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A B S T R A C T

44Sc is a 𝛽+-emitter which has been extensively studied for nuclear medicine applications. Its promising
decay characteristics [t1∕2 = 3.97 h, E𝛽+ = 632 keV (94.3%), E𝛾 = 1157 keV (99.9%); 1499 keV (0.91%)]
make it highly attractive for clinical PET imaging, offering an alternative to the widely used 68Ga [t1∕2 =
67.7 min, E𝛽+ = 836 keV (87.7%)]. Notably, its nearly fourfold longer half-life opens avenues for applications
with biomolecules having extended biological half-lives and enables the centralized distribution of 44Sc
radiopharmaceuticals. An additional advantage of employing 44Sc as a diagnostic radioisotope lies in its
counterpart, the 𝛽−-emitter 47Sc, which is currently under investigation for targeted radiotherapy. Together,
they form an ideal theranostic pair, providing a comprehensive solution for both diagnostic imaging and
therapeutic applications in nuclear medicine.

At the Bern medical cyclotron, a study to optimize the production of scandium radioisotopes is currently
ongoing. In this context, proton irradiation of titanium targets has been investigated, exploiting the reactions
47Ti(p,𝛼)44Sc and 50Ti(p,𝛼)47Sc. This approach enables the production of Sc radioisotopes within a single PET
medical cyclotron facility, employing identical chemical procedures for target preparation and post-irradiation
processing.

In this paper, we report on cross-section measurements of the 47Ti(p,𝛼)44Sc nuclear reaction using 95.7%
enriched 47TiO2 targets. On the basis of the obtained results, the production yield and purity were calculated
to assess the optimal irradiation conditions. Production tests were performed to confirm these findings.
. Introduction

The future of nuclear medicine relies on the availability of novel
adionuclides with suitable physical and chemical characteristics, in
uantities and qualities appropriate for clinical applications. The ther-
nostic approach aims at personalizing the medical treatments on the
asis of each patient’s specific characteristics, by labeling the same
olecule of biomedical interest with a pair of radionuclides, one for
iagnosis (𝛽+- or 𝛾- emitter) and one for therapy (𝛽−-, 𝛼-, or Auger
lectron emitter). For this to be possible, the two radionuclides must
ndergo the same metabolic processes within the body, ideally belong-
ng to the same chemical element. In this context, scandium is garnering
ignificant attention as it provides two true theranostic pairs, namely
3Sc/47Sc and 44Sc/47Sc.

44Sc [t1∕2 = 4.042 h (Durán et al., 2022), E𝛽+ = 632 keV (94.3%),
𝛾 = 1157 keV (99.9%); 1499 keV (0.91%)] is a 𝛽+-emitter with
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1 Now at Paul Scherrer Institute, 5232 Villigen, Switzerland.
2 Now at Department of Physics ‘‘Ettore Pancini’’, University of Napoli Federico II, Complesso Universitario di Monte S. Angelo, 80126 Napoli, Italy.

interesting decay properties for PET imaging and it was proposed as
an alternative to 68Ga for pre-therapeutic imaging and monitoring the
response to radionuclide therapy (van der Meulen et al., 2015). Its half-
life of about 4 h makes it suitable to label molecules with a relatively
long biological half-life, covering several hours after the administration
of the radioactive compounds (Müller et al., 2013). Furthermore, it
would allow for centralized production and cost-efficient distribution
of 44Sc-labeled radiopharmaceuticals to distant PET centers.

Many 44Sc production routes are reported in the literature, as
shown in Table 1. Among them, the use of enriched 44CaO targets was
investigated at the Bern medical cyclotron in collaboration with the
Paul Scherrer Institute (PSI), resulting in a 44Sc production yield of
15 GBq (van der Meulen et al., 2020). This study demonstrated that the
use of CaO targets presents fewer radioprotection concerns compared
to the widely reported CaCO3 targets (van der Meulen et al., 2015;
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Table 1
Main 44Sc production routes reported in the literature.

