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Abstract  

 

Displacement cross-sections for an advanced assessment of radiation damage rates 

were obtained for a number of materials using the arc-dpa model at neutron incident 

energies from 10-5 eV to 10 GeV. Evaluated data files, CEM03 and ECIS codes, and 

an approximate approach were applied for the calculation of recoil energy 

distributions in neutron induced reactions.  

 Three sets of displacement cross-sections based on the use of low-energy data 

from JEFF-3.3, ENDF/B-VIII.0, and JENDL-4.0u were prepared. Files contain also 

cross-sections calculated using the standard NRT model. 

 Special efforts were made to estimate the uncertainty of obtained displacement 

cross-sections.  
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1. Introduction 

 

Obtaining reliable displacement cross-sections is an essential prerequisite for the 

correct calculation of the radiation damage rate in materials. The application of 

neutron displacement cross sections concerns all types of nuclear facilities, including 

fission and fusion reactors, accelerators, and spallation sources. 

 The use of the standard NRT model [1,2] for the calculation of the number of 

stable defects implemented in popular processing and transport codes is facing an 

increasing number of problems. They can be attributed to discrepancies with 

measurements performed for the reactor irradiations [3-5], high energy ion irradiation 

[6], results of molecular dynamics (MD) simulations [7,8], and with results of new 

measurements [9-11]. It makes essential the calculation of displacement cross-

sections using an advanced model, which predictions are in agreement with 

experimental data. The important feature of the model should be the ability to 

calculate the number of defects for a wide range of materials and kinetic energies of 

primary knock-on atoms (PKA), which is almost impossible today in MD simulations. 

 The athermal recombination-corrected dpa (arc-dpa) model [12,13] and the 

method of derivation of model parameters [14] meet all of the above criteria and 

make possible the use of results of molecular dynamics simulations and available 

measured data for improved calculation of atomic displacement cross-sections for 

materials. The need for reliable radiation damage rate estimations gives particular 

importance to obtaining atomic displacement cross-sections using the model. 

 In the present work displacement cross-sections were calculated for materials 

from Be to Bi using the arc-dpa model [12-14], evaluated data files, nuclear models, 

and systematics. The cross-sections were obtained for primary neutron energy range 

from 10-5 eV to 10 GeV covering the wide spectrum of possible applications. Without 

preference for any of evaluated data libraries, three sets of displacement cross-

sections were obtained using JEFF-3.3 [15], ENDF/B-VIII [16], and JENDL [17] data 

at low energies. The TENDL files [18] and results of model calculations were applied 

for the extension of the data processed, as discussed below. The cross-sections 

obtained for aluminium, iron, copper, and tungsten supplement the corresponding 

data for proton induced reactions, recently evaluated for these materials [19]. 

 Section 2 describes the method of calculation of displacement cross-sections 

and Section 3 discusses the evaluation procedure.  
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2. Method of calculation of displacement cross-sections 

 

The displacement cross section is calculated using two independent types of models 

for calculating of recoil energy distributions and the number of stable displacements 

[20]  
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i iE

d (E ,Z ,A ,Z ,A ,T )
(E ) N (Z ,A ,Z ,A ,T )dT
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where En is the incident neutron energy; dσ/dTi is the kinetic energy distribution of i-th 

PKA, where i refers to elastic scattering or nuclear reaction; Z and A are the atomic 

and the mass numbers, “T” and “i” relates to the target and the recoil atom, 

correspondingly; Nd is the number of stable defects produced; max
iT  is the maximal 

kinetic energy of the i-th PKA; the summation is over all recoils produced by the 

irradiation. 

