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Evaluation of advanced displacement cross-
sections for the major EUROFER constituents
based on an atomistic modelling approach

The displacement cross-sections were evaluated for main com-
ponents of EUROFER at the energies of primary neutrons up
to 150 MeV. The number of primary defects was calculated
using an advanced binary collision approximation model ap-
plying results of molecular dynamics simulations. The cross-
sections obtained were processed into ENDF and ACE for-
matted data and tested using the MCNP code.

Auswertung fortgeschrittener Verlagerungsquerschnitte für
Grundkomponenten von EUROFER auf der Basis eines
atomistischen Modellansatzes. Verlagerungsquerschnitte für
Grundkomponenten von EUROFER wurden für Neutronene-
nergien bis 150 MeV ausgewertet. Die Anzahl der stabilen De-
fekte wurde mit Hilfe eines weiterentwickelten binären Stoßap-
proximation-Modells mit einer nachfolgenden Korrektur auf der
Basis der Simulationen der molekularen Dynamik berechnet.
Die berechneten Wirkungsquerschnitte wurden in ENDF- und
ACE-Daten umgewandelt und mit Hilfe von MCNP getestet.

1 Introduction

Reliable assessments of radiation induced damage in fusion re-
actor materials require the use of advanced simulation techni-
ques for the underlying displacement damage mechanisms.
The calculation of radiation damage rates for the EUROFER
reduced activation steel will be, therefore, based on improved
displacement cross-sections based on molecular dynamics
(MD) and binary collision approximation (BCA) simulation
methods for the calculation of the number of lattice defects.
This approach shows a better agreement [1, 2] with experimen-
tal data of point-defect production in materials that the stan-
dard Norgett-Robinson-Torrens (NRT) approximation [3] im-
plemented in commonly used codes like the NJOY code [4].
In the present work neutron induced damage energy and

displacement cross-section data were evaluated for the main
EUROFER constituents up to 150 MeV utilizing the ad-
vanced atomistic modelling approach. The data obtained
were processed into ENDF and ACE formatted data and
tested by means of MCNP calculations.
The displacement cross-section is calculated according to

the following general expression

rdðEnÞ ¼
X

i

ZTmaxi

Ed

drðEn;ZT;AT;Zi;Ai;TiÞ
dTi

gðZT;AT;Zi;Ai;TiÞ NNRTðZT;AT;Zi;Ai;TiÞdTi ; ð1Þ

where En is the incident neutron energy; dr/dTi is the energy
distribution of i-th primary knock-on atom (PKA) with the
kinetic energy T formed in the nuclear reaction; 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 model, g is the defect production
efficiency [5]; Ed is the effective threshold displacement en-
ergy; Tmaxi is the maximal kinetic energy of the PKA pro-
duced in i-th reactions; the summation is over all recoil atoms
produced in the irradiation.
The g-value in Eq. (1) reflects the deviation of the number

of stable defects obtained in simulations or experiments from
the number NNRT predicted by the NRT model. The value
NNRT is calculated as follows

NNRT ¼ 0:8 Tdam=ð2EdÞ; ð2Þ
where Tdam is the \damage energy" equal to the energy trans-
ferred to lattice atoms reduced by the losses for electronic
stopping of atoms in the displacement cascade [6]:

TdamðTÞ ¼
T

1þ k gðeÞ ð3Þ

gðeÞ ¼ 3:4008e1= þ 0:40244e3=4 þ e; ð4Þ

k ¼ 32
3p

me
MT

1=2 ðAi þATÞ3=2Z2=3i Z1=2T

A3=2i ðZ2=3i þ Z2=3T Þ3=4
; ð5Þ

e ¼ ATT=ðAi þATÞ½ a=ðZiZTe2Þ ; ð6Þ

a ¼ a0ð9p2=128Þ1=3 Z2=3i þ Z2=3T
1=2

; ð7Þ

where me is the mass of an electron, a0 is the Bohr radius, MT
is the mass of the atom of target material and the other values
are defined above, \e" is the electron charge; the kinetic en-
ergy T of PKA is taken in keV; the value of \k" is defined ac-
cording to Ref. [6] and for the case of Zi = ZT, Ai = AT it coin-
cides with the NRT-value equal to k ¼ 0:1337Z1=6i ðZi=AiÞ1=2.
The method of the calculation of the number of stable dis-

placements and recoil energy distributions is described below
in the Section 2.

