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Abstract

Radiopharmaceuticals, namely drugs having as core a radiation emitting nuclide, are one of the
fundamental tools of nuclear medicine, being employed for both therapeutic and diagnostic
procedures. The aforementioned radionuclide is bound to ligand that selectively accumulates
into a target tissue, thus allowing a focalized treatment or precise imaging.

Research in the radiopharmaceutical field involves on one side the development of new ligands
for specific cellular targets on the other side the discovery of the potential medical uses of
innovative radionuclides. However, the widespread of novel medical nuclides is often limited
by the lack of a suitable production technique, able to ensure a radionuclidic purity or a specific
activity acceptable for the labelling of a pharmaceutical compound.

Thus, along with the development of conventional production routines, mostly accelerator —
based or reactor — based, new approaches are emerging, such as MEDICIS at CERN and
ISOLPHARM at INFN-LNL, both based on the use of electromagnetic mass separators to
increase the achievable radionuclidic purity.

The main focus of this thesis is ISOLPHARM (ISOL technique for radioPHARMaceuticals), a
project devoted to the discovery and development of high purity radiopharmaceuticals
exploiting the radionuclides producible with the future SPES (Selective Production of Exotic
Species) ISOL (Isotope Separation On-Line) facility at INFN-LNL. According the
ISOLPHARM approach, a proton beam (up to 70 MeV), extracted from SPES cyclotron will
directly impinge a primary target, inducing nuclear reactions. The so-produced species are then
released from the target thanks to its high working temperature (2000°C), ionized with suitable
ion sources, extracted into a beam and accelerated. Finally, thanks to the use of an
electromagnetic mass separator, only the nuclei characterized by a given mass number are
deposed on a secondary target. After the dissolution of the latter, a chemical purification step
allows to recover among the collected isobars only the desired nuclides, thus without any
isotopic contaminants that decrease their specific activity.

The strength point of such production method is the capability to produce a wide set of
intrinsically carrier-free nuclides with high flexibility, since different radioisotopes can be

extracted separately from the same production target by simply adjusting the settings of the
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Abstract

electromagnetic separator. In particular, ISOLPHARM could have the capability to provide
never studied nuclides with medically relevant decay properties, such as '''Ag, or isotopes for
which there is a very limited availability with conventional techniques, such as **Sc, 4’Sc, ¢’Cu,
199Tb, 152Tb and '>>Tb, once a suitable production target is identified.

In the presented work Uranium Carbide (UCx) is proposed as production target for '''Ag,
Zirconium Germanide (ZrGe) for ’Cu, along with ®*Cu, Titanium Carbide (TiC) or Titanium
Boride (TiB2) for “*Sc and *’Sc, and Gadolinium Boride (GdBa4) for '*°Tb, '32Tb and !*>Tb. The
feasibility of the production of the desired nuclides was subsequently evaluated by means of
Monte Carlo codes, in particular FLUKA and Geant4, and promising yields were calculated.
Furthermore, in the case of the ZrGe target, provided the lack of experimental measurements
on the "'Ge(p,X)**Cu and "Ge(p,X)*’Cu reactions, dedicated nuclear cross section studies
were performed.

In addition to the numerical evaluation of the produced in-target amounts, the feasibility study
included also the performance of tests with stable counterparts of the desired nuclides, aimed
to investigate the capability of SPES technologies to ionize, accelerate and selectively collect
single isotopes of the elements of interest. Thus, at SPES offline laboratories it was possible to
successfully ionize and collect stable beams of Silver and Copper, and the efficiencies of such
processes were measured. In addition, preliminary ionization tests with Scandium and Terbium
were performed.

Finally, a complex model with Geant4 was developed with the aim to simulate the release of
the produced species and their migration towards the ion source, processes dominated by the
effusion and diffusion phenomena, and preliminary run were performed. However, being such
model computing intensive, an adequate IT (Information Technology) infrastructure was
developed in CloudVeneto, a Cloud service of the IaaS (Infrastructure as a Service) family

owned by INFN and UNIPD.
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Riassunto

I radiofarmaci, ossia formulazioni mediche che includono un radionuclide, sono uno degli
strumenti fondamentali della medicina nucleare, impiegati sia per le applicazioni diagnostiche,
sia per quelle terapeutiche. In essi, il radionuclide ¢ veicolato da un ligando, una molecola che
si accumula selettivamente in un tessuto target, consentendo quindi un’azione terapeutica
mirata o un imaging accurato.

La ricerca nel campo dei radiofarmaci ha come obiettivo da un lato lo sviluppo di nuovi ligandi
per target cellulari specifici, dall’altro la scoperta del possibile uso in medicina di radionuclidi
innovativi. Tuttavia la diffusione di tali nuovi isotopi di interesse medico ¢ spesso limitata dalla
mancanza di una tecnica di produzione adeguata, in grado di garantire un grado di purezza
radionuclidica o un livello di attivita specifica idonea per la radiomarcatura di composti
farmaceutici. Pertanto, in aggiunta alle procedure convenzionali di produzione, per lo piu basate
sull’uso di acceleratori o reattori, nuovi approcci stanno emergendo, come quello proposto al
CERN con la facilty MEDICIS o il progetto ISOLPHARM presso INFN-LNL, entrambi basati
sullo sfruttamento di separatori di massa elettromagnetici per aumentare la purezza
radionuclidica ottenibile.

Questo lavoro di tesi ¢ principalmente focalizzato su ISOLPHARM (ISOL technique for
radioPHARMaceuticals), un progetto che ha come obiettivo lo sviluppo di nuovi radiofarmaci,
estremamente puri, sfruttando 1 nuclidi producibili a SPES, (Selective Production of Exotic
Species), una futura facility ISOL (Isotope Separation On-Line) in costruzione presso INFN-
LNL. Secondo il metodo ISOLPHARM, un fascio di protoni con energie fino a 70 MeV, estratto
dal ciclotrone di SPES, viene inviato su un bersaglio solido, inducendo reazioni nucleari. Si
producono cosi un set di radionuclidi, che sono poi rilasciati, grazie alle elevate temperature
del bersaglio (2000°C), ionizzati con opportune sorgenti di ionizzazione, estratti in un fascio e
accelerati. Infine, mediante 1’utilizzo di un separatore di massa elettromagnetico, solamente i
nuclidi caratterizzati da un determinato numero di massa sono raccolti in un target secondario.
Dopo lo scioglimento di quest’ultimo, uno step finale di purificazione chimica consente di
estrarre tra gli isobari raccolti esclusivamente i nuclidi di interesse, senza gli eventuali

contaminanti che ne riducono 1’attivita specifica.
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Riassunto

I1 punto di forza di questo metodo ¢ la capacita di produrre una grande varieta di radionuclidi
intrinsecamente carrier-free in modo flessibile, dal momento che diversi isotopi possono essere
estratti separatamente dallo stesso target di produzione, variando semplicemente le
impostazioni del separatore di massa. In particolare, il metodo ISOLPHARM potrebbe essere
usato per fornire nuclidi mai studiare, ma con proprieta di decadimento promettenti per la
medicina nucleare, come '''Ag, o isotopi le cui disponibilita con le tecniche convenzionali &
molto limitata, come **Sc, 4’Sc, ’Cu, **Tb, '>2Tb e !*3Tb, dopo aver identificato un opportuno
bersaglio di produzione.

In questo lavoro si propone il Carburo di Uranio (UCx) come target per la produzione di '''Ag,
il Germaniuro di Zirconio (ZrGe) per il ¢’Cu, assieme al **Cu, il Carburo di Titanio (TiC) o il
Boruro di Titanio (TiB:z) per **Sc and *’Sc, e il Boruro di Gadolinio (GdB4) per '“*Tb, 132Tb and
I55Th. La fattibilita della produzione dei nuclidi di interesse & stata quindi valutata per mezzo
di simulazioni con codici Monte Carlo, in particolare FLUKA e Geant4, ottenendo rese
promettenti. Inoltre, nel caso particolare del target in ZrGe, verificata la mancanza di misure
sperimentali per le reazioni "™'Ge(p,X)**Cu e "'Ge(p,X)*’Cu, le sezioni d’urto in esame sono
state studiate.

In aggiunta alle valutazioni numeriche circa le quantita di nuclide d’interesse prodotte nei
diversi target, lo studio di fattibilita ha riguardato anche I’esecuzione di test con le controparti
stabili dei nuclidi di interesse, volti a verificare 1’effettiva possibilita di ionizzare, estrarre e
collezionare selettivamente singoli isotopi degli elementi selezionati, sfruttando le tecnologie
di SPES. Presso i laboratori offline di SPES, ¢ stato quindi possibile ionizzare e raccogliere
fasci stabili di Argento e Rame, e le efficienze coinvolti in tali processi sono state misurate.
Inoltre, test preliminari sulla ionizzazione dello Scandio e del Terbio sono stati eseguiti.
Infine, un complesso modello Geant4 ¢ stato sviluppato con I’obiettivo di simulare il rilascio
delle specie prodotte nel target e il loro spostamento verso la sorgente di ionizzazione, processi
regolati dai meccanismi di diffusione ed effusione, e alcuni run preliminari sono stati eseguiti.
Tuttavia, trattandosi di simulazioni richiedenti grandi risorse di calcolo, si € reso necessario lo
sviluppo di un’adeguata infrastruttura di IT (Information Technology), basata su CloudVeneto,
un servizio Cloud della famiglia IaaS (Infrastructure as a Service) di proprieta di INFN e

UNIPD.
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“The first principles of the universe are atoms and empty space, everything else is merely thought to

exist.”

Diogenes Laértius (biographer of the Greek philosophers, fl. 3rd century AD), Democritus, Vol. 1X, 44

It is difficult to conceive modern medical procedures without the ability to visually access any
bone, any soft tissue and potentially any part of the human body. Such practice was not possible
until the end of 19" century, when radiography was fortuitously discovered by Wilhelm Conrad
Rontgen in 1895 [1]. In the 20" century the discoveries of different forms of radioactivity and
the existence of unstable nuclei further promoted and boosted new lines of research. In example
Marie Curie encouraged the use of radioactive radium to treat a wide range of diseases, from
cancer to nervous illnesses [2], thus preparing the ground for modern nuclear medicine.
Nowadays nuclear medicine is a fundamental branch of medicine for diagnosis and treatment
of tumor diseases.

As fundamental tool for nuclear medicine procedures, radiopharmaceuticals are unique
medicinal formulations containing radionuclides, and are used in various clinical areas for
diagnosis and/or therapy. Such radionuclides are bound to a ligand, which selectively
accumulates into a target tissue allowing either a precise imaging or a focalized treatment.
Therefore, progress in the research in the radiopharmaceutical field can be accomplished on
one side by the discovery of the potential medical uses of innovative radionuclides on the other

side by the development of new ligands.
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In such framework, ISOLPHARM is a multidisciplinary project, aiming on one hand to study
a new and unconventional method for the production of pure radionuclides based on the ISOL
(Isotope Separation On-Line) [3], [4]technique, on the other hand to develop a new generation
of ligands. As one of the applications of the SPES project (Selective Production of Exotic
Species), ISOLPHARM will exploit the Radioactive Ion Beams (RIBs) produced in the future
ISOL SPES facility at the Legnaro National Laboratories (LNL) of the Italian National Institute
for Nuclear Physics (INFN) [5].

According to the ISOL technique, radioisotopes are produced by impinging a target with a
primary beam, and are subsequently released thanks to the high working temperatures
(generally 2000°C). The produced species migrates towards an ion source where they are
ionized and extracted forming the aforementioned RIB. Such beam is accelerated and mass
separated thus obtaining an isobaric beam, which can finally be collected into a dedicated
deposition target. After the dissolution of the latter, a final step of chemical purification can be
performed in order to harvest selectively only the desired isotope, hence collecting a “carrier-
free” product, namely free from any isotopic contaminant. Such purity should be regarded as
particularly relevant because it can be achieved easily and inexpensively thanks to the
aforementioned mass separation step.

