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Abstract
The goal of PASTA project (acronym for production with accelerator of 47Sc for theranostic applications) is the determina-
tion of excitation functions associated to several nuclear reactions, aimed at yielding the theranostic radionuclide 47Sc. This 
work reports the main results obtained by irradiating natural vanadium targets with proton beams up to 70 MeV. Particular 
care is also given to the co-production of 46Sc, the only isotopic contaminant with half-life longer than 47Sc. Experimental 
results are compared with theoretical studies by means of known nuclear reaction software tools that are publicly available.

Keywords 47Sc · Theranostic radionuclides · Proton-induced reactions · Cyclotron-induced reactions · 46Sc · Nuclear 
reaction codes

Introduction

The production of 47Sc has been investigated for more 
than 40 years [1] and it is recently achieving new atten-
tion from the international community, as underlined by the 

ongoing Coordinated Research Project (CRP) promoted by 
the International Atomic Energy Agency (IAEA), focused 
on the study of Therapeutic Radio-pharmaceuticals Labeled 
with New Emerging Radionuclides (67Cu, 186Re, 47Sc) [2]. 
This renewed interest on 47Sc is based on the possibility 
to pair it with a β+ emitter isotope (such as 44gSc, 44mSc 
and 43Sc) to obtain a multi-use 4xSc-labelled radiopharma-
ceutical for theranostic purposes, i.e. a chemically-identical 
molecule with the same kinetic properties for diagnosis and 
therapy [3]. PET/CT studies prior therapy allows not only 
for patients’ selection with a good response to specific phar-
macokinetics, but also to tailor the dose to patient’s needs. 
The 47Sc intense β− radiation (mean energy 162.0 keV, 
100%) is useful to deliver cytotoxic doses to small-medium 
sized tumors [4]. Moreover, during the treatment, the tumor 
uptake through SPECT imaging may be also followed, by 
exploiting its γ-emission (159.381 keV, 68.3%). In addition, 
the long half-life of 47Sc (3.3492 d) permits to follow the 
slow biodistribution of large molecules, including the mono-
clonal antibodies used in radioimmuno therapy.

The versatile chemistry of the third group of the periodic 
table elements such as Sc-isotopes, that can be easily sepa-
rated from irradiated target applying efficient separation and 
purification methods [5, 6], opens up new possibilities for 
the development of innovative radiopharmaceuticals based 
on the use of these promising radiometals. For all these 
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reasons, 47Sc is of great potential in theranostic investiga-
tions and its production routes, including the photo-induced 
reactions and the ones provided by nuclear reactors, were 
recently reviewed [1]. However, despite the efforts to obtain 
high-quality 47Sc in enough amounts to broaden the encour-
aging results of the first preclinical studies [3], its production 
is still an open issue [2]. The PASTA project, funded by 
INFN at the National Laboratories of Legnaro (INFN-LNL) 
in 2017/2018, aims at studying several nuclear reactions of 
potential interest for 47Sc, to maximize its production while 
minimizing related contaminants. Considering the new 
70 MeV high-performance, proton-cyclotron installed at the 
INFN-LNL and the dedicated LARAMED facility currently 
under development [7], the PASTA experimental program is 
focused on the nuclear reactions induced by proton beams 
only. In particular, the cross sections for the 47Sc production 
(and related contaminants) were measured by using natV and 
enriched 48Ti targets, in collaboration with the Arronax facil-
ity (Nantes, France) [8].

In this work the natV(p,x)47Sc,46Sc cross sections meas-
ured by using natV targets (50V, 0.250% and 51V, 99.750%), 
a low-cost, easily available material, are reported. Particular 
attention is given to the co-production of 46Sc (83.79 d), 
since it is the only Sc contaminant having a longer half-life 
than 47Sc. In addition to the experimental tasks, the nuclear 
reactions of interest were also compared with the theoreti-
cal estimations obained by using different nuclear codes 
(TALYS, EMPIRE and FLUKA) [9–11]. The results of all 
the cross sections measured within the PASTA project will 
be published in a dedicated article.

