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Scientific Summary

This thesis presents two case studies for the use of a compact CZT ~-ray detector (man-
ufactured by Kromek) in a medical context. The aim is to evaluate the potential of this
type of detector for common nuclear applications in medicine.

CZT ~-ray detectors are a type of semiconductor detectors, made of Cd, 4Zn,,Te. Ow-
ing to the particular band structure of the material (E, = 1.57¢V), CZT detectors can
operate at room temperature. This is a major benefit compared to, for example, HPGe
detectors, which must be cooled to limit thermal excitation. Moreover, the CZT detectors
of Kromek’s GR family, which are considered in this thesis, are compact: the detection
crystal and electronics are contained in a 2.5c¢cm X 2.5c¢cm X 6.3cm casing. Therefore,
these detectors can be used in remote places that might be inaccessible to other detection
systems. In both case studies, the CZT detector is used for v-spectroscopy. In this tech-
nique, energy spectra of y-ray emitting samples are investigated to identify and quantify
the present radioactive isotopes.

The first case study for the use of a compact Kromek CZT detector involves the produc-
tion of terbium radioisotopes for medical applications at CERN MEDICIS (Geneva, CH).
The Tb radionuclide family is very promising for nuclear medicine, because it contains
four radioisotopes with complementary decay characteristics suitable for both imaging
and therapy. For the neutron-rich radioisotope, %'Tb, large-scale production has been
established at SCK CEN (Mol, BE) by neutron irradiation of Gd targets. The neutron-
deficient radioisotopes, 1Th, 152Tb and ' Tb, are predominantly produced at MEDICIS.
In this case, a heavy target of Gd or Ta is irradiated by energetic protons up to 1.4 GeV,
and the Tb radioisotopes are separated from the other species by the ISOL (Isotope
Separation On-Line) method. Finally, the separated isotopes of interest are collected on
implantation foils. At MEDICIS, the Tb activity can be monitored during the collection
using the Kromek GR1 CZT detector installed in front of the collection chamber. In this
thesis, the y-spectra acquired by the detector during the ®*Tb collections in 2021 are
analysed. They show the presence of *Ce'®O as isobaric contaminant that is collected
together with > Th. Furthermore, they indicate that (self-)sputtering occurs in the col-
lection chamber, limiting the amount of % Tb that stays implanted on the foil. Finally,
combined with ion current measurements, the y-spectra suggest that target conditioning
prior to the collection is useful to prevent saturation of the ion source.

In the second case study, a Kromek CZT detector is used in the context of radioactive
waste management at the proton therapy facility PARTICLE (Leuven, BE). Due to direct
irradiation by the proton beam of 230 MeV or indirect irradiation by scattered protons,



LIST OF SYMBOLS xi

nuclear reactions are induced in the construction elements of the beam-line. A variety
of radioisotopes is produced, depending on the composition of the construction material
and the energy of the protons. In this manner, radioactive waste is created. To decide
on the proper treatment for specific components, the radioisotopes generated in them
must be identified and quantified. In this thesis, that is done with a Kromek GR05 CZT
detector for 12 parts of the accelerator at PARTICLE. 22Na, °*Mn, °"Co, %°Co and %Zn
are identified as common radioisotopes. This is in agreement with FLUKA simulations of
the proton irradiation of conventional construction materials. Furthermore, it is observed
that higher activities are produced in objects that are directly irradiated. Consequently,
it takes longer for these objects to decay to activities below the appropriate clearance
level for disposal.

In both case studies discussed in this thesis, the Kromek CZT detector presents itself as a
suitable device to apply y-spectroscopy in a medical context. Given its ability to operate
at room temperature as well as its compact size and mobility, the detector can be used
in remote locations.



Wetenschappelijke Samenvatting

In deze thesis worden twee onderzoeken gepresenteerd betreffende het gebruik van een
compacte CZT-detector van 7-stralen (ontwikkeld door Kromek) in een medische context.
Het doel is het potentieel van dit type detector te evalueren voor nucleaire toepassingen
binnen de geneeskunde.

CZT-detectoren zijn een type halfgeleider detectoren gemaakt van Cd, 4Zn,,Te. Omwille
van de specifieke elektronische bandstructuur van dit materiaal (E, = 1.57eV), kunnen
CZT-detectoren gebruikt worden bij kamertemperatuur. Dit is een groot voordeel ten
opzichte van bijvoorbeeld HPGe-detectoren, die gekoeld moeten worden om thermische
excitatie te beperken. Bovendien zijn de CZT-detectoren van de Kromek GR familie — die
in deze thesis bestudeerd worden — compact van vorm: zowel het detectie-kristal als de
elektronica passen in een omhulsel van 2.5cm X 2.5cm X 6.3cm. Hierdoor kunnen deze
detectoren gebruikt worden in kleine ruimtes die minder toegankelijk zijn voor andere
detectiesystemen. In beide casussen in deze thesis wordt de CZT-detector gebruikt voor
~v-spectroscopie. Hierbij worden energie-spectra van bronnen die ~-stralen uitzenden,
onderzocht om de aanwezige radioactieve isotopen te identificeren en te kwantificeren.

Het eerste onderzoek is gericht op het gebruik van een Kromek CZT-detector bij de
productie van terbium isotopen voor medische toepassingen in CERN MEDICIS (Geneve,
CH). De familie van Th-radionucliden is veelbelovend voor de nucleaire geneeskunde,
omdat ze vier radio-isotopen bevat met complementaire verval-eigenschappen geschikt
voor zowel beeldvorming als therapie. Het neutron-rijke radio-isotoop %'Tb wordt reeds
op grote schaal geproduceerd in SCK CEN (Mol, BE) via neutron-bestraling van Gd
targets. De neutron-arme radio-isotopen ?Tb, %2Tb en !'»*Tb worden voornamelijk
gegenereerd in MEDICIS. In dit geval wordt een zwaar target zoals Gd of Ta bestraald met
energetische protonen tot 1.4 GeV. Vervolgens worden de gegenereerde Th radio-isotopen
gescheiden van de andere via de ISOL (Isotope Separation On-Line) techniek. Tot slot
worden de gewenste isotopen gecollecteerd op een implantatie plaatje. In MEDICIS wordt
de geimplanteerde activiteit tijdens de collectie opgevolgd met de Kromek GR1 CZT-
detector. Deze is voor de collectie-kamer geinstalleerd. In deze thesis worden de ~y-spectra
geanalyseerd die tijdens de ®Tb collecties in 2021 zijn gemeten met de CZT-detector.
Deze spectra wijzen op de aanwezigheid van *°Ce'®0 als isobare contaminant die samen
met »Th geimplanteerd wordt. Tevens blijkt uit de analyses dat er (zelf-)sputtering
plaatsvindt in de collectie-kamer. Dit beperkt de hoeveelheid *Tb die geimplanteerd
blijft op de implantatie folie. Ten slotte suggereren de ~-spectra — in overeenkomst met
de metingen van de ionen-stroom — dat conditionering van het target voorafgaand aan de
collectie voordelig is om te voorkomen dat de ionen-bron verzadigd raakt.

xii
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In het tweede onderzoek in deze thesis wordt een Kromek CZT-detector gebruikt in het
kader van het beheer van radioactief afval in het protontherapie-centrum PARTICLE
(Leuven, BE). Ten gevolge van directe bestraling door de protonen van 230 MeV of in-
directe bestraling door verstrooide protonen worden er kernreacties geinduceerd in het
raamwerk van de straallijn. Afhankelijk van de samenstelling van het constructiemateri-
aal en de energie van de protonen, wordt een verscheidenheid van radio-isotopen gepro-
duceerd. Zo ontstaat er radioactief afval. Om de gepaste behandeling van specifieke
componenten te kunnen bepalen, dienen de gegenereerde radio-isotopen geidentificeerd
en gekwantificeerd te worden. In deze thesis is dit met behulp van een Kromek GRO05
CZT-detector gerealiseerd voor 12 onderdelen van de deeltjesversneller in PARTICLE.
2Na, *Mn, *"Co, °Co en %°Zn werden daarbij geidentificeerd als meest voorkomende
radio-isotopen. Dit komt overeen met FLUKA-simulaties van de proton-bestraling van
conventionele constructiematerialen. Daarnaast werd vastgesteld dat hogere activiteiten
van de radio-isotopen aanwezig waren in de objecten die direct bestraald werden. Bijge-
volg duurt het langer vooraleer de activiteiten in deze objecten vervallen naar waardes
beneden het niveau waarop ze vrijgegeven mogen worden.

In beide casussen die bestudeerd zijn in deze thesis, heeft de compacte Kromek CZT-
detector zich bewezen als geschikt detectiesysteem om ~y-spectroscopie mee toe te passen
in een medische context. Dankzij de mogelijkheid om bij kamertemperatuur te werken,
alsook de compacte vorm en mobiliteit van de detector, kan de Kromek CZT detector
gebruikt worden in een verscheidenheid aan opstellingen, inclusief kleine ruimtes die
minder toegankelijk zijn voor andere detectiesystemen.



Layman Summary

According to the World Health Organization, cancer is one of the leading causes of death
worldwide. Therefore, there are multiple branches in medicine dedicated to cancer therapy
as well as medical imaging to allow an early diagnosis. In this thesis, two specific branches
are explored from a nuclear physics point of view.

The first branch that we consider, is nuclear medicine. In nuclear medicine, radioactive
tracer molecules or “radiopharmaceuticals” are administered to the patient. These ra-
diopharmaceuticals are designed to specifically target cancer cells. At the tumour site,
they either enable diagnostic imaging or they exert a therapeutic effect and kill the can-
cer cells. For both cases, a minimum amount of radioactivity is required to achieve the
desired effects. Therefore, it is important to establish large scale production of the radio-
active material or “radioisotopes” for medical applications. In this thesis, the production
of medical terbium (Tb) radioisotopes is investigated at CERN MEDICIS (Geneva, CH).
To quantify the produced Th activity, a technique called “gamma-spectroscopy” is ap-
plied. This technique relies on the detection of gamma-radiation to identify and quantify
radioisotopes. For this purpose, a CZT detector manufactured by Kromek is used.

The second branch that is explored in this thesis, is hadrontherapy. Hadrontherapy is a
form of radiation therapy where the patient is irradiated with heavy charged particles to
kill the cancer cells while largely sparing healthy tissue. When the charged particles inter-
act with surrounding construction materials, various radioisotopes are produced. There-
fore, radioactive waste is generated after disassembly. There are many regulations that
define how radioactive waste should be treated, in order to protect the public from the
dangers of radioactivity. To decide on the appropriate treatment for a specific piece of
waste, one needs to know which radioisotopes are present in the sample and at which
respective activity levels. That can be investigated using the same technique as for mon-
itoring the production of radioisotopes: gamma-spectroscopy. In this thesis, gamma-
spectroscopy is performed on 12 radioactive construction materials from the proton ther-
apy centre PARTICLE (Leuven, BE) to guide the waste management. The same type of
detector is used as in the first case study, namely a Kromek CZT detector.

In both studies discussed in this thesis, the compact Kromek CZT detector presents
itself as a suitable device to perform ~-spectroscopy in medical applications. Concerning
production of medical Tb radioisotopes, the measurements allow to identify several factors
that may improve the efficiency of the production. With respect to the radioactive waste
from PARTICLE, it is possible to determine how long each piece must be held for decay-
in-storage before it becomes safe to dispose of it.

Xiv



Samenvatting voor een breed publiek

Volgens de Wereld Gezondheidsorganisatie vormt kanker wereldwijd één van de belangrijk-
ste doodsoorzaken. Daarom zijn vele takken in de geneeskunde gewijd aan kankertherapie
alsook aan medische beeldvorming met het oog op vroegtijdige diagnoses. Voor deze thesis
wordt in twee van deze domeinen onderzoek verricht vanuit een kernfysisch standpunt.

Het eerste onderzoek betreft nucleaire geneeskunde. Bij nucleaire geneeskunde worden
radioactieve tracer moleculen of “radiofarmaca” toegediend aan de patiént. Deze ra-
dioactieve geneesmiddelen zijn ontworpen om zich specifiek te richten op kankercellen.
Hierdoor wordt in het ene geval de tumor gemakkelijker en beter in beeld gebracht, in
het andere geval hebben deze farmaca een therapeutisch effect door het doden van de
kankercellen. In beide gevallen is er een minimale hoeveelheid van radioactiviteit nodig
om het gewenste resultaat te bekomen. Daarom is het belangrijk om op grote schaal radio-
actief materiaal of “radio-isotopen” te produceren geschikt voor medische toepassingen.
In deze thesis wordt de productie van terbium (Tb) radio-isotopen voor medisch gebruik
onderzocht in CERN MEDICIS (Geneve, CH). Om de opgewekte Tb-activiteit te meten,
wordt de techniek van “gamma-spectroscopie” toegepast. Deze techniek is gebaseerd
op de detectie van gammastralen om radio-isotopen te identificeren en te kwantificeren.
Hiervoor wordt een CZT-detector gebruikt die ontwikkeld is door de firma Kromek.

Hetzelfde type detector wordt ingezet in het medische domein “hadrontherapie”. Hadron-
therapie is een soort bestralingstherapie waarbij de patiént bestraald wordt met zware,
geladen deeltjes om de kankercellen te bestrijden zonder veel schade aan gezonde weefsels.
Wanneer deze deeltjes in aanraking komen met de materialen van de bestralingsappar-
aten, worden verschillende radio-isotopen geproduceerd. Dit leidt tot radioactief afval bij
de ontmanteling van de apparatuur. Ter bescherming tegen de gevaren van radioactiviteit
zijn er veel voorschriften die definiéren hoe radioactief afval dient behandeld te worden.
Om de gepaste behandeling voor een specifiek stuk afval te bepalen, moet geweten zijn
welke radio-isotopen zich daarin bevinden en met welk activiteitsniveau. Dat kan opnieuw
onderzocht worden met gamma-spectroscopie. In deze thesis gebeurt dit met een Kromek
CZT-detector op 12 stalen van het protontherapie-centrum PARTICLE (Leuven, BE).

In beide studies toont de Kromek CZT-detector zich als een apparaat dat geschikt is voor
het uitvoeren van gamma-spectroscopie in medische toepassingen. Bij de productie van
medische Tb radio-isotopen wijzen de metingen op verschillende factoren die de efficiéntie
van de productie kunnen verhogen. In het kader van het radioactieve afvalverwerking, kan
met de detector bepaald worden hoe lang elk stuk moet bewaard worden in een veilige
ruimte voor “vervalstockage” vooraleer het vrijgegeven mag worden.

XV
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Introduction

Since its discovery in 1896 by Henri Becquerel, radioactivity has always been a contro-
versial topic of conversation. On one hand, it is praised for its potential in medical
applications. On the other, the biological effects of ionising radiation on the human body
are also a cause for concern — especially after the nuclear accidents in the last century.
As with anything, it is the dose that makes the poison. Therefore, it is very important
to be able to quantify radioactivity in given samples. Over the years, various detectors
have been developed to measure the different types of radiation emitted by radioactive
sources. In this thesis we focus on one particular type, namely a compact CZT detector
manufactured by Kromek.

Two case studies for the use of a compact CZT detector in a medical context are presented
in this thesis. The aim is to evaluate the potential of this type of detector for nuclear
applications in medicine. In the first case study, the production of terbium radioisotopes
for medical applications at CERN MEDICIS (Geneva, CH) is investigated. The second
case study addresses the issue of radioactive waste management in the proton therapy
facility PARTICLE (Leuven, BE).

To structure the discussion, this thesis is divided into three parts. Part [I] presents all
the necessary background information on radioactive decay and explains how the CZT
detector is used to identify and quantify radioisotopes in a sample. Part[[I]is devoted to the
use of the CZT detector for the production of Tb for medical applications at MEDICIS. In
this part, first the MEDICIS facility and its working are described in chapter [3| followed
by an analysis of the Tb collections that were performed in 2021 in chapter [ The
case study for the use of the compact Kromek CZT detector in the context of waste
management at PARTICLE is discussed in part This part consists of three chapters.
Chapter [5] explains the general topic of waste production in hadrontherapy; chapter [0]
presents a series of simulations to numerically predict which radioisotopes are produced;
and chapter [7] gives the analysis of an experimental study of radioactive waste materials
from PARTICLE using the CZT detector. Finally, part [[V] provides a conclusion on the
use of compact CZT detectors for nuclear applications in medicine.



Part 1

Gamma-ray Spectrometry



Chapter 1

Production of Radioactivity

This chapter provides some background information on relevant concepts for the rest of
this thesis. First, the notions of radioactivity and radioactive decay are reviewed. This
is followed by a more detailed treatment of radioactivity as produced by proton-induced
nuclear reactions. In that light, the simulation software FLUKA is introduced at the end
of this chapter, which can be used to predict the outcome of diverse nuclear reactions.

1.1 Basics of Nuclear Physics

1.1.1 Radioactivity

The vast majority of all known nuclei are unstable. This is illustrated by the nuclear
chart in Fig. [[.I Atomic nuclei consist of protons and neutrons held together by the
strong nuclear force. At short distances, the nuclear force is stronger than the Coulomb
force, such that it can overcome the Coulomb repulsion between the positively charged
protons and they bind to form a nucleus. However, the more protons a nucleus contains,
the more neutrons are required to maintain the right balance between the increasing
Coulomb repulsion and the nuclear force [2]. Therefore, there is an optimal neutron-to-
proton ratio (N/Z), which on average increases for increasing atomic number Z. If a
nucleus has too few or too many neutrons in this regard, or it simply becomes too large
in size, then it is unstable and it will convert to a lower energy configuration by various
modes of decay (see next section).

Radioactive decay is a stochastic process. One cannot predict precisely when a nucleus will
decay; rather, each radioisotope is characterised by a certain probability to decay within
a time interval dt. This probability is governed by the isotope-specific decay constant
A [s7!]. The rate of decay, also known as the activity A [Bq], can then be written as
dN(t)

2 AN, (L.1)

A
dt

where N (t) denotes the number of nuclei [2]. This integrates to the well-known exponential

law of radioactive decay
N(t) = Noe ™. (1.2)

4
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Figure 1.1: Nuclear landscape @/ The black squares indicate stable isotopes, whereas all other
colours indicate unstable nuclei according to their main mode of decay.

A similar relation holds for the activity A(t). The time after which half of the nuclei have
decayed is called the half-life 77 /5. From the above expression it can be calculated to be

In2

-
Aside from the type and energy of the emitted radiation, the half-life is a very important
characteristic of any radioisotope. It determines how long the isotope remains present in
significant amounts after its production. This plays a crucial role in medical applications
(where a minimum activity is required to exert the effects for imaging or therapy) as well
as waste management (where the half-life determines how long radioactive waste must be
stored before it becomes safe to be disposed of or recycled). In parts [[I| and of this
thesis, respectively, these two cases are further illustrated.

Ty = (1.3)

1.1.2 Types of Radioactive Decay

There are three primary decay modes for radioactive nuclei: «, 8 and vy-decay. In a-decay,
the radioactive nucleus emits a $He nucleus (a-particle) to transmute into a lighter, more
stable configuration:
72X = 575Y +3He (1.4)
z Z—2 2He. ~

The kinetic energy of the emitted a-particle, typically ranging between 4 MeV and 6 MeV,
is fixed for a given transition . As the spontaneous emission of an a-particle is a
Coulomb repulsion effect , this decay mode becomes increasingly important for heavy
nuclei. For lighter nuclei, S-decay is much more often encountered. This decay type is
itself still divided in two types, namely 8- and S-decay. In the former, a neutron from
the nucleus is converted into a proton, thereby emitting an electron (S~ -particle) and an
anti-neutrino:

X = LAY +e + 7 (1.5)

This is generally the preferred decay mode for radioisotopes with an excess number of
neutrons. Since there are three particles at the end of the reaction, the electron does not
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have a well-defined energy (as did the a-particle in the previous case), but a continuous
distribution of energies, from zero up to the “endpoint energy”. The upper limit to the
energy is equal to the energy difference between the initial and final states of the decay
process [2]. The same holds for the 5*-particle emitted in S"-decay. In that case, a proton
is converted into a neutron, thereby emitting a positron (5*-particle) and a neutrino:

IX = , Y +et .. (1.6)

This decay mode is encountered for radioisotopes with an excess number of protons. In
matter, the positron will annihilate with a nearby electron as soon as it has slowed down
sufficiently. This generates two photons with energy equal to the rest-mass of an electron
(511keV) at approximately 180° to each other. This process characteristically follows any
ft-decay. A competing process for fT-decay is so-called electron capture (often indicated
by EC or ¢) [2]. Here, an orbital electron of the atom is absorbed by the nucleus and
reacts with one of the protons, producing a neutron and a neutrino. As this results in
a vacancy in one of the inner atomic orbitals, electron capture is always followed by the
emission of characteristic X-rays of the atom.

After any of the aforementioned decay modes, the daughter nucleus is often left in an
excited state. In most cases, it subsequently rapidly decays towards the ground state by
emitting one or more photons via y-decay:

X = 4X 404, (1.7)

Each photon has an energy equal to the energy difference between the initial and final
states of the transition in question. For nuclear states, these differences are in the keV
to MeV range. A process that often competes with v-decay is internal conversion. The
nucleus then de-excites by transferring its energy directly to an atomic electron, which
consequently gets ejected from its orbital. The kinetic energy of the emitted electron is
equal to the transition energy less the binding energy of the electron in the atom [2].
Similar to the case of electron capture, a vacancy is left in one of the atomic orbitals after
this decay, leading to the emission of characteristic X-rays.

Most radioisotopes do not decay via a single predestined process, rather they have multiple
competing decay modes. Each channel is then characterised by a certain probability,
which is expressed by the “branching ratio” [2]. This is defined as the number of nuclei
that decay by that specific channel with respect to the total number of nuclei that decay.
Similarly, not every decay leaves the resulting daughter nucleus in the same state, resulting
in probabilities of emitting certain energies of v’s, often referred to as intensities.

1.2 Nuclear Reactions

Only a limited number of radionuclides occur in nature, namely the very long-lived or
“primordial” isotopes and isotopes produced in their decay or in interactions of back-
ground radiation with the environment. All other radioisotopes are produced artificially
via a variety of nuclear reactions. The case studies presented in parts |lI] and [l1I] of this
thesis both deal with radioisotopes produced by interactions of protons with a stationary
target: for the production of terbium isotopes for medical applications at CERN MEDICIS
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(part , a proton beam of 1.4 GeV is directed onto a tantalum target, and in the consid-
erations on waste management in the PARTICLE facility (part , radioactive isotopes
are produced by interactions of a proton beam of 230 MeV with surrounding construc-
tion materials. Therefore, the first part of this section gives an overview of the principal
concepts of proton-induced nuclear reactions. The second part introduces the software
FLUKA, which allows to simulate nuclear reactions to predict and investigate their effects.

1.2.1 Proton-Induced Nuclear Reactions

Protons always require a minimum energy to be able to interact with nuclei in a station-
ary target. The reason for this is that protons are positively charged, so they need to
overcome Coulomb repulsion in order to come close enough to a nucleus for interaction.
The Coulomb barrier thus determines a threshold energy for proton-induced nuclear re-
actions. As the energy of the protons rises above this threshold, more and more reaction
channels are opened [5]. For energies of the order 5MeV to 15MeV, (p,n) and (p, a)
reactions prevail. At energies of several 10s MeV, (p,2n), (p,2p), (p,3n) and so forth
become possible as well. Finally, for 100 MeV and more, high-energy nuclear reactions
start to occur [5].

Reactions induced by high-energy protons are commonly divided into four categories:
spallation, fission, fragmentation, and fusion-evaporation . Spallation is the emis-
sion of a large number of nucleons from the target nucleus after irradiation. This happens
in a two-step process. First, the proton interacts via a sequence of nucleon-nucleon colli-
sions inside the target nucleus. This is referred to as the “intra-nuclear cascade”. During
this stage, some nucleons escape from the target nucleus as secondary particles, leading to
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Figure 1.2: Schematic representation of proton-induced fission and spallation reactions. Ref. 1@
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“pre-equilibrium emission” [9]. In the next step, the remaining nucleus (also called “pre-
fragment”) de-excites via nucleon or cluster evaporation and subsequent ~y-decay |9, [10].
The higher the energy of the incident protons, the larger the variety of product nuclei
generated in this process. In particular, for energies on the order of GeV, virtually all
nuclei lighter than the target nucleus itself can be produced [5, |11]. The spallation mech-
anism is illustrated in the bottom part of Fig.[I.2] As shown in the top part of that figure,
for very heavy targets fission competes with the second step of the spallation process. In
this case, the compound nucleus formed after proton irradiation divides into two lighter
fragments of comparable mass. These fission fragments are neutron-rich isotopes with
mass numbers ranging from 50 to 170 [11] and maintain the N/Z ratio of the target nuc-
leus. The third reaction that can occur with high-energy protons is fragmentation. Here,
small fragments are violently split off from the target nucleus, resulting in a large variety
of isotopes. Besides isotopes close to the initial nucleus, very light nuclei are produced
in this reaction mechanism [7,8]. Finally, proton-induced fusion-evaporation generates
neutron-deficient isotopes close to the line of stability via fusion of the proton with the
target nucleus, followed by evaporation of a-particles, protons and neutrons [7]. This pro-
cess differs from all the above in the sense that fusion-evaporation reactions are selective.
The isotopes that are generated depend on the decay characteristics and the competition
between different decay channels of the compound nucleus [7, [11]. The probability for
any reaction channel is expressed by the “cross section” (o) [b = 1072® m?]. This depends
on a number of factors, including the energy of the incident proton. Hence, for different
energies different reactions may be more likely to occur, producing different isotopes.

