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Classical molecular dynamics simulations, using a set of previously established pair potentials, have been
used to predict the minimum energy needed for krypton and xenon atoms to be resolved into uranium
dioxide across a perfect (111) surface. The absolute minimum energy, Emin, is 53 eV for krypton and 56 eV
for xenon atoms, significantly less than the 300 eV value often assumed in fuel modelling as the mini-
mum energy required for gas resolution. The present values are, however, still sufficient to preclude ther-
mal resolution at normal reactor temperatures. The discrepancies between the present and previous
resolution energies are due to the significant variation in probabilities of absorption at different impact
points on the crystal surface; we have mapped out the probability distribution for various impact sites
across the crystal surface. The value of 300 eV corresponds to an 85% chance of resolution.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Fission gas atoms such as krypton (Kr) and xenon (Xe) are pro-
duced in uranium dioxide as a part of the fission process either di-
rectly or subsequently from other decay products. Once formed,
the high heat of solution of these species in UO2 drives their pre-
cipitation into microscopic bubbles of gas within the fuel matrix
[1–6]. As the fuel ages, these fission gas bubbles accumulate in
the interior of fuel grains and in larger inter-granular bubbles
[7–12]. The presence of the bubbles leads to changes in the fuel
microstructure [2,13–20] and a corresponding degradation of the
material properties of the fuel [13,14,17–23]. Additionally, at high
burnup, the linkage of inter-granular bubbles [8,21–30] leads to
the release of fission gas to the fuel-clad gap. This degrades the
thermal contact between the fuel and cladding.

Neither Kr or Xe are soluble in UO2 [31–37]. This provides the
driving force to move these species from the lattice into bubbles
or to escape from the fuel entirely. In reality, however, the constant
generation of fission gasses in the lattice, the thermal diffusion of
Xe and Kr at reactor temperatures [32,37,38] and dynamic effects
such as radiation cascades occurring within the fuel [1,14,25,38–
44] will all contribute to produce a gas atom population that is
distributed between sites within the crystalline lattice and gas
bubbles of varying sizes. The bubbles therefore act as reservoirs,
absorbing gas atoms from the lattice and returning them through
processes such as radiation-enhanced resolution [1,14,25,38–45].
The relative rates of these processes determines the overall size
and density of these bubbles.

In this paper, we examine the activation energy necessary to re-
turn Kr and Xe atoms from the bubbles back into the crystalline
ll rights reserved.
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lattice. In a real material this may occur through two distinct
mechanisms. The first is thermal resolution, in which a single atom
in a gas bubble collides with the bubble surface with a kinetic
energy, acquired through thermal excitations, sufficient to place
it back into the crystal lattice. The second mechanism is radia-
tion-enhanced resolution [1,14,25,38–45]. In this case, gas atoms
recoil from collisions with energetic fission fragments traversing
the bubble–crystal interface and may be promoted deep into the
crystal lattice. Though very different in physical origin, these two
mechanisms may be conveniently linked through a single parame-
ter, Emin. This has been described as the minimum energy needed
for a single gas atom to overcome the surface tension of the bubble
and penetrate ‘sufficiently far’ into the crystal lattice such that
re-precipitation does not trivially occur [44].

Our simulations consider Kr and Xe atoms impacting upon a
(111) O2� terminated defect-free UO2-surface. We have consid-
ered impacts over a finely spaced grid of points of the primitive
surface cell. These simulations will predict a range of minimum
energy values, Emin, and thereby obtain relationships for Emin as a
function of entry position.

We have not considered crystalline surfaces other than the low-
est energy, that is the most stable, {111} terminated planes [46],
nor any defective or rough surface configurations. This is an impor-
tant simplification: in a previous paper [47] we have already dis-
cussed the role of surface damage in providing a pathway to
accommodate gas resolution into the lattice. Here, however we
reduce the complexity of the model by considering solution into
an initially undamaged surface. Therefore, in this first study we
concentrate on identifying how impact energy and impact position
on the surface influences the depth to which gas atoms are incor-
porated into the lattice.

