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Abstract

Scandium radionuclide production and mass separation at CERN-MEDICIS. Mamis
E., supervisors: Dr. Phys. Stora, T., Dr. Phys. Duchemin, C., Assoc. prof. Dr. Chem.,
Pajuste, E. and Assoc. prof. MD. Dr. Radzina, M. Doctoral thesis in physical chemistry,
158 pages, 93 images, 40 tables, 236 references, 3 appendixes. In English.

In this thesis the metallic foil "*Ti, "V and micrometric powder "TiC target mate-
rials were investigated and used for medically applicable 43Sc, #4¢/"Sc and #’Sc ra-
dionuclide production and mass separation at The European Organization for Nuclear
Research (CERN)-Medical Isotopes Collected from ISOLDE (MEDICIS). Theoretical ac-
tivity yields of Sc radionuclide production in Isotope Separation OnLine (ISOL) and
cyclotron thick targets were estimated with Monte-Carlo codes and experimental cross
sections.

Thermal Sc radionuclide release from irradiated metallic "*Ti and "V foils was inves-
tigated to determine the impact of diffusion and adsorption processes during the mass
separation and collection of radionuclides. Full Sc release from the metallic foil target
materials was achieved within an hour at temperature ~70-85 % of their corresponding
material melting points.

Nevertheless, the collected Sc radionuclide activity was low (<100 kBq) even at higher
target material temperatures. This led to a large program of target and ion source
system (TISS) developments reported in this thesis to overcome the limiting factors as-
sociated with the gaseous particle interaction with the ISOL TISS structures. Operation
parameters, various configurations and modifications of the ISOL TISS and their impact
on the collection efficiency were investigated.

The aspects of Sc volatilization, molecule formation and release from ISOL target and
ion source system, as well as atomic and molecular gas species ionization were ana-
lyzed. The released Sc radionuclides were mass-separated as atomic and molecular
ion beams and collected for subsequent radiochemical purification. Various theoretical
models were used to describe the different limiting factors of radionuclide collection
efficiency, such as diffusion, molecule formation, desorption, effusion, ionization and
radionuclide collection rate.

Keywords: SCANDIUM RADIONUCLIDES, MASS SEPARATION, MOLECULAR ION
BEAMS, THERMAL RELEASE, TARGET MATERIALS, TARGET AND ION SOURCE
SYSTEM, RADIOCHEMISTRY.
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Anotacija

Skandija radionuklidu raZzoSana un masas atdaliSana CERN-MEDICIS. Mamis E.,
zinatniskie vaditaji: Dr. Phys. Stora, T., Dr. Phys. Duchemin, C., Assoc. prof. Dr.
Chem., Pajuste, E. and Assoc. prof. MD. Dr. Radzina, M. Promocijas darbs fizikalaja
kimija, 158 lappuses, 93 atteli, 40 tabulas, 236 literatiiras avoti, 3 pielikumi. Anglu
valoda.

St darba ietvaros veikta metalisku "*Ti, "V foliju un mikrometra izméra dalinu pulvera
"t TiC meérku materialu izpéte 43G¢, 448/MmGc un #7Sc radionuklidu raZosanai, un izotopu
masas atdaliSanai CERN-MEDICIS eksperimenta (Eiropas Kodolpétijumu organizacija
- Medicina izmantojami izotopi, kas savakti no ISOLDE). Veikti teorétiskie aprekini
Sc radionuklidu raZo$anas iznakuma noteiksanai biezos ISOL (izotopu atdaliSana ties-
saisté) un ciklotronu mérku materialos, izmantojot Monte-Carlo simulaciju kodus un
eksperimentali noteiktas kodolreakciju skérsgriezumu vértibas.

Lai novertetu Sc diftizijas un adsorbcijas ietekmi masas atdaliSanas un radionuklidu
savaksSanas gaita, tika veikti termiskas Sc radionuklidu izdaliSanas eksperimenti no
apstarotiem metaliskiem "Ti un "V foliju mérka materialiem. Pilniga Sc izdalisana
no metalisku foliijju mérka materialiem tika sasniegta stundas laika, temperattira ~70-
85 % no attiecigo metalu kuSanas punktiem.

Neskatoties uz to, veicot masas atdaliSanu pat karsgjot mérka materialus augstakas
temperatiiras, masas atdalito un savakto radionuklidu aktivitate bija zema (<100 kBq).
Sie noverojumi noveda pie apjomigas mérka un jonu avota sistemu (TISS) izpétes un
attistiS8anas, lai samazinatu gazveida dalinu un ISOL mérka un jonu avotu sistéemu
materialu mijiedarbibu. Darba veikta arT dazadu ISOL meérka un jonu avotu sistémas
vadibas parametru, konfiguraciju, veikto modifikaciju izpéte un ietekme uz savaksanas
efektivitati.

Analizéta atomara un molekulara Sc gazveida savienojumu jonizacija, ka ar1 gaistosu Sc
molekulu veido$anas un izdaliSanas parametri no ISOL mérka un jonu avotu sistémam.
Gan atomara, gan molekulu veida izdalitie Sc radionuklidi tika atdaliti péc to atom-
masas un savakti vélakai attiriSanai ar radiokimiskam metodém. éajé darba izman-
toti dazadi teoretiskie modeli, lai izpétitu un aprakstitu limitéjoso faktoru, pieméram,
diftizijas, molekulu veidoSanas, desorpcijas, efiizijas, jonizacijas un savakSanas atruma
ietekmi uz radionuklidu savaksanas efektivitati.

Atslégas vardi: SKANDIJA RADIONUKLIDI, MASAS ATDALISANA, MOLEKULARO
JONU KULIS, TERMISKA IZDALISANA, MERKA MATERIALI, MERKA UN JONU
AVOTA SISTEMA, RADIOKIMIJA.
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Introduction

Cancer is a large 21 century worldwide societal, public health, and economic problem.
The global statistics for the year 2022, for example, indicate that there were almost 20
million new cases of cancer and close to 10 million cancer deaths, with indications that
the annual number of new cases will reach 35 million by the year 2050 [1]. The overall
scale of cancer and the diversity of cancer profiles emphasize the need for targeted can-
cer control and treatment measures. Investments in timely diagnostics and treatment
are of utmost concern. Theranostics is a rapidly evolving personalized nuclear medicine
approach, combining therapy and diagnostics. It implies cellular cancer diagnostics
followed by non-invasive tumor treatment using drugs labeled with radionuclides -
radiopharmaceuticals.

Most commonly such theranostic radiopharmaceutical pairs are created with radionu-
clides of different chemical elements, therefore the drug kinetics and sometimes their
exact physico-chemical properties do match when therapeutic and diagnostic agents
are compared. To resolve this issue, radionuclides of the same chemical element can
be used to create so-called “matched pair” radiopharmaceuticals. They have the same
chemical properties and pharmacokinetics that help in the efficient planning and mon-
itoring of personalized targeted cancer treatment [2].

Scandium (Sc) is a promising candidate for the "matched pair" radiopharmaceutical
development with 43Sc, #48/™Sc used for diagnostic and #’Sc for therapeutic purposes.
Another advantage of Sc radionuclides is that they decay into bio-compatible chemical
elements, namely Ca and Ti. However, the availability of pure 43g¢, 448/mGc and 47Sc
for clinical studies is still very limited, and their production is mostly undertaken with
enriched titanium and calcium target materials. Even with rather expensive enriched
target materials, the co-production of longer-lived radionuclides sometimes cannot be
completely avoided, for example, 43Sc with co-production of #4¢/™Sc and vice versa
from #*Ca and *Ca.

The The European Organization for Nuclear Research (CERN)-Medical Isotopes Col-
lected from ISOLDE (MEDICIS) specializes in a wide range of novel medical radionu-
clide extraction and purification by mass separation, produced in nuclear reactions from
thick targets at CERN, or via externally irradiated samples from CERN-MEDICIS col-
laborator nuclear reactor and cyclotron facilities. The mass separation technique can be
used to purify medical Sc radionuclides, which is not possible with conventional chem-
ical methods. Because of the mass separation technique, cost-effective natural isotopic
abundance target materials can be used for Sc radionuclide production.

Although mass-separated Sc radionuclides have been obtained for physics experiments
before, the conditions of mass separation and achievable activity yields were not suit-
able for pre-clinical and clinical setting dose activity collections.
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The aim of the work was to develop a routine method for high molar activity (TBq/umol)
medical Sc radionuclide production with the mass separation technique from cost-
effective natural isotopic abundance and cyclotron-suitable target materials.

To achieve the aim of this work, the following tasks were proposed:

1. Investigate multiple, cyclotron-suitable natural isotopic abundance target materi-
als for the production and mass separation of Sc radionuclides.

2. Study Sc radionuclide fractional thermal release from irradiated "*Ti and "V foil
target materials.

3. Investigate various Isotope Separation OnLine (ISOL) Radiactive Ion Beam (RIB)
production methods and mass separation parameters with stable and radioactive
Sc isotopes.

4. Identify and analyze the factors and limitations that impact Sc RIB formation and
mass separation.

5. Engage in ISOL Target and Ion Source System (TISS) developments and prototype
build to improve conditions of Sc radionuclide release and mass separation.

6. Perform the mass separation of a cyclotron-produced Sc radionuclide sample.

7. Develop and perform radiochemical separation method for the mass-separated Sc
radionuclides to obtain a precursor, suitable for radiolabelling.

The scientific novelty of this work:

1. Thermal fractional Sc radionuclide release pattern from "*Ti and "V multiply
layered foil rolls was published. Preliminary data on Sc diffusion and adsorption
constants from metallic "V was obtained and estimated.

2. Sustainable and reproducible methods and parameters were determined for Sc
radionuclide mass separation as molecular ion beams. Isotopically pure, high
molar activity 44g/mge 465: and 47Sc were obtained and collected as mono-atomic
and molecular ScF; ion beams.

3. "V foil target material was used for the first time in delivering Sc radionuclide
ion beams by mass separation.

4. A new two-step atomic Sc radionuclide laser resonance ionization scheme with
titanium/sapphire (Ti:Sa) lasers was used and published for the first time.

The practical significance of this work:

The refined radionuclide thermal release setup and method is used to study irradiated
target material radionuclide thermal release behavior and diffusion. The technique has
already been applied for terbium (Tb), thulium (Tm) and barium (Ba) thermal release
studies from irradiated natural tantalum "*Ta metallic foil rolls, to improve the mass
separation and collection efficiency. The approach has the grounds of studying various
ISOL target material radionuclide release kinetics also for the ISOLDE experiments. The
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obtained experimental data from thermal release studies can also be utilized for radi-
ation protection purposes, by benchmarking theoretical codes, used for radionuclide
release simulations in case of fire accidents.

The obtained data from various target and ion source system modifications and proto-
types will be used in further ISOL TISS developments, to improve their longevity and
selectivity for more exotic radioactive ion beams.

The developed Sc radionuclide mass separation methods from various target materials
serve as a tool to supply research centers with high molar activity and isotopically pure
medical Sc radionuclides for translational research. The mass-separated high molar
activity #8/MSc and #Sc radionuclides can be used in "matched pair" radiopharma-
ceutical development for cancer treatment. The obtained results can also serve as a
basis for further research to upscale the mass-separated Sc and other refractory medical
radionuclide activities to clinically relevant dose levels.
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1.1 Radioactivity

An isotope is a nuclide with the same atomic number or number of protons in a nucleus
Z but a different mass number Apn1 . The nucleus or core of an atom consists of a
number of protons Z and neutrons N. Most combinations of Z and N form unstable
nuclei, called radioactive isotopes or radionuclides. In a nuclear chart, the so-called
"proton-rich" (neutron deficient) and "neutron-rich" (excess of neutrons) isotopes can

1 The atomic mass number or nucleon number is typically referred to by symbol A. In this work, the
abbreviation A will be used for radionuclide activity.
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Figure 1.1: The chart of nuclides [3].

be distinguished, compared to the stable nuclei (see Figure 1.1). The stable nuclei in the
nuclear chart are typically reflected in black color.

The stable nuclides deviated from a line of stability (Z=N) because the repelling Coulomb
force increases with a higher proton amount in the nucleus and thus more neutrons are
needed to mitigate this repulsion and form a stable nucleus.

The radionuclides transform into lower energy configuration (eventually stable) nu-
clides through the processes, called radioactive decay. The radioactive decay has a
stochastic nature and its rate is described by the half-life of the nuclide ¢/, (see equa-

tion 1.1). The range of half-lives is vast and ranges from ~10~2 s to virtually infinite
~10% s [4].

CANe @) N = 4 (1.1)
dt t1/2

where N; is the number of radionuclides present at time ¢, t is the time [s], ¢;/; is the
half-life of the radionuclide [s], A is the decay constant [s7!] and A is the radionuclide
activity. The radionuclide activity A (also referred to as a just activity) is the number of
decays per second and is given in Bq = s~. The activity after a given decay time can be
calculated through equation 1.2.

A= Age ™ (1.2)

where A is the radionuclide activity at time ¢ = 0 [Bq].
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Radioactive decay can be accompanied by four types of radiation: alpha («), beta (B),
gamma (y) and neutrinos (v) [5]. The a decay is the emission of a positively charged
particle, identical to helium nucleus (3He?"), reducing the starting nucleus A,, by 4
and Z by 2. a emission is typically observed from large radionuclide decay (Z > 83),
however with few exceptions. After B* decay of a radionuclide, the Z is reduced by
1. Three types of B decay can be observed: electron emission (8~), positron emission
(BT) and electron capture (€). In electron capture, the inner shell electron is captured by
the nucleus, emitting an X-ray and a neutrino [4,5]. Typically after the & and B decay,
the nucleus is left in an excited state. During deexcitation where nucleus is brought to
the ground state, a highly energetic y-ray photon is usually emitted. The 7y-rays from
a radionuclide decay are a characteristic of each radionuclide and are used to identify
isotopes in y-ray spectrometry [5]. There are also more exotic decay modes, such as
proton decay, beta-delayed a decay, neutron and proton emission, Spontaneous Fission
(SF), Isomeric Transition (IT) and Cluster Emission (CE) [6].

1.1.1 Nuclear reactions

Radioactivity can be artificially induced in non-radioactive materials and is known as
activation by transforming some of the material stable nuclei into unstable ones. The
activation can also occur in already radioactive materials, resulting a different unstable
nuclei. This transformation is known as a nuclear reaction. It can be explained as
a binary collision that changes nucleon-nucleon associations in nuclei and produces
different nuclei via the exchange of nucleons or fusion.

Inelastic excitation is a type of interaction, where an incident particle excites the nu-
cleus. The inelastic excitation may form an intermediate-composite nucleus that usu-
ally decays through a binary exit channel. If the entrance channel is lost during the
composite formation, the intermediate is called a compound nucleus that decays in
time longer than ~ 1072 s. Direct reactions bypass the compound nucleus stage and
occur in the time frame of ~ 1072 s (see Figure 1.2) [7]. Multistep Compound Model
(Feshbach, Kerman and Koonin developed energy dissipation model (FKK)), which dis-
sipates entrance channel energy and disperse it statistically among all nucleon degrees
of freedom, can be used to predict nuclear reaction products with codes such as Nu-
clear Reaction Model Code (EMPIRE), Nuclear Reaction Modeling Code (TALYS) and
statitistical /preequilibrium nuclear reaction code (GNASH) [7,8].
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Figure 1.2: Elastic and inelastic reaction scheme [9].

In the compound-nucleus model, the capture of the projectile followed by random shar-




4 1.1. Radioactivity

ing of the energy among the nucleons in the compound nucleus, reaching thermal equi-
librium and evaporation of particles from the compound nucleus, can be distinguished
as separate steps. It means that the compound nucleus can be formed in different en-
trance channels, but its subsequent decay into evaporation residues is independent of
its mode of formation [4]. The excitation energy of the compound nucleus is given by
equation 1.3 [10].

ma +m,
ma

Q (1.3)

Eexe = —

where E,,. is the nuclear reaction activation energy [MeV], m, is the target material
atomic mass [g/mol], m, is the projectile atomic mass [g/mol] and Q is the absorbed
or released energy during a nuclear reaction [MeV].

Radionuclide production can be induced by the collision of the target material with
photons, electrons, mesons, neutrons, protons, antiprotons or light and heavy ions [5].
Depending on the projectile and its energy, different nuclear reactions can occur with
their own independent probability - cross section or excitation function. Cross section
is used to determine produced nuclide and its amount per incident particle and is
expressed in cm? or barn [6,7].

At The European Organization for Nuclear Research (CERN)-Medical Isotopes Col-
lected from ISOLDE (MEDICIS) and CERN-Isotope Separation OnLine DEvice (ISOLDE)
the targets are irradiated with a pulsed beam of 1.4 GeV protons from CERN-PSB. This
incident proton energy is significantly higher than the interaction energy of nucleons in
a nuclei. The de Broglie wavelength of these projectiles is much smaller than the aver-
age inter-nucleon separation distance in the nucleus. Therefore the main interaction is
collisions between the incident particle and single nucleons, which generates a cascade
of scatterings in three dimensions until the energy is dissipated. It can be described
by Intra-Nuclear Cascade (INC) model as shown in Figure 1.3 for reactions well above
Fermi energy (> 100 MeV) [6,7,11]. The INC model uses experimental nucleon-nucleon
scattering cross sections and angular distributions as a function of energy. The Fermi
gas model with Coulomb barrier effects are used to evaluate fast cascade particles that
are either thermalized and converted into excitation energy or escape the Fermi gas
model within 1x1072% s [7,11].

Latter models implement a pre-equilibrium stage after INC where incident particle and
newly created nucleons reach a threshold energy of 10-30 MeV and are considered
"adsorbed" by the nucleus, improving accuracy compared to experimental data [12].
The following process is deexcitation of the excited nucleus through spallation (also
referred to as evaporation), fragmentation, fission or multi-fragmentation as shown in
Figure 1.4. The deexcitation step is significantly slower than the INC with time frame of
1x10~ 18 5. Products of the spallation process are light particles or single nucleons that
are emitted from the nucleus [13]. This mode of deexcitation produces isotopes 10-20 Z
below the target material Z. Spallation reactions are also used for neutron production in
neutron spallation source facilities by bombarding thick high-density targets with high
current (intensity) proton beams [6]. Fusion-evaporation can occur when two nuclides
with sufficient energy collide, overcoming the Coulomb barrier and fusing together.
Such mode produces more neutrons than protons before y-decay and therefore neutron
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Figure 1.3: Intra-nuclear cascade model. Adapted from [11].

deficient radionuclides [6].

Fragmentation products are a vast variety of low-mass range nuclides but can ex-
tend to fission range masses. It typically occurs at high excitation energies with over
50 MeV. A hot nucleus can also break up due to thermal instabilities causing multi-
fragmentation [6,11]. Fission typically happens in heavy nuclides and the neutron-rich
side of the nuclear chart. Fissility (probability of fission) is proportional to Z?/A be-
cause of Coulomb repulsion in heavy elements that overcome short-range attractive
forces of nucleons. Fission yields high energy projectiles typically around 1/3 and 2/3
of the original nuclide mass [5, 6].
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Figure 1.4: High-energy nuclear reactions [14].
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1.2 Scandium radionuclides

1.2.1 Medical interest

Theranostics is a rapidly evolving personalized nuclear medicine approach, combining
therapy and diagnostics. It implies cellular cancer diagnostics followed by non-invasive
tumor treatment using drugs, labeled with radionuclides. Most commonly such thera-
nostic drug pairs are created with radionuclides of different chemical elements such as
the diagnostic 8Ga or 18F paired with therapeutic 177Lu [15]. Therefore the drug kinet-
ics and sometimes their exact physico-chemical properties do not exactly match when
therapeutic and diagnostic agents are compared. To resolve this issue, radionuclides of
the same chemical element can be used to create so-called “matched pair” radiophar-
maceuticals. They have the same chemical properties and pharmacokinetics that help
in the efficient planning and monitoring of personalized targeted cancer treatment [2].
With the use of "matched pair" radiopharmaceuticals the received dose estimation and
pharmacokinetics in the body could better be understood and therefore optimized [16].

A perfect candidate for "matched pair" radiopharmaceuticals development is scan-
dium (Sc). 3Sc (Ty,, = 3.891(12) h [17]) is a positron (8T) emitter that holds great poten-
tial for immuno-Positron Emission Tomography (PET) and macro-molecular imaging
studies, making it valuable for extended PET examinations [18]. 48Sc (T /o = 4.042(25) h
[17,19]) is another promising B emitter for PET and has already been translated to
successful in-human proof of concept studies conducted in clinical setting [20,21]. #’Sc
(T1/2 = 3.3492(6) d [17,19]) is a B~ emitter with a 159.4 keV (68.3 %) y-ray emission that
would be suitable as the therapeutic match and applications in Single-Photon Emission
Computed Tomography (SPECT) imaging [22]. ’Sc shows potential for use in radio-
immunotherapy by being attachable to monoclonal antibodies and conjugates [23].

An advantage of Sc radionuclides is that they decay into bio-compatible chemical el-
ements, namely Ca and Ti. While #*Sc (T, = 3.89 h) and #*8Sc (T;,, = 4.04 h) have
similar half-life and positron emission probabilities, **Sc shows an advantage over 4¢Sc
by the absence of high-energy -ray emission (1157 keV [19]) and therefore reduced ra-
diological hazards. On the other hand, the #*¢Sc has the potential in a new 3-y imaging
technique, where the line of response is obtained by the two coincidence photons from
positron annihilation and the third 7-ray, emitted as a prompt gamma, helps to provide
better localization of the annihilation point. This approach enables higher image quality
and reduced dose to the patient [24].

1.2.2 Production of Sc radionuclides

43448Sc and #7Sc availability for clinical studies is very limited and their production is
mostly done with enriched titanium (Ti) and calcium (Ca) target materials. The most
common and efficient production of *Sc and #*8Sc proceeds via cyclotrons using low-
energy protons (<30 MeV), deuterons or alpha particles on natural isotopic abundance
and enriched Ca targets. Both **Ca and #**Ca are present in low quantities in "*Ca.
However, due to limited enrichment and abundance, the use of enriched Ca targets sig-
nificantly increases production costs. Furthermore, #"Sc (T /, = 58.61 h) is co-produced
in most cases (see Table 1.1) [25].

The #Sc radionuclide, as the therapeutic counterpart in Sc “matched pair”, can be ef-
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Figure 1.5: 435, 448Sc and S production cross sections of enriched #(Ca irradiation by protons [26].

ficiently produced in nuclear reactors by activating enriched #’Ti, which is naturally
present in "Ti (“6Ti 8.25%, ¥'Ti 7.44%, ¥Ti 73.72%, *Ti 5.41%, °Ti 5.18%). ’Sc is
produced by activating #’Ti through ' Ti(n,p)*¥Sc reaction. However, this route re-
quires access to fast neutrons (> 1 MeV). Although highly enriched #TiO, material
is not as costly and rare as enriched #Ca0, this production route yields with 46G¢ via
47Ti(n,pn)*¢Sc reaction (see Figure 1.6a) [27]. The scarce availability of nuclear reactors
with necessary neutron energy fosters the use of accelerators for production. The most
common accessible and commercially available cyclotrons can accelerate protons and in
some cases deuterons and alpha particles up to energies of 18 MeV. Several routes by
using intermediate (<30 MeV) or medium (30-70 MeV) energy cyclotrons and enriched
titanium (Ti), calcium (Ca) or vanadium (V) target materials and accelerated protons or
deuterons have been investigated for the production of #/Sc. All of them present simi-
lar production cross sections (ranging from 30 to 60 mb), but show different production
costs due to the availability of the enriched material [28].
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Figure 1.6: Enriched #’Ti and “8Ti excitation cross sections for #/Sc and #°Sc production [26]

Less common production routes involve photonuclear reactions in enriched *8Ti target
material [29] as well as **Ca and ®'V irradiation with alpha beams [30]. Same as in
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#8Sc production, ¥/Sc is accompanied by long-lived, high -ray energy #°Sc and *3Sc
contaminants (see Table 1.1). These types of nuclear reactions require more specific
accelerator types.

Although acceptable radionuclidic purity Sc radionuclide production with cyclotrons
and nuclear reactors is possible from enriched target materials (e.g. ***44648Ca), this
route is not sustainable in terms of production cost or availability of neutron irradia-
tion. An alternative, more cost-efficient way in terms of target materials would be the
use of natural titanium ("*Ti) or vanadium targets ("*V). Utilizing "V as a target for
47Sc production requires the use of medium-energy protons and leads to quite a low
production yield (MBq/uA) due to a rather low cross section (< 11 mb). If one wants
to avoid the production and presence of °Sc in the final product, the cross section falls
to 7.4 mb [37]. Compared to "™V, "Ti irradiation by protons with cyclotrons yields a
higher Sc radionuclide production, however a mix of same long-lived, high -ray #0Sc
and #¥Sc contaminants are again co-produced (see Figure 1.7). Therefore the irradiated
targets should undergo a physical mass separation step to remove the %Sc and #¥Sc con-
taminants before or after any radiochemical separation [38]. As indicated in Table 1.1,
mass separation is required to separate **Sc from #4"'Sc as well. The same applies to the
purification of #48/™Sc and #’Sc which is not possible with other conventional methods
and even enriched target materials.
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Figure 1.7: Fit of "Ti and "™V excitation experimental data for Sc radionuclide production with protons
up to 1.6 GeV [26].

The production cross sections of Sc radionuclides from "Ti and "V target material
irradiated with high energy protons (> 1 GeV) are in the same 10-25 mb range as the
ones achievable with medium energy cyclotrons [26,39—-42].

Cyclotron targetry

Low-energy cyclotrons are the most widely available and used particle accelerators for
medical radionuclide production. An emphasis is therefore placed on the investiga-
tion of various cyclotron target systems towards routine Sc radionuclide production.
Cyclotron target systems that are used for radionuclide production are made to house
solid, liquid or gaseous target materials. The gaseous and liquid target systems are used
routinely in Radiopharmaceutical (RPH) production including radionuclides, such as
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Table 1.1: Most common nuclear reactions for medical Sc radionuclide production.

Radionuclide Reaction Max Sc isotope Note
Cross impurities
section
#3Ca(p,n)*3Sc 300 mb 485, < 0.14 % Ca in ""Ca, max
enrichment 90 % [28,31,32]
435¢ #Ca(p,2n)*3Sc 170 mb 448sc, 4mge cannot be
amge avoided [26,28]
46Ti(p,a)*3Sc 45 mb 435, [26,33]
44mSC
natCa(p,n)*48Sc 10mb  #3Sc, #4msc, [26,28]
468(?*, 47SC,
485(:**
44Ca(pn)*8Sc 700 mb mge 44mge can be minimized with

lower proton energy, but not
avoided. Enrichment of #*Ca
>99 %, very expensive [25]

44gSC
47Ti(p,w)**8Sc 70mb %3S, #4mSc, [26,34]
46SC
44Ca(d,2n)44g Sc 540 mb 35, #4mS Requires deuterons up to
20 MeV
55c(p,2n)*4Ti/448Sc 45 mb - T (T, /2 = 60 y), Expensive
generator production
47Ti(n,p)* Sc 250 mb 465 Requires fast neutrons
(>1 MeV)
46Ca(n,y)¥Ca/*Sc 700 mb - 4Ca (T4 /2 = 4.5 days) as 475¢
generator [27]. 0.004 % 4Ca in
natCa, max enrichment
30 % [35]. Very expensive.
BTi(p,2p)*Sc 35 mb 465¢ Requires up to 30 MeV energy
7S¢ proton cyclotrons. Max

enrichment is 96 %. 40Sc
cannot be avoided [36].

48Ti(’y,p)478c 28 mb 465, 485 Natural abundance 73.72 %.
Max enrichment > 96 %. Low
yield [29].
#Ca(p,2n)¥Sc 800 mb 48g¢ 0.18 % #0Ca in ™*Ca, max
enrichment 97 % [35].
31V (p,ap)?’Sc 11 mb 465¢ Requires 30-40 MeV

protons [37].

*465c (T, = 83.79 d, E,= 889; keV 1120 keV),
#485¢ (Ty ), =43.71 h, E,= 983 keV; 1037 keV; 1312 keV)

I8F, 11C, BN 160 and %®Ga. These systems are most preferable due to their versatility
and simple irradiated sample transfer to hot cells for post-processing. They also omit
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a time-consuming step that is required for solid targets, which is the irradiated target
dissolution for chemical separation and synthesis. Solid target systems also require
specialized transfer systems and shielding for the target material loading and removal
from the accelerator. Most solid target systems for cyclotrons are made out of two main
components:

¢ the solid target system that is mounted on the accelerator beamline and can house
the target material and its holder;

¢ the target material sample holder, which typically is a disc with a material reser-
voir of a few mm depth.

Typical proton accelerators are operated with a proton beam current of up to 150 uA
and can go up to 300 pA. Such high beam currents result in high power deposited onto
the target material. The targets therefore must be efficiently cooled during irradiation
to prevent irradiated material and radionuclides from evaporation. Alternatively, lower
beam currents can be used for the cooling to be sufficient to keep the material intact.
However, low-current results in a lower yield of production. Certain target materials
have low thermal conductivity and need additional heat sinks to avoid degradation
[43]. Because of these challenges, certain radionuclide production is not yet advanced
towards clinical dose production, despite their favorable production cross sections.

Two target structures are typically used for solid target systems - metallic foils or
powders. Powder target materials pose a high risk of contamination if they are in-
troduced directly into the cyclotron, because the material may evaporate during irra-
diation. Metallic foils can be used as covers to prevent evaporation, but the cover foil
will degrade the beam energy. The degrader thickness can be altered to adjust optimal
energy on the target [44]. Too thin foils may separate from the target material or burn
out with higher beam currents [45]. Therefore the cover material type and thickness
have to be chosen accordingly. In medical cyclotrons, the use of He-cooled Heat Treat-
able Cobalt Base Alloy (HAVAR) foils to separate the irradiated target material from the
vacuum system of the cyclotron is preferred.

CaCOs that is commercially available as target material has low thermal conductivity.
This constraint for the target material can be solved by pressing the calcium carbonate
on top of graphite powder to facilitate heat transfer and to hold the calcium carbonate
powder in position. The improvement of the heat conductivity, however, decreases the
total yield of irradiation. Furthermore, this method is difficult to automate for routine
production [44]. An alternative could be the addition of Mg or Al powders, which pro-
duce only short-lived isotopes and could be chemically separated [46]. "*Ca and **Ca
oxide that is obtained through the thermal decomposition of calcium carbonate can be
used in the preparation of the disk-shaped pellets and encapsulated into aluminum for
irradiation. CaO has increased effective target nucleus density with respect to CaCOs,
but CaO is very hygroscopic and requires manipulation, storage and irradiation in dry
or inert environment [47].

Due to difficulties in the installation and operation of a solid target system, a liquid
target system for #48/™Sc production has been developed and tested. Natural calcium
nitrate solution has been irradiated with a 13 MeV proton beam in a small-volume
liquid target. Production of 28 MBq *%8/"Sc with a 20 #A beam current for 1 h irra-
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Table 1.2: Cyclotron target materials and their chemical form for Sc radionuclide production.

Target Chemical Description
nucleus form
CaO Obtained through thermal decomposition of calcium carbonate.
Low heat conductivity limits the beam current during
irradiation. [43,47]
40Ca, #2Ca, CaCOs Heat accumulation can cause burnout and/or cracking of the
43Ca, ¥Ca, irradiated target and may lead to gas production through the
46Ca, 48Ca, thermal dissociation. Low heat conductivity. [43,47]
"'Ca Ca Difficult to handle. Metallic chunks of 400-600 mg pressed in
2.5 mm flat bottom Al holder cavity. [45]
Solution for liquid target irradiation.
Ca(NOs), Contains corrosive liquids. [48]
45 Natural isotopic abundance metallic foil.
Sc Sc
Used for #Ti/#48Sc generator production [49]
Ti Metallic foils or reduced from TiO,. [27,34]
7Ty BTy TiO, Powder pressed in pellets. Difﬁcglt che.mical post-processing in
9y 50Ty, strong, hot/fuming acids. [34]
nat Ty TiC Good heat conductivity and very resistant material. Powder
form. Not reported as a cyclotron target, however, discussed in
high-energy proton irradiations (> 100 MeV) for Isotope
Separation OnLine (ISOL). [6,50,51]
Sy naty VvV Natural isotopic abundance metallic foil. [37]

diation has been reported. The results show, that the GBq scale could be reached if
enriched target material is used. However, the use of enriched target material with
%100 more quantities than for a solid target production from “*CaCOj;, makes the pro-
duction very expensive [48]. Liquid targets for metallic radionuclide production offer
easier daily operations and require less installation and hardware costs, but the pres-
ence of corrosive liquids in a cyclotron target is of high concern. Commercial compa-
nies offer liquid targets for metal radionuclide production, but mainly for ®*Ga pro-
duction and their long-term use is not fully validated. Going into routine production,
liquid targets should be dedicated only for single radionuclide production to avoid
cross-contamination, whereas a solid target system can be used to irradiate targets for
various metallic radionuclide production by using different dedicated target material
holders [28].

1.3 Radionuclide separation

1.3.1 Chemical separation

The chemical separation methods originally led to the discovery of the first radioactive
isotope, polonium (Po) in nature by Marie Curie and fostered the discovery of the first
artificial radioactivity by Irene Joliot-Curie [5]. Nowadays, the instrumental approach
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of detecting radionuclides is the preferred route, however, the radiochemical methods
still hold an important role in studies, involving radionuclides. The radiochemical
separation still is the most important part of RPH development, as it can determine
both the effectiveness of the RPH synthesis as well as the final quality.

To perform conventional chemical separation procedures the target material with the
corresponding radionuclides first must be dissolved. While this process seems to be
simple, the Ti and V target materials impose difficulties due to their low solubility.
Dissolution of irradiated TIO, or metallic Ti can be done in hot/fuming acids, such
as sulfuric or hydrochloric acids in the presence of (NH4)>SO4 [52], NH4HF, [28], 35%
hydrogen peroxide-ammonium carbonate solution [53] or by performing TiO, reduction
at 900 °C with CaCOs for 1 h [27]. In general, obtaining the radionuclides from Ti and
V targets in a solution requires aggressive methods and is rather time-consuming.

1.3.2 Precipitation and co-crystallization

Precipitation of a solid compound in an aqueous solution and filtration is a traditional
separation method in radiochemistry. Historically precipitation as a purification proce-
dure for radioactive isotopes was first used in year 1898 for co-precipitation of radium
with barium in the treatment of pitchblende [52]. Since the concentrations of radionu-
clides formed in nuclear reactions are very small and the crystal products of even the
most poorly soluble compounds cannot be attained, the radionuclides are often sepa-
rated from the parent compound using a carrier, which carries the radionuclide along
with it. The carrier amounts are much larger than that of the radionuclide itself and
typically consist of the same element isotope as the radionuclide [54]. It also performs
as a crystallization active center and results in co-crystallization and adsorption [52,55].
However, in such cases, the specific activity is severely decreased, which may impact
the radionuclide usefulness in RPH synthesis and nuclear medicine.

1.3.3 Ion exchange chromatography

Ion Exchange Chromatography (IEC) is one of the most powerful and widely used
methods for radiochemical separation. It is related to solvent extraction in that it de-
pends upon the differential distribution of a species between two phases, except that
in chromatography the phases move relative to one another. With ion exchange, the
distribution of an element happens between a mobile phase (solution) and a station-
ary phase (resin, which is usually packed in a column). The distribution depends on
the ionic form, the solute concentration, and the functional group of the resin and is
described by the distribution coefficient.

All the extraction systems can be separated into two main groups:

¢ physical distribution - with no chemical interaction between the extractable com-
pound and extractant. This mode is determined by the difference in the solvation
and hydration energies of the extractable compound.

* reactive extraction - the transfer of a compound from the aqueous into the organic
phase happens through chemical reactions yielding new compounds.

The extraction is efficient when the distribution coefficients of the desired product,
target material, and radioactive impurities differ significantly. If the difference is small,
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reactive ion-exchange chromatography procedures are preferred [52]. Once appropriate
resin is selected, the variables for efficient extraction are ionic concentration, column
volume and diameter, flow rate and the eluent. With a proper choice of conditions,
IEC is very useful for separating carrier-free radionuclides from a bulk target that has
a significantly lower affinity toward the resin [56]. For example, a resin with high
efficiency for Sc separation and low affinity to Ti is the Diglycolamide (DGA) branched
resin [57].

However, the need for chemical dissolution of radioactive matrices and targets is still re-
quired to transform the elements into physicochemical forms appropriate for chromato-
graphic separation. The radiological safety aspects, dissolution, pretreatment of resins
and strong concentration dependencies of the distribution coefficients of the radionu-
clide of interest and impurity compounds significantly complicate the radiochemical
processing of irradiated targets [52].

1.3.4 Radionuclide generators

Radionuclide generator is a self-contained system that houses an equilibrium mixture
of a mother/daughter radionuclide pair. The mother radionuclide is typically long-
lived and therefore resolves the issue of radionuclide decay due to transport from the
irradiation facility. The production of mother radionuclides is performed using nuclear
reactors, and accelerators, such as cyclotrons, or they can be separated from fission
products. Fixation of the mother nuclide and simple separation of the daughter nuclide
is achieved by the use of separation columns containing a suitable ion exchanger or
sorbent. The mother nuclide must be present in a stable chemical form, so that the
daughter nuclide can be separated repeatedly, leaving the mother nuclide quantitatively
in the generator [4].

The system is designed to provide the daughter radionuclide formed by the decay of
a parent radionuclide which is free from the parent. Another advantage is that iso-
topically and isomerically pure radionuclides can be obtained. For example, 44T /448G
generator is at the moment the only way to obtain pure *€Sc without 'S¢ impuri-
ties [58]. After each separation, the activity of the daughter nuclide in the generator in-
creases, and the daughter nuclide can be separated repeatedly. For example, after three
half-lives of the daughter nuclide, 87.5 % of its saturation activity is again reached. The
radionuclide generators with potential medical applications can be classified as gen-
erators releasing positron-emitting radionuclides for PET, generators releasing photon
emitters for SPECT, generators releasing therapeutic radionuclides and in-vivo genera-
tors.