“Carrier-free quality” radionuclides are remarkably sought as radiopharmaceuticals precursors.
Indeed, in the last decades of research in radiopharmaceutical sciences, efforts were made for
the development of new receptor targeting radiometal labelled pharmaceuticals [6]. Such
radiopharmaceuticals are essentially composed by a biomolecule linked to a radiometal. The
biomolecule acts as vector, since it exhibits molecular complementarity with a membrane
protein that is overexpressed on the surface of cancer cells, allowing consequently the
accumulation of the radiation in the tumor tissue. Since the binding with the aforementioned
cell receptors can be easily saturated, the efficacy of the radiopharmaceutical is affected if it is
diluted with cold compound. As a consequence, biomolecules labelled with “carrier-free”
radionuclides can optimize the accumulation of radiation to the target organs [7].

Thanks to its intrinsic flexibility, the ISOL technique allows the production of a wide range of
Radioactive lon Beams, which, if opportunely collected with an appropriate deposition target,
can provide amounts of “carrier free” radiometals. At INFN-LNL, depending on the primary
target, and consequently on the induced nuclear reactions, several radioisotopes of medical
interest can potentially be produced. In addition to the nuclides with applications already in
clinical stage, as in example %°Sr [8], '2°I [9], "*'T [10], ®°Y[11], and '""Lu [12], many other
innovative isotopes can be harvested, such as '''Ag [13], ¥*Sc, 4’Sc [14], **Cu [15], Cu [16],

149Th [17], 52Tb [18] and '55Tb [19].
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Because of its founding multidisciplinary, many competences are involved in the ISOLPHARM
project [20]. Nuclear physics studies on the expected nuclear reactions, material science and
engineering developments of the desired production targets, accelerators physics as well as
mechanical implementation of the beam lines are essential ingredients for the RIBs production.
Afterwards, for the collection of such RIBs on the deposition targets and the subsequent desired
isotopes harvesting, chemical and pharmaceutical developments are required. Subsequently,
pharmaceutical studies are necessary for the radiolabelling of biological vectors for the
production of a radiopharmaceutical, aiming to the optimization of the ligands characteristics
to improve the diagnostic and therapeutic features. Finally, biological studies aiming to verify
the receptor-affinity and the cell internalization, measure the pharmacokinetic properties and
minimize the side effects are part of the development of a radiopharmaceutical.

In this work the potential use of the SPES ISOL facility under construction at LNL for the
production of medical radionuclides is presented into detail.

Chapter 1 presents the current state-of-art of the medical application of radionuclides, along
with the conventional production routines. In particular, SPECT (Single Photon Emission
Computed Tomography) [21] and PET (Positron Emission Tomography) [22] are the main
diagnostic medical procedures involving radiopharmaceuticals, whereas Targeted Radionuclide
Therapy (TRT) [23] is regarded as the most promising therapeutic application. Concerning the
radionuclides production procedures, the routinely used methods are the production in nuclear
reactors, especially for therapeutic radioisotopes, the accelerator- based techniques, used
mainly in Small Medical Cyclotrons (SME) for the production of diagnostic nuclides, and the
extraction from generators, that exploit the decay of a long-lived parent nucleus.

Along these conventional techniques, together with the increasing interest in emerging
radionuclides, other unconventional methods are being explored. Such approaches, based on
the electromagnetic mass separations for the achievement of a carrier-free production, are being
developed at CERN, where the newly built MEDICIS facility [24] has been operating as a spin-
off of ISOLDE [25], and at LNL-INFN, where the SPES-ISOLPHARM project is being studied.
Chapter 2 is devoted in particular to the detailed description of the SPES facility and the
innovative patented ISOLPHARM project. Since according to the ISOLPHARM method al
large variety of nuclides is easily producible in carrier-free form, a new generation of
radiopharmaceuticals can be developed, by employing nuclides that were less studied, since
conventional techniques were not capable to provide them with reasonable radionuclidic purity.
That is the case of ''' Ag, a promising therapeutic nuclide. In such framework, the collaboration
project ISOLPHARM_ Ag is aimed to evaluate the feasibility of radiopharmaceutical labelled

with such radiometal, considering both the estimation of the producible amounts at SPES and
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the design of proper pharmaceutical compounds for its administration. In particular, regarding
the achievable production of '''Ag, a feasibility study was performed and is summarized in
chapter 3. Indeed, such nuclide can be produced with the SPES multi-foil UCx target, and Monte
Carlo simulations were used to calculate the in-target yields. Furthermore, as foreseen by the
ISOLPHARM technique, the capability of SPES technologies to extract, transport and collect
1A g had to be carefully evaluated, thus offline tests performing the ionization and collection
of stable Silver beams were performed.

Among the other radionuclides of medical interest that could be produced with the ISOL
technique, ®*Cu and ®’Cu are a promising theranostic pair [26], being the first suitable for PET
applications and the latter a promising therapeutic nuclide, whose production with conventional
techniques is extremely challenging. Therefore, as reported in chapter 4, a preliminary study
was performed to evaluate its feasibility at ISOLPHARM [27]. In particular, ZrGe was
proposed as ISOL target material, and the expected yields were calculated with Monte Carlo
codes. Given the lack of reference experimental data for the nuclear reactions "Ge(p,X)**Cu
and "Ge(p,X)%Cu, various models were considered to evaluate the reliability of the calculated
yields. Furthermore, the feasibility foresaw also the ionization and collection of stable Copper
beams with the SPES technology, to evaluate the efficiency of such processes, as done for
Silver.

Chapter 5 was focused on the evaluation of the possibility to produce with ISOLPHARM the
theranostic pair **Sc, 4’Sc [14] for which difficulties to develop an accelerator-based production
were highlighted. In such case Titanium Carbide or Titanium Boride were proposed as target,
and the production yields were calculated with Monte Carlo simulations. Very preliminary
ionization tests with stable Scandium were also performed.

In addition to the already presented nuclides, among the radiolanthandes a unique quadruplet
of Terbium radionuclides, namely *'Tb, '>>Tb, !Tb and '®!Tb are extremely interesting and
were tested in vivo with promising results [28]. However, with exception of the latter, their
production with traditional techniques is not feasible. Thus, as reported in chapter 6, a
preliminary study for the ISOLPHARM production of '*°Tb, 1>Tb and '*>Tb from a Gadolinium
Boride target was performed. As in the other cases, Monte Carlo simulations were used to
estimate the in-target yields and the capability to ionize stable Terbium with the SPES
technologies was tested.

The ISOL technique is a complex method, as declared in chapter 7. Indeed, the desired nuclides
are firstly generated in target through nuclear reactions induced by the primary beam,
subsequently they diffuse through the target material and then effuse in vacuum towards the ion

source. There they are ionized, extracted and then mass separated, and finally transported as a
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beam to the desired experimental hall. Whereas the yields are normally calculated with
dedicated Monte Carlo codes, and the ionization and transport of the desired nuclides can be
evaluated with offline test with their stable counterparts, the diffusion and effusion processes,
namely the release, are difficult to predict. Thus, a complex model with Geant4 [29] was
developed with the aim to estimate the release efficiency, and first run were performed.
However, being computing intensive, an adequate IT infrastructure was developed for it in
CloudVeneto, a Cloud service of the IaaS (Infrastructure as a Service) family owned by INFN
and UNIPD.

Finally, appendix A includes a list of the ISOL nuclides of possible medical interest, appendix
B describes the apparatus developed for the collection targets for ISOLPHARM, whereas
appendix C provides more detail on the numerical study of the cross sections for the

2t Ge(p,X)**Cu and "Ge(p,X)®’Cu reactions.
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Chapter 1

Radionuclide production for
applications in nuclear medicine
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“For extreme diseases, extreme methods of cure, as to restriction, are most suitable.”

Hippocrates of Kos (Greek medic, c. 460 — c. 370 BC), Aphorisms, 1, 6

1.1 Introduction

The accidental discovery of radiography, performed in 1895 by the German scientist Wilhelm
Conrad Rontgen [1.1], is nowadays considered a turning point for the modern medical
procedures. Indeed, thanks to such invention it was possible for the first time to visually inspect
interior organs, thus providing fundamental information for the choice of the most suitable
treatment. Such discovery rapidly spread out worldwide and several medical radiographs had
been made in Europe and the United States, which were used by surgeons to guide them in their
work, thus representing the first application of radiation in medical procedures.

In the 20" century subsequent discoveries led to a better comprehension of radioactive
phenomena, since the different radiation types were identified, and radioactive decay models
were theorized and experimentally verified. Furthermore, the discovery of a wide range
unstable nuclei and the invention of technologies for their artificial production further promoted
and boosted new lines of research in many fields of science. Marie Sklodowska Curie, for
example, was one of the first promoters of the medical application of unstable nuclei. Indeed,
she encouraged the administration of drugs based on radioactive radium, discovered by herself
and her husband Pierre Curie in 1898, to improve the health status in case of in case a wide
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range of ailments, including nervous illnesses. She also observed the benefits of radium salts
based treatments in case of various cancerous diseases [1.2], thus preparing the ground for
modern nuclear medicine procedures.

Nowadays nuclear medicine is a fundamental branch of medicine, with significant applications
in both diagnosis and treatment of tumor diseases. In such framework, radiopharmaceuticals
are one of the fundamental tool for nuclear medicine procedures. Indeed, such unique medicinal
formulations containing radionuclides are nowadays used in various clinical areas for diagnosis
and/or therapy, thanks to their capability to selectively accumulates into a target tissue allowing
either a precise imaging or a focalized treatment.

The production of radioisotopes, which are the radioactive “core” of radiophanrmaceuticals, is
a very crucial step, since it can affect the quality of the radiopharmaceutical, and consequently
the efficacy of the diagnosis and/or treatment.

In the following chapter radiopharmaceuticals are presented in detail along with the state-of-art

of the main production routes of medical isotopes.

1.2 Radiopharmaceuticals: radionuclides for diagnosis and therapy

As previously introduced, radiopharmaceuticals are a type of pharmaceutical drugs, which
include a radiometal, whose emitted radiation can be exploited for diagnostic and therapeutic
purposes. Typically, the structure of a radiopharmaceutical includes three functional
components, a chelator, a linker and a targeting agent, as schematized as showed in figure 1.1.
The chelator is a molecule capable of carrying the selected radioisotope, usually a metal, thanks
to coordination bonds. Such bonds have to be stable after administration, in order to avoid the
so-called transchelation phenomenon, meaning that the nuclide is released and substituted by
other ions normally present in human body, thus affecting the efficacy of the drug since
radiation is not delivered to the disease site. The linker is a molecule capable to bind the chelator
with the targeting agent. It is called also spacer because it acts as separation between the latter
two, avoiding their reciprocal influence that might affect their effective in-vivo behaviour.

The targeting agent is a molecule developed to interact with the cancer cells according to the
lock and key model [1.3], meaning that it is selectively recognized by specific cellular receptors,
normally present on the cellular membrane and over expressed only by disease cells. Since such
cellular target might be easily saturated, the effectiveness of the radiolabelling of the
radiopharmaceutical can significantly affect the efficacy of the diagnosis or treatment. The

radiolabelling of the drug molecules is more efficient if highly pure radionuclides are used.
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Cancer target Linker/spacer
Better if overexpressed to bind the targeting
by cancer cells agent and the chelator

Radioisotope
May be a diagnostic
isotope for imaging
and/or a therapeutic
isotope for treatment

Targeting agent
A small molecule or a
biologic agent (antibody)

Chelator
Molecule carrying the
radioisotope

Figure 1.1: Schematic representation of a radiopharmaceutical according to the lock and key model

Generally, the medical radionuclides should meet specific requirements to be clinically

employed [1.4]:

e Suitable physical properties for its application in terms of half-life (ti2), decay mode,
emission energy;

e Suitable chemical properties for labelling processes, with high radiochemical yields;

e Acceptable dose delivered to the patient, considering the needed image quality or
therapeutic effect;

e A reasonable price.