By way of example, Fig. shows the energy dependence of the cross section for
2TAl (p, X) #Na reactions. There is a threshold energy below which the reaction does
not take place (¢ ~ 0). This is the Coulomb barrier plus some additional threshold
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Figure 1.3: Measured cross sections of proton-induced reactions of the type %gAl (p, X) 2Na.
Data from Ref. [12].
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depending on the particles that are emitted. For energies above the threshold the cross
section rapidly rises to a maximum, which is reached around 40-50 MeV. Afterwards, it
declines again to a lower, yet non-zero value. The peak exhibited in the cross section is
quite sharp, meaning that the proton-induced reaction from #;Al to ??Na only has high
probability to occur in a limited energy range. Nevertheless, the probability is non-zero
at higher energies. In this region, whether the reaction will take place depends on the
relative probabilities of other proton-induced reaction channels on 2ZAl.

From the above considerations, we note that the energy of the incident proton plays a
crucial role in determining which nuclear reactions will occur in the target material. Not
only does it control which types of reactions are energetically allowed, it also influences the
relative probabilities of the different reaction channels. This complicates matters when
one takes into account that protons lose energy in any finite-sized target material. A
range of proton energies must thus always be considered, with different cross sections for
each energy. This integral process quickly becomes too hard to solve analytically. Hence,
one must turn to numerical simulations to predict which reactions will occur and which
isotopes they will produce. In this thesis, the FLUKA software is used for this purpose.

1.2.2 FLUKA Simulation Software

FLUKA (FLUktuierende KAskade) is a Monte Carlo code for multi-particle transport,
developed jointly by the European Laboratory for Particle Physics (CERN) and the
Italian Institute for Nuclear Physics (INFN) [13] 14]. It is the workhorse behind all beam-
accelerator calculations at CERN and is also routinely used in applications concerning
energy deposition, radiation damage, shielding activation and design, target design, dosi-
metry, waste disposal etc. [14].

In Monte Carlo methods, random numbers are used to solve a wide class of problems [15].
Regarding interactions of ionising radiation with matter, Monte Carlo simulations can
predict the average outcome of the interactions by randomly sampling them. For this
purpose, an interaction model must be implemented for the incoming particles in the
medium. This is provided in the form of a database of differential cross sections for all
possible interaction mechanisms. The cross sections determine the probability density
functions (pdf’s) of energy, position, direction and time of production of the particle
after interaction, which in turn fully determine the particle track [15, |16]. By randomly
sampling these pdf’s, the energy loss and change of direction of the particle as well as the
production of secondary particles are sampled. The Monte Carlo simulation is performed
for a predefined number of primary particle tracks. The more primary particles (also
called “primaries”) are simulated, the smaller the statistical uncertainty on the results
will be, but also the longer the computing time [15]. In practice, one must always look for
the right compromise between these two effects. Per primary particle, the transport and
interactions are simulated step-wise. At each step, all possible interactions between the
particle and the medium are randomly sampled according to their relative probabilities.
When the particle is fully stopped in the medium or has reached the boundaries of the
geometry, the code starts the simulation of a new primary. This process is repeated until
the user-defined number of primaries is reached.
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FLUKA can simulate the interaction and propagation in matter of about 60 different
particles over energy ranges from a few keV to several TeV [13]. Microscopic models
are adopted whenever possible, ensuring consistency among all reaction steps. Further-
more, FLUKA enforces conservation laws in each step of the simulation and checks results
against experimental data at single interaction level. This greatly enhances the accur-
acy and predictive power of the simulations. In addition, FLUKA’s algorithm provides a
robust independence of results from the step length in the individual particle track sim-
ulations [13]. This presents a major improvement compared to early Monte Carlo codes.

A convenient interface for FLUKA is provided by “Flair”. This is a very user-friendly
software, so for most applications no programming skills are required. To define the
input for a simulation, Flair holds an extensive set of “cards”. These allow to enter the
necessary information (type of particles, beam energy, duration of the irradiation etc.) in
a clear and structured way. Another useful feature of Flair is its graphical interface for the
geometry defined in the input cards. Complex geometries can be generated in FLUKA
by means of combinatorial geometry [13], meaning that complex shapes are created by
adding and subtracting simpler shapes. The graphical interface in Flair allows to visualise
the defined geometry and readily debug it, if necessary. Besides input cards, Flair also
contains output cards that can be used to define which physical quantities should be
scored in the simulation. One of the outputs that FLUKA can provide is the activity of
all the isotopes produced in the medium (per unit volume). The scored quantities are
evaluated after predetermined decay times given in the input. This allows, for example,
to follow the time evolution of radioactivity created in the medium after various cooling
times. The obtained data after the simulation can either be directly processed and plotted
in Flair or extracted for further analysis with other software programs.

In this thesis, FLUKA is used to simulate the irradiation processes discussed in parts
and [[TT to determine which radionuclides are produced in them and what their activities
are. The outcomes are then compared to the results of the respective y-spectrometry
analyses. How the latter are performed is explained in the next chapter.



Chapter 2

Gamma-spectrometry with
a CZT Detector

The study of decay characteristics of radioisotopes is a very useful way to gain inform-
ation about nuclear structure and the properties of nuclear excited states. A variety of
techniques have been developed for «, f and v-decay spectroscopy, most of which are
complementary. Nevertheless, y-spectroscopy is considered to be the primary means to
investigate the structure of excited states. That has to do with the relative ease of y-ray
detection compared to a and [-particles, as well as the available high-resolution and
high-precision techniques [2].

In this thesis, y-spectroscopy is applied for the purpose of identifying and quantifying
the presence of radioisotopes in a sample. The identification relies on the fact that the
~v-spectrum of a nucleus serves as a unique fingerprint of that nucleus. Quantification, on
the other hand, is possible by observing the intensities of the emitted y-rays in addition
to their energies. In this chapter, first the different interactions of ~-rays with matter
and their respective effects on acquired ~-spectra are reviewed. Then, the working of the
type of detector used for this thesis (i.e. CZT detectors) is explained, and finally, the
methodology for analysis of the y-spectra is presented.

2.1 Interactions of y-rays with Matter

The three main mechanisms of interaction of y-rays with matter are the photoelectric
effect, Compton scattering and pair production [4]. Their relative importance depends
on both the energy of the 4’s and the atomic number of the material with which they
interact, as portrayed in Fig. 2.1]

Photoelectric Effect Via the photoelectric effect, the incoming photon gives all its
energy to an atomic electron in the absorbing material, which is thereby ejected from its
orbital. The electron acquires a kinetic energy of £, — B.- with E, the energy of the
incoming ~-ray and B.- the binding energy of the electron in its bound orbital [4]. The

11
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Figure 2.1: Regions of dominance of the three most relevant vy-ray interactions as function of
the energy E = hv of the radiation and the atomic number Z of the absorbing material. The
curves indicate the values of hv and Z for which two neighbouring effects are equally important.
Picture from Ref. [4)].

atom is ionised and left in an excited state. It decays back to the ground state by emitting
characteristic X-rays.

Compton Scattering In Compton scattering, the photon is scattered by an electron
in the absorbing material. The photon is deflected by an angle # and part of its energy is
transferred to the electron. The relation between the energy of the scattered photon and
the scattering angle 6 is given by

E
E’/Y - E 7 ) (21>
1+ —5(1 —cosh)

moc2

where E, and E represent the initial and final energy of the photon, respectively, and
moc? = 511keV is the rest-mass of the electron [4]. The most energy is transferred to the
electron for § = 180°. The residual energy of the scattered photon is then

E
S - (2.2)
1+2—=

moc?

!
7, min

Pair Production If the incoming photon has an energy above 1.022MeV (twice the
rest-mass of an electron), it can also interact with matter via pair production. In this
case, a electron-positron pair is generated and the photon disappears in the process. Any
excess energy above 1.022 MeV of the incoming photon is carried away by the positron
and electron as kinetic energy [4]. After the positron has slowed down in the absorbing
material, it annihilates with a nearby electron, leading to the emission of two 511keV
photons at an angle of approximately 180°. The deviation of this angle originates from
the residual momentum of the positron.
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2.2 Features of y-spectra

As a photon transfers all its energy to the detector material in a single step by a pho-
toelectric interaction, this is the preferred interaction in any ~-ray detector [4]. It leads
to a peak in the ~-spectrum centred around the energy of the incident photon. From
Fig. it can be seen that for v-rays with energies in the keV to MeV range (stemming
from nuclear transitions, see section , the photoelectric effect is the dominant in-
teraction mechanism only for high Z materials. Therefore, detectors for «-spectroscopy
are as a rule manufactured from materials that incorporate elements with high atomic
numbers [4]. Nevertheless, the other interaction types can never be fully eliminated and
this has significant effects on the acquired spectrum.

Firstly, if an incoming photon interacts via Compton scattering in the detector, only part
of its energy is transferred. If many successive Compton interactions occur, the photon
may eventually lose all of its initial energy to electrons of the detector material. However,
due to the finite size of detectors, the scattered photon usually leaves the active detection
volume before this happens. As a result, a lower energy than the initial incoming energy
is recorded by the detector. The maximal energy transfer takes place at scattering angle
6 = 180°, in which case the energy of the scattered photon is given by Eq[2.2] Since all
scattering angles can occur in the detector, there is a continuum of values for the trans-
ferred energy, ranging from zero up to the “Compton edge” determined by E, — E! . [4].

Photoelectric
absorption

Compton
scattering

Escaping multiply scattered

gamma ray
Photoelectric
production absorption
Single escaping
annihilation photan
2 A\
hv < 2mye hy >> 2mge?
Full- Full—
energy energy
daN i peak peak
dE
A | b
VAR E (hv—imgc?d | hv  E
Multiple Multiple
Compton Compton
events events

Figure 2.2: Effects of Compton scattering and pair production in a finite size detector on the
acquired ~y-spectrum. Picture from Ref. [4)].
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Hence, in the spectrum this continuum appears as a broad band left of the photo-peak,
called the “Compton continuum”. This is illustrated in Fig. 2.2]

If the energy of the incoming photon is larger than 1.022 MeV, pair production becomes
a possible interaction mode as well. In this case, the two 511keV photons generated after
annihilation of the positron could carry part of the initial energy back out of the detection
volume. If both photons escape, this leads to an additional peak in the spectrum at energy
E, —1.022MeV. This peak is then referred to as the “double escape peak”. If only one
of the annihilation photons escapes the detection volume, one gets analogously a peak at
E, —511keV, called the “single escape peak” [4]. Both features are shown in Fig. [2.2

Besides undesired interactions within the detector, also interactions of y-rays with any
materials surrounding the detector have an impact on the final spectrum. If photoelectric
absorption occurs in the surrounding material, the subsequent characteristic X-rays of the
material can enter the detection volume and lead to an additional peak in the y-spectrum.
Secondly, Compton scattering in the surrounding gives rise to a broad peak around 200-
250 keV, called the “backscatter peak” [4]. This peak originates from photons that are
scattered over large angles. It can be shown from Eq. that the energy of the scattered
photon is nearly identical for all scattering angles above 110°-120°, so the energy of the
backscatter peak corresponds roughly to that of a photon scattered over # = 180° given
in Eq. In the limiting case that the initial energy of the v-ray is much larger than
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Figure 2.3: Schematic representation of the possible interactions within the surrounding mater-
ial, together with the respective effects on the ~y-spectrum. Picture from Ref. [4).
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1.022 MeV, this reduces to

m002

/ o o\ ~u ~
EL(0 =180°) ~ ~ 250 keV. (2.3)
So, the backscatter peak will always appear at an energy of maximally 250keV [4]. Lastly,
if the initial y-ray interacts via pair production in the surrounding material, one of the

generated annihilation photons can be detected. This leads to an annihilation peak at
511keV. All of these effects are illustrated in Fig. 2.3

From the above considerations, we note that there are many additional features that can
appear in a y-spectrum. Naturally, it is important to be aware of them and to take the
different effects properly into account during analysis.

2.3 CZT Detectors

Over the years, many different detectors have been developed for y-ray detection. The
three main types are gas-filled detectors, scintillators, and solid-state or semiconductor de-
tectors. The detection mechanism is different for each type. Scintillators first convert the
incoming radiation into visible light, which is subsequently detected. In gas-filled detect-
ors, v-rays are detected by the ionisation of the gas molecules. Lastly, in semiconductor
detectors they are detected by the creation of electron-hole pairs [4]. For this thesis, a
particular type of semiconductor detector is considered, namely a cadmium zinc telluride
(Cd,_Zn, Te or CZT) detector with Zn concentrations in the range x = 0.1 — 0.2 |17, |1§].

2.3.1 Working Principle

The operation of semiconductor detectors relies on the band structure for electron energies
in solids. Due to collective interactions of the atoms in a crystal lattice, solids exhibit
energy bands rather than discrete energy levels as in free atoms [2]. The highest occupied
band and lowest unoccupied band at absolute zero temperature are called the valence
band and conduction band respectively. They are shown in Fig. for a conductor,
semiconductor and insulator. The valence band corresponds to outer-shell electrons that
are bound to a specific site in the lattice, whereas the conduction band corresponds to
electrons that are allowed to migrate through the crystal and thus contribute to electrical
conductivity. For metals, the valence and conduction band overlap, explaining their high
conductance. In contrast, in semiconductors and insulators, both bands are separated by
a range of forbidden energies, called the bandgap. The difference between an insulator
and a semiconductor is the size of this gap (E,) [2]. For insulators it is usually 5eV or
more, whereas for semiconductors it is of the order of only 1eV [2, |4].

Electrons can be excited from the valence band to the conduction band, if sufficient
energy is provided to cross the bandgap. Physically, this corresponds to the excitation
of the electron from its specific bonding site, such that it can move freely throughout
the crystal [4]. In the valence band, a positively charged hole is left behind, which can
also migrate in the crystal. The pair is referred to as an electron-hole (e-h) pair. When
an electric field is applied over the semiconductor by two electrodes, the electron and
hole are attracted to the anode and cathode, respectively. This is what happens in a
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Figure 2.4: Band structure for a conductor (metal), semiconductor and insulator. Ref. [@

semiconductor detector: the incoming radiation releases its energy in the semiconductor
and produces many e-h pairs, which are subsequently collected at electrodes to generate a
measurable current that can be read out by electronics. The number of e-h pairs created
by an incoming photon of energy E. depends on the average energy required to produce
one e-h pair. This quantity is called the “ionisation energy” e and is largely independent
of the energy and type of the incoming radiation . That allows to write the number

ne_p of produced e-h pairs as

E
Ne—p = _’y‘ (24)
€

Hence, the current collected at the electrodes is proportional to the energy of the detected
radiation. As a result of this linear relation, energy spectra can be acquired.

2.3.2 Advantages

The ionisation energy e for semiconductor detectors is typically below 5eV thanks to
the small size of the bandgap [17]. Compared to the energies of the order of 30eV
and 100eV needed to create the respective charge carriers in gas-filled detectors and
scintillators , this is a major improvement. It implies a much larger number of charge
carriers is generated in a semiconductor detector for an incoming v-ray of the same energy.
Consequently, the statistical fluctuation on the number of carriers per pulse (o< /T._y)
is reduced significantly, allowing a better energy resolution .

For CZT detectors with composition Cd, gZn, ; Te, the band gap equals 1.57 eV [18]. This
is considerably higher than the values for silicon (1.11eV) and germanium (0.66 eV) [20],
which are very often used as semiconductor detectors. Analogously to the argument
above, this means that the energy resolution is poorer in CZT detectors compared to Si
and Ge detectors. Nevertheless, there is a major advantage to the increased bandgap,
namely that CZT detectors can operate at room temperature. That has to do with the
fact that e-h pairs are also thermally generated in semiconductors. The probability for
this to occur is

E, )
2kpT’’

p(T) = MT?? exp (- (2.5)



2.3. CZT DETECTORS 17

where T' is the absolute temperature in Kelvin, kg represents the Boltzmann constant,
and M is some proportionality constant characteristic of the material [4]. Given the
very small bandgaps (£,) for Si and Ge, these detectors need to be cooled in order to
suppress leakage current due to thermal e-h pairs. The larger bandgap in Cd, 4Zn,,Te
makes this unnecessary. Therefore, CZT detectors effectively fill the gap between lower
resolution gas-filled and scintillation detectors on one hand, and high-resolution but high
maintenance Si and Ge solid-state detectors on the other [21].

Other benefits of CZT detectors include their high count rate capability, high collection
efficiency, small dimensions, high density, and high effective Z [21]. Regarding the last
of these, the high atomic numbers of cadmium (Z = 48), zinc (Z = 30) and tellurium
(Z = 52) implicate that these materials have higher photon absorption efficiencies than
silicon (Z = 14) and germanium (Z = 32), according to Fig. .1 Overall, the com-
bination of properties described in this section — and, in particular, the combination of
high resolution, high count rate capability and the ability to work at room temperature —
makes CZT detectors very promising for medical and industrial applications [21].

2.3.3 The Kromek GR Family

One of the major suppliers of CZT detectors is the Kromek Group [21]. They manufacture
a large variety of devices, each with its own applications. In this thesis, two detectors
of Kromek’s GR family for high-performance y-spectrometry are studied: the GR1 and
GRO5 detectors. The difference between them lies in the size of the detection crystal. For
the GR1 detector, it is 1 cm X 1 cm X 1 cm, whereas the GR05 has an even smaller crystal
of 0.5cm X 0.5cm X 0.5cm [21]. Other detector characteristics are largely the same. For
example, the energy range that can be detected is 30 keV to 3.0 MeV and the maximum
throughput is 30000 counts/s [21]. In both cases, the detector crystal is enclosed in a
2.5 cm X 2.5 cm X 6.3 em casing, together with all the read-out electronics [21]. The system
is thus completely self-contained, and the output of digitised pulse heights is directly sent
to a computer via a USB cable. This is illustrated in Fig. 2.5, The USB connection also
serves as a power supply for the device, so no external power supply is needed. Together

Figure 2.5: Kromek’s GRO5 detector together with the KSpect acquisition software [21)].
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with the small size of the detectors, this allows them to be used in remote places that
might be inaccessible to other detection systems.

The data from the detectors are read out by Kromek’s acquisition software KSpect. The
software performs spectral acquisition, display, detector calibration and storage func-
tions . The obtained spectra can be saved and exported for further analysis. The
detector calibration data can be saved in KSpect as well, and it can be associated with a
particular detector by its serial number . Finally, KSpect allows some basic analysis
to be performed, such as defining regions of interest and fitting peaks to determine peak
energies and count rates.

2.4 Methodology for Analysis

Parts [[I| and [[T]] of this thesis present two case studies where a Kromek GR detector is
used for ~-spectrometry in a medical context. In this section, the methodology that is
used for the analysis of the obtained spectra is described.

2.4.1 Peak Assignment

The peaks in the ~-spectra are assigned with the help of InterSpec. This is a spectral
radiation analysis software by Sandia National Laboratories (SNL) [22]. It can read
data files from most common spectral radiation detectors, including the Kromek CZT
family. After the energy calibration is applied (which defines the relationship between the
detector’s channel numbers and the energy of the incident radiation), one can easily start
to look for the radioisotopes corresponding to the peaks in the spectrum.
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Figure 2.6: Screenshot of the InterSpec interface illustrating the use of reference lines for peak
assignment: the lines of 1°°Tb and ®Ba correspond nicely to most peaks in the spectrum.
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Figure 2.7: Screenshot of the InterSpec interface illustrating a nuclide search for the two peaks
in the spectrum: **Na appears to be a likely radioisotope.

InterSpec holds an extensive database of nuclei with their half-lives, decay radiation,
corresponding intensities and so forth. X-rays are also included. All spectral lines from
a desired isotope can be superimposed on the uploaded spectrum, to see whether they
overlap with any of the peaks. This is illustrated in Fig. [2.6, The relative heights of
the lines correspond to the relative intensities of the emitted y-rays. This is a helpful
feature to check whether the observed amplitudes of the peaks in the spectrum make
sense for the isotope under consideration (taking into account the absolute efficiency
profile for the used setup as well). Reference lines can be shown for as many isotopes as
desired, with a different colour for each. Besides looking at the lines of specific nuclei,
one can also search by energy. InterSpec has a “Nuclide Search” option, which generates
a list of all radioisotopes that emit radiation within a certain range around a selected
energy. The list includes information such as the half-life of the radioisotopes and the
energy difference between the selected energy and the emitted radiation by the isotope.
This is useful in the process of selecting the most likely radioisotope from a vast number
of candidates. If desired, the nuclide search can also be performed on more than one
peak energy simultaneously. The generated list then consists of radioisotopes that emit
radiation within a fixed range around each selected energy. An example of a nuclide search
for two peaks is shown in Fig. [2.7]

2.4.2 Activity Calculation

Once all peaks in a y-spectrum have been assigned to their corresponding radioisotope,
one can quantify the activities of the different isotopes present in the sample under in-
vestigation. That is achieved by applying the following formula to each peak:

N(E)
I(E) X €us(E) X t

A= (2.6)
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In this expression, N(FE) represents the number of counts in the peak around energy
E, I(FE) the intensity of the radiation contributing to that peak, €us(E) the absolute
detection efficiency of the setup at F, and ¢ the livetime of the acquired spectrum (i.e.
the duration of the measurement corrected for the dead time of the detector). The formula
is derived from the definition of absolute efficiency [4].

The appropriate values for I(E) are obtained from databases such as the Laboratoire Na-
tional Henri Becquerel [23] and the ENSDF database by the National Nuclear Data Center
(NNDC) of Brookhaven National Laboratory [24]. The livetime ¢ of each acquisition is
directly determined by KSpect. The absolute detection efficiency of the setup must either
be calibrated for that particular setup or be calculated from the intrinsic efficiency of the
used detector. In the latter case, one must correct for the solid angle €2 of the detector in
the current setup, such that €, = emt,,% [4]. Finally, to obtain the number of counts for
each peak, each peak is fitted by a Gaussian profile and the fit is integrated within 2 to
3 standard deviations around the central energy. This is performed in python using the
1Imfit package. However, to ensure that as few as possible counts from the (Compton)
background are included in the calculation — which would lead to an overestimate of the
activity — first a Statistics-sensitive Non-linear Iterative Peak-clipping (SNIP) algorithm
is applied to the spectrum. This is an iterative method that estimates the continuous
background [25]. The estimated background can then be subtracted from the spectrum,
thereby greatly reducing the influence of Compton effects on the activity calculation.

With the information from this chapter and the previous one in mind, we now
turn to two case studies for the use of a Kromek CZT detector for ~-spectrometry
in medical applications. The first case study (part deals with the production of
terbium radioisotopes for medical applications. During the production process at
CERN MEDICIS (Geneva, CH), 7-spectra are acquired with a Kromek GR1 detector
to monitor the activity of Tb that is being collected. The ~v-spectra also allow to
identify and quantify possible contaminants in the collections. The second case study
(part addresses the issue of waste management in hadrontherapy. In particular,
proton-activated construction materials of the beam-line of the proton therapy centre
PARTICLE (Leuven, BE) are studied. A Kromek GRO5 detector is used to acquire -
spectra of the waste materials, from which the radioisotopes produced by proton-induced
reactions with construction materials can be identified and quantified.
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Chapter 3

Terbium Radioisotopes for
Medical Applications

The first case study of the use of a Kromek CZT detector deals with the production of
terbium radioisotopes for medical applications. The Tb radionuclide family contains four
isotopes with suitable decay characteristics for use in nuclear medicine, namely “°Tb,
1527h  155Th and '6'Tb. The first section of this chapter discusses their individual and
complementary potential. Afterwards, the production of the neutron-deficient radioiso-
topes M9Tb, 52Tb and '®Tb is investigated. Section of this chapter explains the
Isotope Separation On-Line (ISOL) technique used for this purpose. Section describes
how this is implemented at the CERN MEDICIS facility. The role of the CZT detector
at MEDICIS is explained in that section as well. The next chapter then reviews the
operation of MEDICIS for the production of Tb in 2021, based on data acquired by the
CZT detector during Tb collections.

3.1 The Tb Quadruplet

Terbium is the only element for which there are four radioisotopes with suitable decay
characteristics for clinical use . The so-called “Th quadruplet” consists of 9Tb,
152Th, ¥5Th and ''Tb [26] 27]. In Fig. an overview is given of the decay properties
for each of these isotopes. Of particular interest is the a-emitter '4°Tb, which would fill the
current gap in the medical radionuclide landscape regarding targeted a-therapy (TAT).
It is the only a-emitter lighter than lead with well-known chemical properties and a half-
life that is suitable for medical applications. Moreover, it decays to long-lived daughter

Tb 149 Tb 152 Tbh 155
42m | 41h 42m | 175h 532d
E £ IT 160, e [&
(i ; 3o7EENluEs”.  [ERI0N .
2 3.99 *1.8.. |ls .. v 344,271
y796  |y352 y344  |586... v 87, 105, 180
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Figure 3.1: Decay characteristics for the four clinically relevant Tb radioisotopes z@/
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nuclei that are stable against a-decay, thereby limiting additional radiation dose to the
patient due to decay of the daughter nuclei |28 29]. This represents a major advantage
of 9Tb over other candidates for TAT. Thanks to its ST-decay branch, °Tb can also
be used for positron emission tomography (PET). This imaging technique is based on
coincident detection of the two annihilation photons stemming from St-decay inside the
body. When applied during the treatment, it allows to track the bio-distribution of 'Tb
and to verify the progress of the a-therapy [29]. The second isotope in the Th quadruplet,
152Th, also finds applications in PET imaging. In particular, it would be useful to perform
PET with '*2Tb before administering a-therapy with *Th, because this makes patient-
specific dosimetry possible [26, 27]. The third isotope, **Tb, can be used for single-
photon emission tomography (SPECT). In this technique, v-rays emitted in the decay of
the radioisotope are detected to acquire an image of its bio-distribution. Finally, 1 Tb is
suitable for both SPECT imaging and targeted electron therapy. Similarly to the case of
H49ThH and 1%2Th, patient-specific dosimetry for the electron therapy with **'Tb could be
performed by first making a SPECT scan with '**Tb [26] 27].