2 Brief description of the method of calculation
of displacement cross-section

2.1 Recoil energy distributions

The preliminary calculations were performed to check the
consistency of the data planned to be used as the origin of
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recoil energy distribution and to study the influence of the dr/
dT data on the calculated displacement cross-sections.
The recoil energy distributions were calculated using the

NJOY code [4] and processed using the SPKA code [7].
The typical difference of recoil energy distributions ob-

tained using data from different nuclear data libraries is
shown in Figs. 1–4. Fig. 1 illustrates dr/dT values at the pri-
mary neutron energy 1 MeV, Fig. 2 at 5 MeV, Fig. 3 at
14.5 MeV, and Fig. 4 at 150 MeV. Figs. 1–3 show the recoil
energy distribution for the elastic scattering, the total distri-
bution, and dr/dT for a number of reactions. Fig. 4 shows the
recoil energy distributions for all nonelastic interactions for
56Fe. For the comparison Figs. 3, 4 illustrates also the nonelas-
tic contribution to the recoil energy distributions calculated
using intranuclear cascade evaporation models implemented
in DISCA-C [8] and CASCADE [9] codes. The use of DIS-
CA-C at relative low energy 14.5 MeV was justified due to
modifications discussed in Ref. [8].
Figs. 1–4 show a relative large difference between recoil

energy distributions obtained using data from different nucle-
ar libraries and calculations.

The choice of the origin of reliable data for dr/dT should
take into account that the measured data for recoil spectra
are not available and, as additional calculations show, the spe-
cific shape of the recoil energy distribution has a relatively
small impact on calculated displacement cross-sections. For
this reason, a preference has to be given to libraries contain-
ing neutron data, evaluated using the latest sets of measured
data and results of advanced calculations. In the present work,
the recoil energy distributions were prepared using JEFF-
3.2T2, TENDL-2011, and TENDL-2012 data.

2.2 Number of stable displacements

The method of the calculation of the number of displace-
ments is briefly described below. The details can be found in
Refs. [1, 2]. The binary collision approximation model is ap-
plied 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 molecular dy-
namics calculations.
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Fig. 1. Examples illustrating difference of recoil energy distributions for
56Fe obtained using data from various neutron data libraries. Recoil en-
ergy distributions were calculated for the primary neutron energy equal
to 1 MeV

Fig. 2. Examples illustrating difference of recoil energy distributions for
56Fe obtained using data from various neutron data libraries. Recoil en-
ergy distributions were calculated for the primary neutron energy equal
to 5 MeV
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The differential cross-section for the transfer of the kinetic
energy T from the primary ion to the lattice atom drTr(E,T)
in BCA simulation was calculated as follows

drTri ðE;TÞ ¼ pa2fðt1=2Þ dt
2t3=2

; ð8Þ

where \a" is defined by Eq. (7) and the function f(t1/2) is
equal to

fðt1=2Þ ¼ k t1=2 m 1þ ð2k t1 mÞq
h i 1=q

; ð9Þ

the k, m, q are taken from Ref. [10].
In the present work the number of defects produced by ions

with the kinetic energy below Tcrit was estimated according to
MD simulations for iron-chromium alloys made by Vörtler
et al. [11]. It is supposed that the possible consideration of
other impurities of EUROFER has no impact on the final re-
sults. The assumption is confirmed by the global comparison
of MD simulations and experimental data for different mate-
rials [5]. The energy Tcrit was taken about 61 keV, which cor-
responds to the \critical" damage energy equal to 40 keV for
EUROFER. The last value is considered as the highest en-
ergy where the results of MD simulations [11] can be applied.
The BCA calculations were performed using the IOTA code
elaborated in KIT [12].
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Fig. 3. Examples illustrating difference of recoil energy distributions for reactions induced by 14.5 MeV – neutrons at 56Fe irradiation obtained using
data from various neutron data libraries and calculated using the DISCA-C code, see explanations in the text

