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Foreword 

Under the auspices of the NEA Nuclear Science Committee (NSC), the Working Party on 
Multiscale Modelling of Fuels and Structural Materials for Nuclear Systems (WPMM) was 
established in 2008 to assess the scientific and engineering aspects of fuels and structural 
materials, aiming at evaluating multi-scale models and simulations as validated predictive 
tools for the design of nuclear systems, fuel fabrication and performance. The WPMM’s 
objective is to promote the exchange of information on models and simulations of nuclear 
materials, theoretical and computational methods, experimental validation, and related 
topics. It also provides member countries with up-to-date information, shared data, models 
and expertise. 

The WPMM Expert Group on Primary Radiation Damage (PRD) was established in 2009 to 
determine the limitations of the NRT-dpa standard, in the light of both atomistic simulations 
and known experimental discrepancies, to revisit the NRT-dpa standard and to examine the 
possibility of proposing a new improved standard of primary damage characteristics. 

This report reviews the current understanding of primary radiation damage from 
neutrons, ions and electrons (excluding photons, atomic clusters and more exotic particles), 
with emphasis on the range of validity of the “displacement per atom” (dpa) concept in all 
major classes of materials with the exception of organics. The report also introduces an 
“athermal recombination-corrected dpa” (arc-dpa) relation that uses a relatively simple 
functional to address the well-known issue that “displacement per atom” (dpa) overestimates 
damage production in metals under energetic displacement cascade conditions, as well as a 
“replacements-per-atom” (rpa) equation, also using a relatively simple functional, that 
accounts for the fact that dpa is understood to severely underestimate actual atom 
relocation (ion beam mixing) in metals. 
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Executive summary 

One of the consequences of the interaction of high energy particles (photons, neutrons, ions 
or electrons) with crystalline materials is the formation of lattice defects resulting from the 
energy transfer to the atoms. Figure ES.1 illustrates the process of damage creation in a 
displacement cascade triggered by a neutron or an ion. This damage, and its evolution with 
time, determines the macroscopic response of a material to radiation, and is thus crucial to 
understand. The damage production can in most cases be divided into two categories: the 
primary damage that is formed immediately (within a few picoseconds) after the 
ion/neutron/electron impact by atomic collision processes far from thermodynamic 
equilibrium, and the long-time scale (nanoseconds to years) damage evolution caused by 
thermally activated processes. This topical review focuses on the primary damage. 

Figure ES.1. Collision cascade induced by a 10 keV recoil in Au at an ambient temperature of 0K 

 
The circles indicate atom positions in a 1 unit cell thick cross-section through the center of the 
simulation cell, and the color scale the kinetic energy of the atoms. Note: A very large number of 
atoms is initially displaced, but when the cascade cools down, almost all of them return to 
perfect crystal positions. This is the athermal recombination effect discussed extensively in this 
report. However, many atoms do not return to the same position they started in, and hence the 
number of atom replacements is much larger than the number of defects produced. 

A very useful and widely used standard for estimating the primary damage from neutrons, 
ions or electrons was proposed by Norgett, Torrens and Robinson in 1975 to evaluate the 
number of Frenkel pairs formed for a given energy transferred to the primary knock-on atom, 
and therefore the number of “displacements per atom”, or so-called NRT-dpa (or just dpa in 
short). It is based on the earlier, somewhat simpler, Kinchin-Pease model. 

PRIMARY RADIATION DAMAGE IN MATERIALS, © OECD 2015 7 
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Within this report, we review the current understanding of primary radiation damage 
from neutrons, ions and electrons (excluding photons, atom clusters, and more exotic 
particles), with emphasis on the range of validity of the dpa concept in all main classes of 
materials (except organic ones), and in particular discuss known shortcomings. We recognise 
that the current NRT-dpa standard is fully valid in the sense of a scaled radiation exposure 
measure, as it is essentially proportional to the radiation energy deposited per volume. As 
such, it is highly recommended to be used in reporting neutron damage results to enable 
comparison between different nuclear reactor environments and ion irradiations. However, 
in the sense of a measure of damage production the NRT-dpa value has several well-known 
problems, which are discussed at length.  

To partially start to alleviate these problems, for the case of metals we present an 
“athermal recombination-corrected dpa” (arc-dpa) equation that accounts in a relatively 
simple functional for the well-known issue that the dpa overestimates damage production in 
metals under energetic displacement cascade conditions, as well as a “replacements-per-
atom” (rpa) equation that accounts in a relatively simple functional for the well-known issue 
that the dpa severely underestimates the actual atom relocations (ion beam mixing) in metals. 

The arc-dpa function presented is: 
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where E is the damage energy, Ed the average threshold displacement energy and barcdpa 

and carcdpa unitless fitted parameters with a physical meaning discussed in the article. The 
original NRT-dpa function is obtained by setting ξ(E) =1 for all energies. However, any use 
should keep in mind that either form is still only a damage exposure parameter that allows 
comparing different irradiations in a physically motivated way, but cannot predict the exact 
nature of the microscopic damage which involves many complicated issues such as damage 
cluster size, thermal mobility and recombination, nonlinear damage buildup at high doses, 
etc. 

Moreover, we present a recommendation for how the dpa value for ion irradiation 
conditions should be obtained from the widely used SRIM binary collision approximation 
code. 
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1. Introduction 

Particles with kinetic energies clearly above conventional thermal energies, i.e. with Ekin > 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 [HiggsAtlas; HiggsCMS], and 
numerous smaller devices are widely used for equally exciting research in physics [Smith], 
chemistry [Winters, 1992], medicine [Schultz, 2007d] and nanoscience [JAPreview09]. On the 
application side, ion implantation is one of the key technologies in silicon chip manufacturing, 
[Chason, 1997], and electron accelerators are one of the key ways to treat cancer. All of these 
activities make it interesting and important to understand what are the fundamental effects 
of high-energy particles on matter. Moreover, in nuclear fission reactors, which currently 
provide about 13% of the world’s electricity taking advantage of the fission of uranium nuclei 
by neutrons, materials degradation associated with neutron irradiation damage is a key 
factor [Zinkle1]. 

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 [Kittel, 1968]. 
It is, however, important to realise the crystal defects formed can also be much more 
complicated [Zinkle, 2012]: they can for instance be defect clusters [Partyka, 2000], 
amorphous zones [Ruault, 1984; Zinkle3], dislocation loops [Eyre, 1973] or three-dimensional 
defects [Silcox, 1959b; Kitagawa, 1985]. On surfaces the damage can also take the form of 
adatoms [Hashimoto, 2004], craters [Ghaly, 1994; Birtcher, 1999] and ripples [Erlebacher, 
1999]. In amorphous materials the generated defects can be over- or under-coordinated 
atoms [Laaziri, 1999] or empty regions [Roorda, 1992]. Photon irradiation creates damage 
largely by electronic excitation processes causing bond breaking [Spaepen-Turnbull, 1982], 
although very high-energy gamma photons can also produce damage by atomic recoil 
processes [Raman, 1994]. 

The damage production mechanisms can in most cases be well divided into two 
categories by time scale. The primary damage is formed immediately after the particle 
impact by atomic collision processes and strong material heating caused by the colliding 
atoms 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 0.1-1 ps and the time scale for subsequent thermalisation of the collisions 
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1–10 ps [Diaz, 1987; Stuchbery, 1999; Stoller, 2012], see Figure 1.1 and e.g. [Zinkle4]. 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. 

Figure 1.1. Collision cascade induced by a 10 keV recoil in Au at an ambient temperature of 0K 

 
The circles indicate atom positions in a 1 unit cell thick cross section through the center of the 
simulation cell, and the color scale the kinetic energy of the atoms. Note: A very large number of 
atoms is initially displaced, but when the cascade cools down, almost all of them return to 
perfect crystal positions. This is the athermal recombination effect discussed extensively in this 
report. However, many atoms do not return to the same position they started in, and hence the 
number of atom replacements is much larger than the number of defects produced. 

In this report, we review the current understanding of primary radiation damage from 
neutrons, ions and electrons on inorganic materials. We leave out many other important and 
interesting aspects of radiation damage. Specifically, we exclude from our consideration: 

• damage by photons, molecular and nanocluster projectiles; 

• more exotic elementary particles (such as muons, positrons, etc.); 

• the properties (stability and mobility) of the defects produced; 

• damage at elevated temperatures and its consequences (solute segregation and 
precipitation, void swelling, irradiation creep, embrittlement in all its forms, …); 

• response functions, reaction to external driving forces (such as stress, strain or 
external electromagnetic fields); 

• surface effects; 

• electronic defect production, including swift heavy ions and ion track production by 
them; 

• organic materials. 
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1.1 Introduction to the displacements-per-atom concepts 

The displacements-per-atom concept was introduced from the original ideas of production of 
primary point defects [Brinkman, 1954; Kinchin, 1955; PointDefects; Lannoo, 1981; Ehrhart, 
1991] 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. 

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 [Brinkman, 1954; Seitz, 1956] and is by now well established [Bacon, 1994; 
Averback, 1998]. For the remainder of the current section we will ignore these many-body 
effects, but return to them in the materials-specific sections. 

    (1) 

For a binary collision, it is intuitively clear that if 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 moves through the lattice and produces more defects. Such considerations led to the 
formulation of the Kinchin-Pease (K-P) model, which states that the number of defects 
produced is [Kinchin, 1955]: 

Here the quantity Td stands for the energy available for damage production. For a single 
ion it is equal to the nuclear deposited energy FD,n = the total particle energy minus the 
energy that is lost to electronic stopping power: 

𝑇𝑇𝐷𝐷 =  𝐹𝐹𝐷𝐷,𝑛𝑛 = 𝐸𝐸0 −  𝐹𝐹𝐷𝐷,𝑒𝑒     (2) 

We note that in the fields of radiation safety, medical physics and damage in particle 
detectors, the nuclear deposited energy is known as “non-ionising energy loss”, NIEL, and the 
electronic deposited energy as “Linear energy transfer”, LET, although depending on the 
precise definition, these quantities may not be exactly equal.  

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 FD,n into the last line of Equation 1, as then also the 
energy given to subthreshold recoils becomes calculated into the damage production. This 
distinction is illustrated in Figure 1.2. In practice, the fraction of energy deposited to 
subthreshold recoils is often quite small and this distinction can be ignored. 
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Figure 1.2. Deposited energy for Fe recoils in Fe as calculated with the SRIM2008.04 binary collision 
approximation code in the full cascade mode 

 
The FD,e data is obtained from the “Ionisation” energy loss percentages given in the SRIM visual outputs, and the FD,n values 
by summing up the “Vacancies” and “Phonons” energy loss percentages given in the main SRIM window. In both cases the 
energy loss percentage is multiplied times the recoil energy to get the deposited energy FD. The “primary recoil” data is 
obtained by including all the recoil energy loss fractions in the FD,n value of the primary recoil, while for the “all recoils” data the 
energy loss percentages for electronic and nuclear energy loss are summed up. The difference between the curves 
illustrates that the total electronic deposited energy FD,e is considerably higher when also electronic stopping of secondary 
recoils is counted in. Note also that for all energies down to the threshold displacement energy, at least about 20% of the 
initial recoil energy is lost to electronic stopping. 

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 is of the order of 5 
eV/atom in typical hard solids [Kittel]), and will be discussed in the next subsection. 

Later on, equation (1) was refined by Norgett, Robinson and Torrens based on binary 
collision approximation (BCA) computer simulations by taking into account the possibility of 
ballistic processes recombining the defect as it was produced [BCA] [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: 

 

    (3) 

where the new factor 0.8 came from the BCA simulations.  

Robinson and Oen subsequently published a correction to the above equation to account 
for energy dissipated in subthreshold displacements [Robinson, 1982]. However, this 
equation is the basic equation that can be used to calculate the number of displaced atoms in 
any material for which Ed is known and the damage energy Td can be calculated. For instance, 
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neutron transport codes [Greenwook, 1994; 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. In this way, one can calculate the number of atoms displaced 
according to the KP or NRT models in a given volume of material. Furthermore, if this 
quantity is normalised by the number of atoms in the same volume, one obtains the 
displacements-per-atom (dpa) unitless quantity: 

dpa = displacements per atom = Number of displaced atoms in volume from NRT equation
Number of materials atoms in same volume

 (4) 

which in this simplified model gives the defect concentration c of primary damage 
vacancies and interstitials in the material. Assuming no point defects are lost to a surface or 
other defect sink, naturally the concentrations for vacancies, interstitials and Frenkel pairs 
(FP’s) are equal: cv = ci = 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 an order-of-magnitude estimate 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 a given fluence of 50 keV Ne ions, and one wants to compare with Ar ions, a dpa 
calculation can tell what energy and fluence for the Ar ions can be expected to produce about 
the same damage as the 50 keV Ne irradiation did. For cases where the measured 
accumulated damage does not follow the dpa scaling, this indicates nonlinear behaviour in 
the damage production [Kucheyev, 2001b; Karaseov, 2009] and/or subsequent defect 
evolution [Zinkle5]. 

We note that if the dpa calculation is not interpreted to be directly related to the damage 
production or actual number of atoms displaced, it can be fully justifiably used as a radiation 
exposure measure. Either damage energy or dpa is clearly much better to use than a simple 
neutron fluence value, since different neutron spectra can give very different recoil spectra 
to materials, and hence very different nuclear deposited energy and damage. Moreover, it 
has the advantage over simple energy deposition (e.g. in the SI units of Gray = J/kg) measures 
in the sense that it calculates out the electronic stopping, which is known not to cause 
damage in most inorganic materials (except in the very high-energy swift heavy ion regime 
[Kanjijal, 2001b]). We strongly recommend using the dpa especially in neutron transport 
calculations to make for transferable interpretation of different kinds of neutron irradiation 
conditions. Indeed, the ASTM standard E693-94 promotes and defines how such calculations 
should be done in Fe and steels [ASTMFe]. The current review endorses and does not 
propose a modification of this standard within the framework of dpa used as a 
displacement damage exposure measure. 
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One problem in using the dpa standard is that the name “displacements-per-atom” 
makes it very tempting to interpret that dpa is equal to defect concentration. Indeed, within 
the original KP and NRT definitions and the approximations and assumptions built into them, 
it is fully valid to do so (for conditions where no subsequent defect migration occurs, i.e. near 
absolute zero temperatures). However, in many cases current knowledge shows that many 
of these approximations and assumptions are very problematic, and lead to major (typically 
half an order of magnitude) errors in equating the dpa value with the number of defects. As 
a consequence, some researchers have argued against using a displacement exposure 
parameter analogous to dpa and instead advocate using a damage correlation parameter (e.g. 
empirically related to minority carrier lifetime in semiconductors) [Messenger2005]. Such an 
empirical approach has some pragmatic advantages for developing engineering correlations 
within a specific experimental regime for cases where sufficient test data are available, but is 
clearly unsatisfying from a fundamental scientific perspective. The current understanding of 
defect production and residual defect concentration will be discussed in the remaining 
sections of this report. 

It is historically interesting to note that already Kinchin and Pease recognised that the 
simple linear formulation, the first equation, may not hold except in a narrow energy interval 
above the threshold, and proposed several alternatives [Kinchin, 1955]. Also, the “constant” 
of 0.8 in the NRT equation [NRT] is an approximation from BCA simulations, where the actual 
values obtained varied in the range 0.8–0.9 [BCA]. 

1.2 Threshold displacement energy 

The threshold displacement energy Ed has, as is obvious from equations (1) and (2), a crucial 
role in the calculation of primary damage via the dpa concept. Hence it is also important to 
understand in detail its nature and limitations. The velocity of a recoil in a lattice is much 
larger than the conventional thermal velocity (e.g. a 30 eV recoil has a kinetic energy that is 
1000 times higher than the average thermal velocity ≈ 0.03 eV), and hence a velocity that is 
√1000 ≈ 30 times higher. Thus as a rough first approximation, one can imagine that the 
energy needed to form a defect is obtained by assuming only the recoil atom moves, and 
determining the potential energy barrier along a straight line in the initial recoil direction, see 
Figure 1.3. This so called “sudden approximation” has been shown to work well at least in 
low-index crystal directions in simple crystals [Windl, 1998]. It is very important to 
understand that this defect production mechanism is very different from the thermally 
activated formation of Frenkel pairs, because the latter involves typically numerous (billions, 
trillions, or more) lattice vibrations in the potential well before a defect is formed 
[Vineyardprefactor] and in metals this can happen only very close to the melting point 
[Nordlund, 1998a]. Indeed, the threshold displacement energies are typically of the order of 
10–50 eV [Lucasson, 1975; Vajda, 1977; Andersen, 1979; Zinkle6], roughly a factor of 5-10 
higher than the Frenkel pair formation energies [Ehrhart, 1991]. 
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Figure 1.3. Illustration of the threshold displacement energy concept 

 
If the bottom left atom 0 at R0 receives a recoil e.g. in directions A or B, it will cause a complex many-body 
collisional process. In case the atom would move in a straight path along path B and the other atoms would not 
have time to move at all (which of course in reality will not be the case), the potential energy in the system could be 
illustrated as on the right side in the “Sudden approximation” curve. At some point there is a maximum in the 
potential energy curve, before the atom goes into an interstitial position in one of the minima to the right of the 
original position. This maximum is an estimate of the threshold displacement energy. In reality the atoms respond 
somewhat to the motion of the recoiling atom 0, which lowers the threshold energy. In equilibrium, the threshold is 
much lower since all atoms have ample time to relax their position and a defect is formed only when the atom 
positions and movements happen to be such that a defect can form. Path A illustrates a case where the original 
atom 0 is directed directly towards another atom 1. In this case the original atom most likely replaces the atom at 1, 
while atom 1 receives a secondary recoil and becomes an interstitial atom.  

