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Abstract The production of medical radionuclides is one of the research activities carried out in the framework of the SPES (Selective
Production of Exotic Species) project under the completion stage at the Legnaro National Laboratories of the National Institute
for Nuclear Physics (INFN-LNL). The heart of SPES is the 70-MeV proton cyclotron having a dual-beam extraction, installed
and commissioned in a new building equipped with ancillary laboratories currently under construction. The SPES main goal is the
realization of an advanced ISOL (Isotope Separation On-Line) facility to produce re-accelerated exotic ion beams for fundamental
nuclear physics studies. The cyclotron double-beam extraction system allows to simultaneously carry out applied research, such
as radionuclides production for medicine (SPES-y). This paper summarizes the results obtained with the interdisciplinary projects
LARAMED (LAboratory of RAdionuclides for MEDicine) and ISOLPHARM (ISOL technique for radioPHARMaceuticals). The
first one, based upon the direct activation method, is focused on the production of the radionuclides under the spotlight of the
international community (e.g., 99me 67Cy, 32/51Mn, 47Sc and Tb isotopes), from the nuclear cross-section measurements up to
the preclinical studies. The other one exploits the ISOL technique for the development and production of radioisotopes with high-
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specific activity, such as ' Ag, going beyond the state of the art in the field. The most recent SPES-y research activities and future
perspective are here described, characterized by a consolidated network of collaborations with national and international institutions.

1 Introduction

Radionuclides and radiopharmaceuticals are fundamental tools in nuclear medicine, by enabling imaging and treatment in tens of
millions of procedures performed worldwide on a yearly basis. In Europe, 9 million patients benefit from nuclear medicine procedures
per year, including 1.5 million patients requiring radionuclide therapy against cancer [1]. The production of medical radionuclides is
thus a key aspect, and emerging radionuclides are being playing a key role in the development of innovative radiopharmaceuticals.
The availability of new research infrastructures dedicated to this goal is thus crucial for Europe. For such reasons, in 2021, the
PRISMAP consortium was established as H2020 call, to gather the European research community, first, working in this field [2].
Access to the production and delivery of high-purity grade radionuclides for medical research is offered by PRISMAP consortium,
through periodic calls when a selection of the best projects from the applicants is carried out by a panel consisting of experts in
the fields of radionuclides production, molecular imaging as well as radionuclide therapy. Moreover, it may also be accessed by the
selected biomedical laboratories to perform the associated research and to preclinical research techniques, in self-service or fully
performed as a service. The SPES project at the INFN-LNL takes part in the PRISMAP consortium as an emerging facility, including
both the direct activation method (LARAMED project, acronym for LAboratory of RAdioisotopes for MEDicine) [3, 4] and the
ISOL (Isotope Separation On-Line) technique (ISOLPHARM project, acronym for ISOL technique for radioPHARMaceuticals)
[5]. The first PRISMAP workshop on emerging infrastructures was indeed held at the INFN-LNL in November 2022 (additional
information can be found in a dedicated report [6]). The research activities on radionuclides production for medicine (e.g., new
radiopharmaceuticals development) and applied and interdisciplinary physics (e.g., radiobiology and environmental studies) at the
INFN-LNL are coordinated by the Radioisotopes for Medicine and Applied Physics service (RMFA) located under the research
division [7]. These activities are carried out in close collaboration with other services, in particular the Target service, which
coordinates the production and characterization of different types of targets, for both nuclear physics experiments and applications.
There is also a strong connection of these activities with those of European projects such as EUROLABS, focused on transnational
access for users in European nuclear physics facilities [8].

The SPES project at the INFN-LNL has an ambitious scientific program, ranging from nuclear physics and astrophysics studies
to interdisciplinary and medical applications [9, 10], as sketched in Fig. 1. The heart of SPES is the 70-MeV dual-extraction
proton cyclotron (SPES-«) [11], capable of providing intense beams up to 700 pA (max 500 A allowed at each beam port). The
dual-extraction beams systems will allow to perform simultaneously, not only state-of-the-art experiments with Radioactive lon
Beams (RIBs, SPES-f) [12] but also multidisciplinary research activities, such as radionuclides production for medical applications
(SPES-y) [13] and neutron-based research (SPES-§) [14, 15]. SPES-y includes two approaches to produce medical radionuclides:
The first is the direct activation method and is studied within the LARAMED project; the second, it is based on the ISOL technique,
and it is exploited by the ISOLPHARM project.

