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Abstract 
 

The atomic displacement cross-sections were obtained for neutron irradiation of 

zirconium hydride ZrH2. The number of stable defects was calculated using the 

SRIM/TRIM code with corrections. 

 The recoil energy spectra were obtained using nuclear data from the JEFF-4T4, 

ENDF/B-VIII.1, and JENDL-5 libraries. As a result, three different versions of 

displacement cross sections were prepared for ZrH2. 

 In addition, 100 sets of cross-sections with SRIM parameters generated by 

Monte Carlo method (random files) were obtained for each of the libraries. 

 All obtained data in ENDF and ACE formats can be downloaded from the link 

https://bwsyncandshare.kit.edu/s/54dyKZS8M4pdFjc. 
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1. Introduction 
 
Zirconium hydride ZrH2 is used in the industry such as nuclear power, aerospace, 

and metallurgy. In nuclear industry, zirconium hydride is utilized as a moderator or 

neutron absorber in nuclear reactors [1]. Particularly for fusion reactors, ZrH2 is 

considered as one of the promising shield materials [2]. 

 In this paper, the neutron displacement cross-sections for ZrH2 were obtained 

for the first time based on the modelling of the number of defects using the BCA 

approach [3]. 

 The calculations were performed using the SRIM code [3-5] with a modified 

calculation procedure recommended in the Ref. [6]. 

 The nuclear data required for calculating the recoil spectra were taken from 

various data libraries: JEFF-4T4 [7], ENDF/B-VIII.1 [8], and JENDL-5 [9]. The 

displacement cross-sections were calculated using the NJOY code [10,11] with 

changes made to allow the use of external data files containing the numbers of stable 

atom displacements, i.e., the results of the modelling. 

 In addition to the main results, for each general-purpose data library 100 

random data files with varied SRIM calculation parameters were obtained, which can 

be used to estimate the uncertainty of calculating the radiation damage rate. 

 Section 2 briefly describes the calculation method, including the choice of 

calculation parameters, Section 3 discusses the calculation results. 

 

2. Brief description of calculations 

The calculation of the number of stable defects is discussed in Subsection 2.1 and 

the calculation of recoil nucleus spectra in Subsection 2.2. 

2.1 Calculation of the number of stable displacements 

2.1.1 General details of calculation 

The main calculations were carried out using the SRIM/TRIM code [5]. As is known, 

the code overestimates the number of calculated defects in irradiated materials in 

Full Damage Cascade calculations. The reasons and solutions to this problem were 

discussed in the works [6,12-16].  
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 The present calculations use the recommendations [6], according to which the 

method “Modified vacancy.txt” (Table 2, Ref.[6]) is applied to calculate the number of 

stable defects. In this case, the so-called final energy, Ef, below which an ion is 

considered to be stopped [17], is chosen equal to average threshold displacement 

energy Ed, the same one that is included in the NRT formula [18,19].  

 For this, the following procedure is used: 

- after the start of the simulation, the calculation is stopped with the data 

saved, the file TDATA.SAV is created, 

- the TDATA.SAV file is edited as follows: a) all commas in the numbers are 

replaced with dots which ensures further smooth operation of the code, b) the 

final energy, the “Lowest E.” in the file, is replaced by effective Ed value for 

the composite material, 

- the calculations are continued using the modified TDATA.SAV file. 

 To calculate the effective values of Ed for the composite material, the empirical 

formula from the Ref.[20] is used: 

Edeff = �� Si Ed,i
−n

i

�
−1/n

, 

where Si is the stoichiometry of the material element (i) with a displacement energy 

Ed,i, the value of n- value is assumed to be 1 [20]. In the case of ZrH2, the value of SZr 

is equal to 0.3333 and for SH - 0.6666. 

 The above procedure was automated to work with a list of primary ion energies, 

i.e. in the case of ZrH2 with the energies of zirconium and hydrogen ions. The scripts 

and necessary programs used in this work are available upon request [21]. 

 Using these programs [21] requires installing the SRIM-2013 program on a PC 

with the Windows 10 or 11 operating systems.  

 It is important to note that for the successful operation of SRIM-2013, one must 

first install an earlier version of the code SRIM-2008 [22]. Installing SRIM-2008 

solves all the problems that are partly mentioned in the "SRIM Install Problems" 

section [5]. 

 

2.1.2 Parameters  

 An important calculation parameter is the average value of the threshold 

displacement energy Ed for zirconium and hydrogen in zirconium hydride ZrH2.  
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 There appears to be no literature on measuring or modelling these values. One 

can point to Ref. [23], where threshold displacement energy was obtained by 

modelling for three crystalline directions.  

 The averaged Ed value, however, may differ markedly from the values [23]. An 

illustration is paper [24] in which the Ed value was obtained, however, for a different 

material. 

 Table 1 illustrates the threshold displacement energies for various zirconium 

compounds. The table is purely illustrative, does not pretend to be complete and 

contains data not only on average but also on other threshold values. It is important 

to note that the value reported as “averaged threshold displacement energy” by 

different authors may differ in meaning. 

