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Abstract: In this work, we investigated the excitation functions of proton-induced reactions on even–even 94−100Mo

isotopes for the production of medical radioisotopes 94m, 94g, 96m, 96g, 96, 99mTc. To obtain the excitation functions we

carried out cross-section calculations in the frameworks of the generalized superfluid model, microscopic level density

model, and three options of the preequilibrium process in the Talys code. The aim of this study was to introduce a new

aspect for the production of radioisotopes 94m, 94g, 96m, 96g, 96, 99mTc with different models.
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1. Introduction

Natural Mo isotopes are widely used for target materials to produce some medical radioisotopes, structural ma-

terials in nuclear reactors, nuclear energy equipment, and other radiation-proof devices. The 92, 94, 96, 98, 100Mo

isotopes are in abundances of 14.84%, 9.25%, 16.68%, 24.13%, and 9.63%, respectively [1]. In industrial and

scientific research, in addition to being an alloying element, Mo is important in terms of being used as a pure

construction material. Nowadays, obtaining theoretical data with reaction models is of particular importance

along with the experimental data for radioisotope production by investigation of excitation functions [2]. The

reason for this is that the excitation function values can be used for the impurity level and the integrated yield

calculations in suggestions of reactions for radioisotope production [3].

Here we briefly present the fields of usage of the radioisotopes 94m, 94g, 96, 96m, 96g, 99mTc, some of which

are used in single photon emission computer tomography (SPECT) and positron emission tomography (PET).

The radioisotopes 94gTc and 94mTc are used in PET [4]; in particular, the radionuclide 94mTc is properly

used because of its β+ decay property (E+
β = 2.47 MeV) [5]. The radioisotopes 96Tc and 96mTc are used as

tracer isotopes in wear measurements [6] and 96gTc is used as a potential beam monitor [7]. Additionally, the

radionuclide 96gTc was suggested for myocardial blood flow studies [8] and the prevention of coronary restenosis

[7,9]. The most significant radionuclide for the major body organs in diagnosis is 99mTc [10,11], which causes

minimal radiation dose to the patient and it is most widely used as a radiotracer in nuclear medicine [12].

In the present work, we aimed to explain suitable cross-section data, which are important for impurity

levels and integrated yields, for the production of radioisotopes 94m, 94g, 96, 96m, 96g, 99mTc. Therefore, we

investigated the excitation functions of proton-induced reactions with different incident energy ranges. In
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the calculation of cross sections, to suggest suitable data for radioisotope production, we used nuclear reaction

models such as three pre-equilibrium (PEQ) models; generalized superfluid model (GSM), which is better than

the standard Fermi-gas model (FGM) with constant temperature [3]; and microscopic level density (MLD)

model. This study is also a part of Ozan Artun’s PhD thesis [13].

2. Theoretical basis and codes

The PEQ reaction mechanism can be explained by the two-component exciton approach [14–16], which includes

the FGM [3,14], GSM, and MLD model. We made the calculation with the Talys 1.6 code [17].

2.1. Exciton models

The PEQ model, which has an important mechanism, takes place between the direct process (10−22 s–10−20 s)

and compound process (10−18 s–10−16 s) [18,19]. The basis of PEQ is Griffin’s exciton model, which provided

the first explanation of the spectral shapes of those pre-equilibrium particles [20]. This model was also used

in order to investigate the particle energy spectra and excitation functions. In Griffin’s exciton model, the

state density statement is important because it explains the excitation function according to particle-hole state

[21]. In accordance with this model, it was assumed that the system reaches equilibrium through a series of

two-body interactions by causing transitions between particle-hole states. The Talys code simulates the nuclear

reactions, and it can be used for cross-section calculations in the frame of the two-component exciton model