Impinging particle Target Route

p
44Ca 44Ca(p,n)44Sc (van der Meulen et al., 2015, 2020; Sitarz et al., 2018; Carzaniga et al., 2017; Krajewski et al., 2013)
47Ti 47Ti(p,𝛼)44Sc (Loveless et al., 2021; Levkowskij, 1991)
45Sc 45Sc(p,2n)44Ti → 44Sc (Roesch, 2012; Radchenko et al., 2016)

d 44Ca 44Ca(d,2n)44Sc (Sitarz et al., 2018)

𝛼 42Ca 42Ca(𝛼,d)44Sc (Szkliniarz et al., 2016)
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Sitarz et al., 2018). However, the handling of these targets still requires
special care due to the high hygroscopicity of CaO, necessitating the
target to be prepared and stored under Ar atmosphere and to be
irradiated as soon as possible to prevent it from swelling. Furthermore,
the low isotopic abundance of 44Ca (2.09% (CIAAW, 2023)) can render
this production method costly and constrained by limited supply.

In the framework of a research program ongoing at the Bern med-
ical cyclotron laboratory aimed at the production of Sc radioisotopes
through proton irradiation of Ti targets (Carzaniga et al., 2017; Dellepi-
ane et al., 2022c), the 47Ti(p,𝛼)44Sc nuclear reaction was investigated.

he use of titanium could enable the production of Sc radioisotopes
n a single PET medical cyclotron facility, using a unified separation
ethodology that makes use of identical targetry and target-processing

hemistries (Loveless et al., 2021).
To maximize the 44Sc activity, while minimizing the production of

ther Sc radioimpurities, the precise knowledge of the nuclear cross
ections as a function of the beam energy is of paramount importance.
ata reported in the literature and accessible via the EXFOR database

https://www-nds.iaea.org/exfor/) are scarce and do not fully cover
he energy range of a medical cyclotron (up to 25 MeV (Braccini,
017)).

In this paper we report on the cross-section measurement of the
uclear reaction 47Ti(p,𝛼)44Sc, obtained irradiating 95.7% enriched
7TiO2 targets. The cross section of the nuclear reactions produc-
ng other Sc radioisotopes in the energy range of interest, namely
7Ti(p,𝛼n)43Sc, 47Ti(p,𝛼)44𝑚Sc, 47Ti(p,2p)46Sc and 48Ti(p,2p)47Sc, are
lso presented.

The results obtained were used to assess the optimal irradiation
onditions to maximize the production yield and the radionuclidic
urity. Production tests were performed to confirm these calculations
ased on cross-section measurements.

. Materials and methods

.1. The Bern medical cyclotron laboratory

The cyclotron laboratory at the Bern University Hospital (Inselspi-
al) (Braccini, 2013) is based on a IBA Cyclone 18/18 high current
yclotron (18 MeV proton beams, beam currents from a few pA to
50 μA (Auger et al., 2015), 8 exit ports). It is housed in its own
unker, while a second bunker, with independent access, is available
or research activities. This configuration is unusual for a hospital-based
acility and allows to perform both 18F-labeled PET tracer produc-
ion and multidisciplinary research activities (Braccini and Scampoli,
016). For the latter purpose, a 6-m-long Beam Transport Line (BTL)
s installed at the Bern medical cyclotron, delivering the beam to the
econd bunker. The BTL is characterized by an extracted beam energy
f (18.3 ± 0.4) MeV (Nesteruk et al., 2018; Häffner et al., 2019) and
t is equipped with beam focusing and diagnostic systems, including a
on-destructive two-dimensional beam profiler based on scintillating
oped silica fibers passing through the beam. The detector, named
niBEaM, was developed by our group and commercialized by the
ompany D-Pace (Auger et al., 2016; Potkins et al., 2017).