 In the present work, the following Ed values were used as a first step to obtain 

displacement cross sections for ZrH2: 40 eV for Zr, and 10 eV for H. The rationale for 

the 40 eV value for zirconium is rather intuitive, and 10 eV for hydrogen is the default 

value in the SRIM code. The effective threshold energy Edeff value for ZrH2 in this 

case is equal to 13.33 eV.  

 Standard SRIM values of 3 eV and 6.3 eV were used for lattice binding energy, 

Elatt and surface binding energy, Esurf [17], correspondingly. The density of ZrH2 was 

assumed to be 5.56 g/cm3.  

 The sensitivity of the calculation results to changes in the Ed value for zirconium 

and hydrogen and the Elatt value was also investigated. The values were generated 

randomly, the value of Еd for zirconium – 40 ± 10 eV, Еd for hydrogen – 10 ± 5 eV, 

and the value of Еlatt – 3 ± 1.5 eV. In all cases, the values were sampled with a flat 

distribution within the specified limits. 

 

2.2 Calculation of the recoil energy distributions 
 

The program NJOY [10] was used to calculate the recoil spectra. The HEATR 

module was modified to use external data files [33] for calculating the displacement 

numbers. These files were prepared using the SRIM code for Zr and H- ions moving 

in ZrH2, as described in the previous section. The modified NJOY code is available 

on request [11]. 
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Table 1 
Threshold displacement energies for zirconium compounds used or obtained by different 
authors. The “Comment” column indicates the type of value reported in the article or 
assumed here. The value given by different authors as “average” may differ in meaning. 
 

Material Component Threshold energy (eV) Comment Reference 

ZrC        Zr 

       C 

              35 

              25 

averaged threshold 
displacement energy 

Gosset [25] 

ZrC        Zr 

       C 

              41.5 

             34.5 

averaged threshold 
displacement energy 

Jiang [26] 

ZrC        Zr 

       C 

             37 

             16 

averaged threshold 
displacement energies 
along the main 
crystallographic 
directions on the C and 
Zr sublattices 

Zheng [27] 

ZrN        Zr 

       N 

             33 

             29 

Zr and N sublattice 
weighted average  

Rahman 

[28] 

Zr-1at.%Nb        Zr 

       Nb 

        30.04±11.08 

        21.24±6.02 

calculated effective 
threshold displacement 
energies 

Pan [29] 

ZrSiO4        Zr 

      Si 

       O 

        98…163 

        48…100 

       23…107 

minimum values for 
different 
crystallographic 
directions 

Park [30] 

Gd2Zr2O7       Gd 

      Zr 

       O 

       72 ± 13 

       121 ± 27 

       41 ± 19 

averaged values for 
different 
crystallographic 
directions 

Devanathan 

[31] 

La2Zr2O7       La 

      Zr 

       O 

        153 

         188 

         42 

mean values obtained 
over fourteen different 
crystallographic 
directions 
O: stoichiometric mean 
value 

Chartier 

[32] 

ZrH2        Zr 

       H 

     22.7, 21.5, 24.5   

     4.6, 5.2, 4.8   

directions [100], [101], 
[111], correspondingly 

Wang [23] 
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3. Results and discussion 

3.1 Number of stable defects 
 

The number of defects calculated in different ways for the motion of hydrogen and 

zirconium ions in ZrH2 are shown in Fig.1 and Fig.2, respectively. A brief 

explanation of the figure designations is given below: 

- "SRIM: Full cascades modelling, default, Ef=1 MeV": the number of stable 

defects was calculated with SRIM using the default value of the final energy Ef, 

- "SRIM: Full cascades modelling, corrected": the number of defects was obtained 

using SRIM, as recommended in Ref.[6] and described above with the value of Ef 

equal to the effective value Edeff value 13.33 eV,  

- "SRIM: Quick calculations": the number of defects was calculated by SRIM using 

a simplified procedure. In this case, the motion of primary ions is modelled with 

BCA and the number of defects produced in the material is estimated approximately 

based on the Kinchin-Pease approach [34]. Despite the fact that the SRIM authors 

refer to the work [18] when explaining how the number of defects is estimated, it 

can be assumed that they probably use one of Robinson's formulas [19, 35], which 

distinguishes between the Z, A values of the ion and the material. Considering that 

Robinson's formula was obtained for monoatomic materials, its application to a 

composite material probably introduces additional uncertainty into the calculated 

number of defects, 

- “IOTA”: the simulation was performed using the IOTA code [36,37]. 

 The figures show that the corrected SRIM calculations are lower than those 

performed with Ef equal to 1 eV. The results of “Quick calculations” are noticeably 

lower than both of these calculations. The number of defects produced in H+ZrH2 

interactions is naturally lower than the number of defects for Zr+ZrH2 irradiation. 

