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Summary

This thesis is focused on the separation process of actinium-225, a necessary step in the
production method of high energy proton irradiation of a thorium-based target. ?*Ac is a
promising candidate in targeted alpha therapy, which provides an alternative and selective way
to fight the devastating disease of cancer. However, clinical research is rendered difficult due to
insufficient supply of this medical isotope. Alternative pathways are considered to upscale the
production of 22°Ac, but further research is needed to overcome the challenges associated with
it. In the production method of high energy proton irradiation, many different isotopes are
created in the target, including the long-lived isotope 22"Ac, which necessitates a separation
process. This can happen via radiochemistry, but this method does not provide isotopic
selectivity. The typical activity of the long-lived ?2"Ac in the medical samples would cause
problems for hospitals in terms of facility licensing and decommissioning, product licensing
and waste disposal. This disadvantage requires the need of a mass separation process, where
isotopes are filtered based on their mass-to-charge ratio. It is this particular step in the
production process that is investigated in this work. Two separate analyses were performed in
order to investigate the feasibility of the production method.

The first part of the thesis revolves around the ion beam current data of four experimental runs
performed at CERN-MEDICIS. This current was measured at different parts in the experimental
setup and can be retrieved in real-time during collection. The data are used to estimate the
collected activity on the foils, which could serve as a real-time assessment of the activity during
experiment. On top of this, the different sources of the collected #?°Ac could be separately
identified, which can come from either the decay of the parent nucleus ?>’Ra on the foil or
directly collected ?2°Ac from the ion beam. This analysis showed good agreement between
the measured and estimated values, but showed a consistent underestimation of the activity.
On top of these estimations, the influence of the laser ionization was investigated. Lasers
are directed at the extracted isotopes of the target, which selectively ionize the element of
interest. This results in a higher extracted amount of ??*Ac, which results in a higher collected
ion beam current. By regularly blocking the laser, a drop in the collected current could be
observed. This allowed to investigate the influence of the ionizing lasers by assessing the laser
enhancement and the gain in activity due to the lasers alone. The laser enhancement is defined
as the ratio of the collected activity of 2> Ac when the laser was on and blocked. The results
of this work suggested a factor of approximately 2.

The second part of the thesis is a purity analysis on the collected activities of two runs
performed at CERN-MEDICIS. In particular, the activity of 2"Ac served to calculate the
separation enhancement factor. This factor signifies the ability to separate the long-lived
isotope 22”Ac, which is defined as the ratio of 22Ac to 22"Ac before and after separation. A
separation factor of 150 £+ 14 and 646 + 59 were found for the two runs, where the large
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difference is due to experimental conditions. Still, both runs enabled to suppress the activity
of 22"Ac enough for medical purposes.

In conclusion, the two experimental runs performed at CERN-MEDICIS fulfilled the purpose
of suppressing 22”Ac, although a large variability is seen due to experimental conditions. This
makes the production method suitable for 22°Ac production, but the extraction efficiency
should increase to reach global demand. The extraction efficiencies analyzed in this work were
approximately 1% for 225Ac. For its parent nucleus, 22°Ra, the efficiencies were approximately
20-40%. The typical higher efficiency of the latter is due to the lower boiling point and more
efficient surface ionization. These values emphasize the need for further research and a deeper
understanding of the extraction process is needed. By investigating the ion beam current data
measured in the setup, an attempt is made to extract information which could benefit the
insight in the conditions met of collection runs. Good agreement of the results are found
w.r.t. the measured values of gamma spectroscopy, but a systematic underestimation is made.



Summary for general audience

According to the World Health Organization, cancer ranks among the top causes of death
globally [I]. With almost 20 million new cancer cases and a mortality rate of 48%, the
significance of further research is highlighted to fight this devastating disease. In the last
century, it was realised that radioactivity could be used as an efficient tool to kill cancer cells.
Radioactivity is the phenomenon where an unstable isotope emits a particle. This is a natural
process where the resulting isotope becomes energetically more stable. In targeted radionuclide
therapy, radioactivity is used to cure cancer. This is done by inserting the radioactive isotopes
into the body, which are linked to a targeting molecule. This molecule finds the cancer cells via
biological pathways, whereafter the radioactive isotopes damage the cancer cells by emission of
a particle. As the isotope is in close proximity of the cancer cells, severe side effects are avoided
as the damage to healthy cells is kept to a minimum. However, not all unstable isotopes can
be used for this therapy, as certain properties should be met since it is inserted into the human
body. Actinium-225 is a promising candidate for this therapy, especially since it decays via
alpha emission. This type of decay has a higher damaging potential than other decay channels,
which makes it promising to kill cancer cells. The use of alpha decay in this therapy is referred
to as targeted alpha therapy. Research has shown great potential using 22°Ac, but before this
medical isotope can be used commercially , production scale should be increased. Actinium-
225 is an isotope which does not naturally occur on earth, which necessitates the production
via different pathways. One pathway in particular is examined in this work, where a beam of
high energy protons are directed onto a target material. These protons induce various nuclear
reactions, which results in the production of new isotopes, under which ??Ac. In order to
make a pure medical product, separation processes are needed. This can be done effectively
via radiochemistry. However, the big disadvantage is that no isotopic selectivity is reached in
this method. As besides 22Ac, #2"Ac is produced due to these nuclear reactions induced by
the protons, a solution has to be found for this problem. This is because ?*"Ac is a long-lived
radioactive isotope, which is unwanted in a medical product. This is why mass separation
is performed after irradiating the target with protons. Accelerating ions through a magnet
bends the ion beam according to their mass-to-charge ratio. By choosing the right magnetic
field strength, the isotope of interest can be filtered. In this work, this separating step of the
production process is analyzed for two purposes: to gain a deeper understanding of the process
and to check purity of the collected product. For the first part, results based on the ion beam
current measured on the collection foils gave good agreement if compared to measured values,
but a consistent underestimation is observed. An hypothesis is formed and can be checked by
further research. The second part of the analysis in this work suggested that the separation
ability suffices for medical endpoints. This indicates that the production pathway considered
in this thesis could serve as a pathway to upscale the production of ???Ac. However, further
research is needed to reach this goal, as the separation technique is complex.
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1. Introduction

In the modern world we live in, cancer is one of the leading death causes across the world.
With almost 20 million new cancer cases reported globally in the year of 2022 and a mortality
rate of 48%, these statistics emphasize the significance to continue research to combat this
devastating disease [I]. In response to fight this challenge, several tools exist for physicians to
approach a diagnosed patient, as illustrated on figure [I.1] In early stages, the primary cancer
(and large metastases) can be treated locally with surgery or local external irradiation. At
later stages, cancer often metastasizes, spreading throughout the body and rendering local
treatments ineffective for complete removal. For these patients, a systemic treatment is
needed to fight the cancer, using substances that travel through the bloodstream, reaching
and influencing cells all over the body. With chemotherapy, chemotherapeutic drugs are
administered intravenously or orally, inhibiting the cell division process all over the body [2].
As cancer cells have the characteristic of growing uncontrollably, this therapy is more effective
for cancer cells compared to normal cells. However, healthy cells are still affected by the
chemotherapeutic drugs, which leads to severe side effects such as hair loss, nausea and fatigue
[3]. Resistance to chemotherapy can arise due to various reasons such as genetic mutations
and activation of cellular pathways involved in drug efflux or DNA repair mechanisms [2] [4].
Targeted radionuclide therapy (TRT) offers a promising alternative, giving a more selective
treatment with fewer side effects. This therapy makes use of the concept of radioactivity, a
natural process by which unstable atomic nuclei lose energy by emitting radiation. In TRT,
radioactive isotopes, which are coupled to a targeting molecule, are inserted in the human body
and reach the tumor via biological processes, delivering a local therapeutic dose of ionizing
radiation that damages the cancer cells. Different decay modes can be used in this selective
therapy, but alpha emission holds high potential due to its higher linear energy transfer (LET),
which signifies the local energy deposition per unit path length. TRT using alpha emitters
specifically, is referred to as targeted alpha therapy (TAT).
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LOCAL SYSTEMIC SELECTIVE SY
Surgery/Radiation Chemotherapy TargetedSTEMlC

Figure 1.1: Different approaches of curing cancer: surgery or external irradiation (left),
chemotherapy (middle) or target radionuclide therapy (right). The black dots represent
cancer lesions. Figure taken from [5].

A promising candidate for the selective alpha therapy is ?2°Ac, an isotope with a half-life of 9.92
days and four alpha emissions in its decay chain, which makes the radioisotope highly cytotoxic
- the quality to damage cells. The biological aspects of the therapy are discussed in chapter 2]
as well as the clinical relevance of ??°Ac. Multiple trials, both in vitro and in vivo, have been
undertaken with 22°Ac, showing promising clinical outcomes [6]. However two main factors
render the ongoing pre-clinical/clinical TAT research for this isotope difficult: production
capability and contamination of co-produced isotopes. Even now, when ?*?Ac is not yet used
in commercial clinical applications, production rate does not meet global demand. Currently
the majority of the production comes from ??*Th generators, but other production pathways
are and should be investigated to meet future global demand [7]. Details on the production
of 22°Ac can be found in chapter [3] explaining the origin of the ??*Th generators and the
mechanics and potential of other pathways. One alternative and promising pathway discussed
is proton irradiation of thorium-based targets. Although research is still ongoing to increase
production yields for 22> Ac generated in Th-based targets, certain experiments have already
been conducted. These findings indicate the potential for producing over 10 GBq annually
in-target at isotope production facilities like RIAR (Russia), LANSCE (USA), ARIEL (Canada),
and CERN-MEDICIS (Europe) [6]. However, by irradiating a target with high energy protons,
a span of other radioisotopes are produced, including the long lived #*"Ac (¢, = 21.772 y),
which necessitates a separation process. This can be either done by direct radio-chemical
separation or by a combination of mass separation and radio-chemical separation. The first
method shows an efficiency of 85-98% in recent studies, but shows no isotopic selectivity
[6]. While the 22" Ac contaminant in the final drug is not expected to reduce its efficacy or
cause additional toxicity to patients, it could be problematic in terms of facility licensing and
decommissioning, product licensing and waste disposal, where in Europe the clearance level
is 10 Bg/kg and the exemption level is 1 kBq [8] [9] [10] [6]. This is why in Europe, the
separation process should involve mass separation of the isotopes in the irradiated target,
which is isotope selective. This technique starts with heating the radioactive target, which
creates an atomic vapour of the produced isotopes escaping from the target. These isotopes
migrate to the ion source, where ionization is induced to extract and produce an accelerated
ion beam. lonization at CERN-MEDICIS (MEDical Isotopes Collected from ISolde), a facility
dedicated to the production of novel medical radioisotopes, occurs at the moment via two
methods: surface ionization and resonance laser ionization [II]. In surface ionization, isotopes



lose an electron upon contact with the heated walls of the ion source. The second method
involves tuning the laser frequencies in order to selectively ionize Ac, where the energy of the
photons are used to emit an electron. The ions are then accelerated across a potential to form
an ion beam. These ions are mass-separated using a dipole magnet, based on the mass-to-
charge ratio of the isotope of interest. This technique is referred to as RIMS, standing for
Resonant laser lonization and Mass Separation. More information about this technique can
be found in the beginning of chapter[dl An image of the mass separator can be seen on figure
[1.2] Thanks to this method, the co-produced 2"Ac (typically 0.15 — 0.20% activity vs ***Ac)
is suppressed, making a more pure end product which can be used for medical endpoints [12].

Figure 1.2: A picture of the CERN-MEDICIS experimental setup, where medical
radioisotopes are extracted from a target and filtered using mass separation. Image taken

from [13].

In this study, two aspects of the separation technique are analyzed: determining collected
activity using data of the ion beam current on the sample foils during isotope collections
and assessing the purity of collected samples concerning the contaminant ???Ac. Chapter
examines four experimental runs conducted at CERN-MEDICIS, using the data obtained
during collection. PicoAmpeéremeters (PAM) measure the current at different parts of the
setup coming from the ion beam, which give guidance and understanding of the collected
isotopes during collection. The goal of this analysis was to obtain viable information which
could benefit future extraction runs during and after collection. One of the aims was to develop
an alternative method for evaluating the activity on collection foils by analyzing the ion beam
current, which is discussed in section [4.4 Currently, foil activity is assessed using gamma
spectrometry after collection. This new estimation can validate the gamma spectrometry
measurements and can also provide a means to monitor collected activity in real-time. This
could be advantageous in the future when high yields of actinium are produced and time
efficiency becomes crucial for collection on different foils. In addition to activity estimation,
a detailed analysis is conducted on the effects of resonant laser ionization in section [4.5]
Lasers selectively ionize actinium, leading to more actinium extraction from the ion source.
By analyzing the ion beam current on the foils, the laser enhancement and activity gain can
be estimated. This analysis offers a qualitative assessment of the laser ionization and provides
insights into its temporal evolution.

The second part of this study is dedicated to analyzing the purity of collection foils coming
from two experimental runs at CERN-MEDICIS in chapter [5 more specifically regarding the
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long-lived contaminant 22"Ac. As it is difficult to analyze the presence of 2*"Ac right after
collection due to the high background of isotopes, the foils were kept in isolation at KU
Leuven [10]. After approximately 30.04 and 27.82 half-lives of #°Ac, the ?*"Ac contaminant
should remain detectable, while ?2Ac will be suppressed by factors of 9.07 x 107'* and
4.21 x 107, respectively. This enables the determination of the original activity of the
collected contaminant, allowing for the calculation of the separation enhancement factor of the
technique, which is given by dividing the ratio of ???Ac to 22"Ac after and before extraction.
This value provides insights into the technique's separation capability, which is the goal of
this method. The calculated separation factor can also be compared with other quantification
methods to verify accuracy.

Both parts of this study provide a two-step determination of the overall feasibility of this
production pathway. The purpose of the separation process is to suppress the activity of
contaminants to make the radioactive end-products useful for patient administration. If this
condition is met, production rate should increase to meet global demand, which can only
happen by providing information from the data to deepen our understanding of the extraction
process. In chapter [6] a conclusion is made regarding the future of this separation process
based on the results given in this thesis.



2. Role of ?*’Ac in radiation therapy

In this chapter, clinical and biological aspects of targeted radionuclide therapy will be explained.
First, different components of TRT will be explained in section 2.1 The properties of
radiopharmaceuticals will be explored, detailing how these substances are designed to interact
with cancerous cells via specific physiological processes. Additionally, the fundamental principles
of the interaction of radiation with matter will be examined, highlighting its significance in
the context of medical therapy. In section [2.2] the promising subcategory TAT of TRT is
discussed, explaining why alpha particles can be beneficial for therapy. Afterwards in section
[2.3] the necessity for further research into 22°Ac is mentioned, by showing the clinical relevance
of 22Ac but also the challenges for the safe use of the a-emitting isotope.

2.1 Targeted radionuclide therapy

In the past century, there has been significant interest in radionuclide therapy since the
discovery of iodine treatment for the thyroid, leading to extensive research efforts aimed at
creating, refining, testing, and clinically evaluating numerous innovative radiopharmaceuticals
[14]. As previously mentioned, TRT makes use of radiopharmaceuticals, which reach the tumor
via a biological pathway and irradiate the cancer cells locally, including metastasis sites. This
therapy is capable of specifically targeting cancer cells with cytotoxic radiation while minimizing
harm to neighboring healthy tissues. The radiopharamceuticals can be administered to the
body via different routes, primarily through intravenous administration [15]. They consist of
3 major parts: a radioisotope, a chemical linker and a carrier molecule (see figure . The
radioactive isotopes or radioisotopes are a crucial element of the treatment. By decaying at
the site of interest, the radiation can induce damage via direct or indirect interactions. The
selected radioisotope is then coupled to a carrier molecule with a chemical linker or chelator.
The carrier molecule, also named the vector molecule or targeting molecule, has the role of
delivering the radioisotope to tumor sites, which are often characterized by receptors that
are overexpressed. The overexpression increases the probability that the targeting molecule
binds to this cell. The vector is responsible for the selective nature of the therapy and can
be a variety of substances, ranging from peptides and proteins to nanoparticles or cells [I5].
It is thus important to diagnose the disease in advance to discern the overexpression of the
target protein of the cancer. For instance, in prostate cancer, there is an overexpression of
Prostate Specific Membrane Antigen (PSMA). By employing carrier molecules designed to
target PSMA, radiopharmaceuticals accumulate specifically at the prostate cancer site.
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Figure 2.1: Different components of a radiopharmaceutical: radioisotope, chelator and
targeting molecule. Image taken from [16].

It is also worth noting that there exist radioisotopes which are target-specific on their own,
thus without the need of a carrier molecule. These are also called unconjugated or naked
radiophamaceuticals and in contrast to conjugated radiopharmaceuticals, are already decades
in clinical practice [17]. A classic example is '3!l, which is a 3-emitter and is naturally taken
up by the thyroid for the production of hormones.

The efficacy of TRT is dependent on the targeting ability of the vector molecule and the
radiotoxic nature of the radiation emitted. The choice of radionuclide depends on many
factors. Medical radioisotopes must be available at a high standard of purity to prevent the
administration of undesired isotopes into the body. Additionally, their chemical properties
should be favorable for effective linkage with vector molecules. The physical half-life of the
decay should match the in vivo biolocalization and clearance properties of the vector, meaning
it should live long enough such that the radiopharmaceutical reaches the tumor. If the half-life
is too short, it comes at the cost of irradiating healthy tissue, as a greater fraction of the
injected radionuclides decay before reaching the tumor. On the other hand, if the half-life is
too long, the activity of the source has a slower decrease, thus prolonging the exposure which
may be undesired. A half-life ranging between 1-14 days is often considered optimal [18]. In
the context of alpha emitters, it is crucial to consider not only these decay properties of the
injected nuclide but also the behaviour of the entire decay chain. The daughter nuclei should
decay quickly to confine subsequent radiation to the targeted tumor. The type of emitted
particle is thus important to consider. Radionuclides undergoing o emission, 5~ emission, and
nuclides with a high Auger electron yield are viable candidates for TRT. Gamma emissions
are useful for imaging purposes and can be used for dosimetry estimates, however high energy
photons do deliver an undesired dose to healthy tissue. For therapeutic purposes, the emitted
particle should preferably have a high LET, relative biological effectiveness (RBE) and deliver
a localized dose. High LET radiation, such as alpha particles (100 keV/um), deposits more
energy per unit path length, leading to increased damage potential compared to low LET
radiation. This translates itself into RBE, which is defined as the ratio between the doses
needed from two different radiations to produce equivalent biological damage [18]. The value
of the RBE is dependent on the tissue and particle type and allows to compare different therapy
modalities with each other. Besides the biological damage induced, the tissue range of the
emitted particle should match the size of the tumor or metastases. 5~ particles typically have
a kinetic energy of 0.3 — 2.3 Mev, giving rise to a tissue range of 0.5 — 12 mm in soft tissue,
while Auger and C-K electrons are effective exclusively when confined within the nucleus of
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the cell due to their low energy [15]. As mentioned above, « particles have a high LET due to
their high mass, causing concentrated damage over a few cell volumes (50 — 80 um, equivalent
to 2 — 10 cells) [18]. This property is beneficial in radiotherapy, as the desired outcome is to
damage the DNA of cancer cells, which can lead to cell death.

