EPJ Web of Conferences 261, 05008 (2022)
ANPC 2021

https://doi.org/10.1051/epjconf/202226105008

Improvement of nuclear reaction modeling for
the production of 47Sc on natural vanadium
targets for medical applications
Alessandro Colombi1,2*, Francesca Barbaro3,1, Luciano Canton3, Mario Pietro Carante1,2,
and Andrea Fontana2
di Pavia – Dipartimento di Fisica, via A. Bassi 6, 27100 Pavia, Italy
- Sezione di Pavia, via A. Bassi 6, 27100 Pavia, Italy
3INFN - Sezione di Padova, via F. Marzolo 8, 35131 Padova, Italy
1Università
2INFN

Abstract. The proton-induced reaction on natural vanadium targets is
studied for the production of the innovative theranostic radionuclide 47Sc as
well as of its contaminants, mainly 46Sc. The theoretical excitation functions
are calculated using the nuclear reaction code TALYS and are compared
with the most recent experimental data. A better agreement between the
theoretical curves and the data is achieved with an optimization of the
nuclear level density parameters. The obtained improvements represent a
useful and important result for accurate evaluations of yields and purities
which are needed quantities for subsequent dosimetric studies, in view of
the radiopharmaceutical applications of 47Sc. The optimization procedure is
explained and shown for 47Sc and 46Sc, and also a comparison among the
theoretical and experimental cumulatives is given (for the main
contaminant) in addition to an estimation of the production yields for two
irradiation conditions for both nuclides.

1 Introduction
In the last few years the production of theranostic radionuclides has gained an increasing
interest of the scientific community for their important applications in nuclear medicine. In
particular 47Sc represents, at the moment, one the most promising radionuclides to be studied
[1, 2] due to its interesting decay characteristics (T1/2=3.35 d, Eγ=159 keV, Iγ=68.4%,
Eβ−=162 keV) [3] which, on one side, make it suitable to study the slow biodistribution of
large molecules and to perform SPECT (Single Photon Emission Computed Tomography)
imaging, and on the other side to treat small size tumours thanks to the high intensity β−
decay. Furthermore, the combination of 47Sc with other Sc-isotopes as 43Sc or 44Sc, which are
positron emitters, is very interesting for the possibility to integrate the diagnostic PET
(Positron Emission Tomography) studies [2, 4] to the therapeutic applications of 47Sc.
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In this field, nuclear physics studies play a great role especially to select interesting
production routes and the most promising conditions to produce the nuclide of interest with
sufficiently high yield and purity for its nuclear medicine applications [5]. Indeed, particular
emphasis is devoted to the evaluation of the main contaminants, mainly 46Sc (T1/2 = 83.79 d),
which can affect the final purity and contribute to the final dose imparted to the patients. At
the moment all the possible reaction routes are investigated to produce 47Sc with both
accelerators and nuclear reactors. In particular, this work is focused on proton-induced
nuclear reactions using natural vanadium targets, which have been studied within the PASTA
project (Production with Accelerators of Sc-47 for Theranostic Applications) in the
framework of LARAMED (LAboratory of RAdioisotopes for MEDicine) program at
INFNLegnaro National Laboratories (INFN-LNL), with the final goal to produce the nuclide
of interest by using the INFN-LNL 70 MeV proton cyclotron. Nevertheless, at the moment,
also other reactions are under study using titanium targets [6].
As described in Ref. [7], for the natV(p, x)47Sc reaction the theoretical excitation functions,
calculated using the nuclear reaction code TALYS [8], are not in agreement with the available
experimental data, representing a problem in the evaluation of 47Sc and of its contaminants
in view of the theranostic applications. Therefore, in this work our aim is to find a better
description of the cross sections investigating the most recent microscopic models
implemented inside the TALYS code. Our attention is focused on the nuclear level density
parameters to reproduce especially the cross sections of 47Sc and 46Sc, and also the cross
sections of all the other nuclides studied in the project ( 43Sc, 44gSc, 44mSc, 48Sc, 42K, 43K, 48V,
48
Cr, 49Cr, 51Cr).