The different decay modes for all four isotopes allow the Tb quadruplet to be used for
both imaging and therapy. This opens the door to “theranostics”, where diagnostics and
therapy are combined using a matched pair of diagnostic and therapeutic radioisotopes.
The advantage of using radioisotopes of the same element for this purpose is that their
chemistry is the same. Hence, radiopharmaceuticals can be developed with the same
pharmacokinetics and bio-distribution for all isotopes and thus for both imaging and
therapy [27]. That way, personalised treatments become possible.

3.2 ISOL Production

Whether a radioisotope can be used for medical applications depends not only on its
decay characteristics (i.e. half-life and type and energy of decay radiation) but also on
the ease with which it can be produced at a large scale and high purity [5]. Of the Tbh
quadruplet, only the production of the neutron-rich isotope ' Tb has been established so
far. '6'Tb is produced by neutron irradiation of purified gadolinium samples via the reac-
tion '°Gd(n, )" Gd after which '®*Gd S~ -decays to %' Tb [27,[30]. This is carried out,
for example, at the BR2 reactor at SCK CEN in Belgium [30]. Thanks to the aforemen-
tioned identical radiochemistry of the radioisotopes from the Tbh quadruplet, preclinical
research is already ongoing with %!'Th, paving the way for the others. Meanwhile, further
research is being done on the production of the neutron-deficient radioisotopes. Various
production routes have been investigated, such as light ion induced reactions, heavy ion
induced reactions and spallation reactions. In the end, it is the latter combined with
Isotope Separation On-Line (ISOL) that seems the most promising [27].

The ISOL production method starts from the irradiation of a heavy target by a proton
beam of high energy, such that spallation reactions can occur. Remembering the discus-
sion on proton-induced reactions in section [1.2.1] for very high proton energies, one can
expect virtually all isotopes lighter than the target nucleus and on the neutron-deficient
side of the line of stability to be produced. Then, the generated nuclei are extracted from
the target, ionised, and the desired radioisotope is separated from all the others. Fig.
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Figure 3.2: Schematic representation of the ISOL method with laser ionisation. The separation
of the isotope of interest from isobaric and isotopic contaminants throughout the different steps
of the method is highlighted. Picture from Ref. .

gives a schematic overview of the different steps in the ISOL production method (except
the target irradiation).

Diffusion & Effusion After production by spallation reactions, the radioisotopes must
be extracted from the target. For this purpose, the target is heated to temperatures on
the order of 2000 °C , : under influence of the provided thermal energy, the atoms
diffuse through the target until they eventually effuse out of it and into an ion source.
The target is heated by applying a current to it. Below approximately 2100 °C, a linear
relationship holds between the current applied to the target and the target’s temperature.
Research is ongoing to determine the relation at high temperatures.

Ion Source In the ion source, the atoms of the element of interest are ionised, so they
become charged and can be attracted by an extraction electrode for collection. There
are three types of ion sources that are most commonly used at ISOL facilities. They rely
on electron impact ionisation, surface ionisation and element-selective laser ionisation .
For the Tb collections at MEDICIS in 2021 (see chapter , both a surface ion source
and laser ion source were used. Surface ionisation is based on the interactions of atoms
with a heated surface. Depending on the ionisation potential and electron affinity of
the element, the atom can lose or gain an electron in these interactions. For positive
surface ion sources (i.e. generating singly-charged positive ions), construction materials
that have high work functions and can be heated to high temperatures are used. Typical
material choices include tantalum, tungsten and rhenium . A disadvantage of surface
ionisation is that this process is selective only when the produced elements have very
different ionisation potentials . So, in general, aside from the desired radioisotope,
other elements are ionised as well. Much higher selectivity is obtained by laser ionisation.
This approach makes use of the unique electronic level structure for each element. By
tuning the wavelength of one or more lasers, the atoms of a specific element are step-
wise excited towards the continuum of states above the ionisation energy. The highest
ionisation efficiency is obtained when the ionisation step is also a resonant excitation, for



3.3. THE MEDICIS FACILITY 25

example to an auto-ionising state. Ion sources using this technique are called resonance
ionisation laser ion sources (RILIS) [8, 32].

Mass Separation Once atoms are ionised, they are accelerated towards a mass separ-
ator. The mass separator consists of an analysing magnet that separates isotopes by mass
according to their bending radius through a homogeneous magnetic field. This relies on
the effect of the Lorentz force due to the magnetic field on the charged particles: it bends
each particle into a circular path with radius

r=— (3.1)

where m is the mass of the particle, v its velocity, ¢ its charge, and B the size of the
magnetic field [2]. Thus, a different mass induces a different radius, and different isotopes
of the same element can be separated from each other.

Chemical Purification In the best case scenario, the ion source is perfectly element-
selective, such that it excludes all elements other than that of the desired radioisotope
from the collection. The electromagnetic mass separator subsequently removes any iso-
topic contaminants, and the desired radioisotope is collected at very high purity. However,
in reality, surface ionisation will always lead to isobaric contamination (i.e. contamination
by isotopes of a different element but approximately the same mass). These contaminants
cannot be removed by mass separation, so they are collected together with the desired
radioisotope [7, [33]. This is illustrated in Fig. [3.2] Hence, to obtain a high purity sample
of the desired radioisotope, chemical purification techniques must be applied after the col-
lection. The potential of RILIS becomes exceedingly clear in this respect: by specifically
enhancing the ionisation efficiency of the desired element, it greatly improves the purity
of the generated ion beam [33].

Currently, the ISOL method is being performed for the neutron-deficient Th isotopes
only at CERN MEDICIS (and ISOLDE to a less extent) [30]. How the technique is
implemented at that facility is described in the following section.

3.3 The MEDICIS Facility

The CERN MEDICIS facility (MEDical Isotopes Collected from ISolde) is a unique facility
designed for the production of non-conventional radioisotopes for research and develop-
ment in medical imaging and therapy [34]. An overview of its different components is
given in Fig. 8.3l MEDICIS is an off-line facility built as an extension to ISOLDE (Iso-
tope Separation On-Line DEvice). At ISOLDE, the ISOL method is applied to produce
radioisotopes for medical applications as well as for diverse experiments in fundamental
nuclear physics research. For the latter purpose, the radioisotopes are sent to specialised
experimental setups after the mass separator, instead of being collected. The targets at
ISOLDE are irradiated with a 1.4 GeV proton beam from CERN’s Proton Synchrotron
Booster (PSB). MEDICIS exploits the fraction of protons that have not interacted in the
ISOLDE target (> 65%) by placing an additional target right behind it [35]. This is il-
lustrated in Fig. This irradiation mode is referred to as “indirect irradiation”. Direct
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Figure 3.3: Overview of the MEDICIS facility at CERN. Picture from Ref. [@/

irradiation by the 1.4 GeV proton beam from PSB is possible as well, if one removes the
ISOLDE target [35]. After irradiation, the MEDICIS target is transported to the off-line
facility by a robotic arm (“KUKA robot”) for radioisotope separation (see Fig. |3.3]).

3.3.1 Off-line Separation & Collection

As MEDICIS is an off-line facility, the target irradiation and subsequent extraction and
separation of radioisotopes are decoupled. So, the application of the ISOL method is in
this case not truly “on-line”. Nevertheless, all the steps discussed in section |3.2| remain
valid once the irradiated target is installed at the target position in MEDICIS: the target
is heated to high temperatures to allow diffusion and effusion, the radioisotopes are ionised

Figure 3.4: Schematic representation of the arrangement of the targets for ISOLDE (left) and
MEDICIS (right). Picture from Ref. .
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by an ion sourceEl, and finally mass separated using an electromagnetic mass separator.
After mass separation, the separated isotopes are collected by implanting them on one-
sided Zn-coated gold foils (0.5mm thick) [34]. A blueprint of the collection chamber
where this happens is shown in Fig.[3.5al Three implantation foils can be inserted into the
collection box simultaneously on a rail. By adjusting the position of the rail appropriately,
one can select the foil on which the radioisotopes are implanted. This allows to obtain
multiple, distinct samples of the desired radioisotope during a single collection, simply by
moving the rail. However, one can also opt for collecting a high activity of the isotope
on a single foil instead of dividing it over three. Not all three positions on the rail must
then be loaded with an implantation foil. An example where this is the case is shown in
Fig. |3.5b, This is a picture of the collection box with foils M148 and M149, which were
used for the collection of > Tb in August 2021 (more about this collection in chapter [4).

After the collection is terminated, the implanted foils are retrieved from the collection
box with a shielded trolley and then subjected to precision 7y-spectrometry with a
high purity germanium detector (HPGe, type Falcon 4). Finally, they are transported to
partner institutes and research facilities for further radiochemistry manipulation [34].

The off-line separation process at MEDICIS offers the advantage that externally irradi-
ated targets can be handled as well [34] 35]. Consequently, the operation of MEDICIS is
not dependent on the proton supply by PSB. Furthermore, it means that targets can be ir-
radiated at lower energies at other facilities, such as ARRONAX in France (30 MeV) [35].
The different energy of the protons influences the nuclear reactions by which radioiso-
topes are produced in the target, resulting in a different mixture of product isotopes (see
section [1.2.1). Depending on the cross sections for the reactions leading to a specific
radioisotope, it may be more valuable to irradiate at low or intermediate energy instead
of 1.4GeV at CERN. Another benefit of the off-line separation is that the target may
be temporarily stored and allowed to cool down before the extraction at MEDICIS. This
aspect is further discussed in chapter [ in light of the Tb collections of 2021.

BT
i

Kromek

(a) Technical drawing of the collection box  (b) Picture of the collection boz. Two foils
with three foils inside. Ref. @ are visible, the middle site is left empty.

Figure 3.5: Technical sketch (a) and picture (b) of the Zn-coated Au foils inside the collection
box for implantation. On the picture, the position of the Kromek CZT detector in front of the
chamber is indicated.

'For laser ionisation, MEDICIS has its own resonance ionisation laser ion source (RILIS), called
MELISSA or MEdicis Laser Ton Source for Separator Assembly .
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3.3.2 Use of the Kromek GR1 CZT Detector

At the end of a collection, the activity of the implanted radioisotope is evaluated by -
spectrometry with a HPGe detector . Even so, it is valuable to be able to track the
progress of the collection while it is happening as well. At MEDICIS, this is achieved by
using a CZT detector of type Kromek GR1. Thanks to the compact size of the detector, it
can be conveniently mounted in front of the collection box. This is illustrated in Fig. [3.6
The purpose of the CZT detector is to acquire y-spectra regularly during the collection,
from which the activity of the implanted radioisotope can be determined. That way, the
activity can be monitored, and one can, for example, easily observe when the target is
depleted of the desired radioisotope (i.e. when its activity stagnates or even starts to
decrease due to decay). In addition, the spectra acquired by the CZT detector can be
used to investigate the effect of target temperature and other parameters on the efficiency
of the collection. Finally, it is also a useful tool to detect contaminants early on. All of
this is put into practice in the next chapter for the analysis of the Tb collections in 2021.

Before starting with the analysis, it is important to point out the characteristics of the
specific GR1 detector used at MEDICIS. A thorough calibration of this detector was
performed by P. Christodoulou (see Ref. [16]). The relationship between energy and
channel number in the detector was found to be

E [keV] = 0.7510(10) x channel — 0.99(36). (3.2)
The efficiency response of the detector was fitted by

€ans(E) = exp ( — 953(224) + 617(150) - In E — 150(38) - (In E))?
3.3
+16(4) - (In B)® — 0.6(2) - (In E)4). 33

In this expression, €, represents the absolute efficiency (not in %) for the detection setup
used in the collection chamber. In other words, attenuation due to the window of the
collection box etc. are directly taken into account. In determining the activity according
to Eq. no further corrections need to be applied to the efficiency factor.

(a) Sketch of the collection box with GR1 de-  (b) Picture of the GR1 detector mounted in
tector in front of it. Ref. @ front of the collection box. Ref. .

Figure 3.6: Technical drawing (a) and picture (b) of the positioning of the Kromek GR1 detector
in front of the collection bow.



Chapter 4

Review of Tb Collections
at MEDICIS in 2021

In 2021, there were three collections for the neutron-deficient isotope **Tb at MEDICIS.
This chapter presents an analysis of the results of those collections, with particular focus
on the spectra acquired by the Kromek GR1 CZT detector. The first section provides an
overview of the conditions under which the different collections were performed, as well
as the data that were collected for each. The discussion of the data is given in the second
section of this chapter. The third and final section presents a conclusion on the operation
of MEDICIS for > Tb in 2021 and an outlook towards future research on the production
of neutron-deficient Th isotopes at MEDICIS.

4.1 Collection Data

For all *Tb collections at MEDICIS in 2021, a tantalum target was irradiated at CERN
with the 1.4 GeV proton beam from PSB. Furthermore, the same type of ion source was
used for the three collections: laser ionisation was applied using the two schemes shown
in Fig. [4.1] and surface ionisation occurred as well through interactions of the generated
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Figure 4.1: Laser schemes used at MEDICIS for the resonant laser ionisation of Tb.
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atoms with the rhenium sides of the ionisation tube (see section[3.2)). All other conditions,
including duration of the collection and heating history of the target, were different. Here,
the specifics for each collection are outlined, along with all the acquired data.

4.1.1 July Collection

The first 1°Tb collection of 2021 took place in July. The tantalum target was irradiated at
ISOLDE for a total of 105 h before it was brought to the MEDICIS target extraction site.
From July 15 to July 19, the indirect irradiation mode was employed for 88.7 h. Thereafter,
the target was directly irradiated for another 16.3 h until July 20. At MEDICIS, first ®Ba
was extracted from the target and implanted in the collection chamber from July 22
onward. During this collection, a series of mass scans were performedﬂ from which it was
observed that there was '®*Tb coming out of the target. These mass scans are shown in
Fig. [4.2a] For the rising target temperatures up to 600 A (~ 1970°C), the peak in ion
current around mass number 155 increases. Therefore, when no more ?®Ba was coming
out of the target, it was decided to start a new collection for >Th. The target was first
cooled down to preserve the 1*>Tb while the implantation foils in the collection box were
changed and the laser setup was switched from Ba to Tbh. The collection of *>Tb started
on July 23 and lasted for 69.8h. The radioisotope was implanted on two Zn-coated Au
foils, labelled M113 and M114.

At the beginning of the >Tb collection, again a series of mass scans were performed to
investigate the effect of the lasers. The relevant part of these scans is shown in Fig. [£.2h]
Two scans were taken with the lasers on, and one with the lasers off. Afterwards, the
lasers were left on throughout the rest of the collection.

Six y-spectra were acquired with the GR1 CZT detector during the collection. All spectra
are given in Fig.|4.3] The peaks were assigned using Interspec (see section [2.4.1]) and show
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Figure 4.2: Mass scans performed before (a) and during (b) the July collection of **>Tb. The
individual mass scans are labelled by the currents applied to the target and the transfer line to
the ion source (defining their temperatures, as explained in section .

'In a mass scan, the mass separator scans over a range of masses and for each mass the ion current
is measured. For the measurement of the current, at MEDICIS a Faraday cup is used.
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Figure 4.3: All y-spectra acquired by the CZT detector during the July > Tb collection.

the presence of ?®Ba, %Th, 139Ce and "Tm as well as gold (X-rays). The Au X-rays
can be ascribed to excitation of the gold implantation foils (see section . The 2%Ba
stems from the collection of this radioisotope prior to the *Tb collection: not all 1?*Ba,
was implanted on gold foils, part of it was sputtered inside the collection chamber. The
signal of this sputtered radioisotope is still detected by the CZT detector, yet it does
not mean that there is also ?®Ba implanted during the *Tb collection. Similarly, the
peak corresponding to "Tm in the 7-spectra stems from sputtered '“Tm of a previous
collection of that radioisotope. In contrast, the presence of 3°Ce cannot be ascribed to
previous collections. Instead, this radioisotope is implanted together with %*Tb: cerium
oxide (**Ce’®0) represents an isobaric contaminant of '>Tb [33]. The activity was cal-
culated for both 'Tb and the contaminating '*Ce'®O for each acquired ~y-spectrum.
This was done as described in the methodology in section A proof of principle is
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(a) Approximation of the smooth background  (b) Gaussian fits of the peaks (x%,; = 1.668).
by the SNIP algorithm. This background is  The black lines represent the 20 intervals un-
subtracted before any further analysis. der which is integrated.

Figure 4.4: Specific example of how the methodology described in section 18 put into practice.
The example concerns the ~y-spectrum acquired at the end of the July collection. The spectrum
18 shown in channel space for energies between 130keV and 190keV. This part of the spectrum
contains the peak by '39Ce surrounded by two *>Tb peaks.
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Figure 4.5: Activity trend vs. time for >Tb and its contaminant '39Ce during the July collec-
tion. Note that the error bars on the 39Ce activities are too small to be visible in the graph.
The orange dotted line indicates the switch between foils M114 and M118 for implantation.

presented in Fig. [£.4] First, the background in the spectrum was approximated by the
SNIP algorithm and subtracted. Then, the remaining peaks were fitted with Gaussian
profiles and subsequently integrated within a 2o interval around their centre. The integ-
rated counts were finally substituted in Eq. to determine the activity corresponding
to each peak in the spectrum. The efficiency needed for this calculation was determined
by Eq. . As there are several peaks due to *Tb, the weighted mean was taken of the
activities corresponding to the individual peaks. The resulting activities for **Tb and
139Ce are plotted against time in Fig. [4.5] together with the heating history of the target.
The timeline is given with respect to both the start of the %*Tb collection and the start
of the heating of the target. There is a significant difference between these two points
in time, because of the ?®Ba collection preceding the *Tb collection. During the *Tbh
collection, the target was heated up to 800 A (= 2330"(@.

On July 26, it was observed that no more *>Th was coming out of the target, so the col-
lection was ended. The implantation foils were subjected to high-precision vy-spectrometry
with a HPGe detector on July 28. The implanted activities of 1**Tb and *°Ce on each
foil are given in Tab.

Table 4.1: Implanted activities of 1°®Tb and ?Ce as measured on July 28.

1%5Th activity [Bq] | 3°Ce activity [Bq]

M113 | 2.65E4+06 +£3.5% | 1.55E4+05 +11.0%

M114 | 2.07E+06 £3.3% | 5.67TE+04 +£11.0%

2This is an estimate based on a linear relation between target temperature and applied current.
Because this relation does not hold above 2000 °C (see section [3.2)), the linearly extrapolated value may
differ up to 100 °C from the true target temperature. The same holds for all temperatures in this chapter.
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4.1.2 August Collection

For the August collection, the same target was used as in July. This time, it was irradiated
at ISOLDE for a total of only 18.02h. The irradiation took place on August 24 and
August 25 in three runs with some cooling time in between. Only the direct irradiation
mode was employed. Afterwards, the target was transported to the MEDICIS target
station by the KUKA robot and the collection of %Th was immediately started. The
collection ran from August 25 to August 27 for a total of 39.25h. Two implantation
foils were loaded in the collection chamber, labelled M148 and M149, but %*Tb was only
implanted on M149.

During the collection, five vy-spectra were acquired by the Kromek GR1 CZT detector.
They are shown in Fig. . The peak assignment points to the presence of Au (i.e.
implantation foils), °*Tb, ¥Ce and *°Dy. Both '*°Ce (under the form of '*Ce'°0)
and %Dy represent isobaric contaminants that are implanted together with **Tb. The
activity was calculated for all three radioisotopes for each v-spectrum. For Tb and
155Dy, the weighted mean was taken of the activities determined by individual peaks.
The final results for Tb, **Ce and Dy are plotted in Fig. .7} together with the
heating history of the target. For this collection, the target temperature was increased
up to 830 A (= 2400°C).

Besides y-spectrometry with the CZT detector, several mass scans were performed during
the collection. The relevant part of these scans is given in Fig. [4.8] The goal of the mass
scans was to investigate the effect of the lasers on the yield at mass number 155. Therefore,
several scans were taken with the lasers on and off for different target temperatures
throughout the collection.

At the end of the collection, the implanted foil was immediately subjected to precision
y-spectrometry with the HPGe detector at MEDICIS. The measured activities for 1*Dy,
155Th and *Ce are given in Tab. [4.2]

Dy155 — 25/08 20:18
A 26/08 07:11

X-rays
a (i Tb155 Cel39 — 26/08 07:16
A T0155 26/08 22:39
) 27/08 08:17

100

Count rate [s71]

o 200 400 [31] 8OO lo0g 1200

Energy [keV]

Figure 4.6: All y-spectra acquired by the CZT detector during the August collection of >Tb.
For clarity reasons, only the relevant peaks have been assigned on the figure.
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Figure 4.7: Activity trend vs. time for Tb, Dy and 3°Ce during the August collection.

Table 4.2: Implanted activities of 1*°Dy, 1*>Tb and 3%Ce as measured on August 27.

15Dy activity [Bq]

15Th activity [Bq] | 1¥9Ce activity [Bq]

M149 | 6.20E405 +4.9%

2.25E4+06 £3.5% | 1.63E4+05 £11.9%

4.1.3 October Collection

The last *Th collection of 2021 was at the end of October. For this collection, again
a tantalum target was irradiated directly. However, no information is available on the
duration of the target irradiation nor on the exact starting point of the collection. The
only data at hand are three v-spectra acquired by the CZT detector, the first of which was
taken right before the start of the collection (as “background” in the collection box). All
spectra are shown in Fig. Two observations are immediately made: the two spectra
taken during the collection barely differ from the background spectrum, and there are no
apparent peaks corresponding to >Tbh. The peak assignment using Interspec reveals that

the peaks in the spectra are due to Au (i.e. implantation foils), *>Sm,
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Figure 4.8: Relevant part of the mass scans performed during the *>Tb collection in August.
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Figure 4.9: All ~v-spectra acquired by the CZT detector during the October collection.

139Ce. The first three radioisotopes stem from self-sputtering in the collection chamber
during their respective collections earlier in October. The peak by *%Ce, on the other
hand, results from the isobaric contaminant **Ce'®0 that is collected together with »>Thb.

Activities were calculated for both ¥9Ce and '**Sm for each ~-spectrum. The latter
was included because its peak at 103.18012(17) keV overlaps with the main ~-ray of
155Th at 105.318(3)keV [24]. Hence, studying the decay in time of that peak could
give an indication whether it is solely due to **Sm or whether there is a contribution
by %Tb as well. The calculated activities are shown in Fig. as function of time,
together with the heating history of the target (heated up to a maximum of 700 A (=~
2145°C)). The expected decay for pure »Sm is drawn as well. It agrees with the
observed activities within uncertainties, confirming that no '**Tb was implanted during
this collection. Possible reasons as to why the collection was unsuccessful are explored in
the next section.
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Figure 4.10: Activity trend vs. time for 139Ce and '%3Sm during the October collection. The
expected decay of °>Sm from its activity in the first spectrum is drawn as well.
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4.2 Discussion

To structure the discussion of the data presented above, this section is subdivided into
several parts. Each subsection considers a specific aspect of the data to elaborate on.
The focus throughout all subsections lies on the influence of various factors (e.g. laser
ionisation, heating of the target) on the implanted yield of *Th. The main question
that is addressed, is “how can the collection efficiency be improved?”. First, the efficiency
is evaluated for the successful *Tb collections in July and August 2021. Then, the
influence of target temperature and overall conditioning of the target on the *>Tb yield
is discussed, followed by the effects of laser ionisation. Finally, the issues of sputtering
and contamination are addressed.

4.2.1 Collection Efficiency

To be able to quantify the overall efficiencies for the successful > Tb collections in July and
August, FLUKA simulations of the target irradiation were made by C. Duchemin. These
provided the activity of »Tb created in the target in both instances. The respective
efficiencies were then determined as the ratio of the implanted activity (given in Tab.
for July and Tab. for August) with respect to the activity in the target (determined by
FLUKA). The results are given in Tab. . The collection efficiency was higher in July
than in August, but for both collections it remained below 0.1 %. In appendix[A] a poster
is included on which these values are compared to efficiencies of collections of Tb from
target that were externally irradiated at ARRONAX (Nantes, FR). The latter prove to be
significantly larger (up to 11 %) [34} |39]. In the following subsections, several possibilities
to increase the collection efficiency for internal irradiation at CERN are explored, based
on the data that was acquired during the **Tb collections in 2021.