The remainder of this paper is organised as follows. In the next
section we discuss briefly some of the most relevant experimental
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studies and the empirical resolution models that have been devel-
oped to explain them. In Section 3 we define the interatomic po-
tential parameters we are using together with the impact
geometry for the simulations. The results section summarises the
main findings of this paper. We present examples of both the gen-
eral form of the cascade damage within the crystal and specific fi-
nal defect configurations that may arise. We also establish Emin for
a range of impact positions for both Kr and Xe.

Section 5 examines the results from this paper in terms of sim-
ple classical models of atomic interactions in order to interpret as-
pects of the functional form of the resolution probability. We
conclude in Section 6 with some general remarks on the compari-
son of these atomic scale results to previous empirical models and
experimental observations of gas resolution.

2. Gas resolution models

There is a wealth of previous studies that have examined both
the experimental and theoretical behaviour of fission gas bubbles
in UO2. A recent series of reviews [48,49] has considered the reso-
lution of fission gas from intra- and inter-granular bubbles [49]
and the impact these models have upon the total levels of gas res-
olution. We summarise here the relevant literature concentrating
on the overall physical size and shape of fission gas bubbles. We
also consider some of the empirical models that have been devel-
oped to explain the various resolution rates and the parameters
within these models which are ill-defined or unknown from empir-
ical data but may be within the scope of atomic scale simulations.

2.1. Physical properties of intra-granular fission gas bubbles

The concentration of fission gasses in UO2 varies from zero in an
un-irradiated fuel to a few percent of the metal atom concentration
in a material close to the end of its useful life in a reactor
[25,29,50]. The majority of this gas is held, for all but the smallest
gas concentrations, in gas bubbles either distributed through the
UO2 matrix or at grain boundaries. The bubbles vary in size from
nanometers up to several microns [4,27,51,52].

The resultant pressure in the bubbles is the sum of the external
stress on the UO2 material and surface tension of the bubble void.
It is rather poorly defined in resolution models partly because of
the failure of a traditional gas equation of state in the very small,
high pressure regime but also because the bubbles may be in states
far from equilibrium, because of rapid changes in temperature or a
local deficit of lattice vacancies from which to grow [9,23,27,53].
Typically, however, the smallest bubbles are assumed to have den-
sities comparable to that of solid xenon [54], larger bubbles (where
the gas-law equation of states are more applicable) have corre-
spondingly lower densities and pressures.

2.2. Current resolution models

Many theoretical models have evolved to explain the levels of
resolution from gas bubbles in UO2. Common to almost all is the
assumption that thermal resolution plays little role in returning
gas atoms to the UO2 lattice. The dominant mechanism of resolu-
tion is one linked to the interaction of the gas in the bubbles with
fission fragments passing through the crystal matrix. Two possible
mechanisms are proposed: heterogeneous and homogeneous.

In the heterogeneous model, bubbles are almost completely de-
stroyed by the passage of a fission fragment in the vicinity of the
bubble. The destruction of the bubble occurs through either the
vapourisation of the dense gas due to the passing pressure wave
or to the trapping of gas atoms in material thrown from one side
of the bubble to the other [49]. These mechanisms require model-
ling of the entire interaction of the bubble with the fission spike,
the ballistic part of which has an energy of several million electron
volts, and is computationally rather beyond current resources.

The second mechanism, homogeneous resolution, relies upon
individual gas atoms being ejected from the bubble mass through
collisions with fission fragments or recoil uranium atoms, that are
traversing the bubble. The kinetic energy acquired through such
collisions can range up to the maximum ballistic energy of a fission
fragment, which is several million electron volts. For resolution to
be achieved a gas atom must acquire energy above the critical va-
lue Emin.

