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Highlights 
 

• The prospective medical scandium radioisotopes, 43Sc, 44gSc, 44mSc and 47Sc 
were produced using proton and deuteron beams.   

 
• Isotopically enriched and natural targets of CaCO3 and TiO2 were used.  

 
• The Thick Target Yields (TTY) and generated radioactive impurities were 

determined for a proton energy range of 28-2 MeV. 
 

• Using a proton beam and the most enriched target isotopes the highest 
determined TTY were about 400, 800 and 60 MBq/µAh for 43Sc, 44gSc and 
47Sc,respectively.



 3 

ABSTRACT 
 

Proton and deuteron beams extracted from the PETtrace medical cyclotron 
at the Radiopharmaceuticals Production and Research Centre in the University of 
Warsaw, Heavy Ion Laboratory, 28 MeV protons from the C30 cyclotron at the 
National Centre for Nuclear Research, Świerk, near Warsaw and 33 MeV protons 
from the Arronax accelerator, Nantes were used to produce and investigate the 
medically interesting Sc radioisotopes. Both natural and isotopically enriched 
CaCO3 targets and highly enriched 48TiO2 targets were used. The production 
efficiency and isotopic purity were determined and are reported here for the 
highest commercially available enrichments of the target material. The Thick 
Target Yield, Activities at the End of Bombardment (EOB) and the relative 
activities of produced impurities at EOB are reported for 43Sc, 44gSc, 44mSc and 
47Sc produced with particle energies below 30 MeV. 
 
1. INTRODUCTION 
 

In a recent publication (Szkliniarz et al., 2016) we presented information on 
the production efficiency and the isotopic purity of positron emitting Sc 
radioisotopes (43Sc, 44gSc and 44mSc) formed using an alpha particle beam of 
energy up to 30 MeV. We also presented there in detail the motivation and history 
of the investigation of the positron emitters 43Sc and 44Sc. In the present paper we 
extend this study to two other possible production routes using a proton and 
deuteron beams. We also extend these studies to the prospective therapeutic 47Sc 
radioisotope which may be formed using a proton beam. The production 
efficiency, isotopic purity and possible medical applications of Sc radioisotopes 
were previously studied in a number of works using proton (Krajewski et al., 
2012, 2013; Severin et al., 2012; Müller et al., 2013; 2014; Hoehr et al., 2014; 
Hernandez et al., 2014; van der Meulen et al., 2015; Valdovinos et al., 2015; 
Singh et al. 2015, Domnanich et al. 2016a, 2016b, 2017a, 2017b) deuteron (Kuhn 
et al., 2013; Huclier-Markai et al., 2014; Alliot et al., 2015a, 2015b; Duchemin et 
al., 2015) and alpha particle beams (Kupsch and Könnecke, 1988; Kuhn et al. 
2013; Coenen et al., 2014; Nagatsu et al., 2015; Walczak et al., 2015; Szkliniarz 
et al., 2015, 2016). 

The 43Sc and 44Sc radioisotopes, thanks to their relatively long half-lives 
(3.89 h and 3.97 h, respectively), may constitute an attractive alternative in 
Positron Emission Tomography to the currently employed 18F with a half-life of 
only 110 min. In particular, in spite of poorer positron tomography resolution 
(Bunka et al., 2016) with these radioisotopes, their production using a single 
facility and subsequent distribution to hospitals not possessing a cyclotron and/or 
radiopharmaceutical synthesis equipment may be attractive. Also, F and Sc have 
completely different chemical reaction mechanisms which plays a key role in the 
preparation of different radiopharmaceuticals. 
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The 44gSc radioisotope has other properties making it more versatile than 
the classic 18F. Firstly, it decays in large proportion via an excited state at 1157 
keV. The gamma line following the 99% positron emission feeding this state was 
suggested as an ideal coincidence partner to the two 511 keV annihilation quanta 
in the so-called three-photon PET technique (Mausner et al., 1998; Grignon et al., 
2007; Thirlof et al., 2015) which is expected to improve substantially the energy 
resolution originating from the finite range of the annihilating positrons. A 
decrease in the patient dose is also expected employing this technique (Lang et 
al., 2013). 

44Sc is also particularly interesting due to an isomeric state, 271 keV above 
its ground state, decaying via an E4 transition to the ground state with a half-life 
of 2.4 d. The exploitation of this decay cascade was recently proposed (Huclier-
Markai et al., 2014; Alliot et al., 2015a, 2015b; Duchemin et al., 2015) to form an 
in vivo 44mSc/44gSc generator providing an internal positron source for many hours 
of the 44mSc half-life. The 44Ca(d,2n)44m,gSc reaction was used in this series of 
experiments. The deuteron reaction on 43CaCO3 was also recently reported 
(Bilewicz et al., 2016) as leading to the 43Sc diagnostic radioisotope. 