Table 4.3: Produced and implanted 1>>Tb activities and the resulting collection efficiencies for
the July and August collections. The measured activity mentioned for July is the sum of the
activities for the two implantation foils given in Tab. [{.1

Activity in target [Bq] | Measured activity [Bq] | Efficiency [%]

July 5.00E+09 +1.43% 4.72E406 +2.4% 0.094(3)

August 6.54E+09 £1.80% 2.25E4+06 £3.5% 0.0344(14)

The total collection efficiency is the product of the efficiencies of all individual steps in
the collection process. Therefore, one can write

€tot = €diff * €eff " €ion * €sep * Etransport * €implant * Cdecay- (41>

In this expression, €giff, €cff, €ion and €, represent the efficiencies of the subsequent
steps in the ISOL separation method: diffusion, effusion, ionisation, and mass separation.
Etransport T€PTesents the efficiency transport of the radioactive ion beam. €;mpian: is the
efficiency of the implantation process, or in other words the fraction of the isotope of in-
terest which is not sputtered in the collection chamber. Finally, ¢4ecqy denotes a correction
factor for radioactive decay during the collection.



4.2. DISCUSSION 37

To maximise the total efficiency, all partial efficiency factors must be maximised together.
With respect to the correction factor for radioactive decay (Cecay), this entails that col-
lections must be limited in duration compared to the half-life of the desired radioisotope
(i.e. 5.32(6)d for '55Tb [24]). Nevertheless, they must be long enough to allow sufficient
implantation. In practice, one will always need to find the right balance between these
two effects. The Kromek GR1 CZT detector can be helpful in this regard: by measuring
the activity of the desired radioisotope regularly during a collection, one can directly ob-
serve when it stagnates or starts to decrease. For example, Fig. and Fig. show a
decreasing trend for the > Tb activity towards the end of the July and August collection,
respectively. This points to the target being depleted of **Tb, such that radioactive
decay becomes the dominant effect over implantation. For the July collection, the *>Th
activity starts to decrease sometime between approximately 20h and 55 h after the start
of the collection. For the August collection, the decrease sets in between 30h and 40h
after the start of the collection. These numbers suggest the optimal duration of **Tb
collections to be on the order of 30 h—40h for an activity of the order of 5 GBq to 6 GBq
produced in the target (see FLUKA results in Tab. . For different activities of 1*>Th
in the target, the optimal duration will differ. To decide the exact moment to stop any
particular collection, active monitoring of the ®>Tb activity with the CZT detector to
detect stagnation or decrease seems to be a suitable solution.

Besides optimising the duration of the collection and thus cgecqy, the partial efficiencies
in Eq. must all be maximised. The efficiency of the mass separation process (€sep) is
very high and can effectively be approximated by 100 % [39]. Regarding the diffusion and
effusion efficiencies (egirf and €.fy), the influence of the heating history and conditioning of
the target on the %Tb yield is discussed in section [£.2.2] Afterwards, in section the
effect on ¢, of applying laser ionisation in addition to surface ionisation is investigated.
Lastly, the efficiency of implantation (€;mpiant) and the issue of sputtering are considered

in section [A.2.41

4.2.2 Target Temperature & Conditioning

The effect of target temperature on the diffusion and effusion of >Tb out of the target
is investigated here entirely in terms of the current applied to the target. However, it
is important to keep in mind that at very high temperatures (i.e. above 2000°C to
2100°C) the relation between target current and target temperature is no longer linear
(see section [3.2). Furthermore, when targets are reused, the same current might not
induce the same temperature anymore, due to changed material properties and target
degradation. Investigations are ongoing for both effects. For the time being, we focus

strictly on the target current. To translate this to temperature, the power on the target
should be studied.

Consider the mass scans acquired during the July and August > Tb collections, given in
Fig. and Fig. [4.8] respectively. Both sets of mass scans show an increasing trend in
the ion current for increasing target currents. Looking at the scans that were acquired
during the %Ba collection prior to the *Tb one in July (see Fig. [4.2a), the ion current



4.2. DISCUSSION 38

gradually rises up to a maximum of 2530 pAP|while the target current is increased to 600 A
(= 1970°C). Upon increasing the target current further to 650 A (~ 2032°C) and 700 A
(= 2145 °C) for the scans acquired during the ®>Tb collection itself (see Fig. [4.2b)), the ion
current at mass number 155 roughly doubles and reaches up to 5162 pA. As for the mass
scans acquired during the August *Tb collection (see Fig. , the ion current increases
first from about 1 pA to 163 pA upon going from 200 A (= 1025 °C) to 600 A, after which
it shoots up to 1734 pA at 800 A (= 2330°C). Besides the qualitative increasing trend,
we note from the above numbers that the gain in ion current with each temperature step
becomes ever larger for rising temperatures. From this, it can be concluded that the
dependence on temperature does not obey a linear relationship, and that Tb needs very
high temperatures in order to effuse out of the target efficiently.

Compared to the values from July, the ion current is significantly lower at similar (to even
higher) temperatures in August. This can be explained in multiple ways. On one hand, the
larger ion currents in July might be the consequence of the longer target irradiation time
for that collection. More radioisotopes were produced throughout the whole irradiation
process, and the long-lived ones built up in the target, leading to increased ion currents for
all mass numbers upon extraction. It is important to note, however, that the contribution
of 1Tb to the gain in ion current by this effect is believed to be small. In fact, the **Tb
activity in the target at the end of the whole irradiation process was revealed to be
even lower in July than in August by FLUKA simulations (see Tab. [4.3). Thus, strictly
considering the effect of the longer irradiation period, the larger ion current in July would
be due to larger amounts of isotopes other than °*Tb.

Another reason for the larger ion current could have to do with the influence of target
degradation on the relation between the current applied to the target and the target
temperature, since the target from the July collection was reused in August. Although
research is ongoing to gain in-depth insight into this effect, it has been observed that
proton irradiation and multiple heating cycles change the material properties of target.
Consequently, the same currents might not correspond to the same temperatures in July
and August. Furthermore, due to target sintering, diffusion and effusion of radioisotopes
from the target are hampered.

Finally, the larger ion current in July could also be the consequence of conditioning of
the target prior to the collection (i.e. heating for some time before the start of the *Th
collection). In July, there was conditioning of the target in the sense of a *®Ba collection
prior to the »Tb collection. In addition, even the ?®Ba collection did not start until two
days after the end of the target irradiation, whereas the August *>Tb collection began
almost immediately after the end of the irradiation. Hence, a significant amount of the
generated radioisotopes had already been extracted or decayed before the start of the
155Th collection in July. In this light, the gain in ion current can be interpreted as an
argument in favour of the hypothesis that Tb is extracted and collected more easily when
less other radioisotopes are present. This hypothesis is also supported by the major jump
in the ion current observed after one day during the August collection. The steep increase
could in this case be ascribed to the combined effect of the increased target temperature
(up to 800 A) and the extraction and decay of other radioisotopes, allowing **Tb to come
out more easily. In conclusion, both target temperature and target conditioning prior to

3The uncertainty on the measured ion currents is not available. All values quoted in the text are
rounded to the nearest integer value.
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the collection seem to have an effect on the ®*Tb yield. At this point, it is important
to point out that the story is different for “9Tb (T3, = 4.118(25)h [24]) and **Tb
(Th)2 = 17.5(1) h [24]): given the short(er) half-lives of these radioisotopes, conditioning
of the target prior to the collection is not an option. A potential alternative solution is
presented in the conclusion and outlook in section [4.3]

Besides the mass scans, also the %°Tb activities measured by the Kromek GR1 detector
during the collections (shown in Fig. for July and Fig. for August) can provide
insights to the discussion on target temperature and conditioning. The recorded activit-
ies for July are roughly twice as high as those for August. The final v-spectra in both
collections give 8.3(11) MBq and 4.0(8) MBq, respectively. Firstly, the changed material
properties of the degraded target in August might contribute to this difference. As men-
tioned earlier, research is ongoing on this topic, so no final conclusion can be drawn on
this matter here. Secondly, the higher activities in July could be ascribed to the influence
of target conditioning prior to the *Tb collection. Hence, target conditioning might
contribute to the higher collection efficiency for July. To uncover the precise dependence
of the efficiency on conditioning and to find the most appropriate procedure, systematic
research is required. Different temperature profiles must be tested in order to investigate
the effect on the release of Th from the target. It is expected to be particularly useful
to study profiles where one first extracts radioisotopes other than *>Th at relatively low
temperatures and then increases the temperature to values of the order of 800 A to allow
efficient 1°Tb release. Additionally, the influence of target conditioning must be com-
pared for different irradiation conditions. In general, the larger the integrated number of
protons during the irradiation, the more radioisotopes are produced in the target. There-
fore, target conditioning is expected to play a bigger role after irradiation with a large
numbers of protons to ensure sufficient extraction and decay of radioisotopes.

At the end of this subsection, let us consider what can be said about the unsuccessful
155Th collection in October. No %*Tb was observed by the Kromek GR1 detector during
this collection, and there was no noticeable improvement with lasers. This suggests that
there was no ionisation at all. In light of the foregoing discussion, it is important to note
that the target temperature was of the same order of magnitude as for the successful July
and August collections, so this did not prevent Tb from coming out of the target. On
the other hand, there was no target conditioning prior to the %*Tb collection in October.
Possibly, Th was blocked by everything else that was created during the direct target
irradiation. However, in August the ®>Tb collection also started immediately after a
period of direct irradiation, and in that case *>Tb was collected. The difference between
both collections might lie in the duration of the target irradiation: perhaps the target was
irradiated longer in October and more radioisotopes were produced compared to August,
which hindered the collection of Th. Nevertheless, as the information on the duration of
irradiation is not available, no definitive conclusion can be drawn on this matter.

4.2.3 Laser Enhancement & Saturation of the Ion Source

As explained in section [3.2] resonance laser ionisation is element-selective and thus strictly
enhances the Th yield, whereas surface ionisation ionises many other elements as well.
To quantify the effect of laser ionisation for 1*>Th, the ion current at mass number 155 is
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compared for lasers on and off, while keeping all other conditions the same. In particular,
the target temperature must be constant, and the scans should only be several minutes
apart, to minimise decay. We first consider the two mass scans (one with lasers on and
one with lasers off) performed at 700 A during the July **Tb collection (see Fig. [4.2b]).
The yield at mass 155 is determined for both scans by fitting the peak by a Gaussian and
subsequently integrating it within 20 around its centre. Both fits are shown in Fig. [{.1Ta]
and the resulting yields are given in Tab.[£.4l The increase in yield upon turning the lasers
on is then calculated by subtracting the yield for the lasers off from that for the lasers on.
This gives a difference of 182(116) pA. So, laser ionisation leads to 6(4) % enhancement of
the yield, solely due to additional **Tbh. In the same manner, the enhancement by laser
ionisation can be determined for the two scans (again one with lasers on and one with
lasers off) acquired at 600 A during the August collection (see Fig. |4.8)). The fits of the
peak at mass 155 in these scans are shown in Fig. [£.11D] and the resulting yields are given
in Tab. 4.4 The difference in yield is in this case equal to 22(4) pA, leading to 28(5) %
laser enhancement. The fact that the laser enhancement is considerably larger for these
scans compared to those from July might be due to a lower total beam current before the
mass separator: it has been observed before that for lower total ion currents, the effect
of the lasers is larger [40]. However, for the collections studied in this thesis, no data is
available on the total ion current before mass separation, so no definitive conclusion can
be drawn on this matter.

The final set of mass scans that can be used to investigate the effect of the lasers on
the Tb yield is the set of three scans (two with lasers on and one with lasers off)
acquired at 800 A during the August collection (see Fig. 4.8). However, in contrast to the
aforementioned scans, this time the yield is lower for both scans with lasers on than for the
one with lasers off: 752(15) pA and 780(19) pA for lasers on versus 918(22) pA for lasers
off (see Tab. and Fig. . So, there is no laser enhancement, and the yield is even

reduced when the lasers are turned on. This suggests that the ion source is saturated. As
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Figure 4.11: Fits of the 155 peak (and surrounding peaks) in the laser mass scans acquired during
the July (a) and August (b) 1*Tb collections. The large X2, 4-values for the fits in (a) are a
consequence of the unknown errors on the ion current. The colours of the individual scans were

kept the same as the corresponding graphs in Fig. (July) and Fig. (August).
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Table 4.4: Overview of the laser mode, target temperature, integrated current over all masses
and yield at mass 155 of the mass scans acquired during the July and August 5Tb collections.

July August
Lasers OFF OFF OFF
Temperature [A] 650 700 700 600 600 800 800 800
Total current [pA]"|| 50344 46811 42564 13656 | 11635 || 21115 22872 20251
Yield at 155 [pA] || 2982(100) || 2984(77) | 2802(87) || 100(4) | 78(2) || 752(15) | 918(22) | 780(19)

* . . . . .
The uncertainties of the ion currents are unknown, so the measured values are simply rounded to the nearest integer.

there was no target conditioning prior to the »*Tb collection in August, a large variety
of radioisotopes are still present in the target. Upon heating the target to 800 A, many
radioisotopes are extracted and reach the ion source. As a consequence, so many ions are
created by surface ionisation, that only a small portion of them finds their way out of
the narrow ionisation tube. Which radioisotopes leave the ion source as ions in the end
depends most likely on where they are ionised in the ionisation tube. This is elaborated
on later. Furthermore, upon turning the lasers on, there is a small added effect due to
the extra Tb that is laser ionised. This leads to the observed drop in the ion current of
roughly 5% compared to the current with the lasers off.

The reduction of '**Tb as consequence of ion source saturation can be checked by activity
measurements with the Kromek GR1 detector. Fig. shows an overall increasing trend
for the Tb activity at the time of the mass scans at 800 A (i.e. at approximately
21h after the start of the collection). However, no measurements were saved at that
exact time, so the precise behaviour of the >Tb activity in response to the ion source
saturation remains unknown. It could be that the increase in activity became less steep
upon saturation, for example. Therefore, no final conclusion can be drawn here. What
can be investigated from the available data is the change in total ion current leaving the
ion source (i.e. the ion current integrated over all masses in the mass scans). The total
ion current was determined for all three scans at 800 A. The results in Tab. show the
highest total current for the scan with lasers off. Moreover, the increase with respect to
the scans with lasers on is significantly larger than the increase in ***Tb yield alone. This
means that the ion current decreases for all mass numbers and not only for *Tb.

The onset of saturation might have to do with the destruction of plasma in the ionisation
tube. At high temperatures — and under influence of the electromagnetic field generated
by the current that heats up the ion source — an electron plasma is presumably created
in the ion source. This plasma generates an electric field that centres the ions inside the
tube and thus prevents them from neutralizing against the walls of the ion source. Hence,
even ions that are produced deep in the ion source can still come out, because they do
not collide with the sides of the tube and neutralize there. However, when there are too
many ions, the plasma collapses and there is no centring of ions anymore. The effect
hereof is expected to be different for laser ionised and surface ionised ions. It depends on
the distinct positions in the tube where laser ionisation and surface ionisation occur. As
surface ionisation relies on interactions with a heated surface (rhenium in our case), this
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occurs at the sides of the tube, including at the tip. Laser ionisation, on the other hand,
is believed to take place throughout the volume of the tube. Based on this hypothesis,
one would expect more reduction of Tb than the surface ionised ions, since part of the
latter can still leave the ion source at the tip after the plasma has collapsed. As mentioned
earlier, this could be checked by tracking the *>Tb with the Kromek GR1 detector, but
from the collection data discussed here, no final conclusion can be drawn. At this point,
it is important to note that the destruction of plasma as the cause of saturation of the ion
source is also a hypothesis that is still under investigationﬂ What can be considered a
proven fact, is the saturation of the ion source itself. For other types of ion sources than
the one used at MEDICIS, saturation has been observed as well. An example is given in
appendix [B] concerning the high purity Laser Ion Source and Trap (LIST) [41]. Besides
the lack of target conditioning and target degradation, the saturation of the ion source in
August is a potential factor that led to the lower collection efficiency in August compared

to July (see Tab. [£.3).

Finally, let us again turn to the unsuccessful *Tb collection in October at the end of
this subsection. Besides the possible influence of target conditioning — or more accurately,
the lack thereof — saturation of the ion source might also be a reason why no *>Tb was
collected in this run. During the direct target irradiation, a lot of isotopes were created,
and many of them were surface ionised in the ion source. The overload of surface ions
then may have inhibited Tb from leaving the ion source, such that none was implanted.
However, as mentioned at the end of the previous subsection as well, it is very difficult to
deduce the exact cause for the absence of 1*>Tb in the October collection, because of the
limited information available. Both target conditioning and ion source saturation may
play a role, but they cannot be appointed as the (only) reasons with absolute certainty —
especially given the similar conditions for the successful **>Tb collection in August.

4.2.4 Sputtering

In the spectra acquired by the Kromek GR1 CZT detector during the *Tb collections,
not only peaks by *Tb and its contaminant(s) '*Ce'®O (and '°Dy) were identified, but
also by other unrelated radioisotopes. For example, *®Ba and '®“Tm were observed in
July, and '?3Sm, '™Yb and #*Sc in October. As mentioned before, this is a consequence
of self-sputtering in the collection chamber. In this section, the basic mechanism of (self-
)sputtering is clarified briefly, and its effect on the implanted activities of %*Th and its
contaminants is investigated.

Whenever ions are implanted on a thin foil, a number of atoms of the foil are removed
due to sputtering [42, 43]. This is illustrated in Fig. [£.12] Over time, sputtering removes
a significant fraction of the top layer of the implantation foil, so the thickness of the
foil gradually decreases. As a consequence, the ions that were initially implanted at a
well-defined depth eventually reach the surface of the foil and become themselves subject
to sputtering by the incoming ions. This is referred to as self-sputtering. How much
self-sputtering occurs, depends on a number of parameters, including the particle fluence,

4One of the people studying the mechanisms that govern the behaviour of ions in the ion source is S.
Hurrier. She is predominantly involved in ion source development for SCK CEN, but the general concepts
also hold for ion sources used at CERN.
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Figure 4.12: Schematic representation of the sputtering mechanism. Image from Ref. [45)].

the atomic numbers of the material of the foil as well as of the incoming particles and the
beam energy. Ultimately, the sample becomes saturated and each incoming ion ejects a
previously implanted one.

In the context of radioisotope collections at MEDICIS, (self-)sputtering implicates that
not all of the separated isotopes of interest stay implanted on the Zn-coated Au foils.
Instead, part of them are sputtered off the foil again during the course of the collection.
The sputtered fraction stays in the collection chamber until it has completely decayed.
Therefore, the decay radiation of that particular radioisotope remains measurable by
the Kromek GR1 detector even after the collection is ended and the implanted foils are
removed from the collection chamber. That also has to do with the positioning of the CZT
detector as shown in Fig. [3.6} the detector “sees” the collection chamber in its entirety.
In other words, the activity recorded by the detector is equal to the sum of the activities
implanted on all loaded implantation foils (e.g. both M113 and M114 in July) as well as
the activity in the chamber itself.

To determine to which extent sputtering occurred for *>Tb and it contaminants during
the % Tb collections in July and August 2021, the “live” activities from the Kromek
GR1 detector are compared to the activities measured by the HPGe detector after the
collection, corrected for decay. The latter measurement is performed on the implanted
foils after removing them from the collection box, so any signal of sputtered radioiso-
topes is removed. The results of those measurements are given in Tab. for the July
155Th collection and in Tab. for the August collection. Tab. presents the decay
corrected values, together with the final activities measured by the Kromek GR1 CZT
detector and the consequential sputtered activities. It is important to note here that the
results for the sputtered activities are to be interpreted as first approximations to the
real sputtered activity, because the efficiency response of the GR1 detector is calibrated
for the position of the implantation foil. Other points throughout the collection chamber
will correspond to different efficiencies. Another way to quantify sputtering would be to
perform an additional measurement with the CZT detector immediately after removing
the implanted Au foils from the collection chamber. From the fraction of the activity
that was sputtered (given in Tab. in absolute units), the efficiency of implantation
(€impiant) can be determined for each radioisotope per collection. The results in Tab.
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Table 4.5: Measured 55Tb, 139Ce and ®Dy activities inside the collection box (by the Kromek
GR1 CZT detector) and on the implantation foils (by the HPGe detector, corrected for decay),
together with their calculated difference (i.e. the sputtered activity) and the sputtered fraction.
Note that the measurements quoted for July are the summed activities on foils M113 and M114.

Activity Activity Activity Sputtered Fraction
by CZT [MBq] | by HPGe [MBq] | Sputtered [MBq] (1 — €impiant)
ssrpy, | Y 8.3(11) 6.1(2) 2.2(11) 0.26(14)
August 4.0(8) 2.27(8) 1.7(8) 0.4(2)
19910 July 0.95(50) 0.21(2) 0.74(5) 0.78(7)
August 0.49(3) 0.16(2) 0.33(4) 0.67(8)
15Dy | August 1.1(2) 0.71(3) 0.4(2) 0.4(2)

show that there is considerably stronger sputtering of 3°Ce than of »Tb and %Dy,
relatively speaking. Thus, the implantation efficiency is higher for >Tb and **Dy. Most
likely, this can be explained by the order in which the radioisotopes were extracted from
the target and subsequently implanted. As discussed in section [£.2.2] Th generally needs
space to come out of the target. ¥Ce on the other hand, is extracted more easily and
is therefore implanted first on the Zn-coated Au foil. As a consequence, the implanted
139Ce is also the first to start sputtering off the implantation foil again.

To gain more insight into the mechanism of sputtering and how it can be controlled in
order to increase the implantation efficiency, more in-depth research is ongoing. One line
of investigation that is currently explored is the use of Al instead of Zn-coating on the gold
implantation foils: because of its lower atomic number, Al tends to sputter less than Zn.

4.2.5 Contamination

Both "Dy and '*Ce'®0 are isobaric contaminants that are collected together with %> Th.
195Dy decays to % Tb via f1-decay with a half-life of 9.9(2) h [24], so it does not pose any
problems in light of the production of ***Tb for medical applications. Its relatively short
half-life explains why no **Dy was observed in the 7-spectra from the July collection:
after the preceding '?®*Ba collection, Dy had already decayed away. The other isobaric
contaminant, '*°Ce’%0, is actually a contaminant in the sense that it is an unwanted
by-product. '3?Ce has a half-life of 137.63(3)d [24], meaning that it remains present
in significant amounts in the implanted foils even longer than '5Tb itself (which has
a half-life of 5.32(6)d). Hence, it must be removed from **Th samples intended for
medical use by chemical separation techniques. Typically, the radionuclidic purity of
radiopharmaceuticals (i.e. ratio of the activity of the desired radioisotope to the total
radioactivity of the sample) must be higher than 99.9 % [44} 45]. Of course, it is beneficial
to minimise the amount of *°Ce’®0O implanted together with > Tb in the first place.

At MEDICIS, the purity of implanted samples can be monitored in real time with the
Kromek GR1 CZT detector. The activity ratio of *Ce with respect to **Tb is plotted
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Figure 4.13: Activity ratio of °Ce to 5Tb as measured by the Kromek GR1 detector, as
function of time during the July and August >>Tb collections.

against time in Fig. for both the July and August %*Tb collections. From this graph,
we note that the ratio fluctuates around 10 %, becoming slightly larger toward the end of
the collections. The diminishing purity can be ascribed to the much longer half-life of 13°Ce
compared to 1°Th: the ¥9Ce activity remains at a higher level, while the > Tb already
starts to decay. This can also be concluded from the activity trends in Fig. [4.5|for July and
Fig. for August. Given the slow decrease in purity of the implanted samples, tracking
the 139Ce/'°Th activity ratio during a collection might be helpful to determine when the
sample becomes too impure with respect to the minimal radionuclidic purity and, related
to that, when to stop the collection. However, it is important to point out that the ratios
directly determined from measurements of the Kromek GR1 detector include sputtered
139Ce and Tb activities. When a detailed investigation is performed on sputtering,
perhaps a correction factor can be deduced that gives the implanted 39Ce/'*Th activity
ratio from the ratio determined by the Kromek GR1 detector. That would allow even
more accurate monitoring of the purity of implanted samples during a collection.

