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Scandium-44 is a medically interesting positron and gamma emitting radionuclide with 
possible applications in molecular imaging. It is commonly produced with the use of a 
cyclotron in a calcium or sometimes a titanium based irradiation target. As the 
radiopharmaceutical use of scandium radionuclides commonly requires chelation, 
scandium needs to be separated from the target matrix. This is most often carried out 
either via extraction chromatography using a suitable solid phase or through 
precipitation-filtration. 

In this work, scandium-44 along with other scandium radionuclides was produced using 
cyclotron irradiation with 10 MeV protons and a solid, natural isotopic abundance 
calcium carbonate or calcium metal target. Scandium was separated from the irradiated 
targets using four different chromatographic materials and a precipitation method.

Scandium-44 was produced in kilo- and megabecquerel amounts with an average 
saturation yield of 47 MBq/µA. The achieved separation yields in a single elution 
ranged from 28 ± 11 % to 70 ± 20 % with the best performing extraction material 
being UTEVA resin.
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Kemian ja molekyylitieteiden maisteriohjelma

Pro gradu

Skandium-44 on lääketieteellisesti kiinnostava positroni- ja gammaemitteri, jolla on 
mahdollisia sovellutuksia isotooppikuvantamisessa. Sitä tuotetaan yleensä syklotronilla 
kalsium- tai joskus titaanimateriaalikohtiossa. Skandiumin radiolääkeainesovellutukset  
edellyttävät yleensä kelatointia, joten skandium on erotettava kohtiomatriisista. Erottelu 
tehdään yleensä joko ekstraktiokromatografialla sopivaa kiinteää faasia käyttäen tai 
saostus-suodatuksen kautta.

Tässä työssä tuotettiin syklotronilla skandium-44:ää ja muita skandiumin radionuklideja 
säteilyttämällä 10 MeV protoneilla kiinteää rikastamatonta kalsiumkarbonaattia tai 
kalsiummetallia. Skandium eroteltiin säteilytetyistä kohtioista käyttämällä neljää eri 
kromatografista materiaalia sekä saostusmenetelmää.

Skandium-44:ää tuotettiin kBq- ja MBq- määrissä keskimääräisen saturaatiotuoton 
ollessa 47 MBq/µA. Yksittäisessä eluutiossa keskimäärin saavutetut erottelusaannot 
vaihtelivat välillä 28 ± 11 % ja 70 ± 20 %. Suorituskyvyltään parhaaksi 
erottelumateriaaliksi osoittautui UTEVA-hartsi.
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1 Introduction

Scandium (Sc) is a trivalent third group metal classified into the rare earth elements,
together with yttrium and the lanthanides. In geosphere, it is found mostly in small
concentrations dispersed among other ores. Natural scandium has found high industrial
value in many applications of modern technology.1,2

Industrially relevant scandium consists of its only naturally occurring stable isotope, 45Sc.
The radioactive isotopes of scandium have generated interest for use in radiopharmaceuti-
cals, for both medical imaging and radiotherapy, already several decades ago3,4, but this
has not so far lead to clinical deployment of scandium radionuclides. This thesis focuses on
a positron and gamma emitting nuclide 44Sc, or more specifically its ground-state isomer
44gSc, and related nuclear and separation chemistry.

The objective of this work was to gain access to a new radionuclide for use in research at
the Department of Radiochemistry in University of Helsinki, and the purpose to devise
a method and test the feasibility of 44gSc radionuclide production and to separate the
produced scandium radionuclide(s) using suitable chemical separation techniques. This
nuclide was considered a good candidate for production as its properties are suited for
production using the available 10 MeV (Ep+) cyclotron for irradiations.

From a radiopharmaceutical perspective, some of the benefits that 44gSc can offer include
a four-hour half-life suitable for longer pharmakokinetics compared to e.g. the commonly
used radiometal 68Ga; logistical advantages as the radionuclide need not necessarily be
produced in-house; high positron fraction ideal for positron emission tomography; and the
possibility to use the nuclide as a diagnostics and therapy combining theranostic matched
pair together with isotopic 47Sc.5–7

In radiochemical separations, solid phase extraction is the most popular separation method
type for scandium1. The methods selected for testing in this thesis include four chro-
matographic extractions as well as a traditional separation by precipitation and filtration.
Chromatographic methods as such are widely described in literature for radiochemical
separations, and while one of the selected materials is common, three of the materials are
less so. These include two titanium based materials that were previously prepared by a
research group at the Department of Chemistry and were included in this work to assess
their suitability for tracer concentration level separations of scandium.

In the following chapter, a broad literature review is provided for sufficient theoretical and
practical background on the subjects: radionuclide production and their use in pharma-
ceuticals, scandium, its radioisotopes and their use, and the experimental methods utilized
in this work.
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2 Literature review

2.1 Nuclear decay and radioactivity

Nuclear decay is a process in which an energetically unstable nucleus of an atom decays
into product particles, giving off the energy of the decay process to these products. This
phenomenon is also called radioactivity. The time in which half of a given quantity of
similar radioactive nuclei have decayed is called the half-life of that specific nuclide, and
an isotope of an element is considered radioactive if the half-life of it ranges approximately
between the measurable 10−18 seconds and 1020 years.8

There are a total of 4000 known individual nuclides of 118 elements,9 from which 255 (6.4 %)
are considered stable, i.e. not radioactive. Of these stable nuclides, approximately 60 %
have a paired number of both neutrons and protons in them and 40 % either even number
of protons and odd number of neutrons or vice versa. Only four of the stable nuclides have
an odd number of both nucleons. This phenomenon is due to energy stabilization caused
by pairing of similar nucleons.8

In addition to nucleon pairing, factors affecting the stability of nuclides are the atomic
number of the nuclide (mass of the nuclide) and the neutron number (N) to proton number
(Z) ratio N/Z. At high atomic numbers, the nucleus becomes unstable towards alpha decay,
the emission of a helium nucleus from the parent nucleus. The N/Z ratio for stable nuclides
generally ranges from 1 to 1.52. As the positively charged protons in a nucleus experience
a repulsive coulombic force, the attracting strong nuclear force must balance this repulsive
force for the nucleus to be stable. Therefore, the number of neutrons increases more rapidly
than the number of protons.8 Figure 1 shows the nuclide chart in which the known nuclei
are arranged by their proton and neutron numbers.

When a nucleus has too high N/Z ratio, it will decay in a mode that will lower this ratio.
Correspondingly, too low N/Z ratio will cause a nucleus to decay in a way increasing this
ratio. Radioactive decay modes that decrease the N/Z ratio are8

• β
− particle emission resulting from a conversion of a neutron into a proton, accom-
panied by the emission of an electron antineutrino

• neutron emission, which is rare and occurs at very high N/Z ratios

And decay modes that increase the ratio are8

• β
+ particle (positron) emission

• electron capture (EC) into the nucleus resulting in the conversion of a proton into a
neutron, accompanied by the emission of an electron neutrino

• proton emission, which is rare and occurs at very low N/Z ratios

2



Positron emission and electron capture are competing processes, electron capture becoming
more likely as the atomic number increases and predominating beyond platinum. For a
positron emission to take place, the decay process needs to have a minimum transition
energy Q of 1.022 MeV. This is the energy required for a positron-electron pair to form.
Thus, proton-rich nuclei with a Q value lower than this will decay by electron capture.10

0 50 100 150 177
0

50

100

150

118

N

Z

N=Z

Figure 1: The chart of nuclides with decay modes. The line corresponds the situation
N=Z. A notable feature in the nuclide chart is the ’valley’ of stable nuclides in the center
(labeled black), surrounded by neutron-rich, β−-decaying nuclides on the low-right (labeled
blue) and proton-rich β

+ and EC -decaying nuclides on the up-left (labeled red). Heavy
alpha-decaying nuclides can be seen in the upper part (labeled yellow). Some more exotic
decay modes are also identified. Chart: Simpson, E. C.11 (modified, used with permission).

The β− particle, also sometimes called negatron, is physically equivalent to the electron, and
the β

+ particle is its antimatter counterpart. Beta decay is accompanied by the emission
of neutrinos, an electron antineutrino in the case of β− decay, and an electron neutrino
in the case of β+ decay and electron capture. The Q value of a beta decay is altogether
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shared between three particles: the emitted beta particle, the emitted neutrino and the
recoiling daughter nucleus. Thus, the energy spectrum of a beta particle emission is a
continuous distribution with a maximum and an average energy. Neutrinos themselves are
not chemically interesting as they extremely rarely interact with matter.8

Excited radionuclei may de-excite by isomeric transition (IT). This mode includes both
de-excitation accompanied with gamma radiation and internal conversion. In the former
case, the nuclear excitation energy is released via the emission of a gamma photon. In
internal conversion, an orbital electron is ejected from the atom due to energy transfer
from the excited nucleus to the orbital electron, enabled by the overlapping wave functions
of the two. When the half-life of the excited state is sufficiently long, these nuclides are
called metastable nuclides, and denoted with m after the mass number, as in 99mTc.8,10

A decay scheme of a radionuclide is a figure that generally shows at least the mode of decay,
the decay energy, half-life, daughter nuclide, nuclear energy levels and emitted species
along with their energies.10 A generalized example in figure 2 presents also nuclear spins
corresponding to each energy state of the nucleus.
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Figure 2: A generalized decay scheme. A higher vertical position indicates a higher energy
state. The horizontal axis shows the atomic number relative to the parent nuclide, and
decay modes are drawn accordingly. The axes are usually not presented. Next to the
gamma-decaying energy levels, nuclear spin values are shown (here I0, I1, et cetera). The
energy levels in the figure are arbitrary and don’t reflect a real nuclide.
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2.2 Nuclear imaging

Nuclear imaging, also sometimes referred to as radioisotope imaging, radionuclide scanning12

or nuclear medicine imaging in the case of its most common use in the medical field,
utilizes radioactive isotopes and radiation detectors in order to gain an image from a
radiation-emitting source.13 While nuclear imaging is most often applied in the clinical
setting for humans, it has been used for several purposes, such as plant physiology14,
preclinical animal studies15 and academic research in general. Even though any use of
radionuclides to produce an image can be thought of as "nuclear imaging", the term is
primarily used in the context of living biological organisms. Molecular imaging is a relating
concept for nuclear imaging. Molecular imaging, however, covers also modalities such as
magnetic resonance imaging (MRI), ultrasound imaging and infrared imaging that do not
utilize radionuclides.13,15

Nuclear imaging is generally divided into two major imaging types, or modalities : positron
emission tomography (PET), and single-photon emission computed tomography (SPECT).13

A more novel and minor modality is Cerenkov luminescence imaging (CLI), where Cerenkov
radiation (visible light) resulting from energetic charged particles, such as beta particles
interacting with matter, is observed.16 17 Here, the main focus is on positron emission
tomography.

2.2.1 Positron emission tomography

In positron emission tomography, a radioisotope with an excess of protons in its nucleus
is used to exploit the positrons ejected from the nucleus during the decay. The emitted
positrons lose most of their kinetic energy due to inelastic scattering within the surrounding
matter, and eventually collide with the ubiquitous electrons in the matter, annihilating as
a result of matter-antimatter interaction. As the mass transforms completely into energy
in this reaction, two gamma ray quanta form, both with an energy of 511 keV as this
corresponds the rest mass of a positron and an electron18. From the point of annihilation,
these gamma rays propagate to almost opposite directions creating a line of response, which
knowledge is used in PET scanner systems8,13. The positron-electron pair is not completely
at rest at the time of annihilation and so, as a result of conservation of momentum, the
photons are not exactly collinear, giving a small lowering contribution to the imaging
resolution19,20. A PET scanner consists of a large number of scintillation-type radiation
detectors arranged into a ring (see figures 3 and 4) or sometimes a polygon, such as a
hexagon. When the radiation-emitting object is inside this detector array, the two emitted
gamma photons will reach two detectors on the opposite sides of the ring inside a very
narrow time range (2–3 ns.)13.
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Figure 3: A schematic presentation of PET imaging. Depicted is a human with head inside
a PET detector ring consisting of several detector blocks, and the general path of the
signal in the system. Modified, original image: Jens Maus/Wikimedia Commons, brain
PET scan image: OpenStax/Wikimedia Commons, licensed CC-BY 4.0.

These detected gamma ray pulses of defined energy are then sent forward in the signal
processing electronics, while other detected radiation pulses of different energies and those
not detected inside the defined coincidence time range are discarded and have no effect on
the image produced. The detection of the pulses then allows to form a line of response
corresponding a linear area where the emitting radionuclide must be located.13 In PET
systems, there are, however, coincidence events caused by random events or scattering
causing challenges in image construction13 that are not presented in further detail here.
Another important physical factor strongly affecting image resolution in positron emission
tomography is the initial kinetic energy of the emitted β

+ particle. The further from the
initial position of the radiotracer the emitted positrons travel prior to annihilation, the
poorer the spatial resolution is.13,19

6
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Figure 4: A PET scanner at the Turku PET Centre. Image: Turku PET Centre, CC-BY
4.0.

In addition to traditional PET, imaging using positron emitting nuclides and three-photon
(triple) coincidences instead of two-photon (double) coincidences as the basis of image
reconstruction have been considered. These novel modalities include β

+
γ coincidence

imaging and positronium imaging.21,22 The β
+
γ, or ’γ-PET’ coincidence imaging exploits

positron emitters that also emit a prompt gamma, intersecting the line of response from
annihilation with a ’Compton cone’ related to the scattering of the prompt gamma
photon23. This process allows each decay event to be localized in three dimensions instead
of a line, permitting possibly a spatial resolution of a few millimeters to below one
millimeter23,24. Possible benefits of the β

+
γ modality include better signal-to-noise ratio,

reduced acquisition time, image reconstruction sensivitity23 and simplicity25. Also, dual-
tracer PET imaging, differentiating between a pure positron emitter and a β

+
γ emitter

simultaneously is possible21. Reduced dose to the patient may additionally be achieved21,26.

While the majority of emitted positrons annihilate directly producing two 511 keV gamma
photons, annihilation can also yield three gamma photons either directly or via the
formation of a positronium, a short-lived state formed by an electron and a positron27,28.
In a water environment, around 40 % of the positrons form a positronium29, and 3/4 of
these are in a state called the ortho-positronium, which in vacuum decays into three (or
more) gamma photons, but inside matter the decay route and lifetime are affected by the
surrounding chemical environment27,28 (illustration in figure 5). This information may be
utilized to probe the state of tissues, e.g. oxygenation of tumors27,30. Total fraction of the
three-photon decays is approximately 0.5 %31.

7
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Figure 5: In positronium decay, the chemical environment affects the mode and exact time
of annihilation. Pictured is a part of a hemoglobin molecule. Image: Moskal et al. 202030,
CC-BY 4.0.

2.2.2 Single photon emission computed tomography

As a contrast to PET utilizing two photons, SPECT uses single emitted gamma photons
to create an image. In SPECT scanners, the image is commonly obtained with rotating
planar gamma cameras, compared to static ring systems in PET. As PET cameras, SPECT
cameras are generally constructed of scintillation detectors coupled with photomultiplier
tubes.13

The desired gamma photon energy for SPECT imaging is in the lower range, e.g. 140 keV of
the common SPECT nuclide, 99mTc19. SPECT has lower spatial resolution than PET and
image acquisition times are longer and PET is fully quantitative whereas SPECT imaging
alone is not13, but SPECT has better sensitivity and enables simultaneous detection of
multiple radionuclides. In SPECT it is assumed that the distribution of the emitter does
not change during the scan.13,19,32

2.3 Nuclear reactions and radionuclide production

There are a number of naturally occurring radionuclides, but their characteristics or their
minute natural abundance make them unsuited for use in radiopharmaceutical applications
as such, though they do have other applications. The radionuclides used must then be
artificially produced with suitable methods. The main methods for practical radionuclide
production involve either a cyclotron or a nuclear reactor, and the number of artificially
produced radionuclides ranges to over 1300 10.

8
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In a nuclear reaction, interaction between nuclear particles yields new nuclei, different
from the reacting ones. Generally, a nuclear reaction involves a target nucleus with which
a projectile particle interacts, resulting in a product nucleus and and an ejected particle or
a gamma photon.10 Nuclear reactions originating from high-energy gamma ray absorption,
i.e. photonuclear reactions, also exist,8 though their practical importance for radionuclide
production is smaller.

Nuclear reactions are generally expressed in the condensed form

A
ZX(a,b)AZY (1)

where X refers to the target nucleus, Y to the product nucleus, a to the incoming particle
or gamma photon and b to the emitted particle(s) or gamma photon. A and Z refer to
mass number and atomic number of respective nuclei, respectively.10

The Q value of a nuclear reaction states the difference between the rest energies of the
reactants and the products. Accordingly, when Q > 0, the reaction is exergic, or energy
releasing, and endergic, or energy binding, when Q < 0. For reactions with negative Q
values, a threshold energy Eth required from the projectile exists and is calculated with
the formula

Eth = −Q
(
M1 +M2

M2

)
(2)

where M1 and M2 are the masses of the projectile and the target nuclei, respectively.10

Charged particle reactions are nuclear reactions where a species such as a proton (p),
deuteron (d), triton (t) or alpha particle (α) reacts with a nucleus. Charged particle
reactions are in practice carried out with the use of cyclotrons (see section 2.7.1).8 These
reactions can be e.g. of type (p,n) or (p,α), and product nuclei are not isotopic with the
target, which enables the chemical separation of the product nuclide from the target and
thus high specific activities.

Specific activity is the activity per unit of mass of compound, e.g. GBq/mg, and is used
in the context of radionuclide development, whereas the term molar activity is otherwise
used in the context of radiopharmaceuticals.33 Molar activity is the radioactivity per
mole of compound of the substance, e.g. GBq/µmol33, and it is important especially when
dealing with receptor-binding radiopharmaceuticals and low solubility compounds8,13. A
high molar activity enables the substance to act as a true tracer in physiological systems,
inducing no effects in them, but producing a high signal when imaging is desired34.
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As a contrast to charged particle reactions, neutron capture reactions that de-excite through
gamma emission (i.e. (n,γ)) produce nuclei that are isotopic with the target.8 In a neutron
flux only a small fraction of the target nuclei are activated, leaving most nuclei of the
target element inactive.34 Such products may result in a low specific activity. As cyclotron
and reactor produced nuclides are generally different isotopes of an element, these methods
are not competing with each other.8

The probability of a certain nuclear reaction is expressed with the physical quantity cross
section. In collision theory, cross section can be regarded as the geometric circular area
around a target (nucleus) in which a projectile species must enter in order for a collision
to occur.35 In nuclear science, the probability of a particle or photon to interact with
the target nucleus is called the activation cross section σ, with the dimension of area
expressed as barns or millibarns, [σ] = 1b = 10−28 m2. The activation cross section is a
function of energy and depends on the identity of the bombarding particle or photon and
the overall reaction in question.34 Cross sections for individual nuclear reactions are also
called partial cross sections as a distinction to total cross sections, which measure the
formation probability of any reaction product. Activation cross sections expressed as a
function of energy are called excitation functions. The cross section maxima are related to
the excited energy states of intermediate compound nuclei.8 Two examples of excitation
functions are presented below in figures 6 and 7.

Cross-section data for nuclear reactions can be determined experimentally and also evalu-
ated with different computational models. Examples of systems utilizing computational
nuclear model codes are EMPIRE and TALYS, which make use of different nuclear interaction
models.36,37 Both of these have been utilized for e.g. medical radioisotope cross section
predictions36,38, and theoretically calculated and experimental cross sections have yielded
comparable results39.

Since cyclotron production utilizes positively charged particles and the reactions often
include the emission of neutrons40, the cyclotron production of radionuclides yields proton-
rich nuclei that decay by positron emission and/or electron capture processes.8 These
nuclides are often suitable for PET or SPECT imaging purposes, because for imaging,
either positrons or single gamma photon emissions without accompanying β

− radiation
are desirable in order to avoid unnecessary radiation dose. A common example of a PET
nuclide produced with cyclotrons is 18F and it’s excitation function is presented in the
figure 6 below. For a charged-particle reaction, the projectile particle must overcome a
Coulomb barrier, i.e. the electrostatic potential between the particle and the nucleus.
Thus, for each charged-particle reaction there is an energy Ecb that the particle needs to
exceed in order to reach sufficient nuclear proximity for reactions to occur.8
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Figure 6: Excitation function of the reaction 18O(p,n)18F. Data: IAEA Recommended
values (Padé fit)41. The vertical axis shows reaction cross sections in millibarns and the
horizontal axis the proton energy in MeV.

Irradiation of a target with neutrons, usually from a nuclear reactor, yields neutron-rich
nuclei via neutron capture reactions, typically (n,γ)8. Neutron rich nuclei decay via β

–

decay, being suitable for therapeutic and/or SPECT imaging purposes, when a suitable
gamma emission also exists13. An example of such nuclide is 90Y that can be produced
via the radiative neutron capture reaction 89Y(n,γ)90Y. The excitation function of this
reaction is shown in figure 7.

Unlike reactions with charged particles, neutron capture reactions do not have a Coulomb
barrier and therefore a Ecb. In general, cross sections for these reactions are higher than for
charged particle reactions. Cross sections also increase towards very low neutron energies.
This is due to the wave nature of the neutron particle and subsequent larger wave function
overlap of the neutron and the nucleus. Neutron capture excitation functions also show
a resonance area, where cross sections can be locally very high. These local maxima
correspond to discrete excitation levels of the compound nucleus.8

In fission, a heavy nucleus splits asymmetrically into two fragments with the emission of
neutrons and gamma radiation. As a rare decay mode for heavy nuclides, fission can be
spontaneous, but more importantly fission can be induced through particle bombardment.
Fissile nuclei, such as 235U, that are used for reactor production of nuclides have a high
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Figure 7: Excitation function of the reaction 89Y(n,γ)90Y. On the vertical axis, cross section
of the reaction is plotted on a logarithmic scale. On the horizontal axis, projectile neutron
energy is plotted as electron volts on a logarithmic scale. The rapidly oscillating function
between 102 − 105 eV corresponds the resonance area. Data: EXFOR database42.

N/Z ratio, and fission products with lower atomic number thus have a N/Z ratio too high
for stability, and their decay occurs via β

– decay.8 Reactor production modes are, then,
useful for beta decaying nuclides for e.g. SPECT imaging and therapeutic purposes. Some
examples for common fission-produced nuclides are 90Sr and 137Cs, that are located in
the mass number areas of 90–100 and 135–145, that correspond the two fission product
maxima on the chart of nuclides43.

