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Scientific summary

This thesis is focussed on maximizing the efficiency of medical radionuclide collections at
CERN-MEDICIS. More specifically, a case study on terbium was performed.

In particular, radionuclide collections begin with the production of the radionuclide. Here,
a target is irradiated with a beam (often protons) in order to induce nuclear reactions.
In that way, the radionuclide of interest is produced amongst others. Separation of the
isotope of interest from other nuclei is required to ensure the purity of medical samples.
Here, both elemental selection (with laser resonance ionization) and mass selection (by
using a mass separator) are combined in order to obtain a high specific activity. There-
after, the purified radionuclide beam is implanted in a foil to collect the radionuclides and
to be able to transport them to a chemical facility or hospitals. During this implantation
process, some isotopes are lost due to self-sputtering. All the above-mentioned steps con-
tribute to the total efficiency of a collection, which should be maximized. Therefore, the
main aim of this thesis was to investigate terbium collections and sputtering in order to
maximize the collection efficiency.

The first crucial contribution is the efficiency of the mass separating method. To gain
insight into this process, the terbium collections that were performed in 2022 at MEDICIS
are analyzed. The targets for these collections were irradiated at an external facility and
chemical separation was performed prior to mass separation to purify the samples. Using
chemical separation, terbium can be separated from other elements, but no purification
within the terbium isotopes can be performed. Hence, mass separation is needed and its
efficiency should be maximized.

The next part focuses on implantation of the radionuclides in the collection foil, more
specifically, on the self-sputtering that occurs during these implantations. In particular,
self-sputtering takes place when the momentum of an impinging ion is transferred to nuclei
in the collection foil, causing a nuclear collision cascade that can eject surface nuclei, i.e.,
these nuclei are sputtered out of the foil. As the collection proceeds, more foil material
nuclei will be sputtered out of the foil, hence the original surface of the foil will approach
the earlier implanted isotopes. Consequently, these earlier implanted isotopes eventually
reach the surface, so that they can be self-sputtered from the foil. An analysis on the
self-sputtering behavior has been performed by the use of TRIDYN, a Monte Carlo-based
package for implantation simulations. By performing these simulations, insight in the
self-sputtering process is obtained, which can, eventually, be used to reduce the amount
of self-sputtering that occurs during a collection. Moreover, an experimental protocol is
put forward to verify the reliability of the simulations.

The last part entails the additional time-aspect for a-decaying nuclei. In a-decaying nu-
clei there is an additional decay-related loss of isotopes, namely that after the decay, the
daughter nucleus obtains a large recoil momentum. Hence, the daughter nucleus travels
through the foil and can sputter away other implanted mother nuclei. A first approxima-
tion was obtained by combining TRIDYN and TRIM simulations.

Ultimately, this work aims to contribute to the improvement of radionuclide collections,
which is crucial for the production of radiopharmaceuticals for diagnostic and therapeutic
applications.
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Summary for a general audience

The discovery of radioactivity in 1896 by Marie Curie and Henri Becquerel paved the way
for numerous applications, including the use of radioactive isotopes in nuclear medicine to
diagnose and treat cancer. In nuclear medicine, radionuclides are bound to a tracer and
are injected into the body. The main function of this tracer is to guide the radionuclide
towards the cancer cells. When a radioisotope decays, radiation is emitted, which can be
detected to obtain an image of the tumor. Additionally, the energy that is released upon
decaying can be used to damage a cancer cell.

For each diagnostic and therapeutic modality, radioisotopes with different decay charac-
teristics are needed. Terbium is a promising element, as there exist 4 terbium isotopes
with complementary decay characteristics. Hence, all 4 isotopes have their own appli-
cations for diagnostic or therapeutic purposes while their chemistry is the same. Thus,
the behavior inside the body will be similar, and tracer research with one isotope can be
extended to the other terbium isotopes. Collections of terbium are performed at CERN-
MEDICIS (Switzerland) and often start by shooting protons on a target. As a result,
terbium is produced amongst other isotopes. Upon heating of this target, terbium and
other radionuclides will come out. Subsequently, terbium is accelerated, separated from
unwanted particles, collected on a foil, made into a radiopharmaceutical and brought to
the hospital for treatment and imaging.

Nevertheless, this production process is not optimized yet. On one hand, we aim to ex-
tract the maximum amount of terbium out of the target, while on the other hand, we
strive to minimize the loss when shooting them on the collection foil. The first part of the
thesis is dedicated to the former. Here, three different collections that were performed in
2022 are analyzed in order to provide insights into the production and separation process.
The minimization of the loss when implanting the radionuclides on the foil is addressed
in the second part: when terbium particles impinge with a large energy on the foil, their
energy is transferred to other foil particles in collisions. These collisions can kick out
previously implanted terbium particles, which are thus lost and therefore they cannot be
used in the hospital. Due to this process, known as self-sputtering, up to a quarter of
the implanted particles were lost in recent collections. Therefore, minimization of self-
sputtering is essential.

Finally, an impact of delays is researched: if particles are implanted on a foil and trans-
ported towards the hospital, additional losses can occur. More specifically, when an
implanted particle undergoes decay after implantation, its daughter nucleus acquires a
considerable amount of energy, particularly in certain types of decay. As a result, the
daughter nucleus traverses the foil and can kick out previously implanted particles. This
effect was investigated in this thesis, but only minor effects are present for the current
collections.

In conclusion, using radioactive isotopes in nuclear medicine is crucial for diagnosing and
treating cancer. With terbium being a promising radionuclide for nuclear medicine, its
production process needs to be optimized. To that end, this thesis is focused on the
optimization of producing and implanting terbium.
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Introduction

According to the World Health Organization, cancer takes the second place in the death

causes all over the world, thus research in both treatment and diagnostics is crucial. One
of the emerging fields in cancer research is nuclear medicine. Here, the different decay
characteristic are exploited for both treatment and diagnostics. However, the collection
process of radionuclides for medical isotopes encounters multiple difficulties. This thesis
aims to address some of these challenges to optimize the collection efficiency, with a par-
ticular focus on terbium as a case study.

The production process starts with the irradiation of a target in order to produce the
nuclide of interest; in this process, other radionuclides are also produced. Therefore, mass
separation is used to separate the isotopes of interest, upon which they are implanted in
the collection foil. An interesting element is terbium, as there exists a quadruplet of 4
isotopes with complementary decay characteristics. Consequently, various imaging and
treatment techniques can be employed while their chemistry, and thus their reaction inside
the body, is the same. Nevertheless, the optimization of this process remains a challenge.

—

G ------ = 5 5]
y

PART 1 - The ISOL method: Externally PART 2 — Self-sputtering PART 3 — Recoil-sputtering
irradiated targets

Figure 1: Overview of this thesis with the three main parts.

The main aim of this thesis is to investigate the efficiency of some of the steps of
the collection process with terbium as a case-study. To accomplish this goal, this thesis
is divided in three main parts (see Figure 1). As a broader introduction, Chapter I
provides an overview of the state-of-the-art radionuclide production method, highlighting
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the importance of terbium in nuclear medicine. In Part I, the three ®>Tb collections
performed in 2022 with targets irradiated at PSI (Paul Scherrer Institute, Switzerland)
are discussed. Moreover, the importance of the target preparation is investigated. Part
IT explores the problem of self-sputtering, i.e., if the fluence of particles impinging on the
foil increases too much, earlier implanted particles can be removed from the foil. The
self-sputtering behavior will be analyzed by the use of TRIDYN simulations. Moreover,
a systematic study on the dependence on the foil and beam is conducted (with terbium
as an example). Additionally, a protocol for experimental verification of the TRIDYN
simulations was put forward. Recoil-sputtering in the context of a-decaying radionuclides
is shortly introduced in Part [11. Here, simulations with TRIDYN and SRIM are combined
in order to get a first estimate for the importance of recoil-sputtering in the context of
medical isotope collections.

Outline

Chapter 1 serves as a broader introduction by discussing the current state-of-the-art of
terbium collections. Chapter 2 focuses on the collections conducted during the summer of
2022, followed by an in-depth discussion on the significance of target preparation in Chap-
ter 3. The key findings from these two chapters are summarized in Chapter 4. Chapter 5
provides a general introduction to self-sputtering, while Chapter 6 presents a systematic
study of self-sputtering. In Chapter 7, a protocol for an experimental verification of the
used simulations is presented, followed by simulations for a collection of 2021 in Chapter
8. Again, a general summary on self-sputtering follows in Chapter 9. Lastly, recoil-
sputtering is discussed in Chapter 10. The code utilized to obtain the results presented in
those chapters can be found on GitHub [1]. Moreover, a poster for the LISA conference
was presented on the importance of self-sputtering for medical isotope collections and is
attached in Appendix G.



State-of-the-art of terbium collections

In this chapter, as a broader introduction, the state-of-the art of terbium collections is
reviewed. In Section 1.1, an introduction to nuclear medicine is provided. Next, the
production of terbium, by irradiating targets with protons (with energies of tens of MeV-
GeV) is discussed in Section 1.2. During this production process, other radionuclides are
also produced. To isolate the terbium isotope of interest from these other radionuclides,
the ISOL (Isotope Separation On-Line) method is often employed, which is discussed in
Section 1.3. The main aim of this thesis is to optimize the collection efficiency of medical
isotope collections at CERN-MEDICIS, which is introduced in Section 1.4. Lastly, some
of the existing and future facilities will be briefly introduced in Section 1.5.

1.1 Introduction to nuclear medicine

In nuclear medicine, radioactive nuclides are brought into the body for diagnostic or
treatment purposes, i.e., to detect or destroy cancer tissue. First, a brief introduction
to radioactive nuclides is provided, followed by an exploration of their role in diagnostics
and therapy. Additionally, the importance of terbium in this context will be addressed.

1.1.1 Radioactivity

A nucleus consists of a number of protons (Z) and a number of neutrons (N). However,
not all combinations of N and Z lead to stable nuclei, in fact, the vast majority of nuclei
are unstable. This is seen on the nuclear chart (see Figure 1.1), which represents all
known nuclei. The stable nuclei are indicated in black and are organized along the line of
stability, which deviates from the N=Z7 line. The main reason for this deviation is that
for increasing Z, the repelling Coulomb force increases and thus more neutrons (increase
in the strong force) are needed to mitigate for this repulsion in order to form a stable
nucleus.

Unstable nuclei decay towards a lower energy configuration: the daughter nucleus.
This decay process has a stochastic nature and depends on the half-life of the nuclide
(t1/2), i.e., the time after which half of the initial nuclei have decayed:

dN In(2)

—(t) = N(t) = =AN(t). (1.1)

12
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Primary Decay Mode
. Stable . n e- caplure

Fission - 2n p
a B+ M2
B 2B+ 3p
2 e+
D Long-lived

Estimated
Unknown

Figure 1.1: Nuclear chart, the number of neutrons is represented on the horizontal axis
and the number of protons corresponds to the vertical axis. The black squares indicate
the stable nuclei, whereas the colored squares indicate the unstable nuclei (orange = -,
blue = 5, green = electron capture and yellow = «). (figure retrieved from [2])

Here, N(t) is the number of mother nuclei present at time ¢ and A\ = % the decay
constant. Solving this differential equations yields:
N(t) = Noe ™. (1.2)
The activity is now defined as the number of decays per second:
dN

which depends on the decay constant A. This decay constant is important to characterize
the decay process and to choose appropriate radionuclides for medical use as it depends
on the half-life. In particular, the half-life cannot be too long, since this increases both the
dose for the patient after treatment and the amount of long-lived nuclear waste present
at the hospital. Therefore, in hospitals, isotopes with a shorter half-life (<1day) are used
[3]. On the other hand, if the half-life is too short, the majority of mother nuclei has
decayed before reaching their intended location in the body, leading to an unwanted dose
in the rest of the body and a lower dose at their intended location [3].

1.1.2 Types of radioactive decay and their use in nuclear medicine

In nuclear medicine, radioactivity is used for the diagnosis and treatment of various
pathologies, in particular cancers. Here, a tracer, for example a sugar-analog, is at-
tached to a radionuclide via a linker (see Figure 1.2). This tracer is then targeted towards
processes or organic molecules that are more prominent in cancer cells than in healthy
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Radioactive
isotope Tracer
Cancer cell
with target
protein

Figure 1.2: Schematic illustration of a radiopharmaceutical: the radioactive nuclide is
attached to the tracer using a linker. The tracer ensures that the radiopharmaceutical
accumulates at the cancer cells.

cells, e.g., they are targeted towards high metabolic activities. After arrival at the tumor
site, the objective is that the radionuclide decays and emits radiation either for imaging
or destruction of the cancer cells [4]. By using specific vector molecules, cells in specific
parts of the human anatomy can be imaged or killed [4]. Each type of decay (a-, - and
v-decay) has different properties and can thus be used for different medical modalities.

a-decay During a-decay, a 3He nucleus is emitted from the mother nucleus. This pro-
cess occurs mainly at high masses (>150u), as the Coulomb repulsion increases faster
(~ Z*) than the attractive strong nuclear force (~ A) [5]. Therefore, the nucleus is no
longer stable and an a-particle is emitted:

X = 25 4+ JHe + Q, (1.4)

here () corresponds to the energy that is released during this process which is equal to the
difference in binding energy of the mother and the daughter nucleus. This energy is divided
between the daughter nucleus (Fy) and the a-particle (E,) according to conservation of
energy and momentum [5]:

Q ., _ 0

IR T

(1.5)

(e}

Here, m,, and my are the masses of the a-particle and the daughter nucleus, respectively.
The recoil-energy of the daughter nucleus in a-decay is typically of the order of 0.1MeV.
In therapy for cancer, a-decaying particles are employed by using the energy deposited
by the a-particle to destroy the cell DNA. The a-particles that originate from a-decays
typically have high energies (4-9MeV) and a short path length (40-100um). Therefore, a
few a-particles are sufficient to cause cell-death in the close vicinity of the decay [6].

7,5~ and electron capture (¢) The next type of decay processes is -decay, which
is the main decay path for light, proton-rich (5%) or neutron-rich (57) nuclei [5]. In
fT-decay, a proton is converted into a neutron, a positron (et) and a neutrino (v,)
(p > n+e" +1,). For f7-decay, a neutron is converted into a proton, an electron (e™)
and an antineutrino (7.) (n — p + e~ + 7). Due to the presence of this (anti)neutrino,
the (8 particle has no well-defined energy, but rather a distribution of energies [5].

For proton-rich nuclei, electron capture is also possible (e-decay), in which an atomic
electron is captured by the nucleus and forms, together with a proton, a neutron and a
neutrino.
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Nuclei that decay via S*-decay are used for PET imaging (Positron Emission To-
mography). In f*-decay, a positron is emitted, which quickly annihilates with a nearby
electron and consequently two 511keV ~-rays are emitted, with a relative angle of 180°.
In PET imaging, these two coincident vy-rays are detected in order to retrieve back the
position of annihilation. On the other hand, 5~ -decay has therapeutic applications (tar-
geted electron therapy). The emitted S-particles have medium energies (0.5-2.3MeV)
and a longer path length than a-particles and are therefore more suited for larger diffuse
tumors or for residual diseases [6].

v-decay Following one of the above-mentioned decays or a nuclear reaction, the nucleus
often remains in an excited state. The excess energy associated with this excited state is
rapidly released by means of y-decay. Here, the excited nucleus decays to a lower energy
state by emission of one or more y-rays. These y-rays are photons with a specific energy,
typically between 0.1MeV and 10MeV [5].

~v-decaying isotopes are used in Single-Photon Emission Computerized Tomography
(SPECT). Here, the decay of the radionuclides is imaged by measuring the specific -
rays. In that way, a visualization of the distribution of the isotopes is obtained.

1.1.3 Importance of terbium in the medical context

The terbium-quadruplet consists of 149Th, 152Tb, 15*Tb and %' Tb and has been researched
extensively. Each of these isotopes has distinct decay modes (see Figure 1.3), and thus,
those different isotopes can be used for different therapy and diagnostics modalities.

Tb 149 Tb 1562 Tb 155 iibr 61
42m 41h| |42m 17.5h 532d 6.90 d
€ € Iy 283; €
B+ o 3 S 168 B+2.8... € iR f-0.5; 0.6...
a3.99. B+ 18 e P+ o 734‘4; v 87, ) 126:49; 75...
-y el 180, 262... .

Figure 1.3: The terbium-quadruplet, together with the different decay modes for each
isotope. (figure retrieved from [7])

The fact that different isotopes of terbium decay through different modes, is useful in
the context of theranostics, in which diagnostics and therapy are combined to optimize the
treatment [7]. The main advantage of having four medically interesting isotopes of terbium
is that they share identical chemical properties, which ensures similar reactions in the
body while their different decay characteristics provide the possibility of different medical
modalities. This chemical similarity also enables the use of identical linker molecules,
allowing for the extrapolation of research on linker molecules from one isotope to the
others. However, to account for differences in half-lives between isotopes, distinct linker
molecules must be utilized. For instance, shorter-lived isotopes require transfer molecules
that rapidly transfer to the tumor site to reduce the radiation exposure in healthy tissue
with respect to the dose given to the target. Conversely, longer-lived isotopes are better
combined with transfer molecules with a slower transmission through the body to prevent
excretion before a sufficient dose was given to the tumor cells and to minimize radiation
exposure to excretion organs such as the kidneys.
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Especially 9Tb is a desirable isotope in the context of cancer treatment, in that
it is an alpha emitter that decays into a long-lived daughter. Moreover, the long-lived
daughter does not decay via a-decay or -decay and thus no further damage to the tissue
is caused. As a result of these properties, Tb is highly suitable to use in Targeted
Alpha Therapy (TAT) as the additional dose that the patient receives, due to the decay
of the daughter nucleus, is limited. Moreover, the half-life of 4.1 hours is long enough to
effectively treat the patient, but short enough to limit the additional dose the patient is
exposed to. Additionally, "Tb has a 37 decay branch, which allows for PET imaging [8].
Hence, the tumor cells can be imaged, while the a-decays destroy the double-stranded
DNA of the cancer cells. Also, y-decay is present and therefore SPECT imaging is also
possible.

Another isotope that is suitable for PET imaging is 1°2Tb, which decays via 3*. Com-
pared to 9Tb, PET scans are significantly better for '*Tb [6] due to the higher positron
emission branching ratio. Nevertheless, when using 4°Tb for therapy, no additional dose
is needed for the imaging as both PET imaging and alpha therapy are possible for 4*Tb
via its ST and a-decay branch.

161Th decays 8-, but also electron conversion electrons and Auger electrons are present,
which are all used for targeted electron therapy. Moreover, ' Tb is also appropriate for
SPECT (imaging). The BR2 nuclear reactor at SCK CEN (Mol, Belgium) is already
capable of producing ''Tb [9].

155Th decays by electron capture, making it suitable for therapeutic applications.
Moreover, ~y-rays are emitted that can be used for SPECT (imaging) [7]. 'Tb can
be paired with 1Tb, forming a theranostic pairing: **Tb can provide pretherapeutic
imaging prior to the therapy with $'Th [6].

1.2 Proton-induced nuclear reactions

Terbium can be produced by irradiation of a target with protons. The main advantage
of irradiation with protons is that protons have a small mass and thus a small energy
loss when penetrating through the target, leading to larger ranges of distance travelled
through the material compared to heavier particles. Therefore, for a specific energy, using
protons often gives the highest production yields per beam power unit compared to heavier
projectiles [3].

Two different production modes are distinguished based on the energy of the protons
that is used: low to medium proton beam energies (5-70MeV) and high proton beam
energies (> 100sMeV). For the low to medium energy proton irradiation, three categories
are distinguished based on the proton energy [3, 10]. For low energy protons (5-15MeV),
mainly (p,n) and (p,«) reactions dominate, yielding radionuclides that predominantly
decay 1. These radioisotopes have a short half-life and are thus produced close to or in
the hospital. For proton energies in between 20MeV and 35MeV: mainly the (p,2n) and
(p,3n) channels dominate. Lastly, for proton energies around 70MeV: (p,4n) and (p,2p)
are possible.

For proton beam energies above several hundreds MeV spallation, fission and frag-
mentation are the dominant processes. The terbium production cross section for these
reactions depends strongly on the energy [11]. These are however very dirty reactions in
which a lot of impurities are produced.
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During any irradiation with protons, contaminants are produced and therefore, sep-
aration of the isotope of interest is needed. In the case of offline separation, often, a
chemical separation step such as elution (see Section 3.1) is performed after the irradi-
ation. In this way, a large portion of the isobaric contaminants (contaminants with the
same mass) can be removed. However, due to the fact that isotopic contaminants (con-
taminants of the same element) have the same chemistry as the isotope of interest, those
cannot be separated using chemical techniques and therefore the ISOL mass separation
method is employed. For example, for irradiation of ¢Gd with low energy protons, the
cross sections for the production of different terbium isotopes are indicated in Figure
1.4. From which it is concluded that, apart from *°Tb, other terbium isotopes also have
non-negligible production cross sections [12].
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Figure 1.4: Cross section for different terbium isotopes for the irradiation of 1*°Gd with
low energy protons as a function of the energy of the protons. (figure retrieved from [12])

1.3 ISOL method

In this section, an overview of the ISOL method (see Figure 1.5) is provided, including
the heating of the target and the subsequent diffusion of the isotopes towards the ion
source, mass separator and collection box.



State-of-the-art of terbium collections 9

Transfer
container

| N ACUUM
valve
«
Beam
instrumentation

HV insulator Front-end | Dispersion
chamber

Target/ Vacuum
ion source

Extraction Einzel

Dipole Laser
| _electrode lens | magnet window

Figure 1.5: Overview of the ISOL method. The extraction and ionization are indicated
in blue, the mass separation in red and the collection box in green. (figure retrieved and
adapted from [13])

1.3.1 Extraction

The first step in the ISOL method is the extraction. Isotopes are extracted from the
target by heating the target (typically > 2000°C for Tb collections) [14]. First, the
isotopes diffuse towards the surface, the concentration of radioisotopes at the surface is
determined by Fick’s second law of diffusion:

% V. <exp (—é—;}) elt t)) , (1.6)

with C the isotope concentration, R the universal gas constant, T the temperature and
AH the activation enthalpy of diffusion [15]. Thus, as the temperature increases, the
diffusion towards the surface is enhanced.

Next, the radioisotopes are released from the target at a desorption rate: rp ~
exp(—f;c%), where kg is the Boltzmann constant and F,. is the activation energy for
desorption, which is equal to the negative adsorption enthalpy [15]. Again, increasing the
temperature enhances the desorption process [16]. After the diffusion towards the surface
and the desorption from the surface, the isotopes effuse out of the target container through
a transfer line towards the ion source. In conclusion, the defining factors for extraction
are the activation enthalpy of diffusion and the activation energy for desorption. Both
depend on the isotope, target material and container material. Hence, different isotopes
are extracted at different temperatures and the sequence at which they come out can be
approximated via the boiling temperatures, vapor pressures and the adsorption enthalpy
when tantalum is used [17, 18].




State-of-the-art of terbium collections 10

1.3.2 Ionization

After extraction, the isotopes are ionized; most often surface ionization, resonance laser
ionization or electron impact ionization are employed [19]. All three methods are visual-
ized in Figure 1.6.
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Figure 1.6: Schematic illustrations of surface ionization, laser ionization and electron
impact ionization. (figure retrieved from [20])

Surface ionization relies on collisions with the surface, upon which the isotope loses or
gains an electron, depending on the work function of the surface (¢) and the ionization

potential of the isotope (W):
a ~exp | 2— W
P\ ket )

Here, « is the ionization degree, T' the temperature and kp the Boltzmann constant [21]. Tt
is concluded that the largest ionization efficiency (e = 1%) is achieved for materials with
large work functions like tantalum (¢ = 4.19eV), tungsten (¢ = 4.53eV) and rhenium
(p = 5.1eV) [21]. Apart from the ionization potential of the isotope, no dependence
on the isotope is present for surface ionization, therefore, surface ionization is not very
selective, and many elements, other than the one of interest, are surface ionized [21].

The efficiency is usually increased due to the formation of a thermal plasma that
creates a potential which confines ions and avoids de-ionization [22]. This effect is taken
into account by an amplification factor N: ¢ = N %= If the number of incoming particles
is too high (typically, for beam currents above 100nA), the potential is weakened by the
many ions and is no longer able to confine new ions. This makes recombination at the
surface possible, i.e., the ion source is saturated [23].

A schematic representation of a surface ion source is shown in Figure 1.7. A surface
ion source consists of a line, which is a metal tube that has a higher work function than
the atom that should be ionized. The temperature of this line can be regulated and is
put on similar temperatures as the temperature of the target.

(1.7)
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Figure 1.7: Surface ion source together with the extraction electrode and target.

