++ software as previously ex-
plained. The experimental values of the energy loss of the elastically scat-
tered beam were obtained by ∆E-E plots produced from the data gathered by
the 1500 µm stage and by the following CsI(Tl) scintillator, as shown in Fig.
3.1. To produce these distribution plots, a selection was performed collecting
events for every front and back strip in coincidence, therefore producing, for
each telescope, a total of 1024 ∆E-E matrices.
As it can be observed in Fig. 3.1, at the end of each ridge, a pronounced distri-
bution is present, accurately locating on the graph the position of the energy
loss of each elastic beam. To recognize the ion ridges belonging to the cocktail
beam component, several cuts on the tagging system plot were applied. In
this way a further selection can be provided, producing ∆E-E matrices pop-
ulated only by the ion selected and by its reaction products. An example can
be seen from Fig. 3.2, obtained applying on the tagging matrix a cut for the
10Be distribution. As one can see, the selection allows to identify each ridge
of the complete ∆E-E matrix, ending with the distribution for the energy loss
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FIGURE 3.1: ∆E-E plot relative to a single strip of the 1500 µm
stage of a FARCOS detector, with the following CsI(Tl) stage.
In the plot, not calibrated yet, the positions of the energy loss

distribution of the elastic scattering beams are shown.

of the elastic scattering beam. The selection of the cocktail beam ion on the
tagging matrix by means of graphic cuts also made it possible to highlight,
for example in the case of the 10Be, the presence of other fragments, mainly
coming from the cluster break-up, namely 4He and 6He.
The same process is therefore repeated until every cocktail beam ion has been
recognized. Then, for each pixel of the same strip, the energy loss ∆E (in
channels) of each ion is associated with the corresponding value calculated
with the LISE++ software for that ion at the corresponding scattering angle,
and plotted on the same calibration graph. Fig. 3.3 shows an example of
calibration for a single strip of a telescope, done through a linear fit of type
∆E(MeV) = Gain ∗ ∆E(Ch) + Offset (MeV). Fig. 3.4 shows instead the rela-
tive error of each point plotted on Fig. 3.3 from the calibration line obtained,
showing then a maximum discrepancy of less than ≈ 2%, underlining then
the good likelihood of the fit.
This method of calibration allowed to calibrate about 50-60% of the total
amount of front strips of the four FARCOS telescopes. This is due to the fact
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FIGURE 3.2: ∆E-E plot obtained from the previous plot of Fig.
3.1, applying a cut on the tagging matrix (Fig. 2.7) for the selec-
tion of the 10Be beam. Moreover, traces of the clustering break-

up products can be seen (6He and 4He).

that, by increasing the distance of the considered strip from the beam axis,
the intensity of the elastic scattering distribution on the ∆E-E plot decreases,
until it becomes so faint to be recognized with good accuracy, preventing to
perform a good fit.
The back sides of the second DSSSD stage was also calibrated, however us-
ing a different method. This was performed by employing the calibration
parameters obtained for the previous front side strips. The technique used in
this case uses the main feature of double sided silicon strip detectors: when
an ion passes through the DSSSD detector and the event does not affect dif-
ferent strips on the same side (i.e. no induction or interstrip events), the
strips record a signal linearly proportional to the energy of the impinging
ion, both on the front and on the back strips, which read the same energy
value. Therefore, by selecting the events in which the particle passes from a
front strip calibrated in energy for each single back strip, it is possible to ob-
tain a linear graph that correlates the calibrations of the fronts for each back
strip. As an example, Fig. 3.5 shows the calibration performed in this way
for a back strip, highlighting the linear trend of the calibration between the
front and back strips, that can therefore be calibrated.
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FIGURE 3.3: Calibration line of a single strip of a 1500 µm stage
of a FARCOS detector.

FIGURE 3.4: Relative error obtained for a calibration line of a
strip of a 1500 µm stage of a FARCOS detector. Errors are re-
ferred to the points plotted on the calibration of Fig. 3.3, from

the fitted calibration line.
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FIGURE 3.5: Calibration plot of a back strip of the 1500 µm
stage of FARCOS, obtained plotting the value in channels vs
the calibrated energy recorded by a one of the corresponding

front strips.

FIGURE 3.6: Calibration plot of a front strip of 1500 µm stage
obtained correlating the signals gathered on the strip with the
ones obtained for the calibrated back side strips of the detector.

This technique was also applied to the remaining front side strip not-yet cal-
ibrated, since, to obtain a linear trend capable of being easily fitted, many
fewer calibration points are needed.
Fig. 3.6 shows an example in which one of the strips furthest from the beam
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has been calibrated by the signal from the back strips. This method there-
fore allowed to calibrate the entirety of strips of all the FARCOS detectors, of
course rejecting the ones that did not work during the data gathering, due to
defects of the detector or electronics issues.

Calibration of the FARCOS CsI(Tl) detectors

CsI(Tl) scintillators have always been recognized to be a powerful material
for the study of heavy ions, thanks to their relatively high performances and
availability. This however is achieved at the cost of an evident difficulty in
its unambiguous characterization, due to the non-linearity of the crystal re-
sponse to highly ionizing charged particles. In literature in fact, since the
early 90s, the non-linear behaviour of the response of CsI(Tl) scintillators to
heavy ions has been known. One of the first pioneering studies about the de-
pendence of the light output of a CsI(Tl) scintillator on the charge Z, mass A
and energy E of an impinging ion comes from the work of Horn D. et al. [65].
It was in fact already known that the material suffers not only from "quench-
ing" effects, in which the response of the detector has a reduction of the light
yield with regard to the linear behaviour, but also that for a given energy, the
light response depends on the type of particle. To obtain a first approxima-
tion of its behaviour, the Birks formula for the differential light output can be
used, in the form of:

dL
dx

=
S(dE/dx)

