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ARTICLE INFO ABSTRACT

Keywords: Scandium (Sc) has gained significant interest in nuclear medicine due to its 43Sc, 44¢/mSc, and #’Sc radioactive
Thfef"mal release isotopes being suitable for cancer diagnostics and therapy, offering a promising avenue for theranostics. Various
Diffusion

production methods, including irradiation of enriched or naturally abundant calcium (Ca), titanium (Ti),
and vanadium (V) materials with different particle beams, have been investigated to produce “3Sc, 448/mSc,
and 47Sc. However, challenges persist in achieving high molar activity and radiochemical purity for medical
applications. The physical isotope mass separation technique presents an alternative, obviating the need for
enriched target materials by inherently isolating Sc isotopes during the separation process. Despite recent
advancements in Sc mass separation at different facilities, efficiency and yield remain sub-optimal for medical
dose production. This study aims to systematically investigate the thermal release kinetics of Sc radionuclides
from activated natural titanium foils in tantalum (Ta) environments of ISOL (Isotope Separation On-Line)
target units. By elucidating the combination of target material structure and temperature conditions, enhanced
release parameters were identified. Maximum Sc release from a non-embossed "*Ti foil samples was achieved
at 1200 °C, for embossed "*Ti foil samples at 1450 °C and for "V foil samples at 1600 °C, within an hour
of reaching the set temperature. These findings offer insights into optimizing the mass separation process to
improve the efficiency in Sc radionuclide production for medical applications.

Sc radionuclides
natTi and "*V target materials
Mass separation

1. Introduction 3.3492(6) d [3]) is a pemitter with a 159.4 keV (68.3%) gamma-

ray emission that would be suitable for therapeutic applications and

Scandium (Sc) is an element of interest in nuclear medicine be-
cause of three radioactive isotopes with decay properties suitable for
cancer diagnostics and therapy — theranostics [1]. The advantage
of Sc radionuclides is their application in “matched pair” radiophar-
maceutical production, where the chemical drug structure is iden-
tical both for diagnostic and therapeutic agents [2]. *3Sc (T, pn =
3.891(12) h [3]) is a positron (B*) emitter that holds great potential for
immuno-PET (Positron Emission Tomography) and macro-molecular
imaging studies, making it valuable for extended PET examinations [4].
4485c (T 2 = 4.042(25) h [3]) is another promising f* emitter for
PET and has already been translated to successful in-human proof
of concept studies conducted in clinical setting [5,6]. 47Sc (T, n =

single-photon emission computed tomography (SPECT) imaging [7].
47Sc shows potential for use in radio-immunotherapy of tumors by
being attachable to monoclonal antibodies (MAb) and conjugates [8].
Nevertheless, the supply of these radionuclides is currently limited due
to costly enriched target materials, their enrichment, availability and
efficient production capabilities, accessible only at nuclear reactors or
medium to high energy cyclotron centers.

To produce *3Sc, 44¢/mSc, and 47Sc, the irradiation of enriched
calcium (Ca) and titanium (Ti) or naturally abundant metallic mate-
rials, such as natural calcium, ("“Ca), titanium ("“Ti) and vanadium
("1V) has been investigated using neutrons, proton, deuteron and
alpha beams [9]. In the context of enriched material, it is crucial
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to emphasize that the enrichment levels must be meticulously opti-
mized to mitigate impurities that could compromise the radionuclide
purity of the final sample. Although cost-efficient, the irradiation of
natural target materials is accompanied by challenges arising from the
presence of other naturally occurring isotopes and the involvement
of various nuclear reaction pathways. For instance, the direct pro-
duction of #*¢/™Sc in "@Tji occurs through various nuclear reactions,
including 4’ Ti(p, ), “8Ti(p,na), *°Ti(p,2na), and >°Ti(p,3na) [10]. At
the same time the long-lived *6Sc (T,,, = 83.79 d, E, = 889 keV;
1120 keV) is produced via the 4’ Ti(p,2p), *®Ti(p,2pn), *°Ti(p,2p2n),
49Ti(p, a) and **Ti(p,2p3n) nuclear reactions [11]. Notably, the re-
actions with 48Ti are the primary pathways because of its significant
prevalence of 73.8% [12] in natural titanium [13]. Various routes
to produce the therapeutic 47Sc are documented, such as employing
reactors, cyclotrons, or electron linear accelerators. The main nuclear
reactions for 47Sc production are 47Ti(n,p), “8Ti(p,2p), and “8Ca(p,2n)
and again suggest the necessity to use enriched target materials to
obtain sufficient radionuclide yield [14,15]. However, 46Sc and *8Sc co-
production cannot be fully avoided. 47Sc can also be produced with "V
target irradiation with protons (°°V, 0.250% and 5V, 99.750%) [16].
Recent study [16] showed that 47Sc can be produced with a nonde-
tectable amount of 4°Sc, however, the production yield is severely
decreased. The attractiveness of utilizing natural Ti and V target ma-
terials is underlined by their cost-effectiveness, widespread availability
and achievable yield with a considerable number of medium-energy cy-
clotrons in Europe and Worldwide. But it also results in the generation
of a diverse array of radionuclides, including Ti, Ca, V and long-lived
Sc isotopes. Some of these isotopes are unsuitable for nuclear medicine
and cannot be removed with chemical post-processing methods [17].
Another method for Sc radionuclide production could be by using
inverse kinematics, where heavy ions, such as Mo, Zn, Ti or V could
be impinged on light gas targets and the reaction products caught on
a catcher foil. It offers a promising alternative method by allowing
precise control over reaction parameters, optimizing yields and mini-
mizing unwanted byproducts [18,19]. Although this route allows for
more exotic reaction pathways, the final product still could contain
long-lived Sc impurities. Furthermore, a more complex cyclotron, ion
source and target system with the possible enriched source material is
required to maximize medical Sc radionuclide production yield.