Target

Increased elemental selectivity can be obtained by using a Resonance Ionization Laser
Ton Source (RILIS), which is schematically represented in Figure 1.8. Resonance laser
ionization employs the electronic structure, which is element specific, to laser-ionize ele-
ments in two steps: the first set of lasers (usually 1 or 2 lasers) excites the elements of
interest and a second laser is used for ionization of the excited atoms as is shown in Figure
1.9.

Extraction electrode

—

Figure 1.8: RILIS ion source. The laser is shown with respect to a surface ion source.

Target
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Figure 1.9: Resonance laser ionization principle: the first set of lasers excites the ele-
ments of interest and the second laser is used for the ionization of these excited atoms.
(figure retrieved from [24])

Next to the increased elemental selectivity, another advantage of using RILIS compared
to surface ionization is that the collection time, and thus the decay-induced loss, can be
decreased due to the enhanced ionization efficiency.
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Electron impact ionization is implemented in a FEBIAD (Forced Electron Beam In-
duced Arc Discharge) which is visualized in Figure 1.10 [25]. Here, the isotopes effuse
out of the target towards the anode volume of the target, where the isotopes are ionized
via bombardment with electrons that are extracted from the heated cathode and are ac-
celerated (F ~ 100 — 200eV) towards the anode. The ionization efficiency depends on a
number of parameters in the ion source, such as the time spent in the anode volume, the
cathode temperature, the anode temperature and the anode voltage. The dependencies
are not straightforward and are described in [25].

CATHODE
2000 °C

__________________________ T

EXTRACTION
PLATES

CATHODE SUPPORT
30 kv 0-200V

Figure 1.10: Illustration of a FEBIAD ion source. (figure retrieved from [26])

1.3.3 Mass separation

The target and ion source are put on high voltage, while the mass separator is main-
tained at ground potential. Hence, the ionized isotopes are accelerated towards the mass
separator, where isobaric selectivity is obtained by using an analyzing magnet. This ana-
lyzing magnet separates the isotopes based on their mass to charge ratio. As the isotopes
fly through a homogeneous magnetic field, their trajectory bends with a radius (r) that
depends on the mass of the isotope:

r=—=vm—- (1.8)

where B denotes the applied magnetic field and m, E, v and ¢ correspond to the mass,
energy, velocity and charge of the particle [5]. As different masses give rise to different
bending radii, the magnetic field can be changed in order to select the desired mass.
Another important factor to take into account is the mass resolving power: M RP =
dFW%, where M is the mass of the isotope of interest, FW H M is the full width at half
maximum of a beam of ions with mass M in the focal plane of the separator and d is the
distance between two peaks with mass M and M + 1 [25]. Collection of contaminants
needs to be avoided, therefore the mass resolving power should be maximal. The mass
resolving power is enhanced if the beam is mono-energetic and narrow, which is achieved

by using different electrostatic elements such as deflectors and Einzel lenses [25].
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1.3.4 Collection box

After the mass separation, the isotopes can be collected on a foil, which is located in the
collection box. The collection box is a vacuum chamber in which collection foils can be
mounted. The current implanted on these foils can be measured throughout the collection.
Moreover, Faraday cups are used, which can be inserted in the beam line to measure the
current of the beam [25]. The implantation rate can directly be monitored by measuring
the current deposited on the foil, while the collected radioactivity can be monitored with
radiation detectors, such as the Kromek GR1 CZT detector [25].

1.3.5 Chemical purification

For the use in medical applications, high specific molar activity is required, i.e., the amount
of contaminants needs to be minimized. After the mass separation, isotopes of the same
mass are collected, such as, in the case of a 1*Tb collection, 1*>Gd or the isobaric molecule
contaminant *?Ce'®O [11]. These contaminants are surface ionized and thus collected on
the collection foil. Hence, further chemical separation is still required as mass separation
is unable to differentiate between isobaric contaminants [27].

1.4 Optimization of the collections

Each of the steps discussed in the previous sections contributes to the total efficiency of
a collection:

Etot = Ediff * €eff " €ion * Esep * Etransport * Eimplant * Cdecay (19)

Here, €qift, Eeff, Eions Esep cOrrespond to the different steps of the ISOL method: diffusion,
effusion, ionization and mass separation. €gansport 18 related to the transport of the beam
towards the implantation foils. €implane is the implantation efficiency, in other words, the
fraction of particles that are retained (= not self-sputtered') on the foil compared to the
total number of impinging particles. Lastly, cgecay is a factor that takes into account the
radioactive decay during the collection.

Two main parts (€t = €1S0L * Eimplant) Will be distinguished during this thesis: the
efficiency of the ISOL method itself (= target choice, extraction, ionization and mass
separation) and the efficiency of the implantation (&implant). Both the optimization of
the ISOL method and the minimization of self-sputtering are discussed in the next two
parts (part I and part II respectively), and are dependent on the operating conditions
of each facility, such as the extraction voltage and the material of the foils used for the
collections. Since different facilities operate in different conditions, an overview of the
currently existing and future facilities is given in the next section.

Additionally, during the collection, activity is lost due to the decay and thus the
collection time needs to be minimized. However, also the amount of activity implanted
in the foil needs to be maximized. A balance between both needs to be found and,
additionally, the transport time needs to be minimized. This time-factor is even more
important for the collection of a-decaying isotopes (e.g., *9Th) as the daughter nuclei

'If ions are implanted in a foil, earlier implanted isotopes can be lost due to self-sputtering. An
elaborate discussion on self-sputtering is provided in Part II.
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obtain a significant recoil energy. These recoiling daughter nuclei can induce sputtering
of other implanted mother isotopes. Therefore, the mother nuclei are not only lost due to
the decay, but also a small part is lost due to the fact that they can be sputtered out due
to recoiling daughter nuclei originating from other decaying mother nuclei. A discussion
on the importance of this recoil-sputtering for medical isotope collections is provided in
Part [1I of this thesis.

1.5 Different facilities for radionuclide production

In this section, the different medical isotope productions facilities that are currently ex-
isting and the future facilities are discussed. There are two main categories of facilities:
the facilities with online extraction and the facilities with offline extraction. For online
extraction facilities, the irradiation of the target and the extraction of the isotopes are
performed simultaneously. For the offline facilities, the irradiation of the target is con-
ducted before the collection of the radioisotopes with the ISOL technique. The latter
technique offers two main advantages. Firstly, it allows for an intermediate radiochem-
istry step to be performed between the irradiation and the collection, in order to have a
more efficient extraction of the isotopes of interest. Secondly, short-lived contaminants
have decayed already when the extraction starts. However, to collect short-lived isotopes
online extraction is favored due to the decay-induced loss of those short-lived isotopes
while transporting the target to an offline extraction facility.

Several facilities such as MEDICIS at CERN (Geneva, Switzerland), ISOLpharm at
SPES (Legnaro, Italy), ISOL@MYRRHA at SCK-CEN (Mol, Belgium), SMILES at AR-
RONAX (Nantes, France) and TATTOOS at PSI (Villigen, Switzerland) exist or are
planned to be built. The case-study of this thesis is CERN-MEDICIS, therefore, a more
elaborate discussion on the MEDICIS facility is provided. For the other facilities, a sum-
marizing table is provided in Table 1.1 and Table 1.2.

The MEDICIS [19] facility is used for the production of different isotopes for research
in medical imaging and therapy. MEDICIS is built as an extension of CERN-ISOLDE
(Isotope Separation On-Line DEvice), which is a facility where the ISOL method is ex-
ploited mainly for fundamental nuclear physics research and for medical nuclear physics.
An overview of the MEDICIS facility with respect to ISOLDE is shown in Figure 1.11.
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Figure 1.11: Integration of MEDICIS in ISOLDE, together with the top view of the
MEDICIS setup (picture on the right). The picture on the left indicates how MEDICIS
targets (rightmost target) are irradiated in combination with ISOLDE targets (leftmost
target). (figures retrieved from [28, 29, 30])

MEDICIS is an offline collection facility in which two types of targets are used:

e Targets irradiated at ISOLDE: the MEDICIS target is placed in between the ISOLDE
target and its beam dump and is irradiated by the proton beam of 1.4GeV com-
ing from the proton synchrotron booster (PSB) as is shown in Figure 1.11. These
high energy protons induce spallation reactions in which many radioisotopes are
created, amongst which terbium. Subsequently, the target is transported towards

the MEDICIS front-end using a robot [19].

e Targets received from external institutes such as ARRONAX or PSI: these targets
allow for collection during periods of long shutdowns at CERN. As a result, MEDI-
CIS stands out as one of the few facilities at CERN able to run during periods in
which no protons are available as the full accelerator chain is stopped [19]. The
energies of the protons used for the target irradiation at PSI and ARRONAX are of
the order of several 10sMeV. After irradiation of the target at the external facility,
the target is dissolved and chemical preparation such as elution (see Section 3.1)
can be performed. Thereafter, the radioisotopes are deposited on a foil, which is
then shipped to MEDICIS and mounted inside a MEDICIS target.

Hereafter, the radionuclide collection can start at MEDICIS, using the ISOL method.



Facility Type | Production Extra information
A potential difference up to 40kV will be used to implant the
isotopes in the collection foils [32].
The ISOLpharm radionuclide implantation station is shown
in the figure below. This implantation station is equipped with
robots that facilitate rotation and refilling of the target foils
[33]. The different target foils that are currently researched at
A Best Cyclotrons Systems Inc (BSCI) | ISOLpharm are sodium chloride, sodium nitrate, dextrates and
cyclotron is used to accelerate protons | cellulose.
up to 70MeV [32] (variable from 35-
ISOLpharm 7QMeV [10]) that impipge on a car-
31] (In ' blde target. Such a carbide targgt con-
commis. Online | sists for example of U(?2+QC, TiC+2C @
sioning) or ThCy+42C. The main advantages of
these targets are the open porosity and O
nanostructure to obtain fast release of
isotopes and the high thermal proper- O
ties to efficiently dissipate heat [33].
a
C
Radiopharmaceutical labelling and chemical separation of the
produced nuclei can be performed on-site.
SMILES The ISOL-setup is disjunct from the
[34]  (Not proton accelerator present at AR-
in com- | Offline| RONAX, this IBA accelerator acceler- | Radiochemical separation can be performed on-site.
missioning ates protons up to 70MeV with a large
yet) intensity (350uA).

Table 1.1: The most important characteristics for radionuclide collection at ISOLpharm and SMILES
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Facility Type | Production Extra information
A 100MeV proton beam that is coming from
the MYRRHA accelerator is split by the use
of a magnetic kicker, upon which part of the
%?5(]) L@(Dg/{)zii}i_A Online | beam is guided towards the ISOL setup. The | The extraction‘ Will be pe.rforme(.i between 3QkV
tion starting & ' other pa‘rt is used. for 'the MYRRHA. reac- and. GOkY. Additionally, radlo'chemlstry and radiola-
soon) offline | tor. Offline extraction will also be possible at | belling will be conducted on-site.
ISOL@MYRRHA, with the aim to use exter-
nal sources with a larger cross section for the
production of specific radioisotopes [36].
Everything, starting from the proton irradiation
reaction up to the chemical separation after the
collection, will be conducted on-site.
The high-intensity proton accelerator (HIPA)
r(rl\?irl;g?fmriz Online (injector 2) will provide the large intensity pro- | Moreover, at PSI, it will be possible to use the

sioning yet)

ton beam with energies up to 72MeV, also neu-
tron irradiation will be possible at PSI [38].

HIPA to produce a proton beam of 590MeV in
order to induce spallation reactions by irradiation
of a ™Ta target. The prospects of this method
are promising: in theory, 67.3GBq of ®*Tb can be
produced after irradiation of 12h [38].

Table 1.2: The most important characteristics for radionuclide collection at ISOL@MYRRHA and TATTOOS.
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PART I: The ISOL method -
Externally irradiated targets

Before anything else,
preparation is the key to success

Alexander Graham Bell
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Collections of summer 2022

In this chapter, an analysis on the terbium collections conducted during the summer of
2022 is presented. Three collections were carried out at MEDICIS for *°Tb using targets
that were irradiated at PSI. The first section provides an overview of the **Tb collections
performed in 2022. Thereafter, the collections of July 4, July 11 and July 15 are discussed.
Lastly, a conclusion based on all three collections is provided. Overall, the analysis in
this chapter aims to provide insights into the optimization of the ISOL method for future
terbium collections.

2.1 General information about the collections

A flowchart of the collection procedure for externally irradiated targets is shown in Figure
2.1. First, the target is irradiated at PSI, which is described in Section 2.1.1. Thereafter,
the target is dissolved and chemical separation is performed at PSI. Subsequently, the
isotopes are deposited on a foil and the foil is shipped to MEDICIS, where it is mounted
inside a MEDICIS target. Thereafter, the collection is started and performed as was
described in Section 1.3. Several measurements are performed during the collections,
which are elaborated on in Section 2.1.3.

A summary of all three collections is provided in Table 2.1.

2.1.1 Target production

The targets that were used during the collections in the summer of 2022 were produced at
PSI. More specifically, an enriched %°Gd target (1°°Gd,03) was irradiated with 22.8MeV
protons (**Gd(p,2n)'*Th). Following the irradiation, the target is dissolved and under-
goes chemical separation (elution, see Section 3.1) in order to remove a portion of the
gadolinium present in the target. The basics of elution and its importance will be dis-
cussed in Chapter 3. For the collection of July 4 and July 11, HCl was used as an eluent
whereas for the collection of July 15, HNO3 was used as eluent.
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Figure 2.1: General flowchart for the collections that were performed in the summer
of 2022. a, b, c and d correspond to the different measurements that were performed
throughout the collections. More specifically, a corresponds to the measurement of the
current on the foil (both '*Th and isobaric contaminants), b represents the activity
measurement of »Th. ¢ corresponds to the laser ON-OFF effect, in other words, the
difference in the current on the foil with the lasers on and off (for investigation into laser
resonance ionization). Lastly, d corresponds to the temperature of the target container.

(figures retrieved and adapted from [13] and [39])

July 4 July 11 July 15
Target # 725M # 764M # 726M
Facility PSI
Target material 1%6Gd, 04
Proton energy 22.8MeV
Beam current 25puA/h
[rradiation time 16h

Eluent 0.05M HCI1

0.056M HCl 0.06M HNOs3

Activity of Tb in target

T atart eollection 1018.01MBq | 546.62MBq | 950.24MBgq
Tb to Gd ratio > 102/20

Ta surface FEBIAD Re surface
Ton source . . .

ion source ion source ion source
Efficiency 0.573(32)% | 0.01515(22)% | 0.3436(136)%

Table 2.1: Summary of the three collections that were performed in 2022 at MEDICIS

(see Section 2.2, 2.3 and 2.4).
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2.1.2 Laser resonance ionization

For the three collections performed in 2022, the three lasers in MELISSA were tuned for
two schemes: 23107.3cm™! & 24338.421cm™! and 24613.87cm™!, as is shown in Figure
2.2. Both schemes do not uniquely laser ionize terbium, but also parasitically ionize
gadolinium. However, scheme A is the most efficient scheme for reducing the interference
of gadolinium ionization [40]. From 2022 onwards, scheme A and B are subsequently
turned off approximately every bmin, for investigation into laser ionization compared to
surface ionization.

474457 cir? 49690,15 cm’’
406,275 nm
410,60 nm 24613,87 cm?
24338,421 cm™
25076,26 cm!
23107,3cm? 4
406,27 nm
432,764 nm 2461418 cm!
23107,3 cm!
o 462,08 cm™!

Figure 2.2: Laser scheme A (left) and scheme B (right) used at MEDICIS for the laser
resonance ionization of Th. (figure retrieved from [23])

2.1.3 Measurements performed during the collections

For each collection, several measurements are performed and the most important ones
will be discussed in this section. The ion current on the foil is measured continuously
throughout the collection (see a in Figure 2.1). This ion current provides a measure for
the total number of particles that impinge on the collection foil. The total ion current on
the foil includes isobaric contaminants as those are surface ionized, selected by the mass
separator and subsequently implanted in the collection foil.

Moreover, an activity spectrum is acquired every 5 minutes by the use of a Kromek
CZT detector [41] (see b in Figure 2.1), from which the activity corresponding to °Thb
can be calculated, as is described in Appendix A. Nevertheless, the automation program
for the Kromek CZT detector sometimes crashes and at those times, the spectra are not
saved. For example, in Figure 2.4a, no activity information is shown between 100 minutes
and 950 minutes after the start of the collection due to the fact that the automation
program crashed. The activity corresponding to *>Tb in the collection chamber provides
a measure for the number of »Tb particles that are collected on the foil. In order to
compare with the total current on the foil, the current that corresponds to the activity of
155Tb is calculated, taking into account the decay process:

e Axromek(t + At) — Axromek (1) exp(—Aisspp, At
eru(t+ At) = 5 = il ) " k(f) exp(—AuerpAF) (2.1)
155Th
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Here, cry, represents the part of the current on the foil that corresponds to *°Tb, ¢ is
the time, e = 1.602 - 107!°C the electron charge, Aissy, the decay constant and Axromek
is the activity of 1°*Tb measured by the Kromek detector. If the value of At is chosen to
be too small, random fluctuations of the activity are taken into account and may lead to
inconclusive results.

Additionally, the current corresponding to the laser ionization can be calculated (see
c in Figure 2.1). The lasers are periodically turned off, which results in a decrease in the
current on the collection foil as can be seen in Figure 2.3. The minimal value around each
periodic position corresponds to the surface ionization as no lasers are present at that
point. The total current (surface + laser ionization) is obtained from a polynomial fit
(degree=20) around each ON-OFF effect based on the data without the ON-OFF dips.
Upon subtraction of the surface ionization current from the total current, a measure for
the laser resonance ionization current is obtained. If we assume that there are no other
resonances for the used lasers, only terbium will be laser ionized. Under this assumption,
155Th will be the only contribution to the laser resonance ionization current, as the mass
separator is configured on mass 155u. Consequently, the laser resonance ionization current
is an estimation for the amount of *Tb that is laser ionized.

Lastly, the temperature of the target container (see d in Figure 2.1) is mea-
sured throughout the collections. The temperature on the target container is mea-
sured as a current [A]. In order to convert to temperature[°C], current[A] =

a-temperature[°C| + b-temperature[°C]4
c+temperature[°C| c+temperature[°C|

was used to fit the calibration measurements of the

target!.

0175%‘%
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o o
s =

o
o
~
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Figure 2.3: Current on the foil during a part where 3>Tb is collected as a function of the
time after the start of the collection. In intervals of five minutes, the effect of switching
the lasers off can be observed as a decrease in the current on the foil.

In order to perform this fit, a code was used that is written by Jake Johnson [42].
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2.2 Collection of July 4

During the collection that started on July 4, a target from PSI was used. More specifically,
a "9Gd,03 (99mg) target was irradiated with 22.8MeV protons for 16h (beam current:
25u1A /h). Subsequently, elution was carried out at PSI using 0.05M HCI and the activity of
155Th in the target at the start of the collection was 1018.01MBq. In addition, an ICP-OES
(Inductively Coupled Plasma Optical Emission Spectroscopy) analysis was conducted
after the elution and gadolinium could not be detected, indicating that the terbium to
gadolinium ratio is larger than %. Hence, the majority of °*Gd present during the
collection originates from the decay of *>Tb into %°Gd.

After elution, the isotopes were deposited on a Re foil and subsequently transported
to MEDICIS where they were mounted in a MEDICIS target. During the collection, the
target was put on high voltage (60kV) and a Ta ion source was used. Moreover, the
collected radioisotopes were implanted in an aluminum-coated gold foil (M183), while
the mass separator was set to mass 155u. The collection started on July 4 (17h30) and
lasted for 41h. Thereafter, another foil was loaded with the objective of collecting more
terbium and to understand why lower activities than expected were collected on the first
foil. Nevertheless, no significant amount of terbium was collected on the new aluminum-
coated gold foil (M184).

The results of the measurements during the collection on the first foil are shown in
Figure 2.4a. Upon initiating the heating towards 500A, which corresponds to 1685.4°C,
a strong increase in the current on the foil can be seen. However, no laser ON-OFF effect
nor increase in the activity of »>Tb is observed, indicating that no ®*Tb is collected, but
rather a contaminant with mass 155u is collected. After this peak of about 38 minutes, the
current on the foil stays rather constant (increase from 0.001nA towards 0.014nA in 100
minutes). Once the temperature reaches 500A (1685.4°C), another peak in the current
on the foil is observed, but no laser ON-OFF effect is seen, suggesting that a contaminant
at mass 155u is being collected.

As the temperature rises towards 600A (1988.5°C), a peak in the current on the foil is

observed. The first part shows a minor increase in the laser ON-OFF effect (S5 = %89m4)

while the second part shows a strong increase in the laser ON-OFF effect (% = 8??8223).
The first Kromek measurement (after the crash of the software) yields an activity of 1*Tb
of 6.19(49)MBq, confirming that *>Tbh was collected. From Figure 2.4, it is observed
that during the first part of this peak in the current on the foil, scheme B is predominantly
enhanced. The amount of '%*Gd that is present in the target at 871 minutes after the
start of the collection can be calculated based on the activity corresponding to *>Tb that
was present in the target after the chemical separation (1465.92MBq on 01/07/2022 at

14h50):

N(155Gd) _ N0(155Tb) (1 B 6—@’1322).(01/07/2022 14h50—05,/07/2022 9h01))

- % (1 - 6—75.32?5‘5»?%111'<5411min>> — 1.578 - 10%®particles.
O secC

Thus, at least, a current of 0.7nAh of *Gd is present in the target. Therefore, it is likely
that the first part of the aforementioned peak in the current (where mainly scheme B is
enhanced) corresponds to '*Gd instead of Tb as scheme B has a larger interference
for parasitical laser resonance ionization of Gd than scheme A.
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(a) Summarizing figure for the *Tb collection started on July 4. In the upper plot, both
the temperature (gray) and the activity of »Tb measured with the Kromek (blue) are shown
as a function of the time after the start of the collection. In the other plot, the total current
measured on the foil, the current originating from laser resonance ionization and the current on
the foil that is calculated from the activity of '®>Tb are shown as a function of the time after
the start of the collection.
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(b) Laser resonance ionization current corresponding to laser scheme A (magenta) and laser
scheme B (cyan) of the laser resonance ionization as a function of the time after the start of the
collection for the '5>Th collection started on July 4 (zoomed in Figure of 2.4a with the currents
for scheme A and B shown seperately).

Figure 2.4: Summary on the collection of July 4
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At 980 minutes after the start of the collection, a notable decrease in the current
on the foil, the laser ON-OFF current and the current corresponding to the activity of
135Th is observed. This indicates that '®*Tb is no longer being collected. The total
current measured at this point is 14nA, which is expected to be below the threshold
for ion source saturation (typically, ion source saturation is only expected at currents
above 100nA). One possible reason for the fact that Tb is no longer collected may be the
formation of a temperature gradient inside the target. Consequently, *>Tb can condense
on these colder parts of the target, inhibiting its vaporization from the target. Another
possibility is that the target is depleted.

Hereafter, no more ®*Tb was collected, the temperature of the target was increased
again, but no laser ON-OFF effect nor increase in the activity of %*Tb is observed.
Moreover, from the mass scans (see Figure 2.5), it is concluded that no laser enhancement
is present. Most likely, lanthanum oxide is collected at this point, which is a contaminant
present in the target container.

< ;
C f \ —— Laser ON
:n 0 1 / \ Laser OFF
C ‘\
GL) /
O 150 152 154 156 158 160
Mass [amu]
< —
C / " P —— Laser ON
— ) /f\ o Laser OFF
45 1073 /‘\\J//\ \ \\\
5 il ul | ( ‘ ‘ ‘ \ A,
O 150 152 154 156 158 160

Mass [amul]

Figure 2.5: Mass scan (current as a function of atomic mass) performed at ~ 1290min
after the beginning of the collection. Two mass scans were performed, one for the lasers
on (blue) and one for the lasers off (orange). Both figures show the same mass scans for
laser ON and OFF, but the second figure is in logscale.

The activity of >Tb collected on the foil after removal was measured with a high
purity germanium detector and yielded an activity of 5.83(32)MBq at the moment of foil
removal. Hence, the efficiency of the collection can now be calculated as:

Activity of ' Tb measured after the collection corrected for the decay

€= (2.2)

Activity of ' Tb present in the target at the start of the collection

583(32)MBq _ (y g3

For this COHeCtIOH, g = T018.01MBq

successful.

