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Introduction

Physics has always played a predominant role in the development of modern
medicine. Since the discovery of X-rays by Wilhelm Conrad Roéntgen and of
radioactivity by Henri Bequerel and Marie Curie in the late 19th century, ioniz-
ing radiations have been increasingly applied in the diagnosis and treatment
of oncological diseases. In particular, radioactive isotopes are used in nuclear
medicine to label biologically active molecules that are injected into the patient
for diagnostic or therapeutic purposes.

The birth of nuclear medicine dates back to 1913, when George de Hevesy
carried out the first study on animals and plants using natural radioisotopes
as tracers. The number of radionuclides available with possible application in
medicine grew rapidly with the invention of the cyclotron in 1930 by Ernest
Lawrence, which made possible their artificial production.

In 1936 at the University of California, Berkley, John Lawrence administered
to a 28-year-old woman suffering from leukaemia a dose of 32P produced with
the cyclotron developed by his brother Ernest. This was the first time that a
cyclotron-produced radioisotope was used to treat a human patient and set the
stage for targeted radionuclide therapy.

Today, more than 40 million nuclear medicine procedures are performed each
year and, according to the International Atomic Energy Agency (IAEA), in 2021
there were more than 1300 cyclotron facilities worldwide dedicated to the pro-
duction of radionuclides.

Over the last few decades, research in medical applications of physics and
nuclear medicine has focused on the development of radiopharmaceuticals that
enable the combination of diagnostics and targeted therapy, using radionuclides
suitable for both purposes or radioisotope pairs with identical or very similar
chemical characteristics.

This new approach, called theranostics from the crasis of therapy and diagnos-
tics, allows to monitor simultaneously the disease development, the radiation
distribution in the organ of interest, and the treatment effectiveness. The
possibility of predicting whether a patient will benefit from the therapy is the
basis of personalized nuclear medicine. For this to be possible, the availability
of novel radionuclides in quantity and quality suitable for clinical applications
is of paramount importance and represents an actual scientific challenge.
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INTRODUCTION

One of the best solutions is the cyclotron irradiation of solid targets, which
constitutes the motivation for this PhD work.

The experiments reported in this thesis were performed at the Bern medical
cyclotron laboratory in the framework of the project 'PHOtonuclear Reaction
(PHOR): Breakthrough Research in Radionuclides for Theranostics’, funded by
the Swiss National Science Foundation (Grant CRSII5 180352). This project is
based on the collaboration between the Albert Einstein Centre (AEC) - Labora-
tory for High Energy Physics (LHEP), the Department of Chemistry, Biochemistry
and Pharmacy (DCBP) of the University of Bern and the Swiss Federal Institute
of Metrology (METAS).

The results obtained in this PhD work also involved the collaboration between
AEC-LHEP, the Paul Scherrer Institute (PSI) and the Institute of Radiation
Physics (IRA) of the Lausanne University Hospital (CHUV).

This thesis consists of a first monographic part divided into three chapters and
a second part in which some selected publications I authored are reprinted.

In the first chapter, radiopharmaceuticals are briefly introduced, focusing on
the physical and nuclear characteristics that radionuclides intended for diag-
nostic and therapeutic applications must have. A description of the theranostic
approach and an overview of the most promising radionuclides for this purpose
are also provided.

In the second chapter, the Bern medical cyclotron laboratory is presented, fo-
cusing on the 18 MeV cyclotron and its out-ports for research purposes, namely
the Beam Transport Line (BTL) and the Solid Target Station (STS), the latter
connected to the cyclotron through a novel magnetic device for beam focusing.
The main instruments used for the experiments are introduced, together with
the methodologies for measuring the beam energy, the cross sections and for
determining the production yield. These methods and the respective instrumen-
tation were developed by our group with my contribution. In particular, this
chapter describes a method I elaborated to disentangle the different nuclear
contributions from the production cross section when a radionuclide is pro-
duced by more than one reaction.

The third chapter is devoted to the novel medical radionuclides that I studied
at the Bern medical cyclotron. I investigated several of the main theranostic
and non-standard radioisotopes that can be produced with an 18 MeV med-
ical cyclotron with solid targets. These include the widely used diagnostic
radionuclides %8Ga and %°™Tc, the promising SPECT radioisotope '°°Tb, the
therapeutic '65Er and 67Tm and the theranostic pairs 61Cu/%”Cu, #4Cu/%"Cu
and 4*Sc/47Sc. This chapter reports in particular on the cross section measure-
ments of the nuclear reactions involved, which are of paramount importance for
the optimization of radioisotope production. The studies performed on the basis
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INTRODUCTION

of these measurements are also described, which made it possible to determine
the experimental conditions that maximize the radionuclide yield and purity.
Finally, the results of the first production tests are presented.

This first part is complemented by an appendix, where unpublished cross sec-
tion results are reported.

In the second part, the following selected publications, of which I am the first
author or a co-author, are reprinted:

1. G. Dellepiane, P. Casolaro, C. Favaretto, P. V. Grundler, I. Mateu, P. Scam-
poli, Z. Talip, N. P. van der Meulen and S. Braccini, Cross section measure-
ments of terbium radioisotopes for an optimized '°°Tb production with an
18 MeV medical PET cyclotron, Applied Radiation and Isotopes, 184 (2022);
110175.

2. S. Braccini, T. S. Carzaniga, G. Dellepiane, P. V. Grundler, P. Scampoli,
N. P. van der Meulen and D. Wiithrich, Optimization of %8 Ga production at
an 18 MeV medical cyclotron with solid targets by means of cross section
measurements of %6Ga, 67 Ga and %8 Ga, Applied Radiation and Isotopes,
186 (2022); 110252.

3. G. Dellepiane, P. Casolaro, I. Mateu, P. Scampoli, N. Voeten and S. Brac-
cini, 4”Sc and *®Sc cross section measurements for an optimized *” Sc pro-
duction with an 18 MeV medical PET cyclotron, Applied Radiation and
Isotopes, 189 (2022); 110428.

4. G. Dellepiane, P. Casolaro, I. Mateu, P. Scampoli, N. Voeten and S. Brac-
cini, Cross section measurements for an optimized %! Cu production at an
18 MeV medical cyclotron from natural Zn and enriched %*Zn solid targets,
Applied Radiation and Isotopes, 190 (2022); 110466.

5. G. Dellepiane, P. Casolaro, I. Mateu, P. Scampoli and S. Braccini, Alterna-
tive routes for 64 Cu production using an 18 MeV medical cyclotron in view
of theranostic applications, Applied Radiation and Isotopes, 191 (2023);
110518.

6. G. Dellepiane, P. Casolaro, A. Gottstein, I. Mateu, P. Scampoli and S.
Braccini, Study of %7 Cu optimized production based on cross section mea-
surements of %" Cu and %*Cu using an 18 MeV medical cyclotron, Applied
Radiation and Isotopes, 195 (2023); 110737.
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During my PhD, I also contributed to the following publications:

1. S. Braccini, C. Belver-Aguilar, T. S. Carzaniga, G. Dellepiane, P. D. Héffner,
P. Scampoli, Novel irradiation methods for theranostic radioisotope produc-
tion with solid targets at the Bern medical cyclotron, 22nd International
Conference on Cyclotrons and their Applications, Cyclotrons2019, Cape
Town, South Africa (2019).

2. M. Capogni, M. Capone, A. Pietropaolo, A. Fazio, G. Dellepiane, R. Falconi,
A. Colangeli, S. Palomba, G. Valentini, M. Fantuzi, R. Faccini, A. Pizzuto,
64 Cu production by 14 MeV neutron beam, Journal of Neutron Research,
22 (2020); 257.

3. N. P. van der Meulen, R. Hasler, Z. Talip, P. V. Grundler, C. Favaretto,
C. A. Umbricht, C. Miller, G. Dellepiane, T. S. Carzaniga, S. Braccini,
Developments toward the Implementation of **Sc production at a medical
cyclotron, Molecules, 25 (2020); 4706.

4. G. Dellepiane, C. Belver-Aguilar, T. S. Carzaniga, P. Casolaro, P. D. Hiffner,
P. Scampoli, M. Schmid and S. Braccini, Research on theranostic radioiso-
tope production at the Bern medical cyclotron, 11 Nuovo Cimento C, 44
(2021); 130.

5. G. Dellepiane, P. Casolaro, P. D. Haffner, I. Mateu, P. Scampoli, N. Voeten,
E. Zyaee, S. Braccini, Instruments and methods for theranostic radioisotope
production at the Bern medical cyclotron, 5th International Conference on
Technology and Instrumentation in Particle Physics, TIPP2021, Online
format (2021).

6. P. D. Haffner, C. Belver-Aguilar, P. Casolaro, G. Dellepiane, P. Scampoli,
S. Braccini, An active irradiation system with automatic beam positioning
and focusing for a medical cyclotron, Applied Sciences 11.6 (2021); 2452.

7. P. Casolaro, P. D. Haffner, G. Dellepiane, I. Mateu, P. Scampoli, N. Voeten,
E. Zyaee, S. Braccini, An Automatic Focalization System for Enhanced
Radioisotope Production with Solid Targets, 10th International Beam In-
strumentation Conference, IBIC2021, Pohang, Online format (2021).

8. C. Favaretto, Z. Talip, F. Borgna, P. V. Grundler, G. Dellepiane, A. Som-
merhalder, H. Zhang, R. Schibli, S. Braccini, C. Miller, N. P. van der
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Meulen, Cyclotron production and radiochemical purification of terbium-155
Jfor SPECT imaging, EJNMMI Radiopharmacy and Chemistry 6 (2021); 37.

9. G. Dellepiane, P. Casolaro, P. D. Haffner, I. Mateu, P. Scampoli, N. Voeten,
E. Zyaee, S. Braccini, New methods for theranostic radioisotope production
with solid targets at the Bern medical cyclotron, 1st Applied Nuclear Physics
Conference, ANPC2021, Prague, Czech Republic (2021).

10. M. Capogni, M. Capone, A. Colangeli, G. Dellepiane, A. Fazio, M. Frisoni,
M. Pillon, A. Pietropaolo, The 64 Zn-based production route to *Cu p* emitter
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CHAPTER

Radionuclides in Nuclear Medicine
and Theranostics

Nuclear medicine is a branch of medicine that makes use of radioactive com-
pounds, or radiopharmaceuticals, to diagnose and treat a wide range of diseases,
in particular of oncological nature. Unlike radiotherapy with particle acceler-
ators, in nuclear medicine the radiation is not administered from outside the
body, but it is introduced into the patient by injecting the radioactive compound.

In general, a radiopharmaceutical is composed of three elements: a vector
molecule that targets specific organs, tissues or cells in the human body, a
radionuclide that provides the radiation component, and a linker in between
that forms a stable chemical connection.

The vector molecule consists of a small organic or inorganic molecule, a peptide,
a protein including antibodies, antibody fragments or a nanoparticle. It is
mainly chosen according to the physiological function of the target [1].

In case of radiometal-labelled radiopharmaceuticals, whose application is be-
coming predominant due to the wide range of physico-chemical properties of
these radionuclides, the vector molecule is linked to the radiometal by means
of a bifunctional chelator (BFC) [2].

The physical characteristics of the marker radioisotope, such as the half-life
and the type and energy of radiation emitted, determine whether the radiophar-
maceutical is used for diagnostics (molecular imaging) or radionuclide therapy.

This chapter provides a summary of the main physical properties required
for radioisotope applications in nuclear medicine. The physical principles un-
derlying molecular imaging techniques and radionuclide therapy are briefly
discussed. Finally, the theranostic approach is described and an overview of
promising radionuclides for such application, which is the main focus of this
thesis, is presented.



1. RADIONUCLIDES IN NUCLEAR MEDICINE AND THERANOSTICS

The purpose of molecular imaging is to study the in vivo metabolism and
biochemistry of the investigated organs and tissues by detecting the radio-
tracer accumulation, without any pharmacological effect to the patient. The
radionuclides used are y or B emitters for Single Photon Emission Computed
Tomography (SPECT) or Positron Emission Tomography (PET), respectively, with
half-life usually ranging between 1 and 24 h.

SPECT imaging is based on the detection of single photons emitted by the ra-
dionuclide by means of detectors rotating around the patient, in order to acquire
multiple projections that allow for a three-dimensional reconstruction. Photon
energies between 100 and 200 keV are required to obtain an optimal image [3].
The predominant radioisotope used in SPECT imaging is ®*™Tc, produced by
molybdenum-technetium generators. Nearly 80% of the radiopharmaceuticals
currently used for SPECT diagnostics in nuclear medicine are 9°™Tc complexes
or 99mTc-labelled biomolecules [4].

PET imaging is based on the detection of 511 keV photons emitted in coinci-
dence and back-to-back as a result of the electron-positron annihilation process,
in order to obtain high-precision three-dimensional images of the injected ra-
diopharmaceutical distribution. PET radionuclides are ideally characterized by
a high branching ratio of low-energy positrons, in order to obtain a high spatial
resolution image with good sensitivity, without the emission of other particles
that would increase the dose absorbed by the patient. Moreover, any emitted
v-ray characterized by an energy within the coincidence window of the scanner
(300-650 keV) [5], would reduce its coincidence-count-rate performance and
decrease the quality of the image. Currently, the radionuclide most commonly
used for PET is '8F, produced with biomedical cyclotrons dedicated to radionu-
clide production. In particular, the glucose analogue [!8F]-FDG accounts for
more than 90% of PET examinations worldwide [6].

Radionuclide therapy (RNT) is based on the delivery of cytotoxic levels of radia-
tion to the site of disease, with the aim of selectively killing cancer cells while
minimizing damage to normal cells. The biological effects of RNT depend on the
nature of the exposed area and on the radiation used. For this reason, relative
biological effectiveness (RBE) was introduced, defined as the biological damage
caused by a given radiation compared to a reference one, for the same absorbed
energy. The difference depends mainly on how the radiation transfers its energy
to the tissue, described by the Linear Energy Transfer (LET).

Therapeutic radionuclides can be divided in three subgroups: ~, « and Auger-
electron emitters.

3~ particles are characterized by low LET (about 0.2 keV/um) and cause biologi-
cal effects mainly through single-strand breaks and the formation of chemically
active free radicals. Consequently, the presence of high radionuclide concentra-
tions within the target site is necessary to achieve therapeutic effects [7].
Their range of action of 0.5-12 mm in soft tissue ensures a sufficient dose
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1. RADIONUCLIDES IN NUCLEAR MEDICINE AND THERANOSTICS

delivery to kill cells in a massive lesion. The so-called crossfire effect can be
an advantage in treating bulky tumours, but leads to potential damage to
surrounding healthy tissue.

For the treatment of small metastatic tumour lesions, « particles are particu-
larly suitable as they travel distances of the order of 40-100 um in the tissue, by
losing up to 1000 times more energy than 3~ particles [8]. The LET of about 100
keV/um implies that the average distance between two successive ionization
events is comparable to the distance between the two strands of the cell’'s DNA,
leading to a high frequency of double breaks and thus high RBE [9].

Auger electrons have high LET (4-26 keV/um) but short range of 2-500 nm in
tissue, which limits most of their effects within single cells. To achieve high
lethality it is therefore necessary for the radionuclide to be transported within
the cell and preferably incorporated into the DNA [10].

Nowadays, 3~ -emitting radionuclides are the most common for RNT [11], mainly
due to their wide availability. Besides !3!I, which is the current leader for thy-
roid cancer treatment [12], a promising radioisotope for clinical applications is
the reactor-produced “7Lu [13, 14].

Since the 1990s, several laboratories have studied the possibility of combin-
ing diagnostic with radionuclide therapy, setting the stage for the concept of
theranostics [15, 16]. The theranostic approach is based on using the same
chemical compound labelled with a diagnostic and a therapeutic radionuclide,
which have identical kinetics and reactivity and undergo the same metabolic
processes. Given this assumption, the analysis of the radiopharmaceutical
distribution in the patient’s body, obtained by molecular imaging, demonstrates
the tumour uptake and enables precise estimation of the dose absorbed due to
the therapeutic agent, both in the target lesion (therapeutic effect) and in the
surrounding healthy tissue (side effects) [17]. This allows to predict whether
the patient will benefit from a therapeutic treatment on the basis of nuclear
imaging data, paving the way to the concept of personalized nuclear medicine.
For the biological behaviour to be nearly identical, the diagnostic and therapeu-
tic radionuclide must be of the same or chemically analogous element. As an
example, %8Ga-labelled PET radiotracers are currently widely used in combina-
tion with their 177Lu, °°Y or, more recently, 255Ac-labelled [18] counterparts for
radionuclide therapy [19].

Besides %8Ga, other longer-lived PET radiometals, such as 43Sc, #4Sc, é!Cu,
64Cu and 86Y, are gaining increasing attention because they present a matched
therapeutic partner (*”Sc, 67Cu and 20Y, respectively). In addition, the longer
half-life offers simplified logistics compared to ®8Ga and allows slower metabolic
processes to be followed.

In the field of therapeutic radionuclides, there is growing interest in 3~ emitters
whose decay is accompanied by the release of low-energy y-rays (e.g. 4”Sc and
67Cu), which would allow for SPECT imaging to detect the radiopharmaceutical
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1. RADIONUCLIDES IN NUCLEAR MEDICINE AND THERANOSTICS

distribution during treatment.
The main theranostic pairs currently under study or in early adoption in clinical
applications are listed in Table 1.1.

The availability of novel radionuclides in quantity and quality suitable for clin-
ical settings is of paramount importance for the development of personalized
nuclear medicine and remains a scientific challenge. In this respect, one of the
best solutions is the use of dedicated biomedical cyclotrons [20] equipped with
a solid target station, which I investigated during my PhD work.

This thesis was carried out in the framework of a research program ongoing
at the 18 MeV Bern medical cyclotron laboratory, aimed at optimizing the
production of novel radionuclides for medical applications with solid targets.
As reported in detail in Chapter 3, I studied the cyclotron-production of several
theranostic radioisotopes (highlighted in bold in Table 1.1), of the widely used
99mTc for SPECT imaging and of the non-standard therapeutic radionuclides
165Er and 167 Tm.

Imaging (PET/SPECT) Therapy
4SSC 44Sc 47Sc
61 Cu 64 Cu 67Cu
68Ga 90Y, 177Lu, 225AC
SSSr 89Sr
86Y 90Y
1 IOIn 111 In
12471 1317
152Tb 155Tb 149Tb 161’I‘b

Table 1.1: Most promising theranostic pairs under study or in early adoption.
The radionuclides highlighted in bold have been investigated in the framework
of this thesis.
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CHAPTER

Instruments and Methods for
Novel Radionuclides at the Bern
Medical Cyclotron

2.1 The Bern medical cyclotron laboratory

The Bern cyclotron laboratory is the result of the SWAN (SWiss hAdroN) project,
a collaboration between the Bern University Hospital (Inselspital), the University
of Bern and private institutions. This project, started in 2007, aimed at realizing
a combined medical and research centre able to provide the most cutting-edge
technologies in medical imaging and cancer radiation therapy [1].

The cyclotron laboratory was built in 2011 in the Inselspital campus to host
industrial radionuclide production for PET diagnostics and multidisciplinary
research activities. The AEC-LHEP group on medical applications of particle
physics of the University of Bern is engaged in research in various fields, in
collaboration with several national and international institutions such as the
DCBP radiochemistry group of the University of Bern, the Paul Scherrer In-
stitute (PSI) and CERN. Commercial production of radiopharmaceuticals is
handled by the spin-off company SWAN Isotopen AG.

To allow both academic research and industrial production running in parallel,
the cyclotron was equipped with a 6.5-m-long external beam line that trans-
ports the beam to a secondary bunker with independent access. In 2015 a solid
target station was also installed on the cyclotron to enhance research into novel
radioisotope production.

The facility features an underground area, where the cyclotron, the beam
line and the physics laboratory are located, and an upper floor with three
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Figure 2.1: The Bern medical cyclotron open during maintenance.

GMP (Good Manufacturing Practice) laboratories for radiotracer production
and one laboratory fully dedicated to research activities in radiochemistry and
radiopharmacy [2].