1 + [kB(dE/dx)]
(3.1)

where S is the scintillation efficiency and kB the quenching factor. Using the
approximation for which the energy of the incident ion is greater than a few
MeV/u, so that it is possible to approximate dE/dx ≃ cAZ2/E, the equation
3.1 can be analytically integrated to obtain the Horn formula for the value of
the light output L [65]:

L = a0 + a1

{
E − a2AZ2 ln

∣∣∣∣E + a2AZ2

a2AZ2

∣∣∣∣} (3.2)

with A, Z and E respectively the mass, charge and energy of the impinging
ion, and constants relative to the considered material a0, a baseline offset,
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a1 = gS, with g the gain factor of the electronics, and a2 = ckB. This be-
haviour is non-linear and at the same incident energy, for different ions with
different A and Z values, the scintillator produces different light outputs in
channels, recorded by a photomultiplier and associated electronics.
Even though the Horn’s model works as a first approximation to characterize
the light output of incident ions in a CsI(Tl) scintillator, it fails to take into ac-
count the lattice effects of its crystal structure. In fact, the quenching effect is
actually connected to electron-hole recombination effects, the impinged ion
slows down and captures electrons, creating holes and leading to UV intrin-
sic transitions of the crystal. This effect also leads to the production of δ-rays,
secondary electrons with enough energy to produce secondary ionization ef-
fects, varying the contribution of produced light. It has been in fact demon-
strated by Parlog M. et al. [66, 67] that this effect is quite important in the
production of the light output, especially for heavier ions. On the other side,
electrons and γ rays behave linearly with their energy. In this case, the "Re-
combination and Nuclear Quenching Model" (RNQM) was developed and
described by [66, 67], in the experimental case of the INDRA array [68].
For this model, to describe the light output of a CsI(Tl) one has to consider
that:

• As in the case of the Horn formula described before, the electronic stop-
ping power is given by the usual Bethe-Block approximation:

dE
dx e

(E) ≈ cAZ2

E
; (3.3)

• The passage of the particle produces defects inside the crystal, which
contribute to the production of recombination effects, with light output
different from the typical 550 nm yellow light. In a first approximation
such concentration is given by Nn(E) ∝ AZ2/E;

• The nuclear stopping power can be approximated by

dE
dx n

(E) ≈ a2AZ2

E
(3.4)

with a2 a constant obtained by many contributions that can be regarded
as constant in the used approximation.

• the fractional energy carried by the δ-rays, or knock-on electrons, in the
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non-relativistic approximation outside a column of radius rc ≈ 260 nm.
In the approximation used this value is considered as a step function
with value 0 if E/a ≤ a3 and a4 if E/A > a3, with a3 the energy per
nucleon threshold for the δ-ray production and a4 a fit parameter.

By using these approximations, the light output can be analytically found as
[67]:

L = a0 + a1

{
E − a2AZ2 ln

∣∣∣∣E + a2AZ2

a2AZ2

∣∣∣∣+ a4a2AZ2 ln
∣∣∣∣ E + a2AZ2

a3A + a2AZ2

∣∣∣∣}
(3.5)

Formally, Eq. 3.5 contains 5 fit parameters, where the first three are consistent
with the ones provided by Horn, in the previous Eq. 3.2. The new multiplica-
tive term instead takes into account the effects of electron-hole recombination
and the production of light due to δ-rays. In fact, the parameters a3 and a4 are
related to δ-ray production, and respectively represent the average energy Eδ

and the fractional energy loss transferred to a δ-ray, both fit parameters for a
friendly analytical expression of L.
Calibrations for the CsI(Tl) detectors of the third stages of FARCOS were per-
formed with both approaches described previously. The experimental values
of the light output of the CsI(Tl) were obtained by the fast signal of the de-
tector (in channels), while the energy (MeV) value of the stopped ion was
obtained through the calibration of the 1500 µm stage. A ∆E-E plot for each
CsI(Tl) scintillator was produced, using the calibrated ∆E data for the front
strips previously obtained, and selecting events with only 1 hit on both the
DSSSD and CsI detectors. Then, by identifying the ions, several points on the
∆E-E plot ridges were collected for each ion, and by using the energy loss on
the 1500 µm stage, the residual energy was evaluated.
Fig. 3.7 shows a fit performed by using Eq. 3.2, while Fig. 3.8 shows one ob-

tained with the RNQM model. The errors on the plotted points are obtained
from ±1% relative error of the light output values obtained experimentally,
while those on the residual energy E are obtained from the calculation of the
energy loss from the uncertainty on the points on the graph ∆E-E. Between
both methods, the one that shows a better likelihood with respect to the ex-
perimental data seems to be the RNQM, which was then used forward in the
analysis.
Moreover, as one can see, the function 3.5 however is an expression of A,Z
and incident energy E of the ion, allowing to retrieve the light output L.
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FIGURE 3.7: Calibration of a CsI(Tl) of the FARCOS detector,
using the Horn model described by Eq. 3.2.

FIGURE 3.8: Calibration of a CsI(Tl) of the FARCOS detector,
using the RNQM formula described in Eq. 3.5.

Therefore, to get the residual energy Er from experimental value, this has
to be inverted. To this aim an inversion algorithm, based on the bisection
method, was implemented, allowing to convert the experimental data in
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channels to MeV.