1.3.5 Electromigration

The differences in ion mobilities in aqueous solutions in an electric field give grounds
for electrophoretic technique - electromigration. A paper strip is moistened with an
electrolyte (e.g. perchloric acid or nitrilotriacetic acid) and an irradiated sample is
placed on the paper in a small spot. By applying ~100-500 V/cm potential gradient,
different ions migrate in different directions and distances. Se, Te, I, Tc, Rb/CS, Sr/Ba
and lanthanides could be separated within 20 s-3 min with a distributed total distance
of 8 cm [55,59].
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1.3.6 Thermal separation and release

The thermal release or recovery is based on the diffusion of impurity atoms to the
metal-gas boundary. In the case of radionuclides, they are formed in the bulk of the
material by nuclear reactions or radioactive decay [60]. The high-temperature thermal
separation approach can be categorized into two modes. First - the matrix containing
the radionuclides is heated and kept in an inert atmosphere (or vacuum) for a cer-
tain time, enough to recover the radionuclides. With this method, it is often difficult
to obtain high-purity radionuclides because of the relatively similar vapor pressures
of the elements to be separated. Furthermore, the radionuclides are accompanied by
evaporated target material. Second - the sublimation recovery of radionuclides can be
performed in the vapor of chemical agents, such as H,O, HCl, HF, hexane or their mix-
tures [52]. The great advantage of thermal separation and sublimation is the possibility
of radionuclide recovery from large and thick targets.

The diffusion of radionuclides in the bulk and near-surface layers, and their physic-
ochemical behavior at the metal-gas boundary are abnormal, when the thermal treat-
ment is accompanied by structural target material changes, such as melting, polymor-
phic transitions, thermal reconstruction of the surface and annealing of the radiation
defects [52].

Selective adsorption to different surfaces may also be utilized in thermal separation.
Sc radionuclides can be separated from Ti foil target in quartz ampules and can yield
in preparations with > 99.7 % chemical purity. In the course of thermal treatment of
the foils, the Sc radionuclides can pass to the metal surface, evaporate and concentrate
(adsorb) on the ampule walls. Later the Sc can be removed from the quartz ampule
with a mineral acid solution [60]. Another way is to use different temperature surfaces
on which the radionuclides can condense and be later selectively removed [61].

1.3.7 Gas thermochromatography

Thermochromatography is a "dry" process that also excludes difficulties of target ma-
terial dissolution [60]. Gas thermochromatography utilizes the differences in the distri-
bution of volatile elements or molecules between mobile gaseous and stationary solid
phases. In this technique, the mixture of gaseous species passes through a column with
a decreasing temperature gradient towards the exit of the column. In this gradient,
less volatile species are adsorbed in the high-temperature region, whereas more volatile
species - in the low-temperature region. Therefore, here the adsorption enthalpy is the
main parameter determining the separation and deposition [56].

Reactive sublimation can be achieved by coating the inner surface of the thermochro-
matographic columns (e.g. alkali and alkaline halides) and utilized to create com-
pounds, as the species of interest enter the column. The reactive sublimation procedure,
however, does not provide a very high yield of the desired radionuclides, because the
bands of the volatile compounds of the desired radionuclide and target material typi-
cally overlap in the thermochromatographic column [60]. Another approach is to fill the
column with materials, that slow down the species entering the column by adsorption
and therefore more efficient separation according to their volatility and inner column
surface area can be achieved [55].
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1.3.8 Mass separation

Electromagnetic ion beam mass separation is a technique that uses a dipole magnet
to induce a magnetic field and separate accelerated and ionized isotopes according to
their mass-to-charge ratio, through the Lorentzian principle. The magnetic rigidity of
the ion beam of interest depends both on the applied magnetic field from the dipole as
well as the charged state of the isotope, mass and energy. The ionized species acceler-
ation is achieved by placing the Target and Ion Source System (TISS) on high voltage
(30-65 kV) and maintaining the mass separator at ground potential. As the ion beam
transverses through the homogeneous magnetic field, its trajectory bends with a radius
r that depends on the atomic mass of the ionized species (see equation 1.4) [62,63].

. _ Mo _ VomE
~ gB 4B

(1.4)

where 7 is the ion beam bending radius [m], M is the atomic mass of the ion [g/mol], g
is the charge of the ion, B is the magnetic field [T], and E is the energy of the accelerated
ion [eV].

Since different masses result in different bending radii, the magnetic field can be varied
to select the desired mass. By blocking out unwanted trajectories, only pure beams of
interest can be obtained. In contrast to chemical separation, isobars or atoms with the
same atomic mass number A, but different atomic number Z are separated from the
initial sample [38]. The quality of a mass separator is expressed by the mass resolving
power. Certain mass separators have sufficient resolution to separate also isobars [6,11].

1.4 Radioactive ion beams

There are two ways to produce Radioactive Ion Beam (RIB) - in-flight separation and
Isotope Separation OnLine (ISOL). In both methods, the nuclei of interest are trans-
ported away from their place of production, where a high radioactive background is
present from the nuclear reactions. RIB are used to produce exotic isotopes with a very
short half-life, far from the stability line. In the in-flight separation technique, a primary
beam of energetic heavy ions (from 100-2000 MeV per nucleon) is made to collide with
a thin low-Z target material (e.g. graphite or beryllium). Fragmentation and fusion-
evaporation reactions happen as the heavy ions collide with the target and the charged
products recoil out of the target with the same momentum and little energy difference
from the primary beam. In the ISOL method, radioactive isotopes are produced by spal-
lation, fragmentation, fission and fusion evaporation, when thick targets are irradiated
with light particles, such as protons, neutrons, photons and electrons [6].

A schematic representation of the ISOL RIB production is shown in Figure 1.8. When
the light energetic particles impinge on the target material, they induce nuclear reac-
tions in the bulk of the thick target material. Once the radionuclides are produced, they
are released from the bulk material, which is typically done by heating the target to
(or sometimes above) 2000 °C, under vacuum (pressure of <1 x 107> mbar). The high
temperatures promote the diffusion of the produced isotopes to the surface of the bulk
material, which is in most cases assumed to be in the form of a neutral atom. Once




the particles reach the surface, they may desorb, based on physiochemical properties
between the surface and the radionuclide as well as the vapor pressure of the element
of interest. The desorbed species then undergo many collisions with the target and
container materials while they effuse (migrate) out of the target material container to
the ion source. Depending on the ion source type, the neutral particles have a certain
probability to get ionized and accelerated for subsequent mass separation [6,11,64,65].
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Figure 1.8: Schematic representation of the ISOL method of radioactive ion beam production. Adapted
from [6].

1.4.1 CERN-ISOLDE facility

CERN-ISOLDE at Geneva, Switzerland is a facility that has used the mass separation
technique for decades to deliver isotopes for atomic, nuclear and solid-state physics ex-
periments [50,66]. The ISOLDE experiment is one of the oldest experiments at CERN.
After decommissioning of the CERN-Synchrocyclotron (SC), an upgraded version of
ISOLDE was built that includes two independent target stations and mass separators,
which uses protons from the CERN-Proton Synchrotron Booster (PSB) (see Figure 1.9).
The pulsed proton beam supplied to ISOLDE TISS typically has an energy of 1.4 GeV
and can reach the beam current of ~2uA, which equals about half of all the protons
supplied by the PSB. Thus far, the ISOLDE facility has provided users with more than
1000 isotopes from 76 elements for various physics experiments. Recently also a ded-
icated laboratory for nano-material handling, including two pump stands for target
material preparation, has been constructed [64].

ISOLDE has two online target irradiation stations which are coupled to two mass sep-
arators of different conceptual designs - General Purpose Separator (GPS) and High
Resolution Separator (HRS). The GPS has the mass resolving power of R = 800 and
is capable of extracting the ion beams at three different masses simultaneously [68].
The HRS has two separator magnets and possesses the mass resolving power of R =
6000. The mass-separated ions are then sent into the experimental beamlines. The
linear accelerators of Radioactive Beam EXperiment (REX) and High Intensity and En-
ergy ISOLDE (HIE-ISOLDE) offer post-acceleration possibilities. Before RIB injection in
the post-acceleration stage, the low-energy beams are bunched and fed into the REX-
Electron Beam Ion Source (EBIS) to boost the charge state. RIB yields® during ongoing
ISOLDE experiments are measured at the ISOLDE tape station which is installed close
to the junction point in the central beamline [11].

2 Yield at ISOLDE is defined as atoms per uC, however throughout this thesis and at CERN-MEDICIS
yield is used in the context of radionuclide activity [Bq].
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Figure 1.9: The CERN accelerator complex. Adapted from [67].

Standalone TISS or material samples can be irradiated at two additional irradiation
points, located downstream of the ISOLDE target units [69]:

¢ ISolde Irradiation Station (ISIS), which is located by the GPS target station;

¢ Medical Isotopes Collected from ISOLDE (MEDICIS) which is located by the HRS
target station.

Sc radionuclide RIB’s have been produced at ISOLDE before, both with the SC and
PSB as the primary beam source for nuclear reactions. Nevertheless, the conditions of
their efficient release were extreme and not suitable for lower melting point (< 2000 °C)
target materials. Spallation reactions of "Ta foils are the primary source in obtaining
Sc isotopes at ISOLDE for physics experiments due to the stability and low volatility of
metallic Ta at very high operating temperatures (> 2000 °C). However, the production
yield of medically relevant Sc radionuclides with mass separation from "Ta is not yet
applicable for medical research [70]. Furthermore, this production route requires high-
energy protons that are not available in typical low-, intermediate- or medium-energy
cyclotron centers.

1.4.2 CERN-MEDICIS facility

The RIB mass separation technique has recently been adapted at CERN-Medical Iso-
topes Collected from ISOLDE (MEDICIS) to obtain isotopically pure non-conventional
medical radionuclides for translational research. Since commissioning in year 2017,
CERN-MEDICIS has provided its partner institutes with high molar activity 12®Ba/1?%Cs,
129Cg 149Tp 152T} 15T}, 153Gm 165Tm, 167 T, 169y, 175Yp, 195mpy 224Ra 225R4 and 25Ac
radionuclides [71,72].
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The MEDICIS facility is located next to the ISOLDE facility (see Figure 1.9), on the
Meyrin site of CERN in Geneva, Switzerland [72]. The production and mass separation
of medical radionuclides is performed via two different modes. In the first mode of
operation, the TISS is placed before the beam dump of one of the two irradiation stations
and irradiated with protons coming from the CERN-PSB with an energy of 1.4 GeV.
Most of the protons impinging on the ISOLDE target pass it without significant energy
loss, therefore CERN-MEDICIS makes use of the protons which would otherwise get
lost in the beam dump. Although the current energy specifications of ISOLDE are
1.4-1.7 GeV proton beam, the CERN-MEDICIS facility has been conceived considering
an energy increase to 2 GeV primary beam energy, where up to 6 x 10%° protons per
year are expected [62]. The second mode of operation makes use of irradiated target
materials at one of the CERN-MEDICIS collaboration external partner institutes. The
irradiated samples are shipped to CERN-MEDICIS and placed inside an empty TISS
target container. This approach allows CERN-MEDICIS to be one of the only facilities
at CERN, which can operate during Long Shutdowns - periods when no protons are
circulating in the CERN accelerator complex. In both modes of operation, the TISS
is coupled to the MEDICIS frontend, where it is heated to high temperatures of up to
~2500 °C, depending on the release temperature of the species of interest and the target
material [71].

The mass-separated medical radionuclides are implanted into thin metallic or salt-
coated foils and dispatched to preclinical, clinical, biomedical or radiochemical re-
search centers worldwide [72]. The handling of open radioactive sources is done in
dedicated laboratories, classified according to the Swiss authorities as Type "A" (see
Figure 1.10) [73].

Target area

KUKA robot

Figure 1.10: The CERN-MEDICIS facility, class "A" laboratory and target area. Adapted from [62].
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One of the key performance indicators of CERN-MEDICIS is the collection efficiency.
The collection efficiency is described as the activity collected at the End Of Collection
(EOC) against the starting activity of a radionuclide present inside the target mate-
rial [74]. While it makes more practical sense to express collection efficiency this way,
throughout this work the collection efficiency will be reflected as decay-corrected col-
lected activity against the starting activity of a radionuclide (present inside the target
material) due to the various investigated physical and chemical aspects and limitations
of the mass separation and radionuclide collections. The main stages of the collection
are shown in Figure 1.11, indicating main factors that impact the radionuclide collection
efficiency and yield.

4
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Figure 1.11: Graphical abstract of radionuclide collection at CERN-MEDICIS.

1.4.3 Molecular ion beams

Refractory elements in ISOL can be defined as those, which have very high melting
points, low volatility and high adsorption enthalpies on the TISS structures. "Refrac-
tory" is typically used for metals than for any element, however some non-metallic
elements with very high melting points, such as boron and carbon possess the same
characteristics in the ISOL method [75]. The refractory element release from the target
units (e.g. Si, B, C, Sc, Ti, V and transition metals Nb, Mo, Tc, W, Re, Os) can be pro-
moted with chemical reactions in-situ the target containers and ion sources by creating
more volatile molecules and extracted from the TISS as molecular ion beams [38, 64].
These molecules have lower boiling points, adsorption enthalpies and can desorb and
effuse to the ion source faster and at lower temperatures (see Figure 1.12). This ap-
proach is also referred to as “chemical evaporation” [76].

Molecular ion beams have been proposed and studied at ISOLDE for decades as a way
to increase the volatility and provide high-purity RIB of the refractory isotopes. Since
initial studies, the target and ion source developments offer more efficient operating
conditions [77-82]. The molecular beam formation can be achieved by the addition of
certain chemicals into the target container and ion source. This can be achieved by
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Figure 1.12: The nuclear chart of chemical elements produced and measured at ISOLDE, aligned with the
chemical element atomic and fluoride boiling temperatures. Adapted from [64].

injecting reactive gas directly into the TISS target container, such as CF4 and SF¢ [77],
CO [83], or evaporating salts (e.g. CCly, AgCl, BF3) from a separate container that is
connected to the target container. The added chemicals can react directly or dissociate
in radicals, which afterward interact with the refractory atom adsorbed on the target
material or the target container, transfer line or ion source surfaces. Molecular beam
formation can also be observed from impurities in raw target materials or from the
target material chemical composition itself (e.g. LaF3, Ce3S4, CeS) [78,84]. In this case,
the molecule formation cannot be controlled during the mass separation process.

Metals of groups 2-6 form halides, which are relatively stable even at temperatures
used for RIB creation with the ISOL method. The most stable form is observed when
the metal is in its highest valence state. In this state, the molecule has an electronic
configuration with no free valence electrons to bind with the surface strongly. Also,
the molecule must remain rather intact during wall collisions and effusion to the ion
source [76].

The molecular ion beam method is often also referred to as the molecular sideband
extraction [64,81]. The extraction of radionuclides using a halide molecule sideband
can be used also as a technique to decrease isobaric (same atomic mass) contamination.
For example, the Sc mass separation can be shifted from 43-47 atomic mass unit (amu)
region to 62-66 (mono-fluoride), 81-85 (di-fluoride) or 100-104 amu (tri-fluoride) region
[38,64].
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2.1 Radionuclide production

2.1.1 Radionuclide Production at CERN-MEDICIS

In this study, the target materials were mainly irradiated at the CERN-MEDICIS HRS
irradiation station with a 1.4 GeV proton beam delivered by the CERN Proton Syn-
chrotron Booster (PSB). Recent developments and tests have been done to increase beam
energy to 1.7 GeV and upcoming facility upgrades would allow to reach 2 GeV with a
4 uA of beam intensity [85]. The pulsed proton beam impinges on the target units with
up to 2.4 pA intensity (usually 2.0 #A). The PSB cycle consists of up to 3.3 x10'® protons
per pulse every 1.2 s [38]. The irradiation times usually range from a few hours up to
a full day resulting in ~ 1 x10'® Protons on Target (PoT). At the current configuration,
the TISS can withstand up to ~ 5 x 10'® total PoT, before radiation damages prevent
the target from being used in a radionuclide collection. The target materials are irra-
diated in an Ar atmosphere and without active cooling, which can result in 80-120 °C
temperature due to deposited power. The CERN-MEDICIS TISS is placed downstream
of an ISOLDE TISS and the proton beam first intercepts through the ISOLDE target (see
Picture 2.1). At the High Resolution Separator (HRS) MEDICIS irradiation station two
different irradiation modes are possible:

e direct irradiation, where the proton beam intercepts through only ISOLDE TISS
aluminium vessel, below the ISOLDE target container and its target material, and
impinges on the CERN-MEDICIS target material;

¢ indirect irradiation, where the proton beam intercepts through the ISOLDE target
material and then impinges on the CERN-MEDICIS target container.

MEDICIS

ISOLDE Targ
mass separator frontend
AN\ ) SRS —— 8 =

Figure 2.1: Principle of CERN-MEDICIS target irradiation together with ISOLDE target unit [86].

Therefore, the irradiation parameters at CERN-MEDICIS and the conditions strongly
depend on the otherwise ongoing ISOLDE experiment (see [72] for more details). Indi-
rect irradiation is also possible at the ISolde Irradiation Station (ISIS) irradiation station
by GPS station.

CERN-MEDICIS also utilizes another mode of operation, thanks to the institutes that
are part of the CERN-MEDICIS collaboration. The target materials irradiated at exter-
nal cyclotron or reactor facilities can be shipped to CERN-MEDICIS and placed inside
an empty target container and subsequently proceed to the mass separation [72]. A
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typical example is the separation of !*3Sm from stable 1°2Sm, produced at the SCK-
CEN BR2 reactor in Belgium, for which an increase of the specific activity (high ratio
152Sm /153Sm) is necessary for the use the targeted radionuclide therapy.

The online facility - ISOLDE - typically operates with a proton beam constantly imping-
ing on the target material during mass separation. CERN-MEDICIS operates offline in
a so-called “batch mode” of production and extraction. This means that the starting
activity of the radionuclide inventory for each experiment is a finite amount and de-
creases from both the radioactive decay and release throughout the collection. In some
cases, the decay of a mother radionuclide feeds the radionuclide of interest, such as
in the case of ¥Ca/4’Sa This is the main difference between an offline and an online
isotope mass separation. Most of the irradiated target units used for radionuclide mass
separation and collection are re-irradiated and re-used. Therefore, multiple collection
batches can be done from the same target unit.

Every TISS for irradiation in the ISOLDE target area is transported via an automatic
rail conveyor system. After irradiation, the dose rate at 27 cm of the retrieved target
unit is measured at the CERN-MEDICIS decay station. Thus far, the highest target unit
dose rate has reached 3 Sv/h, 15 min after the EOB. This high dose prevents any target
measurement and desired sample fraction removal for 7y-spectrometry analysis. The
TISS is then transported and placed on the CERN-MEDICIS mass separator frontend
by remote handling, using a KUKA® (Augsburg, Germany) robot [72]. Due to the high
dose rate and amount of radionuclides produced inside each target, y-spectrometry of
the whole TISS is not yet feasible but under investigation using a low-efficiency colli-
mated germanium detector. In-target radionuclide production is currently calculated
via Monte-Carlo simulations.

The 1.4 GeV beam available at ISOLDE leads to a high level of sample activation and
production of spallation products. To produce low-activity samples for the Sc thermal
release study (see Chaper 3) and avoid the production of unnecessary spallation prod-
ucts and unjustified dose exposure, the samples have been irradiated in another facility
accessible at CERN. It is the CHARM facility where passive irradiations were offered
for the specific study.

2.1.2 Sample activation at CERN-CHARM

The CERN-CHARM facility studies the radiation effects on electronic components and
various shielding materials [87]. It is also used for sample activation purposes to bench-
mark Monte-Carlo codes such as FLUktuierende KAskade (FLUKA). The CHARM fa-
cility receives a 24 GeV/c proton beam extracted from the CERN Proton Synchrotron
(PS) impinging on a thick copper target. It creates a mixed radiation field including sec-
ondary neutrons. Several stations are made available for sample irradiation, depending
on the required type and level of activation. Within the thermal release study, a low
level of "*Ti and "V sample activation was required (few 100 kBq) to produce Sc iso-
topes. For this purpose, the neutron field that can be obtained outside of the CHARM
target area has been used. The particle fluence spectra generated by the characteristic
5x10!° p/s primary proton beam onto the CHARM target, at the specific location of
the grid where the samples where placed, is shown in Figure 2.2.

The samples for activation were inserted in plastic bags and placed onto the grid (see
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Figure 2.2: Particle fluence spectra in lethargy representation at the sample activation location (grid) of the
CHARM facility.

Figure 2.3). Typical irradiation experiments at CERN-CHARM last for ~7 days which
includes 5-day irradiation followed by a 1.5-day decay (cooling) period after the EOB,
leaving half a day for access. For theoretical radionuclide production estimations and
experiment setup, the average values were used to get a first estimate. The values were
also used for radiation protection purposes and preparation. After the activation, the
values were rescaled according to the actual irradiation parameters.
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(a) Layout of the CERN-CHARM facility [87]. (b) The sample placement grid.

Figure 2.3: Sample activation location at the CERN-CHARM facility.

This study is shown in Chapter 3 and was performed to get a better understanding of
the release of Sc inside an ISOLDE target and ion source unit.
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2.2 Target and ion source system

The produced radionuclide release from the irradiated target materials and RIB pro-
duced is achieved with the Target and Ion Source System (TISS). The TISS (referred also
as target unit) that are used for mass separation and collections at CERN-MEDICIS are
identical to the ones being developed for and used at ISOLDE [11,88]. The TISS typi-
cally consists of three main parts: an aluminium base and enclosure, a target container
and its accessories, and an ion source. Each target unit can differ in its specification,
modification, and ion source to maximize longevity, production yield, and ionization
of the species of interest. The TISS are re-used multiple times until their medium-term
storage for cooldown and dismantling for long-term storage [89]. The target container
and ion source are covered with Ta, W, and Mo heat screens, to have more uniform heat
distribution during operations. The target container housing for the target material or
external samples is made out of Ta material, due to its durability and refractory nature.
Possible alternatives would be W, Mo, Re, graphite or nickel-rich alloys; however, due
to the complex structures needed for target-unit assembly, these materials are most dif-
ficult to manufacture [90]. As shown in Figure 2.4, the target container and ion source
are fixed to a water-cooled aluminium base (temperature of ~ 20 °C). The transfer line
to the ion source is located in the middle of the target container perpendicular to the
container. Finally, the target container and ion source assembly with their accessories
are enclosed in an aluminium vessel to obtain a pressure below 1 x10~> mbar for ion
beam extraction.

Figure 2.4: Schematic side view of a Target and Ion Source System (TISS)

The target container and transfer line/ion source are resistively heated to obtain the
desired temperatures. Currents up to 370 A for the transfer line/ion source and 1200
A for the target container can be applied. Based on the ion source type, typical values
are 240-360 A for the transfer line and 300-800 A for the target container. The inner
diameter of a standard target container is 20 mm and it is 200 mm long, which allows it
to hold a few mol of target material. In cases where exposure to Ta should be limited,
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thin metal foil linings or covers such as 10-30 um V and W foils were inserted in the
target container.

A key accessory for certain ion source stability, radionuclide volatilization and molec-
ular beam formation is a gas injection line within the target unit. It consists of two Ta
tube pieces that connect the target unit base with the target container. The Ta tubes are
connected via a hollow boron nitride (BN) cylinder to ensure electrical insulation. The
gas injection line faces the transfer line on the target container. For controlled gas injec-
tion in the target container, calibrated gas leaks (High Technology Products Ltd., East
Sussex, UK) are used. The gas leaks are small porous sintered stainless steel powder
structures with a known gas conductance and housed in a stainless steel cylinder (see
Figure 2.5). The calibrated gas leak is installed on the base plate at the beginning of the
gas injection line.

Figure 2.5: The calibrated gas leak for a TISS

Typical leak rates for the calibrated gas leaks are within the range of 4x107° to 2x1073
mbarL/s (for air) and leak pressure of up to 1.2 bar [91]. By adjusting the gas pressure
applied to the gas leak from the reservoir side, the gas amount injection rate into the
target container can be varied. A higher gas amount injection rate can impact the
pressure within the target unit and cause high voltage arcs between the ion source and
the mass separator extraction electrode.

To produce a RIB, the efficiency of an ion source is a key parameter. It describes the
probability for the neutral species, generated from the target container, to get ionized in
the ion source. Multiple ion sources have been developed and used for mass separation
with variant selectivity. The three most widely used are surface ion source, electron
impact ion source and resonant laser ion source. The appropriate ion source is chosen,
based on the physical and chemical properties of the species of interest.

2.2.1 Surface ion source

A surface ion source, also called a hot cavity ion source, is a simple way to ionize
species with sufficiently low Ionization Potential (IP) (typically <6 eV) [92]. The ioniza-
tion takes place directly on the ionizer surface and therefore strongly depends on the
ion source material work function W, the temperature of the surface and the density
of gaseous particles. In solid-state physics, the work function is the minimum thermo-
dynamic work or energy needed to remove an electron from a solid to a point in the
vacuum outside the solid surface. Surface ion sources at CERN-MEDICIS are made out
of hollow Ta (W = 4.0 —48¢eV), W(W =43 —-52¢€V) or Re (W = 4.7 —5.1 eV) and
operated at 2000-2400 °C [11,62,92-94]. The emitted electrons together with positively
charged particles inside the hot cavity form an electrostatic potential and provide some
confinement to the positively charged particles in the axial center of the ion source. The
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cavity also has no physical constraints from the outlet orifice up to the target container.
For these reasons, the surface ion source is well suited in combination with the resonant
laser ionization for increased efficiency [64].

2.2.2 Laser resonant ion source

At ISOLDE, Resonant Ionization Laser Ion Source (RILIS) produces ions by resonant
photon absorption delivered in the form of laser light [93]. The valence electron is
excited through intermediate energy levels and stripped from the atom into a contin-
uum by a subsequent non-resonant photo-ionization step (via an auto-ionizing state),
collisional or field ionization (via Rydberg state). The lasers are tuned for the photon
energies to precisely match the electron transition energies of an ionization scheme [95].
This makes RILIS a very element-selective ion source with minimal isobaric contami-
nants and can achieve ionization efficiencies higher than 50 % [64,96].

At CERN-MEDICIS the surface ion sources, combined with laser ionization from MEDI-
CIS Laser Ion Source for Separator Assembly (MELISSA), are used to deliver ion beams
of 19152155, 158Gm, 165167Tm, 169Ey, 175Yb and 225227 Ac for mass separation and col-
lections [71,96]. In this work, a combination of surface and Versatile Arc Discharge
Ion Source (VADIS) and laser ionization was also used to mass separate the stable *°Sc
isotope and #48/"Sc, 46Sc, 47Sc radionuclides.

2.2.3 VADIS ion source

Versatile Arc Discharge Ion Source (VADIS), or the so-called plasma ion source, is a
Forced Electron Beam Induced Arc Discharge (FEBIAD)-type ion source, used at CERN-
MEDICIS and ISOLDE [97]. VADIS is an optimized version with an increased active
volume and a reduced amount of graphite compared to its FEBIAD predecessor [97].
The VADIS Ta cathode is directly connected to the transfer line, hence, they are heated
together to similar temperatures. Applying 100-150 V potential (max 300 V), thermionic
electrons, emitted from a hot cathode (ca. 2000 °C), are accelerated through a grid into
the anode body creating plasma conditions upon electron impact with gaseous species
at 1900-2100 °C. A schematic representation of a FEBIAD-type ion source is shown in
Figure 2.6. The electrons are deflected by axial magnet on helical orbits.

Cathode Electrons Anode Extraction

hole at 0 V
.
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(0-300 V)

Figure 2.6: Schematics of VADIS/FEBIAD ion source.

FEBIAD-type ion sources are capable of ionizing particles with high IP (over 100 eV),
including atomic and molecular species. In the anode body volume, molecules can
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undergo fragmentation into neutrals and ions, dissociative or direct ionization. A rep-
resentation of possible reactions happening in the plasma conditions for only CF, gas
are shown in Table 2.1. Note that reactions in Table 2.1 directly depend only on the reac-
tive gas applied. Other reactions occur also for the radionuclide-containing molecules.
In addition, the elements of ion source structures, such as Mo, Ta, Be and O are always
present in addition to vacuum impurities and can contribute to such reactions. The
formation of HF" species (20 amu) can also be observed because fluorine has a high
reactivity towards the H atom in H; species from the vacuum impurities [98].

Table 2.1: Heterogeneous (gas phase and surface) reactions involved in the creation and loss of fluorine
atoms in plasma conditions from CF, gas [98].

Process Reaction

CFy+e” - CFs3+F+e™
CFy+e - CFy+2F +e™
CFs+e” - CF+3F+e™
Neutral dissociation CF3+e¢e - CFy+F+e
CF+e- - CF+F+e™
CF+e” - C+F+e™
Fop+em —2F+e™

CFy+e- — CFt+F+2e”
CFy+e~ — CF" +2F+2e™
CFy+e~ — CFt+3F+2e™
CFy+e” = Ct+4F+2e”
CF;+e~ — CE " +F+2¢
CFy+e” —CF " +F+2¢

CFy* +F~ — CF+F(x=1-23)
C*+F —C+F

Dissociation with ionization

Ion recombination

F- +F,* —3F
F~ +F" — 2F
Charge transfer F*+CF3 — CF;" +F
Dissociation with attachment Fpb+e —F +F

F-+e- - F+2e”

Recombination with electron Byt +e- —F+F

Ion-surface interaction Ff+e(s) = F
CF3+F - CF4+F
. . CF, +F — CF3
Neutral recombination CF+F — CF,
F+F - K
Ionization F+ew —Ft+2e
. F+s — F(s)
Surface recombination F+F(s) — Fy+s
Neutral pumping CF4, CF3,CF,, CF, F — pumped out

The whole TISS, and hence ion source, is placed at 30-60 kV potential to accelerate the
ions towards the extraction electrode [11,64]. The FEBIAD-type ion sources, however,
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are not selective and one should expect a high total beam background. The VADIS
ion source is most commonly used for molecular ion beam production at CERN [64].
Because of the high atomic Sc and molecule ionization or dissociation potential (>6 eV)
[99], the VADIS was mainly used for the TISS in this study.

Ionization efficiency

Due to the complexity of the plasma ion sources, such as the VADIS, the ionization
efficiency estimation has to take into account multiple factors, including [62]:

¢ electron density and space charge effects;

* ionization cross section, which depends on the atomic radius, molecule dissocia-
tion/ionization potential and electron impact ionization energy [100];

¢ volatility of the neutral species, density and partial pressure in the ion source;
¢ chemical reactivity towards ion source structures and insulators;

¢ particle relative velocity;

¢ collisions with other atoms, molecules/ions and ion recombination.

The exact modeling is not yet established for the FEBIAD ion sources and molecule
ionization (including dissociative ionization). However, a model in equation 2.1 pro-
posed for chemically inert noble gases, including the Lotz formula, can give important
insights into ion source operating parameters for further understanding and estimation
of Sc molecule ionization efficiency [97,101,102].

,In(ek) vmvE

2.1
U- Vioniz Sout ( )

-W
€fep = 2.33-10* - - Viource - Ar - €xp <kBT> :

where €g}, is the ionization efficiency of a FEBIAD source, f-factor accounts for the
global fraction of extracted ions from the FEBIAD ion source, which reflects the ion
survival, extraction and electron beam from cathode to anode, Ag is the Richardson’s
constant [120 Acm 2K 2 for Ta], W is the work function of cathode material [eV], kg is
the Boltzmann constant [8.617 x 107> eV K], T is the ion source temperature [K], [ is
the number of electrons in the valence shell, U is the anode potential [V], Vjy,i, is the
first ionization potential [eV], M is the Atomic mass [gmol~!] and S, is the area of the
outlet hole [ecm?].

The heavier elements have a higher ionization cross section and a longer residence time
in the ion source. Therefore they have a higher probability of undergoing ionization
before leaving the ion source volume [103]. Lighter elements from the anode volume
are typically released faster [62].

The ionization efficiency of a FEBIAD ion source mainly depends on the rate of ion-
ization per unit volume and the fraction of successfully extracted ions. The ioniza-
tion efficiency of VADIS was studied by L. Penescu and can be expressed by equa-
tion 2.2 [83,97,103]:
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Rioniz . Vsource 'fextr
€ion = - ’ where Rioniz = Ne - Ny + Tioy * Uyl (2.2)
in

where €jon is the ionization efficiency, Rioniz is the rate of ionization M ™35], Veource iS
the volume of the ion source [cm?], f is the global fraction of generated ions that are
extracted before recombination, nj, is the number of neutrals reaching the ion source
[pps], 7. is the electron density [cm 2], i, is the neutral gas density in the ion source
[ecm 3], 0ion is the ionization cross section of the neutral gas [cm?], and v, is the relative
velocity between electrons and ions [cm/s], which is approximated to primary electron
speed [103].

While the global f-factor stays constant, the efficiency can decrease with increased cath-
ode temperature, as the increase in electron current results in a deepening of the po-
tential well in the ion source, thereby increasing the size of the "inactive" volume. The
f-factor then stays roughly the same for noble gases with the ion source and cathode
operated in the range of 1800-2010 °C temperature [62]. This assumption is therefore
also used for the ScF3 ionization efficiency estimation. For VADIS ion source ionization
efficiency tests and performance comparisons, a mix of noble gases (He, Ne, Ar, Kr, Xe
of 20% each, 99.999 % pure) was used.

Space charge effects

Thermionic electrons are generated from the hot VADIS cathode and accelerated to-
wards the anode grid. Intuitively, the higher the temperature of the cathode, the higher
the electron density, however, in reality, the electrons can reach the space charge limit
with the Ta cathode being operated at temperatures >2000 °C [103]. A potential bar-
rier then is formed on the cathode due to negative charge accumulation, that repels
new electrons back to the cathode. The electron current in this regime is described by
Child-Langmuir law in equation 2.3:

, 4  [2eU%?
Jeel = §€O %7612 (2.3)

where j, . is the electron current density emitted from the cathode [Am™2], ¢ is the
vacuum permittivity €y ~ 8.854 x 1072 Fm~!, ¢ is the elementary charge e ~ 1.602 x
10~ C, m, is the electron mass [kg], U is the potential difference of the anode [V] and d
is the distance between the cathode and anode grid [m] [62,103]. At lower temperatures,
the electron emission follows the Richard-Dushman equation 2.4 [62].

) W
jeatn = AR - T? - exp <_kBT> (2.4)

where j.., is the electron current density emitted from the cathode [Am~2], Ay is the
Richardson’s constant [120 Acm 2K 2 for Ta], kg is the Boltzmann constant [8.617 x
1075eVK™1], W is the work function of cathode material [eV], and T is the ion source
temperature [K].
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An increase in temperature will not result in increased electron density within the anode
body and therefore higher rate of ionization, but can even harm the ion source in the
long term. The space-charge limited regime is an important aspect to consider in order,
to prolong the VADIS lifetime and obtain the maximum ion source efficiency during
the mass separation and collection. One should aim to obtain the maximum density
and ionization efficiency possible, typically around 2000-2200 °C [103]. The regime of
operation then can be unfolded by comparing the measured drain current of the anode
body with the theoretical thermionic electron emission current and respective anode
potential.

The space charge effects are also observed for dense, charged particle ion beams, which
can expand due to self-induced electrostatic forces [102]. In the case of VADIS, the
maximum ion current extracted from the ion source for mass separation is limited by
the plasma sheath, which also follows the Child-Langmuir law. It then computes for
VADIS to being able to extract ion currents of more than 50 uA at 30 kV target unit
potential and 60 mm extraction gap [103].

2.3 Mass separation

TISS testing, study of target materials, ion sources and stable (non-radioactive) isotopes
and molecules is done with two offline mass separators (Offline-1 and Offline-2), avail-
able at ISOLDE and CERN-MEDICIS [104]. In this study, two mass separators were
used for the development, mass separation and collection of the Sc ion beams. Offline-1
was used for TISS development, testing and stable (non-radioactive) ion beam studies.
The CERN-MEDICIS mass separator was used for radioactive Sc mass separation and
collection as well as stable Sc ion beam developments and atomic Sc laser ionization
studies.

2.3.1 CERN-MEDICIS mass separator

The CERN-MEDICIS mass separator in its essence is an offline mass separator, as there
is no primary beamline connected to the target unit. A schematic of the CERN-MEDICIS
mass separator is shown in Figure 2.7. The first section is typically referred to as the
frontend. Here the radionuclide release, ionization, acceleration and primary beam
optics originate. The frontend consists of:

* an electrically isolated TISS coupling system where it is operated at 30-60 kV
potential;

¢ a Target and Ion Source System that is exchanged for each batch and holds the
irradiated target material and produced radionuclides;

¢ a Ti extraction electrode that is placed at 50-80 mm distance from the ion source
orifice;

¢ a charged particle electrostatic Einzel lens to shape the ion beam entering the
dipole magnet operated at 18-26 kV, depending on the extraction potential and
ion source type);

e vertical and horizontal electrostatic deflectors that allow beam realigning (£ 200-
600 V).




After the frontend a Cu Faraday cup is installed and can be inserted in the beam path
to measure the total ion beam current, which enters the separator magnet. The main
"separator" section part is a 55° double focusing magnet with a bending radius of 1.5 m.
It is operated up to 90 A current to induce the magnetic field [88]. Opposite the beam
entrance path, a dedicated window is placed to reflect the laser beam from MELISSA
directly into the ion source cavity.