The IBA Cyclone 18/18 HC cyclotron

The Bern medical cyclotron laboratory features an IBA Cyclone 18/18 HC cy-
clotron, shown in Figure 2.1, whose main technical characteristics are reported
in Table 2.1.

To enhance the commercial production reliability, the machine is equipped with
two H™ ion sources so that the production can restart immediately in the event
of failure of one of the two. The sources are internal cold-cathode Penning
Ionization Gauge (PIG), characterized by two cathodes placed at each end of a
cylindrical anode (chimney) and by a strong magnetic field along the cylindrical
axis. A plasma discharge is generated between the electrodes, predominantly
confined by the strong magnetic field [3]. The ions are extracted through a slit
on the anode side because of the electric field that exists between the chimney
and an additional electrode (puller) outside the slit [4].

To optimize the vertical focusing and longitudinal phase stability of the acceler-
ated ions, the cyclotron is divided into four 60° sectors at high magnetic field
(hills) that alternate with four 30° sectors at low magnetic field (valleys). This
configuration implies that the orbits are not circular and has led to the need
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Constructor Ion Beam Applications (IBA), Belgium
Type Cyclone 18/18 HC

Accelerated particles H~ (D~ on option)

Energy [MeV] 18 (9 for D7)

Maximum current [pA] 150 (40 for D7)

Ion sources 2 internal PIG H™

Extraction ports 8

Extraction Carbon foil stripping

Strippers 2 per extraction port

Isotope production targets 6 '8F - Liquid Targets, NIRTA Solid Target Station
6.5 m long; 2 quadrupole magnets;

Beam Transport Line (BTL) XY steering magnet

Table 2.1: Main characteristics of the Bern medical cyclotron [2].

for precise adjustment of the cyclotron dipole magnetic field by means of an
iterative procedure [5].
Considering the average magnetic field B of 1.4 T, the cyclotron frequency v.
can be estimated as:
ve= 9B 91 MHZ 2.1)
2mtm

where q and m are the charge and the mass of the proton, respectively.
Acceleration takes place in four gaps located at the boundaries of two radio-
frequency (RF) cavities (dees), applying a potential

V(t) = Vg sin(27tvget) (2.2)

where Vgr is the RF peak voltage, vgr is its frequency and t is time.
For acceleration to occur, the RF frequency must be proportional to the cyclotron
frequency

Vg = hv, (2.3)

where h is a natural number, called RF harmonic. Since the cyclotron is
equipped with two dees, only even harmonics of the cyclotron frequency lead to
acceleration. When accelerating H™ ions, the RF system of the Bern cyclotron
operates in second harmonic, with vgr = 42 MHz.

The energy gained by the ions per turn, AEy, is given by

AEy = 2qNVgr sin(hg) (2.4)

where N = 2 is the number of dees and « = 30° is the azimuthal dee angular
length. Considering an average RF peak voltage of 30 kV, the energy gain per
revolution is about 60 keV, so the H™ ions must travel about 300 turns to reach
the nominal energy of 18 MeV and be extracted.
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Figure 2.2: Schematic view of the 6.5-m-long Beam Transport Line.

The extraction is achieved by the stripping method, with an efficiency of nearly
100%. For this purpose, 5-um-thick pyrolytic carbon extraction foils [6],
mounted in pairs of two on a rotating carousel, are used. This solution al-
lows rapid substitution of a damaged stripper by simply rotating the carousel,
without opening the cyclotron. The angle of the stripper with respect to the
beam can be adjusted to optimize extraction, which takes place in one of the
eight cyclotron out-ports with currents of up to 150 pA.

The Beam Transport Line

The Beam Transport Line (BTL) of the Bern medical cyclotron is the main instru-
ment for pursuing research activities in various fields, such as particle detectors,
radiation biology, radiation hardness studies [7], neutron dosimetry [8], and,
in particular, cross section measurements and the study of new radioisotopes
for medical applications. For this purpose, it is necessary to be able to obtain
beams of different sizes (from a few millimiters to about a few centimeters in
diameter on target) and intensities (from nA to the maximum current of 150 pA),
and to have an extensive knowledge of the beam characteristics.

A schematic view of the BTL is shown in Figure 2.2. It consists of two horizontal-
vertical (H-V) quadrupole doublets, an XY steering magnet, two beam viewers
to measure the current, and a movable cylindrical neutron shutter to prevent
neutron penetration into the beam-line vault during the production of radioiso-
topes. The two quadrupoles, the first located in the cyclotron bunker and
the latter in the second bunker, can focus the beam down to one millimeter
and defocus it up to several centimeters. The steering magnet can bend the
18 MeV beam of maximum +7 mrad horizontally and/or vertically. Vertical and
horizontal alignment of the BTL elements was performed using lasers, and a
95% transmission of the beam was achieved.

To optimize the extraction of the beam to the BTL, a special asymmetrical
carousel (Figure 2.3) was designed and mounted. The different length of the
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Figure 2.3: Modified carousel for an optimized beam extraction to the BTL.

arms allow the beam to be extracted at different orbits, affecting the output
energy [9].

Beam stability down to the pA range was achieved with a procedure developed
by our group, based on tuning the ion source, the radio-frequency and the
current in the main coil [10]. A minimum current of approximately 1 pA was
achieved with this method, about seven orders of magnitude lower than the
current for which medical cyclotrons are normally optimized.

The Solid Target Station

To produce radionuclides from solid material targets, an IBA NIRTA Solid Target
Station (STS) was installed on the out-port 7 of the cyclotron (Figure 2.4). The
STS has an 8-mm-diameter collimator to provide a beam of controlled diameter,
which is water-cooled in order to dissipate the full beam power (500 W) in case
the beam is completely off-centered or defocalized.

The collimator and the body of the STS are connected to two electrometers
(B29885A Keysight) to measure the current online during the irradiation. The
effective current hitting the target material was assessed by measuring the
2D beam profiles with radiochromic films [11], as described later in this chapter.

The STS was designed to irradiate a platinum or gold disc, 24 mm in diameter
and 2 mm thick, on which the target material is electroplated. To limit over-
heating during the irradiation, the disc is water-cooled and helium-cooled on
the back and the front side, respectively. The helium cooling loop is separated
from the cyclotron vacuum by a 25-mm-diameter disc called vacuum window.
The vacuum window degrades the energy of the beam passing through it, so the
appropriate thickness and material must be selected to optimize radionuclide
production. Considering the nominal energy of the Bern medical cyclotron, the
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Figure 2.4: The STS installed on the out-port 7 of the Bern medical cyclotron.

highest achievable energy in the STS outport is 17.8 MeV, if a 10 ym vacuum
window in Havar is mounted.

Since the production of many interesting radionuclides is performed by irra-
diating materials that cannot be electrodeposited but are available in form
of powder or solid foil, a specific magnetic target capsule was conceived and
constructed by our group.

The target coin The capsule, called coin, has the same external dimensions
as an ordinary disc but it is made of two aluminum or niobium halves kept
together by small permanent magnets (Figure 2.5), allowing for quick and easy
opening and closing also inside a hot cell. To optimize the radionuclide pro-
duction, the material and the thickness of the front-end are used to adjust the
energy of protons reaching the target. A 6-mm-diameter foil or compressed
powder pellet is placed in a pocket of the back-end, the depth of which can be
modified to ensure good thermal contact between the irradiated material and
the front-end of the coin. An O-ring is embedded in the back-end to prevent
the leakage of any molten material or gas produced during the irradiation. The
back-side of the coin is also necessary to completely stop the protons, in order
not to activate the water-cooling system.

During my PhD, I contributed to the design and realization of several coins, the
characteristics of which were optimized for the specific application.

Because the cyclotron is used overnight for radionuclide production, the radia-
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Figure 2.5: The two halves of the coin target (24 mm diameter, 2 mm thick).

tion level inside the bunker is always very high and the entry of operators can
lead to radio-protection concerns. For this reason, the STS was customized to
insert and eject the target without opening the cyclotron bunker [12].

The Hyperloop The loading of the station is performed by means of a mechan-
ical transfer system, called Hyperloop, developed and implemented by the LHEP
workshop with my contribution. The coin is inserted into a loading station
shuttle outside the bunker (Figure 2.6-a), paying attention to the direction of
the front-end to be irradiated, and driven over the STS by means of a cable.
It then falls into the STS through a conduit, narrow enough not to allow its
rotation (Figure 2.6-b), and gets locked in the irradiation position.

The Solid Target Transfer System After the irradiation, the target is trans-
ferred from the bunker area by means of a pneumatic Solid Target Transfer
System (STTS) by TEMA Sinergie (Figure 2.7-a). The system consists of a rotat-
ing plate that can hold up to 6 shuttles, an automatic manipulator to de-cap
the shuttle, and a tube connected to the STS. The irradiated coin falls inside
the shuttle placed under the irradiation unit and can be sent either to one
hot cell in the nearby GMP radio-pharmacy, where the chemical processes are
performed, or to a receiving station located in the BTL bunker (Figure 2.7-b) for
further analysis or for transport to external research laboratories. The receiving
station consists mainly of a tube through which the shuttle drops into a lead
pot. It is equipped with a remote camera to follow the delivery procedure from
the cyclotron control room, an automatic lead pot closure system, and a CZT
(Cadmium Zinc Telluride) detector to perform spectrometric analysis of the
irradiated target. The detector, described later in this chapter, is mounted on a
programmable step motor that allows it to be positioned up to 40 cm from the
target [13].

This novel system was developed by our group with my contribution and allows
measuring the activity produced right after the End of Beam (EoB).
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Figure 2.6: The loading station (a) and the final part (b) of the Hyperloop to load
the STS.

Figure 2.7: (a) The STTS by Tema Sinergie with a shuttle in the inset. (b) The
receiving station in the BTL bunker.
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Figure 2.8: The Automatic Focusing System installed in the cyclotron bunker.

The Automatic Focusing System

If the STS is mounted on the out-port of the cyclotron without any optical
device for beam steering and focusing, the extracted beam is characterized by
a ~12 mm FWHM (Full Width Half Maximum) or more on target. This implies
that about 75% of the extracted protons do not hit the 6-mm-diameter pellet,
causing overheating during the irradiation and unwanted residual activity,
which gives rise to radiation protection issues.

To limit unnecessary stress for the machine and enhance the irradiation per-
formance, an Automatic Focusing System (AFS) was conceived, developed and
recently tested [14].

The AFS consists of the Mini-PET Beamline (MBL) by D-Pace [15], a two-
dimensional beam profiler (named UniBEaM and introduced in the next section)
and a software feedback system. The MBL is a 50-cm-long magnet, embedding
two quadrupole and two steering magnets within the same structure. The
feedback system analyses the beam profiles measured by the UniBEaM and, if
necessary, corrects the beam position and shape by varying the current in the
power supplies of the MBL [16]. This is particularly important in the case of
focused beams, since during the irradiation the magnetic dipole of the cyclotron
heats up and causes small drifts in the beam position and size, which would
considerably decrease the current on target.

Functional tests were successfully carried out by installing the AFS at the end
of the BTL [17]. In particular, the focusing capabilities of the system were
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demonstrated and a gain factor of about 20 was found in the radioisotope
production using solid targets [18, 19].

The AFS was recently installed in front of the STS in the cyclotron bunker (Fig-
ure 2.8) and the first tests are currently ongoing. In this regard, I contributed
significantly to the optimization of the irradiation procedure. The configuration
that optimizes the beam transmission was determined by varying the stripper
angle and the MBL magnet parameters and by measuring the current hitting
the coin and the collimator.

To verify that the beam was centered and to assess the current actually hitting
the 6-mm pellet, a gafchromic film was inserted in a coin and irradiated. As
shown in Figure 2.9-a, the front part of the coin had a 9-mm-diameter hole to
prevent the beam from being degraded or scattered. The gafchromic film was
then scanned (Figure 2.9-b) to determine the 2D beam profile. The intensity of
the beam in the two axes as a function of position is shown in Figure 2.10.

It can be observed that, although not perfectly circular, the beam is centered on
target and has a constant intensity within 8%. In this configuration, the current
hitting the 6-mm pellet can be determined by considering the ratio between the
areas and it is characterized by an average uncertainty of about 10%.

Figure 2.9: (a) Gafchromic film inserted into a coin with a 9-mm diameter hole
in the front part. (b) Scanning of the gafchromic film.
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The UniBEaM detector

To accurately know the position, intensity and shape of the beam in real time
during experiments, our group designed and built a non-destructive beam
monitoring detector named UniBEaM (Universal Beam Monitor) [20]. It is based
on a Ce or Sb doped silica scintillating fiber moving transversely through the
beam by means of a high-precision motor. The scintillation light produced by
the passage of charged particles is transmitted to a photon detector, whose
electronic signal is then digitized. The scintillating fiber is coupled to a com-
mercial optical fiber several meters long to transport the signal with negligible
attenuation. This solution allows the electronics and other radiation-sensitive
devices to be placed outside the bunker, avoiding possible damage due to neu-
tron irradiation. The motor step size and the acquisition time between steps
can be adjusted according to the experiment. Typical values are 250 um and
10 ms, respectively. At each step, the digitized signal is reported on real time as
a function of the position of the fiber to visualize the beam profile. The working
principle and the main components of the UniBEam are reported in Figure 2.11.

Scintillating
fiber
D) /
< Movement L
Beam Beam profile
R Pi2
Motor I
5
4 SiPM
BTL bunker B:vnalile r Control room

Figure 2.11: Schematic view of the working principle and main components of
the UniBEaM detector.
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Figure 2.12: Commercial version of the UniBEaM detector, produced by D-Pace.

The UniBEaM has been successfully tested with a continuous 18 MeV proton
beam in the current range from 1 pA to 20 pA [21].

A commercial version of the UniBEaM, based on two fibers to investigate the
horizontal and vertical planes simultaneously, was licensed to D-Pace [22].
This two-dimensional version of the UniBEaM was used for the cross section
measurements reported in this thesis and it is shown in Figure 2.12.

Detectors for y spectrometry

The HPGe detector The Bern medical cyclotron laboratory is equipped with
a High-Purity Germanium (HPGe) detector to perform spectrometric analysis
of irradiated targets and precisely determine the produced activity. The HPGe,
shown in Figure 2.13-a and Figure 2.13-b, is a N-type from Mirion Technologies
(Canberra) with coaxial geometry and with the sensitive volume shielded by
10 cm of lead. The detector is characterized by a non-paralyzable dead time
and it is coupled to a preamplifier and to a Lynx® digital signal analyzer. The
spectrum of the source is acquired with the Genie2K [23] software in the
case of a single measurement and with the Excel2Genie [24] Microsoft Excel
application for repeated measurements. The analysis is carried out with the
InterSpec software [25], developed by the Sandia National Laboratories.

21



2. INSTRUMENTS AND METHODS FOR NOVEL RADIONUCLIDES AT THE BERN MEDICAL CYCLOTRON

(b)

Figure 2.13: The HPGe detector closed (a) and open (b); the plexiglass ladder for
dead-time optimization (c).

The efficiency calibration was performed with a multi-y source (Czech Metrology
Institute, source number 201020-1800042, 2020), presenting several elements
(241 Am, 199¢Cd, 139Ce, %7Co, 69Co, 137Cs, 113Sn, 85Sr and 88Y). The calibration
source was measured at distances up to 10 cm from the detector, thanks to
a custom-designed plexiglass ladder with equally spaced levels 1 cm apart
(Figure 2.13-¢).

This solution ensures that the targets are precisely centered with respect to
the crystal and allows to optimize the dead-time of the detector by changing
their distance. A second 1-m-high scale was constructed to measure very high
activities without saturating the detector. In this case, the efficiency calibration
was performed every 10 cm.

The detector efficiency, eypge. is a function of the distance of the source, d, and
of the energy of the y considered, E,, and can be calculated with the following

formula:

A t ART _
€HPGe(d,Ey) = HPGe (1) 1 — e ART - eMito)

2.5
Alto) (2-5)

where Appge(t) = C(t)/LT is the background-corrected count rate (in counts/s)
of the analyzed y-peak, with C(t) the peak area at the time t and LT live time
of the measurement , A(tp) is the photon activity of the y-line at the reference

ART
date, 3— =&t

tion and the cooling time, respectively, with A the decay constant of the given
radionuclide and RT the real time of the measurement.

and e*t—to) are correction factors for the measurement dura-

At each level of the ladder, the measured efficiencies as a function of the vy
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energies are fitted with the following function [26]

6

1 .

enpge(Ey) = £ > pilog ' Ey (2.6)
Y oi=1

using a parametric least-squares fit. The photon energies E, are the error-free
parameters and p; the fitting parameters.

The experimental uncertainties in the efficiency calibration procedure include
the error on the radionuclide activities at the reference time (up to 1.5%) and
the statistical error in the net peak areas (about 1%). All the contributions were
summed in quadrature to obtain the overall uncertainty of the measured effi-
ciencies. The efficiency uncertainties at y energies different from the calibration
source ones are retrieved from the parametric least-squares fit.

The CZT detector A second detector for y spectrometry is embedded in the
receiving station in the BTL bunker, in order to have a benchmark of the pro-
duced activity before shipping the irradiated target to other laboratories for
radiochemical processing. In this case, the detector must be able to measure
the high activity produced without saturating, it must be small enough to
be integrated into the receiving station, and it must be able to work at room
temperature. On the basis of these considerations, a Cadmium-Zinc-Telluride
(CZT) semiconductor detector from GBS Elektronik GmbH (Cube527E) was
chosen. The main characteristics of the CZT detector are reported in Table 2.2.

The spectrum of the source is acquired with the WinSPEC software and an-
alyzed with a specially developed Python script. This program reads the raw
data provided by the detector, identifies and analyzes the photo-peaks in the
spectrum and provides the activity of the corresponding radionuclides.

The linearity of the energy response and the energy resolution of the CZT were
verified by placing the multi-y calibration source in contact with the detector
surface. In particular, a resolution of about 2% was found for the peak at
661 keV, in good agreement with the value provided by the manufacturer (Ta-
ble 2.2).

Since the multi-y source was too weak to perform the efficiency calibration at
different distances from the detector, I used a two-step procedure. Different
materials were irradiated with the STS to produce several radionuclides (48v,
61Cu, 83Zn, %6Ga, '65Tm) in high quantities and then measured with the CZT at
the four positions provided by the programmable step motor (10, 20, 30 and
40 cm from the source). After an appropriate cooling time, the samples were
measured with the HPGe detector and the resulting activities were actualized to
the time frame of the CZT measurements.
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Crystal size [mm?3] 500
FWHM @ 662 keV [%)] < 2.5
Channels 1024
PoE [W] <2
Dimensions [cm] 11x2.5%x2.5
Weight [g] 150

Table 2.2: Main characteristics of the Cubeb527E detector from GBS Elektronic
GmbH.

The efficiencies were then determined using Eq. 2.5 and Eq. 2.6.
The uncertainty of the measured activity varies between 6 and 10% for the

different positions and the range of detectable activity is of the order of a few
hundreds of MBq, depending on the particular radionuclide.
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2.2 Methods for an optimized radionuclide production

Accurate knowledge of the energy of the pristine beam and of the cross section
of the involved nuclear reactions is crucial for the production of novel medical
radioisotopes, making it possible to optimize the radionuclide yield and prevent
the production of unwanted radioisotopic impurities.

Beam energy measurement

At the out-port of the BTL, the extracted energy was accurately measured with
different methods based on the assessment of the beam current after passive
absorbers of different thicknesses [27], on a multi-leaf Faraday cup [28] and on
Rutherford Backscattering Spectrometry [29]. A further apparatus based on
the deflection of the beam by a dipole electromagnet allowed to study the beam
energy as a function of several operational parameters of the cyclotron and
provided a mean energy of (18.59 + 0.14) MeV for a stripper angle of 97.1° [30].

Inside the cyclotron bunker, lack of space prevents the installation of experi-
mental apparatus dedicated to the direct measurement of the beam energy and
indirect measurement techniques must be used.