It is also important to appreciate that on the atomic level, there is not a single threshold 
displacement energy, but each crystal direction has its own due to crystal anisotropy [Vajda, 
1977, et al.]. In fact at finite temperature the situation is even more complex. Each atom in a 
lattice has some kinetic energy, distributed according to a Maxwell-Boltzmann distribution. If 
the thermal velocity vector happens to be in the direction of the recoil energy received, this 
enhances the damage production probability, and vice versa. Moreover, in many cases the 
production probability of a defect is strongly influenced by recombination, i.e. thermal 
fluctuations in atom positions and velocities can strongly affect the recombination probability. 
Molecular dynamics (MD) simulations have shown that even for recoil energies as high as 400 
eV, the net amount of defects after all recombinations can sometimes be 0. All these 
complications mean that even for a single crystal direction, there is an energy range where 
the defect production probability rises from 0 to 1 [Nordlund, 2005c]. 

We emphasise that these complications do not, however, prevent the use of the 
threshold displacement energy concept. It is possible to calculate an average over the 
threshold displacement functions in different directions for use in the NRT equation. 
Although usually the threshold energy Ed is considered to be independent of crystal direction, 
we note that since Ed is a user-defined parameter, the NRT equation can actually be used to 
calculate dpa for different crystal directions. This calculation would only be strictly relevant 
for near-threshold displacement events (since multiple directions are involved in energetic 
displacement cascades), but in principle NRT can incorporate crystal-dependent Ed values. 
There is some non-uniqueness also in how the average should be calculated, but this does 
not amount to more than a couple of eV (less than 10% of the total) which is a relatively small 
uncertainty compared to the other ones related to damage production (described later in this 
document). We note, however, that to account for the non-uniquenesses, in principle it 
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should be possible to extend the analytical NRT formalism and higher-level models to include 
a fluctuation term. 

Figure 1.4. Collection of experimental evidence that the defect efficiency ξ between real damage 
and that predicted by the NRT (modified Kinchin-Pease) equation is much below 1 for recoil 

energies above ~ 100 eV in Cu 

 
Also shown are early MD results that show the same trend. The data is from earlier review articles collected by co-
authors of the current work, [Averback, 1998; Zinkle, 1993]. The electron irradiation data indicates that just above the 
threshold, the defect efficiency may actually be above 1. 

Although the threshold displacement energy has been studied extensively both by 
experiments and simulations (see e.g. [Lucasson, 1975; Maury, 1975; Vajda, 1977; Jung, 1981; 
Malerba, 2002; Smith, 2001; Windl, 1998; Caturla, 1994; Miler, l994; Andersen, 1979; Maury, 
1976; Urban, 1982; King, 1982; Vitovskii, 1977; Bauer, 1969; Vehse, 1968; Lomer, 1967; 
Lucasson, 1962; Zinkle6]), there are still uncertainties for several technologically important 
materials. In particular, for Fe there is no experimental value for the average threshold, and 
there are big variations in the threshold displacement energies predicted by classical 
interatomic potentials [Nordlund, 2005c]. Similarly in Si there is a large variation in both 
experimental and classical molecular dynamics simulations. Very recently, quantum mechanical 
density-functional theory (DFT) simulations have given more reliable theoretical values for the 
threshold displacement energies for Fe and Si [Holström, 2008a]. On the other hand, the work 
in Si also showed that formation of metastable bond-order defects may necessitate the 
definition of two different threshold displacement energies depending on whether the 
experimental flux cause the metastable defect to be significant or not. Somewhat surprisingly, 
one of the materials where the threshold displacement energy is known quite accurately is in 
carbon nanotubes and graphene [Smith, 2001; Meyer, 2012].  
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2. Metals 

2.1 Review of understanding 

2.1.1 Review use of dpa in metals, recommend correct usage and calculations 

The procedure to calculate displacements per atoms in a material under neutron irradiation 
requires the knowledge of: (i) the neutron flux spectrum as a function of neutron energy E 
and time t, 𝜙𝜙(𝐸𝐸, 𝑡𝑡), (ii) the atomic displacement cross-section for the particular material, 𝜎𝜎𝑑𝑑, 
which is also a function of the neutron energy E, 𝜎𝜎𝑑𝑑(𝐸𝐸). The former is the number of 
neutrons carrying a certain energy E that cross the unit surface per unit time in a location of 
the nuclear reactor where the material is, and might be varying with time; the latter is the 
“effective” area which, if crossed by the neutron, leads to atomic displacement. In general 
terms, the displacement rate at time t can be calculated as: 

 𝑑𝑑𝑑𝑑𝑑𝑑
𝑠𝑠

= ∫ 𝑑𝑑𝑑𝑑𝜎𝜎𝑑𝑑(𝐸𝐸)∞
0 𝜙𝜙(𝐸𝐸, 𝑡𝑡)    (1) 

Correspondingly, the total amount of dpa is obtained by integrating over the exposure 
time, te: 

𝑑𝑑𝑑𝑑𝑑𝑑 = ∫ 𝑑𝑑𝑑𝑑 ∫ 𝑑𝑑𝑑𝑑𝜎𝜎𝑑𝑑(𝐸𝐸)∞
0 𝜙𝜙(𝐸𝐸, 𝑡𝑡)𝑡𝑡𝑒𝑒

0    (2) 

For practical purposes, it is convenient to decompose the neutron flux into a factor that 
carries the time dependence, 𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) − time dependent flux intensity − and a normalised flux 
spectrum that, at any time t, equals the unit when integrated over energy, 𝜓𝜓(𝐸𝐸, 𝑡𝑡): 

𝑑𝑑𝑑𝑑𝑑𝑑 = ∫ 𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡(𝑡𝑡) ∫ 𝑑𝑑𝑑𝑑𝜎𝜎𝑑𝑑(𝐸𝐸)∞
0 𝜓𝜓(𝐸𝐸, 𝑡𝑡)𝑡𝑡𝑒𝑒

0    (3) 

Since one can often consider the flux spectrum to be constant over the exposure time, it 
can be simplified to 

𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑡𝑡𝑒𝑒𝜙𝜙𝑡𝑡𝑡𝑡𝑡𝑡 ∫ 𝑑𝑑𝑑𝑑𝜎𝜎𝑑𝑑(𝐸𝐸)∞
0 𝜓𝜓(𝐸𝐸)   (4) 

In this equation, te is known and the decomposed neutron flux spectrum can be 
calculated, given the main features of the nuclear reactor and the composition of the 
material. These calculation can be done by using appropriate neutron physics codes, for 
example MCNP [Malerba; Schultis, 2011]; or it can be measured using dosimeters 
[Malerba; IAEA, 1970], or generally both. 

The atomic displacement cross-section is determined by weighing the result of three 
different processes: 

• nuclear reaction between the incident neutron and the nucleus of the atom and 
relevant transfer of energy from neutron (E) to nucleus (T); 

• loss of energy acquired by the nucleus via interaction with the electrons of the system 
(TTd); 
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• actual production of atomic displacements based on Equation (2), once Td is known 
(and assuming Ed is given). 

The cross-section relevant for the nuclear reaction comes from nuclear data libraries, 
which are conveniently available and directly usable from codes such as NJOY 
[MacFarlane; Kahler, 2010]. The energy loss to electrons can be calculated using Robinson’s 
analytic representation [Malerba; Robinson, 1970] of Lindhard’s model of energy partition 
between atoms and electrons [LSS]. NJOY can directly process nuclear cross sections into dpa 
usable values that include energy loss to electrons. 

In the specific case of Fe and low alloyed steels, because of their practical importance for 
real applications, an ASTM standard for dpa calculations exists [A]. It provides, together with 
the tabulated value for 𝜎𝜎𝑑𝑑(𝐸𝐸), also practical indications on how to evaluate cross sections per 
energy group, in order to calculate numerically in discretised form the integral of the last 
equation above. While the displacement cross section tabulated there is specific for Fe, the 
procedure for dpa calculations described is of general validity. 

2.1.2 Athermal in-cascade recombination and clustering 

In the basic dpa calculation based on the KP or NRT equations, it is assumed that the damage 
increases linearly with nuclear deposited energy. However, there is strong experimental and 
simulation evidence that this is not the case in metals. Resisitivity recovery experiments have 
shown that the damage produced in cascades induced by ions or recoils with energies well 
above the threshold displacement energy produce substantially less damage than expected 
from the simple NRT equation [Averback, 1978; Zinle, 1993], see Figure1.4. This is quantified 
with the damage efficiency parameter ξ which is defined as the ratio of the actual damage to 
that predicted by the NRT equation. Some data for the damage efficiency is given in 
Figure 1.4 and Figure 2.10, which show that for recoil energies of the order of 1 keV the 
damage efficiency has dropped from the value of 1 near the threshold to a value of about 0.5. 
At recoil energies above about 10 keV the damage efficiency seems to saturate at a value 
around 0.3.  

Classical MD simulations have been crucial in giving insight into the reasons for this 
behaviour. Although in general MD simulations in materials science suffer from uncertainty of 
the reliability of the results due to the choice of interatomic potentials, remarkably, MD 
simulations of cascades in metals very consistently give a qualitatively similar behaviour 
reproducing the experimental damage recombination [Diaz, 1987; Nordlund, 1998b]. A 
typical example of the MD simulation results is given in Figure 1.1, which shows how initially 
(first about 200 fs) a set of ballistic collisions lead to a major production of displaced atoms. It 
is noteworthy that this number of displaced atoms roughly corresponds to the NRT prediction, 
or what would be obtained from a BCA simulation. However, after this, the cascade becomes 
a heat spike (thermal spike), i.e. a dense region of many-body atomic collisions that is 
underdense in the middle and overdense at the outskirts of the cascade [Brinkman, 1954]. 
After about 1 ps, the atoms in the spike (if it is dense enough) get a Maxwell-Boltzmann-like 
distribution of kinetic energies, i.e. behave like a thermodynamic system [Diaz, 1987]. This 
justifies the use of the word “thermal” or “heat” spike (both terms are used with the same 
meaning, roughly as commonly). Calculating the average energy of the atoms in the heat 
spike and converting this into units of Kelvin gives a “temperature” of the order of 10 000 K 
for the heat spike [Diaz, 1987]. Using the word “temperature” in this context is somewhat 
controversial, as the high-kinetic-energy phase only lasts some tens of picoseconds, and 
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hence this is naturally not a normal equilibrium temperature. However, the textbook 
definitions of temperature [Mandl] state that local thermodynamic equilibrium can be used if 
the time scale of the system is much larger than the relaxation time in the same system. As 
the heat spike relaxation time is about 3 lattice vibrations [Diaz, 1987], roughly 1 ps, a heat 
spike lasting about 10 ps can be considered a thermodynamic system. 

The cooling down of the heat spike can be considered a very rapid (ps time scales) 
recrystallisation process of the hot liquid. Since a recrystallisation process tends to produce 
perfect crystal, it is natural that much of the displaced atoms generated in the 
thermodynamic phase of the cascade regenerate (in other words, interstitials and vacancies 
recombine) and the produced damage is less than the initial number of displaced atoms (the 
NRT prediction). This explains the damage efficiencies clearly below 1. Since this 
recombination process does not require any thermally activated defect migration (atom 
motion is caused primarily by the high kinetic energy introduced by the recoil atom), this 
recombination is called “athermal” (i.e. it would also happen if the ambient temperature of 
the sample would be 0 K).  

A recent systematic comparison of MD cascade results in Fe [Malerba, 2005a] showed 
that all potentials used to simulate this material gave a similar trend of ξ as a function of 
energy and always saturation values between 0.2 – 0.5, with the dominant values being 
about 0.3, in agreement with experiments (see Figure 2.1). 

By the argumentation given above, one could argue that all damage in metals would 
recombine, and the resulting ξ = 0. This is, however, not observed either experimentally or in 
simulations. Instead, what typically happens is that a few isolated interstitials and interstitial 
clusters remain at the outskirts of a heat spike region, some vacancies are randomly 
distributed, and the center of the heat spike usually contains a vacancy cluster. Most of this 
behaviour is well understood. Isolated interstitials can be created by ballistic displacements 
of high-energy recoils and replacement collision sequences [Gibson, 1960]. If these create the 
interstitial well outside the heat spike region, it is not likely to re-enter it and be recombined. 
Isolated vacancies can be created if the recrystallisation front moves so rapidly that there is 
not enough time to create perfect lattice (there is always a finite probability of vacancy 
creation given be exp(Ef/kBt), where Ef is the vacancy formation energy and T the temperature 
at the recrystallisation front, which is about the melting temperature). The formation of 
vacancy clusters in the middle can be understood as follows: since a few interstitials are 
formed at the outskirts of the cascades, vacancies are left in the heat spike. These are pushed 
towards the center by the recrystallisation front, and hence form a cluster there when 
recrystallisation is complete (this mechanism can be proven explicitly by MD simulations of a 
bilayer material with different melting points [Nordlund, 1999b]. 

The formation mechanisms of interstitial clusters are somewhat less well established, and 
it seems several mechanisms can be active. The reported mechanisms include having an 
asymmetric recrystallisation front that isolates a liquid pocket with an excess of atoms, 
leaving it behind as an interstitial cluster [Nordlund, 1998b]. It has also been shown that the 
interaction of two supersonic shock fronts from nearby centres of heat spikes can lead to the 
stronger front injecting atoms into the underdense core of the weaker one, thus leading to 
the formation of an interstitial-rich region [Calder, 2010b]. These two mechanisms are likely 
related to each other, i.e. the latter may explain why the liquid pocket that becomes isolated 
forms initially. Also dislocation loop punching [Brown, 1970; Trinkaus, 1984] has been 
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suggested to be possible in cascades [Diaz, 1991], but the same lead author later found that 
this observation was due to an insufficiently short simulation time [Diaz, 1996]. It seems that 
direct interstitial loop punching is not possible except near to surfaces [Nordlund, 1999a].  

The formation mechanisms of defects and defect clusters in cascades are thus reasonably 
well understood, and the total number of defects has been measured with resistivity 
recovery experiments and agrees well with MD simulation using modern interatomic 
potentials at least in Fe [Björkas, 2007a; Malerba, 2010a]. However, what fraction of defects 
is in clusters cannot be fully reliably predicted by MD or easily measured experimentally. Even 
the most modern MD potentials give significant variation in what fraction of damage is in 
clusters [Björkas, 2007a], and this fraction is also affected by uncertainties in how to treat the 
low-energy limit of electronic stopping power and the electron-phonon coupling [Björkas, 
2009a; Zarkadoula, 2013]. Traditional transmission electron microscopy experiments can 
readily observe large (> 2 nm in diameter) defect clusters [Suzudo; Lucasson, 2008]. Modern 
microscopes can also detect smaller clusters, but there is limited work currently on the topic. 
Moreover, a recent combined MD-Kinetic Monte Carlo (KMC) simulation work indicates the 
fraction of primary damage in large clusters may have a significant effect on the long-term 
damage evolution [Björkas, 2011]. Hence clearly more work is needed to establish what 
fraction of damage is in clusters, the structure of the clusters and their effect on the 
macroscopic damage evolution. Modern aberration-corrected TEM’s could give significant 
advances on the topic. 

Figure 2.1. Comparison of surviving defect fraction obtained from MD simulations with different 
potentials and groups based on the data available in 2005 [Malerba, 2005] 

 

It is important to emphasise that this microscopic damage distribution is a significant 
factor for the durability of metals in high-radiation environments. Caro and Caro showed in 
1999 that the damage efficiency ξ can give macroscopically significant results, such as shifts 
of the brittle-to-ductile transition temperature in reactor pressure vessel steels of tens of 
degrees C, which in turn could affect the lifetime of the reactor by (in their estimate) five 
years [Caro, 2000b]. While this estimate is specific to one analysis for one pressurised heavy 
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water nuclear reactor, and could have to be revised as better understanding of damage 
clustering and long-term evolution becomes available, it demonstrates well that the issue of 
athermal damage recombination is, in addition to being scientifically interesting, of major 
practical importance. 

