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The development of positron emission tomography and positronium imaging techniques is strictly re-
lated to the availability of suitable radionuclides and robust radiochemistry platforms. Among the
emerging candidates, **Sc has attracted significant interest due to its favourable physical properties,
including a half-life of ~ 4 h, a pure 8" emission profile, and the additional prompt y-emission that
enables advanced triple-photon detection schemes. These characteristics make *4Sc particularly promis-
ing for high-resolution imaging and novel quantitative methodologies. However, routine clinical and
preclinical implementation requires a practical, sustainable, and cost-efficient production route. In this
context, we propose a titanium-scandium radionuclide generator as an optimal solution. This study fo-
cuses on optimising the synthesis of the long-lived parent isotope, *4Ti (Ty/2 = 59.1 years), from which
418¢ can be selectively eluted in a chemically pure form when needed. An analysis of various production
pathways was conducted, including proton and deuteron reactions on scandium, as well as a-particle
and lithium-induced reactions on calcium, to determine the most efficient reaction parameters, target
design, and expected yield. Furthermore, we identify some existing cyclotron facilities suitable for im-
plementing this technology. Results indicate that efficient “*Ti production is achievable using proton
beams in the 20-30 MeV range under extended irradiation conditions. The proposed generator system
would enable routine and decentralised **Sc supply. Its integration with the novel Jagiellonian positron
emission tomography scanner may significantly reduce diagnostic costs and improve access to advanced
positron emission tomography imaging in regions with limited medical imaging infrastructure.

topics: 44Ti/“Sc generator, positron emission tomography (PET), positronium imaging, Jagiellonian
positron emission tomography (J-PET)
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1. Introduction

Recently, the #Sc radionuclide has been revisited
as a promising candidate that may help democra-
tise positron emission tomography (PET) [1]
and enhance its specificity through positronium
imaging [2-4].

PET stands as a cornerstone of modern diag-
nostic imaging, providing unique, non-invasive in-
sights into the molecular and cellular processes of
the human body [5]. Since the first blurry images of
brain tumours were obtained in the mid-twentieth
century [6], PET has undergone a profound trans-
formation, culminating in its clinical introduction
in the 1970s [7]. This progress was driven by
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consistent advances in both radiation detection
technologies [8] and radiopharmaceutical science [9],
significantly strengthening its role in medical diag-
nostics.

A key advantage of PET, compared with es-
tablished anatomical imaging techniques such as
X-ray, computed tomography (CT), and magnetic
resonance imaging (MRI), is its ability to integrate
functional data with anatomical context [10].

This capability to visualise metabolic processes
in vivo is essential for the early detection of disease,
monitoring metabolic changes over time, and sup-
porting precise, personalised diagnostics and thera-
peutic planning [5, 11].

The operational principle of PET relies on
the detection of ~ photons emitted from an
administered radiopharmaceutical tracer, which ac-
cumulates in regions of high biochemical activ-
ity, typically corresponding to pathological lesions
such as tumours [12]. Consequently, PET pro-
vides essential data across numerous medical
disciplines, notably in (i) oncology [13], (ii) the
diagnosis of neurological disorders (e.g., sclerosis,
Parkinson’s, and Alzheimer’s disease) [14], and
(iii) cardiological assessments of heart function and
blood flow [15].

A recent and rapidly developing extension of this
method is positronium imaging — a technique that
enables the direct visualisation of positronium char-
acteristics within body tissues [3, 4, 16-22]. Positro-
nium is a short-lived exotic atom formed by an
electron and its antiparticle, the positron [17].
Measurements of specific parameters, such as the
ortho-positronium mean lifetime, provide a novel
biomarker of tissue microstructure [23, 24]. This
biomarker offers information on features such
as intermolecular pore size and the concentra-
tion of paramagnetic molecules, particularly oxy-
gen [25, 26], thereby complementing conventional
PET data on radiopharmaceutical uptake [16, 27].
The potential of this approach for enhancing diag-
nostic specificity at the molecular level has been
demonstrated in the first successful ex vivo [28]
and in vivo [4] studies using the dedicated multi-
photon Jagiellonian PET (J-PET) scanner. Positro-
nium imaging is currently undergoing intensive de-
velopment. Beyond the J-PET scanner in Cracow,
Poland [4], several other PET systems worldwide
have the technical capability to measure the life-
time of positronium, including the Prism-PET scan-
ner in New York City, USA [29], the Biograph
Vision Quadra in Bern, Switzerland [30-32], the
PennPET Explorer in Philadelphia, USA [33-36],
the NeuroEXPLORER (NX) brain PET scanner
in New Haven, USA [37], and the brain-dedicated
TOF-PET scanner VRAIN in Chiba, Japan [38, 39].
Recent progress in developing and optimising recon-
struction algorithms for positronium lifetime imag-
ing (PLI) [18, 29, 35, 36, 40-47] is advancing the
accuracy and reliability of positronium-based imag-
ing.

The success of positronium imaging crucially
depends on the choice of radionuclide. An ideal
isotope must possess two key attributes, i.e., (i)
a half-life suitable for clinical protocols and (ii)
a high probability of emitting a ‘prompt gamma’
quantum alongside positron decay, which serves
as the essential time marker for positronium for-
mation [2, 27]. While the ®®Ga isotope (obtained
from the widely available ®*Ge/%®Ga generator [48])
has been used in pioneering human positronium
imaging trials [4], its decay properties are sub-
optimal. Specifically, only ~ 1.34% of %8Ga de-
cays are accompanied by the required prompt ~
emission [4], which complicates accurate measure-
ments of positronium lifetime [27]. Consequently,
44G¢ has attracted considerable attention among al-
ternative radionuclides. This isotope features a clin-
ically suitable half-life 7' /5 of about 4 h [49] and,
crucially, emits a high-energy v quantum (1157 keV)
in nearly 100% of decays [49] almost immediately
(2.6 ps) after positron emission [50]. This decay pro-
file makes 44Sc exceptionally suitable for advanced
PET applications and positronium imaging.

The #Sc isotope (Ty)2 =3.97 h, or the re-
cently reported 4.04 h [51, 52]) presents a
promising alternative to the widely used %Ga
(Ty/2 = 67.84 min [49]) for PET and positronium
imaging. The nearly four times longer half-life of
44Sc enables the visualisation of tracer distribution
over several hours post-injection. This is particu-
larly valuable for ligands with prolonged pharma-
cokinetics [53] and facilitates delayed imaging pro-
tocols and dynamic dosimetry [54, 55]. In addi-
tion, 44Sc emits positrons with a lower mean energy
(~ 0.63 MeV) compared to ®Ga (~ 0.83 MeV) [56],
resulting in a shorter positron range in tissue
and thereby enhancing the spatial resolution of
PET images by reducing blurring effects. More-
over, its higher positron branching fraction (~
94% vs. ~ 88% for %8Ga [49]) increases the frac-
tion of decays yielding a detectable positron. An
additional advantage lies in the chemical simi-
larity of Sc(III) to the therapeutic radionuclide
Lu(III) [57, 58]. This enables the use of identical
targeting ligands to create matched molecular pairs,
i.e., a diagnostic agent with **Sc and a therapeutic
counterpart based on either ""Lu (a 8~ emitter,
Ty /> = 6.64 days [49, 59]) or *"Sc (a 3~ emitter,
T2 = 3.35 days [49, 60]). Together, these prop-
erties make scandium a unique theranostic plat-
form. The #4Sc/47Sc pair, sharing identical coordi-
nation chemistry, exhibits matched biodistribution
profiles in wvivo, enabling precise dosimetry for tar-
geted radionuclide therapy with 47Sc via PET imag-
ing with 44Sc.