In order to measure the energy of the beam extracted to the STS out-port, I
contributed to the development of a method based on the stacked-foil technique.
The well known monitor reaction ™%'Ti(p,x)*®V was chosen for this purpose,
being characterized by a particular shape so that the produced activity strongly
depends on the beam energy [31]. Two 125 um Nb energy degraders and six
25 um natural Ti foils with a diameter of 13 mm were inserted in the coin pocket
and irradiated. A specially designed coin with a 12-mm-diameter hole in the
front-end was used to prevent the beam from degrading its energy or scattering.
Each foil was then measured with the HPGe detector, to precisely assess the
produced activity. The measured activities were then plotted as a function of
the Ti foil's number for several initial energies and an iterative least-squares
minimization method was applied to identify the initial energy that minimizes
the sum of squared residuals.

This method was validated in the BTL and allowed to measure the energy of the
beam extracted to the STS out-port, obtaining (17.78 + 0.05) MeV for a stripper
angle of 89.1°.

The beam energy measurement for different stripper angles is currently in
progress and it will be published in a forthcoming paper, in which I will be one
of the co-authors.
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Figure 2.14: Schematic view of the cross section measurement technique in the
case of the standard method (a) and the flat-beam method (b).

Production cross section measurement

The standard method to measure the cross sections is based on the irradiation
of a homogeneously thick target with a beam of known energy, as schematically
shown in Figure 2.14-a.

In this case, the beam shape plays no role and the cross section as a function
of the input energy is defined as

1 mo 1
o(E) = Altgop) - 3 Mol

I dm/dS Napn 1—e At 2.7

where A(tgop) is the activity produced at the EoB, q is the elementary charge, I
is the current on target, dm/dS is the target mass per unit surface, N4 is the
Avogadro constant, 3 is the isotopic ratio of the target nucleus in the material,

1 its stoichiometric number and - is a correction term which considers
1

1—e A
the decay of the radionuclide (with decay constant A) during the irradiation time
ti.

The EoB activity is measured by y spectrometry and is given by

Adet(t) . ART . eMt—teon)
€-BR 1—e ART

Alteos) = (2.8)

where Ag4.¢(t) is the background-corrected count rate (in counts/s) of the

analyzed y-peak, e is the efficiency of the detector for the analyzed y-line, BR
ART

1 — ¢ ART

measurement duration and the cooling time, respectively, with A the decay

constant of the given radionuclide and RT the real time of the measurement.

is its branching ratio, and e*t~teeB) are correction factors for the
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Figure 2.15: Target station for cross section measurements.

The standard method is suitable for target materials available in solid foil form,
for which the target mass surface density is constant; in the case of powders,
however, obtaining homogeneous thicknesses is very challenging and often
impossible. For this reason, a new procedure based on the irradiation of the
full target mass with a flat proton beam (Figure 2.14-b) was developed by our
group [32].

In this case, the cross section depends on the total target mass m and on the
current density dI/dS, and is given by the formula

a1 M1
dl/dS m Napn 1—e At

o(E) = A(teos) - (2.9)
The beam is flattened by the optical elements of the BTL and its position and
shape are measured on-line with the UniBEaM detector. The beam current
hitting the target is measured by means of a custom target station mainly
composed of a 6 mm diameter collimator, an electron suppressor ring and a
target holder (Figure 2.15). The collimator is grounded and provides a beam
of controlled diameter, within which the beam flatness is obtained with an
uncertainty of less than 5%. The electron suppressor ring is connected to a
negative bias voltage in order to repel secondary electrons produced during the
irradiation, that would increase the measured beam current. Current measure-
ments on target are performed throughout each irradiation by connecting the
target holder to an electrometer (B29885A Keysight). The conductive parts of
the target station are kept together by insulator components. The beam energy
is degraded by means of aluminum attenuator discs placed in front of the target
and it is determined using the SRIM Monte Carlo code [33].
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(a) (b) (©) @

Figure 2.16: Targets for cross section measurements: (a) empty aluminum disc;
(b) deposition procedure; (c) disc pocket filled; (d) aluminum disc covered with a
13-um-thick aluminum foil.

The produced activity is assessed by y spectrometry with the HPGe detector.

The target consists of a 23 mm disc, usually made of aluminum, with a 4 mm
diameter and 0.8 mm deep pocket in its center (Figure 2.16-a). The target
material is deposited by sedimentation from a suspension of a few milligrams of
powder in ultra-pure water or ethanol, which is then evaporated by means of a
heating plate (Figure 2.16-b and Figure 2.16-c). The target mass is assessed
with an analytical balance (Mettler Toledo AX26 DeltaRange). To prevent the
material escape during the irradiation and the measurement procedure, the disc
is covered by a 13-um-thick aluminum foil (Figure 2.16-d). With this method,
target thicknesses of a few tens of pm can be achieved and the beam energy can
be considered constant within the uncertainties over the full irradiated mass.

Nuclear cross section calculation

When dealing with cross sections, it is necessary to distinguish between the
nuclear (or reaction) cross section, which is independent from the isotopic
composition of the irradiated material, and the production (or total) cross sec-
tion, which depends on the percentage of the starting isotope in the irradiated
material.

If the radionuclide of interest is produced by a single reaction (p,x), the total
cross section is equal to the nuclear cross section (Eq. 2.9) multiplied by the
isotopic percentage 3 of the target isotope in the irradiated material:

otoTr =B - o(p,x) (2.10)

If, on the other hand, the radionuclide is produced by several reactions starting
from isotopes with different abundances, the total cross section is given by a
linear combination of the nuclear cross sections and can be measured with
Eq. 2.9 by setting 3 = 1.

In the case of two reactions (p,x) and (p,y) starting from the i-th and j-th isotope,
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respectively, the production cross section is given by

oroT = Bi-o(p.x) + Bj - olp,y) (2.11)

and it can only be compared with other experimental data if they were obtained
from a material with the same isotopic abundance, as in the case of natural
abundance.

To disentangle the two nuclear contributions to the production cross section, I
developed a method based on the inversion of a linear system of equations. This
method requires measuring the total cross section from as many materials with
different isotopic composition as there are reactions involved in the production
of the radionuclide of interest.

In the case of two reactions (p,x) and (p,y), considering two materials A and B
with different known isotopic compositions, the following linear system holds
for a given beam energy E:

{G%T =B olp,x) + B - olp,y) (2.12)

oBor =BE olp.x) + [3JB -o(p.y)

where the experimentally-measured production cross sections appear on the
left side of the equations and the reaction cross sections to be determined on
the right.

Study of production yield and radionuclidic purity

On the basis of the cross section measurements, it is possible to define the
irradiation parameters that optimize the production by performing a study of
the radionuclide yield and purity.

For an infinitely thick target, where the beam is completely stopped or degrades
its energy to below the threshold for producing the measured product, it is
possible to define the Thick Target Yield (TTY) as the producible activity per unit
current and time.

The TTY for a given proton entry energy E is given in GBq/pAh and can be
calculated using the following formula:

_ Altgos)  (1—e ™) Na-n (5 o(E)
TTY(E) = I = : Lth S, (E)

4 Y Mmot q
where A(tgop) is the activity produced at the EoB, I the current on target, t;
the irradiation time, (1 — e~?!'t) is the saturation factor defining the competition
between production and radioactive decay (defined by the decay constant A)
during the irradiation, N o the Avogadro constant, m,,,; the average molar mass
of the target material, n the number of target atoms of the desired species per

de’ (2.13)
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molecule, q the charge of the projectile, o(E’) the cross section as a function of
the proton kinetic energy E’, S,(E’) is the mass stopping power for the target
material and E.j, is the threshold energy of the considered reaction. The mass
stopping power is calculated using SRIM [33].

For an irradiation much longer than the half-life of the produced radionuclide
(At; >> 1), an equilibrium is reached whereby longer irradiation does not corre-
spond to an increase in production. In this case, the thick target saturation
yield TTY;q¢ is defined as the activity produced per unit current and is mea-
sured in GBq/pA. The TTYq¢ is used as a reference to optimize the production
process by setting and ideal irradiation time.

If a thin target is used, so that the protons are not stopped therein, the
production yield Y(E) can be defined as

YE)=TTY(E) = TTY(Eout) (2.14)
where E,; is the proton energy after the target, determined using SRIM [33].

Given a sample containing a mixture of N radioisotopes, the purity of the

radionuclide of interest X is given by

__AX
YA

where A; is the activity of the i-th radionuclide.

Px (2.15)
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CHAPTER

Novel Medical Radionuclides and
their Optimized Production with
Solid Targets

As discussed in Chapter 1, the availability of novel radionuclides for theranos-
tics is of paramount importance for the development of nuclear medicine. In
contrast with the production of standard radioisotopes with liquid targets, as
18F, the production of such radionuclides in quantity and quality suitable for
clinical applications is challenging and remains an open issue.

A possible solution is the use of medical cyclotrons equipped with a solid target
station, which however requires the careful investigation of several aspects:

* Nuclear data: the knowledge of the cross sections involved is crucial
for setting the energy range that optimizes the production yield and the
radionuclidic purity. Data available in the literature are sometimes lacking
or inconsistent.

* Proper and cost effective targetry: the use of rare and expensive isotopically
enriched materials, usually available in powder form, is often required. It
is therefore important to carefully design the target to be irradiated.

* Irradiation techniques: the knowledge of the beam characteristics is of
paramount importance when dealing with small solid targets. The position
and shape of the beam must be monitored during the irradiation and
corrected, if necessary, to keep the beam on target and avoid unwanted
activation of the system. The precise measurement of the pristine beam
energy and of the cross sections involved allows to optimize the radionu-
clidic purity. The target must be contained in special capsules during the
irradiation and properly cooled to prevent overheating.
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* Chemical processing: the chemical separation procedure should be as sim-
ple as possible and provide no-carried-added (n.c.a) products [1]. Recovery
techniques aimed at recycling the enriched material should be developed.

¢ Radiolabeling and quality control: a highly efficient radiolabeling process
should be established. The final product must meet the quality criteria
set by the European Pharmacopoeia, which cover radiochemical purity,
specific activity, radionuclidic purity and chemical purity.

During my PhD, I focused on the first three aspects which deal with physics. In
particular, I contributed significantly to enhance the knowledge of nuclear data
by measuring for the first time several of the nuclear reaction cross sections to
produce novel radionuclides for medical applications, especially for theranos-
tics. On the basis of the results obtained, I performed a detailed study of the
radioisotopic impurities formed during the irradiation, in order to assess the
conditions that optimize the radionuclide production.

I investigated both diagnostic (3" and y emitters) and therapeutic (3~ and
Auger-electron emitters) radionuclides that are promising in nuclear medicine
and can be produced with solid targets using an 18 MeV cyclotron.

This chapter reviews the medical applications of each radioisotope, while focus-
ing mainly on the cross section measurements of the selected nuclear reactions
and on the optimization of the production procedures. The detailed description
of the experiments and of the data analysis can be found in the cited papers, in
which I am the first author or one of the authors.

With regard to B+ emitters, the production of ®8Ga by proton irradiation of
solid zinc targets is described. ®8Ga is a clinically approved radionuclide with
almost ideal characteristics for PET imaging and, for this reason, it is used
as a comparison term for the other PET radiometals produced in this PhD
work, namely 44Sc, 61Cu and ®*Cu. It is important to mention that, due to
its unique decay pattern, 64Cu also finds application in the therapeutic field,
earning the name of theranostic agent [2]. In the case of SPECT imaging, the
cyclotron-based production route of 9°™Tc and 55Tb from molybdenum and
gadolinium targets, respectively, is investigated.

In the field of therapeutic radionuclides, the production of the 3~ emitters 47 Sc
and %7Cu, promising alternatives to the clinically established “”Lu, and of the
Auger-electron emitters '65Er and 67Tm is proposed.

The radionuclides I investigated are presented according to their atomic number.
The nuclear information provided was retrieved from the Live Chart of Nuclides
website by IAEA [3]. The natural isotopic composition of the elements were
retrieved from the Table of Isotopic Compositions of the Elements by CIAAW [4].
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The results obtained in this study for cross section measurements were com-
pared with the TENDL-2021 predictions [5] and with the experimental data
available in the literature and accessible via the EXFOR database [6].

In accordance with the findings of Takacs et al. [7], the values presented by
Levkovski in Ref. [8] are scaled by a factor 0.8, on the basis of the currently
accepted value of the monitor reaction that was used in the original work. In
this chapter, the corrected reference is cited as Levkovski 1991*.

3.1 Scandium radioisotopes

The true theranostic pairs *3Sc/47Sc and #4Sc/4”Sc are considered among the
most promising for the future of personalized nuclear medicine. This thesis
focuses on 4*Sc and #”Sc, as the production of #3Sc was previously investigated
at the Bern medical cyclotron [9].

44Sc [ty 5 = 3.97 h, Eg+ =632 keV (94.3%), E, = 1157 keV (99.9%); 1499 keV
(0.91%)] is a B emitter with interesting decay properties for PET imaging and
it was proposed as an alternative to ¥8Ga for pre-therapeutic imaging and moni-
toring the response to radionuclide therapy [10]. Its half-life of about 4 h makes
it suitable to label molecules with a relatively long biological half-life, covering
several hours after the administration of the radioactive compound [11]. Fur-
thermore, it would allow centralized production and cost-efficient distribution
of 44Sc-labelled radiopharmaceuticals to distant PET centers.

Due to the almost simultaneous emission of high-energy y-rays, **Sc was
proposed as a candidate for a new nuclear imaging technique based on 'y
coincidences [12]. This technique would lead to improved image resolution,
allowing the dose required for the examination to be reduced [13] and thus
compensating for the increased dose absorbed by the patient due to the 1157-
keV-y-ray emission.

47Sc [ty = 3.349 d, Eg_ = 162 keV (100%), E, = 159 keV (68.3%)] is a low-
energy 3~ emitter that could be suitable for RNT. The 159-keV y-ray emission
that follows the decay allows for SPECT imaging during treatment to detect the
radiotracer distribution. From a physical and chemical point of view, 4”Sc is
similar to the clinically-established !""Lu [t; 5 = 6.64 d, Eg_ = 134 keV (100%),
E, = 113 keV (6.2%); 208 keV (10.4%)]. However, its much shorter half-life
would make 47Sc ideal for labeling small-molecular-weight targeting ligands
with a relatively fast blood clearance [14].

Many #4Sc and #7Sc production routes are reported in the literature, as shown
in Table 3.1. Among them, the reactions **Ca(p,n)**Sc, 48Ca(p,2n)*’Sc and
48Ca(p,pn)*’Ca — 4"Sc were also investigated at the Bern medical cyclotron in
a previous research project [9, 15].
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Impinging particle | Target Route

44Ca 4 ca(p,n)**Sc [9, 10, 16]
46Ca 46Ca(p,y)47Sc
BCca | *8Ca(p,2n)*’Sc, *8Ca(p,pn)*’Ca — 47Sc [15-17]

p 47Ty 47Ti(p,c)*4Sc [18]
487§ 48Ti(p,2p)*”Sc [16]
507§ 50Ti(p,x)*”Sc [18]
453c 458c(p,2n)*4Ti — 44Sc [19, 20]
4Ca 44Ca(d,2n)**Sc [16]

d 46Ca 46Ca(d,n)*’Sc
49Ty 49Ti(d, «)*" Sc

x 2Ca 2Ca(a,d)**Sc [21]
4Ca 4Ca(a,x)*’Sc [22]
48Ca 48Ca (y,n)*"Sc [23]

Y 48Ty 48Tji(y,p)4"Sc [24, 25]
16Ca 46Ca(n,y)*’Sc [14, 26]

n 48Ca 48Ca(n,2n)*’Ca — 4’Sc
47Ty 47Ti(n,p)*"Sc [26-28]

Table 3.1: Main production routes for 44Sc and 4”Sc reported in the literature.

With reference to the production of #*Sc from enriched 4*Ca, during my PhD
I was involved in targetry optimization, testing two new target preparation
methods. Infact, despite the use of CaCO3 targets for #4Sc production is widely
reported in the literature [10, 16], this material was found to be unsuitable for
irradiations at the Bern medical cyclotron due to radioprotection issues. During
the irradiation, the increase of the pellet temperature caused the decomposition
of CaCOg into CaO and CO», leading to a progressive rise in pressure inside the
coin and allowing the radioactive gas 3N, produced by the 6O(p,«)!3N reaction,
to escape from the coin. The air contamination in the cyclotron bunker caused
the ventilation to shut down, stopping the irradiation.

For this reason, it was necessary to investigate the use of different materials.

In the framework of a collaboration with PSI, the use of CaO pellets, obtained
from thermal decomposition of CaCOg, was tested. As shown in Figure 3.1,
the use of CaO targets was found to be an improvement, with the amount of
gas released not exceeding the quantity of *'Ar produced during normal '8F
production (100-150 kBq/m?). However, the handling of these targets still
requires special care. Due to the high hygroscopicity of CaO, the pellet must be
prepared and stored under Ar atmosphere and irradiated as soon as possible to
prevent it from swelling (Figure 3.2).
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Figure 3.1: Exhaust radioactivity in air of the cyclotron bunker during a typical
irradiation of a CaO target for #*Sc production.

Figure 3.2: Example of CaO pellet exposed to air.
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Radioisotope ty /9 Decay mode: [%] E, [keV] BR [%]
438¢ 3.891(122h  ec+ B*: 100 372.9(3) 22.5(7)
445e 3.97(4) h ec + p+: 100 1499.46(2) 0.908(15)

44mge 58.61(10) h IT: 98.8 271.240(10) 86.75(6)
465c 83.79(4) d p~: 100 889.277(3) 99.984(1)
475¢ 3.3492(6) d p—: 100 159.381(15) 68.3(4)

Table 3.2: Decay properties and main y emissions of scandium radioisotopes.
The values in parentheses are the uncertainties referred to the last digits of the
value.

A series of irradiations were successfully carried out, producing several GBq of
44Sc. In particular, about 15 GBq of #*Sc were produced for the first time with
a medical cyclotron by irradiating a 0.5-mm-thick 97.0% enriched #4CaO pellet
with about 26 pAh.

The produced activity was shipped to PSI to undergo radiochemical dissolution
and separation procedures [10], resulting in high radionuclidic and chemical
purity. The 4*Sc eluate was then used for a preclinical study, labelling the
PSMA-ALB-02 ligand [29] and successfully performing imaging studies with a
small animal PET/CT scanner [30]. The detailed description of the production
tests, the radiochemical procedures and the preclinical applications of **Sc-
PSMA-ALB-02 can be found in Ref. [31], which I co-authored.

Pellets produced with the same procedure were used in the context of a collabo-
ration with PSI and IRA to precisely determine the half-life of #*Sc and of its
metastable state 44™Sc (Table 3.2).

Two samples of 4*Sc solution with different activity concentrations, produced
and purified at PSI, were sent to IRA and accurately measured under metrologi-
cal conditions using different methodologies. An aliquot of less concentrated
solution was sent to the Bern medical cyclotron laboratory to be measured with
the HPGe detector. I repeatedly measured the sample for about 70 h, changing
the distance from the detector over time so that the counts frequency was low
enough to limit the negative effects of pile up and random summing.

I calculated the half-life of 44™Sc by fitting the experimental data with the
simple exponential decay equation:

Agam(t) = Agam(to)e Maamt (3.1)

resulting in Agq4m = (3.29 £ 0.01)-10 6 s 1,
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To determine the 4*Sc half-life, it was necessary to account for the contribu-
tion to its activity of #4™Sc, decaying into the ground state through internal
transition. For this reason, I fitted the measured activities with the Bateman
equation

Agq
Agg — Mam
where A4 is a constant parameter equal to the previously obtained value.
The result of the fit 3.2 was A\y4 = (4.75 + 0.02)-107° s~ 1.
The experimental data and fit curves are presented in Figure 3.3 with their
corresponding residuals. In the case of 4*Sc, the data measured after 20 h were
discarded due to the low statistics of the 1499 keV emission.
My findings were compatible with the values measured at IRA, confirming the
validity of the HPGe calibration.

Aga(t) = Agq(to)e M4t 4 Agam(to) (e Maamt — g~ Paat) (3.2)

This study provided a half-life of 58.7(3) h and 4.042(7) h for #4™Sc and #*Sc,
respectively. A detailed description of the activity measurements, the half-life
determination and the uncertainty evaluation can be found in Ref. [32], which I
co-authored.

