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Summary. — At Laboratori Nazionali del Sud of INFN (INFN-LNS), the upgrade
of the Superconductive Cyclotron (CS) and the building of a new fragment separator,
named FralSe (Fragment In-flight Separator), are currently ongoing. FralSe will
permit to produce Radioactive Ion Beams (RIBs) with intensity in the range of
10%-107 pps, using the In-Flight Fragmentation method. The tuning and transport
process of RIBs represents a critical step to deliver high-quality beams. This process
can be very time-consuming and it needs a dedicated diagnostics system measuring
features of RIBs. In this paper, the status of the FralSe facility as well as the related
diagnostics system are discussed.

1. — Introduction

Nowadays, a challenge for nuclear physics is represented by the study of so-called
exotic nuclei, namely unstable nuclei which lie far from the stability valley. The interest
in this field of physics is due to unusual properties of exotic nuclei, which become useful
to investigate nuclear structure models, the feature of the nuclear force and also nuclear
reactions relevant for nuclear astrophysics. Among exotic nuclei features, the neutron
excess in light neutron-rich nuclei leads to the formation of a nuclear halo. Exotic nuclei
exhibit different halo structures as the di-neutron one, in which the halo is composed by
two neutrons [1,2]. In the case of heavier neutron-rich nuclei, the neutron excess generally
forms a neutron skin. This can be thought of as a mantle of almost pure neutron matter
surrounding a stable core, in which neutrons and protons are approximately in the same
number. The study of nuclei with a neutron skin is of particular interest, due to the
presence of an excitation mode of the neutron excess against the nucleus core, known
as Pygmy Dipole Resonance [3,4]. Both halos and skins determine a change in density,
radii, and also in the shell structure with respect to the stable nuclei. Indeed, theoretical
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models suggest that in exotic neutron-rich nuclei the known sequence of magic numbers
breaks down, and a new shell model could be developed. This kind of investigations can
be an useful tool also to add a further constraint to the knowledge of the Equation of
State of nuclear matter. Indeed, the thickness of neutron skin is connected to the density
dependence of the symmetry energy. In addition to neutron halo and skin, several data
suggest the existence of a proton halo [2,5]. However, the knowledge about proton
halo nuclei remains still poor. Moreover, the study of clustering structure of a particles
is a further important topic related to exotic nuclei, with outstanding impacts on the
knowledge of the strong interaction [6]. Indeed, in the case of exotic nuclei, as beryllium
or carbon isotopes, an evidence of neutron-a structure was underlined. As an example,
in the case of 16C, three « particles are arranged in a linear or triangular structure while
neutrons valence link two « particles, producing a rotational state [7]. Exotic nuclei also
have an important link with nuclear astrophysics. Indeed, despite the fact that the energy
production and nucleosynthesis in stars mostly occur through nuclear reactions between
stable nuclei, exotic nuclei are implicated in different processes, as the r-process. Some
stellar processes, such as supernovae explosions and stellar events at high temperatures
and/or densities, often involve nuclear reactions including radioactive nuclei [8,9]. In
this framework, several facilities have been developed and upgraded worldwide with the
aim to produce exotic beams [10-13]. Radioactive Ion Beams (RIBs) can be produced
through two methods: the In-Flight Fragmentation method and the Isotope Separation
On Line (ISOL) technique [14]. The advantage of the ISOL method is the quality of the
beam, in terms of energy resolution and low emittance. On the other hand, the ISOL
method is not advised for producing short-lived isotopes. The In-Flight Fragmentation
method is based on the fragmentation of a stable beam, typically a heavy ion beam,
on a thin target. In the case of peripheral nuclear reactions, exotic beams are formed
with a forward focusing and are subsequently selected and transported with the use
of a fragment separator and optical elements. This method has the main advantage
to produce short-lived isotopes [15]. At INFN-LNS RIBs are produced employing this
method, as described in detail in the following sections.