The initial applications of %4Sc in nuclear
medicine have already demonstrated its effective-
ness for precise tumour diagnostics. One of the key
strengths of 44Sc is its ability to form stable com-
plexes with a wide range of chelators (e.g., DOTA,
DTPA, EDTA, and NOTA) [61, 62], a versatility
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essential for labelling diverse biomolecules, includ-
ing peptides and proteins. This adaptability is prov-
ing highly valuable across various diagnostic ap-
plications. For example, **Sc-labelled DOTATOC
(a DOTA-conjugated peptide) has been successfully
validated in vitro and in vivo, enabling high-quality
visualisation of neuroendocrine tumours with ex-
cellent radiochemical purity and stability [61, 63].
Similarly, 44Sc-PSMA-617 has demonstrated effec-
tiveness in targeting prostate-specific membrane
antigen in prostate cancer, offering high-contrast
PET images essential for early and precise disease
diagnosis [54, 59, 64]. Furthermore, the success-
ful evaluation of #‘Sc-labelled Affibody molecules
for imaging HER2-expressing tumours highlights
the broad potential of this isotope in personalised
medicine [65], confirming that *4Sc-labelled ligands
are a highly promising platform for the point-of-care
diagnosis of various tumour types.

A recent milestone in the development of positro-
nium imaging was the first experimental demon-
stration of PLI using #‘Sc with the modular
J-PET scanner [27]. Conducted on a NEMA im-
age quality phantom, this study validated the fea-
sibility of using #4Sc as an optimal radionuclide
for PLI. The reconstructed images confirmed that
44Gc enables reliable identification of positronium-
related events and accurate lifetime measurements,
in close agreement with reference values in water.
Importantly, the plastic scintillator-based J-PET
system [2, 66-70], operating in triggerless multi-
photon detection mode [28, 71-73], demonstrated
the capacity to separate positronium-specific signals
from conventional PET events [27], thus establish-
ing a solid foundation for future clinical translation
of #*Sc-based positronium imaging.

Despite its clear advantages, the widespread
adoption of #4Sc is hampered by challenges re-
lated to its availability. Conventional short-lived
positron-emitting nuclides for PET, such as '8F
and ''C, are typically produced directly in cy-
clotrons [74], while others, such as %8Ga, are
obtained from generators (e.g., the %®Ge/%®Ga sys-
tem [48]). For %4Sc, both production routes are
potentially feasible [55, 75-81].

Direct cyclotron production of 4*Sc has
been successfully demonstrated in several stud-
ies [75, 79-81]. The most efficient method identified
is the *Ca(p, n)**Sc reaction using proton beams
of 11-18 MeV on highly enriched *‘Ca targets,
yielding high activities with radionuclidic purity
exceeding 99% [75, 79, 81]. As a practical al-
ternative, the 4"Ti(p,a)**Sc reaction has been
successfully implemented on a medical cyclotron,
offering simplified chemical processing of the final
product [81]. While the direct cyclotron route
enables centralised production at the tens-of-GBq
level for distribution to clinical centres [79], it
faces practical limitations. These include the
requirement for cyclotron access and enriched
isotopic targets, along with the co-production of

radionuclidic impurities such as *3Sc¢ and %6Sc [75].
Importantly, these impurities can be effectively
minimised through optimised reaction parameters,
in particular careful selection of proton energy and
irradiation duration.

An alternative approach to supplying hospi-
tals with 44Sc is the development of a titanium-—
scandium (*4Ti/*4Sc) generator system [55]. Similar
to how the %®Ge/%8Ga generator made ®Ga widely
available without cyclotrons [48], a generator based
on the long-lived *4Ti could provide a continuous
source of #Sc for PET diagnostics and positronium
imaging.

The parent isotope, “4Ti, has a long half-life of
59.1 years [49]. It decays by electron capture to 4Sc,
which in turn undergoes 31 decay, emitting anni-
hilation photons (511 keV) and a prompt 1157 keV
gamma quantum. A single generator of this type
could potentially supply a hospital with 44Sc for
many years of daily use [1]. This solution is partic-
ularly valuable for medical facilities without access
to an on-site cyclotron or in settings requiring regu-
lar production of radiopharmaceuticals with short-
lived isotopes.

The principal challenge, however, lies in pro-
ducing sufficient quantities of #4Ti itself. The
458¢(p, 2n)*Ti reaction, achieved by irradiating
metallic scandium with high-energy protons,
represents the most established production
route [76, 82, 83]. Nevertheless, other pathways,
such as deuteron irradiation of scandium and «
particle [83] or "Li-induced reactions on calcium-
based targets, represent important alternative
methods (see Sect. 2). Due to the very long half-life
of #4Ti, saturation of these reactions is practically
unattainable within a feasible irradiation pe-
riod [76]. The activity accumulates approximately
linearly, necessitating many weeks of continuous
operation of a high-power accelerator, coupled with
an efficient radiochemical separation process, to
obtain even hundreds of MBq of **Ti.

Another significant challenge involves developing
a 44Ti/41Sc generator system that exhibits high per-
formance in the separation of the parent—daughter
pair. This requires efficient retention of the parent
Ti(IV) on the generator matrix and reproducible,
quantitative elution of the daughter Sc(III), while
minimising 44Ti breakthrough [55].

Addressing these challenges would enable the im-
plementation of titanium-scandium generators as
a dependable source of **Sc for both PET and
positronium imaging, thereby providing a powerful
novel tool for personalised nuclear medicine.

2. Nuclear reactions for ‘Ti production

The successful implementation of the #4Ti/44Sc
generator depends on producing the long-lived
parent isotope, %*Ti, in quantities sufficient for
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long-term generator operation via charged-particle-
induced nuclear reactions. The most promising
channels involve proton, deuteron, and a-particle
reactions on targets of scandium-45 (*3Sc) or vari-
ous calcium isotopes. Proton-induced reactions are
well-established experimentally and provide rela-
tively high cross-sections [82-84]. While deuteron
channels offer an alternative route, their reported
yield is extremely low [83], making them signifi-
cantly less efficient. In contrast, a-particle reactions
open up a different spectrum of nuclear processes,
but typically require higher-power accelerators and
are accompanied by more complex isotopic impu-
rity co-production [83]. In addition to these classical
routes, reactions induced by "Li ions on °Ca have
been explored as a potential source of 44Ti.

This section summarises the fundamental data
and findings for these four reaction groups, form-
ing a basis for optimising **Ti synthesis conditions
for future generator applications.

2.1. Proton activation of 4°Sc

Experimental implementation of the
458c(p,2n)**Ti reaction is facilitated by two
key factors, i.e., (i) the availability of high-intensity
proton beams in the required energy range on
commercial cyclotrons, and (ii) the fact that nat-
ural scandium is monoisotopic (*5Sc) [85], which
eliminates the need for expensive isotopic enrich-
ment. Analysis of the excitation function by McGee
et al. [86] suggests that the reaction proceeds
predominantly through the compound nucleus
mechanism. In this model, a proton with energy
above the threshold (Ei,, ~ 12.65 MeV [84]) is
captured by #°Sc, forming an excited 5Ti* nucleus,
which subsequently de-excites via two-neutron
evaporation, yielding 4Ti.