In addition to such requirements, high quality nuclides are the most desirable

radiopharmaceutical precursors. For such reason, the quality of the radionuclides is normally

evaluated by means two properties: the specific activity and the radionuclidic purity.

The specific activity of a radioisotope is defined as the ratio between the activity of the

radioisotope (MBq) and the mass of the element (mg). Such concept important, since the

radionuclide of interest might be diluted by mixtures of other “cold” isotopes of the same

element often, coming from the adopted production routine, and, being stable, do not exert any

effect. Radioisotopes with high specific activities are referred as “carrier-free” and are

fundamental for radiolabeling of ligands that target easily saturable tumor markers on cells.

Differently, those diluted by cold mixtures of the same element are defined as “carrier-added”,

and have low specific activity.

The second essential parameter to control the quality of the radiopharmaceutical is the

radionuclidic (defined also as radioisotopic) purity. It is defined as the ratio between the activity

of the desired radionuclide and total activity of a radioactive compound, and thus it is referred

to the presence of other radioactive species within the pharmaceutical preparation. A compound

has absolute radionuclidic purity if it contains no radionuclide other than the one of interest.
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In the following paragraphs the diagnostic and therapeutic use of radiopharmacuticals will be

discussed in detail.

1.2.1 The diagnostic applications of radiopharmaceuticals: SPECT and
PET

The most common diagnostic applications of radiopharmaceutical compounds are the Single-
Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET).
Such diagnostic procedures are fundamental tools not only for early diagnosis but also for
prognosis and monitoring of progress, regression or stagnation of a certain disease upon
application of a particular therapy [1.5].

SPECT has been available since 1980, and is currently widely employed for detecting molecular
changes in cardiovascular, neurological and oncological diseases [1.6]. Furthermore, the
interest in SPECT has currently grown, since advances in the detectors technologies allow to
increase the accuracy of the obtained images.

The SPECT imaging technique requires the delivery to the patient of a y emitter nuclide, in the
form of a biomolecule or a radiopharmaceutical, normally through the injection into the
bloodstream. The out-coming radiation is successively detected through SPECT-cameras (large
scintillation crystals connected to Photo-Multiplier Tubes, PMTs), and the resulting signals are
further elaborated thus obtaining a 3D image of the distribution of the radionuclide within the
patient body [1.6].

Generally, the suitable nuclides are selected according to their half-lives and radiation
properties, and the ideal radiation energy range should be chosen according to the application.
As general principle, the y ray energy should be high enough to emerge from the patient’s body
but low enough to be fully absorbed by medium-size crystals, whereas the radiation intensity
should be as high as acceptable in order to increase the imaging accuracy. In addition, the
nuclides that emit exclusively radiation within the application range are strongly recommended,
in order to reduce the dose delivered to patients.

SPECT-cameras are normally provided with collimators, that selectively absorb almost all y
rays coming from any direction different than the chosen one. Such filtering of the out-coming
radiation is indeed necessary to allow the reconstruction the spatial distribution of the injected
radiopharmaceutical. By acquiring many views of patients from different angles, it is then
possible to reconstruct the complete 3D distribution of the employed radionuclide.

The speed of acquisition may have an important effect on the quality of the resulting image:
indeed, the unavoidable motion of the patient himself or of his organs influences the
effectiveness of the merging of scans from different angles. In some cases, in order to increase
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the speed of acquisition, multi-headed cameras are used, thus partially attenuating the
aforementioned problem.

An additional recent improvement, is the fusion of CT (Computed Tomography) with SPECT,
allowing thus to combine the functional information of the cellular metabolism coming from
SPECT with the tissues and organs morphological information coming from CT [1.6].
Furthermore, the recent advances in collimator design and in the software and reconstruction
algorithms, together with the replacement of the sodium iodine (Nal) crystals with the more
effective cadmium zinc telluride (CZT) detectors, confirmed SPECT as a fundamental

technology in diagnosis procedures [1.6].

Single-Photon Emission Computed Tomography (SPECT)

Radioisotope decay Detector
By emission of y radiation Scintillation crystals connected
to Photo-Multiplier Tubes

Collimator
Selectively absorbs radiation
from an unwanted direction

i " yradiation

Figure 1.2: schematic principle of SPECT

The SPECT commonly used radiotracers have relatively long half-lives from a few hours to a
few days (*™Tc Ti2= 6.0 h; "'In T12=67.3 h; '2*I T12 = 13.3 h; °!'T1 T12 = 72.9 h) and their
employment can be adapted to the specific application being investigated. However, *™Tc is
still the most commonly used SPECT radionuclide [1.7], employed for approximately 30
million diagnostic procedures worldwide each year [1.8]. Indeed, it emits mostly 140.511 keV
photons (I = 89%), thus in the ideal energy range, and causing the least dose to the patients. In
addition, the use of the ®Mo/**™T¢ generator systems makes it available even in structures not
equipped with a nuclide production facility and the versatile complex formation chemistry of
Technetium allowed the development of various different compounds, thus targeting almost all
the major body organs like brain, liver, bone, lungs, kidney, heart.

PET applications foresee the exclusive employment of radiopharmaceuticals labelled with a -
emitter. The emitted " particle is indeed unstable and annihilates with an electron in few
millimeters from the emission point, generating two quasi-opposite 511 keV -rays. PET

cameras working principle is similar to SPECT; but in such case the PMTs are not equipped
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with collimators, since the detection in coincidence of both -rays simply define their Line Of
Response (LOR). Indeed, all signals not having an opposite counterpart are neglected when the
PET image is reconstructed by the software.

Positron Emission Tomography (PET)

Detectors
Scintillation crystals connected
to Photo-Multiplier Tubes

e
\\ e 3
,\,(S()‘:\‘la p
0% -
=
B+
particle 511 keV

Nucleus

Radioisotope decay
By emission of B~ particle

511 keV y radiation 3\/ l \

Figure 1.3: schematic principle of PET

The most used nuclide for PET applications is *F (T12 = 109.77 min), normally produced in
small size hospital cyclotrons. The use of PET was indeed boosted in the mid-1970s with the
development of '*F-deoxyglucose (FDG), allowing the generation excellent quality PET images
of the brain, the heart and tumours [1.9]. Anyway, in addition to '8F, many other radionuclides
are nowadays used in PET, such as ''C (T12 = 20.334 m), >N (T12 = 9.965 m) and 68Ga (T1.2
=67.71 m), as well as other non-standard positron emitters, under development [1.10, 1.11].
As in the case of SPECT/CT, even for PET combined imaging methods were developed, in
particular PET/CT and PET/MRI (Magnetic Resonance Imaging). Such solutions allowed to
significantly improve the quality of PET images, since the functional PET information is
merged and compared to the anatomical image. In particular, for oncology applications,
PET/CT has completely replaced PET, whereas clinical applications of PET/MRI are currently
under development, since such technology is not yet fully mature [1.12].

Thanks to the very high sensitivity of modern SPECT and PET cameras, diagnostic procedures
require an extremely small amounts of radiopharmaceuticals to be injected in a living organism.
However, since the resolution of these cameras is in the range of mm, the accuracy of the
functional image is limited. As a general consideration PET, that relies on a monochromatic
radiation, allows better quantification than SPECT, that has some limitation in resolution linked

to the strong attenuation of the 140 keV -line and to the collimator size.
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Research towards the physically possible limits for scintillation cameras can overcome the
limitations in resolution of current devices, and ensure a constant improvement. However, in
case of PET the achievable spatial resolution is limited by the fact that the B* particle

annihilation occurs in about few millimeters around the emission point.

1.2.2 The therapeutic application of radiopharmaceuticals: Targeted

Radionuclide Therapy and Theranostics

Various therapeutic strategies involve the use of radiation, either administrated from external
sources, or delivered internally into the human body by inserting radionuclides.

Radiation therapy, in example, can be performed thanks to the irradiation of the targeted organ
with electron beams [1.13], x-rays and y-rays from radioactive sources (such as °Co) [1.14],
high-energy y-rays from accelerators or hadrons as neutron, protons and heavy ions (in such
case the treatment is referred as hadron therapy) [1.15]. In the case of brachytherapy, instead, a
liquid (conglomerates or colloids) or solid (as seeds) radiation source is surgically inserted
directly into the targeted organ, and is left in the patient’s body in order to exert the desired
therapeutic effect [1.16].

The less invasive and one of the most promising therapeutic application of radiation is the
Targeted Radionuclide Therapy (TRT) [1.17], that consists in the selective delivery of a
radionuclide in proximity of a certain tumor, performed thanks to a biological vector, thus a
radiopharmaceutical. The transported radionuclide emits energetic particles (o, = or Auger
electrons) towards the targeted cell, inducing damage, thus, ideally, TRT delivers a high amount
of radiation dose selectively to cancer cells, sparing therefore other healthy tissues.

Depending on the size, type and position of the tumor, the radionuclide used in TRT has to be
chosen considering both its half-life, that has to be compatible with the biological half-life of
the chosen vector, and its emitted radiation. As an example, nuclides that decay emitting [~
particles with energies up to 1 MeV, are suitable to treat macro-clusters cells, since such
radiation is dissipated over 1 to 10 mm, having low Linear Energy Transfer (the cross-fire effect
is often exploited, to damage the less accessible core of the cancerous cluster) [1.18], whereas,
up to 6 MeV energy a particles emitters are more appropriate for isolated metastatic cells or
micro-clusters, since such radiation has high Linear Energy Transfer (LET) and is absorbed
within 0.1 mm [1.19]. Finally, Auger electron emitters are generally used to label molecules,
such as monoclonal antibodies, that are internalized by tumor cells, where the emitted low-
energy electrons can reach the nuclear DNA of the only hosting cell, thus sparing the

surrounding healthy tissues, thanks to their very short path length [1.20].
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As the integration of therapy and diagnosis, theranostics is an evolving new approach, with
potentiality to increase the efficacy of the treatment. Indeed, it foresees the use of the same bio-
vector, labelled either with a nuclide, such as ’Cu, that emits radiation both suitable for therapy
(such as a or B~ particles) and diagnostics (as y radiation), or with pairs of isotopes of the same
element, such as **Sc/*’Sc, %*Cu/%’Cu, >*I/"3'I, being the first one suitable for diagnostics
applications and the second one adapt for therapy, but sharing the same chemical properties
[1.21]. In such way it is possible to perform preliminary dosimetry studies, to evaluate in
advance the patient response by observing the bio-distribution of the selected targeting agent

and finally monitor the efficacy of the treatment.

1.2.3 Commonly used radionuclides in nuclear medicine

As already introduced, some radionuclides have interesting decay and chemical properties that
make them suitable either for diagnostics or therapy.

Regarding the diagnostic applications, the fundamental principle is that the radiation dose to
the patient has to be as low as possible, compatible with the required quality of imaging and the
diagnostic advantage in comparison to other non-radioactive methods. In addition, nuclides
with half-life of order of magnitude of hours are generally preferred.