Single - Strand breaks
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Figure 2.2: (Left) High and intermediate LET radiation, such as alpha particles and
Auger electrons, induce double-strand breaks in DNA. (Right) Radiation with low LET,
such as beta particles, causes single-strand breaks in DNA. Image taken from [19].
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As previously mentioned, this damage to the DNA can happen via direct or indirect interaction
with the emitted particle. Direct interaction with DNA leads to their ionization, resulting in
numerous base alterations, single- and double-strand breaks and other modifications of the
DNA double helix [20]. Indirect interaction can happen in multiple ways. By interacting
with water, free radicals can be formed such as HO® that can react with biomolecules (such as
DNA) and indirectly damage the cells. Additionally, cells that are in the proximity of irradiated
cells can also undergo modifications, which is known as the bystander effect. Furthermore, the
'abscopal’ effect describes antitumorigenic responses in distant metastases [15] [21]. Irradiated
cells can release damage associated molecular patterns (DAMPs), which can boost the immune
system at distant places [22]. Dependent on the amount of damage inflicted, these interactions
to the DNA can impact the intra-cellular mechanisms of the cell which can lead to cell death.
However, DNA has the ability to repair itself. Double-strand breaks, which are more abundant
in concentrated damage, are generally irreparable, while single-strand damage is typically
reparable. All these possible biological damages and repair capability lead to the determination
of RBE, which is a crucial factor in dosimetry calculations used to estimate radiobiological
effects. It is within this context of optimizing therapeutic impact while minimizing damage to
healthy tissue that the choice of radioisotope becomes critical.
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2.2 Targeted alpha therapy

The first clinical trial using an alpha emitter dates back to 1997, using 2!*Bi coupled to
the antibody HuM195 targeting myeloid leukemia cells and is the first proof-of-concept for
targeted alpha therapy in humans|23] [24]. In 2013, the first alpha emitter ?**Ra was approved
by the U.S. Food and Drug Administration (FDA) after a phase 3 clinical trial [25] [19]. This
unconjugated radiophamaceutical is used for bone pain palliation in prostate and breast cancer
patients, targeting high osteoblastic activity in bone metastases. Targeted alpha therapy is a
relatively recent approach in cancer treatment, with promising outcomes giving the distinctive
properties of alpha particles. The energy dissipation of alpha particles is represented by the
Bragg peak, as illustrated in figure 2.3 It shows that the energy dissipated per unit distance
increases gradually until a well-defined peak, before rapidly decreasing as the particle comes to
rest. This property is different from electrons or photons, allowing a precise targeting of the
tumor, as the energy deposition suddenly decreases to zero. A higher initial energy of the alpha
particle results in a longer path length, but a lower initial LET [18]. As previously mentioned,
typical energies of alpha particles range from 4-8 MeV, which results in an average range in
soft tissue around (50-80 pum). Alpha particles are cytotoxic, due to a high probability (20-
40%) of that direct interaction with a DNA molecule which results in double-strand breakage
[18]. This is in contrast with 3~ particles, needing several sub-lethal hits to ensure cell death.
The toxicity of alpha particles is thus independent of dose rate based on the double-strand
breakage, but due to the short path length, the alpha emission should be in close proximity
of the cancer cells [18]. For the deterministic endpoints of targeted therapy, the RBE ranges
from 3 to 7, which is of course higher than beta particles.
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Figure 2.3: The Bragg peak of two alpha particles in a biological system. Different initial
energies result in different energy dissipation. Image taken from [18].

In the nuclear chart, over more than 100 radionuclides are identified which decay by alpha
emission. However, as mentioned above, the properties of the radionuclide should be practical
for radiotherapy, restricting the amount to only a few for therapeutic applications. Table |2.1
gives an overview of the viable candidates for TAT.
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Table 2.1: TAT viable isotopes with their respective properties. Amount of clinical trials
taken from [26]. *Decays via 8~ but the daughter nucleus decays via a emission.

Isotope Half-life Alpha Decay Energy | Clinical trials
Actinium-225 | 9.920 (3) d 5830 (50.7 %) 16
Astatine-211 7.214 (7) h 5869.5 (41.8%) 5
Bismuth-212 | 60.55 (6) min | 6050.78 (25.13%) 0
Bismuth-213* | 45.59 (6) min - 1

Lead-212* 10.622 (7) h - 4
Radium-223 11.43 (5) d 5716.2 (51.2%) 124
Terbium-149 412 (3) h 3967 (16.7 %) 0
Thorium-227 | 18.697 (7) d 6038 (24.2 %) 4

2.3 22 Ac clinical relevance
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Figure 2.4: PET/CT scans of patient with highly metastasized prostate cancer, showing
the initial tumor spread (A) and the response of 2 cycles of -emitting "' Lu-PSMA-
617 (B). Afterwards, restaging after cycles of **>Ac-PSMA-617 showing an impressive
response. Figure taken from [27].

As can be seen in table 2.1} 2*°Ac is listed as a viable option for targeted alpha therapy.
225 Ac has a half-life of 9.92 days and decays through a series of six short-lived isotopes before
reaching the stable element 2°°Bi. As can be seen on figure , the decay chain contains
four alpha emissions (Ac-Fr-At-Bi/Po), making **Ac highly cytotoxic. In 2016, the clinical
potential of 2?°Ac became clear when five patients with highly advanced prostate cancer
showed a positive response to 22°Ac-PSMA-617 therapy [27]. PSMA-617 is a ligand optimized
for PSMA-specific tumor uptake and shows a rapid background clearance and fast kidney
excretion, giving clear clinical advantages [28]. In figure 2.4 positron emission tomography
(PET)/computed tomography (CT) scans are showed of one of the patients, displaying an
ineffective response to the 5~ emitter !“7Lu, but a clear regression when using 3 cycles of ??°Ac
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[27]. Nevertheless, it is also important to mention that the therapy came with a side effect
called xerostomia (condition of a dry mouth). Besides the salivary glands, the kidney is also
considered an organ at risk due to renal toxicity [29]. So even though the drastic reduction of
the disease is very promising, research is and should be ongoing to implement the clinical use
of 22°Ac. Up until now, more than a thousand patients have been treated by ?°Ac, which was
used against approximately 10 different cancer types [30]. More than a 100 pre-clinical studies
have been performed and more than 15 clinical trails have been conducted. These statistics
emphasize again the importance and potential of the medical isotope.

2OQBi
2x10'%y

Figure 2.5: Decay scheme of ?2°Ac, where the half-lives and branching ratios are given.
Image taken from [6].

Several challenges are yet to be investigated before the safe use of the medical isotope. One of
these challenges concerns the recoil effect from the alpha emission. As the recoil energy (around
100 keV) exceeds the binding energy of the chelator by more than a thousand times, daughter
nuclei do not remain conjugated to the carrier molecule [31]. These free a-emitting daughters
have to be taken into account in dosimetry calculation. Research shows that the biokinetics of
daughter nuclei should be taken into account, as they induce a 13.5% increase for the kidney
dose for unlabeled #2°Ac [32]. Other studies show that free >'Fr and 2!3Bi are responisble for
activity accumulation in the gastrointestinal and kidneys respectively [29]. Additionally, the
dosimetry of TAT remains difficult due to the different behaviour of « particles, especially when
imaging modalities such as PET or single photon emission computed tomography (SPECT)
cannot efficiently be used employing the emission of gamma rays. Even though ?2°Ac emits
two gamma particles (*'*Bi: 218 keV (11.44%), ?*'Fr: 440 keV (25%)) in its decay chain,
the low probability and the overlapping Brehmsstrahlung of the [3-particles in the decay chain
renders the theranostics approach difficult [29]. In figure [2.6] a patient is shown with a
neuroendocrine tumor after 22> Ac-DOTATATE therapy, showing the poor resolution of the
imaging modality from 225Ac. Other possible approaches to asses the biodistribution and dose
administered is by using another radionuclide (with the same targeting molecule) which can
be imaged by PET or SPECT. However, this approach assumes that changing the radionuclide
does not affect the pharmacokinetics of the radiopharmaceutical. The binding properties of
the diagnostic radionuclide should be similar for a good therapeutic prediction. "Lu-PSMA
has already been used to estimate the dosimetry on the basis of time—activity curves, which
were extrapolated to the physical half-life of ??Ac [33]. An additional solution is to create a
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radiopharamaceutical which can contain more than one radionuclide. 22°Ac and 3°Zr pair have
been developed in such a molecule and are still in preclinical testing [29]. Another approach to
tailor the pharmacokinetics is to examine the blood, feces or urine, but gives an extra burden to
the patients. Long-term follow ups are also needed to evaluate the probabilities for secondary
cancers.

68Ga-DOTATATE PET 2257c-DOTATATE WB

Figure 2.6: Whole-body and SPECT/CT images show increased accumulation of ?2°Ac-
DOTATATE in the mass lesion (right), concordant with ®Ga-DOTATATE PET/CT
(left). ITmage taken from [34].

To summarize, 22°Ac shows great potential due to its high cytotoxicity and duration of half-life.
Clinical trials have proved, such as shown in figure [2.4] that ??°Ac is effective against cancer
cells. However, challenges remain regarding dosimetry endpoints. As shown in figure [2.7] a
small change in administered dose can have a severe influence on healthy tissue, which is why
further research is needed to minimize unwanted administered doses. The promising results,
but also the challenges to overcome, are a clear motivation to continue research.
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Figure 2.7: The probability for tumor control and normal tissue complication in function
of the prescribed dose. It can be noted that a small change in prescribed dose majorly

influences the healthy tissue. Image taken from [35].



3. Production of ??°Ac

Despite the promising results and challenges discussed earlier, two main factors render the
ongoing research for this isotope difficult: production capability and the purity of the produced
samples. In the following section, information is given on the current supply of 22?Ac. However,
as this is insufficient to meet the global demand of the medical isotope, different production
methods are discussed in section of the medical isotope, giving an idea on how production
capacity could possibly be increased. For comparison, a typical patient dose is 10 MBq and a
patient typically needs 2-6 cycles of treatment [? ].

3.1 Current production of ***Ac

29Th 5 ?PRa+a = Ac+ e + 7,

The current production of 225Ac is supplied by 22 Th generators, which themselves are generated
from 233U stockpiles. The majority of this uranium was produced between 1954 and 1970 for
investigation in nuclear weapons and reactors [36]. Thorium-229 has a half-life of 7880 years
and decays to 2?’Ra via alpha emission, which via beta emission becomes ??°Ac. Three major
sources are located in Germany, USA and Russia, which produce a total estimated activity of
70 GBq of 22°Ac per year [37]. Smaller generators exist at Canada and Belgium, but the scale
of the 229Th generators render it only useful for research purposes. This production pathway
offers a clear advantage: the resulting product is free of other actinium isotopes yielding a
purer medical product.

232Th + p— 225AC/225Ra + x

Besides 22°Th generators, 22°Ac can currently be produced from irradiating thorium foils at
laboratories consisting of a high energy accelerator, as will be discussed below. Examples of
such laboratories are TRIUMF (Canada), CERN-MEDICIS (Switzerland) and the tri-lab effort
composed of Brookhaven, Oak Ridge, and Los Alamos National Laboratories in the USA. Even
though there is ongoing research to make the production more efficient, the quantity produced
by irradiating thorium is now lower compared to the 22 Th stocks.

Current global demand is estimated on to be less than 185 GBq per year, but in the future,
as 22°Ac is approved for clinical use, the estimated demand can grow up to 200 or 400 GBq
per year for each ?*>Ac-based therapy that is approved for clinical use [38]. The overall small
production of 22°Ac slows down the process of research, fundamental radiochemistry and
clinical trials, while the resulting high price inhibits access to many researchers. Harnessing
untapped 2?Th stocks could greatly increase the ?2°Ac supply, however in 2005, the U.S.
Congress ordered the disposal of the two tonnes of 2*3U [38]. Without any new significant

13
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229Th sources, new production pathways should be investigated to increase production rates,
which are discussed below.

The message for the need of more actinium is clear and shows itself in the society. Companies
such as Pantera, Terrapower, Fusion Pharmaceuticals Inc., BWXT Medical Ltd., Actinium
Pharmaceuticals, SpectronRx and NorthStar are examples of the fact that investing in the
production of the promising isotope is worthwhile [39][40][41][42][43][44]. This will be done
via different production methods: Pantera and Terrapower have bought the (supposed) final
batch of thorium extracted from the uranium stockpiles and strive to supply actinium in
the near future. Actinium Pharmaceuticals, Fusion Pharmaceuticals Inc, Northstar and also
Pantera plan to use or are using irradiation of 2?°Ra, an alternative pathway which shares
the advantage of yielding a purer product. Besides these companies, projects like PRISMAP
again emphasize the importance of the medical isotopes. PRISMAP is a European project
which aims to create a centralized platform for accessing high-purity radionuclides, serving
to diverse medical research needs. By standardizing access procedures and developing new
enrichment techniques, it seeks to advance research in radiopharmaceuticals, cancer drugs,
and personalized medicine, ultimately improving healthcare outcomes [45].

3.2 Promising production pathways

As current thorium generators are not sufficient to meet the demand of 22Ac, other pathways
are and should be considered. In this section, different promising production pathways are
discussed to generate ?2°Ac, giving the advantages, disadvantages and potential production
estimates.

22Ra as target material

226Ra + p — 2?°Ac + 2n

Three different pathways will be discussed to produce ?*’Ac from ?26Ra. The first discussed
reaction directly produces #°Ac via ?*°Ra(p,2n)*?*Ac, demonstrated in 2005 by Apostolidis
et al. [46]. There are 3 major advantages of this technique. The first is the high cross
section, which peaks at a maximum of 710 4+ 68 mb at 16.8 MeV. This high cross section
enables to produce ?25Ac at a large scale at a single production site. A 24 hour irradiation of
a ?°Ra target of 50 mg could produce 5 Gbq ??°Ac, with a current of 100 ;A protons, which
is equivalent to 500 patient doses of 10 MBq [7]. Furthermore, with a threshold energy of
6.8 MeV [47], the production pathway is accessible for up to more than 550 facilities housing
a low energy accelerator [38][48]. Additionally, co-production of the long-lived isotope #*"Ac
is avoided. Other isotopes of actinium are however produced: **Ac (¢, = 29 h) and **'Ac

(t1 = 2.9 h). Unlike 2"Ac, these contaminants would decay relatively fast due to their short
haif—lives, resulting in a higher isotopic purity over time. The co-production of these isotopes
can also be minimized through selection of appropriate proton energies [7]. A drawback of this
production method is the limitation of the thickness of the target material. Protons needed
to induce the reaction, are quickly stopped in the target, meaning that enlarging the target
does not have a beneficial influence on the production. This means only thin targets can be
used, which not only limits the producing potential, but cooling abilities are limited for such
thin targets [37]. The following production pathways do not suffer from the proton range and
are based on the production of ??’Ra, which functions as a generator for 22°Ac.
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226Ra + v — *°Ra +n

The first is ??Ra(v,n)?*Ra, where bremsstrahlung photons impinge on a ?*Ra target with a
threshold energy of 6.8 MeV [7]. The photons originate from the interaction of an electron
beam on a metal target. This method is able to produce a ??Ac yield of 550 Bq/(uA-h-mg
226Ra) with 24 MeV photon beam [7]. The advantages include the absence of other actinium
isotopes and accessibility to cancer centers equipped with linear accelerators (linacs). However
none of these centers have the capacity to produce isotopes on a large scale [38]. This
production pathway is less efficient than the proton irradiation, but has been shown to be
feasible, with successful demonstrations conducted at Joint Research Centre (JRC) Karlsruhe,
the Joint Institute for Nuclear Research in Dubna, Russia, and the lllawarra Cancer Centre in
Wollongong, Australia [38]. Although coproduction of 2/Ra happens with photons exceeding
12 MeV, it shouldn't affect the intended 2>°Ra/?*Ac generator. This is because ***Ra (t: =

3.7 d) decays into inert ?2°Rn without generating any actinium isotopes.
26Ra + n — ?*Ra + 2n

Another pathway is via the reaction ??Ra(n,2n)?*Ra, where a fast neutron induces a 2-
neutron evaporation. The estimated cross section for this reaction is 2 b, which is high, but
the neutron beams are harder to produce. An experiment performed by J. Morell produced
a neutron beam originating from deuteron break-up [49]. Their work suggested a production
that could be scaled up to a quantity of 64 GBq ?*’Ac, where a 10 g ??°Ra target is irradiated
with a 600 ©A deuteron beam at 33 MeV for 5 days [37].

Despite the potential of using ??°Ra for the large scale production of the medical isotope,
challenges are paired with using 2?°Ra as a target material. The material is difficult to obtain
and is radioactive, complicating the target production, irradiation and recycling. It is estimated
that only a few kilograms of ?°Ra exist on earth, however new ?*Ra sources could be extracted
from the waste of current uranium mining operations, which could increase the supply to
roughly 12.85 kilograms per year [38]. ??°Ra contains five alpha emissions in its decay chain,
containing the noble gas ???Rn. The internal alpha emissions can rupture the target, after
which the noble gas and ??°Ra salt can escape. Strict safety protocols are mandatory to
prevent the gas from escaping.

Production of ?°Th

Another approach is simply to produce more 22*Th, which naturally decays to 22°Ra, which on
itself decays to 2**Ac. Producing a stockpile of 2 Th is a good method of providing ?**Ra and
225Ac in the long term (due to the long half-life) [50]. Radium-226 targets provide challenges
as discussed above, and high energy proton (E, > 100 MeV) spallation of natural thorium
produces a large quantities of fission products. Developing a stockpile of 22 Th can be achieved
via various pathways.

22Th + p — *9Th + x

This production pathway describes the irradiation of natural thorium with low-energy protons
(E, < 40 MeV). A cumulative cross section of approximately 100 mb is estimated in the
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work of J. R. Griswold et al. [50], which is the summation of the reaction cross sections
of 232Th(p, 4n)?*Pa, ?*2Th(p, p3n)?*Th, and the *3?Th(p,a)?*Ac reaction cross sections.
229Pa and 2??Ac decay directly to 22Th via 3 decay. Their work estimated that irradiating
a thick thorium foil target with a density of 2.34 g/cm? using a 40 MeV proton beam at
200 pA for one year would yield approximately 1.147 GBq of 22Th. This amount of ?**Th is
sufficient to generate about 370 MBq of ?*°Ac every 20 days.

22Th 4 4 — 22Th + 3n

Another possibility for natural thorium would be achieved by irradiating the target with a
30 — 90 MeV electron beam, producing photons in the target which evaporate neutrons. This
method is not yet experimentally performed, but as linacs are available in many laboratories,
this pathway has potential for supplying ?*>Ac [37].

20Th 4 n — 229Th 4 2n

20Th can be extracted from the naturally occurring mineral pitchblende and provides a
potential of producing 22 Th using fast neutron reactors. This reaction involves fast neutrons,
which again is limited by the neutron beam intensity as with 22Ra. An advantage of this
method is the relative easy procurement of 23°Th. It is estimated that after a 10 year
irradiation, a ?2Th source could be produced which contributes to 6.5 GBq 2?°Ac per year
[37].