In view of a wider application of cyclotron-produced #*Sc in nuclear medicine, it
is necessary to develop a methodology for the precise measurement of the pro-
duced activity and for the identification of possible Sc impurities in the sample.
The activity measurements performed at IRA under metrological conditions were
also used for the calibration of the dose calibrators at PSI. In this case, it was
proved that the contribution of 44™Sc can be neglected in activity determination
performed with the dose calibrator, if the measurement is carried out within
12 h after the EoB. This corresponds to approximately three times the half-life
of #*Sc and it is longer than the expected time for medical application.

The detailed description of this work is reported in Ref. [33], which I co-authored.

A different kind of Ca target, produced by the University of Debrecen, Hungary,
was tested for the production of 44Sc at the Bern medical cyclotron in the
framework of a collaboration between the two institutes.

In this case, to improve the heat conductivity of the target, 10 mg of natural
CaCOg3 powder were mixed with 20 mg of natural Mg powder and pressed into a
disc-shaped pellet (6 mm in diameter, 0.7 mm thick). It was then placed inside
a coin and mailed to Bern without any special precautions in storing, which
did not cause any swelling or fractures (Figure 3.4).

The pellet was irradiated with a constant current of about 4 pA for 37 min,
during which a negligible release of radioactive gas was observed (Figure 3.5).
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Figure 3.3: Activities of 44Sc and #*™Sc measured over time from the 1499 keV
and 291 keV, respectively, and fit curves with the corresponding residuals.
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The measured scandium radioisotope activities were compatible within the
uncertainties with the predictions made on the basis of the experimental cross
sections [9, 15].

Further studies are planned, in particular the use of enriched #*CaCOs for an
optimized #*Sc production.

Figure 3.4: Natural Mg/CaCOg; pellet before irradiation.
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Figure 3.5: Exhaust radioactivity in air of the cyclotron bunker during the
Mg/CaCO3 target irradiation for 4*Sc production.
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During my PhD, I also investigated the production of #4Sc and 47Sc by irra-
diating enriched 4’Ti and enriched °OTi targets, respectively, exploiting the

47Ti(p,)**Sc and ®°Ti(p,x)*”Sc reactions. The isotopic compositions of the

materials used in this study are reported in Table 3.3.
The results of the nuclear cross section measurements are shown in Figure 3.6-

Figure 3.10, together with TENDL predictions [5] and the experimental data
available in the literature [8, 34]. The unpublished cross section data of the

47Ti(p,oam)*3Sc, 4"Ti(p,)**Sc, 4" Ti(p,x)**™Sc, 4"Ti(p,2p)*®Sc and *8Ti(p,2p)*”Sc

47Ti 48Ti 49Ti
73.8 5.5 54

7.3
95.70 3.57 0.18 0.14

reactions are reported in the Appendix for completeness.
50Ti
0.23 4.57 95.20

46Ti

8.0
0.41

Natural Ti [%]
Enr. 4"TiO5 [%]
<0.01 <0.01

Enr. 59TiOy [%]
Table 3.3: Isotopic fractions of the natural Ti foil purchased by GoodFellow [35],
the enriched 4”TiO, and the enriched 5°TiOy powders supplied by Isoflex [36].
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Figure 3.6: 4"Ti(p,an)*3Sc reaction cross sections
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Figure 3.7: 4"Ti(p,x)**Sc reaction cross sections.
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Figure 3.8: 4"Ti(p,x)**™Sc reaction cross sections.
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Figure 3.10: %8Ti(p,2p)*”Sc and %°Ti(p,x)*”Sc reaction cross sections.
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To optimize the production of the radioisotope of interest, a study of the yield
and the radionuclidic purity was carried out on the basis of the cross section
measurements.

Scandium-44 The irradiation of a 95.70% enriched #’TiO, target results in
the production of several scandium radioisotopes. Among them, 44™mSc, 46Sc
and %7Sc have longer half-lives than #Sc and cannot be removed from the
sample by means of decay time.

As shown in Figure 3.11, the production of 46Sc and 4”Sc can be minimized by
setting the beam input energy below the threshold energy of the 4"Ti(p,2p)*¢Sc
and *8Ti(p,2p)*”Sc reactions (Figure 3.9 and Figure 3.10, respectively). The
latter contribution can be further reduced by considering higher enriched mate-
rials. The co-production of the metastable state *4™Sc cannot be avoided and
it represents the main impurity. The presence of this longer-lived metastable
state leads to the decrease in radionuclidic purity over time, limiting the period
of application of the labelled compound, and complicates patient dosimetry.
43Sc has a half-life comparable to 44Sc (Table 3.2) and is characterized by the
high emission of low-energy positrons (Efﬁ = 508 keV (70.9%); 632 keV (17.2%))
without any high-energy y-ray. It therefore produces no image degradation
effects nor does it lead to an increase in the dose absorbed by the patient.
Despite these premises, further studies need to be carried out to determine how
the presence of 43Sc in the sample affects the imaging performance. For this
reason, 43Sc is considered as an impurity in the yield calculations below.

Figure 3.12 shows the #*Sc TTY and the radionuclidic purity as a function of
the entry energy. For an input energy of 15 MeV, which provides a good balance
between production yield and radionuclidic purity, a 4Sc TTY of 48 MBq/uAh
with a purity of 98.2% can be achieved.

To obtain larger #*Sc activities, longer irradiation times can be considered. In
this case, however, the increased production of long-lived radionuclides, in
particular #4™Sc, must be taken into account (Figure 3.13).

The calculations based on the cross section measurements were confirmed by

irradiating a 0.97-mm-thick enriched 4”TiOy pellet in the BTL, by means of a
modified version of the station used for cross section measurements.
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Figure 3.11: Thick target yield of Sc radioisotopes as a function of the proton
entry energy. The bands correspond to the maximum and minimum yield
derived from the measured cross sections.
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Figure 3.12: #*Sc thick target yield and radionuclidic purity as a function of
the proton entry energy. The bands correspond to the maximum and minimum
yield derived from the measured cross sections.
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Figure 3.13: Thick target yield of Sc radioisotopes and radionuclidic purity as a
function of the irradiation time. The bands correspond to the maximum and
minimum yield derived from the measured cross sections.

The irradiation parameters, the activities produced and the radionuclidic pu-
rity at the EoB are reported in Table 3.4. The results obtained are shown in
Figure 3.14 together with the predictions based on the cross section measure-
ments, calculated under irradiation conditions.

Further production tests ad checks are planned. The results of this study will
be published in a forthcoming paper, of which I will be the first author.

The 4"Ti(p,«)**Sc reaction provides a lower production yield and radionuclidic
purity compared to the **Ca(p,n)**Sc. However, the higher isotopic abundance
of 4’Ti compared to *Ca (7.4% vs. 2.1%) and the easier handling of the
target could make this production route a promising alternative. Furthermore,
according to the findings of Loveless et al. [18], TiOy targets can tolerate very
high beam currents, allowing to achieve higher activities.

49



3. NOVEL MEDICAL RADIONUCLIDES AND THEIR OPTIMIZED PRODUCTION WITH SOLID TARGETS

10? 100
10!
g —_
X
3 o
a Z
= 5
- o
10° /
+ Experimental data: Y(**Sc)
+ Experimental data: Y(**"Sc)
+ Experimental data: Purity
1071 97

8 10 12 14 16 18
Proton entry energy [MeV]

Figure 3.14: %Sc and #*™Sc yields and radionuclidic purity calculated in
our irradiation conditions compared to the experimental results. The bands
correspond to the maximum and minimum yield derived from the measured
cross sections.

Ein Q Y(**Sc) Y(**™mSc) P(EoB)
[MeV] 102 [uAh] [MBq/pAh] [MBq/pAh] [%]
48 + 3 0.73 £ 0.04 98.3 +0.1
(15.0 £ 0.4) 0.63 £0.03 (47) (0.72) (98.2)

Table 3.4: Irradiation parameters, #*Sc and #*™Sc yields and radionuclidic
purity at the EoB, obtained irradiating the 95.70% enriched #"TiOy pellet.
The values in parentheses are the yield calculations based on cross section
measurements.
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Scandium-47 By irradiating an enriched 5°TiO thick target, the maximum
47Sc production yield can be obtained at the highest achievable proton energy.
The radionuclidic purity is affected by the co-production of the long-lived 4°Sc,
which increases for longer irradiation times.

According to our findings, a 4”Sc TTY of 249 MBq/uA with a purity of 99.2% can
be achieved at saturation, assuming an input energy of 17.8 MeV (Figure 3.15).
Considering these irradiation conditions, I investigated the variation of radionu-
clidic purity as a function of decay time in order to assess the impact of 6Sc on
the possible application period of the 4”Sc-labelled radiopharmaceutical.

From Figure 3.16 it can be seen that the purity remains above 99% for about
24 h after the EoB. At that time, the residual activity of 4”Sc is ~80%.

Although under the same irradiation conditions the °Ti(p,x)*”Sc reaction pro-
vides a lower yield than the #8Ca(p,2n)*”Sc (0.25 GBq/uA vs. 12 GBq/uA), the
radionuclidic purity is significantly higher (99% vs. 87%) [15]. Moreover, the
higher natural isotopic abundance of °°Ti compared to *8Ca (5.4% vs. 0.19%)
makes it more widely available at an affordable price.

To obtain higher activities, the use of more energetic proton beams (20-24 MeV)
can be evaluated, as the #7/Sc cross section was found to be increasing at
18 MeV. In this case, however, the additional co-production of #6Sc due to the
50Tj(p,an)*®Sc reaction must be taken into account. This contribution cannot
be avoided by using higher enriched material and, according to TENDL [5], leads
to an increase in the #6Sc TTY from 4.8 kBq/uA to 58 kBq/uA, considering 18
and 24 MeV proton beams, respectively.

The calculations based on the cross section measurements were confirmed by
irradiating a 0.28-mm-thick enriched 5°TiO, pellet in the BTL. The target was
placed in a special coin with a 7-mm-diameter hole in the front (Figure 3.17-a),
in order not to degrade the beam energy.

To prevent the material from escaping during the irradiation, a 13-um-thick
aluminum foil was placed inside the coin (Figure 3.17-b), resulting in an input
energy of (18.2 £ 0.4) MeV.

The irradiation parameters, the activities produced and the radionuclidic purity
at the EoB are reported in Table 3.5. The results obtained are shown in Fig-
ure 3.18 together with the predictions calculated under irradiation conditions.

A more detailed description of the study about the 4”Sc production with solid

targets carried out at the Bern medical cyclotron can be found in Ref. [37], of
which I am the first author and which is reprinted in Part II of this thesis.
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Figure 3.15: 47Sc and %6Sc thick target yields and radionuclidic purity at
saturation as a function of the proton entry energy. The bands correspond to
the maximum and minimum yield derived from the measured cross sections.
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Figure 3.16: 46Sc/47Sc activity ratio, 4”Sc activity fraction and radionuclidic
purity as a function of time. The EoB activities are calculated for an entry
energy of 17.8 MeV at saturation. The bands correspond to the maximum and
minimum yield calculated on the basis of the measured cross sections.
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Figure 3.17: (a) Coin with a 7-mm-diameter hole in the front, containing a
6-mm enriched °°TiO, pellet; (b) 13-um-thick aluminum foil inserted in the
coin to prevent the pellet leakage during the irradiation.
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Figure 3.18: 47Sc and %6Sc yields and radionuclidic purity calculated under
irradiation conditions and experimental results. The bands correspond to the
maximum and minimum yield derived from the measured cross sections.

Ein Q Y(*”Sc) Y(*%Sc) P(EoB)
[MeV] 103 [uAh] [MBq/pAh] [MBq/pAh] [%]
1.35 + 0.07 0.0039 + 0.0002 99.71 4+ 0.02

(182+0.4) 3.9+02 (1.33) (0.0039) (99.70)

Table 3.5: Irradiation parameters, 4”Sc and 4Sc yields and radionuclidic purity
at the EoB, obtained irradiating the 95.20% enriched %°TiO, pellet. The values
in parentheses are the yield calculations based on cross section measurements.
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3.2 Copper radioisotopes

Copper is attracting increasing interest as it offers an almost unique selection
of radioisotopes for imaging (°°Cu, 6'Cu, 62Cu and %*Cu) and targeted radionu-
clide therapy (4*Cu and 67Cu), with a varying range of half-lives and decay
modes (Table 3.6).

As part of my thesis, I focused on the production of 61Cu, #*Cu and %7Cu,
which form two of the most promising theranostic pairs, namely 61Cu/%’Cu
and %4Cu/%"Cu.

Radioisotope ty /9 Decay mode: [%] E, [keV] BR [%]
50Cu 23.7(4) min ec + BT: 100 826.4(2) 21.7(11)
61Cu 3.339(8 h ec+ fT: 100 282.956(10) 12.7(20)
62Cu 9.67(3) min ec + p+: 100 1172.97(10) 0.342(17)

+.
640y 12.7006200h € grs 3.8651.5 1345:77(6) 0.47_2(4)
67Cu 61.83(12) h p~: 100 184.577(10) 48.7(3)

Table 3.6: Decay properties and main y emissions of copper radioisotopes. The
values in parentheses are the uncertainties referred to the last digits of the
value.

Among copper radioisotopes, %4Cu is currently the most commonly used in
clinical settings. It undergoes three different decays, namely electron capture
(44.0%), B~ (38.5%) and B+ (17.5%) decay, finding applications in both the
diagnostic and therapeutic fields.

With regard to PET imaging, *Cu has a lower positron energy than %'Cu
(278 keV vs. 524 keV), leading to a better spatial resolution of the image,
further enhanced by the absence of abundant y-ray emissions. The lower abun-
dance of emitted positrons (17.6% vs. 61% for 61Cu) can be compensated by
longer acquisition times. On the other hand, 61Cu has no p~ emission, which
contribute significantly to the radiation dose to the patient [38]. Furthermore,
the 3.339 h half-life of !Cu fills the gap between %8Ga (67.71 min) and %4Cu
(12.7006 h) and is favourable to study the kinetics of tracers that show maxi-
mum uptake 4 to 8 h post injection [39]. This makes ®!Cu particularly suitable
for labelling small molecules which have fast biokinetics [40].

67Cu is the longer-lived copper radioisotope and decays emitting a combination
of low 3~ particles [I_E(g,f =121 keV (57%); 154 (22%); 189 (20%)] and y-rays [E,
= 185 keV (48.7%); 92 keV (23.1%)]. These characteristics make it suitable for
RNT and allows for SPECT imaging to detect the radiotracer distribution during
treatment. As 47Sc, 67Cu is similar to 17“Lu, however its shorter half-life (2.6 d
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Impinging particle Target Route
6INj 6INi(p,n)®ICu [42, 43]
natzn natzn(p,x)%1Cu [44-46]
647n 64Zn(p,)®1Cu [45]
64Nj 64Ni(p,n)%*Cu [42, 47]
667Zn 66Zn(p.2pn)®4Cu [48]

p 677Zn 67Zn(p,)%*Cu [49]
687Zn 68Zn(p,an)®4Cu [48, 50]
65Cu 65Cu(p,pn)®*Cu
687n 687Zn(p,2p)®”Cu [51, 52]
07n 70Zn(p,x)%”Cu [50, 53, 54]

687Zn + 7°Zn | 68Zn(p,2p)®’Cu + 7°Zn(p,x)%”Cu [55]
natnj natNij(d,x)®!Cu [56]

d natzn natzn(d,x)%4Cu [50]
07n 707n(d,x)%”Cu [57, 58]
natyj natNj(x,x)?TCu [59]

x 59Co 59Co(x,2n)é'Cu [60, 61]
64Nj 64Ni(«,p)®”Cu [62]
65Cu 65Cu(y,n)®*Cu [63]

Y 6871 687n(y,x)7°Zn [64-66]
64Zn 64Zn(n,p)®*Cu [67-73]

I 63Cu 63Cu(n,y)%4Cu [67, 74]
65Cu 63Cu(n,2n)%*Cu [72]
677Zn 67Zn(n,p)%’Cu [68-71, 75]

Table 3.7: Main production routes for 61Cu, 6#Cu and 6”Cu reported in the
literature.

vs. 6.6 d) allows it to be used to label molecules with a faster washout from
tumour tissues [41].

Many 6!Cu, 64Cu and 67Cu production routes are reported in the literature
(Table 3.7). Nevertheless, the availability of 8“Cu in quantities and qualities
suitable for clinical applications is still an open issue.

I investigated the possibility of producing these copper radionuclides from
solid targets using an 18 MeV medical cyclotron, by measuring the cross sec-
tion of the nuclear reactions involved. In particular, I studied the reaction
647Zn(p,)®!Cu by irradiating targets of natural Zn and enriched $4Zn and com-
paring the impurities produced. For 64Cu, I investigated alternative production
methods to the very expensive 64Ni(p,n)%*Cu reaction, namely 65Cu(p,pn)®*Cu
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64 7n 66 7n 67 7n 68 7n 70 7n

Natural Zn [%] 49.17 27.73 4.04 18.45 0.61
(*) Enr. %4Zn [%] 99.40 0.39 0.04 0.17 <0.01
(**) Enr. 7ZnO [%)] 1.56 3.88 89.60 4.91 0.05
(**) Enr. %8Zn [%] 0.99 0.81 038 97.80 0.02
(***) Enr. “°ZnO [%] 0.02 0.01  0.02 1.20 98.75

Table 3.8: Isotopic fractions of the natural Zn powder purchased by GoodFel-
low [35] and the enriched Zn materials supplied by TRACE Sciences Interna-
tional [76] (*), Isoflex [36] (**) and CortecNet [77] (**%).

GSCu 65Cu
Enr. ®®CuO [%] 0.33 99.67

Table 3.9: Isotopic fractions of the enriched $°CuO powder purchased by
Isoflex [36].

and %7Zn(p,x)%*Cu, which enable low and high $4Cu specific activities, respec-
tively. Finally, in the case of 67Cu, I focused on the 7°Zn(p,«)%”Cu reaction by
proton irradiation of enriched 7°ZnO targets.

By irradiating the materials reported in Table 3.8 and Table 3.9, I was able to
measure all the cross sections of the nuclear reactions producing the investi-
gated copper radioisotopes in the energy range of interest.

For 67Cu, I developed a special data analysis procedure due to the production
of 7Ga through the %8Zn(p,2n)%”Ga reaction. Although it does not affect the ra-
dionuclidic purity of 87Cu, 6”Ga presents the same y-lines and its contribution
must be subtracted in the cross section calculations. Moreover, having a longer
half-life, 6’ Ga cannot be removed from the sample by means of decay time.

To correct the cross sections, I developed a method based on the inversion of a
linear system of equations, considering the two most intense common vy-lines
for 7Cu and %7Ga [E, = 93.3 keV (°7Ga: 38.8%, 67Cu: 16.1%); E, = 184.6 keV
(67Ga: 21.4%, 67Cu: 48.7%)].

By irradiating a sample at the proton energy E and by measuring the count
rates p(t) of the two peaks, the following linear system holds:

t) =3 . Ax(to) - €93 - BRigg - fic - e Mkt
{pgs() 2k Axlto) - €93 - BRy g3 - fic - e (3.3)

p185(t) = Zk Ak(to) €185 BRk,185 . fk . e_)\kt

where k = 67Cu, 67Ga, A\ (to) is the EoB activity to be determined, ¢ is the
HPGe efficiency for the given peak energy, BRy is the branching ratio of the k-th
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1— e—}\k'RT

radionuclide referred to the given peak, fy = T RT and e
-

tion factors for the measurement duration and the cooling time, respectively,
with Ay the decay constant of the k-th radionuclide and RT the real time of the

measurement.

—Mt are correc-

The solution of the linear system allows to determine the EoB activity of the two
radionuclides, from which the cross sections as a function of the proton energy
E can be calculated using Eq. 2.9.

The results of the nuclear cross section measurements are shown in Figure 3.19-
Figure 3.24, together with TENDL predictions [5] and the experimental data
available in the literature [8, 44, 49, 50, 53, 78-83].

