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Abstract The INFN Laboratori Nazionali di Frascati was established in 1954 to host an electro-synchrotron, the first particle
accelerator built in Italy, and since then played a crucial role in the field of nuclear and particle physics and for the development of
acceleration and detection technologies. Within this historical tradition, a workshop was organized at LNF in the framework of the
Nuclear Physics Mid Term Plan Italy, an initiative of the Nuclear Physics Division of the Istituto Nazionale di Fisica Nucleare, to
discuss the detection techniques employed in nuclear physics and to identify the open issues to be addressed to realize the scientific
programs of the experiments foreseen in a midterm perspective. The present report summarizes the outcome of the discussions.

Abbreviations

ASIC Application Specific Integrated Circuit
AGATA Advanced GAmma Tracking Array
AGC Automatic Gain Control

CCD Charge Coupled Device

CMOS Complementary Metal-Oxide Semiconductor
CSp Charge Sensitive Preamplifiers

CT Computed Tomography

DAFNE Double Annular Factory for Nice Experiments
DAQ Data acquisition

ECR Electron Cyclotron Resonance

ENC Equivalent Noise Charge

ESRF European Synchrotron Radiation Facility
e-XTP Enhanced X-ray Timing and Polarimetry
FBK Fondazione Bruno Kessler

FPT Flexible Plasma Trap

FWHM Full Width Half Maximum

GPD Gas Pixel Detector

HAPG Highly Annealed Pyrolytic Graphite
HDR High Dynamic Range

HPGe High-Purity Germanium
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HPLF High Power Laser Facility

iLGAD Inverted Low Gain Avalanche Detector

IXPE Imaging X-ray Polarimetry Explorer

INFN Istituto Nazionale di Fisica Nucleare

IPHC Institut Pluridisciplinaire Hubert Curien

LNF Laboratori Nazionali di Frascati

LNL Laboratori Nazionali di Legnaro

LNS Laboratori Nazionali del Sud

MITIQO Monitoraggio In situ di Tossicita, Indicazione geografica e Qualita di Olio d’oliva e vino
MLD Monolayer Doping

N3G Next Generation Germanium Gamma Detectors

OREO Oriented Calorimeter project

PANDORA Plasma for Astrophysics, Nuclear Decay Observation and Radiation for Archaeometry
PMT Photomultipliers tubes

PLS Pulsed Laser Melting

PSI Paul Scherrer Institut

R[NONSPACE &D] Research and Development

RN agents Radiological and Nuclear agents

SIDDHARTA-2 Silicon Drift Detectors for Hadronic Atom Research by Timing Application
SIPMs Silicon Photomultipliers

SNR Signal-to-Noise Ratio

SPAD Single-Photon Avalanche Diode

SPECT Single-Photon Emission Computed Tomography

SPhC Single-Photon Counted

SQUID Superconducting Quantum Interference Device

STFC Science and Technology Facilities Council

TASTE Transportable and Agile Spectrometer for metal Trace in Edible liquids
TES Transition Edge Sensors

TID Total Ionizing Dose

UKRI UK Research and Innovation

UNIPD Universita degli Studi di Padova

VOXES High resolution VOn hamos X-ray spectrometer using HAPG for Extended Sources
X-FEL X-ray Free Electron Laser

XRF X-ray Fluorescence

1 Executive summary

Nuclear physics has been progressing in the last decades thanks to the introduction of new theoretical tools better describing the
nuclear and elementary degrees of freedom playing a role in the macroscopic properties of hadrons and nuclei, and to the strong
developments of new experimental techniques. The search for processes more and more rare boosted considerable efforts in the
preparation of new beam types (for example, the radioactive ions beams, RIBs), new targets more adequate to the increased luminosity
and new ways to measure the characteristics and kinematic quantities of particles and nuclei involved in the collisions.

The Third Scientific Commission of INFN deals with the experiments devoted to nuclear studies, both in national and international
facilities (see webpage https://web.infn.it/csn3/index.php/it/). The energy characterizing the collisions spans from the meV to the TeV
of the LHC at CERN, with very different experimental approaches. This demands continuous developments of new and improved
detection techniques able to reveal particles and radiation over a wide energy interval and exploiting different energy loss or light
production mechanisms.

A report on the midterm perspective for nuclear physics in Italian laboratories, i.e., covering a time span from five to ten years,
cannot then proceed without considering the perspective on detector developments that will play a crucial role in the realization
and design of the experiments during the next years. It will be focused on the low-to-medium energy domain that is the one
characterizing the main activities that will be carried out in Italian laboratories. Detector developments for the realization of physics
program devoted to ultra-relativistic heavy-ion collisions will not be covered.

The present paper is part of the series “Nuclear Physics Mid Term Plan in Italy” and complements the works dedicated to the
activities at the Italian Laboratori Nazionali di Legnaro [1], Laboratori Nazionali del Sud [2], Laboratori Nazionali del Gran Sasso [3]
and Laboratori Nazionali di Frascati [4] that described the scientific program foreseen in the next years at the Italian laboratories of
the Italian “Istituto Nazionale di Fisica Nucleare” (INFN). The goal and the structure of this series have been already discussed in
the introductory paper [5]. The LNF session of the workshop comprised six working groups, focused, respectively, to the charged
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particle detectors, the neutron detectors, the y and X-rays detectors, the detectors for medical application, the target development for
nuclear physics and future facilities at the INFN Laboratori Nazionali di Legnaro and Laboratori Nazionali del Sud. The initiative
bringing to the present publication follows the previous INFN Nuclear Physics Division joint works on nuclear astrophysics [6] and
on particle identification techniques [7].

1.1 Charged particle detectors

Charged particle detectors have a widespread use in nuclear physics experiments and applications. In nuclear reaction studies, the
detection and identification of the outgoing nuclear fragments and of the heavy remnants of the colliding nuclei is mandatory for a
meaningful comparison with the predictions of the different theoretical models. Moreover, charged particle detectors find application
as beam diagnostics and dosimeters, e.g., in radiotherapy with charge particle beams. The wide range of possible applications requires
a large variety of different detector technologies, to adapt to specific requirements as diverse as large geometric efficiency, large
radiation hardness, fast response, etc.

When the beam intensity is relatively weak, an extended acceptance (needed to cope with the low reaction rate) can be reached
by using the same material both as a target and as a detector. This is the basic principle of the so-called active targets (ATs). ATs
are mostly gas-based detectors where the nuclear reaction under study takes place between the beam particles and the nuclei of the
gas itself. Each charged reaction product produces an ionization track in the gas. A superimposed electric field makes the electrons
drift toward a segmented xy-plane anode so that a projection of each track on the xy-plane is obtained, including the information
about the ionization density along the track. The third coordinate of each track segment is obtained from the time needed by the
electrons, drifting at a constant velocity, to reach the anode. From the ionization density profile, it is possible both to identify the
emitted fragments and to estimate their kinetic energy (see Sect. 3.1 for more details).

ATs are relatively slow devices, not well suited for large beam intensities, which instead call for fast-response and radiation-hard
detectors. In that respect, semiconductor detectors based on silicon carbide (SiC) promise better performance, even better than legacy
silicon detectors. SiC can be used to produce both p-n junction and Schottky diodes. Compared to silicon, its larger bandgap and
larger energy threshold for the production of lattice defects make SiC more suited for use at large fluence such as in experiments
with high-intensity beams, in-plasma studies or as beam diagnostics (see Sect. 3.2 for details).

In view of using SiC detectors in nuclear physics experiments, the extension to SiC of the fragment identification techniques
already successfully applied to silicon detectors is also underway. One of these techniques is pulse shape discrimination (PSD),
based on the time evolution of the current induced in the detector by the collected electron—hole pairs. PSD studies in SiC have still
to reach their maturity, though promising results have already been obtained (see Sects. 3.2.4 and 3.3). Monolithic multi-detector
structures can also be obtained on a single SiC crystal, allowing for the realization of compact detector “telescopes,” exploiting the
well-known AE-E technique to identify the impinging fragments (see Sect. 3.2.3). Both PSD and the AE-E technique have a lower
threshold in energy for identification. Moreover, mass (i.e., isotopic) identification is only achievable up to a given atomic number
(in silicon, Z ~ 20 for PSD and Z ~ 25 for AE-E).

For the detection of heavier ions at energies of few MeV/u magnetic and time-of-flight (ToF) spectrometers are instead necessary
in order to provide ion identification through the combined measurement of position, ToF, energy loss and total energy or of some
of these observables. Studies of transfer reactions, fusion-fission dynamics at Coulomb barrier energies and nuclear structure have
strongly benefited from the use of such devices. In Sect. 3.4, developments for few selected spectrometers belonging to research
lines of INFN will be presented. With the advent of the SPES project at LNL, which is foreseen to deliver radioactive ion beams
in the forthcoming years, it will be necessary to characterize the incoming beam (purity, rate, etc.) and to measure the reaction
products with dedicated detectors placed at zero degrees. This is particularly important for reactions where at least one of the
reaction products has a strongly forward-focused kinematics, such as, to mention some, direct reactions in inverse kinematics,
compound-nucleus reactions and Coulomb excitation reactions. Dedicated detectors should be designed to provide ToF, energy
and scattering angle measurements of the beam-like ions. The main challenge is represented by limited rate capability of existing
technologies. Taking inspiration from existing detectors at current RIB facilities, possible solutions suited for the energies, masses
and physics opportunities specific of INFN-LNL and, in particular, of SPES will be outlined in Sect. 3.5.

Besides the use of zero-degree detectors, the study of direct transfer reactions with SPES beams in inverse kinematics will
strongly benefit from the use of highly segmented silicon detector arrays for the detection of the light target-like recoils. One of these
detectors is currently being designed within the GRIT collaboration, of which INFN is member. The main challenges are represented
by the mechanical integration, the electronic processing of a huge number of signals and the use of pulse shape analysis to identify
the light reaction products. Moreover, the coincidence between highly segmented Si detectors and y-ray tracking arrays will also
allow to extend the studies of sub-barrier fusion reactions to lower cross sections, important for the determination of reaction rates
of astrophysical interest. Possibilities and developments related to these detectors will be presented in Sect. 3.6.

The search for new technologies or the evolution of the ones already known is ongoing. Three of them in different stages and
capable of tackling different problems are presented here. The first one is the use of the emulsion technology in the ions detection.
The passive nature of these devices dictates a reduced amount of recorded particles, but this is more than compensated by the extreme
precision in the determination of the track parameters, including energy loss per track segment, allowing very precise measurements
as proved by the FOOT experiment. Besides new development will reduce the size of the grains of the films allowing to gain almost
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Table 1 Proposed upgrades and Tag Description Notes and critical issues Exp. time  Phase
developments for the WG1
(charged particle detectors) DET-ATa0 New field cage at LNL Fully funded (CSN3) 2024 A
DET-ATal New pad plane at LNL Fully funded (CSN3) 2026-2027 B
DET-ATa2 Resident AT at SPES Beam line needed up to AT 2026-2027 B
DET-ATbO Pure gas mult. and readout From scratch 2025- B
DET-ATcO 2nd level trig w/CNN Need new FEE >2027 C
DET-SICa0 Thick SiC detectors Need for lower doping, 2025 A
characterization
DET-SICal Pixelated SiC det. Need low defect density, study of 2025 A
mech. mounting
DET-SICa2 Fast timing FEE Components availability issue 2025 A
DET-SICbO Monolithic SiC AE-E R&D of moderator 2026 B
DET-SICbl SiC-based neutron det. Buried electrode realization, high 2026 B
input capacitance FEE
DET-SICb2 Study of PSA in SiC Experiment approved at LNS, need 2027 B
CS beams
DET-SPEa0 Integration of PRISMA second arm  Mechanical adaptation of the 2025-2026 A
current scattering chamber
DET-SPEal TOSCA high rate and Z Preliminary in-beam tests at GSI 2025 A
identification
DET-SPEbO New PRISMA focal plane detector Commissioned, mechanical 2026-2027 B
modifications required
DET-SPEb1 TOSCA large size To be designed and funded 2026-2027 B
DET-SPEcO DSSD array at PRISMA target To be designed and funded >2029 C
position for fission studies
DET-ZDDb0  Development of a RIB tracker Realization of two MCP detectors 2028-2029 B
system with emissive-foil
DET-ZDDcO  Identification of evaporation Design and realization of a 2028-2030 C
residues at 0° with exotic beams multi-sampling IC
DET-ZDDcl  Position-sensitive fast IC with delay  Feasibility to be studied 2029-2031 C
lines
DET-SSDa0  System for fast-reset signals Design of a dedicated back-end 2025-2026 A
firmware
DET-SSDb0  Multiplexing to speed up the New version of a low-dead-time 2026-2027 B
As described in Ref. [5], the readout analog memory
proposed. prOJe?ts are labeled as DET-SSDc0O AC-coupled detectors Re-design of ASIC boards and 2029-2030 C
Phase A if feasible in a two-year detectors
perspective, Phase B in case small . o .
upgrade/additions to the present DET-3DDa0  Precision Timing (<100 ps) Increase in detector area 2024-2025 B
technologies are needed and Phase DET-EMUaQ  Precision passive tracking Production site 2024 A
C when important R&Ds are DET-ASIHa0 Radiation-resistant device Need R&D for single particle 2026 C

required. Details are given in
Sect. 3

detection

a factor ten in spatial resolution. The technique and current developments will be presented in Sect. 3.7. The second one is the
development of a radiation hard detector using diamond as substrate with the production of graphitic conductive paths on the surface
and the bulk of the material to obtain electrodes and conductive lines allowing an all-carbon radiation hard device. Such device, with
the suitable readout electronic has been developed and tested by the TIMESPOT collaboration reaching a time resolution between 50
and 100 ps on the passage of a single particle. These results will be described in Sect. 3.8. The third one is the development of devices
made of amorphous silicon, hydrogenated to reduce the number of dangling bonds and obtain a ionizing radiation detector. The
material is by itself extremely radiation hard due to its disordered structure, and it could be produced as thin films (1-30 micrometers
thickness) in many different patterns, over quite wide area (6 inch wafers) and using many different substrates, including plastic
ones. The HASPIDE project is developing several type of devices that could be used as beam diagnostic, possibly in transmission
mode, in different environments. The single-ion detection is one of the next developments. All results and plans will be described
in Sect. 3.9.

All of the aforementioned developments require man-power, funds, time and intense R&D work. Table 1 presents a synthetic
summary of the present state of these researches and of the main steps to be taken in the immediate future.
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1.2 Neutron detectors

Neutron detectors are an essential tool for the development of several research fields, namely nuclear, particle and astroparticle
physics as well as radiotherapy and radiation protection. In this review, several neutron detection systems are described, with a focus
on the ongoing developments and possible upgrades to be implemented in the next years.

Neutrons cannot directly ionize, and therefore, their detection is based on nuclear reactions and the detection of charged particle or
electromagnetic radiation originating from neutron-induced reactions. To date, well-established neutron detectors work as counters,
measuring the number of interactions in a detector, or as spectrometers, providing data on the energy distribution of the incident
radiation. More in details, counter detectors can be operated as spectrometers when used in combination with the time-of-flight
technique. This is possible when the neutron source position is known, i.e., in fixed-target experiments. A prerequisite for these kind of
detectors is the ability to distinguish signals originating from different particles, in particular the neutron/y discrimination capability.
In addition, the TOF technique requires excellent time resolution and therefore organic—either plastic or liquid—scintillators are
typically employed. The exploited nuclear reaction in organic scintillators is the neutron—proton elastic scattering, consequently
these detectors are sensitive to fast neutrons. In this field, current developments are ongoing for NARCOS (Sect. 4.1.1) and NEDA
(Sect. 4.1.2), segmented large-area detectors to be used in the near future in both heavy-ions and radioactive ion-beam facilities [1,
2] for nuclear physics experiments far from the valley of 8 stability. Depending on the nuclear reaction to be studied, the neutron
energy region of interest can span form a few hundreds of keV to MeV neutrons. The novelty of NARCOS is the possibility to retrieve
the neutron interaction point in the detector. In addition, it is conceived to work simultaneously as charged particle and uncharged
particle detector. The advantage of NEDA is the very small detection threshold and the large area covered. It was conceived as a
neutron counter to be used in combination with other detection systems, as, for example, AGATA.

For similar applications including the study of neutron delayed emission in beta decays, innovative materials for neutron detection
have been proposed. For instance, the CLYC scintillator has a relatively high neutron detection efficiency and can measure the neutron
energy with good energy resolution without using the TOF technique. The advantage is that the detector can be positioned close to
the target, thus covering a large solid angle with a relatively small volume.

Other ongoing detector developments are related to MeV-neutron detectors for the measurement of nuclear reaction cross sections
of interest for nuclear astrophysics. For instance, SHADES exploits the combination of plastic scintillators and 3He tubes with the
aim of controlling the neutron detection efficiency of the system (Sect. 4.1.3). In a few years, SHADES will become operational and
start the measurement campaign at LUNA [3]. Another example is the VALAR project (Sect. 4.1.4), related to neutron diagnostic
in laser—matter interaction [2].

Neutron beam detectors are widely used in TOF facilities (Sect. 4.2). They are used to characterize and monitor neutron beams
with energies from meV to GeV. Several neutron-induced reactions are commonly used to cover this large neutron-energy interval,
namely °Li(n,), 10B(n,), 12C(n,n) and 25U(n,f) in addition to neutron—proton elastic scattering. In contrast to the neutron detectors
mentioned above, these kind of detectors have much lower neutron efficiency (some orders of magnitude) and good n/y discrimination
capability. (In most cases they are insensitive to y rays.) Similarly to neutron detectors for applications, the advancements are related
to the adoption of cutting-edge and possibly radiation-hardness charged particle detectors properly coupled with neutron converters
(Li, B, C, H, U) and the preparation of thin, homogeneous and stable layers of these converting materials. It is worth mentioning
that several small-group application-based initiatives are ongoing.

Finally, the neutron’s direction cannot be determined by any detector that is currently operational. Nevertheless, there is a number
of pioneering ongoing projects aiming at reconstructing the neutron momentum of fast neutrons (e.g., MONDO, RIPTIDE). The
working principle is to use 2-body nuclear reactions to retrieve the energy and direction of the impinging neutron.

1.3 X-ray and gamma detectors

X-ray detectors are rapidly evolving in the latest years, reaching impressive performances in terms of energy and position resolution,
imaging and rate capabilities. In this review, several of these radiation detectors are presented, with particular emphasis on their
possible future applications in nuclear physics. Proceeding in increasing order of detectable energy range, for soft X-rays (E <
10keV) a very interesting technology is represented by Gas Pixel Detectors (GPDs), having the unique capability to measure the
linear polarization of the incoming photons [8]; also, the energy and the impact point of the X-ray on the detector can be inferred,
allowing for simultaneous imaging and spectroscopy. Such detectors are used, for example, for the investigation of the neutron stars’
equation of states, where “exotic” states and phases of matters such as nuclear superfluids, hyperons and deconfined quarks are
most likely formed. For energies up to 20 keV, charge coupled devices (CCDs) are still widely used in several fields, in particular
for imaging purposes coupled with X-ray optical elements. For example, the pinhole CCD system developed by the PANDORA
collaboration [9] will be able to perform high-resolution spatially resolved X-ray spectrometry with several applications also in
nuclear physics, like the measurement for the first time of §-decays in laboratory plasmas [10]. In this direction, a dedicated test
bench, named FPT (Flexible Plasma Trap) [11], will be used at Laboratori Nazionali del Sud (LNS) for R&D on diagnostics and
detectors. Going to higher energies, CZT detectors are presently experiencing a huge technological boost, providing very impressive
energy resolutions at room temperatures (2 keV @122 keV[12], 5.1 keV @660 keV[13]), large detection efficiency (>98% @60 keV
with 1-mm-thick detector) and good time resolution (~50 ns) [14]. These characteristics increased their appealing as X-ray detectors
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from 30-40 up to 300 keV allowing their applications in several fields, including nuclear physics, where the recent advancements
in dynamic range and energy resolution of CZT detectors enable their implementation in experimental apparatus, like that of the
SIDDHARTA-2 experiment at LNF (Laboratori Nazionali di Frascati), searching for X-ray transitions emitted from kaonic atoms.
CZT detectors will allow, in the near future, to perform measurements using targets of aluminum, lead, sulfur or carbon in the
40-300 keV range [15]. Similar dynamic range and even better energy resolutions (at cryogenic temperatures) can be reached also
with high-purity germanium (HPGe) detectors, which are also commonly used for radiation detection. These semiconductor devices
can be also used as strip detectors for position measurements like the XH cryogenic detector system developed at UKRI-STFC
Daresbury Laboratory in Daresbury (UK) [16, 17] and now commercially available. A complete different philosophy is instead that
of the hybrid pixel detectors, where different materials are used to match different energy ranges; in these detectors the sensor is
separated from the readout electronics, where the signal is digitized. A wide energy range detection is also possible with Transition
Edge Sensors (TES) showing, at the cost of the necessity of very delicate cryogenic systems able to reach temperatures as low
as a few mK, impressive energy resolving powers of E/AE > 103 [18]. Among the several applications of these high-resolution
devices, the HOLMES collaboration, led by INFN, will assess the neutrino mass by study the electron capture of the 163-holmium
by implanting this radioactive isotope into gold absorbers coupled to TESs [19, 20]. Similar resolutions but with limited energy
ranges can be also achieved with the cheaper and easier to handle technique of Bragg spectroscopy, one of the most established
X-ray spectroscopy methods. Even if this technique has been usually limited to detect photons from very small (almost point-like)
source, the VOXES (high-resolution VOn hamos X-ray spectrometer using HAPG for Extended Sources) collaboration at the INFN
Laboratories of Frascati (LNF) exploited the unique properties of Highly Annealed Pyrolytic Graphite (HAPG) mosaic crystals
to develop a high-resolution X-ray spectrometer able to reach few eV resolution and sub-eV precision measurements of photons
emitted from millimetric targets [21]. Other possible applications range from fundamental physics, synchrotron radiation and X-FEL
applications, to the agrifood sector where, as an example, information about the quality of edible liquids could be provided through
the detection of the shift of the typical fluorescence lines of metals induced by oxidation mechanisms.

Gamma-ray detectors find applications in various fields, including nuclear physics, high-energy physics and astroparticle physics.
In nuclear physics, solid-state and scintillator detectors are commonly utilized. For gamma-ray spectroscopy, exemplified by projects
like AGATA [22] and GALILEO, high-purity germanium (HPGe) detectors with exceptional energy resolution are employed to
conduct nuclear experiments. Significant technological advancements have been made in the past decade, particularly with segmented
detectors like AGATA. Notably, a new, versatile encapsulation for germanium crystals has been developed [23]. This innovative
version allows for multiple openings and closings, facilitated by a special elastic seal. The capsule can be efficiently pumped to
high vacuum during annealing treatment, enhancing the likelihood of restoring neutron-damaged crystals. At IPHC, HPGe crystals
undergo a meticulous 2D scanning process using a focused '3’ Cs source [24]. This procedure aims to reveal any damage to the
crystalline structure. Such characterization is vital for assessing crystal quality both before and after nuclear experiments, providing
valuable insights into the integrity of the material. A groundbreaking technology, known as pulsed laser melting (PLM), has
been developed through the N3G project in recent years, revolutionizing the creation of contacts/junctions on HPGe crystals and
subsequent segmentation [25]. This innovative method has enabled the fabrication of a thin junction with a dimension of less than
200 nm [26], thereby minimizing the dead layers within the volume of HPGe crystals. The HPGe doping process, facilitated by PLM
technology, can be achieved through a thin coating using PVD techniques [27] or MLD techniques [28]. The PLM process on HPGe
crystals represents a departure from conventional doping diffusion methods, preserving the high purity of the germanium bulk [29].
Additionally, a new front-end electronic system for coaxial detectors, featuring cryogenic flexible cabling and ASIC electronics
housed within a gamma cryostat, is currently being developed by the INFN group in Milan. In addition, there has been significant
progress in the detection of fast gamma rays through the development of a LaBr3 : Cr : Sr scintillator. The research on this gamma
detector, particularly focusing on the silicon photomultiplier (SiPM), is advancing to enhance gamma detection capabilities. The
robust electronics in gamma-ray detectors have undergone substantial development. A notable achievement is the 3” SiPM on the
LaBr3 : Cr : Sr scintillator with new AGC electronics, covering a broad energy range of gamma rays up to 25 MeV [30]. The
PANDORA experiment, designed to detect the beta decay of selected radioisotopes in a plasma trap [31], will incorporate an array of
14 HPGe GASP gamma-ray detectors from the GALILEO experiment. The electronic pre-amplification of these GASP detectors has
been modified to accommodate high counting rates, reaching up to 50 kHz [32]. In the field of astrophysics, substantial contributions
have been made in recent decades. Large-area telescopes like FERMI-GLAST and DAMPE calorimeters for high-energy gamma
rays in the GeV range have been developed to study dark matter and gravitational wave events in space [33, 34]. The silicon trackers
in these telescopes were developed by INFN of Bari, with testing and calibration of the calorimeter conducted at SPS at CERN,
covering a wide energy range from a few GeV up to 200 GeV. In high-energy particle physics, the OREO project aims to develop a
highly compact electromagnetic calorimeter with inorganic scintillator crystals [35]. While the primary focus is on nuclear/hadronic
physics, the applications could be extend to industrial and medical branches.

1.4 Detectors for medical applications
The fields of nuclear and fundamental physics have long been at the forefront of technological innovation, developing advanced

technologies and sophisticated instrumentation, in particular concerning radiation detectors with cutting-edge performance charac-
teristics.
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Radiation detection plays a fundamental role in the biomedical field, enabling the measurement, monitoring and characterization
of radiation exposure, both for diagnostic and therapeutic purposes. The ability to accurately detect and quantify radiation is critical
in many biomedical areas such as radiation therapy, nuclear medicine, radiobiology and X-ray imaging. As a result, the development
of sophisticated radiation detectors tailored to meet the specific requirements of very diverse applications in the biomedical field
has become paramount.

Sometimes it is the technological innovation of novel detectors that opens up new possibilities for specific applications. In
other cases, new diagnostic or therapeutic techniques require the development of appropriate new detection technologies to meet
unprecedented measurement requirements.

Many challenges are associated with the technological transfer from fundamental physics research to medical radiation detectors.
These challenges encompass not only the technical aspects, such as adapting detector designs and optimizing performance parameters,
but also the need for collaboration between experts from different fields and the consideration of regulatory frameworks concerning
the development and testing of medical devices. For this reason, many multidisciplinary initiatives have been funded and promoted
by INFN or have involved INFN researchers in collaboration with national and international research institutions.

Given the wide range of radiation type, detector requirements and specifications across different applications, a general discussion
encompassing all technology transfer initiatives would be complex and not very profitable. To provide a more focused analysis, we
approached the work by identifying three main categories:

e Treatment monitoring and optimization;
e Dosimetry, quality assurance and radiotherapy;
e X-ray and nuclear medicine imaging.

In the first section (Sect. 6.1), we will give an overview of some of the most important INFN projects aimed at the charged particles
treatment monitoring and optimization and we will discuss recent solutions the community is currently developing regarding dose
delivery systems, online range verification and target fragmentation. Both the standard delivery approach and the novel delivery
technique based on the use of ultra-high dose-rate electrons and protons (FLASH Radiotherapy, FRT), which requires the development
of a new generation of detectors able to overcome the limitations of conventional ionization chambers, will be considered. Innovative
dose verification systems for Boron Neutron Capture Therapy (BNCT) cell-selectivity exploitation will be discussed as well.

The second category (Sect. 6.2), “Dosimetry, quality assurance and radiotherapy,” deals with new challenges on (a) Flash
Radiotherapy, from modeling to monitoring and dosimetry; (b) Microdosimetry, using gas detectors (TEPC and mini-TEPC) and
diamond detectors; and (c) New devices for dosimetric purposes, with the new Silicon Carbide and Amorphous Silicon technologies
and pixelated diamond devices.

Finally, in the “X-ray and nuclear medicine imaging” section 6.3, some of the recent and ongoing initiatives regarding detectors
for medical imaging are discussed. In the field of radiography, the two major innovations reported concern the development of
perovskite X-ray imaging detectors and hybrid detectors having photon-counting and spectral capabilities. In the field of nuclear
medicine imaging are discussed the development of gamma detectors for the measurement of the internal activity distribution
in patients undergoing targeted radionuclide therapy and B detectors for radio-guided surgery with S-emitting radiotracers and
microscopy imaging by contact.

1.5 Target developments for nuclear physics

Targets represent extremely important components in nuclear physics experiments with accelerators, either for experimental activities
in fundamental science or for applications such as the production of radioisotopes or neutrons. In case of nuclear physics experiments,
targets are usually composed of either thin films of specific isotopic species deposited on substrates, self-sustaining foils or gases.
Targets for the production of radioisotopes or neutrons are usually exposed to high power deposition from the primary beam. Their
design must therefore be accurate so as to satisfy strict requirements in terms of power dissipation, mechanical properties or material
microstructures, to maximize production without incurring in failure. In the main text, recent advances on innovative target design,
production and characterization at INFN are reported, divided in two sections: targets for nuclear physics experiments (Sect. 7.1)
and targets for new production facilities (Sect. 7.2).

As far as the targets for nuclear physics experiments are concerned, it is important to underline that in any experimental study
with accelerated beams, the choice of a proper target is a crucial issue, as important as the choice of the impinging beam and of
the detection systems. A careful production and characterization procedure of the target foils must therefore be one of the main
objectives in the preparation of an experiment. At INFN, the main target laboratories are located at LNS and LNL and have decades-
long experience in the production of targets for nuclear physics experiments. An overview of the activities related to the target
manufacturing and characterization at INFN is given.

The development of innovative targets is a key aspect also for any new production facility. Regardless of the specific species of
interest to produce (radioactive ion beams, radioisotopes for medicine, neutrons, etc.), the availability of efficient, high power targets
is fundamental to fulfill the needs of experimental users. This need emerges from the necessity of pushing the impinging beam
intensity as high as possible, in order to maximize the yield of the desired products, without undergoing failure of the target. This
is in most cases related to the capability of the target material, or of the targetry in general, to efficiently dissipate heat to minimize
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Table 2 Summary table on the Target Comment/description Critical items/challenges for R&D Exp. time
ongoing activities at Italian
laboratories for target LUNA-jet target Supersonic gas jet target for LUNA Ionization TBD
development, with critical aspects Hydrogen handling
and expected timeline LUNA-solid targets Solid targets for LUNA Purity, reduction of contaminants (F, 2023
D2)
CTADIR Cryogenic targets at LNL Structural integrity of target 2023
windows under irradiation
NUMEN-target Thin isotopic cryotargets for Operation in a harsh radiation 2025
NUMEN high-intensity beams environment
Availability of isotopically enriched
materials
Thickness and uniformity
SPES-target Production target of the SPES ISOL ~ High power commissioning for 3D 2024
facility at LNL targets
ISOLPHARM-target  Secondary target for the Compatibility with different 2025
ISOLPHARM project at LNL radioisotope beams
LARAMED-target Targets for direct production of High power irradiation at LNL 2025
medical radioisotopes at LNL Availability of isotopically enriched
materials
NEPIR-target Targets for neutrons at LNL Safety and radioprotection 2025
(beryllium)
FRAISE-target Target for FRAISE facility at LNS High power commissioning 2024

thermal induced stresses. An extensive research and development program is currently being carried out at INFN regarding this
topic. An overview of these activities is given in the main text. Table 2 presents a synthetic summary of the present state of these
researches and of the main challenges in the immediate future.

The importance of the developments of target for nuclear physics is demonstrated by the number of large-scale European projects,
collecting the community of users in different sub-fields related to nuclear physics. Presently at least in three of such projects a task
is specifically devoted to targets.

In the EURO-LABS project, a subtask dedicated to targets is part of “Access to Research Infrastructure for Nuclear Physics
- Service Improvements” activity. The main goal of the subtask is to gather the community of European “nuclear target makers”
having specific expertise in the field of target manufacturing and characterization, both for nuclear and applied physics purposes.
The planned activities are the study of existing and novel materials, the improvement of current and development of novel fabrication
techniques, the target characterization procedures and the sharing of knowledge among the community.

In the ChETEC INFRA project, a task is dedicated to solid targets for nuclear astrophysics. Within this task, named STAR (Solid
Targets for Astrophysics Research), the collaboration wants to develop, test and make protocols of special solid targets complying with
the requirements of the experimental studies of nuclear reactions of astrophysical interest—namely purity, enrichment, composition,
thickness and stability when hit by an ion beam.

In the project PRISMAP—The European medical radionuclides program, a task is devoted to target design and characterization
for medical radionuclides production. Targets for radionuclide production always require specific attentions during the design phase,
especially for target materials and cooling technologies. In particular, the intensity of the primary beam impinging on the target is
usually increased as much as possible in order to maximize the radionuclide production. This tendency induces the optimization of
high-performance cooling systems based on thermal conduction, convection and radiation. Moreover, target materials must guarantee
specific microstructures and thermophysical properties.

1.6 New facilities at LNF, LNL and LNS

The INFN Laboratori Nazionali di Legnaro (LNL) (Sect. 8.1) and Laboratori Nazionali del Sud (LNS) (Sect. 8.2) are undergoing
major accelerator developments to deliver exotic beams as well as high-intensity stable beams. New experimental facilities are being
proposed and designed for the implementation of the associated nuclear physics program, with a possible realization in the midterm
period. Concerning facilities for stable beams, the working group concentrated on refurbished mass spectrometers MAGNEX and
PRISMA and complementary detectors like G-NUMEN or GALILEO-III for improved heavy-ion tracking and reaction kinematics
reconstruction, also considering the need to withstand the high counting rate from accelerator refurbishments. For unstable beams,
both from ISOL (LNL) and in-flight (LNS) techniques, the working group elaborated projects for facilities for ground-state property
studies and for nuclear spectroscopy of the shell structure and reactions at low and intermediate energies. The former will foresee
setups for the study of the global products of 8 decay, for high-resolution mass spectroscopy and for laser and nuclear magnetic
and quadrupole resonance studies. The latter will rely on large-scale facilities combining different setups for y-rays, ions and
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neutron detection and spectrometry. Large solid-angle coverage y-ray arrays like G-NUMEN or GALILEO-III will be coupled
to high-granularity silicon arrays or superconducting solenoids to study with electromagnetic and nuclear probes direct reactions
with exotic beams. The development of superconducting ring recoil spectrometers and accumulation rings for heavy ions is also
envisaged, to fully exploit the physics opportunities provided by exotic beams. For nuclear astrophysics studies, the development of
several detector arrays is ongoing or foreseen, both for the detection of charged particles and neutrons, these last being emitted after
B-decay. The installation of a B-decay station is also foreseen. Two new facilities are going to be constructed at LNS: PANDORA,
a new concept plasma-based facility and the laser facility I-LUCE. These two facilities will allow to exploit new opportunities in
multidisciplinary studies, nuclear physics, nuclear astrophysics and applications.

2 Introduction

The INFN Laboratori Nazionali di Frascati (LNF) played a crucial role in the history of nuclear and particle physics. It was established
in 1954 to host an electro-synchrotron, the first particle accelerator built in Italy, and give birth, under the guidance of Bruno Touschek,
to the design and the realization of the first electron—positron collider AdA (Anello di Accumulazione in Italian, i.e., “storage ring”),
proving the feasibility of the approach that eventually turned out to be highly strategic in the development of particle physics. In
the decades after, it hosted the project ADONE that confirmed the observation of the J /v after its discovery at the Stanford Linear
Accelerator Center and Brookhaven National Laboratory. Nowadays, a new e*e~ machine is operational, DA®NE, the Double
Annular Factory for Nice Experiments, that carried out an important physics program in the study of CP violation in the kaon sector
and in the understanding strong interactions in the strange sector through the production of kaonic atoms. In parallel to the operation
of the experiments, LNF was always very active in the research and development of detection techniques, contributing to the design
and the construction of many detectors for nuclear and particle physics experiments worldwide. Within the workshop series [5], it has
then been decided to elect the Frascati National Laboratory as the natural host for the session devoted to the detection techniques. The
program was articulated in 6 working groups, each covering one of the main aspects of nuclear and particle experimental physics.
The various working groups gathered the expertise of the Italian research groups and laboratories connected with the INFN Third
Scientific Commission devoted to nuclear physics experiments. In particular, working groups from 1 to 3 discussed the status of
the art and the perspective for the detection of charged particles, neutrons and photons (in the gamma and X-ray energy regime);
working group 4 reported about the application of the above-mentioned technologies for medical applications, while working group
5 illustrated the development of targets for nuclear physics. Working group 6 discussed possible, future measurements at the INFN
Laboratori Nazionali di Frascati, Laboratori Nazionali di Legnaro and Laboratori Nazionali del Sud.

3 Charged particle detectors

This section presents the ongoing R&D work on charged particle detectors in two different contexts: (i) experiments at radioactive
ion-beam (RIB) facilities, where the need for large geometric efficiency, to cope with the relatively weak beam intensity, motivates the
design of active target (AT) detectors (Sect. 3.1); (ii) experiments with large beam intensities, which instead require fast-response and
radiation-hard detectors, like those based on silicon carbide (SiC) (Sect. 3.2). Apart from developing radiation-hard semiconductor
detectors based on SiC, one would also like to apply to SiC the same particle identification techniques so successfully implemented
with silicon detectors, like pulse shape discrimination (PSD) (see Sects. 3.2.4 and 3.3) and the AE-E technique, possibly applied to
compact monolithic multi-detectors (see Sect. 3.2.3).

It is worth noting that for heavy fragments PSD and AE-E techniques cannot be exploited and they should be replaced by magnetic
and TOF spectrometers. Therefore, an intense R&D work is planned. In Sect. 3.4, developments for few selected spectrometers
belonging to research lines of INFN will be presented.

With the advent of the SPES project at LNL, for many experiments employing radioactive ion beams (RIBs), it will be necessary
to characterize the incoming beam (purity, rate, etc.) and to measure the reaction products with dedicated detectors placed at zero
degrees. This is particularly important for reactions where at least one of the products has a strongly forward-focused kinematics,
such as in the case of direct reactions in inverse kinematics, compound-nucleus reactions and Coulomb excitation reactions. Such
detectors should be able to measure ToF, energy and scattering angle of ions close to the beam direction (see Sect. 3.5). For the
specific case of direct transfer reactions, the use of arrays of highly segmented silicon detectors coupled with state-of-the-art y-ray
arrays will have unparalleled performance in terms of efficiency and energy resolution. The main challenge is the treatment of a
huge number of signals and the mechanical integration in small scattering chambers. The coupling of such detectors (silicon and
gamma-ray arrays) will also allow to extend the studies of sub-barrier fusion reactions to lower cross sections, important for the
determination of reaction rates of astrophysical interest. Possibilities and developments related to these detectors will be presented
in Sect. 3.6.

Finally, the undergoing efforts in the development of several well-established technologies are presented. The first case considered
is the use of the emulsion technology in the ions detection (Sect. 3.7). The second is the development of a radiation hard detection
using diamond as substrate with the production of graphitic conductive paths on the surface and in the bulk of the material to obtain
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electrodes and conductive lines allowing an all-carbon radiation hard device as the one developed and tested by the TIMESPOT
collaboration (Sect. 3.8). The third one is the development of devices made of amorphous silicon, hydrogenated to reduce the number
of dangling bonds and obtain a ionizing radiation detector. The HASPIDE project is developing several type of devices that could
be used as beam diagnostic, possibly in transmission mode, in different environments (Sect. 3.9).

3.1 Active target detectors

Gas-based ATs use the same gas as both target and detection medium, thus achieving large geometric efficiency in contexts where
a low reaction rate is expected. In particular, Time Projection Chambers (TPC) operated in active target mode [36—40] offer new
experimental opportunities in nuclear physics and nuclear astrophysics [41-43], mainly in connection with radioactive ion beams
(RIB), where high efficiency and thick targets are needed to compensate the weak beam intensity. In a TPC, each charged reaction
product produces an ionization track and a superimposed electric field makes the electrons drift toward a segmented anode so that
a projection of each track on the anodic plane is obtained, including the information about the ionization density along the track.
The third coordinate of each track segment is obtained from the time needed by the electrons, drifting at a constant velocity, to
reach the anode. From the ionization density profile, it is possible both to identify the emitted fragments and to estimate their kinetic
energy. As a consequence, TPC offer the possibility to track the incoming beam up to the interaction vertex, to estimate the effective
interaction energy as well as to reconstruct the direction of the out-coming tracks with a resolution A6 ~ 1°.

ATs are very versatile detectors. As a matter of fact, they lend themselves to be used in various research fields as, e.g., single-
nucleon exchange reactions to investigate the so-called shell migration [44, 45] and two-nucleon exchange reactions to investigate
the role of pairing correlations in exotic nuclei [46—48], as well as for the search of cluster structure in the light mass region [49].
ATs are also relevant in giant resonance studies, especially for giant monopole resonance via («,’) and (d,d’) [50, 51]. Eventually,
ATs are also employed in decay studies [52], two-proton radioactivity [53] and studies of astrophysical interest [54], e.g., (¢, n) and
(o, p) mainly using a Multi-Sampling Ionization Chamber (MUSIC [55]).

3.1.1 Toward a hybrid pad plane for pure gasses

The detection plane, which consists of a micro-pattern gas detector (MPDGQ), is the core of an AT and allows for the multiplication
of the primary electrons, at the same time preserving spatial and collection time information (e.g., Micromegas [56]). However, as
the gas medium is in common with the active volume itself, some questions have to be addressed. In fact, though working without
a quench gas can easily lend the MPDG to a discharge regime [57], one would like to operate with pure hydrogen and deuterium to
perform (d,p) or (p,t) reactions, or pure helium for (o).

To date, the most promising solution is exploiting pre-amplification devices on top of the primary MPGD, to extend the maximum
achievable gain using hydrogen or other gases [58—61]. For a double Thick Gas Electron Multiplier (THGEM) [58], effective gains
of the order of 10* have been reached in pure Hy, for pressure ranging from 100 and 300 mbar. Double- and triple-layer multilayer
THGEM (M-THGEM) has been tested in different configurations also in pure He [59], obtaining a gain of about 10°, comparable
to the typical gain obtained for a standard He+(10%)CO,. Eventually, M-THGEM has been also tested using pure CO; as a
gaseous medium, aiming at performing two-nucleon pick-up reaction using '2C!'80,[60]. Such devices can work in a stand-alone
configuration acting as a new sensor plane for AT [38] or coupled with standard MICROMEGAS in a hybrid configuration [62].

3.1.2 Space-charge effects and §-rays detection

The second key element of an AT is the uniform drift field, typically generated by the so-called field cage. Typical field values range
from 100 V/cm up to 1000 V/cm, with typical deviations of a few percent at the active volume border [40]. However, high-charge
and/or high-intensity beams can spoil the field homogeneity and uniformity, and in turn, the reconstruction capability of the AT.
Space-charge effects have been observed for a K beam with an instantaneous rate as high as 10* pps and a mean rate of around
800 pps [63]. A mitigation option to this issue is the introduction of a beam mask, i.e., a cathode—anode system, matching the field
inside the active volume, in order to rapidly collect the generated electron-ion pairs, thus suppressing their influence on the drift
field [64, 65]. However, the introduction of a beam mask has a drawback: the loss of tracking capability in the region covered by
the mask itself. Consequently, the vertex reaction reconstruction needs to rely on the light target ejectile and the nominal beam
trajectory where only two products are present in the electric channel.

As the charge and the energy of the incoming beam increase, the §-ray production also starts to play a significant role. Although
8-ray tracks can be removed during the off-line analysis, the generation of spurious hits affects the TPC trigger rate. An interesting
solution has been adopted by the CAT collaboration [66]: a permanent dipole magnet, of about 1 T, has been located, inside the
active volume, around the beam axis, thus confining the §-electrons within its volume. In order to prevent the drift field distortion,
the magnet support structure is equipped with a voltage divider that matches the equipotential planes inside the active volume,
restraining the track displacement within 1 mm.
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3.1.3 Active target for SPES

NUCLEX is an Italian collaboration within INFN, studying reaction mechanisms and nuclear structure using charged particles as
probes, in an energy regime going from a few MeV/nucleon to ~50 MeV/nucleon (see, e.g., [67-73]).

NUCLEX is now in the process of developing ATS (AT for SPES), a TPC based on the concept of the ACTAR-TPC demon-
strator [74] but with significant improvements, to provide LNL with an active target for RIB studies. Also, in this case the main
limitations are mainly related to the beam intensity and stopping power: both can generate space-charge effects within the TPC. In
this respect, ATs will be equipped with a sliding-seal chamber and a rotating platform to match the beam intensity delivered by
SPES with the detector limits (< 10° pps). Moreover, a new detection plane and field cage, responsible for the generation of the
drift field, will be realized, with the possibility to realize a hybrid micro-pattern gas detection system to work with pure gas (i.e.,
without quenchers) and to equip the field cage with an electromagnetic mask to further screen space-charge effects and confine
d-rays generated by the beam. It is worth mentioning the efforts within the NUCLEX collaboration to investigate the possibility
of a neural network-based “intelligent” trigger system [75], being able to classify the events depending on different patterns at the
detection plane level.

3.2 Silicon carbide detectors

Exposure to high fluxes of radiation is known to cause appreciable deterioration of semiconductor device performance. Generally, in
junction detectors, the main evidence of damage is a fluence proportional increase in the leakage current. Loss of energy resolution
and of charge collection efficiency are also signs of increasing damage.

Silicon carbide (SiC), a wide bandgap semiconductor, is presently intensively studied, as an alternative to silicon for the production
of radiation hard devices [76—79]. SiC can be used to produce both p-n junction and Schottky diodes, and when compared to silicon,
its larger bandgap and larger energy threshold for the production of lattice defects make it more suited for use at large fluence
such as in experiments with high-intensity beams, in-plasma studies or as beam diagnostics. One application example would be in
frontier activities in nuclear and sub-nuclear physics, where one needs to operate at high fluxes of incident particles, e.g., in order
to measure cross sections of very rare phenomena [80]. The huge interest in silicon carbide due to its use in the automotive sector is
motivating intense R&D in this field. On the other hand, SiC represents a new challenge for detector manufacturing. This motivated
ST-microelectronics in Catania to set up a new clean room, to be managed by CNR-IMM institute, in order to produce and test SiC
devices. PSD techniques, already developed for silicon detectors, can be also applied successfully to SiC detectors, as demonstrated
by the first preliminary studies [81].

SiC detectors are also particularly attractive for laser-driven experiments because SiC devices show large thermal stability and
are insensitive to photons in the visible range [82]. Therefore, they could be successfully employed in measuring the cross section of
nuclear reactions in laser-induced plasma (see, e.g., Ref. [83] and references therein). A reliable measurement of these cross sections
is needed, for instance, in order to understand the nucleosynthesis of nuclei such as 2°Al (T| 2 =117 x 10° y). Aluminum-26
constitutes an early example of multi-messenger astronomy. In fact, it is detected (through the daughter 2°Mg) in the earliest formed
solids of the Solar System, in Al-rich chondrules called presolar grains found inside meteorites and in the Galactic interstellar
medium (through its decay emission line at 1809 keV). Though 26Al is the most robust constraint on nucleosynthesis models, its
nucleosynthesis is still uncertain! and the study of nuclear cross sections in laser-induced plasma could answer key astrophysical
questions, as the plasma effect on the population of the states in 2°Al and on its lifetime.