Photonuclear reactions occur when a high-energy gamma photon is absorbed into a nucleus,
and mostly begin to occur at gamma photon energies exceeding 5 MeV. Binding energies
per nucleon for most stable nuclides fall in the range of 5–8 MeV.8 Many photonuclear
reactions include the emission of a neutron44, offering the possibility to produce isotopic
nuclides with lower mass and neutron number, in contrast to many reactor-produced
nuclides with higher mass and neutron number of the same element. However, the problem
of low specific activity and high amount of stable carrier in the end product exists. This
problem may be alleviated by using reactions resulting in change of atomic number either
directly or via a short-lived intermediate nuclide.44
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Several radionuclides and nuclear isomers have been produced and proposed for production
using different types of electron accelerators as photon sources44–46. Some examples of
radionuclides produced by the photonuclear reaction route are 100Mo(γ,n)99Mo (for 99mTc);44
23Na(γ,αn)18F;44 195Pt(γ,γ’)195mPt46 and 48Ti(γ,p)47Sc44,47,48. Compared to some (n,γ)
reactions occurring in a reactor, photonuclear (γ,n) reactions may give far higher yields.46

Photonuclear production methods are also considered to have competitive advantages over
charged particle reactions at high Ep values.44

2.4 Radionuclides in tracers and pharmaceuticals

A radiopharmaceutical refers to a compound or substance to be used for diagnostic or
therapeutic purposes, whereas a radiotracer is a certain compound that is radiolabelled
with a radionuclide and can be used to study different chemical, physical and biological
processes by tracing the substance.13,49 In radiolabeling, an atom of the compound to be
labelled is generally replaced with a radioactive atom, either of the same element (’true
tracer’) or another element. An example of a true tracer is a glucose molecule with a
carbon atom replaced for a radioactive counterpart, 11C or 14C, whereas the commonly
used glucose tracer substance is [18F]fluorodeoxyglucose, a modified version of glucose. A
basic requirement for the selection of a radiotracer to a certain application is the similar
behaviour of the radiotracer compared to the substance being traced. The amount of tracer
is also so small that it generally does not itself induce any pharmacological effect.13

The wide variety of different radionuclides of dozens of elements enables scientists to
consider several aspects when choosing a proper radionuclide or a tracer for research and
pharmaceutical use. Currently, a database containing molecular imaging and contrast
agents (MICAD) lists 1625 PET and 1925 SPECT agents50. In table 1 a collection of
radionuclides used in radiopharmaceutical science is presented along with their properties
and some use cases. The nuclides are mostly not used as pure substances to the uses
indicated, but as a part of a radiotracer.
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Table 1: Common radionuclides used in radiopharmaceutical science.

Nuclide Primary decay Half-life Uses Production method
mode(s)51 51

11C β
+ 20.4 min PET imaging34 Charged particle reaction34

13N β
+ 10 min PET imaging34 Charged particle reaction34

14C β
− 5700 a Drug metabolism, ex vivo imaging, diagnostics19,52 Neutron activation34

15O β
+ 122.2 s PET imaging34 Charged particle reaction34

18F β
+ 109.7 min PET imaging34 Charged particle reaction34

24Na β
− 15 h Electrolyte studies, neutron act. analyses53,54 Neutron activation34

32P β
− 14.3 d Therapy55 Neutron activation34

35S β
− 87.4 d Research, molecular labeling56,57 Neutron activation34

42K β
− 12.4 h K+ electrolyte studies19 Neutron activation34

51Cr EC 27.7 d Blood cell and flow studies19,58 Neutron activation34

57Co EC 271.7 d In vitro assays, organ scans59 Charged particle reaction60

59Fe β
− 44.5 d Fe physiology61,62 Neutron activation34

62Cu β
+ 9.7 min PET imaging13 From 62Zn34

64Cu β
+ / β

− 12.7 h PET imaging19 Neutron activation63

67Ga EC 3.3 d SPECT imaging13 Charged particle reaction34

68Ga β
+ 67.8 min PET imaging19 Generator34

75Se EC 119.8 d Protein research19 Neutron activation34

81mKr EC 13.1 s Pulmonary ventilation59 From 81Rb59

82Rb β
+ 1.3 min PET, K+ analogue19 Generator34

89Sr β
− 50.6 d Therapy55 Neutron activation63
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89Zr β
+ 78.4 h PET imaging13 Proton reaction13

90Y β
− 64 h Therapy55 Neutron activation, from 90Sr55,63

99mTc IT 6 h SPECT imaging13 From 99Mo34

111In EC 2.8 d SPECT imaging13 Charged particle reaction34

117mSn IT 14 d Therapy55 Neutron activation63

123I β
+ 13.2 h SPECT imaging13 Charged particle reaction34

131I β
− 8 d Therapy55 Neutron activation34

153Sm β
− 46.3 h Therapy55 Neutron activation63

165Dy β
− 2.3 h Therapy64 Neutron activation63

166Ho β
− 26.8 h Therapy64 Neutron activation63

169Er β
− 9.4 d Therapy55 Neutron activation65

170Tm β
− 128.6 d Therapy64 Neutron activation63

177Lu β
− 6.6 d Therapy55 Neutron activation63

188Re β
− 17 h Therapy55 Neutron activation63

198Au β
− 2.7 d Therapy64 Neutron activation63

201Tl EC 3 d SPECT imaging13 Charged particle reaction34

223Ra α 11.4 d Therapy55 From 227Th/227Ac66
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Radiopharmaceuticals used in medicine may be non-specific or specific13. For instance,
[67Ga]-citrate is a non-specific agent for tumor tissues due to the altered levels of citrate in
them67, while another compound, such as [18F]FDOPA with specific dopamine receptor
targeting, is a called a specific agent. Specific radiopharmaceuticals intended for nuclear
imaging can also be called radiolabeled molecular imaging probes, RMIPs. An imaging
probe is generally similar to a molecule that is related to the process being scrutinized.
An imaging probe may, for example, be a drug molecule or it’s analogue. Imaging probes
are generally either low molecular mass molecules, sugars, fatty acids or amino acids,
peptide hormones or hormone analogs or large protein molecules, such as antibodies.13

Radiolabeled molecular imaging probes can be classified in several ways. One type of
classification is based on the nature of application, and divides probes into radiolabeled
drug substances, radioligands, pathway markers and biomarkers68. Some examples include:

• Radiolabeled drug: [11C]Metoclopramide, for imaging of pharmakokinetics and P-
glycoprotein function69,70

• Radioligand: [18F]Fluoroestradiol, a ligand for estrogen receptors13

• Pathway marker: [11C]Raclopride, a dopamine D2 receptor antagonist71

• Biomarker: 89Zr-Nivolumab, labeled antibody for tumor imaging72

Imaging radionuclides, then, may be grouped to: a) organic compound related radionuclides
of carbon, nitrogen and oxygen; b) halogens, and c) metals. The use of carbon, nitrogen
and oxygen radionuclides enables the preparation of true imaging probes, which are
chemically similar to their stable counterparts. Halogens can be used to label aromatic
ring structures, and a fluorine nuclide may be used as a hydroxyl group analogue. Metal
radionuclides, such as 44Sc, are generally incorporated into bifunctional chelating agents,
which in turn are attached to peptides and proteins.13 Some metals can also be used as
simple radiopharmaceutical formulations without chelation, such as 223Ra for bone pain
palliative treatment73.

General properties and considerations to take into account for biological radiotracers and
radiopharmaceuticals include, at least the following13,46,64,74,75: Molar activity of the nuclide:
For imaging, high molar activity is required to prevent the saturation of the biological
target with inactive compound resulting in less contrast. Similarly, receptor-targeted
therapy requires high molar activity. Available purity of the radionuclide formulation:
Different aspects of purity, e.g. radionuclidic, radiochemical and elemental purity need to be
considered, including possible trace metal contamination and following issues with labelling.
Proper labeling chemistry: Versatile chemistry enables different labelling possibilities with
many compounds. Also, the radionuclide should have high in vivo stability within the tracer
compound. Stability over time for a therapeutic compound is more important than for a
diagnostic compound, as the time required for a therapeutic nuclide to reside at the target is
higher. Compound specificity and localization: The specificity of the radiolabeled substance
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towards the biological target is important, as there should be minimum normal tissue
uptake to reduce unnecessary radiation dose, and in imaging, good target-to-background
contrast. Rapid clearance from plasma and nonspecific areas is also important, as well
as lack of peripheral metabolism of the compound. When the biological target is inside
cells, high cell membrane permeability and high intracellular retention are essential. As
an example, [18F]FDG that is a substrate for hexokinase enzyme in glucose metabolism,
enters the cell similarly with glucose, but does not metabolize beyond the first step and is
subsequently accumulated in the cell13. Ratio of particle to photon radiation: This ratio
should be high for therapy-only nuclide, and vice versa for imaging-only nuclide to reduce
unnecessary radiation dose. Low dose in imaging allows for multiple studies with the same
agent. Economics of production: An otherwise suitable nuclide may not gain popularity if
the production scheme is not cost-effective.

Radiometals in molecular imaging have some general advantages, such as the ability to
label biomolecules specific to a biological target, high molar activity and the availability
of theranostic pairs for imaging and therapy13. In the following sections, properties of
scandium and the production, separation and use of its radioisotopes are summarized.

2.5 Properties of scandium and its radioisotopes

Scandium is a metal that belongs to the third group (3A) in the periodic table and
is the transition metal with the smallest atomic number, Z = 21. However, chemically
scandium has a resemblance towards lanthanoids and is also officially classified together
with lanthanoids and yttrium, another transition metal, as the rare earth elements.76–78

Table 2 lists some properties of scandium.

Table 2: Some chemical and physical properties of scandium. CN = coordination number.
Data: Lide (ed.) 200579 unless noted otherwise.

Atomic number 21
Relative atomic mass 44.956
Electron configuration [Ar]3d14s2

Covalent radius 80 1.7 Å
Effective ionic radii

Sc3+, CN=6 0.745 Å
Sc3+, CN=8 0.87 Å
Sc3+, CN=12 1.116 Å

Electronegativity (Pauling) 1.36
Oxidation numbers III, (0)

Melting points of selected species
Scandium 1541 °C
Scandium oxide 2485 °C
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The hydrolysis of scandium(III) resembles iron(III), as they are both first-row transition
elements with close ionic radii81. The similarity of scandium with iron also poses challenges
related to the radiolabeling chemistry as iron competes with scandium in binding to e.g.
the chelator DOTA82. Though Sc3+ is a larger ion than Al3+, it hydrolyses to a greater
extent, likely due to the presence of d-orbitals in scandium83.

Scandium forms several water-soluble and water-insoluble salts with inorganic anions
(table 3). Salts, such as ScCl3, ScBr3 and Sc(NO3)3, are soluble in water, whereas Sc(OH)3
is insoluble in water (Ksp = 2.22 · 10−31) but soluble in dilute acid, and Sc2O3 is soluble in
concentrated acids79. Solid scandium salts are predominantly white, and Sc3+, ScOH2+

and Sc(OH) +
2 ions in water are colourless78. Some salts as well as complexes, including

accepted hydrolysis species (aqua complexes) of scandium(III), are listed in table 3. In an
aqueous solution of 0.1 M concentration without additional complexing species, scandium
generally exists in Sc3+ (aq) (acidic pH), Sc(OH)3 (s) (neutral pH) and [Sc(OH)4]

– (aq)
(basic pH)78.

Table 3: Some salts and complexes of scandium. Data: Schweitzer 201078 & Cotton 200684.

Some salts of scandium(III) H2O solubility

Scandium acetate Sc(CH3COO)3 soluble
Scandium carbonate Sc2(CO3)2 insoluble
Scandium chloride ScCl3 soluble
Scandium hydroxide Sc(OH)3 insoluble
Scandium nitrate Sc(NO3)3 soluble
Scandium oxide Sc2O3 insoluble

Some complexes of scandium(III)

[Sc(CO3)2]
–

[Sc(OH)4]
–

[ScF4]
–

[Sc(ox)3]
3– (oxalate)

[Sc(tart)2]
– (tartrate)

[Sc(nta)2]
3– (nitrilotriacetate)

[Sc(EDTA)]– (ethylenediaminetetraacetate)

[ScOH]2+

[Sc(OH)2]
+

[Sc(OH)4]
– aqua complexes

[Sc2(OH)2]
4+

[Sc3(OH)5]
4+
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Scandium has only one naturally orring, stable isotope, 45Sc 51. Literature describes multiple
radioactive isotopes for scandium, ranging from 36Sc to 61Sc 51, of which at least 23 have
been observed85 and the decay mode is known for most nuclides. Figure 8 shows the
scandium nuclides within the nuclide chart. The known isotopes of scandium, including
metastable nuclear isomers are listed and presented in more detail in table 5.

Figure 8: Scandium nuclides within the nuclide chart (fig. 1). The colour indicates the
primary decay mode (see legend). There are more known neutron-rich scandium nuclides
than proton-rich. The checquered nuclides are assumed to be proton emitters. Source: E.
C. Simpson 202011 (used with permission).

Known decay radiation information considering 44gSc and 44mSc is gathered in the table 4.
Figure 9 presents the decay scheme of scandium-44g. This disintegration occurs primarily
via the positron emission branch (94.27 %), with the rest occurring through electron
capture. The most important and abundant gamma emission has the energy of 1157.04
keV. Positron annihilation radiation at 511 keV has an intensity 188.54 %.86 The decay
scheme of the metastable nuclear isomer 44mSc is presented in figure 10.

Table 4: Decay radiation of 44gSc and 44mSc including emissions with intensity > 0.1 %
(positron annihilation radiation not shown). Data: Chen et al. 201186

44Sc 44mSc

Gamma radiation Gamma radiation
E / keV Intensity / % E / keV Intensity / %
1157.02 99.9 271.24 86.7
1499.46 0.908 1001.83 1.2
2656.48 0.112 1126.06 1.2

1157.002 1.2

Beta+ emissions
Endpoint E / keV Intensity / %
1474.25 94.27
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Figure 9: The decay scheme of 44Sc. The metastable isomeric state is also shown here,
more detailed scheme in figure 10. Intensities are expressed as percentages and energy
levels along with gamma quanta energies in keV. The half-lives of the excited states of
44Ca are in the range of femto- and picoseconds. Excitation level distances are not drawn
to a scale. Data: Chen et al. 201186, García-Toraño et al. 201687

Scandium is not considered to be very toxic, oral LD50 value in mice for ScCl3 is reported
as 4 g/kg88 and intravenous LD50 as 24 mg/kg89. The amounts of radioscandium in its
applications remain chemically insignificantly low to cause any chemical toxicity, so the
hazards are mainly related to the radioactivity. Radiation protection questions related to
the use of 44Sc in this work are addressed in section 3.
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energies in keV. Excitation level distances are not drawn to a scale. Data: Chen et al.
201186, Audi et al. 201751
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Table 5: Isotopes of scandium. Metastable nuclear isomers are designated with m. Error margins
are excluded from the half-life data. Data with a ? refers to uncertainty or estimation. p =
proton emission. n/a = data not available in the referenced source. Data: Audi et al. 201751,
Chu et al. 199965.

Mass Neutron Half-life Primary decay Production
number number 51 mode(s)51 mode(s)65

36 15 unknown p? n/a
37 16 unknown p? n/a
38 17 <300 ns p? n/a
39 18 <300 ns p n/a
40 19 182.3 ms β

+, β+p, β+α Charged particle reaction
41 20 596.3 ms EC+β

+ Charged particle reaction
42 21 680.79 ms EC+β

+ Charged particle reaction
42m 21 61.7 s EC+β

+ Charged particle reaction
43 22 3.891 h EC+β

+ Charged particle reaction
44 23 4.042 h EC+β

+ Charged particle reaction
Fast neutron activation

44m 23 58.61 h IT, EC+β
+ Charged particle reaction

Fast neutron activation
45 24 stable stable Naturally occurring
45m 24 318 ms IT n/a
46 25 83.80 d β

− Fast/thermal neutron activation
46m 25 18.75 s IT Fast/thermal neutron activation
47 26 3.3492 d β

− Fast/thermal neutron activation
48 27 43.67 h β

− Charged particle reaction
Fast neutron activation

49 28 57.18 m β
− Charged particle reaction

Fast/thermal neutron activation
50 29 102.5 s β

− Charged particle reaction
Fast neutron activation

50m 29 350 ms IT, β− Charged particle reaction
Fast neutron activation

51 30 12.4 s β
− Charged particle reaction

52 31 8.2 s β
− n/a

53 32 2.4 s β
−, β−n n/a

54 33 526 ms β
−, β−n n/a

55 34 96 ms β
−, β−n n/a

56 35 26 ms β
−, β−n, β−2n n/a

57 36 22 ms β
−, β−n, β−2n n/a

58 37 12 ms β
−, β−n, β−2n n/a

59 38 10 ms? β
−n, β−2n n/a

60 39 3 ms? β
−n, β−2n n/a

61 40 2 ms? β
−n, β−2n n/a
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2.6 Production, separation and use of scandium radioisotopes

2.6.1 Production of scandium radioisotopes

The production of scandium radioisotopes reported in scientific literature is not in the level
of many other, more common radionuclides. Studies begin from late 1930’s90 becoming more
numerous in the 2010’s due to the growing interest towards possible medical radionuclides
of scandium. While 44gSc is the main focus of this work, other isotopes are also reviewed
here. Several chemical aspects relating to the irradiation target, separation and use of
scandium are shared between all isotopes and constitute a useful set of information. In
addition, radioisotopes 44Sc or 43Sc together with 47Sc are often considered a possible
theranostic matched pair75,91. The data on irradiation of natural isotopic targets also sheds
light on the amount of radioisotopic impurities formed in these targets.

Which nuclides it is possible to produce in general is dependent on the reaction Q-
value and threshold energy (section 2.3). As calcium is a common target material for
scandium-producing charged particle reactions, table 6 lists stable calcium nuclides and
energetically possible scandium product nuclides for proton-induced reactions92. As most
of the cyclotrons for medical radioisotope production have their maximum proton energies
around 10–11 or 16–18 MeV and rarely over 30 MeV93, the table includes reactions with a
maximum proton energy of 30 MeV.

In tables 7 to 10 a detailed overview on the practical production of all scandium radioiso-
topes is given. From studies reporting several yields for the same reaction, the highest
value is quoted. Some of the studies have focused on the production of one or possibly
two isotopes, but the data for other scandium radioisotopes is also included here, when
reported. For the cyclotron irradiations listed, yield data is expressed as saturation yields
using the dimension MBq/µA, when possible, to enable comparability between studies.
Commonly in literature the yields are given as empirical EOB yields in MBq/µAh, even if
this is not recommended94. In the tables, this value is quoted if saturation yield is not
available for a given production. Saturation (thick target) yield is defined in equation 6.
Target thicknesses are here expressed as thick/not thick when this data was explicitly
available in the referenced study, but not in a more detailed way, as the individual target
assemblies and particle energies vary. Value uncertainties are not always included in the
studies and so they are omitted. Studies focusing solely on nuclear physical aspects, such as
cross section determination of reactions, are not included. Studies with insufficient amount
of details are likewise excluded. Along this text, 44Sc and 44gSc are used synonymously,
so that 44mSc is not indicated unless it is specifically written out. Regarding notation,
literature makes use of several different conventions and it is common to not explicitly
mark the nuclear isomer in the case of this nuclide. Next, production of the reported
nuclides is summarized.
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Table 6: Stable calcium nuclides, their natural abundance65 and possible scandium-
producing reactions with protons of energy 6 30 MeV. Listed are reaction Q values
and corresponding reaction energy thresholds in keV92.

Ca nuclide Percent of Reaction Q-value Reaction
natural Ca products threshold

40Ca 96.941
41Sc+y 1085 0
40Sc+n -15105 15486

42Ca 0.647

43Sc+y 4930 0
42Sc+n -7208 7382
41Sc+2n -18758 19209

43Ca 0.135

44Sc+y 6696 0
43Sc+n -3003 3074
42Sc+2n -15141 15496
41Sc+3n -26691 27317

44Ca 2.086

45Sc+y 6892 0
44Sc+n -4435 4537
43Sc+2n -14134 14458
42Sc+3n -26272 26875

46Ca 0.004

47Sc+y 8486 0
46Sc+n -2161 2208
45Sc+2n 10921 11161
44Sc+3n -22248 22736

48Ca 0.187

49Sc+y 9626 0
48Sc+n -503 514
47Sc+2n -8742 8925
46Sc+3n -19388 19796
45Sc+4n -28149 28741

44gSc

The most utilized reaction to produce 44gSc (and 44mSc) occurs through the 44Ca(p,n)44Sc
channel5,95–111 (table 7). Other channels involving a reaction with a calcium nuclide
are 42Ca(α,np)44m,gSc112, 43Ca(d,n)44m,gSc108 and 44Ca(d,2n)44m,gSc108,113,114. In addition,
the use of potassium in a 41K(α,n)44m,gSc reaction112 and titanium in natTi(p,x)44Sc
reactions115,116 are shown.
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The amount of 44Ca in natural calcium is approximately 2 %65 (see table 6). It follows
that there is a possibility to produce lower irradiation yields of 44Sc accompanied with a
higher amount of impurities with a natural abundance target, or higher yields and less
impurities with an isotopically enriched target. Figure 11 shows the excitation function for
the reaction 44Ca(p,n)44gSc.
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Figure 11: Excitation function for 44Ca(p,n)44gSc. The graph is plotted from Padé fit data
obtained using three experimental data sets. The uncertainty plot (orange) is plotted from
the uncertainty data of this fit. The lefthand vertical axis shows the cross section for the
reaction in millibarns, the righthand vertical axis shows the relative uncertainty for the
Padé fit as a percentage, and the horizontal axis shows the proton energy in MeV. Data:
IAEA38,117

The targets applied have nearly always been of solid material, though a single study with
aqueous target matrix containing calcium nitrate Ca(NO3)297 is published. Solid materials
have consisted usually of a salt, in this case, calcium carbonate CaCO3

98–100,104–107,109,112–114,
calcium oxide CaO96,108,110,111, potassium chloride KCl112 or titanium metal115,116 and
oxide116. Having the highest reactive nucleus density within materials of similar isotopic
composition, calcium metal has also been used in several cases5,95,101–103,105. Less than half
of the studies have utilized isotopically enriched target material.
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The initial projectile energies used in the production with cyclotrons range from 8 to 30
MeV, with 16 MeV being the mode value. No previous published data for < 10 MeV initial
energy cyclotron irradiations with a natCaCO3 target was found, and data for any scandium
radioisotope production by cyclotron irradiation in the lower particle initial energy range
of 6 10 MeV is limited. Here, initial energy refers to the energy of a projectile as it exits
the accelerating field and is not yet decelerated through interactions with matter.