Fig. 1 The SPES project phases
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2 The SPES facility

The SPES infrastructure is under completion at the INFN-LNL. Figure 2 shows the layout of the building at the underground
level, where the cyclotron as well as all the ISOL and LARAMED bunkers are indicated on the left and right side of the picture,
respectively.

The ISOL bunkers are located at the left side of Fig. 2, where the SPES target, called “front end,” is installed. Such a system
includes all devices necessary to produce high-intensity and high-purity RIBs, according to the ISOL technique. Briefly, a proton
beam with energy up to 40 MeV and intensity up to 200 pA is extracted from the cyclotron and delivered to one of the ISOL
bunkers. The part of the machine dedicated to the transport and focalization of the proton beam is called the protonic front end. A
vacuum chamber is placed at the end of the proton beam line, within which a production target is installed. The typical SPES target
is composed of seven disks axially spaced, composed of refractory carbides such as uranium carbide. The interaction between the
impinging proton beam and the target material generates a characteristic set of radionuclides, most of which are released from the
latter thanks to the high operational temperature levels, generally above 2000 °C. The released nuclei migrate toward an ion source,
directly connected to the production target. A fraction of such neutral atoms is transformed into singly charged positive ions that
can be extracted into a particle beam thanks to intense electric fields. The extracted RIB is further transported and focalized by the
so-called radioactive front end that includes all beam optics and diagnostic devices necessary for such task. Subsequently, the beam
is injected into a Wien filter, an electromagnetic velocity separator that is used as mass spectrometer. Such device is employed to
deflect and dump the beam particles characterized by a different mass respect to the ions of interest. The output of the Wien filter
is an ideally isobaric ion beam, composed by the radionuclide of interest together with possible contaminants of other chemical
elements with the same mass, that can be further accelerated and purified before being delivered to the experimental users. As one
of the applications of the SPES facility, ISOLPHARM will exploit the RIB for providing high-purity unconventional radionuclides
for R and D activities on radiopharmaceuticals. Among the producible nuclei, silver-111 (}!'Ag) is regarded as one of the most
interesting that ISOLPHARM can provide, as it is not easily available, unless nuclear reactors are used, with the drawbacks of high
costs and low purity. In the case of ISOLPHARM, high purity is achieved by collecting the isobaric ion beam onto appropriate
deposition substrates that are retrieved and dissolved in aqueous media. The desired nuclides are then harvested from the solution
thanks to an element selective radiochemical process.

Regarding the LARAMED infrastructure in the SPES building, it includes two bunkers on the underground floor, the first dedicated
to irradiation of high-power solid targets (i.e., up to ca. 10 kW), and the second dedicated to nuclear cross-sections measurements
with low-intensity proton beams (100 nA); there are also two additional bunkers for direct activation, where two beamlines are
foreseen to be installed in further years.

On the second floor of the building, two LARAMED laboratories are under completion: the RILAB Target-preparation laboratory
where all the new/alternative cold chemistry technologies devoted to target manufacturing are developed, also in collaboration with
the Target service; and the RILAB Radiochemistry laboratory, covering all the radiochemical processing aspects and designed to
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Fig. 2 The SPES building layout at the underground level (center), surrounded by pictures showing some of the facility installations
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Fig. 3 The SPES building layout at the second floor, showing the two LARAMED laboratories (RILAB Radiochemistry laboratory and RILAB Target-
preparation laboratory) under completion

carry out R and D activities on radioisotope production, separation/purification, up to perform all the requested quality control
procedures. The hot cell already installed in the RILAB Radiochemistry laboratory will be soon connected to the bunker with a
pneumatic system, to automatically deliver the activated target after the proton irradiation. Additional hot cells are foreseen, and
they will also be connected to the LARAMED bunker through the same pneumatic system. A third laboratory, the Radioisotope
Factory laboratory for radioisotope/radiopharmaceutical production, is foreseen in further years dedicated to the implementation
of a laboratory for Good Manufacturing Practice (GMP) production of radiopharmaceuticals. Figure 3 shows a schematic layout of
the upper floor, highlighting the laboratories briefly described.

