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Abstract In this research, the calculations have been done for a-emitters of 2! At, which is a promising isotope in cyclotrons for
radiotherapy. The scope of the study is to investigate the production parameters of 2!! At, which can be produced in the cyclotron by
bombarding bismuth with an alpha particle beam for the 2°?Bi(a,2n)?!! At reaction. The total activity, reaction yield, and production
cross—sections of 2%?Bi(a,2n)?!! At reaction have been calculated by using diverse level density models of the TALYS 1.95 code.
Furthermore, recommended data with 95% confidence limits have been obtained. Experimental data available in the literature based
on EXFOR compilation are used to compare the findings. Consequently, the required beam energy has been found to be 28 MeV to
produce 21 At.

1 Introduction

In the field of nuclear medicine, which is supported by the studies of researchers from different disciplines such as biology, biomedical,
biophysics, clinicians, medical physicists, pharmacologists, radiochemists, a significant portion is devoted to studies for curative
therapy, disease control, or palliation. The number of therapeutic radioisotopes available, including alpha, beta, and Auger electron
emission, has increased significantly over the last century as a result of field research to improve applications. The primary goal
for these advancements may be demonstrated as maximizing treatment success by matching the particle degradation mechanism,
effective range, and relative biological activity to tumor bulk, size, radiosensitivity, and heterogeneity [1].

The particle called alpha is a bare “He nucleus with + 2 charge. The initial kinetic energy of monoenergetic alpha particles is
typically between 5 and 9 MeV and, as a result of this amount of kinetic energy, they have a penetrating distance of 50 to 100
pm. Due to their mass, the alpha particles deviate less than the electrons, and their direction of motion is usually almost linear
[2]. Alpha particles, which are known to be effective ionizing agents, are also classified as particles that provide high linear energy
transfer (LET). Because alpha particles cannot be directly observed in vivo, gamma rays, distinct X-rays, or bremsstrahlung radiation
produced by radionuclide decay are frequently used to assess target uptake, dosimetry, and therapeutic response [3, 4].

In addition to the availability of radioisotopes, their physical properties such as half-lives may limit their distribution in a wide
range of uses. The «-emitters radionuclides are known for high cell-killing efficiency. Although it is known that there are many
types of radionuclides that decay by particle emission, it is possible that only a few of them can be used for medical purposes. The
alpha particles have substantially higher LET values than photons and beta particles. Furthermore, their ability to damage the cells
by producing double-strand breaks is a significant feature that distinguishes them from other beams in terms of delivering more
harm to targeted cancer cells [5]. The alpha particles lose more energy (approximately 100—1000 times) while they pass through
DNA than conventional external X-ray radiation or beta particles [6].

Radionuclide treatment frequently employs astatine-211 (>'! At), an alpha-emitting radionuclide [7]. It is possible to produce 2! At
in the cyclotron using the 2%Bi(e,2n)?!! At reaction. The ' At isotope has a half-life of 7.2 h, which presents many opportunities
for positive outcomes in the context of targeted alpha particle treatment. The nuclear reaction 2*Bi(e,2n)?!! At can produce 2! At
from bismuth targets in a yield that is satisfactory by using uncomplicated processes [8].

21T At possesses several features that are suited for targeted alpha particle radiotherapy in addition to its half-life, which makes
it an ideal candidate for that application. The emission of an alpha particle is associated with one hundred percent of the decays of
211 At. This can occur either through a direct alpha decay to 207Bj (42%) followed by an electron capture decay to stable 2°7Pb or
or through a beta decay to 2! Po (58%), followed by alpha emission to stable 2°7Pb. The possibility of radioactivity from the 211 At
absorption and decay site escaping into the environment is a possible issue that is related to the second decay branch. However,
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the issue is not nearly as serious as the one that is associated with 223 Ac’s radioactive daughters, which emit alpha particle with a
much longer half-life. This is due to the fact that the half-life of the 211pg is on an intermediate level, which is 520 ms, thereby
limiting the diffusion distance before the emission of alpha particle. Furthermore, the potentially destabilizing influence of alpha
particle recoil nuclei on chemical stability is irrelevant since 2!!Po is not a product of alpha decay. The second branch of decay,
which involves electron capture, ultimately results in the emission of polonium K X-rays with energies ranging from 77 to 92 keV,
which is a substantial benefit for 2! A¢ [9].