 Obtaining displacement cross sections, along with calculations, included a 

number of formal steps relating to the evaluation of cross-sections rather than to 

theoretical calculations: i) the processing of data from JEFF, ENDF/B, JENDL, and 

TENDL libraries; ii) the proper extension of obtained d values up to 200 MeV, if 

necessary; iii) the correction of d calculated using data libraries to avoid non-

physical jumps and irregularities and ensuring a smooth data combination [21]; iv) 

the calculation of d at neutron energies from several MeV to 10 GeV using nuclear 

models discussed below; v) the combination of data obtained in previous steps to get 

a global curve of d from 10-5 eV to 10 GeV in agreement with the applicability ranges 

of utilized nuclear models and evaluated data.  

 

2.1 Recoil energy distributions  

 

The NJOY code [22] was applied to calculate recoil spectra and displacement cross-

sections using data from JEFF-3.3, ENDF/B-VIII, JENDL-4.0, and TENDL files.  

 The calculation of dσ/dTi for nonelastic reactions of neutrons with nuclei at 

incident energies up to 10 GeV was performed using the CEM03.03 code [23].  
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 Recoil energy distributions for neutron elastic scattering were calculated with 

the ECIS code [24] applying optical potentials from Refs.[25,26] and using the 

approximate approach from Ref.[27].  

 

2.1 Number of stable displacements  

 

According to the arc-dpa model the number of stable defects produced under 

irradiation is calculated as following [12,13] 

 
dam d

d dam d dam d

arcdpa dam dam d dam
d

0 when T E
N ︵T ︶ 1 when E T 2E / 0.8

0.8
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, (2) 

where Tdam is the energy available to produce atom displacement by elastic collision 

[1] calculated using the Robinson formula [2] (the “damage energy” [7]), Ed is the 

threshold displacement energy averaged over all lattice directions [4].  

 The defect generation efficiency arcdpa in Eq.(2) is approximated as follows 

[12,13] 

 
 


  
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d

1 c

︵T ︶ T c
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, (3) 

where barcdpa and carcdpa are parameters. 

 The Ed, barcdpa, and carcdpa values for materials from Be to Bi were taken from 

Refs.[12,14]. The preference was given to the Nordlund data [12], and if such data 

were missing for any element, the values obtained using systematics [14] were 

applied. In the latter case, the value of barcdpa, in contrast to Ref.[14], was taken equal 

to -0.82 [21]. To obtain the d values, consistent with displacement cross sections for 

proton irradiation for Al, Fe, Cu, and W [19], the calculations for these materials with 

arc-dpa model were corrected using the BCA model. Details are given in Ref.[19].  

 Eq.(2) and (3) were directly implemented in NJOY [22] and CEM03 [23] codes. 

 Alternative calculations of d values were performed using the NRT model [1,2] 

applying the same Ed values, as in the arc-dpa calculations. 
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3. Evaluation of displacement cross-sections 

 

3.1 Use of evaluated data files at neutron energies up to 200 MeV 

 

Data from JEFF-3.3 [15], ENDF/B-VIII [16], JENDL-4.0 [17], and TENDL files [18] 

were processed using the NJOY code applying the arc-dpa and NRT model to get 

displacement cross-sections.  

 As the first step to obtain displacement cross sections at all energies of interest, 

the data of the above libraries were extended up to the incident neutron energy 200 

MeV using the TENDL data. A similar procedure was performed to get d cross-

sections included in DXS-2017 files [21,28]. For materials with atomic number above 

ten, the extension was performed using new TENDL-2017 files [18]. The d values 

for light nuclei were enlarged using data prepared with earlier versions of TENDL 

[18], depending on the availability of evaluated data up to 200 MeV [29]. 

 For most elements, the extension of d was a “natural” continuation of the data 

and was not problematic. Figure 1 shows typical examples. 

 

3.2 Calculations at neutron energies up to 10 GeV 

 

The contribution of neutron elastic scattering to displacement cross-section (d,el) 

was calculated using the ECIS code [24] and approximate formulas from Ref.[27]. 