An alternative method to minimise the amount of ***Ce'®O implanted together with *>Tb
is to irradiate the target at lower proton energies. Fig. presents cross section data for
the production of Tb and '*°Ce in tantalum targets, showing that the cross section for
135Th is maximal around 800 MeV, whereas that for *°Ce is still quite low at this energy
and increases steeply for higher proton energies [46]. This opens possibilities for °Tb
production at the future ISOL facility in SCK CEN, ISOL@MYRRHA. The MYRRHA
(Multi-purpose hYbrid Research Reactor for High-tech Applications) facility will feature
an accelerator-driven system (ADS) research reactor [47], such that it could allow the
production of all Th radioisotopes for medical applications on a single site (using the
reactor for ''Th and the associated ISOL facility for the neutron-deficient isotopes).
In the first phase of the project, the linear accelerator will produce a proton beam of
100 MeV. In the second phase, the energy will be extended to 600 MeV [47]. Given the
cross sections for 1 Th and **Ce production at 600 MeV (see Fig. [4.14), this phase would
be very well-suited for high-purity production of *>Thb.
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Figure 4.14: Cross sections for the production of *>Tb and '3°Ce in tantalum targets as function
of the incident proton energy. Image adapted from Ref. @

4.3 Conclusion & Outlook

The analysis of the three »Tb collections at MEDICIS in 2021 allows to draw some
general conclusions about the production of >Tb as well as the other neutron-deficient
Tb isotopes (}%2Th and '9Tb) for medical applications. Firstly, it is observed that Tb
needs very high temperatures (i.e. above 2000 °C) to effuse out of the target efficiently.
Thb also tends to come out more easily when some time is given for other radioisotopes
to be extracted from the target or to decay. The possibility of target conditioning prior
to the collection therefore proves to be an asset of off-line facilities such as MEDICIS
compared to on-line facilities for the production of "**Th. For **Tb (T3 = 17.5(1) h [24])
and especially "9Tb (T1, = 4.118(25)h [24]), on the other hand, the need for target
conditioning poses difficulties, because of their short(er) half-lives. One possible solution
might be to produce them at the upcoming ISOL@QMYRRHA facility, where fewer other
radioisotopes are expected to be produced by the 600 MeV protons. Another outcome
of the analysis of the ®*Tb collections, is that resonance laser ionisation can improve
the Tb yield significantly. Nevertheless, when there are too many ions (e.g. at very
high temperatures), the ion source gets saturated and there is no laser enhancement
anymore, leading to a reduced Tb yield. To optimise the collection efficiency, the onset of
saturation must naturally be avoided. What must also be avoided is sputtering. So far, the
understanding of the mechanism of sputtering is limited, so further research on this topic
is required. Next year, simulations will be performed in the group of prof. T.E. Cocolios,
in order to estimate whether self-sputtering will have a significant effect in a particular
collection. Finally, an important conclusion specific to the production of 1*Tb for medical
applications, is that — with the current configuration at MEDICIS — chemical purification
of the samples is always required to get rid of the isobaric contaminant *°Ce’0.
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Based on these general conclusions, a revised protocol for Tb collections at MEDICIS is
put forward:

e First of all, it is important to perform measurements with the Kromek GR1 CZT
detector both immediately before and after any collection. The former allows to
determine the background radiation, including any sputtered radioisotopes from
previous collections. The latter provides information on the sputtering that occurred
during the collection itself.

e Secondly, two quantities should be monitored continuously throughout the whole
collection: the ion current and the collected activity. Both are affected by changes
in target temperature, saturation of the ion source etc., making them suitable indic-
ators for the progress of the collection. In particular, tracking the collected activity
with the Kromek GR1 detector can be helpful to decide when to stop the collection
(e.g. when the activity stagnates, or when the sample becomes too impure).

e Finally, it is worthwhile to carefully document all collections in operation re-
ports [48]. The importance of data mining is especially illustrated by the %*Th col-
lection from October 2021, where it proved very difficult to determine what caused
the lack of *Tb during that collection with the limited information available.

As closing remark on this chapter, it is important to look back on the role of the Kromek
GR1 CZT detector at MEDICIS. Although high precision y-spectrometry is performed
with a HPGe detector after each collection, the CZT detector has proven itself very
valuable. Thanks to its compact size, it can be positioned right in front of the collection
chamber, thereby allowing to track the activity that is being collected in live time.
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Chapter 5

Radioactive Waste in Hadrontherapy

In the second case study of the use of Kromek CZT detectors for nuclear applications in
medicine, a Kromek GR05 detector is employed in the context of waste management at the
proton therapy facility PARTICLE in Leuven. Besides intentional nuclear reactions, such
as for the production of medical radioisotopes (cf. part , nuclear reactions also occur as
undesired side effects in various circumstances. In proton therapy facilities, radioactivity
is generated in construction materials of the beam-line by proton-induced reactions with
protons that scatter out of the therapeutic beam. This leads to the production of radio-
active waste, which must be handled carefully. To determine how to treat specific pieces
of waste, one has to which radioisotopes are produced in them and what their respective
activities and half-lives are. To that end, the simulation software FLUKA and a Kromek
GRO5 CZT detector are used throughout the following chapters. The aim is to guide
waste management of cyclotron parts from the PARTICLE facility. In chapter [0 a few
straightforward FLUKA simulations are considered, to get an idea of which radioisotopes
to expect. Chapter [7] presents an extensive spectroscopic study of 12 proton-activated
cyclotron parts. However, before turning to those analyses, the present chapter provides
some background information. Section gives a general introduction to the main con-
cepts of proton therapy and the overarching class of hadrontherapy as cancer treatment.
Thereafter, in section[5.2] the implementation of proton therapy at the PARTICLE facility
is described. Finally, section provides all the necessary information on the production
and management of radioactive waste in the context of hadrontherapy.

5.1 Introduction to Hadrontherapy

Hadrontherapy is a form of external beam radiation therapy, where a tumour is irradiated
with protons or heavy charged particles (such as carbon ions) [49, [50]. As in conventional
radiotherapy with photons, the incoming particles deposit energy in the tissues they tra-
verse. The energy deposition causes damage to the DNA of the irradiated cells, finally
leading to cell death. The main difference between hadrontherapy and conventional ra-
diotherapy lies in the distribution of the dose (i.e. the average energy absorbed per unit
mass) throughout the tissue. For protons and heavy ions, the dose-depth profile exhibits
a sharp peak, called the “Bragg peak”, whereas for photons it follows a much broader

49
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Figure 5.1: Dose-depth distribution for protons, carbon ions and high-energy photons. Image
adapted from Ref. [50].

curve. This is illustrated in Fig. 5.1} The depth at which the Bragg peak occurs depends
on the energy of the incident particles, so the peak dose can be administered to the tumour
by adjusting the energy to correspond to the tumour position. As such, the Bragg peak
represents a major advantage of hadrontherapy over conventional radiotherapy, because
it limits the dose — and thus radiation damage — delivered to healthy tissue lying in front
of and behind the tumour [49] 50]. In the case of protons, the dose drops to zero almost
immediately after the Bragg peak, thereby eliminating dose deposition behind the tumour
all together. For heavy ions, this does not hold, because they can undergo fragmentation
after interactions in the tissue. The lighter ions generated in these reactions have a larger
range, and thus cause a so-called “dose-tail” beyond the Bragg peak [50, 51]. On the
other hand, the relative dose in front of the tumour is diminished when using heavy ions
instead of protons, as the Bragg peak becomes narrower. This effect can be explained by
the fact that scattering in tissues becomes less pronounced with increasing mass of the
incoming particles (o< 1/4/m) [49]. Overall, the benefits of the Bragg peak in terms of
sparing healthy tissue surrounding a tumour make hadrontherapy particularly valuable in
treatments of young patients and of tumours that are located close to sensitive organs [52].

To generate beams of protons or heavy ions, a hadrontherapy facility requires a particle
accelerator. Mostly synchrotrons or cyclotrons are used, although linear accelerators
(linac’s) are possible as well. In a synchrotron, the particles can be accelerated up to
variable energies. Cyclotrons, on the other hand, always accelerate them up to the max-
imum energy for which they are designed [49]. Therefore, an intricate energy selection
system is essential in these cases, to establish the appropriate beam energy for treatment.
The energy selection system generally consists of a variable energy degrader followed by a
collimator and divergence slits to restore the initial beam quality [53,|54]. After passing
through these components, the particle beam is guided to the treatment delivery unit or
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Figure 5.2: Diagram of the gantry that directs the particle beam to the patient. Ref. .

“gantry” by beam transport channels. A schematic drawing of the gantry is shown in
Fig. It is a large structure containing steering and scanning magnets and a nozzle
to precisely aim the beam at the patient. To match the dose distribution delivered by
hadrontherapy to the shape and volume of the tumour in question, two types of tech-
niques can be implemented in the gantry: passive scattering and active scanning .
In the first case, the particle beam is shaped laterally by a collimator and distally by a
range modulator. The range modulator effectively generates a “spread out Bragg peak”
(SOBP) that covers the complete thickness of the tumour at once. In active scanning
the tumour volume is irradiated spot-by-spot with a very narrow beam, called a “pen-
cil beam”. Different depth layers of the tumour are selected by varying the energy of
the incident particles, and each layer is scanned over by steering the pencil beam with
scanning magnets . By adjusting the beam intensity per irradiated spot, the dose
distribution throughout the tumour can be tailored, allowing intensity-modulated proton
therapy (IMPT). Finally, the gantry can rotate around the patient, such that irradiation
from different angles is possible , . To ensure that the beam is delivered reliably to
the tumour site at each angle, accurate positioning of the patient is crucial. Therefore,
hadrontherapy facilities are well-equipped with various imaging technologies in addition
to the therapeutic device , .

5.2 The PARTICLE Facility at UZ Leuven

At the moment of writing, there are 116 hadrontherapy facilities in clinical operation
worldwide [55]. One of them is the proton therapy facility PARTICLE (Particle Ther-
apy Interuniversity Centre Leuven) at the University Hospitals Leuven. The facility is
operational since the summer of 2020 and is currentlyﬂ the only hadrontherapy facility in
Belgium . Located on the Health Sciences campus Gasthuisberg, PARTICLE forms a
fully integrated part of the radiotherapy-oncology department of UZ Leuven, and optimal
cooperation with the medical imaging research centre, the nuclear medicine department
and other (supporting) services is established [53] [57].

LA second Belgian proton therapy centre is commissioned to be built in the University Hospital of
Charleroi (Hospital Marie Curie) [56].
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Figure 5.3: Qverall design of the proton therapy bunker (a) and schematic overview of the main
components of the therapy device (b) used at PARTICLE. The colours indicate the accelerator
(red), energy selection system (yellow), gantry (pink) and patient (green).

The proton treatments at PARTICLE are performed using the Proteus® ONE system
supplied by IBA (Ion Beam Applications). The design of the treatment room is shown
in Fig. , alongside a schematic of its main components (i.e. proton accelerator, energy
selection system, beam transport channels and the gantry). Proteus®ONE presents a
compact single-room proton therapy technology, equipped with state-of-the-art modalities
for proton beam delivery as well as in-room imaging . For example, a “cone beam
computed tomography” (CBCT) device is integrated into the Proteus® ONE framework,
to improve patient position verification and monitoring. In combination with the advanced
X-ray imaging modalities, that allows for image-guided proton therapy (IGPT) .
Furthermore, the gantry is designed for active pencil beam scanning. Thanks to the
compact size of the entire Proteus®ONE unit, it can be quite easily embedded in existing
clinics, making proton therapy more accessible. At PARTICLE, two independent units
were installed alongside each other. One is for clinical use, the other for research [53].

As proton accelerator, PARTICLE employs a synchrocyclotron of type S2C2 .
Since the analyses in chapters [] and [7] focus on proton-activated parts of the
synchrocyclotron, this part of the Proteus®ONE apparatus is described here. Fig. [5.4D|
gives a technical drawing of the device. The working of a synchrocyclotron is very sim-

(a) Schematic representation of a cyclo-  (b) Design of the 5202 superconducting synchro-
tron. Adapted from Ref. [@/ cyclotron. Scale: & ~ 2.5m. Ref. .

Figure 5.4: Illustration of the working principle of a (synchro-)cyclotron (a) and blueprint of
the S2C2 synchrocyclotron used at PARTICLE ().
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ilar to that of a standard cyclotron, illustrated in Fig. [5.4al The device is circular and
consists of a (superconducting) electromagnet and two hollow D-shaped electrodes. At
the centre, there is an ion source that generates protons from neutral hydrogen molecules
and subsequently injects them into the accelerator. The paths of the protons inside the
electrodes are bent by the homogeneous magnetic field which is generated by the electro-
magnet. The two electrodes are subjected to an alternating voltage, such that the protons
are accelerated by the electric field in the gap between the electrodes. As the protons
gain energy each time they pass the gap, the radius of their orbit increases. This leads to
a spiral motion toward the outer edge of the cyclotron. There, the protons are extracted
at a fixed maximum energy. At PARTICLE, that maximum is 230 MeV [54, 59]. For
such high proton energies, relativistic effects become important. In the synchrocyclotron,
they are compensated for by gradually decreasing the frequency of the alternating voltage
between the two electrodes in the accelerator. Note that this is what distinguishes the
synchrocyclotron from a standard cyclotron. The decreasing frequency means that the
synchrocyclotron must work in cycles, so only pulsed proton beams can be delivered for
therapy. For the device used at PARTICLE, the pulse rate is 1000 Hz [54]. Other specifics
of the S2C2 synchrocyclotron can be found in Ref. [54].

5.3 Waste Production & Management

In any hadrontherapy facility, radioactive waste is generated by interactions of the ener-
getic particle beam with construction materials. Some materials are irradiated directly,
such as the energy degrader and beam-stopping elements. Construction materials that
are not in the beam path can be irradiated indirectly by particles that scatter out of the
beam. This can happen at any point during the production and transport of the particle
beam. In all cases, the incident particles induce nuclear reactions in the construction
materials, leading to a variety of radioisotopes being produced. Which radioisotopes are
generated in a specific case depends on the composition of the irradiated material as well
as the type and energy of the incident particle. Construction materials which are dir-
ectly irradiated interact with the full beam at maximal intensity and energy. For indirect
irradiation, in contrast, both quantities are considerably lower as a result of scattering.
Hence, the radioactivity generated under such circumstances is expected to be lower.
Nevertheless, there is still a significant amount of radioactivity produced, so virtually all
construction materials should be considered radioactive waste, when they are taken out
of the installation.

Any form of radioactive waste must be handled very carefully, in order to guarantee the
safety of the public against the risks of ionising radiation. Accordingly, there are many
regulations that in detail prescribe the management of radioactive waste. The Interna-
tional Atomic Energy Agency (IAEA) puts forward a recommended classification system
that divides radioactive waste into three categories, namely low-, medium- and high-level
waste, based on the half-life and activity of the radioisotopes present in it [61]. Waste
processing and long-term management procedures are to be determined for each category
separately on a national level. Additionally, there are “clearance levels”, which define a
total activity or activity concentration below which a piece of waste may be exempted
from regulatory control and disposed of or recycled [62, |63]. In Belgium, clearance levels
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were fixed for an extensive list of radioisotopes in the royal decree ARBIS (Algemeen
Reglement op de Bescherming van de bevolking en de werknemers tegen het gevaar van
Ioniserende Stralingen) of July 20, 2001 (see Ref. [63]). For solid waste containing a

mixture of radioisotopes,
aj;
Y Z<i (5.1)
—~
J
must hold for clearance, where a; represents the activity concentration of radioisotope j
in the sample, and C; is the clearance level corresponding to that radioisotope [63]. All
radioactive waste above the appropriate clearance levels is subject to the supervision
of the governmental agency FANC (Federaal Agentschap voor Nucleaire Controle) and
the institution NIRAS (Nationale Instelling voor Radioactief Afval en verrijkte Splijt-
stoffen) [61,64]. NIRAS is responsible for the management of all radioactive waste in
Belgium, be it spent fuel from nuclear power plants, medical waste or any other type.
With respect to medical waste, NIRAS allows some (short-lived) radioactive waste to be
kept in storage at the hospitals themselves [65]. However, this makes it harder to keep

track of all radioactive waste. In that light, NIRAS is required to make an inventory of
all sites containing radioactive materials every five years [61].

Given that the classification system as well as the clearance levels are based on the activ-
ity and/or half-life of the radioactive waste, the first crucial step in radioactive waste
management is to determine these characteristics for the waste at hand. This is achieved
using the Kromek GR05 CZT detector: by performing y-spectrometry on the waste ma-
terials, one can identify as well as quantify the radioisotopes that are present. Apart from
~v-spectrometry, FLUKA simulations can be valuable as well: by modelling the particle
beam and its environment, it becomes possible to numerically predict which radioiso-
topes are created in which amounts in the construction materials. Both approaches are
put into practice throughout the following chapters for the purpose of waste management
of cyclotron parts from the PARTICLE facility.



Chapter 6

FLUKA Simulations

This chapter discusses a few elementary simulations of the irradiation of bulk materials by
a 230 MeV proton beam. The aim is to get a qualitative idea of which radioisotopes are
expected to be found in the synchrocyclotron parts from the PARTICLE facility. Materials
that are commonly used in accelerators were considered, namely aluminium, AIMgSi,
stainless steel and copper. Al, AlIMgSi and stainless steel form parts of the scaffolding,
whereas Cu is typically used as a conductor (for both electricity and heat). The thickness
of all samples was taken to be 2cm. This value was chosen, because it is of the same
order of magnitude as the thicknesses of the cyclotron parts from PARTICLE (except for
the cooling cylinders) (see later). Regarding the proton beam characteristics, the beam
current was set to 1 nA. This is the average current of the beam at PARTICLE, as reported
by the radio-protection team from UZ Leuven. The radioisotopes and their respective
activities generated in the samples were evaluated with FLUKA 1 hour, 1 day, 1 month,
6 months and 1 year after the end of the irradiation. Besides FLUKA simulations, also
SRIM (Stopping and Range of Ions in Matter) simulations were performed, in order to
calculate the energy loss of the proton beam inside the bulk materials [66]. This was done
because the energy range of the protons inside the samples limits the nuclear reactions
that can occur (see section [1.2.1)). The SRIM simulations were carried out by M. Heines.

6.1 Aluminium & AlMgSi

The first material considered is aluminium. FLUKA and SRIM simulations were
performed for pure Al as well as AIMgSi consisting of 99wt% Al, 0.5wt% Mg and
0.5wt% Si [67]. Given the low fractions of magnesium and silicon in AIMgSi, the out-
comes were expected to be very similar. The results of the SRIM simulations for the
energy loss of 230 MeV protons inside 2 cm pure Al and AIMgSi are illustrated in Fig. [6.1]
For both materials, the energy distribution of the protons after passing through the
sample approaches a Gaussian centred around approximately 212 MeV. Consequently,
the energy range within which nuclear reactions can occur inside the samples is rather
limited. The reactions were simulated by FLUKA, yielding the generated radioisotopes
and their respective activities for both samples. The results are given in Fig. for
pure Al and Fig. for AIMgSi. As expected, the same radioisotopes are found in Al

25
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Figure 6.1: Energy distribution of the 230 MeV proton beam after passing through 2 cm of Al (a)
and AlMgSi (b).

and AlMgSi. The activities are overall slightly higher in AIMgSi, due to the additional
production pathways via proton-induced reactions on Mg or Si. For both materials, it is
observed that **Na (T, = 2.6018(22) y [24]) is the radioisotope with the highest activity
in the long term. In contrast, shortly after the irradiation, other isotopes (such as ?*Na
(Tyj2 = 14.997(12) h [24])) reach activities much higher than that of *’Na. Hence, the
most active radioisotope in the sample changes in time. That has to do with the distinct
half-lives of all the generated nuclei. In general, many different radioisotopes are pro-
duced, but only the long-lived ones can maintain high activities in the sample for a very
long time. In the context of waste management, it is essential to know which radionuclei
dominate at different timescales, in order to select the appropriate disposal procedure.
For Al and AIMgSi, it seems that **Na will be the most important isotope to take into
account toward long-term waste management. Whilst there are even longer-lived radioiso-

topes such as *H (112 = 12.32(2) y [24]) and 2°Al (T}, = 7.17(24) x 10°y [24]), they are
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(a) Residual activities after 1 hour, 1 day, 1 month, (b) Activities of the most long-lived
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Figure 6.2: Predicted residual activities [Bq/cm?®] of generated radioisotopes in Al after irradi-
ation by a 230 MeV proton beam. Note that the left graph is in logarithmic scale, whereas the
right graph shows the residual activities of those radioisotopes that survive up to 6 months or
longer in linear scale, to highlight the absolute differences.
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Residual radioisotopes in AIMgSi Surviving after 6 months
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Figure 6.3: Predicted residual activities [Bq/cm?] of generated radioisotopes in AlMgSi after
irradiation by a 230 MeV proton beam. Again, the right graph shows the radioisotopes that
survive up to 6 months or longer in linear scale, to highlight the absolute differences.

present in much smaller amounts and accordingly pose less risks in regards to radiation
protection. Nevertheless, they must still be taken into consideration (e.g. in checking
whether the total activity satisfies the clearance condition).

To gain insight into the results from FLUKA, it is important to consider a few potential
reaction mechanisms that produce the predicted radioisotopes. Not only does this clarify
how the predicted nuclei are generated in the sample, it also helps to understand why
certain other nuclei are not observed even though they are expected to be produced in
the same types of reactions. Fig. illustrates four plausible reaction pathways in Al
and AIMgSi on the nuclear chart. All reactions start from the absorption of a proton by
stable isotopes of Al (*"Al), Mg (**Mg, Mg, ?®Mg) or Si (*®Si, 2Si, 39Si). Nuclei with
atomic numbers only a few units away from that of the initial element are presumably
generated by reactions such as (p,n), (p,d) with d signifying a deuteron (i.e. 1 proton
and 1 neutron combined), (p,«) and similar. Starting from stable 27Al, for example,
possible reactions include 27 Al(p, n)?*7Si, 27 Al(p, d)?° Al and 2" Al(p, a)?**Mg. Of the product

T : P28 | P28 | P30
- *Mg(p,2p)*'Na e 425 | 2498m

- 1?A|{p,d}ZbA|
27al(p,a+p+n)??Na i:ﬁ
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Figure 6.4: Illustration of four proton-induced reactions that generate radioisotopes predicted by
FLUKA starting from stable Al, Mg and Si isotopes. Nuclear chart from Ref. 1@/
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nuclei, only 26Al is predicted by FLUKA to contribute to the long-term radioactivity in
the sample. Looking at the nuclear chart, that makes sense since Mg is stable and
27Si has a half-life of only 4.15(4)s [24], so it completely disappears 1 hour after the
irradiation. As another example, consider (p,«) reactions on the stable Mg isotopes:
2Mg(p, @)**Na, Mg(p, @)**Na and 2*Mg(p, @)**Na. In this case, of the product nuclei
only #?Na appears in Fig. and Fig. because 2*Na is stable and 2'Na has a half-
life of only 22.49(4)s . More than one proton, neutron, deuteron or a-particle, or a
combination of them may also be released. This is observed, for example, in the reaction
2TAl(p, v+ p+n)*Na [12]. Note that the cross section data for that specific reaction was
given in Fig. of section [1.2.1] on proton-induced reactions. Finally, besides elementary
particles and the stable deuteron and a-particle (i.e. *He nucleus), also light radionuclei
can be emitted. Examples include 2" Al(p, "Be)?!Ne and *Si(p, *H)?Si [12]. These types
of reactions are responsible for the production of "Be (T1/; = 53.22(6)d [24]) and *H
(Thj2 = 12.32(2)y [24]) predicted by FLUKA. Whether the heavier product nuclei of the
reactions contribute to the radioactivity in the samples depends on their respective half-

lives. For the two given examples, neither 2'Ne nor 2°Si contributes in the long term,
because the former is stable and the latter has a short half-life of 2.2453(7) s [24].

6.2 Stainless Steel

Besides Al and AlIMgSi, stainless steel is also commonly used in the construction of ac-
celerators. Therefore, FLUKA and SRIM simulations were performed for this material as
well. Stainless steel is an alloy consisting predominantly of iron and chromium, enriched
with other metals (such as nickel) to improve mechanical properties . Depending on
chemical composition, several types of stainless steel with distinct physical properties are
distinguished. For the simulations in this thesis, the atomic content was taken to be 74 %
Fe, 18 % Cr and 8 % Ni . The outcome of the SRIM simulation for the energy loss of
230 MeV protons in 2 cm stainless steel is illustrated in Fig. 6.5 The energy distribution
of the protons after passing through the sample approaches a Gaussian centred around
180 MeV. Thus, the average energy loss is significantly larger than in Al or AIMgSi, which
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Figure 6.5: Energy distribution of 230 MeV protons after passing through 2 cm of stainless steel.
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Residual radioisotopes in stainless steel Surviving after 6 months
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Figure 6.6: Predicted residual activities [Bq/cm®] of generated radioisotopes in stainless steel
after irradiation by a 230 MeV proton beam.

can be explained by the higher masses — and therefore larger stopping powers — of the
elements Fe, Cr and Ni compared to Al, Mg and Si. The greater energy loss in stainless
steel implies that there is a wider range of proton energies at which nuclear reactions
can occur in the sample. The radioisotopes that are produced in the numerous reactions
that take place, are determined by the FLUKA simulation of the irradiation process. The
results are given in Fig. Firstly, it is observed that there are substantially more and
heavier radioisotopes in stainless steel, in comparison to Al and AIMgSi. This follows from
the fact that stainless steel is made up of heavier elements, such that the proton-induced
reactions generate heavier products. The radioisotopes with the highest residual activit-
ies after 6 months to 1 year since the irradiation, are *Fe (T, = 2.744(9)y . ), ¥V
(T2 = 330(15)d ), YMn (T35 = 312.20(20) d [24]) and *"Co (17, = 271 74(6 .

At shorter timescales, °'Cr (T} = 27.704(4) d [24]) assumes the role of the most active
radioisotope, but due its shorter half-life, it decays to a minor activity in the long term.

