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        Displacement cross-sections, hydrogen- and helium-
isotope production cross-sections were evaluated for 
chromium, iron, and nickel for incident neutron and 
proton energies up to 3 GeV. Various models including 
the nuclear optical model, the pre-compound exciton 
model, and the intranuclear cascade evaporation model 
were used for calculations of cross-section and energy 
particle and recoil distributions. The binary collision 
approximation model and results of molecular dynamics 
simulations were applied to get the number of generated 
defects in materials. 
 

 
I. INTRODUCTION 

 
The study of the radiation induced damage of 

stainless steel employed in the design of spallation 
neutron sources and accelerators requires a detailed 
knowledge of displacement and gas production cross-
section data for a wide energy range of primary nucleons. 
The use of rough approximations for the calculations of 
the number of radiation defects based e. g. on the NRT 
model1,2, and of simplified approaches for the description 
of the cluster emission in standard nuclear model codes3, 
in general result in severe disagreement with experimental 
data.  

In the present work neutron and proton induced 
displacement cross-sections were calculated for the main 
components of stainless steels using the binary collision 
approximation model (BCA) and results of molecular 
dynamics simulations (MD). Energy distributions of 
recoils were obtained by optical, pre-equilibrium, and 
intranuclear cascade evaporation model simulations (and 
using of other approaches). The IOTA code4, developed at 
KIT, Karlsruhe, was applied to obtain the number of 
defects in irradiated materials. 

The evaluation of the gas production cross-sections 
including separate evaluations of proton-, deuteron-, 
triton-, 3He-, and 4He- production cross-sections was 
performed on the basis of nuclear model calculations, 
available experimental data, and systematics predictions. 

The contributions of non-equilibrium cluster emission to 
the gas production cross-sections were calculated using 
the geometry dependent hybrid model, phenomenological 
pick-up, coalescence and knock-out models (and other 
approaches). 

 
II. DISPLACEMENT CROSS-SECTIONS  

 
The general expression for the displacement cross-

section can be written as follows 
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where En is the incident particle energy; dσ/dTi is the 
energy distribution of i-th primary knock-on atom (PKA); 
Z and A are the atomic and the mass numbers, “T” and 
“ i” relates to the target and the recoil atom, 
correspondingly (for the elastic scattering Zi = ZT, Ai = 
AT); NNRT is the number of Frenkel pairs predicted by the 
NRT model2,3: NNRT = 0.8⋅Tdam/(2Ed); Tdam is the “damage 
energy” equal to the energy transferred to lattice atoms 
reduced by the losses for electronic stopping of atoms in 
the displacement cascade; η is the defect production 
efficiency5; Ed is the effective threshold displacement 
energy equal to 40 eV for all materials considered here; 

max
iT  is the maximal kinetic energy of the PKA produced 

in i-th reactions; the summation is over all recoil atoms 
produced in the irradiation. 

The method of the calculation of the number of 
displacements is briefly described below. The details can 
be found in Refs.6-9. The BCA model is applied for the 
simulation of atomic collision for an ion moving in the 
material up to its certain minimal kinetic energy (Tcrit). 
Below this energy the BCA simulation is interrupted and 
the number of defects is estimated using results of MD 
calculations. In the present work the number of defects 
produced by ions with the kinetic energy below Tcrit was 



estimated for chromium and iron according to MD 
simulations of Vörtler et al.10, and for nickel according to 
Bacon et al.11. The energy Tcrit was taken about 61 keV, 
which corresponds to the “critical” damage energy equal 
to 40 keV for all considered materials. The last value is 
considered as the highest energy where the results of MD 
simulations10,11 can be applied. The BCA calculations 
were performed using the IOTA code4. 

The efficiency of the defect generation η(T) is shown 
in Fig.1 for the self-ion irradiation of iron depending on 
the PKA energy. The discussion of the form of the energy 
dependence of η(T) can be found in Ref.8. 
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Fig. 1: The efficiency of the defect production for the Fe-
Fe irradiation obtained using the combined BCA,MD 
method and results of the MD simulation10. 
 