The production of 44Sc was studied by irradiating a 95.7% en-
iched 47TiO2 powder purchased by Isoflex (Isoflex, 2022). The isotopic
omposition of the material is reported in Table 2.
2

S

Table 2
Isotopic abundance in enriched 47Ti oxide supplied by Isoflex (Isoflex, 2022).

46Ti 47Ti 48Ti 49Ti 50Ti

47-enr. [%] 0.41 95.7 3.57 0.18 0.14

The produced activities were assessed with an N-type high purity
germanium (HPGe) detector (Canberra2019), coupled to a preampli-
fier and to a Lynx® digital signal analyzer. The energy spectrum
of the source was acquired with the Genie2k (Mirion Technologies,
2022) software in the case of a single measurement and with the
Excel2Genie (Forgács et al., 2014) Microsoft Excel application for re-
peated measurements. The analysis was carried out with the InterSpec
software (Sandia National Laboratories, 2022), developed by the Sandia
National Laboratories. The efficiency calibration was performed in
accordance with the international standard (International Standard,
2021) by means of a multi-peak 𝛾 source (57Co, 60Co, 85Sr, 88Y, 109Cd,
133Sn, 137Cs and 241Am). The source had the same size and shape of the
argets and it was measured at distances up to 10 cm from the detector,
sing a custom-designed plexiglass ladder with equally spaced levels
cm apart. The calibration was tested in metrological studies (Durán

t al., 2022), resulting in efficiency uncertainties below 3% (Juget et al.,
023).

The 𝛾-lines used to identify the radionuclides of interest are listed
n Table 3.

.2. Material and procedure for cross-section measurements

Cross-section measurements were performed irradiating targets pre-
ared with the sedimentation method. About 15 mg of TiO2 powder
ere suspended in distilled water and deposited in a 4.2-mm-diameter,
.8-mm-deep pocket in an aluminum disc. Once the water had com-
letely evaporated by means of a heating plate, the deposited mass was
easured with an analytical scale (Mettler Toledo XS204 DeltaRange),

esulting in a mass uncertainty within 5%. The pocket was then sealed
ith a 13-μm thick aluminum foil to prevent material leakage through-
ut the irradiation and measurement procedure. With this method,
argets with an average thickness of 15 μm can be achieved, and
onsequently the energy remains constant within the uncertainty over
he full irradiated mass.

Each target was then irradiated with a proton beam with a flat
patial distribution, so that any inhomogeneity in thickness due to
edimentation does not play any role. This procedure, successfully used
n our previous works on cross-section measurements (Dellepiane et al.,
022a,d,b, 2023), is described in detail in Ref. Carzaniga et al. (2017)

The beam was flattened by the optical elements of the BTL and
onitored online with the UniBEaM detector. A specific target station,
roviding a beam of controlled diameter by means of a 8-mm-diameter
ollimator, was connected to an electrometer (B2985 A Keysight) for
easuring the beam current on the target. An electron suppressor ring

onnected to a negative bias voltage (−50 V) is embedded in the station
o repel secondary electrons produced during the irradiation, to prevent
urrent overestimation. To obtain different impinging proton energies,
he beam was degraded by means of aluminum attenuator discs placed
n front of the target. The beam energy was then determined using the

RIM-2013 Monte Carlo code (Ziegler and Manoyan, 2013).

https://www-nds.iaea.org/exfor/
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Table 3
Decay properties and main 𝛾 emissions of scandium radioisotopes. The values in parentheses are the uncertainties referred to the last digits of
the value (IAEA, 2022).
Radioisotope t1∕2 Decay mode: [%] E𝛾 [keV] BR [%]
43Sc 3.891(12) h ec + 𝛽+: 100 372.9(3) 22.5(7)
44Sc 4.042(3) h (Durán et al., 2022) ec + 𝛽+: 100 1499.46(2) 0.908(15)
44𝑚Sc 58.61(10) h IT: 98.8 271.240(10) 86.75(6)
46Sc 83.79(4) d 𝛽−: 100 889.277(3) 99.984(1)
47Sc 3.3492(6) d 𝛽−: 100 159.381(15) 68.3(4)
s
t

n
i

The average irradiation time in each run was 13 min and the
eam current about 6 nA. After the End of Beam (EoB), the produced
ctivity was measured by 𝛾 spectrometry with the HPGe detector. In all

measurements, the count frequency was sufficiently low to limit pile-up
effects (dead time below 2%).