Fig. 4. Examples illustrating difference of recoil energy distributions
for nonelastic neutron interactions with 56Fe obtained using data from
various neutron data libraries and calculated using intranuclear cascade
evaporation model, see explanations in the text
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The example of the efficiency of the defect generation g(T)
for Fe-ions is shown in Fig. 5 depending on the damage
energy Tdam. The maximal value of Tdam presented on Fig. 5
corresponds to the kinetic energy of primary ions equal to
1 GeV.
Fig. 6 shows the number of stable defects NF produced by

Fe-ion irradiation in iron-chromium alloys calculated using
BCA-MD approach together with results of Ref. [11]. The
variation of the chromium content up to 15% seems have no
influence on calculated values. For the comparison results of
two independent BCA simulations without MD-corrections
were added to Fig. 6. For these calculations the special value
of Ed energy was selected for TRIM [13] and IOTA codes re-
producing the NF value from MD modeling at the highest en-
ergy of simulation [11]. Such reproduction is possible at
rather unphysical Ed values exceeding 300 eV, which demon-
strates the limited possibilities of pure BCA simulations as a
reliable model for displacement cross-section calculations in
a wide energy range of primary particles.

The values of g(T) obtained using BCA-MD approach
were introduced in the NJOY code [4], which required the
modification of the DF-function in the code.

3 Evaluation of displacement cross-section for EUROFER

The calculations of rd values were performed using the recoil
energy distributions obtained applying data from neutron
data libraries discussed in Section 2.1 and results of BCA-
MD simulations performed with the help of the IOTA code,
as discussed in Section 2.2. For the comparison, also, calcula-
tions of displacement cross-sections were carried out using
the NRT model, i. e. with g(T) = 1, Eq. (1). In all calculations,
the Ed value was taken equal to 40 eV.
The evaluation procedure consisted of the removing of pos-

sible peculiarities in rd values resulting from the use of dr/dT
taken from neutron data libraries, especially at 20 MeV, the
fitting to results of rd calculations using intranuclear cascade
evaporation models above 150 MeV [1, 2], and the combina-
tion of the different results below and above 20 MeV, if neces-
sary.
Figs. 7–9 show examples of calculated and evaluated dis-

placement cross-sections for a number of EUROFER consti-
tuents. The preference of the origin of dr/dT data below the
neutron energy 20 MeV was given to JEFF-3.2T2 and above
20 MeV to TENDL-2011 and TENDL-2012. An advantage
of TENDL is the agreement of the corresponding rd values
and results of calculation applying the intranuclear cascade
evaporation models [1, 2] at primary particle energies above
150 MeV.
The final rd values for EUROFER consists of the summing

of the displacement cross-sections for ten components, giving
main contributions to the steel composition, Fe, Cr, W, Mn,
V, Ta, C, Si, N, and Zr. Obtained values are shown in Fig. 10
both for BCA-MD and NRT model. The calculations with
the NRT model was performed using the common procedure
implying the weighted summing of rd for independent materi-
als and using the original version of NJOY.
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Fig. 5. The efficiency of the defect production for the Fe-iron of iron-
chromium alloys obtained using the combined BCA, MD method and
results of the MD simulation [11]

Fig. 6. The number of stable defects calculated for the Fe-iron of iron-
chromium alloys using the combined BCA-MDmethod, two BCAmod-
els, and results of the MD simulation [11], see explanations in the text

Fig. 7. Example of displacement cross-section calculated for iron in
EUROFER calculated using data from various nuclear libraries. The
calculations were performed with g (T) = 1, Eq. (1)
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4 Data in ENDF and ACE format

The data obtained were written in ENDF format. Because of
results of the BCA-MD modelling are absolute numbers of
stable displacements, the final values were recorded as cross-
sections in barn units. This data representation is different
from the common recording of \damage energy production
cross-sections" with MT = 444 by the NJOY processing. In
the latter case, the displacement cross-section varies accord-
ing to the Ed value, which is not reasonable for current results.
The resulting cross-section were recorded in the file MF = 3,
the section MT = 900, which number was adopted in the pres-
ent work to record such kind of data.
The file obtained was processed with NJOY recording the

data in the ACE format. The resulting file was tested with
the help of the MCNP code [14] calculations to avoid possible
inconsistencies in the data representation.

