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Abstract

Full molecular dynamics (MD) and its binary collision approximation (BCA) are used in a complementary way in
order to study displacement cascade distributions in iron. Frenkel pair distributions are particularly narrow and
symmetrical. They are thus well described by their first moment. Therefore, quantitative estimates by MD are possible.
The comparison between the dependence of Frenkel pair production on primary energy predicted by both computa-
tional techniques suggests a post-cascade recombination model. Its physical grounds are discussed. The variability
between spatial distributions of individual cascades is particularly large as a consequence of instability, which takes
place in the early stage of the cascade development. The subsequent loss of correlation with initial conditions is sta-
tistically demonstrated on the basis of BCA simulations of 5000-15 000 cascades. Sufficient statistics can be reached by
MD in order to characterise spatial distributions within cascades. It comes out of systematic comparison between MD
and its BCA that, after the ballistic phase, the spatial extent of both vacancies and interstitials tends to increase. This
phenomenon correlates with atomic mixing in the cascade core. This mixing is not predicted in the BCA. It is suggested
to be responsible for the fragmentation of vacancy clusters formed during the ballistic phase of the cascades. © 2001

Elsevier Science B.V. All rights reserved.
PACS: 63.43Bn; 6180Az; 6182Bg

1. Introduction

Atomic collision cascades subsequent to the neutron
irradiation of materials represent the primary stage in
radiation damage leading to macroscopic changes in the
mechanical properties of materials. The development of
these collision cascades and the damage resulting from
the generation of energetic ‘primary knock-on atoms’
(PKAs) displaced from a bulk lattice site motivate ex-
tensive efforts in view of identifying and predicting the
time evolution of mechanical properties of neutron ir-
radiated materials [1-4].

Different theoretical approaches are available which
developed simultaneously. The integral equation for-
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malism [5-8] represents a major breakthrough in pre-
dicting spatial distributions resulting from continuous
slowing down. Similar properties were also obtained
by numerically solving the equations of motion of all
cascade particles in a solid, using a binary collision
approximation (BCA) [9,10]. The method was ex-
tended to the study of individual cascades as generated
by a single PKA [11]. Solving the equations of motion
in an individual cascade without using the BCA was
achieved early [1,12-14]. This is full molecular dy-
namics (MD) which is nowadays a most commonly
used method. Each of these methods is based on
specific models that differ from each other. The inte-
gral equation was solved analytically with simple col-
lision cross-sections for structureless materials. Lattice
effects are extensively commented in the literature and
a fundamental review may be found in [15]. The lim-
itations of the BCA are extensively discussed as well.
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The usual, though not general, neglect of interactions
between moving particles when applying the BCA was
pointed out early [16] (a noticeable exception is
available in [17], where the BCA is used between
moving atoms as well). The atomic interaction poten-
tials represent the bottom of all models. An extensive
early discussion may be found in [18]. Pair potentials
used in the BCA are reviewed more recently [17,19]. A
thorough discussion of the second moment tight
binding and EAM potentials for MD simulations in
iron is given in [20].

Much understanding may be expected from the
comparison between different models as well as from
measuring the effect of an approximation. Such an
approach is only sparsely used in radiation damage
studies. It is adopted as a basis of the discussion in
the present work. Several issues will be emphasised
by comparing full MD to the BCA predictions, which
do not appear with one of these models indepen-
dently.

The comparison between the time dependencies of
recoil frequencies obtained by full MD and with the
BCA is useful to fix the energy parameters inherent to
the BCA and to identify their physical origin. This is
done in [21] as briefly discussed in Section 2.2. It how-
ever does not necessarily warrant a full correspondence
between both models. Indeed, such a comparison pro-
vides information neither about spatial correlations nor
about atomic rearrangements at thermal energies, which
may take place before the system comes to rest. Spatial
damage distributions were found particularly broad as a
consequence of an instability in the early stage of the
cascade development, which initiates from stochastic
thermal fluctuations [22]. A loss of correlation with
other initial conditions is evidenced. The instability is
the main factor determining spatial distributions but this
does not exclude the contribution of other factors that
will be discussed below, comparing MD and BCA pre-
dictions.

