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Abstract

Radioisotopes such as 67Cu, 131I, and 99mTc are used in nuclear medicine for diagnostic and therapeutic (theranostic) applications. Cross-section
data for the nuclear reactions that produce these radioisotopes are essential for efficient production; however, experimental cross-section data remain
limited for these isotopes. The reaction cross sections of the radioisotopes 67Cu, 131I, and 99mTc were evaluated using the nuclear reaction model
code EMPIRE 3.2.3. The influence of nuclear level density (NLD) models on energy-dependent cross-section calculations was investigated for
the reactions 68Zn(p,2p)67Cu, 70Zn(p,α)67Cu, 130Te(d,n)131I, 100Mo(p,2n)99mTc, and 100Mo(n,2n)99Mo within an energy range from threshold to 70
MeV. Calculated energy-dependent cross-section functions were benchmarked against experimental data from the EXFOR database and evaluated
nuclear data from International Atomic Energy Agency (IAEA) libraries. The results show clear sensitivity of the predicted cross sections to the
selected NLD model. The cross-sections predicted by the nuclear level density models that showed the best agreement with the experimental
data were 32 MeV (6.80 mb) for 68Zn(p,2p)67Cu, 17 MeV (17.79 mb) for 70Zn(p,α)67Cu, 12 MeV (99.94 mb) for 130Te(d,n)131I, and 18 MeV for
both 100Mo(p,2n)99mTc (994.78 mb) and 100Mo(n,2n)99Mo (1500 mb). Radionuclidic purity indices ranged from 1.93% to 17.27%, depending on
the reaction channel. These results demonstrate the reliability of EMPIRE 3.2.3 for predicting cross sections and provide useful nuclear data for
radionuclide production.
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1. Introduction

Nuclear medicine is a specialized field that uses radioactive isotopes to diagnose and treat diseases through radiopharmaceuticals
[1, 2]. Medically important radionuclides, including 67Cu, 131I, and 99mTc, are extensively used in diagnostic imaging and targeted
radionuclide therapy because of their favorable decay characteristics and biological compatibility [2, 3]. Nevertheless, acquiring
precise nuclear reaction cross-section data presents a considerable challenge, as experimental results from different laboratories
frequently show incompleteness, inconsistency, and discrepancies across broad energy ranges [4, 5].
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Among the available nuclear reaction codes, the EMPIRE 3.2.3 system is particularly suitable because it integrates multiple
nuclear reaction mechanisms within a unified computational framework [6]. The code incorporates internationally recommended
nuclear input parameters from the Reference Input Parameter Library (RIPL-3), thereby improving the reliability of theoretical
predictions across broad incident-energy ranges [6].

The calculated cross sections were benchmarked against experimental data retrieved from the EXFOR database and evaluated
nuclear data libraries, including ENDF/B-VIII.0, IAEA Medical, IAEA-Therapeutic, and TENDL-2023 [4, 6, 7].

2. Materials and methods

2.1. Materials

The key materials used in this study were as follows.

1. EMPIRE code: The EMPIRE code was used to evaluate nuclear reaction cross sections. The code uses nuclear structure and
reaction input parameters obtained from RIPL-3, including optical model potentials, level density parameters, and gamma-ray
strength functions. These parameters were used without modification, except for the systematic variation of NLD models to
investigate their impact on the calculated excitation functions.

2. EXFOR database: The EXFOR database was used to access experimental cross-section information for copper-67, iodine-131,
and technetium-99m. It served as the primary source of experimental cross-section data for benchmarking the calculated exci-
tation functions from EMPIRE 3.2.3. The retrieved datasets were selected based on data completeness, reported uncertainties,
and consistency across different measurements.

3. ZVView plotting package: ZVView was used to generate excitation-function plots for each reaction channel, facilitating
direct visual comparison between calculated and experimental cross sections. This allowed qualitative assessment of model
performance, including agreement in peak cross-section values, peak energies, and overall excitation-function shapes.

4. Reference Input Parameter Library (RIPL-3): The nuclear model input parameters required for EMPIRE calculations were
obtained from RIPL-3. RIPL-3 provides standardized and recommended nuclear reaction parameters, including optical model
potentials, level density parameters, and gamma-ray strength functions.

5. Personal computer: A personal computer was used to perform computation-intensive simulations, including EMPIRE code
calculations, and to store data and simulation outputs.