Besides the Sc positron emitters, prospective imaging radioisotopes-, the β- 
decaying 47Sc radioisotope (T1/2 = 3.35 d) is a candidate for employment as a low 
energy electron emitting therapeutic agent, constituting with one of the lighter Sc 
positron emitters an ideal theranostic pair. Its suggested fast or slow neutron 
production routes were investigated in a number of references (Kolsky et al., 
1998; Mausner et al., 1998; Majkowska-Pilip and Bilewicz, 2011; Bartoś et al., 
2012; Połosak et al., 2013; Müller et al., 2014; Domnanich et al., 2017) together 
with (γ,p) reactions (Habs and Koester, 2011; Mamtimin et al., 2015; Rotsch et al. 
2018). Research into a production method and radiopharmaceutical preparations 
based on this radioisotope was recently proposed within the IAEA Coordinated 
Research Project (CRP) (IAEA, 2015). Its accelerator production was discussed 
in this research project and also recently announced (Bilewicz et al., 2016; 
Bilewicz, 2016). Quite recently it was also studied by some of us (Misiak et al., 
2017) using the 60 MeV proton cyclotron in Kraków with a natural CaCO3 target. 
In the present, independent investigation the 28 MeV proton beam from the 
cyclotron at NCNR, Świerk was used to irradiate natural as well as isotopically 
enriched 48CaCO3 targets and a 48TiO2 target. Finally, for verification purposes 
natural CaCO3 and natural TiO2 targets were irradiated with the lowest (33 MeV) 
available energy energy from the Arronax cyclotron. 

After the publication of the alpha particle routes for the formation of the 
two lightest Sc radioisotopes, in the present paper we investigate their production 
efficiency using proton and deuteron beams. However, we demonstrate that in 
order to achieve the best efficiency or isotopic purity the necessary energy of 
these projectiles in some cases should be above the energies available from most 
popular medical accelerators. In the case of the therapeutic 47Sc we also compare 



 5 

the production efficiency and radioisotopic purity of this isotope formed via the 
proton and alpha particle routes. 

The experimental data gathered using proton and deuteron beams are 
compared with the evaporation code EMPIRE and the TENDL library, based on 
TALYS evaporation model calculations. 

Our experimental determinations of the Thick Target Yield (Krasnov, 
1974) of 43Sc and 44gSc are also compared with the values calculated using the 
experimental cross-section data from two very recently published papers dealing 
with the determination of the cross-section for the production of positron emitting 
Sc radioisotopes by proton induced reactions on Ca targets (Carzaniga et al., 
2017; Alabyad et al., 2018). 

Finally, a review paper dealing, among others, with the status of the 
production routes and theranostic applications of medical Sc radioisotopes 
appeared very recently (Müller et al., 2018). Some questions, raised in this review 
are answered in the present publication. 

 
 
 

2. MATERIALS AND METHODS 
 
2.1. The accelerators employed 

 

The target irradiations with protons were performed using three cyclotrons: 
a GE PETtrace p/d machine with a nominal energy of 16.5 MeV (p) and 8.4 MeV 
(d), a homemade C30 proton cyclotron (Sura et al., 1981; Marti ed. 2001) and for 
some control measurements the ARRONAX machine (Poirier et al., 2011). The 
first cyclotron is operated at the Radiopharmaceuticals Production and Research 
Centre put into operation by the Heavy Ion Laboratory, University of Warsaw a 
few years ago (Choiński et al., 2014). This cyclotron was recently equipped with 
an external beam line for solid sample irradiations, also allowing a good cooling 
conditions for these samples (Choiński et al., 2015). During the experiments 
described here the maximum proton energy impinging on the irradiated samples 
was determined by calculating the beam current as a function of the beam energy 
for a few monitor reactions, the cross-sections of which were taken from the most 
recent IAEA compilation (IAEA, 2017). The proton energy was assumed to 
correspond to the minimum value of the standard deviation between the 
calculated beam currents. The upper part of Fig. 1 presents an example of such a 
beam energy determination. The cyclotron energy can also be determined from 
the saturation activity ratio of the monitor reactions, as proposed by the Jülich 
group (Piel et al., 1992; Spellerberg et al., 2015). This is presented in the lower 
part of Fig. 1, taking into account all the sensitive saturation activity ratios of 
radioisotopes produced in the monitor foils employed. The adopted beam energy 
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irradiating the investigated CaCO3 samples in the PETtrace external beam line 
was assessed as 15.2±0.1MeV (15.3 MeV- ½ the energy degradation in the 
monitor foils). The maximum deuteron energy was correspondingly assumed to 
be 6.8 MeV. The maximum C30 proton energy was determined using the TOF 
method as equal to 28.0±0.5 MeV and the ARRONAX machine proton energy 
was 33.0±0.5 MeV as given by the producer and confirmed by the saturation 
activity ratio determination. 

