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EVALUATION OF CROSS-SECTION DATA FOR RADIONUCLIDES 
USED IN POSITRON EMISSION TOMOGRAPHY BY EFFECTS 

OF LEVEL DENSITY MODELS USING EMPIRE 3.2.2 CODE 
 

This work presents the evaluated results of cross-sections for natural chromium (natCr) with several nuclear reactions 

of natCr(d, x)52g, m+Mn, natCr(d, x)54Mn, natCr(d, x)51Cr, and natCr(d, x)48V using the statistical nuclear model EMPIRE 3.2.2 

code with different level density models, for some radionuclides used in positron emission tomography. We compared 

the results to data sets found in literature, and data chosen from various sets of the electronic TENDL library. 
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1. Introduction 
 

The use of radioisotopes in nuclear medical 

imaging has grown through revolution and evolution, 

largely attributable to the development of a new  

nuclear imaging technology [1]. The positron emission 

tomography (PET) is defined as a nuclear medical  

imaging technique with the specificity and sensitivity 

necessary for imaging molecular pathways in a non-

invasive, and in vivo manner [2, 3]. Given the growing 

interest in therapeutic and nuclear medicine imaging, 

the demand for more and different radionuclides has 

increased. Importantly, types of radionuclides play 

significant roles in new technological applications for 

use in daily life, as well as in scientific research [4 - 6]. 

The 52Mn radionuclide has paramagnetic parameters 

and is potentially important in image development as a 

contrast agent for manganese-enhance magnetic 

resonance imaging (MEMRI) and magnetic resonance 

imaging (MRI). In addition, 52gMn can be used for dual 

PET/MRI. The best manganese to use in this case has 

a suitable half-life, such as 52Mn (5.591 days), 52mMn 

(21.1 min), particularly for use as a PET tracer in PET 

imaging [7]. To optimize the production routes, the 

deuteron induced cross-section is desired, for the 

optimization of the radioisotope produced, full 

knowledge of the input parameter EMPIRE code to 

obtain cross-sections data can be used to test the 

various nuclear level density of the nuclear reaction. 

For some of the radioisotopes that were used to get the 

PET image, the deuteron cross-section induced by 

nuclear reactions  was  calculated  aided  an  EMPIRE 

3.2.2 code, the most updated version of the simulation 

series [8]. Therefore, these deuteron-induced cross-

section data sets obtained from theoretical models play 

an important role in the study of deuteron-induced 

nuclear reactions and they can be used by evaluators to 

interpolation and extrapolation. 

The evaluation of cross-sections for the deuteron 

energy up to 35 MeV has been done by using the  

EMPIRE 3.2.2 code contributing various density 

level models for the excitation functions of 52g,m+Mn, 
54Mn, 51Cr, and 48V. The obtained results were 

compared and analyzed with literature data as well as 

TENDL electronic library. 
 

2. EMPIRE model calculations 
 

Cross-section determination plays an important 

role in the development of the calculations of nuclear 

reaction models. This work is focused on the 

calculations that were carried out with the nuclear 

reaction simulation EMPIRE code. The EMPIRE 

3.2.2 code (theoretical computer code of nuclear 

reactions) approach was developed by Herman et al. 

and is useful to estimate the evaluated nuclear cross-

section data sets of various particles and a broad range 

of energies. In this computer code, each of the input 

parameters has a significant role in the results. An 

input parameter is based on the Reference Input 

Parameter Library or RIPL-3, a library covering 

nuclear masses, discrete levels, optical models, decay 

schemes, and the levels of densities parameters. The 

optical  model  parameters  in  the  calculations  were 
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obtained from RIPL-3, the optical model potential 

(OMP) of deuteron energy used was proposed by 

Haixia An and Chonghai Cai [9]. Since the OMP was 

selected for use in this study, the densities of the 

nuclear levels were provided by means of different 

parameters. The statistical calculation of various 

nuclear-level density parameters was employed to 

estimate the cross-sections. Considering this, we can 

see the different results of different level density 

models factor for other medical radioisotopes [10 - 

15]. In EMPIRE 3.2.2 the results of the cross-section 

substantially depend on the parameters of the level 

density. Each model of nuclear level density is related 

to different parameterizations concerning consi-

derations of deformation and the excitation energy 

and collective phenomena of the target nuclei. This 

present simulation included the following level 

density models. 

LEVDEN = 0 is the EMPIRE enhanced genera-

lized superfluid model (EGSM), designed to (RIPL-3) 

to separate the levels and experimental value of Dobs. 

This is a default model used in EMPIRE code. 

LEVDEN = 1 is the EMPIRE generalized super-

fluid model (GSM), designed to RIPL to separate the 

levels and experimental value of Dobs. 