The beam instrumentation box is present after the separator magnet. It houses a wire
scanner to assess the beam shape and position, another Faraday cup to measure the
separated ion beam current, and a recently upgraded double-slit system. The double-
slit system allows isolating one specific ion beam! or two ion beams simultaneously
with a difference of 1-3 atomic mass unit (amu) [71]. After the beam instrumentation
box, one finds the sample collection chamber, where the sample holder with up to 3
collection foils (15x20 mm) are placed in the RIB path to implant the radionuclide(s)
of interest. The sample holder consists of a collimator, sample plate and an electron
repeller, which is used to repel secondary electrons to the sample plate and acquire
more accurate reading. The impinging ion beam current can be separately measured
both for the collection foil and collimator. The ions are implanted and collected in Zn
or Al-coated gold foils, full-body Al or Cu foils or salt-covered Al foils in perpendicular
or angular positions with respect to the RIB.
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Figure 2.7: CERN-MEDICIS mass separator schematics. Adapted from [88].

The mass separator is operated at a vacuum pressure of 1 x107°~1 x10~7 mbar. Each of
the described mass separator sections can be isolated by hermetic valves. Depending on
the target material, radionuclides that are released, but not ionized or implanted in the
collection foil during the collection are pumped from the separator volume and stored
in local decay tanks. The radionuclides are stored until they decay to a sufficiently low
level for release into the atmosphere [88].

To create the molecular ion beams, reactive gases are injected into the target containers.

1 Most commonly referred to as just "mass".
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Reactive and noble gas injection in the TISS is done through a gas connection system
that is located inside a dedicated high-voltage and power supply room, outside the
mass separator bunker. The gas injection system consists of two main subsystems of
which the first is dedicated to noble gas or reactive gas injection, such as NF; and
CF;. The second subsystem is dedicated to pure Cl, gas injection and residual gas
neutralization. Cl, must be supplied by a separate system and residuals neutralized
after use as it poses additional corrosion risks for the metallic parts and safety hazards
during the operations. The Cl, gas subsystem is then connected to the same feed line
to the TISS and the calibrated stainless steel gas leak.

2.3.2 Offline-1 mass separator

The layout of the Offline-1 separator is similar to the CERN-MEDICIS mass separator.
The targets on Offline-1 are placed on 30 keV potential for the ion acceleration. Fig-
ure 2.8 provides an overview of the Offline-1 mass separator main components. It is
capable of separating masses of up to ~300 amu with the ion beam energy of 30 keV.
The transmission efficiency between the total beam and the separated beam Faraday
cups is typically in the order of ~75 % [11,62]. The recent Offline-1 upgrade includes a
collection chamber at the end of the instrumentation box, where a stable ion beam can
be implanted in metallic foils. The implanted species then can be released by resistive
heating and detected by a Residual Gas Analyzer (RGA), located on top of the collection
chamber. The RGA measurement range is 1-200 amu [104].
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Figure 2.8: Offline-1 mass separator.

The Offline-1 mass separator frontend, from the TISS coupling table side with the man-
ual gas injection system, is shown in Figure 2.9. The gas injection system is built of
stainless steel and PolyTetraFluoroEthylene (PTFE) tubing. Here as well the maximal
gas amount injection rate is limited by the pumping capabilities of the vacuum sys-
tem. At Offline-1 the pressure of <1 x 10~ mbar is also required to safely operate the
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high-voltage system and the VADIS ion source.
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Figure 2.9: Offline-1 mass separator from within the Faraday cage.

Before proceeding to the target material irradiation, mass separation and collection of
radioactive Sc isotopes at CERN-MEDICIS, the Offline-1 was used for TISS testing and
quality control.

2.3.3 Pumpstand

A separate TISS coupling table - pumpstand - was used to calibrate each target container
and transfer line temperature against the applied current. The pumpstand is also used
for target material outgassing, such as the metallic foil rolls and "*TiC pellets. Same
as for mass separators, the pumpstand can support current for heating and reach a
vacuum inside the target units down to 1 x 10~7 mbar. Five current-regulated (£0.1 A)
Delta Elektronika SM15-200D power supplies are used to heat the target container and
an additional three power supplies are for the transfer line heating. A current of up
to 1200 A can be applied for target heating. The pumpstand that was used for the
Sc thermal release studies is equipped with a dedicated gas exhaust system for any
potential radioactive gas trapping.

2.3.4 Molecular ion beams

Refractory elements are difficult or sometimes cannot be extracted from the TISS in
their atomic gas form. Even if they are released from the target materials, during their
migration to the ion source they will frequently collide with the walls of the TISS.




Each encounter will delay their total time for reaching the ion source. Therefore, slow
desorption is more penalizing than slow diffusion [64,75].

One of such elements is proven to be Sc. Sc is known to form halides that are more
volatile than the atomic counterpart. The molecule formation was therefore used for the
extraction from TISS. To create scandium halide molecules in the target units, reactive
gases such as carbon tetrafluoride (CFy4, 99.995 % pure), nitrogen trifluoride (NFz, 99.99
% pure) and chlorine (Cly, 99.8 % pure) were applied to the target container.

Molecular and atomic Sc ion beam formation after Sc volatilization is mainly obtained
through stable molecule dissociation rather than direct ionization because the disso-
ciation potential of ScFy(x = 1 — 3) species is lower than their direct ionization po-
tential [99,105]. Both the ionization and dissociation potential of atomic Sc and ScFy
molecules is >6 eV, which exceeds the work function W of Ta, W and Re metals, suggest-
ing surface ion source is not suitable for atomic Sc molecular ion beam mass separation.
Nevertheless, radioactive Sc™ and ScF' ion beams have been reported at ISOLDE with
a W surface ion source [82]. This can be explained by certain released molecule fraction
dissociative ionization and drift electron acceleration in the extraction field. Also, it has
been reported that adsorption of oxygen from impurities or native oxide layer on W
enhances its W [106,107].

Sc mono-atomic ionization with laser resonant ion source or halide molecule ionization
with a FEBIAD type ion source should be preferred [99]. Laser ionization is inefficient
with a VADIS ion source due to distance and cold structures in between the transfer
line and extraction electrode. Therefore W and Re surface ion sources were combined
with the laser resonant ionization experiments.

Evaporation rates of volatile heterogeneous reaction products

The Quasiequilibrium (QE) treatment of heterogeneous reactions can be used to com-
pute the evaporation (desorption) rates of volatile species formed in the reactions of
gaseous molecules with solid surfaces. The QE model closely predicts the temperature
and pressure influence on the evaporation rate of the volatile species and predicts that
the proportions of the species will be those of an equilibrium mixture. [108].

Gaseous reaction product species are emitted in a thermodynamic equilibrium distri-
bution fixed by the solid substrate temperature. The rate of evaporation is determined
by the adsorption rate of the reactive gas. The collision rate from gas kinetic theory can
be expressed as Hertz-Knudsen equation 2.5 [108-110]:

Zi= P (2.5)
XM RT

where Z; is the rate at which molecules of species i collide with a solid surface for equi-
librium conditions [m~2s~!], p; is the partial pressure of species i [Pa], M; is the molec-
ular mass of the evaporating material [kg/mol], R is the gas constant [kgmz/ s*molK]
and T is the temperature of the gas and solid [K].

The rate of adsorption I; must be balanced at equilibrium by an equal but opposite rate
of evaporation of species i R; from the adsorbate phase. If the reaction thermodynamics
favor product formation and surfaces are smooth, then the rate will be approximately

2 The term proposed by J.C. Batty, R.E. Stickney.
3 The term proposed also mentioned as the gasification probability by D.L. Hildenbrand.
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equal to the atomic vaporization rate of the metal at pressure p; and temperature T,
multiplied by the "equilibration probability” 2 {; [108,109]. The "equilibration proba-
bility" is defined as the experimentally observed molecule evaporation rate (or removal
from the surface) against the rate at which the fluorinating gas impinges upon the sur-
face. Therefore the kinetic aspect can be treated with simple empirical parameter - the
equilibration probability or substrate atom removal probability® (see equation 2.6).

Ri=T'=0i-Z, or Ri= 2751611@ (2.6)

where R; is the evaporation rate of the formed volatile species [m~2s!], T is the adsorp-
tion rate (the rate at which molecules are equilibrated) [m~2s71], and (; is the equilib-
rium probability or the fraction of the collisions that result in adsorption/evaporation,
normalized for the stochiometric ratio of species i formation.

Values of ¢; = 0.1-0.3 at 1000-2000 K have been obtained for refractory metals with
gasification by F and F, [110,111]. No {; values are available for other fluorinated

reactive gases (e.g. CF4 or NF3), however, they are assumed to be lower than those
found for F and F».

Partial pressures of the chemically evaporated species will also depend on the pressure
and thermochemical stability of the reacting gas. It is expected that ; will decrease as
the thermodynamic stability of the reactive gas increases. The Gibbs free energies of
formation for several possible reactive gases in k]J/mol normalized per single F atom
at 1500 °C are as follows: F, (0); Cly (0); SF¢ (-97.4); CF4 (-166.1); HF (-281.5); SiFy
(-339.6); BF3 (-342.1) and NF3 (36.9) [109,112]. Therefore the reactivity and degree of
equilibration probability should follow the pattern NF3 > F, = Cl, > SFs > CF4 > HF >
SiF, > BFs.

24 Chemical separation

2.4.1 Ion exchange chromatography

Most commonly the chemical purification of medical radionuclides is done via Ion Ex-
change Chromatography (IEC). The principle of IEC is that the radionuclide of interest
is first adsorbed on a resin inside a chromatographic column - also referred to as the
loading phase. It is then followed by a washing phase, to flush out any co-adsorbed
contaminants. After the washing phase, elution of the radionuclide of interest is done
with an appropriate concentration solution. In RPH manufacturing, this is typically
low-molarity HCl. Additionally, flushing with Deionized (DI) water can be done to
remove all ions from the column. The resin then can be regenerated and reused.

Various resins for Sc ion exchange chromatography have been employed, such as Ura-
nium and TEtra-Valent Actinide (UTEVA), Transuranium (TRU). Thus far the best sep-
aration efficiency and highest radiochemical yields were obtained with the Diglyco-
lamide (DGA) resin, because of high Sc3*t retention and negligible Ti, V, Cr and Ca at
HCI molarities below 6 M [28,113,114]. The structural formula for the DGA resin is
shown in Figure 2.10. There are two DGA resin forms: branched (N,N,N °,N ’-tetrakis-
2-ethylhexyldiglycolamide) and normal (N,N,N "N “-tetra-n-octyldiglycolamide). The
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Figure 2.10: N,N,N °,N ’-tetra-n-octyldiglycolamide (DGA Normal).

Sc®T ions interact with 3 DGA molecules by forming micelle-type non-covalent com-
plexes according to the equation 2.7. The coordination complex (micelle) can then be
broken down by using an eluting agent (usually 0.1 M HCI).

Sc‘z’;]) +3DGA(5) +3NO; = [Sc(DGA)3(NO3)3]s) (2.7)
In the case of collection foils at CERN-MEDICIS, the solvents typically used for ra-
dionuclide dissolution are HNO3z and HCl, based on the chemical composition of the
collection foil. The weight distribution ratio Dy, on the resin describes how much cor-

responding metal ions get adsorbed on the resin in a given medium concentration and
are shown in Figures 2.11 and 2.12 [115,116].
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Figure 2.11: Weight distribution ratios Dy, of metals on the DGA resin in HNO3; medium [115,116].
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Figure 2.12: Weight distribution ratios Dy, of metals on the DGA resin in HCl medium [115,116].
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Based on these ratios and expected isobaric contaminants, one can develop the most
appropriate chemical separation plan. For example, the Sc loading onto the column has
the best retention at HNO3 concentrations of 1-2.5 M solutions and for the elution from
the column 0.05-0.1 M HCl would be most applicable.

2.4.2 Electrochemical separation

The basis of electrochemical separation is the difference in electrical potential for var-
ious metals. In comparison with a chemical reaction, where electrons are transferred
directly between atoms, ions, or molecules, in electrochemistry, the electrons are trans-
ferred to an ion via an electronically-conducting circuit. The method is based on the
fundamental reduction-oxidation potentials of metal atoms/ions with some summa-
rized in Table 2.2. This way the contaminant metals or elements of interest can be
directly deposited onto the electrode. The added value of electrochemical separation
is that no resin and continuous mobile phases are needed. This also helps to limit
contaminated liquid radioactive waste build-up.

Table 2.2: Metal standard reduction potentials [117].

Chemical element Reduction half reaction Standard reduction
potential [E®], V
Zn Zniy) +2e” = Zn) -0.7618
v Vi +2e =V -1.13
Ti Tz‘f;q) +3e” = Ti, -1.37
Al ALY +3e” = Al -1.662
Sc 5c?;‘q> +3e™ = Sy -2.007
Na Naf;‘q) +1e” = Na, 2.71
Ca Cagry +2e = Ca -2.868
Rb Rb(:‘ﬂ +1e” = Rby, -2.98

The rate of deposition on the cathode is directly proportional to the cathodic current,
therefore, in cases of low electrolyte concentration (ionic strength < 1 M) the solution is
heated to increase the ion mobility and current. The solution is heated up to ~55 °C,
and temperatures above 60 °C can cause rapid water evaporation [118]. The rate of
deposition is of high importance due to the radiation protection and half-life factors.

By using aqueous acid solutions for the implantation layer dissolution of the collection
foil, electrochemical separation must be used in conjunction with ion exchange chro-
matography due to the water electrolysis potential limit. The thermodynamical H,O
electrolysis potential is 1.23 V and 1.8-2.0 V due to the overpotential [119,120]. The elec-
trochemical separation method can remove Zn, V, and Ti elements from Sc-containing
aqueous samples by using potential-controlled electrodeposition. [117]. Therefore, the
majority of isobaric contaminants from mass separation can be removed, leaving the
IEC with less contaminant ion load for the column.
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An alternative is non-aqueous electrolysis by using ethanol or acetonitrile, to avoid
the electrolysis of the solvent. In that case, however, the dissolved solution must be
evaporated and re-dissolved in a different medium. Similar methods have been used
separately to isolate various metallic elements in both aqueous and non-aqueous media
[117,121,122].

2.5 Computational tools and methods

2,51 HSC Chemistry software

The Enthalpy (H), entropy (S) and heat capacity (Cp) (HSC) software (version 7 and 9)
is a thermodynamic chemical reaction and equilibrium calculation software. It contains
data for more than 28000 chemical species. HSC offers calculation tools for studying the
effects of different variables in a chemical system at equilibrium conditions based on
the thermodynamic laws and formulas [112,123]. Defining the raw materials (chemical
elements), amounts, temperature, pressure and other conditions of a chemical process,
the software will give the amounts of the product as a result. HSC also can be used for
heat and material balance calculations of different processes.

A chemical reaction is in equilibrium if the concentration of the reactants - A and B -
and products - C and D - remain constant and the system has no tendency to change
(see equation 2.8). Usually, both reactions still happen but without any net change in
the concentration of any products or reactants. The reaction rate is then described by
its reaction rate coefficients k, k_ and equilibrium constant Keq [94].

ky

= (2.8)

k
A + BB k—;\ vC + 8D, where Koy =

2.5.2 FLUKA

The produced radionuclide inventory from target material irradiation at CERN-PSB
is predicted via the use of the FLUktuierende KAskade (FLUKA) (version 4.3) multi-
purpose Monte-Carlo (MC) code. FLUKA is based on stochastic three-dimensional
particle tracking and allows the prediction of energy and angle differential particle
fluences in complex geometries. With the FLUKA code, one can obtain the production
yields of residual nuclei as well as expected dose rates [11]. It covers nucleus—nucleus,
hadron—nucleus, and hadron-hadron interactions from their threshold up to 10 PeV
energy. Besides heavy ions, in total sixty different particles can be transported [124].

The FLUKA code includes multiple models to describe the interactions. The nuclear
interactions are sampled using the FLUKA MC code internal models or database infor-
mation [73]. For particle energies < 20 TeV/u and hence the proton energy of 1.4 GeV
that is obtained at the PSB, the PreEquilibrium Approach to NUclear Thermalization
(PEANUT) model is used for hadronic interactions [11,125,126]. For particles with en-
ergies > 20 TeV/u the Dual Parton Model and JET (DPMJET) interface is used. The
FLUKA code has been benchmarked with experimental data from radionuclide pro-
duction in the corresponding energy range and is being updated regularly [127-129].

Flair (version 3.3), an advanced interface for several Monte-Carlo codes and originally
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developed for FLUKA, was used for visualization and modeling of the geometry as
well as processing the results generated from the FLUKA input parameters [130].

2.5.3 Actiwiz

ActiWiz (version 3.6.12/2023-2507) is a computational tool, developed at CERN, that
calculates the production of each isotope from a set of particle fluence spectra as a
function of the particle type and energy. That includes neutrons, protons, pions (7t+,
7t~), and photons. It also provides fast and accurate assessments of radiological risks
associated with various materials used in high-energy particle accelerators [131,132].

ActiWiz uses a proprietary database of radionuclide production reactions from protons,
charged pions, photons and neutrons. For neutrons below 20 MeV these data are based
on evaluated Joint Evaluated Fission and Fusion File (JEFF)-3.3, Evaluated Nuclear Data
File (ENDF)-VIILO, and European Activation File (EAF)2010 libraries [80,133]. For the
neutron energies above 20 MeV as well as all other particle types, the respective produc-
tion yield has been determined via an exhaustive set of FLUKA calculations. ActiWiz
derives the nuclide yields for arbitrary compound materials by combining the particle
fluence and the nuclide production data. These results are eventually translated into ra-
dionuclide activities by solving the Bateman equations considering a specific irradiation
and decay period and pattern. [134].

In addition, ActiWiz includes many post-processing options to directly analyze the
results. It was used to calculate the total radionuclide activity in irradiated TISS target
materials from the FLUKA output files at a given time. ActiWiz was also used to
estimate the activity and dose rate of the samples for thermal release studies from the
CERN-CHARM particle fluence spectra (see Figure 2.2) and activation scenarios.

2.5.4 Out-diffused fraction model

Out-diffused radionuclides can be referred to as those radionuclides, initially placed in
the matrix of a solid, which due to thermally promoted diffusion reach the surface of
the object that contains them and manage to escape from it. If chemical reactions with
surrounding substances and impurities in and on the material are ignored, a radionu-
clide reaching the surface of an object can either diffuse back into the bulk matrix or get
released - desorb. The fraction of radionuclides released from a given object can also be
referred to as the Out-Diffused Fraction (ODF). The ODF can be estimated according to
equation 2.9 [135].

ODF = FRS - GDP (2.9)

where FRS is the fraction of isotopes reaching the matrix surface in a given time and
temperature, and GDP is the global radionuclide desorption probability at a given time
and temperature.

Diffusion

Diffusion is a process of particle transport from one part of a matrix to another and is
driven by a difference in concentration. The particles continuously move along random
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trajectories due to their thermal energy. The mathematical treatment of diffusion can be
approximated by Fick'’s first and second laws. The second Fick law is also referred to as
the differential diffusion equation and takes into account the time dependence [11,135].

The diffusion of a tracer is described by its diffusion coefficient D at a certain temper-
ature. The diffusion or displacements of a tracer can be described as jumps between
lattice positions which require a certain activation energy. Typically for metals, it is a
function of temperature following the Arrhenius-type expression (see equation 2.10).

D = Dgexp <—1§;) (2.10)

where D is the diffusion coefficient for a tracer particle in a given matrix [cm?s~],
Dy is the pre-exponential factor also referred to as the frequency factor [cm2s~1], R is
the universal gas constant [J/molK], T is the absolute temperature [K] and E, is the
diffusion activation energy [k]J/mol].

The diffusion constant strongly depends on the combination of diffusing species and the
host medium (matrix). The pre-exponential factor D is equal to the diffusion coefficient
at infinite temperature and is a constant. The exponential term reflects the fraction of
species that have sufficient energy to make the jumps between lattice positions [6,11].
Simplistically, Dy relates to how the atoms of the lattice vibrate and E, represents the
energy required to successfully jump. The exact physical meaning of the parameters
Dy and E, depend on the diffusion mechanisms and the lattice geometry or crystalline
structure [135].

It should be noted that even small temperature, diffusion and desorption activation
energy variations may have huge effects on the ODF value. Unfortunately, the available
experimental data is usually very scarce and imprecise, especially for desorption.

Fraction reaching surface

In cases where the initial concentration of radionuclides and temperature is or is as-
sumed to be uniform within the bulk matrix, the Fraction Reaching Surface (FRS) can
be approximated from the equation 2.11 [135].

FRS ~ erf <‘S/b\/ D - tT) (2.11)
b

where erf is the error function (values of 0-1), S, is the surface area of bulk matrix [cm?],
V, is the volume of bulk matrix [cm®], D is the diffusion coefficient for a tracer particle
in the given matrix [ecm2s~1] and t7 is the diffusion time at a given temperature [s].
The FRS can be used to set a conservative upper limit for the ODF value. For non-
uniform distributions, the surface/volume ratio is replaced by a factor related to the
distances from the radionuclides to different surfaces and is a function of /Dt [135].




42 2.6. Sample and material analysis

Global desorption probability

More accurate values of the ODF can be estimated by taking into account the desorp-
tion phenomena. Desorption is the opposite process of adsorption - the adhesion of
atoms or molecules to a surface. The atoms or molecules can adsorb by two different
mechanisms: physisorption and chemisorption. Physisorbed atoms are bound to the
surface by Van der Waals forces. Chemisorbtion requires the existence of covalent or
ionic chemical bonds with the surface and the potential well trapping them is typically
deeper than physiosorbtion.

Assuming that at a given time fg all radionuclides have reached the surface, the Global
Desorption Probability (GDP) can be estimated. Although it is an overestimated value,
the impact of desorption can be assessed. The GDP can be estimated through equa-
tion 2.12 [136].

0.500950
0.908294( 6Dty )

DNN?2

GDP=1-|1- ! (2.12)

1+exp (7%;}@)

where Egeq is the desorption activation energy (enthalpy) for species of interest on a
given surface [k]/mol], kg is the Boltzman constant [k]/molK], DNN is the distance
between the nearest atomic neighbor in the surface material lattice [cm], and ¢t is the
time at a given temperature [s]. The desorption activation energy values in the literature
are very scarce and can be approximated as sublimation enthalpy or the negative value
of adsorption enthalpy [135].

2.6 Sample and material analysis

2.6.1 <-ray spectrometry
High Purity Germanium (HPGe) detector

Systematic y-spectroscopy measurements are performed on every retrieved sample af-
ter radionuclide collection, activated and thermally treated samples for the release
study, radiochemistry procedure samples and their setup parts as well as externally
irradiated samples before mass separation. The high-resolution y-ray spectrometry
is performed with a High Purity Germanium (HPGe) coaxial detector from MIRION
Technologies (Canberra) S.A.S. The energy range of the detector is 3-10 000 keV with a
relative efficiency of > 40 % and resolution of < 1.2 keV (at 122 keV) and < 2.0 keV (at
1332 keV) [137].

The In Situ Object Counting System (ISOCS) calibration software is used for absolute
efficiency calibration [138]. With the ISOCS software, the detector modeling based on
the Monte Carlo N-Particle Transport (MCNP) code can be combined with the sam-
ple dimensions, material parameters and mathematical geometry templates, resulting
in quantitative y assays of the activity present in the samples measured. The detector
can be selected in the software and incorporated into the model [139]. For different
geometry and material samples, ISOCS is used to create a specific energy-dependent
efficiency calibration curve. APEX (version 1.4.1) software is then used to acquire and
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analyze obtained spectra and calculate the measured radionuclide activities. The soft-
ware takes into account and corrects for the geometry model uncertainties, the detector
dead time, counting statistics, peak area fitting systematic uncertainties and <-ray emis-
sion probabilities [140].

After collection and for sample shipping purposes, the samples are typically measured
for 15 minutes (live-time). Measurement times are increased up to 24 hours or more for
certain samples to reduce uncertainty when the activity in the sample is low (few kBq).
For each sample, the distance from the sample to the detector is chosen to optimize the
detection efficiency and low dead time (typically below 1 %). The collected radionuclide
activities are decay-corrected to the time when the implantation was stopped (EOC) and
used to quantify the collection efficiency.

Kromek GR detector

Short y-ray spectrometry measurements during radioactive ion beam collection are
done online with a 1 cm cubed Cadmium Zinc Telluride (CZT) y-ray Kromek GR1+
semiconductor detector [141,142]. The resolution of GR1+ is < 2.0 % FWHM @ 662 keV
[143]. The obtained spectra are acquired, saved, displayed and quantitatively analyzed
by the Kromek Multi-Spect Analysis spectroscopy software (version 14.24.3.243).

The main Kromek GR1+ detector is placed directly behind the sample foil, outside the
collection chamber (see Figure 2.13). This way the radionuclide activity and collection
rate on the collection foils could be controlled starting from the first kBq and monitored
during the whole experiment time. Typically the main detector is used, however, when
the collected activity or background from previous collections in the collection chamber
is too high and the dead time increased, a secondary Kromek GR1+ detector can be
used, which is positioned further away from the sample [142]. In the near future, a
system of collimators will be added to this detector to be able of measuring even higher
activities and diminish the dead time.

Mass-separated
radioactive ion
beam

Collected

radionuclides

Main Kromek
GR-1

Secondary
Kromek GR-1

Figure 2.13: Schematic Kromek GR-1 detector placement at the CERN-MEDICIS mass separator collection
chamber.
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Usually, two-minute real-time acquisitions are done every 5 minutes during the collec-
tion. Any possible sputtering impact during the collection can also be assessed when
the collection foils and sample holder are removed from the collection chamber, by
additional measurements [144].

2.6.2 SEM-EDX

Scanning Electron Microscopy (SEM) is conducted by sweeping (scanning) the surface
of a material or sample with electrons of up to tens of keV energy, reconstructing a
3D-like image from the topography of the sample [145]. The electrons interact with the
matter from the sample and can be used to determine different material characteristics,
such as the material surface topography, crystallography, phase composition contrast
and chemical composition.

When the electrons from the beam collide inelastically with the outer shell electrons of
the sample, Secondary Electron (SE) are produced and ejected. These electrons have
low energies (< 50 eV) and do not travel far in the material, however, those that are
close to the surface can escape and be detected by a SE detector. Due to their short
travel distance, they give information mostly about the surface and are used to describe
topography. SE detectors are usually located on the side, relative to the sample, and
have an electrode that attracts only the low-energy SE, which are then detected on the
scintillator with a photomultiplier. Due to their positioning and low solid angle, the
generated images are often of low signal and suffer from a shadow effect. An in-lens
detector counters this issue, due to its location inside the SEM accelerator column.
Higher quality images are produced because they collect the SE with higher efficiency,
less noise and no shadowing [6].

Electrons from the beam, whose trajectory gets close to the nucleus and therefore altered
by elastic Coulomb interactions with the nucleus are called Backscattered Electrons
(BSE) [145]. Their energy is close to the one of the incident electron beam and provides
information about the chemical composition of the phases. Energy-Dispersive X-ray
spectroscopy (EDX) can be used to qualitatively and quantitatively identify the chemical
composition of a sample. When the electron beam interacts with the material, element-
characteristic X-rays are generated. These X-rays are then used to assess the chemical
composition of the sample. Higher electron energies can excite electron shell levels with
higher energy, helping to identify the elements in the sample. However, this also results
in a larger excited volume and results in lower resolution [6].

The main SEM used was Carl Zeiss SMT Sigma, located at CERN. It has a Field Emis-
sion (FE) Schottky ZrO/W cathode electron gun with an SE, BSE and in-lens detector.
It operates up to 30 keV with a maximum resolution of 1.5 nm at 20 kV and magnifi-
cation up to x500 000. The SEM is coupled with an OXFORD INCA Synergy 350 X-
Max 50 / Hkl ADV EDX for chemical composition analysis. A second SEM - FE-SEM
Hitachi $4800, located at the University of Latvia - was used for metallic surface analysis.
It operates up to 30 kV with a resolution of 1 nm at 15 kV and x800 000 magnification.
The SEM is also equipped with Quantax Esprit 1.9 EDX.

The samples were mounted on a SEM support with a conductive carbon or copper
sticker. Almost all of the samples, such as TiC, Ta, W, Mo, Cu, Ti, V ScF3 and C were
electrically conductive and charge-up or electron deflection was not observed and no
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need for any special sample treatment was required. Difficulties were expected for
VADIS ion source BeO insulator analysis, however, the samples were un-intentionally
coated with C and Ta and eventually did not affect the investigation of this sample.

2.6.3 Specific surface area determination by BET method

For an ISOL target material, the adsorption and effusion strongly depend on the ma-
terial surface area. Adsorption can also be expressed as the adhesion of an atom to a
surface at a pressure (P), lower than its vapor pressure or saturation pressure (Fp). The
adsorption depends on the atom or molecule species (adsorbate) and the surface (adsor-
bent). Each species—surface combination results in a unique isotherm - the amount of
adsorbate on a surface at a constant temperature, as a function of the absorbate pressure
with a maximum value of P = Py [146].

Assuming that only physisorption takes place, adsorption-desorption isotherm of a
material of interest can be obtained. Typically, hysteresis between adsorption and des-
orption can be observed and gives information about the material, such as its surface
area, porosity, pore size and shape [146]. Usually, nitrogen (N») is used as adsorbent
at its liquid temperature (77 K or —195.8 °C [147]) to determine the full adsorption-
desorption isotherms.

To determine the Specific Surface Area (SSA), Quantachrome NOVA 2200 surface area
and pore size analyzer was used. It is equipped with two measuring cells and two
vacuum outgassing stations, capable of reaching up to 400 °C. The samples are out-
gassed in a vacuum at 300 °C for ~1 day before the analysis to remove any unwanted
sorbents from the surface, such as water. Quantachrome NovaWin (version 11) was
used to calculate the SSA with the Brunaeur, Emmett and Teller (BET) model, through
equation 2.13 [148].

NA * Tmol * le

SSA = (2.13)

Vm,sPT

where SSA is the specific surface area [ng_l], Ny is the Avogadro constant [mol 1],
0ot is the adsorbate molecule cross section [m?], V,,, spr is the molar volume of 1 mol N
at standard temperature and pressure [m3mol~'], and V,,; is the adsorbate monolayer
volume [m?3], which can be extracted with the software from the linear zone of the
isotherm (0.05 < P/ Py < 0.35) by plotting P/V,(Py — P) vs P/ Py

P 1 C-1 P
- + L 2.14
Va(Po—P)  ViuCp VG, Py (@14)

where Cj, is a constant [a.u.], V; is the volume of adsorbed adsorbate [m?], 1/(V,,; - Cp)
is the intercept and (C, — 1)/(V},; - Cp) is the slope.
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To understand the diffusion and release behavior in the TISS during Sc radionuclide
mass separation and collection, thermal Sc release experiments were performed for
differently prepared "'Ti foil roll samples. To match the conditions during collection
and mass separation, the Sc radionuclide thermal release pattern was measured from
metallic ""Ti and "V foil roll samples in the Target and Ion Source System (TISS) and
Ta environment.

Obtained experimental results were compared with the results from the theoretical es-
timation model (see section 2.5.4), formulated and described by F. Ogallar Ruiz [135].
These calculations give the theoretical out-diffused fraction of Sc from "*Ti from a given
surface area, volume, time and temperature. The first Sc thermal release experiments
from "V foils were also performed and Sc fractional thermal release values were ob-
tained [149]. The relation of the released Sc fraction with the diffusion coefficient and
adsorption enthalpy was investigated and interpreted for bulk rolled foil samples. The-
oretical value estimations with the Eichler-Miedema model of Sc adsorption enthalpy
on "V and ""Ti foils are described and discussed.
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3.1 Scradionuclide release from metallic "Ti and "V foils

Offline radionuclide release studies from various target materials have been studied at
ISOLDE in the past by irradiating target materials with protons. Online release studies
during target material irradiation with pulsed beam are also performed by measuring
the rise and decay times of RIB. Such release studies on top of diffusion and desorption
would include more variables in the release models, such as adsorption on multiple
TISS structures, ionization efficiency and unknown exact radionuclide inventory at the
time of release [50,77,78,84,150,151].

natTiC and natTi, natV foils are not an often used target material at ISOLDE, therefore
the information on the Sc release in TISS Ta environment from metallic natTi foils is
rather scarce. Although there is published data for Sc release from Ti foils, it involves
single-layer foils of various thicknesses [61]. Furthermore, no data on the Sc release is
available for "V foil target material. CERN-MEDICIS operates offline in the so-called
"batch mode", where target material is irradiated for a certain time and the mass sepa-
ration and collection is performed afterward. The foil target material is usually metallic
foils rolled in a cylinder form, which can severely affect the released fraction. For these
reasons, the offline Sc thermal release studies from target materials proposed for the Sc
radionuclide mass separations and collections are crucial. They allow for a better un-
derstanding of the overall Sc release behavior during the offline mass separation process
with the same type of target materials that are used for radionuclide collections.

Multiple mathematical expressions are available to estimate the diffusion and adsorp-
tion times for the radionuclides. Typically an assumption is made, that the radionuclide
is released immediately from the target material surface, however, this is true only if
the adsorption enthalpy of the corresponding material is very low [11,77,78,94, 150].
The experimental results were compared with theoretical estimations obtained through
the analytical expressions formulated and described by F. Ogallar Ruiz [135]. These
calculations take into account both the diffusion and surface adsorption to give the
out-diffused fraction of Sc in "*'Ti for a given sample surface, volume, temperature and
heating time.

3.1.1 Radionuclide production and theoretical estimation

Foil roll sample preparation

Three different types of samples were prepared for the Sc thermal release studies - em-
bossed ""Ti (see Figure 3.1a), non-embossed "Ti (see Figure 3.1b) and non-embossed
naty (similarly to Figure 3.1b) metallic foil rolls. Typically 0.25-0.30um metallic foils are
embossed to keep some distance between the layers, hinder thermal contact and help
to reduce the sintering of layers. The metallic foils are then layered together with non-
embossed and rolled up to a total diameter < 1.9 cm. To simulate actual Sc collection
conditions, the samples for thermal release studies were also prepared in the form of
compact rolls. The non-embossed foil rolls were chosen for comparison and to investi-
gate the target material preparation impact on the Sc radionuclide release behavior.

The average diameter for a roll was 0.46 cm for non-embossed samples and 0.80 cm
for embossed samples with a height of 1.5 cm. Each roll was approximately 1.0 g
for "*Tji and 3.4 g for natyy samples. These dimensions were chosen, based on the
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theoretically estimated activity (Bq/g of the sample) from a typical irradiation scenario
at the CHARM facility and in accordance with the radiation safety hazards associated
with the experiment. The radiation safety concerns, due to high production yield even
with short irradiations were the main reason, why sample irradiation was not done at
one of the ISLODE irradiation stations.

(a) Embossed "#Ti foil (b) Non-embossed " Ti roll

Figure 3.1: "Ti foils used in roll preparation for thermal release studies and mass separation [142].

The foil roll samples were inserted into plastic bags to provide a secure containment.
Each sample was labeled with a Traceability of potential Radioactive Equipment at
CERN (TREC) code and registered in the TREC database for radiation protection mea-
surement and traceability.

Sc radionuclide production

The prepared foil roll samples were placed on the exterior surface of the CHARM grid
"cage" door (see Figure 2.3b). The 24 GeV/c proton beam impinging on a thick copper
target created a mixed particle field, mainly composed of neutrons, which was used
to passively activate the samples. The secondary neutrons from these particles with
energy > 1 x 1073 GeV contribute to > 90 % of the total Sc radionuclide production
yield (see Figure 2.2). In total 27 samples in four "Ti and "V target material sample
batches were activated at CHARM with 6-7 samples per batch (see Table 3.1). The
actual average proton beam values and irradiation times after each activation were
used to estimate precise radionuclide activities with Actiwiz.

Table 3.1: Average actual proton beam intensity for each irradiation batch.

Batch Sample type Average intensity, Irradiation  Protons on target
protons/s time, h
I Embossed "*Ti 6.91 x 1010 132 3.28 x 106
I Non-embossed " Ti 6.71 x 1010 126 3.04 x 106
111 Non-embossed "V 6.91 x 1010 139 3.45 x 106

Y4 All 6.64 x 1010 138 3.29 x 106




50 3.1. Sc radionuclide release from metallic "*Ti and "V foils

The produced Sc radionuclide inventory and activity per sample were measured with a
HPGe <-ray spectrometer and the average decay-corrected values, Minimum Detectable
Activity (MDA) range are given in Tables 3.2 and 3.3. #8/mSc, 46Sc, 7S¢ and *8Sc
radionuclides were produced in the samples from which 46Sc and #’Sc were monitored
and evaluated for the release curves, because of their favorable half-life and activity.
48/mSc and *8Sc were discarded from the analysis because of the low activity produced
and high uncertainties obtained on the activity measurements due to their relatively
short half-lives.

Table 3.2: Produced Sc radionuclide average activity in naty samples

Radionuclide Half-life (t; /) Avg. activity/sample (Bq) MDA range’ (Bq)
435¢ 3.89 h < MDA 141-202
485 397 h 303 + 56 42.6-67.6
4mg, 244d 246 + 57 44.4-68.1
46g¢ 83.79 d 180 + 19 25.3-46.7
475¢ 3.35d 1730 + 190 75.7-102
485, 43.67 h 496 + 75 31.9-46.7

@ Range of obtained MDA values from all sample y-ray spectrometry measeurements.

Table 3.3: Produced Sc and V radionuclide average activity in natyy samples.