2.1.3 Ion beam mixing 

Ion beam mixing broadly refers to the relocation of atoms in energetic displacement cascades 
and thus represents a basic component in describing the primary state of damage. For pure 
elements, of course, such mixing has little consequence for the evolution of the materials 
under prolonged irradiation, but most materials of interest for applications are composed of 
two- or more- phase alloys in metals, and compounds in semiconductors and insulators. A 
few examples that illustrate the critical importance of ion beam mixing to understanding 
radiation damage are dissolution of precipitates in two-phase alloys, resolution of fission gas 
in nuclear fuels, and chemical disordering and amorphisation of intermetallic or ionic 
compounds. One of the early recognitions of ion beam mixing in fact derives from 
measurements of disorder in Cu3Au during low temperature, fast-neutron irradiation [Ave0]. 
In order to explain the large changes in the electrical resistivity that occurred, Siegel 
estimated already in 1949 that many Cu and Au atoms must exchange locations for each 
Frenkel pair that was created [Siegel, 1949]. 

Figure 2.2. Recoil implantation of Cu into Al during 500 keV Xe bombardment 

 
 

Three mechanisms of ion beam mixing have now been identified, each operating in a 
different phase in the evolution of the cascade.  
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Recoil implantation: As energetic ions slowdown in solids targets they undergo a series of 
collisions with target atoms via a screened Coulomb interaction. Two consequences of the 
screened Coulomb interaction is: (i) the initial ion only slowly changes its incident direction, 
and (ii) it transfers large energies to only few atoms. This results in a few target atoms 
receiving high energies, with their motion close to the direction of the initial ion. For ion 
irradiations this results in the forward recoiling of atoms into the sample. For neutron or fast 
fission fragments, the directions are random, but nevertheless a few atoms recoil very large 
distances. Recoil implantation can thus play an important role, for example in the resolution 
of fission gas bubbles in reactor fuels or destabilising nano-ODS (oxide dispersion 
strengthened) steel alloys, materials presently under consideration for advanced reactors 
components. 

An example of recoil implantation is shown in Figure 2.2, where the number of Cu atoms 
recoiling more than 60 nm into Al is shown as a function dose for 500 keV Xe irradiation. 
Notice that the number of recoil atoms scales linearly with dose and is independent of 
temperature, as recoil atoms derive from primary recoils. Boltzmann transport theory [Ave1] 
provide reasonable accuracy for recoil implantation since the binary collision model is 
appropriate for high energy collisions. BCA simulation models like TRIM, however, are 
generally more accurate and easier to employ. Recent calculations for dissolution of He and 
Xe bubbles in UO2 using either TRIM-like codes or MD are found in [Ave2; Ave3]. 

Ballistic mixing: The momentum of displaced atoms in energetic displacement cascades 
resulting from higher order displacement events is nearly isotropic. Ballistic mixing, therefore, 
operates similarly to diffusion processes. The mixing is considered “ballistic” in the sense that 
alloy components flow down gradients in their concentrations during prolonged irradiation, 
and not gradients in their chemical potential. Various models have been developed to 
calculate ballistic mixing. The result derived by Sigmund and Gras-Marti using Boltzmann 
transport theory [Ave1] is widely used for the magnitude of mixing. They find for the mean 
square displacement of a target atom, normalised by the deposited damage energy density, 
is given by:  

2 2
0 21
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a c
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F N E

ζ λξ Γ
= =

F     (5) 

where Γ0 is a dimensionless constant (=0.608), ( ) ( )2
21 1 2 1 24 m m m mζ = + Ec is the 

minimum energy for atomic displacements and cλ is the mean range of a recoil distance of 

energy Ec. Typical values for BMξ  are ≈ 10 A5/eV or ≈ 50 A2/dpa. The assumption employed in 
eq.(y) is the validity of the binary collision approximation. Ballistic mixing thus corresponds to 
the NRT model of defect production, and similar to NRT, ballistic mixing scales reasonably 
well with damage energy, as indicated by the equation above. 

More quantitative calculations of ballistic mixing can be made using computer simulations, 
such as TRIM. A few examples are provided in Table 2.1. Notice that the mixing, which is 
normalised by dpa, is nearly independent of energy and target mass. For lighter targets, such 
as Si, low-order recoils (i.e. secondaries, tertiaries, etc.) appear to increase significantly the 
cascade mixing, but are more a part of recoil implantation. For this reason the mixing 
parameter is high for light elements. 
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Table 2.1. Values of ion mixing parameter, (in A2/dpa) for self-ion irradiation determined 
by a modified version of SRIM. The displacement energy was assumed to be 25 eV. 

Displacements from primary recoils were excluded 

 10 keV 100 keV 

Si 197 372 

Cu 8.7 13.5 

Au 15.5 21 

Thermal spike mixing: Koehler and Seitz [Ave4] and later Vineyard [Ave5] considered 
whether atomic jumps could take place during the thermal spike phase of the cascade. The 
number of jumps is simply calculated by the integral: 

( )
3 exp

,
Qd r A dt

kT r t
η

 −
=  

 
∫ ∫

    (6) 

where the jump rate per unit volume of material is [ ]expR A Q kT= − . Q is the activation 
barrier for atomic jumping. For a spherical geometry, assuming the initial cascade energy is 
deposited as a delta function, Vineyard finds, 

5/3
0

2/3 5/3

0.02226A
C Q

εη
κ

=
     (7) 

where ε = ε0δ(r) is the initial energy of the cascade, C is the specific heat, κ is the thermal 
conductivity and Q is the activation energy for diffusion. 

Different models include different assumptions about Q, however, MD simulations have 
shown that unless the local temperature exceeds the melting temperature, diffusion is 
negligible on the time scale of thermal spikes. As a consequence, thermal spike mixing 
becomes increasingly important as the atomic mass of the material increases and the melting 
temperature decreases.  

While dividing the cascade into different stages is conceptually attractive, accurate 
calculations require MD computer simulations. Figure 2.3 illustrates the time evolution of 
mixing in Si (Figure 2.3 left) and in several metals (Figure 2.3 right) for cascade energies up to 
10 keV. Clearly noticeable is that in Si the mixing is complete within a few tenths of 
picoseconds, but it continues up to a few picoseconds in heavier metals. For higher energy 
cascades the time required for complete mixing extends even longer. This shows that in Si, 
which has low atomic number and fairly high melting temperature, the mixing is mostly 
ballistic, but in metals, it is resulting mostly from the thermal spike. 
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Figure 2.3. Time development of the ion beam mixing in crystalline and amorphous Si as well as 
several metals. From reference [Nordlund, 1997c] 

  

 

Only few MD simulations have been performed at energies typical of recoil events from 
fast neutrons, E > 50 keV. The results from one such study on Ni, Pd, and Pt for energies up to 
200 keV is shown in Table 2.2 and Figure 2.4. The mean square displacement of atoms was 
well described by the expression, 

3/2
2

1/2 1/2

ER a
b E

=
+

    (8) 

where a and b are constants. At high energy, 2R  scales linear with energy. Values for a 

and b, as well as values of the mixing parameter are listed in Table 2.2. 

 

Table 2.2 Comparison of ion beam mixing of MD simulation with experiments  
[Nordlund, 1998c] 

 a b Q(MD) Ion/energy Q(exp) 

Ni 5.638 44400 5.1 ± 0.4 600 keV Kr 4.8 ± 0.5 

Pd 16.60 5412000 9.5 ± 0.8 400 keV Kr 9 ± 1 

Pt 4506 7.077x1010 14 ± 1 1 MeV Kr 14 ± 2 

Ion beam mixing has been measured on several metals at low temperatures in many 
systems using tracer impurities. A few results for high energy heavy ion irradiation taken from 
[Ave6] are listed in Table 2.3. More complete results can be found in [Ave7]. The results 
illustrated that mixing increases with decreasing melting temperature and increasing atomic 
number. It is noteworthy that the small mixing parameters for metals like Fe and Ni are 
comparable to values obtained for ballistic mixing, alone, indicating that thermal spikes in 
these metal have only small effect on mixing.  
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Table 2.3 Values for the ion beam mixing for several metals 

Element C Al Ti Fe Ni Cu Mo Ru Ag Hf Ta W Pt Au 

( )2 5 /DR F A eVφ  14 112 36 27 39 150 28 44 450 90 54 72 115 730 

2.1.4 Clustering, migration (long-time scale) 

If a material is irradiated under extremely low temperature condition such as less than 10 K, 
almost all defects created by radiation are immobile. In this case the long-term damage may 
be estimated only by the superposition of many primary radiation damage events (buildup of 
the athermal damage production). In most practical situations such as in materials applied in 
nuclear power plants, however, the exposure temperatures are sufficiently high for thermally 
activated motion of defects, leading to clustering, precipitating, and segregating at 
dislocations and grain boundaries. Such micro- and often nano structural evolutions may lead 
in the long run to significant change of thermo-mechanical properties of materials: typically 
hardening and embrittlement, as well as swelling, irradiation creep, and other degradation 
processes. 

Figure 2.4. Simulated R2 values (circles) fit of the function R2(E) to the simulated data, and mixing 
Q’(E) (dashed line) for Ni 

 

An excellent fit to the simulated data is obtained over about three orders of magnitude in both energy and mixing. 
From [Nordlund, 1998c]. 

These effects cannot be predicted solely by atomistic modelling methods like MD, 
because the current computer technology allows only the temporal development of MD of 
~10-10s, while the time scale of the thermo-mechanical properties’ change may become more 
than years. For this reason, in addition to atomistic modelling, it is necessary to resort to 
mesoscopic/macroscopic modelling methods. These include Kinetic Monte Carlo methods 
(KMC) and rate equation (RE) modelling [RE1, RE2]. Both of these require as input the rates of 
all processes that occur in the system, such as the defect or impurity migration jump rate or 
the rate at which new radiation events occur in a system by e.g. collisions with ions. Once 
these are known, KMC can be used to simulate the time evolution of a discrete set of atoms 
(atomic KMC, AKMC) or defect objects (object KMC, OKMC). KMC methods, although dating 
back to the 1960’s (and curiously having been invented independently by at least three 
different groups under different names working in different fields of natural sciences, have 
been under intense development in recent years. Promising developments include speedup 
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schemes like first-passage KMC (FPKMC) in which long sequences of jumps of an isolated 
defect are treated in a single summed-up step for efficiency [FPKMC]. 

Rate equations, on the other hand, form a set of differential equations of the time 
evolution of the spatial distribution function of defects and impurities. In the following, we 
discuss in greater detail these methods and in particular a recent use of mean-field modelling 
method using a set of rate equations, sometime called mean-field rate theory (MFRT). 

By using multiscale modelling method with the combination of MD and MFRT, a wide 
range of time scales can be investigated. However, the usefulness of this combination is 
limited, especially when the radiation causes cascade displacements. Vacancies and self-
interstitial atoms (SIAs) created by a cascade displacement event are still spatially correlated 
even when the thermal equilibrium is regained, but once the information on defects is 
transferred to MFRT we lose all the positional information of defects. Therefore in-cascade 
recombination events cannot be properly modelled by the combination of MD and MFRT; this 
is suggested by [Suzudo; Souidi, 2006] which compares two KMC simulations with different 
input data, that is, random point defect distributions and point defects directly given by MD. 
Note that the former case is equivalent to the mean field approximation. These two KMC 
time developments lead to significantly different results to each other and strongly suggest 
that thermal in-cascade reactions after the cascade displacement events largely influences 
the microstructural evolution. This is also confirmed simply by the comparison between KMC 
and MFRT [Suzudo; Ortiz, 2007]. A systematic investigation of the effect of differences in the 
nanostructural evolution depending on the cascade source term was done in [Malerba; Souidi, 
2005]. Thus it is essential to model further time-development of cascade displacements while 
keeping the positional information of defects. A suitable modelling methodology for this 
purpose is given by the KMC simulation that takes the last atomic configuration of cascade 
displacement simulation from MD and lets the system develop until the spatial correlation 
between defects disappears, so that the results can be used in the mean field modelling. This 
kind of KMC simulations are sometimes referred to as cascade annealing. A cascade 
annealing simulation can be thus used to provide the damage source term in MFRT, using MD 
results as input.  

There are a several previous studies on cascade annealing, some of which are a study of 
Cu [Suzudo; Heinisch, 1996] and others are of α-Fe [Suzudo; Doran, 1970] [Suzudo;  Soneda, 
1998] [Suzudo; Gao, 1999], although they do not necessarily target the MD-KMC-MFRT 
multiscale modelling approach. In the following, we introduce a typical method of cascade 
annealing based on a recent study of α-Fe by [Suzudo; Suzudo, 2012]. 

First of all, it is necessary to conduct an MD cascade displacement simulation (see for 
example [Suzudo; Phythian, 1995]) under the targeting temperature and recoil energy. As 
previously discussed, the electronic excitation is ignored in the simulation. The simulation 
ends when the thermal equilibrium is reached; a typical time length of the simulation is ~10ps. 
The atomic configuration given by the MD results is analysed for identification of the 
locations of created vacancy and SIA, and for finding defect clusters (Suzudo; Lucasson, 2008). 
A defect configuration determined through this data processing will become an initial 
condition of the cascade annealing simulation. 

A cascade annealing simulation is conducted as follows: putting the above results at the 
center of KMC simulation box whose size is much larger than that of the displaced region 
(Figure 2.6); running a KMC simulation under the targeting temperature condition; counting 
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all kinds of defects when they escape from the simulation box during the time development. 
The calculation ends when all the mobile defects have escaped from the box, i.e. the time 
when the spatial correlation between mobile defects disappear. The count of escaped and 
remained defects will become part of database for conducting MFRT calculation for 
microstructural evolution caused by radiation damage. 

Figure 2.7 shows a typical result of cascade annealing applied to α-Fe, that is, time 
development of surviving and escaped defects in logarithmic time scale. This result was 
obtained for the damage energy of 20 keV with an annealing temperature of 343 K, where 
the damage energy means part of primary knock-on atom’s energy that is not used for 
electronic excitation. The detailed shape of these curves depends on the migration 
parameters, but generally speaking events occur in the following order: 

1. single SIAs and their clusters start migrating; some of them escape from the box, 
others cause clustering and recombination; 

2. single vacancies and their clusters start migrating; some of them escape from the box, 
others cause clustering and recombination; 

3. all SIAs and SIA clusters escape from the box; 

4. all vacancies and mobile vacancy clusters escape from the box. 

Note that the order of phases 2 and 3 may be inverse depending on the annealing 
temperature [Suzudo; Suzudo, 2012]. 

Figure 2.5 shows the ratios of total escaped SIAs after the annealing to the NRT standard 
value over the wide range of recoil energy. For comparison, the ratios of surviving SIAs before 
the annealing to the NRT standard value are also shown. The figure indicates that the number 
of SIAs decrease by about 30% by long-time evolution of cascade displacement. A size 
distribution of SIA clusters before and after the cascade annealing is shown in Figure 2.8 and 
this can be used for defect generation terms in MFRT models. As seen in these graphs, the 
number of single SIAs significantly decreases during the annealing. The absence of cascade 
annealing simulations underestimates in-cascade recombination event and overestimates the 
number of surviving single SIAs. 

Figure 2.5. Ratios of total escaped SIAs after annealing to NRT standard value over the wide range 
of recoil energy 
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If one uses a simpler MD-MFRT multi-scale modelling instead of MD-KMC-MFRT, the 
overestimation of single SIAs propagates to the evaluation of, for example, the grain 
boundary segregation of solute atoms. This is because single SIAs in alloys strongly promote 
the mobility of solute atoms, which is a typical error expected by MD-MFRT multiscale 
modelling. It is known that the grain boundary segregation of some elements, for instance P, 
lead to a decrease in the grain boundary cohesion and consequently to an increase in the 
ductile-to-brittle transition temperature [Suzudo; English, 2001]. Consequently long-time 
migration and clustering of displacement cascade using the cascade annealing simulation is 
critical. As an alternative to the combination of KMC and MFRT, KMC models can be used to 
simulate a whole irradiation process, spontaneously including any kind of existing spatial 
correlations [Malerba; Jansson, 2013]. 

Figure 2.6. Schematic picture explaining cascade annealing simulation using the KMC method 

 
 

The accuracy of cascade annealing simulations is strongly dependent on the defect 
migration parameters, and such parameters cannot be uniquely determined at this time. For 
example, in the case of α-Fe the dimensionality of small SIA clusters motion is still unresolved. 
In addition, uncommon immobile SIA clusters are also formed [Suzudo; Terentyev, 2008], and 
we have little information on the relative fraction of mobile and immobile SIA clusters 
produced by cascade events. The evaluation of how these uncertainties influence cascade 
annealing is also an important task for the further development of radiation damage 
modelling. 
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Figure 2.7. Surviving defects (a) and escaped defects (b) during the annealing  
after a cascade event with the damage energy of 20 keV 

 

Each value is averaged over many cascade events simulated by MD [Suzudo; 
Stoller, 2000], see more detail at [Suzudo; Suzudo, 2012]. 