S2Cr(p,a)*oV
“Fe(p,d)*Fe
—— *bFe{p,n)**Co

STre(p,a)>*Mn
— BNi{p,2p)5"Co
—— ONi(p,at)*"Co

Figure 6.7: Illustration of siz reaction pathways that generate radioisotopes predicted by FLUKA
starting from stable Fe, Cr and Ni isotopes. Nuclear chart from Ref. l@/
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The reactions that produce the radioisotopes predicted by FLUKA in stainless steel are
expected to be of the same nature as in Al and AlMgSi (i.e. (p,n), (p,@), (p,a + n),
(p,H), (p, Be) etc.). Fig. illustrates a few examples on the nuclear chart. The
number of particles that can be emitted in a single reaction is limited by the energy of
the protons inside the sample (see section . In that regard, it makes sense that the
FLUKA results in Fig. show no radioisotopes between *?P and "Be: the proton energies
are neither high enough for the emission of the considerable amount of nucleons and/or
a-particles necessary to reach these isotopes, nor to eject the isotopes themselves in a
break-up reaction (like *H and "Be). Above *?P, the proton-induced reactions generate
a large variety of radioisotopes, even within given elements. Consider, for example, the
multitude of cobalt isotopes predicted by FLUKA. From *°Co to ®Co, all isotopes can
be produced by (p, Xn) reactions on stable isotopes of Fe (**Fe, 5°Fe, 5"Fe, 5Fe), and
(p,a+ Xn) or (p,2p) reactions on stable Ni isotopes (**Ni, %Ni, INi, 92Ni, %4Ni). Three
possible reactions are shown in Fig. 6.7l Isotopes lighter than 5°Co or heavier than *Co
are also generated by these types of reactions, but they do not appear in the FLUKA
results in Fig. , because of their half-lives on the order of a few ms to minutes [24].
Note that **Co is also not present in Fig. , because it is stable.

6.3 Copper

The third and last material that was investigated with simulations is copper. As men-
tioned earlier, Cu is often used in accelerators, as it is a good conductor of both elec-
tricity and heat. Considering a sample of 2cm thickness, the energy distribution of a
230 MeV proton beam after passing through the sample was determined by SRIM to peak
between 175 MeV and 180 MeV. The outcome of the simulation is shown in Fig. [6.8
The protons lose more energy in Cu than in stainless steel, which can be explained by
the higher mass — and larger stopping power — of Cu compared to Cr, Fe and Ni. As
in stainless steel, a large variety of radioisotopes is produced upon proton irradiation.
That can be seen from the results of the FLUKA simulation in Fig. [6.9] Again, the
nuclear reactions producing the predicted radioisotopes are expected to be mostly of the
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Figure 6.8: Energy distribution of the 230 MeV proton beam after passing through 2cm of Cu.
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Residual radioisotopes in copper Surviving after 6 months
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Figure 6.9: Predicted residual activities [Bq/cm3] of generated radioisotopes in Cu after irradi-
ation by a 230 MeV proton beam.

types (p,n), (p,a), (p,a + p+ n) and so forth. Because Cu is heavier than stainless
steel, heavier nuclei are produced in these proton-induced reactions. More specifically,
Fig. shows the presence of Zn radioisotopes and more Cu radioisotopes compared
to steel. ®Zn (T, = 243.93(9)d [24]) is particularly important, because it remains
present in the sample in non-negligible amounts even 1 year after the irradiation. This
radioisotope is most likely produced via °Cu(p,n)%Zn, as illustrated in Fig. On
the other end of the spectrum, the lightest generated radioisotope aside from 3H and
"Be has shifted up from *?P in steel to 3’Ar in Cu. Other than that, mostly the same
radioisotopes occur in both materials, albeit in very different amounts. The different
residual activities are a consequence of the unique cross sections of the proton-induced
reactions in stainless steel and Cu, which were evaluated by the FLUKA simulations. In
Cu, *"Co (Ty2 = 271.74(6)d [24]) is the radioisotope with the highest activity in the
long term, followed by %°Fe (T1/2 = 2.744(9) y [24]) and *Mn (T}, = 312.20(20) d [24]).
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Figure 6.10: Illustration of three reaction pathways that generate radioisotopes predicted by
FLUKA starting from stable Cu isotopes. Nuclear chart from Ref. [@/
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In the short-term, the Co radioisotopes **Co (Tj, = 70.86(6)d [24]), *"Co and **Co
(Th/2 = 77.236(26) d [24]) dominate. The production of the cobalt isotopes in Cu happens
via (p,a + p + Xn) reactions with X = 1,2, 3 on the stable isotopes of Cu (3Cu, ®Cu).
Two such reactions are illustrated in Fig. [6.10]

6.4 Conclusion

The goal of the FLUKA simulations of bulk samples discussed in this chapter was to
identify which radioisotopes are most likely to be observed during the spectroscopic study
of cyclotron parts of the PARTICLE facility (see next chapter). Four commonly used
construction materials were investigated, namely Al, AIMgSi, stainless steel and Cu. For
each material, the generated radioisotopes and their residual activities were evaluated by
FLUKA at regular time intervals after irradiation by a 230 MeV proton beam. As the
samples from PARTICLE were subjected to measurements with a CZT detector several
months after they were taken out of the accelerator, we review here the results of the
FLUKA simulations for 6 months and 1 year after the end of the irradiation. For Al and
AlMgSi, 22Na is identified as the dominant radioisotope after 6 months to 1 year after
the proton irradiation. In stainless steel and Cu, a wider variety of radioisotopes remain
present in significant activities. For both, mostly the same radioisotopes are expected,
but in different relative amounts. In stainless steel, **Fe is the most active radioisotope
in the long term, followed by #°V, *Mn and °"Co. In Cu, on the other hand, the residual
activity of ®”Co is significantly higher, making this radioisotope the one with the highest
activity in the long term. The other three have lower activities in Cu (especially V),
but do remain present in the relevant timescale for disposal. Besides these radioisotopes,
the cobalt isotopes **Co, **Co and %°Co have significantly higher residual activities in Cu,
and %7n is produced in substantial amounts as well.

It is important to point out that the simulations in this chapter present model cases
for direct irradiation of materials of known composition by a 230MeV proton beam.
Hence, they provide only qualitative information with respect to the cyclotron parts from
PARTICLE, namely which radioisotopes to expect for different types of materials. The
absolute (and relative) activities of the generated radioisotopes in the samples depend on
the specific irradiation conditions (e.g. position with respect to the beam, duration of
the irradiation...). If one wants to accurately predict these quantities for various parts of
the accelerator, a FLUKA simulation of the entire synchrocyclotron and its operation at
PARTICLE must be made. That was beyond the scope of this thesis.

To conclude this chapter, Fig. provides an overview of the most relevant radioisotopes
and their relative proportions in each of the four materials that were discussed. Only
those isotopes that were detected during the spectroscopic study of the cyclotron parts
from PARTICLE are shown individually, to give an idea of which fraction of the total
radioactivity could be ultimately detected for each material.
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Figure 6.11: Fractions of the detected radioisotopes, as determined by FLUKA for Al, AlMgSi,
Cu and stainless steel at 6 months (a) and 1 year (b) after irradiation by 230 MeV protons.



Chapter 7

Spectroscopic Study of
Proton-Activated Materials

Complementary to the FLUKA simulations, a spectroscopic study was performed on
12 proton-activated materials from the proton therapy centre PARTICLE in Leuven.
The samples served as various parts of the synchrocyclotron (e.g. beam-stopping ele-
ment, cooling cylinder etc.), and were thus irradiated by protons of up to 230 MeV (see
section . In order to identify which radioisotopes were present in the different samples
and what their respective activities were, y-ray spectra were acquired for all samples with
a Kromek GR05 CZT detector at the Institute for Nuclear and Radiation Physics (IKS)
in Leuven. In addition to this experiment, other measurements (e.g. of the dose rate
on contact for each of the 12 objects) were performed by R. Driesen. The results and
conclusions of his work can be found in Ref. [1]. Here, only the measurements with the
Kromek GRO5 CZT detector are discussed. The first section of this chapter describes the
experimental setup and procedures that were used. In section [7.2], the acquired ~-spectra
and the activities calculated from them are given. These results are then discussed in sec-
tion [7.3] Finally, section presents a conclusion on the 12 proton-activated cyclotron
parts in the context of waste management.

Before the experiment was started, a comprehensive risk assessment was made. This
document, along with the advice provided by the Health, Safety & Environment (HSE)
department, is included in appendix[C] Appendix [D]provides an overview of the 12 objects
that were studied. Two of them were irradiated directly by the 230 MeV proton beam,
whereas the others were not positioned in the beam path and thus only irradiated by
scattered protons. Throughout this chapter, the different samples are referred to by unique
identification numbers consisting of three letters, a two-digit number and optionally A /B.

7.1 Experimental Setup & Procedure

The setup that was used for the experiment is shown in Fig. [7.I] The Kromek GRO05
detector was mounted in front of the sample under investigation. It could be moved over
a rail, allowing to change the distance between detector and sample. To provide shielding
against radiation from the sample, a lead wall was built in front of the setup. Lead bricks

64
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(a) Front view of the setup. The samples were  (b) Specific arrangement used for sdmple
placed behind the lead shielding one by one. PTK/2 (see appendiz @)

Figure 7.1: Pictures of the experimental setup used for the spectroscopic study. Picture (a) gives
the front view of the setup, picture (b) shows the overhead view for a specific case. The different
components are indicated: (1) Kromek GR05 CZT detector, (2) sample under study, (3) lead
shielding, (4) identification card for the sample in the setup.

were also used to stabilise the sample in the setup. To avoid contamination of the table,
the surface of the table was covered by aluminium foil. Furthermore, each sample was
put in a sealed plastic bag individually for the same reason.

Whenever a new sample was brought to the setup for measurements, its count rate was
measured first with a contamination monitor. The monitor was held over different parts of
the sample to determine whether and where there was a hotspot of activity on the ob jectﬂ
The CZT detector was then positioned in front of the identified hotspot as close as possible.
This was done to ensure the highest possible signal-to-noise ratio for the measurements.
Another purpose of the count rate measurement was to guide the decision regarding the
duration of the measurements, in order to get good statistics on the acquired spectra. If
the measured count rate for a sample was approximately equal to or just above that for the
background in the lab (of the order of 10 cps), acquisitions of 10 h were typically takerﬂ
On the other hand, for the samples with the highest count rates (up to 900cps), the
acquisition time was limited to 4 h. This time window was chosen, because the count rate
on the KSpect acquisition software was much lower than on the contamination monitor,
due to the arrangement and efficiency of the CZT detector. Multiple measurements were
performed per sample to improve statistics and to be able to follow the decay of the
peaks in the spectra over time. Finally, a background spectrum was acquired without any
sample in the setup. In order to get good statistics on the background, the measurement
was left running for several days. For the analysis, the background was renormalised
against the acquisition time of each sample spectrum, before subtracting it.

A thorough characterisation of the Kromek GRO05 detector was performed by K. Spoor-
mans for her master’s thesis in 2021 (see Ref. ) The energy calibration gave the
following linear relationship between channel number and energy:

E [keV] = 0.7534(9) X channel — 0.98(45). (7.1)

'In a few cases, the hotspot was already marked on the sample by the team from UZ Leuven that
was also working on the 12 cyclotron parts (see Ref. ) This is shown in appendix @

2Long measurements were possible using a program that automatically starts, stops and saves ac-
quisitions. The code was written by C. Bernerd.
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As for the energy resolution and the intrinsic efficiency of the detector, the data were
respectively fitted by

R(E) [%] = exp (14(8) — 5(4) - In E + 0.7(8) - (In E)* — 0.03(5) - (In E)?), (7.2)
€imtr(E) (%) = exp (— 42(7) + 26(4) - In E — 4.6(8) - (In E)* + 0.24(5) - (In E)*).  (7.3)

The intrinsic efficiency reaches a maximal value of about 85 % around 80 keV .

7.2 Results

The ~-spectra that were acquired for the 12 synchrocyclotron parts during the experi-
ment are shown in Fig. For four samples, namely PTK27A, PTK27B, PTK46A and
PTK46B, the y-spectra overlap with the background, meaning that no radioactivity was
detected by the Kromek GRO5 detector. For the other samples, the observed peaks in
the spectra were assigned using InterSpec, as explained in section During the peak
assignment, it was important to be aware of and identify the typical features of v-spectra
discussed in section For example, most of the peaks are accompanied by a noticeable
Compton continuum, due to scattering interactions of the emitted photons in the detector.
When there are several intense peaks (such as in Fig. [7.2a] Fig. [7.2D] and Fig. [7.2d), the
Compton continua add up, such that the obtained spectrum is higher than the back-
ground, with the effect increasing towards low energies. Another common feature of
~-spectra that is observed in several of the spectra, is a backscatter peak between 200 keV
to 250keV. The backscatter peaks display considerable tails on the the high energy side
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Figure 7.2: Spectra obtained for the 12 cyclotron parts together with the background.
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of the spectra, because of the different angles at which the photons are scattered. Finally,
X-rays from the lead surrounding the experimental setup are observed in all spectra — al-
though most prominently in the spectra of PTR12 and PTK44A. The reason that the Pb
X-rays are not equally visible in all spectra is that different amounts of lead bricks were
used to stabilise the materials in the setup, depending on the geometry of each sample.
All three features are indicated on the spectra in Fig. [7.2] The radioisotopes that were
assigned to the peaks in the spectra are denoted as well. *’Co and %*Mn are observed
the most. The other radioisotopes which are identified from the y-spectra are 22Na, **Co,
0Co, %Zn and '**Sb. Finally, *°K is observed as well. This is a naturally occurring
radioisotope, which explains why it was also detected in the background spectrum. In
fact, the °K peak is best visible in the background spectrum, due to the higher statistics
of the background acquisition. The overlap of the “°K peaks in the background and the
spectra of the samples indicates that it is only natural *°K from the environment that is
observed. In other words, the *°K signal does not stem from the samples themselves. An
overview of all other identified radioisotopes and their most relevant properties (i.e. half-
life, y-energies etc.) is given in Tab. . Note that 22Na, 5*Mn, 8Co and %Zn all emit
511 keV photons (following S-decay, see section . Hence, the annihilation peaks in
the spectra are usually due to contributions of multiple radioisotopes.

For the eight cyclotron parts in which radioactivity was detected by the Kromek GRO5 de-
tector, the activity was calculated for the observed radioisotopes. This was done following
the methodology described in section 2.4l First, the measured background was subtracted

Table 7.1: Information on the radioisotopes that were identified in the y-spectra of the 12 cyclo-
tron parts. Data taken from Ref. [24]. Only the energies and intensities of the y-rays relevant
for this experiment (i.e. those observed in the spectra) are included.

Isotope | Half-life | y-energies [keV] | y-intensities [%]
511 179.91(18)
22
Na | 2.6018(22)y | 1974 557(7) 99.940(14)
511 < 0.000001 14
54
Mn | 3122020)d | gay g45(3) 99.976(1)
122.060 65(12) 85.60(17)
57
Co | 2TLT46)d | 56 4 736(3) 10.68(8)
511 29.8(4)
58
Co | T086(6)d | g10 7503(20) 99.45(1)
1173.228(3) 99.85(3)
60
Co | 52TILE)Y | 1359 499(4) 99.9826(6)
511 2.842(14)
65
o 2439300 d 15 5ag(9) 50.04(10)
602.7260(23) 97.8(3)
124G}, 60.20(3) d 720.094(5)" 14.39(5)
1690.971(4) 47.57(18)

* The given value is the weighted mean of three closely spaced ~-rays.
The corresponding intensity is the total intensity for the three.
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from each spectrum. The SNIP algorithm was applied to the difference, in order to es-
timate and subsequently subtract the Compton background. Then, the remaining peaks
were fitted. In contrast to what was done in chapter |4/ for the Th activities, Voigt profiles
instead of Gaussians were used for fitting in this case. Those models better approximate
the relatively broad tails of the peaks in the spectra. The fits were integrated within a 30
interval around the central energy, to get the number of counts (N (F)) for each peak. The
resulting count rates (i.e. N(E)/t with ¢ the livetime of the acquisition) for all observed
peaks are given in Tab. [7.2] As explained in the methodology in section [2.4] the activity
can then be determined by

A= NE) (7.4)

I(E) X €aps(E) X t

with I(FE) the intensity of the radiation contributing to the peak and €,s(F) the absolute
detection efficiency of the setup [4]. The intensities of the relevant v-rays are given in
Tab.[7.1] To get the absolute efficiency for the particular arrangements that were used, the
intrinsic efficiency of the detector (given in Eq. was corrected for the solid angle (2)
of the detector in each setup [4]:

Q
€abs — Eintrg- (75)
The solid angle was calculated according to the flat sphere approximation:
D
= ek (7.6)

where D represents the area of the front detector plane and d the distance between
the detector and the sample [4]. As the Kromek GR05 CZT detector has dimensions of
0.5cm X 0.5cm X 0.5 cm (see section [2.3), D = 0.25 cm?. The sample-detector distance (d)
differed between measurements and is given in Tab. for each sample. The calculated
activities for the various radionuclei in each object are given in Tab.[7.3] For isotopes for
which more than one peak was identified, the weighted mean was taken of the activities
calculated from the individual peaks. To avoid underestimates of the uncertainties on
the weighted mean values, the calculated uncertainties were multiplied by /x2 ;. In this
manner, the x?_;-value was forced to be 1 for the final result. However, this formula could
not always be applied, because of systematic errors. The weighted mean activities for
which the original uncertainty was kept are indicated in Tab.

In the activity calculations, the observed annihilation peaks were attributed to a single
radioisotope for all cases but one (PTK44A). In the spectrum of PTR12, only one ra-
dioisotope that emits 511keV photons in its decay is observed, namely ?*Na. So, the
annihilation peak is entirely due to ?2Na. In contrast, for the other spectra exhibiting an
annihilation peak, two to three (for PTK44A) radioisotopes contribute to the peak. The
extents to which they contribute differ, however, depending on the respective activities of
the radioisotopes and the intensities of their 511 keV ~-rays (given in Tab. . To justify
neglecting the contribution of certain radioisotopes to the annihilation peak, the expected
number of counts in the annihilation peak was calculated for the different radioisotopes
and compared to the observed counts. The calculation of the expected counts for a given
radioisotope relies on the relation of this number to the measured number of counts in
another peak of the same radioisotope. Considering the other peak to be at energy Fj,
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Table 7.3: Activities of the identified radioisotopes in each of the cyclotron parts, calculated from
the count rates given in Tab.[7.3,

Activity [B
Date y [Bd]

221\]a 541\4n 57CO SSCO GOCO 65Zn 124Sb

PTRI12 || 01/03/2022 | 35(5) x 10° 189(25)

PTK42 | 20/02/2022 | 11(2) x 103 | 478(95) | 267(149)

PTK34 || 22/12/2021 | 517(149) T | 403(163) | 35(10)

PTK22 | 08/01/2022 | 765(90) 392(48) T 446(126) | 973(172)
PTK44A || 04/02/2022 630(107) | 86(11) T | 246(33) T| 347(44) T| 754(128) | 624(67) T
PTK44B || 04/02/2022 165(68) | 7(3)

PTK28A || 04/03/2022 128(43) | 20(5) f 27(10)

PTK28B | 02/03/2022 139(57) 25(11)

T In these cases, the uncertainty on the weighted mean activity was not multiplied by \/x?,, because
that led to smaller uncertainties than the original, most likely due to systematic errors.

the relation can be written as

I(511keV) X €qps(511 keV)

N(511keV) = N(Ep) I(Ey) X €as(Eo)

(7.7)

This expression follows from evaluating Eq. at two different energies. Let us first
apply the formula to *Na and **Mn for PTK34. For ??Na, E, = 1274.537(7) keV, and
the observed count rate at that energy is given in Tab. [7.2] Taking the intensities of the
~v-rays at Ey and 511keV from Tab. and evaluating the absolute efficiency at both
energies according to Eq. the expected count rate in the annihilation peak was found
to be 0.8(4) cps for #Na. Similarly, for >*Mn and FE, = 834.848(3) keV, the expected
count rate at 511keV was determined to be 3.3(19) x 1072 cps. So, the contribution of
Mn to the annihilation peak is negligible with respect to that of ?Na for PTK34. Note
that this could be anticipated from the intensities of the 511keV 7-rays in the decay of
the radioisotopes: for Na the intensity is 179.91(18) %, whereas for **Mn it is known
to be no higher than 0.000 00114 % (see Tab. . Based on the same argument, the
annihilation peak was entirely attributed to ?Na in the activity calculations for sample
PTK42 as well — especially since the Mn peak around 834.848(3) keV and thus the activ-
ity of the radioisotope are much smaller than for PTK34. Looking at sample PTK22, the
contributions of ?2Na and %Zn to the annihilation peak must be quantified. Since the
intensity of the 511keV ~-ray in the decay of %°Zn is 2.842(14) %, the effect of this ra-
dioisotope is expected to be larger than for *Mn. Calculating the expected count rates
contributing to the annihilation peak for #*Na (with Fy = 1274.537(7) keV) and %Zn (with
Ey = 1115.539(2) keV) according to Eq. [7.7], gives 0.066(15) cps and 0.0012(3) cps respect-
ively. 9°Zn indeed contributes significantly more to the annihilation peak than *Mn for
the previous samples, but the expected count rate does remain an order of magnitude
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smaller than that for ?Na. Compared to the total measured count rate of 0.0584(15) cps
for the annihilation peak of PTK22, the expected count rate for %°Zn represents only
2%. In the activity calculations for PTK22, this fraction was neglected and the 511 keV
peak was considered to be entirely due to ?2Na. Finally, let us consider the origin of the
annihilation peak observed for PTK44A. In this object, three radioisotopes are identified
that emit 511 keV photons upon decay, namely **Mn, %Zn and **Co. For each of them,
the expected contribution to the observed annihilation peak was determined by Eq.
(with Ey = 810.7593(20) keV for **Co). The resulting count rates are 8(2) x 107! cps
for ®*Mn, 0.0025(6) cps for %Zn, and 0.008(2) cps for 3¥Co. So, for PTK44A both ®Zn
and %8Co contribute significantly to the annihilation peak, but the contribution of 3*Mn is
negligible. For the activity calculations for PTK44A, the calculated expected count rate
by 7Zn in the annihilation peak was subtracted from the total measured count rate of
0.0109(11) cps. The remainder was then assumed to be purely due to **Co and was used
to calculate the **Co activity according to Eq. . The result was in agreement with the
8Co activity determined from the peak around 810.7593(20) keV. The weighted mean of
both values is given in Tab. . The activity of °Zn in PTK44A was calculated strictly
from the peak around 1115.539(2) keV.

An important remark with respect to the activities presented in this section, is that they
were calculated from the acquired y-spectra without any corrections for the geometry or
volume of the samples. Consequently, the obtained activities actually represent activities
of a point source at distance d from the detector. The true activities in the synchrocyclo-
tron parts may be higher. The fact that the samples have a finite volume implies that
radiation coming from radioisotopes deep inside the material is attenuated or even ab-
sorbed within the sample itself, leading to only a fraction of the emitted radiation reaching
the detector. This issue is referred to as “self-absorption”. Furthermore, the absolute effi-
ciency is different for each point on the object, which also affects the activity calculation.
To account for all of these effects and to determine the true activities inside the cyclotron
parts, full numerical integration and simulations with software such as GEANT4 would
be required. That was beyond the scope of this thesis, so all discussions in the next
section are based on the activities as calculated above. However, this means that caution
is required in drawing any definitive conclusions and that all calculated quantities should
be considered as first approximations.

7.3 Discussion

The discussion of the y-spectra and the corresponding activities presented in the previous
section is split into three separate parts. Section focuses on the possible proton-
induced reaction mechanisms responsible for the production of the observed radioiso-
topes. A comparison is made with the results of the FLUKA simulations in chapter [6] In
section [7.3.2] upper limits to the activities of the most expected radioisotopes are determ-
ined for the four cyclotron parts for which no radioactivity was measured by the Kromek
GRO5 CZT detector. Finally, the conditions for clearance of the different proton-activated
samples are evaluated in section [7.3.3|
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7.3.1 Production Pathways

In follow up to the discussions of the FLUKA simulations presented in chapter [0} it
is important to understand how the radioisotopes observed during the experiment were
generated. An overview of all identified radioisotopes and their respective activities per
sample is given in Tab. in the previous section. **Mn and ®*"Co are present in nearly
all samples, 22Na and %°Co each in half of them, ®Zn only in PTK22 and PTK44A, and
(o and 2Sb exclusively in PTK44A. Most of these radioisotopes were predicted by the
FLUKA simulations for common construction materials in accelerators (i.e. Al/AIMgSi,
Cu and stainless steel). Therefore, the proton-induced reactions discussed in chapter @
are expected to be largely responsible for their production.

