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Atomic-scale computer simulation has been used to investigate the primary damage created by displace-
ment cascades in copper over a wide range of temperature (100 K 6 T 6 900 K) and primary knock-on
atom energy (5 keV 6 EPKA 6 25 keV). A technique was introduced to improve computational efficiency
and at least 20 cascades for each (EPKA,T) pair were simulated in order to provide statistical reliability
of the results. The total of almost 450 simulated cascades is the largest yet reported for this metal. The
mean number of surviving point defects per cascade is only 15–20% of the NRT model value. It decreases
with increasing T at fixed EPKA and is proportional to (EPKA)1.1 at fixed T. A high proportion (60–80%) of
self-interstitial atoms (SIAs) form clusters during the cascade process. The proportion of clustered
vacancies is smaller and sensitive to T, falling from 30% to 60% for T 6 600 K to less than 20% when
T = 900 K. The structure of clusters has been examined in detail. Vacancies cluster predominantly in
stacking-fault-tetrahedron-type configurations. SIAs tend to form either glissile dislocation loops with
Burgers vector b = 1/2<110> or sessile faulted Frank loops with b = 1/3<111>. Despite the fact that
cascades at a given EPKA and T exhibit a wide range of defect numbers and clustered fractions, there
appears to be a correlation in the formation of vacancy clusters and SIA clusters in the same cascade.
The size and spatial aspects of this are analysed in detail in part II [unpublished], where the stability
of clusters when another cascade overlaps them is also investigated.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Materials selected for structural components in the core of nu-
clear power reactors are exposed to a flux of fast neutrons and high
temperature. They have to withstand radiation damage processes
that occur over wide ranges of time and length, i.e., from defect
production at the atomic-level (�10�15 s, 10�10 m) to microstruc-
tural evolution over the mesoscale (�106 s, 10�3 m), without
exhibiting a significant degradation of service properties. In order
to achieve progress in predictive modelling of property changes
across these ranges, atomic-scale computer simulation occupies a
special place, for it is able to provide much of the input to models
at the higher levels. Large strides in simulating damage production
and defect properties have been made over the past decade as a re-
sult of the increasing power of computational facilities and in this
paper we present results obtained recently for pure copper.
Although not actually employed for core structure applications,
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copper is the archetypal face-centred-cubic (FCC) metal as far as
radiation damage is concerned, for it has been studied extensively
in order to avoid complications of chemical effects that can occur
in austenitic stainless steel, for example, and to exploit its suitabil-
ity for detailed microscopic examination.

We consider displacement cascades, which are the primary
source of radiation damage during fast-neutron irradiation of
metals. They are formed by the recoil of primary knock-on atoms
(PKAs) with a kinetic energy of more than �1 keV. The cascade
process is characterised by lengths and times of the order of
nm and ps, respectively, and cannot be investigated directly by
either experimental or analytical techniques. Only atomic-scale
computer simulation by the method of molecular dynamics
(MD) is suitable for studying the creation of point defects – for re-
views see [1–5] and references cited therein – and their stability,
mobility and interaction. The latter features are important be-
cause point defects cluster directly in the cascade process and
the properties of the clusters have important consequences for
microstructure evolution and property changes under cascade
damage conditions. For example, an imbalance in the proportion
of clustered defects of one species versus another, e.g. self-inter-
stitial atoms (SIAs) versus vacancies, creates a complementary
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imbalance in the proportion of single defects, which diffuse three-
dimensionally and are responsible for solute transport, swelling
by void formation and creep, etc. Furthermore, SIA and vacancy
clusters formed in close proximity create a weaker stress field
than either would individually, and they also facilitate mutual
recombination of defects as a result of cascade overlap in high-
dose conditions.

A significant fraction of MD studies of cascades was applied to
copper (see e.g. [5–15]), treating it as a model FCC metal with
low stacking fault energy for fundamental study of radiation
damage. However, most studies have treated only a few (typi-
cally �5) cascades at a given energy and irradiation temperature,
and so firm statistics on cluster type and size distribution, partic-
ularly as needed for computational models of damage evolution,
are lacking. Also, and possibly for the same reason, there appears
to be an insufficiency of cluster types observed in earlier cascade
simulations, so that it is not easy to compare results of modelling
with experimental data. For example, low- and high-temperature
experiments on copper have shown efficient production of stack-
ing fault tetrahedra (SFTs) [16–18], but, with the exception of
preliminary reports of our work [13–15], SFTs have not been ob-
served systematically in cascade simulation. This is rather sur-
prising because MD simulations of the evolution of a hot,
vacancy-rich zone have demonstrated effective formation of SFTs
in this environment [19–22]. Thus, we have undertaken an in-
depth study of cascades in copper, but to convert MD modelling
into a tool that produces not only qualitative information but
also reliable quantitative data, it must be verified by a compari-
son with experimental results. This is not a trivial task because
such a comparison can be made only with the predictions of a
theoretical model that uses the MD data and the model itself
may contain approximations and uncertainties. However, in some
cases such comparison can be made with the results of specially
designed experiments (e.g. [23–25]) with a reasonable accuracy.
This places a requirement on the MD results that they be made
realistic by carrying out a large number of cascade simulations
and then undertaking detailed analysis of defect structure and
properties, and statistical analysis of the results.