Finally, it should be mentioned that the kMC approach used to conduct cascade annealing 
can also have a significant impact on the predicted fraction of point defects that survive [Xu, 
2013]. 

 

Figure 2.8. SIA cluster size-distribution before and after annealing at T=343K 

 

2.1.5 High-fluence effects 

Most of the discussion above has been centered on the damage production mechanisms in 
individual cascades. When the radiation fluence/dose increases, the damage produced by 
cascades will start overlapping, and several nontrivial effects may result. In fact there is a 
major difference between metals and semiconductors in this respect. Elemental pure bulk 
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metals have never been made amorphous by any method, and irradiation is no exception. 
When a pure metal like Cu is irradiated to high fluences, the damage production efficiency 
decreases and the damage level eventually saturates. In Cu this saturation level has been 
experimentally found to be about 1% displaced atoms [Averback, 1977]. This, of course, 
means that on higher fluences a “dpa” value becomes completely disconnected from the 
actual number of defects, i.e. at a nominal dpa value of, say, 10 or 100, the defect 
concentration still remains at (roughly) 0.01.  

The origin of the saturation can be fairly well understood from MD simulations. 
Simulations of collision cascades made on simulation cells with pre-existing point defects 
showed that for concentrations of pre-existing defects exceeding about 1%, the defect 
concentration actually decreased [Nordlund, 1997b]. A similar study on cascades overlapping 
the damage created by previous cascades, and similarly found that the damage level may 
reduce [Gao, 1996]. Taken together, these observations explain the saturation of point defect 
damage. The fundamental physical phenomenon underlying this is the same as to why bulk 
amorphous elemental metals cannot be made: the high packing fraction of the material 
[Ashcroft-Mermin, 1976] leads to a very strong tendency of the metal to recrystallize, such 
that even the heat spike recrystallisation front is not fast enough to retain the material in an 
amorphous state. 

However, the saturation of the point defect level does not necessarily mean that other 
kinds of material damage may not grow indiscriminately: for instance, the vacancies may 
agglomerate to voids, which can lead to swelling of the material (even though the material 
between the voids may remain in an almost perfect crystalline state) [Garner, 2005; Chung, 
2006]. In some cases this swelling may be in principle limitless, such as in the case of plasma-
irradiated tungsten where the swelling leads to the growth of a porous “fuzz” layer with a 
square root dependence on fluence. 

2.1.6 Metal alloys 

The scope of radiation effects phenomena in multicomponent alloys (i.e. containing more 
than one element) introduces several new displacement damage aspects compared to pure 
elements. The main additional features that are of potential importance in alloys include: 

• More complex defect production, particularly for near-threshold displacements; 

• Chemical mixing (including order-disorder transitions); 

• Solid state crystalline-amorphous phase transitions (e.g. intermetallics, bulk metallic 
glasses); 

• Radiation-modified solute segregation and precipitation; 

• Precipitate dissolution or coarsening for multi-phase systems. 

The presence of multiple elements (each of which may have a different displacement 
energy) creates the possibility of several new defect production scenarios compared to pure 
elements. These effects are particularly pronounced for low primary knock-on atom (PKA) 
energy events, which would lead to preferential displacement of the lower mass (or lower Ed) 
element. In addition, enhanced near-threshold displacement of heavy atoms by a two-step 
process (initial displacement of a low-mass element, followed by displacement of a high-mass 
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element by the light ion) can strongly affect measurements of displacement energies in multi-
component materials [Zinkle, 1997].  

Experimental studies of radiation-induced ordering or disordering in alloys date back to 
some of the earliest studies of bulk radiation effects in materials [Siegel, 1949; Rosenblatt, 
1955]. Chemical mixing that ranges from 1 to ~100 times larger than the calculated defect 
production value has been observed in irradiated alloys [Kirk, 1978; Paine, 1985; Zinkle, 1993; 
Averback, 1998]. Depending on the irradiation temperature, PKA spectrum, and initial 
amount of short- and long-range order, irradiation can lead to either enhanced ordering 
[Averback, 1998; Ravelosona, 2000] (via radiation enhanced diffusion [Dienes, 1958; 
Sizmann1978] processes) or increased disorder (due to Frenkel pair production, replacement 
collision events, and ballistic mixing in energetic displacement cascades) [Averback, 1998].  

Whereas solid state crystalline to amorphous phase transitions generally do not occur in 
pure metals, amorphisation is frequently observed during irradiation of ordered intermetallic 
alloys [Thomas, 1982; Nastasi, 1991; Motta, 1997; Lam, 1997; Nagase, 2012], in part due to 
higher point defect migration enthalpies and crystalline free energies that are closer to the 
amorphous free energies. The role of radiation-induced disorder has been identified as a key 
factor in several evaluations [Nastasi, 1991; Motta, 1997; Lam, 1997]. Irradiation-induced 
amorphisation is most easily induced in alloys with limited phase stability such as 
intermetallic compounds, irradiated at low temperatures at high damage rates using 
irradiation sources that have high average PKA energies [Koike, 1989; Motta, 1997]. 
Amorphisation can also be induced in metallic multilayers irradiated under energetic cascade 
damage conditions [Liu, 2000]. Irradiation of amorphous metallic materials at elevated 
temperatures can stimulate the inverse solid-state reaction, i.e. radiation-induced 
crystallisation, due to radiation-enhanced diffusion [Nagase, 2012].  

The preferential coupling of solute atoms and radiation defects can cause a variety  
of radiation-modified solute segregation processes [Johnson,  1976; Okamoto, 1979; 
Marwick, 1981; Russell, 1984; Nastar, 2012], which in turn can lead to dramatic differences in 
solute profiles near grain boundaries and other microstructural features compared to 
thermal equilibrium solute profiles [Lee, 1981; Maziasz, 1989; Wakai, 1995; Faulkner, 1996]. 
For example, chromium depletion occurs at grain boundaries in irradiated austenitic steels, 
and is an important contributor to the degraded stress corrosion cracking behaviour of these 
steels in nuclear reactors [Kenik, 2012]. In general, the radiation-modified solute segregation 
behaviour during irradiation can lead to radiation-enhanced, -modified, or -induced 
precipitation in alloys [Lee, 1981]. Radiation-enhanced precipitation is chemically and 
structurally similar to that observed after thermal aging processes, but the formation and 
growth kinetics are accelerated due to radiation-enhanced diffusion. Radiation-modified 
precipitates may contain different chemical compositions due to radiation-induced 
segregation of certain solute elements. Radiation-induced precipitates form only under 
irradiation conditions due to pronounced radiation-induced segregation behaviour, and are 
thermally unstable (dissolve) if subsequently annealed at the irradiation temperature.  

A related phase stability phenomenon in alloys containing one or more dispersed phases 
is precipitate dissolution and coarsening [Hudson, 1975; Russell, 1984]. Under energetic 
displacement cascade conditions, ballistic dissolution of nanoscale precipitates can occur. 
Depending on the thermodynamic driving force for precipitate re-nucleation and the 
temperature (kinetics), possible outcomes include complete particle dissolution, particle 

PRIMARY RADIATION DAMAGE IN MATERIALS, © OECD 2015 31 



NEA/NSC/DOC(2015)9 

growth (via Ostwald ripening or other mechanisms), or quasi-equilibrium stability in particle 
size. Knowledge of the competing dissolution and growth mechanisms can be used to 
synthesis nanoscale precipitate arrays with controlled size and density for electronic 
applications [Rizza, 2007; Rizza, 2007b], and is also important for developing next-generation 
radiation-resistant materials for nuclear reactor structural applications [Certain, 2013].  

2.2 Athermal recombination-corrected dpa (arc-dpa) 

2.2.1 Review of defect production efficiency 

Building upon the defect production models originally proposed by Kinchin and Pease [Kinchin, 
1955] and later modified by Norgett, Robinson and Torrens [NRT], numerous experimental and 
modelling studies have been performed to obtain improved understanding of defect 
production in irradiated materials. Some of these results are summarised in a series of review 
articles that provide a perspective on the evolution of knowledge of defect production 
processes in pure metals and more complex materials [Wollenberger, 1970; Lucasson, 1975; 
Merkle, 1976; Vajda 1977; Zinkle, 1993; Averback, 1994; Schilling, 1994; Rubia, 1995; Zinkle, 
1997; Averback, 1998; Stoller, 2012].  

One important aspect has been the synergistic use of MD simulations and experimental 
monoenergetic particle irradiation studies to investigate the crystallographic and 
temperature dependence of threshold displacement energies in materials. For example, 
although experimental measurements of displacement energies have been reported since 
the early 1950s, the first investigations of the crystallographic dependence of displacement 
energies utilised MD modelling [Gibson, 1960; Erginsoy, 1964], and these results stimulated a 
large number of subsequent experimental and modelling studies. Most experimental studies 
have used electrical resistivity to monitor defect production, where the atomic concentration 
can be directly obtained if the specific resistivity per Frenkel pair is known; compilations of 
recommended values are available [Jung, 1991; Broeders, 2004]. Several other experimental 
methods have also been utilised, including direct observation of defect cluster formation 
during electron irradiation in a transmission electron microscope. Table 2.4 summarises some 
of the experimental results for the threshold and recommended volume-averaged 
displacement energies for 29 different pure elements that are important for physics and 
nuclear science studies. Experimental data on threshold displacement energies for another 
19 elements have been compiled by Jung [Jung, 1991].  
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Table 2.4. Values of threshold and average displacement energies 

Element Crystal structure Threshold Ed (eV) Average Ed (eV) 

Al FCC 16 [Jung, 1981] 27 [Lucasson, 1975] 
25 [ASTME521] 

Cu FCC 

19 <110> [Vajda, 1977] 
19 <100> [Vajda, 1977] 
45 <111> [Vajda, 1977] 

19 [Jung, 1981] 

29 [Lucasson, 1975] 
30 [ASTME521] 

Ni FCC 

22 <110> [Vajda, 1977] 
35 <100> [Vajda, 1977] 
60 <111> [Vajda, 1977] 

23 [Jung, 1981] 

33 [Lucasson, 1975] 
40 [ASTME521] 

Ag FCC 23 <110> [Vajda, 1977] 
24 [Jung, 1981] 39 [Lucasson, 1975] 

Au FCC 

36 <110> [Vajda, 1977] 
36 <100> [Vajda, 1977] 
36 <111> [Vajda, 1977] 

34 [Jung, 1981] 

43 [Lucasson, 1975] 
40 [Vajda, 1977] 

Pb FCC 12.5-15 [Jung, 1991] 19 [Lucasson, 1975] 
25 [ASTME521] 

Co FCC 23 <110> [Vajda, 1977] 
30 <100> [Vajda, 1977]  

Pt FCC 
39 <110> [Vajda, 1977] 
37 <100> [Vajda, 1977] 

34 [Jung, 1981] 
44 [Lucasson, 1975] 

Pd FCC 34 [Jung, 1981] 41 [Lucasson, 1975] 

Th FCC 35 [Jung, 1991] 44 [Lucasson, 1975] 

Ge Diamond cubic 14 [Corbett, 1966] 
18 [Loferski, 1958] 
20 [Poulin, 1980] 

30 [Vitovskii, 1977] 

Si Diamond cubic 

13 [Corbett, 1966] 
13 <111> [Loferski, 1958] 

 
 

 

C (diamond) Diamond cubic 
32 <110> [Steeds, 2011] 
27 <100> [Steeds, 2011] 
34 <111> [Steeds, 2011] 

40 [Zinkle, 1997] 

C (graphite) HCP 25 [Corbett, 1966] 30 [Zinkle, 1997] 

V BCC 

39 <110> [Vaj, 77] 
30 <100> [Vaj, 77] 
35 <111> [Vaj, 77] 

25 [Jung, 1981] 

40 [ASTME521] 
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Table 2.4. Values of threshold and average displacement energies (continued) 

Element Crystal structure Threshold Ed (eV) Average Ed (eV) 

Cr BCC 

34 <110> [Vajda, 1977] 
21 <100> [Vajda, 1977] 
24 <111> [Vajda, 1977] 

28 [Vajda, 1977] 

40 [ASTME521] 

Mn BCC  40 [ASTME521] 

α-Fe BCC 

30 <110> [Vajda, 1977] 
20 <100> [Vajda, 1977] 
25 <111> [Vajda, 1977] 

17 [Jung, 1981] 

44 MD - [Lucasson,1975] 
40 [ASTME521] 

40 (Average of MD sims with 10 
potentials in [Nordlund, 2005c] 

Nb BCC 28 [Jung, 1981] 78 [Lucasson,1975] 
60 [ASTME521] 

Mo BCC 
35 <100> [Vajda, 1977] 
45 <111> [Vajda, 1977] 

34 [Jung, 1981] 

65 [Lucasson,1975] 
60 [ASTME521] 

Ta BCC 
33 <100> [Vajda, 1977] 

>55 <111> [Vajda, 1977] 
32 [Jung, 1981] 

85 [Lucasson,1975] 
90 [ASTME521] 

W BCC 
>58 <110> [Maury, 1978] 
42 <100> [Maury, 1978] 
44 <111> [Maury, 1978] 

100 [Lucasson,1975] 
90 [ASTME521] 

Ti HCP 23 <0001> [Karim, 1978] 30 [Lucasson,1975] 
30 [ASTME521] 

Mg HCP 10 [Jung, 1991] 20 [Lucasson,1975] 

Co HCP 
25 <1120> [Vajda, 1977] 
30 <1010> [Vajda, 1977] 
36 <0001> [Vajda, 1977] 

36 [Lucasson,1975] 
40 [ASTME521] 

Zn HCP 14 <1120> [Vajda, 1977] 
19 <0001> [Vajda, 1977] 29 [Lucasson,1975] 

Zr HCP 21 [Jung, 1991] 40 [Lucasson,1975] 
40 [ASTME521] 

Cd HCP 
21 <1120> [Vajda, 1977] 
40 <0001> [Vajda, 1977] 

19 [Jung, 1991] 
30 [Lucasson,1975] 

Re HCP 44 [Jung, 1991] 60 [Lucasson,1975] 

Note that some values are not experimental; for instance the value of 44 eV for Fe cited in [Lucasson, 1975] comes 
from MD simulations done with pair potentials in 1963 by Erginsoy et al. [Erginsoy, 1964]. 

The effect of temperature on the displacement energy has been experimentally studied 
for a few materials, in particular Cu. Even though the energy associated with room 
temperature thermal vibrations of lattice atoms is only ~0.025 eV, thermal effects can affect 
the displacement energy due to atomic momentum effects [Sosin, 1969; Jung, 1981a] as well 
as reducing correlated recombination of close Frenkel pairs [Roth, 1975; Drosd, 1978; 
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Lennartz, 1977; Urban, 1981] and lattice softening effects [Jung, 1981a]. Early molecular 
dynamics calculations on alpha-Fe [Agranovitch, 1971] found that the crystallographic 
anisotropy became less pronounced at high temperatures. Experimental studies on Cu, Ag, 
Au and Mo have found that the magnitude of the displacement energy may be reduced by up 
to a factor of two at elevated temperatures near 0.5 TM compared to low-temperature results 
[Drosd, 1978; Jung, 1981a; Urban, 1981; Hohenstein, 1989; Sigle, 1994; Zag, 1983]. This big 
drop may in part be due to athermal effects such as the atomic momentum and lattice 
softening effects, in part thermally activated recombination of close Frenkel pairs. 

There are several lingering shortcomings in the NRT displacement model. As noted in 
several previous reviews [Lucasson, 1975; Merkle, 1976; Vajda, 1977; Lucasson, 1978; 
Merkle, 1983], defect production behaviour near threshold energies for displacement 
damage is significantly more complex than the step function plus linear behaviour assumed in 
the NRT model. This is due in part to the simplifying assumption of a constant scalar 
displacement energy (usually taken to be the crystallographic-averaged value), whereas the 
actual threshold displacement energy varies strongly with crystallographic direction. For 
example, as noted in [Lucasson, 1975], the ratio of the average displacement energy to the 
lowest threshold displacement energy (cf. columns 3 and 4 in Table2.4) is typically ~1.5 for 
FCC metals and ~2 for BCC metals.  

