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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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