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Abstract

Recent research developments have demonstrated significant advantages of Gallium-68
labeled radiopharmaceuticals in PET cancer imaging, namely on neuroendocrine tumours.
The suitable half-life (68 minutes), high positron emission yield and low radiation exposure
for the patient are some of the main advantages that increasingly awake the interest in the
use of ®Ga. The research for simpler and efficient methods of ®*Ga production with high

yields is constant.

In this work, the feasibility of a new pathway for “Ga cyclotron production, based on

a liquid target through a *Zn(p,n)*Ga nuclear reaction, was studied.

A salt solution of natural zinc chloride is chosen as liquid target, having suitable
chemical properties for cyclotron irradiation. The 18.75 % abundance of ®*Zn in ™Zn is

suitable for cost effective high “Ga production yields.

Niobium, widely used in cyclotron applications, is considered as target chamber
material to hold the target solution. The physicochemical effect of zinc chloride solutions
in the metal is studied and analyzed, in order to ensure its resistance to the irradiation
conditions. This analysis is performed with scanning electron microscopy and energy
dispersive X-ray spectroscopy, after exposing niobium samples to ZnCl, solutions. The
effect of zinc chloride is also studied in teflon, intended to be used to transport the target
solution from the cyclotron to hot-cells. For that purpose, a thermogravimetric analysis is

done.

Irradiation tests are performed, with identification of the produced gallium isotopes, as
well as their production yields. Different separation methods for gallium extraction are
studied, by using ion exchange columns. The method with the best results is applied to a

final “Ga production, having obtained excellent gallium column absorption levels.

Keywords: PET, Gallium-68, neuroendocrine tumours, cyclotron, liquid target, ion

exchange columns.
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Resumo

Desenvolvimentos recentes no estudo cientifico tém demonstrado vantagens
significativas de radiofarmacos marcados com Galio-68 em imagem PET de cancros,
nomeadamente para tumores neuroendocrinos. O conveniente periodo de semi-
desintegracio (68 minutos), a alta probabilidade de emissio de positrdes e a baixa
exposicdo a radiagdo para o doente sio algumas das principais vantagens que tém vindo a
despertar cada vez mais o interesse para o uso de ®Ga. A procura por métodos mais

simples e eficientes para a produgio de “Ga com elevados rendimentos é constante.

Neste trabalho foi estudada a viabilidade de um novo método de produgio em

ciclotrio de ®Ga, baseado num alvo liquido através da reagdao nuclear 68Zn(p,n)(’gGa.

Uma solugio salina de cloreto de zinco natural ¢ escolhida como alvo liquido, tendo
propriedades quimicas adequadas para uma irradiagao em ciclotrao. A presenga de 18.75 %

de ®Zn em "™Zn é apropriada para rendimentos de producio elevados de “Ga.

O nidbio, bastante usado em aplicagdes em ciclotrio, é considerado como material
para suporte do alvo, de forma a conter a solucdo-alvo. O efeito fisicoquimico de solugdes
de cloreto de zinco no metal é estudado e analisado, de forma a assegurar a resisténcia as
condig¢bes de irradiacdo. A andlise ¢ feita através de microscopia eletronica de varrimento e
espetroscopia de raios-X por energia dispersiva, apos exposicao de amostras de nidbio a
solugoes de ZnCl,. O efeito de cloreto de zinco é também estudado em teflon, pretendido
para ser usado no transporte da solucao-alvo do ciclotrao para células quentes. Com esse

intuito, ¢ feita uma analise termogravimétrica.

Testes de irradiagdo sdo realizados, com a identificacio dos is6topos de galio
produzidos, assim como os seus rendimentos de producdo. Diferentes métodos de
separacao para extracao de galio sao estudados, através do uso de colunas de troca idnica.
O método com os melhores resultados é aplicado a uma produgio final de *Ga, tendo-se

obtido excelentes niveis de absor¢ao de galio na coluna.

Palavras chave: PET, Galio-68, tumores neuroenddcrinos, ciclotrdo, alvo liquido,

colunas de troca iénica.
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Chapter 1 1

1. Introduction

Part I: Final Project

The final year project in M.Sc. Biomedical Engineering is done during one year, having

started on September 2012.

During the first academic semester, a familiarization with the theoretical background
on the significant topics related to the proposed project was conducted. It was additionally
made a literature research for the possible methods, techniques and suitable materials to be

used in the fulfillment of the intended objectives.

In the second semester, the implementation of the necessary and studied analysis
techniques was performed. The M.Sc. thesis was also written during that time, as the results

were obtained.

1.1. Objectives

The aim of this work is to evaluate and test the hypothesis of producing *Ga with a
Zn based liquid target solution, by a cyclotron proton irradiation. For that purpose, it is

necessary to accomplish the given objectives:

" Access and study zinc based solutions with suitable physicochemical properties for
cyclotron production

" Seclect the target chamber and window material, testing the chemical effect of the
target solution on it

* Ensure the resistance of the transfer line tubes, used to transport the final product
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* Research and test methods to separate and extract *Ga from the chosen zinc
solution

* Produce ®Ga through cyclotron proton bombardment of the target solution,
identifying its presence and production yields

» Separate and retain the produced gallium isotopes

Figure 1.1 shows the schematic plan of the objectives and steps during the project timeline.

1st Semester 2nd Semester

Theoretical Research possible Test foreseen Produce and
Background Zinc Solutions target materials extract ®Ga

Research and State of the art review

68
Evaluate teflon as the solution transfer line Separate and extract “Ga

Test chemical effect of the Zn solution in the metal Test parameters for best %Ga yields

Choose the metal material for target chamber and window

Study the possible use of Zinc solutions in Cyclotron

Figure 1.1 Schematic diagram of the steps involved in the production of “*Ga using a Zn-
based liquid target.

The final M.Sc. project was done in ICNAS (Instituto de Ciéncias Nucleares Aplicadas
a Sadde), with the collaboration of the Chemistry Department of the University of

Coimbra.
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Part II: Theoretical Introduction

1.2 Neuroendocrine Tumours

Well differentiated neoplasms of the disseminated neuroendocrine cells are classified
by the WHO (World Health Organization) as neuroendocrine tumours (NETs). In the last
three decades there have been considerable advances in the research of these tumours,
more specifically in the most common gastroenteropancreatic neuroendocrine tumours
(GEP-NETSs). Our understanding of the underlying pathophysiology has considerably

increased, allowing for better diagnosis and more effective treatments for the patients [1, 2].

Even if some diagnosed NETSs appear to have a benign behavior, all of them are
potentially malignant, which makes this specific type of tumours particularly dangerous [3].
Although all NETSs share an endocrine origin, their location in the body can considerably
vary, appearing in organs such as stomach, duodenum, pancreas, small intestine, appendix,

colon or rectum [4-7].

Neuroendocrine tumours are known to overexpress somatostatin (SST) receptors in
most of their cells [8]. SST is a neuropeptide, mainly secreted in the stomach and intestine,

capable of inhibiting the release and the action of all known gastrointestinal tract hormones

[9]-

1.2.1. Epidemology

In the past few decades, developments in image diagnosis techniques have rapidly
expanded. This also translated the evidence of an increasing detection of neuroendocrine
tumours, particularly GEP-NETs. According to data from the database of the Surveillance
Epidemiology and End Results database (SEER) of the US National Center Institute,
GEP-NETs have shown a surprising increase in 30 years, for instance of 460 % in the
small intestine and 720% in the digestive system [10]. An extensive analysis of the incidence

in the past decades of carcinoid tumours, related to NETSs, can be found in Figure 1.2.
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Figure 1.2 Analysis of the incidence of carcinoid tumours in the US population in the last
decades [10].

The need of improvement, expansion and research of radiological imaging techniques
that allow an earlier and better diagnosis was, and still is, essential as a prevention response

to the NETs consequences.

1.3, In vivo Imaging

Neuroendocrine tumours can be diagnosed by conventional imaging techniques, such
as computed tomography (CT) and magnetic resonance imaging (MRI) or evaluated using

nuclear medicine approaches.

1.5.1. CT and MRI in NETs Imaging

CT and MRI have been widely used to detect different tumours, also having an
important role in the case of NETs [11]. A short description of the techniques and their

use in NETSs diagnosis is described.
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1.3.1.1. Computed Tomography (CT)

CT produces digital and anatomic cross-sectional images of a patient by the
reconstruction of the transmitted x-rays detected in the system. The main principle is based
on the transmission of an x-ray beam, with a given intensity I, through the targeted patient
area. This beam is attenuated when passing through matter, with different attenuation
coefficients u for different mediums. The transmitted beam, with an intensity I, is detected
and processed, being later analyzed though the reconstructed image. Image reconstruction
is done based on the x-ray attenuation principle. Accordingly to the tissue thickness and
attenuation coefficient, the transmitted beam intensity I can be related to the described

parameters by the Lambert-Beer’s law [12]:
I =Ie ™™ Eq. 1.1

CT sensitivity for NETs varies with the tumour location and size. In the case of
pancreatic NETs, when using non-spiral CT, tumours with smaller sizes than 1 cm have
not been detected. Sensitivity for tumours with sizes between 1 and 3 cm can go up to 30%,
reaching to higher values of 95% for sizes superior to 3 cm. The full sensitivity range for
these tumours, reported between 29 to 78%, is consequently not very reliable [11]. In NET
studies using high resolution computed tomography (HRCT), the results were also not

satisfactory [13].

1.3.1.2. Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging is a multidisciplinary image modality that does not use

ionizing radiation to detect NET's [11, 14]

This technique is based on the interaction of a strong applied magnetic field to a
patient with its tissue protons. A human tissue can be composed by 70 to 90 % of water,
rich in hydrogen nuclei and consequently protons. These protons have different spins. A
magnetic field excites the hydrogen nuclei. When submitted to a magnetic field, protons
line up in the direction of the field. Radio frequency signals are emitted, inducing
transitions between spin states. When the radio frequency signal is turned off, a relaxation
of the spins occurs, back to their original state. During this relaxation, protons emit low
radio frequency signals that can be detected and later used to form tissue cross-section

images.
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This interaction allows the MRI to be very sensitive to the water densities changes
between tissues, consequently related to diseases and injuries. The amount of water in an
injured tissue can be significantly altered. Hence, this image modality can study the tissue

function [14].