A second issue with the NRT displacement model is that the retained defect 
concentration is generally not equal to the calculated dpa value. The discrepancy is 
particularly pronounced for PKA energies that are greater than a few times the threshold 
displacement energy (even at low temperatures where random walk defect migration and 
recovery does not occur), and the discrepancy becomes increasingly larger with increasing 
PKA energy. This discrepancy in retained defects compared to the NRT calculated value is 
largely due to two simplifications in the NRT model: isotropic displacement energy (briefly 
mentioned in the previous paragraph) and neglect of ballistic in-cascade recombination 
effects. At low energies, the fact that the threshold displacement energies exhibit local 
minima near low-index crystal directions, see Figure 2.13, has the consequence that a single 
defect displacement can be achieved at the (orientation-specific) threshold displacement 
energy along a low index direction, whereas production of two defects can require up to ~6 
Ed [Lucasson, 1978]. As a direct consequence, the defect production efficiency for PKA events 
near the displacement threshold energy will be >1 if the PKA collision is along a low-index 
direction such as <111> in FCC metals and the crystallographic-averaged Ed is used in the NRT 
displacement equation, and it could be <1 if the PKA collision is along a high-index direction 
and/or if the minimum threshold displacement energy is used in the NRT displacement 
equation. For PKA energies up to ~4-6 Ed, focused replacement collisions along low index 
directions can efficiently dissipate the initial PKA energy while creating only one defect, 
whereas high-index collisions can require significantly higher energy than the low-index 
threshold displacement energy to create a Frenkel pair. As a consequence, the calculated and 
measured values of retained defects for PKA energies near 100-400 eV are about a factor of 
1.5 to two smaller than the NRT prediction [Lucasson, 1975; Lucasson, 1978; Stoller, 2012] – 
e.g. based on [Lucasson, 1975] analysis of thermal neutron and electron irradiation data 
published by [Coltman, 1967] and [Wurm, 1970]. For higher PKA energies, an additional 
important factor is enhanced defect recombination within the energetic displacement 
cascade due to the high kinetic energy imparted to multiple atoms [Merkle, 1977; Averback, 
1978]. Since the kinetic energy transferred to the host atoms in an energetic displacement 
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cascade can be many times higher than the defect migration enthalpies, pronounced defect 
recombination can occur during the cascade quench phase, resulting in defect production 
efficiencies that are 20-40% of the calculated NRT values.  

Figure 2.9. Anisotropy of the threshold displacement energy in FCC crystals 

 
Note how the threshold energy has minima near the low-index crystal directions. From [Lucasson, 1978]. 

For the most precise quantitative measurements of defect production efficiencies, near-
monoenergetic PKA energies with well-defined crystal orientations (particularly for near-
threshold displacements) are preferred; however, most experimental studies have used 
polycrystalline specimens and thereby measure the crystallographic-averaged defect 
production. The residual defect concentration in irradiated metals is often monitored using 
electrical resistivity measurements. This technique produces accurate measurements of 
defect concentrations if defect clustering does not occur. The electrical resistivity per unit 
concentration of defects can change significantly if pronounced clustering occurs, although it 
is fortuitous that the resistivity per defect for nanometer-sized SFTs and dislocation loops in 
metals such as Cu is comparable to the isolated Frenkel pair value [Thompson, 1973; Zinkle, 
1988].  

The results of a systematic investigation of the effect of average recoil energy on the 
surviving defect fraction for ion irradiated copper [Averback, 1978] is plotted in Figure 1.4. 
The interpretation of the ion irradiation results is somewhat complicated due to the relatively 
wide range of PKA energies associated with the long-range Coulombic interactions between 
the incident ions and target atoms. Nevertheless, a clear trend of decreasing defect 
production efficiency (relative to the NRT equation) is observed with increasing PKA energy 
up to at least 10 keV. Some evidence for saturation of the defect production efficiency in 
irradiated copper is evident for PKA energies >10 keV.  

Numerous experimental investigations have examined the effect of PKA energy on defect 
production efficiency for more than a dozen pure metals, primarily using electrical resistivity 
techniques during irradiation near 4 K with electrons [Lucasson, 1962; Iseler, 1966; Wurm, 
1969; Jung, 1973; Jung, 1975; Maury, 1975; Maury, 1976; Vajda, 1977], thermal neutrons 
[Coltman, 1967; Klabunde, 1974; Coltman, 1975; Horak, 1975; Coltman, 1978], ions [Averback, 
1978; Averback, 1983], fission neutrons [Horak, 1975; Kirk, 1979; Coltman, 1981; Klabunde, 
1982; Wallner, 1988], fission fragments [Birtcher, 1978], 14 MeV neutrons [Guinan, 1982, 
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Guinan1985], and D-Be stripping neutrons [Roberto, 1977]. Many of the neutron irradiation 
data have been reviewed by Broeders and Konobeyev [Broeders, 2004].  

Figure 2.10 summarises experimental measurements of defect production efficiency for 
iron, nickel and copper irradiated with near-monotonic-energy PKA sources (electrons, 
thermal neutrons, fission neutrons, D-T fusion neutrons, and d-Be neutrons). For this 
evaluation, the original data were reanalysed using the Frenkel pair resistivity values 
recommended by Jung [Jung, 1991]. The electron displacement damage values were 
calculated using the tables by Oen [Oen, 1973] and converted to the NRT damage function 
using the ASTM recommended average displacement energies listed in Table 2.4 
[ASTM E521]. The measured defect production efficiencies are plotted as a function of 
damage energy, where the ionisation losses have been subtracted from the PKA energy. The 
general dependence of the defect production efficiency on damage energy is similar for all 
three of these materials. There are three key features evident from this plot:  
1) damage efficiencies >1 occur at very low damage energies; this is a consequence of well-
known shortcomings of the NRT damage equation near threshold displacement energies 
[Lucasson, 1978; Merkle, 1983; King, 1983] and is also due to the use of the average Ed rather 
than the threshold Ed value in the NRT damage calculation. This results in an artificially 
suppressed calculated displacement value for damage energies near the threshold. 2) The 
defect production efficiency decreases rapidly with increasing damage energy at 
intermediate energies of ~100 eV to ~5 keV. 3) The defect production efficiency approaches 
an apparent saturation value of ~0.3 for all three metals for damage energies above ~5 keV. 
Prior work has related the lower bound energy for saturation of the defect production 
efficiency with the onset of defect subcascade formation [Merkle, 1976; Lucasson, 1978; 
Muroga, 1985]. Qualitatively similar results are observed for several other elements, 
including Al, Ag, Pt and Mo.  

 

Figure 2.10. Experimental (electrical resistivity) measurements of the effect of damage energy on 
defect production efficiency for near-monotonic PKA irradiations in Cu, Ni, and Fe 
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2.2.2 Derivation and motivation for new functional form 

As discussed in detail in the previous section, it is well established that the number of stable 
point defects produced in elemental metals is much smaller than the value predicted by the 
NRT equation that forms the basis for standard dpa calculations. To summarise, the 
experimental and simulation studies discussed above have shown that in most metals studied, 
the damage level for low-energy recoils is fairly close to the NRT value, but with increasing 
nuclear damage energy, the relative damage efficiency decreases from ξ ≈ 1 near the 
threshold to a value that saturates around roughly 0.2-0.4. 

 
Note that in this discussion, E signifies specifically the nuclear deposited (damage) energy 

by a single recoil FD,n. Part of the total recoil energy Erec also goes into electronic deposited 
energy FD,e and for very high recoil energies (MeV or more) some may also go into nuclear 
reactions FD,nr such that Erec = FD,n + FD,e + FD,nr . 

At intermediate energies, several groups have found that the data increases following a 
power law Ex where the exponent gets a value of about 0.8, see Figure 2.11. On the other 
hand, it is clear from binary collision approximation simulations and high-energy MD 
simulations [Nordlund, 1998c; Zinkle; Stoller, 2012] that at very high energies (of the order of 
10-100 keV depending on material) the cascades tend to split into separated subcascades 
(although very recent MD simulations in Fe indicate the split may not be complete 
[Zarkadoula, 2013]). Hence the scaling with energy must eventually turn to be linear with 
damage energy. 

Figure 2.11. Number of Frenkel pairs produced in self-recoil induced collision cascades in Fe 

 

Also shown is fits of a power law E0.8 to the data up to 20 keV and a linear power law E1 for the high-energy data.  
The data sets and their notations are from [Björkas, 2007a; Malerba, 2010]. 

As part of this work, we developed a new damage function formalism.  
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To be able to describe the two regimes of energy dependence described above, the 
function NFP(E) to be fit has to fulfil at least the limit NFP(E) → aE1 when E → ∞ but cannot be 
just linear at intermediate energies based on the previous results of E 0.8 at low E. A simple 
function that fulfils these requirements is:  

 
where a, b and c are parameters to be fitted. The corresponding damage efficiency 

function becomes:  

 
From this form one sees that the constant c corresponds to the saturation level at high E, 

and hence c ≈ 0.3.  

Although this form could be used as it is (and was found to provide quite good fits to the 
data in Fe), it has the disadvantage that the fit can easily give values for ξ > 1, which leads to a 
discontinuity when combined with the NRT equation. Hence we impose the further constraint 
that exactly at the beginning of the linear term, 2Ed/0.8, the function ξ should be exactly 1. 
This can be easily achieved by solving:  

 
 

for one of the adjustable parameters. We recognise that this is a simplification, as it is known 
that ξ can sometimes be larger than 1 [Zinkle, 1993], and moreover the step function is also 
well known to be a simplification [Nordlund, 2005c]. However, doing this has the major 
advantage that it allows to reduce the number of fitting parameters by one. Solving for the a 
parameter, we obtain: 

 
 

One could of course replace the numerical values 2/0.8 with 2.5, but for consistency with 
previous literature, we maintain the factor 2/0.8 explicitly. 

The functional form for mixing also has the advantage that the b fitting parameter has a 
physical interpretation: it gives the point where the transition from a power law behaviour Ec 

starts to transform into a linear behaviour corresponding to cascades being split into 
subcascades. The c parameter can be also given a qualitative physical interpretation. It is 
partly related to how efficiently interstitials are transported to the outer periphery of the 
displacement cascade: if they are efficiently transported, recombination is less likely resulting 
in a higher c value. On the other hand, it is also related to cascade density and melting point 
of the material: if the density is low, and melting point is high, the heat spike is small or 
absent, which reduced the recombination probability. As a case in point, in Si the damage 
production follows well the NRT prediction even at high energies, because the open crystal 
structure and relatively low atomic density leads to efficient ballistic transport of interstitials 
far from the cascade center, and the low density and high melting points leads to an absence 
of heat spikes [Nordlund, 1998b] (cf. Section 3). 
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Figure 2.12 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. 

Figure 2.12. Fit of the new damage function ξ (E) to data in Fe for the arc-dpa  

 

The data sets and their notation are from [Björkas, 2007a; Malerba, 2010]. The data set “[This work]” is new data 
simulated for the current work using the Fe part of the 2BM-EMTO potential from [Wal04], which is the AMS potential. 
The data marked [Stoller] is a collection of MD cascade data by one of the co-authors, Roger Stoller. 

 

Our proposal is thus that in dense metals, where it is well established that athermal 
recombination of damage within energetic displacement cascades reduces the residual 
damage levels from the NRT equation prediction, calculations and computer codes that 
currently use the NRT equation to calculate displacement damage exposure values (old NRT-
dpa):  

 
 

should provide as an alternative to calculate the athermal recombination corrected 
displacement damage (arc-dpa) 
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Figure 2.13. Illustration of the original NRT damage function for dpa calculations and the new 
function that accounts for athermal recombination (arc-dpa) 

a) 

 

b) 

 

The functions are shown both on a linear and a log-log plot. The parameters used are for Fe with Ed = 40 eV 
(following the ASTM standard), b = -0.568 and c = 0.286. Note from the log-log plot that due to the chosen functional 
form, at high energies the arc-dpa becomes linear with the energy. 

with the efficiency function ξ(E) given by: 
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where E is the damage energy. Here the subscript “arcdpa” was added for the constants 
to avoid possible confusion with other quantities using the same letter and the “rpa” 
constants introduced later. However, any use should keep in mind that either form is still only 
a damage exposure parameter that allows comparing different irradiations in a physically 
motivated way, but cannot predict the exact nature of the microscopic damage which 
involves many complicated issues such as damage cluster size, thermal mobility and 
recombination, nonlinear damage buildup at high doses, etc.  

Instead of the previous single material-specific parameter (the threshold displacement 
energy Ed ), the arc-dpa displacement parameter is based on 3 tabulated parameters: Ed, 

barcdpa and carcdpa. The parameter barcdpa gives a measure of how fast with increasing energy the 
residual displacement damage reduces by athermal recombination towards the saturation 
value for PKA energies above the onset for subcascade formation. The saturation value is 
given by the parameter carcdpa. Both barcdpa and carcdpa are unitless. 

The old NRT-dpa and new arc-dpa function are illustrated in Figure 2.13. 

Usage of the new form implies that the materials-specific parameters to be used increase 
in number from 1 to 3. This is illustrated with current best-fit values for the MD data shown in 
Figure 2.12 in Table 2.5. 
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Table 2.5. Materials parameters for Fe for the NRT-dpa and arc-dpa equations  

Material Model Ed (eV) barcdpa carcdpa Source of data 

Fe NRT-dpa 40 - - ASTM standard 

Fe arc-dpa 40 -0.568±0.020 0.286±0.005 Ed: ASTM standard 
b, c: fit to composite MD data 

The fitted parameters and their uncertainties are obtained from a Levenberg-Marquardt least squares fit to the data 
[Bevington, 1992; Numerical Recipes]. 

The parameter values Ed, b and c can be obtained from experimental studies or MD 
simulations. Comprehensive experimental data obtained systematically as a function of 
energy is available only for a few elements such as Al, Cu, and Mo, whereas partial 
experimental information under electron [Wollenberger, 1970; Vajda, 1977], thermal neutron 
[Coltman, 1967], fast fission neutron [Coltman, 1981; Klabunde, 1982; Wallner, 1988] and 14 
MeV fusion neutron [Guinan, 1982; Guinan, 1985] conditions is available for about a dozen 
elements. Naturally the fits can be redone when improved MD or experimental data becomes 
available. 

2.2.3 Obtaining additional data by molecular dynamics 

Additional data for fitting the two new constants can be obtained by MD simulations using 
well established techniques, which we briefly summarise here. In molecular dynamics 
simulations the Newton equations of motion are solved iteratively over a finite-sized time 
step to obtain the dynamical motion of atoms. The basic approach for equilibrium molecular 
dynamics is very well established [Allen-Tildesley, 1989], and we concentrate here on the 
specific aspects needed to simulate radiation effects. 

Bulk collision cascades can be simulated using the standard molecular dynamics 
technique of periodic boundary conditions [Allen-Tildesley, 1989], i.e. making atoms at one 
side of a simulation cell “see” and interact with atoms on the opposite side as if the 
simulation cell boundary does not exist. In this way a finite system can be simulated without 
any free surfaces. Atom coordinates for the simulation cell can be constructed to correspond 
to any known crystal, polycrystalline or amorphous sample structure. After generating the 
coordinates, it is important to simulate the cell for some time (at least a few picoseconds) at 
the desired temperature to get a realistic Maxwell-Boltzmann distribution of the atom 
velocities and corresponding displacements of atoms from the equilibrium positions. In the 
same initial simulation, the pressure should be relaxed by using pressure control techniques 
[Allen-Tildesley, 1989; Berendsen, 1984] to make sure the cell is at zero (or some other 
desired) pressure. 

After the cell is properly equilibrated, a recoil can be initiated by giving a randomly 
chosen atom a velocity corresponding to the desired kinetic energy in a random direction. 
After the recoil is initiated, the volume where the collision cascade develops should be 
simulated in the NVE thermodynamic ensemble, i.e. not using any pressure or temperature 
control. On the other hand, since the recoil introduces extra kinetic energy (heating) to the 
system, and a pressure/heat wave, the extra temperature introduced should be removed and 
the wave damped. This can be achieved by using some temperature control or velocity 
scaling scheme at the simulation cell boundaries (see [Samela, 2005] and references therein). 
Frequently used schemes include random Langevin forces [Postawa, 2003] or locally applied 
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Berendsen temperature control [Berendsen, 1984]. Naturally one should ensure that any 
atom with high kinetic energies does not enter the temperature damping region. The 
evolution of the system should be followed until all parts of the collision cascade have cooled 
down to the ambient temperature, which typically takes 5-50 ps depending on the mass of 
the atoms in the system.  

Since a collision cascade involves high kinetic energies, the interatomic potential used 
should also have a realistic high-energy part. The most common approach to achieve this is to 
spline (smoothly join) the equilibrium interatomic potential to the Ziegler-Biersack-Littmark 
universal repulsive potential [ZBL] or a pair-specific repulsive potential calculated with 
quantum mechanical methods [Nordlund, 1997a]. Because the atom velocities are very high, 
also the time step should be much shorter than the equilibrium one. A time step that is 
inversely proportional to the maximum velocity and to the product of maximum velocity and 
maximum forces (choosing the smaller value of the two) has been found to give accurate 
solution of the equations of motion up to MeV energies [Nordlund, 1995; Nordlund, 2007b].  