6. FORTRAN 77 compiler: A FORTRAN 77 compiler was used to execute the EMPIRE 3.2.3 code and any modifications made
to it.

7. International Atomic Energy Agency (IAEA) resources: IAEA Nuclear Data Services (NDS) resources were used to access
reference and evaluated nuclear data, including IAEA-Therapeutic, IAEA-Medical, and TENDL data.

8. Microsoft Excel: Microsoft Excel was used to store experimental and simulated data for statistical analysis.

2.2. Method

2.2.1. Compilation and validation of the experimental data
Experimental nuclear reaction cross-section data for the investigated reactions were obtained from the EXFOR database main-

tained by the International Atomic Energy Agency (IAEA) Nuclear Data Services. The database provides a comprehensive collection
of experimentally measured nuclear reaction data, including reaction channels, target isotopes, projectile types, incident particle en-
ergies, measured cross sections, and associated uncertainties.

The retrieved datasets were screened to ensure their relevance to the production reactions and energy ranges considered in this
study. Only datasets corresponding to the selected reaction channels and containing adequate experimental information were retained
for further analysis. Where multiple datasets were available for a particular reaction, comparisons were performed to evaluate the
consistency of the reported excitation functions in terms of peak cross sections, peak energies, and overall excitation-function trends.

In cases where discrepancies existed among different experimental measurements, the general behavior and trend of the available
datasets were considered rather than relying solely on a single measurement. This approach minimized the influence of isolated
deviations and provided a more representative basis for comparison with theoretical calculations.

The validated experimental datasets were subsequently used as benchmark data for assessing the performance of the EMPIRE
3.2.3 nuclear reaction code. Comparisons between calculated and experimental excitation functions were carried out using the
reported cross-section values and uncertainties available in the EXFOR database. No additional normalization, correction, or re-
evaluation of the experimental data was performed before the comparison. This procedure ensured that the assessment of the theo-
retical calculations was based on independently measured experimental data and enhanced the reliability of the validation process.
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2.2.2. Nuclear level density models
Nuclear level density (NLD) is defined as the number of available nuclear energy levels per unit excitation energy at a given

excitation energy. It is a fundamental quantity in statistical nuclear reaction theory, as it determines the probability of compound
nucleus formation and decay. Within the Hauser–Feshbach formalism, the reaction cross section depends strongly on the density of
accessible final states; hence, an accurate description of NLD is essential for reliable cross-section calculations [8, 9].

In this study, the impact of different NLD models on calculated excitation functions was investigated using the EMPIRE code.
Four level density models available in EMPIRE were considered: the Enhanced Generalized Superfluid Model (EGSM), Generalized
Superfluid Model (GSM), Gilbert–Cameron Model (GCM), and microscopic Hartree–Fock–Bogoliubov (HFB) model.

Gilbert–Cameron model (GCM). The Gilbert–Cameron model is a phenomenological composite model that combines a constant-
temperature formulation at low excitation energies with a Fermi gas model at higher energies [10]. This allows it to account for
discrete nuclear levels at low energies and statistical behavior at higher excitation energies. Because of its simplicity and reasonable
accuracy, it is widely used in nuclear reaction calculations.

Generalized superfluid model (GSM). The Generalized Superfluid Model incorporates pairing correlations between nucleons and
describes the transition of the nucleus from a superfluid state at low excitation energies to a normal Fermi gas state at higher energies
[11]. This model introduces an energy-dependent level density parameter and provides improved predictions near reaction threshold
energies where pairing effects are significant.

Enhanced generalized superfluid model (EGSM). The Enhanced Generalized Superfluid Model extends the GSM by including col-
lective enhancement effects and improved treatment of shell corrections [11]. These additional features allow better representation
of nuclear deformation and collective motion, which can significantly influence level density at intermediate excitation energies.

Hartree–Fock–Bogoliubov model (HFB). The Hartree–Fock–Bogoliubov model is a microscopic approach based on self-consistent
mean-field theory, incorporating nucleon–nucleon interactions, shell effects, deformation, and pairing correlations explicitly [12].
Unlike phenomenological models, HFB does not rely on empirical parameter fitting, making it more fundamental, although its
predictive accuracy depends on the underlying nuclear structure inputs.