In the case of charged particle irradiations, current refers to particle flux, experimentally
measured and reported using a unit for electrical current. Current may also be reported as
particle current, referring to the number of particles rather than the true electrical current
caused by the particles, e.g. when multiply charged alpha particles are used. Literature
describes the use of currents ranging all the way from 50 nA to 50 µA. The individual
currents used in the reported irradiations show no correlation with the irradiation yields
when expressed relative to the current used, as expected.

The yields are reported from variable targets, both thick and thin. Nuclear reactions
carried out using a calcium based target have resulted in saturation yields ranging from 4.6
to 5200 MBq/µA of 44gSc. Correspondingly, saturation yields of 44mSc have ranged from
15.2 to 21 MBq/µA. 44mSc is generally considered an unwanted or unnecessary byproduct,
though it can be the desired nuclide for use as an in vivo generator118. The use of natural
isotopic abundance potassium chloride has produced modest yields of 4.3 MBq/µAh and
0.21 MBq/µAh of 44gSc and 44mSc via an alpha particle reaction112, respectively. Irradiations
utilizing titanium targets have been able to produce 44gSc yields of 15–144 MBq/µAh115,116

using higher proton energies than calcium-based production schemes.

In the majority of reported irradiations, the obtained 44gSc yields fall between 60 to
220 MBq/µA98–104,107,109,111, or 9 to 220 MBq/µAh5,98–101,104–109,112,113,115,116, though the
amount of variation is great, and there are likely other factors outside target matrix
chemical composition and particle energy in place that affect the results, such as target
mass and geometry, i.e. target thickness. All of the highest saturation yields, between 1400
and 5200 MBq/µA, have been obtained using an enriched calcium target96,105,109,113.

A few of the yields have not been measured directly, but calculated by the authors of these
studies using experimental cross section production data determined in the respective
studies, including two of the highest activity yields of 3.1 GBq/µAh114 and 1.2 GBq/µAh108

reported, raising some doubts to whether measurable experimental yields are likely to
routinely reach such values.

As a higher concentration of reactive element atoms in the irradiated volume signifies a
higher probability for a desired reaction to take place, it is expected that target materials
of simpler compounds or even pure elemental composition should result in higher activity
yields (with respect to the reaction in question). Comparing available data for proton-
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induced reactions on different target chemical forms, targets using natCaCO3 have produced
69–100 MBq/µA98,105,107,109 44gSc in similar reactions whereas targets using natCa metal,
63–213 MBq/µA saturation yields101–103 have been produced. The yields using metallic
calcium targets are somewhat higher at least when thick target yields are specifically
reported102,103.

Targets using 44Ca-enriched CaCO3 or CaO have produced saturation yields of 61–
4500 MBq/µA99,100,104,105,109 and 140–5200 MBq/µA96,111, respectively. There are slight
differences as to which proton energies have been used in bombardments to get these
results, but CaO targets seem to have produced higher yields, though the data is very
limited. The theoretically ideal target material with respect to activity yield, 44Ca (s), has
not been utilized in any study. One form of liquid targetry using natCa(NO3)2 (aq) was
shown to produce 4.6 MBq/µA in saturation97, which is a modest value when compared
to the solid targets and stresses the importance of high reactive nucleus density within the
target.

On average, the 44gSc productions using calcium material targets presented in table
7 have yielded, with all channels and isotopically enriched targets, 1600 MBq/µA in
saturation96,99,100,104,105,109,111,113, though the variation is high. Similarly, using all channels
and isotopically natural abundance targets (excluding the liquid target), average saturation
yield is 120 MBq/µA98,101–103,107,109. Isotopic enrichment percentage was not disclosed in
every case and so the values here are not scaled but presented as ranges. The referenced
experimental data supports the theoretical understanding that the use of an isotopically
enriched target gives clear advantages in terms of irradiation yields. Proton-induced
reactions are comparable with alpha particle and deuteron induced reactions in the
available data (table 7).

Production of 44Sc has also been carried out with 44Ti/44Sc-generators, requiring preceding
production of long-lived 44Ti, commonly through the (p,2n) channel7 but also via the (n,3n)
channel at fast neutron energies119. The production using a cyclotron methodology requires
the possibility to use high proton fluxes to reach practical amounts for radiopharmaceutical
purposes7. This production mode is not discussed further here.

43Sc

A positron emitting nuclide, 43Sc shares similarities with 44gSc having also a comparable
half-life of 3.891 h51 (see table 5). It has lower beta particle as well as gamma energies and
no long-lived nuclear isomer65, making it a noteworthy candidate for imaging. Production
of 43Sc is reported to a lesser extent than 44Sc. Table 8 lists practical production data
available. All of the productions have been carried out through cyclotron irradiation with
protons, deuterons or alpha particles.
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Table 7: Reported production of 44m,gSc. Productions towards a 44Ti/44Sc nuclide generator
are not included. All productions are carried out with a cyclotron. All yields with the
dimension µA are saturation yields. Yields marked with ∗ are thick target yields, yields
with † (thin) target yields and target thickness is not explicitly known for the others, int.
= integrated yield, avg. = average production rate, calc. = yield calculated by the study
author from experimental cross section values determined in respective study. p = proton,
n = neutron, α = alpha particle, x = any ejectile, pnA = particle nanoamperes, EOS =
end of separation, n/a = data not available.

Reaction Target Projectile Current Irradiation Ref.
channel matrix energy yield
41K(α,n)44mSc natKCl (s) 20–2 MeV 50–200 pnA 0.21 MBq/µAh 112

41K(α,n)44Sc natKCl (s) 20–2 MeV 50–200 pnA 4.3 MBq/µAh 112

42Ca(α,np)44mSc 42CaCO3 (s) 29–12 MeV 50–200 pnA 3.3 MBq/µAh 112

42Ca(α,np)44Sc 42CaCO3 (s) 29–12 MeV 50–200 pnA 31 MBq/µAh 112

43Ca(d,n)44m,gSc 44CaO (s) 8–0 MeV 100 nA 204 MBq/µAh (calc.)∗ 108

44Ca(d,2n)44mSc
44CaO (s) 18–10 MeV 100 nA 27 MBq/µAh (calc.)∗ 108

44CaCO3 (s) 30 MeV 54–68 nA 77 MBq/µAh (calc.)∗ 114

44Ca(d,2n)44m,gSc 44CaCO3 (s) 16 MeV 0.2 µA 1400 MBq/µA 113

44Ca(d,2n)44gSc
44CaCO3 (s) 30 MeV 54–68 nA 3.1 GBq/µAh (calc.)∗ 114

44CaO (s) 17–10 MeV 100 nA 1083 MBq/µAh (calc.)∗ 108

44Ca(p,n)44Sc

44CaO (s) 15–5 MeV 100 nA 1200 MBq/µAh (calc.)∗ 108

44CaO (s) 18.3 MeV 5 µA 5200 MBq/µA 96

44CaO (s) 11 MeV 50 µA 350 MBq/µA (EOS) 111

44CaO (s) 13 MeV 10 µA 140 MBq/µA (EOS) 111

44CaCO3 (s) 15.2–2.2 MeV n/a 4500 MBq/µA 109

44CaCO3 (s) 16 MeV 15 µA 2700 MBq/µA∗ 105

44CaCO3 (s) 14 MeV n/a 150–200 MBq/µAh 106

44CaCO3 (s) 11 MeV 12.4 µA 61 MBq/µA† 99

44CaCO3 (s) 11 MeV 50 µA 170 MBq/µA† 104

44CaCO3 (s) 17.6 MeV 50 µA 85 MBq/µA 100

natCa (s) 16 MeV 5–27 µA 213 MBq/µA∗ 102

natCa (s) 16 MeV 25 µA 179 MBq/µA∗ 103

natCa (s) 15.56 MeV 25 µA 32 MBq/µAh 5

natCa (s) n/a 30 µA 63 MBq/µA 101

natCa (s) 16 MeV 13–23 µA n/a 105

natCa (s) 16 MeV 15 µA n/a 95

natCaCO3 (s) 15.2–2.2 MeV 1 µA 100 MBq/µA 109

natCaCO3 (s) 16 MeV 15 µA 96 MBq/µA 107
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natCaCO3 (s) 15 MeV 10 µA 69 MBq/µA 98

natCaCO3 (s) 16 MeV 13–23 µA n/a 105

natCa(NO3)2 (aq) 13 MeV 7.6 µA 4.6 MBq/µA 97

natCa(p,xn)44Sc natCaO (s) 20 MeV 100 pnA 30 kBq/pµAh† 110

natCa(d,x)44m,gSc natCaO (s) 18–0 MeV 100 nA 25 MBq/µAh (calc.)∗ 108

natCa(p,x)44m,gSc natCaO (s) 18–5 MeV 100 nA 28 MBq/µAh (calc.)∗ 108

44Ca(p,n)44mSc

44CaO (s) 15–5 MeV 100 nA 6 MBq/µAh (calc.)∗ 108

44CaCO3 (s) 28.5 MeV n/a 8 MBq/µAh∗ 109

natCaCO3 (s) 16 MeV 15 µA 21 MBq/µA 107

natCa (s) 16 MeV 5–27 µA 17.3 MBq/µA∗ 102

natCa (s) 16 MeV 25 µA 15.2 MBq/µA∗ 103

47Ti(p,a)44Sc natTi / natTiO2 (s) 17 / 24 MeV 30–40 µA 15 MBq/µAh (avg.) 116

natTi(p,x)44gSc natTi (s) 29.5 MeV 20 µA 144 MBq/µAh (int.) 115

natTi(p,x)44mSc natTi (s) 29.5 MeV 20 µA 2.99 MBq/µAh (int.) 115
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The saturation yields reached are comparable, though smaller than those of 44Sc, ranging
from 2.5 MBq/µA107 to 1800 MBq/µA109. With the exception of a potassium chloride
target112 and titanium metal and oxide targets115,116,120, all targets have used solid calcium
materials, i.e. carbonate, oxide and metal. In (p,x) channel reactions, highest yields are seen
with isotopically enriched (43Ca or 44Ca) targets108,109 whereas natural isotopic abundance
targets have produced only scarce yields102,103,107,108,110. As a contrast, unenriched calcium
targets may be more suitably utilized in higher-energy alpha particle irradiations, where
saturation yields of 1400 MBq/µA have been achieved112. Low yields on proton-irradiated
natural abundance targets are explained by the very low concentration of 0.135 % 43Ca in
natural calcium (table 6). For proton-induced reactions yielding this nuclide, the reaction
threshold for 44Ca is 14.5 MeV and for 43Ca 3 MeV92 (table 6). Irradiations using titanium
targets have produced non-saturated yields of 4–18 MBq/µAh in both natural115,116 and
46Ti enriched120 targets.

47Sc

The longer lived (t1/2 = 3.35 d65) β
– emitter 47Sc has been produced with different pro-

duction instruments and schemes (table 9). These include reactor production using either
fast121–123 or thermal neutrons122,124–128 on titanium and calcium based targets; cyclotron
production with protons primarily on calcium or titanium targets82,102,103,107,109,115,116,129;
electron linear accelerator (eLINAC) production on titanium47,48,130,131 or a calcium tar-
get132,133; a spallation neutron source122; one use of vanadium in a (p,x) production test134;
one using a racetrack microtron as photon source135; and one using a calcium ion side beam
from a research cyclotron to a water target136. Productions yielding 47Ca (t1/2 = 4.5 d65) as
a precursor for 47Sc in addition to direct production have been experimented122,124–127,133.

The reported irradiation yields (table 9) are not commensurate, but focusing here on the
cyclotron irradiations, the 48Ca(p,2n)47Sc productions are of interest. Among these, the
use of natural isotopic targets has resulted in only minor activities. When this occurs as
an undesired side reaction during the production of 43,44Sc, it is advantageous, but doesn’t
allow any standalone production of this isotope. An enriched 48Ca target, on the other
hand, has shown to produce a fair 6300 MBq/µA109 in saturation. Where titanium has
been used as the target material for cyclotron irradiations in (p,x)109,115,116,123 or (α,x)138

reactions, non-saturated yields have remained below 5 MBq/µAh.

Other Sc radionuclides

Of the other scandium radionuclides, some production data is available for 46Sc82,115,139–148,
48Sc82,99,102,103,107,149 and 49Sc3 (table 10). These nuclides are produced varyingly with
a reactor, especially 46Sc via a neutron activation reaction of stable scandium, and a
cyclotron, especially 48Sc through the (p,n) reaction. Production data for these nuclides is
gathered in table 10.

30



Table 8: Reported production of 43Sc. All productions are carried out with a cyclotron. All
yields with the dimension µA are saturation yields. Yields marked with ∗ are thick target
yields, yields with † (thin) target yields and target thickness is not explicitly known for the
others, int. = integrated yield, avg. = average production rate, calc. = yield calculated by
the study author from experimental cross section values determined in respective study. p
= proton, n = neutron, d = deuteron α= alpha particle, x = any ejectile, pnA = particle
nanoampere, sat. = at saturation, n/a = data not available.

Reaction Target Projectile Current Irradiation Ref.
channel matrix energy yield
40Ca(α,p)43Sc,
40Ca(α,n)43Ti → 43Sc nat/44CaO (s) 34 MeV 10 eµA 360 MBq/µA 129

40Ca(α,n)43Ti → 43Sc natCaCO3 (s) 25 MeV 0.5 µA 600 MBq/µA 137

40Ca(α,p)43Sc 40CaO (s) 20–8 MeV 100 nA 21 MBq/µAh (calc.)∗ 108

40CaCO3 (s) 20–0MeV 50–200 pnA 490 MBq/µA 112

40CaCO3 (s) 20 MeV 0.25 µA n/a 137

natCaO (s) 29 MeV 100 pnA 198 kBq/µAh† 110

natCa (s) 29–0 MeV 50–200 pnA 1400 MBq/µA 112

natCaCO3 (s) 29–0 MeV 50–200 pnA 620 MBq/µA 112

41K(α,2n)43Sc natKCl (s) 29–19 MeV 50–200 pnA 24 MBq/µA† 112

42Ca(d,n)43Sc 42CaCO3 (s) 6.8–0 MeV 1 µA 250 MBq/µA 109

43Ca(p,n)43Sc 43CaCO3 (s) 17.5 MeV 1 µA 1800 MBq/µA 109

43CaCO3 (s) 10.4–12.0 MeV 50 µA 20 MBq/µA 120

natCa (s) 16 MeV 5–27 µA 5.3 MBq/µA∗ 102

natCa (s) 16 MeV 25 µA 4.8 MBq/µA∗ 103

44Ca(p,x)43Sc 44CaO (s) 25–10 MeV 100 nA 108 MBq/µAh (calc.)∗ 108

natCaCO3 (s) 16 MeV 15 µA 2.5 MBq/µA 107

natCa(α,x)43Sc natCaO (s) 20–8 MeV 100 nA 20 MBq/µAh (calc.)∗ 108

natCa(p,x)43Sc natCaO (s) 24–18 MeV 100 nA 1 MBq/µAh (calc.)∗ 108

natCaO (s) 30 MeV 100 pnA 41.4 kBq/µAh† 110

46Ti(p,α)43Sc 46Ti (s) 15.1 MeV 30 µA 11 MBq/µA 120

natTi / natTiO2 (s) 17 / 24 MeV 30–40 µA 4 MBq/µAh (avg.) 116

natTi(p,x)43Sc natTi (s) 29.5 MeV 20 µA 18.1 MBq/µAh (int.) 115
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Table 9: Reported production of 47Sc. In these productions, reported units are varying.
For cyclotron productions, yields reported with MBq/µA are saturation yields, ∗ = thick
target yield, † = (thin) target yield, and target thickness is not explicitly known for the
others. p = proton, n = neutron, α = alpha particle, γ = gamma photon, x = any ejectile,
pnA = particle nanoamperes, euA = electrical microamperes, sat. = at saturation, peak =
peak activity of scandium radionuclide produced from 47Ca, int. = integrated current or
yield, r.t. = racetrack, spall. = spallation, n/a = data not available.

Reaction Target Production Projectile Flux or Irradiation Ref.
channel matrix device energy current yield
44Ca(α,p)47Sc nat/44CaO (s) cyclotron 34 MeV 10 euA 64 MBq/µA 129

46Ca(n,γ)47Ca → 47Sc 46CaCO3 (s) reactor thermal 1014/cm2s ≈ 27 GBq/g 14 d 124

46Ca(NO3)2 (s) reactor thermal 1.0–1.4 · 1015/cm2s 400 MBq/mg46Ca d 122

46Ca(NO3)2 (s) reactor thermal 1.5 · 1015/cm2s 0.6 GBq 150

natCa (aq) reactor mixed 1.96 · 1013/cm2s 7.92 MBq/g (sat.) 151

natCaCO3 (s) reactor thermal 1.8 · 1014/cm2s ≈ 10 MBq/g 3 d (peak) 125–127

47Ti(n,p)47Sc 47Ti (s) spall. source. fast 3.3–3.5 · 1011/cm2s 0.017 MBq/mg47Ti d 122

47Ti (s) reactor fast 5.7 · 1013/cm2s 1.2 MBq/mg47Ti d 122

47TiO2 (s) reactor fast 4.6 · 1014/cm2s 109 MBq/mg (sat.) 123

natTi (s) reactor mixed 1.96 · 1013/cm2s 65.7 MBq/g (sat.) 151

natTi (s) reactor fast 1.5 · 1014/cm2s 512 MBq/7 d 121

natTiO2 (s) reactor thermal 3 · 1013/cm2s 76 MBq/g 128

48Ca(p,2n)47Sc 48CaCO3 (s) cyclotron 28.5 MeV 1 µA 6300 MBq/µA 109

44CaCO3 (s) cyclotron 11 MeV 19 µA 0.6 kBq/µA† 99

natCa (s) cyclotron 16 MeV 25 µA 14.5 MBq/µA∗ 103

natCa (s) cyclotron 16 MeV 5–27 µA 11.2 MBq/µA∗ 102

natCaCO3 (s) cyclotron 16 MeV 15 µA 22 MBq/µA 107
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natCaCO3 (s) cyclotron 24–17 MeV 30 nA 144 kBq/µAh 82

48Ca(p,pn)47Ca → 47Sc H2O (l) cyclotron 140 MeV (Ca20+) 0.92 pnA 0.5 MBq/pnAh 136

48Ca(γ,n)47Ca → 47Sc natCaCl2 (s) eLINAC 39 MeV (e–) 12.5 µA ≈ 6 MBq/g (peak) 132,133

48Ti(α,αp)47Sc natTi (s) cyclotron 35–70 MeV 100–300 nA 2.75 MBq/µAh∗ 138

48Ti(p,2p)47Sc 48TiO2 (s) cyclotron 28.8–18.3 MeV 1 µA 300 MBq/µA† 109

natTi (s) cyclotron 29.5 MeV 20 µA 4.25 MBq/µAh (int.) 115

48Ti(γ,p)47Sc 48TiO2 (s) eLINAC 30–60 MeV (e–) 72 µAh (int.) 39.07 kBq/µAh 131

natTiO2 (s) eLINAC 40 MeV (e–) 3 kW (beam power) 5.2 MBq/ kWh g 130

natTi (s) eLINAC 22 MeV (e–) 4.5 µA (electrons) 51–117 % of predicted 48

natTi (s) eLINAC 22 MeV (e–) 1.5 µA (electrons) 80 kBq/µAh 47

natTi (s) r.t. microtron 55 MeV (e–) 100 nA 0.5 MBq/µAh (g/cm2) 135

natTi(p,spall)47Sc natTi (s) cyclotron 192 MeV 50 µA 4.7 MBq/µA∗ 123

50Ti(p,α)47Sc natTi / natTiO2 (s) cyclotron 17 / 24 MeV 30–40 µA 0.6 MBq/µAh (avg.) 116

natV(p,x)47Sc natV (s) cyclotron 34–70 MeV 100 nA 1.3 MBq/µAh 134
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Table 10: Reported production of 46Sc, 48Sc and 49Sc, respectively. For cyclotron productions,
yields reported with MBq/µA are saturation yields, ∗ = thick target yield, † = (thin)
target yield, and target thickness is not explicitly known for the others. int. = integrated
yield sat. = at saturation, p = proton, n = neutron, d = deuteron, γ= gamma photon, α=
alpha particle, x = any ejectile, spall = spallation, MS = microsphere, n/a = data not
available.

Reaction Target Production Projectile Flux or Irradiation Ref.
channel matrix device energy current yield
45Sc(n,γ)46Sc natSc2O3 (s) reactor thermal 1.5 · 1014/cm2s 3.8 GBq/mg 144,145

45Sc(n,γ)46Sc natSc2O3 (s) reactor thermal 3 · 1014/cm2s 100 MBq/mg 148

45Sc(n,γ)46Sc natSc2O3 (s) n/a n/a 3 · 1014/cm2s 100 MBq/mg 143

45Sc(n,γ)46Sc natSc2O3 (s) reactor thermal 3–5 · 1013/cm2s 0.56–87.7 MBq / MS 139,140

45Sc(n,γ)46Sc natSc2O3 (s) reactor thermal 3.5 · 1013/cm2s 85.1 MBq/48 h 141

45Sc(n,γ)46Sc natSc (s) reactor thermal 4 · 1013/cm2s 280 MBq/mg 142

natCa(p,xn)46Sc natCaCO3 cyclotron 24–17 MeV 30 nA 0.35 kBq/µAh 82

48Ti(d,α)46Sc natTi (s) cyclotron n/a n/a n/a 147

natTi(p,x)46Sc natTi (s) cyclotron 29.5 MeV 20 µA 0.09 MBq/µAh (int.) 115

natZn(p,spall)46Sc natZnO (s) LINAC < 800 MeV 430–580 µA 11 MBq/7 d 146

51V(n,α)48Sc natV2O5 (s) / NH nat
4 VO3 (s) pile reactor n/a 1.3 · 1013/cm2s n/a 149

48Ca(p,n)48Sc 44CaCO3 (s) cyclotron 11 MeV 19 µA 2 kBq/µA† 99

48Ca(p,n)48Sc natCa (s) cyclotron 16 MeV 5–27 µA 20.9 MBq/µA∗ 102

48Ca(p,n)48Sc natCa (s) cyclotron 16 MeV 25 µA 15.6 MBq/µA∗ 103

48Ca(p,n)48Sc natCaCO3 (s) cyclotron 16 MeV 15 µA 14 MBq/µA 107

natCa(p,xn)48Sc natCaCO3 (s) cyclotron 24–17 MeV 30 nA 21.2 kBq/µAh 82

48Ca(n,γ)49Ca → 49Sc natCaCO3 (s) /
natCaSO4 (s) reactor thermal 7.2 · 1012/cm2s n/a 3
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Longer-lived 46Sc (t1/2 = 83.79 d65) can be produced in considerable amounts via the
reactor route. Cyclotron production data of 48Sc does not describe any feasible production
route capable of large quantities82,99,102,103,107, but points to the non-negligible amount of
this nuclide forming while irradiating natural calcium targets for the production of 43,44Sc
radionuclides using the (p,n) reaction channel.