The resolution parameter, b, for a bubble is defined as the rate of
fission gas resolution per unit time which, for the homogeneous
mechanism, corresponds to the inverse of the mean time a fission
gas atom spends in the bubble. As a function of the fission frag-
ment energy, Eff , and the kinetic energy transferred to the resolved
atom E, the rate of resolution can be written as the double integral
over the possible recoil energies E, and the possible fission frag-
ment energies Eff upto the maximum Emax

ff ,

b ¼
Z Emax

ff

Emin

/ðEffÞdEff

Z Eff

Emin

tðEÞrðEff ; EÞdE; ð1Þ

where /ðEffÞ is the spectrum of initial fission fragments, rðEff ; EÞ is
the differential cross-section for transfer of energy E to a gas atom
from a fission fragment of initial energy Eff and t is the number of fis-
sion gas atoms generated as a result of the initial transfer of energy.

The initial formulation and estimate of the rate of homogeneous
resolution was made in a paper by Nelson [44], taking the mini-
mum energy Emin for resolution to be 300 eV. Below this values
the probability of resolution is assumed to be zero, above Emin

the gas atom will achieve resolution with a probability of 100%.
In this paper we focus on an improved estimate and model for
the parameter Emin.

3. Methodology

Classical molecular dynamics simulations have been used in
this study to examine the behaviour of gas atoms impacting the
(111) surface of UO2. The molecular dynamics code DLPOLY ver-
sion 3.02 was used [55,56]. There have been a number of empirical
pair potentials developed to model the behaviour of cascade dam-
age in UO2 [57–62], here we use a set that has previously been
used to model the interaction of uranium and oxygen ions and
the Kr and Xe atoms [32,33,63].

The simulations reported here require large numbers of calcula-
tions for a range of initial impact parameters, each simulation must
necessarily be computationally efficient. We made full use of the
variable timestep available in DLPOLY to scale the integration
timestep at each simulation frame so that the ions were only able
to move between a certain preset range of distances. Such a meth-
od allows the efficient sampling of the dynamics of the system dur-
ing both the energetic ballistic region (where a short timestep of a
fraction of a femtosecond may be necessary) and the longer equil-
ibration period (where the dynamics are much slower and a short
timestep would be computationally wastefull).

To create the initial simulation configuration we began with the
experimentally reported fluorite unitcell of UO2. We are interested
in the (111) surface of this structure and so we took a 10� 10� 5
supercell of the UO2 structure in its hexagonal setting to create a
4500 atom initial configuration with dimensions a � b ¼ 3:8679
nm, c ¼ 4:7372 nm and a � b ¼ jajjbj cos 120�. This configuration

was relaxed in the micro-canonical ensemble with periodic bound-
ary conditions for 10000 timesteps (�50 ps) at a temperature of
300 K to allow the potential and kinetic degrees of motion to come
into equilibrium. A Nose–Hoover thermostat with a relaxation
time of 0.5 ps was used to maintain the kinetic temperature during
this time.
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Following equilibration of the bulk material, the surfaces were
formed by cleaving a plane of adjacent oxygen ions perpendicular
to the c direction ([111] in the old cubic setting), this surface was
charge neutral and type II in the nomenclature of Tasker [64]. The
(111) surface has previously been shown to exhibit the lowest sur-
face energy and dominates the equilibrium crystal morphologies
[46,65]. The cleaved material was separated by a gap of 3.5 nm
along the c-axis and periodic conditions re-applied such that the
configuration now consisted of periodic blocks of width
c � 4:7 nm separated by a vacuum gap of 3.5 nm. This configura-
tion was again allowed to relax for a total of 10000 timesteps.

To begin the cascades a single Kr or Xe atom was inserted a dis-
tance 1.0 nm from one of the surfaces; as the gas atom has zero
charge and the van der Waals forces are small at this distance from
the surface, the net change in potential energy in introducing this
atom is negligible. The atom was given a kinetic energy E with a
momentum directed towards the surface of the crystal.