Any #*2Na in the synchrocyclotron parts is expected to be produced via
2TAl(p, o + p + n)*Na or Mg(p, a)**Na, in accordance with the FLUKA simulations
for Al and AIMgSi. This is the case for PTR12 and PTK42, which are known to consist
(partially) of AIMgSi (see appendix [D]). 2*Na is also observed for PTK22, which is made
up of Cu (see appendix @ Since the FLUKA simulation for proton irradiation of pure
Cu does not predict any #?Na to be produced, the presence of this radioisotope in PTK22
is most likely due to an Al impurity in the material. The 57Co, %°Co and %°Zn that are
observed in PTK22 were expected based on the FLUKA simulation for Cu. In general,
%57n is always expected to be produced by ®Cu(p, n)%Zn in Cu containing samples. The
Co radioisotopes, in contrast, can be generated by a multitude of proton-induced reac-
tions on stable Fe, Ni or Cu isotopes. They are discussed in more detail later in this
section. Here, we just note that, for PTR12, the observed *’Co — which is not predicted
by FLUKA to be generated upon proton irradiation of AIMgSi — points to an impurity of
Fe, Ni or Cu in the AIMgSi composition. In PTK42, the observed 5"Co as well as **Mn
stem from reactions with the stainless steel that is also incorporated in this object (see

appendix @ E]

The only observed radioisotope that is not predicted by FLUKA for any of the considered
construction materials is 24Sb, which is observed in PTK44A. Looking at the nuclear
chart, '2*Sb is most likely produced from tin via 24Sn(p, n)!24Sb. This is illustrated in
Fig. [7.3l Sn is a metal that is often used in corrosion resistant coating layers [69], so
it is plausible that it is present to some extent in the cyclotron parts. Since there are
many stable isotopes of Sn — several of which have significantly higher abundances than
12481 — other Sb radioisotopes besides 1?4Sb are expected to be produced by (p,n) re-
actions as well. However, these are not observed in the ~-spectrum of PTK44A. That
can be explained by their relatively short half-lives. The longest half-life of the other Sb
radioisotopes that can be produced is 5.76(2) d for 2°Sb [3]. Consequently, all these ra-
dioisotopes decayed to negligible activities by the time the vy-spectrometry measurements
with the Kromek GRO5 detector were performed for PTK44A, leaving only '24Sb.

Apart from checking which of the observed radioisotopes are predicted by FLUKA — to
gain insight into the nuclear reactions that produced them — it is also relevant to look
at which of the radioisotopes predicted by FLUKA are not observed in the experiment.

3The discussion here is limited to PTR12, PTK42 and PTK22, because these are the only samples
for which the composition is known. Nevertheless, the other cyclotron parts are also expected to be made
at least partly of AlMgSi, Cu or steel, so the general reaction mechanisms are assumed to apply to all.
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Figure 7.3: Illustration of the production of **Sb and other Sb radioisotopes via (p,n) reactions
on stable isotopes of Sn. Nuclear chart from Ref. 1@/

Given that the samples from PARTICLE were taken out of the synchrocyclotron at least
several months before the experiment was conducted, the results should be compared to
the FLUKA predictions for 6 months to 1 year after the end of the proton irradiation.
As it turns out, there are several radioisotopes which are predicted to be present in sig-
nificant amounts, but are not observed in any of the acquired v-spectra. Consider for
example 'V (T}, = 330(15) d ) This radioisotope is predicted to be one of the most
active radioisotopes in stainless steel in the long term. The fact that it is not observed
in the y-spectra of the cyclotron parts is a consequence of its decay properties: °V de-
cays directly to the ground state of stable ¥Ti (by EC), so no vy-rays are emitted .
Hence, 4°V is undetectable by any ~-ray detector, such as the Kromek GR05 CZT de-
tector used for this experiment. The same holds for *H (11, = 12.32(2)y [24]), which
is predicted for all simulated materials due to break-up reactions of the type (p,*H): *H
decays directly to the ground state of stable *He (via 3~ -decay) without emitting any
~-rays [24]. For %Fe (Ty/ = 2.744(9) y [24]), this reasoning does not apply however. 5Fe
is predicted by FLUKA to be among the most active radioisotopes after 6 months to
1 year in both stainless steel and Cu, and it emits a single ~v-ray at 126.0(1) keV in its
decay. So, in principle it should be detectable. Nevertheless, the intensity of the y-ray
is only 0.000000 128(2) % , meaning that very large activities of *Fe would have to
be present for the signal to be visible in the spectra. On top of that, the peak would lie
in between the two 5"Co peaks (at 122.060 65(12) keV and 136.4736(3) keV), so it would
be difficult to distinguish. Finally, let us consider *Co (T3, = 77.236(26) d [24]). This
radioisotope is also predicted to be present in stainless steel and Cu in the long term,
albeit in considerably lower amounts than *°V and %Fe. 56Co emits multiple +’s in its
decay, the most intense one occurring at 846.770(2) keV with intensity 99.9399(23) % [24].
So, if present, 5Co should be visible in the -spectra. The fact that it is not observed
thus indicates that there must be very little °Co left in the samples.

The absence of 56Co in the samples is important to take into account when studying
the possible proton-induced reaction mechanisms for the observed Co radioisotopes. In
particular, the nuclear reactions should explain the activity ratios of the different Co ra-
dioisotopes in each of the samples. The results in Tab. show that °"Co is virtually
always present to some extent, %°Co in half of the samples, and ¥Co only in one case.
Consider first which Co radioisotopes would be expected from proton-induced reactions
on stable Fe isotopes. As illustrated in Fig. in the previous chapter, Co radioiso-
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topes are produced from Fe by (p, Xn) reactions with X = 1,2,3. Given the relative
abundance of 91.754 % for Fe [3], the reaction °Fe(p,n)**Co seems the most likely to
occur. So, more *°Co is expected to be present shortly after proton irradiation of Fe
than any of the other Co radioisotopes. However, because of the shorter half-life of *Co,
namely 77.236(26) d [24], the ratios change in time and 5"Co eventually becomes the most
abundant Co radioisotope in the long term. This is also visible in Fig. [6.6bl Note that
%0Co cannot be produced in any way by proton-induced reactions on stable Fe isotopes.
Therefore, it seems very likely that, in the samples for which only ®”Co is observed in the
v-spectra, the Co production stems from (p,n) reactions on stable Fe isotopes.

On the other hand, in the samples where %Co is observed as well, there must be proton-
induced reactions on Ni and/or Cu. Of all the possible proton-induced reactions for these
elements discussed in chapter @, the (p, 2p) reactions on stable Ni isotopes are particularly
interesting to consider. These reactions generate >’Co and °Co via **Ni(p, 2p)3"Co and
6INi(p, 2p)5°Co. The other long-lived Co radioisotopes *Co and *®Co cannot be produced
by this type of reaction, since ®’Ni and *’Ni are unstable. Hence, the (p,2p) reactions on
Ni could perhaps explain the presence of 5"Co and %°Co without any other Co radioiso-
topes in some of the cyclotron parts.

Nevertheless, this cannot be the entire story. In particular, PTK22 is known to consist of
Cu (see appendix D)), so the ®”Co and ®Co activities in this object should be produced
by proton-induced reactions on Cu instead of Ni. Although it is possible that there are
impurities of Ni in the material, the Co radioisotopes generated from Cu should dominate
in the sample. Based on the FLUKA results in Fig. this means that there should be
%6Co and %8Co in addition to ®"Co and ®*Co. The most likely explanation for not observing
these radioisotopes seems to be that PTK22 was taken out of the accelerator more than
a year ago. As can be seen in Fig. [6.9b] the *Co and *¥Co activities decay fast compared
to those of 57Co and ®Co, due to their half-lives of 77.236(26) d and 70.86(6) d, respect-
ively [24]. Furthermore, *"Co decays faster than ®°Co, given their respective half-lives of
271.74(6)d and 5.2711(8)y. So, extrapolating the results of the FLUKA simulation for
Cu, it is expected that eventually the *"Co activity will drop below that of ®°Co, as is
observed for PTK22.

Finally, for PTK44A, matters are even more complicated. This sample contains **Co in
addition to 57Co and %°Co, so it cannot have been taken out of the accelerator year(s) ago.
This is also confirmed by the presence of ?4Sb, which has a half-life of 60.20(3) d. On the
other hand, ®*°Co is not observed and the *’Co activity is much lower than that of ®Co.
One option is that the observed Co radioisotopes stem predominantly from (p, a+p+ Xn)
reactions on stable Cu isotopes: ¥Co and %°Co are generated via %3Cu(p, a + p + n)38Co
and %°Cu(p, a + p +n)%Co, whereas for *Co and 5"Co more neutrons need to be ejected.
This might imply less production of **Co and 5"Co, leading to lower initial activities for
radioisotopes to begin with.

Overall, it proves to be very difficult to determine the precise origin of the Co radioisotopes
in the different cyclotron parts, because the ratios in which they are present depend on
many factors. Firstly, there is dependence on the composition of the irradiated material
and the cross sections of the possible proton-induced reactions in that material. As reac-
tion cross sections are additionally energy dependent (see section , the positioning
of the sample in the accelerator also plays a role: depending on how much the protons
need to be scattered to reach the sample, the incident energy will be different. Finally,
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the ratios depend on how much time has passed since the end of the irradiation. This has
to do with the radioactive decay of the different radioisotopes, each according to its own
well-defined half-life. Given that most of these parameters are unknown for the samples
from PARTICLE, their influence on the presence of the different Co radioisotopes — and
others — could not be quantified.

7.3.2 Minimal Detectable Activities

For four synchrocyclotron parts, no peaks were observed in the 7y-spectra acquired by
the Kromek GRO5 detector (see Fig. . However, this does not necessarily mean that
there is no radioactivity in these objects. Instead, any present radioactivity could be
so low that it is effectively undetectable under the current experimental conditions. To
quantify an upper limit, the “minimal detectable activity” (MDA) was estimated for the
radioisotopes that are most likely to be present. Since the four objects in question, i.e.
PTK46A/B and PTK27A/B, are similar in composition to PTK44A /B and PTK28A/B
(see appendix @, mostly the same radioisotopes are expected to be produced in them
upon irradiation by protons. For PTK44A/B and PTK28A/B, the most common ra-
dioisotopes that were observed are ®*Mn, *"Co and %°Co. Therefore, the MDA’s of these
radioisotopes in PTK46A /B and PTK27A /B are determined in this section.

The general idea behind the MDA'’s is that a minimal number of counts must be recorded
by the Kromek GRO5 detector for a distinguishable peak to appear in the y-spectrum.
That has to do with the signal-to-noise ratio: a signal must exceed the noise to a consider-
able extent to become distinctly visible. Consider, by way of illustration, the y-spectrum
for PTK28B in Fig. For %7n, the signal-to-noise ratio is approximately 1, mak-
ing it difficult to conclude whether there is truly a %Zn peak or whether the apparent
signal is merely a fluctuation in the background. The ®°Co signals are somewhat better
distinguishable and for **Mn there is an undeniable peak, owing to higher signal-to-noise
ratios. Based on these considerations, the threshold for a signal to be perceptible is taken
to be 3v/b, with v/b the Poisson fluctuation of the background level (b) (i.e. the noise).
In other words, the height of any signal must be larger than 3v/b for it to be noticeable
in the spectrum. Imagine now a sample containing some radioisotope of activity A that
emits y-rays at energy Ey with intensity I(E,). By rewriting Eq. [7.4] it can be deduced
that the number of counts recorded by the detector would be

N(E()) =AX ](Eo) X Eabs<E0> Xt (78)

for a measurement of livetime ¢ — without accounting for volume effects for samples of
considerable size. Due to the limited energy resolution of the detector (given in Eq. ,
the recorded counts (N(Eyp)) are not all observed at exactly Ey in the acquired spectrum;
rather, they are spread over a peak around (approximately) Fy. For simplicity, we assume
the peak to be a Gaussian of the form

o(B) = —& exp{_(LEo)z}, (7.9)

oV 2T 202

where GG denotes the total integral of the function. To be distinguishable in the spectrum,
the height G/ov/27 of the peak must be larger than the threshold of 3v/b. This can be
rewritten in terms of N(Ey) and Ej in the following way. Consistent with the rest of this
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thesis, the recorded counts (N (FEy)) are considered to be equal to the integral of the peak

within a 20 interval around its centre. This represents 95.45 % of the total integral (G),

based on the empirical 68-95-99.7 rule for Gaussian distributions in statistics. So,
N(Ey)

Furthermore, the standard deviation (o) of the peak is determined by the energy resolution
of the Kromek GRO5 detector (given in Eq. , according to

FWHM  2v2In20
E, K

R(Ey) = (7.11)
Here, the second equality only holds for Gaussians and FWHM signifies the full width at
half maximum of the peak [4]. Combining the expressions for o and G to get the height
G/o/2m of the Gaussian peak and demanding this to be larger than the threshold of
3v/b, the condition for the signal to be visible in the spectrum becomes

N(Ey) 2vIn2 > 3Vi

7.12
0.9545 /7 X R(Ey) X Ey — (7.12)

Finally, substituting N(Fy) by Eq. and solving for the activity, the MDA is defined as

Vb X R(Ey) X Eq

A >1.43175 .
- I(E[)) X Eabs(EO) Xt

(7.13)

The absolute detection efficiency (eqps(Fo)) in this expression is determined by Eq.
and Eq. [7.6] and depends on the distance between the sample and the detector. So, the
MDA will vary for different experimental arrangements. Furthermore, the MDA depends
on the livetime (¢) of the measurement, on the radioisotope (through I(Ey), see Tab.[7.1]),
and on energy (through Fy as well as b, since the background is energy-dependent as a
result of the intrinsic efficiency of the detector and Compton effects).

The results of applying Eq. for 5*Mn, 57Co and %°Co in PTK46A /B and PTK27A /B
are given in Tab. . The calculated MDA for °"Co in PTK28B is included as well.
PTK28B is the only object of the eight with measurable radioactivity for which no 37Co
peaks were observed. Therefore, it seemed valuable to determine an upper limit to the
activity of >"Co in this sample as well. Note that **Mn and ®°Co were observed in the
spectrum of PTK28B and their corresponding activities are given in Tab. [7.3] so for
these radioisotopes no upper limits needed to be estimated. The MDA’s in Tab. [7.4]
show that very little amounts of 5"Co are expected in the samples. For *Mn and ®Co,
the upper limits allow for higher activities to be present. Compared to the activities
observed for PTK44A /B and PTK28A/B (see Tab. [7.3)), the upper limits for **Mn lie
significantly lower: the observed activities are of the order of 100 Bq, whereas the MDA’s
for PTK46A /B and PTK27A/B limit the **Mn activities in these objects to maximally
a few 10Bq. In contrast, the calculated MDA’s for %°Co, in principle, allow activities
of the same order of magnitude as in PTK44A /B and PTK28A/B. Nevertheless, it is
important to stress that this is not necessarily the case. In fact, the notable absence of
peaks in the spectra of PTK46A/B and PTK27A/B (see Fig. for similar sample-

detector distances suggests lower %°Co activities in these samples. In this regard, it is
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Table 7.4: Minimal detectable activities (MDA ) for 3*Mn, 57Co and %°Co. The energies quoted
under the radioisotopes signify the Eg of the y-rays for which Eq. was evaluated.

MDA [Bq]
54Mn 57C0 GOCO
834.848(3) keV | 122.06065(12) keV | 1173.228(3) keV

PTK28B 1.51
PTK46A 29 0.45 65
PTK46B 37 0.64 42
PTK27A 26 0.37 63
PTK27B 22 0.38 69

important to keep in mind that the MDA'’s strictly serve as upper limits and all activities
below them remain possible. To make more accurate statements about the activities in
PTK46A/B and PTK27A/B - or to lower the values for the upper limits from those in
Tab. — measurements with a detector of higher sensitivity than the Kromek GRO05
CZT detector or in an environment with a lower background (e.g. in a fully closed lead
castle) would have to be performed.

7.3.3 Clearance Levels

To determine which of the proton-activated synchrocyclotron parts can be disposed of and
which need to undergo radioactive waste processing and decay-in-storage, the condition
for clearance is evaluated here for the eight samples in which radioactivity was detected
by the Kromek GRO05 detector.

As mentioned in section [5.3] for solid samples containing a mixture of radionuclei, the

condition for clearance is w
d Z<, (7.14)
7 G

where j iterates over all present radionuclei, and a; and C; represent respectively the
activity concentration and clearance level (defined in the royal decree ARBIS, see Ref. [63])
corresponding to each individual species. The clearance levels for the radioisotopes that
were identified in the 7-spectra of the synchrocyclotron parts are given in Tab. To

Table 7.5: Clearance levels for the radionuclei that were observed in the synchrocyclotron parts,
as defined in ARBIS (see Ref. [65]).

Radioisotope 2Na, | ™Mn | ®"Co | ®8Co | °Co | %°Zn | 124Sb

Clearance Level kBq/kg] || 0.1 | 0.1 1 1 0.1 | 0.1 1
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determine the activity concentrations (a;) for all radioisotopes per sample, the calculated
activities (given in Tab. were each divided by the weight of the respective sample. The
weights are given in Tab. alongside the final outcomes for the sum in the clearance
condition in Eq. Besides for the activities in Tab. the sum was also evaluated for
the activities propagated to within five years. Given that NIRAS is required to make an
inventory of all sites containing radioactive materials every five years (see section, this
allows to evaluate how much the values can change by the next inventory. The propagated
activities are given in Tab. [7.7] the results for the clearance condition in Tab. [7.6]

Consider first the present-day results for Eq. The clearance condition is fulfilled
for three out of the eight objects, namely PTK44B and PTK28A /B. For all others, the
calculated sum is larger than 1. A maximal value of 691(101) is obtained for PTR12.
This result follows from the high activity of **Na (i.e. 35(5)kBq, see Tab. observed
in the relatively light object PTR12 (weighing 0.5 kg). The activity concentration of ?Na
in PTR12 was determined to be 69(10) kBq/kg. This lies far above the clearance level
of 0.1kBq/kg for ??Na, and therefore contributes significantly to the sum in Eq. In
contrast, the activity concentration of the 5"Co that is also present in PTR12 is much
lower, namely 379(49) Bq/kg, and lies below the clearance level of 1kBq/kg for ®7Co.
Therefore, the high result for PTR12 in Tab. [7.6|is almost entirely due to the high #?Na
activity. The same holds for PTK42. In this sample, also a high activity of ?2Na was
observed (i.e. 11(2)kBq, see Tab. [7.3), which contributes significantly to the sum in
Eq. [7.14. The reason for the high activities measured for PTR12 and PTK42 is that
these samples were irradiated directly by the 230 MeV proton beam at PARTICLE. In
contrast, the other samples were not positioned in the beam path and were only irradiated

Table 7.6: Results of the sum in the clearance condition (Eq. for the synchrocyclotron
parts in which radioactivity was detected. Values above 1 are indicated in red, values below 1
(i.e. satisfying the clearance condition) in green. The weights of the objects are given as well.

Weight [kg] 2%/
Now In 5 years
PTR12 0.5
PTK42 1.5
PTK34 0.5
PTK22 1
PTK44A 3
PTK44B 10
PTK28A 3
PTK28B 10
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Table 7.7: Propagated activities in 5 years for the identified radiotsotopes in the cyclotron parts.

Activity in 5 years [Bq]

22Na 54Mn 57CO BSCO GOCO 65Zn 124Sb
PTR12 | 9.1(13) x 10? 1.8(3)
PTK42 | 3.0(6) x 10° | 8.3(19) | 2.5(14)
PTK34 137(39) 7(3) | 0.34(10)
PTK22 202(13) 3.7(5) 231(65) | 5.4(15)
PTK44A 11(2) | 0.82(12) | 4(6) x 107¢ | 180(23) | 4.2(11) | 5(8) x 1077
PTK44B 2.9(12) | 0.07(3)
PTK28A 2.2(8) | 0.19(5) 14(5)
PTK28B 2.4(10) 13(5)

by scattered protons, leading to lower activities being generated. For PTK42, the activity
concentration of ?Na was found to be 7.5(14) kBq/kg. This is considerably smaller than
in PTR12, because PTK42 weighs three times as much. The final result for the clearance
condition — after adding the terms due to ®*Mn and 5"Co in PTK42 — is correspondingly
much smaller than that for PTR12 as well, namely 79(14).

Given that PTK44B and PTK28A /B satisfy the clearance condition, it is expected that
PTK46A/B and PTK27A/B — for which no radioactivity was measured by the Kromek
GRO5 detector — satisfy it too. The fact that no peaks were observed in the y-spectra of
these samples for similar experimental conditions, means that the activities of any present
radioisotopes are lower than in the other objects. This was quantified by the MDA’s
presented in the previous section. The weights of PTK46A/B and PTK27A/B are the
same as those of PTK44A /B and PTK28A/B, so the lower activities also mean lower
activity concentrations and consequently smaller contributions to the sum in Eq. [7.14]
Since this sum was already smaller than 1 for PTK44B and PTK28A/B, it must be for
PTK46A/B and PTK27A /B as well.

After five years time, PTK44A satisfies the clearance condition too, as can be seen from
Tab. [7.6] The remaining four cyclotron parts (i.e. PTR12, PTK42, PTK34 and PTK22)
still have values (significantly) above 1, although they have decreased compared to the
present-day results due to radioactive decay of the radioisotopes in the samples. The
residual activities of the different radioisotopes per sample after five years — propagated
from the activities in Tab. — are explicitly given in Tab. [7.7, For all samples, ?Na
and/or ®Co are left as the most active radioisotopes, because of their long half-lives of
2.6018(22) y and 5.2711(8) y, respectively. All other radioisotopes remain present only in
small amounts in comparison. In particular, the ®Co and 24Sb activities have decayed
to negligible values in PTK44A. For the four samples that do not satisfy the clearance
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condition yet, it means that the decay of the ?Na and /or ®°Co activities determines when
the clearance condition will be satisfied.

In general, the decay in time of the sum in the clearance condition in Eq. is governed
by the half-lives and relative amounts of the different radioisotopes in the sample. For
the synchrocyclotron parts with initial values larger than 1, the decay is plotted against
time in Fig. [7.4] to get an indication of the timescales at which the clearance condition
becomes fulfilled for each of them. As already mentioned, for PTK44A the clearance
condition becomes satisfied within the next five years. For the PTK34, it takes almost
nine years; for PTK22, 13 years; for PTK42, 16 years; and for PTR12 almost 25 years.
So, the longest timescales are observed for the two samples that were directly irradiated
by the 230 MeV proton beam. Note, however, that the timescale for PTK22 is rather
comparable to that for PTK42, even though this sample was indirectly irradiated. This
is due to the fact that there is °Co produced in PTK22 — in contrast to PTR12 and
PTK42. The long half-life of ®°Co is responsible for the less steep decay of the result for
the clearance condition in PTK22, observed in Fig. [7.4]

—— PTRI12
PTK42
—— PTK34
PTK22
PTKA44A

251

Z a,-/C,-

(') 32 5 8.8 1'0 133 1'5 162 2'0 24.6-2'5 3'0
Time [y]

Figure 7.4: Decay in time of the results of the clearance formula for the objects with initial
results exceeding 1. The times at which the respective values become lower than 1 and the objects
can be cleared, are indicated by black dotted lines on the graph.

As final remark on the results for the clearance condition presented in this section, it
is important to recall that all activities in Tab. are only first approximations to the
true activities in the synchrocyclotron parts. As mentioned at the end of section [7.2] the
activity calculations were performed without correcting for volume effects of the objects
(i.e. as if the objects were point sources at distance d from the detector). This implies
that the true activities in the samples might be higher than the calculated ones presented
in this thesis. Consequently, the results for the clearance condition in Eq. might also
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be higher and it might take longer before they decay to values below 1. The values in
Tab. and the expected timescales at which the different cyclotron parts satisfy the
clearance condition are therefore to be interpreted as lower limits.

7.4 Conclusion & Outlook

In the context of waste management of proton-activated construction materials from the
proton therapy facility PARTICLE, a spectroscopic study with a Kromek GR05 CZT
detector was performed on 12 objects that used to serve as parts of the synchrocyclotron.
Three main aspects were investigated in the experiment: which radioisotopes are present
in the samples, in what activities they are present, and whether the condition for clearance
is satisfied for the samples.

From the obtained ~-spectra, 22Na, **Mn, 57 Co, **Co, ®°Co, %Zn and '?4Sb were identified.
Most of these radioisotopes were expected to be observed based on the FLUKA simula-
tions for common construction materials in accelerators. Only '24Sb was not predicted
by FLUKA. This radioisotope is presumably generated from '2Sn via (p,n) reactions.
For the other radioisotopes, the reaction mechanisms discussed in chapter [6] remain the
most likely. First approximations to the activities of all observed radioisotopes were de-
termined by assuming all samples to be point sources. The relative activities of different
radioisotopes were observed to vary strongly across all samples. Multiple factors are re-
sponsible for this, including possible differences in material composition, positioning in
the synchrocyclotron, incident proton energy, duration of the irradiation (i.e. years of
service in the accelerator and operation of the accelerator during that time), and time
passed since the last irradiation. The highest activities were obtained in the two objects
which were directly irradiated by the 230 MeV proton beam (i.e. PTR12 and PTK42).
For four samples, namely PTK46A/B and PTK27A /B, no peaks were observed in the
~v-spectra acquired by the Kromek GRO05 detector. For these cyclotron parts, minimal
detectable activities (MDA’s) were determined as upper limits to the activities for the
most likely radioisotopes to be present. Finally, for the cyclotron parts that did have
distinct peaks in their y-spectra, the condition for clearance was evaluated. The results
showed that the clearance condition is satisfied for PTK44B and PTK28A /B, so these ob-
jects can be disposed of or recycled. Since PTK46A /B and PTK27A /B definitely contain
lower activities, they should also meet the clearance condition. In contrast, for PTR12,
PTK42, PTK34, PTK22 and PTK44A the clearance condition is not satisfied, so these
objects must undergo decay-in-storage and/or waste processing depending on the activ-
ities and half-lives of the present radioisotopes. The timescales at which the clearance
condition becomes satisfied for these samples was shown to depend on the initial activ-
ities and the half-lives and relative amounts of the different radioisotopes in the sample.
PTK44A meets the clearance condition after about three years. For the other samples,
the timescales range up to almost 25 years for PTR12. Note that the number of differ-
ent radioisotopes in principle does not play a role in evaluating the clearance condition.
What is important are the activities of the radioisotopes and how they compare to the
corresponding clearance levels defined in ARBIS.