Considering such requirements, the most used nuclei in Single Photon Emission Computed
Tomography (SPECT), are the y-ray emitting **™Tc (T12= 6.0 h), '2°I (T12 = 13.2 h) and %' TI
(T12=3.06 d) [1.22]. In Positron Emission Tomography (PET), on the other hand, short-lived
B*-emitting radionuclides find often application, and among those ''C (Ti2 = 20.4 min), *N
(Ti2 = 10.0 min), O (T12 = 2.0 min), F (T12= 110 min), ®Ga (T12 = 68.3 min) and 3’Rb
(T12 = 1.3 min) are the most common, with are either in-situ produced or available through the
generator system. [1.23]

Regarding therapeutic applications, the variety of commonly used radionuclides is wider. In
particular, as already clarified, radionuclides emitting low-range highly-ionising radiation, such
as o or f~ particles, conversion and/or Auger electrons, are mostly used, since the radiation dose
has to be localised and limited to the malignant or inflammatory tissue. The half-life of such
nuclides is generally longer, coherently to the biological half-life of the employed targeting
agent. Among the B~ emitters, the most commonly used radionuclides **P (Ti2 = 14.3 days),
88Sr (Ti2 = 50.5 days), *°Y (T2 = 2.7 days), ' (Ti2= 8.0 d), 33Sm (Ti2 = 1.9 d), Er (T112
= 9.4 d), ""Lu (Ti2 = 6.7 days) and '®¥Re (Ti2 = 17.0 h) [23]. Regarding a-emitting
radionuclides, several nuclei are in development phase, anyway existing radiopharmaceuticals
with 2!''At (T12 = 7.2 h) and ?**Ra (Ti2 = 11.4 days) are currently used. Concerning Auger
electron and X-ray emitters, at the moment only %I (Ti2 = 59.4 days) and '®Pd (Ti2 = 17.0
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days) are widely used, whereas the radionuclide '*'Cs (T12=9.7 days) is also finding increasing

application [1.23].

1.2.4 Emerging radionuclides for a potential medical application

In order to expand the medical radionuclides availability and variety, recent research has been
carried out mainly in two directions [1.23]:

e Development of novel positron emitters

e Development of novel highly-ionising radiation emitters for internal radiotherapy

The need of novel non-standard positron emitters is indeed related the growing significance of
PET in diagnostic nuclear medicine, especially for studying slow metabolic processes and for
quantification of targeted therapy, thus in the framework of theranostics.

In such framework, in example, B* emission intensities were accurately determined for '2°I (T1/2
= 81.6 min) [1.24], '**I (T12 = 4.18 days) [1.25], ®*Cu (T12 = 12.7 h) and "*Br (T12 = 16.0 h)
[1.26], and several other nuclides, listed in table 1.1, [1.23].

Table 1.1: Some novel positron emitters for medical applications [1.23]

Radionuclide (T,) Major production route Energy range (MeV) Application®

*Co (17.6 h) TNi(p,o) 157 Tumor imaging; neuronal Ca marker
*Fe(d.n) 10 -5

“Cu (33 h) SINi(p.n) 1557 Immuno-PET
S Zn(p.o) 18 — 11

%4Cu (12.7 h) qul(p.ﬂ) 14 -9 Radioimmunotherapy

“Ga (9.4 h) S6Zn(p.n) 13 -8 Quantification of SPECT-pharmaceuticals

T2A5 (26.0 h) " Ge(p.xn) 18 - 8 Tumour imaging; immuno-PET

T*Br (16.0 h) TE'Sc(p.n) 15 -8 Radioimmunotherapy

52Rb (6.2 h) 52Ki(p.n) 14 - 10 Cardiology

86y (14.7 h) Sr(p.n) 14 - 10 Therapy planning

897r (784 h) y(p.n) 14 - 10 Immuno-PET

S4mre (0.87 h) "MMnlp.nJ 13 - 8 Quantification of SPECT-pharmaceuticals

120 (1.3 h) lz(}'TC(p.ﬂJ 135 - 12 lodopharmaceuticals

' (4.18 d) 124Te(p.n) 12 -8 Tumour targeting: dosimetry

Produced at a small cyclotron (E < 20 MeV) using mostly highly-enriched target material

“ Each application involves PET imaging

In addition, ongoing research is focussed on several other potentially useful positron emitting
radionuclides, such as **Sc (T12 = 3.9 h), *Ti (T12 = 3.1 h), producible with cyclotrons with
energy up to 20 MeV, or Fe (Ti2 = 8.3 h), *Se (T12=7.1 h), 7Kr (T12 = 1.2 h) and ¥*Sr (T12
=32.4 h), that demand a high intensity cyclotron or accelerator to be produced.

Regarding the potentially interesting therapeutic radionuclides, their number is very large [1.7].
However, as mentioned above, recent research is focussed mainly on low-range but highly-
ionising radiation emitters. Table 1.2 summarizes some example of novel interesting medical

nuclides for Targeted Radionuclide Therapy.
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Table 1.2: Some important emerging therapeutic radionuclides and their related decay characteristics [1.23]

Radionuclide T (days) Radiation of End point
interest (%) energy (keV)

¥Ch 258 B (100) 577

'"Re 3.78 B~ (92.2) 1.070

D Ac 10.00 o (100) 5.830

timen 1361 IT (100) 161
Conversion electrons

Ry 433 IT (100) 135
Auger electrons

e 402 IT (100) 130

Auger electrons

Among the presented nuclides, °’Cu (T2 = 2.58 days) is gaining increasing significance as a
theranostic pair of the B emitter **Cu, and several production routines are being investigated
[1.27, 1.28]. '8Re (T12 = 3.78 days) [1.29] is attractive for internal radiotherapy since the
chemistry of Rhenium is similar to that of Technetium and since a large number of Tc-
compounds are already used in nuclear medicine. Great attention is paid also one o- emitter
nuclides, in particular on ***Ac (T12 = 10.00 days), that is useful both in itself and as a generator
for 21*Bi (T12 = 46 min; Ea = 5900 keV) [1.30].

H7mSn (T12=13.61 days) is a low-lying isomeric state of the stable ''’Sn that decays by heavily
converted isomeric transition to the ground state. Thus, it emits conversion electrons with
energies about 160 keV, that are ideally suitable for therapeutic applications. Because of such
interesting characteristics. such nuclide has been studied for more than three decades [1.23].
Finally, '*™Pt (T12 = 4.33 days) and '*>™Pt (T12 = 4.02 days) are isomeric counterparts of the
very long lived Pt (T12 = 50 years) and the stable '°°Pt, respectively, and are pure X-ray and
Auger electron emitters. For such nuclei, each decay leads to more than 30 secondary electrons,
with energies ranging between 10 and 130 keV, thus extremely interesting for Auger therapy.
In addition, Platinum based complexes have been developed and used as proficient anti-tumour
agents for a long time [1.31]. However, the remarkable drawback so far, is their limited
availability and the difficulties in increasing their specific activity to acceptable levels.

As general consideration, many other nuclides have the potentiality to become proficient tools
for labelling new generation radiopharmaceuticals, however their further study and widespread
is limited by the lack of suitable production routines, able to ensure both quantity in terms of
available activities to the end users, and quality, in terms of radionuclidic purity, at a reasonable

price. For some of the listed nuclides, a remarkable research effort is nowadays focussed on the
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investigation of the most proficient nuclear reactions having them as product, as well as on the

discovery of new production approaches.

1.3 Medical nuclides production techniques

The production of radionuclides, as the radioactive “core” of radiopharmaceuticals, is a very
crucial step. Indeed, when evaluating the capability to produce radionuclides for nuclear medicine,
not only the producible amount should be considered, but also remarkable attention should be paid
to the specific activity and the radionuclidic purity. Therefore, the choice of the production
technique has to deal with all these aspects.

Conventional nuclide production routines foresee the exploitation of opportune nuclear reactions,

either neutron or light’/heavy ions induced, in nuclear reactors and accelerator facilities,

respectively.

Table 1.3: Overview of the conventional medical nuclides production techniques [1.4]

Nuclear Reactors

Generators

Cyclotrons

Principle of
production

Transmutation
base

Advantages

Disadvantages

Farget material inserted in
the neutron flux field
undergoes fission or neutron
activation transmuting into
radionuclide of interest

Neutrons

- Production of neutron rich
radionuclides, mostly for
therapeutic use

- High production effidency

- Centralized production: one
research reactor able to
supply to large regions or
in some cases globally

- Extremnely high investrment

Long-ived parent radionuclide
decays to shornt-lived daughter

nuclide of interest. Daughter
nudide elution follows in
pre-determined cycles

Decay

- Awvailable on site, no need
for logistics

- Mostly long shelf life

- Easy to use

- Limited radioactive waste:
retumed to manufacturer
after use

Supplies in cycles according

Target material irradiation by
charged particle beams.
Induging nuclear reactions
that transmute the material
into radionuclide of interest

p d, t, “He, a or heavy ion
bearns

- Production of proton rich
elements used as B*
ernitters for PET scans
Decentralized production
allows for back-up chains
- High uptime

High specific activity in
Most cases

Srmall investment in
comparison to nuclear
reactor

Little long-ived radicactive
waste

Regional network of

to possible elution frequency;
in-house use must be timed

cost cvclotrons and complex

- High operational costs

Considerable amounts of

long-lived radicactive waste

- Long out-of-service periods

- Trouble to back-up in case
of unforeseen downtime

- Dermanding logistics, often
invelving air transport

- Public safety concerns

- Non-proliferation treaty
COnCerns

accordingly

- Trace contaminants of
long-lived parent nuclide in
eluted product

legistics needed for
short-lived produced
radionuclides
Radicnuclide production
limited depending on
installed beam energy
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In addition to the reactor- and accelerator- based techniques, generators can be considered as a third
approach for radioisotopes production, particularly used and advantageous for short-lived isotopes.
Table 1.3 summarizes the main features of the three aforementioned techniques, highlighting also
the related advantages and disadvantages.

As general consideration, normally accelerator based techniques are suitable for the production
of diagnostic nuclides, whereas nuclear reactors are more adapt for therapeutic nuclides,
however there are many exceptions. Indeed, for example, there are also diagnostic radionuclides
that are normally produced in reactors, as shown in figure 1.4. In addition, as highlighted in

figure 1.4, there are also nuclides that are produced with similar results with both techniques.

Produced in
cyclotrons

Produced in
reactors

Classical radionuclides

O Also used as therapeutic agent

Usad as parent nuclide in generators

O Other novel radionuclides

Figure 1.4: Summary of diagnostic radionuclides grouped according to their possible production techniques
[1.4]

In the next paragraphs the three state-of-art approaches are presented in detail.

1.3.1 Nuclides production in nuclear reactors

Nuclear reactors are the main facilities where, through neutron induced reactions, a large variety
of B~ emitting radionuclides are produced, primarily for Targeted Radionuclide Therapy [1.32].
At such facilities, either stable targets are inserted in neutron fluxes and neutron-rich
radionuclides, close to stability valley, are generated, or fissile targets irradiated and undergo
fission.

Due to the high installation costs, the number of reactors devoted to the production of medical
radionuclides is globally limited, but nuclear reactors facilities are generally large, and capable

anyway of supplying the demand of entire regions, since the produced amounts are generally
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very high. In table 1.4 the main research reactors involved in the production of medical

radionuclides are listed [1.32].

Table 1.4: Main research reactors involved in the production of medical radionuclides [32]

Start of Expected Max thermal Operating days
operation shut-down neutron flux par year
le+1d nfem”.5]
300

MNRU Canada

LVR-15 Czech Rep 1957

HFR Netherands 1961 ZCIIE 45 3 280
BR2 Belgium 1961 2020 120 10 140
SM-3 Russia 1961 7 100 30 7
SAFARI South Africa 1965 2020 20 3 300
HFIR United States 1965 ? 100 20 170
OSIRIS Franca 1966 2015 70 Z 180
MURR United States ‘1968 2028 10 q 300
MARIA Poland 1974 T 3o 4 240
HAMARD Rep Kaorea 1995 7 an a 220
FRM-II Germany 2004 ? 20 2 240
OPAL Australia 2008 ? 20 3 300

The achievable specific activity (S) of the produced radionuclides, if we consider a one-step

transmutation reaction, can be calculated according to the equation 1.1:

NA In (2) tirr)

S=—a<p(1—exp<
A T1/2

(1.1)
where N4 is the Avogadro constant, 4 is the atomic mass, ¢ is the reaction cross-section, ¢ is
the neutron flux density and ¢ is the irradiation time. As highlighted by equation 1.1, the
achievable specific activity is directly proportional to both the neutron flux (¢) and the cross
section (o), thus high values of such parameters are fundamental, to convert a high fraction of
the stable target into the desired radioisotope. Few radionuclides are produced with appreciable
levels of specific activities with this reaction (°°Co, '3Sm, '°Yb, and '""Lu) [1.33]. Such
drawback can be mitigated by the employment of isotopically enriched targets, but such
solution may be very expensive and complex, causing an increase in the production costs.