 The calculation with the ECIS code was performed using the Koning, Delaroche 

optical potential [25] at neutron energies from several MeV to 200 MeV and using the 

Madland potential [26] at energies from 50 to 400 MeV according to the applicability 

range of potentials. The good agreement of results obtained with both potentials at 

neutron energies around 150-200 MeV to a certain extent simplified the estimation of 

d,el cross sections at the energies from several MeV to 400 MeV (Fig.2). 

 At higher energies the Sychev systematics [27] was used to calculate angular 

distributions for neutron elastic scattering and d,el values. Similar approach is 

applied for the modelling with the MARS code [30].  

 When obtaining the full curve of elastic component of displacement cross-

section, a preference at energies up to several hundred MeV was given to results of 
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calculations with the optical model. Examples of the combination of d,el cross 

sections calculated with ECIS and approximate formulas [27] are shown in Fig. 2. 

Apparently, the uncertainty of d,el evaluation in the energy range of the “transition” 

from the optical model calculations to the systematics [27] (0.4 – 1 GeV, Fig.2) does 

not have much influence on the total value of d for most elements due to relatively 

small contribution of d,el at these energies [31].  

 The contribution of neutron nonelastic interactions with nuclei to displacement 

cross-section was calculated using the CEM0.3 code [23] at incident neutron 

energies from several MeV to 10 GeV. The code was adopted for calculations of 

displacement cross-sections and supplemented with corresponding routines and 

input variables.  

 Figure 3 shows examples of calculated elastic and nonelastic components of 

displacement cross-sections for different materials. 

 

3.3 Displacement cross-sections at energies from 10-5 eV to 10 GeV 

 

Estimation of displacement cross sections in the entire energy range of interest was 

based on the proper combination of cross-sections obtained using evaluated data 

files (d1) (Sect. 3.1) and the results of calculations with CEM03, ECIS, and 

systematics [27] (d2) (Sect. 3.2). 

 Evidently, at neutron incident energies below a few tens of MeV, the preference 

should be given to d1 cross-sections obtained from JEFF-3.3, ENDF/B-VIII, JENDL-

4.0, and the TENDL data. As a rule, evaluated data, and in particular data from 

TENDL, were obtained using experimental data and results of calculations with 

advanced nuclear models, such as the pre-compound model [32], the Hauser-

Feshbach model with the set of level density parameters obtained from the analysis 

of measured data [32]. With the growth of incident neutron energy, the uncertainty of 

predictions of such models increases, associated with both aspects of mathematical 

modelling of nuclear processes [32] and with applied systematics of pre-compound 

model parameters. At such energies, the advantages of the cascade-exciton model 

[33] implemented in CEM03, as well as Monte Carlo modelling, come to the fore [31]. 

 The observed agreement between d1 and d2 at energies up to 50-150 MeV 

facilitates the combination of the data to get the displacement cross-section in the 
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entire energy range from 10-5 eV to 10 GeV (Fig. 4). Such combination was 

performed for displacement cross-sections calculated using both the arc-dpa and 

NRT model. 

 Displacement cross sections were obtained as discussed above for 79 

materials from Be to Bi.  

 Figure 5 shows the example of evaluated d cross section for beryllium and 

iron. Values of d1 were calculated using data from JEFF-3.3. 

 Evaluated displacement cross sections were written in the ENDF-6 format and 

processed in the ACE format with the NJOY code. The data obtained can be 

downloaded on Ref.[34].  

 

3.4 Estimation of uncertainty of displacement cross-sections 

 

The estimation of the uncertainty of displacement cross sections including covariance 

information is a new challenging task and the part of the uncertainty assessment for 

radiation damage rate calculations for materials [35-38]. As a first step, in this paper 

data files containing covariance matrices for d cross sections were prepared for a 

number of materials at neutron incident energies up to 200 MeV.  

 Analysis shows that the main source of uncertainty of d cross sections is the 

spread of parameters of the arc-dpa model, Ed, and parameters of the NRT model 

[37,38]. The contribution of the uncertainty of reaction cross sections, resulted from 

the evaluation using experimental data and nuclear models, is relatively small [37]. 