Radionuclide Half-life (t; ) Avg. activity/sample (Bq) MDA range” (Bq)
4485 397 h 53.1 +£12.4 50.9-56.8
44mg,. 244 d 92.6+21.3 52.4-54.4
46G¢ 83.79 d 59.5 + 9.5 34.8-38.8
475¢ 335d 304 + 54 91.2-95.8
485 43.67 h 100 + 14 42.5-47.1

48y 15.97 d 107 + 21 43.5-49.7

2 Range of obtained MDA values from all sample y-ray spectrometry measeurements.

The comparison of theoretical estimations with ActiWiz (see Chapter 2) and experimen-
tally obtained Sc radionuclide activities for " Ti samples, showcasing the alignment for
47Sc is shown in Figure 3.2 and 4Sc in Figure 3.3.

The average ratio between the obtained values are 1.09 + 0.13 for the ’Sc and 1.25 + 0.15
for the #*0Sc radionuclides, showcasing the agreement and accuracy of the ActiWiz code
for the radionuclide inventory estimations (see Section 2.5.3). The activity per each
sample for 4/Sc and 4Sc varies due to the time gap between activation and the y-ray
spectrometry and activity measurements. Such agreement was not obtained for "V foil
samples, where the average experimental values for 4Sc were 4.69 + 0.89, for 40Sc were
4.12 4- 0.80 and for *¥Sc were 8.32 & 1.80 times lower than theoretically estimated with
ActiWiz (see Figure 3.4). Sc radionuclide production cross sections in "Ti have been
studied more thoroughly in the past and more experimental data are available [26].
These findings also reinforce the necessity of the activation results from the release
studies to benchmark theoretical radionuclide production codes, such as ActiWiz.
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Figure 3.2: ¥/Sc activity per sample given by ActiWiz software versus obtained experimental values for
"t T samples
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3.1.2 Sc thermal release from foil roll samples

Radionuclide release and mass separation is often done at very high temperatures
(> 2000 °C), in less than 1 x 10~ mbar vacuum pressure. For example, the temper-
ature of the target container for Sc mass separation can reach up to 1600 °C for "*Ti
(T,,=1668 °C) and 1850 °C for "V (T,,=1910 °C) foils during the collection. Another
important aspect, that influences the release is the Ta metal surfaces of which the target
container is made. Therefore a standard empty TISS (#689M) was used for the release
studies. The TISS was coupled to the pump stand as shown in Figure 3.5a and operated
at pressures down to 1 x 1077 mbar. During the release studies the pressure never
reached pressure higher than 1 x 10~> mbar.
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(a) Set-up for Sc thermal release experiments (b) Opened TISS back view

»
!

Figure 3.5: Thermal release study pumpstand setup and TISS [142]

As no radioactive ion beams were needed for this study, only the target container was
heated and the ion source was kept "cold" (no current applied). This influences the
temperature profile of the TISS, however, a specialized current-temperature calibration
of the target container with a "cold" transfer line was performed with a micro-optical
pyrometer at the exact point where samples would be placed during the release (see
Figure 3.5b). The obtained calibration values with "cold" transfer line show almost no
difference when compared to a calibration with a hot transfer line (see Table 3.4).

To prevent sample fusing with the Ta container at high temperatures and allow for a
safe and simple exchange of the samples, small folded Ta foil "boats" were used (see
Figure 3.6). Once the sample was loaded at the calibrated position, the target container
was closed with a Ta cap, and the Ta and Mo foil heat screens were mounted and
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Table 3.4: TISS #689 M calibration values with and without transfer line heating.

Container Container T with "cold" line, °C Container T with "hot" line?, °C
current, A

300 1022 1083

350 1188 1227

400 1347 1368

450 1498 1505

500 1640 1639

550 1775 1770

600 1902 1897

650 2020 2000

a Calibrated with transfer line at 1384 °C

secured. The pressure of the system was stabilized at a safe value of <2 x 10~ mbar,
and each sample underwent the same temperature ramp-up process of 0.5 A every
25 seconds for the target container until the desired temperature was reached. Because
of the low heating current variations from the power supplies, the uncertainty on the
temperature values was determined as the standard deviation from multiple single-
current-point measurements with the pyrometer during calibration, resulting in up to
£ 15 °C uncertainties. The uncertainties at higher temperatures were higher due to
higher light emission from the target container.

Such rather conservative pressure and heating parameters were chosen to avoid a heat-
ing halt due to severe target and sample outgassing. Once the set temperature was
achieved, each sample was maintained at the chosen temperature for exactly one hour
and cooled down with the same ramp speed of 0.5 A per 25 seconds. This way the mass
separation conditions were simulated and the released fraction during the heating ramp
can be accounted for due to the constant heating ramp.

Ta boat

Figure 3.6: "Ti foil roll sample in a Ta "boat" after a heating cycle [142]

The calculation of the relative release of Sc involves the decay corrected remaining
fraction in the sample F..n after the heating cycle as described in equation 3.1. The
relative uncertainty related to this fraction is expressed as shown in equation 3.2.

Ap

Frem = ——2
rem AB'ei/\tA

(3.1)
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where A4 is the activity measured after the sample heating cycle [Bq], Ap is the activity
measured before the sample heating cycle [Bq], A is the radionuclide decay constant
[s7!] and t4 is the time between activity measurements of the sample [s].

AAL\? AAg\?
AFyem/ Frm = () + () 52
rem rem \/ AA AB ( )

Typically the uncertainty of counting experiments originates from the Detection Limit
(DL) as determined by approaches like the Currie method. However, in the case of -
ray spectrometry the MDA value is used as a threshold, which combines the detection
limit, calibration efficiency, nuclear data and measurement time [152]. As such, it can be
considered a fundamental characteristic of the measurement rather than an uncertainty.
It does not directly stem from a single measurement but instead relies on estimations
involving uncertainties. However, a result with 100 % release means that no activity
above the MDA was measured and the MDA value itself becomes the uncertainty of
the corresponding measurement. The released fraction F is then expressed through
equation 3.3, on which the calculated relative uncertainty is applied.

Frep =1 — Feem (3.3)

3.1.3 Sc release from "*Ti Samples

The thermal release of Sc from "Ti foil rolls was conducted at various temperatures
with a one-hour hold time at the chosen peak temperature. The selection of tempera-
tures was based on typical mass separation conditions and physical properties of the
material, including the target material melting point. The upper limit for "Ti foils
was set at 1550 °C to prevent material melting and sublimation. A subtle occurrence of
sintering was observed for a sample studied at 1500 °C and the sample was stuck to the
Ta boat. The sintering can be the source of reduced release rate over longer periods of
operational time during mass separation and collection.

The experimentally obtained relative thermal release results for #Sc and #*Sc from
embossed and non-embossed "*'Ti samples with the temperature and activity measure-
ment uncertainties are shown in Figures 3.7 and 3.8 [142,149]. The 475¢ and #0Sc relative
release results coincide for both types of roll samples. No apparent release of Sc was
measured below 700 °C with 1 hour hold time at the peak temperature.

After 1 hour of hold time at the peak temperature of 1450 °C, close to full Sc (100 %)
release was measured, signifying the complete absence of activity in the sample after
the heating cycle (above the MDA). The statement of full release here would not be
entirely appropriate, because the MDA values are ~10 % from the measured activity.
To obtain the same released fraction for the non-embossed foil samples, the 1-hour
hold at 1200 °C is sufficient. In general, the F. for non-embossed samples are shifted
to lower temperatures. These results are in good agreement with previously published
studies [60,153]. The uncertainties obtained for samples with longer decay time after
the activation are notably higher because the remaining activity approached the MDA
values.

The systematic differences of F, for the non-embossed and embossed target material
samples, point towards a large impact of the surface treatment and morphology on the
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Figure 3.7: 475¢ and 40Sc thermal release from embossed ™Tij foil roll samples
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Figure 3.8: ¥/Sc and 4Sc thermal release from non-embossed "*Ti foil roll samples

thermal release characteristics. This phenomenon could be attributed to several factors.
Firstly, the embossing may lead to a slightly larger specific surface area in the embossed
material because of the ductile material stretching and compressing. The derived theo-
retical formulas emphasize the significance of the surface-to-volume ratio in the release
processes. The larger surface area in the embossed material can facilitate greater release
potential, theoretically promoting the faster release. However, the observed release re-
sults in Figure 3.7 contradict this expectation and indicate a delayed release for the
embossed material, suggesting that the actual release kinetics are influenced by a com-
bination of factors beyond the specific surface area. During the sample embossing,
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additional defects are being produced at the embossing points on a microscale, which
would result in deformation of the crystalline matrix of the native titanium oxide layer
that possibly could have a notable impact on the release (see Figure 3.9).

54800 15.0kV 12.0mm x300 SE(M) 54800 15.0kV 12.0mm x1.20k SE(M)

(a) SEM image of embossed "*Ti foil (x300 magn.). (b) SEM image of embossed "Ti foil (x1200 magn.).

Figure 3.9: Ti foil surface and cracks after embossing and 10 min cleaning in ethanol and ultrasonic bath.

The embossing also alters the diffusion pathways within the bulk material, affecting the
rate at which Sc atoms migrate to the surface and are subsequently released. Typically
defects are associated with increased diffusion rate as jump rates of atoms and therefore
their diffusivity along grain boundaries, dislocations and free surfaces are higher than
those in the perfect crystals [154-156]. This suggests more of a chemical impact for the
decreased release rate explanation of non-embossed foils.

Differences in heat conduction can also influence the release rate in this case. Better
heat conduction implies a more powerful driving force for diffusion, potentially lead-
ing to an earlier release. Isotopes would arrive sooner at the surface, influencing the
overall release dynamics. The embossed foils have less contact area between layers and
would heat up slower than non-embossed ones. On the other hand, the already-released
atoms from embossed samples have a lower chance of getting re-adsorbed on the next
layer than for the non-embossed samples. Therefore, the interplay between surface to-
pography, diffusion pathways, heat conduction and re-adsorption should be carefully
considered to understand the observed release behavior comprehensively. While larger
surfaces generally result in higher release, the impact of surface effects and chemical
compositions on release dynamics is essential. An increased surface area might also in-
crease the surface migration and interaction between Sc and the surrounding materials
and chemical species, explaining the less efficient thermal release. The use of additional
tools and equipment for target material preparation can lead to contaminant deposition
into the foil surface, which can stabilize Sc in a less volatile chemical form, such as ScC
and Sc,O3 [157].

The relative thermal release results of measured Sc radionuclides from both types of
"ITj samples are reported in Table 3.5 for embossed "™Ti and in Table 3.6 for non-
embossed "*Ti. The uncertainties are presented as combined values, derived from both
counting statistics before and post-heating cycles. An average F of %Sc and #Sc at
each temperature are given to showcase the overall release pattern of Sc species.

To assess the magnitude of the impact of the heating ramp on the released fraction
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Table 3.5: %0Sc and #/Sc relative release from embossed "Ti foil samples

Temperature, °C Release of %S¢, % Release of ¥/Sc, % Total release of Sc, %
700 25+05 29+ 0.7 2.7 £0.7
900 48 + 0.6 57+ 09 56 +1.0
1050 103 + 1.8 11.0 £ 1.7 109 £ 29
1200 29.1 £ 6.1 294 +49 294 +74
1250 25.7 £ 3.0 32.6 £5.1 319 £ 5.8
1350 52.8 £ 99 55.6 + 10.5 54.8 + 11.0
1400 86.8 £ 12.8 82.3 £21.9 83.1 £+ 28.0
1450 100.0 4+ 14.7 100.0 &+ 11.1 100.0 £+ 20.4
1550 100.0 =94 100.0 + 11.0 100.0 £+ 14.5

Table 3.6: “°Sc and #’Sc relative release from non-embossed "*Ti foil samples

Temperature, °C

Release of 46Sc, %

Release of ¥/Sc, %

Total release of Sc, %

700 0.57 £ 0.09 0.33 £ 0.05 0.40 £+ 0.08
900 233 £ 3.0 21.6 £ 3.6 22.0 £ 4.8

1000 40.8 £5.3 37.6 £5.1 385 +£59

1100 48.6 = 10.2 524 £9.1 51.6 = 10.8
1200 100.0 £ 9.3 100.0 £ 114 100.0 £ 159
1250 100.0 £+ 20.7 100.0 £ 11.3 100.0 £ 18.2
1350 100.0 £ 9.0 100.0 = 11.6 100.0 = 13.8
1400 926 £ 155 913 +£17.7 914 + 189
1450 100.0 £ 7.9 100.0 £ 11.0 100.0 + 24.4

before peak hold time, a comparative experiment was performed. A non-embossed
"atTj foil roll sample was heated to 1400 °C and immediately cooled down without any
hold time at the set temperature (0 h), resulting in F of 51 &+ 11 % for Sc released.
In comparison, the value for the same type sample and temperature but with a hold
time of 1 h, F,, was 91 4+ 19 % (see Table 3.6). Half of the radionuclides were released
even before the peak hold would begin. Because diffusion and effusion are thermally
activated processes, the impact of the heating ramp on the released fraction is expected
to be non-linearly higher at the higher temperatures not only because of the heating
time but also the faster diffusion and desorption. The diffusion rate can change at the
phase transitions of the target matrix, therefore an Arrhenius-like exponential descrip-
tion cannot be applied for the whole heating range. However, the phase transition for
Ti happens at the ~880 °C, which is on the lower side of the release curve [158].

To put this in perspective for Sc mass separation and collection, the impact of the heat-
ing/cooling ramp time on the released fraction shows the importance of designing an
appropriate collection plan, TISS and tuning the mass separator and ion source to nomi-
nal parameters (or close to them) before the release from foils had begun. Even without
active target container heating, the ion source at nominal temperature (~2000°C) in-
directly heats the target container middle section. Certain TISS designs (described in
Chapter 4), optimal for laser ionization, can reach 1500-2000 °C at the middle section
of the container with transfer line at nominal value [38].
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Keeping the samples at constant high temperatures would maximize the release [153],
however, a rapid release in the offline mass separation and collection may not be suitable
for maximizing the yield and collection efficiency, because of limited ion source ion
capacity or ionization efficiency. It is essential to note, that these conclusions are drawn
only from the target material point of view, neglecting the radionuclide effusion to the
ion source and subsequent ionization.

Dose rate measurements of the target container

Supplemental information on where the released radionuclides could condense within
the target container and transfer line can help in TISS developments for Sc radionuclide
collections. Because of the complexity of a TISS and possible contamination, the TISS
transfer for precise measurements with y-ray spectrometry was not possible and local
dose rate measurements before and after heating cycles were performed. The dense
TISS structure materials attenuate f and some fraction of the y-rays, therefore these
measurements should be considered only as a relative displacement of radionuclides,
indicating possible cold spots.

The dose rate measurements on the target container were performed with and without
the activated samples within the container before and after each heating cycle. The
measurements were taken at six pre-defined points to obtain a relative comparison.
Figure 3.10 provides an example of one measurement.

Before heating
100 4 I After heating
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1 2 3 4 5 6

Measurement position in the target container

Figure 3.10: Target container dose rate measurements in 6 different locations

The position #4 is the target transfer line which was not heated during the experiments.
It was considered as a cold spot and condensation here was expected. During mass
separation, the ion source and transfer line would both be heated and mitigate adsorp-
tion and prevent condensation. The sample was placed at position #5 for each release




Thermal Sc release from metallic foil targets 59

measurement, offering a consistent reference point for analysis resulting in a notable
difference in dose rate measurements before and after the heating cycle. Positions #1
and #6 correspond to the extremities of the target container where the temperature is
lower than the central region, leading to an increased chance of condensation [38]. It
can be seen that a certain amount of released radionuclides migrate toward the ends
of the target container. Even at elevated temperatures, they tend to condense not only
in the cold transfer line but also on the extremities of the target container. Except for
the transfer line, the highest absolute count rate is observed at the end, from which the
sample exchange is done. The cold spot formation was addressed in TISS developments
by attempting to homogenize the target container temperature profile across the whole
target container.

Theoretical and experimental result comparison

Knowing the diffusion and adsorption constants, one can do a comparative analysis
using the theoretical models described by F. Ogallar Ruiz [135], taking into account the
heating ramp speed, time and radionuclide release during the heating phase. Theoret-
ical curves of Fraction Reaching Surface (FRS) and Out-Diffused Fraction (ODF) (see
Figure 3.11) were estimated to describe and discuss the obtained experimental results
(see Figure 3.12). The theoretical model did not consider the Ta environment in which
the experiments were conducted and only the effects in and on the target material sur-
face were investigated.
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Figure 3.11: Estimated FRS and ODF curves from the theoretical model for Sc thermal release from ™*Tj
foil samples

In examining the thermal release curves, the focus was centered on the comparison
between experimental and theoretical model data. Accurately modeling the complex-
ities of macroscopic and microscopic surface effects poses a significant difficulty. The
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theoretical models suggest that radionuclides exhibit a much faster migration to the
surface than release, hinting at surface effects being the limiting factor in the thermal
release process. Not all isotopes reaching the surface would eventually be released, as
there are mechanisms that retain them and this implies that the release process is more
constrained by surface effects rather than diffusion itself.
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Figure 3.12: Total Sc thermal release from embossed and non-embossed "*Ti foil samples

It is important to acknowledge that the desorption enthalpy data used in the theo-
retical model is sparsely available in the literature, and it comes with a significant
level of uncertainty, which is not explicitly documented. This uncertainty may have a
substantial impact on the estimation of the Global Desorption Probability (GDP) and,
consequently, on the results obtained for the ODF. Reducing the desorption enthalpy
of 392.4 kJ/mol [159] by for example an arbitrary fraction of 5 % in the model would
shift the onset of the ODF notably towards lower temperatures (~100 °C) and change
the steepness of the slope, as the radionuclides would desorb faster. It is important
to mention that the "*Ti and "V foils are covered with a native oxide layer that can
influence the release from the surface because of chemisorption and intuitively have
higher desorption enthalpy. For this reason, one cannot yet draw consistent conclu-
sions from the theoretical model predictions with respect to the release of embossed
and non-embossed samples. Nevertheless, the models are fairly accurate for first ap-
proximations. To better understand these processes further targeted experiments need
to be carried out, eliminating variables, such as multiple layers, chemical impurities,
oxide layer and heating time.

3.14 Sc Thermal Release From "V Samples

"tV has a higher melting point (1910 °C) than "Ti (1668 °C). Moreover, the cross
section values for producing #48/™"Sc and #’Sc are in the same order of magnitude for
both materials with the proton energy used for target irradiation at CERN-MEDICIS.
This makes "V a suitable material and is also being investigated for mass separation
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and collection for the Sc radionuclides [38].

The release of Sc isotopes from non-embossed "V foil rolls was investigated with
the same methodology as per the "*Ti samples [149]. The release study temperature
points were chosen according to the melting point and preliminary mass separation
experiments with "V foil target materials at CERN-MEDICIS [38]. The thermal re-
lease results for “6Sc radionuclide are shown in Figure 3.13. Only two data points for
#Sc release results were shown and others were discarded due to the high uncertain-
ties from 7y-spectrometry measurements and the low activity produced. Based on "*V
melting point and density, the Sc release was expected to happen slower or at higher
temperatures [155].
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Figure 3.13: 4°Sc thermal release from non-embossed "*V foil samples

As shown in Figure 3.13, there is almost no Sc release below 1400 °C (2.4 £ 0.6 %),
however, the allegedly full release was obtained already at 1600 °C with 1 hour peak
temperature hold (see Table 3.7).

Table 3.7: 46Sc and #/Sc relative release from non-embossed "*V foil roll samples.

Temperature, Release of #0Sc, % Release of ¥/Sc, % Total release of Sc, %
°C

1300 0.27 £+ 0.07 0.10 £+ 0.03 0.14 + 0.04
1400 24+ 0.6 0.00 = 0.23 0.46 + 0.14
1450 125 + 1.8

1500 13.2 £ 3.6

1550 50.8 + 14.2

1600 100.0 & 14.5 100.0 £+ 16.5 100.0 £+ 23.3
1650 100.0 4+ 13.5

Currently, estimating theoretical curves with the ODF model for Sc diffusion and re-
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lease from the "'V sample is not possible due to the absence of Sc adsorption enthalpy,
diffusion coefficient and diffusion constant data for the "V material within the litera-
ture. However, with a comprehensive understanding of the processes involved in the
Sc thermal release, it can be possible to derive an initial approximation of the diffusion
coefficient and adsorption enthalpy with theoretical models. The obtained preliminary
data serves as a starting point to determine the first experimentally measured diffusion
coefficient and adsorption enthalpy for Sc in the V matrix.

3.2 Radionuclide release limiting parameters

In general, the release of produced radionuclides from the target material can be di-
vided into two parts - diffusion to the surface of the bulk matrix and its subsequent
desorption. The motion of atoms in solids is a slow process. Typically diffusion dis-
tance is around one micrometer close to the melting temperature T;, of a bulk solid and
one nanometer at the half of the T;, per second [154].

The probability of Sc desorption is mainly dominated by its desorption enthalpy. De-
pending on its value, the release of the Sc radionuclides could be significant or negligi-
ble. The scarcity of experimental data forces one to rely on empirically calculated values
or rough estimates (e.g. sublimation enthalpies). Furthermore, the surface morphology,
crystalline structure and chemical composition can affect these values significantly.

3.2.1 Diffusion and release from metallic foils

When radionuclide release from the target material is limited by diffusion, the release
can be approximated from the solution of Fick’s second-order partial differential equa-
tion 3.4, assuming that the diffusing particle desorbs rapidly when on the surface, com-
pared to the diffusion time and does not diffuse back into the bulk material, and the
initial distribution of isotopes is homogeneous [160].

. 2n & g .t
Frem(t) = 5 Z lee ont (3-4)

where Fem is the fraction of radionuclides remaining in the solid target material for
foils (n = 1), fibers (n = 2) and particles (n = 3), ¢, are coefficients (m — 1/ 2)? for
foils, (jom/)? for fibers and m? for particles, jo, is the mth positive root of the Bessel
function of order zero and f is the diffusion number (time divided by a characteristic
diffusion time). f= t/7;. 7; = as?>/(7*D) is the characteristic diffusion time and is
inversely proportional to the diffusion constant. t is the time at the respective tempera-
ture since radionuclide production [s] and as is the geometrical size parameter. For foils
the equation 3.4 can be rewritten as equation 3.5 [150,161].

d 2.2
Frem (%) =100 = @ % - ex —w (3.5)
7 s (2n+1) Bioarf

where d}4s is half of the foil thickness [cm]. From here the Fem becomes a function
of f and the diffusion coefficient D at a certain temperature and annealing time can
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be estimated. By making the above-mentioned assumptions that adsorption or strong
dependence of 2" order effects do not impact the release, the D values were estimated
from experimental results for Sc from non-embossed "*'Ti foil rolls. The obtained results
are shown in Table 3.8.

Table 3.8: D obtained from non-embossed "*Ti foil roll Sc release measurements.

Released  Temperature, Diffusion Estimated D?, cm?/s Literature D [162],
fraction, % °C number f cm?/s
22 900 0.4648 2.04 x 10711 2.14 x 1072 at 919 °C
38 1000 1.015 446 x 10711 451 x 1072 at 997 °C
52 1100 2.249 9.89 x 10711 9.49 x 1077 at 1069 °C
100 1200 19.54 8.59 x 10~10 3.38 x 1078 at 1213 °C

2 Estimated values in the case of no adsorption or strong dependence of 2% order effects, such as re-
adsorption and re-diffusion.

It can be observed, that the obtained values differ from literature values by two orders
of magnitude. Typically the D values are measured for a single-layer foil. In this
case, multiple layers are stacked upon each other, as the foil is rolled. The impact of
multiple layers can be well observed. It allows already released Sc radionuclides, to
adsorb on another layer and re-diffuse inside it. Therefore, the estimated D values
could only serve as a rough estimation of the overall time it would take to release the
Sc radionuclides from the foil rolls. For more precise estimations, the 21 order effects,
such as re-adsorption and re-diffusion should be implemented in the model. It must be
noted, that in these estimations, the released fraction during the heating ramp, had not
been deducted.

Following the same assumptions and model, the estimated D from experimental release
data for non-embossed "'V foil rolls are summarized in Table 3.9 and in Figure 3.14.
The obtained values again are 2-5 orders of magnitude lower than expected for a frac-
tional release (typically 1078-10~? cm?s~! [161]). This similarity with Sc diffusion and
release from Ti matrix also suggests 2" order and surface-related limiting factors for Sc
diffusion and release from V matrix.

Table 3.9: D obtained from non-embossed "V foil roll Sc release measurements.

Released fraction, % Temperature, °C Diffusion number{ Estimated D?, cm?/s
0 1300 0.0001 440 x 10715
2 1400 0.009 3.88 x 10713
12 1450 0.051 227 x 10712
13 1500 0.078 3.45 x 10712
51 1550 2.176 9.57 x 10~ 11
100 1600 19.54 8.59 x 10710

@ Estimated values in the case of no adsorption or strong dependence of 2" order effects, such as re-
adsorption and re-diffusion.
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Figure 3.14: Arrhenius plot of the estimated diffusion coefficients D for Sc in "'V foil rolls.

3.2.2 Sc adsorption enthalpy on V and Ti surfaces

An important parameter for the mass separation and release studies is the adsorp-
tion/desorption or sublimation enthalpy on solid surfaces of the radionuclide of inter-
est. Thus far no experimental adsorption enthalpy or diffusion constant values have
been reported for Sc on V surfaces. An empirical model, developed by Eichler and
Miedema allows calculation of the desorption enthalpy for different adsorbates (A) on
metallic surfaces (B) [163-165].

~ 2.V2/3.p,. 2 R
AH, = # ’ <9-4' (”%SA o ”%SB) — (ecorr®y — ecorrq)g)z -5 ) (3-6)
”Wls//? + ”Wls/B3 Pesc

where AH; is the first partial molar solution enthalpy [k]/mol], VL is the effective
atom volume of the adsorbate A [cm?], Pgsc and Ry / Pgsc are chemical group specific
constants [V~ 1cm~2(density units) ~1/3], nwsa and nwsg are the electron densities at the
Wigner-Seitz cell boundaries of adsorbate A or adsorbent B [density units], ecorr is the
dimension correction factor [eV?] and ®4 and ®g are the electro-negativity parameters
of the adsorbate A or the adsorbent B [V]. V41, accounts for the pure original atomic
volume V), change due to charge transfer.

Var = Va-(14a, - (D4 — D)2 (3.7)

where a, is a factor of adsorbate A (0.7 for rare earth metals) in [V~!]. If the calculated
AH; is higher than 50 kJ/mol, the adsorbate is deemed insoluble in the adsorbent
metal and AH,q; is estimated through equation 3.8. If AH; is lower than 50 kJ/mol,
the adsorbate is deemed partially or fully soluble in the adsorbent metal and AH,q; is
estimated through equation 3.9.

_ V _
AH,4s = AHY , +0.6 - <AHS — VLBL : AHVVB> (3.8)

Vv _ 1% N
AHug = AHY , +0.9 - <AHS — # : AHVVB> + # -AHoyp (3.9)
B B
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where AH% A is the standard de-sublimation enthalpy of pure adsorbate A [eV], V3 is
the atomic volume of pure adsorbent B [cm?], AHyvg is the enthalpy of volume vacancy
formation in adsorbent B [eV], and AHpys is the enthalpy of surface vacancy formation
of adsorbent B [eV]. The rather good agreement of the Eichler-Miedema model with
some experimentally measured adsorption enthalpy data on various metallic surfaces
is shown in Table 3.10.

Table 3.10: Comparison of some measured and estimated adsorbent AH,4s values on different metal
surfaces with the Eichler-Miedema model [163].

Adsorbate Adsorbent  Experimental AH,q,, kJ/mol Estimated AH,q,, kJ/mol

Sc Ta 521 545
Y Ta 627 615
La Ta 531 572
W 646 + 20 621
Ce Ta 521 586
W 660 + 30 609
Re 589 £ 20 557
Sm Ti 261 + 18 314
Mo 288 £ 18 361
Re 415 £ 30 348
Eu Ti 263 + 18 271
Tb Ta 396 + 40 586
\ 521 + 30 609
Yb Mo 278 + 18 292

The first partial molar solution enthalpy AH; for Sc on V was estimated to be 65.6 k] /mol.
As this value is > 50 k] /mol, according to the model, the adsorption cannot happen by

substituting a V atom with Sc atom in the surface, and the equation 3.8 is applied, result-

ing in adsorption enthalpy of AH,4s = -553.3 kJ/mol. These estimations are empirical

and therefore no uncertainty could be given [163-167]. The estimation also suggests,

that Sc is not soluble in V and only adsorbs on the surface and its release from V target

material is surface-desorption limited.

If one would assume that Sc is partially or fully soluble in V and apply equation 3.9,
based on the similarities in Sc thermal release from Ti and V foils, the AH,45 for Sc on
V computes to -383.4 kJ/mol. According to the same model, the AH; for Sc on Ti is
34.4 kJ/mol and AH,4s = -384.1 k] /mol, suggesting Sc is soluble in Ti and supports the
findings of thermal release measurements from Ti foil rolls. It must be noted, that the
estimation may differ from the real situation due to the passive oxide layer on the Ti and
V foils, other impurities in the metal and the polycrystalline structure of the surface.
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Sc diffusion coefficient in V with the ODF model

The model described in equation 3.4 does not account for the adsorption enthalpy on
the matrix surface. Therefore by employing the estimated AH,qs = -553.3 kJ/mol for
Sc on V to the ODF model (see section 2.5.4) and fit the model to the experimental
release data, a first impression of the diffusion constants such as the frequency fac-
tor Dp = 22.4 cm?s~! and the diffusion activation energy Q, = 379.1 kJ/mol (see Fig-
ure 3.13) could be obtained [159,168,169]. Through the Arrhenius diffusion coefficient
equation 2.10, the diffusion coefficients of Sc in V can be estimated (see Table 3.11).

Table 3.11: Sc diffusion coefficient in non-embossed "tV foil rolls with the ODF model.

Released fraction, % Temperature, °C Estimated D, cm?/s
0 1300 5.77 x 10712
2 1400 3.26 x 10711
12 1450 7.20 x 10~11
13 1500 1.52 x 10710
51 1550 3.07 x 10710
100 1600 5.99 x 10710
100 1650 1.13 x 107°

For the fit and estimation, the released fraction during the ramp-up process had not
been taken into account and the results reflect the order of magnitude values. This
approximation also explains the deviations in the fitted curve to the experimental data
points at temperatures of 1550-1650 °C (see Figure 3.13). For more precise estimations,
an additional model should be implemented, accounting for each heating ramp step.
Therefore also any uncertainties for the preliminary fitted data are not applicable.

3.3 Conclusions and outlook

Full Sc radionuclide thermal release from metallic " Ti and "™V foil roll target materials
was achieved at ~70-85 % of their corresponding melting temperatures T}, and in short
timeframe (1 hour), compared to a typical mass separation and collection. The target
material preparation (foil embossement) can severely impact the release behavior of the
Sc radionuclides during the collection. The available theoretical models and tools are
in good agreement with the obtained experimental data and useful in modeling and
understanding the Sc radionuclide thermal release behavior. This study and setup will
serve for radionuclide release studies of other elements from Isotope Separation OnLine
(ISOL) target materials and will be used to build up an experimental database and to
help benchmark theoretical diffusion and release model developments.

"ITi and "'V target materials are suitable for Sc collections from the thermal release
standpoint, however their feasibility with a full-scale TISS in mass separation must
be evaluated. The adsorption on refractive nature poses difficulties in extracting Sc
as a radioactive ion beam even if the release from target material is efficient, thus TISS
developments to increase Sc extraction efficiency and mass separation must be explored.
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In this Chapter, the feasibility of medical #38Sc, #%8/™Sc and #’Sc radionuclide pro-
duction at CERN-MEDICIS is assessed in comparison with medium to high-energy
cyclotron capabilities and historical mass separation data from ISOLDE experiments.
Thick target activity yields (TTY) for "*Ti, "'V metallic foil and "*TiC target materials
are estimated for irradiation scenarios at CERN-MEDICIS and medium to high-energy
cyclotron centers. The developments of the Target and Ion Source System (TISS) for Sc
radionuclide production, mass separation and collection are described with a compre-
hensive list of tested and modified TISS.

67
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4.1 Historical Target Materials at ISOLDE

4.1.1 Target Materials for Sc production

The most common thick target materials used at ISOLDE for radioactive ion beam
production are uranium carbide (UC,) and metallic natural tantalum ("*Ta) foils [170,
171], which are also used at CERN-MEDICIS for radiolanthanide production and mass
separation such as Tm, Cs, Ba and Tb [71]. Various forms of natTi and "V target
materials, capable of producing Sc isotope beams have been used at ISOLDE in the
past 40 years [170] and are summarized in Table 4.1. TiO,, TioOs3, Ti5Siz and TiN target
materials for ISOL have been investigated by Oak Ridge National Laboratory (ORNL)
(US) and TRI University Meson Facility (TRIUMF) (Canada), however, only focusing
on ¥V release [172] and no Sc isotopes. Ti, VC, and TiC target materials have been
fluorinated with CF,4 gas addition during operations at ISOLDE to promote the release
of Sc. However, the release and extraction of mono-atomic Sc from the TISS was slow
and did not improve with the CF; addition, even when reaching a temperature of
1900 °C [77,172].

Table 4.1: Sc radionuclide release from target materials used at ISOLDE

Target material Operated Release conditions
temperature, °C

W surface ion source. Fluorination with
4T metallic foils >1600 CFy. Only Sct and ScF' observed and
target molten after mass separation [82].

Slow release, that did not increase by

marTC (1-50 pm) 1900 fluorination with CFy [77].
2300 No Sc released [78].
natTiC-CNT (nanometric) 1500 No Sc released. [6].
"t TiC-CB (nanometric) 1500 - 1740 Re surface source. No Sc was released. [6].
naty powder 1800 No Sc released [78].
1900 Slow release, that did not increase with
nayC (1-50 prm) reactive gas phase CF, addition [77].
2300 No Sc released. Higher other radionuclide

release rates than from "*TiC [78].

In previous works, the addition of CF, reactive gas to the "'Ti foil target material and
TISS with a W surface ion source (see Table 4.1) in online operations at ISOLDE have
resulted in mono-atomic ¥2ScT, 43G¢ T, 448/mGct 46Gct 47Gc+ 48Gc and 40ScF T, 47ScFT,
#8ScF* ion beams. At ISOLDE and ISOL ion beams the yield is defined as atoms per uC
of the incident proton beam. The ISOL yield of mono-fluoride Sc molecular beams was
observed an order of magnitude higher than the respective mono-atomic. During the
same experiment, it was also noted that the Ti* ion beam current had increased from 0.1
to 5 uA after the CF, gas injection, suggesting severe target material evaporation. The
post-analysis of the TISS showed that the Ti foil material had been molten [82]. Such
conditions are unacceptable for the sustainability of radionuclide collection for medical
applications as well as the safety and longevity of the mass separator due to extraction
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electrode, turbomolecular pump and insulator coatings, increased partial pressure and
risk of high-voltage arcs, target material sublimation and depletion.

Ti has higher vapour pressure and lower melting temperature than V (T,,=1668 °C and
Pvap=3.10 x 10~* mbar for Ti and T,,=1910 °C and Pvap=4.59 X 10~° mbar), however,
only V in powder form has been used as a target material at ISOLDE [172]. Powders
tend to sinter more easily and at lower temperatures (typically at 50-80% of their T;,),
especially if irradiated with the pulsed proton beam from PSB. The sintering therefore
lowers the ISOL yield over time [6]. Because of the insufficient ISOL yield, slow iso-
tope release from the TISS, melting point of the material, powder sintering or element
selectivity, these materials are not used commonly for RIB production at ISOLDE. Ex-
cept in special cases for exotic radionuclide studies, there is less interest in producing
TISS with Ti or V target materials, that limit isotope production to nickel (Ni) when a
standard and universal UCx or ™Ta foil target materials can be used.

Refractory Sc release from the TISS have proven to be very challenging due to the high
boiling point, low vapour pressure, and high chemical reactivity of Sc. The refractory
nature of Sc is one of the reasons for the low yields and inconsistent RIB delivery re-
sults obtained for mass separation up to now. Previously there was limited interest in
sustained slow atomic or molecular Sc radionuclide release and production of clinically
suitable activities, which explains why no further investigations of these target mate-
rials were done. However, a controlled and sustained release approach would be very
suitable in radionuclide collections, where single-batch collections can last for days.

4.1.2 ISOL yields of Sc radionuclides

The mass separation and production ISOL yields of radionuclides during ongoing
ISOLDE experiments are systematically measured for various target materials and ion
sources [70]. The historical measurements were done with Synchrocyclotron (SC) and
600 MeV proton primary driver beam for radionuclide production and nowadays with
the pulsed 1.4 GeV proton beam delivered by PSB. The data is published in an online
ISOL yield database, however, only data from SC regarding medical Sc radionuclides is
available including "*Ti, " Ta metallic foils and UC, as target materials [173].

Achievable collected activities of medical Sc radionuclides from the available histori-
cal "*Ti metallic foil targets and ISOL yields were estimated by solving the equation
of Bateman, to assess the potential collection parameters. The calculated results are
summarized in Table 4.2. The ISOL yields used for the estimation were obtained with
the 600 MeV proton beam during an online mass separation. It is important to note
this, as the target material was constantly irradiated during the radionuclide extraction
and mass separation [174]. The lower primary proton beam energy at SC also suggests
~20 % higher radionuclide production yield, compared to the pulsed PSB 1.4 GeV pro-
ton beam [6,173].

Based on the historical data and available ISOL yields, the collected activity of *Sc and
#8Sc would reach saturation in one day and #’Sc collection upper limit would not be
reached even after 5 days of collection as indicated in Figure 4.1. Therefore to maximize
the collection output, one could start by collecting #*Sc or #4¢Sc for a day and then
switch to #/Sc collection. In collections longer than 5 days, the overall production of
the medically relevant Sc radionuclides would become unfeasible due to the operation
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Table 4.2: Historical online Sc ISOL yields and collection estimate from nat Ty foils at ISOLDE.