The main experimental uncertainty affecting the cross-section mea-
surements was due to the flatness of the beam (5%). Other sources
of uncertainties are the beam current integration (1%), the HPGe
detector efficiency (3%) and the target mass measurements (4%). All
the contributions were summed in quadrature.

2.3. Study of 44Sc production yield and purity

Aiming at an optimized production of 44Sc, a study of the Thick
Target Yield (TTY) and of its purity was performed. The TTY as a
function of the proton energy on target 𝐸 can be calculated from the
cross-section measurements using the following formula

𝑇𝑇𝑌 (𝐸, 𝑡𝑖) =
𝐴(𝑡𝐸𝑜𝐵)

𝐼
= (1 − 𝑒−𝜆⋅𝑡𝑖 ) ⋅

𝑁𝐴 ⋅ 𝜂
𝑚𝑚𝑜𝑙 ⋅ 𝑞 ∫

𝐸

𝐸𝑡ℎ

𝜎(𝐸′)
𝑆𝑝(𝐸′)

𝑑𝐸′ (1)

where 𝑡𝑖 is the irradiation time, 𝐼 the current on target, 𝐴(𝑡𝐸𝑜𝐵) the
activity produced at EoB, 𝜆 the decay constant, 𝜎(𝐸′) the cross section
as a function of the proton kinetic energy 𝐸′, 𝑆𝑝(𝐸′) is the mass
stopping power for the target material, 𝐸𝑡ℎ is the threshold energy of
the considered reaction, 𝑁𝐴 the Avogadro constant, 𝑚𝑚𝑜𝑙 the average
molar mass of the target material, 𝜂 the number of target atoms of the
desired species per molecule and 𝑞 the charge of the projectile. The
mass stopping power was calculated using SRIM.

If a thin target is used, so that the protons are not stopped therein,
the production yield Y(E) can be defined as

𝑌 (𝐸) = 𝑇𝑇𝑌 (𝐸) − 𝑇𝑇𝑌 (𝐸𝑜𝑢𝑡) (2)

where 𝐸𝑜𝑢𝑡 is the proton energy after the target, determined by using
SRIM.

Given a sample containing a mixture of 𝑁 radioisotopes, the purity
of the radionuclide of interest X is given by

𝑃𝑋 =
𝐴𝑋

∑𝑁
𝑖 𝐴𝑖

(3)

where 𝐴𝑋 is the activity of the 𝑖th radionuclide.

2.4.44Sc production tests

The target used for the production tests was prepared by com-
pressing approximately 66 mg of enriched 47TiO2 powder, with the
application of an axial force of about 4 ⋅104 N. Being the diameter of
the pellet 6 mm, the density of the pressed material was calculated by
measuring the mass and thickness of the pellet and it was found to be
(2.46 ± 0.07) g cm−3.

The pellet was placed in a special capsule - called coin - real-
ized by our group and successfully used to produce several radionu-
clides (Dellepiane et al., 2021). The coin is composed of two aluminum
halves, the lid and the cup, kept together by small permanent magnets.
The thickness of the lid is used to adjust the energy of the protons on
the target material. The cup hosts the 6-mm-diameter pellet and an O-
ring to prevent the leakage of possible molten material or of any gas
produced during the irradiation.
3

The coin containing the enriched 47TiO2 pellet was placed in an
adapted target holder and positioned in the station used for cross-
section measurements. In this configuration, high beam intensities can-
not be achieved as the station is devoid of a cooling system. However,
this irradiation method has the advantage of a precisely known beam
current on the target, an essential feature for verifying consistency with
cross-section measurements.