Energetic ions, at least when their kinetic energies are higher than ~ 100 eV, always lose 
energy also via electronic stopping (ionisation) [LSS; ZBL]. The fraction of energy lost via this 
mechanism is almost always about 20%, and protons lose most of their energy via electronic 
mechanisms in almost all materials [SRIMbook]. Decades of BCA simulations [Robinson, 1967; 
NRT; Robinson, 1992; Hou, 1994; Gãrtner, 1995], and more recently MD ion range 
calculations [Nordlund, 1995; Hobler, 2000; Posselt, 2000b], have established that the 
electronic energy loss can well be treated as a frictional force with the magnitude of the 
electronic stopping slowing down the motion of energetic ions. This approach has been 
implemented by many groups using MD simulations [Caro, 1989; Pronnecke, 1991; Caro, 
1994; Torri, 1994; Nordlund, 1998b; Cai, 1998; Ji, 2004; Duvenbeck, 2007b; Rutherford, 2007; 
Sandoval, 2009; Page, 2009; Nakagawa, 2010], while especially groups simulating cascades in 
Fe have usually not included the electronic stopping [Phythian, 1995; Malerba, 2007]. In the 
latter case, the MD recoil energy is interpreted to correspond to the original primary-knock-
on atom energy after the electronic energy loss has been subtracted out from it. 

We note that although the treatment of the electronic stopping at keV energies is quite 
accurate (this can be demonstrated by comparison of ion depth distributions with 
experiments [Beadmore, 1998; Sillanpää, 2000; Peltola, 2003a]), there is some uncertainty of 
how the low-energy limit of the stopping power should be treated [Page, 2009; 
Björkas, 2009a; Draxler, 2005; Pruneda, 2007; Zeb, 2012]. The simplistic approach of using a 
conventional electronic stopping, which is linearly proportional to ion velocity, at all atom 
velocities is clearly not reasonable as this would quench out all energy from the system very 
rapidly.  

A partly related issue is how the so called electron-phonon coupling (EPC) should be 
treated in collision cascades. Generally the electron-phonon coupling means transfer of 
energy from an initially hot electronic subsystem (heated e.g. by a laser) to lattice atoms 
[Ivanov, 2003], but in collision cascades the initially hot atomic subsystem will heat the 
electronic one [Flynn, 1988; Koponen, 1993; Hou, 2000]. Since the hot atoms are in a 
disordered state, the two directions of energy transfer are not symmetric. How to treat the 
EPC precisely remains unclear [Page, 2009; Björkas, 2009a], but the experimental 
measurement of a heat spike lifetime of 6 ps [Stuchbery, 1999] and the observation that 
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experimental ion beam mixing coefficients can be well reproduced without any EPC 
[Nordlund, 1998c] indicate it is not overly significant for cascade cooling. 

The damage obtained from collision cascades can be analysed in many different ways, 
including potential energy of atoms, Wigner-Seitz cells and spheres centered on lattice sites 
[Nordlund, 1998b], detection of under- or over-coordinated atoms by bond counting, angular 
structure factor analysis [Zhu, 1995] and ring analysis [Xiaglong, 2002]. In many cases (when 
recombination is not important) Wigner-Seitz analysis gives results which correspond fairly 
closely to defect numbers obtained from e.g. BCA calculations. 

 

Figure 2.14. Sputtering yields of Au(111) surfaces from experiments (solid line) compared with two 
different MD interatomic potentials 

 
Note: The two MD potentials agree well with each other at low energies (linear collision cascade regime) but disagree 
significantly at high energies (heat spike regime). The simulation data is from [Samela, 2005] and the experimental 
from [Szymczak, 1993]. 

A key question for the simulations is naturally how reliable they are. The basic MD 
algorithms such as the solution of the Newton equations of motion and handling neighbour 
lists can be made very accurate. Hence the three reliability issues that remain are (i) accuracy 
of interatomic potentials, (ii) accuracy of electronic stopping, and (iii) how to handle the 
electron-phonon coupling. As discussed above, issues (ii) and (iii) remain somewhat uncertain 
but these seem to still be less than a factor of roughly 2 in the damage production. 

The interatomic potential reliability issue, which will always be present in classical MD, is 
still a major problem for obtaining predictive MD simulations. Ideally the reliability of 
interatomic potentials should be assessed with comparisons with experiments, but it is very 
difficult to carry out experiments on the primary damage state. On the other hand, 
comparisons with other quantities that depend directly on the initial collision cascades, such 
as sputtering yields and ion beam mixing, can be instructive. Recent comparisons of 
simulated and experimental sputtering yields have shown that even with modern many-body 
interatomic potentials, there are major (up to factor of ~5) differences between the 
sputtering yields obtained with different potentials and experiments [Samela, 2005; Samela, 
2006]. Moreover, the study of sputtering yields of Au showed that the same potential may 
agree excellently with experiments in one energy range and disagree badly in another 
[Samela, 2005], see Figure 2.14. This shows that even if good agreement is demonstrated 
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with experiments for one or a few data points under one irradiation condition, it may not 
agree with experiments under other conditions. 

Major efforts have been recently done to understand primary damage production in Fe. 
An overview of historical MD simulation results showed a major variation of damage 
production results predicted by different potentials [Malerba, 2006]. Later analyses showed 
that these differences can at least to a fairly large extent be associated with variations in how 
the potentials describe the interstitial, in particular its ground state structure and mobility. 
This was because the structure and mobility affect how likely it is that the interstitial finds a 
vacancy to recombine with in the heat spike phase of a cascade. When the potential 
comparison was limited to modern interatomic potentials which describe at least the ground 
state structure of the interstitial and the melting point of Fe well, very good agreement was 
found in the total damage production [Björkas, 2007a]. However, even this is not the end of 
the story: an even more recent study showed that even when the total damage production 
remains the same, the fraction of very large vacancy clusters produced by different potentials 
may have a huge influence on the long-term damage evolution [Björkas, 2011]. This shows 
that even in the most studied material (Fe), interatomic potential reliability remains an issue. 

A possible emerging solution to this conundrum is that it has very recently become 
possible to carry out quantum mechanical DFT MD simulations of radiation effects. As DFT is 
a more fundamental method than classical potentials, and shown to describe a wide range of 
defect properties well with relatively little variation of the numbers predicted by different 
DFT approaches [Puska, 1998; Wil, 2001; Fu, 2004; Olsson, 2003; Derlet, 2007; Terentyev, 
2008b; Rieth, 2012], it can reasonably be expected to provide a more reliable description of 
radiation effects than classical potentials. Although this approach is strongly limited by 
computer capacity, it has by now allowed simulation of the threshold displacement energy in 
graphene [Meyer, 2012], Si [Holström, 2008a] and Fe with very good agreement with the 
available experiments. When computer capacity increases further, it should become possible 
to carry out DFT MD calculations of at least low-energy cascades and use these to assess the 
reliability of, or to calibrate, classical MD potentials. 

2.3 Replacements-per-atom (rpa) function 

As discussed in Section 2.1.3, ion beam mixing is an experimentally measurable quantity that 
(in the absence of diffusion) directly depends on the atom replacements in a collision cascade. 
Analyses of the experimental ion beam mixing values have shown that in dense materials, the 
amount of atom mixing has a major component from heat spikes [Gades, 1995; Nordlund, 
1998d; Nordlund, 1998c]. Hence the actual number of atoms that are displaced from their 
initial lattice site in a cascade and end up in another site (replaced atom) can strongly exceed 
that predicted by a BCA model and a dpa value.  

Here we present a “replacements-per-atom” (rpa) equation that accounts in a relatively 
simple functional for a number of replaced atoms obtained from MD simulations. Similarly to 
the arc-dpa value, the rpa equation is based on a mixing damage efficiency correction 
function: 
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This function should start at ξrpa = 1 and converge to a constant value for energies higher 
than the subcascade breakdown threshold. However, since ξrpa > 1 we found that a similar 
functional form as that used for the arc-dpa value does not work. Instead, we choose a 
similar form as that used in [Nordlund, 1998c] for the related quantity of the square of the 
total atom displacements. The basic form is: 

( )
rpa

rpa rpa

c

rpa rpa c c
rpa
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b E
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+  

which has the correct limit of becoming constant for large E. Again we use the criterion: 
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for the rpa correction function. The brpa constant has units of energy while crpa is unitless. 
The total function becomes, fully analogously to the arc-dpa form: 

 

A fit of the ξrpa function to data in Ni, Pd and Pt is shown in Figure 2.15. The total xinmig 
coefficient obtained with this fit is given in Table 2.6 together with experimental values. Note 
that the rpa values are ~15-25 times larger than the NRT-dpa value. 

The data in the figure shows that at low energies, the mixing efficiency is already above 1, 
something which the current functional form does not capture as it is forced to equal to 1 at 
2Ed/0.8. As for the arc-dpa form, this choice was made to force the function to be continuous 
and consistent with previous calculations near the threshold. Although the data for Ni, Pd and 
Pt would indicate an extension of the functional form is needed, using a single data set without 
experimental verification to complicate the functional form and introduce additional fitting 
parameters is not justified. If it turns out from a wider range of simulations and experiments 
the high mixing efficiencies just above the threshold are a common feature, an extension of the 
functional form would be well motivated in the future. 
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Table 2.6. Simulated (present work) and experimental ion beam mixing coefficients  
in Ni, Pd and Pt 

Material Beam Qsim (Å5/eV) Qexp(Å5/eV) 

Ni 600 keV Kr 4.7 4.8 ± 0.5a 

Ni 650 keV Kr 5.0 5.0 ± 0.7b 

Pd 600 keV Kr 12.6 8.4 ± 0.8a 

Pd 400 keV Kr 13.2 9 ± 1c 

Pt 1000 keV Kr 16.9 14 ± 2b 

a[Nordlund, 1998c]; b[Kim, 1988]; [Fenn-Tye, 1987]. These values differ somewhat from those presented in Section 
2.1.3 since in the current work new data was collected to provide much higher statistics. 

Figure 2.15. Fits of rpa correction factor ξrpa to ion beam mixing data in Ni, Pd and Pt  

 
For this calculation the average threshold displacement energies of 39, 41 and 44 eV [Jung, 1991] were used for Ni, 
Pd and Pt, respectively. The electronic stopping was subtracted out from the initial PKA energy to give the nuclear 
deposited (damage) energy. 

The constants obtained are given in Table 2.7: 

Table 2.7. Materials parameters for Ni, Pd and Pt for the RPA equations 

Material Model Ed (eV) barcdpa (eV) carcdpa Source of data 

Ni rpa 39 3107 0.930 Fit to MD data of current work 

Pd rpa 41 2877 0.980 Fit to MD data of current work 

Pt rpa 44 5500 0.881 Fit to MD data of current work 

The fitted parameters and their uncertainties are obtained from a Levenberg-Marquardt least squares fit to the data 
[Bevington, 1992; NumericalRecipes]. 
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3. Semiconductors 

Radiation damage production mechanisms in semiconductors differ clearly from those in 
metals [Averback, 1998]. For the primary damage production, this has been attributed to the 
open crystal structure [Nordlund, 1998b] and the much slower recrystallisation [Marques, 
1994] which leads to the possibility to form amorphous pockets [Ruault, 1984; Rubia, 1995; 
Jenčič, 1996]. These are also stable at room temperature over macroscopic times in most 
tetrahedral semiconductor materials [Ruault, 1984; Caturla, 1995b; Jenčič, 1996; Hensel, 
1997], although in for instance GaAs they can recrystallize already at room temperature 
[Bench, 2000]. 

On prolonged irradiation at low temperatures, the semiconductors become completely 
amorphised [Morita, 1991; Holland, 1985; Glover, 2000c; Wen, 2002; Williams, 1998]. In 
other words, the damage saturation effect described in Section 2 for metals does not 
necessarily exist in semiconductors. At elevated temperatures, however, also semiconductors 
do not amorphise at any fluence [Linnros, 1987; Goldberg, 1993; Caturla 1996; Pelaz 2004]. In 
other words, there is a critical temperature for amorphisation which is typically a few 
hundred degrees C above room temperature. For instance, for Si it is about 300 oC and for SiC 
about 200 oC (the precise value depends on ion species, energy and flux). The reason to this is 
attributed to defect migration that allows defects to recombine at elevated temperatures as 
well as thermal recrystallisation of amorphous pockets that prevents amorphisation 
[Goldberg, 1993; Caturla 1996; Pelaz 2004]. However, this mechanism is different from the 
one in metals, where (as discussed in section 2) the recombination can occur without any 
thermal activation by overlapping cascades. 

The formation of amorphous pockets (disordered zones) complicates damage analysis in 
that it is not obvious how many atoms to define as a “defect” in such a zone, and in fact 
analyses of atom coordinates obtained from MD have shown that the “defect number” can 
vary as much as an order of magnitude for the exact same configuration depending on 
criterion used [Nordlund, 1998b]. However, the different numbers are fairly well proportional 
to each other, which means that this is not necessarily a big problem. 

In this section, we briefly summarise some of the main complications that arise in damage 
production in semiconductors. 

3.1 Threshold displacement energy experiments and modelling 

The threshold displacement energies have been measured in several semiconductors; 
however, the data is often scattered since in many cases there is significant damage 
recombination going on already at room temperature. As an extreme example, for ZnO some 
experiments reported a threshold of 563 eV for O [Look, 1999] at room temperature, 
whereas others, done at 15 K, reported an upper limit of 65 eV. Since defects in ZnO are 
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mobile at 110 K, it seems clear the discrepancy is explained by defect recombination at 
temperatures above this. 

Focusing on low-temperature experiments, several studies have given a minimum 
threshold displacement energy of 13 eV for Si in the 111 crystal direction [Loferski, 1958; 
Corbett, 1966], a value that is well reproduced by recent DFT MD simulations [Holström, 
2008a]. Regarding the average threshold, there is to no direct low-temperature experiment 
measured over all crystal directions (the value of the “effective” threshold of 21 eV by 
Corbett and Watkings [Corbett, 1965] is an indirect determination and based on 
measurements for only the 3 principal directions). Recent DFT calculations indicate that even 
the definition of a threshold in Si may not be unique: in case the bond order defect (IV pair 
[Tan, 96; Car, 97b; Goe, 02]) is counted as a defect, the average threshold was 24 eV, and in 
case only Frenkel pairs are counted, the threshold was 36 eV in the DFT calculations in 
[Holström, 2008a]. Since the IV pair is metastable with a recombination barrier of about 1 eV 
[Tan, 96; Car, 97b], this indicates that at low fluxes or high temperatures where IV pairs 
recombine, one should use a different threshold from conditions where they do not.  

Figure 3.1. MD simulation of the damage evolution in a cascade induced by a 5 keV recoil in Si 

 
The spheres show atoms with a potential energy more than 0.2 eV higher than the ground state, and the colours and 
atom sizes indicate how much above the ground state it is (red being >= 1 eV above). a) 0.1 ps, b) 1 ps and c) 8 ps 
after the cascade starts. The final state at 8 ps is stable over MD time scales at room temperature. From [Rubia, 1995]. 
Copyright (1995) The American Physical Society, Reprinted with permission from the authors. 

 

In Ge the minimum threshold seems to be similar to that in Si, 14 eV [Corbett, 1966]. For 
the average threshold, values of 18 eV [Loferski, 1958], 20 ± 5 eV [Poulin, 1980] and 30 eV 
[Vitovskii, 1977] have been reported. DFT MD simulations gave average values of 21 eV 
considering the IV pair and Frenkel pairs, and 23 eV considering only Frenkel pairs, i.e. it 
seems like the IV pair affects the results clear less than in Si [Holmström, 2008a]. 

Threshold displacement energies have also been measured in several compound 
semiconductors. Here we discuss only, as examples, GaAs and GaN. In GaAs experiments 
indicated that the minimum threshold energy is about 10 eV on both the Ga and As 
sublattices [Lehmann, 1993; Hausmann, 1996]. Classical MD simulations gave exactly the 
same result, and also indicated that single recoils of 15 eV can produce directly antisite 
defects in the material [Mattila, 1995]. In GaN, where there is a large difference between the 
masses of the elements, there appears to be an elemental asymmetry in the damage 
production. Experiments have reported an average threshold of 41 eV for the Ga sublattice 
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[Wendler, 2003]. MD simulations with classical potentials gave average thresholds of 45 and 
110 eV for Ga and N, respectively [Nordlund, 2002a], while DFT MD simulations gave the 
opposite behaviour with an average of 73 eV for Ga and 32 eV for N [Gao, 2011]. Although 
the latter value seems to agree less well with experiments, the DFT method should in 
principle be more reliable than classical MD. Thus, the situation regarding the correct values 
of the threshold energies in GaN remains unclear. 