Chemical Isotope ISOL Activity, Bq/uC  Activity in 24 Activity in 5

form yield 1 hours, Bq days, Bq

atom/uC

43g¢ 3.00 x 10° 1.48 x 10° 2.96 x 10° 3.00 x 10°

4483 1.00 x 108 4.85 x 103 9.85 x 107 9.99 x 107

Sc* dmge 1,00 x 10 3.29 247 x 10° 7.58 x 10°
465 450 x 10° 4311071 3.71 x 10* 1.82 x 10°

475¢ 2.50 x 10° 5.99 4.67 x 10° 1.61 x 10°

ScF+ 465¢ 7.00 x 107 6.70 5.77 x 10° 2.84 x 10°
475¢ 3.00 x 107 7.19 x 10! 5.61 x 10° 1.93 x 107

435¢ 220 x 10° 1.09 x 10! 217 x 10° 2.20 x 10°

Unk.2 4ggc 1.20 x 10° 5.81 x 10* 1.18 x 10° 1.20 x 10°
admg e 1.20 x 107 3.95 x 10! 2.97 x 10° 9.10 x 10°

1'ISOL yield after mass separation for 1 #A and 600 MeV proton beam. The ISOL yields were obtained
with a W surface source TISS.
2 Not specified, but CF, gas was added during the mass separation.

costs, target material degradation and already collected radionuclide decay.
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Figure 4.1: Estimated collected 4425¢ and #Sc collected activity based on historic ISOL yields.

One should note, that the majority of the ISOL yields used in the estimation were ob-
tained from the one TISS, which was fluorinated and eventually molten. Also, the
target material was constantly irradiated with protons, feeding the Sc radionuclides for
mass separation [82]. Therefore the obtained results are a severe overestimation of the
achievable collected activities, however, still would not result in medically relevant ac-




Target and ion source developments 71

tivities in almost all cases. On the other hand, the W surface ion source is not the most
optimal ion source neither for atomic nor molecular Sc ionization because of their high
ionization potential (> 6 eV) [38]. For these reasons, the various target materials and
their potential to produce clinically relevant Sc radionuclide activities for medical ap-
plications in sustainable mass separation and collection conditions must be investigated
more thoroughly.

4.2 Target materials for Sc production and mass separation

4.2.1 Thick target preparation for radioactive Sc ion beams

Multiple ISOLDE target materials could be used for Sc radionuclide production with
high-energy protons (> 500 MeV) and mass separation. Due to the absence of high-
energy protons in cyclotron centers, the focus was set on both medium-high energy
cyclotron and mass separator compatible target materials with natural isotopic abun-
dance, namely "Ti and "V metallic foils, and " TiC because of their stability, high
melting point and favourable Sc radionuclide production cross sections.

TISS with empty Ta containers were produced and first used in functional testing and
stable isotope ion beam tests. They are then loaded with prepared target material load
and outgassed at nominal operating temperatures. The outgassing is done for volatile
contaminant thermal release from target material and conditioning under vacuum. This
helps to reduce vapour phase chemicals that may compete with Sc molecule formation
during collections. The temperature of outgassing depends on the material and foreseen
collection temperatures. Once the target is conditioned, it is used for Sc radionuclide
mass separation collections in multiple batches.

The metallic "Ti and "V foil target load were made out of thin foils (0.25 ym), that
were cut into 10-15 mm wide strips, rolled in a cylindrical shape (¢ < 20 mm)
and held together with a Ta wire (see Figure 4.2a). To reduce sintering effects, the foil
strips were embossed creating a hill-valley pattern and more space in between the rolled
layers (see Figure 4.2b). To increase the production yield (activity) from irradiation, "*Ti
double-layer foil rolls were prepared, with one strip layer embossed and the second kept
flat (non-embossed). The 25 um thick metallic "Ti and "V foils were purchased from
Goodfellow Cambridge Ltd. (United Kingdom). The prepared rolls were washed in 70 %
ethanol and ultrasonic bath for 10 min and dried in air.

(a) "Ti double foil roll. (b) Embossed metallic "V foil. (c) Pressed ""TiC pellet.

Figure 4.2: Embossed 1t and "tV metallic foils and pressed natiC pellet used for target load.
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Titanium carbide "*TiC has not yet been used as cyclotron target material for medical
Sc radionuclide production due to its chemical resistance when it comes to target mate-
rial post-processing for chemical separation and synthesis [175]. On the other hand, it
is being investigated and tested as a target material for online radionuclide production
in mass separation and therefore holds great potential if cyclotron production is com-
bined with the mass separation [175]. "*TiC has high thermal conductivity and melting
point, therefore making it suitable for high beam intensity irradiation [176]. "TiC pow-
der with a particle size of 1-2 yum (bought from Alfa Aesar, US) was pressed in 13 + 1
mm diameter and 1.2 £ 0.2 mm thick sized compact cylindric pellets, weighing approx-
imately 0.42 g each (see Figure 4.2c). A semi-automated 15-ton hydraulic press (Specac
Ltd., United Kingdom) was used to press the "TiC powder with 295-330 MPa pres-
sure. The prepared pellets were loaded in a carbon sleeve (see Figure 4.3) to maintain
their shape and integrity during transfer, outgassing, irradiation and mass separation.
The carbon sleeve also eases the insertion of the load inside the target container. The
carbon sleeve has a circular opening in the middle to allow gaseous species to effuse
(see Figure 4.3b).

Container 18. 9
7o 1.8
jmnr1 r |_ ! ] mm ]
=1
1
86.7 90. 3
mm mm
1.97 17.99 J
: - i
—— iy, mm L8
- mm
13.09
(a) Carbon sleeve schematic. (b) Carbon sleeve for pellet load.

Figure 4.3: Carbon sleeve and " TiC pellet dimensions used for target load production.

After the pellets were loaded in the carbon sleeve, they were placed in a dedicated out-
gassing TISS that consisted of only the base plate, Ta target container, and heat screens.
The "*TiC pellets with the carbon sleeve were outgassed overnight at 1800 ° C tempera-
ture with the pressure of the TISS being kept below 1.5 x 10~° mbar. After outgassing,
a few pellets were removed for characterization and weight loss measurements. The
target load was then inserted in the #702M TISS target container exactly at the middle
with the sleeve opening facing the transfer line to the ion source. The list of investigated
target materials and produced loads are summarized in Table 4.3.

The Specific Surface Area (SSA) of a raw pressed " TiC pellet sample was measured by
the BET method (see section 2.6.3), resulting in 2.48 ngfl. Before the measurement, the
sample was outgassed at 300 °C for 19 hours. In comparison, the SSA of foils was only
0.015 m?g~! and commercial "TiC nano-powders can reach up to 25 m?g~!. This as-
pect makes the investigation of " TiC nano-powders interesting for the Sc radionuclide
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mass separation and collection, however, requires additional target load preparation
steps to counter and hinder sintering [6,50].

Table 4.3: Target load details for Sc production and collection of various materials.

Material Category T,,°C  TISS  Purity, Rolls Load Load Load

Nr. % or mass, surface densityl,
pellets 8 area, m*>  g/em®
. . 723M 99.6 12 74.8 1.11 1.19
natmy
Ti Metallic foils 1668 7,5\ 994 12 96.3 143 153
766M  99.82 11 44.8 0.59 0.71
natyy Metallic foils 1910 790M 99.8 10 61.7 0.81 0.98
805M >99.8 10 34.3 0.45 0.55
e Carbides 3160 702M 99.5 69 29.2 72.4 2.73

I Rolled foil target load density is considered as the total target material mass against the whole target
container volume.

Because of the carbon sleeve and later FLUKA estimations, the "#TiC target load density is considered as
"aETiC pellet total mass against their total volume.

The bulk material densities are 4.50 g/cm? (Ti), 6.10 g/cm? (V) and 4.93 g/cm?.

2 The foil surface was severely oxidized.

Since powders and "TiC is known to sinter vety well [177], the "TiC samples were
compared after various treatments. SEM images of raw and untreated control sample
are shown in Figure 4.4a and Figure 4.4b. 1-7 um as well as sub-micrometric particles
could be observed. Before preparing the full target load a "TiC pellet sample was
tested at the Offline-1 mass separator. The goal was to test the compatibility of "*TiC
with mass separation and CF4 gas at high temperatures and the main attention was
brought to total beam composition. CFj is known to act as an etching agent at high
temperatures and therefore it was important to investigate the sample for any signs
of degradation after the mass separation and fluorination test [178]. The test lasted
~30 hours and a temperature of 1510 °C was reached. The sample already showed
signs of sintering, as most of the nanoscale particles were agglomerated with larger
particles (see Figure 4.4c and Figure 4.4d). The sample, which was only outgassed in
a TISS and vacuum at 1800 °C indicated even more severe sintering as almost all sub-
micron particles were agglomerated (see Figure 4.4e and Figure 4.4f). The EDX analysis
confirmed the 1:1 ratio of Ti to C. The main contaminants were oxygen (1.4-3.2 %),
tantalum (0.2-1.1 %), and tungsten (<0.6 %). The oxygen could originate from TiO,
impurities in the sample, tantalum from the target containers and tungsten from the
pill press die.

In contrast to enriched target materials for cyclotrons, where the isotopic content is
of the highest importance, target materials for mass separation should be as chemically
pure from volatile or intended radionuclide isobaric impurities. Typical mass separation
ion beam intensities are in the range of a few pA to pA. Assuming 100 % ionization
efficiency this would translate into a few amol to pmol released per second. The target
container volume is close to 60 cm® and can accommodate a few mol of the target
material, resulting in a few hundred grams (based on the material density). Therefore,
parts per million (ppm) and parts per billion (ppb) impurities may produce contaminant
ion beams that hinder mass separation and isotope collections for days. Main impurities
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(a) Raw "TiC x 1k (b) Raw "*TiC x 5k

EHT =7.00 kV
WD =80 mm
Mag=1.00k X

(e) "™TiC after outgassing x 1k (f) " TiC after outgassing x 5k

Figure 4.4: SEM images of differently treated "*TiC pellets

in the target materials as indicated by the supplier or Certificate of Analysis (CoA) are
summarized in Table 4.4 [179]. Considering the highest obtained target load mass for
each material, the impurities are expressed in total integrated current and days of the
collection with 1 yA of the impurity ion beam intensity.

Not all impurities hinder the mass separation, but mainly the most volatile ones. They
can affect the target container heating rate because of the ion source load limit. Another
limitation is the chemical interactions of the more reactive species with the halogenat-
ing agent used for Sc volatilization or the impurity reactivity with Sc (e.g. oxygen). An
example is aluminium (Al) impurities in the "V foil. Whenever "V foil targets were
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Table 4.4: Main target material impurities and integrated currents

Element pvap“, Target material Amount, Mass, Integrated Collection
mbar ppm mg current’, A time¢, days
Aty foil 300 28.9 1.03 x10? 60
Al 106 Aty foil (98.8%) 200 12.3 441 x10! 26
natys foil (>98.8%) 100 3.4 1.22 x10! 7
natFTiC 150 4.4 1.56 x10* 9
natTy foil 300 28.9 2.32 x10? 134
c 7.08 MtV foil (98.8%) 120 7.4 5.94 x10! 34
x10710 naty foi] (>98.8%) 80 2.7 220 x10! 13
natTiC Target matrix
Aty foil 50 48 8.92 5
Cr 0.12 Aty foil (98.8%) 3 0.2 3.43 x1071 0
' Aty foil (>98.8%) 110 3.8 6.99 4
natTiC 200 5.8 1.08 x 10! 6
Aty foil 1500 144.5 2.49 x10? 144
Fe 0.04 ety foil (98.8%) 60 3.7 6.39 4
Aty foil (>98.8%) 370 12.7 2.19 x10! 13
natTiC 600 17.5 3.02 x10! 17
natTy foil 2000 192.6 1.16 x10° 671
0 >1 Aty foil (98.8%) 50 3.1 1.86 x10! 11
x10*  naty foi] (>98.8%) 200 6.9 413 x10! 24
natTiC Not indicated
Aty foil 300 28.9 9.91 %101 57
5 443 ety foil (98.8%) 300 18.5 6.35 x 10! 37
x1073 1tV foil (>98.8%) 90 3.1 1.06 x10* 6
natTiC 500 14.6 5.01 x10! 29

a The impurity vapour pressure at 1550 °C [180].
b The impurity amount expressed in beam current assuming singly charged atom.
¢ Ion beam with intensity of 1 yA and mass separation efficiency of 5 % was considered.

used for ScF, (x=1-3) collections, relatively intense beams of Al and AlF, (x=1-3) in
few uA range were observed (see Figure 4.5) and other fluoride ion beams were sup-
pressed. These contaminant ion beams would not diminish even after a few days of
mass separation. As Al is very reactive towards the supplied fluorine, it can affect the
ScF, (x=1-3) formation rate. Silicone is another impurity that also interacts with fluo-
rine and even creates isobars for both the atomic ’Sc (amu 47) and halogen molecule
Y7ScFf (x=1-2) (amu 66 and 85) sideband collection. The impurities mostly originate
from the production procedure of the material, therefore reinforcing the need for higher
chemical purity target materials for radionuclide collection.

The impact of impurities in target materials can be assessed with the thermodynamic
chemical reaction and equilibrium calculations, providing the actual composition and
parameters are known (see section 2.5.1) and is discussed in Chapter 5. However, it is
difficult to predict the reaction rate from the estimations.
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Figure 4.5: Mass scan spectra during Sc radionuclide mass separation from irradiated "*V target material,
indicating AlFy (x=1-3) impurities. Ion source at 1940 °C and target container at 1050 °C (TISS #805M)

4.2.2 In-target production estimation

One of the key performance parameters of CERN-MEDICIS facility and mass separation
is the collection efficiency, which takes into account the radionuclide activity at the Start
Of Collection (SOC) [74]. After the target material irradiation at the PSB, TISS and the
material y-spectrometry measurements for activity determination are impossible due to
the high dose rate (0.3-1.0 Sv/h at 27 cm distance from the TISS). A project to perform
such measurements once TISS is on the mass separator frontend is being discussed.
Therefore the radionuclide inventory for activity yield and efficiency estimations was
computed with FLUKA and ActiWiz. For the activity estimations, a few approximations
and assumptions were considered:

¢ Each metallic roll is not precisely modeled and considered as a full cylinder. Due
to the particle fluence distribution and small energy loss in the target container
region, the atomic nuclei distribution inside the particle tracking (scoring) region
is uniform. The same is assumed for more complex chemical compounds and
molecules, as the FLUKA code takes into account the atomic nuclei density in a
given volume, but not the molecule spatial arrangement of its atoms and their
chemical bonds (chemical structure).

¢ The metallic foil rolls are inserted in the target container without additional sleeves
and therefore the target load density is uniformly distributed over the target con-
tainer volume and less than the corresponding pure material density. Depend-
ing on the weight and foil layers, the obtained load densities varied from 0.5-
1.5 g/cm?®. Even though the actual prepared "V foil target load densities resulted
in < 1 g/cm?, the highest prepared metallic foil load density was 1.5 g/cm? (for
"atTy). To compare the materials, the same density of 1.5 g/cm?® was used for "V
in-target production FLUKA estimations and later normalized.

e The ""TiC pellet load is confined in a carbon sleeve, therefore the radionuclide
production region is assumed as the inner carbon sleeve volume that is taken up
by the pellets. The rest of the space inside the target container is taken up by the
carbon sleeve or left empty. Therefore, the mass of all outgassed pellets per their
initial volume was assumed for the estimation, resulting in the " TiC load density
of 2.7 g/cm?3.
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The FLUKA production estimations give a good relative comparison of the proposed
materials to maximize on direct Sc radionuclide or *Ti/#*¢Sc and ¥Ca /%Sc gener-
ator production feasibility. It should be noted the co-production of light radioactive
N, C, B, Be, and Li species from carbon sleeve and "TiC, however, only “Be and 1°Be
are long-lived and the rest are very short-lived radionuclides [26,173]. The activity
yields were simulated with 1 x10° primary particles (protons) and results are given
as produced nuclides per gram of user-defined target material, per primary particle
(nuclei/g/primary). Table 4.5 compares activity production yields with statistical un-
certainties for target materials used in this study at various irradiation stations and
modes. For indirect irradiation, a TISS with a depleted uranium carbide target load
was considered upstream of the proton beam, because it is the most widely used target
for radioactive ion beam productions at ISOLDE (see Figure 4.6) [171].

Table 4.5: In-target Sc radionuclide activity production yields from FLUKA code.

Radionuclide Target Direct MEDICIS Indirect MEDICIS Indirect ISIS,
material® HRS, nuclei/ g/ HRS, nuclei/ g/ nuclei / g/
primary primary primary
nat Ty 2.97 + 0.05 x107° 245 + 0.15 x10°° 3.6+ 02 x10°°
43¢ natyy 1.81 + 0.03 x10~° 1.5+ 0.2 x10~° 2.19 + 0.15 x10~°
natTiC 2.37 + 0.03 x10~° 1.9 + 0.2 x10~° 29+ 0.2 x10~°
nat Ty 5.91 + 0.09 x10~° 52+ 0.3 x107° 7.8 +£02 x10°°
2G50 natyy 3.67 + 0.02 x10~° 3.0+ 02 x10°° 467 + 0.19 x107°
natTiC 452 £+ 0.07 x107° 351 £0.19 x107® 570 + 0.18 x107°
nat Ty 591 + 0.09 x107° 5.2 + 0.3 x107° 7.8 +02 x10~°
amg e natyy 3.67 £ 0.02 x107° 3.0+ 02 x107° 467 +0.19 x10°°
natTiC 452 + 0.07 x107° 351+ 019 x10°¢ 570 + 0.18 x10°°
natTy 7.00 £ 0.11 x10~> 5.83 £ 0.12 x107° 9.14+02 x107°
46g¢ natyy 4.22 +0.08 x107° 35+ 02 x107° 58 +0.3 x10°°
natTiC 5407 + 0.016 x107° 422 +0.14 x10°® 722 4+ 0.15 x10~°
nat Ty 1.72 + 0.02 x104 1.37 £ 0.07 x10™°>  2.10 + 0.05 x10~°
475¢ natyy 5.89 + 0.14 x107° 44+ 02 x107° 6.7 + 0.6 x10~°
natiC 1.296 + 0.013 x10~%  1.03 £ 0.04 x10~>  1.69 + 0.06 x10~°>
natTy 1.85 £ 0.06 x107° 1.21 + 0.08 x107° 22+ 03 x107°
4T natyy 9.1 +£0.6 x10°° 89+ 0.9 x1077 1.41 £+ 0.18 x10°°
natTiC 1.39 + 0.06 x107° 1.35 4 0.18 x107®  1.68 4 0.14 x10~°
nat Ty 14 + 0.3 x107° 1.1 + 0.9 x10~7 2.0+ 02 %1077
Y7Ca natyy 1.5+ 0.2 x10~° 1.5+ 0.6 x10~7 1.5+ 0.4 x10~7
natTiC 89+ 1.5 x1077 6+3x10"8 7+ 4 %108

? Target load density of 1.5 g/ cm? for "Ti and "V, and of 2.7 g/ cm? for " TiC. was considered.

The activity yields of direct production are within the same order of magnitude for
proton-rich #3Sc and #4"/8¢Sc in all materials, however, differ for #/Sc. The activity yield
in metallic foils of "Ti and "V differ by a factor of x3 and can be explained by
the cross section difference of nuclear reactions, such as 48Ti(p,2p)47Sc, 49Ti(p,3He)478c,
YTi(p,pd)*Sc, Ti(p,a)*’Sc and *°V(p,3pn)*’Sc, >1V(p,3p2n)*'Sc, >V (p,pa)*’Sc, which
are the main pathways due to their isotopic prevalence in the natural titanium and vana-
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(a) Direct - through Al vessel. (b) Indirect - through Al vessel and UCy load.

Figure 4.6: All particle fluences from UC, and natTy foil target load irradiation on MEDICIS HRS station.

dium target materials [26,37,181,182]. One should note, that at incident 1.4 GeV proton
energy, multiple more exotic reaction pathways are expected as well as secondary par-
ticles, such as neutrons and « particles, coming from the interaction of protons with
target material as well as the "*Ta target container and carbon. *4Ti/#4$Sc generator
production also seems feasible, however, also requires an additional mass separation
step due to Ti isotope isobar collection, else resulting in lower specific activity product.
On the other hand, #’Ca/%’Sc generator production yield is 1-2 orders of magnitude
lower than direct ¥/Sc production and is less cost-efficient.

The activity yields from indirect irradiations on ISIS are higher than HRS due to less
proton beam straggling because of the difference in distance between the ISOLDE and
CERN-MEDICIS targets. The distance between the targets on HRS stations is 530 mm
and 240 mm on GPS (see Figure 4.7). Because of proton beam straggling that travels
through the ISOLDE UC, target load, the radionuclide production yield in indirect
irradiations could benefit from larger diameter and volume target containers.

(a) HRS station. (b) GPS station.

Figure 4.7: Proton fluence during indirect "Ti foil target irradiation on different stations.

The obtained proton fluence spectra in all discussed target materials with different
irradiation modes are shown in Figure 4.8. Because of the higher proton fluence, the
activity yield and production rate of Sc radionuclides per primary particle is x11 higher
in the case of direct irradiation compared to indirect irradiation on the MEDICIS HRS
station and x7 higher than indirect irradiation at the ISIS station.
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The production rate can be compensated by extended indirect irradiation time, however,
this would be most beneficial for longer half-live radionuclides such as #"Sc, 46Sc, #/Sc,
“Ti and ¥Ca. The short half-life **Sc and #*¢Sc would reach saturation faster due
to their decay. Furthermore, during indirect irradiation, the more scattered particles
impinge on TISS structures and can cause damage to seals and o-rings due to faster
aging. For these reasons, direct irradiation is preferable for the longevity of TISS and
diagnostic Sc radionuclide collections.

4.2.3 Thick target yield estimations

The target materials at CERN-MEDICIS are irradiated with a 2 A proton beam whereas
with a cyclotron the typical beam intensities are in the range of 10-150 A and can
reach up to 350 yA. Although the beam intensity used for radionuclide production of
the CERN-PSB is much lower than a typical cyclotron, the activity production yield
in ISOL TISS is compensated with the target load thickness due to the available high
proton energy (1.4 GeV) when the cross sections are relevant and comparable. While
the TISS target container is 200 mm thick, a typical solid target for a cyclotron houses
1-2 mm thick samples. Therefore, the feasibility of Sc radionuclide production within
ISOL TISS compared to commercially available cyclotron centre solid target systems is
expressed in the Thick Target activity Yields TTY.

The TTY were estimated for 1-hour irradiation with no cooling (decay) time after the
End Of Beam (EOB). The CERN-MEDICIS TTY were calculated, based on the FLUKA
estimations. To estimate the highest activity production yield that can be achieved with
the load densities for "Ti and "V foils of 1.5 g/cm? and 2.7 g/cm? for " TiC and full
TISS target containers were assumed. Full target load mass of 100 g for double foil "Ti,
double foil "V, and 65 g (154 pellets) for " TiC were considered. Based on the particle
fluence, as shown in Figure 4.8, the activity production yield was calculated for direct
irradiation on the HRS station, hence the highest activity production yield.

TTY from metallic foils and pressed "*TiC targets with cyclotrons were estimated as-
suming a realistic scenario of targets with 1 mm thickness and 30 or 70 MeV energy
proton beams. To obtain the cross section values at the desired proton energy range,
a fit to the experimental data, available from the EXFOR database in Figure 4.9 was
performed. The TENDL-2023 [183] theoretical cross section database was used for ra-
dionuclides that lack experimental data. TENDL is a nuclear data library that provides
the output of the TALYS nuclear model code system for direct use in basic physics
and other applications. The proton beam energy degradation within the targets was
simulated with the The Stopping and Range of Ions in Matter (SRIM) software [184].
The mean value between the impinging beam and residual beam energy was used to
estimate the activity yield, assuming that the cross sections follow linear fit within this
energy range. This assumption, however, is most appropriate for relatively thin targets,
such as the 1 mm thick targets. As an example, #*¢Sc and *°Sc cross sections plots fol-
low the linearity within the energy region the least, however, more precise values, by
assuming the 1 mm sample as a stack of 10 x 100 um foils, results in only +7 % and
-4 % differences from the calculated single-piece TTY respectively. The comparison of
the TTY that can be achieved at CERN-MEDICIS and cyclotrons is shown in Table 4.6.
For the thin foils, the activity of each radionuclide according to the mean cross section,
irradiation parameters and target thickness was calculated according to Equation 4.1:
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A:a-wi-cp-%-(1—exp(—/\-ti,,)) 4.1)

where A is the decay corrected activity of the radionuclide [Bq], ¢ is the production
cross section of the radionuclide [cm?], w; is the target material chemical purity, ¢ is the
incident particle flux [pps], N4 is the Avogadro constant [mol '], p is the target material
density [g/cm ™3], z is the target thickness [cm], M is the target material atomic mass
[g/mol], A is the radionuclide decay constant [s~!] and ¢, is the irradiation time [s] [10].
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Figure 4.9: Experimental excitation functions for Sc radionuclide production, indicating the TTY activity
calculation energy region for 30 MeV (red - dash) and 70 MeV (blue - dots) cyclotrons

Obtained TTY values for CERN-MEDICIS targets are relatively higher due to the target
thickness, however, the target materials are being irradiated with lower proton beam in-
tensity than cyclotrons. The increase in proton beam intensity to 100 pA for cyclotrons
eventually places both Sc production modes in the same activity yield range, if suffi-
cient target cooling is provided. One should note that to estimate achievable activity
per production batch, the possibility of increasing the cyclotron target thickness can
increase the activity yield as well, however, other Sc radionuclide contaminant buildup
is inevitable. This is an important consideration for the long-lived, high -ray #0Sc
buildup, as it poses additional radiation hazards when handling the irradiated target.
The obtained results for cyclotron irradiation, do not account for the production of ra-
dionuclides from secondary particle fields. To account for secondary particle fields, a
Monte Carlo simulation should be done.

The mass separation efficiency (0.1-53 % depending on the chemical element [71,72,
185]) should also be taken into account, which severely impacts the collectible Sc ra-
dionuclide activity [71,185]. Nevertheless, with the combination of efficient release
and sufficient irradiation times, thick target irradiation with low intensity and high
energy protons with subsequent mass separation can yield clinical dose activities of
Sc radionuclides comparable to the ones that can be achieved with medium-energy
cyclotrons in medical or research centers (see Table 4.6). In comparison to cyclotron ir-
radiated samples, mass separation facilities such as CERN-MEDICIS have the potential
to produce and deliver high molar activity (TBq/umol) and isotopic purity Sc radionu-
clides because of the mass separation technique and parallel collection possibility for




82 4.2. Target materials for Sc production and mass separation

Table 4.6: Thick target activity yields for typical CERN-MEDICIS and cyclotron targets.

Radionuclide  Target CERN-MEDICIS, 30 MeV cyclotron, 70 MeV cyclotron,

material Bq/uAh Bq/uAh Bq/uAh

naty 3.0 x10° 1.5 x107 4.9 x107

435¢ natyy 1.9 x10° - 2.3 x10°0
natTiC 1.6 x10° 7.3 x10° 2.3 x107

nat Ty 6.0 x10° 2.0 x108 2.3 x108

4850 natyy 3.7 x10° - 5.4 x107
natTiC 3.0 x10° 1.1 x108 1.1 x108

naty 4.4 x108 4.2 x10°0 7.5 x100

Hmge natys 2.7 x108 - 3.8 x10°
natTiC 2.2 x10% 2.3 x10° 3.6 x10°

nat Ty 3.0 x107 1.1 x10° 5.7 x10°

46G¢ natyy 1.8 x107 2.4 x1072 2.6 x10°
natTiC 1.5 x107 6.3 x10* 2.7 x10°

nat Ty 9.2 x108 5.6 x10° 6.9 x10°

475¢ natyy 3.2 x108 1.5 x10° 2.9 x10°
natrTiC 4.5 x108 3.0 x10° 3.3 x10°

naty 1.6 x108 2.6 x10° 1.1 x10°

485 natyy 2.5 x108 - 1.7 x10°
natTiC 8.4 x107 1.4 x10° 51 x10°

natTy 1.5 x10* 1.9 x10! 2.5 x10%

4“4y natyy 7.5 x10% - 2.7 x101
natTiC 7.5 x10% 1.3 x10! 1.2 x102

nat Ty 5.7 x100 7.5 x107° 1.3 x10*

47Ca natyy 5.8 x10°0 - 7.7 x10%
natTiC 2.3 x10°0 2.6 x10~2 6.1 x10°

simultaneous #48/™Sc and #Sc collection from a single batch [38]. The dissolution of
metallic Ti foils, TiO, or TiC after irradiation is also extremely difficult, whereas mass
separation would omit this step [186]. Therefore the Sc production from economically
feasible, natural isotopic abundance target materials should include a mass separation
step to reach a purity level high enough for medical applications.

4.2.4 Cross section measurements of "V foil irradiation with deuterons

Another way of ¥/Sc production with cyclotrons is via the "*Ti and "V irradiation with
deuterons. The incident particles during sample irradiation induce defects in the target
materials, which can influence the radionuclide diffusion within the target material and
release during the mass separation [150,187,188]. Compared to protons, the deuterons
are larger and have higher energy deposition dE/dx than protons and for equal atom
dose implants create more damage [189]. Intuitively, better release during mass separa-
tion could be expected, however, the annealing, re-crystallization, and sintering of the
target material at high temperatures counteract the induced defect effect [6,188, 190].
For better understanding, the influence of target material irradiation with deuterons on
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mass separation should be investigated.

47S¢ can be directly produced via the 50V(d,3p2n)478c and 51V(d,3p3n)478c or indirectly
via ¥Ca/#’Sc generator production from *°V(d,4pn)*Ca and °'V(d,4p2n)*’Ca nuclear
reactions. The indirect (generator) route results in isotopically pure 473¢, however, the
activity production yield is orders of magnitude lower than via the direct production
and requires an additional chemical separation step. The irradiation with deuterons
is preferable also due to higher cross sections in comparison to proton irradiation as
well as the possibility to produce #Sc in the absence of *°Sc contamination already at
34 MeV (for deuterons) (see Figure 4.10) [191]. Although the method of production has
the potential in high molar activity 4Sc supply, the available experimental cross section
data for "V and "*Ti metallic foil irradiation with deuterons is still scarce due to the
low availability of high-energy deuteron accelerators (> 40 MeV) [26,191].
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Figure 4.10: Experimental cross sections for naty jrradiation with protons and deuterons [26,191]

A target composition with initial theoretical estimations were performed to prepare
for a future cross section measurement campaign with subsequent mass separation.
The radionuclide production cross sections can be efficiently measured by utilizing
the stacked foil method [192]. The main advantage is that a relatively large energy
range can be covered to generate the excitation curves by starting with a fixed energy
particle beam. The full target consists of five sets of stacked thin 25 ym natyy target foils,
10 pm " Ti monitor foils, 10 um Al separator foils and 100 ym Al degrader foils (see
Figure 4.11). A total target thickness of 1.01 mm with 34 MeV incident deuteron energy
and 100 nA intensity was estimated. The "*'Ti foil is used to measure the precise beam
energy based on the produced radionuclides and International Atomic Energy Agency
(IAEA) suggested beam monitor nuclear reactions [193,194]. The Al separator foils are
necessary to prevent any possible radionuclide recoil from "V foil and contamination
of the monitor foil [195].

The theoretical radionuclide inventories for each foil were estimated from the already
available experimental cross section data as well as TENDL-2023, where there was
no experimental data and equation 4.1 [26,183]. The incident deuteron beam energy
degradation was estimated with SRIM software and is expected to decrease from 34.0
MeV to 23.6 + 0.2 MeV [184]. An estimated cross section plot indicating the energy
of each foil for mass separation relevant ’Sc and *®Sc radionuclides are shown in Fig-
ure 4.12. ”atV(p,x)‘Lgsc cross section measurement is also important, because both 48y
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Figure 4.11: Schematic of a natyy- Al and "tTi foil stack for cross section measurements

(t1/2 = 15.9735 d) and *8Sc (t; /5 = 43.67 h) are produced in the targets and have the same
decay <y-ray lines (E, = 983.517 keV and E, = 1312.096 keV). The determination of the
cross sections for these radionuclides can be done by repeated measurements after *8Sc
decay and also taking into account the E, = 1037.599 keV energy line in the activity
determination (see Appendix A, Figure A.1).
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Figure 4.12: Estimated cross sections for 475¢ and #8Sc from "V irradiation and deuterons.

A fraction of the irradiated foils would then be shipped to CERN-MEDICIS and placed
within a dedicated TISS for mass separation and collection. The TISS differ in their
specifications and can be accordingly produced and modified to account for the various
samples and maximize the collection efficiency.

4.3 Target and ion source system developments

The Target and Ion Source System (TISS) are produced and assembled according to
the RIB of interest for the particular collection or experiment. Although a lot of the
TISS configurations have become "standard" over the years of operations, target and ion
source system development is an irrevocable parallel process in improving the output of
the mass separation and delivering more exotic and shorter-lived isotope RIBs [11]. For

I The temperature of the transfer line is typically assumed to be the same as for the VADIS cathode
temperature because they are heated with the same heating connection.
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Sc ion beam developments, the TISS with Versatile Arc Discharge Ion Source (VADIS)
was used. The VADIS is a development of the previous MK-5 Forced Electron Beam
Induced Arc Discharge (FEBIAD) type ion source. The VD-5 TISS is a model where the
VADIS ion source is connected to the target container with a hot Ta transfer line. The
temperature of the transfer line is similar! to the ion source, which is typically oper-
ated at ~2000 °C (see Figure 4.13). The VD-5 TISS is suitable for non-volatile (refractory)
species extraction. Nevertheless, the less suitable TISS with a surface ion source and
transfer line at ~2000 °C were used for Resonant Ionization Laser Ion Source (RILIS)
studies. All the TISS configurations used for various Sc mass separation experiments
and collections are summarized in Table 4.7. To improve the conditions for extraction,
mass separation, molecular beam formation, and temperature profile of the target con-
tainer and to reduce Sc adsorption on the TISS structures, multiple parts of the VADIS
VD5 TISS were modified, and tested which are indicated in Figure 4.14.

Target container

/ heating connections

Transfer line

Sample or target
material loading
opening

Transfer line
heating
connection

Figure 4.13: Standard Ta container and transfer line.

VADIS ion
source body Target
container
Container
heat shield
screens
Transfer line Calibrated
heating gas leak
connection housing

Figure 4.14: VD-5 TISS schematic on a mass separator frontend without the Al confinement vessel.
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Table 4.7: Target and ion source system configurations for Sc mass separation and collection studies.

TISS Ion Configuration / modification Target load
Nr. source
685M Re Standard Ta target container. #55¢,0; sample.
surface
686M W Standard Ta target container. #55¢,0; sample.
surface
689M Re Standard Ta target container. Irradiated "*Ti and
surface Aty rolls.
702M VADIS Standard Ta target container. MITiC target load.
723M  VADIS Standard Ta target container. "atTi foil target
load.
731IM VADIS No target container. Small Ta oven for sample ~ #5Sc,03 and *°ScF;
heating connected to gas injection line and samples.
directly into the ion source.
741M VADIS VD-5 Ta target container. Gas leak cooling Aty foil target
structure with a thermocouple. load.
766M VADIS VD-5 - Ta target container. Gas leak cooling naty foil target
structure. load.
790M VADIS  VD-5 with V foil lining inside target container naty foil target
and W lining for VADIS cathode and transfer load.
line.
801M VADIS VD-5 with an increased gap between cathode  *3ScCls /448/™ScCly
and anode grid (1.7 mm). sample externally
irradiated at PSI,
Switzerland [33]
805M VADIS VD-5 with Ta target container that has the naty foil target

transfer line heating connection from the load.
backside. Prototype gradient heat screen

assembly.

4.3.1 TISS calibrated gas leak cooling

Efficient VADIS operation as well as molecule formation within the TISS depend on
sustaining the necessary reactive species (in this case - gas) supply to the target con-
tainer. The calibrated gas leaks were identified as a weak point for the TISS when NF3
reactive gas was used. The leak rate value of the calibrated gas leaks decreased to levels
where almost no molecular ion beam production was possible anymore. Typically the
leak rate decreases by up to x5 orders of magnitude. Any change in the leak rate value
for the TISS is not acceptable.

It was discovered in multiple experiments, that the calibrated gas leak indirectly heats
up and promotes reactions with the NF; gas. Due to NF3 reactivity, the TaFs can form
already in the gas supply line and condense on the electrical BN insulator and calibrated
gas leak pores, causing leak rate decrease (see Appendix B). To reduce the temperature
of the calibrated gas leak, a copper (Cu) cooling structure was developed, which had
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strong direct contact with the calibrated gas leak, BN insulator and the actively cooled
Al base plate (see Figure 4.15). Because of the perpendicular connection for both Ta
tubes in the BN insulator, it could also perform as a cold trap to condense a fraction
of the migrating particles and prevent them from condensing in the calibrated gas leak
pores. During collections the BN insulator temperature still reached 110 °C, with the
cooling structure in place and target container temperature at 1600 °C.

Ta gas supply line rmd \ =T

Calibrated gas leak |
cooling Cu structure

>

NN

(a) Cooling structure components. (b) TISS #741M with installed cooling structure.

Figure 4.15: Calibrated gas leak cooling structure for TISS.

Compared to a similar TISS, the additional cooling structure provided slightly reduced
the TaZt, TaO?*, TaF*t, TaOF%t and TaF%Jr doubly-charged beam intensities. This de-
crease could also be attributed to different ion source efficiency as well as slightly colder
gas supply lines and is not entirely relevant as these beams do not interfere with ScFj ,
collections. As per its main purpose, the cooling modification eventually did not pre-
vent the calibrate gas leaks from clogging when NF; gas was used and the target con-
tainer was at ~1500 °C. It caused the total beam current to drop from 2.31 to 0.34 pA.