2.6.2 Separation of scandium radioisotopes

In scientific literature, scandium extraction and separation methods most often consider
extraction from bulk industrial sources. Many of these methods are crude, may include
adding of other metals into the mixture, and are not suitable for nano- to microscale
high-purity radioscandium separations as such. While the content of scandium is low
in the common industrial source, bauxite residue (approximately 50–250 ppm2), in a
radiochemical system it might be merely 0.0015 ppm, for example (100 MBq of 44gSc
activity in a 100 mg matrix). This matter calls for very selective separation methods.

Considering separation chemistry, special characteristics of the radioscandium target system
in this work compared to typical inactive scandium separation schemes include

• high calcium concentration along with very low scandium concentration and thus
very high Ca/Sc ratio

• relatively low abundance of other metal ions than Ca2+

• a need for rapid and preferrably simple procedure due to the short half-life and the
need to minimize unnecessary radiation dose

Radioscandium separations, mostly if not always for medically relevant nuclides, have been
carried out from matrices such as natural abundance calcium metal5,101–103,105,112 and nat-
ural abundance or isotopically enriched solid calcium compounds (carbonate99,100,104,112–114
3,82,98,105,106,109,120,124,126,137, oxide96,108,110,129, nitrate122,150, sulfate3, chloride132,133), aqueous
solution97,151, as well as potassium chloride112, titanium metal47,48,120–123,138,147,151, titanium
dioxide109,123,128,130,131 or oxalate152, vanadium metal and compounds134,149, zinc oxide146

and synthetic melt glass153. Generator-based production of 44gSc utilizes a titanium-44
parent nuclide that has been produced from 45Sc and separated with AG® ion exchange
resins154,155, Dowex® ion exchange resin4 and ZR hydroxamate resin156.

Inactive natural scandium has been separated largely from geological sources for industrial
purposes. These initial matrices include i.a. bauxite residue and its leachates2, other
minerals such as pyroxenites, ilmenites, zircons and baddeleyite157, titanium white waste
acid158, Sc-Al/Mg/Fe scrap leach solution159, vanadium slag160, tungsten residue leaching
solution161, coal fly ash162 and acidic mine drainage for environmental analytics163.
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Table 11 lists radioscandium separation procedures from calcium-rich matrices in lit-
erature along with their separation yields and final eluents. Most utilized methods for
this type of separation are DGA resin95,97,100,101,104,111,113,120,122,137,150,164,165 (diglycolamide
based resin) and UTEVA® resin5,82,103,105,112,137,165 (dipentyl pentylphosphonate resin)
based extraction chromatography systems. Methods including precipitating the scan-
dium as Sc(OH)3 from solution using a base (ammonia) and separating the precip-
itate with a suitable filter are commonly reported3,82,90,102,105,107,129,165,166. Still other
resin based methods include strong cation exchangers Dowex 50 resin100,104,107,137,150,
AG 50 W105,165, SCX (Agilent Bond Elut)104,120,122, chelating Chelex® 100 resin82,99,125,137,
ethylenediaminetriacetic acid/iminodiacetic acid (ED3A/IDA) resin (NOBIAS Chelate-
PA1)98, hydroxamate resin167 and also TBP resin165. Two composite material meth-
ods presented are poly(acrylamide-acrylic acid)/multi-walled carbon nanotubes com-
posite (P(AAm-AA)/MWCNT)126, and a biosynthetic poly(acrylic acid-acrylonitrile)-
copper oxide nanoparticle composite (P(AA-AN)-CuO NP)127. Additionally, carbon nan-
otube material with carboxylix acid functionalization is reported with inactive scan-
dium from calcium matrices168. A separation method with the ability to recycle metal-
lic calcium is also reported, featuring an electroamalgamation approach124. In many
cases, the separation-purification process is carried out in two phases, combining either a
precipitation-filtration of Sc(OH)3 and a subsequent resin105,107,165, or two, usually different
resins100,104,105,120,122,137,150,165 or even two similar resins164.

With only one exception of 21 %3, all the reported separation yields in these methods are
70 % or higher, up to 98 %, and averaging 83 %. For single-phased methods with several
quantitatively described separations, average values expressed together with their absolute
standard deviation are, for filter separation 75 ± 25 % (n = 6), UTEVA resin 80 ± 1 %
(n = 3), Chelex 100 resin 88 ± 5 % (n = 3) and DGA resin 91 ± 4 % (n = 3). Neither
single or two phased separations seem to show advantage over the other in terms of yield.

These estimates do not include approximate figures (e.g. ’>80 %’), and uncertainties
of individual yields, if reported at all, were not taken into account. The figures do not
constitute a large data set, but the standard deviation can function as a guiding measure
for repeatability and robustness for each method in question. On the grounds of these
data, precipitation-filtration has both the lowest yield and the highest variability, whereas
the other three resin-based methods have somewhat higher yields and smaller variabilities,
with DGA resin performing the best. It is good to note, however, that the filter methods
have utilized several different filter matrices, e.g. paper, Millex GS (cellulose ester) and
Millex GV (polyvinylidene fluoride), which itself might affect the results.
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In each separation system, the final eluent or solvent that extracts scandium ions out of
the system into solution is relevant, as it largely determines the chemical environment of
the product and whether more steps are needed to achieve the desired chemical form for
the application in question. The majority of the reported separations have eluted Sc3+

into an acid solution, and several salt or buffer elutions are also described.

Most of the target matrices are solid materials and have been dissolved prior to separation,
most often with hydrochloric acid of suitable concentration. Zero, one or two washing steps
per extraction system have then been applied, commonly with a solvent similar to the one
used in target dissolution. These details are not shown here.

2.6.3 Use of scandium radioisotopes

Use of the several radioisotopes of scandium focuses currently on biomedical research
utilizing especially 44gSc but also 47Sc. Table 12 covers the uses in scientific literature where
a specified chemical form of the Sc radionuclide has been reported (with the exception of
44Sc where also uses with no specified chemical form are reported).

Illustrating its potential as a PET nuclide, 44Sc studies include several biodistribution
and imaging experiments carried out in animal and cell models.5,95,100,101,104,111,164,169–185.
The four-hour half-life of 44gSc matches the rate of certain biological processes, making
the nuclide suited for labeling of some biomolecules involved155. To date, uses for pre-
therapeutic dosimetry186, biodistribution187,188 and imaging of prostate cancer189 in humans
have also been described.

Other related uses are the imaging studies with phantoms120,190–193 and a novel 3γ imaging
prototype system194. 44gSc is also considered a suitable candidate for triple coincidence
imaging as it only emits one high-intensity gamma along the positron23,195. The metastable
isomer 44mSc as such has only been reported in a single multitracer biodistribution study in
animals196. Outside biomedicine, 44Sc has found use in the microstructural studies of steel
materials197. Some applications that are planned or proposed but not yet implemented
include 3γ imaging with a liquid xenon camera24,26,198 and the special positronium imaging
modality28,30,199.

The long-lived 46Sc (t1/2 = 83.8 d51) is often used as a radioisotopic surrogate for 47Sc
due to its better availability, and most of the reported uses in scientific literature are
likewise biomedical. It has so far especially been used in animal studies for biodistribu-
tion142,143,200–206 and blood flow207–210. As the isotope is rather long-lived, its human uses
are limited, though studies of biodistribution and metabolism of Sc-chelates211 and calcium
absorption212 are reported. However, 46Sc has also found different uses in research and in-
dustry, such as tracer in the oil and gas industry213, nuclear material holdup controlling214,
and studies in the field of ecology215,216.

37



Table 11: Reported separation methods for radioscandium in calcium matrices. For two-
phased separations, a) signifies the first and b) the following second method. n/a = data
not available. Errors have not been reported in all sources.

Inner/solid phase Irradiation Sc3+ final eluent/solvent Relative Ref.
in extraction system target matrix separation yield
a) Filter (0.2 µm)
b) Dowex 50 resin

CaCO3 (s) 1 M CH3COONH4 89.8 ± 1.2 % 107

a) Filter (Cronus 0.45 µm)
b) AG 50W resin

CaCO3 (s) 1 M CH3COONa 80 % 165

a) Filter (Cronus 0.45 µm)
b) AG 50W resin

CaCO3 (s) 1 M CH3COONa n/a 105

a) DGA resin
b) DGA resin

CaCO3 (s) 0.05 M HCl 85 ± 2 % 164

a) DGA resin
b) Dowex 50 resin

Ca(NO3)2 (s) 0.75 M CH3COONH4/0.2 M HCl 80 % 150

a) DGA resin
b) Dowex 50 resin

CaCO3 (s) 1 M CH3COONH4/HCl n/a 100

a) DGA resin
b) Dowex 50 resin

CaCO3 (s) CH3COONH4/HCl 79 % 104

a) DGA resin
b) Dowex 50 resin

CaCO3 (s) 1 M CH3COONH4/HCl 87 % 137

a) DGA resin
b) SCX resin

Ca(NO3)2 (s) 4.8 M NaCl/0.1 M HCl 94.8 ± 2.1 % 122

a) DGA resin
b) SCX resin

CaCO3 (s) 5 M NaCl/0.13 M HCl 90.4 ± 5.5 % 120

a) DGA resin
b) SCX resin

CaCO3 (s) NaCl/HCl 98.0 ± 0.3 % 104

a) TBP resin
b) AG 50W resin

CaCO3 (s) 1 M CH3COONa 79.7 % 165

a) UTEVA resin
b) AG 50W resin

CaCO3 (s) 1 M CH3COONa 78.2 % 165
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a) UTEVA resin
b) AG 50W resin

CaCO3 (s) or Ca (s) 1 M CH3COONa 93 % 105

Chelex 100 CaCO3 (s) 1 M HNO3 95.0 ± 0.9 % 125

Chelex 100 CaCO3 (s) 1 M HCl >70 % 99

Chelex 100 CaCO3 (s) 1 M HCl 85 % 82

Chelex 100 CaCO3 (s) 1 M HCl 85 % 137

DGA resin Ca (s) 0.1 M HCl n/a 101

DGA resin Ca(NO3)2 (aq) 0.05 M HCl 88 ± 6 % 97

DGA resin CaCO3 (s) 0.1 M HCl 88 ± 3 % 113

DGA resin CaCO3 (s) 0.05 M HCl 95.6 % 165

DGA resin Ca (s) 0.1 M HCl n/a 95

DGA resin CaO (s) 0.1 M HCl n/a 111

Filter CaCO3 (s) n/a 80.2 ± 3.9 % 3

Filter CaSO4 (s) n/a 21.0 ± 2.7 % 3

Filter (Millex GS 0.22 µm) CaO (s) 6 M HCl 93.6 ± 3.9 % 129

Filter (Millex GV 0.22 µm) Ca (s) 0.1 M HCl 73 ± 14 % 102

Filter (paper) CaCO3 (s) 6 M HCl 85.7 % 166

Filter (Whatman 0.2 µm) CaCO3 (s) 0.5 M HCl 96 % 82

Hg CaCO3 (s) n/a >80 % 124

Hydroxamate resin Ca (s) 0.1 M HCl 72 ± 11 % 167

Nobias Chelate-PA1 resin CaCO3 (s) 2 M HCl 94.9 ± 2.8 % 98

P(AA-AN)-CuO NP composite CaCO3 (s) 1 M HCl 78.0 ± 1.2 % 127

P(AAm-AA)/MWCNT CaCO3 (s) 1 M HNO3 80.0 ± 1.5 % 126

UTEVA resin Ca (s) H2O >80 % 5

UTEVA resin Ca (s) H2O >80 % 112

UTEVA resin Ca (s) H2O 80 ± 4 % 103

UTEVA resin CaCO3 (s) H2O 79 % 82

UTEVA resin CaCO3 (s) H2O 80 % 137
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Table 12: End uses of scandium radiochemicals and their chemical forms. Every application
or test listed in each reference is not listed. n/a = data for chemical form not available.

Nuclide Agent/probe/chemical form Application Ref.
44mSc 44mSc3+ (aq) Biodistribution, normal & tumor-bearing animals 196

44Sc

44Sc-DOTATOC Pre-therapeutic dosimetry, humans 186

44Sc(CNAAZTA-c(RGDfK)) Biodistribution & imaging, tumor-bearing animals 169

[44Sc]Sc-B28110 Biodistribution & imaging, tumor-bearing animals 184

[44Sc]Sc-DOTA-BN[2-14]NH2 Prostate cancer preclinical studies, cells & animals 170

[44Sc]Sc-PSMA-617 Prostate cancer imaging, humans 189

[44Sc]Sc-PSMA-617 Pharmakokinetics, biodistribution & dosimetry, humans 187,188

[44Sc]Sc-PSMA-617 Prostate cancer preclinical studies, cells & animals 171

43,44,47Sc-PSMA-617 Tumor cell uptake 116

44Sc-PSMA-ALB-02 Imaging, tumor-bearing animals 111

n/a Microstructural characterization of steels 197

n/a Three-gamma (3γ) imaging prototype system 194

44Sc-CHX-A"-Cetuximab-Fab Imaging of glioblastoma model, animals 172

44Sc-cm09 Biodistribution & imaging of tumor model, animals 100

44Sc-DOAP Biodistribution, animals 173

44Sc-DOTA-(cRGD)2 Biodistribution & imaging of tumor model, animals 5

44Sc-DOTA-HPMA Biodistribution, animals 174

44Sc-DOTA-NAPamide Biodistribution & imaging of tumor model, animals 101

44Sc-DOTA-PPB-01/-03 Imaging, animals 175

44Sc-DOTA-Puromycin Imaging of protein synthesis, cells & animals 176

44Sc-DOTA-Tz Biodistribution & imaging, animals 177

44Sc-DOTA-Z_HER2:2891 Imaging of tumor model, animals 178

[44gSc]Sc-DOTA-Ava-BBN2 Imaging of tumor model, animals 185
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44Sc-DOTANOC Imaging of tumor model, animals 104

44Sc-DOTATOC Biodistribution with a tumor model, animals 179

44Sc-DOTATOC Imaging of neuroendocrine neoplasms, humans 180

44Sc-NODAGA-NOC/-NODAGA-RGD Biodistribution & imaging of tumor model, animals 164

44Sc(picaga)-DUPA Biodistribution & imaging of tumor model, animals 95,181

44Sc(pypa)−/-phenyl-TRC-105 Biodistribution & imaging of tumor model, animals 182,183

n/a Phantom imaging, PET nuclide comparison 120,190–193

46Sc

[46Sc]Sc-DOTA-anti-CD20 Biodistribution, animals 200

46Sc-caDTPA-Ab Biodistribution, tumor-bearing animals 201

46Sc microspheres Blood flow studies, animals 207–210

46Sc-bleomycin Biodistribution, animals 142

46Sc-citrate Long-term biodistribution, animals 202

46Sc-HEDP/-EDTMP Biodistribution & dosimetry, animals 203

46Sc-IDZBP Biodistribution, animals 143

46Sc-NTA/-EDTA/-DTPA Biodistribution & metabolism of chelates, animals & humans 204,211

46ScCl3 Absorption & biodistribution of trace elements, animals 205

46ScCl3/-citrate/-EDTA Biodistribution, tumor-bearing animals 206

47Sc

[47Sc]Sc-DOTATOC Tumor cell binding 47

[47Sc]ScCl3 Suitability as an inert faecal marker 221

47Sc-cm10 Therapy & biodistribution, tumor-bearing animals 150

47Sc-DOTANOC Imaging, tumor-bearing animals 122

47Sc-DOTMP Biodistribution, animals 141

47Sc-folate Therapy & biodistribution, tumor-bearing animals 217

47ScCl3 Biodistribution, tumor-bearing animals 218
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The possible therapeutic nuclide 47Sc is not yet used in therapeutic human experiments, but
biodistribution in animals141,150,217,218, tumor cell binding47 as well as therapy in animal
tumor models150,217 is studied. In addition to therapeutic use, SPECT imaging in a tumor
model is also shown122. A less common scandium radionuclide 49Sc (t1/2 = 57 min51) has
also been considered in the past to be a possible radionuclide for use in therapy3, but has
not gained any popularity.

Scandium radionuclides are rarely used in their end application as ionic or other as simple
chemical forms, but more often as attached into bifunctional chelators and receptor-
targeting molecules. The most utilized chelator is DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) attached to suitable targeting vectors, e.g. DOTATOC47,179,180,186,
DOTANOC104,122, DOTA-tetrazine177, DOTA-BN[2-14]NH2

170, DOTA-(cRGD)2 (dimeric
cyclic arginine-glycine-aspartic acid peptide)5, DOTA-HPMA174, DOTA-NAPamide101,
DOTA-PPB-01/03175, DOTA-Puromycin176, DOTA-ZHER2:2891

178 and DOTA-anti-CD20200.

Non-DOTA based agents include CNAAZTA-c(RGDfk)169, PSMA-617171,187–189, CHX-A"-
Cetuximab-Fab172, cm09100 and cm10150, DOAP173, NODAGA-NOC/-RGD164, (picaga)-
DUPA95, (pypa)–/-phenyl-TRC-105182,183, caDTPA-Ab201, bleomycin142, HEDP and
EDTMP203, IDZBP143, DTPA211, DOTMP141 and folate217. Additionally, blood flow
studies carried out with 46Sc regularly utilize microspheres207–210.

2.7 Background on the experimental methods

2.7.1 Cyclotrons

The energy of a charged particle can be changed when acted on by an electric field.59 This
is the fundamental principle behind cyclotrons and other particle accelerators. Cyclotrons
were developed from linear accelerators, which were the first particle accelerators. The
earliest medical applications of cyclotrons emerged in the 1930’s, soon after the invention
of the first cyclotron219, and before the use of commercial cyclotrons, research reactors
were the main source of radioisotope production220.

Cyclotron operation is based on the physical principles that the rotational frequency of a
charged particle in a magnetic field is independent of the radius of its orbit, and that the
radius increases together with its velocity. The acceleration chamber in a cyclotron lies
between the poles of a magnetic field, produced by electromagnets. In the acceleration
chamber, there are two or more hollow electrodes (’dees’) connected to an electricity supply
capable of providing a radiofrequency electric field (figure 12). In order to accelerate the
ions inside the cyclotron, they must have a sufficient mean free path. Thus, the cyclotron
acceleration chamber is kept under high vacuum ranging from 10−5 to 10−7 mbar depending
on the particulars of the cyclotron and the accelerated particle charge.59
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Figure 12: A wireframe diagram of a cyclotron with two dees. Image source:
TNorth/Wikimedia Commons, CC-BY-SA 3.0

The ions that an isotope producing cyclotron requires are created from gases such as
hydrogen, deuterium and helium depending on the applicable particle type (proton,
deuteron or alpha particle)59. The use of other, heavier ion beams are also possible,
but these cyclotrons are more utilized in the fields of ion beam therapy220 and nuclear
physics222.

Ion sources for cyclotrons come in different forms. The sources can be internal or external,
most commonly internal in commercial cyclotrons.59,223 Two main types used in cyclotrons
are the hot and cold cathode ion sources, which produce ions via arc discharge. The ions
emerge from the center of the instrument and from there are accelerated between the
electrodes, gaining energy each time they cross the gap between the electrodes. As the
particles gain energy, they gain velocity and as their rotational frequency is constant, their
orbit radius increases, until the particles moving along a spiral path are ejected from the
cyclotron.59 Modern cyclotrons mostly accelerate negative ions (H– or D–) since multiple
beams with possibly different energies can then be extracted to separate targets220,223.
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Currently, there are 1295 listed cyclotrons used for radiopharmaceutical production in the
world93. Their maximum proton energies range approximately from 3 to 700 MeV, falling
most often in the area of 10–20 MeV suitable for the production of the important medical
nuclide, 18F, 224 among others.93

2.7.2 Extraction chromatography

In traditional solvent extraction, the separation of a solute is based on the difference in
partitioning of the solute between the two separate phases. The distribution of the solute
between the two phases is dependant on several factors which can be adjusted, such as the
extracting reagent and the nature, strength and acidity of the aqueous solvent, making
this kind of separation technique advantageous.225

Extraction chromatography, or reversed-phase partition chromatography, was created espe-
cially for radiochemical separations. In extraction chromatographic materials, compounds
that are essentially solvent extraction reagents, are sorbed into a solid matrix. The three
main components an extraction chromatographic system includes are the solid, porous and
inert support matrix that can be either inorganic (e.g. silica) or organic (polymer resin),
the stationary phase, i.e. the active extracting phase consisting of one or more extractants
as a sorbed layer on the solid support, and the aqueous mobile phase containing the solutes
to be extracted/separated.43,225

A marked benefit, chromatographic extraction allows for multistage separation of different
chemical species, combining the selectivity of liquid-liquid extraction reagents and the
effectivity and practicality of column chromatographic separations225.

During chromatographic extraction, the sample solutions are inserted into the column,
where the dissolved species either sorb into the stationary phase or are eluted out of the
column, depending on the nature of the components and the composition of each eluting
liquid.43 The main basic mechanisms taking place in extraction of inorganics include:
chelate extraction, where a polydentate ligand binds a central metal ion; cation exchange,
where usually an acidic organophosphorus compound exchanges hydrogens to the metal
ion and coordinates with it; ion-association, where an ion of opposite charge forms an ion
pair with an ion in the extractant medium; and solvation extraction, where a salt solvates
coordinatively into the extractant material.225

The packing of an extraction column is an important factor in determining the practical
performance of an extraction system. Uniform packing and flow rate is essential to prevent
band broadening, and contact with the column walls and absence of any air bubbles ensures
the mobile phase flow does not pass the extractant material.225

Next, materials that have been used in the separation of radioscandium from the target
matrices in this thesis are briefly reviewed.
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UTEVA

The extraction chromatography resin UTEVA was created based on the knowledge of
organophosphorus compounds especially for uranium and actinide separation. UTEVA is
based on dipentyl pentylphosphonate (DP[PP]) (a.k.a. diamyl amylphosphonate, DAAP)
extractant sorbed on acrylic polymer Amberlite™ XAD-7/Amberlite™ CG-71.225,226 Dipentyl
pentylphosphonate (figure 13) shares structural similarities with the common metal ex-
tractant, tri-n-butylphosphate (TBP)103, also used in some scandium separations160,227,228.