3.2 Identifications through ∆E-E method

The identifications in charge and mass of the ions detected by FARCOS are
based on the technique previously described for CHIMERA in Sect. 2.4.1.
This is based on the parametrization of Le Niendre et al. [52] of Eq. 2.4. Some
modifications, however, with respect to the method developed for CHIME-
RA, have been made, to make it usable also for FARCOS and radioactive
beams. In the case of FARCOS, the technique is applied on the ∆E-E plots
between the second 1500 µm stage and the CsI(Tl), although theoretically
it could be applied even for ∆E300-∆E1500. It is important to underline that
the method applied is absolutely empirical and it does not depend on the
calibration of the two stages, thus the technique is also applicable using non-
calibrated data. To do this, dispersion plots are produced for each front strip
of the DSSSD, and for each coincident scintillator. Given that each front strip
corresponds to two CsI(Tl), 64 different matrices are produced for each FAR-
COS telescope. The ion identification procedure starts first of all with the at-
tribution of its charge. In fact, through graphical recognition, the first charge
and mass values are assigned, allowing to fit various curves for Eq. 2.4 for
each isotope. After fit parameters are returned, the charge of the ions can be
initially verified from a charge distribution plot, as the one shown in Fig. 3.9.
After the charge has been correctly attributed, the mass is therefore found by
using the same fit parameters previously obtained, attributing to the particle
a float value of the mass. This mass identification procedure starts with a first
guess value based on different methods, depending on the specific case of the
primary beam and the population of ∆E-E matrices, and following the same
optimization algorithm. While for low charge (Z ≤ 4) the mass is given by
constant values, for Z > 4 the first guess is based on the formulas:

• mass is simply defined as A = 2Z;

• the Charity formula, given charge Z > 4, the mass is returned by the
Charity formula [69]:

A = (2.072 Z + 2.32 Z2 × 10−3) + 1; (3.6)
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FIGURE 3.9: Typical charge distribution obtained from the
identification algorithm of a ∆E-E matrix.

• Mass is calculated following the EPAX2 systematic. EPAX is an empir-
ical parametrization based on the fragmentation cross section, so that
given a projectile and a target the algorithm finds the possible quanti-
ties for the masses produced, based on cross section calculations [70].

Although these methods have been successfully used in the past for CHI-
MERA with the use of stable beams, with neutron-rich radioactive beams,
because of the neutron enrichment, they are not able to reproduce the mass
correctly, and therefore cannot be used. Many tests were therefore carried out
so it was decided to use the simple empirical formula A = 2.67 Z, because in
the fitting procedure it almost precisely reproduces the expected mass of the
elastic isotopes (16 for the carbon, 10 for beryllium). Using this simple yet
effective formula, a float value of the mass is then fitted allowing to obtain for
a given ∆E-E matrix a distribution plot as the one shown in Fig. 3.10.
The method thus applied therefore provides identification parameters based
on the Eq. 2.4 formula. It is therefore possible to apply the same procedure
event-by-event, allowing to obtain the correct charge and mass values inde-
pendently of the detector and data calibration.
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FIGURE 3.10: Mass identification plot obtained for the main
charges of the ions detected by FARCOS in ∆E-E matrices. We
note how the main fragments, for Z = 2, Z = 3 and Z = 4 are

correctly identified.

3.2.1 Simulations and calibrations for the 300 µm stages of

FARCOS

The calibration of the 300 µm stage of FARCOS proved to be a more complex
task than expected. The first attempt was obtained by trying to calibrate its
front strips (the only ones used for the CLIR experiment, since the electron-
ics for the backs were not provided) using the method previously explained
for the FARCOS 1500 µm: linearly fitting the values of energy loss of the
elastically scattered beams with the experimental points obtained from plots
∆E300-∆E1500. This, however, was not possible because, unlike the 1500 µm,
at the energies of the different ions in the beam of around 40-50 MeV/u, the
energy losses on the first stage are very similar to each other, preventing cor-
rect calibration through this method (Fig. 3.11)1. Another possible technique
for strip calibration resulted in the application of the punching-through tech-
nique. Since the 300 and 1500 µm stages are still quite thin, it is normally
likely that some particles may stop and remain trapped inside the second

1This behaviour can be observed for example from Fig. 3.11, which, for the sake of clarity,
was calibrated in MeV, on the vertical axis through simulation, as it is going to be described.
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FIGURE 3.11: Calibrated ∆E300-∆E1500 matrix obtained by plot-
ting calibrated data from front side strips of the 300 µm and
1500 µm stages. Several ridges for several isotopes can be ob-
served. The reversal of concavity with the punching through

position can be approximately observed.

stage, while others, more energetic, manage to pass through it, finally arriv-
ing on the CsI(Tl) scintillators.
It is possible to observe these two trends starting from a ∆E300-∆E1500 distri-
bution plot as in Fig. 3.11: the particles stopped inside the second DSSSD
produce higher energy loss signals, originating a positive concavity distribu-
tion; on the contrary, the more energetic ions release less energy in the 300
µm thick detector, producing a negative concavity distribution. For the same
ion, two ridges are therefore formed, joining in a cusp singularity so-called
"punching-through", whose energy can be easily calculated by considering
a thickness of 300 µm of silicon and an ion with mass A and charge Z and
applying the Bethe energy loss formula [71]. By obtaining these values for
various ions it is theoretically possible to produce a linear fit and calibrate
these strips for 300 µm. However, this method could not be efficaciously ap-
plied for this case, as most of the fragments produced were in transmission
and due to a low quantity of ions stopped within the 1500 µm, making the
retrieving of the position of the punching-through position uncertain.
For this reason, a new method was created, based on the simulation of energy
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FIGURE 3.12: Calibration plot obtained for a 300 µm front strip,
through calculation of the energy loss on the stage from the to-

tal outgoing energy of the identified ion.

loss in the material. The signal produced by silicon detectors, such as those
of FARCOS as previously stated, behaves in a linear way with the energy of
the incident ion. Since the CHIMERA chamber is under vacuum, an ion, af-
ter reacting with the target, loses negligible energy in it, while subsequently
reaching the FARCOS stages. Here ideally an ion loses energy successively
in the 300 µm, 1500 µm and CsI(Tl), where it stops.
The procedure begins by selecting events in which energy was released suc-
cessfully in all three stages of FARCOS, and in which the energy of 1500 was
calibrated and the ion was correctly identified via the ∆E-E matrix. Through
the energy values obtained, it is possible to calculate the incident energy on
the 1500 µm stage. This is actually the energy of the ion coming out of the
300 µm after losing energy in it. Through energy loss software, it is there-
fore possible to calculate the energy loss on the 300 µm stage. A dispersion
plot is then created event-by-event, in which the energy loss (in channels) is
correlated to the energy loss obtained through calculations. Fig. 3.12 shows
an example of a single strip, from which it was possible to obtain the linear
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parameters for the calibration.