3.2.1 SiC radiation hardness

The SiCILIA collaboration (started as a Call in the V scientific commission of INFN) performs systematic studies of the behavior
of SiC as a detector material [82]. Within SiCILIA, INFN and IMM-CNR are cooperating in R&D activities on SiC technology,
also in view of several new and ambitious INFN projects, e.g., NUMEN [80, 85] and NuReLP [8§6-88]. Some of the most important
results concerning the technological issues and the particle detection applications have been recently published [81, 89, 90].

In recent years, several studies on radiation damage have been conducted by the SiCILIA collaboration to investigate the
performance of SiC detector prototypes, also in comparison with more traditional silicon detectors. Damages were induced by
different radiation types: electrons, protons, heavy ions, photon and neutrons. Some devices were irradiated by using 5 MeV
electrons, up to a total fluence of 10'3 e/cm?. No instability or deterioration has been observed. Other devices were irradiated by
using 60 MeV protons up to 2 kGy without observing instability or deterioration [91]. Ion beams of 1°0 (12.5 MeV) and 27 Al (24.2
MeV) were also used [92]: SiC p-n junction devices were irradiated up to 10'% ions/cm?, and a reduction of the total charge collection
efficiency of about 40 % has been observed without major changes in the resolution. A SiC p-n junction device, 100 um thick, was
irradiated with 14 MeV neutrons, up to a total fluence of 4.45 x 10! n/cm?. No instabilities have been observed [93]. Thin silicon
carbide membranes were irradiated by a 12.4 KeV photon beam up to 45 GGy without observing instability or deterioration [94].

1 Complications in the relevant nuclear physics behind the net production of 26 A] arise from the presence of an isomeric state in 26A] at Ex = 228keV
(T1/2 = 6.35s, hereafter 26Al”’), see Ref. [84] and references therein.
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Fig. 1 Left, microscope view of
one pad mounted in a prototype
mother board. Right, measured
waveforms obtained using the
operational amplifier (ADA4895)
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3.2.2 SiC-based tagging system for fragmentation beams

One of the methods to develop radioactive ion beams (RIBs) is the in-flight fragmentation method coupled to the use of a fragment
separator [95]. Nuclei are produced by fragmentation reactions of intermediate energy projectiles on a relatively thin target and they
are selected in magnetic rigidity (i.e., their momentum divided by their charge) by a suitable combination of electromagnetic fields.
The produced beam is, in most of the cases, a cocktail beam that can be at least partially purified at the cost of some degradation in
energy and emittance [96]. The overall beam quality is generally poorer than a standard stable beam, due both to a large emittance
(producing a beam spot of few cm diameter or more) and a limited energy resolution (often larger than 2-3 %). A measurement
of the beam trajectory is therefore generally needed. When the complete purification of the beam is not possible, an opportune
tagging device able to identify, event by event, the beam is also needed. Owing to the intensity of the beam, the tagging system
needs to be radiation-hard. In parallel to the construction of the new fragment separator FRAISE at INFN-LNS [97, 98], a new
tagging device is being developed, based on silicon carbide pixelated detectors featuring a high-event rate capability and being
radiation tolerant—{features not available at the required level in the previous instrument [99]. The basic detection unit is designed
to measure up to 107 pps. The tagging system can identify the RIBs composition using the joint measurement of the energy loss
(AE, with resolution better than 1 %) of ions passing through the detection unit and the time of flight between two detection units
or measured with respect to a reference signal synchronous with the primary beam (bunch) arrival on the production target, like the
radiofrequency signal of a cyclotron (a time resolution < 1 ns is needed for charge/mass identification). One also needs to measure
the 2D profile of the RIB with the precision required for the characterization of the beam transport properties (about 2-3 mm spatial
resolution for most of the cases). The full trajectory reconstruction is made possible by the use of different detectors, see, for instance,
Ref. [100]. With this new tagging device, the RIB energy could be measured event by event, with a precision better than 0.5 %. The
beam energy will be obtained again thanks to a TOF measurement over a long base of flight between two detection units. In the
case of FRAISE, for the beams sent to the 47 CHIMERA detector, we can have a base of flight of at least 15 m (up to 25 m could
be possible). With a typical velocity of the RIBs around 10 cm/ns, the overall TOF resolution has to be better than 375 ps, that is,
250 ps for each sensor. This is a demanding goal, feasible but requiring a careful and smart design of each component.

The detector topology will be the one of a pad detector, having a basic segmented structure of 9 pads (about 5 x 5mm? active
area each) arranged in a window-like configuration into a 2.25 cm? single die, with a minimum dead layer between neighbor dies of
the order of few hundreds zm. This will result in dead zone of about 15 %. Two detection layers of about 6 x 3 cm? will be coupled
with a half-pitch shift both in X and in Y and readout in coincidence to partially recover for the dead region around each sensor die,
thus allowing the goal of larger efficiencies of the order of 92 %. Figure 1 (left panel) shows a microscope view of one pad mounted
in a prototype mother board used for the preliminary test of the system. The detector thickness will be of the order of 100 ;wm. This
is a compromise between the need of a small perturbation on the beam energy, the need to minimize the output node capacitance,
as required by the target signal-to-noise ratio, and the request to have a relatively fast collection time for the detected charge.

A dedicated multichannel front end in charge preamplifier configuration with high bandwidth (target rise time below 1 ns), low-
noise, high-linearity and compact design is also being implemented, to tackle with all the aforementioned requirements. Particular
care will be posed in the choice of the discharge mechanism and of the discharge time constant. In the right panel of Fig. 1, the
measured waveforms obtained with one of the tested operational amplifiers (ADA4895) are shown for various values of the injected
signal measured as silicon equivalent energy. A fast shaping time is used in order to optimize the time resolution. However, also the
energy resolution of the system is good enough. The measured integral-nonlinearity—computed as the maximum deviation from the
linear fit up to the considered amplitude—is better than 0.3 % up to 50 MeV deposited energy (silicon equivalent, 108 MeV in SiC).
The widespread of deposited energies in the detector, depending on the detected species and on the incident energy, imposes the
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development of a selectable gain front end or of different front ends targeted to the different energy ranges. An additional challenge
is the trade-off among the limited available power budget in view of a real system composed by many channels” and other factors
like the extremely low noise required to preserve the identification capabilities for thin, high capacitance, detectors and the small
amount of deposited charge, due to the relatively large energy needed to produce an electron—hole pair in SiC. The construction of
the prototype is ongoing, and preliminary tests are foreseen in the immediate future.

3.2.3 SiC-based monolithic AE-E telescope

A common problem in nuclear physics experiments is the charge, Z, identification of the particles emitted in the reaction with very
low energy. In general, a two-stage detector telescope technique is adopted. A thin first-stage detector measures the energy loss of
the particle, AE, and the second-stage detector measures its residual energy, E. Combining the two information, one can identify
the particle charge, and in some cases also mass, using the energy loss dependence [7]. Often this is realized by using as a first
stage a gas detector whose effective thickness can be simply adjusted by changing the gas pressure. The advantage of gas detectors
is their relatively low cost and their resistance to radiation damage. In several cases, semiconductor detectors are preferred for AE
measurement, especially when very compact structures are needed. Unfortunately, even if large efforts have been put forward on
the production of thin detectors [101, 102], they are commercially available only down to 10 xm minimum thickness. They are also
quite expensive due to manufacturing difficulties and fragile both from a mechanical and radiation hardness point of view. In some
pioneering works [103, 104], detector telescopes having monolithic structures and AE with a thickness of about 1 um have been
developed. Inspired by these works and taking into account the latest INFN innovations on silicon carbide (SiC) obtained from the
SiCILIA collaboration [81, 82, 93], an innovative monolithic device based on SiC technology with an energy identification threshold
of about 0.5 MeV/A is now being developed.

3.2.4 PSD in SiC

The applicability of the AE-E method strongly depends on the capability to lower the threshold given by the punch through energy
of the impinging particle in the first stage of the telescope. As said, such threshold can be lowered by reducing the thickness of the
first stage, and optimal performances could be achieved in this respect by employing monolithic AE-E structures with a very thin AE
stage. However, another viable solution for such limitation can be provided by the application of PSD (pulse shape discrimination)
algorithms for the identification of the low-energy particles stopped in the first stage detector. This identification method, successfully
used for silicon sensors [105-109], relies on the dependence of the time evolution of the signal induced in a single detector on the
ionization density along the track, which in turn depends on the mass, charge and energy of the impinging nuclear fragment.

A preliminary study of the PSD performance of SiC detectors has been carried out in Ref. [81] exploiting the prototypes produced
by the SiCILIA collaboration. The sensors were tested in a reverse mounting configuration that in the past has been proved as the
most suitable for this kind of application [110]. A good charge identification of the nuclear fragments has been successfully achieved
exploiting two different pulse shape related observables, namely the rise time of the charge signal and the maximum of the current
signal, the latter obtained from the charge signal through digital differentiation based on a smoothing spline interpolation algorithm.
Also, some hints of mass identification for hydrogen and helium isotopes could be found for a lower-biased SiC detector.

The first results of the application of PSD algorithms to SiC detectors are promising; however, PSD studies in silicon carbide are
still at a preliminary stage, and the work of Ref. [81] has to be extended. Indeed, an experiment has been proposed and accepted at
INFN-LNS: a systematic study of the SiC PSD performance in relation to the applied bias, similar to that of Ref. [109], is foreseen.
An evaluation of the PSD identification capability with respect to specific characteristics of the detector (e.g., the doping uniformity
or the defect density) would be interesting, as well as a study of the limits of stability of the PSD performance in terms of heavy-ion
fluence delivered to the SiC sensors [111], especially in view of their potential application in high-dose rate environments.

3.2.5 SiC+CLiF for neutrons

Silicon carbide’s capability to withstand harsh operating conditions makes it an interesting solution also for the development
of neutron detection and monitoring systems to be used in those environments characterized by high radiation fluences and/or
high temperatures. Such requirements can be found both in experimental applications, such as in zero-degree measurements and
diagnostics with high-flux neutron beams [112, 113], but also in technology applications, such as high-level radioactive waste
management [114], neutron monitoring systems in nuclear power plants [114, 115] or in the upcoming fusion reactors [116].

A possible solution for the detection of thermal neutrons is instead represented by SiC sensors coupled with a converter layer,
such as °LiF, containing specific isotopes interacting with neutrons with relatively high and well-known cross sections [117, 118]:
in particular, the neutron capture reaction ®Li(n,a’)>H is a standard for neutron energies from 25 meV to 1 MeV. Some old generation

2 In the realistic case of a 3 x 6cm? active area, needed to cover the full beam area, about 100 channels per detection layer are needed, depending on
granularity.
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SiC+CLiF detectors have been inspected in the past with promising results [114], but this field could benefit from the new generation
SiC devices produced by the SiCILIA project.

In many applications, neutrons must be detected in presence of intense y backgrounds: in these cases, a desirable characteristic for
a neutron detection system is the y-insensitivity, or alternatively the capability to perform a reliable n/y discrimination. In a mixed
neutron/y field, if the energy released by y-rays in the detector is sensibly lower than that released by the charged particles resulting
from the neutron reaction with the converter, a simple pulse height threshold can provide an effective n/y discrimination [119, 120].
More specifically, in the case of a 6Li-based converter, the exploited reaction 6Li(n,oz)3H results in the back-to-back emission of a
2.73 MeV triton and a 2.05 MeV « particle. Both products can be used for neutron counting, but the detection of lower-energy o
particles can be more affected by the possible y contamination in the low-side of the spectra. In fact, in a recent work inspecting a
SiC+SLiF configuration [ 121] the authors could exploit only the triton peak for neutron counting and foresaw the study of a sandwich
semiconductor configuration to separate the o particles from the y-background. Instead, in Refs. [122, 123], PSA methods have
been successfully applied to n/y discrimination for a CVD diamond detector+°LiF configuration: this is a relatively new application
of PSA (at variance with its use in scintillators which has been extensively studied [124]) that could be tested also on similar
SiC-based devices. The combination of the characteristics of the SiC detectors with a PSA-based n/y discrimination could open
new possibilities and many technological spin-offs for neutron counting in harsh environments, often characterized by a strong
y-background.

3.2.6 SiC detectors for particle ID in hot, laser-induced plasma

In laser-driven experiments, the large thermal stability and insensitivity to photons in the visible range make SiC detectors an
attractive choice [82]. Also, thanks to their radiation hardness, it will be possible to stand the high radiation flux produced in a laser-
induced experiment, as well as the high temperatures achieved due to exceptional thermal shock-resistant qualities. We propose an
R&D activity which aims at investigating the use of these prototype detectors in laser-driven experiments [125]. In parallel, we will
evaluate the possibility to extend pulse shape analysis (PSA) to very low energies (namely few to hundreds keV). Indeed, digital
sampling techniques were successfully utilized for PSA experiments outlining the high potential of digital PSA to decrease the
lower-energy threshold of the particle identification [126].

After this evaluation and validation phase, SiC-based devices will be employed in studying astrophysically relevant nuclear
reactions under conditions close to the astrophysical ones (energy, density and pressure), in particular the plasma effect on the
population of the states in 2°Al and on its lifetime. This will allow us to reduce the systematic uncertainties often introduced by
the extrapolation procedures, to estimate the contribution of nuclear excited states and to characterize the plasma by determining
density, temperature and charge states of the constituent ions.

3.2.7 SiC detectors characterization

Thanks to their performances, i.e., high radiation hardness and high energy and time resolution, new generation particle detector
systems are assumed to use SiC detectors. It is the case of the NUMEN project [80, 127], which will use large-area SiC detectors as
the AE stage of the new particle identification (PID) wall of the MAGNEX magnetic spectrometer [128] (see Sect. 8.2.1). State-of-
the-art SiC detectors 100 m thick, 10 um dead layer, 15.4 x 15.4 mm? area including ~ 400 ;zm edge structure have been already
produced to this purpose [129]. Stringent requirements must be satisfied by these devices:

e Thin dead layer to be used in transmission (AE measurements);

e Low depletion voltage, since they have to work in low-pressure gas environment;

e Thickness and charge collection uniformity within each detector to guarantee high PID performances;

e Homogeneity among different devices in terms of depletion voltage, thickness, resolution, etc., since 720 SiC detectors will be
used to cover the large detection area (154 x 1260 mm?).

Accurate characterizations of these new devices must be performed to establish to what extent the mentioned requirements are
fulfilled and then guide further R&D activity. A first investigation regards how the charge collection efficiency (CCE) behaves in the
full active volume and near the edges of the detector. This can be studied using 3D microscopic characterization techniques as the
ion beam-induced charge (IBIC) that utilizes focused MeV range accelerated ions to probe charge transport [130, 131]. Using the
same IBIC beams or collimated alpha sources at different incident angles, it is possible to measure the dead layer thickness present
in the back of the epitaxial layer and study possible channeling effects. Other important properties are the full depletion voltage and
the doping concentration value and profile. These can be accessed by the C-V and I-V characteristics measured through a probe
station able to reach high-voltage biases (up to about 1.2 kV) [129].

3.3 Pulse shape discrimination in semiconductor detectors

PSD relies on the dependence of the time evolution of the signal induced in a single detector, which in turn depends on the mass,
charge and energy of the impinging nuclear fragment. This is due both to the different range for particles having the same energy

@ Springer



Eur. Phys. J. Plus (2026) 141:582 Page 17 of 115 582

and different charge and/or mass and to the different ionization densities, in turn due to their different stopping power. For heavy
charged particles, in fact, the ionization density is so high that the charges along the track behave like a plasma, shielding the interior
of the track from the external electric field. Therefore, the ionization density affects the collection time of the electron—hole pairs
through the so-called plasma time, i.e., the time needed by the electron—hole column to be eroded by the electric field of the reverse
biased junction.

PSD has been studied deeply, in last two decades, especially for silicon junction detectors. For these detectors, a large database
of digitized waveforms is now available for many Z, A and energy combinations, thanks, e.g., to the detailed R&D conducted by
the FAZIA collaboration [132]. This opens the opportunity to isotopically access the low energy fragments produced in nuclear
collisions [69, 133, 134].

3.3.1 Charge collection simulations

For the design of new devices, as those treated in Sect. 3.2.4, and the a priori evaluation of their PSD capabilities, realistic microscopic
simulation of the charge collection process could be really helpful. For heavy charged particles, the microscopic description should
include the electron—hole mutual interaction, in order to reproduce their already mentioned plasma-like behavior. Though there have
been sporadic attempts in the past [135-139], with mixed success, this is a line worth following, possibly including also the effects
of damage. A deeper understanding of the underlying process, validated by a few dedicated experiments or by comparison with the
already available waveform database, could be of great help in our search for the best shape parameters and detector configurations.
The simulations could help in clarifying why a fragment must penetrate beyond a given minimum range in order to be identified
and the reason why the mass resolution improves for under-depleted detectors.

3.3.2 Combining time of flight and PSD

The energy threshold for identification of fragments could be lowered by a combination of time-of-flight (ToF) measurements and
PSD. ToF measurements give the velocity of the fragment and, combined with energy information, the fragment mass. However,
it has been shown that the atomic number can also be obtained, by combining ToF measurements and shape related parameters. A
preliminary result has been published as Fig. 30 of Ref. [7], showing an energy vs time-of-flight correlation obtained from FAZIA,
summed over ~ 80 telescopes for *3Ca+!2C at 25 AMeV. Fragments are stopped in the first silicon layer, 300 m thick, and they are
identified up to neon isotopes, both in atomic and mass number, with very good resolution. To get such a good result, all digitizing
channels must be carefully synchronized. In fact, all the ADC clocks are synchronized with a custom procedure, reducing clock
delay differences down to 10 ps. An innovative aspect of the ToF measurement adopted in FAZIA telescopes is the “start” time mark
extraction, as it is obtained from completely identified fragments: from the energy, mass and detection time of any such fragment, the
velocity (and therefore the collision time, knowing the flight base) can be easily calculated by reversing the kinetic energy formula.
The ToF of a not-identified fragment can be obtained from its own time mark and from the reaction time estimated from identified
fragments. Combining ToF and PSD, it is possible to identify light ions penetrating less than 50 um inside the first telescope layer,
i.e., ions which cannot be identified via PSD. This could open the possibility to use FAZIA-like telescopes even at lower energies,
like at SPES.

3.4 Spectrometers

Spectrometers are at the forefront for heavy-ion identification at energies of few MeV/u. They can be divided into magnetic
spectrometers, which select the ions according to their mass-over-charge ratio (im/q) through a set of magnetic elements, and time-
of-flight spectrometers, which have normally simpler designs and distinguish the ions via E-ToF or position-ToF correlations. Studies
of nuclear structure and of transfer and fusion-fission dynamics at Coulomb barrier energies have strongly benefited from the use of
such devices.

In this section, we will present possible upgrades for the study of reaction dynamics and nuclear structure with spectrometers,
employing transfer, fusion and fission reactions. In Sect. 3.4.1, we will focus on proposed upgrades of the large acceptance magnetic
spectrometer PRISMA at LNL; in Sect. 3.4.2, we will present possible developments for the ToF spectrometer TOSCA of the
FORTE collaboration.

3.4.1 The magnetic spectrometer PRISMA at LNL

Electromagnetic spectrometers are versatile setups aimed at the detection of particles with a wide range of masses and atomic
numbers involved in reactions at relatively low bombarding energies (~ 5 — 20 MeV/u). Modern spectrometers combine the use of
a series of electromagnetic elements that bend the trajectory of the particles, and a series of position detectors to track the trajectory
before and after the magnetic set. In addition, the spectrometer is completed with detectors to measure the energy loss (AE) and
total energy (E) of the ions. At energies close to the Coulomb barrier, magnetic spectrometers can be used to study processes such
as inelastic, transfer, fusion and fission reactions. Among the best examples of this kind are PRISMA at INFN-LNL [140, 141],
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VAMOS at GANIL [142] and MAGNEX at INFN LNS [128, 143, 144]. They are all equipped with a set of large-size magnetic
elements (dipoles and quadrupoles), and all have the possibility to rotate around the target point, allowing a significant angular
coverage.

Further developments can be foreseen to improve the performance of PRISMA for the study of multi-nucleon transfer (MNT),
fission, quasi-fission or fusion reactions. Possible upgrades can be applied to the detection setup around the target and at the focal
plane. These are reviewed in this section and sketched in Fig. 2. Further major upgrades of PRISMA, in particular for the study of
transfer reactions with radioactive ion beams, will be discussed in Sect. 8.1.1. In Sect. 8.2.1, the foreseen upgrades of the MAGNEX
magnetic spectrometer at LNS are reported.

Full tracking around the target Currently, the scattering angle of the reaction products is measured with a micro-channel plate
(MCP) detector placed inside the target chamber upstream of the first magnetic element [145], under the assumption that the
reaction occurred at the center of the target. The installation of a second MCP detector, as shown in Fig. 2 left, would allow the
determination of position and angle of the scattered particles, achieving a full tracking at the target position. This is particularly
important when using extended targets such as gas cells or very heavy beams that can be defocused to limit the density of power
released on target.

The study of certain reaction channels, such as transfer-induced fission in inverse kinematics, requires not only the measurement
of the scattered beam-like products but also the detection and identification of the recoil target-like particle. Multilayered stripped
silicon detectors covering a large solid angle are an efficient solution when the transfer occurs on light target ions (Z < 10).
Commercial annular double-sided strip silicon detectors (DSSSD) or custom ensembles built with trapezoid/wedge-shaped layers
can be arranged in fixed configurations to perform AE-E measurements for particle identification, as well as the tracking needed
to obtain the recoil angle. With these observables, the corresponding partner in the transfer reaction (the fissioning system) can be
fully characterized. This allows, for instance, the measurement of the excitation energy of the fissioning system in inelastic and
transfer-induced fission reactions [146].

In reactions where the angle between products is too small to allow the detection of one particle in PRISMA and the other one in
a detector placed in the target chamber, or when both products are heavy enough, the use of a second arm in kinematic coincidence
with PRISMA can be the ideal solution. While it is not possible to build a second full-fledged spectrometer, a reduced version can
give enough information to complement that of PRISMA. A detector including a position- and time-sensitive detector (MWPPAC)
followed by a Bragg chamber for Z identification has been already built and commissioned [147]. Depending on the distance between
this setup and the target position, a rough estimation on the mass of the second product could be obtained, as well as the emission
angle and the identification of the atomic number. This was demonstrated in the analysis of the multi-nucleon-transfer reaction
130Te+197 Au [148] at 1.07 GeV in inverse kinematics, where a matrix correlating the mass of light and heavy transfer products could
be constructed. This matrix allowed to quantify, as a function of the number of transferred neutrons, the contribution of secondary
processes, such as neutron evaporation, to the survival probability of the heavy reaction partner. An important upgrade of this second
arm would be the possibility to couple it to y-ray arrays and to rotate it continuously around the target to accommodate as much
as possible the folding angle in laboratory of both products. In addition, the geometrical acceptance should be similar to that of
PRISMA in order to reduce any loss in statistics when requiring the kinematic coincidence.

In order to house these ancillary setups, the target chamber would need to be redesigned while retaining the rotation capabilities
of PRISMA and the coupling to y-ray spectrometers such as AGATA [149].

Possible upgrades at the focal plane The detector setup at the focal plane of PRISMA consists of a position-sensitive MWPPAC
detector [150] that measures the position and ToF of the particle at a fixed distance from the entrance of PRISMA and, together
with the reconstruction of the flight path, allows to deduce its magnetic rigidity. Currently, this allows for a relatively accurate
identification in mass (up to A ~ 140) and atomic charge state. An improved ion trajectory reconstruction, through the use of
transport matrices or with a full tracking, where azimuthal and polar angles at the focal plane are measured by means of a second
position-sensitive detector placed at the exit of the dipole, can improve the performance of PRISMA in terms of mass (up to A ~ 200)
and atomic number identification. However, the characteristics of this detector must be compatible with the low energies of the ions
normally detected in PRISMA.

Currently, the precision of the energy loss measured along any of the rows of pads in the existing ionization chamber (IC) [150]
is somehow affected by the incident angle of the particle, which modifies the effective length of the path traveled by the particle in
the chamber. The measurement of the direction of the particle at the focal plane would help remove this effect and obtain the energy
loss for the same effective depth for all particles. This could also be achieved by measuring the x and y position of the ions in the
IC. The y position can be deduced by measuring the electron drift time while, for the x position, the use of a segmented anode is
necessary and would represent a major upgrade of the current IC design.

Besides the developments so far outlined, intrinsic upgrades of the PRISMA detectors can be planned in the next years. For
instance, a replacement of the current MWPPAC with a more efficient one for light ions and the use of gases with higher stopping
power (C3Fg) than those normally employed in the IC (CH4 and CF4) can increase significantly the limits of detection of PRISMA
and make the study of new physics cases possible (see also Ref. [151]), also in view of the forthcoming experimentation with SPES
beams.

@ Springer



Eur. Phys. J. Plus (2026) 141:582 Page 19 of 115 582

MNT AND FISSION FUSION-EVAPORATION

IC (AE-E) s Movable Second Arm New scatterin
.
2\, . (Fulltracking and identification of chamber g/’ ‘\
\) second fragment, AE-E and ToF) ’o'

g P Y
. .

New scattering s,
chamber’,' RS

s
s,

4
23> MWPPAC (x, y, ToF) ¢  DsssD .

.
Ancillary detectors _,*
. sy

(light target-like o*

N
\
measurement % DR MCP, Mc,;‘, :‘ s L ‘l .2Tm
AE-E xy) s % y) ()1 1.2Tm Beam —‘—ﬂ-{
A 3 ; *Target Faraday, T MWPPAC, (x, y, 2)
/‘?’arget/ MWPPAC, (x, y, ToF) k. © :"f ! K (Full tracking at
ﬁ"'am “‘ (Full tracking at focal focal plane)

plane)

MWPPAC, (x, y, ToF)
2 \\
\\\ IC(AE-E)\\\ e
IC (AE-E) \\\ \\\\ W
(Gas: CH,, \\\\

CF,, C4Fy)

Fig. 2 (Left) Sketch of the upgrades proposed in Sect. 3.4.1 for the PRISMA magnetic spectrometer for MNT and fission studies. (Right) Layout of the
PRISMA spectrometer in the zero-degree configuration for fusion-evaporation studies. In both figures, shape and dimensions of the scattering chamber are
not meant to be realistic. The items indicated in red represent new upgrades not currently present on the spectrometer

The PRISMA spectrometer at zero degrees for fusion-evaporation studies The magnetic spectrometer PRISMA can be used in
vacuum to perform measurements of fusion-evaporation reactions at angles very close to 0°. The beam intensity should not exceed
~ 107 pps to protect the focal plane detectors. The direct beam will be stopped in a Faraday cup (see Fig. 2 right), while the
evaporation residues (ER) produced in the angular range 6 >~ 2° — 5° will be analyzed by PRISMA and detected at the focal plane.
Once again the installation of a second position-sensitive MWPPAC detector (MWPPAC] in the figure) near the exit of the dipole
magnet will allow the full tracking of the ions despite the need of removing the MCP detector presently installed 25 cm downstream
of the target.

A further possibility, allowing the use of higher intensity beams, is moving upstream the target position by 1.5 — 2 meters, and
installing in front of PRISMA a Wien filter to separate the beam particles from the ER. Otherwise, the setup may remain the one
sketched in Fig. 2 left, with the advantage of including 0° in the range of measurable angles, and the possibility of re-installing the
MCP detector in its present position.

This configuration of PRISMA at 0° will allow interesting studies of nuclear structure on the proton-rich side of the nuclear chart,
by combining the spectrometer with last-generation y-ray arrays, both with stable and exotic beams.

3.4.2 The ToF spectrometer TOSCA

The FORTE collaboration has been established to study the role of shell effects in heavy-ion induced reactions aimed at the
production of nuclei very rich in neutrons populating the so-called Terra Incognita and for the synthesis of super heavy elements.
The processes under scrutiny are: (1) binary-fission modes and ternary fission of heavy and superheavy nuclei; (2) multi-nucleon-
transfer reactions populating exotic neutron-rich species in the unknown nuclear chart regions, including those of astrophysical
interest. The collaboration operates in several laboratories such as LNL, JYFL and GSI.

A time-of-flight spectrometer coupled, whenever required by the experimental aim, with charged particles, neutrons and gamma-
ray detectors, is the main device used to pursue the research program. The basic elements of the ToF spectrometer are two pairs
of arms placed on opposite sides with respect to the beam axis centered on the same reaction plane. Each arm is equipped with a
start and a stop detectors to measure the velocity vectors of fragments with a spatial and time resolutions of about 1 mm and 180 ps
FWHM, respectively. Correlating angles and ToF of both reaction fragments, the primary mass and energy of binary fragments are
reconstructed imposing momentum and energy conservation laws [152, 153].

The small dimensions and the versatility of the arms make the ToF spectrometer a portable solution that can be easily integrated in
different existing facilities [7, 154—156]. By mounting the arms in different angular configurations, large range of mass asymmetries
of the fission fragments can be covered, making it suitable for the investigation of a wide variety of nuclear reactions [157, 158].

A new conceptual modular design of the detector unit acting as start and stop detectors has been recently developed by the FORTE
collaboration at Napoli INFN for TOSCA (Time-Of-flight-sub-nano-second Spectrometer for Charged radiation Applications). This
new design represents an upgrade of the largely used CORSET setup [152]. TOSCA unit has a triangular trapezoidal shape, as shown
in Fig. 3 left. A thin Mylar layer facing the target is mounted orthogonally to a sandwich of two MCPs in chevron configuration
assembled with an active area of 70 x 90 mm?. These two faces are connected by an oblique plane made of a grid of wires acting as
electrostatic mirror. The X and Y coordinates at which the ions cross the conversion foil are reconstructed by combining 4 position
signals (Xp, Xgr and Yy, Yp). In Fig. 3 right, a position matrix obtained with a TOSCA unit irradiated by an alpha-particle source
is shown.

The main advantages of TOSCA spectrometer, with respect to previous one belonging to the FORTE collaboration [7], are the
modularity, the sensitivity to the position of all the detector units and the low-energy and angular straggling. Small degradation of
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the resolutions caused by large beam spot sizes, thanks to measurement of impact positions in both start and stop detectors, and
high radiation hardness, thanks to the use of emittive foils instead of direct implantation in the detector, are additional assets of the
device. In a test experiment, performed at the Accelerator Laboratory of the Department of Physics (JYFL) of the University of
Jyviskyli in May 2022, to study the *° Ar+298Pb reaction at beam energy of 200 MeV, a mass resolution of 3-4 amu was obtained,
in line with the state-of-the-art ToF spectrometer.

Typical reaction studies explore the dynamical evolution of the composite system with long lifetimes compatible with those of
compound nuclei using different variety of probes [159-162] or need to separate the binary products of fast reactions (e.g., deep
inelastic and quasi-fission) from those of fission [163, 164] to get insight on the scission point configuration, e.g., deformation,
mass asymmetry and dissipated energy. The direct detection of both fragments of the binary reactions provide valuable information
concerning the process kinematics, as the angular, Total Kinetic Energy (TKE) and fragment mass distributions [165, 166]. In
this context the mass-TKE distributions represent a very sensitive observable used to study the intensity and nature of nuclear
viscosity [157, 167], the competition of different fission modes [168—170] and the production rate of neutron-rich nuclei [153].

Several upgrades of the setup are ongoing, involving the construction of arms with larger angular coverage and solutions aimed at
the identification of the atomic mass of fragments and suited for higher intensity and pulsed beams. These solutions take advantage
of the use of the modular and passing through TOSCA units and can be realized with the use of multi-ToF arm coupled with AE-E
telescope array and a new data acquisition system based on sampling electronics for pulsed beams/higher rates.

3.5 Zero-degree detection for RIB delivered by SPES

In forthcoming years, at the SPES facility at LNL, neutron-rich radioactive ion beams (RIBs) of masses A ~ 100 are expected to
be re-accelerated at energies of 5-10 MeV/u. In experiments employing RIBs, it is extremely important to characterize the beam
composition and to separate the reaction products from the unreacted beam. Mandatory requirements for the detectors used for this
aim are the minimization of energy losses in the detectors, the maximization of efficiency and transmission and the capability to
sustain beam rates of ~ 10° pps.

Taking inspiration from existing detectors in ISOL and in-flight RIB facilities, we propose possible solutions and developments
suited for the energies, masses and physics opportunities that are specific of INFN-LNL and, in particular, of SPES.

3.5.1 Advanced detection systems for evaporation residues

Unexpected phenomena might show up from studies of fusion reactions with exotic beams; in particular, systematic experimental
investigations of the role of transfer in fusion are required. An experimental activity in this field will be made possible by exploiting
selected neutron-rich beams produced by the SPES facility. Typical interesting beams are 2°Sr, *Kr and heavier ones like '3*Sn,
136Te. All these beams will be provided with intensities in excess of 107 pps. The beam quality (stability, energy definition and size
of the spot on target) and its purity are essential for fusion experiments below the Coulomb barrier.

The intensity of those beams will allow placing a detector system right along the beam path and detecting the forward-peaked
ER distribution with almost 100% efficiency. Obviously, the detectors shall be able to withstand high counting rates and one has to
filter out the overwhelming beam-like background.

Figure 4 shows the setup proposed for such experiments. The full detector telescope, including three micro-channel plate (MCP)
detectors, can be used at 0° for beam intensities up to 10* — 10° pps [171]. For higher intensities, it can be installed downstream of
the electrostatic deflector of LNL, or of any other device capable of beam rejection.
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An ionization chamber with a multi-sampling anode can be used either with stable or exotic beams. The structured anode geometry
allows the separation of fusion events from beam particles, getting inspiration from the design of the MUSIC detector [172, 173].

As a complementary tool to the external target depicted in Fig. 4, the IC can work as an active target detector measuring the
energy loss of beam ions and fusion-evaporation residues produced in the interaction of the beam with the nuclei of the filling gas.
The ER will experience much higher energy loss inside the chamber gas. As a consequence, fusion events will produce a peaked
signal in the detector, while beam particles will gradually lose energy throughout the chamber. Being segmented, the chamber will
also allow to determine the position where the reaction takes place. Since the beam energy decreases moving forward in the chamber,
the fusion excitation function can be measured with a single beam energy.

MCP; and MCP; (position-sensitive) will monitor the beam quality, rate and energy and give a timing reference. The ToF between
them, together with the AE IC signal, will enable rejecting beam contaminants [173]. This is particularly important when using
exotic beams at sub-barrier energies. The ToF between MCP, and MCP; will select the ER, exploiting their lower velocity with
respect to the beam ions crossing the target without interaction. Fusion events will be additionally identified in the IC by AE-E
measurements. An annular silicon detector installed between the target and MCP3 will detect ER at angles larger than ~ 4°. We
point out that this setup will be very useful also for fusion studies with the light exotic beams produced by the SPES facility.

3.5.2 Zero-degree detection for direct reactions

Direct transfer reactions, where one or few nucleons are exchanged between projectile and target, represent an extremely powerful
tool to study the structure of atomic nuclei and to investigate a large variety of astrophysical scenarios. With the use of RIB, such
reactions may be performed in inverse kinematics, with the heavy (radioactive) beam impinging on the light target. For this reason,
the energies and masses of the heavy transfer products are very close to those of the beam ions, so the combination of several
tracking detectors giving (X,Y,AE,E o, ToF) information is needed to distinguish the reaction products from unreacted beam ions
and to perform the full event reconstruction. The possible use of a magnetic spectrometer like PRISMA at zero degrees for this kind
of reactions will be discussed in Sect. 8.1. Here we shall focus on other types of detectors that could provide the desired information.

The main contribution to the background in the particle and y-ray spectra is usually provided by fusion-evaporation reactions on
C and O atoms present in most standard targets or on the windows of common cryogenic targets. A simple ToF determination of
the reaction products is often sufficient to eliminate a large fraction of this background. In some cases the full identification of the
reaction products in Z and A is instead necessary to have full control on the reaction dynamics [174].

Even when dealing with ISOL beams, which normally have spot sizes of few mm, the reconstruction of the beam impact position
and angle on target can be of extreme importance. This is particularly true if cryogenic targets, which may present significant
window deformations [175], are employed. Moreover, the measurement of the impact angle of beam ions on target has important
consequences not only on the reaction excitation energy resolution but also on the extraction of transfer angular distributions.

As proposed in Sect. 3.5.1 and shown in Fig. 4, trajectory and impact position reconstruction on target can be obtained with two
beam trackers upstream of the target, providing also a ToF measurement for beam identification. A configuration of the tracking
detectors with a magnetic field spiralizing the electrons from the emittive foil toward the MCP should be applied in order to
maintain a good position resolution (~ 1 mm). Such detectors could be developed following the design of the entrance detector of
PRISMA [145].

The determination of the scattering angle and ToF of the heavy ejectile, correlated with the scattering angle and energy of the
light recoil measured in a Si array-like GRIT (see Sect. 3.6.1), can select in a univocal way the reaction kinematics of interest and
reduce the background due to other reaction channels, such as fusion-evaporation and break-up. These quantities can be measured
placing an additional MCP, with characteristics similar to the beam trackers, after the target.

The energy loss AE of the heavy ejectiles can be measured in an IC designed to sustain high beam rates of 10° pps. Following the
design proposed in Ref. [176], it could consist of several gaps of ~ 2 cm length filled with gas, with alternating cathodes and anodes
to reduce the electrons and ions drift time, as depicted in Fig. 5. To reduce the recombination of the ion/electron pairs the cathodes
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Fig. 5 (Left) Sketch of the tilted-electrode fast ionization chamber. (Right) A photograph of the prototype built at LNL. Taken from Ref. [177]

and anodes of the chambers must be tilted. A prototype has been already built and commissioned with good results at LNL [177]. In
this configuration without Frisch grid, the IC signal is influenced by both electrons and positive ions. Charge preamplifiers (PACs)
are generally used to have good signal-to-noise (S/N) ratio but the ion current is so low that only the electron current is significantly
contributing to the measurement. For this reason, the operating point of this chamber is around 1 V/cm/mbar in isobutane (C4Hjg)
and even lower in CFy, to have low electron velocities measurable by a PAC, at the expense of a faster charge collection. A solution
to improve the counting rate would be to design a current amplifier with high gain to be able to increase the electric field and remove
the ions more rapidly while being able to measure the fast electron current. Moreover, with respect to the existing design described
in Ref. [177], an increase in the transmission could be achieved reducing the number of wires of the electrodes and increasing the
space between them from 1 to 2 mm.

To minimize the amount of material traversed by the heavy ejectiles, a position reconstruction in the IC could be considered,
with anodes composed of electrically isolated wires [178]. Two of these position-sensitive anode grids can be rotated by 90° one
with respect to the other to get (X, Y) coordinates. However, the current designs use individual electronics channels with PAC to
have a good S/N ratio, but this limits the working points of the IC, as mentioned before. A possible solution, which would require a
dedicated study, is the use of delay lines with good current amplifiers.

3.6 Segmented silicon detectors

As anticipated in Sect. 3.5.2, with the advent of the SPES facility at LNL, direct transfer reactions in inverse kinematics with RIB
will be widely exploited for the study of a large number of physics cases, from nuclear structure to reaction mechanism and nuclear
astrophysics [1]. To cope with the low beam intensities and the kinematic compression due to the inverse kinematics condition, high
efficiency and high angular resolutions are needed for the detection of the light recoils [179]. In Sect. 3.6.1 we will describe the
main challenges for the design and construction of such an array and its coupling with other detectors, in particular y-ray arrays.

The coupling of segmented Silicon arrays and y-ray detectors can find applications also in the study of fusion reactions at extreme
sub-barrier energies, in particular for studies of astrophysical interest. The possibilities offered by such coupling will be outlined in
Sect. 3.6.2.

3.6.1 GRIT for direct transfer reactions at SPES

GRIT, which stands for Granularity, Resolution, Identification and Transparency, is a project aiming at the construction of a new
generation silicon array for the study of exotic nuclei through direct reactions. Achievements made over the last decades with resistive
strips array, such as TIARA [180, 181] and T-REX [182], and then by highly segmented silicon arrays, such as MUST?2 [183] and
SHARC [184], demonstrated the capability of such devices to deliver a large number of observables on a wide range of exotic
nuclei. The most relevant observables are transfer differential cross sections, excitation energy of the reaction products and decay
branching ratios.

The GRIT concept is based on bringing together the success of different systems: the high-granularity and particle identification
capability of MUST?2, combined with the ability to measure simultaneously different reaction channel of the MUST2-TIARA
combination, as well as the transparency of TITARA, SHARC and T-REX to perform particle-y coincidences.

To this end, GRIT is designed as a 47 array of double-sided silicon detectors (DSSD). The sphere is paved with a combination
of trapezoidal, square and annular detectors. In particular, in the forward hemisphere the detectors are composed of 3 layers to
stop energetic light charged particles, while in the backward hemisphere and in the ring at 90° there are 2 layers. The total number
of strips to read is approximately 7000. The outer diameter of the silicon array is designed to fit inside the state-of-the-art HPGe
tracking array AGATA [149], allowing unmatched resolving power in y-ray spectroscopy.
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Fig. 6 Microphotograph of the
custom-designed ASIC
preamplifier developed for the
GRIT array

The large inner diameter of the AGATA array allows the positioning of the detector at an increased distance from the target than
what was possible with EXOGAM [185] or TIGRESS [186] in the case of TIARA and SHARC, respectively. This results, for the
target-like charged particles, in a longer flight path of 165 mm from the target to the detectors, which is normally sufficient to obtain
identification of their mass via E-ToF correlation when they stop in the first layer of the telescopes. In addition, the silicon wafers
are chosen to be doped by neutron Transmutation Doping (nTD), resulting in a very uniform response across the active area of the
detector. This allows the use of Pulse Shape Analysis (PSA) to discriminate, both in charge and mass, particles stopping in the first
layer of the telescope [126]. The use of PSA is especially important for the study of neutron-rich nuclei via (d,t) and (d,>He) pick-up
reactions, as both concurrent channels produce low-energy A = 3 particles [187]. Such technique gives an improved discrimination
of low-energy particles than the use of thin detectors and the E-AE methodology.

The total requirement of a high granularity, 7000 channels to read with digital electronics, operating under vacuum, remaining
mostly transparent to y-rays and fitting inside AGATA, is of course a major challenge that requires a few technology breakthroughs.

A major one is the design of an analog memory [188, 189] capable of sampling detector signals at 200 MHz with an Effective
Number of Bits (ENOB) of at least 10. This memory allows for the sampling of many channels in parallel and the digitalization
with a limited number of ADCs placed directly on the Front-End Electronic (FEE). The result is a drastic decrease in the number
of electronic components, and a very small number of signals coming out of the chamber. The GRIT collaboration started working
toward this goal with the design of the PLAS ASIC, a 32-channel, dead-time-free analog memory. Originally designed by the
University of Valencia, two versions have been produced and tested so far. The continuation of the work at LPC Caen is now
converging toward the design of a fully functional ASIC, which should be achieved in the coming couple of years.

Another key development for the GRIT array is focused on integrated preamplifiers whose energy range is not limited by the
output voltage dynamic range of the circuit. This result is achieved with the so-called Fast-Reset technology [190]. Using a time-over-
threshold technique [191], we can perform high-resolution spectroscopy up to an energy that is more than one order of magnitude
larger than the natural saturation limit of the preamplifier.

The circuit that implements this technique has been integrated in a custom-designed ASIC preamplifier [192, 193] realized in
AMS C35 technology (see Fig. 6) and extensively tested [194, 195]. This ASIC integrates an analog implementation of the time-
over-threshold algorithm [196] and is able to produce, for over-threshold signals, analog pulses with amplitude directly proportional
to the energy deposited in the detector [197] that are insensitive to baseline fluctuations.

In general, these techniques, aimed at the energy-range extension of the FEE, will be particularly useful for the readout system
of the third thick silicon layer. In such detectors the stopping of particles with energy way above 40 MeV, which is the nominal
saturation threshold of the ASIC preamplifiers, is foreseen.

This ASIC requires an external discrete 1 GS2 resistor as continuous feedback discharge device. With the goal of maximum
miniaturization, research has been carried out on the possibility to substitute such resistor with integrated structures [198]. In
particular, the possibility to use integrated polysilicon resistors has been evaluated [199] and an extensive research on the noise
produced by such structures has been carried out [200, 201].

Since a high number of channels is foreseen in the GRIT array, the ASIC preamplifier was developed keeping the minimization
of the power dissipation as the priority: as a matter of fact, each channel accounts for 11 mW only.

The FEE cooling is realized with selective laser sintering (SLS) 3D printing technology and designed for minimum shadow on
AGATA crystals.

The mechanical chamber housing detector, front-end board (FEB) and cooling system is already designed and prototypes cooling
block are being tested to validate the performance of the cooling circuit.

The design of the FEB is ongoing and includes power and bias distribution, a pre-amplification stage followed by the analogue
memory and digitization via an onboard ADC. Slow control of the electronic and readout of the ADC are carried out by an embedded
Complex Programmable Logic Device (CPLD). All data are readout via an LVDS differential pair through Ethernet protocol to the
FASTER Back-End Electronics (BEE) outside the chamber. The in-beam commissioning of ASIC preamplifiers is foreseen in a
near future.

Possible long-term area of R&D is the use of AC-coupled detectors instead of DC-coupled ones, a technology currently employed
mostly for trackers, with decoupling capacitance integrated inside the detector silicon wafer. Such solution allows to save space on
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the FEE boards while avoiding DC current to flow to the input node of the preamplifiers. Once the GRIT array will be completed,
an R&D program to produce and test a telescope using such technology could allow a long-term upgrade of the array.

3.6.2 Gamma-particle coincidences for fusion reaction studies

Heavy-ion fusion reactions are essential to investigate the fundamental problem of quantum tunneling of many-body systems in the
presence of intrinsic degrees of freedom. Such reactions are a topic of continuing interest in the study of nuclear reactions. Moreover,
the fusion of light systems far below the barrier has much relevance also in the field of astrophysics and the phenomenon of fusion
hindrance may have important consequences for stellar evolution.

Experiments for the measurement of very small fusion cross sections can be performed at LNL in the next two years, using the
technique of y-ray charged particle coincidences at the combined setup of AGATA + S1 annular DSSD. The high 6 and ¢ resolution
of the front and back sides, respectively, of this DSSD detector makes it ideal for the identification of energy groups of evaporated
protons and « particles from the compound nucleus (CN), populating discrete states in the residual nuclei. This is especially useful
in the study of medium-light systems, where neutron evaporation is not a dominant part of the fusion-evaporation cross section.

The first experiments using this technique were performed at Argonne where Gammasphere [202] was put in coincidence with
a compact array of three annular double-sided silicon strip detectors located inside the target chamber, to measure '2C +!2 C fusion
at very low energies [203]. Cross sections down to 6 nb were measured.

3.7 Nuclear emulsion films

The detectors based on nuclear emulsion films have contributed to many important achievements and discoveries in fundamental
physics. In the recent past, thanks to the advances in high-speed automated scanning and to the development of novel emulsion with
grains at the nanometric scale, the emulsion detectors technique has experienced a renewed interest in experiments for Dark Matter
search and for studying neutrino physics [204-208]. In nuclear physics, too, nuclear emulsion detector has a strong appeal due to
their compact setup integrating the target and the radiation-sensitive region able to provide an high spatial and angular resolution in
reconstructing the particles interactions. The FOOT (FragmentatiOn Of Target) experiment is an international project designed to
carry out the fragmentation cross-section measurements relevant for Charged Particle Therapy (CPT), a technique based on the use
of charged particle beams for the treatment of deep-seated tumors [209]. The experiment aims to measure the target fragmentation
induced by proton beams in the human tissues in the energy range relevant for therapeutic applications (150 — 250 MeV). The
micrometric range of generated fragments forces the use of detection techniques based on an inverse kinematic approach to calculate
the target fragments production cross section, in which a primary beam (carbon or oxygen) impinges on targets made of carbon and
hydrogen-enriched carbon materials (C2H4). From their linear combination, the cross section on hydrogen is derived.