3. Experimental results

3.1. Cross-section measurements

In the investigated energy region, 44Sc is produced directly from
47Ti via the (p,𝛼) reaction and indirectly via the 47Ti(p,𝛼)44𝑚Sc→44Sc,
which occurs both during the irradiation and after the EoB, during
the cooling and measuring time. To determine the direct production
cross section, short irradiation and cooling times were considered. In
fact, considering short irradiation times and measuring the samples
immediately after the end of beam, it was estimated that the 44𝑚Sc
contamination was of the order of a few percent (<3%). The results are
presented in Fig. 1; for completeness, the numerical values are reported
in the Appendix (Table 5). Our measurements are in good agreement
with the data reported in the literature (Levkowskij, 1991), while
TENDL-2021 (Koning and Rochman, 2012) predictions overestimate
the experimental results. In accordance with the findings of Takacs
et al. (2002), the values presented in Ref. Levkowskij (1991) were
scaled by a factor of 0.8, on the basis of the currently accepted value of
the monitor reaction that was used by Levkovskij in his original work.

44𝑚Sc is the main impurity that would be produced by irradiating
an enriched 47Ti target. The cross section of the 47Ti(p, 𝛼)44𝑚Sc nu-
clear reaction is shown in Fig. 2, together with the experimental data
reported in the literature (Levkowskij, 1991). A good agreement was
found over the whole energy range, while TENDL-2021 predictions
seem to underestimate the experimental data at high energies. For
completeness, the numerical values of the measured cross section are
reported in the Appendix (Table 6).

43Sc is produced from 46Ti and 47Ti via the (p,𝛼) and (p,𝛼n) nuclear
reactions, respectively. The cross section of the first reaction was
previously measured by our group as part of a project on the production
of 43Sc and is reported in Ref. Carzaniga et al. (2017). These data were
used to correct the 43Sc production cross section, in order to derive the
contribution of the 47Ti(p,𝛼n)43Sc nuclear reaction. The results of the
production cross section and of the 47Ti(p,𝛼n) nuclear reaction cross
ection are shown in Fig. 3 and Fig. 4, respectively. For completeness,
he numerical values are given in the Appendix (Table 7).

Two nuclear reactions produce 46Sc in the energy range of interest,
amely, 47Ti(p,2p)46Sc and 49Ti(p,𝛼)46Sc. However, due to the low
sotopic abundance of 49Ti in the enriched 47TiO2 powder, the second

contribution was found to be negligible. During the irradiation, the
ground state and a short-lived metastable state, denoted as 46𝑚Sc, are
populated. 46𝑚Sc has a half-life of 18.75 s and completely decays into
the ground state by an IT process; the 46Sc measured cross section
is therefore of a cumulative type. The results of the 47Ti(p,2p)46Sc
reaction cross section are shown in Fig. 5; for completeness, the numer-
ical values are reported in the Appendix (Table 8). Our measurements

are in good agreement with the few data available in the literature
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Fig. 1. 47Ti(p,𝛼)44Sc cross section.

Fig. 2. 47Ti(p,𝛼)44𝑚Sc cross section.

in the energy range of interest (Levkowskij, 1991), but seem to be
underestimated by TENDL-2021 predictions.

Furthermore, 47Sc is produced from 48Ti and 50Ti via the (p,2p) and
(p,𝛼) nuclear reactions, respectively. The results of the 47Sc produc-
tion cross-section measurements are presented in Fig. 6 together with
TENDL-2021 predictions.