An alternative method for the production of high molar activity,
radiochemical pure and medically suitable Sc radionuclides involves
the development of a mass separation process. With the mass separation
technique, the necessity for utilizing an enriched target material is
obviated, as the various isotopes of Sc are inherently isolated dur-
ing the separation process [20]. MEDICIS (MEDical Isotopes Collected
from ISOLDE) facility at CERN (European Organization for Nuclear
Research) is specifically designed for the production by mass separation
of high-purity novel radionuclides for medical applications [21]. The
mass separation method is adapted from ISOLDE (Isotope Separator
OnLine DEvice) facility, but the isotopes are produced and mass sepa-
rated in a batch mode [22]. The radionuclides of interest are produced
through the irradiation of thick natural targets with 1.4 GeV protons
delivered by the CERN Proton Synchrotron Booster (PSB) [23]. This
process allows for the efficient production of the targeted radionu-
clides in clinically relevant activities. CERN-MEDICIS has successfully
produced several radiolanthanides, including samarium (Sm), terbium
(Tb), thulium (Tm), and actinium (Ac), which have gained significant
attention for targeted radionuclide therapy. These elements share a
similar therapeutic potential with 7’Lu, a lanthanide already in use
in clinical applications [24,25]. Recently at MEDICIS, the medical Sc
radionuclides have been produced and mass-separated from irradiated
cyclotron-compatible "Ti and "V target materials. Although high
molar activity and radiochemical purity were obtained, the mass sep-
aration efficiency and yield are still unsatisfactory for medical dose
activity production [26]. Due to the refractory Sc properties, high
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adsorption enthalpy with tantalum (Ta) ISOL (Isotope Separation On-
Line) target unit structures, batch mode experiment limitations, and
difficulties in extracting Sc radionuclides from the target units, the
conditions for Sc radionuclide release dynamics from metallic "' Ti and
naty foils within ISOL target units are not yet fully understood. Multiple
studies in radionuclide release from irradiated ISOL target units with
various target materials during mass separation have been done at
ISOLDE before, however, sufficient post-analysis of the target materials
after irradiation was not possible due to the high radiological risks and
hazards [27-29]. A study of Sc radionuclide release from 5 pm Ti foil
also has been performed, but the impact of thicker foils or multiple
layers was not investigated [30].

The objective of this study was to systematically investigate the
thermal release kinetics of Sc radionuclides from activated "*Ti metallic
foil rolls in a Ta environment and ISOL target units. Specific focus
was placed on understanding the impact of target material structure
and temperature conditions on radionuclide release. By studying these
factors, the project aimed to study the mechanisms governing Sc release
during the mass separation process within the ISOL target unit. By
advancing the understanding of these mechanisms, the research out-
come paves the way for optimized Sc production via mass separation
with high separation efficiency and yield. The study was done in
similar conditions as routine radionuclide mass separation done at
the CERN-MEDICIS facility. An ISOL-type target unit containing a Ta
target container was used and subjected to the same heating method
and vacuum conditions, reaching temperatures of 1650 °C. Theoretical
estimations were done to estimate radionuclide production in target
materials and to identify the possible limiting factors during thermal
release. A proof of concept for the methodology to study MEDICIS
and ISOLDE-produced radionuclide release kinetics and behavior from
various target materials and structures is presented. This work also aims
to complement radionuclide release studies in case of fire accidents
for radiation protection purposes and provide a way to benchmark
theoretical codes. Preliminary results for 4°Sc and 47Sc release from
activated "'V foils are also presented.