2. — FRIBs facility and diagnostics system

At INFN-LNS RIBs are produced, since 2001, using the FRIBs (in Flight Radioactive
Ton Beams at LNS) facility through the In-Flight fragmentation method, employing a
maximum beam power of 100 W. In detail, the FRIBs facility allows to produce exotic
beams, in the range of intermediate energies, for ions from He to 58Ni, using the frag-
mentation of primary stable beams, accelerated by the Superconductive Cyclotron (CS),
on a beryllium target placed at the exit of the CS [16-19]. The exotic beam, resulting
from the fragmentation reaction, contains several stable and unstable isotopes. There-
fore, the action of magnetic fields is necessary to select and transport the isotopes of
interest for a specific investigation. The main selection occurs within a fragment sepa-
rator, made of two 45° bending angle dipoles. The action of the magnetic fields permits
to maximize the yield of the exotic beam of interest, reducing the presence of unwanted
beams. Figure 1 (left) shows a map of the INFN-LNS, with the position of the fragment
separator indicated by the ellipse and a photo of the beryllium target. However, a mag-
netic selection does not allow for the separation of isotopes with the same A/Z ratio.
Therefore, it is essential to proceed, event-by-event, with the characterization of beam
components arriving on the target point, in order to off-line select the isotope of interest
for the specific study [17]. For example, in the CHIMERA beam line the identification
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Fig. 1. — (Left) Map of the INFN-LNS. The dots represent diagnostics elements in which plastic
scintillators are present. The squares represent diagnostics elements in which Double-Sided
Silicon Strip Detectors (DSSSD) are present. The fragment separator is located inside the
ellipse. The picture in the inset shows the “Be target system. (Right) Picture of a DSSSD
(140 pm) of the diagnostics system installed in the 0° experimental hall.

takes place through the AE-TOF method, using a tagging system [20,21]. This system
consists of a Micro Channel Plate (MCP) detector that produces the start signal for the
measurement of the Time Of Flight (TOF) and of a Double-Sided Silicon Strip Detector
(DSSSD), which produces information about the energy loss, the position, and the stop
for the measurement of the TOF. A PPAC (Parallel Plate Avalanche Counter) detector
is also used to reconstruct the beam trajectory. Several measurements, concerning some
of the aspects discussed in sect. 1, have been performed using this facility [4,7,22,23].
The main limitation of FRIBs is the maximum power delivered by the CS (100 W). Be-
cause of this, investigations have been focused on nuclei not far away from the stability

Fig. 2. — (Left) Photo of an alumina foil on the target holder. (Right) Photo of two PT100
thermic probes used to monitor the temperature of the target during the experiment.
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valley, being the yields for very exotic nuclei not enough to carry out experiments with
high statistics. Moreover, to achieve an optimal transport, from the production target
(beryllium) to the final user point, one needs several diagnostics elements. In the FRIBs
facility some of the diagnostics elements are made of plastic scintillators, which allow a
measurement of the fragmentation beam total yield. The use of plastic scintillators is es-
pecially useful in cases where low intensities do not allow the use of traditional methods,
such as the use of alumina coupled to optical cameras. In the past, silicon detectors were
also used to determine the beam profile, reading the signal from the back side and the
four corners, and applying a charge-sharing algorithm [24]. Recently, we proceeded with
the installation and the test of new silicon detectors. The detectors installed are DSSSD
made of 16 x 16 strips, each of them with 3 x 48 mm?, see fig. 1 (right). Using these
strip detectors, it is possible to obtain a reconstruction of the beam profile with a pixel
resolution of 3 x 3 mm?. In addition, through the identification technique AE-TOF, in
which the start signal is provided by the CS Radiofrequency signal (RF), it is possible to
carry out an event-by-event identification. This allows to check the isotopic composition
of the fragmentation beam along the beam line and not only in the final point. In specific
cases, the use of a degrader, i.e., a piece of matter placed at the dispersive focal plane
between the two 45° dipoles, is possible in order to obtain a cocktail beam with a high
purity of a specific isotope. Indeed, nuclei, depending mainly on their atomic number,
will have different energy loss passing through the degrader. This means that nuclei with
the same A/Z will be separated in the second dispersive stage. In detail, the optical
settings of the two dispersive sections of the fragment separator are not mirror of each
other anymore and the magnetic rigidity of the second dipole has to be appropriately de-
creased. The purification technique, consisting in using the degrader, introduces further
straggling and a loss of yield but it is advantageous if high-purity RIBs are required. The
first purification test (TFDQLNS) was carried out at INFN-LNS in order to produce an
exotic beam of 1'Be with a high purity [25]. The 'Be exotic nucleus was produced using
a primary beam of '3C, accelerated at 55MeV /nucleon, impinging on a target of *Be
(1500 pm), and a homogeneous aluminum degrader (1000 pm), placed between the two
45° dipoles. Subsequently, an experiment, OTPCQLNS, was carried out at INFN-LNS,
with the aim to study the 3-delayed « decay of the ''Be nucleus, using an optical Time
Projection Chamber (TPC) installed in the 0° experimental hall [26,27]. For this goal,
an exotic beam with high purity of ''Be was required. To reach this aim we used the
same reaction and degrader employed in the TFDQLNS test. Since one of the crucial
issues to get intense secondary beams is a narrow focusing of the primary beam on the
production target, an alumina target was placed in an additional horizontal position of
the production target system and watched by a camera (fig. 2 (left)). This allowed us
to check and to optimize the focusing of the primary beam on the production target
position. Moreover, the production target holder has been equipped with two PT100
thermic probes, as displayed in fig. 2 (right), that were used to monitor the temperature
of the production target during operations. The thermic probes confirmed the quality of
the cooling system, enough to dissipate the heat produced in the target by the impinging
beam. In order to obtain a good transport of the beam, several diagnostics elements were
installed and tested. A DSSSD detector (140 pm, 16 x 16 strips) was installed, at the exit
of the fragment separator, before the main switching magnet, which represents one of
the most crucial points for the transport of the beam. This diagnostics element permit-
ted to optimize the production of RIBs. In order to check the quality of the performed
selection, we installed a further 140 pm thick DSSSD at the entrance of the 0° experi-
mental hall. We used the AE-TOF technique for the event-by-event identification of the
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Fig. 3. — (Left) AE-TOF plot related to a central strip of the DSSSD, obtained using a primary
beam of *C at 55MeV /nucleon and a Be target, without the use of the degrader. (Right)
Yields for several isotopes, obtained using a primary beam of 1*C at 55 MeV /nucleon and a “Be
target, without the use of the degrader. The yields are displayed as a function of the DSSSD
strip number, corresponding to a horizontal distribution (3 mm each point).