In the case of NETs, MRI detection sensitivities are comparable and most of the times
similar to the ones reported with CT. Although magnetic resonance imaging can detect
slightly smaller tumours than the ones reported with computed tomography, it still presents

many difficulties and poor results [11, 15].

Despite the results for detecting NET's by using CT or MRI systems, it is essential to
identify and diagnose such tumour pathologies in the earlier stages, when the tumours still
present small sizes. Diagnosis and consequent treatment risks are highly dependent on the
tumour stage. These techniques can be combined instead with stronger NET image

modalities, such as PET, as a support [11, 16].

1.5.2.  Positron Emission Tomography

Positron Emission Tomography (PET) is a non-invasive nuclear technique that allows
us to map, / vivo, molecular pathways and interactions in order to detect and analyze a

variety of pathologies [17, 18].

In PET, positron emission radioisotopes are used to label compounds as molecular
probes or radiotracers for biological and biochemical analysis 7z vivo. These labeled
molecules, called radiopharmaceuticals, are injected, most of the times intravenously. PET
image scans will provide the information of the concentration and location of the

radiopharmaceutical in the organism, during the time the exam is being performed [19].

1.3.2.1. Positron Emission Tomography Principles

The principle of PET starts with a positron (B* particle) release by the nuclei of a
specific radiopharmaceutical. When ejected, the positron loses energy in the travelled
distance by interacting with matter, up to the point it collides with its antiparticle, an

electron (B particle) [20]. This positron-electron pair collision leads to an annihilation
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process. Consequently, the annihilated pair is physically converted into two collinear
gamma rays with energies of 511 keV, travelling in opposite directions, as Figure 1.3 (A)
illustrates. These two gamma rays can be detected in a PET detector ring, like

demonstrated in Figure 1.3 (B) [21, 22].

A

Positron emitting isotope

511 KeV

photon/4

Positron@)

Electron :
511 KeV / '
Gamma ray

photon

Positron Annihilation

Figure 1.3 - Release of a positron, followed by its annihilation with an electron. It
results in two 511 keV gamma rays traveling in opposite directions (A). Coincidence event
detected by the PET ring of detectors (B). Adapted from [22].

One of the biggest advantages of PET is related to the known energy window of the
two detected gamma rays. Because of the conserve energy and momentum principles, the
total energy of the two annihilation gamma rays must correspond to the sum of the rest
mass energies of the two collided B particles, i.e. 1.22 MeV. This annihilation coincidence
detection allows the system not to require an absorptive collimator, resulting in a better
sensitivity for PET, when compared with other techniques. Each detected single photon is
counted and a true coincidence event is identified when the annihilation pair of photons is
counted by coincidence detectors within a timing window 7. This coincidence timing
window defines the maximum time interval where two 511 keV photons are counted as a

true event. The T value can usually vary around 6 to 12 ns [21, 23].

Multiple counts of true events in the system, together with the applied reconstruction
algorithms, allow the output and reconstruction of a 3D image that maps the different

concentrations and distribution of the radiopharmaceutical in the organism [23].

There are still some limitations in PET, regarding its spatial resolution. First, the
annihilation event does not occur at the same time and location as the positron release.

Before annihilated, the positron first travels a finite distance from the decaying nucleus. It
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interacts with other nuclei and particles present in the matter until it collides with an
electron. Only then can the annihilation event occur. Secondly, the two resulting gamma
photons are not exactly collinear. In the moment of annihilation, the positron still has
residual momentum and kinetic energy. Due to the conserve of momentum principle, the
two photons are emitted 180 + 0.25 " apart from each other. Figure 1.4 demonstrates the
described physical aspects of PET positron annihilation and their effects on spatial
resolution. Despite these limitations, there are spatial correction algorithms that can be

applied in the image reconstruction process [21].

Positron-
emitting
nucleus

Positron
Path Length

Figure 1.4 Representation of PET physical limitations in spatial resolution. Adapted from
1]

1.3.2.2. Crystal Detectors Types

Detector materials in PET are one of the most important factors that allow a correct
output signal and diagnosis obtained. In order to do that, the detector material, based on
scintillation, needs to have a good detection probability as well as an excellent energy

resolution.

The most important properties of a scintillation detector material to obtain the best
signal outputs are its mass density (p), effective atomic number (Z.), light output and
scintillation decay time. A high mass density and effective atomic number allow a higher
crystal stopping power and linear attenuation coefficient (u). These properties are

responsible for a better probability of radiation interaction and detection. A high light
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output reduces the statistical noise in the scintillation, allowing better energy resolutions. A
crystal with a fast scintillation decay time gives the chance of using a narrow coincidence

timing window, which leads to a reduction of random count rates [21].

Most common inorganic scintillator crystals used for PET detectors are made of
bismuth germanate (BGO), cerium-doped lutetium oxyorthosilicate (LSO) or cerium-
doped gadolinium oxyorthosilicate (GSO). Table 1.1 shows some of their main properties
comparing with the ones of thallium-doped sodium iodide (Nal(T1)), a historic standard

crystal for photon detection.

Table 1.1 Physical properties of the most common PET Scintillator materials. Adapted

from [21]
BGO GSO LSO Nal(TT)
Density o (g/cm’) 7.1 6,7 7.4 3.7
Effective Atomic Number Z 75 59 66 51
Linear Attenuation Coefficient 0,95 0.70 0.88 0.34
n, for 511 keV photons (cm™)
Relative Probability of 40 25 32 17
Photoelectric Interaction (%)
Light Output (photons per 9000 8000 30000 41000
MeV)
Scintillation Decay Time (ns) 300 60 40 230
Energy Resolution at 511 keV 12 9 10 8
(%o FWHM")

As Table 1.1 shows, LSO crystal materials have emerged as one of the best PET
detectors. Its high attenuation coefficient and light output, together with its fast

scintillation decay and low energy resolution make it an excellent PET crystal detector.

1 Full width at half maximum
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1.3.3. Radiopharmaceuticals

A radiopharmaceutical is a radiolabelled molecule produced for 7 vivo applications. It is
composed of two main parts. The first is a biomolecule structure responsible for the
binding location of the radiopharmaceutical in the organism, since its structure determines
the pathways and interactions of the molecule in the living organism. In the case of
neuroendocrine tumours, the ligand is usually an SST analogue. The second part is a

radioactive nuclide responsible for the signal detection [24, 25].

1.3.3.1. Radiopharmaceuticals in PET

In the case of PET, the radioactive nuclide used is a " emitter. The positron decay
leads to the emission and detection of the two opposite gamma rays. In some cases, to
establish a stable connection between the ligand and the radionuclide, it may be necessary

to use a chemical linker [24].

Radionuclides can be produced or obtained by different methods. One of them is
using a particle accelerator (as a cyclotron), where a nuclear reaction occurs and leads to the
formation of the radionuclide. This type of radionuclide production has become easier and
simpler during the years with the evolution of compact medical cyclotrons [26]. Another
method is related to the use of a generator, where a long life parent isotope decays into a

short life daughter isotope. The daughter isotope is extracted as the radioisotope to be used.

Some of the most common used radioactive nuclides used in PET are shown in Table

1.2, together with some of their properties.
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Table 1.2 Physical properties of some radionuclides used in PET. Adapted from [21, 24]

Radionuclide  Physical Maximum 8° p'rangein  Main Production type
half-life t, , energy water (mm)
(MeV)
Carbon-11 20.4 min 0.96 3.9 N(p,a)C
Nitrongen-13 9.96 min 1.2 5.1 "O(p,2)"N
Oxygen-15 2.05 min 1.7 8.0 "N(d,n)”O
Fluorine-18 1.83h 0.64 2.3 50 (p,n)'°F
Gallium-68 1.14 h 1.9 9.0 %Ge/®Ga-Generator
Rubbidium-82 1.3 min 3.4 18 %St /"Rb-Generator

1.3.3.2. The Gallium-68 1sotope

%Ga is a positron emitter with a half-life of 68 minutes. It emits a 1.92 MeV positron
with a probability of 89%. The remaining 11% correspond to the electron capture process
(EC) [27]. Due to the disintegration by electron capture, Ga emits gamma photons. The

main single photon energies and emission probabilities are presented in Table 1.3.

Table 1.3 Energies and probabilities of the main “Ga y-ray emissions. Adapted from [28].

Energy (keV) Emission
Probability (%)
vy -EC 578,5 0,03
v-EC 805,8 0,09
y-EC 1077,3 3,22
y-EC 1261,1 0,09
v-EC 1883,2 0,14

This isotope has properties that turn it into an excellent candidate to be used in PET.

It has a good half-life, short enough to allow low radiation exposure of the patient (during
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and after exam), enabling short and efficient exams, and long enough to permit efficient
biodistribution in the target tissue. Its high positron emission rate also allows for a high

detection efficiency.

Gallium-68 can be obtained by two different methods. The first one, being the
standard method, is the Germanium-68 — Gallium-68 generator system, mentioned in
Table 1.2. ®Ge is the parent isotope of “Ga, with a half-life of 270.8 days (nearly 9 months)
[27]. This generator system is used to easily elute and extract ®Ga for the later
radiopharmaceutical labeling [29, 30]. The second method, less used due to its complexity
and non-rentable costs, is the cyclotron production of Ga by a proton bombardment of a
solid Zinc-68 target. The resulting nuclear reaction occurs when a proton enters and
interacts with the ®Zn nucleus. This interaction leads to the formation of a ®*Ga nucleus
and the release of a neutron. The correspondent nuclear reaction can be represented as

*7Zn(p,n)*Ga [31].

®Ga interest has increased on the past years for different reasons. One of them is
related to the evolution and acceptance of PET as a strong and indispensable technique for
image diagnosis, with easier clinical applications. Secondarily, the previously mentioned
$Ge/ 68Ga—ger1€rator5 have been more available, with simpler and faster methods for the
®Ga elution and later labeling into suitable PET radiopharmaceuticals. The possibility of
labeling various peptide compounds with Gallium-68 has also helped for this interest
growth. Subsequently, the feasible formation of stable complexes of ®Ga’" with different
chelator types led to less complex radiolabeling methods of biomolecules. Finally, due to
the simplified methods for “Ga availability and labeling methods, Gallium-68
radiopharmaceuticals have been more and more considered as viable alternatives to other

isotope based radiopharmaceuticals, such as "°F and "'C [30, 32].