As a first example where the combined MD and BCA
approach is useful, we shall discuss an apparent dis-
crepancy found in [23] between the mean numbers of
stable Frenkel pairs predicted by full MD and with the
so-called NRT model [24]. The latter is based on the
BCA. We shall show in Section 3 how to understand and
reduce this discrepancy. A simple realistic model will be
suggested for post-cascade atomic rearrangements in-
volving spatial correlations. Spatial point defect distri-
butions will then be discussed, again on the basis of
comparisons between MD and BCA predictions. Such
comparisons are the most useful to discuss spatial point
defect correlations within individual cascades for which
MD allows sufficient statistics to be reached. Statistical
distributions between cascades will be discussed in Sec-
tion 4, while Section 5 is devoted to spatial correlations
within cascades.

We use displacement cascades in iron as a generic
case study which ought to be valid for other crystalline
and polycrystalline solids.

2. Atomic scale models
2.1. Full MD

Full MD has the advantage to model the time evo-
lution of a box of atoms as a whole. It may be viewed as
a method of solving numerically and stepwise in time a
large set of coupled simultaneous equations of motion
and suitable algorithms allow the computer time re-
quired to be made, therefore only linearly growing with
the number of particles involved. In addition, despite the
simultaneous character of the interaction between all
considered particles, MD codes can be efficiently paral-
lelised [25].

The MD code we use, DYMOKA, is a slightly
modified version of CDCMD [26]: a user oriented code
developed to perform Metropolis Monte Carlo and
classical MD modelling.

The Newton equations of motion are integrated us-
ing a fifth-order gear predictor—corrector algorithm. The
neighbour search is done through a linked cell method
combined with a Verlet list [27]. This makes the code
fully linear with the number of atoms. The interatomic
potentials are tabulated and the interpolation of the
potential tables is made through a fifth-order Lagrange
polynomial. In this work, we used the EAM potential
developed in [28].

In order to simulate displacement cascades, the fol-
lowing commonly used approximations are made. The
effect of electron excitation is ignored. No damping
forces are applied to the boundary atoms. Periodic
boundary conditions (PBC) are used with a choice of the
simulation box size depending upon the energy of the
PKA.

At the beginning of the simulation, the system of
particles is let to equilibrate for 5 ps. Most of the time,
the temperature of the irradiated iron is set to 600 K,
which is representative of reactor vessels working con-
ditions. When the lattice is at thermal equilibrium, one
atom, the PKA is given a momentum corresponding to
energies from 1 to 30 keV. The actual timestep is
‘manually’ adapted to the PKA velocity, and it can be as
low as 1077 s. As soon as the extreme collisions are
over, a much longer timestep is adequate, i.e., 107!
107" s. More detail on the procedure can be found in
[20].

2.2. The BCA of MD

Accumulating statistics over large samples of colli-
sion cascades is nowadays still unpractical in the energy
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ranges of interest for radiation damage studies. This
drawback is drastically reduced by the BCA of MD, at
the expense of an approximate treatment of multiple
simultaneous interactions. The BCA is several orders of
magnitude less time consuming than MD and it there-
fore allows reasonably significant statistics in case of
widespread statistical distributions. However, since the
consequences of the approximate treatment of simulta-
neous events are not all fully identified, BCA needs to be
grounded, for instance on MD results, as much as pos-
sible. On the other hand, the BCA is inappropriate to
describe the evolution of a system close to thermal
equilibrium while MD is ideally suited therefore. Ad-
vantage is taken from this difference in the present dis-
cussion and a comparison between BCA and MD results
will allow information to be provided about the mag-
nitude of post-ballistic effects.