Experimental description

Six irradiation runs were carried out at the Arronax facil-
ity to perform stacked-foils experiments using the tunable 
(34–70 MeV) low current (100 nA) proton beam [12]. Thin 
natV foils (purity > 99.8%, thickness = 20 µm) were separated 
by thick aluminum foils, used as beam energy degrader. 
In order to measure the proton beam current through the 
stacked-foils target, a monitor (Ni foil for  EP < 40 MeV and 
Al foil for  EP > 40 MeV) was attached to each target foil. The 
natNi(p,x)57Ni and the 27Al(p,x)24Na cross sections recom-
mended by the IAEA (up-dated in 2017) [13] were consid-
ered as reference reactions in the data analysis, respectively 
for energies lower and higher than 40 MeV. The energy of 
the proton beam in each foil of the stacked-structure was cal-
culated by using the software SRIM [14]. A HPGe detector, 
previously calibrated by using certified radioactive sources, 
was used to measure the activity of the radionuclides of 
interest by γ-spectrometry. The sample-detector distance 
was fixed at 19 cm to control the dead time during measure-
ments. At least five acquisitions were carried out for each 

sample, in order to better follow the decay of the produced 
radionuclides. The first measurement of each natV foil started 
2 h after the End of Bombardment (EOB) and was typically 
15 min long; the following acquisitions, usually 3 h long, 
were performed once per day starting from the day after the 
EOB (up to 5 days). An additional acquisition of each sample 
was also carried out about 2 months after the EOB, to further 
measure the activity of the long-lived 46Sc. Data analysis, 
including uncertainty calculations, was performed for each 
spectrum by using the procedure described by Otuka et al. 
[15], taking into account the nuclear data from the NuDat 
2.2 database [16] (Table 1). The final natV(p,x)47Sc,46Sc 
cross section value related to each target foil was calculated 
as the weighted average of all single values associated to 
each counting. The resulting uncertainty is thus smaller than 
those obtained through each single measurement. The uncer-
tainty of the monitor cross section, reported in Table 3, is 
added at the end of this calculation.

Theoretical calculations

Experimental data obtained in this work were compared 
with the previous ones available in the EXFOR database 
[17], and with calculations obtained with the reaction codes 
TALYS 1.9 [9], EMPIRE 3.2 [10], and FLUKA.dev.2018.0 
[11]. The default set of parameters was used in the case of 
Empire and Fluka calculations. TALYS has a built-in vari-
ety of four models of pre-equilibrium and six models for 
nuclear level densities, for a total of 24 different combina-
tions of models. The most widely adopted combination is 
the standard or default TALYS calculation, but alternative 
combinations of models can be applied. We have system-
atically studied in this mass region how the cross sections 
change in passing from one model to another, arriving at the 
conclusion that we could not plot the cross sections for all 
the 24 combinations of models because they would span a 
region too wide to be useful. Therefore, out of all the possi-
bilities, we have selected a set of 10 TALYS model combina-
tions (preeqmode = 1–2, ldmodel = 1–5) with similar behav-
iour. As a result, we obtained a band (instead of a simple 
curve), represented as a grey region on plots, that indicates 
an expectation area from the models that produce similar 

Table 1  Decay data of the radionuclides of interest [16]

Half-life Energy of 
γ-radiation (keV)

Intensity of γ-radiation

47Sc 3.3492 d 6 159.381 15 68.3% 4
46Sc 83.79 d 4 889.277 3 99.9840% 10
24Na 14.997 h 12 1368.626 5 99.9936% 15
57Ni 35.60 h 6 1377.63 3 81.7% 2.4
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cross section results. Specifically, we have not included the 
version of the exciton model where the numerical transition 
rates are obtained with the optical model for collision prob-
ability (preeqmode = 3), as well as the complete quantum 
mechanical treatment via the Multi-Step Compound and 
Multi-Step Direct mechanisms (preeqmode = 4). In addition, 
for the same reason of retaining only those models without 
strong variability, for the level densities we have excluded 
the results obtained with the temperature-dependent Har-
tree–Fock-Bogolyubov calculations with the Gogny force 
(ldmodel = 6). The resulting band includes as special case 
the default calculation but excludes possible TALYS alter-
natives such as the one suggested by Duchemin et al. [18].

Table 2 reports the important models for pre-equilibrium 
and density levels used by the three codes. For both TALYS 

and EMPIRE, the global nucleon-nucleus optical potential 
of Koning-Delaroche [19] was used. For the α-nucleus opti-
cal model in EMPIRE, the potential used is specified by 
Avrigeanu et al. [20], while for TALYS the corresponding 
α-nucleus potential is determined in a more recent publica-
tion by Avrigeanu et al. [21]. Concerning the density levels, 
the relevant parameters for the EGSM level-density model 
in EMPIRE calculations can be found in the work by Capote 
et al. [22]. Instead, for TALYS, for which we considered a 
variety of models as specified in Table 2, the main level-
density parameters for the models used can be found in the 
document by Koning et al. [23]. Finally, for FLUKA, we 
made reference to the publication by Ferrari and Sala [24], 
both for the definition of the optical models employed as 
well as for the main parameters of the level densities.