The excitation function for the
458c(p, 2n)**Ti reaction, as visualised in Fig. 1
(see also [82, 84, 86-90]), shows substantial varia-
tions across different studies. This is particularly
evident in the reported maximum cross-section
(0max) values (see Table I).

For example, measurements by McGee et al. [86]
report omax = 63 + 19 mb at proton energy
E, ~ 30 MeV, whereas later studies obtained lower
maxima — 32 £ 4 mb at 22 MeV by Ejnisman
et al. [82] and 47.6 + 3.7 mb at 24.2 MeV by Ditroi
et al. [87]. Consequently, even for the peak region,
the cross-section values vary by almost a factor of
two. This discrepancy can be attributed to varia-
tions in experimental methodologies, including dif-
ferences in target thickness, beam current, detector
calibration methods, and corrections for y-ray de-
tection efficiency.

In addition to experimental studies, theoreti-
cal evaluations are available in the TALYS Eval-
uated Nuclear Data Library (TENDL) [91]. The
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*
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Fig. 1. Experimental excitation function data for
the *°Sc(p, 2n)**Ti reaction, including studies by
McGee et al. [86] (black squares), Levkovskij [88]
(red circles, normalised by a factor of 0.8), Ejnis-
man et al. [82] (green upward triangles), Daraban
et al. [84] (magenta downward triangles), and Ditroi
et al. [87] cyan crosses). The IAEA database recom-
mendation [89] (solid blue line), based on a Padé
fit to evaluated data, and the TENDL-2023 evalua-
tion [90] (dotted orange line) are also presented.

TABLE I

Reported maximum  cross-sections for  the
*58c(p,2n)**Ti reaction from selected studies.
The table summarises the proton energy E,, at which
the peak occurs and the corresponding maximum
cross-section value omax, demonstrating the spread
of reported results.

Reference Ep [MeV] Omax [mb]
at peak

McGee et al. [86] 30 63+ 19
Levkovskij [88]" 24.8 36.8 (corrected)
Ejnisman et al. [82] 22 32+4
Daraban et al. [84] 24.1 40.3 £3.7
Ditréi et al. [87] 24.2 47.6 +3.7
TAEA Database [89] |  22.5 415444
TENDL-2023 [90] 22 35.2

tValues of Levkovskij were normalised by a factor
of 0.8, since the original monitor reaction data were
found to be too high [84].

TENDL-2023 data [90] show certain discrepancies
with experimental measurements, particularly in
terms of the cross-section magnitude and the energy
location of the maximum (see Fig. 1). Attempts to
improve the theoretical agreement with experimen-
tal data through parameter variation are presented
in the Appendix.

For consistency and comparative analysis, the ref-
erence Charged-Particle Cross-Section Database for
Medical Radioisotope Production (IAEA) [89] pro-
vides recommended evaluated cross-section o(E})
values based on a review of existing experiments
and model calculations (see Table II).
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TABLE II

Recommended cross-sections (o(Ey)) for the *3Sc(p, 2n)**Ti reaction from the IAEA database (Charged-Particle
Cross-Section Database for Medical Radioisotope Production, identifier: scp44ti0) [89]. The table presents proton
energies I, and corresponding recommended o values with their uncertainties.

E, [MeV] o [mb] E, [MeV] o [mb] E, [MeV] o [mb] E, [MeV] o [mb]
13.0 3.0£1.6 19.5 316+ 3.6 26.0 33.5+4.3 32.5 18.5£29
13.5 4.0+£2.1 20.0 34.4+36 26.5 32.0+4.1 33.0 17.8 +£ 2.8
14.0 51+1.7 20.5 37.0£3.9 27.0 30.5£3.9 33.5 17.1+2.7
14.5 6.4+2.1 21.0 39.0£4.0 27.5 28.6 £3.7 34.0 16.5+ 3.2
15.0 79+£20 21.5 404 +4.2 28.0 27.6 £ 3.5 34.5 159+ 3.1
15.5 9.6 £2.5 22.0 41.0+£4.3 28.5 26.8 = 3.5 35.0 154+£3.1
16.0 11.6 £24 22.5 41.5+4.4 29.0 25.1£3.2 35.5 149+29
16.5 13.9+£29 23.0 41.24+4.4 29.5 23.6 £ 3.1 36.0 1444+ 3.2
17.0 16.4+ 2.8 23.5 40.5+4.6 30.0 22.0£3.1 36.5 139+ 34
17.5 19.2£3.3 24.0 394447 30.5 21.8+2.9 37.0 13.5+3.2
18.0 221431 24.5 38.1+4.6 31.0 209+ 2.8 37.5 13.1+£3.2
18.5 25.3£3.5 25.0 36.7£4.6 31.5 20.0 £ 2.7 38.0 12.8 + 3.7
19.0 28.5+£3.3 25.5 35.1+t44 32.0 19.24+ 3.0 38.5 1244+ 3.6

T %0 ‘ ] e c(p.2n) T the *5Sc(p, np)**Sc reaction, which hafs a similar
< 3001 T —— *Sc(p,n) 8T threshold (~ 11.57 MeV) and exhibits cross-
s F l T T —=— “*Sc(p,2np)°sc sections several times larger than the (p,2n)
p2oE | ||~ ~Se(p.np)"Se channel [82, 84]. This route produces the short-
S aof- _%J._ Tl 70(')’"')) se lived #49Sc (T /o = 4.04 h [49]) and its metastable
= I tl isomer *"Sc (Ty/o = 58.62 h [49]), both AT emit-
e P Sy ! ters that create radionuclidic impurities and compli-
of- ., 1 ‘ + cate direct use of the irradiated product. However,

F i ' H ' these isotopes decay to negligible levels within

50? N e T a few days after irradiation and thus have no
fee e L ) impact on the long-term use of a *4Ti/*Sc

Proton Energy [MeV]

Fig. 2. Experimentally measured cross-sections o
for proton-induced nuclear reactions on #°Sc as
a function of incident proton energy FE,. The
data show the excitation functions for the main
45Sc(p, 2n)** Ti production channel (red circles) and
its primary competing reactions: **Sc(p, n)**Ti (or-
ange diamonds), **Sc(p,2np)*3Sc (blue squares),
158¢(p, np)**9Sc  (green upward triangles), and
15Sc(p,np)**™Sc  (magenta downward triangles).
Data from Daraban et al. [84] (scandium isotopes
and **Ti) and Ejnisman et al. [82] (**Ti).

The excitation function exhibits characteristic en-
ergy dependence; the first reaction events appear
just above threshold (13-16 MeV) with small cross-
sections, followed by a rapid increase to a maxi-
mum in the 22-25 MeV range, and decreases beyond
35 MeV due to the opening of competing reaction
channels.

The production of *4Ti via the *°Sc(p,2n)*Ti
reaction proceeds alongside several competing nu-
clear processes, as illustrated in Fig. 2 (see
also [82, 84]). The most significant competitor is

generator. The *°Sc(p,n)*Ti, characterised by a
low threshold (~ 2.9 MeV) [83, 92], represents an-
other important competing channel. Although 4°Ti
(T1 /2 =~ 3.1 h [49]) decays via 4 emission to stable
458c and does not persist in the final *4Ti product,
its formation during irradiation consumes proton
flux, thereby reducing the overall **Ti production
yield.

At higher energies (> 25 MeV), the follow-
ing multi-particle emission channels become signif-
icant [84]: *°Sc(p, 2np)*3Sc (T1/2 ~ 3.9 h, BT [49])
and *°Sc(p,3p)*K (Ti,» ~ 223 h, g~ [49]).
These reactions generate impurities that undergo
radioactive decay during and after target process-
ing, thereby influencing the overall radionuclidic
purity.