In one instance, the "clogged" calibrated gas leak was re-opened by applying 1.4 bar
and pumping out a mix of noble gasses in multiple cycles. Otherwise, the calibrated
gas leaks must be mechanically exchanged, as it was successfully demonstrated during
stable isotope beam test units and irradiated #723M TISS that had decay for ~1 year.
Due to these difficulties, CF4 was used as the reactive gas in future studies.

In opposite to NF3, during the use of the Cl, gas, degradation of the gas leak and an
increase by ~2 orders of magnitude in the leak rate was observed on "V foil target
material TISS (#790M). The TISS was not equipped with a gas leak cooling system. This
increase can be explained by Cl, reaction with the Fe in stainless steel powder and
possible moist air impurities from the gas injection process, leading up to the corrosion
of the calibrated gas leak. Due to the possibility of controlling the pressure up to the
TISS, an increase in leak rate could be countered by applying less gas pressure, however,
the partial gas pressure in the target container cannot be estimated and may exceed the
desired value.
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4.3.2 Impact of Ta surfaces in TISS

Once the Sc radionuclides have diffused to the surface of the target material, they can
get vaporized and released from the target material, followed by effusion to the ion
source. Sc has a high adsorption enthalpy on poly-crystalline Ta surface (AH,qs = -
521 kJ/mol [163]), of which the target container, transfer line and VADIS ion source
cathode is made of. The adsorption on the target container and ion source surfaces can
delay the release of radionuclides from the target to the ion source from ms to days, or
in some cases to never reach the ion source. The effusion time from the target container
can be approximated through delay time estimation according to equation 4.2 [196]:

1
T= = e (T + Ta) 4.2)

where T, is the effusion mean delay time [s], v is the effusion time constant [s71], g the
number of wall collisions [dim], 7y is the mean time of flight between two wall collisions
[s] and 7, is the mean adsorption sojourn time for a wall collision [s], which depends
on the adsorption enthalpy and can be calculated with Frenkel’s Equation 4.3 [197]:

—AHpg

T, = Toe K (4.3)

where T is the period of oscillation perpendicular to the surface [s], R is the universal
gas constant 8.314 [] mol K], T is the surface temperature [K], AH,4;s is the partial mo-
lar adsorption enthalpy which depends on the element-surface combination [k]/mol].

The number of wall collisions is approximated by the ratio of the inner target container
surface to the size of the ion source orifice. The orifice cross section for the transfer
line is 50 mm? and the ion source exit only 7 mm?, compared to the surfaces of the
target container (1.3 x10* mm? for the target container and 1.4 x10°® mm? for a "Ti
foil target load). Therefore the number of collisions is on average around 1 x10°-1
x10° for a 20 um foil filled target container [11,198]. As the majority of the surfaces
that a Sc atom encounters are the target material foils a conservative assumption of 1
x10° collisions of atomic Sc with the Ta surfaces in the target container and transfer
line can be made. The time for Sc release from the TISS then computes to be ~24 hours,
with the Ta surface at 1550 °C. If W was the main surface material (AH,qs (Sc on W)
= -507 kJ/mol [163]) the mean effusion time would drop to ~11 hours. It should be
noted that only the TISS structure (adsorbent) material influence is compared and for
this estimate comparison, re-adsorption and re-diffusion in Ti and V target materials
has not been taken into account.

To reduce Sc interactions with Ta surfaces and the release delay, the lining of the transfer
line and coverage of the ion source cathode with 25 ym thick W foil for TISS #790M
was done as shown in Figure 4.16a. The target container was lined with 25 ym thick
"tV foil (see Figure 4.16b), the same as the target material itself. Tungsten was used for
the cathode and transfer line due to their operating temperatures of ~2000 °C.

The reduced exposure to Ta surfaces, in comparison to a standard Ta target container
and transfer line, however, did not noticeably influence the release of Sc from the
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(a) VADIS cathode covered with W. (b) "V lining in the target container.

Figure 4.16: Target container and VADIS cathode lining with metallic foils.

TISS. Same as for a standard target container and transfer line, the onset of Sc re-
lease was observed when the target container reached ~1550 °C. The low collection
rates < 1 kBq/min and therefore the intensities of #'ScF] molecular ion beams were
comparable to a regular VD-5 TISS with "V target material (#766M) and any differ-
ences could be explained by the different target material mass, irradiation times and
ion source efficiencies. The observed results suggest that atomic Sc migration within
the TISS is not the limiting extraction and collection efficiency cause.

4.3.3 Temperature profile of the target container

Much effort and studies have been done to homogenize the temperature profile in the
target container and transfer line/ion source of TISS for ISOL experiments. Temperature
homogeneity is necessary to reduce cold spots and potential loss of short-lived isotopes
and preserve the target material during mass separation [104].

At offline mass separation facilities the radionuclides are produced before the TISS is
placed at the desired temperatures. Subsequently, by first heating the ion source to
operational temperatures, the radionuclides of interest from the part, where the trans-
fer line is connected to the target container can already diffuse and effuse to the colder
parts of the target container or get pumped out through the ion source orifice before RIB
is created. Typically the extremities of the target container are 100-150 °C colder than
the middle section, during active target container heating. Therefore the less gaseous
volatile particles can condense and get "trapped" in the colder parts of the target con-
tainer. If the collection temperature is already close to the melting point of the target
material in the middle section, further heating is not possible and extraction of such
condensed radionuclides from these colder parts is limited. This can be the limiting
factor for target materials with lower melting temperatures than the transfer line/ion
source operational temperatures, such as "Ti and "V metallic foils. For this reason,
an uneven temperature profile with slightly hotter target container ends could be of
interest to force migrating species towards the central part of the target container.

The transfer line itself has a temperature gradient and is not homogeneous throughout
its full length. Therefore a new target container type, as shown in Figure 4.17a, with
transfer line heating from the backside of the target container was tested. The back-of-
line heating offers a more homogeneous transfer line temperature profile and helps to
reduce adsorption [104].

Due to the necessity of achieving high temperatures, the target container as well as
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the transfer line are shielded with multiple layers of metallic foil heat screens. They
help to achieve higher temperatures and a more homogeneous temperature profile by
minimizing heat loss. Typically the heat screens of Ta, Mo and W are assembled in full
length of the target container and separated/secured with a Ta wire (& = 1 mm) at
four points as indicated in Figure 4.18a).

(a) Back-of-line heating target container and transfer (b) Chimney-type target container
line heating connection.

Figure 4.17: Non-standard target containers used for the heat screen investigations.

In the prototype heat screen assembly, the electric contact with the resistively heated
target container and heat screens is reduced because of fewer contact points at the end
parts of target container. This is assumed to force the current to flow more through the
container body itself and is being investigated (see Figure 4.18). Previous investigations
indicated that the temperature difference between the end and the middle sections
of a chimney-type target container body 4.17b changed from -100 to +50 °C in the
temperatures range of 1600-1750 °C. The new heat screen assembly was combined with
the back-of-line heated target container as indicated in Figure 4.18b.

e

(a) Standard heat screen assembly. (b) Prototype heat screen assembly.

Figure 4.18: Schematic representation of the heat screen assembly on target containers.

The prototype heat screen assembly combined with the back-of-line heating target con-
tainer was expected to reduce the temperature difference between the end and middle
parts of the target container as well as to improve the transfer line temperature homo-
geneity. The combination of the changes compared to a regular VD-5 TISS, however, did
not meet the expected temperature gradient. By heating the transfer line to 1900-2000
°C (for efficient ionization), the middle section of the target container remained hotter
than the ends. Because of such transfer line heating, the section where the transfer
line attaches to the target container was close to the target material melting point (in
this case T,,=1910 °C for "V) without applying current (heating) the target container.
To lower the temperature of the central part of the target container, a part of the heat
screens were locally removed (see Figure 4.19). All of these modifications resulted in an
uneven temperature profile with 2 gradients (see Figure 4.19). The largest temperature
difference in the target container reached up to 363 °C at target heating current of 250 A.
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Figure 4.19: Transfer line heat screen final assembly on #805M TISS target container.

The transfer line attachment for the back-of-line heating target container requires the
heat screen layers to be cut differently than for the tested chimney-type container, re-
sulting in a lower cross section of the screen sheet underneath the transfer line and
possibly and additional local heating.

Alternatively, deep container plugs could be inserted in the target container from both
opening sides up to the target material, by removing the lower temperature sections.
However, this approach reduces also the inner target container volume and therefore
target material amount. A different approach to increase the relative target container
temperature at the ends could be a heat screen assembly, where the heat screens in the
middle section of the target container are completely removed, allowing for intentional
local heat losses and thus a temperature gradient. These alternative methods were not
yet tested.

4.3.4 TISS modes of failure and recovery

The TISS are irradiated and typically operated at ~2000 °C temperatures in a highly
radioactive environment. In addition, the reactive gases are applied. Such a combina-
tion together with complex TISS designs can become fragile and sensitive to the impact
of any sudden temperature and pressure changes, chemical reactions, or the target ag-
ing due to radiation and material re-crystallization. Subsequently, multiple modes of
failure were observed for the various TISS and VADIS ion sources, which are described
in detail in Appendix B. Considering the hazards of radiation and contamination, very
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limited possibilities of the TISS repairs were possible, however, in some cases recovery
of a functional TISS was achievable. A summary of TISS modes of failure and their
brief history is given in Table 4.8.

Table 4.8: Target and ion source units used for Sc mass separation and collections.

TISS Ion Modes of failure and history
Nr. source
685M Re Interlock caused loss of power supplies for heating and damaged the
surface ion source.
686M \ Operational.
surface
702M  VADIS Too high concentration of particles coated ion source insulators and

caused a short circuit, which was multiple times recovered. Eventually, a
mass separator interlock caused a loss of power supplies for heating,
rupturing the ion source cathode.

723M  VADIS During stable beam tests, exchanged coated anode insulators.
Cathode-anode contact, which resulted in an exchange of ion source and
target container. During Sc radionuclide collections, the coating on ion
source insulators caused a short circuit, which was multiple times
recovered. Clogged calibrated gas leak - exchanged after 1 year of decay.
Operational.

731M  VADIS Used only in stable isotope beam experiments. The coating on the ion
source insulators caused a short circuit. The coated insulators were
multiple times exchanged. Eventually, the ion source failed due to
cathode-anode contact.

741M VADIS The coating on ion source insulators caused a short circuit, which was
multiple times recovered. Clogged calibrated gas leak, which was
recovered with noble gas over-pressure cycles. Operational.

766M  VADIS Coating on ion source insulators and short circuit, which was multiple
times recovered. Eventually, a mass separator interlock caused a loss of
power supplies for heating, rupturing the ion source cathode.

790M  VADIS The coating on ion source insulators caused a short circuit, which was
multiple times recovered. Corroded and increased leak rate of the
calibrated gas leak from Cl, gas injection. Eventually, the ion source
failed due to cathode-anode contact.

801IM  VADIS Cathode-anode contact, fixed by pulling back the container by 1 mm.
Decrease of ionization efficiency. Operational.

805M  VADIS The coating on ion source insulators caused a short circuit, which was
multiple times recovered. Operational.

The most frequently encountered modes of TISS failure and their corresponding re-
pair/recovery methods were:

¢ Changes in leak rate of the calibrated gas leaks. For irradiated TISS immediate
repair is impossible due to the risk of contamination and the high dose rate. If the
reduction of leak rate was accompanied by particle condensation, an over-pressure
of gas could recover the functionality of the TISS as described in section 4.3.1.
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¢ The VADIS cathode-anode distance is typically 1.5 mm and due to thermal ex-
pansion, a connection could form, preventing to creation of a potential difference
for the electron acceleration. In this case, the distance between cathode and anode
has to be increased, which was achieved by pulling back the target container and
fixing in a reduced position. For irradiated TISS, the container cannot be pulled
because of radiation and contamination hazard reasons. During collection, the
recovery can be achieved by reducing the transfer line temperature. The increase
of cathode-anode distance and operation of the ion source in a lower temperature
regime reduces the ionization efficiency. In instances where the cathode ruptures
creating the contact with anode, no recovery was possible.

¢ The most frequently observed VADIS failure mode was the anode body insulator
(BeO) coating with conducting particles due to the formation of a high amount
of volatile metallic molecules and their subsequent condensation. The reactive
gas can also react with the insulators directly, forming carbides or nitrides from
CF4; and NFj3 respectively. The insulators can be replaced only for non-irradiated
TISS. During radionuclide collections from irradiated TISS, recovery is possible
by evaporating the contamination and is explained in Appendix B, section B.2.
TISS with this mode of ion source failure could be recovered almost every time it
occurred.

4.4 Target material and TISS impact on Sc mass separation

The proposed target materials for Sc radionuclide production as well as TISS and their
modifications were tested on Offline-1 and CERN-MEDICIS mass separators, for TISS
functionality, stable isotope ion beams, irradiated material Sc radionuclide release, and
mass separation.

Radioactive Sc ion beams were only observed above the target container temperature
of 1500 °C. This exposed the first main limitation of "Ti foil used as a target material
for Sc collection, which is its relatively low melting/sublimation point (1668 °C). There-
fore, "V metal or carbon stabilized " TiC with higher melting points would be more
suitable for mass separation. " TiC powder has a high specific surface area compared
to the metallic foil target materials. natTy or "tV powders could also be used, however,
sintering effects should be addressed to reuse the TISS for multiple batches and sustain
the release over long-term operations.

Another observed limitation of all the tested target materials for mass separation is
the chemical impurities in the target materials and their reactivity with the reactive
gas, especially for "V and ""TiC. Even a few hundred ppm amounts of impurities in
the target material can cause delays in Sc radionuclide collection for days or prevent
completely due to unsatisfactory ion beam purity or competing chemical reactions. The
main impurity in "V foils was Al, which reacted with fluorine and formed volatile
#A range AIF; (x=1-3) ion beams, suppressing the Sc fluoride molecule formation.
The ""TiC on the other hand was releasing a few hundred nA-range Cr* ion beam
at temperatures above 1800 °C, which was delaying further heating and increase of Sc
collection rate. In contrast to Al in V, the Cr beam intensity reduced over time.

Mass scan spectra of "*'Ti, "V foils and "*TiC fluorinated with CF, gas at various tem-
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peratures and indicated main chemical species in total beam up to amu 120 are shown
in Figure 4.20, Figure 4.21 and Figure 4.22. Occasionally mass scans up to 260 amu
(at Oflline-1) and 230 amu (at MEDICIS) were also done to monitor tantalum, tanta-
lum oxide, tantalum fluoride, and tantalum oxyfluoride ion beams, which also act as a
probe for successful fluorination of the target container. The beam intensities between
the mass scans have a noticeable difference and are not comparable due to each being
taken with a different TISS, different target container temperatures, ion source parame-
ters, ionization efficiencies, and amount of applied CF4 gas. Nevertheless, they give an
understanding of the main chemical species present in the total beam. Total beam com-
position for "ty is similar to " TiC due to Ti, TiO,, and stable TiC reactivity towards
the halogenating gases at high temperatures. More intense titanium oxyfluoride beams
are present for "Ti foil target material due to the native oxide layer on the metallic foil.
For "V target material, the background of Sc molecular ion beam mass region is signif-
icantly lower than "*Ti or ""TiC as no vanadium fluoride or oxyfluoride side bands are
overlapping the ScF, amu region. This suggests "V as a more suitable target material
for reduced isobaric background Sc molecular beam collection. This aspect also poses
a potential for high melting point VC and VB investigation as target materials for Sc
collections. Nevertheless, Ti or V isobars from the collected Sc can be removed with
conventional chemical separation methods.
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Figure 4.20: Mass scan spectra of irradiated and fluorinated natTy foil target material with ion source at
2060 °C and target container at 1630 °C.
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Figure 4.21: Mass scan spectra of irradiated and fluorinated "#V target material with ion source at 2000
°C and target container at 1725 °C.
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Figure 4.22: Mass scan spectra of irradiated and fluorinated "TiC target material with ion source at 2000
°C and target container at 2000 °C.

4.5 Conclusions and outlook

Before the start-up of the CERN-MEDICIS facility, the extraction efficiency for Sc and
other radionuclides from the available ISOLDE yield database were estimated to 5 %

[185,199], however, no Sc radionuclides were mass separated collected since the year
2017 [72].

Mass separation facilities, such as CERN-MEDICIS have the potential to deliver high
molar activities (TBq/umol) of medical #*Sc, #42/™Sc and #’Sc radionuclides on a clini-
cally relevant level. Suitable Sc radionuclide activities for clinical doses (few hundred
MBq for 43Sc, #48/™"Sc and few GBq of ¥Sc) by mass separation should become possi-
ble. However further TISS developments are needed to design the most appropriate
conditions for maximized extraction and ionization during the collections. The VADIS
ion source can safely be operated up to 15 yA beam current with a capacity of around
50 uA, however, too rapid molecule formation can cause the failure of the TISS during
collections and suppression of Sc molecular ion beams.

The advantage of medical Sc radionuclide production in ISOL target with the mass
separation step is the absence of long-lived, high 7-ray energy (>1 MeV) #°Sc and *¥Sc
contaminants in the final product. The developments in this study resulted in the first
mass separation and collection of isotopically pure *48/"Sc, #Sc and #’Sc radionuclides
with collected activity ranging from few kBq up to ~10 MBq. The Sc molecular ion
beam extraction and collection efficiencies exceeded 1 % under controlled operation
conditions from a micrometric particle size "TiC target material [38].

Investigation of Sc molecular beam formation from various target materials and TISS
and identification of the limiting aspects in Sc mass separation and collection experi-
ments will help to improve the collection efficiencies and collected activities in future.
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In this chapter, the Sc collection efficiency and collection rate of Sc radionuclides are
analyzed to determine the collection efficiency limiting parameters from the experimen-
tally obtained data. The formation dynamics of molecular ion beams and release from
TISS is explained for a "batch mode" mass separation and collection of scandium flu-
oride. An externally irradiated sample mass separation and collection was performed
and analyzed. Experiments and first results from a two-step resonant atomic Sc laser
ionization, delivered by MEDICIS Laser Ion Source for Separator Assembly (MELISSA),
are described. Radiochemical and electrochemical separation of the mass-separated and
collected radionuclides to obtain precursor for radiolabelling were performed and re-

sults are discussed.
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5.1 Collection efficiency

5.1.1 Stable isotope molecular ion beam collection efficiency

Collection efficiency measurements for mass separation of stable isotope samples (mass
markers) are done by placing a known amount of the sample in the TISS target con-
tainer and compared with what is obtained after proceeding to the mass separation
and collection of the isotope/mass of interest. The efficiency is obtained by measur-
ing the mass-separated ion beam current until the sample is completely released from
the Target and Ion Source System (TISS). The efficiency is calculated through equa-
tion 5.1 [200].

f ISeparateddt

(5.1
Nsample * F )

€Stable =

where €giaple is the stable mass-separated sample collection efficiency, Iseparated is the
mass-separated ion beam current [A], 754p1. is the amount of the stable isotope sample

[mol], and F = 96485 is the Faraday constant [C mol 1]

Typically the experiment is done to estimate the ion source efficiency, assuming that
no chemical interactions between the sample and the TISS structures take place. This
assumption would be most appropriate for a VADIS ion source and noble gas ionization
efficiency measurements. Nevertheless, adsorption of the heavier gases, such as Kr and
Xe has been observed even at elevated temperatures (1000-1600 °C) [201].

For ScF3 molecular ion beam collection efficiency measurement, a known amount of
#58¢,035 sample in 5 $ HNO; was dried on a Ta foil and placed inside an empty VD-5
TISS (#723M). The formation of °ScF, (x = 1-3)was achieved by fluorinating the sample
with NF; gas. The Offline-1 mass separator was set and optimized to amu 83 for the
ion beam current measurements (see Figure 5.1).
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Figure 5.1: Measured 45SCFZ+ ion beam current during the collection efficiency measurement.

The obtained efficiency of °ScF;” was 4.90 £0.07 % and is in agreement with the bench-
marked value of ~5 % for Sc and VADIS ion source TISS and the efficiency obtained
for an analogue 48TiF3+ (€col = 4.8 % [202]) [62,185]. In the mass marker (stable isotope)
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collection efficiency measurement the uncertainty is mainly governed by the error of
the pipette used for the sample preparation [62].

It must be noted, that the particular TISS was used for multiple stable beam tests with a
550,053 sample beforehand, possibly overestimating the efficiency if the previous sam-
ple was not fully released before the test. To counteract this issue, outgassing was
performed before the sample placement inside the unit and measurements of the back-
ground at various temperatures were taken and later subtracted from the obtained inte-
grated separated ion beam current. On the other hand, the calibrated gas leak clogged
40 000 seconds after the beginning of the experiment, preventing the fluorination of the
initial sample and underestimating the efficiency. This can be seen in Figure 5.1 when a
sudden exponential drop is observed. The calibrated gas leak issue was later confirmed
by removing the leak for repeated leak rate calibration. Another important note is that
no target material for Sc production was present during this measurement, which could
compete with ScF3 formation. Nevertheless, this measurement still gives a good "order
of magnitude" estimation.

5.1.2 Mass-separated radionuclide collection efficiency

One of the key performance indicators for a medical radionuclide mass separation fa-
cility is the collection efficiency [74]. Here the main difference from a stable isotope
collection efficiency is, that it shows the amount of mass-separated radionuclide activ-
ity at the End Of Collection (EOC) against the starting amount. Typically no decay
correction for the collected radionuclides is done, due to the various collection times
needed for the mass separation and collection and the most relevant value being the
total collected radioactivity at the EOC. For the obtained Sc radionuclide collection ef-
ficiency comparison the activities are decay corrected to the Start Of Collection (SOC).
The efficiency can be estimated from equation 5.2. Starting radionuclide inventory for
irradiated target materials are estimated by FLUKA and ActiWiz or measured by y-ray
spectrometer for external samples.

A
€col :Z Z Collected (52)

_InZ»tA
AStart e 2

where €, is the collection efficiency for the radionuclide of interest, Acojecteq is the
radionuclide activity at the EOC [Bq], t;,, is the radionuclide half-life [s], t5 is the
time between the SOC and collected sample activity measurement [s], and Ag;,,: is the
radionuclide activity at SOC [Bq].

The obtained collection efficiencies for the Sc radionuclides from the prepared target
materials are summarized in Table 5.1 and for Sc radionuclide generators in Table 5.2.
The given uncertainty is estimated from FLUKA simulation statistical error of the cor-
responding radionuclide starting activity combined with -ray spectrometry measure-
ment uncertainty.

If Sc radionuclides were implanted in multiple collection foils, they were summed for
the estimation. Importantly, the obtained efficiencies in most cases are not the maxi-
mum achievable due to prematurely stopped collections due to TISS failures (see Chap-
ter 4, Table 4.8) or available collection time for the batch. Another key aspect is the
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Table 5.1: Collection efficiencies of Sc radionuclides from various target materials and TISS.

TISS Target material Date Radionuclides Total Sc collection
collected efficiency, %
L 17-23.08.2021 admg e 47g0
nat 7 —4
#723M Ti foils 02-06.12.2021 466, 2.49(9) x10
. 08-10.11.2021 amg e 4750
nat 7 -3
#741M Ti foils 25.11-01.12.2021 46G¢ 4.8(5) x10
#766M naty foils 01-09.09.2022 465 475¢ 9(2) x10~3
#790M naty foils 28.11-07.12.2022 475¢ 4.8(3) x1072
#301IM  #3Sc/44m/85cCl, 19-21.07.2023 43g Hmg e 0
08-15.08.2023 4mg e 47 2.5(3) x10~2
#805M naty foils 23-28.08.2023 475¢ 3.1(5) x10°1?
04-09.10.2023 4mg e 47 3.82(7) x10~1
25.07-01.08.2023 4mge 47 9.9(3) x1073
u 44mg . 47 ~1c¢
4700M MITIC powder 27.09-04.10.2023 486c, Sc 4.86(17) ><10d
26.10-02.11.2023 Sc 2.049(19)
16-24.04.2024 475¢ 1.94(8)°

“ External #*CaO sample irradiated with a cyclotron at Paul Scherrer Institute (PSI)

b Assuming all #’Sc was released in the previous collection on 08-15.08.2023. The lowest estimate, assum-
ing no #/Sc would compute to 0.11 % efficiency.

¢ No reactive gas was injected in the TISS since the. Fluorine was obtained from previous collection re-
mains within the target material.

4 Including also the collected radionuclides on the sample holder collimator and assuming no **Sc was
released on the previous 27.09-04.10.2023 collection. Minimum value, as the experiment was intentionally
stopped before all Sc was released.

¢ Including also the collected 473¢ on sample holder collimator. Minimum value, as the experiment was
stopped due to loss of power supplies and TISS failure before full Sc released was achieved.

Table 5.2: Collection efficiencies of Sc generator mother radionuclides from various target materials and
TISS.

TISS Target material Date Radionuclides Collection efficiency,
collected %
17-23.08.2021 4T 0.062 + 0.004
natmy :
#723M Ti foils 24.04-08.05.2023 47Ca 0.38 + 0.05
#790M naty foils 28.11-07.12.2022 47Ca 0.048 + 0.015
#805M naty foils 08-15.08.2023 Y7Ca 0.08 + 0.05

operation conditions and ion source parameters during the collection which vary for
each TISS, such as injected gas amount, ion source specifications and temperature, tar-
get material mass, density and impurities. Nevertheless, the obtained collection effi-
ciencies indicate the importance of the achievable temperature for the target material
during collection as well as differences between foil and powder target materials and
the available mass separation temperature ranges.

Multiple attempts to test the mass separation feasibility of Sc generator mother ra-




dionuclides were made, by dedicating separate collections. The collection efficiencies
are comparable to the direct Sc radionuclide collections, however, the collected activities
range from 90 Bq (*4Ti) to 14 kBq (*Ca). Since the production yields for the generator
mother radionuclides are lower than the direct production of Sc radionuclides and the
generator-produced isotopes can be efficiently separated by conventional radiochemical
methods, mass separation does not provide a significant added value.

5.2 Collection rate

The collection rate ! is the combined result of multiple mass separation parameters and
directly influences the collected activity at the EOC. For example, the obtained collection
efficiencies suggest that the obtainable #/Sc activity from the #702M ("*TiC) would have
reached 70-80 MBq for a particular collection, however, the obtained activities due to
the rate of implantation were in the range of 3-10 MBq per sample with only 2 samples.
Parameters with the highest impact on the collection rate are:

¢ Radionuclide production - release rate is proportional to the starting activity;

¢ Irradiation-induced defects and heating of the target material due to proton im-
pact and deposited energy. This target material aging impacts the radionuclide
diffusion and release [203];

* Release rate from the target container which depends on the diffusion, effusion,
target material type and thickness/grain size, target material sintering/aging,
chemical interactions, molecule formation and evaporation from the surface, in-
cluding re-adsorption (physisorption and chemisorption) [171,172,204,205];

¢ Jonization efficiency of the species of interest [64,79,103];

¢ Mass separator mass resolving power, ion beam optical instrumentation and trans-
mission efficiency [62];

¢ Interception of the ion beam in a solid substrate and collected radionuclide quan-
titative measurement.

Each of these parameters can be assessed and addressed separately, but require a large
set of experiments for conclusive statistics. Because each TISS required for each separate
experiment is hand-crafted, a variation is expected and obtaining the necessary data is
complicated. Often the refractory elements such as Sc tend to adsorb within the TISS,
which influences further experiment validity of the same TISS and a new TISS should
be manufactured. Complex systematic studies of each separate target material are re-
quired to fully understand the chemical interactions, molecule formation mechanism
and kinetics, effusion from the target container and ionization.

The first indications of limiting factors on the atomic or molecular Sc ion beam collec-
tion rates were indicated. Most notably two different limiting factors were observed
involving the target material type. For the metallic foils, the limiting factors identified
were the molecule formation kinetics and ionization efficiency. The release from foil
target materials is rather fast (see Chapter 3), however, the molecule formation is then
not efficient and a fraction of released isotopes can re-adsorb or get pumped away. The
lower molecule formation efficiency could be explained by the lower cross section of

! The rate of radionuclides implanted in collection foil per time unit (Bq/s).
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gas-gas phase collisions [123]. On the other hand, the limiting factor of the TiC powder
target tends to be the Sc diffusion from the bulk material and the collection is slow and
steady. In both cases, enough reactive gas must be supplied to the target material for
the most effective Sc molecule formation.

5.2.1 Atomic Sc release from the TISS

The release time of radionuclides from a target material is a combination of diffusion
time from the bulk material and its subsequent desorption, which is discussed in Chap-
ter 3. To obtain the release time from the whole TISS, one needs to add also the effusion
time. Effusion here is a diffusive flow of particles in a gas phase that describes their
migration through the pores or open spaces in the target material, target container and
transfer line into the ion source. Essentially, the evacuation of a volume of gas through
an orifice.

The effusing particles undergo many collisions with the target material, target container
and transfer line surfaces before reaching the ion source. Upon every collision, the par-
ticles are adsorbed for some time. For simple cases with only metal/metal interactions,
the effusion time can be approximated by Frenkel’s equation (equation 4.3). According
to the Eichler-Miedema systematics, Sc first partial molar solution enthalpies AH; on Ti
and V (see Table 5.3) suggest that Sc is partially soluble in Ti and in V and can replace
the surface adsorbent atoms and eventually diffuse back into the bulk of the material.
On the opposite, first solution enthalpy of Sc on a Ta surface shows that Sc is practi-
cally insoluble and would only adsorb on the surface [163]. For comparison the mean
wall delay times for 1 x 10° collisions on various surfaces are estimated and shown in
Table 5.3. The obtained values, however, should only be considered for an order of mag-
nitude evaluation, because the adsorption enthalpies are either empirically calculated
or sometimes measured with uncertainty of more than 10 %. The frequency factor 79 in
the Frenkel’s equation 4.3 of 10! s~! was used and the actual wall collisions depend on
the surface area of target material, surface roughness, target material distribution and
can vary in the order of 103 to 10° [11,198,200].

Table 5.3: Atomic Sc first partial solution and adsorption enthalpies, and mean delay time on various
adsorbents and temperatures. Estimated for 10 000 particle-surface collisions.

Adsorbent AHS, k]/mol AHadsr k]/mol T1550 °C» min T1850 °Cr min T2000 °Cr min

Ti* 31.0 -384.1 0 - -
\% 65.6 -553.0 11626° 51 -
Ta 78.2 -521.0° 1408 11 2

7 Values estimated from the Eichler-Miedema model [159, 163].
b If the AH,, value of 383.4 kJ/mol 3 is assumed, the delay time computes to 0 min.
¢ Experimental value [163].

From looking at the approximation of mean delay time in a TISS, Sc metal seems to be
refractory enough to hinder severely the collection rate. In an actual TISS, the situation
is more complex and the chemisorption can take place on an oxide layers of the target
material and also interact with vacuum and target material impurities. Replacing the
adsorption enthalpy with sublimation enthalpy for ScFs (AHg,,=-367 kJ/mol [206]), a
tirst approximation of the molecule delay time, estimates that the release of ScF3 from
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Ti, V and Ta surfaces is immediate. However, the adsorption is then also accompanied
by different chemical interactions. In this case, the release is no longer the limiting
factor for collection rate, but the molecule formation kinetics and ionization efficiency
are.

Sc and ScF™ release from TiC and VC target materials has been investigated previously
at ISOLDE, indicating no enhanced release with CF, addition. It was concluded that
the in-grain diffusion limits Sc release from carbide targets [77]. When Sc radionuclide
release from the TISS is limited by diffusion, the release can be approximated from the
solution of Fick’s second-order partial differential equation 3.4, assuming that:

¢ the diffusing particle desorbs rapidly when on the surface, compared to the dif-
fusion time;

¢ the diffusing particle does not diffuse back into the bulk material;
¢ the initial distribution of isotopes is homogeneous.

The rapid desorption could be achieved by volatile molecule formation. It was indeed
observed, that besides the amount of reactive gas injected into the target, the collec-
tion rate was mostly affected by an increase in temperature and full release was never
achieved for the ™ TiC target material. It can then be concluded, that the increase in
collection rate from a TiC target material can be achieved by:

¢ increasing the target container volume and material mass;
¢ decreasing the TiC particle size (nanoscale);

¢ increasing temperature and the diffusion coefficient D;

* preventing sintering to retain the porosity and particle size;

¢ applying a sufficient amount of chemical reactant (gas) to saturate and etch the
surface, and form volatile Sc molecules.

Chemical form of evaporating Sc species

According to the effusion calculations in Table 5.3, the time for mono-atomic Sc to ef-
fuse to ion source is longer, than it was observed experimentally from a "*V foil target
and laser resonant ionization. Experimentally, when the target container temperature
reached 1500-1600 °C, the mono-atomic Sc from a stable isotope sample or Sc radionu-
clides from irradiated "V foil target material were first observed within 15 minutes.

Although suggested otherwise by the mean delay time calculations, atomic Sc was re-
leased from the irradiated foils as discussed in Chapter 3. The metallic target material
foils are typically covered by a few hundred nm layer of oxides, due to material ex-
posure to air and oxidation. Traces of oxygen could also be found in "TiC target
material. High-intensity CO and less intense C, CO, have been observed within VADIS
ion source TISS. The main source is deemed to be the ion source assembly itself, how-
ever, impurities in TISS structures and vacuum cannot be excluded. H,, C and CO can
reduce Scp;O3 and the release from TISS can happen as atomic Sc or diatomic ScO (T,
= 1650 K [207]) molecule at a prolonged rate, controlled by the impurity amount [206].
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A HSC simulation also suggests that Sc;O3 in Ta environment can dissociate above
1850 K according to equation 5.3 (see Figure 5.2). Sc(g) and ScO(g) are the only Sc-
containing species found among the gaseous desorption products [207]. Again, the
dissociation rate is expected to be low.

Scx03(s) =ScO(g) + ScOx (s) (5.3)

1.0E2+

Ta
1.0E1 \

TaO(g)

ScO(g)

1.0E0

Equilibrium Amount, kmol

1.0E-1+%

500 1000 1500 2000
Temperature, °C

Figure 5.2: HSC simulation of reaction equilibrium for 1 kmol Sc3O3(s) in 10 kmol Ta(s) environment at
an internal pressure of 1 x10~% mbar.

The bond dissociation energy of ScO (0 K) DH°=673.6 kJ/mol (161 kcal/mol) and the
atomization energy of Sc;O (0 K) is 1025 kJ/mol (245 kcal/mol) [206], whereas TaO
bond dissociation energy DH’=801 £48 kJ/mol (8.3 +0.5 eV) [208,209]. According
to the chemical equilibrium in equation 5.4 and HSC simulation in Figure 5.3, once a
ScO(g) molecule is chemisorbed on a Ta surface, it is more likely for the ScO bond to
dissociate instead of TaO at temperature range of 1500-2000 °C. Especially when the
ScO(g) molecule migrates through the transfer line (~2000 °C).

ScO(g) + Ta(s) = Sc(g) + TaO(g) (54)

The laser resonant ionization experiments with stable 455,05 samples were carried out
with 2 different (Ta and Re) surface source TISS. According to an HSC simulation, no
reactivity of ScO(g) with Re is expected, however, atomic Sc has high adsorption en-
thalpy on Re (AH,g4s = -565.9 k] /mol) [163], which suggests a considerable delay time of
~15 min even at 2000 °C (estimated 1 x 103 collisions due to a small Re ion source cavity
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Figure 5.3: HSC simulation of reaction equilibrium for 1 kmol ScO(g) in 4 kmol Ta(s) environment (excess)
at an internal pressure of 1 %107 mbar.

volume). Atomic Sc*t ions were observed only by laser resonant ionization, meaning
that the dissociation happened without ionization.

The highest collection efficiency was obtained with a " TiC material and VD-5 TISS.
Regarding chemical interactions, Sc is known to react with carbon, stabilizing it as
ScC [6,210]. High temperatures of above 2000 °C must be achieved to vaporize and
dissociate ScCy (see equations 5.5 and 5.6), suggesting heterogeneous reactions (gas-
surface) as the logical means of volatilizing the Sc radionuclides [210].

ScCa(g) =Sc(g) + Ca(g)  ADHY = 565 + 21k]/mol (5.5)
ScCy(g) =Sc(g) +2Ca(g)  ADH? = 1217 4 24k] /mol (5.6)

5.2.2 Molecule chemical evaporation

Adding certain chemical reactants into the target container can transform elements of
interest to far more volatile molecules than in their atomic state. In particular, for Sc
release from the TISS and mass separation, chemical reactions with NF3;, CF; and Cl,
were induced. A compound is most volatile if all its valences are saturated. There-
fore the halide molecules formed are usually at the most stable oxidation state (see
equation 5.7 and 5.8) [109,206,211].

Sc(s) + %Fz(g) = ScFs(s) AHJ%% = —1251kJ/mol (5.7)
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Sc(s) + %Clz(g) =ScCl3s)  AHF® = —943K]/mol (5.8)

The differences in each molecule formation and reaction kinetics in a TISS, limited
knowledge of adsorption at each collection, material aging and large variables in molecule
ionization efficiency make it very difficult to deduce an exact mechanism or model, in-
volving the reaction kinetics, from the mass separation and collection. Typically an
approximation from the reaction Gibbs energy calculations is sufficient to identify if
the species of interest will form and interact with the TISS structures. However, mul-
tiple factors, such as possible impurities from the target material, TISS, and pressure
play an important part in the desired reaction. To release the newly formed molecule,
thermal dissociation and exchange reactions on the Ta surfaces must be thermodynam-
ically unfavorable or with a low reaction rate. The reaction enthalpies of ScF3; and ScClz
in equations 5.9 and 5.10 suggest that they would remain intact until their effusion to
the ion source.