 
 

2.2. Calcium and Titanium targets for proton and/or deuteron irradiation 
 
The majority of the studies on the production of Sc radioisotopes have been 

performed using calcium carbonate as target material. The ARRONAX group 
(Alliot et al., 2015b) used a thick target of 96.9% enriched 44CaCO3 for 
production of 44mSc/44gSc in vivo positron generator with a deuteron beam. Similar 
studies of the production (with protons) and investigation of the 44gSc radioisotope 
employed a thin enriched 44CaCO3 target (Krajewski et al., 2012, 2013; Müller et 
al., 2014; van der Meulen et al., 2015). Quite recently the PSI group (Domnanich 
et al., 2016) employed a thick target composed of the enriched Ca or Ti material 
backed by graphite to produce 43Sc. Pure metallic targets (natural thick target - 
Wisconsin-Madison group (Severin et al., 2012; Hernandez et al., 2014; 
Valdovinos et al., 2015) or water target (water solution of natural calcium nitrate - 
Vancouver group (Hoehr et al., 2014) have also been used for the production of 
44gSc. 

In the present studies of the reaction characteristics - as a function of 
projectile energy we used pellet targets designed as a homogenous mixture of the 
enriched target material, CaCO3 or TiO2, with graphite (Stolarz et al., 2018). The 
content of the enriched material in the mixture varied from 10 to 25% for CaCO3 
and for TiO2 it was 20%.  

This method allows the production of thin as well as thick targets with low 
content of enriched material, while preserving the thickness of the target, ensuring 
the required decrease in the projectile energy. In a number of irradiations, 
determining the reaction yield natural CaCO3 targets, prepared in a similar way 
were also used.  

Thin foils beam monitors made of nat. Cu, Ni or Ti were added to each 
target. The thicknesses of the target and aluminium foil acting as energy degrader 
corresponded to the desired reaction cross-section range in the target material. 
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2.3. Data acquisition and evaluations 
 

The data acquisition systems and evaluations methods were identical to 
those previously described for alpha particle induced reactions (Szkliniarz et al., 
2016). For the sake of completeness, they are briefly summarized below.The 
gamma ray spectra of the irradiated samples were collected using two HPGe 
counters (EG&G ORTEC, model: GEM, HPGe 70.1 mm x 69.8 mm, 60% 
efficiency and CANBERRA, model: BE2825, thickness: 25.5 mm, active area: 
2800 mm2, with 0.6 mm thick Carbon Epoxy window). Shortly after irradiation 
the samples were placed at approximately 1 m distance from the detector. Later 
they were placed inside 10 cm thick Pb shielding (selected for its low 
background). A supplementary Sn-Cu inner shielding (2.5 mm thickness of Sn 
and 0.5 mm thickness of Cu) eliminated a large part (around 97%) of the Pb 
fluorescence X-ray peaks caused by the sample radiation. Data were collected 
using the TUKAN8k/National Centre for Nuclear Research system. The gamma-
ray spectra were analyzed using the TUKAN8k/National Centre for Nuclear 
Research software. The samples irradiated using the C30 cyclotron in Świerk 
were first measured using a HPGe EG&G ORTEC vertical detector, model: 
GMX-25190-p, 56.8 mm  x 70.0 mm with a 0.5 mm thick Be window and 
analyzed using Gamma Acquisition & Analysis V1.4, Copyright 1999 By 
Canberra Industries. They were transported to the HIL counting system later in 
the day of irradiation and their subsequent decay was also followed. The samples 
irradiated using the ARRONAX cyclotron were measured using a HPGe 
CANBERRA detector with efficiency 20% at 1.33 MeV and analyzed using 
FitzPeaks software. 

 Typical detector dead time during the measurements was below 10%. The 
energy calibrations and absolute efficiencies of the HPGe detectors were 
determined using calibrated 133Ba, 137Cs, 152Eu and 241Am sources (with an 
uncertainty in their activity below 3%). 

After the series of gamma-ray spectra measurements for each sample the 
half-lives of the observed lines were determined and compared with data from the 
literature. Using their observed activities A(T) at measuring time T the 
radioisotope activity produced at the End of Bombardment (AEOB) was calculated. 
Similarly, following the prescription of Ref. (Krasnov, 1974) the experimental 
Thick Target Yields (in MBq/µAh) were calculated from the formula: 