2. Materials and methods
2.1. General overview

The Sc thermal release data have been experimentally obtained by
activating target materials at the CERN High energy AcceleRator Mixed
field facility (CHARM) facility [31] followed by thermal release and
analysis in class A labs. After irradiation, each sample was analyzed by
y spectrometry, allowing for the quantification of each Sc radionuclide
activity specific to each sample before and after the release experi-
ment. Within this experimental framework, each irradiated sample was
positioned one by one inside an ISOL target container, always at the
same position. The samples were uniformly heated at a constant rate,
and then maintained at a pre-defined temperature for one hour. Subse-
quently, the target container was subjected to a cooling phase, and the
sample was then extracted to be measured. Dose rate measurements
were conducted for each sample before and after the release, aiming
at gathering data regarding potential condensation spots in the target
container. y spectroscopy measurements were performed again to mea-
sure the residual activity in the sample. By comparing the radionuclide
activity before and after release, a percentage of released fraction of
the Sc radionuclides detectable in each sample was calculated and
compared with the estimated theoretical data.

2.2. Radionuclide estimation with ActiWiz

The ActiWiz software (version: 3.6.12/2023-2507) is a tool devel-
oped at CERN that enables swift assessments of the radiological risks
associated with diverse materials employed in high energy particle
accelerators [32]. For this purpose, ActiWiz employs a proprietary



E. Mamis et al.

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

Fig. 1. "Ti foils used in roll preparation for thermal release studies and mass
separation.

database of isotope production reactions that for neutrons below 20
MeV is based on the evaluated JEFF 3.3 library and for all other
reactions utilizes the results of a vast number of FLUKA Monte Carlo
simulations [33,34]. It allows for the estimation of nuclide inventories
as a function of particle type and energy for user-defined materials us-
ing arbitrary particle fluence spectra (neutrons, protons, pions+, pions-
and photons) as input. From the results, the users can explore varied
compositions and their respective hazards efficiently. ActiWiz has many
post-processing options that can be used to analyze the results [35].
The ActiWiz software was used to calculate the total activity and dose
rate per sample as well as the targeted activity for each radionuclide of
interest according to the CHARM activation scenario.

2.3. Sample preparation

To study Sc thermal release from metallic foils and target material
structural impact in MEDICIS mass separation conditions, three differ-
ent type of samples were prepared : embossed "Ti (see Fig. 1(a)),
non-embossed "' Ti (see Fig. 1(b)) and non-embossed "V (for prelimi-
nary tests and similarly to Fig. 1(b)). The samples were prepared in the
form of compact foil (0.25 um,) rolls with average diameter of 0.46 cm
for non embossed samples, 0.80 cm for embossed samples and height
1.5 cm.

For routine mass separation operation, the foils are embossed to
reduce the tightness of the sample roll and increase the space between
foil layers which reduces the sintering of layers at high temperatures.
Therefore the "*Ti roll sample types differ from one another by their
overall volume. Each roll weighs approximately 1 g for "Ti and 3.4 g
for "V samples. The selection of sample weight was based on estimated
theoretical radionuclide activity (Bq/g of the sample) according to
the irradiation scenarios at CHARM facility and radiation protection
aspects.

2.4. Sample activation at the CHARM facility at CERN

The CHARM facility at CERN is dedicated to the study of radiation
effects on electronic components and benchmarking various material
shielding [36]. The CHARM facility receives a 24 GeV/c proton beam
extracted from the CERN proton-synchrotron impinging on a thick
copper target. It creates a mixed particle field including secondary
neutrons (contribution to the total yield is more than 90%) that were
used to activate our samples. A standard 5 day irradiation followed by
1.5 day cooling time after the end of the beam (EOB) with an average
proton beam intensity of 5E10 p/s (protons per second) is typically
provided by the CHARM facility. This value was first used to estimate
the produced activity from Actiwiz calculations. The simulated particle
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Fig. 2. Fluence spectra (in lethargy representation) at the grid irradiation location of
the CHARM facility used to compute the activity values predicted in the Ti samples.

Table 1

Average actual proton beam intensity for each irradiation.
Activation Average Irradiation Protons on
run intensity, p/s time, h target
I 6.91 E10 132 3.28 E16
I 6.71 E10 126 3.04 E16
111 6.91 E10 139 3.45 E16
v 6.64 E10 138 3.29 E16

fluence spectra generated by the 5E10 p/s primary proton beam onto
the CHARM target is shown in Fig. 2.