A method based on the inversion of a linear system of equa-
tions (Braccini et al., 2022) was used to disentangle the contribution
of the involved nuclear reactions to the production cross sections.
This method requires measuring the total cross section with as many
materials, with different isotopic compositions, as the number of the
reactions involved in the production of the radionuclide being con-
sidered. For this purpose, the 47Sc production cross section previously
measured by our group (Dellepiane et al., 2022c) from 95.2% enriched
50TiO2 (46Ti: 0.01%; 47Ti: 0.01%; 48Ti: 0.23%; 49Ti: 4.57%; 50Ti:
95.2%) targets was considered. The 48Ti(p,2p)47Sc cross-section mea-
surements calculated using this method are shown in Fig. 7, together
with TENDL-2021 prediction and the experimental values available
in the literature (Levkowskij, 1991). For completeness, the numerical
values of the production cross section and of the 48Ti(p,2p)47Sc nuclear
reaction cross section are reported in the Appendix (Table 9).
4

Fig. 3. 43Sc production cross section from enriched 47TiO2, whose isotopic compo-
sition is reported in Table 2. The nuclear reactions involved are 46Ti(p,𝛼)43Sc and
47Ti(p,𝛼n)43Sc.

Fig. 4. 47Ti(p,𝛼n)43Sc cross section.

Fig. 5. 47Ti(p,2p)46Sc cross section.
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Fig. 6. 47Sc production cross section from enriched 47TiO2, whose isotopic compo-
sition is reported in Table 2. The nuclear reactions involved are 48Ti(p,2p)47Sc and
50Ti(p,𝛼)47Sc.

Fig. 7. 48Ti(p,2p)47Sc cross section.

3.2.44Sc production tests with solid targets

The irradiation of a 99.70% enriched 47TiO2 target results in the
production of several scandium radioisotopes. Among them, 44𝑚Sc, 46Sc
and 47Sc have longer half-lives than 44Sc and cannot be removed from
the sample by means of the decay time.

The TTY of the Sc radioisotopes, calculated with Eq. (1) considering
1-h irradiation, is shown in Fig. 8 as a function of the entry energy. The
production of 46Sc and 47Sc can be minimized by setting the beam input
energy close or below the threshold energy of the 47Ti(p,2p)46Sc and
48Ti(p,2p)47Sc nuclear reactions (about 12 MeV and 13 MeV, respec-
tively). The latter contribution can be further reduced by considering
higher enriched materials.

The co-production of the relatively long-lived metastable state 44𝑚Sc
cannot be avoided and it turns to be the main impurity. Its presence
leads to the decrease in radionuclidic purity over time, limiting the
application period of the labeled compound, and complicating the
dosimetry of the patient.

43Sc has a half-life comparable to 44Sc and it is characterized by a
high emission of low-energy positrons (E𝛽+ = 508 keV (70.9%); 634
keV (17.2%)) without any high-energy 𝛾-ray. Therefore, it does not
5

Fig. 8. TTY of Sc radioisotopes as a function of the proton entry energy for 1-h
irradiation. The bands correspond to the maximum and minimum yield derived from
the measured cross sections.

Fig. 9. 44Sc TTY and radionuclidic purity as a function of the proton entry energy for
1-h irradiation. The bands correspond to the maximum and minimum yield derived
from the measured cross sections.

affect the image quality nor increases the dose to the patient. Despite
these premises, further studies need to be carried out to assess the
influence of 43Sc on the 44Sc-labeled radiotracer imaging performances.
For this reason, 43Sc is considered as an impurity in the calculations
below. The 44Sc TTY and the radionuclidic purity (Eq. (3)) are shown
in Fig. 9 as a function of the proton entry energy. Considering an
input energy of 15 MeV, which provides a good balance between the
production yield and radionuclidic purity, a 44Sc TTY of 48 MBq/𝜇A
with a purity of 98.2% can be achieved in 1-h irradiation. To obtain
larger 44Sc activities, longer irradiation times can be considered. In this
case, however, the increased production of long-lived radionuclides, in
particular 44𝑚Sc, must be taken into account.

To confirm these predictions based on cross-section measurements,
two production tests were performed at 13.0 MeV and 15.0 MeV, by
irradiating twice the 0.97-mm-thick enriched 47TiO2 pellet. After the
first irradiation, the pellet was measured with the HPGe detector and
then let to decay for about 120 days in order to be reused.