 
TTYexp = λ A exp(λT)/{I (1-exp(-λt))}, 

 
where λ is the decay constant of the product and t is the irradiation time. These 
values were compared with the theoretical Thick Target Yields, TTYσ, from the 
formula (1) of Ref. (Szkliniarz et al., 2016) using the calculated cross-section 
values. The cross-sections of the studied reactions were obtained using the 
EMPIRE (Herman et al., 2007) evaporation code and the TENDL cross-section 
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library (Koning and Rochman, 2012). The default option was used for the model 
parameters. In Fig. 2 the calculated cross-sections of the proton and deuteron 
induced reactions on 42,43,44Ca isotopes as obtained with the EMPIRE code are 
shown. (The TENDL library gives very similar results with the exception of the 
deuteron induced reactions on a 42Ca target, see below). Fig. 3 shows the cross-
sections of the Sc isotopes produced on the 48Ca target calculated with the same 
code: the (p,2n) reaction leading to 47Sc and (p,n) and (p,3n) to the produced 
impurities. Finally, in Fig. 4 the cross-sections of the proton induced reactions on 
a 48Ti target are shown. The theoretical TTYth are calculated using the cross-
sections for incident energies from the particle bombarding energy impinging on 
the target down to the point when the cross-section becomes zero. Target Yield, 
TY are used, instead of the Thick Target Yield for cases when the target thickness 
is smaller than the projectile range with non-zero reaction cross-section. The 
experimental AEOB, Thick Target Yields (TTY) or Target Yields (TY), as 
determined for the investigated radioisotopes are presented in Tables 3, 4 and 6. 
 
 
 
 
3. RESULTS AND DISCUSSION 

 
3.1. Production of 43Sc radioisotope  
 

The production of 43Sc using protons at energies available from medical 
accelerators was most recently investigated by the Bern-PSI group (Domnanich et 
al., 2016a, 2017). The 43Ca(p,n)43Sc and 46Ti(p,α)43Sc reactions were used. 

In the present work two ways of producing 43Sc were investigated: 
following our previous communication (Bilewicz et al., 2016) the (d,n) reaction 
on a 42CaCO3 target and the (p,n) reaction on a 43CaCO3 target. The Thick Target 
Yields for various proton bombarding energies are presented in Table 3 and for 
deuterons in Table 4. The EOB activities and produced impurities for 15.2-2.2 
MeV proton energy and 6.8-0 MeV deuteron energy are given in Table 5. The 
Thick Target Yield data of both reactions are compared to the theoretical values 
in Fig. 5. 

From Figs. 2 and 5 it is evident that deuterons with energies of around 7 
MeV produce only half of the possible 43Sc activity in this reaction. A deuteron 
energy of 15 MeV, only available from cyclotrons with 30 MeV proton beams 
would double the 43Sc production yield. The (p,n) reaction on presently available 
43CaCO3 targets (enriched to 90% with 4.4% 44Ca content) gives a much higher 
TTY value but with about 11% 44Sc impurity. 

We have previously shown (Szkliniarz et al., 2016) that if an alpha particle 
beam of energy around and above 20 MeV is available, the formation of very pure 
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43Sc radioisotope using an extremely cheap natural CaCO3 target may well be the 
most preferred production method, even avoiding the target recovery process. 
 
 
3.2. Production of 44gSc and 44mSc radioisotopes 
 

The production and medical applications of the two 44Sc isomers were 
previously investigated in a number of works indicated above. In our irradiations 
both natural as well as 94.8% isotopically enriched 44CaCO3 were used. 

Besides 40Ca the most abundant calcium isotope in the natural material is 
44Ca (2.086%). Therefore as the irradiation of 40Ca by protons produces only short 
lived products, the natural target can be used for the preliminary, research 
production of 44Sc. A number of such targets in CaCO3 form were irradiated with 
the PETtrace proton beam for research on preclinical application of Sc 
radioisotopes by teams collaborating in the realization of a Polish Funding 
Agency NCBiR grant (Bilewicz et al., 2018; Mikołajczak et al., 2018; Kilian et 
al., 2018). For the 15.2 MeV proton energy, the TTY value obtained for 44Sc was 
17.2(6) MBq/µAh, with 3% of the largest impurity of 43Sc. This value would be 
increased to about 47 MBq/µAh if metallic targets were used. 

The Thick Target Yields of 44gSc and 44mSc determined for various proton 
energies are shown in Table 3. The EOB activities and relative activities of 
contaminating radioisotopes produced in these samples for 15.2-2.2 MeV proton 
energy are given in Table 5. In Fig. 6 the determined TTY values of 44g,mSc are 
compared with the calculated ones and in Fig. 7 the evolution with time of the 
relative intensities of Sc isotopes. In Fig. 6 the data of Refs. (Severin et al., 2012; 
Valdovinos et al., 2015) are also shown. In these references, natural Ca metallic 
targets were irradiated. Therefore, the absolute values of TTY from these 
references were converted to CaCO3 target equivalents, multiplying them by 0.36 
to reflect the difference in target atomic mass and stopping power. After such a 
conversion, the metallic target data are about 40% lower than those obtained in 
our experiment and also as calculated using the evaporation model cross-section 
values. This discrepancy is due to the proton beam being wider than the hole in 
the aluminium ring on which the calcium was pressed in the Wisconsin 
experiments with the metallic targets (Valdovinos, 2017). 