Results and discussion

Table 3 includes our new data for the natV(p,x)47Sc,46Sc 
nuclear cross sections, as well as the values of the IAEA 
reference cross sections used. The uncertainty of the proton 
energy takes into account the uncertainty on the extracted 
proton beam (± 500 keV) and the energy straggling, cal-
culated with SRIM, giving a maximum value of ± 800 keV 
(Table 3). Figures 1 and 2 reports our new data set (red dots), 
which are compared with EXFOR data [17]; it can be eas-
ily noted that the uncertainties of our data are smaller than 
those previously published, due to several γ-spectrometry 
acquisitions performed in this work.

The trend of the natV(p,x)47Sc cross section measured in 
this work agrees with previous data in the entire energy range 
(26.5–70.0 MeV), as shown in Fig. 1. The value at 60 MeV 
by Heininger and Wiig [25] is reported on the plot despite its 

Table 2  Pre-equilibrium (PE) and level density (LD) models used by 
the referenced codes [9–11]

MSD multi-step direct, MSC multi-step compound, CT constant tem-
perature, FG fermi gas, BSFG back shifted fermi gas, GSFM gener-
alized superfluid model, HFB Hartree–Fock–Bogliubov, HMS hybrid 
Montecarlo simulation, PEANUT pre-equilibrium approach to nuclear 
thermalization, EGSM enhanced generalized superfluid model

Code PE Model LD Model

TALYS 1. Exciton (analytical)
2. Exciton (numerical)
3. Exciton + optical
4. MSD/MSC

1. CT + FG
2. BSFG
3. GSFM
4. Microscopic (Goriely)
5. Microscopic (Hilaire)
6. T-dep HFB

EMPIRE HMS EGSM
FLUKA PEANUT Modified FG

Table 3  Data of the 
natV(p,x)47Sc,46Sc nuclear cross 
sections and the values of the 
IAEA reference cross sections 
used [13]

Energy natV foil 
(MeV)

47Sc cross sec-
tion (mb)

46Sc cross sec-
tion (mb)

Reference 
radionuclide

Energy monitor 
foil (MeV)

Monitor cross 
section (mb)

26.5 ± 0.8 4.3 ± 0.2 57Ni 26.3 ± 0.9 180.2 ± 7.5
29.2 ± 0.8 7.4 ± 0.5 57Ni 29.0 ± 0.8 162.9 ± 6.8
31.2 ± 0.7 9.0 ± 0.5 0.6 ± 0.1 57Ni 31.1 ± 0.7 136.6 ± 5.7
33.3 ± 0.6 10.9 ± 0.6 2.6 ± 0.2 57Ni 33.5 ± 0.6 113.9 ± 4.8
39.5 ± 0.6 8.3 ± 0.5 18.6 ± 1.1 57Ni 39.3 ± 0.6 85.6 ± 3.6
48.1 ± 0.8 4.6 ± 0.3 30.8 ± 2.4 24Na 48.1 ± 0.8 4.8 ± 0.3
51.0 ± 0.7 4.1 ± 0.3 27.8 ± 2.3 24Na 50.9 ± 0.7 6.4 ± 0.5
53.6 ± 0.6 4.1 ± 0.3 25.1 ± 2.0 24Na 53.7 ± 0.5 8.0 ± 0.6
55.7 ± 0.8 4.4 ± 0.4 23.0 ± 1.9 24Na 55.6 ± 0.8 9.0 ± 0.6
58.3 ± 0.7 5.0 ± 0.4 21.6 ± 1.8 24Na 58.2 ± 0.7 10.0 ± 0.7
60.7 ± 0.6 5.1 ± 0.3 18.6 ± 1.2 24Na 60.7 ± 0.5 10.8 ± 0.5
65.5 ± 0.8 6.8 ± 0.4 16.7 ± 1.0 24Na 65.5 ± 0.8 11.4 ± 0.5
67.8 ± 0.7 7.7 ± 0.5 16.7 ± 1.0 24Na 67.7 ± 0.7 11.6 ± 0.5
70.0 ± 0.6 8.0 ± 0.4 16.4 ± 0.9 24Na 70.0 ± 0.5 11.6 ± 0.4
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large uncertainty. The first bump of the natV(p,x)47Sc reac-
tion around 35 MeV is due to the dominance, in the evapora-
tion processes, of the (p,pα) channel (threshold energy on 
51V at 10.5 MeV, as shown in Table 4), while the second 
rise, starting at energies higher than 60 MeV, describes the 
emission in different channels (threshold energies reported 
in Table 4), related to secondary emissions such as (p,3p2n). 