[22], which was more developed the Griffin’s exciton model (one-component) [18]. We used three modes, which

are preeqmode 1–3, in calculations. The difference between preeqmode 1 and preeqmode 2 is the relation of

the analytical and numerical calculations of transition rates, which are energy-dependent matrix elements. The

preeqmode 3 is used for numerical transition rates with an optical model to calculate the collision probability

[14]. The PEQ differential form for any particle k with emission energy Ek and with an emission rate Wk is

given as

dσPEQ
k

dEk
=σCF

pmax
π∑

pπ=p0
π

pmax
v∑

pv=p0
v

Wk (pπ, hπ, pν , hν , Ek) τ (pπ,hπ,pν ,hν)×P (pπ,hπ,pν ,hν) . (1)

In this equation, σCF , P, p, h, and n are compound formation cross section, the part of the pre-equilibrium

population, particle number, hole number, and exciton number (n = p + h), respectively. The π and ν represent

the proton and neutron, respectively [14].

2.2. Level density models

The excitation function calculations were performed with two different level density models. These models

are the MLD model and GSM. Detailed information about the GSM is given in the literature [3,14,23,24]. In

addition to phenomenological models in the literature, we can use the MLD model via the Talys code in the

excitation function calculations. The MLD model, which includes parity, spin (up to J = 30), and excitation

energy (up to 150 MeV), uses Goriely’s table [25] for Skyrme force. The MLD, which can be called ρHFM , is

given by

ρ (Ex, J, π)= exp
(
c
√
Ex−δ

)
ρHFM (Ex−δ, J, π) , (2)

where δ and c are pairing shifts and constant, respectively [14] and the HFM in ρHFM can be explained as the

Hartree–Fock microscopically due to Hartree–Fock calculations.
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3. Results and discussion

In this paper, we calculated the excitation functions of proton-induced reactions for production of the radioiso-

topes 94m, 94g, 96m, 96g, 96, 99mTc with reaction models, which are the preeqmode 1–3, GSM, and MLD model.

The calculated results were compared with the experimental data in the literature. The calculated E-threshold

and Q-value of reactions are shown in the Table along with the decay data of the product radionuclides, which

were taken from the EXFOR database [26].

Table. The calculated Q- value and E-threshold energy together with decay data [2,5,7,39,40] of the product radionu-

clides.

Nuclide T1/2
Mode of

Eγ(keV ) Iγ(%) Reactions
Q-value E-threshold

decay (%) (MeV) (MeV)
94mTc 52.5 min IT(<0.1) 992.75 2.3 94Mo(p,n) –5.113601 5.168452

1521.56 4.5 96Mo(p,3n) –21.637032 21.864284
94gTc 4.883 h EC (100) 871.097 99.9 94Mo(p,n) –5.038101 5.092142

96Mo(p,3n) –21.561532 21.787991
96mTc 51.5 min IT(98) 778.196 1.9 94Mo(p,n) –3.789876 3.829680

EC (2) 1200.16 1.09 98Mo(p,3n) –19.253745 19.451833
96gTc 4.28 d EC (100) 778.196 99.76 94Mo(p,n) –3.755596 3.795040

812.54 82 98Mo(p,3n) –19.219465 19.417200
849.89 98
1126.83 15.2

96Tc 4.16 d β+ 568.80 0.92 96Mo(p,n) –3.755596 3.795040
778.22 100 98Mo(p,3n) –19.219465 19.417200
812.58 82
849.93 97.6
1126.97 15.2

3.1. Production of the radioisotopes 94m, 94gTc

The calculated excitation functions of radioisotopes 94m, 94gTc produced by (p,n) and (p,3n) reactions and all

the experimental data are given in Figures 1–4. The results of the five nuclear models’ calculations for the
94Mo(p,n)94mTc reaction, namely preeqmod 1–3, GSM, and MLD model, and the experimental data from

Rosh and Qaim, [27], Levkoskij [28], Skakun et al. [29] are shown in Figure 1. All the calculated results are

close to the data reported by Skakun et al. and Rosh and Qaim up to 8 MeV from 6 MeV; however, beyond 8