After each activation, the actual average proton beam values and
irradiation times were used to estimate more precisely the radionuclide
activities (see Table 1). In total four "“Ti and "“V target material
sample batches were activated at CHARM. In the first activation run
only embossed "'Ti samples were used. In the second activation run
non- embossed "#Ti samples were used. In the third activation run "V
samples were exposed to the CHARM radiation field, and in the fourth
activation run all three types of samples were activated.

2.5. Gamma-ray spectrometry

Gamma-ray spectrometry measurements were performed after the
sample activation just before placing each sample inside the target
container for release to precisely quantify the radionuclide activities
in each sample. The measurements were done with a High Purity Ger-
manium (HPGe) y-ray detector from MIRION Technologies (Canberra)
S.A.S. (energy range from 3 to 10 000 keV with relative efficiency of
more than 40%, resolution at 122 keV: < 1.2 keV and at 1332 KeV:
< 2.0 keV) [37]. After the Sc release experiments, y-ray spectrometry
measurements were performed again to determine the residual radionu-
clide activity in the sample and quantify the released Sc radionuclide
activity from each sample. The quantitative analysis was performed us-
ing the APEX software (V1.4.1) and the ISOCS (In Situ Object Counting
System) modelization [38]. For relative measurement purposes, each
sample was placed at the same distance from the detector and in the
same geometry configuration. Each sample was measured for at least
15 h.

2.6. Thermal release set-up

Isotope mass separation at MEDICIS typically is done at tempera-
tures up to 2300 °C and in vacuum conditions of less than 1E-5 mbar
pressure. Often the conditions for release of isotopes are close to the
target material melting point [26]. Therefore a specialized ISOL target
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Fig. 4. Opened ISOL target unit back view.

coupling table (pump stand) having the possibility to apply high current
(up to 1200 A) for heating and obtain pressure down to 1E-7 mbar
was used and is shown in Fig. 3. The pump stand has a dedicated gas
exhaust system for any potential radioactive gas trapping.

As the second part of the experimental set-up, a standard ISOL target
unit was coupled to the pump stand (see Figs. 3 and 4) [39]. The
target unit consists of a target container - Ta tubular oven of 2 cm
diameter and 20 cm length - and ion source - hollow Re metallic tube.
The target container is perpendicularly connected to the ion source via
a transfer line. Since no radioactive ions were needed for this study,
the ion source was not heated. The target container and ion source are
covered with multiple layers of Ta, W, and Mo heat screens. The target
container and ion source are mounted on a water-cooled Al base plate
and covered with an Al vessel.

The target is heated by resistive current and the heating ramp
by current is correlated to temperature. Five current-regulated (+0.1
A) power supplies were used. Before the experiment, a temperature
calibration on the target container was done with a micro-optical
pyrometer (see Fig. 5).
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Fig. 5. Target container (oven) temperature calibration curve.

Fig. 6. "Ti foil roll sample in a Ta “boat” after thermal release experiment.

2.7. Thermal radionuclide release

To prevent sample fusing with Ta container at high temperatures
and allow for a safe and simple exchange of samples from the target
container, the samples were placed on a Ta “boat” (see Fig. 6). Once the
sample was loaded, the target container was closed with a Ta cap, and
the heat screens were mounted. The samples were placed at the same
place and distance within the confines of the target container, matching
the calibration location (see Fig. 4). The dose rate of the sample and
outside the target container with and without the sample was measured
before and after the heating phase to determine possible contamination
and condensation of the radioisotopes at different places of the target
unit structures. Each sample was then subsequently measured by HPGe
y-ray spectrometer (see Section 2.5).

After sample loading, the pressure of the system was stabilized to
<2E-6 mbar. Once sufficient pressure conditions were reached, each
sample underwent a temperature ramp-up process by applying 0.5 A
every 25 s to the target container. Once the desired temperature was
achieved (as an example to reach 1500 °C it takes 5 h of heating),
each sample was maintained at the chosen temperature for one hour
and cooled down using the same ramp speed of 0.5 A per 25 s. These
initial pressure conditions and heating speed were chosen to allow for
target pressure to stabilize and be kept below 1E-5 mbar even during
the heating and out-gassing phase. This way also the mass separation
conditions were maintained.

2.8. Sc thermal release experimental calculations

The calculation of the relative thermal release of Sc involves the
ratio between the activity measured after release and before release, as
described in Eq. (1). Decay correction was applied to the initial activity
to align with the date and time of the corresponding sample release
study.

