ADVANCED EVALUATIONS OF DISPLACEMENT AND GAS PRODUC TION CROSS SECTIONS FOR
CHROMIUM, IRON, AND NICKEL UP TO 3 GEV INCIDENT PAR TICLE ENERGY

A.Yu.Konobeyev, U.Fischer

Karlsruhe Institute of Technology, Institute forutl®n Physics and Reactor Technology, Hermann-velmiHoltz-Platz 1,
Eggenstein-Leopoldshafen, 76344 Germany, alexakmewbeev@kit.edu; ulrich.fischer@kit.edu

L.Zanini

Paul Scherrer Institut, CH-5232 Villigen PSI, Swiland, luca.zanini@psi.ch

Displacement cross-sections, hydrogen- laglthm-
isotope production cross-sections were evaluated fo
chromium, iron, and nickel for incident neutron and
proton energies up to 3 GeV. Various models indgdi
the nuclear optical model, the pre-compound exciton
model, and the intranuclear cascade evaporation ehod
were used for calculations of cross-section andrgyne
particle and recoil distributions. The binary calibn
approximation model and results of molecular dyrami
simulations were applied to get the number of gateer
defects in materials.

[. INTRODUCTION

The study of the radiation induced damage of
stainless steel employed in the design of spafiatio
neutron sources and accelerators requires a dktaile
knowledge of displacement and gas production cross-
section data for a wide energy range of primaryeurs.
The use of rough approximations for the calculatiof
the number of radiation defects based e. g. on\tR&
model?, and of simplified approaches for the description
of the cluster emission in standard nuclear moddks,
in general result in severe disagreement with éxpstal
data.

In the present work neutron and proton induced
displacement cross-sections were calculated fomnthi
components of stainless steels using the binarjsicol
approximation model (BCA) and results of molecular
dynamics simulations (MD). Energy distributions of
recoils were obtained by optical, pre-equilibriuemd
intranuclear cascade evaporation model simulat{and
using of other approaches). The IOTA chateveloped 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-, *He-, and “He- production cross-sections was
performed on the basis of nuclear model calculation
available experimental data, and systematics pieds:

The contributions of non-equilibrium cluster emissito

the gas production cross-sections were calculagigu
the geometry dependent hybrid model, phenomenabgic
pick-up, coalescence and knock-out models (androthe
approaches).

II. DISPLACEMENT CROSS-SECTIONS

The general expression for the displacement cross-
section can be written as follows

max
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where E is the incident particle energycMT; is the
energy distribution of-th primary knock-on atom (PKA);

Z and A are the atomic and the mass numbers, “B" an
the target and the recoil atom,

i” relates to
correspondingly (for the elastic scattering=ZZ;, A, =
A+); Nnrr is the number of Frenkel pairs predicted by the
NRT modet> Nygr = 0.8T gard (2Es); Tamis the “damage
energy” equal to the energy transferred to latabems
reduced by the losses for electronic stopping ofmatin
the displacement cascadg; is the defect production
efficiency’; E4 is the effective threshold displacement
energy equal to 40 eV for all materials considenede;
T is the maximal kinetic energy of the PKA produced

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

The method of the calculation of the number of
displacements is briefly described below. The tetzan
be found in Refs.6-9. The BCA model is applied thoe
simulation of atomic collision for an ion moving the
material up to its certain minimal kinetic energy).
Below this energy the BCA simulation is interruptesad
the number of defects is estimated using resultMbDf
calculations. In the present work the number ofedsf
produced by ions with the kinetic energy below; Was



estimated for chromium and iron according to MD
simulations of Vértler et df, and for nickel according to
Bacon et all. The energy J; was taken about 61 keV,
which corresponds to the “critical” damage energya
to 40 keV for all considered materials. The lasdugas
considered as the highest energy where the resultd
simulation®*! can be applied. The BCA calculations
were performed using the IOTA cdde

The efficiency of the defect generatig(ir) is shown
in Fig.1 for the self-ion irradiation of iron degéng on
the PKA energy. The discussion of the form of thergy
dependence af(T) can be found in Ref.8.
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Fig. 1: The efficiency of the defect production fbe Fe-
Fe irradiation obtained using the combined BCA,MD
method and results of the MD simulati@n

The displacement cross-section is calculated as the
sum of displacement cross-sections correspondirtheto
proton or neutron elastic scatteringqse and the
displacement cross-section for nucleon nonelastic
interactions with target materia}non

The calculation ofcge for incident protons with
energies up to several MeV has been performed ubkig
formula for the recoil energy distribution takingto
account screening effects in the ion scattering in
material§. At incident proton energies above 4 MeV the
displacement cross-sectieg. has been calculated using
the optical model with Koning, Delarocfe and
Madland® potentials. Above the highest projectile energy
adopted for optical model calculations using théeptal
from Ref.13 the calculation ofy has been performed
with the help of the relativistic approach (seeadstin
Ref.8). The elastic displacement cross-section for
neutrons has been obtained using the optical moeibl
potentials from Refs.12,13. Thgg displacement cross-
section calculated using various models and appesac
are in a good agreement in ranges of shared
applicability***