In practice, the radionuclidic impurity problem
is addressed using a combined strategy, which con-
sists of selecting the appropriate irradiation energy
range and subsequent radiochemical purification.
For high-current irradiations of solid metallic 4°Sc
targets, the optimal energy window is between 16
and 30 MeV. Within this range, the (p, 2n) reaction
achieves its maximum while the (p,n) channel de-
creases sufficiently, and multi-nucleon emission pro-
cesses have not yet become dominant.
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2.2. Deuteron activation of 4°Sc

The deuteron-induced #5Sc(d, 3n)**Ti reaction
provides an alternative route for *4Ti production.
This process involves deuteron absorption followed
by the subsequent emission of three neutrons from
the compound nucleus. The reaction has a thresh-
old of ~ 15.3 MeV [83], and its excitation function
is shown in Fig. 3 (see also [90, 93, 94]). Exper-
imental data indicate that measurable **Ti yields
appear above 20 MeV [93, 94], with a broad maxi-
mum in the 30-37 MeV range. The reported cross-
sections are relatively low, reaching approximately
19-21 mb, and the fitted excitation function peak-
ing at around 32-33 MeV. The TENDL-2023 [90]
predicts different behaviour, namely the calcu-
lated cross-sections are significantly higher than
the experimental values, and the maximum of
the excitation function is shifted towards lower
deuteron energies. An analysis of parameter sen-
sitivity in theoretical cross-section calculations is
provided in the Appendix. In comparison with
the proton-induced %5Sc(p,2n)*4Ti reaction, the
deuteron channel exhibits both a higher threshold
and significantly lower cross-sections, making it less
attractive for large-scale **Ti production.

During deuteron irradiation of 4°Sc, the produc-
tion of *4Ti via the 4°Sc(d,3n) channel competes
with several significant nuclear reactions [93, 94]
that affect both yield and purity. Some of these
are shown in Fig. 4 (see also [93]). The most
prominent competitor is the *°Sc(d, p2n)**Sc re-
action, which leads to the formation of 449Sc and
its metastable isomer **™Sc. This channel ex-
hibits cross-sections an order of magnitude higher
(~100-200 mb) than the main “*Ti production
route [93] (see Fig. 4). Other notable competing
channels include #°Sc(d, 2n)**Ti, 4°Sc(d, p3n)**Sc,
and %5Sc(d,p)*%Sc, the latter being a long-lived
(T2 = 83.8 days [49]) impurity produced effi-
ciently at relatively low deuteron energies [95].

Whereas most radioactive impurities (°Ti, 44Sc,
43Sc) decay to mnegligible levels within days after
irradiation due to their relatively short half-lives,
46Sc presents a particular challenge for radionu-
clidic purity, as its long half-life and efficient for-
mation introduce significant background ~y-activity.
In addition, the stable *Ti [94], produced both di-
rectly via the high-cross-section #3Sc(d, n) reaction
and indirectly via 3~ decay of 46Sc [49], represents
a significant non-radioactive impurity. This channel
converts a substantial part of the *°Sc target with-
out contributing to the desired *4Ti product.

Overall, these competing reactions reduce the
effective *4Ti yield and complicate both spectro-
scopic analysis and subsequent, chemical separation
processes due to the complex mixture of radioac-
tive and stable isotopes. Consequently, the optimal
deuteron energy range lies between 30 and 35 MeV.
Within this range, the %°Sc(d,3n)*Ti reaction

g 30 —e— Hermanne (2012)
g F —=— Tsoodol (2021)
5 o5 — fit Pade
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5
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Fig. 3. Excitation function for the **Sc(d, 3n)**Ti

reaction. Experimental cross-section data from Her-
manne et al. [93] (red circles) and Tsoodol et al. [94]
(green squares) are shown alongside a Padé fit (solid
blue line) and the TENDL-2023 evaluation (dotted
orange line) [90]. The plot illustrates the relatively
low cross-sections for this channel, peaking in the
30-37 MeV range.
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Fig. 4. Excitation functions for deuteron-induced
reactions on “°Sc, showing the main channel
45Sc(d,3n)**Ti (red circles) alongside compet-
ing reactions: **Sc(d,2n)*Ti (orange diamonds),
438c(d, p3n)**Sc (blue squares), **Sc(d, p2n)**™Sc
(green upward triangles), *°Sc(d,p2n)**Sc (ma-
genta downward triangles), and *°Sc(d,p)*®Sc
(black crosses). Data from Hermanne et al. [93].

approaches its maximum cross-section, while the
production of long-lived impurities, particularly
46Sc from the (d, p) channel, is significantly reduced.
However, the persistent dominance of competing
(d,2n) and (d,n) channels requires thorough post-
irradiation chemical purification to achieve accept-
able radionuclidic purity.

2.3. Irradiation of calcium isotopes with « particles

Alpha-particle irradiation of calcium isotopes
provides an alternative route for 44Ti production.
In this approach, fusion of the incident helium
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Fig. 5. Theoretical excitation functions of the

“2Ca(a, 2n)**Ti (solid blue line), **Ca(c, 3n)**Ti
(dashed green line), and *‘Ca(a, 4n)*Ti (dot-
ted orange line) reactions as predicted by the
TENDL-2023 library [90]. The experimental data
point for the **Ca reaction (red circles) is from Lev-
kovskij [88].

nucleus (Z = 2) with the calcium target nucleus
(Z = 20) directly yields the titanium compound
nucleus (Z = 22).

The 4°Ca(a,~)**Ti reaction represents a di-
rect production route via radiative capture. This
exothermic process (Q = +5.13 MeV [96]) involves
the formation of an excited **Ti* compound nu-
cleus, which subsequently de-excites by -~ emis-
sion. With no energy threshold, the reaction occurs
even at low a-particle energies, where it proceeds
through narrow resonances [97]. However, cross-
sections for this channel are extremely small, of
the order of microbarns [96]. Above approximately
6 MeV, particle-emission channels, such as (a,p),
open and quickly dominate, suppressing the (a;,~)
yield [97]. As a result, absolute 4*Ti yields remain
very low, which causes significant challenges for the
practical production of 44Ti for radionuclide gener-
ator applications.

In addition to radiative capture, **Ti can be
produced via multi-neutron evaporation following
a-irradiation of calcium isotopes “Ca(c, 2n)**Ti,
where A = 42,43,44 and x = 2, 3, 4, respectively.

For #2Ca(«,2n)*Ti, cross-sections of ~ 40-46 mb
have been reported in the energy range
E, ~ 27-34 MeV [88] (Fig. 5; see also [88, 90]), in-
dicating that measurable yields are achievable only
at relatively high a-particle energies. However, this
channel competes strongly with 42Ca(a, n)*5Ti [98]
and *2Ca(a, p)*>Sc [99], both of which are open
at lower energies and reach o on the order of
O(10?) mb.

Even higher beam energies are required for
a-induced reactions on *3%4Ca isotopes, with
thresholds at 24.9 and 36.9 MeV, respectively [83].
Since no experimental cross-sections are available
for these reactions, their excitation functions were
evaluated using the TENDL-2023 data library [90].