3 3

ScFa(g) + & Ta(s) = Scads) + g TaFs(g) AH?® = 181k]/mol (5.9)
3 3

ScCla(g) + z Ta(s) = SC(ads.) + = TaClsq)  AH;® = 210kJ/mol (5.10)

For general understanding, the molecule formation or chemical yield can be expressed
as the evaporated molecule efficiency in equation 5.11.

N, ,
€molecule = Nevapf (5.11)
maxi

where €plecule 1S the efficiency of evaporated molecule formation (chemical yield), Ny,qxi
is the maximum molecule amount that can evaporate from the surface [pps] and N,yapi
is the formed and evaporated molecule amount [pps].

Heterogeneous reactions

For a molecule to form in the mass separation conditions (low pressure of <1 x 107> mbar
and temperatures > 700 °C) solid-gas or gas-gas phase reactions can be described by the
collision theory [123]. Since Sc is highly adsorbent on surfaces, the main molecule for-
mation is expected to happen as a solid—gas phase reaction and was previously found
to be the rate-limiting step for the effusion of refractory or semi-refractory metals [77].
Two simplified solid-gas reaction mechanisms are proposed for Sc molecule formation
and shown in Figure 5.4, where the radionuclide is either adsorbed on the surface and
interacts with an adsorbing gaseous particle or vaporized radionuclide interacts with
an already adsorbed reactive species on the surface [212].

Desorption of adsorbed volatilizing reactant molecules and exchange reactions can hap-
pen faster than the newly formed molecules can leave the surface. The CFy reactive gas
has a Bond Dissociation Energy (BDE) up to DH° = 546 + 13 kJ/mol [213,214], NF;
DH° = 243-318 kj/mol [214,215] and Cl, DH® = 238-242 k] /mol [214,216]. This energy
is less than required for Sc-F bond dissociation (see Table 5.4), suggesting that upon a
collision and reaction, Sc would gain the halogen atom as the gas molecule loses one.
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(a) Radionuclide reaction on the surface with reactant (b) Vaporized radionuclide reaction with already ad-
vapours. sorbed reactant molecules on the surface.

Figure 5.4: Heterogeneous reactions with radionuclides on a solid surface.

Table 5.4: Standard enthalpies of formation and BDE of scandium fluoride molecules [211,214].

ScF3;, kJ/mol ScF», kJ/mol ScE, kJ/mol
AfHO -1251 + 15 -683 + 10 -141 + 6
DH?’ 645.4 619.5 593.9

An assumption that each CF4, NF3; or Cl, molecule in the target container can fully
react with Sc up to its stable oxidation state of Sc3t, can be made to describe the
molecule formation rate regarding the supplied reactants. The summarized reactions
of S¢(agsorbed) With the proposed reactive gases are shown in equations 5.12, 5.13 and
5.14. It can be seen that the reaction enthalpies are negative resulting in spontaneous
reactions even at room temperature. Note that in reality, different multi-step reactions
with various compounds and radicals can occur. The reactions are equated to a single
Sc halide gas molecule, with Sc assumed to be adsorbed on a surface.

3 3
Sc(ads.) + 7 CFa(g) = ScFa(g) + 7 Clads) AH?*® = —548K]/mol (5.12)

4
1
Sc(ads.) + NFs(g) = ScFs(q) + 5 Na(g) AH?® = —1117k]/mol (5.13)
Sc(ads.) + gCIQ(g) =65cClyq)  AH?® = —669k]/mol (5.14)

Because the gas remains the only source of halogen atoms, the same reactant ratio
would remain if the gas was already adsorbed on a surface and the vaporized Sc atoms
would then interact with the adsorbed molecule. However, the possibility of reaction
may be lower, if the surface material atoms themselves create volatile compounds, as
is the case for titanium and vanadium fluorides. In the case of 448/"Sc and #/Sc col-
lection (see Table 5.1 27.09.2023) from #702M TISS with previously fluorinated "*TiC
target material, 47ScF} (x = 0 — 2) were still extracted after a while with no reactive
gas addition. This can be explained by the presence of volatile "TiF, from previous
fluorination which served as the fluorinating agent for Sc radionuclides for days. The
reaction enthalpy (see equation 5.15) and HSC simulation at various temperatures (see
Figure 5.5) suggest the ScF3 formation with TiF, as the only source of fluorine in a Ta
environment (excess amount).
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Sc(ads.) + ZT1F4(g) = ScF3(q) + %Ti(ads,) AH,298 = —84kJ/mol (5.15)

5.0 Ta

Equilibrium Amount, kmol

ScF3

= —— — - - - ~ T
500 1000 1500 2000
Temperature, °C

Figure 5.5: HSC simulation of reaction equilibrium for 1 kmol Sc with 1 kmol TiF4 in 5 kmol Ta environ-
ment (excess) at internal pressure of 1 X 10~ mbar.

Chemical selectivity

A universal way to characterize the thermochemistry of the volatile gaseous halide
formation involves the estimations of chemical reaction equilibrium at elevated tem-
peratures through the Gibbs free energy calculations of a given reaction or evaporation
process (see equation 5.16). From known reaction enthalpies, entropies, partial pres-
sure of the reactive gas applied and a given chemical equation of the volatile molecule
formation, the equilibrium constant and partial pressure for species of interest can be
expressed through equation 5.17 [109,123].

Me(s) + ;AHalx(g) = MeHal,(g) + ;A(s), or ;A(g) for NF3 (5.16)

In the case of NF; gas fluorination, reduction to gaseous monoatomic N(,), which fur-
ther reacts to form nitrides is assumed, as it was observed in the target container above
1000 °C temperature during stable isotope ion beam experiments.
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_ (AHO-TAS0 P(MeHal,)
( RT ) = W (5.17)

P(AHal,)

Kgq =e

where Keq is the equilibrium constant, p is the partial pressure (corrected according to
stochiometry) [Pa], AHg,, is the reaction enthalpy change [J/mol], AHj,; is the reaction
enthalpy change [J/mol], R is the gas constant [J/molK] and T is the temperature of the
gas and solid [K].

The selectivity of halogenating gas towards most observed elements in the TISS and
target materials is determined largely by the reaction thermodynamics as the most
thermodynamically stable product species will predominate. The estimated ratios of
partial pressures for the formed halides are summarized in Table 5.5 [112,206,211,214,
217]. The estimations are normalized to the Sc halogen at 1550 °C, when radioactive
ScF3 release was experimentally observed. If a reaction product partial pressure is
higher than that of ScF;, its reaction is favored over the ScF; formation. This is very
distinct when NF; is used as the reactive gas.

Table 5.5: Ratios of partial pressures of reaction products for an element of interest and halogenating gas
at 1550 °C. Normalized to ScF3 or ScCls.

Molecule F; CFy NF; Cl,
ScF3 or ScClj 1.0 1.0 1.0 1.0
AlF; or AICI3 8.6 x 1073 1.6 x 1072 1.6 x 1072 33 x 1073
TiF, or TiCly 8.6 x 10! 5.6 x 1072 3.4 x 10% 1.4 x 1074
VF, or VCl, 6.3 x 10711 49 x 1077 49 x 10° 3.4 x 107
BeF,* or BeCl, 1.5 x 1078 12 x 107* 74 x 1075 57 x 1074
TaF5 or TaCls 6.9 x 101 13 x 1072 7.3 3.0 x 10710

7 Berylium fluorides form from the interactions with anode body insulators.

For a chemical reaction with Sc to occur, the radionuclide first must diffuse to the
surface. According to estimations and not taking into consideration all the possible
side reactions within the TISS, the best choices for volatile molecule formation would
be CF, and Cl,, with a slight advantage to chlorine. Nevertheless, experimentally ScCl;
(x=1-3) ion beams were never observed, whilst chlorinating the target material. Even
when ScCl; samples were used as a starting chemical form, no molecular ScCl; (x=1-3)
sidebands were observed, but only mono-atomic CI™.

It is expected for Al not to interfere with ScF; formation, however it was experimentally
observed otherwise for #805M TISS (V foil target material). With AIF;} (x=1-3)in the yA
intensity range, #"/4’ScF (x=1-2) ion beam onset was only observed when the injected
gas flux of CF, was increased from 0.07 nmol/s to 0.18 nmol/s at a constant temperature
of 1550 °C. This can be attributed to secondary reactions or high Al amount presence
on the material surface and diffusion from the bulk of the target material. It should
be noted, that intense AlF; (x=1-3) ion beam impurities were observed only for V foil
target materials.

By comparing the CF4 and NF3 in an empty target container, the main difference is that
CF, gas yields in partially dissociated ions, whereas NF3 partial dissociation sideband
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ions were not observed, which can be explained by the lower dissociation energies.
Chemically, both gases can accompany additional nitride or carbide solid formation
within the target container [206].

Reaction and evaporation rate

If the vapor pressure of a desired element is too small at an achievable temperature,
extraction as a more volatile molecule is necessary. It can be seen in Figure 5.6, that the
vapour pressure of ScF3 is more than 2 orders of magnitude higher than that of atomic
Sc.
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Figure 5.6: Vapour pressures of Sc and ScF3 (reproduced from [99,180]).

According to the QE model described in section 2.3.4, the rate of adsorption must be
balanced at equilibrium by an equal but opposite rate of evaporation from the adsor-
bent phase. In that case, the evaporation rate is equal to the reactive gas collision rate
with the surface. The maximum unhindered evaporation rate at a given temperature
could be estimated by applying the vapour pressure to the Hertz-Knudsen equation (see
equation 2.5). The maximum estimated gas (CF,) collision rate with the "'TiC target
material for TISS #702M at various gas pressures are estimated and given in Figure 5.7.

To estimate the rate of radioactive ScF3 evaporation, the radionuclides must first diffuse
to the surface and react with the incoming reactive gas particles. As the reaction ther-
modynamics favor ScF3 formation, the evaporation rate of ScF3 will be approximately
equal to the reactive gas collision rate at a given temperature and reactive gas partial
pressure, multiplied by the "equilibration probability" ;. The {; for a each radionuclide
can be estimated from the experimentally measured collection rate, knowing the ioniza-
tion and transmission efficiency, applied reactive gas flux and molecular sideband ratio.
For more precise estimation, the {; should be corrected by the remaining radionuclide
amount at a given time after the SOC, if a diffusion constant or release rate from from
the corresponding target material is known. Since these constants are not available for
"TiC and "™V, the estimations are done for an "order of magnitude" assessment at a
specific collection rate conditions, neglecting the already released fraction as well as the
decayed amount.
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Figure 5.7: Theoretical collision rate of CF4 gas with the "*TiC target material for TISS #702M at various
temperatures and pressures applied on the calibrated gas leak (4.1 x10~5 mbarl/s).

Sc radionuclide collection rates were obtained from two TISS - #805M ("*V foils) and
#702M ("'TiC powder). Assuming the summarized reaction equation 5.18, the cor-
responding equilibrium probabilities are estimated and summarized in Table 5.6 and
Table 5.7. For the estimation, the ionization efficiency of 7 % (see section 5.2.4) and
transmission efficiency of 92 % were used.

3 3
SC(ads.) + 1 CFy(g) = ScF3(¢) + 1 C(ads.) (5.18)

The equilibration probability also gives an idea if the Sc radionuclide diffusion rate
is faster than ScF; formation and evaporation, meaning that if the ScF3 collection rate
remains the same by increasing the reactive gas flux (and therefore collision rate), dif-
fusion to the surface is the rate-limiting factor. An increase in CFy gas flux by a factor
of ~5, did not increase the equilibration probability proportionally, which can be ex-
plained by the radioactive decay of the radionuclides as well as a considerable fraction
of initial radionuclides already released or evaporated as molecules. The calculated
equilibration probabilities fluctuate over time at a constant temperature and depend on
the reactive gas flux and available radionuclides on the material surface. This suggests,
that the collection rate was not well optimized to match the diffusion rate. An excep-
tion is the last measurement on 23.04.2024, where the target was considerably depleted,
47Sc radionuclides decayed by ~2 half-lives and target material sintered to an unknown
extent due to the high temperature of 2050 °C.

The most precise {; were obtained at the onset of collection, due to less uncertainty of
the remaining initial radionuclide amount in the target material and relatively small
sintering effects. As the evaporation rate strongly depends on the estimated ionization
efficiency (see section 5.2.4) and measured collection rate, one cannot deduce viable
uncertainties. An important note is that the radioactive decay has not been accounted
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Table 5.6: Equilibration probability {; for 47SCF; from the measured collection rates at various tempera-
tures from TISS #702M.

Date and time Target CF, pressure on Collection rate, = Equilibration

container gas leak, mbar kBq/min probability ;

T, °C

17.04.2024 03:16 1680 35 0.95 7.36 x 10716
17.04.2024 12:46 1800 35 248 1.86 x 10°1°
17.04.2024 17:16 1950 35 8.72 6.31 x 1071°
18.04.2024 11:26 2000 35 9.97 7.13 x 1015
18.04.2024 16:21 2000 80 10.49 328 x 1071
18.04.2024 17:41 2000 100 16.92 424 x 10715
19.04.2024 09:35 2000 100 3.44 8.62 x 10716
19.04.2024 16:21 2000 150 7.51 1.25 x 1071
23.04.2024 16:21 2050 145 1.35 2.31 x 10716

? Calibrated gas leak rate of 4.1 x 1075 mbarl/s (air) and 72.4 m?2 " TiC target material surface area.

Table 5.7: Equilibration probability ; for 44’“SCF2' and 47SCF;_ from the measured collection rates at various
temperatures from TISS #805M.

Date and  Molecular  Target CF, pressure on Collection Equilibration
time beam container gas leak, mbar  rate, kBq/min probability ;
T, °C
07.10.2023  “4mScFy 1550 400 0.40 6.60 x 1071°
13:00
08.10.2023  47ScF; 1550 400 6.18 1.39 x 10713
14:22

7 Calibrated gas leak rate of 5.5 x 1075 mbarl/s (air) and 0.45 m? "'V foil target material surface area.

for, nevertheless, these rates better characterize real situations, where mass separator
limitations for the start of collection, such as pressure have to be respected.

Achieving a higher collection rate is an important goal because of the decay and ne-
cessity to transport the radionuclides to end users as soon as possible. In important
conclusion here is also the severe impact of SSA, which suggests a higher rate potential
for thinner foils or nanoparticle target materials. The highest equilibration probability
was achieved for a "'V foil target material, which suggests the potential of metallic foil
targets if the surface area of the target material can be significantly increased (orders of
magnitude) and higher collection temperatures achieved. Compared to the " TiC pow-
der target TISS # 702M, with whom the highest collection efficiencies were obtained, the
# 805M TISS ion source also was ~4 times less efficient, based on noble gas efficiency
measurement result comparison. Therefore, the obtained equilibration probabilities and
collection rates for # 805M TISS ("*V foil target material) are an underestimation of the
realistically achievable.

Hypothetical collection rates from the given TISS and target materials with the highest
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calculated equilibration probabilities were estimated and shown in Table 5.8. It should
be noted, that diffusion was not considered as a limiting parameter and that these are
rather unrealistic collection rates due to the high total beam produced, which could
eventually damage the ion source. Therefore a higher throughput VADIS ion source
would be of interest for further developments.

Table 5.8: Hypothetical 47SCF;— collection rates from the given TISS and target materials and corresponding
collection batches.

Target Target CF; pressure on  Collection rate, = Equilibration
container T, gas leak, mbar kBg/min probability ;

°C
#702M ("*TiC) 2000 1200 456 7.13 x 1071
#805M ("4V) 1800 1200 26 1.39 x 10713

It can be concluded, that with a higher throughput FEBIAD-type ion source, it would
be possible to collect #Sc with the rate of ~30 MBq/h. This would translate to a clinical
dose activity of 3.6 GBq after 5 days of collection if no degradation of the target and
other collection and mass separation parameters stay constant.

5.2.3 Scandium fluoride release from TISS

To understand the release mechanics of molecules from TISS a deeper analysis was done
on multiple influencing factors. Due to chemisorption, the assumption of unhindered
molecule release is not entirely correct at high temperatures. To favor the equilibrium on
ScFs in the TISS as the dominant species until it reaches the ion source and to saturate
Ta surfaces with fluorine, a continuous flow of a fluorinating reactive gas is applied. A
chemical equilibrium simulation with HSC software [112] in Figure 5.8 indicates, that
the stable ScF3 sample should reach the ion source intact. Although the simulation
suggests ScF3 dissociation and ScF, species as dominant after 1800 °C, such branching
was not observed experimentally. The simulation does not take into account reaction
kinetics, therefore the majority of ScF3 molecules may or may not reach the ion source
before it gains the kinetic energy for dissociation in the transfer line. Since little or no
chemical interaction with Ta is expected, we can assume that ScF3 would also not be
delayed in the TISS based on estimations of delay time, sublimation enthalpy on Ta and
high vapour pressure.

For the stable isotope beam tests and efficiency measurements with 4°ScF; starting sam-
ple, two different type TISS with a VADIS ion source were used. The first TISS type
was equipped with a regular target container. Here the °ScF; sample was placed in a
Ta boat or on a Ta foil and directly into the empty container. The ScF; release from the
TISS was observed at 700 °C and became more pronounced at 800-1000 °C on the target
container, cathode at 1925 °C and only pure Ar as a buffer gas for the ion source. The
experimental observations of molecule appearance coincide with the HSC simulation in
Figure 5.8a. The “°ScF; beam intensity was in the 10-125 pA range during this experi-
ment and would slightly increase on each step for temperature rise and then decrease
after a few minutes of stabilization.

The 4SSCF; beam could be later recovered to 160 pA from the same sample with CFy




114 5.2. Collection rate

5.00+ T3

Equilibrium Amount, kmol
(]
(%))
(=]
Il

ScF3 ScF3(g)

0.50

o
0.00 - T T T T T ) T T T T T T T T y T

T T T
200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature, °C

(a) 1 kmol ScF3 with 5 kmol Ta

4.0 Flg)

Equilibrium Amount, kmol
w
w
Il

ScF3 Scr3(g)

TafF5

0.54

TaF2
T
0.0% T T T T a(gIJ

200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature, °C

(b) 1 kmol ScF; with 5 kmol Ta + 1 kmol CF4

Figure 5.8: HSC simulation of reaction equilibrium for ScF; in Ta environment (Ta excess) with and without
CF, gas at internal pressure of 1 x10~> mbar.
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addition, already in the 300-500 °C target container temperature range (see Figure 5.9.
The ion source parameters were the same as per the test with Ar. This points towards
some #°ScF; (x = 0 — 3) adsorption within the transfer line or ion source body from
the previous “°ScF; + Ar experiment. The ion beam intensity would later increase
significantly to 0.8-1 nA in 870-1000 °C target container temperature range, as indicated
from the HSC estimations in Figure 5.8b. Here the intensities of 455cF, beams reached
55 nA at 1200 °C (maximum temperature used for this experiment) and would not drop
below 10 nA even with subsequent target container cooling to 300-500 °C again. Here,
adsorption within the transfer line and ion source body or reaction kinetics to form
#5ScF; from a dissociated sample could explain the observations. These observations
show the importance of a fluorine source for the already-formed migrating particles
within the TISS. The order-of-magnitude increase in beam intensities by CF, addition
also may suggest that the migration of *°ScF; towards ion source was happening by
continuous chemisorption/dissociation and subsequent desorption upon reaction with
a new reactant.
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Figure 5.9: ©°ScFy ion beam current and target container temperature during release and efficiency studies
with target #801M.

Later investigation showed, that a large amount of the initial sample had condensed at
the plug end of the target container, which would account for the decrease of intensity
due to sample displacement on a "cold spot" (see Figure 5.10) during the experiments.
These findings then led to additional target and heat screen developments described in
Chapter 4, to reduce the temperature gradient difference and "cold spot" formation in
the target container.

SEM-EDX analysis of the condensed sample indicated increased Ta and O amount,
which could have come from the volatile TaFs and TaOF3; co-condensation and crystal-
lization (see Figure 5.11 and Table 5.9).

The second TISS was equipped with a cylindrical capillary oven (g=~2mm) instead
of a target container (see Figure 5.12). The oven was placed in the gas supply line,
leading directly into the VADIS ion source. As per TISS #801M, the test comprised of
tirst utilizing Ar as ion source buffer gas and later fluorination with CFj.
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(a) Condensed and peeled “>ScF3 (b) Condensation "cold spot"

Figure 5.10: Condensed and displaced 45G¢F;, sample in target container after stable beam test with TISS
#801M.

Figure 5.11: SEM-EDX image of the condensed #>ScF3 sample from TISS #801M.

Table 5.9: EDX element mass fraction analysis of the condensed #>ScF; sample from TISS #801M..

Element Spectrum 5, W;% Spectrum 6, W;%
C 5.00 £ 0.10 5.40 £+ 0.10
@) 5.40 £ 0.10 5.40 + 0.10
F 422+ 0.2 446 +0.2
Sc 257 £0.2 253+ 0.2
Cu! 1.00 + 0.10 1.00 + 0.10
Ta 20.70 £+ 0.15 18.30 &+ 0.10

! From the Cu substrate on which the sample was placed.

The ionization efficiency of the 45G5¢F; could not be estimated, due to the unknown
amount of previously released sample with Ar. However, the same #°ScF; (x=0-2) beam
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Figure 5.12: Assembly of the TISS #731 oven and gas line.

release onset at 600-800 °C was observed. Furthermore, again the effect of fluorinating
gas was observed as the °ScF;} beams would increase by an order of magnitude (from
1-4 nA to 60 nA) with the same ion source settings. Another notable finding was that
once the gas was exchanged from Ar to CFj, the °ScF; ion beam intensity rose to 10 nA
within 15 min and exponentially peaked at 60 nA after 1.5 hours, within the same oven
temperature of 355 °C throughout (see Figure 5.13). This observation points towards
favored #°ScF; release in CF4, environment and reaction and release kinetics.
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Figure 5.13: #5ScF] ion beam current and oven container temperature during release studies with TISS
#731. Cathode at 1900 °C with 0.12 nmol/s CFy fluorination.

After reaching this peak value, no more increase in beam current could be observed
even with increasing the oven temperature. Nevertheless, the ion beam current re-
mained relatively stable at 6 nA. The tailing of 6-10 nA suggests a chemical reaction
and available reactant limited release, independent of the temperature.

Later investigation of the sample remains with optical and SEM (see Figure 5.14) re-
vealed noticeable visual and chemical composition changes in sample residues. The Ta
and O ratio was increased, whereas, Sc was decreased. Almost no Fluorine could be
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detected, supporting that the release at the end of the experiment was chemical reaction
limited.

(a) #°ScF; sample before the test (b) #5ScF3 sample after the test

Figure 5.14: °ScF;3 sample before and after efficiency measurement tests with TISS #731

5pA

Figure 5.15: SEM-EDX image of the residue *ScF3 sample from TISS #731.

Table 5.10: EDX element mass fraction analysis of the °ScF3 sample residues from TISS #731.

Element Spectrum 6, W;% Spectrum 7, W;%
C 5.00 + 0.10 6,30 + 0.10
0 18.80 + 0.10 19.50 + 0.10
F 0.70 & 0.03 1.30 4 0.03
Na - 0.10 + 0.02
Sc 13.60 + 0.10 11.80 £ 0.10
Ta 58.1 0.2 54.70 + 0.10
wl 3.80 £ 0.15 6.30 & 0.10

1 Sample was placed on W substrate.
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Target material sintering

The target materials are sometimes operated close to their melting point to reach suffi-
ciently short diffusion times for the radionuclide release. It has been observed that pow-
ders begin to sinter when they are heated to more than half of their melting point. Sin-
tering results in grain growth and disappearance of pores, therefore causing the delay
of radionuclide release due to increased diffusion times. The sintering rate depends on
the initial particle dimension, self-diffusion coefficient, temperature and vapour pres-
sure. It is perceived that the grain growth continues until the theoretical density of a
material is reached, however, the growth typically slows down or stops at larger grain
sizes. The initial rate of sintering is inversely proportional to the cube of the dimension
of a particle, therefore sub-micron sized particles (<1-5 ym) are not entirely suited for
isotope release at temperatures higher than 1800 °C [78,177].

The sintering influence was observed by analyzing a "TiC pill with SEM after out-
gassing and described in Chapter 4, as well as during the Sc collections from a 1-2 ym
powder "TiC target. The pre-fluorinated TISS (#702M) was capable of releasing *’ScF;
with the collection rate of 1.33 kBq/min without additional CFy injection. After another
12 days of operations at the temperature range of 1700-2000 °C, to obtain a similar
collection rate additional continuous feeding of CF, at the same temperature and mass
separator parameters was required (see Table 5.11).

Table 5.11: Comparison of collection rates for "t TiC micrometric particle size powder TISS indicating the
sintering effect.

Date Temperature, Fluorination, Total 47g¢ activity in  Collection rate,
°C pmol/s beam, yA target’, Bq kBg/min
29.09.2023 1700 Pre-fluorinated 1.56 2.738 x 10° 1.33
(unsaturated)
16.04.2024 1700 32 2.50 3.313 x 10° 1.19

? Decay-corrected amount of the starting radioactivity, assuming no 478¢ is prior released due to the close
onset of release at collections.

It is visible, that with a less-aged target material, the collection rate is higher, even with
less starting radionuclide activity and no additional reactive gas supply. Furthermore,
the target was not saturated, due to additional outgassing for an ion source insulator
recovery before the collection. To produce more long-lasting efficient powder targets
for Sc collections, composites with materials of sintering hindering capabilities should
be introduced, such as different carbon allotropes: graphite, MultiWalled Carbon Nan-
oTubes (MWCNT) and carbon black or [50]. Another option is to develop " TiC fiber
target materials with fewer contact points of the fibers than spherical particles [218].

Scandium fluoride branching

The Sc halides can form stable molecules in a less oxidative state, such as ScF, and
ScE. Furthermore, the produced ions in VADIS can recombine with electrons from the
anode body walls and subsequently ionized, resulting in ScFy (x = 0 — 3) branching
or otherwise called - molecular sidebands. No directly ionized SCFB,+ was observed,
however the sidebands of ScF; (x = 0 — 2) have been measured and results in the ratio
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of 1Sc* : 1ScF' : 10 ScF; : 0 ScF; as seen in Figure 5.16. The ratio was also confirmed
in radioactive *°ScF} (x = 0 — 3) collection from TISS #702M.
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Figure 5.16: Measured ion beam intensities and ratio of molecular 455CF;_ , %55¢Ft and atomic #°Sct

Doubly charged ions such as "Ti**, Ar?* and Xe?" have been observed in the mass
spectra taken during stable beam tests and radionuclide collections, due to forced elec-
tron impact. However, no evidence has been found of Sc?>*. Also, the doubly charged
ions are also typically in an order of magnitude lower intensities, therefore unfavorable
for collection, compared to singly charged ones.

Scandium fluoride release from irradiated "*Ti foil TISS

From the implanted radionuclide activity measurements throughout collections as well
as investigated thermal release, it was observed, that for the natTy foil target, 47'5(:132+
release was fast, compared to natTiC target material. This was also observed in Fig-
ure 5.17, that the separated ion beam current increased rapidly at 1100-1300 °C and
the collected radionuclide activity on the collection foil increased. The later decrease of
separated and total ion beams after reflected issues with fluorinating gas (NF3z) supply
and clogged calibrated gas leak.

According to the thermal release measurements in Chapter 3, full release from the tar-
get material is expected within an hour at 1450 °C. Although issues with calibrated gas
leak hindered the collection, a fraction of the reactive gas was still reaching the target
container. If one assumes, that Sc effuse to ion source as ScF3, then the collection rate
would be slow, but collected activity should increase. Even by further collection, no
significant increase in collected activity could be observed, therefore suggesting that in
this case also full release was achieved. The low activity yield then points toward the
ScF; formation kinetics with respect to atomic Sc release from material and ionization
efficiency. Later laser ionization tests confirmed that no atomic Sc was being released
from the target material. Any additionally collected radionuclides at the end of the col-
lection were most likely released from adsorbed states of target container and transfer
line cold spots.




Sc separation and collection 121

200 220+
190 ] - 1700
180 4 200 4600
170 § 180 ++ 1500 G
160 r S
g 1 1400 7
@ 150 ] —~ 160 1 °
= 1 < L o
= 140 ] c L1300 32
B 1407 ol  ®
c 1304 S - 1200 ©
o ] £ i
21207 . .. 5" 1100 §
s 1107 * .o £ 1001 1000 &
G 100 1 ) . g ! =
O 90 . Qo +o900 &
L 90 ol S g0 £
© 80 . [s) 8
S 80+ ) s 8o 8
o 704 4 -
(2] 70 . Collected “Sc radioactivity . 700 S
S 604 lon beam current on foil at 85 amu ‘ 3 ©
1 40 4 ©
50 1+ Target container temperature - 600
407" by Mnk— Fit of “’Sc collected radioactivity 20 500
304 | - 400

20 T T T T T T T T T T T T T T T T T T T T T
I L 2 e D 2 Q) Os Q Oy Qo 7y o T e To D 25 Q) Os QO
D e e e 0,0 B D % B % o o Ny e e o o Db D G B
DD D D D D DD DD DD D DYDY DYDY YYD DD

S 4o

Time

Figure 5.17: Ton beam current (85 amu), collected #’Sc radioactivity and target container measurements
during 44g/mge /47G¢ collection with " Ti foil TISS (#741M) and NFj; as the reactive gas.

5.24 Scandium fluoride ionization efficiency

Ionization efficiency typically is one of the main limiting factors for any RIB successful
production and mass separation. The first approximation of ionization efficiency can be
estimated, from a stable isotope sample, assuming the whole sample is released from
the target container and effuse through the ion source without interactions with the
TISS, which is most applicable for noble gases.

An indirect efficiency measurement was done and explained in Figure 5.1. From the
obtained collection efficiency of 4.90 £0.07 %, an indicative value the global f-factor
and cross section value for ScFs ionization could be estimated through equation 2.2,
under the conditions of:

e whole %5¢,03 sample reacted with NF; forming ScF; and was completely re-
leased into the ion source;

* the formed #*ScF; accounts for the majority of partial pressure in the ion source;

¢ the estimated ionization efficiency is a combination of upon ionization dissociated
ScF; and recombined ScF, direct ionization to form SCFZ+ .

To estimate the electron density in the ion source, the electron transport from the cath-
ode to the ionization volume through the anode grid f,,. must be taken into account.
This factor depends mainly on the ion source construction and was deducted from
noble gas mixture ionization efficient measurements to be ~54 %.

Taking into account the branching, and transmission efficiency and the global f-factor
to be 0.996 for ScF3, the estimated ionization and first dissociation cross section for
ScF3 to SCF; computes to 7 X 1071 cm? with 130 V anode potential and 2 mm cath-
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ode/anode distance. This would be the lowest estimate, as any lower cross section
would result in the f-factor being higher than 1, therefore unrealistic. No uncertainty
could be applied to this value as the exact number of particles entering the ion source
is not exactly known and the formation of ScF3 was assumed to follow simplified equa-
tion 5.19 because of the full NF5 dissociation.

3
SCzog(s) +2NF3(g) ﬁZSCFS(g) + Nz(g) + > OZ(g) (5.19)

Although no ScF3 ionization or dissociation cross sections are published, the first ap-
proximation of the ScFs;/ScF, ionization cross section in a FEBIAD type ion source
is comparable to the published values of SiFs;, SF3, CF;, BCl3, BF; and more com-
plex molecules, being in the range of 3-13 x107!® cm? and 10.02 x10~'°cm? for ScC,
[210,219-225]. The ionization efficiency with the same ScF, formation cross section
and global f-factor in an electron space charge limited regime (cathode at 2000 °C) and
anode potential of 150 V, computes to 7-13 % with 2.0 and 1.5 mm cathode/anode
distance respectively.

5.2.5 Transmission efficiency

The transmission efficiency €yansm accounts for the total ion beam losses in the mass
separator. It can be estimated from the difference in total beam and integrated separate
beam currents (see equation 5.20).

f ISepamteddamu
ITotal

(5.20)

€transm =

where €transm is the transmission efficiency, Iseparated 1S the separated ion beam current
[A], Itota is the total ion beam current [A], and amu is the atomic mass unit [a.u.].

The CERN-MEDICIS mass separator magnet is operated only up to 90-95 A current
which corresponds to 230-240 amu region with TISS at 60 kV potential. It is known
that a large contribution to the total beam during fluorination is given by TaF, ions at
amu 257 and hence the transmission efficiency measurement in a fluorination regime is
not precise. As a reference for the transmission efficiency, a noble gas mix mass scan
was performed (see Figure 5.18) and the value was computed to ~92 %.
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Figure 5.18: Mass spectra of noble gas mix for target #702M with ion source at 2000 °C.
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The transmission efficiency can be maximized by optimizing the beam optics of the
mass separator and any losses in transmission efficiency may arise from large contami-
nant species in the total ion beam [64]. Losses also occur from any vacuum impurities
ant the beam collision with neutral particles in the ion beam path. The transmission
from the first to the second Faraday cup at the Offline-1 mass separator is typically
around 75 % [11]. During the stable beam tests an efficiency of 84 % was obtained.

5.2.6 Collection rate measurements

The collection rate is typically measured by one of the two available Kromek detectors
placed behind and under the collection chamber of the CERN-MEDICIS mass separator
as indicated in Figure 2.13. A very important note is that the measured collection rates
are the ones exceeding radioactive decay. Therefore one expects to see an increase in
activity if the rate of the corresponding radionuclide decay is exceeded. The main value
of the collections is collected activity on the foil at the EOC. Because of the relatively
long half-life of the Sc isotopes, compared to the collection time, the decay can be often

neglected.

After the sample retrieval, the collected radionuclide activity is measured with a dif-
ferent HPGe detector and gives the exact amount collected directly on the foil. The
measured *Sc radioactivity with HPGe detector was observed to differ by a factor of
2—4 less than indicated by the Kromek. The discrepancy in the obtained values could be
attributed to the Kromek detector calibration, positioning, and attenuating materials,
such as collection foil material and thickness, glass, and stainless steel used for collec-
tion chamber housing. As can be seen in Figure 5.19, the efficiency slope from 100-200
keV is steep and would benefit from additional calibration points. For example, if a dif-
ferent fit is applied for the experimental calibration source measurement points [142],
the efficiency of 3.55x107° at ¥/Sc energy is varied by 32 % to 4.67x10~° and therefore
the Kromek reflected activity is reduced by 32 %.
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Figure 5.19: Efficiency calibration curve acquired from ®°Co, 133Ba and !®2Eu calibration sources for the
secondary GR-1 detector.

While collecting Sc halide ion beams with a VADIS from a "Ti element containing
target material, high-intensity isobaric 4Ti contaminants are found on the same mass.
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During ScF; collections, the separated ion beam can reach 100-120 nA. An intense ion
beam (>10 nA) results in large beam emittance and part of the beam being implanted
in the collimator of the implantation foil support. The collection foils are usually perfo-
rated (see Figure 2.13) and due to the large beam emittance and strong beam deflection,
a part of the radionuclides could also be implanted in the glass separating collection
chamber and the Kromek detector. In this case, the radionuclides are closer to the de-
tector than calibrated, hence giving higher activity readings. Because such difference
between Kromek GR-1 and HPGe was not observed for 4°Sc (E,=1121 keV) collection
with the same TISS, the discrepancies point towards the calibration or activity calcula-
tion in particular for #Sc. In order to retain maximum of the separated radionuclides
on collection foil, a larger collimator could be installed, designed for high-intensity ion
beams.

Another reason for discrepancies is the self-sputtering and thermal evaporation of the
already implanted ions. It results in the loss of activity on the foil and dispersion
within the collection chamber. Consequently, it is still measured by the Kromek, but
with no validity of correct results due to unknown distribution within the chamber and
geometry modelization. The sputtering effect of each collection was estimated when the
collection foil was removed from the collection chamber. The residual activity without
the sample holder is then again measured by the Kromek detector.

For Zn-coated gold foils large portion (up to ~ 27 %) of already implanted ions can
escape and even set the upper limit of collected activity [63]. By varying the material in
which radionuclides are implanted to Al/Al,O3, Cu, NaCl, KNOg, Ti, V, the sputtering
effects can be minimized, however, the subsequent radiochemical separation method
must be adjusted. Another way to reduce the sputtering and local heating effect is to
frequently change the collection foils and wobble the separated ion beam - intentional
migration across the foil.

The uncertainty in the collection rate comes from the approximation of a constant rate
per set temperature, Due to the differences between measured activity on the collection
foil with HPGe and the one deducted from Kromek measurements during collection,
the collection rates for 4’Sc are not absolute and are assessed for a relative comparison
or normalized according to respective sample HPGe measurement.

5.3 Mass separation of a cyclotron irradiated external sample

Since #3Sc cannot be produced without #48/"Sc impurities by using a cyclotron, the fea-
sibility of mass separation was tested for an ScCl; sample, from irradiated *CaO at Paul
Scherrer Institute (PSI), Villigen, Switzerland. The irradiated sample was radiochemi-
cally separated from the target material, for recovery and obtained as 83G5cCly /448/™MScCly
in 0.05 M HCl. At PSI on 19.07.2023 10:42 an aliquot of 3 pL. was measured and showed
6.68 MBq total activity. A total volume of 125 pnL of ScCl3 in 0.05 M HCl was shipped
for the experiment resulting in ~280 MBq (20 %) at 10:42. After transfer and drying in
a Ta boat, the sample was measured at 16:19 on 19.07.2023. The measured radioactivity
of the sample is shown in Table 5.12.

Based on the measured activities and assuming no release had happened before each
point in time, total ion currents of radioactive species at a certain mass were estimated
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Table 5.12: Radioactivity measured of the transferred and dried sample at 16:19 on 19.07.2023.