4. Results

Fig. 1 shows the trajectory of a 500 eV Kr atom impinging upon
the (111) surface. Over the 20 ps of the simulation the gas atom
enters the lattice, creates significant levels of disorder and finally
comes to rest at a lattice site, while the remainder of the disorder
dissipates around it. Labels a–d in Fig. 1 indicate important events
occurring during a typical cascade. In chronological order these are,

(a) The atom begins its path 1.0 nm from the crystalline surface.
The initial trajectory is therefore straight and the atom
enters the lattice at a point r on the surface of the crystal.

(b) The mass of the Kr atom is significantly greater than the
mass of the oxygen ions and less than the mass of the ura-
nium ions, thus the path followed is dominated by collisions
with uranium ions.

(c) The significant difference in mass also dominates the struc-
ture of the secondary cascades. Kr atoms can knock both
uranium and oxygen ions off of their lattice sites; the
Fig. 1. Example of the trajectories seen in a typical cascade with a krypton atoms
impacting at normal incidence to the surface. The positions of uranium ions are
plotted in green, oxygen in red and the krypton atom in black. Large points show
the initial positions of the uranium and oxygen atoms at the point of cascade
initiation and the final position of the krypton atom after approximately 3 ps of
simulation time. Smaller points show the evolution of the atomic positions sampled
every 100 timesteps. Labels (a–d) refer to features discussed in the text. (For
interpretation of the references in colour in this figure legend, the reader is referred
to the web version of this article.)
uranium ions can go on to cause significant damage to both
the uranium and oxygen sublattices, the oxygen ions, how-
ever, are only effective in damaging their own sublattice.

(d) Once it has lost sufficient kinetic energy the Kr atom
becomes trapped in either an interstitial or, as here, a vacant
uranium site, although in our simulations either trap site
was often surrounded by significant residual disorder on
the oxygen sublattice.

We will consider three points that relate directly to the case of
surface incorporation of Kr and Xe. First, we examine the minimum
impact energy needed to create shallow surface defects and iden-
tify any differences between the gas atom species. Second, we con-
sider the depth in the lattice a gas atom may penetrate as a
function of the impact energy. Third, we examine the final defect
configurations formed by the impacting gas atoms. This is to assess
whether the structures that form are similar to those predicted to
occur in the bulk [32,33] and also to establish which very shallow
defect configurations are stable on the short timescales considered
here.

4.1. Kr and Xe defect structures

Fig. 2 shows the results for Kr and Xe atoms with a range of
kinetic energies impacting at normal incidence upon randomly
selected positions over the (111) surface primitive-cell. Atoms that
collided with the surface and re-bound are not plotted in this fig-
ure. The impact depth depends upon both the energy and impact
position, so in Fig. 2 there are multiple possible penetration posi-
tions corresponding to the same kinetic energy. However, these
randomly selected values demonstrate the range of behaviour
apparent as a function of initial kinetic energy. Clearly, below a cer-
tain energy, approximately 50 eV for both Kr and Xe, no resolution
occurs and the gas atoms are returned to the vacuum. Above this
energy the atoms can form stable defects within the crystal,
although the positions of these species are confined to certain
depths corresponding to crystallographic positions within the bulk.
Each depth has, in turn, a minimum energy needed to incorporate a
gas atom, and both the depths and corresponding minimum ener-
gies are marked in Fig. 2.

In Fig. 3, we examine the form of two specific defect structures
obtained after several picoseconds relaxation time. These two
structures correspond to examples of the shallowest and second-
shallowest Kr atom positions observed in the simulations:
Fig. 3(a) shows the Kr atom located in the interstitial site immedi-
ately below the surface and Fig. 3(b) shows the accommodation of
the Kr atom on a site previously occupied by a U4þ ion in the sec-
ond layer of atoms. We did not observe Kr or Xe atoms substituting
in the shallowest layer of U4þ ions – this site provides a route for
the gas atoms back into the vacuum with a negligible activation
energy, and is therefore not stable even on the short timescales
considered here.