As shown in Fig. 5, the calculated cross-section
for the 43Ca(a, 3n)*4Ti reaction peaks at ~ 30 mb
around 45 MeV, whereas the **Ca(a, 4n)**Ti chan-
nel reaches a lower maximum of ~ 11 mb near
65 MeV. Additional theoretical excitation func-
tions under varying model parameters are presented
in the Appendix. Importantly, the *°Ti-producing
reactions (e.g., #*Ca(a, 2n)*Ti) have lower thresh-
olds and their excitation functions overlap exten-
sively with the #*Ti-producing channels over a
broad interval (~ 25-70 MeV) [83].

Finally, natural isotopic composition constrains
target choice, i.e., 42Ca, 43Ca, and **Ca occur at
about 0.647%, 0.135%, and 2.086% of natural cal-
cium, respectively [85], so substantial production
would require isotopic enrichment. Furthermore, ac-
celerators capable of delivering a-particle beams at
suitable energies (e.g., > 30 MeV) are relatively rare
compared to those used for proton or deuteron bom-
bardment.

2.4. "Li-induced reactions on 4°Ca

The irradiation of #°Ca with 7Li ions en-
ables the production of #*Ti through several re-
action channels. The dominant mechanism is the
40Ca("Li, t)*4Ti reaction via cluster transfer, where
the weakly-bound “Li nucleus (separating into
a + t clusters) dissociates upon interaction with the
target [100]. This results in the a-particle fusing
with 4°Ca to form #4Ti, while the triton is emitted.
The low binding energy of “Li in the t + o channel
(~ 2.47 MeV [101]) favours this cluster mechanism.
Alternative pathways, such as 4°Ca(7Li, p2n)**Ti
and “°Ca("Li, dn)**Ti, proceed via complete fusion
forming a 47V compound nucleus, followed by evap-
oration of multiple particles — either individual nu-
cleons or nucleon-cluster combinations (e.g., d+n).
These processes require higher excitation energies to
overcome particle separation thresholds. Numerical
simulations of the 4°Ca("Li, 2)*Ti reaction cross-
sections were performed, with the resulting excita-
tion functions presented and discussed in the Ap-
pendix. Significant competing reactions that reduce
radionuclidic purity include: neutron evaporation
leading to 46V, proton emission yielding “6Ti, and
emission of light particles such as deuterons or 3He,
potentially producing isotopes like 45Ti and 4*Sc.

The primary challenge of this approach is the low
selectivity of 4Ti, as competing reaction channels
dominate the reaction flux and complicate subse-
quent chemical separation.

In summary, proton irradiation of natural scan-
dium represents the most viable method for *Ti
production towards a 4*Ti/4*Sc generator system,
with deuteron-, alpha-, and lithium-induced reac-
tions being less favourable for practical implemen-
tation due to lower yields and greater technical
constraints.
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3. Targets

Depending on the chosen or available projectile,
target materials for 4Ti production include natu-
ral scandium (%°Sc) for proton or deuteron bom-
bardment and calcium-based targets for irradiation
with « particles or “Li ions. Considering the rel-
atively low cross-sections for the reactions leading
to “4Ti (Figs. 1, 3, and 5), the target thickness must
be carefully optimised. It should be tailored to the
specific energy window where the cross-section for
the desired reaction is significant. The use of thicker
targets should be avoided to minimise the produc-
tion of competing radionuclidic impurities (as dis-
cussed in Sect. 2), which are produced at lower or
higher energies.

The target thicknesses were calculated for the
projectile energy window in which the cross-section
for the desired reaction remains significant. This
was achieved by integrating the inverse mass stop-
ping power, S(E), from the selected incident energy,
Fin, down to an effective lower energy limit, Fqyus,
below which the reaction cross-section becomes neg-
ligible [102]

Eil] 1
- dE —— 1
g /E 5(E) @)

where x denotes the resulting areal density of the
target material, expressed in mg/cm?. The stop-
ping power data were obtained from the SRIM
(Stopping and Range of Ions in Matter) software
package [103, 104] for the relevant particle-target
pairs, i.e., protons and deuterons in scandium, and
o particles and “Li ions in CaCOs. The calculated
areal densities for various energy windows are sum-
marised in Table III.

For metallic targets, this quantity can be con-
verted to a linear thickness d using the relation
d= %, where p is the material’s density. For exam-

ple, a scandium target (ps. = 2.989 g/cm? [105])
with an areal density corresponding to the
16.5 — 12 MeV proton energy window yields a
physical thickness of approximately 640 pm, while
the 30 — 12 MeV interval requires about 3.5 mm. In
the case of deuteron beams, the required thickness
increases from about 310 pym at 20 MeV to nearly
5 mm at 50 MeV.

Scandium is a relatively soft metal, which facili-
tates its mechanical processing. Targets can be pre-
pared by reshaping bulk material through rolling or
by pressing metal pieces into a pellet format using
a hydraulic press. As scandium slowly covers with
an oxide layer in the ambient atmosphere, it is rec-
ommended that these procedures be carried out in
an inert atmosphere.

For production routes involving calcium, the
chemical form of the isotopically enriched mate-
rial is a crucial consideration. The enriched iso-
topes are typically supplied as calcium carbonate
(CaCOg3). While conversion to the metallic form

TABLE I1II

Calculated target thickness required to deceler-
ate the projectile from Fi, down to the chosen
Eout, evaluated using (1) and stopping powers from
SRIM [103, 104].

Projectile | Target B Ein ¢ 9
[MeV] | [MeV] | [mg/cm?]

16.5 191

p "Sc 12 20 371
30 1025

20 93

d ratge 17 30 478
50 1581

35 41

a CaCOs 27.5 50 146
70 331

25 13

14 CaCOs 13 35 28
50 58

(Ca) is possible [106], this process presents practi-
cal challenges. The conversion efficiency is typically
around 80-85%), leading to a non-negligible loss of
the valuable enriched material. Furthermore, unless
a direct vacuum transfer line exists between the con-
version apparatus and the irradiation station, the
highly reactive metallic calcium will rapidly oxidise
in air, reforming calcium carbonate and negating
the conversion.

These issues can be avoided by preparing the tar-
get directly from the calcium carbonate. However,
in this case, the problem of dissipating the heat de-
posited by the beam increases dramatically, since
carbonates are thermal insulators [107]. A poten-
tial solution is forming the target with the addition
of a thermally conductive, chemically inert material
such as carbon [108]. This can be achieved by creat-
ing a homogeneous mixture of CaCO3 and carbon
powder, whereas a sandwich-type format would be
less practicable given the required geometric thick-
ness constraints.

4. Yield calculation

The thick-target yield (TTY) formalism, which
integrates both the nuclear reaction cross-section
and the stopping power of the target material [109],
is used to estimate production yields. The TTY [in
nuclei per incident particle] is given by

Na [F= o(E)
Y = o, dE S(E)’ (2)
where Ny is Avogadro’s constant, and M is the mo-
lar mass of the target material (e.g., ~ 44.96 g/mol
for 4°Sc [85]).

out
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For a beam of particles with charge state ¢ and
current I, the rate of incident protons is ¢ = I/(ge),
where e is the elementary charge. The production

rate of 4Ti nuclei is then
1
R=oY =—Y. (3)
qe
Taking into account radioactive decay during the
irradiation, the activity at the end of bombardment

(EOB) is

Ly (1—e™™),  (4)
qe
where A = In(2)/T7 2 is the decay constant of **Ti.
Given the relatively long half-life of #4Ti
(Th/2 = 59.1 years [49]), the product At remains
< 1 for practical irradiation times ¢ (hours to
weeks), and thus radioactive decay during irradi-
ation is negligible.
This  allows the linear  approximation
1 — e ~ \t to be applied to (4), simplifying the
expression for the EOB activity to

AEOB(Ivt) =R (1—e_M) =

I
A I.t)~ — Y )\t
ros(/, 1) qe At (5)

Consequently, the activity accumulated at EOB
depends approximately linearly on the irradiation
time, as illustrated in Fig. 6, which was calculated
based on cross-section data from [89] and stopping
powers from SRIM [103, 104]. Reaction saturation
is therefore unattainable under typical laboratory
conditions.