cocktail beam. The RF signal provided the start for the TOF measurement, while the
strips of the DSSSD provided the stop signal, as well as the energy loss. Figure 3 (left)
shows the AE-TOF plot obtained without the degrader, using a Bp ~ 2.81 Tm in both
dipoles of the fragment separator to optimize the yield of ''Be. In this plot, we note the
several isotopes that compose the cocktail beam. Without the degrader, we obtained a
cocktail beam with a purity of ~50% of ''Be, as it is also possible to observe in fig. 3
(right), in which we display the yields as a function of the DSSSD strip number, corre-
sponding to a horizontal distribution (3 mm each point). Figure 4 displays the results
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Fig. 4. — (Left) AE-TOF plot, obtained using the same reaction of fig. 3 and the degrader.
(Right) Yields, using the same reaction of fig. 3 and the degrader, obtained for several isotopes,
as a function of the DSSSD strip number corresponding to a horizontal distribution (3 mm each
point).
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using the degrader, in this case the Bp of the second dipole was opportunely decreased
at a value of ~2.67 Tm, in order to optimize the yield of ''Be. In the AE-TOF plot
one can note the composition of the exotic beam, that in this case contains mainly !!Be
with a low percentage of Li contaminant. This can be better appreciated in the right
panel of fig. 4, in which we note an exotic beam with a purity of ''Be > 90%. Finally, a
diagnostics element, a DSSSD (70 pum, 16 x 16 strips), was installed before the TPC in
the 0° experimental hall. The purpose of this diagnostics element was to check the yield
and the beam profile before the TPC.