The distribution coefficient Kd and the capacity factor k′ are commonly used for describing
the quantitative performance of extractant materials. Kd is calculated as the ratio of
equilibrium concentration of the solute in organic phase divided by the corresponding in
aqueous phase as follows:229

Kd =
Ceq,org

Ceq,aq
=
A0 − Aeq

Aeq
· V
m

(3)

where Ceq,org refers to the equilbrium concentration of the solute in organic phase, Ceq,aq

to the equilibrium concentration of the solute in aqueous phase, A0 to the activity of the
original solution, Aeq to the activity of the equilibrium solution, V to the volume of the
equilibrium solution and m to the mass of the extracting resin. The capacity factor k′ is
defined as the number of column volumes to reach elution peak for the solute in question43,
i.e. the higher the factor, the stronger the sorption at the respective concentration level.
In UTEVA resin separations, the mobile phase is commonly high-concentration nitric
or hydrochloric acid, as the distribution coefficients Kd and the capacity factors k′ are
highest at high acid concentrations for most of the extracted metal species226,230, signifying
strongest sorption at these concentration levels.

Sorption of scandium on UTEVA resin in different acids has been studied229 and is
presented in figure 14 below. The change in the slope at around 1 M concentration for the
three acids represents some type of change in the interaction mechanism229. Somewhat
different results from another batch sorption experiment have also been reported103, where
the distribution coefficient of scandium falls from Kd > 102 at 12 M HCl to Kd ≈ 1 at 6
M HCl and seems to be below zero between 0–5 M HCl concentrations103.

P

O

O
O

Figure 13: Dipentyl pentylphosphonate molecular structure
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Figure 14: Scandium sorption on UTEVA resin: distribution coefficients at different
molarities with HNO3, HCl, HPF6 and CCl3COOH. Image: Marinov et al. 2017229, used
with permission from Taylor & Francis.

Carboxylic functionalized carbon nanotubes

Carbon nanotubes are nanoscale tube-like structures where a carbon sheet has formed
a circular structure (see figure 15). They have a high surface area and they can be
functionalized via the attachment of different functional groups, such as the carboxylic
( COOH) group, which modifies the sorption properties and enables the extraction of
metals showing high efficiency when the solution pH is above the isoelectric point of the
material, i.e. the material is negatively charged.231 The sorption of ions on the functionalized
material is mainly controlled by electrostatic forces168.
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Figure 15: A segment of a carboxylic functionalized carbon nanotube molecular structure
shown as a simple, single-walled and electrically neutral form.

Amorphous titanium phosphate (am-TiP)

Amorphous titanium phosphate is an amphoteric material, and extraction is based on the
ion exchange mechanism, capable of selective extraction of inorganic ions. The material
belongs to a larger group of insoluble acid salts of tetravalent metals, and it has been
shown to effectively sorb stable scandium in ppm levels from a multi-metal matrix.232

Figure 16 shows the uptake of am-TiP with respect to solution equilibrium pH.

Figure 16: Scandium uptake as a function of equilibrium pH in inorganic, crystalline (α/γ)
and amorphous (am) titanium phosphate materials. Reprinted from Zhang et al. 2017232

with permission. Copyright (2017) American Chemical Society.
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Titanium di-n-butylphosphate

Another titanium based phosphate extractant material, titanium di-n-butylphosphate
(Ti-DBP) features organic butyl groups attached to the phosphate groups that are them-
selves attached to titanium(IV). It is a layer-structured material where a metal species
is considered to be extracted via a transmetalation process. In transmetalation, organic
ligands are transferred from a metal ion to another. The Ti-DBP material has been shown
to be very selective with high separation factors in certain lanthanide separations.233

Figure 17 shows the proposed transmetalation mechanism in this material.

Figure 17: The molecular level structure in Ti-DBP and a proposed mechanism for the
transmetalation, here for dysprosium(III). Reprinted from Zhang et al. 2018234, licensed
CC-BY 4.0

2.7.3 Microwave plasma atomic emission spetrometry

MP-AES, or microwave plasma atomic emission spectrometry, is an optical method for
analyzing the elemental composition of a sample. In general, atomic emission spectroscopy
(AES) provides a rapid and sensitive way for multielemental analysis. In AES, the analytes
are introduced into a plasma with temperatures ranging from 2000 to 8000 K. The
produced atoms are then excited by energetical collisions in the plasma and emit photons
during return to their ground energy states. The emission intensity is proportional to
the concentration of the analyte of interest in the sample.235,236 The light is collected
by the instrument optics and detected, depending on the system, commonly using a
photomultiplier or a photodiode, e.g. a CCD. The instrument also includes further signal
processing electronics and software for control and analysis.237,238

The energy required for electronic excitation is obtained via a microwave induced plasma239.
Microwave plasmas can generally be produced with either an electrode system (capaci-
tively coupled microwave plasma, CMP) or with the more common electrodeless system
(microwave induced plasma, MIP). In a microwave plasma, the energy is absorbed into
the plasma via the microwave electric and/or magnetic field. When a liquid sample is
introduced as an aerosol into the plasma, it undergoes 1) desolvation, 2) vaporization or
dissociation of ’dry aerosol’ particles into a gas and 3) atomization of the gas molecules.

48

https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


Then, as a simplified description, free electrons in the plasma gain energy from the mi-
crowave field, and the kinetic energy of the electrons is then transferred to neutral (and
ionized) species throught inelastic collisions. The plasma may be produced from a variety
of gases, such as nitrogen, noble gases, air, oxygen and carbon dioxide.240

MP-AES analyses and sensitivity have been shown to be comparable to the more established
and commonly used ICP-MS and ICP-OES spectrometry techniques for several analytes
and sample matrices.241–243

2.7.4 Gamma spectrometry

The principle of measuring ionizing radiation arises from certain effects ionizing radiation
causes in matter: excitation and ionization. Fluorescent de-excitation can be measured as
light with a proper device, such as a photomultiplier tube. Ionization of the material can
be measured in the form of an electric current if the material is a semiconductor or a gas.8

Spectrometry with semiconductor detectors

Semiconductor detectors are the main detector type utilized for nuclear spectrometry, since
they have a good energy resolution required for proper separation of emission peaks.244 As
a consequence of lower ionization energy, the relative deviation of the charges produced in
a semiconductor due to radiation is smaller compared to other methods, accounting for
the superior energy resolution.244,245

Semiconductors are materials that have resistivities between conductors (e.g. metals)
and insulators (e.g. glass). In a semiconducting material, there generally is a semi-metal
combined with a very small amount of electron donor or electron acceptor material. An
electron donor may be e.g. phosphorus or lithium, which result in a small excess of electrons
in the crystal structure. Correspondingly, the use of an electron acceptor results in a small
depletion of electrons in the crystal structure.8

Semiconductor materials of donor type (n-type) and acceptor type (p-type) may be combined
to form a p-n junction. When a reverse bias voltage is applied to this material, a depleted
layer is formed in the middle. If ionizing radiation then enters this area, electron-hole pairs
are formed, which travel to the electrodes with opposite charges and can be measured.8

Modern semiconductor detectors for gamma spectrometry are generally high-purity germa-
nium (HPGe) detectors.8,244 HPGe detectors are not doped with lithium or other externally
added impurities, but p- and n-type contacts are formed as thin layers on the outer surfaces
of the Ge crystal with a technique such as ion implantation.244 The dominating impurity
and their residual levels in the germanium crystal determines whether an HPGe detector
is considered p- or n-type.8,245
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As a semiconductor detector measurement will result in a spectrum of pulse count per
measurement channel, an energy calibration must be carried out if analysis beyond a simple
qualitative observation of a known sample is to be made. An energy calibration is carried
out using one or more nuclides with a precisely known gamma photon energies.245

Low-energy gamma photons may be absorbed in the surface layer of the detector, not
reaching the depletion area, or escape the detector if they are high-energy. In addition, the
geometry in which a sample is placed relative to the detector, contributes to the portion
of radiation quanta reaching the detector altogether and consequently the measurement
efficiency. Thus, if quantitative measurements are to be made, the detector needs to be
calibrated for efficiency as well.245

Spectrometry with solid scintillation detectors

Scintillation detectors are based on the use of a scintillator material, which excites from the
incoming ionizing radiation and emits lower-energy visible photons during de-excitation.
The visible photons are then detected with a photomultiplier tube or a photodiode.8

Quantitative gamma measurements of known sources are commonly carried out with solid
scintillation detectors due to their high measurement efficiency and reliability. Most common
scintillation gamma detector type is sodium iodide crystal doped with a small amount of
activating thallium, NaI(Tl).8 Inorganic scintillator material requires an activating dopant
to be able to efficiently excite and de-excite.8,245

The energy resolution of scintillators is generally poor. This is largely due to the large
statistical variation in both the light yield per certain incident (gamma) energy and the
produced photoelectrons in the photomultiplier tube.245 However, when a scintillation
detector is used for the determination of activity from a sample with known nuclide
composition, energy resolution is not an issue.
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3 Experimental

3.1 Reagents and materials

Reagents and materials used in this work were used without further purification. Calcium
carbonate (99.95 %, Suprapur) was supplied by Merck and calcium metal (Ca turnings, 99 %
trace metals basis) by Sigma-Aldrich. Aluminium foil (99.2 %, 0.025 mm) for the target
assembly was from Advent Research Materials. Hydrochloric acid (AnalaR Normapur, 37
% Reag. Ph. Eur.) was from VWR, nitric acid (70 % analytical reagent grade) from Fisher
and ortho-phosphoric acid (85 %, analytical reagent grade) from Fisher. Ethanol (GPR
Rectapur 96 v-%) was supplied by VWR, ammonia (SpA Super Purity, 20–22 %) by Romil,
and all water used was purified water (resistivity 15 MΩ) prepared using Merck Elix®

Essential water purification system. AES metal standards for Fe, Ca and La (TraceCERT,
1000 ppm) were from Fluka Analytical.

Of separation materials, UTEVA resin (UT-B50-A, 100–150 µm) was from Triskem Inter-
national, carboxylic functionalized carbon nanotubes (>8 % functionalized, avg. 9.5 nm
x 1.5 µm) from Sigma-Aldrich and the filters (Millex GV, � 33 mm, 0.22 µm pore size)
from Merck. The titanium based materials were provided by W. Zhang and R. Koivula at
the Department of Chemistry.

3.2 Production of scandium

3.2.1 Cyclotron setup and beam line assembly

The cyclotron used in this project was the IBA Cyclone 10/5 at University of Helsinki,
Department of Radiochemistry, using accelerated H– ions. The maximum particle energy
with this cyclotron is 10 MeV for protons and 5 MeV for deuterons. Figure 18 shows the
internal compartment of the cyclotron (when not in use). In this work, an external beam
line was used for the irradiations. The external beam line was assembled and attached to
the cyclotron (figure 19).

The particles are extracted from the cyclotron and into the external beam line using
a stripper, that is a thin, movable carbon foil stripping the electrons from the hydride
ions. After the stripper, the positive proton beam is projected out of the cyclotron, into
a dipole magnet, where the beam is guided towards the correct outlet port and into the
final linear portion of the external beam line. During operation, the cyclotron and the
beam line are kept under high vacuum (approximately 10−5 mbar) with several pumps.
Surrounding the beam line, there are a total of three focusing quadrupole and one steering
dipole electromagnet, all of which are adjusted separately.
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Figure 18: The cyclotron interior. The cyclotron has a four-sector electromagnet, producing
a 1.3 T field, and two accelerating 42 MHz radio frequency (RF) electrodes.

Figure 19: The external beam line, shown attached to the outlet of the dipole magnet
compartment (A), the cyclotron (B) on the left behind the dipole magnet. Two of the
quadrupole magnets (C) are in the middle. The target holder (D) is lowered into the beam
line end from above. The first version of the target holder with no collimator is seen in
this photograph.
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3.2.2 Target

Target holder

A new target holder (figure 20) was machined from aluminum for this project by the
department engineer. The target holder is placed inside the target chamber via the upper
slot at the beam line end. The holder is equipped with cooling water circulation and
connectors for electrical current measurement from the collimator plate on the front and
the target body itself. The target holder is designed to hold a small amount of solid material
in a detachable ’button’, a shallow cup-like cylindrical piece of aluminum (shown in figures
20 and 21) that can be ejected with a screw mechanism from behind the holder body.
During use, the opening of the button is covered with a piece of aluminum foil firmly
fastened in place with an aluminum ring (assembly shown in figure 21). Aluminum is
used as the material of choice as it does not have long-lived proton activation products
at the energies is question92,246, and has reasonable thermal and electrical conducting
properties79. An ion beam of one (electric) microampere at energy of 10 MeV/particle will
deposit an energy of 10 J/s, or 10 W into the target assembly. The water cooling does not
extend to the collimator plate, so proper focusing of the beam and the use of moderate
currents are important.

Figure 20: The target holder. The assembly consists of a front collimator plate (A) and
the body (B), equipped with current measurement (C), and the target button (D), the
backscrew (E) and the cover (F) ring with screw fastening.
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The target button includes a cylindrical slot with the dimensions of 10 mm diameter and
1 mm depth and its surface faces the particle beam perpendicularly. The dimensions were
designed to be able to fit a thick target of calcium carbonate. A thick target is a target
that completely stops particles striking into it and thus produces the maximum amount of
product nuclei with each initial bombarding energy59. As the projected range of a proton
of 10 MeV in pure calcite mineral density79 calcium carbonate is approximately 560 µm
(as calculated with SRIM247), the slot should be at least 0.5 mm deep assuming high
density packing and considering that the covering aluminum foil also absorbs a part of
the incident proton energy. However, as the packing is practically much lower in density,
the slot was eventually machined to 1 mm depth, capable of holding approximately 100
milligrams (equalling an area density of 127 mg cm−2) of calcium carbonate powder with
simple press packing by hand, without the need of special compressing equipment. In this
material density the range of a 10 MeV proton is approximately 1.2 mm247. However, as the
proton energy loss caused by the front aluminum foil (25 µm) at 10 MeV is approximately
0.28 MeV247, and the energy threshold of the main reaction relevant for this work is around
4.5 MeV92, this kind of target can be considered a thick target.

Target materials

The target materials used were high purity grade CaCO3 as a powder and Ca metal as
small turnings (presented in figure 21), both with natural isotopic composition. Calcium
carbonate was weighed on the target button and lightly compressed into a flat layer with
the use of a smooth-surfaced stainless steel tool. The compressed material was easy to
handle and remained in place when handled carefully. Calcium metal was very difficult to
deform by hand, and it was used mainly as single, unmodified turnings positioned in the
centre of the button, wrapped under the aluminum foil.

Figure 21: The target buttons in use. On the upper left, a button filled fully with calcium
carbonate powder, on the lower left, calcium metal turnings placed on the button, on the
middle, a filled button placed in the target holder, and on the right, the prepared target
covered with aluminum foil and fastened under the cover ring.

54



As an alkaline earth metal, calcium is prone to oxidation79. To determine the degree of
calcium metal oxidation in ambient laboratory air, a turning of calcium metal was placed
onto a watch glass and under a beaker in a fume hood. It was assumed that the mass gain
is primarily the result of reactions with oxygen and water vapour. The mass gain of the
turning was monitored for two weeks, and it was found that the mass gain was roughly
linear, averaging 1.6 % of the original mass per day, with similar results reported in the
literature102. A mass gain at this level was not considered problematic for the purpose of
irradiation, when the handling of the material practically happens within one day. The
calcium metal was flushed with nitrogen gas before closing the container, which was stored
in a desiccator.

3.2.3 Estimation of produced activities

In order to estimate and visually present production capabilities and the formation of all
scandium radionuclides in the irradiation setup used, the cross sections for all reactions
with cross section data up to 10 MeV proton and 5 MeV deuteron energy found through
the EXFOR database248 were plotted in figure 22. The energetically possible reaction
channels with no data found in EXFOR are not shown. The cross section values used
were weighted by multiplying them with the naturally occurring isotopic abundance of
each calcium target nuclide and the saturation factor 1− e−λt to better reflect the true
production of these nuclides. The saturation factor desribes the degree of saturation for
each product nuclide with an irradiation time t, which was here selected as one half-life of
44gSc, t = t1/2(

44gSc), corresponding a saturation level of 50 % for this nuclide.

From the figure it can be seen that the desired reaction 44Ca(p,n)44gSc is the dominant in
these conditions, and nuclides 43Sc and 48Sc both are produced at around two orders of
magnitude less. Additionally, the metastable isomer 44mSc will be produced. The nuclide
47Sc may be formed to a minor degree, and also 49Sc especially if the target is thick and
sub-3 MeV protons are still able to partake in reactions.

If the target were to be irradiated using deuterons instead of protons, a non-negligible
amount of 43Sc could be produced via the 42(d,n) channel using 3–5 MeV deuterons, though
not in similar quantities as 44gSc with protons. In addition, a deuteron irradiation should
produce a small quantity of 48Sc. Overall, the number of radioscandium byproducts is
expected to be smaller than in the case of 44gSc if this route was exploited.

Protons with 6 10 MeV energy also produce stable 45Sc via the 44Ca(p,γ) channel (table 6).
According to available data, experimental reaction cross sections for 45Sc production are
below three millibarns260, and calculated data261 shows even lower cross sections. It is
thus not expected that stable scandium should form in quantities of interest during the
production.
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Figure 22: Estimated production capacities using a natural isotopic calcium target and a
cyclotron using a 10 MeV proton or a 5 MeV deuteron beam, expressed in weighted cross
sections (scale shown in base-10 logarithm) as a function of particle energy. The dashed
lines are deuteron (d,x) reactions whereas the other are proton (p,x) reactions. Cross
section data taken through EXFOR database248, original sources: Vlieks et al. 1978249;
Carzaniga et al. 2019a250; Carzaniga et al. 2019b251; Carzaniga et al. 2017252; IAEA40;
Zyskind et al. 1979253; de Waal et al. 1971254. Nuclide half-life and emission data: Singh
et al. 2015255; Chen et al. 201186; Garcia-Torano et al. 201687; Wu et al. 2000256; Burrows
et al. 2006257; 2007258; 2008259

.

In this work, the reaction 44Ca(p,n)44Sc is utilized. The activity of a product nuclide
produced during an irradiation of a target is calculated with the equation 4262:

A = φNTσ(1− e−λt) (4)

where A is the activity produced (in Bq), φ is the proton flux hitting the target (in s–1),
NT is the number of reactive target nuclei (cm–2) with respect to the nuclear reaction in
question, σ is the reaction cross section (in millibarn, or cm–2), λ is the decay constant
of the product nuclide (in s–1) and t is the irradiation time (in s). The saturation factor
accounts for the decayed activity during the irradiation.

Charged particles lose their kinetic energy while travelling through matter and interacting
with surrounding electrons and nuclei59.The equation 4 assumes that the reaction cross
section remains constant, which is not the case with a thick target since cross section is a
function of energy. An equation accounting for the varying cross section is the thick target
yield59,94,262:
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ATTY = φNT (1− e−λt)
1

ρA

∫ E2

E1

σ(E)

dE/ dρA
dE (5)

where σ(E) is the excitation function for the nuclear reaction in question, dE/ dρA the
stopping power of the target material (here expressed using the area density ρA), the
integration limits E1: the initial proton energy and E2: the final proton energy. When a
thick target is irradiated for several product nuclide half-lives, the activity approaches
a saturation level. The corresponding saturation thick target activity is calculated by
dividing the thick target activity with the saturation factor and the used beam current:

TTYSAT =
A

φ(1− e−λt)
(6)

Stopping power of the target calcium carbonate and the aluminum foil for protons (E 6

10 MeV) was calculated with SRIM-2013 software247. The compound correction feature
was not used, as the deviation from Bragg rule is considered to be small for a compound
like CaCO3

263. The data was plotted as proton energy loss as a function of proton energy,
down to 2 MeV energy to enable the best function fitting. Included were both electronic and
nuclear stopping power, though the nuclear stopping component is practically unimportant
as it is generally several orders of magnitude lower than the electronic stopping power.
Omitting the lower energies does not affect the practical results of the calculations as these
energies are well below any relevant reaction threshold energies. A power function fitting
was applied, and proton energies within the materials were then calculated using factors
derived from the data fit.

Previously presented data117 (figure 11) was used to plot the excitation function up to
10 MeV, and a fifth-degree polynomial fit was used to obtain a function. The value of the
integral in equation 5 was then evaluated numerically using Wolfram Mathematica. The two
obtained fit functions were inserted into the equation and the limits of integration were set
as E1 = 4 MeV and E2 = 9.766 MeV corresponding for an energy value below the reaction
threshold and the proton energy after the aluminium foil, respectively. The theoretical
thick target activity for all calcium carbonate targets and irradiations in this work were
calculated afterwards using the masses of the targets and the irradiation data. In addition,
thin target activities were calculated for the used non-thick targets by dividing the target
into 2 % calculatory slices in terms of target area density, calculating the proton energy
and the corresponding reaction cross section in the middle of each slice, and summing
the activities produced in each slice. It was found that the activities calculated via the
numerical integration were consistent with these thin target calculations. The saturation
thick target yield for thick (100 mg, 127 mg/cm−2) natCaCO3 target was calculated for
this setup and found to be 30.2 MBq/µA.
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Additionally, the production of 13N was also calculated for the carbonate targets as these
targets are 3/5 oxygen by molar amount, and most of natural oxygen is 16O 79, participating
in the nuclear reaction 16O(p,α)13N 92. While the half-life of 13N is below 10 minutes51, it
needs to be considered in terms of radiation safety and possible interfering radionuclide in
the gamma measurements, as it is also a positron emitter. The short half-life also means
that the nuclide is easily produced at its saturation activity level59. Cross section data
from Sajjad et al. (1986)264 was used and a rough polynomial fit for the data was used to
allow a directional estimate for the activity produced. The saturation thick target yield
was calculated to be 126 MBq/µA.

3.2.4 Irradiations

After the beam line setup, the beam was extracted into the line and focused on the target
holder. The intensity of the beam in terms of particle number (i.e. current) was adjusted
by controlling the ion source; proper acceleration and quality of the extractable beam by
adjusting the main coils’ current; the extraction of the beam into the external beam line
by shifting the angle of the stripper foil and the current of the dipole magnet; and the
planar shape of the beam by adjusting the steering quadrupole magnet currents. All of
the adjustments were carried out from an outside control room using the cyclotron control
software and manually tunable power supplies for the magnets of the external beam line.