The integrated *4Ti yield scales linearly with the
particle fluence. Thus, increasing the beam current
provides a direct method for enhancing the produc-
tion yield. However, higher beam currents also sig-
nificantly increase the thermal load on the target.
Effective cooling is essential to prevent target dam-
age through melting or deformation.

A successful experimental implementation of the
458¢(p, 2n)**Ti production route was demonstrated
by Filosofov et al. [110]. The irradiation of a nat-
ural scandium target (~ 1.5 g) with 25 MeV
protons yielded ~ 185 MBq of #Ti. Subsequent
radiochemical processing enabled the creation of a
4474 /44Sc¢ generator, which demonstrated efficient
448¢ elution with high parent-daughter separation.
This confirms the practical efficiency of the method-
ology from production to application.

5. Post-irradiation processing and *4Ti
separation

Post-irradiation processing of targets is a cru-
cial stage that determines the purity of the fi-
nal **Ti product and its suitability for subsequent
use, particularly as the parent nuclide in 44Ti/44Sc
generators.

Comprehensive radiometric characterisation pre-
cedes any chemical separation of the irradiated
target. High-resolution ~-ray spectrometry using

é{ —50 pA
S 30|20 uA
~ —10 pA
E —5 uA
S 25|—2 A
< —1 uA

TTT T[T T[T TIT[TTTT]

o

20 40 60 80 100 120 140 160 180 200
Irradiation time [hours]

Fig. 6. Accumulation of **Ti activity at the end
of bombardment (EOB) as a function of irradiation
time for the **Sc(p, 2n)**Ti reaction with an inci-
dent proton energy of 30 MeV. The linear growth
is shown for different beam currents, illustrating
the dependence on both time and beam intensity.
The calculation assumes a thick scandium target,
and the yield Y was evaluated from (2) based on
the cross-section data reported in [89] and stopping
power values calculated using SRIM [103, 104].

high-purity germanium (HPGe) detectors serves as
the principal analytical method, enabling precise
identification of radionuclides through their charac-
teristic v emissions and subsequent activity quan-
tification. The activity of **Ti can be determined
either by direct measurement of its characteristic
low-energy gamma emissions (primarily 67.9 keV
and 78.3 keV) or indirectly through the 1157 keV
gamma line from its 4*Sc daughter, measured after
secular equilibrium is established [110-113]. The ~
spectrum is simultaneously analysed for character-
istic emissions of co-produced radionuclidic impuri-
ties, which exhibit distinct spectral signatures. This
preliminary radiometric assessment provides impor-
tant data for evaluating production yield and deter-
mining the optimal strategy for subsequent chemi-
cal purification processes.

The chemical processing of irradiated metallic
scandium targets commonly uses dissolution in con-
centrated mineral acids, such as hydrochloric acid
(HCl). This step converts the bulk target material
into soluble Sc(III) ions, while the produced #Ti
is present in solution as Ti(IV). Literature reports
varying conditions for this procedure. For example,
Filosofov et al. [110] used 2 M HCI for complete
target dissolution, while Radchenko et al. [111, 112]
applied higher concentrations (6-12.3 M HCI) to
ensure complete dissolution and solution stability.

The separation of **Ti relies on the differential
ion-exchange behaviour of Ti(IV) and Sc(III) in
a chloride medium. An initial separation is typ-
ically achieved by loading the solution onto an
anion-exchange column in concentrated HCl, where
titanium chlorocomplexes are retained and scan-
dium is eluted. This step reduces the scandium
matrix and achieves a Ti/Sc separation factor
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of 102102 [112]. A subsequent fine purification us-
ing cation-exchange chromatography in HCI re-
moves residual scandium, resulting in a 44Ti re-
covery of 90-97% and overall Ti/Sc separation
exceeding 10° [110, 112].

Solid-phase extraction chromatography offers
an efficient alternative to ion-exchange meth-
ods [55, 112]. Hydroxamate-based ZR resin, for
instance, demonstrates exceptional sorption affin-
ity for Ti(IV) across a wide range of HCI concen-
trations (0.1-10 M), with distribution coefficients
(K4) exceeding 1000, while showing minimal reten-
tion of Sc(II) (K4 < 3) [111]. This high selectivity
enables efficient separation even from large target
matrices. Titanium can subsequently be eluted us-
ing complexing agents such as HC1/HyO5 mixtures,
oxalic acid, or citric acid. In contrast, branched
diglycolamide (BDGA) resin exhibits an inverse re-
tention profile, strongly binding Sc(III) (Kq ~ 730
at 4 M HCI), while Ti(IV) shows negligible reten-
tion (K4 < 1 below 6 M HCI) [111]. This character-
istic makes BDGA particularly suitable for the fine
purification of 44Ti, enabling selective removal of
residual scandium while allowing titanium to pass
through the column.

Detailed procedures for extracting *4Ti from
CaCOs3 targets irradiated with either « particles
or Li ions are not well documented. The pro-
duction of *Ti occurs in extremely low quan-
tities within a massive calcium matrix, making
its chemical separation challenging. By analogy
with established methods for 4344Sc recovery from
CaCOg3 targets [75, 114], a potential approach may
involve initial dissolution of the irradiated target in
a concentrated mineral acid (e.g., HCl) under heat-
ing (typically 80°C), followed by chromatographic
or extraction steps for selective titanium isola-
tion. Given the chemical properties of Ti(IV), ef-
fective separation could be based on the sorption
of its chloride or oxalate complexes using anion-
exchange chromatography or specific sorbents (e.g.,
ZR resin), as applied to Sc-targets [55, 111]. How-
ever, applying these methods to calcium-based
targets remains largely theoretical and requires
specific experimental confirmation.

After purification, the isolated *4Ti can be immo-
bilised on a solid support to serve as the long-lived
parent in a radionuclide generator system. Typical
configurations involve loading #*Ti onto an anion-
exchange resins (e.g., Dowex AG 1 x 8) or chem-
ically selective sorbents such as ZR resin, where
it remains strongly retained [55, 110, 111, 115].
The daughter nuclide **Sc, generated by electron
capture decay [49], can be periodically eluted us-
ing weakly acidic solutions (e.g., 0.05-0.1 M HCI),
enabling repeated separation cycles with minimal ti-
tanium breakthrough [76, 110]. This approach pro-
vides a long-term and cyclotron-independent source
of 44Sc with high apparent molar activity and ra-
dionuclidic purity, suitable for radiopharmaceutical
applications.

6. Cyclotrons well-suited for **Sc(p, 2n)*Ti
reaction

Analysis of the various production pathways
demonstrates that the 4°Sc(p,2n)**Ti reaction on
natural scandium represents the optimal strategy
for establishing the 44Ti/44Sc generator system (see
Sect. 2). The requirements are a high-flux proton
beam above ~ 15 MeV (ideally 20-30 MeV) and ex-
tended irradiation times. Modern PET/SPECT cy-
clotrons capable of delivering tens of MeV protons
at beam currents ranging from tens to hundreds of
1A are particularly well-suited.

