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Abstract  The excitation functions for (n, p), (n, ) and (n, 2n) reaction cross-section from reaction threshold to 20 MeV 

on three nickel isotopes viz; Ni58
, Ni60

 and Ni61

 were calculated using the EXIFON code version 2.0. The calcu lations 

were performed to investigate the development of the effect of shell structure on neutron induced cross sections to understand 

the mechanis ms of the compound nucleus and pre-equilibrium models. The calcu lations are compared  with experimental data 

(EXFOR data base) as well as with evaluated data files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0). A good agreement is 

obtained between the calculated and the experimental data as well as the evaluated data. It is concluded that the EXIFON 

code version 2.0 is suitable for predict ing the reaction cross -section for  pnNi ,61,60,58
,  ,61,60,58 nNi  and 

 nnNi 2,61,60,58
.  
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1. Introduction 

Nuclear structural materials must possess a high resistance 

to mechanical stress, stability to rad iation and high 

temperature, and low neutron absorption. The common 

nuclear reactor structure materials are stainless steel with Cr, 

Fe and Ni as main constituents. The main effect of structural 

material on reactor neutron balance consists in the absorption 

of neutron through (n, p) and (n, ) reactions which have 

thresholds in the range of few MeV. 

Precise knowledge of the excitation function and isotopic 

effects in the (n, p), (n, ) and (n, 2n) reaction cross-section 

are very  important in nuclear reactor technology. Th is is 

because neut ron -induced  fiss ion  react ion  is  the most 

importan t  p rocesses  that  occur in  nuclear reacto rs , 

accelerator-driven systems and nuclear exp losions. Thus, in 

order to develop concepts of these reactions, it is necessary 

to have clear knowledge and nuclear data of the reaction 

cross-s ect ions  fo r nuclear st ructu ral materials , fiss ile 

actinides and most important fission products in  a g iven 

energy range.  Several authors [1 - 6] have proposed a large 

number o f empirical and  semi-empirical fo rmulae with 

different parameters fo r cross-section calculations of the 

react ions (n , p) , (n , ) and (n, 2n) at  d ifferent  neut ron  
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energies.  

The (n, ) reactions cross-section data is of paramount 

importance from the viewpoint of fusion and advanced 

fission reactor technology especially fo r calculations on 

nuclear transmutation rates, nuclear heating and radiation 

damage to the materials used in  the construction of the core 

and inner walls of the reactor.  

Measurements of excitation curves for the (n, p) reaction 

on chains of isotopes have revealed an interplay of the 

compound nucleus and the pre-equilib rium mechanis ms with 

the shapes and magnitudes of the excitation functions from 

the reaction thresholds up to 20 MeV being described by 

model calcu lations using a consistent parameter set. 

The (n, 2n) reaction is the dominant reaction  channel in  

the interaction of around 14 MeV neutrons with medium 

mass and heavy nuclei. Thus , the knowledge of the (n, 2n) 

reaction cross-sections is of special importance fo r fusion 

reactor technology, especially for materials that may be used 

as neutron mult ipliers for tritium breeding or nuclides for 

which the (n, 2n) reaction leads to the production of 

long-lived radioactive nuclei.  

Theoretical understanding of nuclear reactions have been 

further developed and nuclear reaction models refined to the 

extent that with appropriate  parameterization, nuclear 

models can be used for inter and extrapolation and for 

consistency checks of experimental cross-section data. 

EMPIRE II and Talys-1.2 code are recent and versatile 

reaction model codes for nuclear reaction cross section. 
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In this paper, we present computed excitation functions of 

 pnNi ,61,60,58
,  ,61,60,58 nNi  and  nnNi 2,61,60,58

 

reactions from threshold to 20 MeV using the EXIFON code 

version 2.0 and have compared the results with the existing 

experimental data (EXFOR data base) [7] as well as with 

evaluated data files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0) 

[8, 9, 10].  

The main  objective of this study is to investigate the 

nuclear model calculat ions on the excitation functions with 

the shell structure effects option which  has been 

implemented in the EXIFON code as the only adjustable 

parameter to understand the mechanisms of the compound 

nucleus and pre-equilib rium models over the neutron energy 

from reaction threshold to 20 MeV. 

2. Calculations 

The EXIFON code is based on an analytical model for 

statistical mult istep direct and multistep compound reactions 

(SMD/SMC model) and predicts emission spectra, angular 

distributions, and activation cross sections including 

equilibrium, pre-equilibrium, as well as d irect (collective and 

non-collective) processes [11]. The code is restricted to 

neutrons-, protons-, and  -induced reactions with neutrons, 

protons, alphas, photons in the outgoing channels. The 

EXIFON code uniquely describes the emission spectra 

 xba, , where  andpnba ,,,   (neutron, proton, 

alpha and gamma-ray) as well as excitation function 

(activation cross section) within a purely statistical multistep 

reaction model [12]. The approach is based on many-body 

theory (Green’s function fo rmalis m) [13, 14] and random 

matrix physics [15] 

In the statistical mult istep model, the total emission 

spectrum of the process (a, xb) is divided into three main 

parts, 
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The first term on the right hand side of equation (1) 

represents the statistical multistep direct (SMD) part which 

contains from single-step up to five-step contributions. 

Besides particle-hole excitations also collective phonon 

excitations are considered. The second term represents the 

statistical multistep compound (SMC) emission which  is 

based on a master equation. Both terms together 

(SMD+SMC) represents the first-chance emission process 

[11]. The last term of equation (1) represents the multip le 

particle emission (MPE) reaction which include the 

second-chance, third-chance emissions, etc [11]. 