The displacement cross-section is calculated as the 
sum of displacement cross-sections corresponding to the 
proton or neutron elastic scattering σdel and the 
displacement cross-section for nucleon nonelastic 
interactions with target material σdnon. 

The calculation of σdel for incident protons with 
energies up to several MeV has been performed using the 
formula for the recoil energy distribution taking into 
account screening effects in the ion scattering in 
materials8. At incident proton energies above 4 MeV the 
displacement cross-section σdel has been calculated using 
the optical model with Koning, Delaroche12, and 
Madland13 potentials. Above the highest projectile energy 
adopted for optical model calculations using the potential 
from Ref.13 the calculation of σdel has been performed 
with the help of the relativistic approach (see details in 
Ref.8). The elastic displacement cross-section for 
neutrons has been obtained using the optical model with 
potentials from Refs.12,13. The σdel displacement cross-
section calculated using various models and approaches 
are in a good agreement in ranges of shared 
applicability8,9,14. 

The evaluation of displacement cross-sections for 
nonelastic interactions includes the simulation of nuclear 

reactions resulting to PKAs with various Z,A, and kinetic 
energies and the modeling of the displacements 
production initiated by various PKAs using the combined 
BCA,MD method as described above. 

The recoil energy, Z-, and A-distributions of atoms 
produced in nuclear interactions of target atoms with 
primary particles were calculated using nuclear models 
implemented in MCNPX15, CASCADE16, and DISCA-C17 
codes, some details are given in Section 3. Atomic 
collisions were simulated by BCA,MD approach with the 
help of the IOTA code4. The examples of the 
displacement cross-section calculated for proton 
nonelastic interactions with natural nickel are shown in 
Tables 1-4 at various primary energies. The set of nuclear 
models used at various incident projectile energies is 
different depending on the applicability of models. 

An appropriate way of evaluation of σdnon would be 
the averaging of cross-sections obtained by different 
models with the weights proportional to their predictive 
abilities8. However the question about the predictive 
power of various models concerning recoil energy 
distributions is still open, therefore equal weights were 
adopted for all models in the present work. 

The evaluation of displacement cross-sections σd was 
performed for natural mixtures of isotopes for chromium, 
iron, and nickel at the incident energy up to 3 GeV. At 
energies below 20 MeV nuclear data used to obtain recoil 
energy distributions were taken from ENDF/B-VII. Data 
were processed using the modified version of the NJOY 
code including the results of defect production efficiency 
η(T) calculations performed with BCA,MD. 

Inconsistencies in nonelastic cross-sections observed 
in MCNPX calculations at several hundred MeV were 
eliminated in the σdnon evaluation. 

Two data sets of displacement cross-sections were 
prepared for each target material using BCA,MD 
simulations and the NRT model. Data were stored in the 
ENDF-6 format. The MF file number 3 and MT section 
numbers 900 and 901 were used to record displacement 
cross-sections obtained using the BCA,MD approach and 
NRT, correspondingly. 

Fig. 2 shows the evaluated displacement cross-
sections for proton interactions with chromium, iron and 
nickel at energies up to 3 GeV. The example of neutron 
displacement cross-section is shown in Fig.3 for iron. 
Fig.4 presents the cross-sections for various targets at 
intermediate energies. 

 
III. GAS PRODUCTION CROSS-SECTIONS  

 
 The evaluation of hydrogen and helium production 

cross-sections and yields of protons, deuterons, tritons, 
3He-, and 4He- nuclei has been performed using results of 
nuclear model calculations and available experimental 
data. 

 



TABLE I. Displacement cross-sections (b) for nonelastic 
interactions of 25 MeV- protons with nickel.  

