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Abstract

The Meeting was convened to bring together the experts from both the nuclear data and materials 
research communities because of their common objective of accurately characterizing irradiation 
environments and resulting material damage. The meeting demonstrated that significant uncertainties 
remain regarding both the status of nuclear data and the use of these data by the materials modeling 
community to determine the primary damage state obtained in irradiated materials. At the conclusion 
of the meeting, the participants agreed that there is clear motivation to initiate a CRP that engages 
participants from the nuclear data and materials research communities. The overall objective of this 
CRP would be to determine the best possible parameter (or a few parameters) for correlating damage 
from irradiation facilities with very different particle types and energy spectra, including fission and 
fusion reactors, charged particle accelerators, and spallation irradiation facilities. Regarding progress 
achieved during the last decade in the atomistic simulation of primary defects in crystalline materials, 
one of the essential and quantitative outcomes from the CRP is expected to be cross sections for point 
defects left after recoil cascade quenching.
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Introduction

A Technical Meeting on “Primary Radiation Damage: from nuclear reaction to point defects” was held 
at IAEA Headquarters, Vienna, Austria from 1 to 4 October 2012. Fifteen experts J.-P. Crocombette, 
S. Dudarev, P. Griffin, T. Fukahori, A. Kahler, J. Kwon, A. Konobeev, F. Mota, K. Nordlund, 
V. Pechenkin, A. Ryazanov, D. Simeone, J.-C. Sublet, R.E. Stoller and R. Villa have attended this 
Meeting. A. Hogenbirk could not attend while excused. Mrs. T. Stahl and Z. Xiong Chong participated 
as observers. The IAEA was represented by R. Capote Noy, R. Forrest, V. Inozemtsev, N. Otuka, 
V. Semkova and S. Simakov.

The Meeting has the main goal to bring together the experts from the nuclear data and materials 
research communities and to discuss the issues of accurate characterization of irradiation 
environments and examine parameters predicting the resultant material damage.

This activity was recognised as important by the Advisory group on Long-term Needs for Nuclear 
Data Development during its Technical Meeting held 2 - 4  November 2011 in Vienna (see Report 
1NDC(NDS)-0601 available on http://www-nds.iaea.oru/nublications/1. The International Nuclear 
Data Committee at the 29th Meeting held 8-11 May 2012 in Vienna recommended to study the 
possibility to launch a new Coordinated Research Project (CRP). Moreover such CRP could be a 
logical extension of the work performed by the Expert Group on Primary Radiation Damage (PRD) of 
Working Party “Multi-scale Modelling of Fuels and Structural Materials for Nuclear Systems” at the 
OECD Nuclear Energy Agency (see summary by K. Nordlund).

The Meeting was opened by R. Forrest, Head of the Nuclear Data Section (NDS) of the Department of 
Nuclear Sciences and Applications of the IAEA by welcoming the participants and explaining the 
importance of this Technical Meeting for the work of NDS. The objective and goals of the Meeting 
were outlined by S. Simakov and V. Inozemtsev (Scientific Secretaries of the Meeting). Then the 
participants elected R.E. Stoller as the Chairman and K. Nordlund as the Rapporteur of the Meeting 
and approved Agenda (Appendix 1). The list of participants and their affiliations are summarised in 
Appendix 2.

During two and half days, participants gave presentations (the individual summaries are collected 
below) and had intensive discussions. The discussions resulted in the set of consolidated conclusions 
and recommendations which are collected in the next section.

The Nuclear Data Section acknowledged all participants for their cooperation and contributions to the 
Meeting.

Meeting summaries and recommendations

The IAEA Technical Meeting on Primary Radiation Damage: from Nuclear Reaction to Point Defects 
was convened on 1 October 2012 with participants from both the nuclear data and materials research 
communities because of their common objective of accurately characterizing irradiation environments. 
The mixing of these two groups enabled a healthy discussion of the technical issues involved and 
provided a unique opportunity for scientists from both disciplines to learn about the needs and 
interests of the other. It became clear that the nuclear data community would benefit from a better 
understanding of how the information they can provide is used in the materials community, and that 
the materials community needs a better understanding of the uncertainties in and range of validity for 
the nuclear data provided.

The meeting included presentations which demonstrated that significant uncertainties remain 
regarding both the development of nuclear data and the use of these data by the materials modeling 
community to determine the primary damage state obtained in irradiated materials. The longer-term 
damage evolution and accumulation was also discussed, and the group recognized that improved 
models for primary damage production must be suitable for inclusion in higher-level models (such as
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kinetic models) capable of modeling the long-term evolution. Along with simple damage correlation, 
the impact of the primary damage source term in such models is a critical test of the validity of the 
primary damage terms.

Although the usefulness of the NRT-dpa for correlating many radiation damage phenomena was 
recognized, its limitations were also demonstrated. Examples were shown to indicate that other 
parameters could be used to better correlate certain kinds of data. For example, some material property 
changes are sensitive to the results of nuclear collisions, while others are more sensitive to the effects 
of ionization. The participants acknowledged that the development of specific damage models is best 
done within the materials community, based on information obtained from nuclear data researchers. 
For a given irradiation environment, this data needs to include the primary knock-on atom (PKA) 
spectrum, nuclear transmutation rates (particularly gas production), and partitioning of the PKA 
energy into nuclear and electronic stopping.

Even for materials in which the primary damage element is due to nuclear stopping, it was recognized 
that the current NRT-dpa could be augmented by the development of parameters which account for 
splitting of cascades in subcascades, athermal recombination within a collision cascade, in-cascade 
clustering of point defects, and atomic replacements that cause mixing of individual species. Although 
such information cannot be obtained from nuclear data, these four parameters can be obtained from 
binary collision and/or molecular dynamics simulations, using the PKA spectra calculated from the 
nuclear data.

For insulating materials, the problem is even more complicated. First, ionizing radiation alone can 
alter the atomic structure, leading to serious degradation of the physical properties. Second, in this 
case, primary defects also include electron-hole pair creation and trapping, which drastically alter their 
properties and therefore must be incorporated in a complete model. Examples were discussed where 
damage creation and accumulation is best represented as a function of ionizing flux and dose, using 
normally Gy/s and Gy, respectively. Therefore it is not possible to use a displacement-based parameter 
such as the NRT-dpa to correlate damage effects in this group of materials.

At the conclusion of the meeting, the participants agreed that there is clear motivation to initiate a 
CRP that engages participants from both the nuclear data and materials research communities. The 
overall objective of this CRP would be to determine the best possible parameter (or a few parameters) 
for correlating damage from irradiation facilities with very different particle types and energy spectra, 
including fission and fusion reactors, charged particle accelerators, and spallation irradiation facilities.

The scope of the proposed CRP comprises materials relevant to fission, fusion and spallation facilities 
and the nuclear data in the energy range relevant to their use. These materials include nuclear fuels, 
structural materials and special purpose materials such as W, SiC, and alumina.

Specific objectives of the proposed CRP include:

- Improve the communication and the interface (exchange of data and their uncertainties) between 
the nuclear data and materials communities.

- Assess the accuracy and completeness of current nuclear data, including the high-energy 
( »  10 MeV) region which has not been subject to much attention until recently.

- Assess parameters derived from nuclear data such as energy partitioning, gas production, and 
PKA spectra as well as their uncertainties, taking into account input from the materials 
community on what kind of data is required.

- Develop material primary damage models that are more versatile than the NRT-dpa for both 
metallic and non-metallic materials and demonstrate their usefulness for both correlating data and 
use in predictive microstructural models to compare with experimental data.

The outcome will be a procedure for the calculation of new primary damage production parameters 
suitable for the radiation environments specified above.

The data on damage production in collision cascades will also be provided in tabulated form for the 
IAEA databases.



Participant summaries and recommendations

Meeting Objectives and relevant NDS databases

S.P. Siniakov 

Nuclear Data Section
International Atomic Energy Agency, Vienna 
Austria

The Technical Meeting (TM) objectives were formulated through consultations with potential 
participants, communications with experts involved in the similar activities coordinated by IAEA and 
NEA and relying on information published in the literature. The information about this TM was made 
available on the dedicated web page http://www-nds.iaea.org/dpa/ well in advance.

Meeting Motivations

The displacement cross section is a reference measure used to characterize and compare the radiation 
damage induced by neutrons and charged particles in crystalline materials. To evaluate the number of 
displaced atoms Norget, Torrens and Robinson [1] proposed in 1975 a standard (the so-called NRT- 
dpa), which has been widely used from that time.

Nowadays this formulation is recognized as suffering from some limitations: it is not applicable for 
compound materials, does not account for the recombination of atoms during the cascade evolution, 
cannot be directly validated and has no uncertainties/covariancies as evaluated cross sections usually 
have now.

Upgrading of the dpa-standard means the inclusion of results of the Molecular Dynamics (MD), 
Binary Collision Approximation (BCA) or other simulations for primary radiation defects (PRD), i.e. 
Frankel pairs (FP) and Interstitial Clusters, which survive after relaxation of the Primary Knock-on 
Atom (PKA) cascade.

The essential advantages of the upgraded dpa-standard will be:
- non-dependence on the energy distribution of incident neutrons - this means more correct inter

comparison of radiation damage in the different facilities on the basis of the accumulated dpa- 
fluence;

- it also becomes more feasible for comparison of neutron and charged particles or ion induced 
damage;

- empirical validation against frozen defects at cryogenic temperature (NRT-dpa can never be 
observed);

- prediction of damage in polyatomic materials and alloys (NRT treats dpa in compounds by 
mathematical weighting of the separate elements).

Purpose of the Meeting

To find ways to overcome the drawbacks of the NRT standard and benefit from the recent 
developments in primary radiation damage simulations, the Technical Meeting has the objectives to 
discuss:

- revisiting the NRT standard with the purpose of improving it by the evaluation of uncertainties 
connected with recoil spectra and the energy partitioning model;

- proposal of a new upgraded standard that will capture the annealing of defects in the recoil 
cascade on the basis of MD, BCA and other models.

As an outcome of discussions the definition of objectives and participating organisations for a new 
Coordinated Research Project (CRP) on this topic are expected.
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Specific issues to be addressed during the Meeting

Cross sections, evaluated data libraries and the NRT standard:
- PKA spectra - availability in libraries, methods of calculation, agreement and uncertainties,
- processing of cross section files to derive KERMA, damage energy and dpa,
- gas (helium, hydrogen) production cross sections,
- uncertainties/covariances for these quantities,
- others.

MD, BCA and other simulations of survived primary point defects in mono- and poly-atomic materials 
and thermal-spike-enhanced recombination:

- scope of materials - pure metals, Fe-xC, semiconductors (Si, Ge), insulators and ceramics 
(Ai2o 3, SiC ...),

- PKA energy range covered by different simulation methods,
- calculation outputs - survived Frankel Pairs (FP), simple interstitial clusters,
- dependence on temperature and material composition,
- incoiporation of MD/BCA results in processing codes (NJOY) or storage in a separate cross 

section database,
- empirical validation,
- applications,
- others.

Illustrative examples

Fig. 1 shows the typical neutron spectra in the fast research reactor, first wall of power fusion plant 
and High Flux Test Module (HFTM) of 1FM1F as well as spectra weighted recoil distributions in iron. 
The PKA spectra were obtained from the LA-150 evaluation [2] as a result of processing by the NJOY 
code [3], The output of the GROUPR module was then processed by the additional subroutine to fold 
PKA matrices with the facility neutron spectra [4,5].
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Fig. 1. Left: neutron spectra in the fast reactor, first wall of power fusion and HFTM of 1FM1F. Right: 
recoil spectra in Fe weighted with these neutron spectra (percentage shows the fraction of 
neutrons or recoils in HFTM of 1FM1F resulted from neutrons above fusion peak 15 MeV).

Fig. 2 shows surviving ratios, i.e. the number of Frankel pairs and interstitial clusters to the NRT dpa- 
standard, obtained from MD simulations [6,7] and extrapolated to the higher PKA energies based on 
the BCA calculation which uses MD results below 100 keV [9]. These surviving functions were 
incoiporated in the HEATR module of NJOY (taking into account the difference of ion kinetic 
energies in nuclear data files and MD simulations) that eventually allowed computing of the damage 
energy and dpa-cross sections as demonstrated in Fig. 3 [4,5].

The Nuclear Data Section (NDS) currently stores and disseminates the damage cross section database 
DXS [9] (see http://www-nds.iaea.org/ndspub/download-endf/DXS/ and summary of A. Konobeyev). 
This includes dpa- (both NRT and survived Frankel pairs) and gas-production cross sections for 
several pure metals, Figs. 4 and 5.
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NDS also hosts a set of damage cross sections as a part of the dosimetry file 1RDF-2002 [11]. It is 
worthwhile to note that damage function for GaAs, Fig. 6, incorporates the empirical efficiency factor 
for better characterization of irradiated GaAs device performance (see [11] and R Griffin’ summary).

Fig. 2. Surviving ratios for Frankel pairs and interstitial clusters after cascade relaxation in a-Fe: 
symbols -  results of MD simulations [6,7], curves -  BCA+MD [9] or fit/extrapolation.

i t r 6 10 5 10^ 10 3 10 2 i o 1 io° io 1 102
N eutron Energy, M eV

Fig. 3. Damage energy Edamand dpa-cross
sections for Frenkel pairs and interstitial 
clusters calculated for 56Fe [4],
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ig. 4. Neutron and proton induced dpa-cross
sections from the DXS library [9] (curves) 
and experimental data [10].
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Fig. 5. Neutron induced He production cross 
section in Fe: evaluations (curves) and 
experimental data from EXFOR [12].

Fig. 6. Neutron damage energy for silicon and 
GaAs available in the 1RDF-2002 file 
[11]-
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Introduction: Issues Related to Dose Units and Damage Correlation

Roger E. Stoller

Materials Science and Technology Division
Oak Ridge National Laboratory, Oak Ridge, TN 37831-6138
USA ' ‘ '

Objective

The objective of this presentation is provide a list of terms and their definitions that should be helpful 
in framing the discussion of dosimetry and damage correlation in irradiated materials. Some relevant 
work carried out over the last forty years is also summarized to provide an historical perspective on 
these issues.

Introduction

The two most common parameters used to characterize the cumulative exposure of a material to 
irradiation are the particle fluence and absorbed dose. The particle fluence, in units of (area)"1, 
depends only on the characteristics of irradiation source and can be quoted at a point or averaged over 
a surface or volume. Although it is often quoted as a free-field particle fluence, the actual fluence will 
be modified by particle absorption and scattering when a test object is in place -  i.e. material perturbs 
local flux. The absorbed dose, in units of energy, depends on a variety of variables, including: particle 
fluence, particle type, particle energy spectrum, and the specific material being exposed. Thus, 
absorbed dose includes much more information about the irradiation environment, and it is material 
dependent.

In practice, both the particle fluence and absorbed dose are used as the independent variable in
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attempts to correlate data, compare materials or irradiation environments, or extrapolate data to 
estimate the effects of a longer exposure. This use as a damage correlation parameter introduces a 
much broader range of influences than simply the material and the irradiation source. In general, the 
application of a damage correlation parameter will depend on: the particle fluence or absorbed dose, 
specific damage parameter being monitored (e.g. electrical resistivity, swelling, or embrittlement), the 
damage rate, previous damage, exposure conditions such as temperature and mechanical loads, and 
material composition (intentional alloy elements and impurities). The impact of correlated damage 
mechanisms such as transmutation production, notably helium and hydrogen, must also be considered.

Exposure to the sun provides a simple illustration of the difference between absorbed dose and 
damage. Any two individuals who spend the afternoon at the beach side-by-side in identical bathing 
suits will receive the same absorbed dose. However, the damage they accumulate (degree of sun bum) 
will vary depending on their previous recent exposure (how tan they are) and/or their genetic 
sensitivity to ultra-violet photons. It will not be possible to correlate the expected damage with only 
the time in the sun and the photon flux.

A Brief Anecdotal Description of NRT-dpa

By the mid-1970s, the need to obtain data on structural materials irradiated to the very high damage 
levels expected at the high lifetime fast neutron fluences of fast reactor core components led to 
increasing use of charged particle irradiation facilities to obtain comparable damage. Of course an ion 
fluence is not the same as a neutron fluence, and efforts were made to find a measure of dose that 
could be calculated in a similar fashion for these two very different irradiation conditions so that the 
data obtained from both could be correlated. Based on the early work of Kinchin and Pease [1], a 
group of international experts proposed a method for estimating the number of atom displacements 
from an atom recoiling from a collision with an energetic particle [2-4]. The fraction of the kinetic 
energy carried away by this primary recoil atom (PKA) that was deposited in elastic collisions with 
subsequent atoms was called the damage energy, and is therefore a measure of absorbed dose, 
specifically the energy per atom of kinetic energy absorbed by a material. The estimate of the number 
of displacements (Frenkel pair) this energy could create is given by the following expression:

»-8T,)

. (!)
where Td is the damage energy, Ed is the minimum energy required on average to create a stable 
Frenkel pair, the factor of 0.8 was determined from binary collision models to account for realistic (i.e. 
not hard sphere) scattering. The damage energy in Eqn. (1) is obtained by the energy partitioning 
theory developed by Lindhard, et al. [5].

The number of displaced atoms predicted by Eqn. (1) became known as the NRT displacements based 
on the initials of the authors of Ref. [2], and the integral number of displacements normalized to the 
number of atoms is known as the NRT displacements per atom (dpa). The NRT-dpa was successfully 
applied to correlate date from many studies involving the direct comparison data from very different 
irradiation environments, e.g. reactor spectra with very different thermal-to-fast neutron flux ratios, 
and charged particle irradiation with neutron irradiation. Although it was never asserted that Eqn. (1) 
predicted the actual number of Frenkel pair created, it proved to be a powerful tool for data correlation 
for the materials for which it was originally developed, i.e. steels and other mid-atomic-weight metals. 
The use was broad enough that a dpa cross section was developed for iron under neutron irradiation
[6] and recommended values for Ed have been compiled [7]. The dpa cross section for iron from 
ASTM E683 is shown in Fig. 1. The NRT-dpa remains the preferred correlation parameter for 
properties such as embrittlement of low alloy steels [8].

However, there a range of other materials and material properties for which atomic displacements are 
not the primary source of damage, notably the physical properties of covalent and ionic materials for 
which the ionizing dose is more important than the displacement dose. These materials are covered in 
another section of this report by Mota and Vila. Nevertheless, attempts are commonly made to use the 
NRT-dpa to correlate property changes in these materials. Such attempts often fail, leading to 
complaints that “dpa doesn’t work”. In addition, NRT-dpa cannot account for effects arising from

13



differences in damage rate or differences in the production of transmutation products such as helium. 
These failures to correlate specific data sets do not negate the value of the damage energy and NRT- 
dpa to account for differences in displacement dose among different environments; they simply 
illustrate that NRT-dpa cannot be used as a general radiation damage correlation parameter. Even 
though the displacement dose is accurate, not all phenomena are equally sensitive to this measure of 
dose, just as not all beach goers suffer equally from the same amount of sun.

Fig. 1. ENDF/B-Vl-based Iron Displacement Cross Section.

Direct Calculation of Atomic Displacements

Modem computing capabilities and improved interatomic potentials have enabled molecular dynamics 
(MD) simulations to characterize point defect formation in atomic displacement cascade simulations 
over a broad range of PKA energies. These simulations have demonstrated that many of the point 
defects produced are found in small interstitial and vacancy clusters. This in-cascade clustering is 
another example of a phenomenon related to the displacement dose, but which cannot be predicted by 
the damage energy per se. Fig. 2 provides a summary of a large MD cascade database with for cascade 
energies up to 200 keV at temperatures of 100, 600, and 900K [9]. Because these simulations did not 
incorporate electronic stopping, these cascade energies approximately correspond the damage energy 
in Eqn. (1) and thus to PKAs of higher energy. For example, cascades of 10 and 200 keV would be 
generated by PKA with energies of 13.7 and 425 keV, respectively. A 425 keV PKA energy is the 
average iron recoil energy from a collision with a 12.3 MeV neutron.

The total number of point defects produced is shown in Fig. 2(a), the number of interstitials in clusters 
in 2(b), and the number of interstitials in large clusters containing ten or more interstitials is shown in 
2(c). In all three cases, the numbers have been divided by the number of NRT displacements (Eqn. 
(1)). Note that the number stable displacements in the MD simulations is about 30% of the NRT above 
about 20 keV. The saturation of this fractional value has been shown to arise from the breakup of a 
single cascade into multiple subcascades at the higher energies [10], The error bars shown in the figure 
are the standard error of the mean, and the statistical scatter increases for the clustering parameters 
compared to total defect production. The temperature dependence of large cluster formation, Fig. 2(c) 
is also stronger than for the other two parameters.

With the energy dependence information in Fig. 2, it has been possible to obtain average damage 
production values for a range of neutron energy spectra by weighting the MD-derived quantities with 
the PKA spectrum. The results of this exercise are shown in Fig. 3 for the same three parameters 
plotted in Fig. 2 [11], The values in Fig. 3 can be thought of as effective, spectrum-averaged primary 
damage cross sections for the range of irradiation environments included: ITER is a DT fusion first 
wall spectrum, in the water-cooled HFIR, PTP and RB are the target and removable beryllium
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irradiation positions, in the sodium cooled FFTF, the mid-core and below-core positions are used, 
PWR denote the %-T position in a light water reactor pressure vessel, and IPNS is 400 MeV spallation 
neutron source. These results demonstrate how atomistic simulations can be used to obtain damage 
correlation parameters based on the NRT damage energy (displacement dose). Moreover, the 
information they contain is suitable for use in kinetic models that are used to simulation damage 
accumulation over long times [11-13].

Damage Function Analysis

For historical reasons, it is also useful to briefly discuss an attempt from the early 1970s to develop 
neutron-energy-specific damage cross sections which were called damage functions [14-17]. Damage 
function analysis slightly predated the development of the NRT dpa. Rather than being an attempt to 
develop a cross environment dose unit, the objective was to provide effective cross sections to permit 
comparisons of specific property changes obtained from different irradiation environments. These 
damage functions were developed in a similar way to other cross sections; simplistically:

1) an attempt is made to determine which part of neutron energy spectrum is responsible for the 
specific radiation effect of interest, such as hardening or embrittlement,

2) multiple irradiations are carried out in different environments, and the specimens are tested, and
3) the data are used in unfolding schemes to obtain the damage function.

The complexity of this approach to obtaining very specific damage correlation parameters can be 
illustrated by reference to Eqn. (2) in which it is clear that the damage function GP is analogous to a 
cross section for the property P  (e.g. change in yield strength) with <j)(E,t) the neutron flux and f(t) the 
incremental fluence [14].

P(r,T,F,ai) =  Jf fE Gp(T,t,E,f(t),ai)(p(E,t)dEdt (2)

where r is the total irradiation time, T  is the temperature, F=f(r) is the total fluence, and the a, are 
metallurgical variables such as composition or thermo-mechanical treatment. Along with the difficulty 
of actually carrying out enough irradiation experiments with sufficient sensitivity to the neutron 
spectrum and the measured properties, there are too many variables to make this approach practicable 
in general.