3.2 Defect production efficiency 

In the elemental semiconductors Si and Ge, MD simulations consistently show a linear 
increase of damage production with ion energy, i.e. there is no athermal damage 
recombination effect similar to that in metals [Rubia, 1995; Nordlund, 1998b]. This is 
consistent with experiments which show, to a first order approximation, that damage 
production scales fairly well with energy deposition; a dose of 6x1023 eV/cm3 at 80 K has been 
reported to predict well the amorphisation dose for a fairly wide range of ions with different 
masses [Dennis, 1978]. If there would be a athermal recombination-effect like that in metals, 
one would not expect a simple scaling with different ion masses. 

Some examples of defect production as a function of bulk recoil energy in Si and Ge are 
given in Table 3.1. For all potentials, the data scales fairly well with a simple KP/NRT equation 
(for the Ge modified Stillinger-Weber (SW) potential, the scaling between 0.4 and 2 keV is not 
good because in this potential large amorphous zones start to be formed around 2 keV). For 
instance, for the “Si SW pot” data set an average threshold energy of 34 eV reproduces within 
the statistical uncertainty all the data points after the electronic energy loss of about 20% is 
counted out from the recoil energy.  

Comparison of the values for the same element, with different potentials, show that 
there is a serious potential reliability issue, however. There are hopes that computers are 
soon powerful enough such that DFT MD simulations can be used to reduce this uncertainty. 

Table 3.1. Defect (analysed with the Wigner-Seitz cell approach) production  
in Si and Ge simulated with different interatomic potentials. The data and potential definitions are 

from [Nordlund, 1998b] 

Recoil energy (keV) Si, SW pot. Si, Tersoff pot. Ge, SW pot Ge, SW mod pot. 

0.4 4.1 +- 0.5 8.3 +- 0.2 2.4 +- 0.1 4.6 +- 0.3 

2.0 17 +- 1 39 +- 2 12 +- 1 47 +- 2 

5.0 43 +- 1 84 +- 2 27 +- 1 141 +- 5 

 

In compound semiconductors, GaAs seems to also have a simple damage buildup 
behaviour with linear increase of damage [Eisen, 1971; Turos, 1999; Nordlund, 2001]. By 
contrast, in GaN MD simulations [Nordlund, 2003b] were interpreted in a way that there is 
some athermal damage recombination (similar to metals) going on in the material. 
Experiments done at 15 K show that the damage buildup even at low temperatures (where 
defect mobility is unlikely) is really complicated, having three distinct stages prior to full 
amorphisation [Wendler, 2002]. MD simulations could not reproduce this behaviour 
[Nordlund, 2003b]. 
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3.3 Role of ionisation-induced and -enhanced diffusion 

It has long been recognised that ionising radiation can affect the diffusivity of point defects in 
semiconductors [Bourgoin, 1973; Bourgoin, 1978; Stievenard, 1990; Seebauer, 2006]. In 
general the migration energy for ionised defects is lower than for non-ionised defects due to 
several mechanisms. Therefore, the possibility of ionisation-stimulated diffusion of point 
defects and impurities needs to be considered when analysing radiation effects data in 
semiconductors. In particular, the possibility of athermal close-pair recombination of point 
defects (Bourgoin-mechanism [Bourgoin, 1978]) may lead to reduced defect production 
compared to calculated values. Such athermal recombination of point defects due to 
ionisation is reported in SiC [Weber, 2012; Thomé, 2013]. 
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4. Ionic materials 

4.1 Ionisation-induced defect production 

Defect production from ionisation has been observed in many insulating materials, most 
notably alkali halides [Sibley, 1984; Itoh, 2001] and SiO2 [Devine, 1992; Toulemonde, 2012]. 
Depending on the material and irradiation spectrum, defect production from radiolysis 
mechanisms can be larger or smaller than defect production from elastic collision 
displacements. Additional defect production mechanisms emerge at high electronic stopping 
powers associated with so-called swift heavy ion irradiation [Toulemonde, 1994; Toulemonde, 
2004; Zinkle, 2002].  

4.2 Role of ionisation-induced and -enhanced diffusion 

Ionising radiation can have a profound influence on the diffusivity of point defects in ceramic 
insulators [Bourgoin, 1973; Bourgoin, 1978; Chen, 1976; Zinkle, 1997a; Mulroue, 2011]. This 
can lead to significant mobility of radiation defects in certain ionic materials even at 
temperatures well below room temperature, and can produce dramatically different 
microstructures (more efficient self-healing of radiation defects) for high ionisation per 
displacement environments compared to low ionisation per displacement environments 
[Krefft, 1977; Krefft, 1978; Zinkle, 1995; Zinkle, 1997; Zinkle, 1997a; Zinkle, 2002; Devanathan, 
1998; Kinoshita, 2004; Weber, 2012; Thomé, 2013]. Annealing of defects can also occur 
during ion beam analysis (e.g. Rutherford backscattering spectrometry) of irradiated ceramics 
[Zinkle, 1997; Zinkle, 1997a; Schnohr, 2006]. Consideration of ionisation-induced or -
enhanced diffusion effects generally needs to be included in the evaluation of experimental 
defect production measurements.  

4.3 Threshold displacement energy experiments and modelling 

A moderate amount of experimental information is available on threshold displacement 
energy surfaces for ionic materials, with MgO and Al2O3 being the most extensively studied 
materials [Zinkle, 1997; Smith, 2003]. Typical crystallographic-averaged values of the 
displacement energies for the anion and cation sublattices range from ~40 to ~100 eV. In 
recent years, improvements in molecular dynamics simulations in nonmetals has led to a 
significant number of studies on displacement energies in oxides including MgO [Park, 2000; 
Kittiratanawasin, 2010], MgAl2O4 [Smith, 2005a], CeO2 [Xiao, 2012], TiO2 [Thomas, 2005; 
Robinson 2012], UO2 [Meis, 2005; Bishop, 2012], ThO2 [Xiao, 2012], ZrO2 [Xiao, 2012], zircon 
[Park, 2001; Moreira, 2009] and Y2Ti2O7 pyrochlore [Gao, 2011]. Limited recent experimental 
studies of threshold displacement energies have also been performed on CeO2 [Yasunaga, 
2008], ZrO2 [Costantini, 2011], ZnO [Knutsen, 2012], TiO2 [Smith, 2000], and more complex 
oxides such as perovskite, titanates and zirconates [Smith, 2003, Smith, 2005].  
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Figure 4.1. Surviving defect fraction in irradiated AI2O3 and AI 

 

 

4.4 Defect production efficiency  

There are significantly fewer defect production studies that have been performed on ionic 
materials compared to metals. This is in part due to the lack of a simple in-situ measurement 
technique for ionic materials analogous to the electrical resistivity technique that has been a 
workhorse for defect production measurements in irradiated metals at cryogenic 
temperatures. Many of the experimental defect production studies on ionic materials have 
been performed at room temperature, where significant point defect mobility can lead to 
underestimates of the defect production efficiency [Zinkle, 1997]. In addition, many of the 
experimental measurements have utilised tools such as optical spectroscopy that are 
valuable for monitoring specific defects such as F-center monovacancies but are less 
successful at quantifying the full spectrum of isolated and clustered radiation defects. Typical 
measured values of defect production efficiency in MgO and Al2O3 are 20-50% of the NRT 
calculated displacement value over a broad range of PKA energies, 0.1-100 keV [Zinkle, 1997; 
Wendler, 2008], see Figure 4.1, although defect production efficiencies near 100% have been 
measured in recent ion beam experiments on Al2O3 [Schnohr, 2006] and ZnO [Wendler, 2009]. 
Cleearly further work is needed to resolve the source of these discrepancies. Molecular 
dynamics simulations of cascades in MgO [Uberuaga, 2005] reported defect production 
efficiency values of about 50% the calculated NRT value for 2 and 5 keV PKA energies.  

4.5 Solute mixing and disordering in multicomponent ceramics 

Several studies have examined ion beam mixing and radiation enhanced diffusion effects in 
ceramics [e.g. Miotello, 1997; vanSambeek, 1998]. Numerous experimental studies have 
monitored defect accumulation and chemical disordering in irradiated ceramics [Weber, 1998; 
Kucheyev, 2003; Lian, 2003]. In general, substantial disordering precedes crystalline to 
amorphous phase transitions in ionic materials. Overall, MD simulations for energetic 
cascades suggest the degree of atomic mixing per unit of displacement damage is generally 
lower for ceramics compared to metallic alloys, which might be rationalised on the basis of 
much higher antisite energies in ionic materials (particularly for anioncation site exchanges). 
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The quantitative values of disordering are strongly dependent on material, with little mixing 
observed in ZrSiO4 [Devanathan, 2006] and moderate cation disordering observed in MgAl2O4 
[Smith, 2005a]. MD simulations on MgO [Uberuaga, 2005] have reported peak transient 
displacements at times near 0.1 ps for 2 and 5 keV cascades, with transient peak Frenkel pair 
concentrations that are ~20 times higher than the residual defect concentration. 

4.6 Amorphisation 

At low temperatures where defect migration is inhibited, crystalline to amorphous phase 
transitions are frequently observed in irradiated ionic materials [Naguib, 1975; Hobbs, 1994; 
Weber, 1998; Weber, 2000]. The amorphisation can be induced by a variety of mechanisms 
that depend on the material and bombarding particle, including in-cascade direct impact 
amorphisation and defect accumulation processes [Weber, 2000; Jagielski, 2009]. For low to 
medium mass materials that are not susceptible to in-cascade amorphisation, materials with 
high point defect mobility [Zinkle, 1996] and crystallographic ability to accommodate lattice 
disorder (such as the fluorite crystal structure) [Sickafus, 2007] tend to exhibit good 
amorphisation resistance.  
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5. Carbon-based materials 

5.1 Graphitic carbon 

Graphite is still of importance as a moderator or reflector in reactor technology. Irradiation of 
graphite at low temperatures leads to a rise in energy due to the accumulation of defects. 
This is known as the Wigner energy [Banhart1] which is an important safety issue in nuclear 
technology. The sudden release of the Wigner energy above 250°C may cause disastrous 
events such as the Windscale fire in 1957. For this reason, radiation effects and defects in 
graphite have been subject of numerous studies since a long time [Banhart2; Wullaert, 1964; 
Kelly, 1981]. However, the situation remained unclear until new nanomaterials on a graphitic 
basis such as carbon nanotubes or graphene became available. Detailed electron microscopy 
studies, where electron irradiation and structural characterisation can be carried out at the 
same time, clarified the picture [Banhart3]. Graphitic nanomaterials, in particular graphene, 
are now of major technological interest, and radiation effects have to be taken into account 
in applications in space and zones of high radiation level. Graphene and carbon nanotubes 
are now subject of detailed characterisation by electron microscopy. Electron irradiation is 
unavoidable in the electron microscope, but radiation defects have to be avoided 
nevertheless. This requires detailed knowledge about defect formation and annealing.  

It is known that the creation of visible structural defects in graphene or graphite requires 
a minimum electron energy of approximately 80 keV if the momentum transfer occurs 
normal to the basal plane of graphite. This corresponds to a displacement threshold of 
approximately 17 eV (energy of the displaced carbon atom) [Banhart3; Zinkle, 1997]. Due to 
the presence of conduction electrons, electronic excitations are quenched and do not lead to 
structural changes under irradiation. The threshold for ballistic displacements shows a large 
anisotropy in graphite, and the value for in-plane displacements is higher by almost a factor 
of two. The McKinley-Feshbach formalism [Banhart4] describes the observed ballistic 
displacement rate rather well. However, lattice vibrations have to be taken into account 
[Meyer, 2012], leading to a slightly higher displacement rate close to the threshold than 
predicted by the McKinley-Feshbach theory. It has recently been observed that the threshold 
energy for displacing atoms at the edges of graphene layers or around existing structural 
defects is clearly below the bulk threshold. This may lead to an ongoing degradation of 
graphitic materials starting from edges or defects at electron energies as low as 20 keV 
[Banhart5]. Since the displacement of even single carbon atoms can be observed in-situ in the 
electron microscope, the situation in graphene is meanwhile well investigated and 
understood. Graphene is therefore an ideal system to study atom displacements in detail, to 
test the theoretical concepts, and to determine threshold energies with high precision 
[Banhart6].  

The configuration and behaviour of atomic defects in graphite and graphene is different 
from other materials [Banhart7]. Due to the high structural flexibility of the graphenic lattice, 
different ways of reconstructing the hexagonal network and locally changing the 
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hybridisation of carbon atoms are possible. This allows a relaxation of the lattice via 
transformations of the Stone-Wales type after the displacement of atoms so that all dangling 
bonds around defects are saturated. Monovacancies are stable against restructuring of the 
lattice but have a low migration energy of 1.2–1.4 eV. They may therefore migrate above 
approximately 250°C and coalesce to form stable and immobile divacancies. This is the most 
important annealing mechanism in graphitic materials. The formation energy of divacancies 
(7.2–7.9 eV) is of the same order as of monovacancies (7.3–7.5 eV) so that the defective 
graphitic lattice at elevated temperatures consists mainly of arrangements of divacancies. 
Divacancies may occur in different configurations of pentagonal and heptagonal rings and are 
immobile up to very high temperatures. The reconstruction leads to a variety of new 
morphologies of graphitic materials that can be induced by careful irradiation at elevated 
temperatures [Banhart8]. In contrast to vacancies, carbon adatoms are not easily visible by 
electron microscopy, in particular since their migration energy is as low as 0.4 eV and their 
thermal displacement accordingly fast, even at room temperature. Therefore, much less is 
known about “interstitials” in graphitic materials, but the major features of defect production 
and annealing can be well understood by assuming that vacancies govern the production and 
dynamics of radiation defects. At temperatures below 250°C, the agglomeration of defects is 
seen as an ongoing rupture of basal planes, leading eventually to an amorphisation of 
graphite. This has been confirmed in ion irradiation studies of carbon nanotubes [Banhart9].  

5.2 Radiation damage in diamond 

Diamond has by far not as many applications as graphitic materials, therefore radiation 
effects in diamond have not been studied in much detail until now. Displacement thresholds 
of 30–48 eV have been reported [Zinkle, 1997; Steeds, 2011]; higher than in graphitic 
materials and due to the dense packing of carbon atoms in the diamond lattice [Banhart10]. 
This makes diamond somewhat more stable under irradiation and therefore a “radiation-hard” 
material. This might be useful for applications of diamond in space and environments with 
high radiation level. The anisotropy of radiation damage is much less than in graphitic 
materials, due to the lack of open space in the diamond lattice. Although diamond is an 
insulator with a band gap of 5.5 eV, electronic excitations do not lead to visible structural 
defects under irradiation. Thus, we have to assume that ballistic displacements are the main 
source of radiation damage in diamond. The knowledge about radiation damage in diamond 
is also limited due to the difficulty of studying the behaviour of individual carbon atoms in a 
densely packed three-dimensional crystal.  
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6. Amorphous materials 

It is a common misconception that radiation damage or defects cannot exist in amorphous 
materials. There is ample experimental and theoretical evidence that this is not the case. As 
perhaps the most direct evidence, positron annihilation experiments have clearly detected 
open-volume defects in amorphous silicon, with characteristics similar to a vacancy in 
crystalline silicon [Roorda, 1992]. Moreover, these open-volume and other possible defects 
can be annealed by heating the sample [Roorda, 1992; Roorda, 1999], similar to the well-
known characteristics of defects in crystalline materials. The annealing has also been shown 
to release considerable amounts of heat [Roorda, 1999]. 

In ionic amorphous materials, such as silica-based glasses, it is well established that color 
centres correspond to dangling bond or impurity defects, similar to those observed in the 
corresponding crystalline materials (quartz in the case of silica) [Lieb, 2007; Keinonen, 2008]. 
Computer simulations have given considerable insight into the nature of defects in 
amorphous materials. They have shown that both vacancy-like open-volume [Bob; Delaye, 
1993; Bob; Delaye, 1993b; Nordlund, 2005] and interstitial-like compressed regions 
[Nordlund, 2005] can exist in metallic glasses. Simulations have also shown that such defects 
can have a major role on the plastic flow of the materials [Mayr, 2003] and hence that 
irradiation can be used to modify the mechanical properties of metallic glasses [Mayr, 2003; 
Avchaciov, 2012]. 

Detailed analyses of the motion of atoms in liquids and amorphous materials have shown 
that a significant fraction of atoms in disordered materials undergo correlated motion that 
exceeds the mobility expected for a simple Gaussian random walk [Schober, 1993; Donati 
1998; Glotzer, 1999; Donati, 1999; Volmayr-Lee, 2002; Giovambattista, 2003], a finding 
supported which is supported by experiments [Böhmer, 1998; Ehmler, 1998; Zöllmer, 2002; 
Faupel, 2003]. Fundamentally interesting is that such motion, which is sometimes called atom 
“strings” (not to be confused with the entirely different concept of strings in particle physics) 
has been attributed to provide an explanation for why liquids exist [Nordlund, 2005] via the 
Granato theory of liquids and solids [Granato, 1992]. 