3.3 Data clean-up and event selection

An important part of the FARCOS data analysis for the CLIR experiment in-
volved the implementation of data selection algorithms. One of the main
purposes of the FARCOS DSSSDs is in fact to associate, for each event, the
correct front strip with the back one, giving the possibility of assigning a
unique pair of polar and azimuthal angles θ and ϕ. However, the very pres-
ence of different strips may cause various issues that need to be overcome.
Given a single FARCOS telescope, it is possible that the same DSSSD, on ei-
ther its front or back sides, could record an event with multiplicity M > 1,
characterized by the hitting of two or more different strips during the same
time window. This case is not uncommon per se, since the telescopes are po-
sitioned in the forward direction, where the reaction is more kinematically
focused, and it is possible that they record decay products from the same re-
action, arriving at a small angle and on the same detector. This could prove
to be a serious issue, as at this point the front-back assignment process of an
event with multiplicity M ≥ 2 for the single telescope is no longer a trivial
task.
First of all, the data is filtered with a cut on the Time of Flight of the FAR-
COS strips. Although the ToF has not been calibrated, from its spectrum it
is still possible to observe a population of a region indicating coherent events.
Therefore a large window of about 500 channels (equivalent to about 120 ns,
given a standard 250 ps value for channel) is selected, allowing to obtain
a safe selection of all correct events and rejecting non-correlated events or
events for which the start of the ToF has not been recorded. Only after this
first selection, a procedure to assign the correct front to back strip is carried
out, for each telescope taken individually. In this case, a complex assignment
algorithm has been designed, based on the energy loss of the ion on the sin-
gle strip. Before describing the algorithm it is necessary to underline that the
value of the energy loss by the incident ion inside a DSSSD is the same in
both the front and back strip it goes through, within a certain error which
can vary depending on the strips and the their resolution.
For the sake of the explanation, let us consider a single FARCOS DSSSD, in
which two strips are hit on both the front and back sides. It is also assumed
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that the two strips fired for the same sides are not adjacent or consecutive,
since this case will be later treated in detail. The calibrated energy of the
fronts will then be written as ∆E f

i , with i the index of the front strip, while
for the backs it will be ∆Eb

j , with j the index of the back strip. A matrix is then
created whose terms are calculated as the differences between the energy loss
on front and backs squared to the power of two:

Mij = (∆E f
i − ∆Eb

j )
2 (3.7)

Therefore, in this precise case in which there are only two strips hit on the
front and back sides, a 2 × 2 matrix is created. After that, all the sums of the
terms of the matrix, considering only one repetition of the indices i and j, are
calculated and stored. Since the energy loss on a front strip must be the same
as the one on the back (or in a real case very close to each other, assuming
a small difference, due to the finite energy resolution of the strips) the terms
of the matrix Mij would therefore be smaller only in the case of the correct
front-back association. At this point, the choice is made unique by adding
the different matrix elements Mij, without pedix repetition, and choosing the
combination of differences (i.e. front-back strip indices) that minimize the
sum. The result of the algorithm is therefore a single combination of associ-
ations between front and back strips, for which, based on the energy loss on
them, the ion should have passed, completing the pixellation process.
This however is as simple a case as possible, but the algorithm has also been
extended to more complex cases. It is possible that the number of strips hit
is not the same between the two sides of the detector, i.e. the multiplicity of
one side is different from the one of the other. In these cases, the origin of
the issue could be due to different factors. If a signal originated from a strip
not adjacent to the others, it is possible that, during the opening of the QDCs
gate, a random low energy noise event, but still energetic enough to exceed
the set threshold level, was also recorded. Such events are typical for exam-
ple of the most external strips, which, due to the non-uniformity of the field
at the edge of the DSSSD detector, can be subject to electromagnetic noise.
If, however, the strips fired on one side of the detector are adjacent, it is possi-
ble that an interstrip event or an electromagnetic induction has happened. In
the case of an interstrip, the incident ion impacted the detector close between
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two adjacent strips, causing a signal on both strips, whose sum is theoret-
ically equal to the total energy lost by the ion inside the detector. In this
case, it is still possible to apply the method described previously, creating an
event given by the sum of the energies of the two adjacent strips, and hav-
ing a fictitious strip index. The case of inductions, however, is more complex
and delicate, as it is originated by the electronic cloud of the ion, creating a
delayed electronic signal in a side strip. These events can be reconstructed
simply by applying the previous algorithm, but including also a cut on the
time difference between the two adjacent events, which should not exceed
20-30 ns.