Representative damage functions are shown in Fig. 4 for the Charpy shift of an A302-B reactor 
pressure vessel steel (a) [15], and for the change in total elongation in 20% cold-worked AISI-316 
stainless steel irradiated in the EBR-II (b) and in both the HFIR and EBR-II (c) [17]. Note how similar 
the A302-B damage function is to the dpa cross section in Fig. 1. This is consistent with the 
observation that such embrittlement correlates well with NRT-dpa [8]. The tensile elongation damage 
function for irradiation in EBR-II in Fig. 4(b) is also similar to the NRT-dpa cross section, but the 
energy dependence is significantly altered when the HFIR data is included in Fig. 4(c). This difference 
was attributed to the higher production of helium by nuclear transmutation in the HFIR, and improved 
correlation of the data between these two reactors was obtained with a correlation parameter that 
included both He and dpa [17]. The reason for presenting the damage function results here is to 
illustrate the inherent complexity on obtaining an adequate data correlation parameter for a single 
mechanical property, for a single material, in a limited range of irradiation conditions (note that Fig. 
4(a) is limited to temperatures of 288 to 307°C).
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Fig. 4 Damage functions for embrittlement of 
A302-B (a) [15], and reduction in total 
elongation in 20% cold-worked A1S1-316 
stainless steel irradiated in the EBR-11 (b) 
and both HFIR and EBR-II (c) [17].

Summary

The observable effects of irradiation on material properties are complex and each such property 
changed depends sensitively on a range of irradiation and material parameters. This works against 
development of a universal exposure parameter. The irradiation dose to the material (both ionizing and 
displacement dose) can be calculated with good accuracy as long as the relevant reaction cross 
sections are known and implemented in the codes used. This suggests that a focus on dose calculations 
is warranted.

When assessing damage correlation parameters, it is important to determine the appropriate dose 
parameter first. Then a clear distinction between damage formation and damage accumulation needs to 
be kept in mind. The dose unit is most helpful for estimating the primary damage generation, e.g. how 
damage energy is used to estimate atomic displacements. However, damage accumulation requires 
longer times and involves kinetic and thermodynamic processes that cannot be accounted for in a dose 
or primary damage unit. The adequacy of the primary damage formulations can be assessed through 
their use in mean field reaction rate theoiy or kinetic Monte Carlo microstructural evolution models to 
predict damage accumulation. The results of these models can be directly compared with experimental 
observations.
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Modified NRT equations for damage and mixing developed by the OECD NEA primary damage 
group

Kai Nordlund

University of Helsinki 
Finland

1. Background

This report summarizes the work done recently at the OECD Nuclear Energy Agency working group 
on primary damage.

Particles with kinetic energies clearly above conventional thermal energies, i.e. with Ekm > 1 eV, exist 
in nature due to cosmic radiation and radiation decay, but are nowadays produced in a wide range of 
man-made devices for basic research and practical applications. For instance, the great accelerators at 
CERN and other particle physics laboratories in the world attempt to unravel the fundamental nature 
of the universe, and numerous smaller devices are widely used for equally exciting research in 
physics, chemistry, medicine and nanoscience [JAPreview09]. On the application side, ion 
implantation is one of the key technologies in silicon chip manufacturing, and electron accelerators are 
one of the key ways to treat cancer. All of these activities make it interesting and important to 
understand what the fundamental effects of high-energy particles on matter are.

One of the main consequences of the interaction of high energy particles (photons, neutrons, ions or 
electrons) with materials is the formation of lattice defects resulting from the energy transfer towards 
the atoms (other consequences include production of non-damage-producing phonons, excitons and 
plasmons, secondary electrons and photons, and heating of the material). Indeed, this consequence is 
the main reason why radiation has both detrimental and beneficial effects on materials. The damage 
can take many forms: in a crystal it is easy to understand that an atom can be kicked out from its initial 
lattice site, leaving an empty site (a vacancy) behind and creating an atom at an interstitial site in front.
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But it is important to realize the crystal defects formed can also be much more complicated: they can
for instance be defect clusters [ParOO], amorphous zones [Rua84], dislocation loops [Eyr73] or three
dimensional defects [Sil59b, Kit85]. On surfaces the damage can also take the form of adatoms 
[Has04], craters [Gha94, Bir99] and ripples [Erl99], and in amorphous materials over- or 
undercoordinated atoms [Laa99I] or empty regions [Roo92]. Photon irradiation creates damage largely 
by electronic excitation processes causing bond breaking [Ref], although very high-energy gamma 
photons can also produce damage by atomic recoil processes [Ram94].

The damage production mechanisms can in most cases be well divided into two categories by time 
scale. The primary damage is formed immediately of the particle impact by atomic collision 
processes and strong material heating caused by them far from thermodynamic equilibrium. Numerous 
computer simulation and experimental studies have shown that the time scale for the ballistic atom 
collision processes is of the order of 100 fs, and the time scale for subsequent thermalization of the 
collisions l - 1 0 p s  [Dia87, Stu99]. After this athermal (in the sense that equilibrium thermally 
activated processes are not significant) stage, long-time scale (nanoseconds to years) damage 
evolution caused by thermally activated processes can occur.

The displacements-per-atom concept was introduced from the original ideas of production of primary 
point defects in materials. The idea is that the energetic particle travels mostly straight in a material, 
but occasionally collides strongly in a binary collision and imparts energy to a lattice atom.

As an aside, we note that for neutrons and electrons this is a very good approximation due to their very 
small collision cross sections, while for ions and atomic recoils it is questionable: in many cases these 
can collide with several nearest-neighbour atoms in sequence, making the process inherently many- 
body rather than binary in nature. The multiple simultaneous collisions can be described as a 
“displacement spike” or “heat spike”. This concept was already proposed in the 1950’s [Bri54, Koe56] 
and is by now well established [Bac94, Ave98].

For a binary collision, it is intuitively clear that of the energy imparted to a lattice atom is less than the 
cohesive energy of an atom in the lattice, it will not leave its lattice site, and no defect will be 
produced. On the other hand, if the energy given to the atom is orders of magnitude higher than the 
cohesive energy, the atom can be expected to become a recoil that travels itself in the lattice and 
produces more defects. Such considerations lead Kinchin and Pease to formulate the Kinchin-Pease 
equation, which states that the number of defects produced is [Kin55]:

it is equal to the nuclear deposited energy FD>n = the total particle energy minus the energy that is lost

is known as “non-ionizing energy loss”, NIEL, and the electronic deposited energy as “Linear energy 
transfer”, LET, although depending on precise definition these quantities may not be exactly equal.

We note that for many ions one can also give FD n as the total nuclear deposited energy per volume or 
depth. In this case, FD n contains also the energy deposited to sub-threshold atomic recoils, and it is not 
exactly correct to insert FDn into the last line of equation 1, as then also the energy given to 
subthreshold recoils becomes calculated into the damage production. In practice, the fraction of energy 
deposited to subthreshold recoils is often quite small and this distinction can be ignored.

The only parameter in equation (1) is the threshold displacement energy Ed. This parameter can be 
expected to be higher than the cohesive energy (which are of the order of 5 eV/atom in typical hard 
solids [Kittel]), and will be discussed in the next subsection.

0

N d(Td)=  1 
Td

2  E d < T d < ™

Here the quantity Td stands for the energy available for damage production. For a single neutron or ion

to electronic stopping power. In the field of radiation safety, we note that the nuclear deposited energy

19



Later on, equation (1) was specified by Norgett, Robinson and Torrens based on binary collision 
approximation (BCA) computer simulations to take into account the possibility of ballistic processes 
recombining the defect as it was produced [NRT]. This lead to the modified Kinchin-Pease equation, 
nowadays most often known as the NRT equation, that gives the number of defects produced as:

0 j Td < E d
1 , E d < Td < 2 E d /0 .S

0 8T7
— ^  , 2E d /0 .S < T d <co
2 Ed _

where the new factor 0.8 come from the BCA simulations.

This basic equation can be used to calculate the number of “defect-producing” or displaced atoms in 
any material for which Ed is known and the damage energy Td can be calculated. For instance, neutron 
transport codes such as SPECTR and NJOY can calculate the energy given by neutrons to lattice 
atoms, and tables of nuclear deposited energy can then tell for each atom energy the value of Td. This 
way, one can calculate the number of atoms displaced according to the Kinchin-Pease or NRT models 
in a given volume of material. Furthermore, if this quantity is normalized by the number of atoms in 
the same volume, one obtains the displacements-per-atom (dpa) unitless quantity,

Number of displaced atoms in volume from NRT equation
dpa = displacements per atom = ----------------------- -------------------------------------- ---------------- ,

Number of materials atoms in same volume

which in this simplified model gives the defect concentration c of primary damage vacancies and 
interstitials in the material. Assuming there are no surfaces or defect sinks in the system, naturally the 
concentrations for vacancies, interstitials and Frenkel pairs (FP’s) are equal: cv = c, = cFP .

The dpa concept and KP/NRT equations are widely used in estimating the amounts of radiation 
damage in materials. The main reason is of course simplicity: doing the calculation is very easy. 
Similarly, the “dpa” concept is appealing in that it is easy to understand, and gives (if calculated 
correctly) a good idea of what fraction of atoms are displaced during an irradiation process. For 
instance, a total radiation dose of, say, 10 kJ/cm3 does not tell a non-expert anything about how many 
defects such a dosage can be expected to cause, whereas a value of, say, 0.01 dpa would tell any 
physicists that one atom in a hundred has been displaced (and hence likely to be a defect).

Another major advantage of the dpa concept is that it can be used for scaling radiation doses or 
fluences between different kinds of irradiations. Since it included implicitly the value of the nuclear 
deposited energy, which can be reliably calculated, it can be used to estimate how much damage 
different irradiations cause. For instance, if damage has been produced in a material by, say, 50 keV 
Ne ions, and one later on wants to switch to using, say, Ar ions, a dpa calculation can tell what energy 
for the Ar ions can be expected to produce about the same damage as the 50 keV Ne irradiation did. If 
the damage later on turns out not to follow the dpa scaling, this indicates nonlinear behavior in the 
damage production [KucOlb, Kar09].

The problems in using the dpa standard arise from that the name “displacements-per-atom” makes it 
very tempting to interpret that dpa = defect concentration. Indeed, within the original Kinchin-Pease 
and NRT definitions and the approximations and assumptions built into them, it is fully valid to do so. 
However, in many cases current knowledge shows that many of these approximations and assumptions 
are very problematic, and lead to major (even more than an order of magnitude) errors in equating the 
dpa value with the number of defects.

N d(Td) =
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2. Athermal Recombination-Corrected dpa (arc-dpa)

It is well established that the damage in elemental metals is much smaller than the value predicted by 
the NRT equation that forms the basis for standard dpa calculations. Numerous experimental and 
simulation studies have shown that in most metals studied, the damage level for low-energy recoils is 
fairly close to the NRT value, but on increasing nuclear damage energy, the relative damage efficiency

\e-num b er—o f — FP 's 

N R T—p  red ictio n

decreases from ^ ~ ] near the threshold to a value that saturates around roughly 0.2-0.4 [Ave98], see 
Figs. 1 and 2. Note that in this discussion, E signifies specifically the nuclear deposited (damage) 
energy by a single recoil FDm. Part of the total recoil energy Erec also goes into electronic deposited 
energy FD e and for very high (MeV or more) some may also go into nuclear reactions FDnr such that 
Frec FD n + Fi) e + FD m
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Fig. 1. Experimental and simulation evidence that the ratio £, between real damage and that
predicted by the Kinchin-Pease equation is much below 1 in Cu. The MD simulation is 
the raw MD data for a fixed energy T, and the "Calculated" curve is a calculation from 
the MD results for the ions used in the experiments, plotted as a function of the 
weighted average recoil energy T1/2. Plot from Ref. [Ave98],
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Fig. 2. Simulation evidence that the ratio t, between real damage and that predicted by the 
Kinchin-Pease equation is much below 1 in Cu. Plot from Ref. [Mal06].
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At intermediate energies, several groups have found that the data increases following a power law E? 
where the exponent gets a value of about 0.8, see Fig. 2.KN.1. On the other hand, it is clear from 
binary collision approximation simulations that at very high energies (of the order of 10-100 keV 
depending on material) the cascades split into separated subcascades. Hence the scaling with energy 
must eventually turn to be linear with damage energy.

Within the OECD NEA working group, we developed a new damage function formalism. The new 
form is

N d(E )-

0

1
0.8 E  
2E.

R E )

E < E d
Ed < E < 2 E d l§.%

2E.  /  0 .8 < E < co

with the efficiency function c(E) given by

£ (£ )  =
1 — c

(2E„/0.8)‘
-E  +c

Figure 3 illustrates that this damage function fits very well the data for fraction of surviving defects in 
Fe. Considering that there is fairly large variation between data obtained with different potentials, it 
does not make sense to aim for a better fit until the data itself becomes more reliable.

The parameter values Ed b and c can be obtained from MD simulations, as experimental data obtained 
systematically as a function of energy is available only in Cu (Figure 3.). Naturally the fits can be 
redone when improved MD or experimental data becomes available.
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Fig. 3. Fit of the new damage function c(H) to data in Fe for the arc-dpa. The data sets and their 
notation are from Refs. [Bjo07a, Mal09a].

3. Athermal mixing-corrected dpa or replacements-per-atom (rpa)

As part of the OECD NEA work group activity, we also developed an alternative dpa function to 
describe the athermal mixing in cascades. The correction function, which based on discussions at the 
IAEA meeting will be named “replacements-per-atom” or rpa, has the form
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This correction fraction is in dense metals »  1, because atom motion in heat spikes is enhanced 
beyond a binary collision picture.

4. Conclusions

I presented a summary of the work in the OECD NEA primary damage working group, which lead to 
two modified dpa functions, one for defect production in terms of Frenkel pairs, another one for ion 
beam mixing.

I emphasized that this correction function is largely relevant and needed only for irradiation effects in 
metals in the nuclear collisions regime. It does not in any way account for ionization or the complex 
forms of damage often observed in semiconductors and ionic materials
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What we can improve in the calculation of displacement cross-sections

A.Yu. Konobeyev, U. Fischer

Karlsruhe Institute of Technology, Karlsruhe 
Germany

The goal of the report is to discuss briefly ways of the improvement of displacement cross-section 
calculations including the calculation of the number of stable defects produced in irradiated materials, 
recoil energy distributions, and various aspects of the nuclear data processing.

1. NRT model: applications, the relative success and problems

The NRT model [1,2] is widely used for the estimation of the number of defects produced in materials 
under irradiation. The implementation of the model in many codes used extensively, like NJOY, 
MCNPX, LAHET, and SPECTER reflects its popularity. According to the model the number of stable 
defects produced in materials by the ion with the kinetic energy T PKa  is equal to

NnrtCTpka) = (0.8/2Ed) Tdam(TPKA), (1)

where Tdam is the “damage energy” equal to the energy transferred to lattice atoms reduced by the 
losses for electronic stopping of atoms in displacement cascade, Ed is the effective threshold 
displacement energy derived from electron irradiation experiments. On the practice, a more general 
formula of Robinson [2] is used for calculations, for example in NJOY [3], as one presented in the 
work of Norgett, Robinson, and Torrens [1].

The success and the wide application of the NRT model can be attributed to its simplicity as to the 
relative low influence of irradiation conditions on realistic numbers of defects produced in materials 
referred to ones calculated with NRT in a number of important applications [4-6].
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The efficiency of defects production in irradiated materials is used as a measure of deviations of the 
number of defects obtained experimentally or theoretically to the number of defects predicted by the 
NRT model:

^ ( T p k a )  =  N d ( T Pk a )  /  N n r t ( T p k a )  , ( 2 )

where ND is the number of stable displacements measured or calculated using theoretical models.

“Internal” limitations of the model. The usage of the NRT model is limited at least by two conditions
[1]: i) atomic and mass numbers of PKA (Zx A i) are to be close to ones of a target Z x ~ Z2, A] « A2, 
ii) the PKA energy is to be less than the maximal energy Tmax [MeV] < 0.025 Z|4 A,.  The influence of 
the limitations on calculated displacement cross-sections were considered in details in Ref. [7].

Comparison with measured data. Model predictions differ appreciable from available experimental 
data corresponding to different types of irradiation: i) with neutrons in reactors, ii) with neutrons from 
d+Be reaction initiated by deuterons with energies 30 and 40 MeV (see Ref. [5]), iii) with protons at 
primary energy 1.1 and 1.94 GeV [8], and iv) with high energy heavy ions [9].

Comparison with MD simulations. The simulations using the method of molecular dynamics show the 
marked deviation of obtained s(TPKa) from q = 1 predicted by the NRT model.

The use of the model faces problems, which cannot be apparently solved by a simple redefinition of Ed 
values in Eq. (1).

2. Use of BCA model

The potential of the model for reliable predictions of the number of stable defects produced under 
irradiation seems rather limited. Usually, BCA calculations with commonly adopted Ed values [3,5] 
overestimates results of NRT calculations as well in cases were NRT predictions seems higher than 
results of MD simulations and measured data (Slide1 11).

An attempt to reproduce results of MD calculations with the BCA model at relative low ion energies 
by the appropriate choice of the value of effective threshold energy leads to markedly unphysical Ed 
values and gives quite different results by applying different codes, SRIM [10] and IOTA [11],

More advanced calculations [5] performed with the MARLOWE code [12] using the same interatomic 
potentials, which were applied in MD simulations, shows a noticeable difference in the number of 
created defects calculated with BCA and MD at ion energies, where parameters of the BCA model 
were not special fitted to get an agreement with the numbers of defects predicted by the MD method 
(Slide 13). ^

3. MD simulation and “constant efficiency” approximation

An additional test of ND values calculated using the MD method can be the comparison with the data 
extracted from experimental damage rates for materials irradiated with neutrons in reactors and from 
the d+Be reaction. Such data were compiled in Ref. [5]. With rather rare exceptions [13,14], such 
comparison was made with certain reservations, usually ignored, perhaps because of expected 
difficulties associated with nuclear data processing.

The comparison shows the perfect agreement of averaged £, value obtained using results of MD 
simulations performed by Stoller for iron [15] <§> = 0.32 ±0.1 and one derived from experimental 
data [5] 0.32 ± 0.05, the good agreement between <§> from MD calculations of Caturla and co-authors
[16] for copper 0.27 + 0.03 and the experimental value 0.31 ± 0.03, and rather underestimated <§> 
value from MD calculations for tungsten comparing with measured data [5] (Slide 15).

1 Slides of the presentation “What we can improve in the calculation of displacement cross-sections” of A. Yu. Konobeyev 
and U. Fischer on the Technical Meeting on Primary Radiation Damage, October 1-4, 2012, Vienna, 
available on: http://www-nds.laea.org/dpa/
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The difference of the temperature of measurements, 4-5 K and ones adopted in MD simulations, 
T = 10-900 K, makes to attract attention. The agreement of simulations and experiments in this case 
can be attributed to the important role of the temperature increase during the displacement cascade and 
the weak influence of equilibrium temperature on results.

To use MD results in some way outside of the range of relatively low energies adopted in the 
modelling, the obtained values are extrapolated sometimes to higher energies using the “constant 
efficiency” approximation (see, for example, Ref. [17]). In this case the c value corresponding to the 
maximal energy available in MD calculations is used at any high energy of ions (Slide 16).

Despite the attractive simplicity of the approximation it faces a number of problems: i) calculated 
displacement cross-sections (cd) at high projectile energies are appreciably lower as measured data 
[16,17] and ad values obtained using combined BCA-MD approach (Sect. 4), ii) experimental data [9] 
show marked deviations from the constant c assumption (Slide 18). The “constant efficiency” 
approximation seems questionable, while more advanced calculations are required to estimate the 
number of defects produced in materials during the irradiation (see below).

4. Combined BCA-MD simulations

Combined BCA-MD simulation seems a rather consistent approach to the evaluation of the number of 
defects produced in materials under the irradiation with intermediate and high energy ions [11, 17-20].

In such modelling, for an energetic ion moving in the material the simulation of atomic collisions is 
performed using the BCA model up to a certain “critical” energy of the ion (Tcnt). Below this energy 
the BCA calculation is stopped and the number of defects is evaluated according to the result of MD 
simulations. Such procedure is performed for all PKA produced in the atomic collision cascade. The 
value of the “critical” energy is taken as large as possible to minimize the effect of the overlapping of 
cascade branches before the MD simulation starts. Usually Tcnt corresponds to the Tdam energy equal to 
30-60 keV.

The BCA-part of simulations discussed below has been performed using the IOTA code developed in 
KIT, Karlsruhe (Slide 20) and described in details in Ref. [11]. The last improvements of the code 
were made in 2011.

The results of BCA-MD simulations are in a quite good agreement with experimental data [5,8,9,21] 
(Figs. 1, 2). The typical difference between displacement cross-sections (cd) for incident neutrons 
calculated using the NRT model and the BCA-MD approach is shown in Slide 27. The example of 
calculations for iron carbide is shown in Slide 28.

The results of BCA-MD calculations can be parameterized in the form of c(T|,KA) and implemented in 
the NJOY code concerning the calculations with the DF routine [3] responsible for the NRT model. 
Before applying such approach for the processing of nuclear data getting ad values several questions 
need to be clarified: i) the influence of the temperature on the evaluated number of defects produced in 
materials, ii) the modelling using the kinetic Monte Carlo method (kMC), and iii) the uncertainty of 
predicted results.

The kinetic Monte Carlo method predicts the reduction of the number of stable displacements obtained 
with MD to 70% for iron at T=300-600 K [22]. The reduction can be taken into account in the data 
processing getting ad values for iron using NJOY and other codes.

Results of kMC modelling [22] can be used to improve additionally the T-dependence of survived 
defects for iron. The problem remains open for other materials.
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Fig. 1. Efficiency of the defect production £, for the Fe + Fe and O + Fe irradiation obtained using the 
combined BCA-MD method, results of the MD simulation [15], and measured data [9],
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Fig.2 Displacement cross-sections calculated using BCA-MD approach and NRT model. Measured 
data are taken from Refs. [8,21].
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The uncertainty of MD predictions resulting from the use of different interatomic potentials was 
discussed recently in a number of works (see e.g. [13, 14, 23, 24], This uncertainty can be reduced 
after the comparison of <q> values obtained using results of MD simulations and <q> values derived 
from experimental damage rates for materials under neutron irradiations compiled in Ref. [5].

Other factors resulting to the scatter of calculated displacement cross-sections were discussed in Ref.
[25].

5. Proposed improvements in the evaluation of the number of defects produced in materials

Improvements concern the application of combined BCA-MD method for calculations and the use of 
experimental data and systematics for additional correction of results of simulations.

Materials can be divided into three groups according to completeness of information required for the 
evaluation of the number of defects produced under the irradiation. Accordingly, evaluation 
approaches are varied.

I. Results of MD simulations and <£> values derived from experimental damage rates in various 
units are available (Fc. Al. Ti. V. Ni. Cu. Zr. and Wl. The calculation of the number of stable 
defects is performed using the BCA-MD approach up to hundreds of keV of PKA kinetic energy. 
The subsequent correction is performed using results of kMC, at least for iron, and the averaged 
values of defect generation efficiency <£> derived from experimental data [5]. Some compounds, 
Fe3C, FexCry, Ni3Al, WC can also be attributed to this group, at least, as concerns BCA-MD 
calculations.

II. MD simulations were not performed, while the experimental values of <£> are available (Mu. 
Co, Nb, Mo, Ta, and some others). The typical energy dependence of defect production 
efficiency derived from MD calculations (Slide 10) is parameterized, for example in the form 
(̂TpKAjĈ exp) (Slide 38, see also Ref. [18]). Parameter values are estimated using averaged <£> 

values extracted from experimental data [5].

III. MD simulations were not performed and experimental values <£> are absent. Parameters for 
(̂TpKAjĈ exp) are evaluated using <q> values obtained for the considered type of materials 

(Table 4 from Ref. [5]).