For the present work, therefore, we have simulated more cas-
cades (�450) for a wider range of conditions of irradiation tem-
perature, T = 100–900 K and PKA energy, EPKA, = 5–25 keV, and
carried out more rigorous structural and statistical analysis than
hitherto. The outcome is presented in the following manner.
The computational methods used for cascade modelling and anal-
ysis are summarised in Section 2. The results for the number of
defects created under the different irradiation conditions are pre-
sented in Section 3. A significant proportion of both vacancies and
SIAs form clusters in the cascade process and statistics for vacan-
cies and interstitials that are not single point defects are pre-
sented in Section 4. Typical cluster configurations that arise are
described in Section 5. The nature of these is such that only those
containing more than a certain number of defects behave as ex-
tended defects with at least some characteristics of dislocations,
and these are analysed as a function of the irradiation conditions
in Section 6. The results are discussed and conclusions drawn in
Section 7.

We have computed the size distribution of the population of de-
fect clusters in the MD modelling and compared the vacancy data
with experiments on neutron-irradiated copper [24]. These results
are to be reported in another paper, referred to here as part II [26].
The simulations indicate a correlation in the size and spatial
arrangement of vacancy and SIA clusters formed in the cascade
process, and this is also assessed in part II. Finally, we have inves-
tigated stability of typical SIA and vacancy clusters in copper
against overlap by later displacement cascades, a situation that is
common in neutron-irradiated copper when SFTs produced with
high number density (up to �1024 m�3) may overlap with new cas-
cades. This part of the study is also presented in part II.

2. Simulation technique

2.1. MD method

An equilibrium, short-range, many-body interatomic potential
[27] was used for the simulations. With this potential, the point de-
fect formation energy for a vacancy and <100> dumbbell SIA is
1.19 eV and 3.62 eV, respectively. The vacancy migration energy
is 0.69 eV. The melting point is �1250 K [22,28] and the energy
of the intrinsic stacking fault on a {111} plane is estimated as
20–36 mJ m�2 [22,27–29]. Although newer interatomic potentials
for copper exist [30] they reproduce nearly the same behaviour.
The close similarity of the potentials is obvious from the compari-
son of calculated lattice properties, defect energies and values of
planar fault energies, see [27] and [30] for further particulars.
However, in contrast to the embedded atom type potentials [30]
with non-analytical embedded function the Finnis–Sinclair type
one [27] is computationally cheaper because of simple analytical
form of the embedded function. The pair part of the potential used
was modified for small interatomic separation by fitting to the Uni-
versal Screened Coulomb repulsion function for Cu–Cu interactions
[31].

Four ambient crystal temperatures were considered, namely
100, 300, 600 and 900 K. A low temperature (such as 100 K)
was used for most previous computer simulation studies, whereas
the higher temperature range is more consistent with conditions
met by metals in practical situations. The model crystals were
equilibrated for about 50 ps prior to initiation of the PKA. The
MD simulation box had cubic shape with {100} faces. It was
maintained at constant volume, with lattice parameter a0 set to
the zero-pressure value for the chosen temperature (see Table 2
of Ref. [15]). Periodic boundary conditions with no energy/tem-
perature damping were employed. The number of atoms in the
box was chosen in accordance with the values of EPKA and T,
and is given in Table 1. The MD box size was larger than those
used previously for a similar EPKA and T condition, thereby leading
to a smaller increase in lattice temperature once the PKA energy
was dissipated. (The temperature increase did not exceed 80 K in
any of the simulations.)