2 Nuclear reaction modeling
In the field of radiopharmaceutical production, the use of nuclear reaction codes is essential
to model a nuclear reaction and to estimate the yields of the nuclide of interest as well as of
the contaminants, starting from the studies of the cross sections. Nuclear reactions are very
complex to analyze since several aspects have to be taken into account, as the co-existence
of the different reaction mechanisms, like the compound nucleus formation and evaporation,
the preequilibrium process and the direct reaction mechanism. Among the available nuclear
reaction codes, the TALYS simulation package (v. 1.9) [8] has been considered in this work
for the theoretical analyses of the cross sections for the natV(p, x)47Sc reaction. The code is
very versatile and a variety of different models are implemented in for the description of the
processes in the interaction between a projectile and a target, going from phenomenological
models to modern microscopic approaches. In particular, inside the code, there are four
models for the preequilibrium emission and six models for the description of the nuclear level
density, resulting therefore in several combinations of models that can be considered for any
reaction. Different possibilities can be examined but in literature many calculations refer to
the use of two specific combinations of models: the so-called “TALYS default” (based on
the default options of the code) and “TALYS adjusted” [10] (based on another configuration
usually used to replace the default one). None of the options is in some cases either the best
choice or the unique possibility and therefore alternatives can be also investigated. As
described in Ref. [11], a possibility is given by considering all the combinations of models
and using descriptive statistical quantities, mainly quartiles. With this approach, instead of
plotting all the curves, only a statistical band is constructed from the interquartile range, given
by the difference between the third (Q3) and the first (Q1) quartiles. Starting from the band,
for each energy a theoretical reference curve (BTE which stands for “Best Theoretical
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Evaluation”) can be introduced as the centroid of the band, to which an uncertainty (given by
the half-width of the band) is associated:

The new curve together with the corresponding uncertainty can be used for the further
estimations of yields and purities of the produced nuclides. Nevertheless, another possible
choice can be represented by the improvements on a specific model, which is the approach
used in this work to better reproduce the trend of the experimental data. The used procedure
is not a pure theoretical approach but more likely can be described as a phenomenological
one, trying to use already developed models and adjust some of their parameters to obtain
new curves to reproduce the data, in view of the practical applications of the produced
radionuclides. In particular the attention has been addressed to the three microscopic models
for the level densities, which are based on Hartree-Fock Methods (HFM), comprehensive of
HF plus Bardeen-Cooper-Schrieffer (HF-BCS) [12] and HF Bogoliubov (HFB) [13, 14].
Inside TALYS the HFM level densities are tabulated for different energy values and
subsequently are rescaled according to the following transformation:
𝜌(𝐸, 𝐽, 𝜋) = 𝑒𝑥𝑝

𝜌𝐻𝐹𝑀(𝐸 − 𝑝, 𝐽, 𝜋)

(2)

which depends on the two parameters c and p. The former acts as an overall normalization
while the latter could represent an energy shift caused by pairing or even shell effects. Inside
the code each microscopic model has tables of parameters that allow to obtain new level
densities starting from the pure theoretical HFM ones. Nevertheless, the curves of the
microscopic models, with their tabulated values of the parameters, do not always describe
well the cross sections of a given reaction, but the possibility to vary the parameters is given,
as stated in the TALYS manual [15] as well as in the RIPL library [16].
In this work a combination of models has been considered: for the nucleon-nucleus
interaction the so-called JLM (Jeukenne-Lejeune-Mahaux) semi-microscopic optical
potential model [17, 18], while for the preequilibrium process the default option, based on
the exciton model with transition rates calculated numerically. Regarding the nuclear level
density, a tuning of the two parameters has been performed considering the model based on
HF-BCS method that is denoted inside the code with the keyword ldmodel 4, in order to
obtain a better agreement between the theoretical curves and the experimental data for all the
nuclides studied in the PASTA project. Specifically, an initial grid search has been performed
on the two parameters considering all the nuclides involved and an initial set of values has
been obtained by a qualitative agreement, based on a visual analysis, between the TALYS
curves and the data. As a second step a MINUIT [19] global chi-square minimization
procedure, using the combination of gradient and simplex optimizations, has been
implemented to refine the solutions, arriving to the final optimal set used to obtain new
theoretical curves which are referred to as “TALYS modified”. The final set reported in Tab.
1 is not intended as the unique possible solution, since other possibilities could also be
explored with different parameters. Nevertheless, with the found solution a very high
accuracy in the description of the cross sections has been achieved, especially for the main
contaminant.
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Table 1. Final set of values of the level density parameters.
42K

43K

44Sc

46Sc

48Sc

48V

48Cr

c

1.27443

1.09559

1.97876

0.339592

-

-

0.234421

p

-

0.140468

1.11855

-1.17731

0.449064

-0.25841

-

3 Results and discussion
The reaction with protons on natural vanadium targets has been considered, within the energy
range 26-70 MeV, for the production of 47Sc, 43Sc, 44gSc, 44mSc, 46Sc, 48Sc, 42K, 43K, 48V, 48Cr,
49
Cr, 51Cr. A complete discussion of all the nuclides studied in the PASTA project is given in
[9], while in this paper only the 47Sc and 46Sc cases are shown with BTE and TALYS
modified approaches. In the following figures the comparison between the theoretical cross

Fig. 1. Cross section for the natV(p,x)47Sc with the BTE approach and with TALYS modified.
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Fig. 2. Cross section for the natV(p,x)46Sc with the BTE approach and with TALYS modified.