6. Proposed improvements in processing of nuclear data using NJOY concerning displacement
cross-sections

Total displacement cross-sections. Two different approaches can be considered as alternative to the 
current processing of nuclear data using the NJOY code concerning cd calculations.

Explicit form o f the data presentation. Taking into account that MD and BCA-MD simulations are 
performed outside of the NJOY code, it seems reasonable to record obtained displacement cross
sections in ENDF files using a special MT-number [26]. It can be one of the currently unassigned 
numbers, for example MT=901 to record the total displacement cross-section. The covariance 
information, if available, is written in MF=33, MT=901.

The other way to deal with new displacement cross-sections is the modification of the DF-routine of 
NJOY responsible for NRT calculations, as described below. It makes the data processing consistent, 
while it brings more uncertainties to final data.

Z (T pka)  or Nd(Tpka) in the parametric form. Calculations involving the NRT model with the NJOY 
routine DF can be supplemented by the calculation of the defect production efficiency c(TPKA) or the 
number of created defects Nd(TPKa) obtained in the parameterized form. Global parameters (Section 5,
III.) and specific values derived from MD, BCA-MD simulations can be built in NJOY, as currently it 
is made, for example, for Ed values. Parameters can also be entered in the code through the input file 
for the HEATR module similar to Ed values.
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Elastic displacement cross-sections for incident charged particles. Currently, such calculations are 
ignored, despite the important contribution of elastic displacement cross-section cdei in the total 
displacement cross-section (Slide 41). As in the case with total cd, elastic displacement cross-sections 
can be presented in the explicit form or calculated by NJOY.

In the first case, the special section, for example, MT=902, can be reserved for the recording of cdei 
values obtained by an evaluator.

Built-in calculations of cdei using NJOY lack an advantage of the data preparation outside of NJOY 
and recording them in evaluated data files. The main problem of the built-in approach involving for 
example the model from Ref. [27] is the proper calculation of the cdei considering the interference 
between screened Coulomb and nuclear scattering.

Displacement cross-sections for compounds. Proposed improvements concern the calculation of 
displacement cross-sections using advanced methods (Sect. 3, 4) and the NRT model. At present, the 
data processing for compounds implies the use of the weighted sum of compound components relating 
to the damage production in each component separately without the consideration of the defect 
creation in a “common” media.

Different currently unassigned MT-sections can be reserved for the proper recording of displacement 
cross-sections for various compounds. For example, in the evaluated neutron data file for iron the MT 
number Xi (=901) can be kept for n+Fe+Fe displacement cross-sections, MT=X2 for n+Fe+Fe3C 
displacement cross-sections, MT=X3 for commonly used stainless-steel of the first type (1), X4 for 
other stainless steel (2) etc. The data corresponding to other components of considered compounds, for 
example, for carbon should be presented in appropriate data files.

The other way is the preparation of special data files with displacement cross-sections for compounds.

7. Conclusion

A number of improvements in the calculation of the number of defects in irradiated materials and 
displacement cross-sections is proposed. The gain in the consistency of the nuclear data processing as 
the better agreement of calculations and measurement comparing with existing approaches is 
expected.
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1. Introduction

The JENDL PKA/KERMA File is prepared from the evaluated nuclear data file, for radiation damage 
calculations used to support programs such as the International Fusion Material Irradiation Facility 
(1FM1F) [1], The file contains primary knock-on atom (PKA) spectra, KERMA factors and 
displacement per atom (DPA) cross sections in the energy range between 10"5 eV and 50 MeV. Table 
1 shows physical quantities included in PKA/KERMA File as well as MF number defined in the 
ENDF-6 format. The processing code system, ESPERANT, was developed to calculate quantities of 
PKA, KERMA and DPA from evaluated nuclear data for medium and heavy elements by using an 
effective single particle emission approximation (ESPEA). The PKA/KERMA File will contain the 
data for 78 isotopes of 29 elements in the energy region up to 50 MeV. A trial task of ESPERANT, 
which is file production of PKA spectra for 69 nuclides from 19F to 209Bi in the energy region up to 20 
MeV for fusion application from the JENDL Fusion File [2] in order to supply the PKA data to the 
FENDL project [3], was presented at the Ninth International Symposium on Reactor Dosimetry. The 
JENDL PKA/KERMA File has been enlarged up to 50 MeV based on JENDL High Energy File for 
1FM1F [4] by means of the same methods as the trial work below 20 MeV. In this report, the ESPEA 
reliability is checked in the higher energy region.

Table 1 Physical Quantities Included in the PKA/KERMA File (En=105 eV - 50 MeV)

MF Quantities

3 Cross sections and KERMA factor
4 Angular distributions for discrete levels
6 Double-differential light particles and PKA cross sections
63 DPA cross sections
66 Damage energy spectra

2. A Calculation Method of PKA, KERMA and DPA from Evaluated Nuclear Data

2.1 Effective Single Particle Emission Approximation (ESPEA)

It is often impossible to calculate PKA spectra exactly for reactions emitting two or more particles 
from an evaluated nuclear data file, which usually has no separated spectrum of each reaction step and 
channel above threshold energy of multi-particle emission reaction. The effective single particle 
emission approximation (ESPEA) has been developed for these cases with the assumption that the 
particles are emitted from sequential reactions, which cannot emit the particles simultaneously, and 
only the first emitted particle contributes to determination of energy and angular distributions of PKA. 
Basic notations are shown in Fig. 1, where superscripts of C and L mean center-of-mass (CMS) and 
laboratory (LAB) systems, subscripts of p, 1, t, 2 and G show incident and emitted particles, target and 
residual nucleus, and CMS-point, and symbols of E, V, m and 0 are energy, velocity, mass and emitted 
angle (|x= cos 0).
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Fig. 2. Schematic diagram of s jm,n> determination.

Double-differential cross section (DDX) of emitted particle in CMS, DDXxc(E^,EXC,\ixc), is assumed 
to be given in evaluated nuclear data files. PKA spectrum in CMS, DDX2C(EPL,E2 is directly 
calculated by using energy and momentum conservation laws. That for particle emission reaction is 
written

) = ̂ - D D X f ( E Lp, £ f , Ac )
m ,

c c 
Mi = - A

(1)

and that for y-ray emission reaction is

D D X c2 {E Lp ,E c2 y 2 ) = m^

(2)

DDX (El E ^ i )
(3)

E \  =
2m2c M2 -  ~Mr

(4)

where c is light speed. In order to apply ESPEA, the sum of particle production cross sections (MT = 
201, 203-207 in ENDF-6 format, similar as following) must be equal to the total reaction cross 
section. Hence some re-normalization is necessary to maintain a number of recoil nuclei. A 
normalization factor, R, for ESPEA is given as follows.

R =
S i  (min) X | d M x ° x  ( E p  >£ X ’ M X )

(5)

where ciR and r>:: indicate cross sections of total reaction and each particle emission channel, and ex(mm) 
is the lower limit of the energy for spectrum considered. It means the first emitted particles are 
distributed in a higher energy region in the emitted spectra. A schematic diagram is shown in Fig. 2. 
The lower energy limit, £x(mm), is determined from the following equation of average energy for light 
particle emitted from the reaction .v.

f s f  (s )ds - [J£(min) XJ X V x /  X L
m,

rJo

m n + m tF 1

f x(sx)dsx =\

^ + e j / [ i + ( — )2]m2x (6)

(7)

where Qx is Q-value of reaction x, and fx  the normalized DDX] of reaction x.
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DDX of PKA in LAB, Z?ZXYdl (£’dl ,£’2L,/M2L), is obtained after conversion from CMS to LAB, then the 
damage energy spectra, erD, can be given by

<7* (ELp ,El 2,jul2) = Ed(El2)- DDXl2 (ELp,EL2,/uL2) (8}

where ED is given by Lindhard-Robinson model [7] with unit of E~l in eV as following.

El;Ed(El2)= 2
1 + k - g ( e ) (9)

k = 0.13372 -Z 2/3 / A1/2 (10)

g(e) = 3.48008^1/6 + 0.40244^3/4 + e (1

s  = E2 /&6.931Z7/3 (12)

The DPA Cross Section, «rDPA, can be obtained by using the damage energy spectra, 

°dpa(Elp) = If v(EL2)aD(ELp,EL2,ML2)dEL2d/uL2 (13)

v(El2) = — Ed(El2)
2  s d , K  =  0.8 (14)

where ed is the threshold energy for knock-on atom displaced from lattice point, and its amount 
strongly depends on materials. The kerma factor for .v-reaction, KERMAx(Er! ), is also calculated by 
using double differential PKA spectrum as following.

KERMA, (£ ,')  = | |  (£,‘  + E i  )DDXf, (Elp, Ei, , mL )dEi_Mx

For neutron and photon emission reactions, the term of EXx is eliminated.

2.2 Test Calculations

The test calculation has been done by processing from the JENDL Fusion File [2] below 20 MeV. 
Considered reactions are elastic (MT=2) and discrete inelastic scattering (MT = 51-90), continuum 
neutron emission reaction (MT = 201), and charged particle emission reactions (MT = 203-207).

The processed PKA spectra were compared with those calculated with the Monte-Carlo exciton model 
code, MCEXCITON [6]. For example, PKA spectra for 27A1 and 56Fe at incident neutron energies of 
10 and 20 MeV are shown in Figs. 3 and 4. The results are in good agreement with each other, 
considering the large secondary particle energy meshes of the processed one. In Fig. 3(a), the PKA 
spectra given by Doran [7] at incident energies of 9 and 11 MeV are also indicated. Doran processed 
the PKA spectra from ENDF/B-IV [8] by assuming evaluation spectra for charged particles, since 
ENDF/B-IV does not have charged particle spectrum. However, the results of his processing are 
similar to the present results.

The DPA cross sections for 27A1 and 56Fe are also compared with calculations by RADHEAT-V4 [9] 
and Doran [7] as a function of incident neutron energy in Fig. 5. Results of ESPERANT are in good 
agreement with other calculations. The KERMA factors for 27A1 and 56Fe are compared with 
Howerton’s calculation [10] in Fig. 6. The displacement energies for 27A1 and 56Fe were selected here 
as 10 and 30 eV, respectively. Howerton’s results have a resonance-like structure. Results of 
ESPERANT show the averaged kerma factor, since they have full resonance structure.

Trial calculations for neutron incident energy from 20 to 50 MeV also have been done with a 
preliminary version of JENDL High Energy File for IFMIF. The calculated PKA spectra are shown in 
Fig. 7. It seems that the processed PKA spectra have reasonable shapes and distributions. It is
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concluded that ESPEA can be applied at least below 50 MeV. More benchmark tests might be 
necessary to estimate accuracy of the data in the JENDL PKA/KERMA File at this energy region.

Fig. 3 .27A1 PKA spectra compared with calculations by MCEXCITON [6] at (a) En= 10 MeV 
and (b) En = 20 MeV.

P artic le  Energy [MeV] P artic le  Energy [MeV]

Fig. 4 .56Fe PKA spectra compared with calculations by MCEXCITON [6] at (a) En = 10 MeV 
and (b) En = 20 MeV.

Neutron Energy [eV] Neutron Energy [eV]

Fig. 5. 27A1 and 56Fe DPA cross sections compared with calculations by RADHEAT-V4 [9] and 
Doran [7].
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Fig. 6 .27A1 and 56Fe KERMA factors compared with calculations by Howerton [10].

Fig. 7. PKA spectra related to reactions emitting neutrons and alpha-particles at the incident neutron 
energies of 20, 30, 40 and 50 MeV for 56Fe.

3. Radiation damage model in PHITS

3.1 Overview

High-energy ions traveling a target lose their energy in three ways; nuclear reactions, electron 
excitations and Coulomb scattering. The lower projectile energy leads higher energy transfer to the 
target atom via Coulomb scattering. The target atom directly hit by the projectile has usually much 
lower energy than the projectile itself and therefore has a larger cross section for Coulomb scattering 
with other target atoms. Thus the target PKA creates localized cascade damage where many target
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atoms are displaced from their original lattice site leaving same number of interstitials and vacancies. 
These point defects and their clusters affect the macroscopic material properties, such as hardness.

The conditions of various irradiations are described by using the damage energy to characterize the 
displacement cascade. This is defined as the initial energy of target PKA, corrected for the energy lost 
to electronic excitations by all of the particles composing the cascade. There are mainly three parts of 
calculations in the improved PHITS as shown in Fig. 8: 1) Transport calculation including nuclear 
reactions, 2) Coulomb scattering, and 3) Cascade damage approximation. We describe the main 
features of the calculation in the following sections.

3.2 Transport calculation including nuclear reaction

There are mainly two flows in the transport calculation to produce the target PKA as shown in Fig. 8. 
One is the Coulomb scattering due to PKA’s directly created by the projectile, and the other is that due 
to PKA’s created by the secondary particles. The energy of the secondary charged particles is 
obtained with PHITS calculations using a nuclear reaction model. In the event generator mode using a 
nuclear reaction, the conservation law on the energy and the momentum is sustained in each event. 
For proton-induced collisions, we use the simulation model JAM [11] above 1 MeV up to 10 GeV, 
whereas we only consider the ionization for charged particles below 1 MeV until they stop. PHITS 
can also transport nuclei in the materials. Below 10 MeV/c, we only take into account the ionization 
for nucleus transport, whereas above 10 MeV/u we describe heavy ion induced collisions up to 100 
GeV/u with the simulation model JQMD [12]. JAM and JQMD calculations are stopped once it can 
be assumed that equilibrium has been achieved. After equilibration is reached, the Generalized 
Evaporation Model (GEM) [13] is applied to account for the process of the de-excitation and the 
associated particle emission from the highly excited nucleus remaining after the JAM and JQMD 
calculations.
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Fig. 8. Overview of radiation damage model calculations in PHITS.

In the transport of low energy neutrons the "Event Generator Mode" has been used. In this mode, the 
evaluated nuclear data for neutrons and a special evaporation model are combined so as to trace all 
correlations of ejectiles keeping the energy and the momentum conservation in a collision. For the 
ionization process of the charge particles and nucleus, we have used the SPAR code [14] for the 
average stopping power dE/dx. For the total nucleus-nucleus reaction cross sections, the Tripathi’s 
formula [15-17] has been adopted in PHITS.

3.3 Coulomb scattering with target atom

The Coulomb scattering part, which alone leads to the deflection of the projectile and secondary 
charged particles, is described with classical scattering theory using the screening functions f( t1/2). A
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universal one-parameter differential scattering cross section equation in reduced notation is expressed 
by J. Lindhard, et al. [18] as:

_  na.jF /( t2 )  

sc 2 t 3/ 2 (16) 

where t is a dimensionless collision parameter defined by

T n „ (0,

T,
7 9 . 9t = s ——  = £ sin 1) (17)

T  is the transferred energy to the target, and Tnvix is the maximum transferred energy as

— "L
(18)

where Ep is the projectile energy, s is the dimensionless energy as

CLrp p  ^ T F  E
£ =

dc Z1Z2e2 (19)

In the above expression, dc is the unscreened (i.e., Coulomb) collision diameter or distance of closest 
approach for a head-on collision (i.e., b = 0), and aTf is the screening distance.

Lindhard et al. [18] considered the screening function, f ( t12), to be a simple scaling function and the 
variable t to be a measure of the depth of penetration into the atom during a collision, with large 
values of t representing small distances of approach. The function of f( tI/2)  can be generalized to 
provide a one parameter universal differential scattering cross section equation for interatomic 
potentials such as screened and unscreened Coulomb potentials. The general form is

= At?~m [1 +  (2At1- m) ‘? r 1/ ‘7 
V ’ (20)

where 1, m, and q are fitting variables, with X = 1.309, m = 1/3 and q = 2/3 [19] for the Thomas-Fermi 
version of f( t1/2). Figure 9 shows a plot of the Eq.(20) for the Thomas-Fermi potential and the 
Rutherford scattering potential with respect to the dimensionless collision parameter t1'2. We can see 
that the shape of the screening function is better than that of Rutherford scattering at low t12. For high- 
energy collisions, at large tl/2, screening effects are minimal since interactions primarily involve the 
inner parts of the atom, and f( t1/2)  decreases with increasing t [20]. The value of t1'2 increases with 
increasing dimensionless energy e, scattering angle in the CM system, and impact parameter.

3.4 Cascade Damage Approximation

To estimate the displacement cross sections the “NRT” formalism of Norgett, Robinson, and Torrens
[21] is employed as a standard to determine that fraction of the energy of the target PKA producing 
damage, e.g., further nuclear displacements. The displacement cross sections can be evaluated using 
the following expression:

f t  max

^damage — I d(T/ ( I t  X v ( Z targe|- , ^targgt > "^target
J t d (21)

where Ztarget, AUlget are the numbers for the recoil target atom and 7'l;irgct is the target PKA energy . 
Equation (21) indicates the scattering cross section multiplied by the number of defects. ?max> which is 
dimensionless, is equal to s2 from Eq. (17) when 0  = n. td is the displacement threshold energy, also
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dimensionless, given by Eq.(19). The displacement threshold energy 7'lhrcshoid is typically in the range 
between 20 and 90 eV for most metals [22].

Based on the Kinchin-Pease formula [23] modified by Norgett et al.[21] and the Lindhard slowing- 
down theory, the number of defects produced in irradiated material is calculated by

’{ ^ la r g e t^ la r g e l> Ttarget)  RT (22)

where Nnrt is the number of defects calculated by

0.8 ■ 7’c|amane
N nrt =  -----------—

^ 'threshold (23)

The constant 0.8 in the formula (23) is the displacement efficiency given independently of the PKA 
energy, the target material, or its temperature. The value is intended to compensate for forward 
scattering in the displacement cascade of the atoms of the lattice. The damage energy, r damage, is the 
energy transferred to the lattice atoms and is reduced by the losses from electronic stopping in the 
atom displacement cascade and is given by [21 ]:

_  T
^damage

1 ""f” ̂ cascade ■g(£) (24)

where T  is the transferred energy to target atom given by Eq. (17) as

tT  — T  y   1 1 max ^  9F
" (25)

where sv is the dimensionless projectile energy given by Eq.(19) and the projectile energy Ep. The 
parameters £caScade, and g(s) are as follows:

l
■̂cascade 0.1337Zt6arget (Ztarget /Atavget )!/2

g ( s )  =  £ +  0 .4 0 2 4 4  ■ £3/ 4 +  3 .4008  ■ s 1' 6 (27)

The dimensionless transferred energy, s, is given by Eqs. (19) and (25). The following equation was 
then derived using Eqs. (21), (23), and (24):

Lmax ^ sc a t. 0.8f t  n

damage 2 ' r threshold 1 +  / ĉascade ' d ( £) ^ 8 )

Figure 10 shows a displacement cross section (Eq. (28)) with displacement threshold energy of 90 eV 
for the Ge + W scattering as a function of Ge ion beam energy. As the cross section for Coulomb 
scattering (T > td) is much larger ( ~107 -  109 b) than the nuclear reaction cross section (of the order of 
~ mb) treated in PHITS, it is difficult to calculate the DPA values using full Monte Carlo calculation 
with Coulomb scattering in PHITS because of significant calculation times. Therefore, only the 
energies of the projectile and secondary are calculated by using the dE/dx and nuclear reaction models 
in PHITS. The transferred energy to the target, T, is calculated using Eq. (25), and displacement cross 
section is estimated with Eq. (28).
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Fig. 9. The screening function f( t12) of Coulomb 
scattering cross section is shown as a function 
of t12 for the Thomas-Fermi potential and the 
Rutherford scattering potential.

Fig. 10. Calculated displacement cross-sections 
are shown as a function of incident energy 
for Ge ions incident on a W target.

4. Summary

The displacement calculation method from evaluated nuclear data file has been developed by using 
effective single-particle emission approximation (ESPEA). The ESPEA can be used effectively below 
about 50 MeV, because of since multiplicity of emitted particles. These are also reported in the 
Ref. 24.

The displacement calculation method in PH1TS has been developed. In the high energy region 
(> 20 MeV) for proton and neutron beams, DPA created by secondary particles increase due to nuclear 
reactions. For heavy-ion beams, DPA created by the primaries are dominant to total DPA due to the 
large Coulomb scattering cross sections. PHITS results agree with FLUKA ones within a factor of 
1.7. In the high-energy region above 10 MeV/nucleon, comparisons among codes and measurements 
of displacement damage cross section are necessary.
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Background

Radiation damage in materials is caused by the transfer of energy from an incident particle to the 
target atoms, which results in the redistribution of target atoms. During the nuclear reactor operation, 
various kinds of radiation are produced, including fast neutron, gamma, beta, high-energy ions etc. 
These radiations may affect the properties of reactor structural materials in a direct and/or indirect 
way. It is well known that fast neutrons have an effect on the degradation of materials. Whereas the 
impact of fast neutrons (En > 1 MeV) on material property changes is clearly recognized, the impact of 
gamma ray damage to materials is usually not significant. However, there has been some interest in 
gamma ray damage in metals in promoting accelerated embrittlement of reactor pressure vessel steels 
in the HF1R (High Flux Isotopes Reactor) [1,2]. In situations where there is a large water gap between 
pressure vessel and fuel assembly, gamma damage can become comparable to that produced by 
neutrons, on the basis of displacements per atom (dpa) parameter. A recent analysis of gamma ray 
displacement damage in the RPV of the General Electric Advanced Boiling Water Reactor (ABWR) 
indicated that the ratio of calculated gamma- to neutron-induced displacement damage rates is over 
100% at the RPV inner diameter [3]. Under a high gamma dose environment, embrittlement can be 
accelerated by radiation-enhanced mass transport mechanism. Because gamma rays are much more 
efficient than neutrons at producing freely-migrating defects [1], any radiation enhanced or induced 
processes that depend on the magnitude of defect fluxes to sinks, can be disproportionately affected by 
gamma. The direct evaluation of the contribution of gamma ray to damage in materials, quantified as a 
parameter of dpa, is made possible once the displacement damage cross section due to gamma rays are 
known. In this work, we present calculations for gamma ray displacement cross sections in various 
materials in the energy range from 0 to 14 MeV.

Neutrons can react with nuclei by neutron capture or simply by elastic scattering. During elastic 
scattering, neutrons transfer energy to atoms in the solid, creating energetic recoils which can interact 
with other atoms causing further displacements. Following neutron capture, the nucleus can
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experience gamma emission (n,y), charged particle (proton or alpha particle) reactions - (n,p) or (n,a), 
fission, or multiple neutron emission (n,xn). These reactions can generate other elements which are 
different from the target nucleus, which is referred to as transmutation. The transmuted elements tend 
to emit the characteristic gamma ray in the process of de-excitation. As a result of these reactions, 
energetic particles (p,a,y) and recoil atoms are created. Energetic recoils created by the neutron-atom 
reactions will produce the radiation damage. The lattice atom initially struck during neutron scattering 
and displaced is called the primary knock-on atom (PKA). A PKA can induce additional displacements 
usually in a small region of space, called a displacement cascade. To fully characterize the damage, it 
is necessary to calculate the total number of displacements in the cascade and the number of surviving 
defects and defect clusters, following the cooling of the cascade. These quantities are strongly 
dependent on the recoil spectra, which are dependent on the neutron spectrum. Calculation of the 
neutron displacement damage can be carried out using the SPECTER computer code [4], which allows 
us to obtain various damage parameters such as spectral-averaged displacements, recoil spectra, gas 
production (hydrogen and helium), and total damage energy. The SPECTER code is compact and 
simple to use because data such as neutron cross sections for various reactions and PKA spectra are 
pre-processed and stored in its data file. Only the neutron spectrum is needed as an input source. In the 
SPECTER code, the energy transfer kernel is embedded, which was processed from the old-version of 
ENDF/B-V library. Although this code is efficient, it has a disadvantage that the direct access to the 
calculation routine is limited in that its master library was generated by another code. The user is not 
able to use the latest nuclear data in the damage calculation. In order to overcome this drawback, we 
developed a code for computing the recoil atom spectrum for given neutron spectra, which is called 
the RASG (Recoil Atom Spectrum Generator). The details on the code are presented at the IAEA 
technical meeting.