The Marlowe program (version 14c) is used in what
follows. A huge variety of displacement models are
available. They are described through an extensive lit-
erature, probably starting in 1963. A basic reference is
given in [29]. Collision cascades are modelled as se-
quences of binary encounters between which atoms
move freely along their scattering asymptotes. Individ-
ual collisions are governed by pair potentials that may
have an attractive component [30]. A series of potential
functions is available in the Marlowe package and
others may be implemented. The potential function is
used to estimate the scattering angle and the time inte-
gral in each binary collision. Integration is achieved by
means of a quadrature whose number of nodes may be
tuned. In such a way, the scattered and recoil atomic
momenta, as well as the exit asymptote positions, are
calculated. In the present work, the pair potential sug-
gested in [31] is generally used and occasionally, when
mentioned, the Moliere approximation to the Thomas
Fermi potential [32]. According to the notations in [33]
the former model potential will be noted AMLIJ. The
reason to use the AMLJ potential preferentially is that it
compares well with the repulsive branch of the EAM
potential used in the present MD modelling at small
separation distances. Electron excitations may be mod-
elled by means of the quasi-elastic approximation [34],
according to Lindhard’s theory [35], or both. Other
models may be used. However, in view of comparisons
with the full MD model described above, this possibility
will not be used in the present study. The binary colli-
sions are chronologically ordered so that time represents
the driving parameter in the cascade development. The
number of collisions undergone by the moving atoms is
limited by a maximum impact parameter value selected
by the user.

The dynamics of the atomic ballistic phase have al-
ready been discussed in the case of low energy collision
cascades in copper and gold [21]. In that work, a com-
parison between the MD and the BCA predictions of the

mean number of moving atoms as functions of time was
carried on. Except for the BCA itself, the models were
made as close as possible. In this respect, the repulsive
branches of both model potentials were identical, al-
though no attractive potential component was consid-
ered in the BCA.

Provided lattice atoms are considered to be bound to
their lattice site with a binding energy equal to the ma-
terial cohesive energy, in elemental metals, the MD and
the BCA predicted most similar cascade dynamics. The
agreement was found to be excellent for all atoms
moving with total energies as low as 0.5 eV. In re-
placement collisions; however, since both the initial and
final situations are similar (one moving interstitial and
one identical lattice atom), the binding energy to a lat-
tice site was considered as much reduced as compared to
the cohesive energy, and a value of 0.2 eV was suggested.
This order of magnitude is consistent with the compar-
ison between various models made in [15].

In the present study, for iron, we use a maximal
impact parameter a little smaller than the first neighbour
distance. Energy parameters are available in various
models for the binding of atoms to their lattice site and
to cutoff their trajectories. In what follows, the binding
energy of the atoms to their lattice sites is considered
constant and direction independent. It is fitted to the
cohesive energy in the matrix, as suggested by the pre-
vious comparison between MD and its BCA mentioned
above [21]. The binding energy in replacement sequences
is taken as 0.2 eV, independently of the sequence di-
rection.

2.3. Characterisation of spatial point defect distributions

Component analysis is an efficient technique to un-
iquely associate an ellipsoid to each individual dis-
placement cascade, which accounts for its spatial
extension and its morphology on the basis of its intrinsic
characteristics [11]. It is thus useful for making com-
parisons between cascades. The information provided by
this method is the direction of three orthogonal axes that
are associated to the spatial point defect distribution and
the variance of this distribution projected onto them.
The major axis has the direction maximising the vari-
ance, the second maximises the variance of the distri-
bution projected onto a plane perpendicular to the first
and the third one has the direction minimising this
variance.

In order to determine these directions, one looks for
the unitary vector u such that

§* = Z lfil> = (u-r;)* = uRu
=1
n (1)

with R = il l,j = 1, 3

k=1
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is maximal. f; is the projection of the position vector r;
of point k on the major axis. R is proportional to the
covariance matrix. When S? is maximum, its derivative
with respect to u is zero and this implies

Ru = ’u; (2)

u is thus an eigenvector of R. Comparing (1) and (2)
shows that S? is associated to the eigenvalue o?. The
second axis direction v is found such that vRv is maximal
with the constraint v-u=0. v is also shown to be an
eigenvector of R associated to an eigenvalue f*. f* is the
variance of the distribution projected on v. The same
reasoning applies to the third direction w with the ei-
genvalue y?. These directions are parallel to the direc-
tions of the eigenvectors of the covariance matrix of the
point defect distributions and the associated eigenvalues
are the variances of the distribution projected onto the
directions of the eigenvectors. The problem is thus lim-
ited to the diagonalisation of a 3 x 3 symmetrical real
and positive matrix, which is quite straightforward.