To optimize the production of the radionuclide of interest, a study of the yield
and the radionuclidic purity was carried out on the basis of the measured cross
sections.
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Figure 3.19: 64Zn(p,on)®°Cu reaction cross section.
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Figure 3.20: %4Zn(p,x)®!Cu reaction cross section.
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Figure 3.21: 67Zn(p,x)%*Cu reaction cross section.
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Figure 3.22: 68Zn(p,an)%*Cu reaction cross section.
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Figure 3.23: 65Cu(p,pn)®*Cu reaction cross section.
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Figure 3.24: 79Zn(p,x)%”Cu reaction cross section.
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Copper-61 The TTY of the copper radioisotopes produced at saturation by
irradiating a natural Zn and an enriched %4Zn target and the radionuclidic
purity are shown in Figure 3.25-a and Figure 3.25-b, respectively, as a function
of the proton entry energy.

As the 54Zn percentage in the natural material is about 49%, when using the
enriched material the yield increases by just a factor 2. However, a significant
difference is observed for radionuclidic purity. In the case of enriched %4Zn,
61Cu is the only copper radioisotope formed in the irradiation, as the produc-
tion of the short-lived 6°Cu at high energies is negligible, and the radionuclidic
purity remains constant over time. For natural Zn, on the other hand, the
co-production of the relatively long-lived 64Cu affects the radionuclidic purity,
causing it to decrease over time and limiting the period of application of the
labelled compound.

These calculations were confirmed by carrying out several production tests with
the STS. Disc-shaped pellets of 6 mm diameter were prepared by compression
of natural Zn and enriched %4Zn powder and irradiated.

A series of irradiations at low currents were carried out to verify the correctness
of the cross section measurements. A more detailed description and the results
of these tests are reported in Ref. [84], of which I am the first author and which
is reprinted in Part II of this thesis.

A second series of tests on enriched $4Zn pellets was carried out at high cur-
rents to produce from 1 GBq to 2 GBq of 61Cu. At that time, a 300 um vacuum
window in Nb was mounted in the STS, so the maximum input energy reachable
was about 11.7 MeV.

The irradiation parameters and the obtained results are reported in Table 3.10.
In the fourth test, at the EoB it was observed that the pellet was completely
charred, as shown in Figure 3.26. This may explain the measured activity much
lower than expected and highlights the need to optimize the target in view of
possible routine industrial production of 61 Cu.

In the other cases, the produced activity was sent to DCBP for radiochemical
treatments. The separation of 1Cu from the zinc matrix and the other impuri-
ties was carried out by means of a two-step procedure based on the evaporation
technique and extraction chromatography. A separation efficiency of about 88%
was achieved and no other radionuclides were observed in the final product.
61Cu was then used to label biomolecules with the DOTA chelator, resulting in a
labelling yield of 97% [85]. These promising results demonstrated the feasibility
of producing ¢!Cu with a medical cyclotron.
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Figure 3.25: TTY of 1Cu and of the related impurity for a natural Zn (a) and a
99.40% enriched %4Zn (b) target. The bands correspond to the maximum and
minimum yield calculated on the basis of the measured cross sections.
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Figure 3.26: Coin target and enriched 4Zn pellet after being irradiated with
about 9.7 pA on pellet for almost 4.5 h (Irradiation 4 in Table 3.10).

Irradiation Ax pellet Ein Q Y®ICu)
#] ml  [MeVI  [wAhl  [GBaq/uAh]
1 345 11.6+£04 11+1 0'07(33[7%017
2 320 11.6+04 1141 0'06(;'37%)015
3 330 117404 1942 0'06(337‘;)014
4 500 11.6+0.4 42+4 0'04(3;7%)011
5 490 11.7+0.4 364 0'07(337%)011

Table 3.10: Irradiation parameters, pellet thickness and 6'Cu yield obtained
irradiating enriched 99.40% 64Zn pellets. The values in parentheses are the
yield calculations based on cross section measurements.
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Copper-64 The %°Cu(p,pn)®*Cu nuclear reaction enables the production of
64Cu in carrier-added form, which results in low specific activity. The presence
of non-radioactive copper in the final product leads to two major problems:
overexposure of human subjects to copper that can lead to cytotoxicity, with a
wide range of side effects; $3Cu competes with 64Cu in binding to the chelator,
making it impossible to prepare receptor-specific radiopharmaceuticals. How-
ever, several studies have shown the possibility of using 64Cu in the [*Cu]CuCl,
form for PET imaging [86-88], without any labelling procedure. In this case,
64Cu in the carrier-added form can therefore be used, provided that the clin-
ically relevant amount does not manifest any toxicity concerns due to ”cold”
copper.
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Figure 3.27: %4Cu saturation yield as a function of the target copper mass,
considering a 6-mm-diameter 99.67% enriched 65CuO pellet. The proton entry
energy is set to 17.8 MeV. The bands correspond to the maximum and minimum
yield calculated on the basis of the measured cross sections.

To optimize the specific activity of 64Cu, I carried out a study of the production
yield under saturation condition as a function of the copper target mass, if
a 6-mm-diameter pellet is used (Figure 3.27). The proton input energy is set
at 17.8 MeV. According to our findings, a 5*Cu yield of 758 MBq/uA can be
obtained by irradiating a 30-mg 99.67% enriched %°Cu target. No other copper
radioisotopes are produced. Considering a constant current on target of 10 pA,
the average clinically relevant [*Cu]CuCl, dose for PET imaging of 339 MBq [89,
90] corresponds to a copper intake of 0.02 mg Cu/kg for a 60 kg patient. This
value is well below the copper overexposure limit of 5 mg Cu/kg body weight,
above which toxic effects are reported in the literature [74, 91].
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Since, according to TENDL [5], the 65Cu(p,pn)64Cu reaction cross section has a
maximum at about 24 MeV, our result can be further improved by considering
higher proton energies. Research or commercial cyclotrons that can provide at
least 26 MeV protons can be evaluated for this purpose.

The irradiation of an enriched 67Zn target allows to obtain *Cu in a no-carrier-
added form; in this case, however, the eventual production of copper impurities,
namely 61Cu and %7Cu, must be kept under control. In particular, the presence
of the long-lived 67 Cu, which increases for longer irradiation times, could cause
a decrease in the radionuclidic purity over time, limiting the application period
of the #4Cu-labelled radiopharmaceutical. For this reason, I considered the
amount of 67Cu produced irradiating a thick 89.60% enriched 67ZnO target in
saturation condition (Figure 3.28) and investigated its impact on the radionu-
clidic purity as a function of decay time (Figure 3.29). The proton energy was
set to 17.8 MeV. According to our findings, a 4Cu TTY of 479 MBq/uA with
a purity EoB of about 96% can be achieved. The amount of 47Cu produced is
negligible, as its contribution remains below 0.1% for more than 50 h after the
EoB.

For the impurity !Cu, a different consideration shall be made. In order to
inject the patient with a radiopharmaceutical labelled exclusively with 64Cu
with a purity of more than 99%, it is necessary to wait at least 10 h to let 6!Cu
decay. However, it is important to consider that 6!Cu is a p* emitter with a
shorter half-life than 64Cu, so it does not lead to a higher dose absorbed by
the patient nor does it produce any image-degrading effects. Its presence in
the sample may therefore not be a problem or even be a benefit. In fact, the
difference in half-life between the two copper radioisotopes might allow the
same radiopharmaceutical to be used to follow fast (6! Cu based) and slow (6*Cu
based) metabolic processes. In support of this consideration, it is important
to underline that radiopharmaceuticals for clinical applications containing a
mixture of radioisotopes have already been approved. For example, in the case
of 223Ra, its therapeutic effect is based on the cascade of all the radionuclides
produced in its decay [92]. It would therefore be interesting to investigate the
simultaneous production of #4#Cu and 'Cu and possible subsequent clinical
applications.

For both production routes, several production tests were carried out to confirm
the correctness of the predictions based on cross section measurements.

A more detailed description of the study performed on 4Cu at the Bern medical

cyclotron and the results of the production tests can be found in Ref. [93].
This paper, of which I am the first author, is reprinted in Part II of this thesis.
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Figure 3.28: 4Cu, 61Cu and %7Cu TTY and radionuclidic purity at saturation as
a function of the proton entry energy. The bands correspond to the maximum
and minimum yield calculated on the basis of the measured cross sections.
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function of time. The EoB activities are calculated at saturation for an entry
energy of 17.8 MeV. The bands correspond to the maximum and minimum yield
derived from the measured cross sections.
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Copper-67 The yield and the radionuclidic purity of 7Cu achievable irradiat-
ing an enriched 7°ZnO thick target depend on the energy of the proton beam
entering the target, as reported in Figure 3.30-a. In particular, the threshold
for the nuclear reaction 8Zn(p,x)%4Cu lies at about 14 MeV; high-purity 6“Cu
can therefore be obtained only at energies below this value, at the expenses of
the yield. However, as %4Cu has a considerably shorter half-life than 67Cu, its
production can be reduced by considering longer irradiation times.

According to our findings, a 67Cu TTY of 154 MBq/uA with a radionuclidic
purity of 99.5% can be achieved at saturation, as shown in Figure 3.30-b. The
purity of the sample further increases during the time required for radiochemi-
cal processing, due to the decay of %4Cu.

On the other hand, 4Cu has been used in preclinical studies as a therapeutic
radionuclide [87, 94] due to the emission of 3~ particles, which would increase
the dose absorbed by the tumour. Further studies would be required to estab-
lish the impact of %4Cu from a dosimetry perspective.

These predictions based on the cross section measurements were confirmed
by carrying out several production tests in the energy range (18.2-15.8) MeV,
irradiating a 0.37-mm enriched “°ZnO target. The irradiation parameters and
the results obtained are reported in Table 3.11. The 5“Cu and $4Cu production
yields, calculated in our irradiation conditions, are reported in Figure 3.31
together with the radionuclidic purity as a function of the proton entry energy.
The expected values are compared with the experimental results.

To the best of my knowledge, this was the first time that %*Cu has been ex-
perimentally measured in the production route and energy range investigated,
usually considered impurity-free [95].

A more detailed description of 67Cu production with solid targets carried out
at the Bern medical cyclotron can be found in Ref. [96], of which I am the first
author and which is reprinted in Part II of this thesis.

Although the yield of 7Cu achievable is rather low, modern medical cyclotrons
can deliver very high beam currents (above 300 pA). This would make it possible
to produce sufficient quantities of 7Cu with the radionuclidic purity suitable
surely for clinical trials and for therapeutic application in nuclear medicine. In
this respect, the results achieved in this study confirm the predictions reported
by Kastleiner et al. [53] and represent an important step forward in the use of
low energy cyclotrons for the production of 7Cu. However, the behaviour of the
target under high-current irradiation would need to be investigated. Further
studies are planned for this purpose.
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Figure 3.30: 67Cu and %*Cu TTY and radionuclidic purity for an irradiation time
of 1 h (a) and at saturation (b) as a function of the proton entry energy. The
bands correspond to the maximum and minimum yield calculated on the basis
of the measured cross sections.
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Figure 3.31:
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67Cu and %4Cu yields and radionuclidic purity calculated in our

irradiation conditions from the cross section measurements compared to the
experimental results. The bands correspond to the maximum and minimum
yield calculated on the basis of the measured cross sections.

[rradiation  Ein 9 Y(7Cu)  Y('Cu)  P(EoB)
[#] [MeV] 103 [uAh] [MBgq/pAh] [MBq/pAh] %]
1 (15.8 +0.4) 7.9+0.8 0'9?1 35-14 NO(OS-iOgII;al ;;g?
2 (17.5+0.4) 1.7 +0.2 1'1(511;-12 NO(OS.(i)%r)lal };gj)
3 (182 404) 37.7 4 1.8 1.1(1ﬁé)).07 0.02)%50).02 9?921

Table 3.11: Irradiation parameters, 67Cu and %4Cu yields and radionuclidic
purity at the EoB, obtained irradiating the 0.37-mm-thick 98.75% enriched

70Zn0 pellet.

The values in parentheses are the yield calculations based on the

cross section measurements.
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3.3 Gallium-68

68Ga [t; /o = 67.71 min, Eg+ = 836 keV (87.7%), E, = 1077 keV (3.2%)] is a B
emitter widely used in nuclear medicine for PET imaging. Together with the
therapeutic B~ emitters 1”7Lu and °°Y, 68Ga forms a theranostic pair used to
label PSMA ligands (e.g. PSMA-11) or somatostatin analogues (eg. DOTATOC,
DOTATATE), for the diagnosis and treatment of prostate cancer and NeuroEn-
docrine Tumours (NET), respectively.

Currently, ®8Ga is mainly obtained via 8Ge/%8Ga generators. However, their
scarce availability, high price and limited produced radioactivity per elution are
a major barrier for a wider use of ®8Ga-based diagnostic radiotracers. To cope
with growing demand, production with biomedical cyclotrons could be a valid
solution [97].

I investigated the %8Zn(p,n)%8Ga nuclear reaction by irradiating enriched %8Zn
targets. This production route was already reported in the literature using either
liquid [98, 99] or solid targets [100, 101]. Despite the clear advantages of using
liquid targets, such as saving time for target preparation and post-irradiation
dissolution, the production yield is significantly lower than with solid targets.
In both cases, gallium impurities are co-produced during the irradiation and
must be kept under control, namely %”Ga, obtained from the 48Zn(p,2n)%’Ga
and %7Zn(p,n)®”Ga reactions, and ®6Ga, obtained via the 7Zn(p,2n)®¢Ga and
66Zn(p,n)®®Ga reactions.

The main characteristics of gallium radioisotopes are reported in Table 3.12.

Radioisotope t1 /2 Decay mode: [%] E, [keV] BR [%]
68Ga 67.71(8min ec+ BT: 100 1077.34(5) 3.22(3)
67Ga 3.2617(5) d ec: 100 93.310(5) 38.81(3)
66Ga 9.49(3) h ec + f: 100 1039.220(3) 37.0(20)

Table 3.12: Decay properties and main y emissions of gallium radioisotopes.
The values in parentheses are the uncertainties referred to the last digits of the
value.

To maximize %8Ga production yield and radionuclidic purity, I measured the
cross sections of the nuclear reactions involved as a function of the proton
energy by irradiating natural Zn and enriched ®8Zn samples. In the case of the
enriched material, the cross sections were measured by irradiating few pm-thick
enriched 68Zn solid discs (marked as A in Table 3.13), so that the samples could
be removed from the target holder during measurements with the HPGe. In fact,
the aluminum disc described in Section 2.2 contains traces of natural zinc, that
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64Zn GGZn 67Zn 6821’1 7OZIl
Natural Zn [%] 49.17 27.73 4.04 18.45 0.61
Enr. %8Zn (A) [%] 0.99 0.81 0.38 97.80 0.02
Enr. 8Zn (B) [%] 0.01 0.10 0.61 99.26 0.02

Table 3.13: Isotopic fractions of the natural Zn powder purchased by GoodFel-
low [35], the enriched %8Zn foil by TRACE Sciences International [76] (A) and
the enriched 98Zn powder by Isoflex [36] (B).

would lead to a systematic error in cross section measurements, in particular
for the reactions starting from isotopes with a low percentage in the enriched
material (e.g. %6Zn(p,n)%6Ga).

The contributions of the two nuclear cross sections involved in the production

of 86Ga and %”Ga were disentangled using the method that I developed, as
described in Section 2.2.

The results of the nuclear cross section measurements are reported in Fig-
ure 3.32 - Figure 3.36, together with TENDL predictions [5] and the experimen-
tal data available in the literature [8, 102, 103].
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Figure 3.32: 68Zn(p,n)%8Ga reaction cross section.
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Figure 3.34: 68Zn(p,2n)%”Ga reaction cross section.
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Figure 3.36: 67Zn(p,2n)%¢Ga reaction cross section.
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A study of the TTY was carried out on the basis of the results obtained. Knowing
the reaction cross sections, it is possible to calculate the yield for any enriched
material. The thick target production yields of ¥8Ga, ”Ga and %6Ga are reported
in Figure 3.37 as a function of proton input energy for the 99.26% enriched
687n material (marked as (B) in Table 3.13), used in the production tests.

According to the European Pharmacopoeia requirements, the purity of %Ga
must be above 98% at the time of injection in order to be used in clinical applica-
tions [104]. For this to be possible, it is necessary to optimize the radionuclidic
purity by setting the beam input energy below 12 MeV, which corresponds to
the energy threshold of the $8Zn(p,2n)%”Ga reaction.

Assuming an optimal input energy of 11.5 MeV, the radionuclidic purity and
the remaining fraction of 8Ga activity can be calculated as a function of time,
as shown in Figure 3.38. The %8Ga purity remains above 98% up to more than
eight hours after the EoB. The synthesis of the radiopharmaceutical and its
subsequent injection into the patient must take place within this time to fulfil
the requirements of the European Pharmacopoeia.

To confirm the results on cross section measurements, several production tests
were carried out with the STS in the energy range (13-9) MeV by irradiating a
0.5-mm-thick enriched 8Zn pellet. The irradiation parameters and the results
obtained are reported in Table 3.14. The %8Ga radionuclidic purity and produc-
tion yield, calculated in our irradiation conditions, are shown in Figure 3.39 as a
function of the proton entry energy and compared with the experimental results.

A more detailed description of the study on %8Ga production with solid targets
carried out at the Bern medical cyclotron can be found in Ref.[105], which I
co-authored and which is reprinted in Part II of this thesis.

The production of ~13 GBq in about 45 minutes is a promising result in view of
the use of medical cyclotrons with solid targets for a wider distribution of 68Ga.

The possibility of producing such high activity would allow smaller hospitals,
which have a nuclear medicine department but cannot afford a %8Ge/%8Ga
generator, to be supplied with unprocessed 88Ga from which they could prepare
the radiopharmaceutical doses required for internal patient needs. For this
to be possible, the %8Ga produced by proton irradiation of enriched 68Zn solid
targets must be in the same chemical form as that produced by generator.

In this regard, a study of the radiochemical dissolution and separation processes
of #8Ga produced by cyclotron is currently underway in collaboration with PSI
and the results will be published in a forthcoming paper, in which I will be one
of the co-authors.
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Figure 3.37: ®8Ga, 67Ga and %6Ga thick target yields for a 99.26% enriched %8Zn
target. The bands correspond to the maximum and minimum yield calculated
on the basis of the measured cross sections.
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Figure 3.38: %8Ga activity fraction and purity as a function of time, considering
a 99.26% enriched %8Zn thick target and an entry energy of 11.5 MeV. The
bands correspond to the maximum and minimum yield calculated on the basis
of the measured cross sections.
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Figure 3.39: %8Ga production yield and purity calculated in our irradiation
conditions and the experimental results obtained with the 0.5-mm-thick 99.26%
enriched %8Zn pellet. The bands correspond to the maximum and minimum
yield calculated on the basis of the measured cross sections.

Irradiation Ein Q Y(®8Ga) P(EoB)
[#] [MeV] [uAh] [GBq/pAh] (%]
1 9.4+ 0.6 (0.87+0.26).10°3 1'4(;4?-4 99-9?9991'92 506?004
R e
R e
Cmeeos omeom  OGE wsln

Table 3.14: Irradiation parameters, %8Ga yield and purity at the EoB obtained
irradiating the 0.5-mm-thick 99.26% enriched %8Zn pellet. The values in paren-
theses are the yield calculations based on the cross section measurements.
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3.4 Technetium-99m

As briefly introduced in Chapter 1, 9™Tc [t; , = 6.0072 h, IT: 99.9963%, E, =
141 keV (89%)] is today the most widely used radionuclide for SPECT imaging
examinations. Its relatively short half-life, the high emission of y-rays of 141 keV
and the absence of primary particle radiation make it the ideal diagnostic agent,
minimizing the dose absorbed by the patient [106].

Currently, 99™Tc is mainly extracted from generators containing “*Mo [t; /o =
65.924 h, p~: 100%], which is produced by the fission of 23°U targets in nuclear
reactors. However, the gradual ageing of nuclear plants for Mo production and
the resulting frequent shutdowns for long maintenance periods might lead to
significant global shortages of 9°™Tc, underlining the necessity to find alterna-
tive production methods [107]. Among the several proposed accelerator-based
routes, one of the most promising is the direct production from enriched °°Mo
targets with low-energy cyclotrons [108-110].