5 Conclusion

The displacement cross-sections were evaluated for main
EUROFER constituents at the primary neutron energies up
to 150 MeV. The recoil energy distributions were calculated
using data from JEFF-3.2T2, TENDL-2011, and TENDL-
2012. The number of primary defects was calculated using an
advanced binary collision approximation model applying re-
sults of molecular dynamics simulations. The cross-sections
obtained were written in ENDF format, processed into ACE
formatted data, and tested using the MCNP code.
The data obtained can be applied for the evaluation of real-

istic radiation damage rate in EUROFER irradiated with
neutrons in various units including the fission reactor.
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Books · Bücher
The Radiological Accident in Lia, Georgia. Published by the
International Atomic Energy Agency, 2014, ISBN 978-92-0-
103614-8, 149 pp., 42.00 EUR.
On 2 December 2001, an accidental overexposure to radia-

tion of three people occurred in a forest approximately 50 km
east of Lia, a village in Georgia. The event resulted from the
inadvertent use of two hot objects found as personal heaters,
which were later found to be two 90Sr radioisotope sources
with an activity of 1295 TBq. Some 3–3.5 h after their first
contact with the sources, the three individuals complained of
nausea, headaches, dizziness and vomiting.
One to two weeks later, two of the individuals developed a

burning sensation on their backs and one developed the same
sensation on his right hand. Their families reported the symp-
toms to the local police, who advised that they proceed to the
local hospital and request medical help. The three individuals
were hospitalized on that same day, 22 December 2001, in the
city of Zugdidi (the administrative centre of the region).
Based on the anamnesis and clinical picture of the three pa-
tients, acute radiation syndrome (ARS) was diagnosed, and
the case was reported to the Emergency Medical Center in
T’bilisi, the capital of Georgia. A request to transfer the pa-
tients to the Institute of Hematology and Transfusiology
(IHT) in T’bilisi was issued. At the IHT, general treatment
was provided to all three patients, which included, among
other things, medication for antibacteriological therapy and
immunostimulators.
On 4 January 2002, the Government of Georgia requested

IAEA assistance under the Convention on Assistance in the
Case of a Nuclear Accident or Radiological Emergency (Assis-
tance Convention). Following this request, the IAEA as-
sembled and dispatched two field teams. The first was on 5 Jan-
uary 2002 to discover what had happened (fact finding) and to
undertake a preliminary medical evaluation for the prognosis

and treatment of the overexposed individuals. The second was
on 27 January 2002 to assist in the training of the recovery
team, searching and locating the radioactive sources, imple-
menting the recovery operation, characterizing the radioactive
sources, conducting a radiological survey of the accident site
and facilitating medical assistance to the overexposed people.
With the help of the IAEA, two of the three patients were

later transferred to specialized hospitals abroad. One patient
was treated at the Burn Treatment Centre of the PercyMilitary
Training Hospital, in Paris, France, and the other was treated at
the Institute of Biophysics of the Burnasyan Federal Medical
Biophysical Center, in Moscow, the Russian Federation.
The objectives of this publication are to compile informa-

tion on the causes and consequences of the accident, make re-
commendations and disseminate the information – particu-
larly the lessons learned from the event – in order to avoid
similar occurrences and to minimize the consequences.
This publication describes the circumstances and events

surrounding the accident, its management and the medical
treatment of the people exposed. It also describes the dose re-
construction calculations and biodosimetry assessments con-
ducted. A number of uncertainties remain relating to some
details of the accident. However, sufficient information.
Background information on the location of the accident,

details of the radioactive sources and a chronology of the
events are provided in Section 2. The IAEA assistance mis-
sions are presented in Section 3, and the recovery of the
radioactive sources is discussed in Section 4. Section 5 ad-
dresses the results of the biological dosimetry. The medical
management of the individuals exposed as a result of the acci-
dent, including dose assessment and detailed biodosimetry
data, is discussed in Sections 6–9. Section 10 provides a sum-
mary of the conclusions and presents recommendations and
lessons learned.
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