Since currently the laboratories and infrastructures of the SPES building are not yet operative, the SPES-y research activities
rely on a wide network of collaborations, internal and external the LNL, as outlined in the following paragraphs.

3 State of the art: LARAMED

The LARAMED project was funded by the Italian Ministry of University and Research (MIUR) in 2014 and 2016. It has been
conceived to meet a double scope: first, to develop a more efficient production for well-established radionuclides already playing a
key role in nuclear medicine (e.g., *"Tc) [16-19]; second, to investigate yet unexplored production routes for novel radionuclides
having potential interest in medicine, but still unavailable [20, 21]. Nonstandard medical radionuclides production is, indeed, a
fundamental step to select new radiopharmaceuticals classes for both diagnostic and therapeutic applications [22]. The LARAMED
research activity is envisaged to cover different topics, ranging from basic nuclear physics (experimental measurements of excitation
functions) [21, 23-25] to target technology (design and manufacturing of high-power targets for proton irradiation to produce
important medical radionuclides, such as **"Tc, %*Cu, 97Cu, 4’Sc, 8°Zr, etc.) [26-31] and radiochemistry (development of highly
automated separation/purification techniques and labeling studies of new biological carriers) [32-38]. The synergy between these
skills resulted in high-level research on the cyclotron production of conventional and emerging radionuclides. Innovative target
manufacturing techniques have been developed to enlarge the possibility to supply tailored targets for the specific radionuclide, for
the nuclear cross-section measurements and for high yield production [26]. In collaboration with some Italian nuclear medicine
departments, the targets realized have been tested under the proton beam provided by medical cyclotrons [26, 28]. The technologies
and the know-how, available for the Target service of the INFN-LNL and that will be included in the new RILAB Target-preparation
laboratory mentioned above, are:

e An apparatus for the High-Energy Vibrational Powder Plating (HIVIPP) [39] technique able to deposit a thin metallic layer,
starting from metal powder, used for the nuclear cross-section measurements [27, 40];
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e An ad hoc spark plasma sintering (SPS) machine, named “TT_Sinter,” developed in collaboration with the University and INFN
Unit of Pavia (Italy). The versatility of this technique allows the manufacturing of metal and oxide thick targets for massive
radionuclide production [28];

e The magnetron sputtering (MS) system seems very promising because it allows the deposition of thin and thick film onto several
backing plates with a good adhesion [17, 29, 41-43];

e The preliminary target material preparation to achieve the optimal form (e.g., powder of defined size) for the specific target
manufacturing technique (e.g., cryomilling) [39].

The wide national and international network of collaborations allowed the LARAMED team to enlarge the research topics to nuclear
modeling, imaging and dosimetry [16, 19, 44, 45]. This network includes the GIP ARRONAX facility, the Wisconsin University and
the Italian Universities of Ferrara, Milano, Padova and Pavia, the CNR in Milano, the LENA laboratory (Pavia, Italy), the Istituto
Oncologico Veneto IOV_IRCCS (Padova, Italy), the Sacro Cuore Don Calabria hospital (Negrar, Verona, Italy) and the Policlinico
Sant’Orsola Malpighi hospital (Bologna, Italy). The participation to the IAEA events and meetings organized by the Radioisotope
Production and Radiation Technology and the Nuclear Data sections fostered the LARAMED team to share the scientific results
with the broad international community. LARAMED research activities started about 10 years ago and were funded mainly by the
INFN National Scientific Committee 5 (CSN5) and 3 (CSN3), respectively, focused on technological and interdisciplinary research
and nuclear physics. The following paragraphs briefly outline the projects’ aims and outcomes.

3.1 APOTEMA and TECHNOSP (CSN5, 2012-2017)

APOTEMA and TECHNOSP are acronyms for Accelerator-based Production Of TEchnetium/-Molybdenum for medical Applica-
tions and TECHNetium direct-production in hOSPital, respectively. The first radioisotope we started working on was indeed the
99mTc. The purpose of this work was the development of a technology able to produce 1-2 Ci amount of *”Tc by low-energy
cyclotron in a local nuclear medicine radiopharmacy and to prove its feasibility. We investigated the **" Tc direct cyclotron production
route by the (p,2n) reaction on an isotopically enriched '%°Mo target. The irradiation parameters were optimized for an in-hospital
cyclotron self-production of *Tc able to satisfy the needs of a medium-large hospital such as the Policlinico Sant’Orsola Malpighi,
to afford its availability in case of shortages. This is the most complete project in which we developed all the technologies necessary
to complete the entire production cycle from the target to a solvent extraction-based automatic separation and purification module,
including the target recovery and radiopharmaceutical and preclinical studies, as described in Fig. 4 [16, 18, 19, 32, 36, 46-51].
With these two projects, the LARAMED group has also contributed to the international IAEA Coordinated Research Project (CRP)
No. F22062 focused on Alternative, non HEU-based, " Tc/*° Mo supply (2011-2015) [38].