High energy proton irradiation of "“Th, "*U
232Th/238U + p— 225AC/225Ra 4+ x

An alternative solution is the irradiation of natural thorium or uranium with high energy
protons (> 70 MeV) "*U,"Th(p, X)?*Ac,?*Ra. The beam of protons induces a high
number of reactions via different channels, resulting in the production of different nuclei.
Thorium emerges as a more superior option than uranium for ??*Ac production due to its
lower density, higher melting point, and a uranium cross-section that is ten times lower.
Additionally, employing thorium helps avoid the co-production of #*Pu and #*°U [38]. In
contrast to ?26Ra, 2*2Th is readily available as target material. It is known that stockpiles
in various countries contain tens of kilograms of thorium, and theoretically 500-740 tons of
thorium metal per year could be recovered worldwide by processing of monazite (CePO*) [51].
The optimum reaction cross section for Th + p is found to be at ~ 150 MeV using Monte
Carlo based MONC code [47]. Even though the cross section is ~ 40 times smaller than
proton irradiation of 226Ra, this method shows great potential. Facilities such as MEDICIS,
(Switzerland), TRIUMF (Canada), the Institute for Nuclear Research of the Russian Academy,
Brookhaven National Laboratory and Los Alamos National Lab (US) are using this method to
produce actinium. Theoretical estimations range from 127.7 — 11267 Gbq production of 22°Ac
per month for each institute, depending on the maximal yield possible [38]. Target sizes are
assumed to be big enough to completely stop the proton beam in these estimations (100 MeV
protons have a range of ~ 16 mm [47]). These values do not account for the additional ??*Ac
generated from 2?’Ra generators, which could potentially increase each production total by
approximately 10% to 20% [38]. Practical yields will however be lower due to the size of the
target container and cooling abilities. For MEDICIS in particular, it is indicated that it can
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be able to generate approximately 112 MBq of #*Ac each month [38]. The disadvantage of
this production pathway is the production of dozens of elements, so separation processes must
follow to isolate 22°Ac. However, the co-production of 22”Ac creates concern as radiochemistry
separation processes do not offer isotopic selectivity [37]. Typically a ?2Ac to 2?"Ac activity
ratio of 0.1 — 0.2% is produced in the thorium matrix. The impact on dosimetry endpoints is
estimated to be negligible, but for endpoints like facility licensing and decommissioning, waste
disposal, and product licensing, the concentration of #"Ac should be kept to a minimum [52].

To summarize, different pathways are possible to generate the medical isotope, but each
contains challenges to overcome. 22°Ra targets are difficult to deal with, enlarging the 22°Th
stock needs (more) experimental verification and high energy proton irradiation produces lots
of different nuclei, including the difficult to separate and long-lived isotope 22"Ac. A possible
solution to separate 22°Ac is to make use of resonance laser ionisation and mass separation.
In this method, an irradiated target is heated to high temperatures (> 2000 °C), causing the
created isotopes to escape the target material. The emerging isotopes are then filtered using
selective ionization and mass separation, creating a more pure end product. This method
will be extensively described in the next chapter, where data of such experimental runs are
analyzed.






4. Analysis of MEDICIS data

In this chapter, data are analyzed from four different collections conducted in CERN-MEDICIS
in 2023. The setup used for these collections is described in section [4.2, where an explanation
is given about the different components. The data analysis consisted of the ion beam currents
measured at various sectors of the mass separator beamline. The aim of this analysis is to
extract systematic information from the data that could benefit future experimental runs and
the understanding of the extraction process. The analysis consists of two parts: an estimation
is made for the collected activity and the effect of the ionizing laser is investigated. The former
is discussed in section [4.4] This approach allows for real-time assessment of the activity and
can serve as an additional validation for the gamma spectrometry measurements performed
after collection. Additionally, since 2*°Ra and ?2°Ac are both collected in most extraction runs,
this analysis helps distinguish the origin of the 22Ac on the foils, whether it is generated by
the collected ?*Ra or directly from the ion beam. Afterwards, in section [4.5| the effect of
laser ionization is analyzed. By blocking the ionizing laser regularly, a drop in the current is
observed, which provides insights into the gain of collected activity and the (apparent) laser
enhancement.

4.1 CERN-MEDICIS facility

MEDICIS (MEDical Isotopes Collected from ISolde) is a facility at CERN dedicated to the
production of novel radioisotopes for medical imaging and treatment (see figure . It is
referred to as an offline isotope separator facility, meaning that the experimental setup is
not coupled to a driver beam. This means that the extraction from the target and mass
separation happens at MEDICIS, but the preparation of the target happens elsewhere. This
can be at an external institute, but commonly comes from the ISOLDE (Isotope Separator
OnLine DEvice) facility at CERN, which lies next to the MEDICIS facility. ISOLDE receives
1.4 GeV proton beams delivered by the CERN Proton Synchrotron Booster (PSB), which
makes it an online separator facility [53]. A target can be positioned in between the ISOLDE
target and its beam dump, recycling the protons from the ISOLDE irradadiation [54]. During
irradiation, the protons induce fission, spallation and fragmentation reactions, which results
in different kinds of isotopes produced in the target. All radioactive targets are then remotely
handled by a KUKA robot, whereafter the targets are placed onto the separating setup.
Additionaly, MEDICIS features a laser laboratory, called MELISSA (MEDICIS Laser lon Source
Setup At CERN), which selectively ionizes isotopes by inducing step-wise resonant electron
transitions/excitations in the species of interest. MEDICIS was founded in 2017 and until
today, a total of 32 projects have been approved by the members of the MEDICIS collaboration
board [13].

19
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Figure 4.1: Overview of the MEDICIS facility. A KUKA robot handles the radioactive
targets, which can be placed onto the extraction setup. Isotopes are extracted from the
target, ionized in the ion source and then accelerated to the mass separating magnet.
This filters the isotopes based on the mass-to-charge ratio before they reach the collection
point. Figure taken from [55].

4.2 ?»Ac mass separation at CERN-MEDICIS

In this section, the offline extraction method of the medical isotopes is described. As previously
mentioned, the target is prepared externally (at ISOLDE or elsewhere), whereafter the radioactive
target is placed onto the front end. The extraction begins with heating the target, going up
to more than 2000 °C towards the end of collection, which causes isotopes to be released from
the target with rates dependent on temperature and element. This atomic vapour reaches the
ion source via a heated transfer line. Here the isotopes are ionized by surface ionization or
resonance laser ionization. These ions can then be extracted and accelerated from the source by
an extraction electrode and focused by electro-optical components towards the dipole magnet.
Here the isotopes of interest are filtered by mass separation and collected on different foils in
the collection chamber. This process is schematically represented in figure [4.2]
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Figure 4.2: Schematic representation of experimental setup at MEDICIS. The target
container is heated, which causes the isotopes to be released to the ion source via the
transfer line. The isotopes are ionized by resonant laser ionization or by surface ionization.
Ions are extracted and accelerated by the extraction electrode, whereafter the ion beam
is focused towards a dipole magnet by an Einzel lens. Here the isotopes are filtered based
on their mass-to-charge ratio before reaching the collection chamber. Different parts not
shown to scale.

The total collection efficiency of this process can be written as a multiplication of the efficiencies
of the different sub-processes:

€ = €diff€effCionC€sepCtransCimplant, (4 1)

containing diffusion from the target grains (eq;¢s), effusion from the target grains to the ion
source (€.ss), ionization (€;0,,), separation by the dipole magnet (es,), the beam transport
(€trans) and implantation on the foil (€mpiant) [6] [56]. A more detailed explanation about
every step in the production method is given below. The technical description of the MEDICIS
setup is mainly inspired by the work of Y. M. Palenzuela et al. [54].

Effusion Diffusion
lonization and
Extraction
Produced — -
5 PN S B o T R S bt G
nuclide T R g S S R P e

Target container (Ta)
T up to 2300° C

Figure 4.3: Schematic representation of the processes in target and ion source unit.
The microstructure of the target material is shown, where the effusion and diffusion can
visually interpreted. Figure taken from [57].

1. Target As previously mentioned, high energy protons induce nuclear reactions (spallation,
fragmentation, fission) when interacting with the target material, creating a span of new
isotopes. The target itself is contained in a small tantalum tubular oven of 2 cm diameter
and 20 cm length, which can be heated by applying a current through it that is drawn from a
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power supply rated up to 1000 A [54]. The current and temperature do not behave linearly at
high currents due to radiative and resistive power dissipation. Two fitting functions are used:
P = aT +bT* for power and I = £+ 75% for current through the target (and transfer line)
[6]. Bigger target containers can be beneficial for future production projects, which account
for the broadened proton beam [54]. Target materials can differ between different experiments
and the efficiency of production is target and isotope dependent (e4;7; and €.s7). For the ?*°Ac
production at MEDICIS, a ThC target was used. Targets used at CERN typically present a
microstructure, represented by the grains on figure [4.3] Produced isotopes have to escape the
target itself and reach the ion source. This process consists of 2 steps: diffusion and effusion.
The isotopes first have to diffuse out of the grains (target material), where the diffusion is

described by the Arrhenius relation [58]:

AH
D = Dgexp (_kb_T) ) (4.2)

where D is the diffusion coefficient, Dy is the pre-exponential factor, AH the activation
enthalpy of diffusion, k; the Boltzmann constant and 7" the absolute temperature. After the
diffusion step, the isotopes can effuse from the surface of the target material through the
target matrix. The desorption rate is given by [59]:

Eac
Tq ~ exrp (— kﬂf) : (4.3)

where E,; is the activation energy for desorption. This process can be negatively influenced by
high sticking times or for those isotopes which are chemically reactive with the target matrix.
The process of effusion is typically faster than diffusion, so it is beneficial to use a porous target,
even though this decreases the target density [60]. Thanks to the microstructure, isotopes
reach the target surface faster via diffusion and can effuse out through the target matrix to the
ion source. From equation and [4.2] it can be seen that a high temperature speeds up the
diffusion and effusion. On top of that, it reduces the sticking time to the walls of the target of
container, which is also why the creation of cold spots can negatively influence the extraction
efficiency [61]. However, heating a target to very high temperatures comes with a certain
drawback. The maximum temperature of the target is limited by sintering, a process which
brings grain growth, coarsening and porosity reduction [57]. This is an irreversible process that
negatively impacts the release process. The use of carbon in the target is an efficient way to

hinder the sintering process [62]. This is why a ThC target with a microstructure was used in
the MEDICIS runs of 2023.

2. lon Source The isotopes that have escaped, make their way to a rhenium ion source
through a heated transfer line. The ion source is resistively heated using a current that
is separate from the one powering the target, which is typically operated at 2000 °C [6].
As previously mentioned, the isotopes undergo ionization, achieved either through surface
ionization or resonance laser ionization. The former happens when an isotope comes in contact
with the hot surface of the ion source container, which loses an electron in the process. This
technique works for elements with an ionization potential (IP) W; < 7 eV [61]. The ionization
efficiency 7 for surface ionization inside the ion source is given by the modified Saha-Langmuir
equation [63]:

BNrE

"= TR0 - Neg) (4.4)
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with

B=a/(l+a),
(o=
oz—exp( T )

Nrg = exp (—e®@p/kT) .

and

Here ¢ is the work function - the energy needed to remove an electron from the surface -
W* =W — kTln(o;/0o) the effective ionization energy, including the effect of the statistical
weights o0, 1" the temperature of the heated surface and ®p the plasma potential w.r.t. the
wall potential (= 0). This equation incorporates the plasma that is created inside the ion
source. It is therefore advantageous to use materials with high work functions to produce
positive ions, such as tantalum (¢ = 4.19 eV), tungsten (¢ = 4.53 eV) and rhenium (¢ =
5.1 eV) [6I]. The disadvantage of this ionization technique is that is not very selective.
Besides surface ionization, resonance ionization is performed by two or more temporally and
spatially overlapped lasers. The process consists of a stepwise excitation of the atom, where
the last step excites a valence e~ to the continuum, an auto-ionizing state (state above IP)
or a Rydberg state - a state close to the continuum. This method is very selective, as the
ionization scheme is specific for an element. In the case of ?2°Ac, three lasers in total were
used, originating from two ionization schemes, as can be seen in figure[4.4] Via a laser window
in the dipole magnet, 3 lasers were directed at the ion source with a wavelength of 438.575 nm,
456.148 nm and 424.702 nm. The efficiency of ionization is usually increased by the fact that
a potential is created by the formation of a thermal plasma, which confines the ions in the
center of the ion source and avoids de-ionization [64].

I /10 €Y
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Ay, =424.702 nm
A,, =456.148 nm

4p§/2 ———— ) 877 eV

A, = 438.575 nm

2D, , 0.000 eV

Figure 4.4: Two ionization schemes used for resonance ionization of ?2°Ac. As step 1 is
common for both schemes, 3 lasers had to be used. Figure taken from [0].

3. Beamline An extraction electrode is placed behind the ion source, which is typically put
at 60 kV. Higher voltages are possible, but are not used to avoid electrical sparks. The beam
is focused using an Einzel lens, which consists of three cylindrical electrodes as can be seen
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on figure [4.5] The outer two electrodes are grounded, the middle electrode has a potential in
the range of 18 kV (for a 30 keV beam) [54]. This mode of focusing is called decel-accel [65].
After the particles exit the first electrode, the ions decelerate axially and are pushed outward
radially. When entering the second electrode, the ions are pulled inward radially and upon
exiting, they are also accelerated axially. A higher voltage on the inner electrode results in a
higher refractive power. It is noted that the beam is only focused and not accelerated by the
lens.

Figure 4.5: Workings of an Einzel lens in decel-accel mode. The incoming ions have an
energy of eVp and the inner electrode a potential of V. Image taken from [65].

4. Dipole magnet The focussed ion beam eventually reaches the mass separator magnet. The
magnet from MEDICIS originates from Louvain-La-Neuve [54]. By applying a current through
the coils of the magnet, the direction of the incoming ions is modified by the magnetic field.
The radius r of the bended trajectory is given by

muv

r=—,
qB

(4.5)
where m, v and ¢ are the mass, velocity and charge of the ions and B the strength of the
magnetic field. The isotope of interest is thus filtered by its mass-to-charge ratio. It is
important that the magnetic field is homogeneous in the path of the ions. The mass resolving
power of the magnet is given by

M

FWHM’
where d represents the separation distance between two neighboring peaks with masses M and
M +1, while FW HM (expressed in distance units) denotes the full width at half maximum of
an ion beam with mass M in the focal plane of the separator. A higher M RP results in better
filtering of the isotope of interest (es,). The M RP depends on the magnet characteristics
and the ion optical properties of the ion beam.

MRP =d (4.6)

5. Collection chamber After the mass separation of the dipole magnet, the ion beam is
implanted on a collection foil. Up to three different foils can be positioned in the setup,
separated by 15 mm with a size of 250x150x0.25 mm, which enables the implantation of
multiple samples during one run [54]. A collimator is positioned in front of the foils to enhance
the selective collection of ions of interest. Additionally, the current on the foil and collimator
is measured by a PAM, providing a measurement of the ion beam current on the collection
foils at any given moment. A CZT (cadmium zinc telluride) KROMEK detector is positioned
next to the foils, which is gated on the gamma rays of the daughter nuclei 'Bi and 22'Fr
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to assess the collected activity during an extraction run. Different materials can be used for
the foils and depends on the radiochemistry purposes performed after collection. For the runs
analyzed in this work, the materials used were thin Al coating on a gold foil and NaCl crystals
on Al. Gold is chosen as a substrate, since it is inert and thus does not dissolve in acid used in
the subsequent radiochemistry steps. Aluminium has the advantages that it easily dissolves.
In the past, Zn was used, but the lower Z of Al provides a better mitigation against sputtering
[56]. The latter is a process where the impact of the incoming ions cause isotopes on the foil
to escape, which can negatively impact €;,piant-

6. Beam diagnostics instrumentation Characteristics of the ion beam could be determined
by Faraday cups and wire scanner. A Faraday cup (FC) is a metal cup which collects the ions
of the incoming beam. Upon impact, the ions are neutralized by picking up an electron, which
results in a current flow. A current from ~ 0.5 pA can be measured, which is proportional to
the number of incident charges per second. Careful electronics design is therefor necessary to
avoid large errors. If an ion arrives with enough energy to eject a secondary electron, failure
to recapture this electron can lead to inaccurate readings. Hence, the metal cup shape is
designed to maximize recapture and repeller voltages (approximately 60 V) can be applied
to push back emitted e~'s [66]. This technique interrupts the collection of isotopes on the
foils. Two Faraday cups are present in the setup, before and after the mass separating dipole
magnet, which are referred to as FC70 and FC30 respectively. A wire scanner works with the
same principle (but no repeller voltage), but with the finite size, the profile of the ion beam
can be visualized.

4.3 Description of collection runs

In this work, four collection runs from CERN-MEDICIS are examined. The runs date from
May, June, August and September 2023 and will be referred to using the month. The data
from each run consist of a log book and a collection report, in which details and significant
events are written from during the run. This information was examined before every analysis
to gain a general idea on the collection conditions. Afterwards, data from every run were
retrieved from TIMBER, a CERN database. The data included ion current on collection foils,
collimator and two Faraday cups, as well as heating current and voltage data, all measured in
function of time. In table B.I] an overview of the available data are given.

During a collection run, the target container and transfer line are stepwise heated. At first,
isotopes with a low boiling temperature escape the target, such as 3°K. A sudden release in
isotopes can result in pressure spikes, which potentially can trip the target. In order to not
damage the target or setup, the current is kept constant to give enough time for the isotopes
to escape, after which a gradual stepwise increase can occur. Mass scans can be performed
to identify the mass composition of the beam. This can give insight about which isotopes
are being released and ionized, especially in the case of radium. A typical pattern can be
recognized in the mass scan when Ra is produced, as shown in figure [£.7, This pattern of
isotopes is validated through simulations using FLUKA in the work of J. D. Johnson et al.
[67], underscoring its reliability. The production of actinium could be identified based on the
effect of the ionizing lasers. If the lasers were blocked, a drop in the current should happen
with respect to when the lasers are not if actinium is present in the ion source. During the
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collections, the lasers were blocked every five or ten minutes, which gives a typical pattern as
shown in figure . This phenomenon will be referred to as the laser on/off effect.

Below, more context is given about the different runs, giving details about the targets, the
temperatures used and other significant information. The collection efficiency of a collection
is determined by the ratio of the activity at the start and end of a collection for a particular
collected isotope. The activity at the start was determined by a FLUKA estimation (Monte
Carlo), the activity after the end of collection (EOC) is determined by gamma-ray spectrometry
with a HPGe (High-Purity Germanium) detector. All information of the runs are based on the
logbook and collection reports.
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Figure 4.6: A sample of beam current data where the periodic drops are due to the lasers
being blocked, approximately 30 seconds every 10 minutes (in this figure). The current
[pA] on the foil is plotted against the time elapsed [hours]. The data are from the May
run.
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Figure 4.7: Left. The beam profile of radium, showing the different isotopes. Right.
Mass scan from A/q = 200-235, where the typical pattern can be seen at the right. Both
pictures are retrieved from the logbook of May, at a target temperature of 1400 °C and
3.90 hours in the run.

May The objective of this run was to assess the feasibility of extracting ?2°Ra and ?2Ac. The
target for May run was a ThC target, which was irradiated for 21.85 hours with 1.4 Gev
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protons at the ISOLDE facility. 25 minutes after end of bombardment (EOB), a dose rate
of 1589 mSv/h was measured for the target unit. Three foils were loaded in the collection
chamber, where one was composed of NaCl/Al and the other two Al/Au. One of the latter was
meant for KU Leuven for further analysis (see chapter [5). The other two foils were meant for
Centre Hospitalier Universitaire Vaudois (CHUV) in Switzerland and Pakistan Atomic Energy
Commission (PAEC) in Pakistan. After approximately 3.90 hours, the target was heated to
401 A (1400 °C), whereafter *°Ra was seen and collected. After 30.17 hours, the laser
effect of actinium was seen with a target current of 801 A (2269 °C), where the foil for KU
Leuven was implanted on for a total of 1 hour, divided over 2 time intervals of 30 minutes.
The maximum temperature of the target was 2398 °C. Ra collection efficiency (according
to FLUKA calculations of the radionuclide inventory in the target at the time the collection
starts) is around 40 % and Ac around 1%. A typical higher efficiency is seen for Ra due to
the lower boiling point (1140 °C at 1 atm) and more efficient surface ionization [68].