As a preliminary estimate, the covariance matrices for reaction cross-sections were 

taken from TENDL at energies up to 200 MeV.  

 The evaluation of covariance matrices for displacement cross-section was 

performed using the Monte Carlo (MC) method described in Ref.[39]. Some details 

can be found in Ref.[37]. Covariance matrices were obtained for displacement cross-

sections calculated using both the arc-dpa model and NRT model. The procedure 

consisted in the MC sampling of total reaction cross-section, parameters of arc-dpa 

and NRT models, and subsequent calculation of displacement cross-sections [37].  

 In the calculations with the arc-dpa model, the sampling was performed for 

barcdpa and carcdpa parameters [37], and Ed, (Eq.(1),(2)). Other values, in particular, 

NRT “parameters” [38], were not changed. The calculation of displacement cross-
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sections using the NRT model was performed with the variation of Ed and parameters 

of the model discussed in Ref.[38]. The relative standard deviation value (RSD) for 

varied barcdpa, carcdpa, and Ed was equal to 20 % in all cases [37,38].  

 As an illustration, Fig.6 shows calculated RSD values for displacement cross-

sections for aluminium, titanium, and molybdenum. 

 Data obtained are written in the ENDF-6 format and can be downloaded on 

Ref.[40]. 

 

 

4. Conclusion  

 

Displacement cross-sections were calculated for materials from Be to Bi using the 

arc-dpa model [12,13] and evaluated data from JEFF-3.3, ENDF/B-VIII, and JENDL-

4.0. The d cross-sections obtained were extended using the TENDL data up to 

incident neutron energy 200 MeV. In most cases, the extension was a “natural” 

continuation of the data, as discussed above. 

 The CEM03 code, the ECIS code and the systematics [27] were applied for 

calculations of displacement cross sections at energies from several MeV up to 10 

GeV. The proper combination of cross-sections obtained using evaluated data files 

and calculations was performed taking into account the applicability of evaluation and 

calculation methods applied at different neutron incident energies. Three sets of d 

cross-sections based on the use of low-energy data from JEFF-3.3, ENDF/B-VIII, 

and JENDL-4.0 were prepared. 

 The displacement cross-sections-sections obtained at neutron energies from 

10-5 eV to 10 GeV can be downloaded on Ref.[34]. Files contain also d cross-

sections calculated using the NRT model. 

 Special efforts were made to estimate the uncertainty of evaluated 

displacement cross-sections. As the first step, the covariances matrices were 

obtained for a number of materials at neutron energies up to 200 MeV. Data are 

available in Ref.[40]. 

 Data obtained and displacement cross-sections calculated in Ref.[19] for proton 

induced reactions can be applied for improved evaluation of radiation damage rate in 

materials in a wide spectrum of nuclear facilities. 
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Fig.1 Examples of the use of data prepared with TENDL-2017 for the extension of 
displacement cross-sections obtained using data from JEFF-3.3 up to 200 
MeV.  

 
 
 
 
 

 

   
 

 

Fig.2 Examples of displacement cross-sections for elastic scattering of neutrons 
calculated using the ECIS code with Koning, Delaroche [25] and Madland [26] 
optical potentials, displacement cross-sections estimated using approximate 
formulas [27], and the final evaluated curve.  
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Fig.3 Examples of calculated elastic and nonelastic components of displacement 
cross-sections. 

 
 
 
 
 

  
 

Fig.4 Examples of displacement cross-sections obtained from the extension of 
JEFF-3.3 data, displacement cross-sections calculated using ECIS code, 
systematics [27], and CEM03 code (“calculated”) and evaluated cross-sections 
(“final data”).  
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Fig.5 Displacement cross-section for beryllium and iron obtained using the arc-dpa 
and NRT model. Values of d1 were calculated using data from JEFF-3.3 [15]. 
See explanations in the text.  
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Fig.6 Examples of estimated RSD values for displacement cross-sections. See 
explanations in the text.  

 
 