FOOT is based on two complementary setups: a magnetic spectrometer, covering a polar angle acceptance up to about 10° with
respect to the beam axis, for fragments Z > 3, and an emulsion spectrometer, to measure light fragments (Z < 3) up to 70° with
respect to the beam axis. The emulsion spectrometer is composed by three different sections, as shown in Fig. 7. The vertexing
region, consisting of 30 emulsion films interleaved with layers of target material (C or CoHy), is aimed to reconstruct the interaction
vertices between the primary ions beam and the target. The charge identification region, composed by 36 emulsion films, identifies
the charge of the fragments produced by the interaction. The Momentum Measurement region, consisting in a sequence of about
80 emulsion films and passive materials with increasing stopping power, is dedicated to measure the fragments momentum on the
basis of the range and Multiple Coulomb Scattering methods [210]. The combination of these two independent methods for the
energy and momentum estimation, in addition to the charge identification performed in the second detector region, opens up the
opportunity for isotopic identification of fragments produced in a specific interaction event [211].

Nuclear emulsion films consist of two 70 um thick sensitive emulsion layers deposited on both sides of a 210 um thick plastic
base, resulting in a total thickness of 350 um. AgBr crystals, dispersed in the gelatine matrix forming the emulsion layer, are sensitive
to ionizing particles and keep memory of their trajectory. Their sensitivity corresponds to 30 grains over a track length of 100 um
for a Minimum Ionizing Particle (MIP).

The AgBr crystals are sensitized by charged particles crossing the emulsion layers; a chemical development turns the latent image
into a sequence of dark silver grains that during the scanning with an automated microscope, are recognized as aligned clusters of
dark pixels. A sequence of aligned clusters in different emulsion films allows to reconstruct the particle trajectory inside the detector
(see Fig. 8), with an accuracy of about 0.3 um in position and 1.2 mrad in angle.

The realized emulsion spectrometers have been exposed to '°0 ion beams (200 MeV/n and 400 MeV/n) at the GSI facility in
Darmstadt (Germany). Some results of the interaction vertices reconstruction (see Fig. 9) and of the charge identification of the
fragments are presented here.

In nuclear emulsions, the process of charge identification is related to the possibility of expand the dynamic range of the emulsion
film response by inducing a controlled fading [212-214].

The grain density along particle trajectory is proportional to the particle energy loss over a certain dynamic range: Highly
ionizing particles, such as the ion beams and their fragments considered here, induce a saturation effect that is removed by keeping
the emulsion films for 24 h, at temperatures above 28°C with a relative humidity higher than 95%.
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Fig. 7 Scheme of the FOOT
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Fig. 8 Schematic drawing of a tracks reconstruction: different tomographic images, grabbed at equally spaced depth levels through the sensitive layer (left),
micro-tracks association between two emulsion layers to form a base-tracks (center) and base-tracks association to form a track

For each particle track, a variable named “volume” is defined as the sum of pixel brightness and it is related to the particle
ionization. Combining volume variables it is possible to identify the fragments charge on the basis of two interrelating methods:
a “cut-based” method to separate cosmic rays and fragments with Z < 2 and a principal component analysis (PCA) for the
identification of fragments with Z > 2. Table 3 shows how the charge of the produced fragments is distributed [215].

It is under investigation the possibility to use a new generation of nuclear emulsion films, called Nano Imaging Tracker (NIT),
whose improved spatial resolution will allow the fragmentation measurement in direct kinematic approach [216, 217]. NIT is
emulsions films having grains at the nanometric scale that allow to detect particles tracks lengths shorter than 100 nm. The AgBr
crystals are about 40 nm diameter and the average distance between two neighboring ones is about 70 nm.

3.8 Time resolution of diamond detectors with graphite electrodes

Diamond has been studied for decades as an ideal semiconductor to obtain extremely radiation hard radiation detectors. It has been
considered for the fabrication of sensors in various fields [218, 219] including experiments in high-energy physics [220], clinical
dosimetry [221], detection of neutrons [222] and deep UV radiation [223, 224]. The most interesting characteristics of diamond are:
the high saturation velocity and high-charge carrier mobility which make them very suitable for timing detectors [225]; the low dark
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Fig. 9 A typical example of a
reconstructed vertex obtained
from the interaction of 100 at

200 MeV with CpHgtarget; the
colored segments of each
fragment track represent the signal
registered by the emulsion film

Table 3 Charge identification at z Cut-based PCA Total % Stat. Err. (%) Syst. Err (%)
200 MeV/n

1 23754 - 23754 69 0.6 5

2 715 5861 6576 19 12 2

3 - 3093 3093 9 1.8 2

>3 - 1029 1029 3 3.0 1

current (~ pA/cm?) and a relatively low dielectric constant that increase the signal-to-noise ratio; the high thermal conductivity and
full transparency to visible light which allow to operate them without cooling [226] and light shielding. In addition diamond has
been demonstrated to be extremely radiation hard [227, 228]. The main drawbacks of diamond as a detector material are the large
bandgap which significantly reduces the amount of charge generated by Minimum Ionizing Particles in diamond with respect to
silicon and the difficulty to produce large-size single-crystal samples. Although relatively large samples of polycrystalline diamond
can be obtained, the charge collection efficiency can be strongly degraded by crystalline defects, reducing the usefulness of this
material as a detector.

In more recent years, micro-fabrication of electrodes by laser graphitization of the crystal bulk [229] enabled the construction
of 3D diamond detectors [230-232] that showed excellent detection properties [233] as well as very promising results on radiation
hardness [228].

Only very recently, however, 3D diamond detectors were considered and systematically studied for timing applications, within
the Timespot® collaboration [234]. The 3D geometry, reducing significantly the charge collection path, allows to reach excellent
time resolutions making 3D diamond detectors ideal candidates for 4D tracking systems [235] at future accelerators. In addition,
the shorter collection path, makes the 3D configuration much more radiation resistant than the planar geometry [228].

3.8.1 Fabrication of 3D diamond sensors

The 3D diamond sensors are built by fabricating conductive electrodes (or columns) in the bulk of mono- or polycrystalline chemical
vapor deposition (CVD) [236, 237] diamonds. In Refs. [232] and [234] the electrodes were obtained by laser graphitization of the
diamond with an 800 nm Ti/Sapphire laser with 50 fs pulses focused inside the bulk of 500 m-thick single-crystal CVD (scCVD)
diamonds. Diamond is transparent to 800 nm light, but a sufficiently high light density can result in multiple-photon interactions
causing energy absorption through large-bandgap transitions which induce a phase transition from crystalline to mixed carbon phase
including graphite. Sufficiently short pulses prevent annealing of graphite into amorphous carbon which is not conductive. To ensure
an optimal laser beam focusing, spherical aberrations due to the high diamond refractive index were corrected with a Spatial Light
Modulator (SLM) [232, 238]. According to Refs [239, 240], the generated graphite is concentrated in thin domains embedded in
the crystal lattice. Due to this underlying structure, the resistivity of the graphitized electrodes can be rather large which can result
in resistances of the order of 10° — 1092 for 500 xm-long electrodes. The high resistivity of electrodes immediately deteriorates
the timing properties of the sensors because output signals are attenuated and slowed down. Therefore, particular care has to be paid
in order to keep the electrode resistance as low as possible for timing applications [241]. Recently, several diamond sensors with
32 x 32,55 x 55 um pitch pixels were fabricated and bump-bonded to a 28-nm timing ASIC [242, 243] (Fig. 10).

Prototypes of 3D diamond pixel sensors have been tested with electrons from a “°Sr electron source and with 180-GeV pions
at CERN’s SPS-H8 test beam [241, 244, 245]. The measured time resolution shows a dependence from the signal amplitude fully
consistent with the estimated electronics noise of the readout chain. An asymptotic time resolution of ~ 80 ps has been obtained,

3 Timespot is an R&D initiative on 3D solid-state detectors for timing applications funded by Italian National Institute for Nuclear Physics (INFN).
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Fig. 10 Left: 32 x 32 pixel sensor
fabricated on a 2.3 x 2.3 mm?2
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with a measured efficiency of more than 99%. The behavior of the 3D diamond sensors has been simulated in details obtaining
excellent agreement with data [241, 244, 246].

Simulations show that the asymptotic time resolution is limited by the column resistance which with the present technology is
difficult to be further reduced below a few tens of k2. Another limitation of the 3D diamond sensor fabrication is represented by the
time required by the graphitization process which amount to several seconds per column and can hardly be reduced. This represents
a major obstacle toward large-scale fabrication of graphitized diamond pixel sensors necessary for the construction of a practical
tracker for a high-energy physics experiment.

The very good results obtained so far for Minimum Ionizing Particles points to the possibility to use the detectors also for ion
detection due to the higher energy deposition. Specific tests to measure the time resolution in such use case are being considered.

3.9 Hydrogenated amorphous silicon devices.

Hydrogenated amorphous silicon (a-Si:H) has been used since many years in the fabrication of devices related to optoelectronics,
such as solar cells, thin-film transistors and other applications [247].

The amorphous silicon is a material highly resistant to ionizing radiation damage due to its intrinsic disordered nature. To obtain a
detector grade device it is necessary to reduce the number of dangling bonds inside the material. This is done by introducing hydrogen
into the material to passivate dangling bonds to reduce defects and recombination centers. Increasing hydrogen content enlarges the
bandgap reducing the background current of the device. The typical value of hydrogen content to obtain a detector grade device is
10-15%. Several methods have been proposed for the preparation of device grade a-Si:H but the PECVD (plasma-enhanced chemical
vapor deposition) method is the most widely used due to its capability to consistently prepare uniform, high-quality materials on
a large-area substrate [248]. Typical deposition temperature should be confined between 100 °C (to avoid more defective material)
and 350 °C (to avoid hydrogen desorption), and normally it is around 200 °C. This range of temperatures allows for the deposition
of thin layers of material (few micrometers) on a variety of substrates, among which also thin layers of plastic materials like
polyamide [249]. This feature allows the possibility of transmission detectors for different applications: instrumented flange at the
vacuum/air separation of charged particle accelerators, transmission detectors for dosimetry of actual dose delivered to patients by
clinical beams in radiotherapy, monitoring of radiation fluxes in space applications.

Within the research program of the INFN HASPIDE project several non-optimized devices have been fabricated and tested both
with and without ionizing radiation beams. To obtain a working device the choice of the contacts to bias the sensitive volume and
readout the signal in current is of fundamental importance. Two types of configuration have been produced: a p-i-n structure, with
implantation of doping elements on the two sides of the planar intrinsic material, and a charge selective contact structure where
the two contact layers implement a different mobility to select between the two types of charge carriers. This latter configuration is
obtained via the deposition of metallic oxides like TiOx for electron selection and MoOx for hole selection [250]. Figure 11 shows
a typical device configuration.

Many device configurations are possible: pixels, strips, circle, custom patterns, single or in arrays, with different thickness and
area, different contact types. Important properties of such devices are the capability to work at ~ 0 V bias and the sharp definition
of the sensitive volume defined by the contact area and the thickness[251].
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Fig. 12 3 pixel array, 2 x 2 mm?2
size, 2.5 pum thick, 25 pum kapton
substrate, 70 p«m thickness of
kapton protection tape

Exposed to X-ray from laboratory tubes, electrons or photons from clinical LINACs, protons from adrotherapy accelerators, the
linearity of the response with respect to beam flux (or dose rate) is excellent (R = 0.999 ), the sensitivity is of the order of tens of
pC/cGy, and the noise is less than 10 pA when read in current mode.

The response of devices from the same production batch are similar within 5-10% both in dark conditions and under external
beam irradiation [252]. Finally, the radiation resistance has been verified exposing two devices, one p-i-n diode and the other with
charge selective contacts, to the Josef Stefan Institute neutron source up to 5 x 101° Ney Jem?. The devices recover the same I-V
shape after 12 h annealing at 100 °C, while the linearity of the response is preserved both before and after the annealing, but did
not fully recover at the values before the neutron irradiation [253].

Some applications that will be developed in the near future will be based on the availability of thin devices with arrays of pixels.
Presently some linear arrays (Fig. 12) are already available, 2 x 2 mm? pixel size, embedded in 25+70 um kapton material. They will
be tested not only on clinical beams but also on other types of beams (protons, ions, electrons) with the goal to have an instrumented
flange to be used in transmission at the vacuum/air interface.

Further possibilities to use a-Si:H detectors will be single-ion and low-energy proton detection, using a specific radiation-hard
front-end readout. Lastly, neutrons could also be detected both with and without a '° B film deposition over the a-Si:H layer.

4 Neutron detectors

Neutron detectors encompass a wide variety of devices, which can be classified based on their detection techniques, the energy
spectrum of the neutron radiation or their intended application.

4.1 Organic scintillators for neutron detection

In nuclear physics experiments with fixed target, it is possible to use counter detectors in combination with the time of flight to
retrieve the information about the kinetic energy. Either plastic or liquid scintillators are used for their good time resolution. In the
following sections, four neutron detectors to be extensively used in experiments with radioactive beams, and/or experiments for
nuclear astrophysics are described in details. The energy region of interest is between a few hundreds of keV to about 100 MeV,
depending on the nuclear reaction to be studied.

4.1.1 NArCoS

NArCoS (Neutron ARray for COrrelation Studies) [254-259] is a project focused on the realization of a new detector based on
stacks of plastic scintillators. The detector offers both high energy and angular resolution and is sensitive to neutrons as well as
charged particles within the same detection cell. The kinetic energy of interest ranges from 1 to 100 MeV for neutrons and up to 100
AMeV for charged particles, as expected in nuclear reactions during Fermi energy heavy-ion collisions. The detector is made up of
elementary cells, each with dimensions of 3 x 3 x 3 cm>. The material used is the plastic scintillator EJ-276 G (the green-shifted
version). This detector can discriminate neutrons from gamma particles using the pulse shaping discrimination technique (and is also
capable of discriminating light charged particles) [257, 260]. Each elementary cell is independently read by a matrix of SiPMs, and
the signal is acquired through digital electronics. The expected angular resolution for neutrons is about 1° at a distance of 150 cm
from the target in the laboratory frame. Neutron energy is deduced using the time-of-flight method. Thanks to the fast response of
the organic scintillator serving as the stop reference and in conjunction with an MCP as the start reference, an energy resolution of
approximately 6%-8% can be achieved, assuming a time resolution of 500 ps.
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In summary, NArCoS is designed as a hodoscope, consisting of clusters, each comprising four elementary cells arranged in a linear
configuration, with approximate dimensions of 3 x 3 x 12 cm?. This design choice was made to achieve an optimal balance between
granularity, angular resolution and neutron detection efficiency. Using Geant4 simulations, a mean neutron detection efficiency of
25% for one cluster and 33% for a setup of nine clusters was estimated. The prototype will consist of 64 elementary cells (16
clusters) arranged in a cubic geometry (dimensions approximately 12 x 12 x 12.cm?).

The most likely process for detecting neutrons within the plastic scintillator at the energies of interest is neutron—proton elastic
scattering, which can be exploited through the proton recoil technique (or, more generally, the nuclear recoil technique). To dis-
criminate signals originating from neutrons, the hodoscope will be coupled with a veto detector for charged particles, most likely a
double-sided silicon strip detector.

This neutron detector is designed to operate under vacuum and is also intended to be versatile and modular, allowing reconfiguration
of both its mechanical and electronic components. While some work has already been completed, significant efforts are still needed
in terms of simulations and experimental tests to achieve the optimal configuration for both mechanical and electronic aspects. The
studies conducted so far using Geant4 simulations are promising, but the simulation work needs to be further refined and validated
through experiments.

At present, a PRIN (2020H8 YFRE) project is ongoing (spanning three years, starting in May 2021 and ending in May 2024) to
study a prototype project, with the goal of completing the study by the end of the PRIN. The physical case for which this detector
is intended is of paramount importance in the physics of heavy ions at Fermi and intermediate energies. In fact, new facilities
for radioactive ion beams under construction worldwide represent a unique opportunity to study nuclear matter under extreme
conditions, far from stability.

Much of current nuclear physics knowledge is based on the properties of nuclei close to the line of stability. Extrapolating this
knowledge to the region far from stability introduces large uncertainties, and it is now clear that some of the “basic truths” of nuclear
physics need to be revisited in the near future. For this reason, the proper detection of neutrons is a crucial goal for the coming years.
Neutron detection with high angular and energy resolution will allow exploration of important aspects of nuclear physics, such as
in-medium nuclear interactions, the Equation of State of nuclear matter, exotic unbound nuclear states and exotic nuclei—both from
structural and dynamical perspectives. Powerful techniques, such as neutron-based correlation functions (intensity interferometry),
can also be used, among other examples. These studies have significant implications for nuclear astrophysics, nucleosynthesis
processes, neutron stars and play an important role in the emerging field of “multi-messenger astronomy.”

4.1.2 NEDA

The NEutron Detector Array (NEDA) [261] is a neutron detector array of the next generation. It has been constructed as an ancillary
detector for use with AGATA (see Sect. 5.2.1 for details), which is a state-of-the-art high-resolution y-ray spectrometer based on
the y-ray tracking technique [149]. The first implementation of NEDA has been done with AGATA 17 at GANIL [262, 263].
However, other large y-ray arrays are also foreseen to be coupled to NEDA. Neutron and charged particle detectors provide a good
selection of the decay channels that has been demonstrated to be very efficient for the study of neutron-deficient nuclei populated by
fusion-evaporation reactions, e.g., for the investigation of nuclei close to the N=Z line. A recent work in this direction made with the
detector NEDA can be found in Ref. [264]. NEDA is also a well-suited device for the investigation of exotic nuclei populated with
transfer reactions, where the emitted particle is a neutron. A large variety of new radioactive beams will be accessible in the next years
for transfer reactions induced by proton- and neutron-rich projectiles from radioactive beam facilities such as HIE-ISOLDE (CERN,
Geneva, Switzerland), SPES (INFN-LNL, Italy), SPIRAL2 (Caen, France) and FAIR (Darmstadt, Germany). Neutron detectors
based on liquid scintillators that provide neutron-y identification by pulse shape discrimination and time of flight have been in use
for decades. There are a few examples of high-efficiency neutron detectors with high discrimination capabilities between neutrons
and y rays that can be coupled to large y-ray arrays, such as Neutron Wall [265, 266] Neutron Shell [267] and DESCANT [268].

NEDA is conceptually designed to be a versatile and a highly efficient neutron detector array, with good neutron-y discrimination
capabilities at high counting rates. It will be used as a neutron tagging instrument coupled with large y-ray arrays at stable and
radioactive ion-beam facilities. It will efficiently measure neutrons emitted from outgoing channels in fusion-evaporation and low-
energy transfer reactions. The kinematics of particles emitted in these two types of nuclear reactions, fusion-evaporation and transfer,
demand very different characteristics from a neutron detector. In the former case, the neutrons have a Maxwellian distribution with
a maximum at energies of a few MeV and due to the kinematics of the reaction, they have an angular distribution peaked at forward
angles with respect to the beam direction. NEDA has specially been optimized to have large efficiency in such fusion-evaporation
reactions, for neutron multiplicities 2 and 3. In transfer reactions, the neutrons can reach energies above 10 MeV and their angular
distributions highly depend on the angular momentum transferred, energy of the beam and kinematics of the reaction.

The NEDA front-end electronics is fully digital and uses the Global Trigger and Synchronization system to improve processing
capabilities, flexibility and integration with other detector systems, in particular y-ray arrays such as AGATA. The core of the
front-end electronics is the NUMEXO-2 cards that consist of a set of four FADC Mezzanines, each containing four 200 Msample/s
digitizers. The motherboards of the cards contain two FPGA units, a Virtex-6 and a Virtex-5, which carry out the pre-processing
tasks. The data acquisition system of NEDA in its first implementation with AGATA is based on the NARVAL system.
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The NEDA detectors are hexagonal with a cross-section fitting a 5-inch photomultiplier tube with a length of around 20 cm. The
active volume of the detector, around 3 I, is filled with the liquid scintillator EJ-301 (which is equivalent to BC501A). However,
the collaboration is still looking for new materials with good neutron-gamma capabilities and better material behavior.

4.1.3 SHADES

In low-energy nuclear physics, the measurement of reaction cross sections at energies far below the Coulomb barrier is often required,
for example, as input for astrophysical models [269]. The detection of neutrons provides a significant challenge in this case due to the
necessary choice between energy sensitivity (scintillators, time of flight) or efficiency (large moderating counters). The first option
is generally not able to reach the desired sensitivities to cover the low energy range of the reactions of interest. In the latter case, the
main issues arising are difficulties with efficiency determination and the loss of discriminating power due to the almost nonexistent
energy sensitivity. Recent developments are utilizing moderator geometries designed to achieve a quasi-flat, energy-independent
detection efficiency [270], but also in these cases it is not possible to discriminate against beam-induced or other backgrounds or to
resolve contributions from the population of excited states in the reaction.

The SHADES (Scintillator->He Array for Deep-underground Experiments on the S-process, ERC-StG 2019 #852016) aims at
moving a step forward by constructing a large array of liquid scintillators (EJ-309) and >He counters. By capture-gating on the
counters, it is possible to recover some information on the neutron energy through the signal in the liquid scintillators, where the
neutrons have been thermalized. The detector has been constructed and is currently being characterized. First use case will be the
measurement of the astrophysically important reaction 2>Ne(«, n)>Mg [271], but if the performance is satisfactory the array can
be easily employed for other nuclear measurements.

4.1.4 Versatile array for laser-induced astrophysics research (VALAR)

The interaction of ultra-short laser pulses with an expanding gas mixture at controlled temperature and pressure inside a vacuum
chamber allows the formation of plasmas with multi-keV temperature alongside strong electromagnetic pulse and X-ray emis-
sions [272, 273]. These energies overlap with the typical temperatures of stellar cores where thermonuclear reactions occur, thus
making this paradigm a perfect scenario for nuclear astrophysics research [274]. Indeed, maximizing the laser absorption, the
Coulomb dissociation of the molecules result in multi-keV ion acceleration with a nearly isotropic emission (Coulomb explosion)
whose interaction with the surrounding plasma triggers nuclear reactions [275-277].

In this framework, the possibility to mimic the stellar conditions by generating a controlled laboratory plasma with thermody-
namical status not too different from stellar conditions will open the way for the study of nuclear reactions of outmost importance
for nuclear astrophysics such as the deuterium burning, deuterium-tritium, deuterium-3He, proton-lithium, proton-boron, 2c.12¢c,
12¢-160 and '°0-1°0 fusion reactions [278]. In particular, neutron detection is an essential diagnostic in the area of fusion science.
Through the measurement of neutron yields and energy spectrum, one can calculate fusion power, plasma temperature and areal
density of the target. Because of its importance in fusion research, many types of neutron detectors and techniques have been devel-
oped [279]. Scintillation detectors are one example of the most commonly used neutron detectors in inertial confinement fusion and
tokamak experiments, and it can be extended to the nuclear astrophysics approach. In fact, scintillation detectors are well suited for
measuring low neutron yields, even if they suffer from saturation under high neutron flux. Also, strong electromagnetic pulse noise
or X-rays can severely affect the measurements.

For instance, a table-top short pulse laser system can generate nuclear fusion from explosions of laser-heated deuterium clusters,
triggering the DD fusion reaction that generates 2.45 MeV neutrons and 3.02 MeV protons [280]. In this case, a maximum of
108-10° neutrons per shot in a sub-nanosecond burst is expected, limiting the possibility to use classic silicon detectors due to the
presence of high electromagnetic pulse noise and non-single detection of the emerging particles. On the other hand, a liquid/plastic
scintillator used in a time-of-flight mode can ensure the possibility of detecting and measuring multiple neutrons [281]. The number
of neutrons hitting the detector during a laser shot can be obtained by dividing the measured peak amplitude by the average signal
of one neutron obtained during a peculiar calibration procedure.

In Fig. 13, the signals obtained using different kind of scintillators detectors is obtained in a DD fusion experiment. The red line
corresponds to a liquid scintillator EJ-309, the green one to an EJ-232Q plastic scintillator, the blue line to a lithium glass detector
mainly devoted to thermal neutrons, while the purple one to an EJ-276 G plastic one. It is clearly evident that the plastic scintillators
recover faster from the electromagnetic pulse and gamma flash peak, being immediately ready for collecting the neutron peak but on
the other hand the signal of the liquid scintillator is far from the saturation point, allowing to a higher neutron flux detection. These
preliminary results and tests underline the needs of new investigation in order to evaluate the best detector and array exploitable for
study nuclear astrophysics reactions induced by laser—matter interaction.

4.2 Detectors for neutron beams and applications

As mentioned in the previous section, any counter detector can be used in principle as a spectrometer when used in combination with
the time-of-flight technique. This detection system is extensively exploited to characterize neutron beams with energy spanning from
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Fig. 13 Neutron TOF detection with different scintillators (see text for details)

meV to GeV. In this subsection, an overview of the detectors currently used in neutron beam facilities and their possible upgrades
is presented, together with examples of detectors especially designed for applications.

4.2.1 Neutron beam detectors

Neutron beam facilities and applications have highly specific requirements regarding detector performance. These demands drive
continuous innovation and lead to the development of specialized experimental apparatus and techniques. The most accurate
measurements of neutron energy are typically achieved using the time-of-flight technique. By measuring the time interval between
neutron production and its detection over a precisely known flight path, this method can achieve uncertainties as low as 1074, This
is the case, for example, for the n_TOF facility at CERN, where a set of detectors have been developed to measure the neutron
flux from thermal energy 25.3 meV to 1 GeV. All detectors exploit well-known nuclear reactions to convert neutrons into charged
particles. By counting the number of reactions as a function of the time of flight, these detectors can reconstruct the neutron flux.
In particular, the reactions exploited at n_TOF are the 6Li(n,t), 10B(n,oe), 235 U(n,f), 238U(n,f) and neutron—proton elastic scattering;
each one is defined as a standard on a neutron energy range from the IAEA (International Atomic Energy Agency).

The range from thermal to 1 MeV is covered by the detectors SiMon [282] and SiMon?2 [119], which exploits a thin SLiF foil to
convert the neutrons to alphas and a tritons. The reaction products are detected by four off beam silicon detectors, facing the sample
with a 45° angle with respect to the beam, with the main advantage of being almost transparent for the neutron beam itself. One of
the inconveniences of silicons exposed to intense neutron fields is the sensitivity to radiation damages that can strongly affect the
performances of solid-state detectors. In recent years the interest for silicon carbide-based detectors is increasing (see Sect. 3.2 for
details), thanks to the possibility to operate in harsh environments, found both in basic research with high-flux neutron beams and in
nuclear technology [114]. In fact, silicon carbide is characterized by a good radiation hardness [283], and its wide bandgap (3.26eV)
allows for low-noise measurements even at high temperatures (tested up to 700°C [114]). As for other semiconductor-based devices,
other advantages lie in their compactness, low power consumption and reasonably low cost. SiC detectors have been tested for fast
neutron detection, not showing instabilities up to a 14 MeV neutron fluence of 4.45 x 10''n cm~2 [93], nor polarization effects due
to partial charge carriers trapping after irradiation, which instead have been observed in diamond detectors.

For the detection of low energy neutrons, SiC detectors can be coupled with converter foils, e.g., °LiF. Some examples of
SiC+°LiF devices, mostly exploiting old generation, small area SiC detectors, already gave promising results in the past. Some
interesting developments for such configuration could be obtained by combining the expertise on this specific configuration gained
by some INFN groups using Si detectors, with the output of the INFN-CSNS5 SiCILIA project, that in the last years managed to
produce state-of-the-art thick and large-area SiC detector devices [82], already successfully tested from multiple points of view [81].
Such studies can be of interest for n_TOF, since SiC+°LiF could be used as neutron monitor for the new experimental area NEAR,
characterized by a high neutron flux [284].

The detectors used to measure the n_TOF flux at higher energy are mostly gas detectors exploiting uranium fission and able
to work at 0° on the beam. A first gas detector based on the Micromegas technology uses !B and 23°U as neutron converters,
covering a range from thermal energy to 150 MeV. The 23U fission is exploited also by an additional gas detector, a calibration
ionization chamber, provided by the Physikalisch-Technische Bundesanstalt. A further system relying on fission fragment detection
to measure the incident neutron flux is the PPACMon [285]. Therefore, the most suitable samples to choose for use with this detector
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Fig. 14 Drawing of the detector (left) and AE-E matrix (right); the dashed lines represent the conditions to select the scattered protons

are 233U and 233U. The PPACMon detector identifies fission events via the coincident signals generated by the two fission fragments
emitted back-to-back, thus maximizing the signal-to-noise ratio. This technique coupled with the excellent time resolutions allows
PPACMon to work from thermal to few GeV of neutron energy.

To complete the picture, Recoil-Proton Telescopes [286, 287] were developed to measure the neutron flux relative to the neu-
tron—proton scattering reaction. To cover the wide neutron energy range the telescopes are multi-stage, they are composed of two
stage of 300 um thick silicons followed by 4 plastic scintillators of EJ-200 with truncated pyramid shape and increasing thickness
from 0.5 to 6 cm. Exploiting the AE-E matrices to perform particle identification, it is possible to reconstruct the neutron beam
impinging on a polyethylene target in the energy range from a few MeV up to hundreds of MeV. The geometrical drawing of the tele-
scope is reported in the left panel of Fig. 14. The right panel contains the AE-E matrix for neutron kinetic energy of 74.8 £2.2 MeV,
obtained with the coincidences between the first and second scintillators, and the gray area represents the experimental conditions
used to distinguish protons from other charge particles. The present detector is partially limited in terms of maximum neutron energy
by the low stopping power of the plastic scintillators that constitute the last stages of the telescope, an upgrade with a inorganic
scintillator is currently under investigation.

A detector based on scintillator, in this case inorganic, has been developed as well at the Laboratori Nazionali di Legnaro [288].
Such detector employs the reaction °B(n,«) to convert the neutrons, aiming to detect the 480 keV gamma emitted by the exited 7Li.
The '°B is contained in a thick disk that is mechanically coupled to the scintillator. This approach removes any limitations to the
concentration of the dopant in the scintillator that might cause inefficiencies in the light collection. In addition, using an assembly
allow to estimate the gamma background, repeating the measurement without the '°B disk.

In recent years the interest for Timepix (see Sect. 6.3.1 for details) in the neutron detection fields is growing. Detectors based
on Timepix technology have been developed for neutron flux measurement in beam facilities and nuclear fusion reactors, having
application also for boron neutron capture therapy.

For fast neutrons, one of the most advanced prototypes is the “Diamondpix”, a diamond coupled to a Timepix3 chip. The first
prototype has been realized with a polycrystalline CVD (see diamond devices in Sect. 6.2 for details) plate with a thickness of
500 yem and an area of 10 x 10 mm?. It has been coupled through the bump-bond technique to the Timepix3 chip that covers an
area of 14 x 14 mm? with a matrix of 256 x 256 pixels, each having an area of 55 x 55m? [289]. Timepix3 is controlled through
the Kathrine [290] module that can register the time of arrival of particles in time ranges of several hours (data-driven acquisition
mode). In order to characterize the new detector, experimental tests have been performed successfully on the FNG facility (ENEA
Frascati) with 14 MeV neutrons [291] and, recently, on the CERN n_TOF facility. Results presented in these studies show the
potentials of Diamondpix: discrimination capability of fast neutrons from gamma background through morphological analysis,
time-of-flight measurements with a time resolution of 1.6 ns and charge measurements on reaction products in diamond. In addition,
also a silicon Timepix3 has been proposed for fast neutrons detection; in this case, specific plastic converters have been used to
detect the recoil protons. Results of preliminary tests on the FNG facility reported in Fig. 15 show the potentiality of this detector,
in particular for identification of recoil protons. For thermal neutrons, some prototypes based on the on Timepix1 [292] deposited
with converter materials like B4C and LiF have been realized. In particular, a study on a Timepix1 with a 1.2 um LiF layer enriched
at 95% with Li has been carried out on the thermal neutron source HOTNES (ENEA Frascati) and results show a clear sensitivity
to thermal neutrons. Currently, a new Diamondpix is under construction with a monocrystalline CVD diamond to perform accurate
spectroscopic measurements on fast neutrons. For thermal neutrons, instead, a Timepix3 with a converting layer of B4C (enriched
at 96% with 1°B) will be soon realized to exploit the simultaneous acquisition of charge and time.
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Fig. 15 Neutron/Gamma discrimination based on the track shape for the Timepix3 coupled with a diamond detector

Since ten years, a multi-institutional collaboration between Milano-Bicocca University, ISTP-CNR, INFN and CERN is working
to develop GEM detectors optimized for slow neutrons for spallation sources. To detect slow neutrons, GEM detectors are equipped
with single boron-cathode converters [293] or with a series of boron lamellas [294]. A recent work shows the development of an
innovative GEM detector where the converter is the GEM foil itself. In fact, 1um of 10B4C has been deposited on both GEM
foil surfaces; stacking several boron-coated GEM (BGEM) foils, the number of converted neutrons increases. Different detector
configurations have been tested: the first one was coupled with Timepix (Multi-Boron GEMPix detector [295] with 3 BGEM f{oils
of 3 x 3cm?) and the second one with GEMINI (3MBGEM detector with 3 BGEM foils of 10 x 10 cm?) electronic readout. Both
configurations show a linear increase in the counting rate as the number of boron layers increases. Therefore, it is possible to add
several BGEM foils, at least six, to achieve a detection efficiency of 25% for thermal neutrons (Fig. 16).

The LEMRAP laboratory at INFN-LNF is active since more than years in the development of neutron spectrometry and dosimetry
techniques [296, 297]. Particularly, here it was firstly conceptualized and prototyped the single moderator neutron spectrometer, able
to simultaneously determine all energy components of a neutron field from thermal neutron to GeV. The performance is comparable
to that of a traditional Bonner spheres but the operation is in real-time, greatly extending the measurement potentialities. The most
recent prototype NCT-WES [298] (Neutron Capture Therapy-Wide Energy Spectrometer) is shown in Fig. 17. The neutron fluence
is measured by six thermal-energy neutron detectors, located at different depths along the cylindrical axis of the device. The analysis
is complemented by a detailed MCNP6 modeling of the detector to extract the response matrix. Clinical test of the detector for its
use for boron neutron capture therapy is currently undergoing [299].

4.2.2 Applications

Many technological applications require the detection of neutrons, from industry to nuclear medicine and nuclear energy production.
For the latter, neutron detectors play a fundamental role, with crucial implications for safety and security reasons. Present day
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technology heavily relies on >He detectors, which have great performance in terms of neutron conversion (thermal cross section is
5300 b) and low sensitivity to gamma ray. On the other hand, 3He is artificially produced and its procurement is becoming more
and more problematic and expensive. Recently the decline of the *He gas supply, as well as its increasing price, has triggered
international efforts to develop neutron detectors that make use of alternative materials and/or techniques.

In the framework of the MICADO (Measurement and Instrumentation for Cleaning And Decommissioning Operations) EU
project, a set of 32 solid-state thermal-energy neutron detectors named SiLiF [120] has been built and characterized in order to
monitor nuclear materials contained in radioactive waste drums possibly containing small quantities of actinides, as well as around
spent fuel casks in interim storage or during transportation. SiLiF are based on single-pad silicon detector coupled to a thin layer of
SLiF, which upon capture of a low energy neutron produces an alpha particle and a triton that are detected in the silicon. As compared
to the well-known thermal neutron detectors, SiLiF technology allows to achieve comparable performances at about one order of
magnitude lower prices. SiLiF detectors can provide realistic measurements of the total or thermal neutron flux, respectively, when
used with or without polyethylene moderator.

In the context of the INFN BoLAS and BoLAS_NEXT experiments, the research efforts have been focused on the study of
the properties and performances of 'B layers deposited by laser ablation [300] when coupled to different charge particle detectors
(semiconductors and scintillators). '°B conversion layers have been deposited by pulsed laser deposition obtaining a good uniformity
and thickness control (~10%) on relatively large areas (~ 5 x 5cm?). The deposited films are free of contaminants and exhibit
a density comparable to that of the bulk material. In particular, these conversion layers have been tested in combination with
conventional silicon detectors [301] or a promising perovskite-based scintillating material (CsPbBr3). In the first case, a sandwich of
two '9B-enriched conversion layers (1.5 um-thick deposited on carbon fiber) has been coupled with a double-sided silicon detector.
This configuration enhances the detection efficiency, while the outer silicon is exploited to measure the background, consisting
mostly of gamma ray, allowing an effective subtraction. In the second case, the '°B layer has been coupled to a 1 sm-thick film of
CsPbBr3 perovskite [302], deposited as well by pulsed laser deposition, whose scintillating properties revealed to be very interesting
when irradiated with alpha particles. In fact, all inorganic perovskite materials are recently attracting a lot of interest as indirect
radiation detectors because of their outstanding photophysical properties and high stopping power.
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4.3 Innovative neutron detectors

New scintillation materials and detector concepts are being studied by several groups with the aim of going beyond the state of the
art. In the next subsections, new kind of scintillators for fast and high-energy neutron are presented, together with some novel ideas
to track fast neutrons.

4.3.1 CLYC scintillators

The quest for new materials for neutron detection is also developing with the aim of not only revealing a neutron, discriminating
it from gamma rays or other particles, but also measuring its energy without resorting to time-of-flight techniques. One of such
new developments is represented by the CLYC scintillators [303-307]. Most importantly, using the anode signal of a highly "Li
enriched CLYC scintillator it is possible to detect and discriminate between y-ray radiation and neutrons in a wide energy range.
Different pulse shape analysis techniques were developed in these last decades to easily perform this distinction (see, for example,
Refs. [303-306] and references therein). In addition, the CLYC scintillator has an energy resolution which is better than that of Nal
but slightly worse than that of LaB3:Ce [303]. The relatively high probability of fast neutrons undergoing 3>Cl(n,p)>>S or 3Cl(n,
)32P reactions makes CLYC an attractive option for neutron detection. Ref. [307] had shown that the energy of the proton or of the
alpha particle released in these reactions varies linearly with the energy of the incoming neutron. The cross section for 33Cl(n,p)>>S
reaction increases to approximately 200 mb at a neutron energy of approximately 3 MeV and then decreases to about 50 mb. For
neutron energies above 3 MeV, the 35 Cl(n, oz)32P reaction has a cross section of the order of 50 mb, but at around 4-5 MeV this
process has a probability similar to that of 3>Cl(n,p)>°S.

In addition to the discrimination between neutron and gamma radiation, it is also possible, in some cases, to measure the incoming
neutron kinetic energy without the use of the time-of-flight technique. In the case of a monochromatic fast neutron beam, using
CLYC, one can obtain (with a precision of the order of 10%) the neutrons kinetic energy. In the case of a continuum energy spectrum
of the fast neutrons (like, for example, the one from an AmBe source), the measurement of the neutron kinetic energy is only possible
for a i) neutron energy below 4-5 MeV and with ii) the identification of the nuclear reaction that the fast neutron performs in CLYC.
Practically, this last condition is fulfilled in the case one is able to distinguish proton-induced signals from the alpha ones. The
distinction between alpha particles and protons simply using the CLYC anode signal is at the moment effective only starting from
3 MeV [305, 306]. In fact, for lower neutron energies the anode signals, produced in both the reactions, are too similar because of
the unavoidable statistical fluctuations [305].

The existing neutron detector arrays which can provide the measurement of neutron energy (e.g., MONSTER [308], VAN-
DLE [309]) use the time-of-flight technique and suffer from low efficiency for neutron detection mainly because of the large
distance of the detectors from the target (typically, more than one meter) and because of the detector thickness. An array (not
necessarily composed of a large number of detectors) based on CLYC scintillators would make possible the measurement, in the
same detector, of both the energy of the neutron and that of the coincident gamma ray/rays. Therefore, it could be used in all the
physics cases where it is needed to both measure over the whole solid angle and, at the same time, identify the neutrons events.

This array could be used, for example, coupled with the ISOL SPES facility at INFN-LNL providing radioactive neutron-rich
beams. These neutron-rich radioactive nuclei, combined with the CLYC scintillator array, will open the practically unexplored field
of neutron spectroscopy especially for weak neutron transitions. Using such an array, it will be also possible: 1) to study in detail
the neutron delayed emission in the beta decay; of neutron-rich nuclei with large Q—values (several MeV); ii) to populate particular
Pygmy Dipole Resonance states [310, 311] and then measure their subsequent gamma decay to the ground state or to excited states;
iii) the measurement of the gamma decay of the hot Giant Dipole Resonance; and iv) to detect neutrons from direct reactions such
as (He,n), (d,n) with stable and radioactive beams.

Currently, it is not possible to measure the fast neutron energy over a wide range (e.g., 0.5-10 MeV) using CLYC scintillators
with PSA techniques. This limitation arises from the need to analyze the CLYC anode pulse for identifying the nuclear reaction
mechanism and the requirement to avoid potential nuclear excitation of Sulfur or Phosphorus nuclei. As a result, the available energy
window for neutron measurement is restricted to a narrow range between 3 and approximately 4.5-5 MeV.

The extension of this window at low and high neutron energy is one of the main objectives of the CLYC related research studies.
It is important to remember that there are other “Elpasolite” crystals which have been discovered in these last years with properties
similar to those of CLYC (for example, the CLLB, the CLLC, the CLLBC, the TLYC [312-315]) but all are expected to suffer from
the previous limitation.

The midterm plan for the development of this line of study foresees more accurate PSA algorithms or PSA via fast Fourier
transformation, as already done in Refs. [305, 306], to reduce the threshold for the identification of the proton/alpha induced pulses.
The availability of large-volume CLYC crystals, instead, could make possible the identification of “hybrid” pulses associated with
the interaction (in the same crystal) of both a neutron and a 2P or 3°S gamma ray. These solutions could, in principle, increase the
energy windows for the measurement of neutron energy without using TOF techniques, namely using CLYC scintillators.
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4.3.2 Siloxane-based scintillators

Aiming at the production of efficient, flexible and radiation-resistant detectors for ionizing radiation and neutrons, the Materials
Physics Lab at INFN-LNL has pursued for over one decade the synthesis of polysiloxane-based hybrid and composite scintillators.
The in-depth study of chemical structure-optical properties has led to produce ions, y-rays and neutrons sensors with optimal
light output, thermal resistance, radiation hardness and n-y discrimination capability [316-318]. Recently, the entrapment of °Li
compounds in the form of nanoparticles into polysiloxane loaded with inorganic scintillating powder (EJ-600) resulted in the
production of fully flexible thermal neutron detectors. They successfully proved to lead to efficient triple pulse shape discrimination
between y-rays, thermal and fast neutrons [319]. The use of bendable, large-area, radiation-resistant fast and thermal neutrons
scintillators might be of great advantage in case of mixed radiation fields investigation, such as radiation monitoring at borders
(homeland security), workers safety in nuclear power, medical physics plants or high-energy physics facilities. Exciting achievements
in the field of bendable thermal neutrons detectors are close at hand with the progress of the project BEYOND [320], where the
technology of Physical Vapor Deposition of thin layers of 1°B is exploited to match the performance of flexible devices based on
perovskite and polymers.

4.3.3 Upgrade of the FOOT BGO calorimeter

As already mention above (see Sect. 3.7), FOOT is a fixed target experiment [209] designed and developed to measure the frag-
mentation cross sections induced by the interaction of light ions (‘H, “He, '2C and '60) in the energy range of 100-800 MeV/u
with light nuclei targets [321, 322], of interest in the fields of particle therapy and radiation protection in space [209, 323-325].
While the FOOT detector has been optimized for charged fragments identification, some minor upgrades of the actual setup would
provide the possibility to measure also the neutron production cross section in the fragmentation process for the same beam/target
combinations [326, 327]. An improvement of the comprehension of neutron production in the mentioned nuclear reactions, through
the measurement of the double differential cross sections in neutron emission angle and kinetic energy, is fundamental for both
particle therapy and radiation protection in space [323, 324, 328, 329]. In this section, some ideas, which can be accomplished and
further developed in the midterm future, for an optimization of the FOOT setup for neutron detection, will be discussed.

The FOOT setup implementing the magnetic spectrometer (see Fig. 3 of Ref. [209]) can be optimized to the case of neutrons
using the pre-target detectors for beam monitoring and for the TOF measurement [330, 331], followed by the target, the magnetic
system and a tracking station (three layers of silicon microstrip detectors [332]) for charged particle rejection. Finally, the BGO
calorimeter can provide the neutrons kinetic energy through the TOF measurement [209]. The FOOT calorimeter is composed of 320
BGO crystals with a truncated pyramid shape with a front (back) face of about 2 x 2 cm? (3 x 3 cm?) and a length of 24 cm. SiPM
tiles coupled to the back face are used for the light readout. While the neutron angular measurement is ensured by the calorimeter
granularity, the kinetic energy measurement depends on the relative TOF and path length L uncertainties through:

AEkin/Exin =y - (v + 1) - V((AL/LY*) + (AToF | ToF)*)

Preliminary measurements have shown that a TOF resolution between 600and 800 ps can be reached. The uncertainty on the path
length AL is dominated by the inelastic interaction length of a neutron in BGO which is in the interval 15-25 c¢m for the energy
range of interest. Clearly, the FOOT calorimeter has been developed to measure the kinetic energy of charged fragments; therefore,
the readout is inefficient for neutron detection and not suited for the TOF measurements necessary to determine their energy. An
upgrade of the calorimeter able at the same time to:

1. further reject the noise coming from charged fragments impinging on the BGO crystals and
2. reduce the uncertainty AL on the path length, providing a more precise neutron energy measurement

can be reached by:

1. coupling to each BGO crystal front face a thin, fast, plastic scintillator layer in “Phoswich” mode [333],
2. providing a double readout in the front/back BGO faces and adding a SiPM tile in the front face of the crystal, directly coupled
to the Phoswich plastic scintillator.

The readout at the entrance of the crystal (the Phoswich side) will allow tagging and identification of the residual charged particles,
thanks to the prompt signal, in combination with the output of the silicon microstrips. This result is possible thanks to the fact that
the signal time shape can be accurately reconstructed and the prompt component of the plastic scintillator can be easily disentangled
from the slow BGO light component. Preliminary measurements with such setup have shown that a precision of AL ~ 1—2cm can
be reached looking at the front/back asymmetry of the light read by the SiPM tiles. The expected improvements with this upgrade
in terms of kinetic energy resolution ranges between factors of 1.5 and 2, depending on the neutron energy, assuming a distance
between target and calorimeter of 3 m. The energy resolution improves from 7% (single SiPM tile) to 4% (double SiPM tile) for 50
MeV neutrons and from 10% (single SiPM tile) to 5%(double SiPM tile) for 200 MeV neutrons.