3. — FralSe@QLNS-INFN and diagnostics system

The project of the Superconductive Cyclotron upgrade aims to provide stable ion
beams with a power up to 10 kW [16,17]. This will allow to obtain beams, for inter-
mediate energies and for ions from carbon to argon, with intensity up to 10'® pps [17].
Currently, the building of a new fragment separator, named FralSe, is ongoing to ex-
ploit the capabilities of this CS upgrade for providing high-intensity exotic beams. The
new facility will be installed in a new hall located in the region of the LS-20 and LS-40
experimental halls, as displayed in fig. 5 (left) [16,17]. In the FralSe facility, due to
radioprotection issues, the power of the primary beams will be limited to ~2 kW. This
value will permit to increase the yield by a factor 20 with respect to the FRIBs facility.
The region that will host FralSe will be managed to allow a safe air treatment and an
appropriate shielding of walls, floor and roof. The latter ones will be made with materials
suitable for slowing down and absorbing radiations, mainly produced by neutrons and
~-rays, and to avoid a contamination in adjacent halls. Furthermore, a dedicated radio-
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Fig. 5. — (Left) Schematic view of the INFN-LNS beam lines and halls. The positions of the
FRIBs and FralSe facilities are indicated with circles. (Right) Scheme of the new fragment
separator [16]. The blue chamber at the exit of the fragment separator is named GiRa.
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protection system for the first magnetic dipole will be required. This dipole represents
a crucial point, because the residual primary beam, stopped in the dipole, will deposit a
high dose. Also a new production target, CLIM [28], will be used in the FralSe facility.
Such target will be composed of a rotating system of circular beryllium or carbon tar-
gets, in order to increase the active surface and to avoid depositing the total intensity of
the beam on a single spot. The target will be significantly activated, after and during
experiments, and it will be impossible to remove it manually. For this reason, a remote
control system will be used in order to automatically proceed with the replacement of
the target and its storage. FralSe will be composed of four magnetic dipoles in a sym-
metric configuration, as shown in fig. 5 (right). The first part of the separator will be
made of: two dipoles, placed at 70° and 40° bending angles, two duplets of quadrupoles,
placed before and after the fragmentation target, and a quadrupole placed before the
second dipole. The second part of the fragment separator will be a mirror-copy of the
first one, in order to maintain the achromatic condition of the system. The system will
allow to get a maximum value of Bp ~3.2 Tm. Moreover, two slits will be present in
the facility: the first one will be placed in the dispersive plane, and the second one will
be placed after the fourth dipole, in order to stop the undesired isotopes of the cocktail
beam. Furthermore, the slit placed at the center of separator on the dispersive plane,
where the value of energetic dispersion is high, will allow to vary the acceptance of Ap/p
of the fragment separator from typical values of Ap/p ~ 1.2% to lower values. After the
central slit, it will be possible to insert an aluminum wedge/degrader, in order to perform
a separation of ions with the same A/Z, following the procedure discussed in sect. 2.
Using FralSe it will be possible to deliver exotic beams towards the CHIMERA [20] and
MAGNEX [29] halls. Moreover, the GIRA chamber will be also installed at the exit of
the fragment separator, as shown in fig. 5 (right). The high beam intensity achieved
with FralSe will not allow the full use of the tagging and diagnostics systems employed
in the FRIBs facility. Therefore, an upgrade of the diagnostics system is also ongoing
to meet the requirements of the FralSe facility. Indeed, the detectors will operate in a
strong radioactive environment and in a wide intensity range, from 10% pps, as typical
for very exotic isotopes, to 107 pps, as typical for exotic isotopes close to the stability
valley. Moreover, the diagnostics system should be able to sustain several experiments
per year. The diagnostics system will be versatile to allow its use both as a beam mon-
itor and a tagging element, providing information about isotopic identification, energy,
position and trajectory. In this framework, the system and skills developed with FRIBs,
and discussed in sect. 2, represent a reference study for the development of these sys-
tems. The RIBs composition will be investigated by measuring the AE energy loss of
ions and TOF between two detectors, or with respect to a time signal synchronous with
the primary beam arrival on production target, as the Cyclotron Radiofrequency signal.
For the aforementioned reasons, we are investigating the possibility to use SiC detectors
for the FralSe diagnostics system [30]. In detail, we are studying the building of an
array of detectors based on SiC technology, where the single detection unity pad will be
4 x 4 mm? and 100 ym thick. By assembling an array of several pads it will be possible
to cover ~8 x 4 cm?, enough for RIBs distribution in the high dispersion point. Such a