LEVDEN = 2 is the EMPIRE Gilbert - Cameron 

model (GCM), designed to RIPL to separate the  

levels and experimental value of Dobs (it stimulates  

separating the excitation energy into two different 

parts; in each of the regions, different forms 

functional of level densities are used). 

LEVDEN = 3 is the RIPL-3 microscopic Hartree - 

Fock - Bogoliubov model (HFBM), Dobs is the 

neutron resonance spacing [16]. 

The obtained results by default LEVDEN = 0 in 

EMPIRE 3.2.2 code for all four reactions were not in 

accord with our experimental data sets up  to  35 MeV

[17], in this case for to have a suitable curve for the 

calculated simulation achievement results and the 

available experimental data sets, to adjust the value of 

the default level density in EGSM [18], in adjusting the 

asymptotic value of a-parameter, that is equivalent to 

fix the parameter of level density, to obtain good 

results for each reaction and comparison with the 

experimental data, both the ATILNO and GTILNO 

values were fixed at 1.3.  
 

3. Results and discussion 
 

We calculated the cross-sections of activation 

products induced by natCr(d, x)52g,m+Mn, 
natCr(d, x)54Mn, natCr(d, x)51Cr and natCr(d, x)48V for 

each of the reactions using a default model and  

another three different level-density models 

LEVDEN = 1, 2, and 3. We approached the cross-

section changes with different value of LEVDEN. 

The results achieved by EMPIRE were calculated, 

compared, and evaluated with other literature data 

sets and data taken from various versions of the online 

electronic TENDL library 2010 [19], 2012 [20], 2013 

[21], 2014 [22], 2015 [23], 2017 [24] and 2019 [25], 

as shown in Figs. 1 - 4. 
 

3.1. natCr(d, x)52g,m+Mn 
 

The theoretical calculated results for the reaction 

of natCr(d, x)52g,m+Mn were obtained using the  

EMPIRE code (Fig. 1) with available data from 

Burgus et al. (1954) [26], Kafalas et al. (1956) [27], 

Cheng Xiaowu et al. (1966) [28], Cogneau et al. 

(1966) [29], West et al. (1987) [30], Hermanne et al. 

(2011) [31], Alherbi, (2016) [32], Šimečková et al. 

(2018) [33] and Bianchi et al. (2020) [17]. The 

calculation was done using all four level-density 

models for natCr(d, x)52g,m+Mn nuclear reaction. 
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                                                                                        Energy, MeV 

Fig. 1. Theoretical cross-section for 
natCr(d, x)52g,m+Mn by different nuclear level 
density models using EMPIRE 3.2.2 code. 

(See color Figure on the journal website.) 
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As shown in Fig. 1, the cross-section changed with 

each level-density model. In our experimental-group 

excitation-function data [17], we were able to 

calculate the contribution of the cross-section 

corresponding with the total decay of isomers in 

relation to the cumulative output of 52gMn [34]. 

Therefore, in this nuclear reaction, we also considered 

the theoretical data as experimental for the calculation 

of 52g,m+Mn. 

It should be noted that our obtained EMPIRE 

results have a very good agreement, and the shape of 

the curve matched all the experimental data sets and 

TENDL. In the case where we select LEVDEN = 1, 

we clearly saw that other LEVDEN were significantly 

different from the experimental data sets. For 

LEVDEN = 0 the calculated results shown did not 

match but were higher than all experimental data sets. 

The LEVDEN = 2 model results predicted a much 

lower values compared to the results obtained in the 

experimental cross-section. The LEVDEN = 3 results 

had good agreement with TENDL-2015, TENDL-

2017, and TENDL-2019, and the curve was higher 

than in the other data sets. 
 

3.2. natCr(d, x)54Mn 
 

The theoretical EMPIRE 3.2.2 code results for the 

reaction natCr(d, x)54Mn are shown in Fig. 2. In 

EMPIRE code, the data are clearly showing 

disagreement with each other, due to different level 

densities parameterization. The obtained results with 

the LEVDEN = 1 illustrate a good agreement with  

the literature and TENDL data sets. However, 

LEVDEN = 0 in the deuteron energy range  

5 - 20 MeV shows a different shape of the curve; 

LEVDEN = 3 is giving good fitting only with data of 

Kafalas et al. (1956) [27], LEVDEN = 2 produces 

higher values in comparison with experimental data 

at above 20 MeV energies. 
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                                                                                   Energy, MeV 

Fig. 2. Theoretical cross-section for 
natCr(d, x)54Mn by different nuclear level 

density models using EMPIRE 3.2.2 code. 

(See color Figure on the journal website.) 

 

3.3. natCr(d, x)51Cr 

 

The theoretical calculations of the natCr(d, x)51Cr 

for deuteron energy up to 35 MeV are shown in Fig. 