On the other hand, neutron capture reactions allow the production of carrier-free radionuclides
if the desired radionuclide is the “daughter” of the reaction product. Indeed, the desired nuclide
is chemically different from the target material and therefore can be selectively harvested with
a chemical purification process. In addition, if the “mother” nuclide is short-lived, then a single
purification step is performed because it quickly decays. In case of longer half-lives the
“mother” nuclide can be exploited as generator parent nuclide.

As final consideration, as highlighted in table 1.4, most of the existing reactors devoted to the
production of medical nuclides were opened more than 50 years ago, and are consequently
undergoing aging. The closure of some of them is indeed foreseen both for obsolescence and
for economic and political reasons, and other accelerator-based approaches are being

investigated to prevent the shortage of the nuclides normally produced are such facilities [1.32].
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1.3.2 Accelerator-based production

Accelerator-based production of medical nuclides foresees the irradiation of solid, liquid or
gaseous targets with a beam of light ionized particles, such as protons, deuterons and alphas, or
heavy ions. The most diffused accelerators used for nuclear medicine are cyclotrons, and are
mainly employed for the production of imaging nuclides (PET and SPECT).

As highlighted in table 1.5, medical cyclotrons can be divided in types according to the
available projectile energy. The most common are Small Medical Cyclotron (SMC) with
projectile energies up to 20 MeV. Large hospitals with PET scanners may be equipped with a
SMC, devoted to the production via proton induced direct reaction of short-lived standard
radionuclides for PET studies, such as '8F [1.4]. Cyclotrons delivering protons of an energy
between 20 and 35 MeV are considered intermediate energy cyclotrons or medium cyclotrons,
and are normally accelerating protons or deuterons (very few of them offer a a beam). They are
normally found in major commercial plants or research institutes, and are used to produce
classical SPECT or novel PET radionuclide as well as generator parent nuclides. Finally, high
energy cyclotrons with beam energy above 35 MeV are found in large research institutes and
can provide beam of wide variety of particles, from protons to heavy ions. Such machines can
be used to produce unique novel radionuclides for both diagnosis and therapy, as well as
generators parent nuclides. In particular, in case very high projectile energies are achievable,
spallation reactions may be induced, thus producing radionuclides far from the stable isotopes

of the target material.

Table 1.5: Overview of the cyclotron types [1.4]

Cyclotron type Energy Range (MeV) Approximate number l'ypical location
Small medical oyclotron (SMO) < 20 MeV 1050 - haspitals
- Universities
- local commercial plants
Intermediate energy cyclotron 20-35 MeV 100 - regional commercial
plants

- research institutes
High energy cyclotron > 35 MeV 50F - research institutes
cancer proton therapy
centers

“Excluding proton therapy cyclotrons
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1.3.3 Generator-based production

When feasible, the use of generators as medical nuclide sources is the most efficient solution,
since it combines the need of short-lived radioisotopes for imaging with the logistic issues.
Indeed, hospitals and research institutes not equipped with an in-house production facility, such
as SMC, can purchase generators to meet their needs.

Generator systems exploit a long-lived radionuclide, called “mother” or “parent”, that decays
to the daughter radionuclide, which is eluted (milked) just before the use [1.34]. The milked
product is generally a carrier-free high specific activity solution, and generators can be milked
various times before depletion of the parent nuclide load. A successful example is the
PMo/”™Tc¢ generator, which enabled the widespread use of *™Tc¢, probably the most successful
SPECT radioisotope [1.35].

The drawback of generators is that the parent nuclide is often a more exotic radionuclide, whose
production, performed with reactor- or accelerator-based approaches, could require more
efforts. In addition, the degradation of the substrate trapping the parent nuclide could lead to

the unwanted release of traces of contaminants in the milked solution.

1.4 Unconventional production techniques based on Mass

Separation

The challenges for the innovation in the production of medical radionuclides concern not only
the discovery of novel nuclei, never or less studied before, but also the advances on the
production techniques, especially considering that shut-down of some of the existing nuclear
reactors facility is planned. In this framework, research efforts are now focussed in the advance
of the accelerator-based production technologies, either studying new reactions and new target
concepts for the production of therapeutic nuclides [1.36], or exploring totally new techniques,
with a novel approach exploiting research accelerator technologies. Among those, mass
separation based methods are being studied and evaluated independently at CERN and at INFN-
LNL, where the MEDICIS facility [1.37] and the ISOLPHARM project [1.38], respectively,
are being developed. Both approaches foresee the performance of the extraction of the produced
nuclides as an ion beam, that is lately delivered to an analysing magnet, where the different
masses are deflected with different radii, according to their mass number. Thus, by intercepting
only the mass number corresponding to the isotope of interest, an extremely pure collection of
the desired nuclide is possible.

In the next paragraphs the two different methods are presented in detail.
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1.3.1 The MEDICIS facility at CERN-ISOLDE

From its very first operation, in 1967, the ISOLDE facility at CERN has been used to produce
a large assortment of radionuclides with its on-line mass separator, that were used for a broad
variety of applications, from fundamental to applied physics [1.39]. As one of its applications,
a small fraction of the beam time at ISOLDE was also reserved for the production of medical
nuclides [1.40], but no routinely availability for distribution and use was foreseen, thus the
potential use of the so-collected radionuclides was slowed down.

MEDICIS (MEDical Isotopes Collection from ISolde), a spin-off facility of ISOLDE (figure
1.5a), is specifically addressed to solve this issue. It is designed to operate parasitically
exploiting the ISOLDE proton beam time. Indeed, almost 85% of the 1.4 GeV proton beam
delivered onto the ISOLDE target, traverse it without any interaction and is lost in the beam
dump. Thus, by placing the MEDICIS target between the beam dump and the ISOLDE target
station, not only value is added to this lost beam, but also advantage is taken of the fact that a
large part of its characteristics remain intact (figure 1.5b) [1.37].

The parasitic mode of operation of MEDICIS will provide greater flexibility in the production

schedule and allow a wide variety of radionuclides to be available for medical applications.

Figure 1.5: The CERN-MEDICIS facility, close to ISOLDE facility (a) and overview of the irradiation point (b).

After irradiation, the MEDICIS target is automatically moved towards a newly installed off-
line mass separator for extraction and purification of the radionuclides of interest. There, the
target is heated up to 2300°C by Joule effect and the produced isotopes are thus released,
ionized, extracted into a beam and consequently mass separated with an opportune analysing
magnet. The extracted and purified beam is finally dumped on appropriate collection target,
that is lately chemically treated to recover the nuclides of interest [1.41].

MEDICIS has been commissioned in November/December 2017 and has started operation in
May of 2018. However, the facility was running with the standard ISOLDE target ovens which
are non-ideal. To run at full capacity, the development of the large tantalum was required, that

was also relevant and important for the upgrade of the current ISOLDE proton to neutron
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converter [1.42]. Thus a 50 mm diameter target oven was developed, and is currently under

testing phase (figure 1.6) [1.43].

P d

Figure 1.6: the new MEDICIS target oven with 50 mm diameter (a). A graphite foam thermal shielding was
added to increase the target temperature (b) [43]

The aim of MEDICIS is to produce collections of innovative radionuclides that are difficult to
produce by conventional techniques. In addition, the use of mass separation allows to achieve
high specific activity allowing a wide variety of applications for both imaging and therapy
protocols. Radionuclides will be available for hospitals and research centers and used for in
vitro and in vivo studies. Table 1.6 summarizes some of the nuclides of interest at MEDICIS
[1.44].

In order to support the launch of this facility, a Marie Curie innovative training network from

the H2020 framework program on the European Commission has started the MEDICIS-

PROMED.
Table 1.6: Overview of some of the MEDICIS producible radionuclides [1.43]

Element Radionuclide ~ Application Facilities needed for the production

Scandium  Sc-43 PET 12 - 30 MeV cyclotron
Sc-44 PET / 3y 12 - 30 MeV cyclotron
Sc-47 Therapy Reactor / 18 - 70 MeV cyclotron

Copper Cu-61 PET 15 MeV cyclotron
Cu-64 Therapy / PET 12 MeV cyclotron
Cu-67 Therapy / SPECT  Reactor / 70 MeV cyclotron

Arsenic As-T72 PET 70 MeV cyclotron, via Se-72
As-76 Therapy 18 MeV cyclotron

Terbium Tb-149 Therapy / PET High energy mass separator /70 MeV cyclotron
Tb-152 PET High energy mass separator / 15 - 70 MeV cyclotron
Tb-155 SPECT High energy mass separator / 15 - 70 MeV cyclotron
Tb-161 Therapy Reactor
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1.4.2 The ISOLPHARM project at INFN-LNL-SPES

At the Istituto Nazionale di Fisica Nucleare—Laboratori Nazionali di Legnaro
(INFN-LNL), a new facility, SPES (Selective Production of Exotic Species) is under
construction and will be able to produce radioactive ion beams of neutron-rich nuclei
with high purity and a mass range of 80—-160 amu. As one of its applications, the
ISOLPHARM project explores the feasibility of exploiting SPES technology to
produce high specific activity beta-emitting radionuclides as radiopharmaceutical
precursors. This technique is expected to produce radiopharmaceuticals that are
difficult to obtain in standard production facilities, with less environmental impact
than reactors, and less costs. The innovation of the ISOLPHARM method was
recognized and an international patent was deposed in Europe, USA and Canada
(INFN) [1.38].

According to the ISOLPHARM project (figure 1.7), the radionuclides of interest are
produced in a target from nuclear reactions induced by tens of MeV energy protons,
coming from SPES cyclotron. The Isotope Separation On Line (ISOL) technique is
adopted to extract a pure isobaric beam, that is lately collected on an adequate beam
trap. Isobaric contaminants in the collection may potentially affect radiochemical and
radionuclide purity, but proper methods to separate chemically different elements

can be developed [1.33].

Cyclotron: Radioactive lon Beam: Beam collection:
40-70 MeV, up to 700 pA products are extracted from deposition of the pure
the primary target, ionized and isobaric ion beam on an ion
accelerated beam trap
Proton beam
1+ . 00
& ® . i+ i
; 1+
of ‘
e . S
: i Chemical
Primary target: Mass separation: o
: . : purification:
nuclear reaction induced obtainment of an isobaric ion h | fid
by the primary proton beam of the desired mass cheniaa PIOCESETN 10

beam clear the desired
radionuclide from the

isobaric contaminants
Figure 1.7: overview of the ISOLPHARM characteristic method [33]
In addition to INFN-LNL several Italian institutions are involved in the ISOLPHAM local
collaboration network, in particular University of Padua (departments of Physics, Chemical

Sciences and Pharmaceutical Sciences), INFN section of Padua, TIFPA, as well as hospitals,

such as Sacro Cuore Hospital in Negrar (Verona), Acispedale S.Maria Nuova in Reggio Emilia
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and S. Giacomo Apostolo Hospital in Castelfranco Veneto (Treviso). International partners are
the Radioisotopes Centre POLATOM (Poland) and National Center for Scientific Research —
Demokritos (Greece), but both national and international networks are currently expanding and
new institutions are starting to participate in the collaboration.

A more detailed dissertation about both ISOLPARM and SPES will be presented on the next
chapter, together with a deeper focus on the ISOL technique fundaments adopted for the

production of Radioactive lon Beams.