Recent studies of “Ga have been continuously showing its potential, leading to the
increasing research and development of PET imaging approaches for the detection and

analysis of neuroendocrine tumours [33].
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1.5.4. Nuclear Imaging in NETs

Neuroendocrine tumours usually overexpress a specific peptide kind of cell receptors,
the SST. Radiotracers based on somatostatin analogues can therefore be used for tumour
visualization, by using scintigraphy and positron emission tomography techniques. These
approaches offer a different alternative to x-ray and magnetic resonance imaging diagnosis

[34-36].

In conventional nuclear medicine, most common SST analogues used in imaging
techniques for the detection and analysis of neuroendocrine tumours were usually labeled
with "'In and *™Tc [8, 16, 37]. More recently, $Ga proved to be an excellent peptide

labeled isotope for NETs imaging with PET [38] .

1.3.4.1. The importance of Somatostatin Analogues

As it was previously mentioned, somatostatin is a peptide responsible for inhibiting the
secretion of all known gastrointestinal tract hormones.[9]. It is mediated by the membrane-
bound receptor SSTR, a G protein-coupled receptor, which normally exists in tissues such
as the thyroid, brain, gastrointestinal tract, kidney, spleen and pancreas. However, they are
abundantly overexpressed in neuroendocrine tumours, which can be taken into advantage

for the neuroendocrine tumour image studies [38].

Somatostatin receptors have five different subtypes (sst; — sst;). Only three of them,
str,, ssty and sst;, have sufficiently high affinity with most of the in-hand synthetic
analogues that are commercially available [37, 39]. These synthetic analogues still differ in
their affinity to each somatostatin receptor, being used to detect abnormal presences of the
SSTR in the different tissue cells and consequently neuroendocrine tumours [38]. However,
most of them only bind with high affinity levels to the SSTR subtype 2. This affinity is
sometimes not enough for an acceptable tumour detection, since the distribution and

densities of the sst, in NET's varies [39].

The use of SST analogues has been significant relevant for the study of NETs. It

allows the possibility NET's therapy, improving as well the image diagnosis [40-42].
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1.3.4.2. Indium-111 labeled peptides in NETs

The radioisotope '''In has a half-life of 2.8 days. It is a gamma ray emitter commonly
used to perform scintigraphy or single photon emission computed tomography (SPECT)

exams [8].

In these image modalities, synthetic somatostatin analogues are used, as octreotide.
Octreotide based radiopharmaceuticals, such as '''In-diethylenetriaminepentaaceticacid
(DTPA)-octreotide, can bind to NETs cells. This radiopharmaceitucal has an affinity for
the somatostatin receptor subtype 2 (sst,), with more than 80 % sensitivities reported [8,
34]. It also has affinity, although lower, to the somatostatin receptors 3 and 5 [43].
However, the radiopharmaceutical physical properties are not good enough for the
detection of small tumours. Therefore, there was a need for the research of other isotopes

and approaches to take, such as the use of “Ga in PET [8, 27].

1.3.4.3. Gallium-68 labeled peptides in NET's

Recently it has been shown that PET is a more successful technique to diagnose
neuroendoctine tumours [44]. The widely used radiopharmaceutical *F-FDG is currently
used for the detection of a variety of tumours. FDG is a glucose analogue, allowing the
detection of tumours by mapping areas in the organism where the metabolic activity of the
cells is abnormally high. Despite the wide variety of options, ""F-FDG has low sensitivity
for the detection of tumours with low metabolic activity and slow growth rate, as in the

case of most NETSs [§].

The introduction of ®Ga labeled peptides had a positive response in the research of
new NETSs detection approaches, improving imaging analysis of NETs with PET and
PET/CT techniques [38]. The labeled peptides to be used in PET are based on a DOTA
chelator (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid), forming the Gallium-68-
DOTA [38]. ®Ga incorporation can be substantial, with strong bindings, even into a few
nanograms of the somatostatin analogues DOTA peptides [45]. Consequently, this binding

process results into high stable complexes for 7z vitro and in vivo studies [46].

DOTA is a universal chelator that allows the formation of stable complexes with
metallic radiotracers, which includes *Cu, “Ga, “*Ga, ™Y, "'In and '"Lu [38]. Different

DOTA based peptides can be used as somatostatin receptors PET tracers, such as “Ga-
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DOTANOC (IDOTA’1-Nal’]-octreotide), *“Ga-DOTATATE  ([DOTA’ Ty’ Tht’]-
octreotide) and “Ga-DOTATOC ([DOTA"Tyr’|-octreotide) [39]. The three different
DOTA based peptides have good uptake kinetics, also due to their small size, enabling
rapid binding to the SSTRs and organism clearance [32]. Both DOTATOC and
DOTATATE *Ga radiopharmaceuticals have only higher affinities to the sst,, while “*Ga-
DOTANOC can be highly specific to the SSTR subtypes sst, sst; and sst;. The last is
therefore reported to significantly detect more GEP-NET lesions in PET than the others
[39].

Figure 1.5 shows the structures of the different labeled “°Ga somatostatin analogues

most used in nuclear medicine radiopharmaceuticals [32].

DOTA-TOC

HOOC—\| /—‘COOH

HOOC

HO!

DOTA-NOC

HOOC ,_| /—-COOH

HoocJ‘l_l:gi

DOTA-TATE

HOOC—\|—| /—COOH /@
HOOC—)l (. \iN/\”/ \/?\

HO ‘ N

HO

Figure 1.5 Structures of the conjugated peptides DOTATOC, DOTANOC and
DOTATATE [32].
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When compared to ''In scintigraphy and SPECT approaches, Gallium-68-DOTA
radiopharmaceuticals have been considered and proved to provide higher detection rate
yields in PET, with a better tumour identification. It also has higher tumour to non-tumour

radiopharmaceutical uptakes [27].

1.4. The Cyclotron

Particle accelerators allow the production of intense beams of high energy particles
that are accelerated towards a nucleus target. The resulting nuclear reactions can lead to a
better comprehension of the atomic nucleus in matter, together with the study of particle

penetration and artificial synthesis of matter.

A cyclotron is a cyclic particle accelerator. The accelerated particles travel in a close
circular trajectory through an electric and magnetic fields, until they achieve the desired

energies for target irradiation [47].

Nowadays, cyclotrons are used in facilities to produce isotopes by a charged particle
bombardment into a target. The produced isotopes are later used for labeling of PET

radiopharmaceuticals.

1.4.1. Principles

In a cyclotron, an electric field must be applied in order to accelerate charged particles,
in this case protons or deuterons. An electric potential difference U is applied between two
electrodes, submitting the particle charge @ to an electric field force, allowing it to

accelerate. Due to the electric potential, the particle kinetic energy T'is given by
T =QU Eq. 1.2

The particle charge Q travels with a velocity #, being submitted to a perpendicular

magnetic field induction B. The sensed Lorentz force F, is given by
F, =Q(v XB) Eq. 1.3

This force is perpendicular to both the magnetic field B and velocity ». If the magnetic

field is uniform, the path experienced by the particle will be circular. The Lorentz force
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provides the centripetal acceleration that keeps the particle in a circular orbit [48, 49].

Hence, F, is equal to the centripetal force F,, given by

mu? Eq. 1.4

where 7is the radius of the circular orbit and  is the mass of the charged particle.

The representation of the charged particle moving in a magnetic field can be seen in

Figure 1.6.
\'}
+ Ff
>
Q
B

Figure 1.6 Schematic representation of a charged particle being accelerated through an
electromagnetic field. F;is the centrifugal force sensed by the charged patticle as it deviates
from the original trajectory [50].

The kinetic energy T of the accelerated particle can be deduced from Eq. 1.3 and Eq.
1.4, as

_mv® _ Q?B*r? Eq. 1.5
2 2m

where the kinetic energy is directly related to the ion properties (0, 7), the magnetic field

induction B and the radius of the circular orbit 7.

The present magnetic field is applied by an electromagnet. Two electrodes are placed
between each electromagnet pole, divided into two separated cylindrical halves, as it is
shown in Figure 1.7. Each semicircular part of the electrode is called “dee”, given the

similarity to the capital letter “D”.
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electromagnet

Figure 1.7 Cyclotron representation of its electromagnet with the two electrodes in each

pole [50].

By relating Eq. 1.4, it is also possible to obtain the expression for the accelerated

particle angular velocity,

QB Eq. 1.6

consequently related to particle properties (QQ, m) and the applied magnetic field
induction B [50].

When a charged particle is released from the center of the cyclotron, it is accelerated
towards a charged dee due to the electric field sensed between the dee gap. The magnetic
field is taking effect in the whole trajectory of the accelerated particle. As it enters the dee,
the magnetic field forces the particle to experience a semi-circular trajectory. Once the
particle finishes its path, it leaves the dee returning to the gap. It will again be accelerated,
towards the other dee, where the electric field polarity must be reversed. When it enters the
opposite dee, the particle experiences the same effect, traveling through a semi-circular
trajectory, although the orbit radius is bigger given the higher velocity gained by the
charged particle. The whole process is repeated until the particle beam has the required

energy for a successful bombardment [50]. Figure 1.8 demonstrates the described process.



Chapter 1 19

XB

dee dee

- = acceleration by electric field
® = jon source

Figure 1.8 Process of acceleration of charged particles in a spiral trajectory in a cyclotron

[501].

According to the theory of the ion cyclotron resonance (ICR), a particle can only be
accelerated through the described process if a time-varying electric field is applied to the
charged particles with the same angular velocity @ [51]. A particle can only be accelerated
during its path if the polarity of the dees is changed every time the particle reaches the gap
between them (i.e. the dees). For that reason, the cyclotron resonance principle is applied.
As demonstrated by Eq. 1.6, the angular velocity @ only depends on the particle mass,
charge and induced magnetic field. In order to satisfy this principle, the particle angular

velocity w must be somehow synched with the electric field [50, 51].
An alternating current source is therefore applied to the dees, with an angular velocity
wg = 2nf Eq. 1.7

where f is the electric field frequency. To ensure the resonance condition, wg must be
equal to w. This will allow the synchronization and possibility of the particle to be

accelerated every time it reaches the gap.
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1.4.2. Targets

The material intended to irradiate, together with its support holder, is called target.
This target material can be in solid, liquid or gas physical state, with the highest purity level
possible in order to prevent undesired impurities in the final product. The target material is
contained in a cyclotron target chamber, whose materials must be appropriate to resist high

temperatures and pressures, also having good thermal conductivity properties.