In Refs. (Huclier-Markai et al., 2014; Alliot et al., 2015a, 2015b; Duchemin 
et al., 2015) the feasibility of the formation of an in vivo 44mSc/44gSc generator 
based on a high spin 44mSc isomer with a 2.4 days half-life, decaying to the 3.97 h 
44gSc by a 271 keV (E4) transition was investigated. Irradiation of 44Ca by a 16 
MeV deuteron beam was proposed. The use of this reaction was motivated by the 
higher 44mSc/44gSc cross-section ratio in comparison with proton induced reactions 
on the same target. Similarly, in our recent paper (Szkliniarz et al., 2016) we 
discussed the production of this isomeric state using a 29 MeV alpha-particle 
beam and we demonstrated that for this projectile the measured ratio of the Thick 
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Target Yield, TTY 44mSc/44gdSc is about 20 times larger than for 16 MeV proton 
induced reactions and almost 5 times larger than for 15 MeV deuteron induced 
reactions. Therefore, the production of 44mSc using this irradiation route may be of 
interest. However, the much lower 44mSc production cross-section for protons is 
compensated for by the substantially larger projectile range in a thicker target 
(smaller stopping power for this projectile). As a result, as demonstrated in our 
above mentioned reference, the Thick Target Yield and the EOB activity of 44mSc 
is similar for protons as for deuterons and alpha particles, only with a much 
longer cooling time necessary for lighter projectiles. This is shown in Fig. 8 
comparing the activity evolution of 44m,gSc produced using beams of protons, 
deuterons and alpha-particles of the same intensity impinging on 100% enriched, 
thick CaCO3 targets. However, in considering the in vivo 44mSc/44gSc generator 
production two other aspects should be taken into account. Namely, the enriched 
42Ca target for the alpha-particle irradiations is about 4 times more expensive than 
the 44Ca for deuteron and proton induced reactions. On the other hand, to generate 
the same 44mSc thick target activity a much thicker target is necessary for 
deuterons and protons which compensates for the price difference but leads to a 
lower specific activity of samples prepared by deuteron bombardment and much 
lower by the proton route. All these aspects should be considered for large scale 
in vivo scandium generator production. 
 
 
3.3. Production of 47Sc radioisotope 
 

In the above mentioned first report of the Coordinated Research Project a 
number of possible nuclear reactions to produce 47Sc with a 3.35 d half-life are 
listed. We have previously investigated (Szkliniarz, 2016) 47Sc production via the 
(α,n) reaction on a natCaCO3 target. Independently, shortly before our 
investigation 47Sc production by an alpha particle beam was studied in a paper by 
a Japanese group (Minegishi et al., 2016) We have calculated using the natural 
target data measured at 20 MeV alpha particle bombarding energy a TTY value of 
47Sc equal to 1.0(1) MBq/µAh for a highly enriched 44CaCO3 target with a strong 
contamination of relatively short lived 43Sc (about 28%) and the dangerous long 
lived 46Sc (1.3% at EOB after 12 h irradiation). Using the EMPIRE evaporation 
code, we estimated that rather pure 47Sc can be formed at a bombarding energy of 
16 MeV. At this energy, however, the calculated 47Sc TTY value for 95% 
enrichment of 44CaCO3 is only about 0.5 MBq/µAh, much below the possibilities 
for practical use of this production route with presently available alpha-particle 
beam intensities at the currently operating accelerators. 

The proton route 48Ca(p,2n)47Sc was recently investigated by some of us 
using the Kraków cyclotron, delivering a 60 MeV proton beam (Misiak et al., 
2017) irradiating a natural CaCO3 target. In the present, independent investigation 
the C30 cyclotron at Świerk and the Arronax machine were used, irradiating a 
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62.9% enriched 48CaCO3 target and natural CaCO3 targets as well as a titanium 
dioxide target.  

From Fig. 3 it is clear that only a small energy region may be available for 
this reaction without important production of impurities: the (p,n) reaction leads 
to the slightly shorter lived 44 h 48Sc whereas the (p,3n) reaction produces the 
much longer lived 84 d 46Sc. Both these impurities emit a number of high energy 
gamma lines and should be minimized or eliminated from the produced 47Sc.  

In Fig. 9 the determined Thick Target Yield of 47Sc by the (p,2n) reaction 
on a 97.1% 48CaCO3 target for different energies is shown and compared with 
TENDL library and EMPIRE evaporation code predictions. The presented data 
are deduced from experiments with proton energies of 15.2 – 2.2 MeV, 22.8 – 
17.1 MeV and 28.5 – 16.4 MeV. The analysis of the measured spectra indicates 
that only the 22.8-17.1 MeV proton energy range may be considered as 
appropriate. In Fig. 12 the evolution with time of Sc and Ca isotopes produced in 
a 97.1% 48Ca sample after a 8 h proton bombardment is presented. Although for 
this energy range the EOB activity of the long lived 46Sc impurity is not observed  
the 48Sc activity represents about 26% of the 47Sc activity (Table 5). Assuming 
that 380 h cooling time is applied to the 48Ca sample irradiated with a 1 µA proton 
beam the observed gamma ray spectrum does not indicate other strong 
contaminant activities. At this time after EOB the 47Sc activity is 26 MBq. 
Therefore, with a 100 µA beam intensity the 48Ca target should be irradiated for 
10 h in order to obtain 3 GBq of 47Sc at 380 h after EOB with 1% of 48Sc 
contamination. Assuming that there is no biological excretion i.e. that this 1% 
48Sc activity remains in the patient till complete decay, the received 
supplementary dose coming from 48Sc activity would be about 54 mSv (IAEA, 
2011). Similarly, a cooling time of 120 h leads to 21 GBq of 47Sc with 10% of 
48Sc. A fraction of 2 GBq of 47Sc extracted from it comes with a 48Sc impurity that 
leads to 340 mSv supplementary dose. 