In case of neutron irradiation to materials, the probability of displacing lattice atoms due to interaction 
is expressed in terms of displacement cross section ad, which is given as:

ad(E) = 2 ^ i ( E ) f Tmaxfi(E,T).vNRT(T) dT , (1)
j *min

where E is the incident neutron energy, T the energy of recoil, o,(H) is the nuclear cross section for i- 
type interaction at neutron energy of E, f(E,T) is the neutron-atom energy transfer kernel, Tmm and 
Tmax are the lower and upper energy of a recoil atom, respectively and are determined by the type of 
interaction of interest, and Vnrt(T) represents the secondary displacement function calculated using the 
Norgett, Robinson, and Torrens modification of the Kinchin-Pease formula [5]. Among various factors 
affecting the atomic displacement, one of the most important factors is the energy of recoil atoms (T) 
transferred by the incident neutron. This factor has an effect on the energy transfer kernel, f(E,T) and 
the number of secondary atomic displacement, Vnrt(T ) ,  which finally determines the quantity of 
atomic displacement in units of dpa. It is, however, important to note that the meaning of dpa is a 
rough indicator of the complicated reactions produced by neutron irradiation. The majority of atomic 
displacements caused by neutron irradiation cause either recombination of defects of opposite type 
(interstitial and vacancy) or the clustering of defects of the same type. Only a small fraction of the 
total number of displacements survives as isolated point defects that are free to migrate over relatively 
long distances [6]. Many microstructural changes that take place during irradiation are directly related 
to these surviving defects and not to the total number of displacements. It is, therefore, important to 
quantify the net production rate of FMDs before any correlation between displacement damage and 
microstructural evolution is made. For several decades, such attempts have focused on the calculation 
of dpa. The dpa parameter has been widely used because the dpa is proportional to the total energy 
available for producing defects and is also proportional to the final number of stable defects that 
remain in the material. However, in some cases the dpa approach did not succeed in producing a 
quantitative correlation between the observed irradiation effect and the calculated damage. The FMD 
production is dependent on spatial aspects of defect distribution which the dpa approach does not 
consider. The fraction of point defects which survive recombination and clustering depends on the 
energy of primary recoil atoms. As the primary recoil atoms increase in energy up to an order of keV, 
more highly dense displacement cascades are created, which enhance defect recombination, thereby
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reducing the FMD generation. Several experiments have demonstrated that cascade producing 
irradiation is not as efficient at producing FMD as light-ion or electron irradiation which produces 
lower energy recoils. In estimating the production of FMDs, we can apply the molecular dynamics 
(MD) computer simulation of displacement cascades. The application of MD simulation would be 
helpful to predict the net radiation damage in a more accurate way.

1. Calculation of gamma displacement cross sections

Gamma rays can displace atoms by first transferring energy to an electron, which transfers energy to a 
lattice atom through an electron-atom scattering. The energetic electrons can be produced from 
Compton scattering (CS), photoelectric effect (PE) and pair production (PP). Therefore, the total 
gamma displacement cross section consists of three components representing the sum of cross sections 
for three interactions. The calculated displacement cross sections show that for lighter elements the 
Compton displacement cross section dominates throughout the energy range, for heavier elements, the 
impact of photoelectric effect at lower energies and pair production at higher energies becomes more 
important. The following figure shows the gamma-ray displacement cross section for iron.

Gamma energy (MeV)

Fig. 1. The gamma-ray displacement cross section for iron.

2. Generation of recoil spectra from ENDF/B-VII

In estimating the effect of neutron irradiation on primary damage, we started with the calculation of 
recoil spectra by using the latest ENDF/B-V11 library. The recoil atom spectrum can be obtained in 
two ways. The use of SPECTER code is an easy and simple way to produce results when the proper 
neutron spectrum is given. However, the latest nuclear data, which is available for damage calculation 
in the recent ENDF/B files, cannot be used since the master library had been processed several 
decades ago. Another way is to apply the NJOY99 code system that can access directly the cross 
section and energy transfer data stored in the ENDF/B-V11 files [7]. The problem of using the NJOY 
code is, however, that it does not provide the differential recoil atom spectra but produce average 
recoil energy as a function of specified neutron energy. We have been developing a new code for 
generating the recoil atom spectra by using the recent ENDF/B files, which is named as RASG (Recoil 
Atom Spectrum Generator). This code generates the differential recoil spectrum, which represent the 
probability of recoil atom’s having its kinetic energy between T and T+dT such as,

R (T)dT = ^ J oEmax(),(E)-ai(E) f i (E ,T )dE c lT  , (2)
i

where E is the incident neutron energy in the laboratory system, T is the recoil atom energy, o,(E) is 
the nuclear cross section for reaction channel i at the neutron energy of E, f(E,T) represent the 
neutron-atom energy transfer kernel for reaction channel i and cp(E) is the neutron flux.
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We developed the code, named as RASG, which calculates the differential recoil spectra by combining 
three modules. Those modules include; 1) neutronics calculation to generate the neutron flux in the 
specific environments, 2) estimation of energy transfer kernel using the information in the ENDF/B 
library and 3) processing of nuclear microscopic cross sections from the NJOY system. In performing 
the neutron calculation, various neutron transport codes are applied, including MCNP, DORT etc. In 
this meeting, the emphasis is placed on the derivation of the energy transfer kernel based on the 
ENDF/B library and theoretical methods. Fig. 2 shows the recoil atom spectra of iron for the HF1R 
(High Flux Isotope Reactor) neutron flux, which is given in the SPECTER source code as an example. 
Since the code development is still underway, we present the recoil spectra for the target atom of iron.

(|>(E) SPECTER/RASG R ( J )

Neutron energy, E {MeV) Recoil energy, T  (MeV)

Fig. 2. The HFIR (High Flux Isotope Reactor) neutron flux and the recoil atom spectra of iron. 

Proposed Work

In order to define the net radiation damage due to neutron irradiation to materials, it is necessary to 
determine the modified displacement cross section which represents the net damage production 
resulting from displacement cascades. The investigation of Eq. (1) gives us a direction to go. Two 
approaches are proposed for the future work.

First, we need to define the energy transfer kernel as accurately as possible. Although the calculation 
results of the SPECTER code produce the recoil atom spectrum in a convenient way, the use of the 
latest ENDF/B library would be a better choice to calculate the energy transfer kernel as well as 
microscopic cross sections. We have capability of dealing with the nuclear cross section processing 
with the NJOY system and generating the recoil atom spectrum. The latter work was partly 
demonstrated in this meeting.

The secondary displacement function, vXRT is a strong function of the recoil energy, T. Although the 
function of v takes into account the energy loss to electronic interactions between PKA and target 
atoms, the calculation results still overestimates the net displacement damage. A number of molecular 
dynamics (MD) simulations have been made to quantify the residual defect production in the state of 
primary damage. The MD simulations can yield information about primary damage, particularly the 
spatial distribution of point defects and the number density of defect clusters. These results are very 
important to predict the microstructural evolution of materials in the reactor environments. We need to 
derive the information on the residual defects through the extensive MD simulations or the analysis of 
the previous results regarding cascade simulations. This trial was already made in estimating the 
cascade efficacy [8]. One of the drawbacks to the cascade simulation is purely theoretical, that is, lack 
of experimental verification. In order to overcome this problem, it is necessary to justify the MD 
results through the comparison to the experimental results. It is impossible to directly measure the 
amount of FMDs after the displacement cascade and the experimental information about the FMD 
production is not sufficient. However, we can collect the data on RIS (Radiation-Induced Segregation)
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which relevant to FMD [9,10]. We believe that the proposed work will enable us to accurately estimate
the net damage production and may assist in devising methods for mitigating the radiation damage
process.
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Motivation

The motivation for this work is the determination of a methodology for deriving and validating a 
reference metric that can be used to correlate radiation damage from neutrons of various energies and 
from charged particles with observed damage modes. Exposure functions for some damage modes are 
being used by the radiation effects community, e.g. 1-MeV-Equivalent damage in Si and in GaAs [1] 
semiconductors as well as displacements per atom (dpa) and subsequent material embrittlement in iron
[2]. The limitations with the current treatment of these energy-dependent metrics include a lack of an 
associated covariance matrix and incomplete validation. In addition, the analytical approaches used to 
derive the current metrics fail to properly treat damage in compound/poly-atomic materials, the evolution 
and recombination of defects as a function of time since exposure, as well as the influence of dopant 
materials and impurities in the material of interest. The current metrics only provide a crude correlation 
with the damage modes of interest. They do not, typically, even distinguish between the damage 
effectiveness of different types of neutron-induced lattice defects, e.g. they fail to distinguish between a 
vacancy-oxygen defect and a divacancy with respect to the minority carrier lifetime and the decrease in

1 This work was supported by the United States Department of Energy under contract DE-AC04-94AL85000. 
Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the 
United States Department of Energy
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gain in a Si bipolar transistor. The goal of this work is to facilitate the generation of more advanced 
radiation metrics that will provide an easier intercomparison of radiation damage as delivered from 
various types of test facilities and with various real-world nuclear applications.

One first needs to properly define the scope of the radiation damage application that is a concern before an 
appropriate damage metric is selected. The fidelity of the metric selected and the range of environmental 
parameters under which the metric can be correlated with the damage should match the intended 
application. It should address the scope of real-world conditions where the metric will be applied, e.g. 
with respect to material impurities or alloy composition. At one time the light water pressure vessel 
embrittlement community used the metric of a neutron fluence greater than 1-MeV to correlate with 
embrittlement damage in various light water reactors. This was sufficient as long as the damage 
correlation was restricted to a class of light water reactors that had a similar design -  and little variation in 
the neutron spectrum at the critical weld locations. Once the iron radiation embrittlement community 
became interested in boiling water reactors, it quickly became evident that the iron dpa metric provided a 
much better correlation with the observed damage in the combined class of irradiation conditions. This 
same advantage of a more broadly applicable radiation damage metric is seen whenever a damage 
correlation is required for two radiation exposure conditions where the neutron spectra are different. The 
silicon l-MeV(Si) displacement kerma was a good metric for bipolar transistor minority carrier lifetime 
and gain degradation as long as one restricted their interest to cases where the damage was dominated by 
fast neutrons. In heavily moderated low energy neutron exposures the observed damage is much less that 
predicted by the displacement kerma metric -  probably due to a failure to distinguish between an 
electrical sensitivity in the device to the type of defect, e.g. a divacancy or a vacancy-oxygen defect. The 
correlation of fast neutron damage in GaAs was thought to correlate well with the displacement kerma 
until data was gathered in 14-MeV neutron fields. Here the dense damage clusters affected the resulting 
defect population and the observed damage to minority carrier heterojunction devices. The message here 
is that the application and applicable range of real-world conditions will dictate the level of sophistication 
required in the development of the damage metric and by its value to the community. It is also critical 
that the scope of environmental conditions under which the metric has been validated to correlate with a 
given damage mode be clearly defined and documented for the radiation community.

T erminology/Definitions

Before a procedure for calculating a damage metric is addressed, one has to establish a common lexicon 
for the words that will be used. It is appropriate to start with the definition of the general term “cross 
section”. A cross section is the probability of interaction with a given atom and has units of area and is 
typically given in bams or cm2. The important point to note here is that this is a microscopic quantity. 
There is an associated term, “macroscopic cross section”, which is equal to the cross section multiplied by 
the atom density and has units of an inverse distance, typically given in cm'1. The radiation effects 
community frequently switches back and forth between the macroscopic and microscopic representation 
and this can leave the reader confused concerning the relevant units. To address this issue the community 
often uses the term “microscopic cross section” rather than simply “cross section” in order to help orient 
the audience. The macroscopic cross section for photons is analogous to the macroscopic quantity termed 
the linear attenuation coefficient which is represented by the symbol (J.. The mass attenuation coefficient 
has units of an area divided by a mass, e.g. cm2/g, and is represented by the symbol (i/p [3]. For charged 
particles, one uses the term “linear stopping power” or “restricted linear electronic stopping power”, 
notated by the symbol “S”, to denote the energy loss per unit of length along the particle track. The 
related quantity S/p is called the mass stopping power and often is given with units of keV-cm2/mg. The 
mass stopping power can be broken down into its electronic, radiative, and nuclear components. The 
unrestricted linear energy transfer (LET) is the linear electronic stopping power but the restricted stopping 
power is often indicated as a restricted LET where the LET term is corrected by subtracting the sum of the 
kinetic energy for all electrons emitted by the charged particle with energy greater than indicated value of 
the subscript.

Kerma is the basic quantity that underlies traditional metrics for radiation damage by neutrons. The kerma 
is the kinetic energy of all primary charged particles released by uncharged particles per unit mass. This
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quantity is denoted with the symbol “K” and is equal to [ | i th/p] and typically is given in units of 
Gy(matl) or rad(matl). Here “matl” stands for the material in which the dose/energy is deposited. Kerma 
should always be quoted with respect to a specific material. An important point here are that kerma is only 
defined for uncharged particles and that it is a macroscopic quantity related to the radiation delivered in a 
given scenario. The term “kerma coefficient” is now the recommended term for what was previously 
called the “kerma factor” and is equal to the kerma divided by the incident particle fluence, <t>. The kerma 
is often divided into an ionizing and a non-ionizing component. The non-ionizing term is called the 
“displacement kerma”. Many in the radiation effects community use the term kerma loosely and refer to 
the microscopic analog of the kerma coefficient, K*[A/No]/0  which is often given with units of MeV-mb. 
To avoid confusion, this quantity should be referred to as the “microscopic kerma”. In this microscopic 
form, the units do not require that the material of the energy deposition be specified. An example of this 
type of usage is found in the manuals for the NJOY code [4] which refer to this quantity as kerma. The 
NJOY/HEATR module reports this microscopic parallel as the displacement kerma. An important point 
here is that the displacement kerma includes more than the energy that goes into breaking bonds in the 
target lattice. It also includes the energy that is delivered to the lattice in the form of phonons -  and which 
ends up as heat. Table 1 shows the break down of energy loss from a 50 keV Si ion incident on a Si 
lattice. The primary ion, because of its higher particle energy and the dynamics of the energy partition 
between displacement and ionization, is responsible for most (30.5%) of the energy lost into ionization. 
The recoil atom is responsible for most of the energy that goes into displacements (vacancies + phonons). 
The largest component of this non-ionizing or displacement kerma corresponds to the energy that goes 
into the lattice in the form of phonons.

Table 1. Energy Partition for 50 keV Si Ion in Si Lattice

Energy Loss 
Mechanism

% Energy Loss
Primary Ion Recoil Atoms

Ionization 30.50 25.67
Vacancies 0.23 3.38
Phonons 0.77 39.44

Dose is another macroscopic metric for the energy loss in a material. Dose takes into account the transport 
of secondary electrons. In the limit where one has charged particle equilibrium (CPE), it is identical to 
kerma for uncharged particles. Dose can also be broken into its ionizing and non-ionizing (or 
displacement) components. While this macroscopic quantity should be given in units of Gy(matl) or 
rad(matl), it is often cast into a microscopic form and presented with units of MeV-mb.

The scope for this paper calls for an investigation of the radiation damage equivalence between neutrons 
and charged particles. The fact that the traditional damage term “kerma” is only applicable to uncharged 
particles can make this mapping of radiation damage metrics to charged particle effects difficult. 
However, the radiation effects community does have a term analogous to kerma for charged particles -  it 
is called cema. Cema is equal to the energy loss by charged particle, except for secondary electrons, per 
unit mass. Cema is typically given in units of rad(matl) or Gy(matl). This quantity is defined as the 
integral of the mass stopping power multiplied by the particle fluence as the particle slows down. Cema, 
like dose and kerma, can be broken down into displacement and electronic energy loss (ionizing) terms. 
Kerma and cema can be considered to be parallel quantities where one changes the mass stopping power 
into the mass attenuation coefficient multiplied by the energy.

The non-ionizing energy loss, or NIEL, is another term that is used by the radiation effects community. 
This is the rate at which energy of an incoming particle is lost per unit length in the material, through non
ionizing processes. This quantity is a microscopic term but is related to the macroscopic quantity of 
displacement dose and is frequently used by the space radiation effects community to characterize 
displacement damage modes in satellite materials (solar cells and electronics). This term is often broken 
down into its Coulombic and nuclear components. Note here however that the nuclear term is the energy 
lost due to nuclear reactions and is not to be confused with the partition of the stopping power into 
“electronic” and “nuclear” processes. The “nuclear” stopping power refers to elastic Coulomb collisions 
that impart recoil energy to the lattice atom.
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Damage Metrics

Now that the basic terminology for the energy deposition in materials has been established, one can 
address how this energy is translated into quantities that can be readily related to specific damage 
modes of interest to the radiation effects community. While energy into ionization is typically related 
to the damage modes that depend upon the breaking of molecular bonds, the neutron effects 
community is typically more interested in effects that depend upon the introduction of displacements 
in the target lattice, or the introduction of Frenkel Pairs (FP), i.e. vacancy-interstitial pairs.

An important consideration here is the algorithm used to partition the energy into ionizing and non
ionizing energy loss. The early work in this area was done in 1963 by Lindhard, Scharff, and Schiot
[5]. These authors treated elastic and inelastic energy loss where the elastic loss used the Thomas- 
Fermi potential and the inelastic loss used a non-local free uniform electron gas model. Their work is 
referred to as the LSS energy partition. In 1968 Robinson [6 ] derived an analytic expression that 
represented a good fit to the LSS energy partition using the atomic mass and atomic number for the 
incident ion and lattice atoms. Figure 1 shows the fraction of energy that goes into ionization as a 
function of the ion energy. For high ion energies almost all of deposited energy goes into ionization. 
For lower energy ions about 80% of the energy can go into creating displacements and into lattice 
phonons. Many applications, e.g. NJOY/HEATR module and ASTM standards, use this Robinson fit 
to partition the kerma into ionizing and displacement components.

Various types of reactions are possible when a neutron undergoes an interaction with a lattice atom. 
The probability of a given reaction is a function of the neutron energy and the lattice atom. Figure 2 
shows the primary recoil ion spectrum for some representative neutron energies and reaction types in a 
silicon lattice. There is an analytic expression for the maximum energy a neutron can impart to a 
lattice atom in an elastic scattering process. This energy can be seen in the sharp cut-off energy in the 
high energy region of the recoil spectra for the two curves corresponding to elastic processes and is 
shown in Figure 2. The (n,a) transmutation reaction, by contrast, is seen to result in a smooth high 
energy tail in the primary recoil spectrum. In the case of the (n,a) reaction, in addition to the primary 
recoil atom, Mg, a high energy alpha particle is also generated. This alpha particle has a large range 
and will result in additional lattice displacements. Figure 3 shows the recoil spectra for the primary 
recoil atom, averaged over all reaction channels, for neutrons of various energies incident on a silicon 
lattice. At a neutron energy of 1-keV, the primary reaction is elastic scattering and the spectrum 
depicts the sharp high energy edge in the recoil spectra. For a 14-MeV neutron many reactions 
channels are possible and the recoil spectra depicts a much more complex shape. Figure 4 shows the 
LSS energy partition for silicon as a function of the incident neutron energy. This curve was generated 
using the ENDF/B/V11 silicon cross sections, the NJOY representation of the reaction-dependent 
recoil atom spectra, and the LSS energy partition function.
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recoil atom in a silicon lattice.

The Thomas-Fermi potential is known to over-estimate the elastic energy loss. Recent (2006) work on 
silicon by Akkerman [7] treated the elastic process using a screened Coulomb interaction with the 
Ziegler-Biersack-Littmark (ZBL) potential [8 ] and a combination of local (impact parameter 
dependent) and non-local models for electronic scattering. This representation of the potentials better
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represent current experimental data than do results using the traditional LSS potential. Akkerman 
used these potentials to provide a new damage partition function for silicon using an analytic 
expression in the same form as was used by Robinson. Use of the Akkerman damage partition for 
silicon results in changes of up to 15% in the damage energy as compared to that resulting from the 
use of the LSS energy partition.
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Fig. 3. Primary recoil atom spectra
corresponding to various incident neutron 
energies.
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Fig. 4. LSS damage energy partition into 
ionization as a function of incident 
neutron energy

A common displacement damage metric is the number of displacements per atom or dpa. Dpa refers to 
the mean number of times each atom of a solid is displaced from its lattice site during an exposure to 
displacing radiation. To generate this computational metric, the displacement damage energy is 
converted to a number of displacements. The most common model used for this conversion was 
presented in 1955 by Kinchin and Pease (KP) [9]. Norgett, Robinson, and Torrens (NRT) [10] 
presented an update to the KP formulation that refined the creation of FPs in the threshold damage 
energy region where the damage energy was only sufficient to produce one or two discrete FPs. The 
problem with this metric, even with the refined NRT approach, is that, as demonstrated with 
MARLOWE simulations [11] using a simple binary collision approximation (BCA) of the ion-lattice 
interaction, closely spaced FPs have a large probability of recombining -  thus significantly decreasing 
the effective/residual defect population. In fact, after the initial quenching of defects, which occurs in 
picoseconds, there can be a significant evolution in the types and quantities of defects. This evolution 
of the early-time defect population is commonly explored using molecular dynamic (MD) methods. 
The results of the MD analysis can be analyzed to statistically characterize the numbers and relative 
locations of different and complex defect types, e.g. dislocation loops and anti-site atom replacements. 
The application of MD techniques has been successfully applied to the study of defect evolution out to 
tens or hundreds of nanoseconds and for ion energies up to tens of keV. Often the high fidelity MD 
results for low energy ion interactions are spliced onto the results from BCA calculations in order to 
efficiently utilize both techniques in the regimes where they are accurate and computationally 
efficient. When the computational requirements of MD become too stressing, either in terms of cpu 
time or memory, even for massively parallel systems, kinetic Monte Carlo (kMC) techniques are used 
to track the further defect evolution. kMC approaches do not require the treatment of a large number 
of nodes in a discrete lattice volume sufficient to contain the complete spatial volume of diffusing 
atoms and only require the specification of defect mobilities and interaction probabilities. For the use 
of kMC for defect evolution in electronics, it may prove necessary to extend the kMC approaches to 
address boundaiy conditions for the electron flow and to explicitly treat the interaction of the charge 
state of defects.

With the more advanced treatment of the late-time evolution of the defect population the range of 
potential damage metrics greatly increases. For electronics, one will desire to distinguish the formation 
and persistence of defects that are electrically active, e.g. divacancies and vacancy-phosphorus defects 
in silicon, and ignore the presence of some defects, such as vacancy-oxygen defects. In this vein, some 
authors have proposed other damage metrics such as residual freely migrating defects or defect
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clusters. What remains is to establish a correspondence of the damage metric with the observed 
damage mode under various irradiation conditions.