211 At decays to stable 297 Pb via a branched pathway with a half-life of 7.2 h. With it decays to 2! Po, 2! At emits K-shell x-rays,
allowing for in vivo sample counting and scintigraphy of 2! At in the thyroid, stomach, and macrophage-bearing organs such as
the spleen and lung [10]. The following sections analyze the production routes and parameters of 2'! At in three parts; determining
beam energy, production cross-section calculations, activation, and yield calculations. The TALYS 1.95 [10] code has been utilized
to calculate each of the parameters that are discussed in this paper.

2 Material and methods

Calculating the outcome of a nuclear reaction requires the utilization of a significant number of interconnected models, the quality
and validity of which are, for the most part, well understood. The optical model and the compound nucleus model are the two models
that have been used ever from the very beginning of the study of nuclear processes. Both of these models are still in use today.
It is generally agreed that these two models are the earliest ones in the collection. When it relates to the amount of time needed
for a nuclear reaction to occur, both models apply to two extreme instances. The interaction between a projectile and a target that
takes place in the smallest length of time is represented by the optical model. whereas the compound nucleus model represents the
interaction process that occurs over the longest amount of time. This model corresponds to the scenario in which the projectile has
been absorbed into the target and has shared its energy with the constituents of the target.

TALYS is comprised of a very wide selection of models. In the computations, some of these will be used automatically. Cross
sections, angular distributions, double differential spectra, prompt neutron multiplicities, and other nuclear reaction data can all be
calculated using TALYS code. These calculations are necessary for understanding nuclear reactions. The elastic, capture, inelastic,
and fission cross sections are the required cross sections that must be considered in order to remain consistent with the aforementioned
characteristics.

All of the TALYS computations, including the default and the altered ones, were completed by using TALYS 1.95 code. Modifi-
cations were made to the TALY'S parameters in order to establish a sufficient agreement between the predicted total and partial cross
sections and the results of the experiments. In most of the cases, 10-20 of the TALYS input parameters will need to be adjusted
and then recorded in a database for each nuclide target. The most frequently altered parameters include the real volume radius and
diffuseness of the optical model, particle-hole state density parameters for the pre-equilibrium process, total level density param-
eters for the compound and residual nuclides, and knockout and stripping parameters to significantly change the cross-sections.
The particle-hole state density parameters for the pre-equilibrium phase, the overall level density parameters of the compound, and
residual nuclides are other characteristics that are regularly modified [10].

As level density models, the Constant Temperature Fermi Gas Model (FGM), the Back-Shifted Fermi Gas Model (BSFGM), and
the Generalised Superfluid Model (GSM) were chosen to be used in the computations that were included in the scope of the research.
During the process of calculating the cross section, the Two Component Exciton Model was used. The nuclear state is represented
by the sum of the total energy at any given instant throughout the reaction in the Two Component Exciton Model. Additionally, the
nuclear state is characterized by the sum of the particles (p) that are above the Fermi surface and the holes (%) that are below it.
In this model, it is assumed that all of the available pathways have an equal likelihood of sharing excitation energy across various
states of particles and holes that have the same number of excitons (n = p + h) [11-13].

To validate these models and ensure data consistency, a theoretical approach was employed to analyze experimental data. The
assessment method utilized a theoretical approach to analyze experimental data, as referenced in several prior studies [14—16]. This
process included two main phases: i) performing nuclear model-based cross section calculations to ensure data consistency, and
ii) applying a polynomial function to fit the chosen data. Initially, the experimental cross-section to model-based calculation ratio
(oexp/omodel) was determined for the most accurate models identified through relative variance analysis, as detailed in Table 1.
This ratio was graphed against the experimental data’s energy range, followed by a polynomial fit. Data points that deviated more
than three times the standard deviation were removed. The subsequent set of data underwent a second polynomial fitting. The
evaluated cross-section, ¢ evaluated, was obtained by multiplying the model-calculated cross-section in Eq. (1), o model(E), by the
energy-dependent normalization factor, f(E),i.e.,