The trajectories plotted in Fig. 3 also help to explain the differ-
ing penetration depths shown in Fig. 2. In order to create a stable
defect structure to accommodate a gas atom (at either an intersti-
tial or substitutional site), the Kr or Xe atoms must displace one or
more ions from their lattice sites in each layer through which they
pass (in order to create a pathway to the next layer). Such a path-
way may be formed by successive displacements of O2� ions (in
which case the atom can only occupy interstitial sites), alterna-
tively pathways may involve displaced U4þ ions, in which case
the atom may end up at U4þ substitutional sites. The threshold en-
ergy for ion displacements in UO2 have been calculated previously
[66,59] and depend strongly upon the ion species, direction of dis-
placement and the functional form of the interatomic potential
used. We note, however, that in general (i.e. irrespective of



Fig. 2. Penetration of Kr and Xe atoms into the surface for energies ranging from 50 to 600 eV. Each individual point represents a single simulation with an impact point
randomly chosen to lie on the crystalline surface primitive-cell and as such the data are effectively averaged over the entire surface of the crystal. Solid labeled lines represent
the depth of the interstitial (1/2,1/2,1/2) and uranium ion (0,0,0) sites in the crystalline bulk, additional solid lines represent the lowest energy at which each class of defect
was observed.
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direction) O2� threshold energies are lower than U4þ, and also that
the transfer of energy from the gas atom to the lattice ions will de-
pend upon the ratio of their masses. Thus, Kr and Xe atoms will be
able to displace O2� ions more easily than they will U4þ ions, and
Xe atoms will be better at displacing U4þ ions than will Kr. A Kr
atom with insufficient energy to displace a U4þ ion may, neverthe-
less, proceed into the lattice via a set of steps displacing only O2�

ions and loosing at least 60 eV for each displacement. This gives
rise to the staircase-like structure observed in Fig. 2 with gas atoms
residing in successively deeper interstitial sites. However, for the
Kr atom to penetrate beyond three layers it will also have had suf-
ficient energy to displace a U4þ ion and so this alternative accom-
modation mechanism may come into operation so that the Kr atom
may then occupy a U4þ substituted site. This trend is exhibited in
Fig. 2 so that for Kr, the minimum energy to create a U4þ substi-
tuted site is � 230 eV and for Xe � 205 eV.

A wide variety of final defect structures were produced due to
the impact of gas atoms upon the surface. For example in
Fig. 3. Example cascades showing creation of interstitial (left) and U4þ-substituted
(right) Kr defects. Similarly to Fig. 1, U4þ ions are plotted in green, O2� ions are
plotted in red and the Kr atom in black. Large spheres show the final positions of the
atoms after the end of the simulation, continuous ribbons connect together the
trajectories followed by the atoms during the simulation. Numerical labels refer to
successive layers of U4þ and O2� ions from the surface downward. Also labeled are
(a) a Kr atom in the first interstitial site, (b) a Kr atom substituting onto a U4þ site,
and (c) the formation of a U4þ interstitial ion. (For interpretation of the references in
colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 3(a) the interstitial Kr atom is surrounded by clearly distorted
but nonetheless non-defective UO2. Conversely, in Fig. 3(b) the U4þ