Related Work at Sandia National Laboratories

Work at Sandia National Laboratories had focused on neutron damage to electronics. Efforts here have 
used MD techniques to aid in the selection of the displacement threshold energy and to examine, with 
high fidelity, the defects that result from a low energy ion incident on the target lattice, typically Si or 
GaAs. While approaches have been explored that use BCA techniques to transport the primary and 
recoil atoms down to a predetermined energy and then to append on a defect cluster that is statistically 
representative of the MD results, the easier approach of extracting a normalization factor from the MD 
calculation and applying it to the final defect metric that results from the BCA analysis is typically 
used. Figure 5 shows the variety of defects than can result from the BCA representation of the initial 
defect population of an arsenic ion incident on a GaAs lattice. For a 10 keV incident ion into the GaAs 
lattice calculations showed a comparable number of Ga and As interstitials and vacancies, and about 
half as many Ga and As anti-site defects. A pair correlation function [12] can be used to describe the 
probability distribution for the separation between defects. The pair correlation function (PCF) can be 
used to determine if there is a different spatial clustering for different types of defects, e.g. vacancies 
and anti-site replacements. The PCF is computed for both the MD and BCA analysis and these 
distributions are compared to ensure that the dynamic aspects of the cascade are adequately captured 
in the specific application of the BCA approach. This approach, and its set of internal consistency 
checks, have proven to have sufficient fidelity and are all that is thought to be warranted until better 
data is available in order to refine the correlation of the selected computational metric with the 
observed damage mode of interest. This MD-complemented BCA analysis is typically performed 
using the MARLOWE code. MARLOWE is run for a set of scenarios varying the incident ion type, 
incident ion energy, lattice composition, and displacement threshold energy. For each case the results 
of selected metrics are captured and the results are built into a database. Figure 6  shows the 
probability of generating a specified number of Frenkel Pairs in a cascade generated from an incident 
silicon ion of a given energy into a silicon lattice.
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Fig. 5. One sample of the spatial configuration of 
different defect types resulting from a 
10 keV As ion incident on a GaAs lattice.

FPs per Cascade
Fig. 6 . Frenkel Pair distribution from silicon 

ions.

In support of the analysis of radiation damage from neutrons, once the damage metric has been 
selected and the computational metric completely parameterized for the range of relevant ions and 
energies, this information is folded in with the recoil spectrum. The NJOY code has been modified to 
employ the different energy partitions, e.g. the Akkerman partition for silicon, use of the NRT 
displacement formalism, and to permit the use of lattice-specific displacement threshold energies and 
a weighted treatment of composite (multi-atom) crystal lattices. For a radiation exposure of interest, 
MCNP [13] calculations are performed to determine the neutron spectrum at the location of interest, 
often at the emitter-base junction of a bipolar npn transistor. Given the neutron spectrum, the 
interaction probability with the relevant lattice atoms is calculation and convoluted with the recoil ion
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spectrum. Recoil spectra are obtained using the SPECTER [14], TALYS [15], or EMPIRE [16] codes. 
The recoil spectrum resulting from summing over all of the neutron interactions is then folded with the 
computational metric. Figure 7 shows the probability distribution for Frenkel Pairs generated from the 
EMPIRE recoil spectrum for various monoenergetic neutron irradiations of a silicon lattice. Figure 8  

convolutes this neutron energy-dependent FP production curve with the neutron spectrum from the 
Sandia Pulsed Reactor 111 (SPR-lll). This figure shows that the Frenkel Pair distribution function for a 
reactor spectrum has a very broad distribution of the number of Frenkel Pairs. As part of this process, 
the cascade density in the area of interest is computed in order to flag cases where high neutron 
fluence irradiations may result in the overlap of cascades.

For small feature size semiconductor applications, the cascade density is also combined with feature 
size to determine the number of interactions in the relevant volume. In cases where there is a small 
number of neutron interactions and a (potentially) large variation in the damage metric between 
different neutron interactions, one can expect a significant device-to-device variation in the 
experimental data. For example, when one uses a metric of the number of FPs created, the probability 
density distribution for FP creation in the Sandia Annular Core Research Reactor (ACRR), a water 
moderated reactor, because of the broad neutron spectrum, the FP distribution is very wide. A 
maximum pulsed exposure at the White Sands Missile Range (WSMR) fast burst reactor is found, by 
calculation, to only result in ~20 defects in the active area of small feature size GaAs devices. If there 
are only a few neutron interactions in the sensitive volume of an electronics device, then the use of an 
average number of FPs created per neutron interaction requires consideration of the uncertainty (or 
variation) due to the sample size (number of interactions).
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Fig. 7. Frenkel Pair distribution from 
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Another issue that can complicate correlating a computational metric with a given damage mode is the 
synergy that can exist between damage caused by neutrons and that caused by gammas. Most neutron 
exposures actually represent a mixed radiation field having both neutron and gamma components. 
Table 2 shows the neutron and gamma kerma from a representative exposure in the ACRR reactor 
field where a lead-boron shield/bucket is used to minimize the secondary gamma component. Even 
when an experimenter tries to reduce the gamma field, the gamma radiation component, there can be a 
significant dose to the parts -  and the fraction of the dose attributed to the gammas is strongly 
dependent upon the material of interest. As shown in Table 2, with this shielded ACRR exposure 
configuration only 7% of the dose in silicon devices is attributed to the neutron environment, whereas 
69% of the dose as recorded in an alanine dosimeter comes from the neutrons. This is due to the large 
hydrogen component in the alanine. One must be very careful to properly relate the dose as measured 
in a dosimeter with the dose as experienced within a part under test. When an active (time-dependent) 
diagnostics, such as a diamond/carbon photoconductive photodetector is used to record the time 
profile of an exposure, the detector, in this ACRR shielded configuration, records 28% of its temporal 
response as coming from the neutrons.
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Table 2. Neutron/gamma response of various materials 
in an ACRR irradiation in a Pb-Boron bucket.

Matl. Neutron
Kerma

Gamma
Kerma

% Dose
from
neutrons

Alanine 469.2 208.2 69%

Diamond 74.3 192.9 28%

Silicon 16.0 203.2 7%

CaF2:Mn
TLD 31.45 202.4 13%

Uncertainty Quantification

A damage metric has limited value if the user cannot associate an uncertainty with its application. This 
represents a major deficiency with the current community approach -  and is an area which Sandia is 
trying to address. The correct way to represent the uncertainty is with an energy-dependent covariance 
matrix. Early work in this area generated a covariance matrix for silicon 1-MeV-equivalent damage 
using the variation seen in community representations of the silicon displacement kerma. Figure 9 
shows the resulting energy-dependent correlation matrix [17]. The small sample size and the inability 
to address correlations in the underlying cross section evaluations limited the fidelity of this 
covariance matrix.

4.0 50 6.0
Log[E(eV)]

Fig. 9. Silicon correlation matrix based upon an 
examination of cross sections used 
within the radiation effects community.

Another approach to formulating a covariance matrix is to use a Total Monte Carlo (TMC) approach 
[18]. The TALYS code and the randomly generated cross section evaluations available within the 
TENDL-2010 cross section library make it possible to explore this approach. The TENDL-2010 
random library currently only presents a sample size of 30 for the random cross section evaluations. A 
sample size closer to 1 0 0  is desired in order to generate the energy-dependent covariance matrix using 
an energy grid of sufficient range and resolution for most applications, i.e. about 90 energy bins. 
Figure 10 shows the correlation matrix that is generated for the silicon displacement kerma using the 
TENDL-2010 cross sections and the TMC approach [19]. The shape of this correlation matrix for the 
displacement kerma is very similar to that seen for the total cross section. The correlated regions 
correspond to areas where one reaction channel tends to dominate the neutron interaction probability. 
An inspection suggests that the shape of the correlation matrix is not significantly influenced by the 
uncertainty in the recoil spectra. Work is ongoing to separate the displacement kerma covariance 
matrix into the cross section and recoil spectral components.

Fig. 10. Correlation matrix for °8Si
displacement kerma based upon 
TENDL-2010 random generation cross 
sections.
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A critical issue associated with the use of calculated covariance matrices is the treatment of “model 
defect”. This is an uncertainty component that is intrinsic to the models incorporated within the codes 
and may not be probed with the model parameter variation that is used to generate the random draws 
of the cross section evaluations. Previous comparisons of the TALYS-generated cross section 
uncertainty with the recommended data-driven dosimetry cross section evaluations as found in the 
1RDF-2002 library [20] and with EXFOR experimental data [21] suggest that the high energy portion 
of the TENDL cross sections significantly understates the uncertainty and exhibits a different energy- 
dependent shape [22]. The TENDL community addressed this issue for dosimetry cross sections in 
their 2 0 1 0  release by renormalizing the baseline cross section shape to the best experimental-based 
cross section for the dosimetry reactions. Figure 11 shows that the TENDL-2010 random cross 
section evaluation correctly represents the parameter-driven variation about the renormalized baseline 
cross section. The challenge is how to correctly capture the non-parameter-drive model uncertainty in 
the covariance matrix for reactions channels where adequate experimental data does not exist to 
permit the use of this baseline renormalization approach.

Fig. 11. Comparison of 2008 and 2009 TENDL 
calculated cross sections with the 
dosimetry-quality evaluation and 
experimental data for the 24Mg(n,p)24Na 
reaction.

Neutron Energy (MeV)

Fig. 12. TENDL-2010 parameter-driven
variation in the computed re-normalized 
24Mg(n,p)24Na cross section.

Work has shown that the effect of parameter variation of the interaction potentials used in the MD and 
BCA models can introduce a very large uncertainty in the model results for FP generation. Sandia’s 
approach to this has been to eliminate the systematic portion of this uncertainty by using a calibration 
to a reference experimental point. This has been shown to drastically reduce the uncertainty that must 
be assigned to the computed metrics. This is consistent with the spirit incoiporated into the 1- 
MeV(Si) and l-MeV(GaAs) ASTM standards.

When one examines the uncertainty in the simulation of radiation damage under test reactor 
exposures, one needs to consider a wide range of uncertainty components, including:

• uncertainty in the incident neutron spectrum, typically derived from a least squares spectrum 
adjustment

• uncertainty in the neutron cross section, typically provided by the covariance matrices in ENDF
or TENDL evaluations

• uncertainty in the recoil atom energy spectrum, currently modeled by the parameter variation
within the TENDL-2010 random draws for the cross sections

• uncertainty in the energy partition function due to:
o  knowledge of the displacement threshold energy and its angle dependence
o  knowledge of the interaction potentials used to model the MD or BCA ion transport
o  model defect in the MD or BCA codes used to model the ion transport.

Parameter variations in the BCA and MD codes has demonstrated that the variation in the interaction 
potentials and displacement threshold energy can result in a large uncertainty, but the largest share of
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this uncertainty is systematic and can be removed by an energy calibration. We calibrate at a fast 
neutron energy using a fast fission reactor spectrum, so the uncertainty is small until we transition to 
thermal neutron energies or up to the high energy regions (> 8  MeV). Through the use of a double 
ratio technique, calibration in the ACRR Pb-Boron shielded configurations has been shown to produce 
only a 1 % variation in the FP generation due to the displacement threshold energy and 1 % due to the 
atom interaction potential when one makes a prediction for a fast fission spectrum representative of 
the SPR-lll reactor. We have not yet found a way to calibrate out the systematic uncertainty due to 
the recoil atom spectrum. The correlations in the TENDL/TALYS models are not used for this since 
we have not found a way to account for model defect. When we compare the effect of recoil atom 
spectra using different codes, we are forced to accept an uncertainty o f -12%. Efforts are underway to 
find a way to extract the systematic component from this uncertainty. The uncertainty in using an 
average number for the FP generation per cascade has not yet been factored into our approach. For 
cases with a large number of neutron interaction sites this uncertainty should be small, but the FP 
distribution has been shown to be very non-Gaussian, so simulations are needed in order to quantify 
how this uncertainty will be propagated. The effect of dopants (P or B typically for silicon devices) 
has been shown to not be important in the initial defect population from MD or BCA analysis, but can 
be large when kMC codes are used to model the evolution of the defect population.

There are a number of other complicating factors that must be studied. These include the effect of the 
incident neutron fluence rate, the effect of impurities, long-term defect migration, and synergistic 
effects from ionization or helium accumulation. Whether these complications are addressed with 
modeling or through experiments demonstrating the correlation between the damage metric and the 
observed damage mode depends upon the needs for the given application and the acceptable 
uncertainty.

Conclusions

There are many remaining challenges to the development of good computational damage metrics that can 
be used to compare the damage from different irradiation scenarios involving neutrons and charged 
particles. This paper has outlined an approach being pursued at Sandia National Laboratories to add an 
uncertainty treatment to the generation of the damage metrics. Key elements of our approach are the use 
of a Total Monte Carlo technique built upon the TENDL cross section library and use of an experimental 
calibration point in order to limit the uncertainty in the metric. The first step is to define the damage 
modes that are of interest. Different computational metrics may be valid for different damage modes. 
Another consideration in the path forward regards how the correlation of the damage metric can be 
validated and the specification/documentation of the range of conditions under which the correlation has 
been validated.
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NJOY/HEATR: What It Calculates Now, What Should It Calculate?

A. C. (Skip) Kahler

Theoretical Division
Los Alamos National Laboratory
USA

We provide a summary report that accompanies the LA-UR-12-25154 oral presentation made at the 
October 2012 IAEA Technical Meeting on “Primary Radiation Damage: from Nuclear Reactions to 
Point Defects” held in Vienna, Austria.

The NJOY Nuclear Data Processing System [1,2] is used worldwide to create application specific 
nuclear data libraries from Evaluated Nuclear Data File (ENDF) formatted [3] files.

In this summary report we briefly review the ENDF system, then discuss use of NJOY to calculate 
“radiation damage”.
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ENDF is the United States’ national nuclear data file. The ENDF system was initially developed in 
the 1960s, and currently is in its seventh generation. Candidate data files are reviewed by a standing 
committee known as the Cross Section Evaluation Working Group (CSEWG) which advises 
Brookhaven National Laboratory’s (BNL) National Nuclear Data Center (NNDC) as to ENDF’s 
recommended content. This file is formally known as ENDF/B. A lesser known file, ENDF/A, 
contains files that contain candidate evaluations for a future ENDF/B release, or partial evaluations 
that remain under development.

As a product of the 1960’s, the ENDF format is product constrained by the limits of computer card 
technology. The data (resonance parameters, cross sections, angular distributions, secondary 
distributions, and more) are defined to fit within a fixed 80 character per record format. Specifically, 
numerical data and ascii text strings occur in the first 6 6  columns and the final 14 columns contain a 
set of four control integers; matn(i4), mf(i2), mt(i3) and ns(i5). Matn, or material number, is a flag 
associated with a specific nuclide. Mf, or file number, is used to identify a specific type of data. The 
6 6  column data region consists of 6  eleven column fields containing a mix of real and integer data. 
Most relevant to this topic are the data given in mf=3 (neutron cross sections), mf=4 (outgoing neutron 
angular distributions), mf=5 (secondary neutron energy distributions), and mf= 6  for coupled energy- 
angle distributions for multiple emitted particles. Mt, or section number, identifies a specific reaction. 
Examples are mt = 1 for the total cross section, mt = 2 for elastic scattering, mt’s 51 to 89 for discrete 
level inelastic scattering, and mt’s 102 through 107 for the (n,y), (n,p), (n,d), (n,t), (n,3He) and (n,a) 
reactions, respectively.

The mt numbers cited above constitute “fundamental” data, i.e., data that are the result of the 
evaluator’s analysis of the underlying microscopic data, usually supplemented with model calculations 
to fill in the gaps in the experimental database. Another class of mt number constitutes “derived” data. 
These mt numbers define data that are obtained by a summation of other mt values or other 
calculations. For example there are a number of mt’s that define reactions where a proton (or 
deuteron, triton, 3He or a) is the only emitted particle, or one of multiple emitted particles. The 
summation of the appropriate cross sections defines a “proton production” cross section and the ENDF 
system has defined a specific mt value, 203, where these data may reside. Mt values of 204 through 
207 are reserved for production of deuterons through a particles. Collectively these mt’s allow for the 
calculation of “gas production”. Note however, we say “may”. There is no requirement that these 
data types be defined in any specific evaluation; rather a derived cross section is usually the product of 
a processing code such as NJOY and most likely is only calculated if requested by the end user.

Mt numbers are reserved for derived quantities such as the kinetic energy release in materials, or 
KERMA (mt = 301), with other mt’s defined for the KERMA associated with specific reactions and 
damage.

The ensuing discussion is derived largely from that given in the NJOY manual [1,4]. Damage to 
materials is caused by the effects of neutron irradiation. Gas production (i.e., helium embrittlement) 
and production of lattice defects are examples of such damage. Lattice defects are produced by the 
primary recoil nucleus of a nuclear reaction as it slows down, or loses energy, in the lattice. 
Furthermore, there is an empirical correlation between the number of displaced atoms (DPA, 
displacements per atom) and various material properties. The number of displaced atoms depends on 
the total energy available, Ea, and the energy required to displace an atom from its lattice position, Ed. 
Since the available energy is used up in producing pairs,

The values of Ed built into NJOY vary by element from about 25 eV to 90 eV while the energy 
available, Ea, is calculated by NJOY using nuclear data obtained from ENDF evaluations. The actual 
energy available to cause lattice displacements depends upon the recoil spectrum and the partition of 
recoil energy between electronic excitation and atomic motion. The partition function used is that 
given by Robinson5, based upon the electronic screening theory of Lindhard [6 ],
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P(E) 1 + F^AOOSs1/6 + 0.40244s3/4 + s ) ’l fER~ 25 ^

or zero otherwise.

Terms appearing in this formula include:

Er = the pr imary recoil energy;

£  =  E r

30.724ZrZl(Ar + Al) J z ^ 7 z ^

_  0.0793Z l/3ZI/2(AR + AL)2/ 3

and Zj and A; are the charge and atomic number of the lattice nuclei (L) and recoil nuclei (R).

Specific formulas for ER depend upon the reaction and the type of data available from the ENDF/B 
evaluation. For example, the recoil nuclei energy following elastic (mt = 2) or two-body discrete level 
(mt=51 to 89) inelastic scattering is

AE ,
ER {E, pi) =  + (1 -  2Rfi + R2), where

L (A + » (- v
yj AE

and fi is the CM scattering cosine. With this, NJOY/HEATR computes a damage energy production 
“cross section”, with units of eV-bams, as

D(E) = a{E) I  m M)PR(ER[E,M])dM

where /  is the angular distribution from (mf) file 4. A more complex reaction representation might 
include continuum spectra. In this case the damage energy production cross section becomes a double 
integral over both angle and energy, where the secondary energy distribution function comes from 
(mf) file 5. Refer to the NJOY manual and recent Nuclear Data Sheets paper on ENDF/B-VII 
processing [1 ,2 ], for a more comprehensive discussion of these calculations and the approximations 
made if not all expected data are available or for more complex reactions with multiple particle 
emission.

The total damage energy production cross section is a “derived” quantity and is assigned mt = 444 by 
NJOY. Individual components of this total include elastic (mt = 2) damage, assigned mt = 445; 
inelastic (mt = 51 to 89) damage, assigned mt = 446 and neutron disappearance damage (mt = 102 to 
120), assigned mt = 447. Calculated damage energy production for ENDF/B-VII. 1 ’s 56Fe is shown:
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t,sFe damage cross sections

Energy, eV

As might be inferred from the publication date for Reference 4, the methods and techniques employed 
by NJOY to calculate damage have remained unchanged for many years. NJOY can adapt to new 
methods, or implement new formulas for calculation of the damage energy production cross section, 
and the NJOY development team stands ready to implement any such alternate representations that 
may appear in future years and receive broad acceptance within the technical community.

That said, it must be remembered that NJOY is an ENDF-formatted file nuclear data processing code 
and there are no plans to expand NJOY’s capability to read fundamental data from non-ENDF 
formatted sources.
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Direct observation of radiation defects: experiment and interpretation.

S.L. Dudarev

EURATOM/CCFE Fusion Association, Culham Centre for Fusion Energy,
UK Atomic Energy Authority, Oxfordshire 0X14 3DB 
UK

Electron microscopy is arguably the only available experimental method suitable for the direct 
visualization of nano-scale defect structures formed under irradiation. Images of dislocation loops and 
point-defect clusters in crystals are usually produced using diffraction contrast methods. For relatively 
large defects, a combination of dynamical imaging and image contrast simulations is required for 
determining the nature of visible radiation defects [1 ].

At the same time, density functional theory (DFT) models developed over the last decade have 
provided unique information about the structure of nano-scale defects produced by irradiation, 
including the defects that are so small that they cannot be observed in an electron microscope, and 
about the pathways of migration and interaction between radiation defects. DFT models, involving no 
experimental input parameters and being as quantitatively accurate and informative as the most 
advanced experimental techniques for the direct observation of defects, have created a new paradigm 
for the scientific investigation of radiation damage phenomena. In particular, DFT models offer new 
insight into the origin of temperature-dependent response of materials to irradiation, a problem of 
pivotal significance for applications. By combining information derived from the first-principles 
models for radiation defects with information derived from small-scale experimental observations it 
may be possible to acquire quantitative knowledge about how materials respond to irradiation and, 
using this knowledge, develop materials suitable for advanced applications in fission and fusion.

It now appears possible to pose the question about the development of integrated fusion power plant 
models, combining neutron transport calculations and microscopic models for microstructural 
evolution of materials, for example models for ab initio prediction of helium embrittlement [2]. Such 
models, based on scientific principles and quantitative data, and developed at low cost in comparison 
with the mock-up tests, offer scientific insight and make it possible to perform, in combination with 
experimental information derived from fission and ion-beam irradiation experiments, the preliminary 
assessment of power plant operating scenarios.

Defining the limits of visibility of small defect clusters and dislocation loops, and optimal diffraction 
conditions for electron microscope imaging, remains one of the central problems of electron 
microscopy of irradiated materials. Using computer image simulations based on the propagation- 
interpolation algorithm for solving the Howie-Basinski equations, it is possible to investigate the 
relation between the actual and the ‘observed’ size of small loops, the part played by many-beam 
dynamical diffraction effects, and limitations of electron microscope imaging in identifying the 
structure of small defects [3].

A particularly impressive and useful application of electron microscopy is given by recent in situ 
electron microscope observations, providing real-time visualization of dynamics of defects produced 
by ultra-high-energy electron irradiation, or showing microstructural evolution occurring under ion 
beam irradiation. Such observations have revolutionized our understanding of how properties of 
metals and alloys change in the extreme radiation and thermal environments of a fission or a fusion 
power plant.

The key feature of in situ electron microscopy is its ability to exhibit the time-dependent dynamics of 
migration, interaction, and transformation of radiation defects, and to visualize the entire complexity 
of evolving defect and dislocation networks. For example, in situ electron microscope observations 
provided evidence of violation of the Burgers vector conservation law for dislocations on the 
nanoscale. This gave a vital clue needed for modeling microscopic processes responsible for the 
formation of unusual high temperature dislocation structures in iron, and for explaining the origin of 
the loss of strength of ferritic-martensitic steels at high temperatures.
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The development of in situ electron microscope techniques was partially stimulated by the application 
of large-scale molecular dynamics (MD) simulations to modeling mobile defects and clusters of 
defects (for example, nano-dislocation loops) in iron and other metals. A hypothesis stating that 
clusters of point defects play a significant part in microstructural evolution of irradiated materials was 
proposed in 1990s within the framework of the “production bias” radiation damage model. However, 
it is only recently that in situ electron microscope observations confirmed the fact that mobile and 
immobile clusters of point defects form an integral part of the microstructure of an irradiated material.

Somewhat surprisingly, interpreting in situ real-time electron microscope observations still remains 
genuinely problematic. The ten orders of magnitude mismatch between the nanosecond (10"9s) time 
scale accessible to an MD simulation, and the 10-1000 s time scale of a typical in situ electron 
microscope observation, impedes meaningful quantitative analysis. The need to develop such a model 
has recently stimulated the development of a novel approach to modeling defect evolution in real time 
(Langevin dynamics [4]).