Table 1 Relative variance CTFGM BSFGM GSM
analyses of level density models

0.412265555 0.32666329 0.43459015
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o evaluated = f(E)o model (E) (1)

In addition to theoretical analysis, practical production of radionuclides involves several key variables. The size of the reaction
cross-section as a function of energy, the energy of the incident particle, the thickness of the target in nuclei per cm?, which will
determine the energy of the exit particle, and other parameters are among them, and the flux, which is related to beam current of
incoming particles. The following equation provides information on the rate of production Eq. (2);

N Ei
Y(t) = IpﬁA(l - e*“)/ S(E) 'o(E) dE 2)
where / is beam current, p and M are the density and molar mass of target material respectively, N4 is Avogadro number, A is
decay rate, ¢ is irradiation time, E, and E; are initial and final energy of the beam, S (E) is stopping power and o (E) is the reaction
cross-section in Eq. (2).

3 Results and discussions

Reaction cross-section, reaction yield, and activation are three important parameters for radioisotope production at cyclotron. In
this study production routes and parameters of >'! At were carried out in three stages, which are i) Determining beam energy, ii)
Production cross-section calculations, and iii) Activation and Yield calculations.

3.1 Beam energy

When a target is bombarded with charged or uncharged particles, not only one type of nuclear reaction occurs but also multiple
nuclear reactions may occur depending on the energy of the incoming particle in the entrance channel. Because most radioisotopes
have a shorter half-life, radioisotopic purities are also important for radioisotope production. The beam energy should be chosen in
such a way that it does not require complex separation techniques. Selection of the beam energy for maximum reaction cross-section
is not always true. All possible nuclear reactions that occurred by bombarding 2%°Bi with alphas were calculated to determine the
beam energy to produce 2! At of maximum purity. In Fig. 1, reaction cross-section calculations done by using the Two-Component
Exciton Model for all possible nuclear reactions have been given. Calculations performed up to 60 MeV alpha energy. Among all
possible reactions, 298211 At are the most probable exit channels. The energy range for the 2!! At production is around 2040 MeV.
In this energy region three other radioisotopes, which are 298Bi, 219At, and 212 At are produced. Maximum cross-section energy for
211 At production is approximately 30-31 MeV. In this energy 2!°At, which has parent nuclei of 2!°Po, has been observed. >'°Po
with 138.2 days half-life, is highly toxic. Therefore, 28 MeV was determined for the beam energy selection, where the other reaction
cross sections are low.

3.2 Production cross—section calculations

After the beam energy was determined, three different level density models were used to obtain cross-section results that best fit
the experimental data. For level density models, CTFGM, BSFGM, and GSM have been chosen because lots of studies have been
performed in literature [17, 18, 18-20] by these models for nuclear data evaluations. Two-Component Exciton Model has been
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employed because the pre-equilibrium effects are more dominant for the energy region of 2°°Bi(a,2n)?!! At reaction. Additionally,
relative variance analysis have been carried out to identify the most effective level density models. The comparison of 2'TAt
production cross-section calculations calculations with experimental data of Hermanne et al. [21] and Lambrecht et al. [22] have
been shown in Fig. 2. The reaction Q value is found to be -20.329 MeV. The level density model findings are in reasonable agreement
with the experimental data up to roughly 31 MeV, which can be seen in Fig. 2. After this energy, the theoretical calculations lost
their compatibility with the experimental data. Since the beam energy was determined as 28 MeV, the mismatch after 31 MeV was
ignored. The BSFGM seems to be the most accurate level density model based on evaluations of relative variance.