Depending on the experimental room available space, the BGO calorimeter could be moved to angles of 20°-30° with respect to
the beam axis, in order to measure the double differential cross sections for neutrons. The production of neutrons at larger angles
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can be measured with an optimized version of the FOOT emulsion spectrometer (see Fig. 10 of [209]). In this case, the setup
would consist of pre-target detectors for beam monitoring followed by the target and finally by the Emulsion Cloud Chambers
(ECC) [215, 334]. In order to optimize the emulsion spectrometer setup to neutrons detection, the ECC sensitive layers can be
interleaved by passive layers of hydrogen-rich materials in order to maximize the probability of neutron—proton elastic process. The
further possibility to interleave the target and the emulsion detector with a magnetized volume to swap out charged particles needs to
be studied. The ECC design foresees a non-uniform structure, composed by three sections (see Fig.10 of Ref. [209]), each one made
of nuclear emulsion films interleaved with passive layers with increasing density (polystyrene, lexan and carbon). To this purpose,
the upstream part of the ECC (Section 1, see Fig.10 of Ref. [209]) will act as a neutron target and will be made of a sequence of
about 200 nuclear emulsion films, 0.35 mm thick, alternated with polystyrene layers, 0.21 mm thick. Each film is made of two active
layers, 0.07 mm thick, deposited on both sides of a polystyrene support, 0.21 mm thick. The polystyrene supports and layers, with
an 8% hydrogen content, will act as the neutron target. Neutron candidates will be identified by vertices with one outgoing track
(a proton elastically scattered) and without any charged parent particle. The incoming angle of the neutron will be determined by
connecting its interaction point to the target region. The kinetic energy of the incoming neutron will be estimated by measuring the
range of the emerged proton and its emission angle. To fully measure the proton range, the neutron-target section (Section 1) will be
followed by a sequence (Section 2, see Fig.10 of Ref. [209]) of about 30 nuclear emulsion films interleaved with lexan layers, 1 mm
thick, and a sequence (Section 3, see Fig. 10 of Ref. [209]) of about 150 nuclear emulsion films interleaved with carbon layers,
1 mm thick. The longitudinal size of these sections will account for the range of the produced particles, ensuring full containment.
The expected resolution for the reconstructed neutron kinetic energy has been evaluated through a Monte Carlo simulation with
neutrons at several energies: for 20 MeV neutrons, a resolution of about 5% can be achieved.

4.3.4 BGOOD/MAMBO

The BGO calorimeter of the BGOOD experiment [335] is segmented into 480 crystals of 24 cm depth arranged in order to cover
the range & = 25° - 155° in polar angle and the full azimuthal range. Each crystal is coupled to a PMT and signals are processed
in WIENER Sampling ADCs, (AVM16) which provide both energy (the signal integral I) and time information (the signal start
time fy). The preliminary discrimination between charged and neutral particles is provided by means of the geometrical coincidence
between the BGO and a cylinder of plastic scintillator bars. In the following, a “cluster” represents the group of contiguous crystals
associated with the interaction of the same particle with the detector and its “multiplicity” is the number of crystals composing the
cluster. It is not possible at the moment to identify unambiguously a neutral signal as a neutron or a photon, but it has been possible to
perform a discrimination by means of multiple selections which are based on the different physics processes underlying the detection
of neutrons and photons. Those are indeed responsible of the different features of the clusters (multiplicity, released energy/crystal,
energy distribution) produced by these two kinds of particles. These PID criteria have been derived from a clean experimental sample
of photons and neutrons in the BGO*. The time information provided by the sampling ADCs allows to discriminate in TOF the
neutrons from the background due to low-energy photons and out-of-time events. A description of these PID criteria is provided
in Ref. [7]. The investigation of more refined discrimination neutron—photon methods is in progress: For instance, it is possible to
increase the resolution in TOF difference between neutron and photon taking into account the small modulation of the reference
time in the azimuthal angle (of the order of 0.5 ns) observed in the data. One of the features of the AVM16 module is to record
the whole sampling of the signal in each ADC channel (with a frequency of 160 MHz), so that, for test purposes, it is possible to
reconstruct and compare the pulse shape of the signal produced by a neutron or a photon. Based on the results of this comparison,
it will be possible to explore how to utilize additional information that has not yet been incorporated into standard analysis but is
present in the raw data collected so far. For instance, this includes the maximum height of the signal and its corresponding time
value.

4.3.5 RIPTIDE

Neutron tracking can be accomplished by using kinematical properties of two-particle reactions. The neutron—proton elastic scattering
is the simplest, promising interaction, and its cross section is well known [336-339]. State-of-the-art approaches for neutron tracking
by using neutron—proton single and double elastic scattering—referred to as Recoil Proton Track Imaging (RPTI)—have been
proposed [340-344]. Their limits are related to detection efficiency, complexity, cost and implementation. For instance, Ref. [340]
reports the feasibility study of a RPTI detector to be used for neutron spectrometry measurements, combining a gas scintillator (CF4)
with a real-time imaging device. The experimental setup was adjusted in a fixed angle scattering geometry by using a CH; foil, thus
exhibiting a poor detection efficiency (~ 10-6%). Moreover, the scintillation yield is weak, and several amplification stages are in
place to enable a reliable proton track reconstruction on the image-intensified CCD camera. Fine tracks of the recoil protons were
obtained leading to a good energy resolution by proton range measurement in CF4 (2.33% at E,, = 14 MeV). On the other hand,
a different and more complex approach has been proposed either by the SONTRAC [345, 346] and the MONDO [341, 342, 347]

4 The simulation software packages currently in use cannot describe perfectly the behavior of neutrons in the BGO for the energy range of interest,
E;, =10+ 500 MeV. In particular, they cannot reproduce the cluster features at the base of this identification.
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trackers (see Ref. [348] for an overview of the technique). Both systems are based on sequential neutron—proton elastic scatterings:
SONTRAC being developed for Solar Me V-neutron detection in spacecraft and MONDO (see next section) for tracking fast neutrons
produced in particle therapy treatments. In both cases the recoiling protons are detected using a matrix of plastic scintillating fibers
and the produced light is amplified by CMOS single-photon avalanche diode arrays (SPAD) in MONDO or readout by silicon
photomultipliers in SONTRAC.

Nuclear physics and particle therapy seem to be the most demanding applications. Astrophysics in the space environment requires
low-power consumption (< 100 W), and radiation hardness and space electronics certification must be assessed by a proper R&D
program. In all cases, gamma and charged particle background must be rejected. It must be stressed that background suppression is
a prerequisite that can be achieved event by event by dE/dx track characterization.

RIPTIDE [349-351] (Recoll Proton Track Imaging DEtector) was conceived for full neutron momentum reconstruction, using
the two-body kinematics of neutron—proton elastic scattering: The neutron energy E,, is related to the proton recoil angle and energy
(0p.Ep) by the formula E,, = E,/ cos?(® ). From the geometrical point of view, the neutron momentum can be reconstructed in the
3D active volume of RIPTIDE in two cases:

1. single neutron—proton elastic scattering, by knowing the primary vertex of neutron trajectory (e.g., point-like target in nuclear
physics experiments);
2. double or multiple neutron—proton elastic scattering in the detector active volume.

RIPTIDE is conceived for both cases depending on the application. A detector sketch, describing the RIPTIDE working principle,
is shown in Fig. 18 (left). The 3D single- or multiple-proton recoil track reconstruction is obtained by 2D projections on orthogonal
planes. The central plastic scintillator (active volume) is surrounded by three optical systems coupled to CMOS or Micro Channels
Plates (MCP) imaging devices together with Timepix4 (or similar) pixel detectors. It is important to mention that a “proof-of-
principle” experiment for 3D tracking of charged particles by scintillation light successfully demonstrated its feasibility (see ref. [352]
for details).

For the preliminary design of a RIPTIDE demonstrator, a cubic active volume is used with the dimension resulting from a
compromise between detection efficiency (¢, > 10% at E, = 10MeV) and the geometrical constraints given by the wide-angle
optics. In this first configuration, proton track lengths in the range 0.2 < R, < 30mm (4 < E, < 50MeV) are expected to be
studied. In addition, absolute detection efficiency of approximately 15% for monoenergetic neutrons at E, = 10 MeV has been
determined by performing Geant4 [353] simulations [354]. Among the concurring neutron scattering interactions in scintillator
material (BC-408) the 2C(n,n’) is the most prominent. Neutron elastic scattering (E,, = 20 — 200 MeV) from C nuclei (and some
inelastic scattering channels as well) produces light below typical PMT detection, anyhow, these kinds of events can occur with high
rates in the active volume: For instance, a 90 MeV neutron in the detector volume is three times more likely to elastically scatter
from C compared to scattering from H.

The optical system is the most challenging part of RIPTIDE. It must be coupled to the plastic scintillator in order to minimize light
losses and achieve the best compromise between depth of field, aperture and aberrations. In order to fit with a specific application
two complementary readout systems for imaging will be investigated:

1. Back illuminated, high-efficiency low-noise CMOS devices (diagonal size from 1/3” to full-frame);
2. High conversion efficiency photocathode coupled to MCP (single and chevron setup) with pixel sensors such as Timepix [355]
or MIMOSIS [356].

Resolution (HxV) and pixel size will be matching the optics in order to obtain a 50-100 pwm resolution in proton track reconstruction,
and a reasonably small detection threshold for photons produced along the track. An external fast trigger implemented by SiPM
will provide a time reference for starting track-image selection (CMOS or MCP-Timepix 2D-frame acquisition) and time-of-flight
measurement. Fully embedded readout electronics makes them suitable for advanced and on-the-field neutron dosimetry (nuclear
waste and nuclear reactors monitoring) and in space environment applications.

Concerning the complementary readout option, it is well known that MCPs provide suitable spatial resolution (about 10-100 pm)
and a large detection surface. Timing is a key feature of such a device, reaching time resolution of 100-200 ps. MCP anodic plane
will be coupled to Timepix or similar devices as reported by Tremsin and Vallerga [357]. A detector based on a vacuum tube, with
transmission photocathode, MCP and the Timepix4 ASIC as active anode is being developed by Fiorini et al. [358], targeting a
timing resolution of tens of picoseconds together with a position resolution of 5-10 microns.

4.3.6 MONDO

Secondary neutrons produced during particle therapy treatments can deposit an absolute non-negligible energy in and out of field
even far away from the target volume (voxel) as they are weakly interacting with the patient body [359, 360]. To properly take into
account for their contribution with the highest possible precision when performing the treatment plans optimization and evaluating
the dose absorbed by the organs at risk, a high-precision experimental characterization of their production energy, flux and angular
distributions is eagerly needed.
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Fig. 18 Schematic representation Fig.4: RIPTIDE working principle.
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The MONDO experiment [347, 361] addresses the technical challenge of secondary ultra-fast neutron detection and tracking
with a detector that exploits single and double elastic scattering interactions allowing for a complete neutron four momentum
reconstruction. To back-track neutrons, it is indeed crucial to maximize the double elastic scattering probability on hydrogen: The
detector is based on a compact matrix of scintillating fibers (squared, 250 pm side, polystyrene-based for the core) readout by an
integrated and pixelized electronic system.

The detection efficiency benefits by the highly hydrogenated active material and by the very high granularity of the readout
system that has been designed in CMOS-based SPAD array technology. The readout sensors, with pixels of 125 x 250 pwm? size,
are organized in tiles covering the full detector surface, implementing an auto-trigger strategy to identify the events of interest.
The tracker layout has been optimized to ensure a detection efficiency of the order of 10~! and 103 for single and double elastic
scattering, respectively. The details on the fiber choice (squared fibers with 250 wm side), the implemented layout and the related
readout performed using the SPAD technology have been already presented elsewhere [362]. The readout sensor will be able to
cover the full detector area providing the necessary spatial resolution (matching the fiber granularity) and detection efficiency. An
auto-trigger algorithm will be implemented using a two level strategy (at pixel and chip level) allowing a significant combinatorial
background reduction while keeping a very high efficiency for signal events [363].

A FLUKA simulation has been implemented using an accurate description of the detector geometry and accounted also for the
trigger strategy. The simulation has been used as the basis for the background rejection algorithms development and to evaluate the
performance of the fragments energy measurement strategies (both for partially and fully contained tracks).

The potential of the MONDO tracker in characterizing the neutrons produced in a particle therapy treatment with carbon ions
has been explored using neutrons from a point-like source placed 20 cm from the detector face, according to the energy spectrum of
neutrons produced in particle therapy conditions (from FLUKA simulation). Results have been obtained and presented in Ref. [364]
for monoenergetic beams and for neutrons generated with the energy spectrum expected in particle therapy applications. An energy
resolution of ~ 3 — 6% has been evaluated for double elastic scattering events, while the expected back-pointing resolution is below
3.5 mm (for a neutron source placed 20 cm from the detector surface).

The promising outcomes and positive results achieved with various MONDO prototypes provide optimism for the imminent
finalization of the SPAD design readout chip and the realization of the complete tracker.

5 Detectors for gamma/X radiation

Many physics processes are followed by or include the emission or one or more photons, with a very wide range of energies
depending on the phenomena under investigation. Among these photons, X- and gamma rays are very interesting in many fields of
science, from nuclear and high-energy physics to astrophysics, medical physics, imaging, elemental mapping, security, agrifood and
many others. Even if a worldwide established convention is still not existing, photons are considered as X-rays when their energy
is in the range 0-120 keV, where all the characteristic fluorescence lines of the various materials in the periodic table can be found,
beyond this range, photons are gamma rays. Depending on the physics processes involved and on the photons’ properties under
investigation (energy, position, polarization, etc.), several different types of detectors can be used for their detection; in this chapter,
an extensive overview on the recent developments in the detectors’ technologies for both X- and gamma rays will be given.

5.1 X-ray radiation detector

Since their discovery in 1895, the detection of X-rays had a strong impact and various applications in several fields of science
and human life like nuclear physics, astrophysics, quantum physics, X-ray fluorescence (XRF), X-ray emission spectroscopy
(XES), extended X-ray absorption fine structure (EXAFS), particle-induced X-ray emission (PIXE), plasma emission spectroscopy,
monochromators, synchrotron radiation, radioprotection, telescopes and space engineering, medical applications, food and beverage
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quality control and elemental mapping. Impressive efforts have been done to develop new type of detectors and new techniques,
aiming to obtain higher precisions both in terms of energy and position. Depending on the applications, solid-state detectors,
microcalorimeters and various types of spectrometers provide nowadays the best performances as spectroscopic and imaging
detectors. The now reachable few microns and MeV precisions open the door toward ground breaking applications in fundamental
physics, medical science, astrophysics, cultural heritage and several other fields. In this review, the most recent advances in the X-ray
detection technology are given, focusing on the following devices: Gas Pixel Detectors (GPDs), pinhole coupled CCD, CdZnTe
detectors, high-purity germanium (HPGe) microstrips, hybrid detectors, Transition Edge Sensors (TES) microcalorimeters and large
source Bragg spectrometers.

5.1.1 Gas pixel detector

A Gas Pixel Detector [8] (GPD) is a device able to measure the linear polarization of X-rays by exploiting a well-known property of
the photoelectric effect: Photoelectrons extracted from an atomic K-shell, which is by far the dominant process when the required
energy threshold is met, are emitted preferentially in the direction of oscillation of the photon electric field. Indeed:

do X 2¢
—— X oS
aQ

where ¢ is the azimuthal angle between the direction of the photoelectron and that of the photon polarization vector. By sampling
the distribution of azimuthal angles for a given set of photoelectrons, one can statistically recover the linear polarization state
(polarization degree and direction) of the parent photon population.

A GPD works as follows (Fig. 19): X-rays enter a gas cell from the top through a window of a transparent material (like beryllium)
where they are absorbed by the gas molecules, producing photoelectrons. The negative component of the ionization charge generated
by each photoelectron is drifted by an electric field toward the bottom of the gas cell, where it is amplified by a suitable charge
multiplication stadium, like a Gas Electron Multiplier [365]. Finally, the charge is collected on a 2D segmented anode, so that an
image of the track, projected onto the azimuthal plane, is produced. Typical tracks of E < 10keV have a length of a few hundreds
of microns in a gaseous medium: Thus, a spatial resolution < 100um is required to properly sample the track development.

Individual track images can be analyzed to extract the initial direction of emission of the photoelectron, either analytically [366]
or through machine learning techniques [367]. The energy and the impact point of the X-ray on the detector can also be inferred,
allowing for simultaneous imaging and spectroscopy.

Currently, GPDs are employed by the Imaging X-ray Polarimetry Explorer Mission (IXPE), using a custom ASIC with a pixel
size of 50 um as readout anode [368, 369]. The polarimetric capability of the GPDs realized for IXPE is showcased in Fig. 20.

Building on that successful design, a new generation of GPDs is currently being developed. Thanks to an updated readout chip,
an order of magnitude smaller dead time per event can be achieved [370], with no measurable degradation of the capability of the
detector. At the same time, alternative multiplication stages are being explored, in an attempt to mitigate some of the limitation of
the GEMs described in [368].

The new detectors will provide a good match for the next generation of X-ray missions, such as the proposed multi-instrument
mission e-XTP, which is designed to host 4 GPDs in its Polarimetric Focusing Array. e-XTP will contribute to our understanding of
the nature of strong interactions by studying the equation of state of neutron stars, where “exotic” states and phases of matters such
as nuclear superfluids, hyperons and deconfined quarks are most likely formed.
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5.1.2 Pinhole CCD system for X-ray imaging and spectroscopy

An innovative multi-diagnostic system with advanced analytical methods has been designed and implemented in the recent past
at the LNS, in collaboration with the ATOMKI laboratories in Hungary, [9, 371]. It is based on several detectors and techniques:
optical emission spectroscopy, RF systems, interferometry, polarimetry, X-ray detector; in the following we will focus on high-
resolution spatially resolved X-ray spectroscopy, performed by means of a X-ray pinhole camera setup operating in the 0.5-20 keV
energy domain. This technique is particularly utilized to improve the diagnostics tools available for the PANDORA setup [372, 373].
PANDORA (Plasma for Astrophysics, Nuclear Decay Observation and Radiation for Archaeometry) is a project supported by INFN,
which aims to measure B-decays of nuclear astrophysical interest for the first time in laboratory plasmas emulating some stellar-like
conditions [10]. The aim of the X-ray imaging and space-resolved spectroscopy within the PANDORA project is to support the
measurement of 8 decays in magnetized plasmas, providing the plasma volume, density and temperatures at which the decay lifetime
is expected to decrease by several orders of magnitude. The achieved spatial and energy resolutions are currently 0.5 mm and 300 eV
at 8 keV, respectively. Innovative analysis algorithms were properly developed for obtaining single-photon-counted (SPhC) images
providing the local plasma emitted spectrum in a high dynamic range (HDR) mode [9]. The developed post-processing analysis is
also able to remove the readout noise that is often observable at very low exposure times (msec). Figure 21(a) and (b) shows the
overall system, including the multi-collimation designed to suppress X-ray scattering, and a perspective front view of the plasma
chamber, respectively. The figure also highlights the materials composing the plasma chamber walls: This special design allowed
to distinguish between the X fluorescence photons emitted by the Ar plasma from those ones produced by electrons escaping the
confinement and impinging on the plasma chamber walls, thus producing fluorescence from the walls materials (Ti, for the chamber
endplate), as shown in the post-processed X-ray spectrally resolved image (Fig. 21(c)). SPhC analysis allows quantitative and
absolute evaluation of local emission emissivities. Models development to extrapolate space-resolved plasma parameters (density
and temperature) from the acquired data is ongoing [374]. A fast X-ray shutters and trigger systems will be implemented in the
setup in order to allow simultaneously space and time-resolved plasma spectroscopy during transients, stable and turbulent regimes,
with ms timescale.

The development of diffractometric X-ray spectroscopy measurements with high-energy resolution is also foreseen. This tech-
nique, based on the use of “gratings,” will allow to reach resolutions of the order of AA/A = 1073 at 565 eV, opening the possibility
to carry out XRF peak broadening measurements, so giving access to the indirect measurement of the ion temperature in the plasma.

Advanced plasma diagnostics, especially in the range of soft X-rays, can thus play a crucial role in the new scientific scenario
where laboratory ECR plasmas can become new environments for fundamental nuclear physics investigations. They also allow to
characterize the mechanisms of plasma instability that are scientifically relevant by itself, since there is the opportunity to reproduce
and to study phenomena of astrophysics interest (such as the Cyclotron Maser Instability [376], which is a typical kinetic turbulence
occurring in astrophysical objects). PANDORA is expected to start its operations in 2024. Meanwhile, a dedicated test bench, named
FPT (Flexible Plasma Trap) [11], will be used at LNS for R&D on diagnostics and detectors.
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Fig. 21 a Overall X-ray imaging pinhole camera setup including anti-scattering collimators and the plasma chamber; b front view of the plasma chamber
showing the Al mesh allowing for a direct inspection of the plasma chamber inner volume;c typical energy-filtered X-ray image including fluorescence
coming from the Ar-plasma and the Ti endplate of the plasma chamber [9, 375]

5.1.3 CdZnTe detectors for precision X-ray spectroscopy

The development of semiconductor nuclear radiation detectors has rapidly progressed in recent years. The imaging capabilities,
superior energy resolution and the opportunity to create compact systems [377] make these detectors a highly desirable option
compared to other types of devices, such as gas detectors and scintillators. Among semiconductor compounds, cadmium-zinc-
telluride (CdZnTe or CZT) has become increasingly popular in the field of X- and gamma-ray detection, thanks to its high atomic
number, high density and wide bandgap. State-of-the-art digital detection systems based on CZT detectors ensure excellent room
temperature energy resolution (2 keV @122 keV[12], 5.1 keV @660 keV[13]), large detection efficiency (> 98% @60 keV with
1-mm-thick detector) and high time resolution (~ 50 ns) [14].

The applications of X- and gamma-ray detectors span several fields from specific research topics (e.g., astrophysics, fundamental
physics) to more practical sectors related to the everyday life (inspection of industrial products, security controls). The characteristics
of CZT detectors allow them to be employed in a number of different application fields, including:

e Hadron physics. The recent advancements in dynamic range and energy resolution of CZT detectors enable their implementation
in experimental apparatuses. An example is that of the SIDDHARTA-2 experiment at LNF (Laboratori Nazionali di Frascati),
searching for X-ray transitions emitted from kaonic atoms. CZT detectors will allow, in the near future, to perform extremely
important measurements in the low energy strangeness sector using targets of aluminum, lead, sulfur or carbon, having relevant
transitions in the 40-300 keV range [15].

e Astrophysics. The capability of detecting high-energy photons has a crucial role in the observation of celestial bodies and cosmic
radiation. CZT detectors [378-382] allow to investigate the energy band from few keV to MeV, essential to covers the whole
electromagnetic spectrum.

e Medical imaging. The use of solid-state technology is crucial in the development of innovative medical equipment. Techniques
as SPECT (single-photon emission computed tomography) [383—-385] and CT (computed tomography)[386] are becoming more
and more common in the preventative medicine or surgical applications and the use of such devices have been a great help in the
cure[387, 388] and detection of diseases.

e Environmental monitoring. Techniques to detect Radiological and Nuclear (RN) agents are strongly requested in the field of
homeland security and environmental monitoring, for the rapid scanning of sensitive areas that are possible targets for terrorist
threats like dirty bombs or silent sources. In these fields, the development of smart radiation detector systems [389-392] able to
detect, measure, identify and analyze gamma-ray emitting radioactive sources is a primary need.

e Imaging. International research facilities are investigating high-Z materials [393—395] to replace the current detection systems
based on silicon which are limited by a low efficiency above 20 keV. The properties of CZT crystals allow to realize large-area
devices (> 1 cm?) with a fine spatial resolution (down to 55 m) and high stopping power (> 98% @60 keV with 1 mm detector).

The scientific community is working intensively on CZT detectors in each one of discussed applications. For example, next improve-
ments will be: i) enhancement of maximum operative flux, contact quality and spatial resolution in imaging and synchrotron appli-
cations; ii) evaluation of radioisotope identification system in operative scenario for environmental monitoring; iii) evaluation of
radiation damage and flight planning in gamma-ray telescope development; and iv) realization of a large-area detector with improved
time resolution in the study of kaonic atom spectroscopy.

5.1.4 The XH cryogenic detector system

The XH cryogenic detector system [16, 17] provides the unique combination of charge-integrating front-end electronics coupled
to one high-purity germanium (HPGe) microstrip sensor made of 1024 strips with 50 um pitch. The system aims at providing a
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technical solution suitable for the direct detection of a transmitted beam of hard X-rays over a large area with a uniform and fast
response, and with a high spatial resolution. The XH system was developed by UKRI-STFC Daresbury Laboratory in Daresbury
(UK). It is now commercially available and it was recently upgraded with commercially supplied HPGe sensors to operate at 4th
generation synchrotron facilities. Specifically, this is the case of the high power laser facility (HPLF) [396] at beam line ID24 at
the European Synchrotron Radiation Facility (ESRF) in Grenoble (FR). The HPLF is designed to perform energy-dispersive X-ray
absorption spectroscopy in time-resolved mode [397] with X-ray beams of energy from 5 keV to 27 keV. The HPLF makes use of
dynamic compression techniques to study extreme conditions of pressure and temperature in matter [398]. The facility couples a 100 J
ns-pulse laser to an X-ray energy-dispersive spectrometer to perform experiments with the pump-and-probe technique. Figure 22
shows a sketch of the operation principle. The polychromatic X-ray beam from the 4th generation synchrotron is angularly dispersed
as a function of the spectral energy by the beam line optics. The beam is focused on the sample and transmitted to the HPGe
microstrip sensor. The position of each microstrip is correlated with a particular spectral component of the transmitted beam. The
intensity of the signal in each strip is proportional to the intensity of a transmitted spectral component. Note that this concept enables
the fast collection (e.g., single shot) of an energy spectrum via the simultaneous acquisition of the different spectral components.
The spectrum measures the absorption coefficient of a material over an energy range of ~1 keV centered around the material’s
absorption edge. The energy resolution of the spectrum is units of electron volts (e.g., 1-2 eV).

HPGe sensors provided the best properties to meet the experimental requirements of a fast response with a high spatial resolution
over a large and uniform area. Radiation hardness to total ionizing dose (TID) is also a requirement since the sensor is exposed
to a transmitted flux of > 10° photons s~ mm™2. Germanium is an elemental semiconductor with a face-centered diamond-cubic
crystal structure that is grown into a highly regular and uniform bulk material. It has a high-Z (32), a high density (~ 5.3 g cm~3) and
alow electron—hole pair-creation energy (~ 2.96 eV). This results in a high quantum efficiency for hard X-rays. Both charge carriers
contribute to a fast signal formation due to their fast mobility, respectively ~ 3900 cm? V~! s~! forelectrons and ~ 1900 cm?> V~! 57!
for holes. Commercial foundries are capable of high yield fabrication processes by using wafers with a standard diameter of 90 mm,
and by segmenting features as small as a few tens of um. The HPGe sensor deployed at the HPLF is made of 1024 strips with
50 um pitch. The strip length is 5 mm, and the sensor thickness is 1.5 mm. The strips are patterned on the front-side of the wafer
by using a proprietary semiconductor process technology. These strips act as the junction contacts and they are connected to the
readout electronics. The back-side is a p-type implant, which is directly exposed to the impinging X-rays. The above design leads
to a back-illuminated sensor with a large uniform area and a fine pitch. The large area determines the range of energy detectable
with a single sensor. The fine pitch improves spectral/spatial resolution. The back illumination protects the readout contacts from
the accumulation of TID. A total of 8 X3CHIPs are installed in the cryostat and wire-bonded to the sensor strips. The X3CHIP
is a charge-integrating ASIC designed in AMS 350 nm technology. Each of its 128 front-end channels is made of a preamplifier
followed by a sample-and-hold circuit. The X3CHIP is capable of integrating a maximum charge of 50 pC per front-end channel.
The minimum integration time is nominally 180 ns, and the maximum is 1 s. The dead time is 1.2 us.

The XH cryogenic detector system has synergies with applications in nuclear physics. For instance, the XH system required
the development of a liquid-nitrogen cryostat that is capable of operating the sensor at a temperature < —170° C, while having
an internal power consumption of ~11 W. This cryostat is currently being used as a test bed for the development of a Compton
camera deploying HPGe double-sided strip sensors [399]. Here, the XH cryostat needs to accommodate the installation and cooling
of multiple sensors (i.e., the scatter and the absorber in Compton configuration) with related readout electronics. Furthermore, the
XH system would benefit from R&D on new techniques to process radiation hard contacts with a small pitch on HPGe sensors. This
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requirement could potentially benefit from the pulsed laser diffusion of thin hole-barrier contacts researched by the INFN Nuclear
Physics community [400] for gamma-ray detectors.

5.1.5 Hybrid pixel detectors at PSI

In hybrid pixel detectors, the sensor i.e., the layer where the photon interaction happens, is separated from the readout electronics,
where the signal is digitized. Each pixel in the sensor is electrically connected to a channel in the readout chip using solder bumps
of the order of a few microns. The feasibility of the bump-bonding technique together with the space limitations required by the
complexity of the CMOS readout electronics poses a limitation to the achievable pixel size to a few ten microns (25 um).

The Photon Science detector group at the Paul Scherrer Institut (PSI) has a long history of development of hybrid pixel detectors
for X-rays detection at synchrotrons, free electron lasers and laboratories: Detectors have a square pixel pitch ranging from 75 um
of EIGER and JUNGFRAU down to 25 um of MONCH. The development aims to optimize both the sensor, to extend the use of the
hybrid detector technology to a wider energy range, and the fast highly parallelized readout chip, which will have to sustain fluxes
of order of 10! photons/s/mm? at the new generation synchrotron and free electron laser facilities. Sensors and readout electronics
can be combined depending on the application.

The choice of the sensor mainly depends on the X-ray energy range. Standard planar silicon sensors with thickness of ~ 300 um
reach their maximum quantum efficiency in the range 4 keV—-12 keV, while thicknesses up to 1 mm allows to reach a fair sensitivity
up to 20 keV photons. High Z sensor materials, like GaAs and CdTe or CdZnTe, are being studied [401, 402] to reach high absorption
efficiency up to 120 keV, although the technology still suffers from poor crystal quality and limited availability. Soft X-rays (< 1keV)
penetrate less than a micron in the silicon sensor, posing strict limitations on the thickness of the metallization and passivation layers
at the entrance window of the detector, thus requiring a high-charge collection efficiency even close to the silicon surface. PSI in
collaboration with FBK is developing a thin entrance window technology, which has shown a quantum efficiency > 60% down to
250 eV [403]. This technology has been combined with Inverse Low Gain Avalanche Detectors iILGAD). The charge generated by
the absorbed X-rays is multiplied in a high electric filed gain layer, increasing the SNR of low energy photons. Already in the first
iLGAD generation optimized for X-ray detection, 452 eV could be detected with a SNR = 23, compared to an SNR =~ 2 using
standard silicon sensors [404].

Single-photon counting readout chips [405, 406] are used to measure the intensity of photons. If the signal is above one or
more programmable thresholds, the pixel itself increments an on-pixel counter that keeps track of how many photons impinged
on the pixel. The detector has the advantage of being noise free after the threshold is properly set and long acquisitions can be
performed as the intensity information remains on the pixel till the readout. To overcome pileup limitations at high photon fluxes
charge-integrating detectors with dynamic gain switching [407, 408], i.e., adapting the dynamic range of each pixel individually
depending on the detected intensity, can be used for fluxes > 10 Mcounts/pixel/s, as well as for a pulsed source. As a disadvantage,
the conversion to the number of photons needs to be computed off-line from the deposited charge and a fast readout is mandatory
both to compensate for the limited dynamic range for a single acquisition and the effect of the increasing leakage current for long
acquisitions.

The detector [409], with its 25 m pixel pitch, allows imaging with high spatial resolution that, at low occupancy (= 1%), can be
improved beyond the pixel pitch using interpolation techniques, as shown in Fig. 23, combined with a moderate energy resolution
(= 700eV FWHM) [410].

At PSI, there is an ongoing work on the characterization of high-Z sensors in order to select the best candidate material for large-
area pixels detectors, investigating in particular the time response for time-resolved studies. Moreover, after the first encouraging
results, further optimization of the iLGAD technology is ongoing in order to achieve single-photon detection down to 250 eV in
the next few years. A new generation of single-photon counting detectors with multiple independent counters and comparators
(MATTERHORN) aims at increasing the count rate capability of at least an order of magnitude (up to 20 MHz/pixel) by faster
shaping of the analogue signal and by counting “piled up” photons, while charge-integrating detectors readout at 10 kHz frame
rate will further improve the detection up to 200 MHz photon flux. We are also designing a large-area version of MONCH (single
chip ~ 2 x 3 cm?, modules ~ 4 x 3 cm?) with optimized noise, which will be used for energy resolved high-resolution imaging as
well as for X-ray spectrometers exploiting interpolation, both for hard X-rays using planar silicon and soft X-rays if combined with
LGAD sensors.

5.1.6 Transition edge sensors for ultra-high-resolution X- and gamma-ray spectroscopy

Transition Edge Sensors (TES) are highly sensitive cryogenics thermometers that exploit the temperature dependence of a
superconductor’s resistance to measure incident power [411]. By operating at their superconducting transition temperature
(T, ~ 100 — 400 mK), TES can detect even small variations in temperature with high accuracy. First realized by Andrews [412],
TESs are now the most sensitive detectors to radiation from the gamma-ray through the millimeter wave [413]. When coupled to a
suitable absorber, TESs become radiation detectors with outstanding spectroscopic capabilities. In the case of X-rays and gamma
rays, the energy of single photons can be measured with resolving powers E/AE > 103 [18].
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Fig. 23 Image of a gold-on-silicon
sample representing the Eiger,
MONCH and Jungfrau mountains
acquired using the MONCH
detector. a) Shows the image using
the 25 um physical pixels size,
while b) after applying the
interpolation methods described
in [410] using 2.5 um bins. The
width of the cross in the 25 um
Swiss flag is only 7 um, i.e., well
beyond the pixel pitch

When a particle with energy E is absorbed by the TES (Fig. 24, left), the temperature of the detector increases by an amount
AT = E/C, where C is heat capacity of the absorber. This causes a corresponding increase in the resistance of the superconductor,
which diverts current through the shunt resistor, varying the current flowing through the SQUID input coil (Fig. 24, right). The
device then returns to its steady-state temperature with an exponential decay time constant t = C/G (Fig. 24, center), where G
represents the thermal conductance to the bath. In a typical SQUID readout system, the TES operates in series with the input coil
L, which is inductively coupled to a SQUID that acts as an ammeter (Fig. 24, left). Any variation in the TES current results in a
modification of the input flux to the SQUID, and its output can amplified and read by electronics at room temperature.

The initial research on TES-based microcalorimeters was driven by the need to investigate astronomical entities. In ground-based
astrophysics observatories, arrays of TESs are utilized for studies in the energy spectrum of X-rays and gamma rays [414]. Over
the past decade, as TES spectrometers have grown in size and resolving power, applications outside astronomy have proliferated
are now commonly employed at a variety of light sources, accelerator facilities and laboratory-scale experiments. The HOLMES
collaboration, led by INFN, will assess the neutrino mass by study the electron capture of the 163-holmium by implanting this
radioactive isotope into gold absorbers coupled to TESs [19, 20]. The interaction between kaons and nucleons has been studied
using TES by measuring the X-rays emitted during the decay of a kaonic atom. These studies have provided important insights into
the nature of the strong force [415, 416]. TES detector has also promising applications for improving branching ratios in nuclear
decays [417], for the characterization of trace radionuclides [418], for the study of transuranium elements [419] and for tracing
nuclear material in soil for analysis at contaminated test sites [420].

5.1.7 High-precision nuclear physics measurements with HAPG mosaic crystals: the VOXES spectrometer

Atomic and nuclear physics experiments do quite often rely on precise measurements of X-rays emitted from various type of
transitions, requiring a continuous technological boost toward cutting-edge radiation detectors. Bragg spectroscopy is among the
most consolidated techniques to perform high-energy resolution X-ray measurements, being, however, strongly limited to detect
photons produced from almost point-like (few tens of microns) or well-collimated sources. This limitation prevented the employment
of such a technique for all those experiments in which targets with millimetric or even centimetric dimensions are to be used, like
in the case of gaseous kaonic atoms where the sub-eV precision measurements of their characteristic radiative transitions are highly
craved from the strangeness nuclear physics community [421]. The VOXES (high-resolution VOn hamos X-ray spectrometer using
HAPG for Extended Sources) collaboration at the INFN Laboratories of Frascati (LNF) exploited the unique properties of Highly
Annealed Pyrolytic Graphite (HAPG) mosaic crystals to develop a high-resolution X-ray spectrometer, a schematic view of which is
presented in Fig. 25 [21], able to reach few eV resolution and sub-eV precision measurements of photons emitted from millimetric
targets.
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Fig. 24 (left) Basic architecture of a TES detector. The SQUID amplifier is employed as an ammeter that measures changes in TES current due to absorption
of energetic particles. (center) TES transition curve with polarization within its transition region. (right) TES current pulse events as function on time
generated by two different photons with different energies

Fig. 25 Schematic view of the

VOXES spectrometer [422] MYTHEN2

Strip Detector

HAPG crystal

Highly Annealed Pyrolytic Graphite (HAPG) are mosaic crystals consisting in a large number of nearly perfect small crystallites,
slightly misoriented with respect to the main crystal’s nominal axis; the angular deviation from this direction follows either a Gaussian
or a Lorentzian distribution, the FWHM of which is called mosaicity. This particular arrangement makes it possible that even a photon
with energy and direction not perfectly matching the nA = 2dsiné Bragg relation, where n is an integer number, d the crystal lattice
constant, A the photon wavelength and 6 its impinging angle on the crystal surface, may still find a properly oriented crystallite and
be reflected, thus enhancing the reflection efficiency [21, 422] Thanks to a lattice spacing constant d = 3.514 A, HAPG crystals are
highly efficient in the 2-20 keV energy range; furthermore, their growth procedure makes them suitable to be used in the VOn hamos
configuration combining the standard dispersion of a flat crystal with the focusing properties of cylindrically bent ones. The VOXES
collaboration performed, starting in 2016, a detailed investigation on the influence of the main parameters of HAPG crystals, like
mosaicity, thickness and curvature radius, on the energy resolution as well as a deep study of their calibration function and reflection
efficiency, crosschecking all these results with ad-hoc ray-tracing Monte Carlo simulations [422—-424]. The very promising results
achieved with VOXES could be used to perform extreme (sub-eV) precision measurements of kaonic atoms transitions allowing
for fundamental measurements like the charged kaon mass, still representing a pending open puzzle also impacting the D-meson
sector [425, 426]. A more accurate kaon mass determination may also become appealing for first-principle calculations on the lattice
and, finally, measurements of very narrow kaonic atoms lines (few eV or below eV FWHM) could provide crucial information on
the highly debated nature of the A(1405) resonance [427]. The VOXES spectrometer has been included in a proposal for future
kaonic atoms measurements at the DAPNE collider of the INFN Laboratories of Frascati [428]. Beyond high-precision kaonic
atoms’ measurements, the VOXES spectrometer has possible applications in several fields, ranging from fundamental physics,
synchrotron radiation and X-FEL applications, to the agrifood sector. This latter one has been already explored by the VOXES
collaboration within the TASTE and MITIQO follow-up projects at LNF, where the possibility to exploit the good performances
of the HAPG-based spectrometer also with liquid samples is being investigated. The aim of these two projects is that of providing
information about the quality of edible liquids through the detection of the shift of the typical fluorescence lines of metals induced
by oxidation mechanisms like, for example, that of the iron in wines (browning). For these and further future applications and
fundamental measurements, the VOXES spectrometer has been recently equipped with a full set of motorized carriers, for a more
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Fig. 26 AGATA system at
LNL-INFN with 13 ATCs
installed

efficient and precise alignment, as well as with a 13 micron pixel size CCD; this latter, when used as position detector in place
of the currently used 50 micron pitch MYTHEN?2 strip detector, will allow for an improvement both in the fitting sensitivity and
in the background rejection, exploiting the possibility to detect eventual focal aberration and to measure the curved profile of the
Bragg-reflected photons typically induced by cylindrical crystals [429].

5.2 Gamma-ray radiation detectors

Gamma radiation, discovered in the early twentieth century through the decay of an excited nucleus of radium, possesses remark-
able penetrating power through dense materials. This unique characteristic renders gamma radiation exceptionally versatile and
indispensable across numerous practical applications. Among these there are radiotherapy, medical imaging, mechanical compo-
nent testing and security measures. Moreover, in research laboratories, gamma radiation plays a pivotal role in exploring atomic
structure, nuclear reactions and various physical and chemical properties of materials.

In recent years, significant advancements have been made in gamma-ray detection technologies within the realm of nuclear
spectroscopy. Notably, the portable spectrometer AGATA represents a monumental leap forward in this field. AGATA facilitates
precise and intricate tracking of gamma rays, empowering scientists to glean more precise insights into the nuclear properties of the
elements and compounds under scrutiny. Presently, efforts are underway to implement new contact methodologies utilizing pulsed
laser melting (PLM) techniques for hyperpure germanium detectors, akin to those employed in the AGATA project. This research
aims to enhance the performance of future detectors, enabling heightened sensitivity and superior resolution by amalgamating
the development of ASIC-type electronics with dynamic energy ranges and an innovative fast-reset circuit. When operating under
neutron beam conditions, hyperpure germanium detectors may incur damage necessitating recuperative annealing processes. Subse-
quently, to identify and assess potential structural damage, AGATA detectors undergo characterization utilizing a three-dimensional
scanning table outfitted with highly collimated and intense gamma sources. GALILEO HPGe detectors [430] are slated for use in
B decay experiments like PANDORA, facilitating the detection of gamma rays emitted by decaying nuclei within confined plasma.
For such experiments, these detectors must guarantee a high counting rate within a gamma range spanning from 100KeV to 2MeV.
Gamma detectors, such as LaBrz : Cr : Sr crystal scintillators coupled with 3-inch silicon photomultipliers (SiPMs), are currently
in development alongside digital acquisition electronics featuring automatic gain control (AGC) across an expansive energy spec-
trum. Within the OREO project, inorganic scintillators have been refined to obtain beam-oriented crystals for its integration into
electromagnetic calorimeters. These innovations find applications in high-energy physics, astroparticle physics and forthcoming
high-performance detectors for nuclear/hadronic and medical physics realms.

5.2.1 AGATA array installation at LNL and detectors characterization

The European gamma array system consists of 30 triple clusters (ATCs) n-HPGe detectors presenting 36 segments + 1 core. The
mechanical structure at LNL is a 27 configuration which allows to install up to 27 triple clusters [22]. Indeed, the AGATA system is
coupled with the PRISMA spectrometer at Tandem-Alpi-Piave accelerator facility, forming a unique experimental tool for nuclear
physics. The AGATA-PRISMA system can rotate between 20° and 110° in the present configuration; a future AGATA installation
phase is planned to perform 0° measurements. The AGATA array can be moved back and forward with respect to the reaction
chamber, changing the solid angle of the system and allowing the installation of other detectors in between (Fig. 26).

The capsules replacement is one of the most important upgrades that is being done: All the detector capsules will be progressively
replaced by new ones, presenting an improved vacuum system. The welded capsules (old design) [431-433] may suffer leakage

@ Springer



582 Page48 of 115 Eur. Phys. J. Plus (2026) 141:582

current (about one out of three) after the annealing process (2 days at 102°C). The new capsule design includes a particular
gasket allowing several openings and easier repairs [23, 433, 434]. Moreover, a more reliable annealing process is now implemented,
the capsules being pumped during the annealing. During the AGATA array installation at Legnaro Laboratories several other
mechanical upgrades were implemented. A new ATC mounting system was developed, allowing to insert each cluster horizontally.
To guarantee a precise mounting, new pins are installed in the bearing structure, and with a new laser tracker tool was installed on
the ATC end-cup. Thanks to these improvements, the detector alignment precision leads to a spacing of 0.4mm between ATCs [149,
431].

Thanks to a collaboration with IPHC in Strasbourg (FRA), a HPGe detector characterization is possible, making use of an
automatic scanning table based on the PSCS technique [435] and of an intense collimated 137Cs source [24]. HPGe detector is
scanned in vertical (x) and horizontal (y) positions and an energy spectrum and pulse shapes are acquired for each X,y position. After
a complete scan, data are analyzed and a spatial volume reconstruction is performed. Information such as crystal lattice orientation,
local detection efficiency, energy resolution, pulse rise time and peak shift may be extracted. In one specific case (an AGATA
symmetric n-type detector), a crystal lattice anomaly is evidenced leading to an enhanced electron trapping effect, which defect area
can be reconstructed. Studies on the trapping half-life, trap energy-depth and collection efficiency are ongoing. Moreover, thanks
to the collaboration with LNL groups, other analyses on new HPGe detectors are planned, such as scanning of different passivation
techniques and of junctions created with the pulsed laser melting (PLM) technique (see section 5.2.2).

5.2.2 N3G project

The Next Generation Germanium Gamma Detectors (N3G) project is an ongoing R&D activity, currently funded by INFN-CSNV.
This project aims to develop a new type of high-purity germanium coaxial segmented detectors based on a novel type of doping
procedure, the pulsed laser melting technique [436]. This project is based on a strong collaboration between different groups present
at LNL, Ferrara and Milano INFN sections and the University of Padova (UNIPD).

Nowadays, commercial detectors for gamma spectroscopy trackers are segmented n-type HPGe crystal with a segmented boron
implanted junction on the external surface (p contact) and an evaporated lithium doped layer on the central hole (n contact). The
space sensitivity of these detectors is based on the collection of holes at the segmented junctions, but it is known that during the
detector life, the exposure to neutrons damages the detector by creating hole traps in the bulk [437], thus degrading the resolution:
For this reason, electron collecting devices should be preferred. On the other hand, lithium that is used for n* electron collecting
contact presents a high diffusivity on Ge, which forms a 0.5-1-mm-thick junctions, preventing a stable and thin segmentation. For
these reasons, today the segmentation must be performed on boron p contact and a lack of thin and stable under damage recovering
annealing is a strong technological limitation.

The pulsed laser melting (PLM) process [27] is an out-of-equilibrium technique able to create thin doped layers on semiconductor
materials, and also on HPGe, preserving the purity of the crystal bulk [29]. In particular, the process consists of the use of a UV
pulsed laser that locally heats the surface at a temperature above the Ge melting point, generating a liquid Ge phase. After the
laser pulse, the heating diffusion and dissipation govern the process: At first, the liquid region expands toward the bulk due to the
heat diffusion (from some nm to some hundreds nm, depending on the laser parameters), but after some tens of nanoseconds, the
temperature of system drop below the melting temperature and the liquid layer starts to epitaxially regrow from the liquid—solid
interface toward the surface. This regrow is characterized by a very high speed, reconstructing the crystal structure and embedding
in the lattice any other impurities that may be present in the melted phase. Indeed, the PLM induced surface doping is based on a
thin layer of impurities added on the surface of Ge before the PLM process, to diffuse them into the melted Ge phase during the
PLM. This technique allows to produce both n* and p* type doping on HPGe, maintaining the HPGe bulk uncontaminated thanks
to the high thermal gradient near the solid-liquid interface, combined with the speed of the process. In particular, the bulk remains
essentially at the room temperature during the PLM process and the time between the laser pulse and the complete re-solidification
is in the order of a few hundred of nanoseconds [438]. Thanks to this dopant diffusion and activation process, 150-200 nm junctions
can be easily created [26], allowing an easy thin segmentation (possible on both n and p contacts) and increasing the detector active
volume with respect to the Li doped HPGe.

The process to fabricate one of these innovative detectors has already been successfully studied on thin planar geometry [25, 27,
439]: A Sb-doped n* contact made by using PLM technique and segmented via photolithography was revealed to be effective. Low
leakage currents and good spectroscopy data with different gamma-ray sources were obtained, proving also a very good detector
stability to standard damage annealing processing. The upgraded fabrication process for coaxial geometries consists of major renew
in sputtering, PLM and photolithographic systems to allow them to be compatible with coaxial geometry crystals. Both n and p
contacts may be formed using PLM technology, but posing some technological challenges.