Radionuclide Half-life Radioactivity, Bq
43¢ 3.89 h 6.1+ 0.6 x 107
44ggc 393 h 2.55 £ 0.12 x 107
admg e 244d 1.19 + 0.12 x 10°

(see Figure 5.20). 4¥"Sc decay into **8Sc has been taken in account. This information
was used to to determine time when mass separation of 3Sc was switched to #48/"Sc.
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Figure 5.20: Theoretical 43G¢ and #48/MS¢ radionuclide ion currents, assuming no prior release.

ScClz-6H,0O upon heating above 60 °C starts to lose water and above 275 °C begins
to decompose rapidly forming Sc,O3 [82]. Opposite as per other lanthanides and Yt-
trium chloride hydrates, ScClz-6H,O upon decomposition do not form ScOClL. Sc,O3
fluorination offline mass separation experiments showed fluoride molecular beam for-
mation above 1400 °C. This was the motivation to use CF, as fluorinating gas (1.15-2.31
nmol/s) and collect the Sc radionuclides on **ScF;” molecular sideband. In opposite to
the expected, during and after the collection, no #3Sc or #4¢/™Sc were detected on the
collection foil. Therefore, no elemental Sc or ScF; (x = 1-2) were collected at any point
of the collection.

During the collection, multiple mass scans were done periodically to monitor total beam
composition as well as chemical and molecular beam formation dynamics. Intense
beams of chlorine (up to 20 nA) were observed and diminished to low values, suggest-
ing almost complete evaporation of the CI™ and HCI™ species at the temperature range
of 780-1100 °C. As the sample was dissolved in 0.05M HC], it cannot be concluded that
ScClz was dissociating.

The external sample was the main source of activity in the mass separator bunker,
besides traces due to internal contamination of the mass separator from previous col-
lections. Therefore the dose rate in the mass separator bunker was investigated during
the mass separation and collection (see Figure 5.21). The detector is located on the
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opposite side of the target container opening, where the sample was loaded. The first
increase in bunker dose rate happened by moving the extraction electrode closer to the
ion source, which relates to the displacement of radionuclides that had adsorbed on
the extraction electrode from previous collections. Another increase in dose rate was
observed due to the heating of the transfer line and the displacement of radionuclides
within the target container due to indirect heat.

The third noticeable dose rate increase was observed at target container temperatures
of 1500-1760 °C (blue square in Figure 5.21). During the same timeframe, the target
pressure increased slightly as well indicating particle evaporation and release. The
increase in the dose rate in the bunker suggests outgassing together with radioactive
material, as the only source that could give such an increase with the transfer line and
ion source at constant parameters could be the target container where the sample was
located.
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Figure 5.21: Transfer line and target container temperature against the mass separator bunker dose rate
during collection.

The explanation of fluoride sideband absence observation could be ScCl; evaporation at
the 1500-1760 °C range. The evaporation of ScCl3 could not be reproduced in the stable
beam tests, as no chloride sidebands were observed. The release of atomic Sc was also
observed to happen above 1500 °C. Therefore, the above-mentioned increase in bunker
dose rate at 1500 — 1760 °C could be attributed to elemental Sc(g) or molecular ScO(g)
release from the decomposition of Sc;Os.

5.3.1 Dose rate measurements of the retrieved TISS

After the collection, the target was retrieved from CERN-MEDICIS mass separator fron-
tend, opened and inspected. y-ray dose rate measurements were taken at various places
of the target (see Figure 5.22). The dose rate of the target container plug was measured
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separately and contamination activity was measured with the 7-ray spectrometer. The
dose rate measurements were done approximately at a 5 cm distance. One has to con-
sider the TISS structure attenuation of the y-rays and dose rate. Ta target container and
transfer line makes the measurements underestimate the actual dose rate inside.

53 pSvh \ 76 S h

|2? wsv/h | |1?u5w’h | |45u3w‘h |

25 usvw'h

Figure 5.22: Dose rate measurements of opened TISS after collection.

The highest dose rate was measured where the ion source anode cavity is located
(76 uSv/h), which can be explained as contamination from mass separator front-end.
No dose rate and radionuclide activity by <-ray spectrometry were measured in the
retrieved Ta sample boat. Due to previously observed condensation of samples at the
plug of the target container, it was expected that the plug to give the highest dose rate,
however, this was not the case. The measured radioactivity of the plug was 4.3 + 0.9
kBq after 2 days (~1 half-life of #"'Sc. This suggests that all the sample was evaporated
during the collection. According to the dose rate and radioactivity measurements of the
TISS after separation, it can be concluded that the sample was released from the target
container at temperatures of 1500-1760 °C either as atomic or another molecule side-
band - ScO or ScCl, (x=1-3), with no fluorination happening to the sample throughout
the collection.

5.4 Mono-atomic Sc resonant laser ionization

5.4.1 Stable isotope beam tests

Laser ionization tests were performed using a stable isotope *°Sc,03; sample, which
was dried on Ta foil and loaded into an empty TISS target container. Resonance laser
ionization of Sc isotopes is only possible for mono-atomic Sc vapor. The obtained re-
sponse to laser ionization shows that a chemical reduction and dissociation of the oxide
molecule in the Ta target container had happened. Laser ionization was performed us-
ing a two-step resonant ionization scheme shown in Figure 5.23 developed at the AG
LARISSA, Institute of Physics, Johannes Gutenberg University Mainz, Germany and
CERN-MELISSA.

The first step laser excites the Sc from the 168.34 cm™ state, for which the relative
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Figure 5.23: Two-step Sc laser resonant ionization scheme.

population is calculated to be 57.4% at 2000 °C, to the 33278.37 cm™! energy level de-
termined from [226]. The laser light for this step (302.02 nm) was generated using a
titanium:sapphire (Ti:Sa) laser with an external frequency tripling unit [227]. The light
for the second step (461.37 nm) was produced using an intra-cavity doubled Ti:Sa laser.
A scan of the second ionization step in the range 21600.00-22400.00 cm ! was first per-
formed to determine the auto-ionization state AIS that gave the highest ion current.
Several AIS were measured and compared, with the strongest observed at an energy of
54952.97 cm™. The second step laser was operated at this frequency for the efficiency
test. The power of the lasers during the efficiency test was 25 mW and 225 mW for the
302.02 nm and 461.37 nm light respectively. Figure 5.24 shows the saturation curve of
both excitation steps. The parameter indicated in the figure, Py is the laser power of
the step that is required to observe 80% of the maximum possible achievable laser ion
current and is taken as the power at which the transition is considered saturated. In
this case, step 1 is well-saturated, whereas step 2 has not reached saturation. With a
higher power for step 2, the laser ion beam current could be improved by a factor of up
to x1.5.

During the tests, mono-atomic laser ionized Sc ions were observed when the target
container temperature was increased over 1530 £10 °C for two different TISS with
a transfer line temperature of 2000 °C. One of the TISS was equipped with Re and
the other with a W surface ion source. In order to obtain relevant beam current for
the Sc collection, the target container temperature had to be increased over 2000 °C.
This temperature well exceeds the metallic foil target material melting points that are
considered as suitable for radioactive Sc production, making it almost impossible to
collect atomic Sc with high efficiency and reasonable collection time. In addition, from
a TISS with W transfer line/surface source, from a stable sample of 600 nAh (1 ug),
0.38 nAh were detected on the separated beam Faraday cup over the course of 2 days
corresponding to a collection efficiency of around 0.06 %. This is the lower estimation
of efficiency and the actual value should be measured in future research. Also, the
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Figure 5.24: Laser power saturation for Sc ionization. Data was fitted with TIO =7 L/,];}’;im . X-axis: Power as
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chemical dissociation impact may underestimate the efficiency and the actual value
may be higher for radionuclides, released from metallic "atTi and "V foils.

5.4.2 Radioactive Sc ionization

The same ionization scheme was tested for the ionization of Sc with an irradiated "*V
foil TISS #805M. The TISS used for this experiment was equipped with the back of the
transfer line heated container and VADIS ion source. Even though the VADIS ion source
is not the best fit for laser ionization, atomic °Sct, #6Sct and #ScT were observed with
laser resonance when the target container temperature of 1570-1700 °C was achieved.
After one day of operation, mono-atomic laser ionized species were no longer observed
even by increasing the target container temperature, indicating full release of the Sc
isotopes from the target material in an atomic form. Later tests, however, showed that
molecular form Sc radionuclides could still be obtained, suggesting condensation in a
target container cold spot of a fraction that was previously released. Laser ionization
tests of Sc were also performed with a target material fluorinated before irradiation,
however, no laser resonance and mono-atomic Sc presence was observed with the same
operating conditions.

Branching of atomic laser ionized Sc

Performing 2 sets of same-speed mass scans with the lasers being directed in the ion
source (laser ON) or blocked by a shutter (lasers OFF) can indicate the approximate
ratio and confirm the Sc laser resonant ionization. As the target was not loaded with
a stable #*Sc sample, the observed #°Sc comes from impurities in the target material or
proton irradiation of the "V material.

The ratio of observed isotopes does not correspond to the produced isotope ratio, be-
cause of the unsuitable ion source design for laser ionized isotope collection. Without
applied voltage for the VADIS, the ion source acts as a trap and can delay ions, produced
in the transfer line. For such a mode of operation, a surface (hot cavity) or the Versa-
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Figure 5.25: Mass scans with lasers ON and OFF on elemental Sc isotope atomic mass region

Table 5.13: The laser ionized Sc isotope currents, radioactivity and ratios for target #805M.

Isotope Laser ionized Laser ionized Laser Produced Produced
isotope isotope ionized radioactivity isotope
current, fA radioactivity, isotope  (decay corrected), ratio”
Bqg/s ratio” Bq
4ggcb 11.95 1.6 x 1072 1 5.1 x 107 0.03
amg b 0.05 25 x 1071 23 7.8 x 108 6
455¢ 48 - - - -
465c 37 1.1 x 1072 1 1.2 x 108 1
475¢ 18 2.7 x 1071 25 1.0 x 10° 8

2 Normalized to 40Sc. ¥ Isomer corrected ratio.

tile Arc Discharge Laser Ion Source (VADLIS) are more applicable [228]. The observed
collection rates would be too low for a regular collection, nevertheless, laser ionization
can act as a probe to verify Sc isotope release from the TISS. It should be noted that no
laser-ionized isotopes could be observed after the fluorination of the TISS.

5.5 Radiochemical separation

Mass separation is an effective tool to increase the isotopic purity of the radionuclide
of interest. High chemical selectivity of mass separation could be obtained with laser
ionization, but ways to increase atomic Sc density in the ion source still have to be
developed. The molecular beam approach has low chemical selectivity on the collection.
For instance, if a beam of 110 nA (85 amu) is implanted onto a collection foil and
the ¥ScF; implantation rate is 16.9 kBq/min, the ratio of #TiF, isobars ¥Ti/#Sc is
~ 5800/1 per second.

Conventional radiochemical separation is also needed to remove the radionuclides from
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the implantation foil matrix, with no interference of metallic impurities on the radiola-
belling. For Sc radionuclide collections, multiple materials, such as Zn, Al, Cu, NaCl,
were used as stopping layers during the collection. Based on the collection foil used,
different parameters for the separation had to be applied.

Typically metal-covered gold foils are used for radionuclide collections. As full re-
moval of the radionuclides is difficult to achieve within a few minutes dissolution, or
the implantation had happened in the gold layer, recycling of the gold layer becomes
challenging. Another challenge is the relatively large amount of metallic isobars col-
lected or dissolved from the collection foil, which can affect the resin efficiency. For
these reasons, larger-scale electrochemical methods are promising, where a less expen-
sive foil can be used, dissolved, and fully recovered on the electrodes. Sc radiochemical
purification methods are summarized in Figure 5.26.
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mixture in Elution of Sc pure Sc
chromato- column 4 A
column radionuclide
P Mass graphy
Radioactive
Sc Mass separated
. separation element
production N .
dissolution 3
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pure Sc
radionuclide

chemical at constant
separation potential

Figure 5.26: Full Sc radionuclide separation and purification process flowchart

5.5.1 Ion exchange column separation

The Diglycolamide (DGA) resins are the most widely used for Sc radiochemical sep-
aration from other contaminants. On the market, there are two types of resin - ei-
ther N,N,N’,N’-tetra-n-octyldiglycolamide (DGA Resin, Normal) or N,N,N’,N’-tetrakis-
2-ethylhexyldiglycolamide (DGA Resin, Branched). For the ion exchange chemical sep-
arations, the DGA branched resins were used. HNOj3; or HCI in various concentrations
were used as eluent, depending on the collection foil used for the particular collection.

Stable Sc separation from implantation foil matrix

The chemical separation efficiency of Sc from the main stopping layer material (Zn or
Al) was initially tested with a simple gravitational force column and standard solution
mixture. Various columns for the resin were tested, with 3 mm columns yielding the
best separation. Before separation, 70 mg of DGA resin (50-100 ym) for each separation
was immersed and soaked in 2.5 M HNOj for a period of ~24 hours.

The resin was loaded in the column on a glass wool and 4 mL 8 M HNOj3 was used to
condition the resin. The standard sample (Zn/Sc) was dried and then dissolved with
6 mL 8 M HNOj; and introduced into the column. 5 mL of 2 M HNOj3; were used to
wash the column. Elution was performed with 2 mL of Deionized (DI) water. For the
samples (Al/Sc), HCl was used instead of HNO3. For these tests, an aqueous mixture
of 2 ppm (mg/L) of Sc3* and 135 ppm of Zn?* ions in 8 M HNO; or APt in 8 M
HCI were used. The samples were analyzed with Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) The obtained separation results are shown in Table 5.14 and
5.15
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Table 5.14: Results of “>Sc chemical separation from Zn®.

Fraction Sc concentration, Sc fraction Zn concentration, Zn fraction
mg/L from initial mg/L from initial
sample, % sample, %
Feedthrough <LOD - 128 95
Wash <LOD - 3.92 2.90
Product 1.90 95 0.33 0.25

* Corrected by dilution factors

Table 5.15: Results of >Sc chemical separation from Al“.

Fraction Sc concentration, Sc fraction Al concentration, Al fraction

mg/L from initial mg/L from initial

sample, % sample, %
Feedthrough <LOD - 117 87
Wash 412 x 107* 0.02 8.98 6.65
Product 1.81 91 0.43 0.32

* Corrected by dilution factors

To simulate the mass separation aspect, a stable °ScF; was implanted in Zn and Al-
coated gold foils and used as starting samples for the automated setup development.
Although no Sc was successfully implanted in multiple cases, the separation still re-
sulted < 0.63 % of the metallic layer material in the product fraction, measured by
Inductively Coupled Plasma - Mass Spectrometry (ICP-MS). The obtained results in-
dicate that full separation from the implantation foil metallic layer can be achieved
with a >90 % Sc recovery with the DGA resin and 3 mm inner diameter column. A
concentration of 8 M HNO;3; was considered appropriate for these tests since similar
concentrations have been reported for the conditioning of the resin [114].

Semi-automated separation

The gravitational separation process time was limited by the flow rate of the eluent,
which resulted in ~5 hours for the whole separation process. Therefore an automated
setup with a controlled flow rate was developed. A peristaltic pump was added to the
column, to increase and control the flow rate of the eluent. A typical flow rate of the
eluent was set in the range of 0.3-1.0 mL/min. Two additional peristaltic pumps were
added to automate the dissolution in a closed environment and loading of the eluents
for the column (see Figure 5.27). The setup was designed in a way that almost no inter-
action, besides the insertion of foil in the sample vial, is needed. This is important from
the radiation protection aspect, as the collected activities on the foil would increase.

Tests with Diba Omnifit Microbore Benchmark 3 mm and Diba Omnifit EZ 5 mm inner
diameter columns were conducted to verify the setup integrity. The 5 mm column
features an adjustable frit disc plunger to decrease the dead volume (see Figure 5.28).
The stainless steel frit discs of the columns were tested in 8 M HNO3 (24-hour hold time)
for possible Fe3t contamination. After two holds, only 0.14 ppm Fe*t was observed
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Figure 5.27: Automated radiochemical separation schematic

and no trace of corrosion or Fe>' was present in the subsequent H,O wash phase. It
should be noted, that only 2.5 M HNO3 was used for the separation process. 0.1 M HCl
was used for the elution of Sc from the columns and this concentration is within the
manufacturer’s chemical compatibility evaluation [229].

Figure 5.28: Automated radiochemical separation test setup

The automated setup was tested twice with mass-separated radioactive #’Sc, collected
at CERN-MEDICIS. Each separation was done with a different diameter column. The
resin mass used was ~0.10 g for the Diba Omnifit Benchmark Microbore 3 mm column
achieving a resin bed height of 3 cm and 0.18 g for the Diba Omnifit EZ column with
5 mm inner diameter column resulting in a resin bed height of 3.2 cm. During mass
separation, ¥/Sc was implanted in a NaCl-covered Al foil and used as the test samples.
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The obtained results are shown in Tables 5.16 and 5.17. The uncertainty for the obtained
results originates from y-ray spectrometry measurements.

Table 5.16: Results of 4Sc automated chemical separation with Diba Omnifit Benchmark Microbore 3 mm
column.

Sample Radioactivity?, Bq
NaCl foil before separation 8006 £ 880
NaCl foil after separation 323 + 109
7S¢ eluate® 6516 + 820

? Decay-corrected to the time of chemical separation
b Elution maximum speed was 0.34 mL/min

Table 5.17: Results of 4Sc automated chemical separation with Diba Omnifit EZ 5 mm column.

Sample Radioactivity?, Bq
Na(l foil before separation 8128 + 890
NaCl foil after separation 372 £ 77
7S¢ eluate® 6171 + 684

? Decay-corrected to the time of chemical separation
b Elution maximum speed was 0.45 mL/min

In both separations, no ¥/Sc was trapped within the column or capillaries of the system,
indicating a high recovery yield (>99%). In both cases also a small fraction of 4-6 %
remained on the initial foil, which could be accounted for implantation in the Al layer,
which was not attacked by the HNO;. The radiochemical yield for the Diba Omnifit
Benchmark Microbore 3 mm column test resulted in 81 + 9 % and 76 + 12 for the %
Diba Omnifit EZ 5 mm column test. The chemical purity of the obtained samples must
still be evaluated employing ICP-MS and ICP-OES.

The elution profile with a portable y-ray ThermoScientific FH 40G-L10 radiometer was
measured to determine the onset and end of the #/Sc elution from the automated chemi-
cal separation with Diba Omnifit EZ 5 mm column (see Figure 5.29). The elution profile
measurement was started once the eluent was switched to 0.1 M HCL. The time for the
complete elution process took 12 minutes. It was found that the total volume of 0.1 M
HCl in which all #Sc had eluted was 5 mL. The saturation was achieved in 3 mL, there-
fore the initial eluent collected up to 400 seconds (see Figure 5.29) could be discarded in
the upcoming separations, to obtain higher concentration precursor for radiolabelling.

With the automated setup, the total time of the radiochemical separation, including the
setup, column conditioning, and disassembly, required ~2.5 hours and minimal manual
actions, such as loading the foil in the vial and switching the valves. The automated
setup provides the possibility to dissolve the layer with collected radionuclides in a
continuous flow of the solvent, maximizing the overall recovery yield and minimizing
radiation and contamination risks. Ion-exchange chromatography offers the means of
separating Sc from impurities at good efficiency (more than 90 %). However, it must be
noted that not all metal ions can be separated with the same efficiency and still require
further method optimization. A more advanced system, with reduced "dead volume"
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Figure 5.29: Automated radiochemical separation product fraction elution profile with Diba Omnifit EZ 5

mm column.

in the valves, bypass loop, flow meter, and fractional collection system is proposed for
further development, see Figure 5.30.
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Figure 5.30: Schematic of proposed upgrade for automated radiochemical separation

5.5.2 Electrochemical separation

The electrochemical method was investigated to increase the ion exchange chromatog-
raphy efficiency by removing fully or partially contaminant ions, such as VT, Ti** and
Zn%*. These ions are expected to be in higher concentration after collection foil disso-
lution due to the isobar collection during mass separation or found as the implantation
layer. The initial assembly consisted of two graphite electrodes (see Figures 5.31 and
5.32a). Stable isotope tests with aqueous solutions using relevant chemical element
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Figure 5.31: Schematic of electrochemical separation setup

standard solution mixtures showed partial removal of impurities such as Zn, V and Ti.
Various key factors impact the separation process time and efficiency, such as the tem-
perature of electrolysis bath, net-ionic force in the solution, electrode type and surface
area and solution stirring rate.

A %S¢ sample, collected on a NaCl-coated Al foil was used for a test separation. Since
the rate of deposition on the cathode is directly proportional to the cathodic current,
therefore, in cases of low electrolyte concentration (ionic strength < 1 M) the solution
was heated up to 55 °C and to increase ion mobility and the current.

8.0 % from the initial sample activity of 8698 + 965 Bq was retained on the anodes
used in the electrolysis, due to the porosity of electrodes. This finding led to create a
solid Pt coating layer on a pair of electrodes for further development (see Figure 5.32b).
The results from the electrochemical separation confirmed that Sc cannot be deposited
on an electrode in aqueous electrolysis, which becomes useful if a less expensive Cu
foil is used to collect the radionuclides during mass separation. The Cu can be fully
recovered, leaving the radionuclides in the solution.

(a) Graphite electrodes (b) Platinated electrodes

Figure 5.32: Graphite electrodes used for electrochemical separation
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Electrochemical separation in aqueous solutions presents challenges regarding water
electrolysis overtaking metal ion deposition at voltages >1.23 V. A non-aqueous method
in anhydrous ethanol promises better separation possibilities. Initial tests showed that
in a non-aqueous solution at a voltage of 1.40 V, Sc deposits better than in an aque-
ous solution at voltages of 1.80 V, 2.10 V and 2.20 V. Nevertheless, limitations due to
solvent properties (volatility, hygroscopy) must be addressed. To sum up, the aqueous
electrochemical method should still be used with ion exchange chromatography.

5.6 Conclusions and outlook

The highest Sc radionuclide collection rate (kBq/min) per flux of injected reactive gas
at 1550 °C via molecular ion beam method was obtained for "V foil target. However,
the "*TiC target in terms of overall collection efficiency and collection rate, that were
controlled by the slow diffusion of Sc radionuclides, compared to foil target materials.
The collection rate of up to ~0.5 MBq/min could be estimated from natTiC target, with
the current collection parameters and increased reactive gas flux.

Based on the results and release behavior from "*V metallic foils and "TiC powder
target materials, the parameters for Sc collection from "*Ti metallic foils should be again
investigated, for example, increasing the specific surface area in the target container to
facilitate Sc molecular beam formation.

Generator radionuclides can also be collected by mass separation but do not provide
an advantage over the radiochemical methods. The newly identified sustained and
controlled release of Sc radionuclides over 1-2 weeks from fluorinated high specific
surface area "'TiC target materials shows the potential in "VC, "VB powder and
nanoscale " TiC investigation as target materials for Sc collections.

Stable and radioactive atomic Sc* was obtained for the first time with a two-step laser
resonance ionization scheme and Ti:Sa crystal lasers. Collection efficiency tests with
stable °Sc;O3 show the limitations of this approach because of the low collection effi-
ciency and required collection temperatures that are well above the melting points of
"ITi and "V. As the collection rate may be limited due to 455¢,05 chemical dissocia-
tion, its impact on the obtained value should be investigated in future studies. The laser
resonant ionization of Sc showed that the °Sc,O; undergoes non-ionizing dissociation
within the TISS. It was also shown that, combined with VADIS ion source, laser ioniza-
tion could serve as a monitor to verify Sc radionuclide release onset from metallic foil
target materials before reactive gas injection and molecular ion beam formation.

The external 43ScClz /448/™ScCl; sample was released from the target container at tem-
peratures of 1500-1760 °C as atomic Sc, ScO or ScCl, (x=1-3) molecules. No reaction
with CF4 had happened throughout the collection

Methods of Sc radiochemical separation from various collection foils were implemented
and included in a semi-automated setup with >80 % radiochemical yield. The process
can still be optimized to reduce the final elution volume. Further investigations have to
be done with ICP-MS to investigate chemical purity.
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Conclusions

1. The thermal release studies indicated that the limiting factor for Sc radionuclide
release from metallic foil rolls is desorption from the material surface. Full Sc re-
lease from target material within one hour after reaching the set temperature was
achieved at 1200 °C for non-embossed, 1450 °C for embossed "Ti and 1600 °C for
non-embossed "V foil samples. In contrast to the expected, the same Sc radionu-
clide relative release fraction from embossed metallic "*Ti foils was achieved at
temperatures ~300 °C higher than from the corresponding non-embossed ones.

2. Once thermally released from the target material, the Sc migration within the TISS
and effusion was not the limiting cause of low collection efficiency of < 1 %, being
in contradiction to the theoretical estimations. Sc radionuclide release in atomic
and molecule form from TISS were observed at target material temperatures above
1550 °C, therefore high melting point and cyclotron-suitable target materials, such
as "V metallic foils (T,, = 1910 °C) and ™TiC (T,, = 3160 °C), are more suitable
for ISOL than "*'Ti foil target.

3. Comparing the thick target activity yield (TTY) theoretical estimations of 4’Sc for
1-hour irradiation of the "Ti and "*V target materials, Sc radionuclide produc-
tion cycle with a pulsed 2 pA 1.4 GeV proton beam in a 200 mm thick ISOL target
and subsequent Sc isotope mass separation step results in ~40 MBq is equivalent
to a typical 1 mm cyclotron Sc production cycle without mass separation step and
10 uA 30-70 MeV protons result in 50-70 MBq.

4. Evaporation of Sc radionuclides was achieved in the form of ScF;. The ScF;
(x=1-2) molecular ion beams were obtained from all target materials used in this
thesis with the highest abundance for ScF, ions. The "TiC target material in
terms of collection efficiency (~2 %), high material temperature (~2050 °C) and
achieved collection rate (17 kBq/min) was the most suitable ISOL target material
for ScF; molecular ion beam mass separation and collection. With a maximized
CFy reactant gas flux of 1.1 nmol/s, a #/Sc collection rate of up to ~0.5 MBq/min
from irradiated "*TiC ISOL target could be envisaged.

5. Sc generator *Ti and #’Sc radionuclide collection by mass separation was achieved,
however does not provide advantages over radiochemical methods due to low ra-
dionuclide production yield of <10 MBq per batch in the 200 mm ISOL mass
separator targets.

6. Atomic Sct radionuclides from irradiated "V with a two-step laser resonance
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ionization scheme were obtained for the first time. A potential limitation of laser
ionization when combined with metallic "Ti and "V target materials is the
chemical dissociation and reduction rate of Sc radionuclides that are stabilized
as Sc;0O3 molecules. To obtain a collection efficiency of at least 0.06 %, target
temperatures higher than 2000 °C were required, which are well above the target
material melting points.

. Methods of Sc radiochemical separation from various collection foils were imple-

mented in a semi-automated setup with >80 % radiochemical yield, which helps
to minimize manipulations with liquids and exposure to ionizing radiation for
personnel. For large-scale V2", Ti’" and Zn*" isobar contaminant removal be-
fore ion exchange chromatography column separation, an electro-radiochemical
separation method was established.

The production of high molar activity (TBq/umol) and high radiochemical purity
(>98 %) 43Sc, #48/MSc and #’Sc radionuclides from pre-clinical up to single clinical
doses is achievable by mass separation from 200 mm thick and cyclotron-suitable
ISOL target materials.
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1. "*V(d,x) reaction product y-ray and x

160

Cr-51 Cr-49 V-49 V-48 Sc-48 Sc-47 Sc-46 Ca-47 Ca-45
Decay: ec/B+ Decay: ec/p+ Decay: ec Decay: ec/B+ Decay: Decay: B- Decay: B- Decay: B- Decay:
Gamma
Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%)
320.082 10 62.289 16.39 802.87 0.15 175.361 7.485 159.377 68.3 889.277 99.984 41.06 0.0059 124 3.00E-06
90.639 53.2 928.29 0.77 983.517 100.1 1120.545 99.987 489.23 6.2
152.928 30.32 938 0.0008 1037.599 97.6 2010 1.30E-05 530.6 0.091
595.35 <0.00027 944.104 7.76 1212.88 2.38 731.6 0.0121
657.6 <0.00027 983.517 99.98 1312.096 100.1 767.1 0.191
1021.63 <0.0011 1063.19 0.005 807.86 6.2
1026.8 0.00011 1312.096 97.5 1297.09 7
1361.61 0.045 1437.487 0.12 1878.2 0.027
1423.6 0.01 2240.375 2.41
1508.37 0.008 2375.211 0.01
1514.4 0.026 2420.9 0.01
1570.83 0.02
2090.7 0.0004
21429 0.00092
21816 <0.000027
2218.6 0.00019
2234.4 0.00022
Main X-rays
Eg (keV) 19 (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%) Eg (keV) Ig (%)
4.945 6.9 4.945 0.86 4.505 5.80 4.505 3.04 4.505 0.00397 0.452 0.00026 4.505 0.00159 4.086 0.00051 4.086 3.14E-05
4.952 136 4.952 1.71 4.511 11.50 4.511 6 4511 0.0079 4.505 0.0262 4.511 0.00315 4.091 0.00101 4.091 6.30E-05
5.427 0.099 4.93 2.30 4.932 0.342 4.932 0.000446 4.511 0.052 4.932 0.000351 4.461 3.44E-06
5.427 0.193 4.932 0.67 4.932 0.00088 4.932 0.00294 4.461 6.70E-06
4.932 0.0058
Decay product
V-51 Ti-49 Ti-48 Ti-48 Ti-47 Ti-46 Sc-47 Sc-45
Ti-47
Figure A.1: "*V(d,x) reaction product inventory and the respective radionuclide y-ray and x-ray lines [19].
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Multiple Target and Ion Source System modes of failure with the VADIS ion source
used for Sc molecular beam studies were observed. The most frequent modes of failure
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such failures or counter them during radionuclide mass separation and collections.
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B.1 Investigation of leak rate decrease for the TISS calibrated
gas leaks

The calibrated gas leak is an integral part of a TISS and molecular ion beam formation
for refractory element extraction. Therefore the calibrated gas leak degradation was
investigated more thoroughly. In a separate experiment, the thermal radiation heat from
the hot target container was observed to melt Polyether ether ketone (PEEK) structures
attached to the actively cooled Al base plate. This suggests, that the temperature at the
base plate reaches over 340 °C during operations. The melting temperature of stainless
steel is in the range of 1375-1400 °C. In addition, hexagonal BN has a high thermal
conductivity of 390 Wm~'K~! [230]. The sintering of conventional powders is expected
at about 50-80 % of the material melting point (T},) [231]. Because of these properties
and fact that consistent gas leak rate changes were not observed with other gases (CFy,
He, Ne, Ar, Kr and Xe) at high target container temperatures, the direct sintering could
be excluded.

The temperature is, however, sufficient to induce chemical reactions with the NF; gas
and components of the stainless steel, such as iron (Fe), chromium (Cr), nickel (Ni)
and molybdenum (Mo), leading to larger particulate formation and reduced gas leak
rate. For instance, " TiN formation has been observed after stable isotope beam tests
with NF3 (see Figure B.1a) and Mo gas supply tubing melting at the point where it was
attached to the hot target container (see Figure B.1) [232].

Y
(a) Traces of "™*TiN on a Ta foil from "*Ti foil. (b) Molten Mo gas supply tubing at the connection
with the target container.

Figure B.1: Reaction effects on Ti and Mo from NF; gas at high target container temperatures.

The created volatile gaseous particles from a hot target container or gas supply line
tubes can also migrate back to the calibrated gas leak, where they condense on the
surface of stainless steel, in the calibrated gas leak pores or the BN insulator. It was
observed that the inside of a BN insulator was coated after such calibrated gas leak
failure (see Figure B.2a), confirming the particle deposition. The deposited particles
also created a conductive layer allowing the target container heating current to flow
and cause the gas leak to heat up and promote the reactivity.

The calibrated gas leak removal from the TISS and placement in the Offline-1 fron-
tend gas supply line allowed them to retain their leak rate values unchanged, even by
operating the target container at temperatures over 1600 °C (see Figure B.2b).

Placement of gas leaks separate from a TISS in the gas supply system is not feasible for
radionuclide mass separation and collections due to TISS integrity deprivation, time-
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(a) BN insulator cut open (b) Calibrated gas leak external housing
after a gas leak failure position on Offline-1 front-end

Figure B.2: VD-5 TISS BN insulator and Offline-1 frontend.

consuming calibrated gas leak exchange and radiation safety hazards. In such a case,
the target material would be exposed to air and oxidation during irradiation. As the
target material heats up during irradiation (roughly 80-120 °C), there is a risk of re-
leasing volatile radionuclides out of the TISS. Another issue is stable oxide molecule
formation, which can then affect the radionuclide release and collection efficiency.

B.2 VADIS ion source modes of failure

VADIS cathode-anode contact

The VADIS ion source at 150 V potential can reach the accelerated electron current
space-charge limit at ~2025 °C when the distance of cathode and anode is at standard
1.5 mm [103]. At this configuration, the ion source can fail by forming direct contact
between the cathode and anode due to the thermal expansion of Ta metal exposed to
high temperatures and reactive gases.

A failed VADIS from TISS #723M, before dismantling was examined by Computed To-
mography (CT) and X-ray tomography and the obtained images in Figure B.3 revealed
that due to the transfer line thermal dilatation (expansion), the cathode surface was
pushed towards to the anode grid until full contact was obtained. The contact creates a
short circuit and no electron acceleration is anymore possible. The transfer line stayed
in the lateral bend position (see Figure B.3a).

Disassembly of the failed ion source revealed that a metallic crystal had fused with the
anode grid. The particle was torn from the re-crystallized Ta cathode (see Figure B.4)
[233].

This kind of ion source failure is best fixed by opening the TISS and replacing the ion
source. Typically the Ta cathode fuses with the transfer line and target container (not the
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| |

(a) CT image of failed ion source (b) X-ray image of VADIS failed ion source

Figure B.3: CT and X-ray investigation of short circuit for VADIS before dismantling.

(a) Ta cathode - top (b) Ta cathode - side (c) Anode body - top (d) Anode body - side

Figure B.4: Re-crystallized cathode and anode body from a failed VADIS disassembly.

case for TISS with Re ion source), and both have to be replaced and calibrated again. For
VD-5 TISS, that could be opened (non-radioactive, low dose rate, low contamination,
and external sample TISS), the target container can also be pulled backward by 0.5-
1.0 mm. This mode of recovery decreases the ion source efficiency because the gap
between the anode and cathode is increased, however, the TISS could still be used
in certain experiments. The efficiency for noble gasses decreased by a factor of x3
when the container was pulled back by 1 mm. During radionuclide collections, the
contact between the cathode and anode could be reversed by reducing the transfer line
temperature and may be the only possible recovery to continue a collection. Afterward,
the temperatures could be slowly increased to a point before another short circuit is
observed. The lower cathode temperatures decrease the efficiency of the ion source (see
Chapter 2, section 2.2.3).

Insulator coating

The most frequent case of VADIS ion source failure was caused by the damage to the
BeO insulator that holds the anode body in its place. Due to metallic particle and
molecule condensation on the insulators or BeO reaction with the applied reactive gases,
the insulator surface can become conductive and cause increasing drain current (elec-
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tron current drawn from the cathode over a given geometry) and eventually - a short
circuit. This prevents the operation of the ion source at the desired electric potential.
In contrast, to cathode-anode contact, the ion source most of the time would still be
operational, but with a limited acceleration potential.

Too rapid volatile molecule formation may cause the number of particles reaching the
ion source in higher quantities than can get ionized and extracted. The excess neutrals
migrate within the VADIS body and can cause a buildup and condensation on colder
ion source structures, such as the BeO insulators shown in Figure B.5. The onset of
these excess particles can be monitored by measuring the total beam and controlled by
limiting it below 15 uA for an efficient ion source operation. As a reference for ion
source efficiency comparison, the noble gas ionization efficiencies are used - He (0.1%),
Ne (1.7%), Ar (7.3%), Kr (16.9%) and Xe (32.0%) [103].

(a) Black permanent coating on the insu- (b) Gray brittle insulator coating af-
lators after CF, use ter NF; use

Figure B.5: BeO insulators from a failed VADIS ion source after stable isotope ion beam tests with reactive
gases. Non-coated BeO insulators are white.

BeO is reactive towards halogens such as C1~ and F~, causing an increase of contam-
inants in the total beam as well as degradation of the insulators [234,235]. Also, the
carbon from CF, can cause the BeO to convert to Be,C [236]. Nevertheless, the highest
impact in an empty TISS comes from Ta and TaO, creating volatile tantalum fluorides
and oxy-fluorides. A sample was analyzed with SEM-EDX indicating mainly deposits
from Ta and C in the coating. When target materials, such as Ti or V are present, the
formation of volatile TI and V halides and oxy-halides also must be taken into consid-
eration.

The insulator replacement involves complete disassembly of the VADIS, therefore not
feasible for irradiated TISS. During the collection, the coating can also be reversed by
bake-out procedure. It involves the heating from the cathode/transfer line and target
container as well as short circuit power deposition on the coating itself. The most
impactful is the power that is causing a local overheating and release of the coating.

The recovery for a hot transfer line is done, by setting a safe drain current limit on the
anode power supply (260-500 mA) and requesting the anode potential to a typical value
of 100-200 V. The potential is limited by the drain current and over time increases, as
the deposits are removed and released as shown in Figure B.6. The recovery can take
anywhere from a few minutes up to a few days. In cases, where metallic particles
were suspected to be deposited on the insulators, the target container temperature was
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lowered and reactive gas was applied, shifting the chemical reactivity towards the ion
source region and volatilizing and the coating for a faster recovery. In the majority
of cases, the TISS were manipulated in these conditions to reduce the coating until
satisfactory drain current and potential stability conditions were reached to continue
with the mass separation.
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Figure B.6: VADIS anode electrical resistivity and power on the coating during the recovery of insulators.
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