3.2 COME (CSN3, 2016)

COME, acronym for COpper MEasurement, was a 1-year project, dedicated to the first measurements of the "Zn(p,x)®7-%4Cu
nuclear reactions above 35 MeV [21], performed in collaboration with the ARRONAX facility (Saint-Herblain, France) [52]. As
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Fig. 5 aThe 67Cu/%* Cu cross-section ratio on 70Zn and %8Zn targets; b the multi-layer target configuration for an optimized 67Cu production with a 70-MeV
proton beam, INFN Patent No. WO 2019/220224 Al

(b)

Fig. 6 a Picture of the sample holder of the HIVIPP apparatus at LNL; b example of Mo deposition onto Cu substrate and Ti deposited onto Al foil

shown in Fig. 5, these cross-section results were the ground for an INFN patent on a multi-layer target to optimize ®’Cu production
exploiting a 70-MeV proton beam and enriched 7°Zn and ®3Zn targets [53].

3.3 PASTA (CSNS5, 2017-2018)

PASTA project, acronym for Production with Accelerator of Sc-47 for Theranostic Applications, was dedicated to nuclear cross-
section measurements on "'V and 48Ti targets for 478¢ production [24, 25, 44], whose results have been also presented in the IAEA
CRP no. F22053 focused on Radiopharmaceuticals labeled with new emerging radionuclides ( 67Cu, 189Re, 47Sc) [22]. The enriched
metallic *3Ti targets have been manufactured and characterized within the E_PLATE project.

3.4 E_PLATE (CSNS5, 2018-2019)

E_PLATE, acronym for Electrostatic Powders pLating for Accelerator TargEt, was a technological project, dedicated to thin target
manufacturing exploiting the HIVIPP technique and the development of the apparatus already mentioned, as shown in Fig. 6. This
technology is also part of the Target service of the INFN-LNL.

3.5 METRICS (CSN5, 2018-2021)

METRICS project, acronym for Multimodal pET/mRi Imaging with Cyclotron-produced ¥*/>' Mn iSotopes, was dedicated to 3*Mn
accelerator-based production and to the development of innovative radiopharmaceuticals for PET/MRI dual-imaging purposes. To
establish the potential of radioactive manganese chloride as a safe clinical PET imaging agent, the radiation effective dose of both
SIMn and 52Mn chloride has been assessed with OLINDA [54]. Simulations and models were also carried out to compare the
amount of activity and radionuclidic purity of 2¢Mn produced by different reactions as well as the dose increase to the patient
caused by the radioactive contaminants co-produced by each reaction [55]. Moreover, different Cr target configurations have been
studied using the SPS technique starting from "Cr and 3>Cr powder (Fig. 7a). After the sintering of the Cr pellet, its adhesion to
the backing support (Au/Cu, Nb or Au/Nb) was carried out by SPS process. The obtained targets have been successfully tested at
50 pA (energy 19 MeV and 16 MeV), the maximum current available in the medical cyclotron of the Sacro Cuore Don Calabria
hospital. A dedicated dissolution reactor [37] was developed to dissolve the solid targets after irradiation to process the produced
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Fig. 7 a Example of the Cr target
realized by the SPS technique: Cr
pellet on Au/Nb backing and b the
reactor protype under
development mounted on an
Eckert and Ziegler module

(a) (b)

radioisotope with automatic modules (Fig. 7b). Within this project, we recently investigated a new class of Mn(II) complexes to
be potentially used as MRI contrast media and in particular the synthesis, characterization and evaluation of magnetic properties
by phantom image studies of the new [Mn(II)(1.4-dioxa-8-azaspiro[4.5]decane-8-carbodithioate),]-2 HoO compound potentially
useful as MRI contrast agent [16, 34, 35].