2.2.3. Cross-section evaluation with EMPIRE 3.2.3
The medically relevant nuclear reactions investigated in this study were 68Zn(p,2p)67Cu, 70Zn(p,α)67Cu, 130Te(d,n)131I,

100Mo(p,2n)99mTc, and 100Mo(n,2n)99Mo. For each reaction channel, the corresponding target nucleus, projectile type, incident
energy range, and emitted particles were defined in the EMPIRE input file. The incident energy range was selected from the reaction
threshold up to 70 MeV based on available experimental data and medical production relevance.

The EMPIRE 3.2.3 code was configured to use the Hauser–Feshbach statistical model for compound nucleus calculations together
with pre-equilibrium reaction mechanisms. This enabled the calculation of both equilibrium and non-equilibrium contributions to
the reaction cross sections.

Optical model parameters for neutrons, protons, deuterons, and alpha particles were obtained from RIPL-3. These parameters
were used by EMPIRE to calculate transmission coefficients and particle interaction probabilities required for reaction modeling.

Four different NLD models available in EMPIRE 3.2.3 were investigated: EGSM, GSM, GCM, and the HFB microscopic model.
Each model was applied separately for all reaction channels to evaluate its influence on the predicted excitation functions.

The prepared input files were executed using the FORTRAN-based EMPIRE 3.2.3 code on a high-performance computer system.
The code generated theoretical excitation functions and reaction cross-section outputs for each reaction and level density model
combination.

The calculated cross-section outputs generated by EMPIRE were extracted and organized into Microsoft Excel spreadsheets for
further analysis. Peak cross sections, peak energies, and excitation-function trends were identified for each reaction channel.

The theoretical cross sections obtained from EMPIRE were compared with experimental data compiled from the EXFOR database
and evaluated nuclear data libraries, such as ENDF/B-VIII.0, IAEA Medical, IAEA-Therapeutic, and TENDL-2023. This compari-
son was performed to determine the predictive performance of each level density model.

Finally, ZVView plotting software was used to plot the calculated excitation functions together with the experimental datasets.
The agreement between theoretical and experimental results was evaluated based on peak position, peak magnitude, and overall
excitation-function shape.

2.2.4. Method of analysis and visualization
The EMPIRE 3.2.3 results were statistically compared with available experimental nuclear reaction cross-section data. An

important measure for this comparison was the percentage deviation, which measures the extent of agreement between theoretical
and experimental values. The percentage deviation is given as

%∆σ =
Σ
∣∣∣σexp − σtheo

∣∣∣ + σerror

σerror
× 100%, (1)
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where σtheo is the theoretical cross section from EMPIRE 3.2.3, σexp is the experimental cross section, and σerror is the experimental
cross-section error.

The comparison between the calculated cross sections obtained from EMPIRE and the experimental cross sections retrieved from
the EXFOR database was carried out by matching both datasets at corresponding incident particle energies. For each reaction channel,
the theoretical excitation functions generated by EMPIRE were interpolated to the same energy points reported in the experimental
measurements. At every corresponding energy value, the calculated cross section σtheo was paired with the experimental cross section
σexp and the associated experimental uncertainty ∆σexp.

The absolute difference between the theoretical and experimental values was then determined for all matched energy points and
normalized using the reported experimental uncertainty. The percentage deviation was subsequently computed using Eq. (1). This
procedure enabled a quantitative evaluation of the agreement between the EMPIRE predictions and the experimentally measured
nuclear reaction cross sections across the investigated energy range.

This approach gives a numerical estimate of the predictive strength of the nuclear reaction models and input parameters used in
EMPIRE 3.2.3 [13].

3. Results and discussion

The calculated excitation functions obtained using the EMPIRE level density models (EGSM, GSM, GCM, and HFB) were
compared with available experimental data for the production of the medically important radionuclides 67Cu, 131I, and 99mTc. The
observed variations among the models are mainly attributed to differences in the treatment of nuclear level density, compound nucleus
formation probability, and pre-equilibrium particle emission mechanisms implemented in EMPIRE 3.2.3.