(32)%, indicating that the collection was not
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A possible explanation for this low collection efficiency could be the reaction of ter-
bium with chlorine atoms present in the eluent to form terbium chloride (TbClg). This
hypothesis suggests that the majority of the !*Tb that was present in the target was
converted into ThCls, but not collected, as it was most likely not ionized. More specif-
ically, the ionization potential of ThCl; is larger than that of tantalum and the energy
levels of ThCl3 are different from those of Th and therefore ThCl; will most likely not
be ionized. However, mass scans were only performed up to the mass of ThCl during the
collection and thus, no clear conclusions can be drawn. A more extensive elaboration on
this hypothesis is presented in Chapter 3.

2.3 Collection of July 11

The next collection, which started on July 11 and lasted for 42h, aimed to explore the
effect of the chlorine used during the elution on the formation of terbium chloride. To
achieve this, the mass separator was also configured on the mass of terbium chloride.
Similar to the previous collection, a ®Gd,O3 (99mg) target was irradiated with 22.8MeV
protons for 16h (beam current: 25uA /h) at PSI. Elution was performed with 0.05M HCL.
The activity of 1®*Tb that was present in the target at the beginning of the collection was
546.62MBq and the terbium to gadolinium ratio is larger than %. Instead of a surface
ion source, a FEBIAD ion source was used. The main reason for using a FEBIAD ion
source is its enhanced suitability for the ionization of molecules [43]. Furthermore, the
lasers, for laser resonance ionization, were configured on both terbium schemes. During
the collection, the mass separator was first set to the mass of 1*>TbhCl and later adjusted
to the mass of ! Tb. However, based on the activity spectra, the mass was suspected to
be configured in between 155u and 156u.

The collection was not successful and almost no > Tb (< 0.35MBq) was collected.

During the collection, activity spectra were acquired every 5 minutes using the
Kromek detector. These spectra were analyzed by the use of Interspec [44]. As
is indicated in Figure 2.6, Interspec can be used to identify the peaks in the activity
spectra. Multiple peaks can be identified, the peak corresponding to '**Ce (¢, = 137.6d)
originates from the 39Ce that was released from the target during the terbium collections
in the summer of 2021. ¥?Ce is present both on the sample holder, due to implantation,
and in the collection chamber, due to self-sputtering. For the same reason, '°3Sm
(tio = 46.27h) and '*'Ba (t;» = 11.5d) are present. '*Tb (t15 = 5.4d) is initially
present and corresponds to *Tb that was collected during the collection of July 4, as
indicated by the v-spectra.
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Figure 2.6: Mean spectra (counts as a function of energy) for the collection of July
11 together with the assigned peaks (purple: %3Sm, blue: *!'Ba, red: ¥%Ce and green:
1%6Th). The Foreground corresponds to the mean value during the period where the mass
was configured on m(Th) and the Second Foreground represents the mean value during
the first part of the collection where the mass was set on m(TbCl). Note that the decay
was not taken into account when calculating the mean spectra.

In Figure 2.6, the mean spectra during the part where the mass was configured on
m(TbCl) and on m(Th) are indicated in green and black, respectively. In the first part,
where the mass separator was configured on the mass of TbhCl, the temperature of the
target container is equal to 150.5A (= 752.3°C). Such a small temperature is chosen
because of the low boiling temperature of TbCly (180-200°C [45]). At this point, no
radioisotopes are collected or at a lower rate than the decay. Moreover, no peaks in
the spectra can be assigned to '®*Tb, implying that no **Tb is collected. However,
156Th is present, nevertheless the corresponding activity decreases during this part of the
collection, indicating that it corresponds to the remainder of the July 4 collection. In
conclusion, if terbium chloride was vaporized from the target, it was before the Kromek
measurements were started or terbium chloride was not ionized. During the part where
the mass separator is configured on m(***Th), *Tb is being collected. As can be seen in
Figure 2.7 and 2.8, no increase in the activity corresponding to **Tb is observed when the
mass on the mass separator is changed. However, Tb is collected when the temperature
is increased towards 550A-610A which corresponds to 1803°C-1929°C.

The measurement with the high-purity germanium detector of the collection foil after
removal from the collection chamber yielded an activity of 82.8(161)kBq corresponding
to 15Tb and 50.2(35)kBq corresponding to %6Th. Indicating that the efficiency of this
collection equals 0.01515(22)% for ' Tb, while the ‘collection efficiency’ for '*Tbh would
be 0.0826(58)%.
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Figure 2.7: Summarizing graphs on the collection of July 11. Both the location in the
temperature profile (red dot) and the corresponding spectrum (counts as a function of
channel number) is given, together with the mean value when the mass separator was on
the mass of Th or TbCl. The dashed line indicates where the configuration of the mass
separator was changed from ThCl to Th. The green vertical lines indicate the energy lines
corresponding to %6Tb, the height of these lines corresponds to their intensity.



Collections of summer 2022 29

104
—— Mean value for M(TbCI)
42 —— Mean value for M(Tb)
3 102
O
‘nﬂ"""\y.,
100 A ! | I Ll 'IMW
— 0 250 500 750 1000 1250 1500 1750
U : T
-°; 20001 P feeee- Change of mass
E 3 i ——- Foil removed
| |
g | i
£ 1000 | |
. 0 20000 40000 60000 80000 100000 120000 140000  1600C
Time
104
—— Mean value for M(TbCI)
42 —— Mean value for M(Tb)
g 102
O
10° | I | - L 1] )
_ 0 250 500 750 1000 1250 1500 1750
8} T ;
%- 20001 P feeee- Change of mass
5 | \ ——- Foil removed
| |
g | i
£ 1000 | |
0 20000 40000 60000 80000 100000 120000 140000 1600C
Time
104
—— Mean value for M(TbCI)
42 , —— Mean value for M(Tb)
g 10
O
100 | I | s L ] | ‘ it
- 0 250 500 750 1000 1250 1500 1750
O ! ;
%- 20001 | Change of mass
5 3 w ——- Foil removed
& | |
3 | i
£ 1000 § |
. 0 20000 40000 60000 80000 100000 120000 140000  1600C
Time

Figure 2.8: Summarizing graphs on the collection of July 11. Both the location in the
temperature profile (red dot) and the corresponding spectrum (counts as a function of
channel number) is given, together with the mean value when the mass separator was on
the mass of Th or TbCl. The dashed line indicates where the configuration of the mass
separator was changed from ThCl to Th. The green vertical lines indicate the energy lines
corresponding to %6Tb, the height of these lines corresponds to their intensity.
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2.4 Collection of July 15

In 2020, collections were performed at MEDICIS using targets coming from ARRONAX.
The used production reaction was identical to the one used at PSI, but much larger
efficiencies were obtained. For these collections, elution was performed with nitric acid
(HNOj3) instead of hydrochloric acid (HCI). Therefore, for the collection of July 15, elution
at PSI was also performed with nitric acid (HNOj3) in order to obtain a target similar to the
ones that were used in 2020 from ARRONAX. Again, the target was a %°Gd,O3 (99mg)
target that was irradiated for 16h with protons of 22.8MeV (beam current: 25uA/h).
Two aluminum-coated gold foils were loaded in the collection chamber, M191 and M193
and the mass separator was set to mass 155u. The activity of 1**Tb at the beginning of
the collection present in the target was 950.24MBq and the amount of terbium compared
to gadolinium is given by % > %. A rhenium ion source and rhenium boat were used
in combination with a tantalum container. The collection started on July 15 (12h52),
moreover, outgassing was performed during the weekend (16/07/2022-17/07/2022), i.e.,
the target was heated towards 200A (corresponding to 948.98°C'), which is generally too
low for terbium to be collected, but some contaminants will be released during this heating.
After outgassing (18/07/2022-11h52), the collection spanned 44.8 hours. A summarizing
graph is presented in Figure 2.9.
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Figure 2.9: Summarizing figure for the %*Tb collection started on July 15. In the upper
plot, both the temperature (gray) and the activity of '*>Tbh measured with the Kromek
(blue) are shown as a function of the time after the start of the collection. In the other
plot, the total current measured on the foil, the current originating from laser resonance
ionization and the current on the foil that is calculated from the activity of *>Tb are
shown as a function of the time after the start of the collection.
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For this collection, a laser ON-OFF effect is already present ( (%{VF = 0%053581;‘1) at

the moment of the Faraday cup removal. Moreover, the activity corresponding to !*Tb
increases immediately after removal of the Faraday cup, indicating that *>Tb is already
collected at 300A which corresponds to 1316.2°C. Nevertheless, at 250 minutes after
the start of the collection, the current on the foil, the laser ON-OFF current and the
current corresponding to the activity of 1*Th start to decrease. The total beam current
is approximately 20nA, showing that this decrease is not caused by saturation of the
ion source. At about 30 minutes before the heating of the target towards 700A, the
current on the foil and the laser ON-OFF effect start to increase again. Moreover, the
activity of ' Tb also increases during this heating. This indicates that °*Tb is being
collected. However, from 1500 minutes onwards, the laser ON-OFF current and the
current corresponding to the activity of 1%>Tb start to decrease again while the current on
the foil stays constant. Probably the target is depleted and mainly LaO is being collected.
At around 1750 minutes after the start of the collection, the foil is replaced by foil M193.

After the collection, a measurement with a high purity germanium detector was per-
formed on both foils to determine the activity of " Tb collected on the foil. It was
found that 2.919(133)MBq was present on the first foil at the moment of foil removal.
For the second foil, an activity of *Th of 0.579(37)MBq was found (corrected for the
decay). Thus, the efficiency of this collection is 0.3436(136)%, which is comparable to the
efficiency obtained in the collection that started on July 4.

Conclusion

The analysis of the three collections conducted at MEDICIS during the summer of 2022
has provided valuable insights into the production of »Th. Several conclusions can be
drawn based on the findings. To begin with, it is noticed that although chemical sep-
aration of »Tb and '%°Gd is performed, contaminants, such as !**Gd originating from
the decay of '®Tb, are still collected. Therefore, the Kromek measurements and the
laser ON-OFF current are essential to distinguish whether *>Tb or a contaminant is
mainly collected. Another crucial aspect during the collection process is to investigate
the isotope of terbium being collected. Lastly, the analyzed collections exhibited lower ef-
ficiencies (0.3%-0.6%) compared to previous collections (1.6%-6.1% for targets irradiated
at ARRONAX where the same production reaction was employed). This indicates that
although the production mechanism of terbium is understood, there are still unresolved
issues affecting the efficiency. It is postulated that the underperformance of these collec-
tions may be attributed to the different chemical preparations of the irradiated targets
prior to the collection. More specifically, in the first two collections of 2020, elution was
performed with HCl while at ARRONAX, HNOj is used. Consequently, for the third
collection, nitric acid was used as an eluent at PSI. Nevertheless, elution with HNOj at
PSI did not yield a significant improvement in the collection efficiency, probably due to
the difference in concentration of HNOj3. Therefore, in the next chapter, a discussion on
the target preparation is presented and subsequently a global conclusion on the ISOL
method for externally irradiated targets is provided.



Importance of the target preparation

In this chapter, to obtain a better understanding of the low efficiency of the collections
performed in 2022, the different target preparation methods for externally irradiated
targets are investigated. Both the chemical preparation (elution, see Section 3.1) and the
irradiation conditions (energy and current of the protons and the target material) are
considered.

The comparison based on the chemical preparation is discussed in Section 3.2. In
particular, the collection of July 4 (2022) and July 15 (2022) are considered, as two
different eluents were used, HCl and HNOj5 respectively.

The comparison based on the irradiation conditions is discussed in Section 3.3. Here,
the collection of August 3, 2020 and July 15, 2022 is utilized. The collection of August 3
was performed with targets received from ARRONAX [46]. For both collections, HNOj
was utilized as an eluent, but the irradiation conditions differ.

3.1 Elution

Elution is a chemical analysis technique that is used for separation of two elements: X
and Y, for example terbium and gadolinium. A column, consisting of narrow-bone tubes,
is packed with a finely divided inert solid (= adsorbent) [47]. First, a sample containing
both X and Y is introduced to the column, both X and Y can bind to the adsorbent
(see Figure 3.1). These components X and Y are then forced through the column by
continuously adding eluent (mobile phase in Figure 3.1). As the eluent travels down the
column, it can bind to an adsorbent, which was initially bound to a component (X or Y),
and thus it can cause descent of the component. This process depends on how strongly
the component is retained by the adsorbent, and thus if component Y is more strongly
retained, component Y will move down slower. Consequently, component X will reach
the end of the column earlier than component Y as is shown in Figure 3.1. Therefore,
separation of component X and Y or thus terbium and gadolinium is possible by changing
the reservoir at the end of the column at specific times [47].
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Figure 3.1: Visualization of column chromatography separation.

>

3.2 Importance of the eluent

The main difference between the collection of July 4, 2022 and July 15, 2022 is the eluent
used during the chemical separation. As was discussed previously, it is proposed that for
the collection of July 4, the chlorine of the eluent reacted with the terbium inside the target
and therefore terbium chloride (boiling point = 180-200°C) was formed. This hypothesis
is supported by the dose rate measurement that is performed inside the MEDICIS bunker.
The dose rate probe is shown in Figure 3.2 with respect to the target and is mainly used
for safety issues. In general, a change in the dose that is measured indicates that activity
is being transported in the MEDICIS bunker.

Figure 3.2: Dose rate probe (red) with respect to the MEDICIS target (blue).

The dose rate measurement together with the temperature is shown in Figure 3.3 for
the collection of July 4'. It is observed that the dose increases when the temperature of
the target is around 450°C. This temperature is too low for terbium to be collected in

IFor this graph, and all the others in this chapter, a linear fit was made based on the target calibration
to obtain the temperature [°C] from the current on the target. This is justified as we focus on temperatures
below 1000°C.
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elemental form (boiling point terbium = 3230°C [48]). Therefore, a proposed hypothesis
is that terbium chloride (boiling point = 180-200°C) is vaporized from the target and
transported towards the ion source, causing an increase in the dose that is measured with
the dose rate probe. Nevertheless, the released terbium chloride is not collected on the

foil as it is most likely not ionized [43].

Moreover, the pressure on the front-end (see Figure 3.4) shows an increase just before
the increase in the dose, indicating that something is being vaporized from the target.
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Figure 3.3: Dose rate measurement together with the temperature of the target as a

function of the time for the collection that started on July 4.
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Figure 3.4: Overview of the dose, the pressure on the front end and the temperature
during the collection that started on July 4 as a function of the time after the start of
the collection. The dose and temperature are read on the left axis, whereas the pressure

is indicated on the right axis.
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For the collection that started on July 11, similarly as for July 4, HCl was used as
an eluent. Therefore, a similar behavior is expected for the July 11 collection. When
considering the dose together with the temperature (Figure 3.5) a similar behavior is
indeed seen with an increase of the dose at around 634°C. However, when considering the
pressure (Figure 3.6), no increase in the pressure at the moment of the dose increase can
be observed. Thus, no clear conclusion for the formation of terbium chloride can be drawn

based on these collections and further research on the formation of terbium chloride is
planned.
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Figure 3.5: Overview of the dose and the temperature during all three collections of
2022 as a function of the time after the start of the collection. The vertical blue line

indicates a jump in time. The two gray lines indicate the hypothetical time at which
terbium chloride was released.
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Figure 3.6: Overview of the dose, the pressure and the temperature during the collection
that started on July 11 as a function of the time after the start of the collection.
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3.3 Importance of the irradiation conditions

15/07/2022 3/08/2020
Facility PSI ARRONAX
Target material 150Gd,05 (99mg) nat-GdyO3 (0.3114g)
Proton energy 22.8MeV 34MeV
Current of the beam 251A /h 30pA/h
Time of irradiation 16h 12h08min
Eluent HNO; HNO;
Activity of ¥ Tb in target
at Starty collection ° 950.24MBq 299MBq
Tb to Gd ratio > 1012/20 1/5.2
Ion source Re ion source (726M) | Re ion source (671M)
Laser scheme both A and B only A
High voltage 60keV 60keV
Efficiency 0.003436(14) 0.0126(26)

Table 3.1: Full comparison for the collections of July 15, 2022 and August 3, 2020.

In order to investigate the effect of the proton energy, the used target material and
the proton current on the collections, a summary of the collection of July 15, 2022 and
August 3, 2020 is given in Table 3.1. For the collection of 2022, the activity of 1**Tb after
irradiation is equal to 2192.4MBq and for the collection of 2020, the activity of **Tb
equals ~ 928.77TMBq. Contrastingly, the efficiency for the collection of 2020 is almost 10
times better than for the collection of 2022: for the collection of 2022, ¢ = 0.3436(136)%
is found and for the collection of 2020, ¢ = % = 1.26(26)% is found.

Several explanations are now provided for the difference in efficiency and the dif-
ference in activity of '*Tb present in the target. The activity of *Tb present in
the target is larger for the 2022 collection than for the collection of 2020, the reason
for this is two-fold. First, by slight extrapolation of Figure 3.7a and by using Figure
3.7b, it is concluded that the cross section for irradiation of enriched !%°Gd,Os; with
22.8MeV protons is larger than irradiation of natural GdsOsz with 30MeV protons.
Note that the proton-beam energy decreases when traversing the sample. Secondly,
the irradiation corresponding to the collection of 2022 was performed with a larger
integrated current, 400uA for 2022 and 218.33uA for 2020. Therefore, the number of in-
coming particles, and thus the yield, increases for the collection of 2022 compared to 2020.

From Section 3.2, it was concluded that the chemical preparation is also impor-
tant. The chemical preparation of both collections is similar as the same eluent is
used, but the eluent that is used in the last step of the preparation has a different
concentration: 0.056M and 0.01M for the collection of 2022 and 2020 respectively. In [49],
for 1'Th which has the same chemical properties as ®*Th, it was found that the purity
of 1Tb after elution is strongly dependent on the concentration of eluent. This could
explain why the fraction of **Tb to Gd was much larger during the collection of July
15, 2022 (> 0.5 - 10") than for the collection of August 3, 2020 (1/5.2).
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Figure 3.7: Cross section for irradiation of a gadolinium target as a function of the
proton energy.

Although the amount of Th compared to Gd is larger for 2022, the efficiency is smaller.

Different reasons are proposed based on the concentration of eluent. The higher concen-
tration of HNO3 in the collection of 2022 could facilitate the formation of more ThyOg3
atoms than for the collection of 2020. Consequently, these terbium oxide atoms are not
released from the target due to their high boiling temperature (3123°C [51]). Another
possible explanation is that the higher concentration of HNO3 may lead to the formation
of a precipitate together with the terbium. As a result, the physical contact with the rhe-
nium will differ, leading to a change in thermal contact. This change in thermal contact
could affect the efficiency of the collection process.
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As a closing remark on this part, Equation 1.9 will be revisited:

Etot = Ediff * €eff * €ion * Esep * Etransport * Eimplant * Cdecay (41)

Here, e4if, o and g4, correspond to different steps of the ISOL method: diffusion, effusion
and ionization. g and Egpansport are related to the mass separation and the transportation
of the beam towards the implantation foils. Those efficiencies are very high and can
be approximated by 100% [46]. Eimplant 1S related to the self-sputtering, which will be
addressed in Part II. Lastly, Cgecay is @ factor that takes into account the radioactive
decay during the collection.

Eaiff, Eoff are strongly dependent on the target temperature. The collection of ter-
bium occurs at nominal I[SOL operating temperatures, ranging from 1316.2°C to 1929°C.
Moreover, temperature gradients within the target container could hinder the release of
terbium. Additionally, the choice of eluent plays a role in the release behavior. In par-
ticular, for the collection where HNO3 was used as eluent, terbium is collected at lower
temperatures than for the collections where HCI was used as eluent. This observation
may be attributed to many effects, ranging from the vaporization of the different molec-
ular compounds to the formation of a precipitate of terbium and HNOg3, which alters the
thermal contact with the rhenium. Furthermore, the results from the July 4 collection
provide evidence for gadolinium being extracted earlier compared to terbium as a function
of the target temperature. More specifically, the laser ionization current corresponding to
scheme A was observed to increase with a delay corresponding to scheme B, suggesting
that, most likely, gadolinium is released prior to terbium, but their release temperatures
are very similar.

For €on, it has been observed that for too high total beam currents (typically >100nA),
the ion source can be saturated [23]. However, for the discussed collections, the total beam
current is of the order of tens of nA, which is below the saturation threshold. Therefore, ion
source saturation should not be a limiting factor in these collections. This relatively low
beam current is attributed to the chemical preparation. Hence, for offline collections with
an intermediate chemical separation step, ion source saturation effects are less probable
compared to collections without chemical preparation.

Lastly, the optimization of cgecay can be achieved through the monitoring of the laser
resonance ionization current and the activity. These measurements enable the calculation
of the amount of '**Tb that is collected in the collection foil. Moreover, they provide an
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excellent benchmark for when to stop the collection. A decrease in the Kromek signal or
laser-ionization current indicates a lower collection of **Tb, prompting the removal and
shipping of the collection foil from the MEDICIS setup towards a radiochemical facility
in order to minimize the loss due to the decay.

Based on this analysis, different improvements that can be made to increase the
efficiency of the ®*Tb collections are proposed.

Implementing the laser ON-OFF automatically with a period of 5 minutes was a
beneficial choice. Together with the current corresponding to the activity, it should be
used as a benchmark for when to stop the collection. Additionally, conducting Kromek
measurements of the background before and after the collection, both with and without
the sample holder present in the chamber, could provide valuable insights of what has
been collected and what is a remnant left in the chamber from a previous collection.
Moreover, for the activity calculation, it is important that the efficiency calibration of
the Kromek detector is reliable. However, it was noted that different efficiency curves as
a function of the energy can be fitted to the available datapoints from [39] (see Appendix
A). Especially at energies between 100keV and 300keV, the fit is unreliable. Therefore,
sources such as *3Ba, %2Eu, 2! Am, 5"Co, ??°Ra, 137Cs, 1%¥Tb and ??°Th can be used for
new efficiency measurements to improve the reliability of the fit. Nevertheless, due to
the large dead time, the accuracy of the detector is limited [39].

Plans are made to collect terbium via its constituent molecules, such as terbium
chloride. However, further research is required to gain a more comprehensive under-
standing of these molecules, as many aspects remain unknown. Additionally, when the
aim is to collect elemental terbium, it is imperative that the chemistry of the targets
is investigated. Considering the target preparation, irradiation of natural gadolinium
with protons is less favorable than irradiating enriched '%°Gd. Moreover, consistent
investigation into the used eluent is needed in order to optimize the different param-
eters. Therefore, more facilities evolve towards offline collections in order to have the
chemical separation in the same facility. This allows to make the performed collections
reproducible by doing systematic research on the effect of the used eluent.
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Whatever you do, don’t lose
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Self-sputtering

During several previous MEDICIS collections, indications that not all implanted material
is retained on the foil were found (i.e., Eimplans < 1) [52]. For example, the > Tb collections
performed during the summer of 2021 showed a large inconsistency (= 26.5%) between
the activity measured in the collection chamber and the activity measured on the foil once
the foil was removed from the collection chamber. This indicates that 1°>Tb was left in the
collection chamber [23]. The reason proposed for this discrepancy is that self-sputtering
occurred during the implantation. Consequently, only a fraction of the terbium ions would
be retained in the foil, while the rest would be self-sputtered inside the collection chamber.
These self-sputtered particles contribute to the activity measured inside the chamber but
remain in the collection chamber once the foil is removed. Therefore, a smaller activity is
measured on the foil after removal. Another indication for self-sputtering was found by
measuring the repeller plate, which is a plate that is installed in between the collimator
and the collection foil in the backward direction of the beam. When measuring this plate
after the winter shut-down of MEDICIS, '39Ce was detected, indicating that something
had moved antiparallel with respect to the beam, suggesting that those 3?Ce particles
were (self-)sputtered from the collection foil.

The purpose of this second part of the thesis is to characterize the systematic effects of
self-sputtering for different radionuclide collections. Hence, simulations using TRIDYN
(TRIm simulation code including DY Namic composition changes, [53, 54, 55]) will be
performed in order to simulate the self-sputtering behavior. This chapter serves as a
stepping stone towards an understanding of self-sputtering by introducing the physical
processes regulating sputtering and the TRIDYN simulations.

5.1 Physical principle

When an ion is implanted in a foil, the ion interacts both with the electrons and the nuclei
of the foil material, leading to electronic and nuclear stopping effects, respectively. At large
energies (typically > 1MeV), the electron-ion interaction cross section is larger than the
nucleus-nucleus interaction cross section. Thus, for larger energies, the ion dominantly
loses its energy by interactions with the electrons. At medical collection facilities, the
voltage difference between the target and the extraction electrode is typically 30-60kV,
leading to an ion energy of 30-60keV. Therefore, the nuclear stopping effects dominate
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rather than electronic stopping effects (energy lost per distance travelled: ‘é—f\nuelear ~
—300% and %lelectronic ~—2- 10_10% for terbium implanted in aluminum).