3.6 INTEFF_TOTEM (National Committee Technological Transfer, CNTT, 2021-2022)

INTEFF_TOTEM project, acronym for magneTron sputtering cyclotrOn TargEt Manufacturing, is dedicated to the enhancement
of the INFN patent on targetry to produce medical radionuclides [29]. Due to the high losses of the material during the sputtering
deposition, a material saving approach and a new magnetron sputtering configuration have started to be implemented to use this
technique also with the enriched materials [41-43]. In addition, the first feasibility study of producing ™'ZnO pellets using the
alternative SPS technique has been investigated as a first technological step for the realization of the multi-layer target described in
the INFN patent [30] to produce %7Cu by proton beam irradiation.

3.7 REMIX (CSNS5, 2021-2023)

REMIX project, acronym for Research on Emerging Medical radlonuclides from the X-sections, is dedicated to the production of
47Sc and Tb radionuclides (14°Tb, 192Tb, 159Tb and 19! Tb), and it is organized in Work Package (WP): WP1 for target realization and
characterization by Elastic Backscattering Spectroscopy (EBS); WP2 for the measurements of the *%3°Ti(p,x)*’ Sc nuclear cross-
sections (exploiting the thin targets realized with the HIVIPP technique); WP3 for the measurements of the >°Tb(p,5n)'>>Dy—

135Tb and "Dy(p,x) !> Tb nuclear reactions; WP4 for the nuclear modeling [25]; WP5 for dosimetric calculations; WP6 for the low-
energy °>Gd(p,n)!>>Tb production route in collaboration with the Sacro Cuore Don Calabria hospital and WP?7 for the technology
developments, such as a dedicated Target Station (TS) to be installed in the LARAMED beam line dedicated to nuclear cross-section
measurements. During 2023, experiments for 1> Tb production using a medical cyclotron are foreseen using Gd, O3 pellets, obtained
by SPS, using an aluminum capsule realized in the framework of the INTEFF_TOTEM project. Dosimetric calculations using the
OLINDA code were performed for the 47 Sc-DOTA folate [45]; results on 23 Tb-labeled radiopharmaceuticals are foreseen for 2023.

4 State of the art: ISOLPHARM

The idea behind the ISOLPHARM method [5, 56] is reported in Fig. 8: as in other ISOL facilities, a beam of protons coming from
the cyclotron bombards a production target, activating different nuclear reactions depending on the used material. The generated
radioisotopes, mainly neutron-rich 8 ~ emitters, escape from the target, kept at a high temperature, toward an ion source, where
they are ionized (1*) by means of surface, laser or electron bombardment ionization techniques. The choice of the proper ion source
depends on the element of interest and on the desired purity. After ionization, the charged radioisotopes are accelerated to form a
RIB by means of a 40-kV potential. After some stages of beam focusing and steering, the presence of a mass separator is a crucial
aspect for the purposes of ISOLPHARM. Considering a particular radioisotope of interest for medical purposes, mass separation
allows to obtain an isobaric beam, removing all other isotopes of the desired element, which would otherwise not be chemically
removable. This guarantees the obtainment of radioisotopes of high specific activity, being there not any stable contaminant of the
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same element. Besides the production of RIBs, already at the state of the art in ISOL facilities, the new approach introduced by
ISOLPHARM is the collection of radioisotopes on a secondary target or collector in which the beam is stopped (Fig. 9). This collector
can be subsequently dissolved and chemically purified to eliminate isobaric contaminants of other elements. Several materials were
considered as deposition substrates, but the most promising results were achieved when 13-mm diameter cellulose-based disks were
used. The obtained product can be then used for radiolabeling of specific molecules, which, in turn, can be delivered to universities
or external research centers for preclinical studies.

Some key aspects characterize the ISOLPHARM project:

e A strong collaboration between several INFN laboratories and sections and university departments all over Italy;
e The production of radionuclides with high specific activity thanks to mass separation;

e The presence of an INFN patent which proves the innovation and excellence of the project [57];

e The non-necessity of using nuclear reactors to produce therapeutic radionuclides.