June The same objective and target were used as in the May run. The target was irradiated
for 21.98 hours, which resulted in a dose rate of 1440 mSv/h, 30 minutes after EOB. Two foils
were composed of NaCl on Al, where one was meant for KU Leuven (but not for the Institute
for Nuclear and Radiation Physics), the third was composed of Al/Au. After 2.5 hours, Ra
was identified on the mass scan, again at a target current of 400 A, which corresponds to a
temperature of 1400 °C. The laser on/off effect of actinium was seen after approximately 1.5
days, at a target current of 800 A (2260 °C). The maximum target temperature was 2398 °C.
Ra collection efficiency (according to theoretical calculations in the target) is around 24 % and
Ac around 0.5 %. It should be noted that sintering of the target (from May) had an effect on
the efficiency of extraction from the target.

August The objective of this run was to collect ?*Ra and ??°Ra. The same target was used
as in the previous runs. The target was indirectly irradiated using the ISIS station for 120.45
hours and afterwards directly irradiated using the proton beam of 1.4 GeV. For comparison,
the cumulated current was 151 pA - h and 8 LA - h respectively, which resulted in a dose rate
of 259 mSv/h (18.7 hours after EOB). However, the run experienced some setbacks. The
target showed a lot of outgassing that hampered the heating process. The vaccuum status
prevented heating of the target. The high voltage and beamline tripped during the first night.
This had the consequence that not sufficient information was given about when the collection
started or ended for a particular foil. For this reason, this run is not further analyzed in this
work.

September The objective of this collection was to assess the feasibility of producing ?°Ra
and ?*Ac, with also a small collection of ?**Ra for internal use. Another ThC target was
used for this collection, which was irradiated for 4.58 hours by protons of the PS Booster.
This resulted in a dose rate of 1270 mSv/h on the target (0.92 hours after EOB). Three salt
foils were used in this run. After approximately 7 hours, the collection of ?*°Ra began at a
target current of 400 A (1421 °C). The next morning, ***Ra was collected for 2 hours for
radiochemistry purposes. After four days, the laser on/off effect was visible at a target current
of 775 A (2268 °C), but as the beam current was low (few pA) and high temperatures were
involved, it was decided to stop the collection. The laser effect was not analyzed in this run
due to the short time span. The maximum target temperature was 2315 °C, corresponding to
a current of 800 A. The efficiency of the collection is calculated to be 40 % for #°Ra.
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4.4 Activity on collection foils

One of the objectives was to estimate the collected activity on different collection foils based on
the eion beam current measured during the experiment. This method would enable real-time
estimation of the activity. Currently, the activity on the foils is assessed using a KROMEK
detector, which detects the gamma emissions of the daughter nuclei ?2!Fr and 2'3Bi. While this
method is effective, it has certain disadvantages. There is a delay in detecting the collection
of 225Ac, the detector can experience saturation and it does not entirely differentiate between
the activities on different foils. The method based on the ion beam current can overcome
these challenges and can also serve as an additional check on activity measured with a HPGe
gamma detector.

The gamma spectrometry is performed after collection and is a mandatory step for logistics
and quality control. This measurement technique can identify different isotopes on the foil
through visible peaks and calculate the activity. However, it cannot distinguish between the
amount of ??°Ac resulting from the decay of ?*Ra (if collected on the same foil) and the
amount of ??Ac directly collected from the ion beam. The technique discussed in this work
addresses this limitation by estimating both amounts.

Method

The technique used in this work is based on integrating the electric current measured on the
collection foils. This equals the collected charge and can be converted to an activity under
the assumption that one certain isotope is collected. As mentioned above, an identification
can be done for the isotopes of Ra and 2??Ac. This process is put in the following equation

t1,t
A(ty, ta) = A+ N(t1, 1) :A-M, (4.7)
e
where A is the activity, A the decay constant and N the total amount of isotopes, which is
given by dividing the collected charge Q(#1,t) by the charge of anion e = 1.6-107' C. The
time interval At = t5 —t; is chosen based on logbook information, matching the period when
a specific foil is in use. If there are contaminants being collected, this method provides an

upper limit to the total activity.

Before integrating the current, the background current must be estimated. This is the current
measured on the collection foil when no isotopes from the beam reach it, which occurs when a
Faraday cup is measuring and blocking the isotope beam. Even when no isotopes are collected
on the foil, the measured current is not zero. This can be due to two reasons: an electrical
offset where the electronics do not provide the correct value and the presence of radioactive
isotopes on the foil. If these isotopes for example decay via alpha emission, a helium nucleus
with a charge of 2e can escape the foil, resulting in a negative current. Therefore, it is
essential to estimate the background current instead of simply calculating the area under the
beam current. To put it another way, the measured current on the foils /4,; is given by

Ifoil(t) = Ibeam(t) + Idecay(t)a (48)

where Jjeqm (t) is the current coming from the incoming ion beam and Iyeqq, (%) is the negative
background current coming from the loss of charge from radioactive decay. These two values
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are correlated with each other, as an increase in the ion beam current at a time ¢ results in
more radioactive isotopes collected, which decay at a time t* > t. To estimate the activity
collected on the foil, Iyeqm(t) has to be determined for all times ¢. The current on the foil
It (t) is measured by the PAM. However, lj.q,(t) is only given for those times ts. when
the Faraday cup is blocking the beam, as Iyecay(tsc) = Lfoit(tse) (Lbeam(tse) = 0). Since no
physical model currently exists to predict the background behavior for all ¢, the data points
Itoi(tse) are either empirically fitted or linearly interpolated to get an estimate of geqqy(1).
The interpolation has its advantage in its simplicity, making it possible to integrate this method
in real-time during experiment. Empirically fitting has the advantage of assigning an error to
the background estimation and gives a smoother behavior of Ije.q,(t) with respect to the
perfect linear connections of linear interpolation. However, as the behavior of I, (%) is not
known, the challenge is to choose the best fit. In this work, an exponential function

y(x) =A-exp(k-z) -0, (4.9)

and polynomials of different degrees were chosen. The fit quality is assessed by examining the
x> value given by

1 vi — 0\
2 -~ == 4.10
=Y (M) (4.10)

where y; represents the I, (ts.) data points, y; the fitted values for those points, and o the
error on the current I;,;(ts.). The error on the foil is determined by calculating the deviation
on the current when it was relatively stable. It was found that this error was correlated with
the magnitude of the current. For simplicity, the error was assumed to be 0.5 pA, which
approximately corresponds to the error observed for the highest currents measured. This
overestimation of the current did not result in significant errors, as evidenced by the results
shown below.

After estimating the background current Ije.q,(t), the area between the background and the
foil current was determined using the trapezoid rule. This is done by calculating the area
between consecutive data points

Qi _ (Ifoil<ti+1> — Idecay(ti—l—l)) 2<Ifozl<tz> - Idecay(ti)) : At (411>

The error on the calculated area was determined using error propagation, considering the
statistical error on the electrical current I,;, the error on the fit I4c.,, obtained by propagating
the errors on the fitted parameters, and the error on the time difference At between consecutive
points. A more detailed explanation about the errors is provided in the appendix. In the case
of linear interpolation, no error is given on lj.,, coming from the background estimation,
which resulted in lower errors. This charge (); can then be converted to an activity A; using
equation [4.7]

By summing all A;, the total collected activity A(¢1,%2) could be determined. However, as
radioactive isotopes are being collected on the foil, the decay of these isotopes has to be taken
into account using

A(t) = Ap - exp(—At), (4.12)
Adecay -

where Ay is the initial activity (¢ = 0) and A the decay constant. This resulted in
A; - exp(—A\At), where At = t.,q — t; is the time duration till the end of collection. By
summing A% the total collected activity A%c@(t, t,) could be determined at the end of
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collection, which could be compared with the gamma spectrometry measurement performed
after collection. The timing of the latter can be found in the collection report for each run.
Using this information, the activity could be calculated, using equation [4.12] to the moment
when collection ended.

Results

Below, the results for the runs in May, June, and September are presented. For the May run,
a detailed explanation is provided, including figures and tables that describe how the activities
on the foils were determined. To maintain readability, the figures and tables for the June and
September runs are included in the appendix, and only the determined activities on the foils
are given here.

May run
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Figure 4.8: The ion beam current measured on the foils (black) and the heating current
through the target unit (red) and transfer line (orange) in function of elapsed time [h].
The colored regions represent the collection on one of the three foils (yellow = MS-022,
green = M-239, blue = M-233). The dotted lines indicate when isotopes of interest were
identified. Sudden drops in the current happen when a Faraday cup (FC) is in.

In the May run, three foils (MS-021, M-239, and M-233) were examined. M-239 and M-233
were irradiated for one hour each to collect actinium, while MS-021 collected ??°Ac and ??°Ra
for the remaining time. Collection times and the isotopes collected were retrieved from the
logbook. 22°Ra was collected first due to its lower release onset temperature, transitioning to
225Ac after 31.16 hours when the laser on/off effect was observed. An overview of the data is
provided in figure [4.8|

225Ra collection began after 3.90 hours with a target current of 401 A and a line current of
255 A. This process lasted for 26.27 hours, ending with a target current of 801 A and a
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line current of 285 A. Background currents were fitted using multiple polynomials only (see
figure [4.9), as exponential fits were not suitable given the behavior of the data. The negative
values on the foil emphasize the need to take background data into account. The results are
summarized in table [2.1]
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Figure 4.9: The ion beam current on the foil over time during the collection of 2°Ra in
the May run. The red dots indicate the moments when a Faraday cup (FC) is in use.
These points were fitted using multiple polynomials to model the background current.
Values coming from these fits are shown in table .

Table 4.1: Summary of collected charges and activity when collecting ??*Ra using
polynomial fits and linear interpolation for background estimation in the May run. See

figure [4.9]

Background Charge Collected [puC] | Activity [MBq] X
Polynomial degree 1 | 14.792 £ 8.5627 - 107> | 45.30761 %= 0.0003 | 0.1488
Polynomial degree 2 14.775 £ 0.002 45.2520 £ 0.0049 | 0.0771
Polynomial degree 3 14.775 £ 0.060 45.2533 £ 0.1878 | 0.0769
Polynomial degree 4 14.785 + 9.262 45.2852 + 29.0758 | 0.0760
Linear interpolation | 14.849 4 8.1379- 107" | 45.4883 4 0.0003 -

Errors in the activity arise from uncertainties in electrical current and fit and seem to differ
strongly between different fits. Linear interpolation errors are relatively small as they exclude
fit uncertainty. These estimates provide the collected ??°Ra activity on foil M-021, which is
compared to gamma spectrometry value (see table .

The laser on/off effect for ?2Ac was observed after 30.17 hours. From this moment, it
was assumed no 2?’Ra was being collected for further calculation. Background fitting was
performed using an exponential and multiple polynomials (see figure . Total collected
charge and activity are shown in table 4.2} Polynomials above degree 3 were excluded due to
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rising activity errors. Foils M-239 and M-233 were each used twice for half an hour. Values
for these foils are in tables 4.3 and [4.4] A visualisation is shown for foil M-233 in figure [4.11]
The total activity was calculated using the best fit, based empirically, on the estimated error

and on the x? value.
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Figure 4.10: The current on the foil over time during the collection of ??*Ac in the May
run. The red dots indicate the moments when a Faraday cup (FC) is in use. These points
were fitted using multiple polynomials and an exponential. The corresponding values are

presented in table [£.2]

Table 4.2: Summary of the total collected charges and activity for 22 Ac in the May run
over a duration of 30.83 hours, using different background estimations. An illustrative
representation is provided in figure [4.10}

Background

Charge Collected [uC] | Activity [MBq] %

Polynomial degree 1

0.33250 &= 0.00019 1.5752 = 0.0010 | 0.3844

Polynomial degree 2

0.37723 = 0.07264 1.7916 = 0.3587 | 0.0423

Polynomial degree 3

0.38 + 38.32 1.8 £ 188.8 0.0280

Exponential

0.37798 £ 0.00008 1.7950 £ 0.0004 | 0.0371

Linear interpolation

0.36130 £ 0.00008 1.7149 + 0.0004 -
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Figure 4.11: Regions 1 (left) and 2 (right) of foil M-233 in the May run, showing the ion
beam current on the foil in function of time when 22° Ac was collected. The red dots denote
the moment when a Faraday cup (FC) is in, which were fitted by multiple polynomials
(left) and an exponential (right).

Table 4.3: Collected charges and activity for 2°Ac on foil M-233, collected at two different
time intervals. Estimation is based on background data fitting or linear interpolation. An
illustrative representation is given in figure .11}

Elapsed time [h] | Background | Charge Collected [uC] | Activity [kBq] %
32.8-33.3 degree 0 0.01509 £ 0.00001 69.988 £ 0.049 | 0.5499
32.8-33.3 degree 1 0.01507 £ 0.00007 69.930 £ 29.069 | 0.5512
32.8-33.3 interp 0.01523 £ 0.00001 70.654 £+ 0.049 -

48.48-48.98 exp 0.00418 £ 0.00001 20.238 £0.052 | 0.1813
48.48-48.98 interp 0.00422 £ 0.00001 20.499 £ 0.052 -

Total Activity Collected (fitting)

90.226 £ 0.071

Total Activity Collected (interpolation)

91.153 £0.071

Table 4.4: Collected charges and activity for 22°Ac on foil M-239, collected at two different
time intervals. Estimation is based on background data fitting or linear interpolation.

Elapsed time [h] | Background | Charge Collected [uC] | Activity [kBq] | X2
32.3-33.3 degree 0 0.01562 £ 0.00001 72.38 £0.05 | 0.0313
32.3-33.3 degree 1 0.01562 £ 0.00449 72.34 £20.80 | 0.0054
32.3-33.3 interp 0.01553 £ 0.00001 71.96 £ 0.05 -

47.97-48.47 exp 0.00432 £ 0.00001 2093 £0.05 | 0.1342
47.97-48.47 interp 0.00419 £ 0.00001 20.32 £0.05 -
Total Activity Collected (fitting) 93.31 £ 0.07
Total Activity Collected (interpolation) 92.28 +0.07

To summarize the estimated activities, table presents the total activities estimated using
background data fitting and linear interpolation of the background data. These estimations can
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be compared with the activities obtained from the gamma spectrometry measurements taken
after collection. While the values are comparable, they do not agree within the error margins.
Nonetheless, the method provides a general indication of the collected activity, except for the
225 Ac collected on the MS-021 foil, which differs by an order of magnitude. This discrepancy
is expected and is further discussed in the following section.

Table 4.5: Summary of collected activities on the foils at the end of the May run.

Foil | Isotope | Activity from fit [MBq] | Activity from l.i. [MBq] | Gamma spec [MBq]
MS-021 225Ra 48.128 £ 0.005 48.379 £+ 0.0003 59.26 £ 0.12
MS-021 25A¢ 1.612 4 0.0004 1.532 4+ 0.0004 22.01 £0.61
M-233 25 Ac 0.090 £ 0.007 0.091 + 0.007 0.115 £ 0.007
M-239 25 Ac 0.093 £+ 0.007 0.092 £ 0.007 0.113 £ 0.009

June run
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Figure 4.12: The ion beam current measured on the foils (black) and the heating current
through the target unit (red) and transfer line (orange) in function of elapsed time [h].
The colored regions represent the collection on one of the three foils (yellow = MS-020
(left), blue = MS-022, green = M-288). The dotted lines indicate when isotopes of interest
were identified. Sudden drops in the current happen when a Faraday cup (FC) is in.

In the run of June, ??*Ra, 2?°Ra and 2?°Ac were collected on three different foils. ??Ra was
only collected for 20 minutes on foil MS-020 and was used for internal research. The foil
MS-022 for KU Leuven was irradiated with 22°Ra and ?25Ac right after the collection of ?*Ra
and was in for the whole run, except when the third foil M-288 was collecting 2?°Ac for 3.18
hours. A similar analysis has been done as for the May run, which resulted in activity estimates
on the collection foils given in table [4.6]
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Table 4.6: Summary of collected activities on the foils at the end of the run of June.

Foil | Isotope | Activity from fit [MBq] | Activity from 1.i. [MBq] | Gamma spec [MBq]
MS-022 | ?*Ra 20.749 £ 1.966 20.707 £ 0.0002 24.96 £ 0.06
MS-022 | ?*Ac 2.381 £ 0.00064 2.533 £ 0.00064 9.698 £ 0.336
MS-020 | **'Ra 0.0193 £ 0.0013 0.0193 £ 0.00005 -

M-288 25 Ac 0.133 £0.012 0.133 £0.00011 0.194 £+ 0.007

September run
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Figure 4.13: The ion beam current measured on the foils (black) and the heating current
through the target unit (red) and transfer line (orange) in function of elapsed time [h].
The colored regions represent the collection on one of the three foils (blue = MS-035,
red = MS-029, green = M-237). The dotted lines indicate when isotopes of interest were
identified. Sudden drops in the current occur when a Faraday cup (FC) is in use. The
reason for the presence of the ’spickles’ is not investigated.

In the last run, the radioisotopes ?*/Ra, #°Ra and (a small amount of) ??*Ac were collected.
A summary of the results for each foil can be found in table [4.7]

Table 4.7: Summary of collected activities on the foils of the run of September.

Foil Isotope | Activity from fit [MBq| | Activity from Li. [MBq] | Gamma spec [MBq]
MS-035 | *?Ra 10.891 + 6.645 10.980 4+ 0.0002 -
MS-029 | *°Ra 73.754 £+ 1.053 75.212 4+ 0.0005 122.6 £ 0.5
M237 *°Ra 0.546 £ 0.005 0.539 £ 0.00005 1.26 £ 0.65
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Discussion

In order to estimate the activity on the foils, the background behavior of the electric current
Liecay(t) on the foil had to be estimated, which was done by either empirical fit functions
(polynomials and an exponential) or by linear interpolation. These functions served to simulate
the general behavior of the background current, which allowed an analysis for the collected
activity. However, as can be seen for example on figure and [B.4] the behavior can be
complex, which is not encompassed in these fit functions. For example, a rise in the background
data can be seen at certain times after the FC is blocking the ion beam current. The span of
different nuclei from the decay chain and the incoming ion beam make it difficult to predict
how the background behaves. A theoretical solution seems not possible at the moment, but
a simulation software could replicate this behavior better and could increase the precision of
the background estimation, which ultimately influences the rest of this analysis.

Still, even though the fit functions do not fully encompass the behavior of the background,
the results of the fit and interpolation can give insight in the ability to predict the general
background behavior by comparing it with the measured activities by gamma spectrometry.
Interpolation forms an advantage in its simplicity and can give a reasonable estimation, but
a perfect linear change in background current between consecutive times where the FC is in,
seems nonphysical. By looking at the values of table [4.5] and [4.7] several things can
be noticed. First of all, the error estimations on the activity are very small compared to
the gamma spectrometry. It was noticed that the error estimation differed strongly between
different degree polynomials and it is hard to choose the best fit, as the real behavior of the
background is difficult to predict. It is thus important to realize that these error estimations do
not serve as an uncertainty on the activity on the foils to take into account in further analysis
or conclusions, but rather say something about the precision of this method if the background
would behave in the same way (which is not fully expected). A lower degree polynomial
resulted in lower uncertainties due to the simplicity of the fit, but as can be seen in the figures,
this does not encompass the complex behavior of the fit. Higher degree polynomials give then
higher uncertainties due the increase in fitted parameters and possible correlation, which leads
to results where no further discussion can be done and can also give oscillating behaviors which
are not expected for the background. A right balance had to be chosen between the two, which
in this case was based empirically, on the x? values and the error estimations. The quality of the
fit, in terms of accurately simulating the background behavior, improves if there are relatively
more background data points /..., within the considered time interval. As shown in figure
[B.2, the long time interval with a low amount of background data resulted in a low-quality fit,
overestimating the background data in the middle and underestimating the background data
towards the end. This discrepancy is deducted from the trend of the calculated apparent laser
enhancement, which is discussed in the next section. For future experiments, the background
data could thus be better assessed if the Faraday cup was inserted more frequently, resulting
in improved fits and providing better insights into the background behavior.