The Heavy Ion Laboratory of the University
of Warsaw (HIL-UW), Poland, operates two cy-
clotrons used for the production of medical radionu-
clides, particularly scandium isotopes. The first is
the U-200P cyclotron, designed for the acceleration
of heavy ions, including « particles, which can reach
energies of approximately 32 MeV [116]. Although
this is below the energy required for efficient 44Ti
production, it has been successfully used for the
direct production of #3Sc and #49"Sc¢ [116-119).
The second is a GE PETtrace cyclotron, deliver-
ing 16.5 MeV protons and 8.4 MeV deuterons [120].
While the deuteron energy is below the threshold for
the 45Sc¢(d,3n)**Ti reaction (~ 15.3 MeV [83]), the
available proton beam energy enables partial *4Ti
production near the threshold (~ 12.65 MeV [84])
of the 45Sc(p, 2n)**Ti channel. Both beams are cur-
rently used for the routine production of 43Sc and
448c [108, 120-122].

Preparations are currently ongoing at the HIL
to enable *4Ti production for a 44Ti/4*Sc genera-
tor designed to calibrate the J-PET scanner. This
technical work includes installing a suitable target
and optimising irradiation parameters. Such a gen-
erator would provide a reliable, long-term source
of #Sc¢, which is considered an ideal radioisotope
for the three-photon imaging technique [123], which
exploits a high-energy gamma transition to im-
prove image resolution, typically limited by positron
range in tissue (see Sect. 1). Under the available en-
ergy window of 16.5—12 MeV, a 60-hour irradiation
with a 10 A proton beam would theoretically yield
up to 0.299 MBq of 44Ti, increasing to 0.598 MBq
at 20 pA. The required target areal density for this
configuration is estimated to be around 191 mg/cm?
(see Table III).

iThemba LABS (South Africa) offers a promis-
ing infrastructure for the **Ti production, with
advanced accelerator systems routinely used for
large-scale medical radionuclide production. The
K=200 separated sector cyclotron (SSC) acceler-
ates protons, deuterons, « particles, and heavy
ions [124]. Although its maximum proton energy
reaches 200 MeV, beams of 66 MeV are typically
used for routine radionuclide production. High-
intensity beams of up to 250 pA can be delivered
to the vertical-beam target station (VBTS) [125].
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TABLE IV

Proton beam characteristics of selected operational cyclotron facilities suitable for **Ti production via the
458¢(p, 2n)** Ti reaction. Listed are nominal proton energies and the extracted beam current.

Facility Proton energy [MeV] Current [pA]
HIL-UW PETtrace [120] (Poland) 16.5 up to 75
iThemba LABS K=200 SSC [125] (South Africa) up to 200 (20-30 on target) up to 250
iThemba LABS SAIF [125] (South Africa) up to 70 (20-30 on target) 2x375
KAERI RFT-30 [128] (Korea) 15-30 up to 300
ARRONAX C70 [129, 130] (France) 30-70 2x375

For 4Ti production, the proton energy can be re-
duced to the optimal 20-30 MeV range using energy
degraders or stacked targets [126, 127] with beam
currents of several hundred pA.

In parallel, the more recent South African Iso-
tope Facility (SAIF) features a dedicated 70 MeV
H™-cyclotron designed exclusively for radioisotope
production [125]. It is capable of generating two in-
dependent proton beams simultaneously, each with
a current of up to 375 pA. Currently, two target sta-
tions are operational, with the infrastructure sup-
porting up to four.

Both installations are well-suited for efficient re-
alisation of the *>Sc(p, 2n)**Ti reaction.

The RFT-30 cyclotron at the Korea Atomic En-
ergy Research Institute (KAERI) provides a proton
beam with energy in the 15-30 MeV range and op-
erates at high beam currents up to 300 pA [128].
Its suitability for 4Ti production was demonstrated
in a test experiment using natural scandium tar-
gets [113]. A cooled vacuum chamber and inclined
target geometry were used to reduce beam density
and enhance irradiation efficiency. The formation of
44T was verified via y-spectroscopy, confirming the
technical feasibility of using the RFT-30 to establish
a 4Ti/4Sc generator based on the *°Sc(p, 2n)**Ti
reaction.

The ARRONAX (Accelerator for Research in
Radiochemistry and Oncology at Nantes Atlan-
tique) facility in Nantes, France, is a high-tech
cyclotron specifically designed for the production
of medical radionuclides. It accelerates protons in
the 30-70 MeV energy range at beam currents of
up to 2x375 pA [129, 130]. ARRONAX supports
the use of proton, deuteron, and a-particle beams.
Energy degraders positioned on the vacuum beam
lines allow the proton energy to be reduced to
the 10-30 MeV range [130]. It is actively used for
the production of medical radionuclides, including
44G¢ and 47Sc, and its infrastructure is suitable for
44T synthesis for generator systems.

Table IV provides a comparative overview of
the proton beam energies and currents available at
selected cyclotron facilities suitable for **Ti pro-
duction. It should be noted that many other ex-
isting cyclotrons may also be appropriate, provided
they deliver proton beams within the optimal en-
ergy range and sufficient beam current.

7. Conclusions

The demand for modern PET and positronium
imaging technologies requires the development of
a stable supply chain for suitable radionuclides. In
this context, the #4Ti/44Sc generator represents the
most robust and practical solution for achieving a
decentralised, long-term *4Sc availability, offering
a sustainable platform for routine clinical and re-
search applications.

The 5Sc(p, 2n)41Ti reaction was identified as the
most favourable production route due to its rela-
tively high cross-section [82, 84, 87, 88] (Fig. 1),
the monoisotopic nature of natural scandium [85],
and compatibility with modern cyclotron facili-
ties [120, 125, 128, 129] (Table IV). Theoretical yield
estimates confirm that extended irradiations with
proton beams in the 16.5-30 MeV energy range can
produce measurable activities of 4Ti even at mod-
erate beam currents (Fig. 6). Subsequent chemical
processing using advanced extraction resins could
ensure high-purity 44Ti [55, 110-112], which is es-
sential for a generator with minimal parent break-
through [76, 110].

Several existing facilities, including PETtrace
at HIL-UW [120], the K=200 at iThemba
LABS [125], RFT-30 at KAERI [113, 128], and
ARRONAX [129, 130], have been identified as
technically suitable for efficient **Ti production.
Successful implementation requires careful opti-
misation of target cooling and areal density to
support high beam currents over extended ir-
radiation periods and ensure high production
yields.

The #4Ti/4*Sc generator concept is especially
attractive when combined with innovative imag-
ing systems such as the plastic scintillator-based
J-PET scanner [2, 66-69, 73], which uses prompt
~v-emission and three-photon coincidence detection
to improve spatial resolution [27]. Such integration
offers the potential to significantly lower the cost of
PET imaging, increase reliability, and enable decen-
tralised diagnostic services, particularly in regions
with limited medical infrastructure [1]. This ap-
proach contributes to long-term sustainability and
broader clinical adoption of **Sc-based diagnostic
protocols.
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Appendix: Evaluation of nuclear reaction
cross-sections for **Ti production

Optimising #4Ti production requires precise
knowledge of the reaction cross-sections and control
over competing nuclear processes. This appendix
compares experimental data from the EXFOR
database [131] with theoretical evaluations from
the TENDL-2023 library [90, 91] and includes ad-
ditional simulations performed using TALYS [132]
and EMPIRE [133] nuclear models.