A
Ratio R= -4, @
AB
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where A, is the activity measured after sample heating and Ay is the
activity measured before performing thermal release experiments with
the decay correction. The relative uncertainty related to this ratio is
expressed as shown in Eq. (2):

TZYAS AAg\?
“‘/R‘\/ (%) + (52) @

A result reported with 100% release signifies that no activity above
the Minimum Detectable Activity (MDA) was measurable. Typically the
uncertainty of counting experiments originates from the detection limit
(LD) as determined by approaches like the Currie method. However, in
the case of gamma spectroscopy the MDA is used as a threshold value
which combines the detection limit, calibration efficiency, nuclear data
and measurement time [40]. As such it can be considered to be a
fundamental characteristic of the measurement itself rather than an
uncertainty. It does not directly stem from a single measurement but
instead relies on estimations involving uncertainties.

Finally, the release is expressed as Eq. (3), on which the relative
uncertainty calculated above is applied:

A
Release =1 — =4 3
Ap

2.9. Thermal release theoretical estimations

The integration of experimental data with modeling allows for a
more comprehensive understanding of the release process, which is
why complementary calculations have been carried out in this respect.

The release process can be understood as a two-step procedure. For
a radionuclide to be released, it must first undergo diffusion within
the solid to reach its surface. Subsequently, it must desorb from the
surface to escape the solid entirely. To estimate the final release,
we have employed the three semi-empirical expressions formulated
in [41], based on detailed studies with specifically developed Monte
Carlo models. The first of them provides an estimation of the Fraction
of Radionuclides reaching the sample’s Surface (FRS). This quantifiable
parameter is entirely determined by the diffusion stage. The second
aims to estimate the so-called Global Desorption Probability (GDP),
which quantifies the likelihood of desorption occurring during the
remaining heating time for a radionuclide that has successfully reached
the surface. The third expression combines the results from the previous
two, yielding an estimation of the Out-Diffusion Fraction (ODF), which
corresponds to the release fraction integrated over the heating period.

These expressions necessitate user-provided parameters, including
heating temperature, heating time, and the surface-to-volume ratio
of the sample, which was determined from the foil dimension mea-
surements before preparing the roll. Additionally, users are required
to input the relevant diffusion coefficient and desorption activation
enthalpy. While experimental data for the former is often accessible,
experimental data for the latter is typically unavailable, relying instead
on calculated values and, at times, approximations such as sublimation
enthalpies [42]. In our study, we have adopted diffusion coefficient
parameters from [43] and sourced the desorption activation enthalpy
from [44].

3. Results and discussion

Sc thermal release experiments were performed on two different
types of "'Ti foil samples — embossed and non-embossed. Obtained
experimental results were compared with the theoretical estimations
obtained through the evaluation of the analytical expressions formu-
lated and described by F. Ogallar Ruiz [41]. These calculations give
the out-diffused fraction of Sc in "*Ti for a given sample surface,
volume, and temperature. The first Sc release experiments from "'V
samples were performed and a preliminary Sc thermal release curve
was obtained.
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Table 2
Radionuclides produced in "'Ti sample.
Radionuclide Avg. activity per MDA interval (Bq) Half-life
sample (Bq) (Ty)5)
43Sc <MDA 1.41E2-2.02E2 3.89 h
448Sc 303 + 56 4.26E1-6.76E1 397 h
4mge 246 + 57 4.44E1-6.81E1 244 d
46Sc 180 + 19 2.53E1-4.67E1 83.79 d
7S¢ 1730 + 190 7.57E1-1.02E2 3.35d
48Sc 496 + 75 3.19E1-4.67E1 43.67 h
Table 3
Radionuclides produced in "'V sample.
Radionuclide Avg. activity per MDA interval (Bq) Half-life
sample (Bq) (Ty.)
44gsc 53.1 + 124 5.09E1-5.68E1 397 h
4mge 92.6 + 21.3 5.24E1-5.44E1 244 d
46Sc 59.5 £+ 9.5 3.48E1-3.88E1 83.79 d
7S¢ 304 + 54 9.12E1-9.58E1 3.35d
48Sc 100 + 14 4.25E1-4.71E1 43.67 h
8y 107 + 21 4.35E1-4.97E1 15.97 d
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Fig. 7. ¥/Sc activity per sample given by ActiWiz software versus obtained experimen-
tal values with y-ray spectrometry for "™Ti samples (the theoretical uncertainties are
reported at k = 1).