Although amorphous materials thus share some common characteristics with crystalline 
ones regarding damage, many aspects are different. For instance, as a single broken bond in a 
covalently bonded material can be considered a defect [Lieb, 2007], the concept of atom 
displacements as the source of damage does not necessarily apply, and hence the use of the 
dpa concept is not very well motivated. In fact it is known that even low-energy electrons 
with energies of only a few keV can regenerate damage in amorphous zones [Jenčič, 1996; 
Robinson, 1996], which can be understood to be due to breaking of single bonds by electronic 
excitation processes [Frantz, 2001].  

Due to such complications, it is more naturally to describe damage in amorphous 
materials with the energy deposition (e.g. in SI units of Gray = Joules of radiation energy/kg of 
material), similar to the common practice in biological materials [Barcellos-Hoff, 1996b].
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7. Use of SRIM to calculate dpa values 

7.1 Discussion SRIM damage calculations 

Finally, we briefly consider the common usage of the SRIM (Stopping and Range of Ions in 
Matter [SRIM-2013; SRIMbook], previously known as TRIM for Transport and Range of Ions in 
Matter [TRIM; ZBL]) for calculating dpa values. The SRIM software has gained wide popularity 
in the ion irradiation community. The primary reasons are that, on one hand it is free and 
easy to install and use in Windows operating system, on the other hand it can calculate ion 
penetration depth profiles for any kind of ion with energies from a few tens of eV to 1 GeV in 
any material.  

The SRIM software treats the ion penetration in a material with the binary collision 
approximation, i.e. as a series of independent binary collisions. The electronic stopping is 
used on the ions along its movement path as a frictional force, in principle in the same 
manner as in MD simulations. The positions of target atoms with which the ions are selected 
with a Monte Carlo algorithm, i.e. the material is completely random. The only parameters 
used to describe a material with respect to the selection of the colliding atom positions are 
the density of the material and the relative elemental composition. The SRIM calculations can 
be ran in two different modes: “Ion distribution and quick calculation of damage” and 
“Detailed calculation with full damage cascades”. In the former, only the path of the incoming 
ion is followed. In the latter, also all knock-on atoms of all generations (primary, secondary, 
etc.) that have an energy above the threshold energy are followed. 

For describing damage production and sputtering, the code also uses materials 
parameters for lattice binding energy, surface binding energy and displacement energy. The 
latter is the same concept as the average threshold displacement energy considered 
extensively in this report, and used to provide estimates of the damage production. SRIM can 
be used to calculate damage values in several different ways. In the “Ion distribution” mode, 
the defect numbers are estimated by using the Kinchin-Pease equation for each primary-
knock on atom based on its recoil energy. In the “Full cascade” mode, the code keeps track of 
all displaced atoms and counts them as vacancies (although there is a minor correction due to 
“replacement collisions” which reduce the vacancy number). Both modes can be used to 
report the number of vacancies as a function of depth, and in newer versions it is also 
possible to make 3D damage distributions. The SRIM vacancy number is commonly directly 
equated with the number of displaced atoms and used to calculate the dpa value. This can be 
done in two slightly different ways, either using the “Displaced atoms” or the “Vacancies 
produced” numbers, which differ by the number of replacement collisions. It is also possible 
to extract the nuclear deposited energy as a function of depth and use this together with the 
Kinchin-Pease or NRT equation to calculate a number of displaced atoms. 

The SRIM damage calculations are problematic in several ways, however. The lack of 
detailed physics of material thermodynamics and crystal structure naturally limits severely 
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what kind of information can be obtained from the code, but this is a feature of the physical 
approximation used (BCA with Monte Carlo collisions) and hence not a problem with the 
software itself. However, what is genuinely problematic is that the different SRIM 
calculations can give widely different damage numbers. Hence, if a scientific work reports 
only a dpa value “obtained from SRIM” without specifying how they are precisely derived 
from the software, the values obtained are not unique or easily reproducible. 

As a simple example, for this report we used the SRIM software version 2013.00 to 
estimate the damage produced for 10 keV Si irradiation of Si at perpendicular incidence. The 
physical parameters used for SRIM were the default ones, namely ion mass 27.977 amu, 
sample Si atom mass 28.086 amu, sample density 2.321 g/cm3, lattice binding energy 2 eV, 
surface binding energy 4.7 eV and displacement energy 15 eV. Using these parameters, the 
“Quick calculation of damage” mode gives a damage level of about 0.75 vacancies/(Å ion) at 
the damage maximum as a depth of about 8 nm, while the “Full cascade” calculation gives a 
damage level of about 1.2 displacements/(Å ion) and 1.1 vacancies/(Å ion), see Figure 7.1. 

Figure 7.1. Comparison of results obtained with SRIM2013 for an identical irradiation condition of 
10 keV Si irradiation of Si using the “Quick damage calculation” (left) and  

“Full damage cascades” (right) modes 

  

As it is evident in the figures, there is a major difference of about 50% in the damage production numbers obtained 
with the two models. Moreover, for a calculation of a “dpa” value it is not obvious whether one should use the “Target 
displacements” or “Target vacancies” values in the full cascade mode. The data for the quick damage calculation had 
a statistics of about 15 000 ions and the one for the full damage cascades one of about 5 000 ions. 

As another example, if these three values are recalculated into a dpa value for an 
ordinary ion irradiation fluence of 1014 ions/cm2, one obtains (using a volume/atom of 20.0 Å3 
for Si) dpa values of 0.15, 0.22 and 0.24 at the damage maximum. 

On the other hand, one can also calculate a dpa value from the energy deposition. Here it 
is worth noting that SRIM outputs a value of “Energy to recoils” which is not exactly the same 
thing as total nuclear energy deposition, as it does not give the energy lost to sub-threshold 
collisions. SRIM outputs the latter quantity separately as “Phonons”. Hence the total nuclear 
deposited energy of the incoming ion is the sum of the “Energy to recoils” and “Phonon” 
energy depositions. However, to further complicate the issue, the recoils also lose energy to 
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electronic stopping, and thus for the whole cascade, the nuclear deposited energy is less than 
the value given by the Energy to recoils file. Since in many cases this additional energy loss to 
electrons and the fraction of energy lost to phonons can be a substantial fraction of the total, 
it will also make a major difference if the damage (dpa) values are calculated from the 
“Energy to recoils” values or the total nuclear energy deposition (which corresponds to e.g. 
numerical integration of stopping powers). 

For the same example case as above, 10 keV Si -> Si, the “energy to recoils” has a value of 
about 40 eV/(Å ion) at the damage maximum, see Figure 7.2, both in the quick damage and 
full cascade modes. From this, using the original form of the Kinchin-Pease equation of 
(Deposited E)/(2 Ed) with the same displacement energy value as in SRIM,  
Ed=15 eV, one obtains for the fluence 1014 ions/cm2 a dpa value of 40 eV/ 
(Å ion)/(2x15 eV)x0.01 ions/Å2 x 20.0 Å3 = 0.27. 

Figure 7.2. Comparison of energy deposition results obtained with SRIM2013 for an identical 
irradiation condition of 10 keV Si irradiation of Si using the “Quick damage calculation” (left) and 

“Full damage cascades” (right) modes 

  

The calculations were the same as those used for Figure 7.1. 

 

Finally, the same calculation can also be done including the phonon contribution, i.e. with 
the total nuclear deposited energy. In the example case, the energy deposited to phonons at 
the damage maximum was about 32 eV/(Å ion) in the quick damage calculation mode and 26 
eV/(Å ion) in the full cascade mode. If these values are added to the “energy to recoils” value 
of 40 eV/(Å ion), the dpa calculation gives 0.48 and 0.44, respectively. 

Hence we find that depending on the simulation model and definition used, SRIM can 
give dpa values of 0.15, 0.22, 0.24, 0.27, 0.44 and 0.48 for the same irradiation condition.  

Since SRIM is based on the BCA and the Kinchin-Pease approximations, one cannot say 
that any of these values is definitely “right” or “wrong”. If there would be a highly accurate 
experiment or MD simulation standard value available, one could use this as a reference 
point to select which SRIM model to use. Unfortunately, as discussed elsewhere in this report, 
for Si an absolutely reliable reference value does not exist. 
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7.2 Recipe to calculate NRT-dpa values from SRIM 

For Fe a fairly reliable reference can be considered to exist, since MD simulation results of the 
total Frenkel pair production give consistent results with very different potentials [Björkas, 
2007a] (cf. Section 2.2). The NRT-dpa equation gives much higher damage production 
numbers than MD calculations, as expected. Using the arc-dpa model instead of the NRT-dpa 
model naturally gives good agreement with the MD defect production, since the arc-dpa 
model fit includes the same MD data (see top three lines in Table 7.1). 

Stoller et al. compared SRIM damage production using different SRIM models and also 
with MD results in detail in [Stoller, 2013]. They found, similarly to the simple Si example in 
the previous subsection, that the full cascade model gives higher damage values than the 
Kinchin-Pease model. The difference in the case of Fe was even higher, about a factor of 2. 
Some of the results are reproduced in Table 7.1. 

Table 7.1. Damage (Number of Frenkel pairs) obtained for 78.7 keV PKA  
(~50 keV damage energy) in iron with different kinds of calculations.  

In all SRIM calculations, the displacement energy was set to 40 eV and  
the lattice binding energy to 0 eV 

Simulation/equation Model Number of defects Reference 

Reference: Molecular dynamics, 50 
keV, 100 K 9 simulations at ~15 ps 168 ± 4  

(standard error) [Stoller, 2013] 

NRT model NRT-dpa eq. with Tdam=50 keV 500 [Stoller, 2013] 

arc-dpa model arc-dpa eq. with Tdam=50 keV 153 [This work] 

SRIM-2008 Kinchin-Pease Quick 
calculation, 5000 ions NRT eq. with Tdam 540 [Stoller, 2013] 

SRIM-2008 Kinchin-Pease Quick 
calculation, 5000 ions 

sum of vi and vT from vacancy.txt file 530 [Stoller, 2013] 

SRIM-2008 Full Cascade calculation, 
5000 ions NRT Eq. with Tdam 572 [Stoller, 2013] 

SRIM-2008 Full Cascade calculation, 
5000 ions 

sum of vi and vT from vacancy.txt file 1099 [Stoller, 2013] 

SRIM-2008.04 Kinchin-Pease Quick 
calculation, 10000 ions 

NRT eq. with Tdam,r 
based on COLLISON.TXT file 

539 [This work] 

SRIM-2008.04 Kinchin-Pease Quick 
calculation, 10000 ions 

arc-dpa eq. with Tdam,r 
based on COLLISON.TXT file 218 [This work] 

 

The big difference to the MD results is explained by the athermal damage recombination, 
which is fully absent from the physics included in SRIM. 

Based on considerations of the physics involved and consistency with conventional 
nuclear energy deposition models, Stoller et al. recommend the following recipe for obtaining 
dpa values for metals from SRIM [Stoller, 2013] (text adapted by spelling out references to 
equation numbers): 

1. run SRIM using the “Quick” Kinchin and Pease option; 

2. choose the recommended displacement threshold energy, for metals from [ASTME521];  
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3. set the lattice binding energy to zero; 

4. compute the damage energy as the sum of the damage energy to target atoms and 
phonons; 

5. use the computed value of Tdam to calculate the number of displacements according to 
the NRT equation which they show to be the most consistent with NRT damage 
calculations with other models for metals. Since the SRIM vacancy number calculation 
algorithms are not fully documented, and the source code is not available, the authors of 
this report concur on using the above recipe for metals. 

To summarise this chapter, we find by a simple example and considering [Stoller, 2013] 
that using SRIM to calculate damage numbers is highly problematic as different models 
within the code give different results. This leads us to conclude that when SRIM is used, it is 
very important to specify the exact SRIM version number and how exactly a “damage”, 
“vacancy” or dpa number is derived from the code.  

7.3 Recipe to calculate arc-dpa values from SRIM outputs 

Finally, we do note that the now introduced arc-dpa function can be used in connection with 
SRIM by utilising the COLLISION.TXT file to obtain a list of all primary recoils, then use the arc-
dpa function to calculate the damage for each recoil. If the irradiation condition is such that 
the primary recoils are well separated, this should give a more accurate damage number than 
the NRT calculation. 

We tested this proposition by rerunning the same SRIM2008 calculation as in 
[Stoller, 2013] of 78.7 keV Fe recoils in Fe, but to enable using the arc-dpa model, we 
extracted the damage from the COLLISON.TXT file. This file provides in the Kinchin-Pease 
calculation model the energy of all primary knock-on atoms. To calculate the damage 
production properly, one needs to take into account that the electronic stopping should be 
subtracted out from the primary recoil energy to get the nuclear deposited energy or damage 
energy of each recoil (Tdam,r) before using the NRT or arc-dpa equation. To get the 
correspondence between individual recoil energy E and Tdam,r, we used the data for FD,n for all 
recoils shown in Figure 1.2 and fitted a polynomial to this data. We found that an excellent fit 
up to 300 keV is given by: 

𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑,𝑟𝑟(𝐸𝐸) = 0.77678 𝐸𝐸 − 0.5882 ∙ 10−3 𝐸𝐸2 (𝐸𝐸 < 300 keV) 

with E given in keV. This energy range is sufficiently high to treat recoil energies obtained 
for most neutron irradiation conditions. Naturally, for other purposes where even higher-
energy recoils are significant, it could be extended to by carrying out additional electronic 
stopping calculations for higher energies and adding additional polynomial terms to the 
equation. 

Then the damage production per initial ion can be obtained by using this equation to 
translate the recoil energy into damage energy, and then summing up the damage 
production of each recoil and dividing by the number of ions with which SRIM was run: 

𝑁𝑁𝐹𝐹𝐹𝐹 =
1

𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
� 𝑁𝑁𝑑𝑑,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 � 𝑇𝑇𝑑𝑑𝑑𝑑𝑚𝑚,𝑟𝑟(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑖𝑖=1
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Note that the sum should indeed be over all recoils, but the division over the number of 
ions simulated. In practice this can be achieved with a simple computer program that parses 
the recoil lines in the COLLISON.TXT output file. 

To check the consistence with the calculations in [Stoller, 2013], we first implemented the 
damage calculation with the original NRT equation, i.e. 𝑁𝑁𝑑𝑑 � 𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑,𝑟𝑟(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)�. This gave 
perfect agreement within the statistical uncertainty with the previous Kinchin-Pease 
calculation in SRIM-2008. Then implementing the arc-dpa calculation, we obtained a value of 
218 defects (see Table 7.1). This is quite close to the MD value of 168 defects, confirming that 
the arc-dpa equation is useful for analytical and numerical estimates of damage production 
that account for athermal recombination.  

The reason that the arc-dpa model value is still lightly higher than the MD value is that at 
50 keV there is significant subcascade overlap, and hence there is more recombination than 
the SRIM-based calculation for each recoil separately would predict. 
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8. Summary 

In this OECD Nuclear Energy Agency report, we have reviewed the current state of 
understanding of the primary damage production mechanisms in all classes of materials 
except organic ones.  

We described in detail the very useful and widely used standard for estimating the 
primary damage from neutrons, ions or electrons, namely that proposed by Norgett, Torrens 
and Robinson in 1975 to evaluate the number of Frenkel pairs formed for a given energy 
transferred to the primary knock-on atom, and therefore the number of “displacements per 
atom”, or so-called NRT-dpa (or just dpa in short).  

As a part of the work, we reviewed critically the range of validity of the dpa, and in 
particular discuss known shortcomings. We described that the current NRT-dpa standard is 
fully valid in the sense of a scaled radiation exposure measure, as it is essentially proportional 
to the radiation energy deposited per volume. As such, it is highly recommended to be used 
in reporting neutron damage results to enable comparison between different nuclear 
reactors and ion irradiations. However, in the sense of a measure of damage production the 
NRT-dpa value has several well-known problems. To partially start to alleviate these problems, 
for the case of metals we present an “athermal recombination-corrected dpa” (arc-dpa) 
equation that accounts in a relatively simple functional for the well known issue that the dpa 
overestimates damage production in metals under energetic displacement cascade 
conditions, as well as a “replacements-per-atom” (rpa) equation that accounts in a relatively 
simple functional for the well-known issue that the dpa severely underestimates the actual 
atom relocations (ion beam mixing) in metals. 

Moreover, we present a recommendation for how the dpa value for ion irradiation of 
metals should be obtained from the widely used SRIM binary collision approximation code. 
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