In situ electron microscope observations visualize the dynamics of microstructure corresponding to the 
limit of high irradiation dose rates, approaching 10-3 dpa/s (80 dpa per 24 h) for the ultrahigh-voltage 
electron irradiation case, and (6x10 4 dpa s 1 to 8x10 4 dpa s 1 (50-70 dpa per 24 h) for the in situ ion- 
beam irradiation case. These dose rates are similar to the 10 dpa per 24 h to 100 dpa per 24 h range of 
dose rates characterizing irradiation conditions in ex situ ion-beam facilities. In situ electron 
microscopy and ex situ ion-beam irradiation experiments generate similar microstructures, 
corresponding to a similar range of high irradiation dose rates. These dose rates are several orders of 
magnitude higher than the rates associated with the irradiation environment of a fission nuclear 
reactor, an accelerator-driven system such as the International Fusion Materials Irradiation Facility or 
a fusion power plant.

The dose rate effects -  somewhat surprisingly -  are observed even in the very low dose rate limit, for 
example, dose rate effects are seen in swelling experiments performed using conventional fission 
reactors. This highlights the dynamic nature of microstructural evolution, and the need to understand 
the parameters determining this evolution, at quantitative level. The refinement of nuclear cross
section data, and the development of an integrated approach describing how materials evolve under 
irradiation, from the treatment of neutron scattering by atomic nuclei to the development of defect 
microstructures in materials, is a timely objective for fission and fusion materials research.
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Primary damage characteristics in metals under irradiation in the cores of thermal and fast 
reactors

V.A. Pechenkin

SSC RF Institute of Physics and Power Engineering, Obninsk 
Russia

Introduction

For an analysis and forecasting of radiation-induced phenomena in structural materials of WWERs, 
PWRs and BN reactors the fast neutron fluence is usually used (for structural materials of the reactor 
cores and internals the fluence of neutrons with energy > 0.1  MeV, for WWER and PWRs vessel 
steels the fluence of neutrons with energy > 0.5 MeV in Russia and East Europe, and with energy 
>1.0 MeV in USA and France). Displacements per atom (dpa) seem to be a more appropriate 
correlation parameter, because it allows comparing the results of materials irradiation in different 
neutron energy spectra or with different types of particles (neutrons, ions, fast electrons). Energy 
spectra of primary knocked atoms (PKA) and “effective” dpa, which are introduced to take into 
account the point defect recombination during the relaxation stage of a displacement cascade, can be 
still better representation of the effect of irradiation on material properties.

In this work the results of calculating dose rates (dpa/s, NRT-model), PKA energy spectra and PKA 
mean energies in metals under irradiation in the cores of Russian reactors WWER-440, WWER-1000 
(both power thermal reactors) and BN-600 (power fast reactor) and BR-10 (test fast reactor) are 
presented. In all the reactors Fe and Zr are considered, with addition of Ti and W in BN-600. 
“Effective” dose rates in these metals are calculated. Limitations and uncertainties in the standard dpa 
formulation (the NRT-dpa) are discussed. 1PPE activities in the fields related to the TM subject are 
considered.

Calculation of damage dose characteristics

At an arbitrary location in the material the dose rate K  (dpa/s) is given by the following expression:
F

max

K=  J ad{E)cp(E) d E , (1)
F  . 

m in

where Emi„ and Emax is minimum and maximum boundaries of neutron spectrum, cp(E) is the neutron 
energy dependent flux, and Gd(E) is the displacement cross section

°A E )=  J C'<T{f ’T) v(T)dT,  (2)
i  dT‘ d

where v(T) (the cascade function) is the number of displaced atoms per PKA of the energy T,

—— is the differential cross section for the transfer of energy T to the struck atom from the
dT '

incoming particle of energy E, 7'm;ix is the maximal energy transferred to the struck atom from the 
neutron of energy E, Td is the effective displacement energy.

An analysis indicates that the main errors in dose rate calculations are introduced by uncertainties in Td 
and v(T) evaluation. Since displacement energy Td is a strong function of recoil direction [1] then 
some averaged recommended values of the effective displacement energies are used in dose rate 
calculations (see e.g. [2]). Now the NRT -  model (Norgett, Robinson and Torrens [3]) for cascade 
function (v\-rT(T) in (2)) with Lindhard’s partitioning between elastic and electronic PKA energy 
losses [4] is widely used in dpa calculations. Extensive molecular dynamics (MD) simulations of 
cascades created by PKAs with energies up to 200 keV in Fe [5-8] and other metals (see references in
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[9]) have revealed that a significant part of point defects (PD) created in the collision stage (< 0.1 ps) 
of cascade development is annihilated during the subsequent quenching stage ( - 1 0  ps) when the 
temperature of cascade region is decreased to the thermodynamical one. The cascade functions 
calculated for a number of metals using MD simulations of cascades will be denoted as 
Vmd(T) = vnrt(T)-tj(T), where rj(T) is the cascade efficiency.

The number of displacements per atom calculated with account of only defects surviving after in
cascade recombination during quenching stage will be called as “effective” dpa. Note that the low 
temperature electrical resistivity rate in a number of metals and in 300 series SS after irradiation in 
different neutron spectra [9] agrees with “effective” dpa rate. It should be noted that the value of rj(T) 
is dependent on the interatomic potentials chosen in the MD simulations. For example, MD 
displacement cascade simulations in Ref. [10] resulted in \ md\(T) = 6,2 T0,697 (E is the PKA energy in 
keV) for E ranging from 1 to 10 keV in Fe. In Ref. [11] such simulations using a different interatomic 
potential for Fe resulted in \ mdi{T) -8,25 l"'"'1 that is much closer to the result Vmi{T) = 10 E  of the 
NRT-model. At E = lOkeV v « 31, 77 and 100 according to Refs [10], [11] and NRT-model, 
respectively. At elevated temperatures some part of “effective” dpa is additionally annihilated during 
the subsequent annealing stage (> 1 ns) of cascade development because of correlated recombination 
[12]. This stage lasts until all mobile defects (PD and their clusters) escape the cascade region. Just 
these free-migrating defects determine the microstructure evolution during irradiation at elevated 
temperatures. Correlated recombination can be evaluated using kinetic Monte Carlo simulation. 
However the results could depend not only on material parameters (cascade arrangement, PD and their 
clusters diffusivities), but also on temperature, cascade producing rate, material pretreatment, 
microstructure development.

In difference with Td and v(T) the values of (p(E) and (^,T)  are jcnown now wjth much more
dT

accuracy. Changing the order of integration in the equations for the dose rate, one can find:
T  F-‘ max -^m ax 7 /  77* rT1\

K = \ d T ■ v(T)- J <p(E)------j - i - i  dE (3)
Td Emin

The integral over E is the spectrum of recoil energies transferred to lattice atoms (if T > Td , then it is 
the spectrum of primary knocked atoms, PKA spectrum). Substitution of vnrt(T) or \\uJT) in (3) 
allows to calculate NRT dpa or “effective” dpa respectively.

Neutron fluxes with various lower energy boundary and primary damage characteristics: NRT-dpa, 
“effective” dpa, recoil- and PKA-spectra were calculated in different locations of the cores and 
internals of WWER-440, WWER-1000, BN-600 and BR-10. Recoil spectra were calculated using the 
SPECTER code [13] with Td = 40 eV in a-Fe, Zr and Ti and Td = 90 eV in W. Cascade efficiencies 
for these metals were taken from [9]. Calculated mean PKA energies (Tm) in Fe in the center of cores 
are as follows: BN-600 (Tm= 7.2 keV), WWER-440 (Tm= 15.6 keV), WWER-1000 (Tm= 15.9 keV) 
and BR-10 (Tm= 17.2 keV). Contrary to expectations, the mean PKA energy in the core center of the 
thermal reactors is twice of that in the power fast reactor BN-600. However it is even greater in the 
test fast reactor BR-10. Because of the reasonably high mean PKA energy in Fe the “effective” dpa 
rates comprise about 1/3 of NRT-dpa ones in these locations of the reactors considered. However this 
energy is decreased significantly with increasing the distance from the core center, so an above simple 
proportionality cannot fulfil in distant locations of the reactors. This conclusion holds to a greater 
extent for other metals considered, where mean PKA energy is less than in Fe.

IPPE activities in the fields related to the TM subject

Calculation o f neutron fluxes and primary damage characteristics in metals and structural materials 
under irradiation in different locations o f Russian reactors.

WWER-440,-1000; BN-600, -800, -1200, BREST; BR-10, BQR-60, MBIR are under consideration.
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Calculation o f primary damage characteristics in metals and alloys along projected range under ion 
irradiation.

Irradiation with heavy metal ions leads to spatially high non-uniform radiation damage in materials. 
Comparison of NRT-dpa and “effective” dpa rates, calculation of PKA-spectra along the projected 
range under ion irradiation are important.

Irradiation with 7 MeV Ni++ ions (accelerator EGP-15, IPPE) and with 1.8 MeV Cr+3 ions (accelerator 
ESUVI, KIPT) are under consideration.

Molecular dynamics (MD) simulations to compute diffusional and energetic characteristics o f  
elements, PD and their clusters in alloys.

Diffusivities of elements, PD and their clusters in metals and alloys obtained on the base of MD 
simulations [14] are the input parameters for kinetic Monte Carlo simulation of correlated 
recombination during cascade relaxation and for modeling of radiation-induced segregation in alloys 
under neutron and ion irradiation.

Fe, Cr, Fe-Cr, Fe-C(N), Fe-Cr-W are under consideration.

Modeling o f radiation-induced segregation (R1S) in alloys under neutron and ion irradiation.

RIS during spatially uniform (in reactors) irradiation leads to significant changes in alloy composition 
near main microstructural features acting as point defect sinks, namely grain boundaries, free surfaces, 
dislocations, precipitates and voids (see e.g. [15-18]). If there is a pronounced dependence of 
displacement and gas production cross sections on the alloy content than the difference for 
displacement and gas production rates in the matrix and near PD sinks can be calculated.

Cascade efficiency and “effective” dpa rate in near surface region of alloys under ion irradiation 
depends on ion energy. Modeling of RIS in this region and comparison with experimental data could 
give some estimates on cascade efficiency in alloys.

Gas production: estimation o f (n,a) reaction cross section fo r  chromium isotopes.

The (n,a) reaction cross section of chromium isotopes is of considerable importance in radiation 
resistance of structural materials. In EXFOR there is only limited number of experimental data for this 
reaction and mainly they relate to 14 MeV. The experimental data for (n,a) reaction probability in 
fission neutron energy range are almost absent. In this work results for 50Cr(n,a) and 52Cr(n,a) reaction 
excitation function investigations are presented [19]. It is shown that ENDF/B-VII library for 50Cr(n,a) 
reaction holds estimations, which are more than 2 0  times higher than the results of our measurement. 
Furthermore, we observe irregularity in energy dependence of 50Cr(n,a) cross section which is not 
predicted by any library. The experimental data for 52Cr(n,a) reaction in reactor neutron energy region 
are obtained for the first time. Other chromium isotopes could be under consideration.
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Primary displacement damage calculation induced by neutron and ion using binary collision 
approximation techniques (MARLOWE code)

F. Mota, C. J. Ortiz, R. Vila

Laboratorio Nacional de Fusion -  CIEMAT, Madrid 
Spain

1. Introduction

The level of damage expected in future fusion reactors conditions is such that the performance of 
materials and components under these extreme irradiation conditions is still unknown. Considering 
this scenario, the study of the effects of energetic neutrons generated in fusion reactors on materials is 
one of the most important research topics to be carried out during next years.

The effects of neutron irradiation on materials involve, from a fundamental point of view, two 
physical phenomena: i) the displacement of atoms from their equilibrium positions in the lattice, 
which creates point defects, and ii) the generation of nuclear transmutation reactions that contribute to 
the formation of impurities inside the material, with He and H as the most important ones. The ratio 
between the levels of He and H, and the amount of point defects is one of the main parameters to 
understand the effect of the radiation on materials
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In order to emulate the neutron irradiation that would prevail under fusion conditions, two approaches 
are contemplated:

a) on one hand different kinds of current neutron sources to emulate the fusion irradiation 
environment are available, as for example
• Fission power reactor
• Spallation sources
• Striping Sources: The objective of the International Fusion Materials Irradiation Facility

(IFMIF) [1] will be to provide an intense neutron source with adequate energy spectrum 
to test the suitability of candidate materials for future nuclear fusion power reactor 
(DEMO). IFMIF will constitute an essential tool in the international strategy towards the 
achievement of future fusion reactors.

b) on the other hand, as these neutron sources have a number of problems and very strict operating 
conditions, (e.g. the radiological risks), to emulate the effects of fusion neutron on materials, 
some other facilities can be used. One example is the Spanish initiative TechnoFusion facility 
[2] which purpose is to serve as technological support for IFMIF and DEMO. The Material 
Irradiation Experimental Area of TechnoFusion will emulate the extreme irradiation fusion 
conditions in materials by means of three ion accelerators: one used for self-implanting heavy 
ions (Fe, Si, C,...) to emulate the displacement damage induced by fusion neutrons and the 
other two for light ions (H and He) to emulate the transmutation induced by fusion neutrons. 
This Laboratory will play an essential role in the selection of functional materials for DEMO 
reactor since it will allow reproducing the effects of neutron radiation on fusion materials. Ion 
irradiation produces little or no residual radioactivity, allowing handling of samples without the 
need for special precautions.

Currently, two different methods are used to calculate the primary displacement damage by neutron 
irradiation or by ion irradiation. On one hand, the displacement damage doses induced by neutrons are 
calculated considering the NRT model [3] based on the electronic screening theory of Linhard. This 
methodology is commonly used since 1975. On the other hand, for experimental research community 
the SRIM code is commonly used to calculate the primary displacement damage dose induced by ion 
irradiation. Therefore, both methodologies of primary displacement damage calculation have nothing 
in common. However, if we want to design ion irradiation experiments capable to emulate the neutron 
fusion effect in materials, it is necessary to develop comparable methodologies of damage calculation 
for both kinds of radiation. It would allow us to define better the ion irradiation parameters (Ion, 
current, Ion energy, dose, etc) required to emulate a specific neutron irradiation environment.

Therefore, our main objective was to find the way to calculate the primary displacement damage 
induced by neutron irradiation and by ion irradiation starting from the same point, that is, the PKA 
spectrum.

2. Methodology

Neutron irradiation induces elastic and inelastic nuclear reactions. The subsequent displacement of 
ions (Primary Knock-on Atoms [PKA] spectrum) is generated by both elastic and inelastic nuclear 
reactions, the elastic nuclear reactions contributing generally in more than 90% to the displacement 
damage [4]. This varies with the isotope analyzed. However, the PKA spectrum itself (displacements 
atomic induced by neutron irradiations) mainly induces elastic atomic reactions producing 
displacement damage. The combination of the neutron irradiation and PKA spectra (induced by 
neutrons) will produce different types of defects; on one side Interstitials, Vacancies and Clusters 
thereof can be produced by elastic and inelastic reactions whereas impurities - such as He, H, T-are 
only produced in materials by inelastic reactions, i.e. transmutation reactions. Hence, it is very 
important to predict/simulate the defects created by neutron and PKA spectrum induced by neutron, 
and the long-term evolution of defects and impurities. Therefore, the calculation of damage generated 
by fusion neutrons requires a dedicated methodology which can combine the effects of fusion neutron 
and ion irradiations (PKA spectrum induced by neutron).
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The methodology used in this work to calculate the damage generated in materials due to the 
combined effects of fusion neutron irradiation and the damage generated by ion displaced by neutron 
irradiation was developed in previous works [5,6] by the authors, and it is based on a methodology 
previously developed by Vladimirov et al. [7,8]. This methodology allows us to calculate several 
damage parameters (PKA spectrum, database of displacement cascades, damage profile, damage 
function, and damage dose (dpa-new concepts)) for the materials analysed.

This methodology consists on a combination of Nuclear Data Libraries Processing, Neutronic 
transport and Monte Carlo Binary Collision codes. First, the neutron spectrum for the desired area is 
obtained using the neutron transport codes (MCNP5 code). This neutron spectrum and the nuclear data 
libraries (FENDL 3.0) are used as input for the Nuclear Data Libraries Processing code NJOY [9] to 
obtain the PKA spectrum. The recoil matrices are obtained using the module GROUPR of NJOY 
code. The Nuclear Data libraries used to obtain the recoils matrices are FENDL-3/SLIB release 2. 
Then, the recoil matrices are weighted by neutron spectra to get an averaged PKA energy spectrum for 
each facility and irradiation spot under consideration. The PKA differential cross sections weighted 
with neutron spectrum defines the Kinetic energy distribution of the PKAs induced by a specific 
neutron spectrum, that is, the PKA spectrum describes how the damage is actually produced during 
irradiation, since it defines the probabilities to generate each PKA with a specific kinetic energy.

In the case of ion irradiation PKA spectrum was calculated using Marlowe code. The PKA spectrum is 
obtained for both codes with a specific subroutine developed by us. But, currently we have developed 
a subroutine to be able to calculate either the PKA spectrum in the total implantation profile as the 
PKA spectrum on different depth bins.

Afterwards, to evaluate the fraction of Frenkel pairs generated by PKA with energy T, Nd(T), Marlowe 
code is used. Marlowe is a displacement damage simulations code based on the Binary Collision 
Approximation (BCA) [10,11].

In order to quantify the energy lost to electronic excitation in the low energy range, several models are 
available. In the Lindhard, Scharff and Schiott (LSS) theory [12], the electronic system of the material 
is regarded as a continuum and has the consequence that the energy loss cross-section is proportional 
to the ion velocity, just as depicted by the Ohm’s law.

In addition, the binding energies used to calculate the displacement of atoms is obtained from first- 
principles calculations or molecular dynamics calculations depend on the material assessed.

This model proved to work remarkably well in a broad range of conditions and may expectedly apply 
in conditions where electron localization effects on ion trajectories are small. They are not when the 
ion velocity is comparable or higher than the Bohr velocity, which is typically the case for ion 
energies above 25 keV per amu. With further increasing velocities, the transition from the Lindhard to 
the Bethe regime governed by Rutherford scattering is met. The physical understanding of this 
transition gave rise to an extensive literature that is rationalized in [13]. The whole range of velocities 
and masses is captured in a semi-empirical way by J. Ziegler [14], which we implemented as a specific 
module in the Marlowe code. To do so, the so-called heavy ion scaling rule can be used to calculate 
the stopping power of atoms with energies above 25 keV per amu [15]. However, a more 
computationally efficient way was found and that consists in using directly the stopping power data 
found in the SRIM code, where the typical stopping powers in nuclear materials (Fe, W, ...) are 
available. Therefore, MARLOWE now allows to simulate the stopping of ions in materials with 
energies of MeV (or even GeV), such as those formed by collision with energetic fusion neutrons or 
transmutation reactions.

One of the advantages of MARLOWE is that it allows simulating displacement of atoms in materials 
much faster than Molecular Dynamics (due to BCA) and exploring much higher energies (MeV-GeV). 
In particular, it allows defining the lattice structure of the materials and thus allows simulating 
displacements in monocrystal, polycrystal and amorphous materials, in contrast to SRIM. Therefore, it 
is possible to take into accounts effects such as channelling, replacements, linear collision sequence, 
etc. The binding energies of atoms to their lattice sites used to calculate the displacement of atoms are 
obtained either from first-principles calculations or from molecular dynamics calculations. In order to 
take into account the recombination of defects that takes place during thermal spike (like MD) an
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effective capture radius I-V is assumed. Simply, when two defects are within a distance smaller than 
the capture radius, it is assumed that these defects would recombine during the cooling phase during 
the cascade, and are thus eliminated. This capture radius is adjusted on MD results.

In addition, a subroutine to be able to calculate either the PKA spectrum in the total implantation 
profile as the PKA spectrum on different depth bins was developed by us.

After the number of defects corresponding to a given PKA spectrum are calculated, the PKA spectrum 
is weighted with the damage profile, that is, the Number of Frenkel pairs versus PKA energy to obtain 
the damage function and the damage dose.

The damage function (W(T)) is calculated using the following equation:

r ( r ) = ^ j < U r ' k ( r > ’ (i)

where g PKa  (T) is the PKA spectrum, Nd(T) is the number of Frenkel pairs by PKA of energy T, and 
D/t is the rate of damage created by the atomic displacement.

It is well known that different primary recoil energy spectra can produce completely different damage 
morphologies. Hence, the damage function converts the PKA spectra to the total damage in the 
materials and therefore W(T) indicates the cumulative damage production by all PKAs up to the 
energy T. It gives us information of how the damage is produced and of the average PKA kinetic 
energy generating the damage. It is a very useful function as it allows us to compare different neutron 
sources in a simple manner. This is because it is an integrated function which is normalised to the 
maximum value of each damage function.

In addition, the damage dose, which is, the concentration of vacancies as a function of neutron dose, 
[dpa values] is calculated using equation 2 :

Tmax < \ < \ 
dpa = t(j)Total J a PKA\T )N d\T )dT ^

To
where 0 Toil;i is the total neutron fluence rate and t is the exposition time.

3. Conclusion

A methodology was developed to calculate the damage due to fusion neutrons in Materials 
(monocrystal, polycrystal and amorphous systems). This methodology is based on the methodology 
developed by KIT laboratory. It consists of a combination of Nuclear Data Libraries Processing, 
Neutron Transport and Monte Carlo Binary Collision codes.

This methodology allows to design irradiation experiments with ions to emulate neutron fusion effects 
in materials. It is possible because the displacements damage generation have been calculated using 
the same methodology for both neutron and ion irradiations (starting from PKA spectra).

The resulting damage profile used to calculate damage function and damage dose was calculated using 
MARLOWE code.

• A dedicated module developed at CIEMAT was used to account for energy loss of Ions in 
materials at energies in the Bethe regime ( »  25 keV / amu).

• Allows defining the lattice structure and accounts for effects such as channelling, replacements, 
linear collision sequence, recombination of I-V, etc....

• In order to take into account the recombination of defects, the capture radius is generally 
adjusted on experiments or MD calculations.

• A subroutine to be able to calculate either the PKA spectrum in the total implantation profile as 
the PKA spectrum on different depth bins was developed.
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Mainly, a methodology to develop displacement damage data libraries using the MARLOWE code is
proposed in order to standardize the calculation of primary displacement damage on compound
materials.
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Development of theoretical modeling of point radiation defects, cascades and sub-cascades 
formation in diatomic materials (A120 3) irradiated by fast charged particles on accelerators and 
fast neutrons in atomic reactors.

Alexander I. Ryazanov

Institute of General and Nuclear Physics, National Research Centre “Kurchatov Institute”
123182, Moscow, Kurchatov Sq. 1
Russia

Objective

The main aim of this presentation is a description of modern theoretical models and obtained 
numerical results for radiation damage production inculing point defects, cascade and sub-cascade 
formations in different monoatomic materials irradiated by fast ions and fast neutrons taking into 
account elastic and inelastic processes. The special topic of this presentation is oriented on the 
theoretical modeling and numerical calculations of radiation damage formation (point defects, 
cascades and subcascades) in diatomic materials (AI2O3) irradiated by fast charged paricles on 
accelarators and fast neutrons in atomic reactors using exested nuclear data base.