As part of a collaboration with the University of Kyiv, Ukraine, aimed at the
optimized production of ®®™Tc with medical cyclotrons [111], I measured the
100Mo(p,2n)?°™Tc reaction cross section by irradiating solid enriched Mo
targets. The isotopic composition of the target material is reported in Table 3.15.
Although the cross section of this reaction is widely reported in the literature [8,
112-124], a considerable spread in the results required further experimental
investigations.

92MO 94M0 95MO 96MO 97MO 98MO IOOMO
Natural Mo [%] 14.649 9.187 15.873 16.673 9.582 24.292 9.744
Enr. 1Mo [%)] 0.88 0.57 1.11 1.28 0.8 3.16 92.2

Table 3.15: Isotopic fractions of the natural Mo foil purchased by GoodFel-
low [35] and the enriched °°Mo powder provided by the University of Kyiv.

Despite the use of highly enriched target material, several Tc radioisotopes are
produced during the irradiation (Table 3.16). A precise knowledge of the cross
sections of the nuclear reactions involved is therefore of paramount importance
for optimizing the radionuclidic purity.

In almost all cases, two nuclear isomers are populated. If the metastable state
decays by IT into the ground state, it causes an increase in its activity and

complicates the cross section measurement.

Moreover, all Tc impurities, except for 93Tc and *™Tc, in the energy range of
interest are produced by two nuclear reactions. To determine each contribution
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Radioisotope ty /2 Decay mode: [%)] E, [keV] BR [%]
93Tc 2.75(5) h ec+ BT: 100 1362.94(7) 66.2(6)
) IT: 77.4 391.83(8) 58.3(9)
93m
Te 43.5(10)min st 996 943.7(5) 2.92(24)
94Tc 293(1) min ec + 3*: 100 702.67(7) 99.6(18)
94mTe 52.0(10) min ec + p+: 100 1522.1(2) 4.5(3)
95Te 20.0(1) h ec+ pT: 100 765.789(9) 93.8(3)
. ec+pt:96.12  204.117(2) 63.2(8)
Te 61(2)d IT: 3.88 38.9(1) 7.5E-5(6)
9Tc 4.28(7)d ec+ pt: 100 812.54(4) 82(3)
) IT: 98.0 34.20(5) 0.0259(4)
96m
Te 51.5(10) min ec+pt: 2.0 778.22(4) 1.9(5)
97Tc 4.21E+6(16)y ec: 100 - -
IT: 96.06 96.5(1) 0.321(3)
97m
Tc 91.0(6) d ec+ Bt 3.94 ) )
9Te 2.111E+5(12)y p~: 100 89.5(2) 0.00065(15)
IT: 99.9963 140.511(1) 89(4)
99m
Te 6.0072(9) h B~: 0.0037 89.6(3)  0.00104(19)
Mo 65.924(6) h p~: 100 739.500(17) 12.2(2)

Table 3.16: Decay properties and main y emissions of technetium radioisotopes
and %°Mo. The values in parentheses are the uncertainties referred to the last
digits of the value.

using the method described in Section 2.2, I measured the cross sections from
natural Mo targets (isotopic composition reported in Table 3.15).

For these radioisotopes, data analysis is still ongoing and the results will be
presented in a forthcoming paper, of which I will be one of the authors. The
preliminary results are presented in this section.

In the case of 99™Tkc, it is obtained directly via the °°Mo(p,2n)°°™Tc reaction
and indirectly via the “°Mo(p,pn)®°Mo—™Tc reaction, which occurs both
during the irradiation and after the EoB during the cooling and measuring time.

To determine the direct production cross section, I considered short irradiation
and cooling times. Specifically, the samples were irradiated for less than 10 min
and measured within 15 min after the EoB. In addition, I repeatedly measured
the samples and analyzed the total activity of °°™Tc over time to verify that it
respected the exponential decay (Figure 3.40).
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For this purpose, I fitted the experimental data with both the exponential decay
equation

ATc99m (t) = ATcgom (to)e ATeoomt (3.4)

and the Bateman equation

A
ATcoom(t) = Atcoom (to)e Aeoomt 4 LM Aptogo(to) (e om0 — g~ ATcoom)
ATc99m — AMo99 5.5

For all samples, I observed that the exponential trend was respected for about
7 h after the EoB.

From the EoB activities provided by the exponential fit, the cross sections were
calculated by using Eq. 2.9.

In the energy range of interest, %3Tc and 3™ Tc are produced by the reaction
(p.2n) from %*Mo. In this case, as the metastable state has a shorter half-life,
its contribution to the activity of **Tc had to be taken into account in the cross
section measurements.

To determine the EoB activity of %™Tec, I fitted the activities measured over
time with the exponential decay equation:

Ag3m(t) = Aggm (to)e toomt (3.6)

The obtained value was used as a constant parameter in the Bateman equation

A
Ags(t) = Ags(to)e M8t + — 98 Agq (tg)(e Poamt — g Rost) (8.7
A93 — Ag3m

to determine the EoB activity of 93Tc.

The experimental data and fit curves are presented in Figure 3.40 with their
corresponding residuals.

The measured cross sections are shown in Figure 3.42-Figure 3.45 together with
TENDL predictions [5] and the experimental values available in the literature [8,
112-114, 119-124]. For completeness, the measured cross section data are
reported in the Appendix.

The study of the Tc radioisotope yields and of the radionuclidic purity as a

function of irradiation parameters is foreseen to optimize the production of
99mTe with medical cyclotrons.
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Figure 3.43: 19°Mo(p,x)?°Mo reaction cross section.
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Figure 3.44: 9%Mo(p,2n)%3Tc reaction cross section.
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Figure 3.45: 9%Mo(p,2n)?>™Tc reaction cross section.
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3.5 Terbium-155

155Tb [t; 2=5.32 d, ec: 100%, E,=87 keV (32.0%); 105 keV (25.1%)] is the most
promising radiolanthanide for SPECT imaging, as it emits y-rays with ideal en-
ergies for most SPECT cameras with negligible high-energy y-rays and without
3 particle emissions. Since its chemical characteristics are very similar to the
clinically-established ”Lu and °°Y, '55Tb would be suitable for the study of
pre-therapeutic dosimetry [125] and, due to its relatively long half-life, enable
the successful following of slow metabolic processes [126]. Finally, 155Th could
be used as a precise diagnostic partner for the « emitter '#°Tb and the B~
emitter 181 Tb, which are receiving increasing interest for radionuclide therapy.

The production of 15°Tb in quantity and quality suitable for medical applications
is currently widely studied and several routes are reported in the literature.
Most notably, about 200 MBq of '55Tb were produced at ISOLDE (CERN) by
proton-induced spallation on tantalum targets, followed by online mass sep-
aration [127]. The production of 155ThH was also investigated at ARRONAX in
Nantes, France, using 35 MeV deuteron beams [128].

I investigated the '55Tb production with a medical cyclotron, already proposed
by Dmitriev et al. in Ref. [129], by irradiating solid gadolinium oxide targets.

Natural GdyOs, enriched °°Gd,03 and enriched %6Gd, O3 targets (Table 3.17)
were used to study the °°Gd(p,n)'5°Tb and °6Gd(p,2n)'5°Tb nuclear reactions.
Despite the use of highly enriched targets, several terbium impurities are
produced during the irradiation (Table 3.18), requiring precise cross section
measurements in order to optimize the radionuclidic purity of 35Tb. Some of
these cross sections had no previous measurements in the literature.

Particular attention should be paid to '®#Tb and '%Tb, for which I developed
a special data analysis procedure due to the production of different nuclear
isomers.

152Gd 154Gd 155Gd 156Gd 157Gd 158Gd 160Gd
Natural Gd;O3 [%] 0.20 2.18 14.80 20.47 15.65 24.84 21.86
Enr. 1%°Gdy03 [%] <0.02 0.5 91.90 5.87 0.81 0.65 0.27
Enr. 196Gd,03 [%] <0.01 0.05 0.87 93.30 4.38 1.08 0.32

Table 3.17: Isotopic fractions of the natural GdsO3 powder purchased by
GoodFellow [35], the enriched Gd2O3 powders by Isoflex [36].
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Radioisotope ty /9 Decay mode: [%] E, [keV] BR [%]
153Th 2.34(1)d ec+ p*: 100 212.00(2) 28.5(19)
154Th 21.5(4)h ec+p*: 100 1291.31(13) 6.9(5)

154m1 ec+ pt: 78.2 540.18(6) 20(3)
Tb 9.4(4) h T 21.8 ) )
+.
154m2 T 99.7(5) h ;eTchlfzé : 98.2 426.:78(7) 17.??(12)
1557}, 5.32(6)d ec: 100 105.318(3) 25.1(13)
1567, 5.35(10)d ec+ B*: 100 534.29(6) 67(6)
156m 1T, 24.4(100h IT: 100 - -
156m2T, 5.3(22h  IT: 100 - -

Table 3.18: Decay properties and main y emissions of terbium radioisotopes.
The values in parentheses are the uncertainties referred to the last digits of the
value.

156Th is the main impurity to keep under control, as it presents an almost
identical half-life to '°Tb and cannot be removed from the final product by
means of decay time. Besides the ground state, henceforth referred to as °6Tb
for clarity, the two metastable states !°6™!Tb and 55™2Tb are also populated.
They both decay through IT (100%) into '°6Tb, causing an increase in its activity
over time, without the emission of any y-ray. This complicated decay chain
made the cross section measurements challenging and required the use of two
different methods.

In the first case, I measured the total activity of !°6Tb after a sufficiently long
time for the metastable states to be considered decayed. This is therefore a
cumulative approach and the measured cross section is reported as 4™~ 156Th,
In the second case, I developed a method to determine the contribution of the
three isomers, based on repeated measurement of the samples.

Thirty-minute measurements were taken on each sample for up to 4 days after
the EoB in order to study the evolution of '%8Tb activity over time. For all
samples, an initial increase in activity was observed (Figure 3.47), due to the
decay of 156™m1Tb and 196™2Th. After the equilibrium was reached, the activity
started to decrease with the !°6Tb characteristic decay constant.

I proved the equilibrium condition by fitting the experimental data with the
exponential decay equation:

A1s6(t) = Ayse(to)e Miset (3.8)

named as Fit 1 in Figure 3.47.
In all cases, the '%°Tb decay constant derived from Fit I was compatible within
uncertainties with the value reported in the literature.
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The same data were then fitted with the Bateman equation:

Aise(t) =A1se(to)e Mo+
A156

A156 — A156m1
A156

+ o —————Ausema(to)[e Msem2t — e~ 156t
A156 — A156m2

Alsemi(to)le Msemit — e~ Asst)y (3.9)

named as Fit 2 in Figure 3.47, where A; (with i = 156, 156m1 and 156m2) are
constant parameters equal to the recommended values (Table 3.18).

From the EoB activities provided by the fits, the production cross sections were
calculated using Eq. 2.9.

The cumulative '°6Tb cross sections obtained from Fit 1 and from the first
measurement campaign were find to be compatible within the uncertainties.

Also in the case of 154Tb, the ground state and two metastable states m1 and m2
are populated during the irradiation. '>*™!Tb and '5#™2Tb decay predominantly
into 1%4Gd by electron capture (78.2% and 98.2%, respectively) with detectable
v-ray emission. In the rest of the cases they decay into the ground state of 124Tb.

From the study of the 15471, activity over time (Figure 3.46), it was observed
that the contributions of the metastable states to '>*Tb are negligible, as the
latter did not deviate from its characteristic exponential trend.

A detailed description of the data analysis and the results of the production
cross sections of terbium radioisotopes can be found in Ref. [130], paper of
which I am the first author and that is reprinted in Part II of this thesis.

The same data were analysed at a later stage to determine the nuclear cross
sections, using the method based on linear systems of equations described in
Section 2.2. This procedure could not be applied for 15™1Tb and 6™2Tb due
to the large uncertainty of the production cross sections. In the case of 1%6Tb,
only the cumulative cross section was considered.

The results obtained are shown in Figure 3.48 - Figure 3.53, together with
TENDL predictions [5]; for completeness, the measured cross section data are

reported in the Appendix.

To the best of my knowledge, no experimental data are reported in the literature
for these processes. A paper on this work is currently in preparation.

86



3. NOVEL MEDICAL RADIONUCLIDES AND THEIR OPTIMIZED PRODUCTION WITH SOLID TARGETS

0.10

---- Fit: y(x) = a,-e >

} 154Tb
Discarded values
0.08

o
o
o

Activity [kBq]
o
o
Sy
7
.
!
U
’
II
—+
—_—
J— —
—_
’I
1
I
1
U

0.02
0.00 T T T v T T T
0 5 10 15 20 25 30 35 40
Time [h]
60
+ Fit
40 Discarded values
S
wu * "t * * * .
g 0 * . ¥ * " + ¥ -
g —20 =
o *
-40
—60 ; . . : . . .
5 10 15 20 25 30 35 40
Time [h]

Figure 3.46: '54Tb activity measured over time and exponential fit curve with
the corresponding residuals.
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sponding residuals.
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Figure 3.48: '%4Gd(p,2n)!'53Tb and '5Gd(p,3n)!'53Tb reaction cross sections.
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Figure 3.49: 54Gd(p,n)'®*Tb and '5°Gd(p,2n)!'5*Tb reaction cross sections.
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Figure 3.50: 154Gd(p,n)!%*™!Tb and %°Gd(p,2n)!'5*™!Tb reaction cross sections.
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Figure 3.51: 15*Gd(p,n)!3*™2Tb and '°°Gd(p,2n)!®4™2Tb reaction cross sections.
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The production cross section measured from the 91.90% enriched °°Gd,03
and the 93.30% enriched °6Gd, O3 material, whose isotopic compositions are
reported in Table 3.17, are shown in Figure 3.54.

Since most of the observed terbium impurities have shorter half-lives than
155Th, it is possible to optimize the radionuclidic purity by considering long
irradiation times.

Figure 3.55 shows the TTY and radionuclidic purity at saturation, calculated
from the cross section measurements for a 91.9% enriched °°Gd,0s3 (a) and a
93.3% enriched 156Gd203 (b). In the first case, the highest radionuclidic purity
is obtained for an input energy of about 11 MeV, corresponding to the threshold
energy of the 19°Gd(p,2n)!%*Tb reaction (Figure 3.49 and Figure 3.50). Around
this value, a small change in the input energy leads to a significant change
in the produced activity of '>*Tb and ®4™!Tb. The optimal input energy was
therefore considered to be 10.5 MeV, leading to a 55Tb yield of 0.54 GBq/uA
with a purity of 89% at saturation. In the second case, the highest 55Tb yield
and purity can be obtained with the maximum achievable energy. At 17.8 MeV
this corresponds to 4.32 GBq/uA with a purity of 63% at saturation.

Short-lived terbium radioisotopes can be removed from the sample by means
of decay time, and after about three days '5°Tb is the only impurity present,
amounting to 7% and 26% for enriched '55Gd and enriched '56Gd, respectively
(Figure 3.56). The latter result can be improved by considering cyclotrons
capable of delivering more energetic proton beams, as the cross section of the
156Gd(p,2n)'%°Tb reaction was found to be increasing at 18 MeV, while the
production of the main impurity '°Tb has its maximum at around 10 MeV.

A study in collaboration with PSI was carried out to investigate the feasibility
of producing high !%°Tb activities by proton irradiation of highly-enriched Gd
powder and the subsequent radiochemical separation from the target material
and impurities.

Two production tests were carried out with the STS at the Bern medical cy-
clotron, irradiating 38-mg-enriched °°Gd,0O3 pellets. The targets were then
measured with the HPGe detector to determine the present impurities.

The irradiation parameters and the experimental results are reported in Ta-
ble 3.19. In Figure 3.57, the experimental results are compared with the

predictions based on cross section measurements.

The radiochemical processing of '%5Tb and the preclinical studies were per-
formed at PSI [131].
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Figure 3.54: Production cross section of Tb radioisotopes measured from the
91.90% enriched %°Gd,05 (a) and the 93.30% enriched 1°6Gd,05 (b) material.
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Figure 3.55: 195Tb thick target yield and radionuclidic purity at saturation for a
91.9% enriched '5°Gd,053 (a) and a 93.3% enriched 56Gd,O3 (b) target. The
bands correspond to the maximum and minimum yield calculated on the basis
of the measured cross sections.
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Figure 3.56: Terbium impurities as a function of time for a 91.9% enriched
155Gd (a) and a 93.3% enriched '°6Gd (b) thick target.
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Figure 3.57: '55Tb and !°6Tb yields calculated in our irradiation conditions
compared to the experimental results. The bands correspond to the maximum
and minimum yield derived from the measured cross sections.

Irradiation Ein Q Y('35Tb) Y(135Th) P(96h)
[#] [MeV] [wAh]  [MBq/pAh] [MBgq/upAh] (%]
3.3+1.0 0.21+0.06 94.0+ 0.6
1 (109 £ 0.5) 2.4+ 0.7 (3.6) (0.24) 93.4)
2.4+07 0.16+0.05 92.1+0.1
2 (10.5+0.5) 0.7+0.2 (3.0) (0.21) (92.0)

Table 3.19: Irradiation parameters, '°°Tb and '56Tb yields and radionuclidic
purity 96 h after the EoB, obtained irradiating the 91.9% enriched %5Gd,03
pellets. The values in parentheses are the yield calculations based on the cross
section measurements.
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A three-column procedure allowed the separation of very small amounts of 35Tb
(~1 pg) from a massive amount of target material (~40 mg), with a separation
yield of 75-90%. This would enable the target mass to be increased in order to
produce more activity.

The obtained ['®°Tb]TbCl; solution was used for the labelling of somatostatin
analogues DOTATOC. It was observed that the activity concentration had a
strong impact on the molar activity of the radiolabelling. With the separa-
tion, up to 1 GBq of ['33Tb]TbCl; was obtained, which allowed the labelling of
biomolecules at 100 MBq/nmol with >99% purity.

The radiotracer was injected into somatostatin positive tumor-bearing mice and
SPECT/CT scans were acquired 1, 4 and 24 h after the injection (Figure 3.58).
An excellent visualisation of the accumulated radiolabelled compound in the tu-
mours was observed, comparable with that of the same !7“Lu- or 61Tb-labelled
biomolecule reported in the literature [132].

The successful in vivo SPECT/CT imaging study with 35Tb-DOTATOC demon-
strated the applicability of cyclotron-produced '°°Tb for imaging purposes.

The detailed description of the production tests, the radiochemical procedures
and the preclinical applications of '°>Th-DOTATOC can be found in Ref. [133],
which I co-authored.

This study confirmed the excellent prospects of using !°5Tb in nuclear medicine
and contributed to pave the way towards the use of medical cyclotrons to pro-
duce '95Tb for future potential clinical applications. Further studies will be
required to establish the impact of !°6Tb by investigating how this radioisotope
can affect the patient from a dosimetry perspective.
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Figure 3.58: In vivo SPECT/CT scans of somatostatin positive tumor-bearing
mice injected with ['®5Tb]Tb-DOTATOC [133]. The scans were acquired 1, 4 and
24 h post injection.
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3.6 Erbium-165

Auger electron-emitting radionuclides are receiving increasing interest for the
therapeutic advantages they could provide.

In this respect, 165 - [t; /2 = 10.36 h, ec: 100%)] presents almost ideal charac-
teristics for the treatment of metastatic and disseminated tumours. It decays
by electron capture resulting in Auger-electrons emissions of 5.3 keV (65.6%)
and 38.4 keV (4.8%), associated with low-energy X-rays [Ex = 47.6 keV (38.1%);
46.7 keV (21.4%)]. The absence of high-energy electrons and y-ray emissions
avoids additional dose absorbed by the patient. The Auger-electron energies
emitted by '6°Er are similar to those of the intensely studied 2°1 [t o = 59.4 d,
ec: 100%], whose highly cytotoxic effects are reported in the literature [134,
135]. However, in contrast to !2°I, 165Er has the advantage that it can be
coupled to diagnostic partners such as 4*Sc for theranostic applications, due to
the similar chemical characteristics of rare earth metals [136, 137].