Regarding the activity estimations, the values for ??°Ra show relative good agreement, but
consistently underestimate the measured value. The underestimation can be explained by the
following. In this analysis, an abrupt transition from collecting ?**Ra to #?°Ac is assumed.
This transition point is chosen based on the first observed laser on/off effect, indicating
the collection of ???Ac. However, in reality, *°Ra continues to be collected beyond this
point and gradually diminishes as all the radium from the target escapes. This leads to an
underestimation of ???Ra. However, the opposite is also possible, where 22°Ac is being collected
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before the first occurrence of the laser effect. When the laser on/off effect is observed and
when the lasers are optimized, an effect on the order of 5 pA is observed. Therefore, it is
expected that this effect is smaller before optimization and may not be visible when higher
orders of ion beam current are collected. One method to check if 2?°Ra is still present is by
examining the behavior of the laser enhancement, which will be discussed below. Another
method is to assess whether the gamma spectrometry measurement identifies >°Ra on a foil
that was inserted after the first occurrence of the laser on/off effect. For the June run, gamma
spectrometry measured 1 kBq of 22°Ra on foil M-228, indicating that ?2°Ra was collected in
the time span of 18.9 hours after the first occurrence of the laser effect. Although this
explanation of the abrupt transition may not fully correct the underestimation, it can provide
a partial adjustment. The larger part of the underestimation would either come from the fact
that the background estimation for /4..q, may be overestimated, or the current measured by
the PAM is an underestimation of the collected current on the foil I;,;. The first hypothesis
can be explained due to the correlation between /j.cqy and Iycqm. As previously mentioned, a
higher ion beam current [y, results in a more negative current of I;c.q,. This should normally
be incorporated in the background fit, which suggests that the general behavior of Ijccqy is
not well captured by linear interpolation or fitting. Putting the FC more in would benefit this
problem. The second hypothesis could in theory be tested by analyzing the ion beam current
measured on FC30, which is positioned after mass separation. If FC30 measures a higher
current than the current measured immediately before on the collection foil, a correction
factor could be applied. This would indicate that the ion current measured on the foils is
underestimated and may depend on the material and dimensions of the foil. However, this
analysis could not be conducted because the current measured by FC30 was not representative
of the ion beam current, displaying nonphysical behavior. If in other extraction runs, the FC
would give a physical behavior of the ion beam current, then the correction factor could be
determined and this hypothesis could be checked. Additionally, the material dependency on
the foil could not be verified due to the influence of background current on the analysis.

For the foils where only 22Ac is collected, the values also closely approximate the measured
data, but also seem to underestimate the measured activity, which again can be explained by
either of the previous hypotheses. For foil M-288, approximately 1 kBq of ?2°Ra was identified
by gamma spectrometry, but the magnitude of the generated ?>°Ra should not have a big
influence on the estimated value. This activity probably comes from residual ?2°Ra in the
target that has escaped after increasing the target temperature.

Looking at the values of *>Ac on the foils MS-021 and MS-022, a clear deviation can be seen
between measurement and the estimated value from the electric current. This is expected,
as on both foils, both the parent and daughter isotope are collected. This means the values
of 22°Ac, measured with gamma spectrometry, do not represent the directly collected ?*°Ac,
but also the decayed 2?°Ra on the foil. The amount of actinium left on the foils coming from
?25Ra can be calculated using the solutions to the Bateman equation [69]

N1

N,(t) = Z Aiczerp(—Ait), (4.13)

where
- A
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This equation encompasses the generation and decay of a certain isotope, and was applied for
every activity A; of 22°Ra collected coming from one trapezoid. By doing this, the ??*Ac on
the foils coming from the 2?°Ra can be estimated and the values are shown in the table [4.8]
However, in this calculation, potential recoil of 22°Ac from the foil is not taken into account,
though this effect is not expected to be large. If needed, this effect could be simulated [56].
The new values still underestimate the measured 2?°Ac by 65.1 £ 1.9% and 14.3 4+ 9%, which
makes sense since the generated 2> Ac comes from an underestimated amount of ?2Ra. Still,
for foil MS-021 in the May run, the large difference in activity is not expected.

Table 4.8: Generated ?**Ac on foils MS-021 and MS-022 coming from 2??Ra. The
background data are either fitted or linearly interpolated (L.i.).

Foil Actinium generated [MBq] | Total > Ac [MBq] | Gamma spec [MBq]
MS-021 fit 6.067 = 0.020 7.682 £0.019
MS-021 Li. 6.092 £+ 0.004 7.623 £ 0.004 22014122
MS-022 fit 5.931 £ 0.543 8.312 £ 0.680
MS-022 1.i. 5.918 + 0.008 8.452 £ 0.008 9-698 +0.671

Since the same target was used for both the May and June runs, it is expected that the
extraction efficiency would be lower in June due to the sintering of the target. Prior to each
run, the target was irradiated for 21.85 and 21.95 hours, respectively. Gamma spectrometry
measurements indicate that less than half the amount of 22°Ra was collected in June compared
to May, suggesting that sintering might have had a significant impact. However, gamma
spectrometry alone cannot provide information on the extraction of 22°Ac due to the feeding
effect of ??>Ra. The analysis performed in this work allows for a comparison of the extracted
amounts of 22°Ac between the two runs. The extracted amounts were 1.795040.0004 MBq in
May and 2.513640.0120 MBq in June, based on the background fitting. Despite the sintering
effect, the total amount of 2?°Ac collected in June was larger because the experimental run
lasted twice as long. However, when the collected amounts are divided by the time difference
between the first occurrence of the laser effect and the end of collection, the values are
56.41240.013 kBg/h for May and 26.142 +0.124 kBq/h for June. This shows that the effect
of sintering slows down the extraction of 22°Ac, which poses to be problematic if production
scales up.
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Figure 4.14: Ratio of activities calculated with subtraction of fitted background and
linearly interpolated background respectively.

At last, a comparison can be made between the values coming from the fit and linear
interpolation. As can be seen in figure [4.14] the linear interpolation differs from the fitted
values only by 0.1-6%. The large error of MS-035 comes from the error of the fit. These values
encourage the implementation of the interpolation for on-line analysis during an experimental
run, due to its simplicity and the relative good agreement with the measured values.

To summarize, relative good agreement is found between the determined and measured
activities, but a clear underestimation is found. A deeper analysis in the workings of the PAM
in the experimental setup or analysis in the background current could benefit the determined
estimations. If, in the future, this method could accurately predict the collected activity, a
slight overestimation would still be expected due to the presence of contaminants in the beam
(which is the topic of chapter 5)), as it is assumed one isotope of interest is collected at a time
in this method. High precision would be required, but this approach could enable assessment
of contaminant collection. It should be mentioned that caution should be taken using the word
'contaminants’, as these could include (useful) ??°Ra if only ***Ac is expected to be collected.

4.5 Laser on/off effect

Another goal was to investigate the influence of the laser ionization on the extraction of 2?°Ac.
In the extraction run, the ionizing lasers were blocked every ten or five minutes. This was done
to identify the presence of 22°Ac, which results in the characteristic behavior seen on figure
, referred to as the laser on/off effect. The influence of the lasers was only investigated in
the May and June run, since the other runs had no or no significant laser on/off effect. To
assess the influence of the laser, two values were calculated: the apparent laser enhancement
and the activity collected due to the ions produced by resonance laser ionization. Both values
were calculated at a constant temperature of the target and transfer line. The gain in activity
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thanks to the lasers allowed to calculate the true laser enhancement for three collection foils,
as will be explained below.

Apparent laser enhancement

The apparent laser enhancement is given by

Lon, . Tac + Tyes + Ios _ Lyer
Ly Ias+1Ios  Iaes +1ps

+1, (4.14)

where I, /o7 represents the current when the laser is (not) blocked , I 4.z and I .s denote the
currents from laser-ionized and surface-ionized actinium respectively and I-s represents the
current from surface ionized contaminants. This is termed " apparent” since contaminants are
included in the calculation. All currents were first corrected by accounting for the background
current.

Method

To determine the data points for I,f¢, the mean of the lowest values within a specified
time interval was calculated. These intervals were chosen around the time when the lasers
were blocked, typically every 5 or 10 minutes. The minimum value within each interval was
identified, and a group of data points that differed from this minimum by a specified threshold
was selected. The mean and standard deviation of this group were used as the laser-off value
and its error.

The I, data points were chosen by shifting 25 seconds from the laser-off states to the right.
Similar to the I,;; data points, a group of data points was selected based on a specified
threshold difference. This group was then used to calculate the laser-on value and its error.
An example of both I,;¢ and I, values are visualized in figure . The background data
were then subtracted from 1,,,,; before using equation . It is thus important to keep in
mind that the enhancement factors depend on the behavior of the fitted background.

Results

May: The laser enhancement was determined between 33.7 and 60.64 hours (EOC), where
the target current was 878 A and line current 286 A. Three different regions were investigated
separately, as the Einzel lens malfunctioned after 44.5 hours, lowering and increasing the
current on the foil and collimator respectively. The regions can be seen in figure [4.15]

In figure [4.17] the time evolution of the apparent laser enhancement can be seen. The
sudden drop of the values is due to the malfunctioning of the Einzel lens. After 54 hours,
a laser optimization was performed, which disturbed the current on the foil and explains the
discontinuity around 54 hours.
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Figure 4.15: The ion beam current measured on the foil (blue) and the heating current
through the target unit (red) and transfer line (orange) in function of elapsed time for
the May run. Three different regions are highlighted, which are analyzed separately.
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Figure 4.16: The data points of the first region used to determine the apparent laser
enhancement (see equation 4.14]) of the May run. Figures of the other regions are in the

appendix.
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Figure 4.17: The apparent laser enhancement (see equation [4.14]) of the May run. The
discontinuities are due to the Einzel lens malfunctioning and a laser optimization. The
target and line current are 877.69 4+ 0.02 A and 285.58 + 0.02 A.

June: Two regions were investigated for the laser effect, which are visualized in figure [4.18]
In contrast to the run in May, the laser was blocked every five minutes instead of ten minutes
during the collection.

The first region denoted the moment when the laser effect was first seen and has a duration
of approximately 13 hours, where the target current was 802 A and line current 280 A. The
apparent laser enhancement can be seen on figure [£.19] The second region considered is a
time interval of 64.5 hours at the end of the collection (EOC). The target and line currents
were higher than the previous region, namely 878 A and 286 A respectively.
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Figure 4.18: The current on the foil (blue), target (red) and transfer line (orange) plotted
against time. The yellow region is the first region investigated, the second region is colored
green.
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Figure 4.19: The apparent laser enhancement (see equation 4.14)) of the June run in the
first region (yellow on figure |4.18]). The target and line current are 802 A and 280 A.
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Figure 4.20: The apparent laser enhancement (see equation [4.14]) at the end of the June
run. The target and line current are 878 A and 286 A.

Discussion

The laser on/off effect describes the regular blocking of the lasers, which leads to a characteristic
drop in the current. For the calculated values of the apparent laser enhancement, it is important
to note that these values depend on the background fit, as equation [4.8| is applied. In figure
[4.17 the apparent laser enhancement is shown for the May run. The sudden drop in the
plot is due to an unexpected Einzel lens malfunction, and the gap around 54 hours is due
to a laser optimization performed at that time. Based on this plot, it can be seen that the
collected current more than doubles when the laser is turned on, highlighting the benefit of
laser ionization. A better understanding of the background data could improve the precision
of the enhancement factor.

For the first region of June (see figure, the values increase first and seem to saturate after
four hours. If the behavior of the background would be fitted well, this plot would show that
amount of contaminants (isotopes other than #2°Ac) is decreasing after four hours, whereafter
a stability is reached where (approximately) only ?*Ac is collected. It is reasonable to assume
this 'contaminant’ is 2?°Ra, as these values are calculated right after the first observation of
the laser effect. However, by looking at figure at the left, it can be seen that the fit
overestimates the background data slightly, which can mean the saturation is an effect of the
background fit. In figure [4.20} the apparent laser enhancement is given for a period of more
than 2 days. However, due to the large duration and the low amount of background data,
the fit on the background is considered as an incorrect representation of the real behavior.
This can also be seen at the right of figure [B.2] where the fit does not capture the last data
points of the background data. The expected behavior was a relatively constant plot of the
enhancement, as after such a long duration in the experiment, other isotopes are depleted.
The increase in figure [4.20] is thus inherent to an overestimation of the background, and the
decrease to the underestimation of the background at the end. From this, it can be concluded
that the general behavior of the background is not properly captured by the empirical functions,
certainly not for a long duration and few data points.
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Figure 4.21: Slight overestimation of the background fit for the Ac-25 collection in the
run of June. The exponential and degree 2 polynomial overlap.

The apparent laser enhancement was also calculated by fitting both the laser on and off states
with an exponential. However, the results showed nonphysical behaviors and do not comply
with the figures shown in this work. This means that the behavior of the current cannot be
captured by an exponential.

By comparing and [4.19] it can be seen that the laser enhancement is higher in May
than in June. This can be due the difference in laser powers, which can fluctuate during a
run with (poor) experimental conditions. However, the values from both figures depend on
the background fit and agree within the error bars, making it difficult to draw a definitive
conclusion about the cause of the observed difference.

Gain in activity

Besides the apparent laser enhancement, the gain in collected activity thanks to the lasers is
estimated. This analysis allows to calculate the true laser enhancement factor, excluding the
activity from contaminants, and to get an estimate of the collection rate due to the influence
of the laser alone.

Method

The gain in activity thanks to the lasers is done in a similar way as explained in section [4.4]
only here the 'background data’ are the data points where the laser is blocked. As above,
these laser off data points are either connected using linear interpolation or are fitted by
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empirical functions. This allows to calculate an area using the trapezoid rule, incorporate
the decay, which can be converted to an activity collected using equation [4.7 The empirical
functions considered were polynomials of different degrees and an exponential function. A rate
of collection is determined by dividing the amount of activity by At in a certain time interval.
On top of this, the true laser enhancement factor could be determined using

tot
AAc

A%)t _ A%zser’ (415>

€True =
where A%! is the total activity coming solely from ??Ac (surface + laser ionized) and Algser
the activity gain coming from the laser ionization only. The former value can be deducted
from the gamma spectrometry values, the latter is determined below. However, this can only
be done for those foils where only 22°Ac was collected, as the feeding effect is underestimated
(as shown in the analysis of section . Specifically, it can be determined for foils M-239
and M-233 in the May run and M-288 for the June run (see figures 4.8 and [4.12).

Results

In figure [4.22] the fitted empirical functions are visualized for the first region of the May run.
Tablemgives more information on the quality of empirical functions. Based on the 2 (and
empirically), it was concluded to use the exponential fit in further analysis (for all regions).
Using the exponential, denoted as y,s¢, for fitting the 'laser off’ current, the area between the
electrical current and the fit could be determined by performing the trapezoid rule, resulting

in an activity (see table [4.9)).
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Figure 4.22: Different empirical functions used to fit the laser off data of the first region
of the May run. An overview of the quality of the fit can be found in table [B.12,

However, as the laser is blocked every 10 minutes for 30 seconds, some actinium is lost.
This would result in a 5% decrease in collected activity thanks to the lasers, but this method
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effectively checks the presence of actinium. The corresponding gain thanks to the lasers for
regions 2 and 3 are also found in table 4.9 In figure [4.23] the rate of collection is shown
in function of time. Noticeable is that the errors are small. For foils M-233 and M-239, a
similar analysis was conducted, which allowed to calculate the true laser enhancement with
the value of gamma spectrometry (see table . These values are presented in table m
No rate is provided since the foils were only in use for a total of 1 hour. For the June run, a
similar analysis has been done as for the May run. Similar figures as above can be found in the
appendix. The results for foil M-288 can be found in table [4.10] The total collected activity
in the two investigated regions are found in table and the rate of collection is given in

figure [4.24]

Table 4.9: Increase in charge and activity coming from laser ionized isotopes from different
regions in the May run (see figure 4.15)). The laser off data are either fitted or linearly
interpolated. Collection happened at a target and line current of 878 A and 286 A.

Region | Background | Gain charge [uC] | Gain activity [kBq]
Resion 1 exponential | 0.09455 + 0.00005 445.16 4+ 0.23
& interpolation | 0.09331 & 0.00005 |  439.34 £ 0.23
Resion 2 exponential | 0.00356 £ 0.00003 17.17+£0.14
& interpolation | 0.00357 = 0.00003 17.19+£0.13
Resion 3 exponential | 0.04912 + 0.00005 242.29 +0.25
& interpolation | 0.04955 + 0.00005 244.45 4+ 0.26
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Figure 4.23: Rate of collection of the activity coming from the laser for the May run.
Region 2 is not shown, as the Einzel lens malfunctioned. The laser off data were fitted by
an exponential.
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Table 4.10: The increase in activity of foil M-233 and M-239 (May) and M-288 (June)
thanks to the lasers and the corresponding true laser enhancement er,,.. The laser off
data are either fitted or linearly interpolated (l.i.).

Foil | Gain activity fit [kBq] et Gain activity Li. [kBq] et
M-233 47.34 £ 0.08 1.70 £0.07 48.12 £ 0.07 1.72 £0.08
M-239 54.62 + 0.08 1.95+0.14 54.47 + 0.08 1.93+0.14
M-288 71.57 & 53.804 1.58 £ 0.70 71.46 = 0.11 1.58 £ 0.03

Table 4.11: Increase in activity thanks to the lasers in the June run. The laser off data
are either fitted or linearly interpolated (l.i.).

Region | Gain activity fit [kBq] | Gain activity 1.i. [kBq]
region 1 127.82 £0.20 139.79 £ 0.22
region 2 881.19 £ 0.54 874.11 £ 0.54
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Figure 4.24: Rate of collection of the activity coming from the laser ions. The laser off
data were fitted

Discussion

The collected activity due to the laser ionization is calculated in a similar way as the activity
estimations on the foil. An area is calculated between a fit function and the electric current
on the foil, which can be converted to an activity. Even though it was mentioned that the
exponential fit of the laser off data do not fully capture the behavior of the current, this can
still give a reasonable estimation of the collected activity and is compared by an interpolation
of the laser off data.

Looking at figure [4.23] it can be seen that the rate of collection due to the laser effect goes
down in function of time in the May run. This is expected, as most of the actinium may be
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depleted from the target towards the end of collection. However, the errors on the rates are
expected to be larger in reality, and the underestimation may come from the fact that the
activity determination gave a small error.

For the June run, the rate of collection in the first region is lower than for all other investigated
data, as can be seen in figure[4.24] by the blue data points. This could be explained by the lower
target and line temperature, meaning less actinium is released from the target compared to
the other regions investigated. After increasing the target temperature, the rate of collection
from laser ionization increases and slowly decreases towards the end of collection. This is
again expected, as most of the actinium may be depleted from the target towards the end.