3.1. Radionuclide production and estimation

The produced Sc radionuclide inventory and the average activity
per sample were measured with y-ray spectrometry and are shown
in Tables 2 and 3. #4¢/mSc, 46Sc, 47Sc and “8Sc radionuclides were
produced from which 40Sc and 47Sc were used in the thermal release
study because of their favorable decay half-life and relatively higher
activity. 48Sc was discarded from the analysis because of the high
uncertainties obtained from y-ray spectrometry measurements due to
the short half-life of the radionuclide.

Comparison of theoretical estimations with ActiWiz and experimen-
tally obtained Sc radionuclide activities for neutron activated "3‘Ti
samples, showcasing the alignment for 47Sc are shown in Fig. 7 and
46Sc in Fig. 8. The average ratio between the obtained values are
1.09 + 0.13 for the 47Sc and 1.25 + 0.15 for the 4°Sc radionuclides.
It is noteworthy that the activity per sample for both 47Sc and 46Sc
varies across the samples due to the time gap between irradiation and
subsequent y-ray spectra measurements.

3.2. Sc thermal 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 temper-
ature. The selection of temperatures was chosen by the typical mass
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Fig. 9. #’Sc and “Sc thermal release from embossed "“Ti foil samples.

separation conditions and physical properties of the material, including
considerations such as the melting point. The upper limit was set at
1550 °C to prevent material melting. There was no melting of the
material observed for a sample studied at 1500 °C, however, there
was a subtle occurrence of sintering, and the sample stuck to the Ta
boat. The sintering may be at the source of reduced release over longer
periods of operational time during mass separation.

The experimentally obtained relative thermal release results for 47Sc
and 46Sc from embossed and non-embossed "!Ti samples are shown in
Figs. 9 and 10. The 47Sc and “6Sc relative release results coincide with
each other for both types of roll samples. For both sample types, no
release of Sc was observed below 700 °C.

After 1 h at the peak temperature of 1450 °C, 100% scandium
release was observed, signifying the complete absence of activity in the
sample after the heating cycle. Conversely, for the non-embossed target
material, the same release results are shifted to lower temperatures,
showcasing the maximum Sc release already at 1200 °C which is
in good agreement with previously published studies by [45,46]. It
is important to highlight that the uncertainties obtained for samples
with longer decay time after the sample activation are notably higher
because the activity remaining in the samples closely approached the
Minimal Detectable Activity (MDA) values.
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Fig. 10. ¥Sc and *°Sc thermal release from non-embossed ™Ti foil samples.

The observed release shift to the lower temperatures for the non-
embossed target material samples compared to its embossed coun-
terpart raises intriguing questions about the impact of surface mor-
phology on 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 the-
oretical formulas emphasize the significance of the surface-to-volume
ratio in diffusion and release processes. The larger surface area in the
embossed material could facilitate greater diffusion potential, theoret-
ically promoting faster release. However, the observed release results
in Fig. 9 contradicts this expectation and indicates a delayed release
for the embossed material. This suggests, that the actual release ki-
netics are influenced by a combination of factors beyond the specific
surface area. During the sample embossing, possible cracks 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. The
embossing process could also alter the diffusion pathways within the
bulk material, affecting the rate at which Sc atoms migrate to the
surface and are subsequently released. Also the role of heat conduction
could contribute in this context. Better heat conduction implies a more
powerful driving force for diffusion, potentially leading to an earlier
release. In this scenario, isotopes would likely arrive sooner at the sur-
face, influencing the overall release dynamics. Therefore, the interplay
between surface topography, diffusion pathways, and heat conduction
should be carefully considered to understand the observed release
behavior comprehensively. While larger surfaces generally result in
higher release, it is essential to consider the impact of surface effects
and chemical compositions on release dynamics. The increased surface
area might also increase the interaction between Sc and the surround-
ing materials and chemical species, explaining the less efficient thermal
release. Therefore the additional use of tools and equipment can lead
to contaminant deposition into the foil surface, which can stabilize
Sc in a less volatile chemical form, such as ScC and Sc,0; [47]. The
observed phenomena was not a part of this study and will be further
systematically investigated in a future study.

The relative thermal release values of measured Sc radionuclides
from both type "¥Ti samples are compiled in Table 4 for embossed "a'Ti
and in Table 5 for non-embossed "Ti. All uncertainties are presented
as combined values derived from both counting statistics (before and
after heating). A relative release sum of °Sc and 4’Sc with their
according uncertainties at each temperature are shown to highlight the
release pattern of Sc species in general.
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Table 4
46Sc and #’Sc relative release from embossed "“Ti foil samples.