From 20 to 50 cascades for each PKA energy and ambient tem-
perature were simulated in order to ensure statistical reliability of
the results and obtain as many point defect clusters of various
configurations, shapes and sizes as possible. The actual number
of cascades is recorded in Table 1. PKAs were introduced along
high-index crystallographic directions such as <123>, <234>,
<345>, <135> and <112> in order to avoid recoil-atom channel-
ling events, which are quite possible especially at low T and high
EPKA. (To study channelling by MD it would be necessary to use
boxes with unreasonably large numbers of atoms. However, a
channelled atom experiences a low rate of energy loss until it is
defocused and so channelling would not have a significant effect
on the data reported here. This would not be the case at higher
energy where sub-cascade formation becomes dominant.) PKAs
were created at different sites in the box at different times so that
(quasi-)random spatial and temporal PKA distributions were sim-
ulated. The centre of the simulation box was repeatedly shifted to
the centre of gravity of kinetic energy of the constituent atoms.
Furthermore, the likelihood of a cascade extending beyond the
box boundary and re-entering via periodic conditions was mini-
mised. This is reflected in the small number of simulations aban-
doned in this research: only seven events in more than 450
simulations had to be stopped due to adverse channelling. It also
lessened the selectivity effect in which there is a tendency for



Table 1
Number of atoms in the MD simulation box and number of cascades simulated for the different combinations of temperature and PKA energy considered

T (K) 5 keV 10 keV 15 keV 20 keV 25 keV

Atoms Cascades Atoms Cascades Atoms Cascades Atoms Cascades Atoms Cascades

100 500 000 20 500 000 20 500 000 25 2 048 000 20 2 048 000 52
300 296 352 20 500 000 20 500 000 20 1 048 576 20 2 048 000 20
600 296 352 20 500 000 20 500 000 20 1 048 576 20 1 048 576 19

900 296 352 20 500 000 20 500 000 20 1 048 576 20 1 048 576 20
1 048 576 10
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Fig. 1. Variation of MD time-step, ts, and crystal temperature (obtained from
average kinetic energy of the atoms) with number of time steps for a 20 keV cascade
in a model initially at 100 K. The number of displaced atoms obtained by the ES
analysis is superimposed.
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debris from the more compact cascades to be over-represented in
the final statistics.

2.2. Modelling the cascade ballistic phase

At a time in the early stage of a cascade, a small proportion of
atoms recoil with high velocity while the rest satisfy the equilib-
rium velocity distribution for the ambient temperature. However,
convergence of the MD algorithm for integrating the equations of
motion of the atoms is governed by the time-step, ts, of the fastest
atom, and the time-step for a PKA with energy EPKA = 20 keV is
many orders of magnitude lower than that for atoms equilibrated
at, say, T = 100 K. Use of small ts over all atoms in the initial stage
of a cascade is computationally inefficient, and in order to acceler-
ate calculations in this stage a variable time step algorithm [32]
was implemented, as follows.

The ensemble of atoms is divided into subsets ‘hot’ and ‘cold’.
The former consists of atoms with velocity v in the range pvmax

to vmax, where vmax is the velocity of the fastest atom at that time,
and atoms in layers of thickness dhot surrounding these fast atoms.
The latter comprises the rest. This designation allows separate
integration of two micro-canonical ensembles that have essentially
different parameters (temperature distribution and time-step).
Time-step ts is determined by the condition that the fastest atom
does not travel by more than qa0 in one step. Integration of the
equation of motion of atoms in the hot region(s) is applied with
ts calculated repeatedly in this way for nhot steps while the cold
atoms remain stationary. The total time, tcold, of the nhot steps is
calculated, following which the cold atoms are moved with time-
step tcold and their new velocities obtained. The velocity distribu-
tion in the system is then analyzed, new hot and cold volumes
are determined and separate integration is repeated for the two
subsets. The shape of the hot region(s) depends on the PKA energy
and the stage of cascade evolution. It is rather irregular at the
beginning, especially for high PKA energy when processes such
as channelling and sub-cascade initiation occur. As the primary
and higher-order knock-on atoms exchange kinetic energy with
cold matrix atoms, the hot volume grows and eventually the dis-
tinction between hot and cold disappears. When the whole simu-
lated volume is assigned as hot, the equations of motion of all
atoms are integrated with the same time-step. The velocity-Verlet
algorithm [33] was applied for integration throughout.

The parameter set for this technique was chosen from trial sim-
ulations to test for total energy conservation. The settings were as
follows p = 1/30, q = 0.007, nhot = 10 and dhot = 2.5a0, which is the
effective range of the interatomic potential. This choice errs on
the conservative side and defines the two ensembles of hot and cold
atoms such that they stay in thermodynamic equilibrium with each
other. Both ensembles are micro-canonical and total energy conser-
vation within the usual fluctuations is therefore automatically ful-
filled. There cannot be direct coincidence of damage caused by
displacement cascades evaluated using accelerated and conven-
tional techniques because no two cascades are exactly the same,
even with the same simulation method. However, the conditions
for energy conservation with the same interatomic potential ensure
that the spectra of total number and clusters of defects are equiva-
lent (within the statistical variations) for the two techniques.