By using the determined gain in activity from table[4.10]and the values from gamma spectrometry
(see tables and [4.6)), the true laser enhancement could be determined using equation
[4.15] As no contaminants are included in the calculation, it is expected that the true laser
enhancement is greater that the apparent laser enhancement. This is, however, not the case
for the May run. Figure[4.17] suggests an apparent laser enhancement greater than 2, but the
true laser enhancement for foils M-239 and M-233 is lower than 2. A possible reason for this
discrepancy is that the background current might be overestimated in the determination of
the values in figure |4.17| or that the values of table underestimate the activity. It should
be noted that both foils were irradiated for half an hour before the region of the values in
figure , while the other half hour occurred around 50 hours in the run. Additionally, a
laser optimization on the first step of the laser was performed after the initial half-hour and
before the data collection shown in the figure. For the true laser enhancement of foil M-288 in
the June run, no good comparison could be made, as the background estimation was poor for
the determination of the apparent laser enhancement. The enhancement factor was expected
to be higher based on the laser ionization efficiency determined in the work of J. D. Johnson
et al. [6].
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Figure 4.25: Ratio of collection of the activity coming from the laser effect from the fit
and linear interpolation of the laser off data points.

At last, the values of the fit and linear interpolation can be compared. As can be seen in
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figure [4.25] the values differ by a range of 0.2-8.6%, where the largest deviation comes from
the long second region of the June run. Due to the long time interval of this region, the fit
clearly deviated from the laser-off data points. Excluding this value, the maximum deviation
is only 1.3%. The small deviation can be explained by the large amount of data points, which
were regularly spaced by five or ten minutes. The simplicity and the observation that the
behavior of the current is not fully captured by an exponential, show that linear interpolation
is sufficient and may be even better to perform this part of the analysis.

Summary

To summarize the results of this chapter, the collected activities of every isotope in each
run are shown in figure [4.26] Here it can be noted that the measured values from gamma
spectrometry are underestimated by the analysis of the ion beam current measured on the foil.
In table [4.12] the underestimation is given in percentages for each foil separately. Different
hypotheses are given above in the discussion of section [4.4]

On top of this, it can be noted that the majority of the collected 2?°Ac is generated by the
parent nucleus. This is because more ??°Ra is collected, likely due to its lower boiling point
and more efficient surface ionization. This ??°Ra can serve as a generator for 22°Ac. By
simulating this using the Bateman equation [4.13] the total amount of 2’Ac generated can be
calculated. A simulation was conducted under the conditions that an elution was performed
after one patient dose of 10 MBq was generated or after 17.46 days, as then the maximum
amount of ?2°Ac is generated. The simulation resulted in the generation of approximately
56.5+0.2 MBq, 17.9+ 0.1 MBq, and 129.7+ 0.9 MBq in 30 days during the May, June, and
September run respectively. It should be noted that these values depend on the logistics of
the elution of 22°Ac.

Besides the total collected activities, the influence of the ionizing lasers was investigated. For
the investigated regions, a total activity is determined of approximately 0.7 MBq and 1 MBq
thanks to the lasers for the May and June run. It should be noted that only regions were
investigated where the heating current through the target container and transfer line were
kept constant, but the total activity generated by the lasers will not differ much from the
given values of the regions. The true laser enhancement ranged from 1.7-1.9 in the two runs.
Variations can occur by different power levels and ion beam current extracted. The apparent
laser enhancement suggested values above 2, but this analysis is dependent on the background
estimation. The lower value of the true laser enhancement is either by an overestimation of
the background or by an underestimated activity from the lasers.
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Figure 4.26: Bars representing the collected activities [MBq] in every run for each isotope
collected. The values from gamma spectrometry (grey) is underestimated by both the
values determined from the ion beam current on the foil, where the background is either
fitted (green) of linearly interpolated (light blue). The direct collected activity of 225Ac
(cyan or orange) excludes the feeding effect of the **Ra.

Table 4.12: Underestimation percentages for each foil and isotope in different runs (feeding
effect included).

|  Run | Foil Isotope | Underestimation (%) |

May MS-021 ?*Ra 18.79 £ 0.34
MS-021 *°Ac 65.1+1.9

M-233 **Ac 21.41 £9.65

M-239 ?* Ac 17.06 = 12.75

June MS-022 ?*Ra 16.87 £ 7.89

MS-022 #2°Ac 14.3+£9

M-288 22°Ac 31.66 £ 8.01

September | MS-029 *°Ra 39.84 £0.97

M237 **Ra 56.66 £+ 44.89







5. Purity analysis

As previously mentioned in chapter [3] different kinds of isotopes are produced in the process
of high energy proton irradiation of a thorium-based target, including the long-lived isotope
22TAc. Separation processes are thus needed to retrieve as much 22°Ac, while suppressing the
presence of contaminants. As radio-chemical separation processes are not isotope selective on
their own, mass separation is combined with this technique to reduce the 227 Ac contamination.
In this work, the separation enhancement factor of the mass separating process is determined
for two experimental runs performed at CERN-MEDICIS by calculating the 22"Ac activity on
the collection foil. This is difficult to do right after the collection, as the half-life of 22"Ac is
long and the presence of the decay chain of 22°Ac makes it hard to measure the contaminant
directly [I0]. A solution to this problem can be achieved by utilizing the difference in half-
lives of the actinium isotopes. Since the half-time of 22°Ac and 22"Ac are respectively 9.92
days and 21.7 years, it is possible to suppress the 2??Ac activity by waiting a sufficient long
time. Two end products were kept in isolation since December 2022 and May 2023, which
corresponds to a time of approximately 69 and 54 half-lives of 225Ac till the beginning of the
analysis. The contaminant ?*”Ac should still be measurable on the collection foil, whereas ?2°Ac
should be suppressed by a factor of 9.07 - 1071° and 4.21 - 107 respectively. This enabled to
perform an o spectrometry measurement to calculate the activity of 22"Ac. Below, the target
preparation before extraction is briefly mentioned in section [5.1] Afterwards, the components
of the experimental setup are explained in section [5.2, where the process is explained on
how radiation detected in the detector is translated into digital pulses transmitted to the PC,
resulting in the spectrometry data. Afterwards, the calibration measurement is explained using
a triple alpha source in section [5.3] allowing to relate the channel numbers of the data with
the energies detected of the a-particles. Subsequently, the analysis of the MEDICIS samples
is given in section , in which the initial activity is estimated of the contaminant 2*"Ac,
allowing us to calculate the enhancement factor of the mass separating process.

5.1 Target preparation

As mentioned above, two samples were investigated from two extraction runs at MEDICIS.
However, it is important to keep in mind how the targets were prepared. For the December
run, a thorium-carbide target was prepared by depositing 12.7 MBq and 100 kBq of ??*Ac and
22T Ac respectively into the target matrix. The target and actinium samples were provided by
JRC Karlsruhe. In the May run, the target was irradiated by a high energy proton beam, as
described in the previous chapter.

23
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5.2 Experimental setup

For the spectrometry measurement of ?*"Ac, an ‘alpha setup decay spectroscopy chamber’
(ASET) at KU Leuven was used, which can be seen on figure[5.1] A ladder was used to mount
the source on, which can be seen on figure The ladder enables to measure 5 sources at the
same time, where the radioactive samples from CERN-MEDICIS fit the rectangular holes. The
circular hole at the bottom is meant for the calibration source. However, for this experiment,
only one radioactive product was investigated at a time. A silicon (Si) detector could be placed
in front of the ladder and could be moved horizontally further or closer to the source. The
furthest position was 23 mm from the source and could be placed in one of the 8 increments
with a spacing of 2 mm. The ladder could be vertically adjusted, to align the source in front
of the detector. After the alignment, the ladder could be placed inside a vacuum the chamber
connected to a vacuum pump. A vacuum on the order of 10~° mbar was reached during the
experiment.

Figure 5.1: An overview of the setup at KU Leuven. 1: The vacuum pump. 2: The
vacuum chamber. 3: The top of the ladder. 4: Electronics processing the received signal
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Figure 5.3: Side view of the ladder.

Figure 5.2: Front view of the ladder. The PIPS detector is mounted upon the
ladder.

PIPS detector

The detector used in the measurement was a 300 mm? active area partially depleted passivated
implanted planar silicon (PIPS) detector. This detector is based upon the detection of electron
hole pairs created in semiconductor materials. A property of semiconductor material is that a
crystalline structure is formed in which the atomic energy levels are split in such a way that a
valence and conduction band are formed, which can be seen on figure A semiconductor
distinguishes themselves from other crystalline structures by the size of their bandgap, which
is typically around 1 eV. For silicon, the bandgap is around 1.12 eV [70]. If electrons are given
enough energy, they are able to cross the gap and move freely in the conduction band (allowing
the flow of a current). The detector itself consist of a p-n junction or a diode, which is obtained
by joining the same intrinsic semiconductor with opposite doping, or in other words a p- and
n-type semiconductor. This means that impurities are inserted into the semiconductor, which
results in the creation of energy levels a few meV lower or higher than the conduction of
valence bands, denoted as p in figure For p-type conductors, trivalent atoms (B, Ga)
or acceptors are added to the semiconductor material, resulting in energy levels above the
valence band which can be filled with thermally excited electrons [70]. The same holds for
n-type semiconductors, but here pentavalent atoms (As, P) or donors are added to create
energy levels right under the conduction band. When these two types are joined together,
the free electrons and holes recombine resulting in the formation of the depletion zone. This
depletion zone has the same properties as an intrinsic semiconductor, but an electric field is
present. If radiation passes through the depletion zone and deposits enough energy to create
an electron hole pair (~ 3 eV), the two particles will drift to opposite sides of the detector
[70]. The charge collection of these e-h pairs forms the electric signal used for data analysis.
By putting an external voltage upon the p-n junction, it is possible to increase the size of the
depletion zone by recombining more e-h pairs. This is done by applying a negative voltage
(cathode) to the p-side, attracting the holes to the electrode, and a positive voltage (anode)
to the n side. This is called a reverse bias and increases the chance of detecting radiation
passing through the detector, while a larger current is created do to the larger electric field.
For the experiments performed in this work, a bias voltage of 60 V was chosen.
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Figure 5.4: Representation of a pn junction. p represent the added energy levels from
the impurities, £ the chemical potential, —e¢ the electrostatic potential. The depletion
region grows until the band energy is smaller than the difference in electrostatic potential.
Image taken from [71].
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Figure 5.5: Representation of a RC-type charge sensitive preamplifier. Image taken from
[72].

In this section, an in-depth explanation is given on how the electronics operate, understanding
how the charge collection in the detector evolves into a digital signal given to the computer.
The electric signal created in the detector has a typical duration on the order of us or less,
and the integrated signal corresponds to the charge collected. As it is desired to discriminate
different energies deposited in the detector and because the output itself is very small, the
signal is amplified by a charge sensitive preamplifier. This amplification is realised by an RC
circuit, where the capacitor integrates the incoming signal, converting the collected charge to
a voltage step, and a discharging resistor, which gives a long exponential tail. This conversion
is schematically shown in figure 5.5 The charge amplitude proportionality is governed by
the capacitor V,,; = % the decay time is given by 7 = RC. Typically decay times from
50 — 100 ps are chosen to give a good amplitude and to minimize the noise, but the long
tail gives the disadvantage of pile-up of different detections. An important note is that the
preamplifier should be wrapped into aluminium foil to shield it from noise. As the preamplifier
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is very sensitive, an electromagnetic field coming from external electronics can influence the
working of its operation. The aluminium also ensures that all parts of the preamplifier are held
at a common ground. In the setup used at KU Leuven, a CAEN N6724s pulse height analysis
digitizer was used, which can be seen on figure [5.6] Here the signal from the preamplifier
directly reaches the digitizer, where the signal passes through two parallel branches: one
for energy determination, the other for timing. The signal processing of the digitizer is
influenced by various parameters, which are explained in the appendix. Although there are
other parameters that could be adjusted within the software, for the scope of this thesis, these
parameters remained untouched.

RC-CR?
Timing
branch
é\ ¢
Ok ]
©) Input from —
= utput for
ream
== p p PC
. Energy
branch
Trapezoidal

filter

Figure 5.6: Left:Picture from the CAEN digitizer used in the experimental setup. Right:
Simplified scheme of the two branches of the digitizer.

The timing is performed by a digital RC-CR? filter, converting the input signal to a bipolar
signal, as can be seen in red above on figure[5.7] The zero crossing triggers a time stamp. The
integrative component of the filter acts a low frequency filter, preventing that the fast rise of
high frequency noise generate false triggers. The derivative component allows to subtract the
baseline, enabling the registration of piled up events, as is shown in figure above in blue.
In the energy branch, a trapezoidal filter transforms the input from the preamplifier to a
trapezoidal signal, where the height of the input signal is proportional to the amplitude of the
trapezoid. It has the same function as a shaping amplifier, where the height is read out. The
filter works by using two time windows, which are shifted over the input signal (blue in figure
. The top of the trapezoid is then formed when one of the time windows contains the
input signal while the other only contains the baseline. The width and distance between the
windows can be adjusted and influences the shape of the trapezoid. After the 'peaking time’
(see table , samples are taken from the top of the trapezoid, which is translated into a
digital value corresponding to a certain channel.
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Figure 5.7: Representation of the signal shapes. The blue signal is from the preamplifier.
The red bipolar signal corresponds to the timing branch and the green trapezoidal signal
to the energy branch. Image taken from [72].

5.3 Calibration

Before every spectrometry measurement of 22"Ac, the detector was calibrated. This means a
correlation is found between the channel numbers and their corresponding energy. In this case,
a linear relationship £ = ax + b is assumed, where a and b are the calibration parameters and
E the corresponding energy of channel number x. This relation is justified as the height of the
signal is proportional to the energy deposited in the detector. For the calibration, the detector
was put as far as possible from the source, i.e., a distance of 23 mm. This is done to minimize
the angle of impact from the alpha particles, ensuring that the particles cross a similar path
in the dead layer - a non-responsive layer upon the detector - and lose a similar amount of
energy. A calibration can be obtained by using a known source of alpha emitters. By comparing
the obtained spectra with energies of the alpha decay from literature, the correlation can be
calculated. The known source used for the calibration was a triple alpha source from the IKS
(figure [5.8)). It contains three different unstable isotopes: %°Pu, 2'Am and 2**Cm. Each of
these elements have their corresponding half-life and decay energies, which can be found in

table b.1] .

Table 5.1: Initial activities, half-lives and decay energies of 2Pu, 2! Am, and ?**Cm with
their corresponding branching ratios (BR). Values (except Ay) retrieved from IAEA [73].

Isotope | Half-life [y] | Ao [kBq] | Decay energies [keV] BR
29Ppy | 24110 (30) | 2.407 5156.59(14) 70.77(14)%
5144.3(8) 17.11(14)%
5105.5(8) 11.94(7)%
2MAm | 4326 (6) | 1.716 5485.56(12) 84.8(5)%
5442.8(13) 13.1(3)%
5388 1.66(2)%
MGy | 18.11 (3) | 1.699 5804.77(5) 76.9(1)%
5762.64(3) 23.1(1)%
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The initial activities given on the source information card are not accurate. The real initial
activities are given in table [5.1] (with 10% error). Since the source dates from 23/06/1994,
the activity on the moment of the experiment is recalculated using the standard decay formula

A= Age™, (5.1)

where \ = % is the decay constant, ¢,/ the half-life and A, the initial activity.

P

Code : AMR43 Half-life (year): 433//18.1//24110
Nuclide:  am-241//cm-244//Pu-239  Activity : 1.72//1.05//2.12 kBq

Date : 23/06/1994

Figure 5.8: The source information card of the triple alpha source.

Two calibration runs were taken in total. The second measurement needed a separate
calibration, as this experiment was performed months after the first run. Further information
about the two experiments can be found in table in the appendix. The data was stored
as csv files up to 10 MB, which resulted in 33 and 32 files for the first and second run. By
setting a maximum file memory, not all data files would be lost if something were to happen
during the measurement. These files were separately analyzed in python and fitted using a
least square minimisation. Every decay peak was fitted using a Crystal Ball function [74]:

exp (—%) : if =& > —a

Y (5.2)
A-(B—%) , ifr<-—a,

f(x;Ct?n?/’I/?O.) _N'{

where

In equation [5.2] N is the amplitude, u the center of the peak and o the standard deviation,
just as in a Gaussian. The difference with a Crystal Ball function are the parameters which
define the low energy tail. The parameters o and n describe respectively when the tail starts
and how strong the tail is. When alpha particles enter the detector, they may experience
energy loss, particularly when traversing the dead layer. By using the Crystal Ball function,
this phenomenon is taken into account, resulting in a better fit. A distinct Crystal Ball function
was defined for each alpha decay branching. These functions were summed for each element,
as certain peaks overlapped. This meant for example that for 2*?Pu, three different functions
like equation were summed and the total function f;,; = fi1 + fo + f3 was fitted to the
range of the Pu peaks. On figure[5.9] the fit can be observed of an arbitrarily chosen file.
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Figure 5.9: The fitted peaks of the triple alpha source by using a Crystal Ball function,
where the amount of counts are plotted against the channel numbers. The labels
correspond with the branching ratio.

For Pu, it can be seen there are two functions fitted in one peak. As depicted in table ,
the decay energies of the highest branching ratios lie very close to each other. This had the
consequence that the fit was dependent on the initial values and constraints were given for the
parameters to gain realistic results. After the data was fitted, the mean value y in equation
of every peak was retrieved. This resulted in 7 centroid positions corresponding with
every alpha decay energy. By comparing the energy values of the peaks from literature (table
5.1) and the obtained centroid positions, a linear fit was performed, as shown in figure m
with the calibration parameters in table . With this result, the x-axis of the spectrometry
measurement could be changed from channel numbers to energy [keV].
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(a) Calibration fit of the December Channel
run. (b) Calibration fit of the May run.

Figure 5.10: The equation £ = ax + b was fitted, where x represents the mean of one
branching peak of all files (errors are present). Parameters a and b can be found in table

-2



5.4. DETERMINATION OF THE ACTIVITY 61

Table 5.2: The calibration parameters obtained from the triple alpha source.

a [keV/channel] b [keV]
December 2022 | 1.5418 + 0.0028 0 £ 0.66
May 2023 1.5352 £0.0028 | 12.096 £ 9.477

5.4 Determination of the activity

After the calibration, the 22"Ac source could be placed into the experimental setup. As the
activity of the radioactive samples were expected to be low, the detector was placed closer
to the detector at a distance of 9 mm to increase geometric efficiency. The sample from
December 2022 was measured for 4 days, the second sample was measured for 6 days, as the
activity of the latter was expected to be lower. The analysis of the data was done in ROOT,
where the maximum memory of the files were respectively 1 MB and 50 kB. By employing
the calibration parameters of table [5.2] the x-axis was set in energy. In this way, the peaks in
the data could be identified with known isotopes, which can be seen in figure [5.11] and [5.12]
As expected, elements from the decay chain of 22"Ac were present, but also elements were
identified of the decay chain of ?Ra and 2°®Po (see decay chains on figures and [5.14).
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Figure 5.11: Spectrometry data from the December source, where the peaks are identified.
Full lines represent isotopes from the decay chain of 227Ac.
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Figure 5.12: Spectrometry data from the May source, where the peaks are identified. Full
lines represent isotopes from the decay chain of ?2"Ac.
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In order to determine the activity of 22”Ac, the following equation was used:

Alt) = —— = (5.3)

)
€geo€det €geo

where A is the activity, r the rate with r = Amo“":."f counts ¢ ., the geometric efficiency
me

and €4.; the detector efficiency. The latter can be assumed to be 1 for alpha particles, as all
particles which reach the detector, will induce ionization [75]. For the determination of the
geometric efficiency €4, the triple alpha source was used. The detector was also placed at
a distance of 9 mm from the source. With the given activities from table [5.1] and inverting
equation [5.3] the geometric efficiency could be determined by

r
€ge0 = -
90 A(t)eger

This equation was determined for the three different isotopes of the calibration source, which
resulted in a mean ¢, of 0.146+0.012. The rate in equation [5.3| was calculated for prominent
peaks in the data (see figures [5.15| and [5.16]), notable in the sense that no other peaks
overlapped, allowing the number of counts to be determined by integrating the energy spectrum
over the peak. Knowing the rate and efficiency, the activity could be calculated with equation

b3
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Figure 5.15: Data from the December source with prominent peaks marked (full lines)
for activity estimation. Dotted lines represent elements from the decay chain of ?°Ac.
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Figure 5.16: Data from the May source with prominent peaks marked (full lines) for
activity estimation. Dotted lines represent elements from the decay chain of 22%Ac.