As the activities and related quantities presented in this chapter are only first approx-
imations to the true values, there is room for further research. For example, GEANT4
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simulations could be performed to carry out the full numerical integration needed to ac-
count for volume effects of the considerably sized synchrocyclotron parts. Alternatively,
one might consider the possibilities of using a v-ray detector with a larger detection sur-
face than the compact Kromek GR05 detector. Since the Kromek GRO5 detector had to
placed very close to the samples to detect any signals — given the relatively low count rates
in most samples — only part of the sample was visible to the detector. A larger detector
would allow to detect signals from the whole sample. Nevertheless, GEANT4 simulations
would still be necessary in the activity calculations to account for self-absorption in the
finite thickness of the sample. In general, which detector is used and how many correc-
tions are taken into account during activity calculations all depends on which information
is desired and how accurate the results should be. For example, if one simply wishes to
know which radioisotopes are present inside a sample and what their relative activities
are — such that one can determine the decay in time of the overall radioactivity — the
Kromek GRO5 detector is a suitable candidate, as shown in this thesis.



Part IV

General Conclusion



GENERAL CONCLUSION 85

Conclusion on the use of a compact CZT ~-ray
detector for nuclear applications in medicine

The two case studies for the use of Kromek GR CZT detectors discussed in this thesis
illustrate the potential of these compact y-ray detectors for nuclear applications in medi-
cine. Firstly, the two distinct situations show that the detectors have a wide range of
applicability. In particular, they can be used to detect high activity radiation (< MBq)
from radioisotopes that are produced for applications in nuclear medicine, as well as
lower activity radiation (o< Bq — kBq) from radioisotopes generated by interactions of
ionising radiation with construction materials of clinical accelerators. Secondly, the com-
pact size of the Kromek GR detectors and the fact that CZT detectors can operate at
room temperature — in contrast to high-resolution HPGe detectors, for example — allows
the detectors to be used in remote places which might be inaccessible to other detection
systems. This is particularly useful in the context of radioisotope production for medical
applications: the detector can be positioned right in front of the collection box where the
radioisotope of interest is implanted, making it possible to follow the implanted activities
in real time and thereby track the progress of the collection. Furthermore, the fact that
the Kromek GR detectors are portable and only need a USB connection to a computer to
work, makes it possible to perform measurements virtually anywhere. This can be useful
in the context of radioactive waste management in hospitals: large activated construction
materials could be measured on-site. On the other hand, for large objects with relatively
low activity, the compact size of the Kromek GR detectors seems to be less convenient
with respect to activity calculations. Due to the low activity, the detector must be placed
close to the sample, such that only part of the object is effectively visible to the detector.
Nevertheless, the Kromek GR detectors do allow identification of the radioisotopes that
were generated in the object, and a first approximation or lower limit to their activities
can be determined form the acquired ~y-spectra.

In conclusion, the compact CZT detectors of Kromek’s GR family represent practical,
portable y-ray detectors with great potential for qualitative measurements in the monit-
oring of radioisotope production for medical applications as well as in the management of
clinical radioactive waste.
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Appendix A

Poster on the ISOL Production of
Tb at MEDICIS

To convey knowledge about the ongoing research on the production at MEDICIS of
neutron-deficient Tb radioisotopes for medical applications, a poster was made that
summarises some of the key concepts and developments. The poster was presented at
the 8th International Symposium on Medical Radioisotopes (ISMERAD) in Antwerp on
May 6, 2022. It is included on the following page.

The box titled “Collection Efficiencies” gives the efficiencies that were obtained for Tb
collections from externally irradiated gadolinium targets at 30 MeV at ARRONAX, as well
as from tantalum targets irradiated at 1.4 GeV at CERN. The latter represent the July
and August **Tb collections discussed in chapter [4 The results show that the collection
efficiency is higher for external irradiation of Gd at lower energy than for irradiation of Ta
at high energy at CERN. As more than one parameter differs between these two situations,
systematic research must be done for all of them to determine how the collection efficiency
behaves as function of the individual parameters and how it can be optimised. That holds
for proton energy, target material, target temperature, type of ion source (plasma ion
source, surface ion source and/or laser ion source), total duration of the whole collection
(i.e. from target irradiation until implantation, including transport time) and so on.
Chapter 4] addresses a few of these parameters.
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Appendix B

Ion Source Saturation: LIST

Associated to the discussion on ion source saturation in section this appendix
provides another example of a case where saturation was perceived. Fig. shows an ex-
cerpt of the GPS (General Purpose Separator) e-log at ISOLDE from May 24, 2022. The
snippet describes the observation that, depending on the number of charges present, there
is suppression of ionisation efficiency by the lasers in the high purity Laser Ion Source and
Trap (LIST). The working of LIST relies on the inclusion of a RF quadrupole trap, which
suppresses surface ionised species and thus promotes pure laser ionisation . Fig.
gives a schematic representation. The device can operate in two modes: Ion Guide (IG)
mode, which is very similar to standard RILIS, and LIST mode, where the RF quadru-
pole trap is activated. The observation described in the e-log in Fig. tells us that
the current of laser ionised ions is reduced significantly for high total beam currents in
IG mode. In other words, the ion source becomes saturated when high ion currents pass
through it. In LIST mode, however, saturation is avoided, thanks to the suppression of
surface ions and a lower resulting beam current.
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izati mass separation
N e | s :
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Figure B.1: Schematic representation of LIST included as ion source in the ISOL method. The
separation of the isotope of interest from isobaric and isotopic contaminants throughout the
different steps of the method is highlighted. Compare to Fig.[3.3 for a reqular RILIS ion source.

Picture from Ref. .
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Appendix C

Risk Assessment for Spectroscopic
Study of Cyclotron Parts

The spectroscopic study of proton-activated parts of the cyclotron from the proton therapy
center PARTICLE in Leuven was not a standard type of experiment commonly performed
at the IKS department. Hence, a thorough risk analysis had to be made before the exper-
iment could start. This document was submitted to the Health, Safety and Environment
(HSE) department for approval and advice. The reader may find the risk assessment
together with the advice from HSE on the following pages.
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DIENSTEN ALGEMEEN BEHEER [ f‘%
DIRECTIE STAFDIENSTEN ALGEMEEN BEHEER f Y
DIENST VGM §gh:
WILLEM DE CROYLAAN 58 BUS 5530 N
3001 LEUVEN, BELGIE @ %454

APPLICATION FORM SPECIFIC RISK ANALYSIS FOR AN EXPERIMENT
WITH OPEN RADIOACTIVE SOURCES

Use this guide to prepare a specific risk assessment for experiments with biological materials.
Complete this form in consultation with your HSE Network Contact Radioprotection (RP)™.

1. Identification of the unit (users)

Applicant/contact person: Willemijn Goossens Unit: IKS

Phone: +32 498 38 01 16 Warehouse code?: GzuU

E-mail address: Manager3: Riccardo Raabe
willemijn.goossens@stud | Promotor: Thomas Elias Cocolios

ent.kuleuven.be

Persons who will initially perform the activity

Name - first name u-/s-number/... | Staff group

Goossens - Willemijn r0694078 KU M Student KUCJ UZ [ VIB [ External: Fill in.
Wojtaczka - Wiktoria u0140238 B KU O Student KUO UZ [ VIB O External: Fill in.
De Witte - Hilde u0034658 B KU O Student KU O UZ O VIB O External: Fill in.
Fill in. Fill in. 0O KU O Student KU UZ O VIB O External: Fill in.
Fill in. Fill in. 0O KU O Student KU UZ O VIB O External: Fill in.
Fill in. Fill in. O KU O Student KU UZ O VIB O External: Fill in.
Fill in. Fill in. 0 KU O Student KU UZ O VIB O External: Fill in.
Fill in. Fill in. 0 KU O Student KU COJUZ O VIB O External: Fill in.

2. lIdentification of the experiment

2.1. Title (name) (max. 40 characters): Spectroscopic study of proton activated materials from the proton therapy
center PARTICLE

2.2. This risk analysis shall include:
M a new experiment,
[J a change/extension of an existing experiment,
- This change/extension concerns (please indicate and describe further in the form):
[0 Premises where the experiment takes place
[J Agents or devices that generate ionizing radiation
[J Extension
[0 Other risks: Describe briefly.
- File or reference number previously submitted risk analysis (if known): Fill in.

2.3. Desired start date 6/12/2021 Scheduled finish date: 31/05/2022

* You can find the members of your local HSE Network via KU Loket > VGM & Ruimtes > Mijn VGM > Mijn VGM-antenne
2 If you do not know the warehouse code, please contact your HSE Network
3 This is the hierarchically responsible person according to the official organization chart.

KU LEUVEN

MEMBER OF
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Identification of agents

3.1

Description of the radioactive sources used: products and quantities

- Radionuclides used: Co-60 and other unknown species to be identified
- Products: Activated material from the proton therapy center PARTICLE
- Activity per experiment per radionuclide (MBQq): Up to 0.29MBq per sample for a total of about 0.34MBq
- Purchased activity per radionuclide (MBq): Fill in.

Description of the experiment and the risk analysis

4.1.

Description of the actions, techniques and location:
Number sub- Description of sub-experiment — actions and techniques (e.g., preparing the
experiment samples, carrying out the measurements, storing samples, measurements, ...)
1 Measurements with CZT detector
2 Measurements with Germanium detector
3 Storing samples
4 Fill in.
5 Fill in.
Number .
- Containment e
sub- Building | Room level Specifications room
experiment
1. 200D 00.89 Fill in. M own unit
[0 space allocated to another unit: Fill in.
2. 200D 00.89 Fill in. M own unit
[ space allocated to another unit: Fill in.
3. 200D 00.80a/ | Fill'in. M own unit
00.88 [0 space allocated to another unit: Fill in.
4, Fillin. Fill in. Fill in. 1 own unit
[0 space allocated to another unit: Fill in.
5. Fill in. Fill in. Fill in. 1 own unit
[ space allocated to another unit: Fill in.

Type experiment:
0 Binding experiment (adding radioactive material, incubation, separation, measurement)
[0 Commercial experiment (with standard protocol: RIA...)

[ Radioactive marking (with 1251, 1311, ...)
M Other (specify): Activation Spectrometry

4.2. Frequency experiment execution:

[ Daily

B Weekly

1 Monthly

[ Less than monthly
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4.3.

Add more information essential for performing the risk analysis (e.g., description, photos, reaction
scheme) or refer to an appendix:

The experiment will deal with various materials of unknown radioactive composition. The materials have been
irradiated at the proton therapy centre PARTICLE at UZ Leuven and will all be submitted to a spectroscopic
analysis to identify which radioactive isotopes are present.

Sub experiment 1: Measurements with a portable CZT detector (Kromek GRO05)

Pictures of CZT setup similar to what will be used in
this experiment:

The materials will be put on the table, in front of the
CZT detector. To avoid contamination of the table, we
shall put each of the samples in a sealed plastic bag.
The whole setup will be surrounded by a lead shielding. = PR
The measurements shall take place in room 00.89. There are currently no other activities there, so there will be no
exposure of people not involved in this experiment.

We will use signs to indicate that we are working with radioactive materials. Each sample will also be marked
individually with activity cards. On these cards we shall indicate the number of counts per second until the present
isotopes and their activity are identified. We shall update the cards as soon as more information is available from
the analysis of the measurements.

Sub experiment 2: Measurements with a Germanium detector (Canberra)
For samples where more sensitivity is required, we will do additional
measurements with a Germanium detector. This detector then replaces the

CZT detector in the previous setup. The rest of the setup remains the same.

These measurements will also take place in room 00.89, which is already
adapted to experiments with cooled Germanium detectors.

Sub experiment 3: Storage of the samples

The materials are stored in 3 barrels. Each sample will be put in a sealed plastic bag individually. We will number
the plastic bags according to the codes in the table below. This table gives an overview of all samples with their
measured dose rate, count rate, dose, and estimated Co-60 equivalent activity. It also indicates which samples
are put in which barrel. The barrels are generally kept in room 00.80a. Only the barrel that is currently needed for
experiments will temporarily be stored in room 00.88.

Prigrinedt | Code Danschijving mabesiaal Samanstelling Dpmerkingen
Takan tlasts aan pomplar Qi
FTvz T St hesiaal 1 3 Cu deel i
[PTRA1[IC Cyvo (aln 2037 0 KONCIChOBY AT S s sl W tacirul Polyirnide
FTRLZ [ Wacuum sestplg [ s angedhud met e bl

FTHZEA _|Cooling citnder

T

g _Coplng shnies

FTHAGE | Cooking sknges

THALL

FTHALS.

PTIZTA__|Cooling ciinger

FTKETE | Cooling sinder

HSE Department — www.KaOleuven.nernse
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Pictures of the barrels and some of the samples:

4.4. Risks associated with the experiment:

Risks associated with the use of ionizing radiation:

[ Risk of inhalation / inhalation (powders / aerosols / volatile substances)

[0 Chance of splashing

[J Chance of contamination of measuring equipment / devices

[J Reuse glassware

B Transport of radioactive material:
M inside building or building complex: Describe the measures: Wearing appropriate protective
equipment. 2-person activity: one for the transport and one for guiding/opening doors with clean hands.
[0 between KU Leuven buildings (not on public roads): Describe the measures: Fill in.
M external transport (on public road)

O Other: Fill in.

Other risks associated with the experiment

[ Incineration, freezing (CI high or low temperatures, B cryogenic substances, ...)

[ Implosion, explosion (LI high pressures, [ low pressures, [1 negative pressure, ...)

[ Fire (I ovens, [ heating coils, [J Bunsen burner, [ oil baths ...)

[0 Non-ionizing radiation (C] NMR, O lasers, [J UV lamps, ...)

[ Electrocution (I naked contacts, [I humid environment, 1 high powers, ...)

[0 Secluded employment remote room or place.

Describe the conditions (e.g. with 2 present, dead man's alarm,...): Fill in.

[ Risk of falling (LI installations at a height, (1 in height, [ difficult to reach, ...)

[0 Chemical risk: (products: [ flammable, [ toxic, [ carcinogenic,

[ teratogenic, [1 mutagen, ...)
Specify (name, CAS-nr., concentration, used quantity): Fill in.

[ Biological risk (CI pathogenic p-organisms (specify): Fill in., 0 GGO (specify host-vector-insert): Fill in.,
[ cells (specify type and origin: Fill in., (I blood (specify origin): Fill in., O lab animals (specify
species, wild-type/knock-out, ...): Fillin., ...)

[ Gasses: Fill in.

[0 There is a chance that in the event of a serious incident, an independent alarm can NOT be given (e.g. use
of highly toxic vapors or gases, risk of explosion, presence of suffocating gas, ...)
[ Other: Fill in.

v.kuleuven.be/hse

WWV

HSE Department
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5. Precautions to be applied

If not all precautions can be applied, the HSE Department advises not to start the activities.
5.1. Collective protective equipment
Number sub-experiment*: | 1 2 3 4 5

Environmental Dosimetry

Safety screen:
- Plexi screen
- Lead shielding (wall of lead blocks, lead glass, ...)
- Other: Fill in.

Closed system

Fume cupboard

Ventilated cupboard

Reactor cabinet

|
|
|
O
O

Local extractor

Spatial extractor

Drip tray underneath the installation / liquid waste
Signage (pictograms)

Other: Fill in.

oojojojojo|jojo|ojo = o
gojojojojo|jo|jo|jo|joc m o
gojojojgjo|jojo|jo|jo o o
ojojojojojo|jojo|jojo o o
oojojojojo|jojo|jojo o o

5.2. Personal protective equipment®

Number sub-experiment*: | 1 2 3 4 5
General protection:
- Lab apron / work clothes - m u O 0
- Disposable overshoes 0 0 0 0 0
- Personal Dosimeter® (to be worn at chest height) 1 u H O O
- Ring Dosimeter? O O O O O
- Disposable hygiene hair net O O O O O
- Disposable overall O O O O O
- Disposable lab coat o|oj|o|o)| O
- Other: Fill in. oo o |opo
Eye and face protection:
- Safety glasses O u O O O
- Global vision safety glasses O O O O O
- Face shield d O O O O
- Other: Fill in. O O O O O
Respiratory protection:
- Disposable dust mask P1 O O O O O
- Disposable dust mask P3 O O O O O

4 Number of the sub-experiment as indicated in section 4.1.
5 Guidelines on obtaining Personal Protective Equipment (PPE’s): via your HSE Network or the website of the HSE Department.
&7 More info on dosimeters can be found on the website of the HSE Department.
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- Disposable hygiene mask / surgical mask O O O O O
- Other: Fill in. O O O O O
Gloves:
- Disposable nitrile EN 374 ] u u O O
- Disposable vinyl EN 374 O O O O O
- Nitrile EN 374 ] O O O O
- Cryogenic gloves O | O O O
- Other: Fill'in. O O O O O
Hearing protection:
- Disposable earplugs O O O O O
- Banded earplugs O O O O O
- Ear muffs | O O O O
- Other: Fill in. d | O O O
5.3. Specific preventative measures:
M Check for radioactive contamination:
B immediate measuring by means of a contamination monitor (vb. Geiger-Miiller, Nal, ...)
[ indirect measuring by means of rub/wash samples for liquid scintillation counts
[0 Check operation of the contamination monitor (battery voltage and background signal)
[0 Presence of decontamination material
[J Check operation of fume cupboard
[0 Check glassware for cracks
[ Other: Fill in.
5.4. Work practices
M Apply the Code of Good Lab Practice
M Follow the Course Radiation Protection (Basic Training)
[0 Provide internal training and guidance
[0 Organization of Purchase and acquisition of radioactive substances via SAP
B Apply precautions when working with radioactive materials
[J Organization of selective collection waste - radioactive waste
6. Disposal of waste — radioactive waste
6.1. Indicate the expected waste fractions:
Waste fraction + container Container
- Only 1 radionuclide is collected per container (with the exception of *H and 4C). present
[J Solid flammable: black plastic barrel 30 | O
) [ Solid non-combustible: metal bucket 30 |
E;:E(?I.S;Obﬁa\;vsasat:d [ Liquid scintillation counting vials: blue plastic barrel 30 | O
3H-14C-waste [J Liquid aqueous and liquid organic: plastic jerrycan 10 | O
(Collect aqueous waste separately from organic waste.)
[ Injection needles: needle container and full needle containers in metal bucket 30 | O
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[J Animal cadaver of mice and rats: in two separately hermetically sealed
polyethylene zip bags and then:
- disposable in white plastic bucket o
- ®H and *C: in black plastic container 30 | O
(The unit provides the polyethylene zip bags.)
[J Solid (flammable, non-flammable, filled needle containers): red plastic barrel 50 | O
[ Liquid scintillation counting vials: blue plastic barrel 30 | O
Perishable waste [ Liguid aqueous and liquid organic: plastic jerrycan 10 | O
tu2 < 180 days (Collect aqueous waste separately from organic waste.)
[J Animal cadaver of mice and rats: in two separately hermetically sealed transparent 0
plastic bags and then in a black plastic barrel 30 I. O
(The unit provides the polyethylene zip bags.)
Special waste [ Special w§ste . " .
— The container and the cost price are specifically determined by the HSE Department.

7. Measures in special situations

7.1. In case of failure and reactivation of utilities (incl. deviation from specifications):

Utilities Cons.equence(s) Is this a HSE If yes, describe the measures
of failures problem: yes/no?

Electricity Fill in. Choose Yes/No Fill in.

Ventilation Fill in. Choose Yes/No Fill in.

Gas supply Fill in. Choose Yes/No Fill in.

(Cooling)water Fill in. Choose Yes/No Fill in.

Compressed air Fill in. Choose Yes/No Fill in.

Inert atmosphere | Fill in. Choose Yes/No Fill in.

Vacuum Fill in. Choose Yes/No Fill in.

Other: Fill in. Fill in. Choose Yes/No Fill in.

Utilities Consequen'ce(.s) Is this a HSE If yes, describe the measures
when reactivating problem: yes/no?

Electricity Fill in. Choose Yes/No Fill in.

Other: Fill in. Fill in. Choose Yes/No Fill in.

7.2.Can the experiment continue if the setup is left unattended (= continuous tests)?

[0 Not applicable: the setup is never left unattended.
M Yes.

In this case, the procedure "Continuous activities - unsupervised" is applied.
[0 No, additional measures are necessary.

Describe the additional measures: Fill in.

In addition, the procedure "Continuous activities - unsupervised" is applied.
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7.3. Is working outside normal working hours allowed?

B No.

[ Yes. Describe which additional measures have been taken for this (e.g.: ventilation, presence second
person, dead man's alarm,... ): Fill in.

7.4. Describe your procedure for a quick shutdown or the measures you will take when the building is
evacuated:

All potential risks should be contained and identified, so that no specific action is required.

7.5. Describe the guidelines in case of a spill incident:

N/A

8. Conclusion / Comments / Questions

Write down any additional comments or questions here

What is the most appropriate info to put on the activity cards (see description) until we have identified the
present isotopes and activity for each sample?
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Send the completed application / risk analysis form to
your HSE Network Coordinator, your supervisor and the HSE Department.

9. Advice HSE Department

This space is reserved for advice from the HSE Department:

Administrative information

Division and its radioprotection file: Nuclear and Radiation Physics — G.1.01.2

Description of the risk assessment: Spectroscopic study of proton activated materials
from the proton therapy center PARTICLE

Date of notification: 10/12/2021

HSE advisor: An Wollebrants

HSE Department reference number: 20210651

We will also make this advice available on the HSE portal of the Department of Physics and Astronomy on the
following location: Dienst VGM > Risicoanalyses > Specifieke RA Radioprotectie.

Advice of the HSE Department

The experiment can be carried out in compliance with the precautionary measures that are described in the
risk assessment and in the following advice.

e For sending back the activated materials to UZ Leuven, it is necessary to contact the HSE Department.
We will advise you on the packaging, labelling, ... and we will carry out the transport as we did when
the samples were send to you from UZ Leuven.

e “What is the most appropriate info to put on the activity cards (see description) until we have
identified the present isotopes and activity for each sample?” We suggest to mention the yellow
marked information in the table provided by UZ Leuven: sample code, measured dose rate in contact
(uSv/h), date of measurement, estimated equivalent Co-60 activity (Bq).

Gemeten Gematen
Prioriteit | Code Omschrijving materizal Samenstelling dosistempo bij | teftempo bij tral
contact [pSvih] | contact [cps] | co|
MetLalen plastie aan plexiplast degrader 7 =1 a5 26-11-2001] o)
=1 57 25112001 : %}
= A i 4 B50 || =
A 2 750 20-11-2001] 126404 Q
S i <1 25 Feaian] ziem || c
& B <1 20 2611.2001] 265403 g
7 [PTRAGA | Cooling cilinder B =1 2 26112021 23603 | | =
F] Cooling cilinder 7 <1 15 26-11-2001] 2003 =
] |P‘nmm Laolnm Ciltger B =1 50 EEE R <
10 |FTX448  HCooling cilinder B <1 40 2e1-2021] s3ee03 ||
11 Cooling cilinder 7 <1 15 26112001 165003 | |
12 |FTka7B_|Cooling cilinder ? <1 15 2c1i2001] 206403 ||

HSE Department




Appendix D

Overview of Samples from PARTICLE

Fig. on the next page presents pictures of the different cyclotron parts from
PARTICLE, on which the spectroscopic study in chapter [7] was performed. In total,
there were 12 samples, each of them labelled by a code consisting of three letters followed
by a two-digit number. Pictures are given for 6 out of the 12 samples. The remaining
six are pairwise identical in appearance to the cooling cylinders given in Fig. and
Fig. [D.1hl An overview of the known information on the function, composition, weight,
and dose rate for all cyclotron parts is given in Tab. [D.I} This information was provided
by the team from UZ Leuven (see also Ref [1]).

Table D.1: Overview of properties of the 12 cyclotron parts from PARTICLE.

Identification number Function Composition Weight [kg] on C(El(t)jli tr?lt:év /]
PTR12 Vac“gg;fiioi’)lug / AlMgSi 0.500 2
Ton chamber AlMgSil, stainless steel, .
PTK42 (IC CYCLO) VitOIl,’ .al'umina, ertac.etal7 1.5 4
aluminium, polyamide
PTK34 0.500 <1
PTK22 Cu 1.0 <1
PTK44A Cooling cylinder 3.0 <1
PTK44B Cooling cylinder 10.0 <1
PTK28A Cooling cylinder 3.0 <1
PTK28B Cooling cylinder 10.0 <1
PTK46A Cooling cylinder 3.0 <1
PTK46B Cooling cylinder 10.0 <1
PTK27A Cooling cylinder 3.0 <1
PTK27B Cooling cylinder 10.0 <1

* The dose rate is significantly higher for PTK42 and PTR12 than for the other cyclotron parts, because the proton beam
went straight through these samples, whereas it was only scattered onto the others
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(b) Rear view of sample PTR12 with hotspot.

.
LI i
" ||n||l|ntu§__'|:nm..m..un:u.unn -

' o . -
(9) Sample PTK46A. (h) Sample PTK/6B.

Figure D.1: Pictures of the different cyclotron parts from the proton therapy center PARTICLE
in Leuven. For PTK42 and PTR12, the hotspot is indicated by a cross.
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