The evaluation of displacement cross-sections for
nonelastic interactions includes the simulatiomo€lear

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

The recoil energy, Z-, and A-distributions of atoms
produced in nuclear interactions of target atomsh wi
primary particles were calculated using nuclear el®d
implemented in MCNPX¥, CASCADE"®, and DISCA-C’
codes, some details are given in Section 3. Atomic
collisions were simulated by BCA,MD approach witle t
help of the IOTA code The examples of the
displacement cross-section calculated for proton
nonelastic interactions with natural nickel areghan
Tables 1-4 at various primary energies. The seiucfear
models used at various incident projectile energges
different depending on the applicability of models.

An appropriate way of evaluation ef;,, would be
the averaging of cross-sections obtained by diffiere
models with the weights proportional to their potidie
abilitie?. However the question about the predictive
power of various models concerning recoil energy
distributions is still open, therefore equal weghtere
adopted for all models in the present work.

The evaluation of displacement cross-sectignwas
performed for natural mixtures of isotopes for chiam,
iron, and nickel at the incident energy up to 3 G&Y
energies below 20 MeV nuclear data used to obtginilr
energy distributions were taken from ENDF/B-VII. tAa
were processed using the modified version of th©¥YJ
code including the results of defect productioncefhcy
n(T) calculations performed with BCA,MD.

Inconsistencies in nonelastic cross-sections observ
in MCNPX calculations at several hundred MeV were
eliminated in thesy,o, evaluation.

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

Fig. 2 shows the evaluated displacement cross-
sections for proton interactions with chromium,nirand
nickel at energies up to 3 GeV. The example of noaut
displacement cross-section is shown in Fig.3 fon.ir
Fig.4 presents the cross-sections for various targe
intermediate energies.

[ll. GAS PRODUCTION CROSS-SECTIONS

The evaluation of hydrogen and helium production
cross-sections and vyields of protons, deuteroiitens,
®He-, and*He- nuclei has been performed using results of
nuclear model calculations and available experialent
data.



TABLE I. Displacement cross-sections (b) for noséta
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
CEMO3 810 2260
CASCADE 810 2250
DISCA-C 950 2620
Averaged value 820+ 60 2300+ 150

TABLE II. Displacement cross-sections (b) for nastic
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
CEMO03 760 2100
INCL4/Dresner 840 2270
INCL4/ABLA 880 2380
CASCADE 740 2050
DISCA 880 2390
Averaged value 810+ 50 2220+ 120

TABLE lll. Displacement cross-sections (b) for
nonelastic interactions of 1 GeV- protons with mick

Nuclear model BCA-MD NRT
Bertini/Dresner 830 2340
Bertini/ABLA 910 2570
ISABEL/Dresner 860 2420
ISABEL/ABLA 910 2590
CEMO03 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 iick

Nuclear model BCA-MD NRT
Bertini/Dresner 630 1730
Bertini/ABLA 740 2020
CEMO03 550 1480
INCL4/Dresner 960 2660
INCL4/ABLA 1010 2820
CASCADE 780 2150
Averaged value 780+ 180 2140t 520

Displacement cross-section (b)

107 Lt il

BCA-MD

10° 10 10" 10° 100 10° 10°

Proton energy (MeV)

Fig. 2. Displacement cross-sections for chromiuron,i
and nickel irradiated with protons with the eneugyto 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 obtainsing
BCA,MD approach and the NRT model.
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Fig. 4. Neutron displacement cross-sections foorciw
um, iron, and nickel at intermediate energies oleti
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 aaflte
was reduced to the “final” calculated curve by fheper
weighting. Obtained cross-sections and experimetatd
were processed using statistical methods implerdeinte
the BEKED computer packaffeto get evaluated cross-
sections.

[II.A. Brief description of models and codes useddr
calculations

The calculation of cross-sections was performed
using various modifications of the pre-compound,
intranuclear cascade, and evaporation models, amtls
for the simulation of the light cluster emissionriaclear
reactions implemented in different computer codése
brief description of codes applied is presentedwel

The ALICE/ASH code the geometry dependent
hybrid modet®?! is used for the modeling of the pre-
equilibrium particle emission from nuclei. The efige
cross-section of nucleon-nucleon interactions iclear
matter defines transition rates between exciton
configurations. The exciton coalescence mtd@land
the knock-out modé&t 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 consideratioh
angular momentum.

The TALYS codé: pre-equilibrium exciton model
and Hauser-Feshbach model are applied for crosmsec
calculations. The pre-equilibrium particle emissit
described using the two-component exciton model
discussed in Ref.26. The contribution of directgesses
in the inelastic scattering is calculated using E@IS
code integrated in TALYS. The phenomenological
approach from Ref.27 is applied for the calculatbpre-
equilibrium emission rates for complex particles.the
present work the calculation of the nuclear lewarigity is
performed using the Fermi gas model with the energy
dependent nuclear level density paranféteombined
with the “constant temperature” model, as discussed
Ref.25.