It is worth mentioning here that in Ref. (Misiak et al., 2017) for an energy 
range very similar to ours of 24.1 – 16.9 MeV the contribution of 48Sc was found 
to be more than a factor 1.4 lower than determined in the present work. The 
reason for this discrepancy, illustrated in Fig. 10, is unknown. The similar 
comparison for 47Ca production is showed on Fig. 11. 

A relatively cheap 48Ti target was used for the investigation of a second 
route suggested in the IAEA Report (IAEA, 2016) namely the 48Ti(p,2p)47Sc 
reaction. The calculated cross-sections for this reaction are presented in Fig. 4, 
together with the cross-sections of the generated impurities. The irradiation 
experiment was performed using the C30 cyclotron at Świerk, with 15 nA of 27.7 
MeV protons impinging on a thick 48TiO2 target during about 5 h and verified by 
the irradiation of a natural TiO2 target with 28.0-18.3 MeV protons during 20 min 
at the ARRONAX facility. 

Table 6 shows the Thick Target Yield of 47Sc, the 47Sc activity after 8 h of 
irradiation with a current of 1 µA of a 48Ti target. At EOB, the strongest impurity 
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activity belongs to 44gSc, produced in seven reaction paths (Soppera, et al., 2012). 
It can be calculated that 40 h after EOB the 44g,mSc activities each represent about 
70% of the 47Sc activity and could perhaps be used (after a slightly longer cooling 
time) within the same sample irradiation as diagnostic partners of 47Sc. However 
at this time the produced activity with a 100 µA proton beam would be only 2 
GBq, with 0.03% contamination of the dangerous 46Sc radioisotope. 

 
 
 

4. SUMMARY AND CONCLUSIONS 
 
The 43Sc and 44Sc medical radioisotopes previously investigated using alpha 

particle beams were produced in the present work with proton beams and 43Sc 
also by deuteron beams. A third Sc isotope produced by protons was added to this 
investigation, namely the therapeutic 47Sc, a theranostic partner of the 43Sc or 44Sc 
positron emitters. The Thick Target Yield and the isotopic purity of the produced 
positron emitters were determined and compared with evaporation model 
predictions.  

It was deduced that the most appealing route for the production of the 43Sc 
radioisotope would be irradiation of natural CaCO3 or metallic Ca targets  with an 
alpha-particle beam of energy around and above 20 MeV. Reasonable sample 
intensities and acceptable isotopic purity would be obtained in 15 MeV deuteron 
induced reactions on isotopically enriched 42CaCO3. The proton irradiation of 
43CaCO3, although with substantially higher efficiency than the deuteron route, 
leads to samples with about 10% of 44Sc impurity with the presently available 
enrichments. 

Substantial quantities of relatively pure (impurities equal to or below 3%) 
44gSc can be produced using a 15 MeV proton beam impinging on natural CaCO3 
or metallic Ca targets. At this proton energy using an enriched 44CaCO3 target the 
very high Thick Target Yield of about 800 MBq/μAh was determined for the 
ground state of 44Sc. Although at this bombarding energy the TTY of 44mSc is 
about 200 times lower, it was estimated that about 1 GBq of this isomer without 
directly produced ground state activity can be obtained during 12 hours 
irradiation of a 100% enriched sample with 25 μA proton beam current followed 
by 40 h cooling time. 

There is growing interest in the accelerator production of the therapeutic 
47Sc radioisotope which may be considered as a theranostic partner of the above 
discussed Sc positron emitters. Although fast and slow neutron induced reactions 
were mainly used to date to produce substantial quantities of 47Sc, the cyclotron 
routes were also advocated in the ongoing Common Research Project (CRP) of 
the IAEA (IAEA, 2016). We have previously produced this radioisotope with an 
alpha-particle beam (Szkliniarz, 2016) but the determined TTY was too low to 
have practical applications with the presently available beam intensities. Two 
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other reactions were investigated in the present work: 48Ca(p,2n)47Sc and 
48Ti(p,2p)47Sc. As is evident from the calculated cross section values, these 
reactions can only be used to obtain relatively pure 47Sc over a small energy 
range. Selecting this range for the first reaction from 23 to 17 MeV one obtains 
about 50 MBq/μAh for the Target Yield. However, at EOB these irradiation 
conditions give a contaminating activity of 48Sc of about 26% of the 47Sc. The 
yield is even lower for the second reaction investigated which also produces 
important impurities. 