Temperature, Release of Release of Total release
°C 43¢, % 7S¢, % of Sc, %
700 25+ 0.5 29+ 0.7 2.7 £ 0.7
900 4.8 + 0.6 5.7 £ 0.9 56 + 1.0
1050 10.3 + 1.8 11.0 + 1.7 109 + 2.9
1200 29.1 + 6.1 29.4 + 49 29.4 + 7.4
1250 25.7 + 3.0 32,6 + 5.1 319 + 5.8
1350 52.8 + 9.9 55.6 + 10.5 54.8 + 11.0
1400 86.8 + 12.8 82.3 + 21.9 83.1 + 28.0
1450 100.0 + 14.7 100.0 + 11.1 100.0 + 20.4
1550 100.0 = 9.4 100.0 = 11.0 100.0 + 14.5
Table 5

46Sc and #’Sc relative release from non-embossed "Ti foil samples.

Temperature, Release of Release of Total release
°C 43¢, % 7S¢, % of Sc, %

700 0.57 + 0.09 0.33 + 0.05 0.40 + 0.08
900 23.3 + 3.0 21.6 + 3.6 22.0 + 4.8
1000 40.8 + 5.3 37.6 + 5.1 38.5+ 5.9
1100 48.6 + 10.2 524 + 9.1 51.6 + 10.8
1200 100.0 + 9.3 100.0 + 11.4 100.0 + 15.9
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 92.6 + 15.5 91.3 + 17.7 91.4 + 189
1450 100.0 = 7.9 100.0 = 11.0 100.0 + 24.4

A comparative measurement to assess the heating and cooling ramp
influence of the released fraction was also performed for a sample at
1400 °C and changing the hold time from 1 h to 0 h. The measurement
was done with a non-embossed "Ti foil roll resulting in 51.4 + 10.6%
Sc released. In comparison, the obtained value for the same conditions
but with a holding time of 1 h was 91.4 + 18.9% (see Table 5). Because
diffusion and effusion are thermally activated processes, the impact of
the heating ramp on the released fraction would be non-linearly higher
at higher temperatures not only because of the heating time but also
the faster diffusion and desorption. The impact of the heating/cooling
ramp time on the released fraction suggests the importance of creating
the ion beam and setting the separator for isotope collection already
at lower target material temperatures while gradually increasing them
throughout the process. Keeping the samples at constant high tem-
peratures would maximize the release [46]. Furthermore, the rapid
release may not be suitable for mass separation, because of limited ion
source ion load or ionization efficiency. From the obtained results an
optimal release plan, target and ion source unit, and mass separation
temperatures can be deducted.

To ensure the integrity of the experiment, dose rate measurements
on the target container were conducted both with and without the
activated samples within the container. This comprehensive approach
aimed to monitor and control potential contamination or condensation
effects, to identify any cold spots of the target container. The mea-
surements were taken at six distinct points to facilitate a thorough
comparison of results before and after the experiment, with Fig. 11
providing an illustrative example of the measurements. Point #4 is the
target transfer line which was not heated during the experiments and it
remained to stay as a cold spot. During mass separation the ion source
and transfer line would be heated to ~2000 °C and indirectly heat
the target container and prevent adsorption in the transfer line region.
Point #5 refers to where the sample was placed each time offering a
consistent reference point for analysis resulting in a notable difference
in dose rate measurements before and after the heating cycle. Points #1
and #6 represent the ends of the container where the temperature is
lower than the central region, leading to an increased chance of conden-
sation. It can be seen that a certain amount of released radionuclides
migrate towards the ends of the target container. The highest absolute
count rate is observed at the end, from which the sample exchange
is done, because of the removable target plug and local heat screen
assembly, suggesting the highest radionuclide condensation.
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Fig. 12. FRS and ODF theoretical models for Sc thermal release from "*Ti foil samples.

3.3. Theoretical and experimental result comparison

Comparative analysis using the theoretical models described in
Section 2.9 were performed (see Fig. 12) to assess and describe the
obtained experimental results, see Fig. 13, by also taking into account
the heating ramp speed and release during the heating phase applied
during the experiments. While distinguishing between diffusion and
surface effects is not the primary goal, accurately modeling the com-
plexities of surface effects, both macroscopic and microscopic, poses a
significant difficulty. The theoretical models suggest that radionuclides
migrate to the surface much faster than they are released, hinting at
surface effects being the limiting factor in the thermal release process.
It is noteworthy that the theoretical model did not consider the Ta
environment in which the experiments were conducted.