To further validate these findings, the experimental uncertainties were carefully weighted during the polynomial fitting process,
ensuring that the final fitted cross sections included 95% confidence limits for both the upper and lower bounds. These results are
referred to as the recommended cross-section data. The recommended data with the 95% confidence limit against the experimental
data were given in Fig. 3 and Table 2. The confidence intervals provided are calculated concerning the theoretical calculations,
offering an indication of the reliability of the recommended data. The narrow confidence intervals around the recommended data
suggest a high degree of precision in both the experimental measurements and the theoretical modeling up to 28 MeV. The alignment
of the recommended data (solid line) with the experimental points from Hermanne et al. [21] and Lambrecht et al. [22] and the
accompanying 95% confidence limits (dotted lines) indicates a good fit up to 28 MeV. Table 2 and Fig. 3 provide strong evidence
for the selection of 28 MeV as the optimal energy for the reaction under consideration. The narrow confidence intervals up to this
energy level reinforce the reliability of the recommended data for practical applications.

3.3 Reaction yield and activity calculations

Calculated activity and reaction yield have been shown in Figs. 4 and 5 respectively. The results obtained in the first and second
steps of the study were used for activity and reaction yield calculations. BSFGM was been fixed as level density models and alpha
beam energy was selected at 28 MeV. Calculation was done for the Irradiation time of 1 h with a beam current of 1 mA. The
maximum reaction yield (25.3 GBg/mAh) was found after 0.1 h of irradiation. Thereafter it decreases to 23.21 GBg/mAh after 1 h
of irradiation. Activity of 2! At has reached 24.25 GBq after the end of irradiation.

@ Springer
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Table 2 Recommended Energy (MeV) Cross—section (mb) %95 Confidence limit (mb)
cross-section data with 95%
confidence limit Upper limit Lower limit
21.1 17.80 17.11 18.48
21.8 29.39 28.73 30.05
23.1 246.74 246.11 247.37
23.5 281.17 280.54 281.80
25.0 530.30 529.68 530.91
25.0 542.24 541.63 542.86
26.7 711.33 710.72 711.95
28.2 724.25 723.63 724.87
28.3 755.28 754.67 755.90
29.6 770.64 770.02 771.26
29.9 712.42 711.80 713.04
31.0 751.04 750.41 751.66
314 703.89 703.27 704.51
344 297.17 296.56 297.79
35.0 269.86 269.24 270.47
35.8 199.61 199.00 200.23
36.2 162.05 161.44 162.67
37.2 120.59 119.97 121.21
374 120.43 119.80 121.06
38.6 78.84 78.19 79.49
39.9 58.72 58.03 59.41
gllg 4 Calculated total activity of 25
At vs. irradiation time
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A broad range of 2!! At labeled chemicals have shown positive results in the treatment of cancer, and the potential benefits of
21T At for targeted alpha particle irradiation have been known for approximately 40 years. The therapeutic radionuclide of greatest
interest is 2! At [9, 23]. In addition, the production of 2! At has a low inherent cost as compared to other prospective alpha particle
emitters for cancer treatment, such as 22> Ac. In addition, the favorable half-life during treatment is among the advantages of this
isotope [9].

The « particles have cell-killing potency including production and availability limitations. Solutions to this research are currently
being investigated for the «-emitters cross section values, on the other hand, it provided significant results in the calculations of
21T At -emitters cross-section.
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Fig. 5 Calculated reaction yield 30 -
vs. irradiation time i 20174

5

20

Yield (GBg/mAh)
™
T

0 1 | 1 | ! |
0 0.2 0.4 0.6 0.8 1

Irradiation Time (h)

4 Conclusion

In this paper, nuclear reaction models have been used to compute the reaction cross-sections of 2% Bi(«r,2n)?! ! At. For all computations,
TALYS 1.95 has been used. The findings have been compared to those from the EXFOR. The outcomes acquired can be summed
up as follows;

(1) Despite the cross-section of 209Bj(r,2n)?! L At is maximum around 31 MeV, the beam energy is determined as 28 MeV to avoid
harmful effects of 2!°Po, which is the daughter nuclei of 210 A¢,

(2) Reaction cross-section calculations based on pre-equilibrium approximations and level density models have exhibited good
harmony using the experimental results up to 31 MeV projectile energy.

(3) The most compatible level density model is BSFGM based on the experimental results.

(4) The maximum value of reaction yield is 25.3 GBg/mAh, whereas the maximum activity of 2! At is found to be 24.25 GBq.
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