Fig. 1 provides an example of the evolution of the time-step
(broken line), average temperature (black solid line) over the MD
cell and number of atoms displaced from their lattice sites (thick
grey line) on the number of integration steps for a 20 keV cascade
in a crystal at T = 100K. The time-step was relatively large (�4 fs)
during initial equilibration of the crystal at 100 K, but then de-
creased by more than three orders of magnitude (to �0.001 fs)
when the PKA was introduced. It increased gradually in the ballis-
tic phase as EPKA was distributed by collisions among more and
more atoms, and then faster as more kinetic energy was converted
to potential energy by displacement of these atoms. After the num-
ber of displaced atoms, and thus the potential energy, reached a
maximum, most atoms returned to lattice sites, resulting in release
of the potential energy and corresponding increase in T. The time-
step increased slowly in this thermal-spike phase until the whole
crystal became ‘hot’ and T stabilised at the final value of 142 K.
At this point (�20–30 ps) a uniform time-step of about 4 fs was ap-
plied. The MD routine was stopped when the number of point de-
fects remained constant for 50 ps (T = 100 K, 300 K) or 30 ps
(T = 600 K, 900 K). In some cases, short-term evolution of damage
was studied by continuing the simulation to 150 ns or more.

2.3. Defect and cluster analysis

Unambiguous identification of point defects and their clusters is
challenging when a large number of cascades has to be treated.
Three different methods were applied here. One is based on anal-
ysis of Wigner–Seitz (WS) cells and is used to identify vacant sites
(=cells with no atoms) and SIAs (=cells with more than one atom).
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This method is adequate1 for determination of the number of sur-
viving vacancies and SIAs, but is not appropriate for identification
of structures with correlated atomic displacements typical of stack-
ing faults and interstitial dislocation loops with perfect Burgers vec-
tor. The second is equivalent spheres (ES) analysis – sometimes
called displaced-atom analysis – based on the position of atoms with
respect to lattice sites. For each lattice site the closest distance to an
atom is evaluated, and if larger than a threshold value the site is
treated as vacant. Contrariwise, for each atom the closest distance
to a lattice site is determined, and if larger than the threshold value
the atom is treated as ‘displaced’. The threshold displacement used
here was 0.27a0. Evaluation of the number of point defects is not
straightforward in this approach. The third method, cluster configu-
ration analysis, uses the output of ES analysis to identify a point de-
fect cluster in the following manner. Since the highest value of the
di-vacancy binding energy in copper occurs when the two vacancies
are in first-nearest-neighbour coordination, and similarly for the two
SIAs in a di-interstitial configuration, we assume that, irrespective of
its type, a point defect belongs to a cluster provided there is another
point defect belonging to the cluster in the first coordination sphere.
Cluster type is defined by the imbalance between constituent vacant
sites and displaced atoms assigned to the cluster. The overall num-
ber, NFP, of surviving Frenkel pairs is the sum of vacancies (not va-
cant sites) over all single vacancies and vacancy clusters, Nv, which
equals the sum of SIAs (not displaced atoms) over all single SIAs
and SIA clusters, Ni. (Conservation of atom number was assured by
checking that Nv = Ni.)

3. Number of Frenkel pairs

The variation of NFP, with EPKA four all four temperatures is
shown in Fig. 2, where each point is the result from one cascade.
The Figure emphasizes the dispersion of the NFP values for a given
condition, particularly at high energy and temperature, and points
to the importance of our intention to obtain reliable and statisti-
cally comprehensive values for the population of point defects by
conducting a large number of simulations for each EPKA and T
combination.

The mean value of NFP for all 20 irradiation conditions is shown
in Fig. 3(a). Standard deviation is shown by bars. The dependence
on PKA energy exhibits clear behaviour in which both NFP and its
dispersion increase with increasing EPKA at all temperatures. There
is no significant change in NFP as T increases from 100 to 300 K, but
it falls markedly as T increases to 600 K and then to 900 K in the
higher part of the energy range. There is no T-dependence in NFP

at 5 keV. The Norgett, Robinson and Torrens (NRT) model [34],
which is based on binary collision treatment and uses an average
threshold displacement energy of 30 eV [35], gives much higher
numbers than the mean NFP values shown in Fig. 3(a), i.e. 67 for
EPKA = 5 keV and 333 for EPKA = 25 keV. The MD values are only
16% of the NRT number for all temperatures at 5 keV, and between
14% and 20% of that number at EPKA = 25 keV.