1.5 Conclusions

In this chapter the potentialities both diagnostic and therapeutic applications of
radiopharmaceuticals were presented in detail, together with the state-of-art of the related
production techniques of medical nuclides. Indeed, existing solution showed promising results
in both imaging and cancer treatment, and promoted research in the field, in order to expand
the feasibility of the use of radiopharmaceuticals in various cancer diseases.

The emerging trend of theranostics, in particular, can increase the efficacy of the treatment,
since the same molecule is used for both imaging and therapy, thus its most probable bio-
distribution is known prior of the administration of the therapeutic dose.

However, such new approaches require to increase the availability of nuclides suitable for the
use in nuclear medicine, in terms of both producible amounts and variety. Thus the exploration
of the feasibility of new nuclides in ongoing in many research institutions, keeping into account
also that some of the existing nuclear reactors devoted to the production of medical
radionuclides are close to the end of operation.

Thus, in addition to the conventional techniques, nuclear physics facilities, that were primarily
aimed at fundamental and applied physics studies, can contribute to increase the availability of
medical isotopes, by exploring unconventional production routines, as in the case of ISOLDE-
MEDICIS and SPES-ISOLPHARM. Furthermore, with such novel approaches, new emerging
medical nuclides might be discovered, thus boosting new research lines in the field of

radiopharmaceuticals.
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Chapter 2

The SPES-ISOLPHARM Project at
INFN-LNL

*“Nil tam difficile est quin quaerendo investigari possit.”’

“Nothing is so difficult but that it may be found out by seeking.”

Publius Terentius Afer (Roman playwright, 195/185 —c. 159? BC), Heauton Timorumenos, Act IV, scene 2.

2.1 Introduction

Soon after the discovery and understanding of the nature of radiation, the idea of a beam of
elementary particles arose, laying the foundation for the development of the particle
accelerators. Fed by the technological advances and the scientific curiosity, accelerators grew
in size, energy and variety and variety of transported particles, and are nowadays used in many
fields of science.

In particular, the scientific community showed a wide interest in the development of
Radioactive Ion Beams (RIBs), that boast a remarkable variety of applications and can be
produced mainly with two techniques, the In-Flight Separation technique [2.1] and the ISOL
technique [2.2].

Within the applications of RIBs, especially in the case of facilities employing the latter method,
anew trend is emerging, proposing that RIBs, originally investigated for the purpose of research
in nuclear physics, could be employed as innovative source for medically usable radionuclides,
along with the conventional and well-established techniques. This is the case of the operating
ISOLDE-MEDICIS facility [2.3] and the under construction SPES project, with its planned
branch ISOLPHARM [2.4].

In the following chapter, the RIB production techniques will be presented, with a particular
focus on ISOL. Successively, the SPES ISOL facility at Legnaro National Laboratories of
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Istituto Nazionale di Fisica Nucleare (INFN-LNL) will be described in detail, along with its

branch, the innovative and patented ISOLPHARM project, aimed at the employment of SPES
technologies for the production of a new generation of medical nuclides. Finally, as first test
case, the ISOLPHARM Ag project is presented, a study focussed on the production of an
innovative radiopharmaceutical labelled with '''Ag, producible at SPES and never studied in

detail as active core of an anti-cancer drug.

2.2 The production of Radioactive lon Beams

The broad aim of nuclear physics is to study the properties and structure of nuclei, and the
mechanisms involved in their creation. The nucleus can be seen as a balanced combination of
nucleons, namely protons and neutrons. All the discovered nuclides are gathered in the chart of
nuclides (figure 2.1) where the stable nuclei are positioned on the “valley of stability”, identified
by the black squares. The other isotopes are unstable and they stochastically decay into different
elements releasing a typical spectrum of radiation. Each nuclide has his own typical half-life,
namely the time required to halve an initial amount of isotopes. The longer the half-life, the
longer is the usual life of such isotope. The most unstable atoms are usually far from the stability

valley and they can be very interesting for the research in nuclear physics.
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Figure 2.1: a representation of the chart of nuclides

The nuclear properties of approximately 3600 radioactive nuclei, called “exotic nuclei”, have
been studied and they can be produced in several facilities all over the world. However

theoretical calculations predict the existence of more than 6000 unstable nuclei in between the
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so-called proton and neutron and driplines (dashed lines showed in Fig. 1.1). Beyond such
boundaries, the instability of the nucleus leads an immediate decay emitting nucleons forthwith
after its formation.

Radioactive Ion Beams (RIBs) are one of the fundamental tools used to study the properties of
unstable nuclei [2.5, 2.6]: a large variety of exotic species is producible and furthermore such
beams can be exploited for advances in research in many different fields of science. In the
following paragraphs the main techniques for the production of RIBs are presented, with a deep
focusing on the Isotope Separation On Line (ISOL) technique. Finally, the INFN-LNL SPES
(Selective Production of Exotic Species) project for the production of RIBs according to the

ISOL technique is presented in detail.

2.2.1 RIB production techniques

Radioactive Ion Beams have been corner stones of studies in nuclear physics research, but their
production is challenging and requires special dedicated techniques: the in-flight separation

technique [2.1] and the Isotope Separation On Line (ISOL) technique [2.2].

Primary beam —( =

(heavyions) =:®

Thin target

Fragment
separator H

Radioactive
lon Beam

In-flight Separation

Figure 2.2: schematic representation of the in-flight separation technique

The in-flight separation technique is shown in figure 2.2: a highly energetic beam of heavy ions
is sent towards a thin target, where beam atoms fragment into smaller atoms. Since such
fragments retain part of their kinetic energy, they can proceed towards the fragment separator,
where the undesired nuclides are dumped, and the requested radioactive ion beam can be
delivered to the experiments. According to such technique, the fragments are ejected without
limitations due to the lifetime or the chemical processes, and intense beam can be obtained.
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However, high beam intensity losses may occur due to the high dispersion in terms of fragment
energy and ion angular momentum. It is indeed impossible to tune the energy of the fragments
generated by the interaction with the target, thus mono-energetic beams, that can efficiently re-
accelerated are not obtainable.
The fundamentals of the ISOL technique are shown in figure 2.3: a primary beam of light
particles is sent to a thick target, generating nuclear reactions. The produced nuclides are then
released thanks to the high working temperatures of the target and migrates to an ion source.
After ionization, the obtained ions are extracted and accelerated towards a separating magnet,
where the undesired isotopes are dumped, whereas the selected radioactive ion beam can be
further sent to the experiments.
The RIBs obtained with such technique are generally excellent (highly pure and mono-
energetic), consequently they can easily post-accelerated, however the process is generally
more complicated, because the various processes involved (release from target, ionization, mass
separation, beam transport) have to be:

e Efficient, to prevent excessive beam losses

e Fast, to ensure the capability to produce RIBs of the most exotic nuclei

e Selective, in order to guarantee the beam purity requested by the users

e Highly productive, to maximize the RIB intensity.

Primary beam =) q;zﬁ'- Hot & thick
(lightions) =0 = target

lon source

Isotope
Separation On-Line

lon Beam

Q Radioactive
E

Isotope
separator

Figure 2.3: schematic representation of the Isotope Separation On-Line technique

Some of the most important ISOL facilities in the world are:
e ISOLDE at CERN (Geneva) [2.7]: a high energetic proton beam (1 or 1.4 GeV) beam
is delivered by the Proton Synchrotron (PS) booster, that provides protons also for the
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worldwide famous LHC (Large Hadron Collider), currently the largest accelerator in
the world. Several target configurations are used, including uranium carbide. When the
latter is used, the estimated fissions rate is about 2.5-10'? fissions/s for a 1 GeV 2 pA
proton beam.

e ISAC at TRIUMF (Vancouver) [2.8]: a 500 MeV proton beam can be delivered by a
high energy cyclotron, impinging several targets, such as U, Th, Si, Ta etc. When the
uranium carbide target is used the maximum delivered beam current is about 10 pA, for
a total power of 5 kW.

e ALTO at IPN Orsay (Paris) [2.9]: a 50 MeV electron beam impinges a converter which
produces photons in the range of gammas. Such photons impinge a uranium carbide
target for an expected rate of 1.2-10!! fissions per second, with a 10 pA electron beam.

e HRIBF at ORNL [2.10]: recently closed facility, where a 50 MeV up to 20 pA proton
beam was delivered to various targets. The uranium carbide version could provide about
4.8-10" fissions per second.

In the following paragraph the ISOL technique is further discussed in detail.

2.2.2 The ISOL technique

The ISOL technique was invented in Copenhagen almost 70 years ago [2.11] and lately
migrated to CERN, where the ISOLDE facility was built and is currently running . The ISOL
technique eventually spread to other laboratories worldwide, where it was further developed
and studied resulting as one of the main techniques for on-line isotope production of high
intensity and high quality radioactive ion beams.

The typical setup of an ISOL system consist of a series of different steps (figure 2.4): isotope
production, thermalization of the produced nuclei, ionization and subsequently extraction, mass
separation, cooling, charge-state breeding and finally acceleration. These processes are
governed by physical and chemical phenomena, thus both physical (e.g., production cross-
section, decay-half life, ionization potential) and chemical (e.g., molecular formation
probability, volatility) properties of the nuclei of interest and of the target material have to be

taken into account.
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Figure 2.4: typical scheme of an ISOL system

The first essential ingredient of an ISOL facility is the primary beam accelerator, namely the
primary beam driver. There a primary beam is extracted and accelerated to the desired energy,
and delivered to the production target. Several types of primary beams can be used:
e Low energy protons, deuterons or alphas (between 30 to 100 MeV): as example SPES
at LNL (protons at 40-70 MeV) [2.12]
e High energy protons ranging from 500 MeV to 1500 MeV (as ISOLDE with 1-1.4
GeV protons or TRIUMF with 500 MeV protons)
e Heavy ions from 4 to 100 MeV/u
e Thermal neutrons

e Electron beams (as ALTO with 50 MeV electrons)
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Such primary beam impinges a fixed target (usually solid fissile materials as e.g. uranium
carbides, but there are also some experiments with molten or gaseous targets) inducing nuclear
reactions. The types of nuclear reactions that essentially occur in the target are:

e Fission: it can occur in long lived actinides target targets such as >*3U or *>Th. The
target nucleus splits into two main fragments with similar masses, generally between 80
and 150 amu, with the emission of few neutrons.

e Spallation: it occurs when a large number of protons, neutrons deuterons and/or o
particles are ejected from the target nucleus. In most cases the products are neutron-
poor and have a mass number slightly lower than the target atom.

e Fragmentation: it can be named target fragmentation if a light ion beam (with energy
generally above 50 MeV) impinges a heavy target and primary beam fragmentation
when heavy ions collide a light nuclei target. The product variety is often wide but close
to the projectile and target nucleus.

e Light- and Heavy-lon Fusion Evaporation reactions or direct reactions: such reactions
produce generally a narrower variety of nuclides if compared to the three
aforementioned reactions. The Light-Ion Induced Fusion Reaction produces proton rich
nuclei close to the valley of stability, whereas the Heavy-lon Induced Fusion Reaction

produces very exotic neutron deficient nuclei.

The produced nuclei are subsequently thermalized at a temperature above 2000°C. After
thermalization, the isotopes will (partially) have enough energy to escape from the target
through the transfer line towards the ion source thanks to diffusion and effusion processes.
The ion source normally is optimized to provide generally only the 17 or 1" charge state, and
several different ionization techniques are used, e. g. Surface lonization, Electron Impact
(plasma) ionization or Resonant Laser ionization [2.13].