High temperatures are sensed in the target material and in its chamber due to the beam
irradiation. It is thereby necessary to implement a cooling system with a continuously water
and helium flux right around the target chamber, preventing the overheating and material

degradation.

In the case of liquid targets, as the most common targets for '°F production, they

should be composed of three main parts, also illustrated in Figure 1.9:

1. A target chamber which holds the liquid target
2. A foil window that closes the chamber in the beam direction.
3. A target body holding the chamber and window. It binds the target to the beam

line, also allowing the water cooling system to be effective [52].

Figure 1.9 Main constituents of a liquid target system for a cyclotron [52].
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1.4.3. The Traditional " Ga Production

%Ga can be produced in cyclotrons by a “Zn(p,n)*Ga nuclear reaction. Usually, the
target chamber, made of copper backings or other materials, is electroplated with Zinc-68
in order to reach the desired thickness. Depending on the irradiation conditions and target
chamber materials, a different electroplated target thickness is used. A proton beam energy
of 15 MeV is reported to be more suitable to minimize radionuclide impurities, also to take
the best advantage of the excitation function associated. In this case, the produced “Ga

yields at the end of bombardment (EOB) can be higher than 5 GBq/pA h [31].

After irradiation, the target should be passed through a series of separation and
purification steps. There are different methods for the separation of “Ga. Most common

approaches follow a process which consists in:

* target dissolution in an HCI based solution;
" passing the previous solution through a retention column or cation exchange resin;
" removal of zinc and other metallic ions by a first elution step;

»  %Ga extraction by a secondary elution.

These methods allow chemical separation yields of 90 %, even considering a two-step

elution process.

Another important step in ®Ga cyclotron production is the recovery and reutilization
of the original ¥7n target. The bulk solution that was eluted from the resin can be heated
by an evaporation step until only salt residues remain. Secondly, the salt residues are
dissolved in an HCI based solution and placed into an anion exchange chromatography
column. Zinc and other metallic remains can be afterwards eluted and again used for future

productions [31].

Although this methodology allows high production yields, it is a slow, complex and

expensive process. Simpler and more profitable approaches should be studied.
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1.4.4. A different Cyclotron " Ga production approach

Both Gallium-68 production/extraction methods have advantages, such as an easy
extraction and separation of “Ga from the Germanium-68 generator, or the high yield
levels obtained by the proton irradiation of a ®*Zn based solid zinc target in Cyclotron [29-
31]. However, they also have their disadvantages. The traditional ®Ga production by
proton bombardment encounters important implementation drawbacks in cyclotron
facilities, mainly because of ®Ga target extraction difficulties and related costs. On the
other hand, ®Ge generators often raise problems due to limited lifetime, decrease of
activity outputs and high purchasing prices. The purchasing cots associated are most of the
times higher than 20.000 € per year of utilization. In order to respond to the current and
future increase of ®Ga use and demand, different approaches for the production of

Gallium-68 should be studied and implemented.

As it was previous mentioned, “Ga cyclotron production is traditionally based on a
proton irradiation of a ®Zn based solid target. The fact that a solid state element is used as
target implies physicochemical strategies in facilities that are difficult and complex to
implement, together with the high costs associated. For an in-site simple cyclotron facility,
such method is not recommended to follow. The possibility of using a based liquid element
instead, as a target, could facilitate the irradiation process. In this case, the target would not
need to be electroplated, having a much simpler preparation. The method would also allow

easier and faster chemical processes applied in the purification and later isotope labeling.

The different approach that is studied in this work is therefore related to the possibility
of producing “Ga, even in small cyclotron facilities, by a proton bombardment on aqueous

solution target based on a “Zn(p,n)*Ga nuclear reaction.



Chapter 2 23

2. Maternals and Methods

2.1. Target

This work is based in an innovative method for Ga production in cyclotron. Selecting

the target is the first fundamental step for the desired production to be successful.

The idea of using a target solution directly based on the isotope element Zinc-68 is still
too premature. The costs associated with a “Zn enriched target would be too high
considering that there have not been presented any test studies and results for this new
approach Instead, the conducted tests were done by using natural zinc, having higher
availability, lower costs and same chemistry base of “Zn. ™Zn has an isotopic composition

of 18.75 % of ®Zn, as Table 2.1 shows, being high enough for this work tests purposes.

Table 2.1 Isotopic composition of ™Zn. Adapted from [53].

Zinc isotope Isotopic

abundance (%)

“Zn 48,63
“7n 27,90
“Zn 4,10
“Zn 18,75
"7 0,62

Different zinc-based liquid solutions approaches were considered, based on zinc salts
or even solid zinc dissolved solutions. The selection was focused on desirable

physicochemical proprieties, behavior under irradiation conditions, activation of
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constituents and expected price. This chemical interaction with the target holder materials

also needed to be taken into account, being afterwards tested.

A salt solution is preferred for zinc solutions with high solubility and concentration.
For this purpose, the highly available zinc chloride, zinc fluorine and zinc iodine salts were

studied. Their main properties are presented in Table 2.2.

Table 2.2 — Properties of zinc chloride, zinc fluorine and zinc iodine and salts. Adapted
from [54, 55].

ZnCl, ZnF, Znl,
Molar mass 136,29 g/mol 103,41 g/mol 319,18 g/mol
Melting point 290 °C 872 °C 446 °C
Density (at 25 "C) 291 g/cm’ 4,95 g/cm’ 4,74 g/cm’
Solubility in water (at 25 "C) 4,32 g¢/ml Insoluble 4,50 g/ml

As Table 2.2 shows, ZnF, is not an appropriate salt for this work purpose. Its
insolubility in water makes him a non-suitable candidate. On the other hand, ZnCl, and
Znl, are extremely soluble in water. However, the high molar mass of zinc iodine is
undesired. When compared to a zinc chloride solution in the same conditions, a solution of
zinc iodine will have a lower abundance of zinc elements. For this work purpose, the
higher the abundance of zinc in the target solution, the higher the production yields will be

obtained. The target was therefore decided to be based in a zinc chloride solution.

2.2, Target Chamber and Forl Window evaluation

Given the chosen target solution, target chamber and window materials needed to be
studied and assessed. It was necessary to ensure high physicochemical resistance properties
to a zinc chloride based solution exposure. The preliminary assumption of zinc chloride as
a low pH target solution led to the research of materials capable of resisting a high
corrosion environment, still fitting the physical and chemical cyclotron properties
requirements [56]. Preliminary analysis showed niobium as a possible candidate, whose

physical properties are indicated in Table 2.3.
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Table 2.3 Niobium physical properties. Adapted from [57]

Niobium Properties

Atomic Weight 92,9064
Density 8,57 g/cm’
Melting Point 2468 'C
Boiling Point 4927 °C
Electrical Resistivity (20 "C) 15 uQ m
Specific Heat (20 "C) 265] Kg' K
Thermal Conductivity 52Wm'K!

Niobium is used in a variety of applications and industries, such as cathodic protection
anodes, superconductivity applications, rocket nozzles, aircrafts, sodium vapor lamps,
jewelry, including as well chemical processing applications given its high corrosion
resistance to different mediums [57]. More importantly, it is commonly considered as a
target chamber material in cyclotron applications, widely used in "*O-enriched water target
chambers for "F productions [58]. Its properties are therefore highly appropriate to

tolerate and fit the cyclotron conditions.

Niobium is also considered to be an excellent candidate, supporting ZnCl, solution
conditions. Even with boiling temperatures and concentrations up to 70% wt (weight

percent) there are unreported results of corrosion rates [57].

Despite the optimistic initial research results, corrosion resistance tests needed to be
performed in the chosen target window and chamber material before cyclotron irradiations.
In order to evaluate and ensure the chemical resistance of niobium to a ZnCl, acidic
environment, niobium foils were obtained from Goodfellow Cambridge in England, with

the properties presented in Table 2.4.
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Table 2.4 Niobium foils properties from Goodfellow Cambridge.

Niobium foil properties

Thickness 0,25 mm
Purity 99,9 %
Coil width 300 mm
Size 25x25 mm
Temper Annealed

2.2.1. Physical study: Eftect of Zinc Chloride solution to
Niobium

Niobium foils were intended to be exposed to a ZnCl, environment. For that purpose,

two different zinc chloride based solutions were prepared.

The first solution was prepared with a mass/solvent volume proportion of 50 g of
ZnCl, salt (98% purity, supplied by Panreac) to 50 ml millipore-Q H,O. A second solution
was prepared with a similar mass/solvent volume proportion of 50 g, of the same ZnCl,
salt, to 50 ml of a previously prepared 10 M HCI solution. The measured pH value of this
solution in a digital meter was below the sensitivity range of the apparatus. The use of such
acidic conditions had the purpose to expose a niobium foil to an extreme acidic

environment, and so to evaluate the chemical resistance limitations of niobium.

A niobium foil, with an initial measured mass of 1.3825 g was dipped in the first ZnCl,
solution. Another foil, with 1.3815 g mass, was dipped in the second solution (i.e., the most
acidic one). Both foils were weighed in an ADA 120LE analytical balance, with a resolution
of 0.1 mg. After that, they were dipped in a closed environment, deprived from oxygen,
with constant agitation and temperature of 25.0 (+ 0.1) °C. In order to do so, a Grant
thermostatic bath was prepared. A third niobium foil was kept aside in a closed space,

without any solution exposure, to serve as a control sample.

After 40 days, both niobium foils were retrieved from the two solutions and placed in

petri dishes. They were afterwards dried with a Labconco Freezone 4.5 lyophilizer, during
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18 hours with a 0.024 millibar pressure and a -54 °C temperature. This helped to sublime
the retained solvent in the foils. After this, the foils were again weighted before analyzed
through a scanning electron microscope. They were also studied by an energy dispersive X-

ray spectroscopy.

2.2.2. Scanning Electron Microscopy (SEM)

The three niobium foil samples were analyzed though a scanning electron microscopy

in order to evaluate the physical differences of their surfaces.