segmentation will allow having no more than 10° pps, even in the region where the beam
profile is peaked. A feasibility study has already started, performing simulations and
preliminary tests on the use of SiC detectors. In order to evaluate the possibility of using
SiC detectors, we performed LISE++ simulations considering the configuration reported
in ref. [16] and displayed in fig. 5 (right). In these simulations, we considered a primary
beam of ¥O at 55MeV /nucleon, and a beam power of 2 kW on a ?Be target (1250 ym),
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in order to produce a '*C exotic nucleus. In the first case, we included a SiC detector,
with thickness of 100 pm, placed after the exit slit (see fig. 5 (right)), setting an energy
resolution of 0.5%. Figure 6 (left) shows the results of this simulation. In detail, this
figure shows the spatial distribution of beam components, using a SiC detector placed
after the exit slit. One can observe that the exotic beam contains mainly >C isotope,
with a purity of ~60%, but also further isotopes are present (}?B,'"N,!°Be,'*B, etc.).
For the sake of clarity, fig. 6 (left) shows only some of the main contaminants. In the
second simulation, we included, with respect to the first simulation, a further SiC detec-
tor, 100 pum thick and with an energy resolution of 0.5%, placed after the central slit.
Figure 6 (right) shows the simulation of the spatial distribution of beam components,
using two SiC detectors, placed after the central and after the exit slit, respectively. In
this case, one notes that the presence of the SiC detector, placed after the central slit,
allows to purify the fragmentation beam with respect to the first configuration, obtaining
a cocktail beam with ~90% purity of '°C and a low percentage of contamination due to
3B and '"N isotopes. The simulation results allow to deduce that the presence of the
SiC detector, placed after the central slit, is of relevant importance because it acts as
an active wedge, increasing the >C purity but keeping the '°C rate unchanged. This
means that the detectors of such diagnostics system have to be uniform in thickness,
since they will be also used as an active wedge. In order to obtain a more pure beam and
to completely avoid other contaminants, it is possible to insert a passive Al wedge with
an optimized thickness. Figure 7 displays the results of the simulation using a 200 pm Al
degrader. In this case, the degrader introduces a further straggling but the yield is still
high. Moreover, using the degrader we obtain a beam purity of '°C ~ 100%. Finally,
using the AE-TOF method in which the first SiC detector provides the start signal and
the second SiC the stop and the energy loss, one can obtain the identification of the
cocktail beam, as shown in fig. 8 (left). Figure 8 (right) shows the isotopic composition,
using also the Al degrader. In this case, one can note the cleaning effect of the degrader,
allowing to produce a beam with a high purity. Further simulations about several physics
cases are discussed in ref. [31]. The energy resolution of the beam depends mainly on the
Ap/p value in the central slit. In the discussed simulations we used a constant value of
Ap/p = 1.32%. It is possible to improve this value, reducing the opening of the central
slit, to produce a beam with a better energy resolution. However, this operation produces
a loss in the production rate.
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Fig. 6. — (Left) Simulation of spatial distribution of ions produced with FralSe, using a SiC
detector placed after the exit slit. (Right) Simulation of spatial distribution of ions produced
with FralSe using two SiC detectors (see text for details).
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Fig. 7. — Spatial distribution of beam components, using two SiC detectors and an Al passive
wedge. One can note the purification effect of the exit slit that removes the contaminants in
input.

"9 N "
§ . 15c f 15 15C
: @ = up £ =
BB e " B
i > ‘
-
1 7
5 5
L] ] EZ] ] 02 106 1 1 18 12 (F] be o (2] ] we 06 10 " e L7 206
Time of fight (ns) Time of fight (na)

Fig. 8. — (Left) Simulation of AE-TOF plot related to the production of *C, without the use
of Al degrader. (Right) Simulation of AE-TOF plot related to the production of **C, with the
use of Al degrader. It is possible to note the effect of the presence of the Al wedge with respect
to the case without wedge.

4. — Conclusion

In this paper, we reported the status of the FralSe facility and the related diagnostics
system, presently in construction at INFN-LNS, in order to produce RIBs with high
intensity and high quality. Preliminary investigations, performed both with tests and
simulations, allowed to obtain a first reference study fixing the features of such diagnostics
system. Further steps will concern the production of SiC arrays and the validation of
the system, using both radioactive sources, low-energy stable beams and unstable nuclei.
Moreover, in order to decrease the beam commissioning time and to allow a powerful
control of the beam quality, also a fast integrated electronics, coupled to innovative
software tools, based also on machine learning, is under development.
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