However, a correction factor can be taken into account in the determination of the activity,
which arises from the recoil effect with alpha emission. When the collection sample is placed in
front of the detector, recoiled daughter nuclei can become implanted on the detector, altering
the geometric efficiency of the setup. This effect can be further complicated as these implanted
daughter nuclei may recoil back onto the foil and then return to the detector repeatedly, a
phenomenon known as the " ping pong” effect. This means that the correction factor increases
further along the decay chain, as more recoiling changes the distribution of the nuclei. This
effect can be simulated using SRIM (Stopping power and Range of lons in Matter), which
provides a correction factor that accounts for these interactions. J. D. Johnson has conducted
such simulations, with the resulting correction factors presented in table [76]. By using
the corrected value of the geometric efficiency €4, and the rate r of the prominent peaks, the
activity of several isotopes were determined, which can be found in table [5.4]
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Table 5.3: The correction factors on the geometric efficiency for each isotope,
incorporating the 'ping pong’ effect. Values retrieved from [76].

215p,, 29Ry, 21135
0.85809 £ 0.05987 | 0.84698 £ 0.06019 | 0.85809 £ 0.05988

Table 5.4: The determined activities from prominent peaks of the December and May
source. The error is one standard deviation, where the highest contribution comes from

€geo-

Run A of '°Po [Bq] | A of 2Rn [Bq] | 4 of ?''Bi [Bq]
December | 3.634 4 0.392 3.471 £ 0.380 3.221 +£0.349
May 0.237 £ 0.026 0.240 £ 0.026 0.267 £ 0.029

For the run of December, the initial activity of collected ?2"Ac could be determined directly
from the isotope itself. The initial activity could be straightforwardly determined by using
[6.1] However, since the error is significant on the activity due to the low counts and relative
high background, these data is not used for further analysis. Using the values from table [5.4]
the activity of the parent nucleus 2>’Ac was determined. This cannot be done using [5.1] as
radioactive daughter nuclei are both generated and decaying simultaneously. This phenomenon
can be represented by the following differential equation

dN;
dt

= /\i—lNi—l — )\zNz (Z = 2, TL), (55)

where )\; is the decay constant and N; the total amount of the ¢th nuclide in the decay chain.
If at the end of production time, ¢ = 0, no daughter nuclei were present, then the total number
of the nth nuclide is given by Bateman's equation [69]:

N1 (0) &
W)= 5D e, (5:6)
where
@=L NN
J=1,j#1

It is thus apparent that equation[5.6)only works if the decay constants are different in the decay
chain, since otherwise infinity occurs. Using the half-lives of the decay chain (see figure
the decay constants \; were calculated. By using the relation A = AN, the initial activity
of 22"Ac could be determined, which are given in table . Here, it can be noted that the
value of 2'1Bi ranges from the lowest value in December to the highest in May. This is due to
the difference in overlap with other energy peaks. Due to the dependence on the background,
this value is not further used in the calculation of the separation enhancement factor. The
determined activity of 22" Ac was then 3.71 £ 0.26 Bq and 0.244 £ 0.019 Bq at EOC for the
December and May runs respectively.
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Table 5.5: The initial activities of 2" Ac of the two samples, calculated from 3 different
peaks: 21%Po, 2'Rn and ''Bi.

Ajnitiar of 227Ac [BQ]
December | 2'%Po: 3.809 + 0.411
29Rn: 3.617 £+ 0.397
21UB§: 3.376 £ 0.366
May 25Po: 0.242 + 0.026
29Rn: 0.245 4+ 0.027
21Bj: 0.274 £ 0.030

5.5 Discussion

In this section, the results are discussed from the two alpha spectrometry measurements. The
main part was the calculation of the 227 Ac contamination, which was essential for discussing the
separation enhancement factor. The presence of other contaminants are discussed afterwards.
At the end, a short comment is given on the time evolution of the data and the geometric
efficiency, where measures could be taken to increase the precision of the results.

Separation enhancement factor

The goal of this experimental work was to determine the separation enhancement factor of
the mass separation of the two actinium isotopes, which is given by

(225Ac>
227
$pf = S, (5.7)
(m>start
where the start indicates the activity in the radioactive target before extraction, and the end
the collected activity of a certain isotope after separation. Only ?*”Ac,,q was determined in
this work. The other activities can be found in table 5.6l It is noticeable that the error on the
starting activities is greater for the run in May than for December. This is due to the difference
in target preparation, as discussed in section 5.1 The activities after proton irradiation are
simulated using FLUKA, a Monte Carlo approach. The activities from December are based
on the amount of actinium deposited on the target matrix. The activity of 225Ac at the end
of collection is determined by gamma spectrometry with a HPGe detector.

Table 5.6: The activities of 2Ac and ?*"Ac at the start of extraction in the target and
of ?>Ac on the collection foil at the end of extraction.

225fACstart [MBQ] 227Acstart [MBQ] 225ACend [MBq]
December | 10.7900 4 0.3237 0.100 4+ 0.003 0.0574 4+ 0.0022
May 1030 £ 30 1.640 £+ 0.020 0.0967 4 0.0037

By using the values of table and the mean value of table (excluding the value from
211Bi), the separation enhancement factor could be calculated using equation , where the
results are shown in table .71
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Table 5.7: The separation enhancement factors spf of two mass separation runs at CERN-
MEDICIS.

run spf
December | 150 4 14

May | 646 + 59

These data indicate that for these runs, the separation technique can reduce the ratio of
225 Ac to #2"Ac by at least two orders of magnitude. The variations in separation factor errors
between the two runs are due to differences in target preparation. Notably, the values of
the separation factor vary significantly between the two runs, primarily because of difficulties
experienced during the December run. Problems were experienced with the vacuum and
magnet calibration was not in order as the extraction electrode worked at 50 kV instead of
60 kV. Despite these issues, the December run retrieved a higher percentage of 22°Ac from
the target, but 22"Ac as well. This was because the actinium did not need to diffuse out of the
target material, making it easier to extract atomic vapour from the target. Even though the
May run had a larger amount of 22”Ac in the target, a lower activity of the contaminant was
collected on the foil compared to December. This highlights that the experimental conditions
strongly influence the separation enhancement.
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Figure 5.17: The ratios of 22"Ac to ??°Ac before and after separation. The dotted line
represents the exemption ratio for a patient dose of 10 MBq.

In order to assess if the separating property suffices for medical endpoints, the maximum ratio
of 2%5Ac to ?*"Ac of a patient dose should be estimated. As a typical patient dose consists of
10 MBq and knowing that the exemption level of 22"Ac is 1 kBq, the maximum ratio is 0.01%
(in Europe). By looking at figure [5.17} it can be noted that the initial ratio was above this
limit, which is the reason mass separation was performed. After performing RIMS, it can be
seen that for the two runs, the ratio is below the limit, making the samples useful for medical
endpoints. Despite the challenges of the technique, RIMS shows promise as a method to
suppress 22”Ac contamination, making high energy proton irradiation of thorium-based targets
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a viable option for 22°Ac production if the necessary infrastructure is available. A combination
of radio-chemical separation and RIMS after irradiation can effectively isolate a pure sample
of 22°Ac for medical use.

The method used to quantify the collected activity of 2”Ac, while straightforward, is impractical.
By waiting a long time, ??’Ac and its daughters decay sufficiently, allowing the decay chain
of 22"Ac to be measured. However, this method is not time-efficient, and given the need for
further research into this separation technique, it is not feasible to calculate the separation
enhancement factor using this method every time. For instance, the 22°Ac activity was 10% of
the activity of 22"Ac after approximately 171 and 218 days after EOC for December and May,
respectively. Therefore, it should be used as an additional check to validate other quantification
methods for this contaminant. Another approach to determine 22"Ac activity is through recoil
implantation. This method is illustrated in figure [5.18, where the collection foil is positioned
in front of the detector. Due to conservation of momentum, nuclei can escape the collection
foil after alpha emission and are captured on the detector. By performing a measurement
without the collection foil in front of the detector, the activity of the daughter nuclei could
be determined, which can be used to estimate the original activity of the parent isotope on
the foil. This method can be performed after approximately a day, as the daughter nuclei
of 22°Ac are decayed away due to their shorter half-life. This novel method provides a more
time-efficient way to quantify the separation enhancement factor, yielding similar results [67].
An alternative method to quantify ?2Ac is decay energy spectrometry, as described by A.D.
Tollefson et al. [10]. This novel approach quantifies the energy from each discrete decay event
in a sample using an ultra-sensitive microcalorimeter, achieving 100% detection efficiency with

high energy resolution. In this work, the contamination of ?2?Ac was identified 30 days after
EOC.

Recoiled
daughters

/

—_—

RN

PIPS
Collection detector
foil

Figure 5.18: Visual representation of recoil implantation. The collection foil is removed
from its position after implantation, such that a spectrometry measurement can be
performed on the recoiled isotopes to quantify the #2”Ac on the collection foil.
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Other contaminants

As mentioned earlier, 22" Ac was not the only contaminant identified on the collection samples
(see figures and [5.12)). On both foils, the decay chain of 2?Ra was identified. This was
unexpected for the extraction run of December, as only actinium was deposited on a thorium-
carbide target. This suggests that the target contained ?*°Ra prior to preparation. Using the
prominent peak of 2'4Po in the decay chain, the original activity of ?2Ra could be determined
in the same way as with 22"Ac, which suggested an original activity of 67 & 7 mBq of ??°Ra.
For the December run, the peak of 22°Ra itself could also be used for determining the initial
activity, but a low count rate and relative high background rendered it difficult to gain good
results. For the May run, the high background made it difficult to identify the contribution
of 226Ra directly. As the prominent peak of 2!4Po had a low count rate, the activity of ?Ra
was not estimated.

For the May run, more contaminants were identified. Relative high count rates were detected
from 208Po, an isotope unexpectedly present in the sample. By examining possible channels
for 2%8Po production, no feasible parent nuclei could be identified which could be collected on
the foil. For the ASET setup at KU Leuven, a background measurement was performed, but
no significant counts were present to explain the unexpected counts. Due to peak overlap, it
was challenging to isolate counts solely from 28Po to give an accurate activity estimate. The
origin of this isotope is still under investigation.

To summarize, in every run, unexpected contaminants such as ??°Ra and 2%®Po were identified.
Background measurements can be taken before extraction runs to prevent such situations.
However, performing these for every target would be time-inefficient, especially as production
scales up. The unexpected contaminants could originate from the target before extraction,
from preparation at the external facilities, previous runs in the mass separation setup, or from
the ISOLDE setup (as the May target originated from there). By keeping these factors in mind,
future experiments can be better prepared for and adapted to avoid unexpected contaminants.
However, it should be noted that the unexpected isotopes would be separated from the medical
end product of ?*Ac via radiochemistry.

Time evolution of alpha peaks

As the two experiments lasted four and six days respectively, the time behavior of the alpha
peaks was analyzed. Figure [5.19| shows the time evolution of the centroid values p of the
prominent 215Po peak, which was used for the determination of the 227 Ac activity. It can be seen
that the centroid value is increased by 3 channel numbers over six days. This time evolution
is not due to variations in alpha energy but is inherent to the functioning of the electronics in
the experimental setup. This behavior is likely associated with the preamplifier, given its high
sensitivity, though it could also be related to the digitizer's functionality, such as imperfect
baseline restoration. If high precision is required, the data for these peaks could be corrected
and shifted to eliminate this electronic effect. However, such precision was unnecessary for
this work, as isotope identification remained possible. The same issue was observed in the
calibration measurement, where an increase of two channels was noted overnight. Correcting
for this effect would reduce the error in the calibration parameters.
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Figure 5.19: Time behavior of the mean of the peak values from the alpha decay of 2°Po
of the sample of May.

Geometric efficiency

The geometric efficiency was determined by using the triple alpha source in the same experimental
configuration. By determining the rate and using the known activities, the efficiency was
determined to be 0.146 + 0.012 (using no correction factor), which could be compared with
theoretically determined efficiencies. The expression for a point source is given by:

1 d
point 2( d2 + R2 )a (5 8)

where d is the distance from source to detector and R the radius of the detector. A larger
geometric efficiency is determined using a point source, which may suggest a point source
approximation is not ideal. Different expression for a circular source were used, but no physical
results were determined [77]. This could suggest an off axis placement of the source w.r.t. the
detector or the dimensions of the setup are not ideal for the used expressions. No further
analysis is done of the geometric efficiency. Possible solutions to validate the geometric
efficiency is by using the simulation program SRIM. As the error on the geometric efficiency
is the main contributor to the activity determination, it could be beneficial to increase the
precision of this value. This could either be done by increasing the time of measurement or
by a more precise determination of the activity on the calibration source.



5.5. DISCUSSION 71

Table 5.8: The geometric efficiency €ge,, where the distance d = 9 £ 0.01 mm, Az, =
300+£1 mm? . The calibration value comes from equation , where the error comes from
the Poisson noise of the data and the activity of the calibration source.

Calibration Point source
0.146 = 0.012 | 0.161 £ 0.002







6. Conclusions

The goal of this work was to determine the feasibility of the production pathway of high
energy proton irradiation of a thorium based target. This production pathway necessitates
mass separation, as 22”Ac is co-produced. This step in the production process is discussed
by an analysis the ion beam current measured by a PAM in the experimental setup and by
determining the separation enhancement factor of the mass separation.

Based upon the data of the ion beam current, an estimation was done for the collected
activity on the foils of three different experimental runs at CERN-MEDICIS. To achieve this,
the background current had to be estimated, coming from the decay of collected radioactive
isotopes. This was done either via an empirical fit (polynomial or exponential) or by linear
interpolation. Both methods did not capture the complex behaviour of the background
data, but however gave relative good agreement with the values of the gamma spectrometry
measurement done after collection. However, the determined values underestimated the
measured values by gamma spectrometry. On top of the underestimation of the activity,
the error determined is also expected to underestimate the real uncertainty on the activity. A
deeper analysis in the workings of the PAM placed in the experimental setup or analysis in the
background current could clarify the determined estimations. The correlation between beam
current and background current can be modelled using the Bateman equation, simulating the
effect of emitted or recoiled particles from the foil.

For foils MS-021 (May run) and MS-022 (June run), a larger underestimation can be noted.
This was expected, as both ?2Ra and ?*’Ac were collected on those foils and the activity of
225Ac measured by gamma spectrometry does not distinguish between the generated 2*°Ac
coming from the parent nucleus ?**Ra on the foil and the ?°Ac coming directly from the ion
beam. The analysis of the ion beam current data thus allows for the determination of solely
extracted 22°Ac, excluding the feeding effect of 22°Ra. This allows for a better understanding
of the properties needed to increase the efficiency of extracted ?2°Ac. The feeding effect of the
225 Ac was simulated for both foils, but as the original amount of ?2°Ra was underestimated,
the resulting activity of 2*?Ac were underestimated by 65.1 & 1.9% and 14.3 £ 9% for foils
MS-021 and MS-022 respectively. The high underestimation for foil MS-021 is still under
investigation.

Still, despite the underestimations, the determined values of directly collected 22°Ac could be
compared between the run of May and June. It was expected that the extraction efficiency was
lower for the second run, due to the sintering of the target after the May run. Even though
more 225Ac is extracted in the run of June due to the twice as long duration, the extracted
225 Ac per hour was more than halved. For the parent nucleus of ?°Ra, less than half of the
amount of Ra was collected in the June run. This suggests that sintering prevented some
225Ra from escaping the target.

73
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By investigating the laser on/off effect on the collected current, the apparent laser enhancement
could be calculated. The calculated values suggested that the laser ionization at least doubles
the collected current. The time evolution of the enhancement depended on the viability of the
background fit, which is worse for relative long time periods and low amount of background
data.

Besides the apparent laser enhancement, estimations could be made on the collected activity
solely coming from the laser ionization. This was done in a similar way as for the activity
estimations on the foils, which gave approximately 1 MBq for the run of May and June. It
could be seen that the rate of collection decreased towards the end of the collection, which
makes sense as the most isotopes are already released from the target. For the foils which
were put in after the first observation of the laser on/off effect, the true laser enhancement
could be determined using the values from gamma spectrometry and the determined gain in
activity from the lasers. This was calculated for two foils in the May run and one foil in the
June run, which resulted in values ranging from 1.7 to 1.9. It was expected that the apparent
laser enhancement would be larger, suggesting that either the background estimation in not
accurate enough, the gain in activity is underestimating the real activity or that the laser
powers changed during the run.

A necessary prerequisite for performing this analysis was access to the logbook and collection
reports from the various extraction runs. These documents provided crucial information about
the isotopes collected and the timings of collection. Since this information was not available
in the logbook for August, no analysis could be performed for that run. This highlights the
importance of maintaining accurate and thorough documentation.

In the second part of the thesis, the separation enhancement factor was determined for
two experimental runs performed at CERN-MEDICIS (December and May). This was done
by performing an alpha spectrometry measurement, where the activity of the 2*’Ac was
determined using prominent peaks of the daughter nuclei 2!5Po and 2!Rn. The activity of
collected 25Ac after separation was determined using gamma spectrometry and was performed
after collection. The activities of actinium in both targets were calculated in different ways.
This is because target preparation differed, as for in December, the target was not irradiated
but 225Ac and 22"Ac were deposited on the thorium-based target. For the run of May, FLUKA
simulations were performed to estimate the produced actinium in the target. The preparation
of December would result in a higher extraction efficiency, as the actinium does not have
to diffuse out of the target material. However, due to experimental issues, the extraction
efficiency of this run was lower than expected, which ultimately influenced the value of the
separation enhancement factor. For the two different runs, a separation factor of 150 + 14
and 646 + 59 was determined for respectively December and May. This thus emphasizes the
dependence on experimental conditions.

The determination of the separation enhancement factor relied on the activity estimation
of 22"Ac. Alpha spectrometry for assessing the 2?”Ac activity can only be performed when
the decay chain of ??°Ac is sufficiently suppressed. This requires a relatively long waiting
period, making it not time-efficient. Specifically for these foils, the 22°Ac activity was 10%
of the activity of 22"Ac after approximately 171 and 218 days after EOC for December and
May, respectively. Therefore, alternative methods should be explored to quantify the 22"Ac
contaminant, with the method used in this work serving only as a validation tool. Two
possible approaches are discussed in section [5.5 The first approach utilizes conservation of
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momentum in alpha emission, which can result recoiled daughter nuclei being collected on the
detector. This method allows for the calculation of 2?Ac contamination after approximately
one day. This analysis was performed by J. D. Johnson et al. and the values from this work
were compared with this method [67]. Another approach is decay energy spectroscopy, which
quantifies 227 Ac using an ultra-sensitive microcalorimeter. In the work of Tollefson et al., 22"Ac
contamination was assessed 30 days after collection [10].