MeV, the experimental cross-section results are higher than the calculated results. For the 96Mo(p,3n)94mTc

reaction (Figure 2), the data reported by Levkovskij [28] and Hogan [30] are in agreement with the calculated

results at only about 25 MeV. Although the model calculations around the maximum values underestimate

the experimental results by a factor of about 3, the experimental and model results have the same trend, and

their maximum values are at about the same energies (30 MeV). The 94Mo(p,n)94gTc reaction is presented

in Figure 3 with the measurements reported by Rosh and Qaim [27], Levkovskij [28], and Skakun et al. [29].

For this reaction, from the threshold energy of the reaction to the maximum of the cross section, all the

experimental results are lower compared to all of the calculated cross-section results and the experimental

values are concentrated between 14 MeV and 19 MeV in which the experimental results are consistent with

each other. In this energy range, the theoretical results are almost the same and close to the experimental
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results especially with the GSM, but compared to the other theoretical results, the curve of the MLD model is

far from the experimental results. The excitation function calculations of the 96Mo(p,3n)94gTc reaction and

the experimental results reported by Levkovskij [28] and Hogan [30] are presented in Figure 4. As seen, the

model calculations are in reasonable agreement with the experimental data. As is also clearly visible in Figure

4, the calculation with the GSM are in good agreement with the results reported by Levkovskij [28] up to 29

MeV, but beyond the maximum of the excitation function the data reported by Levkovskij [28] do not have

data points. For this reaction, the excitation function curve of the data reported by Hogan [30] is close to the

excitation functions of the model calculations. However, while the excitation functions of preeqmode 1 and

preeqmode 2 agree with the data reported by Hogan [30] (only one data point about 34 MeV), the calculation

for the MLD model showed agreement with three data points beyond 39 MeV.
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Figure 1. Comparison of excitation function of the
94Mo(p,n)94mTc reaction with experimental data [27–29].

Figure 2. Comparison of excitation function of

the 96Mo(p,3n)94mTc reaction with experimental data

[28,30].
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Figure 3. Comparison of excitation function of the
94Mo(p,n)94gTc reaction with experimental data [27–29].

Figure 4. Comparison of excitation function of the
96Mo(p,3n)94gTc reaction with experimental data [28,30].
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3.2. Production of the radioisotopes 96m, 96g, 96Tc

We presented the calculated excitation functions with the experimental data for the production of radioisotopes
96m, 96g, 96Tc in Figures 5–8. The excitation functions for the production of radioisotope 96Tc were derived

by (p,n) and (p,3n) reactions. The theoretical excitation functions and the experimental results reported by

Levkovskij [28], Flynn et al. [31], and Hogan [30] for the 96Mo(p,n)96Tc reaction are shown in Figure 5. The

calculations of the experimental data described by Flynn [31] are rather good, but the data reported by Hogan

[30] for this reaction is rather scanty beyond 8 MeV. The model calculations are somewhat lower than the

measurements given by Levkovskij [28]. However, the results of the theoretical calculations are close to the

measurements reported by Levkovskij [28] beyond the maximum of the excitation function. The excitation

function calculations for the 98Mo(p,3n)96Tc reaction are shown in Figure 6 and this reaction was reported

in one of the experimental results by Levkovskij [28]. On the other hand, the measured data points do not

satisfy in the energy range above 30 MeV. The agreement between theoretical results and the data reported by

Levkovskij [28] are good beyond the threshold energy and up to 27 MeV, but in the maximum of the excitation

function, the model calculations and experimental data are separated from one another. The excitation function

of model calculations and all experimental data reported for 96Mo(p,n)96mTc and 96Mo(p,n)96gTc reactions

are given in Figures 7 and 8, respectively. For the 96Mo(p,n)96mTc reaction, the results of model calculations

are in agreement with each other and with all of the experimental data [29,30, 32] up to 7 MeV. In particular,

the measurement by Zhuravlev et al. [32] agrees fairly well with all the model calculations. The measurement

by Hogan [29] for this reaction is rather scanty (only five data points up to 30 MeV). The calculated excitation

functions of the 96Mo(p,n)96gTc reaction and the measurement by Hogan [30] are shown in Figure 8. Beyond