The data are plotted on logarithmic scales in Fig. 3(b) in order to
test the validity of the power-law formulation NFP = A(EPKA)m,
which was found in [2] to give a good fit to data from MD simula-
tions for cascades with EPKA 6 10 keV when m � 0.75. (The number
predicted by the NRT formula has m = 1 and is also shown in Fig. 3)
The best-fit lines through data from the present work have values
of m = 1.10 ± 0.05 and A = 1.7 ± 0.1 (with EPKA in keV), where the ±
limits correspond to T = 100 K and 900 K, respectively. Interest-
ingly, Stoller [36] reported that m is 0.8 for cascades with EPKA less
than about 20 keV in iron at 100 K and 1.12 for higher energy. The
Fig. 3. (a) Mean value of the number of Frenkel pairs plotted in Fig. 2. Bars show the
standard deviation. (b) The same data redrawn with logarithmic scales. Comparison
with the NRT prediction is provided. The four best-fit lines NFP = A(EPKA)m drawn
through the means have the range of A and m values indicated.

1 In certain cases, particularly at elevated temperatures in strained regions when
three atoms are in the same cell, Wigner-Seitz cell analysis can produce an incorrect
number of Frenkel pairs.
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higher value was believed to be due to the onset of sub-cascade
formation at high EPKA. We ascribe the higher exponent in copper
at low PKA energies to higher stability of SIA and vacancy clusters
in that metal, see Fig.7(a) and (b), which prevents recombination.
The relevant cluster formation issues are discussed in detail in part
II of this report.

There are several possible explanations for the contrast be-
tween the decrease of NFP with increasing T at high PKA energy
and its insensitivity to T at low energy. First, an increase in ambient
temperature slows down heat transfer from the cascade region to
the periphery of the simulation box. The corresponding increase
in thermal spike lifetime raises the probability of recombination
of point defects. Second, high-amplitude thermal oscillations of
atoms at high temperature prevent channelling events for recoiling
atoms. This effect results in more-localized cascades with shorter
distances between neighbouring defects, and so facilitates mutual
recombination as well. Third, clustering of point defects, particu-
larly SIAs, restricts the dimensionality of their motion and thereby
lessens their loss by recombination: as will be seen, formation of
clusters of point defects and cluster stability depend on tempera-
ture. We now consider direct formation of vacancy and SIA clusters
in displacement cascades in copper.

4. Clustered fraction of defects

The fraction of vacancies in a cluster with at least one other
nearest-neighbour vacancy at the end of the thermal spike phase
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varies widely from 0% to about 90% for the conditions studied here.
This is shown in Fig. 4(a), where the fraction, ev

2, of vacancies in
clusters of two or more is plotted as a function of EPKA for all cas-
cades. Despite the wide dispersion in the data, trends can be dis-
cerned, as seen in Fig. 4(b), where the mean value of ev

2 and the
standard deviation are plotted for all 20 conditions. For the range
100–600 K, the mean clustered fraction increases from about 30
to 40–60% as EPKA increases from 5 to 25 keV, with no significant
T-dependence. When T is increased further to 900 K, however, ev

2

still increases with EPKA but it is approximately halved in value.
Since the total number of vacancies at this temperature is also
small (Fig. 3), the population of clustered vacancies is very much
smaller at 900 K.

Similar plots for the SIAs are presented in Fig. 4(c) and (d). The
dispersion in the data for each EPKA and T combination is not as
wide as found for the vacancies, except at low energy, and the
dependence of ei

2 on EPKA is clearer. Between 40% and 90% of the
SIAs are formed in clusters during the cascade process, with little
dependence on temperature.

5. Typical configurations of cascade debris and defect clusters

The large variety in cascade form and defect structure found for
every condition of EPKA and T requires description before proceed-
ing with further analysis. Cascades at one extreme have their
defects widely dispersed in the crystal: these defects tend not to
form large clusters in the cascade process. Other cascades can be
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quite localised and tend to create larger clusters. An example of
each is shown in Fig. 5(a) and (b). These visualisations based on
ES analysis of debris in two 25 keV cascades show vacant sites
and displaced atoms as dark and light spheres (red and cyan in col-
our version), respectively. NFP was 60 and 206 for the cascades in
(a) and (b), respectively. Most of the defects in the latter are either
in the central polyhedral cluster with {111} faces containing 181
vacancies or the interstitial cluster with 195 SIAs at the upper
right. Thus, cascade form rarely follows the conventional picture
of a vacancy-rich core surrounded by a mantle of interstitials.