The DISCA-C codemplements an advanced intra-
nuclear cascade modehnd the Weisskopf-Ewing model.
The INC model simulates nucleon-nucleon and nueleon
cluster interactions. The Weisskopf-Ewing modelised
for the simulation of the equilibrium emission of
neutrons, protons, deuterons, tritofide nuclei anda-
particles. The level density for equilibrium states
calculated by the Fermi gas model at high excitatio
energies and by the “constant temperature” modkivat
energie$’. Inverse reaction cross-sections are evaluated
using phenomenological formufdswhich approximate
results of optical model calculations.

The CASCADE code the intranuclear cascade
evaporation mod# is used for the modeling of nuclear

reactions. The specific features of the model idelthe
approximation of the nuclear density by the cortimi
Woods-Saxon distribution, the use of the “time-like
Monte Carlo technique and the consideration ofetfifiect
of nuclear density depletion due to the fast nutleo
emission. The contribution of non-equilibrium entss
to the yield of light clusters can be calculatechgswo
different approaches: the coalescence migdeand the
method described in Ref.32. In the first case the step
modeling is applied to get an improved energy bador
the non-equilibrium stage of nuclear reactions. fidseilts
obtained using both approaches usually are close.

The models from MCNPX packae The models
“Bertini”, “ISABEL”, and “CEMO03" are used with a
combination with the pre-equilibrium model. In fittsvo
cases so called Multistage Pre-equilibrium Mddel
simulates the fast cluster emission using the atb&ch-
Cline approacHf. The calculated d,- t*He-, and*He-
production cross-sections are used in the presemk w
only for illustration purposes, because the obskrve
difference between experimental data and calculgtio
seems rather large.

[11.B. Use of experimental data

Experimental data for p-, d-, 2He- anda-particle-
production cross-sections were taken from EXFOR and
the compilation from Ref.35. Charged particle y&eld
measured in the energy interval of secondary pestic
which does not cover whole possible energy rangthef
emission, like Refs.36,37 were corrected using rhode
calculations. Such data were used for the evaluabio
gas production cross-sections if the possible duutid
error was assumed as “reasonable”. Such data akeda
on figures as “corr”.

I1.C. Use of data libraries

Data libraries were used as for illustration pugsos
(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 thaest
case the neutron data for iron and nickel werertglaatly
from ENDF/B-VII, EAF-2007, and JEFF-3.1.1 and for
chromium from Ref.38. The energy range of adoptzd d
concerns mainly low energies of incident neutrons.

I11.D. Evaluation of cross-sections

The cross-sections for p-, d-, tHe-, and‘He-
production were calculated using various nucleadei®
and codes. Obtained cross-sections and experimasiizal
were used to perform data evaluation applying the
statistical methods implemented in the BEKED paekag

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



(Figs.5-8), triton- (Figs.9-12), angparticle (Figs.13-16)
production cross-section calculated wusing 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 oliséowe
proton production cross-sections at energies frorvi2v

up to 1 GeV calculated using various INC modelsepxc
ones including the use of the Dresner model. Theae
for the discrepancy of CASCADE, Bertini, and INCL4
calculations above 1 GeV (Fig.7) is not yet clear.

Calculated triton- andu-particle production cross-
sections (Figs.9,11,13,15) show more scattering tmes
for the proton formation. The libraries data resksb
results of calculations than evaluated data (Fy$4).
The noticeable difference between various calauhatiis
observed also for deuteron- afde- formation cross-
sections.

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

IV. EVALUATED DATA FILES

Evaluated data files containing displacement arsl ga
production cross-sections were prepared for natural
mixtures of isotopes for chromium, iron, and niclegl
incident neutron energies from 1@V up to 3 GeV and
for incident protons from several eV up to 3 GeWorl
data sets of displacement cross-sections were e far
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 NAF=
were used to record proton-, deuteron-, tritGhle-, and
“*He- production cross-sections correspondingly.

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

IV. CONCLUSION

Displacement cross-sections, proton-, deuteron-,
triton-, *He-, and“He- production cross-sections were
obtained for chromium, iron, and nickel for inciden
neutron and proton energies up to 3 GeV. Varioudaiso
including the nuclear optical model, the pre-comubu
exciton model, and the intranuclear cascade evipnora
model were used for calculations of cross-sectiod a
energy particle and recoil distributions. The bynar
collision approximation model and results of molacu
dynamics simulations were applied to get the nundfer

generated defects in materials. The evaluationro$ss
sections was performed using available experimefati.
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interactions calculated using different nuclea

The data obtained can be applied for the estimation

radiation damage and gas production rates in coegen
of advanced nuclear energy systems. One of thé firs
intended applications is the calculation of radiati
damage dose, hydrogen and helium production rates f
stainless steel irradiated in European Spallationr&
(ESS).
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