Fig. 3. Comparison among theoretical and experimental cumulatives.

sections and the experimental data [7, 20-27] and the comparison among the cumulatives
(only for 46Sc) are shown.
In Figs. 1 and 2 all the models are represented with the statistical representation described
in the previous section. The dashed lines correspond to the minimum and maximum among
the combinations, the shaded area is the interquartile range, containing the 50% of the models,
while the dash-dot line is the BTE curve (the central curve of the band). In Fig. 1 the trend of
the recent data is quite well described by the BTE curve, while in Fig. 2 the statistical
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approach allows to observe that 50% of the models does not reproduce the trend of the recent
data not only in the region around the cross section peak but also in the area of high energy
(60-70 MeV), where the TALYS models show a different behavior if compared to the one of
the data. Instead of the BTE curve, a better description is given by the solid line, TALYS
modified, which is the curve obtained with the tuning procedure of the nuclear level density
parameters. In this case the curves for both 47Sc and 46Sc well reproduce the trend of the
recent data in all the energy regions resulting in more accurate estimations of their production
yields and therefore also of the radionuclidic purity of the nuclide of interest.
In Fig. 3 the comparison among the experimental cumulative, represented with points,
and three theoretical cumulatives is shown, as an example, only for 46Sc. The one represented
with squares corresponds to the curve obtained with the HF-BCS method (whose values are
tabulated inside the code) for which both the c and p parameters are equal to zero. The
cumulative with open circles is the one of the model indicated with ldmodel 4 which is
derived from the HF-BCS cumulative using the tables of the parameters inside the code. The
last cumulative with triangles is obtained with the new values of c and p found in this work.
From the figure a disagreement between the TALYS modified curve with the experimental
one is evident, but also the other two theoretical cumulatives do not provide an accurate
description. This behavior could be explained by considering that the models, available at the
moment, do not take into account all the possible phenomenological effects and significant
contributions, as the isospin dependence in statistical processes (as already stated in the
literature [28]). This may underline the need of the optimizations to achieve a better
description of the cross sections, that was the main goal of this work, in order to evaluate the
production yields and the contribution to the purity of 47Sc in a more accurate way, as stated
in [9]. Therefore, to show the impact of this optimization procedure of the cross sections on
the applications in nuclear medicine, another step is required: the evaluation of the production
yields of 47Sc and 46Sc, which have been calculated using the new curves and considering the
same irradiation conditions identified in [7]. An energy range of the beam of 19-30 MeV,
corresponding to a 1.21 mm thick target, has been used in the calculations to maximize the
production of 47Sc while minimizing the co-production of 46Sc. In Tab. 2 the estimations of
the thick-target yields (TTY) at the end-of-bombardment (EOB) are reported for two
irradiation plans of 24 h and 80 h for TALYS modified for the two nuclides in comparison
with the values obtained with ISOTOPIA (an online tool developed and maintained by
IAEA), which instead seems to underestimate their production, especially for the main
contaminant.
Table 2: TTY at EOB for 47Sc and 46Sc for two irradiation time comparing the results obtained with
the TALYS modified curve and the ones from ISOTOPIA.
TALYS modified

ISOTOPIA

Irradiation
time

47Sc

46Sc

47Sc

46Sc

24 h

33.48 MBq/μA

0.0137 MBq /μA

25.29 MBq /μA

0.0013 MBq /μA

80 h

89.24 MBq /μA

0.0453 MBq /μA

67.43 MBq /μA

0.0042 MBq /μA

Subsequent steps are represented by the calculation of the radionuclidic purity (RNP) as
shown in [6, 29], and dosimetric calculations to assess the dose imparted to the patients.
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4 Conclusions
In this work an improvement of the theoretical cross sections for the proton-induced reaction
on natural vanadium has been presented working on the nuclear level density parameters of
the model based on HF-BCS method implemented inside the TALYS code. In particular the
obtained improvements for the case of 47Sc and for its main contaminant, 46Sc, have been
shown. The new cross section curve reproduces better the trend of the experimental data,
resulting in more accurate and reliable estimations of the production yields to be used for
subsequent dosimetric studies, in view of the applications of the theranostic radionuclide.
The tuning procedure is completely general and can also be applied in other studies
concerning the production of nuclear medicine radionuclides, as indicated in [6] for the
production of 47Sc with proton beams on titanium targets or also in [29] for the production of
52
Mn for diagnostic purposes.
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