SEM is a technique capable of nanoscale measurements and structural characterization
of material surface morphology [59]. It consists on a scanning beam of electrons, with
energies around 40 keV, focused on a material surface area. These electrons interact with
matter, leading to the production of characteristic X-rays and consequent release of
secondary electrons. These secondary electrons, only having energies of some tens of eV,
are detected and used to generate an output signal of an image [60]. The equipment

consists of:

* an electron gun followed by a lens system to produce and focus the electron beam
" deflection coils that determine the scanning area, depending on their current or
voltage

" adetector used to collect the emitted secondary electrons from the analyzed sample

Figure 2.1 shows a common schematic structure of a SEM equipment.
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Figure 2.1 Scheme of a typical Scanning Electron Microscope. Adapted from [59].

Due to the excellent resolution and surface characterization possibilities of the
technique, SEM demonstrated to efficiently evaluate the surface of the three niobium foil
samples, including the control. SEM was done in Instituto Pedro Nunes (IPN), in Coimbra,

with a scanning microscope Joel JSM 5310.

2.2.3. Energy dispersive X-ray Spectroscopy (EDS)

Given the possibility of element identification and characterization of the niobium
samples, an Energy dispersive X-ray spectroscopy showed to be a good follow-up study

after SEM.

EDS is a complementary technique to SEM that allows elemental identification,
analysis and characterization of a sample surface. The SEM primary electron beam leads to
a release of characteristic X-rays by interacting with the analyzed sample. The EDS system
detects and processes these characteristic X-ray energies, which are unique for each

element [61]. Figure 2.2 illustrates the principle of EDS.
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Figure 2.2 Illustration of the EDS principle [61].

An energy dispersive X-ray spectroscopy was therefore performed to the same
niobium foil samples that were submerged into the zinc chloride solutions. Due to logistic
reasons the EDS could only be performed one month later to the prior SEM analysis. The
samples were kept in a dry place during that time, without any surface treatment. This
analysis was performed in Instituto Pedro Nunes (IPN), in Coimbra, with the Oxford X-

Max 60908-X020 EDS equipment.

2.3, Target Solution Transfer

In cyclotron facilities, it is necessary to use transfer lines between the cyclotron room
and hot cells, for practical and radioprotection reasons. These transfer lines usually consist
on polytetrafluoroethylene (teflon) tubes [62]. Teflon is a semi-crystalline polymer used in a
variety of applications because of its excellent physicochemical properties, such as high
resistance to corrosion and very low friction coefficient [63]. Such properties make teflon

an excellent line transfer material to be used in cyclotron facilities.

Since the target solution, foreseen to be used for this work purpose, is expected to be
acidic and corrosive, it is necessary to evaluate the solution effect on the line transfer
materials used [560]. For that reason, two teflon tube samples were dipped, each in one of
the ZnCl, solutions prepared for the previous niobium foil tests. They were submerged in 5
ml volumes for 30 days at room temperature. A control teflon sample was dipped in
millipore-Q H,O, in the same conditions. After that period, the three samples were

submitted to a thermogravimetric analysis.
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2.3.1. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a thermal technique that allows the characterization of
polymeric materials by studying their thermal stability conditions. It is most of the times
used to evaluate a polymer material fit to a desired application, analyzing its mass

degradation within a temperature range [64].

The TGA system records the sample weight loss as a function of time and temperature,
within temperature ranges that can go up to 1500 °C, with low or high heating rates at a

given pressure [65, 66].

The three teflon samples were first weighed and dried in a moisture analyzer scale
(AND MS-70). The samples had a similar mass, approximately 10 mg each. Afterwards
they were individually submitted to a thermogravimetric analyzer’. The system was set to
have a heating rate of 20 "C/min and an end temperature of 850 ‘C, under a N,
atmosphere. Data processing was performed with Proteus” software for thermal analysis

and GraphPad Prism (version 6.02).

2.4. Gallium extraction from the target solution

Having the solution target selected, as well as the materials used in the target window,
chamber and transfer lines, it is still necessary to evaluate the purification and separation of

the cyclotron produced “Ga.

After a cyclotron production, the final state of the target solution cannot be readily
used in the labeling process into the final radiopharmaceutical. In the end of bombardment
(EOB), the target solution is still a mixture of element impurities to the labeling process.
These impurities derive from the original zinc chloride solution and also from other
isotope elements produced during irradiation. For this purpose, it is necessary to isolate

and recover the gallium ions from the rest of the solution.

2 Netzsch TA-System Controller TG 209 F3, located at the Chemistry Department of the University of
Coimbra
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24.1. Gallium extraction

Gallium, like other substances, can be retained and extracted by using resins based on
ion exchange processes. Ion exchange resins are insoluble substances filled with positive or
negative ions, being capable of exchanging them with the surrounding ions of a solution. A
cation exchange resin swaps positively charged ions, whereas an anion exchange resin
swaps negatively charged ions. The principle is therefore based on a resin R filled with ions
of type A capable of exchanging them with the ions B contained in a passing solution, as

shown:
RA + B 5 RB + A™* Eq. 2.1

This happens for a resin with a higher affinity for the ion type B than for the ion type
A. The Bion is later eluted with a resin specific solution. The affinity (i.e., the selectivity) of
a resin to a substance is different depending on the ions size and charge, solution

concentration or resin activation method [67].

Gallium ions are in a 3+ state (Ga™"). In this case, the cation exchange resin Strata-XC
has been successfully used in Ga retention, with positive results [67, 68]. Therefore, we
tested it, with a mass of 200 mg. Another cation exchanger resin looked promising to
strongly retain gallium - the Dowex 50W-X8 [69-71]. It was tested as well. Both resins

were activated with a 1 ml HCI 4M solution, followed by 10 ml of ultra-pure water.

2.4.2. Retention and Elution Activity tests

To initially evaluate the best methods for gallium extraction, prior to the irradiation
tests, an experiment to study the different ion exchange resins and column methods was
conducted. A ZnCl, solution with a concentration of 5 M was prepared with Sigma-Aldrich
zinc chloride reagent grade (purity = 98%) and ultra-pure water. Nearly 1.5 ml portions of
this solution were mixed with small volumes of 0.6 M HCI eluate solutions from a “Ge-
®Ga generator (iThemba LABS). The goal was to simulate the conditions of an irradiated
ZnCl, target solution to trap and recover the produced gallium isotopes, although with
some limitations. The physicochemical differences of an irradiated solution, such as its

concentration and present impurities, will be taken into account.
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Additionally, the solutions of ZnCl,, containing “Ga from the iThemba generator,
were diluted in different volumes of ultra-pure water. Afterwards, they were passed
through the resins. During the process, both initial, retained and eluted activities were
measured in a COMECER® PET-dose calibrator, integrated in a COMECER® MIP1-P1
hot-cell. The statistical analysis for the resulting data was done using the GraphPad Prism

software.

The methods with the best results were later applied and consequently tested for the

irradiated ZnCl, target solutions.

2.0. Cyclotron Irradiation of ZnCl: solutions

The final steps of this work involved the irradiation of a zinc chloride solution for the
production of ®Ga. It was first necessary to prepare the cyclotron target system. After

irradiation, ®Ga production was analyzed.

All irradiations were performed with the IBA cyclone 18/9 cyclotron (IBA, Louvain-

la-neuve, Belgium), using 18 MeV protons, at ICNAS.

2.0.1. Target Chamber and Forl Window

The target chamber used was one of the IBA 18/9 cyclotron available target chambers
designed for the production of "F, with a niobium body. A target foil window was
obtained from Goodfellow Cambridge, with 0.125 mm thickness and appropriate size to
the available target chamber. The niobium window foil properties are described in Table

2.5.

Table 2.5 Niobium window foil properties from Goodfellow Cambridge.

Niobium window foil properties

Thickness 0,125 mm
Purity 99,9 %
Diameter 30 mm

Temper Annealed
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The window foil is sufficiently thick to ensure pressure resistance inside the target

chamber and sufficiently thin to allow target cooling by the surrounding water flow system.

Before reaching the target, the beam energy is degraded when passing through matter,
which includes the water that is cooling the chamber and its target window. For a niobium
foil thickness of 0.125 mm, still considering the water surroundings, the attenuated beam
will have proton energies of 16.28 MeV when reaching the target solution, according to a
SRIM’ simulation. The correspondent cross section value, directly related to the probability

for the nuclear reaction “Zn(p,n)*Ga to occur, is approximately 0.4 barns* [72].

2.0.2. Irradiation Conditions

"ZnCl, target solutions were prepared using a Sigma-Aldrich zinc chloride reagent
grade (putity = 98%) diluted in ultra-pure water. The solute/solvent ratio used was 1 g of
zinc chloride to 1 ml of H,O. The target solution was injected in the IBA 18/9 cyclotron
niobium target chamber with a 0.125 mm thickness niobium foil window, from

Goodfellow Cambridge.

During the irradiations, the beam current was controlled and the target pressure

measured. Target cooling system temperatures oscillated between 18 and 20 "C.

2.5.8. "Ga production evaluation

This work is based on the hypothesis of producing “Ga with a “Zn based target
solution. It is therefore necessary to initially study and test the feasibility of the process,
production yields and ®Ga extraction. In an initially study such as this, it is more suitable to
first study the similar aspects using a "Zn solution target instead. The consequent results
can be evaluated as well as the possibility of a follow-up study using an enriched “Zn salt

target solution.

As previously mentioned, the isotopic concentration of ®Zn in natural zinc is about

18.75 % [53]. In theory, that turns ®*Ga production yield by a "ZnCl, target solution

3 Stopping and Range of Tons in Matter (SRIM) — software to calculate the stopping and range of ions in
matter through statistical algorithms.
4(1 barn = 102* cm?)
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irradiation 81.25 % less effective than it could become if a ®Zn enriched target were to be

used. It is still sufficient to study the feasibility of the foreseen production method.

Production yields were calculated from the analysis of the measured time-activity curve
in the final target solution. After bombardment, the target solution was transferred from
the cyclotron to a shielded hot-cell through teflon tubes. The solution activity was
measured in a dose calibrator detector and recorded during time. The extrapolation of the
Gallium-68 activity curve was achieved by identification of the produced isotopes within
the original activity curve. The longest half-life pattern would be identified and its
correspondent isotope activity curve subtracted. This process was repeated until every
isotope half-life pattern was identified and consequently subtracted to the original activity
curve, with no more considerable count rates results for the analysis. Non-linear regression
methods were used for each subtracted curve. They allowed the identification of the
correspondent isotope half-life and initial activity. This analysis was performed by using the

GraphPad Prism software.