Neutron damage calculation

To calculate the accumulation of primary radiation damage in sapphire NRT model modification for 
diatomic materials is used. This model is based on the concepts of cascade function (the total number 
of defects formed by the primary knock-on atom (PKA) with energy E) and cross section of neutron 
scattering by atomic lattice of the material. A simple expression for the cascade function was obtained 
by Kinchin and Pease [1] using two-particle approximation for interactions between atoms. Later this 
theory was developed by Norgett, Robinson and Torrens [2], where an analytical expression for the 
energy dissipated only in elastic collisions between the PKA and atoms of crystal lattice of the 
material instead of the kinetic energy E of the PKA was used. This approach is called NRT model. 
The obvious disadvantage of NRT model is the fact that it is not applicable or only partially applicable 
to materials composed of atoms of several types, for extension to polyatomic materials. An obvious 
method of applying NRT model to polyatomic materials is to use average atomic mass and atomic 
numbers to determine number of displaced atoms. This approach is generally reasonable in the case of 
close elements in the periodic table. Development of a model for investigation of primary radiation 
defects in diatomic and polyatomic systems was proposed by Parkin and Coulter [3] and later 
modified by Greenwood [4], The study was based on the general equation of PKA’s slowing-down in 
polyatomic materials taking into account electronic stopping power for PKA. Solution coupled 
integro-differential equations can be calculated numerically for the cascade function for each type of 
atoms. The Thomas-Fermi interatomic potential was used to determine the number of displacements 
for each pair of atoms. The main feature of this approach proposed by Lindhard in these works is the 
relationship between the impact parameter and the deflecting angle. He extended the momentum 
approximation relationship between these values for case of hard collisions with large deflecting 
angles. Thus, one can treat the differential cross section which, in fact, depends upon two values: the 
deflecting ion energy E and the transferred energy T. The electronic stopping power for 
multicomponent targets was calculated by applying Bragg’s additivity rule to electronic stopping 
powers of individual types of atoms taking into account Lindhard and Bethe-Bloch theories.

The data on the scattering cross sections were obtained using nuclear database ENDF/B-VII 
(information on elastic and inelastic cross sections for neutron interactions with the atoms of 
aluminum and oxygen, as well as angular distributions of the particles) in sapphire (AI2O3). Threshold 
energy values for the formation of point defects in sapphire correspond to values of 18 eV for 
aluminum and 76 eV for oxygen. In addition, a number of calculations were made here to estimate the 
influence of temperature on the threshold energy of formation of point defects in sapphire, using the 
data obtained by Pells and Phillips in HVEM microscopy experiments [5,6]. The results for
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temperature dependence of threshold energies for point defect production for A1 and O atoms into 
A120 3 [6 ] are presented in Fig. 1.
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Fig. 1. Temperature dependence of threshold energies for point defect production 
for Al and 0  atoms into A120 3.

Cascade functions are calculated for each type of atoms at different temperatures corresponding to 
T] = 500 K and T2 = 1000 K based on the data [5,6], On the basis of the cascade functions and cross
sections, the generation rates of primary radiation defect formation produced by neutrons in sapphire 
were calculated too.

Ion damage calculation

A set of equivalent dose accumulation in displacements per atom (dpa) in the sapphire irradiated with 
protons, a-particles and oxygen ions with energies from 5 MeV to 30 MeV, 60 MeV and 25 MeV 
respectively was calculated by simulation experiments. Calculations were made using the program 
SR1M-2010 [7], which is based on the Monte Carlo method to calculate the interaction of ions with 
different materials using the ZBL-potential for the elastic interactions and experimental data for 
inelastic electronic losses. As a result of SRIM calculations we obtain the densities as well as the total 
numbers of displaced atoms for each type of target atoms. The obtained distribution profiles for point 
defects due to displacements of O and Al atoms into A120 3 under 5 MeV oxygen ion irradiation with 
the total ion fluence O = 1017 ion/cm2 at two irradiation temperatures: Ti = 500 K and T2 = 1000 K are 
presented in Fig. 2. We can see, that the average dose of irradiation <D> (dpa level) after ballistic 
stage practically in two times higher <D> = 6.67 dpa at irradiation temperature T2 = 1000 K 
comparing with irradiation tempewrature T2 = 500 K where <D> = 3.75 dpa. For practical applications 
one should express these values in terms of relative damage of the particular target material sublattice 
for certain irradiation environments. In the case of one component targets this leads to the well known 
notion of the atomic damage in Displacements-Per-Atom (DPA) units. For multicomponent targets the 
extension of the DPA notion is not straight forward due to the fact that the relative damage rates are 
different for individual sublattices of the target. Although for some polyatomic materials relevant 
aspects of the irradiation damage like the PKA-energy dependence of the displacement efficiency [3]
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have been already developed in detail, sublattice specific dpa-rates for relevant irradiation sources are 
practically not available. In principle, the displacement damage density of each component can be 
either normalized to the related atomic density of that constituent, or it can be normalized to the total 
density of the polyatomic target. In this particular case, the latter approach is used.

L, jam L, |iin

Fig. 2. Distribution profiles of point defects due to displacements of O and Al atoms into A120 3 under 
5 MeV oxygen ion irradiation at Ti = 500 K (left) and at T2 = 1000 K (right).

The obtained results for specific ions were compared with the data received using Boltzmann transport 
equation for ion stopping calculations. This method is equaly suitable for one- and multi- component 
targets, and is about hundred times faster than Monte-Carlo base methods. Most of the results 
presented here show the abilities of the developed method.

The problem of ion transport in matter is of great importance for solid state physics and for different 
new technological applications. Ion beams now are widely used for modification of different materials 
as well as for their scientific investigations. That is why the majority of questions, standing before ion 
transport theory can be formulated in terms of one dimensional or cylindrical beam geometry. First of 
all it is the problem of calculation of ions range and damage distributions. In whole ion transport 
theory can be divided into two parts. One of them treats the individual collisions of ions with target 
atoms. The other one studies the statistical properties of ion movement.

Consider system of Boltzmann transport equations in the simple case of one-component uniform target 
bombarded by ions of different mass and charge than that of the target. In this case the system consists 
of two equations. The equation for moving ions (the first component) does not depend upon the 
distribution function of moving atoms of the target (the second component). So, it can be solved 
separately, its solution determines the source of the second type particles for another equation. If one 
is interested in values connected with knock-off of atoms of the target he must solve the second 
equation. It looks like the first one differing from it by the term describing the knocking out atoms of 
the target. The situation is different in the case of two or multi-component targets. In this case the 
system consists of more than two equations. Now all the components with non-zero atomic 
concentration in the target enter the system symmetrically. Moreover, if the matter consists of the 
components with differing atomic masses the ranges of light components can be much greater than 
those of the heavy ones and can approach to the ranges of the bombarding ions. Thus, in this case one 
should solve all the equations with spatial derivatives.

Most of the features of this algorithm by the BOLT program were described in details earlier [8-11]. 
The code solves the time independent system of linear Boltzmann transport equations for slowing 
down ions and knocked-on atoms in one-dimensional plane geometry. We define the X  axis directed 
perpendicular to the target surface along with the incident beam. The slowing down of particles is 
described in the program by two independent processes: (i) the continuous slowing down due to
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interaction with the electron subsystem described by the electronic stopping power and (ii) the discrete 
binary elastic collisions with target atoms.

The system of equations is solved numerically by a multigroup method from high energies down for 
low energies. The main feature of this method that it treats all the types of moving atoms in the same 
manner. Bombarding ions are treated like target atoms but their concentration in the target is set to 
zero. Such approach allows to calculate the kinematics of collisions between atoms of different masses 
in an accurate manner. The code treats correctly different threshold energies for various components 
of the target. It makes the approach highly suitable for radiation damage calculations in 
multicomponent ceramics. The method correctly treats the boundary conditions on the surface of 
matter. It can be used for reflecting ratio calculations and recoil implantation calculations with minor 
improvements in surface model. The developed method is potentially suitable for ion stopping 
catculations in two- and three-dimentional geometry. Even in complicated cases it will be more 
efficient than Monte Carlo calculations. In the case of complicated geometry the time needed for 
ingroup transport calculations will increase strongly, but not the total running time.

Subcascade formation in monatomic irradiated materials

Irradiation of materials with high-energy particles causes atoms in a crystalline lattice to receive 
energy greater than some displacement threshold and thus to leave their equilibrium states. Later 
exchange of energy as a result of elastic collisions between primary knock-on atoms and atoms inside 
the crystalline lattice sites leads to formation of cascade of atomic collisions. For PKA having some 
threshold energy cascade is represented as a series of regions not overlapping among themselves, so 
called sub-cascades. During development of cascades and sub-cascades in solids point defects such as 
vacancies and interstitials are produced that define accumulation of radiation damage in the irradiated 
material. The number and structure of the cascades (size, number of subcascades, number of point 
defects created) depend on materials and PKA energy spectra, the latter being linked to neutron 
spectra. It is difficult to characterize experimentally the displacement cascades and subcascades 
because their lifetime is very short (some ps) and their size is very small (about 10 nm). Nevertheless, 
it is possible to get some information on their structure with numerical simulation tools such as the 
binary collision method of Monte-Carlo and the Molecular Dynamics method. Such tools allowed in 
particular to study the subcascades formation process. However, they require a large statistic 
(particularly for high PKA energy) to give precise data, which is time consuming. Another way to 
characterize cascades is to use a theoretical approach based on the numerical solution of the 
Boltzmann transport equation in a binary collision approximation. This approach was used to calculate 
the volumic distribution of subcascades by taking into account the neutron energy spectrum. In these 
calculations, the threshold energy for subcascades formation was chosen as a free parameter. This 
work can be performed by comparing the mean free path A-(E) between two successive collisions of a 
PKA with target atoms (Secondary Knock-on Atoms: SKA) and the average size R of the damage 
zones resulting from the two collisions. Subcascades are formed when A-(E) > R. The theory of 
cascades and sub-cascades of atomic collisions in the irradiated materials was developed in [1 2 ].

The detail comparison of obtained numerical results for subcascade formation with experimental data 
is very difficult. Because our calculations describe only a collisional phase of atomic cascade (ballistic 
stage) and don't take into account cluster formation of point defects into cascades on quenching stage 
of cascade. The experimental observations of cascades [13] base on using TEM and observation of 
small visible clusters of point defects in materials after penetrating of cascades. For consideration of 
cluster formation of point defects into cascade we have to take into account the value of formed 
density of point defects (vacancies and interstitials) and diffusion migration of their into cascade. So 
our calculations show that the number of subcascades as a function of PKA energy decreases with 
increasing of atomic number, but defect densities (vacancies) has opposite dependence and increase 
with increasing of atomic number. The number of observed clusters will be depend not only on the 
number of subcascades on ballistic stage but also on the value of migration energy barrier of point 
defects and their diffusivity into cascade on quenching stage.
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This approach allowed to determine the main characteristics of subcascades, such as: threshold energy 
for subcascades formation, generation rate of subcascades for a given neutron spectrum, average 
number of subcascades per PKA, average distance between subcascades, average subcascade size. The 
effect of two neutron spectra on some of these characteristics was also can be studied.

Subcascade formation in irradiated A120 3

As the number of different types of atoms and PKA-SKA pairs in irradiated material increaces, the 
analysis of the problem in the framework of the Boltzmann transport equation does not lead to an 
analytical solution despite the simplicity of the geometric criterion for determining the formation of 
subcascades of atomic collisions. Simultaneously, the analysis of the problem using Monte Carlo 
method still requires significant computing power. Therefore, energy criterion was selected to simplify 
the task of collection of statistics as a criterion for the formation of subcascade on the basis of 
monatomic approximation. In this case, a value of PKA energy 1.4 keV the was chosen in our 
calculations as threshold energy for the formation of subcascades, which corresponds to those in pure 
aluminum (corresponding energy for oxygen - 0.4 keV). A set of statistics and numerical calculations 
for sapphire irradiated with different types of ions have been made and produced using the program 
SRIM-2010 [7], which is based on the Monte Carlo method for calculating the interaction of ions with 
different materials using ZBL-potential for the elastic interactions and experimental data for electronic 
inelastic losses. To evaluate the effectiveness of the energy criterion was conducted additional 
research. It was shown that the presence of PKA with energy more than 1.4 keV gives an indication of 
the separation cascade of atomic collisions on individual subcascades. On the basis of this criterion a 
set of important characteristics of subcascades in A120 3 was obtained under fast ion irradiation, such 
as subcascade spectra for different types of atoms for both aluminum and oxygen knock-on atoms and 
distribution of subcascades along the penetration depth of diferent types of fast ions in target material.

Conclusion

The theoretical model and numerical calculations of the displacement cross sections and the 
generation rate of the primary radiation point defects in mono materials (C, Be, Al, Fe, V, W) and 
binary systems, such as sapphire (A120 3), under the influence of irradiation by fast nions and fast 
neutrons (ITER, DEMO and IFMIF energy spectra) with energies up to 20 MeV based on ENDF/B- 
VII nuclear library with the elastic and inelastic scattering. Number of displaced atoms were 
calculated depending on the type of primary knocked-out atoms (PKA) as a function of their energy 
on the basis of double integral-differential equations. In addition, cascade function and the 
displacement rate of point defects were studied in A120 3 for each type of atoms at different 
temperatures in the range of 500 K and 1000 K using the experimental data of Pells and Phillips.

A set of equivalent dose simulations was performed for sapphire at temperatures 500 and 1000 K 
under irradiation by protons with energies ranging from 5 to 30 MeV, by a - particles with energies 
ranging from 5 to 60 MeV and by oxygen ions with energies ranging from 5 to 25 MeV. Displacement 
damage calculations for A120 3 was performed by the method based on the direct solution of Botzmann 
transport equation for knock on atoms. Obtained results were found to be similar betweet SRIM and 
proposed approach using the Botzmann transport equation. This method was applied to some neutron 
and high energy light ion sources which are available to qualify ceramics for fusion reactor 
applications. Direct comparison of neutron and ion irradiations within one and the same physical and 
numerical approach has been done.

The obtained results show that binary collision model allows to investigate the subcascades formation 
in the collision stage of cascade and gives reasonable results for the main important characteristics of 
subcascades as a function of PKA energy. Subcascade structure was analyzed on the basis of criterion 
for subcascascade formation for monatomic materials and SRIM-2010 program under different 
irradiation conditions. The sublattice specific displacement damage rates neither follow the 
stoichiometric ratios of polyatomic materials nor the ratio of the displacement threshold energies. In 
this case the ratios of the sublattice specific damage rates can slightly vary for different irradiation
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environments. The analysis of the formation subcascade structure along the direction of ion 
propagation and the energy spectra of subcascades obtained for fast ions with the different energies.

The new aproaches and development of new theretical modeling should be done in the future 
investigations including improving of NRT standart model for mono materials (W, Fe) and polyatomic 
materials such as A120 3 and SiC under irradiation of these materials by fast ions and neutrons taking 
into account elastic and inelasic processes based on existed nuclear data base including the 
comparison of obtained theoretical and numerical results with Molecular Dinamic, Monte Carlo 
methods and experimental data.
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Abstract

Even if the Binary Collision Approximation does not take into account relaxation processes at the end 
of the displacement cascade, the amount of displaced atoms calculated within this framework can be 
used to compare damages induced by different facilities like pressurized water reactors (PWR), fast 
breeder reactors (FBR), high temperature reactors (HTR) and ion beam facilities on a defined material. 
In this paper, formalism is presented to evaluate the displacement cross-sections pointing out the effect 
of the anisotropy of nuclear reactions. From this formalism, the impact of fast neutrons (with an 
kinetic energy En superior to 1 MeV) is accurately described. This point allows calculating accurately 
the displacement per atom rates as well as primary and weighted recoil spectra. Such spectra provide 
useful information to select masses and energies of ions to perform realistic experiments in ion beam 
facilities.

73



Introduction

Over more than 50 years, many experimental works were performed to study radiation damage in 
materials. Submitted to important neutron fluxes, materials in nuclear plants exhibit unusual micro 
structures and subsequent properties [1]. Many works in 1980s have clearly shown a large shift of the 
brittle ductile transition temperature in steel under irradiation [2], Looking back into history, we find 
prominent names like Bohr, Fermi and Bethe associated with the early development of this field of 
research. Many works are devoted to capture key parameters responsible for the unexpected micro 
structures of solids observed under irradiation. Even if primary damage due to neutron - atoms 
interactions are produced at the atomic scale, the spatially inhomogeneous distribution of these 
primary defects, their diffusion and their agglomeration act over different length scales giving rise to 
complex micro structures. Many works were devoted to study the slowing down of ions in the matter 
[4-8]. However, few works in the material field were comparatively performed to quantify the primary 
damages induced by neutrons in solids [9,14,18,20]. This point explains why ion beam experiments 
then remain the most powerful tool to study the structural stability of solids under irradiation [4-8]. 
From this short introduction, a question naturally arises: can we select peculiar ions to simulate the 
micro structure induced by neutron irradiations occurring in nuclear plants?

The answer to such a question is quite complex. The neutron-atom cross sections are 8  orders of 
magnitude smaller than the ion-atom cross sections. This point implies that:

-  the displacement per atom rate due to neutron fluxes is thus about 3 orders of magnitude smaller 
than the displacement per atom rate induced by ion beams. Neglecting the diffusion of point 
defects at low temperature, a correct scaling of the irradiation time in particle accelerators can 
easily overcome this effect in a first approximation. In practice, experimentalists increase the 
temperature during an irradiation by ions to erase possible overlapping between collisions 
cascades.

-  the neutron mean free path between two collisions in the target (few centimeters) is larger than 
the ion mean free path (few nanometers). The localization of primary defects in the medium 
should then be drastically different. This remark can also be largely overcome. As the neutron ion 
mean free path is large, the characteristic length between two cascades in neutron irradiations is 
so large than displacement cascades (symbolized by large grey dots on figure 1 ) can be 
considered as independent events. They do not overlap each other over a few nanometers. In ion 
beam experiments, the penetration depth of incident particles with kinetic energy below a few 
MeV is about few nanometers. This analysis points out the fact that both irradiations generate the 
same localization of primary defects over few nanometers.

Figure 1 summarizes the characteristic lengths associated with the micro structural evolution of solids 
under ion and neutron irradiations.

As the ion-atom interatomic cross sections are much more important than the neutron atoms ones, 
penetration depths R(E) of ions is of the same order of magnitude as the displacement cascade L 
produced by neutrons [27]. This point ensures that ion beams can efficiency simulate the evolution of 
materials irradiated by nuclear plants.

As pointed out on Figure 1, all characteristic lengths depend only on the energy of incidents 
projectiles. It appears that criteria based only on the energy of recoils atom would thus give some 
clues to select the energies and masses of ions to simulation radiation damages dues occurring in 
materials in nuclear plants. In this work we describe in detail a new formalism to take into account 
different peculiar inelastic neutron atoms cross sections in the calculation of the displacement per 
atom rate and the primary and recoils spectra associated with a defined neutron irradiation. Thanks to 
this formalism, we exhibit some criteria to select the mass and the energy of incident ions able to 
reproduce in metals and ceramics the same microstructures as those created in nuclear facilities.
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incident neutron

Fig. 1. This graph sketches the different length scales associated with the penetration of particles in a 
medium (top: penetration depth of a neutron in the medium, bottom: penetration depth of an 
ion in the medium).

Theory

When a material is bombarded by a neutron, atoms are displaced from their lattice sites with a large 
amount of energy [1 1 ,1 2 ] leading to the apparition of a displacement cascade and then to point defects 
and extended defects in well localized area. So, a precise description of neutron-atoms inelastic 
interactions is essential to calculate accurately the amount of energy transferred to primary knocked on 
atoms (PKA). The Isotropic Emission Compound Nucleus model (IECN) [13,14], was usually used to 
perform these calculations. Although for elastic scattering, the complete angular distribution is used, 
for inelastic processes, such as inelastic diffusion or emission of particles, the angular distributions of 
recoils is assumed isotropic in the center of mass system within this framework. However, recent 
nuclear evaluations (ENDFB6 , JEFF3) [15,16] contain accurate angular distributions of recoils for all 
neutron-atom interactions. We present in this paper a new formalism to take into account this 
information. This formalism highlights the impact of this anisotropy on the recoil energy distribution 
[25,26], ' ' ’ "  '

An incident neutron of energy E generates recoil of energy T for a specific reaction (as for example 
inelastic scattering). Defining 9 as the angle between the incident and the recoil particle, the 
corresponding differential cross section for this nuclear reaction is directly obtained from nuclear 
evaluations in the following way:

E, E') = a(E)f(jU, E, E')!2n  (Eq. 1 )

Where |i = cos9 ie the cosine of the angular defection in the center of mass frame, o(E) is the neutron 
reaction cross section, E’ the energy of the emitted particles and f(|i,E,E’) is the angular emission 
probability density function. The differential PKA cross, x(E,T), is then expressed as :

X ( E J )  = V (E ) { *
In dT

dju

(Eq. 2)

In the 1ECN model, f(|a,E,E’) is independent of |_i. In many inelastic nuclear reactions, this function is 
peaked and shaip. From Eq. 2, it appears clearly that the shape of f(|i,E,E’) modifies drastically
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X(E,T). Figure 2 displays the evolution of /(E,T) as a function of the recoil energy T for a given 
neutron energy E. The function x(E,T) calculated within our formalism exhibits large discrepancy with 
%(E,T) derived from the IECN model. This point highlights the effects on the anisotropy on the recoil 
energy distribution for high energy neutrons.

p LiJS'

Fig. 2. Comparison between the PKA cross section and the displacement cross section as a function of 
the energy of recoils (left) and the energy of incident neutron (right) calculated for a Fe target 
irradiated under a 14 MeV neutron flux. The large discrepancy between x(E,T) derived from 
our formalism (dots) and calculated within the IECN approximation (full line) appears clearly 
on figure 2 (left). This discrepancy of %(H,T) leads to large variation of the displacement cross 
sections calculated according to our formalism (dots) and within the IECN approximation (full 
line). This discrepancy is equal to 20% in the high energy domain (above En > 1 MeV) where 
the neutron spectra exhibits large values in nuclear facility.

From the calculation of y(E,T), it is possible to derived the displacement cross section a d(E) according 
to:

o*(E) = \ ^  Z(E,T)v(T)dT
0  (Eq. 3)

Where Tmax is the maximum energy transferred to the recoil atom and v(T) is the mean number of 
displaced atoms calculated within the BCA[17,18,19]. From this equation, it appears clearly that our 
formalism describes accurately the high energy part of a d(E) associated with inelastic neutron-atom 
collisions. The displacement per atom rate P is obtained summing the displacement cross section 
weighted by the neutron spectrum over the neutron energy:

P = J tTd(E)&E)dE
(Eq. 4)

Where a d(E) is the displacement cross section and <j)(E) is the neutron spectrum (n cm"2 s"1 eV"1). As 
a d(E) is an increasing function and the neutron spectrum exhibits a sharp shape around few MeV, 
a d(E) for En > 1 MeV gives the main contribution to the displacement per atom rate [3]. This point 
highlights the need of an accurate description for inelastic neutron collisions taking into account the 
anisotropy of these reactions.

To compare different irradiations performed in ion beam facilities with irradiation in nuclear plants, 
the primary and recoil spectra were calculated. A program called DART has been achieved to provide 
accurate displacement cross sections, displacement per atom rates as well as different spectra for a 
polyatomic solid irradiated by neutrons, ions or electrons.