In view of the variety of defects observed, we have identified
the typical configurations into which most clustered arrange-
ments fall. Their visualisations by ES analysis are presented in
Fig. 5. Computer-generated visualisations of damage created in 25 keV cascades at 100
displaced atoms are shown as dark and light grey spheres (red and cyan in colour versi
Fig. 6 and are as follows. Vacancy clusters are shown in (a)–(c).
The cluster in Fig. 6(a) is an almost regular SFT, with intrinsic
stacking fault on its four {111} faces and stair-rod partial disloca-
tions along its six edges. The cluster in Fig. 6(b) is an example of
two conjoined SFTs. The three-dimensional vacancy cluster
shown in Fig. 6(c) has {111} faces like an SFT, but cannot be iden-
tified as a regular polyhedron. Interstitial clusters mainly have
one of two forms. Frank loops with Burgers vector b = 1/3<111>
enclosing an extrinsic stacking fault are visualised as a platelet
of SIAs on a {111} plane. Two are seen on either side of an
SFT-like vacancy cluster in Fig. 6(d). Most of the remaining inter-
stitial clusters are small dislocation loops with the perfect b = 1/
2<110>. They consist of sets of parallel <110> crowdions
K where the defects are either (a) well-dispersed or (b) localised. Vacant sites and
ons), respectively.



Fig. 6. Typical SIA and vacancy clusters found in displacement cascades. (a) Nearly regular SFT formed by 42 vacancies. (b) Two conjoined SFTs (92 vacancies). (c) Irregular
SFT-like vacancy cluster (209 vacancies). (d) Two sessile Frank loops (37 and 22 SIAs) in the vicinity of an SFT-like vacancy cluster (91 vacancies). (e) Glissile SIA dislocation
loop of 146 SIAs. (f) Sessile 3-D 46 SIAs cluster with {111} faces (below) and small SFT-like vacancy cluster of 33 vacancies (above).
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and are seen as rows of displaced atoms and vacant sites in the ES
visualisations. They are observed to be mobile in the direction of
b in the timescale of a simulation. An example of a large glissile
cluster is provided in Fig. 6(e), where an arrow indicating b is
added for clarity. Sessile SIA clusters with irregular 3-D configura-
tion and low-index facets were also formed occasionally
– Fig. 6(f) contains an example – but annealing simulations on
other defects of this type show that they transform to the more
stable arrangement with b = 1/2<110> during further post-
cascade annealing.
6. Clusters with extended defect character

6.1. Clustered fraction

Clusters containing only a few vacancies or SIAs have some
characteristics that are similar to those of single point defects.
For example, their atomic configuration is simply the superposi-
tion of the structure of the individual vacancies or interstitials
and, like the singles of the species, they are able to migrate
three-dimensionally [37]. Larger clusters tend to adopt different
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configurations from these, however, and behave differently in re-
sponse to stress and temperature. MD studies of motion of SIA
clusters in copper have shown that those of size of four or more
migrate one-dimensionally along a <110> crystallographic axis
without changing direction during the timescale (�tens of ns)
of MD simulation [37]. This restricted behaviour of the larger
clusters is significant for evolution of radiation damage [38]
and, as discussed in Section 5, they become perfect interstitial
dislocation loops with b = ½<110> as they become larger. Copper
is an FCC metal with low stacking fault energy, and it was seen in
Section 5 (Fig. 6(d)) that a population of sessile faulted (Frank)
dislocation loops is also formed in cascades. They, too, should
convert to perfect loops during growth by subsequent absorption
of more SIAs. Larger groups of vacancies, on the other hand, col-
lapse to form immobile SFT-like structures (see Fig. 6(a)–(c)). The
minimum number of vacancies for this to occur is three, for relax-
ation of atoms around a tri-vacancy of nearest-neighbours results
in four vacancies at the vertices of an elementary tetrahedron
with edge of size a0/

p
2 and one atom displaced to the centre

of the tetrahedral hole.
Thus, in order to exclude clusters that have point-defect charac-

ter rather than extended-defect, dislocation character, we now re-
analyse the data so that the smallest size considered is three or
more for vacancy clusters and four or more for interstitial clusters.
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Fig. 7. Mean values of the fraction, e, and standard deviation, of (a) vacancies in
clusters containing three or more defects and (b) SIAs in clusters containing four or
more defects.
The dependence of the mean value, ev
3, of the fraction of clusters

containing three or more vacancies on EPKA and T is shown in
Fig. 7(a). Again, the spread of values among cascades for the same
EPKA and T is large (from 0% to 80%). In general terms, three energy
ranges are apparent: EPKA 6 10 keV, EPKA P 15 keV and the transi-
tion between. The fraction of vacancies in SFT-like clusters does
not exceed 20% at low PKA energy (610 keV) or at any energy at
T = 900 K. Approximately 30% to 50% of all vacancies produced by
PKAs with energy EPKA P 15 keV are formed in clusters at low tem-
peratures (6600 K). ev

3 is small and exhibits weak dependence on
PKA energy at 900 K.