If an ion impinges on the foil, it collides with the nuclei in the foil. In these collisions,
some momentum is transferred to the foil nuclei, which in turn can transfer their energy
to other foil nuclei. In that way, a nuclear collision cascade emerges and eventually a
certain fraction of the foil nuclei obtain a momentum in the outward direction. If such a
nucleus is located near the surface of the foil, it can be removed from the foil; in other
words, the nucleus has sputtered away from the foil. If the sputtered element is of the
same ion species as the ones impinging, the sputtering process is called self-sputtering.
Self-sputtering can occur during isotope collections. More specifically, as the number of
incoming ions on the implantation foil increases, more of the foil material is sputtered
away, removing a thin layer from the sample. Therefore, the surface of the foil moves
closer to the layer of previously implanted ions (and thus ions will be implanted deeper)
and eventually the previously implanted ions will be sputtered away, as is visualized in
Figure 5.1. This process is enhanced if the atomic number of the ion is larger than the
atomic number of the foil, as more implanted ions will, in this case, increase the stopping
power of the foil. The latter increases the amount of self-sputtering as new ions are
implanted closer to the surface.

Figure 5.1: A simplified visualization of the self-sputtering process: as more ions are
implanted, the foil is slowly sputtered away. Thus, the previously implanted ions move
closer towards the surface until they are eventually sputtered out.
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A self-sputtering curve shows the retained fluence as a function of the implanted
fluence. The latter equals the fluence (number of particles per unit area) of particles that
is incoming, whereas the former corresponds to the amount of these incoming particles
that is retained on the foil per unit area. A typical self-sputtering curve is given in Figure
5.2. Indeed, in the beginning, where no self-sputtering has occurred yet, the retained
fluence is equal to the incoming fluence. However, as the incoming fluence increases, self-
sputtering starts to occur: the foil material is sputtered away and eventually the initially
implanted ions reach the surface and are self-sputtered away, leading to the strong decrease

of the retained fluence compared to the incoming fluence (in this case around 10A).

10

Retained fluence [A 2]

0 10 20 30 40 50
Incoming fluence [A 2]

Figure 5.2: A typical self-sputtering curve, the retained fluence is plotted as a function
of the incoming fluence, the y = x line corresponds to the gray dashed line.

This behavior has very strong implications, e.g., if more particles are impinging on
the foil, a smaller retained fluence can be observed. Additionally, a slight oscillation
can be resolved, which can be explained as follows in the case of terbium implanted in
aluminum: as the fluence of terbium increases, more aluminum is sputtered away, and
thus the implanted terbium moves closer towards the surface. Consequently, the average
Z of the foil increases and thus the implantation depth decreases (as the stopping power
increases). As the terbium moves towards the surface, more terbium is sputtered away,
yielding a smaller retained fluence. This decreases the amount of terbium present in the
foil (mainly near the surface) and thus both the sputtering yield for terbium and the
average 7 decrease, implying that more terbium is retained deeper in the foil. In other
words, the foil has undergone a ‘soft reset’, i.e., the terbium at the surface is mostly
removed and terbium is again implanted at a larger depth. Several of these iterations are
needed to reach the equilibrium state.

Different physical models have been proposed to describe the sputtering mechanism,
such as Sigmund’s theory, which is based on Boltzmann transport theory [56]. However,
the primary objective of this thesis is to describe the systematic effects of self-sputtering
rather than providing a theoretical description of self-sputtering. Therefore, the phe-
nomenology of self-sputtering is discussed by using simulations performed in TRIDYN.
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5.2 TRIDYN

The simulations for self-sputtering were, throughout this whole thesis, performed in TRI-
DYN. TRIDYN is a Monte Carlo based simulation package that allows to keep track
of dynamic changes to the target. In the Monte Carlo simulations, the binary collision
approximation is used to model the collisional processes. Contrastingly to SRIM (Stop-
ping and Range of Tons in Matter, [57]), dynamical simulations can be performed, where
changes to the target due to implantation and sputtering are taken into account. More-
over, different radiation conditions can be applied simultaneously or subsequently via
layered simulations, in which the depth profile at the end of the previous step is taken
as a start profile for the target in the subsequent simulation. Further investigation into
these layered simulations can be found in Section 8.2.1.

The parameters that are given as inputs in the simulations are depicted in Table 5.1.

Code Explanation
First | filename+ | The first 10 characters are used as the name for the output files,
line description | thereafter, a description of the simulation can be given

x: Initial composition
0 for constant fractions over the whole depth
1 for fractions that vary with the depth (determined by a depth profile file)
cdat | xy z y: Total fluence [%]
z: Mode
0 for static (no update of the target during simulation)
1 for dynamical (update of the target during the simulation)
k: Thickness of the target [A]

geom | klm I: Number of simulation layers in which the target is divided
m: Thickness of thin film on top of the target [A]
atda | ABC Symbols of the elements used in the simulation (both target and beams)

Initial composition of the target (a = fraction of element A, ...)
If x = 1, this line should not be provided
Irradiation condition, multiple irradiation conditions can be provided in
multiple lines:
o: Number (corresponding to the sequence of atda)
of the element that is implanted
p: Energy of the beam [keV]
q: Angle of incidence
r: Fraction of the total irradiation fluence
(sum over r-values of all irradiation conditions should give 1)
rand | XXXXX 5-digit number used as a random seed

comp | abc

irra opqr

outp Activation of the depth profile output
outi ardn ardn gives the areal densities for all fluences

d: Frequency of the outputs given in the command prompt
fout def e: Frequency of the saved ardn outputs

f: Frequency of the saved depth profiles

Table 5.1: Parameters used as an input in the TRIDYN simulations.

In order to compare the self-sputtering behavior for different conditions quantitatively,
a measure for when self-sputtering becomes significant is needed. Throughout this part,
the start of self-sputtering is defined to be the incoming fluence for which the retained
fluence equals 90% of the incoming fluence. This fluence is defined as 1., and is visualized
in Figure 5.3. Moreover, the error on this value is defined both by the systematic error
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due to the discreteness of the simulation (oa) and the error due to the uncertainty on
the simulation (0gm). The former is defined to be the stepsize of the incoming fluences
taken in the simulation, whereas the latter is defined from the statistical uncertainty on
the simulation, i.e., the incoming fluence for which 1. & orripyn is equal to 90% of
the incoming fluence, yielding ogm 1 and ogm2 as is shown in Figure 5.3. orrmyn is
determined by performing 10 simulations with a different random number seed [58] and

is indicated in orange in Figure 5.3. Ultimately, the total error on . is given by:

[_\/M’Jr \/%} . (5.1)
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Figure 5.3: Retained fluence (¢,¢) as a function of the incoming fluence (¢,.), where
the dashed gray line indicates the y = z line, the red line corresponds to the y = 0.9z
line. The black curve indicates the self-sputtering curve with its statistical uncertainty
indicated in orange.



Systematic study on the dependence of
self-sputtering on the foil and beam

In the collections performed at MEDICIS before 2022, most implantations were performed
in zinc-coated gold foils. However, in the more recent collections, aluminum-coated gold
foils have been used in order to minimize the self-sputtering, under the assumption that
it would reduce this effect. Therefore, investigation into the dependence of self-sputtering
on the foil-type will be performed to validate this assumption and to create a framework
that could guide further improvements in the future. Lighter elements are not used for
implantation foils at MEDICIS due to complications: hydrogen, helium, oxygen and neon
are gases, lithium is flammable and quite active in the body, beryllium is very toxic,
graphite needs to be burned for extraction of the radionuclide, fluorine and boron are too
reactive and separation of nitrogen and the radionuclide trough chemical purification is
difficult. However, at ISOLpharm at SPES, investigation into implantation in sugars and
salts is performed and, therefore, also self-sputtering for these implantation materials is
discussed.

At the different production facilities, different potential differences can be used to
extract the radioisotopes. Therefore, in Section 6.2.1, the impact of the resulting beam
energy on the self-sputtering behavior is explored.

From Chapter 2, it was noted that gadolinium comes out of the target before or
simultaneously with terbium, therefore its effect on the self-sputtering will be investigated.
Lastly, as was discussed in Part [, there are plans to collect molecular beams of terbium
instead of elemental terbium ions. Therefore, a consideration into the implantation of
different forms of Tb is made, considering an elemental Th* ion beam in comparison with
molecular beams of terbium chloride and terbium fluoride.

6.1 Dependence on the foil material

In this section, investigation into the use of different foil materials is performed; implan-
tations in zinc, aluminum, sugars and salts are considered.
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6.1.1 Implantation in zinc

A simulation has been performed for 60keV terbium ions implanted in zinc'. The result is
shown in Figure 6.1, from which it is noted that significant self-sputtering starts around
0.485(15;1)1&72 (see Chapter 5 for the formalism to determine this value and the correspond-
ing error). Ten simulations were performed with different random number seeds in order

to get an estimate for the statistical errors; both the error on a single simulation and the
error on the mean value for ten simulations are provided.

cdat 0121
atda ZnTb
Tb (60 keV) on Zn comp 10
1.0 irra 26000001
0.8
JS.O.G
S
@0.4
3
0.2 —— Mean
1 o (single)
0.0 1 o (mean)
o 3 4 6 8 10 12

Winc(Tb) [A72]

Figure 6.1: Summarizing graph for the implantation of terbium in zinc. The retained
fluence (trey) is shown as a function of the incoming fluence (v,.) and the red (dashed)

line indicates when self-sputtering starts (¢retained < 0.9%incoming). The gray line indicates
the y = x line.

6.1.2 Implantation in aluminum

The results of the simulation for implantation of terbium in aluminum are given in Fig-
ure 6.2. Self-sputtering starts to be important around 3.721%A72. As expected, self-

sputtering is less significant for implantation in aluminum than in zinc due to the lower
Z-number.

'For the analysis of the TRIDYN simulations, a code written by Michael Heines was used. However,
this code was extended towards including the systematic error, multiple irradiation conditions and layered
simulations.
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cdat 0121
atda Al Tb
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Figure 6.2: Summarizing graph for the implantation of terbium in aluminum. The
retained fluence (¢,¢) is shown as a function of the incoming fluence (¢;,.) and the red
(dashed) line indicates when self-sputtering starts (retained < 0-9%incoming). The gray line
indicates the y = z line.

6.1.3 Implantation in sugar

At ISOLpharm, investigation into the collection in sugar tablets is performed. Two types
of tablets are currently researched: cellulose (C¢H19O5) and dextrates (CsH50g). Simu-
lations have been performed for both cellulose and dextrates and the results are shown
in Figure 6.3 and Figure 6.4. It is noted that self-sputtering for cellulose and dextrates
starts around 11.64J_FES§A_2 and 9.48J_r(é4)A_2, respectively. This is a substantial improve-
ment compared to implantation in metals, which is mainly due to the fact that the
average Z-value of sugar is much smaller than for aluminum or zinc. Despite this im-
provement, it should be noted that the microstructure (density, porosity, ...) can affect
the self-sputtering behavior and that this microstructure is not taken into account in the
TRIDYN simulations. This dependence on the microstructure was observed for example
in [59], where a different behavior for the self-sputtering in glassy carbon compared to
pyrolytic graphite was found.

6.1.4 Implantation in salt

At ISOLpharm and MEDICIS, implantation in salts is researched, where both sodium
chloride and sodium nitrate are used. Simulations in TRIDYN have been performed
and yielded that self-sputtering starts around 1.68f§2§1&_2 and 3.12J_FE2§A_2 for NaCl and
NaNOj respectively (see Figure 6.5 and 6.6). Surprisingly, the value for NaNOj indicates
earlier self-sputtering compared to implantation in Al, despite NaNO3 having a lower
Z-number.
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Figure 6.3: Summarizing graph for the implantation of terbium in cellulose. The re-
tained fluence (1.) is shown as a function of the incoming fluence (¢;,.) and the red

(dashed) line indicates when self-sputtering starts (¢retained < 0.9%incoming). The gray line
indicates the y = x line.

cdat 0121
atda CHOTb
" Tb (60 keV) on dextrates |°™P 0.3125 0.3125 0.375 0
7 irra 460000 0. 1.
8 -\
Y6
=<
)
S
2
=Y
2 —— Mean
1 o (single)
0 ;1 o (mean)
0 2 4 6 8 10 12

wmc(Tb) [A_Z]

Figure 6.4: Summarizing graph for the implantation of terbium in dextrates. The
retained fluence (¢y¢;) is shown as a function of the incoming fluence (¢;,.) and the red

(dashed) line indicates when self-sputtering starts (retained < 0-9%incoming). The gray line
indicates the y = x line.
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Figure 6.5: Summarizing graph for the implantation of terbium in NaCl. The retained
fluence (¢yet) is shown as a function of the incoming fluence (¢y,.) and the red (dashed)

line indicates when self-sputtering starts (¢retained < 0.9%incoming). The gray line indicates
the y = x line.
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Figure 6.6: Summarizing graph for the implantation of terbium in NaNOj. The retained
fluence (trey) is shown as a function of the incoming fluence (t,.) and the red (dashed)

line indicates when self-sputtering starts to be important (¢retained < 0.9%incoming). The
gray line indicates the y = z line.
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6.2 Effect of the beam characteristics

In this section, investigation into the effect of the beam on self-sputtering is performed.
First, the impact of the energy of the beam on self-sputtering is considered. Thereafter,
the effect of a non-pure Tb beam is investigated. Lastly, the implantation of molecular
beams of terbium are compared.

6.2.1 Effect of the energy of the beam

The high voltage applied on the target compared to the rest of the beamline, and thus the
energy of the impinging ions, can be varied at the different collection facilities. Therefore,
in order to choose an appropriate energy, investigation into self-sputtering as a function
of the energy of the impinging beam is imperative. Simulations for energies ranging from
30keV to 200keV were performed and the results are provided in Figure 6.7 and Table
6.1.

A strong increase in the incoming fluence at which self-sputtering becomes important
is observed for increasing beam energies, mainly due to the deeper implantation. Thus,
it is recommended to keep the target at the highest high voltage possible. Nevertheless,
the voltages applied on the target are limited due to stability-issues” and the availability
of transformers. For example, the maximum high voltage at MEDICIS is 60kV.
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Figure 6.7: Fluence at which self-sputtering starts (1) as a function of the energy for
implantation in different foils for implantation of terbium.

2If the voltage on the target increases, the electrical field gradient becomes too large, resulting in
ionization and subsequent discharge of the electric field due to the finite vacuum.
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CgH10051 8.76 11.64
CsHsOg| 6.96 9.48
Al 2.64 3.72 4.92 8.04 N
S <
- =
NaNOs| 2.28 3.12 4.32 7.08 10 S
NaCll 1.32 1.68 2.28 3.6
5
Zn  0.36 0.48 0.72 1.2
30 60 100 200 o

Energy [keV]

Table 6.1: Incoming fluence of terbium at which the self-sputtering starts (teyit)-

6.2.2 Effect of a non-pure beam

In the analysis of the different collections, it was observed that gadolinium is also ex-
tracted from the target. Currently, everything is implanted in the same foil, however
upon implantation of gadolinium, more high-Z elements are present in the target. As
a consequence, the implantation depth decreases while the sputter yield increases, both
leading to more self-sputtering of Th. Therefore, in this section, the effect of the amount
of gadolinium that is implanted is explored.

Gadolinium implanted prior to terbium implantation

To investigate the effect of gadolinium implanted before terbium implantation, different
simulations were performed. The aluminum foil is first irradiated with a pure gadolinium
beam, followed by a simulation of irradiation with a pure Th beam on the gadolinium-
irradiated foil. The gadolinium fluence that is implanted is varied between 0A"? and 447
(reasonable values considering the collection of July 2021, see Figure 6.8) and the fluence

of terbium is kept constant at 10A7%,
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Figure 6.8: Total fluence of implanted gadolinium during the 2021 July collection as a
function of the radius of the beam [23].

In Figure 6.9a, the retained fluence of terbium is plotted as a function of the fluence
of gadolinium that was implanted prior to the terbium implantation. The amount of
gadolinium implanted prior to terbium implantation has a significant effect on the retained
fluence of terbium. As the amount of gadolinium present in the foil increases, initially, the
amount of terbium that is retained decreases, due to the increase of the average Z-value
of the foil. However, as the fluence of gadolinium increases more, the sputtering yield
of gadolinium for the implantation of terbium increases too, yielding an increase in the
rate’ at which gadolinium is removed from the foil. This is also enhanced by the fact
that a larger fluence of gadolinium leads to more self-sputtering of gadolinium during the
gadolinium implantation. Thus, for larger fluences, the gadolinium is closer to the surface
and is thus removed faster once terbium is implanted. Figure 6.9b shows that all curves
tend to converge for large incoming fluences: the terbium fluence becomes so large that
all the gadolinium is sputtered away and the history of the foil is lost.

For curves with large Gd fluences, the retained fluence increases for large incoming
Tb fluences. This is due to the fact that for more gadolinium, the gadolinium is removed
faster from the foil as a function of the incoming Tb fluences. Therefore, the average Z-
value of the foil decreases for increasing Tb fluences and thus the self-sputtering yield of
terbium decreases, yielding an increase in the retained fluence. Nevertheless, this increase
will never exceed the retained fluence if no gadolinium is present in the foil.

3The rate here is defined as a function of implantation fluence of terbium.
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(a) The retained fluence (t)yet) of terbium for an incoming fluence of 10A77 as a function of the
gadolinium fluence incoming prior to the terbium implantation (¥prior(Gd)).
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(b) The retained fluence (¢ret) as a function of the incoming terbium fluence (tinc) for different
values of the gadolinium fluence implanted prior to the terbium implantation.

Figure 6.9: Retained fluence of terbium as a function of the incoming terbium fluence
for different implantation fluences of gadolinium prior to the terbium collection.
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Behavior as a function of the total fluence implanted

During the collections, the total current on the implantation foil is continuously measured,
therefore the total number of particles impinging on the foil is available at each time.
Hence, we want to elaborate on the total fluence at which self-sputtering of terbium
becomes important, so a more general behavior as a function of the total fluence (the
sum of the terbium and gadolinium fluence) will be described. The aim is to obtain an
estimate for the total incoming fluence at which self-sputtering of Th becomes significant,
that is independent of the composition of the beam.

Firstly, from the results found above, the fluence at which terbium self-sputtering
becomes prominent can be plotted as a function of the fluence of previously implanted
gadolinium. If more gadolinium is implanted prior to terbium implantation, the total
fluence (Th+Gd) at which self-sputtering of Tb starts, increases (see Figure 6.10). Thus,
as a function of the total current, self-sputtering of Th for a pure Th beam occurs earlier
than if Gd was implanted prior to the Tb implantation. However, for the latter, less
terbium will be retained, as was seen in Figure 6.10. This is mainly an effect of the fact
that for larger Gd fluences implanted prior to Th implantation, Th is being implanted
at a larger total incoming fluence and thus the whole self-sputtering process of Th starts
later as a function of the total incoming fluence.
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Figure 6.10: The total (Gd + Tb) fluence at which sputtering starts (Ycrit, tot) as a
function of the fluence of Gd that is implanted prior to the Th implantation (¥pi0:Gd).

Secondly, a simulation was performed for terbium and gadolinium implanted simul-
taneously with different fractions of terbium compared to gadolinium. In Figure 6.11,
the total (Th+Gd) critical fluence is plotted as a function of the fraction of Tbh present
in the beam. It follows that the total (Tb+Gd) fluence at which self-sputtering of ter-
bium becomes important is rather constant throughout the different fractions of terbium
compared to gadolinium. This is mainly due to the similar Z-number of terbium and
gadolinium and therefore an impinging Gd ion will have a similar effect as for a Tb ion.
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Figure 6.11: The total fluence (Gd fluence + Tb fluence) at which sputtering starts
(eit, tot) for simultaneous implantation of Th and Gd as a function of the fraction of Th
compared to Gd.

It is concluded that using the fluence at which self-sputtering of terbium starts for a
pure Tbh beam as an estimate for the total beam fluence when a mixed beam is impinging
on the target is a reasonable approximation. If gadolinium was implanted prior to the
terbium beam, self-sputtering will not have significantly started yet, but the pure Tb
value can be used as a lower limit for the start of self-sputtering. If gadolinium is im-
planted simultaneously with terbium, the sputtering of terbium due to incoming terbium
or incoming gadolinium is similar and thus self-sputtering of Tbh can be described in first
approximation as a function of the total fluence.

More specifically, by calculating the critical fluence for a pure terbium beam (Yghr,),
an estimate for the total fluence (&) at which self-sputtering starts to be important
can be found: <t < . The fluence implanted at the center of the beam equals ; = 2
(see Appendix B). Here, N is equal to the number of particles implanted on the foil and
o, is equal to the standard deviation of the beam. Hence, an estimate for the integrated

current on the foil at which self-sputtering becomes important at the center of the beam

(¢fnt') can be calculated from the critical fluence for pure Tb implantation (Y, ):
Ciar. = 2mea; e, (6.1)

where e is the electron charge. This provides, given the standard deviation of the beam,
an approximate lower limit for the current on the foil at which self-sputtering of terbium
will become important given the critical fluence for a pure terbium beam.

This calculation is of great use to know when to replace the foils during a medi-
cal isotope collection. In particular, the fractions of Th compared to its contaminants
change continuously throughout a collection, making precise TRIDYN simulations too
time-consuming. Moreover, if multiple stable contaminants are present, no distinction
between them is possible. Hence, this approximation where only the standard deviation
of the beam is needed provides a good measure for when the foils should be replaced.
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6.2.3 TbCl and TbF

Recently, investigation is underway at MEDICIS into the use of terbium chloride and
terbium fluoride to volatilize Tb in the target due to the reduction in boiling temperature.
Fluorine has the advantage of having only one stable mass (m(F) = 19), whereas chlorine
has two stable masses (35 and 37). More specifically, for the collection of *>ThCl both
mass 190 and 192 can be used. However, for selection on mass 190, 1*>Th3"Cl is present as a
contaminant whereas for configuration on mass 192, 1"Th3*Cl is present as a contaminant.
Hence, enriched '*°Gd is needed in order to collect *>TbCl, as " Tb cannot be produced
from a '°°Gd target irradiated with protons or enriched chlorine is needed.

In this section, self-sputtering for implantation of TbhCl, ThCly, ThF and TbFs in
comparison with implantation of elemental Tb ions is explored. The results for implan-
tation in Al are shown in Figure 6.12. Self—sputtermg for 1mp1antat10n of ThCl, ThCls,

TbF and ThF, starts respectively at 2.2007(10) A~2, 1.650" (00 A2, 2.750" (20 A~ and

2. 310+(37 A=2. Tt is concluded that, according to the self—sputtermg, implantation of ter-
bium fluoride is favored over implantation of terbium chloride and implanting ThXj is
better than implantation of ThX,. This is mainly due to the fact that the mass of flu-
orine is lower than the mass of chlorine, indicating that the incoming chlorine sputters
away more of the already implanted Tb than the incoming fluorine. Moreover, terbium
obtains less energy upon break-up of terbium chloride than for terbium fluoride, leading
to smaller implantation depths. In the same way, terbium coming from the break-up of
ThX; has a larger implantation depth than for TbX2 Self-sputtering for implantation of
Tb* ions in Al starts to be significant only at 3.72" ? 4)A 2 indicating that implantation
of a molecular beam is less favorable considering self—sputtering. In conclusion, while
collecting molecules could be favorable for extraction of Th, molecular beam collection
causes more self-sputtering compared to elemental Tb collections.

Yeri (AD)[A]
6
Tht | 37270,

+(25)
ThCl | 2.2001(75)

ThCl, | 1. 650*%233

TbF | 2.750™ (¢

TbF, | 2. 310*2375

Table 6.2: Summarizing table for the implantation of TbCl, TbhCly, TbF, TbF;. The
critical fluences for the implantation in aluminum (¢ (Al)) of Th™, ThCl, ThCly, ThF
and ThF, are indicated.
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Figure 6.12: Summarizing graphs for the implantation of TbhCl, ThCl,, TbF, TbF,.
The retained fluences (1) are shown as a function of the incoming fluences (¢i,.) and
the red (dashed) lines indicate when self-sputtering starts (¢retained < 0-9%mcoming)-




Experimental verification of the TRIDYN
simulations

In this chapter, a protocol is put forward to evaluate the predictive power of the TRIDYN
simulations in the lanthanide region. The validity of those simulations in the region of
interest for radiopharmaceuticals is planned to be tested by experiments. Yb-implantation
will be performed with the High-Current Ion Implanter (HCII) at KU Leuven for similar
conditions as those reachable at the different facilities discussed in Section 1.5. After
implantation, the foils will be examined using Rutherford Backscattering Spectroscopy
(RBS) in order to determine the retained fluence in the foil. A RADIATE [60] proposal
for these experiments was submitted in January 2023 (see Appendix C).