 
Nuclear model BCA-MD NRT 
Bertini/Dresner 790 2220 
Bertini/ABLA 850 2360 
ISABEL/Dresner 760 2160 
ISABEL/ABLA 800 2230 
CEM03 810 2260 
CASCADE 810 2250 
DISCA-C 950 2620 
Averaged value 820 ± 60 2300 ± 150 

 
TABLE II. Displacement cross-sections (b) for nonelastic 

interactions of 150 MeV- protons with nickel. 
 
Nuclear model BCA-MD NRT 
Bertini/Dresner 790 2170 
Bertini/ABLA 840 2300 
ISABEL/Dresner 770 2120 
ISABEL/ABLA 820 2240 
CEM03 760 2100 
INCL4/Dresner 840 2270 
INCL4/ABLA 880 2380 
CASCADE 740 2050 
DISCA 880 2390 
Averaged value 810 ± 50 2220 ± 120 

 
TABLE III. Displacement cross-sections (b) for 

nonelastic interactions of 1 GeV- protons with nickel.  
 
Nuclear model BCA-MD NRT 
Bertini/Dresner 830 2340 
Bertini/ABLA 910 2570 
ISABEL/Dresner 860 2420 
ISABEL/ABLA 910 2590 
CEM03 830 2290 
INCL4/Dresner 1010 2820 
INCL4/ABLA 1060 3000 
CASCADE 860 2430 
Averaged value 910 ± 90 2560 ± 250 

 
TABLE IV. Displacement cross-sections (b) for 

nonelastic interactions of 3 GeV- protons with nickel. 
 
Nuclear model BCA-MD NRT 
Bertini/Dresner 630 1730 
Bertini/ABLA 740 2020 
CEM03 550 1480 
INCL4/Dresner 960 2660 
INCL4/ABLA 1010 2820 
CASCADE 780 2150 
Averaged value 780 ± 180 2140 ± 520 
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Fig. 2. Displacement cross-sections for chromium, iron, 
and nickel irradiated with protons with the energy up to 3 
GeV obtained using BCA,MD approach and the NRT 
model. 
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Fig. 3. The displacement cross-section for neutron 
irradiation of iron at energies up to 3 GeV obtained using 
BCA,MD approach and the NRT model. 
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Fig. 4. Neutron displacement cross-sections for chromi-
um, iron, and nickel at intermediate energies obtained 
using BCA,MD approach and the NRT model. 

 



The calculation of cross-sections was done with the 
help of various models and codes. The scatter of results 
was reduced to the “final” calculated curve by the proper 
weighting. Obtained cross-sections and experimental data 
were processed using statistical methods implemented in 
the BEKED computer package18 to get evaluated cross-
sections. 

 
III.A. Brief description of models and codes used for 
calculations 

 
The calculation of cross-sections was performed 

using various modifications of the pre-compound, 
intranuclear cascade, and evaporation models, and models 
for the simulation of the light cluster emission in nuclear 
reactions implemented in different computer codes. The 
brief description of codes applied is presented below. 

The ALICE/ASH code: the geometry dependent 
hybrid model19-21 is used for the modeling of the pre-
equilibrium particle emission from nuclei. The effective 
cross-section of nucleon-nucleon interactions in nuclear 
matter defines transition rates between exciton 
configurations. The exciton coalescence model22,23 and 
the knock-out model24 are used for the description of the 
pre-equilibrium complex particle emission. The 
equilibrium particle emission is described by the 
Weisskopf-Ewing model without detail consideration of 
angular momentum.  

The TALYS code25: pre-equilibrium exciton model 
and Hauser-Feshbach model are applied for cross-section 
calculations. The pre-equilibrium particle emission is 
described using the two-component exciton model 
discussed in Ref.26. The contribution of direct processes 
in the inelastic scattering is calculated using the ECIS 
code integrated in TALYS. The phenomenological 
approach from Ref.27 is applied for the calculation of pre-
equilibrium emission rates for complex particles. In the 
present work the calculation of the nuclear level density is 
performed using the Fermi gas model with the energy 
dependent nuclear level density parameter28 combined 
with the “constant temperature” model, as discussed in 
Ref.25. 