First, an aluminum oxide based luminescent plate was attached onto the target holder
and irradiated at an angle while monitored with an external camera. The approach did
not yield the best focusing when tested with a real target. This is probably due to the
unintentional beam spreading and positioning of the plate on the collimator when the
target holder was not held at an orthogonal angle with respect to the beam. The beam was
subsequently focused using pieces of regular printing paper attached onto the collimator.
The beam profile was seen as charring on the paper (figure 23). The irradiated carbonate
targets also showed slight radiolytic charring and cracking on the surface of the carbonate,
increasing with integrated current (figure 24). During an irradiation, the beam targeting is
determined from the ratio (BR) of current to the target per total current to the target
and collimator,

BR =
φtarget

φtarget + φcollimator
(7)
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Figure 23: Beam focusing using a pa-
per. On the left, the target holder inside
the beam line, on the right, the resulted
charring on the paper. The black circle
signifies the collimator orifice.

Figure 24: Irradiated CaCO3. On the left,
a target with a higher (> 3 µAh) irradi-
ated integrated current. On the right, a
target with a lower irradiated integrated
current (< 0.05 µAh).

Scandium metal has a melting temperature of 1541 °C and scandium oxide 2485 °C79.
These are greatly higher than the melting point of aluminum (660 °C)79, from which the
target holder and supporting foils were made of. Thus, it was not expected that scandium
would essentially escape from the target as a result of heating from the impacting beam.
As radiolytic reactions in a carbonate target may cause the release of carbon dioxide
and oxygen gases, buildup of pressure and possibly resulting rupture of the cover foil is
mitigated by starting the irradiation with a low current and increasing the current slowly.

44gSc was produced in a total of 19 irradiations, most of which utilized a calcium carbonate
target. Table 13 summarizes the irradiations. Most irradiations were short for producing
of lower activities suited for manual manipulation of the irradiated materials without a
lead cabinet, but also three longer, 43–60 minute irradiations with calcium carbonate thick
targets were carried out. After irradiating the carbonate targets, there was a cool-off period
of 1–2 hours, and in the case of long irradiated targets, a day or more. The beam ratio
(eq. 7) was mostly good, averaging 75 %, and required additional adjustment only during
some longer irradiations. A majority of the samples were non-thick targets. As the shape
and size of the calcium metal turnings was variable, target thickness was not determined
for these targets.
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Table 13: Summary of the irradiations. The averages are accompanied with standard
deviation (sx) of the data, with the exception of integrated current.

Number of irradiations n = 19
with a CaCO3 target n = 14

with a Ca metal target n = 5
with thick targets n = 6

absolute activity measured n = 14
Irradiation time, range 20–3600 s
Integrated current, range 0.01–4.02 µAh
Integrated current, average 0.03 µA
Target current, range 0.5–5.7 µA
Beam ratio, range 37–92 %
Beam ratio, average 75 ± 17 %
Mass of target, average ± sm 65 ± 28 mg
Mass of Ca in target, range 15–58 mg
Mass of Ca in target, average ± sm 30 ± 13 mg
Area density of target, range 42–146 mg cm−2

3.3 Separation of scandium

3.3.1 Dissolution of irradiated target material

The target material, either high purity CaCO3 (s) or Ca (s) was transferred into a 50 ml
centrifuge tube with the help of a funnel and dissolved in hydrochloric acid (or nitric
acid for the titanium phosphate separations), concentration and volume depending on
the method. During calcium metal dissolutions, nitrogen was streamed into the tube to
prevent any possible formation of flammable hydrogen-air mixtures. The solutions were
briefly mixed by hand or vortexed if needed to dissolve the material completely. Target
materials that had a been irradiated with a higher integrated current exhibited slightly
slower dissolution, possibly due to radiolytic release of carbonate and subsequent oxide
formation. Overall, the dissolutions were still rapid. The minute charring seen on some
targets (figure 24) did not affect the dissolution. The dissolved targets were aliquoted
each time into three approximately equal sized separation samples into 20 ml plastic vials,
weighed and measured with both scintillation and semiconductor gamma spectrometers.

3.3.2 UTEVA resin

The extraction columns were prepared and used as follows: the UTEVA resin batches
were prepared by weighing an amount of approximately 70 mg as dry resin, which was
then equilibrated in 2 ml of 0.5 M HCl for 18–24 hours. The soaked resin was pipetted
carefully into a 1 ml plastic syringe serving as a column, on top of a wetted glass wool
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pad. Another piece of wetted glass wool was added on top and the material was very
gently compacted by pressing from above with a stick. The resin bed volume (BV) was
determined by measuring the height of the resin part in the column with a caliper and
multiplying by πr2, r being the inner radius of the syringe. Figure 25 presents a prepared
column. The resin bed heights ranged between 10–15 mm, corresponding for bed volumes
of 175 to 240 µl. As the resin bed is not a rigid body and its surfaces are not well defined,
the bed volumes determined are approximate and rounded to the nearest 5 µl for practical
liquid handling. The ratio of column bed volume to mass of resin was on average 2.6 µl/mg,
with a relative standard deviation (RSD) of approximately 5 %, indicating only little
variation in the compression of the extractant within the columns. The resin was kept
under liquid at all times. All the eluents were briefly sonicated on the day of use to to
expel possible dissolved gases and thus prevent gas bubble formation within the columns.
Before extraction, the column was rinsed with 5 BV of 10 M HCl.

The target was dissolved in three milliliters of 10 M HCl and aliquoted into one milliliter
samples. A new column was used for the separation of each aliquot. All liquids that came
through each column were collected into designated 20 ml plastic vials. The initial sample
solution was pipetted into the column, loading the column full whenever possible. The
first effluent after loading was collected into a vial. The sample vial was rinsed with 0.5 ml
of 10 M HCl and the effluent collected into the same vial with the first effluent. Next, the
calcium was rinsed out of the column with 5 BV (875–1200 µl, depending on the bed size)
of 10 M HCl and the effluent collected into a second vial.

Then, elution of scandium out of the column was carried out with the selected eluents.
Three different elution sets were tested at different times: protocol a) three times 5 BV of
0.01 M HCl (5 BV per vial); protocol b) 5 BV of 1 M HCl (one vial), then 0.5 M HCl (one
vial) and then 0.01 M HCl (one vial); procotol c) three times 5 BV of 1 M HCl (5 BV per
vial). The flow of the liquids inside the column was due to gravity alone. The general flow
chart for the separation is presented in figure 26.
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Figure 25: A UTEVA resin column used
in the separation, prepared into a plastic
syringe and fastened with a clamp above
the sample vials. The approximate por-
tion of the resin is marked with a green
bar.

Dissolve sample in 10 M HCl
→ All ions in solution

Measure sample activity

Load sample onto column
→ Sc retention

Rinse column with 10 M HCl
→ Ca in effluent

Elute Sc with diluted HCl
→ Sc desorption & elution

Measure eluate activities

Figure 26: UTEVA separation flow chart

3.3.3 Carboxylic functionalized carbon nanotubes

The carbon nanotube extraction columns were prepared and the separations carried out
for the most parts in a similar manner as with the UTEVA resin columns (section 3.3.2).
The columns were prepared using approximately 20 mg of the dry CNT-COOH powder
and equilibrated for 18–24 hours. The target was dissolved in 2 ml of 0.5 M HCl and less
than 0.5 ml of 1 M HCl, after which pH was adjusted to approximately 2 with water, and
the solution was aliquoted into three samples of approximately 2 ml each. The solution was
pipetted into the column, loading full whenever possible. Solvent used for equilibration and
column rinsing was 0.01 M HCl. Figure 27 presents a prepared column. The extractant
bed heights ranged between 10–13.5 mm, corresponging for bed volumes of 160 to 215 µl.
The ratio of column bed volume to mass of resin was on average 9.1 µl/mg, with an RSD
of approximately 5 %, indicating only little variation in the compression of the extractant
within the columns.
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After loading the sample solution, the sample vial was rinsed with 0.5 ml of 0.01 M HCl
and the effluent was collected into one vial. The column was then rinsed with 5 BV of
0.01 M HCl and the effluent was collected into one vial. Then, the scandium was eluted
with 2 M HNO3, 2 BV at a time into three separate vials. The general flow chart for the
separation is presented in figure 28.

Figure 27: A column prepared from car-
boxylic functionalized carbon nanotube
powder used in the separation, prepared
into a plastic syringe with a cap attached.

Dissolve sample in 1 M HCl
→ All ions in solution

Measure sample activity

Load sample onto column
→ Sc retention

Rinse column with 0.01 M HCl
→ Ca in effluent

Elute Sc with 2 M HNO
→ Sc desorption & elution

Measure eluate activities

Adjust pH → 2

3

Figure 28: Separation flow chart for
CNT-COOH system.

3.3.4 Precipitation-filtration

The separation through precipitation and filtration of scandium was carried out as follows:
the target was dissolved in 6 ml of 0.5 M HCl and aliquoted into three 2 ml parts. Each
sample solution was neutralized and made basic by adding 800 µl of 1 M ammonia into
each vial, after which the pH of the solution was between 8–9. The samples were allowed
to stand for approximately 5–60 minutes. The sample was pipetted into a 10 ml plastic
syringe attached onto a � 32 mm 0.22 µm pore size PVDF syringe filter. The sample vial
was rinsed with 1 ml of water and transferred into the syringe. The solution (V = 3.8 ml)
was pressed through the filter and into a vial using the syringe piston. The filter was
unattached for the removal of the piston and reattached after it. Then, the filter and
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syringe was rinsed first with 1 ml of 1 M ammonia and then with 4 ml of water, and both
solutions were pressed into the same separate vial. The scandium was then dissolved as
the filter was rinsed three times with warm 1 M HCl, each 1 ml portion transferred into a
separate vial. The general flow chart for the separation is presented in figure 30.

Figure 29: The setup used in the
precipitation-filtration method: an
empty 10 ml plastic syringe with a
0.22 µm pore size, � 33 mm PVDF
(Millex-GV) filter above a sample vial.

Dissolve sample in 0.5 M HCl
→ All ions in solution

Measure sample activity

Filter the suspension
→ Sc retention

Rinse the filter with 1 M NH 
+ water

Dissolve precipitate with 1 M 
HCl → Sc release

Measure activities of the 
fractions

Adjust pH → 8–9
→ Sc precipitation

3

Figure 30: Precipitation-filtration sepa-
ration flow chart

3.3.5 Titanium phosphate materials

The separations using the amorphous titanium phosphate material were carried for the
most parts in a similar manner with the other column chromatography methods. The
material (120–300 mg) was equilibrated in 0.1 M NaNO3 for a few hours before use. The
mixture was pipetted into a 1 ml syringe with wetted glass wool pad on the bottom and on
top of the material. The extractant bed heights ranged between 5.5–10 mm, corresponging
for bed volumes of 90 to 160 µl. The material was not very compressible.
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The target was dissolved in 1 M HNO3 and adjusted to pH ≈ 2 with water. The solution
was aliquoted into three parts with volumes of 2–5 ml. The sample was pipetted into the
column, and the rate of the outward flow was controlled using an attached small valve. The
column was rinsed with 5 BV of 0.1 M NaNO3. The scandium was eluted using either 0.1 M
H3PO4 (one separation) or a mixture of 0.5 M H3PO4 and 0.5 M HNO3 (two separations),
5 BV at at time into three separate vials. The general flow chart for the separation is
presented in figure 31.

Dissolve sample in 2 M HNO
→ All ions in solution

Measure sample activity

Load sample onto column
→ Sc retention

Rinse column with 0.1 M NaNO
→ Ca in effluent

Elute Sc with HNO + H PO

Measure eluate activities

Adjust pH → 2

3

3

3 3 4

Figure 31: Separation flow chart for am-TiP.

The titanium di-n-butylphosphate material (approximately 70 mg) was soaked in 50/50 %
v/v ethanol-water mixture a few hours before loading into the column. The material was
kept in place by wetted glass wool pads. The ethanol was rinsed out of the column using
water. The material was light and soft and was thus only lightly compressed to avoid
overcompression. The bed heights ranged between 9 to 10 mm, corresponding for bed
volumes 140–160 µl. A prepared column is presented in figure 32.
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The target was handled as with the amorphous TiP and loading and rinsing were carried
out similarly. No elution scheme is available for this separation, as the material is to be
wholly dissolved in an organic solvent. However, the dissolution and further purification
procedures were not included in this work. After rinsing, the material and the glass wool
were mechanically removed from the column and separated into sample vials. Precise
separation of the material from the glass wool was not possible, so the glass wool was
considered as contaminated with the material.

Figure 32: A column prepared into a plas-
tic syringe from Ti-DBP material used
in the separation.

Dissolve sample in 2 M HNO
→ All ions in solution

Measure sample activity

Load sample onto column
→ Sc retention

Rinse column with 0.1 M NaNO
→ Ca in effluent

Disassemble the column and 
remove Ti-DBP

Measure activities

Adjust pH → 2

3

3

Figure 33: Separation flow chart for Ti-
DBP.

3.4 Analyses

3.4.1 Gamma spectrometry

Semiconductor gamma spectrometry

An HPGe gamma spectrometer (Canberra GC4519) with Genie 2000 software was used
to measure the spectra from aliquoted, dissolved target samples and a few selected other
samples to determine the activities and radionuclidic purities in terms of gamma emitters.
The samples were measured for three or more minutes covering all energy channels from
0 to 2000 keV. Measurement results in activity units and their uncertainties (1 σ) were
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exported directly from the software. Background and efficiency corrections were applied.
The nuclides were detected automatically utilizing the software nuclide library, and also
qualitatively observed from the spectra (section 4), considering especially the most intensive
photopeaks listed in table 14.

Table 14: Gamma energies and intensities for the most prominent photopeaks in relevant
scandium radionuclides. Uncertainties are omitted.

Energy Intensity Half-life Ref.
43Sc 372.900 keV 22.5 % 3.891 h 255

44gSc 1157.020 keV 99.9 % 4.042 h 86,87

44mSc 271.241 keV 86.7 % 58.61 h 86

46Sc 1120.545 keV 100 % 83.79 d 256

47Sc 159.381 keV 68.3 % 80.38 h 258

48Sc 1312.120 keV 100 % 43.67 h 257

49Sc 1761.900 keV 0.05 % 57.18 min 259

All activities were corrected to EOB using equation 8245:

AEOB = A0e
λt (8)

where AEOB is the corrected activity of a sample, A0 is the initial activity, corrected for
decay during measurement, λ is the decay constant and t is the time interval (positive, in
seconds) between activity levels A and A0.

In addition, 44gSc and 43Sc activities were corrected for the decay during measurement
using equation 9265:

A0 =
λAmeasTlive
1− e−λTlive

(9)

where A0 is activity after correction for decay during measurement, λ is the decay constant,
Ameas is the measured activity and Tlive is the live time of measurement, obtained from
the real time of measurement using the dead time factor (DTF ) of each measurement:
Tlive = Treal(1− (DTF − 1)).

44gSc activity was additionally corrected for the activity generated by the isomer 44mSc
using equation 10266,267:

A2 = A1e
λ1tb

λ2
λ2 − λ1

(e−λ1t − e−λ2t) (10)
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where A2 is the activity of the generated 44gSc (the daughter nuclide), A1 is the measured
activity of 44mSc, λi are the decay constants of the parent (1) and daughter (2) nuclides, t is
the time after EOB (the time the generator system has been active) and b is the branching
decay ratio (0.98851) for 44mSc producing 44gSc. When the irradiated sample was divided
into three fractions for separations, the activities of these fractions were summed to give
the total activity for an irradiation.

The uncertainties for the values were calculated using the propagation of error approach,
assuming independent variables and not taking covariances into account, with the equation
11268, here presented in general form:

sf =

√√√√∑
i

(
∂f

∂xi
sx

)2

(11)

where sf is the standard deviation (uncertainty) of f , ∂f
∂xi

is the partial derivative of f
with respect to variables xi and sx is the standard deviation of x.

Uncertainties of the decay constants were approximated to be very low and not taken
into account in the estimation of uncertainty values from equation 10, as this would have
unnecessarily complicated the calculations. The averages for all results in this work were
calculated as regular arithmetic mean values without weighing any terms, using standard
deviation as the uncertainty of the average, as the data is scarce and the variability related
to this type of experimental work is best communicated through these figures.

The freshly produced target samples and the high activity production test samples were
measured in a calibrated 10 cm distance geometry to reduce detector dead time and pulse
coincidence summing. A few of the aged separated samples were measured in a calibrated
near geometry. While the efficiency calibrations for both distances had been originally
conducted with 5 milliliters of liquid, adding more liquid to these samples to reach the
exact calibration geometry was not seen desirable, as this would have caused the sample
volumes and concentrations to change impractically considering the separations. The exact
analytical error of this practice with this setup is not known, but it was tested that the
difference may cause a variation of a few percent points in the final measured activity.

Scintillation gamma spectrometry

A NaI scintillation gamma spectrometer (Hidex Automatic Gamma Counter) with a
3x3 inch well type detector was used to measure the spectra from the freshly produced
target samples and the separated sample fractions in order to determine the separation
yields for each eluted fraction. The samples were measured with a method covering all
energy channels and no automatic corrections for a duration of five minutes per sample.
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Background was measured with the same method for 60 minutes using only an empty
sample vial holder, as it was estimated that the non-irradiated sample materials would not
result in an essentially higher count rate, which is also far lower than most of the count
rates in these measurements.

During the measurements with this instrument it was noted that higher activities caused
the detector to cease counting some of the highest energy channels and only show their
pulse counts as zero. This was taken into account in the separation calculations by choosing
the upper limit of the counting window so that in all samples belonging to the same set,
highest counting channel was the final functional channel of the most active sample in
that set. The lower limit of the counting window was chosen to be 990 (of the total range
0–2047) for all samples, ignoring the annihilation gamma peak and its double sum peak
in the spectra (see figure 40 for a spectrum). While decreasing the useful pulse count,
this was done to reduce the amount of unquantifiable random error arising from possible
contaminating non-scandium positron emitters in the irradiated target material.

Each separation yield was calculated as the ratio

SY =
Rfraction

Rtotal
· 100% (12)

where Rfraction is the net count rate of the separated fraction in question, and Rtotal is the
net count rate of the whole sample vial prior separation. The count rates were corrected
for both decay during measurement (using equation 9 and decay between the start of first
measurement in the separation sample set, and start of measurement of each sample in
the same set (using equation 8).

The measured count rates were corrected for decay during measurement using the equa-
tion 9, where AmeasTlive was replaced with net pulse count N . The uncertainty of the
net pulse count was calculated as the square root of itself245, ∆N =

√
N . The total

uncertainties of the separation yields were calculated with equation 11.

3.4.2 Atomic emission spectrophotometry

To determine the concentrations of calcium and iron in the samples, the eluates were
measured with microwave plasma atomic emission spectrometry. The instrument used
was Agilent MP 4100, featuring a magnetically excited plasma and utilizing nitrogen gas
generated from air237.
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The elements measured were chosen on the basis of the literature review pointing to iron
being the critical distracting metal in labeling with scandium82, and calcium to evaluate the
change in separation factor and the overall success of each purification. The elements were
measured using the default instrument recommended spectral lines of emission: 371.993 nm
(Fe), 393.366 nm (Ca) and 433.374 nm (La).

All samples were prepared by estimating the order of magnitudes for calcium concentrations
and diluting the samples with suitable volumes of 5 % v/v high purity nitric acid into
the final volume of 4 ml per sample. The standards included a blank sample containing
high purity 5 % nitric acid, and ten standard samples containing 0.001–10 ppm of Ca2+

and 0.001–2 ppm of Fe3+. In addition, 5 µl of 1000 ppm lanthanum standard solution per
one ml of diluted sample solution was added to all samples and standards to act as an
internal standard. Regular analytical grade nitric acid was used as the instrument wash
acid. All of the 15 ml measurement tubes were acid washed prior using.

The instrument software calculated the background subtracted results in mg/l ± %RSD
using three replicates. From these results, the amounts of calcium and iron by mass in the
original fractions were calculated using the formula 13:

morig = cmeasVmeasdint
msample, net

mpipetted
(13)

where morig is the total, original mass of the analyte in the separation fraction vial, cmeas is
the measured concentration of the analyte in the AES measuring sample (in mg/l), Vmeas

is the volume of the AES measuring sample, dint is the dilution factor of the intermediate
sample (dint = 1 if no intermediate dilution was needed), msample, net is the net mass of the
original sample solution and mpipetted is the mass of the original sample solution pipetted
into the measurement sample (or intermediate dilution).

In order to estimate the separation of scandium and calcium in a given fraction relative to
the original sample, ratios for Sc/Ca mass were calculated for both the original irradiated
targets and separated fractions, and expressed as ratios calculated with equation 14:

Sc/Ca ratio to orig. =
mSc,frac/mCa,frac

mSc,orig/mCa,orig
(14)

where mSc,frac is the mass of 44gSc in each separated fraction, mSc,orig is the mass of 44gSc in
the original irradiated target and mCa,frac is the mass of calcium in each separated fraction
and mCa,orig is the mass of calcium in the original irradiated target.
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While the absolute activities of the fractions were not measured with an HPGe spectrometer,
they were estimated using the separation yields (eq. 12) and absolute activity measurements
of each aliquoted dissolved target sample. The masses of 44gSc were calculated with equation
15:

mSc =
AScArMu

λNA

(15)

where ASc is the EOB corrected activity of 44gSc, Ar is the relative atomic mass of
44Sc269, Mu is the molar mass constant18, λ is the decay constant and NA is the Avogadro
constant270.

Uncertainties were calculated as previously, using the propagation of error equation (eq. 11).
Uncertainty for the weighed masses was not available and is not included. Uncertainties
of the decay constants, atomic mass and molar mass constant were omitted from the
calculations as minuscule.

3.5 Radiation protection

Considering a typical beta emitter emitting also positron and gamma radiation, a major
part of the dose for a person working with the material results from beta radiation271.
This is due to the fact that charged particles, such as beta particles, interact strongly with
matter and deposit their kinetic energy quickly to the surrounding matter8. Thus, as a
high-energy beta emitter (Eend = 1.47 MeV), a majority of the radiation dose from 44Sc is
due to beta emissions. This dose is for the most part deposited into tissues in near contact
with the handled radioactive materials, i.e. especially skin of fingers and hands. However,
dose from gamma radiation is also significant when handled activities are high271 and
working in a lead cabinet is necessary in these cases.