substituted Kr atom is stabilised by a single adjacent O2� vacancy.
We did not, however, observe Kr or Xe atoms occupying vacant
O2� sites, despite the considerable displacement damage that this
sublattice experiences. In bulk UO2, defect energies have previ-
ously been calculated for Kr and Xe in several defect configura-
tions, and a preference is shown for accommodation in a neutral
trivacancy (a uranium vacancy accompanied by two oxygen vacan-
cies). However, the second greatest preference is for accommoda-
tion at a divacancy (a uranium vacancy adjacent a single oxygen
vacancy) [32] i.e. as observed in Fig. 3(b). Significantly, accommo-
dation of gas atoms at an O2� vacancy was predicted to be partic-
ularly unfavorable [32]. Why then, given the rapid mobility of the
O2� ions on their sub lattice, do we not always observe the neutral
trivacancy? There are two related reasons: Firstly to form an iso-
lated trivacancy, it is necessary to expel one U4þ and two O2� ions
to the surface. However, we have relaxed our structure over only a
few picoseconds and therefore have not reached this thermal equi-
librium. Secondly, once the kinetic energy from the impact has dis-
sipated the migration barriers in UO2 are correspondingly long
compared to these time scales. Consequently the defects produced
here often remain in close proximity to one another and will com-
pete for available O2� defects. For example, in Fig. 3(b), the O2� ion
that would be removed to form the second oxygen vacancy of the
trivacancy is unlikely to move far from the U4þ interstitial.

Finally, a common way of simulating ion implantation is to con-
sider SRIM type calculations [67]. These are typically used to calcu-
late depths for far higher implantation energies than those
considered here, nonetheless we can compare the results of our
simulations with the depth penetration at only very low energies
predicted by SRIM. Although very different in computational ap-
proach SRIM calculations predict typical ion implantation depths
in UO2 of 1.3 nm for an implantation energy of 500 eV, in very close
agreement with the range of values shown in Fig. 3.

4.2. Minimum energy for normal resolution

Due to differences in the way the gas atoms are scattered by the
surface ions, each impact position upon the primitive surface cell
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will have a characteristic minimum energy to place a gas atom into
a shallow, but stable defect position. In order to calculate this en-
ergy across the range of different impact positions we have
adopted the following approach.

(a) A 13� 13 evenly spaced rhombohedral grid of positions was
created across the primitive unit cell from fractional coordi-
nates of 0–1 inclusive (i.e. 12 unique positions and a 13th set
that was calculated to check for periodic conditions at the
edge of the cell). Simulations were run for 2500 timesteps
at each of these positions with an initial kinetic energy for
the gas atom of 200 eV.

(b) For each of these simulations the gas atom trajectory was
analysed to determine whether it had been repelled by the
surface or been incorporated into the crystal.

(c) If the atom has been repelled, the initial kinetic energy was
increased, if it has not then the kinetic energy was decreased
and the simulation repeated.

(d) Steps (b) and (c) were repeated until the value had con-
verged to within 1 eV.

(e) The grid of surface energy values was then interpolated
using a quadratic fit to the nearest three neighbouring points
to produce a continuous value of Emin as a function of impact
position.

Fig. 4 shows details of the minimum energy surface for both Kr
and Xe atoms. The dominant feature of these plots is the strong
maximum around 1

3 ;
2
3

� �
corresponding to the position of the top-

most U4þ ion in the surface. For a direct head-on collision of a
Kr/Xe atom with a higher-mass U4þ ion the recoil will always
reflect the atom away from the crystal surface no matter how high
the energy.
Fig. 4. Map of the minimum energy required to achieve incorporation of Kr (top) and Xe
Colours represent calculated energies ranging from dark (low minimum energy) to light
atoms beneath the surface, these are labeled A, B and C in order of depth from the surf
No significant maxima exist over the two lower U4þ sites sug-
gesting that for these impacts there exist shallow defect positions
able to accommodate the impinging gas atom without recoil. To
reach these positions, Kr or Xe atoms must displace O2� ions and
thus there is a minimum energy, however, it is not as great as that
required to displace a U4þ lattice ion.

Using the data in Fig. 4 it is now possible to calculate an overall
probability of normal resolution as a function of initial impact en-
ergy. To achieve this the primitive surface cells are integrated
along the energy axis to calculate, for a given energy, the fraction
of total UO2 (111) surface that the impacting gas atom can pene-
trate into. The results of these calculations, for Kr and Xe, are plot-
ted in Fig. 5. We are able to extract from this figure an effective Emin

of 53.0 eV for Kr and 56.4 eV for Xe atoms though the probability of
resolution is very small for values less than 80 eV. We define there-
fore a more representative measure, E1=2, as the energy at which
resolution exceeds 50% probability. This corresponds to an energy
of 130 eV for Kr and 152 eV for Xe atoms. The value of Emin used
previously, 300 eV, corresponds to a probability of �85% for resolu-
tion of gas, and in this context 300 eV seems a sensible value to
have employed.