The mean value, ei
4, of the fraction of SIAs in clusters containing

four or more defects is shown in Fig. 7(b). The range of individual
cascade values for any energy is wide (from 0% to 100%). The frac-
tion is low (approximately 20%) at 5 keV and low T, but increases
with increasing energy to the range 60–80% at higher PKA energy.
Overall, the maximum of fraction ei

4 is larger than that of ev
3, viz.

80% compared with 50% at high energy, and increases rather than
decreases with increasing T.

6.2. Cluster size and yield

The mean size (number of vacancies) in the clusters reported in
Fig. 7(a) is plotted as a function of temperature and cascade energy
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Fig. 8. Variation of the mean number of vacancies per vacancy cluster versus (a)
cascade energy and (b) irradiation temperature. The means are the average over all
clusters of size three or more.
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in Fig. 8(a) and (b), respectively. (Note that this is the mean size
averaged over clusters, not per cascade.) Fig. 8(a) reveals a marked
transition in mean size between the low-energy (610 keV) and
high-energy (P15 keV) regimes. The former gives rise to a mean
size of 3–6 vacancies, independent of T, whereas the latter results
in the largest mean size of 15–22 vacancies at 300 K and a marked
decline in size as temperature rises to 900 K. The mean number of
vacancy clusters of size three or more created per cascade (‘cluster
yield’) is plotted against T and EPKA in Fig. 9(a) and (b), respectively.
Here the trends are clear. The yield not only decreases with
decreasing cascade energy, it also decreases with increasing crystal
temperature.

Similar data for the SIA clusters with four or more defects are
plotted in Fig. 10(a) and (b) for size and yield per cascade, respec-
tively. The mean number of SIAs per cluster plotted against T in
Fig. 10(a) exhibits strong transition from low to high energy be-
tween 10 and 15 keV, as in the vacancy data. However, unlike
the vacancy clusters, the mean size of the interstitial clusters con-
tinually increases with increasing T.

The effects seen in these figures can be explained quantitatively
as follows. As temperature increases from 100 to 300 K, cascades
tend to have a more compact form, mainly due to increasing ampli-
tude of thermal oscillations of atoms giving rise to stronger defo-
cusing of primary and higher-order recoils. The more compact
cascade core results in a higher yield and larger size of vacancy
clusters. As temperature increases further, however, the combina-
tion of high T and increased lifetime of the thermal spike not only
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increases the probability of interstitial-vacancy recombination,
resulting in reduction in NFP, but also reduces the stability of va-
cancy clusters. Although the cluster mean size of both species is
similar at low T, SIA clusters are formed with larger mean size at
high T, probably reflecting the greater stability (higher binding en-
ergy) of these defects.

The trends in the plots of yield of vacancy and interstitial clus-
ters in Figs. 9(b) and 10(b) are qualitatively and quantitatively sim-
ilar. This suggests a correlation in the formation of the two cluster
types in individual cascades. Correlations in spatial distribution
and size of extended clusters constitute a topic to be addressed
in detail in part II [26].

7. Discussion and conclusions

The results reported here are the outcome of the largest set of
simulations of displacement cascades in copper to date. They span
ranges of energy and temperature of interest for basic research into
the performance of FCC metals in an irradiation environment. The
defect number and configuration vary strongly from cascade to
cascade, and so we have attempted to generate and analyse a suf-
ficient number of cascades for each condition of EPKA and T to
determine data and detect trends with statistical significance.
Computational techniques described in Section 2 have been
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adopted to increase the model size usable for a given cascade en-
ergy and to enhance the efficiency of data analysis.