For the 68Zn(p,2p)67Cu reaction shown in Figure 1, all models reproduced the general excitation-function trend with peak energies
between 25 and 32 MeV, which corresponds to the energy region where compound nucleus formation and proton emission become
dominant. The EGSM model produced the highest peak cross section of approximately 14 mb at 30 MeV because the model
enhances the level density at moderate excitation energies through pairing and collective effects, thereby increasing the probability
of compound nucleus decay through the (p,2p) channel. GSM provided the best agreement with experimental peak magnitude
and energy position because its generalized treatment of shell damping and excitation-energy dependence produced more realistic
transmission coefficients in this energy region. In contrast, the HFB model predicted a narrower and steeper peak around 25 MeV
with lower cross-section values. This behavior may be attributed to the microscopic treatment of nuclear states in HFB, which
restricts the density of accessible excited states and consequently reduces the reaction probability. The underestimation of cross
sections above 40 MeV by all models suggests increasing dominance of pre-equilibrium and direct reaction mechanisms, which are
more difficult to reproduce accurately using statistical compound-nucleus approaches alone.

For the 70Zn(p,α)67Cu reaction in Figure 2, the excitation functions peaked near 15–17 MeV, corresponding to the threshold region
where alpha-particle emission becomes energetically favorable. EGSM strongly overestimated the experimental peak cross section
by predicting values around 57 mb compared with the experimental value of about 15 mb. This overprediction indicates that the
model may over-enhance the density of available excited states and compound-nucleus decay probability for alpha emission. GSM
and GCM also produced larger peak magnitudes because of their phenomenological parameterization of level densities, which can
increase particle-emission probabilities at low excitation energies. The HFB model gave the closest agreement with the experimental
data in both shape and magnitude because the microscopic description of single-particle states and shell effects provides a more
realistic representation of alpha-emission probabilities. The slight energy shift of the HFB peak toward 17 MeV may result from
differences in optical model transmission coefficients and threshold-energy treatment within the EMPIRE calculations.

For the 130Te(d,n)131I reaction shown in Figure 3, all models predicted peak energies within the range of 12–17 MeV. Experi-
mentally, the peak occurred near 17 MeV with a cross section close to 0.10 barns. The HFB model reproduced the experimental
peak magnitude more accurately because microscopic level-density calculations better account for neutron-emission channels in
deuteron-induced reactions. However, the peak energy was shifted toward 12 MeV, suggesting that the pre-equilibrium contribution
in the model becomes significant earlier than observed experimentally. EGSM, GSM, and GCM correctly reproduced the peak energy
around 17 MeV but underestimated the peak magnitude by approximately 20–30%, indicating lower predicted compound-nucleus
formation probabilities. The overestimation of cross sections above 15 MeV by GCM may be linked to its simplified constant-
temperature treatment of nuclear level densities, which tends to overpredict available excitation states at higher energies.

For the 100Mo(p,2n)99mTc reaction in Figure 4, all models predicted maximum cross sections around 18 MeV, which corresponds
to the optimum energy region for the (p,2n) reaction channel. The HFB model produced the highest peak cross section of 994.78
mb, closely followed by EGSM with 983.28 mb. The large cross-section values in this energy region are associated with strong
compound-nucleus formation and favorable neutron-emission probability. The wider excitation function predicted by HFB indicates
that the microscopic level-density treatment allows a broader distribution of accessible excited states, thereby increasing neutron
emission over a larger energy interval. GSM and GCM predicted slightly lower peak values because their phenomenological pa-
rameterizations provide comparatively lower state densities at higher excitation energies. The superior performance of HFB in this
reaction demonstrates the importance of microscopic shell and pairing effects in accurately describing neutron-emission processes
relevant to 99mTc production.
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Figure 1. Calculated 68Zn(p,2p) cross section from different level density models benchmarked with experimental data from EXFOR for the production of 67Cu.

Figure 2. Calculated 70Zn(p,α) cross section from different level density models benchmarked with experimental data from EXFOR for the production of 67Cu.

Similarly, for the 100Mo(n,2n)99Mo reaction shown in Figure 5, all models exhibited a rapid rise in cross section beginning around
8 MeV, followed by peak values near 15 MeV. This behavior corresponds to the threshold for neutron multiplication reactions and the
increasing probability of compound nucleus excitation. Experimental data agreed reasonably well with the theoretical curves near
the peak region, confirming the predictive capability of EMPIRE for neutron-induced reactions. EGSM and GSM predicted slightly
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Figure 3. Calculated 130Te(d,n) cross section from different level density models benchmarked with experimental data from EXFOR for the production of 131I.

higher peak cross sections because their level-density formulations increase the probability of neutron emission at intermediate
excitation energies. GSM gave the best overall agreement with the experimental data because its treatment of shell damping and
collective enhancement provided a balanced description of both low- and high-energy reaction regions. The gradual decrease in
cross section beyond 15 MeV is associated with increased competition from other reaction channels and pre-equilibrium neutron-
emission processes.