The shape of the cross section in this region is strongly 
affected by the pre-equilibrium processes.

Figure 1 shows a good agreement of our data below 
40 MeV with previous results by Michel et al. [26], Levko-
vski [27] and Ditrói et al. [28]. On the other hand, the cross 
section values obtained in this work at EP > 40 MeV are 
(20–30%) lower than previous data, published by Ditrói et al. 

Fig. 1  Experimental results of 
the natV(p,x)47Sc compared with 
previous data [17]

Fig. 2  Experimental results of 
the natV(p,x)46Sc compared with 
previous data [17]
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[28] and Michel et al. [29]. The use of a different monitor 
reaction at energies higher than 40 MeV cannot be a possi-
ble explanation of such discrepancy since the natV(p,x)46Sc 
cross section is in agreement with those data (Fig. 2). In par-
ticular, Michel et al. [29] used the 27Al(p,3p3n)22Na reaction 
published in the CEA-N-1466(3) report by Tobailem and 
de Lassus St. Genies [30]. Ditrói et al. [28] used the same 
nuclear reaction 27Al(p,x)24Na considered as reference of 
this work, but their results were published earlier than the 
update of the IAEA recommended cross sections occurred 
in August 2017.

The measurement of the natV(p,x)46Sc cross section car-
ried out in this work is in good agreement with previous 
data, including the ones by Ditrói et al. [28] and Michel 
et al. [27], up to 70 MeV (Fig. 2). A mismatch with current 
data is instead clearly shown in the estimations performed at 

60 MeV by Heininger and Wiig [25] and the trend measured 
by Albouy [31], albeit they refer to older measurements hav-
ing quite large error bars.

In Figs. 3 and 4 our new data are compared with the 
results from theoretical model calculations. In Fig. 3 the 
measured 47Sc production falls within the TALYS band, 
while the results from EMPIRE calculations overestimate 
the cross section by a factor of about 2; however, the energy 
dependence is correctly reproduced. The staggering behav-
iour of the EMPIRE results at high energy are due to the 
Montecarlo Module adopted (HMS) for pre-equilibrium. 
FLUKA results seem to offset the low-energy behavior 
around threshold (where the centrifugal and Coulomb bar-
riers affect the cross-section) and slightly underestimate the 
cross section between 30 and 60 MeV.

Concerning Fig. 4, EMPIRE shows a behavior similar 
to that presented in Fig. 3, namely an overall overestima-
tion by a factor around 2, but with a correct reproduction 
of the energy dependence. In the case of 46Sc, FLUKA bet-
ter reproduces the general trend, except again moderately 
around the threshold region where there is an offset similar 
to that noticed in the previous figure. The TALYS band cov-
ers the experimental data up to the peak at 42 MeV, and then 
slightly underestimates the new data.

In Fig. 5 we report the ratio between the cross sections 
for 47Sc and the sum of both 47Sc and 46Sc. This ratio may 
be used to indicate the energy regions where the 47Sc pro-
duction is possible with smallest contamination by 46Sc. 
These energy intervals correspond to a value of the ratio 
close to unity and represent good candidates for high-purity 

Table 4  Q-values and threshold energies for 47Sc production with 51V 
as target [16]

Q-value (MeV) Threshold 
energy 
(MeV)

p,p + α − 10.292 10.496
p,d + 3He − 28.645 29.212
p,2p + t − 30.106 30.701
p,n + p+3He − 30.870 31.480
p,p + 2d − 34.139 34.814
p,n + 2p + d − 36.363 37.082
p,2n + 3p − 38.588 39.351