The eigenvectors and eigenvalues naturally define an
ellipsoid associated with each cloud of point defects
whose axes lengths are given by the standard deviation
of the distributions projected in the directions of the
eigenvectors. These ellipsoids define the cascade cores.
In what follows, and for simplicity, each core volume
will be considered as representative of one displacement
cascade. Volume distributions will be constructed. Sim-
ilarly, the anisotropy of each cascade core will be mea-
sured as the ratio between the lengths of the axes
maximising and minimising the projected distribution
variance. A more sophisticated approach is developed in
[36], which allows to account for cascade inhomogene-
ities and subcascade formation, thus possibly associating
more than one ellipsoid per cascade, but this is not
necessary for the present discussion.

Point defect distributions within cascades will be
mainly discussed in terms of pair correlation functions.
Standard definitions are used to characterise inner dis-
tributions of vacancies, of interstitials and closest va-
cancy-interstitial pairs.

3. Frenkel pairs

The variance of the Frenkel pair frequency distribu-
tion obtained both in the BCA and by MD is quite small
when the PKA is initiated from a lattice site (the situa-
tion is different in case of external irradiation). These
were already studied by several authors either analyti-
cally [37] or on the basis of BCA calculations in [9],
including a discussion of the significant role of electronic
excitation. This role is discarded in the present discus-
sion. Owing to this predicted small variance, the mean
number of Frenkel pairs produced by collision cascades

can be determined accurately on the basis of limited
samples. It was estimated in [9] that, in the case of
copper, at 10 keV, a sample of 20 cascades should yield
only to about 1% uncertainty in the value of the mean
number of Frenkel pairs. This is qualitatively confirmed
by the MD calculations performed here as well as those
by [38]. In both works, 10-20 cascades were sufficient to
limit the uncertainty to a few percent.

At this stage, the important point is that, whatever
the Frenkel pair production model, the predicted vari-
ance is small and reasonable statistics can nowadays be
reached by MD within limited computer times for sev-
eral 10 keV cascades. The apparent discrepancy between
MD and its BCA, mentioned in the introduction, is now
studied by comparing both approaches.

In full MD, a Frenkel pair is considered to be stable
if it survives a ‘long’ time (5 ps) as compared to the
cascade characteristic lifetime (of the order of 1 ps),
though quite short as compared to the characteristic
diffusion time at room temperature.

The physics involved in Frenkel pair production is
not yet fully understood and, in the BCA, a displace-
ment threshold is often considered with a magnitude of
several 10 eV [39], considering that an atom recoiling
with less energy would spontaneously recombine. Such a
parameter is however not quite convenient as it is
strongly direction dependent. Evidence for this direction
dependence is available, from both computer simulation
(see, e.g. [40]) and direct experiment (see, e.g. [41]). An
alternative, whose physical grounds are clearer, is to
account for an instability volume [42]. A Frenkel pair is
considered to be stable if and only if its vacancy—inter-
stitial separation distance is larger than this unstability,
or, recombination radius. In such a scheme, recombi-
nation is considered as athermal and not dependent on
direction. It is also not a collisional process. MD evi-
dence for such an athermal process is given in [43]. In
this scheme, the recombination process involves more
than one atom (the interstitial) and one atomic site (the
vacancy). It implies local collective rearrangement.

Vacancy—interstitial pair distribution functions can
be constructed in the BCA with good statistics and the
value of a suitable recombination radius can be deduced
by matching these distribution functions to the number
of stable Frenkel pairs computed by MD. This is done
according to the procedure illustrated in Fig. 1 for iron.
In this figure, the number of Frenkel pairs obtained at
600 K by MD is represented as a function of the PKA
energy and compared with the BCA results. These are
obtained with a negligibly small displacement threshold
value and different recombination radii, noted r.. Typi-
cally, the energy displacement threshold is taken smaller
than the binding energy of the atoms to their lattice site.
This way, it plays no significant role in the cascade de-
velopment. As seen in Fig. 1, the BCA results obtained
with the AMLJ potential are in good overall agreement
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Fig. 1. Mean number of Frenkel pairs produced as a function
of the PKA initial energy as obtained by MD (filled circles) and
in the BCA, accounting for a spontaneous recombination ra-
dius, r.. BCA results are shown for ay < r. < 4ay, where a is
the lattice distance in iron. MD and its BCA lead to quantita-
tively similar dependencies when 3ay < r. < 3.5ay.