The Surface Ionization is the simplest technique to be implemented, since a very small number
of components is required [2.14, 2.15]. It is based on the solid-state physics principle of the
work function, which is the is the minimum thermodynamic work (i.e. energy) needed to
remove an electron from a solid to a point in the vacuum immediately outside the solid surface,
and it’s a typical property for each material. When neutral atoms interact with a surface, they
can lose an electron turning to a positive ion if their ionization potential is smaller than 7 eV,
or they can get negatively charged if their electron affinity is greater than 1.5 eV. In practice,
all this translates into the use of source materials with work function higher than the ionization
potential for positive ions or lower than the electron affinity for negative ions. As well as by

the work function and chemical properties of the materials involved, the efficiency of such
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process is deeply influenced by the temperature, consequently typical working temperatures are
of the order of magnitude of 2000°C. Typical materials used for a standard Surface Ion Source
are tantalum, tungsten and rhenium for positive ion beams, LaB¢ and BaO for negative ion
beams.

The Electron Impact lonization technique is mostly employed when multi-charged ions are
sought or to ionize high ionization potential elements such as noble gases and halogens [2.16,
2.17]. According to such technique, the neutrals travelling within the source are bombarded by
a plasma of electrons, causing the emission of one or more outer electrons from the atom. The
electron plasma energy can be tuned according to the cross section for electron impact
ionization of the wanted element, in order to maximize the efficiency. However, such method
is very unselective and, in general, it does not offer any chemical selectivity, but, on the other
hand, it is the most efficient method available to ionize some elements with the current
technology.

The Resonant Laser Ionization implementation at ISOL is quite recent but nowadays the most
used technique [2.18, 2.19]. In this case, the atoms travelling within the source are stepwise
excited by different laser photons (usually from 1 to 4). The quantum of energy of each photon
is precisely tuned to the energy levels of the electron shell of a specific element, obtaining thus
the ionization of the desired atom. Consequently, such technique is very efficient and,
especially, very selective. The obtained beams are extremely pure, since the only contaminants
are essentially due to the unwanted surface ionization.

After ionization the beam is created by means of an extraction electrode, with extraction
potential normally ranging between 40 and 60 kV.

Such low energy beam is opportunely handled and finally sent to an analyzing magnet where
mass separation is performed, obtaining thus an isobaric beam. In some case extremely pure
beams are requested, therefore a second step of beam purification is implemented using a high
resolution mass spectrometer capable of separating different isobars.

When the desired purity is reached other devices may be used to increase the quality of the
beam. In example a “cooler” device is used to literally cool down the ion beam in order to
improve its ion optical properties. Cooling is intended as the reduction of the radial momentum
or energy spread of the beam. After cooling the beam may be bunched, in order to increase the
peak to background ratio of certain experiments like laser spectroscopy experiments or to inject
the beam into a charge-state breeder, in order to have a simpler and more efficient post-
acceleration. Such device transforms a singly charged ion beam into a multiple charged one.
Commonly, two types of charge-state breeding ion sources are used in ISOL facilities: the

Electron Beam Ion Source (EBIS) [2.20] and the Electron Cyclotron Resonance (ECR) [2.21]
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ion source. Both are based on an intense bombardment of the beam ions with energetic
electrons, which stepwise ionize the beam in higher charge states. The difference is that the first
is a pulsed source, whereas the latter is a DC device.

The highly charged ion beam from the charge-state breeder or the beam of singly charged ions
is subsequently injected into the accelerator. This process is referred to as post-acceleration.
Finally, the energetic beam of radioactive ions is sent to experimental set-ups.

Currently there are some running ISOL facilities, but they generally deliver weak intensities
and have modest post acceleration capabilities. However, second generation facilities are being
built with the aim to increase the intensities and/or the “exoticism” of the available beams. The
experience gained with the construction and operation of these facilities may lead to the design
of even more challenging and innovative third generation facilities such as EURISOL [2.22] in
Europe, which is expected to lead to new discoveries. SPES (Selective Production of Exotic
Species) is one of the second generation ISOL facilities, currently under construction at INFN-

LNL.

2.2.3 Possible applications of RIBs

As already introduced, RIBs are essential tools for the research in nuclear physics. However,
several applications in other fields have been currently developed, ranging from astrophysics,
solid state physics and finally nuclear medicine [2.2, 2.6, 2.23]. A summary of some possible

applications of RIBs in the aforementioned fields will be provided in the following paragraphs.

2.2.3.1 Nuclear physics

The current knowledge about the possible nucleus structures is based on the measured
properties of the well-known isotopes placed close to the “valley of stability” or in the proton-
rich side of the nuclide chart. Indeed, they are easier to produce, and consequently to be studied.
On the other side, very few information is available for the understanding of the less-known
exotic nuclides properties. In such cases theoretical models have been developed, but their
reliability has to be experimentally verified. In fact, such models. been extrapolated from the
available data and, inevitably, errors and wrong suppositions may have been introduced. Thus,
dedicated experiments with RIBs could provide more information to validate or eventually
revisit and modify some basic concepts of such theories. In the following paragraphs a more
detailed description of the possible contribution of RIBs in the field of nuclear physics is

provided.
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(l) Standard model improvement and verification

The current standard model for nuclear physics considers three of the four fundamental
interactions, namely the strong nuclear interaction, electromagnetism and the weak nuclear
interaction. All the properties and interactions between all known particles are included in such
model, but, since it was based on some assumptions that are not yet verified, there are still some
unexplained phenomena. In example, the baryon asymmetry is not fully contemplated by the
standard model, as well as the full theory of gravitation as described by general relativity. In
addition, it does not account the accelerating expansion of the Universe, according to dark
energy theories, or any dark matter particle with all properties deduced from observational
cosmology. Finally, the neutrino oscillations and their non-zero masses are not described.
Measurements on very exotic RIBs could provide precise information on the decay properties
of some less-known isotopes, allowing to verify or update the fundamental assumptions of the

current standard model.

(ll) Complex nuclei structure studies

Quarks are the subatomic particles forming protons and neutrons (nucleons), and their physical
action oversteps the confinement of the nucleons in which they are contained. Indeed, it was
experimentally observed that the interaction acts differently between free nucleons and between
nucleons in the same atom. In fact, the characteristic nucleus neutron and proton density
influences the behaviour. Currently quantum-mechanics calculations can predict the nucleons
interaction only in the case of light nuclei, whereas no mathematical model was identified for
heavier isotopes. The results of dedicated experiments employing RIBs can contribute

significantly to overcome the difficulties in expanding the current theoretical model.

(lll) Nucleus radius measurement: halo nuclei
The size of the nucleus is dependent form the number of its nucleons and can be easily estimated
through the relation 2.1:
R = RoAg
(2.1)
Where:
e R is the nuclear radius;
e Ry is a constant equal to 1.2 fermi (1 fermi = 10"'° m)
e A is the mass number.
In some particular conditions, especially in the case of very exotic neutron-rich nuclei, the

aforementioned equation is not representative. In fact, in such region the interactions occurring
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between nucleons become extremely weak leading to formation of different nuclear shapes,
such as neutron skins or halo nuclei. Nuclear skins are particular configurations in which the
nucleons are not homogenously distributed, but the nucleus presents higher concentration of
neutrons on its surface. The halo nuclei are even more exotic since they are characterized by
up to two weakly bonded neutrons orbiting around the main agglomerate of the nucleus
(valence neutrons). Proven examples of such nuclear shape are ®He, ''Li and !'Be [2.24]. In
the particular case of !'Li, it should have an average nucleus size similar to *Ca, but the
presence of two orbiting valence neutrons increases its overall dimension up to a size close to
the more massive 2%*Pb (figure 2.5).
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Figure 2.5: representative comparison of the nuclear dimensions of *1Li (halo nucleus) with the heavier *Ca and
298ph nuclei. The presence of the valence neutrons increases its size up to the same as 2°Pb.

Atomic spectroscopy apparatus can be used to determine the distribution of the protons,
employing radioactive beams at low energy and lasers. However, to discover the overall

nucleons distribution, high energy RIBs are necessary.

(V) Superheavy elements production

About 90 elements can be found in nature: from Hydrogen to Uranium. In the last decades,
nuclear fusion opened the possibility to synthetize heavier and heavier nuclei thus extending
the known elements up to Z= 118. Such elements, indicated as superheavy [2.25], can be formed
around the so-called “island of stability”, corresponding to the area of the nuclide chart
surrounding the configuration of 114 protons and 184 neutrons, which is considered particularly
stable. Since the upper limit of the existence of such nuclei is yet not known, dedicated
experiments have to be performed. The condition for the formation of such elements might be

met when neutron-rich RIBs impinge neutron-rich (stable) targets.

2.2.3.2 Nuclear astrophysics

The aim of nuclear astrophysics is to understand the universe structure and composition as well
as the processes involved in its origin and evolution. Nowadays, one of the main research topic
of nuclear astrophysics is the stellar cycles description and characterization. Stars are natural
nuclear reactors where both stable and unstable nuclei interact releasing amounts of energy

[2.26]. Such processes can last either billions of years, moving stepwise in different phases, or
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a timescale of seconds, being sudden and explosive. In the lifespan of stars, new elements are
formed, both through known reactions of nucleosynthesis, thus following the valley of stability,
and through more obscure processes, that are yet not fully identified. In order to define models
able to describe such processes, the half-lives, the masses and the decay chains of some specific
nuclei far from stability have to be studied. RIBs can contribute significantly in the

characterization of such nuclides.

2.2.3.3 Solid state physics

The aim of solid state physics is to study the rigid matter, investigating its mechanical, optical

electric and magnetic properties. Most of the research in such field is concerning the study of
crystals and the definition of mathematical models to extrapolate their properties. In the
following paragraphs it is shown how the use of radiation can contribute to identify the crystal

lattice shape and study its defects.

(l) Radio Tracer Diffusion (RTD)

The Radio Tracer Diffusion (RTD)technique was born in 1920 and consists in implanting some
radioactive nuclei into a solid system, and consequeltly detecting the emitted particles or
radiation. Since such technique works even if very few radioactive atoms are used, it is
considered one of the most common way to study atomic diffusion processes.

The “probe” radioisotopes can be implanted in the solid medium by diffusion, through nuclear
reaction or ionic implanting. The information that RTD can provide concerns:

* The interactions between the probe atom and the crystal lattice;

* The electric and magnetic field in the crystal;

* The diffusion process and the interactions between the probe atoms;

* The crystal lattice defects.

(ll) Doped semiconductor and emission channelling technique

The electric and optical properties of a crystal are strongly influenced by the presence of
intrinsic or extrinsic defects. In the perspective of the miniaturization of electronic components,
technological efforts are undertaken in order to develop smaller and smaller semiconductors,
thus a precise control of the crystal defect is mandatory as well as the study of the electrical
activation with different doping impurities. Since radioactive isotopes have the same chemical
properties of their stable counterparts, they can be used to influence the optical and electrical
behaviour of the semiconductor, depending on their positioning inside the crystal lattice. Also
the size of the semiconductor may influence its properties: in small sized semiconductors

significant changes can be verified in presence of a defect in a concentration of less than 102
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atoms/cm?. As a consequence, defect evaluation techniques with large chemical sensitivity and
high defects concentration detection sensitivity are required.

Radioactive ion beams can be used as a powerful diagnostic tool to provide detailed information
on the substrate in which they are implanted. One of the application in such field that implies
the use of RIBs is represented by the Emission Channelling technique, used to study the
structure and properties of impurity-defect complexes in solids, particularly in semiconductors.
The technique (figure 2.6) relies on the emission and transport of charged particles through a
single crystal subsequent to the decay of a radioactive isotope previously implanted into the
lattice [2.27]. The particles are detected by 2-dimensional position sensitive sensors. Such
method is based on angle dependence of the intensity of the emitted radiation as a function of
the orientation of the host crystal (different crystal axes and planes). Indeed, the detectors reveal
an anisotropic radiation intensity spectrum, thus allowing to identify with great accuracy the

position occupied by the radioactive isotope in the crystal lattice.

1 Detector

Figure 2.6: schematic representation of the emission channelling technique.