3. The EMPIRE code results show that all level 

densities LEVDEN = 0, 1, and 3 are close to each 

other demonstrating good accordance with all 

experimental data. Furthermore, the results of 

LEVDEN = 1 show a perfect agreement with the 

results of Coetzee et al. (1972) up to 5.57 MeV [35], 

and as well as with both Klien et al. (2000) data sets 

giving good agreement up to 13.34 MeV [36]. In 

addition, in LEVDEN = 2 model the cross-section 

values do not reproduce the experimental data above 

15 MeV and also the shape of the excitation curve has 

a dissimilar shape compared with other experimental 

and TENDL data sets. 

3.4. natCr(d, x)48V 

 

The theoretical calculations of the natCr(d, x)48V 

reaction are shown in Fig. 4. The obtained results 

predicted by LEVDEN = 1 model are in accordance 

with all experimental and TENDL data sets. 

Moreover, the experimental data by Baron et al. 

(1963) [37] at energy 18.7 MeV show a good 

agreement with our results obtained with the GSM 

level-density model. The outcomes with 

LEVDEN = 0 and LEVDEN = 3 models are very 

close only at energies less than 25 MeV. Obtained 

results with LEVDEN = 2 model have shown an 

extremely high cross-section in respect to the 

experimental ones, the property of this level density 

model is due to the non-consideration of misshaping. 
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                                                                                           Energy, MeV 

Fig. 3. Theoretical cross-section for 
natCr(d, x)51Cr by different nuclear level 

density models using EMPIRE 3.2.2 code. 

(See color Figure on the journal website.) 
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                                                                                           Energy, MeV 

Fig. 4. Theoretical cross-section for 
natCr(d, x)48V by different nuclear level 

density models using EMPIRE 3.2.2 code. 

(See color Figure on the journal website.) 

 

4. Conclusions 
 

In this study, calculated theoretical cross-sections 

of natCr(d, x)52g,m+Mn, natCr(d, x)54Mn, natCr(d, x)51Cr 

and natCr(d, x)48V reactions were studied using the 

EMPIRE 3.2.2 computer code with various nuclear 

level-density models. In EMPIRE code, it is obtained 

that for all reactions natCr(d, x)52g,m+Mn, 
natCr(d, x)54Mn, natCr(d, x)51Cr and natCr(d, x)48V, the 

estimated cross-section with parameter LEVDEN = 1 

illustrated a good agreement with experimental data. 

Therefore, LEVDEN = 1 is the best option for the 

estimation and calculation. 

The cross-sections data with LEVDEN = 2 did not 

show a radical agreement to that found in literature and 

experimental data. In addition, the predicted cross-

section data for LEVDEN = 0 and LEVDEN = 3 is 

found suitable only for the small, limited range of 

energy. These calculation results can be advantageous 

to develop the theoretical models, based on important 

phenomenological parameters. 

We adjusted the input default parameter data for 

EMPIRE code for each of nuclear reactions 
natCr(d, x)52g,m+Mn, natCr(d, x)54Mn, natCr(d, x)51Cr, and 
natCr(d, x)48V, in order to achieve good agreement with 

the experimental data. We can conclude that our 

theoretical calculations are better than those given by 

the TALYS code. As a result, the theoretical predictions 

are very close to experimental data. For this reason, the 

theoretical description is recommended in cases when 

experimental measurements are difficult to perform. 
 

The work was performed in the cooperation 

framework of the research Salahaddin University-Erbil 

and project METRICS by INFN (Italian National 

Institute of Nuclear Physics, CSN5). The cyclotron 

ARRONAX is supported by the European Union. 
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ОЦІНКА ПЕРЕРІЗІВ ДЛЯ РАДІОНУКЛІДІВ, ЩО ВИКОРИСТОВУЮТЬСЯ 

В ПОЗИТРОННО-ЕМІСІЙНІЙ ТОМОГРАФІЇ, З ВИКОРИСТАННЯМ КОДУ EMPIRE 3.2.2 

З РІЗНИМИ МОДЕЛЯМИ ЩІЛЬНОСТЕЙ ЯДЕРНИХ РІВНІВ 
 

Представлено результати розрахунків поперечних перерізів для ядерних реакцій на природному хромі (natCr) 

для деяких радіонуклідів, що використовуються в позитронно-емісійній томографії: natCr(d, x)52g, m+Mn, 
natCr(d, x)54Mn, natCr(d, x)51Cr та natCr(d, x)48V з використанням статистичної ядерної програми EMPIRE 3.2.2 з 

різними моделями щільності ядерних рівнів. Результати порівняно з експериментальними даними, знайденими в 

літературі, і даними з різних електронних бібліотек TENDL. 

Ключові слова: радіоізотопи Mn, позитронно-емісійна томографія, поперечні перерізи реакцій, ядерна 

медицина, код EMPIRE 3.2.2. 
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