with MD for 3ay < r. < 3.5a;. With the Moliere po-
tential, the best matching was found for 4.5ay < r. < 5ay
[44].

Similar overall agreement, over the same energy
range, is found with other published MD data [23] in the
case of copper, titanium and nickel, using, in the BCA, a
Moliere potential. The appropriate recombination radii
turn out to be of the same order and not significantly
PKA-energy dependent in the range investigated. In the
case of copper, a recombination radius of 2.5a, provides
an excellent agreement between BCA and MD. This
separation distance is found to be equal to that at which
the vacancy—interstitial binding energy tends to vanish.
It is thus tempting to correlate the recombination radius
with this vacancy-interstitial distance. Such a correla-
tion is however only qualitative since it neglects the ex-
citation state of the cascade area and the subsequent
phenomena.

In the case of iron, the recombination radius found in
Fig. 1 with the Moliere potential is in agreement with
experimental estimates by electron irradiation of a per-
fect iron crystal [45]. The former is somewhat larger than

the distance at which the vacancy—interstitial binding
energy is found to vanish with the potential used in the
displacement cascade MD simulations. We found this
distance to be 1.7a9, where aq is the 0 K equilibrium
lattice parameter. It thus appears that the maximal
binding distance between a vacancy and an interstitial is
not sufficient to account for recombination. Therefore,
in order to bring further understanding, a more detailed
study of the cascade development as modelled by full
MD and in its BCA is necessary. This is the subject of
Section 5. The following section discusses the stochastic
properties of collision cascades and their consequences.

4. Statistical distributions between cascades

Figs. 2(a) and (b) display the final configurations of
the residual vacancies and interstitials at the end of two
different 20 keV collision cascades modelled by MD at
600 K with different initial conditions. They were both
calculated with a PKA directed toward the same (135)
direction. The influence of the PKA direction was al-
ready examined by MD in [46] and the results support
the view that the (135) initial direction should provide
cascade distributions typical of most occurring events.
The differences observed in Fig. 2 are typical of all
cascades investigated by MD. The most important point
to notice is that these cascades differ only by the random
number used in thermalising the simulation box at 600
K. The only difference when launching the PKA at dif-
ferent times is therefore the initial instantaneous thermal
phase space configuration. It is obvious at first glance
that the final vacancy and interstitial configurations
depend substantially on the initial thermal configura-
tion, hence inducing significant configurational variance
in the final state of the system.

A similar experiment can be repeated in the BCA. In
the Marlowe model, lattice atoms may be considered as
initially displaced at random within a Gaussian distri-
bution. In this work, we determine its variance from the
Debye temperature. This is consistent with the Einstein
model of thermal vibrations. Since, within the Marlowe
model, target atoms are always considered at rest, the
initial phase space configuration reduces to the atomic
position coordinates. 20 keV cascades were initialised in
a (135) direction at 600 K and a post-cascade recom-
bination radius of 3.5 lattice units is used, such that the
mean number of Frenkel pairs is the same as obtained
by MD (see Fig. 1). The results are shown in Figs. 2(c)
and (d) for cascades representative of the whole set in-
vestigated. Similar trends are found with both simula-
tion models and the variance in the final configuration is
found qualitatively as significant as in the case of full
MD. It is shown in [22] that this variance reflects an
instability, which develops in the early stage of the cas-
cade.
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Fig. 2. Final cascade induced point defect configurations obtained by MD (a,b) and in the BCA (c,d). The temperature is 600 K.
Except for the thermal configurations, the initial conditions are identical. The PKA is a lattice atom with a kinetic initial energy of 20
keV and momentum pointing in the (135) direction. In the BCA, a recombination radius of 3.54, is chosen, according to the results in

Fig. 1 at 20 keV.

