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Abstract: Theoretical calculations focusing on cross-section data results for the production
of **Mn from a natural chromium ("Cr) target have been investigated for deuteron beams
up to 35 MeV by using the EMPIRE 3.2.2 Malta nuclear model code. The optimization of
theoretical calculations is important for the medical production routes of cross-section
isotopes. In these computations, we tested different ATILNO parameters for the evaluation
of cross-section data and improved techniques for the theoretical calculation of
radioisotope “*Mn. The effects of these parameters were investigated, and the theoretical
results were subsequently compared with each other, existing literature data, and the

TENDL-2019 library.
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1. Introduction

Knowledge of the diagnostic imaging
techniques in nuclear medicine is important for
rapid progress [1]. A large number of
radiopharmaceuticals are used in  nuclear
medicine (NM) for diagnostic purposes. One of
the most important imaging techniques that uses
radioactive materials is positron emission
tomography (PET) [2, 3], which uses radioactive
sources as radiotracers to visualize and measure
changes in physiological activities and metabolic
processes [4]. Calculating the cross-section data
of a nucleus is a fundamental concept in
predicting the probability of a nuclear reaction.
The EMPIRE program is one of the most
preferred codes used for various nuclear

EMPIRE code, Cross-section, Manganese-52, Radionuclide production,

reactions and incident particle types and energy.
In addition, in this simulation code, the
relationship of the properties of the target to the
computation of cross-sections can be used to
improve the nuclear model data and predict
unknown nuclear data [5, 6]. The main objective
of this work is to investigate the effect of one of
the input parameters of the theoretical program
on the cross-section production of the important
medical radioisotope ***“*"Mn. Manganese
possesses three positron-emitting isotopes with
appropriate half-lives, making it suitable for
application as a PET tracer. >*Mn 5.591 d, *"Mn
(21.1 min), and *'Mn (46.2 min) due to its low
positron energy and range in tissue for **Mn are
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(244.6 keV, 0.63mm), **"Mn (1179 keV, 5.288
mm) and *'Mn (970.2 keV, 4.275 mm). Their
lowest energy is ~“Mn (244.6 keV, 0.63 mm) [7,
8], which is comparable to the most common
PET radiotracer '°F (250 keV, 0.62 mm). The
results for fluorine-18 ('*F) closely resemble
those of *Mn. Given the smaller positron ranges
of both *Mn and 'F, they contribute to
enhanced resolution in PET scanners [9]. **Mn
can be studied cross-sections by using deuteron
energy beams, with natural chromium targets
including natural composition (*°Cr: 4.345%;
Cr: 83.789%; Cr: 9.501%; **Cr: 2.365%)
[10]. It is, therefore, necessary to know that
under our conditions for the computation of
cross-sections for *Mn, it was impossible to
make an experimental measurement of the
contribution of the short half-life metastable
level (t;» = 21.1 m) that decays to the longer
ground state by isomeric transition (IT) (1.68 %).
In this case, theoretically determined cross-
section is relative to the cumulative activation
production of **®Mn after total decay of its
isomer. The EMPIRE 3.2.2 code was employed
for the reaction ™Cr(d,xn)***"Mn. The
obtained cross-section results from various
computational codes, using different input
parameters, were compared with literature
databases and TENDL-2019 [11].

2. Computational details
2.1 Theoretical Calculations Code

Theoretical calculations came to the forefront
because they provide a good predictive ability
for researchers without the difficulties of
experimental drawbacks, such as financial and
time constraints. In this study, we employed the
EMPIRE 3.2.2 Malta code, an advanced system
of nuclear reaction codes for the simulation of
various nuclear models and incident particles
across different energy ranges of the reaction
mechanisms [5]. Given the significant impact of
input parameters on cross-section improvements,
adjustments were made to achieve a robust
alignment with the experimental data. A crucial
factor in the EMPIRE code, related to level
density, is the ATILNO factor, which can be
controlled from the input parameters. To obtain
good match results, we used the default and three
other values of ATILNO (0, 0.7, 1, and 1.3)
alongside other essential parameters, including
optical model parameters (OMP), selected from
the Reference Input Parameter Library (RIPL-3).
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Additionally, we computed the OMP following
the approach outlined by Anand and Cai [12]
and set the level density model (LEVDEN) to
the generalized superfluid model (GSM).

2.2 TENDL-2019 Library

TENDL-2019, the latest version of TENDL,
uses the nuclear model code TALYS as a nuclear
data library that provides an output of the
TALYS code system in the Evaluated Nuclear
Data File (ENDF) format. The online TENDL-
2019 library is the tenth version of the TENDL
data libraries. The TENDL-2019 library includes
sub-libraries for bombarding photons, protons,
neutrons, deuterons, tritons, ‘He, and ‘He
particles, covering 2,800 isotopes up to 200 MeV

[11].

3. Results and Discussions

The theoretical cross-sections computed for
the medical radioisotope **Mn have been studied
at different values of ATILNO (0, 0.7, 1, and
1.3) by the EMPIRE 3.2.2 Malta code in the
deuteron energy, by considering how the results
change with different values of ATILNO. The
computation results obtained by the EMPIRE
322 code for the nuclear reaction
"Cr(d,xn) *#""Mn are reported in Table 1 and
represented in Fig. 1 with the comparison with
our experimental results [13].