2.0.4. Spectroscopy

The irradiation of natural zinc will lead to the production of ®Ga, together with other
produced gallium isotopes such as “Ga or “Ga [73]. This is possible due to the different
isotopic composition of "™Zn, as shown in Table 2.1. It is expected that the nuclear

reactions *“Zn(p,n)*Ga and “Zn(p,n)"’Ga will occur with high production yields.

Gallium-67 (t;,, = 3.26 days) has characteristic gamma-ray emission energies, as
showed in Table 2.6, originated by an electron capture conversion process [74]. The use of
an appropriate crystal detector system can easily identify and measure the gamma emission

energies [75].

Table 2.6 Emission energies and probabilities of the “’Ga y-ray decay. Adapted from [75]

Energy (keV) Emission
Probability (%)
v-EC 93,3 39
v-EC 184,8 21
v-EC 300,2 17

v-EC 3935 5




Chapter 2 35

In this work, the use of a crystal detector well allowed a semi-quantification analysis of
the “Ga production, taking into account the detected characteristic y-ray counts given by
the spectroscopy system. The identification of the specific y-rays of “’Ga will prove “Ga
and consequently “Ga productions, by a "™Zn target irradiation. For this purpose, the

CRC"-55tW Well Counter, with a Nal crystal detector, was used.
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3. Results and Discussion

3.1. Zmc Chloride as target solution

The purpose of this work was to assess the possibility of producing “Ga via a
cyclotron irradiation of a zinc liquid based target. Different zinc base solutions were taken
into account, and the feasibility of a zinc chloride salt solution looked promising for the
given goals. The highly available zinc fluorine and zinc iodine salts were considered, but the

low solubility in water of the first, and the high molar mass of the second were not suitable.

However, zinc chloride had optimal physicochemical properties for our goal. The high
solubility in water (4.32 g/ml), together with its cost and availability, allow the preparation

of a high concentrated zinc solution at low cost.

In terms of the irradiation process and solution impurities, the cyclotron proton
bombardment of chloride does not represent a potential contaminant disadvantage or
concern. According to EXFOR’, the only chloride nuclear reaction significant on this
process is “'Cl(p,n)*’Ar. Argon-37 is an isotope with an half-life of 35 days, that decays by
an electron capture process [76]. Additionally, the chlorine present in the target solution is
also not an important concern. In the “Ga purification and labeling process, performed
with the ®Ge generator method, the use of hydrochloric acid, which contains chloride, is

needed.

3.2. Corrosion Analysis on Niobium surfaces

An analysis on niobium foils that were exposed for 40 days to the zinc chloride
solutions was conducted. Sample 1 was dipped in a solution composed of ZnCl, salt (50 g)

diluted in H,O (50 ml). The second niobium foil sample was exposed to a solution of

5> Experimental Nuclear Reaction Data (EXFOR)
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ZnCl, salt (50 g) dissolved in 10 M HCI (50 ml). After the mentioned interval of time,
samples were dried and both foils were again weighed for a mass difference analysis,

showed in Table 3.1.

Table 3.1 Niobium foil samples mass analysis after exposure to zinc chloride solutions.

Sample 1 Sample 2

Initial mass (g) 1,3825 1,3815
Final mass (g) 1,3881 1,3827
Mass increase (%) 0,40 0,08

This mass analysis is in agreement with the occurrence of possible oxides formation in
the substratum of the samples. The solution where the niobium sample 1 was dipped had a
considerable volume of water. Within a water medium, there could be a formation of oxide
complexes based on ZnCl, that remain in the substratum. Although it is low, the 0.40 %
mass increase in the sample 1 is therefore suspected to be highly related to that fact. In the
other hand, within a stronger acidic medium, with a low presence of water molecules as in
the solution where the niobium sample 2 was dipped, the corrosion process seems to be
much more passive or even nonexistent. The mass increase of 0.08 % of the second sample
was considerably lower than the first. There is a probability that this sample had a slower
corrosion process, with less formation of oxides complexes that could remain in the sample
surface. Nevertheless, both samples presented very low differences between their final and

initial masses, possibly revealing slow corrosion processes.

These initial findings needed to be further confirmed. The scanning electron
microscopy performed was foreseen to be an important analysis to corroborate these initial

results.

3.2.1. SEM on Niobium samples

The scanning electron microscopy analysis revealed the reason for the mass increase in

samples 1 and 2. A control sample was first scanned and studied for comparison.
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In Figure 3.1 it is possible to see a clean and smooth niobium foil surface, having a

common straight scratch behavior.

a)

Figure 3.1 SEM scans on the niobium control sample with lower (a) and higher (b) zoom:s.

The SEM analysis on the niobium samples 1 and 2 showed a different surface behavior

than the one seen in the control sample, as it can be seen in Figure 3.2 and Figure 3.3.

a)

o

reapvm 99

S@rm VD9B208

Figure 3.2 SEM analysis on sample 1, dipped in a solution of ZnCl, salt (50 g) diluted in
H,O (50 ml) during 40 days. b) and d) correspond to zoomed areas of a) and c) respectively.
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Figure 3.3 SEM analysis on sample 2, dipped in a solution of ZnCl, salt (50 g) diluted in
10 M HCI (50 ml) during 40 days. b) corresponds to a zoomed area of a).

Both samples 1 and 2 showed the same behavior pattern, apparently with a deposition
of molecular aggregates around the niobium foil surfaces. The mass increase in both
samples previously mentioned, is therefore related to the deposits formed during the
exposure of the niobium foils to zinc chloride solutions. These aggregates are mostly
related to the solution salt depositions as well with the probable formation of niobium

oxides.

During SEM, it was also possible to see fewer and more structured aggregates in the
foil surface of sample 2 than in sample 1. In the second sample, the phase separation seems
to be spread by larger areas with different exfoliation-like patterns. This supports the
information given by the mass difference analysis in the samples, where the mass increase
in sample 1 was higher than the mass increase in sample 2. It also confirms the theory of a
slower and less probable oxide formation in stronger acidic environments as the solution
where sample 2 was dipped. This solution had a lower pH than the solution where sample

1 was exposed.
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Although other studies shall be performed to better explain the corrosion mechanism
in both samples, the mass analysis coupled with SEM helped to justify that most probably
the acid media has an important role on the formation of a passive region. Another support
for this hypothesis is the pourbaix diagram of a niobium-water system at 25 "C, represented

in Figure 3.4.
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Figure 3.4 Potential-pH equilibrium diagram for the niobium-water system at 25 "C.
Adapted from [77].

A pourbaix diagram is a representation of the Nersnst equation, relating a material
electrochemical potential with the medium pH dependence. In these diagrams, different
regions of stability can be seen [78]. The first and most stable region is called immunity,
where the metal is considered to be thermodynamically stable without any corrosion
occurrence. The second region, called corrosion, happens when dissolution and corrosion
of the metal in the medium occurs. The passivity region, being the third, happens when the
metal reacts with the medium compounds, within a corrosion process, up to a point the
metal surface is covered with produced passive layer, preventing further corrosion to occur
[77]. The presented pourbaix diagram, although not clearly showing the different stability

regions, demonstrates that with a lower pH value the electrochemical potential needed for
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oxides to occur in niobium is superior that with higher pH values. Therefore, in this system,
a more acidic medium prevents the formation of oxide complexes in the metal surface with
better results, slowing the corrosion process. This fact supports the reported mass increase
differences in the niobium sample 1 and 2, as well as the fewer aggregate structures
observed during the SEM analysis in the second niobium sample, when compared to the
first. Despite the solution medium systems being different from the one considered in the

pourbaix diagram, the approximate inductions are viable.

Nevertheless, it is still important to explain that both samples had very few aggregates,
only seen with SEM. Furthermore, the selected SEM scans represent the less clean surface
areas of the niobium samples. Although oxidation is related to the chemical corrosion
process, none of the niobium foil samples showed a significant destructive corrosion in
their surfaces. It is an important feedback to support a high physicochemical resistance of
niobium to the corrosion influence and induction of zinc chloride solutions, even with a

long period exposure.

Given the SEM results, an elemental analysis on the samples was indicated. An energy

dispersive X-ray spectroscopy was made as a follow-up study.

3.2.2. EDS on Niobium samples

The energy dispersive X-ray spectroscopy on niobium foil samples 1 and 2 was made a
month later to the prior SEM. EDS analysis helped to identify the elemental composition

of the aggregates seen in SEM.

Figure 3.5 shows a SEM scan of an area surface of the niobium sample 1 (a), together
with the EDS element spectrum of two different spots (b and c). The element
characteristic x-ray spectrum shown in (b) indicates a high presence of zinc and chloride
elements from the salt solution that reacted with the niobium foil surface, forming

structural complexes seen in (a).

The same complex formation behavior can be seen in the niobium sample 2, as SEM
and EDS analysis on Figure 3.6 shows. These complexes have clearly evolved rapidly
during the time between the previous SEM and the later EDS analysis. It showed the
acceleration of the corrosion process in the niobium samples after exposure to zinc

chloride solutions, when the foils were put in a normal environment with air contact. At air,
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the formation of electrochemical cells is much faster and easier in the surface of the
niobium samples. On the other hand, the solubility of oxygen in the solution is lower,

leading to a slower corrosion process compared to when the metal samples contact with air.

Mab/Datal g

Spectrum 1
.

Spectrum 2
.

25um

M Spectrum 1

Weight %

Zn
Weight %

Figure 3.5 SEM scan to the niobium foil sample 1 (a) and EDS element spectrum of
aggregate (b) and a clean (c) spots.
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Figure 3.6 SEM scan to the niobium foil sample 2 (a) and EDS element spectrum of clean
(b) and an aggregate (c) spots.

EDS also allows a mapping elemental characterization. The sum of every pixel
spectrum, which gives the element most present, gives the possibility of an element map of
an image scan, as Figure 3.7 demonstrates. The niobium sample 1 element maps of

niobium (a), chloride (b), oxygen (c), calcium (d) and zinc (e) were found, and summed into
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a reconstructed element map (f). It clearly shows the prevalence of niobium and chloride
elements present in the surface of a scanned area of sample 1. When compared to the SEM
image, the presence of chloride coincides with the presence of surface aggregates. On the
other hand, the presence of niobium coincides with the clean surface areas. Figure 3.8

demonstrates this comparison.

a) Nb Lal b)
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Figure 3.7 Element map of an EDS scanned area of niobium sample 1. Niobium (a),
chloride (b), oxygen (c), calcium (d) and zinc (e) maps are shown. The sum of the 5
element maps forms the reconstructed map (f).
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Figure 3.8 SEM scan on a surface area of the niobium sample 1 (a) compared to the
correspondent EDS reconstructed element map (b).