The main !65Er production routes are based on the irradiation with proton or
deuterium beams of Ho and Er targets [138-147].

In the framework of a collaboration with PSI, '65Er direct production via the
165H0(p,n) !%Er reaction was previously studied at the Bern medical cyclotron
but resulted to be unsuitable for large-scale production do to the presence
of non-radioactive Er in large quantities, making the radiolabelling impossi-
ble [147].

I investigated the indirect '%5Er production via the 66Er(p,2n)'%°Tm — 165Er
nuclear reaction, by irradiating natural Er,O3 and enriched 66Er,03 targets,
whose isotopic compositions are reported in Table 3.20.

625, 164gy 166y T67Ry T68E 705y
Natural EryO3 [%] 0.139 1.601 33.503 22.869 26.978 14.910
Enr. '%6Ery,O3 [%] <0.01 0.02 98.1 1.33 0.45 0.10

Table 3.20: Isotopic fractions of the natural Er,O3 powder purchased by Good-
Fellow [35] and the enriched %®Er, O3 powder by Isoflex [36].

Despite the use of the highly enriched ®6Er,O3 powder, several Tm radioiso-
topes are produced during the irradiation (Table 3.21), affecting the radionu-
clidic purity. To optimize the production of '65Tm, I carried out a detailed
study of the nuclear reaction cross sections involved in the formation of Tm
radioisotopes in the energy range of interest, using the method described in
Section 2.2.
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Radioisotope ty/2 Decay mode: [%)] E, [keV] BR [%]
165Tm 30.06(33h  ec+ pT: 100 242.917(7) 35.5(17)
166Tm 7.70(3) h ec+ pt: 100 778.814(15) 19.1(12)
167Tm 9.25(2) d ec: 100 207.801(15) 42(8)
168Tm 93.1(2)d ec+pT:99.990 198.251(2) 54.49(16)
170Tm 128.6(3) d B~: 99.869 84.25474(8) 2.48(6)

Table 3.21: Decay properties of thulium radioisotopes. The values in parenthe-
ses are the uncertainties referred to the last digits of the value.

In the case of radionuclides produced by three reactions, such as 65Tm and
167Tm, a third enriched material had to be included to solve the linear system
of equations. For this purpose, the cross sections measured from enriched
167Er,03 and enriched 98Er,03 as part of a study on the production of 67Tm
(Section 3.7) were considered.

The results of the nuclear cross section measurements are shown in Figure 3.59-
Figure 3.63, together with TENDL predictions [5] and the experimental data
available in the literature [148, 149]. For completeness, the measured cross
section data are reported in the Appendix.

H . 164 165
103 This study: Er(p,¥)*"Tm e b
# This study: "®°Er(p,2n)'®Tm e
+ This study: %57Er(p,3n)5Tm Pas
+ Tarkanyi 2010: 1*°Er(p,2n)**Tm .’;
= 102 + ;
E .ur i;
c ;
g IS
(8] i 1
g 10 [
a i
e !
v |
10° =1 i
i
1
1
|
1071 - - : - - - - :
4 6 8 10 12 14 16 18

Proton energy [MeV]

Figure 3.59: '64Er(p,y)'%°Tm, '66Er(p,2n)'%5Tm and '%7Er(p,3n)!65Tm reaction
Ccross sections.
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Figure 3.60: %°Er(p,n)!%®Tm and '®”Er(p,2n)!%®Tm reaction cross sections.

104
103 = —a=— T
B e
2T R =
= / BRlL Y,
_ 102 e i -
o Pl
£
S 10? 7
et bil
[%] f'r
g 0 !
10 a
2 ’J’
Q J
101 J P 166 167
: This study: *°Er(p, ) Tm
i 4 This study: »®7Er(p,n)*®"Tm
-2 F
10 ; 4 This study: *%Er(p,2n)1¥Tm
/ + Tarkanyi 2010: **7Er(p,n)'*’Tm
1031

4 6 8 10 12 14 16 18
Proton energy [MeV]

Figure 3.61: %6Er(p,y)'$"Tm, ”Er(p,n)'%"Tm and '%8Er(p,2n)'%"Tm reaction
Cross sections.
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Figure 3.62: '$’Er(p,y)'%®Tm, 68Er(p,n)'%®Tm and "°Er(p,3n)!%®Tm reaction
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Figure 3.63: "°Er(p,n)!”°Tm reaction cross sections.
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Figure 3.64: Production cross section of Tm radioisotopes for the 98.1% en-
riched %6Er,05 material.

Figure 3.64 shows the production cross sections measured from the enriched
166E 1,05 material. In the case of 18Tm and 7°Tm, the cross sections could
not be measured directly due to the low isotopic percentage of '8Er and !7°Er
in the target material and were therefore derived from the nuclear cross sections.

The highest '%°Tm production yield can be achieved with the maximum avail-
able energy. The energy range, and thus the target thickness, must be carefully
chosen to minimize the production of ¥6Tm, whose cross section exhibits a
maximum at about 11 MeV. Since '®6Tm has a shorter half-life than %°Tm,
long irradiation times can be evaluated to further reduce its contribution. In
this case, however, it is necessary to keep under control the other long-lived Tm
impurities.

Setting the input energy at 17.8 MeV, I studied the Tm radioisotope yields
and the radionuclidic purity as a function of the target thickness for different
irradiation times (Figure 3.65).

Despite a larger production of 7Tm, 'Tm and '"°Tm was observed, the
radionuclidic purity was found to increase for longer irradiation times and is
optimized by a target thickness of about 200 um. However, it has been observed
that for the pellet to be robust enough to handle, it must present a thickness of
at least 240 um. This leads to an output energy of 15.9 MeV.

Under these conditions, a '%°Tm production yield of about 1 GBq/uA with a
purity of 84% can be achieved for an irradiation time of 30 h.
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Figure 3.65: Tm radioisotope yields and radionuclidic purity as a function of the
target thickness for an irradiation time of 1 h (a) and 30 h (b). The input energy
is set to 17.8 MeV. The bands correspond to the maximum and minimum yield
calculated on the basis of the measured cross sections.
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Figure 3.66: Thulium impurities as a function of decay time, considering
an irradiation time of 30 h in the energy range 17.8-15.9 MeV. The bands
correspond to the maximum and minimum yield calculated on the basis of the
measured cross sections.

166Tm is the main impurity, accounting for about 15.7%. Its amount can be
reduced by letting the sample decay, as shown in Figure 3.66.

On the basis of these data, it is necessary to investigate the best timing for
performing the radiochemical separation and fixing the Tm mother radioiso-
topes on the generator column in order to minimize the presence of Er carriers,
produced by the decay of Tm radioisotopes. In this respect, it is important to
underline that all thulium impurities decay into stable isotopes of Er.

A decay time of about 30 h results in a radionuclidic purity of more than 97%,
retaining almost 50% of the produced '%°Tm activity (Figure 3.67). Considering
an '65Er in-growth time of 1.012 d, as suggested by Tarkanyi et al. in Ref. [143],
it is possible to obtain a specific activity of 11-10% TBq/puA.mmolg,, assuming a
100% efficiency of the chemical separation and elution procedures.

The effective purity of the product depends on the actual efficiency of radio-
chemical processes, not easy in the case of lanthanides.

To confirm the calculations based on cross section measurements, I performed
two production tests in the BTL, in order to achieve a higher input energy.
I irradiated two enriched '%®Er,O3 pellets, 0.24 mm and 0.46 mm thick, to
verify the impact of the target thickness on radionuclidic purity. The pellets
were placed in the same version of the coin used for the production of 4”Sc
(Section 3.1), resulting in an input energy of (18.2 + 0.4) MeV.
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Figure 3.67: '65Tm activity ratio and radionuclidic purity as a function of
the decay time, considering an irradiation time of 30 h in the energy range
17.8-15.9 MeV. The bands correspond to the maximum and minimum yield
calculated on the basis of the measured cross sections.

The irradiation parameters and the measured 65Tm yield and radionuclidic
purity are reported in Table 3.22. In Figure 3.68, the experimental results are
compared with the predictions based on cross section measurements.

Since, according to TENDL [5], the '%6Er(p,2n)!65Tm reaction cross section has
a maximum at about 20 MeV, the use of 24 MeV cyclotrons could be considered
in order to achieve higher yields. In this case, however, the "°Er(p,3n)!'%®Tm
reaction, which causes an increase in the production of the long-lived %8Tm,
must be taken into account. The use of materials with higher isotopic enrich-
ment can be evaluated to reduce this contribution.

A paper about this work, of which I am the first author, will be submitted
to Applied Radiation and Isotopes [150]. Further studies are being carried
out at PSI to investigate radiochemical procedures that optimize the generator
preparation.
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Figure 3.68: 1%°Tm production yield and purity calculated in our irradiation
conditions compared to the experimental results. The bands correspond to the
maximum and minimum yield derived from the measured cross sections.

Irradiation  Ax pellet Ein Q Y(1%®*Tm) P(EoB)
[#] [wm] [MeV] 1073 [uAh] [MBq/pAh] [%]

90 + 6 67 + 2
1 0.49 £ 0.01 18.2+0.4 0.86 £ 0.09 (86) (67)

46 + 3 74 + 2
2 0.24 £ 0.01 18.2+04 094 £0.04 (47) (75)

Table 3.22: Irradiation parameters, 65Tm yield and radionuclidic purity at
the EoB, obtained irradiating 91.9% enriched '66Er,03 pellets. The values in
parentheses are the yield calculations based on the cross section measurements.
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3.7 Thulium-167

167Tm [t; ;5 = 9.25 d, ec: 100%, E, = 208 keV (42%)] is a potential radionuclide
for both medical diagnostics and therapy. It exhibits high soft electron emis-
sion [5.5 keV (114%), 39.7 keV (5.8%), 47.3 keV (19%)], making it suitable for
Auger-electron therapy [151], and a 208-keV y-ray emission, which enables
SPECT imaging [152, 153]. Dosimetric calculations showed a relatively high
tumour-to-normal-tissue dose rate value [154, 155], however, the accompany-
ing radiobiological effects still need to be investigated.

Several production routes based on charged particles are reported in the liter-
ature [148, 156-160]. In particular, a collaboration between CERN-MEDICIS
and PSI investigated the mass separation process of 18Tm produced by proton
irradiation of natural EryOgs, achieving a collection efficiency of 11-20% [161].

As part of a project ongoing at PSI aimed at the production of 17Tm, I investi-
gated the '%7Er(p,n)!6”Tm and '%®Er(p,2n)!6”Tm reactions at the Bern medical
cyclotron, by irradiating erbium oxides enriched in '®’Er and in '®®Er. The
isotopic composition of the materials used for cross section measurements are
reported in Table 3.23. The '8Er,03 is marked as (A).

162Er 164Er IGGEI. 167Er 168Er 170Er

Enr. 17Ery,O5 [%] 0 0.01 0.96 96.30 2.57 0.16
Enr. 158Er,05 (A) [%)] - - 0.37 0.72 98.30 0.61
Enr. 198Er,05 (B) [%] 0.002 0.022 0.433 1.121 97.243 1.179

Table 3.23: Isotopic fractions of the enriched Er,Os powders purchased by
Isoflex [36].

As mentioned in Section 3.6, the results obtained in this study for 1°Tm, 167Tm
and '%8Tm from enriched ”Er, O3 and for '98Tm from enriched 8Er, O3 were
used to derive the nuclear cross sections of Tm radioisotopes.

The measured production cross sections are shown in Figure 3.69. In case of
170Tm, the cross sections could not be measured directly due to the low isotopic
percentage of 17OEr in the target material and were therefore derived from the
nuclear cross sections.

In the case of enriched 6“Er,O3 the optimal proton input energy is about
12.5 MeV, a compromise to maximize the production of '7Tm while minimizing
166Tm and '98Tm. For the enriched ®8Er,Os material, the maximum '6"Tm
activity is achievable for the highest reachable energy.
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Figure 3.69: Production cross sections of Tm radioisotopes measured from the
96.3% enriched ”Er, 03 (a) and the 98.1% enriched 8Er,O5 (b) material.
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Particular attention must be paid to '98Tm and !”°Tm, which have half-lives of
93.1 d and 129 d, respectively. The presence of these radioisotopes increases
for very long irradiation times and can cause a decrease in purity after the EoB,
limiting the application period of the '6”Tm-labelled radiopharmaceutical.

Considering a target thickness of 275 um and setting the entry energy at the
optimal value, I investigated the thulium impurities as a function of the irradia-
tion time (Figure 3.70).

In case of '6’Er,O3, the main impurity is the short-lived Tm, which can
be eliminated from the sample by means of decay time and, under saturation
conditions, becomes less than 1% after about 40 h after the EoB (Figure 3.71-a).
In the case of 198Er,03, the main impurity in saturation conditions is the long-
lived '68Tm, which remains almost constant at 1% until about 90 h after the
EoB (Figure 3.71-b).

As expected from the cross section measurements, the '8Er(p,2n) production
route results in a higher 187Tm activity than the '8”Er(p,n) (about 2.8 GBq/uA
vs. 0.85 GBq/pA in saturation condition), but with lower radionuclidic purity
after an appropriate cooling time due to the co-production of 68Tm (98.6% vs.
99.4% after 5 days).

To confirm the calculations based on cross section measurements, two produc-
tion tests for each material were performed in the BTL.

In the case of '98Er,03, the irradiation were performed using another batch of
material respect to the one used for cross section measurements, presenting a
different isotopic composition (marked as (B) in Table 3.23).

To estimate the production yields of thulium radioisotopes were therefore used
the nuclear cross sections reported in Section 3.6.

The irradiation parameters and the measured 6”Tm yield and purity are re-
ported in Table 3.24 and Table 3.25 for the enriched ”Er,O3 and the 18Er,03,
respectively.

The long-lived 7°Tm was not observed in any production test. In case of
167Er,03, the difference observed for!6Tm between the experimental and the
expected yield may be due to the uncertainty in the energy of the protons leav-
ing the target, which is close to the threshold of the 67Er(p,2n)!'%¢Tm reaction
(Figure 3.60).

Further tests are planned to evaluate the best production route. A paper on
this work, of which I will be co-author, is in preparation.
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Figure 3.70: Tm impurities as a function of the irradiation time for a 275-um
96.3% enriched %7Er,03 (a) and a 275-um 98.1% enriched %8Er,03 (b) target.
The irradiation time is expressed as multiple of t; /o(*¢"Tm).
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Figure 3.71: Tm impurities over time EoB for a 275-uym 96.3% enriched
167Ery03 (a) and a 275-um 98.3% enriched '%8Er,03 (b) target. The impu-
rities EoB are calculated in saturation conditions.

112



3. NOVEL MEDICAL RADIONUCLIDES AND THEIR OPTIMIZED PRODUCTION WITH SOLID TARGETS

Irradiation  Ax pellet Ein Q Y(%’Tm) P(EoB) P(5 d)
[#] [um] [MeV] 1073 [uAh] [MBgq/pAh] [%] [%]
2.3+ 0.5 6+1 99.5+0.1
1 0.26 £ 0.01 12.74+0.4 0.85+0.04 (2.6) (10) (99.6)
2.6 +£ 0.5 6+1 99.64+0.1
2 0.28 +£ 0.01 12.74+ 0.4 0.85+0.04 (3.0) (11) (99.6)

Table 3.24: Irradiation parameters, %7Tm yield and radionuclidic purity EoB,
obtained irradiating 96.3% enriched 17Er,03 pellets. The values in parentheses
are the yield calculations based on the cross section measurements.

Irradiation  Ax pellet Ein Q Y('*”Tm) P(EoB) P(5 d)
[#] [pum] [MeV] 103 [uAh] [MBgq/pAh] [%0] [%6]
82+16 72+4 99.1 £0.2
1 0.28 £ 0.01 18.2+0.4 0.83+0.04 (9.9) (77) (99.2)
85+17 74+4 98.8+0.4
2 0.294+0.01 18.2+£0.4 0.97 £0.05 (10.4) (77) (99.2)

Table 3.25: Irradiation parameters, 7Tm yield and radionuclidic purity EoB,
obtained irradiating 97.243% enriched '68Er,03 pellets. The values in paren-
theses are the yield calculations based on the cross section measurements.
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3.8 Summary

In the framework of my PhD work, several non-standard radioisotopes have
been investigated at the Bern medical cyclotron. By accurately measuring the
nuclear cross sections involved, it was possible to determine the irradiation
parameters that maximize production yield and radionuclidic purity.

A summary of the obtained results is given in Table 3.26.

Isotope Reaction Target Mass [mg] Charge [tAh] Y [MBq/upAh]
415c (p.n) ent—44Ca0 pellet 30 27 600
47Sc (p.) ent=50Tj0, pellet 35 3.9E-3 1
61Ccu (p.®) ent=647n pellet 40 2.7 E-4 140

nr—65
640y (p.m) € Cu pellet 30 1.3 E-3 70
(p,®) ent—=677n0 pellet 59 2.7 E-4 16
67Cu (p,®) ent—707n0 pellet 34 1.7 E-3 1
68Ga (p.n) ent—687n pellet 40 0.24 4500
r—155
1557, (p.m) en Gdy O3 pellet 40 1.1 E-3 4
(p.2n) € 156Gd, 03 pellet 40 1.1 E-3 14
185Tm  (p,2n) €T 166Er,03 pellet 49 0.9 E-3 90
—167
1677 (p,n) enr EryOg3 pellet 40 0.85 E-3 3
(p.2n) € 188Er, 03 pellet 40 1.0 E-3 9

Table 3.26: Main achievements in non-standard radioisotope production ob-
tained at the Bern medical cyclotron in the framework of this thesis. The
integrated current corresponds to the amount of protons hitting the target
material.
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Conclusions and Outlook

The purpose of my PhD work was to investigate theranostic and non-standard
radionuclides in view of their application in modern nuclear medicine, by means
of instruments and methods derived from nuclear and particle physics. These
novel radioisotopes, in fact, are often obtained by irradiating expensive iso-
topically enriched powders, making the irradiation procedure challenging. In
addition, the coproduction of radioisotopic impurities leads to the need for
precisely knowing the nuclear cross sections involved.

The experiments reported in this thesis were carried out at the Bern medical
cyclotron laboratory, where an 18 MeV cyclotron is in operation together with
a Beam Transport Line (BTL) and a Solid Target Station (STS) for research
purposes.

The BTL, together with the instrumentation and the methodologies developed
by our group, allows an almost complete control of the beam characteristics,
enabling the production cross section measurement as a function of the proton
input energy.

Because more than one reaction often participates in radionuclide production,
I developed a method to disentangle the different nuclear contributions. This
method, based on solving linear systems of equations, involves the measure-
ment of production cross sections from as many materials with different isotopic
percentages as there are reactions contributing to the radionuclide production.

During my PhD I measured the cross sections of many nuclear reactions,
namely:

47Ti(p,an)*3Se, 47Ti(p,x)**Sc, 47Ti(p,)**™Sc, 49Ti(p,)*6Sc, 5°Ti(p,x)*”Sc,
647Zn(p,an)®°Cu, %4Zn(p,x)8'Cu, 67Zn(p,x)%*Cu, 68Zn(p,an)®*Cu, #>Cu(p,pn)®*Cu,
707Zn(p,x)®”Cu, %8Zn(p,n)%Ga, %7Zn(p,n)%’Ga, %8Zn(p,2n)%”Ga, 66Zn(p,n)%¢Ga,
67Zn(p,2n)%Ga, **Mo(p.2n)?3Tc, **Mo(p,2n)?>™Tc, 1°°Mo(p,2n)*°™Tc,
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IOOMO(p,X)ggMO, 154Gd(p,2n)153Tb, 154Gd(p,n)154Tb, 155Gd(p,2n)154Tb,
155Gd(p,1’l)155Tb, 156Gd(p,2n)1551b, 156Gd(p,1’1]156Tb, 157Gd(p,2n)156Tb,
164Er(p,y)165Tm, 166Er(p,2n]165Tm, 166Er(p,n)166Tm, 167Er(p,2n]166Tm,
166Er(p,y)167Tm, 167Er(p,n)167Tm, 168Er(p,2n)167Er, 167Er[p,y)168Tm,
168Er(p,n)'%8Tm, 1"Er(p,3n)'68Tm and '"CEr(p,n)!"°Tm.