15 MeV, although there is a slight difference, the theoretical results agree with each other and the model

calculations described the data reported by Hogan [30] rather well, except for one data point about 10 MeV. In

the case of the 98Mo(p,3n)96mTc and 98Mo(p,3n)96gTc reactions, the literature has no data reported or the

measurement for comparison with model calculations; however, the calculated E-threshold and Q-value of these

reactions were added to the Table.
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Figure 5. Comparison of excitation function of

the 96Mo(p,n)96Tc reaction with experimental data

[28,30,31].

Figure 6. Comparison of excitation function of the
98Mo(p,3n)96Tc reaction with experimental data [28].
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Figure 7. Comparison of excitation function of

the 96Mo(p,n)96mTc reaction with experimental data

[29,30,32].

Figure 8. Comparison of excitation function of the
96Mo(p,n)96gTc reaction with experimental data [30].

3.3. Production of the radioisotope 99mTc

The excitation functions, E-threshold, and Q value for the radioisotope 99mTc produced by three different

reactions are given in the Table. The calculated excitation functions with the experimental data for (p,γ), and

(p,2n) reactions are shown in Figures 9 and 10. The experimental data [33,34] and the model calculations for

the 98Mo(p,γ)99mTc reaction are shown in Figure 9. As seen, there are two peaks, which are at 2 MeV and

about 12 MeV proton incident energies. The data reported by Sauter and Kappeler [34] are in good agreement

with the theoretical results. However, there is a high error rate in the measurement by Scholten et al. [33].

When this error rate is considered, the theoretical results are in agreement with the measurement by Scholten

et al. [33]; on the other hand, the cross section value for this reaction is too low (<0.4 mb). The results of

nuclear model calculations together with ten experimental data for the 100Mo(p,2n)99mTc reaction are shown

in Figure 10. The data reported by Levkovskij [28], Lagunas-Solar et al. [35], Challan et al. [36], and Gagnon
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Figure 9. Comparison of excitation function of the
98Mo(p,γ)99mTc reaction with experimental data [33,34].

Figure 10. Comparison of excitation function of

the 100Mo(p,2n)99mTc reaction with experimental data

[28,35–42].
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et al. [37] agree with the model calculations up to 11 MeV. These measurements are higher than the theoretical

calculations; however, the measurements given by Takacs et al. [38], Khandaker et al. [39], and Scholten et

al. [33] are close to the theoretical excitation curve. The agreement between the experimental data [40,41] and

MLD in the energy range below 12 and above 20 MeV is good. The data reported by Alharbi et al. [42] are

in good agreement with the MLD beyond 18 MeV. Generally, the model calculations are consistent with each

other and these results are close to the experimental data beyond 18 MeV.

4. Summary and conclusion

The cross-sectional distributions were obtained from the results of nuclear model calculations for the production

of the radioisotopes 94m, 94g, 96m, 96g, 96, 99mTc, some of which are used in SPECT and PET, via proton-induced

reactions and were presented with the experimental data taken from EXFOR, and these results were compared

to each other. The nuclear reaction model calculations, which are the GSM, MLD, and preeqmode1-3, were

conducted in the Talys code for convenient excitation curves. The reason for this is that the excitation

function curves are useful and important data for the thick target yields and impurity levels of radioisotopes.

Therefore, in order to contribute to the nuclear data in the literature, we calculated cross-sectional data with

different nuclear reaction models for proton-induced reactions on natural Mo isotopes for the production of the

radioisotopes 94m, 94g, 96m, 96g, 96, 99mTc.
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