Table 1 summarizes the best-performing EMPIRE level density model for the investigated reaction channels based on the bench-
mark results.

Table 1 presents the comparative performance of the four EMPIRE NLD models (EGSM, GSM, GCM, and HFB) for all inves-
tigated reaction channels. The evaluation was based on agreement with experimental excitation functions in terms of peak cross
section, peak energy position, excitation-function shape, and overall trend across the investigated energy range.

The GSM model showed the best agreement for the 68Zn(p,2p)67Cu and 100Mo(n,2n)99Mo reactions because its treatment of shell
damping and excitation-energy dependence produced more stable predictions over the relevant energy ranges. In contrast, the HFB
model performed best for the 70Zn(p,α)67Cu, 130Te(d,n)131I, and 100Mo(p,2n)99mTc reactions due to its microscopic description of
nuclear structure effects, which improved the prediction of neutron and alpha-particle emission probabilities.

The EGSM model generally produced higher peak cross sections because of the inclusion of collective enhancement effects
that increase nuclear level densities at moderate excitation energies. However, this often resulted in overestimation of experimental
values, particularly in charged-particle-induced reactions. The GCM model reproduced some excitation-function trends reasonably
well but showed larger deviations at higher energies due to limitations associated with its simplified phenomenological treatment of
NLD.

Overall, the results indicate that the predictive capability of EMPIRE 3.2.3 strongly depends on the choice of level density model
and reaction mechanism. Therefore, careful selection and validation of nuclear model parameters are necessary for reliable medical
radioisotope production calculations.
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Figure 4. Calculated 100Mo(p,2n) cross section from different level density models benchmarked with experimental data from EXFOR for the production of 99mTc.

Table 1. Comparative performance of EMPIRE level density models for different reaction channels.

Reaction cross
section

EGSM performance GSM performance GCM performance HFB performance Best-fit
model

68Zn(p,2p)67Cu Overestimated peak
cross section at ∼30
MeV; moderate agree-
ment at mid energies

Best agreement in peak
magnitude and energy
position

Moderate agreement but
wider deviation above 35
MeV

Narrow peak with under-
estimated cross section

GSM

70Zn(p,α)67Cu Strong overestimation of
peak cross section

Overpredicted peak val-
ues with large fluctua-
tions

Overestimated peak
magnitude and energy
spread

Best agreement in both
peak shape and magni-
tude

HFB

130Te(d,n)131I Correct peak energy but
underestimated magni-
tude

Good peak-energy pre-
diction with lower cross
section

Overestimated cross sec-
tions above 15 MeV

Best overall agreement
with experimental trend

HFB

100Mo(p,2n)99mTc Very high peak cross
section close to experi-
ment

Slightly underestimated
peak values

Lower peak magnitude
compared with experi-
ment

Best prediction of yield
and excitation-function
width

HFB

100Mo(n,2n)99Mo Slightly overestimated
peak cross section

Best overall agreement
with experimental data

Lower peak magnitude
and broader deviation

Moderate agreement at
the peak region

GSM

3.1. Purity analysis

Radionuclidic purity of the investigated medical radioisotopes were evaluated using the calculated excitation functions obtained
from EMPIRE 3.2.3. The analysis was based on the best-fit cross-section (σp), total cross section (σT ), purity index (PI), and
optimum incident energy interval for each reaction channel.

The best-fit cross-section (σp) corresponds to the maximum value of the excitation function obtained from the EMPIRE calcula-
tions within the investigated energy range. The total cross section (σT ) was obtained by summing the calculated excitation-function
values over the selected optimum energy interval for each reaction channel. Thus, σT represents the cumulative reaction probability
within the practical irradiation energy range relevant for isotope production.
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Figure 5. Calculated 100Mo(n,2n) cross section from different level density models benchmarked with experimental data from EXFOR for the production of 99Mo.