Visual inspection of such final configurations does
not allow to distinguish between cascades generated by
full MD or in its BCA. Vacancies tend to cluster into a
core surrounded by the interstitials, consistently with the
pioneering schematic picture of Brinkman [47]. Subcas-
cade formation is found to take place with some sig-
nificant probability. Since all other initial conditions are
identical, the spatial configurations of displacement
cascades, and thus of their volumes, point defect densi-
ties, and morphologies (including subcascade formation)
only result from uncorrelated thermal configurations.
Hence, they only can be characterised by statistical
distributions. It is shown below that the first moment of
these distributions does not provide much information
about them.

In order to characterise the cascade size, the com-
ponent analysis is used as described above. Ellipsoids are
constructed that define the vacancy cascade cores. Sta-
tistics is accumulated in the BCA over several thousand
cascades with the AMLJ potential. A recombination
radius is again chosen so as to match the mean number
of Frenkel pairs obtained by MD.

Typical core volume distributions of 20 keV cascades
are given in Fig. 3(a). An anisotropy factor is defined as
n = o/y — 1, where « and y are the major and minor axes
lengths of the ellipsoid, respectively. An anisotropy
factor distribution is shown in Fig. 3(b). The tempera-
ture is 600 K. In one series of simulations, 5000 cascades
are generated by PKAs starting from the same lattice
site in the same (135) direction. The only difference in

initial conditions from one cascade to another is the
thermal configuration. A second series of 15000 cas-
cades, generated by selecting the PKA directions at
random and isotropically, provides another pair of core
volume and anisotropy factor distributions. These are
shown in Fig. 3 to be indistinguishable from the former,
demonstrating that the correlation with the initial pri-
mary direction is lost. Both distributions are pro-
nouncedly skewed toward high values (the tails of the
distributions are cutoff for the purpose of drawing) and
subsequently, the most probable and mean values differ
significantly. Similar distributions are found for other
PKA energies.

Besides the loss of correlation, one essential point at
this stage is that all distributions are quite broad and the
widths relative to modal values are over 100% in con-
trast with the Frenkel pair frequency distributions.

The huge variability found is the consequence of the
thermal displacements only. The root mean square
thermal vibration amplitude is less than 0.1 A at 600 K.
This was shown in [22] by both MD and its BCA to be
the consequence of a well-known diverging evolution
(see, e.g. [48] or [49]) in the early stage of the cascade
development. It is this divergence which is at the origin
of the loss of correlation evidenced by Fig. 3. As a
consequence, the final cascade configurations are un-
predictable and they can only be characterised in terms
of distributions.

MD cannot reach similar statistics as possible in the
BCA, unfortunately. The individual MD results ob-
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Fig. 3. (a) Vacancy cascade core volume distributions as ob-
tained in the BCA with 20 keV PKAs directed toward the (135)
directions (crosses) and with incident directions selected iso-
tropically and at random (circles). Statistics is accumulated over
5000 cascades in the former case and 15000 in the latter. (b)
Anisotropy distributions corresponding to the same vacancy
cascades as used in (a). Volumes estimated the same way and
obtained by MD simulations are shown with vertical arrows.
The horizontal arrow indicates an MD vacancy cascade volume
which is larger than that represented in the figure.

tained by the same component analysis method as above
are marked in Fig. 3. The individual results displayed
are sufficient to conclude that the core volume distri-
bution is broad as well. MD and the BCA seem to
predict similarly widespread spatial vacancy and an-
isotropy factor distributions. The statistics over the
limited number of available MD cascades is however not
sufficient to draw any quantitative conclusion.

More details however can be emphasised by exam-
ining vacancy clusters inside the individual cascades.
This is done for different PKA energies. A cluster is here
defined as a group of vacancies having neighbouring
vacancies at a distance smaller than or equal to the
second neighbour distance.