3.4 Preliminary results on 10Be excitation spectrum

In this section some results of the analysis of 10Be will be described. The work
is still preliminary since, as will be underlined, optimization work will still be
needed. In the case of 10Be, the excitation energy spectrum for the 4He + 6He
cluster break-up channel was reconstructed, using correlation techniques be-
tween the two resulting fragments detected by the FARCOS array. First, a
selection of the 10Be beam was carried out on the tagging matrix, through a
graphic cut, selecting a priori only the events originating from this isotope.
This can be convenient since it allows us to obtain usable data, attributable
only to the fragmentation of the isotope considered, correctly selecting the
reaction channel. Subsequently, the events of multiplicity M = 2 were se-
lected, in which the identification recognized a 4He and 6He pair. Therefore,
through the invariant mass method, the excitation energy of the ion was ob-
tained, by adding to the relative energy of the two clusters emitted from the
considered channel, the energy threshold for the decay channel under study
−Qgg = 7.409 MeV. Fig. 3.13 shows the spectrum obtained: although the
statistics are low, it is possible to observe the presence of some structures in
agreement with data found in literature [6, 17, 23]. The presence of some par-
ticularly interesting peaks is shown: the peaks at 9.5 MeV and 11.8 are fairly
clear, while the 7.5 (2+) MeV, 10.15 (4+) MeV and 13.5 (6+) MeV, belonging
to the 10Be molecular rotational band [21, 23], also seem to be present. In
particular, the peak at 13.5 MeV could represent a further confirmation of the
peak previously identified by Dell’Aquila et al. at LNS [21].
The next step will mainly concern the validation of the data obtained, in
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FIGURE 3.13: 10Be excitation spectrum obtained through the
invariant mass technique, reconstructed for the 4He + 6He de-
cay channel. Positions of various peaks known in literature are

marked. In the brackets the Jπ spin parity is shown.

particular evaluating the background of the excitation spectrum and the de-
tection efficiency of the FARCOS array. The background will be evaluated
considering the contribution due to pairs of uncorrelated 4He and 6He frag-
ments, through a procedure commonly referred to as event-mixing. This is
obtained by selecting pairs of particles from different events induced by all
the isotopes of the radioactive beam, and therefore not just 10Be. It is also
important to underline that, in general, the reaction mechanisms of 10Be that
lead to the decay channel studied, can be different if the projectile reacts with
hydrogen or carbon atoms of the target. For this reason, it is interesting to
study the detection efficiencies of the FARCOS array. These will be calcu-
lated through Monte Carlo simulations, depending on the target nucleus hit,
of the detector with particular attention to its angular coverage. For the two
cases, we expect two different efficiency curves, since the limiting angle for
10Be at excitation energies Ex = 10 MeV is around 5.2◦, while in the case of
the carbon target, there is no limiting angle. Moreover, the angular distribu-
tion of the emitted 10Be projectile can be calculated, as it can be also seen in
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literature, using the formula:

dσ

dΩcm
∝ e−

θcm
λ ; (3.8)

with λ the fall of factor of the order of 12-16 degrees [62], concluding that the
emission of break-up fragments is forward focused. This therefore suggests
that the angular coverage of the FARCOS telescopes analyzed leads to a bet-
ter detection efficiency in the case of hydrogen targets, rather than carbon,
right around the beam axis.
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Conclusions

This thesis discusses the results obtained for the analysis carried out on the
CLIR experiment conducted at the LNS of INFN in Catania, with the aim of
studying cluster phenomena in light neutron-rich ions by means of the new
FARCOS detector.
The CLIR experiment involved the production of a radioactive beam by the
FRIBs@LNS facility, using the In-Flight technique. A primary 18O beam, ac-
celerated to 55 MeV/u by the Superconducting Cyclotron, was then frag-
mented onto a 1500 µm thick 9Be target, producing a cocktail beam con-
taining several ions of interest. Among the radioactive species produced in
the cocktail beam there were 10Be, 13B and 16C isotopic species, of significant
interest due to the presence of possible cluster states. In particular, among
these, promising results were obtained on 10Be spectroscopy, also in agree-
ment with what had already been found in previous experiments at the LNS.
The radioactive beam was identified by means of the ∆E-ToF technique, us-
ing two detectors placed on the beam line, before arriving at the experimen-
tal hall: an MCP detector, recording the start of the ToF and a DSSSD 156
µm thick, gathering the stop of the ToF and the energy loss ∆E. The exper-
iment was conducted using four detectors of the FARCOS array coupled to
the CHIMERA 4π multidetector. Particular importance was covered by the
FARCOS detectors: in order to increase the angular resolution in the region of
interest, the telescopes were positioned between the rings and the CHIMERA
sphere, at a small angle around the beam axis, between 1.6◦ and 8.2◦ polar
angles, where the majority of reaction fragments was emitted. Since it was
during this experiment that FARCOS was used for the first time for a real
work, coupled to the CHIMERA detector, it was necessary to develop differ-
ent techniques for processing the experimental data, also due to the presence
of a preliminary and subsequently improved electronics. The analysis car-
ried out on FARCOS involved the calibration of its three different stages, for
each of which it was carried out using different methods. In particular, the
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DSSSDs of the second stage of 1500 µm were calibrated by correlating the en-
ergy loss of the fragments of the cocktail beam undergoing elastic scattering
with the reaction target, with the value obtained through simulation. Fur-
thermore, for the CsI(Tl) scintillators a multi-fit calibration was carried out
to obtain the residual energy of the ions, following Horn’s empirical formula
and the RNQM method, discussed in Chapter 3. Ion identification was per-
formed via the ∆E-E method, using data collected from the 1500 µm and the
corresponding CsI(Tl) scintillator. The identification obtained is excellent, es-
pecially for light fragments clearly recognized by ∆E-E matrices, which are
the ions of major interest for the study of fragmentation reactions of cluster
states.
The excitation spectrum of 10Be was therefore studied for the decay channel
4He + 6He, reconstructed using the invariant mass method. After having se-
lected, through graphic cuts on ∆E-ToF matrices, exclusively the 10Be beam
from the cocktail beam, the 4He + 6He event pairs incidents on FARCOS de-
tectors were selected. Starting from the energy loss on the different stages
of FARCOS and from the position of the particle on the telescope, the inci-
dent energy and the emission angle of the two ions were then reconstructed.
Therefore, through the method previously mentioned in Sect. 1.4, the rela-
tive energy of the two fragments in the center of mass reference was then
calculated. In this way, by adding the threshold energy for the formation of
the cluster state, (−Qvalue = 7.408 MeV) an excitation spectrum was obtained
for this decay channel. There, it was possible to observe the presence of var-
ious peaks, compatible with the energies of 10Be excitation levels obtainable
in literature and predicted theoretically. Some of these, compared to previ-
ous LNS measurements, show a direct improvement, especially in angular
resolution. Also some peaks are shown for states belonging to the molecular
rotational band exhibiting a α-2n-α configuration, at 7.5 (2+) MeV, 10.15 (4+)
MeV and 13.5 (6+) MeV. The last one in particular would be a further con-
firmation of a state observed for the first time at the LNS by the CHIMERA
Group, for which a value of Jπ = 6+ was also obtained. The analysis, still
in progress, will continue mainly to improve and optimize the results ob-
tained. First of all, it will be necessary to increase the statistics of the anal-
ysis, mainly through the inclusion of the CHIMERA multidetector, which in
this experiment worked mainly in the detection of the scattered target and of
light fragments emitted at a larger angle. Following further cleaning of the
experimental data, it will also be necessary to evaluate the background for
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the obtained 10Be excitation spectrum, which can be derived through event-
mixing procedures. Furthermore, to guarantee the validity of the analysis,
a simulation of the detection efficiency of the four FARCOS telescopes will
be produced, for both the possible reaction target ions, hydrogen and car-
bon. The same selection procedure could therefore also be applied to other
case studies, such as the break-up channels of 16C (for example 4He + 12Be
or 6He + 10Be) or 13B, of which some states with exotic cluster cores are ex-
pected (4He + 9Li or the much more discussed 6He + 7Li). Furthermore, the
techniques developed for the analysis of the CLIR experimental data will be
exploited in the future for new experiments with the FARCOS detector, now
employing a new digitized electronic chain as illustrated in Sect. 2.6.1.
In particular, regarding new possible works on cluster phenomena in light
neutron-rich ions, in the forthcoming years, it will be possible to conduct a
great variety of experiments thanks to the completion of the new FRAISE fa-
cility. The POTLNS project is about to be completed, mainly consisting of
an upgrade of the Superconducting Cyclotron, which will be able to produce
stable beams up to 100 times more intense, and the construction of the new
FRAISE fragment separator. In this way, as described in the Appendix A,
it will not only be possible to produce radioactive beams of specific, high-
purity ions, but also, thanks to the higher intensity of the primary beams,
to produce more unstable and shorter-lived ions, towards the neutron- and
proton-drip line, which may present many exotic and poorly studied clus-
tering phenomena. Furthermore, within the CHIMERA group, in the next
months the construction of the new NARCOS neutron detector will be com-
pleted, which, used together with the FARCOS and CHIMERA detectors,
will be able to provide valuable information on decay channels involving the
emission of neutrons.
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Appendix A