Fig. 3  Theoretical calculations 
of the natV(p,x)47Sc cross sec-
tion compared with experi-
mental results [17]. The initial 
trends of the natV(p,x)46Sc, 
48Sc cross sections, calculated 
with the TALYS code, are also 
shown
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productions. In the figure we have selected the subset of 
experimental data presented in this work and in the available 
literature [17], where both radionuclides were measured at 
the same energy and full error propagation was taken into 
account, accordingly. It is interesting to observe that in com-
parison with the absolute cross section values, in case of 
this ratio the variability of theoretical calculations is much 

reduced.. In particular, calculations with the EMPIRE code, 
whose data appeared somewhat more distant from the exper-
imental ones (Figs. 3, 4), have indeed shown the best agree-
ment about such a ratio at all the energies explored. Also 
other calculations are not far from the data. The FLUKA 
results confirm a good reproduction but with an offset at 
low energy, as already observed in the previous figures. The 

Fig. 4  Theoretical calculations 
of the natV(p,x)46Sc cross sec-
tion compared with experimen-
tal results [17]

Fig. 5  Cross section ratio 
between 47Sc production 
and 46Sc plus 47Sc; the ratio 
obtained with measured data 
within this work is also reported 
with red dots
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band of TALYS appears very narrow, indicating that signifi-
cant differences in the specific TALYS model considered are 
compressed when one considers the ratio of the two cross 
sections.. The thresholds region is very well reproduced, like 
in the EMPIRE code, but a slight offset in the ratio appears 
at about 50 MeV and above. At last, taking into account all 
the considerations here reported, it may be inferred that there 
is a region (below 30 MeV) where 47Sc radionuclide may 
be produced with practically no 46Sc. The estimation of the 
Thick Target Yield (TTY) was performed for 47Sc and 46Sc 
radionuclides by considering a polynomial fit of the experi-
mental data, to obtain an expression of the dependence of 
the cross section as a function of the proton energy. Experi-
mental data included in the fit were both the values avail-
able on the EXFOR database and the new ones measured 
in this work. In this interesting energy range (19–30 MeV) 
the production of 47Sc is calculated to be 31 MBq/µA and 
82 MBq/µA for 24 h and 80 h irradiation runs respectively; 
in these irradiation conditions the co-production of 46Sc can 
be considered negligible, respectively 0.01 MBq/µA and 
0.03 MBq/µA. It would be of great importance to measure 
the TTY in this energy region to prove that 47Sc can be pro-
duced with a very high purity level from natV and low-energy 
proton cyclotrons  (EP ≤ 30 MeV).

Conclusions

This work describes the cross sections measurements of the 
natV(p,x)47Sc, 46Sc nuclear reactions carried out during the 
PASTA project, in collaboration with the Arronax facility. 
Sets of natV target foils, arranged in stacked-foils structures, 
were bombarded by the proton beam up to 70 MeV. Results 
obtained in the six irradiation runs, carried out during 2017 
and 2018, are in perfect agreement, despite the year standing 
between measurements and indicating that the experiment 
is under control. Results obtained in this work have smaller 
uncertainties than previous data thanks to the repetition of 
γ-spectrometry acquisitions performed for each natV foil. 
In comparison with the previous measurements, a general 
good agreement in the trend of both nuclear reactions was 
obtained. However, in the case of the natV(p,x)47Sc cross 
section and for  EP > 40 MeV, a discrepancy up to 30% with 
the data published by Ditròi et al. [28] and by Michel et al. 
[29] was noted. Our experimental values were also com-
pared with theoretical calculations obtained by using three 
nuclear codes, namely TALYS, EMPIRE and FLUKA. For 
both radionuclides, the trend of the theoretical estimations 
is in good agreement with the experimental data; however, 
an overestimation of a factor of about 2 can be noted on the 
peak values. Results form all the theoretical codes agree on 
a low energy window  (EP ≤ 30 MeV) where 47Sc is produced 

with no contamination by 46Sc. This is particularly interest-
ing as production route for preclinical studies (in vitro and 
in vivo), considering the low-cost, easy available natV targets 
and the widespread number of medium energy proton cyclo-
trons. This work suggests that this production route deserves 
attention and a thorough investigation involving also other 
relevant contaminants (such as 48Sc and the stable 45Sc). In 
addition, dosimetric calculations may support the identifi-
cation of the best irradiation parameters to produce 47Sc for 
theranostic applications, providing the maximum tolerable 
amount of radioisotopic impurities (especially 46Sc). Further 
work on this topic is currently underway.
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