 Figure 3 shows, at different scales, the number of defects calculated by SRIM 

with unperturbed and perturbed parameters, as discussed in Section 2. A total of 

100 calculations for each of the H+ZrH2 and Zr+ZrH2 interactions were performed 

with the generated parameters. 
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Fig.1 The number of stable defects for H+ZrH2 interactions calculated using different 
approaches. The upper figure is in linear-linear scale, in the lower figure the 
energy is in logarithmic scale. See details in the text. 
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Fig.2 The same as in Fig.1, but for Zr+ZrH2 interactions. 
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Fig.3 The number of stable defects for H+ZrH2 and H+ZrH2 interactions calculated 
with perturbed and unperturbed parameters, as discussed in Section 2. The 
upper figure is in log-log scale, in the lower figure the energy is in logarithmic 
scale. The number of calculations with perturbed parameters is 100.  
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3.2 Components of displacement cross-section 
 

Using the obtained data for the number of produced defects, the different 

components of the neutron displacement cross-sections for the zirconium hydride 

were calculated. 

 Figure 4 shows the parts of displacement cross-sections for neutron irradiation 

of zirconium hydride corresponding to the motion of hydrogen ions and zirconium 

ions in ZrH2. The neutron data were taken from the JEFF-4T4 library.  

 The following curves are shown in Figure 4: the calculation results for 100 

different sets of generated SRIM parameters; the results corresponding to the 

unperturbed parameters; the displacement cross-sections obtained using the 

“usual” NJOY procedure, in which the ion motion in the compound material was not 

simulated. The green curves in Fig. 4 correspond to the displacement cross-

sections calculated for neutron irradiation of hydrogen and zirconium. In this case, 

hydrogen ions move in hydrogen, and zirconium ions in zirconium. Data for all 

components were multiplied by 0.3333 for zirconium and by 0.6667 for hydrogen. 

The results of ordinary NJOY processing are markedly different from more 

advanced calculations. 

 It is seen that at neutron energies up to 0.01 MeV the displacement cross-

section components for hydrogen PKA exceed the corresponding components for 

zirconium.  

 

3.3 Displacement cross-section for zirconium hydride 
 

The displacement cross-sections for ZrH2 were calculated using the obtained data 

for the number of defects and the data from the JEFF-4T4 [7], ENDF/B-VIII.1 [8], 

and JENDL-5 [9] libraries. 

 Figure 5 shows the cross-section calculated using the JEFF-4T4 library. The 

following data are shown: 

 - "Data with perturbed parameters" correspond to 100 different data sets 

obtained using the SRIM parameters generated by Monte Carlo, as described in 

Section 2, 

 - “Averaged value” presents the average cross-section calculated using the 100 

different displacement cross-sections, 
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Fig.4 Components of displacement cross-sections for neutron irradiation of 
zirconium hydride. Nuclear data were taken from JEFF-4T4. See explanations 
in the text. 

 

 

 

 

 - “Data with unperturbed parameters” shows the displacement cross-section 

calculated using SRIM parameters specified in Section 2, 

 - "Ordinary NJOY processing" corresponds to the “usual” procedure for the 

preparation of displacement cross-section for compounds using NJOY. In this case 

the weighted sum of the cross-sections for n + H and n + Zr was calculated without 

taking into account the modelling of the motion of the hydrogen and zirconium PKA 

in the ZrH2 compound. 

 The obtained displacement cross-sections can be downloaded from the site 

[38]. For each library, data are given in ENDF and ACE formats. The folders contain 

the following data 
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\No_SRIM_simulation: The data were obtained using NJOY only. No SRIM 

calculations were performed. The cross sections were obtained by simple 

summation of displacement cross-sections calculated separately for different 

components of the target. The calculation of the number of defects produced by 

ions in the alloy were not performed. The NRT model was used for each component 

of the alloy independently of the other parts; 

\Unperturbed_parameters: The number of stable displacements was calculated 

using the SRIM code with corrections proposed in Ref.[6] and described in Section 

2. These SRIM parameters were considered as "basic" and were used to obtain 

random data files recorded in the  \Random_files  folder. 

\Random_files: The SRIM was used to get numbers of stable displacements. The 

parameters were defined using the MC procedure. The folder also contains a file 

with displacement cross-sections obtained by averaging data from all random files. 

 

 

Fig.5 Displacement cross-sections for neutron irradiation of zirconium hydride. 
Nuclear data were taken from JEFF-4T4. See explanations in the text. 
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4. Conclusion 
 

The displacement cross-sections for neutron irradiation of zirconium hydride ZrH2 

were obtained. The number of stable defects was calculated using the SRIM program 

taking into account the recommendations of Ref. [6]. The threshold displacement 

energy values for zirconium and hydrogen were chosen based on intuitive 

considerations, Section 2. 

 The nuclear data were taken from the JEFF-4T4, ENDF/B-VIII.1, and JENDL-5, 

and thus three different versions of the displacement cross-sections for ZrH2 were 

prepared. 

 Additionally, 100 sets of cross-sections with SRIM parameters generated by MC 

(random data files) were obtained for each of the libraries. 

 The obtained data in ENDF and ACE formats can be downloaded from the 

website [38]. 
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