5. Discussion

We now consider the simulations in terms of simple classical
models of atom–atom interactions. This helps promote the trans-
ferability of the work to other systems. It also allows us to address
the issue of whether the resolution probabilities (Fig. 5), which are
composed of many individual simulations, are physically sensible.
Usually we would wish to compare with experimental data but
this is not possible here, at least not at the necessary level of detail.
There are three features of the probability function to consider: the
(bottom) atoms into the (111) surface of UO2 plotted over the primitive surface cell.
(high minimum energy). Filled circles and lines represent the network of uranium

ace.



Fig. 5. Probability of resolution for Kr (solid-red) and Xe (dotted-green) atoms as a
function of initial impact energy, the data are calculated from the surface-integral of
the plots shown in Fig. 4. (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
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low energy threshold value, the differences between the Kr and Xe
probability functions and the limiting high energy behaviour.

The classical model we use assumes the geometry shown in
Fig. 6; here an atom approaches with momentum p a second sta-
tionary ion. The atoms are modelled as spheres where the sum of
the two radii is r and the shortest distance separating the centre
of the stationary ion and the projection of the initial momentum
(i.e. the impact parameter) is d.
Fig. 6. Impact geometry for a collision between a gas atom and lattice ion assuming
a hard-sphere model. The gas atom approaches an initially stationary ion with
momentum p, the collision occurs at a distance r transferring an impulse along the
radial direction separating the centres of the two spheres. The gas atom leaves with
momentum p0 .
During the collision, which we consider initially to be hard and
elastic, a momentum Dp is transferred along the radial line be-
tween the two atom centres. Conservation of momentum along
this radial direction leads to the magnitude of change of momen-
tum of each atom being,

jDpj ¼ 2jpj cosð/Þ
1þmgas=mion

; ð2Þ

where / is the scattering angle through which the gas atom is re-
flected (shown in Fig. 6) and is defined from geometric relations
as sinð/Þ ¼ d=r. mgas and mion are the masses of the incident gas
atom and lattice ion respectively.

We may also consider the energy transferred from the gas atom
to atoms within the crystal. From Eq. (2) we can write the energy
transferred to the atom, DE, in terms of the energy of the initial
gas atom E as,

DE
E
¼ 4ð1� d2

=r2Þ
1þmgas=mion
� �2 �

mgas

mion
: ð3Þ
5.1. Threshold behaviour

Our simulations suggest that for finite levels of resolution it is
necessary for the Xe or Kr atoms to displace ions from their lattice
sites if they are to pass deeper into the lattice. Furthermore, the
lowest energy resolution process requires the displacement of a
single O2� surface ion. The minimum threshold energies needed
to create lattice defects (i.e. to displace an O2� or a U4þ ion from
its crystalline lattice site) has been calculated in UO2 [66] and is
a function of the high energy interaction potential, ion location
and direction of ion recoil.

We have recalculated these threshold energies specifically for
the potentials used here. The values are of 27.4 eV and 72.5 eV
for O2� and U4þ ions respectively, and are similar those previously
calculated [66]. These are comparable with the minimum value of
Emin suggested by our simulations, that is, 53.0 eV (Kr) and 56.4 eV
(Xe). The small differences arise from the transfer of energy from
the more massive gas atom to the O2� ion and that the recoil direc-
tion in our calculations is not aligned with the direction of mini-
mum energy.