E (eV )

10'  10°  

Recoil energy T  (eV)
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Discussion

The renewed interest in nuclear energy production is bringing about a renaissance in materials 
sciences. In order to test new concepts, the structural stability of SiC and Oxides Dispersed 
Strengthens (ODS) steels need to be studied in great detail. From the knowledge of neutron spectrum 
of generation IV plants, displacement cross sections and different spectra can be calculated from 
DART. To simulate the structural stability of ODS under irradiation, the masses of energy of particles 
(ions or electrons) must be chosen to give similar spectra. Figure 3 displays the evolution of primary 
and recoil spectra induced by a neutron flux extracted from a FBR reactor, an ion beam facility and an 
electron flux. Whereas only an irradiation performed with 1.2 MeV Kr ions seems to give the same 
primary spectrum than a High Temperature Reactor, only an irradiation performed with 600 keV Ar 
ions gives the same recoil spectrum than an irradiation performed in an HTR plant as clearly pointed 
out on Figure 3.

Fig. 3. Evolution of the primary and recoil spectra in ODS steel as a function of the recoil energy for 
different projectiles: 1 MeV electrons (dots), 1.2 MeV Krypton ions (square), 1 MeV Helium 
ions (circles), 600 keV Argon ions (triangles) and Phenix neutron flux (solid line).

Transition Electron Microscopy observations performed on ODS steels irradiated at 30 dpa under a 
FBR neutron flux, and 1.2 MeV Kr and 600 KeV Ar irradiations clearly assesses that only similar 
recoil spectra give the same microstructure in this kind of material [22,23].

Conclusion

Many works were devoted to study the slowing down of ions in matter to simulate radiation damage 
produced in nuclear plants. Few works described in details the energy transfer from neutrons to atoms 
during neutrons atom collisions. The IECN model is usually used to quantify the impact of neutron 
atom collisions. However, the anisotropy of inelastic neutron atom collisions, preponderant in a 
nuclear plant, are not accurately described in this model. In this paper, we present a formalism to 
overcome this point. We developed a program (DART) to calculate the displacement per atom rate as 
well as primary and recoil spectra induced by high energy neutrons in a polyatomic target. This paper 
highlights the fact that this anisotropy is responsible for a large increase of the displacement cross 
section and a drastic modification of primary and recoil spectra. The calculation of accurate primary 
and recoil spectra allows to select the mass and the energy of ion able to simulate radiation damage 
induced by neutrons in an ODS steel. The analysis of this spectra reveals that 600 keV Ar ions are able 
to similar evolution of the microstructure in this complex materials than neutron irradiations in FBR. 
TEM observations of the irradiated microstructures assess this point.

This work points out that tools are now available to select ions produced in ion beam facility to 
simulation radiation damage of solids occurring in nuclear plants. Taking into account the peculiar 
feature of neutron atom inelastic collisions, the comparison of recoil spectra gives clues to choose the 
mass and the energy of impinging ions in a realistic way.
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Primary damage in ceramics: complexity and inapplicability of the NRT dpa

Jean-Paul Crocombette

CEA Saclay, DEN/DANS/DMN/SRMP 
France

The NRT dpa is a measure of the primary state of ballistic damage. It has been designed for pure 
metals. Even in these very simple situations it faces some problems, as it will discussed thoroughly by 
others experts more competent than me. From what 1 understand, these problems are:

-  the determination of the value of the Threshold Displacement Energy (Ed) entering NRT law
-  the linearity of the NRT law while the amount of surviving Frenkel pairs consistently exhibits a

sublinear behaviour
-  the difficulty to account for mixing in alloys.

My contribution will focus on materials quite different from metals. Indeed 1 shall deal with the 
primary damage that appears in ceramics and more precisely in amorphizable ceramics. Specifically 1
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shall describe what one can lean from molecular dynamics (MD) simulations of displacement cascades 
in such materials. Some of the results have been obtained by me and some by others. Considering a 
material after another I will show that the NRT formula is in fact inapplicable in much of these 
materials and that even the concept of dpa is sometimes irrelevant in ceramics.

Under irradiation some ceramics induce an amorphization process, sometimes called metamictization 
(Ewing 1994). The metamict state is a state of high disorder, with a loss of long range crystalline 
order. Metamict state is close to the glassy state. However in some compounds noticeable differences 
exist between metamict state and thermally obtained glassy state.

MD simulations of cascades in ceramics are basically no different from simulations of cascades in 
other materials (Crocombette 2005). One builds a large simulation box containing atoms initially in 
the crystalline state; after a thermalization time, one introduces an impulsion to one of the atoms of the 
crystal (the PKA) and follows the subsequent displacement cascade. MD simulations are much heavier 
computationally than BCA calculations. However they enable to describe both the ballistic and 
thermal phase on equal footage and are based on empirical potentials that describe the atomic bonding 
and as such give much more detailed and relevant information about the atomic structures at the end of 
the cascades. The main information lies of course in the final atomic structure of the material.

The main specificity of these simulations for ceramics lies in the types of empirical interatomic 
potentials one has to use to describe the inter-atomic bonding. Oxides are commonly described by pair 
potentials with Coulombic long range and repulsive short range interactions. One may have to 
complement these pair potentials by three body terms to account for the iono-covalency of the 
bonding. Bonding in carbides is often more complex than in oxides with more covalency involved and 
sometimes even a part of metallic bonding. The potentials are then of more complex forms with many 
body terms, e.g. SiC is best described by Tersoff-Brenner potentials (Tersoff 1988)

Zircon: direct impact amorphization.

Zircon (formula ZrSi04), is a natural mineral which has been contemplated for long term disposal of 
actinide radioactive waste. Zircon is well-known to become amorphous under irradiation. Such 
metamictization is even observed in natural zircons containing either uranium or thorium. We 
performed MD simulations of cascades initiated by uranium atoms to model the effect of the recoil 
nucleus created by of a  disintegrations (Crocombette and Ghaleb 2001). These simulations were 
complemented by calculations of threshold displacement energies. These studies were performed a 
few years ago and were thus restricted to low PKA energies. However more recent studies performed 
by others (Devanathan, Corrales et al. 2005) basically show the same picture.

One can clearly see (Figure 1) that the crystalline order is lost in the cascade track, showing 
amorphization of the cascade core. This behaviour defines materials which amorphize by so-called 
direct impact mechanism. This prediction by calculations of direct impact amorphization is consistent 
with the measured evolution of swelling under irradiation in the material and was subsequently 
confirmed by experimental observation (Rios, Salje et al. 2000). Note that not all amorphizable 
materials do amorphize by direct impact mechanism. Other possible mechanisms include the point 
defect accumulation up to a threshold value triggering amorphization and the double- (multi-) impact 
mechanisms where two (multi) cascade tracks must overlap to achieve amorphization.

Considering such primary state of damage in direct impact amorphizable materials, one may wonder 
how to quantify the amount of damage. My first idea was to count the number of atoms displaced 
from their original positions by more than a certain distance. In the submitted draft of this study, I put 
without details this number of displaced atoms. The referee did not believe these numbers as they were 
much larger than the ones deduced by the NRT formula. Indeed I found about ten times more 
displaced atoms than expected with the Ed I gave in the paper. I had trouble understanding the remarks 
of the referee, as, at that time, I was not aware that dpa are not really displacements per atoms but 
rather defects per atoms. It also took time to have the referee admit that the concept of (surviving 
vacancy-interstitial) Frenkel pairs was meaningless in the present case. Indeed one cannot properly 
define replacements, vacancies or interstitials in a metamict track. If one proceeds by comparison with
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the perfect crystal one obtains that the number of defects is close or equal to the number of atoms in 
the track which invalidates the applicability of the concept of point defects.

Fig. 1. Final structure after an uranium 5 keV cascade in zircon from 
(Crocombette and Ghaleb 2001).

The indication of the number of displaced atoms gives an estimation of the size of the amoiphous 
track but does not characterize its structure. Eventually I defined disordered and distorted cations. 
Disordered cations are the ones which have in the final structure a different number of neighbours than 
in the crystal while distorted cations have the same number of neighbours but with strong angular 
distortions. Using these definitions one can realize that the center of the amoiphous track contains 
disordered cations while distorted ones appear also at the periphery (see Figure 2).
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Fig. 2. Disordered cations after a cascade in zircon and distorted cations after a 

cascade in zircon from (Crocombette and Ghaleb 2001).

One can clearly see that the NRT dpa fails completely to measure the amount of damage in irradiated 
zircon. First the number of surviving Frenkel pair is meaningless and second the number of displaced
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atoms (strictly speaking) is much larger than estimated by the NRT formula, which is quite normal. 
However the number of displaced atoms, in the raw sense, gives an estimate of the size of the cascade 
track.

Zirconolite: point defects and amorphous clusters

The second example 1 would like to mention is zirconolite CaZrTi20 7, also a candidate for radioactive 
waste disposal. Simulations of cascades initiated by uranium PKAs were modelled in this compound 
(Veiller, Crocombette et al. 2002). Cascade in this material basically show a damage of mixed nature 
(see Figure 3). First along the trajectory of the uranium, one obtains an amoiphous core. Second at the 
periphery of the track as well as disconnected from it one can see point defects. Some Replacement 
Collision Sequences (RCS) have even been observed in some cases (in the titanium planes, not 
shown).

Fig. 3. Final structure after uranium 12 keV cascade in zirconolite. The path of the uranium atom is in 
green (from (Veiller, Crocombette et al. 2002)).

How the measure the damage then? On one hand, the number of point defects is difficult to define as 
the track is amoiphous and so the number of point defects becomes close or equal to the number of 
atoms in this area. On the other hand giving the number of displaced atoms is OK for the amorphous 
core but irrelevant for the periphery where RCS will be counted as damage while in fact they are not. 
In this part of the damaged region the situation is close to what it is in metals, namely surviving point 
defects with some mixing as in alloys. All in all, 1 could not find a satisfactory “number” to measure 
the damage.

Silicon carbide: nature of damage depends on the atomic type of the PKA

SiC is a major candidate material for future fusion or fission nuclear reactors. It is, for instance, 
contemplated for plasma facing coatings and structural components in fusion reactors and as inert fuel 
coating or matrix in high temperature fission reactors. MD simulation of cascades in this material has 
been performed by many groups especially the Gao-Weber team (e.g. (Gao, Weber et al. 2001)). They 
find that the damage depends on the nature of the PKA.
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For Si PKA, after one cascade, the damage is made of both isolated defects and pockets of nano- 
amorphized materials. They choose to analyze these clusters in terms of point defects with the perfect 
crystal as a reference frame for defect detection. This choice may be questioned as it appears clearly 
that, in these clusters, the number of defects is close to the number of atoms in the cluster which 
invalidates the concept of point defects. They assess the applicability of the NRT formula, with an 
assumed value of Ed and find, as in metals, that the number of Frenkel pairs is less in MD than 
suggested by NRT. Moreover, the evolution of the number of Frenkel pairs with energy is sublinear 
with a power of 0.82.

For Au PKA the damage is quite different: Although some small isolated defects can be seen, a large 
disordered region is created by the Au PKA which consists of interstitials, vacancies and anti-sites 
defects. Examination of the cascade shows that this disordered region has a very high defect 
concentration and contains 105 displaced atoms, with 93 antisites and 35 interstitials. This part is 
therefore directly amorphized. One then has damage comparable to what we observed in zirconolite.

The SiC case therefore shows that the number of defects and beyond that the very nature of damage 
depends on the type of PKA. While it is of common knowledge that neutrons, ions and electrons 
irradiations induce different kinds of damage, this is an example where different ions or atomic PKA 
induce different types of damage in a given material.

• Si' © C*
• Sic ° cSi
• Si" * cy

(a) (b)

Fig. 4. The final damage in SiC at 300K due to (a) the 10 keV Si recoil and (b) the 10 keV Au recoil 
from (Gao, Weber et al. 2001).

Fig. 5. (a) the local disordered region created by a 10 keV Au PKA; (b) the perfect SiC structure from 
(Gao, Weber et al. 2001).
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Zirconium carbide, uranium oxide and pyrochlore: apparently regular situation

I finally mention the situation in ZrC (Van Brutzel and Crocombette 2007), U 0 2 (Van Brutzel, Delaye 
et al. 2003) and pyrochlore compounds (Chartier, Meis et al. 2003) (pyrochlore is family of oxides of 
general formula A2B2O7). In these materials the damage created by cascades is regular. As in metals 
or metallic alloys cascades produce only point defects. The amount of damage is then satisfactorily 
described by the dpa concept. One is then brought back to the usual problems of the NRT formula. For 
instance in U 02, the number of Frenkel pairs after a cascade varies E0'94 for uranium atoms and E0'84 

for oxygen atoms respectively.

m  m  m  m

Fig. 6 . Part of the final structure of U 0 2 after a 10 keV cascade.

Finally it is worth returning to the fact that the eventual amorphization of ceramics under irradiation is 
not always related to direct impact damage. For instance, cascades in pyrochlore create point defects 
only, but these compounds amorphize or not depending on composition. We have been able to show 
that when amorphization occurs it is created by the accumulation of point defects created by 
successive cascades (Chartier, Meis et al. 2005). In non amorphizable pyrochlore, as well as in U 0 2 

which has a very similar structure, the amorphization is prevented by the fast recombination of close 
Frenkel pairs. In amorphizable pyrochlore, a critical temperature exists above which amorphization is 
prevented. We showed that is related to the high temperature enhancement of the Frenkel pair 
recombinations which is a thermally activated process (Crocombette, Chartier et al. 2006; Chartier, 
Catillon et al. 2009).

This last point may be of general interest. Even in the regular situation where cascades create only 
Frenkel pairs. The surviving fraction of these may vary with temperature. This can be rationalized 
approximately in terms of an increase of the spontaneous recombination volume of these pairs with 
temperature, or more precisely as the thermal activation of recombinations at intermediate distances 
with an associated energy barrier (Van Brutzel, Chartier et al. 2008).

Summary

1 have tried to show that the studies on ceramics bring even more complexity is an already difficult 
situation about the NRT dpa. First in ceramics amorphized by direct impact, the very concept of 
surviving FPs which is what the NRT dpa is supposed to measure is meaningless. One then has to 
return to the bare number of displaced atoms to quantify the damage. Second in more complex 
situations where the damage is mixed between amorphization and creation of point defects, it is almost 
impossible to define a quantity to measure atomic disorder induced by cascades. Finally it was shown 
that the amount and nature of damage depends not only on the energy of the PKA but also on its 
nature. Finally one should keep in mind that even in the regular cases, the number of surviving Frenkel 
pairs may vary with temperature as their recombinations can be thermally activated.
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Routes of improvements for the definition of the dpa

With such a complex picture of damage in ceramics, it appears difficult to suggest an improvement of 
the definition of the dpa which would satisfactorily described the complexity of irradiation damage in 
ceramics. In my opinion it is basically impossible to get a definition of damage or dpa that will work 
for every situation. Involved studies are needed for each material of interest to determine what is the 
damage induced by ballistic loses under irradiation. However I would suggest two leads to make 
progress in the reform of the dpa. These are iconoclastic and rather paradoxical suggestions.

First one could change nothing in the NRT definition of the dpa. It is now widely realized that this 
measure is not perfect, but improvements are too much material and irradiation dependent to allow an 
effective redefinition of the norm.

The second suggestion would be to realize that the complexity of the observed damage lies in the 
variety of materials response. Various materials respond differently (according to their composition, 
structure, temperature, etc.) to a certain amount of deposited ballistic energy. We may thus consider 
going one step backwards and just quantify the amount of deposited ballistic energy. A first version of 
this would be to give exactly that “amount of ballistic energy deposited per atom”. In practice that 
would mean replace the “dpa” by a “bEpa” for ballistic energy deposited per atom (in eV per atom). A 
second, less severe version would be to continue to talk in terms of dpa using an NRT formula with an 
Ed constant and common to all elements in all materials. One can for instance choose 20 eV. The new 
formula would then be that the number of dpa is E(in eV)/50. This drastic choice would allow 
continuing talking in terms of dpa, but would stress that the dpa is just an artificial measure of the 
ballistic energy deposited, a very gross estimation of the amount of damage and that if one is serious 
about the amount and nature of damage one should go way beyond such crude formulas

References
Chartier, A , G. Catillon, et al. (2009). "Key Role of the Cation Interstitial Structure in the Radiation 

Resistance of Pyrochlores." Physical Review Letters 102: 155503.
Chartier, A , C. Meis, et al. (2005). "Molecular dynamic simulation of disorder induced amorphization 

in pyrochlore." Phvs. Rev. Lett 94: 025505.
Chartier, A , C. Meis, et al. (2003). "Atomistic modeling of displacement cascades in La2Zr207 

pyrochlore." Physical Review B 67: 174102.
Crocombette, J. P. (2005). "Cascade Modeling" in Handbook of Materials Modeling. S. Yip. Berlin, 

Springer: p. 987.
Crocombette, J. P , A. Chartier, et al. (2006). "Atomistic simulation of amorphization thermo-kinetics 

in lanthanum pyrozirconate." Applied Physics Letters 88: 051912.
Crocombette, J. P. and D. Ghaleb (2001). "Molecular dynamics modeling of irradiation damage in 

pure and uranium doped zircon." Journal of Nuclear Materials 295: 167-178.
Devanathan, R , L. R. Corrales, et al. (2005). "Molecular dynamics simulation of defect production in 

collision cascades in zircon." Nucl. Instrum. Meth. Phys. Res. B 228: 299.
Ewing, R. (1994). "The metamict state: 1993 - the centennial." Nucl. Tnstr. and Meth. B 91: 22.
Gao, F , W. J. Weber, et al. (2001). "Atomic-scale simulation of displacement cascades and 

amorphization in beta-SiC." Nucl. Instrum. Meth. Phys. Res. B 180: 176-186.
Rios, S , E. Salje, et al. (2000). "Amorphization in zircon : evidence for direct ompact damage."

Journal of Physics: Condensed Matter 12: 2401-2412.
Tersoff, J. (1988). "New Empirical approach for the structure and energy of covalent systems."

Physical Review B 37(121: 6991.
Van Brutzel, L , A. Chartier, et al. (2008). "Basic mechanisms of Frenkel pair recombinations in U02 

fluorite structure calculated by molecular dynamics simulations." Physical Review B 78(2):. 
Van Brutzel, L. and J. P. Crocombette (2007). "Classical molecular dynamics study of primary

damage created by collision cascade in a ZrC matrix." Nuclear Instruments & Methods in 
Physics Research Section B-Beam Interactions with Materials and Atoms 255I-11: 141-145.

Van Brutzel, L , J. M. Delaye, et al. (2003). "Molecular dynamics studies of displacement cascades in 
the uranium dioxide matrix." Philosophical Magazine 83(36): 4083-4101.

Veiller, L , J. P. Crocombette, et al. (2002). "Molecular dynamics simulation of the alpha-recoil 
nucleus displacement cascade in zirconolite." Journal of Nuclear Materials 306(11: 61-72.

84



Specific effects of ionizing energy on the displacement damage calculation in insulators.

R. Vila, F. Mota, C. J. Ortiz

Laboratorio Nacional de Fusion -  CIEMAT, Material group, Madrid 
Spain 

Introduction

The level of damage expected in functional materials for future fusion reactors is generally much 
lower than structural materials, but the degradation of their physical properties is also generally 
observed at very low dose levels compared to the latter. Normally the properties of interest (DC 
Electrical resistivity, HF dielectric absorption, optical transmission etc.) degrade long before 
mechanical integrity is an issue.

This weakness is in part related to the more important effects of ionizing energy on both, covalent and 
ionic, insulators or semiconductors.

As irradiation in fission and fusion reactors (even spallation sources) also involves the participation of 
gamma radiation, it has to be taken into account for total damage calculation. In the case of ions, the 
energy partition provides the amount of electronic (ionizing) energy lost in the material.

In general and regarding radiation, insulating materials can be divided in two groups depending on 
whether they experience radiolysis, (i.e. purely ionizing radiation can produce noticeable amounts of 
atomic displacements) or not. First group includes for example alkali halides and fluorides. But, 
although radiolysis is negligible in the second group (radiation-hard materials), collateral effects of 
ionizing radiation have been observed (when combined with displacement damage). Therefore it is 
important to make some comments about the concept and use of dpa (displacements per atom) in this 
large family of materials.

Relevance of dpa concept to damage in insulators.

Currently, there are two main methods used to calculate the primary displacement damage by neutron 
irradiation or by ion irradiation. First, the displacement damage doses induced by neutrons are 
calculated considering the NRT model [1] based on the electronic screening theory of Linhard [2]. 
Second, for experimental research community, SRIM code is commonly used to calculate the dpa 
damage dose induced by ion irradiation. Since in both cases ionizing energy is not used to calculate 
the dpa, errors are introduced for insulators/semiconductors as it will be now presented.

An important aspect related to early damage creation is that ionizing radiation can promote the 
recovery of displacement damage in many ceramic insulators by enhancing the mobility of point 
defects (ionization-induced diffusion) [3,4,5] because charge state of SIAs’ depend on the ionizing 
level. Enhanced point defect annealing and coalescence due to ionization-induced diffusion processes 
have been observed for both self-interstitial atoms and vacancies. Although exceptions may occur, in 
general this enhancement in diffusion leads to improved radiation resistance since many of the 
produced point defects are annihilated via recombination events or at sinks such as grain boundaries.

On the other hand, high ionizing levels can contribute to enhance Frenkel pairs production in 
insulators. Therefore, as a general conclusion, when comparing different irradiation conditions 
(electronic stopping powers), ionizing radiation can lead to either a substantial enhancement or 
suppression of radiation resistance in ceramics, but certainly to differences with NRT dpa formula.

As a clear example the results for conductivity degradation, known as RIED (Radiation Induced 
Electrical Degradation) are presented in Figure 1 for A120 3, a typical “radiation resistant” insulator. 
This figure summarizes the observed results using different radiation sources but measuring the same 
property (and using approximately the same conditions of temperature and electrical field...). 
Although still a bit controversial, it is a perfect example of previous discussion.
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Figure 1. Summary of electrical conductivity degradation (R1ED) in alumina as a function of classical 
dpa dose for several irradiation particles (from electrons to neutrons) [6 ].

When using the classical dpa formula to compare the damage, it becomes dramatically evident that 
RIED does not scale at all with dpa, but depends on ionization level of incident radiation. It can be 
seen that results depend strongly on it producing shifts of several orders of magnitude in dpa dose. 
High levels of ionization, as is the case for electrons induce earlier degradation of the conductivity, 
followed by protons, alpha particles and finally neutrons (with the lower % of ionization).

Another interesting result is the previously commented low level of dose where degradation appears, 
around only 3 10"5 dpa for electrons. The best case (neutrons) is around 0.1 dpa. Therefore, although it 
can be argued that previous results are not just primary damage, these effects appear at very low 
damage levels and are triggered by a different damage production rate.

In Figure 2 the data are presented in a different way, demonstrating that a good agreement for the level 
of electrical degradation can be obtained when plotted as a function of total ionizing dose (Gy) instead 
of dpa. Figure shows in-reactor conductivity measurements for a high purity alumina. The figure also 
shows the estimated RIED contribution extrapolated back to the low dose region, which cannot be 
directly measured in-reactor. This now allows one to compare the in-reactor RIED with values 
obtained for electron, proton, and alpha particle accelerator irradiations of similar alumina grades. 
When all these data are plotted in terms of ionizing dose (Gy), the RIED values, except for one of the 
alpha particle data, now agree very well, highlighting the importance of the ionizing component for 
RIED degradation. For details reader can consult reference [7].
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Finally, although it is outside the scope of this summary, it has to be mentioned that at higher stopping 
powers (electronic dE/dx > 5-50 keV/nm, depending on the material), additional dpa's can also be 
created via inelastic collision processes in the vicinity of the ion track (normally produced by swift- 
heavy-ions). This is also beyond the NRT dpa concept of damage, mainly due to the extreme energy 
density deposited locally.
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