The new fragment separator
FRAISE

In the last years, the Scientific Community of Laboratori Nazionali del Sud
has been involved in the POTLNS, an important upgrade project for the ac-
celerating systems of LNS and for the other infrastructures of the laborato-
ries. The project aims in the first place at the upgrade of the facility for the
production of radioactive beams with higher intensity and purity, thanks to
an upgrade of the Superconducting Cyclotron and to the construction of the
new fragment separator FRAISE (FRAgment In-flight SEparator). As for the
CS, the upgrade will provide a new extraction system based on the stripping
method which, through a change of the charge (and hence rigidity) of the
accelerated ions, will allow us to obtain RIBs with higher intensity. The new
stripping method will be especially efficient for ions up to mass A ≈ 40,
within the Fermi energy range, for which it will be possible to increase the
power from the previous 100 W to 10 kW, and for an intensity of the out-
put beam up to 1010-1013 pps. The high intensity beams provided by the
upgraded CS will be exploited by the new fragment separator FRAISE, fore-
seen by the POTLNS project. The need for a new fragment separator comes
first from the impossibility of installing a shielding infrastructure in the loca-
tion of the FRIBs apparatus, required due to high neutron and gamma emis-
sions, especially in the proximity of the fragmentation target and of the first
dipole. For this reason, the best solution to improve the production of ra-
dioactive beams was to decide on the construction of a new spectrometer
with a dedicated area hosting it. FRAISE will in fact be hosted by the new
area corresponding to the old LS-20 and LS-40 halls, appropriately shielded
on floor, walls, roof, and other critical points. From simulations of neutron
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FIGURE A.1: Schematic view of the new FRAISE fragment sep-
arator. The different components can be observed, i.e. frag-
mentation target, dipoles, quadrupoles and sextupoles, as well
as the position of slits and degraders. Figure adapted from [43,

33].

and gamma ray production on the LNS infrastructures it was found that the
location will be able to sustain spurious radiation from primary beams of
maximum power of 2-3 kW. With this available power, FRAISE will be able
to produce RIBs with high intensity of the order of 103-107 pps, respectively
for nuclei far from the stability valley and closer ones, resulting in an increase
of 20 times with respect to the ones produced by the FRIBs facility. Such im-
provement in intensity will allow to extend the research possibilities at the
LNS, allowing the study of reactions between heavy ions also for extreme
radioactive ionic species, which will briefly be discussed in Appendix A.0.1.