The number of point defects and the statistics of their cluster-
ing are the main concerns of this paper. Generally, the number of
vacancies or SIAs per cascade is only 15–20% of the NRT predicted
value. This fraction is reduced to the lower end of the range by
increasing temperature, particularly for cascade energy above
10–15 keV. This is reflected in the decrease of the exponent m
from 1.15 to 1.05 in the best-fit line NFP = A(EPKA)m through the
mean data between 100 and 900 K (Fig. 3). The biggest effect of
increasing T in this energy range occurs between 600 and
900 K. The explanation for this lies in the influence of high tem-
perature for reducing effective cascade volume and increasing
lifetime of the thermal spike. Both effects enhance defect recom-
bination. Note, however, that these trends are for the mean val-
ues: individual cascades can show considerable variations from
the mean. For example, NFP for the 52 cascades simulated with
EPKA = 25 keV and T = 100 K has a mean of 69, but the individual
values range from 23 to 122 (see Fig. 2). This emphasises the
importance of capturing information from as many cascades as
possible. Four or five, as in the early days of cascade simulation
by MD, are insufficient.

It has been conventional practice in this field to analyse the
statistics of point defect clustering during the cascade process,
i.e. by the end of the thermal spike phase, by defining a clustered
defect as one with at least one neighbour of the same type in a
near-neighbour position. (The appropriate position is first-nearest
neighbours for FCC metals because the binding energy of di-
vacancies and di-interstitials is highest in this arrangement.)
The data for the clustered fractions ev

2 and ei
2 in Fig. 4 are based

on this and, despite the wide dispersion in the fraction for indi-
vidual cascades, both show a clear increasing trend with increas-
ing EPKA. The main features are (a) ei

2 is significantly higher than
ev

2, rising to 70–90% at 25 keV, irrespective of T, and (b) although
ev

2 does not vary significantly with T in the range 6 600 K, it is de-
creased substantially (to about 20%) at 900 K. These variations
can be explained in qualitative terms by a combination of the
influence of T on cascade volume and lifetime discussed above,
and the lower stability (lower binding energy) of vacancy clusters
compared with SIA clusters.

In addition to studying the numbers of defects, we have at-
tempted to categorise the defect clusters that typically arise in cas-
cades in copper. They are illustrated by the visualised
configurations in Fig. 6. The clustered SIAs tend to form either per-
fect (b = 1/2<110>) or faulted (b = 1/3<111>) dislocation loops.
Large, 3-D clusters can arise, but they are unstable with respect
to the perfect arrangement during sufficient post-cascade anneal-
ing. These dislocation defects are either mobile in one direction
(b) if perfect or sessile if either faulted or untransformed, and have
size of four interstitials or more. It can be seen from Fig. 7(b) for ei

4

(and by comparing with Fig. 5(d) for ei
2) that the majority of SIAs

are in this form for EPKA P 15 keV. Importantly, this result holds
irrespective of irradiation temperature.

The clustered vacancies, in contrast, almost inevitably form
3-D configurations with {111} faces. In a few cases, these are
almost regular SFTs (Fig. 6(a)); in most they are conjoined SFTs
(Fig. 6(b)) or even more irregular polyhedra (Fig. 6(c)). The
<110> edges of these extended defects are stair-rod partial dislo-
cations and so their strain field is short-ranged compared with
that of the SIA loops. Tetrahedral clusters become stable for size
of three or more vacancies. Fig. 7(a) for ev

3 shows that about
40% of the vacancy population have SFT-like character on the
average for cascades with EPKA P 15 keV when T 6 600 K. The
proportion falls to 10–20% at 900 K, however, emphasising once
again the significant influence the irradiation temperature has
on the vacancy component of the primary state of cascade dam-
age. The size spectrum of the SFT-like clusters created in the sim-
ulations can be compared directly with size data found in recent
experiments on neutron-irradiated copper [24]. This leads to the
conclusion that the SFTs observed in experiment are formed di-
rectly in the core of cascades as part of the primary damage state,
as discussed further in part II [26].

Finally, it was noted in Section 6.2 that the trends in the plots
of yield per cascade of vacancy and interstitial clusters (Figs. 9(b)
and 10(b)) are similar, thereby suggesting a correlation in the for-
mation of the two cluster types in individual cascades. This is also
apparent from the computer-generated visualisations we have
carried out: Figs. 5(b) and 6(d) and (f) are just a few examples.
It seems that the creation of one cluster aids that of the other
type. Furthermore, the visualisations suggest that they form close
together, without annihilation. These issues have been quantified
and the resulting correlations in spatial distribution and size of
extended defect clusters are described in detail in part II. The sta-
bility of SFTs and loops, and the proximity of clusters of different
nature have an influence on defect production when one cascade
overlaps the debris of another. This affects defect production effi-
ciency at high irradiation dose. This aspect is also considered in
part II.
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