In addition to 22"Ac, two unexpected contaminants were identified: 2°®Po and ?2Ra. The
origins of these contaminants are still under investigation. It should be noted that these
isotopes can be separated from actinium using radiochemistry, so this would not influence
the purity of the medical product. However, this should be carefully addressed towards waste
management.

The goal of the separation process could be assessed, which is patient administration. The
maximum allowable ratio of 22"Ac to 2?°Ac in patient doses is determined to be 0.01%, which
is based on a 10 MBq patient dose of 22°Ac and Europe's exemption level of 1 kBq of 27Ac.
Using this limit, the suitability of the collected samples for patient administration can be
evaluated. Figure demonstrates that, for both runs, the extracted product meets the
medical standards, indicating that the separation process is successful. However, this does not
imply that the separation process is ready for scaling up production, as extraction efficiencies
need to be improved. This can only be achieved through further research.

Even though the current separation meets medical requirements, the extent of separation was
expected to be higher based on the magnet's mass resolving power (approximately 400). A
potential hypothesis for this discrepancy is the presence of non-ionized residual gas in the
experimental setup, which scatters the incoming ion beam. Parameters, such as the energy
spread, magnification, emittance and dispersion influence the separation of the isotope of
interest [78]. Further research is required to identify the underlying cause of this issue.

To summarize this thesis, two separate analyses were performed. The measured ion beam
current provided systematic information about the collection properties. The determined
activities on the collection foils were in relative good agreement with the measured values
determined with gamma spectrometry, but a consistent underestimation in the activity is
observed. Additionally, this technique enabled to distinguish the origin of collected ?*Ac,
which can either be generated by the collected parent nucleus ?*’Ra on the foil or directly
collected from the ion beam. It was observed that for the runs in May and June, the majority
of collected ??°Ac was generated from its parent. Besides the total activity collected on the foil,
the influence of the lasers was determined. An estimate of the total collected activity from the
ionizing lasers could be determined and the apparent/true laser enhancement. The determined
values in this analysis serve to deepen the understanding of the collection conditions, ultimately
aiming to increase extraction efficiency. However, other properties of the experimental setup
should also be investigated due to the complexity of the experiment. Regarding the second part
of the analysis in this thesis, the separation of actinium isotopes obtained in this work suggest
a separation enhancement factor that is sufficient for medical applications. This indicates
that the challenge associated with the production pathway for irradiating a thorium-based
target can be resolved. However, further research is needed to validate the consistency of the
separation factor and ultimately to increase the extraction efficiency to meet global demand.
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A. Alpha spectrometry

Below, extra information can be found about the alpha spectrometry measurement. The signal
processing of the digitizer is influenced by various parameters, which can be adjusted using the
Compass software for data display. Table explains the parameters for the timing branch,
while table [A.2] details those for the energy branch of the digitizer. In table 77 and ??, concrete
values are given for each experimental run.

Table A.1: Explanation of input parameters of the timing branch, which influences the
shape of the bipolar signal. These parameters could be adjusted in the software Compass.

Parameter Explanation

Threshold Minimum energy required for registration/trigger of a
timestamp.

Trigger holdoff Dead time interval where no other signals are accepted.

Fast discriminator smoothing | Smoothes the waveform signal generated. Increasing
the number of samples results in stronger smoothing.
Input rise time Determines the duration of the two 'Gaussians’ of the
bipolar shape. Ideally, it should be kept low, but
not too low to ensure the formation of a well-shaped
waveform.
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APPENDIX A. ALPHA SPECTROMETRY

Table A.2: Explanation of the input parameters of the energy branch, which determines
the shape of the trapezoid and the sampling for binning. These parameters could be
adjusted in the software Compass.

Parameter

Explanation

Trap rise time

Determines the width of the time windows.

Trap flat top

Specifies the distance between the two windows, affecting the top
surface of the trapezoid.

Trap pole zero

Corrects the exponential decay of the input signal, ensuring the top
surface of the trapezoid remains flat.

Peaking time

Specifies when to smaple values from the top surface. Since there
are signal ripples (ringing) at the beginning of the input signal, it
is best to take values late in the top surface to associate an energy
value with the signal.

N samples peak

Specifies the number of values to take from the top surface, giving
an average value of the height.

Peak holdoff

Defines how close two trapezoids must be to be considered pilled-up.
Starts at the end of the flat top. [79]

Table A.3: Values of the parameters used for the first and second Ac-227 samples.

Parameter First Sample (December) | Second Sample (May)
Trap. rise time 1500.0 2400.0
Trap. flat top 300.0 1200.0
Trap. pole zero 194000.0 194000.0
Peaking time 80.0 80.0
N samples peak 1 4

Peak holdoff 960.0 960.0

Energy fine gain 4.0 4.0
Threshold 100.0 100.0
Trigger holdoff 200.0 496.0

Fast Discriminator smoothing 4 8
Input rise time 50.0 16.0

Voltage bias 60 60

A.1 Poster ISMERAD conference

On the next page, the poster is shown which was used for the 9th symposium of the ISMERAD

conferrence.
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B. MEDICIS data

Below, more information, figures and tables are given about the ion beam current analysis.

Table B.1: The data from a CERN-MEDICIS run used for analysis.

Name Unit Information

timestamp year-month-day | Timestamp objects,
+ time of day corresponding to the
time of the data below.

At=05s

BX40/60 Ampere [A] Current measured on the
collimator /foil

FC30/FC70 Ampere [A] Current  measured  in

Faraday cup (FC) before
(FC70) and after (FC30)
the mass separator.

FC30/FC70 - Position of the Faraday cup:
Position 0 — FC out

1 — FCin

2 — FC moving
Line/Target Ampere [A] Current  through  the
Iyeas transfer line or target

container for heating
Line/Target Voltage [V] Voltage  difference  over
VrEAs the transfer line or target

container

B.1 Error determination

When a function is sampled at discrete time points, the integral of the function can be
approximated using the trapezoidal rule. If the function values and their associated errors are
known, the error propagation in the integral can be calculated. Let's consider the trapezoidal
integration of the difference between two arrays: one from the experimental ion beam current
data with errors (y,,) and one from a polynomial fit with parameter errors (Yaown). The
trapezoidal integral is given by

=

I— (Yup,i — Ydown,i + Zuw’ﬂ ~ Yaown,i+1) At, (B.1)

s
I
o
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where At is the time step between adjacent data points. The polynomial fit of the background
current provides a set of coefficients a = [ag, a1, as, ..., a,] and their covariance matrix pcov.
The fitted values at time ¢ are given by

n

Ydown (t) = Z aiti- (B2>

=0
To propagate the errors from the polynomial fit parameters to the fitted values, the following
equation is used

aydown aydown< ) ..
ydown Z Z ( aal aa] pCOV[Z’jL (B3>

i=0 7=0

where

8ydown(t) Y
8—% — t . (B.4>

This means that
02 ()= 3257t - peovi, ). (B.5)
i=0 j=0
The total error in the difference Ay = Yy, — Yaown at each time point is

Opay = /02 +02 . (B.6)

Yup Ydown

The error on v, is determined by considering the release of particles as a stochastic process
and the precision of the PAM (which was considered to be 0.5 pA). The number of ions N
impinging on the collection foil is then approximated as a Poisson distribution, meaning that
the error on the number of ions is given by v/N. The current Yup 1S then correlated with the
number of ions by

_N-e
Yur = Ty
The error is then determined by propagating the error from the equation above and the precision
of the PAM. The integral’s error is propagated using the errors in the differences and the time
step. The trapezoidal rule for the integral’s error includes the error in At:

N—-1 2 2 N-—1 2
Oayk T OAykt1 Ay + Aypgr
= kE_O ( y v Ykt AtQ) + E : (% OAss (B.8)

k=0

(B.7)

where o, is the error in the time step. Error propagation for an exponential and linear
interpolation is done similar. The error on ygown(t) for linear interpolation is simply 0.5 pA.

B.2 Activity determination

Below, the figures are given showing the background fit and the corresponding values for the
determination of the activity for the June run and September.



B.2. ACTIVITY DETERMINATION

Table B.2: Summary of collected charges and activity when collecting Ra-225 using

91

polynomial fits and linear interpolation in June. Figure shows the background fits.

Background Charge Collected [nC] | Activity [MBq] X2
Polynomial 0 7.5279 4+ 0.0001 20.6703 £ 0.0002 | 0.2399
Polynomial 1 7.5606 + 0.0001 20.7582 4+ 0.0004 | 0.1190
Polynomial 2 7.5522 £+ 0.0054 20.7358 £0.0148 | 0.0197
Polynomial 3 7.5572 £ 0.7109 20.7494 + 1.9657 | 0.0192

Linear interpolation 7.5413 £ 0.0001 20.7065 £ 0.0002 | 0.0160

0.2
0.0
< —0.2 1
-
;_§
2 —04{ @
g
5
O
_06 .
—— degree 0
-0.8 degree 1
—— degree 2
—— degree 3
_1.0 T T T T T
10 15 20 25 30

Time [hours]

Figure B.1: Ton beam current on the foil over time during the collection of Ra-225 on foil
MS-022. The red dots indicate the moments when a Faraday cup (FC) is in use. These
points were fitted using multiple polynomials and an exponential. The results are shown

in table .

Table B.3: Summary of collected charges and activity when collecting Ac-225 using
polynomial fits and linear interpolation. Figure shows the background fits.

Background | Charge Collected [uC] | Activity [MBq] %
Polynomial 1 0.5565 £ 0.0004 2.3890 £ 0.0016 | 0.3053
Polynomial 2 0.5570 £ 0.1278 2.3514 £ 0.6034 | 0.0213
Exponential 0.5622 4+ 0.0001 2.3808 £+ 0.0006 | 0.0356

Interpolation 7.5413 £ 0.0001

2.5334 £ 0.0006 -
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—— Degree 1
Degree 2

Current foil [pA]

40 60 80 100 120
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Figure B.2: Ton beam current on the foil over time during the collection of Ac-225 on foil
MS-022. The red dots indicate the moments when a Faraday cup (FC) is in use. These
points were fitted using multiple polynomials and an exponential. The results are shown

in table .

Table B.4: Summary of collected charges and activity when collecting Ra-224 on foil MS-
020 using polynomial fits and linear interpolation in the June run.

Background | Charge Collected [pC| Activity [MBq] %
Polynomial 0 0.0037 = 0.0000 19408.4 + 50.7370 0.000317
Polynomial 1 0.0037 £ 0.0002 19306.0 £ 1252.0000 | 0.000142
Polynomial 2 0.0037 £ 0.1286 19319.0 £ 669420.0000 | 0.000141
Interpolation 0.0037 4 0.0000 19282.0 4+ 50.6790 -

Table B.5: Summary of collected charges and activity when collecting Ac-225 on foil M-
288 using polynomial fits and linear interpolation in the June run. Figure [B.3]| shows the
background fits.

Background Charge Collected [nC] Activity [MBq] %
Polynomial 0 0.0358 £ 0.0000 145010.0 £ 106.9800 0.1642
Polynomial 1 0.0328 4+ 0.0029 132780.0 £ 11933.0000 0.003225
Polynomial 2 0.0327 + 7.8379 132460.0 £ 31739000.0000 | 0.003048

Linear interpolation 0.0328 £ 0.0000 132650.0 £ 106.9000 -
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Figure B.3: Ion beam current is plotted against time when Ac-225 was collected on foil
MS-288 in the June run. The red dots denote the moment when a FC is in, which were
fitted by multiple polynomials and an exponential. Results are shown in table

—— degree 0
—— degree 1
—— degree 2
—— degree 3

—10 1

—20 1

—30 41

—40 1

Current foil [pA]

—-50 41

—60 1

—70 1

25.0 25.5 26.0 26.5 27.0
Time [hours]

Figure B.4: Ion beam current is plotted against time when Ra-224 was collected on foil
MS-035 in the September run. The red dots denote the moment when a FC is in, which
were fitted by multiple polynomials and an exponential. Results are shown in table
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Table B.6: Summary of collected charges and activity when collecting Ra-224 on foil
MS-035 using polynomial fits and linear interpolation in the September run. Figure [B.4
shows the fits.

Background | Charge Collected [pC| Activity [MBq] X2
Polynomial 0 1.4363 £ 0.0000 10.1506 £ 0.0002 2070.687
Polynomial 1 1.4909 £ 0.0004 10.5410 £ 0.0027 134.5471
Polynomial 2 1.5403 £ 0.9387 10.8909 + 6.6449 106.6255
Polynomial 3 1.5486 £ 1.0644 10.9505 £ 7536.9000 | 77.8703
Interpolation 1.5527 4+ 0.0000 10.9801 £ 0.0002 -

2.0 T T T
—— degree 0 {
degree 1 i
—— degree 2 {
154 — degree 3
—-- Start M-237
—-- Start MS-029 /|
g 104 77 IEnd MS-029 i
= 1] !
Rel 11 I
— 11 1
N 11 I
E 054 11 i
(@] 1 I
ol i
1 1
1 1
1 1
0.0 - d i
4 1
| 1
| 1
| 1
| 1
_0.5 I T T T T T T II
10.0 12.5 15.0 17.5 20.0 225 25.0

Time [hours]

Figure B.5: Ton beam current on the foil over time during the first collection of Ra-225
on foils M-237 and MS-029 in the September run. The red dots indicate the moments
when a Faraday cup (FC) is in use. These points were fitted using multiple polynomials
and an exponential. The results are shown in tables and [B.8]

Table B.7: Summary of collected charges and activity when collecting Ra-225 on foil
M-237 using polynomial fits and linear interpolation for the first time interval in the
September run. Figure shows the fits.

Background | Charge Collected [n1C] | Activity [MBq] %
Polynomial 0 0.0703 4 0.0000 0.1941 4 0.0000 | 1.6378
Polynomial 1 0.0713 4 0.0000 0.1968 £ 0.0000 | 0.1285
Polynomial 2 0.0712 £ 0.0015 0.1967 4+ 0.0049 | 0.1278
Polynomial 3 0.0711 £ 0.0419 0.1965 4 0.1407 | 0.1175

Interpolation

0.0711 £ 0.0000

0.1964 =+ 0.0000
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Table B.8: Summary of collected charges and activity when collecting Ra-225 on foil
MS-029 using polynomial fits and linear interpolation for the first time interval in the
September run. Figure shows the fits.

Background | Charge Collected [nC| | Activity [MBq] X2
Polynomial 0 3.8534 £ 0.0001 10.8584 4 0.0002 | 1.6378
Polynomial 1 3.8455 4 0.0001 10.8359 £ 0.0002 | 0.1285
Polynomial 2 3.8316 £ 0.0317 10.7970 4 0.0894 | 0.1278
Polynomial 3 3.9381 £+ 2.1085 11.0972 4+ 5.9686 | 0.1175

Interpolation 3.8456 4 0.0001 10.8363 £ 0.0002 -
-30
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Figure B.6: Ton beam current is plotted against time when Ra-225 was collected on foil
M-237 and MS-029 for the second time in the September run. The red dots denote the
moment when a FC is in, which were fitted by multiple polynomials and an exponential.

Results are shown in table and .

Table B.9: Summary of collected charges and activity when collecting Ra-225 on foil MS-
029 second time using polynomial fits and linear interpolation for the second time interval
in the September run. Figure shows the fits.

Background | Charge Collected [nC] | Activity [MBq] X2
Polynomial 0 12.4280 4 0.0001 36.3914 £+ 0.0002 | 9.6856
Polynomial 1 12.4780 4 0.0002 36.5370 £ 0.0007 | 4.8753
Polynomial 2 12.5390 + 0.1103 36.7142 £ 0.3253 | 4.6100

12.7750 £ 33.7600
12.5511 £ 0.0001

37.4098 £ 99.8750 | 3.2399
36.7520 £ 0.0002 -

Polynomial 3
Interpolation
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Table B.10: Summary of collected charges and activity when collecting Ra-225 on foil
M-237 using polynomial fits and linear interpolation for the second time interval in the

September run. Figure shows the fits.

Background | Charge Collected [nC| | Activity [MBq] X2
Polynomial 0 0.1175 + 0.0000 0.3518 £ 0.0000 | 9.6856
Polynomial 1 0.1167 + 0.0000 0.3494 + 0.0001 | 4.8753
Polynomial 2 0.1166 + 0.0194 0.3491 £ 0.0653 | 4.6100
Polynomial 3 0.1156 + 6.9612 0.3463 £+ 23.3780 | 3.2399
Interpolation 0.1143 £ 0.0000 0.3422 =+ 0.0000 -
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Figure B.7: Ion beam current is plotted against time when Ra-225 was collected on foil
MS-029 for the third time in the September run. The red dots denote the moment when
a FC is in, which were fitted by multiple polynomials and an exponential. Results are

shown in table .

Table B.11: Summary of collected charges and activity when collecting Ra-225 on foil
MS-029 using polynomial fits and linear interpolation for the third time interval in the
September run. Figure shows the fits.

Background | Charge Collected [nC] Activity [MBq] %
Polynomial 0 9.0481 4 0.0001 27.7085 £ 0.0003 | 70.5996
Polynomial 1 8.4241 4+ 0.0005 25.8399 £ 0.0017 4.2537
Polynomial 2 8.6162 £+ 0.3255 26.4198 + 1.0488 2.3430
Polynomial 3 8.6262 £+ 133.8600 26.4473 + 434.1400 | 1.8302
Interpolation 9.0045 4+ 0.0001 27.6241 + 0.0003 -
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B.3 Fits of Laser OFF data

Below, figures are given regarding the empirical fits of the laser off states for the run of May
and June.

Table B.12: The x2 values of the different empirical fits of the laser off data of the first
region of the May run.

fit-function %

exponential 5.49
polynomial degree 0 | 2080
polynomial degree 1 | 60.9
polynomial degree 2 | 9.79
polynomial degree 3 | 4.45
polynomial degree 4 | 3.84
polynomial degree 5 | 3.81

_15 -

—-16 1

48 50 52 54 56 58 60

Figure B.8: The data points of the laser off states of the third region of the run in May,
which were empirically fitted.
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Figure B.9: The data points of the laser off states of foil M-233 of the run in May, which

were empirically fitted.
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Figure B.10: The data points of the laser off states of the first region of the run in June,

which were empirically fitted.
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Table B.13: The x2 values of the different empirical fits of the laser off data of the first
region of the June run. Fits visualized in figure [B.11}

fit-function

X

exponential

1.54

polynomial degree 1

7.93

polynomial degree 2

2.09

polynomial degree 3

0.983

polynomial degree 4

0.807

polynomial degree 5

0.740

Current [pA]
|
[#s]
i

=10

_12 =

—14 -

— fitted exponential

}

Data
Laser off data

60 70 80 a0
Time [hours]

T
100

T T
110 120

Figure B.11: The data points of the laser off states of the second region of the run in

June, which were empirically fitted.
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Figure B.12: The data points of the laser off states for foil M-288 in the June run, which
were empirically fitted.

B.4 Apparent laser enhancement

Below, all the data points for the remaining regions are shown for the determination of the
apparent laser enhancement.
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Figure B.13: The data points of the second region used to determine the apparent laser
enhancement (see equation [4.14) of the run of May.
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Figure B.14: The data points of the third region used to determine the apparent laser

enhancement (see equation [4.14) of the run of May.
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Figure B.15: The data points of the first region used to determine the apparent laser

enhancement (see equation |4.14) of the June run.
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Figure B.16: The data points of the second region used to determine the apparent laser

enhancement (see equation |4.14) of the June run.
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