First, a short introduction to experimental setup is given and thereafter the protocol
is discussed.

7.1 Experimental setup

The first step in the experimental confirmation is the implantation of Yb in zinc and
aluminum at 60keV using the high-current ion implanter at KU Leuven. Thereafter, RBS
analysis will be performed on the implanted samples in order to determine the Yb-fluence
retained in the foil.

7.1.1 High-current ion implanter

For the different implantations, the HCII at KU Leuven will be used [61], which accelerates
ions through a potential difference. Subsequently, these ions are mass separated and
implanted in a foil. The ions are created from a plasma in the ion source, after which
they are extracted with an extraction voltage of up to 40kV. Thereafter, the ions pass
through a mass separator. The mass-selected ions are now post-accelerated with a voltage
up to 160kV. This results in a maximal acceleration voltage of 200kV, which corresponds,
for singly ionized ions, to an energy equal to 200keV. Thereafter, the beam is implanted
in the foils, multiple (generally about 20 samples) can be mounted at once.

29
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7.1.2 Rutherford backscattering spectrometry
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Figure 7.1: Simplified RBS setup. (figure retrieved from [62])

The Rutherford Backscattering Spectrometry (RBS) setup is indicated in Figure 7.1.
An a-particle beam is incident on a foil and the backscattered particles are detected at
a scattering angle . The incident beam of a-particles has an energy of 1 to 2MeV,
indicating that when the a-particles traverse the foil, they lose their energy mainly due
to electronic stopping described by the Bethe-Bloch equation [62]:

e _
dr

(64) 8T

NZy M  E
201 [4m } (7.1)

E m. "M T

Here, e is the electron charge, N and Zs, respectively, the atomic density and the Z-value
of the foil material, E the energy of the a-particles at the interaction point, M; the mass
of the a-particles, m. the mass of an electron and I = 10Z;. While traveling through
the foil, the a-particles lose energy until they are backscattered. The energy lost by the
a-particle due to the backscattering is determined from the kinematics:

(M2 — M?sin?0)/2 + M, cos0]”
M + M, ’

EAfter backscattering — KEIncoming K= (72)

where K is the kinematic factor, M; and M; correspond to the mass of the incident
particle and foil particle, respectively. Thus, by measuring the number of backscattered
particles at each energy, a spectrum is obtained from which the depth and composition
of each layer in the target can be determined. The number of backscattered particles is
determined by the Rutherford cross section:

o(0) = (Zﬁze?)z sin4(10/2)' (7.3)

Moreover, it can be shown that the number of particles of a certain element is proportional
(in first order) to the integral of its corresponding peak in the spectrum [1, 63]. The latter
will be used in the next section to determine the fluence that is retained in the foils.

A typical RBS spectrum is given in Figure 7.2, for terbium implanted in aluminum.
The spectrum is generated from the output of a TRIDYN simulation, using SIMNRA [64],
a simulation package for RBS experiments. This package can be used to simulate RBS
spectra, but also to fit experimental spectra in order to obtain the number of particles
that are retained in the foil.
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Some characteristics of this spectrum will be discussed now. The edge at ~ 900keV
corresponds to a-particles scattered from the surface with an energy K Ey, the kinematic
factor of aluminum multiplied by the incident energy of the a-particle. For lower energies,
the a-particle has penetrated deeper into the foil and has lost some energy due to the
electronic stopping prior to and after the backscattering. Moreover, the number of counts
increases as the cross section increases for lower energy a-particles (see Equation 7.3).
The dip observed in the proximity of the edge is attributed to the reduction in aluminum
concentration at the terbium implantation depth. The a-particles scattered from terbium
correspond to the peak at ~1400keV, which corresponds to the energy of an a-particle
that travelled through a layer of aluminum, that was backscattered on a terbium particle
and that travelled back through the layer of aluminum.
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Figure 7.2: Simulated RBS spectrum (counts as a function of the energy of the backscat-
tered a-particles and the corresponding channel number) for terbium implanted in alu-
minum. The code to generate the RBS spectra was provided by Goele Magchiels.

7.2 Experimental protocol

Once RBS is performed, the fluence of Yb that is retained in the foil can be determined
by integrating the spectrum over the energy region of helium ions that are backscattered
from Yb (indicated in orange in Figure 7.3). More specifically, for a spectrum where the
integral over the peak in the spectrum corresponding to Yb equals Irpg, 1?:11 Irps equals
the fluence of Yb. The values of I.,; and 1., are obtained from a calibration measurement,
where [, is obtained by integrating a simulated RBS peak for Yb with a fluence of ..,
here 1), is chosen based on estimates.

Due to the varying number of He ions used in different measurements, renormalization

with respect to the current of He ions is performed:

Yeal cr(cal)
I cr(exp)’

Yrps = Irss (7.4)
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Figure 7.3: RBS spectrum (counts as a function of the channel numbers corresponding
to the energy of the backscattered a-particles) for aluminum implanted with ytterbium.
The peak corresponding to Yb is indicated in orange.

Here, cr(cal) and er(exp) correspond to the currents of He ions incoming for the calibra-
tion measurement and the considered measurement, respectively.

Due to time-restrictions of the high-current ion implanter at KU Leuven, only a limited
number of implantations could be performed within the timeline of this thesis. The
preliminary results of these experiments are shown in Figure 7.4. Further analysis and
implantation at higher fluences are required to provide an evaluation of the TRIDYN
simulations in the ytterbium region. Nevertheless, evidence for the feasibility of those
experiments to be conducted in the future is now obtained.
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Figure 7.4: Experimental results (red points) of the Yb implantations compared to the
TRIDYN simulations (blue curve). The retained fluence is shown as a function of the
incoming fluence.



TRIDYN simulations for the collection of
July 2021

In this chapter, the aim is to verify the statement that was made in [23] that self-sputtering
occurred during the collection of *Tb in July 2021. First, the collection is summarized.
Thereafter, a simulation is performed in which the retained activity is calculated. Also,
a layered simulation is performed in order to take into account the changing ratios of
particles in the beam.

8.1 Collection information

For the collection of July 2021, a tantalum target was irradiated at ISOLDE using 1.4GeV
protons to induce spallation. For the implantation in the second foil during the July
collection, which was the most successful collection of 2021, the activity spectra were
acquired 4 times during the collection and the activities were calculated from the Kromek
spectra as is described in Appendix A. The activities are recalculated (taking into account
the systematic error) compared to [23] (see Table 8.1) and the values mostly agreed within
lo. The total collected activity at each point can be calculated as:

Acollected (t + At) - AKromek(t + At) - AKromek <t> eXp(_)\At) (81)
4
Azg%laelcted = Z Acollected@); (82)
=1

where Axyomek(?) is the activity measured with the Kromek detector for the ith measure-
ment, A the decay constant and At the time between two measurements (see Appendix
A for the uncertainty on this activity and the extension towards isotopes with multiple
peaks in the y-spectrum). Al . is the activity that impinged on the foil during the
collection, and can thus be used to calculate the number of particles that are incoming.
Note that this activity will differ from the final Kromek measurement. The results are
summarized in Table 8.1, from which it can be concluded that the total activity of ter-
bium collected on the second foil is equal to 5.41(25)MBq. Contrastingly, the activity
on the foil after extraction from the detection chamber is 2.686(87)MBq (value partially
corrected for the decay over time).
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Timestamp | '*Tb activity [MBq] | ¥°Ce activity [MBq]
Using A | From [23] Using A | From [23]
1 1.50(27) | 1.56(31) | 0.1611(89) | 0.1542(S1)
0 5.61(45) | 5.93(66) | 0.501(21) | 0.552(30)
1 8.57(69) | 8.54(114) | 0.842(33) | 0.834(43)
2 9.12(63) | 9.10(124) | 0.961(23) | 0.894(45)
3 8.60(59) | 8.53(118) | 1.054(25) | 1.017(52)
4 7.04(58) | 8.28(114) | 1.002(27) | 0.953(48)

Table 8.1: Summary of the activity during the July 2021 collection corresponding to
155Th and ¥9Ce. The zeroth time step indicates the change of the foil.

On the other hand, for the first foil that was used in the collection of July 2021, an
activity of 3.745(125)MBq was impinging and the activity measured on the foil after
extraction is 3.439(121)MBq (corrected for the decay). Thus, compared to the second
foil, less activity was impinging, but more was retained. This is mostly an effect of the
self-sputtering: for this smaller incoming fluence, self-sputtering limits are not reached
yet and thus more terbium is retained.

From the v-spectra acquired with the Kromek CZT detector it was observed that
139CeO is present as an isobaric contaminant. The activity of 3°Ce measured in the
collection chamber during implantation in the second foil is 0.5539(176)MBq. Moreover,
stable gadolinium is present as a contaminant.

The number of particles corresponding to terbium and cerium is now calculated:

A
Xa
where N is the number of particles, A is the activity and A the decay constant. By
doing so, 3.606 - 102 particles for *>Tbh and 9.5 - 10'? particles corresponding to *?Ce are
found. As the stoichiometry of cerium and oxygen is one to one, the number of oxygen
particles is equal to that of cerium. The total number of particles impinging on the foil,
calculated from the total ion current, is larger than the number of particles corresponding
to terbium, cerium and oxygen (calculated from the activities). This excess of incoming
particles is most likely caused by stable gadolinium (**Gd). Other stable contaminants
such as LaO will be present but those are not considered in this simulation.

N = (8.3)

The fluence is defined as the number of particles per surface area. Thus, by as-
suming that the beam has a Gaussian distribution, the fluence implanted in an
infinitesimal ring defined by the radii » and r + Ar (R(r,r + Ar)) is given by (see
Appendix B):

N (exp r?
exp(—=——

a((r+ Ar)2 —r2)
with N the total number of particles and o, = /0,0, the standard deviation of the

Gaussian beam profile. The fluence for each of the incoming particles can now be
calculated from the total number of particles of that element.

2
VR((rr+ar) = ——)) (8.4)
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At MEDICIS, the target is placed on 60kV, thus the singly charged ions have an
energy equal to 60keV. For 39CeO, this energy is distributed according to conservation
of momentum and energy, yielding Ec. = 53.8keV and Ep = 6.2keV.

8.2 Simulation

The incoming fluence of each element and the corresponding energies are known and thus
the simulation for the collection of 2021 can be performed. The results are shown in
Figure 8.1. Ten different random number seeds were used to obtain a measure for the
statistical error on the simulation, both the error on one simulation and the error on the
mean value for 10 simulations are provided. From this curve, the retained activity for
this collection, taking into account the implantation profile, can be calculated according
to the following procedure:

1. Make a polynomial fit of fourth degree for the retained fluence graph (as is shown
in Figure 8.1). No constant term is used in the polynomial in order to impose
conservation of particles, i.e., zero retained fluence if no fluence is incoming.

2. Calculate the incoming fluence (¢y,) in R(r,r + Ar) by using Equation 8.4.

3. By using the polynomial fit (determined in step 1), the retained fluence (¢ye;) for
an incoming fluence equal to 1y, can be calculated (see e.g., Figure 8.2).

4. From the retained fluence (1), the activity corresponding to an incoming beam
between radius r and r + Ar can be calculated:
A= wret’ﬂ((’l‘ -+ AT)2 — 7”2))\155Tb

5. Start this scheme for r = 0 and repeat for r = rpevions + A7 until convergence is
obtained.

6. The sum of all the partial activities is equal to the total activity.

By using this scheme, an activity of 2.5956(147)MBq is found. In [23], a measurement
of the activity after the collection was performed and yielded 2.686(89)MBq. Thus, very
good agreement is found, indicating that the simulation software is suited for the self-
sputtering problem.

Moreover, in Figure 8.2, where the retained fluence is shown as a function of the
incoming fluence, a Gaussian curve is expected if no self-sputtering had occurred. For
large radii, indeed, the Gaussian behavior is observed, up to the point where self-sputtering
becomes important. At this point (around 1.2mm), for a slightly smaller radius, more
particles are self-sputtered and thus less is retained in the foil than for slightly higher
radii. Upon decreasing the radius further an oscillation is observed due to the fact that a
slight oscillation is present in the self-sputtering graph (see Figure 8.1).
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Figure 8.1: Summarizing graph on the retained fluence of Th for the collection of 2021
where the retained fluence is shown as a function of the incoming fluence of terbium.
Together with the fits that were used for the activity calculation.
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Figure 8.2: The retained fluence as a function of the position in the beam (0 mm
corresponds to the center of the beam).
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Lastly, a summarizing figure is presented, which will be useful when layered simulations
are considered. In Figure 8.3, the x-axis represents the radius (center of the beam has
radius 0), on the y-axis the incoming fluence corresponding to this radius is indicated, the
retained fluence is represented by the colorbar. Note that the incoming fluence is Gaussian
distributed, thus equal timelines follow a Gaussian relation between the incoming fluence
and the radius. For the same timeline, the fluence impinging on the spot corresponding
to the center of the beam is larger than for a non-zero radius.

le—3 le—3

7 Equal time line 1.4
6
Y5
=
34
S
<3
2
32
1
0

0.0 0.5 1.0 1.5
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Figure 8.3: Heatmap for the 2021 July collection for an energy of 60keV. The x-axis
represents the radius (r), where 0 corresponds to the center of the beam, on the y-axis
the corresponding incoming fluence (¢i,) is given, note that for larger radii the incoming
fluence at the same time (same time line indicated in white) is smaller as the beam profile
is Gaussian. The colorbar indicates the retained fluence (t.) for a specific radius and
incoming fluence.

As the incoming fluence increases, the retained fluence increases up to a point where
self-sputtering becomes significant. At this point, terbium atoms are removed from the
foil, leading to a flattening behavior in the amount of retained terbium. At slightly
larger radii, the incoming fluence is smaller. Due to this lower incoming fluence, no
self-sputtering has occurred yet and more terbium is retained.

In this case, symmetry for the radius is present, i.e., symmetry of the retained fluence
in the horizontal direction of the graph. However, throughout the collection, the beam
composition changes continuously, leading to changing fractions of terbium compared to
gadolinium and cerium. Consequently, the self-sputtering behavior will depend on the
radius: initially, a beam with a specific fraction of terbium is implanted. During this
implantation, larger radii are exposed to lower fluences, which results in a smaller amount
of terbium being present when switching to another fraction of terbium. Hence, different
results for different radii are expected. Therefore, further investigation into this time-
dependent behavior is performed.
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8.2.1 Layered simulation

Up to this point, all particles were implanted with relative fractions that remain constant
throughout the simulation. However, these fractions are time-dependent for actual col-
lections. Therefore, a layered simulation is performed, in which different simulations are
performed in subsequent steps. In the first step, Th, Ce, O and Gd are implanted with
specific fractions (calculated from the first activity measurement and the total current
on the foil). The total incoming fluence that is implanted in this first step is calculated
from the integrated total current on the foil. After this first simulation, a subsequent
simulation is performed. Again the fractions of Tbh, Ce, O and Gd and the total incoming
fluence are calculated from the (subsequent) activity measurement and total current on
the foil. The novelty of TRIDYN is that for this second simulation, the depth profile of
the previous simulation can be used as a starting foil composition. During the collection
of July 2021 (with the second foil), four v-spectra were acquired with the Kromek detec-
tor and thus four subsequent simulations will be performed. Using these activity spectra,
the activity for terbium and cerium that was collected during a given time interval At
(Acoltectea) can be calculated as is described in Appendix A. Hence, the total number of
particles of terbium, cerium and oxygen that are incoming on the foil can be calculated
by the use of Equation 8.3. The results are summarized in Table 8.2.

155Tb 13E)Ce 160 155Gd

Activity 1| 3.045(182) | 0.3416(143)
collected 2 | 1.114(146) | 0.12019(179)
(MBq) 3| 1.249(73) | 0.09216(145)

410 0
Number of 1 | 2.03-10" | 5.86- 10" 5.86 - 102 | 2.53 - 10"
particles 2 | 7.43-10" |2.06-10" 2.06-10'% | 3.17- 10"
collected 3|8.33-10" |1.58-10" 1.58-10" | 9.59 - 10™

4

0 0 0 1.50 - 10

Table 8.2: Summary of the collected number of particles during the collection of July
2021 for the different time intervals (1-4). Since oxygen and gadolinium are stable, no
activities are given. The uncertainties that are indicated take into account the systematic
error due to the uncertainty on the efficiency as well as the statistical uncertainty as is
described in Appendix A.

The retained activity can now be calculated similar to the scheme given in Section 8.2.
Multiple layered simulations were performed for different radii to take into account that
upon going to the next step in the simulation (changing the beam composition), different
fluences were implanted at different radii. More specifically, the retained fluence can be
calculated using the following procedure:

1. Calculate the incoming fluence in R(r, 7+ Ar) by using Equation 8.4 for each of the
four layers in Table 8.2.

2. Perform the layered simulation with the incoming fluences calculated in the previous
step, using TRIDYN. Here, the first simulation starts from a pure Zn foil and the
subsequent simulations use the output depth profile of the previous layer as an input
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depth profile (see Table 8.3 for the basic simulation input values). In doing so, the
retained fluence (and thus the retained activity) in R(r,r + Ar) is obtained.

3. Start this scheme for r = 0 and repeat for r = rpevions + A7 until convergence is
obtained.

4. The sum of all the partial activities is equal to the total activity.

This scheme is implemented by combining Python with a bash script to automize the
process. In this way, for every radius, the retained fluence for a given incoming fluence
(Gaussian distributed) can be obtained as is visualized in Figure 8.4. From this figure, it
is deduced that the incoming fluence for which the maximal retained fluence is obtained
decreases with increasing radius. Also, for the last equal time line, the retained fluence at
a radius of about 1.5A is larger than for radius 0. From these simulations, a total retained
activity equal to 1.7919MBq is found, which is significantly lower than what was found
experimentally and for the non-layered simulation. This discrepancy could be an effect
of the fact that only five measurements with the Kromek detector are performed, while
there is a lot of fluctuation in the activity that is collected in the foil. Additionally, in the
simulation, it was assumed that all excess in the total current on the foil compared to the
activity spectra was originating from stable *>Gd. However, other stable contaminants
such as LaO can also contribute to this excess. Due to the lower mass and Z-value of
LaO, less self-sputtering will occur, which could possibly explain why self-sputtering is
overestimated in the simulation.

Layer 0 Layer 1 Layer 2 Layer 3
atda | Zn Th Ce O Gd Zn Th Ce O Gd Zn Tb Ce O Gd Zn Tb Ce O Gd
comp | 10000
irra 2 60000. 0. 0.00761 | 2 60000. 0. 0.00231 | 2 60000. 0. 0.00087 | 2 60000. 0. 0
irra 3 53806. 0. 0.02195 | 3 53806. 0. 0.00642 | 3 53806. 0. 0.00164 | 3 53806. 0. 0
irra 4 6194. 0. 0.02195 | 4 6194. 0. 0.00642 | 4 6194. 0. 0.00164 | 4 6194. 0. 0
irra 5 60000. 0. 0.94849 | 5 60000. 0. 0.98486 | 5 60000. 0. 0.99585 | 5 60000. 0. 1

Table 8.3: Table with the most important input values for the layered simulation for
the 2021 July collection.
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Figure 8.4: Heatmap for the 2021 July collection for the layered simulation. The x-axis
represents the radius (r), where 0 corresponds to the center of the beam, on the y-axis
the corresponding incoming fluence (1) is given, note that for larger radii the incoming
fluence at the same time (same time line indicated in white) is smaller as the beam profile

is Gaussian. The colorbar indicates the retained fluence (t,¢) for this radius and this
incoming fluence.



Self-sputtering - Conclusion and outlook
towards future collections and facilities

For increasing collection fluences, self-sputtering becomes more important. In this
chapter, different methods are proposed that could help to limit the self-sputtering as
much as possible.

First of all, implanting mainly in Al rather than in Zn during MEDICIS collec-
tions was a good decision, as self-sputtering in aluminum only starts at 7 times larger
incoming fluences compared to zinc. As implantation in Al and NaNOj3 are comparable,
the choice between both depends on the desired chemical post-processing (aluminum
is dissolved in acid whereas NaNQOj is dissolved in water). Nevertheless, implantation
in sugar is even more promising, with a 3-fold increase in the fluence at which self-
sputtering starts for cellulose compared to aluminum. However, it has to be noted that
the simulations for self-sputtering in sugar do not take into account the microstructure
of sugar, which could deteriorate the self-sputtering behavior or its retention capabilities.
The latter should, therefore, be experimentally verified.

The main conclusion for the energy of the radionuclide beam is to take an energy
that is as high as reasonably achievable. To date, the extraction voltage at the different
facilities is limited by &~ 60kV, mainly due to the reduced stability and the available
transformers. The behavior as a function of the energy of the beam needs to be taken
into account when building new facilities, as the incoming fluence at which self-sputtering
starts for cellulose is approximately trice as much for implantation at 200keV compared
to 30keV. It could, for example, be promising to consider raising the collection chamber
to a negative voltage. By doing so, the energy of the impinging particles increases
without the instability and transformer availability issues.

It has to be noted that for collections where the target was irradiated with high-
energy protons in order to induce spallation reactions, more contaminants are present,
such as '3CeO [23]. Those isotopes have a larger mass than the aluminum foil, leading
to similar sputtering effects as for gadolinium. Furthermore, minimizing the time interval
between the chemical separation of 1°*Tb and ®>Gd and the start of the collection is of
great importance to reduce the presence of »*Gd resulting from the decay process of
155Th, In this way, a purer beam of 1%*Tb will be implanted, leading to less self-sputtering.
Moreover, for online collections, no chemical preparation can be performed to remove
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contaminants. Consequently, collections with a target that has been chemically purified
will result in less self-sputtering. In particular, if the beam purely consists of terbium,
self-sputtering occurs much later as a function of the Tb fluence, as everything that
is implanted with a mass &~ 155u contributes similarly to the self-sputtering. More
specifically, for the conditions corresponding to the collection of 2021, self-sputtering
starts at an incoming fluence of terbium of O.OOL&_2, whereas if implantation had been
performed with a pure terbium beam, self-sputtering had been only important at an
incoming fluence of 0.48477. Hence, it is necessary to explore methods to enhance the
purity of the Tb beam.

Moreover, it was shown that the total incoming fluence impinging on the foil should
be reduced, e.g., by broadening the implantation spot. The latter can be done by
broadening the beam before implantation, nevertheless, this diminishes the quality of
the beam. Alternatively, wobbling the beam in the directions perpendicular to the
beam can be implemented to increase the implantation spot. Since the fluence is
defined as the number of particles per area, increasing the area 4 times implies that
4 times more particles are collected at the moment that self-sputtering becomes significant.

In addition, it is crucial to systematically replace the collection foil, which is likely the
least drastic measure to implement. We found that the fluence at which self-sputtering
starts for a pure terbium beam can be used to obtain an estimate/lower bound for
the total current if the beam consists also of gadolinium or other contaminants:
it = 2#6@&;2?803 . So, given the standard deviation of the beam, the integrated current
at which self-sputtering becomes important (at the center of the beam) can be calculated
from the critical fluence for the implantation of a pure beam. Hence, a summarizing table
with the critical fluence for implantation of a pure beam of different medical isotopes is
given in Table 9.1. It is concluded that self-sputtering occurs earlier for heavier isotopes.
Actinides do not follow the trend, most likely because the lattice binding energies
are not very well known (as no macroscopic amount exists). Moreover, experimental
confirmation of TRIDYN in the actinide region is not feasible, as all actinides are
radioactive. Additionally, in Appendix D, the corresponding self-sputtering curves are
shown.

Considering the importance of changing the foils, the target changing system im-
plemented in ISOLPHARM at SPES (see Section 1.5) could be very promising.

Lastly, further investigation into self-sputtering at MEDICIS is considered by in-
vestigating placing an aluminum foil with a hole on the back of the collimator to try to
collect the self-sputtered particles.
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PART III:
Recoil sputtering for alpha emitters

‘If you knew Time as well as I
do,’ said the Hatter, ‘you
wouldn’t talk about wasting it.’

Lewis Carroll
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Recoll sputtering

In this chapter, the sputtering subsequently to the implantation due to the recoiling
daughter nucleus originating from an a-decay will be investigated. Both TRIDYN and
SRIM will be combined to get a first estimate on the significance of recoil-sputtering in
the context of medical isotope collections. Moreover, the dependence on the energy of the
incoming beam and the implantation spot will be examined. Throughout this chapter,
M9Th will be used as the incoming radionuclide, but the simulations can be performed
for any a-decaying radionuclide.

10.1 Context

M9Th is an interesting medical isotope as it has an a-decay branch towards **Eu (branch-
ing ratio = 17%, see Figure 10.1). However, the half-life is rather small (4.1h), therefore
the time between the collection of 4°Tb and the therapy must be minimized in order to
have a sufficient number of energetic a-particles remaining to treat the patient.