5.2. Relationship between Xe and Kr probability functions

Although we may envisage a single collision geometry produc-
ing the very lowest energy resolution, at higher energies there are a
range of contributing processes. It is, however, evident from Fig. 4
that the gross behaviour is relatively simple. That is, after the
threshold energy is reached the probability of resolution increases
rapidly with energy. Then, once a probability of around 2/3 is
reached, the increase becomes slower.

Although we cannot identify the exact form of the resolution
probability, the same processes occur for both types of gas atom.
In particular, the resolution process consists of a series of energy
transfers (collisions) with lattice ions (which may or may not cause
displacements). However, according to Eq. (3) individual processes
will transfer a proportion of energy, which will depend on whether
that atom is Kr or Xe, therefore we can calculate the ratio according
to the following equation,

EXe

EKr
¼ 1þmXe=mion

1þmKr=mion

� �2

� mKr

mXe
� 1� d2

=r2
Kr

1� d2
=r2

Xe

; ð4Þ

where EKr, EXe and mKr, mKr are the energies and masses of the Kr
and Xe atoms and we have retained the distinction between the
effective radii of Kr (rKr) and Xe (rXe). In this case we make the sim-
plification that for these intermediate energies the differences
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between radii are negligible and take rXe � rKr we obtain the ratio
between the two energies to be,

EKr ¼ 1:194� EXe: ð5Þ

That is, to produce the equivalent displacive effect in the lattice,
a Kr atom must have a 19.4% larger initial kinetic energy than an
equivalent impact with a Xe atom. The ratio between the resolu-
tion probability of Kr and Xe calculated from Fig. 5, between 10%
and 60% probability, shows that for a Kr atom to have the same res-
olution probability as a Xe atom it must have 20.7% greater initial
kinetic energy, in remarkably close agreement with the simple en-
ergy transfer model.

5.3. High energy behaviour

For very high energies the probability of resolution is domi-
nated solely by the recoil from the U4þ ions in the shallowest sur-
face layer. For this direct collision the probability will reach a limit
determined (in the hard-sphere model) by the size of the interact-
ing ions. Fig. 5 shows this as a flattening out of the resolution prob-
ability for both Kr and Xe atoms.

The typical interaction distance for a high energy collision can
be calculated from a Ziegler–Biersack–Littmark universal potential
[67] and for an energy of 300 eV is around 0.1 nm for both Kr and
Xe atoms. Taking the ratio of this with the area of the primitive-cell
we obtain a resolution of around 92–94%, in agreement with the
high energy regime exhibited in Fig. 5.

6. Conclusions

In this paper, atomic scale simulations have been used to study
the resolution of Kr and Xe atoms into the UO2 lattice. The aims
have been to (i) establish the magnitude of the absolute minimum
energy of resolution for Kr and Xe atoms, (ii) investigate the rela-
tionship between the energy required for resolution and the im-
pact position, and (iii) investigate the properties of the surface
defects formed as a result of resolution.

The absolute lowest energies, Emin, determined from simula-
tions for resolution are 53.0 eV and 56.4 eV for Kr and Xe respec-
tively. More useful values for further fuel modelling, however,
may be the energies required for a 50% probability of resolution,
E1=2, which are 130 eV and 150 eV for Kr and Xe atoms respectively.
Prior to this work, it was assumed [44] that above 300 eV the res-
olution probability is unity and below this value no resolution oc-
curs. Based on the present simulations 300 eV corresponds to an
85% probability of resolution.

The predicted overall relationship between the probability of
resolution and the incident energy of a Kr or Xe atom is illustrated
in Fig. 5. Above the absolute lowest energies for displacement and
up to an energy of approximately 200 eV only O2� ion defects are
formed. Beyond 200 eV, both O2� and U4þ defects can be formed
as a result of the resolution process. Despite the compendium of
individual processes from which the resolution probability rela-
tionship is constructed, crucial aspects can be explained by simple
classical arguments. This provides us with confidence that this
simulation-based approach to discovering such relationships is
leading us in a fruitful direction, although clearly there is more
to consider.
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