For some of these reactions there were no experimental data available in the
literature in the energy range considered. My work has thus contributed sub-
stantially to enhance the knowledge of nuclear data needed for the production
of novel radionuclides for medical applications.

On the basis of the obtained results, I determined the irradiation parameters
that optimize the production of 68Ga, #*Sc, 4’Sc, 6!Cu, %*Cu, %7Cu, 15°Tb,
165Tm and '%7Tm by means of solid targets. These predictions were confirmed
by performing several production tests with the STS.

In particular, the possibility of reproducible production of '°°Tb with a medi-
cal cyclotron in quantity and quality suitable for preclinical applications was
demonstrated for the first time. The radiochemical separation procedures
developed at PSI yielded a ['35Tb|TbCls solution with high chemical purity,
ensuring radiolabelling of the tumour-targeting molecules. The resulting 5°Tb-
DOTATOC was successfully used for an in vivo SPECT/CT imaging study in
tumour-bearing mice, proving the applicability of cyclotron-produced 35Tb for
diagnostic purposes.

For productions in the STS to be successful, it is necessary to have a good
understanding of the characteristics of the extracted beam, namely energy,
position and shape. In this regard, I played an important role in the develop-
ment of a new method to measure the beam energy, based on the stacked-foil
technique.

Natural Ti foils, separated by Nb degraders, were inserted into a special version
of the coin and irradiated to exploit the ™*'Ti(p,x)*8V monitor reaction. By
measuring the activity produced by means of y spectrometry and comparing
them with the expected values, the beam energy could be determined for several
stripper angles.

To improve the irradiation procedure using the novel Automatic Focusing Sys-
tem (AFS) developed by our group, I contributed to fine-tune the alignment
of the STS. I also contributed to the setting of the stripper angle and of the
Mini-PET Beamline (MBL) parameters that maximize the current on target. The
effective current hitting the 6-mm-diameter pellet was determined by using a
gafchromic film.
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My work suggested some further improvements. The beam extraction depends
on the position of the sources and strippers within the cyclotron and can slightly
change after each maintenance intervention. In order to quickly restore the
optimal alignment of the system, a motorized bellow has been recently installed
to change the STS position with respect to the AFS horizontally and vertically
with a submillimetric precision. This will make it possible to fully exploit the
beam focusing and steering capabilities of the AFS, optimizing the current on
the target. Furthermore, I believe that a Monte Carlo simulation of the beam
configuration would help to assess the limits of the target capsule named "coin”,
that I contributed to develop. A new geometry of the two magnetic parts could
also be evaluated, featuring ribs to form a locally inclined surface in order to
take full advantage of the cooling system.

These modifications will enable the irradiation of targets with higher currents,
making it possible to achieve larger radioisotope activities for theranostic appli-
cations in nuclear medicine.

The developments I performed and the results I obtained in the framework of
this PhD thesis are at the basis of future studies and projects, some of them
already ongoing. My achievements contributed to pave the way towards the
implementation of theranostics in nuclear personalized medicine.
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Appendix
Unpublished cross section Data

Scandium radioisotopes

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 No Signal 14.5+ 0.4 No Signal
8.7+ 0.4 No Signal 15.8+ 0.4 No Signal
9.7+ 0.4 NoSignal 17.1+0.4 0.15+ 0.09
11.5+ 0.4 No Signal 18.2+ 0.4 1.0 £ 0.2
13.0 £ 0.4 No Signal

Table 3.27: 4"Ti(p,an)*3Sc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+04 224+02 1454+04 46 + 4
87+£04 72+06 158+0.4 48 + 3
9.7+ 0.4 15+ 1 17.1 £ 0.4 50 + 2
11.5+0.4 28 + 2 18.2 + 0.4 45 + 2
13.0 + 0.4 37+ 3

Table 3.28: 4"Ti(p,)**Sc nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 No Signal 14.5+ 0.4 12 +1
87+04 08+02 158+04 12.9+0.8
9.7+ 04 1.9+03 17.14+04 16.0+0.7
11.5+04 444+04 1824+04 17.5+0.7
13.0+ 0.4 8.24+0.8

Table 3.29: 4"Ti(p,x)**™Sc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 NoSignal 145+04 16+04
8.7+04 NoSignal 158+ 04 3.5+0.6
9.7+ 04 NoSignal 17.1 £+04 8.5+0.5
11.5+ 0.4 No Signal 18.2+ 0.4 18 +1
13.0 £ 0.4 No Signal

Table 3.30: 4"Ti(p,2p)*6Sc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 No Signal 14.5+ 0.4 No Signal
8.7+ 0.4 No Signal 15.8 + 0.4 No Signal
9.7+ 0.4 No Signal 17.1 +£0.4 2+1
11.5+ 0.4 No Signal 182 +04 3.7+0.5
13.0 £ 0.4 No Signal
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Technetium-99m

E [MeV] o [mbarn] E [MeV] o [mbarn]
82+ 0.4 NoSignal 14.5+04 57 +11
9.7+ 0.4 NoSignal 15.8+ 0.4 282+ 24
11.54+ 0.4 No Signal 17.1 £ 0.4 361 + 25
13.0 £ 0.4 No Signal 18.2 + 0.4 447 + 27

Table 3.32: *Mo(p,2n)?3Tc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
82 +04 NoSignal 14.5+0.4 14+5
9.7+ 0.4 No Signal 15.8+ 0.4 60 £ 5
11.5+ 0.4 No Signal 17.1 +0.4 107 + 7
13.0 £ 0.4 No Signal 18.2+ 0.4 127 + 8

Table 3.33: 9*Mo(p,2n)°3™Tc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
82+0.4 29 4+ 2 1454+ 04 223+ 13
9.7+04 112+ 6 15.8+0.4 231+ 14
11.5+04 193+11 17.14+04 221 +11
13.0+04 2144+13 182+04 222+ 12

Table 3.34: 1°°Mo(p,2n)°™Tc nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
82 +04 NoSignal 14.5+0.4 24 + 3
9.7+ 0.4 No Signal 15.8+ 0.4 39 £3
11.5+£04 24+04 17.14+04 60 + 4
13.0 £ 0.4 10+ 3 18.2 £ 0.4 75+ 5

Table 3.35: 1°°Mo(p,x)%°Mo nuclear cross section data.
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Terbium-155

E [MeV] o [mbarn] E [MeV] o [mbarn]
1194+ 04 181 +45 15.8+0.4 648 + 51
12.1 £ 04 194+52 17.1+0.4 901 + 72
13.0+ 0.4 3584+ 33 1824+04 1098 +118
14.54+ 0.4 528 + 44

Table 3.36: 154Gd(p,2n)!'%3Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
11.9+£ 0.4 No Signal 15.8 + 0.4 No Signal
12.1 £ 0.4 No Signal 17.1 £ 0.4 No Signal
13.0 £ 0.4 No Signal 18.2 + 0.4 5+ 2
14.5 + 0.4 No Signal

Table 3.37: 15°Gd(p,3n)'®3Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 34 + 14 14.5 4+ 0.4 No Signal
102+ 04 189 +66 155+ 0.4 No Signal
11.5+£ 04 135+33 15.8+ 0.4 No Signal
12.1 £ 0.4 No Signal 17.1 £ 0.4 No Signal
13.0 £ 0.4 No Signal 18.2 + 0.4 No Signal

Table 3.38: 154Gd(p,n)!®*Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
7.7+ 0.4 NoSignal 14.5+0.4 183+ 26
10.2 £ 0.4 No Signal 155+ 0.4 190 + 12
11.5+ 0.4 24 + 4 158+ 0.4 209 424
12.1 £ 0.4 68 + 4 17.1 £ 0.4 205+ 14
13.0+£ 04 108+18 18.2+04 243+15
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Table 3.39: 15°Gd(p,2n)'%*Tb nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
58+ 0.4 6+2 8.7+0.4 200+ 40
6.2+ 0.4 14 + 4 9.0+ 04 101 + 9
6.8+ 0.4 22 +4 9.7+ 04 134 + 22
7.1 +£04 25 + 2 10.0 £ 0.4 260 + 20
7.7+ 0.4 56 + 8 10.2 £ 0.4 No Signal
79+04 100+20 10.8+ 0.4 No Signal

Table 3.40: 54Gd(p,n)'®*™!Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
9.7+ 0.4 NoSignal 12.7+ 0.4 186 + 32
10.0 £ 0.4 No Signal 13.0+ 0.4 247 + 28
1024+04 16+£0.3 14.0+0.4 356+ 57
10.8 £ 0.4 5+1 14.5 4+ 0.4 381 + 39
11.54+0.4 47 + 6 1554+ 0.4 452 4+ 19
119+ 0.4 71 £ 8 15.8 4+ 0.4 475+ 46
12.1 £ 0.4 104 + 5 17.1 £ 0.4 557 +42
12.34+04 126 +£23 18.2+04 721 £+ 31
125+ 0.4 203 + 34

Table 3.41: 155Gd(p,2n)!%4™ITb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1+04 2.74+0.7 10.0+0.4 350+ 22
58+04 454+05 10.84+04 431 4+ 38
6.2+04 13.1+£08 11.5+0.4 428+ 39
6.8+ 0.4 25 4+ 2 11.9+ 0.4 418 +39
7.1 £ 0.4 71+ 5 12.1 £ 0.4 351 +£23
74+ 04 86 + 13 13.0 £ 0.4 194 + 31
7.7 £ 0.4 90 + 5 145+ 0.4 154 +25
7.9+ 04 108 + 7 15.5+0.4 130+ 6
8.7+ 0.4 174 + 12 15,84+ 0.4 102 + 13
90+04 182+14 17.1+04 76 £ 5
934+04 2424+23 182+04 72 + 5
9.7+ 04 280+ 18
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Table 3.42: 15°Gd(p,n)!®®Tb nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
10.8 £ 0.4 No Signal 14.5+0.4 616 £ 53
11.5+04 153+16 155+0.4 820 +42
11.94+04 218+19 158+ 04 872+76
12.1+04 281 +15 17.1+£04 943+ 78
13.0+ 04 439+40 18.2+0.4 1035+ 65

Table 3.43: 156Gd(p,2n)'%°Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
10.8 £ 0.4 No Signal 14.5+ 0.4 No Signal
11.5+ 0.4 No Signal 15.5+ 0.4 No Signal
11.94+ 0.4 No Signal 15.8+ 0.4 No Signal
12.1 £ 0.4 No Signal 17.1 £ 0.4 No Signal
13.0 £ 0.4 No Signal 18.2+0.4 161.5+0.4

Table 3.44: 157Gd(p,3n)'%°Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
514+04 134+02 97+04 211415
58+04 58+04 100£04 289+10
6.2+ 0.4 17 £ 1 12.1 £ 0.4 241+ 11
7.1 £0.4 54 + 5 13.0 £ 0.4 209 +24
74+04 111+14 145+04 101 +11
7.7+ 0.4 53 + 4 15.5+ 0.4 80 +5
7.9+ 0.4 103 £ 5 15,8+ 0.4 89+ 10
87+04 160+11 17.14+0.4 66 + 7
90+04 1424+ 10 182+04 60 + 3
9.3+04 256+ 34

Table 3.45: 156Gd(p,n)!®6Tb nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
8.7+ 0.4 NoSignal 13.0+ 0.4 288+ 32
9.0 £ 0.4 NoSignal 14.5+0.4 482+ 55
9.3+ 0.4 NoSignal 15.5+0.4 605+ 32
9.7 £ 0.4 No Signal 15.8+ 0.4 522 + 57
10.0 + 0.4 No Signal 17.1 £ 0.4 648+ 74
12.1 £ 04 202+30 18.2+04 670+54
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Table 3.46: 157Gd(p,2n)'%Tb nuclear cross section data.
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Erbium-165

E [MeV] o [mbarn] E [MeV] o [mbarn]
58+04 1.8+04 13.0+0.4 No Signal
7.7+ 0.4 7+1 14.1 £ 0.4 No Signal
8.7+04 9+1 14.5 +£ 0.4 No Signal
9.7+04 9+1 15.2 £ 0.4 No Signal
10.4 £ 0.4 8+3 15.8 £ 0.4 No Signal
11.1 £ 0.4 No Signal 16.5+ 0.4 No Signal
11.5+ 0.4 No Signal 17.1 +£0.4 No Signal
12.1 £ 0.4 No Signal 18.2 + 0.4 No Signal

Table 3.47: %4Er(p,y)'65Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.8+ 04 NoSignal 13.0+£04 349 + 20
7.7+04 NoSignal 14.1 £0.4 467 + 38
87+04 NoSignal 14.5+04 618+ 35
9.7+ 0.4 No Signal 15.2+0.4 680 +55
104 +04 094+0.1 15.8+04 752+43
11.1 - 0.4 21 +1 16.5+ 0.4 835+ 68
11.5+ 0.4 56 + 3 17.1 £ 0.4 870 +41
12.1 04 210+ 18 18.2+0.4 1005+ 56
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Table 3.48: 15%Er(p,2n)!65Tm nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
5.8+ 0.4 No Signal 13.0+ 0.4 No Signal
7.7+ 0.4 No Signal 14.1 £ 0.4 No Signal
8.7+ 0.4 NoSignal 14.5+ 0.4 No Signal
9.7 £0.4 No Signal 15.2 4+ 0.4 No Signal
10.4 + 0.4 No Signal 15.8 £ 0.4 No Signal
11.1 £ 0.4 No Signal 16.5+ 0.4 No Signal
11.5+ 0.4 No Signal 17.1 £ 0.4 No Signal
12.1 £ 0.4 No Signal 18.2+ 0.4 18+1

Table 3.49: 17Er(p,3n)!65Tm

nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1 +0.5 1.44+02 12.1+04 290+ 26
58+04 37+03 13.0+04 245415
6.8+0.4 21 +£ 2 14.1 £ 0.4 194 + 17
7.7 £ 0.4 50 + 6 145+ 0.4 161 + 10
8.7+ 0.4 120+ 11 152 +0.4 129+ 11
97+04 203+13 158+0.4 109 + 7
104 £ 04 287 +25 16.5+04 74 + 7
11.1 £04 343+30 17.1 04 66 + 3
11.5+£04 346+21 18.2+04 58 + 4

Table 3.50: 1%6Er(p,n)!%®Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1 £ 0.5 No Signal 12.1 £ 0.4 200+ 14
5.8+ 0.4 No Signal 13.0+ 0.4 408 + 30
6.8+ 0.4 No Signal 14.1 +0.4 545447
7.7+ 0.4 No Signal 14.5+ 0.4 588 + 62
8.7+ 0.4 NoSignal 15.2+ 0.4 664 + 57
9.7+ 0.4 No Signal 15.8+ 0.4 703 + 45
10.4 £ 0.4 No Signal 16.5+0.4 805+ 45
11.1 + 0.4 No Signal 17.1 £ 0.4 892 + 60
11.5+04 95+ 25 18.2 + 0.4 925 4+ 63
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Table 3.51: 17Er(p,2n)'%Tm nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
51+£05 0.09+0.02 12.1+04 09+0.7
58+04 0.17+£0.03 13.0+04 0.7+£0.5
6.8+ 0.4 0.6 = 0.1 14.1 £ 0.4 0.8+0.6
7.7+ 0.4 1.0+ 0.3 145+ 04 08=*0.6
8.7+ 04 1.5+ 0.7 15.24+04 09+0.5
9.7+ 04 1.2+ 0.5 15,84+ 04 1.2+0.7
104 + 0.4 1.7+ 0.3 165+ 04 1.1 £0.7
11.1 =+ 0.4 0.9+0.3 17.1 0.4 0.7 £0.3
11.5+ 0.4 0.9+0.3 18.24+ 04 0.8+0.2

Table 3.52: 1%6Er(p,y)'$”Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
51+£05 06+0.1 12.1+04 285+43
58+ 0.4 5+1 13.0 £ 0.4 226 +47
6.8 + 0.4 14 + 4 14.1 £ 0.4 133 + 2
7.7 £ 0.4 50 + 10 14.54+04 117 + 13
8.7+0.4 122 + 12 1524+ 0.4 100 + 10
97+04 290+44 158+04 90+ 10
104 0.4 339+49 165+04 82 +8
11.1+£04 4114+84 17.1+£04 70+13
11.5+04 366+74 182+0.4 57 + 8

Table 3.53: %7Er(p,n)!%”Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1 £ 0.5 NoSignal 12.1 0.4 375+ 28
5.8+ 0.4 No Signal 13.0+ 0.4 571 £ 73
6.8+ 0.4 NoSignal 14.1 0.4 794 + 186
7.7+ 0.4 No Signal 14.5+0.4 838+ 189
87+04 NoSignal 15.2+0.4 878 + 188
9.7+ 0.4 NoSignal 158+ 0.4 899 + 134
10.4 + 0.4 77 + 1 16.5 + 0.4 1000 + 146
11.1+ 04 116+24 17.1+04 1121+ 111
11.5+ 04 293+62 18.2+04 1204 + 127
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Table 3.54: 1%8Er(p,2n)'6”Tm nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1 £ 0.5 No Signal 12.1 £+04 1.2+0.7
5.8+ 0.4 No Signal 13.0+04 1.6+0.8
6.8+ 0.4 NoSignal 14.1+04 1.3+0.1
7.7+ 0.4 NoSignal 145+04 1.2+0.6
8.7+ 0.4 NoSignal 152+04 1.2+04
9.7+ 0.4 No Signal 158+ 04 1.3+0.3
104 +£04 074+0.2 165+£04 09+0.1
11.1+£04 1.74+08 17.1+£04 1.5+0.5
115+£04 1.04+04 182+£04 1.3+4+0.2

Table 3.55: 17Er(p,y)'%8Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1+ 0.5 1.3+£0.3 12.1+0.4 118 £+ 4
58+04 3.1+04 13.04+0.4 82+ 5
6.8+ 0.4 16 +£1 14.1 £ 0.4 79 + 6
7.7+ 0.4 60 +£ 5 14.5 4+ 0.4 65+ 4
8.7+ 0.4 103 + 7 152+ 04 53 £+ 2
9.7+ 0.4 145+ 7 15.8 +0.4 55+ 3
10.4 £ 0.4 184 + 7 16.5 £ 0.4 49 £ 5
11.1 £ 0.4 166 + 6 17.1 £ 0.4 43 + 3
11.5+04 1534+10 182+04 37+ 5

Table 3.56: %8Er(p,n)!%®Tm nuclear cross section data.

E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1 £ 0.5 No Signal 12.1 £ 0.4 No Signal
5.8 £ 0.4 No Signal 13.0+ 0.4 No Signal
6.8+ 0.4 No Signal 14.1 + 0.4 No Signal
7.7+ 0.4 No Signal 14.5+ 0.4 No Signal
8.7+ 0.4 NoSignal 15.2 4+ 0.4 No Signal
9.7 £0.4 No Signal 15.8 + 0.4 No Signal
10.4 + 0.4 No Signal 16.5+ 0.4 10 £3
11.1 £ 0.4 No Signal 17.1 +£0.4 30 £ 1
11.5+ 0.4 No Signal 182 +04 185+2
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Table 3.57: 17Er(p,3n)'%®Tm nuclear cross section data.
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E [MeV] o [mbarn] E [MeV] o [mbarn]
5.1+0.5 12+ 5 12.1 £ 0.4 97 + 38
5.8+ 0.4 24 + 6 13.0+ 0.4 95+ 17
6.8+ 04 93+ 19 14.1+04 89+ 38
7.7+04 133+62 145+04 70+19
87+04 126+32 152+04 75+ 36
97+£04 108+ 15 158+ 0.4 90+ 29
104 +£04 145+30 16.5+0.4 93 +22
11.1+04 954+23 17.1+£04 121+ 34
11.5+04 81+19 182+04 91 +141
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Table 3.58: 1"OEr(p,n)!”°Tm nuclear cross section data.
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