Due to bremsstrahlung, it is useful to shield beta emitters using low Z materials, such as
plastic or glass8. The activities that are handled at one time in this work are in the tens
or at maximum in the hundreds of kilobecquerels of 44gSc, so for the radiation shielding
during working, the use of thick plastic vial racks and small local lead tile shielded areas
for storing any material not currently in use in the fume hood were seen as sufficient.

A crude dose calculation was made using the higher-energy beta emitter 68Ga as a
surrogate, as convenient dose rate data for 44gSc was not easily available. Dose rate data
for different practical laboratory working phases was taken from Delacroix et al. (2002)271.
A conservative estimate was made assuming an activity of 1 MBq per one separation,
slow working style and zero shielding used. The estimate was calculated for a column
separation method and for a filtration method, including external exposure dose rates, but
not deep tissue dose from gamma radiation. For the column method, a skin dose value of

71



0.08 mSv per separation and 0.33 mSv for the filtration method was calculated. As these
are upwards estimates, shielding is used while working and and the beta energy of 68Ga is
higher than the energy of the actually used radionuclide, the estimates are clearly greater
than what will be truly received.

According to current Finnish radiation legislation, the dose a radiation worker receives
onto skin and hands may not be greater than 500 mSv per annum272. Assuming e.g.
ten filtration separations and thirty column separations, an estimated hand/skin dose of
< 6 mSv might be received, falling well below the statutory limit.

Considering the nuclide 44gSc, the half-life of four hours renders possible working area
contaminations quickly harmless for both people and low-activity samples, e.g. an activity of
10 kBq decreases below 10−3 Bq within four days. The longer-lived scandium radionuclides
44mSc and 48Sc need to be controlled for a longer period, but depending on the initial
activity, a time of 4–8 weeks is sufficient for these nuclides to be decayed to practically
zero levels, making it possible to age any wastes produced and discard both solid and
liquid materials as regular laboratory waste. The release value for 48Sc is 1 Bq per gram of
solid waste273.
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4 Results and discussion

4.1 Analysis of the irradiation products

The irradiation results in terms of 44gSc are summarized in table 15. Other produced and
detected scandium radionuclides are summarized in table 16. The number of irradiations
where the absolute activities were measured with an HPGe detector was n = 15. The
individual EOB activities of 44gSc ranged from 46 ± 0.4 kBq to 24 ± 2 MBq per irradiated
target. Saturation yields for the irradiations were in the range 24–90 MBq/µA, averaging
47 MBq/µA when all targets and irradiation times are considered, and 37 MBq/µA when
only the two calcium carbonate thick targets irradiated for an hour are taken into account.

Here, error margins are omitted and the values are presented with one or two significant
figures for the yield values, as the individual uncertainties of the current and integrated
current were not available in the cyclotron control software, and many of the used currents
from the short irradiations were single-digit figures only. Thus, the yield values should
be understood as approximate. When thick targets are discussed, they refer to calcium
carbonate targets, as target thickness was not determined for the variable size and shape
calcium metal turnings. Target thicknesses in non-thick carbonate targets were 48–62 %
and 112-127 % in thick targets of the thick target limit with respect to the production of
44gSc in this setup.

The accuracy of the activity data from longer irradiations is somewhat higher due to the
calibrated measurement geometry for these samples, but on the other hand, the longer
irradiated samples were still fairly radioactive after two days, and this activity caused high
dead times in the HPGe detector. This may cause additional error in the results, but the
level of it is not known quantitatively.

The experimentally produced 44gSc activities were compared with theoretical calculated
values for each target, and on average, the experimental activities were 132 % of the
calculated values, and only one value was below 100 %. No obvious correlation was found
between the produced-to-calculated activity ratio and target thickness or irradiation
time. The uncertainty for this ratio is not reported as the uncertainty for the theoretical
calculation was not determined. The uncertainties of the measured activities are around two
orders of magnitude lower than the activities themselves, so the discrepancy probably arises
from the calculated activities. The calculation seems to underestimate the activities, likely
explanation pointing to the inherent inaccuracy in the cyclotron current and integrated
current measurement and display, as these values were also required to calculate the
theoretical activity for each irradiation. Other possible reasons may be related to the true
cross sections being slightly higher than the ones used in these calculations, or the proton
energy loss being smaller than calculated due to some phenomenon.
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Table 15: Summary of the produced 44gSc, n = 14. The produced-to-calculated activity
ratio includes only CaCO3 targets. Saturation yields include both thick and non-thick
targets from all irradiations, if not otherwise mentioned. Irradiation times range from 20 s
to 60 min and 57 to 60 min in the case of the long irradiations.

Produced-to-calculated activity, average ratio 132 %
Produced-to-calculated activity, range 79–158 %
Produced activities, range 45.8 ± 0.4 kBq – 24 ± 2 MBq
Produced activities, median 133 kBq
Saturation yields, range 24–90 MBq/µA
Saturation yields, average (all targets and irr. times) 47 MBq/µA
Saturation yields, average (thick targets, long irr.) 37 MBq/µA

Table 16: Summary of the other produced scandium radionuclides. Saturation yields include
both thick and non-thick targets from all irradiations. Irradiation times range from 20 s to
60 min. The number of results considered for 43Sc is n = 12, for 44mSc, n = 5, for 47Sc,
n = 3 and for 48Sc, n = 15. *Only long irradiations with thick targets are included in the
47Sc results, as it was detectable only in aged samples. ∗∗TT=thick targets only.

43Sc 44mSc 47Sc* 48Sc
Produced activities, range 0.69 ± 0.03 – 12 ± 3 kBq 0.22 ± 0.04 – 82 ± 1 kBq 7.9 ± 0.9 – 9.1 ± 0.3 kBq 0.55 ± 0.03 – 393 ± 3 kBq
Produced activities, median 5.5 kBq 67 kBq 1.5 kBq
Saturation yields, range 0.6–3.4 MBq/µA 0.8–1.7 MBq/µA 0.25–0.28 MBq/µA 2.9–11 MBq/µA
Saturation yields, average 1.9 MBq/µA 1.5 MBq/µA 6 MBq/µA
Saturation yields, average, TT∗∗ 3.4 MBq/µA 1.7 MBq/µA 0.26 MBq/µA 5.1 MBq/µA

Activity ratio to 44gSc, range 1.52 ± 0.06 – 15 ± 1 % 0.15 ± 0.03 – 0.36 ± 0.06 % <0.04 % 0.88 ± 0.04 – 1.7 ± 0.3 %
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Other scandium radionuclides that were produced and detected in the HPGe measurements
were, in the order of descending saturation yield, 48Sc >43Sc >44mSc >47Sc. The activity
ratios of the other produced scandium radionuclides (table 16) to the main nuclide 44gSc
were higher in thick and longer irradiated targets. The single highest saturation yield was
11 MBq/µA of 48Sc with a calcium metal target in a brief (t = 20 s) irradiation, and the
lowest 0.25 MBq/µA of 47Sc with a calcium carbonate thick target in a longer (t = 43 min)
irradiation. Considering the previously estimated production capacity (figure 22), the order
of these measured yields is largely similar.

The ranges and averages in the tables 15 and 16 include the available measurement
data. Not all scandium radionuclides listed were detected in all samples. The nuclides
detected in all samples were 44gSc and 48Sc, whereas 43Sc was detected often, 44mSc in
some of the samples and 47Sc merely in aged samples from long (tirr = 43–60 min)
irradiations. The activities presented are corrected both for the decay during measurement
(for shorter-lived nuclides 44gSc and 43Sc) using the equation 9 and for the time passed
since end of bombardment (all nuclides) using the equation 8, standardizing the results for
comparability.

The irradiated targets were fairly pure from non-scandium radioactivities. In addition to
the radioscandium results in tables 15 and 16, only 69mZn was detected in single aged
sample fraction, 1.2 ± 0.3 Bq at time of measurement. The source (production route) of
this nuclide is unknown, but it might have formed e.g. via the channel 70Zn(p,np)69mZn
from a stable zinc impurity. Additionally, some minor unidentified peaks were detected in
singular samples with a net pulse count rate 6 1 cps, at energies 411.3 keV; 962.5 keV;
106.9 keV; 111.3 keV and 1836 keV.

Comparing the achieved yields to data found in the literature using the same 44Ca(p,n)44Sc
reaction channel reported at slightly higher initial proton energies of 15–16 MeV and similar
natural isotopic calcium metal and carbonate target materials (table 7), comparable satu-
ration yields of 69–100 MBq/µAh have been produced in most of these studies5,98,101,107,109.
The previously calculated saturation thick target yield estimate of 30.2 MBq/µA is also
close to the 37 MBq/µA produced here, following the trend of produced yield being higher
than the estimated yield.

Saturation yields for the calcium metal targets were, on average, 170 % of the calcium
carbonate yields. This supports the expectation, even though the metal targets were not
uniform or directly comparable in geometry.

For enriched 44CaCO3 targets, literature shows more variability with yields ranging from
61 to 5200 MBq/µA99,100,104–106,109 in the proton energy range 11–18 MeV. However, it is
expected that utilizing an enriched target, yields of at least an order of magnitude higher
compared to those produced in this work are achievable. Theoretically, yields could be
48-fold for a 100 % 44Ca target.
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Of the other scandium radionuclides produced (in thick targets), 3.4 MBq/µA of 43Sc
compares with a reported yield of 2.5 MBq/µA107. The isomer nuclide 44mSc was produced
at a 1.7 MBq/µA level, which is lower than a reported production yield of 21 MBq/µA107.
This may be explained by the higher proton energy of 16 MeV used in the referenced
study, as the excitation function for the production of 44mSc peaks at higher energy than
the ground isomer99, but available data for these production conditions is scarce. However,
when the production of the excited isomer is undesired, use of lower proton energies is
clearly beneficial. No production yields using 10 MeV proton energy cyclotrons is reported
in the literature for the reaction channel 48Ca(p,2n) producing 47Sc, but using higher
energies (16–24 MeV) yields reached have been 144 kBq/µAh82 or 22 MBq/µA (sat.)107

in a natural isotopic carbonate target. This is more than observed in the experiments
here, 0.26 MBq/µA, pointing to the fact that a low proton energy production scheme also
reduces the amount of this radionuclide in the product, as is expected from the reaction
threshold energy of 8.9 MeV92. In addition to the primary nuclide 44gSc, 48Sc was another
scandium radionuclide that was produced in measurable quantities in all freshly irradiated
targets. The average saturation yield 6 MBq/µA is somewhat lower than a literature value
of 14 MBq/µA in an irradiation with a higher energy of 16 MeV107.

Figures 34 to 39 present gamma spectra obtained with the HPGe spectrometer, selected
to represent both calcium carbonate and calcium metal targets both freshly irradiated
or several 44gSc half-lives aged. Freshly irradiated targets were measured approximately
1–2 hours after EOB. Spectra in figures 36 and 37 are from UTEVA separated fractions
(first Sc elution) whereas the other spectra are from non-separated dissolved targets, 1/3 of
a dissolved target in figures 34 and 35 and whole dissolved targets in figures 38 and 39.
The spectra in figures 38 and 39 are also from long irraditions with high initially produced
activity.

The spectra illustrate the summarized activity measurements. Soon after an irradiation,
44gSc dominates with some 43Sc and 48Sc activities (figures 34 and 35), and being longer-
lived, 48Sc and 44mSc arise in the aged spectra (figures 36 to 39). After two days of decaying,
majority of the measured 44gSc is not originated from the direct reaction but generated via
the excited isomer 44mSc. Additionally, the minor activities of 47Sc can be observed in the
aged samples as the photopeak at 159 keV differentiates from the Compton continuum. All
prominent peaks in the spectra can be assigned to a scandium radionuclide. The spectra
in the figures show gross pulse counts, not corrected for background. It is to be noted that
the y axes begin below zero in order to better discern the spectrum graphing at low pulse
counts. The total pulse count ranges differ between these spectra due to different activities
and measurement times used with the selected samples.

76



0 500 1000 1500 2000
0

1200

Energy (keV)

C
ou

nt
s

511 keV
annihilation

44gSc

48Sc 44gSc sum peak48Sc
43Sc

Figure 34: A gamma spectrum of a freshly irradiated calcium
carbonate target.
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Figure 35: A gamma spectrum of a freshly irradiated calcium
metal target.
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Figure 36: A gamma spectrum of an irradiated, day-old calcium
carbonate target.
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Figure 37: A gamma spectrum of an irradiated, day-old calcium
metal target.
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Figure 38: A gamma spectrum of an irradiated, two days aged
calcium carbonate thick target.
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Figure 39: A gamma spectrum of an irradiated, three days aged
calcium carbonate thick target.
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Figure 40 presents a scintillation gamma spectrum for a typical irradiated target material
that is dissolved in acid and measured in a 1⁄3 aliquoted vial. The activities that were used
in the separations were on average 48 kBq (EOB) of 44gSc per vial, practically less as
especially the carbonate targets were allowed to decay for approximately two hours before
dissolution. In the spectrum, clearly seen are the 511 keV annihilation peak, sum peak of
two annihilation gammas, the main photopeak of 44gSc and the coincidence sum peak of
the annihilation and the photopeak. Resolving other peaks from scintillation spectra is
however impossible at these activity levels.

The high resolution gamma spectra show no contaminating non-scandium radionuclides,
so these materials are well suited as target materials in terms of irradiation side reactions.
While using the oxygen and carbon containing carbonate target, however, at least positron
emitters 13N and 18F are unavoidably formed to a degree41,92,264. They may be avoided
altogether using the metallic target, or simply ignoring them and performing a chelation
where these non-metals do not compete for binding with scandium. However, radiation
protection aspects need to be taken into account, and during any initial radioactivity
measurements, the possible presence of these nuclides must be considered especially if the
annihilation peak is used to quantitate the activity. The presence of these radionuclides
could be roughly evaluated by calculating the HPGe measured peak ratios for 511 keV
and 1157 keV, still noting that 43Sc will also contribute to the annihilation peak.
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Figure 40: A typical gamma scintillation spectrometer spectrum. This spectrum represents
a non-separated sample. Measurement window: channels 16–2047, measurement time:
300 s.
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The spectra for the separated fractions acquired from each separation procedure were
measured with the low-resolution scintillation spectrometer for practical reasons, i.e.
the need for an autosampler, but as this complicates quantitative determination of the
primary nuclide in samples containing several radionuclides, it is recommended to use
high resolution semiconductor detectors when utilizing these kinds of production schemes,
especially natCaCO3 targets, and/or if the samples are to be also measured as aged samples.

During the irradiations, it was seen that the beam fits rather well into the target button
(figure 24), but the beam could also be more evenly spread on the carbonate disk. The
current button design with a � 1 cm material disk is sufficient, especially if enriched
material is to be used, though a wider disk would enable the use of larger amounts of
natural calcium carbonate to use with higher currents when cooling is taken care of.

In its present form, the target assembly features a ’button’-type material holder with a
simple piece of aluminium foil on top of the target material, but other types of target
material assemblies have been tested in the literature, such as a gas-tight magnetic ’coin’96

keeping the material inside it; calcium oxide mixed with a polyvinyl alcohol solution and
after drying sandwiched between aluminium foils108 and calcium carbonate pressed into a
pocket within a graphite pellet274.

Assessing the different target materials, calcium metal seems to be the best choice in
terms of irradiation yield and avoiding contaminating non-metal nuclides and the necessary
decay period caused by them. The minor reactivity with air should not be an issue when
handling times are not in the range of days. The use of oxide instead of carbonate could
decrease the formation of gaseous radionuclides and reduce possible recycling steps. The
price of enriched 44CaCO3 is reported as 15 $/mg104, highlighting the need for an efficient
recycling protocol.

A liquid target is for scandium radionuclide production is reported only once97 with a
modest saturation yield using a natural isotopic target. Nevertheless, a liquid target could
offer the convenience of using existing pump or automation systems together with proper
radiation protection, eliminating the need to setup a solid target system (where not in use)
and enabling routine production of high activities. It would additionally be less complex
to reuse any enriched calcium. Such a target system could ideally include a thin flow
cell or equivalent to mitigate the ion stopping power of solvents and maximize reaction
possibilities between the ions and the nuclei. For calcium, the best choices for liquid target
compounds are likely the most water or acid soluble, such as Ca(NO3)2 that is also used
by Hoehr et al.97, calcium chloride, or other salts with high solubility that can be used
without producing too much inconvenient side nuclides or nuclides that cannot be safely
removed during the processing. A review on liquid targetry for radiometal production is
given by do Carmo et al. (2020)275.
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Considering the activities that were seen in this work and in literature when using a target
of natural isotopic composition, 48Sc is always present in non-negligible quantities due to
the 48Ca component present in target material at 0.187 %65. For the eradication of this
radionuclide, an enriched target is necessary as the primary production reaction 48Ca(p,n)
has cross sections of 122–890 mb251 in the relevant energy range. The frequent presence
of 43Sc may not be such an issue at it is also a positron emitter with similar half-life
and less energetic gamma emissions. For reducing the relative amount of the metastable
isomer 44mSc, keeping the proton energy low is advantageous, as the cross section for the
production of this nuclide via the (p,n) channel peaks at around 13 MeV99,251 and the
ratio of the ground isomer to the metastable is highest at around 7.3 MeV99.

Finally, analyzing the production ratio data of 43Sc, the irradiations using calcium metal
targets resulted in lower ratios of 43Sc to 44gSc than irradiations using thick calcium
carbonate targets. This may be related to a lower average target thickness in the Ca metal
turnings with variable thickness, but this cannot be confirmed.

4.2 Separation of scandium from the target material

4.2.1 Scandium separation yields and profiles

Separation yields for the methods are presented in table 17 with the exception of Ti-DBP
for which the results are listed in table 18. The results include the measurement vials,
but not the emptied initial sample vials or used columns and filters. While the initial
sample vials were not systematically measured post-separation, sporadic checks indicate
that activity residues in these were 6 5 %.

A total of n = 12 separations were made with UTEVA resin, nine of those from CaCO3

target material and three from Ca metal target material; n = 6 separations were made
through precipitation-filtration, all of those from CaCO3 target material; n = 6 separations
were made with carboxylic functionalized carbon nanotubes, all of those from CaCO3 target
material; and n = 3 separations were made both with amorphous titanium phosphate
material and Ti-DBP, again all from CaCO3 target material.

Figures 41 to 44 show the individual sample elution/recovery profiles for the methods
with the exception of Ti-DBP. Figure 45 shows the activity percentages of each fraction in
Ti-DBP experiments.

The highest separation yields of 70 ± 20 % (average ± standard deviation) in a single
elution were achived with UTEVA extraction using 1 M HCl as the eluent with an elution
volume of 5 BV. The UTEVA separations using the low acid concentration (0.01 M
HCl) still show higher relative separation yields (54 ± 10 %) than the other methods.
The lowest yields for the best elution average were 28 ± 15 % and 28 ± 11 % for the
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carboxylic nanotube material and amorphous titanium phosphate, respectively. However,
the carboxylic nanotube results are reported for 2 BV per elution and for a comparable
5 BV elution volume the yields would be higher, possibly around 44 % per single elution
as a crude estimate.

Greatest variability between individual separations using the standard deviation as an
indicator is seen with the precipitation-filtration method, that shows 25–28 % standard
deviations for both the first dissolution phase and the critical loading phase. Lowest
variability is seen in the UTEVA separations, where standard deviations are 10–20 % for
the best elution samples and only 6 1.2 % for all other samples. The standard deviations
reported here are absolute figures reported in the percentage dimension, not relative
standard deviations (%RSD).

UTEVA

Separation yields of 70 ± 20 % were reached for the best sample set of three separations
using 1 M HCl as the sole eluent. However, another separation set using three different
acid concentrations showed a lower average yield of 56 ± 14 % even though it shared the
same 1 M HCl eluent in the first 5 BV that essentially covers the scandium desorption
area in these separations. The reason for this behaviour is not known. The samples in the
protocol using varying concentrations had a higher level of calcium, but this is not assumed
to be the cause as scandium sorption was efficient in all samples, and the columns were
rinsed with several bed volumes of 10 M acid. Plausible explanations include the simple
individual variation of columns, or the instability of this method at the acid concentration
range where the distribution of scandium changes rapidly (figure 14) due to the interaction
mechanism change229.

The literature reported yields for UTEVA-only separations range from 79 % up (table 11).
The 70 ± 20 % yields achieved here with the best eluent can be considered as comparable,
especially noting that the working protocol is not refined to a final form. It is reasonable
to expect that optimizing the separation could lead to yields of approximately 80 %.

The UTEVA elution profiles (figure 41) share a similar basic shape regardless of the
hydrochloric acid concentration(s) used, but highest relative separation yields on average
have been achieved using the 1 M HCl eluent, both as the only eluent and as the first
eluent in the set of three descending concentrations. Only minor amounts of scandium have
eluted during the loading and rinsing, and after the first 5 BV with additional 5–10 BV of
the used eluents.
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Table 17: Summary of scandium separations. Shown are the separation yield (%) averages of n separations ± standard deviations for each
method. UTEVA and am-TiP separations have an elution volume of 5 BV per elution, CNT-COOH has an elution volume of 2 BV per
elution.

Method UTEVA UTEVA UTEVA Filter CNT-COOH am-TiP
Eluent/solvent 0.01 M HCl 1 → 0.5 → 0.01 M HCl 1 M HCl 1 M HCl 2 M HNO3 HNO3+H3PO4

n (separations) 6 3 3 6 6 3
Loading 0.07 ± 0.03 % 0.13 ± 0.05 % 0.62 ± 0.05 % 37 ± 25 % 2 ± 3 % 27 ± 22 %
Rinsing 0.014 ± 0.008 % 0.011 ± 0.003 % 0.9 ± 0.7 % 0.8 ± 0.5 % 2 ± 5 % 0.5 ± 0.3 %
Elution #1 54 ± 10 % 56 ± 14 % 70 ± 20 % 30 ± 28 % 12 ± 12 % 28 ± 11 %
Elution #2 0.014 ± 0.013 % 1.2 ± 0.3 % 0.8 ± 1.2 % 5 ± 4 % 28 ± 15 % 13 ± 2 %
Elution #3 0.008 ± 0.009 % 0.11 ± 0.03 % 0.7 ± 0.5 % 5 ± 9 % 9 ± 5 % 5 ± 2 %
Total eluted (V ) 54 % (15 BV) 57 % (15 BV) 72 % (15 BV) 40 % (3 ml) 49 % (6 BV) 46 % (15 BV)
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Figure 41: Elution profiles of the UTEVA separations, n = 12. Each connected line
represents one sample. Different colors represent different Sc eluents. Zero = activity in
the first effluent after loading. Error bars are too small to be shown.