The fabrication process will consist in a grinding and polishing step with wet etching (3:1 HN O3z: HF acid solution), a dopant
sputtering deposition inside a chamber with one rotational axis to deposit on the full lateral surface of the coaxial crystal, two
perpendicular linear axes to move the crystal in the chamber and a 90° joint to allow deposition on the frontal tip of the crystal. Then
PLM doping process is performed moving and rotating the sample under the laser beam with six motorized degrees of freedom and
three manual ones for tilting compensation. Then gold plating of the sample external surface is performed in the same sputtering
chamber as before and a photolithographic process is performed using a six-joints industrial robotic arm with a UV laser diode
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Fig. 27 From top left to bottom
right: coaxial sample in a PTFE
becker before etching, mounted in
the sputtering chamber and under
the UV laser beamline. Finally, the
robotic arm, ready to expose the
photoresist for the segmentation of
a detector

mounted on. Several dummy samples are being used to singularly test every step described above (Fig 27). The final detector will
be mounted on a prototyped cryostat to perform I-V measurements and gamma spectroscopy to perform acceptance tests on every
external n* segment and the p* central core.

In the last years, the LNL and UNIPD research groups focused the attention to Ge surfaces, developing surface treatments for
dopant precursor deposition and for electrical passivation [440—442]. The study of new dopant methodology was addressed with
the aim of producing conformal deposition of dopants potentially useful to produce complex detector geometry on a large scale,
but also for electronic devices on a nanometric scale. More in detail, monolayer doping (MLD) technique uses adsorbed molecular
precursors as surface source of dopant: After a self-limited chemical deposition of molecular precursor on Ge, the formed layer is
thermally processed and the molecular source releases a dopant species from the surface into the bulk.

Different studies demonstrate that some phosphorus-based molecular precursors treated with pulsed laser melting are effective [28,
443], forming an n* junction in Ge. Moreover, also a Sb monolayer can be formed by a self-limiting gas phase deposition [444,
445], but due to the high deposition temperature, this procedure is not compatible with HPGe. The research is now focused on the
scalability of this process to obtain a homogeneous and continuous layer able to cover an entire HPGe coaxial detector; moreover, the
handling of a monolayer functionalized detector during different processing steps is a source of issues that must be addressed [446].

N3G electronics The N3G project is also devoted to developing front-end electronics components for new segmented coaxial
HPGe detectors.

The HPGe crystal is connected to the readout electronic chain by means of a custom contact system developed by the INFN
group of Milano (Italy). This is made of two parts: The first is a flexible PCB realized on a thin polyimide substrate that envelops
the detector completely. It holds four sets of gold-coated pads to be folded and leant against the detector electrodes. This system of
pads guarantees the electrical contact of the electrodes without scratching or damaging their brittle surfaces. The second part is a
rigid PCB. It provides a system of electric connectors that brings the current signals from the flexible PCB to the Charge Sensitive
Preamplifiers (CSPs), housed outside the vacuum chamber containing the crystal.

With respect to the state-of-the-art HPGe readout chain, the collaboration is developing ASIC (Applied Specific Integrated
Circuits) CSPs. Compared to those made with discrete components, integrated devices occupy a smaller area and volume and are
much less power-consuming. As a matter of fact, the first ASIC CSP developed in the framework of the N3G project is characterized
by 6 mW power consumption and 8 MeV dynamic range, which can be extended up to 40 MeV thanks to an innovative fast-reset
circuit [196, 447]. The described device has been tested at room temperature on a dedicated test bench. Below its saturation threshold,
set by the power supply voltages, the preamplifier removes the charge collected from the detector by its feedback resistor, which
can be discrete [448] or integrated [200]. The CSP shows an excellent linear behavior and a leading-edge fall-time in the order of
20 ns. Its energy resolution, reported in Fig 28, has been tested filtering its output signal by a 4" order quasi-Gaussian shaping
amplifier and using a 15 pF capacitance to simulate the detector’s one. An equivalent noise charge (ENC) of 154 electrons (rms) and
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an energy resolution (expressed as FWHM) of 1.08 keV have been obtained with 10 us shaping time, simulating 1 MeV interactions
inside the detector. Above the saturation threshold, the energy of the interactions can be retrieved thanks to the previously introduced
fast-reset mechanism, which discharges the CSP input node. The time-duration of the saturated signal is proportional to the charge
accumulated and, as a consequence, to the energy released inside the detector itself [190, 197]. For events of energy greater than 15
MeV, the measured resolution, expressed as FWHM, is better than 0.1%.

Further improvements in resolution performances are expected in the next few years. Specifically, the collaboration plans to
develop cryogenic ASIC preamplifiers housed in the cold-part of the cryostat, to work in close proximity to the detector. This
solution would guarantee the possibility to reduce the thermal noise of the devices and the parasitic capacitances due to the long
cables and electric connections otherwise needed. Developing cryogenic ASICs is particularly challenging because of the lack of
simulation-models describing the transistors working behaviors at liquid-nitrogen or liquid-argon temperatures. Specifically, the
quantities that mostly determine the behavioral differences between room and cryogenic temperature are the threshold voltage and
the carrier mobility that in turn influence the transconductance [449, 450]. The collaboration would approach this problem realizing
an integrated circuit housing a set of p-Mos and n-Mos transistors characterized by different parameters. By studying the devices
behavior at cryogenic temperatures, it would be possible to retrieve the information necessary to correctly model them in simulation
tools. Once achieved this goal, the collaboration would be able to simulate more complex circuits, as the CSPs themselves, and keep
on their production.

5.2.3 PANDORA project

In the last decades, many theoretical and experimental efforts were dedicated to improve our knowledge of the weak interactions in
environments similar to those where nucleosynthesis proceeds. Despite the attempts, the present lack of accurate experimental data
calls for a new approach able to elucidate the effects of stellar plasma on the different 8 decay processes. Lifetimes of radioactive
nuclei are known to be affected by the degree of ionization and the level configurations of their respective atomic shells [451, 452].
Beta decay in stellar plasmas can result in lifetimes shortened down to few orders of magnitude if compared to those measured,
for the same nuclei, in terrestrial environment, even nuclei which are stable in terrestrial conditions may become radioactive once
heavily ionized in the plasma [452].

To get a deeper knowledge on these phenomena, a new experiment, named PANDORA, has been proposed [31]. It is based on
the use of a plasma trap to emulate some specific stellar-like conditions and to study the evolution of the -decay main features
of selected radioisotopes as a function of plasma parameters. The plasma trap will be used to confine the hot plasma in which
a known concentration of the isotope is injected and to keep it in dynamical equilibrium using the magnetic field generated by
three superconducting axial coils and an hexapole. Once the B-decay will occur, the daughter nuclei, still confined in the plasma,
will emit y-rays, which will be detected by an array of HPGe detectors allowing for the identification of the decaying nuclei. The
measurement of the decay rate as a function of time will be correlated with the plasma temperature and density, both measured
through a wide set of noninvasive diagnostic tools allowing for a mapping of the evolution of the 8 decay rate as a function of main
plasma parameters [31, 453].

While the HPGe detector array and the multi-diagnostic system play a fundamental role in the experiment, in the following
we will concentrate only on the HPGe detector array which is made of 14 large-volume HPGe detectors (with about 70% relative
efficiency) [31, 454]. Twelve detectors will be installed around the magnetic trap, in correspondence to a set of radial lines of sight,
conically shaped, created between the warm bore radius and the external iron joke through the cryostat and the inner cold mass at a
radial distance of a few centimeters from the yoke using a dedicated mechanics. At such a distance, the estimated stray field will be
of the order of 100 G, and therefore, no effects on the charge collection efficiency leading to a deterioration of the energy resolution
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due to the magnetic field are expected. Two further detectors will be placed axially [31, 454]. A rendering of the PANDORA setup
with the whole diagnostic and detection system is shown in Fig 29.

The design of the array represents a compromise between the best detection efficiency achievable and the mechanical constraints
imposed by the feasibility of creating a large number of apertures in the cryostat and the yoke without altering the magnetic field
shape. The chosen configuration is optimized to rule out the regions of the magnetic trap where an intense background noise is
present due to the in-plasma electron bremsstrahlung and fluorescence by deconfined electron impinging on plasma chamber walls,
leading to strong X-rays emission.

GEANT4 simulations were performed to evaluate the total detection efficiency of the array [454]. An ellipsoidal isotropic source
placed in the center of the plasma trap with a size of 79 mm, 79 mm and 56 mm (X, y, z) was used to describe the plasma emission
volume. The HPGe array was modeled using GALILEO HPGe detectors features as they will be used during the first PANDORA
experimental campaign thanks to a collaboration agreement signed between GAMMA and PANDORA collaborations. The detection
of gamma rays in the range from 100 keV to 2 MeV was investigated. The results of the simulations indicate that the total photopeak
detection efficiency reaches a maximum of 1.6 10~3 at E,, around 200 keV and then smoothly decreases with increasing energy
reaching a value of about 8 x 10=* at 2 MeV. Such a value, while being apparently small compared to the typical values of the
photopeak efficiency of the arrays used nowadays, is compensated by the high number of decaying ions in plasma, allowing for
the measurement of the predicted variations of beta-decay half-life of different interesting physics cases using experimental run
durations up to three months [453, 454].

Plasma X-ray self-emission creates harsh experimental conditions for HPGe detectors which will be subjected to up 50 kHz
counting rate over a large period. Dedicated preamplifier based on the successful discrete-type model used to perform the readout
of the GALILEO array were developed by the colleagues of LNL to cope with such a high counting rate [32]. Tests performed
on the new devices using a multi-source setup, able to simulate different low energy background counting rates, clearly indicate
that the detector energy resolution measured on the 1332 keV transition as a function of the total counting rate remains around
3 keV at about 60 kHz [32]. At the same time, tests of the stability of the preamplifier and readout electronics did not show any
significant deviation in the peak position over 60 h test runs [32]. The detector support system is under development. It includes
several hardware components as detector preamplifier and digitizer LV power supply, automatic HPGe cooling system as well as
an integrated slow-control software to manage and supervise the detector operations. All these components are needed to guarantee
the proper operation of the 14 HPGe detectors placed around the plasma trap.

5.2.4 Gamma-ray detector based on LaBr3:Cr:Sr scintillators with SiPMs and ASICs readout

An R&D activity concerning La Br3 codoped scintillators detectors R&D and the developing of the associated ASICs are under
development at Milano INFN section (Italy).

A cylindrical large-volume codoped LaBr3:Cr:Sr crystal (3x3”) was coupled to a square 3” silicon photomultipliers (SiPMs)
matrix composed by 144 units. Each SiPM unit is a square of 6 mm and consists of approximately 40000 single-photon avalanche
diode (SPAD). Each SPAD has a side of approximately 30 um [455, 456]. The SiPM was the NUV-HD type produced by FBK in
Trento (Italy).

The detector was tested with calibration gamma sources (e.g., °*Co, 137 Cs, AmBeNi), and no differences were observed in the
measured energy spectra when compared with those acquired using photomultipliers (PMT) from Hamamatsu (Model R6233-100),
a custom Voltage Divider [457] and an analogue electronics chain. The maximum count rate at which the resolution of the SiPM
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read crystal is not degraded is of the order of 40 KHz. The detector was also used in the measurement of monochromatic gamma
rays of 15.1 MeV emitted in the reaction ' B(D, n)!>C [458]. As for the case of low energy gamma rays, no differences in the
energy spectra (if compared with some previous measurements with photomultipliers) were noticed.

The LaBr3:Cr:Sr crystal nonlinearity measured by SiPM shows a similar value to the PMT case. The detector nonlinearity was
tested in the range of 90 keV to 15.1 MeV.

The detector digital electronics is made by nine custom-designed ASICs [30] and it operates in a stand-alone mode using an
USB connection interface for the DAQ and also for the SiPM power supply. The electronics can provide an analogue energy signal,
a NIM time signal and a signal related to the interaction position of the gamma-ray that will be developed in the future. Moreover,
the system has an event-by-event gain value, named automatic gain control (AGC), which has a very large dynamic range, namely
from 50 keV to 25 MeV. A possible application of this detector technology could be the measurement of the fine structure of dipole
transitions in unstable exotic neutron-rich nuclei that may exist in astrophysical environments. This fine structure will help to better
understand the properties of the Pygmy Dipole Resonance (PDR) located at the low energy tail of the Giant Dipole Resonance.

5.2.5 OREO project

The CSN5 OREO project aims to fully exploit the potential of inorganic scintillator crystals, in which the radiation length, and
consequently the shower length, can be strongly reduced when a crystal axis is aligned with the beam direction [459], to develop
highly compact electromagnetic calorimeters with a significant reduction of the amount of material, volume and weight with respect
to state-of-the art detectors in high-energy and astroparticle physics [35].

Indeed, even for hundred-MeV photons the conversion in pairs is strongly enhanced in case of oriented crystals, leading to a
faster signal formation and therefore to the possibility to use more compact detectors also in this energy range. In addition, from
preliminary studies, the formation of the scintillation light seems to be dependent on the crystallographic quality of the material
(and orientation) independently on the primary particle energy. This effect will be further investigated by the OREO project.

In summary, the outcome of the OREO project could be very interesting in the future development of high-performance and
faster gamma detectors for nuclear/hadronic physics, but also for industrial and medical applications (Fig. 30).

6 Detectors for medical applications

Radiation detection plays a fundamental role in the biomedical field, enabling the measurement, monitoring and characterization of
radiation exposure, both for diagnostic and therapeutic purposes. This section discusses several notable initiatives in the development
and study of detectors for medical applications. We identified three main categories based on the types of radiation, detector
requirements and specifications across different applications:

e Treatment monitoring and optimization: these detectors are aimed at tracking the delivery of radiation during therapies, provide
online range verification and assess target fragmentation;

e Dosimetry, quality assurance and radiotherapy: this category covers detectors used to measure radiation doses accurately, ensuring
patient safety and treatment effectiveness;

e X-ray and nuclear medicine imaging: these detectors capture detailed images of internal structures and biological functions using
various types of radiation, aiding in diagnosis and guiding treatment decisions.

The discussion of each category is reported in the following.
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6.1 Treatment monitoring and optimization

Particle Therapy (PT) treats cancer by using charged particles such as protons or ions, up to 450AMeV, to destroy cancer cells.
Compared to conventional radiation therapy, PT delivers a highly targeted dose of radiation to the tumor while minimizing damage
to surrounding healthy tissue, by exploiting the specific energy deposition pattern of charged particles, characterized by the Bragg
peak at the end of range. PT achieves a very high precision by controlling the direction of the particles and their energy, which is
correlated with the depth of the Bragg peak. Particle therapy is effective in treating a variety of cancers, including those difficult to
treat with conventional radiation therapy. In particular, PT is becoming an increasingly popular option for treating head and neck,
and pelvic cancer; also, its minimal dose release to healthy tissues makes it particularly suitable for treating pediatric cancer. As of
the end of 2022 [460], more than 100 PT facilities operate in over 30 countries: The majority of them are located in Japan, the USA
and Europe, with some centers in South Korea, China and Australia. The global diffusion of particle therapy continues to expand as
more countries invest in this advanced form of cancer treatment, although there are still several challenges that need to be addressed:
PT facilities are expensive to build and operate, and their accessibility is therefore limited.

PT treatment planning involves several steps. After an imaging-based protocol, usually based on computed tomography (CT),
provides high-quality images of the tumor and surrounding tissues, the target tumor volume is defined, as well as volumes to be
spared, corresponding to organs at risk. A specialized software will then compute the treatment plan, determining the optimal beam
incoming angles and, for each position in the transverse plane, the set of energies and corresponding intensities of the particle beam.
The treatment plan also provides the dose of radiation that will be delivered to the tumor and surrounding tissues. The treatment
delivery typically involves a series of daily sessions of about 2 Gy each, for up to 6 weeks: Throughout this process, the patient’s
response to therapy must be closely monitored to ensure that the treatment is compliant, effective and to manage potential side
effects. Although PT is conceptually very precise, some issues still hinder the exploitation of its full potential:

e Range uncertainty: arising from a variety of factors, such as patient positioning precision, anatomical changes over the course of the
treatment and inaccuracies in treatment planning and beam delivery, it can cause the particle beam to deposit its maximum dose at
a location different from the intended target, resulting in underdosing or overdosing of the tumor and healthy tissue, respectively.
Since the dose profile is very steep, even a slight discrepancy between the expected and actual range can cause a significant
mismatch between the planned and delivered dose. Currently, robust treatment plans take into account range uncertainties by
enlarging the target volume of about 2.5 —3% + 1 —3 mm. However, a better treatment control would allow a significant reduction
of this margin, with a corresponding sparing of healthy tissues or, eventually, the possibility to improve treatment for tumors
closer to organs at risk than the current safety margin.

e Dose rate: it can affect the biological response of the tumor and normal tissue to radiation. PT current dose rates range between
1—-10Gy/min and 0.5—5 Gy/min for proton and ion treatments, respectively. High dose rates improve the efficacy of radiation-
induced cell killing by increasing the probability of cell death and reducing the likelihood of cell repair; also, they decrease the time
for which healthy tissues are exposed to radiation, reducing the risk of radiation-induced damage. The FLASH effect, observed
in preclinical studies of radiation therapy in which radiation is delivered at an extremely high dose rate (larger than 40 Gy/s)
over a very short period of time (< 200 ms), has a significant impact on the biological response to radiation, including reduced
normal tissue toxicity and improved tumor control, compared to standard radiation therapy delivered at conventional dose rates.
The exact mechanisms underlying the FLASH effect are still being studied, but some hypotheses suggest it to be related to the
ability of high-dose rate radiation to activate certain cellular signaling pathways that promote DNA repair and cell survival, while
suppressing pathways that lead to cell death and tissue damage. Despite the promising results observed in preclinical studies,
the implementation of FLASH radiotherapy in clinical practice is still in the early stages of development. Research is currently
focusing on methods for delivering high-dose rate radiation, such as using electron beams or ultra-short proton pulses, and
evaluating the safety and efficacy of these approaches in human clinical trials.

e Projectile and target fragmentation. Although most of the beam charged particles lose energy by electromagnetic interactions,
generating the typical Bragg curve for the energy loss as a function of the depth, a not-negligible fraction undergoes nuclear
interactions, either inducing tissue fragmentation or, in the case of carbon ions, beam fragmentation. Target fragments deposit
all their energies within tens of microns of their production point, while beam fragments travel further in tissue than the primary
particles and deposit their energy at locations different from the intended target: Both effects lead to dose deposition outside the
tumor volume and cause unintended damage to healthy tissue. The magnitude and extent of projectile and target fragmentation
depend on a variety of factors, including the type and energy of the particle beam, the thickness and composition of the tissue
being irradiated and the geometry of the treatment field. Measuring fragmentation cross sections would provide invaluable input
for the development of new treatment planning algorithms that account for the effects of fragmentation on the dose distribution.

Alongside new protocols for PT-based treatment, research is focusing on Boron Neutron Capture Therapy (BNCT), a type of
radiation therapy based on the delivery of a boron compound into cancer cells, followed by irradiation with thermal neutrons. When
the boron atoms are exposed to thermal neutrons, they undergo a nuclear reaction that produces high-energy o particles and 7 Li
ions: Their short range and high ionization density allows them to selectively destroy cancer cells while sparing normal tissue.
The implementation of BNCT is currently limited by several technical challenges, such as the need for a high neutron flux and a
selective delivery of boron to cancer cells. Researchers are currently working on developing more efficient and effective methods
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for delivering boron compounds to cancer cells, new neutron sources that can generate the required neutron flux for BNCT, as well
as treatment monitoring and verification systems.

The above-discussed topics are being addressed in several R&D projects, around the world. The present contribution summarizes
the recent and ongoing INFN projects, focusing on the issue of treatment monitoring and optimization, both for the standard delivery
with charged particles, and for other approaches such as Flash Radio-Therapy (FRT) and BNCT.

6.1.1 Dose delivery systems

Currently, ionization chambers (ICs) are the standard device for the monitoring of therapeutic beams (i.e., the verification of their
position and their intensity) in PT facilities. The introduction of fast beam delivery techniques in particle therapy, such as fast
re-scanning modalities, promises to improve the accuracy, to shorten the treatments and to increase the patient throughput. On the
other hand, advanced approaches are crucial to guarantee and verify the dose delivery precision. However, in order to implement
these features, /Cs limitations (sensibility threshold of about 104 particles /s, collection time up to 100 s, recombination effects)
must be overcome [461]. INFN, in collaboration with other institutions, is developing several prototypes of thin silicon sensors with
the capability of counting single protons and carbon ions in the clinical energy range [462], so as to directly measure their energy
with time-of-flight techniques [463] and provide single primary particle time tags that can be correlated with the emission time
of secondary signals (e.g., prompt photons), providing an integrated beam monitoring and range verification system [464]. Thin
silicon sensors are sensitive to single particles and their very short charge collection time (1 ns) allows them to reach large counting
rates. A 60 um thick diode sensor and a 50 um thick Low Gain Avalanche Diode (LGAD) sensor are used for the counter detector
of protons and carbon ions, respectively. The sensitive area of both sensors (2.6 x 2.6 cm?), sufficient to cover the cross section
of a pencil beam, is segmented in 146 strips with 180 pum pitch [462]. The readout is based on 6 custom 24 — channel front-end
ASICs able to discriminate particle signals in a wide charge range (4 — 150 fC) with a maximum dead time of about 10 ns. The
digital pulses produced by the discriminator are sent to 3 Kintex7 FPGA boards implementing counters for each channel, while a
LabVIEW program reads and saves the data for off-line analysis.

The measurements performed with protons and carbon ions in CNAO (Pavia) result in beam projections (Fig. 31) with a FWHM
comparable with measurements performed with gafchromic films. The proton counting efficiency, which depends on the beam
energy, geometrical acceptance, inefficiencies caused by low-gain in some parts of the detector as well as pileup effects (Fig. 32), is
in the 35 — 51 % range, depending on the beam intensity. For carbon ions, the efficiency reaches 90 %, with losses only related to
the geometrical acceptance, since at lower intensities the pileup is negligible and the carbon signal, which is larger, is detected also
in low-gain areas; also, its energy dependence is smoother. Further research is presently focusing on addressing the issues related
to the design and construction of a detector suitable for clinical conditions: in particular, achieving a size compatible with beam
delivery windows (20 x 20cm?) and optimizing the radiation resistance of silicon devices, since they will be installing on the beam
path.

6.1.2 Online range verification

Online range verification is crucial in particle therapy for several reasons:
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e Accuracy of treatment delivery. As PT relies on the precise delivery of particles to the tumor site while minimizing damage to
surrounding healthy tissues, and the maximum dose release is at the end of range, an increase in range with respect to the nominal
value would cause an unwanted dose in healthy tissues beyond the tumor volume, while a decrease would cause a reduced dose
release in the tumor volume. Both effects are harmful. Accurate range verification must ensure that the particles stop at the
intended location within the patient’s body, precisely targeting the tumor and sparing healthy tissue.

o Patient safety. Verifying the range of particles online helps to ensure that the prescribed dose is being delivered correctly and
reduces the likelihood of errors. By continuously monitoring the particle range, any deviation or unexpected behavior can be
detected in real time, allowing for immediate corrective actions to be taken to safeguard the patient.

e Adaptive treatment planning. Online range verification can in principle enable adaptive treatment planning that is the ability to
modify the treatment plan based on the patient’s current condition. During the course of treatment, morphological changes can
occur, such as tumor shrinkage or organ motion, which may affect the particle range. By verifying the range online, clinicians
can make necessary adjustments to the treatment plan, to compensate for these changes and ensure optimal treatment outcomes.

As primary beam particles do not exit the patient, range verification measurements must rely on secondary signals, induced by the
beam. Indeed, while the majority of primary particles lose energy through electromagnetic processes, a not-negligible fraction also
undergoes nuclear interactions with the tissues nuclei. Most frequently, these interactions cause an excitation of target nuclei that
on a very short timescale emit y rays, with energies in the 1 — 10 MeV range: By detecting them, their emission profile along the
beam direction can be reconstructed.

Beam target nuclear interactions, however, could also cause the emission of neutrons from target nuclei that, being mostly '>C
and 100, induces the production of e and 150: Both these isotopes are B8* emitters, with half-life of about 20 and 2 minutes,
respectively. The emitted positrons, by annihilating with electrons, generate the typical signature of Positron Emission Tomography
(PET): a pair of back-to-back 511 keVy rays. By installing PET detectors around the patient, it is possible to reconstruct the 3D
activity distribution.

In case of ion beams, also primary particles can fragment, by emitting both neutrons (thereby leading, via the formation of 8*
emitting isotopes, to PET signals) and protons that can escape the patient and be detected: Their trajectory can be backtracked and
its intersection with the beam trajectory provides the emission point.

The y rays emission profile, the 3D activity distribution and the proton emission profile are all correlated with the range of the
primary beam: By means of properly tuned simulations, it is then possible to provide a range measurement.

INFN staff and associates are involved, with leading/major roles, in several research projects focused on both defining range
verification clinical protocols (INSIDE, INSIDE2) and developing innovative approaches (I3-PET, PAPRICA), with the ultimate
goal of proving the feasibility of in- vivo direct measurement of the stopping power, i.e., the Bragg curve (MERLINO). In parallel,
the design of a hybrid system for beam and range verification, to be installed as part of the future ion gantry at CNAO, is being
addressed within the SIG-PNR project.

INSIDE, INSIDE?2 INFN has contributed to the design and construction of the INnovative Solution for In-beam Dosimetry in
hadronthErapy (INSIDE) hybrid online range verification system [465], which combines a PET detector and a charged particle
tracker, so as to be able to monitor both proton and ion treatments. The PET unit [465], which exploits the detection of annihilation
photons produced by beam-induced 8* emitters, is composed of two planar heads placed at 30 cm from the treatment room isocenter.
Each head (10 x 25¢m?) consists in a matrix of lutetium fine silicate (LFS) scintillating crystals read out by silicon photomultipliers
(SiPMs), which yields a 3D activity image that is indirectly correlated with the delivered dose. The image reconstruction is performed
on the fly with an iterative multicore maximum likelihood expectation maximization (MLEM) algorithm, and its results are provided
online during the treatment.
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Fig. 33 The INSIDE hybrid range
verification system, installed in
the CNAO treatment room

Fig. 34 2D projection of the
activity difference between two
clinical carbon ion treatment
sessions, corresponding to the
planning and control CT

The PET detector provided, in 2016, the first ever online reconstruction of the beam-induced activity during a clinical treat-
ment [466]. The project was initially supported by MIUR, then by CNAO. It also developed a method that allows the reconstruction
of the activity induced by subsequent treatment fields, corresponding to different patient positions during the same delivery ses-
sion [467].

The Dose Profiler [468], designed to detect the charged secondary fragments escaping from the patient, is made of 8 plastic
scintillating fibers planes (20x20 cm?), read out by SiPM to detect and measure the trajectory of the fragments. The production
points of the fragments are hence obtained as Points of Closest Approach (PCA) of the reconstructed track with the nominal incoming
beam direction, provided by the Dose Delivery System. The 3D maps of emitted charged fragments are strictly correlated with the
density of tissues crossed by the primary beam. The devices are installed on a movable cart which is locked in proximity of the
beam nozzle as shown in Fig. 33.

Both devices can be used to spot inter-fractional morphology variations by comparing the measured 3D maps of 8* activity or
secondary fragment emission with respect to a reference distribution.

Currently, the INSIDE system is undergoing a clinical trial at CNAO (ClinicalTrials.gov ID: NCT03662373): The first phase
was completed in 2020, having enrolled 20 patients treated with protons and carbon ions [469-471] and obtained promising clinical
results (Figs. 34, 35) that provide invaluable information for the design of future systems, such as the one to be installed in the
CNAO ion gantry presently under development within the SIG-PNR project.

INSIDE has indeed shown its capability to detect small morphological changes that take place over the course of the treatment
(several weeks), with both the PET and the tracker systems, thus prompting a re-calculation of the treatment plan.
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Fig. 35 Profile of the detected
protons emitted during a clinical
carbon ion treatment: comparison
between three measurements
corresponding to different sessions
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Within INSIDE, a novel approach for PET image reconstruction has been developed to mitigate the statistical limitations in case
of in vivo range verification in carbon ion treatments, exploiting the multiple field activity along the whole treatment, mainly related
to projectile fragmentation into ! C (half-life of about 20 min) and therefore close to the Bragg peak, to improve PET image quality
and capability of detecting inter-fractional morphological changes during the treatment. Since most of the annihilation signals is
located within the Clinical Target Volume (CTV) that is monitored for all the irradiation angles, it is possible to reconstruct, through
a MLEM approach and a patient-tailored response model, one image from the ! C signals of all the irradiated fields. A quantitative
analysis to spot inter-fractional morphological changes by means of Voxel-Based Morphometry (VBM) has been performed on
patients enrolled into the INSIDE clinical trial. Simulations from both the planning and control CT have shown the possibility to
detect anatomic differences, such as the emptying of an air cavity and the growth of the tumor mass. Although unique, INSIDE
suffers from some limitations. Some of them are intrinsic, such as the fact that it is not possible to install a full PET ring around
the patient, as it would limit the range of beam incoming angles. Therefore, INSIDE only provides a partial coverage, with 2 heads,
above and below the patient. Such configuration provides an excellent measurement of the coordinate along the beam and transverse
to it, but the vertical position is not well defined. Similarly, the angular acceptance of the charged particle tracker is limited by
clinical constraints.

Also, in the case of PET, the input to the reconstruction stage is only collected during the so-called inter-spill stage that is in
the dead time between the delivery of beam spills by the CNAO synchrotron. Such a condition provides a clean signal, with no
background, but limits the statistics and completely misses the contribution of short-lived (half-life < 1 s) isotopes, whose production
is strongly correlated with the beam position and range. During the spill, however, the background caused by the emission of prompt
photons is very large, and it is difficult to disentangle it from the signal itself without any further information.

13-PET The experience gained by operating the INSIDE PET detector, as well as the goal of gathering more information during
the spill delivery, triggered the idea proposed by the I3-PET project that developed a hybrid system for joint PET and prompt
photon detection. Besides detecting annihilations, the PET modules are used to identify time coincidences between primary beam
particles, detected by an LGAD sensor placed on the beam trajectory, and secondary prompt photons, detected by the PET modules
themselves (although with lower efficiency with respect to annihilation photons). The time of flight is then used, according to the
Prompt Gamma Timing (PGT) technique [472], to reconstruct the beam range.

The experimental feasibility of detecting such coincidences was demonstrated during a beam test at CNAO (Fig. 36), by triggering
on the scintillator signals and analyzing the corresponding time buffer of the silicon detector strips. In principle, within the acquisition
time frame (200 ns), more than one primary is present (depending on the beam intensity), so each secondary generates more than
one entry in the time-of-flight distribution: In case of multiple coincidences, one of them must be selected. After the reconstruction
stage, the correlation between the average time of flight and the corresponding average emission coordinate along the beam direction
is obtained: The farthest emission point corresponds to the beam range. The PGT approach provides two major advantages compared
to standard prompt gamma detection: It does not require a collimator. Therefore, it is much simpler to accommodate the layout in
the treatment room; besides, the collected statistics is much larger. Clearly, the performance critically depends on the achieved time
resolution, which is dominated by the scintillator signal (150 — 200 ps), since the silicon detector achieves 30 — 50 ps.

PAPRICA Similarly, the operation of the INSIDE tracker prompted the development of the PAir PRoduction Imaging ChAmber
(PAPRICA) prototype [473, 474], which proposes a novel detection strategy to image prompt photons, based on the pair production
mechanism, that would also discriminate photons from uncorrelated neutrons. The detector prototype design, shown in Fig. 37,

@ Springer



582 Page 58 of 115 Eur. Phys. J. Plus (2026) 141:582

2100

2000

1900

1800

Secondary radiation

1700 [EpdrReti e et - Atk L

1600

1500

27.2 273 27.4 275 276 25F 27.8 279 28.0 28.1
event number

Fig. 36 Example of a coincidence between the signals corresponding to a primary beam proton crossing the silicon beam monitor (blue) and a prompt photon
detected by an I3-PET LFS scintillator module (yellow)

Fig. 37 Sketch of the PAPRICA

prototype 3 \

photon
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consists of a converter made by a layer of LYSO fibers, in which the prompt photons conversion occurs, a tracking station based on
the ALPIDE pixel sensors [475, 476] for the e*e~ momentum reconstruction, and a plastic scintillator calorimeter which measures
the residual e*e™ kinetic energy.

As the photon production depends on the density of the tissues crossed by the beam, the 3D photon emission maps carry
information about potential morphological variations, which may be detected by comparing the reconstructed maps obtained in
different treatment fractions, using the gamma test [477].

MERLINO The implementation of the PGT technique with the I3-PET detector proved its feasibility; however, the system was not
optimized for prompt photon detection. A system prototype comprising 2 LaBr3:Ce- detectors and an LGAD was developed within
the Measurement of the EneRgy Loss for IN vivo Optimization in particle therapy (MERLINO) project: It operates with much
higher efficiency and allowed the validation of the technique in conditions compatible with clinical operations. The measured time
of flight is a sum of 3 contributions: the primary particle time from the silicon detector to the target, which can be calculated, the
time corresponding to the primary particle propagation in the target and the flight time of the emitted photon, from the emission
point to the detector. Although single contributions cannot be disentangled, not being known the actual emission point, the shape
of the measured TOF distribution depends on the detector position. By continuing the work started with I3-PET, in collaboration
with a team from the University of Lubeck, a custom reconstruction algorithm, based on MLEM methods, was developed and
validated, providing the first experimental results of the spatiotemporal emission reconstruction for treatment verification in proton
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therapy [478]. The space-time distribution of the emitted prompt photons is correlated with both the primary particle range and,
even more importantly, its motion inside the target. Experimental measurements with a 227 MeV proton beam impinging on a
homogeneous phantom were taken at CNAO [479, 480]. First comparisons between data and simulation show excellent agreement,
with a 98% average correlation of the prompt gamma timing distributions. A preliminary reconstruction of the prompt photons
spatiotemporal emission was achieved for the first time with experimental data. The corresponding simulation was carried out with
the FLUKA Monte Carlo tool. The results shown here represent the first step toward the experimental validation of the technique,
which, as a final result, provides a measurement of the Bragg curve, compatible with in vivo acquisitions.

SIG-PNR The SIG-PNR project aims at studying and developing the key elements of a novel generation gantry for multi-ion particle
therapy, from helium to oxygen. A superconducting dipole magnet demonstrator for a rotating gantry, capable of reaching4 — 5T
with a small curvature radius of 1.3 — 1.7m and a magnetic aperture of 70 — 90 mm, and a high-field scanning magnet system
are being designed and built. In parallel, a novel single-particle tracking approach, based on silicon detector, and a new concept
range verification system, based on the detection of PET and prompt photon signals, are being designed, so as to integrate them in
the gantry and provide required information for particle therapy. New thin silicon sensors for a single-ion counter at clinical rates
are being developed, starting from existing sensors developed for the INFN MoVelT project. The final aim is to develop a beam
monitoring device able to directly measure the crossing time and position of each particle. Parameters are defined in order to match
the sensors with the existing counting readout electronics, optimize the tagging capability, reduce pileup effects and improve the
radiation resistance. The front-end readout with timing capabilities is under development based on the CERN picoTDC coupled to
ABACUS ASICs. The optimal solution for range verification in ions treatments is being investigated, by considering both annihilation
photons from fast decaying positron emitters (e.g., 2N, 8B) and prompt photons, exploiting the PGT technique [472]. Currently,
the I3-PET hybrid detectors are under test in order to assess their performance with carbon ion beams and new detectors based on
LaBr; monolithic crystals are going to be built to further investigate the prompt photon production during ion clinical treatments
and obtain useful information to propose an optimized design fitting the SIG rotating gantry geometry. The integration between the
beam and range monitoring system is crucial to provide online feedback during treatment, paving the way for adaptive therapy and
real-time motion mitigation strategies. In order to make the monitoring information available in the shortest possible time, new tools
based on GPU for data analysis and integration between beam and range monitoring systems are under study.

6.1.3 Boron neutron capture therapy

Boron Neutron Capture Therapy (BNCT) is a neutron-based technique that allows selective cancer treatment at the tumor cellular
level, especially suitable for the treatment of brain, head, neck and skin cancers. Similarly to standard PT, it delivers a highly
targeted radiation dose to cancer cells while minimizing damage to the surrounding healthy tissue. However, it is still considered
an experimental therapy and is only available at a limited number of specialized medical centers worldwide. BNCT is based on
the high affinity of !B for absorbing thermal neutrons: The neutron capture leads to the formation of !' B, which then breaks
into an « particle and a ’Li nucleus. Both particles are highly ionizing, and their range is in the order of a few cell diameters:
Therefore, they are highly effective in inducing cell apoptosis. To administer BNCT, a 1B compound is injected into the patient,
either intravenously or directly into the tumor site. After a waiting period, the patient is exposed to a beam of neutrons that triggers
the above-described process, selectively damaging the cancer cells. BNCT is undergoing a major resurgence of interest around the
world as recent progress in accelerator technology allows the procedure to be undertaken in clinics.

INFN designed and constructed an RFQ proton accelerator delivering a 5 MeV, 30 mA proton beam in continuous wave (CW)
mode [481]. Via the ® Be(p, n)° B reaction on a beryllium target, a high intensity (30 m A) proton beam, provided by a radiofrequency
quadrupole, generates neutrons with a rate of 10'#s~!, with an energy spectrum centered at 1.2 MeV; a proper moderator made of
heavy water, PTFE and graphite will then reduce the energy to the thermal-epithermal range [482]. The final neutron spectrum is
designed to be suitable for Boron Neutron Capture Therapy (BNCT). The INFN-ENTER-BNCT studied the target performances
and the optimization of their design.

In order to fully exploit the BNCT cell-level selectivity, BNCT, a real-time, in vivo dose verification system, must be developed,
in particular for the assessment of the dominant dose component, i.e., the therapeutic dose due to '°B cellular accumulation. A
possible approach, being explored at INFN-Pavia since 2017, is the development of preclinical prototypes of BNCT-SPECT and
Compton camera systems based on room-temperature semiconductor photon detector CdZnTe (CZT) that would detect the 478 keV
y ray signal coming from the '°B capture reactions. The implementation of such a system must address some relevant issues:

e the mechanical collimator must be effective in the range of the emitted photon energy (478 keV);
e operations must be compatible with the intense # and y background, in particular the 2.2 MeV y ray from ! H captures;

e compactness and portability are required: As the neutron beam is fixed, the layout must be adapted to different patient positions.

The INFN-3Cats project is designing and implementing a single stage Compton camera exploiting 3D positioning sensing CdZnTe
(CZT) detectors.
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Moreover, the natural occurrence of ''3Cd, with its large cross section for thermal neutron capture, in the CZT alloy, suggests
that the very same technology could be used as a real-time thermal neutron flux monitor, a key factor in improving the accuracy in
the dose estimation of the non-selective dose components (in particular coming from 4N capture reactions).

6.1.4 Target fragmentation

As already discussed, proton or '>C beams used to treat deep-seated solid tumors exploit the characteristics of charged particles
energy deposition in matter, with the maximum dose deposition at the end of the beam range, in the Bragg peak (BP) region, where
the tumor is located. The increase in the radiation linear energy transfer (LET) in the BP region enhances its Relative Biological
Effectiveness (RBE) in cell killing when comparing with conventional radiotherapy using photons. Even though the track structure
also plays a role, as a general approximation, high LET corresponds to high RBE, so the effect is particularly important for ions
like 12C or '°0, where the LET increases significantly near the BP region. The RBE increase as a function of LET stops around
100 — 200keV /um, where the RBE peaks and then drops down for further LET increases [483, 484].

However, beam-induced nuclear interactions with the patient tissues can cause the fragmentation of projectiles and/or target nuclei,
an effect that should be carefully taken into account when planning the treatment. In proton treatments, the target fragmentation
produces low-energy, short-range fragments along all the beam path that deposit a non-negligible dose especially in the first crossed
tissues. On the other hand, in ion treatments, performed using 12¢ or other ions (e.g., 4He or 190), the main concern is related
to the production of long range fragments that release a non-negligible dose in the healthy tissues beyond the BP. Understanding
nuclear fragmentation processes is of interest also for radiation protection in human space flight applications, in view of deep
space missions. In particular * He and high-energy charged particles, mainly '2C, 1°0, 285i and ° Fe, are the main source of
absorbed dose in astronauts outside the atmosphere. In order to optimize the shielding against the space radiation, the nuclear
fragmentation properties of the materials used to build the spacecraft must be known with high accuracy. The knowledge of the
impact of fragmentation processes, which is of interest both for PT and space radioprotection applications, presently suffers from the
limited experimental precision achieved on the measurement of relevant nuclear cross sections, which compromises the reliability
of the available computational models.

FOOT The INFN-funded FOOT (FragmentatiOn Of Target) collaboration [485] that also involves researchers from France, Germany
and Japan is completing the construction of an experiment to study nuclear fragmentation processes and measure their cross sections.

Measuring target fragmentation in the proton-Nucleus (p — N) collisions field is an exceptionally challenging task, because of
the very short range of the produced fragments that results in a very low probability of escaping the target. Their range is limited
to tens of microns and even a very thin solid target would stop them or badly spoil their energy measurement. FOOT will therefore
address the issue by using an inverse kinematic approach, swapping projectile and target, with the goal of measuring differential
cross sections with respect to the kinetic energy (do/d Eyi,) for the target fragmentation process with an accuracy better than 10%
and double differential cross sections (d%>c/dS2d Ey;,) for the projectile fragmentation process with an accuracy better than 5% on
the determination of the fragment yields in angle and in kinetic energy. To achieve these performances, the charge and isotopic
identification precision of the fragments should reach the level of 2 — 3% and 5%, respectively, so as to obtain a clear separation
of all the isotopes under study.

The FOOT experiment (Fig. 38) implements an upstream region composed by the pre-target detectors that will be used to monitor
the impinging beam, and a region, including the target, for the tracking and the identification of the fragments that consists in two
alternative and complementary setups:

e asetup that implements a magnetic spectrometer, coupled with detectors for tracking, optimized for the identification of fragments
heavier than * He. It covers an angular acceptance up to a polar angle of about 10 deg with respect to the beam axis;

e a setup based on an emulsion spectrometer, optimized for the identification of low Z fragments emitted at large polar angles that
will extend the angular acceptance of FOOT up to about 70 deg.

The construction of the FOOT detector started in 2019 and was completed by the end of 2023.

The Upstream Region The upstream region is composed of pre-target detectors that will be used to monitor the beam, providing
its direction and the interaction point on the target, and to count the number of impinging ions. The overall material budget, crossed
by the beam, must be minimized, so as to reduce the out-of-target fragmentation, as well as the beam multiple scattering. The selected
configuration includes two detectors: the Start Counter (SC), a thin plastic scintillator read out by SiPMs, and the Beam Monitor
(BM), a drift chamber, placed upstream of the target. The SC provides the Minimum Bias trigger of the experiment, measures the
incoming ion flux (with an efficiency € > 99%), provides the reference time for all the other detectors and the start signal to the
TOF system, which is then combined with that of the Tof-Wall (TW), made of 2 layers of thin plastic scintillator bars placed about
2 m downstream. The BM detector, placed between the SC and the target, is used to measure the direction and impinging point of
the beam ions on the target, a crucial information needed to correct for pileup effects in the tracking devices downstream the target
and to discard events in which the beam fragmentation took place in the SC.
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Fig. 38 Sketch of the full FOOT
electronic layout and picture of
the available configuration as of
November 2022

Calorimeter

The magnetic spectrometer The driving criterion of the FOOT detector design is the need for an accurate charge and isotopic
identification of the produced fragments. To achieve the experimental goals a redundancy in measuring the different kinematic
variables is needed, exploiting different particle identification (PID) techniques. For this reason, the FOOT setup includes a TOF
system and a calorimeter for the fragments energy measurement, combined with the measurement of the energy released in thin
detectors and with the information provided by the magnetic spectrometer, allows the isotope mass identification. The charge (Z)
of fragments reaching the TW can be identified from the energy loss A g and the TOF information, making use of the Bethe-Bloch
formula. The tracking in the magnetic field volume provides the fragment rigidity (p/Z) and its path L that coupled with the
measurement of TOF and Z yields the momentum p and the velocity §. Finally, the fragment mass identification can be achieved
by momentum p, velocity 8 and kinetic energy Ej;, measurements, making use of the following relationships: p = mcBy,
Exin = mc*(y —1), Exin = v/ p2c + m2c* —mc?, where y is the Lorentz factor. In order to achieve the precision requirements on the
final cross-section measurements, it is necessary to obtain the following experimental resolutions: o,/ p ~ 4—5%, oror ~ 100 ps,
U(Ek,-n)/Ekin ~1-— 2%, O’AE/AE ~ 5%.

The detector must also minimize the fragmentation induced by the detector material as well as keep the full apparatus sufficiently
compact to be transported and installed in different facilities. The overall FOOT detector size is about 2 — 3 m, depending on the
distance between the momentum spectrometer and the TOF/Calorimeter.

The Emulsion Spectrometer The Emulsion Spectrometer (ES) has been designed to characterize the production of low Z fragments,
which are emitted at large angles, beyond the acceptance of the magnetic spectrometer. The SC and BM, placed upstream the ES,
are only used to perform an online control of the beam flux on the active ES surface, and their DAQ System is completely decoupled
from the ES that acts as a complete, stand-alone, layout. Among all tracking devices used in particle physics, nuclear emulsion
detectors achieve the highest spatial resolution (sub-micrometric) for tracking ionizing particles. Emulsion chambers integrate target
and detector in a very compact setup and provide a very accurate reconstruction of the interactions occurring inside the target.

Measurements The FOOT measurements campaign with the complete layout, which will start in 2024, foresees an extensive program
focused on the nuclear fragmentation of * He, '2C and '® O beams impinging on thin C and H rich targets, like polyethylene C> Hy,
in the 100 — 800AM eV energy range of interest for PT and radioprotection in space applications.

6.2 Dosimetry, quality assurance and radiotherapy

The advent of FLASH therapy, driven by the demonstrated tissue sparing effect (FLASH effect) in ultra-high dose-rate (UHDR)
electrons and proton irradiation, is focusing the research effort on the development of detectors able to overcome the nonlinearity of
conventional ion chambers caused by saturation effects in UHDR regimes. FLASH Radiotherapy (FRT) delivers the therapeutic beam
at ultra-high dose rates (> 40 Gy/s) in a short treatment time (< 200 ms) through narrow (order of ws) pulses each carrying a high
dose (> 1 Gy/ pulse), triggering, for pulsed LINAC beams or laser-driven beams, an enhanced radio-resistance on healthy tissues
while keeping an anti-tumor efficacy comparable to conventional RT. A detector capable of providing an accurate characterization
and real-time verification of the beam intensity and spatial distribution in FLASH regime is now eagerly needed to make a substantial
step toward the clinical implementation of FRT.
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Fig. 39 Prototype of the fluorescence-based beam monitor (left) and correlation between the signal collected by the PMT and the beam intensity (right)

6.2.1 The FRIDA project

INFN activities on the topic of FLASH Radiotherapy are developed within the FRIDA project. The FRIDA (Flash Radiotherapy with
hlgh Dose-rate particle beAms) project addresses several challenges posed by this potential revolution. A crucial task is represented
by the mechanistic understanding and modeling of the effect. A dedicated work-package addresses the challenge of producing a
model capable of describing the relation between the obtained sparing and the beam delivery conditions and will coordinate the
efforts toward an evaluation of the effect using known cellular lines and performing in vivo experiments. Experiments will be carried
out at FLASH beam facilities that are (or will be in the near future) available, complementing the multiscale FLASH mechanism
modeling efforts.