In the framework of ISOLPHARM, two experiments have been carried out in recent years and are briefly outlined hereafter.
4.1 ISOLPHARM_Ag (CSNS, 2018-2019)
ISOLPHARM_Ag project [58] aimed at proving the possibility of producing and using the '!' Ag, a promising isotope which is

produced in large quantities at SPES using a uranium carbide (UCx) target. This work was carried out with both computational
and experimental investigations. As for computational studies, they were focused on the development of Monte Carlo codes able to
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estimate the production and release of ! Ag from a UCx target. Such codes were executed with the support of a cloud infrastructure
in the CloudVeneto environment, being they computing intensive. From the experimental point of view, several studies were carried
out: ionization and transport of silver using an electron bombardment (plasma) ion source [59]; chemistry studies to develop and
characterize chelators able to form silver complexes [60] and biology studies on the final molecules to evaluate their interaction
with a set of cellular targets [61].

4.2 ISOLPHARM_EIRA (CSNS, 2020-2022)

In ISOLPHARM_EIRA project, acronym for Experiment on Interdisciplinary research on Radioactive Ag, three main goals have
been achieved, based on the application of the ISOLPHARM technique to produce '!! Ag radiopharmaceuticals:

e Physics: production of ! Ag at a nuclear reactor, spectroscopy (quality control) studies and laser ionization of Ag (Task 1);

e Radiochemistry: synthesis and characterization of chelators, linkers, targeting agents, purification of isotopes and synthesis of a
radiopharmaceutical (Task 2);

e Biology: characterization of the produced molecules with tests on cell cultures, scaffold production and 3D cell cultures, in vitro
and in vivo studies (Task 3).

As for physics, the main aim has been the production of an appropriate amount of "' Ag to be used for the radiolabeling of the
prepared radiopharmaceutical [62]. ! Ag is produced by neutron capture reaction on enriched ''°Pd at the TRIGA Mark II nuclear
reactor of the LENA, acronym for Laboratorio Energia Nucleare Applicata of the Pavia University (Italy). Several activities have
been carried out:

e Production of 1! Ag, including the design and construction of a semi-automatic device for the extraction and handling of the
irradiated samples;

e Spectroscopic studies (quality control) for the isotopic characterization of the irradiated samples;

e Studies for the laser photoionization of natural Ag, to improve ionization efficiency in the future operation of uranium carbide
targets at SPES.

As for chemistry, the final goal of Task 2 is to synthesize and characterize the radiopharmaceutical to be used by Task 3, including
the radionuclide produced by Task 1 [63]. Different activities have been carried out:

e Development of efficient purification methods for Ag from Pd and recovery of the expensive ''°Pd target material;

e Synthesis and characterization of bifunctional chelators for Ag and Cu;

e Synthesis and characterization of fluorescent targeting vectors, to carry out in vitro studies on 2D and 3D cell cultures grown on
scaffolds.

As for biology, the main activities are aimed at the identification of the optimal macromolecules for the subsequent more relevant
in vivo tests with radiolabeled compounds [64]. Many activities have been carried out:

Selection of proper cell lines expressing relevant targets;

In vitro and in vivo studies of targeting vectors;

In vitro studies of targeting vectors with fluorescent targeting agents, using stable silver;
Production of suitable 3D scaffold for in vitro tissue mimicking;

Uptake studies on 3D cell cultures with fluorescent compounds;

Biodistribution and in vivo imaging using the most promising developed radiopharmaceutical.

5 New projects

CUPRUM_TTD project (°7/*CU PRoduction and Use in Medicine_Target Technology Development, funded by CSNS5 in 2023-
2025) is dedicated to production of copper radionuclides ¢7/¢*Cu, currently considered among the best-suited isotopes for radioim-
munotherapy and theranostic applications, used as single isotopes, or in pair [22, 65]. The 67Cu half-life (T; 2 61.9 h) indeed allows
for labeling pharmaceuticals having slow pharmacokinetics, while § ~/y radiation (for 4’Cu) and 8 ~/8 * emission (for ®*Cu,
Ty/2 12.7 h) being suitable for therapy and SPECT/PET imaging, respectively [66]. Currently, the large-scale production of e
still remains challenging: Only a few sites are producing it worldwide [67], while a stable supplier in Europe is still lacking. The
production of ©’Cu has been a top priority since the very early days of LARAMED project, as underlined by the COME experiment.
The goal of CUPRUM_TTD is, therefore, the R and D of the technology necessary for the cyclotron-driven production of ¢7Cu, i.e.,
the development of a robust target manufacturing technology and recovery, as well as the related target processing system, aimed at
attaining clinical grade batches of ®’Cu useful for in vivo/preclinical investigations coupled with new Cu-labeled prototype carriers.