The results do show some variation, which could possibly be attributed to varying columns,
as each separation was carried out using a dedicated, freshly prepared extraction column.
The variation is not explained by resin bed volume or height, and may have more to do
with e.g. the packing of each column and the flow rate within, presumably so that slower
flow allows for more complete balancing and thus scandium desorption, but this is not
confirmed as individual elution times were not recorded. Also, the right choice of eluent,
i.e. concentration of hydrochloric acid is critical, as the distribution coefficient is strongly
dependent on the concentration, and only seems to have an ideal desorption area at around
1–2 molar concentration (figure 14).

Sorption of scandium is strong around the loading concentration of 10 M, as expected
from the Kd value of approximately 103 229. It has been reported that using an even higher
concentration (11 M) of HCl for target dissolution could possibly lead to better separation
yields105. In the ideal desorption area, Kd ≈ 1, so desorption should occur, given that
there is enough time for balancing. However, should the variation seen in these results be
caused by improper eluent concentration, an extraction test using e.g. 1.5 M HCl as well as
a batch sorption experiment performed in varying acid concentrations could be of utility.
The sorption experiments could include both a solution of pure scandium and a solution
containing both scandium and a high amount of calcium to discern any possible distracting
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Figure 42: Recovery profiles of the carboxylic functionalized carbon nanotube separations,
n = 6. Each connected line and color represents one sample. Zero = activity in the first
effluent after loading. Error bars are too small to be shown.

effect of calcium. In addition, an elution resolution of 1–2 BV instead of 5 BV should
clarify the elution profile further. UTEVA is commercially available in three resin particle
sizes of which the largest size (100–150 µm) was used here. A test using a smaller particle
size resin might result in better yields as long as the flow rate can be kept reasonable.

Carboxylic functionalized carbon nanotubes

Separation yields of 28 ± 15 % in 2 BV of 2 M HNO3 were achieved using the CNT-
COOH material, averaging all six separations. Due to the smaller elution volume, the
fraction-by-fraction elution differences are better seen than with UTEVA separations. The
elution profiles in figure 42 have mostly similar overall shape, the most activity eluting
in the second elution, when a total of 4 BV of 2 M HNO3 have been introduced into the
rinsed column. Very little activity is eluted during the loading and rinsing phases with
the exception of one results, possibly due to an improper preparation of the column. The
graphs do not go to zero, so additional eluting might result in higher eluted total activity.

Separation of scandium radioisotopes using only carboxylic functionalized carbon nanotubes
has not been reported in literature, but studies using higher amounts of stable scandium
report recoveries of > 95 %163,168. Factors affecting the poorer recovery in this work may
be related to e.g. the preparation of the column. This work utilized a rather small amount
of approximately 20 mg of the extractant powder that was not packed very densely, as
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it would have affected the flow and made gravity-only elution impractical. While it is
reported that the highest scandium sorption pH to this material is approximately 3, pH 2
was used similarly to the original study168. However, as little activity is seen in the loading
effluents (figure 42), insufficient sorption does not seem to be the case even at this pH for
this scandium concentration. Considering the elution profiles, it can be expected that a
yield of 70 % or higher in 5–10 BV of eluent can be achieved with an optimized protocol.
This optimization could include the use of a pump to allow denser packing and possibly
more of the material.

Precipitation-filtration

For filter-only separations, the literature reported yields range from 21 to 96 %, averaging
75 ± 25 %. This level was not reached in the tests performed in this work as yields were
30 ± 28 % in one dissolution with 1 ml of 1 M HCl. However, this method is also sometimes
reported as being not reproducible105, which was also clearly seen in this work.

A major problem for this method is revealed in the recovery profile (figure 43), where it is
seen that in half of the separations, over 50 % of the activity has not retained on the filter
but washed out into the first effluent. In the separations where scandium has retained, the
recoveries are also better as expected. This points to a problem either in the precipitation
of scandium or the filter used. Some of the samples were let to stand for a few minutes
after the adding of ammonia and some 1–2 hours, but this did not affect the separation
yields observed.

A problem might occur due to the chemically very small amount of scandium and thus
the Sc(OH)3 precipitate. In this separation, there is no stable scandium present acting as
a coprecipitating agent, and so the ideal filter pore size should be very small to efficiently
capture the precipitate, even e.g. a centrifugal protein filter could be useful. Nevertheless,
the pore size in the filters used in this work was similar to those reported in literature, 0.2
µm.

During initial testing, it was noted that using too little ammonia during the pH adjustment
resulted in the majority of scandium going through the filter and into the effluent (data
not shown), as expected when scandium is not properly precipitated. On the other hand,
varying amounts of activity was also sorbed onto the sample vial when the amount of
ammonia was sufficient. As is seen in figure 43, during the rinsing with ammonia and
water practically no activity came through the filter, so the addition of extra ammonia
during the precipitation, or rinsing the sample vial with ammonia solution instead of water
may be worth testing. However, the formation of scandate ion above pH = 11276 should
be taken into account.
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Figure 43: Recovery profiles of the precipitation-filtration separations, n = 6. Each
connected line and color represents one sample. Zero = activity in the first effluent after
loading. Error bars are too small to be shown.

After the first dissolution phase, the consecutive two dissolutions have yielded mostly
low percentages of activity, directly relating to the amount of scandium retained, so one
dissolution phase with 1 ml acid volume seems to be sufficient. Any possible effect of the
filter material polyvinylidene fluoride (PVDF) in Millex GV filters is not considered here,
but multiple filter materials (including PVDF) have been successfully used in the literature
sources (table 11).

Titanium phosphate materials

The use of amorphous titanium phosphate is reported for the separation of stable scandium
from multi-metal matrices, where the reported recovery in 20 BV of the same 0.5 M nitric
acid + phosphoric acid eluent is approximately 90 %232. Though the yields here remained
lower at around 40–60 % in 20 BV, assessing the elution profiles (figure 44), there have
been problems in scandium sorption. These problems likely relate to too short balancing
times, as the material used had a relatively high grain size and the valves used did not
allow proper fine adjustments of the flow rate. In addition, the sample size was also very
small (n = 3) and only two separations were carried out using the better eluent. The
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Figure 44: Elution profiles of the amorphous titanium phosphate separations, n = 3. In
one of the two separations using 0.5 M H3PO4 + HNO3 eluent, a 7.5 BV elution volume
was used (grey line). Zero = activity in the first effluent after loading. Error bars are too
small to be shown.

rinsing solution utilized in this separation was a sodium nitrate solution, and the glass
wool used to keep the extractant in place may have also contributed to the sorption. Thus,
more testing is needed to confirm the ability of this material for the sorption of scandium
at radionuclide ultratrace levels.

One of the separations was carried out using 7.5 BV elution volume instead of 5 BV. Of
the two made using the 5 BV elution volume, one used 0.1 M phosphoric acid and the
other 0.5 M phosphoric acid + 0.5 M nitric acid mixture. The mixture eluent seems to be
better for this separation, but the data is insufficient for proper conclusions. Most of the
activity seems to be eluted during the first 10 eluent bed volumes after rinsing. During
rinsing, the sorbed scandium is very well retained in the column and practically no activity
is eluted.

A total of n = 3 separations were carried out using the organic titanium material Ti-DBP.
As no elution scheme is available, retention in the loaded and rinsed material was studied
(figure 45). During loading, small amounts of activity came through unsorbed, and near
zero activity during the rinsing with 0.1 M sodium nitrate. For the separately measured
titanium extractant material and the column glass wool pads, averaged relative separation
yield results are presented (table 18).
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Table 18: Relative separation yields for the Ti-DBP separations. Shown are averaged
percentages of n = 3 separations ± absolute standard deviations.

Loading 3 ± 2 %
Rinsing 0.09 ± 0.07 %
Ti-DBP 24 ± 12 %
Glass wool 60 ± 20 %
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Figure 45: Activity percentages of total sample activity in each fraction after separation
with Ti-DBP, n = 3. Error bars are too small to be shown.

The results show a relative separation yield of 24 ± 12 % in the titanium material. While
both the material and glass wool have retained tens of percents of the original scandium
activity, glass wool seems to have sorbed most of the activity. As the extractant was not
possible to quantitatively separate from the glass wool, it is not exactly known how great
an amount of the glass wool sorption presented here is also actually sorption onto the
Ti-DBP material. The small amount (n = 3) of samples also limits the certainty in which
these results can be interpreted.

The previous use of a titanium n-butylphosphate material functionalized on silica reports a
favourable distribution coefficient Kd ≈ 103 for scandium at pH 2233. The results presented
here are limited, but suggest that this material may be suitable for sorption of very low
scandium levels, as the inorganic titanium phosphate material. The results do show that
the lower the amount of scandium on the extractant material, the higher it is on the glass
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wool — suggesting that the elimination of glass wool from the system or the rinsing of the
column with a solution other than sodium nitrate could increase the relative separation
yields to 80–85 %. As the performance of this material in the separation of calcium and
iron from scandium was not studied, suitability of this material in these respects remains
uncertain.

General considerations on chromatographic extractions

As is commonly seen in literature, glass wool was routinely used as a stopper to keep the
extracting materials in place in the column experiments during this work. Nevertheless, as
glass wool is a silicate-rich material, an alternative setup, such as a solid phase extraction
(SPE) tube with PTFE frits with low sorption properties and high chemical inertness
especially towards acids could be more suitable for future separations.

Extraction capacities (milliequivalents per mass) for the columns were not calculated
in this work, though it is likely that the amounts of extractable scandium were not
near saturating the binding capacities. The capacities could still be determined for useful
practical information. Column geometry was for the most part not varied in the experiments,
and the data cannot be used to conclude separation efficiency related to column geometry.
Nevertheless, a narrow column holding the same amount of extracting material should
perform better in terms of elution resolution (’sharpness’ of the elution) than a wider
column with a lower bed height, as the number of theoretical chromatographic plates
increases with column height236.

The syringe columns used in this work were rather narrow (�= 4.5 mm) and they probably
may not be more narrow for practical reasons, and a wider column may give poor results
even if it were advantageous in terms of time used. A test of scandium separation from a
calcium matrix using Chelex resin columns125 showed better elution resolution using a
smaller diameter column and less rather than more resin. Better performance with less
resin may be attributable to diffusion-related band spreading.

4.2.2 Calcium and iron in target materials

The percentages of calcium relative to the amount in original irradiated targets as analyzed
with atomic emission spectrophotometry are presented in figure 46 and table 19 for each
method and fraction. These results are averages, reported using the standard deviation as
the uncertainty. They cover all separation results where the calcium percentage could be
calculated. Fractions from the separations with titanium materials were not analyzed with
MP-AES as they require some additional handling or purification in order to be usable in
labeling, and the results would not as such be comparable. In figure 47 and table 20 shown
are the ratios of scandium to calcium (in mass) in each fraction, divided by the same ratio
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Table 19: Percentage of total calcium in separated fractions, averages ± standard deviations.

UTEVA Filter CNT-COOH
n (irr. / sep.) 3 / 9 1 / 3 2 / 6
Loading 112 ± 6 % 95.1 ± 0.4 % 102.0 ± 0.2 %
Rinsing 6 ± 1 % 0.975 ± 0.006 % 2.6 ± 0.2 %
Elution #1 0.023 ± 0.007 % 0.1931 ± 0.0008 % 0.067 ± 0.012 %
Elution #2 0.004 ± 0.002 % 0.0308 ± 0.0002 % 0.027 ± 0.006 %
Elution #3 0.0012 ± 0.0003 % 0.00941 ± 0.00004 % 0.011 ± 0.003 %

in the irradiated dissolved target, signifying the change of separation. These results are
similarly averages and reported with standard deviation as the uncertainty value. The
uncertainties were also calculated for all the individual Ca percentages, their magnitude
being no more than 1.8 % relative to each value in question, at maximum.

The overall calcium elution profile for all the three methods included in the analyses is
rather similar. Most of the calcium in the irradiated material, 95.1 ± 0.4 % to 112 ± 4 %,
has ended up into the first vial after sample loading. During rinsing phases, 0.975 ± 0.006 %
to 5.9 ± 0.5 % of calcium has been rinsed out. In the actual elution phases (or dissolutions
for the filter method), amounts of calcium have averaged less than 0.2 % of the original
for all methods. Lowest amounts of calcium in the elution phase vials were achieved with
UTEVA separation, 0.023 ± 0.004 % in the most relevant fraction, i.e. the fraction with the
most scandium radioactivity. Highest amounts of calcium were seen in the filter method
effluents, 0.1931 ± 0.0008 % in the first acid dissolution after the rinsing phase. The
two > 100 % results exceeding the calculated error margins are likely the result of an
unquantifiable random error related to the AES. The change in the ratio of scandium-
to-calcium by masses (figure 47) in the loading and rinsing phases for both UTEVA and
CNT-COOH methods is 6 1, signifying the enrichment of calcium, or no separation during
these steps. In all elution steps, the ratio has increased in the range from 150 ± 90 to
3500 ± 2000, higher change being achieved with UTEVA.

All of the tested and AES analyzed methods show good separation of scandium from
calcium, considering the vast calcium concentration in the initial solutions. UTEVA exhibits
the best performance, though performing additional rinsing may be a possibility for all
the methods as only little scandium is seen eluting during the rinsing steps.

While iron was also measured from the fractions, the analysis of the results showed that
the amount of iron in each irradiated sample would have been around 0.2–2.0 m-% or
0.12–0.66 mg per target — impossibly high amounts for a high purity reagent, pointing
towards a contamination, or an error in the analytical process. The iron amounts were
higher for UTEVA separations, which may be explained by these samples being measured
at different time than the other two sets. The calculated results also do not show the
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Figure 46: Average percentage of calcium from total calcium for each separation method
and fraction. Values for elutions (dissolutions) 1, 2 and 3 for all methods are below 0.2 %
and not visible. UTEVA results cover n = 3 irradiations and n = 9 separations. Filter
results cover n = 1 irradiation and n = 3 separations. CNT-COOH results cover n = 2
irradiations and n = 6 separations.

Table 20: Averages of scandium-to-calcium ratios in the separated fractions, relative to the
original Sc/Ca ratio ± standard deviation, for UTEVA and CNT-COOH separations.

UTEVA CNT-COOH
n (separations) 9 6
Loading 0.0026 ± 0.0023 0.02 ± 0.03
Rinsing 0.05 ± 0.03 1 ± 3
Elution #1 3500 ± 2000 150 ± 90
Elution #2 1000 ± 600 1300 ± 700
Elution #3 280 ± 140 1000 ± 600
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Figure 47: Sc/Ca ratios in the separation fractions relative to the Sc/Ca ratios in the
original samples, averages with absolute standard deviations. Values for loading and rinsing
phases for all methods are less or equal to one. UTEVA results cover n = 3 irradiations
and n = 9 separations. CNT-COOH results cover n = 2 irradiations and n = 6 separations.
Note that the amount of bed volumes was 5 per elution for UTEVA and 2 per elution
for CNT-COOH. Ratio change could not be determined for the precipitation-filtration
method.

expected pattern of iron following the chemical behavior of scandium. While UTEVA
separations used the highest concentration of (hydrochloric) acid, the maximum amount
of iron contributed from this source should be orders of magnitude smaller, were this the
source. No difference is seen between results from calcium carbonate and calcium metal
targets.

The root cause for why the analyses resulted in unusually high iron concentrations is not
known, but as the chemicals used were of analytical purity at minimum, were individually
tested (with the exception of the high purity CaCO3) and all labware was routinely acid
washed, contamination via these is not suspected. Were the iron in the target material
or holder assembly, activation products such as 56Co should also be seen in the gamma
spectra92 but no such peaks were observed. The result may be due to an exceptionally
persistent carryover effect occurring in the AES instrument, especially since the uncorrected
measurement results are in the same order of magnitude (with the exception of CNT-
COOH results). However, the AES results don’t show a clear descending pattern of iron
concentrations, as would be expected from a simple carryover effect. The possibility of
carryover from the standards was also pre-emptively mitigated by using high purity acid
blanks between the standards and the samples, and from the effect of the samples themselves
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by analyzing the elution samples first in each measurement sequence before the loading
and rinsing samples. The emission wavelength used for the determination of iron has been
previously used successfully, but the possibility of some sort of spectral interference or the
unsuitability of this wavelength for these samples is not excluded.

Possibly, a contamination in a pipette or the target holder assembly might also come into
question. To clarify the cause, it is recommended to test each chemical separately also at
strong concentration levels, prepare separation background samples without an irradiated
target and if necessary, analyze a sample after each step in the process to isolate the source
of contamination. Background blank samples prepared similarly with the actual samples
for all separations were not prepared in this work, as the full contribution of the each
separation protocol to the amount of iron was the desired end result.

As calcium carbonate is available as an affordable high purity reagent, and the AES-
measured calcium metal turning did not indicate any presence of iron, it is expected that
at least these materials are suitable for labeling purposes. This is best determined by
conducting labeling experiments, as is successfully carried out in literature multiple times
(table 12). From the achieved labeling yields it can partly be determined if the metallic
purity is sufficient. Considering a common chelator, DOTA, stability constants logKML

for both scandium and iron(III) are around 30277,278, and much lower (logKCaL = 16) for
calcium277, highlighting the separation issue. The higher tolerance of the DOTA-scandium
chelation reaction towards calcium compared to iron is also experimentally shown107.

If needed, the target material and the solutions used could also be purified beforehand to
extract iron and possible other metallic contaminants, using e.g. UTEVA or Chelex resins.
It is also possible to start with another form of calcium, such as calcium chloride and
precipitate it with the use of carbon dioxide gas to possibly aqcuire target material that
should exceed the purity of at least regular analytical grade calcium carbonate. Should the
end use of the product be different from chelation/labeling, a degree of iron contamination
may also not be an issue.

The recycling of calcium was not studied in this work, as the calcium reagents were of natural
isotopic composition requiring no recycling due to economical reasons. Especially oxidized
calcium target materials should nevertheless be uncomplicated to recycle, as calcium
solutions containing non-metallic and molecular ions, e.g. H+, Cl–, CO 2–

3 and NH +
4 , can be

thermally expelled as dry, oxidized calcium is regenerated. The use of isotopically enriched
metallic calcium is not reported in literature, but such a target material would require
more complicated processing, such as reduction of CaO with zirconium274.
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4.3 Comparison of separation methods

Comparing the separation methods tested here, extraction chomatography using UTEVA
resin is the overall best performing when considering scandium separation yield and
separation from calcium in a single fraction as well as general robustness. A disadvantage
of this method is the acidity of the eluate since scandium is usually eluted out from a column
containing near-concentrated acid with a more dilute acid. It has been proposed that the
excess acid could be removed from the product solution using a cation exchange resin105.
More traditionally, evaporating the solution to dryness is also an option. Separation
schemes utilizing two different (or same) methods in a sequence were not tested in this
work, but considering the good and multiple results reported in literature (table 11), they
are worth testing, if not for added separation benefit, at least for reducing the eluate
acidity.

Even though the precipitation-filtration method shows unacceptable degree of variability in
these tests, its benefits include being likely the fastest method available. Then, to shorten
the time for the chromatographic methods, the use of a pump on a more densely packed
column may come into question. Nevertheless, the amount of time each additional step or
modification adds to the total needs to be evaluated carefully against any achievable gain
as the half-life of 44gSc is merely four hours, and thus even a better calculatory yield may
not result in higher true activity in the end.

While (carboxylic) functionalized carbon nanotubes can have some potential as an emerging
extractant material, its higher pricing and established knowledge of other extractants may
leave it a secondary option. Should a consistent separation method with a regeneration
scheme be developed, this material may become more useful. The titanium phosphate
materials tested in this work did show some potential for tracer-level scandium separations,
but they don’t show distinct benefits over the use of other materials, e.g. UTEVA resin.
Also, as the separation schemes experimented with here are not complete, more work is
needed to establish methods for high-purity tracer products.

The time each individual separation took was not recorded, but typically the column
separations took 20–30 minutes from loading to post-elution rinsing. The precipitation-
filtration separations were fast, commonly less than 10 minutes from loading to post-
dissolution rinsing. The total separation procedure starting from EOB to eluted material
in a vial can be carried out within an hour for metallic targets with less need to wait
for 13N decaying. Using carbonate target material, an additional 1–2 hours is practically
required.
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Finally, evaluation of the speciation of scandium in varying ion and pH concentrations
using a suitable software, e.g. PHREEQC279 or Visual MINTEQ280, was not carried out
in this work, but it could gain a better in-depth understanding on how scandium interacts
in these different systems and conditions.

5 Conclusions

In this work, it was shown that using a solid calcium or calcium compound target of
natural isotopic composition in a Ep+ = 10 MeV research cyclotron it is possible to produce
scandium-44g repeatedly more than 30 MBq/µA in saturation, or 5 MBq/µA (in one
hour). It was also shown that the separation of the produced radioscandium from the
target matrix is possible with a 70 ± 20 % yield using a simple and economical extraction
chromatographic approach. These experimental findings are also supported by data from
a literature review. The main objective and purpose of this work were accomplished, and
there is now a first version of an in-house, usable methodology to obtain separated 44gSc
for research purposes.

It is expected that using the setup presented in this work, 44gSc activities of over 100 MBq
per irradiation are achievable especially in a calcium metal target, using a sufficient current
and irradiation time. Higher currents may also be exploited if improvements are made
to the target holder system. Moving to the use of enriched target material, GBq level
activities may be expected. While the best separation yields achieved were reasonable as
such, they can probably be refined to a form delivering higher yields and especially lower
batch-by-batch variability. The use of UTEVA resin columns as the separation method is
recommended, but testing of frequently used DGA resin is also worth to consider.

The use of natural isotopic composition calcium in this production scheme comes with the
unavoidable radioscandium impurities, and the use of enriched target material is necessary
if these are to be avoided. The production of the alternative PET nuclide 43Sc is also
possible through a deuteron reaction, but with a notably lower yield and also the persisting
radionuclidic impurity from 48Sc. For non-biological tracer uses, the longer-lived 48Sc may
be easily produced in the tens or hundreds of kBq activities, provided that some isotopic
impurities exist.

While the usefulness of 44gSc in routine large-scale clinical practice especially in relation
to dosimetry and economics has also been questioned281, this emerging radionuclide may
still find uses in many applications both clinical and preclinical.
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