These terms are summarised below: 

The SMD cross section is a sum over s-step direct 

processes given by: 
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The SMC cross section has the form: 
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where  EN  satisfies the time-integrated master equation 
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The multip le particle emission is expressed as: 
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To keep the model tractable, a simple two-body 

interaction is assumed [11]: 
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with MeVF 5.270   taken from nuclear structure 

considerations. The factor   4][ Rnl
 
contains the wave 

function at the nuclear radius 
3/1

0 ArR  . 

The single-particle state density of particles ,, pnc   

with mass c is given by: 
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where 
3

4 3R
V


  is the nuclear volume. 

The single-particle state density of bound particles (at 

Fermi energy) is then defined by 

 FEg 4                  (9) 

2.1. Shell Structure Effects  

The shell structure effects are considered in SMC processes. 

Under such a situation, the single-particle  state density g , 

in equation (9) is multip lied by the factor [11]: 
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with 
105.0  MeV  and W as the shell correction 

energy taken from tables [11].  

The quantity UorEEX   denotes the excitation 

energy of the composite or residual systems, respectively. 

The calculations in th is study was performed with 

( 0W ) and without ( 0W ) shell correct ions. 

3. Results and Discussion 

The results of the excitation function calculat ions of 

 pnNi ,61,60,58
,  ,61,60,58 nNi  and  nnNi 2,61,60,58

 

are plotted in  Figs 1-9 together with the experimental data 

taken from the EXFOR data library and the evaluated data 

files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0). The 

formation of the compound nucleus is evidenced by the 

bell-like shape of the excitation functions as observed in all 

cases under consideration (Figs 1-9). The bell-like shape of 

excitation curves is a typical characteristic of compound 

nucleus formation whose cross-section rises abruptly above 

the reaction threshold and descends as a result of competit ive 

reactions and the increase of the pre-equilibrium contribution 

with neutron energy. 

The excitation curve for   CopnNi 5858 , , 

  FenNi 5558 ,  and   NinnNi 5758 2, are shown in 

Figs 1-3. 

 

Figure 1.  Excitation function for   CopnNi 5858 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

 

Figure 2.  Excitation function for   FenNi 5558 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 
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Figure 3.  Excitation function for   NinnNi 5758 2,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

As can be observed from Figs. 1-3 the calculations are reasonably in good agreement with the experimental data (EXFOR) 

as well as the ENDF data files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0). However, for the reaction   NinnNi 5758 2, , 

there is much deviation between the calculations (EXIFON) and both the experimental data as well as ENDF data files from 

neutron energy around 15 MeV.  

The results of the excitation functions showing the calculations (EXIFON) compared with the exper imental data (EXFOR) 

as well as the ENDF data files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0) for   CopnNi 6060 , ,   FenNi 5760 ,  and 

  NinnNi 5960 2, are shown in Figs 4-6. 

 

Figure 4.  Excitation function for   CopnNi 6060 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 
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Figure 5.  Excitation function for   FenNi 5760 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

 

Figure 6.  Excitation function for   NinnNi 5960 2,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

As can be observed from Figs 4-6, generally the calcu lations are in good agreement with the experimental data (EXFOR) 

as well as the ENDF data files (ENDF/B-VII.1, JEFF-3.1.2, JENDL-4.0). From Fig. 4, at lower neutron energy, the 

calculations based on shell effect (without) predicts the experimental data as well as the ENDF data files much closer than the 

calculations based on the shell effect (with). At higher neutron energy however, the shell effect (with) predicts much closer 

than the shell effect (without). The opposite is the case in Fig. 5 where at lower neutron energy the shell effect (with) is much 

closer to the ENDF data files and at higher neutron energy, the shell effect (without) predicts much closer to the ENDF data 

files. In Fig. 6 both the experimental data and the ENDF data files are reasonably predicted by both approaches adopted in the 

code as compared to the case in Fig. 3.  

The excitation curve fo r   CopnNi 6161 , ,   FenNi 5861 ,  and   NinnNi 6061 2,  are shown in Figs 7-9. 
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Figure 7.  Excitation function for   CopnNi 6161 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

 

Figure 8.  Excitation function for   FenNi 5861 ,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 
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Figure 9.  Excitation function for   NinnNi 6061 2,  reaction along with experimental and evaluated results. (See above-mentioned references for 

further information.) 

Again as can be seen from Figs. 7-9, there is general trend 

and good agreement between the calculations (EXIFON) and 

the experimental data (EXFOR) as well as the ENDF data 

files (ENDF/B-VII.1, JENDL-4.0). It is further observed that 

there were much deviation between the EXIFON 

calculations and the experimental and/or ENDF data files. 

From Figs. 7-8, the calculated cross-sections were much 

lower that the experimental and/or ENDF data files whereas 

in Fig. 9 the calculated cross-section were higher than the 

ENDF data files. 

4. Conclusions 

The excitation functions of  pnNi ,61,60,58
, 

 ,61,60,58 nNi  and  nnNi 2,61,60,58
 reactions from 

threshold to 20 MeV using the EXIFON code version 2.0 

have been performed. The model based calculations of 

 pnNi ,61,60,58
,  ,61,60,58 nNi  and  nnNi 2,61,60,58

 

reaction cross-sections have been compared with EXFOR 

experimental data and the ENDF data files (ENDF/B-VII.1, 

JEFF-3.1.2, JENDL-4.0) and the results are generally in 

good agreement in all the cases considered under this present 

study. The bell-like shape of the excitation curves is a typical 

characteristic of compound nucleus formation with the 

pre-equilibrium contribution to the total cross-section 

increasing with mass number. It is concluded that the 

EXIFON code version 2.0 is suitable in p redicting the 

reaction cross-section for  pnNi ,61,60,58
, 

 ,61,60,58 nNi  and  nnNi 2,61,60,58
.  
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