In examining the thermal release curves, our focus centered on the
comparison between experimental and theoretical model data. The the-
oretical estimations indicated a noteworthy trend: radionuclides exhibit
a faster migration to the sample’s surface than their release rate sug-
gests. This can be understood by the fact that not all isotopes reaching
the surface would eventually be released, as there are mechanisms that
can retain them and implies that the release process is more constrained
by surface effects rather than diffusion itself. It is important to acknowl-
edge that the desorption enthalpy data used in the theoretical model
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Fig. 13. Total Sc thermal release from embossed and not embossed "*Ti foil samples.

is sparsely available in the literature, and its reliability comes with a
significant level of uncertainty, which unfortunately is not explicitly
documented. This uncertainty may have a substantial impact on the
estimation of the global desorption probability and, consequently, on
the results obtained for the ODF. Reducing the desorption enthalpy
of 392.4 kJ/mol [44] by for example an arbitrary fraction of 5% in
the model would shift the onset of the ODF notably towards lower
temperatures. Therefore, one cannot draw consistent conclusions from
the theoretical model predictions yet with respect to the behavior of
embossed and non-embossed samples. It is also important to mention
that "*Ti and "V foils are covered with a native oxide layer that can
influence the release from the surface because of chemisorption. To
better understand these processes further targeted experiments need to
be carried out.

3.4. Sc thermal release from "'V samples

naty has a higher melting point (1910 °C) than "Ti (1668 °C).
Moreover, the cross-section (see ref [26]) values for the production
of Sc-47 and Sc-44 are in the same order of magnitude for both
materials at the energy available at CERN-MEDICIS. Therefore "V is
a promising material for mass separation and the release of Sc-47 was
already investigated at MEDICIS from activated non-embossed "V foil
samples. The same methodology was used, as described for the "Ti
samples. The release study temperature points were chosen according
to previous mass separation experiments with "V foil target materials
at MEDICIS [26].

The thermal release results for 4°Sc are shown in Fig. 14. Only
two data points for 47Sc release results were shown and others were
discarded due to the high uncertainties from y spectroscopy measure-
ments obtained due to the low activity produced. Based on previous
mass separation experiments and the fact that V has a higher melting
point (1910 °C) and density than Ti (1668 °C), the Sc out-diffusion was
expected to happen slower or at higher temperatures [48].

As shown in Fig. 14, there is almost no Sc release below 1450 °C
(12.5% =+ 1.8%), however, 100% release was observed already at 1600
°C (see Table 6).

Currently, obtaining theoretical estimations and curves for Sc dif-
fusion and release from the "V sample is not possible due to the
absence of Sc diffusion coefficient data in the "V matrix within the
literature. However, with a comprehensive understanding of all the
processes involved in the Sc thermal release, it would be possible
to derive an initial approximation of the diffusion coefficient. The
obtained preliminary data serves as a starting point for determining
the first diffusion coefficient for Sc within the V matrix.
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Table 6

46Sc and #Sc relative release from non-embossed "V foil samples.

Temperature, Release of Release of Total release
°C 46Sc, % 47Sc, % of Sc, %
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 + 13.5

4. Summary and conclusions

The relative Sc radionuclide thermal release pattern from metallic
narTi foil and "’V samples in the MEDICIS and ISOLDE mass separator
target unit and Ta environment was systematically studied. Full Sc
release within one hour after reaching the set temperature was achieved
at 1200 °C for non-embossed "“Ti, and 1450 °C for embossed "¥Ti foil
samples respectively. In contrast to the expected, the Sc radionuclide
relative release of embossed metallic "¥Ti foils was shifted towards
higher temperatures to achieve the same released fraction. The underly-
ing mechanism of this observation will be investigated in future studies.
The first preliminary results for Sc release from "#V foil samples are
presented, showing full (100%) Sc release at 1600 °C within 1 h of
reaching the temperature.

The theoretical Actiwiz and mathematical model estimations, used
in this study, were in very good agreement with the obtained experi-
mental data for "“'Ti. The obtained preliminary results from experimen-
tal Sc release from "#V foils can serve as a benchmark for theoretical
model improvements for V materials.

This study has broader implications, and the methodology and
findings of this study not only advance our understanding of Sc release
in MEDICIS mass separation conditions but also pave the way for
other isotope release studies from ISOL target materials, such as Tb
radionuclides from metallic Ta foil target materials as well as build
up an experimental database and benchmark theoretical diffusion and
release model developments. The starting radionuclide activities in
these release experiments, however, should be chosen to maintain them
well above the minimal detectable activity levels throughout the whole
release experiment, to decrease the uncertainties and therefore increase
the experiment output.
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