149gm| EC | 149Ey | EC | 149Gd | EC76% | 149Th
stable | 93d | 93d [ B*7% | 41h

a |17%
v

145Nd | EC |145Ppm| EC |145Sm| EC 98% | 145E
stable | 177y | 340d ‘|3+ 20 | 5.9d

Figure 10.1: Decay scheme of 9Tb. (figure retrieved from [65])

For a-decaying isotopes, apart from the decay-induced decrease in the activity, one
of the additional phenomena that needs to be taken into account is recoil-sputtering. If
a mother nucleus decays via a-decay, the daughter nucleus obtains a significant recoil
energy (=~ 0.1 — 1MeV). Hence, the daughter nucleus traverses the foil and transfers its
energy to surrounding particles, creating nuclear collision cascades. Consequently, earlier
implanted 9T particles or foil particles can be sputtered away (see Figure 10.2). The
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Figure 10.2: A simplified visualization of the recoil-sputtering process: a) starting from
a foil implanted with a-decaying nuclei (light blue), b) a mother nucleus can decay into
the daughter nucleus (pink) and an a-particle (green). ¢) The daughter nucleus obtains a
recoil-momentum and traverses the foil while colliding with foil particles. Consequently,
a nuclear collision cascade emerges and if a particle near the surface obtains a momentum
in the outward direction, it can be ejected from the foil.

energy of the " Eu nucleus can be calculated according to Equation 1.5:

Q 4.0775MeV
E(*Eu) = —p = = 0.10946MeV . (10.1)
14 e ] 4 L5

In conclusion, increasing the time between collection and treatment time results in a
decrease of the amount of terbium present in the foil due to decay, but also due to
sputtering induced by recoiling daughter nuclei, i.e., recoil-sputtering. The aim of this
chapter is to obtain a measure for the importance of this process and its dependence on
the implantation energy and implantation spot. In order to maximize the reliability, both
SRIM [57] and TRIDYN [53, 54, 55] are used. A typical view of the SRIM interface is
shown in Figure 10.3.
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Figure 10.3: Interface of SRIM. During the simulation, the recoiling ions can be tracked
on several graphs, for example the XY projection. Moreover, the sputtering yield is
indicated during the simulation for each of the different layers of the target.
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10.2 Simulation

In order to simulate recoil-sputtering, first, a simulation for terbium implantation is per-
formed using TRIDYN (energy of the terbium beam = 60keV). Simulations for different
fluences (around the value where self-sputtering just starts to have an effect: 1.5A72,
2.01A_2, 2.49A_2, 3.484 % and 4A_2) are performed for implantation in aluminum. From
these TRIDYN simulations, an implantation profile is obtained as can be seen in Figure
10.4. This figure illustrates why TRIDYN simulations are preferred over SRIM simu-
lations for obtaining depth profiles: if SRIM simulations were used, an increase in the
number of Th particles would not change the distribution, only the fraction of Th would
increase.

These implantation profiles are used to generate both the target that is used for the
SRIM simulations and the recoiling europium particles. The target that is used for the
SRIM simulation is generated from the implantation profile obtained from the TRIDYN
simulation, which is divided into multiple bins. The recoiling europium ions' are generated
at different depths (determined by the depth profile) and with a velocity vector that is
isotropically distributed in space. These ions are then simulated by the use of SRIM?.

SRIM is a stationary simulation package, which implies that the target is not updated,
and thus, each of the generated ions recoils from the same target. Therefore, performing
numerous simulations (~90000 recoiling particles) can provide an estimate for the initial
sputtering yield.
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Figure 10.4: Depth profile (atomic fraction of terbium at a specific depth in the foil)
for terbium upon implantation in Al for different implanted fluences.

1Only the recoiling *5Eu particles are simulated as the recoiling a-particles can be neglected due to
their smaller mass: a simulation was performed and the recoil-sputtering yield was found to be 0.006653
for Al and 0.000667 for Tb, which is indeed negligible compared to the recoil-sputtering yield due to the
recoiling europium particles (18 for Al and 1 for Th).

2This was done by using a code to generate the SRIM inputfiles from SRIM outputfiles that was
provided by Michael Heines and adapted towards TRIDYN inputfiles.
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In order to evaluate the importance of these recoil-sputtering events, the activity that
is lost after 1 hour due to recoil-sputtering as well as the amount of aluminum that is
recoil-sputtered will be calculated for each of the performed simulations. As an example,
the calculations are performed for an incoming fluence equal to 3A7°. The results for the
sputtering yields due to the recoiling europium particles for an incoming fluence of 3877
are summarized in Figure 10.5 and Table 10.1. For each a-decay, on average, 18 aluminum
particles and 1 terbium particle are sputtered out of the collection foil. Additionally, it
is noticed that the sputtering yield for Tb is the largest close to the surface. The latter
indicates why it is important to also track the amount of aluminum that is sputtered from
the surface: as Al particles are removed from the foil, Th particles move closer towards
the surface, i.e., the region where the sputter yield of Th is the largest.

For an incoming fluence of 3877 the retained fluence after implantation is equal to
2.9A_2, assuming that the implantation spot is 2wo, = 0.05cm? (implantation in the
center of the beam), this corresponds to 1.4 - 10'® particles. Thus, initially, an activity of
65124.88MBq is present’. The number of particles that are lost after one hour due to the
decay is given by:

Nigst(1h) = N (to) — N(1h)
= 1.387 - 10"°(1 — exp(—4.696 - 10 °s~* - 60 - 60s)) = 2.15732 - 10™,  (10.2)

which corresponds to an activity lost due to the decay of 10130.8MBq. From the branching
ratio, it is concluded that 17% of the decays goes via the a-decay channel. Thus, 3.7-10'3
recoil events need to be taken into account. The sputtering yield for terbium is equal to
1.0398(34)". Therefore, an additional activity of 2.7517(90)% compared to the retained
fluence after implantation is lost upon recoil-sputtering.

Additionally, the effect of recoil-sputtering on the aluminum foil is calculated. After 1
hour, the thickness of the aluminum layer that is lost due to recoil-sputtering (tj,s;(Al))
is given by:

Number of recoil events
N(Al) - surface of the foil
3.67 - 1013

0.06A7° . 0.048 - 1016 4>

tlost(Al) - Ysp.,Al '

= 18.2562(143) - = 23.2640(183)A, (10.3)

where the implantation spot is equal to 0.048cm?.

3Note that this is a rather large activity, however, a pure beam of °Tb was used rather than a beam
that consists only for 0.2% of %*Tb as in the collection of 2021. Moreover, the half lifetime of '49Tb is
smaller than for '*Tb which also implies a larger activity.

4The error on the sputtering yields corresponds to the statistical uncertainty, which is deter-

mined llSiIlg Poisson statistics: 0_(}/; ) — 0_( Number of §putte}“ed part.lcles‘.) _ Number of.sputtfered par'tlcles —
P Number of incoming particles Number of incoming particles

\/Ysp,-Number of incoming particles o \/ Ysp.

Number of incoming particles Number of incoming particles *
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Figure 10.5: Sputtering yield of Th and Al, together with the atomic fraction of Tb for
the target used in SRIM as a function of the depth of the implantation foil.

Sputtering yield | Sputtering yield

of Al of Th
Total 18.2562(143) 1.0398(34)
0-60A 98.27% 98.1%
60-120A 0.84% 1.10%
120-180A | 0.42% 0.50%
180-240A | 0.24% 0.1955%
240-300A | 0.13% 0.0759%
300-360A | 0.07% 0.0299%
360-420A | 0.03% 0.0054%
420-480A | 0.0095% 0%
480-540A | 0.0023% 0%
540-600A | 0.00012% 0%
600-2000A | 0% 0%

Table 10.1: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (luence = 3A ™7, E(“9Tb) = 60keV, implantation spot = 0.048cm).

These calculations were repeated for each of the simulations that have been performed
and the results are summarized in Table 10.2 and Figure 10.6. The fraction of the activity
corresponding to Th that is lost due to recoil-sputtering increases as the incoming
activity is increased. Two main reasons have been identified, namely that for increasing
incoming activities, more **Tb particles are present in the foil and thus if a recoil occurs,
the chance of interacting with a 9Tb particle increases. Secondly, if the incoming activity
increases, more sputtering of the aluminum has occurred (upon implantation, preliminary
to the recoil-sputtering). Therefore, the “Th particles are located closer to the surface
and are consequently easier sputtered away due to the recoiling europium particles. While
the first effect is approximately linear with the implanted fluence, the second introduces
a major non-linearity.
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Moreover, as the incoming activity increases, the layer of aluminum that is lost in-
creases as well. The main reason is that for larger incoming activities, more *°Tb is
present in the foil and thus more recoil events can cause recoil-sputtering of Al. Also, the
sputtering yield of aluminum compared to the sputtering yield of terbium decreases for
increasing incoming terbium fluences. The main reason is that more terbium, and thus
relatively less aluminum, is present in the foil. This is also reflected in Figure 10.6b, where
the dashed line shows the expected behavior if the recoil-sputtering yield of aluminum
would stay constant. Initially, as the incoming activity of **Tb increases, more aluminum
is recoil-sputtered as for increasing incoming activities of 4°Tb, Tb is located closer to
the surface and thus, on average, the recoils reach closer to the surface and therefore more
aluminum particles are recoil-sputtered away. However, if the incoming activity increases
more, the relative amount of aluminum compared to terbium decreases and thus, per
decaying mother nucleus, less aluminum will be sputtered from the foil.

Upon comparison of the fraction lost due to recoil-sputtering with the activity lost
due to the decay, it is concluded that the loss due to the decay dominates. However, the
branching ratio for the a-decay channel is rather small (17%).
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(a) Fraction of the activity of 4°Tb lost due (b) Width of the aluminum layer lost due to
to recoil-sputtering [%] as a function of the in- recoil-sputtering as a function of the incoming
coming activity. activity.

Figure 10.6: Activity of **Tb and width of the aluminum layer lost due to recoil-
sputtering, for an incoming energy = 60keV and an implantation spot of 0.048A.
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Incoming . . Thickness of
. . . . Activity lost due .
activity Sputtering yield to recoil-sputterin aluminum layer
[MBq] p & that is lost [A]
Al Tb fil7%] fr[%]
33811.2 15.8795(133) | 0.13880(125) | 0.3665(34) | 0.3670(34) | 10.4813(88)
45307 16.8980(137) | 0.32679(191) | 0.8576 0.8641(5 14.8553(121)
(

)
74) | 18.8982(151)
)

1 1
2 1.8356
1

(
42247(109) | 4.5215(117) | 26.022(21

(133) 2 (
(137) 9 (5
56126.592 | 17.5223(140) | 0.6942(28) | 1.8042(7
67622.4 | 18.2562(143) | 1.0393(34) (
78441.98 | 18.1600(142) | 1.7100(44) (
90163.2 | 17.8500(141) | 2.3600(52)

(
) ( 2
) ( 5
2.6478(87) | 2.7494(90) | 23.2441(183)
9 ( )
) ( )

5.577(123) | 6.2402(138) | 28.118(23

Table 10.2: Summarizing table on recoil-sputtering for implantation of **Tb in alu-
minum for an implantation energy = 60keV and an implantation spot = 0.048cm?. f;
and f, are the fractions compared to the incoming activity and retained activity after
implantation of **Tb respectively. A more detailed table can be found in Table [.6.

10.2.1 Dependence on the energy

For self-sputtering, a large improvement for increasing implantation energies was found.
Therefore, it is examined how increasing the energy affects recoil-sputtering. Simulations
have been performed for the same incoming activities of *Tb as previously, but for
an implantation energy of 100keV. Again, the implantation of terbium in aluminum is
simulated with TRIDYN (implantation profile, see Figure 10.7), thereafter, SRIM was
used for the simulation of the recoils.

The results are summarized in Figure 10.8 and Table 10.3, indicating that the fraction
of the activity of 14°Tb that is lost, decreases as the energy increases. The main reason for
this behavior is that for increasing energies, terbium is implanted deeper in the foil and
therefore self-sputtering limits are reached later. Thus, after implantation of the same
activity, the *°Tb atoms are located deeper into the foil than for implantation at 60keV.
As a result, the collision cascades caused by the recoiling daughter nucleus end at greater
distances away from the surface, leading to less recoil-sputtering. For the same reason,
the thickness of the layer of Al that is removed due to recoil-sputtering decreases as the
implantation energy increases.
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Figure 10.7: Depth profile (atomic fraction of terbium at a specific depth in the foil)

for the implantation of 100keV terbium in aluminum with an incoming fluence of 3477
compared to the depth profile for 60keV implantation.
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Figure 10.8: Activity of *Tb and width of the aluminum layer lost due to recoil-
sputtering, for an incoming energy = 100keV and an implantation spot of 0.048A.
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Incoming .. Thickness of

. . . . Activity lost due .
activity Sputtering Yield to recoil-sputtering aluminum layer
[MB(q] that is lost [A]

Al Tb fil%0] fr7]

33811.2 8.4939(98) 0.01660(42) | 0.04378(111) | 0.04385(111) | 5.6008(65)
45307 9.7973(105) | 0.04770(73) | 0.12576(193) | 0.12613(194) | 8.6527(93)
56126.592 | 10.6960(109) | 0.10360(108) | 0.2725(29) 0.2739(29) 11.6759(119)
67622.4 11.5826(113) | 0.23881(163) | 0.6244(43) 0.6316(44) 15.1426(148)
78441.98 12.4379(118) | 0.4877(23) 1.2896(61) 1.2896(61) 18.6940(178)
90163.2 13.3800(122) | 0.6703(28) 1.7086(72) 1.737(75) 22.73(21)

Table 10.3: Summarizing table on recoil-sputtering for implantation of **Tb in alu-
minum for an implantation energy = 100keV and an implantation spot = 0.048cm?. f;
and f, are the fractions compared to the incoming activity and retained activity after
implantation of **Tb respectively. A more detailed table can be found in Table [.7.

10.2.2 Dependence on the implantation spot

Lastly, the improvement that is obtained by increasing the implantation spot is examined.
As the implantation spot is increased, the amount of 19Tb is more spread (in the plane
of the surface) across the Al foil. This results in a smaller fluence and therefore less self-
sputtering. If the area of implantation is increased by a factor 4, the fluence will decrease
by a factor 4. In other words, a fluence % implanted in an area 4A, will contain the
same amount of particles as a fluence 1)y implanted in an area Ay. The importance of this
effect on recoil-sputtering will now be examined by performing simulations for the same
incoming activity as before, but for a 4 times larger implantation spot.

The results are summarized in Figure 10.9 and Table 10.4. For an increasing implan-
tation spot, the activity that is lost due to recoil-sputtering as well as the thickness of
the Al layer that is removed decrease. This is mainly because self-sputtering limits are
reached later for increasing implantation spots and thus the recoiling daughter nuclei are
located deeper into the foil. Additionally, less **9Tb per surface area is present in the foil
to initiate recoils and to interact with.

When comparing the effect of increasing the energy of the impinging beam to increasing
the implantation spot, a huge reduction in the activity of terbium that is lost is observed
for the latter (= 18-fold). However, the decrease in the thickness of the aluminum layer
that is removed is relatively smaller (= 3-fold), which is explained by the fact that for
an increasing implantation spot, the amount of Al to Tb increases and therefore the
sputtering yield of Al increases.
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Incoming . . Thickness of
. . . . Activity lost due .
activity Sputtering Yield to recoil-sputtering aluminum layer
[MB(q] that is lost [A]
Al Tb fil7%0] fr[%]

33811.2 13.3000(122) | 0.001679(137) | 0.00444(37) 0.00444(37) 2.1979(21)
45307 13.8300(124) | 0.003300(192) | 0.00873(51) 0.00873(51) 3.0624(28)
56126.592 | 14.0040(125) | 0.00570(26) 0.01507(69) 0.01507(69) 3.8414(35)
67622.4 14.1360(126) | 0.01328(39) 0.03510(104) | 0.03510(104) | 4.6701(42)
78441.98 14.9436(129) | 0.02970(58) 0.07852(154) | 0.07853(154) | 5.7282(50)
90163.2 15.270(131) | 0.04400(70) 0.116302(186) | 0.116343(186) | 6.726(58)

Table 10.4: Summarizing table on recoil-sputtering for implantation of **Tb in alu-

minum for an implantation energy = 60keV and an implantation spot = 0.192cm?. f;
and f, are the fractions compared to the incoming activity and retained activity after
implantation of **Tb respectively. A more detailed table can be found in Table .14
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Figure 10.9: Activity of **Tb and width of the aluminum layer lost due to recoil-
sputtering, for an incoming energy = 60keV and an implantation spot of 0.192A.
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Figure 10.10: Depth profile (atomic fraction of terbium at a specific depth in the foil)
for the implantation of terbium in aluminum for an implantation spot equal to 0.192A
compared to the depth profile for an implantation spot of 0.048A.

10.3 Conclusion

In this chapter, a first approximation for the importance of recoil-sputtering has been
proposed. Already for an a-decaying particle with a branching ratio of 17%, recoil-
sputtering has some importance at large impinging activities. Recoil-sputtering, although
causing a minor loss in activity (0.001%-10%), exhibits a notable dependence on the
characteristics of the implantation process. In particular, further away from the self-
sputtering limits, the occurrence of recoil-sputtering diminishes. To be precise, when the
incoming activity decreases, the beam energy increases or the implantation spot increases,
recoil-sputtering is minimized. Additionally, for increased waiting times, more recoil-
sputtering will occur. Lastly, a comparison with experiments is provided in Appendix F
for 225Ac.
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Limitations and future research

This thesis has contributed to further investigations into the optimization of the efficiency
of radionuclide collections. However, further research is still needed to improve this effi-
ciency. To ensure reliable analysis of future MEDICIS collections, it is crucial to obtain an
accurate efficiency fit, as the activity determination relies on this fit. Hence, it is necessary
to conduct new efficiency measurements. Additionally, there is a need for further investi-
gations into the ISOL method. For externally irradiated targets, elution is employed for
chemical purification prior to the ISOL method. However, systematic research should be
conducted on the different eluents that can be used and on the collection of terbium via its
molecules to optimize the vaporization from the target. Regarding self-sputtering, further
investigation into implantation in sugars is needed. Furthermore, additional research is
required to conclude on the experimental confirmation of the TRIDYN simulations. The
implantations were carried out simultaneously with the deadline of this master’s thesis.
The results available at the time of submission seem to point to a different picture than
originally anticipated and will require further analysis beyond the timeline of this thesis.
Lastly, for the recoil-sputtering simulations, TRIDYN and SRIM were combined, result-
ing in semi-static simulations. To improve the accuracy and reliability of the results,
it is recommended to investigate methods to extend these simulations towards dynamic
simulations.

Conclusion

Throughout this thesis, the collection of radioisotopes, specifically *>Tb, was analyzed
in order to enhance the collection efficiency. The study covered three distinct steps of
the radionuclide collection process: the ISOL mass separating method for externally
irradiated targets, self-sputtering during implantion of the mass-separated particles in
the collection foil and recoil-sputtering during the transport of this collection foil.

To conclude on this thesis, Equation 1.9 will be revisited:

Etot = Ediff * €eff * €ion * Esep * Etransport * Eimplant * Cdecay (1O4>

which can be regrouped together in two main terms:

Etot = EISOL * Eimplant - (10.5)

In Part [, e;gor, was considered by analyzing the collections of 2022. It was concluded
that investigating the laser ON-OFF effect systematically and that acquiring activity
spectra every 5 minutes was a beneficial choice. In that way, a measure for the amount of
terbium with respect to its contaminants is obtained. However, no successful collections
were performed in 2022. The main hypothesis is that the type and the concentration of
the eluent that was used during the target preparation influences the collection efficiency.
Indicating that for future collections, the chemistry of the target should be investigated
prior to the collection. Once the separation of the terbium beam and its contaminants
is obtained, terbium is implanted in a collection foil and self-sputtering needs to be
considered (€implant), Which was discussed in Part II of this thesis. It was concluded that
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self-sputtering is more pronounced for heavier implantation foils as was expected based
on typical self-sputtering behavior. For example, implantation in Al is preferred over
implantation in Zn. Furthermore, implantation at higher energies should be considered
at the facilities that are currently being commissioned, as well as beam wobbling or
foil replacement techniques. Additionally, it was shown that the amount of impurities
should be minimized to minimize self-sputtering, which is also crucial when considering
the use in hospitals. Hence, collections where chemical preparation is conducted prior
to the ISOL method demonstrate substantial potential. However, the added value of
chemical separation prior to the collection should be evaluated against the associated
logistical challenges, including increased personal radiation exposure, management of
nuclear waste and longer waiting times. Besides, the total current on the foil was found
to be a useful indicator for estimating the onset of self-sputtering or thus for when the
foil is preferably removed. Furthermore, the feasibility for experimental confirmation was
demonstrated. Lastly, recoil-sputtering was investigated. The main conclusion was that
recoil-sputtering is responsible for a rather small (0.001%-10%) additional loss during
the transport of a-decaying nuclei that is dependent on the implantation conditions.
Additionally, recoil-sputtering is minimized in those conditions where self-sputtering is
minimal.

In conclusion, a thorough analysis of the entire collection process, spanning from
target preparation to the transport towards the hospital, has been performed. In that
way, this thesis contributed to the optimization of future medical isotope collections.



1]

2]

[10]

[11]

Bibliography

Marie Deseyn. Code for master thesis.

Colourful Nuclide Chart. ,
Date accessed: 16/01/2023.

Jacques Balosso et al. Nuclear Physics for Medicine, 2014.

Karolien Goffin. Technologie en technieken in de nucleaire geneeskunde. Lecture
slides.

Kenneth S Krane. Introductory nuclear physics. 1991.

Nabanita Naskar and Susanta Lahiri. Theranostic terbium radioisotopes: chal-
lenges in production for clinical application. Frontiers in Medicine, 2021.

Cristina Miiller et al. A Unique Matched Quadruplet of Terbium Radioisotopes
for PET and SPECT and for a- and S-Radionuclide Therapy: An In Vivo Proof-
of-Concept Study with a New Receptor-Targeted Folate Derivative, 2012.

Cristina Miller et al. Alpha-PET with terbium-149: evidence and perspectives for
radiotheragnostics, 2017.

Cristina Miiller et al. Direct in vitro and in vivo comparison of 161Th and 177Lu
using a tumour-targeting folate conjugate, 2014.

PW Schmor et al. Review of cyclotrons used in the production of radio-isotopes for
biomedical applications. 2010.

Charlotte Duchemin et al. Production cross-section measurements for terbium ra-
dionuclides of medical interest produced in tantalum targets irradiated by 0.3 to 1.7
GeV protons and corresponding thick target yield calculations. Frontiers in medicine,
2021.

Gaia Dellepiane et al. Cross section measurement of terbium radioisotopes for an op-
timized 155Tb production with an 18 MeV medical PET cyclotron. Applied radiation
and isotopes, 2022.

Yisel Martinez Palenzuela et al. The CERN-MEDICIS isotope separator beamline.
Frontiers in Medicine, 2021.

90


https://github.com/MarieDeseyn/MasterThesis
https://github.com/MarieDeseyn/MasterThesis
https://people.physics.anu.edu.au/~ecs103/chart/
http://dx.doi.org/10.3389/fmed.2021.675014
http://dx.doi.org/10.3389/fmed.2021.675014
http://dx.doi.org/10.2967/jnumed.112.107540
http://dx.doi.org/10.2967/jnumed.112.107540
http://dx.doi.org/10.1186/s41181-016-0008-2
http://dx.doi.org/10.1007/s00259-013-2563-z
http://dx.doi.org/10.1142/S1793626811000574
http://dx.doi.org/10.3389/fmed.2021.625561 
http://dx.doi.org/10.1016/j.apradiso.2022.110175
http://dx.doi.org/10.3389/fmed.2021.689281

Bibliography 91

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[20]

[27]

[28]

Vadim Maratovich Gadelshin et al. Terbium Medical Radioisotope Production:
Laser Resonance Ionization Scheme Development. Frontiers in medicine, 2021.

Luca Egoriti et al. Analytical model for release calculations in solid thin-foils
ISOL targets.  Nuclear Instruments and Methods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2016.

Ulli Késter et al. (Im-) possible ISOL beams. The European Physical Journal Special
Topics, 2007.

Simon Stegemann. Production of mass separated 11C beams for PET-aided hadron
therapy, 2020.

Jochen Ballof. Radioactive Molecular Beams at CERN-ISOLDE, 2021.

Charlotte Duchemin and Joao P. Ramos. CERN-MEDICIS: A Review Since Com-
missioning in 2017, 2021.

Ulli Koster. Resonance ionization laser ion sources. Nuclear Physics, 2002.