The *°Sc(p,2n)**Ti reaction remains the most
widely studied **Ti production route due to its
favourable cross-section and accessibility of accel-
erators. Figure 7 summarises the available exper-
imental cross-section data for this reaction from
EXFOR [82, 84, 87, 88], together with evaluated
data from TENDL-2023 [90] and TALYS model cal-
culations [132]. The experimental data indicate a
broad maximum of approximately 40 mb around
25 MeV. However, TENDL-2023 evaluation [89] sys-
tematically underestimates experimental values in
the 20-30 MeV energy range, which is most rele-
vant for thick-target irradiations.

To improve the agreement between theory and ex-
periment, a series of TALYS simulations [132] was
performed by varying key nuclear model parame-
ters. Specifically, we explored four alternative level
density models: the Constant Temperature plus
Fermi Gas model (CTM, 1dmodel = 1, TENDL de-
fault), the Back-Shifted Fermi Gas model (BFM,
ldmodel = 2), the Generalised Superfluid model
(GSM, 1ldmodel = 3), and the Skyrme-Hartree—
Fock-Bogolyubov model based on tabulated data
(HFBM, ldmodel = 4). These models govern the
statistical population of excited states and are
known to affect pre-equilibrium emission probabili-
ties. In addition, three y-ray strength functions were
examined: the Kopecky—Uhl Generalised Lorentzian
(strength = 1, TENDL default), the Brink—Axel
Lorentzian (strength = 2), and the Simplified
Modified Lorentzian (SMLO, strength = 9). These
strength functions influence the competition be-
tween particle emission and ~ de-excitation during
the decay of the compound nucleus.
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Fig. 7. Cross-section for *'Ti production from
proton irradiation of %°Sc as a function of in-
cident proton energy. Experimental data from
EXFOR [82, 84, 87, 88] are shown as purple tri-
angles. The black curve represents evaluated data
from TENDL-2023 [90], while coloured lines show
TALYS simulations [132] using different combina-
tions of level density models (1dmodel = 1-4) and
~-ray strength functions (strength = 1,2,9).
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Fig. 8. Cross-section for **Ti production from
deuteron irradiation of **Sc as a function of in-
cident deuteron energy. Experimental values from
EXFOR [93, 94] are shown as purple triangles. The
black curve indicates TENDL-2023 evaluations [90],
and coloured lines correspond to TALYS calcula-
tions [132] using various combinations of level den-
sity models (ldmodel = 1-4) and ~y-ray strength
functions (strength = 1,2,9).

While certain parameter combinations affected
the overall shape and magnitude of the calcu-
lated excitation functions, none of them succeeded
in reproducing the experimentally observed cross-
section peak (Fig. 7). This suggests possible limi-
tations in the reaction modelling or input param-
eters (e.g., optical model potentials) that are not
addressed by simple variation of statistical decay
models.

A second potential route involves the
458¢(d,3n)**Ti reaction. Experimental cross-section
data [93, 94], the TENDL-2023 evaluation [90], and

S163



o
2

(a) ldmodel=1 — —
ldmodel=2 — —
Idmodel=3
Idmodel=4
strength=2 — —
strength=1
strength=9

TENDL2023

Cross Section [mb]
3

10° b

20 40 60 80 100 120 140 160 180 200
o-Particle Energy [MeV]

(b) ldmodel=1 — —
ldmodel=2 — —
ldmodel=3
ldmodel=4
strength=2 — —
strength=1
strength=9
.. TENDL2023 ——

Cross Section [mb]

40 60 80 100 120 140 160 180 200
a-Particle Energy [MeV]

Fig. 9. Modelled cross-sections for **Ti pro-
duction via a-particle-induced reactions on en-
riched calcium isotopes: (a) **Ca(a,3n)**Ti and
(b) **Ca(a,4n)**Ti. The black curves show eval-
uated data from TENDL-2023 [90], while the
coloured lines represent TALYS calculations [132]
using different combinations of level density mod-
els (1dmodel = 1-4) and ~-ray strength functions
(strength =1,2,9).

TALYS calculations [132] are shown in Fig. 8. In
contrast to the (p,2n) reaction, the TENDL-2023
evaluation tends to overestimate the cross-section
by up to 30% in the 25-40 MeV energy range,
where the maximum reaches approximately 20 mb.
Attempts to improve the agreement between
evaluated and experimental data by varying the
nuclear model parameters in TALYS [132] were
also unsuccessful. Furthermore, this reaction
pathway involves over 250 open channels at higher
deuteron energies, significantly complicating both
the radionuclidic purity and subsequent chemical
processing.

For a-particle-induced reactions on enriched
43,44Ca isotopes, no experimental cross-section data
are currently available. According to model pre-
dictions [90, 132], the **Ca(a, 3n)*Ti reaction ex-
hibits a maximum cross-section of approximately
30 mb in the 45-48 MeV range (Fig. 9a), while
the #4Ca(a,4n)*Ti reaction reaches 3-12 mb
at 60-65 MeV (Fig. 9b). At such energies, however,
numerous competing nuclear channels are expected
to open, potentially reducing the radionuclidic pu-
rity of the resulting 44Ti.
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GC(LEVDEN=2)
HFB(LEVDEN=3) — —
N GC(LEVDEN=4)
WON PCROSS=0 - -+ -

Cross Section [mb]
=
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"Li Energy [MeV]
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e N SLO(GSTRFN=6) — —
: ks SMLO(GSTRFN=8) — —
PCROSS=0 ------ ]

Cross Section [mb]
S
7/

20 40 60 80 100 120 140 160 180 200
"Li Energy [MeV]

Fig. 10. Modelled cumulative cross-sections for
471 production via the *°Ca("Li, z) reaction cal-
culated using the EMPIRE code [133]. (a) Influence
of the nuclear level density model (LEVDEN = 0-4);
(b) influence of the ~v-ray strength function model
(GSTRFN = 0,1, 4-6, 8). The black dotted line in
both panels corresponds to a calculation without
pre-equilibrium emission (PCROSS = 0).

To evaluate the potential of **Ti production
via 7Li irradiation of 4°Ca, reaction cross-sections
were calculated using the EMPIRE nuclear model
code [133]. Given the complex reaction mechanism
involving both cluster transfer and compound nu-
cleus processes, the calculation considered the cu-
mulative cross-section without resolving individual
reaction channels.

The influence of nuclear model parameters on
the resulting excitation function was investigated
by varying nuclear model parameters implemented
in EMPIRE. We tested five level density prescrip-
tions: the Enhanced Generalised Superfluid Model
(EGSM, LEVDEN = 0), the Generalised Super-
fluid Model (GSM, LEVDEN = 1), the Gilbert-
Cameron model (GC, LEVDEN =2 and 4), and
the microscopic Hartree-Fock-Bogoliubov model
(HFB, LEVDEN = 3). In parallel, we evaluated
six ~-ray strength function models: the Uhl-
Kopecki Enhanced Generalised Lorentzian (EGLO,
GSTRFN = 0 and 4), Modified Lorentzian (MLO,
GSTRFN = 1), Generalised Fermi Liquid model
(GFL, GSTRFN =5), Standard Lorentzian (SLO,
GSTRFN = 6), and the Simplified Modified
Lorentzian (SMLO, GSTRFN = 8).
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The excitation function (Fig. 10) shows a broad
maximum of around 45-50 mb at 30-35 MeV. The
choice of level density model has a noticeable impact
on both the peak height and high-energy tail, while
variations in y-ray strength functions yield only mi-
nor differences.
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