2.2.3.4 Nuclear medicine

The use of radiation as essential tool for the nuclear medicine practices of diagnosis and therapy
of various diseases was widely discussed in chapter 1. In particular, drugs including
radioisotopes, the so-called radiopharmaceuticals, are developed in order to selectively bind to
a target tissue, thus delivering a radioactive dose only on it. The radionuclides used in such field
are normally produced with traditional techniques, such as thermal neutron capture in reactors
or direct reactions in medical accelerator facilities. The technology developed for the

production of RIBs can significantly contribute also in this research field, thanks to its
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capability of producing a wide range of nuclides. The exploitation of RIBs may potentially
overcome the limits of the current techniques, pioneering new research lines involving

innovative or difficult to produce nuclides [2.28].

2.3 The SPES project

SPES, which is the acronym for “Selective Production of Exotic Species”, is a project devoted
to develop and install a second generation ISOL facility at INFN —LNL (Istituto Nazionale di
Fisica Nucleare —Laboratori Nazionali di Legnaro)[12]. SPES is furthermore the Latin word for
“hope”, indeed the project represents the future and hope of LNL. Such facility will produce
mainly neutron-rich nuclei in range of mass 80-160 amu when a uranium carbide target is used,
with an estimated proton induced fission rate of 10'? fissions/s. Neutron-deficient beams will
be obtained using other target materials, such as silicon carbide, currently under development.
The produced beams will be employed for studies in many branches of science, ranging from

nuclear astrophysics up to material sciences and nuclear medicine.

Cyclotron

Figure 2.7: overview of the SPES ISOL facility

A general overview of the SPES ISOL facility can be seen in figure 2.7: a primary proton beam
(generally 40 MeV — 200 pA — 8 kW) is extracted from a cyclotron and sent to the Front-End
bunker, inducing nuclear reaction in the installed production target. The Front End includes all
the devices necessary for the ionization, first acceleration kick, and first mass separation step
(Wien Filter) of the produced isotopes. The obtained low energy isobaric beam is successively
injected into a Beam Cooler (BC), a device capable of decreasing the beam longitudinal and
transversal emittance, and then into High-Resolution Mass Separator (HRMS), where the
second step of beam purification is performed. The obtained isotopically pure RIB can be
delivered directly to users for low energy experiments or eventually be injected into a Charge
Breeder (CB), a device to increase the beam charge state. Another mass/charge ratio separation
step will be performed in order to select the most intense charge state and finally, the beam is

post- accelerated. The post-acceleration will be performed by the combination of a Radio
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Frequency Quadrupole (RFQ) and the already existing ALPI Linac. Such highly energetic
isotopically pure beam can be finally sent to the experimental hall.

At SPES the chosen primary driver is the 70p commercial cyclotron [2.29] manufactured by
the BEST Cyclotron Systems Inc., a member of TeamBest™ (figure 2.8). Such machine is able

to deliver up to two simultaneous energetic proton beams (maximum energy 70 MeV — 49 kW)

with a maximum overall intensity of 700 pA

Figure 2.8: the BEST cyclotron used at SPES

diagnostic system

electrostatic lenses

Target- lon Source
unit

proton beam
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acceleration
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Figure 2.9: the SPES Front-End scheme

The SPES Target-lon Source unit is coupled on the Front-End (figure 2.9). Such machine will
be installed in a dedicated bunker and it is composed by two beam lines intersecting at the target

position, called respectively the Protonic Front-End and the Radioactive Front-End. The
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Protonic Front-End has the function to transport the proton beam up to the target with the
desired characteristics. Indeed, it includes several diagnostics devices (such as beam profilers
and Faraday cups for the monitoring of the beam current) as well as a set of collimators, in
order to guarantee the appropriate beam size.

The Radioactive Front-End acts as primary accelerator for the Radioactive lon Beam since it
includes a high voltage platform (up to 40 kV), that extracts the ions generated in the TIS unit
and provides them the first acceleration kick. It includes also electrostatic lenses, which are
used to correct the trajectory of the beam (deflectors) or to focus (triples of quadrupoles). A
Wien filter, which is a velocity separator, is used to perform the first mass separation step, in
order to obtain an isobaric beam. In addition, beam diagnostic devices are installed along the
Radioactive Front-End to verify the size and alignment of the RIB (beam profilers) or to
measure the obtained RIB intensity (Faraday cups). Figure 2.10 shows the prototype of the
Radioactive Front-End, which has been developed and tested for the SPES facility and will be

soon installed in the bunker.

Figure 2.11: the ALPI linac (on the left) and a detail of its RFQ cavities (on the right)
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The post-accelerator for the SPES project is the existing ALPI Linac (figure 2.11) [2.30], which

has been operating in Legnaro with stable beams. Minor upgrades of such complex are foreseen
in order to improve its performances with the beams expected from SPES. The total accelerator
assembly will be able to deliver ion beams at energies of 10 A MeV and, for the 130 amu mass

in the neutron rich region, the expected rate available to the users will be above 108 pps.

2.3.1 The SPES Target — lon Source unit

The Target — Ion Source (TIS) unit is core of the SPES facility, where the Primary Proton Beam
(PPB) coming from the SPES cyclotron impinges a production target, inducing nuclear
reactions. When uranium based targets are used, a characteristic set of neutron rich isotopes
with mass ranging from 70 to 160 amu is generated as fission reactions product (figure 2.12).

SPES introduced an innovation in the design of ISOL targets developing its new concept:
instead of considering the traditional thick single-piece ISOL target, the target volume is split
in many thin disks. The typical SPES uranium carbide multi-foil target, designed for a 40 MeV
200 pA PPB, is made up of seven coaxial disks (40 mm diameter and 0.8 mm thickness)
opportunely spaced and positioned inside a cylindrical graphite box, closed at its extremities by
thin graphite disks [2.31]. The main advantages of such target design are the increased
acceptable PPB intensity, since the beam power deposition is split between the seven disks, and
the improved release capabilities, since the diffusion paths through the target are generally

shorter.

PPB:
40 MeV,
200 pA

| S U W 109 -10%10 10%7 - 1078 [ 10°5 -10% O 1073 -10M B 10 -102
W 10010-10m11 W 1078 -10% B 10% - 107 O 1074 - 1075 O 1072 -10%3 (1] 10 [nuclide/s]

Figure 2.12: the expected in-target yields for the SPES Uranium Carbide target (on the top right)
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Since the maximum beam energy at SPES is 70 MeV, the production target is designed in order
to dump completely the PPB. In example the 8 kW PPB (40 MeV 200 pA) is completely
absorbed by the 7 disks uranium carbide target, which, thanks to the sole contribute of the
deposited power, is capable of reaching a temperature level generally above 2000°C. In
addition, the target disks are opportunely spaced in order to guarantee a homogeneous
temperature level in the target.

The graphite target container is inserted into a tubular tantalum heater, which can provide by
Joule effect the amount of power required to heat the target at high temperature during the
conditioning phase (purification of the target at high temperature before the irradiation with the
PPB), or in case of PPB interruption. Normally the maximum current required to reach
temperatures generally above 1800 °C is 1300A, corresponding to a heating power of 10 kW.
Figure 2.13 shows the expected temperature profiles with the two different thermal loads, as

calculated with a validated ANSYS® FEM model [2.32].

a)

target temperature - Joule heating

E = . [°C]
1273.29 1402.83 1532.36 1661.9 1791.43
1338.06 1467.59 15987.13 1726.66 1865.45

b) taget temperature - PPB power deposition

_ B [°C]
1349.32 T .51 1753.7 1955.89 2158.08
1450.41 1652.6 1854.8 2056.99 2273.62

Figure 2.13: the expected in-target temperature distributions for the two thermal loads

A tubular tantalum transfer line connects the production target with the ion source, where the
isotopes acquire the 17 charge state, which is needed for their extraction. In the context of the
SPES project, two types of ion sources will be used: the SPES surface ion source [2.14], and
the SPES FEBIAD (Forced Electron Beam Induced Arc Discharge) [2.17] ion source. The first
one will be used for both the laser and surface ionization processes, while the second one is
designed for the plasma ionization process.

Figure 2.14 summarizes the planned ionization process for each of the produced elements with
the SPES uranium carbide target. Some elements are currently considered not extractable,

because they are not released by the target since they are refractory. Some early stage research
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activities are being performed to evaluate the possibility extract them in the form of volatile

molecules, thus forming molecular beams.
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Figure 2.14: the SPES ion sources with an indication of the expected ionization process for the different
elements produced with the SPES Uranium Carbide target

production
source target

Figure 2.15: the SPES Target-lon Source (TIS) unit
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The SPES TIS unit includes also a water cooled vacuum chamber, where the Target and lon

Source system is housed (figure 2.15). The entire TIS unit is generally replaced after up to 15

days of irradiation, using a remote handling system.

2.3.2 The SPES project phases

Figure 2.16: the four leaf clover logo of SPES identifying its main four phases

The visionary aim of the SPES project [2.33] is to promote forefront research in nuclear

structure, reaction dynamics and multidisciplinary fields like medical, biological and material

sciences, exploiting the high intensity and high-quality neutron-rich produced in the INFN

facility. The project has been organized in four phases, as suggested by the four leaf clover logo

of SPES (figure 2.16):

SPES-a: at the heart of SPES: the cyclotron and ISOL target.

This phase, close to its completion, consists in the acquisition, installation and
commissioning of a high performance cyclotron with high output current (0.7 mA) and
high energy (up to 70 MeV), together with the related infrastructure for the accelerator and
experimental stations. The cyclotron has the capability to deliver simultaneously beam
from two exit ports, a configuration well aligned with the double mission of the laboratory:
basic research and technological application developments. One of the two beams will be
devoted to the ISOL facility (producing mainly neutron-rich RIBs from a Uranium Carbide
target); the second will be dedicated to applied physics;

SPES-B: the acceleration of neutron-rich unstable nuclei.

The produced neutron-rich RIBs will be accelerated towards suitable targets. Thus nuclear
reaction will occur forming new, extremely neutron-rich nuclei, similar to those generated

in advanced stellar life stages and not found on Earth because of their short lifetime. The
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investigation on such systems is a new frontier of physics, for extending the knowledge of
nuclei at extreme conditions and for providing basic information in the study of stellar
evolution;

e SPES-y: production of radionuclides for applications.
Such phase mostly deals with the production of radionuclides of medical interest by using
the cyclotron installed at LNL-INFN as foreseen in the SPES-a phase. The goal is the
production of innovative radiopharmaceutical both for ISOLPHARM (ISOL technique for
radioPHARMaceuticals), which will exploit the ISOL facility technology, and LARAMED
(LAboratory for the production of RAdioisotopes of MEDical interest), which is aimed to
evaluate the accelerator based production of emerging radionuclides. In addition, such
phase includes the study of new accelerator-based approaches for the production of
conventional radionuclides;

e SPES-9: multidisciplinary neutron sources.
It aims to the study and development of an intense neutron source, impinging suitable
targets with the beam from the SPES cyclotron and/or from a high intensity LINAC based
on radio-frequency quadrupole (RFQ) technology. Applications of such neutron source
range from nuclear astrophysics (as in example the test of electronics neutron induced

damage in space), characterization of nuclear waste to experimental tumor treatments.

2.4 The ISOLPHARM project

As introduced in the previous paragraphs, the SPES project at INFN-LNL foresees applications
of the installed and developed technology in various fields of research, including nuclear
medicine. In this framework, ISOLPHARM is an INFN project with the visionary aim to go
beyond the current state of the art of nuclear medicine by developing innovative
radiopharmaceuticals prototypes exploiting RIBs producible with the ISOL technique at SPES.
Its driving idea is the capability to produce high specific activity carrier-free radioisotopes
thanks to the intrinsic purity of the ISOL RIBs.

Indeed, the mass separation step allows the selection of the isotopes composing the beam,
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