The comparison is shown in Fig. 4. In the BCA,
about 45% of the vacancies have no such close neigh-
bours and are thus considered as isolated. Most similar
results are obtained when the simulations are repeated
with the Moliere potential. With similar initial condi-
tions for a 20 keV PKA, this number, as obtained by
MD, is close to 70%. The tendency to cluster was found
to be significantly potential dependent in [20], which
would tend to prove that this characteristics of the
damage is directly related to the equilibrium part
of the potential. The modelling of the equilibrium part
of the potential in the BCA is restricted to an amount of
binding energy of the atoms to their lattice site taken

Vacancy clusters distribution

T = 600K
PKA [135]

— Tl I-wiD_

Number per cascade
N
o

Fig. 4. Vacancy cluster distributions as obtained in the BCA
and by MD for different PKA energies. The ‘cluster size’ rep-
resents the number of vacancies in one cluster. The temperature
is 600 K and the PKA direction is parallel to the (135) crystal
direction.
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equal to the cohesive energy, which is equal to the
equilibrium EAM value of the configuration energy. The
results in Fig. 4 can thus only be considered as quali-
tative. An attempt is made in Section 5 to understand
why MD cascade values may be larger than when esti-
mated in the BCA.

The results in the present section are hampered by a
lack of statistics. Reasonable statistics can however be
reached by MD in spatial properties within cascades,
which allow more quantitative comparison with the
BCA. This is the approach used in the following section.

5. Statistical distributions within cascades

In what follows, we compare the vacancy-vacancy
distance and the vacancy-interstitial distance pair cor-
relation functions in MD and BCA cascades obtained
starting with identical initial conditions. In the BCA,
statistics is accumulated over one thousand cascades.
Although less than 10 cascades could be modelled by full
MD in each conditions considered, significant trends are
found, which allow quantitative comparison.

A typical vacancy—vacancy pair correlation function,
noted gy v(r) is given in Fig. 5. The overall agreement is
quite reasonable. It however appears that small va-
cancy-vacancy distances are more frequent in the BCA
than predicted by MD while the situation is reversed at
large distances. This means that, on the average, the
vacancy separations are slightly smaller when predicted
in the BCA than by full MD.

204

9"

O T T T 1
0 20 40 60 80

Separation distance (A)

Fig. 5. Vacancy pair correlation functions obtained by MD
(solid line) and in the BCA (dotted line). The PKA energy is 20
keV, the initial momenta are directed parallel to the (135) di-
rection and the temperature is 600 K.

An additional relevant difference between MD and its
BCA is found by a careful analysis of the first peak
structure. This peak is composed of two channels: the
first one corresponds to the first neighbour distance
while the second one corresponds to the second neigh-
bour distance. The BCA turns out to privilege first
neighbouring vacancies while full MD privileges second
neighbours. Second neighbour vacancies indeed induce
smaller lattice relaxation in iron and the associated
binding energy is accordingly larger (0.21 eV to be
compared to 0.16 eV for first neighbour vacancies, as
evaluated with the EAM potential used in this work),
which makes them more probable. Such relaxation ef-
fects cannot be taken into account in the BCA.

Fig. 6 shows the vacancy-interstitial pair distance
correlation function, noted gy 1(r). The sharp edge at
small distances found with the BCA reflects the use of a
sharp threshold recombination distance (a smoothly
vanishing recombination probability with distance could
have been somewhat more realistic). The amount of closer
distance pairs found by full MD is negligible, showing that
the recombination threshold distance used in the BCA is
reasonable. A significant difference appears between full
MD and its BCA. The BCA distribution is indeed nar-
rower than the MD one and exhibits a peak at a smaller
distance. Furthermore, the MD peak decays more slowly,
while at the largest distances, frequencies are similar. This
difference can be partly interpreted as a ‘post-ballistic’
effect. First, the simulations are achieved at rather high
temperature (600 K), which contributes to shorten the
length of replacement sequences and to promote thermal
diffusion. In case of correlated thermal vibrations, re-

60-

8y.1(1)

0 50 100 150
Separation distance (A)