The experimental data obtained were compared with the evaporation code 
EMPIRE and the TENDL library, based on TALYS evaporation model 
calculations. The agreement between theoretical predictions and experimental 
data is with a few exceptions, rather good. 
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TABLES 

 
Table 1 
Isotopic composition of calcium carbonate targets made of natural and 
isotopically enriched materials. (The isotopes with the quoted enrichment values 
are available from ISOFLEX, USA). 

 40Ca[%] 42Ca[%] 43Ca[%] 44Ca[%] 46Ca[%] 48Ca[%] 
natCa* 96.94 0.647 0.135 2.086 0.004 0.187 
42Ca* 29.9 68 0.4 1.5 <0.01 0.2 
42Ca 3.24 95.9 0.13 0.7 <0.01 0.03 

43Ca* 23.8 1.0 62.2 12.8 <0.01 0.2 
43Ca 5.3 0.18 90 4.44 <0.01 0.08 

44Ca* 5.03 0.1 <0.01 94.8 <0.01 <0.05 
48Ca* 27.9 0.3 0.1 2.2 <0.1 69.2 
48Ca 2.72 0.02 0.01 0.15 <0.01 97.1 

*Used in the experiments. 

 
Table 2  
Isotopic composition of the titanium dioxide target made of isotopically enriched 
material. 

 46Ti [%] 47Ti[%] 48Ti[%] 49Ti[%] 50Ti[%] 
48Ti 0.09 0.1 99.63(10) 0.12 0.06 
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Table 3 
 
Comparison of the measured Thick Target Yield  [MBq/µAh] of the medical Sc 
radioisotopes  for the different CaCO3 targets irradiated with proton beams with 
various energies. 
Isotope: 43Sc 44gdSc 44mSc 47Sc 
Target and 
enrichment: 

43CaCO3 
(90%) 

natCaCO3 
44CaCO3 
(94.8%) 

44CaCO3 
(94.8%) 

48CaCO3 
(97.1%) 

p energy  
[MeV] Thick target yield [MBq/µAh] 

7.6 61(6) 2.6(4) 120(20) 0.13(5)  
9.7 109(11) 6.1(4) 280(20) 0.40(4) 0.47(5) 
10.7 180(20) 8.2(9) 370(40) 0.84(5) 2.1(2) 
11.3  8.7(9) 400(40) 1.5(1)  
11.9 200(20) 11(1) 500(50) 1.3(2) 6.8(8) 
12.8 210(20) 11(1) 490(50) 2.0(2) 10(1) 
14.3 260(30) 16(1) 730(50) 2.7(3) 21(2) 
15.2 317(14) 17.2(6) 780(30) 3.6(1) 31(2) 
17.5 410(40)     
21.8  23(1) 1030(50) 5.9(3) 94(6) 
22.0  22(2) 980(100) 7.5(8)  
22.4     98(5) 
22.8  21(1) 940(40) 7.0(2) 105(6) 
28.2     136(8) 
28.5  23(1) 1020(50) 8.0(4) 139(16) 
 
 
Table 4. 
Comparison of the measured Thick Target Yield  [MBq/µAh] of the medical 43Sc 
radioisotope irradiated with deuteron beams in two energy ranges. 
 

Isotope: 43Sc 
Target and 
enrichment: 

42CaCO3 
(95.9%) 

d energy 
[MeV] 

TTY 
[MBq/µAh] 

4.7-0 5.6(8) 
6.8-0 45(4) 
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Table 5 
 
Examples of the deduced End of Beam intensities and relative impurities in 
medical Sc samples, produced with the available, most enriched (see Table 2) 
CaCO3 targets using proton and deuteron beams. 

 43Sc 44Sc 47Sc 

irradiation time 4 h 4 h 8 h 

proton beam (1 µA) 

energy [MeV] 15.2 – 2.2 15.2 – 2.2 15.2 – 2.2 22.8 – 17.1 

target 
43CaCO3 
(90%) 

natCaCO3
 

44CaCO3 
(94.8%) 

48CaCO3 
(97.1%) 

EOB [MBq] 910(40) 50(2) 2240(80) 420(40) 

relative 
intensity 
at EOB 

43Sc 100 3.0(2) 0.0049(6) 0.25(4) 
44Sc 12.0(1.5) 100 100 0.106(13) 
44mSc 0.95(12) 0.62(3) 0.62(3) 0.0077(9) 
47Sc 0.0131(17) 0.56(7) 0.0033(4) 100 
48Sc 0.025(3) 1.1(1) 0.0063(8) 26(3) 
47Ca 0.00033(5) 0.014(2) 8.4(12)E-5 13.0(1.6) 
43K    0.0096(13) 

deuteron beam (1 µA) 
energy [MeV] 6.8-0    

target 
42CaCO3 
(95.9%)    