Piet Van Duppen. Isotope separation on line and post acceleration. 2006.

Yuan Liu, Yoko Kawai, and Hassina Z Bilheux. Characterization of a tubular hot-
cavity surface ionization source. In Proceedings of the 2005 Particle Accelerator
Conference. IEEE, 2005.

Willemijn goossens. A compact CZT ~-ray detector for nuclear applications in
medicine, 2021.

Klaus  Wendt. Larissa.
, Date accessed: 22/04/2023.

Y. Martinez Palenzuela. Characterization and optimization of a versatile laser and
electron-impact ion source for radioactive ion beam production at ISOLDE and
MEDICIS. PhD thesis, KU Leuven, 2019.

Y. Martinez Palenzuela et al. Enhancing the extraction of laser-ionized beams
from an arc discharge ion source volume. Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, 2018.

Ben Webster et al. Chemical purification of terbium-155 from pseudo-isobaric impu-
rities in a mass separated source produced at CERN. Scientific Reports, 2019.

Isolde logos, layouts and templates.


http://dx.doi.org/10.3389/fmed.2021.727557
http://dx.doi.org/10.3389/fmed.2021.727557
http://dx.doi.org/10.1016/j.nima.2016.06.106
http://dx.doi.org/10.1016/j.nima.2016.06.106
http://dx.doi.org/10.1140/epjst/e2007-00326-1
https://cds.cern.ch/record/2749196
https://cds.cern.ch/record/2797475
https://cds.cern.ch/record/2797475
http://dx.doi.org/{{10.3389/fmed.2021.693682}}
http://dx.doi.org/10.1016/S0375-9474(01)01625-6
http://dx.doi.org/10.1016/S0375-9474(01)01625-6
http://dx.doi.org/10.1109/PAC.2005.1590842
https://cds.cern.ch/record/2843400
https://www.larissa.physik.uni-mainz.de/introduction/
https://www.larissa.physik.uni-mainz.de/introduction/
https://cds.cern.ch/record/2672954
http://dx.doi.org/10.1016/j.nimb.2018.06.006
http://dx.doi.org/10.1038/s41598-019-47463-3
http://dx.doi.org/10.1038/s41598-019-47463-3
https://isolde.web.cern.ch/isolde-logos-layouts-and-templates
https://isolde.web.cern.ch/isolde-logos-layouts-and-templates

Bibliography 92

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Charlotte Duchemin et al. CERN-MEDICIS: A Unique Facility for the Produc-
tion of Non-Conventional Radionuclides for the Medical Research. 2020.

Bertrand Dewit. Towards the first collection of 44Sc at CERN MEDICIS: Real-
istic FLUKA simulations of the CERN MEDICIS collection of 44Sc, 2017.

Andrighetto et al. The ISOLPHARM project: ISOL-based production of radionu-
clides for medical applications. Journal of Radioanalytical and Nuclear Chemistry.

M Ballan et al. The isolpharm project for the production of high specific activity
radionuclides for medical applications.

Stefano Corradetti. Innovative ISOL targets for the production of medical radionu-
clides. 2022, Prismap conference.

Nathalie Michel. Smiles: combine laser ionization and mass separation to select
isotopes.

, Date accessed: 23/04/2023.

L. Popescu. Nuclear-physics applications of MYRRHA. European Physical Journal:
Web of Conferences, 2014.

ISOL@MYRRHA impact in Nuclear Medecine — Myrrha.

, Date accessed: 03/02/2023.

Daniela Kiselev. Tattoos. , Date accessed:
23/04/2023.

Nicholas P. van der Meulen. Targeted Alpha Tumour Therapy and Other Oncological
Solutions (TATTOOS) as part of Paul Scherrer Institute’s IMPACT Large Facilities
project. 2022, Prismap conference.

Pinelopi Christodoulou. An in situ gamma-spectrometry system for the charac-
terization of non-conventional radionuclides for medical research, 2020.

Essraa Taha Mirghani Ahmed. Resonance Ionization of Terbium as a Function of
its Concentration in Gadolinium and The Characterization of IGLIS2 Laboratory.
Predoctoral report.

Kromek’s CZT detectors.
, Date accessed: 06/06/2023.

Jake Johnson. target line temperature calibration.


http://dx.doi.org/10.18429/JACoW-IPAC2020-THVIR13
http://dx.doi.org/10.18429/JACoW-IPAC2020-THVIR13
http://cds.cern.ch/record/2286388?ln=en
http://cds.cern.ch/record/2286388?ln=en
http://dx.doi.org/10.1007/s10967-019-06698-0
https://www.arronax-nantes.fr/en/radionuclide-production/news/smiles-coupler-lionisation-laser-et-la-separation-magnetique-pour-mieux-separer-les-isotopes/
https://www.arronax-nantes.fr/en/radionuclide-production/news/smiles-coupler-lionisation-laser-et-la-separation-magnetique-pour-mieux-separer-les-isotopes/
https://www.arronax-nantes.fr/en/radionuclide-production/news/smiles-coupler-lionisation-laser-et-la-separation-magnetique-pour-mieux-separer-les-isotopes/
https://myrrha.be/myrrha-applications/nuclear-science/isolmyrrha/isolmyrrha-impact-nuclear-medecine
https://myrrha.be/myrrha-applications/nuclear-science/isolmyrrha/isolmyrrha-impact-nuclear-medecine
https://myrrha.be/myrrha-applications/nuclear-science/isolmyrrha/isolmyrrha-impact-nuclear-medecine
https://www.psi.ch/en/impact/tattoos
https://cds.cern.ch/record/2732064
https://cds.cern.ch/record/2732064
https://www.kromek.com/detection/civil-nuclear/kromeks-czt-detectors/
https://www.kromek.com/detection/civil-nuclear/kromeks-czt-detectors/
https://gitlab.kuleuven.be/u0138006/target_line_temperature_calibration/-/tree/main
https://gitlab.kuleuven.be/u0138006/target_line_temperature_calibration/-/tree/main

Bibliography 93

[43]

[44]

[45]

[46]

[47]
[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

Ulli Koester et al. Isol beams of hafnium isotopes and isomers. The Furopean Physical
Journal Special Topics, 11 2007.

Interspec. ,  Date accessed:
12/12/2022.

Terbium Chloride.
, Date accessed: 30/04/2023.

Kaat Spoormans. Radiolanthanide purification at CERN MEDICIS: an investigation
of a novel radiation detection system, 2020.

Douglas A Skoog et al. Fundamentals of analytical chemistry, 2013.

Terbium — Melting Point — Boiling Point.
, Date accessed: 30/04/2023.

Azmairit Aziz and Widya Tania Artha. Radiochemical Separation of 161 Th from
Gd/Tb Matrix Using Ln Resin Column. Indonesian Journal of Chemistry, 2016.

C. Vermeulen et al. Cross sections of proton-induced reactions on natGd with special
emphasis on the production possibilities of 152Tb and 155Tb. Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and
Atoms, 2012.

Nanorh.
Date accessed: 15/05/2023.

Reinhard Heinke et al. Efficient Production of High Specific Activity Thulium-167
at Paul Scherrer Institute and CERN-MEDICIS. Frontiers in Medicine, 2021.

W Moller and W Eckstein. Tridyn—A TRIM simulation code including dynamic
composition changes. Nuclear Instruments and Methods in Physics Research Sec-
tion B: Beam Interactions with Materials and Atoms, 1984.

R Stadlmayr et al.  Sputtering of nanostructured tungsten and comparison
to modelling with TRISDYN. Journal of Nuclear Materials, 2020.

TRIDYN Application Examples - Helmholtz-Zentrum Dresden-Rossendorf, HZDR.
, Date accessed: 10/12/2022.

Lino da Costa Pereira. Physics of beam solid interactions, Fall 2022. Lecture slides.

James F Ziegler et al. SRIM-The stopping and range of ions in matter (2010).
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, 2010.


http://dx.doi.org/10.1140/epjst/e2007-00327-0
https://github.com/sandialabs/InterSpec
https://www.americanelements.com/terbium-chloride-anhydrous-10042-88-3
https://www.americanelements.com/terbium-chloride-anhydrous-10042-88-3
https://cds.cern.ch/record/2773908
https://www.nuclear-power.com/terbium-melting-point-boiling-point/
https://www.nuclear-power.com/terbium-melting-point-boiling-point/
http://dx.doi.org/10.22146/ijc.21143
http://dx.doi.org/10.22146/ijc.21143
http://dx.doi.org/https://doi.org/10.1016/j.nimb.2011.12.064
https://www.nanorh.com/product/terbium-oxide-nanoparticles/
http://dx.doi.org/10.3389/fmed.2021.712374
http://dx.doi.org/10.3389/fmed.2021.712374
http://dx.doi.org/{10.1016/0168-583X(84)90321-5}
http://dx.doi.org/{10.1016/0168-583X(84)90321-5}
http://dx.doi.org/10.1016/j.jnucmat.2020.152019
http://dx.doi.org/10.1016/j.jnucmat.2020.152019
https://www.hzdr.de/db/Cms?pNid=0&pOid=65033
http://dx.doi.org/10.1016/j.nimb.2010.02.091

Bibliography 94

[58]

[59]

[60]

[61]

[62]

[63]
[64]
[65]

[66]

[67]

Donald Ervin Knuth and Donald E Knuth. The art of computer programming. V. 2.
Seminumerical Algorithms. Addison-Wesley Reading, MA, 1969.

Michael Heines et al. Muonic x-ray spectroscopy on implanted targets. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, 2023.

Radiate.
, accessed on 10/12/2022.

High Current Ion Implanter (HCII) - KU Leuven Institute for Micro- and Nanoscale
Integration.
, Date accessed: 05/12/2022.

Terry L Alford et al. Fundamentals of nanoscale film analysis. Springer Science &
Business Media, 2007.

Goele Magchiels. Private communication. Unpublished, Spring 2023.
Matej Mayer. SIMNRA user’s guide. 1997.

Christoph A Umbricht et al. Alpha-PET for prostate cancer: preclinical investigation
using 149Tb-PSMA-617. Scientific reports, 2019.

L.P. Ekstrom S.Y.F. Chu and R.B. Firestonel. The Lund/LBNL Nuclear Data
Search. , Date accessed: 14/12/2022.

Jake David Johnson et al. Resonant Laser Ionization and Mass Separation of 225Ac.
2023.


http://dx.doi.org/10.1016/j.nimb.2023.05.036
https://www.ionbeamcenters.eu/radiate/radiate-transnational-access/
https://www.ionbeamcenters.eu/radiate/radiate-transnational-access/
https://limni.kuleuven.be/expertise-facilities/analytical-techniques/High-Current-Ion-Implanter
https://limni.kuleuven.be/expertise-facilities/analytical-techniques/High-Current-Ion-Implanter
http://dx.doi.org/10.1007/978-0-387-29261-8
http://dx.doi.org/10.1038/s41598-019-54150-w
http://nucleardata.nuclear.lu.se/toi/
http://dx.doi.org/10.1038/s41598-023-28299-4

Appendices

95



Analysis of the Kromek specira

In this appendix, an elaboration on the determination of the activity corresponding to a
radionuclide is provided. Moreover, both the statistical and systematic errors are consid-
ered. The first section will focus on determining the activity corresponding to a single
peak in a spectrum such as 3?Ce, while the second section will cover the calculation for
a radionuclide with multiple peaks in a spectrum such as 1*>Tb. Lastly, the activity that
is collected in between two activity measurements will be discussed.

A.1 Activity corresponding to one peak

The activity corresponding to one peak in a v-spectrum is determined by:

N(E)

A= [(E) 'Sabs(E) -t

(A1)

where N (F) is the number of counts in the peak corresponding to an energy E, I(E) is the
intensity of the y-line of the corresponding energy (which can be found in, e.g., [66]) and
abs(F) is the corresponding absolute detection efficiency. The livetime, ¢, is calculated by
the Kromek detector software as the measurement time minus the detector’s dead time.

Efficiency measurements for the Kromek detector were performed in [39] using four
different sources: »?Eu, 137Cs, *3Ba and ®°Co. A fit for the efficiencies was made, based
on the expected behavior of the efficiency as a function of the energy:

Eabs(F) = exp (Z a; log(E)i> : (A.2)

Moreover, the uncertainties on the activities were considered and propagated towards an
uncertainty on the efficiencies. This was achieved by performing multiple fits for different
activities taken from each source’s activity distributions. In that way, for each energy, a
distribution of efficiencies is obtained. For each energy, the mean of the corresponding
efficiency distribution is taken as the efficiency for that energy and the uncertainty (de) is
taken to be the 1o-value of that distribution'. The results are shown in Figure A.1. When

!The code to perform this type of fit was provided by Michael Heines and adapted towards returning
the mean value instead of the value corresponding to the first fit.
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Figure A.1: Efficiency as a function of the energy for the different sources used in [39]
together with the fitted value and the error.

determining the activity, the uncertainty on the efficiency contributes to a systematic error
on the activity, as it is a consistent error for the setup and thus for every measurement.

However, as can be noted from Figure A.1, no data-points are present in the region of
the peak, the fit is thus not very reliable. Therefore, it is advised to repeat the efficiency
measurements by using sources with energy peaks between 100keV and 300keV, such as
133Ba, 192Eu, ' Am, ®*"Co, ?26Ra, ¥"Cs, "8Tb and ?*Th. Additionally, for example for
the 33Ba source, a systematic offset is found, which indicates an inaccurate quoted source
activity.

In order to obtain N(FE), the peak is fitted by a Gaussian peak by the use of the Imfit
package in python. The inverse of the statistical error is taken as a weight. N(FE) is then
determined by the fit for the amplitude, the corresponding statistical error (Ac) is also
determined by the fit. Nonetheless, as a substantial amount of background is present,
therefore a SNIP algorithm was used to eliminate the background.

Concluding, the activity corresponding to one peak is given by:

N(E)(+Ac)  N(E) Ac N(E)  8(E)

A= I(E)-e(E)[£doe] -t I(E)-e( )-t<iI(E) t-e(E)

A.2 Activity corresponding to an isotope with mul-
tiple peaks in the spectrum

The activity corresponding to an isotope is calculated by taking the weighted sum of the
activity corresponding to each of the peaks corresponding to ~-lines of the isotope at
stake:

Zpeaks Al " Wi : 1 L
=  with w; = A = Ac(E;) N(E;) és(Ez‘))z (A4)

. 2
Lpeaks i oAV syt + T E B

A:
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The corresponding error is given by:
1

Zpeaks m

A.3 Activity collected within two measurements

The activity that is collected in between 2 Kromek measurements can be calculated as

follows:
A2 — A1€_>\t. (A6)

However, as the same peaks are used to calculate both activities, the uncertainties on
both activities cannot be treated independently. Therefore, the collected activity within
two measurements is first calculated for each of the peaks separately. Thereafter, the
weighted mean of the collected activities corresponding to the different peaks is used:

Zpeaks ACOllected,i + W;

Acollected =
collecte Zpeaks w;
with Acollected,i - AQ,i - Al,iei)\t
d 1 1
an wi == —=
0 (Acollected,i)? Aca(E;) _ Aci(E;) o 0e(E)
cotlecte (I(Ei)?tz-s(Ei) —e N I(Ei)-ltl-s(Ei)) + (A — Arge™) ss( D

The corresponding uncertainty is given by ——=2—.
V Epcaks Wi



Distribution of the beam profile

In this appendix, a summary on the distribution of the beam impinging on the foil is
given. It is known that the number of particles in the beam is Gaussian distributed and

thus the probability density function is given by:

9(z,y) ZNexp(—% (= v) (f 2) (Z)) (B.1)
= Nexp(—5(5 + L), (B.2)

where N is the normalization factor, o, the standard deviation on the z-component of
the beam and o, the standard deviation on the y-component of the beam. Moreover, it
was assumed that the x and y direction of the beam are uncorrelated.

B.1 Calculation of the normalization factor

In this section, the normalization factor N for the distribution of the beam impinging on
the foil will be calculated. The total number of particles N in the beam can be calculated
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as follows:
+o00 +o0o 1 $2 y2
N = /OO - Nexp(—g(g—% + U—g))dxdy

— % 0
l{m "TTCOS( ) with o, = /0,0,

y = Z'rsin(0)
27

—N - Ly e
- /0/0 P (= (G, ) rdr

+oo
= 27TN/ exp(—%(i)2)rdr
0

(e
lu=(5)
1 o2

+oo
—9 2y
WN/O exp( Qu) 5 du

+oo
= tNo? {—2 exp(—%u)}

0

= 27tNo?. (B.3)
Therefore N = 271:([7 > and thus:
N 1,22 P
g(w,y) = 2702 P(—§(U—% + 0—5))
N 1,7,
_ Ll B.4
0(r) = s (=5 (L) (B.4)

B.2 Fluence implanted in a ring

In this section, it will be proven that the fluence implanted in a ring defined by the radii
rand r + Ar (R(r,r + Ar)) is given by:

N ? + Ar)?
Unterean = o g —en(-CEE). @

T

with N the total number of particles and o, = /0,0, the standard deviation of the
Gaussian beam profile.
First, the number of particles in a ring with radius r and r + Ar, N(R(r,r + Ar)), is
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calculated. With the use of Equation B.4, it is found that:

x=r+Ar N 2
N(R(T,T+AT)):/ exp( ’ >$d$-27r

2 2
w—r 2moz 207
N r=r+Ar — 2
== exp | 5 | xdx
O-T' =T 20-T

N |1 u=(r+Ar)>2 —u
=33 /ur2 exp (ﬁ) du

N —u ) u=(r+Ar)2
= 27‘3 [—exp (ﬁ) (207")} ]

IS u=r

() () e

where u = x? was used. The area corresponding to this ring is given by w[(r + Ar)? — r?]
and thus the fluence in this ring is equal to:

N —r? —(r + Ar)?
I v ) {eXp (?> - (%H - B

B.3 Worst case scenario fluence that is implanted

Now, a derivation for the maximal possible fluence that can be implanted, i.e., all the
particles impinge at radius zero, is provided. More specifically, it is proven that the

fluence for this case is given by:
N

= — B.8

et (B.3)

with N the total number of particles and o, = /0,0, the standard deviation of the
Gaussian beam profile.

First, the number of particles implanted with a radius in [0, €] is calculated by the use

of Equation B.4:
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The corresponding surface is given by €27 and thus the fluence is given by:

o=l number of particles within a radius ¢
= lim

e—0 surface area of circle with radius ¢

N (1 — exp (%j))
= lim -

e—0 e2r
N
= . (B.lO)

o 2
2mo;




RADIATE proposal

Experimental confirmation of the simulations in TRIDYN was performed by means of
high-current implantation and subsequent RBS analysis. A proposal for the high-current
implantation was made and submitted to RADIATE. The proposal can be found on the
next pages. An overview of the setup and results can be found in Section 7.
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RADIATE -

RADIATE Transnational Access Proposal

Main applicant (name, institution, country)
Charlotte Duchemin, CERN, Switzerland

Proposal title

Implanted targets for self-sputtering in the context of MEDICIS

Motivation & justification of beam time, and scientific background

Collections performed at MEDICIS, using the ISOL method, are of large importance as they provide
radionuclides for radiopharmaceutical research and cancer treatment. It is therefore important to
maximize the amount that is retained during a collection. During the collections at MEDICIS, it was
observed that the activity measured in the collection chamber was larger than the activity collected on
the foil [1]. This indicates that some of the radionuclides were removed from the foil upon implantation.
A proposed explanation for this behavior is self-sputtering, an effect where the fluence is sufficiently
large such that incoming particles can remove particles that were previously implanted. In order to get
a better understanding on this effect, simulations with TRIDYN [2] have been performed. These
simulations showed that self-sputtering is indeed relevant for the collections performed at MEDICIS and
that under the current conditions, about one third of the activity is lost due to self-sputtering.

Moreover, the self-sputtering behavior is strongly dependent on the energy of the incoming beam (Figure
2), the retained fluence increases a lot if the energy is increased from 30keV to 60keV. Investigation in
the behavior as a function of the energy is therefore important in order to minimize the self-sputtering.

We want to examine the reliability of TRIDYN simulations in the lanthanide region. Until now, no reliable
estimates for the self-sputtering are available (SRIM [3] cannot handle self-sputtering). In order to
benchmark the results from the simulations, implantations of Yb in zinc and aluminum foils are proposed.
This requires a number of samples with different implantation fluences, different implantation energies,
and subsequent RBS measurements.

If applicable, previous results on this topic (mainly related to the proposer's work)

For the CERN MEDICIS radioisotope collection of July 2021, 2.26(21)[18]MBq of radioactivity was lost
due to self-sputtering, which is about 27% of the full sample. This is quite an important part. Moreover,
once the self-sputtering limit is reached, implanting more isotopes in the foil will no longer increase the
retained activity. This can be seen clearly in Figure 1: increasing the incoming fluence beyond 2A-2
does no longer yield an increase in the retained fluence, i.e., the amount that is implanted is equal to
the amount that is self-sputtered.

These limits were already reached at a few MBq during the aforementioned collection of 2021
(implantation in zinc). As the prospects of MEDICIS are to go up to activities of several GBq,
investigation on self-sputtering is needed.

Simulations for both implantation in zinc and aluminum are performed; the results are shown in Figure
1 and 2. The retained fluence deviates from the incoming fluence due to the self-sputtering of Yb.
Moreover, it is clear that more self-sputtering occurs for implantation in zinc compared to aluminum.



Also, for implantation in aluminum, the self-sputtering drastically decreases for increasing energies as
the atomic number of aluminum is smaller than for zinc.

Implantation in Zn

Implantation in Al
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Figure 1: Summarizing graph for the implantation of
terbium in zinc.

Incoming fluence (A2)

Figure 2: Summarizing graph for the implantation of
terbium in aluminum.

Description of the proposed experiment including most relevant technical data

We propose to perform a series of implantations in order to verify the TRIDYN simulations. By performing
RBS on the resulting samples, the retained fluence can be plotted as a function of the incoming fluence.
A first part of these implantations would focus on the comparison between zinc and aluminum samples.
Subsequently, the effect of a changing energy will be investigated. The proposed ion species is 173Yb*
but it can be substituted for any other lanthanide, should this provide less pressure on the existing
machine schedule.

The proposed experiments would require a large amount of sample implantations. However, the small
size requirement of the samples (~5x5mm) will allow for simultaneous implantation for the same beam
energy, thereby severely reducing the total required fluence and implantation time.

Next steps after beam time

After the beamtime, RBS measurements will be performed at IMBL (KU Leuven) in order to determine
the retained fluences in each of the samples. Based on these results, a comparison with the results from
the TRIDYN simulations will be conducted. By doing so, the reliability of TRIDYN can be benchmarked
and used for new simulations in the lanthanide region. In that sense, by performing these implantation
experiments, the TRIDYN simulations will be verified and can be used in order to research methods to
retain more activity. If more activity is retained, more patient doses can be produced per collection,
which decreases the cost of the treatment and increases the accessibility.

lon implantation / irradiation conditions, if known and relevant to experiment

sample material size | side ion energy fluence | Temper- tilt twist
name species (keV) (cm-2) ature angle angle
G ©) @)
Zn60 - 1 zinc 5x5 1 173y p* 60 0.5E16 RT 7 NA
mm
Zn60 - 2 zinc 5x5 1 13Yp* 60 1E16 RT 7 NA
mm




Zn6o0 - 3 zinc 56| 1 13yp* 60 1.5E16 RT 7 NA
Zn60 - 4 zinc ?Xn; 1 173y p* 60 2E16 RT 7 NA
Zn60 - 5 zinc r5nxr2 1 13yp* 60 2.5E16 RT 7 NA
Al60 - 1 | aluminum ?Xn; 1 13yp* 60 1E16 RT 7 NA
Al60 - 2 | aluminum r5nxr2 1 13yp* 60 2E16 RT 7 NA
Al60 - 3 | aluminum r;xn; 1 13yp* 60 3E16 RT 7 NA
Al60 - 4 | aluminum r5nxr2 1 13yp* 60 4E16 RT 7 NA
Al60 - 5 | aluminum r5nxrg 1 1B3yp* 60 5E16 RT 7 NA
Al60 - 6 | aluminum r5nxr2 1 13yp* 60 6E16 RT 7 NA
AI60 - 7 | aluminum r5nxn; 1 13yp* 60 7E16 RT 7 NA
Al60 - 8 | aluminum r5nxr2 1 13yp* 60 8E16 RT 7 NA
AI30 - 1 | aluminum r5nxrg 1 13yp* 30 1E16 RT 7 NA
AlI30 - 2 | aluminum r5nxr2 1 13yp* 30 2E16 RT 7 NA
AI30 - 3 | aluminum r5nxr2 1 13yp* 30 3E16 RT 7 NA
AlI30 - 4 | aluminum r5nxr2 1 13yp* 30 4E16 RT 7 NA
AI30 - 5 | aluminum r5nxrg 1 13yp* 30 5E16 RT 7 NA
AlI30 - 6 | aluminum r5nxr2 1 13yp* 30 6E16 RT 7 NA
AI30 - 7 | aluminum r5nxr2 1 13yp* 30 7E16 RT 7 NA
AlI30 - 8 | aluminum r5ner51 1 13yp* 30 8E16 RT 7 NA
mm
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Self-sputtering figures for different
Isotopes

In this appendix, the figures corresponding to Table 9.1 are given. Implantation of dif-
ferent isotopes in different substrates are considered for both implantation at 30keV and
60keV. Each time, the retained fluence is shown as a function of the incoming fluence.
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Figure D.1: Implantation of Sc in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.2: Implantation of Cu in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.3: Implantation of Sm in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.4: Implantation of Tb in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.5: Implantation of Tm in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.6: Implantation of Ac in the different substrates for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.7: Implantation of different medical isotopes in Al for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.8: Implantation of different medical isotopes in Zn for a beam energy of 30kev
(dashed lines) and 60kev (full lines).
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Figure D.9: Implantation of different medical isotopes in NaCl for a beam energy of
30kev (dashed lines) and 60kev (full lines).
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Figure D.10: Implantation of different medical isotopes in NaNOj3 for a beam energy of
30kev (dashed lines) and 60kev (full lines).
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Figure D.11: Implantation of different medical isotopes in dextrates for a beam energy
of 30kev (dashed lines) and 60kev (full lines).
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Figure D.12: Implantation of different medical isotopes in cellulose for a beam energy
of 30kev (dashed lines) and 60kev (full lines).
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In this appendix, the tables corresponding to Chapter 10 are provided.