The incident energies, the irradiation parameters and the activities
obtained in the two tests are reported in Table 4. The experimental
results, together with the production yields and the radionuclidic purity
calculated in our irradiation condition on the basis of the cross sections
we measured, are shown in Fig. 10 as a function of the proton entry
energy. It is important to remark that all irradiation times were much
shorter than the half-lives of the involved radioisotopes, and therefore
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Table 4
Irradiation parameters (input and output beam energy, integrated
current and irradiation time), radioisotope activities and 44Sc purity
obtained irradiating the 0.97-mm-thick enriched 47TiO2 pellet in the
BTL. The values in brackets are the yield calculations based on the cross
section measurements.

Irradiation 1 Irradiation 2

E𝑖𝑛 [MeV] 13.0 ± 0.4 15.0 ± 0.4
E𝑜𝑢𝑡 [MeV] 3.9 ± 0.4 7.7 ± 0.4
Q [E-3 𝜇Ah] 0.87 ± 0.04 0.63 ± 0.03
t𝑖 [s] 520 ± 1 809 ± 1

Production Yield [MBq/μAh]

43Sc No Signal 0.11 ± 0.04
(0.05) (0.13)

44Sc 28 ± 2 48 ± 3
(25) (48)

44𝑚Sc 0.28 ± 0.02 0.73 ± 0.04
(0.29) (0.72)

46Sc No Signal (0.9 ± 0.1)E-3
(0.07E−3) (1.2E−3)

47Sc (1.0 ± 0.1)E-3 (1.9 ± 0.8)E-3
(0.7E−3) (1.5E−3)

Purity [%] 99.01 ± 0.09 98.28 ± 0.16
(98.58) (98.27)

Fig. 10. Production yields of Sc radioisotopes and radionuclidic purity as a function of
the proton entry energy. The dots are the experimental points, the lines are calculations
based on the cross sections measured.

Eq. (1) can be approximated linearly with respect to time (𝜆t𝑖 ≪ 1). In
this approximation, the production yield can be given in MBq/μAh.

In the first production, 43Sc could not be measured with the HPGe
detector due to the low activity produced and its half-life comparable
with the one of 44Sc. For this reason, the experimental purity was
slightly overestimated. In the other cases, a good agreement was found.

4. Conclusion and outlook

Scandium radionuclides are among the most promising for thera-
nostic applications in nuclear medicine and their optimized production
using solid targets is currently being studied at the Bern medical cy-
clotron laboratory, where an 18 MeV IBA HC cyclotron is in operation.
Among the several routes investigated, the use of enriched 46Ti, 47Ti,
and 50Ti targets would enable the production of 43Sc, 44Sc, and 47Sc,
respectively, using a single medical cyclotron facility. Furthermore, it
would allow to employ the same radiochemical separation and labeling
procedures.

The aim of this study was therefore to investigate the feasibility
of 44Sc production by proton irradiation of enriched 47Ti, exploiting
the 47Ti(p,𝛼)44Sc nuclear reaction. To select the optimal irradiation
conditions, the cross section of the nuclear reactions involved in the
6

production of Sc radioisotopes were measured in the energy range of
interest, by irradiating 95.7% enriched 47TiO2 targets.

According to our findings, considering the optimal input energy of
15 MeV, a 44Sc TTY of 48 MBq/𝜇A with a radionuclidic purity of 98.2%
can be achieved in 1-h irradiation. The main impurities were found to
be 44𝑚Sc (about 1.5%) and 43Sc (about 0.3%). Based on the isotopic
composition of the material used, traces of 46Sc and 47Sc can also be
produced (<0.006% in the case of the material used in this study). It
is important to remark that the presence of 43Sc in the final product
may not be a problem or could even be beneficial. In fact, 43Sc is
a 𝛽+-emitter under investigation for PET diagnostics, with a half-life
comparable to 44Sc. Therefore, it does not degrade the image quality
and, having no high-energy 𝛾 emissions, it does not lead to an increase
of the dose absorbed by the patient and by the personnel.