Table 2. Cross-section and purity parameters for selected medical radioisotope production reactions.
Radioisotope Production reaction Best-fit energy, Ep (MeV) Best-fit cross-section, σp (mb) Total cross section, σT (mb) PI (%) Optimum energy interval (MeV)
67Cu 68Zn(p,2p)67Cu 32.00 6.80 158.59 4.28 30–40
67Cu 70Zn(p,α)67Cu 17.00 17.79 154.26 11.54 10–25
131I 130Te(d,n)131I 12.00 99.94 919.84 10.86 8–14
99mTc 100Mo(p,2n)99mTc 18.00 994.78 5760.58 17.27 10–20
99Mo 100Mo(n,2n)99Mo 15.00 1500 7819.50 19.18 10–20

The radionuclidic purity was estimated using the PI, given by [14]

PI =
σp

σT
× 100%. (2)

A higher PI value indicates that the desired reaction channel contributes more dominantly within the irradiation energy interval and
therefore results in improved radionuclidic purity with reduced contamination from competing reactions.

Table 2 summarizes the best-fit cross-sections, total cross-sections, purity indices, and optimum energy intervals for the investi-
gated production reactions. The results reveal significant differences in the production characteristics of the selected radionuclides.
Among the investigated reactions, the 100Mo(n,2n)99Mo 100Mo(n,2n)99Mo reaction exhibited the highest best-fit cross-section
(1500.00 mb), the largest total cross-section (7819.50 mb), and the highest purity index (19.18%) within the optimum energy in-
terval of 10–20 MeV. These results indicate that this reaction possesses the most favourable production characteristics among the
investigated reaction channels under the conditions considered in this study. 100Mo(p,2n)99mTc reaction also demonstrated excellent
production characteristics, with a high best-fit cross-section (994.78 mb), a substantial total cross-section (5760.58 mb), and a pu-
rity index of 17.27%, confirming its suitability for the production of Technetium-99m. The 70Zn(p,α)67Cu reaction exhibited better
production characteristics than the 68Zn(p,2p)67Cu route, as reflected by its higher best-fit cross-section and purity index. Similarly,
the 130Te(d,n)131I reaction showed satisfactory agreement with experimental observations and favourable production characteristics
within its optimum energy interval.
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Overall, the comparative analysis demonstrates that the production characteristics of the investigated radionuclides depend on the
combined influence of the best-fit cross-section, integrated reaction probability, purity index, and optimum irradiation energy rather
than on any single parameter alone.

4. Conclusion

In this analysis, the nuclear reaction model code EMPIRE 3.2.3 was used to assess the production cross-sections of major medical
radionuclides through the reactions 68Zn(p,2p)67Cu, 70Zn(p,α)67Cu, 130Te(d,n)131I, 100Mo(p,2n)99mTc, and 100Mo(n,2n)99Mo. The
evaluations were calculated from threshold energy to 70 MeV with optimized nuclear level density parameters used to simulate and
compare with experimental data. The findings provide evidence of the high sensitivity of reaction cross-sections to the selected
nuclear level density model. Based on comparison with experimental data and benchmarking with evaluated nuclear data libraries
from the IAEA, the most appropriate models for each reaction channel were determined in Table 1.

Comparative analysis of the best-fit cross-sections, total cross-sections, and purity indices indicated that the production char-
acteristics of the investigated reactions are ranked as follows: 100Mo(n, 2n)99Mo >100 Mo(p, 2n)99mTc >130 Te(d, n)131I >70

Zn(p, α)67Cu >68 Zn(p, 2p)67Cu. Similarly, the radionuclidic purity followed the order: 100Mo(n, 2n)99Mo >100 Mo(p, 2n)99mTc >70

Zn(p, α)67Cu >130 Te(d, n)131I >68 Zn(p, 2p)67Cu. These findings suggest that the 100Mo(n, 2n)99Mo reaction exhibits the most
favourable production characteristics among the investigated reactions, based on its highest best-fit cross-section, total cross-section,
and purity index. The 100Mo(p, 2n)99mTc reaction also demonstrated excellent production characteristics and remains an attractive
route for the production of Technetium-99m under suitable irradiation conditions. Conversely, the 68Zn(p, 2p)67Cu reaction exhib-
ited comparatively lower best-fit cross-sections and purity, indicating less favourable production characteristics than the alternative
70Zn(p, α)67Cu route.
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