Fig. 6. Closest vacancy—interstitial pair correlation functions
obtained by MD (dotted line) and in the BCA (solid line). The
conditions are the same as in Fig. 5.
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placement sequences may be longer in MD than in the
BCA where such correlations, if any, are ignored. To
check on this point, the BCA simulations were repeated at
0 K in order to increase artificially the length of replace-
ment sequences. This only partially improves the match-
ing with MD results. Therefore the replacement sequence
length cannot explain the differences between MD and its
BCA. On the other hand, the strong, though short lived,
local energy gradient oriented toward the outside of the
cascades induces a directional constraint on the thermal
diffusion of cascade interstitials that aim at condensing
them on ‘cold’ areas. This may explain the slower decay of
the MD peak at intermediate distances. Since this thermal
transport is short lived, the effect is only limited in space
and does not affect the interstitials that are the most dis-
tant from the cascade core, hence the good agreement
between MD and the BCA at large distances.

Another post-ballistic effect is the atomic mixing in
the cascade core. Mixing is extensively studied, in
particular in the case of metallic binary alloys, and a
good deal of the MD simulations done is reviewed in
[50]. Alloys are convenient therefore because mixing
produces chemical disorder, which is easy to detect.
Disorder however does not evidence the whole mixing
which takes place during irradiation, since mixing be-
tween atoms of the same nature is not identified. In a
computer simulation, it is however straightforward to
single out every lattice site where an atom has been
replaced by another, whatever its identity. This is done
in the present work and the results shown in Fig. 7
clearly demonstrate the non-linear nature of the pro-
cess. Indeed, the mean number of replacements found
in the BCA is proportional to the PKA energy, as
expected from a linear model. In contrast, a faster than
linear dependence on the PKA energy is found by full
MD. The present BCA model does not account for this
non-linearity.

In addition to this non-linear dependence on the
PKA energy, the replacement frequency measured by
MD is more than twice that estimated in the BCA, even
at the lowest PKA energies considered. This is the
consequence of the rearrangements among the lattice
sites resulting from the collective recombination process
discussed in Section 3. This one is not accounted for in
the BCA results of Fig. 7. In a dense cascade, recom-
bination volumes overlap, leading to an overall mixing
area, and the fraction of sites taking part in recombi-
nation in each recombination volume is hardly esti-
mated. Therefore, a quantitative relation between the
BCA and the MD results in Fig. 7 cannot be established
and, at present stage, it is not possible to decide to which
extent the non-linear behaviour found is due to a local
increase of the recoil density or of the recombination
radius.

Whatever the origin, the present model prediction
difference may be related to the differences found in the
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Fig. 7. Replacement frequencies as estimated at the end of the
cascades by MD (triangles) and in the BCA (squares) as a
function of the primary energy.

spatial distributions of vacancies. It suggests that the
more efficient mixing found by MD contributes to dis-
solve the vacancy clusters in individual cascades, hence
increasing the number of isolated vacancies. Further
investigation is however necessary to settle this point.

6. Conclusion

By comparing displacement cascades calculated by
full MD and in its BCA, physical aspects of the cascade
development could be emphasised. A simple recombi-
nation model was sufficient to make Frenkel pair fre-
quency distributions consistent with each other. The
comparison supports the suggestion of an instability
volume within which spontaneous vacancy-interstitial
recombination takes place. MD evidence for a recom-
bination distance threshold comes out of the study of
vacancy—interstitial pair correlation functions. The
contribution of athermal recombination, however, could
not be distinguished from other contributions to cascade
mixing.

As already noticed elsewhere [20], the spatial extent
of individual cascades is essentially governed by the
early stage of their development. This early stage is
dominated by an instability, which results in particularly
broad and skewed statistical spatial distributions.

Cascade mixing is confirmed to be an increasing
function of the PKA energy. One consequence is to
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fragment the vacancy clusters formed during the ballistic
phase of the cascades. The volume occupied by the in-
terstitials is suggested to be enhanced by a short lived
energy gradient toward the outside of the cascades.
Hence, significant post-ballistic effects are detected and
measured in point defect distributions within displace-
ment cascades.

Full MD and its BCA thus appear to be comple-
mentary in characterising primary damage and the
comparison between the predictions helps in evaluating
the magnitude of post-ballistic effects.
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