The new FRAISE spectrometer is schematized in Fig. A.1. It will be made of
two symmetrical branches to ensure achromaticity conditions as discussed



Appendix A. The new fragment separator FRAISE 83

FIGURE A.2: Schematic view of the INFN-LNS infrastructures
after the upgrading project, including the new beam line host-
ing the new FRAISE fragment separator. Figure taken from [43,

33].

in Sect. 2.2.1, for a total of 4 dipoles (two couple of 70° and 40° deflection
angles), designed to reach a maximum Bρ of ≈ 3.2Tm and ∆p/p ≈ 1.2%
momentum acceptance, 6 quadrupoles and 2 sextupoles. The fragmentation
target will be a CLIM target, produced in collaboration with the GANIL lab-
oratory in France [72], housed in a dedicated chamber at the entrance of the
spectrometer. It will consist of discs of beryllium or carbon, rotating and
water-cooled, to spread the region heated by the beam spot and reduce the
effects of degradation or overheating, due to the high intensity of the primary
beam. Moreover, many thicknesses will be available for the target, and, since
it will be rather activated due to the fragmentation of ions, it will not be pos-
sible to remove it manually, thus a remotely maneuverable robotic system
will be able to change targets and store them in the appropriate container.
Moreover, two chambers will be installed on the beamline, respectively at the
centre and exit of the fragment separator. These will host slits and detectors
for the diagnosis of the beam features. The first chamber will be mounted
on the symmetry plane, between the two branches of the spectrometer, that
is the point with higher horizontal dispersion of the beam. Here a horizon-
tal slit will be mounted to reduce the ∆p/p momentum acceptance of the
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fragment separator and thus reduce the energy spread of the outgoing beam.
Moreover, an aluminum wedge can be inserted inside the beamline to per-
form a better cleaning of the cocktail beam and remove spurious contami-
nants, to increase the composition quality of the final beam, at the cost, how-
ever, of worsening its energy resolution. Moreover, the horizontal slit will
grant also the possibility to produce RIBs and even stable beams with very
high energy resolution, essential for the NUMEN experiment [73].
A critical aspect that the Laboratories will have to face will be the diagno-
sis and tagging of the beam. Due to the high rate of the RIBs and intensity
of spurious radiation, it will not be possible to employ the same detectors
for the tagging system developed for the FRIBs facility, discussed in Sec. 2.3,
since they would be damaged within a very short time. For this reason, a new
diagnostics and tagging system is under development at LNS, which should
be capable of working in high radioactively activated environments and sus-
taining high direct irradiation, all while running for several experiments per
year. The choice for the material falls onto the Silicon Carbide (SiC), which
due to its high displacement and lattice binding energies make it a radiation-
hard material, suitable for the making of robust detectors, confirmed also
by simulations and preliminary tests conducted on thin samples [74]. More-
over, the diagnostic system is required to be versatile, to be used both for
beam monitoring and tagging of the RIBs cocktail beam components, while
also serving the purpose of active degrader, providing information such as
intensity, energy loss, and isotope identification by means of the ∆E − ToF
technique. The new detection system will be made of detectors, placed in-
side the two chambers in the middle and at the end of the fragment separator.
Each detector will consist of two arrays, each side made of a matrix of single
pads with an active area of 5 × 5 mm2 and 100 µm, assembled in groups of
2 × 2. The final scheme of the detector, stylized in Fig. A.3, will consist of
a multitude of pads, in columns and rows, for a total area of 60 × 30 mm2,
in order to cover enough horizontal surface, to be able to detect RIBs even
with large horizontal dispersion. Each detector could be able to sustain very
high intensity up to 107 pps over the whole array. Moreover, each detection
system will consist of a sandwich configuration of two arrays, a few cm away
from each other, and with a half pitch both horizontally and vertically, to im-
prove the position resolution and dead region around each pad, allowing to
reach efficiencies up to 90%. Tests are currently ongoing on the new SiC 5 ×
5 mm2 prototype pads, which have shown a detector capacitance of 21 pF at
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FIGURE A.3: Scheme of the SiC diagnostics and tagging de-
tectors for the new FRAISE facility. On the left a frontal view,
covering 60 × 30 mm2, while on the right a side view of the
two multipad-array separated and shifted by a few cm. Figure

taken from [43]

400 V depletion voltage.
The future possibilities of the new FRAISE facility have been also tested by
a series of simulations produced on the LISE++ software. Simulations used
the standard configuration for FRAISE discussed previously, assuming 2 kW
power for the primary beam, and included also a 100 µm thick SiC detec-
tor at the symmetry point of the fragment separator. Simulations included
primary beams of 12C6+, 18O8+,20Ne10+, 40Ar18+, and used a fragmentation
target of 9Be, which thickness has been optimized for the secondary beam to
be produced, according to the experimentally available thicknesses. Table.
A.1 reports some of the expected intensities and energies in MeV/u using the
dedicated primary beams, expecting values up to 108 pps for RIBs near the
stability valley and 103 for ones far from it. Tagging ∆E− ToF plots have been
produced, for which the ∆E was simulated by the energy deposited onto the
SiC detector at the exit of the spectrometer, while the ToF was given by the
time difference between the start, provided by a radiofrequency signal, and
the stop, given by the same SiC detector. Fig. A.4 on top shows an example
of a ∆E − ToF tagging plot, while maximizing for the production of 13B, ac-
counting for a total of 65% of the whole cocktail beam, while on the bottom
the spatial distribution plot for all the ions produced is shown.
Further studies will be needed however for the feasibility of extraction throu-
gh stripping of other primary beams, which will further improve the produc-
tion of many RIBs that could be produced. Such studies will be mainly con-
cerning the trajectories of ions inside the CS and the possible output power
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TABLE A.1: List of primary beams studied for extraction by
stripping, with relative energy and emission power [43].