STARDIS project (Solid TARget DIsolution System, funded by National Committee Technological Transfer in 2022-2023)
aimed at the design of a commercial solid target dissolution system apt to be implemented in automatic synthesis modules for
radiopharmaceuticals production. The project is focused on increasing the technology readiness level of the chemical reactor
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prototype developed for the METRICS project to obtain a reliable system of interest for research laboratories and the pharmaceutical
industry.

As a continuation of the activities carried out in ISOLPHARM_EIRA, a new experiment named ADMIRAL (Advanced Dosimetry
Methods and In vitro Radiobiology of Ag-111 Labeled radiopharmaceuticals, funded by CSN5 in 2023-2025) was recently financed.
This experiment aims at probing the therapeutic and diagnostic properties of !'! Ag, enriching ISOLPHARM with a new point of
view, which has its roots in the fields of medical physics, radiobiology and radiation detectors.

The SPES research group at LNL has also started a structured program of research and development activities on targets, ion
sources and molecular beams, benefiting from prestigious international collaborations ISOLDE-CERN, ORNL and IPN-ORSAY).
Moreover, the INFN Padova Division together with the Department of Industrial Engineering of the University of Padova has
recently developed the technology required for the additive manufacturing (AM) of high-temperature materials such as silicon
carbide, titanium carbide, tantalum, tungsten and molybdenum. All these materials are widely used to produce ISOL targets, ion
sources and numerous auxiliary components. With AM technologies more degrees of freedom are available for the design process,
and the geometrical complexity that can be obtained is extremely high. In this context, the HISOL experiment (High-performance
ISOL systems for the production of radioactive ion beams, funded by CSN5 in 2023-2024) has been financed with the main aim
to create a collaboration network fully focused on a new generation of high-performance ISOL targets and ion sources. Taking as
a basis the aforementioned know-how, the objectives of the experiment are “the study and development of innovative recipes and
methods to produce ISOL targets,” “the study and development of innovative methods to produce and operate ion sources” and “the
characterization of the obtained materials and components by means of advanced techniques.” As a result, we expect to test at high
temperature a new high-performance target prototype and a new high-performance ion source prototype, producing stable beams at
LNL. This will be the basis for future on-line tests with high-intensity and high-purity RIBs.

6 Conclusions and future perspectives

Once the SPES facility will be operative, the 70-MeV proton cyclotron will be exploited to produce radionuclides of medical interest
with the direct activation and the ISOL technique. A wide national and international network of collaborations to perform these
multidisciplinary research activities, ranging from nuclear physics to radiochemistry, material science, targetry, engineering and
radiopharmacy is being built. New projects started in 2023 and are here described.

It is important to mention that the SPES-y team has full access to the Radiopharmaceuticals and Molecular Imaging Laboratory
(LARIM) located at the INFN-LNL. LARIM is one of the few fully equipped facilities in Italy that can be used to develop new
diagnostic or therapeutic radiopharmaceuticals labeled with the medical radioisotopes produced within the frame of the previously
mentioned SPES projects. In addition, thanks to the convention between INFN-LNL and IOV-IRCCS, the team has the possibility to
carry out the preclinical biodistribution and pharmacokinetics studies necessary to evaluate the new developed radiopharmaceuticals,
using a state-of-the-art PET/SPECT/CT micro-scanner owned by the IOV-IRCCS (Vector 5, Milabs) and located at LARIM.

As afuture perspective, it is worth mentioning the possibility to install a dedicated off-line mass separator devoted to the separation
of isotopes produced by direct activation. The use of such a technique must obviously be considered only when the advantages
clearly overcome the loss of efficiency due to this additional step in the overall production chain. Although the INFN-LNL is a public
research facility, joint ventures with private companies interested in the already available and/or new radionuclides development
programs are anyway foreseen.

In conclusion, it is important to underline that a young team of researchers is involved in the SPES-y research activities, and that
the European PRISMAP consortium identifies the INFN-LNL as emerging infrastructure, a unique laboratory where the potential
impact of both production techniques can be studied.
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