Another key ingredient is the necessary research and development phase in the acceleration and beam delivery fields to provide
the required dose rates with a clinically acceptable precision. The efforts will be mainly focused on developing a C-band accelerating
section capable of bringing the energy of IOeRT FLASH electrons (like the ones already available at the Centro Pisano for Flash
Radiotherapy, CPFR, in Pisa) up to the 100—150 MeV energy needed to treat deep-seated tumors. At the same time, the laser-plasma
acceleration of both e- and p will be explored in the context of possible FLASH therapy applications.

Within FRIDA, several different approaches will be pursued, ranging from scintillators, gas detectors exploiting the air lumi-
nescence, silicon detectors, SiC, alanine pellets, ICT systems. All these techniques showed the potential of overcoming the main
limitation of current clinical implementations: the saturation of the detector response at ultra-high dose rates.

Silicon sensor pads, 45 jum thick and with an active area of 2 mm?, are being tested at the Centro Pisano for Flash Radio Therapy
(CPFR) where the SIT ElectronFlash Linac is installed [463]. The readout is performed using the TERAO8 ASIC, a 64-channel
current-to-pulse-frequency converter [486]. With a 9 MeV electron beam and a pulse duration of 4 us, the results show excellent
linearity up to the maximum achievable dose per pulse of 20 Gy/ pulse, which corresponds to a charge of 600 nC/pulse collected
on the silicon pad. The Flash Detector beam Counter (FlashDC) prototype will instead measure the yield of optical photons produced
from excited states of nitrogen molecules. Early measurements for the case of electron beams provided an almost constant value of
4 photons /min per interacting electron in a wide range of kinetic energies of the primary beam (1 — 1000 MeV'). Thus, a device
exploiting air fluorescence would require a beam of very high instantaneous flux across the sensitive volume to detect a useful
number of photons, such as in the emerging field of FRT.

Fluorescence-based beam monitor is expected to provide a linear response as a function of the instantaneous dose rate, with the
possibility of application in a wide range of dose rates and energies without saturation and/or nonlinear dependencies. Besides, the
device would be simple and economical, with minimal impact on the treatment delivery. To test the feasibility of this technique
and perform proof-of-principle studies, several prototypes have been developed at the Basic and Applied Sciences for Engineering
Department of Sapienza University of Rome, with geometry optimization performed by means of a FLUKA Monte Carlo simulation.
Each prototype consists of a volume of air, contained inside a box with black walls to shield from external background; the light
produced by the electron beam is then collected by a commercial PMT (H10580), giving information on the beam intensity and
position. The latest prototype is represented in Fig. 39 (left), with the PMT placed at 125 cm from the beam line. The data collected
from test beam campaigns with electrons delivered at FLASH intensities by research LINACs at S.I.T. Sordina IOeRT Technologies
SpA (Aprilia, Italy) and by the ElectronFlash LINAC at the CPFR in Pisa demonstrated that the background evaluation is a crucial
requirement for the detector design, due to the relevant number of particles escaping from the beam line and inducing a PMT spurious
signal. The response has been studied as a function of the beam current (thus changing the dose within a micro-pulse) within a range
of values between 3 and 100 mA, corresponding to dose-per-pulse values from 0.3 to 20 Gy/pulse.

The results (Fig. 39, right) show a linear correlation between the signal collected by the PMT and the beam intensity over the
explored range of intensities, providing a first reliable indication that fluorescence can be used to perform beam monitoring for
studies on FRT. The final goal of the FlashDC project is to develop a detector capable of reconstructing a 2D map of the beam
position delivered during the treatment and measuring the dose rate.
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Finally, software tools for FLASH treatments planning are needed to evaluate the technique potential and enable clinical applica-
tions. Within FRIDA, the tools needed to plan FLASH therapy treatments will be developed and the resulting plans will be compared
with state-of-the-art results from IMRT, VMAT and proton therapy treatments.

The authors acknowledge partial funding from the FRIDA INFN-CSNS5 project and from the regional Public Notice Gruppi di
ricerca 2020—POR FESR Lazio 2014-2020 (project number A0375-2020-36748), and the Fondazione Pisa for the use of the EF
(grant n. 0104712/2021).

6.2.2 Unbalanced core detector (UCD)

FLASH radiotherapy electron beams typically exhibit pulsed structure with 2-30 Gy/pulse, pulse duration in the microsecond range
and repetition rate up to 200 Hz. The response of an active clinical dosimeter should be ideally independent of dose rate, energy and
direction distribution of the field.

In 2020 Di Martino and coworkers [487] tested the performance of commercially available radiotherapy dosimeters based on
scintillators, semiconductors and ionization chambers, finding severe saturation effects. This findings motivated research groups to
develop innovative dosimeters.

To date, the following devices, among others, exhibit promising characteristics: (1) diamond Schottky diode detectors [488],
(2) ultra-thin parallel plate ionization chambers [489] and (3) the unbalanced core detector (UCD) from INFN-LNF [490] (patent
pending).

UCD is based on a spherical sensitive core whose diameter can be chosen from 4 to 10 mm and thus is intrinsically isotropic. It is
waterproof, linear up to about 25 Gy/pulse, and its radiation-induced fading is as low as < 1% / 100 kGy. The front-end electronics
was designed to provide a time description of the radiation pulses with resolution in the order of hundreds of ns. The percentage
depth-dose (PDD) curves and lateral profile distributions were measured with ElectronFlash machines using 7 and 9 MeV electron
beams with 10 cm diameter in water phantom. The results satisfactorily compare to the reference curves obtained with Radiochromic
or FLASH diamond dosimeters, qualifying the UCD as a very promising dosimeter for this novel radiation modality.

6.2.3 Microdosimetry

Microdosimetry is becoming an essential instrument for assessing the microscopic patterns of energy deposition by radiation, which,
ultimately, governs the effects of ionizing radiation on living cells.

The reference physical quantity adopted in order to estimate the biological effects induced by the radiation to the tissues is the
absorbed dose, defined as the absorbed energy per unit mass. However, for heavy ions, the only absorbed dose value is not sufficient
to fully describe the biological effectiveness of the radiation. To this purpose, it is necessary to introduce the concept of radiation
quality that depends on the particle type and energy spectrum. A more detailed description of the radiation effectiveness can be
achieved by the measurement of microscopic dosimetric quantities, allowing to determine the local radiation quality. To this purpose,
microdosimetric detectors were developed to provide the spectrum of the lineal energy in a micrometric volume. The spectra of the
lineal energy together with the value of the absorbed dose at the same point can be thus used to predict the response of the irradiated
cells.

Tissue-equivalent proportional counters (TEPCs) are the main instruments employed for estimating beam quality. TEPCs are
characterized by full tissue equivalence (both the walls and the filling gas of the detector are tissue-equivalent). Currently solid-state
detectors (i.e., diamond, silicon and silicon carbide) are also adopted to acquire microdosimetric spectra. These devices are not
tissue-equivalent or radiation-hard detectors but have an increased resolution and a user-friendly operating mode.

Diamond detector Synthetic single-crystal diamond is an ideal material to produce high-spatial resolution and high radiation hardness
devices for microdosimetric applications thanks to its excellent properties such as the wide bandgap, near tissue equivalence, a near-
constant ratio of stopping power with water for proton and carbon ions, low dielectric constant and high radiation hardness.

Diamond-based microdosimeters (DBMs) were proposed in a boron-doped diamond/intrinsic diamond/metal Schottky diode
configuration, featured by different sensitive volume (SV) and shape, at laboratories of Industrial Engineering Department of Rome
“Tor Vergata” combining microwave plasma-enhanced chemical vapor deposition and photolithography techniques. The thickness
and the cross-section area of diamond SV vary in the range 0.5 um - 10 zm and 10 x 10 zm? - 300 x 300m?, respectively.
Details of the DBMs design and fabrication are reported elsewhere [491]. Spectroscopic characterizations including IBIC test of
diamond microdosimeters using different ion beams and energies were performed showing a well-defined confinement of the CCE
within the SV with a good homogeneity as well as a linear response as a function of the LET of the incident particle in the range
100-3000 keV/um.

The microdosimetric performance of the developed DBMs have also been successfully investigated with high-energy scanned
carbon beams and therapeutic proton beams at different ion-beam therapy centers such as CNAO [492], CATANA [493] and
MedAustron [494].

Recently, the DIODE (Diamond Integrated devices fOr haDronthErapy) project, financed by INFN-CSN 5, address the devel-
opment and test of a novel compact detection system based on synthetic single-crystal diamond able to simultaneously perform
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dosimetric and microdosimetric characterization of clinical ion beams. The proposed device allows a fast and exhaustive beam
characterization and radiation quality in ion-beam therapy centers and can partially overcome some drawbacks of the diamond
microdosimeter regarding low sensitivity to low LET radiation and detector position evaluation.

Gas detectors Tissue-equivalent proportional counters (TEPCs), the reference devices in microdosimetry, are gas detectors filled
with tissue-equivalent (TE) gas and built with TE materials. They operate in pulse mode to collect a signal pulse for each ionization
event occurring in the sensitive volume (SV). They are spherical or cylindrical detectors. The presence of the electronic avalanche
amplifies the signal of primary electrons making these detectors highly sensitive.

The gas is usually propane, and its density is scaled in the SV to simulate site sizes of less than 2 um in tissue. It is important to
use these detectors sealed because for safety reasons it is not possible to introduce propane in clinical facilities.

Due to the high intensity of clinical beams, miniaturized TEPCs have been developed at INFN-LNL [495, 496]. They are
cylindrical TEPCs with a cylindrical SV of 1 mm of diameter and height. Engineered detectors have been designed to meet the
standards of reproducibility required in the clinical environment. Five engineered mini-TEPCs have been successfully tested, and
their response function is highly reproducible.

TEPCs with boron-doped walls for applications in BNCT have also been developed at the INFN-LNL. Measurements were
performed at the MUNES thermal column at the CN accelerator at INFN-LNL suggesting the ability of detect the boron neutron
capture reaction when coupled measurements with and without boron are performed [497].

Standard TEPCs have sizes between 0.5 um and 2 um. To measure at smaller site sizes, avalanche confinement TEPCs have
been developed that have successfully measured down to 20 nm [498]. The importance of investigating small site sizes is related to
the stronger correlation with biological damage.

The future step is to develop an innovative multi-site TEPC with three electrodes capable of measuring two site sizes in a ratio of
1:10 without changing the gas pressure but only the electric field between grid and cathode. The multi-site information will allow
us to validate more complex models that consider the clustering of damages at different sites.

6.2.4 New devices for dosimetric purposes

Dosimetry detectors are essential tools used in the field of radiation dosimetry to measure and quantify the amount of ionizing
radiation to which an object or individual has been exposed. These detectors play a crucial role in various applications, including
medical radiation therapy, industrial radiation monitoring and radiation protection. There are several types of dosimetry detectors,
each with its own advantages and limitations. A widely used detector is the ionization chamber. Solid-state dosimeters are also used
for relative dosimetry. These devices use semiconductor materials, such as silicon, diamond or silicon carbide to detect and measure
ionizing radiation. Solid-state detectors offer real-time dose monitoring and can provide immediate feedback to the user.

Silicon carbide Silicon Carbide (SiC) technology represents one of the most reliable solutions in order to develop new dosimetric
systems. Recent studies have encouraged the use of SiC detectors for both photon and charged particle dosimetry [90, 499]. In
this context, the PRAGUE (Proton RAnGe measure Using silicon carbidE) project takes place. It aims to realize a system able to
measure, in real-time and with a high longitudinal spatial resolution (150 um water equivalent), the PDD distribution of a 30-150
MeV proton beam. It consists of 60 SiC devices (10 wm active layer, 15 x 15 mm? sensible area) placed in a stack configuration.
The electronic chain will work properly with high (10'° pps) and low (10° pps) intensity beams and involves the use of the TERA08
chip. To avoid loss of efficiency in charge collection with high-intensity beams, a customized interface board between the detectors
and the TERAO8 is being developed. The 60 SiC detectors were electrically characterized by performing the I-V (current vs. voltage)
and C-V (capacitance vs. voltage) measurements. The stability, reproducibility and linearity of the devices were also analyzed, by
irradiating the detectors with an X-Ray Tube (2.5-15 mA, 10-25 kV at Roma Tor Vergata University). A prototype of the final
detector, composed of 4 SiC devices, was realized and tested by acquiring the PDD distribution of a 70 MeV proton beam (delivered
at Proton Therapy Centre, Trento, Italy) and a 30 MeV proton beam (delivered at UJV ReZ Centre, Czech Republic). In both cases,
the PDD distribution of the proton beam was also acquired with a full EBT3 stack. Results highlight that the PRAGUE prototype is
able to reconstruct a PDD distribution with a peak/plateau ratio better than that obtained with the EBT3. Future steps comprehend
detector assembling and tests with clinical and high-dose rate proton beams. SiC technology is being analyzed also in the field
of Microdosimetry. This is the aim of the DoT-SiC project. The detectors have an active layer of 10 um and a sensible area of
4 x 4mm?, in turn divided into four independent sub-areas. Future steps include tests with 12C and 4He beam and the optimization
of the electronic readout.

Hydrogenated Amorphous Silicon Amorphous silicon was used mainly for photovoltaic panels and flat panels for X-ray imaging;
however, it was also used to characterize proton beams at CNAO [500]. The HASPIDE INFEN project (Hydrogenated Amorphous
Silicon PIxel Devices) aims to develop further the a-Si:H technology to produce ionizing radiation detectors for clinical dosimetry. The
material is very radiation-resistant and can be deposited as a thin layer (~ 10m) on various substrates such as kapton, hence allowing
the construction of devices well suited for clinical dosimetry and transmission detectors. Different detector configurations have been
produced at EPFL-Neuchatel and studied both in the absence and the presence of radiation sources. The tested configurations include

@ Springer



Eur. Phys. J. Plus (2026) 141:582 Page 65 of 115 582

sensors differing in thickness, area, contact type and deposition substrate. Results obtained so far (laboratory X-ray tube) include
noise at the level of a few pA, capability to work at 0 V bias, sensitivity ranging from ~ 1 nC/cGy at 0 V bias to 10-20 nC/cGy at 30
V bias, linearity of response ~ 1% up to 24 mGy/s [249]. Test under clinical LINAC and Synchrotron beams have been carried out
confirming the results obtained with X-ray beams, namely an excellent linearity (R> > 0.999), a close superposition with standard
dosimeters for PDD measurements (better than 8%), a precise definition of the sensitive volume with a signal variation of 100%
in less than 200 um when exiting from the region covered by the contact [501]. To test the radiation resistance, the devices were
irradiated with photons up to 700 kGy at the Australian Synchrotron and the leakage current increased from less than 1 pA to 1.5
PA, while the signal remained quite stable from 100 to 700 kGy after a reduction of 25-30% in the first 100 kGy irradiation. Further
study to check for annealing effect has been done after a neutrons irradiation of other devices with fluence up to 5 x 10'© Neq/ cm? at
Josef Stefan Institute facility (Ljubljana). The linearity of the response to X-rays flux was confirmed after the irradiation and, after
12 h annealing at 100 °C, the leakage current and the noise fully recovered to the values before irradiation, while the sensitivity only
partially recovered maintaining, however, the linearity of the response [502].

3D diamond devices Use of diamond as a sensitive material in medical dosimetry was dictated by its closeness to tissue equivalence
(Zcarbon = 6 Vs Zyissue = 7.14), its low dark current and high breakdown voltage. Diamond dosimeters are generally parallelepiped
detectors in two main configurations: with electrodes both on front and back sides (called planar configuration) or, the present
state-of-the-art, interdigitated electrodes inside the diamond substrate (3D configuration) [503]. For conventional planar detectors,
the separation of the electrodes is directly coupled to and limited by the thickness of the substrate, as they are typically fabricated
on the top and backplane of the diamond. A 3D device has columnar electrodes inscribed within the bulk of the sensitive material,
decoupling the inter-electrode distance from the substrate thickness. Synthetic production allows for devices classified as single
crystal (scCVD) or polycrystalline (pCVD). Dosimeters made with scCVD diamond films have a stable, fast and reproducible
response, but cannot be easily used for a large-scale application in radiotherapy dosimetry due to the maximum achievable wafer
size (1 cm diameter) and their higher cost compared with pCVD. On the other hand, it has been demonstrated that pCVD 3D devices
are precise enough and with a sufficient fast response to meet the requirements of radiotherapy dosimetry [504]. One development
that could optimize these devices is to produce graphite pads on the diamond surfaces using the laser beams to produce a graphite
layer where perform the microbonding to connect the device with the bias and the DAQ, obtaining an all-carbon device. A first
prototype, tested on clinical beams, shows a better behavior with respect to the normal metallic pads [505]. A study of the performance
dependence on the device’s pixel size shows that a size smaller than 1 mm is necessary to avoid volume averaging effects when
beam size is smaller than 1 cm [506]. One of the main goals is to produce a pixelated device with pixel size below 1 mm with an area
big enough (30 x 30 mm?) to measure at the same time the whole shape of a clinical small beam, including the penumbra region.

6.3 X-ray and nuclear medicine imaging

The development of advanced detectors plays a crucial role in pushing the boundaries of biomedical imaging. This section delves
into the research and development efforts focused on two main areas: radiological imaging and nuclear imaging. Radiological
imaging typically deals with X-rays in the 10-150 keV energy range, while nuclear imaging utilizes gamma rays with energies in
the hundreds of keV range.

The challenges typical of X-ray imaging are related to the requirements of high spatial resolution (10-10% um) and high rate of
events (up to 10° counts mm~2s~!), as well as high interaction efficiency and low electronic noise. In this field, the two major
innovations reported concern the development of perovskite X-ray imaging detectors, and hybrid detectors with photon-counting and
spectral capabilities. Perovskite-based detector is a promising candidate for high-efficiency, large-area and cost-effective solution for
X-ray imaging. Photon counting detectors allow for electronic noise suppression with proper signal thresholding and spectroscopic
capabilities may enable the implementation of spectral techniques which are the next breakthrough in diagnostic.

In the field of nuclear medicine imaging the development of gamma detectors for the measurement of the internal activity
distribution in patients undergoing targeted radionuclide therapy is presented. Also, the radiation generated by nuclear decays as
charged particles can be used for diagnostic tasks: 8 detectors were developed for radio-guided surgery with 8-emitting radiotracers
and for microscopy imaging by contact.

6.3.1 Hybrid pixel detectors: Timepix4 and Medipix4

Hybrid pixel detectors are based on the separation of the sensor element and the readout electronics into layers which are manufactured
independently and then coupled through the bump-bonding interconnection technique. Such detectors allow to separately optimize
sensor and electronics to obtain the best overall performance. The Medipix4 Collaboration at CERN, launched in 2016, is aimed at
designing two readout chips: Timepix4, which provides particle detection with excellent spatial and timing precision at high rates,
and Medipix4, which will target spectroscopic X-ray imaging at rates compatible with medical CT scans [507, 508]. INFN became
an official member of the Medipix4 Collaboration in November 2020 with the aim of studying and testing the possible applications
of this technology in a wide range of fields, from X-ray spectral imaging to nuclear medicine and dosimetry. In addition, an ERC
funded project hosted by INFN is developing a single-photon detector based on a vacuum tube with transmission photocathode, a
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Table 4 Timepix4 technical
specifications

Timepix4

Technology 65 nm-10 metal

Pixel size 55pum x 55 um

Pixel arrangement 512 x 512, 4-side buttable
Sensitive area 6.94 cm?

Operation mode
Mode

Time resolution

Energy resolution
Max rate (hits/mm?2/s)

Data driven (tracking)

Time over threshold (ToT) and Time of
arrival (ToA)

~200 ps
< lkeV
3.58 x 10°

Frame-based (imaging)

Continuous read write (CRW): Photon
counting (PC) (8 or 16 bit)

~5x 10°

Readout bandwidth < 1163.84 Gbps (16 x 10.24 Gbps)
Table 5 Medipix4 specifications Medipix4
Technology 130 nm-9 metal

Operation mode Fine pitch (FPM) Spectroscopic (SM)

Pixel size 75 pm x 75 wm 150 pm x 150 pm
Pixel arrangement 320 x 320, 4-side buttable 160 x 160, 4-side buttable
Sensitive area 5.76 cm?

Energy thresholds 2 8
Max Count Rate (hits/mmz/s) ~5x10°

micro-channel plate for electron multiplication and the Timepix4 as active anode [358], for applications in high-energy physics, life
sciences and quantum optics. A summary of the technical specifications for the Timepix4 and Medipix4 chips is reported in Tables 4
and 5, respectively.

6.3.2 SYRMA, KEST and PEPI

In addition to participating in collaborations developing new radiation detectors, INFN is active in the application of the developed
technologies. One example is the use of hybrid detectors for X-ray imaging, where photon-counting and spectral capabilities bring
major advantages in terms of image noise and radiation dose reduction, and material-specific quantification. In this framework, the
Syrma-CT/3D projects carried out the development of an imaging setup dedicated to the first X-ray phase-contrast breast CT clinical
study, in collaboration with the Elettra synchrotron radiation facility [509]. The setup makes use of a large-area photon-counting
detector, Pixirad8, developed by Pixirad srl (an INFN’s spin-off). The device features a 650 wm thick CdTe sensor, ensuring high
detection efficiency (~100% up to 50 keV), a dead-time-free readout and a small pixel pitch of 60 pm, resulting in high resolution.
Owing to the combined use of Pixirad and phase-contrast, the developed system has been shown to outperform commercial scanners,
yielding up to a threefold increase in SNR and a fivefold improvement in spatial resolution [510], as shown in Fig. 40. Along with
the drive toward clinical imaging applications, INFN has been funding research on systems for preclinical or non-clinical imaging.
In this context, KEST [511] and PEPI [512] projects developed a micro-CT spectral scanner including a Pixirad detector equipped
with the latest readout chip, Pixielll. This chip, similarly to other state-of-the-art ASICs such as Medipix3, features a charge-sharing
compensation mode that allows assigning to a single pixel the signal, and hence the energy that is spread across multiple pixels due
to charge sharing. This feature is key for spectral imaging, where a high-fidelity spectral response reduces cross-talk among energy
bins, ultimately improving image quality. Following a complete energy characterization, Pixirad has been included in the imaging
system, yielding high sensitivity (few mg/ml) for the quantification of several contrast media commonly used in biomedical imaging,
at a spatial resolution better than 50 pm [513]. Owing to the sharpness of their spatial response, hybrid detectors are also suited for
phase-contrast imaging techniques making use of X-ray beam modulators (e.g., edge-illumination, speckle imaging), thus paving
the way for the combined use of spectral and phase-contrast imaging [512].

6.3.3 PEROV

Along with the development of new readout chip architectures and their imaging applications, INFN is also actively promoting
research in the field of innovative sensor materials for hybrid detectors. X-ray imaging detectors available on the market include
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Fig. 40 Comparison between
conventional (top row) and
phase-contrast (bottom) row CT
visibility of soft tissue-equivalent
fibers as a function of their
diameter. Figure adapted

from [510]
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both direct and indirect systems with differences in cost, size, efficiency and spatial resolution. The indirect detection of X-rays
is usually performed with scintillators, which provide a lower signal/noise ratio (SNR) if compared to direct detection. The most
common materials used for the direct detection of X-rays from a few keV to 100 keV are silicon, amorphous selenium (a-Se) and
CdTe/CZT [514]. Each of these materials has some limitations: Si has a low stopping power for high-energy X-rays, a-Se detectors
are typically operated in charge integration mode, offering a low SNR if compared to photon-counting detectors, and CdTe/CZT
detectors are expensive and complex to manufacture when large areas are required. In the last few years, halide lead perovskites
are emerging as very attractive candidates for X-ray detection due to their strong stopping power, defect tolerance, large mobility
lifetime product, tunable bandgap and simple single-crystal growth from low-cost solution processes [515]. In this framework, the
goal of the follow-up of the INFN-funded Perov project for the coming years is the development of a device suitable also for X-ray
detection, combining a perovskite absorption layer and a CMOS silicon active layer, for X-ray energies in the tens of keV range. The
high-Z perovskite absorption layer can provide a high detection efficiency for X-rays in this range with a fraction of the thickness
used for silicon direct detectors, thus allowing the collection of charges by drift without spoiling the spatial resolution. Available
CMOS substrates with aluminum pads will be used to investigate the possibility of directly growing a perovskite detector, from
a precursor solution [516], on the surface of a CMOS chip. This first phase is crucial to verify the compatibility of materials and
deposition techniques required for the growth of hybrid detectors. In the longer term, the perovskite layer will be deposited on a
silicon Readout Integrated Circuit (ROIC) to realize radiation detectors with integrated electronics that will enable the production
of multi-channel detectors for X-ray imaging applications [517].

6.3.4 WIDMApp

A systematic measurement of the internal activity distribution in patients undergoing Targeted Radionuclide Therapy (TRT) would
enable treatment improvements and individualization of the activity to be administered. This is essential to increase therapeutic
effectiveness, optimize treatment planning and establish dose-effect relationships for tumor and normal tissues. Accurate internal
radiation dosimetry (IRD) is not an easy task, since the dose absorbed by tissues depends on several interconnected key factors
largely fluctuating from patient to patient. A new approach for individual radioagent biokinetics determination is proposed with the
Wearable Individual Dose Monitoring Apparatus (WIDMApp) [518]. The WIDMApp system is conceived as a wearable, noninvasive
multi-channel detector system for in vivo real-time radiation detection and a data analysis tool that provides a continuous mapping
of the radioactive agent transit and accumulation in TRT patients. The goal of the WIDMApp approach is the deconvolution of the
cumulative detected signal to distinguish the contribution of each emitting volume/organ, the reconstruction of the activity map at
the organ level and its evolution over time. Hence, WIDMApp will enable precise reconstruction of the biological time-activity
trend in lesions and in healthy tissues over a large temporal interval, characterizing both the accumulation and uptake behavior and
the long tail retention with an uncertainty below those originating from activity quantification in conventional nuclear medicine
imaging.

6.3.5 CHIRONE

The technique of radio-guided surgery (RGS), a nuclear medicine approach that aids in achieving complete tumor resection during
surgery, relies on the detection of radiation emitted by a radiopharmaceutical that selectively binds to tumor cells. As traditional RGS
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based on y emission is limited by the high penetration of y-rays, an approach using 8— emitting radiotracers has been developed
within the CHIRONE project, funded by the INFN-CSNS. Specifically, A dedicated particle detector with high efficiency for g—
particles and transparency to photons has been created, and its performance with 8+ emitting sources commonly used in nuclear
medicine has been explored. A notable innovation in the development of a S-RGS proof was represented by the introduction of
novel high Light Output (LY) organic scintillating materials, such as the p-terphenyl that, thanks to its high beta sensitivity and
intrinsic gamma transparency, can be effective both with PET radiopharmaceuticals and pure beta-emitting tracers [519, 520]. At
the moment, in vivo experimentation of this probe is ongoing, both on prostate cancer with 68Ga-PSMA and on neuroendocrine
tumors with 68Ga-DOTATOC, with very promising, albeit still unpublished, results.

6.3.6 Beta imaging with MAPS

Electron imaging has been widespread for a long time in the electron microscopy field, where technology moved recently from
traditional chemical films to solid-state pixel sensors. In this application, the typical electron energy ranges from a few tens of keV
to a few hundred keV, which is enough to produce a strong signal from a single impacting electron in silicon, the most common
material used for pixel sensor production. In fact, many beta-emitting radioactive materials of interest for medicine and biology
fall within a similar range (as the case of Ag-111, the novel radioisotope under study in the ISOLPHARM project [521] at LNL,
with 360 keV average f energy). Electrons of such energies have a large cross section in silicon, making it possible to detect them
with full efficiency using just a few tens of microns of high-purity, depleted silicon, contrary to X and y rays, which requires
higher Z materials (like Ge or CdTe) and/or much thicker sensitive layers. Silicon is the material used to build 99.9% of modern
microelectronic devices; the fact that it shows excellent detection efficiency for electrons in the aforementioned energy range has the
important consequence that it is possible to integrate the sensing layer and the electronics into a single monolithic device, building
an integrated sensor that can be entirely produced by the existing facilities of the microelectronics industry. This combination makes
it possible to realize very large areas (many tens of cm? or even square meters), and high-performance pixel sensors at a very
competitive cost. By combining the large area with the small pixel pitch (10 = 40 pwm) which characterizes these monolithic pixel
sensors (MAPS) is possible to achieve microscopy imaging by contact, where a large sample (or a multitude of samples) is recorded
with micrometric precision over an area of many cm?, compared to the few wm? of traditional optical and electron microscopy.
While the spatial resolution cannot be comparable to classic microscopy methods (roughly 10 pm vs 100 nm), the huge advantage
in the area makes it possible to parallelize operations, operate on batches, devise completely new techniques based on patterning
and/or comparison of multiple samples imaged at the same time.

7 Target development for nuclear physics

Targets represent extremely important components in nuclear physics experiments with accelerators, either for experimental activities
in fundamental science or for applications such as the production of radioisotopes or neutrons. In case of nuclear physics experiments,
targets are usually composed of either thin films of specific isotopic species deposited on substrates, self-sustaining foils or gases.
Targets for the production of radioisotopes or neutrons are usually exposed to high power deposition from the primary beam. Their
design must therefore be accurate so as to satisfy strict requirements in terms of power dissipation, mechanical properties or material
microstructures, to maximize production without incurring in failure. In the following, recent advancements on innovative target
design, production and characterization at INFN is reported, divided in two sections: targets for nuclear physics experiments and
targets for new production facilities.

7.1 Innovative targets for nuclear physics experiments

In any nuclear physics experimental study with accelerated beams, the choice of a proper target is a crucial issue, as important as the
choice of the impinging beam and of the detection systems. Thus a careful production and characterization procedure of the target
foils for nuclear physics experiments is a main objective in the preparation of an experiment.

At INFN, the main target laboratories are located at LNS and LNL and have decades-long experience in the production of
targets for nuclear physics experiments. In the present section, an overview of the activities related to the target manufacturing and
characterization at INFN is given.

7.1.1 The target laboratory at Laboratori Nazionali del Sud

The target laboratory (laboratory of physical-chemical techniques) at LNS produces targets for nuclear physics experiments per-
formed by local researchers and international collaborators. It typically makes foils of metal and non-metal materials, salt compounds,
organic compounds for a wide variety of stable isotopes, as listed in Ref. [522]. Moreover, the laboratory deals with the preparation
of the stripper foils for the accelerator machines (Tandem Van de Graff and K800 Superconducting Cyclotron) and the cathodes for
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the sputtering negative ion sources and develops and carries out chemical treatments and special chemical cleaning. It also takes
care of the deposition of specific BaF2 viewers for beam diagnostic.
Three main machines for target preparation are presently available:

e a Leybold L300 evaporator with two thermic sources;
e a Leybold-Heraeus L560 with a thermic and an electron beam sources;
e arolling mill

Both the evaporators are equipped with a quartz crystal microbalance which monitors the thickness of the deposited material during
the evaporation process. It is possible to set the distance between the source and the substrate by using cylindrical glasses of several
heights. Moreover, the L560 evaporator has a halogen heating element to set the temperature of the substrate, if needed. The physical
vapor deposition technique is typically used to produce thin foils (thickness less than 1 xm) by thermal evaporation or using an
electron beam source depending on the fusion temperature of the material. The depositions are done on thin backing foils (made of
C, Al, Au, etc.) or self-supporting. Cold lamination (rolling) techniques are used in the case of metal targets with thicknesses larger
than 1 um. Solvent casting techniques are also used to prepare polyethylene or deuterated polyethylene films.

The targets manufactured at LNS are typically characterized in terms of thickness and uniformity. When high precision in the
thickness determination of the produced thin foil is needed, it is analyzed by using a dedicated machine, based on alpha-particle
energy loss measurements. The machine consists of a high-vacuum chamber with four movable plates which hold the foils to be
characterized. The measuring system is made of an arm containing a collimated *! Am alpha source located in front of a surface
barrier silicon detector. The target to be characterized is located in between the source and the detector. The arm has been designed
to scan the whole target size. A software has been developed for the control of the machine which automatically performs the
measurement of a sequence of targets. This system also provides the uniformity of the targets, determining the thickness on different
points of the surface of the same target which differ of less than 1 mm. When the thickness of the film is larger than about 1 xm and
can be easily handled, its weight can be determined also by an analytical balance and the thickness deduced accordingly.

Other pieces of equipment available at the LNS target laboratory are:

an optical microscope;

an analytical balance with precision 107> g;
a technical balance with precision 1072 g;

a chemical hood;

an oven to heating up till 200°

In the coming years, the laboratory will be equipped with a new evaporator with two thermal sources, one electron beam source,
a heating/cooling system to set the substrate temperature and a system to change the distance between the source and the target
substrate. The possibility to produce thin targets, high performing in terms of thickness uniformity, together with an accurate
measurement of thickness, is an important challenge in present and forthcoming years at LNS. This task is crucial especially when
the targets are used for nuclear physics experiments where absolute reaction cross sections need to be measured with high precision.
This request is even more stringent for experiments with relatively low energy beams or medium to heavy beams (such as the ones
available at LNS), where the energy and angular straggling of the beam in the target foil plays a crucial role.

The production of thin and uniform targets of quite large area (10 cm? or more) for their application with large spot size beams,
such as radioactive beams, has also required and will require some effort at LNS.

In addition, in view of the high beam intensities expected after the LNS upgrade, which is presently ongoing, the development of
targets which are tolerant to high beam rate conditions is becoming a crucial task. As an example, the study of deposition procedures
on specific substrates of graphene-based foils is ongoing.

The minimization of the amount of material used for the preparation of the targets is another challenge in view of the limited
availability and of the increasing cost of many compounds or isotopic materials. Improvements of the parameters of the already
used vapor deposition techniques or further development of chemical deposition techniques can help in specific cases.

The use of noble-gas targets is a request of different nuclear physics experiments. Ion-implantation techniques based on the use
of ion implanters, such as the one present at the physics and astronomy department of the University of Catania, are being explored
at LNS. In addition, the possibility to exploit the already available technology of Electron Cyclotron Resonance (ECR) source for
ion-implantation purposes is also an interesting opportunity.

7.1.2 The target laboratory at Laboratori Nazionali di Legnaro

The main activities of the Targets Laboratory for Nuclear Physics (NP) studies are the study and preparation of targets for nuclear
physics experiments to be conducted at LNL or in foreign laboratories. In most cases, thin films of isotopically enriched elements
are obtained using different techniques. Different types of targets can be obtained:

e Self-supporting;
e With backing;
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e Strip-targets;

e Sandwich-targets;

e Plunger-targets;

e Cryogenic >*He targets at 9 °K are also being developed to achieve thicknesses of 3-5 102 at/cm? to carry out inverse kinematic
nuclear reactions studies.

The instrumentation to carry out these activities includes many devices, including a fume hood designed to work with powders,
equipped with a high-precision scale, a roller working under inert atmosphere (with a glove box used also to manage reactive
substances), three high-vacuum evaporators including a cryogenic one, and a tube furnace capable of working in inert or reactive
gas or vacuum that can operate at temperatures up to 1500 °C. About the cryogenic target, a Gifford McMahon device is used as
cryogenic source. It is conceived to be a portable device. At the time being, the following target preparation techniques for thin films
and foils are available:

e Thermal evaporation from crucibles and boats;

e Thermal resistance heating of high-purity carbon;
e DC ion-beam sputtering;

e Electron beam evaporation;

e Rolling mills;

e Rolling mills under inert gas atmosphere.

Thickness as well as characterization of produced target are controlled by:

e Quartz Crystal Monitor (QCM) during vacuum evaporation;
e Weighing the obtained film after determining the exact area with a proper software;
e Alpha source and proton/alpha beams from the CN accelerator for the cryogenic target.

For the coming years, it is planned the development of multi-isotope standard and plunger targets and the upgrade of ion-beam
sputtering devices to develop new type of targets.

Another activity started a few years ago is the development of innovative techniques to produce targets for beam irradiation at
cyclotrons aimed at nuclear cross-section measurements and medically relevant radionuclides production in the framework of the
new SPES LARAMED facility (see Sect. 7.2.3).

The laboratory is also equipped with a cryogenic mill for grinding at a few micrometric sizes inhomogeneous, sponge-like,
isotope-enriched powders delivered by manufactures.

This laboratory is being used in different experiments and collaborations regarding solid targets production and characterization.
The laboratory is equipped with different physical vapor deposition (PVD) magnetron sputtering apparatuses, dedicated to the
synthesis of novel materials for NP experiments. The target thickness achievable by using the existing setups are in the range from
a few nanometers to several micrometers.

The characterization of developed targets includes morphological and compositional analysis with standard techniques (Labo-
ratory of Material for NP) and ion-beam analysis (IBA) nuclear techniques (using the Van de Graaff CN and AN2000 accelerator
facilities present at LNL). The main characterization techniques are:

e Optical microscopy (OA);

e Scanning electron microscopy (SEM);

e Energy-dispersive X-ray spectroscopy (EDX);
e Atomic force microscopy (AFM).

Nuclear IBA techniques are:

e Elastic backscattering spectrometry (EBS);

e Nuclear reaction analysis (NRA (d,p), (p,®), (d,@));

e Elastic recoil detection;

e Proton-induced X-ray emission (PIXE and micro-PIXE)
e Proton-induced gamma-ray emission (PIGE)

7.1.3 LUNA solid target development by PVD magnetron sputtering technology

Cross-section measurements in astrophysics research play a crucial role in studying various fields, such as elementary nucleosyn-
thesis, energy generation and neutrino flux generation. The precise knowledge of cross sections is essential for defining stellar
models accurately [523]. Given the very small cross sections of nuclear reactions involving light elements in the stellar energy
range, these measurements require maximizing the signal-to-noise ratio while minimizing background interference. To address this,
the LUNA (Laboratory for Underground Nuclear Astrophysics) collaboration focuses its main activities at the Gran Sasso under-
ground laboratories. The substantial rock overburden of about 1400 m drastically reduces natural background sources, including
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cosmic muon components, neutrons and gamma rays [524]. Currently, cross-section measurements are performed using a 400 keV
accelerator, while a new MV accelerator will be soon available. The accelerators are located in the underground LNGS laboratories.
However, one of the background sources is the beam-induced background (BIB), resulting from the interaction of the beam with
target contaminations like fluorine, oxygen, carbon and deuterium. The presence of these elements could compromise the quality
of cross-section measurements, making their reduction mandatory. To produce nuclear targets for LUNA experiments, various
techniques are employed, such as thermal or electron beam evaporation for pure elements, anodization for oxides and magnetron
sputtering techniques (MS) for composites like nitrides [525]. The National Laboratories of Legnaro (LNL) have been involved in the
production of targets, focusing on reducing contaminants in both target materials (nitrides and oxides) and backing materials (Tanta-
lum). All produced targets undergo characterization using ion-beam analysis techniques, such as elastic backscattering spectrometry
and nuclear reaction analysis, available at AN2000 and CN facilities of LNL [526]. Regarding the Tantalum backing treatment, a
specific cleaning procedure has been developed to minimize surface contaminations, particularly fluorine and organic compounds.
The procedure involves three sequential steps: chemical etching using an acid bath to remove organic and fluorine contamination
from surface, physical cleaning using a CO, snow jet cleaner gun for removing environmental dust and, finally, in situ plasma etching
to remove natural metal passivation. This combined approach reduces the BIB up to ten times, then previous cleaning procedure.
For nuclear target experiments, the interested materials are deposited using MS and reactive magnetron sputtering techniques after
plasma cleaning in the same chamber without vacuum breaking, preventing further contamination induced by exposure to air. The
sputtering chamber used for nuclear target production is a custom apparatus available at LNL Nuclear Physics Materials Laboratory.
It has been adapted with custom devices, including a rotating polarizable sample holder, an active gettering system, Helmholtz coils,
etc. These components are designed to improve coating quality and prevent contaminant presence. The coatings are made using
commercial sputtering sources in close field configuration coupled with various power supplies (DC, Pulsed-DC, RF and HiPIMS),
depending on the material in use and the desired coating properties. Composite materials like oxides, nitrides and hydrides are
synthesized using reactive magnetron techniques driven by an optical emission monitor system, ensuring the desired stoichiometry
of the composites.

The selection of materials used for target production for LUNA experiments requires high-purity metals (at least 99.95%) and
high-purity gases (at least 99.9% for isotopically enriched gases).

The targets produced at LNL in recent years include oxides and nitrides (TiN, ZrN, TaN, Ta;Os), used as calibration standards or
targets for cross-section measurements. LNL is currently involved in preparing a tantalum nitride target using isotopically enriched
14N gas. This target will be used in the first experimental campaign '“N(p, y)!>O at the new Bellotti Facility at LNGS, utilizing the
3.5 MV accelerator. Additionally, LNL is participating in other planned LUNA experiments, such as '>C +!% C and 2*Na(p, o)*Ne.

7.1.4 Electron screening study with supersonic gas jet targets

In nuclear reactions performed in laboratories, the interacting projectiles and targets are usually in the form of ions and atoms (or
molecule), respectively. Due to the electronic cloud surrounding the latter, the impinging particles undergoes a reduced Coulomb
field compared to a bare target nucleus, which shifts the actual nuclear reaction energy enhancing the resulting cross section. Also
projectile ions, if heavier than protons, can retain one or more electron, further lowering the Coulomb interaction [527]. Electron
screening is mostly negligible at the higher energies but becomes relevant at the lower ones (around 100 keV up to few MeV
depending on the nuclear charge), as in the case of nuclear astrophysics studies [528]. In addition, often stellar energies cannot be
directly investigated causing stellar models to rely on extrapolations; for this, even a small offset due to an incorrect inclusion of the
electron screening effect may lead to significant errors.

The enhance factor caused by electron screening is usually related to the variation on the penetrability factor caused by the
energy shift. This latter is usually deduced by atomic physics as difference on the binding energy of the outermost electron in the
compound nucleus and the sum of binding energies of both projectile and target outermost electron binding energies [528, 529]. This
approach meets theoretical estimates [530] and was experimentally verified for heavier ion collisions in backward angles [531]. For
the approximations used in theoretical evaluations and for the possibility that for light ions other effects may alter the results (e.g.,
shell effects), new direct measurements of the electron screening effect on light nuclei are still desirable. As an example, >He +° He
reaction, already studied in LUNA [532], could be a very interesting case study. Indeed, the reaction could be investigated down to
20 keV, energy at which the screening effect is believed to enhance the cross section by a factor 1.2. The reaction could be studied
in the very same low background environment of LNGS and at the same energies with LUNA400 employing a ionized gas target to
directly measure the electron screening enhancement factor, from which the screening potential can be derived.

A supersonic gas jet target (SGJT) [533] is a candidate target to perform such a study. Being gas molecules of SGIT faster than
sound speed, the recombination of excited ions is unlikely in the scale length of the target itself (~ 10 mm). Target gas may then be
ionized before its injection in the accelerating nozzle, and even if a partial recombination could still happen before the gas reaches
supersonic velocities, one can obtain a partially ionized SGJT to be employed in electron screening investigations. This is also the
functioning principle of Plasma Wind Tunnels [534]). SGJT can also be dense (~ 10'® atoms/cm?) and short (3 — 5 mm) [533, 535],
making it a desirable target for the expected low rate at the energy of interest for electron screening effects study. A preliminary
evaluation on a ionized SGJT [536] shows that with commercially available arch torches, a ionization of 20% can be obtained for the
gas in the beam interaction region. The S/N ~ 6 at Ecyy = 20keV for the LUNA measurements of *He(*He, 2p)*He is promising
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Fig. 41 CTADIR without Havar
windows assembled for cryogenic
test under vacuum

for this study, since the SGIT can also be easily made thicker (regulating injection pressure). Considering similar conditions as in
Ref. [532], with a SGJT and the same running time as in Ref. [532] one can measure statistically relevant differences in the reaction
yield already with an injected pressure of ~4 bar at the energy of E, = 50keV, easily achievable with LUNA400.

7.1.5 A new cryogenic target at LNL: the CTADIR project

Direct reactions of exotic beams with cryogenic targets are powerful tools for studying the single-particle structure of atomic nuclei
using direct reactions in inverse kinematics.

Reactions like (*He,>He) of (*He,d), where one neutron or proton is added to a heavier nucleus, are fundamental to explore the
evolution of single-particle structure in neutron-rich nuclei.

The study of nuclei far from stability increasingly relies on measurements performed at exotic beam facilities, like upcoming
SPES at LNL. These reaction Q-values are well matched with typical beam energies of the ALPI accelerator at LNL (10-15 MeV/u),
which implies cross sections of several mbarns for neutron-rich ion beams. However, the low intensity of exotic beams requires
thick light targets to achieve the necessary luminosity.

Feasible measurements can be performed with beams down to an intensity of 100 pps, if the target has a thickness at least
10?9 at/cm?. In this context, the CTADIR [537, 538] project has been developed, aiming at coupling a Helium cryogenic target
with the AGATA [149] gamma-ray detector array and GRIT [539] silicon detector for light charged particles. With the CTADIR
cryogenic target, where helium is kept at temperatures < 10 K, the desired target density can be obtained within only 4 mm along
the beam direction. The body of the cryogenic target [537] is made out of aluminum (Al), and its assembly is shown in Fig. 41. Two
special laser-welded transitions Al/Stainless steel (SS) were designed to be able to connect the SS capillary pipes for the gas supply
to the gas cell of the target. The helium gas is confined within two 3.8 um thick Havar windows with a diameter of 10 mm. The
tightness between the helium gas and the vacuum is achieved by pressing each Havar window onto the indium seal housed in the “V”
shaped groove. The target is anchored to a copper cold finger attached to the second stage of a cryocooler. A copper thermal shield
(see Fig. 41), attached to the first stage of the cryocooler, is present in order to reduce the radiation heat load from the surrounding
“hot” objects. The target casing was designed to allow for the detection of the reaction products in the total angle of 140 degrees on
both sides of the target. The temperature of the target is regulated by a cryogenic temperature controller with temperature sensors
and a programmable heater for closed-loop temperature control in proportional-integral-derivative mode.

7.1.6 Cryotargets for high-intensity heavy-ion beams for NUMEN

The NUMEN (NUclear Matrix Elements for Neutrinoless double beta decay) project proposes an innovative technique to access
experimental information on Nuclear Matrix Elements (NME) involved in neutrinoless double 8 decay (OvB8), by measuring the
cross section of heavy-ion induced double charge exchange (DCE) reactions, thus establishing an alternative experimental driven
approach for the determination of the Ovg8 NMEs [80, 540].

An experimental campaign has already started at LNS by using targets made with Ov88 candidate isotopes such as *3Ti, 7°Ge, 7°Se,
116Cd, 1168, 130Te using 80 and 2°Ne beams at incident energies of 15-22 MeV/u [541-543], and first data have been measured at
the MAGNEX magnetic spectrometer [128, 544]. The full list of isotopes of interest as target for the future NUMEN experiments is
presented in Ref. [80]. The very low DCE cross sections (few nb) and the importance of this physics case have triggered the upgrade
of the LNS superconducting cyclotron and of the related infrastructures, which is presently ongoing, to increase the intensity of the
delivered beams to 10'3 pps at the MAGNEX target point. Consequently, an upgrade of the whole MAGNEX detection apparatus
is also ongoing [127, 545, 546] to withstand these intense beams (see also Sect. 8.2.1. In particular, a new target system, capable of
dissipating the power released by these beams, is under study [547].
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Fig. 42 (left) The NUMEN target
cryocooler. The sample stage is
the topmost copper object and can
be cooled down to 10 K. (right)
Graphite target enclosed in the
copper sample holder, to be
mounted on the cryocooler sample
stage

The main constraints in the design of the NUMEN target system are related to:

o the heat deposited by the beam in the target (the power dissipated in typical NUMEN conditions is about 1 W);
o the resolution on the energy measurement of the DCE reaction products (typical required energy resolution of 400-500 keV);
e the required compactness of the whole target/cooling system.