Ion Energy ( MeV/u) Power (kW)
12C6+ 60 2
18O8+ 70 2

20Ne10+ 70 2
40Ar18+ 60 2

FIGURE A.4: LISE++ simulation of production of a 13B radioac-
tive beam through the new FRAISE fragment separator: on top
a ∆E-ToF simulation obtained using the radiofrequency time
reference; on the bottom the horizontal distribution of the sim-
ulated components of the cocktail beam, with 13B the most pro-
duced ion, accounting for 66% of the total yield. Figure taken

from [43].
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achievable. Some examples are 13C or 16O, which could improve the yield
production of neutron-rich isotopes of Li, Be and B, even more than the ones
already studied, or 22N and 36Ar, which could improve the production of
neutron-rich isotopes of N, O and F and the production of neutron-poor iso-
topes respectively. Other primary beams like 24Mg, 27Al, 32S will be espe-
cially relevant for the production of RIBs with mass between 20 and 31, while
48Ca, 54Ni and 70Zn will be studied for the production of isotopes with mass
above 40. Among the aforementioned, the case of 70Zn will be particularly
interesting for the production of 68Ni, already produced at LNS by the FRIBs
facility for the study of its Pygmy Dipole Resonance phenomena [42]. It must
be noted however that, for heavy primary beams as 70Zn, the CS will have
some issues of production which will have to be taken into account. Due to
the new stripping extraction method, in the case of ions with mass greater
than 40, the passage through the carbon film inside the CS will produce dif-
ferent charge states. This effect could result in some issues because while the
selected charges are sent to the right extraction channel, the other charges
produced (about 10% of the whole yield produced) are dissipated inside the
CS, causing overheating in the internal structure. For this reason, it will be
necessary to decrease the output power for the production of the primary
beam, which in the case of 70Zn was calculated to be 1 kW at most. Al-
though the reduced output power however the production rate of 70Zn will
still be increased compared to that obtainable before the upgrade, resulting
in a higher 68Ni production, up to 8.5 × 105 pps and 70% beam purity.

A.0.1 Future possibilities with the new FRAISE fragment sep-

arator

The new facility of radioactive beams FRAISE at LNS will be competitive in
the worldwide scenario of production of unstable nuclei at the Fermi ener-
gies. Thanks above all to the experience obtained through the past FRIBs
facility, it will be possible to carry out plenty of new studies, both by ex-
panding research topics already started at the LNS, and by developing new
ones. Thanks to the new facility, it will first be possible to expand the re-
search areas on cluster physics among neutron-rich isotopes of Be, B, C, and
O. In fact, it could be possible to enrich the studies already performed in the
past with FRIBs on 16C or 10Be isotopes, increasing the production yield and
therefore the collected statistics, one of the main problems encountered in
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past analysis. For all of these cases, it will be possible to produce radioac-
tive beams with high yield, of the order of 106 − 107 pps, with high purity
above 90%. Moreover, with the aid of the new FARCOS cluster, consisting of
20 telescopes equipped with the GET electronics, it will be possible to study
cluster states with a higher precision.
Another important case will be the 13B cluster structure, for which a highly
deformed configuration has been hypothesized, leading to the formation of
rotational bands. As already addressed in Sect. 1.6.2, 13B has already been
studied theoretically through the AMD model, showing some interesting
cluster states at excited levels with 12Be + p, 9Li + α and 10Be + t config-
urations, presenting very high deformations. Some other exotic configura-
tions, not predicted theoretically, are possible with very low probability, as
the 7Li + 6He cluster state, already observed at LNS in previous experiments.
At LNS in particular, an experiment with such radioactive beam was already
planned and approved, the CLUB (Clusters in Boron), in 2021 with the FRIBs
facility, but subsequently postponed. The new CLUB experiment will prob-
ably involve the use of FRAISE as a beam production facility, using the 4π

CHIMERA multidetector alongside the powerful FARCOS array.
Another interesting topic that could be improved with FRAISE will be the
study case of neutron skin or neutron halo structures. Thanks to FRAISE,
many interesting isotopes, both light and medium mass, will be produced to
study for example the case of the presence of the Pygmy Dipole Resonance,
such as among 20O, 34Si, 38S, 48Ar or the previously mentioned 68Ni. In par-
ticular, for the 68Ni beam it could be possible to use the 70Zn at 1 kW intensity
as primary beam. In this case, in fact, it will be necessary to reduce the in-
tensity of the primary beam due to possible problems that could arise in its
production, due to the new stripping output channel. For what concerns this
case study, with CHIMERA and FARCOS, it would be possible to measure
the neutron shell occupancy dependence of the PDR below and above the
particle emission threshold, also given the experience recently gained with
other studies of the same type [42].
Moreover, the halo structure of light ions like 11Be and 8B could be inves-
tigated. For the study of the nuclear structure in nuclei far from the sta-
bility valley it is usually required both high efficiency detector array and
high cross sections reactions. Moreover, the difficulty in the study is also
accentuated by the fact that such inverse kinematic reactions introduce fur-
ther problems both in the identification of the fragments and in the angular
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resolution, worsening the quality of the study. Through the FRAISE facility,
increasing the production yield up to 20 times, and using the new detectors
of the upgraded LNS, it will be possible to obtain new and fruitful results. By
studying the scattering on proton of 11Be it would in fact be possible to study
the neutron halo structure around 10Be, showing resonance effects just above
the particle emission threshold, at about 320 keV of excitation energy. On the
other side, the proton-halo structure of 8B could be investigated, performing
both elastic and inelastic scattering on proton, which has shown in literature
contradictory results on its existence.
Another topic of interest will be the study of isospin effects in heavy ion reac-
tions, already explored with the CHIMERA multidetector in the past years.
In this case, by producing neutron-poor and neutron-rich ions of the same
charge, like 34Ar and 46Ar, it would be possible to improve the constraints of
the symmetry energy of the Equation of State of nuclear matter, amplifying
its effects.
Moreover, nuclear astrophysics topics could be expanded thanks to FRAISE
with the production of radioactive isotopes interesting in this context, such
as 13N or 14O, which could play an important role in the break-out of HCNO
cycles to RP processes, to comprehend the presence and abundance of 13C
leading to the formation of heavier elements by neutron capture.
Lastly, FRAISE will give the possibility to produce radioactive beams inter-
esting for medical purposes. Among the others, the case of 11C is one of the
most interesting, for which the β+ decay would allow both to perform treat-
ment and diagnosis exams at the same time, with respect to more traditional
methods with H, He or C ions.
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