We can conclude from Fig. 1 that with the
default program in which ATILNO is zero, the
results are very different from all experimental
and TENDL-2019 data sets. For this reason, we
decided to optimize the input for a certain
number of ATILNO parameters between 0.7 and
1.3. Each of the ATILNO parameter results
produces significantly different results in the
cross-section. In this work, we have decided to
apply the selection of ATILNO = 1.3 with the
configuration of the parameters fixed level
density to the generalized superfluid model
(GSM) values. We selected the optical model
parameters by Anand and Cai [12]. By proving
this input parameter, we obtained the best results
and compared them with our experimental
results, other experimental data sets, and
TENDL-2019.
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TABLE 1. Calculated cross-sections (mb) for 1tCr(d,x)>2& UMM, related to three different values
of ATILNO of the EMPIRE 3.2.2 code.

52g,cum N p (mb) 52g,cum N p (mb) 52g,cum N p (mb) 52g,cum N p (mb)

EnergyMeV) = 111N0 0 ATILNO 0.7 ATILNO 1 ATILNO 1.3
9 20.15 14.01 19.74 18.95
10 83.33 60.31 81.3 4451
11 136.06 102.55 131.97 62.47
12 165.85 131.34 159.95 84.25
13 207.64 158.69 198.66 105.83
14 258.50 186.80 245.67 124.59
15 301.79 210.05 285.19 140.51
16 332.48 226.39 312.62 149.27
17 349.89 233.68 327.06 154.98
8 354.51 233.02 329.34 154.23
19 351.30 227.68 325.22 150.28
20 334,51 214.88 309.18 143.36
21 307.68 19.20 283.25 1313
22 275.47 175.08 252.53 118.86
23 24387 157.37 22371 106.23
24 208.109 135.35 190.52 96.15
25 175.87 117.22 161.81 86.63
26 148.14 101.55 13821 78.34
27 125.76 87.06 116.93 73.23
28 207.55 75.93 100.29 68.72
29 91.88 66.74 86.83 64.24
30 79.21 59.53 75.80 57.81
31 73.27 52.39 66.20 5437
32 64.42 46.54 58.22 51.56
33 56.84 41.64 51.52 49.05
34 50.15 36.93 45.63 46.53
35 44.95 33.55 40.98 44.06
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FIG. 1. Computation results of the EMPIRE 3.2.2 code for the optimized production of *****"Mn by nuclear
reaction "' Cr(d,xn)**¢*""Mn.
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3.1 Cross-section of " Cr(d,xn)****""Mn

The theoretical cross-sections computed for
the production of medical radioisotope ~**““"Mn
with incident deuteron energy up to 35MeV have
been studied by several authors [13-21]. Figure 2
presents the optimized results for the cross-
sections involved in different ATILNO values.
The obtained results were compared with the
existing experimental cross-section data and the
data taken from TENDL-2019.

The computation was carried out using
various ATILNO (0, 0.7, 1, and 1.3) values for
the production of ****"Mn. As shown in Figure
1, the production of **#*“™Mn exhibits diverse
values of cross-sections corresponding to each
different ATILNO. In our experimental group,
the focus was on calculating the cross-section
contribution to the total decay of cumulative
®Mn. Therefore, the theoretical data was
employed to represent the experimental for the
purpose of calculation. The theoretical results
were obtained by considering weighted cross-
section contributions derived from the deuteron

reactions for natural chromium "Cr, which
. 2 4 . . .

consists of *******Cr isotopes. The contribution

of *°Cr across all energy ranges is very close to

zero and has been ignored. For SZCr, constituting
the majority at 83.789% of natural abundance, the
contribution is predominant across all ATILNO
parameters and reaches the maximum at 154.98 mb at

53
17 MeV. Inthecaseof Cr, its contribution is zero

54
up to 16 MeV, and for Cr, it is zero up to 27
MeV.

It should be noted that the achieved EMPIRE
prediction is in good agreement with
experimental data, demonstrating a consistent
curve shape. Specifically, in this instance, we
selected ATILNO 1.3. It is clearly seen that the
cross-section results for ATILNO 0 and 1 exhibit
substantial differences in magnitude and show
data that is higher compared to all the
experimental data sets. Conversely, the results
for ATILNO 0.7 show good agreement solely
with TENDL-2019, with the curve registering
higher than other experimental data sets.
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FIG. 2. Computation results of the EMPIRE 3.2.2 code by different ATILNO values for "Cr(d,xn)**#“"™ Mn,
compared with the experimental data sets present in the literature and TENDL.

4. Conclusion

The results presented in Figures 1 and 2
indicate very good agreement between the data
obtained in this study and other experimental
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data available in the literature. This can be
summarized as the investigated reactions and the
maximum production cross-section values of the
2NN are achieved at 154.98 mb  with
maximum cross-section energy of 17 MeV. In
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these computations using the EMPIRE code, the
best match is obtained by adjusting the input
parameter ATILNO to 1.3, as depicted in Figs. 1
and 2.

These findings contribute significantly to the
improvement of theoretical nuclear models and
radioisotope production routes. To enhance the
accuracy and predictability of  various
radioisotopes used in nuclear medicine (NM),

one must consider that the ATILNO factor
affects the cross-section calculation results. The
EMPIRE  code’s predictive  power is
demonstrated by analyzing computing results
with various experimental observables. Our goal
was to demonstrate the suitability of the
EMPIRE code for applications related to
radioisotopes used in PET medical imaging.
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