The DISCA-C code implements an advanced intra-
nuclear cascade model17 and the Weisskopf-Ewing model. 
The INC model simulates nucleon-nucleon and nucleon-
cluster interactions. The Weisskopf-Ewing model is used 
for the simulation of the equilibrium emission of 
neutrons, protons, deuterons, tritons, 3He nuclei and α-
particles. The level density for equilibrium states is 
calculated by the Fermi gas model at high excitation 
energies and by the “constant temperature” model at low 
energies21. Inverse reaction cross-sections are evaluated 
using phenomenological formulas29, which approximate 
results of optical model calculations.  

The CASCADE code: the intranuclear cascade 
evaporation model16 is used for the modeling of nuclear 

reactions. The specific features of the model include the 
approximation of the nuclear density by the continuous 
Woods-Saxon distribution, the use of the “time-like” 
Monte Carlo technique and the consideration of the effect 
of nuclear density depletion due to the fast nucleon 
emission. The contribution of non-equilibrium emission 
to the yield of light clusters can be calculated using two 
different approaches: the coalescence model30,31 and the 
method described in Ref.32. In the first case the two step 
modeling is applied to get an improved energy balance for 
the non-equilibrium stage of nuclear reactions. The results 
obtained using both approaches usually are close. 

The models from MCNPX package15. The models 
“Bertini”, “ISABEL”, and “CEM03” are used with a 
combination with the pre-equilibrium model. In first two 
cases so called Multistage Pre-equilibrium Model33 
simulates the fast cluster emission using the old Kalbach-
Cline approach34. The calculated d,- t-, 3He-, and 4He- 
production cross-sections are used in the present work 
only for illustration purposes, because the observed 
difference between experimental data and calculations 
seems rather large.  

 
III.B. Use of experimental data  

 
Experimental data for p-, d-, t-, 3He- and α-particle- 

production cross-sections were taken from EXFOR and 
the compilation from Ref.35. Charged particle yields 
measured in the energy interval of secondary particles, 
which does not cover whole possible energy range of the 
emission, like Refs.36,37 were corrected using model 
calculations. Such data were used for the evaluation of 
gas production cross-sections if the possible contributed 
error was assumed as “reasonable”. Such data are marked 
on figures as “corr”. 

 
III.C. Use of data libraries 

 
Data libraries were used as for illustration purposes 

(ENDF/B-VII, JENDL-HE, TENDL) as for the creation 
of evaluated data files for energies up to 3 GeV 
(ENDF/B-VII, EAF-2007, JEFF-3.1.1, Ref.38). In the last 
case the neutron data for iron and nickel were taken partly 
from ENDF/B-VII, EAF-2007, and JEFF-3.1.1 and for 
chromium from Ref.38. The energy range of adopted data 
concerns mainly low energies of incident neutrons. 

 
III.D. Evaluation of cross-sections  

 
The cross-sections for p-, d-, t-, 3He-, and 4He- 

production were calculated using various nuclear models 
and codes. Obtained cross-sections and experimental data 
were used to perform data evaluation applying the 
statistical methods implemented in the BEKED package18.  

Some examples of calculated and evaluated cross-
sections are shown in Figs.5-16. Figures show the proton- 



(Figs.5-8), triton- (Figs.9-12), and α-particle (Figs.13-16) 
production cross-section calculated using TALYS, 
ALICE/ASH, DISCA-C codes, nuclear models from 
MCNPX, data from ENDF/B-VII, JENDL-HE, TALYS, 
and evaluated curves. The good agreement is observed for 
proton production cross-sections at energies from 20 MeV 
up to 1 GeV calculated using various INC models except 
ones including the use of the Dresner model. The reason 
for the discrepancy of CASCADE, Bertini, and INCL4 
calculations above 1 GeV (Fig.7) is not yet clear.  