EOB [MBq] 129(11)    

relative 
intensity 
at EOB 

43Sc 100    
44Sc 0.25(16)    
44mSc 0.0054(19)    
47Sc 0.0019(2)    
48Sc 0.06(2)    
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Table 6 
47Sc production results extrapolated for 8 h irradiation time with 1 µA of proton 
beam and a 48TiO2 (99.63%) target for proton energy 28.0-18.3 MeV. 

projectile energy 28.0-18.3 MeV 
47Sc TY 

[MBq/µAh] 
2.6(5) 

measuring time at EOB 
40 h post-

EOB 
activity 47Sc 

[MBq] 
20(4) 14(3) 

relative 
isotopic 
activities 

47Sc 100 100 
43Sc 4.3(1.2) 0.0048(14) 

44gSc 170(40) 71(19) 
44mSc 80(20) 66(18) 
46Sc 0.033(9) 0.046(12) 
48Sc 0.08(2) 0.058(15) 
48V 190(50) 250(60) 
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FIGURES 
 

 

Fig. 1. Upper part: the proton beam current irradiating samples in the external 
PETtrace beam line as a function of the bombarding energy calculated using the 
monitor reaction cross sections as recommended in (IAEA 2017). The standard 
deviation between calculated current values is also presented. Lower part:  
comparison of the saturation activity ratio for monitor reactions sensitive to the 
beam energy values. The assessed proton beam energy is 15.3+-0.1 MeV in the 
middle of the monitor foils. 
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Fig. 2. Calculated cross-sections for the production of 43Sc and 44Sc radioisotopes 
with proton and deuteron projectiles. The EMPIRE (Herman et al., 2007) 
evaporation code was employed. 
 
 

 
Fig. 3. Calculated cross-sections for proton induced reactions with the emission 
of 1, 2 and 3 neutrons on a 48Ca target. The EMPIRE (Herman et al., 2007) 
evaporation code was employed. 
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Fig. 4. Calculated cross-sections for the production of 47Sc, 46Sc and 44Sc 
radioisotopes with proton beams on 48Ti target. The EMPIRE (Herman et al., 
2007) evaporation code was employed. The symbol * indicates other reaction 
channels considered: (p,α+n) + (p,d+t) + (p,n+p+t) + (p,2n+3He) + (p,n+2d) + 
(p,2n+p+d) + (p,3n+2p). 
 

 
Fig. 5. Comparison of the experimentally determined 43Sc Thick Target Yield 
with the theoretical estimates for a deuteron beam impinging on an isotopically 
enriched 42CaCO3 target and protons impinging on enriched 43CaCO3 
(experimental data are recalculated for 95.9% target enrichment for deuterons and 
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90% for protons). TENDL data are taken from (Koning and Rochman, 2012) 
while EMPIRE from (Herman et al., 2007). 
 
 

 
Fig. 6. Measured Thick Target Yields of 44gSc and 44mSc radioisotopes produced 
in the 44Ca(p,n) reaction compared with the theoretical predictions based on 
TENDL cross-section and EMPIRE evaporation code calculations. The data from 
Refs. (Severin et al., 2012) and (Valdovinos et al., 2015) measured with a metallic 
target and converted to the 44CaCO3 equivalents are also shown. Additional TTY 
curves are calculated from cross-section data measured by (Carzianga et al., 2017) 
and (Alabyad et al., 2018). 
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Fig. 7. Evolution with time of the relative intensities of Sc radioisotopes produced 
during a 4 h irradiation of a 44CaCO3 (94.8%) target with a 15.2-2.2 MeV proton 
beam. 
 

 
Fig. 8. Activity of produced samples of 44m,gSc after 12 h irradiation time of a 
thick target with proton, deuteron and alpha particle beams of 25 μA intensity. 
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Fig. 9. Measured Thick Target Yield of 47Sc obtained using the 48Ca(p,2n) 
reaction with theoretical predictions based on EMPIRE (Herman et al., 2007) 
evaporation code calculations and TENDL (Koning and Rochman, 2012) 
predictions. The experimental data are converted to 97.1% 48CaCO3 target 
enrichment. The data of Ref. (Misiak et al., 2017) are obtained from their partial 
yields in the measured energy intervals adding the interpolated, not measured 
values. 
 
 

 
Fig. 10. The same as Fig. 8 but for the 48Ca(p,n)48Sc reaction. 
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Fig. 11. The same as Fig. 8 but for the 48Ca(p,x)47Ca reaction. 
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Fig. 12. Evolution with time of the relative intensities of radioisotopes produced 
on Ca during an 8 h irradiation of a 48CaCO3 target with a 22.8-17.1 MeV proton 
beam. The experimental data are converted to 97.1% 48CaCO3 target enrichment. 
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