The heat dissipation can be enhanced by depositing the target material on highly thermally conductive substrate, e.g., thin (2um)
graphite foils. These can be of different types, e.g., high oriented pyrolytic graphite (HOPG), characterized by a thermal conductivity
ranging between 1700-2200 Wm~'K~!, or can be graphite foils produced by accumulation or rGO or pyrolysis of polymeric foils
with high thermal conductivities ranging from 1500 to 1800 Wm™'K~!. It has been estimated that a 450 ug/cm?-thick HOPG is
able to dissipate up to 10 W [548]. Moreover, a dedicated cooling system has been designed to help the heat dissipation: The target
will be encased in a copper holder, mounted on top of a cryocooler and kept at 40 K, see Fig. 42.

Concerning the second point, the kinematics of the DCE reactions will be reconstructed from the energy and angle of the reaction
products measured by the MAGNEX spectrometer. The reconstructed inclusive energy spectra typically show several peaks and
structures due to the population of the ground state and of the excited states of ejectiles and residual nuclei of the nuclear reaction. In
order to distinguish transitions to the ground state and to the first excited state of the residual nucleus, the measured energy resolution
should be better than the energy difference between these two states, which is usually about 500 keV. To achieve such a resolution,
the targets (both the substrate and the evaporated isotopic material) must be thin (few hundreds of nm) and uniform. The presence
of non-uniformities in the graphite and/or in the deposited film can indeed contribute to worsening the energy resolution. For this
reason, a detailed analysis of the non-uniformity for each produced target is performed. This is typically done characterizing the
target by field emission scanning electron microscope (FESEM), Rutherford backscattering spectrometry (RBS) and alpha-particle
transmission (APT). In particular, APT measurements are performed at LNS using the CACTUS (Chamber for Alpha-particle
Characterization of target Thickness and Uniformity by Scanning) setup, recently installed at the target laboratory [549]. This
technique allows to obtain information on the average target thickness by the energy loss measurement of the « particles crossing
the target. Moreover, it allows to estimate the “local” uniformity, i.e., the uniformity of the target inside the alpha-beam spot, and
the “global” uniformity, in different regions of the target foil. The target non-uniformity can be then deduced by comparing the full
width at half maximum (FWHM) of the experimental spectrum with the FWHM of a simulated one, in which an ideally uniform
target is considered [550]. In Fig. 43, a typical FESEM view and a corresponding APT spectrum are shown for a 320 pg/cm? thick
nalTe target evaporated on a 450 pg/cm® HOPG substrate. In the FESEM image (Fig. 43(left)), some Te grains of nm size are visible.
Such structures do not impact much on the uniformity, as demonstrated in Fig. 43(right), where the measured energy loss distribution
(black) is compared with the simulated one (red). The simulated spectrum includes the previously measured HOPG non-uniformity,
and thus, the difference in the simulated and experimental spectra is attributed to the Te non-uniformity, which is estimated to be
about 10%.

Finally, the NUMEN target system must be as compact as possible, in order to guarantee both sufficient room for the gamma-ray
calorimeter placed around the scattering chamber and a large solid-angle aperture toward the detectors and instruments inside the
scattering chamber.

Another aspect under study within the NUMEN collaboration is the damage to the target, and therefore to the graphite foils
backing, produced by the high-intensity beams. Such eventual damages could modify the HOPG properties, possibly compromising
its main functionality, which is the dissipation of thermal energy during the experiments. Simulations using SRIM/TRIM (TRansport
of lons in Matter) [551] allowed to determine the effect of the density of defects in the crystal lattice of HOPG on the loss of heat
sink capacity.

In addition, a characterization of graphite foils and evaporated composite targets is necessary before and after being subjected
to the effects of ionizing radiation. In particular, the exposure to neutrons of about 9 x 10°/cm? fluence at 14 MeV energy has
been explored at the Deuteron-Tritium (D-T) Neutron Generator of the Instituto de Estudos Avangados (IEAv) in Sdo José dos
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Fig. 43 FESEM image (left) and
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Fig. 44 The SPES target disks

Campos (Brazil). High-intensity heavy-ion beams delivered by the Pelletron facility at the University of Sao Paulo (Brazil), which
would produce the same damage as that obtained in the NUMEN experiments, affecting both the crystallinity of the HOPG and
the stacking orientation between graphene foils, will be also used. The samples are typically characterized by X-ray diffractometer
transmission mode (XRD), confocal microscope Raman, atomic force microscopy (AFM) and scanning electron microscopy (SEM).
Such analyses can indicate the effects of radiations, such as the weakening of the bond between graphene sheets, the disorder increase
and the alterations in the lattice parameters.

7.2 Innovative targets for new production facilities

The development of innovative targets is a key aspect for any new production facility. Regardless of the specific species of interest
to produce (radioactive ion beams, radioisotopes for medicine, neutrons, etc.) the availability of efficient, high power targets are
fundamental to fulfill the needs of experimental users. An extensive research and development program is currently being carried
out at INFN regarding this topic. In the following, an overview of these activities is given.

7.2.1 Production target for the SPES ISOL facility at LNL

The target represents the heart of the SPES ISOL facility in which the proton beam, coming from the cyclotron, is converted in
a radioactive ion beam by means of nuclear reactions. Once produced, the isotopes are extracted by keeping the target at high
temperature and then ionized and accelerated to form a radioactive ion beam. This beam is then sent to experimental users for
nuclear physics studies or medical isotopes research (e.g., ISOLPHARM project) [552].

The SPES target is made of seven separate thin disks of ceramic material, inserted in a graphite box, as shown in Fig. 44. In
order to efficiently release the produced isotopes, and at the same time to work in extreme conditions of high temperature and high
vacuum, the SPES high power target has to possess two important set of properties: It has to be porous, with open interconnected
porosity, and it must have high thermal properties to dissipate heat. This combination of properties is difficult to achieve, and only
a limited set of materials, such as carbides, can be used for this application [553]. Uranium carbide in particular is the most used
target in ISOL facilities, due to its capability of producing a large set of neutron-rich isotopes by means of fission.

The standard SPES target production techniques, based on the carbothermal reduction of oxides in high vacuum at high temper-
ature, have been developed in the last fifteen years [554]. They are useful to produce porous materials with high reproducibility but,
usually, the porosity is not optimized. Indeed, to be efficient in releasing isotopes, a target must have porosity at the nanoscale and
therefore high specific surface areas.
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Fig. 45 The apparatus for thermal
characterization at INFN-LNL infrared a) sample disk
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In order to improve the control of properties in the SPES targets, other innovative production techniques have been used in recent
years, such as sol-gel [555] and the use of new, more efficient carbon sources for the carbothermal reduction [553]. The sol—gel
method, based on the development of an interconnected metal-oxygen—carbon network which is converted to a carbide, can be used
to obtain porous carbides with micro and mesoporosity (d < 50 nm) and high specific surface area as recently demonstrated for
titanium carbide [556]. The use of nanostructured carbon sources such as nanotubes or graphene is a useful way to improve thermal
properties, as demonstrated for uranium carbide [557].

Several characterization techniques can be used to study porosity. Helium pycnometry is important to discern open from closed
porosity because the latter is detrimental for isotopes release. Gas permeability was found to be a useful tool to verify the presence of
permeable pores, very effective in releasing isotopes because they directly connect two sides of a target disk. Electron microscopy,
either scanning or transmission, gives information on the micro and nanostructure of the material. Gas physisorption is extremely
useful in characterizing nanopores amount and size distribution and to calculate specific surface area. An experimental setup built at
LNL can be used to measure the thermal and structural properties of SPES target disks [558]. It is based on the creation of a strong
thermal gradient on the surface of a disk and the measurement of temperature and emissivity in the center and the edge (Fig. 45).
By combining experimental measurements with numerical simulations, it is possible to calculate thermal conductivity. Moreover,
pushing the gradient to high values it is possible to induce mechanical failure in the samples and to measure critical stresses, which
must not be exceeded during target operation. In this way, it is possible to estimate the survival probability of a target given a thermal
load during operation.

Among the new developments for the SPES targets, additive manufacturing and the use of fibers stand out as the most promising.
The use of carbon fibers has very recently demonstrated in a pilot study to be a promising way of improving thermal and mechanical
properties of porous materials [559]. For example, porous silicon carbide/carbon fibers composites have proven to have higher
thermal properties than porous SiC and at the same time do not undergo fragile failure typical of fully dense SiC under thermal
stress. A research team at CNR-ISSMC developed a new process to realize short or continuous fiber-reinforced ceramic matrix
composites by slurry impregnation followed sintering [559]. This method is not a conventional approach to realize ceramic matrix
composites, which are typically realized by chemical vapor infiltration or polymer impregnation and pyrolysis. The method was
designed to realize dense ultra-high temperature ceramic matrix composites for aerospace field but thanks to this collaboration,
the method was also found effective to produce porous ceramic matrix composites. The homogeneity of material and the strong
fiber/matrix interface obtainable by sintering are the hallmark of these materials. The process is sustainable and time saving if
compared to above cited manufacturing technologies. Another item of interest is the use of additive manufacturing to tailor the
porosity of the target material, in the framework of AM4INFN and HISOL experiments. The fabrication of titanium carbide targets
is under investigation starting from the commercial powders and by using direct ink writing technique. However, this optimization
of the geometrical porosity might be unable to overcome the shortcoming related to the textural properties of the material, resulting
in a very low value of specific surface area, thus limiting the release of radioisotopes from the target. Hence, future works will
be focused on combining additive manufacturing with the sol-gel chemistry, in order to provide a powerful tool to finely tune the
textural properties of our material.
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Fig. 46 Implantation substrate
irradiated with stable Ag ions

7.2.2 Secondary targets for the ISOLPHARM project at LNL

At LNL, the radioactive ion beams (RIBs) produced in the future ISOL (Isotope Separation On Line) SPES (Selective Production
of Exotic Species) facility will be exploited as an innovative and visionary production method for radiopharmaceuticals within the
multidisciplinary ISOLPHARM project (ISOL technique for radioPHARMaceuticals) [552].

The ISOLPHARM project aims primarily to produce, purify and deliver extremely pure radionuclides for medical purposes. The
production with the ISOL technique and the processing of the radioactive material toward the radiopharmaceutical preparation are
closely connected by a crucial step: collecting the radionuclides on appropriate materials, i.e., secondary targets or implantation
substrates. Radioactive beams have been successfully implanted on substrates in solid-state physics applications of ISOL beams [560],
but this technology cannot be directly applied for medical purposes without further adjustments. Several metal-based substrates are
currently employed in existing ISOL facilities: At CERN, several terbium radioisotopes were collected on gold foils coated with
zinc [561-563]; aluminum-based targets were used at TRIUMF for the recovery of francium beams or actinium-225 [564, 565].
However, metal-based collection targets may intrinsically carry disadvantages, as they may release metallic contaminants [565],
which may act as competitors of the radionuclide of interest during the labeling of the radiopharmaceutical. In order to mitigate this
issue, several approaches can be tested, from salt-coating of the surfaces [566], to the investigation of alternative target materials.
At LNL, self-sustaining targets are currently being produced with a broad panel of materials different from aluminum or zinc.
Soluble and insoluble targets are currently under evaluation as potential alternative collection substrates for radioisotope harvesting
in ISOL-type facilities. The first deposition experiments were performed with stable metal ion beams of copper and silver onto saline
disks (Fig. 46), which provided full recovery of the metal by complete dissolution in an aqueous environment [567, 568]. While
advantageous for metal recovery, these targets showed signs of brittleness and fragility during handling processes. This limitation
could be detrimental when the targets are moved by an automatized target handling system, which requires targets resistant to impacts
and friction. Thus, a systematic analysis of the mechanical properties was performed, and the salt-based disks were compared with
targets made of organic materials, particularly pharmaceutical excipients for tablets.

The targets were produced with a 13 mm dye in a manual press by application of 10 t of pressure. Several materials were
considered to achieve an efficient recovery, starting from sodium chloride (NaCl) and sodium nitrate (NaNO3), toward water-
soluble (dextrates) and insoluble cellulose-based powder mixtures (silicified microcrystalline cellulose or rapidly disaggregating
microcrystalline cellulose) in different weights. All the developed materials underwent the same testing procedures to evaluate
their vacuum compatibility, mechanical resistance and compatibility with the deposition of some elements of interest. Whereas
all materials proved to be suitable for their use in a high-vacuum environment, mechanical strength testing highlighted the higher
fragility of the salt-based disks.

The preliminary ionization and deposition tests were performed with stable ions, and the recovery of the metals was quantified
by atomic absorption spectroscopy. In particular, stable silver ion beams were deposited, being the radioisotope ''! Ag one of the
radionuclides under investigation in the context of ISOLPHARM. Both soluble and insoluble disks allowed good recovery of the
deposited Ag. In fact, it was demonstrated that the deposition of silver, as well as different metals, occurs within less than 0.5 mm
from the target surface. Thus, this study confirmed the possibility of using low-porosity materials for metal depositions without
completely dissolving the implantation substrate to recover the deposited atoms [569].

An automated system for the deposition targets handling is currently under development and validation at LNL to insert and
extract the substrates without the operators’ radiation exposure. Such device, called IRIS (Isolpharm Radionuclide Implantation
Station), will be able to handle simultaneously up to three deposition targets and will be equipped with a system of detectors for the
performance of spectroscopic analysis to identify the possible presence of contaminants within the collected radionuclides, prior of
delivering them to the radiochemistry laboratories.
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Fig. 48 Examples of cyclotron
targets manufactured by High
Energy Vibrational Powder
Plating (left), spark plasma
sintering (center) and magnetron
sputtering (right)

7.2.3 LARAMED targets for direct production of medial radioisotopes at LNL

The goal of LARAMED (LAboratory of RAdionuclide for MEDicine) project is to establish a research infrastructure at LNL aimed
at the development as well as production of innovative medical radioisotopes [570]. Besides the irradiation bunkers, located at the
underground level of the SPES building [571], dedicated laboratories are under completion on the second floor. The multidisciplinary
approach of the LARAMED project, shown in Fig. 47, allows to reach the final goal, the preparation of a radiopharmaceutical,
starting from the irradiation of a specific target [572]. The target preparation is thus the first fundamental step because it influences
the quality of the final product. Indeed, besides the radiochemistry and gamma-spectrometry laboratories, the target manufacturing
laboratory is foreseen to conduct research on innovative technologies to expand the availability of suitable targets for emerging
medical radionuclides. It is worth noting that radiopharmaceuticals labeled with some emerging radionuclides have shown great
potentialities in nuclear medicine [573], albeit the technology needed for their routine supply has yet to be established. The main
technological challenge is the target manufacturing to allow a consistent radionuclide supply for clinical trials.

The target main requirements for this application are essentially driven by the nuclear physics: The thickness is chosen to exploit the
energy range based on the nuclear cross-section data [573]; the choice of the starting material, which is usually isotopically enriched
and thus very expensive, supplied in powder form, is defined on the basis of the nuclear reaction route to produce the radionuclide
of interest. Moreover, the thermomechanical properties should ensure an efficient heat transfer process during the irradiation stage
as well as the integrity of the target until the dissolution process. The particular backing material should moreover take into account
the activation under the beam and the subsequent radiochemistry approach adopted (i.e., acid or basic solution, sometimes at high
temperature). Finally, the target should be easy to handle in the hot-cell with telemanipulators. To meet all such requirements, tailored
manufacturing techniques and characterization are of crucial importance. In the framework of LARAMED project, innovative target
manufacturing techniques have been developed to overcome the limits of the standard one. A brief description of the techniques and
the state of the art is reported and shown in Fig. 48 [574].

The High Energy Vibrational Powder Plating is a valid solution for the realization of thin metallic targets starting from enriched
isotopic material powder. The process is highly efficient ensuring negligible waste of the material during the deposition. 4849 50T}
targets have been prepared by using an apparatus developed at LNL within a CSN5 young researcher grant, named E-PLATE [575].
Targets have been used for the nuclear cross-section measurements for the production of 4’Sc, a promising theranostic radionu-
clide [576-578], within PASTA and REMIX projects (INFN-CSNS). Up to now, the irradiation runs are planned at GIP ARRONAX
facility (France) [579]; however, within 2024 these kinds of targets are planned to be irradiated at LNL exploiting the SPES cyclotron.

The spark plasma sintering technique is a special technique that allows to sinter metals or oxide materials in a short time and
to bond different materials to each other [580]. In the framework of INFN TT_Sinter project, a dedicated machine was jointly
developed by INFN-Pavia and Pavia University with the aim to acquire the specific know-how in this field and potentially enlarge
the use of this versatile technique to other applications at INFN. The evidence of the potentials of application of SPS technique for
cyclotron targets has been shown with several target configurations realized and tested in medical cyclotrons. Some examples are:
100Mo, 32Cr, Y targets for the production of *™Tc, >Mn and 8°Zr [574, 581].

Magnetron sputtering technique is well known for many applications and its versatility allows to deposit thin or thick films
onto any substrates. An INFN international patent W0O/2019/053570 describes a method to obtain target for radiopharmaceutical
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Fig. 49 Micro-channel tested
prototype (left) and its application
as a heat sink of a computer CPU
(center and right)

production by using such a technique, coupled to the brazing of an inert ceramic material onto a metallic substrate. In addition, this
target configuration was designed for a new dissolution reactor developed by INFN [582], object of an INFN R4I project called
STarDiS (Solid Target Dissolution System), funded in 2023. Mo and Y sputtered targets have already been successfully tested
under the proton beam of medical cyclotron [583, 584]. However, the main disadvantage of the magnetron sputtering technique
is its efficiency in terms of deposition material usage. For this reason, a material saving approach and a method to increase the
efficiency of this technique to avoid the losses of the material have been started to be implemented [585] and within a dedicated
project, INTEFF_TOTEM (funded by MISE in 2021-2022), first targets have been manufactured with a new inverted magnetron
configuration and they have been tested under a medical cyclotron beam.

In future, the production of other emerging medical radionuclides is foreseen, such as ’Cu and '>Tb through the proton
irradiation of 7°ZnO and '>Gd, 03 targets, studied in the framework of CUPRUM-TTD (INEN-CSN5, 2023-2025) and REMIX
(INFN-CSNS5, 2021-2023) projects, respectively.

With the aim to reuse the enriched material to produce recycled target, the development of a tailored recovery procedure is
encouraged. This process should consider the target manufacturing process and the radiochemical process the target went through
to achieve suitable physical and chemical characteristic of the material. This is also object of study within the LARAMED project,
as already shown for the case of Mo recovery for direct *" Tc production [586].

Once identified the manufacturing technique and performed the target characterization, the development of high power targetry
to increase the production yield of some radionuclide, will involve also the thermomechanical and fluid dynamic simulations and
the design of new heat sink configurations [587].

Such R&D on target manufacturing technologies is the first step toward the future targets production for the LARAMED facility
at LNL, foreseen in 2025. In addition, the targets may be easily adapted to the requirements of different solid target stations available
on the national and international network of medical cyclotrons.

7.2.4 Targets for neutrons at LNL

Micro-channels for cooling In many technological fields, it is necessary to dissipate high specific powers. By using cooling micro-
channels, heat generated can be transferred to the cooling fluid by forced convection with a high cooling mass-flow rate: This is
achieved by means of a decrease in the thickness of the thermal boundary layer due to the microscopic dimension of the channels
and to the consequent decrease in the convective resistance to heat transfer. Moreover, the specificity of microfluids dynamic
(which is not the same of ordinary fluid applied to micro tubes) has been proved to be the best way to achieve high specific power
removal since the 60’s. The main limitation of this technique comes from the practical implementation of micro-channels. Because
of the small cross section of the capillary, it is possible to operate such heat sinks with high pressures of the cooling fluid while
maintaining the extremely reduced thicknesses of the tubes, in favor also of the conductive coefficient. This invention was conceived
for cooling targets at accelerators irradiation facilities, such as for BNCT and radio pharmaceutical production. It is also suitable for
other applications such as for CPU heat sinks. The producing method has been patented by INFN (patent n. PCT/IB2014/067156).
Figure 49 (left) shows the prototype; the experimental results have shown that a maximum specific power dissipation of 3.5 kW/cm?
will keep the maximum surface temperature below 150 °C for applications using lithium. (The safe working temperature to keep
the lithium in a solid state is 150 °C.) Using different material layers (like beryllium, for instance), where much higher temperatures
is allowed, the specific power increases almost linearly. The patented method allows the construction of large heat sink, in different
shapes and materials (e.g., diamond). Figure 49 shows the application to a heat sink of a computer CPU.

Rotating and composite targets For the irradiation facilities, the rotating targets are a way of distributing the power delivered by
a beam over a large effective area. This approach is used at LNL for two projects, LENOS, an experiment for astrophysics, and
NEPIR, a neutron irradiation facility at SPES to study single event effects in microelectronics.

The LENOS target is a rotation graphite disk (Fig. 50 left) designed to shape an intense beam of 5 MeV protons from a 50 mA
accelerator. The target has been designed to work as proton energy shaper for the LENOS project which, between the graphite disk
and the micro-channel target, has to dissipate 250 kW from the beam [588].

The NEPIR [589] project uses the ANEM (Atmospheric Neutron Emulator) target to use 70 MeV proton beam from SPES to
produce neutrons with an atmospheric-like distribution in the 1-70 MeV energy range. ANEM (Fig. 50 center) is a composite target:
A W disk and a Be circular sector rotate on a common water-cooled hub and alternatively intercept the proton beam; an effective
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Fig. 50 Micro-channel tested prototype (left) and its application as a heat sink of a computer CPU (center and right)

atmospheric-like neutron spectrum is composed directly, without the use of moderators. The ANEM target is designed to handle a
30 A proton beam current (2 kW) [590].

The NEPIR facility will be built in phases. A phase-0 facility will be limited to 1 ©A 70 MeV proton current (70 W). For this
purpose, a novel liquid Galinstan cooled target, CoolGAL, has been developed (Fig. 50) [591]: A neutron-producing 30-mm-thick
Be cylinder is immersed in a bath of Galinstan (metal liquid eutectic alloy of GalnSn), contained by an outer copper cladding.
The liquid metal ensures always a good thermal contact with the external area of the cladding, where the water-cooling circuit is
used. A thin Havar membrane (robust enough to withstand a pressure difference up to 1 atm) separates the liquid metal from the
beamline vacuum. The containment cladding is made of Cu with a gold layer deposited inside to prevent corrosion and erosion
effects from the liquid metal. The machined copper includes a closed-circuit water-cooling system and cooling fins. Preliminary
ANSYS calculations indicate that this target can easily handle 700 W. Such a target can withstand much higher power and it has been
especially designed for safety, crucial in the NEPIR application, since the target is mounted very close to the exit of the accelerator.
Indeed, in case of rupture, no debris must reach the accelerator. In case of breaking of the Havar window (even if it is cooled by the
liquid metal), radioactive wastes are trapped in the liquid metal that, since no pressure difference is present (only the hydrostatic
one due to the liquid metal), does not explode.

7.2.5 Target for FRAISE facility at LNS

The Laboratori Nazionali del Sud of INFN are undergoing an upgrade of the research infrastructures (POTLNS project) in these
years (see Fig. 51). Core of the program is the upgrade of the K800 superconductive cyclotron (CS) [592]: the implementation
of a new extraction channel, based on the stripping technique, will allow producing light and medium mass beam (A <= 40) up
to a power of &~ 10kW, to be compared to the 100 W maximum power available in the past. In order to exploit the high-power
beams delivered by the upgraded CS, the POTLNS program has included the construction of a new facility to produce radioactive
ion beams (RIBs), named FRAISE (Fragment In-flight Separator) [97, 593-598]. FRAISE will make use of the so-called in-flight
technique [599], and it will be able to operate with primary beams of power up to 2-3 kW. The fragment separator will be constituted
by a new production station, where exploiting fragmentation reaction of the primary beam into the production target, among the
others, unstable isotopes will be produced. Then, a series of magnetic elements [97, 594] will select the specific unstable isotopes
of interest, removing the primary beam and other produced ions. This facility will allow to greatly enlarge the beam opportunities
for the LNS users. Light and medium mass RIBs, with typical intensities from 107 pps, for ions near to the stability valley, to 103
pps, for the ones far, and with energies in the range of 20-60 AMeV will be produced [593-598]. As in the FRIBS facility [600],
operating at the INFN-LNS in the last decades, material used in the target will be preferably beryllium. In fact, the use of light
elements, as Be, in the production target has the advantage of forward focusing the reaction products, allowing to get a high yield
of secondary products within the limited acceptance. Thickness from 1500 to 250 pm, respectively, for lighter and heavier primary
beams, will be employed. In some case, also the use of C target will be considered, given the low cost and the easier manageability.
However, the target must face the problems related to high-energy deposition of the primary beam into it, with subsequent heating and
degradation of the target material. In order to face these issues, the adopted solution will be a copy of the CLIM target system [601],
already operating at the LISE fragment separator of the GANIL laboratories [602], in conditions very similar to the ones foreseen
in FRAISE. The target system will operate under vacuum inside a dedicated chamber. In order to distribute the energy deposition
into a wide area, the target is a rotating disk of 150 mm radius, with a typical rotation velocity of 2000 rpm. The system allows
also to change the impact point of the beam on target from 130 to 147 mm, and to choose the angle of incidence of the beam on
the target (from 90 to 50 deg), in order to change the effective thickness of the target. The power dissipated into the target will be
~ 500 W, with a maximum sustainable primary beam power of &~ 3 kW. After the test of a new beam control system considering
the operation dead time of experiments, the possibility to increment this maximum power will be verified. The whole target disk,
except for the small portion of the area where interaction with the primary beams take place, is hosted into a Cu water-cooled screen
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support, including also the motor for rotation. In general, temperatures up to & 1000 °C will be reached around the impact points
region, going down to & 600 °C in the jaws holding the disk target and to &~ 100 °C in the surrounding material. The system includes
a pneumatic-based extraction system. Also, an automatic system for target change and storage, in a dedicate shielded cabinet, has
been designed by the LNS staff and is under construction.

8 Future facilities at LNL and LNS

The LNL (Laboratori Nazionali di Legnaro) and LNS (Laboratori Nazionali del Sud) National Laboratories are both undergoing
a renovation phase which will make intense stable and exotic beams available in the coming years. At LNL, the SPES (Selective
Production of Exotic Species) facility will provide post-accelerated unstable beams produced by the ISOL technique, while LNS
will host an upgraded facility able to deliver intense high-energy stable beams to experiments as well as to the in-flight fragmentation
facility FRAISE to produce light-to-medium-mass radioactive nuclei. In addition, at LNS two new facilities will be constructed:
PANDORA, a plasma-based facility conceived for multidisciplinary studies in nuclear physics and nuclear astrophysics, and the
laser facility I-LUCE. The complementarity of these approaches will put the Italian community at the forefront of nuclear physics
research in the worldwide scenario.

These developments have spurred a wide effort toward the conception, designing and building of new experimental facilities
to thoroughly exploit the opportunities provided by the new beams. This working group has convened national and international
experts on the experimental setups associated with high-intense stable and exotic beams, to outline a midterm plan for the two
national laboratories. Figure 52 and Table 6 present a summary of the foreseen midterm developments, with a tentative timescale,
where phases A, B and C indicate the near, medium and further future, respectively. Details on the new facilities are then reported
in Sect. 8.1 for LNL, and in Sect. 8.2 for LNS.
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Table 6 Detailed phasing of the Tag Facility Description Phase
new experimental facilities for
LNL and LNS LNL-NF-GR GALILEO-III New resident y-ray array A,B
LNL-NF-PMS PRISMA mass spectrometer Gas-filled mode A,B
LNL-NF-SCH Zero-degree spectrometer Superconducting heavy recoil B.C
spectrometer
LNL-NF-ACR Accumulation ring Superconducting heavy-ion ring C
LNL-NF-SOL Solenoid Superconducting solenoid for light C
ejectiles
LNL-NF-b-DS B-decay station e~ and y-ray -delayed neutron A
spectroscopy
LNL-NF-bN TOF neutron detector B-delayed neutron spectroscopy A,B
LNL-NF-MRT MR-TOF-MS spectrometer multi-reflection TOF mass spectrometer B,C
LNL-NF-COL Collinear laser system Collinear laser spectroscopy C
LNL-NF-NMR B-NMR, -NQR Nuclear magnetic resonance for g decay C
LNL-NF-RIM Low-energy mass separator Off-line separator for medical isotope C
production
LNS-NF-MG MAGNEX focal plane detector Gas tracker+PID system A,B
LNS-NF-MG-GA G-NUMEN y-ray array coupled to MAGNEX C
spectrometer
LNS-NF-CH CHIMERA upgrade SiPM to improve y-ray detection + A
n-detector wall
LNS-NF-RP RIPAGA Array for charged particles and hard B
y-rays
LNS-NA-NE NEFASTA Si-strip-telescope array A
LNS-NA-PO POLYFEMO neutron calorimeter for 8-delayed B
neutron emission studies
LNS-NA-LH LHASA High-resolution Si array for nuclear B
astrophysics studies
LNS-NA-PA PANDORA Plasma magnetic trap A
LNS-NA-VA VALAR Array for laser-induced nuclear C

astrophysics research

8.1 New facilities at LNL

In this section, we describe some ideas on opportunities to widen the experimental reach at LNL, either improving or complementing
existing setups or implementing new approaches. As it is reported in the previous issue dedicated to the Physics Opportunities [1],
LNL has a longstanding and worldwide recognized expertise in nuclear structure and reaction studies based on y-ray spectroscopy
techniques combined to several reaction mechanisms, ranging from Coulomb excitation to deeply inelastic processes, passing
through fusion-evaporation and multi-nucleon-transfer reactions. Quantities such as excited level energies and lifetimes, inclusive
and exclusive cross sections and charged and neutral particle angular distributions are essential tools to a deeper understanding of
the evolution of the nuclear structure toward more exotic systems, contributing also to the description of the astrophysical processes
involved in stellar nucleosynthesis. The operation of the SPES ISOL facility in the coming years will enlarge the experimental reach
and offer the opportunities—and necessity—of conceiving new approaches. SPES will provide exotic—mainly neutron-rich—beams
which can be studied directly after extraction from the ISOL source, the so-called non-accelerated. We divide this contribution into
two sections ideally served by non- and post-accelerated ISOL beams. The opportunities provided by improved separation tools are
described in the beginning as common items.

8.1.1 Separation tools

SPES ISOL facility is based on reactions induced by a proton beam impinging on thick targets which can be made of several
materials [603]. The extraction from the source is based on the hot-cavity concept through two main mechanisms: surface ionization
(SIS) or plasma induced (PIS). In order to increase the selectivity, laser-ionization schemes have been developed (LIS). In addition to
achieve isotopically pure beams, laser ionization also opens up the possibility to perform collinear laser spectroscopy using S-NMR
or B-NQR techniques, as described in the next section.
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The resolving power expected to be achieved using the HRMS (high-resolution mass spectrometer) is one of the highest (1/20000),
and its best exploitation would see the parallel use of a Multi-Reflection Time-of-Flight Spectrometer, MR-TOF, mass separator, to
be coupled to a radiofrequency quadrupole, RFQ, cooler/buncher.

At the most powerful and prominent ISOL facilities, RFQ-based coolers and bunchers [604, 605] have been the key devices to
enable high-precision and high sensitivity experiments with pulsed beams (mass, laser and decay spectroscopy) [606]. They are the
central technology for all ion-trapping experiments and applications. The ability to generate cooled and bunched beams without
losing ions is, of course, the main advantage. It can be used in numerous applications: (i) to improve the signal-to-noise ratio by
orders of magnitude for collinear laser spectroscopy [607], (ii) to adjust the kinetic energy of the ions with a pulsed drift tube
afterward, (iii) for experiments searching beyond standard model physics in the beta decay [608] and fundamental research with
radioactive molecules [609], (iv) producing highly charged ions [610], (v) half-life measurements [611] and (vi) mass spectrometry.
Moreover, the RFQ cooler can also be used for additional mass separation [612], cleaning [613] and ion manipulation [614].

The same state-of-the-art ISOL facilities that installed 20 to 25 years ago RFQ cooler and buncher systems to boost their sensitivity
upgraded their instrumentation ten years ago with multiple-reflection time-of-flight mass spectrometers (MR-TOF-MS) [615, 616].
These systems allow, with their unique combination of high mass resolving power, dynamic range, sensitivity and non-scanning
measurements, unprecedented capabilities to identify and tune ISOL beams [617].

The inclusion of a MR-TOF-MS system along the 1* low-energy line of SPES, to be used in conjunction with the HRMS, will
provide a sensitivity higher than the usual yield stations, making it possible to measure the yields of the most exotic species. The
high sensitivity of a MR-TOF-MS system would allow mass measurements at the limits of nuclear stability, typically extending the
experimental reach to nuclei with one or two neutrons more than those measurable with other methods, such as Penning traps [618]. It
is worth noting the possible use as isobar [619] or even isomer separator[620], to provide clean beams to other experiments [621]. The
separation and detection method is universal and independent of chemical or decay properties: Even stable molecular backgrounds
in the beam can be identified and separated.

8.1.2 New facilities for post-accelerated beams: new tools

After charge breeding using the newly installed ADIGE system [622], the exotic beams produced by the SPES ISOL target will be
accelerated in the LNL ALPI LINAC, to be then delivered to the three experimental halls and serve several experimental setups.
Performing experiments using radioactive species poses a series of challenges, since they exploit low-intensity beams, which, in
addition, are short-living and emit secondary particles after decay. The possible contamination coming from long-living species,
produced in the decay process toward stability, is a source of background to be also taken into account.

Several new ideas for upgraded or newly designed equipment have already been included in the current issue and the previous
one dedicated to the Physics Opportunities [1], while here we indicate new experimental facilities that have not been yet presented.

Upgraded GALILEO, resident y-ray detection array In view of the foreseen departure of AGATA (Advanced GAmma Tracking
Array) to GANIL around mid-2028, the GAMMA group has envisaged a plan for an upgrade of the resident GALILEO y-ray
array at LNL [430]. This array will be developed with the flexibility necessary to exploit both the high-intensity stable beams from
the Tandem-PIAVE/ADIGE-ALPI accelerator complex and the radioactive ion beams from the SPES facility. The upgrade will be
designed considering the following parameters: peak-to-total, detection efficiency, Doppler correction capabilities and modularity
to adapt to the different ancillaries and setups at LNL.

Given the experience gained in recent years in developing and maintaining the AGATA array, the collaboration envisages to base
the upgrade of GALILEO on segmented triple clusters of the same type of AGATA, which represents the state-of-the-art detector
for y-ray spectroscopy. A further advantage of this choice is that these proprietary detectors can be combined to the ones owned
by the AGATA collaboration when they are not in use in the other laboratories (mainly GANIL and GSI), or in case other AGATA
campaigns will take place at LNL in the future.

This new resident array is envisaged to be used in two different configurations. A first implementation is a compact configuration
able to work together with the PRISMA spectrometer [141], while a second one envisages the detectors to work stand-alone coupled
to the existing GALILEO triple clusters [430] in a new configuration and/or in conjunction with other ancillary arrays such as
NEDA [261] and PARIS [623].

The coupling to PRISMA will allow one to perform y-ray spectroscopy of exotic nuclei produced in multi-nucleon-transfer
reactions with both stable and exotic beams. The key observables will be level energies, y-ray angular distributions and polarization
for spin-parity assignment, and the lifetime of excited states. Conversely, when the new detectors will be coupled, for example, to
NEDA, an ancillary array for fast neutron detection, GALILEO will be used to investigate nuclear structure and isospin symmetry in
neutron-deficient nuclei using fusion-evaporation reactions with stable and exotic beams. The y-ray spectroscopy of the high-spin
states populated by such reactions will also help to understand phenomena like collective rotation at high spins in moderately neutron-
rich nuclei. The selectivity of the fusion-evaporation reaction channels will be crucially improved by ancillary silicon detector arrays
to detect the light particles evaporated. In this configuration, GALILEO can also be coupled to large-volume scintillator arrays, such
as PARIS, to study Giant and Pygmy resonances in stable and exotic systems.
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Table 7 Schematic view of
possible upgrades of the PRISMA
spectrometer and new
developments with associated
selected physics cases, with an
increasing degree of complexity
(from top to bottom) going from
upgrades which can be achieved in
a short time range (2-3 years) to
new projects tailored for a
mid-long time range (3-5 years)

ITEM

PHYSICS CASES

TO BE DEVELOPED

Sub-barrier transfer using
PRISMA with SPES beams for
reactions near 0° and intensities
<10° p/s

A,Z determination for heavy
neutron-rich nuclei with stable
and SPES beam with Intensities
> 10° p/s

Fission fragments for neutron-rich
nuclei produced via
transfer-induced fission
mechanism

Separation and reuse of transfer

and deep inelastic products, also
at very forward angles

Nucleon correlations, density
dependent forces, neutron skins

Evaporation effects, direct
determination of production
cross sections for the heavy
partner, nuclear spectroscopy

Determination of fission barriers
and gamma spectroscopy of
neutron-rich nuclei

Transfer mechanism and nuclear
spectroscopy of exotic nuclei
produced with very low cross

Improvement of tracking, third x, y
position of the Ionization
chamber via drift time and
segmented anode

Direct detection of the heavy
fragment: improvement of the
tracking system of PRISMA

Silicon strip detector with high
resolution for Z up to 20 for ions
detected in kinematic
coincidence with PRISMA

Development of a 2-stage
spectrometer: a separator
(gas-filled magnet, solenoid or a

sections radiofrequency device) followed
by a PRISMA-like

high-resolution spectrometer

The versatility of this upgraded GALILEO-III array will make it possible to also study direct nucleon-transfer reactions in inverse
kinematics, measuring y rays in coincidence with the light ejectiles. These particles will be detected by segmented silicon arrays,
such as GRIT or TRACE, placed at the center of the array around the target point. These reactions will provide a direct access to
observables related to the single-particle structure of neutron-rich nuclei, probing shell evolution far from stability.

This upgraded GALILEO-III array will benefit from the development in electronics and readout started by the AGATA collabo-
ration, allowing the handling of high data flux and improved Doppler reconstruction capabilities.

Upgrades and new developments of a PRISMA-like spectrometer Reactions exploiting radioactive beams are often performed in
inverse kinematic, and therefore, one has to face the issue of the rejection of the primary beam for heavy recoil forward detectors.
Several solutions can be put in place to overcome these difficulties while keeping a large detection efficiency and resolution in both
nuclear charge and Q-value.

The large solid-angle magnetic spectrometer PRISMA has been successfully employed over the last twenty years for studies
of the mechanism of multi-nucleon-transfer reactions [141, 624] and nuclear spectroscopy of neutron-rich nuclei, in a stand-alone
configuration or in conjunction with large y-detection arrays.

In the next years, developments aim at improving the performances of the spectrometer and at configuring completely new devices,
having in mind as reference the detection and manipulation of transfer reaction products at very forward angles. A schematic view
of the possible upgrades of the PRISMA spectrometer, several of them that were already presented in Sect. 3.4.1, is outlined in
Table 7, together with a description of selected physics cases associated with them.

At the most general level, one may think of a “first stage device” which should act a as pre-separator for a standard mass
spectrometer. It should be able to work in stand-alone configuration but designed in such a way to collect and focus ions of
the wanted specie for precise mass and atomic number identification, following injection into a high-resolution PRISMA-like
spectrometer or stopping the products into some detector array for the study of their decays or for further manipulation.

A solenoid could serve as this first stage device, whose main advantage would be the very high geometrical acceptance since,
placed along the beam optical axis at specific distances from the target, it could integrate the transfer yield, corresponding to the
selected part of the angular distribution, over the whole 27 azimuthal range. One could also study the feasibility of placing a
radiofrequency device acting as velocity filter for rejecting the primary beam in front of a spectrometer. The idea behind this is
to tune the frequency and phase of the device in time, correlating with the bunches of a pulsed beam to properly separate the
wanted reaction products on the basis of their different velocity with respect to the primary beam. Such an idea was developed for
fusion-evaporation studies in Munich [625] and could be further investigated also for transfer reactions.

Another possible device may be a properly designed magnetic system acting as separator when used in a gas-filled mode operation,
a method that is based on the behavior and focusing effects of ions in gas as function of nuclear charge which allows to achieve
a certain degree of spatial separation at the focal plane. Concrete studies of magnetic spectrometers used in a gas-filled mode
have been already carried out in direct kinematic heavy-ion reactions with a Split Pole Spectrograph [626] and with the magnetic
spectrometer VAMOS [627]. The recently constructed separator AGFA [628] will be possibly employed for the separation of deep
inelastic products and a similar concept may be considered for building such kind of devices, also as injector into a PRISMA-like
spectrometer.
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Fig. 53 (left) A comparison between a standard technique to measure light particles in direct reactions in standard kinematics whereby the outgoing protons
from a typical (d,p) reaction are measured at a fixed angle for three different final states (red, green and blue), and the solenoid technique by which the protons
are instead measured at a fixed distance from the reaction target after completing a single cyclotron orbit within the solenoid field. The dashed vertical lines
correspond to fixed detector positions either in angle or position. (right) A schematic view of an experimental setup within the HELIOS spectrometer for a
typical single-neutron adding (d,p) reaction

Solenoid The scientific achievements of solenoid spectrometers are proved by the ongoing research programs conducted with the
HELIOS device at the ATLAS User Facility at Argonne Nat. Lab. [629] (Fig. 53), the Isolde Solenoid Spectrometer (ISS) device
positioned at HIE-ISOLDE [630] and, most recently, both the active target mode with the AT-TPC [631] and the vacuum-mode results
from the SOLARIS spectrometer located at FRIB. Many types of direct and indirect reactions over a range of energies have been
studied by these devices, including single-nucleon pick-up [632-634], single-nucleon removal [635], multi-particle reactions [636],
scattering reactions [637] and many others.

This midterm plan project proposes the implementation of a dedicated high-resolution multi-mode solenoidal spectrometer at
LNL to leverage the high-quality beams ranging from ~ 1 to > 10 MeV/nucleon with intensities of 10-10® particles per second.
Such a project will allow for the study of properties of specific exotic nuclei with the dual aim of investigating i) the nuclear structure
in regions far from stability and ii) how the properties of short-lived exotic isotopes influence the formation of the chemical elements.
Specifically, a solenoidal spectrometer will allow the measurement of transfer reactions in inverse kinematics, providing insight on
the ordering and properties of single-particle states. Moreover, it will probe the inelastic scattering of the exotic post-accelerated
beam, to determine the collective response of nuclei, shape changes and co-existence. A variety of light-ion induced reactions can
also be studied, to determine reaction rates and nuclear structure effects relevant to astrophysics. The physics opportunities opened
by these studies have been largely covered in the Ref. [1].

There are two principal operating modes for the proposed spectrometer: the first as a vacuum-mode helical-orbit spectrometer
based on a Si array and the second as an active target. Both make use of a large-bore superconducting solenoid, of 2—4 T of field
strength that is the core of the instrument. In the spectrometer mode, the emitted light charged particles follow helical orbits in
vacuum, returning to the axis of the magnet, where their position, time of flight and energy are measured by a position-sensitive Si
array. The resulting excitation energy spectra are free from certain classes of kinematic effects that affect other techniques, yielding
excellent Q-value resolution as shown in Fig. 53. The time of flight also provides a natural way to identify the light particles through
the cyclotron period. In the active target mode, instead, the beam enters a gas volume that acts both as target and detector, giving
the benefit of a thick target in which ions are tracked, free from degradation of resolution by target energy loss effects, which can
be measured and corrected. The thickness of the target allows beams as low as 100 particles per second to be employed—giving
access to the most exotic systems. The key advantage of this device, in either modes, is the superior excitation energy resolution
which can be achieved.

Another critical aspect for the development and success of solenoidal spectrometers has been the coupling to various ancillary
devices, including fast-counting ionization and high-granularity detectors for recoil selectivity, the use of a ~ 27 CsI/LaBrz(Ce)
scintillator array for y-ray detection at the target position and within the uniform magnetic field, proportional counting detectors for
fission fragments and electron—positron detection. Further progress to incorporate other systems, such as the use of HPGe detectors
for y-ray detection, is ongoing. In addition, various target flavors have been used successfully, such as solid foils (10 ug/cm? -
~ 1 mg/cm?), cryo-cooled circulating gas targets, tritiated titanium targets and planned developments with gas jet targets.

Coupled with the anticipated rates and beam energies provided by re-accelerated SPES beams, there are a number of regions
throughout the nuclear chart which may be impacted by new and more precise reaction data. In particular, the evolution of the
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proton single-particle energies (SPEs) outside of Z = 50 will be able to be tracked beyond the last stable isotope of '2*Sn to '32Sn
via the proton-adding reaction (a,t). Similarly, the neutron SPEs outside of the N = 82 closed shell can be explored above '#*Sm
by invoking the complementary (d,p) and («,>He) single-neutron adding reactions. Such reactions will allow for the exploration of
SPEs through a shell-gap crossing. Furthermore, the use of two-neutron adding and removing reactions, (t,p) and (p,t), sensitive to
coherent pairing correlations, and the use of inelastic scattering reactions, provide essential probes of evolving shapes in the Z = 40
region. Moreover, the inelastic scattering reaction measurements will provide new or complementary information on octupole and
other forms of static deformations. Finally, there are numerous high-impact regions around the nuclear chart for which surrogate-type
reactions can extract and map out (n, y) reaction rates, for example, via the (d,p) surrogate reaction.

Superconducting recoil separator and storage ring In the study of reactions induced by radioactive beams, either transfer reactions,
Coulomb excitation, deep inelastic or fusion reactions, a significant experimental challenge is the identification of the medium to
large mass reaction fragments produced. This calls for a specifically designed high-resolution recoil separator, able to reject the
primary beam and identify the reaction products.

A possible, innovative solution is represented by a versatile recoil separator for radioisotopes based on a compact superconducting
(SC) Fixed-Field Alternating-Gradient (FFAG) ring. The design is based on a mini-ring of approximately 3.5 m circumference formed
by superconducting magnets with both bending and focusing capabilities. The spectrometer will be able to operate with light and
heavy radioisotopes and separate the reaction fragments from the main beam. It also presents the advantage of significantly reducing
the size with respect to standard non-SC recoil separator configurations. A first design for such a spectrometer is given in Ref. [638,
639].

The recoil separator is designed to be used with radioactive beams, with intensities of the order of ~ 10° particles per second (pps)
at target position. The reaction products of interest typically account for less than 1% of the primary unscattered beam. The main
purpose is to separate the heavy fragments above mass A ~ 100 produced in nuclear reactions. Limitations on target thicknesses,
less than 1mg/cm2, and difference in mass between reaction products and unscattered beam, < 5%, define the properties of the
separator. The beam must be pulsed. After impinging on a target, the main beam and its reaction products are injected into a compact
FFAG ring, where they circulate for a typical time of the order of T ~ 1-10 ps. The orbit of the reaction fragments is differentiated
by their cyclotron frequency. One of the main advantages of this proposed recoil separator is its compactness and the easy mobility
of the equipment.