E.1 Energy = 60keV, implantation spot = 0.048cm?

Sputtering yield
of Al

Sputtering yield
of Th

Total

15.8795(133)

0.13880(125)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.68%
0.81%
0.36%
0.12%
0.03%
0.003%
0.0001%
0%

97.62%
1.64%
0.64%
0.10%
0.02%
0%

0%

0%

Table E.1: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 1.547% F (M9TDb) = 60keV, implantation spot = 0.048cm).
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Sputtering yield

Sputtering yield

of Al of Th
Total 16.8980(137) 0.32679(191)
0-100A 98.77% 98.50%
100-200A | 0.78% 1.10%
200-300A | 0.31% 0.32%
300-400A | 0.11% 0.07%
400-500A | 0.02% 0%
500-600A | 0.002% 0%
600-700A | 0% 0%
700-2000A | 0.00007% 0%

Table E.2: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 2.01A7%, E(*9Tb) = 60keV, implantation spot = 0.048cm).

Sputtering yield

Sputtering yield

of Al of Th
Total 17.5223(140) 0.6942(28)
0-100A 98.85% 98.88%
100-200A | 0.74% 0.82%
200-300A | 0.30% 0.25%
300-400A | 0.10% 0.04%
400-500A | 0.02% 0.002%
500-600A | 0.002% 0%
600-700A | 0.00006% 0%
700-2000A | 0% 0%

Table E.3: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 249A% F (M9Tb) = 60keV, implantation spot = 0.048cm).

Sputtering yield
of Al

Sputtering yield
of Th

Total

18.1600(142)

1.7100(44)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.95%
0.71%
0.25%
0.08%
0.01%
0.001%
0%

0%

99.42%
0.65%
0.13%
0.01%
0.001%
0%

0%

0%

Table E.4: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 348A7° F (*9TDb) = 60keV, implantation spot = 0.048cm).
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Sputtering yield

Sputtering yield

of Al of Th
Total 17.8500(141) 2.3600(52)
0-100A 98.94% 99.15%
100-200A | 0.71% 0.57%
200-300A | 0.25% 0.10%
300-400A | 0.08% 0.006%
400-500A | 0.01% 0%
500-600A | 0.001% 0%
600-700A | 0% 0%
700-2000A | 0% 0%

Table E.5: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 4872, E(*9Tb) = 60keV, implantation spot = 0.048cm).



Retained

Inc.o reng . . activity after Activity lost due Activity Thlclfness of
activity Sputtering Yield implantation to decay lost due to aluminum layer
[MB(q] of 1497 recoil-sputtering that is lost [A]
Al Tb [MBq] | fil%] | [MBq] | fi[%] | f-[%] | [MBq] fil%]
33811.2 15.8795(133) | 0.13880(125) | 33761.61 | 99.85 | 5251.23 15.53 | 15.55 | 123.91(112) | 0.3665 10.4813(88)
45307 16.8980(137) | 0.32679(191) | 44966.64 | 99.25 | 6994.04 15.44 | 15.55 | 388.6(23) 0.8576 14.8553(121)
56126.592 17.5223(140) | 0.6942(28) 55166.35 | 98.29 | 8580.49 15.29 | 15.55 | 1012.6(41) 1.8042 18.8982(151)
67622.4 18.2562(143) | 1.0398(34) 65124.88 | 96.31 | 10129.42 | 14.98 | 15.55 | 1790.5(59) 2.6478 23.2441(183)
78441.98 18.1600(142) | 1.7100(44) 73293.67 | 93.44 | 11399.98 | 14.53 | 15.55 | 3314.0(86) 4.2247( 26.022(21)
90163.2 17.8500(141) | 2.3600(52) 80574.34 | 89.36 | 12532.40 | 13.90 | 15.55 | 5028.0(111) | 5.577(1 28.118(23)
Table E.6: Summarizing table on recoil-sputtering for implantation of 14°Tb in aluminum for an implantation energy = 60keV and an

implantation spot = 0.048cm?. f; and f, are the fractions compared to the incoming activity and retained activity after implantation
of 9Tb respectively.



E.2 Energy = 100keV, implantation spot = 0.048cm?

Incoming Ret:,a{ned . . Activity Thickness of

.o . . . activity after Activity lost due .
activity Sputtering Yield implantation to decay lost due to aluminum layer
[MBq] of 1497 recoil-sputtering that is lost [A]

Al Tb [MBq] | fil%] | [MBq] | fi[%] | f[%] | [MBq] fil%] frl%]

33811.2 8.4939(98) 0.01660(42) 33727.80 | 99.75 | 5245.97 | 15.52 | 15.55 | 14.80(38) 0.04378(111) | 0.04385(111) | 5.6008(65)
45307 9.7973(105) 0.04770(73) 45174 99.71 | 7026.29 15.51 | 15.55 | 56.98(88) 0.12576(193) | 0.12613(194) | 8.6527(93)
56126.592 | 10.6960(109) | 0.10360(108) | 55835.82 | 99.48 | 8684.61 15.47 | 15.55 | 152.95(160) | 0.2725(29) 0.2739(29) 11.6759(119)
67622.4 11.5826(113) | 0.23881(163) | 66853.76 | 98.86 | 10401.03 | 15.38 | 15.56 | 422.3(29) 0.6244(43) 0.6316(44) 15.1426(148)
78441.98 12.4379(118) | 0.4877(23) T6877.65 | 98.01 | 11957.43 | 15.24 | 15.55 | 991.4(47) 1.2896(61) 1.2896(61) 18.6940(178)
90163.2 13.3800(122) | 0.6703(28) 86919.58 | 96.40 | 13519.33 | 14.99 | 15.55 | 1540.4(65) 1.7086(72) 1.737(75) 22.73(21)

Table E.7: Summarizing table on recoil-sputtering for implantation of °Tb in aluminum for an implantation energy = 100keV
and an implantation spot = 0.048cm?. f; and f, are the fractions compared to the incoming activity and retained activity after
implantation of **Tb respectively.
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Sputtering yield | Sputtering yield

of Al of Tb
Total 8.4939(98) 0.01660(42)
0-100A 98.31% 97.59%
100-200A | 0.79% 1.40%
200-300A | 0.47% 1.01%
300-400A | 0.27% 0.20%
400-500A | 0.12% 0%
500-600A | 0.05% 0%
600-700A | 0.01% 0%
700-800A | 0.0009% 0%
800-900A | 0.0001% 0%
900-2000A | 0% 0%

Table E.8: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 1.5A_2, E(*Tb) = 100keV, implantation spot = 0.048cm).

Sputtering yield | Sputtering yield

of Al of Tb
Total 9.7973(105) 0.04770(73)
0-100A 98.39% 97.91%
100-200A 0.80% 1.28%
200-300A | 0.42% 0.49%
300-400A | 0.23% 0.26%
400-500A 0.11% 0.05%
500-600A | 0.04% 0.02%
600-700A | 0.009% 0%
700-800A | 0.0009% 0%
800-900A | 0.0001% 0%
900-1000A | 0% 0%
1000-2000A | 0% 0%

Table E.9: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = 2.01A7% E(M9Tb) = 100keV, implantation spot =
0.048cm).
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Sputtering yield

Sputtering yield

of Al of Th
Total 10.6960(109) 0.10360(108)
0-100A 98.54% 98.26%
100-200A 0.76% 0.94%
200-300A 0.39% 0.56%
300-400A | 0.19% 0.22%
400-500A 0.09% 0.03%
500-600A | 0.03% 0%
600-700A | 0.007% 0%
700-800A | 0.001% 0%
800-900A 0% 0%
900-1000A | 0% 0%
1000-2000A | 0% 0%

Table E.10: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = 2.49A 7% E(M9Tb) = 100keV, implantation spot =

0.048cm).

Sputtering yield
of Al

Sputtering yield
of Th

Total

11.5826(113)

0.23381(163)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-800A
800-900A
900-1000A
1000-2000A

98.60%
0.75%
0.35%
0.18%
0.08%
0.03%
0.005%
0.001%
0.0001%
0%

0%

95.98%
0.79%
0.25%
0.08%
0.005%
0.005%
0.005%
0%

0%

0%

0%

Table E.11: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 3A77 E(*9Tb) = 100keV, implantation spot = 0.048cm).
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Sputtering yield
of Al

Sputtering yield
of Th

Total

12.4379(118)

0.4877(23)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-800A
800-900A
900-2000A

98.65%
0.75%
0.35%
0.16%
0.07%
0.02%
0.003%
0.0009%
0%

0%

99.18%
0.60%
0.17%
0.04%
0.007%
0%

0%

0%

0%

0%

Table E.12: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = 3.48A_2, E(*Tb) = 100keV, implantation spot =

0.048cm).

Sputtering yield

Sputtering yield

of Al of Th
Total 13.3800(122) 0.6703(28)
0-100A 98.73% 99.10%
100-200A | 0.72% 0.67%
200-300A | 0.31% 0.18%
300-400A | 0.15% 0.05%
400-500A | 0.06% 0.005%
500-600A | 0.02% 0%
600-700A | 0.004% 0%
700-800A | 0.0005% 0%
800-900A | 0.0002% 0%
900-2000A | 0% 0%

Table E.13: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 447, E(19Tb) = 100keV, implantation spot = 0.048cm).



E.3 Energy = 60keV, implantation spot = 0.192cm?

Incoming Ret.a{ned . Activity Thickness of

.o . . . activity after Activity lost due .
activity Sputtering Yield implantation to decay lost due to aluminum layer
[MBq] of 19T recoil-sputtering that is lost [A]

Al Tb MBq] | fil%] | [MBq] | fi[%] | f[%] | [MBq] fil%] frl7]

33811.2 13.3000(122) | 0.001679(137) | 33811.20 | 100 5258.94 | 15.55 | 15.55 | 1.501(123) 0.00444(37) 0.00444(37) 2.1979(21)
45307 13.8300(124) | 0.003300(192) | 45305.20 | 99.996 | 7046.70 | 15.55 | 15.55 | 3.95(24) 0.00873(51) 0.00873(51) 3.0624(28)
56126.592 | 14.0040(125) | 0.00570(26) 56122.99 | 99.99 | 8729.28 | 15.55 | 15.55 | 8.46(39) 0.01507(69) 0.01507(69) 3.8414(35)
67622.4 14.1360(126) | 0.01328(39) 67613.01 | 99.99 10513.41 | 15.55 | 15.55 | 23.74(70) 0.03510(104) 0.03510(104) | 4.6701(42)
78441.98 14.9436(129) | 0.02970(58) 78427.56 | 99.98 12198.50 | 15.55 | 15.55 | 61.59(121) 0.07852(154) 0.07853(154) 5.7282(50)
90163.2 15.270(131) 0.04400(70) 90131.64 | 99.97 | 14018.93 | 15.55 | 15.55 | 104.86(167) | 0.116302(186) | 0.116343(186) | 6.726(58)

Table E.14: Summarizing table on recoil-sputtering for implantation of 149Tb in aluminum for an implantation energy = 60keV
and an implantation spot = 0.192cm?. f; and f, are the fractions compared to the incoming activity and retained activity after
implantation of 149Tb respectively.



Recoil-sputtering tables

128

Sputtering yield
of Al

Sputtering yield
of Th

Total

13.3000(122)

0.001679(137)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.42%
0.8624%
0.49%
0.18%
0.04%
0.0039%
0.0001%
0%

75.46%
9.9464%
11.26%
3.36%
0%

0%

0%

0%

Table E.15: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = 0.375A72, E(**Tb) = 60keV, implantation spot =

0.192cm).

Sputtering yield

Sputtering yield

of Al of Th
Total 13.8300(124) 0.003300(192)
0-100A 98.48% 85.18%
100-200A | 0.85% 7.06%
200-300A | 0.46% 5.73%
300-400A | 0.17% 2.03%
400-500A | 0.03% 0%
500-600A | 0.03% 0%
600-700A | 0% 0%
700-2000A | 0% 0%

Table E.16: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = 0.50254 2 E(19Tb) = 60keV, implantation spot =

0.192cm).
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Sputtering yield
of Al

Sputtering yield
of Th

Total

14.0040(125)

0.00570(26)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.47%
0.87%
0.46%
0.16%
0.03%
0.003%
0.0.00008%
0%

85.96%
7.21%
4.68%
1.56%
0%

0%

0%

0%

Table E.17: Overview of the sputtering yield of aluminum and terbium for the differ-
ent layers of the target (fluence = O.6225A72, E(*Tb) = 60keV, implantation spot =

0.192cm).

Sputtering yield
of Al

Sputtering yield
of Th

Total

14.1360(126)

0.01328(39)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.47%
0.85%
0.44%
0.17%
0.04%
0.04%
0.0002%
0%

92.63%
4.19%
2.93%
0.24%
0%

0%

0%

0%

Table E.18: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 0.75A 7% E(*9Tb) = 60keV, implantation spot = 0.192cm).

Sputtering yield
of Al

Sputtering yield
of Th

Total

14.9436(129)

0.02970(58)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.57%
0.85%
0.40%
0.14%
0.03%
0.003%
0.0002%
0%

94.28%
3.44%
1.95%
0.37%
0.07%
0%

0%

0%

Table E.19: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 0.87A %, E(1Th) = 60keV, implantation spot = 0.192cm).
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Sputtering yield
of Al

Sputtering yield
of Th

Total

15.270(131)

0.04400(70)

0-100A
100-200A
200-300A
300-400A
400-500A
500-600A
600-700A
700-2000A

98.62%
0.84%
0.41%
0.14%
0.02%
0.003%
0.0001%
0%

96.14%
2.40%
1.54%
0.03%
0%

0%

0%

0%

Table E.20: Overview of the sputtering yield of aluminum and terbium for the different
layers of the target (fluence = 1477 E(*9Tb) = 60keV, implantation spot = 0.192cm).



Recoil-sputtering for 2°Ac

As was discussed in Chapter 10, recoil-sputtering is needs to be considered for a-decaying
nuclei. Apart from '*°Th, another promising alpha-decaying isotope for medical appli-
cations is ???Ac. Four high energy a-particles are emitted in short succession in the
decay chain of ?2Ac as can be seen in Figure F.1. Since 2020, several samples of 22°Ac
(on zinc or aluminum foils) have been collected. Two of these samples were analyzed
with the method of alpha decay recoil spectroscopy, with the main goal of determining
the 227 Ac activity through the activity of its recoil daughters. During these campaigns,
traces of 22° Ac were measured even when the sample was removed, indicating that recoil-
sputtering had occurred. This appendix presents the method used to predict the amount
of recoil-sputtering for an #°Ac sample using TRIDYN and SRIM. The result from this
simulation is compared to the experimentally observed recoil sputtered activity of ?2°Ac
for the collection of December 2022.

Figure F.1: Decay chain of **°Ac. (figure retrieved from [67])

F.1 Experiment

In this section, a short introduction to the measurements that were performed on the
actinium sample from the collection of December 2022 will be given.

Following the collection of 2?*Ac on zinc foils at MEDICIS, the foils were shipped
to KU Leuven and analyzed. Alpha-spectroscopy on the #2°Ac-implanted zinc foil has

131
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been performed by the use of the ASET set-up. A schematic representation of the set-
up is presented in Figure F.2. In the first part of the measurement, the foil was placed
in front of the detector of the ASET set-up (a fully depleted PIPS detector with area
300mm?) and the a-decays originating from the ?*>Ac chain were measured for 21 days.
In the a-decay, the daughter nucleus obtains recoil energy, thus some recoil daughters,
within an emission cone whose angle is defined by the daughter’s range in the material,
are implanted on the detector. Additionally, 22 Ac can be implanted on the detector via
recoil-sputtering. Recoil-sputtering occurs when a recoiling daughter transfers its energy
to an implanted ??*Ac which is subsequently ejected from the foil.

Figure F.2: ASET setup, the sample is mounted on the ladder and the detector is
indicated in yellow.

Next, the ladder with the foil is removed and no more a-particles coming from the
foil can be detected. However, the daughters of 2°Ac that were implanted in the detector
cause a non-zero a-count rate. Thus, a measurement of the a-particles after foil removal
can be conducted for investigation into the activity that was implanted in the foil. The
results are indicated in Figure F.3, here the number of a-counts is plotted as a function
of the time after removal. Both 22'Fr and ?'7At decay with the decay constant of ??'Fr as
the half-life of 2!7At is considerably shorter than that of *?!Fr [67]. For the *'3Po decay,
the a-count rate decays with the half-life of 2'3Bi. In the absence of recoil-sputtering, all
three curves would decay towards 0. However, this is not what is observed: due to the
recoil-sputtering, ??*Ac particles are implanted in the detector and these are responsible
for the plateauing of the count rate at approximately 0.4 days: the ?2°Ac particles have
a half-life of 9.92 days, thus leading to the emission of a-particles in the decay of ?*'Fr,
217At and 2'3Po with a characteristic time that is equal to the half-life of ?*>Ac [67].

This decay behavior can now be fitted and extrapolated back towards the time at
which the foil was removed (indicated in red in Figure [.3). From this extrapolation, the
count rate coming from #'Fr, 217At or 2'*Po due to the recoil sputtered ?*>Ac at the time
the foil was removed is obtained. The count rate coming from ?2°Ac for when the foil was
removed is obtained by taking into account the different geometric efficiencies for each
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Figure F.3: The number of o counts, origination from the a-decays of the daughters of
25 Ac, as a function of the time after removal of the foil. (Image courtesy of Jake Johnson)

isotope following the redistribution due to recoils following a-decays. Therefore, SRIM
simulations were performed to obtain the geometric efficiency. It was concluded that for
a foil with an activity of 52.69(199)kBq, 0.0869(191)Bq was recoil-sputtered during the
measurement at the time of foil-removal (calculated from the a-particles originating from
the francium decay). In this value, the emission distribution of the actinium from the
foil onto the detector, the redistribution of ??'Fr due to a-decay recoil, and the geometric
efficiency for detection of 22'Fr alpha particles were accounted for, as was discussed in
Chapter 10.

Even though the recoil-sputtered fraction is only 0.0008% of the total activity at that
time, for collections with more particles, this effect can become more significant.

F.2 Simulation

In this section, the different steps that are performed to simulate the recoil-sputtering
during the a-decay spectroscopy are discussed. Due to the presence of multiple a-decays,
it is necessary to perform multiple SRIM simulations subsequently to the TRIDYN im-
plantation simulation. Several approximations are made:

e The a-decaying branch of ?!®Bi is neglected, as well as the recoil obtained after 3
decay, as almost all energy is transferred to the 3 particles. 2°*Bi has a long half-life
(t1/2 = 2-10"y), therefore its decay will be neglected.

e The distribution of the foil is static, in other words, the depth profile is constant
throughout the simulations and equal to the depth profile after the MEDICIS col-
lection.

e The fluence of actinium was derived from the beam current data and the spec-
troscopy data.
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The first step in the simulation consists of the implantation simulation for 2?°Ac,
using TRIDYN. Implantation was performed in a zinc coated gold foil with the high
voltage configured on 50kV and a beam consisting of 2Ac and *La. The activity that
was implanted during the MEDICIS collection is 52.69kBq, indicating that 6.5147-10'°
225 Ac particles are impinging. The beam current on the collection foil was monitored
during all times of the collection. The total number of particles implanted on the foil
was calculated by integrating the beam current over the collection time and yielded that
9.095-10'° particles were implanted. The area of the beam spot was calculated using a
clipped integral to determine the mean radius. This resulted in an implantation spot of
(1.02)2 - 7 - 104A? and thus the simulation was performed for a total incoming fluence
equal to 0.00027A~2 with 72% of the beam corresponding to *>Ac (E = 50keV) and 28%
of the beam corresponding to La (E = 50keV).

From the initial depth profile of ?2°Ac, obtained using TRIDYN, all subsequent alpha
decays in the ?**Ac chain are simulated. The first SRIM simulation is performed for the
recoiling 22'Fr, the corresponding output is used in order to perform a simulation for the
recoiling 2!"At. Again, the output is used to simulate the recoiling 2'*Bi. The output from
simulating the 2'3Bi is now used to generate the 2°°Pb recoils, here the recoil obtained
from the £ decay is neglected. The total sputtering yield can then be calculated as:

Yiot (AC) - }/221Fr, recoil(AC) + }/217At, recoil(AC) + YélSBi, recoil(AC) + 0'978}/20911%, recoil(AC)7
(F.1)
where YX recoit(Ac) is the sputtering yield of **Ac due to the recoiling X. The recoil-
sputtering yield for 22> Ac is now used to obtain a prediction for the activity of the recoil-
sputtered particles on the detector at the moment when the foil is removed from ASET:

A(recoil-sputtered, t*) = X225 5, - (Number of *** Ac particles on the detector)

£ 4 225 ¢ decays .
= /\225Ac/ # 4 Y;Ot(AC)e_M%AC(t Dt
0 sec

t*
— >\225Ac / A067A225Act}/t0t(Ac)ef)\zzraAc(t*,t) dt
0

t*
= /\225AC / AQthot (AC)B_)\Z%AJ* dt
0
= 225 Yiot (AC)AOt*eiAz%ACt* (F2)

where 2255, is the decay constant of 2°Ac, Yi.i(Ac) the recoil-sputtering yield, Ay the
activity at the start of the a-spectroscopy and t* the moment at which the foil was
removed.

The sputtering yield that is obtained from the simulations is equal to:

}/Izot (AC) = }/221Fr, recoil(AC> + }/217At7 recoil(AC) + }/213Bi7 recoil(AC) + 0-978}/209Pb7 recoil(AC)
= 0.000089(32) + 0.000131(42) + 0.000171(52) + 0.978 - 0.000127(48)
= 0.000515(88). (F.3)

And thus the activity corresponding to the recoil-sputtered 22° Ac is equal to 0.225(33)Bq.
Considering the numerous approximations that were made in the simulation, this is in
reasonable agreement with the measured value of 0.0869(191)Bq.
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Contributions

Jake Johnson:
e The a-decay spectroscopy
e Determination of the count rate coming from 22!Fr due to the recoil sputtered 22°Ac
e SRIM simulations for the geometrical efficiency
Marie Deseyn:
e TRIDYN simulations for the initial distribution profile of ??*Ac

e SRIM simulations for the recoiling ?*!Fr, 217At, 213Bi and 2%Bi to obtain the recoil-
sputtered activity of 225Ac



Poster on sputtering

To convey knowledge about self-sputtering and recoil-sputtering, a poster was made that
summarizes the main conclusions of the analysis of self-sputtering and recoil-sputtering.
This poster was presented at the LISA (Laser Ionization and Spectroscopy of Actinides)
conference on May 22 and May 23, 2023.
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Is self-sputtering worth considering for
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a-spectroscopy of 25Ac:
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Conclusion and outlook

* Yerie(A)> Yorie (ZN); Yeric (Metal) = P (salt)

- Experimental confirmation of TRIDYN simulations is needed (using Yb implantations in Zn and Al + RBS and plans for sugar foils)

» Total fluence can be used as indication for when self-sputtering starts to become significant

« Recoil-sputtering was experimentally confirmed

5
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