Another evidence of the prevalence of chloride elements in the chemical complexes
seen in the surfaces of both niobium samples is evident in Figure 3.9. In this case, blue
pixels correspond to the presence of a higher chloride spectrum and the red pixels to the
presence of a higher niobium spectrum. Less evident are the zinc, oxygen and calcium

elements represented by the colors green, purple and yellow, respectively.
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Figure 3.9 SEM scan on a surface area of the niobium sample 1 (a) compared to the
correspondent EDS reconstructed element map (b).

Although they are less concentrated, the presence of oxygen elements within both
samples supports the existence of oxide elements. The acceleration of the corrosion
process observed in both samples, during the time passed between the SEM and EDS
analyses, can be related to the exposure of the niobium samples to air. The oxygen
presence in air, within a considerable humid environment, allows the formation of thin
water layers in the surface of the metallic samples, where the air oxygen is fixated. The
oxygen is consumed, leading to the formation of weaker thermodynamic stability points in

the sample, prospective to corrosion occurrence.
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The identification of calcium elements in the EDS spectrum analyses was not expected.
Nevertheless, its presence can be related to different reasons. The flask materials used
during the thermostatic bath of the niobium samples could still have impurities that were
not completely washed during the initial cleaning process. It could also be due to sweat,
since human glands still secrete small concentrations of calcium [79]. When hold, the
niobium foil samples could have been in contact with the sweat present in the hands palm.
Yet, the most suspected cause is water. The millipore water used to prepare the zinc
chloride solutions could have calcium impurities due to the ion exchange columns in the

water purification system, probably needed to be replaced.

EDS analysis revealed an important element characterization of the niobium samples.
Although the chemical species of the aggregates observed were not identified, the presence
of chloride and zinc is cleatly related. The identification of oxygen elements in both
samples spectra, together with the information of the previous analysis, indicates the
formation of oxides. Consequently, it shows the existence of corrosion during the time
until EDS was performed. Moreover, the air exposition consequences on the corrosion
acceleration of the samples revealed that the niobium target holder, foreseen to be used in
the cyclotron irradiations, should be thoroughly washed and cleaned after each irradiation,

preventing oxide formations.

Ultimately, the mass, SEM and EDS analysis revealed a high physicochemical
resistance of niobium to zinc chloride solutions. The niobium samples were submitted to
extreme conditions, being exposed to acidic environments during 40 days. They were not
even washed and cleaned during that time. Yet, the followed mass and SEM analysis only
showed low mass increases, with little formation of aggregates in the samples surfaces.
When exposed to air, the corrosion process was significantly accelerated, as demonstrated
by the EDS. Within cyclotron conditions, niobium is expected to even better resist target
solution conditions. The zinc chloride exposure will be much smaller and the target
chamber thoroughly cleaned after each irradiation. The contact with oxygen will also be
minimal. Hence, niobium is highly suitable to be used as target chamber and window

materials to support a zinc chloride target solution.
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3.3. Degradation analysis on teflon - TGA

The thermogravimetric analysis on the chosen material for the transfer lines of the

target solution showed positive results.

Three teflon samples were considered in this analysis, as described in section 2.3.1. The
control sample was the one dipped in millipore-Q water. The teflon sample 1 was exposed
to a 5 ml of a ZnCl, solution with 50 g of ZnCl, dissolved in 50 ml of millipore-Q H,O.
The teflon sample 2 was dipped in 5 ml of a solution composed on 50 g of ZnCl, dissolved
in 50 ml of 10 M HCI. The resulting TGA graphic of the three samples is shown in Figure

3.10, where the mass lost ratio is given in function of temperature.
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Figure 3.10 Thermogravimetric graphic of the three teflon samples, one used as control.

An analysis of the first derivative curve of the TGA (DTG) was later performed,
represented by Figure 3.11. The DTG curve describes the mass loss rate with the
degradation temperature (d/dl), allowing the determination of the temperature in each
transition segment of the TGA curve. It relates the inflection of the transition profile of the
sample, easily showing weight loss rate changes that cannot be readily seen in the TGA
curve [80, 81]. The DTG minimum gives the maximum mass lost rate at a given

temp erature.
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Figure 3.11 First derivative of the TGA sample curves.

The analysis revealed similar behaviors of samples 1 and 2 compared with the control,
in the TGA and DTG results. The total mass loss of the three samples was registered as
well as the temperature of maximum mass lost rate (corresponding to the first derivative

minimum of the TGA graphic curve). The results are presented in Table 3.2.

Table 3.2 Total mass lost and maximum mass lost rate correspondent temperature of the

TGA samples.
Total mass lost Temperature of maximum
(%) mass lost rate (°C)
Control sample 101,85 605,8
Teflon sample 1 102,55 609,1
Teflon sample 2 102,41 611,9

The obtained results presented in Table 3.2 show the consistency of the similar results
of the TGA study on the three samples. The total mass lost, although liable to a small error,
showed no presence of residues at the end of TGA. This proves the purity of the teflon
material used. Furthermore, the proximity of the registered temperatures for maximum
mass lost rate evidences the same material degradation pattern with temperature observed

in the TGA and DTA curves, within all samples.
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Teflon was therefore found to safely resist the zinc chloride solution conditions, in
order to be used in the path between the cyclotron and the hot-cells, as the transfer line

material of the target solution.

3.4. " Ga preliminary column tests

The elution solution from the *Ge-"Ga generator of 0.6 M HCI was diluted in water.
Different portions were afterwards mixed with small volumes of a 5 M ZnCI2 solution.
The resulting solutions were used to test the columns adsorption for ®Ga ions. The results
are presented in the graphic of Figure 3.12. Different dilution concentrations of the
solution that passed through the columns were used in the different tests. The best results
were obtained with the cation exchanger Dowex 50W-X8 resin, prepared with a resin mass
superior to 400 mg in each trial, with a positive “*Ga adsorption of 92.83 + 1.86 %. The
second best result was obtained with Strata-XC, with 200 mg resin mass, with a “Ga

adsorption of 85.01 £ 9.23 %.

100+
Column Type
EA Strata-XC 200 mg

Dowex 50W-X8
(>400 mg)

Column Adsorption (%)

n=3 n=3

Figure 3.12 %Ga adsorption in the ion exchange resin types Strata-XC and Dowex 50W-
X8.

The solution that passed through the Dowex resin columns consisted on 1.5 ml of a
0.025 M HClI dilution solution containing the “Ga mixed with 1.5 ml of a 5 M ZnCl,

solution dissolved in 16 ml of ultra-pure water.

In order to better evaluate the use of the Dowex resin for ®Ga retention, additional

studies were performed. Besides from the diluted solution, the resin mass should also
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influence the gallium retention. To study this influence, different prepared resin masses

were tested to retain “Ga, having obtained the results summarized in Figure 3.13.

o,

197 87,73 % 90,08 % 9213'_2% 93,86 %
S
H " Dowex 50W-X8 mass
g (mg)
;| EA [100-200]
: B3 [200-300]
P 3 (200-400]
g e [400-500]
S R D [500-600]

0 : .
n=1 n=1 n=2 n=1

Figure 3.13 Dowex 50W-X8 ¥Ga absorption depending on the resin mass used.

Mass retention tests revealed positive results for resin masses superior to at least 200
mg, with a “Ga retention superior to 87 %. From there, an increase of the resin amount in
the column resulted in higher adsorptions, although with smaller differences in the results,

as shown in Figure 3.13.

Given that the best results were obtained with the Dowex 50W-X8 resin, gallium
extraction tests were performed with it, using a 3.5 M HCI elution solution, with a volume

of 3 ml passing through the column. The study outcome was found to be very positive,

with a reported Ga deabsorption of 94.25 £ 5.06 % (n=8).

3.9. Cyclotron mrradiation of a ZnCl: solution

In total, seven irradiation tests of zinc chloride solutions were done. During each trial,
several parameters were changed in order to achieve the best conditions and results. Some
of the improvements were a higher target stability inside the cyclotron, the assessment of
fast and appropriate transfer of the irradiated solution to a hot-cell and higher production

yields.
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In each irradiation, the most important and significant produced isotopes with a B
decay type were found. The goal was to identify, within the production time-activity curves,

half-life patterns of the produced isotopes and their production yields, such as the “*Ga.

3.0.1. Radionuclide 1dentification and quantification

After assessing the appropriate stability conditions in the cyclotron during the first
irradiation tests, the time-activity curve of the ®*Ga was found, together with the other

produced isotopes.

The third production test had a cyclotron beam with an integrated proton current of 1
uA h targeted to a ZnCl, prepared solution, with 2.0 ml of volume. Figure 3.14 shows the
total time activity curve measured of the final solution, when it was transported into the
CRC"-55tW dose calibrator. The count rates were measured in mCi and recorded during a
period of 23 hours, with a time lapse of 2 minutes in each measurement. Error bars are

represented in some of the data, being 10% of the measured values.

10 5

Activity (mCi)

0.1

0 500 1000 1500
Time (min)

Figure 3.14 Recorded count rates (logarithmic scale) of the third cyclotron production
using a ZnCl, solution.

The extrapolation of the half-life patterns of the produced isotopes was afterwards

conducted, with the results presented in Figure 3.15.
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Figure 3.15 Non-linear regression curves, with the considered data of the produced
isotopes “Ga (a), Ga (b) and "N (c). Representation of the three time-activity curves of

the identified isotopes (d).