Calculated triton- and α-particle production cross-
sections (Figs.9,11,13,15) show more scattering than ones 
for the proton formation. The libraries data resembles 
results of calculations than evaluated data (Figs.10,14). 
The noticeable difference between various calculations is 
observed also for deuteron- and 3He- formation cross-
sections. 

The evaluated data for proton induced reactions were 
obtained mainly using the results of ALICE/ASH and 
CASCADE calculations, at lowest energies cross-sections 
from TALYS calculations, and experimental data. For 
incident neutrons the well tested and approved data from 
evaluated data libraries (Section 3.3) were used partly 
below 150 MeV to obtain evaluated cross-sections in the 
energy range up to 3 GeV. 

 
IV. EVALUATED DATA FILES 

 
Evaluated data files containing displacement and gas 

production cross-sections were prepared for natural 
mixtures of isotopes for chromium, iron, and nickel at 
incident neutron energies from 10-5 eV up to 3 GeV and 
for incident protons from several eV up to 3 GeV. Two 
data sets of displacement cross-sections were prepared for 
each target bases on BCA, MD and the NRT model.  

Data were stored using the ENDF-6 format. The 
standard ENDF-6 sections MT=203-207 of the file MF=3 
were used to record proton-, deuteron-, triton-, 3He-, and 
4He- production cross-sections correspondingly.  

Non-standard MT section 900 and 901 were assigned 
used to store displacement cross-sections obtained using 
the BCA,MD approach and the NRT model. 

 
IV. CONCLUSION 

 
Displacement cross-sections, proton-, deuteron-, 

triton-, 3He-, and 4He- production cross-sections were 
obtained for chromium, iron, and nickel for incident 
neutron and proton energies up to 3 GeV. Various models 
including the nuclear optical model, the pre-compound 
exciton model, and the intranuclear cascade evaporation 
model were used for calculations of cross-section and 
energy particle and recoil distributions. The binary 
collision approximation model and results of molecular 
dynamics simulations were applied to get the number of 

generated defects in materials. The evaluation of cross-
sections was performed using available experimental data. 
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Fig. 5. The cross-section of the proton production in p+Fe 
interactions calculated using different nuclear models and 
codes. 
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Fig. 6. The cross-section of the proton production in p+Fe 
interactions taken from evaluated data libraries. 
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Fig. 7. The cross-section of the proton production in p+Fe 
interactions calculated using different nuclear models 
implemented in MCNPX. 
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Fig. 8. The cross-section of the proton production in p+Fe 
interactions evaluated in the present work at energies up 
to 3 GeV. 
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Fig. 9. The cross-section of the triton production in p+Fe 
interactions calculated using different nuclear models and 
codes. 
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Fig. 10. The cross-section of the triton production in p+Fe 
interactions taken from evaluated data libraries. 
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Fig. 11. The cross-section of the triton production in p+Fe 
interactions calculated using different nuclear models 
implemented in MCNPX. 
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Fig. 12. The cross-section of the triton production in p+Fe 
interactions evaluated in the present work at energies up 
to 3 GeV. 
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Fig. 13. The cross-section of the α-particle production in 
p+Fe interactions calculated using different nuclear 
models and codes. 
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Fig. 14. The cross-section of the α-particle production in 
p+Fe interactions taken from evaluated data libraries. 
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Fig. 15. The cross-section of the α-particle production in 
p+Fe interactions calculated using different nuclear 
models implemented in MCNPX. 
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Fig. 16. The cross-section of the α-particle production in 
p+Fe interactions evaluated in the present work at 
energies up to 3 GeV. 

 

The data obtained can be applied for the estimation of 
radiation damage and gas production rates in components 
of advanced nuclear energy systems. One of the first 
intended applications is the calculation of radiation 
damage dose, hydrogen and helium production rates for 
stainless steel irradiated in European Spallation Source 
(ESS). 
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