The results obtained were confirmed by successfully performing
44Sc production tests in the energy range of interest. A 66-mg 95.7%
enriched 47TiO2 pellet was used for this purpose.

The 47Ti(p,𝛼)44Sc reaction shows a lower production yield com-
pared to the 44Ca(p,n)44Sc (about 48 MBq/μA vs 520 MBq/μA for 1-h
irradiation). However, the higher isotopic abundance of 47Ti compared
to 44Ca (7.4% vs 2.1%) and the easier handling of the target could make
this production route a promising alternative. Furthermore, according
to the findings of Loveless et al. (2021), TiO2 targets can tolerate very
high beam currents, easily reachable with modern medical cyclotrons,
allowing to achieve higher activities.

The results obtained in this study, along with our previous works
(Carzaniga et al., 2017; Dellepiane et al., 2022c), represent a step
towards the production of Sc radioisotopes for theranostic applications
in nuclear medicine at a single medical cyclotron facility.
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Table 5
Cross-section data of the 47Ti(p,𝛼)44Sc nu-
clear reaction.
E 47Ti(p,𝛼)44Sc
[MeV] [mbarn]

7.1 ± 0.4 1.4 ± 0.2
7.7 ± 0.4 2.2 ± 0.2
8.7 ± 0.4 7.2 ± 0.6
9.7 ± 0.4 15 ± 1
11.5 ± 0.4 28 ± 2
13.0 ± 0.4 37 ± 3
13.8 ± 0.4 41 ± 2
14.5 ± 0.4 46 ± 4
15.8 ± 0.4 48 ± 3
17.1 ± 0.4 50 ± 2
18.2 ± 0.4 45 ± 2

Table 6
Cross-section data of the 47Ti(p,𝛼)44𝑚Sc
nuclear reaction.
E 47Ti(p,𝛼)44𝑚Sc
[MeV] [mbarn]

7.1 ± 0.4 0.23 ± 0.03
7.7 ± 0.4 –
8.7 ± 0.4 0.8 ± 0.2
9.7 ± 0.4 1.9 ± 0.3
11.5 ± 0.4 4.4 ± 0.4
13.0 ± 0.4 8.2 ± 0.5
13.8 ± 0.4 8.6 ± 0.8
14.5 ± 0.4 12.0 ± 1.1
15.8 ± 0.4 13.2 ± 0.8
17.1 ± 0.4 16.0 ± 0.7
18.2 ± 0.4 17.5 ± 0.7

Table 7
43Sc production cross section and 47Ti(p,𝛼n)43Sc cross-section data.
E 𝑒𝑛𝑟−47Ti(p,X)43Sc 47Ti(p,𝛼n)43Sc
[MeV] [mbarn] [mbarn]

15.8 ± 0.4 No Signal No Signal
17.1 ± 0.4 0.32 ± 0.08 0.15 ± 0.09
18.2 ± 0.4 0.9 ± 0.2 0.8 ± 0.2

Table 8
Cross-section data of the 47Ti(p,2p)46Sc
nuclear reaction.
E 47Ti(p,2p)46Sc
[MeV] [mbarn]

13.8 ± 0.4 No Signal
14.5 ± 0.4 1.7 ± 0.4
15.8 ± 0.4 3.6 ± 0.6
17.1 ± 0.4 8.6 ± 0.5
18.2 ± 0.4 18.5 ± 1.0

Table 9
47Sc production cross section and 48Ti(p,2p)47Sc cross-section data.
E 𝑒𝑛𝑟−47Ti(p,X)47Sc 48Ti(p,2p)47Sc
[MeV] [mbarn] [mbarn]

14.5 ± 0.4 0.031 ± 0.002 No Signal
15.8 ± 0.4 0.036 ± 0.002 No Signal
17.1 ± 0.4 0.10 ± 0.04 1.8 ± 1.2
18.2 ± 0.4 0.16 ± 0.01 3.1 ± 0.4
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