The identified gallium isotopes are mainly produced by the nuclear reactions

“Zn(p,n)*Ga and *Zn(p,n)*Ga. The used liquid target has also a high concentration of

water, rich in oxygen. Since the main oxygen isotope present is ‘O, "N can be highly

produced through the nuclear reaction °O(p,a)"’N. The high presence of "N in the final

solution is therefore explained. All the identified isotopes decay by positron emission. Their

theoretical half-life periods are summarized in Table 3.3, compared to the experimentally

found.
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Table 3.3 Experimental and theoretical half-life values of the produced isotopes “Ga, “Ga

and "N.
Experimental t,,, Theoretical t,,,
“Ga 8,28 £ 1,03 h 9,3 h ™
%Ga 68,09 + 0.28 mins 68 mins P"*
BN 10,58 * 0.03 mins 9.9 mins ¥

As observed in Table 3.3, the experimental and theoretical half-life values of the
identified isotopes are clearly proximate, although there is a considerable error when
analyzing multiple phase decays. The range of the standard deviation for the “Ga half-life
period found is due to insufficient data recorded and considered for the analysis. Since this
isotope has a longer half-life, the data acquisition should be done for a longer period, in
order to reduce the standard deviation error. “*Ga production yield was calculated to be

163.73 £ 16.40 MBq (4.425 £ 0.44 mCi) at EOB.

The followed irradiation test had the purpose to target higher beam currents to the
zinc chloride solution, in order to achieve higher production yields. A solution volume of
1.6 ml was injected in the target chamber. The stability of the target pressure in cyclotron,
achieved by the smaller solution volume injected, allowed the irradiation with a proton
beam integrated current of 6 uA h. As before, the decay rate of the final solution was
recorded, in this case during a 25 hour period with the CRC®-55tW dose calibrator. The
extrapolation of the time-activity curves of the produced isotopes was later performed. The

analysis results are presented in Figure 3.16.
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Figure 3.16 Non-linear regression curves, with the considered data of the produced
isotopes “Ga (a), ®Ga (b) and "N (c).

The experimentally half-life values found are still very proximate to the theoretical
ones, mentioned in Table 3.3. “Ga production yield was found to be 461.76 + 46.62 MBq
(12.48 £ 1.26 mCi), fora t, , ., = 67.82 * 0.50 min.

3.0.2.  Galllum retention evaluation

After identification of the produced isotopes and “Ga yields assessment, the
purification process needed to be tested. The final solution needs to pass through a
purification step, in order to separate the gallium ions. For this purpose, the final solution
was passed through an ion change resin, the Dowex 50W-X8, since it showed the best
retention results. Another reason for this resin to be considered for this final step is its
capacity to individually separate and extract zinc and gallium ions with different elution

steps [83]. It makes the Dowex 50W-X8 an excellent candidate for follow-up studies.
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Therefore, a final irradiation was conducted with similar conditions as the one before,
with an integrated current of 6 pA h during 30 minutes. The same concentration and
volume conditions for the zinc chloride target solutions were kept. The irradiated target
solution, diluted in 43 ml of ultrapure H,O, was afterwards passed through the resin
column (mass = 460 mg), with an approximate flow of 2 ml/min. Thereafter, the column
was placed in the CRC®-55tW dose calibrator. The decay rate was recorded during 40

hours, started 68 minutes after EOB.

Focusing on the gallium isotopes “Ga and ®Ga, a half-life extrapolation analysis was
conducted. The non-linear regression results showed half-life values of 9.5 & 0.2 hours and
67.4 + 2.9 mins, with an initial production yield of 0.97 + 0.10 mCi for “Ga and 2.59 +
0.28 mCi for “Ga.

The resulting waste from the column retention step was also analyzed, in the same way
as before, with the COMECER® PET-dose calibrator, integrated in COMECER" MIP1-P1
hot-cell. The data recording started 92 minutes after EOB. In the analysis, no gallium half-
life patterns were identified. This corroborates the high absorption properties of the

Dowex resin to gallium.

Additionally, the Dowex resin and waste were submitted to a spectroscopy analysis, 4
days after irradiation. The goal was to evaluate the presence of “’Ga within both samples,
since its half-life is still suitable (t,, = 3.26 days) [75]. Its characteristic Y emission energies

and probabilities were shown in Table 2.6.

The Dowex resin and a 1 ml sample of the waste solution were separately analyzed in
the CRC®-55tW Well Counter, during 60 seconds of counting. The resulting spectra are

presented in Figure 3.17.
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Figure 3.17 Well counter spectra of the Dowex resin used to retain gallium (a) and its
waste solution, 1 ml sample (b).

The characteristic “’Ga Y-ray energies of 93, 185, 300 and 393 keV are easily identified
in the spectrum (a), where the registered net counts was 14728901 cpm (counts per minute).
When comparing it to the waste specter (b), the presence of the same energy level gammas
is uncertain, given the low net counts (18689 cpm). Even if considering that only 1 ml of
the total 45 ml waste solution was analyzed, the conclusion would be the same. If assuming
a rough estimation of 45 times more count events detected in the complete waste solution,
its total net counts would only represent 5.7 % of the net counts registered with the Dowex

resin.

If no significant levels of “’Ga were identified in the waste, it is possible to corroborate
the assumption that no significant levels of other gallium isotopes, such as “*Ga, were lost

in the resin absorption process.
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4. Conclusion

Since the past years, the use of ®Ga in PET radiopharmaceuticals has been showing
very positive results for the image detection of neuroendocrine tumours. Seeking easier and

less expensive methods for a high yield production of ®*Ga is continuously desirable.

The present work had the goal to study the feasibility of a cyclotron production of
$Ga using a Zn-based liquid target. The target solution chosen was based on natural zinc

chloride salt.

A material study of niobium was performed in order to evaluate its resistance
conditions to zinc chloride solutions. The material is widely used in target chambers and
windows for different target productions due to its optimal physicochemical properties.
The results showed the corrosion effect of zinc chloride solutions, with the consequent
formation of oxide structures in the material surface. Nevertheless, the extreme conditions
of the exposure tests did not led to a destructive corrosion process on the samples surface,
as proved by the mass, SEM and EDS analyses. Besides, the target chamber should only be
exposed to the zinc chloride target solution for one hour per day, being thoroughly cleaned
between irradiations. Thus, niobium was considered suitable to sufficiently resist the

extreme conditions of the desired cyclotron target.

A degradation analysis of teflon, used to transport the irradiated solutions into hot-
cells, was conducted as well. Two teflon samples were dipped in zinc chloride solutions and
another in water for one month. The thermogravimetric analysis showed similar
temperature-degradation behaviors for both control and test samples. Consequently, this
proved the safety and resistance of the material for the transfer of the zinc chloride

solutions.
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In order to ensure the purification of the gallium isotopes produced within the
irradiated target, different retention columns were studied. Initially, the columns were
tested with dilutions of 0.025 M HCl (from the “*Ge-*Ga generator elution) and 5 M ZnCl,
solutions with water. The results showed high gallium absorption levels for the Dowex

50W-X8 and Strata-XC ion exchange resins.

Initial irradiation test productions were conducted, ensuring the stability of the target
inside the cyclotron, target transportation procedure and isotope production yields,
specifically focusing on “Ga. Its half-life pattern and correspondent production yields were
obtained by a non-linear regression method. The experiment achieved a result of 461.76 *
46.62 MBq (12.48 * 1.26 mCi) yield with a t, , ., = 67.82 = 0.50 min. The target irradiation
was conducted with a proton beam integrated current of 6 uA h and a 1.6 ml target with a

solute/solvent ratio of 1 g of zinc chloride to 1 ml of H,O.

Ultimately, a final test procedure was done in order to evaluate the absorption of the
Dowex 50W-X8 ion exchange resin for gallium elements, this time for the irradiated target
solution. After the retention process, the resin analysis of the time-activity curves revealed
the gallium half-life periods of 9.5 £ 0.2 hours and 67.4 £ 2.9 mins. Furthermore, the
obtained production yields corresponded to 0.97 £ 0.10 mCi for “Ga and 2.59 + 0.28 mCi
for ®Ga. No gallium isotopes were identified in the waste. These findings were supported
from the spectroscopy analysis, four days after the final irradiation. “Ga characteristic y-ray
energies were highly detected in the resin, with no significant levels of the isotope present

in the waste solution.

The conducted tests and analysis proved the feasibility of “Ga production in cyclotron,
using a zinc chloride target based solution, further ensuring high absorption levels of

gallium by a purification step using an ion exchange resin.
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5. Future Perspectives

Although the production of ®Ga with a zinc chloride liquid base target through a
proton irradiation was proved to be possible, there are still many aspects to study and

follow-up.

Additional studies should be performed in niobium to further evaluate the corrosion
process based on the effect of zinc chloride. It is important to understand this effect with
irradiation conditions (high pressure, temperature, agitation, etc.) on the niobium target
window used. A comparison to the analysis results presented in this work should be

performed.

Improving and optimizing the methods for ®Ga production is necessary for the
present approach to compete and surpass the traditional “Ge-*Ga generator method. For
that purpose, higher concentrations of zinc chloride target solutions should be prepared,
taking advantage of the high solubility of ZnCl, in water. Although the proton energies
used allow positive production yields, the beam conditions can still be improved. A study
on the reaction cross sections should be conducted to further evaluate the proton beam
energy range to achieve optimal “Ga production yields. But more importantly, “Ga
production should be done with a highly pure and enriched *ZnCl, solution target instead.
In addition to increasing the irradiation yields, fewer impurities are formed, facilitating the
later ®*Ga purification and radiolabeling processes, as expected. Besides, the basis of this
work is to assess the possibility of producing and extract *Ga for an optimal **Zn(p,n)**Ga

reaction, initially evaluated with "Zn.

One of the necessary goals to achieve in order to progress into a Zinc-68 enriched salt
solution is to separate and reuse the post-production zinc elements waste for other
irradiations. Otherwise, the elevated costs of the enriched solution would not be
compensated. To that end, zinc purification methods need to be investigated and fully

tested during several irradiations trials, using the same recovered zinc solution.
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Despite the good results for the gallium absorption by using the Dowex 50W-X8 ion
exchange resin, different methods should also be studied and tested. The Dowex elution
with a 3.5 M HCI solution may not be suitable for the radiolabeling with DOTA peptides.
Adding a second purification step, or assessing other useful approaches to retain and

extract the produced “Ga, such as testing the Strata-XC resin, can be more helpful.

It is also impetuous to label the produced “Ga with DOTA peptides, since it is the
main goal of this cyclotron production. The procedure should be similar to the one used
with the ®Ge-“Ga generator. However, the quality control exams, such as high-
performance liquid chromatography (HPLC), will be important to clarify the purity and

label capacity of the final “Ga product into radiopharmaceutical peptides.
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