A possible layout for such a ring recoil separator is presented in Fig. 54. Recent developments in superconducting magnet
technology, namely the CCT solenoid FUSILLO [639], have opened the path for a multi-harmonic systems for which the possibility
of a double function can be explored: on the one hand, the heavy recoil separator described above and on the other hand an
accumulation ring for radioactive beams. This second operation mode would provide the LNL with a state-of-the-art compact
accumulation ring to perform experiments with weak radioactive beams that are recirculated many times in the ring impinging
on a thin target for reaction studies at each revolution, thereby increasing the overall luminosity by orders of magnitude. Possible
implementations of such a combined new facility are foreseen in a 2030 timescale.

8.1.3 New facilities for low-energy beams: decay studies and ground-state properties

Right after their production in the target of SPES, the beams are extracted from the ISOL source at low energy (40 keV) and
transported through a periodic line thanks to electrostatic elements serving two areas: the so-called A13 area, where devices devoted
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Fig. 55 The SPES B-decay station
(b-DS) array at LNL
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to decay studies and research for new radiopharmaceutical species are installed, and the post-acceleration area, starting from the
charge breeding elements.

In this section, a description of the equipment foreseen for low-energy studies is described, together with possible future devel-
opments.

Facilities for B-decay studies The direct access to most exotic species provided by low-energy beams of SPES offers the opportunity
of studying the properties of the decay of nuclei both in terms of gross properties, such as decay half-lives and decay branches, as
well as providing an insight to nuclear structure evolution, by measuring transition energies and specific levels’ lifetimes.

Given the low energy of the incoming beam, the optimal way to measuring the decay is to implant the species onto a passive
medium, surrounded by an efficient particles’ detector setup: This is the core of the SPES S-decay station (b-DS) depicted in Fig. 55,
where one sees, on the bottom of the structure, the tape-delivering cassette, and two decay chambers, the upper one dedicated
to decay studies and the second one, named “magnetic spectrometer chamber,” hosting the setup devised for the measurement of
conversion electrons and EO transitions, SLICES. A description of the array is given in Ref. [1].

The decay scheme of exotic species becomes more complex owing to the opening up of new decay channels (8-delayed particle
emission or fission) and to the rapid increase in the Q-value window, giving access to new states and new de-excitation schemes. In
order to study these complex decays and to allow to probe a larger portion of the 8-strength function, a standard high-energy array
of HPGe detectors needs to be supplemented by large-volume scintillator detectors (LaBrs or CeBr3). They increase the efficiency
of the measurement of high-energy y-rays up to, and possibly even above, the particle emission threshold. The setup would also
crucially benefit from the addition of detectors for neutron spectroscopy, such as the last-generation CLYC scintillators [640-642].

SPES aims at producing neutron-rich nuclei using proton-induced fission of 233U. As one goes further from stability on the
neutron-rich side, Qg-windows tend to get larger, whereas neutron separation thresholds get smaller. Therefore, the §-delayed
neutron emission probability becomes significant. The current plan for decay spectroscopy at SPES does not include setups dedicated
to neutron detection.

In order to have access to the full S-strength distribution, neutron spectroscopy has to be performed or at least the fraction of
B-strength converted into neutron has to be measured. There are currently two main technologies to do so. On the one hand, neutron
counting using a *He-based neutron counter takes advantage of the high cross section of thermal neutron capture of *He, in order to
measure the §-delayed neutron emission probability; this technique requires to lose the energy information as the neutron has to be
thermalized in a moderator in order to have a high efficiency, see, for example, TETRA at ALTO [643] or BRIKEN at RIKEN [270].
On the other hand, the energy information can be measured using time-of-flight spectrometer such as MONSTER developed by
CIEMAT for FAIR [644] or VANDLE [645] or the innovative Neutron dEtector with Xn Tracking (NEXT) [646], but the efficiency
of detection is quite low and the y-sensitivity requires pulse shape analysis in order to discriminate between neutron and y-ray
events.

Complementing the picture, experiments employing the TAS (Total Absorption Spectrometer) scheme, therefore able to measure,
through a calorimetric approach, the decay strength function, are expected to be installed at the low-energy facility of SPES.

Ultra-purified beam and decay spectroscopy In order to make SPES a unique facility in Europe, it is proposed to add a setup
dedicated to improve beam purity (isobar purity or even better isomer purity) upstream of the decay setup. Several options can
be considered, starting from double Penning trap, MR-TOF-MS and/or laser-based resonant ionization system. The choice of a
MR-TOF-MS system, for example, would allow to achieve isomeric separation, being able, in parallel, to handle the high beam
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intensities of SPES. Only the IGISOL facility at the University of Jyviskyld is running a similar program [647], but the beam
intensity achieved there is two orders of magnitude lower than the one foreseen for SPES.

The purity of the beam is essential for low-energy ISOL-type experiment. Indeed, a good knowledge of the initial state (spin-parity,
excitation energy, etc.) is often the key in order to extract physical information from data that are relevant for nuclear structure.

Collinear laser spectroscopy Establishing a laser spectroscopy setup at SPES is an interesting opportunity that has been pursued in
parallel to the development of the LIS system.

Collinear laser spectroscopic studies exploit a laser beam superimposed to the beam of atoms or ions, returning fundamental
properties of exotic nuclei, such as nuclear ground-state spins, electromagnetic moments and charge radii. These quantities are
obtained from high-resolution measurements of atomic spectral lines which exhibit hyperfine structure and isotope shift caused by
the interaction of the shell electrons with the nucleus.

Thanks to a scanning of laser wavelengths specific atomic transition can be excited, followed by isotropic photon emission that
is detected by detectors located perpendicular to the beam line.

Optical pumping and polarization of the laser light can allow 8-NMR e f-NQR measurements providing access to dipole magnetic
and quadrupole electric moments.

Given the large competition worldwide and the need of having a laser system on site, one may consider the different options for
laser spectroscopy inside the SPES ion source. Exploiting new techniques such as the laser ion source trap (LIST), developed at the
University of Mainz, in a specific geometry, high-resolution laser spectroscopy becomes feasible for some cases while maintaining
the high sensitivity of in-source resonant ionization laser spectroscopy. If the laser systems from the Laser Ion Source can be used,
this would require moderate changes to the setup and would allow first steps into this field of science.

High-resolution mass spectrometers Mass measurements and laser spectroscopy experiments give access to observables such as
binding energies, mean-square charge radii and nuclear moments that allow us to track the nuclear structure evolution in exotic
nuclei. When pushing far from stability, yields are dropping rapidly and beam purity often becomes a limiting factor, specifically at
ISOL systems. This can be mitigated to some extent by laser ionization. However, a mass separator with a resolving power sufficient
for isobar separation is often required. In addition to the magnetic separator foreseen at SPES, a multi-reflection time-of-flight
mass spectrometer (MR-ToF-MS) could help performing mass measurements. Such a versatile device can serve as a diagnostic tool
to determine the beam composition (broadband mode), as an isobar separator in combination with a nuclear spectroscopy setup
(trap-assisted nuclear spectroscopy), and as high-precision mass spectrometer (mass measurements).

Perspectives Looking at the worldwide competition in laser spectroscopy and mass spectrometry at facilities like ISOLDE, Jyviskyld,
TRIUMEF, GSI/FAIR and FRIB, as well as upcoming facilities like S3 at GANIL, it will be challenging to establish a competitive
program at SPES in the next five years. Thus, one should identify a niche where SPES could be more unique. In this respect, one
should investigate specific applications for studies of fundamental symmetries/interactions, also with atom traps, and make a push
toward heavier beams addressing, e.g., nuclei featuring octupole deformation. Also, the studies of isomers in conjunction with the
MR-TOF-MS may be of interest.

The combination of high rate, high-resolution MR-TOF-MS separator and an advance decay spectroscopy setup will make the
SPES facility unique in the world.

Off-line mass separator for pure medical radionuclides production Direct methods and ISOL techniques for medical radionuclides
production are being developed at the INFN-LNL. The LARAMED [648, 649] and ISOLPHARM [521, 650] projects, part of the
PRISMAP consortium [651], are facilities with a huge potential impact in medical radionuclides supply for the research community.
In this framework, the need of a dedicated off-line mass separator at the INFN-LNL devoted to the separation of isotopes produced
by direct activation has been highlighted by the community. The direct activation method, followed by an optimized chemical
separation process to extract the desired radionuclide from the irradiated bulk material, can provide a final product with some
isotopic contaminants that cannot be chemically removed. In terms of radiation dose, it is paramount to expose the patient to the
minimal and most effective one. Therefore, a dedicated off-line mass separation system to purify the radionuclides of interest and
to obtain high purity could prove crucial for medical applications. However, the use of this indirect technique must be taken into
consideration only when the advantages clearly overcome the loss of efficiency due to this additional step in the overall production
chain. A demonstrator facility equipped with an ion source capable of producing some mA ion current coupled to a well optimized
magnetic separator can reach a production rate of milligrams per days of pure isotopes, satisfying a first complete test production
chain. A case which can be tested with such facility is the production of medical Sc radionuclides starting from "% Ti target irradiated
by the SPES proton cyclotron. The chemical separation can isolate the Sc atoms from other species but with the magnetic separator it
is possible to have pure **Sc or #*¢Sc or 4’ Sc for medical applications. Likewise, another interesting example is given by the proton
irradiation of "*' Gd target: It is possible to obtain several species, among them the Tb-isotopes that can be chemically extracted from
the bulk target and then further selected with the magnetic mass separator to obtain pure **Tb, 152Tb, 135Tb or '®! Tb radionuclides.
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8.2 New facilities at LNS

In this section, we describe the upgrades currently undergoing at LNS and the proposals of new experimental facilities that will
allow one to broaden the opportunity of research in nuclear physics and nuclear astrophysics. In particular, concerning nuclear
physics studies, important upgrades of the MAGNEX spectrometer and of the CHIMERA detector are foreseen and/or undergoing.
Moreover, a new installation is proposed, RIPAGA, a facility for the detection of charged particles and gamma rays. The nuclear
astrophysics studies will be based on two pillars: nuclear reactions using indirect methods and decays and nuclear reactions studies
in plasma medium. Different facilities are proposed to carry out these investigations.

8.2.1 The upgrade of the MAGNEX magnetic spectrometer

MAGNEX is a large acceptance magnetic spectrometer made up of a large aperture vertically focusing quadrupole and a horizontally
bending dipole magnets [128]. It allows for the identification of heavy ions with very good resolution in mass (AA/A ~ 1/300), angle
(A® =~ (0.2°) and energy (AE/E =~ 1/1000), within a large solid angle (2 &~ 50 msr) and momentum range (—14% < Ap/p <
+10%). High-resolution measurements for quasi-elastic processes, characterized by differential cross sections as low as tens of
nb/sr, were already performed by this setup [652, 653]. A crucial feature was the implementation of a trajectory reconstruction
technique, based on differential algebra, which allows one to solve the equation of motion of each detected particle to the 10"
order [654]. Together with the superconducting cyclotron installed at INFN-LNS, MAGNEX is the fundamental instrument to
perform the experimental activity of the NUMEN project [127], aiming at the measurement of double charge-exchange (DCE)
reaction cross sections relevant for OvBp decay. These processes are characterized by very low cross sections (few nb), and high-
resolution measurements are required to isolate the transitions of interest. Thus, beam intensities much higher than those manageable
with the present-day facility, keeping the background of the order of 1 nb, are required, as those foreseen in the POTLNS project.
Consequently, an upgraded MAGNEX setup, able to work with a two or three orders of magnitude higher current than the present,
is necessary. A first upgrade will consist in the enhancement of the maximum accepted magnetic rigidity corresponding to a power
supply upgrade to obtain 2.1—2.2 Tm. Moreover, the MAGNEX experimental hall will be equipped with a beam dump to stop the
high-power beams. Other significant upgrades regard the technologies of the detectors that are described in the following.

The G-NUMEN gamma array The objectives of NUMEN require separate measurement of the cross section of each exit channel
state of the DCE reaction (in particular, the ground state and first excited state of each fragment). When higher beam energies are
used (such as 20 AMeV or above) and/or when the reaction target-like fragment nucleus is strongly deformed, the MAGNEX energy
resolution is insufficient for this purpose. For such cases, the measurement of the low lying gamma-ray transitions in temporal
coincidence/anti-coincidence with the projectile-like fragments of the DCE reaction detected at the focal plane of MAGNEX is
foreseen. The proposed design of the gamma array, denominated G-NUMEN [127], consists of more than 100 LaBr3(Ce) crystal
scintillator detectors distributed in 7 rings around the beam axis, directed toward the target at about 24 cm distance. The size of each
crystal (38 mm diameter and 50 mm length) is a compromise of increasing the photopeak efficiency while keeping the count rate per
detector limited, in order to avoid excessive pileup. The total photopeak efficiency of the array is about 4% at 1 MeV. A good timing
resolution, well below 10 ns, is expected for this type of scintillator, therefore adequate for bunch discrimination at typical cyclotron
beam frequencies. The beam intensity of such experiments, however, has to be limited due to the increasing random-coincidence
gamma background of the high gamma multiplicity nuclear reactions competing with the DCE signal within the time width of each
beam bunch (1-2 ns). Extensive GEANT4 simulations corroborate the design of the system, achieving, in principle, an observational
limit of about 1 nb in typical conditions of month-long experiments with beam intensities of 1012 particles per second. A view of
the G-NUMEN array surrounding the scattering chamber is shown in Fig. 56a.

The MAGNEX Focal Plane Detector: Gas tracker A new 3D gas tracker for the MAGNEX focal plane detector (FPD), designed to
work with the upgraded facility, is under development [127, 545, 655, 656]. It will cover an active volume of 1200 x 150 x 107 mm?.
The new FPD tracker must satisfy two main demands: It must provide a high resolution of the phase space parameters at the focal
plane (X roc, Y focs Ofocs @ foc), and it must be very fast since it should be able to bear a rate of the order of 40 kHz/cm expected after
the accelerator upgrade. The structure of the new tracker consists of three main stages: i) a drift region that is the active volume of the
detector, crossed by the ejectiles of interest; ii) an electron multiplication stage, based on Micro-Pattern Gas Detectors (MPGDs);
and iii) a segmented readout electrode.

When an incident charged particle exiting the MAGNEX dipole crosses a thin Mylar window (separating the high-vacuum region
from the gas-filled one), it leaves a track of ionized atoms and primary electrons in the low-pressure gas (typically Isobutane from 10
to 100 mbar) between the cathode and the electron multiplication element. The electrons drift with constant velocity under a uniform
electric field that depends on the voltage and gas pressure. By measuring the drift time of electrons, the vertical positions and angles
are determined. After reaching the multiplication stage, electrons are accelerated in the strong electric field in correspondence of
the MPGD multiplication elements. The resulting electron jets are then directed toward the segmented readout electrode, where the
horizontal positions and angles are measured. From this information, the 3D track of the ion can be fully reconstructed.
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Fig. 56 a The G-NUMEN gamma
array detector. b A group of three
towers of the PID wall.c The gas
tracker
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For the multiplication stage, Thick Gaseous Electron Multiplier (THGEM) has been chosen due to its intrinsic rate capability
higher than 10® Hz/mm? (much higher than the expected rate for NUMEN), a very high spatial resolution (submillimeter accuracy)
and timing in the 10 ns range [657]. A tracker prototype based on multiple THGEM (M-THGEM) has been developed and tested;
details can be found in Ref. [658]. The readout electrode is segmented in 1240 pads 5 x 10 mm? large, arranged in 5 rows. A view
of the full gas tracker is shown in Fig. 56c. 64-channel charge sensitive preamplifiers (CAENMOD. 1429) and CAEN VX2745
multichannel digitizers will be used for the readout [656].

The MAGNEX Focal Plane Detector: PID system The NUMEN experiments require the precise identification of the reaction ejectiles
over a range of atomic (4 < Z < 12) and mass numbers (10 < A < 25). The new particle identification (PID) system should
comply with the requirements for the new era of experiments at the MAGNEX facility with high-intensity beams and, in particular,
should present high radiation tolerance (of the order of 10! ions/(cm? yr)), good energy resolution (AE/E better than 2%), good
time resolution (2-3 ns), high degree of segmentation to avoid double-hit events and good geometrical efficiency (similar to the one
reported in Ref. [659]). Moreover, it should be able to work in the low-pressure gas environment of the tracker.

The different ions crossing the gas tracker will be discriminated based on their atomic number by means of the conventional
AE-E technique. Subsequently, their 4/m /g ratio, where m, q are the ion mass and charge, respectively, will be identified using a
technique based on the correlation between the ions’ kinetic energy and their measured horizontal position at the focal plane of the
spectrometer [660]. The AE-E technique will be performed using the information provided by a wall of telescope detectors (PID
wall) placed downstream to the tracker. Each telescope will cover an area of 1.5 x 1.5 cm? leaving a 0.04 cm dead interleave between
them. It will be composed of a large-area thin silicon carbide (SiC) detector, served as AE, followed by a thallium-doped caesium
iodide (CsI(T1)) inorganic scintillator for measuring the ions’ residual energy [127]. The SiC detectors [82] are square modules with
an area of 1.54 x 1.54 cm? and a thickness of 100 m. First prototypes have been recently produced and several characterization
are ongoing (see Sect. 3.2.7). The CsI(T1) scintillators have an active area of 1.5 x 1.5 cm? with a thickness of 5000 pm, and they
are coupled to 1 x 1.cm? Hamamatsu photodiodes enabling the light collection. The telescopes will be arranged in towers (10 rows
and 2 columns each). The full length of the focal plane detector will be covered by 36 PID towers placed downstream to the gas
tracker, for a total of 720 AE-E telescopes. A partial view of a group of three towers is illustrated in Fig. 56b. The signal readout
will be performed with the same preamplifiers and digitizers of the gas tracker.

8.2.2 The upgrade of the CHIMERA multi-detector

CHIMERA (Charged Heavy-Ion Mass and Energy Resolving Array) is a multi-detector operating at LNS with stable and unstable
beams since 2000 in its complete 47 configuration [661]. Originally, it was built to study the complex phenomena in the intermediate
energy regime (Epeqm = 10-100 MeV/A, known also as Fermi energy range), being able to detect and identify in charge, mass and
energy of particles emitted in nuclear reactions, by using various particle identification techniques [7]. The device consists of 1192
telescopes, each one made of a two-pad silicon detector, followed by a caesium iodide thallium-activated scintillation detector,
coupled to a photodiode. The telescopes are arranged in a cylindrical geometry around the beam axis direction, covering the polar
angle between 1° and 176° and the total azimuthal angle. The whole array covers the 94% of the total solid angle.
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In the first operational stage, CHIMERA used the identification methods AE-E, time of flight, pulse shape discrimination in Csl
(T1) for a complete detection of the charged particles emitted in nuclear collisions. Furthermore, the CsI(T1) crystals can be used
to detect and identify neutrons and gamma rays. In the second operational stage (starting in 2008), the Pulse Shape technique on
the silicon detectors was implemented, allowing also the charge identification of the fragments stopped in them, and extending the
possibility to use CHIMERA also for studying low energy reactions and phenomena [662, 663].

Recently (2015-2020), a new ancillary detector was realized, FARCOS (Femtoscope ARray for COrrelations and Spec-
troscopy) [664], devoted to high angular and energy resolution particle-particle correlation studies. It consists of 20 modules,
each one made up of two stages of double-sided silicon strip detectors (DSSSD) with thickness of 300 and 1500 wm, respectively,
and a third stage with a CsI(T1) crystal+Si photodiode for a total of 132 detection channels, with a new custom dedicated front-end
electronics and digitized acquisition. FARCOS allows also to perform correlation measurements between intermediate mass frag-
ments (IMF) in heavy-ion collisions, and coupled with CHIMERA, to study exotic nuclear states. Taking advantage of a stop period
of the accelerator machines at LNS (mainly due to relevant upgrade of the Cyclotron and installation of the new fragment separator
FRAISE), CHIMERA is going to be upgraded and renewed to be ready for the experimental activity that will be performed with the
new high-intensity stable and radioactive beams.

Development of CHIMERA specialized tagging system In view to use the exotic beams delivered by the in-flight methods at LNS,
the development of a new tagging system, to be used in the CHIMERA line is needed [98, 593]. The idea is to use a system of
SiC detectors that can be used with high-intensity beams for their capability in radiation resistance (see Sect. 3.2). The array will
allow for ion identification by AE-ToF, with a time resolution of 100-200 ps. A dedicated electronic system will be developed in
collaboration with Politecnico di Milano.

Development of an ancillary hodoscope for neutron, y and charged particle detection The new detector will be based on stacks
of plastic scintillators, featuring both good energy and angular resolution. It will be sensitive to neutrons and charged particles
within the same detection cell in the kinetic energy of our interest (1-100 MeV for neutrons and up to 100 AMeV for charged
particles). The detector is based on elementary cells having the dimension of 3 x 3 x 3 cm?. The foreseen material is the plastic
scintillator EJ-276 G (the green-shifted version). Each elementary cell will be independently read by a matrix of SiPMs and the
signal acquired through digital electronics. Geometrical configuration will be implemented to achieve a good compromise among
granularity, angular resolution and neutron detection efficiency.

8.2.3 RIPAGA (Rlvelatore per PArticelle e GAmma): a new array for charged products and hard gamma rays

Various physics cases related to a deeper knowledge of nuclei far from stability are still open. Some of them are related to: i) role of
cluster configurations and of collectivity in nuclear systems and correlations in nuclei at high excitation energies; ii) cross section
for different reaction channels with radioactive beams (i.e., branching ratios); and iii) details of the excitation and decay modes
of reaction products with increasing exoticity. Examples of recent studies on the first subject are in Refs. [665-668] and pertain
mostly to low energies although not strictly [669-672]. We would like to extend these studies to medium-light systems using exotic
FRAISE beams, focusing on some relevant channel clearly manifesting specific structure/shape properties, exploiting both charged
products and electromagnetic probes. As for cross-section measurements, data at Fermi energies and beyond [673, 674] are still
necessary even for stable beams and represent a step forward in the description of the various reaction processes, again revealing
details on the possible cluster structure or on unusual shapes for exotic systems. Finally, the study of the excited fragments created
with exotic beams of FRAISE is very appealing for the isospin transport and nuclear EoS investigation [69, 72, 73, 133].

We propose a composite detector, fully digital, to measure charged particles and hard gamma rays, being inspired by the INDRA-
FAZIA (GANIL) and GARFIELD-RCo (LNL) setups for the detection of charged products and by the MEDEA detector (LNS) for
hard gammas; the reuse of the high-performance BaF; crystals of the latter device might represent an additional advantage; moreover,
the new installation can benefit of the long-term activity at LNS on collective modes toward the limit of multifragmentation [675].
A preliminary design is shown in Fig. 57a. Very forward angles can be covered with typical geometrical configurations of FAZIA
telescopes. Also, zero-degree setup can be considered when using low-intensity FRAISE beams (below 10* pps). The FAZIA-like
telescopes [132, 676] represent a good option for the detection of charged species as they achieve isotopic separation up to Z =
25 at Fermi energies, with low thresholds; they are therefore suitable for the detection of quasi-projectiles (QP) and fusion-like
remnants. Light charged particles can be measured by the FAZIA telescopes and, at larger angles, with an array of conventional Csl
scintillators, mounted to cover wide angular regions around the target. The granularity and the detailed features of this array will
be a compromise between electronics density, total cost and needs imposed by the physics subjects. Finally, by coupling charged
particle and gamma detectors, we would like to measure some features of the Giant Resonances, in particular through the use of
BaF; crystals such as those of MEDEA.

Technical developments for this new array could be planned. For the very forward sensors, the use of SiC-based layers instead of
conventional Si-diodes will be considered. For large inorganic scintillators, a technical development could be obtained by substituting
the well-performing phototubes (rather large and difficult to operate under vacuum) with more compact readout avalanche Si sensors.
(Test is needed to validate this option.) In the case of forward telescopes (not including zero degree), the cross-section absolute
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Fig. 57 a): Render of the possible setup. The forward telescope wall based on current FAZIA blocks is complemented by multi-detectors at larger angles;
the target position, not visible, is located in the middle of the cylindrical structure on the left side of the render. The forward hemisphere is covered with an
array of scintillators for particles, while at angles beyond 90 rings of BaF, crystals are foreseen (painted in magenta and cyan colors). b): Scheme of the
present general purpose scattering chamber GIRA

measurement will be guaranteed by an azimuthally symmetric array of small detectors at very forward angles for the Rutherford
scattering normalization. It is evident that whatever the setup architecture will be used, a large and well equipped scattering chamber
will be mandatory for these experiments. The minimum length for such a chamber, assumed hosting a multi-detector of the type
reported in the figure, should be about 250 c¢m in length and 100 cm wide. The already available GIRA chamber, whose scheme is
illustrated in Fig. 57b, seems to be too small for this purpose. While it could be a good starting point, a larger chamber should be
planned to host the proposed setup that should also feature a remotely controlled target system and an efficient beam diagnostics
equipment.

8.2.4 Detector arrays for nuclear astrophysics

In the forthcoming years, a new range of astrophysical reactions will be investigated: (i) reactions induced by stable nuclei from the
LNS tandem accelerator, including noble gases; (ii) long-lived radioactive ion beams (such as 10Be [677], 20Al or ®Fe) produced
in batch mode from the LNS tandem; and (iii) high-intensity radioactive ion beams from FRAISE. The peculiar needs of nuclear
astrophysics studies have triggered an R&D activity to develop a devoted multipurpose detector array. Among these, we underscore:
the need of low detection thresholds, since many key reactions such as the 22Ne(«, n)>Mg are endoenergetic; the possibility to
stand high-intensity beams (to access micro/nano-barn-scale cross sections at sub-Coulomb energies); and a high signal-to-noise
ratio.

The NEFASTA detector array The knowledge of cross sections around the so-called Gamow peak, induced by reactions with stable
and radioactive nuclei, is of fundamental importance for nuclear astrophysics [278]. The typical low-energy range required leads to
the need of extrapolation procedures, in order to access the Gamow region [678]. The Trojan Horse method (THM), developed in a
close collaboration between INFN-LNS and University of Catania in the last decades, is an indirect technique that allows to perform
such studies without the need of extrapolation procedures [679, 680]. Briefly, the THM allows one to measure a two-body reaction of
astrophysical interest from a suitable three-body one. In order to perform these kind of experiments, it is mandatory to detect at least
two out of the three emerging particles. The NEFASTA detector array (NEar FAr Silicon Telescope Array) is under development
for its peculiar application to THM experiments. It is composed of 8 telescopes arranged into two groups. One group can be placed
close to the target and will be made of two pairs of telescopes, set in the vertical and in the horizontal planes. Each telescope will be
composed of one double-sided silicon strip detector 1000-xm thick (32x32 strips, 51.2 x 51.2 mm? active area) and one silicon pad
detector 1500-um thick, to stop high-energy light particles. A second group of 4 telescopes (each made up of a 16-strip single-sided
silicon strip detector, 20-m thick, plus a 16x16-strip double-sided silicon strip detector, 1000-xm thick) can be placed far from the
target position in order to span small laboratory angles and measure forward-focused heavier ejectiles. A first measurement with a
reduced version of NEFASTA was performed at LNS to study the 2” Al(p, «)**Mg reaction at astrophysical energies via the 27 Al(d,
a**Mg)n three-body reaction, profitably testing the feasibility of THM experiments with this kind of detector array [681, 682].

LHASA-2: a new Large High-resolution Array of Silicon for Astrophysics Based on the expertise gained through the development
of LHASA [683], NEFASTA [684] and ELISSA [685], we are presently developing a barrel shaped array, LHASA-2, with the aim
of implementing the different requirements posed by nuclear astrophysics studies [680]. Low thresholds and efficient background
suppression will be ensured by the use of pulse shape discrimination and kinematic identification of the reaction products at those
energies where pulse shape analysis fails to discriminate among different emitted particles. Kinematic identification calls for high
energy and angular resolutions to discriminate close kinematic loci (due to, for instance, the population of close excitation energies
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in the recoil nuclei). As in NEFASTA, this might be achieved using the newly developed W6 DSSSDs [686] for the cylindrical barrel
section. Kinematic identification has proven very successful in ELISSA and LHASA, while high angular resolution will be a key
aspect for the application to indirect methods, which needs high angular resolution to increase the energy resolution in the indirectly
measured excitation functions. Endcap detectors will follow the QQQ?3 design [686], i.e., double-sided multi-element active area
of sectors and annular strips with central hole, and the use of SiC in the place of standard silicon detectors is foreseen at forward
angles to stand the expected high count rate. As in ELISSA, the barrel shape and the compact design will make it possible to couple
the array with ancillary detectors, such as neutron counter, for exclusive measurement of neutron-emitting reactions.

The POLYFEMO-2 neutron counter The GW 170817 gravitational wave signal, linked to the merger of two neutron stars, marks a
new era in nuclear astrophysics. Observations of GW170817 and the astronomical transient in galaxy NGC 4993, across various
telescopes from radio to X-ray wavelengths, revealed a plausible site for the r-process, responsible for creating over half of the
elements heavier than iron. These observations confirmed the production of neutron-rich material, akin to the debris resulting
from a neutron-star merger [687]. During the r-process, a large number of n-rich nuclei are formed, up to the neutron drip line,
later B-decaying back to the valley of stability. If the daughter-nucleus excitation energy is higher than the neutron emission
threshold, neutrons are emitted, resulting in less neutron-rich nuclei. This enriches the expanding debris of neutrons after neutron
freeze-out and leads to more neutron-rich nuclei through neutron capture reactions. This interplay is crucial for understanding the
r-process [688]. The installation of FRAISE at LNS will make it available a broad range of radioactive ion beams, complementary to
most facilities using U fission for the production of unstable nuclei. Therefore, it will be possible to explore a region of the nuclear
chart seldom addressed and, therefore, showing large uncertainties in the 8-delayed neutron emission probabilities. For this reason,
the POLYFEMO (POLYcube detector array For Experimental Multimessenger astrOnomy) decay station has been designed and
implemented at LNS [689], starting from the POLYCUBE neutron counter [690].

However, POLYFEMO shows many limitations, restricting the discovery potential of the decay station, such as the use of *He
tubes as neutron detectors, which are both very expensive and with no position sensitivity; the impossibility to establish a correlation
between neutron energy and the capture position in the detector, which may open the possibility of better background rejection (and
sensibility increase) of future detectors.

For these reasons, POLYFEMO-2 is presently under design stage. The driving idea is to reach high efficiencies and sensitivities
replacing 3He tubes with '°B lined RPCs (resistive plate chamber) detectors [691], having millimeter resolution for thermal neutrons
and intrinsic detection efficiencies of the order of 50% for stacks of detectors. In these detectors, the cathode is lined with a 2-um
thick ' B4C neutron converter enriched in ' B, making it possible to instrument large volumes with reduced costs. Simulations are
presently being carried out to optimize the RPCs positions within a high-density polyethylene matrix.

8.2.5 Experiments with magnetically confined and laser-induced plasmas at LNS

In stars, the temperatures are so high that the atoms are nearly completely ionized, i.e., they form a plasma. An important breakthrough
in nuclear astrophysics would be to perform studies, like nuclear decay or nuclear reaction measurements, with matter in a plasma
state. To this aim, various experimental facilities are being developed at LNS which will allow this important breakthrough.

PANDORA: anew facility at LNS PANDORA (Plasma for Astrophysics, Nuclear Decay Observation and Radiation for Archaeome-
try) [692] is a plasma-based facility conceived for multidisciplinary studies especially in the nuclear physics and nuclear astrophysics
framework. Laboratory plasmas can emulate, in terms of electron density n,, temperature 7, and charge state distribution (CSD),
certain conditions of astrophysical plasmas. Furthermore, they provide several applications in accelerators technology, material
analysis and other fields. In a midterm perspective, PANDORA could add relevant research capabilities, opening new possibilities
to study:

e for the first time, 8-decay measurements in plasmas, with huge impact on nuclear physics and stellar nucleosynthesis [693];
e plasma opacity measurements in kilonovae ejecta-like conditions, studying heavy elements production in n-star merging.

It also represents an unprecedented setup for applications. In fact, it will be the biggest B-minimum magnetic trap with potentiality
as ion source, as test bench for magnetic fusion studies and as a radiation source for Archaeometry.

PANDORA consists of the following three subsystems (details can be found in the Technical Design Report [694], and Fig. 58
summarizes them):

1. aninnovative superconducting magnetic plasma trap [695], able to produce and confine plasmas with electron-ion density up to
1013 cm3, electron temperature of 7, ~ 0.1-30 keV and ion temperature of 7; ~ 1 eV,

2. an advanced plasma multi-diagnostic system [696], consisting in a set of noninvasive diagnostic tools operating simultaneously
for monitoring the plasma thermodynamic properties and measuring the plasma parameters;

3. an array of 14 HPGe (high-purity germanium) detectors [697, 698] for y-ray spectroscopy, surrounding the plasma trap.

PANDORA core is an innovative magnetic trap providing a magnetic field able to confine the plasma at densities and temperatures
suitable to reach ionization states comparable with the astrophysical ones. The magnetic system is composed of 3 superconducting
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Fig. 58 3D render of the PANDORA facility under design and construction at INFN-LNS, including the superconducting magnetic system (red), the
experimental setup for measuring the in-plasma activity (14 HPGe detector array) and on-line monitoring thermodynamic plasma parameters (i.e., two X-ray
CCD cameras, optical spectrometer, interfero-polarimetry, two-pin RF probe, SDD)

coils (NbTi) and a hexapole (NbTi) for axial and radial confinement, respectively. It is the largest magnetic trap ever designed in a
“B-min scheme,” supporting a plasma chamber of 70 cm length and 28 cm inner diameter. The maximum fields of 3 T along the
chamber axis and 1.5 T along the chamber inner surface will allow stable plasma generation through an RF field at the frequencies
of 18 and 21 GHz via Electron Cyclotron Resonance (ECR). The magnet cryostat houses the complete superconducting magnet
system and provides magnetic shielding of the stray field produced by the superconducting magnet system. ECR plasmas emit
radiation from microwave to hard X-rays which can be used to investigate plasma parameters (7, n,, CSD) in different regimes.
The developed advanced multi-diagnostic [696] and detection system consists of:

e a SDD (Silicon Drift Detector) for volumetric spectroscopy in soft X-ray domain;

e two CCD cameras with pinhole systems and multi-disks collimators for imaging and space-resolved spectroscopy in the soft
X-ray domain. A CCD camera will be radially installed, the other one axially;

e an optical spectrometer for the plasma-emitted visible light characterization;

multi-pins RF probes installed inside the plasma chamber and connected to a spectrum analyzer or to a scope for time-resolved

RF and soft/hard X-ray spectroscopy, allowing timely characterization of turbulent plasma regimes;

mm-wave polarimetric system for Faraday rotation detection for the line-integrated total electron density measurement;

Thomson scattering system for the absolute electron density and the global electron drift velocity measurement;

an analyzing magnet with a Faraday cup to measure the CSD and to analyze the extracted beam;

a 14 HPGe detector array surrounding the plasma trap for y-rays spectroscopy (to tag S-decays by detecting the y-rays emitted

by daughter nuclei) and for diagnostic purpose in the hard X-rays domain, with conical collimators to intercept the plasma core

only.

All diagnostics tools will operate simultaneously. The most relevant characteristics—in terms of sensitive range and resolution—and
the experimental measurements that can be done with the typical uncertainties are described in Refs. [692, 694, 696-698]. In the
following, we will focus only on few selected tools, describing possible future developments and the plasma parameters that can be
monitored.

The polarimetric measurement is based on the evaluation of the Faraday rotation angle of the polarization plane of a probing wave
crossing the plasma, which is proportional to the square of the wavelength X, to n, (measured by fitting) and to the (known) magnetic
field B. The developed microwave polarimetric system consists in two highly directive horn antennas connected to orthomode
transducers (OMTs) and allows the total line-integrated density n, measurement in a compact trap with an uncertainty of about
30% [699]. Further improvements are expected in the next future by a new approach under development, based on superheterodyne
scheme to detect the Lissajous figure of the probing RF signals crossing the plasma [700], by using a mm-wave polarimetric system.
Preliminary benchmark measurements have been recently performed in a compact plasma trap used as a down-sized test bench
of PANDORA. Moreover, an approach that allows the reconstruction of the density profile is being developed by means of the
microwave imaging profilometry through the solution of a one-dimensional inverse scattering problem [701] and the preliminary
simulations are encouraging [702].
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The innovative pinhole CCD camera technique [703], operating in single-photon-counted (SPhC) mode using a proper algorithm,
was developed at INFN-LNS in collaboration with the ATOMKI laboratories [704]. It allows spectrally resolved imaging in the soft
X-ray domain and, therefore, a deeper investigation of the parameters of the warm component of the electron energy spectrum. A
typical post-processed SPhC soft X-ray image allows to distinguish the X-rays coming from plasma due to ionized K, Argon lines
and X-rays coming from plasma chamber wall materials, due to their characteristic fluorescence lines allowing for the investigation
of the plasma spatial structure [705] and confinement dynamics (plasma vs. losses by X-ray emission, also distinguishing radial
losses vs. axial ones) [706]. A model to link the experimental information to local plasma parameters is under development [707,
708].

In PANDORA, two CCD pinhole cameras will be used simultaneously to estimate the plasma volume and thermodynamic
conditions by a multi-pinhole tomography approach [709].

Plasma stability can be monitored by means of a multi-pins RF probe connected to a spectrum analyzer, able to perform spectral
analysis in the radiofrequency domain [710]. Since plasma kinetic instabilities are characterized by RF and X-ray bursts (respectively,
with timescales of ns and ms), plasma radio-emission can be used as a signature of turbulences. A new parameter was semi-empirically
defined to estimate, for the first time in a quantitative way, the plasma instability strength. In order to improve the resolution (both
in time and in frequency), the RF probe can be also connected with a diode and a scope (80 Gs/s) for studying very fast phenomena
(timescales below ns). In that way, it is possible to obtain high-resolution time-resolved (but totally integrated in frequency) power
emitted from the plasma, using this value as trigger signal for hard/soft X-ray detectors in order to perform volumetric X-ray
spectroscopy [710]. This tool allows spectrally and time-resolved characterization of turbulent plasma regimes, with a twofold
outcome: i) provide a new “knob” for mastering plasma instabilities and maintaining the plasma stable for weeks; ii) deliver an
experimental scenario to reproduce and study phenomena of astrophysics interest (kinetic turbulence occurring in astrophysical
objects, i.e., Cyclotron Maser Instability [711]) in laboratory plasmas, measuring several properties even in the transient regimes.

In the next future, space and time-resolved spectroscopy will be performed simultaneously by triggering the pinhole system at
the onset of plasma turbulences: This will allow to reach unprecedented capability of analysis of plasma dynamics, studying how
the plasma shape and morphologies change during the time in a turbulence regime, also locally determining plasma parameters.

VALAR: a roaming device for nuclear astrophysics in-plasma measurements The study of nuclear reactions in laboratory has
always been hindered by the very low cross-section values at energies of astrophysical interest (1 = 100keV). This leads nuclear
astrophysicists either to build underground laboratories where to perform long experiments with low and controlled background
(LUNA [712], JUNA [713]), or to exploit indirect methods usually involving nuclear structure models such as the Trojan Horse
method (THM) or asymptotic normalization coefficient (ANC) [680, 714]. Both approaches have proven to be successful to a great
extent; nevertheless, plasma in stellar objects is a very different state from the solid, liquid or gas targets commonly used in standard
nuclear physics experiments involving conventional accelerators. It is well known that the plasma state affects in a non-negligible
way many nuclear processes, such as the electron screening (ES) in fusion reactions [715]. By measuring the cross sections of
selected nuclear fusion reactions in a laboratory plasma, it is possible to infer the ES potential provided that the bare nucleus cross
section (i.e., without the electron contribution to the Coulomb barrier) is known. In order to do so, a dedicated system able to induce
such a laboratory plasma, detect the fusion products (charged particles, neutrons and y-rays) and measure the plasma ion energy
spectra (possibly with particle identification capabilities) is needed. Such a setup is being implemented at LNS by the AsFiN group
in collaboration with various colleagues from INFN and international laboratories. VALAR (Versatile Array for Laser-induced
Astrophysics Research) comprises:

a cryogenic supersonic nozzle;

an array of charged particle detectors;
an array of neutron detectors;

a compact ion spectrometer.

Our current knowledge on laser—matter interaction, nurtured by the recent developments in laser pulse amplification, provides a
scenario where the interplay between the laser intensity (in the regime above 10'® W/cm?) and the target composition (thickness
and structure) holds a key role in determining the paradigm of the ion acceleration and its scale [716]. The interaction of a material
prepared in a thermodynamic state close to the critical point (i.e., the temperature at which a gas mixture cannot liquefy regardless of
its pressure) with lasers has many interesting features. First, it is more intense than an interaction with conventional materials such as
a gas or a solid target and results in super-hot matter and higher laser absorption. For example, cluster targets irradiated by ultra-fast
laser pulses show peculiar optical properties [717]. Ditmire et al. [718] demonstrated the formation of plasmas with multi-keV
temperature alongside a strong electromagnetic pulse (EMP) and X-ray emission. The temperatures measured in these plasmas
overlap with the ones which are typical of stellar cores where thermonuclear reactions occur, thus making this paradigm a perfect
scenario for this kind of research. The interaction of ultra-short laser pulses with an expanding gas mixture at controlled temperature
and pressure inside a vacuum chamber has long been investigated [275-277, 281, 719, 720]. The formation of molecular clusters
maximizes the laser absorption, causing the full ionization of the molecules/atoms of the gas. The sudden onset of a positive space
charge triggers the Coulomb dissociation of the clusters resulting in multi-keV ion acceleration with a nearly isotropic emission
(Coulomb explosion, CE). The accelerated ions interact in the surrounding plasma and nuclear reactions take place.
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By measuring the ion energy distribution and detecting the products of the nuclear reactions, one can infer important information
on the cross section of the reaction process. Despite the non-thermal nature of this process, the plasma ion energy distribution is
usually well described by a Maxwell-Boltzmann function (and thus by a temperature).

In order to maximize the laser absorption by the clusters and CE to occur, the mixture must be prepared close to the critical
point for the liquid phase transition. This leads to an enhancement of the laser absorption efficiency which in turn translates into an
increment in the number of accelerated ions and eventually in an increase in the fusion reaction rate [721], while controlling the
temperature of the plasma by tuning the energy released by the laser and the average size of the clusters inside the nozzle (of the
order of 10 nm).

To detect the fusion products and to measure the laser-accelerated ion distribution, the ToF technique is widely used. Due to the
hard electromagnetic background (y-flash and EMP [722]), fast detectors with high radiation hardness must be used; Faraday cups
have been widely used to successfully measure the accelerated ion spectra for the low energy part; and silicon carbides (SiC) [723]
and diamond detectors [491] have a recent positive history of use for detecting both the higher energy part of the spectra and the
charged particles produced in fusion reactions.

Diamond detectors with a specific layout might represent a perfect choice for VALAR for measuring both the accelerated particle
spectra and the 1—20 MeV light ions coming from fusing nuclei, owing to a thin “dead layer” in the detection direction, the wide
dynamic range of their response and their well-known excellent radiation hardness. Also concerning the detection of the neutrons
coming from the fusion reactions, the ToF technique is the most efficiently used. The use of very fast detector is strongly suggested,
as described in subsection 4.1.4 of this document.

In a nuclear reaction, gamma radiation, along with charged particles and neutrons, is expected to be produced both directly
(radiative capture) and through the production of an isotope in an intermediate (excited) state whose decay leads to a monochromatic
gamma (or more, depending on the accessible levels) in the exit channel. Measuring these reactions in a plasma is very important for
astrophysical reasons and equally challenging for technical issues. In fact, even though one can count on the narrow energy spread
of the gamma in the exit channel, the ToF technique is not applicable because of the nearly simultaneous generation of laser-induced
hard x-rays and gammas.

So far, all the efforts in trying to use germanium detectors in this kind of environment did not pay off because of the aforementioned
hard electromagnetic background. This is mainly due to the hard X/gamma peak and the strong EMP following the sudden ionization
of the target (and the generation of a plasma). While the former can be disentangled from a massive particle by moving far away
the detectors, provided one has sufficient solid-angle coverage, the latter is preventing the use of any standard electronics (such as
spectroscopic amplifiers, complex integrated devices) sometimes even behind concrete walls.

A small calorimeter with stacked thin plastic scintillators read by robust and simple electronics is currently built and will be
tested soon. However, the signal must be properly reconstructed from the different layers and the procedure may add significant
uncertainties possibly resulting in poor energy resolution.

Another approach is to use a converter (aluminum, beryllium, etc.) to produce electrons which are then propagated through a gas
and generate Cerenkov radiation which can be detected by optical sensors or micro-channel-plate, MCP, Gas Cherenkov Detectors
(GCDs). The development of these detectors had been fueled by the high-energy physics demands for CERN, JLAB and inertial
confinement fusion research at laser facilities such as NIF, and there is a window of opportunity of using the acquired know-how
and apply it to the physics of VALAR: A feasibility study is in fact ongoing.

Contrary to the most studied mechanism of ion acceleration with lasers known as Target Normal Sheath Acceleration
(TNSA [724]), where the impurities of the target may also play a significant role in the accelerating mechanism (e.g., protons
from TNSA on Al targets), in laser-cluster experiments there is little to no on-target contaminants since only one single species
(or compound with a known stoichiometric ratio) in introduced from a gas tank. This usually leads to clean ToF spectra of the
accelerated ions.

In the simple case study of deuterium fusion, two deuterium ions fuse and produce (with the same branching ratio) either a >He
ion and a neutron with nearly 2.45 MeV or a *H and a proton of around 3 MeV energies. In this case, when measuring the deuterium
energy distribution with ToF detectors, it is also possible to detect 3 MeV protons coming at times between the X-ray photopeak
and the keV-peaked deuterium accelerated ions, provided that the detector used has low gamma-sensitivity and ns-scale response
(or better). The measured proton yield is thus directly related to the neutron one.

When studying other reactions of astrophysical interest involving heavier nuclei (such as '' B, 1>C and above) the species of light
charged particles in the exit channels may be different and their respective ToF signals in the detectors easily overlap one another
and possibly with the high-energy tail of the accelerated species. In this case, a more complex deconvolution of the ToF signal is
required, and an additional information on the spectra of the accelerated particles can be inferred by using a Thomson Parabola (TP)
spectrometer. The TP is a simple spectrometer that uses transverse E and B fields to separate particles according to their e/m ratio
and send them toward a position-sensitive detector, which can be active or passive.

Due to the different fields involved in such a complex scenario, it is clear that specific skills are required and a team from various
institutions and laboratories has been formed to overcome all the technical difficulties that this challenging research project requires.
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9 Conclusions

The wide plethora of particle detection techniques described in the previous chapters proved how dynamic and expanding is the field
of radiation detection and identification. It is based on the comprehension of the underlying mechanisms governing the interaction
between matter and radiation that can be exploited in many different ways to identify different particles and to reconstruct their
energy and momentum. Developing the technology at the basis of nuclear physics experiments also implies a dedicated activity of
R&D devoted to the targets, a crucial part of the experimental stations. Such a development can also serve as the starting point for
applying the same tools for medical application, as the many examples discussed in Chapter 6 showed. The field is evolving, and
many new strategies can be developed for identifying particles in wider and wider energy ranges: In this perspective, a combined
research program as the ones foreseen at the Italian National Laboratories of INFN—simultaneously devoted to the understanding,
through dedicated experiments, of the fundamental mechanisms underlying the formation and the structure of nuclear and hadronic
matters, and to the necessary and complementary development of proper detection techniques—represents the perfect approach to
take on the challenge.
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